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A B S T R A C T

The aim of this study is to characterize the genotoxicity of depleted uranium (DU) in Chinese Hamster Ovary
cells (CHO) with mutations in various DNA repair pathways. CHO cells were exposed to 0–300 μM of soluble DU
as uranyl acetate (UA) for 0–48 h. Intracellular UA concentrations were measured via inductively coupled mass
spectrometry (ICP-MS) and visualized by transmission electron microscopy (TEM). Cytotoxicity was assessed in
vitro by clonogenic survival assay. DNA damage response was assessed via Fast Micromethod® to determine UA-
induced DNA single strand breaks. Results indicate that UA is entering the CHO cells, with the highest con-
centration localizing in the nucleus. Clonogenic assays show 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 h. This
indicates that UA is producing single strand breaks and forming UA-DNA adducts 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 h UA exposure compared to the V3.3 and AA8 cells. These results indicate that DU induces DNA
damage via strand breaks and uranium-DNA adducts in treated cells. These results suggest that: (1) DU is
genotoxic in CHO cells, and (2) DU is inducing single strand breaks rather than double strand breaks in vitro.

1. Introduction

Uranium is an alpha-emitting, radioactive, heavy metal that occurs
naturally in nearly all rocks and soils. Depleted uranium (DU) is the
byproduct of the uranium enrichment process, resulting in a relatively
weak radioactive heavy metal, which is used in tank armor and am-
munition rounds due to the metal's high density (Bleise et al., 2003).
The use of DU 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. Uranium also poses as an environ-
mental pollutant that contaminates local water reserves used by po-
pulations that reside near the numerous abandoned mines from the
mining industry. Despite uranium being a weak radioactive heavy
metal, the International Agency for Research on Cancer (IARC) cur-
rently has no classification on the carcinogenicity ratings for depleted
uranium and it is currently under further review (ATSDR, 2013).

There is an increased concern for the possible association between
an increased risk of cancer and adverse health effects due to the oc-
cupational and environmental exposures to depleted uranium.

Although epidemiological studies have not yet reported significant in-
creases in cancer mortality in exposed populations, there are a limited
number of reports that indicate an increase in cancer incidences, birth
defects, and chromosomal instability (Fathi et al., 2013, Zhivin et al.,
2014, Prabhavathi et al., 2003). Many in vitro and in vivo studies have
established that DU induces a chemical genotoxic response dependent
upon several factors including cell type, speciation, and solubility
(Carriere et al., 2004, Prat et al., 2005, LaCerte et al., 2010, Holmes
et al., 2014, Asic et al., 2017). Like most heavy metals, uranium has
been shown to produce oxidative stress, DNA strand breaks, chromo-
some instability, cell transformation, apoptosis, and cell death at and
below the recommended limits for genotoxicity testing of (> 500 μM or
119 ppmU) to determine the mechanism of action (Parry et al., 2010,
Garmash et al., 2014, Hao et al., 2014, Guéguen et al., 2015, LaCerte
et al., 2010). However, the current maximum contaminant level of
uranium in drinking water is 30 ppb and the range for reported con-
taminated groundwater from naturally occurring uranium and uranium
mill tailings can reach 210–250 μM or 50–60 ppmU (EPA, 2017,
Abdelouas et al., 2000, Cardenas et al., 2008). Therefore, it is important
to determine cellular responses to uranium-induced toxicity at more
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environmentally relevant concentrations ranging from 50 to 300 μM or
12–72 ppmU. Several studies have shown that uranium is not genotoxic
at this lower concentration range and activates cellular stress responses
rather than cell-mediated death responses (Wilson et al., 2015,
Guéguen et al., 2015, Garmash et al., 2014).

The mechanism of DU induced toxicity remains unclear. Several
studies have proposed that depleted uranium may indirectly cause
oxidative DNA damage via a Fenton-type redox mechanism or directly
generate U-DNA adduct formation via a DNA hydrolysis mechanism
(Stearns et al., 2005; Yazzie et al., 2003). While DU has been shown to
cause DNA damage, there has not been a systematic identification of
types of DNA lesions caused by uranium at an environmentally relevant
concentration range and at a longer exposure duration. The purpose of
the current study was to characterize uranium-induced DNA damage. It
was hypothesized that DU in the form of uranyl acetate (UA) will lo-
calize in the nucleus and generate significant cytotoxicity. This novel
systematic identification approach utilizes three DNA repair-deficient
CHO cell lines that allows for the characterization of the type of DNA
damage caused by UA, as each cell type is sensitive to specific types of
DNA lesions. A parental cell line was used as a control (CHO AA8), and
compared to CHO EM9 (base excision repair (BER) deficient) cell line,
CHO UV5 (nucleotide excision repair (NER) deficient) cell line, and
lastly CHO V3.3 (non-homologous end joining (NHEJ) deficient) cell
line. By the process of elimination to characterize the type of DNA
damage in repair sensitive cell lines, this work further examines if DU-
induced DNA damage is altered in complemented CHO cells that re-
express the human cloned genes of the mutant repair deficient cell
lines. Results indicate that UA is capable of inducing single strand
breaks and UA-DNA adducts at lower concentrations and are consistent
with previous studies.

