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ABSTRACT 

 
Chul-Hee Lee 

Department of Biomedical Sciences 

The Graduate School 

Seoul National University 

 

 

Introduction: [18F]Fluoro-2-deoxy-D-glucose (FDG)-positron emission 

tomography (PET) has been widely used to detect cancer. Although glucose 

transporter 1 (GLUT1) and hexokinase 2 (HK2) are mainly considered to be 

associated with FDG uptake in cancer cells, the biological mechanism that 

determines FDG uptake remains poorly understood. In phosphorylation process 

of HK2, it preferentially uses ATP derived from the mitochondria by binding 

to voltage-dependent anion channels (VDAC). VDAC also can bind to adenine 

nucleotide translocases (ANT) in the mitochondria inner membrane, which 

transports ATP/ADP to the cytosol and is involved in cellular energy 

metabolism. Among the ANT isoforms, ANT2 is inducible in proliferative cells 

and has been associated with glycolytic metabolism. However, the expression 

of ANT2 with regards to FDG uptake has not yet been reported. Therefore, we 

evaluated the correlation between FDG accumulation and ANT2 expression in 
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various cancers. Additionally, we investigated the association of ANT2 in the 

mechanism of FDG accumulation regarding to HK2-VDAC complex. 

Methods: Human thyroid, lung, liver, prostate, breast, and brain cancer cell 

lines were used. Protein levels of GLUT1, HK2, and mitochondrial proteins 

such as VDAC, ANT1, ANT2, and ANT3 were measured by western blotting. 

ANT2 siRNAs and pcDNA3.1-ANT2 vectors were used to modulate ANT2 

expression. A gamma counter was used to measure FDG uptake. Luciferase-

expressing FRO cells were subcutaneously grafted into BALB/c nude mice, and 

siRNA was directly injected into the tumors. Positron emission tomography 

(PET) and bioluminescence imaging were conducted. Immunostaining was 

performed in tumor tissues of xenograft models. Human lung, liver, and thyroid 

cancer tissue-microarrays were assessed for histological differentiation, types, 

and TNM staging. ANT2 expression was evaluated by immunostaining. The 

intensity of positive antibody uptake in the tissue was scored from 1 to 5. FDG-

PET imaging for thyroid cancer (ten patients) was performed with a Siemens 

PET scanner. All PET images were reviewed by an experienced nuclear 

medicine physician using commercial imaging software. To visualize the 

complex of HK2-VDAC-ANT isoforms by bimolecular fluorescence 

complementation (BiFC)-based fluorescence resonance energy transfer (FRET) 
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assay, we established fluorescence vectors inserted with each protein and 

transfected each vector into 293FT cells. 

Results: In each set of various cancer cell lines, ANT2 expression was 

correlated with FDG uptake which was not explained by GLUT1 and HK2. 

Down-regulated cells treated with ANT2 siRNA showed 0.55-fold decreased 

FDG uptake. In contrast, up-regulated cells treated with pcDNA3.1-ANT2 

increased FDG uptake by 1.7-fold. In xenograft models, FDG-PET images 

showed 0.75-fold decreased FDG uptake after ANT2 siRNA injection. 

Immunostaining of tumor-injected ANT2 siRNA confirmed the decreased 

ANT2 expression without any changes in the expression of GLUT1, HK2, or 

other mitochondrial proteins. In thyroid, lung, and liver tissues, ANT2 

expression was increased according to the differentiation grade and malignant 

type. In patients subjected to FDG-PET scans, a high maximum standardized 

uptake value was significantly related to ANT2 expression rather than GLUT1 

or HK2 expression. Finally, 293FT cells transfected HK2, VDAC, and ANT2 

constructs showed the highest FDG uptake. Additionally, FRET signals were 

only observed in this combination (HK2-VDAC-ANT2). Compared to ANT1 

or ANT3, BiFC and FRET signals in cells expressing ANT2 and FDG 

accumulation were highest in these cells. 
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Conclusion: ANT2 expression was significantly associated with FDG 

accumulation by forming complexes with HK2-VDAC in phosphorylation 

process of FDG. This study indicated that ANT2 is an important protein 

affecting FDG accumulation in various cancers that cannot be explained by 

GLUT1 and HK2 expression. 

---------------------------------------------------------------------------------------------- 

Keywords: cancer, [18F]Fluoro-2-deoxy-D-glucose-positron emission 

tomography, GLUT1, HK2, ANT2, phosphorylation, bimolecular fluorescence 

complementation, Fluorescence resonance energy transfer, histologic 

differentiation, histologic types, tumor malignancy, mitochondrial permeability 

transition pore complex 

Student number: 2012-21805 
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INTRODUCTION 

The glucose analog [18F]-fluoro-2-deoxy-D-glucose (FDG) is transported 

by glucose transporters (GLUTs) and is phosphorylated by hexokinases (HKs) to 

form FDG-6-phosphate (1). Unlike glucose, FDG cannot be used as a substrate for 

further glycolysis because of the substitution of positron-emitting radionuclide [18F] 

rather than the hydroxyl group at the 2′-carbon position in the glucose molecule (2), 

and thus it accumulates in many cells as an FDG-6-phosphate form, particularly in 

cancer cells. Based on this principle, FDG metabolism can be detected by positron 

emission tomography (PET) (3). Because most types of cancer cells accumulate 

much greater levels of FDG than most non-cancer cells, FDG-PET has been widely 

used to diagnose cancer patients (4). Most cancer cells depend on aerobic glycolysis, 

a phenomenon known as “the Warburg effect” (5). Aerobic glycolysis is an 

inefficient method for generating adenosine 5′-triphosphate (ATP). Although the 

Warburg effect is not applicable to all cancers (6), cancer cells use elevated amounts 

of glucose as an essential component to maximize ATP production (7). Thus, 

enhanced glucose uptake is used for imaging of cancer in clinics using FDG (8). 
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FDG accumulation correlates with clinically aggressive tumors. Some 

studies reported a tendency of higher FDG uptake in poorly differentiated tumors, 

high-grade tumors, and tumors with high proliferation rates (9, 10). Among thyroid 

cancer types, anaplastic thyroid cancer (ATC) are known as undifferentiated and the 

most aggressive tumors (11, 12). This type of cancer shows much higher uptake on 

FDG-PET imaging than differentiated thyroid cancer (13). In hepatocellular 

carcinoma, FDG-PET is used as prognostic indicator of tumor differentiation (14). 

Non-small cell lung cancer (NSCLC) not only reveals tumor differentiation status 

and proliferation rates, but also histologic types (15, 16). Triple-negative type breast 

cancer is also associated with increased FDG uptake which is related to its 

malignancy and metabolically active condition (17). FDG-PET in brain cancer is an 

effective predictor of histological grade and survival (18, 19). In prostate cancer, 

although the evaluation of FDG-PET may be lower than those in other cancers, it 

has been used as a clinical diagnosis tool (20). 

 

Fourteen isoforms of GLUTs have been identified in mammals (21, 22). 

Among these isoforms, GLUT1 is significantly overexpressed during oncogenesis. 

Oncogenic KRAS, BRAF, and activated AKT increase the expression of GLUT1 

(23, 24). Thus, cancer cells facilitate the first rate-limiting step of glucose uptake by 
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upregulating GLUT1 (3, 22). HKs are also the major factors involved in glucose 

uptake. HKs consist of four different isoforms. Except for HK4 (glucokinase), HKs 

(HK1, 2, 3) show similar enzyme kinetic patterns with very high glucose affinity 

(25). HK1 and HK2 are physically similar subtypes. However, only HK2 shows 

glucose catalytic activity in both domains (N- and C-terminal halves). Therefore, a 

tumor must express HK2 rather than HK1 to achieve maximal glycolytic flux (26). 

Additionally, HK2 is highly expressed in cancer cells through multiple mechanisms 

and oncogenic pathways (27-29). Because of these molecular mechanisms, GLUT1 

and HK2 are crucial proteins that predict higher FDG accumulation in cancer cells 

by FDG-PET (30-32).  

 

However, these major proteins that determine FDG accumulation and their 

heterogeneous expression have not been explained in all cancers (10). For example, 

GLUT1 expression in some cancers has been evaluated as a key factor (33, 34), while 

in others it has not (35). The relationship between heterogeneous GLUT1 or HK2 

expression and FDG uptake is also involved in various cancers such as thyroid cancer, 

ovarian cancer, pancreatic cancer, colon cancer, gliomas, cholangiocellular 

carcinomas, esophageal cancer, and oral squamous cell carcinoma (36-43). Different 

patterns in lung cancers have been reported for these associations (34, 35, 37). 
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Additionally, like in breast cancer, cells expressing HK2 do not always express 

GLUT1 (44). This heterogeneous expression has resulted in substantial variation 

among studies, differences in histopathologic subtypes, tumor cell proliferation, 

histologic differentiation, hormone receptor status, and relationship between GLUT1 

and HK2 expression (45). Although the combination of GLUT1 and HK2 expression 

has been reported for traditional molecular factors of determining FDG uptake, these 

results are not sufficient to explain whether either protein plays a dominant role in 

FDG accumulation. The specificity of FDG-PET for selectively detecting cancer 

cells is not dependent only on the high level of GLUT1, as FDG can be exported by 

reversible GLUT1 unless it is phosphorylated and then accumulated inside the tumor 

cells (46). To evaluate this issue, we focused on the phosphorylation of FDG 

depending on HK2 and the proteins involved in this process. 

 

As described above, HK2 possesses two catalytic domains, both of which 

are active (26). Therefore, HK2 supports the highly glycolytic phenotypes of 

malignant tumor cells (27-29). However, it is not clear why most cancer cells mainly 

show induced HK2 expression. In the ATP-dependent pathway, HK2 is involved in 

the first step of glycolysis and phosphorylates glucose to glucose-6-phosphatate. In 

this process, up to 70% of HK2 is bound to the mitochondrial outer membrane 
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protein, a voltage-dependent anion channel (VDAC), and preferentially uses 

mitochondria-generated ATP (47-50). Thus, HK2 binding to VDAC enables cancer 

cells to maintain a much higher rate of glycolysis compared to normal cells (51). 

