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Abstract
BACKGROUND—Significant data supports the health benefits of selenium although
supplementation trials have yielded mixed results. GPx-1, whose levels are responsive to selenium
availability, is implicated in cancer etiology by human genetic data. Selenium’s ability to alter the
phosphorylation of the H2AX, a histone protein that functions in the reduction of DNA damage by
recruiting repair proteins to the damage site, following exposure to ionizing radiation and
bleomycin was investigated.

METHODS—Human cell lines that were either exposed to selenium or were transfected with a
GPx-1 expression construct were exposed to ionizing radiation or bleomycin. Phosphorylation of
histone H2AX was quantified by flow cytometry and survival by the MTT assay. Phosphorylation
of the Chk1 and Chk2 checkpoint proteins was quantified by western blotting.

RESULTS—In colon-derived cells, selenium increases GPx-1 and attenuated H2AX
phosphorylation following genotoxic exposures while the viability of these cells was unaffected.
MCF-7 cells and transfectants that express high GPx-1 levels were exposed to ionizing radiation
and bleomycin, and H2AX phosphorylation and cell viability were assessed. GPx-1 increased
H2AX phosphorylation and viability following the induction of DNA damage while enhancing the
levels of activated Chk1 and Chk2.

CONCLUSIONS—Exposure of mammalian cells to selenium can alter the DNA damage
response and do so by mechanisms that are dependent and independent of its effect on GPx-1.

GENERAL SIGNIFICANCE—Selenium and GPx-1 may stimulate the repair of genotoxic DNA
damage and this may account for some of the benefits attributed to selenium intake and elevated
GPx-1 activity.

1. Introduction
Selenium has long been a focus of efforts to develop effective strategies to reduce cancer
incidence and mortality. This is due to a large body of evidence indicating that selenium
provided to animals in low, non-toxic doses can suppress the development of tumors, and do
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so in most organs examined. Moreover, the protection offered by selenium supplementation
occurs in response to a wide variety of DNA damaging exposures, including chemicals and
radiation [1]. The benefits of selenium to humans are also supported by epidemiological
studies revealing an inverse association between dietary selenium intake and cancer
incidence [2]. Less clear are the benefits of selenium supplementation, as early promising
results indicating that selenium may prevent prostate cancer [3, 4] were not supported by the
large prostate cancer prevention trial, SELECT [5].

While the mechanisms of cancer prevention with selenium remain unknown and are
probably due to several distinct mechanisms, it is likely that the repair of DNA damage is
one means by which protection is provided. DNA lesions in the form of double strand and
single strand breaks, as well as aberrations in chromosome structure and number disrupt
genetic integrity and are needed to be repaired efficiently before a cell enters cell division.
Other defects result in replication errors that can lead to potentially carcinogenic mutations.
Once DNA damage is detected, signaling pathways are initiated to stimulate processes that
coordinately remove and repair the damaged site.

Seo et al. reported in 2002 that selenium could stimulate the formation of DNA repair
complexes and enhanced DNA repair following UV exposure in human fibroblasts [6].
Subsequently, selenium has been shown to protect cells in vitro against genotoxicity induced
by exposure to phthalates [7], bleomycin [8], doxorubicin [9] and inhibit mutagenesis in
bone marrow cells following exposure of mice to carboplatin [10]. Using lower doses (30
nM), selenium has also been shown to protect against X-ray [11] and UV-induced
mutagenesis [12]. The same dose of selenium also reduced the levels of UV-induced DNA
damage in human MCF-7 cells as measured by the reduction in the formation of micronuclei
following irradiation [12]. Recently, de Rosa et al showed that human prostate-derived
LNCaP cells were protected against UV induced genotoxicity when pre-treated with
selenium and that selenium stimulated the excision of oxidative DNA lesions [13].

Many of the biological properties of selenium are due to its role as a constituent of
selenium-containing proteins where selenium in the form of selenocysteine often resides at
the enzyme’s active site [14]. In humans, there are 25 selenoproteins [15], many of whose
activities have been implicated in several human diseases, including cancer [2, 16]. Among
these, the first and best characterized is the cytosolic glutathione peroxidase (GPx-1) which
uses reducing equivalents from glutathione to detoxify peroxides and whose activity can
also impact cellular signaling pathways [17]. Genetic variations in GPx-1 have been shown
to be associated with several diseases, including cancer [18, 19] and it’s ectopic expression
has been shown to protect DNA from UV-induced DNA damage [12]. These data, as well as
the responsiveness of GPx-1 translation to selenium levels, support the possibility that some
of the benefits attributed to selenium are due to that elements impact on GPx-1 activity and
function.

