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Abstract

Purpose: The current study was designed to address our hypothesis that oxidative stress 

secondary to the ionizing event upregulates PTEN mRNA and protein in the lungs of C57BL/6J 

mice through oxidative DNA damage resulting in CpG hypomethylation in the PTEN promoter.

Methods: Fibrosis-prone C57BL/6J mice were exposed to 0 or 15 Gy of 320 kVp x-rays to the 

whole thorax. Lung tissue was serially harvested at time points between 1 day and 6 months 

postirradiation. Tissue levels of PTEN mRNA, total protein, and phosphorylated PTEN, as well as 

CpG methylation of the PTEN promoter, expression of DNA methyltransferases 1 (Dnmt1) and 3a 

(Dnmt3a), NADPH oxidase 4 (Nox4) protein expression, and DNA damage levels were measured. 

The induction of DNA damage and global methylation changes were also examined in hydrogen 

peroxide (H2O2)–treated human umbilical vein endothelial cells and human bronchial epithelial 

cells in vitro.

Results: These experiments demonstrate that PTEN mRNA and protein, Nox4 protein, and DNA 

damage levels increase continuously from 1 day to 6 months following radiation exposure. 

Elevated PTEN transcription and translation are likely the result of the observed decrease in CpG 

methylation of the PTEN promoter region. This finding is not consistent with the observed 

increase in Dnmt1 and Dnmt3a protein expression, implicating an alternative mechanism as the 

driving force behind hypomethylation. In vitro results provide evidence that H2O2 can induce 

DNA damage and affect DNA methylation status. The Mn porphyrin-based superoxide dismutase 

mimic MnTnHEx-2-PyP5+ exhibited partial rescue from radiation-induced hypomethylation.
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Conclusions: Taken together, these data suggest that reactive oxygen species–induced DNA 

damage results in hypomethylation of the PTEN promoter, upregulation of PTEN mRNA and 

protein, and a subsequent increase in apoptosis in irradiated lung tissue.
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Introduction

The success of clinical radiotherapy in treating tumors in or around the thoracic region is 

limited by adverse normal tissue complications resulting from the damaging effects of 

ionizing radiation on healthy tissue [1]. Lung tissue is known to be particularly 

radiosensitive, with 5%–50% of lung cancer patients experiencing radiation pneumonitis 

and/or fibrosis after radiotherapy [2]. The risk for normal tissue complications limits the 

maximum effective dose that can be delivered and has the potential to limit quality of life 

among cancer survivors [3–5]. Damage to the lungs is also of concern following accidental 

radiation exposure. Studies examining victims of nuclear accidents have shown that, while 

whole-body exposure to radiation can cause acute lethal hematopoietic and gastrointestinal 

syndromes, these syndromes are potentially survivable with intensive supportive care [6]. In 

such cases, damage to later responding tissues such as the lung becomes a major impediment 

to survival [7] Although progress has been made in treating the acute symptoms of radiation 

exposure, no clinical treatments are currently available to prevent or successfully mitigate 

damage in the lung [8]. The absence of a U.S. Food and Drug Administration–approved 

therapeutic intervention is the result, in part, of poor understanding of the molecular basis of 

the progression of injury in late-responding tissues.

Recent studies from our lab have shown that the increase in reactive oxygen species (ROS) 

observed following radiation exposure induces apoptosis in parenchymal cells in lung tissue 

[9]. This finding implicates that both the primary radiation-induced ROS production and the 

inflammation-driven continuous ROS overproduction play a key role in the development of 

pulmonary injury. We determined that the ROS-mediated apoptosis was the result, at least in 

part, of upregulation of phosphatase and tensin homolog (PTEN) mRNA and protein 

expression and subsequent inhibition of PI3K-ILK/Akt survival signaling [9]. The means 

through which ROS is able to regulate PTEN gene expression remains unknown. In pursuit 

of an explanation we looked to recent advances in epigenetics, particularly in DNA 

methylation, which have provided new insights into the regulation of gene expression [10]. 

