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both neoplastically transforming and genotoxic. In vivo studies have also demonstrated that DU is leukemogenic
and genotoxic. DU possesses both a radiological (alpha particle) and chemical (metal) component but is gener-
ally considered a chemical biohazard. Studies have shown that alpha particle radiation does play a role in DU's
toxic effects. Evidence has accumulated that non-irradiated cells in the vicinity of irradiated cells can have a re-
sponse to ionization events. The purpose of this study was to determine if these “bystander effects” play a role
in DU's toxic and neoplastic effects using HOS cells. We investigated the bystander responses between DU-ex-
posed cells and non-exposed cells by co-culturing the two equal populations. Decreased cell survival and in-
creased neoplastic transformation were observed in the non-DU exposed cells following 4 or 24 h co-culture.
In contrast Ni (II)- or Cr(VI)- exposed cells were unable to alter those biological effects in non-Ni(Il) or non-
Cr(VI) exposed co-cultured cells. Transfer experiments using medium from the DU-exposed and non-exposed
co-cultured cells was able to cause adverse biological responses in cells; these results demonstrated that a factor
(s) is secreted into the co-culture medium which is involved in this DU-associated bystander effect. This novel
effect of DU exposure could have implications for radiation risk and for health risk assessment associated with
DU exposure.
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1. Introduction

Depleted uranium (DU) is a dense heavy metal and an alpha particle
emitter used in military applications. It has been used in military con-
flicts in Iraq, Bosnia, Kosovo and the technology has been established
for future use by to multiple nations. Exposure can occur via wounding,
ingestion, or inhalation. During the 1991 Gulf War and the recent Iraq
War, several soldiers were wounded during friendly fire accidents and
now have chronic internal exposure to DU; additionally the extent of
DU inhalation by soldiers and civilians during previous military opera-
tions is difficult to verify.

Recent studies have investigated the potential health effects of this
unique heavy metal which is also a radioactive heavy metal [Miller,
2007; McClain and Miller, 2006]. These in vitro investigations, reviewed
in Fig. 1, have not only demonstrated the neoplastic transforming abili-
ty, the mutagenicity, and the genotoxicity of DU, but also that DU
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exposure can induce genomic instability in a human cell model [Miller,
2007a; McClain and Miller, 2006]. Furthermore some results demon-
strated that alpha particle radiation is responsible for some of the cellu-
lar damage induced by DU [Miller et al., 2002a; Miller et al., 2007] while
others suggested that chemical damage is responsible for DU-effects
(Miller et al., 2002b; Stearns et al., 2005). In vivo studies of DU implants
in rodent models, reviewed in Fig. 2, have demonstrated the carcinoge-
nicity (Hahn et al., 2002), neurotoxicity (Pellmar et al., 1999), and leu-
kemogenic effect (Miller, 2005; Miller et al., 2009) of chronic long-
term internal exposure to embedded DU. Renal dysfunction following
long-term chronic exposure has been observed as well (Zhu et al.,
2009). Inhalation studies in vivo have also demonstrated that inhaled
DU is genotoxic (Monleau et al., 2006), inhibits vitamin metabolism
(Tissandie et al., 2006), accumulates in brain (Houpert et al., 2007),
and adversely affects rodent behavior (Monleau et al., 2005).

DU has a low specific activity in comparison to natural uranium, and
was not considered to be a significant external radiological hazard prior
to recent uses. However, studies have demonstrated that DU exposure
intracellularly can cause radiation effects in vitro (Miller et al., 2001;
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Fig. 1. Review of depleted uranium in vitro studies. Counterclockwise from top left: DU-induced Neoplastic Transformation; DU-induced mutagenicity; DU-induced chromosomal damage;
DU-induced genomic instability in vitro. References for each study are listed in the figure.