In order to gain insights into the protective functions of selenium and GPx-1, we examined
the effects of selenium levels and GPx-1 activity on human cell lines exposed to either
ionizing radiation (IR) or bleomycin, an antibiotic which specifically causes DNA strand
breaks [20]. Among the endpoints examined was phosphorylation of histone H2AX, which
is post-translationally modified by phosphorylation at the sites of DNA damage, where it is
believed to serve as a scaffold for the recruitment of DNA repair enzymes [21, 22].
Phosphorylated H2AX plays a critical role in assembling the repair proteins at site of double
strand breaks (DSBs) [23–25] and an impaired H2AX protein can significantly attenuate the
repair process. H2AX activation also stimulates cell cycle check point proteins to stall the
cell division and prevents chromatin breaks or chromosomal aberrations [21, 26]. The
kinetics of loss of foci of phospho-H2AX after the induction of DSB can be indicative of an
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efficient DNA repair process [27] although there are some limitations to this approach of
determining cellular DNA repair capacity [28]. Therefore, the phosphorylation of this
protein has become a popular assay for the measure of DNA damage and a tool to
investigate its repair.

2. Materials and Methods
2.1. Cell Culture

The human colon cancer cell line HCT116 was cultured in McCoy’s 5A medium
(Mediatech) supplemented with 5% FBS. The non-transformed colon epithelial cell line
NCM460 was cultured in Ham’s F12 nutrient medium (Gibco) supplemented with 20%
FBS, 18.5ug/ml insulin and 0.4ug/ml hydrocortisone. The human breast carcinoma-derived
cell line MCF-7 and its derivative MCF-7GPx-1 were cultured in Modified Eagle’s medium
(Gibco) supplemented with 10% FBS (Gemini Bio-Products). The selenium concentration of
the serum used was determined to be 152 nM by graphite furnace atomic absorption
spectrometry conducted at the Texas A&M Veterinary Diagnostic Laboratory at College
Station, Texas. The baseline, unsupplemented media therefore contained 7.6 nM, 15.2 nM or
30.4 nM selenium when cells are incubated in 5%, 10%, or 20% FBS, respectively.
MCF-7GPx-1 was previously generated by transfection with a GPx-1 expression construct
containing the NH2-terminal 5 alanine repeat variation and the codon 198 polymorphism
resulting in a proline at that position [29]. Transfectants were maintained in culture medium
containing 200 μg/ml G418. The cells were either irradiated using a Cs-137 irradiator (J.L.
Sheperd and Associates irradiator Model 143–68) or exposed to bleomycin as indicated in
the text.

2.2. Enzyme assays
GPx activity was determined by a coupled spectrophotometric assay with hydrogen peroxide
substrate, glutathione reductase and reduced β-nicotinamide adenine dinucleotide phosphate
(NADPH). In the text, we refer to the cellular activity determined by this assay as “GPx”
activity as it is comprised of the enzymatic activity of GPx-1 as well as other members of
the GPx family of proteins that may be expressed in the particular cells being analyzed. The
change in NADPH levels due to oxidation was measured at 340 nm and GPx activity was
expressed as nmoles of NADPH oxidized per minute per milligram protein. For all
experiments, cells were plated in triplicate, and where indicated, treated with 30 nM
selenium in the form of sodium selenite for 3 days prior to exposures. Protein lysates were
prepared by sonication in 0.1M sodium phosphate, pH 7.0 and quantified using the Bradford
assay (Bio-Rad, Hercules, CA). MCF-7GPx-1 cells were maintained in G418 which was
removed from the culture media 2 days before plating the cells to reduce any impact of that
antibiotic on selenoprotein synthesis [30].