Although established patterns of DNA methylation can maintain transcriptional levels of 

genes through the cell life, the pattern of DNA methylation is observed to be dynamic and 

responsive to both endogenous and exogenous stimulation [11]. The response of methylation 

machinery to such signals can cause hypermethylation or hypomethylation of gene promoter 

sequences, respectively reducing or increasing gene expression [12]. We therefore 

hypothesized that the upregulation of PTEN expression in irradiated lung may result from 

hypomethylation of PTEN promoter and that this may be the result of an increase in cellular 

oxidative stress.
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DNA methylation is accomplished by the DNA methyltransferase (Dnmt) catalyzed transfer 

of a methyl group from S-adenosyl-L-methionine to the 5’ position of a cytosine residue in 

mammalian DNA [13]. The extent of DNA methylation is regulated by the activity of DNA 

methyltransferases. At present, three active forms of DNA methyltransferases (Dnmt1, 

Dnmt3a, and Dnmt3b) have been identified in mammals. Dnmt1 is the predominant 

mediator maintaining existing methylation patterns in the DNA of somatic cells [14]. Dnmt1 

acts primarily on hemimethylated CpG dinucleotides [15]. Dnmt3s, the enzymes responsible 

for de novo methylation, can methylate hemimethylated and unmethylated CpG at the same 

rate [14]. In CpG dinucleotides, these enzymes methylate the cytosine base, whereas the 

guanine base is more likely to be affected by oxidative damage. In fact, 8-hydroxy-2-

deoxyguanosine (8-OHdG) is one of the best characterized byproducts of ROS-induced 

DNA damage [16]. For this reason it is commonly used as a marker of DNA damage. It has 

been suggested that, although the cytosine residue is not damaged by oxidative stress, the 

damaged guanine base interferes with methylation at the cytosine residue [17].

In the genomic DNA of mammalian cells, a GC-rich region is located at the 5’ promoter 

region of all housekeeping genes and many other ubiquitously expressed genes [18]. These 

regions are crucial for methylation-mediated gene silencing [11]. In this study, we examined 

CpG-methylation of PTEN promoter from the –809 to +59 area to determine the effect of 

radiation exposure on PTEN promoter methylation. We used this information to further 

scrutinize the relationship between oxidative damage and PTEN expression and methylation 

in irradiated lung tissues. In addition, we studied the role of hydrogen peroxide (H2O2) in 

inducing DNA damage and PTEN methylation in cultured lung epithelial cells and human 

umbilical vein endothelial cells (HUVECs). Our findings indicate that, in the presence of 

oxidative stress, PTEN expression is upregulated as a result of hypo-CpG methylation of the 

PTEN promoter. We next examined whether targeting oxidative stress using a powerful 

superoxide dismutase (SOD) mimic with high lipophilicity and bioavailability, Mn(III) 

meso-tetrakis(N-n-hexylpyridinium-2-yl)porphyrin, MnTnHex-2-PyP5+, can affect the 

magnitude of methylation. MnTnHex-2-PyP5+, which has previously been shown to mitigate 

radiation damage in lung tissue [19], accumulates in cellular organelles such as membranes, 

mitochondria, lysosomes and nuclei. It also accumulates at high levels in all tissues and 

crosses the blood–brain barrier [20,21].

Materials and Methods

Animals and irradiation

All experiments were performed with prior approval by the Institutional Animal Care and 

Use Committee (IACUC) at XX.

Experiment 1: Female C57BL/6J mice, weighing between 22 and 24 g, were housed five 

animals/cage and maintained under identical conditions with food and water provided ad 

libitum in accordance with the Guide for Care and Use of Laboratory Animals. Mice were 

randomized to two groups, one of nonirradiated controls and the other of animals exposed to 

IR. Radiation was delivered as a single fraction of 15 Gy to the whole thorax using 320 kV 

x-rays (69 cGy min–1, HVL = 1.0 mm Cu; Therapax 320, Pantak Inc., East Haven, CT). 
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Eight-millimeter-thick lead shielding was used to block radiation to the head, abdomen, and 

legs. All mice were anesthetized before irradiation with an intraperitoneal injection of a 

ketamine (100 mg/kg)/xylazine (10 mg/kg) mixture. Mice were humanely euthanized per 

IACUC regulations at predetermined time points of 1 and 3 days; 1, 3, and 6 weeks; and 6 

months postradiation (10 mice for each time point for each group). At the time of sacrifice, 

lung tissues were harvested, snap frozen in liquid nitrogen, and stored at –80°C.

Experiment 2: Forty female C57BL/6J mice, weighing between 22 and 24 g, were 

grouped for saline control (control: sham-radiation, saline injections), MnTnHex-2-PyP5+ 

subcutaneous injections (Hxyl: 1.6 mg/kg, twice per day for 4 weeks), radiation (Rad: single 

fraction of 15 Gy to the whole thorax), and radiation plus Hxyl injections (Rad+Hxyl). Each 

group contained 10 mice. Animals were sacrificed 6 weeks after treatments, and lung tissues 

were harvested. Radiation was delivered as described in Experiment 1.