These protein interactions in highly malignant tumors result in the rapid production 

( >100-fold increase) of glucose-6-phosphatate (52), a key metabolic precursor that 

serves not only as intermediate for glycolysis but also is important in the biosynthesis 

of key metabolites. This phenomenon is known as the “Warburg effect” (7, 53). 

Additionally, the HK2-VDAC complex is essential for preventing induction of 

apoptosis (54, 55). Some studies reported that detachment of HK2 bound to VDAC 

or VDAC overexpression results in the initiation of apoptosis (55, 56). In this regard, 

HK2 binding to VDAC plays an important role in mitochondria stability of 

malignant types of cancer (57). If this occurs, how does HK2 specifically bind to 

VDAC? HK2 (as well as HK1) contains a mitochondrial binding motif at its N-

terminus (50, 58). Additionally, elevated oncogenic kinase signaling is associated 

with HK2 binding to VDAC by AKT-dependent phosphorylation of HK2, and 

possibly elevates its activity and reduces product inhibition by glucose-6-

phosphatate (52, 59). Therefore, mitochondrial binding of HK2 prevents cell death 

and promotes malignancy (8, 60). 
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During HK2 binding to VDAC, VDAC is also bound to adenine nucleotide 

translocase (ANT), which plays an essential role in the exchange of ADP and ATP 

in the mitochondria inner membrane (61, 62). HK2-VDAC complexes preferentially 

utilize mitochondria-generated ATP, which is made by ATP synthase in the 

mitochondrial matrix and exported from the mitochondria via ANT (63). ANT, 

therefore, is related to cellular energy metabolism by influencing mitochondrial 

oxidative phosphorylation. Why is this complex (HK2-VDAC-ANT) important in 

cancer? (64). The initial process of the induction of cellular apoptosis involves 

alterations in the mitochondrial permeability transition pore complex (PTPC), which 

result in the release of cytochrome c into the cytoplasm. The mitochondrial PTPC is 

composed of VDAC in the outer-membrane, ANT in the inner-membrane, and 

cyclophilin D in the mitochondrial matrix (65). Among these proteins, VDAC and 

ANT are mainly involved in mitochondrial PTPC by binding to pro-apoptotic 

proteins such as Bax, Bak, and Bad or anti-apoptotic proteins such as Bcl, Bcl-XL, 

and HKs (66-68). When pro-apoptotic proteins interact with VDAC, opening of the 

pore complex is accelerated. In contrast, anti-apoptotic proteins directly induce 

closing of the pore complex. This reversible conformational change plays important 

roles in cancer metabolism (63); in this regard, ANT has been reported as a key 

component of the mitochondrial PTPC (69, 70). 
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ANT protein is mainly involved in the bi-functions of ADP/ATP exchange 

and as a lethal pore as a component of mitochondrial PTPC (65, 69). It was reported 

to function independently or together with VDAC. Particularly, the physical 

association with VDAC may improve the channeling of ATP to HKs (63). In humans, 

ANT consists of four homologous genes. ANT1, ANT2, and ANT3 are structurally 

similar and have approximately 90% identical peptide sequences, whereas, ANT4 

shares 66% identity (70, 71). Analysis of the motif in the 5′-region (upstream of the 

transcription start site) of ANT genes revealed differences in the promoter regulatory 

sequence and organization (72, 73). Therefore, expression of each ANT isoform is 

dependent on the developmental stage, proliferation status, and tissue or cell type 

(71, 74). The ANT1 isoform is highly expressed in differentiated tissues such as the 

skeletal muscle, heart, and brain. The ANT3 isoform is ubiquitously expressed in all 

tissues (74). The ANT4 isoform is expressed in more specific tissues such as the 

testis and germ cells (71, 75). In contrast, the ANT2 isoform is expressed either in 

undifferentiated cells or proliferative and regenerate cells (74). Additionally, 

because ANT2 expression is lower in differentiated cells (74) and associated with 

glycolytic metabolism (76, 77), it has been reported that ANT2 is strongly expressed 

in various types of human cancer cells (78, 79). Thus, ANT isoforms have been 
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considered as key modulators in cancer metabolism and targeting proteins of the 

mitochondria for cancer therapy (80, 81). In this regard, ANT1 and ANT3 play roles 

mainly in normal cells and ANT2 in proliferating cells. However, the differences in 

expression of ANT isoforms in cancer cells remain unclear. It has not been 

completely explained how the expression of ANT2 is related to FDG metabolism, 

and the degree of binding of HK2 and VDAC according to the expression of ANT 

isoforms is unknown. 

 

Aim of this study 

The main purpose of this study was to investigate the correlation between 

FDG accumulation and ANT2 expression in various cancers and evaluate the role of 

ANT isoforms, particularly ANT2, and their associations with VDAC as well as 

HK2 in FDG accumulation. Specifically, we first investigated the relationship 

between FDG uptake and GLUT1 or HK2 expression in various cancer cell lines and 

evaluated whether ANT2 expression is correlated with FDG uptake. Second, we 

studied the relationship between ANT2 expression and histologic differentiation, 

types, and FDG accumulation patterns in various patient tissues using microarrays. 

Third, we regulated ANT2 expression using an ANT2 expression vector and ANT2 

siRNA in cancer cells and mouse models to confirm that the rate of FDG 
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accumulation was changed. Finally, we examined why FDG accumulation was 

regulated by ANT2 expression by conducting a bimolecular fluorescence 

complementation (BiFC)-based FRET assay. 
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MATERIAL AND METHODS 

Cell lines 

Human thyroid normal (N-thy-ori) and cancer (WRO, B-CPAP, BHP10-3, 

TPC-1, and FRO), breast cancer (MCF-7, MDA-MB231), prostate cancer (DU145, 

PC3), hepatoma (Hep3B, SK-Hep1), glioma (U87MG, U373), and lung cancer 

(H358, A549, H520, H460) cell lines were used. Cell lines were incubated in a 37℃ 

humidified incubator in a 5% CO2 atmosphere. 

 

Western blot analysis 

Cells were lysed in radio-immunoprecipitation assay buffer (Sigma, St. 

Louis, MO, USA) containing protease inhibitor cocktail (Roche Diagnostics, Basel, 

Switzerland) and then centrifuged (14,000 ×g for 20 min at 4℃). Protein 

concentrations were determined using a BCA protein assay kit (Thermo Scientific, 

Waltham, MA, USA). Total protein (20 µg) mixed with 4× polyacrylamide gel 

electrophoresis sample buffer (Invitrogen, Carlsbad, CA, USA) was separated by 

polyacrylamide gel electrophoresis (Invitrogen) and transferred to a polyvinylidene 

difluoride membrane (Millipore, Billerica, MA, USA). Membranes were blocked 

with 5% skim milk in Tris-buffered saline containing Tween-20 (20 mM Tris, 137 

mM sodium chloride, and 0.1% Tween 20) for 1 h at 25℃. Then membranes were 
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incubated with one of the following primary antibodies overnight at 4℃: anti-

GLUT1 (#ab652, Abcam, Cambridge, UK; diluted 1:1000), anti-hexokinase2 

(#2867, Cell Signaling Technology, Danvers, MA, USA; diluted 1:1000), anti-ANT1 

(#ab54767, Abcam; diluted 1:1000), anti-ANT2 (#12546, Cell Signaling 

Technology; diluted 1:1000), anti-ANT3 (#ab154007, Abcam; diluted 1:1000), or 

anti-VDAC (#ab154856, Abcam; diluted 1:1000), or β-actin (#A5441, Sigma-

Aldrich). GLUT1 can be glycosylated, causing “smeary” bands to appear on the 

membrane. Antigen-antibody complexes were visualized with horseradish 

peroxidase-conjugated anti-rabbit or anti-mouse IgG (Cell Signaling Technology) 

and enhanced chemical luminescence detection reagent (Roche). Signal intensities 

were then measured using an LAS-3000 imaging system (Fujifilm, Tokyo, Japan). 

 

In vitro FDG uptake assays 

Cells were seeded in a 6-well plate until they reached approximately 80% 

confluency. Before FDG uptake experiments, the cells were pre-incubated in RPMI-

1640 medium (Gibco, Grand Island, NY, USA) without glucose for 4 h. Next, the 

cells were trypsinized and 1 × 105 cells were added to a 5-mL test tube containing 

warmed Hank’s balanced salt solution. After FDG of 0.185 MBq (5 μCi/mL) was 

added to the cells, the tubes were incubated in a humidified incubator with 5% CO2 
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for 1 h at 37℃. These cells were then washed three times with cold Hank’s balanced 

salt solution and lysed for 5 min in 1% sodium dodecyl sulfate. Cell lysates were 

collected and radioactivity was measured using a Cobra II gamma counter (Canberra 

Packard, Ontario, Canada). Radioactivity was normalized to the amount of total 

protein at the time of the assay. Total protein levels were quantified using the BCA 

protein assay kit (Pierce, Rockford, IL, USA) according to the manufacturer’s 

recommendations and bovine serum albumin was used as a protein standard. All 

experiments were performed in triplicate. 

 

FDG-PET/CT imaging 

Some thyroid cancer patients were given FDG-PET scans using a Siemens 

PET scanner (Biograph 40 True-point; Siemens, Munich, Germany). After fasting 

for at least 6 h, FDG of 5.18 MBq/kg (0.14 mCi/kg) was administered intravenously 

and image acquisition was started at 60 min after injection. Serum glucose levels 

were less than 150 mg/dL at the time of administration of FDG in all patients. A prior 

computed tomography (CT) scan was obtained during shallow breathing from the 

skull base to the proximal thigh by using a low-dose CT protocol for attenuation 

correction. The consecutive emission scan was acquired after the CT scans in three-

dimensional mode at each bed position (2.5 min/bed, 21.6-cm increments). PET 
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images were corrected for attenuation and reconstructed onto a matrix of 128 × 128 

using the three-dimensional ordered-subsets expectation maximization algorithm (2 

iterations, 21 subsets, 7- mm post-smoothing). 

