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Abstract
Manganese superoxide dismutase (SOD2) is a nuclear encoded and mitochondria localized
antioxidant enzyme that converts mitochondria derived superoxide to hydrogen peroxide. This study
investigates the hypothesis that mitochondria derived reactive oxygen species (ROS) regulate
ionizing radiation (IR) induced transformation in normal cells. Mouse embryonic fibroblasts (MEFs)
with wild type SOD2 (+/+), heterozygous SOD2 (+/−), and homozygous SOD2 (−/−) genotypes were
irradiated with equitoxic doses of IR, and assayed for transformation frequency, cellular redox
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environment, DNA damage, and cell cycle checkpoint activation. Transformation frequency
increased (~ 5-fold) in SOD2 (−/−) compared to SOD2 (+/+) MEFs. Cellular redox environment
(GSH, GSSG, DHE, and DCFH-oxidation) did not show any significant change within 24h post-IR.
However, a significant increase in cellular ROS levels was observed at 72h post-IR in SOD2 (−/−)
compared to SOD2 (+/+) MEFs, which was consistent with an increase in GSSG in SOD2 (−/−)
MEFs. Late ROS accumulation was associated with an increase in micronuclei frequency in SOD2
(−/−) MEFs. Exit from G2 was accelerated in irradiated SOD2 (+/−) and SOD2 (−/−) compared to
SOD2 (+/+) MEFs. These results support the hypothesis that SOD2 activity and mitochondria
generated ROS regulate IR induced transformation in mouse embryonic fibroblasts.
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INTRODUCTION
Cellular redox environment is a balance between production of ROS (O2

•− and H2O2) and their
removal by antioxidants. Superoxide is converted to H2O2 by superoxide dismutase enzymes
(CuZnSOD: SOD1; MnSOD: SOD2; and EcSOD: SOD3), while catalase and glutathione
peroxidases neutralize H2O2. SOD2 is a nuclear encoded and mitochondria localized homo-
tetramer (88 kDa) that is known to convert mitochondria generated O2

•− to H2O2. ROS can be
generated both from endogenous sources (mitochondrial electron transport chain and oxygen
metabolizing enzymes) and exogenous sources (e.g. ionizing radiation). Ionizing radiation (IR)
results in oxidative stress both by direct transfer of photons and indirectly by radiolysis of
water1–3.

Pre-treatment with small molecular weight antioxidants and antioxidant enzymes have been
reported to reverse IR induced cytotoxicity4–8. IR-induced changes in cellular antioxidant
capacity are also known to influence cytotoxicity9–11. Thus, it is commonly believed that the
initial changes in cellular ROS levels immediately following the radiation exposure regulate
all of the subsequent cellular effects. Because the IR-induced increase in cellular ROS levels
are still significantly lower compared to ROS resulted from normal metabolism12, it is
hypothesized that the initial increase in ROS levels immediately following the radiation
exposure may not be the only mechanism regulating the biological effects. This hypothesis is
supported by results demonstrating that antioxidants administered long after the beam is turned
off significantly inhibited IR induced cytotoxicity5, 7, 13. Consistent with these results, we have
shown previously that suppression of IR induced late ROS accumulation in SOD1
overexpressing human glioma cells correlated with radioresistance14. Overall, these results led
to the hypothesis that the late ROS accumulation due to changes in cellular metabolism could
be an additional mechanism regulating cellular responses to IR exposures15.

The first report of SOD2 activity being different in transformed cells compared to their
corresponding normal cells dates back to 1974 when Yamanaka and Deamer reported a
significant decrease in SOD2 activity in SV40 transformed WI38 human lung fibroblasts
compared to wild type cells16. The role of superoxide dismutase in cancer was eloquently
addressed by Oberley and Buettner in their seminal paper published in 197917. Subsequently,
numerous studies report that cancer cells have lower SOD2 activity compared to their
corresponding normal cells, and overexpression of SOD2 suppresses cancer cells growth in
vitro and tumor xenografts in vivo18–22. These results support the hypothesis that SOD2 could
be a tumor suppressor gene23.
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We have shown previously that overexpression of SOD2 results in radioresistance in human
oral squamous cancer cells6. Radiation is well known to damage cellular macromolecules and
activate cell cycle checkpoint pathways allowing cells enough time to repair the damage. The
frequency of micronuclei and phosphorylated histone H2AX (γH2AX) levels are two of the
most commonly used markers of DNA damage24–28. DNA damage induces acentric
chromosome fragments that may result in the formation of micronuclei during cell division.
H2AX is a member of the histone 2A family of proteins. Following IR exposure, H2AX is
phosphorylated at Ser139 by ataxia telangiectasia mutant (ATM)27. In general, the kinetics of
the phosphorylation and dephosphorylation of H2AX correlate with radiosensitivity.
Therefore, γH2AX levels are commonly used as a predictive marker for cellular responses to
DNA damage27, 29. Our previously published results showed that SOD activity influences cell
cycle checkpoint activation in irradiated human oral squamous, pancreatic, and glioma cells6,
14, 30, suggesting that ROS-signaling pathways could regulate cell cycle processes following
DNA damage.

