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ABSTRACT

This study investigates the hypothesis that Mn-superoxide dismutase (MnSOD) influences cancer cell ra-
diosensitivity by regulating the G,-checkpoint pathway. Human oral squamous carcinoma cells (SCC2S5) sta-
bly overexpressing MnSOD were irradiated (6 Gy) and assayed for cell survival, cell-cycle phase distribu-
tions, and bromodeoxyuridine (BrdU) pulse-chase flow-cytometric measurements of cell-cycle phase transits.
Electron paramagnetic resonance (EPR) spectroscopy was used to measure steady-state levels of oxygen-
centered free radicals. Glutathione and glutathione disulfide levels were used as indicators of changes in the
intracellular redox state. MnSOD overexpression increased radioresistance threefold to fourfold; this in-
crease was associated with twofold to threefold increases in radiation-induced G, accumulation. BrdU pulse-
chase and flow-cytometric measurements of the percentage of G, and relative movement showed no signifi-
cant changes in G, and S transits; however, the percentage of G, cells and BrdU-positive cells showed delayed
G,+M transits in MnSOD-overexpressing irradiated cells. The steady-state levels of oxygen-centered free rad-
icals were not significantly different in vector compared with MnSOD-overexpressing cells, suggesting that
the free radical generation is essentially similar. MnSOD overexpression did prevent radiation-induced de-
creases in total glutathione content, which correlated with radioresistance and enhanced G, accumulation.
These results support the hypothesis that a “metabolic redox-response” to IR exposure regulates radiosensi-
tivity by altering radiation-induced G, accumulation. Antioxid. Redox Signal. 8, 1273-1281.

INTRODUCTION rized as a tumor-suppressor gene because MnSOD overex-
pression inhibits cellular proliferation in a variety of cancer
cells in both in vitro and in vivo model systems (9, 20, 36).

MN-SUPEROXIDE DISMUTASE (MNSOD) is a nuclear-en-
Furthermore, ectopic expression of MnSOD rendered cells

coded mitochondria-localized metalloenzyme that

catalyzes the dismutation of superoxide (O,"~) to hydrogen
peroxide (H,0,) and oxygen (13). The human MnSOD gene
is located on chromosome 6 (6q25), and MnSOD protein ex-
ists as a homotetramer (8). In mammalian cells, two other
SOD enzymes are found: cytosolic and nuclear copper-zinc
SOD, and extracellular SOD. MnSOD knockout mice died
within the first 10 days after birth and showed dilated car-
diomyopathy, increased lipid accumulation in liver, and meta-
bolic acidosis (19). In recent years, MnSOD has been catego-

resistant to the cytotoxic effects of tumor necrosis factor, irra-
diation, doxorubicin (Adriamycin), and radiation-induced
neoplastic transformation (11, 15, 33, 36, 37). The observa-
tions that irradiation generates reactive oxygen species (ROS)
and fluctuations in ROS levels are believed to influence
changes in cellular reduction and oxidation (redox) state, it is
hypothesized that MnSOD-induced changes in cancer cell ra-
diation sensitivity could be regulated by alterations in cellular
redox state.

Free Radical and Radiation Biology Program, Department of Radiation Oncology, University of lowa, lowa City, lowa.

1273



1274

The potential for ROS signaling regulating cellular pro-
cesses after oxidative stress has recently gained significant
attention (6, 7, 12, 18). Cellular responses to ionizing radia-
tion depend on both cell-cycle positions at the time of irradia-
tion and activation of cell-cycle checkpoint pathways. It is
well known that cells in the G, and M phases are highly ra-
diosensitive; late S-phase cells are most radioresistant, with
G, cells having an intermediate response (34). Cancer cell ra-
diosensitivity is also influenced by radiation-induced activa-
tion of cell-cycle checkpoint pathways, primarily in G, and
G,. Cell-cycle checkpoints prevent DNA replication and cel-
lular division in cells with damaged macromolecules (16, 21).
The G, checkpoint is defective in many cancer cells, primar-
ily due to inactivation of the tumor-suppressor p53 protein
(17). However, all cancer cells, irrespective of p53 status, ex-
hibit a radiation-induced G, delay (3, 22). Several studies, in-
cluding the pioneering work of Tolmach, Little, Schneider-
man, and Dewey, demonstrate that the radiation-induced G,
delay is dose dependent, and the duration of this delay, in
general, correlates with radiosensitivity (10, 23, 26, 31, 34).
Although the quantitative significance of the intracellular
redox environment in radiosensitivity is not fully understood,
we have previously shown that manipulations of the intracel-
lular redox state influence cell-cycle progression and cell-
cycle regulatory protein levels (24, 25, 28). Therefore, it is
reasonable to postulate that MnSOD activity influences the
intracellular redox state in irradiated cells, which then regu-
lates cell-cycle checkpoint activation and radiosensitivity of
cancer cells.