 

FDG-PET data analysis 

All PET images were reviewed by an experienced nuclear medicine 

physician using commercial imaging software (Syngo.via, VA 30; Siemens 

Healthcare). To evaluate FDG uptake by thyroid cancer cells, spherical volume of 

interests were drawn for the primary tumor for each patient. In each volume of 

interest, the maximum standardized uptake value (SUVmax) was measured and the 

SUVmax of the primary tumor was calculated.  

 

Tissue microarrays (TMAs) 

We were kindly provided thyroid cancer TMAs, which are approved by the 

Institutional Review Board (IRB, No. 1107-060-369) by Dr. Young Joo Park 

(Department of Internal Medicine, Seoul National University, Seoul, Korea). Ninety-

five tissue cores of thyroid normal and cancers were classified according to 

histologic differentiation. Among these thyroid cancer patients, FDG-PET images of 

ten patients were obtained and evaluated (Table 1 and 2). We also purchased tissue 
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array cores of thyroid, lung, and liver normal and cancers (Superbiochips 

Laboratories, Seoul, Korea). Among the 55 tissue cores of thyroid normal and 

cancers, 5 FTC and 42 PTC samples were classified based on the TNM staging 

system (Table 3). Ninety-one normal and cancer tissue cores of the lung were 

classified according to histologic pathological types and based on histologic 

differentiation (Table 4). Forty-seven liver cancer tissue cores were classified 

according to histologic differentiation (Table 5). All TMAs were reviewed at the 

Department of Pathology, Seoul National University Hospital and Seoul National 

University Boramae Medical Center. 

 

Immunohistochemistry (IHC) 

Core tissue biopsies (2 mm in diameter) were collected from individual 

paraffin-embedded tumors (donor blocks) and arranged in a new recipient paraffin 

block (tissue array block) using a trephine apparatus (Superbiochips Laboratories). 

An IHC study was performed to compare the expression of GLUT-1, HK2, and 

ANT2. Briefly, after deparaffinization, antigen retrieval methods were used by 

boiling the samples in citrate buffer (DakoCytomation, Glostrup, Denmark) for 5 

min. All antibodies were selected after test procedures using human control slides 

for IHC (Superbiochips Laboratories). The following primary antibodies were 
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treated overnight at 4°C: anti-GLUT1 (#ab652, Abcam; diluted 1:1000), anti-HK2 

(GTX111525, GeneTex, Irvine, CA, USA; diluted 1:1500), or anti-ANT2 (17796-1-

AP, Proteintech; diluted 1:300). The following secondary antibodies were used: 

biotinylated anti-rabbit for GLUT1, HK2, and ANT2 (1:500 dilution; Dako). The 

signals were amplified with a complex of avidin-biotin peroxidase and developed by 

DAB. 

 

Quantitative evaluation of TMAs staining intensity 

TMA scoring was performed in a blinded manner by three-independent 

investigators. Scoring was performed according to a five-grade scale: 1; no staining 

signal, 2; weak signal or a few cells stained, 3; medium signal, 4; strong signal 

localized in a certain area, 5; strong staining of the whole area (82), and an average 

intensity score per tumor was calculated for each cancer type. 

 

Construction of ANT2 siRNA and ANT2 expression vector 

Antisense-ANT2 siRNA (5′-CUU AUC UGC AGU GAU CUG CTT-3′) 

and scramble (5′-CAC CUA UAC AAC GGU ACU TT-3′) were synthesized by ST 

Pharm Co. (Ansan, Korea). For protection against nuclease activity, the siRNAs 

contained 2′-methoxy cytosine and uracil (83). The oligonucleotide pairs of ANT2 
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siRNA were complementary to the exon (GenBank accession number NM001152). 

A negative scrambled siRNA (Ambion, Austin, TX, USA) control with no significant 

homology to mouse or human gene sequences was designed to detect nonspecific 

effects. The ANT2 expression vector (pcDNA3.1-ANT2) was kindly provided by Dr. 

Kim (Seoul National University, Seoul, Korea). 

 

Transfection 

Cells were plated in 6-well plates (2 × 105 cells per well) with antibiotic-

free medium. To down-regulate the ANT2 gene, the cells were transiently transfected 

with control (scramble) or ANT2 siRNA. For up-regulation, the cells were 

transfected with pcDNA3.1 or pcDNA3.1-ANT2. Both were treated with 

Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. 

Transfected cells were then cultured for 6 h and the culture media without antibiotics 

were replaced with fresh media supplemented 5% fetal bovine serum. These cells 

were harvested at 48 h after transfection. RT-PCR and western blotting were 

performed to validate the up- or down-regulation of ANT2 expression. 

 

Reverse transcription-PCR (RT-PCR) analysis  



17 

 

Total RNA was isolated from transfected cells using Trizol reagent 

(Invitrogen) according to the manufacturer’s protocol. Reverse-transcription was 

performed with 1 µg of total RNA using a cDNA synthesis master kit (GenDEPOT, 

Katy, TX, USA). The primer pairs used for PCR were as follows: ANT1 forward 5′-

GTTCCTCACCGCAGCTACTT-3′ and reverse 5′-

CAATGATGGTATGGCGTGCG-3′; ANT2 forward 5′-

CAGATGCCGCTGTGTCCTTC-3′ and reverse 5′-

CCTGCTCCTTGGGAATACGG-3′; ANT3 forward 5′-

TGCTTGTAGGAGCCAAGTCG-3′ and reverse 5′-

GCAGCAGGCCCAACATAGAA-3′; and β-actin (internal control) forward 5′-

ACCAGGGCTGCTTTTAACTCT-3′ and reverse 5′-

GAGTCCTTCCACGATACCAAA-3′. The PCR conditions were 30 s at 94℃ for 

denaturation, 30 s at 60℃ for primer annealing, 30 s at 72℃ for primer extension 

after an initial single cycle of 94℃ for 5 min to activate the Taq polymerase, an 

additional 7 min at 72℃. After amplification, the PCR products were analyzed by 

gel electrophoresis in 1.2% agarose gels and visualized by staining with Loading 

Star (DyneBio, Inc., Seoul, Korea). 
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Cell cytotoxicity assay 

Individual wells of a 96-well microculture plate were filled with 2 × 103 

cells/100 µL of cell suspension and transfected with 200 nM of control (scramble) 

or ANT2 siRNA and with 12 µg of pcDNA3.1 or pcDNA3.1-ANT2 in a humidified 

incubator with 5% CO2 for 48 h at 37℃. The plate was treated with 10 µL/well of 

Cell Counting Kit-8 (CCK-8) and incubated in a CO2 incubator for 2 h, followed by 

measuring the absorbance at 450 nm using a microplate reader. All experiments were 

performed five times. 

 

Doubling time 

For this assay, 3 × 104 FRO, TPC-1 cells were plated on 6-well plates in 

triplicate and transfected as described above. The cells were harvested at 24, 48, and 

72 h. Cells stained with trypan blue were counted using a hemocytometer and the 

doubling time of the harvested cells was calculated, using an algorithm available in 

GraphPad Prism software (GraphPad Software, La Jolla, CA, USA): 

TD = t × lg2/(lgNt – lgN0), where N0 is the number of cells seeded, Nt is the number 

of cells harvested, and t is the culture time in hours. 

 

Animal experiments 

Six-week-old male BALB/c nude mice were obtained from Orient Bio, Inc. 

(Seongnam, Korea). All experiments were approved by the Institutional Animal Care 

and Use Committee of Seoul National University Hospital (SNUH-IACUC) and 
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animals were maintained in the facility with AAALAC International (#001169) 

accreditation in accordance with Guide for the Care and Use of Laboratory Animals 

8th edition, NRC (2010). To establish tumor xenograft mouse models, FRO cells (2 

× 106) expressing luciferase were transplanted subcutaneously into the left and right 

thighs, respectively, to enable comparison of FDG-PET signals. Treatment was 

started 2 weeks after tumor inoculation when tumor sizes were <0.5–0.7 cm in 

diameter. Intratumoral injections of 10 μM control (scramble siRNA) or ANT2 

siRNA supplemented with Lipofectamine 2000 were performed, after 

bioluminescence imaging (BLI) and small animal PET imaging (day 0). Two days 

later, BLI and PET imaging was repeated (day 2) (Figure 1). 

 

In vivo bioluminescence Imaging 

For bioluminescence imaging, an IVIS100 imaging system (Caliper Life 

Sciences, Hopkinton, MA, USA), which includes an optical CCD camera mounted 

on a light-tight specimen chamber, was used. D-Luciferin potassium salt was diluted 

to 0.3 mg/mL in PBS before use, and 100 μL of the D-luciferin solution was 

intraperitoneally injected into mice. Bioluminescence images were serially acquired 

every 10 s until maximum signals were reached. To quantify the emitted light, 
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regions of interest (ROI) were drawn over the tumor regions. Total photon flux was 

expressed as photons per cm2 per second per steradian (p/cm2/s/sr). 

 

 

In vivo FDG-PET imaging 

Small animal PET of tumor-bearing mice (n = 6 in each group) was 

performed using PET box (SOFIE Bioscience, Culver, CA, USA). The animals were 

fasted for at least 6 h and mice bearing FRO-expressing luciferase tumors were 

injected with 1.11–1.48 MBq via the tail vein. The mice were anesthetized with 2% 

isoflurane and placed in the prone position. PET images of the entire body were 

obtained 60 min after injection. Static scans (for 2 min scan) were obtained, and the 

images were reconstructed by the AMIDE algorithm. 

