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ABSTRACT 

Positron Emission Tomography (PET) utilizes radioactively tagged molecules to identify 

cancerous tissue. In most cases, membrane transporters control entry of these molecules into 

human cancer cells. Hypoxia-inducible factor (HIF)-1 is the master homeostatic regulator during 

hypoxia in human cancer cells. Rapid cell proliferation, as seen in cancer, isolates regions of 

tumors from blood vessels. Oxygen diffusion becomes too distant, which induces hypoxia and 

activates the HIF-1 pathway and induces changes within those cells. Regulation of hypoxic 

responses and induction of malignant reprogramming is maintained by HIF-1. HIF-1 controls 

expression of hexose, nucleoside, and amino acid transporters and for this reason is partly 

responsible for increased proliferation and metabolism seen in cancer cells. Upregulated 

expression of multiple target genes such as membrane transporters like Glucose transporter 1 

(GLUT1), the primary glucose transporter is necessary to facilitate the Warburg Effect. Recently 

we have also demonstrated regulation of GLUT5, the cell’s primary fructose transporter, under 

hypoxia in breast cancer (BC). Currently, [
18

F]-fluorodeoxyglucose ([
18

F]FDG), a radiotracer 

transported into cells by GLUT1, is the “gold” standard and the only approved radiotracer for 

PET imaging of BC. [
18

F]FDG uptake, is not consistent across BC subtypes therefore other 

radiotracers must be explored. We studied protein levels and functionality of human equilibrative 

nucleoside transporters 1 and 2, and amino acid transporters LAT1, xc-, ASCT1, and ASCT2 

under normoxic and hypoxic conditions using western blot experiments, flow cytometry, and/or 

confocal microscopy. Cellular uptake experiments were performed with 3'-deoxy-3'-L-

[
18

F]fluorothymidine ([
18

F]FLT) for hENT1, 3,4-dihydroxy-6-(
18

F)-fluoro-L-phenylalanine 

([
18

F]FDOPA) for LAT1, and  (4S)-4-(3-
18

F-fluoropropyl)-L-glutamate ([
18

F]FPSG) for xc-, in 

estrogen receptor positive (ER(+)) MCF7 and MDA-MB231 triple-negative BC (TNBC) cells.  
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In vitro [
18

F]FLT uptake was higher in MDA-MB231 than in MCF7: 242 ± 9 % vs. 147 ± 18 % 

radioactivity/mg protein after 60 minutes under normoxia. Immunoblot analysis revealed higher 

hENT1 levels in MDA-MB231, and higher thymidine kinase 1 (TK1) in MCF7. Data indicated 

that [
18

F]FLT uptake and hENT1 levels were not influenced significantly by hypoxia. In vitro 

inhibition experiments suggest involvement of both hENT1 and hENT2 [
18

F]FLT uptake into 

MDA-MB231. In vivo PET imaging revealed comparable tumor uptake in MCF7 and MDA-

MB231 tumors: SUV60min 0.96±0.05 vs. 0.89±0.08 (n=3). LAT1 expression was higher in ER(+) 

MCF7 versus MDA-MB231 cells. [
18

F]FDOPA cell uptakes revealed greater uptake in ER(+) 

MCF7 cells (467 ± 98 %) compared to TNBC MDA-MB231 cells (105 ± 54 %) under normoxic 

conditions at 30 min. ASCT1 and ASCT2 did not exhibit any differentiating protein levels in the 

BC cell lines. In MDA-MB231, system xc- displayed high protein levels and high in vitro and in 

vivo uptakes with [
18

F]FSPG. Hypoxia significantly increased [
18

F]FDOPA uptake in MCF7 

cells at 15 and 30 mins, and in MDA-MB231 cells at 30 and 60 mins. [
18

F]FSPG uptake was 

increased in MDA-MB231 cells under hypoxia at 30 and 60 mins: 95 ± 34 % vs. 40 ± 9.8 % and 

164 ± 37 % vs. 127 ± 33 %. In vivo PET imaging revealed greater tumor uptake of [
18

F]FDOPA 

in MCF7 tumor models and [
18

F]FSPG in MDA-MB231 tumor models.  

Our study demonstrates that hypoxia has significant effects on amino acid transport as tested 

with [
18

F]FDOPA and [
18

F]FSPG in BC. Overall, there is increased transport of [
18

F]FLT and of 

[
18

F]FPSG in MDA-MB231 cells, while [
18

F]FDOPA is increased in MCF7 cells. Higher hENT1 

expression in MDA-MB231 seems to drive nucleoside transport, while higher TK1 expression in 

MCF7 seems to be responsible for [
18

F]FLT retention in ER(+) tumors. We see minimal hypoxic 

regulation of protein levels of these transporters in both cell lines, but do see high activity of xc- 

in MDA-MB231 and LAT1 in MCF7.  
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1.1 Hypoxic Regulation of Cancer 

1.11 Hypoxia 

Cellular oxygen supply is necessary for maintaining cellular function. Humans maintain 

oxygenation of tissue through respiration and circulation of oxygenated blood. When a sufficient 

supply of oxygenated blood does not reach its intended target due to problems such as in 

pathophysiological situations of ischemia, or rapid cellular growth, significant changes are seen 

in cell microenvironments.  

In cancer, and in particular solid tumors, rapid cellular growth can cause regions of hypoxia to 

develop. Due to such cellular proliferation seen in cancer, certain cells may become too distant 

for oxygen to diffuse to. Specifically, it has been determined that oxygen can diffuse a maximum 

of 100-180 μm from the end of the nearest capillary (1). Cellular mechanisms must change 

quickly in order to adapt to a decreased supply of oxygen. Cancer cells are able to quickly 

change from aerobic to anaerobic metabolism, which causes many changes within the tumour 

cells and their microenvironment. Without oxygen as a final electron acceptor in glycolysis, 

there are decreased amounts of ATP produced per each nutrient molecule (glucose, fructose, 

etc.). This results in the formation of acidic products such as lactic acid. To sustain function, 

more nutrient molecules must be shuttled in to compensate for the lack of oxygen and decreased 

ATP production generated through anaerobic metabolism. 

The processes that allow tumour cells to survive in hypoxic environments are significantly 

different than the processes in healthy tissue. Whereas in instances of stroke or arterial blockage, 

tissues beyond such impasses can only survive for short periods of time, cancer cells are able to 

adapt and survive limited oxygen diffusion with mechanisms mainly mediated by the hypoxia-

inducible factor (HIF)-1 (1).  
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1.12 HIF-1 

HIF-1 is the master homeostatic regulator in human cells when exposed to decreased 

concentrations of oxygen. Due to its major role in responding to hypoxia in human cells, there 

have been many reviews highlighting these functions. One in particular, a review recently 

published by Kakkad et al. (2), discusses hypoxia, HIF-1, and the potential options for PET 

imaging of hypoxia in cancer.   

HIF-1 in particular is a heterodimeric protein which consists of α and β subunits. The α subunit is 

oxygen-regulated, while the β subunit is constitutively expressed (2). The oxygen sensing 

property of HIF-1α plays an important role in the expression of proteins and mediating cellular 

metabolism in response to hypoxia. Through certain binding domains located on HIF-1, the 

protein is able to interact with a multitude of cellular targets. One of the most important sites for 

HIF-1 is the oxygen-dependent degradation domain (ODD) which interacts with proline-

hydroxylase-2 (PHD-2) and factor inhibiting HIF-1 (FIH) proteins (2). These proteins ensure full 

repression of the HIF-1 signalling pathway by interacting with the oxygen-sensing HIF-1α 

subunit and marking it for degradation during normoxia via the von Hippel-Lindau (VHL) 

protein, which recruits E3 ubiquitin ligase (2). In hypoxic situations however, the PHD-2 and 

FIH proteins become inactive due to the lack of available oxygen. Without these two inhibitory 

proteins hydroxylating the ODD, HIF-1α is stabilized and is able to heterodimerize with the HIF-

1β subunit in the nucleus, resulting in gene transcription (1).  

Multiple PET radiotracers have been identified for their potential use in imaging hypoxia and the 

various indirect effects of HIF-1α on cellular processes. These cellular processes, as described in 

the subsequent sections of this introduction, are effector proteins from HIF-1α pathway 

activation, such as plasma membrane transporters of cancer cells. Currently, there are no 

radiotracers that are able to image HIF-1α levels directly, though our research group is currently 
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exploring this novel approach. Hypoxia, however can be imaged directly because of the changes 

to extracellular and intracellular microenvironments of cancer cells and other ischemic tissues. 

The reducing conditions produced by hypoxia are essential for the cellular trapping of [
64

Cu]Cu-

diacetyl-bis(N4-methylthiosemicarbazone) ([
64

Cu]ATSM) (3) and 
18

F-fluoroazomycin 

arabinoside (
18

F-FAZA) (4), while in normoxic cells they are washed out. Hypoxic regions of 

tumors are highly resistant to radiation therapy as cells escape radiation-induced oxygen radical 

formation and subsequent DNA damage. Knowing this characteristic of a specific tumor this will 

allow physicians to better plan their patient’s treatments.  

1.2 Membrane Transporters in Cancer 

Plasma membrane transporters are essential for the proper shuttling of nutrients needed for the 

survival of cells. In pathophysiological events such as cancer, the expression of plasma 

membrane transporters are altered, therefore fueling the progression and proliferation of cancer. 

In solid tumors, as is the case with breast cancer, membrane transporter’s expression and 

function are regulated by different signalling pathways. As mentioned in the previous section, 

hypoxia and the related HIF-1α play major roles in membrane transporter regulation. Multiple 

review papers have discussed these and other factors that make membrane transporters an 

attractive target for therapy development and targeting by PET (5,6). The following section will 

highlight and give a brief summary of some of the major membrane transporter categories and 

their relationship with progression of breast cancer, regulation by hypoxia, and inroads made by 

PET researchers in imaging their expression and subsequent metabolic profiles.  
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1.21 Hexose Membrane Transporters 

Upregulated hexose metabolism in cancer, which has been characterized by the “Warburg” 

effect, is widely seen as a driving mechanism in cancer proliferation (7,8). To facilitate the 

Warburg effect, many altered cellular pathways are needed, such as with HIF-1 and PI3K, which 

are central for the expression of cancer cell proteins (7). The hypoxia induced, transcription 

factor HIF-1α has been shown to activate the transcription of SLC2A1 and SLC2A3, gene that 

encode GLUT1; the cell’s primary glucose transporter, and GLUT3; a high affinity glucose 

transporter (4). In addition to these transporters, our research group has explored relationships 

between hypoxia and GLUT2; a glucose and fructose transporter, and GLUT5; the cell’s primary 

fructose transporter. We have found that GLUT5 is regulated by hypoxia, while GLUT2 is not 

(9). In addition to transport proteins HIF-1α also activates transcription of genes that encode 

hexokinase, the first enzyme in the glycolytic pathway (10). Both Lactate dehydrogenase A 

(LDHA) and Monocarboxylate transporter 4 (MCT4) are needed for conversion of pyruvate to 

lactate and the shuttling of lactate out of the cell are regulated by HIF-1α (7,11).  

The combination of the effects of dysregulated pathways that lead to altered expression of 

hexose membrane transporters in cancer make them attractive targets for therapy and PET 

imaging radiotracers. Specifically, one of the most widely used imaging molecules clinically is 

the glucose analogue 2-deoxy-2-[
18

F]fluoro-D-glucose ([
18

F]FDG). Currently, [
18

F]FDG is the 

“gold” standard for PET imaging in BC, especially for tumor staging, detection of recurrent 

disease, and monitoring of treatment response (12). Though [
18

F]FDG is considered the “gold” 

standard, there are many issues with false-positives and false-negatives, as often rheumatic 

diseases display high glucose metabolism (13) and certain cancers display low GLUT1 

expression, which is essential for this radiotracer’s uptake (14,15). Fructose metabolism is 

another interesting pathway in cancer that has been shown to be upregulated to sustain the cancer 
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cell’s increased metabolism (9).  In a previous study our lab has explored a radiolabelled fructose 

derivative, 6-deoxy-6-[
18

F]fluoro-D-fructose (6-[
18

F]FDF), which has been shown to be useful 

for imaging the GLUT5 expression profile in breast cancer (16).  

 

1.22 Nucleoside Membrane Transporters 

The hENT family of nucleoside transporter, mediates transport of nucleosides down their 

concentration gradients from which there are four; hENT1, hENT2, hENT3, and hENT4.  

hENT1 and hENT2 are the most highly expressed of these transporters, and are encoded by two 

different genes of the SLC29 family; SLC29A1 and SCL29A2 respectively (17). Both 

transporters are 456-residue proteins that share about 46% amino acid sequence similarity (18). 

The facilitated diffusion of purine and pyrimidine nucleosides are primary functions for both 

nucleoside transporters and are essential to normal cellular physiology. hENT1 mediates the 

transport of anti-cancer agents into the cell, such as gemcitabine and draflazine, more readily 

than other nucleoside transporters. hENT2 has a greater ability to transport anti-viral agents (18). 

The differences seen in the selectivity of nucleoside transport are due to variances in amino acid 

sequences (19).  

The main function of nucleoside transporter is to move nucleosides from one body compartment 

to the other. Depending on the tissue type, nucleosides can be synthesized de novo or taken into 

cells through salvage pathways used for nucleotide synthesis (17). Once a nucleoside is present 

intracellularly, it can be metabolised and converted by intracellular enzyme-mediated pathways 

to a nucleotide (17), such as in the case of conversion of thymidine to deoxythymidine 

monophosphate with thymidine kinase 1 (TK1) (20,21). This conversion then allows for further 

cellular processes to occur such as the  biosynthesis of nucleic acids for DNA replication, 
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phospholipid and oligosaccharide synthesis, and the use of nucleotides for cell signalling and 

salvage pathways (17).  

Uncontrolled cellular proliferation, and the characteristic increase in synthesis and replication of 

DNA, is one of the major hallmarks of cancer. This property can be used to differentiate between 

healthy and cancerous tissue, as a decrease in the intracellular pool of nucleosides can be 

identified with an increased inward flux of nucleosides mediated by ENTs. To measure the flux 

of nucleoside transport we can use [
18

F]3´-deoxy-3´-fluorothymidine ([
18

F]FLT), a thymidine 

analog which becomes trapped intracellularly through phosphorylation by TK1 (22). Both hENT 

and human concentrative nucleoside transporter families contribute to the transport of [
18

F]FLT 

(22).  

Hypoxia may also have large effects on the transport of nucleosides into cells. The hypoxia/ HIF-

1 dependent repression of hENT is well described (23–26). HIF-1 becomes activated once 

regions of tissue become hypoxic. In pathological terms, this may involve an arterial blockage or 

in cases such as tumorigenesis, insufficient blood perfusion. Once activated, HIF-1 binds to the 

hENT1 promotor sequence and represses transcription of the hENT1 gene (25). Overall, this 

results in decreased hENT1 mRNA and subsequently protein translation during hypoxia (23,25).  

 

1.23 Amino Acid Transporters 

Amino acids are essential to many cellular processes such as in protein synthesis and cellular 

metabolism. In cancer cells, utilization of amino acids is increased so that it may fuel extra 

protein synthesis due to increased cancer cell proliferation and growth, as well as the extra need 

for amino acids in metabolism. For this reason, certain amino acid membrane transporters have 

been identified as upregulated in cancer. Through research on breast cancer, amino acid 
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transporters ASCT2, LAT1, and xc- have been shown to have altered expression or functionality, 

and subsequently have been subject to multiple review articles (27,28).  

The alanine-serine-cysteine preferring transporter (ASCT), ASCT2/SLC1A5, other than the 

amino acids which make up its name, is also the primary transporter of glutamine in cancer cells 

(29,30). The xc-/SLC7A11 is an exchanger of extracellular cystine for intracellular glutamate. 

The primary role of system xc- in cancer is preventing oxidative damage by increasing 

intracellular levels of glutathione (GSH), through the conversion of cystine to cysteine, and then 

subsequently to GSH (28,31). The third transporter that has altered functionality in BC is the L-

amino acid transporter 1 (LAT1), which is responsible for transporting L-amino acids and large 

branched amino acids. LAT1/SLC7A5 has additional roles in transporting excitatory amino acids 

(EAA) such as leucine, which are able to activate mTORC1, which then further promotes 

tumorigenic effects (32). These amino acid transporters have been highlighted as prime targets 

for PET imaging and radiotracer development. Radiotracers which are transported via these 

specific amino acid transporters, are [
18

F]FACBC (33) and [
18

F]FPhPA (34) for ASCT2; 

[
18

F]FSPG (35) for xc-; and [
18

F]FDOPA (36) for LAT1.  

Hypoxia has been shown to have effects on expression and function of amino acid transporters. 

Hu et al. (37) have shown that in hepatocellular carcinoma cells, HIF-1 triggers expression of 

membrane glutamate transporters as well as AMPA-type glutamate receptors. Aside from this 

example, there are many other amino acid transporters that are involved in cancer progression 

which also might be regulated by HIF-1. Additional research must be done to determine effects 

of hypoxia and HIF-1 on regulation of amino acid membrane transporters in cancer.  
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1.3 Hypothesis and Objectives 

 

1.31 Hypothesis 

This thesis aimed at testing two hypotheses…  

1. The uptake of PET radiotracers by breast cancer cells will be dependent upon the 

respective cellular membrane transporter profiles. 

2. Hypoxia modifies the expression and function of nucleoside transporters hENT1 and 

hENT2, and also of TK1; and of amino acid transporters ASCT1, ASCT2, LAT1, and xc- 

in breast cancer cells.  

