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Abstract

Uranium has radiological and non-radiological effects within biological systems and there is 

increasing evidence for genotoxic and carcinogenic properties attributable to uranium through its 

heavy metal properties. In this study, we report that low concentrations of uranium (as uranyl 

acetate; <10 μM) is not cytotoxic to human embryonic kidney cells or normal human 

keratinocytes; however, uranium exacerbates DNA damage and cytotoxicity induced by hydrogen 

peroxide, suggesting that uranium may inhibit DNA repair processes. Concentrations of uranyl 

acetate in the low micromolar range inhibited the zinc finger DNA repair protein poly(ADP-

ribose) polymerase (PARP)-1 and caused zinc loss from PARP-1 protein. Uranyl acetate exposure 

also led to zinc loss from the zinc finger DNA repair proteins Xeroderma Pigmentosum, 

Complementation Group A (XPA) and aprataxin (APTX). In keeping with the observed inhibition 

of zinc finger function of DNA repair proteins, exposure to uranyl acetate enhanced retention of 

induced DNA damage. Co-incubation of uranyl acetate with zinc largely overcame the impact of 

uranium on PARP-1 activity and DNA damage. These findings present evidence that low 

concentrations of uranium can inhibit DNA repair through disruption of zinc finger domains of 

specific target DNA repair proteins. This may provide a mechanistic basis to account for the 

published observations that uranium exposure is associated with DNA repair deficiency in 

exposed human populations.
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1. Introduction

Human exposure to uranium is often linked to occupational exposures such as mining 

activities, living in proximity to mine waste sites, or increased use of depleted uranium for 

industrial or military purposes (Craft et al., 2004; Brugge et al., 2005; Miller and McClain, 

2007; deLemos et al., 2009; Briner, 2010; Brugge and Buchner, 2011; Hund et al., 2015). 

Natural uranium is a heavy metal predominantly comprised of two isotopes, 235U and 

238U. The radiologic toxicity and carcinogenicity of uranium is well-established, but less is 

known regarding the toxic mechanisms of uranium that are associated with its heavy metal 

properties (Craft et al., 2004; Brugge et al., 2005; Miller and McClain, 2007; Briner, 2010; 

Brugge and Buchner, 2011). Uranium exposure in cell culture causes oxidative stress, DNA 

damage, and genotoxicity (Periyakaruppan et al., 2007; Periyakaruppan et al., 2009; 

Garmash et al., 2014). In addition, there is evidence that uranium may disrupt DNA repair. 

Several studies report that uranium exposure is associated with DNA repair deficiency in 

exposed populations (Au et al., 1995; Au et al., 1998; Au et al., 2010), but the mechanism is 

not established.

Proteins with zinc-finger structures are the most abundant class of zinc metalloproteins, 

representing an estimated 2–3% of human genes whose protein products regulate diverse 

functions in cells (Maret, 2012; Hudson et al., 2015). Certain metals can interact with zinc 

finger structures of proteins and thereby disrupt protein function (Witkiewicz-Kucharczyk 

and Bal, 2006; Beyersmann and Hartwig, 2008; Ding et al., 2009; Bal et al., 2011; Zhou et 

al., 2011; Hartwig, 2013; Sun et al., 2014; Zhou et al., 2014; Hudson et al., 2015). Metal 

inhibition of proteins involved in DNA repair has led to the hypothesis that low 

concentrations of certain metals may serve as co-carcinogens by preventing effective repair 

of DNA damage caused by another insult. Experimental evidence supports this hypothesis 

for metals such as arsenic where co-carcinogenic actions have been well established (Burns 

et al., 2004; Rossman et al., 2004; Beyersmann and Hartwig, 2008; Qin et al., 2008; Cooper 

et al., 2013), leading to questions regarding the co-carcinogenic potential of other metals.

The potential for uranium to act as a co-carcinogen through inhibition of DNA repair 

proteins has not been widely explored. There is limited evidence that uranium may interact 

with zinc finger proteins. One study demonstrated that at concentrations equal to or greater 

than 10 μM, uranyl acetate (UA) disrupted the DNA binding activity of two purified zinc 

finger proteins, Aart and specificity protein (Sp)1 in vitro (Hartsock et al., 2007). 

