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Abstract

Purpose—Ionizing radiation (IR) is a ubiquitous environmental stressor with genotoxic and
epigenotoxic capabilities. Terrestrial IR, predominantly a low-linear energy transfer (LET)
radiation, is being widely utilized in medicine, as well as in multiple industrial applications.
Additionally, an interest in understanding the effects of high-LET irradiation is emerging due to
the potential of exposure during space missions and the growing utilization of LET radiation in
medicine.

Conclusions—In this review, we summarize the current knowledge of the effects of IR on DNA
methylation, a key epigenetic mechanism regulating the expression of genetic information. We
discuss global, repetitive elements and gene-specific DNA methylation in light of exposure to high
and low doses of high- or low-LET IR, fractionated IR exposure, and bystander effects. Finally, we
describe the mechanisms of IR-induced alterations to DNA methylation and discuss ways in which
that understanding can be applied clinically, including utilization of DNA methylation as a
predictor of response to radiotherapy and in the manipulation of DNA methylation patterns for
tumor radiosensitization.
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Introduction

lonizing radiation (IR) is a ubiquitous environmental factor and a clinically important
diagnostic and treatment modality. Approximately 50% of all cancer patients receive
radiotherapy and over 70 million CT scans are performed annually in the US alone (Brenner,
2010; Moding et al., 2013). Exposures can also occur in occupational settings or as a
consequence of nuclear accidents such as Chornobyl and Fukushima that have had
devastating effects on the lives of millions of people.
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Aside from the generally accepted potential to damage DNA, it is now evident that IR is also
a potent epigenotoxic agent. Among epigenetic parameters, DNA methylation has arguably
received the most attention in the context of radiation biology. DNA methylation is a key
epigenetic mechanism in the regulation of the proper expression of genetic information. It is
a covalent addition of a methy! group to the 5™ position of carbon, facilitated by a complex
interplay of DNA methyltransferases (DNMT1, DNMT3A, and DNMT3B) along with the
protein ubiquitin-like with PHD and RING finger domains 1 (UHRFI), and methyl-CpG-
binding proteins. In mammals, DNA methylation is found almost exclusively at cytosine
residues located in the context of cytosine and guanine base sequences (CpG),
approximately 70-90% of which are methylated. The majority of these methylated sites are
located in either short (< 4 Kb) regions of DNA that contain large numbers of CpGs or in
long domains of predominantly repetitive DNA elements (Jones, 2012).

In eukaryotes, more than half of the genes and a variety of repetitive elements (REs) contain
CpG-rich regions, also known as CpG islands (CGls). DNA methylation at CGls that are
located within the transcription start sites (TSS) has been attributed to transcriptional
silencing, but it remains unclear whether this reflects repression or a lack of activation
(Baubec & Schiibeler, 2014). Strikingly, DNA methylation within gene bodies does not
block transcription, and may stimulate elongation and splicing, or it may prevent aberrant
transcription initiation from an alternative TSS (Portela & Esteller, 2010; Jones, 2012;
Ehrlich & Ehrlich, 2014).

Alterations in DNA methylation may result in changes in gene expression or reactivation of
REs, and may lead to genomic instability and the development of pathological states.
Indeed, aberrant patterns of DNA methylation have been documented in a spectrum of
human diseases (Portela & Esteller, 2010). Numerous environmental stressors, independent
of their mode of action, have been shown to affect DNA methylation (Feil & Fraga, 2011,
Koturbash et al., 2011a; Cortessis et al., 2012). Furthermore, interplay between DNA
methylation and the environment is increasingly recognized as an important step in the
response to environmental stimuli and the onset of disease (Aguilera et al., 2010; Stein,
2012). In this review we will discuss the current knowledge regarding the effects of IR on
DNA methylation, their mechanisms, as well as laboratory and clinical applications.

lonizing radiation and global DNA methylation

The first interest in the effects of IR on DNA methylation dates back to 1972, when a 15%
increase in DNA methylation was reported in £.coli 15T-(555-7) after x-irradiation
(Whitfield & Billen, 1972). The levels of 5-methylcytosine (5-mC) were then evaluated in
the bone marrow and thymus of Wistar and outbred rats after exposure to 6.5 Gy and 7
Gy 60Co v radiation, respectively (Rakova, 1979) (Table 1). Although the results of these
studies were inconclusive, they conveyed three important points: 1) radiation can cause
changes in global DNA methylation; 2) the extent of radiation-induced alterations in DNA
methylation is tissue-dependent; and 3) radiation-induced alterations in DNA methylation
may differ between experimental models and even among strains of the same species.
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Similarly, early studies investigated the effects of IR doses on DNA methylation. Kalinich
and colleagues used a dose range of 0.5 to 10 Gy of 0Co v radiation to evaluate the
epigenetic response in four cell lines — Chinese Hamster Ovary (CHO), Chinese hamster
lung fibroblasts (V79A03), human HeLa (S-3) cells, and mouse neuroblastoma cells
(C-1300N1E-115). All four cell lines exhibited significant dose-dependent decreases in 5-
mC at 24, 48, and 72 h after irradiation, indicating a loss of global DNA methylation
(Kalinich et al., 1989). Tawa and colleagues also showed that for C57BL/6NJcl mice, in vivo
exposure to 4-10 Gy of x-rays resulted in a decrease in 5-mC content in the liver, but not in
the spleen or brain of the irradiated mice (Tawa et al., 1998). These results validated the
earlier findings suggesting tissues specificity in the level of change in DNA methylation in
response to IR exposure. Conversely, it was somewhat unexpected that the liver, an organ
relatively resistant to radiation-induced cell killing, exhibited a loss of DNA methylation,
while the spleen, a relatively sensitive organ that belongs to the hematopoietic system, did
not. Furthermore, this study was not able to reproduce the /in vitro findings of Kalinich, as no
changes in DNA methylation were detected in CHO and m5S/1m cell lines. The authors did
not provide explanations for this discrepancy, but one might posit that phenotype variability
in different clones for each cell line used in the two studies could play a significant role.