Miller et al.,, 2007). Cytogenetic studies showed that DU exposure could nitrate compounds each containing a different isotope of uranium to de-

induce chromosomal dicentrics which are considered a radiation-spe- termine if radiation plays a role in the induction of that damage. Muta-
cific chromosomal damage (Miller et al., 2001). A second approach genicity assessments at the hypoxanthine (guanine) phosphoribo
was used to further evaluate DU radiation-specific damage. The induc- syltransferase (hprt) locus demonstrated that equal uranium concentra-

tion of mutagenic damage in V79 cells was examined using three uranyl tions with increasing specific activities could induce a specific activity-
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Fig. 2. Review of depleted uranium in vivo studies. The bar graph illustrates several studies done to evaluate DU implants in comparison to tungsten implants, DU oral administration, or
Enriched 235U oral exposure in mice. Endpoints assessed included leukemia, kidney tumors, muscle tumors, and transgenerational effects. The bottom panel illustrates the implant model
system. References for each study are listed in the figure.
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dependent mutagenesis (Miller et al., 2007). Taken together these data
support earlier results (Miller et al., 2002a, 2002b) showing that dicen-
tric chromosomes were formed after DU treatment, that radiation can
play a role in DU-induced biological effects in vitro. The potential contri-
bution of radiation to DU-induced biological effects is important and
could have significant implications for current risk estimates for inter-
nalized DU exposure since risk estimates are based on DU's chemical
toxicity and not its radiological activity which is considered to be “low
dose”.

Evidence has now emerged for a biological radiation phenomenon
called “the bystander effect” that may be important in determining
the cellular response to low doses of radiation (Mothersill and
Seymour, 2015; Morgan, 2003; Sawant et al., 2001). The bystander ef-
fect is defined as the observation of a biological response in cells that
are not themselves traversed by ionizing radiation, but which can com-
municate with cells that are (reviewed in Morgan, 2003). Multiple stud-
ies have shown that alpha particles are more likely than gamma or X-
rays to be involved in this bystander effect (reviewed in Morgan,
2003, Hei and Zhou, 2008). This would have implications for the appli-
cability of the radiation risk models in extrapolating DU data into the
low- radiation dose region as current radiation risk models do not con-
sider adverse effects in unirradiated cells. It is necessary to determine
the extent and impact of this radiation phenomenon on DU biological
effects.

The present study used a novel co-culturing procedure to assess
the potential radiation “bystander effect” of DU for the endpoints of
clonogenic survival, neoplastic transformation, and micronuclei for-
mation. We have further examined how this phenomenon may be
mediated by an extracellular secretion into the culture medium by
DU exposed cells. Alpha particles delivered via a broad beam were
evaluated for comparison as were NiSO4 (Nill) and K,CrO4 (CrVI)
exposures.

2. Materials and methods
2.1. Heavy metals

DU as uranyl nitrate (UO,(NOs),) with a 234U/238U activity ratio of
0.12 and a specific activity of 0.43 pCi/g was obtained from Spectrum
Chemical Mfg. Corp. (Gardena, CA). NiSO4 and K,CrO4 were obtained
from Sigma-Aldrich (St Louis, MO). Both NiSO4 and K,CrO4 were used
in this study as a comparison to DU since they are non-radioactive
heavy metals that are carcinogenic and have been studied extensively
(Costa et al., 2001 review).

2.2. Cell culture

Human osteoblast cells (HOS) were cultured at 37 °C in a humidified
atmosphere of 95% air and 5% CO, with Eagle's minimum essential me-
dium (EMEM, Sigma) containing L.-Glutamine and NaHCO3 supplement-
ed with 10% fetal bovine serum (FBS, ATCC), 100 pg/ml streptomycin
and 100 units/ml penicillin. Seeding about 1.0 x 10° and 2.5 x 10°
cells/dish in a T75 flask (Corning) was done 24-36 h before treatment
so that log-phase cells would be used in all experiments.

2.3. Cell heavy metal incubation

Concentrations of heavy metals were chosen to result in equivalent
levels of cell death following cellular exposure. HOS cells were treated
in complete media with DU-NOs5 (25 uM, 4 or 24 h), NiSO4 (60 uM, 4
or 24 h), or K5CrO4 (3 UM, 4 or 24 h). After treatment with the heavy
metals, cells were rinsed with PBS 3 x and prepared for cell survival col-
ony formation or neoplastic transformation assays as detailed below.

24. Cell Co-culture technique

Immediately after HOS cell incubation with DUNOs (25 uM, 4 or
24 h), NiSO4 (60 pM, 4 or 24 h), or K,CrO4 (3 pM, 4 or 24 h) these
HOS +(DU), HOS +(Ni), HOS +(Cr) cultures were rinsed 3 x with PBS
and counted. The HOS cells incubated with DU (or Ni or Cr) are called
HOS-donor cells. The HOS-donor cells were then co-cultured in com-
plete media for either 4 or 24 h with equal numbers of HOS that had
never been treated with DU (or Ni or Cr). HOS cells that are co-cultured
with HOS-donor cells are called HOS-recipient cells.

