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Abstract: Radiotherapy is a crucial cancer treatment, but its outcome is still far from satisfactory.
One of the reasons that cancer cells show resistance to ionizing radiation is hypoxia, defined as a
low level of oxygenation, which is typical for solid tumors. In the hypoxic environment, cancer cells
are 2–3 times more resistant to ionizing radiation than normoxic cells. To overcome this important
impediment, radiosensitizers should be introduced to cancer therapy. When modified with an
electrophilic substituent, nucleosides may undergo efficient dissociative electron attachment (DEA)
that leaves behind nucleoside radicals, which, in secondary reactions, are able to induce DNA damage,
leading to cancer cell death. We report the radiosensitizing effect of one of the best-known DEA-type
radiosensitizers—5-bromo-2′-deoxyuridine (BrdU)—on breast (MCF-7) and prostate (PC3) cancer
cells under both normoxia and hypoxia. MCF-7 and PC3 cells were treated with BrdU to investigate
the effect of hypoxia on cell proliferation, incorporation into DNA and radiosensitivity. While the
oxygen concentration did not significantly affect the efficiency of BrdU incorporation into DNA
or the proliferation of tumor cells, the radiosensitizing effect of BrdU on hypoxic cells was more
evident than on normoxic cells. Further mechanistic studies performed with the use of flow cytometry
showed that under hypoxia, BrdU increased the level of histone H2A.X phosphorylation after X-ray
exposure to a greater extent than under normal oxygenation conditions. These results confirm that the
formation of double-strand breaks in hypoxic BrdU-treated cancer cells is more efficient. In addition,
by performing stationary radiolysis of BrdU solution in the presence of an •OH radical scavenger, we
compared the degree of its electron-induced degradation under aerobic and anaerobic conditions. It
was determined that radiodegradation under anaerobic conditions was almost twice as high as that
under aerobic conditions.
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1. Introduction

Radiotherapy (RT) continues to be a mainstay in the treatment of a variety of cancers
and is used in more than 50% of patients, both for curative and for palliative purposes [1].
Unfortunately, the therapeutic effects of ionizing radiation (IR) are reduced by radiore-
sistance factors [2]. Hypoxia—a common feature of solid tumors that results from an
imbalance between oxygen availability and consumption—is defined as one of the most
important reasons for radiotherapy failure [3]. Indeed, since the 1950s [4], it has been
repeatedly demonstrated that molecular oxygen significantly modifies the effectiveness
of radiotherapy [5,6]. The response of the anoxic regions of the tumor to radiotherapy is
2.5–3 times weaker relative to that of well-oxygenated cells. This effect is known as the
oxygen enhancement ratio, and it is most commonly explained by the oxygen fixation
hypothesis [7,8]. This radiochemical rationale postulates that radical-induced DNA damage
can be “fixed” (made permanent and irreparable) by molecular oxygen, rendering DNA
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damage irreparable. Indeed, if oxygen is available, it can react with DNA damaged by IR
(DNA•), creating stable organic peroxides (DNA-O-O•), which are not readily repaired by
the cell. In contrast, the damaged biopolymer (DNA-H) is easily repaired in the absence of
oxygen, restoring it to the original state [7,9].

One of the ways to overcome radioresistance is by introducing radiosensitizers to
the radiation treatment [10]. Radiosensitizers are chemicals or pharmaceuticals that can
enhance cancer cell sensitivity to IR by accelerating DNA damage and producing free
radicals indirectly [11]. These substances were initially classified into five groups based on
the mechanisms of their action: (1) suppressors of endogenous radioprotective substances,
(2) cytotoxic substances formed by radiolysis of the radiosensitizer, (3) inhibitors of DNA
repair, (4) thymine analogs that can incorporate into DNA and (5) oxygen mimetics that can
imitate the action of oxygen [12]. However, the continuous development and innovation
of new technologies and strategies of radiosensitization forced the introduction of a new
classification into three categories based on sensitizer structures: (1) small molecules,
(2) macromolecules and (3) nanomaterials [10].