2.3. Phospho-H2AX flow cytometry
Measurement of H2AX phosphorylation was performed by P-H2AX-FITC flow cytometry
[31]. Experimental cells were trypsinized at the indicated time points and washed to remove
residual media. The cells were resuspended in PBS with 1.6% paraformaldehyde at 37°C for
10 minutes and washed in 0.5% bovine serum albumin (BSA)-PBS, resuspended in 90%
methanol and maintained at 4°C for 30 minutes and stored at −20°C. On the day of the
staining, the cells were washed with 0.5% BSA-PBS and incubated with 2 μg/ml of anti-
phospho-H2AX Ser 139 antibodies (Millipore, Billerica, MA) conjugated with the FITC
fluorochrome for 1 hr in the dark at 4°C. The cells were then washed to remove excess
antibody and FITC was measured either on a Becton Dickinson LSR or a CyAn ADP
analyzer (Beckman Coulter Inc., CA) in the UIC Flow cytometry facility.
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2.4. MTT assay
The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was used to
determine cell survival and proliferation. Cells were plated in triplicate in 25cm2 flasks,
irradiated or treated with bleomycin as indicated and re-plated into 96 well plates at 2000
cells/well. For the bleomycin treatments, harvested cells were plated into 96 well plates in
media with or without 10 μg/ml bleomycin. Cell viability assays were performed at 5 days
post-irradiation or 2 days post bleomycin treatment by incubation in 20 μl of MTT (5mg/ml)
for 3 hours at 37° C. The culture medium was removed and 150 μl of DMSO was added to
each well and incubated at room temperature for another 5 minutes. Optical density was
measured using a spectrophotometer at 560 nm and a reference at 650 nm. The same
procedure was simultaneously performed on media alone to determine background
absorbance.

2.5. Western blot analysis
Cell lysates were prepared from treated cells following irradiation or bleomycin treatment
by incubating the cell pellet in cell lysis buffer supplemented with protease inhibitor cocktail
(Cell Signaling Technology, MA) on ice for 30 minutes. Protein extracts were
electrophoresed and transferred to PVDF membrane (Millipore). The membrane was probed
with antibodies for GPx-1 (AbCam, MA), phospho-Chk1 (Ser 296) and phospho-Chk2
(Thr-68) from Cell Signaling Technology, MA. The resulting protein bands were detected
using the chemiluminescent detection kit (GE Healthcare, NJ) and equal protein loading on
gels was confirmed by blotting the same filters with anti- β-actin antibody (Abcam, MA)

2.6 Statistics
All assays were performed on triplicate cell cultures which were plated and treated
independently. Experiments were repeated at least three times. Error bars denote standard
deviations and significance was calculated using the Student’s T-test.

3. Results
3.1. Selenium protects human colon-derived cell lines against ionizing radiation

In order to investigate the effects of selenium supplementation on DNA damage and the cell
survival of human colon cell lines, the tumor derived HCT116 and non-transformed
NCM460 colon epithelial cells were exposed to an additional 30 nM selenium in the form of
sodium selenite for 3 days. This dose and duration was chosen because it represents a low
level of supplementation that is similar to that already present in the standard culture media,
it results in the approximate maximal stimulation of the GPx-1 protein and has been shown
to result in the protection of other cell types [12, 13, 29, 32]. Cells were treated with
additional selenium, exposed to 4 Gy of ionizing radiation (IR) and the phosphorylation of
histone H2AX was quantified by flow cytometry.

At one hour post-irradiation, H2AX phosphorylation (pH2AX) was seen to approximately
double for both the HCT116 (Figure 1A) and NCM460 (Figure 1B) cells. As also seen in
that figure, pre-incubation with selenium reduced the amount of pH2AX observed following
IR for both cell types, data that is consistent with a protective effect for selenium. To assess
the presumed protection provided by selenium supplementation, cell proliferation and
survival were evaluated. The standard media of the HCT116 and NCM460 cells was
supplemented with 30nM selenium for 3 days and the cells were exposed to 1, 3 and 5Gy of
IR, maintained in culture for 5 days at which time cell viability was determined by MTT
assay. Selenium supplementation resulted in increased HCT116 cell numbers at 5 days post
irradiation and for all tested exposures following irradiation (Figure 1C), but in contrast, had
no protective effect on the post-irradiation cell numbers for the NCM460 cells (Figure 1D).
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3.2. Selenium supplementation attenuated the bleomycin-induced phosphorylation of
H2AX

Bleomycin exposure was used to evaluate the generality of the results obtained with IR. This
drug is a commonly used chemotherapeutic that binds DNA and generates reactive oxygen
molecules that cause single and double strand breaks [20]. Both HCT116 and NCM460 cells
were treated with 30 nM selenium for 3 days, exposed to 10 μg/ml of bleomycin for 1 hour
after which the cells were fixed and stained with pH2AX antibody for flow cytometry
analysis (Figure 2A and 2B). As observed when these cells were irradiated, pre-incubation
with additional selenium resulted in a decrease in bleomycin-induced pH2AX
phosphorylation. For both cell lines examined, selenium had no effect on bleomycin toxicity
when doses ranging from 0.5–100 μg/ml were examined (Figure 2, C and D).

