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ABSTRACT 
 

EVALUATION OF CU-64-ATSM IN CELL CULTURE FOR POTENTIAL USE AS A 

RADIOTHERAPY AGENT 

 

Oxygen status of tumors is an important clinical factor when considering 

treatment and potential outcomes. In radiotherapy applications, hypoxic tumors display 

resistance to traditional low linear energy transfer (LET) external beam radiotherapy 

(EBRT), instigating interest in finding alternative and more effective means to treat 

these tumors. 64Cu-diacetyl-bis(N4-methylthiosemicarbazone) (64Cu-ATSM) has shown 

clinical usefulness in imaging and experimental radiotherapy of solid state tumors due to 

its ability to concentrate in hypoxic tissue regions and emit radiations of multiple types, 

energies, and LET. Intrinsic to the potential use of 64Cu-ATSM for radiotherapy 

purposes is the decay mechanism of 64Cu which emits high LET Auger electrons. 

Presently, the biological mechanism for cell killing and DNA damage due to high LET 

electrons released in the decay of 64Cu is unknown. To evaluate how high LET Auger 

electrons play a role in cell death and DNA damage, Chinese hamster ovary (CHO) cell 

lines proficient and deficient in DNA non-homologous end joining (NHEJ) DNA repair 

(10B2 and xrs-5 cells, respectively) were treated with 64Cu-ATSM. Colony formation 

assay results show similar cell survival for both cell lines treated with similar activities of 

64Cu-ATSM, indicating cell lethality due to high LET radiation. Survival curves were 

compared for radiations of known LET to generally characterize the effective LET of 

64Cu-ATSM. Additionally, chromosome aberration and γH2AX DNA double strand break 

(DSB) studies were performed to examine DNA damage from 64Cu-ATSM. 64Cu-ATSM 
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was also administered to multiple additional cell lines under various -oxic states to 

evaluate how efficiently 64Cu-ATSM is incorporated. These findings indicate better 64Cu-

ATSM uptake in cancerous, canine, and potentially osteosarcoma cell lines. This 

research offers experimental support for various characteristics of 64Cu-ATSM that may 

provide potential clinical advantages over traditional EBRT to more effectively treat 

hypoxic tumors. 
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INTRODUCTION 

 

Hypoxia 

Numerous prognostic factors have been investigated for their potential to enable 

more accurate projections of treatment outcome following radiation therapy. While many 

of these prognostic factors would either be impossible or difficult to alter (age, genetics, 

tumor grading, etc.), ample focus has been directed towards prognostic factors which 

can be altered for better treatment outcome [1]. One of the most significant and 

alterable prognostic factors of tumors which could provide benefit in radiation therapy (in 

addition to chemotherapy, photodynamic therapy, and immunotherapy) is tumor 

oxygenation [2-5]. Given that tumor hypoxia has been associated with increased tumor 

aggressiveness, metastatic potential, and failure of local control, efforts to combat this 

condition are of great interest [6]. 

 Hypoxia is considered a state of abnormally low oxygen concentration in tissue, 

which to varying degrees is present in 50-60% of human tumors [4]. A hypoxic state in 

tumor tissue is traditionally considered to arise either through acute or chronic 

mechanisms [4]. Transient changes which severely reduce microvasculature blood flow 

or oxygen content are thought to characterize acute hypoxia [5]. Periods of acute 

hypoxia can be bounded by periods of normal oxygenation, creating a unique 

environment where cells are constantly adjusting to changing oxygenation. In contrast, 

chronic hypoxia is due to oxygen diffusion limitations in tissue and lasts for periods of 

over four hours [5, 7]. As oxygen diffuses through tissue away from blood vessels both 

cellular metabolism and volume dilution reduce oxygen concentrations. Hypoxia is 

thought to set in approx. 70 μm from a blood vessel, with tissue in normoxic conditions 
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closer to the blood vessel and anoxic states more distant from a blood vessel [8]. Both 

acute and chronic hypoxia in tumors results from abnormal tumor angiogenesis and 

blood vessel disorganization.  

 In addition to factors that cause tumor hypoxia, the degree or severity of hypoxia 

is also important. For most normal subcutaneous tissues the partial pressure of oxygen 

(pO2) has been measured to be approx. 50 mmHg, while the median pO2 for head-and-

neck tumors in one study was approx. 15 mmHg [9]. For many clinical studies, a pO2 of 

10 mmHg is often chosen as a cutoff for describing tumors as hypoxic. For relative 

comparison, a pO2 of 3 mmHg is roughly correlated to a concentration of about 0.5% 

oxygen.  

Though hypoxia can be present in normal tissues, its presence in tumors is of 

importance because it modifies cellular functions, in addition to radiation damage 

mechanisms to be described later. Hypoxia-inducible factor (HIF-1) is a transcriptional 

factor activated and stabilized under hypoxia [10]. When stabilized, it promotes 

transcription of genes related to angiogenesis, cell proliferation, and glucose 

metabolism related to the Warburg effect [10, 11] .  

Because of the crucial role hypoxia plays in enhancing tumor survival and 

therapy resistance a great deal of research has gone into exploration of methods to 

oxygenate tumors. Methods for tumor oxygenation include mild heating of tumors 

(hyperthermia) [12], breathing hyperbaric oxygen [13], and treatment with biochemical 

agents [14-17], which are also designed to target cellular mechanisms making hypoxic 

tumors treatment resistant. While many methods of reoxygenating tumor tissue have 

been investigated, an alternative strategy for overcoming the negative effects of hypoxia 
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in cancer therapy is using a treatment more effective against hypoxic regions of tumors. 

For radiotherapy, one option is to change the type of radiation to one better able to 

damage tissues in low oxygen environments. 

 

Radiation & LET 

The benefit of using ionizing radiation (IR) to treat tumors is inherent in its ability 

to damage DNA of cells where dose is absorbed. This dose can be delivered by various 

types of radiation and targeted to tumor volumes using various technologies, though the 

predominant way of delivering radiation dose to tumors currently is with photons in 

EBRT. These high energy x-rays are produced by accelerating electrons produced by a 

hot, negatively charged cathode filament towards an anode target constructed of a high 

atomic number (Z) material, typically tungsten. When the electrons collide with the 

tungsten target they slow through electromagnetic interactions with the nucleus, 

bending the path of the electrons causing them to release bremsstrahlung x-rays. Using 

various shielding devices and dosimetry software, these x-rays can be targeted towards 

a patient’s tumor volume effectively. Modern EBRT radiotherapy can be targeted quite 

locally to tumor tissue while sparing normal tissue and enables high patient throughput, 

therefore is the most popular method of treating cancer patients with radiation. 

 A downside to using traditional EBRT for treating hypoxic tumors compared to 

well oxygenated tumors is approximately three times more dose is required to achieve 

the same biological effect [3]. This difference arises because EBRT photons damage 

tissue mainly via an indirect effect. When photon radiation is absorbed by tissue it can 

eject electrons in the tissue either though the photoelectric effect or Compton scattering. 

Though this electron may be ejected from an atom incorporated into DNA, the 
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probability of this is quite low as DNA makes up a small fraction of a cell’s mass and 

volume. On the other hand, as a cell is composed vastly of water (70-85%) the 

probability is high that ejected electrons will occur on water molecules [18]. This will 

result in the radiolysis of water and formation of reactive free radicals (Figure 1). If these 

free radicals (mainly OH·) form in the vicinity of DNA they will be able to react with DNA 

and produce free radicals on the DNA (DNA·) [8, 19]. 

                 
     

   
         

          
         

Figure 1: The indirect effect of water radiolysis to create free radicals such as these and 

various others. Free radicals when reacted with DNA are able to cause DNA damage 

and strand breaks. 

 In a cell with low oxygen concentration the free radical created on the DNA may 

be scavenged more readily by an antioxidant (e.g. vitamin C, vitamin E,  NADH) , 

restoring DNA without persistent damage.  An environment with higher, or normal, 

levels of tissue oxygenation does not allow for this damage to be mitigated [8]. Cellular 

O2 is able to react with DNA· to create an unrepairable radical. This indirect process is 

the dominant form of damage for low LET radiation such as x-rays from EBRT (approx. 

two-thirds of damage from indirect effect), making EBRT less effective at damaging 

DNA of hypoxic tumor regions than other types of radiations. 