In this study, we used wild type SOD2 (+/+), heterozygous SOD2 (+/−), and homozygous
knockout SOD2 (−/−) MEFs to determine if SOD2 activity and therefore, mitochondria
generated ROS regulate IR induced cellular transformation. IR induced transformation
frequency increased in SOD2 (−/−) MEFs, which was associated with a late ROS accumulation,
DNA damage, and accelerated exit from G2-phase.

MATERIALS AND METHODS
Cell culture

SOD2 (+/+) wild type, SOD2 (+/−) heterozygous, and SOD2 (−/−) homozygous knockout
mouse embryonic fibroblasts (MEFs) primary cultures were generously provided by Dr. T. T.
Huang (Stanford University). Cells were routinely cultured in DMEM supplemented with 10%
fetal bovine serum and antibiotics following our previously published protocol31. Cells were
grown at 37°C in a humidified incubator with 5% carbon dioxide and 4% oxygen. Plating
efficiency (PE) was measured by plating MEFs on top of hamster fibroblasts that were
irradiated with 30 Gy, which served as feeder cells. PE was calculated using the following
formula: PE = (number of colonies counted/number of cells seeded) × 100.

Clonogenic assay
Monolayer cultures of exponentially growing control and irradiated MEFs were trypsinized,
diluted, and re-plated on top of 30 Gy irradiated hamster fibroblasts feeder cells. Cells were
cultured for 15 d and stained with 0.8% coomassie blue G250 in 50% methanol and 20% acetic
acid. Colonies greater than or equal to 50 cells were counted as survivors; surviving fraction
(SF) = (number of colonies counted)/(number of cells seeded × PE). The University of Iowa
Holden Comprehensive Cancer Center Radiation and Free Radical Research Core facility
resources were used for all radiation related experiments. Exponentially growing asynchronous
cultures were irradiated using a cesium-137 source set at a dose rate of 0.83 Gy/min.

Transformation assay
Clonogenic MEFs were seeded in 15 T-75 flasks containing monolayer of 30 Gy irradiated
hamster fibroblasts serving as feeder cells. MEFs were irradiated 24 h post-plating. The
medium was changed once per week for 6 weeks. The monolayer cells were fixed with 100%
methanol and stained with Giemsa stain (1:6 dilution of 0.742% w/v). The transformed state
in the fibroblasts is expressed phenotypically by the appearance of morphologically distinct
colonies (foci). The scoring criteria for foci set by Reznikoff et al.32 were used to identify and
count foci. In this study, the type II and type III foci were scored, and the transformation
frequency (TF) was calculated as the number of foci per surviving cell33.
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Adenoviral infection
Replication deficient adenovirus carrying cytomegalovirus (CMV) promoter driven mouse
wild type SOD2 cDNA (AdSOD2) and vector alone control (AdEmpty) were purchased from
Viraquest Inc. (North Liberty, IA). Adenovirus infections were carried out following our
previously published protocols31, 34. Monolayer cultures of SOD2 (−/−) MEFs were infected
with adenovirus for 24 h in serum-free media followed by addition of regular media containing
10% FBS. Forty eight hours post-infection, cells were prepared for the transformation assay
as described above.

Antioxidant enzyme and GSH assays
SOD enzymatic activities were determined following our previously published protocol31,
34. Control and irradiated asynchronous cultures were lysed by sonication, and 100 microgram
of total cellular protein was separated by native polyacrylamide gel electrophoresis. SOD
activity was visualized by incubating the gel with nitroblue tetrazolium, riboflavin, and
TEMED. The activity of SOD2 and SOD1 was distinguished by adding sodium cyanide to the
incubation buffer. Band intensities were quantified by AlphaImager 2000 (Alpha Innotech).