3.3. GPx-1 stimulates H2AX phosphorylation
Work by us and others have implicated the stimulation of the GPx-1 selenoprotein as part of
the mechanism by which selenium reduces DNA damage following exposure to genotoxic
stimuli. The incubation of both HCT116 and NCM460 with additional selenium resulted in a
5–8 fold increase in GPx enzyme activity in those cells (Figure 3A) and a considerable
contribution to that increase in enzyme activity was likely due to an increase in GPx-1, as
determined by western blotting with GPx-1 specific antibodies (Figure 3C). NCM460 and
HCT116 represent different stages of carcinogenesis, are cultured in different media and
were derived from different individuals; these differences introduce variables that make
biological comparisons difficult to interpret. To further investigate the role of GPx-1 in
protecting cells from DNA damage under controlled conditions, we made use of the
previous observation that human MCF-7 breast carcinoma cells produce negligible GPx-1
protein or activity, presenting the opportunity to compare these cells to those that express
ectopic GPx-1 due to transfection [29, 32]. As seen in Figure 3C, analysis of protein extracts
derived from MCF-7 cells does not reveal a GPx-1 band in MCF-7 cells, it is easily detected
in GPx-1 transfected MCF-7 cells (MCF-7GPx-1) and that GPx-1 expression could be
stimulated in these cells by incubation in media supplemented with selenium (Figure 3C).
Previously, we demonstrated that GPx-1 expression in these cells conferred resistance to
DNA damage as determined by the appearance of micronuclei in UV-irradiated cells [12].

As seen in Figure 4A, exposure of MCF-7 to IR significantly increased pH2AX by
approximately 2 fold, one hour post exposure. In contrast to the data obtained in colon-
derived cells, selenium supplementation did not reduce post-IR H2AX phosphorylation in
GPx-1 expressing or GPx-1 null MCF-7 cells. What was apparent by comparing the pH2AX
levels in MCF-7 vs. MCF-7GPx-1 was that even though the baseline levels of pH2AX were
similar in the two cell lines, pH2AX levels were significantly higher in those cells
expressing high levels of GPx-1 as compared to IR exposed MCF-7 cells. Performing these
same experiments inducing DNA damage with bleomycin yielded very similar results:
increased H2AX phosphorylation with ectopic GPx-1 expression and no effect of selenium
supplementation on pH2AX levels following treatment with bleomycin (Figure 4B).

The lack of an effect seen in MCF-7 cells following selenium supplementation may be due
to the absence of expression of GPx-1 in those cells. Furthermore, the levels of that
enzyme’s activity seen in unsupplemented MCF-7GPx-1 cells, which is likely to be much
higher than that observed in the colon-derived cells even after selenium (Figure 3), are
perhaps sufficient to achieve the maximal pH2AX induction such that the additional
stimulation in GPx-1 levels achieved with selenium supplementation is inconsequential.
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3.4. Selenium/GPx-1 enhances MCF-7 viability following DNA damage
In order to assess the effects of selenium and GPx-1 on cell viability following exposure to
IR, MCF-7 and MCF-7GPx-1 cells were pre-treated with an additional 30 nM selenium for 3
days prior to radiation exposures of 3 Gy and 5 Gy and viability was assessed by MTT
assays performed at 5 days post-IR exposure. MCF-7 cells were more sensitive to IR than
MCF-7GPx-1 cells expressing elevated GPx-1 activity (Figure 5) and selenium
supplementation did not offer any protection for MCF-7 cells against IR when viability was
determined at 5 days post-IR. MCF-7GPx-1 cells were clearly more resistant to IR than
MCF-7 cells as observed with both doses of IR when assayed at 5 days (Fig 5B) post-IR.
When pre-treated with selenium, MCF-7 cells exhibited increased viability compared to
untreated cells at the 5 Gy dose (Figure 5A).