MATERIALS AND METHODS

Cell culture and MnSOD activity assay

The human oral squamous carcinoma wild-type, vector
control, and MnSOD overexpressing SCC-25 cells were gen-
erous gifts from Dr. Larry W. Oberley, University of lowa,
Iowa City. The detailed methods of transfecting cells with
plasmid DNA containing cytomegalovirus promoter—driven
human MnSOD cDNA and selection of stable cell lines were
previously published by Liu et al. (20). Cells were cultured in
DMEM-Ham’s F-12, 10% fetal bovine serum (HyClone, Salt
Lake City, UT), 0.4 pg/ml hydrocortisone, 0.4 mg/ml Ge-
neticin (G418), and antibiotics (penicillin and streptomycin)
in a 37°C humidified incubator with 5% CO, and 95% air.
MnSOD protein levels and enzymatic activities were verified
by immunoblotting and native-activity gel electrophoresis
analysis, following the methods of Darby et al. (9). Exponen-
tially growing asynchronous cultures were harvested by
scraping, and cell pellets were stored at —20°C. The pellets
were resuspended in phosphate-buffered saline and sonicated.
One hundred micrograms of total cellular protein was sepa-
rated on a 12% native polyacrylamide gel electrophoresis.
After electrophoresis, the gel was soaked in a solution con-
taining 2.43 mM nitroblue tetrazolium (NBT), 28 uM ri-
boflavin, and 28 mM TEMED for 20 min in the dark. The gel
was rinsed with distilled water and illuminated under a fluo-
rescent lamp for visualization of MnSOD activity. The bands
were visualized and quantified with a computerized digital
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imaging system interfaced with Alphalmager 2000 software
(Alpha Innotech, San Leandro, CA).

lonizing radiation

The University of lowa Holden Comprehensive Cancer
Center Radiation and Free Radical Core facility resources
were used for all radiation-related experiments. Exponen-
tially growing asynchronous cultures were irradiated by using
a cesium-137 gamma radiation source set at a dose rate of
0.84 Gy/min.

Cell-survival assays

Monolayer cultures of exponential control and irradiated
cells were trypsinized, and appropriate dilutions of cell cul-
tures were replated for colony-formation assay. Cells were
cultured for 12—14 days and stained with 0.005% crystal vio-
let in 70% ethanol. Colonies of =50 cells were counted. Plat-
ing efficiencies for all treatments were used for clonogenic
survival corrections.

In a separate series of experiments, control and irradiated
monolayer cultures were continued in culture, and cell viabil-
ity was assayed by propidium iodide (PI) dye exclusion and
flow-cytometry assay. Cells resuspended in cold phosphate-
buffered saline were incubated with PI (1 pg/ml) and fluores-
cence assayed by flow cytometry. Fluorescence from 10,000
cells was collected in list mode, and populations of PI-
positive (nonviable) and Pl-negative (viable) cells were cal-
culated by using WINMDI software.

Flow-cytometry assays for measurements
of cell cycle—phase distributions

Cell cycle—phase distributions were analyzed by both PI
staining of ethanol-fixed cells and a bromodeoxyuridine
(BrdU) pulse-chase bivariate flow-cytometry assay (see
later). Ethanol-fixed cells were treated with RNase A (0.1
mg/ml) for 30 min followed by incubation with PI (35 pg/ml).
DNA content of Pl-stained cells was analyzed by FACScan
(Becton Dickinson, Franklin Lakes, NJ), and fractions of
cells in G, S, and G,*+M were calculated by using CellQuest
Pro (Becton Dickinson) and MODFIT software (Verity Soft-
ware House, Topsham, ME).