 

1.32 Objectives 

The goals of this thesis were achieved with…  

1. Measurement of protein levels of select nucleoside and amino acid transporters in 

MCF10A, MCF7, and MDA-MB231 cells under normoxic and hypoxic conditions with 

Western blot, flow cytometry, immunohistochemistry, and/or confocal microscopy 

2. Function measurement of the functionality of nucleoside and amino acid membrane 

transporters in MCF10A, MCF7, and MDA-MB231 cells under normoxic and hypoxic 

conditions with [
18

F]FSPG, [
18

F]FDOPA, [
18

F]FLT in in vitro/ in vivo radiotracer uptake 

experiments 
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Effect of hypoxia on human equilibrative nucleoside transporters 

hENT1 and hENT2 in breast cancer 

 

 

 

 

 

 

 

 

 

 

 

 

 



17 
 

 

 

Effect of hypoxia on human equilibrative nucleoside transporters; hENT1 and hENT2 in 

breast cancer 

  

 

Daniel Krys, Ingrit Hamann, Melinda Wuest
1
, Frank Wuest

* 

 

 

 

 

Chapter published in The FASEB Journal 

 

 

 

 

 

 

 

 

 



18 
 

Abstract: Elevated proliferation rates in cancer can be visualized with PET using 3'-deoxy-3'-L-

[
18

F]fluorothymidine ([
18

F]FLT). This study investigates whether [
18

F]FLT transport proteins are 

regulated through hypoxia. Expression and function of human equilibrative nucleoside 

transporters 1 (hENT1), 2 (hENT2), and thymidine kinase 1 (TK1) were studied under normoxic 

and hypoxic conditions, and assessed with [
18

F]FLT-PET in estrogen receptor positive (ER(+)) 

MCF7, triple-negative MDA-MB231 breast cancer (BC) cells, and MCF10A cells; human 

mammary epithelial cells. Functional involvement of hENT2 [
18

F]FLT transport was 

demonstrated in all cell lines. In vitro [
18

F]FLT uptake was higher in MDA-MB231 than in 

MCF7: 242±9 % vs. 147±18 % radioactivity/mg protein after 60 minutes under normoxia. 

Hypoxia showed no significant change in radiotracer uptake. Protein analysis revealed higher 

hENT1 (P<0.0963) in MDA-MB231. Hypoxia did not change expression of hENT1, hENT2 or 

TK1. In vitro inhibition experiments suggested involvement of hENT1, hENT2, and hCNT’s 

during [
18

F]FLT uptake into all cell lines. In vivo PET imaging revealed comparable tumor 

uptake in MCF7 and MDA-MB231 tumors: Standardized Uptake Value at 60-min (SUV60min) 

0.96±0.05 vs. 0.89±0.08 (n=3). Higher hENT1 expression in MDA-MB231 seems to drive 

nucleoside transport, while TK1 expression in MCF7 seems responsible for comparable 

[
18

F]FLT retention in ER(+) tumors. Our study demonstrates that hypoxia does not significantly 

affect nucleoside transport as tested with [
18

F]FLT in BC. 

Keywords: Nucleoside transport, Hypoxia, Thymidine kinase 1, [
18

F]FLT, Positron emission 

tomography 
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2.1 INTRODUCTION 

Breast cancer (BC) is the most commonly diagnosed cancer in women. With recent innovations 

in early detection and targeted treatments based on novel prognostic biomarkers and molecular 

subtyping, the 5-year survival rate of BC patients has increased, along with a substantial decrease 

in mortality rates (1, 2). However, BC is still the second leading cause of cancer death in 

females. In these patients, it is not the primary tumour, but it’s metastases at distant sites that are 

the main cause of death. Metastatic breast cancer still remains incurable, and median overall 

survival is only in the order of 2-3 years with currently available therapies (3). 

In the clinic, there are multiple medical imaging technologies for the diagnosis of BC. 

Technologies such as ultrasound, computed tomography (CT), mammography, and magnetic 

resonance imaging (MRI) are frequently used to confirm presence of the disease (4). However, 

all these methodologies are based on the visualization of breast tumor morphology rather than 

functional and metabolic processes as championed by positron emission tomography (PET). 

Despite development of various hormone receptor-binding PET radiotracers such as 16-

[
18

F]fluoroestradiol-17 ([
18

F]FES) (5–7) for PET imaging of estrogen receptor-positive (ER(+)) 

BCs, glucose analogue 2-deoxy-2-[
18

F]fluoro-D-glucose ([
18

F]FDG) still remains the “gold” 

standard for PET imaging in BC, especially for tumor staging, detection of recurrent disease, and 

monitoring of treatment response (8). Use of [
18

F]FDG as a radiofluorinated glucose analog in 

BC detection relies on the metabolic switch from oxidative phosphorylation in normal cells to 

anaerobic glycolysis, also referred to as the Warburg effect in cancer cells (9). [
18

F]FDG uptake 

into BC cells is mainly mediated through the facilitative glucose transporter 1 (GLUT1), and its 

intracellular retention occurs through phosphorylation by hexokinase II (9). Despite its high 

sensitivity in BC imaging, [
18

F]FDG also has several limitations. Firstly, GLUT1 expression 

levels can vary widely among BC patients, which leads to false-negative results (8, 10). 
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Moreover, inflammatory lesions also show high [
18

F]FDG uptake which can lead to false-

positive results (11, 12). As a consequence, there are still no recommendations in current clinical 

guidelines to use PET as a molecular imaging technique for primary diagnosis and monitoring of 

treatment response in BC patients. Alternatively, 3´-deoxy-3´-[
18

F]fluorothymidine ([
18

F]FLT) 

has been used for molecular imaging of proliferation in various types of cancer (13). An 

important advantage of [
18

F]FLT over [
18

F]FDG is its ability to better discriminate between 

tumor and inflammatory tissue.  

[
18

F]FLT is a radiofluorinated thymidine analogue whose primary uptake mechanism into cells 

occurs through the human equilibrative nucleoside transporter 1 (hENT1) (14). [
18

F]FLT is also 

transported by concentrative nucleoside transporters (CNT). The hENT family of nucleoside 

transporter mediates passive diffusion of nucleosides down their concentration gradients. To 

date, hENT1 to hENT4 subtypes have been described (15). The human CNT family is composed 

of three known transporter subtypes; hCNT1, hCNT2 and hCNT3.  

In contrast to hENTs, CNTs transport nucleosides against their concentration gradients via 

secondary active transport by interacting with either sodium or hydrogen ions (16). Upon cellular 

entry, [
18

F]FLT is phosphorylated by thymidine kinase 1 (TK1) and the subsequent [
18

F]FLT-

triphosphate cannot be incorporated into the DNA (17). Intracellular trapping of [
18

F]FLT as 

[
18

F]FLT-triphosphate results in increased tumor-to-background ratios over time, which provides 

optimal imaging contrast in PET. Both processes, transport and phosphorylation, are upregulated 

in rapidly proliferating cancer cells.  

Another important process which occurs during development of solid tumors involves changes in 

tumor vascularization and oxygen perfusion, which leads to various degrees of tumor hypoxia. 

Hypoxic regions of solid tumors adapt to the reduced oxygen supply by activating hypoxia-

inducible factor (HIF) which consists of an oxygen-regulated HIF-1 subunit and the 
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constitutively expressed HIF-1 subunit (18). Beside its multiple roles in tumor cells, HIF-1 is 

also important in normoxic cells, e.g. in lymphocytes and spermatazoal flagella, and it has also 

been shown to have protective effects to low-dose radiation (19). However, under hypoxic 

conditions, expression of HIF-1 is strongly elevated in oxygen-deprived tumor regions. As a 

transcription factor, HIF-1 regulates expression of a variety of targets genes such as GLUT1, 

vascular endothelial growth factor (VEGF), platelet derived growth factor (PDGF), transcription 

growth factor (TGF), and carbonic anhydrase IX (CA-IX) (20, 21). Recently, we have 

demonstrated that other facilitative hexose transporter GLUT5, the main transporter for fructose, 

is also regulated by HIF-1 in BC, while GLUT2, a hexose transporter for both glucose and 

fructose, is not (22).  

To date, very few studies have discussed potential regulation of nucleoside transporter 

expression by HIF-1. In one study which focused on ischemia in cardiac endothelial cells and 

uterine tissue, the authors concluded that ischemia-induced HIF-1 expression led to a 

downregulation of nucleoside transporter protein hENT1 (23, 24). Downregulation of ENT1 and 

ENT2 mRNA after exposure to chronic hypobaric hypoxia over one week was reported in a 

different study which analyzed mammalian carotid bodies from juvenile rats (25). 

The first goal of the present study was to explore whether HIF-1 alters expression and function 

of hENT1 and hENT2 in BC under hypoxic conditions using the ENT substrate [
18

F]FLT and the 

hypoxia imaging agent [
64

Cu]ATSM. Recently, protein expression levels of hENT1 were 

reported as a useful prognostic factor for gastric tumors (26), whereas hENT1 protein expression 

was described as highly variable in primary breast cancer patients (27). Moreover, a recent PET 

study in ENT1 KO mice and ENT1 deprived lung tumors still observed 60% of the control 

[
18

F]FLT uptake values (28). A second goal of the present study was to analyze potential 
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differences in hENT1 and hENT2 expression and function in BC which could have an impact on 

the clinical use of [
18

F]FLT for ER (+) and TNBC tumours using in vivo PET. In addition, the 

third goal of this study was to analyze the potential involvement of hENT2 for the uptake of 

[
18

F]FLT into BC cells. 

2.2 MATERIALS AND METHODS 

 

2.21 Chemicals and radiosynthesis 

All chemicals and reagents were obtained from Sigma-Aldrich (Sigma-Aldrich, Oakville, ON, 

Canada) unless otherwise stated. 

Radiotracer 3'-deoxy-3'-L-[
18

F]fluorothymidine ([
18

F]FLT) was prepared at the cyclotron facility 

of the Cross Cancer Institute using a GE TracerLab FX automated synthesis unit (GE Healthcare, 

Little Chalfont, United Kingdom) according to the method developed by Machulla et al.  using 

5′-O-(4,4′-dimethoxytrityl)-2,3′-anhydrothymidine as the labeling precursor (29). [
64

Cu]Cu-

diacetyl-bis(N4-methylthiosemicarbazone) ([
64

Cu]ATSM) was synthesized according to 

Dehdashti et al. starting from diacetyl bis(N4-methylthiosemicarbazone) (ABX GmbH, 

Radeberg, Germany) (30). Radioisotope 
64

Cu was obtained from Washington University School 

of Medicine (St. Louis, MO, USA) as a [
64

Cu]CuCl2 solution in HCl. 

2.22 Patient samples 

Gene-expression microarray analysis was performed as described previously using primary 

samples from 176 treatment-naive patients with BC and 10 healthy breast-tissue samples 

collected from reduction mammoplasties through the Canadian Breast Cancer Foundation Tumor 

Bank (Northern Alberta Study Center, Cross Cancer Institute, Edmonton, AB, Canada) (31). 

Patient information was collected under Research Ethics Board Protocol ETH-02-86-17. 
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2.23 Cell cultures 

The following cell lines were used in the study: MCF10A (American Type Culture Collection 

(ATCC) CRL-10317; ATCC, Manassas, VA, USA) is a human non-carcinogenic basal B cell 

line, derived from fibrocystic breast disease and obtained during a reduction mammoplasty. 

MCF7 (ATCC HBT-22) is an estrogen receptor (ER) and progesterone receptor (PR) positive 

breast cancer cell line, derived from luminal invasive ductal carcinoma, while MDA-MB231 

(ATCC HTB-26) is a triple negative basal B breast cancer (TNBC) cell line. MCF7 and MDA-

MB231 cells were grown in DMEM/F-12 (Gibco, ThermoFisher Scientific, Burlington, ON, 

Canada) with 10% fetal bovine serum (FBS) (Gibco) and 1% penicillin/streptomycin 

(Pen/Strep), while MCF10A cells were grown in DMEM/F-12 containing Clonetics® MEGM 

SingleQuots® (Lonza, Walkersville, MD, USA). For experiments, cells were seeded in their 

medium and grown for 24 h. Media was preconditioned for 2-3 h in our hypoxia chamber 

(Department of Pharmacy and Pharmaceutical Sciences, University of Alberta, Edmonton, AB, 

Canada) used at setting of 1% O2 and 5% CO2 at 37°C. Preconditioned media was used to 

exchange regular growth media for hypoxia experiments. These conditions were set and 

compared to cells under normoxic conditions for all following experiments (19).  

2.24 Western blotting 

For analysis of hENT1, hENT2, TK1, and β-actin, MCF10A, MCF7, and MDA-MB231 cells For 

analysis of GRPR and β-actin, MCF10A, MCF7, and MDA-MB231 cells were seeded in 60 mm 

dishes (Nunc™ Cell Culture/Petri Dishes, ThermoFisher Scientific) and had their media changed 

24 h prior to collection. Cells in the dishes were washed with PBS, then suspended in lysis buffer 

(50mM Tris, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 0.5% Triton X) containing 

protease inhibitor cocktail (ab65621, abcam, 1:500). Extracts were sonicated (10% amplitude, 5 

s) on ice and centrifuged at 14,500 g for 10 min at 4°C to remove debris. Protein determination 
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in supernatants was conducted, using a BCA based protein assay (Pierce/Thermo Scientific, 

Rockford, IL, USA). Aliquots of supernatants were mixed with 1/4 volume of 4x Laemmli buffer 

(250 mM Tris/HCl, 8% (w/v) SDS, 40% glycerol, 200 mM dithiothreitol and 0.04% (w/v) 

bromophenol blue, pH 6.8) and heated for 5 min at 95°C. Protein extracts were loaded onto SDS-

polyacrylamide gels and separated by electrophoresis. Proteins were transferred to nitrocellulose 

membranes by electroblotting and blocked for 1 h at room temperature in 5% (w/v) non-fat dry 

milk in Tris-buffered saline containing 0.05% (v/v) of Tween-20 (TBST). Membranes were 

incubated overnight at 4°C with the following primary antibodies: mouse monoclonal anti-ENT1 

IgG2a (clone F-12, sc-277283, Santa Cruz Biotechnology USA, 1:500), mouse monoclonal anti-

ENT2 IgG1 (clone D-9, sc-377283, Santa Cruz Biotechnology USA, 1:100), mouse monoclonal 

anti-Thymidine Kinase 1 IgG1 (clone C-4, sc-377211, Santa Cruz Biotechnology, 1:100), and 

rabbit polyclonal anti-β-actin (A5060, Sigma-Aldrich, 1:5000). Prior to the addition of anti-β-

actin to blots already stained with anti-hENT2 and anti-TK1, a stripping procedure was 

performed due to the close kDa proximity of the staining between both antibodies. Stripping 

buffer (1 L: 15 g glycine, 1 g SDS, 1% Tween20, pH 2.2) was used to wash the membranes 

twice for 5-10 minutes each, followed by two washes with PBS each for 10 minutes, and two 

washes with TBST for 5 minutes each. The stripping or regular procedure was followed by 

incubation for 1 h at 21°C with a peroxidase-conjugated goat anti-mouse IgG secondary antibody 

(sc-2005, Santa Cruz Biotechnology) in 1:5000 dilution (hENT1, hENT2, TK1) or goat anti-

rabbit IgG (A0545, Sigma-Aldrich 1:5000) for anti-β-actin. After incubation with secondary 

antibodies, membranes were washed in TBST and depending on protein levels, incubated with 

Supersignal West Pico chemiluminescent substrate (Gibco, ThermoFisher Scientific, Burlington, 

ON, Canada) or Clarity ECL Western blotting substrate (Bio-Rad Laboratories, Hercules, CA, 
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USA). Luminescence signals were captured using Fuji Medical X-ray Films (Fujifilm Canada, 

Mississauga, ON, Canada).  

Films were scanned, and analysis was done using the ImageJ program (National Institutes of 

Health, Bethesda, MD, USA). Density of each band was determined, and individual lane 

backgrounds were subtracted. Values for hENT1, hENT2, and TK1 were divided by values for 

the housekeeping protein β-actin. Received values for control cell line MCF10A were set at 

100% and compared with the individual value of the cancer cell lines {e.g., (band density hENT1 

density lane background)/(band density β-actin 2 density lane background), respectively}. 

Statistical differences were tested by paired Student’s t test and defined accordingly (* p<0.05,** 

p<0.01 and *** p<0.001. 

2.25 In vitro cell uptake studies 

MCF10A, MCF7, and MDA-MB231 cells were grown in 12-well plates and treated under 

normoxic/hypoxic conditions for 24 h prior to the experiment. During radiotracer cell uptake 

experiments all cells were handled the same, and cells under hypoxia were not under hypoxic 

conditions during the experimental procedure. Media was removed 1h prior to experiment, cells 

were washed 2x with phosphate-buffered saline (PBS) and starved of glucose in glucose-free 

Krebs-Ringer solution (120 mM NaCl, 4 mM KCl, 1.2 mM KH2PO4, 2.5 mM MgSO4, 25 mM 

NaHCO3, 70 µM CaCl2, pH 7.4) for 1 h at 37 °C. Next, 300 µL Krebs-Ringer solution with 0.1-

0.5 MBq [
18

F]FLT or [
64

Cu]ATSM was added to each well. Plates were incubated at 37°C for 

specific time points (5, 10, 15, 30, 60 minutes). Radiotracer uptake was stopped with 1 mL ice-

cold PBS, cells washed two times with PBS and lysed in 0.4 mL lysis buffer (50 mM Tris, 150 

mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 0.5% Triton X). Radioactivity in cell lysates 

was measured using WIZARD2 automatic gamma counter (Perkin Elmer; Waltham, MA, USA). 