 

In vivo PET image analysis 

PET image analysis was performed using Amide (A Medical Image Data 

Examiner) software. A semi-automated ROI was generated surrounding each tumor 

in three dimensions by drawing an isocontour with a threshold equal to the calculated 

average background uptake of the mouse. Adjustments to the ROI were made 

manually to exclude adjacent non-tumor structures with isointense FDG uptake. To 

measure FDG uptake within this ROI, the maximum FDG uptake was calculated. 
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In vivo IHC 

Tumor tissues were fixed in 4% paraformaldehyde for 24 h. After paraffin 

embedding, 4-μm sections were made serially and mounted onto a slide. The 

remaining steps were the same as those described above. The following primary 

antibodies as well GLUT1, HK2, and ANT2 were treated overnight at 4°C: anti-

ANT1 (#ab102032, Abcam; diluted 1:50), anti-ANT3 (#ab154007, Abcam; diluted 

1:200), anti-luciferase (#ab81823, Abcam; diluted 1:50), or anti-Ki67 (#ab16667, 

Abcam; diluted 1:50). The following secondary antibodies were used: biotinylated 

anti-goat for luciferase (Dako; diluted 1:250) and biotinylated anti-rabbit for ANT1, 

ANT3, and Ki67 (Dako; diluted 1:250). The samples were amplified with complex 

of avidin-biotin peroxidase and developed by DAB. The samples were slightly 

counterstained with hematoxylin. 

 

Establishment of vectors for BiFC-based FRET assay 

For this assay (84), we purchased HK2, VDAC, ANT1, ANT2, and ANT3 

expression vectors (Origene Technologies, Rockville, MD, USA). For BiFC-based 

FRET imaging, we also purchased vectors containing fluorescent proteins, VN173 

and VC155, from Venus for BiFC and CrN173 from Cerulean (Addgene, Cambridge, 

MA, USA) (85). We then established HK2-CrN173, VDAC-VN173, and ANT 1, 2, 

and 3-VC155 for BiFC-based FRET imaging (Figure 2). To enhance the transfection 

efficiency, we used the human embryonic kidney cell line (293FT) (Invitrogen). 

 

Confocal microscopy for BiFC-based FRET imaging 

After transfecting the HK2-CrN173, VDAC-VN173, and ANT 1, 2, and 3-
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VC155 vectors into 293FT cells, the samples were fixed in 4% paraformaldehyde 

for 10 min. To visualize the mitochondria, 293FT cells were incubated in culture 

medium and 100 nM MitoTracker (#M22426, Thermo Scientific) for 30 min. 

Fluorescence signals in the cells were detected with a Zeiss LSM510 META confocal 

imaging system (Carl Zeiss, Oberkochen, Germany). Cells were visualized using a 

× 100 objective lens at 12 h post-transfection. The ×100 objective lens was used to 

perform a pre-acquisition test by exposing a sample of transfected cells containing 

both donor and acceptor chromophores. Fluorescence intensities were analyzed 

using an LAS X system (Leica Microsystems, Wetzlar, Germany) as the average 

mean (intensity per pixel) (86). 

 

Statistical analysis 

All data were expressed as the means ± standard deviation (SD) and are 

representative of at least two separate biological experiments performed in triplicate. 

Statistical significance was determined by unpaired Student’s t test. A value of p < 

0.05 was considered statistically significant. 
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Figure 1. In vivo experimental scheme 

FRO cells (2 × 106) expressing luciferase were transplanted subcutaneously into the left and right thighs. 

Intratumoral injections of 10 µM control (scramble siRNA) or ANT2 siRNA into the left and right 

tumors were performed. Before or after injection, BLI and PET images were obtained. 
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Figure 2. Schematic design of vectors for BiFC-based FRET assays 

(a) Design of HK2-Cerulean (CrN173), VDAC-Venus of N-terminal (VN173), and ANT1/2/3-Venus 

of C-terminal (VC155) vectors for BiFC-based FRET assay. (b) Outline of BiFC-based FRET imaging 

of HK2-VDAC-ANT1/2/3 complexes. If VDAC and ANT1/2/3 proteins were bound to each other, 

Venus protein (yellow) was expressed and a signal was observed. In this regard, when HK2 protein 

(blue) was additionally bound to the VDAC-ANT2 complex, the FRET signal (green) could be 

generated. 
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RESULTS 

 

Relationship between FDG accumulation and GLUT1 or HK2 expression in 

various cancer cell lines  

To investigate the correlation between FDG uptake and GLUT1 or HK2 

expression, we performed an FDG uptake assay and western blotting in various 

cancer cell lines. In thyroid cells, we selected normal cells (Nthy-ori) and different 

cancer cells (WRO; follicular type, B-CPAP, BHP10-3, and TPC-1; papillary type, 

and FRO; anaplastic type) according to their histological differentiation status. FDG 

uptake indicated that less differentiated cancer cells showed higher FDG 

accumulation, while normal cells showed the lowest accumulation (Figure 3a). Next, 

to confirm the difference of FDG uptake patterns in all cells, we performed western 

blotting. In Nthy-ori cells, GLUT1 expression was substantially higher than that in 

some cancer cells, while HK2 expression was much lower. In cancer cells, GLUT1 

expression was higher in TPC-1 and FRO cells, while HK2 was similar in cancer 

cells (Figure 3b). Particularly, although GLUT1 and HK2 proteins were similarly 

expressed in both cells, FDG accumulation in FRO cells was 1.5-fold higher than 

that in TPC-1 cells.  
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In NSCLC cells, four cancer cells (H358; BAC, A549; ADC, H520; SqCC, 

and H460; LCC) were characterized based on their histological types. FDG 

accumulation in H460 cells showed the highest FDG accumulation among the cell 

lines (Figure 4a). GLUT1 was similarly expressed in all cell lines, while HK2 was 

expressed in H520 and H460 cells (Figure 4b).  

In liver cancer cells, SK-Hep1 cells showed 2.6-fold higher FDG 

accumulation than Hep3B cells (Figure 5a). In this case, GLUT1 expression was 

increased in Hep3B cells, while HK2 expression was increased in SK-Hep1 cells, 

relatively (Figure 5b).  

In breast cancer cells, MDA-MB231 cells showed 2.2-fold higher FDG 

accumulation compared to MCF-7 cells (Figure 6a). However, in this case, both 

GLUT1 and HK2 expression was increased in MDA-MB231 cells. This result 

revealed a correlation between FDG accumulation and the expression of both 

proteins, as expected (Figure 6b).  

For prostate cancer cells, PC3 cells showed 1.6-fold higher FDG 

accumulation compared to DU145 cells (Figure 7a). Like the liver cancer cells, 

GLUT1 showed much higher expression in cells in which FDG accumulation was 

very low. In contrast, HK2 showed slightly higher expression in PC3 cells (Figure 

7b).  
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Finally, in brain cancer cells, U373 cells showed 1.4-fold higher FDG 

accumulation than U87MG cells (Figure 8a). Interestingly, however, U373 cells 

showed lower HK2 expression despite GLUT1 expression levels similar to those in 

U87MG cells (Figure 8b). Because either GLUT1 or HK2 is a key protein involved 

in FDG accumulation in cells, the reason for the variation in FDG accumulation in 

cancer cells remains unclear. Therefore, studies are needed to investigate the 

difference in FDG metabolism in different cell types. 
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Correlation between increased FDG accumulation and ANT2 expression in 

various cancer cell lines 

 To investigate whether increased FDG accumulation in various cancer cells 

is associated with ANT2 expression, we evaluated ANT2 protein and other 

mitochondrial protein levels such as VDAC, ANT1, and ANT3 in the cell lines that 

could not be explained by GLUT1 and HK2 levels. In thyroid cell lines, ANT2 

expression was strong in FRO cells and weak in B-CPAP cells. Particularly, FRO 

cells showing the highest FDG accumulation also showed increased ANT2 

expression. Additionally, in other cancer cell lines showing increased FDG 

accumulation, ANT2 was strongly expressed. In contrast, the VDAC, ANT1, and 

ANT3 proteins were ubiquitously expressed all cell lines except for ANT1 

expression in H520 cells (Figure 9). These results demonstrate that ANT2 

expression is correlated with increased FDG accumulation in cancer cells. 
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FDG-PET scans of thyroid patients and evaluation of GLUT1, HK2, and ANT2 

expressions using their tissue microarrays (TMAs)  

To investigate whether the FDG accumulation pattern was related to ANT2 

expression in thyroid cancer patients, we obtained FDG-PET scans of 10 patients 

who were characterized as PDTC and ATC and stained each tissue core to evaluate 

GLUT1, HK2, and ANT2 expression (Table 1). We selected three representative 

FDG-PET images. In the first case, the PET image showed low FDG accumulation 

(SUVmax = 3.0). We confirmed that when FDG accumulation was low, GLUT1 

expression was weak, while HK2 expression was strong. ANT2 expression also was 

weak. In contrast, the second (SUVmax = 47.2) and third (SUVmax = 36.7) PET 

images showed high FDG accumulation. In the second case, GLUT1 expression was 

relatively higher than that of HK2 and ANT2 expression was strong. Similarly, in 

the third case, although the degree of GLUT1 and HK2 expression was similar to 

that in the first patient tissue, ANT2 expression was very strong (Figure 10a). Next, 

we divided the samples into two groups, low (<15) and high (>15) SUVmax, and 

analyzed 10 tissue cores by scoring their GLUT1, HK2, and ANT2 expression. The 

result showed that GLUT1 expression was related to FDG accumulation rather than 

HK2 expression. However, there were no significant differences between groups in 

the SUVmax (Figure 10b and c), while ANT2 expression showed a significant 
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correlation (Figure 10d). These results demonstrate that ANT2 expression is 

important for evaluating FDG accumulation in thyroid cancer. 
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Evaluation of ANT2 expression according to histologic differentiation, type, 

and TNM stage in various cancer TMA  

As described above, it has been reported that in less differentiated or 

aggressive cancer types, FDG accumulation was increased. Therefore, we evaluated 

ANT2 expression in thyroid cancer, NSCLC, and liver cancer TMAs. In the thyroid 

TMAs (Table 2), the poorly differentiated (PDTC) (mean = 2.08, SD = 0.98) or 

anaplastic thyroid cancer (ATC) (mean = 2.40, SD = 1.28) tissues showed higher 

expression than in normal cells. However, there was no significant difference 

between PDTC and ATC (Figure 11). This result showed that ANT2 expression is 

correlated with the histologic differentiation of thyroid cancer. We also evaluated 

the relatively well-differentiated thyroid cancer TMAs, 5 FTC and 42 PTC, classified 

using the TNM staging system (Table 3). ANT2 expression was highest in stage IV 

(mean = 2.58, SD = 0.57), which was 1.6-fold higher than in normal samples (mean 

= 1.63, SD = 0.33) and 1.5-fold higher than in stage III (mean = 1.71, SD = 0.37) 

(Figure 12). This result also suggests that ANT2 expression is related to tumor 

malignancy in thyroid cancer.  