BrdU pulse-chase dual-parameter flow-cytometry assay
was performed by following our previously published proto-
cols (24, 25, 28). The assay is designed for simultaneous
measurement of transits through G|, S, and G,+M cell-cycle
phase in both parental and daughter generations. In brief,
unirradiated and irradiated asynchronous cultures were
pulse-labeled with BrdU for 30 min immediately after irradi-
ation. Cells were continued in culture in BrdU-free growth
medium and harvested by trypsinization at various hours after
irradiation. Ethanol-fixed cells were stored at 4°C before
flow-cytometry assay. Nuclei were isolated from ethanol-
fixed cells and incubated with anti-BrdU primary antibody
followed by incubation with fluorescein isothiocyanate
(FITC)-conjugated goat anti-mouse secondary antibody
(Becton Dickinson). The nuclei were treated with RNase A
for 30 min and stained with PI. FITC and PI fluorescence of
20,000 nuclei were collected in list mode and analyzed by
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using CellQuestPro and WINMDI software. Transits through
different cell-cycle phases were calculated as follows: Fig. 3:
(a) G, transit is the number of nuclei (events) in box 1/total
number of events; (b) G, transit is the number of events in
box 2/total number of events; (c) S transit is the measure-
ments of relative movement (RM, ref. 2), RM = [(Mean chan-
nel number of events in box 3 — mean channel number of
events in box 1)/(Mean channel number of events in box 2 —
mean channel number of events in box 1)]; (d) transit through
S, G,, and M phases (fraction G,*) = (Number of events in
box 4/2)/[(Number of events in box 3) + (Number of events in
box 4/2)]. Events marked G,* (box 4) represent BrdU-
positive cells transiting through S, G,, and M. All flow-
cytometry measurements were performed at the University of
Iowa Flow Cytometry Core facility.

Electron paramagnetic resonance (EPR)
assay of oxygen-centered radicals

The University of Iowa EPR core facility resources and
expertise were used to perform EPR assay. In this method, a
diamagnetic compound (spin trap) reacts with short-lived
paramagnetic free radicals to form spin adducts, which are
detectable by EPR. The spin adducts have a longer half-life
compared with the original free radical, allowing them to ac-
cumulate to a detectable level. The EPR spectrum of the spin-
adduct is unique for the given radical, having characteristic
hyperfine splitting (4). Superoxide radical reacts with 5,5-
dimethyl-1-pyrroline N-oxide (DMPO), initially forming
DMPO/OOH. DMPO/OOH is unstable and can be rapidly
converted to DMPO/OH (5). Monolayer cultures were rinsed
with PBS, irradiated, and layered with PBS containing the
chelating resin, iminodiacetic acid and 100 mM spin trap
DMPO. Cells were transferred to a flat-cell, and EPR spectra
of DMPO-OH were recorded by using a Bruker EMX 300
spectrometer with a magnetic field modulation frequency of
100 kHz and microwave power of 40 mW. The scans were
traced with modulation amplitude of 1 G, scan rate of 84 s,
time constant of 82 s, and receiver gain of 1 X 105. The time
from the end of the irradiation and recording of EPR spectra
was ~0.5 h. EPR peak heights were calculated by using
WinEPR software (Bruker Billerka, MA). Data were first
normalized to cell number and fold change calculated relative
to unirradiated controls for each cell line.

Measurement of intracellular glutathione levels

Intracellular GSH/GSSG levels were measured by using
the resources and expertise provided by the University of
Iowa Holden Comprehensive Cancer Center Radiation and
Free Radical Core facility. Cell pellets stored frozen at —80°C
were homogenized in 50 mM potassium phosphate buffer (pH
7.8) containing 1.34 mM diethylenetriaminepenta-acetic acid.
Total glutathione content was determined in sulfosalicylic
acid extracts (5% SSA, wt/vol) by the method of Anderson
(1). Reduced (GSH) and oxidized (GSSG) glutathione were
distinguished by addition of 2-vinylpyridine, and amounts of
individual thiols were normalized per milligram protein in
whole-cell extract following previously published methods
(24, 30).
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Statistical analysis

All results were compared with that of specific controls
by using the Student ¢ test and analysis of variance
(ANOVA) with post hoc test (GraphPad Prism version 4).
Homogeneity of variance was assumed with a 95% confi-
dence interval level. Results with p values < 0.05 were con-
sidered significant.