Modified nucleosides (MN), which are small-molecule radiosensitizers, are geared
towards hydrated electrons [13]. In the absence of oxygen, electrons, besides hydroxyl
radicals, are the most abundant products of water radiolysis. The former undergo very fast
thermalization and become hydrated (ehyd) within a picosecond time scale. Interest in the
role of electrons in the context of generating DNA damage and radiosensitization increased
when Sanche and coworkers demonstrated the efficient generation of single- and double-
strand breaks (SSBs and DSBs) in plasmid DNA under ultrahigh vacuum by electrons
with energies below the ionization threshold of DNA [14]. Although native DNA binds
solvated electrons in aqueous solutions [15], strand breaks do not occur [16,17], probably
due to swift protonation of the resulting anions [18]. In order to counteract this unfavorable
(from a radiotherapy viewpoint) situation, one can use substances that “activate” solvated
electrons in the context of DNA damage. Such substances can be modified nucleosides,
which utilize electrons for their radiosensitizing activity [19]. Electron attachment to
electrophilic nucleosides causes efficient dissociative electron attachment (DEA), leading
to reactive radicals [20,21]. If such a modified nucleobase is incorporated into the DNA
molecule, then the reactive radical, a product of DEA, may enter secondary chemical
reactions that lead to a strand break or other type of DNA damage. One of the most
thoroughly studied radiosensitizers of this type is 5-bromo-2′-deoxyuridine (BrdU). This is
a highly electron-affinic molecule and is susceptible to DEA that leads to the reactive uracil-
5-yl radical via the unstable BrdU anion. This derivative is a good substrate for human
thymidine kinase and DNA polymerase [22], and thus, BrdU is easily transformed into
5′-triphosphate of 5-bromo-2′-deoxyuridine (BrdUTP) and then effectively incorporated
into cellular DNA [23]. It has been demonstrated that the radiolysis of deoxygenated
aqueous solutions containing labeled oligonucleotides produces a significant number of
single-strand breaks (SSBs). Studies employing native and brominated trinucleotides, TXT
(where X = U/BrU, C/BrC, A/BrA or G/BrG), and radical scavengers have offered proof
that only the labeled oligonucleotides undergo damage, mainly in the form of SSBs. It was
also demonstrated that the presence of BrdU in a DNA strand led to a three-fold increase in
the susceptibility of cells to death by high-energy radiation. Despite the fact that BrdU has
been the subject of both in vitro [24,25] and in vivo [26,27] experiments for many decades,
comprehensive and direct studies showing the effect of hypoxia on the radiosensitizing
properties of BrdU are still lacking. In this paper, we show the influence of the oxygenation
level on the most important factors and processes determining the sensitizing properties
of BrdU. Using both chemical and biological methods, cell proliferation, incorporation of
BrdU into DNA and the radiosensitivity of prostate and breast cancer cells were compared
under hypoxic and normoxic conditions.
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2. Results and Discussion
2.1. Radiolysis

The formation of the uracil-5-yl radical as a result of DEA plays a crucial role in
the radiosensitization mechanism of modified uracils [28]. In order to determine the
influence of oxygenation on electron-induced degradation of BrdU, stationary radiolysis
coupled with chromatographic analysis was performed. The studied solutions of BrdU were
irradiated in the presence of tert-butanol to scavenge hydroxyl radicals. The chromatograms
corresponding to the above-mentioned experiment, which was performed in anaerobic
and aerobic conditions, are presented in Figure 1A,B, respectively. As expected, the final
stable product of electron attachment to BrdU was 2′-deoxyuridine (dU), whose identity
was confirmed by LC–MS analysis (Figure S1 in Supplementary Material). The yields of
the electron-induced decomposition of BrdU were compared for both studied systems.
These quantities were calculated based on the peak area of the substrate (BrdU) in the
irradiated and non-irradiated solutions of the same initial concentration of BrdU. The
degradation yield of BrdU under anaerobic conditions is almost twice as large compared
to the normal oxygen concentration. This experiment shows unequivocally that under
oxygenated conditions, solvated electrons are effectively scavenged by molecular oxygen.
Since hydrated electrons have much more hampered access to the BrdU incorporated into
cellular DNA than to BrdU dissolved in water, DEA to BrdU-labeled cellular DNA under
aerobic conditions is probably negligible.
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Figure 1. HPLC traces for a solution of BrdU before (black chromatogram) and after irradiation with
a dose of 140 Gy (blue chromatogram) under anaerobic (A) and aerobic (B) conditions.

2.2. Incorporation of BrdU into Genomic DNA

DNA labeled with electron-affinic modified nucleosides that are prone to dissociative
electron attachment should be, in contrast to unmodified DNA, sensitive to solvated elec-
trons [21]. Nucleobase radicals formed within the DEA process are able to trigger serious
DNA damage (strand breaks, intra- and interstrand cross-links), leading to lethal effects. In
order to assess the usefulness of the studied MN, the efficiency of its incorporation into
genomic DNA should be determined. Indeed, the level of radiosensitization correlates with
the extent to which the analog is incorporated into DNA [29,30]. Therefore, the incorpo-
ration of BrdU into the genomic DNA of breast and prostate cancer cells was assessed in
hypoxic and normoxic conditions since one could hypothesize that the oxygen status of the
cell influences the efficiency of radiosensitizer incorporation into genomic DNA.

