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ABSTRACT 

Uranium has been mined for many years and used for fuel for nuclear reactors and 

materials for atomic weapons, ammunition, and armor. While the radioactivity associated 

with uranium mining has been linked to the development of lung and kidney cancers, and 

leukemia, little is known about the direct chemical genotoxicity of uranium. The overall 

hypothesis of the current research is that uranium can produce DNA damage by chemical 

genotoxicity mechanisms.  

Three specific aims were tested. In Aim 1, specific DNA lesions caused by direct 

interaction of uranium and DNA were investigated. Chinese Hamster Ovary cells (CHO) 

with mutations in various DNA repair pathways were exposed to 0 – 300 µM of soluble 

depleted uranium (DU) as uranyl acetate (UA) for 0 – 48 hr. Results indicate that UA 

readily enters CHO cells, with the highest concentration localizing in the nucleus. 

Clonogenics assay shows that UA is cytotoxic in each cell line with the greatest 

cytotoxicity in the base excision repair deficient EM9 cells and the nuclear excision 

repair deficient UV5 cells compared to the non-homologous end joining deficient V3.3 

cells and the parental AA8 cells after 48 hr.  This indicates that UA is forming DNA 

adducts that may be producing single strand breaks through hydrolysis rather than double 

strand breaks in CHO cells.  Fast Micromethod® results indicate an increased amount of 

single strand breaks in the EM9 cells after 48 hr UA exposure compared to the V3.3 and 

AA8 cells.  

In Aim 2, the role of oxidative stress in producing DNA lesions was determined. 

Cellular oxidative stress has been implicated in the genotoxicity of many heavy metals as 
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a mechanism of induced DNA damage. To investigate this possible mechanism, human 

bronchial epithelial cells (16HBE14o-) were exposed to 30 ppb (0.13 µM U) UA for 2 – 

24 hr. UA did not significantly induce oxidative stress compared to untreated cells at 3 – 

4 hr time points. These results suggest that cellular oxidative stress is not a major 

pathway of DU genotoxicity at low concentrations. 

In Aim 3, DNA damage response to uranium-induced DNA damage was 

investigated. It has been widely reported that metals can be genotoxic by inhibiting DNA 

repair. Cultured cells were co-exposed to 0.13 µM UA in the presence of 0 – 25 µM of 

etoposide for 0 – 48 hr. Results indicate that UA inhibited double strand break repair. Co-

exposures of etoposide and UA synergistically induced cytotoxicity compared to 

individual treatments and untreated cells. Co-exposed UA and etoposide treated 

16HBE14o- cells exhibited a decrease in phosphorylation of DNA repair proteins 

compared to etoposide treatments. Untreated and UA-treated 16HBE14o- cells did not 

induce phosphorylation of DNA repair proteins. These results suggest that DU inhibits 

double strand break DNA repair at low concentrations in the presence of a known DNA 

double-strand damaging agent, etoposide. The inhibition of DNA repair by DU at 

environmentally relevant concentrations suggests a novel means by which uranium may 

exert its genotoxic effects. Results found at low dose exposures are not consistent with 

alterations seen with radioactivity, suggesting that the effects of uranium at low doses are 

due to its chemical genotoxic effects. Understanding how uranium reacts with DNA is 

important to better understand how this suspected carcinogen induces cancer and to help 

to elucidate mechanisms that produce cancers in people exposed to uranium. 
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CHAPTER I: 

INTRODUCTION 

 

1.1. URANIUM AND DEPLETED URANIUM 

Uranium (U) was discovered in 1789 by the German chemist Martin Heinrich 

Klaproth (1743–1817) and named after the planet Uranus. It is a member of the actinide 

series and has 16 different isotopes, with 238U (99.27%) being the most abundant isotope.  

The 235U (0.72%), and 234U (0.006%) isotopes also occur naturally in minute amounts. 

Uranium has the oxidation states of 6+, 5+, 4+, 3+ and 0, with hexavalent and tetravalent 

uranium being the most stable.  The molecular geometry of the uranyl ion is mostly found 

in the linear form, O═U═O2+ with a charge depending upon ligand coordination (Bullock 

1969).  It occurs with a typical natural abundance, 2 – 4 ppm is found in seawater, soil 

and minerals in the hexavalent oxidation state (Keith, Faroon et al. 2007). The four 

corners region (Arizona, Colorado, New Mexico, and Utah) has the highest 

concentrations of uranium in the United States (Keith, Faroon et al. 2007). Uranium is a 

radioactive element. As uranium decays, it emits mostly alpha particles as well as beta 

particles and gamma radiation. Thereafter, it undergoes a transformation series of radium 

and radon until it reaches a stable, non-radioactive isotope of lead (Craft, Abu-Qare et al. 

2004). The half-lives of 238U, 235U, and 234U are 4.47 × 109, 7.04 × 108, and 2.46 × 105 

years, with the radioactivities of 1.25 × 104, 8.0 × 104, and 2.31 × 106 Bq/g, respectively 

(Bleise, Danesi et al. 2003).   

The enrichment process of uranium is used to increase the amount of 234U and 
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235U isotopes and decrease the amount of 238U in natural uranium. The product of this 

process is called enriched uranium and the leftover product is depleted uranium (DU). 

Enriched uranium is more radioactive than natural uranium, and natural uranium is more 

radioactive than depleted uranium (Craft, Abu-Qare et al. 2004). Although the 235U and 

234U isotopes comprise less than 1% of naturally occurring uranium, 235U and 234U is 

responsible for most of the radioactivity in enriched uranium (Bleise, Danesi et al. 2003). 

DU differs from natural and enriched uranium in that depleted uranium has relatively 

lower concentrations of 235U (<0.7%) and 234U, thereby reducing the radioactivity to 60% 

of that compared to naturally occurring uranium (Bleise, Danesi et al. 2003).   

Enriched uranium is used in the commercial nuclear power industry as fissionable 

fuel for nuclear reactors, U.S. Navy ships and nuclear weapons. Based on uranium’s high 

metal density, depleted uranium is used in the manufacture of armor-piercing ammunition 

and tank armor for the military, counterbalances for helicopter rotors, as counterweights 

for aircraft control surfaces, as well as radiation shielding material, and x-ray targets 

(Priest 2001; Bleise, Danesi et al. 2003; Marshall 2008). Minor historical uses of 

uranium include: incandescent lamps used in photography and motion picture projectors, 

stains and dyes for colored glazes in ceramics.  

During the 1940s, much of the uranium mined in the United States originated 

from the Colorado plateau and the four corners area in the southwest. Nearly four (4) 

million tons of uranium ore was extracted from 1944 – 1986 (Affairs, Agency et al. 2008). 

Since the demise of the mining boom, many of the uranium mines were abandoned and 

the processing tailings were left behind for innocent bystanders to be exposed to the 
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waste.  It has been estimated that more than 1000 uranium mine shafts were once 

operational (Brugge and Goble 2002). After the uranium mining boom, over 500 

abandoned uranium mines (AUMs), four inactive uranium milling sites and a former 

dump site are located throughout the Navajo reservation as shown in Figure 1 (Affairs, 

Agency et al. 2008).  
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Figure 1. Abandoned uranium mine locations on the Navajo Nation. The red dots 
indicate a location of an abandoned uranium mine. The dashed black circle indicates 
the location of two (2) U.S. EPA Superfund sites. (Agency, Program et al. 2007)  
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A few of the Navajo people unknowingly constructed traditional homes with the 

abandoned tailings and used slabs as construction materials for shelter for their families. 

Due to various tribal and federal government entities involved specifically on the Navajo 

Nation, substantive jurisdictional issues has complicated the regulation, assessment, and 

reclamation of the numerous abandoned uranium mines.  The Navajo Nation brought 

these concerns to national attention at a Congressional hearing involving EPA, DOE and 

BIA on November 4, 1993. During this hearing, EPA personnel provided testimony about 

its federal authority under Superfund Law and offered to assist the Navajo Nation. The 

U.S. Environmental Protection Agency (EPA) initiated a study in 1994 aimed at 

assessing human exposure to radiation and heavy metals from every known abandoned 

uranium mine (AUM) on the Navajo Nation through the Superfund Program. Although 

remedial actions are currently underway in two (2) specific locations, the Northeast 

Church Rock mine site and the Tuba City dump site, other AUM sites are currently not 

considered for remediation. The Hazard Ranking System administered by the U.S. EPA 

has failed to highly prioritize the abandon mines due to the low population densities in 

the affected communities (deLemos, Brugge et al. 2009).  

Navajo Nation EPA (Navajo EPA) estimates that up to 30% of the population on 

the Navajo Nation is not served by a public water system, therefore residents of these 

homes either haul water from unregulated water sources, such as livestock wells, springs, 

or private wells, or from regulated watering points (Affairs, Agency et al. 2008). On the 

Navajo reservation, significantly high levels of uranium have been found in local water 

(non-potable) reserves as shown in Table 1 (Agency, Program et al. 2007). Interestingly, 
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of the sites tested, 36% of the water sources have been shown to exceed the current 

drinking water standards for arsenic (< 10 ppb), uranium (< 30 ppb), and other metals 

(Agency, Program et al. 2007). Despite the high uranium levels, more than 50% of 

residents in affected communities continue to utilize unregulated water sources for 

consumption, livestock and farming needs (deLemos, Brugge et al. 2009). 
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Table 1. Water samples with elevated uranium concentrations throughout the Navajo 
Nation. The EPA Maximum Contaminant Level (MCL) for uranium is 30 micrograms 
per liter (µg/L) or 20 pico-curies per liter (pCi/L) (Agency, Program et al. 2007). MCL 
is the maximum permissible level of a contaminant in water delivered to users of a 
public water system. Water samples from the following locations were sampled for 
234U, 235U and 238U and the summed total values were greater than 20 pCi/L. The 
highlighted areas indicate sites that have well over 100 pCi/L of uranium in the water 
sources. 
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The Radiation Exposure Compensation Act (RECA) was passed in 1990 to 

compensate many individuals with various cancers and ailments that were deemed to 

have occurred as a result of their exposure to radiation released during above ground 

nuclear weapons tests or during employment in underground uranium mines. This act 

also acknowledges responsibility of the United States government for the mistreatment of 

thousands of uranium miners. However, RECA does not compensate the environmentally 

exposed families nor does it assist with medical expenses for individuals living near 

abandoned mines or tailings. This is due, in part, to the lack of research on the chemical 

genotoxicity of uranium that may occur at lower levels of exposure. As of March 21, 

2001, about 40% of the uranium miners have applied for compensation (Brugge and 

Goble 2002). 

 

1.2. OCCUPATIONAL AND ENVIRONMENTAL EXPOSURE TO URANIUM 

 Exposure to uranium from environmental and occupational sources in the mining 

industry and military has been linked to lung cancer through uranium’s radioactive decay 

product, radon daughters (Wagoner, Archer et al. 1964; Wagoner, Archer et al. 1965; 

Samet, Kutvirt et al. 1984).  However, the possible chemical carcinogenicity of uranium 

has not been ruled out.  There is an increased concern over environmental exposure to 

abandoned uranium mine tailings.  The tailings may be linked to birth defects, stillbirths, 

and other adverse outcomes, which may be occurring among pregnant Navajo women in 

Shiprock, New Mexico (who were living near the tailings or worked in the mines) 

(Shields, Wiese et al. 1992).  Two other studies observed an increased mortality rate from 
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pancreatic, stomach, colon, and prostate cancers (Mason, Fraumeni et al. 1972), and an 

increase in incidences of gastric cancer in New Mexico, in association with the high 

deposits of uranium or tailings (Wilkinson 1985).  These types of malignant neoplasms 

are unassociated with exposure to ionizing radiation, but the possible chemical 

genotoxicity of uranium was not considered by any of the authors. Interestingly, in 1990-

1991, the Indian Health Service (IHS), Navajo Nation Environmental Protection Agency 

(NNEPA) and the U.S. EPA undertook an indoor radon survey of homes on or near the 

Navajo reservation normally occupied year-round.  Ninety two percent (92%) of the 

sampled homes had levels below the U.S. EPA recommended guideline of 4 pCi/L in 

spite of surface soils rich in natural uranium (McSwain 2007).  

 During the 1991 Gulf war, over 321 tons of depleted uranium was utilized in 

military action (Bleise, Danesi et al. 2003).  Occupational exposure to DU was a result of 

friendly fire incidents that resulted in embedded DU fragments or inhalation of 

aerosolized DU particulates (Marshall 2008). Like any other heavy metal, many research 

groups are investigating the effects of DU on target organs (i.e. kidney, central nervous 

system, and reproductive system) (Craft, Abu-Qare et al. 2004).   McDiarmid et al. have 

investigated the possible adverse health effects from humans exposed to embedded DU 

shrapnel in exposed 1991 Gulf war veterans (McDiarmid, Keogh et al. 2000; McDiarmid, 

Engelhardt et al. 2004; McDiarmid, Engelhardt et al. 2009).  The outcome of the seven, 

ten, and sixteen year follow-up studies indicated significant elevated levels of urinary 

uranium excretion in DU exposed veterans with embedded metal shrapnel compared to 

non-fragment DU exposed veterans and non-DU exposed Gulf war veterans (McDiarmid, 
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Keogh et al. 2000; McDiarmid, Engelhardt et al. 2004; McDiarmid, Engelhardt et al. 

2009).  Chromosomal aberrations and hprt mutation frequencies were significantly higher 

in the high uranium group compared to low and non-exposed uranium groups 

(McDiarmid, Engelhardt et al. 2004).  However, no evidence of renal dysfunction, an 

expected outcome from uranium exposure (ATSDR 1999) was observed with elevated 

uranium excretion rates and with few other clinically significant DU-related health 

effects (McDiarmid, Engelhardt et al. 2004; Marshall 2008; McDiarmid, Engelhardt et 

al. 2009).  

 The currently available epidemiological studies that investigate populations 

exposed to uranium or mine tailings have been performed in other communities rather 

than Native American communities (Pinney, Freyberg et al. 2003; J.D. Boice, Mumma et 

al. 2007; Schubauer-Berigan, Daniels et al. 2009; J.D. Boice, Mumma et al. 2010).  The 

observed increases in lung cancer mortality rates were attributed to co-exposures of radon 

exposure and/or many other non-radiologic toxic substances from uranium mining and 

smoking, especially in men. The studies did not observe a significant increase in total 

cancer mortality rates (J.D. Boice, Mumma et al. 2007; Schubauer-Berigan, Daniels et al. 

2009; J.D. Boice, Mumma et al. 2010), however significant elevations of bladder and 

kidney disease were observed (Pinney, Freyberg et al. 2003). Unfortunately, the studies 

do not consider how long the participants have been living in the selected areas or 

consider investigating cancer incidences rather than mortality rates. 
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1.3. URANIUM TOXICOLOGICAL EFFECTS 

Uranium can potentially have both chemical and radioactive properties that 

contribute to adverse health effects by more than one mechanism. Internalized alpha (α)-

particle emitting radionuclides are considered a Group I carcinogen and exposure is 

generally assumed to be carcinogenic at all dose levels, despite that no correlation has 

been established at low doses from exposure to natural radiation background levels 

(IARC 2001). The Agency for Toxic Substances and Disease Registry (ATSDR) has 

concluded that natural uranium and depleted uranium are essentially chemical toxicants 

by the inhalation, ingestion, and dermal routes (ATSDR 1999). The biological effects of 

α-radionuclides have been shown to be toxic in various organs such as bone, kidney, 

liver, brain, lung, intestine, and in the reproductive system (McClain, Benson et al. 2001; 

Houpert, Lestaevel et al. 2005; Dublineau, Grandcolas et al. 2007; Grignard, Gueguen 

et al. 2008). The potential for adverse non-cancerous radiological health effects from 

uranium is dependent on energy and intensity of the radiation, solubility, routes of entry, 

distribution, and clearance (ATSDR 1999; Craft, Abu-Qare et al. 2004; Brugge, deLemos 

et al. 2005). The rate of absorption of uranium compounds deposited in the respiratory 

tract varies with solubility of the uranium compound (ATSDR 1999). Water-soluble 

uranyl compounds are absorbed more readily than less soluble oxides. Absorbed uranium 

appears to distribute initially to kidney, liver, and other soft tissues (Craft, Abu-Qare et 

al. 2004). Most of the uranium entering the kidney and soft tissue is lost over a period of 

days, but a small amount is retained for years. Uranium is lost from bone in multiple 

phases having half-lives of days, months, and years (Brugge, deLemos et al. 2005; 
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Marshall 2008). As a result, the major depot for uranium is the bone within months or 

years after exposure ceases (Brugge, deLemos et al. 2005). Uranium is not known to be 

metabolized (ATSDR 1999). The uranyl ion forms complexes with bicarbonate, citrate, 

and other soluble anionic species, and binds to proteins in tissue and plasma. Absorbed 

uranium is excreted primarily in urine (Craft, Abu-Qare et al. 2004).  

 Renal toxicity has been the hallmark effect of uranium exposure. Clinical case 

studies indicate that uranium can produce nephrotoxic effects in humans (ATSDR 1999). 

Epidemiological studies have found indications of possible nephrotoxicity (i.e. tubular 

proteinuria, aminoaciduria, glucosuria, and enzymuria) in uranium mill workers and in 

populations exposed to uranium in well water (Thun, Baker et al. 1985; Russell, Kathren 

et al. 1996; ATSDR 1999). McDiarmid et al. reported alterations in a variety of renal 

function parameters such as: serum creatinine, β2-microglobulin, retinol binding protein, 

serum uric acid, urine creatinine, and urine protein in the 1991 Gulf War I Veterans 

surveillance studies (McDiarmid, Keogh et al. 2000; McDiarmid, Engelhardt et al. 2004; 

McDiarmid, Engelhardt et al. 2009). In experimental animals, uranium-induced 

nephrotoxicity includes: decreased glomerular filtration rate, proteinuria, impairment of 

tubular function, and tubular injury (Nomiyama and Foulkes 1968; Flamenbaum, McNeil 

et al. 1972; Griswold and McIntosh 1973; Leggett 1989). 

 Bone is considered a critical organ for the concentration of many uranium 

compounds (ATSDR 1999). The presence of uranium can interfere with the initial 

deposition of calcium in the bone matrix or with bone remodeling (Guglielmotti, Ubios et 

al. 1984). Ubios et al. observed that acute exposures to DU inhibited periodontal cortical 
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bone formation in rats within 14 days after a single injection of uranyl nitrate (UNO3) 

(Ubios, Guglielmotti et al. 1991). Rats implanted intramuscularly with DU pellets had 

significantly greater concentrations of DU in bone compared to control rats (Diaz-

Sylvester, Lopez et al. 2002). Diaz-Sylvester et al. also observed significant differences in 

histology, body weights, and bone growth and concluded that the bone is a primary 

reservoir for intramuscularly embedded DU fragments. Chronic exposure to uranium has 

been associated with decreased bone formation and increased bone resorption (Diaz-

Sylvester, Lopez et al. 2002).   

 Respiratory diseases have been associated with human exposure to uranium dust in 

uranium miners, millers, and processors. Epidemiological studies have concluded that 

although uranium mining clearly elevates the risk for nonmalignant respiratory disease, 

the etiology of the excess risk is not clearly identifiable due to the co-exposure to known 

respiratory tract toxicants such as: inhalable dust particles, silica, nickel oxide, cobalt 

oxide, radon daughters, and vanadium (Samet, Kutvirt et al. 1984; Brugge and Goble 

2002). In occupationally exposed uranium miners, most of the uranium-containing dust 

inhaled during the mining process does not penetrate the lungs (Kreuzer, Grosche et al. 

1999; Pinkerton, Bloom et al. 2004). Most of the larger uranium particles are deposited in 

the upper respiratory tract, while particles smaller than 10 µm in diameter are deposited 

in the bronchi and alveoli. Although no adverse health effects were observed in uranium 

miners exposed to up to 9000–10,000 µg natural uranium/m3 (Polednak and Frome 

1982), animal studies have shown that exposure to uranium may induce severe nasal 

congestion and hemorrhaging, lung fibrosis, and edema/swelling (Stradling, Stather et al. 
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1989; Morris, Khanna et al. 1990; Morris, Barker et al. 1992). It has been proposed that 

inflammation from the deposition of insoluble particulates in the lung may contribute to 

insoluble uranium-induced lung disease.  

 

1.4. CARCINOGENIC MECHANISMS OF URANIUM 

Human and animal studies have not drawn any association between uranium 

exposure by normal routes and cancer of any type. There are limited human studies 

investigating the carcinogenic potential of depleted uranium. However, some genotoxic 

effects have been noted. A significant increase in the incidence of chromosomal 

aberrations was observed in non-smoking nuclear fuel facility workers exposed to various 

uranyl compounds (Prabhavathi, Padmavathi et al. 2003). Wolf et al. also noted a 

significant increase in chromosomal aberrations in a group of uranium and coal miners 

compared to a non-mining group (Wolf, Arndt et al. 2004). The distinctions between the 

chemical or radiological effects were not determined. An increase of cervical carcinomas 

in Yugoslavia (Papathanasiou, Gianoulis et al. 2005) and in micronuclei formation has 

been observed in populations exposed to DU in the Bosnia/Herzegovina region (Ibrulj, 

Krunic-Haveric et al. 2004). There is limited information available assessing the long-

term carcinogenic risks associated with embedded DU fragments. McDiarmid et al. 

(2009) did not find significant differences in the percent of peripheral blood lymphocytes 

with chromosomal aberrations or sister chromatid exchanges (SCEs) obtained from Gulf 

War veterans who had embedded DU-containing fragments during the 16 year follow-up 

study.  
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Although uranium-associated cancers have not been identified in humans, 

exposure to enriched uranium may present a radiological health hazard due to the 

increased amount of the 235U and 234U isotopes. Significant neoplastic transformation 

frequency in human osteoblast cells were observed after exposure to enriched 235U-uranyl 

nitrate (specific activity 2.2 µCi.g-1) compared to 238U-uranyl nitrate (specific activity 

0.33 µCi.g-1) and DU-uranyl nitrate (specific activity 0.44 µCi.g-1) (Miller, Xu et al. 

2002). In a similar study, mouse embryo fibroblast cells were exposed to 12%-235U 

enriched uranium and compared to 0.3%-235U DU (Darolles, Broggio et al. 2010). 

Darolles et al. observed that enriched uranium induced significant clastogenic effects 

(centromere-negative micronuclei) compared to DU, which induced significant aneugenic 

effects (centromere-positive micronuclei). Evidence from animal studies suggests that 

high radiation doses associated with large intakes of 235U-enriched uranium compounds 

induced wide spread lung disease (Stevens, Bruenger et al. 1980; Morris, Khanna et al. 

1990). The potential for human exposure to 235U-enriched or other high specific-activity 

uranium is limited due to strict regulations of these compounds by the U.S. Department 

of Energy (DOE).  

 

1.5. CHEMICAL CARCINOGENIC MECHANISMS OF URANIUM 

 Non-radiological genotoxic effects have been seen in in vitro experiments at low 

DU concentrations. Hu et al. (1990) observed chromosomal aberrations (i.e. breaks, gaps, 

and polyploids) in BALB/c mice that were injected with increasing concentrations of 

uranyl fluoride (0.05 – 1 µg/testis) (Hu and Zhu 1990). In an effort to determine the 
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harmful effects of both chemical and radioactive properties, Lin et al. observed 

micronuclei, chromosomal aberrations, and sister-chromatid exchanges in Chinese 

hamster ovary (CHO) cells that were exposed to 10 – 300 µM uranyl nitrate (Lin, Wu et 

al. 1993). The authors concluded that the damage observed was attributed to the chemical 

toxicity of the uranium due to the lack of alpha particles detected by a Geiger or 

scintillation counter.  Miller et al. measured the transformation of human osteosarcoma 

TE85 cells by a depleted uranium complex with a microdosimetric assessment and 

computer simulation (Miller, Blakely et al. 1998). Miller observed an increase in 

transformed cells, and sister-chromatid exchanges in cells treated with 10 µM of uranyl 

chloride.  The calculated amount of alpha particles that hit the cell nuclei was 0.0014%, 

ruling out possible radiological effects in the damaged cells. Yazzie et al. observed that 

the reactions between uranyl acetate and ascorbic acid induced a significantly higher 

amount of DNA damage in plasmid DNA than in reactions with uranyl acetate or 

ascorbic acid alone (Yazzie, Gamble et al. 2003). This suggested a chemical rather than a 

radiological effect because combinations of uranyl acetate and ascorbic acid would not 

alter uranium’s half lives for decay. Particulate uranium compounds have been shown to 

induce significant cytotoxicity, clastogenic effects and neoplastic transformation in 

human lung epithelial cells (Wise, Thompson et al. 2007; Xie, LaCerte et al. 2009; 

LaCerte, Xie et al. 2010; Xie, LaCerte et al. 2010).  

 Although DU has been shown to induce DNA damage, the mechanism of DNA 

damage is unclear. It has been postulated that uranium can induce DNA damage by more 

than one mechanism as observed with other toxic metals. Cellular oxidative stress has 
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been implicated in the genotoxicity of many heavy metals (Leonard, Bower et al. 2004). 

Studies have shown that depleted uranium can induce oxidative stress in vitro in human 

osteoblasts cells and rat lung cells at high lethal concentrations ranging from 0.5 µM – 

1.0 mM (Miller, Stewart et al. 2002; Periyakaruppan, Kumar et al. 2007; Tasat, Orona 

et al. 2007; Thiebault, Carriere et al. 2007). Uranium is postulated to generate reactive 

oxygen species (ROS) through a Fenton-like reaction. This free radical mechanism is 

described in which a reducing agent in the presence of dioxygen promotes the catalytic 

cycling of uranium between U(VI) and U(IV) with the liberation of H2O2. Reaction of 

H2O2 with U(IV) may generate the DNA-damaging hydroxyl radical (Khan and Martell 

1969; Yazzie, Gamble et al. 2003) as shown in Figure 2.   
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Figure 2. Indirect mechanism for uranium-induced DNA strand breaks. (Yazzie, 
Gamble et al. 2003) Briefly, the catalytic cycling of the uranyl ion in the presence of 
a reducing agent, ascorbic acid, generates the production of hydroxyl radicals.  
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Previous studies have also shown that the uranyl ion (UO2
2+) is known to bind 

strongly to various nucleotides (Wu, Cheng et al. 1996) and DNA to form a DU-

phosphodiester moiety in the minor grooves of DNA (Constantinescu and Hatieganu 

1974; Nielsen, Jeppesen et al. 1988; Nielsen, Hiort et al. 1992). Wu et al. (1996) has also 

shown that one uranyl ion is able to displace either two protons or two sodium ions 

(Na2+) to bind to two phosphates of the DNA phosphate backbone. DNA hydrolysis has 

been previously shown to be induced by actinide (Moss, Bracken et al. 1997) and 

lanthanide metals (Franklin 2001). In the DU-mediated DNA hydrolysis, it is proposed 

that a uranyl ion-complex directly interacts with the negatively charged DNA phosphate 

backbone. This interaction causes a withdrawal of electron density, stabilizing the DU-

phosophodiester moiety, thereby activating the substrate to nucleophilic attack by water 

or hydroxyl anion, resulting in DNA hydrolysis (Moss, Bracken et al. 1997; Yazzie, 

Gamble et al. 2003) as illustrated in Figure 3.  
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Figure 3. Direct mechanism for uranium-induced DNA strand breaks. (Yazzie, 
Gamble et al. 2003) 
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1.6. GAPS IN CURRENT URANIUM LITERATURE 

It has been suggested that the chemical and radiological toxicity may be additive 

or may potentiate in some instances. In these instances, this dual mode of uranium 

toxicity may not be distinguishable by end point because of the overlap of etiology and 

manifested effects. The mechanism of this interaction is as yet unclear. The overall 

hypothesis of the current research is that uranium can produce DNA damage by 

chemical genotoxicity mechanisms.  