RESULTS

MnSOD-overexpressing human oral
squamous cancer cells are radioresistant

To determine whether MnSOD regulates radiosensitivity
in cancer cells, human oral squamous cancer cells (SCC-25,
mutant pS3 phenotype) stably overexpressing MnSOD (20)
were irradiated with 6 Gy of ionizing radiation (dose rate,
0.84 Gy/min), and assayed for cell survival by both colony-
forming assay and a flow cytometry—based PI staining of
nonfixed cells. Initial experiments were performed to mea-
sure MnSOD protein and enzyme activity levels in unirradi-
ated vector control (V) and MnSOD-overexpressing cells.
Consistent with previously published results (20), MnSOD
activity levels were higher in MnSOD-overexpressing cells
compared with vector control (data not shown). Results from
the PI viability assay showed that >40% of the vector control
cells were PI positive (nonviable) 4 days after irradiation
compared with ~15-25% Pl-positive cells in MnSOD-
overexpressing cells (Fig. 1A and B; p < 0.05). Increased ra-
dioresistance in MnSOD-overexpressing cells was also appar-
ent from results obtained from the clonogenic cell-survival
assay (Fig. 1C). MnSOD-overexpressing cells were fourfold to
fivefold more radioresistant than wild-type controls (p <
0.05). These results demonstrate that MnSOD-overexpressing
human oral squamous cancer cells are radioresistant.

MnSOD-induced radioresistance in human
oral squamous cancer cells is associated
with enhanced G, accumulation

To determine whether MnSOD-induced radioresistance is
associated with altered cell cycle—checkpoint activation, ex-
ponential cultures were irradiated with 6 Gy and harvested 10
h after irradiation. Ethanol-fixed cells were treated with
RNase A, stained with PI, and DNA content analyzed with
flow cytometry by following our previously published proto-
cols (24, 25, 28). Results presented in Fig. 2A show percent-
age of G, cells in unirradiated vector control (16%), and
MnSOD-overexpressing cells (17%) were not significantly
different. Consistent with earlier reports in the literature, irra-
diation caused an increase in the percentage of G, cells in
both vector control and MnSOD-overexpressing cells at 10 h
after irradiation (Fig. 2B). However, the increases in percent-
age of G, cells differ significantly in MnSOD-overexpressing
cells (60-70%) compared with vector control (40%; p <
0.05). A corresponding decrease was noted in the percentage
of G, cells in MnSOD-overexpressing cells (4-6%) compared
with vector control (14%).
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FIG. 1. MnSOD overexpressing human oral squamous carcinoma cells are radioresistant.

Exponential cultures of vector

control (V) and stably transfected MnSOD overexpressing (Mnl, Mn3 and Mn5) human oral squamous cancer cells (SCC25)
were irradiated with 6 Gy (137Cs; 0.84 Gy/min) and continued in culture for an additional 4 days. Both monolayer cells and cells in
the media were collected and stained with propidium iodide (PI) prior to flow cytometry assay. Representative histograms are
shown on the top panel (A), and quantitation of results is shown in the bottom panel (B); PI-positive cells were scored as nonvi-
able. (C) Colony survival assay: appropriate dilutions of irradiated and unirradiated cells were cultured for 12—14 days. Cells were
stained with 0.005% crystal violet in 70% ethanol and colonies 250 cells counted. Plating efficiencies for all treatments were used