Total glutathione (GSH) and glutathione disulfide (GSSG) levels were assayed by following
the previously published method of Griffith35 in the Radiation and Free Radical Research Core
at the University of Iowa. All measurements were normalized to the protein content of whole
cell homogenate.

DNA damage assays
Micronuclei (MN) formation and immunoreactive phosphorylated H2AX (γH2AX, see below)
levels were measured to evaluate DNA damage in control and irradiated MEFs following our
previously published protocols28. Briefly, control and irradiated MEFs were incubated with
medium containing cytochalasin-B (4 μg mL−1) and harvested at 48 h post-irradiation.
Methanol and acetic acid fixed cells were stained with acridine orange and visualized under a
fluorescent microscope (Olympus BX-51). The frequency of micronucleated bi-nucleate cells
(MNBNC) was calculated by examining four hundred bi-nucleated cells28, 36.

Immunoblotting assay
Total cellular protein extracts were separated by SDS-PAGE and transferred onto a
nitrocellulose membrane. The membrane was then incubated with antibodies to SOD2,
γH2AX, and actin. An enhanced chemiluminescence kit (GE Healthcare) was used to visualize
the immunoreactive polypeptides, and results were quantified using AlphaImager 2000 (Alpha
Innotech). Results were calculated by first normalizing band intensities to actin levels in
individual samples, and fold change calculated relative to untreated control.

Flow cytometry assays: DNA content
The DNA content was assayed following our previously published protocol14. Briefly, control
and irradiated MEFs were fixed in 70% ethanol, washed with phosphate buffered saline and
incubated with RNase A (0.1 mg mL−1). At the end of 30 min incubation, propidium iodide
(35 μg mL−1) was added and the incubation was continued for an hour. FACScan (Becton
Dickinson) and MODFIT software (Verity Software House) were used to identify and calculate
the percentage of cells with G1, S, and G2 DNA content.

Cellular ROS levels
Monolayer cultures were incubated with Hanks buffer salt solution (HBSS) containing 10 μM
dihydroethidine (DHE, Invitrogen) for 45 min or 1 μg mL−1 of 5-(and-6)-carboxy-2′,7′-
dichlorodihydrofluorescein diacetate (DCFH-DA, Invitrogen) for 15 min at 37°C. Cells were
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harvested by trypsinization, centrifuged, and re-suspended in HBSS buffer supplemented with
10% FBS. The flow cytometry measurements of DHE-oxidation were performed using 488
nm excitation and 585/42 nm band pass emission filter. The DCFH-oxidation was measured
using 488 nm excitation and 530/30 nm band pass emission filter. Results from 10,000 events
were collected in the list mode. The Cell Quest software (Becton Dickinson) was used to
calculate the geometric mean fluorescence. Cells incubated with the buffer alone were included
for autofluorescence correction14, 30, 31.

Statistical Analysis
Statistical analysis was done using the one and two-way analysis of variance followed by
Dunnett’s t test. Two sample t test was used for mean comparison between two groups. Results
from at least n ≥ 3 with p < 0.05 were considered significant. All statistical analysis was
performed using SAS 9.1.

RESULTS
SOD2 activity modulates radiation induced transformation frequency

Initially, we determined whether changes in SOD2 activity affect cellular redox environment
and plating efficiency (Figure 1). Exponentially growing asynchronous cultures of MEFs were
harvested and total cellular protein extracts were used for measurements of antioxidant enzyme
protein levels and activity. As expected, SOD2 (+/+) MEFs demonstrated the highest protein
levels and activity; SOD2 (+/−) MEFs exhibited lower levels than SOD2 (+/+), and a complete
absence of SOD2 protein and activity was observed in SOD2 (−/−) MEFs (Figure 1A). Flow
cytometry measurements of DHE-oxidation showed approximately 1.5-fold and 3-fold
increases in SOD2 (+/−) and SOD2 (−/−) compared to SOD2 (+/+) MEFs (Figure 1B),
indicating that loss of SOD2 activity increased cellular ROS (O2

