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Abstract
Glioblastomas are notorious for their resistance to ionizing radiation (IR) and chemotherapy. We
hypothesize that this resistance to IR is due, in part, to alterations in antioxidant enzymes. Here, we
show that rat and human glioma cells overexpress the antioxidant enzyme, peroxiredoxin II (Prx II).
Glioma cells in which Prx II is decreased using shRNA exhibit increased hyper-oxidization of the
remaining cellular Prxs suggesting that the redox environment is more oxidizing. Of interest,
decreasing Prx II does not alter other antioxidant enzymes (i.e. catalase, GPx, Prx I, Prx III,
CuZnSOD, and MnSOD). Analysis of the redox environment revealed that decreasing Prx II
increased intracellular ROS in 36B10 cells; extracellular levels of H2O2 were also increased in both
C6 and 36B10 cells. Treatment with H2O2 led to a further elevation in intracellular ROS in cells
where Prx II was decreased. Decreasing Prx II expression in glioma cells also reduced clonogenic
cell survival following exposure to IR and H2O2. Furthermore, lowering Prx II expression decreased
intracellular glutathione and resulted in a significant decline in glutathione reductase activity,
suggesting a possible mechanism for the observed increased sensitivity to oxidative insults.
Additionally, decreasing Prx II expression increased cell cycle doubling times with less cells
distributed to S-phase in C6 glioma cells and more cells redistributed to the most radiosensitive phase
of cell cycle, G2/M, in 36B10 glioma cells. These findings support the hypothesis that inhibiting Prx
II sensitizes glioma cells to oxidative stress presenting Prxs as potential therapeutic targets.
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Introduction
Gliomas account for > 60% of primary brain tumors in which glioblastoma multiforme (GBM)
represents the most common and aggressive of these tumors (1). Despite technological
advances in anti-glioma therapies including surgery, radiation, and chemotherapy, the median
survival for these patients remains 14.6 months (2). Resistance of gliomas to radiation and
chemotherapy is responsible for poor patient prognosis. Intrinsic radioresistance (3), enhanced
DNA repair mechanisms (4), and hypoxia (5) are contributing factors to this resistance. We
hypothesize that this resistance is due also, in part, to altered expression of antioxidant enzymes.
A growing body of evidence points to alterations in the levels of antioxidant enzymes in gliomas
and other solid tumors (6–18). We and others have shown that catalase, a hydrogen peroxide
(H2O2)-reducing antioxidant enzyme, is overexpressed in glioma cells and contributes to their
resistance to ionizing radiation (IR) (6,8–10). Indeed, we have demonstrated that inhibiting
catalase expression in glioma cells results in sensitization to radiation and oxidative stress
(6).

Oxidative stress is defined as an imbalance between cellular oxidants and antioxidants/
antioxidant enzymes which favors the accumulation of the former. Reactive oxygen species
(ROS), such as superoxide (O2

•−) and H2O2 are constitutively generated during normal cellular
metabolism. At physiological levels, ROS play an important role in signaling pathways
regulating cell proliferation, differentiation, and activation of transcription factors (19–27).
However, lower levels of ROS may lead to aberrant signaling while higher levels have been
associated with cell death and pathological conditions induced by oxidative stress in which
excessive ROS inflict damage by oxidizing DNA, lipids, proteins, and cellular
macromolecules. Due to its small molecular size and diffusibility, H2O2 is well equipped to
serve as an intracellular and extracellular signaling molecule. Although a mild oxidant,
H2O2 reacts readily with transition metals such as Cu1+ and Fe2+ producing the deleterious
hydroxyl radical (OH•) via the Fenton reaction. Endogenous antioxidants, such as glutathione
(GSH) and the antioxidant enzymes i.e. superoxide dismutase (SOD), catalase, glutathione
peroxidase (GPx), and the more recently identified peroxiredoxins (Prxs), are responsible for
reducing cellular ROS. We hypothesize that alterations in levels of antioxidant enzymes may
offer a survival advantage for cancer cells by reducing the efficacy of anti-cancer therapies
such as IR and chemotherapeutics that work via generation of ROS.

Peroxiredoxins are elevated in numerous malignancies such as lung, thyroid, mesothelioma,
breast, and GBM (11–18,28,29). Peroxiredoxins are encoded by distinct genes and consist of
six isoforms (Prx I-Prx VI) in mammals which are classified into three “mechanistic”
subgroups (2-Cys, atypical 2-Cys, and 1-Cys) (30–33). All Prxs contain a conserved NH2-
terminal cysteine residue which serves as the active site for catalysis in which 2-Cys Prxs exist
as homodimers in a head-to-tail conformation (34–36). 2-Cys Prxs (Prx I- Prx IV) have an
additional conserved C-terminal cysteine residue responsible for resolving the oxidized active
site cysteine. Atypical 2-Cys Prx (Prx V) requires an additional resolving cysteine in a different
position for intrasubunit disulfide bond formation and catalytic activity; the 1-Cys Prx (Prx
VI) requires only the conserved NH2-terminal cysteine for catalytic activity (30,37,38).
Peroxiredoxins exhibit variable cellular distributions; Prx I, Prx II, and Prx VI are localized
predominantly in the cytoplasm but have also been found in the nucleus (31,33,39,40).
Peroxiredoxin III contains a localization sequence targeting the enzyme to the mitochondria
(41). Peroxiredoxin IV contains an NH2-terminal secretion signal sequence and is found in the
extracellular space as well as the endoplasmic reticulum (32,38). Peroxiredoxin V consists of
several splice variants with the short spliced variant harboring a C-terminal signal sequence
targeting Prx V to peroxisomes while the long variant has an NH2-terminal signal sequence
targeting Prx V to the mitochondria (37). Peroxiredoxin V has also been reported to contain a
nuclear localization sequence (15,37). Peroxiredoxins protect cells by removing constitutive
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levels of H2O2, hydroperoxides, and peroxynitrite. In the process, the conserved NH2-terminal
cysteine residue becomes oxidized forming a cysteine sulfenic acid (Cys-SOH) which
subsequently forms a cysteine disulfide bond with the resolving cysteine of the dimer (30,34,
42,43). The cysteine disulfide bond is reduced to the cysteine sulfhydryl (Cys-SH) by
thioredoxin (Trx) for Prx I- Prx V while Prx VI uses other reducing equivalents such as GSH
(30,31,44). However, under high levels of oxidant stress, the cysteine residues become hyper-
oxidized to either a cysteine sulfinic acid (Cys-SO2H) or oxidized further to a cysteine sulfonic
acid (Cys-SO3H), both of which inactivate the enzyme (42,43). Until recently, the paradigm
was that hyper-oxidation of Prxs was irreversible but it has been shown recently that hyper-
oxidized Prxs are reduced by sulfiredoxins and sestrins, thereby reactivating the enzyme (45,
46).