for clonogenic survival corrections. Asterisks represent statistical significance (p < 0.05); wt: wild type cells; Mn5: MnSOD over-
expressing Mn5 clone.
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FIG. 2. MnSOD overexpression enhanced G2-
accumulation in irradiated human oral squa-
mous cancer cells. Exponentially growing asyn-
chronous cultures were irradiated with 6 Gy. Cells
were harvested at the time of irradiation and 10 h
postirradiation. Ethanol-fixed cells were treated
with RNase A and stained with PI. DNA content as-
sayed by flow cytometry and cell cycle phase distri-
butions calculated using CellQuest and MODFIT
software. Representative histograms of unirradiated
cells are shown in (A) and histograms in (B) repre-
sent cell cycle phase distributions at 10 h postirradi-
ation (average + Stdv).
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Results from the PI assay do not clearly distinguish the
DNA content of late S from G,, so it was difficult to conclude
whether MnSOD overexpression induced a late S-phase
checkpoint or a G, accumulation in irradiated cells. There-
fore, we have designed a BrdU pulse-chase assay to deter-
mine simultaneously transits through G, S, and G,*M in
control and irradiated cells. Asynchronously growing expo-
nential cultures were irradiated with 6 Gy and pulse-labeled
with BrdU for 30 min immediately after irradiation. Cells
were continued in culture in BrdU-free medium and har-
vested at the indicated hours for bivariate flow-cytometry
assay. Fractions of G|, G,, labeled S-phase cells completing
division (G,*) and relative movement (RM) were calculated.
Results show that transit through G, (~14 h) and S (~10 h) in
irradiated MnSOD-overexpressing cells was not significantly
different compared with irradiated wild-type cells (Fig. 3C
and D). Likewise, progression of initial G,-phase cells to M
phase did not appear to differ in irradiated MnSOD-
overexpressing cells compared with wild-type cells (Fig. 3E;
0-3 h after irradiation). However, when irradiated S-phase
(and possibly G)) cells reached late S and/or G,, their exit to
M was delayed in MnSOD-overexpressing cells compared
with wild-type cells. Furthermore, a larger percentage of G,
cells were detected in MnSOD-overexpressing irradiated
cells relative to wild-type cells. The delay in G,+M transit in
MnSOD over-expressing irradiated cells is also evident from
results presented in Fig. 3B. A calculation of the fraction of
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cells in the G,* compartment (box 4 marked in the right his-
togram), which represents BrdU-positive S-phase cells that
completed cell division, clearly shows irradiated wild-type
cells completing cell division ahead of irradiated MnSOD-
overexpressing cells (compare number of events in box 4 in
wt and Mn5 cells at 24 h after irradiation; Fig. 3B). Twenty-
four hours after radiation exposure, ~80% of the BrdU-la-
beled S-phase cells progressed through S, G,, and M phases
in wild-type cells (Fig. 3B). In contrast, ~40% of S-phase
cells in MnSOD-overexpressing cells completed cell division
during the same time interval. These results clearly demon-
strate that MnSOD overexpression delays irradiated S-phase
cell (and possibly G, cell) transit through late S and G,+M
phases.

MnSOD-induced radioresistance and
enhanced G, accumulation correlate
with changes in intracellular redox state

To determine whether changes in intracellular redox state
could contribute to the radioresistance and enhanced G, accu-
mulation in MnSOD-overexpressing cells, an EPR assay was
applied to measure the steady-state levels of oxygen-centered
radicals immediately after the radiation exposure. Exponen-
tially growing monolayer cultures were rinsed with PBS and
irradiated with 6 Gy. Immediately after the radiation expo-
sure, the PBS buffer was replaced with chelated buffer con-
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FIG. 3. MnSOD overexpression did not affect transits through G, and S in irradiated human oral squamous cells, but a
larger fraction of these G, and S phase cells accumulate in the G,-phase. Exponential cultures were pulse-labeled for 30
min with bromodeoxyuridine (BrdU, a thymidine analogue routinely used to label S-phase) immediately after a 6 Gy irradiation,
and continued in culture in absence of BrdU. At indicated times, cells were trypsinized and fixed in 70% ethanol. Bivariate flow
cytometry assay of DNA content (Pl-staining) and FITC-positive nuclei were analyzed following previously published protocol
(24, 25, 28). Representative FITC and PI bivariate histograms are shown in panel A: left two histograms represent cell cycle phase
distributions in wild type cells at the time of radiation and 24 h postirradiation; right two histograms represent MnSOD overex-
pressing (Mn5) cells. Fraction of BrdU-labeled S-phase cells (G,*, box 4) completing cell division is shown in B, 24 h postirradi-
ation. Fraction of G, (panel C, box 1), relative movement (RM; panel D), and G,-fraction (panel E, box 2) were calculated from
20,000 nuclei using CellQuest software. A repeat of the experiment showed similar results.
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taining DMPO and EPR spectra recorded 30 min later. EPR
peak heights were measured, and results were calculated rela-
tive to 1 million cells. The fold changes in EPR peak heights
were relative to those of unirradiated controls (Fig. 4). These
results show that 6-Gy irradiation did not significantly affect
the steady-state levels of oxygen-centered free radicals im-
mediately after the radiation exposures.