 Alternatively, radiation may also damage DNA in a manner less dependent on 

tissue oxygenation. This occurs via the direct effect of radiation and is predominant for 

high LET radiation. It occurs, as previously described, by the ionization of atoms in 

DNA. High LET radiation is able to ionize a great deal of DNA if its path crosses DNA 
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strands. Although indirect damage also occurs without high LET radiation by ionizing 

water, the amount of damage caused by the direct effect is proportionally greater for 

high LET radiation compared to low LET. 

 In categorizing whether a radiation is determined to be of high LET or low LET it 

is important to assess the distance over which a form of radiation losses energy. LET is 

most often defined as the change or loss of energy by a charged particle per change in 

distance (Figure 2) [20]. 

    
        

       
 

Figure 2: LET is defined as the average energy lost by a charged particle per distance. 

Though this is a general definition, LET is most often described in units of keV/μm. 

 Because photons are not charged particles, their LET is determined by the LET 

of the fast secondary electrons they create through photoelectric and Compton 

scattering interactions. For other types of charged particles, LET generally increases 

with higher charge, mass, and lower speed. Both higher charge and lower energy of 

charged particles passing through a material allow for greater electromagnetic 

interaction with orbital electrons, while higher mass allows for less scattering of the 

radiation. Based on these characteristics α-particles with high charge, mass, and 

relatively slow speeds are able to impart large amounts of energy in the material they 

traverse, while fast electrons impart much less (Figure 3) [21]. 

 A useful phenomenon regarding LET of charged particles occurs when they slow 

down to very low energies. At higher energies, charged particles have less opportunity 

to interact with electrons in the medium they are passing through. As these charged 

particles impart energy and dose in a medium, they lose energy, slow down, and have 
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more time to interact allowing for greater energy and dose deposition the slower they 

travel, thus increasing their LET. This phenomenon is described as the Bragg peak for 

heavy particles (protons and heavier) and has been leveraged for external particle 

beam radiotherapy applications [22]. Though it would be difficult to utilize this Bragg 

peak property for fast electrons due to their high degree of scatter, thus making it 

difficult to control where dose is delivered, low energy electrons do provide the ability to 

deliver high LET radiation (Figure 4) [23]. This is often done using Auger electrons 

emitted from certain radionuclides, such as 64Cu. 

 

Figure 3: Schematic of different LETs for different forms and energies of radiation. The 

low energy and localized emission of Auger electrons makes them particularly 

damaging to DNA if produced nearby. 
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Figure 4: At low energies the LET of electrons increases (Adapted from [24]). 

 

64Cu 

Intrinsic to the use of 64Cu in radionuclide therapy of hypoxic tumors is its ability 

to decay via electron capture (EC) (Figure 5, Table 1). In EC, the proton rich 64Cu 

nucleus captures an electron from its inner orbital. This electron combines with a proton, 

creating a neutron and emitting an electron neutrino (Figure 6). Though this decay 

process and others involve the emission of neutrinos, they have a very low probability of 

interacting with tissue and are therefore largely irrelevant for radiological health 

purposes [18]. The resulting electron orbital of the now 64Ni atom is in an excited state 

since it is missing an inner orbital electron.  
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Figure 5: Decay scheme of 64Cu illustrating competition between EC and β+ decay or β- 

decay. 

Table 1: Radiations Emitted by 64Cu Decay 

Energy Transition Yield (%) Energy (keV) LET (keV/μm) 

β+  17.6 653 (max) <1 

β- 38.5 579 (max) <1 

γ 0.475 1346  <1 

γ (via β+ 

annulation)  
35.2 511 <1 

EC  
(emits Auger 
electrons) 

43.8 ≈0.8-7 ≈3-25 

 

           

     
           

      

Figure 6: Electron capture (EC) is the process of a proton rich nucleus capturing an 

electron from its inner electron orbital to gain stability. 64Cu decays by this process 

43.8% of the time.  

To release energy from its excited state, the atom may either emit characteristic 

x-rays or Auger electrons. In characteristic x-ray emission, electrons in higher energy 

orbitals to fall to a lower ground state and the energy difference of the two orbitals are 

released as x-rays. In Auger electron emission, this energy difference is released as 



9 
 

ejected electrons (Figure 7). As this process ensues more valence states in the electron 

orbital are created and more and more electrons are ejected. The cumulative process of 

these ejected Auger electrons is sometimes described as an Auger cascade with about 

20 low energy (<10 keV for 64Cu) electrons emitted. The relatively high LET of Auger 

electrons compared to fast secondary electrons produced by x-rays allow them to 

damage DNA much more prominently via the oxygen independent direct effect. 

Originally studied using 125I [25], more work has gone into evaluating many other Auger 

emitters. Because they are of very low energy, a 64Cu atom would need to decay in the 

immediate vicinity of DNA (approx. 5 μm, the diameter of a general mammalian cell 

nucleus) for high LET DNA damage to occur [26].  

   

Figure 7: The Auger emission process for 64Cu begins with EC. Higher orbital electrons 

fall to the vacant lower energy state and transfer excess energy from that transition to 

another orbital electron, subsequently ejecting that electron and resulting in an 

additional electron orbital vacancy. 

 In addition to EC, an alternative decay process to reduce the proton excess of 

the 64Cu atom is beta plus (positron, β+, e+) emission (in addition to a neutrino), an 

antiparticle to the electron (Figure 8). When the positron is emitted it behaves almost 

identically to an electron as it travels through material. A difference arises once the 
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positron loses its kinetic energy. Once it slows to the point it can interact with an 

electron, the two will annihilate and emit two 511 keV photons in opposite directions. 

Positron emission requires the decaying 64Cu nucleus to have excess energy of at least 

twice the mass energy of the emitted positron (1.022 MeV). For 64Cu nuclei there is not 

always enough excess energy to emit a positron when it seeks stabilization by 

decreasing its proton number, and in these cases the atom decays through EC.  

          

    
       

         

Figure 8: Positron decay process which PET imaging is based on. 

 Radionuclides that decay via positrons are useful for PET imaging [27] (Figure 

9). This imaging modality relies upon detection of the 511 keV gammas emitted by a 

tracer radionuclide injected into a patient. As the tracer radionuclide decays emitting a 

positron and ultimately two photons, those are emitted from the patient and detected by 

the surrounding detector system of the PET instrument. Gamma photons interact with a 

scintillator material and emit light. This light is converted to an electric signal by 

photomultiplier tubes or other devices. If detectors pick up signals from both annihilation 

gammas and they can discriminate the time difference between when the signals were 

registered, the origin of the gammas can be registered along the axis between where 

the signals were detected. By performing this process for many detected pairs of 

photons, the three dimensional origin of the photons can be determined. Biological, 

chemical, or physical markers in the body can be visualized on a PET scan by tagging a 

tracer radionuclide to specific relevant chemical markers. In cancer imaging, the PET 

radioisotope can be tagged to molecules specific to metabolic or surface receptors of 
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cancer cells. By combining a PET scan with a CT (PET/CT) (imaging procedure used to 

feature anatomy of the body) the anatomical localization of a radiotracer can be 

obtained three dimensionally (Figure 10).  

 

Figure 9: Schematic of the physical and technological process required for PET imaging 

procedures (Adapted from [28]). 

 

 

Figure 10: Transverse images of a canine thorax and large chest wall tumor. Canine CT 

(left), PET (middle), and PET/CT (right) from CSU Veterinary Radiology 64Cu-ATSM 

imaging study.  

 

 

Tumor Tumor Tumor 
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 While 64Cu can reach a stable state by EC and positron emission to reduce its 

proton number, it can alternately reach stability by increasing its proton number. This 

occurs by beta minus (beta, e-, β-) emission. In this process a neutron is converted into 

a proton while an electron and electron antineutrino are ejected from the nucleus 

(Figure 11). 

         ̅  

    
       

       ̅  

Figure 11: Decay of 64Cu via beta emission.  