•−) steady state levels. Changes
in DCFH-oxidation was approximately 2-fold higher in SOD2 (−/−) compared to SOD2 (+/+)
MEFs (Figure 1C). Consistent with these results, total GSH levels in SOD2 (−/−) MEFs were
found to be 16 ± 2 nmoles/mg protein compared to 10 ± 2 nmoles/mg protein in SOD2 (+/+)
MEFs. SOD2 activity related changes in cellular ROS levels exhibited corresponding
alterations in plating efficiencies (Figure 1D): SOD2 (+/+) had the highest PE of 26 ± 7%;
SOD2 (+/−), 6 ± 3%, and SOD2 (−/−) MEFs 4 ± 1%.

A clonogenic assay was performed to determine the equitoxic doses of ionizing radiation (IR)
that are needed for the in vitro transformation assay. The radiation doses for 10% survival
(equitoxic dose) were calculated to be 6.8 Gy for SOD2 (+/+), 4.4 Gy for SOD2 (+/−), and 5.6
Gy for SOD2 (−/−) MEFs. The increase dose for a 10% survival in SOD2 (−/−) MEFs compared
to SOD2 (+/−) MEFs could be due to an adaptive response in SOD2 (−/−) MEFs. SOD2 (−/−)
MEFs have a higher steady state levels of ROS compared to SOD2 (+/−) MEFs. The increase
in the endogenous ROS levels may activate an adaptive response in SOD2 (−/−) MEFs, which
could account for the higher dose that are needed to achieve the same survival response as
compared to the SOD2 (+/−) MEFs. The dose for a 10% survival was selected based on a
previous report in the literature37. The authors showed that a 10% survival dose is optimal for
studying in vitro transformation of normal fibroblasts.

MEFs were layered on top of feeder cells, and irradiated with equitoxic doses of IR at 24 h
post-plating. Control and irradiated monolayer cultures were continued in culture with regular
change in media for 6–8 weeks. Identification and scoring of the transformed foci were
performed following the scoring-criteria that were originally proposed by Reznikoff et al.32,
and Fenech et al.36. The basic criteria for Type III foci are dense multilayer cells, random cell
orientation at any part of the foci edge, and invasion into the surrounding contact inhibited
monolayer. Type II foci were distinguished from Type III foci primarily by their more defined
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edges, and they were less dense than Type III foci. Previous reports have shown that cells
representing Type II and III foci are fully transformed, and they form tumors in animals38,
39. Representative Type II and III foci are shown in Figure 2A. Type II and III foci were highest
(~5-fold) in SOD2 (−/−) compared to SOD2 (+/+) MEFs; SOD2 (+/−) showed an intermediate
response (Table 1). The transformation frequency (TF) for Type II and III foci correlated with
SOD2 activity (Figure 2, Table 1, Figure 1A). These results indicate SOD2 activity, therefore
mitochondria derived ROS, regulates IR induced cellular transformation in MEFs.

SOD2 activity suppressed radiation induced late ROS accumulation
In recent years, cellular redox environment is believed to be a major regulator of numerous
cellular processes. A flow cytometry assay was used to measure cellular ROS levels following
our previously published protocol31. Asynchronous monolayer cultures of control and
irradiated (5 Gy) MEFs were harvested at 24 and 72 h post-IR; cells were incubated with DHE
(or DCFH-DA) and fluorescence measured by flow cytometry. Results were calculated relative
to time matched un-irradiated controls for each cell type. At 24 h post-IR, there was no
significant difference in DHE-oxidation among the cell types compared to their un-irradiated
time matched controls (Figure 3A). Interestingly, at 72 h post-IR DHE-oxidation increased
approximately 1.3-fold in SOD2 (+/+) and 2.5-fold in SOD2 (−/−) MEFs (p<0.05). DHE-
oxidation in SOD2 (+/−) MEFs did not show any difference at 72 h compared to 24 h post-IR.