The first specific aim of this study was to characterize the specific DNA lesions 

caused by direct interaction of uranium and DNA. While DU has been shown to cause 

DNA damage, there is a lack of systematic identification of the types of DNA lesions 

caused by uranium. It is clear that additional research is needed to determine the specific 

types of lesions induced by uranium and to investigate the subsequent cellular responses 

to DNA damage to better understand the mechanisms of uranium-induced genotoxicity.  

The second specific aim of this study was to determine if depleted uranium can 

generate an oxidative stress response at lower, environmentally relevant concentrations. 

Cellular oxidative stress has been implicated in the genotoxicity of many heavy metals as 

a mechanism of induced DNA damage. The specific mechanism of DNA damage is 

unclear following exposure to depleted uranium. Free radical generation has been 

proposed as an indirect mechanism of uranium induced DNA damage, however it is 

unknown if oxidative stress occurs at low concentrations. 

The third specific aim of this study was to investigate the DNA damage 

response to uranium induced DNA damage. It has been widely reported that metals can 
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be genotoxic by inhibiting DNA repair. At low, non-carcinogenic concentrations, Cd(II) 

has been shown to inhibit DNA repair systems such as BER and NER and enhance 

mutagenicity of other DNA damaging agents at biologically relevant concentrations 

(Hartwig, Asmuss et al. 2002; Giaginis, Gatzidou et al. 2006). In the few studies that 

have investigated the effects of uranium on DNA repair, Au et al. utilized chromosomal 

biomarkers obtained from blood lymphocytes collected in populations residing near 

uranium mining activities in Texas to determine if environmental toxicants can induce 

DNA repair deficiency (Au, Lane et al. 1995; Au, Wilkinson et al. 1996). The population 

residing for 10+ years near uranium mining operations had a higher mean frequency of 

cells with chromosome aberrations and deletion frequency compared to the control 

reference groups, but was not statistically significant. The collected lymphocytes from 

both groups were then challenged by exposure to gamma radiation. Interestingly, the 

target population from the uranium mining operations had a significantly higher increase 

in frequency of chromosomal aberrations and deletion frequency compared to the control 

reference group, indicating an abnormal DNA repair response (Au, Lane et al. 1995). 

Other toxic metals (i.e. Cd2+, Co2+, Cu2+, Fe2+, Ni2+, Pb2+) are known to inhibit DNA 

binding proteins by displacing zinc ions (Zn2+) in zinc finger proteins (ZFPs) (Hartsock, 

Cohen et al. 2007). Zinc finger proteins have many functions including: DNA 

recognition, transcriptional activation, apoptosis, protein folding and assembly, and 

activation of DNA repair (Laity, Lee et al. 2001). Hartsock et al. (2007) has shown that 

uranyl acetate (UA) can inhibit ZFPs, Aart and Sp1, and non-ZFPs, AP1 and NF-κB in a 

dose dependent manner in purified ZFPs. It was concluded that UA could directly interact 
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with and inhibit the function of a variety of DNA-binding metallic and non-metallic 

proteins at low concentrations (10 µM UA). The mechanism for this apparent DU-

mediated inhibition of DNA repair is unclear and requires further investigation. 

In response to damaged DNA, cells typically induce cell cycle arrest to activate 

DNA repair mechanisms to prevent further replication of altered genetic information to 

prevent mutagenesis, genomic instability, and cancer. In the very few studies that have 

investigated the potential effects of uranium on the cell cycle, Lin et al. (1993) previously 

observed that UO2
2+ is able to induce M phase cell cycle arrest at high concentrations. A 

particulate form of depleted uranium, uranyl trioxide (UO3 – 5 µg/cm2) and 800 µM of 

UA has been shown to induce G2 phase cell cycle arrest after 72 hr of exposure (Wise, 

Thompson et al. 2007). There is a lack of information on the effects of uranium on the 

cell cycle at low, environmentally relevant concentrations. 

In response to metal-induced DNA damage, cells may under go apoptosis 

(programmed cell death) as a consequence to prevent severely damaged DNA from 

further replication (Hartwig, Asmuss et al. 2002). Several studies that have investigated 

uranium-induced apoptosis are unclear. Kalinich et al. (2002) previously observed that 

J774 macrophage cells treated with 100 µM of uranyl chloride induced apoptotic cell 

death after 2 hr exposure. Thiébault et al. (2007) has also shown that uranium induces 

intrinsic-caspase dependent apoptosis in NRK-52E cells treated with 400 µM of uranium 

bicarbonate. As concentrations were further increased (600 – 700 µM U), the authors 

noted that apoptosis becomes induced by the extrinsic pathway. Contrary to these studies, 

Tasat et al. (2007) has observed that human fetal osteoblast cells treated with uranyl 
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nitrate for 24 – 48 hr, failed to show the typical morphologic features resembling those of 

apoptotic cells, such as pyknosis and nuclear fragmentation (Tasat, Orona et al. 2007). 

This conflicting evidence thus requires further study to determine if low concentrations of 

uranium are able to induce apoptosis. 

The current studies herein strongly indicate a chemical genotoxic effect; 

investigates possible DNA damaging mechanisms and inhibition of DNA repair induced 

by depleted uranium as uranyl acetate in cultured cells.  
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CHAPTER II: 

CHARACTERIZATION OF URANYL ACETATE-INDUCED DNA DAMAGE 

 IN CHINESE HAMSTER OVARY REPAIR DEFICIENT CELL LINES 

 

2.1. INTRODUCTION 

 The International Agency for Research on Cancer (IARC) classifies an internally 

deposited alpha particle emitting radionuclide such as enriched uranium as a Group 1 

carcinogen (IARC 2001). However, the IARC and the National Toxicology Program 

(NTP) currently have no carcinogenicity ratings for depleted uranium. This is currently 

under further review (Keith, Faroon et al. 2007). The use of depleted uranium in military 

action is a cause for concern, as there is an increased risk for exposure to DU from entry 

into wounds (embedded shrapnel), inhalation of dust from ammunition rounds, and 

ingestion of DU from food and water sources. Depleted uranium also poses as an 

environmental pollutant that contaminates local water reserves to populations that reside 

near the numerous abandoned mines from the mining industry. Depleted uranium has 

been shown to be mutagenic and induce transformation in cultured cells. It has been 

reported that depleted uranium can induce DNA damage (Yazzie, Gamble et al. 2003), 

hprt mutations (Stearns, Yazzie et al. 2005; Coryell and Stearns 2006; Squibb and 

McDiarmid 2006), chromosomal aberrations (Hu and Zhu 1990; Lin, Wu et al. 1993; 

Prabhavathi, Padmavathi et al. 2003; Wolf, Arndt et al. 2004), and sister-chromatid 

exchanges (Miller, Blakely et al. 1998) in human populations, mice, and various cell lines 

exposed to uranyl compounds. Uranyl acetate (UA) was previously found to produce 
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DNA strand breaks in vitro in the presence of ascorbate (Yazzie, Gamble et al. 2003). 

DNA strand breaks did not occur in the absence of ascorbate, suggesting a possible redox 

mechanism that was independent of radioactivity. A follow-up study observed that UA 

produced DNA strand breaks, uranium-DNA adducts and was mutagenic at the hprt locus 

of base excision repair-deficient Chinese hamster ovary (CHO) EM9 cells compared to 

the parental CHO AA8 line (Stearns, Yazzie et al. 2005). A separate study reported that 

alpha irradiation was no more mutagenic in the CHO EM9 line than the CHO AA8 line 

(Macfarlane, Biggs et al. 2003). Collectively, these data indicate that uranium can cause 

DNA damage by mechanisms other than radioactivity.  

 

2.2. SPECIFIC AIM 

The purpose of the current study was to characterize uranium-induced DNA 

damage. While DU has been shown to cause DNA damage, there has not been a 

systematic identification of types of DNA lesions caused by uranium. Knowing the types 

of DNA lesions will help indicate mechanisms of uranium-induced genotoxicity. It was 

hypothesized that DU in the form of uranyl acetate (UA) will localize in the nucleus and 

induce significant cytotoxicity. This was investigated using three DNA repair deficient 

CHO cell lines. The repair-deficient CHO cells showing the highest sensitivity to 

uranium will indicate the types of DNA lesions produced by uranium.  The uranium-

induced damage will be enhanced in the DNA repair-deficient CHO lines (EM9 – single 

strand break sensitive; V3.3 – double strand break sensitive; and UV5 – DNA adduct 

sensitive) compared to the parental CHO AA8 line. CHO repair deficient cells allowed 
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for the characterization for the type of DNA damage induced by uranyl acetate, as each 

cell type is sensitive to a specific type of DNA lesion. A parental cell line was used as a 

control (CHO AA8), and compared to CHO EM9 (base excision repair deficient) cell 

line, CHO UV5 (nuclear excision repair deficient) cell line, and lastly CHO V3.3 (non-

homologous end joining deficient) cell line.  

 

2.3. MATERIALS AND METHODS 

2.3.1. Reagents and Chemicals 

Depleted uranium as uranyl acetate dihydrate [6159-44-0] (UA), with a U234/U238 

activity ratio of 0.12 (Yazzie, Gamble et al. 2003), was obtained from International Bio-

Analytical Industries, Inc. (Boca Raton, FL).  

 

2.3.2. Preparation of DU compounds 

Uranyl acetate (UA) was used as a soluble DU compound. Solutions of UA were 

prepared by weighing out the desired amount of UA and dissolving it in double distilled 

water. Dilutions were made for appropriate treatment concentrations and then filter 

sterilized through a 10 ml syringe with a 0.2 µm filter. 

   

2.3.3. General Cell Culture Conditions 

Chinese Hamster Ovary (CHO) AA8, EM9, V3.3, UV5, H9T3, and 5T4-12 cell 

lines were a kind gift from Dr. Diane M. Stearns Laboratory (Northern Arizona 

University, Flagstaff, AZ) and Dr. Larry H. Thompson Laboratory (Lawrence Livermore 
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National Laboratory, Livermore CA). Table 2 and Table 3 show the types of mutant 

CHO cells utilized in this study. The cell lines included a parental cell line (AA8), cells 

with specific gene deletions that would reduce specific types of DNA repair (EM9, V3.3, 

and UV5) and cells in which deleted repair genes have been re-expressed in DNA 

deficient cell lines (H9T3 and 5T4-12). Cells were thawed from cryopreservation, 

cultured in α-MEM (Hyclone, Logan, UT) supplemented with 10% fetal bovine serum 

(Hyclone, Logan, UT), antibiotic/antimycotic (100 U/ml penicillin, 100 mg/ml 

streptomycin) (Sigma) and 1 mM glutamine (Gibco-BRL, Rockville, MD). Cells were 

maintained at 37 °C in a 5% CO2/air humidified incubator calibrated with a Fryrite 

analyzer (Bacharach Co., Pittsburgh, PA). 
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Table 2.  Mutant Chinese hamster ovary cell lines. The repair deficient cell lines have deleted  
repair genes that prevent specific DNA damage repair mechanisms. As a result, the cell  
lines are sensitive to specific types of DNA lesions.  

Cell lines:  Gene 
Deficiency:  Protein Function:  Sensitivity:  References: 

AA8 
(parental)  –  –  –   

 
EM9 

 
 

 
XRCC1 

 
 

 
Acts as scaffolding 
protein, ligation, gap 
filling (BER) 

 

 
Single 
strand 
breaks 

 
 
 

(Thompson, 
Brookman et 
al. 1990) 

 
V3.3 

 
 

 
XRCC7 

 
 

 
Non-homologous 
end joining repair 
(NHEJ); reduced 
expression of the 
DNA-PKCS 

 

 
Double 
strand 
breaks 

 
 
 

 
(Rothkamm, 
Kruger et al. 
2003) 

 
UV5 

 
 

 
ERCC2 
(XPD) 

 
 

 
NER 

 
 

 
Bulky 
adducts 

 
 

 
(Cullinane, 
Weber et al. 
1997) 
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Table 3.  Corrected Chinese hamster ovary cell lines. The repair proficient cell lines that  
re-express the human cloned genes of the mutant repair deficient cell lines. These cells have  
been shown to have full (H9T3) and partial (5T4-12) recovery of its respective DNA repair 
mechanisms. 

Cell 
lines:  

Human 
Gene 

Cloned: 
 Protein Function:  Sensitivity:  References: 

H9T3  

XRCC1 
into the 
EM9 cell 
line 
 

 
Acts as scaffolding 
protein, ligation, 
gap filling (BER) 

 –  
(Thompson, 
Brookman et al. 
1990) 

 
5T4-12 
 

 
 

ERCC2 into 
the UV5 
cell line 

 
 NER  

 –  
 

(Weber, Salazar et 
al. 1988; Cullinane, 
Weber et al. 1997) 
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2.3.4. Intracellular DU Measurements 

Inductively coupled plasma mass spectrometry (ICP-MS) was used to determine 

U concentration in the total cell (“Total Cell Fraction”) and intracellular U concentrations 

in the cytosol (“Cytosol Fraction”) and nucleus (“Nuclear Fraction”) as previously 

described (Guillemin, Becker et al. 2005). Briefly, 8 × 106 cells were seeded and allowed 

to adhere for 24 hr. Cells were then treated with UA for 0, 24 or 48 hr. After treatment, 

cells were washed three times with phosphate buffered saline (PBS) and harvested by 

trypsinization with Accutase® (Innovative Cell Technologies, San Diego, CA). Cells 

were pelleted by centrifugation at 3500 rpm in a Beckman T-23R centrifuge for 5 min 

and resuspended in 0.5 ml of CBL buffer (10 mM HEPES, 10 mM NaCl, 1 mM KH2PO4, 

5 mM NaHCO3, 5 mM EDTA, 1 mM CaCl2, 0.5 mM MgCl2) and incubated for 5 min on 

ice (4 °C). The cell suspension was homogenized by applying 50 strokes with a 

motorized homogenizer at 250 rpm. Thereafter, 50 µl of 2.5 M sucrose was added to the 

cell suspension to restore isotonic conditions and 100 µl of the cell suspension was set 

aside to determine total DU cell content (“Total Cellular Fraction”). The remaining of the 

cell suspension was centrifuged at 6,300 × g for 10 min at 4 °C. The supernatant was 

removed and set aside for further processing (supernatant 1). The remaining pellet was 

resuspended in 1 ml of TSE buffer (10 mM Tris-HCl, 300 mM sucrose, 1 mM EDTA, 

0.1% IGEPAL-CA 630 v/v, pH 7.5). The cell suspension was homogenized by applying 

30 strokes with a motorized homogenizer at 250 rpm cells and centrifuged at 4,000 × g 

for 10 min at 4 °C. The supernatant was removed and the resulting pellet was washed 

with TSE buffer. The pellet was then resuspended in 100 µl TSE buffer (“Nuclear 
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Fraction”). The supernatant 1 fraction was then centrifuged at 14,000 × g for 150 min and 

the supernatant was collected (“Cytosol Fraction”). Aliquots of the cell homogenate, 

nucleus, and cytoplasm fractions were kept for protein determination by using the 

microassay procedure, Coomassie Protein Assay Reagent Kit per instructions by 

manufacturer (Pierce Biotechnology, Rockford, IL). The colormetric intensity was 

immediately measured at an absorbance of 595 nm on a plate reader (Molecular Devices, 

Sunnyvale, CA). Protein content was expressed as micrograms per milliliter (µg/ml) 

using bovine serum albumin (BSA) as a standard.  The remainder of each fraction was 

mixed with nitric acid (1:1 v/v) and digested at room temperature for 48 hr for further 

ICP-MS (ICP-MS Agilent 7500, Agilent Technologies) analysis. Results of the 

intracellular DU contents were normalized by cellular proteins and expressed as 

micrograms of uranium per milligram protein (µg U/mg protein). 

 

2.3.5. Clonogenics Assay 

Cytotoxicity, as decreased cell survival, was determined by measuring colony 

forming ability in the CHO AA8, EM9, V3.3, UV5, H9T3, and 5T4-12 cell lines. 

Cytotoxicity measurements were carried out after incubation with DU as UA for 24 and 

48 hr.  Cells were seeded at 8 × 105 cells per 100 mm plate, allowed to adhere for over 

~20 h, and treated with sterile-filtered aqueous solutions of UA (0 – 300 µM) for 24 or 48 

hr. Upon completion of exposure, cells were trypsinized to remove the cells from the 

plates, quantified on a hemocytometer and reseeded at 200 cells per 60 mm dish in 

quadruplicate.  After 7 days, all dishes were stained with crystal violet and the colonies 
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were counted.  Cell survival was calculated as percent colonies in treated dishes relative 

to untreated controls.  Plating efficiency for each CHO cell line was: 91%, 83%, 71%, 

63%, 95%, and 79% for the CHO AA8, EM9, V3.3, UV5, H9T3, and 5T4-12 cell lines 

respectively. 

 
2.3.6. Detection of DNA Damage in CHO Cells 

The Fast Micromethod® was used to detect DNA damage (strand breaks, alkali-

labile sites and incomplete excision repair) as previously described (Batel, Jaksic et al. 

1999; Schroder, Batel et al. 2006; Ullmann, Muller et al. 2008). The Fast Micromethod® 

determines DNA integrity in cell suspensions in single microplates. PicoGreen® 

(Molecular Probes, Eugene, OR) is a fluorescence dye that binds specifically with double 

stranded DNA (dsDNA), in the presence of single strand DNA (ssDNA) and proteins. 

Following DNA denaturation in a high alkaline buffer (pH 12.40), DNA unwinding 

occurs and PicoGreen® is released. Due to the specificity of PicoGreen® to dsDNA, the 

amount of DNA double strands in a given sample is directly proportional to the intensity 

of DNA-bound PicoGreen® fluorescence. The more damaged DNA present, the more 

DNA strand breaks there are to serve as sites of DNA unwinding in the high alkaline 

solution. The unwinding of DNA releases PicoGreen® over a certain period of time 

during denaturation in an alkaline buffer (i.e. the intensity of the measured fluorescence). 

This reflects the extent of DNA damage. The specific dsDNA binding allows for the 

direct fluorometric measurements of dsDNA denaturation without sample handling and 

stepwise DNA separations compared to the single cell gel electrophoresis assay (Comet 

assay) (Bihari, Batel et al. 2002). All solutions were prepared according to Schroder et al. 
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(2006). Briefly, cells were seeded and allowed to adhere for 24 hr. Cells were then treated 

with UA for either 24 or 48 hr. After treatment, cells were washed with phosphate 

buffered saline (PBS) and harvested by trypsinization. Cells were resuspended in PBS, 

counted, and a cell concentration of 150,000 cells/ml was added to a 96-well plate.  Lysis 

solution mixed with PicoGreen® was added to each well for 40 min without mixing and 

protected from light to prevent further DNA damage. After the cells were lysed, freshly 

prepared NaOH-EDTA solution (pH 12.40 ± 0.2) was added. The fluorescence intensity 

was immediately measured at an excitation wavelength of 480 nm and an emission 

wavelength of 520 nm for 20 min in 30 sec intervals on a fluorescence plate reader 

(Molecular Devices Gemini-X fluorescence spectrophotometer, Molecular Devices, 

Sunnyvale, CA). After measuring the fluorescence, 50 µl aliquots of each cell suspension 

was transferred to a 96-well plate to determine protein content by using the microassay 

procedure, Coomassie Protein Assay Reagent Kit, per instructions by manufacturer 

(Pierce Biotechnology, Rockford, IL). Protein content was expressed as micrograms per 

milliliter (µg/ml) using bovine serum albumin (BSA) as a standard. The colormetric 

intensity was immediately measured at an absorbance of 595 nm on a plate reader 

(Molecular Devices, Sunnyvale, CA). Protein content was calculated as a function of a 

bovine serum albumin standard curve. Blank values of cell-free wells were subtracted 

from each sample value (corrected fluorescence). Thereafter, the normalized fluorescence 

was calculated by taking into account the protein content in each well as follows:  
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Corrected fluorescencesample, t = x min × 1 µg protein 
Normalized fluorescence = 

Measured protein content  (µg/well) 
 
 
Strand Scission Factor (SSF) is the parameter for DNA damage, and was calculated as 

the log10 of the ratio of the fluorescence of the sample to the untreated samples after 20 

min of unwinding.  These values were then multiplied by -1 to obtain positive values as 

shown: 

log10  Normalized fluorescencesample, t = x min SSF  = Normalized fluorescenceuntreated, t = x min 
×  (-1) 

 
 

2.3.7. Detection of Abasic Sites 

Abasic site analysis was carried out utilizing the OxiSelect Oxidative DNA 

Damage Quantitation Kit (AP Sites) (Cell BioLabs, San Diego, CA) according to the 

manufacture's instructions. An apurinic/apyrimidinic site (AP or abasic sites) is one of the 

most frequently encountered DNA lesions in cells that can be spontaneously generated or 

induced by exposure to oxidative stress or to genotoxic agents such as ionizing radiation 

(Loeb, Preston et al. 1986). Briefly, cells were seeded and allowed to adhere for 24 hr. 

Cells were then treated with 0 - 300 µM UA for either 24 or 48 hr. After treatment, cells 

were washed with phosphate buffered saline (PBS) and harvested by trypsinization. 

Genomic DNA was isolated with the DNeasy® total DNA isolation kit according to 

manufactures’ instructions (Qiagen, Valencia, CA) and tagged with an Aldehyde 

Reactive Probe (ARP) to react specifically with an aldehyde group on the open ring form 

of AP sites. The AP sites were then tagged with biotin and detected with a streptavidin-
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enzyme conjugate. The colormetric intensity was immediately measured at an absorbance 

of 450 nm on a plate reader (Molecular Devices, Sunnyvale, CA). AP sites were then 

determined by comparing the absorbance with a standard curve generated by the provided 

DNA standard containing predetermined AP sites.  

 

2.3.8. Statistical Analysis 

Data were expressed as mean ± SEM and analyzed by one-way ANOVA, 

followed by post-hoc Tukey tests for multiple comparisons between treatment and 

untreated groups; p < 0.05 was considered to be significant. 

 

2.4. RESULTS 

2.4.1. UA is internalized in the nucleus of CHO AA8 cells 

UA cell content was measured in confluent CHO AA8 cells that were exposed to 

50 – 300 µM UA for 0 – 48 hr by ICP-MS to determine where UA is internalized and 

accumulated after treatment (Figure 4).  The total cellular U content in the cells 

increased after 100 µM UA in the 24 and 48 hr time exposures compared to the time 0 

time point (Figure 4A).  It was observed that UA did not accumulate in the total cell at 

the 0 hr time point as the concentrations of UA were increased. After 24 hr, U was shown 

to accumulate in the cell in a concentration dependent manner with 332 and 429 µg U/mg 

protein measured at the 200 µM and 300 µM (p < 0.03) concentrations. The 48 hr time 

point also indicated that U accumulations in the cell with 334 and 208 µg U/mg protein 

measured at the 200 µM and 300 µM UA doses, respectively.  
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The amount of UA measured in the cytosol fractions increased as time and 

concentrations increased with uranium treatment, however the accumulation of U was 

low compared to the total cellular and nuclear fractions. Uranium accumulation was 

measured at 1.6 and 2.0 µg U/mg protein and 2.6 and 2.7 µg U/mg protein at 200 µM and 

300 µM UA after 24 hr and 48 hr, respectively (Figure 4B).  

Interestingly, UA was observed to be accumulating in the nuclear fraction as the 

concentrations and time exposure increased after 100 µM UA (Figure 4C). As observed 

in the total cellular fraction, UA did not accumulate in the nuclear fraction at the 0 hr 

time point as UA concentrations were increased. After 24 hr, U was measured to 

accumulate 1201 and 667 µg U/mg protein at the 200 µM (p < 0.0001) and 300 µM (p < 

0.01) concentrations. The 48 hr time indicated a uranium accumulation of 559 and 384 µg 

U/mg protein at the 200 µM and 300 µM UA doses in the nucleus, respectively. 

Collectively, this data indicates that uranium can readily enter cells and localize in the 

nucleus in a concentration dependent manner after 24 and 48 hr. 
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A. 

 
 

B. 

 
 Figure 4. Time course of total intracellular U content (µg U/mg protein) in CHO 
AA8 cells after 24 and 48 hr. A. After 24 hr of UA exposure, U accumulation is seen 
in the whole total cellular fractions. B. No changes were seen in U in the cytosol after 
0 – 48 hr exposure compared to the accumulation of U in the total cellular fractions 
and nuclear fractions.  Cells were treated and UA concentrations were determined by 
ICP-MS and normalized for the total protein content as described in the text. P values 
were considered to be statistically significant as indicated with * (p < 0.03) compared 
to untreated cells. 
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C. 

  
 
Figure 4C. Time course of total intracellular U content (µg U/mg protein) in CHO 
AA8 cells after 24 and 48 hr. Increasing amounts of U is accumulated in the nuclear 
fraction after 24 hr. Cells were treated and UA concentrations were determined by 
ICP-MS and normalized for the total protein content as described in the text. P values 
were considered to be statistically significant as indicated with ** (p < 0.01) and *** 
(p < 0.0001) compared to untreated cells. 
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2.4.2. UA is cytotoxic in DNA repair-deficient CHO cells 

It is hypothesized that if UA causes DNA damage in vitro, then UA should be 

more cytotoxic in the DNA repair-deficient CHO lines (EM9, V3.3, and UV5) compared 

to the parental CHO AA8 line.  The colony formation assay was used to measure UA 

cytotoxicity. After 24 hr exposure, cell survival of each of the CHO cell lines decreased 

with increasing doses of UA (Figure 5A). The parental AA8 cell line did not have 

significant changes in cytotoxicity in UA-treated cells compared to untreated AA8 cells 

after 24 hr (Figure 5A). The higher UA doses (200 and 300 µM) produced significant 

cytotoxicity the double strand break sensitive cell line, V3.3, compared to untreated V3.3 

cells. In the DNA-adduct sensitive cell line, UV5, cells treated with 100 – 300 µM UA 

doses induced significant cytotoxicity compared to untreated UV5 cells. The single strand 

break sensitive cell line, EM9, exhibited the most sensitivity to UA treatment compared 

to untreated EM9 cells. At the higher 100, 200, and 300 µM UA concentrations, the EM9 

cells had significant increases in cell death of 24% (p < 0.001), 44%, and 52% (p < 

0.0001), respectively. While there was uranium-induced dose dependent increase in cell 

death in each of the cell lines, cytotoxicity of the repair deficient cell lines was not 

different from the parental AA8 cell line at 24 hr. 