RNA and genomic DNA isolation

Snap-frozen mouse (experiment 1 and 2) right lung tissue was homogenized in 2 mL of 

Trizol reagent (Invitrogen; Carlsbad, CA) using the PowerGen 125 homogenizer (Fisher 

Scientific; Pittsburgh, PA). The total RNA and genomic DNA were isolated following 

instructions for use of Trizol.

cDNA synthesis and RT-PCR

Reverse transcription (RT) was performed, per user manual, using SuperScript III Reverse 

Transcriptase (Invitrogen). Polymerase chain reaction (PCR) amplification was carried out 

using Platinum Taq DNA polymerase (Invitrogen) and two pairs of primers in the same 

reaction: one amplifies a 536bp of PTEN gene fragment using the forward primer 5’-

GACTTGAAGGTGTATACAGGAAC-3’ and reverse primer 5’-

GCTGGCAGACCACAAACTGAG-3’; the other amplifies a 1-kb GAPDH fragment, 

serving as an internal control, using the forward primer 5’-

GGTGAAGGTCGGTGTGAACG-3’ and reverse primer 5’-

TGGAGGCCATGTAGGCCATG-3’. The two gene fragments were visualized by 

electrophoretic separation in 1.5% agarose gel containing 0.5 µg/mL ethidium bromide.

Sodium bisulfite treatment and PCR amplification

The genomic DNA of five mice from each time point was isolated as described above. 

Bisulfite treatment was used to convert unmethylated cytosine residues to uracil residues. 

This reaction has been shown to be more than 99% complete. This treatment was 

accomplished using the EZ methylation kit (ZYMO Research; Orange, CA). Briefly, a total 

of 600 ng of genomic DNA (total volume 20 µL) was added to 130 µL of ZYMO conversion 

reagent followed by incubation in a thermal cycler at 98°C for 10 minutes and then 53°C for 

5 hours, according to the manufacturer’s manual. After purification, the methylated genomic 

DNA was subjected to PCR amplification. The 5’-terminal sequence of PTEN gene from –

809 to +59 (NM_008960) that contains 79 CpG dinucleotides was analyzed by two pairs of 

anchored primers. The forward primer 1, 5’-

GTTGTAGTTATGATGGAAGTTTGAGAGTTGAG-3’, and reverse primer 1, 5’-

TATTAAAAACAAAAAAAAAAAAAAAAACAACTCTCC-3’, amplified the bisulfate-
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treated PTEN sequence from –809 to –385. The forward primer 2, 5’-

GGAGAGTTGTTTTTTTTTTTTTTTTTGTTTTTAATA-3’, and reverse primer 2, 5’-

CCATCCTCTTAATATCTCCTTTTATTTCTAC-3’, amplified the bisulfate-treated PTEN 

sequence from –415 to +59. The amplified two fragments were subsequently separately 

cloned.

Cloning, sequencing, and calculating of methylation

The amplified PCR fragments were cloned using a PCR Cloning kit (QIAGEN; Valencia, 

CA) or a pCR8/GW/TOPO TA cloning kit (Invitrogen) according to the user manuals. One 

microliter of ligation–reaction mixture was incubated with 50 μL of DH5α competent cells 

on ice for 30 minutes followed by heat shock in a 42°C water bath for 30 seconds. After 

incubating on ice for 2 minutes, competent cells were incubated with 250 μL of Super 

Optimal broth with catabolite repression medium at 37°C for 30 minutes and then were 

plated on two lysogeny broth (LB) agar plates containing 100μg/mL of ampicillin or 

spectinomycin, depending on which cloning kit was used. The colonies were picked up and 

grown in 3 mL of LB medium for plasmid extraction. The miniprep of plasmid DNA was 

performed using the QIAGEN Miniprep kit (QIAGEN). Insertion was verified by digestion 

with Eco RI. Four positive clones per amplified fragment were sequenced. The methylation 

ratio of total methylated CpG in each sample was calculated by the followed formula: ratio = 

total methylation score/clone number. We analyzed the statistical difference in methylation 

between irradiated and control mice at each time point using the calculated methylation 

ratio.

Immunohistochemistry and TUNEL staining

Immunohistochemical staining was carried out as previously described [22]. The anti-8-

OHdG antibody was purchased from Millipore (Billerica, MA). Terminal deoxynucleotidyl 

transferase dUTP nick end labeling (TUNEL) was performed according to the user manual 

with an in situ cell death detection kit purchased from Roche Molecular Biology 

(Mannheim, Germany). The staining was scored by researchers blinded to the study design.