In NSCLC TMAs (Table 4), we classified histologic differentiation and 

histologic subtype as two groups. Histologic subtypes of NSCLC TMAs include 

normal tissue, bronchioloalveolar carcinoma (BAC), adenocarcinoma (ADC), 
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squamous cell carcinoma (SqCC), and large cell carcinoma (LCC). Previous studies 

revealed a relationship between NSCLC histologic features and FDG accumulation 

(15, 16). In our results, ANT2 expression also significantly differed across all 

histologic subtypes. Normal tissues (mean = 1.11, SD = 0.24) showed lower ANT2 

expression than cancer tissues. Among the cancer tissues, LCC showed the highest 

ANT2 expression (mean = 2.83, SD = 1.21). This result suggests that FDG 

accumulation in NSCLC is related to ANT2 expression in histologic subtypes 

(Figure 13).  

Similarly, in histologic differentiation of NSCLC, the poorly differentiated 

NSCLC tissues (mean = 3.08, SD = 2.10) were more highly expressed than well- or 

moderately differentiated NSCLC tissues (Figure 14). This result also indicates that 

ANT2 expression is correlated with the histologic differentiation of NSCLC. In liver 

cancer TMA (Table 5), ANT2 expression was correlated with histologic 

differentiation as in thyroid and NSCLC (Figure 15). These results demonstrate that 

ANT2 expression differs depending on the histologic differentiation status, 

histologic type, and malignancy in various cancer tissues. Therefore, our results 

suggest that FDG-PET imaging can be conducted by detecting the expression of 

ANT2. 
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Change in FDG accumulation by regulating ANT2 expression 

To investigate whether FDG accumulation is specifically controlled by 

ANT2 expression, we transfected ANT2 siRNA and pcDNA3.1-ANT2 vectors into 

FRO and TPC-1 cells because both GLUT1 and HK2 were similarly expressed 

(Figure 3). However, ANT2 expression was relatively higher in FRO cells and lower 

in TPC-1 cells (Figure 9). First, we designed ANT2 siRNA modified by a methoxy 

group (C and U = 2′-methoxy) for protection from endonucleases and stabilization 

in the cells (Figure 16a). To determine the ANT2 siRNA concentration, we treated 

FRO cells with 0, 20, 50, 100, and 200 nM ANT siRNA and the same concentrations 

of control (scramble) siRNA. This result showed that ANT2 expression was 

decreased with increasing ANT siRNA concentrations, while ANT expression in the 

control was maintained. One concentration of ANT2 siRNA, 200 nM, showed the 

highest efficacy (Figure 16b). To confirm the cell toxicity by treatment of 200 nM 

control or ANT2 siRNA, we evaluated cytotoxicity in transfected cells. This result 

revealed no difference between ANT2 siRNA and the control (Figure 17a). The 

proliferation rate in FRO cells treated with 200 nM control or ANT2 siRNA did not 

differ (Figure 17b). At the mRNA level, ANT2 expression was decreased in the 

ANT2 siRNA group compared to in the control, and there was no difference in ANT1 

or ANT3 expression (Figure 17c). At the protein level, ANT2 siRNA specifically 
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decreased ANT2 protein expression compared to in the control. ANT1 and ANT3 

protein levels were not changed (Figure 17d). In FRO cells treated with ANT2 

siRNA, FDG uptake was decreased by 0.55-fold; however, there was no difference 

in GLUT1, HK2, and VDAC protein expression (Figure 18).  

Next, we investigated the correlation between ANT2 overexpression and 

the change of FDG accumulation in TPC-1 cells. To determine the ANT2 expression 

vector concentration, we transfected the pcDNA3.1-ANT2 vector into TPC-1 cells 

at 0, 6, and 12 µg and the control pcDNA3.1 vector. The result showed that ANT2 

expression was increased according to concentration, while ANT expression was 

maintained in the control. One concentration of pcDNA3.1-ANT2 vector, 12 µg of 

pcDNA3.1-ANT2 vector, showed the highest efficacy (Figure 19a). To confirm the 

cell toxicity caused by treatment of 12 µg pcDNA3.1-ANT2 vector or control, we 

evaluated cytotoxicity in transfected cells. The result revealed no difference between 

vectors (Figure 19b). The proliferation rate of TPC-1 cells treated with 12 µg control 

or pcDNA3.1-ANT2 vectors did not differ (Figure 19c). At the mRNA level, ANT2 

expression was increased in the cells treated with pcDNA3.1-ANT2 compared to in 

the control. There were no differences in ANT1 or ANT3 expression (Figure 20a). 

At the protein level, ANT2 expression was specifically increased compared to the 

control. ANT1 and ANT3 proteins were not changed (Figure 20b). TPC-1 cells 
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treated with pcDNA3.1-ANT2 vector showed 1.7-fold increased accumulation of 

FDG, but there was no difference in GLUT1, HK2, and VDAC protein expression 

(Figure 20c and d). These results suggest that FDG accumulation in the cell lines 

was directly associated with ANT2 expression.  

To assess the relationship between ANT2 down-regulation and reduced 

FDG tumor uptake in vivo, we established mouse xenograft models with FRO cells 

expressing luciferase (FRO-effluc). Briefly, FRO-effluc cells were transplanted 

subcutaneously into the left and right thighs, respectively. When tumor sizes reached 

0.5–0.7 cm, we obtained FDG-PET images and conducted BLI. Immediately after 

this, 10 µM control (scramble) or ANT2 siRNA was applied intratumorally. After 2 

days, we obtained additional FDG-PET images and conducted BLI (Figure 1). First, 

to investigate the efficacy of luciferase expression in FRO cells, we confirmed the 

correlation between bioluminescence signals and the number of cells. This result 

showed that the bioluminescence signal was increased according to the number of 

cells (Figure 21). In BLI of xenograft models, there was no difference between 

tumors before or after treatment with control or ANT2 siRNA (Figure 22). In 

contrast, FDG-PET images revealed that FDG accumulation was decreased by 0.75-

fold after ANT2 siRNA injection into tumors (Figure 23).  
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Finally, to compare the FDG accumulation pattern with that of ANT2 

expression, tumor tissues were stained by immunohistochemistry (IHC). The result 

showed in tissue treated with ANT2 siRNA, ANT2 expression was decreased 

without any changes in GLUT1 and HK2 or mitochondrial proteins such as VDAC, 

ANT1, and ANT3. Additionally, there were no differences in luciferase and the cell 

proliferation marker Ki-67 in both tumors. These results suggest that FDG uptake is 

correlated with ANT2 expression in xenograft models (Figure 24). 

 

 

 

 

 

 

 

 

 

 

 



37 

 

Visualization of HK2-VDAC-ANT2 complex related to FDG accumulation by 

BiFC-based FRET assay 

To investigate how FDG accumulation was regulated by ANT2 expression, 

we designed HK2-Cerulean (CrN173), VDAC-Venus of N-terminal (VN173), and 

ANT2-Venus of C-terminal (VC155) vectors for BiFC-based FRET assays (Figure 

2a). When the VDAC and ANT2 proteins bound to each other, Venus protein is 

expressed and a signal was generated. Additionally, when HK2 protein was 

additionally bound to the VDAC-ANT2 complex, a FRET signal was generated 

(Figure 2b). To confirm the expression of each construct and for comparison with 

FDG accumulation, we transiently transfected these constructs into 293FT cells in 

various combinations, including HK2, VDAC, ANT2, HK2-VDAC, VDAC-ANT2, 

HK2-ANT2, and HK2-VDAC-ANT2. These results showed that ANT2 was 

specifically expressed in the transfected groups and HK2 was overexpressed despite 

the weak basal HK2 level. Although we induced overexpression of VDAC in the 

transfected group, there was no difference in VDAC because high levels were 

already expressed in all cells. As in other cell lines, 293FT cells expressed both 

ANT1 and ANT3 proteins regardless of transfection of these constructs (Figure 25a). 

After confirming the expression of these constructs by western blotting, FDG 

accumulation was measured using the same combinations. FDG accumulation was 
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the highest in the cells transfected with the HK2, VDAC, and ANT2 vectors. These 

results demonstrate that FDG accumulation was determined by ANT2 expression 

when both HK2 and VDAC were expressed (Figure 25b). Based on these findings, 

we predicted that HK2 binds to the VDAC-ANT2 complex to enhance the 

phosphorylation of FDG. To visualize ternary complexes (HK2-VDAC-ANT2), we 

combined BiFC with FRET assays. First, we evaluated the fluorescence signal of 

each vector by confocal microscopy. The result showed that an HK2 signal was 

observed only in cells transfected HK2-Cerulean (Figure 26a). For the Venus signal, 

before dimerization of VDAC-ANT2, Venus fluorescence was not visualized in 

transfected cells. After dimerization of VDAC-ANT2, the Venus fluorescent protein 

was reconstituted and a Venus signal was observed (Figure 26b). Finally, we 

transfected the HK2, VDAC, and ANT2 vectors in the cells to visualize the FRET 

signal. This result showed that HK2 interacted with the VDAC-ANT2 hetero-dimer, 

with Cerulean brought into proximity to allow the transfer of resonance energy to 

Venus, generating a FRET signal (Figure 27). Additionally, we confirmed whether 

the FRET signal was observed only in cells transfected HK2-VDAC-ANT2 vectors. 