 

ATSM 

To utilize the decay properties of 64Cu for imaging and potentially radiotherapy 

applications a suitable carrier agent ATSM has been developed which preferentially 

localizes to hypoxic tissue (Figure 12). Some important characteristics originally noted 

about the Cu-ATSM agent which made it potentially useful for imaging purposes were 

its high permeability across cellular membranes and the ease of copper reduction in 

hypoxic tissue [29]. This reduction of Cu under hypoxic conditions is thought to allow the 

copper atom to dissociate from the ATSM agent [30-32]. Though this may occur with 

some frequency in normoxic conditions, copper may also be reoxidized to allow it to 

chelate to ATSM once more and potentially diffuse out of the cell or tissue. In hypoxic 

conditions, this re-chelation likely happens less frequently, allowing Cu to continuously 

be deposited in hypoxic tissues and cells. Because of these characteristics the agent 

was considered intriguing for imaging ischemia and hypoxia using positron emitting Cu.  
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Figure 12: Structure of the Cu-ATSM agent.  

 Since the initial in vitro investigations, studies have shown usefulness of Cu-

ATSM in a clinical setting. Its quality as a PET agent is evidenced by its ability to be 

rapidly deposited in hypoxic tumor regions, with optimal uptake 10 minutes after 

administration [33], with a high tumor to background tissue ratio which translates to a 

diagnostic quality PET image acquisition in a clinically practical timeframe [32, 33]. This 

ability to accumulate in hypoxic tumor tissue has been observed in several cancer lines 

in a rat model, though some tumor cell lines showed poor Cu-ATSM uptake relative to 

other hypoxia markers [34].  

Also important to consider when contemplating Cu-ATSM agent use in clinical 

settings is determining the feasibility of creating the agent. All of the copper isotopes 

studied using ATSM (60Cu, 61Cu, 62Cu, and 64Cu) can be produced on low energy proton 

cyclotrons [35-37]. As many major regional hospitals and commercial enterprises have 

these facilities it would be possible to implement production systems. Although this type 

of cyclotron is available, the installation costs of targeting systems for irradiation of 64Ni 

and other targets could be a major hindrance in producing copper radioisotopes for 

large scale distribution. The chemistry to chelate the Cu-ATSM agent is quite simple 
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relative to other radionuclide agents. Because copper carries only two oxidation states 

(Cu+1 and Cu+2), copper chelation under normoxic conditions and dissociation under 

hypoxic conditions is a reliable process, making the agent preparation relatively easy.  

 In addition to animal based studies, Cu-ATSM imaging has been performed on 

human patients. By imaging patients with cervical cancer prior to treatment with 60Cu-

ATSM (pure β+ emitter) patient tumors could be grossly categorized as hypoxic or 

normoxic based on the contrast ratio of tumor-to-muscle PET signal [38]. After patients 

underwent both chemotherapy and radiotherapy and clinical outcomes were evaluated, 

it was determined that patients with hypoxic tumors as identified by 60Cu-ATSM had 

significantly worse outcomes than the more oxygenated tumors. Patients also were 

imaged with the commonly used commercial imaging agent F-18 fluorodeoxyglucose 

(FDG), and it was determined that FDG signal did not significantly correlate with 60Cu-

ATSM uptake, negating any potential use of FDG as a proxy for hypoxia imaging. 

 While much of the research using Cu-ATSM agents has focused on hypoxia 

imaging, there has been exploratory work in assessing 64Cu-ATSM as a radiotherapy 

agent. Preliminary work administering the agent to hamsters with human colon cancer 

xenographs showed significant increases in survival compared to untreated controls 

[39]. In this study 64Cu-ATSM was administered in either a single large dose or multiple 

smaller doses and survival was similar for both treatment regimens.  

 

CHO DNA Repair Variants 

To characterize cell death in response to 64Cu-ATSM treatment and determine 

the effective LET of the 64Cu-ATSM agent, a system of two CHO DNA repair cell lines 
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was used: normal DNA repair (10B2) and a DNA repair deficient (xrs-5). While the 10B2 

line is normal in its NHEJ repair capabilities, the xrs-5 line has a dysfunctional Ku-80 

protein involved in recognizing and binding broken DNA ends produced by DSBs in the 

NHEJ repair mechanism (Figure 13). For higher order eukaryotic cells NHEJ is the 

major DNA repair mechanism, repairing virtually all DSBs in G0/G1and M cell cycle 

phases and the vast majority of DSBs in S and G2 phases. Cell killing is considered to 

result from unrepaired or misrepaired DSBs resulting in inability to separate genetic 

material equally at metaphase (dicentic chromosomes, acentric chromosome 

fragments), so an NHEJ mutant such as xrs-5 is sensitive to DSBs caused by IR. 

 

Figure 13: Specific to the cell model used is the DNA repair inefficiency of xrs-5 due to 

mutant Ku-80 [40]. Ku-80 binds DNA DSBs and serves to recruit other repair proteins in 

non-homologous end joining (NHEJ). 

 

 Mutant Ku-80 protein in xrs-5 is a product of a gene analogous to the human 

xrcc5 gene [41]. In eukaryotic cells with a functioning NHEJ system, Ku-80 forms a 
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heterodimer structure with Ku-70 and binds to DNA DSB ends. The bound Ku-70/80 

heterodimer recruits DNA-PKcs and activates it as a kinase. Various other proteins are 

then recruited, and ultimately allow for a functional DNA-PK to form and act joining the 

ends of a DSB. Without a fully functional Ku-80 in CHO cells, their ability to repair DSBs 

is greatly reduced. This is significant to the extent that human cells defunct of fully 

functional Ku-80 are not viable, resulting in embryonic lethality [42]. 

 The ability to determine DNA DSB induction and repair dynamics for these cells 

is evidenced using the γH2AX foci assay [43]. When DNA DSBs are produced a histone 

variant, H2AX, near the site is always phosphorylated. This phosphorylation creates the 

γH2AX form of the histone which plays a role in recruiting proteins to the DSB site which 

function in DNA repair. When the DNA DSB is repaired its adjacent γH2AX is 

dephosphorylated to its original form. By utilizing florescent antibodies specific to 

γH2AX, dynamics of DSB induction and subsequent repair can be observed using 

florescent microscopy.  

 The significant differences between 10B2 and xrs-5 cells in their DSB repair 

capabilities are evident when these cells are irradiated with various LETs of radiation 

[44]. Mutant xrs-5 cells are less capable of repairing DSBs produced by identical doses 

of various LETs of radiation, whereas 10B2 cells have improved survival for a given 

dose of low LET radiation. The reason for this difference is both low and high LET 

radiation produce the same amount of DNA damage (DSBs and single strand breaks 

(SSBs)) at a given dose. For high LET radiation, DSBs are produced in DNA closer 

together, creating more damage in the region of a track, while low LET radiation more 

evenly distributes DNA damage in the DNA. This concentration of DSBs produced in a 
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track region by higher LET radiation makes the DNA more difficult to repair and is 

termed complex DNA damage [45, 46]. The same dose of a lower LET radiation 

produces less complex or more evenly distributed DNA damage, allowing 10B2 cells to 

utilize their DNA repair capabilities to more efficiently repair genetic damage and 

survive. 

 Based on this concept of similar survival of xrs-5 and variant survival of 10B2 

cells to various LETs of radiation, a relative LET of an unknown radiation can be 

determined. This is important to identify for cells treated with 64Cu-ATSM. 

 

Radiation Sources 

Various radiations were used to compile standard survival curves for comparison 

with 64Cu-ATSM. Radiations ranging from low to high LET were used (Table 2).   