Tissue homogenization and Western blot

The snap-frozen right lung was homogenized and Western blot was performed as previously 

described [23]. Antibodies for site-specific phosphorylation of PTEN and total PTEN, 

Dnmt1, Dnmt3A, Dnmt3B, and the peroxidase-conjugated secondary antibody were 

purchased from Cell Signaling Technology (Beverley, MA). The blots were visualized and 

developed using Pico West Chemiluminescent substrate (Pierce Chemical Company; 

Rockford, IL). To control for loading efficiency, membranes were stripped and reprobed 

with an antibody against α-tubulin antibody (Sigma–Aldrich; St. Louis, MO). Images were 

scanned with Adobe photoshop (Adobe; San Jose, CA) and quantified with the National 

Institutes of Health (NIH) ImageJ tool. Expression and phosphorylation levels were 

normalized to α-tubulin or unphophorylated protein expression where described and are 

expressed as relative values (ie, relative density = protein/α-tubulin levels or phophorylated 

protein/unphophorylated protein). Background correction values were subtracted from each 

lane to minimize variability across membranes.
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Cell culture

HUVECs were obtained from Cambrex Bio Science (Walkersville, MD) and cultured in 

endothelial cell growth medium-2 supplied with growth factors. BEAS-2B cells, a human 

bronchial epithelial cell line, were obtained from American Type Culture Collection (ATCC, 

Manassas, VA) and grown in serum-free bronchial epithelial cell growth medium (Cambrex 

Bio Science) with 100 units/mL penicillin, and 100 µg/mL streptomycin at 37°C, 5% CO2.

Detection of DNA damage and methylation in H2O2-treated cells

HUVECs and Beas-2B cells were seeded in 12-well plates or 10-cm dishes 24 hours before 

H2O2 treatment. Cells were then treated with 1 mM of H2O2 for 0, 30, 60, and 120 minutes. 

Twelve-well plates were fixed, and 8-OHdG levels were evaluated using immunofluorescent 

labeling as previously described [23]. Cells in 10-cm dishes were collected for DNA 

isolation using the phenol/chloroform method. The Methylamp Global DNA Methylation 

Quantification Kit (Epigentex; Brooklyn, NY) was used to detect global methylation in 

genomic DNA of cells treated with H2O2.

Results

Radiation progressively induced apoptosis in lung tissue

Previous study showed that exposure to a radiation dose of 15 Gy induces apoptosis in type I 

and II pneumocytes and endothelial cells 6 weeks after irradiation [9]. To investigate 

whether a dynamic induction of apoptosis in the lung tissue occurs during progression to 

injury, we looked at apoptosis in lung tissues of C57BL/6J mice isolated at various time 

points, ranging from 1 day to 6 months after radiation. TUNEL-positive cells increased 

progressively from 1 day to 6 month following radiation (Fig. 1).

Radiation upregulates PTEN mRNA and protein expression but not phosphorylation

Although transcriptional regulation, as indicated by promoter activity, is a major modulator 

of gene expression and protein activity [24,25], protein level and function can also be 

regulated at posttranslational levels. In the case of PTEN, the phosphorylated protein is more 

stable than the unphosphorylated protein but is less active [24,26]. We therefore investigated 

the levels of PTEN mRNA and protein, as well as the phosphorylation status of the protein, 

in lung tissues of C57BL/6J mice. Significant increases in mRNA expression (Fig. 2A), total 

protein (Fig. 2B), and protein phosphorylation (Fig. 2C) were observed beginning 1 day 

after radiation and continuing to the 6-month time point. We further analyzed the ratio of 

phosphorylated PTEN to total PTEN. A slight decrease in this ratio was observed from 1 day 

to 6 months after radiation (Fig. 2D), suggesting that the observed increase in 

phosphorylation may reflect only the increase in total PTEN protein levels. This also 

suggests that the increase in PTEN protein levels is the result of upregulation of promoter 

activity, and not the result of phosphorylation-mediated stabilization of the protein.

Radiation induces hypomethylation of the PTEN promoter at CpG dinucleotides

Hypomethylation of a gene promoter contributes to elevated gene expression [12]. Our study 

revealed a persistent increase in PTEN mRNA after radiation exposure. We therefore 
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investigated whether there is a corresponding reduction in methylation in the PTEN 

promoter region. The bisulfate-based sequencing method was applied to examine CpG 

methylation within the PTEN promoter. As shown in Fig. 3, the methylation ratio of PTEN 

was significantly decreased in irradiated C57BL/6J mice lung tissue when compared with 

that in sham-irradiated mice. Moreover, the methylation ratio decreased progressively from 1 

day to 6 months postradiation (Fig. 3A). We were able to examine the change in methylation 

at a single CpG dinucleotide and found that methylation was reduced for most CpG 

dinucleotides in irradiated lung tissue (Fig. 3C) compared to control tissue (Fig. 3B).