To determine whether intracellular redox state could differ
in irradiated cells long after the beam is turned off and if such
a change in redox state differs in MnSOD-overexpressing
cells, cells were scrape-harvested at the time of irradiation, 6,
10, and 24 h after irradiation. Changes in GSH and GSSG
levels were used as indicators of perturbations in intracellular
redox state. These results show that intracellular total glu-
tathione levels were high in vector control cells at the time of
irradiation (50 nmol/mg protein), which decreased to 13
nmol/mg protein at 6 h after irradiation and remained low
(4-5 nmol/mg protein) at 10 and 24 h after irradiation (Fig.
SA; p <0.05 for all time points compared with 0 h). Interest-
ingly, compared with vector control cells, intracellular total
glutathione levels in MnSOD-overexpressing cells (Mn3)
were low (24 nmol/mg protein) at the time of irradiation (p <
0.05), decreased to 11 nmol/mg protein at 6 h after irradiation
(» < 0.05 compared with 0 h MnSOD-overexpressing cells),
and quickly recovered to normal levels by 10 h after irradia-
tion. In vector control irradiated cells, the percentage of
GSSG increased twofold at 10 h after irradiation (8% at the
time of irradiation, increasing to 17% at 10 h after irradia-
tion; p < 0.05) and returned to normal levels at 24 h after irra-
diation (Fig. 5B). Percentage of GSSG in MnSOD-overex-
pressing cells was 3% at the time of irradiation, which
increased to 7% at 6 h after irradiation and returned to basal
levels at 10 h after irradiation. The percentage of GSSG de-
creased further at 24 h after irradiation. These results demon-

A iAol et

KALEN ET AL.

strate that irradiation shifts the intracellular redox state to-
ward a more oxidizing environment in vector control cells,
whereas MnSOD overexpression suppresses this increase.

DISCUSSION

ROS are oxygen-containing molecules that have higher
chemical reactivity than ground-state molecular oxygen.
ROS, including superoxide, hydrogen peroxide, hydroxyl rad-
ical, singlet molecular oxygen, and organic hydroperoxides,
are constantly generated intracellularly as by-products of aer-
obic metabolism and have traditionally been thought of as un-
wanted and toxic products of living in an aerobic environ-
ment (12). It is well known that exposure of cells to ionizing
radiation (IR) generates ROS that persist for milliseconds and
result in oxidative damage to cellular macromolecules. It has
been hypothesized that ROS-mediated covalent modifications
of cellular macromolecules could regulate some aspects of
the cellular responses to IR exposure (32). This assumption
was based on the observations that manipulations of antioxi-
dants (antioxidant enzymes and other ROS scavengers) be-
fore the IR exposure suppress many of the biologic effects of
irradiation. Therefore, maintenance of a redox balance (pro-
duction of ROS and their removal) appears to have a mecha-
nistic function regulating many of the cellular processes.

Reports from other laboratories and our recent observa-
tions of intracellular redox state regulating cell-cycle pro-
gression support the hypothesis that ROS can serve as second
messengers regulating redox-sensitive cell-cycle regulatory
processes during cellular proliferation (12, 14, 24, 25, 28).
Although hydrogen peroxide could influence the redox state
of protein thiols (cysteines; -SH, reduced to —S-S-, oxidized),
superoxide could alter the redox state of metal cofactors (e.g.,
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i w V i V ' Y V66 FIG. 4. Irradiation does not alter the steady state
levels of oxygen-centered radicals immediately
Mn3 (-IR) after the radiation exposure in MnSOD overex-
pressing cells compared to vector control. Asyn-
chronously growing monolayer cultures of vector
Mn3 (6 Gy) control (V) and MnSOD overexpressing (Mn3) cells
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were rinsed with chelated PBS, and layered with 500
wl of chelated PBS buffer containing 100 mM of the
spin trap, DMPO. Cells were scraped and transferred
immediately to a flat cell for EPR measurements.
EPR spectra of DMPO-OH were recorded using a
Bruker EMX-300 series spectrometer. (A) Represen-
tative EPR spectra for unirradiated and 6 Gy irradi-
ated cells; (B) EPR peak heights per one million cells
were determined using WinEPR software. Fold
change was calculated as the ratio of peak height for
the irradiated cells to that of the corresponding unir-
radiated cells.
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A.