Surprisingly, a different response to supplemental selenium and GPx-1 was obtained when
these same cells were challenged with bleomycin. MCF-7 and MCF-7GPx-1 cells were pre-
treated with selenium for 3 days, exposed to 0–100 μg/ml of bleomycin for 48 hours and
viability was assessed by the MTT assay. MCF-7 cells were more sensitive to bleomycin,
with cell growth reduced by 50–60% of the untreated cells at 10, 50 and 100 μg/ml
concentrations of bleomycin (Figure 6A). In contrast, MCF-7GPx-1 cells (Fig 6B) were
much less affected by bleomycin treatment where only 10–20 % less cell growth was
observed at higher doses (Figure 6B). Selenium treatment protected MCF-7 cells at all doses
above 1 μg/ml of bleomycin, while the benefit of supplemental selenium was less apparent
for the GPx-1 expressing cells (Figure 6A and 6B). Figure 6C is a composite of the data
demonstrating the increase in viability following exposure to bleomycin when cells were
exposed to added selenium or expressed GPx-1.

The results presented above indicated that GPx-1 enhanced the phosphorylation of H2AX
following genotoxic challenge, yet was protective against the cytotoxic/cytostatic
consequences of those challenges. Unlike the bleomycin studies where cells are
continuously incubated in the drug, the single exposure to IR permitted the evaluation of
whether H2AX phosphorylation levels returned to baseline after continued incubation,
pH2AX levels were assessed at 4 and 8 hours post IR. As seen in Figure 7, 4 hours after IR,
pH2AX levels were only slightly higher than those seen prior to exposure for both cell
types, even though the pH2AX was approximately twice as much in GPx-1 over-expressing
cells at the one hour time point.

3.5. GPx-1 enhances the phosphorylation of the Chk1 and Chk2
As an initial screen for possible downstream targets of GPx-1 and/or selenium that can
promote increased survival and reduced mutagenesis, we examined the levels of
phosphorylated proteins involved in the response to DNA damage. Chk1 and Chk2 are
proteins that are activated following DNA damage; Chk1 is activated by ATR (ataxia-
telangiectasia and Rad3-related) primarily in response to the detection of single strand
breaks bulky lesions, while Chk2 is activated by ATM (ataxia-telangiectasia mutated)
following the detection of double strand breaks in DNA [33]. Baseline levels of
phosphorylated Chk1 was detected in significantly higher levels in GPx-1 expressing cells
(Figure 8). Chk1 levels increased following either selenium supplementation or IR exposure
in MCF-7 cells, but not in MCF-7GPx-1 cells (Figure 8). In contrast, Chk2 levels were only
detected following IR in MCF-7GPx-1 cells and not at all in MCF-7 cells. Thus, GPx-1 was
required for the increased phosphorylation of Chk2 seen in response to IR in MCF-7GPx-1
cells (Figure 8).
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4. Discussion
The studies presented in this manuscript were initiated in order to gain a better
understanding of the role of selenium and the GPx-1 selenoprotein in the response to DNA
damage. We initially began by examining the effects of selenium supplementation on the
response of two colon-derived human cell lines, one transformed and the other immortalized
but not transformed, and two different sources of DNA damage, IR and bleomycin. As
shown in Figures 1 and 2, there was a similar effect of selenium on H2AX phosphorylation
following exposure to IR and bleomycin, that being reduced levels of pH2AX after the
exposures. Previously, it was shown that treatment of HL-60 cells with selenium, also in the
form of sodium selenite, increased H2AX phosphorylation [34]. The dose of selenium used
in that study was 500 nM, over 15 times the 30 nM used in our studies and one that is likely
to cause rather than prevent oxidative damage. The 30 nM dose used herein was sufficient to
increase GPx enzyme activity (Figure 3) and GPx-1 protein levels (Figure 8), even when
combined with the selenium provided by the 10% serum used in the culture media and is
still less than is typically present in serum. Thus, the data presented using cultured cells is
therefore most comparable to studies comparing individuals with different baseline selenium
levels or providing selenium-deficient individuals with supplemental selenium,
circumstances that have previously revealed cancer prevention efficacy [35].

Although selenium was able to reduce the levels of pH2AX following genotoxic exposures,
only in the case of HCT116 cells was there a significant improvement in cell viability, and
this was apparent only following exposure to IR and not bleomycin (Figures 1 and 2). In
humans, selenium status was shown to be inversely associated with IR-associated DNA
damage, but only for women who were carriers of a defective BRCA1 gene that predisposes
to cancer and is involved in DNA repair [36]. The complexities that are encountered when
comparing humans or cells derived from different individuals prompted us to study selenium
and GPx-1 status using the MCF-7 cell line, which permitted the examination of selenium
and GPx-1 effects in identical genetic backgrounds.