However, after 48 hr exposure, the cytotoxicity profiles for the UV5 and the EM9 

cell lines significantly increased compared to the V3.3 and the AA8 cell lines (Figure 

5B).  Both the parental AA8 cells and double strand break sensitive V3.3 cells showed 

similar effects after UA treatment. Cells treated with 300 µM UA induced a significant (p 

< 0.006 and p < 0.05, respectively) increase in cell death compared to untreated cells 
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after 48 hr. Despite the significant increase in cytotoxicity at 300 µM for both cell lines, 

there was no significant change in cytotoxicity between the 24 hr and 48 hr time 

exposures in the AA8 and V3.3 cell lines. These results indicate that UA does not induce 

DNA double strand breaks after 24 and 48 hr.  

The DNA-adduct sensitive cell line, UV5, had the most significant changes in 

cytotoxicity after 48 hr of UA exposure (Figure 5B). Cells treated with 100 – 300 µM 

UA induced significant (p < 0.0001) cell death compared to untreated UV5 cells when 

compared to the parental AA8 cells treated with 100 – 300 µM UA after 48 hr. The 

increased cytotoxicity of UA-treated UV5 cells at 48 hr was also significant compared to 

the 24 hr UA exposures. Of all the repair deficient cell lines tested, UV5 cells showed 

significant increases in cytotoxicity compared to AA8 at the lowest uranium dose. 

The single strand break sensitive cell line, EM9, also had significant increases in 

cytotoxicity after 48 hr of UA exposure (Figure 5B). Cells treated with 200 – 300 µM 

UA had significant increases in cell death (p < 0.0001) compared to untreated EM9 cells 

and to the parental AA8 cells treated with 200 – 300 µM UA. The increase in cytotoxicity 

of EM9 cells treated with 300 µM UA after 48 hr was also significant compared to the 24 

hr EM9 cells treated with 300 µM UA. Collectively, these results indicate that UA 

produces DNA adducts and single strand breaks after 48 hr of exposure. 
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A. 

 
 

Figure 5A. Cytotoxicity of UA in CHO AA8 (), EM9 (), V3.3 (), and UV5 () 
cells after 24 hr. Cells were treated and assayed for the 7-day colony formation as 
described in the text. Compared to no uranium exposures, UA induced significant 
cytotoxicity after 24 hr in the repair deficient EM9, UV5 and V3.3 cell lines. Uranium 
did not produce cytotoxicity in the parental AA8 cell line. At each of the doses, none of 
the repair deficient cell lines showed an increased cytotoxicity compared to the parental 
cell line. Data represents mean ± SEM for n = 8 – 11 independent experiments. P 
values were considered to be statistically significant as indicated with * (p < 0.05); ** 
(p < 0.01) and *** (p < 0.0001) compared to untreated cells in the same cell line after 
24 hr. 



 57 

 

B. 

 
 
Figure 5B. Cytotoxicity of UA in CHO AA8 (), EM9 (), V3.3 (), and UV5 () 
cells after 48 hr. Cells were treated and assayed for the 7-day colony formation as 
described in the text.  UA induced significant cytotoxicity after 48 hr in the repair 
deficient EM9 and UV5 cell lines. Data represents mean ± SEM for n = 8 – 11 
independent experiments.  P values were considered to be statistically significant as 
indicated with * (p < 0.05); ** (p < 0.006) and *** (p < 0.0001) compared to untreated 
cells for the same cell line; a (p < 0.001) and b (p < 0.0001) are the p values of UA 
treated cells compared to cells treated with equivalent UA doses in the parental AA8 
cell line after 48 hr. 
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2.4.3. UA cytotoxicity is decreased in corrected DNA repair-deficient CHO cells 

Based on the cytotoxic responses of the repair deficient EM9 and UV5 cells, the 

corrected mutant CHO H9T3 and 5T4-12 cell lines were acquired to investigate if UA 

effects were directly related to the repair deficiency. The corrected H9T3 cell line is the 

CHO EM9 cell line cloned with the human XRCC1 gene and has been shown to have full 

XRCC1 functional recovery (Thompson, Brookman et al. 1990). The clonogenics assay 

was used to investigate the cytotoxic response of H9T3 cells treated with increasing 

concentrations of UA compared to UA treated EM9 cells for 24 and 48 hr (Figure 6A 

and 6B, respectively). After 24 hr exposure, H9T3 cells treated with 50 – 300 µM UA did 

not have a significant cytotoxic response compared to untreated H9T3 cells (Figure 6A). 

A significant decrease in cytotoxicity was observed in comparison between the H9T3 

cells and EM9 cells treated with 300 µM UA after 24 hr (p < 0.01).  

The 48 hr UA exposure did not induce significant cytotoxicity in the H9T3 cells 

compared to untreated H9T3 cells (Figure 6B). The UA cytotoxicity in the H9T3 was 

significantly reduced compared to the EM9 cells (p < 0.0001) in the 200 and 300 µM UA 

doses respectively. Based on the current observations, it is inferred that the significant 

increase in UA-induced cytotoxicity in the EM9 cells are directly related to the BER 

deficiency. 
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A. 

 
 

Figure 6A. Cytotoxicity of UA in CHO AA8 (), EM9 (), and H9T3 () cells 
after 24 hr.  Cells were treated and assayed for 7-day colony formation as described 
in the text. UA-treated corrected mutant cells, H9T3, showed a significant increase in 
survival compared to the repair deficient cells, EM9 after 24 hr.  Data represents 
mean ± SEM for n = 8 – 11 independent experiments.  P values were considered to 
be statistically significant as indicated with ** (p < 0.001) and *** (p < 0.0001) 
compared to untreated cells for the respective cell line; a (p < 0.01) is the p values of 
UA treated EM9 cells compared to cells treated with equivalent UA doses in the 
repair proficient H9T3 cell line after 24 hr. 
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B. 

 
 
Figure 6B. Cytotoxicity of UA in CHO AA8 (), EM9 (), and H9T3 () cells 
after 48 hr.  Cells were treated and assayed for 7-day colony formation as described 
in the text. UA-treated corrected mutant cells, H9T3, showed a significant increase in 
survival compared to the repair deficient cells, EM9 after 48 hr.  Data represents 
mean ± SEM for n = 8 – 11 independent experiments.  P values were considered to 
be statistically significant as indicated with * (p < 0.01) and *** (p < 0.0001) 
compared to untreated cells for the respective cell line; b (p < 0.001) and c (p < 
0.0001) are the p values of UA treated EM9 cells compared to cells treated with 
equivalent UA doses in the parental AA8 cell line after 48 hr; d (p < 0.001) and e (p 
< 0.0001) are the p values of UA treated EM9 cells compared to cells treated with 
equivalent UA doses in the repair proficient H9T3 cell line after 48 hr 
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The corrected 5T4-12 cell line is the CHO UV5 cell line cloned with the human 

ERCC2 gene and has been shown to have partial ERCC2 functional recovery (Weber, 

Salazar et al. 1988). The clonogenics assay was utilized to determine UA cytotoxicity in 

5T4-12 cells for 24 and 48 hr (Figure 7A and 7B, respectively). After 24 hr exposure, 

5T4-12 cells treated with UA did not have a significant cytotoxic response compared to 

untreated 5T4-12 cells with the 200 and 300 µM doses (Figure 7A). Although a decrease 

in cytotoxicity was observed in comparison between the 5T4-12 cells and UV5 cells 

treated with 300 µM UA after 24 hr (25% vs. 38%), it was not significant.  

After 48 hr of exposure, 200 and 300 µM UA induced a significant cytotoxic 

response in the 5T4-12 cells compared to untreated 5T4-12 cells (Figure 7B). The 5T4-

12 cells had an intermediate response compared to the parental cell line (AA8) and the 

ERCC2 gene deficient UV5 cell line. The transfection of the human ERRC2 gene back 

into the UV5 cells (5T4-12) resulted in decreased cytotoxicity. The reduction in UA 

cytotoxicity in the 5T4-12 cells was significant compared to the UV5 cells treated with 

100 µM UA (p < 0.0001). These results indicate that the significant increase in UA-

induced cytotoxicity in the UV5 cells are directly related to the NER deficiency. 
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A. 

 
 

Figure 7A. Cytotoxicity of UA in CHO AA8 (), UV5 (), and 5T4-12 () cells 
after 24 hr.  Cells were treated and assayed for 7-day colony formation as described in 
the text.  UA-treated corrected mutant cells, 5T4-12, showed a significant increase in 
survival compared to the repair deficient cells, UV5 after 24 hr. Data represents mean 
± SEM for n = 8 – 11 independent experiments.  P values were considered to be 
statistically significant as indicated with ** (p < 0.002) and *** (p < 0.0002) 
compared to untreated cells for the respective cell line after 24 hr. 
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B. 

 
 
Figure 7B. Cytotoxicity of UA in CHO AA8 (), UV5 (), and 5T4-12 () cells 
after 48 hr.  Cells were treated and assayed for 7-day colony formation as described in 
the text.  UA-treated corrected mutant cells, 5T4-12, showed a significant increase in 
survival compared to the repair deficient cells, UV5 after 48 hr. Data represents mean 
± SEM for n = 8 – 11 independent experiments.  P values were considered to be 
statistically significant as indicated with * (p < 0.02); ** (p < 0.001) and *** (p < 
0.0002) compared to untreated cells for the respective cell line; a (p < 0.01) is the p 
value of UA treated 5T4-12 cells compared to cells treated with equivalent UA doses 
in the parental AA8 cell line after 48 hr; b (p < 0.001) is the p value of UA treated 
UV5 cells compared to cells treated with equivalent UA doses in the parental AA8 cell 
line after 48 hr; c (p < 0.0001) is the p value of UA treated UV5 cells compared to 
cells treated with equivalent UA doses in the parental AA8 cell line after 48 hr; d (p < 
0.0001) is the p value of UA treated UV5 cells compared to cells treated with 
equivalent UA doses in the repair proficient 5T4-12 cell line after 48 hr. 
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2.4.4. UA induces single strand breaks in CHO cells in vitro 

Increased cytotoxicity in the BER deficient cell line indicates that UA may cause 

DNA strand breaks in vitro.  The detection of UA induced strand breaks was measured by 

the Fast Micromethod® Assay.  DNA strand breaks were measured after 24 and 48 hr 

exposures with increasing doses of UA (Figure 8A and 8B, respectively).  Interestingly, 

the results of 24 hr UA exposures in CHO AA8 and EM9 with the Fast Micromethod® 

Assay were similar to the results previously published (Stearns, Yazzie et al. 2005).  

Stearns et al. utilized the comet assay to determine the effects of UA exposures in CHO 

AA8 and EM9 cell lines. It was observed that 50 – 300 µM UA produced similar 

increases in tail moment relative to untreated controls after 24 hr exposures (Stearns, 

Yazzie et al. 2005). Following 24 hr exposure to UA, there were no dose dependent 

differences in the SSF between the various cell lines tested. Single strand breaks were 

produced in the parental cell line, AA8, and the double strand break sensitive cell line, 

V3.3, at the highest UA dose (300 µM) (Figure 8A). The single strand break sensitive 

cell line, EM9, and the corrected mutant cell line, H9T3, produced similar amounts of 

single strand breaks after exposure to 200 and 300 µM UA after 24 hr. The adduct 

sensitive cell line, UV5, was not utilized in this study as this cell line has functional BER 

mechanisms which yield similar results to the parental AA8 cell line. 

After 48 hr, there were significant increases in strand breaks in the single strand 

break sensitive EM9 cell line at 100 – 300 µM UA (Figure 8B). There were no 

differences in strand breaks with the parental AA8 and DSB repair deficient V3.3 cell 

lines as the concentration of UA increased. Interestingly, the transfection of XRCC1 back 
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into the EM9 cell line (H9T3) greatly reduced the amount of single strand breaks 

compared to the mutant EM9 cell line. It was concluded that UA induces the formation of 

single strand breaks. Interestingly, these results also support earlier observations of the 

sensitivity of the mutant BER deficient EM9 cell line to single strand breaks due to the 

lack of repair of UA-induced damage. 
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A. 

 
B. 

 
Figure 8. Strand breaks detected by the Fast Micromethod® Assay in terms of the 
strand scission factor (SSF) in CHO AA8 (), EM9 (), V3.3 (), and H9T3 () 
cells treated with UA after 24 hr (A) and 48 hr (B) exposures. UA induced significant 
single strand breaks in the repair deficient cell line, EM9, after 48 hr compared to 
untreated cells. Cells were treated and assayed for strand breaks as described in the text.  
Data represents mean ± SEM for n = 4 independent experiments. P values were 
considered to be statistically significant as indicated with * (p < 0.01) and ** (p < 
0.001) compared to untreated cells for the respective cell line. 
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2.4.5. UA induces abasic sites in repair-deficient cells 

UA induced single strand breaks in the CHO cell lines. An apurinic/apyrimidinic 

site (AP or abasic sites) is one of the most frequently encountered DNA damage lesions 

in cells that can be spontaneously generated or induced by exposure to oxidative stress or 

to genotoxic agents such as ionizing radiation (Loeb, Preston et al. 1986). AP sites are 

also induced by DNA glycosylases during base excision repair in response to DNA 

damage from a wide variety of damaging agents (Dianov, Sleeth et al. 2003). AP sites 

may affect cell viability and genomic integrity by interfering with normal DNA 

replication, thereby making AP sites cytotoxic and mutagenic (Loeb, Preston et al. 1986; 

Dianov, Sleeth et al. 2003). The formation of AP (or abasic) sites were measured as 

shown in Figure 9. The parental cell line, AA8, did not produce significant AP sites at 

any of the doses of UA treatment compared to untreated cells after 24 and 48 hr (Figure 

9A). This may indicate that UA does not induce AP site formation or these types of 

lesions are readily repaired by base excision repair mechanisms. 

Therefore, repair deficient cell lines were utilized to determine the formation of 

AP sites. In the single strand break sensitive cell line, EM9, cells treated with 50, 200, 

and 300 µM UA significantly induced the formation of AP sites compared to untreated 

cells after 24 hr (Figure 9B). The formation of AP sites were significantly reduced after 

48 hr UA exposure compared to similar 24 hr UA exposures (p < 0.0001). UA did not 

significantly induce AP site production in the adduct sensitive cell line, UV5, after 24 hr 

and 48 hr exposures compared to untreated cells (Figure 9C). These results indicate that 
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UA is able to induce AP sites, however, due to functional BER mechanisms, these lesions 

are readily repaired or may be masked by other lesions (i.e. DNA adducts). 
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A. 

 
 
 
 
 
B. 
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C. 

 
 
Figure 9. UA induced abasic (AP) sites in CHO AA8 (A), EM9 (B), and UV5 (C) 
cells after 24 hr (black bar) and 48 hr (gray bar) exposures.  Cells were treated with 
UA and assayed for AP sites as described in the text. Overall, UA did not induce 
significant AP sites in the AA8 (A) and UV5 cells (C). The single strand break repair 
deficient cell line, EM9, induced significant AP sites after 24 hr (B). However, after 
48 hr UA exposure, the amount of AP sites produced in the EM9 cells are 
significantly decreased compared to equivalent UA doses after 24 hr (***, p < 
0.0001). Data represents mean ± SEM for n = 3 independent experiments.  P values 
were considered to be statistically significant as indicated with * (p < 0.05), ** (p < 
0.005) and *** (p < 0.0005) compared to untreated cells for the respective cell line. 
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2.5. DISCUSSION 

The purpose of this current study was to indentify the type of DNA damage and 

possible mechanisms induced by depleted uranium. Uranyl acetate was shown to readily 

enter CHO cells and localize in the nucleus of the cells in a time dependent manner. 

Kalinich et al. found that uranium uptake by J774 mouse macrophages also increased in a 

time-dependent manner (Kalinich and McClain 2001). Uranyl acetate was observed to 

readily enter cells and localizes in the nucleus as shown in previous studies (DiSpirito, 

Talnagi et al. 1983; Galun, Siegel et al. 1987). The mechanism of uranium transport into 

the cell is unclear. It is postulated that uranium enters the cell via endocytosis as observed 

with nickel (Mirto, Henge-Napoli et al. 1999; Kasprzak, Jr. et al. 2003). Prat et al. 

(2005) has also shown that nonselective vesicle transporters were upregulated in human 

renal HEK293 cells treated with 250 µM UA (Prat, Berenguer et al. 2005). Upon 

localization in the nucleus, the uranyl ion can interact with nucleic acids and nucleotides 

as illustrated in Figure 10. The mechanism of DNA interaction is unclear. However, 

current results may suggest that DU may act by more than one mechanism to induce 

DNA damage. Two mechanisms of DNA damage were previously proposed: an indirect 

Fenton-type reaction, and a direct uranium catalyzed DNA hydrolysis (Yazzie, Gamble et 

al. 2003). 

 

 

 

 



 72 

 

 
Figure 10. Uranium-induced DNA damage in cultured cells. Uranyl acetate readily 
enters the cells and induces DNA damage in the form of single strand breaks, AP 
sites, and DNA adducts at low concentrations. 
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The clonogenics assay showed that UA had a significant cytotoxic effect in the 

XRCC1-deficient EM9 and the ERCC2-deficient cell lines, compared to the parental 

AA8 cells treated with the same UA dose for 48 hr. The x-ray repair cross-

complementing gene I protein (XRCC1) deficiency in the EM9 cell line prevents 

formation of a complex with ligase IIIα, poly(ADP-ribose) polymerase 1 (PARP-1), 

PARP-2, and several other DNA repair proteins (Thompson, Brookman et al. 1990). 

DNA ligase IIIα catalyzes the rejoining of the DNA phosphodiester backbone and is 

involved in base excision repair and repair of DNA single strand breaks (Martin and 

MacNeill 2002). ERCC2, is a protein involved in the incision step of nucleotide excision 

repair (Cullinane, Weber et al. 1997). A deficiency of ERCC2 in the UV5 cell line 

prevents the removal of bulky chemical adducts and UV-induced photoproducts from 

DNA.  The XRCC7-deficient V3.3 cell line did not show any additional cytotoxicity 

above what was seen in the parental AA8 cell line. A deficiency in XRCC7 in the V3.3 

cell line leads to a reduced expression of the DNA-PKCS. The lack of measurable DNA-

stimulated kinase activity results in defective double strand break repair via non-

homologous end joining DNA repair (Rothkamm, Kruger et al. 2003). The observation 

that UA was significantly cytotoxic in the single strand repair-deficient cell line (EM9) 

and nuclear excision deficient repair cell line (UV5) compared to the parental AA8 line 

suggests that UA induces DNA adducts and single strand breaks in CHO cells. To further 

validate the sensitivity of the mutant CHO cells, the EM9 and UV5 cells were compared 

to the corrected mutant H9T3 and 5T4-14 cell lines. The H9T3 cells have previously 

been shown to have the human XRCC1 gene clone and fully corrects the repair 
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deficiency in the mutant EM9 cell line (Thompson, Brookman et al. 1990). The 5T4-12 

cells have the human ECRR2 gene clone and have been shown to partially correct the 

repair deficiency in the mutant UV5 cell line (Weber, Salazar et al. 1988). The decreased 

cytotoxicity in the corrected CHO mutant cell lines, H9T3 and 5T4-12, further suggests 

that UA induces bulky adducts and single strand breaks rather than double strand breaks 

in CHO cells. 

The lack of a significant cytotoxic response in the double strand repair deficient 

V3.3 cell line after 24 and 48 hr UA exposures was expected below 200 µM. A previous 

study has shown that uranyl nitrate (UN) induced single- and double-strand breaks in 

NRK-52E cells with sub-lethal (300 µM UN) and lethal (400 µM+ UN) concentrations 

(Thiebault, Carriere et al. 2007). It was observed that DNA damage increased with 

increasing UN concentrations and time. When cells were treated with UN, γ-H2AX 

staining (an indication of DSB repair) increased as UN concentration increased (400 – 

500 µM). γH2AX has an important role in the processing and repair of DSBs, which is 

crucial for the maintenance of genome integrity and stability (Bristow and Hill 2008). We 

have also performed γ-H2AX immunostaining experiments in human bronchial epithelial 

cells (16HBE14o-) treated with 0 – 0.7 µM UA for 0 - 48 hr.  At lower DU 

concentrations, there was no observable difference in γ-H2AX staining between DU-

treated and untreated cells after 48 hr (data not shown, see Chapter IV). Interestingly, 

exposure to radiation has been shown to increase the number of DNA double strand 

breaks at very low doses (1 mGy) (Lobrich, Rief et al. 2005; Rube, Grudzenski et al. 

2008).  Additional preliminary data from the DU treated 16HBE14o- cells study showed 
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that UA failed to induce phosphorylation of RPA32, a protein involved in double strand 

break repair, compared to cells treated with etoposide (data not shown, see Chapter IV).  

Taken together, it was inferred that DU does not induce significant double strand breaks 

at lower UA concentrations and that UA has a chemical toxicity independent from the 

radiological toxicity. 

The most sensitive DNA damage was produced after exposure to 100 µM UA in 

the UV5 cell line. After 48 hr of UA exposure, there was a significant cytotoxic dose 

response in the ERCC2-deficient UV5 cell line. The increased cytotoxicity in the UV5 

cell line may indicate that UA is producing UA-DNA adducts after 48 hr of exposure as 

previously observed in CHO AA8 and EM9 cells (Stearns, Yazzie et al. 2005). These 

adducts could result in DNA hydrolysis leading to single strand breaks. It has been 

previously shown that lanthanides can produce bulky DNA adducts that can lead to the 

formation of single strand breaks via DNA hydrolysis (Franklin 2001).  

The Fast Micromethod® Assay was used to detect UA-induced DNA damage and 

compared to previously published results utilizing the single cell gel electrophoresis 

(comet) assay (Yazzie, Gamble et al. 2003).  Both assays detect DNA strand breaks, 

alkali-labile sites and incomplete excision repair.  The comet assay allows for the analysis 

of DNA breaks in individual cells whereas the Fast Micromethod® assays is a rapid and 

convenient procedure to determine DNA breaks in cell suspensions on single microplates.  

The comet assay data showed a lack of a significant difference between the AA8 and 

EM9 cell lines in terms of DNA strand break production after 24 hr UA (0 – 300 µM) 

exposures (Yazzie, Gamble et al. 2003). Similar results were seen with the Fast 
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Micromethod® Assay in this current study.  It was previously suggested that strand 

breaks and the presence of other forms of damage (ie. DNA adducts and DNA crosslinks) 

may have interfered in the migration of DNA in the comet assay, thereby decreasing tail 

migration, as has been observed for platinum and other cross-linking agents (Kawanishi, 

Hiraku et al. 2002).   However, after a 48 hr time exposure, 100 – 300 µM UA doses 

induced a significant increase in SSF in the single strand repair deficient EM9 line 

compared to the double strand break deficient V3.3, corrected mutant, H9T3, and 

parental AA8 cell lines.  It is proposed that if DU is forming UA-DNA adducts in a time 

dependent manner in CHO cells, then it may suggest two possible outcomes: (1) the 

accumulation of UA-DNA adducts may directly induce single strand break after 48 hr 

exposure via DNA hydrolysis, or (2) the amount of indirect induced single strand breaks 

are significant and cannot be repaired, leading to cell death. 

It is hypothesized that the formation of UA-DNA adducts may induce DNA 

hydrolysis, resulting in an increased production of single strand breaks. To further 

explore this idea, AP sites were measured in the parental, AA8, and repair deficient, EM9 

and UV5, cell lines. The parental AA8 and nuclear excision repair (NER) deficient UV5 

cells did not have a significant induction of AP sites after 24 and 48 hr of UA exposure, 

compared to the significant AP sites produced after 24 hr of UA exposure in the base 

excision repair (BER) deficient EM9 cell line.  AP sites are readily repaired by BER, 

which may account for the significant increase observed in the EM9 cell line.  However, 

after 48 hr of UA exposure, the amount of AP sites are decreased in the EM9 cell line, 

which may indicate that the cells may be undergoing cell death as observed with the 
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cytotoxicity results reported in this study. The parental, AA8, and NER deficient, UV5, 

cells did not have a significant increase in AP sites production, which indicates that (1) 

that these lesions are readily repaired by the fully functional BER mechanisms, and (2) 

that oxidative stress may not be a major pathway of DNA damage induction, as AP sites 

are a prevalent lesion of oxidative DNA damage. However, more studies need to be 

conducted to support this interpretation.  

As observed in other heavy metals, uranium is considered carcinogenic, 

mutagenic, and genotoxic by more than one mechanism.  Based on current results and 

previously published studies, we postulate that UA maybe inducing DNA damage by 

primarily forming DU-DNA adducts, which may directly cause single strand breaks 

rather than indirectly inducing oxidative stress strand breaks at lower DU concentrations.  

Previous studies have also shown that the uranyl ion (UO2
2+) is known to bind strongly to 

various nucleotides (Wu, Cheng et al. 1996) and DNA to form a DU-phosphodiester 

moiety in the minor grooves of DNA (Constantinescu and Hatieganu 1974; Nielsen, 

Jeppesen et al. 1988; Nielsen, Hiort et al. 1992). Wu et al. (1996) has also shown that 

one uranyl ion is able to displace either two protons or two sodium ions (Na2+) to bind to 

two phosphates of DNA phosphate backbone. The resulting U-DNA phosphate complex 

observed did not promote significant structural changes in the small oligonucleotides 

studied (Wu, Cheng et al. 1996). Further studies should not only focus on the formation 

of DU-DNA adducts, but to determine if the adducts are responsible for the observed 

increased single strand breaks.  Further efforts are ongoing to determine if the observed 

DU-induced DNA damage is possibly due to the uranium-induced inhibition of DNA 
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repair pathways (Chapter IV).  Many heavy metals are known to have weak 

carcinogenic and/or mutagenic potentials, or rather act as co-mutagens to disrupt different 

DNA repair systems (Hartwig and Schwerdtle 2002). Considering the important role of 

DU-DNA interactions in DU-induced mutagenicity and toxicity, a basic understanding of 

the molecular mechanisms involved in the damage and repair of these lesions is critical to 

understanding the events leading to DU-induced carcinogenesis and possible neoplasia. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 79 

CHAPTER III: 

NON-INDUCTION OF OXIDATIVE STRESS AT LOW CONCENTRATIONS OF 

URANYL ACETATE IN HUMAN BRONCHIAL EPITHELIAL CELLS (16HBE14o-) 

 
3.1. INTRODUCTION 

Environmental and occupational exposures to many heavy metals have been 

reported to be carcinogenic in both animals and humans, with the underlying 

mechanism(s) thought to involve oxidative stress (Leonard, Bower et al. 2004).  For 

example, nickel, copper, iron and chromium are believed to undergo electron transfer 

reactions with biological reducing agents or to have their redox potentials altered by 

chelation with biomolecules, to produce a metal complex that reacts with O2 or H2O2 to 

generate HO· or other reactive oxygen species (Kawanishi, Hiraku et al. 2002).  Metals 

can also bind to both DNA and proteins causing lesions and strand breaks, as well as base 

modifications that eventually affect cellular responses (Leonard, Bower et al. 2004). 