MCF-7 and PC3 cells were treated for 24 or 48 h with BrdU at a concentration of 1 µM
or 10 µM. Purified DNA was enzymatically digested and analyzed by HPLC (Figure S2
in Supplementary Materials). The results in Table 1 show that the extent of labeling is
dependent on the incubation time, analog concentration and cell line, but the oxygenation
level does not significantly affect the studied process. The highest level of incorpora-
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tion was found in the case of 48 h incubation with 10 µM BrdU, which was equal to
24.3%/23.7% (hypoxia/normoxia) for the MCF-7 cell line and was equal to 23.2%/24.2%
(hypoxia/normoxia) for PC3 cells.

Table 1. Incorporation of BrdU [%] a applied at concentrations of 1 µM or 10 µM into genomic DNA.
The experiment was performed in three replicates.

Hypoxia Normoxia

1 µM BrdU 10 µM BrdU 1 µM BrdU 10 µM BrdU

PC3, 24 h incubation 1.4 ± 0.5 11.2 ± 1.8 1.4 ± 0.3 12.1 ± 1.8
PC3, 48 h incubation 3.6 ± 0.1 23.2 ± 1.6 3.5 ± 0.1 24.2 ± 2.0

MCF-7, 24 h incubation 3.8 ± 0.5 16.6 ± 1.9 4.0 ± 0.5 16.1 ± 1.1
MCF-7, 48 h incubation 4.4 ± 0.4 24.3 ± 0.9 4.8 ± 0.8 23.7 ± 2.0

a The percentage values were calculated based on HPLC peak areas corresponding to BrdU and dT (the ratios of
BrdU area and the sum of BrdU and dT areas, corrected for the extinction coefficients of dT and BrdU, respectively)
in the chromatograms of DNA samples digested to nucleosides.

2.3. Viability of Cells Labeled with BrdU

To determine the influence of hypoxic conditions on the cellular cytotoxicity of the
studied sensitizer, the MTT test was performed. The assay was conducted for two cancer
cell lines—PC3 and MCF-7—under normoxic and hypoxic conditions. The cytotoxicity of
BrdU was examined at six concentrations: 0 (for the control) 100, 10, 1, 0.1 and 0.01 µM. The
obtained results (Figure S3 in Supplementary Materials) show that the highest reduction in
viability is observed in cells incubated for 72 h with 100 µM BrdU. For the PC3 cell line, the
absorbance level measured at 570 nm wavelength was equal to 0.85 ± 0.045 for normoxic
conditions and 0.86 ± 0.015 for hypoxic conditions compared to the control (1.08 ± 0.025
and 0.90 ± 0.011, respectively). For the MCF-7 cell line, a similar dependence was observed.
The decrease in absorbance for the highest concentration after 72 h incubation was equal to
1.25 ± 0.050 for the normoxic conditions and 1.13 ± 0.034 for the hypoxic ones compared
to the control (1.69 ± 0.052 and 1.74 ± 0.028, respectively). Thus, the viability, expressed as
% of control (Figure 2), was reduced to 78.9 ± 4.5% and 95.5 ± 1.5% for the PC3 line under
21% and 1.5% oxygen, respectively, and 73.7 ± 5.0% and 65.1 ± 3.4% for the MCF-7 line
under 21% and 1.5% oxygen, respectively. Surprisingly, these results suggest that BrdU is
less cytotoxic to PC3 cells under hypoxic conditions than under normoxic conditions. In
contrast, the sensitivity of the MCF-7 cell line to the studied derivative is slightly higher
under hypoxic conditions, which might be connected to the fact that MCF-7 cells, contrary
to PC3 cells, possess wild-type p53.

Furthermore, the shapes of the viability curves suggest that in the case of the PC3 cells,
in the first 24 h, incubation with BrdU resulted in the inhibition of proliferation, which was
characteristic for both oxygen variants. In the case of the MCF-7 cell line, the number of
cells increased almost exponentially (Figure S3 in Supplementary Materials).