Furthermore, poly(ADP-ribose) polymerase-1 (PARP-1) was identified as a uranium 

binding protein using affinity chromatography and mass spectrometry approaches (Dedieu et 

al., 2009). Although these studies suggest that uranium may interfere with zinc finger DNA 

repair protein targets, the experiments did not investigate the impact of uranium on a 

relevant target protein isolated from exposed cells or direct inhibition of DNA repair 

activity.
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In this study we provide evidence that low, non-cytotoxic concentrations of uranium (as 

uranyl acetate) enhance the cytotoxicity of another DNA damaging agent such as ultraviolet 

radiation (UVR), promote the retention of DNA damage, and disrupt the zinc binding 

functions of zinc finger DNA repair proteins including PARP-1. In addition, zinc largely 

overcomes the impact of uranium on PARP-activity and DNA damage. These findings 

suggest that uranium is capable of interfering with DNA repair processes through disruption 

of zinc finger DNA repair protein function and may act as a co-carcinogen through its 

inhibition of DNA repair.

2. Experimental procedures

2.1. Cell culture and treatment

Human embryonic kidney 293 (HEK293) cells were generously provided by Dr. H. Ward 

(University of New Mexico) and cultured in Dulbecco's Modified Eagle's Medium 

(DMEM). DMEM was supplemented with 10% fetal bovine serum (FBS), 2 mM L-

glutamine and antibiotics (penicillin, 100 U/ml and streptomycin, 100 μg/ml). Normal 

human neonatal epidermal keratinocytes (HEKn) and DermaLife K culture medium with 

supplements were purchased from Lifeline Cell Technologies (Oceanside, CA). The zinc 

content of DermaLife K culture medium was 500 nM as measured by inductively coupled 

plasma mass spectrometry (ICP-MS). Cells were cultured at 37 °C in 95% air/ 5% CO2 

humidified incubator.

Uranyl acetate (99.6%) was purchased from Electron Microscopy Science (Hatfield, PA) 

and was comprised of 99.9% 238U and 0.1% 235U according to the product's technical 

bulletin. Uranyl acetate had a radioactive activity of 0.51 μCi g−1 and was handled according 

to the regulations set forth by the Radiation Safety office at the University of New Mexico. 

Sodium arsenite (99%) and zinc chloride (99%) were purchased from Fluka Chemie (Buchs, 

Germany). Other chemicals were obtained from Sigma-Aldrich unless otherwise indicated. 

Ten millimolar stock solutions of uranyl acetate (UA), sodium arsenite (As), zinc chloride 

(Zn), zinc sulfate (ZnSO4, 99%) and 100 mM stock solution of H2O2 were prepared in 

double-distilled water and sterilized using a 0.22-μm syringe filter. Working solutions were 

prepared by diluting the stock with complete cell growth medium. Etoposide solutions were 

prepared in absolute ethanol. For experiments involving cell exposures, cells were rinsed 

and placed in complete medium containing, UA, As, Zn, etoposide or H2O2 as indicated in 

the figure legends.

2.2. Cell viability

HEKn and HEK293 cells (4 × 103 cells per well) were cultured in 96-well plates for 24 h, 

then treated with UA (0–30 μM) and incubated for an additional 24 h. HEKn and HEK293 

cells were then exposed to 100 μM H2O2 for 10 min, washed twice with phosphate-buffered 

saline (PBS), placed in UA containing medium and returned to the incubator for an 

additional 24 h. PrestoBlue (Life Technologies) was added to each well at a final 

concentration of 10% and plates returned to the incubator for an additional 2 h. Fluorescence 

was measured using a microplate reader (SpectraMax M2e, Molecular devices) with 

excitation 555 nm and emission 585 nm. Values were normalized to untreated controls. For 

Cooper et al. Page 3

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2017 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



certain experiments as indicated in the figure legends, cell viability was measured using the 

CellTiter 96 Non-radioactive cell proliferation assay kit following the manufacturer's 

instructions (Promega, Madison, WI). HEK293 cells were cultured as above except plating 

density was adjusted so cells were either confluent or approximately 50% (sub-confluent) at 

time of UA treatment (0–100 μM) for 24, 48 and 72 h. In addition, images were obtained for 

each UA treatment condition after staining with Trypan blue (0.02%, Invitrogen, Carlsbad, 

CA) for 5 min. Viable and non-viable cells were counted and values normalized to number 

of viable cells per 106 cells.