Cellular ROS levels were further evaluated by measuring DCFH-fluorescence. At 24 h post-
IR, all three cell types exhibited modest increase (1.2–1.6 fold) in DCFH-oxidation compared
to their time matched un-irradiated controls (Figure 3B). At 72 h post-IR, DCFH-oxidation in
SOD2 (+/+) MEFs was comparable to 24 h post-IR. However, both SOD2 (+/−) and SOD2 (−/
−) MEFs exhibited approximately 1.4–1.8 fold increase in DCFH-oxidation at 72 h post-IR
(Figure 3B). Consistent with these results, total GSH levels in SOD2 (+/−) and SOD2 (−/−)
MEFs showed a small increase at 24 h compared to 72 h post-IR (Figure 3C). GSSG levels
remained significantly higher at 72 h post-IR in SOD2 (−/−) compared to SOD2 (+/+) and
SOD2 (+/−) MEFs (Figure 3D). These results indicate that while SOD2 activity might not
influence cellular redox environment within 24 h of IR-exposure, at 72 h post-IR SOD2 activity
protects cellular redox environment from shifting towards a more oxidizing environment
characterized by greater steady-state ROS levels.

SOD2 activity suppressed radiation induced late DNA damage
IR is well known to cause DNA damage both by direct and indirect actions1. To determine if
SOD2 activity influences IR-induced DNA damage, a micronuclei (MN) assay was performed.
Asynchronous cell population was irradiated with 5 Gy, and cytokinesis was blocked by adding
cytochalasin B at 24 h (or 72 h) post-IR. Forty eight hours after the addition of cytochalasin
B, control and irradiated cells were processed for MN assay. Representative microscopy fields
of MN and nucleoplasmic bridge (NPB) are shown in Figure 4A. Four hundred cells per
treatment were examined for MN and NPB, and the percentage of total micronuclei bearing
bi-nucleated cells (MNBNCs) were calculated (Figure 4B); the distributions of MN and NPB
are summarized in Table 2. The percentage of MN in un-irradiated controls was not
significantly different among the three cell types (Table 2). At 24 h post-IR, the percentage of
MN significantly increased in all cell types: 46 ± 4% in SOD2 (+/+), 52 ± 9% in SOD2 (+/−),
and 57 ± 9% in SOD2 (−/−) MEFs (Figure 4B and Table 2). At 72 h post-IR, significant
difference was noted among the three cell types. Both SOD2 (+/+) and SOD2 (+/−) MEFs
exhibited a decrease in the percentage of MNBNCs at 72 h compared to 24 h post-IR: 29 ± 5%
vs. 46 ± 4%, and 40 ± 5% vs. 52 ± 9%, respectively (Table 2). Interestingly, the percentage of
MNBNCs in SOD2 (−/−) MEFs remained higher (65 ± 3%) at 72 h post-IR (Table 2).
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The lack of SOD2 activity influencing the early (24 h post-IR) DNA damage response is further
evident from the results of phosphorylated histone H2AX (γ-H2AX) levels that were measured
within 60 min post-IR (Figure 4C). γ-H2AX is one of the earliest cellular responses to IR-
induced DNA damage. Asynchronous cell populations were irradiated (5 Gy), and total cellular
protein extracts were analyzed at indicated time for γ-H2AX levels by immunoblotting. The
basal levels of γ-H2AX in all three cell types were low. IR-exposure significantly increased
γ-H2AX at 30 min post-IR in all three cell types followed by a comparable decrease at 60 min
post-IR (Figure 4C). These results showed that SOD2 activity might not influence radiation
induced initial DNA damage. However, increased ROS accumulation (Figure 3) and
percentage of MNBNCs (Figure 4B, Table 2) at 72 h post-IR suggest that SOD2 activity could
significantly impact late DNA damage and IR induced transformation.

SOD2 activity and exit from G2 in irradiated MEFs
Cell cycle checkpoints are pivotal mechanisms safeguarding genome integrity. Cells that
harbor defects in checkpoints are predisposed to genomic instability and transformation40–
42. In order to determine if SOD2 activity could influence IR induced checkpoint activation,
asynchronous cell populations of MEFs were irradiated with 5 Gy and cell cycle phase
distributions assayed by flow cytometry measurements of DNA content following our
previously published method31, 34. Representative DNA histograms are shown in Figure 5A,
and the fold-change in G2 calculated relative to 0 h un-irradiated control for each cell type
(Figure 5B). While the activation of G1 (data not shown) and G2 checkpoints were comparable
among the three cell types, interesting results were observed for cells exiting G2 (Figure 5B).
As anticipated, the fold-change in G2 increased at 8 h post-IR for all cell types; the fold-change
in SOD2 (−/−) is slightly lower compared to SOD2 (+/+) and SOD2 (+/−) MEFs at 8 h post-
IR. Interestingly, at 24 h post-IR the fold-change in G2 was lower in SOD2 (+/−) and SOD2
(−/−) compared to SOD2 (+/+) MEFs, suggesting that SOD2 activity could regulate exit from
G2 in irradiated MEFs. It is hypothesized that an accelerated exit from G2 following IR-
exposure may increase the chances of passing on cellular damage to daughter generations,
which could facilitate cellular transformation.