This experiment confirmed the low/acceptable cytotoxicity of BrdU in both cell lines.
The results show that in the case of PC3, sensitivity to BrdU under hypoxic conditions,
which are characteristic of solid tumors, was lower than under normoxic conditions. More-
over, the obtained results for the 48 h incubation with BrdU allowed for the selection of the
radiosensitizer concentrations used in the next experiments, e.g., for the DSBs formation
analysis. The selected concentrations were 1 µM and 10 µM. In the PC3 line incubated for
48 h with 1 µM BrdU, the viability was equal to 100.8 ± 2.9% (normoxic conditions) and to
98.6 ± 1.3% (hypoxic conditions). For a 10 µM concentration of BrdU, these values were
equal to 99.17 ± 2.6% and 98.15 ± 1.6%, respectively. For the MCF-7 cells treated with the
tested compound, the viability was reduced to 88.8 ± 5.6% (normoxic condition) and to
90.1 ± 1.6% (hypoxic condition). For the higher concentration, the viability values were
equal to 79.0 ± 2.4% and 81.00 ± 3.2%, respectively.
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Figure 2. The viability of MCF-7 and PC3 cells after 24, 48 and 72 h treatment with BrdU in a range
of concentrations from 0 to 100 µM under hypoxic and normoxic conditions. Results are shown as
mean ± standard deviation of three independent experiments performed in triplicate. The statistical
significance of the difference between treated culture compared with control (untreated culture) was
determined by one-way ANOVA followed by Tukey’s multiple comparison test: * p < 0.05.

2.4. Clonogenic Survival

To study the influence of the oxygenation level on in vitro radiosensitization by BrdU,
PC3 cells were incubated with the tested analog under hypoxic or normoxic conditions
and subsequently irradiated. Figure 3 shows the survival fractions of cells irradiated with
different doses under normoxia or hypoxia. As expected, in the absence of BrdU, hypoxia
reduced the radiosensitivity of PC3 cells in comparison to normoxic conditions. The oxygen
enhancement ratio (OER), representing the radiosensitizing effect of oxygen for a survival
fraction (SF) equal to 0.5, was 1.92 (0 µM BrdU hypoxia vs. 0 µM BrdU normoxia). In cells
pretreated with BrdU, the radiation response of hypoxic cells was enhanced to a much
greater extent in comparison to normoxic cells. The sensitizer enhancement ratio (SER),
representing the radiosensitizing properties of BrdU, was equal to 3.47 (0 µM BrdU hypoxia
vs. 10 µM BrdU hypoxia) under hypoxia and 1.47 under normoxia (0 µM BrdU normoxia
vs. 10 µM BrdU normoxia). Considering the values of SF, it can be observed that for
pretreatment with the studied analog at a concentration of 10 µM, the survival of PC3 cells
irradiated with 0.5 Gy was reduced from 75.8% to 60.7% under normoxia and from 86.7%
to 51.6% under hypoxia. With a higher dose of 2 Gy after incubation with BrdU, SF was
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reduced from 28.6% to 16.5% under normoxia and from 52.3% to 11.1% under hypoxia. In
order to compare the survival curves for cells treated with BrdU in normoxic and hypoxic
conditions, the doses reducing the SF to 0.5 for both curves were estimated. For the curve
corresponding to normoxic BrdU-treated cells, this parameter is equal to 0.742 Gy, and in
the case of the curve corresponding to hypoxic cells treated with BrdU, this dose is equal to
0.606 Gy. Furthermore, based on survival curves, parameters for cellular radiosensitivity,
such as α (coefficient for linear killing) and β (coefficient for quadratic killing) values, were
calculated by fitting using the linear–quadratic model (SF = exp(−1 × (αD + βD2), where
SF is the survival fraction and D is the dose). Average α and β values were as follows: 0.188
and 0.067 (untreated cells under hypoxia), 1.192 and −0.08 (cells treated with 10 µM BrdU
under hypoxia), 0.609 and 0.021 (cells untreated under normoxia) and 0.955 and −0.029
(cells treated with 10 µM BrdU under normoxia). Since from a radiobiological point of view,
negative values of the β parameter are not realistic [31], the fitting for curves corresponding
to the survival of BrdU-treated cells was performed with β set to zero (see Figure S4). This
procedure resulted in a slight change in α values: 1.101 (cells treated with 10 µM BrdU
under hypoxia) and 0.919 (cells treated with 10 µM BrdU under normoxia). Regardless of
the fitting procedure used, one should note that radiosensitization by BrdU is mainly due
to an increase in the α linear parameter, which indicates an increase in the number of lethal
events directly caused by BrdU. This observation remains in agreement with previous
research [32], which suggested that an important mechanism of radiosensitization in cells
substituted with halogenated pyrimidines involves an increase in effective DNA DSBs,
and with the results of our studies on DSB formation discussed in Section 2.5. It should
also be noted that the α value was enhanced by a factor of 6.3 (the ratio of α for the curve
corresponding to cells treated with BrdU and untreated ones) under hypoxia and only
1.5 under normoxia. In general, the comparison of the survival curves (Figure 3) clearly
shows that the oxygen level dramatically changes the radiosensitivity of the cancer cells
pretreated with BrdU. The analog curves for the MCF-7 cell lines were not measured since,
for the concentration of radiosensitizer suitable for PC3 (10 µM), BrdU was determined to
be too toxic for reliable performance of the clonogenic test.
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Figure 3. Dose–response curves for PC3 prostate cancer cells not treated or treated with BrdU (10 µM)
under normoxia and hypoxia. Experiments were performed at least in duplicate, and the results
are expressed as mean ± standard deviation. * Significant difference compared with the untreated
variants, p < 0.05.