2.3. DNA damage assessment and quantification

HEK293 cells were cultured on chamber slides and treated with concentrations of UA as 

indicated in the figure legends for 24 h, then DNA damage was induced by exposure to 

either H2O2 (100 μM), ssUVR (3 kJ/m2) or etoposide (as indicated in the figure legends). 

Select experiments included treatment with Zn (2 μM) and UA plus Zn. Slides were fixed at 

0, 1, and 6 h post-induction of DNA damage. DNA damage was assessed by indirect 

immunofluorescence using anti-phospho-H2Ax (1:250; Cell Signaling Technologies, 

Danvers, MA), and anti-cyclobutane pyrimidine dimers (1:200; CPDs, Thymine clone 

KTM53, Kamiya Laboratories, Seattle, WA) antibodies in combination with anti-rabbit 

FITC conjugated secondary antibodies (1:1000; Abcam, Cambridge, MA) diluted in 

blocking buffer (PBS containing 2% bovine serum albumin (BSA), 5% horse serum and 

0.05% triton X-100). Cover glass was mounted with VectaShield + 4′,6-diamidino-2-

phenylindole (DAPI, Vector Laboratories, Burlingame, CA). DNA damage markers were 

visualized with an Olympus IX70 fluorescence microscope equipped with a DP72 digital 

camera and cellSens Dimension 9.1 (Olympus America, Center Valley, PA) software. A 

minimum of 10 images per slide were obtained per treatment and average fluorescence 

intensity of nuclei was quantified using cellSens Dimension 9.1 Count & Measure image 

analysis software.

2.4. UV source

UVR exposures were performed using an Oriel 1000 W Watt Solar Ultraviolet Simulator 

(Oriel Corp., Stratford, CT). This solar simulator produces a high intensity UVR beam in 

both the UVA (320–400 nm) and UVB (280–320 nm) spectrum with an emission ratio of 

14:1 (UVA: UVB). The proportion and intensity of UVA/UVB was measured using a 

radiospectrometer (Optronics Laboratories, Inc.; Orlando, FL) and exposure times were 

calculated to give the desired dose of approximately 1.1 minimum erythema dose (MED). 

Measurements were made with Erythema UV and UVA intensity meter (Solar Light Co., 

Inc., Philadelphia, PA) in order to estimate MED.

2.5. PARP activity assay

Cells were treated with UA (0–100 μM), Zn (2 μM) or both for 24 h, then PARP-1 activated 

by exposure to either H2O2 (100 μM) for 10 min or etoposide (80 μM) for 4 h. Whole cell 

extracts were collected in cell lysis buffer (10 mM Tris, pH 7.4, 100 mM sodium chloride, 1 

mM EDTA, 1 mM EGTA, 1 mM sodium fluoride, 20 mM sodium pyrophosphate, 2 mM 

sodium vanadate, 1% Triton X-100, 10% glycerol, 0.1% SDS, 0.5% deoxycholate and 10 

μl/ml protease inhibitor cocktail (Thermo Scientific) and total protein content determined via 
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the BCA assay kit (Pierce, Rockford, IL). Cell lysates were assayed for PARP activity via 

the PAR ELISA assay as described by Liu et al. (2008). Briefly, PARP standards and total 

protein (5 μg) were placed in triplicate in antibody (PAR monoclonal; #4335-MC-100) 

coated plates and incubated overnight at 4 °C. Plates were then incubated with polyclonal 

PAR antibody (#4336-BPC-100) and incubated for 2 h at room temperature followed by an 

additional 1 h incubation with goat anti-rabbit HRP conjugated antibody at room 

temperature. Total PAR content was determined by the addition of SuperSignal ELISA pico 

substrate (Pierce, Rockford, IL) and luminescence measured on a SpectraMax M5 plate 

reader. Luminescence was compared to the standard curve and PAR content reported as 

picograms per mg of protein. Reagents for this protocol were purchased from Trevigen 

(Gaithersburg, MD) unless otherwise noted.