 Irradiation using a low LET 137Cs (30.17 year half-life) gamma source was 

performed at Colorado State University (CSU). A second low LET irradiation was 

performed using a cyclotron accelerated proton source at the National Institute of 

Radiological Science (NIRS) (Chiba, Japan). A carbon spread out Bragg peak (SOBP) 

and iron beam at the Heavy Ion Medical Accelerator (HIMAC) at the NIRS were also 

used. While the proton and iron beams accelerate ions to a single energy, the carbon 

SOBP accelerates ions to varied energies, or may modulate a single energy beam with 

varied degrees of shielding. By using different ion beam energies and weighting each 

individual energy accordingly, an extended depth where the dose or equivalent dose is 

approximately equal can be created [22]. This extended depth of approximately equal 

radiation dose is useful in clinical settings. 
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Table 2: Standard Radiations Used 

Source LET (keV/μm) 
137

Cs 
0.2 

Proton 1 
Carbon SOBP ≈70 

Iron 200 

 

Research Hypothesis & Objectives 

 Tumors containing hypoxic tissue are significant for their poor clinical outcomes, 

occurrence in human cancers, and difficulty to treat using various cancer therapy 

modalities.  While many strategies have been pursued to increase tumor oxygenation or 

modify cellular biochemistry, altering the radiation used to treat hypoxic tumor tissue 

more effectively is an approach worth further exploration. The 64Cu-ATSM agent 

provides useful high LET Auger electron radiation and delivers the 64Cu radioisotope 

preferentially to hypoxic tissue, characteristics descriptive of a radiotherapy agent. 

 This research seeks to determine whether the effective cell killing action of 64Cu-

ATSM is due to high LET Auger electrons useful for hypoxic tumor tissue irradiation..  

This was evidenced by evaluating cell survival curves from colony formation assays of 

64Cu-ATSM and comparing them to cell survival curves of standard, known LET 

radiations using two cell lines with unique DNA repair capabilities. Chromosomal 

aberration and γH2AX foci formation assays were also performed add additional 

information regarding DNA damage potentially indicative of high LET radiation. Lastly, 

64Cu-ATSM uptake experiments were performed using various cell lines under three     

–oxic conditions with the aim of finding potential candidates ideally suited for either 

64Cu-ATSM imaging or radiotherapy applications. We presumed the effective radiation 
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for cell killing and DNA damage was Auger electrons and expected experimental results 

to support this assertion. Based on the experimental results, we are be able to consider 

whether 64Cu-ATSM provides biological evidence for further research and consideration 

as a radiotherapy agent. 
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MATERIALS & METHODS 
 

Cell Culture 

10B2 cells were graciously supplied by Dr. Joel Bedford (Colorado State 

University, Fort Collins, CO) and xrs-5 cells were utilized courtesy of Dr. Larry 

Thompson (Lawrence Livermore National Laboratory, Livermore, CA) [47, 48]. Cell 

cultures were maintained in a media of Eagle’s Minimal Essential Medium Alpha (MEM-

α) (Gibco, Indianapolis, IN) augmented with 10% heat deactivated fetal bovine serum 

(FBS, Sigma, St. Louis, MO), 1% Pen Strep antimicrobial (5,000 U/mL, Gibco), and 

0.1% Fungizone antimycotic (Gibco). Cultures were grown and maintained in continual 

log phase growth by passaging prior to cell confluence. Standard normoxic atmospheric 

conditions of 5% CO2 at 37°C were used for cell line maintenance.   

Hypoxia was achieved at 37°C by incubating cell culture inside AnaeroPack 2.5L 

Rectangular Jar (Mitsubishi Gas Chemical Company, Tokyo, Japan) tissue culture 

boxes (hypoxic chamber) with the addition of one AnaeroPack-Anaero (Mitsubishi Gas 

Chemical Company) packet inside a 37°C incubator. The AnaeroPack-Anaero sachet 

serves as an oxygen absorber and CO2 generator. Per the manufacturer, atmospheric 

dynamics inside the hypoxic chamber include reduction of the partial pressure of 

oxygen from approx. 20% to less than 0.1% within about two hours, while CO2 

concentration increases from approx. 0% to 16% or more within an hour (Figure 14). 

These conditions of hypoxia provide a model for cells transitioning into severe hypoxia, 

and in this short timeframe would be most similar to that of acute hypoxia onset. 

Oxygen depletion was verified using RT Anaero-Indicator pills (Mitsubishi Gas Chemical 



21 
 

Company). Anoxic culture conditions at 37°C were reached by injecting N2 generated by 

an X-Stream 2000 nitrogen generator (Rigaku, The Woodlands, TX) into a 37°C 

incubator. 

 

 

Figure 14: Gas composition dynamics of AnaeroPack-Anaero system used for hypoxia 

incubation (Adapted from Mitsubishi Gas Chemical Company). 

 

64Cu-ATSM Radiolabeling 

64Cu was produced by the University of Wisconsin-Madison Cyclotron Research 

Group in the Department of Medical Physics by a 64Ni(p,n)64Cu reaction using 

previously published methods[36] (Figure 15). Shipments of 64Cu in 0.1M HCl solution 

were received at the nuclear medicine laboratory at the CSU Flint Animal Cancer 

Center.  
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Figure 15: 64Cu production using proton irradiation of a 64Ni target. As produced by the 

University of Wisconsin-Madison, 11.4 MeV cyclotron accelerated protons irradiate a 

64Ni enriched target.  

The 64Cu solution was then checked for its activity using an Atomlab 500 (Biodex, 

Shirly, NY) dose calibrator. ATSM was provided courtesy of Dr. Takako Furukawa from 

the NIRS (Chiba, Japan) and synthesized as previously reported [49]. Conjugation of 

64Cu-ATSM was performed by first adding equal volumes of 64 Cu (in 0.1M HCl) and 

4:1:5 1M Glycine, 1N NaOH, and deionized H20 solution (producing volume A). Next, A 

volume of 1mM ATSM-dimethyl sulfoxide (DMSO) was added (producing volume B). 

Finally, B volume of 2% Na-Ascorbate was added and the solution was maintained at 

room temperature for 20 minutes allowing for Cu-ATSM conjugation. After checking 

activity, the 64Cu solution was centrifuged and mass was assessed. The solution volume 

was calculated by subtracting the mass of a tare vial and using the density 0.1M HCl 

(1g/mL). An equal volume of 4:1:5 1M Glycine, 1N NaOH, and deionized H20 solution 

was added to the volume of 64Cu and HCl solution.  

Radiolabeling efficiency of 64Cu-ATSM was determined using thin layer 

chromatography (TLC). A small volume/activity of 64Cu-ATSM solution was added to the 

bottom of a TLC plate. Using ethyl acetate (Mallinckrodt Baker, Phillipsburg, NJ) as an 

organic carrier, all bound 64Cu-ATSM was carried in the mobile phase while unbound 

64Cu remained in the stationary phase. After the solvent traveled approx. 80% of the 

TLC plate length the plate was removed from the solvent. Activity on approx. the bottom 

quarter of the TLC plate was measured in the dose calibrator as that of unbound 64Cu, 
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while that on the top three-quarters was measured and evaluated as bound 64Cu-ATSM. 

Radiolabeling efficiency was determined to be 93.1% (s.d. ± 4.7%, n=8). A more 

detailed radiolabeling protocol is described in Appendix A.  

 

Colony Formation Assay 

10B2 and xrs-5 assays were processed similarly for gamma, proton, carbon, and 

iron irradiations. Gamma irradiation at a dose rate of 2.5 Gy/min was performed at CSU 

using a Model Mark I-68A (SS0056) 222 TBq (6,000 Ci) 137Cesium sealed source model 

(J.L. Shepherd, Carlsbad, CA) under standard room conditions. Hadron irradiation was 

performed using facilities at the NIRS (Chiba, Japan) in standard room conditions. 

Carbon ions were accelerated to 290 million electron volts per nucleon (MeV/n) and iron 

ions to 500 MeV/n using the HIMAC synchrotron. Protons were accelerated to 70 MeV/n 

using the NIRS-930 cyclotron delivery port in C-8. Dose rates for carbon, iron, and 

protons were set at 1 Gy/min. Cells were asynchronously dividing prior to irradiation. 