Hypomethylation of PTEN promoter is not associated with DNA methyltransferase 
expression

DNA methyltransferases (Dnmt) are the enzymes that catalyze the transfer of a methyl group 

to DNA. Three active forms of DNA methyltransferases (Dnmt1, Dnmt3a, and Dnmt3b) 

have been identified in mammals.15 We investigated the expression of Dnmt1, Dnmt3a, and 

Dnmt3b from 1 day to 6 months following radiation. We found that protein levels of Dnmt1 

(Fig. 4A) and Dnmt3a (Fig. 4B) were significantly reduced 1 day after radiation but had 

recovered by day 3. A decrease in expression was observed between 1 and 3 weeks; 

however, expression of both of these proteins was significantly increased from 6 weeks to 6 

months postradiation. We were unable to detect a Dnmt3b signal, suggesting that expression 

of this Dnmt3b may be much lower in lung tissue. Unexpectedly, the changes in Dnmt1 and 

Dnmt3a did not correlate with hypomethylation of the PTEN promoter or with PTEN 

mRNA expression, suggesting that PTEN promoter hypomethylation is affected by factors 

other than methyltransferase activity.

Consistent increase in DNA damage and Nox4 expression after radiation

It is well established that an environment of chronic oxidative stress persists in the irradiated 

lung [27,28]. High levels of ROS can cause a wide range of DNA lesions [17]. The best 

characterized byproduct of oxidative DNA damage is 8-OHdG [29]. We therefore assessed 

oxidative stress by measuring 8-OHdG levels in irradiated and nonirradiated lung tissues 

using immunohistochemistry. Irradiated lung tissues showed a consistent increase in 8-

OHdG levels from postirradiation day 1 to 6 months following exposure (Fig. 5A, 5B). In 

phagocytic cells, ROS is produced through activation of nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase. Nox4 is the only nonphagocytic NADPH oxidase subunit 

[30,31] and the only subunit upregulated by chronic hypoxia.32 Because of this known 

relationship, we chose to evaluate Nox4 protein expression in irradiated lung tissues from 

day 1 to 6 months postradiation. Western blot revealed that Nox4 protein levels increased 

continuously from 1 day to 6 months after radiation (Fig. 5C).

H2O2-induced DNA damage alters global methylation in lung epithelial cells and HUVECs

To further explore the relationship between ROS-induced DNA damage and methylation, we 

measured 8-OHdG levels and global methylation in H2O2-treated HUVECs and BEAS-2B 

cells. Immunofluorescent staining showed that 8-OHdG levels were increased in both 

HUVECs and Beas-2B cells 30 minutes after treatment with 1 mM H2O2. The most intense 

fluorescent signal was observed 120 minutes after treatment in both cell lines (Fig. 6A). We 

observed significant increases in global methylation in HUVECs (Fig. 6B) 60 minutes after 
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H2O2 treatment and in Beas-2B cells (Fig. 6C) 30 minutes after H2O2 treatment. 

Interestingly, methylation at 120 minutes was significantly decreased compared to 

methylation measured at 60 minutes. This suggests that the global level of methylation is 

elevated in response to the initial oxidative insult but decreases with greater oxidative 

damage to DNA.

MnTnHex-2-PyP5+significantly reverses PTEN promoter hypomethylation

To determine whether targeting oxidative stress in vivo can reverse the observed 

hypomethylation of the PTEN promoter in vivo, a SOD mimic with reported ability to 

suppress radiation damage to normal lung tissue was utilized [19,20]. In this study, radiation 

induced significant hypomethylation of PTEN promoter in the irradiated lung tissue of 

female C57BL/6J mice (P < 0.001), while MnTnHex-2-PyP5+ administration partially 

reversed PTEN promoter methylation (P = 0.051) (Fig. 6D).

Discussion

It is widely accepted that exposure to ionizing radiation causes damage to DNA, resulting in 

cell death via apoptosis or mitotic catastrophe [33]. Our recent studies have shown that 

Mn(III) meso-tetrakis(N,N’-duethylimidazolium-2-yl)porphyrin (AEOL 10150), another 

potent SOD mimic, can mitigate cell apoptosis in rodent lung when given after radiation [9]. 