Numerous studies have revealed that Prxs are important regulators of intracellular H2O2 which
governs a variety of processes including cell proliferation, differentiation, cell death, and
intracellular signaling (30,31,42). Importantly, Prxs have been shown to protect cells from IR.
Zhang et al. demonstrated that IR-induced expression of Prx I in colon carcinoma cells and
knocking down Prx I expression increased radiosensitivity (47). Furthermore, Park et al.
showed that i] IR increased expression of Prx II in head-and-neck cancer cell lines, and ii]
antisense oligonucleotides against Prx II sensitized these cells to IR (48). Since GBM is
refractory to IR and chemotherapy, altering the redox environment of these cells may sensitize
them to anti-cancer therapies mediated via oxidative stress. Here, we show that Prx II is
overexpressed in glioma cells when compared to their normal cell counterpart, the astrocyte.
Moreover, knocking down Prx II sensitizes gliomas to oxidative stress. Mechanistic studies
indicate that this increased sensitivity is due, in part, to a decline in glutathione reductase
activity lowering intracellular GSH, as well as alterations in cell cycle distribution leading to
either a decreased proportion of cells in S-phase, the proliferative phase of cell cycle, or an
increase in the proportion of cells in the G2/M phase, the most radiosensitive phase of the cell
cycle.

Materials and methods
Materials

All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless stated
otherwise. Medium and media components were purchased from Invitrogen (Carlsbad, CA).

Cell cultures
Primary rat astrocytes were isolated from the cerebral cortex of 2 to 3 day old Sprague-Dawley
rat pups as described previously (6). Type II astrocytes were maintained in MEM supplemented
with 10% fetal bovine serum (FBS), 4 mM L-glutamine, and 38.9 mM glucose. Medium was
changed every two days and cells were used upon reaching 90–95% confluence. 36B10 rat
glioma cells, a gift from Dr. Vincent Traynelis (Department of Neurosurgery, University of
Iowa, Iowa City, IA), were maintained in DMEM/F12 medium supplemented with 10% FBS,
4 mM L-glutamine, and 38.9 mM glucose and used when they reached 70–75% confluence.
The rat glioma cells lines, C6, RG2, and RT2, purchased from the America Type Culture
Collection (ATCC, Manassas, VA), were maintained in Ham’s F12, DMEM, and DMEM/F12,
respectively, containing 10% FBS, 4 mM L-glutamine, and 38.9 mM glucose. SVGp12, an
immortalized human glial cell line, was purchased from ATCC while the human glioma cell
lines, U118, U373, and U251, were a generous gift from Dr. Waldemar Debinski (Brain Tumor
Center of Excellence, WFUSM). All cells were maintained at 37°C in a humidified atmosphere
of 5% CO2.
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Molecular inhibition of Prx II (shRNA)
Inhibition of Prx II expression was accomplished using the Ambion pSilencer™ 4.1 CMV-
puro vector kit (Ambion, Inc., Austin, TX). Complementary 55-mer oligonucleotides (sense:
5’-ATCCAAATC AAGCTTTCAGACTATTCAAGAGATAGTCTGAAAGCTT
GATTTCCA-3’) consisting of a 19-mer target sequence, a hairpin loop sequence, and 5’
BAMHI and 3’ Hind III nucleotide overhangs were purchased from Integrated DNA
Technologies (IDT, Coralville, IA). The complementary oligonucleotides were annealed,
ligated into the pSilencer™ 4.1 CMV-puro vector, and transformed into DH5α E. coli cells
(Invitrogen). Plasmids were amplified under ampicillin selection, and purified using a maxi-
prep kit (Qiagen, Valencia, CA). Control and shRNA plasmid vectors were transfected into
glioma cells using Lipofectamine 2000 transfection reagent (Invitrogen). Stable cell lines were
generated and maintained in 200 ng/mL puromycin. The control sequence, denoted as shNeg,
provided with the Ambion pSilencer™ 4.1 CMV-puro vector kit, does not share homology
with any known sequences in the human, mouse, or rat genomes.

Western blot analysis
Cells were grown to 75% confluence in 100-mm tissue culture plates. Cells were harvested by
aspirating off the medium and washing twice in phosphate-buffered saline (PBS: 137 mM
NaCl, 2.7 mM KCl, 1 mM CaCl2, 0.5 mM MgCl2, 1.5 mM KH2PO4, 8 mM NaHPO4; pH 7.0).
Cells were then suspended in 1 mL of PBS and centrifuged. Isolated cell pellets were lysed
and sonicated in M-PER mammalian lysis buffer (Pierce Biotechnology, Inc., Rockford, IL)
containing 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM sodium vanadate (Na3VO4),
5 µg/mL leupeptin, and 1 µg/mL aprotinin. Protein was quantified using the Bradford protocol
(49). Twenty-50 µg of protein were then separated on 10–15% acrylamide gels by SDS-PAGE
and transferred to polyvinylidene fluoride (PVDF) membranes. Membranes were blocked in
5% skim milk in TBST (0.02 M Tris, 0.15 M NaCl, 0.05% Tween-20; pH 7.5). Membranes
then were analyzed with primary antibodies against the following proteins: Prx I, Prx III, Prx-
SO3 (LabFrontier, Seoul, Korea), Prx II (a gift from Leslie Poole, WFUSM), β-actin (Sigma-
Aldrich), catalase (CalBiochem, San Diego, CA), MnSOD (LabFrontier), CuZnSOD (Abcam,
Cambridge, MA), phospho-Cdc2,Cdc2 (Cell Signaling Technologies, Boston, MA), phospho-
γ-H2AX, and γ-H2AX (Cell Signaling Technologies). Blots were then scanned and analyzed
using the Scion Image Software (National Institute of Health).