Ionizing radiation, including alpha particles emitted from uranium isotopes, may 

interfere with cellular processes by more than one mechanism such as free radical 

formation, lipid peroxidation, and DNA damage (IARC 2001). The specific mechanism of 

DNA damage is unclear following exposure to depleted uranium. Free radical generation 

has been proposed as an indirect mechanism of uranium induced DNA damage, via a 

Fenton-like redox chemistry reaction (Khan and Martell 1969; Yazzie, Gamble et al. 

2003). The catalytic cycling of U(VI) to U(IV) in the presence of a reducing agent may 

lead to the production of hydroxyl radicals (OH) that maybe responsible for 8-OHdG 

formation as seen in human osteoblast cells (Miller, Stewart et al. 2002; Tasat, Orona et 
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al. 2007), and other ROS production in rat lung cells (Periyakaruppan, Kumar et al. 

2007) and NRK-52 (kidney) (Thiebault, Carriere et al. 2007) cells at higher 

concentrations (ranging from 100 µM to 1 mM) of uranyl compounds.  

The potential toxic effects of depleted uranium at environmentally relevant 

exposures have been difficult to study. It has been suggested that the chemical and 

radiological toxicity may be additive or may potentiate in some instances. The EPA has 

currently set the exposure standard of uranium in drinking water at 30 ppb U. In the 

Colorado Plateau region located in the Four Corners region of the US, there are areas of 

natural water sources that exceed the EPA standard and may pose a threat to surrounding 

communities that use the contaminated sources. 

 
3.2. SPECIFIC AIM 

The purpose of the current study was to determine if low concentrations of 

depleted uranium can generate an oxidative stress response in human bronchial epithelial 

cells (16HBE14o-). The use of the 16HBE14o- cell line was chosen based on the lung as a 

target organ for inhaled uranium exposure. It was hypothesized that UA produces indirect 

DNA damage by inducing reactive oxygen species formation at lower, environmentally 

relevant concentrations. In order to determine uranium-induced alterations, oxidative 

stress was assessed by fluorescence microscopy and flow cytometry.  Oxidative stress 

can induce anti-oxidant molecules. Therefore, glutathione (GSH) levels were measured to 

assess an oxidative stress response. AP sites were also measured as an indicator of 

oxidative DNA damage. 
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3.3. MATERIALS AND METHODS 
 
3.3.1. Reagents and Chemicals 

Depleted uranium as uranyl acetate dihydrate [6159-44-0] (UA), with a U234/U238 

activity ratio of 0.12 (Yazzie, Gamble et al. 2003), was obtained from International Bio-

Analytical Industries, Inc. (Boca Raton, FL).  

 
3.3.2. Preparation of DU Compounds 

Uranyl acetate (UA) was used as a soluble DU compound.  Stock solutions of UA 

were prepared by weighing out the desired amount and dissolving it in double distilled 

water. Dilutions were made for appropriate treatment concentrations and then filter 

sterilized through a 10 ml syringe with a 0.2 µm filter. Since uranyl acetate consists of a 

mixture of several isotopes, the concentrations utilized in this study are reported as parts 

per billion (ppb) rather than micromolar (µM). The unit conversion from ppb to µM is 

shown in Table 4, assuming the majority of uranium is 238U. 

 
Table 4.  Interconversions for doses of uranyl acetate (UA) 

ppb (µg/L)  10  30  100  300 

µM  
 0.04  0.13  0.4  

 1.3 

 
 
3.3.3. General Cell Culture Conditions 

Human bronchial epithelial cells (16HBE14o-) were purchased from the Gruenert 

Laboratory (University of California, San Francisco, CA). Cells at passage 38 were 

thawed from cryopreservation, cultured in α-MEM (Hyclone, Logan, UT) supplemented 

with 10% heat-inactivated fetal bovine serum (Hyclone, Logan, UT), 
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antibiotic/antimycotic (100 U/ml penicillin, 100 mg/ml streptomycin) (Sigma) and 1 mM 

glutamine (Gibco-BRL, Rockville, MD). Cells were maintained at 37 °C in a 5% CO2/air 

humidified incubator calibrated with a Fryrite analyzer (Bacharach Co., Pittsburgh, PA). 

Chinese Hamster Ovary (CHO) AA8 and EM9 cell lines were also utilized in this 

study. The AA8 cell line is a parental cell line, whereas the mutant EM9 cell line has the 

XRCC1 gene deleted that reduces base excision repair thus making the EM9 cells 

sensitive to single strand breaks. Cells were thawed from cryopreservation, cultured in α-

MEM (Hyclone, Logan, UT) supplemented with 10% fetal bovine serum (Hyclone, 

Logan, UT), antibiotic/antimycotic (100 U/ml penicillin, 100 mg/ml streptomycin) 

(Sigma) and 1 mM glutamine (Gibco-BRL, Rockville, MD). Cells were maintained at 37 

°C in a 5% CO2/air humidified incubator calibrated with a Fryrite analyzer (Bacharach 

Co., Pittsburgh, PA). 

 
3.3.4. Cytotoxicity Measurements 

Lactate dehydrogenase (LDH) release into the cell supernatant was measured to 

assess cell membrane integrity utilizing the LDH cytotoxicity assay kit (Cayman 

Chemicals, Ann Arbor, MI) according to the manufacturer’s instructions. Briefly, 1 × 106 

cells were seeded and allowed to adhere for 24 hr. Cells were then treated with 0 – 300 

ppb UA for 12, 24, or 48 hr in 1% fetal bovine serum (FBS) media. After treatment, 

culture medium was collected and centrifuged for 5 min at 400 × g at 4 °C. Samples and 

standards were transferred to a 96-well plate and reacted with the provided reaction 

cocktail. The samples were incubated for 30 min on an orbital shaker at room 

temperature. The colormetric intensity was immediately measured at an absorbance of 
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490 nm on a plate reader (Molecular Devices, Sunnyvale, CA). LDH activity was then 

determined by comparing the absorbance with a standard curve generated by the provided 

LDH standards provided. Percent (%) cytotoxicity was further calculated utilizing the 

following equation: 

[LDH]test sample – [LDH]negative control Cytotoxicity (%)  = [LDH]positive control – [LDH]negative control 
×  100 

  

3.3.5. Fluorescence Microscopy Measurement of Cellular ROS 

To detect ROS production in live cells, the Image-iT LIVE Green Reactive 

Oxygen Species Detection Kit (Molecular Probes, Eugene, OR) was used as described by 

the manufacturer.  Briefly, after treatment, dishes were rinsed with HBSS and loaded 

with 25 µM 5(6)-carboxy-2',7'-dicholorfluorescein (H2DCFHDA) for 25 min and nuclei 

were stained with 1 µM Hoechst 33342 for 5 min. After staining, cells were rinsed with 

HBSS and replaced with serum-free media and viewed using a Nikon TE300 fluorescent 

microscope with a digital camera. Images were captured using Image-Pro Plus software 

(Media Cybernetics, Silver Spring, MD) with appropriate filters for individual dyes. 

 
3.3.6. Flow Cytometry Measurement of Cellular ROS 

After DU treatment, the cells were washed with control medium, trypsinized with 

Accutase® (Innovative Cell Technologies, Inc., San Diego, CA) to remove the cells from 

the plates, pelleted by centrifugation at 500 x g for 10 min and resuspended with media 

containing 20 µM of the reactive oxygen species sensitive dye H2DCFDA. After dye 

loading, cells were then incubated at 37 °C in 5% CO2 for 2 hr to determine the presence 

of ROS.  H2-DCFDA was assessed using a FACStarPLUS flow cytometer (Becton 
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Dickinson Immunocytometry Systems) utilizing a Coherent 90-5 water-cooled argon 

laser tuned to 488 nm at 100 mW. Mean fluorescence intensity values were obtained 

from gated channels and triplicate runs were performed.  A minimum of 10,000 events 

was collected, while debris and fragments were excluded from analysis based on forward 

scatter and side scatter. Data were acquired and analyzed using (BD) software. Tertbutyl 

hydrogen peroxide (TBHP) was used as a positive control of ROS production. 

 
3.3.7. Thiol Detection Assay 

Reduced cell thiols (glutathione and thioredoxion) measurements were 

determined with the Fluorescent Thiol Detection Kit (Cell Technology Inc., Mountain 

View, CA), according to the manufacturer's instructions. Briefly, 1 × 106 cells were 

seeded and allowed to adhere for 24 hr. Cells were then treated with 0 – 300 ppb (0 – 1.3 

µM) UA for either 24 or 48 hr. After treatment, cells were washed with phosphate 

buffered saline (PBS) and lysed with the provided cell lysis buffer. Thereafter, cell 

lysates were centrifuged for 5 min at 8,000 × g at 4 °C. Samples and standards were 

transferred to a black 96-well plate and reacted with the provided reaction cocktail. After 

the required 20 min incubation in the dark, the fluorescence intensity was immediately 

measured at an excitation wavelength of 488 nm and an emission wavelength of 530 nm 

on a fluorescence plate reader (Molecular Devices Gemini-X fluorescence 

spectrophotometer, Molecular Devices, Sunnyvale, CA). Reduced thiols were then 

determined by comparing the absorbance with a standard curve generated by the provided 

GSH standards provided.  
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3.3.8. Detection of Abasic Sites 

Abasic site analysis was carried out utilizing the OxiSelect Oxidative DNA 

Damage Quantitation Kit (AP Sites) (Cell BioLabs, San Diego, CA) according to the 

manufacture's instructions. An apurinic/apyrimidinic site (AP or abasic sites) are one of 

the most frequently encountered DNA lesions in cells that can be spontaneously 

generated or induced by exposure to oxidative stress or to genotoxic agents such as 

ionizing radiation (Loeb, Preston et al. 1986). Briefly, cells were seeded and allowed to 

adhere for 24 hr. Cells were then treated with 0 – 300 ppb of UA for either 24 or 48 hr. 

After treatment, cells were washed with phosphate buffered saline (PBS) and harvested 

by trypsinization with Accutase® (Innovative Cell Technologies, Inc., San Diego, CA). 

Genomic DNA was isolated with the DNeasy® total DNA isolation kit according to 

manufactures’ instructions (Qiagen, Valencia, CA) and tagged with an Aldehyde 

Reactive Probe (ARP) to react specifically with an aldehyde group on the open ring form 

of AP sites. The AP sites were then tagged with biotin and detected with a streptavidin-

enzyme conjugate. AP sites were then determined by comparing the absorbance with a 

standard curve generated by the provided DNA standard containing predetermined AP 

sites.  

 
3.3.9. Statistical Analysis 

Data were expressed as mean ± SEM and analyzed by one-way ANOVA, 

followed by post-hoc Tukey tests for multiple comparisons between treatment groups; p 

< 0.05 was considered to be significant. 
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3.4. RESULTS 

3.4.1. UA is cytotoxic in 16HBE14o- cells 

The lactate dehydrogenase (LDH) assay was used to measure cell death induced 

by UA after 12, 24, and 48 hr exposures (Figure 11). UA induced a significant dose-

dependent cytotoxicity in the 16HBE14o- cells after 24 and 48 hr compared to untreated 

cells. The results indicate that UA induces significant cytotoxicity at low, 

environmentally relevant as well as higher concentrations. 
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Figure 11. UA cytotoxicity in 16HBE14o- cells utilizing the LDH cytotoxicity assay. 
The higher concentrations of 30 – 300 ppb UA induced significant cytotoxicity after 
12 hr (white bars), 24 hr (black bars) and 48 hr (gray bars) exposures. Data represents 
mean ± SEM for n = 3 independent experiments. P values were considered to be 
statistically significant as indicated with * (p < 0.01) and ** (p < 0.001) compared to 
untreated cells. 
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3.4.2. DU does not induce significant ROS production in live cell imaging 

To confirm the generation of ROS in 16HBE14o- cells after UA treatment, cells 

were loaded with 25 µM 5(6)-carboxy-2',7'-dicholorfluorescein (H2DCFDA) for 25 min 

and counterstained with 1 µM Hoechst 33342 for 5 min to detect the production of 

oxidative stress as shown in Figure 12. An apparent increase in fluorescence was 

observed after a 3 hr pretreatment of 100 µM of tert-butyl hydroperoxide (TBHP), a 

positive control for induction of ROS. After exposing the cells to 30 ppb of UA for 2 or 4 

hr, there was no increase apparent increase in fluorescence compared to the TBHP 

treatment which suggests that UA does not induce ROS formation at these doses and 

times of exposure.  
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Figure 12. Detection of ROS generated by 30 ppb UA exposure in 16HBE14o- cells 
after 2 – 4 hr exposure. UA did not induce significant ROS production compared to 
the 100 µM TBHP treatment after 3 hr exposure. 
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3.4.3. DU does not induce significant ROS production in flow cytometry 

To verify the fluorescence microscopy results, flow cytometry was utilized to 

measure ROS production in 16HBE14o- cells (Figure 13). Cells treated with 10, 30, 100, 

and 300 ppb of UA did not induce a significant increase in mean DCF fluorescence after 

4 hr compared to untreated cells (mean DCF fluorescence of 1.0) (Figure 13A). The 

positive control of TBHP had a significant increase in mean DCF fluorescence (p < 

0.009) compared to untreated cells.  

Varying UA exposure times was also investigated to determine if ROS production 

is dependent on time (Figure 13B). Cells treated with 30 ppb UA for 2, 3, 4, and 5 hr did 

not induce measurable changes in mean DCF fluorescence. The positive control of TBHP 

did show a significant increase in mean DCF fluorescence (p < 0.0001) after 3 hr of 

treatment compared to the mean DCF fluorescence of untreated cells. These data further 

support the observation that UA does not induce significant ROS production in a time- or 

dose-dependent manner at low concentrations. 
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A. 

 
B. 

 
Figure 13. UA does not induce significant ROS production in 16HBE14o- cells. A.  
Oxidative stress is not induced after increasing concentrations of UA (black bars) 
treatment compared to TBHP treated cells (gray bars) and untreated cells (white bar). 
B. UA does not induce a significant increase in oxidative stress after 5 hr treatments 
compared to THBP and untreated cells. The asterisk (**) and (***) indicates 
statistical significance between 100 µM TBHP treated cells and untreated cells at p < 
0.009 and p < 0.0009, respectively. 
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To determine if higher UA concentrations is required to induce ROS production, 

parental CHO AA8 and repair deficient EM9 cells were utilized to measure ROS 

production with flow cytometry (Figure 14). The parental AA8 cells treated with 200 

µM of UA for 3 hr did not induce significant mean DCF fluorescence compared to the 

mean DCF fluorescence of untreated cells (1.3 vs. 1, respectively). The positive control 

of 100 µM TBHP induced a significant change in mean DCF fluorescence (6.9, p < 

0.0001) compared to untreated AA8 cells. The repair deficient EM9 cells treated with 

200 µM UA or 100 µM TBHP did not induce significant mean DCF fluorescence 

compared to untreated EM9 cells. Collectively, these results indicate that UA does not 

induce significant ROS production at lower concentrations in two different cell models. 

 



 93 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 14. UA does not induce significant ROS production at higher concentrations 
in CHO cells (AA8 – black bars; EM9 – gray bars) after 3 hr of treatment. The 
asterisk (*) indicates statistical significance between 100 µM TBHP treated cells and 
untreated cells at p < 0.0001. 
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3.4.4. DU does not induce significant GSH production 

The production of ROS can induce antioxidant protective mechanisms such as 

increasing the levels of thiols (Valko, Morris et al. 2005). To investigate if UA exposure 

may initiate an increase in glutathione production in response to oxidative stress, GSH 

levels were measured in 16HBE14o- cells (Figure 15). GSH levels did not significantly 

increase in cells treated with 10, 30 or 300 ppb UA after 2 or 4 hr compared to untreated 

cells (Figure 15A). However, cells treated with 100 ppb UA induced a significant 

increase in thiol production (p < 0.01) compared to untreated cells. Interestingly, after 4 

hr of 100 ppb UA exposure, thiol production significantly decreased compared to the 2 hr 

100 ppb UA exposure (p < 0.001). The positive control of 100 µM TBHP significantly 

increased GSH (p < 0.0001) compared to untreated cells.  

Various UA exposure times were investigated to determine if GSH production is 

dependent on time (Figure 15B). Cells were treated with 30 ppb UA for 2, 3, 4, and 5 hr 

had no measurable changes in GSH production compared to untreated cells. The positive 

control of TBHP did show a significant increase in GSH production (52 µM, p < 0.0001) 

after 3 hr of treatment compared to untreated cells. These results indicate that UA does 

not induce thiol production due to a lack of ROS production at low concentrations.  
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Figure 15. UA-induced GSH production in 16HBE14o- cells. A. GSH is induced 
after 2 hr at 100 ppb UA (black bars) compared to untreated cells. B. UA (grey bars) 
does not induce a significant increase in GSH production after 5 hr compared to 
THBP treated cells (black bar) and untreated cells (white bar). The asterisk (*) and 
(***) indicates statistical significance between treated cells and untreated cells at p < 
0.01 and p < 0.0001, respectively. 
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3.4.5. UA induces abasic sites in 16HBE14o- cells 

An apurinic/apyrimidinic site (AP or abasic sites) is one of the most frequently 

encountered DNA lesions in cells that can be spontaneously generated or induced by 

exposure to oxidative stress or to genotoxic agents such as ionizing radiation (Loeb, 

Preston et al. 1986). AP sites are also induced by DNA glycosylases during base excision 

repair in response to DNA damage from a wide variety of damaging agents (Dianov, 

Sleeth et al. 2003). AP sites may affect cell viability and genomic integrity by interfering 

with normal DNA replication, thereby making AP sites cytotoxic and mutagenic (Loeb, 

Preston et al. 1986; Dianov, Sleeth et al. 2003). Formation of AP (or abasic) sites were 

measured as shown in Figure 16. 16HBE14o- cells treated with 10, 30, 100, and 300 ppb 

UA significantly produced AP sites compared to untreated cells after 24 hr. After 48 hr, 

UA increased the AP sites per 10,000 base pairs only after 100 ppb compared to 

untreated cells. These results indicate that UA induces AP sites in repair proficient human 

bronchial epithelial cells after 24 hr. 
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Figure 16. UA induces significant AP sites in 16HBE14o- cells after 24 hr (black 
bars) and 48 hr (gray bars) exposures.  Cells were treated with UA and assayed for AP 
sites as described in the text. Data represents mean ± SEM for n = 3 independent 
experiments. P values were considered to be statistically significant as indicated with 
* (p < 0.01), ** (p < 0.001), and *** p < 0.0001 compared to untreated cells. 
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3.5. DISCUSSION 

The overall goal of the current study was to determine if environmentally relevant 

doses of depleted uranium as uranyl acetate will induce oxidative stress in human 

bronchial epithelial cells. Previous studies have shown that uranyl compounds induce 

DNA damage via oxidative stress at higher concentrations. Studies have shown that 

depleted uranium (UA and uranyl nitrate) can induce oxidative stress in vitro in human 

osteoblasts cells and rat lung cells at high lethal concentrations ranging from 0.5 µM – 

1.0 mM (Miller, Stewart et al. 2002; Periyakaruppan, Kumar et al. 2007; Tasat, Orona 

et al. 2007; Thiebault, Carriere et al. 2007). However, using fluorescence microscopy 

and flow cytometry, we were not able to observe oxidative stress induction at 

concentrations up to 300 ppb UA in human bronchial epithelial cells (16HBE14o-) or at 

higher concentrations (200 µM UA) in the Chinese hamster ovary cells after 3-4 hr 

exposure. We have previously shown that UA can produce single strand breaks at similar 

concentrations. However, our data indicates that DU is not indirectly inducing strand 

breaks via oxidative stress at these concentrations as seen with other heavy metals.  

In a similar study, human lung fibroblasts were treated with ionizing alpha 

particles in the presence of 2',7'-dichlorofluorescein to measure the intracellular 

production of superoxide and hydrogen peroxide by flow cytometry (Narayanan, 

Goodwin et al. 1997). Narayanan et al. (1997) observed that fibroblasts exposed to low 

levels of alpha particles (0.4-19 cGy) had significant increases in intracellular superoxide 

production compared to sham-irradiated cells. The bystander effect is the induction of a 

DNA damage response in non-irradiated cells that are neighboring irradiated cells, and is 



 99 

considered to amplify the effects of radiation by increasing the number of affected cells 

(Mullenders, Atkinson et al. 2009). It is hypothesized that α-irradiation can cause a 

bystander effect, therefore ROS production in the cytoplasm is able to translocate in the 

nucleus to produce DNA damage and the resulting mutations as a result of the oxidative 

damage (Nagasawa and Little 1999). The lack of oxidative stress induction in our 

experiments suggests that depleted uranium at levels used in our experiments is 

producing DNA damage by a chemical toxicity that is independent to the radiotoxicity. 

Similar dose related effects have been seen with other metals. At low concentrations, 

nickel has been previously shown to induce dose-dependent strand breaks in HeLa cells, 

but only induces 7,8-dihydro-8-oxoguanine lesions at higher sub-lethal cytotoxic 

concentrations (Dally and Hartwig 1997; Calevro, Beyersmann et al. 1998).  

 Thiol production was investigated to determine if oxidative stress may be reduced 

in the presence of elevated levels of antioxidants (GSH). Thiol concentrations were not 

changed at environmentally relevant concentrations of uranium, compared to untreated 

cells after 5 hr of treatment. This may suggest that depleted uranium does not induce a 

significant increase in antioxidant production to minimize any oxidative stress that may 

be produced. Interestingly, after 24 hr of exposure, UA significantly induced AP sites 

production compared to untreated cells in a dose dependent manner. Chinese hamster 

ovary cells treated with higher concentrations did not induce significant AP site induction 

(Chapter II) that may suggest that the 16HBE14o- cells are more sensitive to UA toxicity. 

This may also indicate that lower concentrations of UA may induce the production of AP 

sites via a different mechanism rather than oxidative stress production. Additionally, 
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CHO cells may be able to better buffer oxidative stress. After 48 hr exposure, 16HBE14o- 

cells did not have a significant increase in AP sites production, which may indicate that 

AP sites may have been repaired at 48 hr.  

The EPA standard of uranium exposure (30 ppb) did induce a significant 

cytotoxic response in the 16HBE14o- cell line compared to untreated cells as indicated by 

the LDH cytotoxicity assay. Increased cytotoxicity in untreated cells at higher UA levels 

maybe due the required reduced levels of 1% fetal bovine serum (FBS) rather than the 

normal 10% FBS growing conditions.  

These current results further support the idea that UA is inducing DNA damage 

by primarily forming DU-DNA adducts, which may directly cause single strand breaks 

through DNA hydrolysis rather than strand breaks by oxidative stress at lower DU 

concentrations as illustrated in Figure 17. The lack of measureable oxidative stress also 

indicates that radioactivity of UA is not playing a significant role in the toxic effects seen 

at these lower levels of exposure. The formation of AP sites is interesting and requires 

further study to determine if the AP sites formed may be a product of DU-induced DNA 

hydrolysis or through the inhibition of base excision repair activity that could lead to 

increased single strand breaks as seen with lead (McNeill, Wong et al. 2007).  
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Figure 17. UA induces DNA damage via DNA hydrolysis rather than oxidative 
stress at low concentrations. 
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CHAPTER IV: 

EFFECTS OF DEPLETED URANIUM ON ETOPOSIDE-INDUCED DNA DAMAGE 

AND REPAIR IN HUMAN BRONCHIAL EPITHELIAL CELLS (16HBE14o-) 

 

4.1. INTRODUCTION 

There are many types of DNA damage that may occur spontaneously or are 

induced by physical and chemical agents. DNA damage is managed by high accuracy of 

replication and DNA repair pathways. The different types of DNA lesions vary from 

oxidation, adduct formation, DNA cross-links, or strand breaks.  The cell responds to 

DNA damage based on the induced lesion. Single strand breaks and abasic 

(apurinic/apyrimidinic) sites are repaired via base excision repair (BER). Bulky adducts 

are repaired by nucleotide excision repair (NER), and double strand breaks and DNA 

cross-links are repaired by recombination repair (homologous repair (HR), or non-end 

joining homologous repair (NEJH)). DNA double strand breaks are recognized by the 

DNA damage ‘sensor’ proteins, MRE11, Rad50 and Nbs1 (MRN complex). The MRN 

complex then activates protein kinases (‘transducers’ – i.e. ATM (ataxia telangiectasia 

mutated) and ATR) that phosphorylate DNA repair and cell cycle regulatory proteins 

(‘effectors’ – i.e. RPA) as illustrated in Figure 18 (Bristow and Hill 2008).  
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Figure 18. DNA double-strand break sensing and repair pathways. DNA double-strand 
breaks (DNA DSB) are sensed by the MRE11–RAD50–NBS1 (MRN) complex. ATM 
& DNA-PKCS are activated and recruitment which leads to the phosphorylation of the 
histone variant H2AX (termed γH2AX) around the site of the break. Subsequently, a 
number of DNA damage sensing proteins and DNA DSB repair proteins involved in 
homologous recombination (HR) and non-homologous end joining (NHEJ) are recruited 
within the first 1–6 h of damage recognition to repair the DNA DSB (Bristow and Hill 
2008).  
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If the DNA damage is beyond repair, the cell undergoes apoptosis (programmed 

cell death) (Wood 1996). The repair of genetic information plays an important role; 

failure to correct damaged sequences may lead to changes in replication, gene expression, 

and protein synthesis. Furthermore, DNA damage at specific sites like oncogenes or 

tumor suppressor genes may lead to cell cycle arrest, apoptosis, mutagenesis, genomic 

instability, and cancer. Transitional and heavy metals such as nickel (Ni), cobalt (Co), 

arsenic (As), and cadmium (Cd) have been shown to be carcinogenic to humans and/or 

experimental animals (Leonard, Bower et al. 2004). At low, non-carcinogenic 

concentrations, Cd(II) has been shown to inhibit DNA repair systems such as BER and 

NER and enhance mutagenicity of other DNA damaging agents at biologically relevant 

concentrations (Hartwig, Asmuss et al. 2002; Giaginis, Gatzidou et al. 2006). 