Total protein concentration in the samples was determined using a Pierce BCA based protein 
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assay (ThermoFisher Scientific). Data were calculated as % of total added radioactivity per mg 

protein (% radioactivity/mg protein). 

2.26 In vitro inhibition of [
18

F]FLT cellular uptake 

Media was removed 1h prior to experiment, cells were washed twice with PBS or sodium free 

choline buffer (120 mM C5H14ClNO, 4 mM KCl, 1.2 mM KH2PO4, 2.5 mM MgSO4, 25 mM 

C5H14NOHCO3, 70 µM CaCl2, pH 7.4) and starved of glucose or glucose and sodium in 

glucose-free Krebs-Ringer solution or glucose and sodium free choline buffer for 1 h at 37 °C. 

MDA-MB231 cells were incubated with Krebs-Ringer buffer or choline buffer containing 

[
18

F]FLT and increasing concentrations (1, 10, 100 nM and 1, 3, 7, 10 µM) of S-(4-nitrobenzyl)-

6-thioinosine (NBMPR) (Sigma-Aldrich, Oakville, ON, Canada); 1 mM of non-radioactive FLT 

(Sigma-Aldrich, Oakville, ON, Canada); 100 µM, 300 µM, and 1 mM of gemcitabine 

hydrochloride (Hospira Healthcare Corporation, Kirkland, QC, Canada); or 1 µM, 10 µM, 100 

µM, and 300 µM of dilazep dihydrochloride (Sigma-Aldrich, Oakville, ON, Canada). Control for 

100% uptake was determined with Krebs-Ringer buffer only. After 60 min cells were rinsed with 

ice-cold PBS or ice-cold choline buffer, lysed, and counted for radioactivity as described above. 

2.27 Animal models 

All animal experiments were carried out in accordance with guidelines of the Canadian Council 

on Animal Care (CCAC) and approved (AC 15222) by the local Animal Care Committee of the 

Cross Cancer Institute. Human MCF7 cells were injected subcutaneously (5x10
6
 cells in 100 µL 

PBS/Matrigel 50:50) into 8-10 weeks old female NIH-III nude mice (Charles River, Saint-

Constant, QC, Canada) plus a 0.72 mg/pellet containing estrogen in a 60-day release preparation 

(Innovative Research of America, Sarasota, FL, USA) implanted subcutaneously into the upper 

right flank for the constant estrogen level needed by the ER(+) MCF7 cells. Tumors were grown 

for 3-4 weeks, reaching sizes of 200-400 mm
3
. Human TNBC MDA-MB231 cells (5x10

6
 cells in 
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100 µL PBS) were also injected subcutaneously resulting in 300-500 mm
3
 sized tumors after 2-3 

weeks.  

2.28 PET imaging experiments  

MCF7 and MDA-MB231 tumor bearing NIH-III nude mice (Charles-River, QC, Canada) were 

anesthetized with isoflurane (40% O2, 60% N2) and their body temperature was kept constant at 

37 °C. Mice were positioned and immobilized in prone position into the centre of the field of 

view of an INVEON
®
 PET scanner (Siemens Preclinical Solutions, Knoxville, TN, USA). A 

transmission scan for attenuation correction was not acquired. Radioactivity present in the 

injection solution (0.5 mL syringe) was determined using a dose calibrator (AtomlabTM 300, 

Biodex Medical Systems, New York, NY, USA). After emission scan was started, radioactivity 

(4-8 MBq in 100-150 µL saline) was injected with a delay of ~15 s through a tail vein catheter.  

Dynamic PET data acquisition was performed in 3D list mode for 60 min. Dynamic list mode 

data were sorted into sinograms with 54 time frames (10x2 s, 8x5 s, 6x10 s, 6x20 s, 8x60 s, 

10x120 s, 5x300 s). Frames were reconstructed using Ordered Subset Expectation Maximization 

(OSEM) or maximum a posteriori (MAP) reconstruction modes. No correction for partial 

volume effects were performed. Image files were further processed using the ROVER v2.0.51 

software (ABX GmbH, Radeberg, Germany). Masks defining 3D regions of interest (ROI) were 

set and defined by 50% thresholding. 

Mean standardized uptake values [SUVmean = (activity/mL tissue) / (injected activity / body 

weight), in milliliters per kilogram were calculated for each ROI. Time-activity curves (TAC) 

were generated from the dynamic scans. 

2.29 Confocal microscopy 

MCF10A, MCF7, and MDA-MB231 cells were grown in 35 mm glass bottom microwell dishes 

(MatTek) and treated under normoxic or hypoxic conditions for 24 h. Media was removed prior 
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to the experiment, and dishes were washed with 200 µL Dulbecco’s PBS. Following the wash, 

300 µL of a 1 ml Krebs-Ringer Buffer, 0.6 µL pre-diluted CellMask Deep Red (ThermoFisher 

Scientific, C10046; gift from Cell Imaging Facility, University of Alberta, Edmonton, AB, 

Canada), 0.75 µL pre-diluted Hoechst 33342 (ThermoFisher Scientific, H1399; gift from Cell 

Imaging Facility, University of Alberta, Edmonton, AB, Canada) and 10 µL of 10 µM FITC-

labeled 5´-S-[2-(6-aminohexanamido)]ethyl-6-N-(4-nitrobenzyl)-5´-thio-adenosine (SAHENTA) 

(28) solution was added to each plate, for both normoxic and previously hypoxic conditions. For 

the blocking condition using NBMPR, a corresponding 1 mL solution of 10 µM NBMPR in 

Krebs-Ringer Buffer was made. After the addition of these solutions, the dishes were incubated 

at 37 °C for 45 min. After incubation, the staining solution was aspirated and 200 µL Dulbecco’s 

PBS was added on top of the cells. The plates were wrapped with a thin piece of parafilm to 

ensure no spillage. Cells were imaged with a Zeiss 710 Confocal Microscope using the 40x/1.3 

Oil DIC M27 magnification setting. Images were analyzed with Zen 2011 SP3 software (Carl 

Zeiss Microscopy), saved, and optimized using Adobe Photoshop for noise and brightness levels 

(standardized between all three channels). 

2.2a Flow cytometry 

For analysis of hENT1 and hENT2; MCF10A, MCF7, and MDA-MB231 cells were subjected to 

normoxic/hypoxic conditions for 24 h. Following the 24 h treatment time, the media was 

aspirated, the flask was washed with 5 mL PBS, aspirated, 1.5 mL of trypsin was added to coat 

the bottom surface of the flask, and then the flask was placed in the sterile 37 °C incubator for 5 

minutes. 10 mL of DMEM/F-12 (Gibco, ThermoFisher Scientific, Burlington, ON, Canada) with 

10% fetal bovine serum (FBS) (Gibco) and 1% penicillin/streptomycin (Pen/Strep) media was 

added to inactivate trypsin.  
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The cell solution was then split equally into 15 mL centrifuge tubes (Corning Science Mexico, 

Reference # 430791), and centrifuged at 1000 x for 3 min. Following this, two wash steps were 

performed; the supernatant was aspirated, the pellet was re-suspended in 4 mL PBS, and 

centrifuged at 1000 x for 3 min, for each subsequent wash. After washing, fixation was 

performed with 1 mL of 1.5% paraformaldehyde in PBS on ice for 30 min, with occasional 

mixing of the pellet. After fixation, tubes were centrifuged at 1000 x for 3 min; supernatant was 

aspirated, washed in 4 mL of PBS, and centrifuged again at 1000 xfor 3 min. The supernatant 

was aspirated, and the pellet was resuspended in 50 µL of blocking solution (1% bovine serum 

albumin (A4503-50G, Sigma Aldrich, Oakville, ON, Canada), 0.1% Triton X-100 (93426-

100ML, Sigma Aldrich, Oakville, ON, Canada) in PBS), and was incubated on ice for 30 

minutes with occasional mixing. After the blocking step, 1 µL of anti-ENT1 Ab (a gift from Dr. 

Michael Sawyer; Department of Oncology, University of Alberta, Edmonton, AB, Canada) or 1 

µL of anti-ENT2 IgG1 Ab (clone D-9, sc-377283, Santa Cruz Biotechnology) was added directly 

to this solution, and was incubated for 1.5 h on ice with occasional mixing. Following 

incubation, the tubes were centrifuged at 1000 x for 3 min, supernatant was aspirated, and pellets 

were washed 3-times by resuspending cells in 500 µL of blocking solution, centrifuging at 1000 

x for 3 min, and then aspirating the supernatant. After the washes and final aspiration of 

supernatant, 100 µL of blocking solution was added along with 1 µL of donkey anti-mouse IgG 

Alexa Fluor 488, Secondary Antibody (ThermoFisher Scientific; Rockford, IL, USA; Catalog 

Number R37114), and incubated in the dark for 30 min on ice. Following incubation, tubes were 

centrifuged at 1000 x for 3 min, and then washed three times with 500 µL block solution. After 

three washing steps, pellets were re-suspended in 400 µL 1% paraformaldehyde in PBS, and 

transferred to a labelled FACS tube (Corning Science Mexico; Reference #352054), wrapped in 

foil, and then placed on ice until they were analyzed. Quantification was done using a BD 
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FACSCanto
TM

 II (BD Biosciences; Mississauga, ON, Canada) Flow Cytometer using FACSDiva 

8.0 Software. Analysis was then performed using GraphPad Prism 4.0 (GraphPad Software, La 

Jolla, CA, USA) by determining the mean and SEM from the ratio of Primary+Secondary Ab 

staining/ Just Secondary Ab staining 

2.2b Statistical analysis 

All in vitro data and semi-quantified PET data are expressed as means ± SEM. Graphs and time-

activity curves (TACs) were constructed using GraphPad Prism 4.0 (GraphPad Software, La 

Jolla, CA, USA). Where applicable, statistical differences were tested by Student’s t test (PCR, 

Western Blot, Flow Cytometry, PET data) or 2-way ANOVA (cell uptakes) and were considered 

significant for p<0.05 (*), p<0.01 (**) and p<0.001 (***). 

2.3 RESULTS 

 

hENT1, hENT2, and TK1 mRNA expression in patient BC samples 

Figure 1A presents results of microarray analysis of hENT1, hENT2, and TK1 mRNA in BC 

tissue biopsy samples from 176 BC patients versus control tissue from 10 normal human breast-

tissue samples. In both BC and normal breast-tissue samples, mRNA expression of hENT2 and 

TK1 was significantly higher, compared to hENT1 which showed no statistical significance. The 

most pronounced difference was detected for TK1 amounting to a ~9-fold increase in BC (P < 

0.001). Figure 1B shows analysis of 56 TNBC versus 112 ER+ BC samples which revealed no 

statistically significant differences for hENT1, hENT2, and TK1 mRNA expression in TNBC 

compared to ER+, indicating no regulation on mRNA level of both transporters and the enzyme 

responsible for phosphorylation of [
18

F]FLT. 
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Figure 1. Total mRNA expression of hENT1, hENT2, and TK1 in control breast vs. BC tissue 

(A) and ER+ vs. TNBC samples (B). Data are shown as mean mRNA levels ± SEM based on 

log-transformed values of gene-expression microarray signal intensity from analyzed patient 

samples. *P < 0.05 and ***P < 0.001. 
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2.31 hENT1, hENT2, and TK1 protein expression levels under normoxia and hypoxia 

Figure 2 summarizes data from all Western blot experiments. Figure 2A displays original blots 

and the effects of hypoxia (exposure to 1% O2 for 24 h) on proteins of interest: hENT1, hENT2, 

and TK1. A 24 h incubation time under hypoxic conditions was selected based on recent 

experiments from Hamann et al. (22). Maximum HIF-1 protein levels were detected after 24 h 

leading to a significant increase of the downstream target gene expression of facilitative hexose 

transporters GLUT1 and GLUT5 in BC cells (22). In the present study, normoxic conditions 

revealed the following results (Figure 2B): Though insignificant, hENT1 protein level was 

expressed 3.3-times higher (P < 0.0963) in MDA-MB231 cells compared to control cell line 

MCF10A. hENT1 expression in MCF7 cells was not elevated. In contrast to variable hENT1 

protein levels amongst the cell lines, hENT2 protein levels were similar in all three cell lines 

analyzed. TK1 expression levels were also not significantly different in all three analyzed cell 

lines. Interestingly, hypoxic cell culture conditions did not change protein expression of hENT1, 

hENT2, and TK1 (Figure 2C-D), except for a somewhat lower observed protein level for TK1 in 

MCF10A cells (30% decrease; P < 0.05).  

These results were indicative of no hypoxia regulation of both hENT1 and hENT2 transporters 

responsible for [
18

F]FLT uptake into BC cells as well as the TK1 enzyme phosphorylating 

[
18

F]FLT which leads to intracellular trapping.  

 

 

 

 

 

 

A 



33 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Representative Western blots for hENT1, hENT2, and TK1 expression in MCF10A, 

MCF7, and MDA-MB231 cells over 24 h of hypoxia (1% O2) versus normoxic conditions (A). 

Quantitative comparison of hENT1, hENT2, and TK1 protein levels in MCF10A, MCF7, and 

MDA-MB231 under normoxic conditions (B) and the effects of hypoxia (1% O2) on hENT1, 

hENT2, and TK1 protein levels in MCF10A (C), MCF7 (D), and MDA-MB231 (E) cells. 

Quantitative data are shown as means ± SEM from at least three experiments *P < 0.05. 
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2.32 Effect of hypoxia on cellular uptake of [
18

F]FLT 

[
18

F]FLT cellular uptake experiments were performed to test effects of hypoxic conditions on the 

function of nucleoside transporters in MCF10A, MCF7, and MDA-MB231 cells (Figure 3A). 

No significant differences were detected between normoxic and hypoxic conditions in all three 

cell lines over all time points, indicating that [
18

F]FLT uptake in in MCF10A, MCF7, and MDA-

MB231 cells were not affected by hypoxia. Under normoxic conditions, uptake of [
18

F]FLT was 

significantly lower in MCF7 BC cells compared to MDA-MB231 BC cells: 147±18 versus 

242±9 % radioactivity per milligram protein (n=12/4, P < 0.001) after 60 min incubation time. In 

the control MCF10A cells, [
18

F]FLT uptake was substantially lower after 60 min incubation: 

74±13 % radioactivity per milligram protein (n=12/4, P < 0.001) when compared to MCF7 and 

MDA-MB231. This data indicates that there was particularly increased uptake of [
18

F]FLT in the 

MCF7 and MDA-MB231 BC cell lines. 

Functional hypoxic conditions for in vitro cell uptake studies were confirmed through 

experiments using hypoxia imaging agent [
64

Cu]ATSM. Increased uptake of [
64

Cu]ATSM and 

subsequent trapping of radioactivity correlates with the reducing cellular environment induced 

by exposure of cells to hypoxic conditions (1% O2 for 24 h). Neutral and lipophilic [
64

Cu]ATSM 

complex enters the cell through passive diffusion. Inside the cell under oxygen-deficient 

conditions, 
64

Cu(II) is reduced to 
64

Cu(I), which is released from the ATSM complex. 
64

Cu(I) is 

then partially re-oxidized and trapped through binding to intracellular proteins (30). Under 

designated experimental conditions (1% O2 for 24 h), cell uptake of [
64

Cu]ATSM was 

significantly higher (20-30%; P < 0.001) in both BC cell lines, MCF7 and MDA-MB231, as 

well as in the control cell line MCF10A at 15, 30, and 60-min time points (Figure 3B). 
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Figure 3. Uptake of (A) [
18

F]FLT and (B) [
64

Cu]ATSM in normoxic and hypoxic (1% O2) 

MCF10A, MCF7, and MDA-MB231 cells. In vitro cell uptake was carried out at 1, 5, 15, 30, 

and 60 min incubation time using either [
18

F]FLT (top) or [
64

Cu]ATSM (bottom). Data are 

shown as means ± SEM from 3-4 experiments, all performed as triplicates. *P < 0.05, **P < 

0.01, ***P < 0.001. 
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2.33 Competitive cellular inhibition studies with [
18

F]FLT 

To determine potential functional roles of hENT1 and hENT2 on [
18

F]FLT uptake, competitive 

inhibition experiments were performed. Figure 4A summarizes concentration-dependent effects 

of the specific hENT1 inhibitor NBMPR (14). Collected data revealed a NBMPR concentration-

dependent reduction of [
18

F]FLT uptake which plateaued at around 100 nM, and was consistent 

with the known inhibition of hENT1 by NBMPR (IC50 0.4 nM), whereas blocking of hENT2 

only occurs at higher concentrations of NBMPR (IC50 2.8 µM) (33,42). The maximum inhibition 

for this experiment using 100 nM NBMPR across all three cell lines (MCF10A, MCF7 and 

MDA-MB231) was only ~25-35% (Figure 4A). The following IC50 values were determined for 

hENT1 inhibition with NBMPR from Fig. 4A: MCF10A; 6.4 nM, MCF7; 5.9 nM, and MDA-

MB231; 3.6 nM. This experiment pointed towards a potential involvement of hENT2 in the 

remaining  uptake of [
18

F]FLT following inhibition of hENT1 with NBMPR, and the additional 

possible involvement of concentrative nucleoside transporters (CNT;14,15). Blocking studies 

with non-radioactive FLT, NBMPR, gemcitabine, and dilazep; a hENT1 inhibitor, were used to 

further investigate the functional involvement of hENT2 during the [
18

F]FLT uptake in MDA-

MB231 cells. Data are summarized in Figure 4B. All inhibitors showed reduced [
18

F]FLT 

uptake in MDA-MB231 cells when compared to [
18

F]FLT uptake data in Krebs-Ringer buffer 

alone.  