2.5. Colony formation assay

Cell survival and plating efficiency (PE) were measured by the stan-
dard colony-formation assay. The co-cultivated cells were harvested by
trypsinization and re-suspended in E-MEM. The diluted cells were seed-
ed in 60 mm dishes in order to form approximately 50-100 surviving
cell colonies. After 10 days of incubation, the formed colonies were
fixed with 10% methanol and stained with 1% methylene blue; the plat-
ing efficiency and surviving fraction were then calculated.

2.6. Cell survival and oncogenic transformation

Survival and mutation assay: Clonogenic survival was measured as
previously described (Miller et al., 1998a, 1998b, 2001, 2002a, and b).
To assess radiation-induced oncogenic transformation and clonogenic
survival, approximately 300 or 100 viable cells were plated into
100 mm dishes respectively. For transformation studies, culture medi-
um was changed at 12 day intervals during the 7-week incubation.
The cells were then fixed in formalin, stained with Giemsa and trans-
formed foci types Il and III scored as described (Reznikoff et al., 1973).
Cells plated for clonogenic survival were incubated for 2 weeks without
medium change, stained with 2% crystal violet and colonies with 50
cells scored. Data from a minimum of three independent experiments
were pooled. All data for clonogenic survival were presented as a
mean with standard error. The statistical significance of differences be-
tween groups was tested by Student's t-test.

2.7. Uranium analysis

After cell incubation with DU, cellular uranium content was mea-
sured by inductively coupled plasma mass spectrometry (ICP-MS, Ther-
mo Finnigan MAT, Bremen, Germany). The methods were as previously
described17. HOS cells incubated with DU and HOS cells that were co-
cultured with DU-incubated cells were both measured for uranium con-
tent. The quantitation limit for the instrument was 0.002 ppb. Values are
expressed as nM/cell.

2.8. Medium transfer experiments

HOS cells were treated with DU-NO5 (25 pM, 4 or 24 h), NiSO,4 (60
UM, 4 or 24 h), or K5CrOy4 (3 UM, 4 or 24 h). As detailed above, equal
numbers of the heavy-metal donor cells were then incubated for 24 h
with equal numbers of non-heavy-metal HOS cells. The cells were col-
lected for further evaluation of colony formation survival and neoplastic
transformation as described above. Following the 24 h co-culture, the
DU co-culture media was collected and assessed for uranium content.
Similarly, following the 24 h co-culture, the Ni- or Cr- co-culture medi-
um was collected and assessed for Ni content. The respective co-culture
media were filtered and used for additional medium transfer experi-
ments. Non-heavy metal treated HOS cells in exponential growth
were then incubated for 24 h with the sterile co-culture media from ei-
ther DU, Ni, or Cr experiments. For comparison, non-heavy metal treat-
ed HOS cells in exponential growth were incubated for 24 h with sterile
conditioned medium. Conditioned medium is medium that was obtain-
ed from control HOS cells that were incubated for 24 h in that medium
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prior to its collection for the transfer experiments. The cells from the dif-
ferent transfer medium experiments were then processed for colony
survival assay and neoplastic transformation as described above.

2.9. Alpha particle exposure

Alpha particle radiation was conducted at Columbia University, Ra-
diological Research Accelerator Facility (RARAF). RARAF is a Biomedical
Technology Resource (P41) Center supported by National Institute of
Biomedical Imaging and Bioengineering (NIBIB) through grant: P41
EB002033. The track segment facility is a broad beam charged-particle
irradiator. This system can uniformly irradiate confluent cell dishes rap-
idly with high doses of alpha particles. The Exponentially growing HOS
cells were grown on mylar-rimed rings. The rings were centered onto a
movable wheel to allow for irradiation. Cells were irradiated at a range
of doses (1 cGy to 200 cGy) at 2.4 Gy/min. Following radiation cells were
plated for colony formation or for neoplastic transformation
assessment.