Post irradiation, cells were seeded into 60 mm cell culture dishes (Greiner Bio-One, 

Monroe, North Carolina) at numbers correlated to expected survival (i.e. more were 

cells seeded when cells were irradiated with a higher dose). Cells were incubated for 

seven days in normoxic conditions allowing survivors to replicate. Cells were then 

washed with 0.9% (w/v) NaCl solution, fixed with 100% ethanol, and stained with 0.1% 

crystal violet (Wako, Tokyo, Japan). Colonies were counted and those with approx. 50 

or more cells were counted as survivors. Doses required for 90% cell kill (D10) were 

established by fitting survival curves of 10B2 with a linear quadratic function and those 

of xrs-5 with a linear function (Figure 16). The linear-quadratic function is generally used 

to model survival for cell cultures exposed to low LET radiations and/or capable of 
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adequate DSB repair. A linear function is generally used to model cultures exposed to 

high LET radiation and/or unable to repair DSBs. 

         

    (      ) 

Figure 16: The linear (top) and linear-quadratic (bottom) cell survival functions. 

For 64Cu-ATSM studies,10B2 and xrs-5 cells were maintained in log phase 

growth before being plated into T12.5 tissue culture flasks (BD Biosciences, Franklin 

Lakes, NJ) three hours prior to 64Cu-ATSM experiments to allow adhesion to culture 

flasks. One hour prior to addition of 64Cu-ATSM, cells in the survival experiments were 

pretreated under anoxic conditions in a manner similar to previous studies [50]. Once 

anoxic preparation was complete, various levels of 64Cu-ATSM activity were added and 

well mixed into cell culture medium. Cells were then incubated in hypoxic conditions for 

three hours to allow cellular uptake and for the hypoxic chamber to reach minimal 

oxygen concentration. After three hours all cells were transferred to normoxic conditions 

and incubated for seven days. Colonies were stained with crystal violet solution as 

previously described and those with approx. 50 cells or greater were scored as 

survivors. Each experiment using a determined activity was performed at least three 

times. 

 

γH2AX Foci Formation Assay 

10B2 and xrs-5 cell lines were synchronized on chamber slides in the G0/G1 

phase by mitotic shake off. Following 64Cu-ATSM incubation, cells were fixed for 15 

minutes in 4 % paraformaldehyde, phosphate buffered saline (PBS) washed three times 
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(10 minutes each), permeabilized for 5 min in 0.2% Triton X-100 (Sigma, St Louis, MO) 

PBS  solution, and blocked overnight at 48°C in 10% goat serum PBS solution. Cells 

were then incubated with anti-c-H2AX mouse monoclonal antibody (Millipore, Billerica, 

MA) for 1 hour, PBS washed three times (10 minutes each), and incubated for 1 hour at 

37°C with secondary antibody Alexa Fluor-conjugated goat anti-mouse (Invitrogen, 

Grand Island, NY). Cells were then PBS washed four times (10 minutes each) and 

mounted with ProLong Gold Antifade Reagent with DAPI (Invitrogen). Fluorescence 

images were captured using a Zeiss Axioskop motorized z-stage fluorescent 

microscope (Olympus, Tokyo, Japan). One-micron thick z-stack images were obtained 

by Metamorph 7 (Molecular Devices, Sunnyvale, CA) software. Three independent 

experiments were performed. Manual counting was performed for foci analysis.   

 

Chromosomal Aberration Assay 

10B2 and xrs-5 cell lines were synchronized on well plate slides in the G0/G1 

phase by mitotic shake off. Cells were then incubated under normoxic conditions for two 

hours before 64Cu-ATSM and 0.1 μg/mL Colcemid (Invitrogen) was added to arrest cells 

in metaphase. After these additions, cells were incubated for three hours under hypoxic 

conditions and then for 12-16 hours under normoxic conditions. Cells were then treated 

with hypotonic solution (75 mM KCl) for 20 min at 37°C and fixed with methanol: acetic 

acid (3:1) solution for three cycles before being dropped onto slides. Samples were 

stained with 5% (v/v) Giemsa solution in Gurr (Wako). At least 50 metaphase cells were 

scored in three separate experiments. Chromosomal aberrations were quantified and 

classified as various chromosome and chromatid type aberrations. 
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64Cu-ATSM Uptake 

Incorporation of 64Cu into cells was determined using liquid scintillation counting 

(LSC). LSC is a radiation detection/counting technique traditionally used for measuring 

low activity, beta-emitting radionuclides, and/or radioactivity in liquid form. Liquid 

samples containing 64Cu were mixed with LSC cocktail containing solvent molecules 

and chemical scintillators. When a radionuclide decays in the LSC mixture, energy is 

absorbed by solvent molecules. This excites the solvent molecules, which then are able 

to transfer energy to the scintillators. These scintillators become excited, and once they 

transition back to a ground state a photon in the visible spectra is emitted in the 

solution. Photomultiplier tubes surround the sample and detect photons emitted. When 

standardized and calibrated properly, LSC instruments are able to count photons 

emitted from a sample, and these counts can be converted to the activity of the sample 

(Figure 17).  

 

Figure 17: A liquid scintillation counter (LSC) works by energy absorbed in the LSC 

cocktail being detected as light.  
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 10B2 and xrs-5 cells were plated at approx. 200,000 cells per 60 mm cell culture 

dish (Greiner Bio-One) in 4 mL of media three hours prior to experiments. Cells to be 

incubated with 64Cu-ATSM in hypoxic and anoxic conditions were pretreated in anoxic 

conditions one hour prior to addition of activity.  185,000 Bq (5 μCi) of 64Cu-ATSM was 

then added and mixed into cell cultures before three hours of incubation under the three 

–oxic conditions. After incubation, media was emptied into 20 mL glass LSC vials 

containing 5 mL Ultima Gold liquid scintillation cocktail (vial) (PerkinElmer, Waltham, 

MA). Cells were then washed with 4 mL PBS and emptied into a separate vial. Cells 

were then trypsinized with 1 mL Trypsin-EDTA (Hyclone, ThermoFisher, Waltham, MA) 

and added with 3 mL PBS to a vial. Activity present in trypsin was assumed to solely 

result from cellular incorporation of 64Cu. Vials were shaken and counted on a Beckman 

LS-5801 liquid scintillation counter (Beckman Coulter, Brea, CA) using the full channel 

window. Quench differences between the vial compositions were accounted for to 

determine relative activity in the media, PBS, and trypsin containing vials.  
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RESULTS 
 

Colony Formation Assay 

Survival curves for 10B2 cells showed separation when irradiated with radiations 

of varied known LETs while those of xrs-5 cells dig not differ significantly with LET 

(Figure 18).  D10 values for 10B2 ranged from 1.83 to 6.37 Gy while values for xrs-5 

deviated very little from 1.00 to 1.18 Gy (iron and gamma irradiation, respectively) 

(Table 3). Ratios of D10 doses (10B2/xrs-5) were evaluated and used as a relative 

metric for the LET of the radiation with lower ratios, closer to the carbon SOBP or iron, 

indicating higher LET. Survival curves for cells exposed to 64Cu-ATSM showed a D10 

ratio just higher than that of the carbon SOBP (Figure 19).  

 

Figure 18: Survival curves of 10B2 and xrs-5 cells exposed to radiations of varying 

LETs. Gamma irradiation was performed under hypoxic conditions, while proton, carbon 

SOBP, and iron irradiation were performed in standard room conditions. 
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Figure 19: Linear survival curves of both 10B2 and xrs-5 cells exposed to 64Cu-ATSM 

and incubated in hypoxia. Activity of 64Cu added was used on the x-axis. 

Table 3: D10 Doses and Ratios for Colony Formation Assay 

Radiation D10: 10B2 D10: xrs-5 10B2/xrs-5 D10 Ratio 

Gamma 6.37 Gy 1.18 Gy 5.40 

Proton 5.47 Gy 1.16 Gy 4.72 

Carbon 3.55 Gy 1.05 Gy 3.38 

Iron 1.83 Gy 1.00 Gy 1.83 

64Cu-ATSM 15.62 MBq 4.51 MBq 3.46 

 

γH2AX Foci Formation Assay 

Cells were incubated with 64Cu-ATSM under hypoxic conditions, stained, imaged, 

and counted for γH2AX foci as a DNA DSB marker. Each point of cell type and activity 

on Figure 20 was the average of at least three foci analysis of 50 or more cells, and 
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error bars represent the standard error of the mean.  Background foci levels, as 

determined by a linear fit [51], were 9.9 and 23.9 foci per cell for 10B2 and xrs-5 cells, 

respectively. The increase in foci per cell per MBq was calculated as 0.9 and 1.8 for 

10B2 and xrs-5 cells, respectively.   