2. Materials and methods

2.1. Reagents and chemicals

Depleted uranium as uranyl acetate dihydrate [6159-44-0] (UA)
was obtained from International Bio-Analytical Industries, Inc. (Boca
Raton, FL).

2.2. 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 appro-
priate treatment concentrations and then filter sterilized through a
10ml syringe with a 0.2 μm filter.

2.3. General cell culture conditions

Chinese Hamster Ovary (CHO) AA8, EM9, V3.3, and UV5 cell lines
were purchased from the American Type Culture Collection (Manassas,
VA). The Chinese Hamster Ovary (CHO) H9T3, and 5T4-12 cell lines
were a kind gift from the Dr. Larry H. Thompson Laboratory (Lawrence
Livermore National Laboratory, Livermore CA). Tables 1 and 2 show
the type of mutant CHO cells utilized in this study. Cells were thawed

from cryopreservation, cultured in α-MEM (Hyclone, Logan, UT) sup-
plemented with 10% fetal bovine serum (Hyclone, Logan, UT), anti-
biotic/antimycotic (100 U/ml penicillin, 100mg/ml streptomycin)
(Sigma) and 1mM 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).

2.4. 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
et al., 2005). Briefly, 8×106 cells were seeded and allowed to adhere
for 24 h. Cells were then treated with UA for 0, 24 or 48 h. After
treatment, cells were washed three times with 1× phosphate buffered
saline (PBS) and harvested by trypsinization with Accutase® (In-
novative Cell Technologies, San Diego, CA). Cells were pelleted by
centrifugation at 3500 rpm in a Beckman T-23R centrifuge for 5min
and resuspended in 0.5 ml of CBL buffer (10mM HEPES, 10mM NaCl,
1 mM KH2PO4, 5mM NaHCO3, 5mM EDTA, 1mM CaCl2, 0.5 mM
MgCl2) and incubated for 5min 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 sus-
pension to restore isotonic conditions and 100 μl of the cell suspension
was set aside to determine total DU cell content (“Total Cellular Frac-
tion”). The remaining cell suspension was centrifuged at 6300×g for
10min at 4 °C. The supernatant was removed and set aside for further
processing (supernatant 1). The remaining pellet was resuspended in
1ml of TSE buffer (10mM Tris-HCl, 300mM sucrose, 1 mM EDTA,
0.1% IGEPAL-CA 630 v/v, pH 7.5). The cell suspension was homo-
genized by applying 30 strokes with a motorized homogenizer at
250 rpm cells and centrifuged at 4000×g for 10min at 4 °C. The su-
pernatant was removed and the resulting pellet was washed with TSE
buffer. The pellet was then resuspended in 100 μl TSE buffer (“Nuclear
Fraction”). The supernatant 1 fraction was then centrifuged at
14000×g for 150min 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 al-
bumin (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 h for
further ICP-MS (ICP-MS Agilent 7500, Agilent Technologies) analysis.
Results of the intracellular U contents were normalized by cellular
proteins and expressed as micrograms of uranium per milligram protein
(μg U/mg protein) for n=3 independent experiments.

2.5. CHO AA8 processing

Chinese hamster ovary (CHO) AA8 cells were seeded onto 13mm
Thermanox cover slips at a density of 2.5× 105 cells per 60mm dish.