This result indicates that the FRET signal was observed only for the HK2-VDAC-

ANT2 complex (Figure 28) and demonstrate that ANT2 plays a crucial role in the 

phosphorylation of HK2 by forming ternary complexes with VDAC. 
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Binding affinity with VDAC determines phosphorylation efficiency of HK2 

Finally, to determine why ANT2 is a key molecule rather than ANT1 and 

ANT3, we also designed ANT1-VC155 and ANT3-VC155 vectors (Figure 2). We 

evaluated whether the binding affinity with VDAC differs and the difference in 

binding of HK2 with the VDAC-ANT complex in BiFC-based FRET assays. As 

described above, we transiently transfected each ANT1-VC155, ANT2-VC155, or 

ANT3-VC155 vector with the VDAC-VN173 vector into 293FT cells for BiFC. The 

results showed that the strongest binding of VDAC with ANT2 in the transfected 

cells. In contrast, the binding of VDAC with ANT1 or with ANT3 was weak. The 

fluorescence intensity also indicated that ANT2 most commonly interacts with 

VDAC (Figure 29). We also measured FDG accumulation patterns in cells 

transfected each construct of ANT1, ANT2, and ANT3. The result showed that FDG 

accumulation was highest in the cells transfected with ANT2 (Figure 30). 

Interestingly, FDG accumulation patterns were correlated with the fluorescence 

intensity of dimerization with VDAC. As observed in the BiFC results, the FRET 

signal was highest in VDAC-ANT2-transfected cells (Figure 31). This result 

demonstrates that ANT2 protein has stronger binding affinity with VDAC than with 

ANT1 or ANT3, and thus HK2 protein strongly interacts with the VDAC-ANT2 

complex and increases FDG phosphorylation. 
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Figure 3. FDG uptake and GLUT1 or HK2 expression in thyroid cells 

All FDG uptake assays in cells were measured by radioactivity of 18F (γ-emitter) using a gamma counter. 

(a) FDG accumulation patterns in thyroid normal (Nthy-ori) and five different cancer cell lines 

according to histologic differentiation, which are WRO (follicular), B-CPAP, BHP10-3, and TPC-1 

(papillary), and FRO (anaplastic). All cell lines were incubated in glucose-free medium for 4 h before 

the FDG uptake assay. (b) Expression of GLUT1 and HK2 proteins was evaluated by western blotting. 

Statistical significance was determined by unpaired Student’s t test. **P < 0.01, ***P < 0.001, and 

****P < 0.0001. Data presented are the means ± s.d. 
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Figure 4. FDG uptake and GLUT1 or HK2 expression in lung cells 

(a) FDG accumulation patterns in NSCLC cell lines according to histologic types, which are H358 

(BAC), A549 (ADC), H520 (SqCC), and H460 (LCC). All cell lines were incubated in glucose-free 

medium for 4 h before the FDG uptake assay. (b) Expression of GLUT1 and HK2 proteins was 

evaluated by western blotting. Statistical significance was determined by unpaired Student’s t test. **P 

< 0.01, ***P < 0.001, and ****P < 0.0001. Data presented are the means ± s.d. 
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Figure 5. FDG uptake and GLUT1 or HK2 expression in liver cells  

(a) FDG accumulation pattern in liver cancer cell lines. All cell lines were incubated in glucose-free 

medium for 4 h before the FDG uptake assay. (b) Expression of GLUT1 and HK2 proteins was 

evaluated by western blotting. Statistical significance was determined by unpaired Student’s t test. ***P 

< 0.001. Data presented are the means ± s.d. 
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Figure 6. FDG uptake and GLUT1 or HK2 expression in breast cells 

(a) FDG accumulation pattern in breast cancer cell lines. All cell lines were incubated in glucose-free 

medium for 4 h before the FDG uptake assay. (b) Expression of GLUT1 and HK2 proteins was 

evaluated by western blotting. Statistical significance was determined by unpaired Student’s t test. **P 

< 0.01, ***P < 0.001, and ****P < 0.0001. Data presented are the means ± s.d. 
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Figure 7. FDG uptake and GLUT1 or HK2 expression in prostate cells 

(a) FDG accumulation pattern in prostate cancer cell lines. All cell lines were incubated in glucose-free 

medium for 4 h before the FDG uptake assay. (b) Expression of GLUT1 and HK2 proteins was 

evaluated by western blotting. Statistical significance was determined by unpaired Student’s t test. ***P 

< 0.001. Data presented are the means ± s.d. 
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Figure 8. FDG uptake and GLUT1 or HK2 expression in brain cells 

(a) FDG accumulation pattern in brain cancer cell lines. All cell lines were incubated in glucose-free 

medium for 4 h before the FDG uptake assay. (b) Expression of GLUT1 and HK2 proteins was 

evaluated by western blotting. Statistical significance was determined by unpaired Student’s t test. **P 

< 0.01. Data presented are the means ± s.d. 
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Figure 9. ANT2 and other mitochondrial proteins expression in various cells 

Expression of mitochondrial outer membraned protein, VDAC, and inner membraned proteins, ANT1, 

2, and 3 proteins was evaluated by western blotting. (a) Thyroid normal and cancer cells, (b) NSCLC 

cells, (c) liver cancer cells, (d) breast cancer cells, (e) prostate cancer cells, and (f) brain cancer cells. 

ANT2 expression was observed in cells with increased FDG accumulation, while other proteins were 

ubiquitously observed. 
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Figure 10. Representative FDG-PET images of thyroid cancer patients and 

immunostaining 

(a) Representative FDG-PET images from patients contained thyroid TMA. Maximum of SUV is as 

follows; top was 3.0, middle was 47.2, and bottom was 36.7. (b) GLUT1 expression of 10 thyroid 

cancer patients tissue was evaluated by immunostaining. N.S. not significant. 
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Figure 10 (continued). Representative FDG-PET images of thyroid cancer 

patients and immunostaining 

(c) HK2 expression in 10 thyroid cancer patients tissues was evaluated by immunostaining. N.S. not 

significant. (d) ANT2 expression in 10 thyroid cancer patients tissues was evaluated by immunostaining. 

Statistical significance was determined by unpaired Student’s t test. *P < 0.05. 

 

 

 

 

 

 



49 

 

 

Figure 11. Immunostaining of thyroid TMAs according to differentiation types 

(a) Representative TMA images according to histologic differentiation status of thyroid cancer. (b) 

Correlation between histologic differentiation and ANT2 expression in thyroid cancer. TMA cores were 

classified as 36 normal, 44 PDTC, and 15 ATC. Statistical significance was determined by unpaired 

Student’s t test. *P < 0.05, **P < 0.01. 
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Figure 12. Immunostaining of thyroid TMAs according to TNM stage 

(a) Representative TMA images according to TNM stage of thyroid cancer. (b) Correlation between 

TNM stage and ANT2 expression in thyroid cancer. TMA cores were classified as 8 normal, 25 stage 

I, 4 stage II, 14 stage III, and 4 stage IV. Statistical significance was determined by unpaired Student’s 

t test. *P < 0.05, **P < 0.01. 
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Figure 13. Immunostaining of NSCLC TMAs according to histologic subtypes 

(a) Representative TMA images according to histologic subtypes of NSCLC. (b) Correlation between 

histologic subtypes and ANT2 expression in NSCLC. TMA cores were classified as 9 normal, 10 BAC, 

15 ADC, 49 SqCC, and 8 LCC. Statistical significance was determined by unpaired Student’s t test. *P 

< 0.05, **P < 0.01, ****P < 0.0001. 
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Figure 14. Immunostaining of NSCLC TMAs according to differentiation types 

(a) Representative TMA images according to histologic differentiation status of NSCLC. (b) 

Correlation between histologic differentiation and ANT2 expression in NSCLC. TMA cores were 

classified as 16 well, 19 moderate, and 8 poor. Statistical significance was determined by unpaired 

Student’s t test. *P < 0.05. 
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Figure 15. Immunostaining of liver TMAs according to differentiation types 

(a) Representative TMA images according to histologic differentiation status of liver cancer. (b) 

Correlation between histologic differentiation and ANT2 expression in liver cancer. TMA cores were 

classified as 6 well, 32 moderate, and 9 poor. Statistical significance was determined by unpaired 

Student’s t test. *P < 0.05, **P < 0.01. 
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Figure 16. Design of ANT2 siRNA and its efficacy 

(a) Design of antisense-ANT2 siRNA modified by methoxy group to protect against endonuclease (C 

and U = 2′-methoxy). (b) Decrease in ANT2 expression by ANT2 siRNA based on concentration in 

FRO cells. We selected the concentration of siRNA as 200 nM. 
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Figure 17. Down-regulation of ANT2 expression in FRO cells 

Control (scramble) or ANT2 siRNA of 200 nM was treated into FRO cells. (a) Cell viability test using 

CCK-8. No difference was observed in control or ANT2 siRNA. (b) Doubling time of FRO cells treated 

control or ANT2 siRNA. The number of cells was measured by staining with trypan blue after 

transfection. Similarly, no difference was observed in control or pcDNA3.1-ANT2. (c) mRNA 

expression of ANT isoforms. (d) Protein expression of ANT isoforms. ANT2 siRNA specifically 

decreased ANT2 expression of proteins as well as mRNA. Western blot analyses were performed using 

antibodies to these proteins and β-actin. 
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Figure 18. FDG uptake by ANT2 siRNA and related proteins expression 

Control or ANT2 siRNA of 200 nM was used to treat FRO cells. (a) Protein expression of GLUT1, 