Interestingly, Cd is not a redox active metal, therefore it does not directly produce 

reactive oxygen species (ROS) that generate oxidative DNA damage (Giaginis, Gatzidou 

et al. 2006). In addition to DNA repair processes, cell cycle regulation is an important 

response to DNA damage. In the event of DNA damage, cell cycle checkpoints induce 

cell cycle arrest to prevent replication of damaged DNA, control the activation of DNA 

repair pathways and transcriptional programs, and in the case of heavily damaged DNA, 

induce apoptosis (Hartwig, Asmuss et al. 2002).  

DU has been shown to induce DNA damage via single strand breaks and DNA 

adducts at lower concentrations and oxidative stress at higher concentrations. Although 

DU acts as a weak carcinogen, there are limited studies investigating if DU may inhibit 

DNA repair. Au et al. utilized chromosomal biomarkers obtained from blood 
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lymphocytes collected in populations residing near uranium mining activities in Texas to 

determine if environmental toxicants can induce DNA repair deficiency (Au, Lane et al. 

1995; Au, Wilkinson et al. 1996). The population residing for 10+ years near uranium 

mining operations had a higher mean frequency of cells with chromosome aberrations 

and deletion frequency compared to the control reference groups, but was not statistically 

significant. The collected lymphocytes from both groups were then challenged by 

exposure to gamma radiation. Interestingly, the target population from the uranium 

mining operations had a significantly higher increase in frequency of chromosomal 

aberrations and deletion frequency compared to the control reference group, indicating an 

abnormal DNA repair response (Au, Lane et al. 1995). 

The mechanism for DU-mediated inhibition of DNA repair is unclear. Other toxic 

metals (ie. Cd2+, Co2+, Cu2+, Fe2+, Ni2+, Pb2+) are known to inhibit DNA binding proteins 

by displacing zinc ions (Zn2+) in zinc finger proteins (ZFPs) (Hartsock, Cohen et al. 

2007). Zinc finger proteins have many functions including: DNA recognition, 

transcriptional activation, apoptosis, protein folding and assembly, and activation of 

DNA repair (Laity, Lee et al. 2001). Hartsock et al. (2007) has shown that uranyl acetate 

(UA) can inhibit ZFPs, Aart and Sp1, and non-ZFPs, AP1 and NF-κB in a dose 

dependent manner in purified ZFPs utilizing an electrophoresis mobility shift assay 

(ESMA).  An excess of BSA added to the reactions reduced the UA-mediated inhibition 

of protein-DNA binding. It was concluded that UA could directly interact with and 

inhibit the function of a variety of DNA-binding metallic and non-metallic proteins at 

low concentrations (10 µM UA). 
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4.2. SPECIFIC AIM 

The specific aim of this study is to investigate the DNA damage response to 

uranium-induced DNA damage at low concentrations in human bronchial epithelial 

(16HBE14o-) cells. It was hypothesized is that depleted uranium acts as a co-carcinogen 

and inhibits DNA repair in the presence of a known DNA damaging agent, the 

topoisomerase II inhibitor etoposide (VP-16). Etoposide is known to induce double strand 

breaks (Robison, Bissler et al. 2007) and is utilized as a positive control. 16HBE14o- 

cells were pretreated with depleted uranium as uranyl acetate (UA) and further treated 

with etoposide.  Cytotoxicity was assessed in vitro by the clonogenic survival assay. 

DNA damage response was assessed in vitro via Western immunoblotting to determine 

phosphorylation of the DNA repair protein, Replication protein A (RPA) and cell cycle 

arrest was assessed via flow cytometry. RPA is a single-stranded DNA binding protein 

that is essential for DNA replication, repair and recombination and is phosphorylated in 

response to DNA damage (Robison, Bissler et al. 2007). The inhibition of DNA repair by 

depleted uranium at environmentally relevant concentrations is a unique mechanism that 

has not been previously investigated and may suggest a novel means by which uranium 

may exert its genotoxic effects. 

 
4.3. MATERIALS AND METHODS 
 
4.3.1. Reagents and Chemicals 

Depleted uranium as uranyl acetate dihydrate [6159-44-0] (UA), with a U234/U238 activity 

ratio of 0.12 (Yazzie, Gamble et al. 2003), was obtained from International Bio-

Analytical Industries, Inc. (Boca Raton, FL).  
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4.3.2. Preparation of DU Compounds 

Uranyl acetate (UA) was used as a soluble DU compound.  Solutions of UA were 

prepared by weighing out the desired amount and dissolving it in double distilled water. 

Dilutions were made for appropriate treatment concentrations and then filter sterilized 

through a 10 ml syringe with a 0.2 µm filter. The concentrations utilized in this study are 

reported as parts per billion (ppb) rather than micromolar (µM). The unit conversion from 

ppb to µM is shown in Table 5. 

 
Table 5.  Interconversions for doses of uranyl acetate (UA) 

ppb (µg/L)  10  30  100  300 

µM  
 0.04  0.13  0.4  

 1.3 

 

4.3.3. General Cell Culture Conditions 

Human bronchial epithelial cells (16HBE14o-) were purchased from the Gruenert 

Laboratory (University of California, San Francisco, CA). Cells at passage 38 were 

thawed from cryopreservation, cultured in α-MEM (Hyclone, Logan, UT) supplemented 

with 10% fetal bovine serum (Hyclone, Logan, UT), antibiotic/antimycotic (100 U/ml 

penicillin, 100 mg/ml streptomycin) (Sigma) and 1 mM glutamine (Gibco-BRL, 

Rockville, MD). Cells were maintained at 37 °C in a 5% CO2/air humidified incubator 

calibrated with a Fryrite analyzer (Bacharach Co., Pittsburgh, PA). 

 
4.3.4. Clonogenics Assay 

Cytotoxicity, as decreased cell survival, was determined by measuring colony-

forming ability in the 16HBE14o- cell lines. Cytotoxicity measurements were carried out 



 108 

after incubation with DU as UA for 24 and 48 hr. Cells were seeded at 8 × 105 cells per 

100 mm plate, allowed to adhere for over ~20 h, and treated with sterile-filtered aqueous 

solutions of UA (0 – 300 ppb) for 24 or 48 hr. For the co-exposure study, after UA 

treatment, cells were washed and fresh media was added with 25 µM VP-16 (etoposide) 

for 4 additional hr. Upon completion of exposure, cells were detached with Accutase®  

(Innovative Cell Technologies, Inc., San Diego, CA), quantified on a hemocytometer and 

reseeded at 1000 cells per 60 mm dish in quadruplicate. After 8 days, all dishes were 

stained with crystal violet and the colonies were counted.  Cell survival was calculated as 

percent colonies in treated dishes relative to untreated controls.  Plating efficiency for the 

16HBE14o- cells was 72%. 

 

4.3.5. Immunofluorescent Detection of γH2AX foci 

DNA double-strand breaks were assessed in vitro via γH2AX immunostaining. 

16HBE14o- cells were grown on 12 mm coverslips (Becton Dickinson Labware, Bedford, 

MA) for 24 hours prior to treatment. Cells were treated with 30 ppb UA for 12 hr, and/or 

25 µM of etoposide (VP-16) for 4 hr. After completion of treatment, cells were washed 

with phosphate-buffered saline (PBS) (Electron Microscopy Sciences, Hatfield, PA) and 

fixed for 10 minutes with ice cold methanol and permeabilized with PBS containing 0.5% 

Triton X-100 (Sigma-Aldrich) for 10 minutes. Cells were then blocked in PBS containing 

1% BSA for 1 hour. Cells were then incubated with a 1:1000 dilution of primary 

antibody, rabbit anti-γH2AX (Bethly Labs, Montgomery, TX), overnight at 25 °C and 

washed three times with PBS followed by incubation of secondary goat anti-rabbit Alexa 
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Fluor 485 antibody (Molecular Probes, Eugene, OR) for 2 hr at 25 °C.  Cells were 

washed three times with PBS and the coverslips were mounted on slides. The nucleus 

was then counterstained with DAPI and foci images were captured using a Nikon 

inverted fluorescent microscope. Images were processed using Adobe Photoshop 7.0 

(Adobe, San Jose, CA). 

 

4.3.6. Western Blot Analysis 

DNA damage response was assessed in vitro via Western immunoblotting to 

determine phosphorylation of RPA32 (S4/S8) levels. RPA is the major single-stranded 

DNA (ssDNA)-binding protein in mammalian cells and is hyperphosphorylated 

following DNA damage and replicative stress (Robison, Bissler et al. 2007). Upon 

completion of exposure, cells were washed with PBS, harvested by trypsinization with 

Accutase®  (Innovative Cell Technologies, Inc., San Diego, CA), and pelleted by 

centrifugation. Thereafter, the supernatant was removed and 500 µl of modified RIPA 

buffer (50 mM Tris pH 7.4, 1% NP-40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM 

EDTA, 5 mg/ml Aprotinin, 5 mg/ml Leupeptin, 1 mg/ml Pepstatin, 200 mM Na3VO4, 

200 mM NaF, and 100 mM PMSF) was used to resuspend the pellet and stored at -80 °C.  

The lysate was thawed on ice and passed through a 25-gauge needle three times in order 

to shear the DNA.  After centrifugation, the supernatant was removed and protein 

concentration determined by Coomassie® Protein Assay Reagent Kit (Pierce, Rockford, 

IL) using BSA as a standard. The colormetric intensity was immediately measured at an 

absorbance of 595 nm on a plate reader (Molecular Devices, Sunnyvale, CA). 
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Approximately 100 µg of each lysate in SDS sample buffer was resolved by 

electrophoresis on a 10% SDS-polyacrylamide gel and transferred to nitrocellulose. The 

membranes were probed with 1:1000 dilution of primary antibody rabbit anti-phospho 

RPA32 (S4/S8) (Bethly Labs, Montgomery, TX) followed by secondary goat anti-rabbit 

HRP conjugated antibody (Sigma-Aldrich, St. Louis, MO) at a dilution of 1:20,000. 

Reactive proteins were visualized using the Supersignal West Pico Chemiluminescence 

Substrate Kit (Pierce, Rockford, IL) and exposed to X-ray film. 

 

4.3.7. Flow Cytometry Cell Cycle Analysis 

After DU treatment, the cells were washed with control medium, trypsinized with 

Accutase® (Innovative Cell Technologies, Inc., San Diego, CA), pelleted by 

centrifugation at 500 × g for 10 min and thoroughly resuspended in 1 ml of cold ethanol 

(4 °C) slowly added to each tube while vortexing.  After ethanol fixation (at least 12 hr at 

4 °C), cells were pelleted, and stained by adding 1 ml of PBS containing 30 µg/ml 

propidium iodide (Molecular Probes, Eugene, OR) and 0.3 mg/ml of RNase A (Sigma). 

Cells were then incubated at 37 °C in 5% CO2 for 30 min. Propidium iodide was assessed 

using a FACStarPLUS flow cytometer (Becton Dickinson Immunocytometry Systems) 

utilizing a Coherent 90-5 water cooled argon laser tuned to 488 nm at 100 mW. Mean 

fluorescence intensity values were obtained from gated channels and triplicate runs were 

performed.  A minimum of 10,000 events was collected, while debris and fragments were 

excluded from analysis based on forward scatter and side scatter. Data were acquired and 

analyzed using (BD) software. 
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4.3.8. Statistical Analysis 

Data were expressed as mean ± SEM and analyzed by one-way ANOVA, 

followed by post-hoc Tukey tests for multiple comparisons between treatment groups; p 

< 0.05 was considered to be significant. 

 
4.4. RESULTS 
 
4.4.1. UA induces significant cytotoxicity in 16HBE14o- cells at low concentrations  

The colony formation assay was used to measure UA induced cytotoxicity. It was 

hypothesized that UA will induce cytotoxicity at environmentally relevant 

concentrations. After 24 and 48 hr, 16HBE14o- cells were treated with 10 – 300 ppb 

(0.04 – 1.3 µM) UA induced a dose-dependent cytotoxicity (Figure 19). UA was 

significantly cytotoxic at the 30 – 300 ppb UA concentrations after 24 and 48 hr 

compared to untreated cells. 
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Figure 19. Cytotoxicity of UA in 16HBE14o- cells after 24 hr () and 48 hr () 
treatments. UA induced a significant toxic response at higher concentrations 
compared to untreated cells utilizing the clonogenics assay.  Data represents mean ± 
SEM for n = 8 – 11 independent experiments. P values were considered to be 
statistically significant as *p < 0.01, **p < 0.001, and ***p < 0.0001 compared to 
untreated cells (color of symbol corresponds to line). 



 113 

The colony formation assay was also utilized to determine if UA might act as a 

co-carcinogen and elicit a synergistic cytotoxic response in the presence of a known 

DNA damaging agent. It was hypothesized that UA will induce a synergistic cytotoxic 

response at environmentally relevant concentrations in the presence of a known DNA 

damaging agent, etoposide (VP-16). 16HBE14o- cells were pre-treated with 30 ppb (0.13 

µM) UA for 24 or 48 hr. Thereafter, cells were washed with PBS and treated with 

increasing concentrations of etoposide for 4 hr. After 4 hr, 1 – 4 µM VP-16 did not 

produce a dose-dependent cytotoxic response compared to untreated cells (Figure 20). 

Cells pre-treated with 30 ppb UA for 24 hr and then treated with VP-16 induced 

significant cytotoxicity at 2 and 4 µM VP-16 compared to untreated cells. UA induced a 

significant synergistic cytotoxic response after 48 hr pre-treatments. Cells pre-treated 

with 30 ppb UA and exposed with 1, 2, and 4 µM VP-16 induced significant cell death 

compared to untreated cells.  

To investigate if UA may interfere with single strand break repair, CHO AA8 

cells were co-exposed to 200 µM UA in the presence of 5 – 20 nM of camptothecin 

(CPT) for 24 – 48 hr. Camptothecin is an anticancer drug that inhibits topoisomerase I to 

produce DNA single strand breaks. Clonogenics assay results indicate that co-exposures 

of camptothecin and UA did not induce a synergistic cytotoxic response compared to 

individual treatments and untreated CHO AA8 cells (Appendix B, Figure B.1.). 

Collectively, these results indicate that UA may interfere with DBS repair at 

environmentally relevant concentrations in the presence of a DNA damaging agent. 
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Figure 20. Cytotoxicity of etoposide (VP-16) () in 16HBE14o- cells after 24 hr () 
& 48 hr () UA pretreatments (30 ppb). Etoposide (topoisomerase II inhibitor; 
induces double strand breaks) induced a dose dependent toxic response after 4 hr 
utilizing the clonogenics assay.  Cells co-exposed to etoposide and UA induced a 
synergistic toxic effect after 48 hr compared to treatments alone and untreated cells.  
Data represents mean ± SEM for n = 8 – 11 independent experiments. P values were 
considered to be statistically significant as indicated with * (p < 0.008) and ** (p < 
0.0008) compared to untreated cells; a (p < 0.008) compared to cells treated with 30 
ppb UA alone after 48 hr. 
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4.4.2. UA does not induce γH2AX foci formation in 16HBE14o- cells 

To determine the effects of depleted uranium on DNA repair, the occurrence of 

γH2AX foci in response to DNA double strand breaks, was analyzed utilizing 

immunostaining in 16HBE14o- cells exposed to 30 ppb of UA. H2AX has a SQ motif 

with the serine (Ser 139) four residues from C-terminus, which is phosphorylated (termed 

γH2AX) by ATM and/or DNA-PK and forms “foci” in response to double strand breaks 

(DSBs) (Yu, Zhu et al. 2006). γH2AX has an important role in the processing and repair 

of DSBs, which is crucial for the maintenance of genome integrity and stability (Bristow 

and Hill 2008). Figure 21 is a representative immunofluorescent image of the 

microscopy analysis. In untreated cells, no apparent γH2AX signal was detected 

compared to cells treated with 25 µM VP-16 for 4 hr as a positive control. Cells treated 

with 30 ppb UA for 12 hr did not produce an apparent γH2AX signal compared to 

etoposide treated cells. These results suggest that UA does not induce double strand 

breaks at low concentrations and further supports previous data in the mutant CHO cells 

(Chapter II). 
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Figure 21. Detection of γH2AX foci was detected in etoposide (VP-16) treated 
16HBE14o- cells after 4 hr. Cells exposed to 30 ppb UA for 12 hr did not induce an 
apparent γH2AX signal compared to the positive control. 
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4.4.3. UA inhibits RPA phosphorylation in the presence of DNA damaging agent 

Specific protein phosphorylation is one of the hallmarks of the DNA damage 

response and can be monitored using phospho-specific antibodies. RPA phosphorylation 

on serine 4/8, is believed to occur early in the DNA damage response (as a “sensor” 

protein) and is also involved in the recruitment of various DNA repair proteins (functions 

as an “effector” protein) (Robison, Bissler et al. 2007; Bristow and Hill 2008). It is 

hypothesized that depleted uranium may inhibit DNA repair in the presence of a known 

DNA damaging agent at low, environmentally relevant concentrations. 16HBE14o- cells 

were treated with UA for 2 – 48 hr at 30 ppb in the presence or absence of 25 µM of 

etoposide (VP-16, topoisomerase II inhibitor) and western immunoblot assay was utilized 

to assess the DNA damage response as shown in Figure 22. Cells treated with 25 µM of 

VP-16 for 4 hr led to the increase in phospho-RPA32 as expected (Figure 22A and 22B). 

Cells treated with 30 ppb UA did not induce phosphorylation of RPA32 in a time 

dependent manner (0 – 48 hr). These results suggest that UA does not induce double 

strand breaks at low concentrations and further supports previous data in the mutant CHO 

cells (Chapter II) and the lack of γH2AX foci (Figure 21). 

To determine if UA may act as a co-carcinogen and inhibit DNA repair, 

16HBE14o- cells were pretreated with 30 ppb UA for 24 hr or 48 hr. After the 

pretreatment, cells were then treated with 25 µM of VP-16 for 4 hr. Western 

immunoblots indicate that after 24 hr of UA pretreatment, the amount of phosphorylation 

of RPA32 induced by VP16 is not altered compared to VP-16 treatments alone (Figure 

22C). Interestingly, the 48 hr pretreatment of 30 ppb UA decreased the amount of 
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etoposide-induced phosphorylation of RPA compared to individual treatments after 24 

and 48 hr. These results indicate that UA may interfere with DBS repair at 

environmentally relevant concentrations in the presence of a DNA damaging agent after 

48 hr as previously observed (Figure 20). 
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A.       B. 
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Figure 22. UA does not activate the double strand break DNA repair protein, 
RPA, after 24 & 48 hr in 16HBE14o- cells.  (A) Primary anti-RPA32 antibody 
detects all forms of RPA present in cell lysates. (B) Primary anti-RPA32 (S4/8) 
antibody detects phosphorylated RPA32 as seen after 4 hr treatment of etoposide 
(ETOP) alone (positive control). 30 ppb UA does not induce RPA 
phosphorylation. (C) 24 hr of UA pretreatment in the presence of ETOP does not 
alter etoposide-induced activation of pRPA32(S4/8) compared to ETOP 
treatments alone. However, RPA32(S4/8) phosphorylation is decreased in cells 
treated with ETOP after a 48 hr pretreatment of UA compared to etoposide 
treatments alone after 24 and 48 hr. 
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4.4.4. Etoposide increased the accumulation of cells in S-phase 

Heavy metal ions are effective in delaying or blocking the cell division process, 

thereby magnifying the effects of cell necrosis. Cell cycle distribution was assessed by 

flow cytometry. DNA content was detected using propidium idodine (PI) to investigate 

the effects of etoposide and uranium on the cell cycle in 16HBE14o- cells (Figure 23).  

After 12 hr, cells treated with 25 µM of VP-16 for 4 hr decreased the amount of 

cells in G1 phase and increased the amount of cells in S phase (p < 0.001) compared to 

untreated cells (Figure 23A). Cells treated with 30 ppb UA did not induce a significant 

change in the amount of cells in G1 and S phase after 12 hr compared to untreated cells. 

Cells pretreated with 30 ppb UA for 12 hr, followed by a 4 hr treatment of 25 µM of VP-

16 significantly decreased the amount of cells in G1 phase (p < 0.03) and increased the 

amount of cells in S phase (p < 0.001) compared to untreated cells after 12 hr. However, 

UA plus VP-16 was not different from VP-16 alone.  

VP-16 (25 µM) treated cells for 4 hr decreased the amount of cells in G1 phase to 

and increased the amount of cells in S phase compared to untreated cells after 24 hr 

(Figure 23B). UA (30 ppb) treated cells did not induce a significant change in the 

amount of cells in G1 and S phase compared to untreated cells. Cells pretreated with UA 

(30 ppb) for 24 hr, followed by a 4 hr treatment of VP-16 (25 µM) significantly 

decreased the amount of cells in G1 phase (p < 0.03) and increased the amount of cells in 

S phase (p < 0.001) compared to untreated cells. 

Cells treated with 25 µM VP-16 for 4 hr decreased the amount of cells in G1 

phase (p < 0.03) and increased the amount of cells in S phase (p < 0.001) compared to 
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untreated cells after 48 hr (Figure 23C). Cells treated with 30 ppb UA did not induce a 

significant change in the amount of cells in G1 and S phase after 48 hr compared to 

untreated cells. Cells pretreated with 30 ppb UA for 48 hr, followed by a 4 hr treatment 

of 25 µM of VP-16 significantly decreased the amount of cells in G1 phase (p < 0.03) and 

increased the amount of cells in S phase (p < 0.0001) compared to untreated cells after 48 

hr.  

Interestingly, all treatments of VP-16, UA, and co-exposures of VP-16 and UA 

did not induce any changes in the amount of cells in the G2/M phase after 12 – 48 hr. 

These results indicate that UA does not induce any significant changes on the cell cycle 

and has no synergistic effects on the cell cycle in the presence of a DNA damaging agent. 
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Figure 23. Effects of etoposide (ETOP), UA, and co-exposures of ETOP and UA on 
the cell cycle distribution in 16HBE14o- cells after 12 hr (A), 24 hr (B), and 48 hr (C) 
of exposure. Overall, cells treated with 25 µM ETOP decreased the amount of cells in 
the G1 phase (white bar) and increased the amount of cells in the S phase (grey bar) 
of the cell cycle compared to untreated cells after 12, 24, and 48 hr. 30 ppb UA did 
not induce any significant changes to the cell cycle distribution compared to 
untreated cells after 12, 24, and 48 hr. Interestingly, co-exposures of ETOP and UA 
induced similar decreases in cell populations at G1 and increases of cells in the S 
phase compared to untreated cells. All treatments of ETOP, UA or the co-exposure 
treatments did not affect the percentage of cells in G2/M phase (black bar). P values 
were considered to be statistically significant as indicated with * (p < 0.03), + (p < 
0.001), and ++ (p < 0.0001) compared to untreated cells; a (p < 0.03), b (p < 0.01), c 
(p < 0.001), and d (p < 0.0001) compared to cells treated with 30 ppb UA alone. 
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4.5. DISSCUSSION 

The purpose of the current research was to investigate the DNA damage response 

to uranium-induced DNA damage at low concentrations. It is hypothesized that depleted 

uranium may act as a co-carcinogen and inhibit DNA repair in the presence of a known 

DNA damaging agent, the topoisomerase II inhibitor etoposide (VP-16). 16HBE14o- 

cells were pretreated with depleted uranium as uranyl acetate (UA) and further treated 

with etoposide.   

The clonogenics assay showed that UA had a significant cytotoxic effect in 

16HBE14o- cells compared to untreated cells after 24 and 48 hr exposure. Interestingly, 

UA was significantly cytotoxic at low concentrations of 100 pbb (0.4 µM) and 300 ppb 

(1.3 µM), which may indicate that the human bronchial epithelial cells are sensitive to 

depleted uranium toxicity compared to similar experiments in Chinese hamster ovary 

cells (Chapter II). 16HBE14o- cells treated with 30 ppb UA (0.13 µM) had a cell 

survival rate of 65% and 68% after 24 and 48 hr exposures. Although cytotoxicity was 

not significant at this concentration, there is concern that depleted uranium may act as a 

co-carcinogen at environmentally relevant concentrations. Therefore, cells pretreated 

with 30 ppb UA and exposed to etoposide to determine if uranium may induce a 

synergistic toxic effect. The co-exposures of UA and etoposide induced a synergistic 

toxic effect after 48 hr compared to individual treatments, which supports the hypothesis 

that UA is acting as a co-carcinogen by inhibiting DSB repair at low concentrations.  

To investigate if UA may interfere with single strand break repair, CHO cells were 

co-exposed to UA in the presence of camptothecin for 24 – 48 hr. Camptothecin is an 
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anticancer drug that inhibits topoisomerase I to produce DNA single strand breaks. 

Clonogenics assay results indicate that co-exposures of camptothecin and UA did not 

induce a synergistic cytotoxic response compared to individual treatments and untreated 

CHO AA8 cells (Appendix B, Figure B.1.). Collectively, these results suggest that UA 

may be interfering with double strand break repair rather than single strand break repair. 

DNA damage response was assessed by immunocytochemistry for the detection of 

γH2AX foci and Western immunoblotting to determine phosphorylation of the DNA 

repair protein, Replication protein A (RPA). The formation of γH2AX foci is in response 

to DNA double strand breaks in which the SQ motif of H2AX is phosphorylated 

(Robison, Bissler et al. 2007). Radiation exposure has been shown to increase the number 

of DNA double strand breaks which have been detected by γH2AX phosphorylation in 

cultured cells for doses as low as 1 mGy and in vivo (lymphocytes, brain, lung, heart and 

intestine) for doses as low as 100 mGy in repair-proficient C57BL/6 mice and in 

lymphocytes from humans undergoing computed tomography examinations (Lobrich, 

Rief et al. 2005; Rube, Grudzenski et al. 2008). Immunostaining of 16HBE14o- cells 

treated with 30 ppb UA did not induce the formation of γH2AX foci after 12 hr. This 

supports the idea that depleted uranium has a chemical toxicity that is independent from 

its radiological toxicity. However, Thiébault et al. (2007) previously showed that γH2AX 

foci and DNA double stand breaks were induced in normal rat kidney (NRK-52E) 

proximal cells treated with a sub-lethal dose of 500 µM of uranyl nitrate (UN) (CI50 = 

550 µM UN) after 24 hr. The differences in results may be due to dfferences in exposure 

levels. At low concentrations, we have found that UA does not phosphorylate RPA after 
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48 hr. Studies with DNA repair deficient CHO cells have also indicated that UA does not 

induce double strand breaks at low concentrations (Chapter II). Collectively, these 

results indicate that UA does not induce DNA double strand breaks at low concentrations. 

This further supports the idea that uranium has similar properties as other metals (ie. Ni, 

Cd, Co) and induce different toxic responses based on concentration.  