Non-radioactive reference compound FLT was used as a positive control and a measure of 

unspecific uptake, and was able to block all nucleoside transporters involved in uptake of 

[
18

F]FLT, which resulted in an almost complete inhibition to 2.7 ± 0.2% (n=3) of control. 

NBMPR in this experiment at 7 µM reduced [
18

F]FLT uptake to 54 ± 3% (n=3) of control. High 

micro-molar concentrations of dilazep, displaying an IC50 ~ 18-19 nM for hENT1 and an IC50 ~ 

9-134 µM for hENT2 (34,39), reduced [
18

F]FLT uptake to ~6 ± 1% at 100 µM and to ~3 ± 0.3% 
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 3.6 nM  

at 300 µM (both n=3), of control (100%), respectively. These results suggested a potential 

involvement of hENT2 in the uptake mechanism of [
18

F]FLT in BC cells. Additionally, 

gemcitabine, a chemotherapeutic drug for the treatment of BC, is transported into cancer cells via 

hENT1 and hCNT1. However, the observed inhibition with gemcitabine was lower than that 

with NBMPR reaching only 65 ± 3% (n=3) with 300 µM of gemcitabine.  

 

 

 

 

 

 

 

 

 

 

Figure 4. A) Uptake of [
18

F]FLT into normoxic MCF10A, MCF7, and MDA-MB231 cells at 

60 min incubation time in the presence of increasing concentrations of NBMPR (1 nM to 10 µM) 

compared to 100% control [
18

F]FLT uptake containing Krebs-Ringer buffer only, with no 

inhibitor present. Data are shown as means ± SEM from three experiments, all performed as 

triplicates. B) Uptake of [
18

F]FLT into normoxic MDA-MB231 cells at 60 min incubation time 

in the presence of 1 mM non-radioactive FLT; 6.7 µM NBMPR; 100-300 µM gemcitabine; or 

100-300 µM dilazep compared to control containing Krebs-Ringer buffer only with no blocking 

compound present.  
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Next, additional roles of hCNTs were analyzed in more detail in all three cell lines (Figure 5A). 

Cell uptake studies were conducted in sodium-containing Krebs-Ringer buffer as well as choline-

containing buffer as transport through hCNT1 and hCNT2 can be blocked in sodium-free buffer 

(41). Uptake of [
18

F]FLT was significantly reduced in absence of Na+ in all three cell lines by: 

35 ± 1 % in MCF10A, 35 ± 1 % in MDA-MB231, and 52 ± 2 % in MCF7 (all n=6/2, P<0.001). 

This data point towards the involvement of hCNT1 and hCNT2 in [
18

F]FLT transport. Unspecific 

[
18

F]FLT uptake was shown to be in the range of 6-9% during the experiments as demonstrated 

through blocking studies with non-radiolabeled FLT. Both, dilazep (1 µM) and NBMPR (1 µM) 

reduced [
18

F]FLT uptake in choline buffer significantly in all three cell lines pointing towards the 

fraction of hENT1 involvement (Figure 5B). Interestingly, a statistically significant difference 

between the blocking effects of 1 µM NBMPR and 1 µM dilazep was only observed in MDA-

MB231 cells: 24 ± 2 % (1 µM NBMPR) versus 18 ± 2 % (1 µM dilazep) (both n=6/2; P<0.001). 

This difference was not observed in the other two cell lines. A high 1 mM concentration of 

gemcitabine resulted in a small reduction of [
18

F]FLT uptake in choline buffer only in MDA-

MB231 cells. However, the measured 11 ± 3 % inhibitory effect was significant (n=3; P<0.01; 

Figure 5B). This suggests hCNT-mediated inhibitory effects as detected with gemcitabine at 100 

µM and 300 µM concentrations during [
18

F]FLT inhibition studies in MDA-MB231 cells 

(Figure 4B). Figure 5C depicts effects of increasing concentrations of dilazep in sodium-

containing Krebs-Ringer Buffer. Due to solubility limitations, NBMPR was not tested at 

concentrations >10 µM. Inhibitory effects at high concentrations of dilazep (100 µM) compared 

to the effect of 1 µM in choline buffer (blocking of hENT1 and hCNTs) further pointed towards 

functional involvement of hENT2 in uptake of [
18

F]FLT in all three investigated cell lines.  
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Figure 5. Uptake of [
18

F]FLT into normoxic MCF10A, MCF7, and MDA-MB231 cells at 60 

min incubation time in the presence of A) Krebs-Ringer (sodium buffer), choline buffer, or 1 

mM cold FLT in sodium buffer; B) choline buffer, 1 µM NBMPR in choline buffer, 1 µM 

dilazep in choline buffer or 1 mM gemcitabine in choline buffer; C) Krebs-Ringer (sodium 

buffer), choline buffer, 1 µM dilazep in choline buffer, and 1 , 10, and 100 µM dilazep in Krebs-

Ringer.Data are shown as means ± SEM from three experiments, all performed as triplicates.  

*** P< 0.001. 
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2.34 hENT1 expression analysis with SAHENTA 

Green FITC-labeled fluorescent hENT1 probe, SAHENTA, was used to visualize hENT1 

expression on the cell surface of live cells via confocal microscopy (32). Blue staining is noted 

as Hoechst 33342, a nucleus binding agent. Red staining with CellMask Deep Red targets the 

membrane, while the green signal represents SAHENTA. Highest binding of SAHENTA was 

detected visually in MDA-MB231 cells. Comparable binding was observed in MCF7 and 

MCF10A (Figure 6A).  

Visually, binding of SAHENTA to membranes of all three cell lines correlated well with hENT1 

protein expression results from the Western blot experiments (Figure 2B) under normoxic 

conditions. SAHENTA staining could be blocked almost completely in all three cell lines using 

10 µM of the hENT1 inhibitor NBMPR (Figure 6A). Blocking by NBMPR was most 

pronounced in the MDA-MB231 TNBC cells, which is similar to the high hENT1 expression 

levels in this cell line. In contrast, under hypoxic conditions no differences in SAHENTA 

binding were detected, indicating no increase of hENT1 expression under hypoxia (Figure 6B). 

This finding also correlated with results of Western blot experiments where no or little effects on 

hENT1 expression were detected under hypoxia (Figure 2C-E). 
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Figure 6. A) Live cell imaging with SAHENTA under normoxic conditions in Krebs-Ringer 

buffer, or in the presence of 10 µM NBMPR in Krebs-Ringer buffer solution after 45 min of 

incubation. B) Live cell imaging with SAHENTA in Krebs-Ringer buffer solution under 

normoxic or hypoxic conditions after 45 min of incubation (green – SAHENTA; blue – Hoechst; 

red – CellMask Deep Red. Scale 1 pixel = 0.1 µM). 
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2.35 Flow cytometry analysis of hENT1and hENT2 expression 

Flow cytometry analysis was performed under normoxic and hypoxic conditions to quantify 

hENT1 (Figure 7) and hENT2 (Figure 8) protein expression in MCF10A, MCF7, and MDA-

MB231 cells. Under normoxic conditions, specific anti-hENT1 or anti-hENT2 antibody plus 

Alexa Fluor 488–labeled secondary antibody provided a fluorescent signal confirming 

expression of hENT1 and hENT2 in all three cell lines. Signal intensity did not change 

significantly under hypoxic conditions confirming findings of the Western blot analyses for both 

transporters. However, comparison of flow cytometry data with cellular uptake experiments in 

triple-negative MDA-MB231 cells (Figure 3A) showed a trend for higher expression of hENT1 

but not hENT2.    
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Figure 7. Analysis of hENT1 in MDA-MB231, MCF7, and MCF10A cells cultured under (left) 

normoxic conditions vs. (right) hypoxic conditions. The x- and y-axis of each graph show the 

fluorescence intensity and the number of cells, respectively. The two left-most histograms depict 

unstained cells (left) and only-secondary antibody control (middle). Values are ratios of the 

average of primary and secondary stained cells (calculated by the mean fluorescence intensity of 

blue-closed which highlights the hENT1 expression) vs. the average of only-secondary antibody 

treated cells (calculated based on the mean fluorescence intensity of black closed which 

highlights only unspecific binding). Data are shown as means of the calculated ratios of N=3 

experiments. Student’s t-tests were performed to determine statistical significance.  

Normoxia Hypoxia 
MCF10A 

MCF7 

MDA-MB231 

2.06 ± 0.08 1.80 ± 0.46 

2.46 ± 0.18 2.15 ± 0.36 

2.58 ± 0.26 2.05 ± 0.11 

ns 

ns 

ns 
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Figure 8. Analysis of hENT2 in MDA-MB231, MCF7, and MCF10A cells cultured under (left) 

normoxic conditions vs. (right) hypoxic conditions. The x- and y-axis of each graph show the 

fluorescence intensity and the number of cells, respectively. The two left-most histograms depict 

unstained cells (left) and only-secondary antibody control (middle). Values are ratios of the 

average of primary and secondary stained cells (calculated by the mean fluorescence intensity of 

blue-closed which highlights the hENT1 expression) vs. the average of only-secondary antibody 

treated cells (calculated based on the mean fluorescence intensity of black closed which 

highlights only unspecific binding). Data are shown as means of the calculated ratios of N=3 

experiments. Student’s t-tests were performed to determine statistical significance.  

Normoxia Hypoxia 
MCF10A 

MCF7 

MDA-MB231 
2.33 ± 0.65  1.69 ± 0.11 

1.68 ± 0.21  2.10 ± 0.50  

1.57 ± 0.27 2.25 ± 0.58  

ns 

ns 

ns 
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2.36 In vivo PET imaging experiments  

Results of in vivo PET imaging experiments with [
18

F]FLT in MDA-MB231 and MCF7 tumor-

bearing mice are summarized in Figure 9. Tumor uptake and retention profiles of [
18

F]FLT over 

60 min was comparable in both tumors resulting in similar radioactivity uptake levels: SUV60min 

0.96 ± 0.05 (n=3) for MDA-MB231 and 0.89±0.08 (n=3) for MCF7 tumors, respectively. Muscle 

uptake and clearance of [
18

F]FLT was also comparable leading to similar tumor-to-muscle ratios 

(TMR): 1.31 for MDA-MB231 and 1.35 for MCF7 tumors at 60 min post injection (p.i.). The 

similar results in ER+ MCF7 and TNBC MDA-MB231 tumors indicate that uptake and retention 

of [
18

F]FLT seem to be estrogen receptor-independent.  
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Figure 9. Top: Representative PET images from dynamic scans after injection of [
18

F]FLT into 

MDA-MB231 (left) and MCF7 (right) tumour-bearing NIH-III mice at 60 min post-injection. 

Bottom: Corresponding time-activity curves (TACs) for tumor and muscle uptake over the entire 

time frame of 60 min. Data are shown as means ± SEM from n individual experiments. MIP 

(maximum intensity projection). 

0            SUV              3 
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2.4 DISCUSSION 

The goals of the current study were to (1) analyze the relationship between hypoxia and the 

expression and function of nucleoside transporters hENT1 and hENT2 in breast cancer, (2) 

determine the effects of additional nucleoside transporters on uptake of [
18

F]FLT, and (3) explore 

the utility of [
18

F]FLT-PET in differentiating between ER(+) BC and TNBC.  

The following conclusions were made based on the obtained results: i) Data from the Canadian 

Breast Cancer Foundation Tumor Bank showed significantly higher mRNA expression of 

hENT2 and TK1 in breast cancer, while no differences were observed between ER(+) BC and 

TNBC ii) Triple-negative MDA-MB231 breast cancer cells showed higher levels of [
18

F]FLT 

uptake compared to ER(+) MCF7 cells; iii) this difference was not observed in MDA-MB231 

and MCF7 tumors in vivo; iv) in contrast to literature which discussed a downregulation of ENT1 

during hypoxia in endothelial cells (23, 24), no significant changes of hENT1, hENT2, and TK1 

expression under normoxic and hypoxic conditions were found in breast cancer cells; v) besides 

hENT1, hENT2 and hCNT’s are also functionally involved in transport and uptake of [
18

F]FLT 

into BC cells; vi) [
18

F]FLT-PET imaging results in MDA-MB231 and MCF7 BC tumors and in 

vitro confocal microscopy and flow cytometry experiments targeting hENT1 with FITC-labeled 

SAHENTA and hENT1 and hENT2 antibody, are similar as no differences were seen. 

Triple-negative MDA-MB231 BC cells accumulate and retain more [
18

F]FLT than ER(+) MCF7 

cells in vitro. According to literature, [
18

F]FLT uptake correlates with proliferation index marker 

Ki-67 (35). Numerous studies have analyzed the role of Ki-67 as a prognostic marker in BC. 

While ER(+) luminal B BC demonstrated a correlation between elevated proliferative index Ki-

67 values and a higher risk of axillary lymph node metastases (36), the prognostic value of Ki-67 

was recently challenged based on substantial variations in Ki-67 index between cytology and 



48 
 

histology in samples of different BC subtypes (35). Current literature does not describe detailed 

analyses on correlation and/or differences between Ki-67 index and [
18

F]FLT uptake in triple-

negative and ER(+) BC samples.  

The present [
18

F]FLT-PET imaging data in MDA-MB231 and MCF7 tumors confirmed this fact, 

since no differences in tumor uptake and retention were detected. [
18

F]FLT-PET imaging 

experiments revealed comparable SUV60min values (~0.9-0.95) and tumor-to-muscle ratios 

(~1.30-1.35) for MDA-MB231 and MCF7 tumors. To the best of our knowledge, no detailed 

studies have been reported yet exploring the effects of hypoxia on the regulation of nucleoside 

transporter expression and function in BC.  

The present data indicate no hypoxia-driven regulation on expression and function of hENT1, 

hENT2, or TK1 in BC. Protein analysis in both BC cell lines did not show significant reduction 

or elevation of hENT1 and hENT2 expression under hypoxic conditions. Cellular uptake 

experiments with [
18

F]FLT also revealed no significant differences between normoxic and 

hypoxic conditions in BC and control cell lines.  

Hypoxic induction in all cell lines was functionally verified with [
64

Cu]ATSM, a radiotracer for 

imaging hypoxia (37). Uptake of [
64

Cu]ATSM was significantly increased in all three cell lines 

starting at the 15 min time point, confirming that all cells were functionally hypoxic, for the 

[
18

F]FLT uptake experiments. Recently, we also have confirmed the presence of hypoxic 

conditions and related elevated HIF-1 protein expression through cellular uptake experiments 

with [
18

F]FAZA, an alternative PET radiotracer for hypoxia imaging (22).  

The observed comparable [
18

F]FLT uptake profile in MCF7 and MDA-MB231, despite the 

higher, though insignificant, hENT1 expression levels (P < 0.0936) in MDA-MB231 cells, could 
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be explained by a basal level of hENT2 and CNTs expression and uptake of [
18

F]FLT, as well as 

the overall expression of TK1 which leads to phosphorylation and therefore cellular retention of 

[
18

F]FLT.  

Protein expression levels of hENT2 are similar in both BC cell lines. Uptake and retention of 

18
F-labeled thymidine analogue [

18
F]FLT is mediated through nucleoside transporters hENT1 

and hENT2, followed by phosphorylation with TK1. Both processes may contribute with 

complementary compensation effects to the overall comparable uptake and retention of [
18

F]FLT 

in MCF7 and MDA-MB231 tumors in vivo. The observed comparable uptake and retention 

profile of [
18

F]FLT in TNBC or ER(+) BC tumors is also in alignment with the reported 

discrepancies in Ki-67 index and [
18

F]FLT uptake in BC patient samples (35). In addition to 

these reports, the present data showed no significant changes in expression or function of 

nucleoside transporters hENT1 and hENT2 under hypoxic conditions. Flow cytometry 

experiments further confirmed that no changes in hENT1 and hENT2 expression were induced 

through hypoxic conditions in both BC cell lines MCF7 and MDA-MB231. Present data on 

human mRNA expression also supported this data. All three genes (hENT1, hENT2, and TK1) 

showed no significant differences in ER(+) and triple-negative BC samples. Samples from triple-

negative patient cohorts contained significantly higher levels of HIF1α (22) making triple-

negative breast tumors presumably more hypoxic compared to ER(+) BC. Facilitative hexose 

transporters GLUT1 and GLUT5 as HIF1α downstream target genes showed also elevated 

mRNA levels in triple-negative BC (22). However, present hENT1, hENT2, and TK1 mRNA 

data showed no elevated levels in triple-negative versus ER(+) BC. This further supports the 

assumption that hypoxia and therefore HIF1α do not regulate equilibrative nucleoside 

transporters in BC. 
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However, previous studies have demonstrated that the majority of [
18

F]FLT uptake into different 

types of cancer cells is mediated through hENT1 transporters (14). Functional involvement of 

hENT1 for [
18

F]FLT uptake was confirmed in a hENT1 knockdown tumor model in vivo (28).  

The essential role of hENT1 as a drug target for therapy was explored with nucleoside analogue 

5′-deoxy-5-fluorouridine (5’DFUR) (38). This study confirmed the essential role of hENT1 for 

full transcriptional response of nucleoside-based chemotherapeutic drug treatments in an MCF7 

BC tumor model (38).  