2.5. Double-Strand Break Formation

DSBs play a crucial role in radiation-induced cell killing. DNA damage resulting
from BrdU and IR treatments was investigated by measuring the level of γH2A.X by flow
cytometry (Figures 4 and S5 in Supplementary Materials). The experiments were conducted
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on breast and prostate cancer cell lines, and the results were compared both in hypoxic and
normoxic conditions. As expected, the number of DSBs (i.e., γH2A.X-positive cells) was
significantly lower under hypoxic conditions compared to the normoxic ones for untreated
breast and prostate cancer cells. With increasing BrdU concentration, the number of DSBs
for irradiated cells increased. Moreover, in hypoxic cells pretreated with BrdU, the number
of DSBs was larger than in the pretreated normoxic cells. For example, after incubation
of normoxic PC3 cells with 10 µM BrdU and irradiation with a dose of 2 Gy, the level of
γH2A.X increased from 40.44% (for the untreated control) to 57.45%. In hypoxic PC3 cells,
treatment with 10 µM BrdU caused an increase in γH2A.X-positive cells from 34.49% (for
the untreated and irradiated control) to 75.61%. In the case of the MCF-7 cell line, a similar
relationship was observed. The results of cytometric analysis of H2A.X phosphorylation
confirm that BrdU-mediated radiosensitization in vitro is dependent on the oxygenation
level and is significantly greater under hypoxic conditions.
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2.6. DNA Damage Signaling

Phosphorylation of histone variant H2A.X at Ser-139 (modification termed γH2A.X)
is primarily mediated by ataxia-telangiectasia mutated (ATM) kinase in response to DSBs
and is crucial for further signaling to proteins engaged in DNA repair [33,34]. ATM is
activated by autophosphorylation at Ser-1981 [35]. Among its other important substrates is
checkpoint kinase 2 (Chk2), which, upon phosphorylation at Thr-68, becomes activated
and inhibits cell cycle progression [36], and p53, which, when phosphorylated at Ser-15, is
stabilized and may act as a transcription factor that further enhances the cell cycle block
and DNA repair or induces cell death [37,38].