These findings are supported by previous work performed by Vorotnikova et al., which 

demonstrated that two neutral porphyrins are capable of mitigating radiation-induced 

apoptosis of endothelial cells in vitro [34]. Together, these studies suggest that apoptosis 

following radiation might be induced through redox-related signaling, the mechanisms of 

which have not been well described.

Our previous work identified the PI3K/Akt pathway as playing a role in radiation-induced 

apoptosis [9]. In those studies, we found that PTEN, an antagonist of PI3K/Akt prosurvival 

signaling, was upregulated at the mRNA and protein level in irradiated murine lungs 6 

weeks following radiation exposure. In those studies only a single time point was evaluated.

Here, we sought to determine the mechanism driving this upregulation. We first determined 

that the increase in apoptosis in irradiated lungs, previously observed at 6 weeks, begins 24 

hours postirradiation and increases continuously until the 6-month endpoint of this study 

(Fig. 1). The increasing number of cells undergoing apoptosis corresponds to elevated PTEN 

mRNA and protein levels across all of the examined time points (Fig. 2). The minimal 

decrease in the ratio of phosphorylated PTEN/total PTEN suggests that elevated PTEN 

protein levels following radiation were not the result of increased stability of the protein but 

that other mechanisms play a role in the observed upregulation.

Upon examination of 5’-terminal methylation patterns within the PTEN gene, we found that 

the PTEN promoter was hypomethylated in irradiated tissues (Fig. 3). However, 

hypomethylation of cytosine bases in the promoter region did not correspond to significant 

changes in expression of any of the DNA methyltransferases. We found that methylation of 

CpG dinucleotides in the lungs of irradiated mice decreases progressively from 1 day to 6 

months following radiation (Figure 3). Surprisingly, the protein levels of Dnmt1 and 
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Dnmt3a, the two active DNA methyltransferases with expression observed in the lung, were 

significantly increased from 6 weeks to 6 months (Fig. 4). This discrepancy between 

methylation and DNA methyltransferase expression suggests that radiation-induced 

hypomethylation of the PTEN promoter is mediated independently of methyltransferase 

activity. Taken together, these findings indicate that, following radiation, PTEN expression 

increases as a result of hypomethylation of the promoter regions of the gene, but that this 

hypomethylation is not the result of changes in Dnmt expression or, by extension, activity. 

This suggests that hypomethylation results instead from interference with the ability of 

Dmnts to interact with the DNA. This supposition is supported by work from Turk et al., 

who demonstrated that 8-OHdG residues resulting from oxidative damage to DNA interfere 

with the ability of Dmnts to methylate cytosine residues that are two or three base pairs 

away in the 5’ direction on the same strand [35]. Our data, together with this finding, suggest 

that ROS-induced DNA damage is responsible for radiation-induced hypomethylation of 

PTEN promoter.

Increased NADPH oxidase expression and activity are possible sources of increased ROS 

production postirradiation [36]. We and others have shown an elevation in NADPH oxidase 

expression in irradiated tissue [9] and cells [37,38]. Here, we observed that Nox4 expression 

continues to increase at all time points from 1 day to 6 months postradiation. This rise in 

protein expression is mirrored by an increase in DNA damage, as measured by the presence 

of 8-OHdG (Fig. 5). The Nox4 isoform is unique among NADPH oxidases, in that the wild-

type protein produces H2O2 rather than superoxide anion (O2
–) [39]. The production of 

H2O2 is thought to be the result of an extra 28 amino acid sequence present only in Nox4 

that contains a highly conserved histidine residue [40]. Takac and colleagues hypothesized 

that the histidine residue might serve as a source of protons to spontaneously dismutate O2
– 

to H2O2 [40].

Because of this specific element of Nox4 and the apparent radiation sensitivity of Nox4 

expression, we chose H2O2 treatment as an in vitro model for (at least a part of) radiation-

induced oxidative stress (Fig. 6). We found evidence of ROS-induced DNA damage (8-

OHdG) in cultured HUVECs and human lung epithelial cells (Beas-2B) treated with 1 mM 

H2O2. This suggests that Nox4-derived H2O2 may be responsible for some of the oxidative 

DNA damage that we observed in vivo. Furthermore, the simultaneous loss of Nox4 mRNA 

and protein expression and mitigation of oxidative DNA damage in animals treated with 

AEOL10150, a catalytic antioxidant, is highly suggestive of a self-perpetuating relationship 

between Nox4 expression and ROS overproduction [9].