Measurement of intracellular ROS
Intracellular ROS were detected using the cell permeable probe, 2’7’-dichlorofluorescein
diacetate (DCFH-DA; Invitrogen/Molecular Probes, Eugene, OR) as described previously
(6). Cells were treated with either 10 µM DCFH or 1 µM of the non-oxidizable control probe,
carboxy-DCFDA for 45 minutes. Fluorescence was detected using an excitation of 485 nm and
an emission of 538 nm.

Measurement of extracellular H2O2
Extracellular H2O2 was determined using the Amplex Red H2O2 assay kit (Invitrogen/
Molecular Probes) as described previously (6). Cells were seeded in 96-well tissue culture
plates such that cells reached 70–75% confluence 24 h following plating. The medium was
removed and cells were washed twice with Krebs Ringer phosphate buffer (KRPB: 145 mM
NaCl, 5.7 mM sodium phosphate, 4.86 mM KCl, 1.22 mM MgSO4, 5.5 mM glucose; pH 7.3).
One hundred µL of KRPB containing 50 µM Amplex Red reagent and 0.1 Unit/mL HRP were
added and the cells incubated at 37°C. Absorbance was measured over an extended time course
(0–24 h) at 560 nm.
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Catalase enzymatic activity assay
Catalase enzymatic activity was determined using a modified method by Beers and Sizer
(50). Cell extracts containing 100 µg of protein were combined with 30 mM H2O2 (Fisher
Scientific, Suwanee, GA) in 1 mL volume of 50 mM Potassium phosphate buffer PPB (pH
7.0). Hydrogen peroxide reduction was measured as absorbance at 240 nm for 120 s and
recorded over 15-s intervals. Catalase enzymatic activity was expressed in k units per µg protein
per second (k units/µg); k = 1/60 × ln(A0/A60) where A0 is the initial absorbance and A60 is
the absorbance at 60 s.

Glutathione peroxidase enzymatic activity assay
Glutathione peroxidase (GPx) activity was measured using a method described by Lawrence
and Burk (51). Cell extracts containing 200 µg of protein were added to 1 mL volume of 50
mM PPB (pH 7.8) containing 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM sodium
azide, 1 Unit glutathione reductase, 1 mM reduced glutathione (GSH) for 10 min at 30°C. Then,
1.5 mM reduced nicotinamide adenine dinucleotide phosphate (NADPH) and 15 mM cumene
hydroperoxide (Fisher Scientific) were added to the solution and absorbance was measured at
340 nm, recorded over 30-s intervals for 5 min. Glutathione peroxidase activity was expressed
as mUnit /mg protein, where one unit of GPx is equal to the amount of protein required to
oxidize 1 µM NADPH/min.

Superoxide dismutase enzymatic activity assay
Superoxide dismutase (SOD) activity was determined using a competitive inhibition assay
developed by Spitz and Oberley (52) in which xanthine and xanthine oxidase are used to
generate O2

•−. The rate of reduction of nitroblue tetrazolium (NBT) indicates O2
•− production

while inhibition of the rate of NBT reduction indicates SOD activity. Increasing amounts of
protein from cell extracts (0–500 µg) were added to the reaction mixture containing 0.05 M
PPB, 1 mM diethylenetriaminepentaacetic acid (DETAPAC), 0.13 mg/mL BSA, 1 Unit/mL
catalase, 0.13 mM xanthine, 56 µM NBT, and 50 µM bathocuproine disulfonic acid (BCS).
The rate of NBT reduction was measured spectrophotometrically at 560 nm. Inhibition curves
were generated by plotting % inhibition (% inhibition = rate of blank-rate of sample / rate of
blank × 100) versus ug of protein added to the reaction and 50% of maximum inhibition was
determined. One unit of SOD activity was defined as that amount of protein added to the
reaction to reach 50% of maximum inhibition. Specific activity data are presented as units of
SOD activity per mg of protein.

Measurement of intracellular and extracellular glutathione
Intracellular and extracellular glutathione were determined as described previously (6).
Reduced glutathione (GSH) and oxidized glutathione (GSSG) were differentiated by the
addition of 2-vinylpyridine in ethanol and assayed according to a method described by Griffith
(53). Cell pellets or 5 mL of media were thawed and homogenized in 50 mM PPB (pH 7.8)
containing 1.34 mM DETAPAC and protein was quantified according to the Lowry method
(54). Glutathione measurements were normalized to protein concentration.

Detection of glutathione reductase activity
Glutathione reductase (GR) activity was determined using a modified method described
previously (55). Cell extracts were incubated in a reaction mixture containing 100 mM PPB
(pH 7.0), 1 mM EDTA, 1 mM GSSG, and 0.2 mM NADPH. The decrease in absorbance as a
result of the oxidation of NADPH was measured at 340 nm. Glutathione reductase activity was
calculated using the extinction coefficient of NADPH (ε = 6.22 mM−1 cm−1) and expressed as
nmol/(min mg protein).
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Cell Viability
Cell viability was determined according to the method described by Denizot and Lang (56).
Cells were plated in 24-well plates at a density that would allow cells to reach 70–75%
confluence within 96 h. Cells were then either treated with H2O2 or IR and then allowed to
grow for 96 h. The reagent 3-(4,5-dimethyl-2-yl)-2,5-diphenyltetraolium bromide (MTT) was
added to the cells for 2 h and cells were then lysed in a solution containing 20% sodium dodecyl
sulfate (SDS) and 50% N, N-dimethyl formamide (Fisher Scientific). One hundred µL of
solution were transferred to 96-well plates and absorbance was measured at 570 nm.

Clonogenic survival
Clonogenic survival assays were used to determine the sensitivity of cells to IR and H2O2 as
described previously (57). Cells seeded in 60-mm tissue culture plates for 24 h were either
irradiated with a range of single doses of 1–8 Gy using a 137Cs γ irradiator (dose rate of 4 Gy/
min) or treated with 0–100 µM H2O2. Twenty-four hours following treatment, fresh medium
was added and the cells were maintained for another 10–14 days. Colonies were stained with
a solution containing 0.1% crystal violet and 2.1% citric acid added directly to the medium for
1 h. Colonies containing ≥50 cells were scored as surviving clonogens. Surviving fraction (SF)
was determined as the number of colonies formed divided by the number of cells seeded
multiplied by the plating efficiency (PE). PE was calculated as the number of colonies formed
divided by the number of cells seeded × 100.