Subsequent /n vivo studies with x-rays have confirmed radiation-induced loss of global DNA
methylation in the liver. These studies also showed that exposures to doses higher than 1 Gy
generally resulted in the loss of global DNA methylation in hematopoietic tissues including
thymus, spleen, and bone marrow, as well as other target organs for radiation-induced
carcinogenesis, such as the mammary gland, but not in the muscle and lung (Kovalchuk et
al., 2004; Pogribny et al., 2004; Koturbash et al., 2005; Giotopoulos et al., 2006; Loree et al.,
2006).

lonizing radiation and gene-specific DNA methylation

While IR-induced changes in global methylation are important and may alter chromatin
structure in critical ways, early studies regarding DNA methylation have not determined
whether changes in DNA methylation occur uniformly throughout the genome, or whether
particular genomic loci are more sensitive to changes in DNA methylation than others. DNA
methylation profiles within specific genes can affect their transcriptional patterns and can be
altered by exogenous stressors. Given that DNA hypermethylation-induced silencing of
tumor-suppressor genes and hypomethylation-induced activation of oncogenes have been
described in virtually all human cancers and are considered driving mechanisms of
carcinogenesis (Portela & Esteller, 2010; Heyn & Esteller, 2012; Jones, 2012; Johnson et al.,
2015; Nusgen et al., 2015), the potential for IR-induced changes in gene-specific DNA
methylation that affect changes in expression are critically important.

Early studies demonstrated significant DNA hypermethylation of cyclin-dependent kinase
2A, CDKNZA, (p16/NK4AY (z=2.844, P=0.005), and O%-methylguanine-DNA
methyltransferase (MGMT) (z=3.034, P=0.002) genes in the sputum of uranium miners (Su
et al., 2006). (Table 2). These same tumor-suppressor genes are frequently found to be
hypermethylated and inactivated during carcinogenesis in general, and lung cancer in
particular (Kontic et al., 2012; Nikolaidis et al., 2012). Further, the level of hypermethylation
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of these genes significantly correlated with the cumulative doses of radon among the miners
(cumulative exposure dose range 1246 — 294+132; z=3.859, £=0.0001). Subsequent studies
found 3.5 fold higher levels of p16/NK4A hypermethylation in lung adenocarcinomas from
plutonium-exposed workers at the Russian nuclear enterprise MAYAK as compared to non-
IR worker controls (C.I. 1.5, 8.5; P=0.001) (Belinsky et al., 2004). Again, the increased
probability for gene-specific methylation approximated a 4-fold increase in relative risk for
adenocarcinoma in workers exposed to plutonium. Hypermethylation of p26/VK4A and its
corresponding transcriptional silencing was also reported in the murine model of radiation-
induced thymic lymphoma when compared to normal thymus tissue (Song et al., 2014).

Additional epigenetic evaluation of the MAYAK workers with lung adenocarcinomas
demonstrated hypermethylation of GATAS5, a transcription regulatory protein needed for
proper development and maintenance of cellular differentiation (Lyon et al., 2007). Analysis
of the promoter methylation of a panel of 5 genes performed within this study has also
shown that at least one of the genes was hypermethylated in 93% of adenocarcinomas from
MAYAK workers, while hypermethylation of at least one gene was observed in only 66% of
non-workers’ tumors.