Table 1
Mutant Chinese hamster ovary cell lines. The repair deficient cell lines 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 et al. (1990)
V3.3 XRCC7 Non-homologous end joining repair (NHEJ); reduced expression of the DNA-PKCS Double strand breaks Rothkamm et al. (2003)
UV5 ERCC2 (XPD) NER Bulky adducts Cullinane et al. (1997)
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Cells were grown for 24 h and then treated for 24 h with 220 μM of UA,
or left untreated as controls. Medium was then removed, and cells were
washed with 1× PBS once and primary fixation done with ~4ml of 2%
glutaraldehyde (EM grade, distillation purified; Electron Microscopy
Sciences, Hatfield, PA) in 1× PBS for 1 h. The glutaraldehyde was then
removed and the cover slips were washed with 1× PBS. Cover slips
were then transferred into 20ml glass scintillation vials and post-fixed
with 1% osmium tetraoxide (OsO4; Electron Microscopy Sciences,
Hatfield, PA) in 1× PBS for 30min and then rinsed with 1× PBS. Cover
slips were then dehydrated in an ethanol series (50, 70, 95, 3×100%).
Infiltration began with neat propylene oxide (PO) and then mixtures of
1:1 and 1:3 PO to resin (Embed 812) and rotated for at least 4 h, and
then rotated in pure resin for at least 4 h. Cover slips were then placed
into embedding molds (Chang monolayer) and embedded with fresh
resin and sufficiently polymerized in a 60 °C oven overnight. Embedded
cover slips were then cut and adhered with resin to a resin block.

2.6. Sectioning for transmission electron microscopy

Sample blocks were trimmed to 1.5mm2 sections with a safety-edge
razor blade. Thick sections (0.92 μm) were trimmed from each block
and wet-mounted to a glass slide, and were examined by compound
light microscopy to identify the positions of cells within the sample
block. Sample blocks were then thinly sectioned (0.72 nm) with a
Diatome 45° diamond knife on an Ultra 2 microtome.

Approximately 2–4 thin sections of each block were placed onto a
200 square mesh copper grid (Electron Microscopy Sciences) with
Formvar film coating using a looped copper grid with a droplet of water
to capture the sections. Three grids were made for each sample. Each
grid was stained with saturated uranyl acetate in 50% EtOH for 20min
and then lead citrate for 5min. The stained samples were then analyzed
with a JEOL 1200 II TEM at 60 kV.

2.7. Cytotoxicity measurements

Cytotoxicity, as decreased cell survival, was determined by mea-
suring 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 UA. Cells were seeded at 8× 105 cells per 100mm
plate, allowed to adhere for over 24 h, and treated with sterile-filtered
aqueous solutions of UA (0–300 μM) for 24 or 48 h. Upon completion of
exposure, cells were trypsinized to remove the cells from the plates,
quantified on a hemocytometer and reseeded at 200 cells per 60mm
dish in quadruplicate. After 7 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. Data
are presented as percentages of controls, for n=8–11 independent
experiments. 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.

2.8. 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 et al., 1999; Schröder et al., 2006; Ullmann et al.,
2008). The Fast Micromethod® determines DNA integrity in cell

suspensions in single microplates. PicoGreen® (Molecular Probes, Eu-
gene, 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 un-
winding 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 et al.,
2002). All solutions were prepared according to Schröder et al. (2006).
Briefly, cells were seeded and allowed to adhere for 24 h. Cells were
then treated with UA for 24 or 48 h. After treatment, cells were washed
with 1× 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 40min 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 wa-
velength of 480 nm and an emission wavelength of 520 nm for 20min
in 30 s intervals on a fluorescence plate reader (Molecular Devices
Gemini-X fluorescence spectrophotometer, Molecular Devices, Sunny-
vale, 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 milli-
liter (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 BSA standard curve. Blank
values of cell-free wells were subtracted from each sample value (cor-
rected fluorescence). Thereafter, the normalized fluorescence was cal-
culated by taking into account the protein content in each well as fol-
lows:

=

×=

Normalized fluorescence
Corrected fluorescence 1 μg protein

Measured protein content (μg/well)
xsample,t min

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 20min of unwinding. These values were
then multiplied by −1 to obtain positive values as shown for n=4
independent experiments:

=

×=

=

SSF
log Normalized fluorescence (‐1)

Normalized fluorescence
x

x

10 sample,t min

untreated,t min

Table 2
Complemented 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 et al. (1990)
5T4-12 ERCC2 into the UV5 cell line NER – Weber et al. (1988), Cullinane et al. (1997)
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2.9. 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 manufacturer'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 ex-
posure to oxidative stress or to genotoxic agents such as ionizing ra-
diation (Loeb et al., 1986). Briefly, cells were seeded and allowed to
adhere for 24 h. Cells were then treated with 0–300 μM UA for 24 or
48 h. After treatment, cells were washed with 1× PBS and harvested by
trypsinization. Genomic DNA was isolated with the DNeasy® total DNA
isolation kit according to manufacturers' instructions (Qiagen, Valencia,
CA) and tagged with an Aldehyde Reactive Probe (ARP) to react spe-
cifically 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. The colormetric intensity was immediately mea-
sured at an absorbance of 450 nm on a plate reader (Molecular Devices,
Sunnyvale, CA). AP sites were then determined by comparing the ab-
sorbance with a standard curve generated by the provided DNA stan-
dard containing predetermined AP sites for n=3 independent experi-
ments.