In the present study high hENT2 expression levels were also detected in both BC cell lines. To 

elucidate the role of hENT2 for [
18

F]FLT uptake in both BC cell lines, selective in vitro 

inhibition studies were performed.  

Nucleoside transporters hENT1 and hENT2 differ in their affinity for nucleoside substrates and 

in their sensitivity to inhibitors. In a first set of experiments NBMPR was used as a specific 

inhibitor for hENT1 with only minimal hENT2 inhibition at low nM concentrations. Inhibition of 

hENT2 by NBMPR only occurs at higher concentrations above 10 µM range. Equilibrative 

nucleoside transporter hENT1 is functionally present in both studied BC cell lines as well as in 

the MCF10A control cell line. The comparable low nanomolar IC50 values (3.6-6.4 nM) in the 

[
18

F]FLT inhibition studies with NBMPR show conclusive evidence that there are no significant 

functional differences of hENT1 in all three cell lines. Additional inhibition experiments 

confirmed potential functional involvement of hENT2 during the [
18

F]FLT transport studies. 

Moreover, presence of hCNTs was also elucidated as hCNTs are known to be involved in 

nucleoside transport (15). Interestingly, about 30% of [
18

F]FLT uptake is mediated by hCNTs in 

MDA-MB231 and MCF10A cells. A 50% hCNTs-mediated [
18

F]FLT uptake was observed in 

MCF7 cells. Experiments were performed in sodium-free choline-containing buffer to block 



51 
 

hCNTs as their function depends on the presence of free sodium ions (41). Blocking experiments 

with 1 µM of NBMPR or 1 µM of dilazep in choline buffer revealed the fraction of hENT2-

mediated [
18

F]FLT uptake. NBMPR and dilazep specifically inhibit hENT1 at low µM 

concentrations, and hCNTs are blocked through their sodium-dependent transport mechanism in 

sodium-free choline-containing buffer.  

A comparison of IC50 values from binding studies with [
3
H]uridine revealed that NBMPR is 

slightly more potent for both transporters than dilazep: hENT1 0.4 nM versus 17.5 nM; hENT2 

2.8 µM versus 8.8 µM (39, 42). Data in Figure 5B showed the direct comparison of 1 µM of 

dilazep to 1 µM of NBMPR in sodium-free choline buffer on [
18

F]FLT uptake. A small but 

significant difference of  6% was detected in MDA-MB231 cells only. However, the total 

fraction of hENT1-mediated [
18

F]FLT transport could be higher in triple-negative cells versus 

ER(+) MCF7 cells, in which the hCNTs-mediated fraction was found to be higher (51% versus 

31%). This difference could explain the overall higher [
18

F]FLT uptake in triple-negative MDA-

MB231 breast cancer cells.  

After subtracting the unspecific transport portion as measured with cold FLT, hENT2 mediates 

[
18

F]FLT transport in MCF10A cells by ~30%, in MCF7 cells by ~20%, and in MDA-MB231 

cells by~17%. Comprehensive functional in vitro analysis suggests that [
18

F]FLT uptake is 

mediated by ~36% hCNT, ~30% hENT2, ~26% hENT1, and ~8% unspecific in MCF10A cells; 

~52% hCNT, ~20% hENT2, ~19% hENT1, and ~9% unspecific in MCF7 cells; ~37% hCNT, 

~17% hENT2, ~40% hENT1, and ~6% unspecific in MDA-MB231 cells.  

Therefore, it can be concluded that both equilibrative nucleoside transporters hENT1 and 

hENT2, as well as concentrative nucleoside transporters are functionally involved into the 

cellular uptake of [
18

F]FLT in all tested cell lines. This finding may have implications for the 
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therapy of BC patients using nucleoside derivatives like gemcitabine as chemotherapeutic drugs 

as it has been demonstrated that gemcitabine treatment has low or no activity when the BC 

phenotype is hENT1 deficient (27).  

As dilazep and some of its derivatives displayed hENT1 and hENT2 inhibition potential, there 

are currently no selective hENT2 inhibitors around for the treatment of BC (39). It remains to be 

elucidated in more detail as to how hENT2 functional expression is regulated in BC and if the 

development of selective hENT2 inhibitors as potential new anticancer drugs would have effects 

on BC therapy (40).  

2.5 CONCLUSIONS 

In contrast to previously reported downregulation of hENT1 expression in vascular endothelial 

cells during hypoxic events such as ischemia, the present data demonstrate that the treatment of 

cells for 24 h with 1 % O2 had no effect on downstream expression and function of hENT1 and 

hENT2 in BC. Noteworthy, we did not measure mRNA levels after 24 h, thus it cannot be 

excluded that there is no upregulation of hENT1 and hENT2 mRNA. However, hENT2 and 

TK1, but not hENT1 mRNA, are upregulated in samples from breast cancer patients. Expression 

levels of all three genes do not show significant differences in ER(+) and triple-negative BC 

samples. As a result of similar levels of TK1 expression in ER(+) and triple-negative BC, 

complementary effects on nucleoside transport and nucleoside phosphorylation must result in 

comparable [
18

F]FLT uptake and retention profiles in both BC tumors despite their different 

phenotypes. Clinically, this could pose a challenge in differentiating between different cancer 

subtypes. Additionally, this study also provides primary evidence that the nucleoside transporter 

hENT2 plays an important role in [
18

F]FLT uptake by BC cells. This finding should stimulate 

interest in exploring the role of hENT2 as a biomarker in BC management and furthermore 
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stimulate research in finding hENT2 specific inhibitors as novel drugs for targeted therapy of 

BC.  
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CHAPTER 3 

Effect of hypoxia on amino acid transporters; ASCT1, ASCT2, 

LAT1, and xc- in breast cancer, analyzed with [
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Abstract: 

Introduction: Elevated amino acid metabolism and accumulation in cancer cells can be 

visualized with [
18

F]FDOPA-PET and [
18

F]FSPG-PET. This study investigates whether transport 

proteins; LAT1, xc-, ASCT1, and ASCT2, are regulated by hypoxia.  

Methods: Expression and function of these transporters were studied under hypoxia and 

normoxia, assessed with [
18

F]FDOPA and [
18

F]FSPG in estrogen receptor positive (ER(+)) 

MCF7, triple-negative MDA-MB231 breast cancer (BC) cells, and MCF10A cells; human 

mammary epithelial cells. Experimental analyses were conducted using Western blot, 

immunohistochemistry, radiotracer cellular uptake assays, and small animal PET experiments.  

Results: ASCT1 and ASCT2 was not differentially expressed at the protein level in BC cell 

lines. LAT1 had high protein expression and high uptake in vitro and in vivo with [
18

F]FDOPA 

in MCF7. System xc- displayed high protein expression in MDA-MB231 and high uptake in vitro 

and in vivo with [
18

F]FSPG. Hypoxia significantly increased [
18

F]FDOPA uptake in MCF7 cells 

at 15 and 30 mins, and in MDA-MB231 cells at 30 and 60 mins. [
18

F]FSPG uptake was 

increased in MDA-MB231 cells under hypoxia at 30 and 60 mins: 95±34% vs. 40±9.8 % and 

164±37% vs. 127±33 %. In vivo PET imaging revealed greater tumor uptake of [
18

F]FDOPA in 

MCF7 tumor models and [
18

F]FSPG in MDA-MB231 tumor models.  

Conclusions: Our study demonstrates hypoxia has significant effects on amino acid transport as 

tested with [
18

F]FDOPA and [
18

F]FSPG in BC. 

Advances in Knowledge and Implications for Patient Care: This study demonstrates the first 

in vivo use of [
18

F]FDOPA in breast cancer tumor models and its utility in differentiating 

between ER(+) and triple negative breast cancer. 
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3.1 INTRODUCTION 

Worldwide, breast cancer (BC) is the most commonly diagnosed cancer and the second leading 

cause of cancer death in women. With the increase in diagnostic procedures, imaging modalities, 

and treatment options, the 5 year overall survival rate for women diagnosed with BC has 

increased (1). Though there has been a substantial decrease in mortality, much work still has to 

be done in diagnosing, determining appropriate treatment methods, and treating patients to 

further decrease BC mortality. In almost all BC patients, it is not the primary tumor, but 

metastasis that is the main cause of death (2). Therefore, metastatic breast cancer still remains 

incurable, which means that quicker diagnoses must be made or different treatment approaches 

must be explored.  

Clinically, there are multiple imaging modalities that are used to diagnose and monitor BC. The 

main ones used are ultrasound, computed tomography (CT), mammography, and magnetic 

resonance imaging (MRI) (3). One major issue with these methodologies is that they image 

tumor morphology, rather than the tumor metabolic, functional, and receptor profile as pioneered 

by positron emission tomography (PET). Although there have been radiotracers developed that 

target estrogen receptors of ER (+) BC cells, the gold standard for BC PET imaging still remains 

as 2-deoxy-2-[
18

F]fluoro-D-glucose ([
18

F]FDG) (4). [
18

F]FDG is a fluorinated glucose analog 

whose primary mode of entry into cancer cells is through the glucose transporter, GLUT1. The 

reason for its preferential entry into cancer cells is due to the “Warburg Effect”, which describes 

the pathophysiological situation experienced by most cancer cells, wherein there is an increase in 

metabolic demand for glucose (5). [
18

F]FDG does not enter anaerobic oxidative phosphorylation 

but is rather trapped intracellularly by hexokinase II, which allows physicians to image cancer 

for diagnostic, treatment monitoring, and treatment decision purposes (5). Though [
18

F]FDG 

remains the gold standard, there are significant drawbacks with its use in breast cancer. The 
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primary limitation with [
18

F]FDG is that if high levels of GLUT1 are not expressed, as is seen in 

many forms of BC, there are situations where false negatives are seen clinically (6). In addition 

to this, inflammatory lesions within the breast are also prone to false positives, as the body 

facilitates increased entry of glucose to help heal such injuries (7,8). Consequently, PET is still 

not considered a primary tool for initial diagnosis and treatment monitoring of BC, which spurs 

the search for other alternatives to [
18

F]FDG-PET imaging.  

Amino acids, taken into cells via amino acid transporters, are key components in fueling the 

rapid progression and proliferation of different types of cancers. As with glucose, glutamine is a 

major fuel source needed for the Warburg effect to occur (9). Certain amino acid membrane 

transporters such as ASCT2, LAT1, and xc- have been extensively described in a recent review 

article published by Cha et al. (10) as altered in their expression and functionality in BC.  

Aside from general transporter expression in normoxic BC, it is also important to look at  

dysregulated expression of these transporters in hypoxia. As tumor proliferation increases, 

internal regions of tumors become too distant from blood vessels to receive normal oxygenation 

which induces chronic and transient hypoxia. Induction of hypoxia promotes dissociation of 

hypoxia inducible factor-1α (HIF-1α) from HIF-1β and translocation of HIF-1α to the nucleus, 

thereby stimulating the transcription of different HIF1 responsive genes (20). In a past study we 

have determined that the facilitative hexose transporter GLUT5, the main transporter for 

fructose, is regulated by HIF-1 in BC, while the hexose transporter for both glucose and 

fructose, GLUT2, is not (21).  

To date, there have been few studies exploring effects of hypoxia and HIF-1α on amino acid 

transporters in BC. Other studies however have focused on the effects of hypoxia on LAT1 in 

other forms of cancer, and have found that LAT1 regulated by HIF-2α induced mTORC1 activity 

and excitatory amino acid homeostasis, which is essential for tumor growth in hypoxic and 
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normoxic conditions (22). Specifically, [
18

F]FDOPA has been traditionally used to assess 

terminal dopa decarboxylase activity and dopamine turnover in brains of Parkinson’s patients 

(23). It has also shown to have a progressive decrease in uptake as the Parkinson’s disease 

worsens (23). In more recent times, [
18

F]FDOPA has been used to diagnose neuroendocrine 

tumors (24) and insulinoma in infants and adults (25,26). For system xc-, extracellular glutamate 

inhibits xCT and influx of cystine, thereby depleting intracellular cysteine levels which leads to 

activation of HIF-1α (10). 

In this study we aimed to better characterize expression of ASCT1, ASCT2, LAT1, and xc-, and 

functionality of LAT1 and xc- in BC, in both normoxic and hypoxic conditions. We aim to 

further explore the use of [
18

F]FSPG in BC, which has been described previously, but in a more 

extensive fashion. In addition to this, we will determine the unexplored potential use of 

[
18

F]FDOPA PET in imaging LAT1 functionality in BC. The three main amino acid (AA) 

transporters, ASCT2, LAT1, and xCT, which have been described as altered in BC, have all been 

reported to be poor prognostic indicators in various cancers. Having a minimally invasive 

technique to image transporter expression of these AA transporters, will allow physicians to 

determine the best treatment, for the right patient, at the right time.  

 

3.2 METHODS 

3.21 Radiosynthesis of (2S,4S)-4-(3-[
18

F]fluoropropyl)-glutamic acid ([
18

F]FSPG) 

[
18

F]FSPG was synthesized similarly to published methods (27). Full synthetic details and 

characterization data are supplied in the supporting information. Cyclotron produced 

[
18

F]fluoride was captured from [
18

O]H2O target solution onto a Chromafix PS-HCO3 cartridge 

and eluted with 0.6 mL of 1:1 Bu4NHCO3 (0.075 M)/MeCN. Eluted [
18

F]fluoride was dried by 

sequential azeotrope with acetonitrile (3x1 mL) under a N2 stream at 90 °C. To the residue was 
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added 4-6 mg of an esterified, tosylated glutamate derivative (see SI compound 5) in 0.3 mL 

anhydr. MeCN. The mixture was heated at 100 °C for 20 minutes. Following dilution with water 

(5 mL), the 
18

F-labeled ester intermediate was captured on a Waters Sep-Pak tC18 Plus short 

cartridge, washed with additional 10 mL water, and eluted in 3 mL MeCN. The solvent was 

evaporated under a N2 stream at 90 °C. The labeling intermediate was deprotected by addition of 

1 mL 2N aq. HCl and heating at 100 °C for 15 min. Following dilution with water  [
18

F]FSPG 

was purified by HPLC (Phenomenex Luna C18, gradient 1:0-1:4 H2O+0.2% TFA/MeCN) and 

confirmed by chromatographic comparison against cold standard [
19

F]FSPG prepared according 

to Koglin et al. (18). Decay corrected radiochemical yield: 13%±3.6 (SEM, n=5); synthesis time: 

~2 h 30; radiochemical purity: >98% by radioTLC. Solvents were removed by rotary evaporation 

and the purified [
18

F]FSPG was dissolved in PBS for cell and animal experiments.  

3.22 Radiosynthesis of 3,4-dihydroxy-6-[
18

F]-fluoro-l-phenylalanine ([
18

F]FDOPA) 

Radiosynthesis of 3,4-dihydroxy-6-[
18

F]-fluoro-l-phenylalanine ([
18

F]FDOPA) followed a 

previously described procedure by Fuchtner et al., and prepared at the cyclotron facility of the 

Cross Cancer Institute (28).  

3.23 Patient samples 

Gene-expression microarray analysis was performed on primary samples from 176 treatment-

naive patients with BC and on 10 healthy breast-tissue samples collected from reduction 

mammoplasties through the Canadian Breast Cancer Foundation Tumor Bank (Northern Alberta 

Study Center, Cross Cancer Institute, Edmonton, AB, Canada), as previously described (29). 

Patient information was collected under Research Ethics Board Protocol ETH-02-86-17. All 

necessary consents from all patients involved in this study were obtained according to each 

aforementioned ethics protocol. Tumor samples, collected at surgery, were frozen in liquid 

nitrogen within 20 min after collection. Histologic analysis of the frozen samples allowed the 
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differentiation of neoplastic and benign tissue and indicated that at least 70% of the cells present 

were invasive tumor cells. Total RNA was isolated from frozen samples using Trizol (Thermo 

Fisher Scientific, Waltham, MA, USA) and RNeasy columns (Qiagen, Toronto, ON, Canada). 

The RNA was quantified using a NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific) 

and its integrity evaluated using a Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, 

USA). RNA samples with RNA Integrity Numbers >7.0 were used. RNA was subjected to linear 

amplification and Cyanine 3 (Cy3) labeling and then hybridized to Agilent Whole Human 

Genome Arrays using One Color Low RNA Input Linear Amplification Kit Plus, One Color 

RNA Spike-In Kit, and Gene Expression Hybridization Kit (Agilent Technologies). Arrays were 

scanned using an Agilent scanner. Data were extracted and quality evaluated using Feature 

Extraction Software 9.5 and normalized and analyzed using GeneSpring GX 7.3 (Agilent 

Technologies).   

3.24 Cell cultures 

The following cell lines were used in the study: MCF10A (American Type Culture Collection 

(ATCC) CRL-10317; ATTC, Manassas, VA, USA) is a human non-carcinogenic basal B cell 

line, derived from fibrocystic breast disease and obtained during a reduction mammoplasty. 