Alternatively, these results may indicate a different mechanism. 16HBE14o- cells 

co-exposed to UA in the presence of etoposide had a synergistic cytotoxic response as 

shown by the clonogenics assay. Western immunoblots have also shown that cells co-

exposed to UA and etoposide decreased the phosphorylation of RPA after 48 hr 

compared to cells treated with etoposide alone. Opposed to this, Knöbel et al. (2006) did 

not observe DNA repair inhibition of human colon tumor cells (HT29) pretreated with 10 

µM uranyl nitrilotriacetate (U-NTA) for 24 hr and challenged with either 4-hydroxy-2-

nonenal (HNE) or 2-hydroxyamino-1-methyl-6-phenylimidazo[4,5-b]-pyridine (NOH-

PhIP) for 2 hr (Knöbel, Glei et al. 2006). HNE is known to induce lipid peroxidation and 

NOH-PhIP has been shown to form adducts. This difference could be possibly due to (1) 

varying cell types, to (2) the extent of uranium exposures or (3) to the specific type of 

DNA repair mechanisms that UA inhibits (i.e. DSB repair). After 24 hr of pretreatment to 

UA in the 16HBE14o-, there was no observable decrease in RPA phosphorylation which 

supports the lack of DNA repair inhibition as reported by Knöbel et al. (2006). Taken 

together, these results indicate that UA inhibits DNA repair at environmentally relevant 

concentrations after 48 hr. The mechanisms of DNA repair inhibition are unclear. The 

uranyl ion is found in the linear form with two oxygen moleclules bound and has the 
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ability to bind four to six different ligands. Uranium also has a high binding affinity for 

phosphate ions. Therefore, one potential mechanism for DNA repair inhibition is that 

once uranium enters the cell, it has the ability to bind available phosphate and prevent the 

activation of repair proteins via phosphorylation as seen with the lack of RPA 

phosphorylation. It is also postulated that uranium induces DNA damage via forming 

DNA adducts by binding to the DNA phosphate backbone and single strand breaks are 

induced by DNA hydrolysis (Wu, Cheng et al. 1996; Moss, Bracken et al. 1997; Stearns, 

Yazzie et al. 2005). The formation of DNA-phosphate adducts leads to a complete 

esterification of the phosphate group, giving rise to a phosphotriester (PTE) configuration 

(Lemiere 2010). The altered properties of the phosphate group can prevent the binding or 

function of proteins (ie. DNA repair proteins) as observed by Hartsock et al. (2007).  

Cell cycle consists of four distinct phases: G1 phase, S phase, G2 phase 

(collectively known as interphase) and M phase. Activation of each phase is dependent 

on the proper progression and completion of the previous one. Cell cycle checkpoints 

play an important role that can induce cell cycle arrest in a special phase, such as G0/G1 

or G2/M to allow for DNA repair or apoptosis to occur. Cells treated with UA alone did 

not induce any changes of cells in the cell cycle distribution compared to untreated cells. 

Etoposide treated cells decreased the amount of cells in G1 phase and increased the 

amount of cells in the S phase. As expected, etoposide is an anti-cancer drug that inhibits 

topoisomerse II to inhibit DNA synthesis. The S phase of the cell cycle is responsible for 

DNA synthesis. Therefore, an increase of cells in the S phase would be indicative of cell 

cycle arrest to prevent damaged DNA from replication and activates homologous 
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recombination DNA repair to repair double strand breaks. Individual treatments of UA 

and etoposide did not have significant effect on the cell cycle distribution in the G2/M 

phase. However, the co-exposure of cells treated with UA and etoposide had similar 

effects of cell cycle distribution as etoposide, which indicates that uranium does not 

exacerbate alterations in cell cycle of cells treated with etoposide alone. 

Environmental and endogenous processes continuously damage DNA. Therefore, 

efficient repair of these lesions and cell cycle control are important to maintain the 

integrity of DNA. Increased susceptibility to cancer due to defects in DNA repair has 

been well documented. The current study supports the hypothesis that depleted uranium 

acts as a co-carcinogen and inhibits DNA repair in the presence of a DNA damaging 

agent as illustrated in Figure 24. The inhibition of DNA repair by depleted uranium at 

environmentally relevant concentrations may suggest a novel means by which uranium 

may exert its genotoxic effects. Although the mechanism of DNA repair inhibition is 

unclear, more work is needed to identify the specific process(es) that are affected by 

uranium. 
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FIGURE 24. Uranium induced DNA damage via DNA hydrolysis at low concentrations. 
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CHAPTER V: 

SUMMARY OF STUDIES AND FUTURE DIRECTIONS 

 
5.1. RATIONALE FOR STUDIES 

The potential toxic effects of uranium at environmentally relevant exposures have 

not been extensively studied. The EPA has currently set the exposure standard of uranium 

in drinking water at 30 ppb U. In the Colorado Plateau region located in the Four Corners 

region of the US, there are areas of natural water sources that exceed the EPA standard 

and may pose a threat to surrounding communities that use the contaminated sources, 

thus making this research timely and relevant. 

Exposure to DU may present both a radiological and a chemical health hazard. 

However, these two modes of uranium toxicity are difficult to distinguish between 

because of the overlap of etiology and manifested effects. In addition, little is known 

about the chemical genotoxicity of uranium. The current studies herein strongly indicate 

a chemical genotoxic effect, especially at lower uranium doses. Uranium is found to 

predominately directly produce bulky DNA adducts and DNA single strand breaks and to 

inhibit double strand break repair. In addition, comparison of results from these studies 

with known effects of ionizing radiation strongly suggest that the effects reported here 

are due to the chemical properties of uranium at low, non-toxic concentrations.  
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5.2. SUMMARY OF FINDINGS 

The following sections will summarize the data presented in this document. 

5.2.1. Does depleted uranium induce DNA damage? 

Other groups have studied the genotoxicity of uranium and observed induced 

DNA damage, hprt mutations (Stearns, Yazzie et al. 2005; Coryell and Stearns 2006; 

Squibb and McDiarmid 2006), chromosomal aberrations (Hu and Zhu 1990; Lin, Wu et 

al. 1993; Prabhavathi, Padmavathi et al. 2003; Wolf, Arndt et al. 2004), and sister-

chromatid exchanges (Miller, Blakely et al. 1998).  

Uranyl acetate readily enters cells and becomes concentrated in the nucleus. UA 

cell content was measured in confluent CHO AA8 cells that were exposed to 0 - 300 µM 

UA for 0 - 48 hr by ICP-MS to determine where UA is internalized (Chapter II, Figure 

4).  Uranyl acetate was found to localize mostly in the nucleus of treated cells compared 

to untreated cells after 24 and 48 hr. This observation is indicative that uranyl acetate is 

able to readily enter treated cells and is in a location to be able to interact with nucleic 

acids, nucleotides, and nuclear proteins to cause DNA damage. Using DNA deficient 

CHO cell lines and DNA strand break detection techniques, it was demonstrated that 

uranium, in a dose-dependent manner, leads to increased production of DNA adducts and 

single strand breaks. Among these, formation of the DNA adducts occurred at the lowest 

UA concentrations, followed by single strand breaks. No increase in double strand breaks 

associated with uranium was seen. The detection of UA induced strand breaks was 

measured by the Fast Micromethod® assay. The Fast Micromethod® assay is based on the 

ability of PicoGreen®, a fluorescence dye to bind specifically with double stranded DNA 
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(dsDNA), in the presence of single strand DNA (ssDNA) and proteins in high alkaline 

medium (pH 12.40). This specific dsDNA binding allows for the direct fluorometric 

measurements of dsDNA denaturation without sample handling and stepwise DNA 

separations.  Results indicated an increased amount of single strand breaks in the base 

excision repair deficient CHO EM9 cells after 48 hr UA exposure compared to the non-

homologous end joining deficient CHO V3.3 and parental CHO AA8 cells (Chapter II, 

Figure 8). The results obtained from the Fast Micromethod® assay were comparable to 

similar results utilizing the single cell gel electrophoresis assay (Comet Assay). Results 

from the comet assay experiments in CHO AA8 and CHO EM9 cells suggested that 

uranyl acetate produced significant DNA single strand breaks relative to untreated cells 

(Stearns, Yazzie et al. 2005). 

 

5.2.2. What is the mechanism of DU-induced DNA damage? 

Two mechanisms of DNA damage have been proposed: an indirect Fenton-type 

reaction, and a direct uranium catalyzed DNA hydrolysis (Yazzie, Gamble et al. 2003).  

To further understand the mechanisms of depleted uranium (DU) toxicity, Chinese 

hamster ovary cells (CHO) with mutations in various DNA repair pathways were exposed 

to 50 – 300 µM of soluble DU as uranyl acetate (UA) for 24 and 48 hr. Results from the 

clonogenics assay have indicated that UA is cytotoxic in each CHO cell line, specifically 

in the nuclear excision repair (NER) deficient UV5 cells and in base excision repair 

(BER) deficient EM9 cells compared to the non-homologous end joining (NHEJ) 

deficient V3.3 cells and the parental AA8 cells after 48 hr (Chapter II, Figure 5).  To 
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verify that the cytotoxic responses of the repair deficient EM9 and UV5 cells were 

directly related to the deficient repair proteins, the cytotoxic effects in corrected mutant 

CHO H9T3 (BER proficient EM9) and 5T4-12 (NER proficient UV5) cell lines were 

investigated. Clonogenics assay results indicate that the UA-induced cytotoxicity was 

significantly reduced compared to the repair deficient EM9 (Chapter II, Figure 6) and 

UV5 cells (Chapter II, Figure 7). These results indicate that UA is producing the 

formation of UA-DNA adducts and single strand breaks rather than double strand breaks 

in CHO cells as previously observed (Stearns, Yazzie et al. 2005). To further investigate 

if UA induces double strand breaks at low concentrations, the occurrence of γH2AX foci 

in response to DNA double strand breaks was analyzed utilizing immunostaining in 

human bronchial epithelial (16HBE14o-) cells exposed to 30 ppb of UA. Immunostaining 

of 16HBE14o- cells treated with 30 ppb UA did not induce the formation of γH2AX foci 

after 12 hr, suggesting that double strand breaks are not being induced (Chapter IV, 

Figure 21). Therefore, data from two cell lines indicate that uranium does not directly 

produce DNA double strand breaks at low concentrations. 

Cellular oxidative stress has been implicated in the genotoxicity of many heavy 

metals as a mechanism of induced DNA damage.  To verify the production of reactive 

oxygen species (ROS), fluorescence microscopy and flow cytometry was utilized to 

measure ROS production in human bronchial epithelial cells (16HBE14o-) cells. Cells 

treated with 10 – 300 ppb of UA did not significantly induce oxidative stress compared to 

untreated cells at 3 – 4 hr time points. (Chapter III, Figure 13). The production of ROS 

can induce an antioxidant protective mechanism by increasing the amount of thiols 
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(Leonard, Bower et al. 2004). To investigate if UA exposure may initiate an increase in 

glutathione production in response to oxidative stress, thiol (GSH) levels were measured 

in 16HBE14o- cells (Chapter III, Figure 15). Thiol concentrations were not 

significantly elevated in UA treated cells compared to untreated cells. These results 

suggest that cellular oxidative stress is not a major pathway of DU genotoxicity at low 

concentrations.  

UA-induced single strand breaks were observed in the CHO cell lines. An 

apurinic/apyrimidinic site (AP or abasic sites) are one of the most frequently encountered 

DNA lesions in cells that can be spontaneously generated or induced by exposure to 

oxidative stress or to genotoxic agents such as ionizing radiation (Loeb, Preston et al. 

1986). In the mutant CHO cells lines, AP sites were significantly induced in the BER 

deficient EM9 cell line after 24 hr compared to the parental AA8 and NER deficient V3.3 

cell lines (Chapter II, Figure 9) as expected in the BER deficient cell line. Increases in 

AP sites were also observed in the repair proficient human bronchial epithelial 

(16HBE14o-) cell line in a dose dependent manner (Chapter III, Figure 16). The 

observation of AP sites may suggest another mechanism of DNA damage. The formation 

of DNA adducts has been shown to produce single strand breaks during the repair process 

(Vineis and Perera 2000). It is possible that the repair of these lesions may produce an 

increase in AP sites after 24 hr. However, after 48 hr of UA exposure, the production of 

AP sites are reduced that may indicate that the production of DNA adducts are not readily 

repaired as efficiently and results in an increase of cell death as observed (Chapter II 

and Chapter IV). 
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5.2.3. What are the effects of depleted uranium on DNA repair? 

It has been widely reported that metals can be genotoxic by inhibiting DNA 

repair. Cultured cells were pretreated with 30 ppb (0.13 µM) UA for 24 – 48 hr then 1 – 4 

µM of etoposide was added for an additional 4 hr. Etoposide is an anticancer drug that 

inhibits topoisomerase II to produce DNA double strand breaks. Clonogenics assay 

results indicate that UA exacerbates DNA damage induced by etoposide compared to 

individual treatments and untreated 16HBE14o- cells (Chapter IV, Figure 20).  CHO 

cells were exposed to 200 µM UA for up to 48 hr and then exposed to 5 – 20 nM of 

camptothecin (CPT) for 24 – 48 hr. Camptothecin is an anticancer drug that inhibits 

topoisomerase I to produce DNA single strand breaks. Clonogenics assay results indicate 

that co-exposures of camptothecin and UA did not induce a synergistic cytotoxic 

response compared to individual treatments and untreated CHO AA8 cells (Appendix B, 

Figure B.1.). Collectively, these results suggest that UA is interfering with double strand 

break repair but not single strand break repair. 

Specific protein phosphorylation is one of the hallmarks of the DNA damage 

response and can be monitored using phospho-specific antibodies. RPA phosphorylation 

on serine 4/8, is believed to occur early in the DNA damage response (as a “sensor” 

protein) and is also involved in the recruitment of various DNA repair proteins (functions 

as an “effector” protein) (Robison, Bissler et al. 2007; Bristow and Hill 2008). 

16HBE14o- cells were treated with UA for 2 – 48 hr at 30 ppb and were subsequently 

exposed to 25 µM of etoposide (VP-16, topoisomerase II inhibitor) (Chapter IV, Figure 

22). Untreated and UA-treated cells did not induce phosphorylation of RPA. Etoposide 
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increased RPA phosphorylation which was decreased by 48 hr previous exposure to UA. 

These results suggest that DU may inhibit double strand break DNA repair at low 

concentrations in the presence of a known DNA damaging agent.   

 

5.2.4. Does depleted uranium have an effect on the cell cycle?  

Heavy metal ions are effective in delaying or blocking the cell division process, 

thereby magnifying the effects of cell necrosis. Cell cycle distribution was assessed by 

flow cytometry with DNA loaded with propidium idodine (PI) to investigate the effects 

of etoposide and uranium on the cell cycle in 16HBE14o- cells. Cells treated with UA 

alone did not induce any significant changes in cell cycle distribution compared to 

untreated cells after 48 hr exposure (Chapter IV, Figure 23). Cells treated with 

etoposide alone decreased the amount of cells in G1 phase and increased the amount of 

cells in S phase which suggests that etoposide induces double strand breaks and induces 

cell cycle arrest to: 1) prevent the replication of damaged DNA and 2) to allow for 

homologous recombination DNA repair to occur. Individual treatments of UA and 

etoposide did not have significant effect on the cell cycle distribution in the G2/M phase. 

However, the co-exposure of cells treated with UA and etoposide had similar effects of 

cell cycle distribution as etoposide, which may indicate that uranium does not exacerbate 

the effects of cells treated with etoposide alone. 
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5.3. INTERPRETATION OF FINDINGS 

The following sections will summarize the data presented in this document and 

will contrast and compare these results with the effects of alpha radiation and of other 

metals.  

The current studies strongly indicate a uranium-induced chemical genotoxicity 

that acts independently from its radioactivity. Uranyl acetate was observed to readily 

enter cells and localize in the nucleus (Chapter II) as shown in previous studies 

(DiSpirito, Talnagi et al. 1983; Galun, Siegel et al. 1987). The mechanism of uranium 

transport into the cell is unclear. It is postulated that uranium enters the cell via 

endocytosis as observed with nickel (Mirto, Henge-Napoli et al. 1999; Kasprzak, Jr. et 

al. 2003). Prat et al. (2005) has also shown that nonselective vesicle transporters were 

upregulated in human renal HEK293 cells treated with 250 µM UA (Prat, Berenguer et 

al. 2005). Upon localization in the nucleus, the uranyl ion can interact with nucleic acids 

and nucleotides. The mechanism of DNA interaction is unclear. Our results indicate that 

DU acts by adduct formation, which subsequently results in DNA hydrolysis and 

formation of single strand breaks. The formation of DNA adducts supports the previous 

observation that the direct interaction of DU and DNA can inhibit the DNA-binding 

activity of a variety of DNA-binding proteins (Hartsock, Cohen et al. 2007). The 

formation of DNA adducts has been shown to produce single strand breaks during the 

repair process (Vineis and Perera 2000). It is possible that the repair of these lesions may 

produce an increase in AP sites after 24 hr (Chapter II and Chapter IV). AP sites can 

post a threat to cellular viability and DNA if not readily repaired which can lead to 
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cytotoxic and mutagenic effects (Dianov, Sleeth et al. 2003). DNA hydrolysis has been 

previously shown to be induced by actinide (Moss, Bracken et al. 1997) and lanthanide 

metals (Franklin 2001). In the DU-mediated DNA hydrolysis, it is proposed that a uranyl 

ion-complex directly interacts with the negatively charged DNA phosphate backbone. 

This interaction causes a withdrawal of electron density stabilizing the DU-

phosophodiester moiety, thereby activating the substrate to nucleophilic attack by water 

or hydroxyl anion, resulting in DNA hydrolysis (Moss, Bracken et al. 1997; Yazzie, 

Gamble et al. 2003).  

Data presented in this dissertation supports the direct uranium-catalyzed DNA 

hydrolysis mechanism in cells treated with low concentrations of UA (Figure 24). 

Adduct formation occurred at the lowest uranium doses followed by formation of single 

strand breaks. Because uranium is a predominantly alpha-emitting radionuclide, there is a 

concern for potential DNA damage and fragmentation if alpha particles reach the cell 

nuclei. UA was shown to induce DNA damage in the form of AP sites, single strand 

breaks, and DNA adducts in mutated CHO cells after 48 hr (Chapter II). Previous 

studies have also shown that the uranyl ion (UO2
2+) is known to bind strongly to various 

nucleotides (Wu, Cheng et al. 1996) and DNA to form a DU-phosphodiester moiety in 

the minor grooves of DNA (Constantinescu and Hatieganu 1974; Nielsen, Jeppesen et al. 

1988; Nielsen, Hiort et al. 1992; Wu, Cheng et al. 1996). Results also suggest that UA 

does not produce double strand breaks after 48 hr at lower concentrations (Chapter II 

and IV). Exposure to radiation has been shown to increase the number of DNA double 

strand breaks at very low doses (1 mGy) (Lobrich, Rief et al. 2005; Rube, Grudzenski et 
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al. 2008). Interestingly, Narayanan et al. (1997) has shown that low doses of α-particle 

irradiation (<10 mGy) is able to induce DNA damage by the metabolic generation of 

reactive oxygen species (ROS) without direct nuclear or cellular cytoplasmic hits in 

human fibroblast cells. The bystander effect is the induction of a DNA damage response 

in non-irradiated cells that are neighboring irradiated cells, and is considered to amplify 

the effects of radiation by increasing the number of affected cells (Mullenders, Atkinson 

et al. 2009). It is hypothesized that α-irradiation can cause a bystander effect, therefore 

ROS production in the cytoplasm is able to translocate in the nucleus to produce DNA 

damage and the resulting mutations as a result of the oxidative damage (Nagasawa and 

Little 1999). However, ROS was not produced in cells treated with low concentrations of 

UA (Chapter III), indicating that oxidative stress is not a major pathway for the 

observed DNA damage in our studies. In addition, the data supports the idea that uranium 

is a weak carcinogen compared to other heavy metals that produce significant DNA 

damage at similar concentrations (Kawanishi, Hiraku et al. 2002; Leonard, Bower et al. 

2004; Valko, Morris et al. 2005) and has a chemical toxicity that is independent from its 

radioactivity as shown in Table 6.  
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Table 6.  The differences between the low dose α-radiation and low concentrations of  
uranyl acetate.  

Effect:  Low-dose α-radiation  
(< 2 Gy):  Low concentrations of UA  

(< 300 µM):  

DNA 
damage  DSB1 > SSB  SSB; adducts (Chapter II)  

 
Mechanism 

 
 

Oxidative stress (direct2 and 
bystander effects3) 

 
 

DNA hydrolysis4 (Chapter II 
and III)  

 
 
 

DNA repair  
 Activates DNA repair5  

 
Inhibits DBS DNA repair 
(Chapter IV) 

 
 
 

Cell cycle  
 

Induces cell cycle arrest at G2/M 
phase6 

 
 

No significant changes 
(Chapter IV) 

 
 

 
Apoptosis   

Induces apoptosis7   
No induction (Appendix C)  

1Rube, Grudzenski et al. 2008 
2Narayanan, Goodwin et al. 1997 
3Nagasawa and Little 1999 
4Stearns, Yazzie et al. 2005 
5Mullenders, Atkinson et al. 2009 
6Brenner, Doll et al. 2003 
7Prise and O'Sullivan 2009 
 

 

 

 

 

 

 

 

 

 



 140 

Typical cellular responses to DNA damage are: 1) induce cell cycle arrest to 

prevent the replication of damaged DNA, 2) activate DNA repair mechanisms to repair 

damaged DNA, and 3) induce program cell death (apoptosis) if the damage is beyond 

repair. Heavy metal ions are effective in delaying or blocking the cell division process, 

thereby magnifying the effects of cell necrosis. Radiation doses over 0.2 Gy have been 

shown to activate G2/M checkpoints to induce cell cycle arrest (Brenner, Doll et al. 

2003). However, data shown here indicate that uranyl acetate does not have any 

significant effects on the cell cycle compared to untreated cells (Chapter IV). In 

addition, uranium does not exacerbate the effects of etoposide alone on the cell cycle 

(Chapter IV). This observation poses the question: does uranium affect cell cycle 

checkpoints? The implications of uranium inhibiting cell cycle checkpoints would allow 

damaged DNA to replicate and increasing the risk of hprt mutations (Stearns, Yazzie et 

al. 2005; Coryell and Stearns 2006; Squibb and McDiarmid 2006), chromosomal 

aberrations (Hu and Zhu 1990; Lin, Wu et al. 1993; Prabhavathi, Padmavathi et al. 

2003; Wolf, Arndt et al. 2004), and sister-chromatid exchanges (Miller, Blakely et al. 

1998). It is possible that uranium may exert effects on the cell cycle at higher doses, but 

did not have any apparent effects at the low levels examined here. 

Low dose ionizing radiation (>10 mGy) is known to induce double strand breaks 

and activate DNA repair (Mullenders, Atkinson et al. 2009). Data presented in this 

dissertation suggests that DU does not induce double strand breaks and may inhibit DNA 

double strand break repair at low concentrations in the presence of a known DNA 

damaging agent (Chapter IV). The mechanisms of DNA repair inhibition are unclear. 
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One potential mechanism for DNA repair inhibition is that once uranium enters the cell, 

it has the ability to bind available phosphate and prevent the activation of repair proteins 

via phosphorylation. It is also postulated that uranium forms DNA adducts (Wu, Cheng et 

al. 1996; Moss, Bracken et al. 1997; Stearns, Yazzie et al. 2005). The formation of DNA-

phosphate adducts leads to a complete esterification of the phosphate group, giving rise to 

a phosphotriester (PTE) configuration (Lemiere 2010). The altered properties of the 

phosphate group can prevent the binding or function of proteins (ie. DNA repair proteins) 

as previously observed (Hartsock, Cohen et al. 2007).  

A number of carcinogenic metals (i.e. Ni, As, and Cd) are associated with 

apoptosis. Several studies have shown that apoptosis can be induced by these metals by 

more than one pathway (Pulido and Parrish 2003). Low dose ionizing radiation has also 

been shown to induce apoptosis in response to DNA damage (Prise and O'Sullivan 

2009). Apoptosis was assessed by flow cytometry with Annexin V binding and DNA 

content in BER deficient CHO EM9 were exposed to 50 – 300 µM UA for 24 – 48 hr. 

Results from flow cytometry indicate that UA does not induce apoptosis at lower 

concentrations compared to untreated cells (Appendix C, Figure C.1.). This observation 

further supports the idea that the chemical properties of uranium act independent of its 

radiological properties at environmentally relevant concentrations. 

Alternatively, the free radical mechanism is described in which a reducing agent 

in the presence of dioxygen promotes the catalytic cycling of uranium between U(VI) and 

U(IV) with the liberation of H2O2. Reaction of H2O2 with U(IV) may generate the DNA-

damaging hydroxyl radical (Khan and Martell 1969; Yazzie, Gamble et al. 2003). 
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Although the data presented supports the direct uranium-catalyzed DNA hydrolysis 

mechanism in cells treated with low concentrations of UA, previous studies have shown 

that DU is capable of inducing oxidative stress that may be responsible for 8-OHdG 

formation as seen in human osteoblast cells (Miller, Stewart et al. 2002; Tasat, Orona et 

al. 2007), and ROS production in rat lung cells (Periyakaruppan, Kumar et al. 2007) and 

in NRK-52 (kidney) (Thiebault, Carriere et al. 2007) cells at higher concentrations 

(ranging from 100 µM to 1 mM) of uranyl compounds. These studies support the idea 

that concentration plays a significant role in the genotoxicity of depleted uranium. Sub-

lethal concentrations of uranium (>LD50) can induce DNA damage by a Fenton-type 

mechanism rather than DNA hydrolysis (Figure 25). Interestingly at the higher 

concentrations, DU was shown to induce DNA damage in the form of single and double 

DNA strand breaks. DU has been shown to induce apoptosis in response to DNA damage 

(Thiebault, Carriere et al. 2007). Lin et al. (1993) previously observed that UO2
2+ is able 

to induce M phase cell cycle arrest at higher concentrations. A particulate form of 

depleted uranium, uranyl trioxide (UO3 – 5 µg/cm2) as well as 800 µM of UA has been 

shown to induce G2 phase cell cycle arrest after 72 hr of exposure (Wise, Thompson et al. 

2007). However, there is a lack of research as to whether the higher concentrations of 

depleted uranium are able to activate DNA repair mechanisms to repair damaged DNA. 

These observations poses the question: at higher DU concentrations, is DNA damage 

induced by the chemical toxicity of uranium as a heavy metal or does the relatively low 

doses of α-particles from depleted uranium induce a bystander effect to cause DNA 

damage? It has been suggested that the chemical and radiological toxicity may be 
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additive or may potentiate in some instances. In these instances, this dual mode of 

uranium toxicity may not be distinguishable by end point because of the overlap of 

etiology and manifested effects.  
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FIGURE 25. Uranium induced DNA damage via Fenton-type chemistry mechanism at 
higher concentrations. 
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Collectively, these results suggest that uranium acts as co-carcinogen at low 

concentrations. Uranium has been shown to contaminate water sources in the Colorado 

plateau, the West Central Platform, and the Rocky Mountains. Many of these sites have 

also been shown to have other carcinogen agents present in high areas of uranium mining 

and processing, which are common in the Southwestern United States (Wilkinson 1985; 

Heiny and Tate 1997; Gongalsky 2003; Moldovan, Jiang et al. 2003). This creates a 

potential for human co-exposures to carcinogen compounds and uranium.  