The status of these proteins in cells exposed to BrdU and/or ionizing radiation in
normoxic or hypoxic conditions was investigated. HIF-1α was used as a marker of hypoxia,
and as shown in Figure 5A, this protein was stabilized in cells cultured under 1.5% oxygen.
In both cell lines, radiation (5 Gy) alone enhanced (although not at a statistically significant
level) the phosphorylation of ATM and its substrates, Chk2 and H2A.X, to a higher level
under normoxia than under hypoxia (Figure 5B,C). For instance, irradiation of PC3 cells
elevated p-ATM by c.a. 2-fold under normoxia with no effect under hypoxia, p-Chk2
by 1.5-fold under normoxia and 1.1-fold under hypoxia, and p-H2A.X by 3.7-fold under
normoxia compared to 2.6-fold under hypoxia (Figure 5B, lines 1 and 4 of respective
blots and graphs). However, if cells were pretreated with BrdU, the phosphorylation of
checkpoint proteins in irradiated hypoxic cells was comparable to or even higher than
that in their normoxic counterparts (Figure 5B,C). For instance, in PC3 cells exposed
to 10 µM BrdU compared to untreated controls, p-ATM was elevated by 2.4-fold and
3.2-fold; p-Chk2 was elevated by 1.8- and 1.7-fold; and p-H2A.X was elevated by 5.2- and
11.6-fold under normoxia and hypoxia, respectively (Figure 5B, line 6 in respective blots
and graphs). In MCF-7 cells, which possess wt p53, phosphorylation of p53 at Ser-15
was also higher in irradiated cells cultured in normoxic compared to hypoxic conditions
(1.7- vs. 0.9-fold), unless cells were labeled with BrdU. In this case, phosphorylation of
p53 was higher in irradiated hypoxic (differences reached statistical significance) than
normoxic cells compared to the respective cells not treated with IR (Figure 5C, lines 4–6
of p-p53 blots and graphs). These results indicate that under hypoxia, DNA damage
signaling is indeed impaired, which is revealed by the lower activation level of the main
checkpoint kinases, ATM and Chk2, in irradiated hypoxic cells compared to irradiated
normoxic cells. Importantly, BrdU incorporated into DNA sensitizes hypoxic cells to IR
and leads to the efficient activation of ATM, Chk-2 and p53 (in MCF-7 cells), which may
result in proliferation inhibition or cell death with comparable efficiency to that observed
in normoxic cells (Figure 3, for comparison).
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Figure 5. Effect of treatment with BrdU and/or exposure to ionizing radiation of cells in normoxic
or hypoxic conditions. (A) Investigation of HIF-1α hypoxia marker in MCF-7 and PC3 cells un-
treated/treated (1 or 10 µM) with BrdU and unexposed/exposed to ionizing radiations (5 Gy) under
hypoxia and normoxia conditions. Status of p-ATM, p-Chk2, p-H2A.X and p-p53 in (B) PC3 and
(C) MCF-7 cells untreated/treated (1 or 10 µM) with BrdU and unexposed/exposed to ionizing
radiations (5 Gy) under hypoxia and normoxia conditions. The blots were stripped and reprobed
with anti-β-actin antibodies to normalize for differences in protein loading. Densitometric data,
corrected for loading control, are graphed below (mean ± SE; n = 2–3). The statistical significance of
differences was determined by one-way ANOVA followed by Sidak’s multiple comparison test, and
* p < 0.05.
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3. Materials and Methods
3.1. Radiolysis

Radiolysis of BrdU solution at a concentration of 10−4 M containing 0.03 M tert-
BuOH as a scavenger of •OH radicals and phosphate buffer (10 mM, pH = 7.0) was
carried out in a Cellrad X-ray cabinet (Faxitron X-ray Corporation, Tucson, AZ, USA).
The irradiated samples were exposed to 140 Gy (4.14 Gy·min−1, 130.0 kV, 5.0 mA, filter:
0.5 mm aluminum). One part of the sample was deoxygenated by purging with argon for
3 min. A reversed-phase HPLC method was employed for analysis of the irradiated and
non-irradiated samples of BrdU with the use of a Dionex UltiMate 3000 system with Diode
Array Detector (Dionex Corporation, Sunnyvale, CA, USA). The effluents were monitored
at 260 nm. Separation by HPLC was achieved using a C18 column (Wakopak Handy
ODS, 4.6 × 150 mm, 5 µm particle size and 100 Å pore size, Fujifilm Wako Chemicals,
Osaka, Japan) with an isocratic elution of 0.1% HCOOH and 1% ACN. The studied samples
were analyzed in triplicate. The chemicals used were purchased from Merck Millipore
(Darmstadt, Germany).

3.2. Cell Culture

MCF-7 cells were grown in RPMI medium supplemented with 10% FBS and antibiotics
at a concentration of 100 U·mL−1, and PC3 cells were cultured in F12K medium supple-
mented with 10% FBS and antibiotics at a concentration of 100 U·mL−1. The cell lines were
obtained from ATCC (Manassas, VA, USA) and maintained at 37 ◦C in a humidified atmo-
sphere with 5% CO2. All media and supplements were purchased from Gibco (Paisley, UK).
The hypoxic group of cells was cultured in 1.5% O2 in an incubator with oxygen control
(CB 60, Binder GmbH, Tuttlingen, Germany). The plates with cells were irradiated using a
Cellrad X-ray cabinet. To achieve hypoxic conditions, irradiation and all manipulations
were performed in a nitrogen atmosphere.