2.6. Zinc release assay

HEK293 and HEKn cells were treated with UA (0–30 μM), Zn (2 μM) or both for 24 h and 

whole cell lysates collected in lysis buffer as described above without the addition of EGTA 

or EDTA. PARP-1, XPA, APTX and SP1 were isolated from cells by immunoprecipitation. 

Cells were nomore than 75% confluent at the time of collection. Immunoprecipitation and 

measurement of zinc content was performed as described previously (Zhou et al., 2011; 

Cooper et al., 2013). Briefly, total protein was collected and desired proteins isolated by 

immunoprecipitation (500 μg in 500 μl) with primary antibodies (1:100 PARP-1, Cell 

Signaling Tech; 1:100 XPA, Abcam; 1:100 APTX, Abcam; and 1:50 SP1, Cell Signaling 

Tech). Protein samples and zinc standards (100 μl) were transferred to 96 well plates and 

zinc content measured by adding 10 μl of 1 mM 4, (2-pyridylazo)-resorcinol (PAR). 

Absorbance was measured at 493 nm using a SpectraMax M2 plate reader (Molecular 

Devices; Sunnyvale, CA). Wavelength scans for PAR absorbance of zinc standards and 

standards containing UA concentrations up to 50 μM overlapped indicating that the presence 

of experimental concentrations of UA did not alter the absorbance shift of PAR due to zinc. 

(data not shown). Immunoprecipitated protein concentrations were determined by the 

Bradford assay (Amresco, Solon, OH) and zinc content was normalized to sample protein 

concentration.

2.7. Statistical analyses

Data from a minimum of 3 separate experiments were pooled and statistical significance 

assessed by one-way ANOVA with Tukey's multiple comparison tests or two-way ANOVA 

with Bonferroni posttests conducted using GraphPad Prism 5.03 (San Diego, CA).

3. Results

3.1. Cytotoxicity of uranyl acetate

Uranium has been reported to be cytotoxic at high concentrations (>100 μM) in a number of 

cell lines (Stearns et al., 2005; Coryell and Stearns, 2006; Knobel et al., 2006; 

Periyakaruppan et al., 2007; Thiebault et al., 2007; Milgram et al., 2008; Periyakaruppan et 

al., 2009; Darolles et al., 2010; Rouas et al., 2010; Heintze et al., 2011; Orona and Tasat, 

2012; Garmash et al., 2014), but there is less published information regarding lower 

concentrations of uranium. We compared uranyl acetate (UA) toxicity in human embryonic 
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kidney cells (HEK293) and normal human keratinocytes (HEKn). Cell viability was 

measured in cells treated with increasing concentrations of UA (0– 100 μM) for 48 h. In 

keeping with the published findings, UA concentrations of up to 10 μM displayed limited 

cytotoxicity in HEK 293 or HEKn cells (Fig. 1A, B) and Jurkat cells were resistant to UA 

toxicity (not shown). At 100 μM UA, cell viability was 52.4% and 66.5% for HEK293 and 

HEKn cells, respectively. Density of HEK293 cells affected sensitivity to UA; subconfluent 

cells showed a decrease in tolerance to UA (Suppl. Fig. 1). Trypan blue staining confirmed 

the toxicity of UA at 30 and 100 μM (Suppl. Fig. 2).

3.2. Uranyl acetate enhances cytotoxicity and DNA damage by hydrogen peroxide

UA pretreatment for 24 h enhances the cytotoxicity of H2O2 in both HEK293 and HEKn 

cells (Fig. 1A, B). UA treatment after H2O2 exposure had no effect on cell viability (Suppl. 

Fig. 3). Inhibition of DNA repair by UA is one possible mechanism to account for the 

increased DNA damage following UA pretreatment when compared to H2O2 alone. UA 

causes strand breaks as detected by increased pH2AX in a dose dependent manner (Fig 2A). 