Cell cycle analysis by flow cytometry
Cell cycle analysis was determined by propidium iodide staining analyzed by flow cytometry.
Approximately 2 × 106 cells were fixed in ethanol and resuspended in 1 mL of a solution
containing 3.8 mM sodium citrate, 50 µg/mL of propidium iodide, and 0.5 µg RNAse A and
analyzed at WFUSM Flow Cytometry Core Lab. Data were evaluated using the ModFit
software program (Verity Software House, Topsham, ME).

Measurement of cell growth and doubling time
Cell growth and proliferation were determined using a doubling time assay which determines
the time it takes for cells to complete one round of the cell cycle. Cells were seeded at 2.5 ×
105 cells/plate, grown for 72 h, and collected every 48 h. Cells were trypsinized and viable
cells counted with a hemocytometer. Doubling time was calculated as td= Log 2 × dt/(Log N-
Log N0); where td = doubling time, dt = time point of counting (h), N = number of cells counted,
N0 = initial number of cells seeded.

Statistical analysis
GraphPad Prism 4 software (GraphPad Software Inc., San Diego, CA) was used for statistical
analyses. Data are represented as mean ± standard error (SE) for the indicated number of
experiments. The Student unpaired t test was used to determine differences between means,
and the F test was used to compare variances; a p value of < 0.05 was considered significantly
different. Comparisons between groups were performed using Two-Way analysis of variance
(ANOVA) followed by Bonferroni post test for pair-wise comparison; p < 0.05 was considered
significantly different. Three independent experiments were performed unless otherwise
stated.

Results
Prx II is overexpressed in human and rat glioma cell lines

Since astrocytes, the normal counterpart of glioma cells, express low levels of Prx II,
overexpression of Prx II may be important for protecting glioma cells from endogenous and
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exogenous sources of oxidative stress. Therefore, several rat and human glioma cell lines were
examined for expression of Prx II (Fig. 1A and B). When compared to primary rat astrocytes,
Prx II levels were at least 4-fold higher in the rat glioma cell lines (Fig. 1A). Similarly, when
human glioma cells were compared to an immortalized glial cell line, SVGp12, Prx II protein
levels were 5-fold higher for U118 and U251 glioma cells, and 2.5-fold higher for U373 glioma
cells (Fig. 1B). To begin to test the hypothesis that knocking down Prx II would sensitize glioma
cells to oxidative stress, C6 and 36B10 rat glioma cell lines stably expressing a non-targeted
control shRNA sequence (shNeg) or Prx II shRNA (shPrx2) were established. C6 shPrx2 and
36B10 shPrx2 cells showed a 50.0 ± 2.8 % (p < 0.001) and a 49.0 ± 11.1 % (p = 0.0102)
reduction, respectively, in Prx II immunoreactive protein (Fig. 1C). Antioxidant enzymes
exhibit dynamic regulation, compensating for a deficiency or overexpression of another by
modulating the expression of others to maintain the cellular redox environment. To determine
whether reductions in Prx II altered other Prxs, the cytosolic Prx I and the mitochondrial Prx
III were examined. Decreasing Prx II in C6 and 36B10 rat glioma cells did not significantly
alter levels of Prx I or Prx III protein (Fig. 1C). Moreover, decreasing Prx II did not alter
enzymatic activity of the peroxide scavenging antioxidant enzymes GPx or catalase (Table 1).
Similarly, protein and activity levels of mitochondrial MnSOD or cytosolic CuZnSOD were
not affected by Prx II modulation as shown in Supplementary Fig 1SA–B.

Decreasing Prx II expression alters intracellular ROS and extracellular H2O2
Hydrogen peroxide is generated constitutively during metabolic processes. Experimental
evidence suggests that intracellular H2O2 levels are tightly controlled due to their involvement
in vital cellular processes such as growth, differentiation, and cell death. We hypothesized that
decreasing Prx II would lead to elevated levels of intracellular ROS. To test this hypothesis,
the oxidizable probe, DCFH-DA, was used to examine the redox environment of the glioma
cells. C6 cells in which Prx II was decreased (shPrx2.3) did not exhibit increased DCF
fluorescence when compared to control cells, shNeg (Fig. 2A). However, 36B10 cells in which
Prx II was knocked down (shPrx2.2) demonstrated a significant (p<0.05) 1.3–fold increase in
intracellular ROS (Fig. 2B). The nonoxidizable control probe, carboxy-DCF (C-369) did not
show differences in fluorescence (Fig. 2A–B). Since H2O2 is a diffusible molecule and readily
crosses cellular membranes, extracellular H2O2 was determined by oxidation of the Amplex
Red reagent to resorufin. A time-dependent increase in formation of resorufin was detected in
both C6 and 36B10 cells. There was a significant difference (p<0.001) in resorufin formation
between shNeg and shPrx2 cell lines at 24 h in C6 and 36B10 cells (Fig. 2C). These data suggest
that decreasing Prx II expression is associated with increased extracellular levels of H2O2.