Chromosomal aberrations that are induced by non-ionizing chemicals are 

generally formed by errors of DNA replication on a damaged DNA template and results 

in incorrect rejoining of chromosomal pieces during repair (Jackson and Bartek 2009).  

The failed rejoining of double strand breaks or failure to repair other types of DNA 

damage leads to terminal deletions (Jackson and Bartek 2009). Cells that survive are 

subject to permanent changes in the nucleotide sequence of DNA. This mutagenic 

response is due to the increase probability that errors occur upon replication of damaged 

templates. Gene mutations, chromosome aberrations, and aneuploidy are all implicated in 

the development of cancer (Negrini, Gorgoulis et al. 2010).  

 

5.4. FUTURE STUDIES 

Depleted uranium has been shown to act as a weak carcinogen by inducing DNA 

damage via a direct DU-mediated DNA hydrolysis mechanism at low, environmentally 

relevant concentrations. Interestingly, depleted uranium has also been shown to inhibit 

double strand DNA repair at these low concentrations as well. Further research is 
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recommended in key areas that would allow better health risk assessments to be made. It 

is important to investigate the following questions:  

 

5.4.1. What kind of DNA adducts are being formed at low DU concentrations?  

 It is also postulated that uranium induces DNA damage via forming DNA adducts 

by binding to the DNA phosphate backbone and single strand breaks are induced by 

DNA hydrolysis (Wu, Cheng et al. 1996; Moss, Bracken et al. 1997; Stearns, Yazzie et 

al. 2005). The formation of DNA-phosphate adducts often leads to a complete 

esterification of the phosphate group, giving rise to a phosphotriester (PTE) configuration 

(Lemiere 2010). The altered properties of the phosphate group can prevent the binding or 

function of proteins (ie. DNA repair proteins) as observed by Hartsock et al. (2007). 

High-performance liquid chromatography method for 32P-postlabeled DNA adducts (32P-

HPLC) can be utilized for separation, detection and characterization of DNA adducts 

(Vineis and Perera 2000). Some types of DNA adduct can be considered both as markers 

of biologically effective dose and risk because 1) they predict the onset of disease 

independently of exposure levels and 2) they express an integrated marker of exposure 

and of the individual ability to metabolize carcinogens and repair DNA damage (Vineis 

and Perera 2000; Bower, Leonard et al. 2005). The characterization of DU-DNA adducts 

can be very useful in cancer epidemiology since it is consistent with long-lasting 

knowledge on the importance of duration of exposure in the etiology of chemically 

induced cancers.   
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5.4.2. How does DU inhibit double strand break repair?  

 Single strand breaks and abasic (apurinic/apyrimidinic) sites are repaired via base 

excision repair (BER). Bulky adducts are repaired by nucleotide excision repair (NER), 

and double strand breaks and DNA cross-links are repaired by recombination repair 

(homologous repair (HR), or non-end joining homologous repair (NEJH)). Damaged 

DNA is recognized by DNA damage ‘sensor’ proteins, MRE11, Rad50 and Nbs1 (MRN 

complex). The MRN complex then activates protein kinases (‘transducers’ – i.e. ATM 

(ataxia telangiectasia mutated) and ATR) that phosphorylate DNA repair and cell cycle 

regulatory proteins (‘effectors’ – i.e. RPA) as illustrated in Figure 17 (Bristow and Hill 

2008). Data presented in the dissertation support the idea that UA can inhibit the 

phosphorylation of the DNA repair protein, RPA, in the presence of a known DNA 

damaging agent (Chapter IV). This observation is only a piece of a complex puzzle of the 

many proteins involved in DNA repair mechanisms. Currently in our laboratory, other 

DNA repair proteins (ATM, MRN complex, DNA-PKCS) are being investigated to 

determine if UA in the presence of etoposide will also effect phosphorylation of these key 

proteins involved in the initiation of DNA repair. There are very limited studies 

investigating if depleted uranium may inhibit DNA repair. Au et al. has shown that target 

populations from the uranium mining operations may have abnormal DNA repair 

responses that result in a significantly higher increase in frequency of chromosomal 

aberrations and deletion frequencies in blood lymphocytes compared to control reference 

group in their challenge assays (Au, Lane et al. 1995). The inhibition of DNA repair by 

depleted uranium at environmentally relevant concentrations may suggest a novel means 
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by which uranium may exert its genotoxic effects. Although the mechanism of DNA 

repair inhibition is unclear, more work is needed to identify the specific process(es) that 

are affected by uranium. In addition, evalulation of DNA inhibition by uranium should be 

carried out in a larger population study. 

 

5.4.3. Does DU interfere with other proteins involved in other signaling pathways in the 

DNA damage cellular responses? 

DNA damage signaling that is mediated by the ataxia telangiectasia mutated 

(ATM) kinase is a crucial damage-sensing mechanism. Rapid autophosphorylation of 

ATM activates ATM-dependent signaling that is important for H2AX phosphorylation, 

suggesting an early involvement of ATM in DNA damage signaling (Natarajan and 

Palitti 2008). Uranyl acetate does not induce γH2AX foci at low concentrations 

(Chapter IV). Phosphorylation of ATM (quantified as nuclear foci) is widely used as a 

sensitive monitor of the activation of the DNA damage responses after exposure to 

ionizing radiation (Rothkamm and Lobrich 2003). However there is a gap in the current 

literature that investigates the effect of depleted uranium on ATM mediated damage-

sensing mechanism. ATM has a crucial role in phosphorylating downstream targets 

involving DNA damage responses, including the activation of p53 and the checkpoint 

kinases, CHK1 and CHK2 (Bristow and Hill 2008). These events trigger the cellular 

response that leads to cell cycle arrest, DNA repair, and the induction of apoptosis as 

seen after exposure to acute, low doses of radiation (1 mGy) (Mullenders, Atkinson et al. 

2009). However, data presented in this dissertation has shown that low concentrations of 
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UA does not induce cell cycle arrest, inhibition of DNA repair activation, and does not 

induce apoptosis. Heintze et al. (2011) has also recently presented evidence that A1-5 rat 

embryo fibroblast cells treated with uranyl acetate does not induce cell cycle arrest or 

apoptosis, or activate p53 signaling mechanisms. The activation of p53 occurs in 

response to a variety of stress signals such as hypoxia, UV exposure, and oxidative stress 

(Heintze, Aguilera et al. 2011). The authors concluded that exposure to uranyl acetate or 

nitrate does not activate a p53-mediated pathway and suggested that any cellular response 

to uranium exposure occurs independent of p53 activation. It is clear that additional 

research is needed to bridge the gap between the initial formation of DU-induced DNA 

damage and how the corresponding DNA damage cellular responses are affected. 

 Environmental and endogenous processes continuously damage DNA. Therefore, 

efficient repair of these lesions are important to maintain the integrity of DNA. Increased 

susceptibility to cancer due to defects in DNA repair has been well documented. The 

current study supports the hypothesis that depleted uranium acts as a co-carcinogen and 

inhibits DSB DNA repair in the presence of a DNA damaging agent. The inhibition of 

DNA repair by depleted uranium at environmentally relevant concentrations may suggest 

a novel means by which uranium may exert its genotoxic effects. Although the 

mechanism of DNA repair inhibition is unclear, more work is needed to identify the 

specific process(es) that are affected by uranium. This greater knowledge may allow for 

potential risk assessment and allow for preventative measures to be taken. Many of the 

families that reside near abandoned mine tailings may be at greater risk of various 

cancers induced by the chemical effects of uranium, even though they are not exposed to 
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the radioactivity. Most of the currently available epidemiological studies on populations 

exposed to uranium or mine tailings are relatively weak in that most of the information is 

gathered from local Public Health Services/Indian Health Services (PHS/IHS) records 

which are inadequate. Reported rates of incidences of cancer in Native American 

populations are also insufficient due to the grouping of the many Native American tribes 

as a whole, rather than by individual tribes. Other challenges that arise in epidemiological 

studies that investigate populations exposed to uranium or mine tailings in non-native 

communities that are different from Native American communities. Most Native 

American communities are located on rural reservations where residents spend a 

substantial amount of time outdoors for various activities (walking, horseback riding, 

herding livestock) that increase exposure time to contaminated soils and water sources 

(deLemos, Brugge et al. 2009). The expected outcomes of continued research may aid 

many of the people that are affected by the tailings, push Congress to help compensate 

and clean up the tailings throughout the reservation and the Colorado plateau, and 

minimize the use of depleted uranium in military action. Most importantly, continued 

research will also provide many answers to unanswered questions that plague many 

cancer victims exposed to uranium. 
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APPENDIX A: 

PARTICULATE DEPLETED URANIUM INDUCED CYTOTOXICITY IN  

HUMAN BRONCHIAL EPITHELIAL CELLS (16HBE14o-) 

 

A.1. INTRODUCTION 

Dust particles containing depleted uranium may enter the body principally via 

inhalation, ingestion or by shrapnel embedment. Depleted uranium shell ammunitions can 

produce a radioactive aerosol in a high temperature reaction after explosion, resulting in 

military personnel and populations being exposed to inhaled aerosols containing DU 

(Marshall 2008). Fine particles of DU released from the ammunitions are also carried by 

the wind and are able to scatter and contaminate the air, ground, water source or any 

object, and finally enter the human body through the food chain. DU fragments have 

become embedded in military personnel with battlefield wounds (McClain, Benson et al. 

2001). Depending on the size of the DU fragments, smaller pieces of shrapnel are 

retained in the body for long periods of time, resulting in the DU fragments becoming 

dissolved and absorbed (McDiarmid, Engelhardt et al. 2009). The embedded DU is 

gradually transferred to kidney or bone via body fluids (McDiarmid, Keogh et al. 2000; 

McDiarmid, Engelhardt et al. 2004; McDiarmid, Engelhardt et al. 2009). 

There is limited information on the potential carcinogenicity of DU. Monleau et 

al. (2006) has shown that exposure to DU by inhalation resulted in DNA double strand 

breaks and an increased cytokine expression in broncho-alveolar lavage (BAL) cells 

suggesting that the DNA damage was due to the inflammatory processes and oxidative 
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stress (Monleau, Meo et al. 2006). Particulate DU has also been shown to induce 

neoplastic transformation and chromosome instability in human bronchial epithelial cells 

(BEP2D) (Xie, LaCerte et al. 2010). The mechanism of DU carcinogenesis is not fully 

understood. To further complicate the complexity of DU carcinogenesis, the importance 

of solubility, particle structure and size, and redox activity of particulate DU must be 

taken into account. For example, insoluble nickel compounds (ie. NiS, NiO, and Ni3S2) 

have been shown to be more carcinogenic than soluble compounds due to the insolubility 

of the nickel compounds in water and tissue fluids (Kasprzak, Jr. et al. 2003). It has been 

postulated that particulate DU induces DNA damage through indirect mechanisms of free 

radical generation and oxidative stress leading to mutations and genetic instability, which 

ultimately lead to neoplastic transformation (Miller, Stewart et al. 2002; Miller and 

McClain 2007; Xie, LaCerte et al. 2010). However, based on the data presented in this 

dissertation (Chapter III), the induction of oxidative stress by particulate DU may also 

depend on concentration as the soluble forms of DU. The marked differences in the 

carcinogenic activities of particulate depleted uranium compounds most likely reflect the 

differences in their uptake, transport, distribution and retention, and the delivery of UO2
2+ 

ions to specific cells and target molecules.  

 

A.2. SPECIFIC AIM 

The specific aim of this study is to compare the toxicity of the particulate forms of 

depleted uranium to soluble forms of depleted uranium at low concentrations in human 

bronchial epithelial (16HBE14o-) cells. The working hypothesis is that the particulate 
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forms of depleted uranium will indirectly produce reactive oxygen species to induce an 

oxidative stress response compared to the soluble forms of DU. 16HBE14o- cells were 

treated with particulate depleted uranium compounds as uranium dioxide (UO2), uranium 

trioxide (UO3), and uranium oxide (U3O8).  Cytotoxicity was assessed in vitro by the 

clonogenic survival assay. Oxidative stress was assessed by fluorescence microscopy and 

flow cytometry. Glutathione (GSH) levels were measured to assess an oxidative stress 

response and cell cycle arrest was assessed via flow cytometry. 

 

A.3. MATERIALS AND METHODS 

A.3.1. Reagents and Chemicals 

Soluble depleted uranium as uranyl acetate dihydrate [6159-44-0] (UA), with a 

U234/U238 activity ratio of 0.12 (Yazzie, Gamble et al. 2003), and particulate depleted 

uranium as: uranium dioxide [1344-57-6]  (UO2), uranium trioxide [1344-58-7]  (UO3), 

and uranium oxide [1344-59-8]  (U3O8) was obtained from International Bio-Analytical 

Industries, Inc. (Boca Raton, FL). The solubility of the depleted uranium compounds is 

listed in Table A.1. 

Table A.1. Solubility (g/100 g H2O) of depleted uranium compounds (Kaye and 
Laby 1993). 

Solubility in Compound Oxidation State cold H2O hot H2O Solubility in other solvents 

UA VI 8 d very soluble in alcohol 
UO2 IV i i HNO3, H2SO4 
UO3 VI i i HNO3, H2SO4 
U3O8 VI i i HNO3, H2SO4 

Abbreviations are: i – insoluble; d – decomposes 
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A.3.2. Preparation of DU Compounds 

Uranyl acetate (UA) was used as a soluble DU compound. Solutions of UA were 

prepared by weighing out the desired amount and dissolving it in double distilled water. 

Dilutions were made for appropriate treatment concentrations and then filter sterilized 

through a 10 ml syringe with a 0.2 µm filter. Uranium dioxide (UO2), uranium trioxide 

(UO3), and uranium oxide (U3O8) were used as particulate forms of uranium. Suspensions 

of DU particles were prepared in acetone to remove any organic contaminants in a 

borosilicate scintillation vial, and homogenized for 24 hr prior to treatment. The particles 

were kept in suspension using a stir bar mixer and diluted into appropriate suspensions 

for specific treatments. Treatments were directly dispensed into cultures from these 

suspensions. Control groups were treated with equivalent amounts of acetone (30 µl) to 

account for this vehicle. The concentrations utilized in this study are reported as parts per 

billion (ppb) rather than micromolar (µM). The unit conversion from ppb to µM is shown 

in Table A.2. 

 

 
 
 

Table A.2. Interconversions for doses of soluble & insoluble uranium compounds 

 UA UO2 UO3 U3O8 

Molecular Weight 424.15 270.03 286.03 842.09 

ppb (µg/L) 30 30 30 30 

µg/cm2 0.0071 0.0071 0.0071 0.0071 

µmol U/L 0.071 0.111 0.105 0.107 
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A.3.3. General Cell Culture Conditions 

Human bronchial epithelial cells (16HBE14o-) were purchased from the Gruenert 

Laboratory (University of California, San Francisco, CA). Cells at passage 38 were 

thawed from cryopreservation, cultured in α-MEM (Hyclone, Logan, UT) supplemented 

with 10% fetal bovine serum (Hyclone, Logan, UT), antibiotic/antimycotic (100 U/ml 

penicillin, 100 mg/ml streptomycin) (Sigma) and 1 mM glutamine (Gibco-BRL, 

Rockville, MD). Cells were maintained at 37 °C in a 5% CO2/air humidified incubator 

calibrated with a Fryrite analyzer (Bacharach Co., Pittsburgh, PA). 

 

A.3.4. Clonogenics Assay 

Cytotoxicity, as decreased cell survival, was determined by measuring colony-

forming ability in the 16HBE14o- cell lines. Cytotoxicity measurements were carried out 

after incubation with particulate DU as uranyl dioxide (UO2), uranyl trioxide (UO3), and 

triuranium octaoxide (U3O8) for 24 and 48 hr. Cells were seeded at 8 × 105 cells per 100 

mm plate, allowed to adhere for over ~20 h, and treated with uranyl slurry solutions of 

DU (10 –300 ppb) for 24 or 48 hr. Upon completion of exposure, cells were detached 

with Accutase® (Innovative Cell Technologies, Inc., San Diego, CA), quantified on a 

hemocytometer and reseeded at 1000 cells per 60 mm dish in quadruplicate. After 8 days, 

all dishes were stained with crystal violet and the colonies were counted.  Cell survival 

was calculated as percent colonies in treated dishes relative to untreated controls.  Plating 

efficiency for the 16HBE14o- cells was 82%. 
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A.3.5. Fluorescence Microscopy Measurement of Cellular ROS 

To detect ROS production in live cells, the Image-iT LIVE Green Reactive 

Oxygen Species Detection Kit (Molecular Probes, Eugene, OR) was used as described by 

manufacturer.  Briefly, after treatment, dishes were rinsed with HBSS and loaded with 25 

µM 5(6)-carboxy-2',7'-dicholorfluorescein (H2DCFHDA) for 25 min and counterstained 

with 1 µM Hoechst 33342 for 5 min. After staining, cells were rinsed with HBSS and 

replaced with serum-free media and viewed using a Nikon TE300 fluorescent microscope 

with a digital camera. Images were captured using Image-Pro Plus software (Media 

Cybernetics, Silver Spring, MD) with appropriate filters for individual dyes. 

 

A.3.6. Flow Cytometry Measurement of Cellular ROS 

After DU treatment, the cells were washed with control medium, trypsinized with 

Accutase® (Innovative Cell Technologies, Inc., San Diego, CA) to remove the cells from 

the plates, pelleted by centrifugation at 500 × g for 10 min and resuspended with media 

containing 20 µM H2DCFDA.  Cells were then incubated at 37 °C in 5% CO2 for 2 hr to 

determine the presence of ROS.  H2-DCFDA was assessed using a FACStarPLUS flow 

cytometer (Becton Dickinson Immunocytometry Systems) utilizing a Coherent 90-5 

water-cooled argon laser tuned to 488 nm at 100 mW. Mean fluorescence intensity values 

were obtained from gated channels and triplicate runs were performed.  A minimum of 

10,000 events was collected, while debris and fragments were excluded from analysis 

based on forward scatter and side scatter. Data were acquired and analyzed using (BD) 



 157 

software. Tertbutyl hydrogen peroxide (TBHP) was used as a positive control of ROS 

production. 

 

A.3.7. Thiol Detection Assay 

Reduced cell thiols (glutathione and thioredoxion) measurements were 

determined with the Fluorescent Thiol Detection Kit (Cell Technology Inc., Mountain 

View, CA), according to the manufacturer's instructions. Briefly, 1 × 106 cells were 

seeded and allowed to adhere for 24 hr. Cells were then treated with 10 – 300 ppb UO3 

for either 2 or 4 hr. After treatment, cells were washed with phosphate buffered saline 

(PBS) and lysed with the provided cell lysis buffer. Thereafter, cell lysates were 

centrifuged for 5 min at 8,000 × g at 4 °C. Samples and standards were transferred to a 

black 96-well plate and reacted with the provided reaction cocktail. After the required 20 

min incubation in the dark, the fluorescence intensity was immediately measured at an 

excitation wavelength of 488 nm and an emission wavelength of 530 nm on a 

fluorescence plate reader (Molecular Devices Gemini-X fluorescence spectrophotometer, 

Molecular Devices, Sunnyvale, CA). Reduced thiols were then determined by comparing 

the absorbance with a standard curve generated by the provided GSH standards provided.  

 

A.3.8. Flow Cytometry Cell Cycle Analysis 

After DU treatment, the cells were washed with control medium, trypsinized with 

Accutase® (Innovative Cell Technologies, Inc., San Diego, CA), pelleted by 

centrifugation at 500 × g for 10 min and thoroughly resuspended in 1 ml of cold ethanol 
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(4 °C) was slowly added to each tube while vortexing.  After ethanol fixation (at least 12 

hr at 4 °C), cells were pelleted, and stained by adding 1 ml of PBS containing 30 µg/ml 

propidium iodide (Molecular Probes, Eugene, OR) and 0.3 mg/ml of RNase A (Sigma). 

Cells were then incubated at 37 °C in 5% CO2 for 30 min. Propidium iodide was assessed 

using a FACStarPLUS flow cytometer (Becton Dickinson Immunocytometry Systems) 

utilizing a Coherent 90-5 water cooled argon laser tuned to 488 nm at 100 mW. Mean 

fluorescence intensity values were obtained from gated channels and triplicate runs were 

performed.  A minimum of 10,000 events was collected, while debris and fragments were 

excluded from analysis based on forward scatter and side scatter. Data were acquired and 

analyzed using (BD) software. 

 

A.3.9. Statistical Analysis 

Data were expressed as mean ± SEM and analyzed by one-way ANOVA, 

followed by post-hoc Tukey tests for multiple comparisons between treatment groups; p 

< 0.05 was considered to be significant. 

 

A.4. RESULTS 

A.4.1. Particulate DU induces significant cytotoxicity in 16HBE14o- cells at low 

concentrations  

 The colony formation assay was used to measure particulate DU induced 

cytotoxicity. It was hypothesized that the particulate DU compounds will induce 

cytotoxicity at environmentally relevant concentrations as previously seen with soluble 
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DU (Chapter III). 16HBE14o- cells were treated with 10 – 300 ppb of particulate and 

soluble DU for 24 and 48 hr as shown in Figure A.1. The overall relative cytotoxicities 

of the DU species is: UO3 ≈ U3O8 ≈ UA > UO2 after 24 hr (Figure A.1A). Cells treated 

with 10, 30, 100, and 300 ppb DU induced significant cytotoxicity compared to untreated 

cells. There was no significant difference between each DU compound at equivalent 

doses that indicate that solubility does not have an effect on cytotoxicity after 24 hr. 

 The overall relative cytotoxicities of the DU species is: UO3 ≈ U3O8 > UO2 ≈ UA 

after 48 hr (Figure A.1B). Cells treated with 10, 30, 100, and 300 ppb DU induced 

significant cytotoxicity compared to untreated cells. However, there was a significant 

increase in cytotoxicity of the particulate compounds compared to the soluble UA after 

48 hr. These results indicate that as the exposure time increases, the solubility of DU has 

an effect on cytotoxicity. 
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A.  

 
 

Figure A.1A. Cytotoxicity of various depleted uranium compounds in 16HBE14o- 
cells after 24 hr. The particulate compounds induce significantly different 
concentration-dependent cytotoxicity. The relative cytotoxicities of DU species is: 
UO3 ≈ U3O8 ≈ UA > UO2 after 24 hr. Data represents mean ± SEM for n = 8 – 11 
independent experiments. P values were considered to be statistically significant as 
indicated with * (p < 0.01), ** (p < 0.001), and *** (p < 0.0001) compared to 
untreated cells; color of symbol corresponds to significance of DU compound. 
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B. 

 
Figure A.1B. Cytotoxicity of various depleted uranium compounds in 16HBE14o- 
cells after 48 hr. The particulate compounds induce significantly different 
concentration-dependent cytotoxicity. The relative cytotoxicities of DU species is: 
UO3 ≈ U3O8 > UO2 ≈ UA after 48 hr. Data represents mean ± SEM for n = 8 – 11 
independent experiments. P values were considered to be statistically significant as 
indicated with *p < 0.01, **p < 0.001, and ***p < 0.0001 compared to untreated 
cells; a (p < 0.01), b (p < 0.001), and c (p < 0.0001) are p values of equivalent 
doses of particulate DU compared to doses of soluble DU (UA); d (p < 0.01) and e 
(p < 0.001) are p values of equivalent doses of DU compared to equivalent doses 
of UO2; f (p < 0.0001) are p values of equivalent doses of DU compared to 
equivalent doses of UO3. Color of symbol corresponds to significance of DU 
compound. 
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A.4.2. DU does not induce significant ROS production in live cell imaging 

It was hypothesized that since particulate uranyl trioxide (UO3) is more cytotoxic 

than the soluble UA form, that it will induce ROS production at low concentrations. 

Particulate compounds such as nickel are known to induce oxidative DNA damage 

indirectly via inflammation, and directly through H2O2 formation (Valko, Morris et al. 

2005). The mechanism of particulate DU-induce oxidative stress is unclear and requires 

further study. Based on the cytotoxicity data of the particulate DU compounds, UO3 was 

shown to be the most genotoxic compound likely to induce a response at environmentally 

relevant concentrations.  

To determine the generation of ROS in 16HBE14o- cells after UO3 treatment, 

cells were loaded with 25 µM 5(6)-carboxy-2',7'-dicholorfluorescein (H2DCFDA) for 25 

min and counterstained with 1 µM Hoechst 33342 for 5 min to detect the production of 

oxidative stress as shown in Figure A.2. An increase in fluorescence was observed after a 

3 hr pretreatment of 100 µM of tert-butyl hydroperoxide (TBHP), a positive control for 

induction of ROS. After exposing the cells to 30 ppb of UO3 for 2 or 4 hr, there was no 

detectable increase in fluorescence compared to the TBHP treatment. These results 

suggest that particulate UO3 does not directly induce ROS production at low 

concentrations. 
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Figure A.2.  Detection of ROS generated by 30 ppb UO3 exposure in 16HBE14o- 
cells after 2 – 4 hr exposure. UO3 did not induce significant ROS production 
compared to the 100 µM TBHP treatment after 3 hr exposure. 
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3.4.3. DU does not induce significant ROS production in flow cytometry 

To verify the fluorescence microscopy results, flow cytometry was utilized to 

measure ROS production in 16HBE14o- cells (Figure A.3). Cells were treated with 10, 

30, 100, and 300 ppb of UO3 did not induce significant mean DCF fluorescence after 4 hr 

compared to untreated cells (Figure A.3A). The positive control of TBHP had a 

significant increase in mean DCF fluorescence (p < 0.009) compared to untreated cells. 

Varying UO3 exposure times was also investigated to determine if ROS production is 

dependent on time (Figure A.3B). Cells treated with 30 ppb UO3 for 2, 3, 4, and 5 hr did 

not induce measurable changes in mean DCF fluorescence. The positive control of TBHP 

did show a significant increase in mean DCF fluorescence (p < 0.0001) after 3 hr of 

treatment compared to the mean DCF fluorescence of 1.1 in untreated cells. Results from 

the fluorescence microscopy and flow cytometry data strongly suggest that particulate 

UO3 does not induce ROS production at low concentrations, similar to what was 

previously observed with the soluble UA species (Chapter III). 
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A. 

 
B. 