Radiation-induced upregulation of PTEN expression recently has been demonstrated in vitro 

[41,42]. In alveolar macrophages, elevated production of ROS following radiation is known 

to contribute to an increase in PTEN mRNA and protein levels [43]. This observation 

indicates that, following an ionizing radiation event, the presence of high levels of ROS 

affects regulation of PTEN mRNA in exposed tissues. Our previous observation of parallel 

expression of Nox4 and PTEN mRNA levels in irradiated lung tissues [9] further supports a 

relationship between ROS and transcription or stability of PTEN mRNA.
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Previous work has demonstrated that ROS can cause a wide range of DNA lesions, including 

base modification, deletions, strand breakage, and chromosomal rearrangement [17], that 

can interfere with the binding of DNA methyltransferases to the DNA, resulting in global 

hypomethylation [44]. Our in vitro findings indicate that, during the initial period of 

oxidative stress, cellular response is quite the opposite and DNA is globally 

hypermethylated. This hypermethylation subsides at later incubation times, when DNA 

damage is more extensive, suggesting that ROS-induced hypomethylation may be dependent 

on the level of oxidative DNA damage. The implications of the early hypermethylation 

phase are as yet unknown, but a link between the degree of hypomethylation and the extent 

of DNA damage fits in with the late development of pathologic processes in lung tissue. 

These in vitro findings are supported by our in vivo work which shows that radiation-

induced DNA damage increases progressively over time while the level of CpG methylation 

in PTEN promoter continues to decrease. This continual reduction in PTEN promoter 

methylation results in a time-dependent increase in PTEN mRNA and protein expression, 

which likely mediates the latent increase in apoptosis in irradiated lung tissue observed in a 

previous study [9]. MnTnHex-2-PyP5+, a lipophilic analog with SOD-like activity identical 

to that of AEOL 10150, was able to partly reverse radiation-induced hypomethylation in 

PTEN promoter in female C57BL/6J mice (Fig. 6D).

Conclusions

Radiation-induced upregulation of ROS in the lung creates an environment of chronic 

oxidative stress, exacerbating initial tissue injury through continuous induction of apoptosis. 

Apoptosis can be mediated through several signaling pathways, one of which is increased 

expression of PTEN, a negative regulator of the PI3K/Akt survival pathway. Here, we have 

shown that ROS-induced DNA damage results in hypomethylation of the PTEN promoter 

region, causing upregulation of PTEN expression. Our results also indicate that radiation-

induced oxidative damage to DNA increases over time and that the extent of PTEN promoter 

hypomethylation is correlated with the level of DNA damage. This suggests not only that the 

negative regulation of the PI3K/Akt pathway is a key element of radiation-induced normal 

tissue injury but also that DNA damage-dependent hypomethylation of the PTEN promoter 

may account for the progressive nature of pulmonary toxicity. These findings suggest that 

reversing PTEN promoter hypomethylation may be an excellent therapeutic target for 

mitigation of pulmonary toxicity resulting from accidental or therapeutic radiation exposure.

We acknowledged the limitations in this study. First, in general, the molecular changes based 

on the measurements of lung homogenate may not accurately reflect the conclusions based 

on individual cell types. Second, inflammatory phagocytic NADPH oxidases would be 

expected to play a major role in early ROS-related lung tissue injury. In contrast, cells 

related to fibrotic resolution stages would play a larger role in late stages. Third, it should be 

remained that conclusion from the high radiation dose may not reflect the real clinical 

situation. Fourth, previous studies have demonstrated that PTEN transcription can be 

regulated by pathways involving p53, NF-𝜅B, Egr-1, PPAR𝛾, and SMADs, while p38 

MAPK can regulate these transcriptional factors [45,46]. Importantly, several studies have 

demonstrated that irradiation upregulated p38 MAPK expression in lung tissues [47,48]. 

Although p38 MAPK does not directly regulate PTEN transcription, p38 MAPK may 
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regulate PTEN expression through pathways involving p53, NF-𝜅B, Egr-1, PPAR𝛾, and 

SMADs. Therefore, measuring p38 MAPK and its downstream signal molecules may help 

us to understand whether PTEN upregulation only came from promoter hypomethylation in 

this study.
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Figure 1. 
Apoptosis in irradiated lung tissue. (A) TUNEL staining of lung tissue sections collected at 

1 and 3 days; 1, 3, and 6 weeks; and 6 months after 15-Gy whole-thorax irradiation. (B) 

Increases in positive staining in irradiated lung tissue were quantified as a percentage of 

apoptosis observed in controls. Each image is 400 × magnifications. CTL: control; 1d: 1 

day; 3d: 3-day; 1w: 1-week; 3w: 3-week; 6w: 6-week; 6m: 6-month. *P < 0.05; **P < 0.01 

vs. age-matched control mice; n = 5.
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Figure 2. 
PTEN mRNA and protein expression, and phosphorylated PTEN levels in irradiated lung. 