Exogenous H2O2 increases intracellular ROS
To determine the effect of exogenous H2O2 on the redox environment following Prx II
knockdown, cells were treated with 100 µM of H2O2. Both C6 shPrx2.3 cells and 36B10
shPrx2.2 cells showed significant increases in DCF fluorescence when compared to control
cells (Fig. 3A and 3B, p <0.01 and p < 0.05, respectively). No differences in fluorescence were
found using the control probe, C-369 (Fig. 3A–B). These results show evidence of increased
intracellular ROS; we hypothesized that elevated H2O2 levels would oxidize the cellular Prxs.
To determine whether this occurred, cells expressing control or Prx II shRNA were either sham-
irradiated or irradiated with 10 Gy of 137Cs γ rays and analyzed by western blot for
hyperoxidized Prxs. Cells expressing shPrx2 had constitutively higher levels of hyperoxidized
Prxs when compared to control cell lines (Fig. 3C). Moreover, the radiation-induced increase
in hyperoxidized Prxs appeared to be greater in the shPrx2 expressing cells than that seen in
the shNeg cells. Collectively, these data indicate that decreasing Prx II expression in glioma
cells results in a more oxidized environment.
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Knocking down Prx II expression sensitizes glioma cells to oxidative stress
To determine whether inhibition of Prx II would sensitize glioma cells to oxidative stress,
clonogenic survival was assessed following exposure to IR and H2O2. Cells where Prx II was
decreased exhibited increased radiosensitivity to doses as low as 1 Gy. The dose enhancement
ratio (DER) at 10% survival was 1.4 for C6 cells (Fig. 4A) and 1.3 for 36B10 glioma cells (Fig.
4B). Exogenous treatment with (0–100 µM) H2O2 revealed a dose-dependent reduction in cell
survival that was more pronounced for both C6 (Fig. 4C) and 36B10 cells (Fig. 4D) in which
Prx II expression was reduced. Thus, these data suggest that decreasing Prx II expression does
indeed sensitize glioma cells to oxidative stress.

Knocking down Prx II does not alter DNA repair kinetics
Enhanced DNA repair is partly responsible for glioma radioresistance. We set out to determine
whether increased oxidative stress engendered by inhibition of Prx II alters repair kinetics
leading to glioma sensitization to IR by examining phosphorylation and dephosphorylation of
γ-H2AX. DNA damage elicited by either IR or chemotherapy produces double strand breaks
(DSBs) in DNA. At these loci, γ-H2AX becomes phosphorylated on Serine 319; when the
DNA DSBs have been resolved, γ-H2AX is dephosphorylated. To test whether knocking down
Prx II expression affected repair kinetics, cells were treated with a single dose of 5 Gy and
collected at various times following IR. Phosphorylation of γ-H2AX was detected within 30
minutes following treatment; dephosphorylation of γ-H2AX was evident 6 h after IR indicating
that DSBs had been repaired. No significant differences in repair kinetics were observed
between cells expressing control shRNA or Prx II shRNA in 36B10 (Fig. 5) and C6 cells (data
not shown). These data suggest that changes in DNA repair kinetics are not responsible for the
reduction in clonogenic cell survival seen in Prx II knockdowns following IR.

Decreasing Prx II decreases intracellular glutathione and glutathione reductase activity
Intracellular glutathione is traditionally used as an indicator of the cellular redox environment;
high GSH/GSSG ratios are indicative of a reduced environment while low ratios are indicative
of more oxidizing environments (58). To test whether inhibition of Prx II and the concomitant
increase in intracellular and extracellular ROS influenced glutathione content, reduced and
oxidized glutathione were analyzed. Intracellular levels of reduced GSH were significantly
lower in C6 shPrx2.3 (p<0.05) and in 36B10 shPrx2.2 cells (p<0.001) when compared to their
respective shNeg controls (Fig. 6A–B). In contrast, intracellular levels of oxidized GSSG levels
were essentially the same in the C6 shPrx2.3 cells (0.17 ± 0.01) when compared to shNeg cells
(0.18 ± 0.03) (Supplementary Fig. 2A). The intracellular GSH:GSSG ratio was lower in C6
shPrx2.3 glioma cells when compared to shNeg controls, but not significantly different (p=
0.06; Supplementary Fig. 2B). However, intracellular levels of oxidized GSSG were below
detection capacity in 36B10 cell lines. Since oxidized GSSG is often exported from cells
keeping intracellular GSSG levels low (59,60), extracellular GSH and GSSG in the media was
analyzed. No difference in extracellular GSH (shNeg: 6.06 ± 1.18; shPrx2.3: 5.89 ± 0.32) or
GSSG (shNeg: 4.95 ± 0.72; shPrx2.3: 4.35 ± 0.15) was observed in the C6 cell lines
(Supplementary Fig 2C). Again, extracellular GSH and GSSG were not detected in the media
of 36B10 cell lines. These data show that inhibiting Prx II leads to decreased levels of
intracellular GSH. Oxidized GSSG is reduced to GSH by the antioxidant enzyme, GR. To
determine whether GR activity was responsible for the decreased levels of intracellular GSH,
GR activity assays were performed. Data revealed a 1.8-fold decrease in GR activity in C6
shPrx2.3 (p<0.001; Fig. 6C) and a 1.6-fold decrease in 36B10 shPrx2.2 (p<0.05; Fig. 6D) cells
when compared to their respective controls. These data provide a potential mechanistic
explanation for the lower intracellular GSH.
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Decreasing Prx II increases glioma cell cycle doubling times and alters cell cycle distribution
Regulation of the cell cycle is intricately linked to cellular redox status. Of interest, qualitative
differences in proliferation were noted during cell culture maintenance of the Prx II knockdown
glioma cells. Therefore, to determine whether decreasing Prx II alters cell proliferation, a
doubling time assay was employed. In C6 cells, the mean doubling times for shNeg controls
were 27.5 ± 1.4 h and 36 ± 4.6 h for shPrx2.3 cells (Fig. 7A; p <0.05). Similarly, doubling times
for 36B10 cells were 26 ± 1.9 for shNeg and 34.5 ± 4.5 h for shPrx2.2 cells (Fig. 7A; p < 0.001).
To determine whether knocking down Prx II altered proliferation, flow cytometry was
performed to examine cell cycle distribution. Knocking down Prx II in C6 glioma cells resulted
in significant differences in the proportion of cells in the G1 (p < 0.001) and S phases (p<0.01)
of the cell cycle when compared to controls cells. C6 shPrx2.3 cells had 65.0 ± 0.4% and 30.2
± 0.5% of cells distributed in G1 and S phase compared to 57.5 ± 0.1% and 37.1 ± 1.0% of
control cells, respectively. There were no significant differences in the G2 phase of cell cycle.
In contrast, cell cycle analysis showed that the percentage of cells in S-phase was similar for
both 36B10 shNeg and shPrx2.2 cell lines (Fig 7B–C). However, there were significantly fewer
cells in G1 (38 % ± 1.03) and significantly more cells in G2 (45% ± 4.12) in the shPrx2.2 cells
compared to shNeg cells (G1: 63% ± 0.9 S: 17 % ± 2.45 G2/M: 20% ± 2.28). The control cell
line, shNeg, displayed a similar distribution of cells in all phases of the cell cycle as that of the
parental cell line (data not shown). Thus, knocking down Prx II in C6 and 36B10 altered cell
cycle distribution which appears to be mediated by different mechanisms in the two cell lines.
To further evaluate whether knocking down Prx II expression synchronizes 36B10 cells in G2/
M phase of the cell cycle, activation of Cdc2 (Cdk1) was determined using antibodies detecting
phosphorylation of Cdc2 at Thr 161. We observed that shPrx2.2 cells exhibited increased
phosphorylation at Thr 161 when compared to shNeg controls cells indicating that more cells
were in the G2 phase of the cell cycle (Fig. 7D). These findings suggest that knocking down
Prx II is associated with alterations in cell cycle kinetics.