3. Results

To determine how much uranium was taken up by DU-treated cells
and to determine whether the co-culture process resulted in uptake of
uranium by the non-DU treated cells, cellular uranium content was
measured using ICP-MS. Fig. 4 shows that the intracellular concentra-
tion of uranium increased dramatically over a period of 24 h in DU-
treated cells. In contrast the mixed population of cells, after 4 or 24 h
co-culture showed a significantly reduced amount of uranium per cell.
This reduced amount is expected since only half of the co-culture popu-
lation cells were previously treated with DU. To test whether the DU-
treated cells, when mixed with untreated cells were able to secrete
DU into the media which might then have been taken up by untreated
cells, we measured the uranium content in the media at five time points
- immediately post-mixing the cells populations, and at 1,4, 12, or 24 h
post co-culture initiation. The data in Fig. 4 demonstrate that there was
no significant uranium in the media at the end of any of the time points
tested. Therefore it appears that there was no uranium available in the
co-culture mix media for the untreated recipient cells to take up.

To evaluate whether radiation bystander effects may be involved in
DU effects, we compared DU to Ni(II), Cr(VI), and alpha particles. For the
most effective comparison we are comparing results with the individual
exposures at equitoxic doses of DU, Ni(II), Cr(VI) and alpha particles
(Fig. 3). After a series of survival experiments to determine equitoxic
doses (data not shown), the exposures used were DU-NO5 (25 uM,

Model System to Study DU Radiation Bystander Effects:
Co-culture Technique
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Fig. 3. Model system to study du radiation bystander effects: co-culture technique. HOS
cells were exposed to DU (50 uM for 24 h). After exposure. Cells were washed and
counted. Equal numbers of DU-treated HOS cells and non-DU treated cells were co-
cultured for either 4 or 24 h. The co-culture which consisted of equal numbers of DU-
treated and non-treated cells were processed for additional evaluation including
uranium content, survival, neoplastic transformation, and micronuclei.

24 h), NiSO4 (60 uM, 24 h), K,CrO4 (3 uM, 24 h) and alpha particles
(12 cGy); each of these exposures resulted in a survival percent of 10
4+ 2%. Results shown in Fig. 5 demonstrate a significant decrease in sur-
viving fraction from control levels was observed in the co-cultured cells
following 24 h co-culture with cells treated with DU (24 h: SF = 0.31 +
0.03). Control HOS cells demonstrated a baseline surviving fraction of
0.99 4 0.05 and regardless of the 4 or 24 h co-culture, survival of the
co-cultured cells was adversely affected by co-culture with DU-treated
cells. There was a significant difference in survival between the recipient
cells co-cultured with DU donor cells for 4 h and recipient cells co-cul-
tured with DU donor cells for 24 h indicating that the longer co-culture
time did induce an increase in cell killing. In contrast either Ni (II) or Cr
(VI) recipient cells did not show a significant change in survival level
following a 4 or 24 h co-culture with Ni (II)-treated cells (4 h: SF =
0.95 + 0.06; 24 h: SF = 0.93 + 0.05) or Cr (VI)-treated cells ((4 h: SF
= 0.96 4 0.06; 24 h: SF = 0.92 + 0.06). There was no significant differ-
ence in Ni (II) or Cr (VI) recipient cells dependent on time of co-culture
(4 or 24 h). These data demonstrate that DU treated cells caused an ad-
verse effect in non-DU exposed recipient cells that was not observed in
cells co-cultured with other carcinogenic heavy metals i.e., Ni (II)- or Cr
(VI)- treated cells. However, the cells irradiated with alpha particles and
then co-cultured with recipient cells demonstrated an increase in cell
killing following co-culture. The co-culture phenomenon of increased
cell killing was only observed in the DU, an alpha emitter, and alpha par-
ticle exposure cells.

The neoplastic transformation frequency was evaluated in heavy
metal-treated cells and cells co-cultured with heavy metal-treated
cells for either 4 or 24 h. A comparison to alpha particles was also
done. Data demonstrating the neoplastic frequencies are shown in Fig.
6 and indicate that the neoplastic frequencies in cells co-cultured with
DU-treated cells (4 or 24 h) were significantly increased in comparison
to background transformation levels (p < 0.0001, respectively). The
equitoxic concentrations of the heavy metals and alpha particles were
used and DU-treated, Ni(ll)-treated, and Cr(VI)-treated cells are
shown for comparison and demonstrate as expected that DU, Ni(II), or
Cr(VI) treatment caused significant increase in neoplastic transforma-
tion. However, as was observed for clonogenic survival, cells co-cultured
with cells following equitoxic Ni(Il) or Cr(VI) exposure did not show a
significant difference in transformation frequency from control levels
(p < 0.0001). In contrast, cells co-cultured with cells that had been
alpha particle irradiated also demonstrated a significant increase in
transformation frequency.