Exposure to 10 μM UA for 24 h caused a 1.85 fold increase in pH2AX staining increasing to 

2.95 fold at 100 μM UA. UA also increased the magnitude and persistence of DNA damage 

induced by ssUVR (Fig. 2B). Six h post-ssUVR exposure pH2AX staining was at control 

(no ssUVR) levels in cells that did not receive UA. In contrast, pH2AX staining was 

elevated 3.55-fold over initial values in cells incubated with 10 μM UA for 24 h before 

exposure to ssUVR. This finding suggests that UA interferes with DNA repair processes in 

the cells.

3.3. UA disrupts the zinc finger function of DNA repair proteins

Zinc finger proteins are molecular targets for certain metals and PARP-1 is one such protein. 

PARP-1 binds to DNA through two C3H1 zinc finger motifs and binding to damaged DNA 

activates PARP-1 enzymatic activity (Gibson and Kraus, 2012; Dantzer and Santoro, 2013; 

Langelier and Pascal, 2013). UA exposure alone does not decrease basal PARP activity and 

a modest increase in PARP activity is detected at 100 μM UA (Fig. 3A). In contrast, lower 

levels of UA inhibit PARP-1 activation (Fig. 3B). HEKn cells were pre-treated with UA for 

24 h then exposed to etoposide (80 μM, 4 h) to induce DNA damage. UA treatment 

decreased PARP activation in a concentration-dependent manner with an inhibitory 

concentration (IC)50 value of 4.95 μM (Fig. 3B).

PARP-1 DNA binding and activation requires zinc coordination within the zinc finger 

motifs (Langelier and Pascal, 2013). UA treatment of HEK 293 and HEKn cells for 24 h led 

to a concentration-dependent loss of zinc from PARP-1 protein isolated from exposed cells 

(Fig. 3C) suggesting that UA disrupts the zinc finger function of PARP-1 protein. We 

further investigated whether UA exposure led to zinc loss from other zinc finger proteins in 

HEKn cells (Fig. 3D). Xeroderma Pigmentosum, Complementation Group A (XPA) has a 

single C4 zinc finger that is sensitive to other carcinogenic metals such as arsenic (Piatek et 

al., 2008; Zhou et al., 2011; Hudson et al., 2015) and zinc content of XPA was reduced after 

treatment with UA. UA was previously reported to interfere with the DNA binding capacity 

of the C2H2 zinc finger protein specificity protein 1 (Sp1) (Hartsock et al., 2007) and UA 

treatment caused zinc loss from this protein as well as another C2H2 zinc finger protein, 

Cooper et al. Page 6

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2017 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



aprataxin (APTX). The IC50 values for zinc loss were between 1 and 3 μM for each of these 

zinc finger proteins suggesting that UA may interfere with DNA repair at much lower 

concentrations than required to cause DNA damage and cytotoxicity.

3.4. Zinc protects against the effects of UA on PARP activity and DNA damage

It has been reported that zinc is protective against uranium induced cytotoxicity (Hao et al., 

2014) and since UA interfered with zinc finger function of several proteins (Fig. 3C&D), we 

tested whether zinc could offset the effects of UA on PARP-1 activity and DNA damage 

repair. Co-exposure of cells to UA and zinc largely counteracted the effect of UA on 

inhibition of PARP-1 activity (Fig. 4). Similarly, retention of DNA damage after exposure to 

solar simulated (ss) UVR (Fig. 5) was investigated. ssUVR was selected as an exposure 

because it causes both oxidative DNA damage and direct photo damage and these lesions 

are repaired by different DNA repair mechanisms. The 3 kJ/m2 dose used was 

experimentally determined to approximate 1.1 MED. The increase in pH2AX staining 

induced by ssUVR exposure alone was resolved within 6 h. Preincubation of cells with UA 

at 10 μM for 24 h significantly increased pH2AX staining above ssUVR alone 1 h post-

ssUVR exposure (4 fold greater) and remained elevated at 6 h in contrast to the no UA 

treatment. ssUVR-induced DNA damage was equivalent to no UA treatment when cells 

were co-incubated with UA (10 μM) and zinc (2 μM) (Fig. 5A). Similar findings were 

obtained for detection of direct ssUVR DNA damage as measured by cyclobutane 

pyrimidine dimers (CPDs) (Fig 5B). DNA damage was retained at 6 h post-UVR exposure 

in cells pre-treated with UA (2 fold greater) and DNA damage was near UVR only levels in 

cells co-incubated with UA and zinc. As the chemical properties of UA and its interaction 

with H2O2 within the cellular environment are largely unknown, we investigated the impact 

of UA on DNA damage repair with an alternate inducer of DNA damage etoposide (Suppl. 