3.3. Incorporation of BrdU into DNA

MCF-7 and PC3 cell lines were seeded into plates and incubated at 37 ◦C and 5% CO2
overnight. After that, the medium was replaced with fresh medium, and the cells were
treated with BrdU at a concentration of 0 µM (control), 1 µM or 10 µM. Plates with cells
were incubated with the compound in normoxic (21% of O2) or hypoxic conditions (1.5% of
O2) for 48 h. After this time, the cells were removed from plates, and isolation of DNA was
carried out according to the protocol provided by the manufacturer (GeneMATRIX Cell Cul-
ture DNA Purification Kit, EURX, Gdańsk, Poland). Then, purified DNA was enzymatically
digested by the simultaneous action of nuclease P1, spleen phosphodiesterase, DNase I,
snake venom phosphodiesterase (SVP) and bacterial alkaline phosphatase (BAP). Finally,
the solution was chloroform-extracted to remove the enzymes, and the aqueous layer
was lyophilized, resuspended in water and subjected to HPLC analysis. The isolated and
digested DNA samples were analyzed with the use of the reversed-phase HPLC method on
a Dionex UltiMate 3000 system with Diode Array Detector. The detection of effluents was
carried out at 260 nm. Separations were performed using a Wakopak Handy ODS column
(C18, 4.6 × 150 mm, 5 µm; 100 Å), 0.1% HCOOH in water as the mobile phase (isocratic
elution) and a flow rate of 1 mL·min−1. The data were obtained from three experiments.

3.4. Viability Assay

To determine the cytotoxicity level of BrdU under hypoxic and normoxic conditions,
the MTT assay was carried out. Cells from PC3 and MCF-7 lines were seeded into 96-well
plates at a density of 4000 per well and incubated at 37 ◦C and 5% CO2 overnight. After
that, the medium was replaced with fresh medium, and cells from both lines were treated
with BrdU at 7 concentrations: 0 (for the control) 10−4, 10−5, 10−6, 10−7, 10−8 and 10−9 M.
Next, plates with treated cells were incubated under normoxic (21% O2) or hypoxic (1.5%
O2) conditions for 24, 48 and 72 h. After this time, 25 µL of an aqueous solution of MTT
salt (4 mg mL−1) was added to each well and incubated for 4 h. Then, 200 µL of the
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medium with the MTT salt was removed, and DMSO was added. The absorbance was
measured at 570 nm (660 nm was the reference wavelength) with an EnSpire microplate
reader (PerkinElmer, Waltham, MA, USA). The vitality of the control was taken as 100%.
The obtained results were analyzed with the GraphPad Prism 7 software (San Diego, CA,
USA). The statistical significance was calculated using a one-way analysis of variance
(ANOVA) followed by Dunnett’s multiple comparison test. The data were obtained from
three experiments, and each treatment condition was assayed in triplicate. The differences
were considered significant at p < 0.05.

3.5. Clonogenic Assay

Cells were plated at a density of 106 cells per 60 mm dish and treated with BrdU at
concentrations of 10 µM (PC3). After 48 h of treatment under normoxic (21% of O2) or
hypoxic (1.5% of O2) conditions, the cells were irradiated with different doses (0–6 Gy).
Delayed plating (after 6 h) was performed; cells were detached with Accutase and plated at
a density of 800 cells per 100 mm dish. After 16 days, the resulting colonies were fixed with
6.0% (v/v) glutaraldehyde and 0.5% crystal violet. Stained colonies were counted manually,
and colony size was assessed using an inverted fluorescence microscope (Olympus, IX73,
Tokyo, Japan). The experiment was carried out in duplicate. Non-irradiated cultures
were used as controls. The radiosensitizing effect of oxygen or BrdU is represented by the
OER and SER, respectively (ID50 (−oxygen or treatment)/ID50 (+oxygen or treatment),
where ID50 means the radiation dose causing 50% growth inhibition, determined by
interpolation using the GraphPad Prism software). The obtained results were analyzed with
the GraphPad Prism software using the linear–quadratic model. The statistical evaluation
was calculated using a one-way analysis of variance (ANOVA) followed by Sidak’s multiple
comparison test.

3.6. Histone H2A.X Phosphorylation Assay

Cells were treated with BrdU at a concentration of 0 µM (control), 1 µM or 10 µM
and incubated (37 ◦C, 5% CO2) for 48 h under hypoxic (1.5% O2) or normoxic (21% O2)
conditions. After this time, plates with cells were irradiated with 2 Gy and incubated for 1 h.
Then, the cells were dissociated with Accutase solution, fixed, permeabilized and stained
according to the manufacturer’s protocol (FlowCellectTM Histone H2A.X Phosphorylation
Assay Kit, Luminex, Austin, TX, USA) and then analyzed by flow cytometry (Guava
easyCyteTM, Merck, Darmstadt, Germany). Untreated cultures were used as controls. The
data were obtained from at least three experiments. The statistical significance of differences
between the studied groups was determined by one-way ANOVA followed by Tukey’s
multiple comparison test.