HK2, and VDAC. No difference was observed in control and ANT2 siRNA. (b) FDG accumulation 

pattern in FRO cells treated with control or ANT2 siRNA. All cell lines were incubated in glucose-free 

medium for 4 h before FDG uptake assay. FDG uptake in the cells treated with ANT2siRNA decreased 

by 0.55-fold. Statistical significance was determined by unpaired Student’s t test. ****P < 0.0001. 
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Figure 19. Evaluation of ANT2 overexpression in TPC-1 cells 

(a) Increase in ANT2 expression by pcDNA3.1-ANT2 at different concentrations in TPC-1 cells. For 

this assay, 12 µg pcDNA3.1-control and pcDNA3.1-ANT2 was used. (b) Cell viability test using CCK-

8. No difference was observed in control or pcDNA3.1-ANT2. (c) Doubling time of TPC-1 cells treated 

with control or pcDNA3.1-ANT2. The number of cells was measured by staining with trypan blue after 

transfection. Similarly, no difference was observed in control or pcDNA3.1-ANT2. 
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Figure 20. Up-regulation of ANT2 expression and FDG uptake 

Control or pcDNA3.1-ANT2 of 12 µg was used to treat TPC-1 cells. (a) mRNA expression of ANT 

isoforms. (b) Protein expression of ANT isoforms. pcDNA3.1-ANT2 specifically increased ANT2 

protein and mRNA expression. Western blot analyses were performed using antibodies to these proteins 

and β-actin. (c) Protein expression of GLUT1, HK2, and VDAC. There was no difference in the control 

and pcDNA3.1-ANT2. (d) FDG accumulation pattern in TPC-1 cells treated with control or pcDNA3.1-

ANT2. All cell lines were incubated in glucose-free medium for 4 h before FDG uptake assay. FDG 

uptake in the cells treated with pcDNA3.1-ANT2 increased by 1.7-fold. Statistical significance was 

determined by unpaired Student’s t test. *P < 0.05. 
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Figure 21. Establishment of FRO cells expressing luciferase 

(a) FRO cells were infected by a vector expressing luciferase (FRO-effluc). Luciferase was stably 

expressed in FRO cells, and the luciferase signal was visualized according to the number of cells. (b) 

Correlation between BLI signal and the number of cells. R2; 0.9928. 
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Figure 22. In vivo bioluminescence imaging 

Representative bioluminescence image and analysis using ROI of tumor regions. (a) Intratumoral 

injection of 10 µM control or ANT2 siRNA into both tumors, respectively. (b) No difference was 

observed in the luciferase signal of both tumors (n = 6). 
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Figure 23. FDG-PET imaging in tumor xenograft mice 

Representative FDG-PET coronal image and analysis using ROI of tumor regions. (a) Intratumoral 

injection of 10 µM control or ANT2 siRNA into both tumors, respectively. (b) Tumors injected with 

ANT2 siRNA for 2 days decreased SUVmax (0.75-fold) compared to the control (n = 6). Statistical 

significance was determined by unpaired Student’s t test. *P < 0.05. 
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Figure 24. Histopathological characterization of mouse tumor tissues injected 

control or ANT2 siRNA 

Immunostaining with anti-GLUT1, HK2, ANT isoforms (1/2/3), luciferase, and anti-Ki67 expressions 

in both tumors injected control or ANT siRNA. Only ANT2 expression was decreased without any 

changes in other proteins. 

 



63 

 

 

Figure 25. FDG uptake after transfection with various combinations of 

construct 

(a) Protein expression of 293FT cells transfected with HK2, VDAC, and ANT2. ANT1 and ANT3 as 

well as VDAC were expressed in 293FT cells. Western blot analyses were performed using antibodies 

to these proteins and β-actin. (b) FDG accumulation patterns in various combinations of construct. All 

groups were incubated in glucose-free medium for 4 h before FDG uptake assay. Statistical significance 

was determined by unpaired Student’s t test. *P < 0.05, ***P < 0.001, ****P < 0.0001. 
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Figure 26. Fluorescence images of HK2 or VDAC-ANT2 complex 

Fluorescence images in 293FT cells transfected with control (no CrN173 construct), HK2-CrN173, 

VDAC-VN173, and ANT2-VC155. (a) Cerulean signal was observed only in HK2-CrN173 transfection. 

(b) VDAC-VN173- or ANT2-VC155-transfected cells did not show a Venus signal, while cells 

transfected with both VDAC-VN173 and ANT2-VC155 showed a signal known as BiFC. Differential 

interference contrast images, grey color, showing cell morphology. 
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Figure 27. Visualization of HK2-VDAC-ANT2 complexes by BiFC-based FRET 

Visualization of HK2-VDAC-ANT2 complexes using the BiFC-based FRET assay in 293FT cells. 

Representative images were obtained using Cerulean (donor), Venus (acceptor) and FRET filters in 

cells transfected with vectors encoding HK2-Cerulean, VDAC-VN173, and ANT2-VC155. FRET 

signal (green) was visualized only overlapped region (merged) of Cerulean and Venus signals. Not only 

were the VDAC and ANT2 proteins bound to each other, but also additionally HK2 bound to VDAC-

ANT2 complexes in the cells. 
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Figure 28. FRET images under each condition 

Fluorescence images in 293FT cells with control (no HK2-CrN173, VDAC-VN173, and ANT2-VC155 

constructs), Cerulean only (HK2-CrN173), Venus only (VDAC-VN173 and ANT2-VC155), and 

Cerulean-Venus (all three constructs). There were no FRET signals observed in the control, Cerulean 

only, and Venus only (BiFC) groups in 293FT cells. In contrast, FRET signals were only observed in 

the cells transfected with both Cerulean and Venus. Differential interference contrast images, grey color, 

showing cell morphology. 
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Figure 29. Comparison of ANT1, ANT2, and ANT3 with VDAC binding affinity  

(a) Fluorescence images of ANT1-VDAC, ANT2-VDAC, and ANT3-VDAC interactions by BiFC 

assay in 293FT cells. Binding affinity of ANT2 with VDAC was much higher than that of ANT1 or 

ANT3 with VDAC. (b) Binding affinity was measured as the fluorescence intensity of the Venus signal 

on the ANTs-VDAC binding regions. Statistical significance was determined by unpaired Student’s t 

test. ***P < 0.001, ****P < 0.0001.    
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Figure 30. FDG accumulation according to ANT1, ANT2, and ANT3 expression 

FDG accumulation patterns after transfection of ANT1, ANT2, and ANT3 constructs into 293FT cells. 

All groups were incubated in glucose-free medium for 4 h before FDG uptake assay. Statistical 

significance was determined by unpaired Student’s t test. **P < 0.01, ***P < 0.001, ****P < 0.0001.    
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Figure 31. FRET images according to ANT1, ANT2, and ANT3 expression 

Visualization of HK2-VDAC-ANT1/2/3 complexes using the BiFC-based FRET assay in 293FT cells. 

Representative images were obtained using the Cerulean (donor), Venus (acceptor), and FRET filters 

in cells transfected with vectors encoding HK2-Cerulean, VDAC-VN173, and ANT1/2/3-VC155. 

MitoTracker was used to visualize mitochondria imaging (red signal). FRET signal was highest in 

ANT2-transfected cells. 
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Table 1. Clinical characteristics of PDTC and ATC patient cohort 

 

Abbreviations: ATC, anaplastic thyroid cancer, PDTC, poorly differentiated thyroid cancer 

SUVmax by FDG-PET scan  

Scoring criteria, from 1 to 5 
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Table 2. Clinical characteristics of PDTC and ATC TMAs according to 

differentiation types 

 

Abbreviations: PDTC, poorly differentiated thyroid cancer, ATC, anaplastic thyroid cancer,  
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Table 3. Clinical characteristics of FTC and PTC tissue microarrays according 

to TNM stage 
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Table 4. Clinical characteristics of NSCLC TMAs according to histologic 

differentiation and types 
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Table 5. Clinical characteristics of liver TMAs according to differentiation types 
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DISCUSSION 

Although FDG-PET has been extensively used to detect cancer and both 

GLUT1 and HK2 are known as crucial proteins because FDG is mainly transported 

by GLUT1 and phosphorylated by HK2, differences in FDG accumulation in various 

cancers remained poorly understood. Phosphorylation by HK2, which supplies ATP 

to HK2, is very important for FDG accumulation. 

 

Our study revealed that HK2 is bound to the mitochondria outer membrane 

protein VDAC, which binds to the ANT inner membrane proteins. Particularly, 

phosphorylation of glucose by mitochondrial-bound HK2 (mitochondrial HK2) 

increased phosphorylation by approximately 5-fold compared to non-bound HK2 

(cytosolic HK2) (26, 87). In this study, therefore, we focused on the phosphorylation 

process of FDG by evaluating ANT2, which transports ATP or ADP in various 

cancers. We observed strong FDG-PET signals in malignant thyroid cancer (PDTC 

or ATC) patients and increased FDG accumulation in various cancer cell lines, which 

were significantly correlated with high ANT2 expression under conditions that could 

not be explained by the expression of GLUT1 or HK2 (Figure 3–10). These results 

suggest that FDG accumulation can be explained by the expression of ANT2, as 

other mitochondrial proteins, such as VDAC, ANT1, and ANT3, were ubiquitously 

expressed in nearly cell lines. Additionally, previous studies reported that increased 

FDG-PET signals are correlated with histologic differentiation, types, and TNM 

staging. Our results showed that when differentiation was lower and the cancer was 

more aggressive, ANT2 expressed was higher (Figure 11–15). These results suggest 
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that differences in FDG accumulation according to various pathologic findings of 

cancer can be evaluated by ANT2 expression.  