Discussion
Gliomas are extremely refractory to IR and chemotherapy. Despite significant advances,
median patient survival remains only 14.6 months with optimal therapy (1,2,61). We
hypothesized that this resistance is due, in part, to altered levels of antioxidant enzymes. We
have previously shown that catalase is overexpressed in glioma cells and that this
overexpression contributes to their radioresistance; inhibiting catalase expression sensitized
glioma cells to oxidative stress (6). We now report that Prx II, a cytosolic peroxide and
peroxynitrite-scavenging antioxidant enzyme, is also overexpressed in human and rat glioma
cell lines, and that knocking down Prx II expression leads to an increase in radiosensitivity.

Peroxiredoxins appear overexpressed in numerous solid tumors (11–17). Moreover, Prx I and
Prx II expression is induced following irradiation of colon and head-and-neck cancer cell lines,
respectively, contributing to their resistance to IR (47). These data suggest that overexpression
of Prxs protects cancer cells from oxidative stress. Since cancer cells have elevated ROS
production, overexpression of Prx II may provide additional protection against ROS generated
from the increased metabolism of glioma cells. Importantly, several studies indicate that
expression of Prxs contributes to resistance to IR and chemotherapy (47,48,62). Proteomic
analysis by Odreman et al. showed that both Prx I and Prx VI expression were further increased
in high grade gliomas when compared to low grade gliomas suggesting a prognostic role for
Prx I and Prx VI (28). However, Prx II expression was generally conserved during progression
from low to high grade glioma (28). These data suggest that overexpression of Prx II may
provide additional defense against ROS contributing to glioma cell resistance to anticancer
therapies.
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In this study, we used shRNA to stably knock down Prx II expression in glioma cell lines.
Knocking down Prx II did not decrease cell viability (data not shown). This was not unexpected;
Prx II knock-out mice are viable and generally healthy, although they are vulnerable to
oxidative stress and often present with hemolytic anemia (63). We proposed that knocking
down Prx II would lead to increased intracellular ROS, thereby increasing glioma cell
sensitivity to oxidative stimuli. Indeed, we observed an increase in constitutive levels of
intracellular ROS in 36B10 shPrx2.2 cells when compared to shNeg cells. However, an increase
in intracellular ROS was not detected in C6 glioma cells expressing Prx II shRNA. This was
not surprising since the presence of increased intracellular ROS is not required for susceptibility
to oxidative stress. Of interest, both cell types exhibited significantly elevated levels of
intracellular ROS when treated with exogenous H2O2 as compared with their respective
controls. We proposed that these differential levels of intracellular ROS may be due to the
concentration and diffusibility of ROS, scavenging of ROS by other antioxidant enzymes and/
or cellular antioxidants. In order to determine if intracellular H2O2 diffused across the plasma
membrane, we examined extracellular H2O2. We found a time-dependent increase in
extracellular H2O2 levels that was significantly higher in C6 and 36B10 cells expressing Prx
II shRNA.

Cell growth and survival are dependent upon reduced environments since oxidizing
environments may lead to oxidation and inactivation of protein and cellular macromolecules,
disrupting signaling pathways (19,20,64,65). Altering the expression of one antioxidant
enzyme may influence the expression of other antioxidant enzymes as compensatory
mechanisms in order to sustain a reduced redox environment. Therefore, we examined whether
knocking down Prx II expression altered the expression of other antioxidant enzymes as well
as cellular antioxidants. Prx IV, Prx V, and Prx VI were not investigated in this study; these
enzymes are either localized to remote cellular compartments, i.e., plasma and peroxisomes or
are not members of the “typical” 2-Cys Prxs. However, Prx III was investigated given that
mitochondria are a major source of cellular ROS. Western blot analysis showed that the
expression of cytosolic Prx I and mitochondrial Prx III was not altered by inhibition of Prx II.
The protein and/or enzymatic activity of additional primary antioxidant enzymes (i.e. catalase,
GPx, CuZnSOD, and MnSOD) were also unchanged. Similarly, GPx, catalase, and MnSOD
levels were unchanged in Prx VI knockout mice suggesting that other antioxidant enzymes
could not compensate for this loss of Prx VI (66). Reactive oxygen species are capable of
inactivating proteins by oxidizing cysteine residues on proteins, particularly Prxs (42,43,45,
46). Interestingly, we found an increase in the proportion of Prxs that were hyperoxidized in
cells where Prx II was knocked down. Although inhibition of Prx II did not have a significant
effect on the antioxidant enzymes in the glioma cells analyzed, there were apparent indications
of increased oxidative stress.

We hypothesized that knocking down Prx II would sensitize the glioma cells to anticancer
therapies mediated via oxidative stress. Indeed, we observed that knocking down Prx II
sensitized glioma cells to H2O2 and IR. The latter is of interest, since IR is one of the primary
treatment modalities for gliomas. Indeed, the radiosensitization observed in these current
studies was seen after in vitro administration of clinically relevant doses of 1–2 Gy.