To further determine if SOD2 activity could influence exit from G2 in irradiated cells, SOD2
(−/−) MEFs were infected with adenovirus containing vector control (AdEmpty), and mouse
SOD2 cDNA (AdSOD2). Cells were irradiated with 5 Gy and cell cycle phase distributions
measured at the time of radiation, and 8 and 24 h post-IR; fold-change calculated relative to 0
h un-irradiated control for individual treatments. The fold-change in G2 increased
approximately 2-fold in AdEmpty infected SOD2 (−/−) MEFs (20 ± 2 vs.10 ± 1%), and 2.5-
fold in AdSOD2 infected cells (26 ± 1 vs. 10 ± 1%) at 8 h post-IR. Interestingly, at 24 h post-
IR exit from G2 was delayed in AdSOD2 infected cells compared to AdEmpty infected cells
(Figure 5C). These results were comparable to SOD2 (+/+) MEFs (Figure 5B), indicating that
SOD2 activity could regulate exit from G2 in irradiated MEFs.

DISCUSSION
Manganese superoxide dismutase (SOD2) is a nuclear encoded and mitochondria localized
antioxidant enzyme known to convert mitochondria generated O2

•− to H2O2. The present study
was designed to determine whether SOD2 activity, and therefore mitochondria generated ROS
regulate ionizing radiation (IR) induced normal cell transformation. Mouse embryonic
fibroblasts (MEFs) carrying wild type (+/+), heterozygous (+/−) and homozygous knockout
(−/−) SOD2 were irradiated with equitoxic doses of IR (dose rate, 0.83 Gy/min) and assayed
for cellular transformation by measuring Type II and III foci. The transformation frequency
was approximately 5-fold higher in SOD2 (−/−) compared to SOD2 (+/+) MEFs (Figure 2,
Table 1); SOD2 (+/−) showed an intermediate response. These results are consistent with
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earlier reports in the literature demonstrating SOD2 overexpression protecting cells from
carcinogen induced transformation8, 43. Furthermore, these results also provide a direct
evidence for the original hypothesis of SOD2 activity and carcinogenesis proposed by Oberley
and Buettner17.

Since SOD2 activity is known to convert mitochondria generated O2
•− to H2O2, results from

the transformation assay also suggest that mitochondrial ROS could influence cellular
transformation in irradiated cells. Irradiation is a classical generator of ROS that persist for
milliseconds and result in oxidative damage to cellular macromolecules12. It has been
hypothesized that ROS mediated covalent modifications of cellular macromolecules could
regulate some aspects of the cellular responses to IR exposure. This hypothesis is based on the
observations that ROS scavengers suppress many of the biological effects of irradiation.
However, it is believed that the amount of ROS generated from the primary ionization events
are significantly lower than ROS generated from cellular metabolism12. Therefore, the initial
production of ROS might not be entirely responsible for all cellular effects of irradiation. This
observation has led to the hypothesis that ROS imbalance due to metabolic oxidative stress
long after the initial radiation exposure could be an additional regulatory mechanism
controlling the fate of the irradiated cell population.