—@— DU Treated Cells (no co-cultured cells)
—O— Co-cultured mixed cell population
—4&— Media from co-culture

DU-NO; (umol/ml)

4] 5 10 15 20 25
Uptake

Fig. 4. Cellular uranium uptake. HOS cells were treated with DU-NH2 (25 puM) for either O,
1,4,12,0r 24 h (@) and processed for ICP-MS analysis of uranium content. Co-cultured
cells were assessed at 4 and 24 h (O) with ICP-MS analysis. The co-culture media was
collected at 1, 4, 12, and 24 h post co-culture initiation (4) and analyzed with ICP-MS
for uranium content. Data are pooled from three independent experiments (mean +
SEM).
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Fig. 5. Surviving fraction of bystander HOS cells. The surviving fraction of HOS cells treated
with DU (25 uM) (white bar), Ni(II) (60 uM) (vertical bar), Cr(VI) (3 uM) (horizontal bar),
and alpha particle (22 cGy) (checkered bar) for 24 h is shown. The surviving fraction of
HOS cells co-cultured for 4 h (white bar) or 24 h (white bar) with DU-treated HOS cells
is shown. The surviving fraction of HOS cells co-cultured for 4 or 24 h (vertical bar) with
Ni(II)-treated HOS cells, Cr(VI) (horizontal bar), or alpha particles (checkered bar) is
shown for comparison. Data are pooled from three to five independent experiments
(mean + SEM).

Radiation studies have shown that release of a factor which is direct-
ly cytotoxic or a signal transduction mechanism may be involved in the
decreased survival and increased neoplastic transformation in bystand-
er cells (Morgan, 2003; Mothersill and Seymour, 1997; Mothersill et al.,
2015).

To investigate whether DU, Ni(Il), Cr(VI), or alpha particle co-culture
media contained some secreted factor that was associated with the de-
creased survival and increased transformation in the media of cells co-
cultured with DU or alpha particles, transfer media experiments were
done. Transfer experiments using the post-co-culture medium from ei-
ther the DU, Ni(II), Cr(VI), or alpha particles co-culture experiments are
shown in Fig. 7. Medium from DU donor and recipient cells co-culture
was used to assess survival and neoplastic transformation following a
24 h incubation with DU co-culture media. A comparison to HOS cells
incubated for 24 h in conditioned medium or incubated for 24 h with
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Fig. 6. Neoplastic transformation of bystander HOS cells. The neoplastic transformation
frequency of HOS cells treated with DU (25 pM) (white bar), Ni(Il) (60 uM) (vertical
bar), Cr(VI) (3 uM) (horizontal bar), and alpha particle (22 cGy) (checkered bar) for
24 h is shown. The neoplastic transformation frequency of HOS cells co-cultured for 4 h
(white bar) or 24 h (white bar) with DU-treated HOS cells is shown. The neoplastic
transformation frequency of HOS cells co-cultured for 4 or 24 h (vertical bar) with
Ni(II)-treated HOS cells, Cr(VI) (horizontal bar), or alpha particles (checkered bar) is
shown for comparison. Data are pooled from three to five independent experiments
(mean + SEM).
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Fig. 7. Survival and neoplastic transformation frequency in HOS cells incubated in transfer
medium. Media from DU, Ni(II)-, Cr(VI)- or alpha particle donor and recipient cells co-
culture was used to assess survival and neoplastic transformation (DU: white bar, Ni(Il):
vertical bar, Cr(VI): horizontal bar, ad alpha particles: checkered bar) following a 24 h
incubation with the transfer medium. Cells incubated with conditioned medium (black
bar) are shown for comparison. Data are pooled from three to five independent
experiments (mean + SEM).