 

 

Figure 20: Foci response of cells incubated with varied activities normalized to 

background. Points are the mean of three plus experiments while the error bars 

represent standard error of the mean. 
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Figure 21: Foci images of 10B2 cells in control conditions (left) and high activity, 11.1 

MBq (right). 

  

Figure 22: Foci images for xrs-5 cells in control conditions (left) and high activity, 11.1 

MBq (right). 

 

Chromosomal Aberration Assay 

Chromosomes of 10B2 and xrs-5 cells were stained and counted for both 

chromosome (from G0/G1 phase damage) and chromatid (from S/G2 phase damage) 

type aberrations (Figures 23 & 24). At least 50 metaphases spreads were counted for 

each condition listed. Cells exhibited both types of aberrations, indicating DNA damage 

which occurred both before and after DNA was replicated, although cells were initially 
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synchronous in the G1 phase [8]. 10B2 cells exhibited general increases in chromatid 

type aberrations (gaps, breaks, isochromatid deletion, and exchanges) with increasing 

activity, while chromosome aberrations (acentric rings, terminal deletions, centric rings, 

and dicentrics) showed an activity response for dicentric and acentric rings (Table 4). 

 Chromatid aberrations for xrs-5 cells were significantly greater for than 10B2 

cells at similar activities while the presence of chromosome type aberrations were 

similar (Table 5). Significantly, the damage to chromosomes observed in the two 

highest activity experiments yielded metaphase spreads with damage extensive enough 

to prohibit chromosome aberration qualification and quantification. 

 Both cell types showed complex chromosomal aberrations. Though not directly 

quantified, these are typically combinations of three of more chromosomes and consist 

of multiple chromosomal aberrations [52]. They are typically associated with high LET 

radiation [53]. 

  

 

Figure 23: Control 10B2 metaphase spread (left), metaphase spread of cells exposed to 

11.1 MBq (right). The spread on the right displays a clear centric ring and dicentric. 
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Table 4: 10B2 Chromosomal Aberrations 

10B2 
 

Chromatid Aberrations Chromosome Aberrations 

 
Dose Gap Break Iso Exc 

Acentric 
ring 

Tem 
del 

Cent 
ring 

Dicentric 

 
control 0.033 0.0067 0.0033 0 0.013 0.0067 0 0 

 
1.1 MBq 
(30 μCi) 

0.05 0.03 0.023 0 0.033 0.0033 0.0067 0.01 

 
3.7 MBq 
(100 μCi) 

0.11 0.17 0.11 0.13 0.067 0.017 0.017 0.0067 

 
11.1 MBq 
(300 μCi) 

0.14 0.32 0.16 0.17 0.063 0.003 0.0097 0.033 

 

 

  

Figure 24: Control xrs-5 metaphase spread (left) and representative spread of 

chromosomes for xrs-5 cells in 11.1 MBq experiement (right). Damage was extensive 

enough to prohibit evaluation of definative chromosomal aberrations for two high activity 

experiments. 
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Table 5: xrs-5 Chromosomal Aberrations 

xrs-5 
 

Chromatid Aberrations Chromosome Aberrations 

 
Dose Gap Break Iso Exc 

Acentric 
ring 

Tem 
del 

Cent 
ring 

Dicentric 

 
control 0.23 0.12 0.13 0.021 0.017 0 0.0055 0.016 

 
1.1 MBq 
(30 μCi) 

0.58 0.96 0.19 0.27 0.01 0 0.016 0.005 

 
3.7 MBq 
(100 μCi) 

N/A N/A N/A N/A N/A N/A N/A N/A 

 
11.1 MBq 
(300 μCi) 

N/A N/A N/A N/A N/A N/A N/A N/A 

Table 5: Chromosome aberrations of various types for xrs-5 cells incubated with 64Cu-

ATSM. 

 

64Cu-ATSM Uptake 

Twenty seven cell lines were evaluated for uptake of 64Cu activity in all three        

-oxic conditions (Figure 25). Cells of CHO and human origin have been typed as to their 

origin (Table 6), while the majority of canine origins have been identified (Table 7). 

Human and CHO cells showed similar 64Cu uptake under all three –oxic conditions. 

Canine normal cells generally showed slightly higher uptake in the anoxic conditions, 

while canine cancer cells showed significantly higher uptake in the hypoxic state than 

the other two states. The metric of Bq/cell was utilized to account for differences in cell 

number between cell lines when they were plated. Because this assay was used to gain 

general understanding of uptake characteristics of cell lines and not determine 

statistically significant differences, statistical hypothesis tests were not performed. 
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Figure 25: Uptake of 64Cu into various cells when incubated for three hours under 

anoxic, hypoxic, and normoxic conditions. Error bars represent standard error of the 

mean. 
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Table 6: CHO & Human Cell Lines for Uptake 

CHO Type Human 
Normal 

Type Human 
Cancer 

Type 

10B2 Wild-type GM8429 Fibroblast A549 Lung Adenocarcinoma 
xrs-5 NHEJ 

mutant 
GM2149 Fibroblast MCF7 Breast Adenocarcinoma 

    OVG1 Ovarian Carcinoma 
    RKO Colon Carcinoma 

    SaOS-2 Osteosarcoma 
    SCC61 Head & Neck Squamous  

Cell Carcinoma 
    SQ20B Head & Neck Squamous Cell 

Carcinoma 
    U2OS Osteosarcoma 
    U87MG Glioblastoma 

 

Table 7: Canine Cell Lines for Uptake 

Canine Normal Type Canine 
Cancer 

Type 

Dog 1 Fibroblast Abrams Osteosarcoma 
Dog 2 Fibroblast Bailey N/A 

  CMT27 Mammary 
Adenocarcinoma 

  CTAC Thyroid 
Adenocarcinoma 

  D17 Osteosarcoma 
  D22 Osteosarcoma 
  Gracie Osteosarcoma 
  Grey Osteosarcoma 
  MacKinley Osteosarcoma 
  Moresco Osteosarcoma 
  Vogel Osteosarcoma 
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DISCUSSION 
 

Colony Formation Assay 

Colony formation results indicate cell kill from 64Cu is due to high LET radiation 

as the D10 ratio of 64Cu-ATSM and carbon SOBP experiments were similar. Though the 

absolute values of the D10’s do not provide a definitive value of the LET of the radiation, 

these results do provide a relative scale upon which to consider the LET of a radiation 

when the two CHO cell lines were exposed to the same dose or activity. More refined 

quantification of 64Cu-ATSM’s relative LET would be difficult to attain in a biological 

setting because LET is definitively a physical parameter. Only by modeling how cells 

are killed relative to this physical parameter was an estimate of LET attained here. By 

using this strategy to model how the two CHO cell lines behave in response to varied 

LET radiations, the LET of 64Cu conjugated with ATSM is roughly estimated to lie 

between that of the proton and carbon SOBP radiations used, approx. 1 and 70 

respectively. Given the LET of Auger electrons is estimated to be between 3 and 25 

keV/μm [54], the D10 ratios support the prominent role of high LET Auger electrons in 

cell killing, as all other emissions of 64Cu display low LET. In addition to the D10 ratio 

indicating high LET radiation causing cell death, cell survival curve fitting of 64Cu-ATSM 

experiments also signified high LET radiation damage. Fitting the 10B2 64Cu-ATSM 

survival curve using a linear fit was more representative of the data than a linear-

quadratic fit. Hypoxic conditions (as used for 64Cu-ATSM) would typically skew a 

survival curve to be more linear-quadratic, high LET radiation make survival curves 

more linear compared with a low LET radiation [8], and DNA repair proficient cell lines 

typically have linear-quadratic survival curves. These characteristics of the linear 10B2 
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64Cu-ATSM survival curve fit make it appear more likely high LET radiation was 

damaging the 64Cu-ATSM incubated cells. 