FIG. 5. MnSOD overexpression appears to sup-
press radiation-induced changes in intracellular
redox state. Asynchronously growing exponen-
tial cultures were irradiated with 6 Gy and cells
were scrape-harvested at the time of irradiation (0
h), 6, 10, and 24 h postirradiation. Intracellular
GSH/GSSG levels were measured using a spec-
trophotometric assay. The assay was performed
using resources and expertise provided by the Uni-
versity of lowa Holden Comprehensive Cancer Cen-
ter Radiation and Free Radical Core facility. Aster-
isks represent statistical significance in irradiated
vector cells compared to 0 h; double asterisks repre-
sent statistical significance of unirradiated MnSOD
overexpressing cells compared to unirradiated vec-
tor control. Statistical analysis was done using
GraphPad Prism version 4 software.

Glutathione

B.

Fe and Cu) present in many kinases and phosphatases. Thus,
the potential for ROS (mitochondria, cytosolic, or both) to
mediate cell signaling after oxidative stress has recently
gained significant attention. Although the majority of these
research endeavors focus on cell death, in particular apopto-
sis, we have previously shown that progression through the
cell cycle is a redox-sensitive process (14, 24, 25, 28). With
this finding, we hypothesize that radiation, which is known to
generate ROS, activates cell-cycle checkpoints through
redox-sensitive signaling pathways.

IR exposure is known to cause cell-cycle arrest in G, S,
and/or G, to prevent replication on damaged DNA or to pre-
vent aberrant cell division. The regulatory mechanisms are
known as checkpoints, and their primary function is to delay
progression until the cell has adequately repaired the damage.
Because the G, checkpoint is defective in many cancer cells,
primarily due to inactivation of the tumor-suppressor p53
protein (17), cancer cells depend on the G, checkpoint for
survival. This property makes cancer cells susceptible to ther-
apies targeted at abrogating the G, delay; not surprisingly, nu-
merous research efforts are aimed at a better understanding of
the mechanisms regulating the G, checkpoint. Our results
show that MnSOD overexpression induces radioresistance in
human oral squamous cancer cells (Figs. 1-3). Because
MnSOD is a mitochondrial localized protein and dismutates
superoxide to hydrogen peroxide, these results suggest that
mitochondrial metabolism in response to IR exposure could
be a significant determinant of cancer cell radiosensitivity.
MnSOD-induced radioresistance correlates with an increase
in the fraction of G, cells and delayed progression through
G,+M (Figs. 2 and 3). These results are consistent with our
hypothesis that intracellular redox state could play a signifi-
cant role regulating progression through specific cell-cycle
phases in response to IR exposure.

IR-induced G, delay consists of the activation of the G,
checkpoint (initial G, cells transiting to M) and G, accumula-
tion (G, and S cells accumulating in G,). IR-induced G,

1279
=70 O vector
g 60 B Mn 3
& 50
e 40 i
£
3 30 *

% 20 * *
£ ol : : ‘
0 6 10 24
25 - .
8 20 1
v 15
Qo
< 10
0 " :
0 6 10 24

Post-Irradiation (h)

checkpoint occurs within hours (~45 min to 1 h) of irradia-
tion, whereas G, accumulation manifests several hours after
the IR exposure (34). Results from Fig. 3E (0-3 h after irradi-
ation) suggest that MnSOD overexpression (and therefore mi-
tochondrial redox metabolism) might not affect IR-induced
G,-checkpoint activation in human oral squamous cancer
cells because exit of cells from G, during 3-h post-IR ap-
peared to be similar in control and MnSOD-overexpressing
cells. In contrast, mitochondrial metabolism subsequent to
the IR exposure could regulate IR-induced G, accumulation
because the percentage of G, increased significantly in
MnSOD-overexpressing cells compared with control (Fig.
3E). MnSOD overexpression—induced increase in G, accu-
mulation could result in radioresistance because the duration
of G, delay has been shown to correlate directly with ra-
diosensitivity (26, 34). Our results do not show any signifi-
cant difference in transits through G, and S in irradiated
MnSOD-overexpressing cells compared with control. How-
ever, because the acid denaturation step in the BrdU assay de-
stroys cells in M phase, we cannot rule out the possibility that
MnSOD overexpression could affect transit through M phase
in irradiated cells.