Ni(II), Cr(VI)-, or alpha particle radiation- transfer medium was also
done. Transfer experiments using medium from the DU co-culture re-
sulted in a decrease in survival while transfer medium from Ni(II) or
Cr(VI) co-culture did not affect survival. Transfer experiments using
medium from alpha particle radiation co-culture did result in a decrease
in survival. Furthermore, HOS cell incubation in DU transfer medium
also increased neoplastic transformation in comparison to HOS cells in-
cubated in conditioned medium or transfer media from Ni(II) or Cr(VI)
co-cultures. HOS cell incubation with medium from alpha particle radi-
ation co-cultures also demonstrated an increase in neoplastic transfor-
mation above background rate. These data demonstrate that only DU
co-cultured cell medium and alpha particle co-cultured cell medium
contained an unknown factor that was able to decrease cell survival
and increased neoplastic transformation. This phenomenon was not ob-
served for the non-radioactive Ni(II) or Cr(VI).

4. Discussion

Depleted uranium is a radioactive heavy metal emitting alpha parti-
cles and although it is considered to be primarily a chemical hazard, it is
none the less radioactive and studies have shown that its radioactivity is
a significant contributor to its adverse biological effects (Miller et al.,
2001; Miller et al., 2007). Therefore the extent of its radiation compo-
nent to the development of neoplastic transformation, chromosomal
damage, and other adverse responses should be addressed.
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Radiation dogma has long held that the biological effects of radiation
were exclusively caused by deposition of energy in the cell nucleus
(Morgan, 2003). Considerable evidence has accumulated in the past
20 years demonstrating that bystander effects can occur in cells that
were not themselves irradiated but were either in the vicinity of irradi-
ated cells, hence “bystander”, or were exposed to medium from irradiat-
ed cells (Belykov et al., 2001; Brenner et al., 2001; Kadhim et al., 2013,
Morgan, 2003; Mothersill and Seymour, 2015). In particular, it has
been shown that very low doses of alpha particles can lead to multiple
types of chromosomal damage, chromosomal instability, proteomic
changes, and oncogenic transformation (Brenner et al., 2001) in more
cells than would have been traversed by an a particle. This was con-
firmed via Microbeam radiation studies which permit the traversal of
one cell or part of a cell in a field with a charged particle beam. Results
showed that effects of single cell irradiation are not limited to the ex-
posed cell but affect other cells in the vicinity. It has also been demon-
strated that medium from epithelial cells irradiated with radiation,
then transferred to cultures that have not been irradiated, induced apo-
ptotic cell death in the unirradiated cells (Mothersill and Seymour,
1997). These studies show that there is significant evidence that alpha
particle exposure is associated with radiation bystander effects.

In the present study, a significant bystander effect was seen for
clonogenic survival, oncogenic transformation, and micronuclei yields
in non-DU-treated, bystander cells after 4 or 24 h of incubation with
DU-treated cells. No effect on these endpoints by co-culture with
Ni(Il)- or Cr(VI)- treated cells was observed for these non-radioactive
but neoplastically transforming heavy metals. As previously shown by
us and others, cells treated with either DU, Ni(II), or Cr(VI) directly
did exhibit significant increases in cell killing and neoplastic transfor-
mation (Costa et al,, 1994; Miller et al., 1998a; Sun et al., 2011). Howev-
er, only cells co-cultured with DU treated cells demonstrated increases
in cell killing and neoplastic transformation, while cells co-cultured
with Ni- or Cr- treated cells did not. Whatever caused the adverse bio-
logical effects was only observed in the alpha-particle emitting heavy
metal, while Ni did not demonstrate the same effect, suggesting that
DU can induce a bystander effect that Ni cannot. Each of the heavy
metals studied are known to induce reactive oxygen species (ROS)
and oxidative damage so it would appear that the bystander effect in-
duced by DU co-culture medium is not just an oxidative response
(Huang et al., 1995) since Ni(II) and Cr(VI) did not induce the bystander
effect.