Pre-treatment of MCF-7 and MCF-7GPx-1 cells with selenium followed by either IR or
bleomycin indicated that selenium supplementation did not significantly alter H2AX
phosphorylation, either at baseline or following genotoxic exposure. Surprisingly, and
contrary to expectations, pH2AX levels after exposure to either IR or bleomycin were
approximately twice as high in GPx-1 expressing cells as compared to MCF-7 cells with
negligible GPx activity. Given the anti-oxidant function of GPx-1 [17] and our previous
work demonstrating enhanced protection against UV-induced micronuclei formation [12],
we investigated this phenomenon further by assessing cell viability of these same cells
following IR and bleomycin exposure. As seen in Figures 5 and 6, GPx-1 was protective as
assessed by cell viability determined with the MTT assay.

If one takes the phosphorylation of H2AX as an indicator of DNA damage, the elevated
levels of pH2AX and increased survival observed in cells expressing GPx-1 following
genotoxic exposure would seem contradictory. Although there are inherent limitations in
measuring H2AX phosphorylation as a measure of DNA damage and repair due to the
selection of appropriate time points and cell cycle effects [37, 38], one possible explanation
for these data is that the increased H2AX phosphorylation observed in GPx-1 expressing
cells is a reflection of enhanced signaling leading to H2AX phosphorylation which would
result in accelerated recruitment of the DNA repair machinery and subsequently less damage
and better survival. Some support of this notion can be derived from observations of the
effects of enhanced selenium levels and GPx-1 expression on the levels of the Chk1 and
Chk2 proteins, proteins involved in the cellular response to DNA damage [39]. Minimally,
Chk2 is activated by phosphorylation of ATM in response to double strand breaks while
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Chk1 is activated by ATR in response to single stranded DNA [40]. As seen in Figure 8,
levels of phosphorylated Chk1 are higher in GPx-1 expressing cells and those levels did not
change post irradiation, while the induction of phospho-Chk2 following IR was significantly
more robust in GPx-1 expressing cells. These results are consistent with the type of DNA
damage that principally occurs following IR, double strand breaks, and that IR exposure
induced Chk2 phosphorylation but not that of Chk1. Moreover, the increased
phosphorylation of Chk2 following IR observed with selenium supplementation of MCF-7
cells indicates that there is a GPx-1 independent effect of selenium, although it should be
noted that the enhancement of Chk2 phosphorylation by selenium supplementation was
considerably more dramatic in GPx-1 expressing cells (Figure 8). Collectively, the results
presented indicated that selenium increased H2AX, Chk1 and Chk2 phosphorylation, as well
as increased cell viability following exposure to DNA damage. This, and selenium’s ability
to stimulate GPx-1 protein levels, may indicate that an increase in the cellular response to
DNA damage is one plausible mechanism by which selenium protects against the toxic and
carcinogenic effects of diverse DNA damaging agents [41–43] and this subject has recently
been reviewed [44]. However, it should also be considered that selenium may induce these
changes by selenoprotein-independent processes as well as the stimulation of the levels and
activities of other selenoproteins. Many of the selenoproteins are involved in redox
processes and redox reactions have been shown be important modifiers of the DNA repair
response [45], with one particular selenoprotein, thioredoxin reductase, being one such
candidate [46].

An intriguing possibility raised by the data presented in this manuscript is whether GPx-1
may in fact be able to promote tumor growth under certain circumstances. This might occur
by a number of different mechanisms, including the protection of tumor cells from oxidative
stress, the stimulation of growth promoting pathways by altering growth-related signaling
pathways and perhaps protecting tumor cell DNA from damage. The potentially beneficial
and harmful effects of GPx-1 activity have recently been reviewed [17] and is supported by
our data indicating a significant association between total GPx activity in the prostate and
the Gleason score, and indicator of the aggressiveness of the cancer of that organ [47]. These
issues indicate the need for further investigation to improve our understanding of the
benefits of selenium and role of GPx-1 in human disease.
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Highlights

• We addressed the issue as to how selenium and selenoproteins may impact DNA
damage repair by focusing on H2AX phosphorylation

• sing GPx-1 null and cells expressing GPx-1 due to transfection permitted the
evaluation of effects of selenium and GPx-1 independently