2.10. Statistical analysis

Data were expressed as mean ± SEM and analyzed by either one-
way or two-way ANOVA, followed by post-hoc Tukey or Bonferroni
posttests for multiple comparisons between treatment and untreated
groups; p < 0.05 was considered to be significant.

3. Results

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

It is unclear where soluble uranium is distributed once it enters the
cell at low concentrations. Therefore, UA cell content was measured in
confluent CHO AA8 cells that were exposed to 50–300 μM UA for
0–48 h by ICP-MS to determine where UA is internalized and accumu-
lated after treatment (Fig. 1). After 24 h, the total cellular content of U
was shown to accumulate in a concentration dependent manner with
332 and 429 μg U/mg protein measured at the 200 μM and 300 μM
(p < 0.05 and p < 0.01, respectively) concentrations (Fig. 1A). The
48 h time point also indicated that U accumulates in the cell with 334
and 208 μg U/mg protein measured at the 200 μM and 300 μM UA
doses, respectively. It was observed that UA did not accumulate in the
total cell at the 0 h time point as the concentrations of UA were in-
creased.

The amount of U measured in the cytosol fractions increased as time
and concentrations increased with UA treatment, however the accu-
mulation 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 h and 48 h, respectively (Fig. 1B).

Interestingly, UA was observed to be accumulating in the nuclear
fraction as the concentrations and time exposure increased in cells
treated up to 200 μM after 24 and 48 h and decrease with cells treated
with 300 μM UA (Fig. 1C). After 24 h, U was measured to accumulate
1201 and 667 μg U/mg protein at the 200 μM (p < 0.001) and 300 μM
(p < 0.05) concentrations. The 48 h time indicated uranium accumu-
lation of 559 and 384 μg U/mg protein at the 200 μM (p < 0.05) and
300 μM UA doses in the nucleus, respectively. As observed in the total
cellular fraction, UA did not accumulate in the nuclear fraction at the
0 h time point as UA concentrations were increased.

Electron transmission microscopy was utilized to investigate the
accumulation of UA in confluent CHO AA8 cells that were exposed to
220 μM UA for 24 h (Fig. 2). Untreated AA8 cells did not have uranium

(caption on next page)
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deposits in the cells, despite the staining process with uranyl acetate
(Fig. 2A). After 24 h of UA treatment, uranium deposits in the cell
consisted of particulates, presumed to be uranyl phosphate, either iso-
lated or grouped in clusters (Salanga and Stearns, unpublished). The
electron dense materials were present in the nucleus (Fig. 2B).

Collectively, the data indicates that uranium can readily enter cells and
localize in the nucleus after 24 and 48 h and begin to precipitate at
higher concentrations (300 μM UA) for clearance or overt toxicity.

3.2. UA is cytotoxic in DNA repair-deficient CHO cells

Clonogenic assays were utilized to measure cytotoxicity in both
repair-proficient and repair-deficient CHO cells lines listed in Tables 1
and 2. The overall hypothesis is that if a test agent causes DNA damage,
then cell lines deficient in the repair of the specific lesion(s) should be
more sensitive to the test agent and decreased cell survival would be
observed relative to the wild-type or repair-proficient cell line. More
specifically, the types of UA-induced DNA damage in vitro should be
more apparent in the DNA repair-deficient CHO lines (EM9, V3.3, and

Fig. 1. Time course of total intracellular U content (μg U/mg protein) in CHO
AA8 cells after 0 (●), 24 (■), and 48 (▲) hr. A. U accumulation is seen after
24 h in the whole total cellular fractions. B. No changes were seen in U in the
cytosol after 0–48 h exposure compared to the accumulation of U in the total
cellular fractions and nuclear fractions. C. Increasing amounts of U is accu-
mulated in the nuclear fraction after 24 h. Cells were treated and UA con-
centrations 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 < 0.05), ** (p < 0.01) and *** (p < 0.001)
compared to untreated cells.

Fig. 2. Representative TEM micrograph of CHO AA8 cells. A. An untreated CHO
AA8 cell. (15,000× magnification, bar= 500 nanomicron) N=nucleus,
C= chromatin, MV=microvilli, R= ribosomes. B. Representative TEM mi-
crograph of a CHO AA8 cell exposed to 220 μM UA for 24 h. (6000× magni-
fication, bar= 1 μm) N=nucleus, M=mitochondria, UP=uranyl phosphate,
V= vacuoles.