Significant support for the existence of a radiation bystander effects
is available in the literature as mentioned above, but the mechanisms by
which the bystander signal is produced and transduced have yet to be
elucidated. There are two primary possibilities. It appears that multiple
pathways are involved in the bystander phenomenon, and different cell
types respond differently to bystander signaling. Multiple studies have
identified a number of cellular signaling genes, including cyclooxygen-
ase-2 (COX-2), TGFB2, and the mitogen-activated protein kinase
(MAPK) signaling cascade in the bystander process (Vodovotz et al.,
1999; Iyer and Lehnert, 2000). Furthermore, cells deficient in mitochon-
drial DNA showed a significantly reduced response to bystander signal-
ing, suggesting a functional role of mitochondria in the signaling
process. Inhibitors of nitric oxide (NO) synthase (NOS) and mitochon-
drial calcium uptake provided evidence that NO and calcium signaling
are part of the bystander signaling cascade as well (Hei and Zhou,
2008). Our laboratory is currently investigating the role that signaling
pathways play in bystander phenomenon following DU exposure.

Cell-density dependence of the bystander effect has been observed
and implies cell-to-cell contact in the process (Hei and Zhou, 2008).
The relationship between gap junctional activity and a-particle-in-
duced bystander mutagenicity was investigated using lindane to inhibit
gap-junction-mediated intercellular communication and also by using
genetically engineered cells that lack gap junctions. (Azzam et al.,
1998, 2001; Lyng et al., 2002; Shao et al., 2003; Zhou et al., 2000). Al-
though these results indicate a role of gap junctions in the bystander

response, the role of gap-junctions in the observed DU effects is not
well understood.

A third possibility is that the effect of alpha particle radiation on cells
produces a transmissible or clastogenic factor (s) that induce cell death,
stimulates the neoplastic transformation process, or acts as a chromo-
some breakage factor. Our data with the medium transfer experiments
suggest that there was an extracellular factor that the co-culture of
DU-treated and non-treated cells, and the co-culture of alpha particle ir-
radiated cell and non-treated cells, produced since that medium was
able to produce adverse biological effects in medium-transfer cultured
cells. In contrast, the co-culture medium from Ni(Il)- or Cr(VI)- treated
and non-treated cells, when used to incubate cells, did not produce any
increased adverse effects in those cells and no biologically adverse ex-
tracellular factor. At the density at which the cells were plated in this
current study and the long incubation time (24 h), the vast majority of
cells were in close contact at the time of co-culture. ICP-MS measure-
ments indicated that the observed effects were not due to residual ura-
nium in the medium. Therefore, it is possible that the DU-treated cells
could transmit the bystander signal to non-DU-treated cells either
through the secretion of a soluble, extracellular factor into the medium
and/or through direct cell-to-cell communication via gap junctions. Gap
junction studies remain to be done to address this possibility.

An alternative hypothesis should be considered and that is that the
observed bystander effect and unknown secreted factor in the medium
is not exclusively a radiation phenomenon. Limited studies have shown
that bystander effects are not unique to ionizing radiation. Chemother-
apeutic drugs such as mitomycin C (MMC) (Rugo et al., 2005),
chloroethylnitrosourea (Demiden et al, 2006) and paclitaxel
(Alexandre et al., 2007) were shown to induce bystander effects charac-
terized by increased genomic instability, persistent tumor cell growth,
and generation of extracellular ROS causing cell death. Adverse changes
in growth characteristics and adhesion were also found in cells follow-
ing bystander exposure to photosensitizers and UV radiation (Dahle et
al,, 2001). It was also demonstrated that the ability of two DNA-damag-
ing chemicals, MMC and phleomycin (PHL), which have very different
modes of action, could induce micronuclei in bystander cells (Asur et
al., 2009; Asur et al., 2010). Thus, bystander effects appear to represent
tissue or cellular responses to a range of genotoxic stresses that include
chemicals and radiation. In some cases like DU, alpha radiation, and pac-
litaxel, generation of ROS occurs, while in others like phleomycin, it does
not. Whether the bystander effect observed with DU is exclusively a ra-
diation-effect or involves a chemical effect, is unknown at this time
since some other ROS- and non-ROS- generating chemicals have
shown bystander effects.

Our understanding of how the bystander effect impacts the cellular
damage induced by the alpha particle emitter DU, is still in the early
stages. This study does demonstrate that non-DU exposed cells are in-
fluenced by their proximity to DU exposed cells and that this phenom-
enon is not observed with carcinogenic non-radioactive heavy metals
like Ni(II) or Cr(VI). The present finding of bystander effects induced
by DU-exposed cells mediated through a secreted-extracellular factor
may not only have significance as it supports the finding of radiation in-
volvement in DU effects, but may have significant impact on the cancer
risk assessment of DU exposure.
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