• oth H2AX phosphorylation and cell survival were evaluated

• GPx-1 effects on the Chk1 and Chk2 DNA damage repair proteins were
observed
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Figure 1. Selenium supplementation affects pH2AX levels and cell viability in HCT116 and
NCM460 cells exposed to radiation
HCT116 (A) and NCM460 (B) cells were pre-treated with or without additional 30nM
sodium selenite for 3 days and exposed to 4Gy of ionizing radiation and after 1hr, pH2AX
levels were measured by flow cytometry. HCT 116 (C) and NCM460 (D) cells were either
untreated or treated with 30nM NaSe and exposed to 0, 1, 3, 5 Gy ionizing radiation,
replated into 96 well plates and MTT assays were performed on day 1 and 5. *P<0.05, Ψ
P<0.005 and § P<0.0005 from No IR control. Error bars indicate the S.D.
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Figure 2. Selenium pre-treatment reduces bleomycin induced pH2AX fluorescence in HCT116
and NCM460 cells but does not affect cell viability
HCT116 (A) and NCM460 (B) were either untreated or treated with 30nM selenium for 3
days and exposed to 10μg/ml bleomycin for 1hr; cells were fixed and stained for pH2AX.
The graphs represent the mean fluorescent intensity of the cells stained for pH2AX as
determined by flow cytometry. HCT116 (C) and NCM460 (D) cells were pretreated with or
without a supplemental 30 nM selenium for 3 days before treating with 10μg/ml bleomycin.
MTT assays were performed at 48 hrs post-bleomycin treatment. § P<0.0005 from Control,
¥ P<0.05 form bleomycin. Error bars indicate the S.D.

Jerome-Morais et al. Page 13

Biochim Biophys Acta. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Levels of GPx-1 protein and enzyme activity in cells with or without selenium
supplementation
HCT116 and NCM460 cells were treated with 30nM selenium for 3 days and protein
extracts were assayed for GPx enzyme activity (3A) and GPx-1 protein levels by western
blotting with anti-GPx-1 antibodies (3C, a–c). The levels of GPx activity in MCF-7 and
MCF-7 cells transfected with a GPx-1 expression construct with and without pre-incubation
with an additional 30 nM selenium are presented in 3B and GPx-1 protein levels in the same
extracts are determined by western blotting in 3C. Error bars indicate the S.D.
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Figure 4. GPx-1 expression increases the levels of H2AX phosphorylation following exposure to
ionizing radiation
pH2AX levels were measured by flow cytometry in MCF-7 and MCF-7GPx-1 cells with or
without selenium treatment and after 1 hr after exposure to 4Gy of ionizing radiation (A and
B). *P<0.001 from control; § P<0.0001 from no IR control. Error bars indicate the S.D.
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Figure 5. The effect of selenium and GPx-1 expression on viability of the MCF-7 cells exposed to
radiation
MCF-7 (A) and MCF-7GPx-1 (B) cells were either untreated or treated with 30 nM
selenium and exposed to 3 or 5 Gy of ionizing radiations. The cells were then replated into
96 well plates and MTT assays were performed on day 5. § P<0.0001 from no IR control.
Error bars indicate the S.D.
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Figure 6. Selenium and GPx-1 protect MCF-7 and MCF-7GPx-1 cells against bleomycin induced
cytotoxicity
MCF7 (A) and MCF-7GPx-1 (B) cells were either treated or untreated with selenium for 3
days, exposed to 10μg/ml bleomycin for 1 hr and the MTT assay was performed 48 hrs after
bleomycin addition. Figure C is a composite of data from A and B demonstrating the
enhanced protection of selenium and GPx-1 against bleomycin toxicity. Error bars indicate
the S.D. and * indicates P< 0.05 for the difference between treated and control cultures.
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Figure 7. Selenium and GPx-1 enhance H2AX phosphorylation following ionizing radiation
MCF-7 or MCF-7GPx-1 cells were irradiated with 4 Gy of ionizing radiations and H2AX
phosphorylation was determined by flow cytometry at the indicated time points. Ψ P<0.005
from MCF7 1hr control. Error bars indicate the S.D.
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Figure 8. GPx-1 enhances the levels of Chk1 and Chk2
MCF-7 and MCF-7GPx-1 cells were either untreated or treated with 30nM selenium and
exposed to 4 Gy of ionizing radiations. Cell lysates were prepared 1 hr post-radiation and
analyzed for levels of phosphorylated Chk1 and Chk2 by western blotting with the
respective antibodies.
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