A key observation of our study was the late ROS accumulation and DNA damage in SOD2 (−/
−) compared to SOD2 (+/+) MEFs, correlating with an increase in transformation frequency
(Figures 2–4, Tables 1 and 2). Cellular redox environment was assessed by flow cytometry
measurements of DHE and DCFH-oxidation in time matched control and irradiated MEFs.
Initially, there was no significant difference in cellular ROS levels among all 3 cell types
compared to their respective un-irradiated control at 24 h post-IR (Figure 3A&B). The absence
of any significant changes in cellular ROS levels during 24 h post-irradiation is comparable to
our previously published results6, 14. In our previous report, we used electron paramagnetic
resonance spectroscopy to measure superoxide steady state levels in 6 Gy irradiated control
and SOD2 overexpressing human oral squamous carcinoma cells. These results showed no
significant change in ROS levels in irradiated control compared to SOD2 overexpressing cells
within hours of the radiation treatment6. Likewise, measurements of DHE-oxidation in
irradiated SOD1 overexpressing human glioma cells were comparable to irradiated SOD1 wild-
type cells during 1–5 h post-IR14. While the earlier results were obtained using cancer cells,
results from the present study showed similar effects in normal cells, suggesting that the initial
changes in cellular ROS levels immediately following the IR exposure could be independent
of cellular transformation state and antioxidant enzyme activities. This notion is further
supported by our results (Figure 4, Table 2) demonstrating that the IR induced DNA damage
was essentially similar in all 3 cell types within 24 h post-IR. IR exposure increased the
percentage of MNBNCs significantly (~3–4 folds) at 24 h post-IR; however, there was no
difference among the 3 cell types. Likewise, IR exposure substantially increased γH2AX within
15 min, peaked at 30 min, and decreased by 60 min post-IR in all 3 cell types (Figure 4C).
These results indicate that the IR induced early effects on cellular ROS levels and DNA damage
are essentially similar among SOD2 (+/+), SOD2 (+/−), and SOD2 (−/−) MEFs.

However, IR induced late effects on cellular ROS levels and DNA damage could differ
depending upon the antioxidant capacity of the cell. This “metabolic redox-response” to
radiation exposures could determine the fate of the redox-sensitive cellular processes in
irradiated cells. This hypothesis is supported by an earlier report demonstrating an increase in
the pentose cycle activity in irradiated cells, which is believed to provide NADPH required for
repair and biosynthetic processes44. Furthermore, an earlier report by Petkau et al.7 showed
that administration of SOD1 2–4 h post-IR protected Swiss mice from radiation induced
lethality. Likewise, antioxidant manipulations long after the initial radiation exposures have
been shown to suppress radiation induced late effects13. In these previously published reports,
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the evidence for IR induced late effects on cellular ROS levels and DNA damage were indirect,
and primarily based on the observations of elevated levels of oxidized products including 4-
hydroxynonenal, 8-hydroxy-2′-deoxyguanosine, and malondialdehyde13, 45, 46. Our results
showed a significant increase in cellular ROS levels in SOD2 (−/−) compared to SOD2 (+/+)
MEFs at 72 h post-IR (Figure 3). Consistent with this increase in cellular ROS levels, the
percentage of micronuclei remained higher in SOD2 (−/−) vs. SOD2 (+/+) MEFs (Figure 4,
Table 2). Because the late ROS accumulation and percentage of micronuclei (DNA damage)
were suppressed in SOD2 (+/+) compared to SOD2 (−/−) MEFs, and SOD2 activity is well
known to scavenge mitochondria generated superoxide, our results indicate that mitochondria
generated superoxide-signaling could regulate IR induced late effects in MEFs.

SOD2 activity and therefore mitochondria derived superoxide-signaling could influence IR
induced cell cycle checkpoint activation. IR exposures are known to cause cell cycle arrest in
G1, S, and/or G2 to prevent replication of damaged DNA or to prevent aberrant cell division.
The regulatory mechanisms are known as checkpoints, and their primary function is to delay
progression until the cells have adequately repaired the damage. While the IR induced G1-
checkpoint activation was comparable in all 3 cell types (data not shown), the kinetics of the
G2-checkpoint activation differed in SOD2 (−/−) vs. SOD2 (+/+) MEFs (Figure 5). All three
cell types showed approximately 2.5-fold increase in G2-cells at 8 h post-IR demonstrating
that the G2-checkpoint is intact in all 3 cell types. However, exit from G2 appears to be faster
in SOD2 (+/−) and SOD2 (−/−) compared to SOD2 (+/+) MEFs at 24 h post-IR (Figure 5B).
Interestingly, the fold-change in G2 in AdSOD2 infected SOD2 (−/−) MEFs was higher than
AdEmpty infected SOD2 (−/−) MEFs at 24 h post-IR (Figure 5C); this observation was
comparable to irradiated SOD2 (+/+) MEFs.