Fig. 4). Initial (1 h post-induction) and retained (6 h post-induction) levels of DNA damage 

assessed by ICC or by flow cytometry were comparable to those shown in Fig. 5. These 

findings suggest that UA inhibits DNA repair through disruption of zinc finger function and 

zinc is protective.

4. Discussion

There is mounting evidence that the metal properties of uranium may contribute to adverse 

human health effects. Our results both support previous reports that uranium exposure leads 

to DNA damage both in vitro and in human populations, and provides a plausible 

mechanism for those observations through inhibition of DNA repair proteins. UA alone 

displayed limited cytotoxicity at levels below 10 μM in keeping with other reports in the 

literature where cytotoxicity is detected at uranium levels at or greater than 100 μM (Stearns 

et al., 2005; Periyakaruppan et al., 2007; Thiebault et al., 2007; Milgram et al., 2008; Rouas 

et al., 2010; Heintze et al., 2011; Orona and Tasat, 2012; Garmash et al., 2014). However, 

there is evidence that elevated blood uranium levels are associated with increased DNA 

damage (Popp et al., 2000; Guimaraes et al., 2010; Lourenco et al., 2013) and decreased 

DNA repair capacity in human populations (Au et al., 1995; Au et al., 1998; Au et al., 

2010). In cells, uranium causes DNA damage and mutations (Stearns et al., 2005; Coryell 

and Stearns, 2006; Knobel et al., 2006; Wilson et al., 2014) and we find evidence for strand 
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break in response to 10 μM UA in normal human keratinocytes. Uranium has been shown to 

cause DNA adducts and strand breaks in the presence of ascorbate (Wilson et al., 2014) and 

potentiate UV-induced strand breaks through a mechanism involving photoactivation of the 

uranyl ion (George et al., 2011; Wilson et al., 2015). In addition to these mechanisms, we 

find that low, non-cytotoxic concentrations of UA inhibit DNA repair and enhance UVR-

induced DNA damage indicating that uranium may act as a co-carcinogen when combined 

with other DNA damaging insults. The potential of uranium to act as a co-carcinogen is 

further supported by population-based findings that uranium-exposed smokers had increased 

frequency of chromosomal aberrations when compared to non-exposed smokers 

(Prabhavathi et al., 2000). It is also important to note that the concentration of UA required 

to significantly disrupt zinc finger function and increase DNA damage is more than 10-fold 

lower than required to detect minimal cytotoxicity in this cell system. This indicates that 

significant impact of uranium on DNA damage and repair processes can occur at low 

micromolar concentrations.

Zinc fingers are protein structures where there is tetrahedral coordination of the zinc ion by 

cysteine (C) and histidine (H) residues. Our findings indicate that uranium is capable of 

disrupting zinc finger DNA repair proteins similar to what has been reported for other 

carcinogenic and co-carcinogenic metals such as arsenic (Beyersmann and Hartwig, 2008; 

Ding et al., 2009; Bal et al., 2011; Zhou et al., 2011; Hartwig, 2013; Sun et al., 2014; Zhou 

et al., 2014; Hudson et al., 2015). Past work on interactions of uranium with zinc finger 

proteins is limited, but proteomics analysis of uranium-interacting proteins identified 

PARP-1 (Dedieu et al., 2009), and uranium inhibits DNA binding of certain transcription 

factors including the C2H2 zinc finger proteins Sp1 and Aart (Hartsock et al., 2007). We 

find that UA inhibits PARP-1 activity and causes zinc loss from the protein. Furthermore, in 

contrast to arsenite, UA displays non-selective disruption of zinc fingers in DNA repair 

proteins; UA-dependent loss of zinc occurs in all three zinc finger configurations and there 

are C2H2, C3H1 and C4 ZF in DNA repair pathways. We previously reported that arsenite 

causes zinc loss from C3H1 and C4, but not C2H2, zinc finger proteins (Ding et al., 2009; 

Zhou et al., 2011; Zhou et al., 2014). The lack of zinc finger motif selectivity for uranium 

disruption suggests that uranium may be more deleterious to DNA repair inhibition than 

arsenite based on an increased number of potential targets in the DNA repair pathway. 