Fig. 3. Cytotoxicity of UA in CHO AA8 (●), EM9 (■), V3.3 (▲), and UV5 (▼)
cells after 24 h (A) and 48 h (B). 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 h in the repair deficient EM9, UV5
and V3.3 cell lines. At the higher doses, UA did not produce significant cyto-
toxicity in the parental AA8 cell line compared to the untreated cells. Data
represents mean±SEM for n=8–11 independent experiments. P values were
considered to be statistically significant as indicated with * (p < 0.05), **
(p < 0.01) and *** (p < 0.001) compared to untreated cells in the same cell
line after 24 h; a (p < 0.05) and b (p < 0.001) are the p values of UA treated
cells compared to cells treated with equivalent UA doses in the parental AA8
cell line after 24 or 48 h.
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UV5) compared to the parental CHO AA8 line, as shown in Fig. 3. The
single strand break sensitive (SSB) cell line, EM9, exhibited the most
sensitivity to UA treatment compared to untreated EM9 cells after 24 h
(Fig. 3A). 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 < 0.001), respectively. In the DNA-adduct sensitive
cell line, UV5, treatment with 100–300 μM UA doses caused significant
cytotoxicity compared to untreated UV5 cells (p < 0.001). The higher
UA doses (200 and 300 μM; p < 0.01) produced significant cytotoxi-
city in the double strand break (DSB) sensitive cell line, V3.3, compared
to untreated V3.3 cells. The parental AA8 cell line did not have sig-
nificant change in cytotoxicity in UA-treated cells compared to un-
treated AA8 cells after 24 h.

After 48 h exposure, the cytotoxicity profiles for the UV5 and the
EM9 cell lines significantly increased compared to the V3.3 and the AA8
cell lines (Fig. 3B). The DNA-adduct sensitive cell line, UV5, had the
most significant changes in cytotoxicity after 48 h of UA exposure. Cells
treated with 100–300 μM UA resulted in significant (p < 0.001) cell
death compared to untreated UV5 cells and to the parental AA8 cells
treated with 100–300 μM UA after 48 h. The increased cytotoxicity of
UA-treated UV5 cells at 48 h was also significant compared to the 24 h
UA exposures. The SSB sensitive EM9 cells treated with 200–300 μMUA
had significant increases in cell death (p < 0.001) compared to un-
treated EM9 cells and to the parental AA8 cells treated with 200–300
μM UA after 48 h. Collectively, these results inferred that UA produced
DNA adducts and single strand breaks after 48 h of exposure.

Both the parental AA8 cells and DSB sensitive V3.3 cells showed
similar effects after UA treatment. Treatment of 300 μM UA produced a
significant (p < 0.001) increase in cell death compared to untreated
cells after 48 h. Despite the significant increase in cytotoxicity at 300
μM for both cell lines, there was no significant change in cytotoxicity
after 48 h time exposures in the AA8 and V3.3 cell lines at the lower
concentrations of UA. These results inferred that UA does not induce
DNA double strand breaks at concentrations lower than 200 μM UA
after 48 h.

3.3. UA cytotoxicity is decreased in complemented DNA repair-deficient
CHO cells

Based on the cytotoxic responses of the repair-deficient EM9 and
UV5 cells, the complemented mutant CHO H9T3 and 5T4-12 cell lines
were used to investigate if the observed UA effects were directly related
to the repair-deficiency. The complemented 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 et al., 1990). The
clonogenic 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 h (Fig. 4). After 24 h exposure, H9T3
cells treated with 50–300 μM UA did not have a significant cytotoxic
response compared to untreated H9T3 cells (Fig. 4A). A significant
decrease in cytotoxicity was observed in comparison between the H9T3
cells and EM9 cells treated with 300 μM UA after 24 h (p < 0.001). The
48 h UA exposure did not produce significant cytotoxicity in the H9T3
cells compared to untreated H9T3 cells (Fig. 4B). The UA cytotoxicity in
the H9T3 was significantly reduced compared to the EM9 cells
(p < 0.001) in the 200 and 300 μM UA doses. Based on the current
observations, it was inferred that the significant increase in UA-induced
cytotoxicity in the EM9 cells were directly related to the BER defi-
ciency.