MCF7 (ATCC HBT-22) is an estrogen receptor (ER) and progesterone receptor (PR) positive 

breast cancer cell line, derived from luminal invasive ductal carcinoma, while MDA-MB231 

(ATCC HTB-26) is a triple negative basal B breast cancer (TNBC) cell line. MCF7 and MDA-

MB231 cells were grown in DMEM/F-12 (Gibco, ThermoFisher Scientific, Burlington, ON, 

Canada) with 10% fetal bovine serum (FBS) (Gibco) and 1% penicillin/streptomycin 

(Pen/Strep), while MCF10A cells were grown in DMEM/F-12 containing Clonetics® MEGM 

SingleQuots® (Lonza, Walkersville, MD, USA). For experiments, cells were seeded in their 

medium and grown for 24 h. Medium was conditioned for 2-3 h in a hypoxia chamber 
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(Department of Pharmacy and Pharmaceutical Sciences, University of Alberta, Edmonton, AB, 

Canada) used at 1% O2 and 5% CO2 at 37°C and was used to exchange growth medium for 

hypoxia experiments and compared to cells under normoxic conditions (19).  

3.25 Western blotting 

For analysis of ASCT1, ASCT2, LAT1, xc-, and β-actin, MCF10A, MCF7, and MDA-MB231 

cells were subjected to normoxic/hypoxic conditions for 24 h, then removed from the incubation 

chambers and suspended in lysis buffer (50 mM Tris, 150 mM NaCl, 0.1% SDS, 0.5% sodium 

deoxycholate, 0.5% Triton X) on ice for 30 min. Extracts were sonicated (10% amplitude, 10 s) 

on ice and centrifuged at 14,500 g for 10 min at 4°C to remove debris. Protein determination in 

supernatants was conducted using a BCA based protein assay (Pierce/Thermo Scientific, 

Rockford, IL, USA). Aliquots of supernatants were mixed with 1/4 volume of 4x Laemmli buffer 

(250 mM Tris/HCl, 8% (w/v) SDS, 40% glycerol, 200 mM dithiothreitol and 0.04% (w/v) 

bromophenol blue, pH 6.8) and heated for 5 min at 95°C. Protein extracts were loaded onto SDS-

polyacrylamide gels and separated by electrophoresis. Proteins were transferred to nitrocellulose 

membranes by electroblotting and blocked for 1 h at room temperature in 5% (w/v) non-fat dry 

milk in Tris-buffered saline containing 0.05% (v/v) of Tween-20 (TBST). Membranes were 

incubated overnight at 4°C with the following primary antibodies: mouse monoclonal anti-

ASCT1 IgG1 (clone H-60, sc-134846, Santa Cruz Biotechnology, 1:500), mouse monoclonal 

anti-ASCT2 IgG1 (clone J-25, sc-130963, Santa Cruz Biotechnology, 1:500), mouse monoclonal 

anti-LAT1 IgG1 (clone D-10, sc-374232, Santa Cruz Biotechnology, 1:500), mouse monoclonal 

anti-xCT IgG2a (NB300-318, Novus Biologicals, Oakville, ON, Canada, 1:500) and rabbit 

polyclonal anti-β-actin (A5060, Sigma-Aldrich, 1:5000) followed by incubation for 1 h at 21°C 

with a peroxidase-conjugated goat anti-mouse IgG1 secondary antibody (sc-2060, Santa Cruz 

Biotechnology), goat anti-mouse IgG secondary antibody (sc-2005, Santa Cruz Biotechnology) 
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in 1:5000 dilution (ASCT1, ASCT2, LAT1, xc-) or 1:10000 dilution (β-actin). After incubation 

with secondary antibodies, membranes were washed in TBST and depending on protein levels, 

incubated with Supersignal West Pico chemiluminescent substrate (Thermo Fisher Scientific) or 

Clarity ECL Western blotting substrate (Bio-Rad Laboratories, Hercules, CA, USA). 

Luminescence signals were captured using Fuji Medical X-ray Films (Fujifilm Canada, 

Mississauga, ON, Canada). Films were scanned, and analysis was done using the ImageJ 

program (National Institutes of Health, Bethesda, MD, USA). Density of each band was 

determined, and individual lane backgrounds were subtracted. Values for ASCT1, ASCT2, 

LAT1, and xc- were divided by values for the housekeeping protein β-actin. Values determined 

for control cell line MCF10A were set at 100% and compared with the individual value of the 

cancer cell lines {e.g., (band density LAT1 density lane background)/(band density β-actin 2 

density lane background), respectively}. 

3.26 Immunohistochemistry for ASCT1, ASCT2, LAT1, and xc-  

Excised murine tumor tissues were fixed in neutral-buffered 10% formalin overnight and 

embedded into paraffin. Slides with 5-μm sections were dried at 60°C for 1 h and rehydrated by 

3 changes of xylene for 10 min each and then graded ethanol from 100 to 50%, followed by 

water and TBS. Slides were microwaved in a pressure cooker for 6 min in citraconic anhydride 

(0.05% in water, pH 7.4) for antigen retrieval; blocked with 0.5% fish gelatin in TBST for 30 

min; rabbit polyclonal non-conjugated anti-ASCT1 IgG (orb136309, Biorbyt, 1:300), rabbit 

polyclonal non-conjugated anti-ASCT2 IgG (HPA035240, Prestige Antibodies, MilliSpore 

Sigma, Sigma Aldrich, 1:150), rabbit monoclonal non-conjugated anti-LAT1 IgG (EPR17573, 

product# AB208776, Abcam, 1:500), mouse monoclonal anti-xCT IgG2a (NB300-318, Novus 

Biologicals, 1:300) in a humidity chamber overnight at 4°C. After incubation in 3% H2O2 in 

water for 15 min, slides were incubated with EnVision+ anti-mouse- or anti-rabbit-labeled 
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polymer horseradish peroxidase (Dakocytomation, Glostrup, Denmark) for 1 h, developed using 

the Dako Liquid DAB+ Substrate Chromagen System and 1% copper sulfate, and counterstained 

with hematoxylin. Slides were dehydrated by reversing rehydration and then cover-slipped.  

3.27 In vitro cell uptake studies 

MCF10A, MCF7, and MDA-MB231 cells were grown in 12-well plates and treated under 

normoxic/hypoxic conditions for 24 h. Media was removed 1 h prior to experiment, cells were 

washed twice with PBS and starved of glucose in glucose-free Krebs-Ringer solution (120 mM 

NaCl, 4 mM KCl, 1.2 mM KH2PO4, 2.5 mM MgSO4, 25 mM NaHCO3, 70 µM CaCl2, pH 7.4) 

for 1 h at 37 °C. Next, 300 µL Krebs-Ringer solution with 0.1-0.5 MBq [
18

F]FDOPA or 

[
18

F]FSPG were added to each well. Plates were incubated at 37°C for specific time points (1, 5, 

15, 30, 60 minutes). Radiotracer uptake was stopped with 1 mL ice-cold PBS, cells washed 2x 

with PBS and lysed in 0.4 mL lysis buffer (50 mM Tris, 150 mM NaCl, 0.1% SDS, 0.5% sodium 

deoxycholate, 0.5% Triton X). Radioactivity in cell lysates was measured using WIZARD2 

automatic gamma counter (Perkin Elmer; Waltham, MA, USA). Total protein concentration in 

the samples was determined using a Pierce BCA based protein assay (ThermoFisher Scientific). 

Data were calculated as % of total added radioactivity per mg protein (% radioactivity/mg 

protein). 

3.28 Animal models 

All animal experiments were carried out in accordance with guidelines of the Canadian Council 

on Animal Care (CCAC) and approved by the local animal care committee of the Cross Cancer 

Institute. Human MCF7 cells were injected subcutaneously (5 x 10
6
 cells in 100 µL 

PBS/Matrigel 50:50) into 8-10 weeks old female NIH-III nude mice (Charles River, Saint-

Constant, QC, Canada) plus a 0.72 mg/pellet containing estrogen in a 60-day release preparation 

(Innovative Research of America, Sarasota, FL, USA) implanted subcutaneously into the upper 
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right flank for the constant estrogen level needed by the ER(+) MCF7 cells. Tumors were grown 

for 3-4 weeks, reaching sizes of 200-400 mm
3
. Human TNBC MDA-MB231 cells (5 x 10

6
 cells 

in 100 µL PBS) were also injected subcutaneously resulting in 300-500 mm
3
 sized tumors after 

2-3 weeks.  

3.29 PET imaging experiments  

MCF7 and MDA-MB231 tumor bearing NIH-III nude mice (Charles-River, QC, Canada) were 

anesthetized with isoflurane (40% O2 60% N2) and their body temperature was kept constant at 

37°C. Mice were positioned and immobilized in prone position into the centre of the field of 

view of an INVEON
®
 PET scanner (Siemens Preclinical Solutions, Knoxville, TN, USA). A 

transmission scan for attenuation correction was not acquired. Radioactivity present in the 

injection solution (0.5 mL syringe) was determined using a dose calibrator (AtomlabTM 300, 

Biodex Medical Systems, New York, NY, USA). After emission scan was started, radioactivity 

(4-8 MBq in 100-150 µL saline) was injected with a delay of ~15 s through a tail vein catheter.  

Dynamic PET data acquisition was performed in 3D list mode for 60 min. Dynamic list mode 

data were sorted into sinograms with 54 time frames (10x2 s, 8x5 s, 6x10 s, 6x20 s, 8x60 s, 

10x120 s, 5x300 s). Frames were reconstructed using ordered subset expectation maximization 

(OSEM) or maximum a posteriori (MAP) reconstruction modes. No correction for partial 

volume effects were performed. Image files were further processed using the ROVER v2.0.51 

software (ABX GmbH, Radeberg, Germany). Masks defining 3D regions of interest (ROI) were 

set and defined by 50% thresholding. 

Mean standardized uptake values [SUVmean = (activity/mL tissue) / (injected activity / body 

weight), in milliliters per kilogram were calculated for each ROI. Time-activity curves (TAC) 

were generated from the dynamic scans. 
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3.30 Statistical analysis 

All in vitro data and semi-quantified PET data are expressed as means ± SEM. Graphs and time-

activity curves (TACs) were constructed using GraphPad Prism 4.0 (GraphPad Software, La 

Jolla, CA, USA).  

Where applicable, statistical differences were tested by Student’s t test (PCR, Western Blot, PET 

data) or 2-way ANOVA (cell uptakes) and were considered significant for p<0.05 (*), p<0.01 

(**) and p<0.001 (***). 

3.3 RESULTS 

3.31 ASCT1, ASCT2, LAT1, and xc- mRNA expression in patient BC samples 

Figure 10 presents results of a microarray analysis of ASCT1, ASCT2, LAT1, and xc- mRNA in 

different tissue-biopsy samples. Figure 10A displays  results from 176 BC patients vs. control 

tissue from 10 normal human breast-tissue samples. All membrane transporters, excluding 

ASCT2, showed significantly higher mRNA expression in the BC patients compared to normal 

breast-tissue samples. The highest mRNA expression in general was seen in the second monomer 

of LAT1. Figure 10B demonstrates analysis of 56 TNBC vs. 112 ER+ BC samples. These 

results showed significantly higher mRNA expression of LAT1 (monomer 2) in TNBC samples 

vs. ER+ BC samples. ASCT1 however revealed an opposite effect, where ER+ BC samples had 

significantly higher mRNA expression than their TNBC counterparts. ASCT2, LAT1 (monomer 

1), and xc- mRNA expression in TNBC was found to be quite comparable with ER+ BC samples, 

as no significant differences were seen.  
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Figure 10. Total mRNA expression of ASCT1, ASCT2, LAT1 (monomer 1), LAT1 (monomer 

2), and xc- in control breast versus breast cancer tissue (top) and estrogen receptor (ER)-positive 

versus triple-negative breast cancer samples (bottom). Data are shown as mean ± standard error 

of the mean of mRNA levels based on log-transformed values of the gene expression microarray 

signal intensity from analyzed patient samples. n.s. not significant, *p<0.05, **p<0.01, 

***p<0.001. 
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3.32 ASCT1, ASCT2, LAT1, and xc- protein levels in MCF10A, MCF7, and MDA-MB231 

cells under normoxia and hypoxia 

Figure 11 summarizes data from all Western blot experiments. Figure 11A displays original 

representative blots and effects of hypoxia (exposure to 1% O2 for 24 h) on proteins of interest: 

ASCT1, ASCT2, LAT1, and xc-. Hypoxia was implemented over 24 h of incubation based on 

recent experiments conducted by Hamann et al. (21) where maximum HIF-1 protein expression 

levels were found, which would subsequently effect the downstream target gene expression of 

GLUT1. The following results were seen under normoxic conditions (Figure 11B): ASCT1 

protein was expressed fairly equally amongst all three cell lines explored, showing no significant 

differences. Surprisingly, MCF7 and MDA-MB231 cells had very little basal normoxic ASCT2 

protein compared to MCF10A. Furthermore, LAT1 normoxic protein levels were highest in 

MCF10A, with MCF7 (0.74-times) and MDA-MB231 (0.33-times) displaying lower levels. On 

the other hand, xc- protein levels were the highest in the TNBC cell line MDA-MB231 (152-

times), when compared to the control cell line MCF10A.  

No significant differences in ASCT1, ASCT2, LAT1, and xc- protein levels under normoxic and 

hypoxic conditions were observed for all three cell lines. MCF10A showed similar levels of 

expression of all four AA membrane transporters (Figure 11B). In the BC cell lines however, the 

only banding in Western blots was seen in ASCT1 for both MCF7 and MDA-MB231; for LAT1 

in MCF7; and for xc- in MDA-MB231. Hypoxia had no effect on ASCT1 in MCF7 and MDA-

MB231 cells (Figure 11C and 11D). Hypoxia had no effect on LAT1 expression in MCF7 cells 

(Figure 11C). Expression levels of xc- under hypoxia showed an insignificant 0.36-fold decrease 

in MDA-MB231 cells (Figure 11D). Since ASCT1 showed no difference in expression level 

between  both BC cell lines and the control, and ASCT2 displayed no expression in both MCF7 

and MDA-MB231, further research into their functionality was not undertaken.  
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Figure 11. Representative Western blots for ASCT1, ASCT2, LAT1, and xc- expression in 

MCF10A, MCF7, and MDA-MB231 cells after 24 h of hypoxia (1% O2) vs. normoxic 

conditions (A). Quantitative comparison of ASCT1, ASCT2, LAT1, and xc- protein levels in 

MCF10A, MCF7, and MDA-MB231 under normoxic conditions (B) and the effects of hypoxia 

(1% O2) on ASCT1, ASCT2, LAT1, and xc- protein levels in MCF10A (C), MCF7 (D), and 

MDA-MB231 (E). Quantitative data are shown as means ± SEM from at least three experiments. 
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3.33 Effect of hypoxia on cellular uptake of [
18

F]FDOPA and [
18

F]FSPG 

[
18

F]FDOPA and [
18

F]FSPG cellular uptake experiments were performed under both normoxic 

and hypoxic conditions to test the functionality of LAT1 and xc- respectively, in MCF10A, 

MCF7, and MDA-MB231 cells (Figure 12). Under normoxic conditions, uptake of [
18

F]FDOPA 

was significantly higher in MCF7 BC cells compared to MDA-MB231 BC cells and MCF10A 

cells: 467±51 % versus 105±27 % and 217±38 %, radioactivity per milligram protein (n=12/4), 

respectively, after a 30-min incubation (Figure 12A). These data indicate that there was 

increased uptake of [
18

F]FDOPA in the MCF7 ER+ BC  cell line, with an uptake lower than 

MCF10A in the MDA-MB231 cell line. In addition to normoxic results, significant differences 

were detected between normoxic and hypoxic conditions in MCF7 cells at 15 (p<0.001) and 30 

(p<0.001) minutes, and for MDA-MB231 cells at 30 (p<0.01) and 60 (p<0.05) minutes, 

indicating that [
18

F]FDOPA uptake in BC was increased in these cell lines by hypoxia. 

[
18

F]FDOPA uptake seemed to reach a maximum and then began to decrease after the 30 minute 

time point. To confirm that [
18

F]FDOPA was a substrate for the LAT1 AA membrane 

transporter, transport was almost entirely blocked at 60 minutes with 1 µM tyrosine. When 

comparing to the 60-min time point of the MCF7 cell line, 1 µM tyrosine inhibited only 83% of 

the [
18

F]FDOPA uptake.  

[
18

F]FSPG was used to determine the functionality of xc- glutamate/cystine anti-port (Figure 

12B). The only substantial transport of [
18

F]FSPG was seen in MDA-MB231 cells. Under 

normoxic conditions at 60 minutes, we saw 127 ± 33 % radioactivity/mg protein in MDA-

MB231 cells, compared to 9.8 ± 0.8 % radioactivity/mg protein in MCF7 and 21 ± 4.7 % 

radioactivity/mg protein in MCF10A. In contrast to uptake with [
18

F]FDOPA, no washout effect 

was seen with [
18

F]FSPG after 30 minutes, as uptake levels only increased after this time point in 

all three cell lines. When looking at hypoxic effects on [
18

F]FSPG transport, we can see higher 
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uptake under hypoxic conditions in MDA-MB231 cells at 30 and 60 minutes: 95 ± 34 % vs. 40 ± 

9.8 %  radioactivity/mg protein (p<0.001) and 164 ± 37 % vs. 127 ± 33 % radioactivity/mg 

protein (p<0.05), respectively. An interesting effect was seen in MCF10A cells at 60 minutes, 

where it was determined that under normoxic conditions at 60 minutes, higher uptake was seen: 

21 ± 5 % vs. 15 ± 3 % radioactivity/mg protein (p<0.001). To confirm that our radiotracer was 

being transported by the xc- transporter, blocking was performed with 25 µM cystine. In all three 

cell lines, an average blocking effect of 97 ± 0.5 % radioactivity/mg protein at 60-min was 

observed in normoxic conditions.  