However, the evidence that uranium also inhibits non-zinc finger DNA binding proteins 

(Hartsock et al., 2007) indicates that UA has other mechanisms of action in addition to the 

disruption of zinc finger containing DNA repair proteins. Inhibition of DNA binding lacking 

zinc fingers may be due to binding of uranyl ions to carboxylate sites within protein 

structures (Huang et al., 2005).

Zinc is the critical ion within zinc finger structures, so we tested the potential for zinc to 

offset the actions of uranium. Our previous work demonstrated that supplemental zinc is 

protective against the effects of arsenite on PARP-1 function, DNA damage, and 

mutagenesis (Ding et al., 2009; Zhou et al., 2011; Cooper et al., 2013). Furthermore, zinc 

abolished arsenite enhancement of UV-induced DNA damage in mouse skin in vivo (Cooper 

et al., 2013). Similarly, co-treatment of cells with UA (10 μM) and Zn (2 μM) largely 

blocked UA inhibition of PARP-1 activity and Zn was protective for the uranium 

enhancement of DNA damage. These findings illustrate that modest levels of zinc are 
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effective in counteracting these toxic responses to uranium and may offer an avenue for 

protection in at risk populations.

Our results may be relevant for populations vulnerable to chronic low-dose exposures to 

uranium and other metals from living in proximity to some of more than four thousand 

abandoned uranium mines in the Western US (USEPA, 2008a; USEPA, 2008b). In addition 

to uranium, these mine wastes include numerous other heavy metals and metalloids 

including arsenic (USEPA, 1995). These mine wastes create a strong potential for adjacent 

communities to be exposed to metal mixtures that may share mechanisms of toxicity as we 

have found for uranium and arsenic inhibition of DNA repair. Many of these abandoned 

waste sites are located on or in proximity to Native American lands in the West where 

existing disparities in health raise additional concern of vulnerability to environmental 

toxicant insults. Studies by our group and others have indicated that community members 

living in proximity to uranium contaminated sites have an increased likelihood of 

developing chronic diseases including hypertension, kidney disease, and diabetes (Wagner 

et al., 2010; Hund etal., 2015); as well as immune dysfunction and autoimmunity (Lewis, 

2013; Lu-Fritts et al., 2014). Our research group has also found that urine uranium 

concentrations within the Navajo population are greater than the national norms, 

underscoring the need for additional studies within these exposed communities (Lewis, 

2013). Further studies to understand the mechanisms of action of metals and metal mixtures 

will help to expand our knowledge of toxicity and linkage to adverse health effects in 

exposed communities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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APTX aprataxin

As arsenite

CPDs cyclobutane pyrimidine dimers

C cysteine

DMEM Dulbecco's modified Eagle's medium

H histidine

HEK293 human embryonic kidney 293

ICP-MS inductively coupled plasma mass spectrometry

HEKn normal human neonatal epidermal keratinocytes

PBS phosphate-buffered saline

pH2AX phospho-histone H2A.X

PARP-1 poly(ADP-ribose) polymerase-1

SP-1 specificity protein-1

ssUVR solar-simulated ultraviolet radiation

UA uranyl acetate

XPA Xeroderma Pigmentosum, Complementation Group A

Zn zinc
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Fig. 1. 
Cell viability following UA exposure. (A) HEK 293 cells or (B) normal keratinocytes 