The complemented 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 et al., 1988). 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 (Fig. 5). Although a de-
crease in cytotoxicity was observed in comparison between the 5T4-12
cells and UV5 cells treated with 300 μM UA after 24 h (25% vs. 38%), it

was not significant (Fig. 5A). After 48 h of exposure, 200 and 300 μM
UA generated a significant cytotoxic response in the 5T4-12 cells
compared to untreated 5T4-12 cells (Figure 5B). 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 < 0.001). These results suggested that the significant increase in
UA-induced cytotoxicity in the UV5 cells was directly related to the
NER deficiency.

Fig. 4. Cytotoxicity of UA in CHO AA8 (●), EM9 (■), and H9T3 (▲) cells after
24 h (A) or 48 h (B). Cells were treated and assayed for 7-day colony formation
as described in the text. UA-treated corrected mutant H9T3 cells, showed a
significant increase in survival compared to the repair-deficient EM9 cells after
24 h. 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 < 0.001) compared to untreated cells
for the respective cell line; a (p < 0.05) and b (p < 0.001) is the p values of
UA-treated EM9 cells compared to cells treated with equivalent UA doses in the
parental AA8 cell line after 24 and 48 h; c (p < 0.01) and d (p < 0.001) 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 24 and 48 h.
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3.4. UA induces single strand breaks in CHO cells in vitro

Increased cytotoxicity in the BER-deficient EM9 cell line indicates
that UA may cause DNA strand breaks in vitro. The presence of UA
induced strand breaks was confirmed by the Fast Micromethod® Assay.
DNA strand breaks were measured after 24 and 48 h exposures with
increasing doses of UA (Fig. 6). Interestingly, the results of 24 h UA
exposures in CHO AA8 and EM9 with the Fast Micromethod® Assay
were similar to the results previously published (Stearns 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 of UA produced similar increases in tail moment relative to

untreated controls after 24 h exposures (Stearns et al., 2005). Following
24 h 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 DSB-sensitive cell line,
V3.3, at the highest UA dose (300 μM) (Fig. 6A). The SSB-sensitive cell
line, EM9, and the XRCC1-complemented cell line, H9T3, produced
similar amounts of SSBs after exposure to 200 and 300 μM UA after
24 h. 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 h, there were significant increases in strand breaks in the
SSB-sensitive EM9 cell line at 100–300 μM of UA (p < 0.01 and
p < 0.001) (Fig. 6B). 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 XRCC1-complemented
H9T3 cell line did not have a significant amount of SSBs compared to
the mutant EM9 cell line. It was concluded that UA induces the for-
mation of SSBs.

Fig. 5. Cytotoxicity of UA in CHO AA8 (●), UV5 (■), and 5T4-12 (▲) cells
after 24 h (A) and 48 h (B). 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 UV5
cells after 24 h. Data represents mean±SEM for n=8–11 independent ex-
periments. 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 after 24 or 48 h; a (p < 0.05) and b (p < 0.001) are the p
values of UA treated UV5 and 5T4-12 cells compared to cells treated with
equivalent UA doses in the parental AA8 cell line after 48 h; d (p < 0.001) 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 h.

Fig. 6. 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 h (A) and 48 h (B) exposures. UA induced
significant single strand breaks in the repair deficient cell line, EM9, after 48 h
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 ex-
periments. 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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3.5. UA induces abasic sites in repair-deficient cells

UA induced SSBs 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 et al., 1986). AP sites are also created by DNA glyco-
sylases during BER in response to DNA damage from a wide variety of
damaging agents and proposed to come from U-DNA adduct formation
(Dianov et al., 2003, Wilson et al., 2014). AP sites may affect cell via-
bility and genomic integrity by interfering with normal DNA replica-
tion, thereby making AP sites cytotoxic and mutagenic (Loeb et al.,
1986, Dianov et al., 2003). The formation of AP (or abasic) sites was
measured as shown in Fig. 7. The parental cell line, AA8, did not pro-
duce significant AP sites at any of the doses of UA treatment compared
to untreated cells after 24 and 48 h (Fig. 7A). This may indicate that UA
does not induce AP site formation or these types of lesions are readily
repaired by BER mechanisms.

Therefore, repair-deficient cell lines were utilized to determine the
formation of AP sites. In the SSB-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 h (Fig. 7B). It is unclear as to
the lack of response in the 100 μM UA. The measured amount of AP
sites was significantly reduced after 48 h UA exposure compared to 24 h
UA exposures (p < 0.0001). UA did not significantly induce AP site
production in the adduct sensitive cell line, UV5, after 24 h and 48 h
exposures compared to untreated cells (Fig. 7C). These results indicate
that UA is able to induce AP sites, however, due to functional BER
mechanisms, these lesions are readily repaired.