Induction of hypoxia was confirmed via past experiments by Hamann et al. (21) with [
18

F]FAZA 

and in work by Krys, D., Hamann, I., Wuest, M., and Wuest, F. (unpublished observations) with 

[
64

Cu]ATSM, in experiments performed with the same procedure. 
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Figure 12. Uptake of [
18

F]FDOPA (A) and [
18

F]FSPG (B) into normoxic and hypoxic (1% O2) 

MCF10A, MCF7, and MDA-MB231 cells. In vitro cell uptake was carried out at 1, 5, 15, 30, 

and 60 minute incubation time points for [
18

F]FSPG. Data are shown as means ± SEM from 3 

experiments, all performed as triplicates. 
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3.34 Immunohistochemical determination of ASCT1, ASCT2, LAT1, and xc- in MCF7 and 

MDA-MB231 tumors 

In the case of ASCT1 and ASCT2, we see that the MCF7 tumor types showed less staining than 

the strong, positive staining of the MDA-MB231 tumor (Figure 13). In xc-, we also saw that 

tumor staining was considerably higher in MDA-MB231 vs. MCF7 tumors. In comparison to 

these three membrane transporters, LAT1 showed minimal staining in both tumor types, with 

only a small noticeable region of staining seen in MCF7 as demonstrated by the red arrow (Fig. 

13A).  

 

 

 

 

 

 

 

 

 

 

Figure 13. A, B) Immunohistochemical staining of ASCT1, ASCT2, LAT1, and xc- in MCF7 

(A) and MDA-MB231 (B) tumor-tissue slices, taken from MDA-MB231 and MCF7 tumour 

bearing mice. Original magnification, ×20. 
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3.35 In vivo PET imaging in MCF7 and MDA-MB231 tumor-bearing mice with [
18

F]FDOPA 

and [
18

F]FSPG  

Results of in vivo PET imaging experiments with [
18

F]FDOPA and [
18

F]FSPG in MDA-MB231 

and MCF7 tumor-bearing mice are summarized in Figure 14 and Figure 15. Tumor uptake and 

retention profiles of [
18

F]FDOPA over 60 min were significantly higher in the MCF7 tumor 

model: SUV60min 0.51±0.03 (n=3) for MCF7 and 0.27±0.02 (n=3) for MDA-MB231 tumors, 

respectively (Figure 14). Muscle uptake and clearance of [
18

F]FDOPA was also higher in the 

MCF7 tumor model, which resulted in similar tumor-to-muscle ratios (TMR): 1.72 for MDA-

MB231 and 1.98 for MCF7 tumors at 60 min post injection (p.i.). Results in MCF7 and MDA-

MB231 tumors indicate that uptake and retention of [
18

F]FDOPA seems to show estrogen 

receptor-dependency.  

Initial tumor uptake [
18

F]FSPG, in the primary tumor was comparable between both in vivo 

models, but retention profiles of [
18

F]FSPG over 60 min were higher in MDA-MB231 tumors, in 

contrast to MCF7 tumors: SUV60min 0.43±0.04 (n=3) for MDA-MB231 and 0.21±0.01 (n=3) for 

MCF7 tumors, respectively (Figure 15). Muscle uptake and clearance of [
18

F]FSPG was higher 

in the MCF7 tumor model, with SUV60min 0.05±0.01 (n=3) vs. 0.11±0.01 (n=3) in the MDA-

MB231 model at 60 min post injection (p.i.), which resulted in comparable tumor-to-muscle 

ratios (TMR) for MDA-MB231, 4.07, paralleled to 4.24 for MCF7 tumors at 60 min p.i. Aside 

from the results seen in the primary tumors for MCF7 and MDA-MB231, additional uptake of 

[
18

F]FSPG was seen in possible metastatic lesions, seemingly in mouse lymph nodes of the 

MDA-MB231 tumor model.  
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Figure 14. Representative PET images from dynamic scans after injection of L-DOPA 

derivative [
18

F]FDOPA into MDA-MB231 and MCF7 tumour bearing mice at 60 minutes post-

injection. All semiquantitative data are shown as means ± SEM from individual experiments. 

MAP, maximum activity projection. 
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Figure 15. Representative PET images from dynamic scans after injection of glutamate 

derivative [
18

F]FSPG into MDA-MB231 and MCF7 tumour bearing mice at 60 minutes post-

injection. All semiquantitative data are shown as means ± SEM from individual experiments. 

MAP, maximum activity projection. 
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3.4 DISCUSSION 

The goal of the current study was to determine the relationship between hypoxia and the protein 

expression of ASCT1, ASCT2, LAT1, and xc-, as well as the relationship of hypoxia with the 

functionality of LAT1 and xc- using [
18

F]FDOPA and [
18

F]FSPG, respectively. Based on the 

results gathered, the following conclusions were made: 1) mRNA data did not correlate with the 

protein expression seen in Western blot or immunohistochemistry, nor the functionality of the 

amino acid transporters studied; 2) From ASCT1 and ASCT2 protein expression profiles, we 

determined that these transporters had minimal effects in providing differentiating characteristics 

in MCF7 and MDA-MB231 BC cell lines; 3) Elevated protein expression and in vitro and in vivo 

functionality of LAT1 was seen only in ER(+) MCF7 BC cells when compared to MDA-MB231; 

4) Substantial expression and functionality of system xc- transporter was exhibited by MDA-

MB231 TNBC cells; 5) Hypoxia does not upregulate total protein levels of LAT1 and xc- but has 

effects on functionality as seen with increased transport of [
18

F]FDOPA and [
18

F]FSPG under 

hypoxic conditions.  

Systematically, literature was reviewed, and our experimental process began with the 

determination of mRNA expression in specific amino acid transporters that were determined to 

have altered regulation in BC. With data collected and analyzed by the Canadian Breast Cancer 

Foundation Tumor Bank, we saw little correlation between these results and our Western blot 

protein expression analyses. ASCT1 mRNA levels, showing higher expression in BC and higher 

mRNA expression in ER+ BC, were not similar to the overall uniform protein expression of 

ASCT1 amongst our three studied cell lines. ASCT2 mRNA levels showed similar levels 

between control and BC as well as similar levels between ER+ and TN BC, which was in stark 

contrast to an overall nil expression of ASCT2 protein in our BC cell lines in the western blot 

studies. Due to results seen from our western blot experiments, it was decided to not further 



85 
 

pursue functional analysis of these transporters, as it did not seem that they played a pivotal role 

in BC metabolism, or at least metabolism in MCF7 and MDA-MB231 cells. Nevertheless, we 

did perform immunohistochemistry with these antibodies following our uptake experiments, and 

found that the results did not correlate with our western blot experiments and that staining was 

more pronounced in MDA-MB231 tumors in both cases.  

Even for the two other AA membrane transporters, LAT1 and xc-, mRNA data did not correlate 

with protein data. Whereas we see greater mRNA expression in BC and then in TNBC compared 

to ER+ BC, LAT1 protein is expressed at most, the same as MCF10A in MCF7 and not at all in 

MDA-MB231. For the system xc- transporter, greater expression is seen in BC, but from western 

blots, xc- is only expressed in the MDA-MB231 TNBC cell line which diverges from the similar 

expression of mRNA in ER+ and TN BC. Though there are not many similarities seen between 

mRNA and protein expression from our results, this phenomenon has also been reported by other 

research groups globally. The best explanations at this stage are that the points in time that 

analysis has been conducted are not similar, and our current technologies are not able to correctly 

assess in small space and time scales (30), or that protein translation may have not occurred.  

Though results did not correlate between mRNA and protein expression, the data collected from 

western blots spurred interest into the in vitro and in vivo functionality of LAT1 and xc-. The 

uptake of [
18

F]FDOPA correlated somewhat well with the western blot results, as the highest 

protein expression and uptakes were seen in the MCF7 cell line. This correlation further 

continued on with our in vivo tumor models, which showed high uptake in the MCF7 tumor, and 

little to no uptake in the MDA-MB231 tumor, pointing to this radiotracer’s ability to 

discriminate biomarker expression in these tumor models. This is the first documented use of 

[
18

F]FDOPA for the imaging of LAT1 membrane transporters in BC tumor models. However, 
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when comparing to the immunohistochemistry results obtained after these experiments were 

performed, we see no correlation between [
18

F]FDOPA uptake and LAT1 staining, as LAT1 

staining was minimal.  

These results do however confirm that [
18

F]FDOPA can be used as an alternative to [
18

F]FET, a 

radiotracer whose uptake is also mediated by LAT1 (31). [
18

F]FDOPA-PET would provide an 

alternative to immunohistochemistry for determining LAT1 expression, and would allow 

physicians to better guide therapy in BC patients for specifically targeting LAT1 transport. 2-

amino-2-norbornane-carboxylic acid (BCH) is potent inhibitor of LAT membrane transporters, 

and has shown the ability to suppress growth and induce apoptosis in different cancer models, 

including MCF7 and MDA-MB231 (32,33). JPH203 blocks LAT1 transport and has lethal 

effects on cancer cells with minimal toxic effects on non-tumor tissue (34,35). With these two 

drugs being more general for the entire family of LATs, there is ongoing work in developing 

potent inhibitors of LAT1 by mapping the binding pocket of the transporter and screening 

potential ligands (36). The use of [
18

F]FDOPA-PET would allow for a more patient-specific 

approach to treating BC based on each individual’s LAT1 expression profile, which would allow 

for the greater utilization of these drugs.  

In parallel to the results of [
18

F]FDOPA-PET in BC, [
18

F]FSPG was used to assess the functional 

involvement of system xc- in BC. Results of the in vitro radiotracer uptake experiments 

correlated well with results of Western blot experiments, where both substantial protein 

expression and [
18

F]FSPG uptake were only seen in the TNBC MDA-MB231 cell line. These 

results are in line with Yang et al. where they “confirmed that the basal expression and function 

of xc-  were significantly higher in MDA-MB231 cells than in MCF-7 cells” (37). Analysis of in 

vivo [
18

F]FSPG-PET in MDA-MB231 and MCF7 tumor models revealed further correlations 
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with the western blots and in vitro uptakes, though a slight difference was seen as the MCF7 

tumor model did show uptake of [
18

F]FSPG. This finding can be attributed to possible 

upregulation of system xc- in MCF7, due to possible in vivo induction by NRF2 and IGF-1 which 

have been reported in literature (37,38). In vivo [
18

F]FSPG uptake in the MDA-MB231 tumor 

model displayed additional areas of uptake that point to possible metastases, in the lymph nodes 

of the mice (n=3). This assumption is likely to be true since previous models have demonstrated 

that MDA-MB231 cells are used for modelling BC metastasis and MCF7 are not (39), and 

additionally xc- has been seen as a metastatic marker of BC (40).  

From these results, [
18

F]FSPG-PET seems to be able to determine xc- biomarker expression in 

BC. A previous study has used [
18

F]FSPG for imaging of BC and non-small cell lung carcinoma 

(NSCLC), and have found that in 5 BC patients, immunohistochemical staining for xc- did not 

correlate with [
18

F]FSPG uptake levels, except for in the one case where staining was high (41). 

In relation to our results obtained from immunohistochemistry, the high staining levels in MDA-

MB231 seems to correlate with our levels of [
18

F]FSPG uptake. With the results of these 

experiments, and the relatively small patient cohort used by Baek et al. (41), more work must be 

done to determine the value of [
18

F]FSPG in BC. Larger patient cohorts have shown that 

[
18

F]FSPG is a useful imaging agent, as was seen with Cheng et al. and their imaging of 

pancreatic ductal adenocarcinoma (42). The potential use of [
18

F]FSPG as a determinant of xc-  

transporter function would allow physicians to use chemotherapeutics which target system xc- 

transport. Inhibitors such as sulfasalazine target xc-, and work by blocking cellular entry of 

cystine, thereby depleting GSH levels and increasing ROS, which target cells for death via 

ferroptosis, a form programmed cell death dependent on iron (43,44).  
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This study has also determined that hypoxia had minimal effects on LAT1 and xc- transporter 

protein expression, but under hypoxic conditions the uptake of [
18

F]FDOPA and [
18

F]FSPG was 

increased. This points to a functional regulation by hypoxia on LAT1 and xc- in MCF7 and 

MDA-MB231 BC cells, through the increased uptake of these radiotracers as seen  in in vitro 

assays.  LAT1 and xc- are both involved in transport of amino acids that are needed for tumor 

promoting effects. LAT1 facilitates entry of excitatory AAs (EAA) which stimulate mTORC1 

activity. It has been confirmed that SLC7A5, the gene which encodes LAT1, is repressed by HIF-

1α but sufficiently upregulated by HIF-2α to usurp this repression, thereby promoting EAA 

entry, increased mTORC1 activity, and the tumorigenic effects seen under hypoxic conditions 

(22,45). The related elevated in vitro [
18

F]FDOPA uptake but absent increased LAT1 expression 

under hypoxic conditions, may point to a functional effect that HIF-2α has on LAT1 in ER+ 

MCF7 BC cells. In addition to this, increased phosphorylation of the transporter as well as 

increased membrane trafficking could play roles in the elevated functionality of the transporter. 

System xc- is needed for inward transport of cystine, subsequent conversion to cysteine and then 

GSH, which is needed to regulate reactive oxygen species (ROS) and protect cancer cells from 

oxidative damage. In hypoxic conditions, there is an increased need for cystine entry by xCT to 

facilitate the degradation of ROS to maintain growth and anti-apoptotic effects, as was 

previously seen in glioma cells (46). The increased transport conducted by xc- in MDA-MB231 

in hypoxic conditions is evident here for [
18

F]FSPG. [
18

F]FSPG, even though a glutamate 

derivative, is useful in measuring xc- cystine import as xc- does not have the capability to 

distinguish between cystine and glutamate for inward directed transport (13). The decreased 

transport of [
18

F]FSPG under hypoxic conditions seen in MCF10A, our control breast cell line, is 
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paralleled by previous data collected in mouse fibroblasts and macrophages, where hypoxia 

reduced xc- protein expression and cystine uptake (47).   

 

3.5 CONCLUSIONS 

In accordance to previously reported increased functionality of LAT1 and xc- in hypoxia, our 

data demonstrates that the induction of hypoxia and upregulation of HIF-1α have major effects 

on [
18

F]FDOPA and [
18

F]FSPG uptake, respectively. As for the protein expression of amino acid 

transporters, in opposition to previously reported upregulation under hypoxia in other forms of 

cancer, there was no increased expression of ASCT2, LAT1, or xc-. Additionally, this study 

provides evidence that [
18

F]FDOPA and [
18

F]FSPG could be used as imaging agents in BC. This 

finding should stimulate interest in using these radiotracers to find biomarkers needed to better 

manage BC and allow a better guided therapy, for the right patient, at the right time.  
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3.6 SUPPLEMENTAL INFORMATION 

 

Scheme S1. Preparation of radiolabeling precursor 5. Reagents and conditions: (a) Boc2O, THF/ 

NaHCO3 aq., rt, ON, quant.; (b) LiHMDS, allyl bromide THF, -78 °C, 5h, 54%; (c) 9-BBN, 

THF, rt, 19h, NaOH, H2O2, 0 °C-rt 30 min, 74%; (d) TsCl, TEA, DCM, 0 °C-rt ON, 69%.   
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3.61 Synthesis of 1,5-di-tert-butyl (2S)-2-{[(tert-butoxy)carbonyl]amino}pentanedioate (2) 

Following a procedure by Hartmann et al., (48) to a solution of L-glutamic acid di-tert-butyl 

ester hydrochloride 1 (1.00 g, 3.38 mmol, 1.0 eq.) in THF/saturated aqueous NaHCO3 (1:4, 10 

mL total vol.) was added di-tert-butyl dicarbonate (0.922 g, 4.23 mmol, 1.25 eq.). The reaction 

mixture was stirred at rt overnight.  After dilution with 15 mL water, the aqueous mixture was 

extracted with EtOAc (3 x 10 mL). The combined organic layers were washed with brine (5 mL) 

and dried over Na2SO4. The solvents were removed in vacuo to yield an off white solid (1.22 g, 

quant.). Spectral properties were in agreement with literature (49). Rf = 0.55 (hexanes/EtOAc 

4:1, KMnO4 stain). 
1
H NMR (600 MHz, CDCl3)δppm 1.41-1.45 (m, 18H); 1.46 (s, 9H); 1.81-

1.90 (m, 1H); 2.04-2.12 (m, 1H); 2.21-2.36 (m, 2H); 4.14-4.20 (m, 1H); 5.04 (d, J = 7.8 Hz, 1H).  