(A) PTEN mRNA increased progressively at each time point after radiation. Top panel: 
Representative electrophoresis of PTEN RT-PCR in agarose gel. M: 100 bp DNA marker. 

Bottom panel: Semi-quantitative analysis of RT-PCR amplification. (B) Total PTEN protein 

increased at each postradiation time point. (C) Total levels of phospho-PTEN 

(phosphorylated PTEN) were also significantly increased in lung tissue after radiation. Top 
panel: Representative Western blot of total PTEN (B) or phospho-PTEN (C) and α-tubulin 

protein. Bottom panel: Semi-quantitative analysis of Western blot. (D) The ratio of P-PTEN 

(phosphorylated PTEN) to total PTEN revealed a slight decrease from 1 day to 6 months 

postradiation, but no significant differences were observed. CTL: control; 1d: 1 day; 3d: 3-

day; 1w: 1-week; 3w: 3-week; 6w: 6-week; 6m: 6-month. *P < 0.05; **P < 0.01 vs. age-

matched control mice; n = 6–10.
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Figure 3. 
Hypomethylation of PTEN promoter after radiation. (A) Relative CpG methylation in PTEN 

promoter normalized with age-matched control mice was reduced at all time points 

following radiation. CTL: control; 1d: 1 day; 3d: 3-day; 1w: 1-week; 3w: 3-week; 6w: 6-

week; 6m: 6-month. (B) Average methylation ratio of single CpG methylation in sham-

irradiated control mice. (C) Average methylation ratio of single CpG methylation in 

irradiated mice. *P < 0.05; **P < 0.01 vs. age-matched control mice; n = 5.
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Figure 4. 
DNA methyltransferases expression after radiation. (A) Dnmt1 protein expression was 

reduced at early time points in irradiated lung, but increased 6 weeks and 6 months 

following radiation. (B) Protein levels of Dnmt3A in irradiated lung tissue showed a similar 

pattern. Top panel in (A) and (B): Representative Western blot of Dnmt1 (A) or Dnmt3 (B) 

and α-tubulin protein. CTL: control; 1d: 1 day; 3d: 3-day; 1w: 1-week; 3w: 3-week; 6w: 6-

week; 6m: 6-month. *P < 0.05; **P < 0.01 vs. age-matched control mice; n = 6–10.
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Figure 5. 
Consistent increase in DNA damage and Nox4 expression after radiation. (A) 

Immunochemistry of 8-OHdG levels shows an increase in oxidative damage. Each image is 

400× magnification. (B) Semiquantitative analysis of 8-OHdG levels shows continuous 

increase in damage over time (a). n = 5. (C) Nox4 protein levels detected by Western blot 

show increased expression at all points following radiation. CTL: control; 1d: 1 day; 3d: 3-

day; 1w: 1-week; 3w: 3-week; 6w: 6-week; 6m: 6-month. *P < 0.05; **P < 0.01 vs. age-

matched control mice; n = 6–10.
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Figure 6. 
H2O2-induced DNA damage and global methylation in cells and effects of MnTnHex-2-

PyP5+ on PTEN promoter methylation. (A) Immunofluorescence of 8-OHdG levels in 

Beas-2B cells and HUVECs. Cells were incubated with 1 mM of H2O2 for 0, 30, 60, and 

120 minutes. Each image is 400× magnification. (B) Global methylation level in HUVECs 

after treatment with 1 mM of H2O2 for 0, 30, 60, and 120 min. (C) Global methylation level 

in Beas-2B cells after treatment with 1 mM of H2O2. *P < 0.01 vs. 0 and 120 min; n = 4. (D) 

Relative PTEN promoter methylation in female C57BL/6J mice treated for 4 weeks with 1.6 

mg/kg MnTnHex-2-PyP5+ daily. Radiation-induced oxidative stress led to significant 

hypomethylation of PTEN promoter, which was partially reversed with MnTnHex-2-PyP5+ 

(Hxyl). **P < 0.001 vs. control (Sal); *P = 0.051 vs. radiation alone group (Rad); n = 10.
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