 
FIGURE A.3. Induction of oxidative stress by UO3. UO3 does not induce significant 
ROS production in 16HBE14o-. A. Oxidative stress is not induced after increasing 
concentrations of UO3 (black bars) treatment compared to TBHP treated cells (gray 
bar) and untreated cells (white bar). B. UO3 does not induce a significant increase in 
oxidative stress after 5 hr treatments compared to THBP and untreated cells. The 
asterisk (**) and (***) indicates statistical significance between 100 µM TBHP 
treated cells and untreated cells at p < 0.009 and p < 0.0009, respectively. 
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A.4.4. Particulate DU does not induce significant GSH production 

The production of ROS can induce antioxidant protective mechanisms such as 

increasing the levels of thiols (Valko, Morris et al. 2005). To investigate if UO3 exposure 

may initiate an increase in glutathione production in response to oxidative stress, GSH 

levels were measured in 16HBE14o- cells (Figure A.4). After 2 hr or 4 hr of exposure, 

UO3 did not significantly alter the GSH levels compared to untreated cells respectively 

(Figure A.4A). The positive control of 100 µM TBHP significantly induced GSH (p < 

0.0001) compared to untreated cells. The 2 hr exposure of UO3 was shown to have a 

significant increase in GSH production compared to 4 hr UO3 exposure (26 µM GSH vs. 

14 µM GSH, p < 0.001). Various UO3 exposure times were investigated to determine if 

GSH production is dependent on time (Figure A.4B). Cells treated with 30 ppb UO3 for 

2, 3, 4, and 5 hr had no measurable changes in GSH production compared to untreated 

cells. The positive control of TBHP did show a significant increase in GSH production 

(52 µM GSH, p < 0.0001) after 3 hr of treatment compared to untreated cells. These 

results indicate that UO3 does not induce thiol production at low concentrations.  
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A. 

 
B. 

 
 
FIGURE A.4. UO3 induces GSH production in 16HBE14o- cells. A. GSH is 
induced after 2 hr as concentrations of UO3 (gray bars) are increased compared 
untreated cells (white bar). B. UO3 does not induce a significant increase in GSH 
production after 5 hr compared to THBP treated cells (black bar). P values (***) 
indicates statistical significance between 100 µM TBHP treated cells and untreated 
cells at p < 0.0001.  



 168 

A.4.5. UO3 increased the accumulation of cells in G1 phase 

Heavy metal ions are effective in delaying or blocking the cell division process, 

thereby magnifying the effects of cell necrosis. Cell cycle distribution was assessed by 

flow cytometry with DNA content loaded with propidium iodide (PI) to investigate the 

effects of particulate depleted uranium on the cell cycle in 16HBE14o- cells (Figure 

A.5).  

After 12 hr, UA did not induce any changes in the cell cycle distribution 

compared to untreated cells (Figure A.5A). Cells treated with 30 ppb UO3 did not induce 

a significant change in the amount of cells in G1 and S phase after 12 hr compared to 

untreated cells. However, UO3 induced a significant increase in the amount of cells (p < 

0.0002) in the G2/M phase after 12 hr. 

UA did not induce any changes in the cell cycle distribution compared to 

untreated cells after 24 hr (Figure A.5B). UO3 (30 ppb) treated cells did not induce a 

significant change in the amount of cells in G1, S, or G2/M phase after 24 hr compared to 

untreated cells. Similarly, after 48 hr, UA and UO3 did not alter the cell cycle distribution 

(Figure A.5C). These results indicate that UA and UO3 do not induce significant changes 

on the cell cycle (see also Chapter IV). 
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A.           B. 

 
C.        

 
 
Figure A.5. Effects of UA and UO3 on the cell cycle distribution in 16HBE14o- cells 
after 12 hr (A), 24 hr (B), and 48 hr (C) of exposure. Overall, cells treated with 30 
ppb UA did not have an effect on cell distribution in the G1 phase (white bar), S 
phase (grey bar) or G2/M phase (black bar) of the cell cycle compared to untreated 
cells after 12, 24, and 48 hr. Cells treated with 30 ppb UO3 did not have an effect on 
cell distribution in the G1 phase (white bar), S phase (grey bar) after 12, 24, and 48 
hr. However, cells treated with UO3 significantly increased the amount of cells in 
G2/M phase (black bar) of the cell cycle compared to untreated cells after 12 hr. 
Despite this increase, UO3 did not induce any other significant effects on the G2/M 
phase after 24 and 48 hr. P values were considered to be statistically significant as 
indicated with *** (p < 0.0002), compared to untreated cells; a (p < 0.02), compared 
to cells treated with 30 ppb UA after 12 hr. 
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A.5. DISSCUSSION 

The overall goal of the current study was to determine if physiologically relevant 

doses of particulate depleted uranium as uranyl dioxide (UO2), uranyl trioxide (UO3), and 

triuranium octaoxide (U3O8) will induce oxidative stress in human bronchial epithelial 

cells. Based on the importance of solubility, particle structure and size, and redox activity 

of particulate DU, it was hypothesized that the particulate forms of DU may induce 

significant cytotoxic effects compared to the soluble DU (UA) forms. The EPA standard 

of uranium exposure (30 ppb) induced a significant cytotoxic response in 16HBE14o- 

cells treated with particulate DU compounds compared to UA treated cells and untreated 

cells as indicated by the clonogenics assay. These findings are consistent with results 

from other studies, which showed that Ni(II) released from Ni3S2 and NiO particles 

reached the nucleus in greater amounts than Ni(II) from water-soluble Ni(II) sulfate and 

resulted in higher cytotoxicity and genotoxicity of fine particles compared to water-

insoluble nickel compounds (Kasprzak, Jr. et al. 2003). This observation poses the 

question: does the particulate uranium compounds induce more DNA damage compared 

to soluble uranium at similar concentrations?  

It has been postulated that particulate DU induces DNA damage through indirect 

mechanisms of free radical generation and oxidative stress leading to mutations and 

genetic instability (Miller, Stewart et al. 2002; Miller and McClain 2007; Xie, LaCerte et 

al. 2010). Exposure by inhalation to U dust particles can lead to a U accumulation 

predominantly in the lungs and tracheobronchial lymph nodes (ATSDR 1999) and target 

macrophages and epithelial cells (Monleau, Meo et al. 2006). Macrophages are involved 
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in particle clearance and retention in the alveolar compartment and secrete different 

inflammatory cytokines. Macrophages treated with particulate DU have shown an 

induction of TNF-α secretion, MAPK activation, and brief inflammatory gene expression 

in rat lungs with an increase of both pro- and anti- inflammatory cytokines (Kalinich, 

Ramakrishnan et al. 2002; Gazin, Kerdine et al. 2004; Monleau, Meo et al. 2006). These 

studies indicate that genotoxicity can be caused by direct actions of particles or indirect 

mechanisms such as inflammatory-mediated ROS production. However, fluorescence 

microscopy and flow cytometry experiments in the current study did not show oxidative 

stress induction at concentrations up to 300 ppb UO3 after 5 hr. Based on the current data 

and data presented in this dissertation (Chapter III), the induction of oxidative stress by 

particulate DU may depend on concentration as the soluble forms of DU. However, 

further increase in concentration of the particulate UO3 may result in lethal 

concentrations of DU based on the cytotoxicity data presented. The lack of oxidative 

stress induction suggests that depleted uranium at these levels used in our experiments 

further support the DNA hydrolysis mechanism of DNA damage at lower concentrations 

seen with soluble uranium compounds. 

 Thiol production was investigated to determine if oxidative stress may be reduced 

in the presence of elevated levels of antioxidants (GSH). Thiol concentrations were not 

significantly elevated at environmentally relevant concentrations of particulate uranium, 

compared to untreated cells after 5 hr of treatment as previously observed with soluble 

uranium (Chapter III). This may suggest that depleted uranium does not induce a 
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significant increase in antioxidant production to minimize any oxidative stress that may 

be produced, compared to the positive control of TBHP.  

Cell cycle consists of four distinct phases: G1 phase, S phase, G2 phase 

(collectively known as interphase) and M phase. Activation of each phase is dependent 

on the proper progression and completion of the previous one. Cell cycle checkpoints 

play an important role that can induce cell cycle arrest in a special phase, such as G0/G1 

or G2/M to allow for DNA repair or apoptosis to occur. Cells treated with UA alone did 

not induce any changes of cells in the cell cycle distribution compared to untreated cells. 

Cells treated with UO3 induced a significant increase in cells in the G1 phase after 12 hr 

compared to untreated cells and cells treated with UA. This result suggests that UO3 is 

inducing cell cycle arrest in response to DNA damage, an observation not seen with the 

soluble uranium (Chapter IV). Interestingly, after the 24 and 48 hr exposures, there were 

no significant changes in the cell cycle distribution compared to UA treated and untreated 

cells. This observation further supports the need for further research to investigate if 

uranium may affect cell cycle checkpoints. The implications of uranium inhibiting cell 

cycle checkpoints would allow damaged DNA to replicate and increasing the risk of hprt 

mutations (Stearns, Yazzie et al. 2005; Coryell and Stearns 2006; Squibb and McDiarmid 

2006), chromosomal aberrations (Hu and Zhu 1990; Lin, Wu et al. 1993; Prabhavathi, 

Padmavathi et al. 2003; Wolf, Arndt et al. 2004), and sister-chromatid exchanges (Miller, 

Blakely et al. 1998).  
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APPENDIX B: 

DEPLETED URANIUM DOES NOT INDUCE SYNERGISTIC CYTOTOXICITY IN 

THE PRESENCE OF CAMPTOTHECIN IN CHINESE HAMSTER OVARY (AA8) 

CELLS 

 

B.1. INTRODUCTION 

There are many types of DNA damage that may occur spontaneously or induced by 

physical and chemical agents. DNA damage is managed by high accuracy of replication 

and DNA repair pathways. The different types of DNA lesions vary from oxidation, 

adduct formation, DNA cross-links, or strand breaks.  Single strand breaks and abasic 

(apurinic/apyrimidinic) sites are repaired via base excision repair (BER). Bulky adducts 

are repaired by nucleotide excision repair (NER), and double strand breaks and DNA 

cross-links are repaired by recombination repair (homologous repair (HR), or non-end 

joining homologous repair (NEJH)). Using a clonogenics assay, we showed that exposure 

to UA prior to exposure to etoposide (double strand break inducer) induced a synergistic 

toxic effect after 48 hr compared to individual treatments at low concentrations (Chapter 

IV). Exposure to UA also resulted in reduction of etoposide-induced phosphorylation of 

RPA (DNA repair protein involved in HR) after 48 hr (Chapter IV). Based on these 

observations, it was concluded that UA may inhibit double strand break repair at 

environmentally relevant concentrations.  
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B.2. SPECIFIC AIM 

The specific aim of this study is to determine if depleted uranium may inhibit 

single strand break DNA repair at low concentrations in Chinese hamster ovary (CHO) 

AA8 cells.  The working hypothesis is that depleted uranium may act as a co-carcinogen 

and inhibit DNA repair in the presence of a known DNA damaging agent, the 

topoisomerase I inhibitor camptothecin (CPT). Camptothecin is known to induce single 

strand breaks (Jackson and Bartek 2009). CHO AA8 cells were treated with depleted 

uranium as uranyl acetate (UA) in the presence or absence of camptothecin. Cytotoxicity 

was assessed in vitro by the clonogenic survival assay. The inhibition of DNA repair by 

depleted uranium at environmentally relevant concentrations may suggest a novel means 

by which uranium may exert its genotoxic effects. 

 

B.3. MATERIALS AND METHODS 

B.3.1. Reagents and Chemicals 

Depleted uranium as uranyl acetate dihydrate [6159-44-0] (UA), with a U234/U238 

activity ratio of 0.12 (Yazzie, Gamble et al. 2003), was obtained from International Bio-

Analytical Industries, Inc. (Boca Raton, FL).  

 

B.3.2. Preparation of DU Compounds 

Uranyl acetate (UA) was used as a soluble DU compound.  Solutions of UA were 

prepared by weighing out the desired amount and dissolving it in double distilled water. 
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Dilutions were made for appropriate treatment concentrations and then filter sterilized 

through a 10 ml syringe with a 0.2 µm filter.  

 

B.3.3. General Cell Culture Conditions 

Chinese Hamster Ovary (CHO) AA8 cell line was a kind gift from Dr. Diane M. 

Stearns Laboratory (Northern Arizona University, Flagstaff, AZ). Cells were thawed 

from cryopreservation, cultured in α-MEM (Hyclone, Logan, UT) supplemented with 

10% fetal bovine serum (Hyclone, Logan, UT), antibiotic/antimycotic (100 U/ml 

penicillin, 100 mg/ml streptomycin) (Sigma) and 1 mM glutamine (Gibco-BRL, 

Rockville, MD). Cells were maintained at 37 °C in a 5% CO2/air humidified incubator 

calibrated with a Fryrite analyzer (Bacharach Co., Pittsburgh, PA). 

 

B.3.4. Clonogenics Assay 

Cytotoxicity, as decreased cell survival, was determined by measuring colony-

forming ability in the CHO AA8 cell line. Cytotoxicity measurements were carried out 

after incubation with DU as UA for 24 and 48 hr.  Cells were seeded at 8 × 105 cells per 

100 mm plate, allowed to adhere for over ~20 h, and treated with sterile-filtered aqueous 

solutions of UA (200 µM) in the presence or absence of camptothecin (CPT) (5 – 20 nM) 

for 24 or 48 hr. Upon completion of exposure, cells were trypsinized, quantified on a 

hemocytometer and reseeded at 200 cells per 60 mm dish in quadruplicate.  After 7 days, 

all dishes were stained with crystal violet and the colonies were counted.  Cell survival 
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was calculated as percent colonies in treated dishes relative to untreated controls. Plating 

efficiency for the CHO AA8 cells was 72%. 

 
 
B.3.5. Statistical Analysis 

Data were expressed as mean ± SEM and analyzed by one-way ANOVA, 

followed by post-hoc Tukey tests for multiple comparisons between treatment groups; p 

< 0.05 was considered to be significant. 

 

B.4. RESULTS 

B.4.1. UA does not induce a synergistic cytotoxic response in CHO AA8 cells 

The colony formation assay was utilized to determine if UA might act as a co-

carcinogen and elicit a synergistic cytotoxic response in the presence of a known DNA 

damaging agent. To investigate if UA may interfere with single strand break repair, CHO 

AA8 cells co-exposed to 200 µM UA in the presence of 5 – 20 nM of camptothecin 

(CPT) for 24 – 48 hr (Figure B.1). Camptothecin is an anticancer drug that inhibits 

topoisomerase I to produce single strand breaks (Jackson and Bartek 2009). It was 

hypothesized that UA will induce a synergistic cytotoxic response at environmentally 

relevant concentrations in the presence of a known DNA damaging agent, camptothecin 

(CPT). After 24 hr, 5 – 20 nM CPT induced a dose-dependent cell death (Figure B.1A). 

Cells treated with 200 µM UA for 24 hr induced 12% cell death compared to untreated 

cells. The co-exposure of 200 µM of UA and 5 – 20 nM of CPT did not induce a 
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synergist cytotoxic response compared to cells treated with CPT alone and untreated cells 

after 24 hr.  

UA did not induce a significant synergistic cytotoxic response after 48 hr (Figure 

B.1B). Cells treated with 20 nM CPT induced a significant increase in cytotoxicity 

compared to untreated cells (p < 0.001). Cells treated with 200 µM UA induced 15% cell 

death compared to untreated cells. Cells co-exposed with 200 µM UA and 10 and 20 nM 

CPT produced a significant increase in cell death compared to untreated cells. The 

highest dose of the co-treatments of UA and CPT induced significant cytotoxicity 

compared to cells treated with 200 µM UA alone, but failed to induce significant 

cytotoxicity compared to cells treated with 20 nM CPT. These results indicate that UA 

does not interfere with DNA single strand break repair in the presence of a known DNA 

damaging agent. 
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A. 

 
B. 

 
 
FIGURE B.1. Cytotoxicity of camptothecin (CPT) () in the presence of 200 µM 
UA () in CHO AA8 cells after 24 hr (A) and 48 hr (B). Camptothecin 
(topoisomerase I inhibitor; induces single strand breaks) induced a dose dependent 
toxic response after 48 hr utilizing the clonogenics assay.  Cells co-exposed to 
camptothecin and UA did not induce a synergistic toxic effect after 24 and 48 hr 
compared to treatments alone and untreated cells.  Data represents mean ± SEM for 
n = 8 – 11 independent experiments. P values were considered to be statistically 
significant as indicated with * (p < 0.01), ** (p < 0.001) and *** (p < 0.0001) 
compared to untreated cells after 48 hr. 
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B.5. DISSCUSSION 

The purpose of the current study was to determine if depleted uranium may 

inhibit single strand break DNA repair at low concentrations in Chinese hamster ovary 

(CHO) AA8 cells.  It was hypothesized is that depleted uranium may act as a co-

carcinogen and induce a synergistic cytotoxic response in the presence of camptothecin. 

Single-strand breaks are usually accompanied by loss of a single nucleotide (AP sites) 

and by damaged 5′- and/or 3′-termini at the site of the break (Jackson and Bartek 2009). 

The clonogenics assay showed that UA in the presence of camptothecin did not induce a 

different cytotoxic response in CHO AA8 cells compared to treatment alone and 

untreated cells after 24 and 48 hr exposure. These results indicate that cells co-exposed to 

UA and camptothecin are able to readily repair induced single strand breaks rather than 

eliciting a synergistic cytotoxic response. Collectively, these results suggest that UA may 

be interfering with double strand break repair rather than single strand break repair. 
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APPENDIX C: 

DEPLETED URANIUM DOES NOT INDUCE APOPTOSIS IN CHINESE HAMSTER 

OVARY (EM9) CELLS 

 

C.1. INTRODUCTION 

In response to metal-induced DNA damage, cells may undergo apoptosis 

(programmed cell death) as a consequence to prevent severely damaged DNA from 

further replication. Two pathways can be involved in apoptosis induction: the extrinsic 

and the intrinsic pathways. The extrinsic pathway, also called death receptor pathway, 

involves the ligation of death receptors that results in caspase-8 cascade activation that 

activates other caspase effectors such as caspase-3. The intrinsic pathway is activated by 

various stimuli such as drugs or cytotoxic compounds that results in mitochondrial 

membrane depolarization and activation of caspase-9. Active caspase-9 has been shown 

to cleave and activate directly the effector protease, caspase-3 (Pulido and Parrish 2003). 

Uranium has been shown to induce DNA damage through a DU-mediated DNA 

hydrolysis mechanism rather than a Fenton-type redox chemistry mechanism at low 

concentrations (Chapters II, III and Appendix A). These events should trigger the 

cellular response that leads to cell cycle arrest, DNA repair, and the induction of 

apoptosis as seen after exposure to acute, low doses of radiation (1 mGy) (Mullenders, 

Atkinson et al. 2009). However, data presented in this dissertation has shown that low 

concentrations of UA inhibits DNA double strand break repair and does not induce cell 

cycle arrest (Chapter IV). Several studies that have investigated uranium-induced 
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apoptosis are unclear. Kalinich et al. (2002) observed that J774 macrophage cells treated 

with 100 µM of uranyl chloride induced apoptotic cell death after 2 hr exposure 

(Kalinich, Ramakrishnan et al. 2002). Thiébault et al. (2007) has also shown that 

uranium induces intrinsic-caspase dependent apoptosis in NRK-52E cells treated with 

400 µM of uranium bicarbonate. As concentrations are further increased (600 – 700 µM 

U), the authors noted that apoptosis becomes induced by the extrinsic pathway. Contrary 

to these studies, Tasat et al. (2007) has observed that human fetal osteoblast cells treated 

with uranyl nitrate for 24 – 48 hr, failed to show the typical morphologic features 

resembling those of apoptotic cells, such as pyknosis and nuclear fragmentation (Tasat, 

Orona et al. 2007). 

 
C.2. SPECIFIC AIM 

The specific aim of this study is to determine if depleted uranium induces 

apoptosis in repair deficient Chinese hamster ovary (CHO) EM9 cells in response to 

DNA damage.  The repair deficent CHO EM9 cell line was utilized based on results that 

indicate UA is capable of inducing a significant amount of cytotoxicity and DNA damage 

(Chapter II). The working hypothesis is that depleted uranium induces DNA damage 

and initiates apoptosis in response to the damage. CHO EM9 cells were treated with 

depleted uranium as uranyl acetate (UA). Apoptosis was assessed in vitro by the Annexin 

V (A5) binding assay. 
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C.3. MATERIALS AND METHODS 

C.3.1. Reagents and Chemicals 

Depleted uranium as uranyl acetate dihydrate [6159-44-0] (UA), with a U234/U238 

activity ratio of 0.12 (Yazzie, Gamble et al. 2003), was obtained from International Bio-

Analytical Industries, Inc. (Boca Raton, FL).  

 

C.3.2. Preparation of DU Compounds 

Uranyl acetate (UA) was used as a soluble DU compound.  Solutions of UA were 

prepared by weighing out the desired amount and dissolving it in double distilled water. 

Dilutions were made for appropriate treatment concentrations and then filter sterilized 

through a 10 ml syringe with a 0.2 µm filter.  

 

C.3.3. General Cell Culture Conditions 

Chinese Hamster Ovary (CHO) EM9 cell line was a kind gift from Dr. Diane M. 

Stearns Laboratory (Northern Arizona University, Flagstaff, AZ). Cells were thawed 

from cryopreservation, cultured in α-MEM (Hyclone, Logan, UT) supplemented with 

10% fetal bovine serum (Hyclone, Logan, UT), antibiotic/antimycotic (100 U/ml 

penicillin, 100 mg/ml streptomycin) (Sigma) and 1 mM glutamine (Gibco-BRL, 

Rockville, MD). Cells were maintained at 37 °C in a 5% CO2/air humidified incubator 

calibrated with a Fryrite analyzer (Bacharach Co., Pittsburgh, PA). 
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C.3.4. Annexin V (A5) Binding Assay 

Apoptosis measurements were carried out after incubation with depleted uranium.  

Cells were seeded at 8 × 105 cells per 100 mm plate, allowed to adhere for over ~20 h, 

and treated with sterile-filtered aqueous solutions of UA (50 – 200 µM) for 24 or 48 hr. 

After DU treatment, the cells were washed with PBS, trypsinized with Accutase® 

(Innovative Cell Technologies, Inc., San Diego, CA), centrifuged at 500 × g for 5 min at 

4 °C. The pellet was washed in PBS (without Ca2+ or Mg2+) and centrifuged at 500 × g 

for 5 min at 4 °C. The cells were resuspended in 50 µl of binding buffer (25 mM CaCl2, 

1.4 M NaCl, 100 mM HEPES, pH 7.4). Cells were then loaded with 1 µl Annexin V-

FITC (0.25 mg/ml) and 5 µl of propidium iodide (1 mg/ml) for 15 min in the dark. 

Thereafter, 450 µl of binding buffer was added. The cells were analyzed by flow 

cytometry. Annexin V and propidium iodide was assessed using a FACStarPLUS flow 

cytometer (Becton Dickinson Immunocytometry Systems) utilizing a Coherent 90-5 

water-cooled argon laser tuned to 488 nm at 100 mW. The percent of apoptotic cells were 

obtained from gated channels.  A minimum of 10,000 events was collected, while debris 

and fragments were excluded from analysis based on forward scatter and side scatter. 

Data were acquired and analyzed using (BD) software. 
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C.4. RESULTS 

C.4.1. UA does not induce apoptosis in repair deficient CHO EM9 cells 

 The Annexin V (A5) binding assay was used to measure UA induced apoptosis. 

One of the hallmarks of cell death is the cell surface–expression of phosphatidylserine 

(PS).  PS is an aminophospholipid that resides in the inner leaflet of the plasma 

membrane of living cells.  In dying cells, PS is actively externalized to the plasma 

membrane’s outer leaflet that faces the extracellular environment.  Expression of PS at 

the cell surface can be measured in vitro with the PS-binding protein Annexin V 

conjugated to fluorochromes. This measurement can be made by flow cytometry or by 

confocal scanning-laser microscopy. It was hypothesized that UA will induce apoptosis 

in response to DNA damage at similar concentrations (Chapter II). Repair deficient 

CHO EM9 cells were treated with 50 – 300 µM of UA for 24 and 48 hr. After 24 and 48 

hr UA exposure, apoptosis was not induced compared to untreated cells as shown by the 

representative cytograms shown in Figure C.1.  

 After 24 hr 48 hr, UA did not induce apoptosis in a concentration dependent 

manner. A majority of the cells were alive and were shown in the lower left quadrant in 

the untreated and UA treated cells. Cells undergoing early stage apoptosis are displayed 

in the lower right quadrant. Cells undergoing late apoptosis/necrosis are located in upper 

right quadrant. The percentage of cells in upper left corner indicates the amount of dead 

cells in the analysis.  
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A.

 
B. 

 
 
FIGURE C.1. Cytograms of the Annexin V Binding assay indicates that uranyl 
acetate does not induce apoptosis after 24 hr (A) and 48 hr (B) in repair deficient 
CHO EM9 cells. The cytogram of cells undergoing apoptosis show live cells in the 
lower left quadrant (both Annexin V and PI negative); the early apoptotic cells in the 
lower right quadrant (percentage in green) (Annexin V positive and PI negative); the 
upper right quadrant indicate late apoptotic or necrotic cells (percentage in blue) 
(both Annexin V and PI positive); the upper left corner indicate dead cells 
(percentage in red) (Annexin V negative and PI positive). 
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C.5. DISSCUSSION 

 The purpose of the current study was to determine if depleted uranium induces 

apoptosis in repair deficient CHO EM9 cells in response to DNA damage.  The working 

hypothesis is that depleted uranium induces DNA damage and initiates apoptosis in 

response to the damage. One of the earliest indicators of apoptosis is the translocation of 

phosphatidylserine from the inner leaflet to the outer leaflet of the plasma membrane 

(Pulido and Parrish 2003). Phosphatidylserine can be detected using a flow cytometric 

protocol with fluorescently labeled Annexin V. Although previous studies have indicated 

that depleted uranium can induce apoptosis, results from the Annenix V binding assay 

failed to show an increase of Annexin V binding in a time or concentration dependent 

manner in CHO EM9 cells treated with UA compared to untreated cells after 24 and 48 

hr.  The process of apoptosis also involves the breakdown of the cell, including 

condensation and fragmentation of nuclear DNA. Other morphological changes 

indicative of apoptosis include: cell shrinkage, chromatin condensation, cell blebbing, 

and formation of apoptotic bodies (Pulido and Parrish 2003). Kalinich et al. (2002) 

previously showed that mouse J774 macrophage cells treated with/uranyl chloride 

induced apoptosis. The authors also noted that the lowest concentration of 1 µM of uranyl 

chloride did not have a significant increase in Annexin V binding however, cells treated 

at this concentration had increased DNA fragmentation and other morphological changes 

associated with apoptosis. Based on this, further research should be conducted to 

determine if UA is capable of inducing other markers of apoptosis not measureable via 

Annexin V binding or that uranium is inducing cell death by other means. 
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