4. Discussion

The purpose of the study was to characterize the types of DNA da-
mage produced by DU in the form of soluble uranyl acetate at en-
vironmentally relevant concentration ranges. UA was shown to readily
enter CHO cells and localize in the nucleus in a time dependent manner
as previously observed (DiSpirito et al., 1983, Kalinich and McClain,
2001, Rouas et al., 2010, Guéguen et al., 2015). Although the me-
chanism is unclear, it is postulated that uranium enters the cell via
endocytosis as observed with nickel (Mirto et al., 1999, Kasprzak et al.,
2003). Prat et al. (2005) has shown that nonselective vesicle trans-
porters were up-regulated in human renal HEK293 cells treated with
250 μM UA (Prat et al., 2005). The amount of the uranium accumula-
tion in the total cellular fraction of the CHO AA8 cells was low com-
pared to the nuclear fraction of treated cells. This phenomenon may be
explained due to the common method of differential centrifugation
method used in this study. This approach is effective in separating the
majority of subcellular components, without requiring pre-concentra-
tion procedures or the addition of reagents. However, the differential
centrifugation approach can produce clumping or breakage of orga-
nelles, leading to leakage of their soluble constituents into other frac-
tions (Rosabal et al., 2014). In this case, the leakage may have added to
the accumulation in the nuclear fraction, rather than in the cytosol
fraction. Additionally, cells that did not undergo the differential cen-
trifugation formed uranyl phosphate precipitates in the nucleus rather
than in the cytosol indicates that UA accumulates in the nucleus as
previously shown (Guéguen et al., 2015).

The mechanism of DNA interaction is unclear. The clonogenic assay
showed that UA had a significant cytotoxic effect in the BER-deficient
EM9 and the NER-deficient UV5 cell lines, compared to the parental
AA8 cells as previously observed. The x-ray repair cross-complementing
gene I protein (XRCC1) deficiency in the EM9 cell line prevents for-
mation of a complex with ligase IIIα, poly(ADP-ribose) polymerase 1
(PARP-1), PARP-2, and several other DNA repair proteins to prevent the
repair of single strand breaks (Thompson et al., 1990). ERCC2, is a
protein involved in the incision step of NER (Cullinane et al., 1997).
The ERCC2-deficiency in the UV5 cell line prevents the removal of
bulky chemical adducts and UV-induced photoproducts from DNA. The
observation that UA was significantly cytotoxic in EM9 and UV5 cell
lines suggests that UA induces SSBs and DNA adducts in CHO cells. To

Fig. 7. UA induced abasic (AP) sites in CHO AA8 (A), EM9 (B), and UV5 (C)
cells after 24 h (black bar) and 48 h (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 SSB repair-
deficient cell line, EM9, induced significant AP sites after 24 h (B). However,
after 48 h UA exposure, the amount of AP sites produced in the EM9 cells are
significantly decreased compared to equivalent UA doses after 24 h
(***p < 0.0001). Data represents mean ± SEM for n=3 independent ex-
periments. 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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further validate this observation, the mutant EM9 and UV5 cells were
compared to the complemented H9T3 and 5T4-14 cell lines. The H9T3
cells have the human XRCC1 gene clone which fully corrects the repair
deficiency in the mutant EM9 cell line (Thompson et al., 1990). The
5T4-12 cells have the human ECRR2 gene clone that partially corrects
the repair deficiency in the mutant UV5 cell line (Weber et al., 1988).
The decreased cytotoxicity in the corrected CHO mutant cell lines,
H9T3 and 5T4-12, further suggests that UA produces bulky adducts and
SSBs rather than DSBs in CHO cells at lower concentrations. The most
sensitive DNA damage was produced after exposure to 100 μM of UA in
the UV5 cell line which infers that UA is producing UA-DNA adducts
after 48 h of exposure as previously observed (Stearns et al., 2005).
These adducts could result in DNA hydrolysis leading to SSBs as ob-
served with the lanthanides (Franklin, 2001, Wilson et al., 2014).