The concept of intracellular redox-state regulating cell-
cycle checkpoint activation is further supported by the results
presented in Figs. 4 and 5. Measurement of the steady-state
levels of prooxidants (presumably superoxide) by EPR imme-
diately after the radiation exposure did show a minimal in-
crease in both vector control and MnSOD-overexpressing
cells. However, the fold change relative to the steady-state
levels of prooxidants in unirradiated cells did not show any
significant difference in MnSOD-overexpressing cells com-
pared with vector control (Fig. 4). These results indicate that
IR-induced generations of free radicals immediately after the
IR exposure are essentially similar both in vector control and
in MnSOD-overexpressing cells.

However, subsequent scavenging of these free radicals
could differ, depending on the antioxidant capacity of the
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cell, and it is this “metabolic redox response” to IR exposure
that could determine the fate of the redox-sensitive cellular
processes in irradiated cells. This hypothesis is supported by
earlier reports demonstrating IR-induced increases in pen-
tose cycle activity (35). This increase in pentose cycle activ-
ity is thought to provide increased NADPH, which is re-
quired for repair and biosynthetic processes. Consistent with
these earlier observations of IR-induced changes in cellular
metabolic activities, results presented in Fig. 5 showed that
IR exposure decreased intracellular GSH levels in both vec-
tor control and MnSOD-overexpressing cells at 6 h after irra-
diation. Although GSH levels continued to decrease at 10
and 24 h after irradiation in vector control cells, GSH levels
in irradiated MnSOD-overexpressing cells returned to basal
levels by 10 h after irradiation. The initial decrease in GSH
levels at 6 h after irradiation precedes IR-induced G, delay,
suggesting that the IR-induced shift in intracellular redox
state to an oxidizing environment could activate the G,-
checkpoint pathway. Although the maintenance of the proox-
idant environment in vector control cells at 10 and 24 h after
irradiation would facilitate transits through G,+M, a reduc-
ing environment would prolong G,+M transits in MnSOD-
overexpressing cells. This assumption is consistent with re-
sults presented in Figs. 2, 3, and 5. These results are also
consistent with our earlier observations in which we showed
that progression through late S and G,+M is associated with
an increase in intracellular oxidation state (14). In this previ-
ous work, we used HeLa cells synchronized by mitotic
shake-off and showed that the oxidation of a prooxidant-sen-
sitive probe DCFH-DA was maximal in late S and G,+*M
cells compared with G, and early S. These results suggest
that a more-oxidizing environment favors progression
through late S and G,+M. In a separate study, we showed that
a shift in intracellular redox state toward a more reducing en-
vironment induces cell-cycle delays (24). Therefore, al-
though a shift in redox state toward an oxidizing environ-
ment would initiate the G, checkpoint in irradiated cells, a
shift toward a reducing environment would sustain the G,
delay until metabolic processes reestablish communications
with the cell-cycle regulatory processes initiating the restart
of the stalled cell cycle.

In summary, our results show that MnSOD-induced ra-
dioresistance in human oral squamous cancer cells corre-
lates with enhanced G, accumulation. These results support
the hypothesis that biochemical redox reactions (cellular
metabolism) long after the radiation insult could signifi-
cantly affect the biologic responses to IR exposure. Earlier
work of Petkau ef al. (27) showed that administration of
CuZnSOD 2—4 h after the IR exposure protected Swiss mice
from radiation-induced lethality. These results suggest that
superoxide generated long after the beam is turned off could
affect the biologic consequences of the IR exposure. Al-
though speculative, it is possible that superoxide (or hydro-
gen peroxide) generated from an IR-induced shift in cellular
metabolism could serve as second messengers, leading to
cell cycle—checkpoint activation, which then regulates ra-
diosensitivity. Therefore, a better understanding of the
“metabolic redox response” to IR exposure could provide a
biochemical rationale for novel cancer-therapy modalities
targeted at cell-cycle checkpoints and antioxidant enzyme
pathways.

KALENET AL.
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BrdU, bromodeoxyuridine; EPR, electron paramagnetic
resonance; FITC, fluorescein isothiocyanate; GSH, glu-
tathione; GSSG, glutathione disulfide; PI, propidium iodide;
MnSOD, manganese superoxide dismutase; redox, reduction
and oxidation reactions; ROS, reactive oxygen species.
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