(HEKn) were exposed to the indicated concentrations of UA for 48 h (closed circles, solid 

line). H2O2 (100 μM; 10 min: closed squares, dashed line) was added to a subset of samples 

at 24 h post-UA treatment and incubated for an additional 24 h. Cellular viability was 

determined using PrestoBlue Reagent. The data are presented as the means ± SEM, n = 3–4, 

**p < 0.01, ***p < 0.001 significantly different from exposure matched untreated 

controls; δδδp < 0.001 significantly different between UA and UA + H2O2 groups.
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Fig. 2. 
Enhanced DNA damage due to UA exposure. (A) HEK293 cells were treated with 

increasing concentrations of UA (0–100 μM) for 24 h. DNA damage was assessed via 

indirect immunofluorescence with anti-pH2AX antibodies. Images were collected with an 

Olympus IX70 equipped with a DP72 digital camera (Olympus America). Fluorescence 

intensity was quantified using cellSens Dimension 1.9 Count & Measure software (Olympus 

America). *p < 0.05, **p < 0.01 significantly different from untreated control; n = 3. (B) 

Cells were exposed to UA (10 μM) for 24 h then exposed to ssUVR (3 kJ/m2). Cell were 

fixed at zero, 1, and 6 h post-ssUVR exposure, then stained and fluorescence quantified as 

described in (A). Data is reported as fluorescence per nuclei normalized to the untreated 

control. Graphs represent a minimum of 10 images per treatment from 3 independent 

experiments. **p < 0.01; ***p < 0.001 significantly different from treatment matched t = 0; 

n = 3.
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Fig. 3. 
Inhibition of zinc finger-proteins by UA HEKn cells were treated with the indicated 

concentrations of UA for 24 h. A & B) Total protein was collected and PARP activity 

assessed via the PAR ELISA as described in “Experimental procedures”. A) PARP activity 

was stimulated by high concentration of UA alone. B) DNA damage-induced PARP activity 

(stimulated via the addition of etoposide (80 μM) for 4 h) inhibited by UA C & D). Cells 

were exposed to UA (0–30 μM) for 24 h. PARP-1 was immunoprecipitated from 500 μg of 

whole cell extract and zinc content of the protein determined via the Zinc Release Assay as 

described in “Experimental procedures”. C) UA induces loss of zinc from PARP-1 in both 

HEK293 (black bars) and HEKn (gray bars). D) Zinc assessment of immunoprecipitated 

XPA (dark gray bars), APTX (light gray bars) and SP1 (white bars) from HEKn cells. 

Graphs represent normalized means ± SEM of at least 3 independent experiments. **p < 

0.01, ***p < 0.001 significantly different from untreated control.
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Fig. 4. 
Supplemental zinc is protective for UA inhibition of PARP1 activity. HEKn cells were 

treated with increasing concentrations of UA (0–10 μM) or UA plus Zn (2 μM) for 24 h. A) 

PARP activity was stimulated by inducing DNA damage via the addition of etoposide (80 

μM) for 4 h. Total protein was collected and PARP activity assessed via the PAR ELISA as 

described in “Experimental procedures.” Data was normalized to the untreated control and 

graph represents mean ± SEM of at least 3 independent experiments. **p<0.01; n = 3.
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Fig. 5. 
Retention of DNA damage following UA exposure is rescued by zinc. 

Immunocytochemistry of HEK293 cells was used to illustrate oxidative (A, pH2AX) and 

direct (B, CPDs) DNA damage. Cells were cultured on chamber slides and treated with UA 

(10 μM), Zn(2 μM), both or neither for 24 h then DNA damage was induced by exposure to 

ssUVR (3 kJ/m2). Cells were fixed at 0,1 and 6 h post-ssUVR exposure and stained for the 

DNA damage markers pH2AX (A) and CPDs (C). Images were collected with an Olympus 

IX70 equipped with a digital camera and fluorescence intensity was quantified using 

cellSens Dimension 1.9 Count & Measure software (Olympus America) and graphs shown 

(B, pH2AX and D, CPDs) are mean ± SEM of the intensity per nuclei of at least 10 images 

from each treatment group from 3 independent experiments. *p < 0.05; **p < 0.01 

significantly different from indicated groups; δp < 0.01 significantly different from treatment 

matched t = 0 group.
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