 

After confirming that expression of ANT2 is associated with FDG 

accumulation, we investigated whether FDG accumulation in cells is specifically 

regulated by ANT2 expression (Figure 16–20). Additionally, FDG-PET signals in 

tumor xenograft models were decreased and ANT2 expression was specifically 

reduced in tumor tissues (Figure 22–24). These results suggest that ANT2 

expression does not affect the expression of GLUT1 and HK2, but how much ATP 

supplied to mitochondrial HK2. Furthermore, ANT2 expression did not affect the 

proliferation or viability of cells and tissues and did not regulate ANT1 and ANT3 

expressions, at least in part (Figure 17, 19, and 24). Some studies demonstrated that 

there is no difference in membrane potential under ANT2-defective conditions (88, 

89). These findings suggest that ANT2 expression affects the phosphorylation 

process by HK2 in FDG accumulation but does not affect intracellular physiological 

changes. Our results indicate that FDG accumulation is correlated with ANT2 

expression and is specifically controlled regardless of the expression of GLUT1, 

HK2, and other mitochondrial proteins such as VDAC, ANT1, and ANT3.  

 

Next, as described above, we focused on the binding step of HK2 to the 

mitochondria. To determine the mechanism of HK2 binding to the mitochondria and 

the relationship with ANT2 expression, we designed fluorescence vectors for BiFC 

and FRET assays (Figure 2). Our results suggest that ANT2 expression and VDAC 

are essential in the phosphorylation process of HK2 for FDG accumulation (Figure 



77 

 

25). How the HK2-VDAC-ANT2 complex increased FDG accumulation was 

determined through BiFC-based FRET assays. HK2 preferentially interacts with the 

mitochondria when ANT2 is bound only to VDAC (Figure 27 and 28). Additionally, 

we observed that HK2 prefers to dimerize ANT2 with VDAC because ANT2 has 

stronger binding affinity with VDAC than ANT1 or ANT3 (Figure 29 and 31). We 

next confirmed that the binding affinity of VDAC with ANT isoforms is correlated 

with FDG accumulation (Figure 30). We propose that ANT2 rather than ANT1 or 

ANT3 more efficiently supplies ATP to mitochondrial HK2 by binding with VDAC 

to phosphorylate FDG. 

 

At the point of cell death, it has been reported that VDAC and ANTs are 

major components of the mitochondrial PTPC, which interact with pro- or anti-

apoptotic proteins to regulate apoptosis (90, 91). However, these studies did not 

explain which ANT isoforms were related. Some studies reported that ANT1 or 

ANT3 overexpression induced apoptosis by increasing Bax (92, 93). These pro-

apoptotic proteins promote apoptosis by binding to the VDAC-ANTs complex (66-

68). In contrast, cancer cells express various anti-apoptotic proteins, particularly 

HK2, which bind to VDAC to inhibit cell death pathways (64). Based on these 

studies, we suggest that more aggressive cancer cells with high ANT2 expression 

have anti-apoptotic characteristics because dimerization of VDAC and ANT2 

induces more binding of HK2 (Figure 31), which competes with the binding of pro-

apoptotic proteins to VDAC (60).  
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Finally, further investigations are required to understand the role of ANT2 

in glucose metabolism. First, the complex of ANT2 and VDAC induces further 

binding of HK2 to increase phosphorylation of FDG for accumulation, but it is 

necessary to confirm that ATP is supplied to HK2 by the binding of ANT2 with 

VDAC. Additionally, although VDAC and ANTs are major components of the 

mitochondrial PTPC, other proteins such as cyclophilin D, creatine kinase (CK), and 

translocator protein (TSPO) are also involved in mitochondrial PTPC. The 

relationship between these additional components and glucose metabolism as well 

as the cell death pathway require further examination. Additionally, it is necessary 

to investigate how conformational changes of the VDAC-ANTs complex occur 

through agents targeting mitochondrial HK2 such as 3-bromopyruvate (26, 94). 

 

In conclusion, this study reports the role of ANT2 expression in FDG 

metabolism in cancer and the relationship between mitochondrial HK2, VDAC, and 

ANT isoforms in the mechanism of FDG accumulation. More specifically, ANT2 

expression is not only closely related with FDG uptake in various cancer cells, but 

also was highly observed in malignant tumor tissues. Additionally, modulation of 

ANT2 expression changes the amount of FDG accumulation regardless of GLUT1 

or HK2 expression. ANT2 has much higher binding affinity for VDAC compared to 

ANT1 or ANT3, and thus HK2 interacts more strongly with the VDAC-ANT2 

complex and increases FDG accumulation. Therefore, ANT2 expression plays a 

crucial role in FDG phosphorylation of HK2 by forming complexes with VDAC, 

indicating that ANT2 is an important protein affecting FDG accumulation in various 

cancers that cannot be explained by GLUT1 and HK2 expression. 
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국문 초록 

서론: 포도당 유사체인 [18F]-Fluoro-2-deoxy-D-glucose (FDG)을 이용한 양

전자 방출 단층 촬영술 (PET)은 암을 진단하는 데 널리 사용되고 있다. 

현재까지, 포도당 운반체 1 (GLUT1)와 헥소키나아제 2 (HK2)는 암세포에

서 FDG 섭취와 관련되어 있다고 알려졌으나, FDG 섭취를 결정하는 생물

학적 기전은 아직 정확하게 알려져 있지 않다. HK2 는 미토콘드리아 외

막에 위치하여 FDG 를 인산화할 때에 미토콘드리아에서 유래된 ATP 를 

우선적으로 사용한다고 알려져 있다. 이는 HK 가 미토콘드리아 외막에 

위치하는 전압 의존적인 음이온 채널(VDAC)에 결합하고, 이 VDAC 은 

미토콘드리아 내막에 위치하여 ATP/ADP 를 세포질로 운반하는 아데닌 

뉴클레오타이드 트렌스로케이즈 (ANT)에 결합하여 있기 때문으로 알려

져 있다. ANT 는 증식성 세포에서 유도가 가능하며 포도당 분해 대사에 

관려되어 있다고 알려져 있다. 그러나 ANT 가 FDG 축적에 미치는 영향

은 아직 보고된 바가 없다. 따라서 이 연구는 다양한 암에서 ANT2 발현

과 FDG 축적 사이의 상관 관계를 분석하고, 축적조절 기전을 구명하였

다.  
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재료 및 방법: 사람의 갑상선, 폐, 간, 전립선, 유방암 및 뇌암 세포주를 

사용해서 GLUT1, HK2 및 미토콘드리아 단백질인 VDAC, ANT1, ANT2, 

ANT3의 발현을 웨스턴 블롯으로 측정 하였다. ANT2 siRNA와 pcDNA3.1-

ANT2 를 사용하여 ANT2 발현을 조절 하였다. FDG 섭취량은 감마 카운

터를 사용하여 측정하였다. 생물 발광 유전자를 발현하는 FRO 세포를 이

종 이식한 마우스모델을 사용하여 FDG 섭취와 ANT2 발현관계를 PET 영

상과 생물발광영상, 그리고 조직염색을 이용하여 분석하였다. 환자의 갑

상선, 폐 및 간 암 조직의 마이크로 어레이 (TMA)를 이용하여 조직학적 

분화, 유형 및 TNM 스테이징과 ANT2 발현 관계를 면역조직화학염색법

으로 평가하였다. 갑상선암 환자의 FDG-PET 영상은 Siemens PET 스캐너

로 수행하였으며, 모든 PET 영상은 상용 이미징 소프트웨어를 사용하여 

숙련된 핵 의학 의사가 검토했다. HK2-VDAC-ANT 동형 단백질의 결합을 

BiFC (bimolecular fluorescence complementation) 기반의 FRET (fluorescence 

resonance energy transfer) 기법을 통해 확인하였다. 

결과: ANT2 발현은 다양한 암 세포주에서 FDG 섭취 정도와 높은 상관

관계를 보였다. ANT2 siRNA 를 처리하여 ANT2 발현을 감소시킨 세포에서

는 FDG 섭취가 0.55 배 감소되었다. 반대로, pcDNA3.1-ANT2 를 처리하여 
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ANT2 발현을 증가시킨 세포에서는 FDG 섭취가 1.7 배 증가되었다. 이종 

이식 모델에서 ANT2 siRNA 주입 하면 FDG PET 영상에서 FDG 섭취량이 

0.75 배 감소하였다. ANT2 siRNA 가 주입된 종양은 GLUT1 과 HK2 발현

의 변화 없이 ANT2 발현만 감소된 것을 면역 염색으로 확인했다. 환자

의 갑상선, 폐 및 간 암 조직은 악성도가 높을수록 ANT2 발현이 증가했

다. FDG-PET 스캔을 시행 한 환자들에서 최대 표준화 된 uptake value 

(SUVmax)는 GLUT1 이나 HK2 보다 ANT2 발현과 유의한 관련을 보였다. 

HK2-VDAC-ANT2 세가지 유전자를 동시에 발현한 293FT 세포에서 가장 

높은 FDG 섭취를 보였으며, 동시에 이 세포에서만 FRET 신호가 보였다. 

또한 ANT1 또는 ANT3 과 비교하여, ANT2 에서 FRET 신호가 가장 높았

으며 ANT2 가 발현된 세포에서 FDG 축적이 가장 높았다. 

결론: ANT2 발현은 FDG 축적과 유의한 관련이 있으며, ANT2 가 HK2-

VDAC 과 복합체를 형성한다. 이 연구는 ANT2 가 GLUT1 과 HK2 발현에 

의해 설명하지 못했던 다양한 암에서 FDG 축적에 영향을 미치는 중요한 

단백질임을 시사한다.  

---------------------------------------------------------------------------------------------- 
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주요어: 암, 포도당 유사체-양전자 방출 단층 촬영, 포도당 전달체 1, 헥소

키나아제 2, 아데닌 뉴클레오타이드 트랜스로케이즈 2, 전압 의존적인 음

이온 채널, 인산화, BiFC, FRET, 조직 분화, 조직 유형, 종양 악성도, 미토

콘드리아 투과성 전이공극 복합체  
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