3.7. Western Blotting

Cells were treated with BrdU at a concentration of 0 µM (control), 1 µM or 10 µM
and incubated (37 ◦C, 5% CO2) for 48 h under hypoxic (1.5% O2) or normoxic (21% O2)
conditions. After this time, plates with cells were irradiated with 5 Gy and incubated for
1 h. Cells were collected, washed with ice-cold phosphate-buffered saline (PBS) and lysed
in a solution containing 50 mM Tris, 1% Triton X-100, 150 mM NaCl, 0.5 mM EDTA and
protease and phosphatase inhibitor cocktails (Roche Diagnostics Poland, Warsaw, Poland).
The lysates were cleared by centrifugation at 15,500× g at 4 °C for 20 min. Proteins were
resolved on 4–12% Bis-Tris gels (Thermo Fisher Scientific, Waltham MA, USA) by SDS–
polyacrylamide gel electrophoresis (SDS-PAGE) with MES Running Buffer (Thermo Fisher
Scientific, Waltham, MA, USA) and semi-dry transferred onto PVDF membrane (Thermo
Fisher Scientific, Waltham, MA, USA). The membrane was blocked with 5% nonfat dry milk
in PBS and incubated with the desired primary antibodies overnight at 4 ◦C. Antibodies
against HIF-1α, p-ATM (Ser-1981), p-Chk2 (Thr-68), p-H2A.X (Ser-139) and p-p53 (Ser-15)
were purchased from Cell Signaling Technology (Danvers, MA, USA). Next, the membrane
was extensively washed with PBS and incubated with appropriate secondary antibodies
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for 1 h at room temperature. The immunoreactive bands were detected with enhanced
chemiluminescence reagent (Clarity ECL Substrate; Biorad, Hercules, CA, USA) on X-ray
films (Fujifilm, Tokyo, Japan). The blots were stripped and reprobed with anti-β-actin
antibodies to normalize for differences in protein loading. The experiment was performed
in 2 or 3 replicates.

4. Conclusions

Hypoxia is one of the main factors that reduce the effectiveness of radiotherapy. This
fact was emphasized by Baumann and colleagues in their recent review regarding the
radioresistance of neck and head cancers [39]. The authors suggested that the combination
of hypoxia-sensitizing drugs with targeted radiation of hypoxic cells will become a gold
standard of radiotherapy. Thus, the key role of a sensitizing drug in such a combined
treatment prompted our studies on the effect of hypoxia on the cellular response of cells
treated with BrdU, one of the best-known radiosensitizers, to IR. For comparison, all
experiments were also performed under normoxic conditions.

One of the main properties of thymidine analogs as radiosensitizers is their effective
electron-induced degradation. In this work, we demonstrated that the formation of uridine,
as the main stable product of DEA to BrdU, was two-fold more effective under hypoxia,
which reflects the fact that solvated electrons readily react with molecular oxygen to form
peroxyl anion radicals that are much more inert than hydrated electrons. These data confirm
that the pool of solvated electrons is higher at low oxygen levels. To perform their role,
radiosensitizers with high electron affinity must be incorporated into DNA. As expected,
the oxygen level did not affect the DNA labeling process. The incorporation of 5-bromo-
2′-deoxyuridine depended on the time of treatment with radiosensitizer, its concentration
and the cell line. On the other hand, hypoxia reduced the effectiveness of radiotherapy,
which was confirmed by the clonogenic test. The results show that without BrdU, the
cell response to IR (including activation of DNA damage signaling) was reduced under
hypoxic conditions compared to normoxic cells. The situation was completely different in
cells treated with BrdU, as hypoxia significantly increased the sensitivity of those cells to
ionizing radiation. These results correlate with the formation of DSBs. For untreated cells,
the DSB level after IR exposure was lower under hypoxic conditions. The opposite was
observed for cells labeled with BrdU, where low oxygen concentration led to an increase in
DSBs and DNA damage signaling.

Our studies confirm that BrdU is a hypoxic radiosensitizer; i.e., it works much better
under hypoxia, which is one of the well-known obstacles for efficient radiotherapy.
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