When we examined possible mechanisms responsible for the increased sensitivity to oxidative
stress, we observed no difference in the rate of DNA repair in the shPrx2 cells compared with
the shNeg cells. Knocking down Prx II did not delay or alter phosphorylation or
dephosphorylation of γ-H2AX following IR indicating that DNA repair pathway is not
responsible for increased sensitivity to oxidative stress when Prx II is knocked down. However,
shPrx2 cells displayed increased doubling times when compared to control, shNeg cells. Cell
cycle analysis revealed that C6 shPrx2.3 glioma cells had significantly fewer cells in S phase
and significantly more cells in G1 phase when compared to control shNeg cells. These data
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suggest that knocking down Prx II in C6 alters cell proliferation. Interestingly, knocking down
Prx II in C6 cells did not lead to increased intracellular ROS until treated with an exogenous
source of ROS. However, 36B10 shPrx2.2 glioma cells demonstrated elevated intracellular
ROS and a further increase when treated with exogenous H2O2. Excessive intracellular ROS
may influence cell distribution within the cell cycle. Similarly, the cell’s response to oxidative
stimuli may be dependent on its position within the cell cycle. S-phase human fibroblast
underwent apoptosis when exposed to H2O2, while cells exposed in G1 and G2/M phases
exhibited growth arrest (67).

No significant alteration in the distribution of 36B10 shPrx2.2 cells in S-phase was observed.
However, there was significantly greater numbers of these cells in the G2/M phase of the cell
cycle when compared to control, shNeg cells. Moreover, western blot analysis revealed that
the G2/M, cyclin dependent kinase Cdk1/Cdc2 exhibited increased phosphorylation at
Threonine 161 in shPrx2 cells, further evidence of a Prx II knockdown-mediated accumulation
of cells in the G2M phase. These findings confirm earlier observations by Han et al. who
reported that MEFs from Prx II knockout mice displayed an accumulation of cells in the G2/
M phase of the cell cycle while also displaying increased levels of ROS (68). It is now
recognized that a redox cycle exists within the cell cycle (69–71). Menon et al. demonstrated
that ROS are required for the G1 to S phase transition whereas treatment with the antioxidant,
NAC, induced a G1 arrest in fibroblasts (72). Further, ROS interfere with cell cycle regulatory
proteins (73), and treatment with exogenous ROS is capable of synchronizing cells in the G2
phase of cell cycle (74). Moreover, Chang et al. demonstrated that Cdc2 directly interacts with
and phosphorylates 2-Cys Prxs at a threonine residue decreasing the peroxidase activity of Prxs
(75). Cdc2 activity was shown to be the highest during mitosis (76,77). Hyperoxidation of Prx
I and Prx II was not demonstrated during mitosis even in the presence of elevated ROS (78,
79) suggesting that cell cycle progression is coordinately regulated by ROS.

To further evaluate whether knocking down Prx II expression alters the redox status leading
to increased sensitivity to oxidative stress, GSH content was examined. Glutathione is vital in
maintaining the cell’s redox state. Glutathione not only directly scavenges ROS, reactive
nitrogen species, and reactive metabolites but also serves as an important cofactor in enzymatic
redox reactions (58–60,80–83). Our data show that knocking down Prx II decreased
intracellular levels of GSH in both cell types analyzed. Although, there were no differences in
the level of intracellular GSSG in the C6 glioma cell lines, the GSH/GSSG ratio was lower in
C6 glioma cells where Prx II expression was knocked down. However, intracellular GSSG was
not detectable in 36B10 glioma cell lines harboring either control or Prx II shRNA. This may
reflect several events; GSSG is often effluxed from cells, contributing to a net loss in GSH.
Secondly, there is evidence that GSH levels are markedly lower in cells that are exposed to
oxidative stress, nutrient starvation, and pathological conditions (81,82). Thirdly, oxidized
proteins are often glutathionylated, thereby sequestering free GSH in mixed protein disulfides
(83).

Intracellular GSH is maintained by several mechanisms, including de novo synthesis by the
enzymes, γ-glutamylcysteine synthetase and glutathione synthetase (80–81) as well as
reduction of GSSG to GSH by GR (80,84). Intracellular glutathione is also affected by other
redox couples, namely NADP+/NADPH and thioredoxin. We propose that the decline in
cellular glutathione reported here is partially responsible for the increased sensitivity to
oxidative stress discussed above. The decline in cellular glutathione may reflect decreased GR
activity. Oxidative and nitrosative stresses are known to inactivate numerous enzymes
including GR (84,85); inactivation of GR occurs by oxidation of its active site cysteine (84).
Indeed, we confirmed previous observations that cells expressing Prx II shRNA exhibit reduced
GR activity.
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A caveat to our experimental approach is that it lacks a transient system, utilizing stable cell
lines where Prx II is knocked down for extended periods of time allowing the cells to adapt
and alter the redox environment. Interestingly, there were no alterations in the activities and/
or expression of other antioxidant enzymes. However, the relatively high expression of other
Prxs such as Prx I may sufficiently scavenge surplus peroxides in the absence of Prx II as
evidenced by increased oxidation of total Prxs. In vitro analysis suggests that knocking down
Prx II sensitizes C6 and 36B10 glioma cells to IR and H2O2 and that the mechanism responsible
is due, in part, to increased oxidative stress and reduced cellular GSH. In 36B10 cells, it appears
that redistribution of cells to G2/M, the most radiosensitive phase of the cell cycle, may also
play a role in the added cytotoxicity. Several studies suggest that ROS and oxidative stress
regulates cell cycle often synchronizing cells within different phases (73). Although there is
no evidence that GR directly alters cell cycle; GSH does play an important role in cell cycle
progression. Conour et al. have demonstrated that GSH content fluctuates during the cell cycle;
the highest levels of GSH were found in G2 and M phases, intermediate levels in S phase, and
least in G1 phase of cell cycle (86). Several studies have shown an elevation in GSH levels
upon reentry into the cell cycle implicating GSH importance for DNA synthesis (87–88).
Therefore, altering intracellular levels of GSH may influence the cell cycle by antagonizing
the effects of ROS (19–27).