Because the D10 of 64Cu-ATSM is compared to standard radiations, it is 

worthwhile to mention procedural differences in colony formation experiments between 

standard radiations and 64Cu-ATSM experiments. While 64Cu-ATSM experiments were 

performed in hypoxia, those of the standard radiations were performed in standard room 

temperature conditions. This difference was mandated due to limitations prohibiting 

irradiation of cells at the NIRS facilities with proton, carbon SOBP, and iron under 

hypoxic conditions, while 137Cs irradiation was performed in standard room conditions to 

maintain consistency with the other standard irradiations. Specifically, cell flask targets 

and dosimetry was not available for irradiating cells in hypoxic chambers (or other 

methods to achieve hypoxia) at the NIRS. This difference in –oxic conditions during 

irradiation may have had a more significant effect on the lower LET irradiations (137Cs 

and protons) but less effect on the higher LET radiations (carbon SOBP, iron). This 

effect would be manifested due to a high oxygen enhancement ratio (OER) in colony 

formation assays for low LET radiations [8, 55]. Because the D10 ratio of 64Cu-ATSM 

experiments were close to those of carbon SOBP, indicating high LET and a low OER, 

this experimental difference was not considered significant for interpreting results. 

 Another variance between the colony formation assays for the standard 

radiations and that of 64Cu-ATSM was the duration of irradiation. While the period of 

irradiation for the standard radiations were of short duration, irradiation of 64Cu exposed 

cells occurred during the full week of colony formation experiments. Long term 

irradiation of cells by 64Cu likely resulted in different DNA DSB repair dynamics than the 
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short term standard irradiations [8]. Although this difference might suggest more DNA 

repair would be possible in the case of 64Cu incubated cells, especially because of the 

potential for dose delivery at a lower rate [56], the dosimetry of the 64Cu irradiation 

conditions are not well enough known to be conclusive. Since the 64Cu nuclide can 

deliver large radiation doses close to the nucleus if it decays close to the nucleus with 

Auger emissions [50, 57] it would be difficult to ascertain the dose rate of 64Cu-ATSM 

during these experiments.  

 

γH2AX Foci Formation Assay 

Quantitative results of the γH2AX experiments showed a linear increase in foci 

formation for both CHO cell lines, with a more rapid increase in the NHEJ mutant xrs-5 

cell line. This was an expected result, as the mutant cell line is not as effectively able to 

repair DSBs produced by increasing 64Cu activity as the normal line. Background levels 

of γH2AX  were observed higher than previously reported [58, 59]. While this may be 

due to personnel counting discrepancies, more likely explanations are incubation in 

hypoxia and close to 64Cu-ATSM γH2AX experiments likely increased DNA DSBs of 

controls. Incubation of cells in hypoxia creates biological stress producing DSBs [60], 

and incubation of controls in a high radiation background would also raise background 

levels of γH2AX for both cell lines. 

 A high degree of variability, as indicated by standard errors of the mean for both 

cell lines, was observed in γH2AX foci analysis. Highly and lightly damaged cells, such 

as those seen in Figure 21, 11.1 MBq represent such variation. Highly damaged cells 

were presumed to result from cells being fixed and stained in S phase or cells having 
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heterogeneously higher 64Cu uptake. In S phase, DNA damage and DSBs intrinsically 

occur due to mechanisms of DNA replication, and staining cells in this phase shows 

damage from the DNA replication process. Cells thought to be stained in S phase had 

less distinct foci than other cells, but were still counter in order to take into account all 

variability in foci or DNA damage expression. Other cells with higher uptake often had 

more definitive foci than the S phase cells, but still showed extensive damage. Opposed 

to these highly damaged cells were cells that showed little damage relative to other cells 

in the same experimental conditions. Low 64Cu uptake or poor cellular staining was 

thought to explain γH2AX staining in these cells. That γH2AX images of single cells 

displaying great heterogeneity in quantity of foci under the same experimental 

conditions indicates other factors than oxygen status play a role in the extent Cu-ATSM 

is able to incorporate into damage cells. 

In addition to the quantitative results, a qualitative observation was made that 

many 64Cu-ATSM incubated cells, both 10B2 and xrs-5, had what appeared to be large 

and intense foci regions. These were thought to be multiple clustered γH2AX foci, 

potentially resulting from an Auger cascade. To evaluate this further, a formal 

comparison between traditional gamma irradiation and 64Cu-ATSM treatment to further 

elucidate how sizes of foci differ may provide more definitive data showing that these 

large foci are indeed clusters of individual foci. 

 

Chromosomal Aberration Assay 

The results of the chromosome aberration studies showed complex DNA 

damage when CHO cell lines were incubated with 64Cu-ATSM. This was most readily 
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apparent in the xrs-5 experiments. The low activity xrs-5 experiments yielded 

quantifiable chromosomal damage, while high activity experiments resulted in damage 

extending to the point of unrecognizable aberrations. No activity response for 

chromosome type aberrations in xrs-5 were observed as only one experiment (1.1 MBq) 

with 64Cu-ATSM was quantifiable. The chromatid type aberrations seen in both xrs-5 

and 10B2 cells indicate that though cells were synchronized in G0/G1 phase some went 

past the G2 phase. This may have occurred by damaged cells bypassing a G1 DNA 

damage checkpoint [61] or more likely occurred when cells were able to cycle past the 

G1 phase relatively undamaged only to be damaged in S or G2 phases. Increased 

occurrence of chromatid type aberrations with activity for both cell lines and increased 

chromosome type aberrations in 10B2 cells are consistent with normal dose response 

(i.e. more damage at higher doses). Chromosome type aberrations are acutely lethal 

[8], which would not allow them to increase as readily as chromatid type damage with 

increasing dose. 

Both 10B2 and xrs-5 cells also showed complex chromosome aberrations. These 

are typically observed with high LET radiation [45, 46, 53]. Because colony formation 

assays were the main focus of this research and chromosomal aberrations provided 

supplementary DNA damage information complete analysis of complex chromosomal 

rearrangements were not performed. The presence of complex DNA damage does 

serve to indicate high LET Auger electrons do play a role in chromosomal damage, but 

more extensive analysis would be needed to quantify these complex chromosomal 

rearrangements.  
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64Cu-ATSM Uptake 

For uptake experiments the convention of Bq per cell was utilized to control for 

variation in number of cells plated between cell lines. In these experiments it was 

surprising to see similar uptake in all –oxic conditions for human cells, as previous 

reports have shown noticeably higher uptake in hypoxic or anoxic conditions in vitro [33, 

62]. One reason for the similar uptake between –oxic conditions for most cell lines is the 

lack of a driving –oxic gradient in vitro. In vivo Cu-ATSM has a preference to unload in 

hypoxic tissue relative to normoxic tissue or oxygenated blood. In our experimental 

setup that –gradient did not exist, as the oxygen level in cell culture media changed      

–oxic levels at the same rate cells did, allowing no oxygen gradient making it 

preferential for Cu-ATSM to dissociate inside cells. This theory does not explain why 

previous studies in vitro showed higher uptake in hypoxic conditions, but results of 

higher uptake in cancerous canine cell lines under hypoxic conditions shows some cell 

lines do uptake better in hypoxia. The noticeably higher uptake in hypoxic canine cancer 

cell experiments was also unanticipated. Many of the cancerous canine cell line were 

osteosarcomas, but the human osteosarcoma cell lines displayed low 64Cu uptake. 

Although 64Cu-ATSM imaging experiments have been performed using canine models 

[63, 64] the observation of increased uptake in hypoxic canine cancer cells, experiments 

typically performed in vitro, has not been observed.  

Because physical oxygen concentration does not explain the higher uptake in 

canine cancer cell lines under hypoxia, an explanation likely lies in unique biological 

characteristics of these cell lines. Cu-ATSM is known to be reduced by the electron 

transport chain of mitochondria [29, 65], so potential distinctive traits of cancerous 
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canine electron transport chains may result in this difference.  Though Cu-ATSM is 

generally thought to cross cellular membranes easily due to its lipophilicity there may be 

Cu transporter mechanisms in these cell lines with increased Cu uptake in hypoxia 

allowing them to incorporate more Cu [62].  