 

 

 

3.62 Synthesis of 1,5-di-tert-butyl (2S,4S)-2-{[(tert-butoxy)carbonyl]amino}-4-(prop-2-en-1-

yl)pentanedioate (3) 

Following a procedure modified from a patent protocol, (1) Boc-protected glutamic acid diester 2 

(1.25 g, 3.47 mmol) was dissolved in THF (25 mL) and chilled in a dry ice/acetone bath for 30 

minutes. 7.62 mL (7.62 mmols, 2.2 eq.) of 1 M lithium bis(trimethylsilyl)amide in THF was 

added dropwise over 2h and was stirred for 0.5 h at this temperature. (Note: rapid addition of the 

amine base produced undesired side products). Allyl bromide (1.26 g, 10.4 mmol, 3 eq.) was 

added dropwise and the reaction mixture was stirred for 2h at -78 °C. The reaction mixture was 

poured into 40 mL of 2N aqueous HCl. 50 mL EtOAc was added to the mixture.  After 
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separation of the organic phase, the aqueous phase was further extracted with EtOAc (2 x 15 

mL). The combined organic phases were washed with water (3 x 15 mL) until the pH was 

neutral, dried over Na2SO4 and concentrated in vacuo. The crude product was purified by silica 

column chromatography (1:9 EtOAc/hexanes, isocratic) and isolated as a clear, colorless oil 

(0.748 g, 54 %). Rf = 0.51 (hexanes/EtOAc 4:1, KMnO4 stain). 
1
H NMR (600 MHz, 

CDCl3)δppm
 
1.37-1.52 (m, 27H); 1.83-1.90 (m, 2H); 2.27-2.36 (m, 2H); 2.39-2.45 (m, 1H); 

4.10-4.17 (m, 1H); 4.87 (d, J = 8.4 Hz, 1H); 5.01-5.10 (m, 2H); 5.67-5.76 (m, 1H). 
13

C NMR 

(150 MHz, CDCl3) 28.12; 28.24; 28.45; 33.58; 36.79; 43.10; 53.27; 79.79; 80.91; 81.96; 117.49; 

134.84; 155.67; 172.01; 174.52.  

 

 

 

3.63 Synthesis of 1,5-di-tert-butyl (2S,4S)-2-{[(tert-butoxy)carbonyl]amino}-4-(3-

hydroxypropyl)pentanedioate (4) 

To a solution of alkene 3 (0.826 g, 2.07 mmol, 1.0 eq) in 5 mL THF was added 

9-borabicyclo[3.3.1]nonane as a 0.5 M solution in THF  (20.6 mL, 10.3 mmol, 5 eq.). The 

reaction was stirred at RT for 19 h. The mixture was cooled to 0 °C and stirred for 5 minutes 

after addition of aqueous NaOH (3.1 mL of 1N, 3.1 mmol, 1.5 eq.). H2O2 (3.1 mL of 30%, 27.3 

mmol, 13.2 eq) was then added and the mixture was stirred for 5 min at 0 °C and a further 30 

min at RT. Water (25 mL) was added and the THF was evaporated in vacuo. The remaining 

aqueous solution was extracted with EtOAc (3x 20 mL), washed with brine (2x 10 ml), dried 
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over Na2SO4 and concentrated in vacuo. The crude product was purified by silica column 

chromatography (gradient elution, 1:0 to 1:1 hexanes/EtOAc) and isolated as clear, colorless oil 

(0.638 g, 74%). Rf = 0.36 (hexanes/EtOAc 1:1, KMnO4 stain). This product is not stable to long 

term storage at -20 °C. Spectral properties were in agreement with literature (27). For a similar 

procedure, see also Koglin et al. (18). 
1
H NMR (600 MHz, CDCl3)δppm

 
1.42-1.58 (m, 27H); 

1.58-1.70 (m, 2H); 1.70-1.89 (m, 4H); 2.19 (br s, 1H); 2.33-2.40 (m, 1H); 3.57-3.68 (m, 2H); 

4.15-4.23 (m, 1H); 5.00 (d, J = 9.0 Hz, 1H). 
13

C NMR (150 MHz, CDCl3) 27.7; 28.1; 28.2; 28.4; 

29.9; 35.3; 42.4; 52.8; 61.5; 80.0; 80.8; 82.1; 155.9; 171.9; 175.1. 

 

 

3.64 Synthesis of 1,5-di-tert-butyl (2S,4S)-2-{[(tert-butoxy)carbonyl]amino}-4-{3-[(4-

methylbenzenesulfonyl)oxy]propyl}pentanedioate (5) 

Following a slight modification to the reported procedure (27) alcohol 4 (0.634 g, 1.52 mmol, 1.0 

eq.) was dissolved in CH2Cl2 (30 mL) and the solution chilled to 0 °C. Triethylamine (0.922 g, 

9.11 mmol, 6.0 eq) was added, followed by p-toluenesulfonyl chloride (0.833 g, 4.37 mmol, 2.9 

eq.) The reaction mixture was stirred at 0 °C for 2h and was allowed to come to rt overnight. The 

solvent was evaporated in vacuo and the crude product was purified by silica column 

chromatography (gradient elution, 1:0 to 1:1 hexanes/EtOAc) and isolated as a clear, colorless 

oil (0.601 g, 69%). Rf = 0.51 (hexanes/EtOAc 3:2). Spectral properties were in agreement with 

literature (23). 
1
H NMR (600 MHz, CDCl3)δppm

 
1.38-1.48 (m, 27H); 1.51-1.59 (m, 2H); 1.59-

1.71 (m, 2H); 1.71-1.80 (m, 1H); 1.81-1.90 (m, 1H); 2.22-2.31 (m, 1H); 2.44 (s, 3H); 4.00 (t, J = 
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6.6 Hz, 2H); 4.03-4.10 (m, 1H); 4.84 (d, J = 9.0 Hz, 1H); 7.34 (d, J = 7.8 Hz, 2H); 7.78 (d, J = 

8.4 Hz, 2H). 
13

C NMR (150 MHz, CDCl3) 21.6; 26.3; 27.9; 28.0; 28.2; 28.3; 34.3; 42.8; 53.1; 

70.0; 79.7; 81.0; 81.9; 127.8; 129.8; 133.0; 144.7; 155.5; 171.6; 174.3. 

 

 

Scheme S2. Synthetic scheme for the preparation of cold standard 7. Reagents and conditions: 

(a) NtF, TEA, PPHF, THF, rt, 4d, 39%; (b) 1:1 DCM/TFA, rt, 17h, 94%. 

 

3.65 Synthesis of [19F]FSPG: (2S,4S)-4-(3-fluoropropyl)-glutamic acid (7) 

Following a procedure described by Koglin et al. (18), alcohol 4 was dissolved in THF (2.5 mL) 

and triethylamine was added (0.147 g, 1.46 mmol, 6 eq.). Perfluoro-1-butansulfonyl fluoride 

(0.147 g, 0.486 mmol) was added followed by hydrogen fluoride pyridine (pyridine ~30 %, 

hydrogen fluoride ~70%, 0.042 g, ~6 eq) and the reaction was stirred at rt for 4 days. The solvent 

was removed in vacuo. The crude product 6 was purified by silica column chromatography 

(eluting in 9:1 hexanes:EtOAc) and isolated as a clear, colorless viscous liquid (0.040 g, 39%). 

1
H NMR (600 MHz, CDCl3)δppm

 
1.40-1.50 (m, 27H); 1.56-1.61 (m, 1H); 1.64-1.79 (m, 3H); 

1.80-1.87 (m, 1H); 1.88-1.96 (m, 1H); 2.34-2.41 (m, 1H); 4.11-4.18 (m, 1H); 4.44 (dt, J = 48.0, 
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6.0 Hz, 2H); 4.88 (d, J = 9.0 Hz, 1H). 
19

F NMR (470 MHz, CDCl3)δppm -218.7 (tt, J = 47.0, 

24.2 Hz). 

Intermediate 6 (0.030g, 0.071 mmol) was dissolved in DCM (1 mL) and TFA (1 mL) was added. 

The mixture was stirred at rt for 17h. The solvent was removed in vacuo. The crude product was 

purified by HPLC (Phenomenex Luna C18, gradient 1:0-1:4 H2O+0.2% TFA/MeCN) and 

isolated as a white solid TFA salt (0.014g, 94%). 
1
H NMR (600 MHz, CD3OD)δppm

 
1.65-1.83 

(m, 4H); 1.96-2.05 (m, 1H); 2.11-2.19 (m, 1H); 2.74-2.82 (m, 1H); 3.96 (dd, J = 8.7, 5.6 Hz, 

1H); 4.44 (dt, J = 47.4, 5.4 Hz, 2H). 
13

C NMR (150 MHz, CD3OD) 28.9 (d, J = 21.0 Hz); 29.5 

(d, J = 4.4 Hz); 33.7; 42.5; 52.5; 84.5 (d, J = 164.8 Hz); 171.7; 177.8. 
19

F NMR (470 MHz, 

CD3OD)δppm -220.9 (tt, J = 48.3, 25.4 Hz). For spectral properties of the free amine, which 

differ slightly from those reported here for the ammonium salt, refer to Koglin et al. (18).  
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4.1 Discussion 

The completed project can be generalized as a probe into expression and function of SLC 

membrane transporters in two breast cancer cell lines and in a control breast cell line. The SLC 

transport family is one that is comprised of more than 300 membrane proteins, which contribute 

to the transport of a variety of compounds across biological membranes. In a recent review 

article published by Lin et al., SLC transporters were highlighted as novel and potential targets 

for therapy, specifically in cancer (1). Nutrient transporters, such as the nucleoside and amino 

acid transporters investigated in my project, have come into particular interest for drug 

discovery, as their inhibition might have the ability to starve extremely metabolically sensitive 

cancer cells and induce cancer cell death (1). In the context of this research potential, my project 

has shown that amino acid transporters and nucleoside transporters are important in breast 

cancer. 

In addition to roles of these specific SLC transporters in breast cancer, we also explored effects 

of hypoxia on these nutrient transporters. Hypoxia, which is well characterized in solid tumors, 

also has major consequences on cancer cell metabolic activities. By exploring effects of hypoxia 

on expression and function of these transporters, we are able to definitively state how they 

respond to hypoxic conditions. Clinically, this becomes relevant when tumors are found to be 

extremely hypoxic, say with a PET imaging agent such as 
64

Cu-ATSM, and would help guide 

physicians based on the expected response of these transporters and whether a treatment can be 

determined based on this response. Minimal to no research has been done exploring effects of 

hypoxia on the membrane transporters studied in this project, in breast cancers.  

In terms of the context outlined in the previous two paragraphs, with completion of the 

nucleoside and amino acid membrane transporter projects, we have addressed these 

shortcomings in the literature. Specifically, in relation to our hypotheses, we were able to 
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determine that the phenotypes, expression and function, of breast cancer cells are related to the 

specific PET radiotracers for that membrane transporter. Additionally, we were able to determine 

that hypoxia has minimal effects on nucleoside transporters in BC but has significant effects on 

amino acid transporter functionality. Aside from these hypotheses we were able to deduce 

additional conclusions from our experiments as well, such as with the transport profiles of 

additional nucleoside transporters in relation to [
18

F]FLT. 

Goals of the nucleoside membrane transporter study were to (1) analyze relationships between 

hypoxia and expression and function of nucleoside transporters hENT1 and hENT2 in breast 

cancer, (2) determine the effects of additional nucleoside transporters on uptake of [
18

F]FLT, and 

(3) explore the utility of [
18

F]FLT-PET in differentiating between ER(+) BC and TNBC. From 

those goals, the following conclusions were made based on the obtained results: i) data from the 

Canadian Breast Cancer Foundation Tumor Bank showed significantly higher mRNA expression 

of hENT2 and TK1 in breast cancer, while no differences were observed between ER(+) BC and 

TNBC; ii) triple-negative MDA-MB231 breast cancer cells showed higher levels of [
18

F]FLT 

uptake compared to ER(+) MCF7 cells; iii) this difference was not observed in MDA-MB231 

and MCF7 tumors in vivo; iv) in contrast to the literature which discussed a downregulation of 

ENT1 during hypoxia in endothelial cells (2, 3), no significant changes of hENT1, hENT2, and 

TK1 expression under normoxic and hypoxic conditions were found in breast cancer cells; v) 

besides hENT1 and hENT2, hCNT’s are also important for the transport of [
18

F]FLT into BC 

cells; vi) [
18

F]FLT-PET imaging results in MDA-MB231 and MCF7 BC tumors are consistent 

with in vitro data obtained with confocal microscopy and flow cytometry experiments targeting 

hENT1 with FITC-labeled SAHENTA and hENT1 and hENT2 antibody, respectively. 

The nucleoside membrane transporter project’s main finding demonstrated that in contrast to 

previously reported downregulation of hENT1 expression in vascular endothelial cells during 
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hypoxic events such as ischemia, our data showed that the induction of hypoxia and upregulation 

of HIF-1α had no effect on hENT1, hENT2, TK1 expression and function in our tested breast 

cancer cell lines. In addition to expression based assays, with western blot, 

immunohistochemistry, and confocal microscopy as mentioned in the thesis objectives, we were 

also able to determine the functional role that the nucleoside transporters have in uptake of 

[
18

F]FLT in BC. Specifically, we found primary evidence that the nucleoside transporter hENT2 

and the hCNT family plays large roles in the uptake of [
18

F]FLT in BC cells, using multiple 

blocking studies. This finding should stimulate interest in exploring the role of hENT2 as a 

biomarker in BC management and additionally spur research in finding hENT2 specific 

inhibitors as novel drugs for targeted therapy of BC. In vivo work showed that [
18

F]FLT was 

poor in differentiating between MCF7 and MDA-MB231, or ER(+) and TNBC. Theoretically, 

the interplay of all nucleoside transporters and thymidine kinase, which is responsible for 

[
18

F]FLT phosphorylation, must work together in mediating its uptake. Our findings also support 

that [
18

F]FLT is not entirely representative of the uptake profile of hENT1, as was mentioned in 

previous studies (4, 5).  

The amino acid project provided us with interesting and highly impactful results as well. The 

goal of the current study was to determine relationships between hypoxia and protein expression 

of ASCT1, ASCT2, LAT1, and xc-, as well as relationships of hypoxia with the functionality of 

LAT1 and xc- using [
18

F]FDOPA and [
18

F]FSPG, respectively. Based on results gathered, the 

following conclusions were made: 1) mRNA data did not correlate with the protein expression 

seen in western blot or immunohistochemistry, nor functionality of the amino acid transporters 

studied; 2) From ASCT1 and ASCT2 protein expression profiles, we determined that these 

transporters had minimal effects in providing differentiating characteristics in MCF7 and MDA-

MB231 BC cell lines; 3) BC protein expression of LAT1 and in vitro and in vivo functionality of 
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LAT1 was seen only in ER(+) MCF7 BC cells; 4) Substantially increased protein levels and 

functionality of system xc- transporter was exhibited by MDA-MB231 TNBC cells; 5) Hypoxia 

does not upregulate protein expression of LAT1 and xc- but has effects on functionality as seen 

with increased transport of [
18

F]FDOPA and [
18

F]FSPG under hypoxic conditions. Though it was 

not my portion of the project, Dr. Mattingly was able to create an optimized method for the 

synthesis of [
18

F]FSPG, which is highly useful for centres that may use this radiotracer in the 

future. In addition to chemistry, the main finding of the study showed that LAT1 and xc-, in 

accordance with previous literature, in hypoxia via induction from HIF-1α upregulates uptake of 

[
18

F]FDOPA and [
18

F]FSPG into MCF7 and MDA-MB231 cells, respectively. Additionally, this 

study provides primary evidence that [
18

F]FDOPA whose current primary use is in brain imaging 

and neuroendocrine tumor detection (6), can be used successfully for the imaging of ER+ BC. 

[
18

F]FSPG, though previously discounted as unsuccessful for imaging of BC in a small clinical 

study (7), should be reconsidered as a useful imaging agent in BC, as uptake in TNBC was high 

and small metastatic lesions were imaged. These findings should stimulate interest in using these 

radiotracers to determine biomarker expression profiles in BC patients so that currently available 

amino acid transporter inhibitors, such as BCH (8), sulfasalazine (9), and JPH203 (10), as well as 

novel inhibitors could be used for better treatment of BC.  
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4.2 Future Directions 

Through the course of this Masters research project, many possible future directions have come 

to the forefront. It is in my hopes that this research can progress further, with new researchers.  

With the success of cancer therapies that target certain upregulated transport mechanisms in 

breast cancer, it only makes sense to image these transport pathways and determine whether BC 

patients are suitable for these treatments. Seeing that [
18

F]FDG is the current “gold” standard for 

PET imaging of BC, [
18

F]FLT, [
18

F]FDOPA,  and [
18

F]FSPG should be used more prevalently 

clinically. This research should provide support for this notion, so that BC patients have a wider 

scope of radiotracers available to them which will provide them with a more specialized 

treatment plan and could potentially provide great value to the health care system.  

This research has also provided evidence for the significance of amino acid and nucleoside 

transporters in BC. With this in mind, this should spur greater interest in exploring the 

determination of new potent inhibitors. Specifically, hENT2 would be a very appealing target as 

there are currently no specific hENT2 inhibitors. Additionally, it was determined that LAT1 

plays a significant role in BC amino acid entry, therefore making it an attractive target for 

inhibition as well as there are also currently no specific inhibitors for this transporter. By creating 

potent inhibitors, it also opens up the potential to tag these molecules with radioisotopes, such as 

18
F, which could be used for more specific PET imaging.  

Finally, a broader area of research could come from access to the tumor bank and the clinical 

partnership with the Cross Cancer Institute at the University of Alberta. One limitation of this 

project are the cell lines which we use, as they are common and have been altered significantly 

since the beginning of their global laboratory use. Through the acquisition of tumor samples and 

ethical consent, a project could be created centering on culturing BC tumor cells. By doing so, a 

more unique library of BC cells could be created, which would allow us to more realistically 
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assess the connection between membrane transporter expression profiles and functionality, as it 

would mimic patient tumors seen clinically. With this, we could also compare the biomarker 

expression profiles, and evaluate the treatment plans these patients received. Any significant 

oversights of high transporter expression which could be treated with current therapeutics would 

provide further evidence as to why multiple radiotracers, such as the ones described in this 

thesis, should be used other than just [
18

F]FDG to determine the metabolic profile of BC patients.  
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