In summary, we have shown that decreasing Prx II expression in glioma cells increases in
vitro sensitivity to IR and H2O2. Evidence of increased oxidative stress included increased
intracellular and extracellular ROS, decreased cellular GSH, and increased oxidation of Prxs.
Importantly, knocking down Prx II sensitized glioma cells to IR at clinically relevant doses as
low as 1 Gy. Additionally, decreasing Prx II decreased cellular GSH and GR activity suggesting
a possible mechanism for the observed sensitization. Decreasing Prx II also led to a significant
increase in cell cycle doubling times with less cells distributed to S-phase in C6 glioma cells
and more cells redistributed to the most radiosensitive phase of cell cycle, G2/M, in 36B10
glioma cells. Of the two antioxidant enzymes we have manipulated in gliomas (Prx II in this
study and catalase in our previous study; (6)), it appears that decreasing Prx II may provide
better radiosensitization, by virtue of showing responses at lower doses of IR and decreasing
in vitro growth. Since the treatment of gliomas typically involves multimodality therapies, it
is possible that inhibiting both these hydroperoxide scavenging enzymes may provide added
clinical benefits when used in combination with IR for the treatment of gliomas.
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Fig. 1.
Prx II immunoreactive protein is increased in human and rat glioma cell lines compared with
their normal cell counterparts. Western blots showing that Prx II is overexpressed in (A) rat
and (B) human glioma cell lines compared with levels seen in normal cells are representative
of three independent experiments. Densitometric analysis revealed a significant increase in Prx
II protein levels in rat and human glioma cells compared with normal cells. (C) Representative
Western blot and densitometric analysis revealed that Prx I and Prx III were not significantly
altered when Prx II was knocked down.(■) represent shNeg and open squares (□) represent
shPrx2 cells for the respective cell lines. Mean ± SE; n = 3. Statistical significance was
determined using the Students t-test where p < 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***).
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Fig. 2.
Decreasing Prx II expression alters intracellular ROS and extracellular H2O2. Intracellular ROS
generation was examined using the oxidizable probe, DCFH-DA in C6 shPrx2.3 and 36B10
shPrx 2.2 cells. C6 shPrx2.3 cells did not exhibit significant alteration in DCF fluorescence
(A). 36B10 glioma cells exhibited increased DCF fluorescence when compared to control cells
(B). The control non-oxidizable probe, C-369, was not altered for any of the cells (A and B).
Extracellular H2O2 was determined using the Amplex Red reagent which is oxidized to
resorufin and examined every 3 h over a period of 24 h. Data were normalized to their respective
1 h values. Closed squares (■) represent shNeg and open squares (□) represent shPrx2 cells
for the respective cell lines. Significant increases in resorufin formation were detected at 24 h
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in C6 shPrx2.3 cells and 36B10. Significance was determined using student’s t-test (A–B) and
Two-Way ANOVA (C) where p < 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***).
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Fig. 3.
Exogenous H2O2 increases intracellular ROS generation. Cells were treated with 100 µM
H2O2 and intracellular ROS generation was examined by DCF fluorescence in C6 (A) and
36B10 (B) cells; increases were observed in the shPrx2 cell lines. No alterations were detected
using the non-oxidizable probe (A–B) for C6 and 36B10 cell lines, respectively. Western blot
analysis was used to detect inactive hyperoxidized Prxs. Cells were either sham irradiated or
irradiated with 10 Gy and probed for protein expression 24 h following IR. Immunoblots show
an elevation in hyperoxidized Prxs in shPrx2 cells when compared to shNeg controls and levels
were furthered elevated following IR (C). Representative blot of two independent experiments.
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Significance was determined using the student’s t-test where p < 0.05 (*), p ≤ 0.01 (**), p ≤
0.001 (***).
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Fig. 4.
Knocking down Prx II expression sensitizes glioma cells to oxidative stress. Sensitivity to
oxidative stress was determined using clonogenic cell survival assays following treatment with
0–8 Gy doses of radiation or 0- 100 µM H2O2. Knocking down Prx II in C6 (A) and 36B10
(B) revealed increased glioma cell sensitivity to radiation. Increased sensitivity to H2O2 was
also demonstrated in C6 (C) and 36B10 cells (D). Data are mean ± SE, n = 3
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Fig. 5.
Knocking down Prx II does not alter DNA repair kinetics. 36B10 glioma cells were treated
with 0 or 5 Gy and collected at 0.5, 2, and 6 h. Controls denoted as “C” were sham irradiated.
Western blot analyses were performed using antibodies to detect phosphorylation of γ-H2AX;
total H2AX was used as a loading control. Densitometry was performed and plotted comparing
pH2AX to total H2AX. Closed squares (■) represent shNeg and open squares (□) represents
shPrx2 cells. Mean ± SE n = 3.
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Fig. 6.
Decreasing Prx II decreases intracellular glutathione and glutathione reductase activity.
Alterations in intracellular levels of reduced (GSH) glutathione were determined in 36B10 and
C6 glioma cell lines (A–B respectively). Intracellular GSSG was not detectable in 36B10
glioma cells. A decrease in GR activity was detected in C6 shPrx 2.3 (C) and 36B10 shPrx2.2
(D) when compared to their respective controls. Significance was determined using the
student’s t-test where p < 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***).
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Fig. 7.
Decreasing Prx II increases glioma cell cycle doubling times and alters cell cycle distribution.
Cell cycle times were determined using doubling time assays and found to be longer in C6
shPrx2.3 and 36B10 shPrx2.2 cells when compared to their shNeg controls. Knocking down
Prx II expression alters cell cycle distribution (A). Cell cycle distribution was analyzed by flow
cytometry of propidium iodide stained nuclei and displayed as representative histograms of
C6 and 36B10 stable cell lines expressing shNeg and shPrx2 (B–C). As an indicator of cell
cycle distribution, activation of Cdc2 in 36B10 cells was assessed by western blot analysis
detecting phosphorylation of Cdc2 on Thr 161 (D). Significance was determined using the
student’s t-test where p < 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***)
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Table 1
The Effect of Knocking Down Prx II on H2O2 Scavenging Antioxidant Ezymes

Group Catalase
Units/mg

GPx
mUnits/mg

C6 shNeg 158 × 10−5±0.04 244.4±26.14
C6 shPrx2.3 153 × 10−5±0.04 246.7±8.91
36B10 shNeg 66.2 × 10−4±0.03 250.2±47.87
36B10shPrx2.2 67.5 × 10−4±0.02 295±53.71
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