 

Future Directions 

 While the colony formation assay results provide strong support for Auger 

electrons causing cell death, and chromosomal aberration and γH2AX results provide 

auxiliary evidence, additional studies would prove beneficial in further understanding 

how dose is deposited in hypoxic cells. One such method  to assay presence of 64Cu 

activity in cells after incubation under various –oxic conditions would be 

autoradiography [66]. Using this technique positron, beta, and gamma emissions from 

64Cu inside cells would be readily detectable and provide evidence of subcellular 

radionuclide localization [67]. While evidence is presently available on subcellular 64Cu 

localization using Cu-ATSM [50, 68], performing autoradiography with numerous cell 

lines would be useful for comparing uptake results from this experiment to an alternative 

assay. This type of experiment would also be useful for evaluating uptake heterogeneity 

between cells. Autoradiography could be applied to either in vitro or in vivo experiments 

using a tumor cross section [69]. 

 Much of this research was performed considering the activity of 64Cu-ATSM used 

in experiments, but estimating dose to cells would be a valuable and complementary 

avenue of research. On a cellular level, dose estimation would be difficult analytically 

because of the various radiations emitted by 64Cu, but Monte Carlo methods would be 
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an fitting approach for dose estimation [70]. Using subcellular 64Cu concentration and 

cellular uptake data [50, 68], decay of subcellular 64Cu could be simulated and energy 

deposition  in various regions of the cell, most importantly the nucleus, could be 

estimated. 

 In addition to Cu-ATSM preferentially localizing to hypoxic tumor regions, the 

agent may also serve the purpose of localizing to cancer stem cells, as these are 

hypothesized to be located in hypoxic regions [71, 72]. Cancer stem cells in hypoxic 

regions are thought to occur due to HIF expression in hypoxic regions. HIFs are 

transcription factors which promote altered gene expression in hypoxia, and some of 

these gene alterations are associated with cell renewal and  variable differentiation 

capabilities [72]. Due to this association between hypoxia and cancer stem cells, 

research evaluating how Cu-ATSM may uptake or damage these cells, as defined by 

specific cell surface markers [73, 74], would be intriguing.  
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CONCLUSIONS 
 

Tumors containing hypoxic tissue regions are resistant to many cancer therapy 

modalities. It was thought Auger electrons would be predominant in cell killing and DNA 

damage, and experiments were designed to test this theory and provide other results 

worthwhile for considering radiotherapy applications with 64Cu-ATSM. By evaluating the 

64Cu-ATSM agent in cell culture, various characteristics have been observed that 

provide evidence for DNA and cell damaging effects which may prove useful for nuclide 

radiotherapy. Cell survival using a CHO model system showed the effective radiation in 

the 64Cu-ATSM agent kills cells in a high LET manner, which would be useful for 

damaging hypoxic tumor cells. Both chromosome aberration assays and γH2AX foci 

formation assays showed the 64Cu-ATSM agent capable of damaging chromosomes in 

a complex manner and creating DSBs, potentially in a clustered way indicative of highly 

localized energy deposition from Auger electron cascades. Uptake results indicate CHO 

and human cell lines incorporate 64Cu-ATSM similarly in various –oxic states. 

Cancerous canine cell lines, many of which were osteosarcomas, displayed higher 

uptake than other cell lines and had generally higher uptake in hypoxia. These 

experimental results indicate use of 64Cu-ATSM in radiotherapy of tumor hypoxia to be 

viable from a biological perspective. Further study both in vitro and in vivo to more 

readily define optimal and effective use of 64Cu-ATSM for radiotherapy is warranted. 
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APPENDIX A 

RADIOLABELING PROTOCOL 

Before starting: 

Unfreeze ATSM-DMSO 

Have (pipettes, vials, and liquids) autoclaved/sterile filtered prior to preparation. 

Have balance and centrifuge ready.  

Change Gloves at <<<<<>>>>>>  to minimize possibility of contamination. 

1) Evaluate activity of the Cu-64 vial. 

2) Evaluate volume of (Cu-64, HCl) in vial.  

a. Zero balance using identical tare vial prior to arrival of active Cu-64. 

b. Handle active vial using long handled tongs to minimize dose.  

c. Spin down active vial (capped) briefly in centrifuge to collect liquid at the 

bottom.  

d. Measure mass of active vial on balance. 

e. Assume density of HCl Cu-64 to be the same as water (1g/mL). Calculate 

the volume inside the vial. 

3) All following procedure occur inside of hot lab hood. 

4) Volume of Cu-64 solution is now known to be (A). Add equal volume (A) of 4:1:5 

1M Glycine: 1N NaOH: dI H20. Now have 2A(B) volume mixture. 

5) Add equal volume (B) 1 mM ATSM-DMSO (unfreeze before starting). Now have 

solution of 2B(C) volume. 

6) Add equal volume (C) 2% Na-Ascorbate. Now have mixture of 2C(D) volume. 
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7) Mix by pipetting up and down gently. Wait 20 minutes.  <<<<<>>>>>> 

a. Prepare Sep-Pak by rinsing with 5 mL EtOH 10 mL DI water 10 mL 

air blowout. 

b. Prep 0.22 micron filter by washing with 5 mL EtOH. 

i. All liquid from both washes may be disregarded/eliminated. 

8) Extract full (D) volume from dish with 5 mL syringe with attached needle. 

a. Cap and remove needle, discard into Rad. Waste needle bin in hood. 

9) Pass Cu-ATSM through Sep-Pak and collect eluate 

a. Evaluate the eluate for activity (should be few % of total activity) 

<<<<<>>>>>> 

10) Rinse Sep-pak with 5 mL DI water twice, collect DI eluate. 

a. Check activity of DI water. Should be almost nothing. <<<<<>>>>>> 

b. Discard into liquid waste container after activity check. 

11) Attach Sep-Pak to 0.22 micron filter. Rinse Sep-Pak of Cu-ATSM using 500 uL 

EtOH then 4.5 mL sterile saline into designated sterile vial/dish capable of 

holding approx. 6 mL. All liquid must be reachable by syringe w/needle used for 

injection. 

a. Do TLC to check Cu-64 is bound to ATSM. 

i. Draw line approx. 1-2 cm above bottom of TLC plate. Dot with 2 uL 

of solution. Wait for solution to draw up TLC approx. 10 minutes. 

ii. Cut TLC in half at distance between bottom and organic limit. 

Evaluate each half of TLC to determine activity and efficiency of 

binding. 
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12) Check activity of 5 mL solution in vial. Withdraw desired amount of activity for 

injection. 

13) Express excess air in syringe. 

a. Have Kim-Wipe(s) around needle tip to collect any expressed liquid. 

b. With air expressed, cap needle. 

c. Wipe the syringe with Kim-wipe, check for activity. <<<<<>>>>>> 

d. Check syringe activity 
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LIST OF ABBREVIATIONS 
 

10B2   DNA repair wild-type CHO cell line 

CHO   Chinese hamster ovary 

CSU   Colorado State University 

CT   computed tomography 

Cu-ATSM  Cu-diacetyl-bis(N4-methylthiosemicarbazone) 

DAPI   4',6-diamidino-2-phenylindole 

DMSO  dimethyl sulfoxide 

DNA   deoxyribose nucleic acid 

DSB   double strand break 

EBRT   external beam radiotherapy 

EC   electron capture 

FBS   fetal bovine serum 

FDG   F-18 fluorodeoxyglucose 

HIF-1   hypoxia-inducible factor 1 

HIMAC  Heavy Ion Medical Accelerator in Chiba 

IR   ionizing radiation 

LET   linear energy transfer 

MEM-α  minimal essential medium alpha 

NHEJ   non-homologous end joining 

NIRS   National Institute of Radiological Science 

OER   oxygen enhancement ratio 

PBS   phosphate buffered saline 
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PET   positron emission tomography 

SOBP   spread out Bragg peak 

TLC   thin layer chromatography 

xrs-5   NHEJ mutant CHO cell line 

Z   atomic number 

 

 