The XRCC7-deficient V3.3 cell line did not show any additional
cytotoxicity above what was observed 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 and results in defective DSB repair via NHEJ repair
(Rothkamm et al., 2003). The lack of a significant cytotoxic response in
the NHEJ-deficient V3.3 cell line after 24 and 48 h UA exposures was
expected below 200 μM. Similar cytotoxicity results were observed in
XRCC3-deficient and RAD51D-deficient CHO cells treated with parti-
culate DU (Holmes et al., 2014). Interestingly, XRCC3 and RAD51D are
involved in homologous recombination (HR) DNA repair. It was in-
ferred that HR repair has a minor role in cell survival after particulate
DU exposure. The lack of additional cytotoxicity in the repair deficient
cell lines were attributed to the formation of chromatid lesions and
chromosome fragmentation. Another previous study has shown that
uranyl nitrate (UN) induced single- and double-strand breaks in NRK-
52E cells at sub-lethal (300 μM UN) and lethal (400 μM+UN) con-
centrations, respectively (Thiébault et al., 2007). NRK-52E cells treated
with UN had a significant increase in γ-H2AX staining (an indication of
DSB damage) as UN concentrations increased (400–500 μM). γH2AX
has an important role in the processing and repair of DSBs. We have
also performed γ-H2AX immunostaining experiments in human bron-
chial epithelial cells (16HBE14o−) treated with 0–0.7 μM of UA for
0–48 h. At low UA concentrations, there was no observable difference in
γ-H2AX staining between UA-treated and untreated cells after 48 h
(data not shown).

Previous results have shown a significant difference between the
AA8 and EM9 cell lines in terms of DNA strand break production after
24 h UA (0–300 μM) exposures (Yazzie et al., 2003). Similar results
were seen 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 et al., 2002). After
a 48 h time exposure, 100–300 μM UA doses caused a significant in-
crease in SSBs in the BER-deficient EM9 line compared to the NHEJ-
deficient V3.3, XRCC1-complemented H9T3, and parental AA8 cell
lines. It is proposed that if UA 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 in-
duce SSBs after 48 h exposure via DNA hydrolysis, or (2) the amount of
indirectly-induced SSBs are significant and cannot be repaired, leading
to cell death.

To further explore this idea, AP sites were measured in the parental,
AA8, and repair-deficient, EM9 and UV5, cell lines. Uranyl acetate was
shown to produce a significant amount of AP sites in the BER-deficient
EM9 cell line after 24 h. AP sites are readily repaired in the early stages
of BER (Vidal et al., 2001), therefore a deficient BER mechanism may
account for this observation. Additionally, Vidal et al. (2001) demon-
strated that AP sites are repaired in early stages of BER, which may
explain the decreased amount of AP sites measured in the EM9 cell line
after 48 h UA exposure. It has been proposed that the formation of
uranyl-DNA adducts may act as a parent lesion that maybe further

convert to stand breaks, AP sites, or possibly DNA cross-links which
supports the current and previously published results (Wilson et al.,
2014). The parental, AA8, and NER deficient, UV5, cells did not have a
significant increase in AP sites production, which suggests that (1) that
these lesions are readily repaired by the fully functional BER mechan-
isms, 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.

As observed in other heavy metals, uranium is considered carcino-
genic, 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 UA-DNA ad-
ducts, which may directly cause SSBs rather than indirectly inducing
oxidative stress strand breaks at low UA concentrations. Previous stu-
dies have also shown that the uranyl ion (UO2

2+) is known to bind
strongly to oligonucleotides (Wu et al., 1996) and DNA to form a DU-
phosphodiester moiety in the minor grooves of DNA, more specifically,
the N3 position of adenine (Nielsen et al., 1992, Wilson 2014). 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 ob-
served did not promote significant structural changes in the small oli-
gonucleotides studied (Wu et al., 1996). Interestingly, the proposed
uranium binding position of the N3 position of adenine in the minor
groove has been shown to a binding site for d-block divalent metals Cu
(II), Zn(II), and Cd(II) (Nielsen et al., 1992). Although the specific
mechanisms are unclear, current studies have shown that uranium in-
duced cytotoxicity is significantly decreased with pre-treatments of zinc
(Hao et al., 2014, Cooper et al., 2016). Further studies should not only
focus on the formation of U-DNA adducts, but to determine if the ad-
ducts are responsible for the observed increased SSBs.

Further efforts are ongoing to determine if the observed UA-induced
DNA damage is possibly due to the uranium-induced inhibition of DNA
repair pathways. Many heavy metals are known to have weak carci-
nogenic and/or mutagenic potentials, or rather act as co-mutagens to
disrupt different DNA repair systems (Hartwig and Schwerdtle, 2002).
DU has been previously shown to induce cell transformation in human
osteoblast cells, leading to increased levels of k-ras oncogene expres-
sion, altered pRB phosphorylation, and increased sister chromatid ex-
changes (Miller et al., 1998). Further research needs to address DU
exposure on genes and protein interactions at the molecular level to
determine the long-term effects on possible neoplasia formation. A
basic understanding of the molecular mechanisms involved in damage
and repair of these lesions is critical to understanding the events leading
to DU-induced carcinogenesis and possible neoplasia.
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