In summary, mouse embryonic fibroblasts lacking SOD2 activity demonstrated approximately
5-fold higher IR induced transformation frequency compared to wild type cells. SOD2 activity,
therefore mitochondria derived superoxide-signaling, did not affect cellular ROS levels and
DNA damage within 24 h of irradiation (early response). However, SOD2 activity significantly
suppressed IR induced late ROS accumulation and DNA damage at 72 h post-IR (late
response). SOD2 activity appears to influence exit from G2 in irradiated cells. These results
suggest that long after the initial irradiation a “metabolic redox-response” regulates IR induced
transformation in mouse embryonic fibroblasts. These results support the hypothesis that
interventions of late ROS accumulation could be a viable redox-based countermeasure for
radiation exposures.
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Figure 1. Cellular ROS levels and plating efficiency in SOD2 genotype mouse embryonic fibroblasts
Asynchronously growing exponential cultures of SOD2 wild type (+/+), heterozygous (+/−),
and homozygous knockout (−/−) mouse embryonic fibroblasts (MEFs) were analyzed for (A)
SOD2 protein and actin levels, upper two panels; bottom panels represent SOD activity
analyzed by native gel-electrophoresis; flow cytometry measurements of (B) DHE and (C)
DCFH-fluorescence; (D) plating efficiency; mean ± SE; * p < 0.05 vs. SOD2 (+/+).
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Figure 2. Increased transformation frequency in irradiated SOD2 (−/−) compared to SOD2 (+/+)
MEFS
Clonogenic MEFs were seeded on 30 Gy irradiated hamster fibroblasts feeder cells, and at 24
h post-plating monolayer cultures were irradiated with equitoxic doses of ionizing radiation
(dose rate, 0.83 Gy/min): 6.8 Gy for SOD2 (+/+); 4.4 Gy for SOD2 (+/−); 5.6 Gy for SOD2
(−/−) MEFs. Cells were continued in culture for 6–8 weeks; (A) representative microscopy
pictures of Giemsa-stained monolayers containing Type II and III foci; transformation
frequency of Type II (B) and Type III (C) foci calculated as the ratio of transformed foci relative
to the number of viable cells.
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Figure 3. SOD2 activity suppressed late ROS accumulation in irradiated MEFs
Asynchronously growing exponential MEFs were irradiated with 5 Gy and harvested at
indicated time for measurements of (A & B) cellular ROS levels by flow cytometry and (C &
D) GSH and GSSG by biochemical assay. Fold-change was calculated relative to time matched
un-irradiated cultures for each cell types: (A) DHE-fluorescence, (B) DCFH-fluorescence. *
p< 0.05 vs. 24 h; €, p< 0.05 vs. SOD2 (+/+) at 72 h. Data represent mean ± SEM, n=3.
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Figure 4. SOD2 activity suppressed radiation induced late DNA damage in MEFs
Asynchronously growing exponential MEFs were irradiated with 5 Gy and harvested at
indicated times for measurements of DNA damage: (A) representative microscopy pictures
showing micronuclei (MN) and nucleoplasmic bridge (NPB): line arrows indicate MN and
solid arrows indicate NPB; (B) percentage of micronuclei bearing bi-nucleated cells
(MNBNCs); *, p < 0.05 vs. SOD2 (+/+) at 24 h, and €, p < 0.05 vs. SOD2 (+/+) at 72 h post-
IR. (C) Immunoblotting of γH2AX in 5 Gy irradiated MEFs.
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Figure 5. G2-exit is accelerated in irradiated SOD2 (+/−) and SOD2 (−/−) compared to SOD2 (+/+)
MEFs
Asynchronously growing exponential MEFs were irradiated with 5 Gy and harvested at
indicated time for flow cytometry measurements of DNA content. Representative DNA
histograms are shown in (A); (B) fold-change in G2 was calculated relative to 0 h un-irradiated
control for individual cell types; the percentage of G2 in un-irradiated MEFs was as follows:
SOD2 (+/+), 22%; SOD2 (+/−), 19%; SOD2 (−/−), 17%. *, p<0.05 vs. SOD2 (+/+) MEFs. (C)
SOD2 (−/−) MEFs were infected with AdEmpty and AdSOD2, and irradiated with 5 Gy at 72
h post-infection. Cell cycle phase distributions analyzed at indicated times, and fold change in
G2 calculated. $, p<0.05 vs. AdEmpty infected cells.
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