Several recent studies have evaluated the levels of gene-specific DNA methylation using
more modern and high throughput microarrays that, given the stochastic effects of IR, allow
for evaluation of gene-specific DNA methylation on the global scale. Lahtz et al. reported a
lack of detectable changes in gene-specific methylation in normal human diploid fibroblasts
and bronchial epithelial cells 1 week after exposure to 0.1 to 10 Gy doses of 137Cs y-rays.
(Lahtz et al., 2012). As was measured by the methylated-CpG island recovery assay
(MIRA), only a small number of peaks characterizing differential DNA methylation were
detected in irradiated cells when compared to controls. This may be explained by the
possible dynamic nature of DNA methylation as has been observed in some studies; for
instance, Antwih et al. reported dynamic changes in gene-specific DNA methylation in
human breast cancer MDA-MB-231 cells at 1-72 h after 2 and 6 Gy of x-ray irradiation
(320 kV at 0.86 Gy/min) (Antwih et al., 2013). It is worth mentioning that the differentially
methylated genes in MDA-MB-231 cells induced by exposure were enriched in gene
ontology categories relating to the cell cycle, DNA repair, and apoptosis, suggesting the
possible role of DNA methylation in the cellular response to irradiation. Another possible
explanation for the lack of the radiation-induced changes in gene-specific DNA methylation
(despite overall alterations in global DNA methylation) is that these changes may stem
primarily from the repetitive elements,.

lonizing radiation-induced changes in the DNA methylation of repetitive

elements

While genes comprise 1-2% of the typical mammalian genome, repetitive elements
contribute to a significantly larger proportion. Recent advances in computational biology
indicate that repetitive elements may comprise up to two thirds of mammalian genomes (de
Koning et al., 2011). Among them, the Long Interspersed Nucleotide Element 1 (LINE-1)
and A/uelements are of particular interest, since together they cover approximately 30% of
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the genomes and are heavily methylated in order to prevent their aberrant transcription
(Figure 1). LINE-1 and A/ubelong to a family of non-long terminal repeat retrotransposons
(non-LTR) that propagate through the genome via an RNA intermediate in a ‘copy-and-
paste’ mechanism. Alterations in the DNA methylation status of these repetitive elements
often lead to their reactivation and retrotransposition, and are documented in human cancers
as well as in response to environmental stressors (Miousse et al., 2015; Miousse &
Koturbash, 2015). The A/uelement is the only active Short Interspersed Nucleotide Element
(SINE) in humans, while there are four distinct SINEs in mice (B1, B2, ID, and B4). The
mouse B1 and human A/u SINE are unique in being derived from 7SL RNA and are
believed to have a common genetic origin. A notable feature of LINEs and SINEs is the
contrast in genomic distribution of the elements. LINEs are strongly biased towards (A+T)-
rich genomic regions, while SINEs are strongly biased towards (G+C)-rich genomic regions,
so that paired analysis can allow a more genome-wide evaluation of DNA methylation
(Mouse Genome Sequencing Consortium et al., 2002).

Studies have demonstrated that alterations in global DNA methylation, at both early and late
post-exposure time-points, may stem primarily from these transposable elements. Loss of
LINE-1 DNA methylation was reported in the human-hamster hybrid cell line (GM10115)
shortly after exposure to 2 Gy of x-rays, however the results were less consistent in other
cell lines (250 kV peak, 13 mA, 165-mm copper at a 2.4 Gy/min dose rate) (Aypar et al.,
2011). Hypomethylation of LINE-1 was detected in the rat spleen tissue 7 months after
cranial irradiation to 20 Gy of x-rays (90 kV, 5 mA at a 3 Gy/min dose rate) and was
associated with LINE-1 reactivation (Koturbash et al., 2007) (Table 3).

Although early studies reported loss of global and RE-associated DNA methylation after
irradiation, accumulative evidence indicates that these changes are rather dose-, cell/tissue-,
time-, and radiation quality-dependent. For instance, DNA hypomethylation of LINE-1 was
reported in RKO human colorectal carcinoma cells after exposure to 1 Gy of x-rays (250 kV
peak, 13 mA at a 2.4 Gy/min dose rate); however the same dose of radiation led to
hypermethylation of LINE-1 in AG01522D primary human diploid skin fibroblasts in the
same study (Goetz et al., 2011). Furthermore, no significant changes in DNA methylation of
Aluelements were detected in either of the cell lines in this study, suggesting that changes in
DNA methylation of different repetitive elements are not necessarily unidirectional. This
may be evidence of the differences of AT or CG rich regions of the genome in which LINE
and A/uelements are found, respectively.

Irradiation of C57BL/6 mice with 10 mGy of x-rays (100-140 kVp at 13.9 mGy/min dose-
rate) did not result in any persistent alterations in the DNA methylation of LINE-1, SINE B1
(non-autonomous retrotransposon that corresponds to human A/u elements), and
Intracisternal A Particle (IAP) elements in peripheral blood, spleen, and liver tissues
(Newman et al., 2014a). At the same time, exposure to a dose of 1 Gy of x-rays was
characterized by the strain-, tissue-, sex-, and time-dependent alterations in methylation of
the abovementioned repetitive elements (Newman et al., 2014b). Interestingly, loss of DNA
methylation associated with LINE-1 was observed in the relatively radioresistant C57BL/6
strain, while the radiosensitive CBA and BALB/c strains showed a DNA hypermethylation
response in the spleen tissue shortly after exposure (Newman et al., 2014b).
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Fractionated exposure to ionizing radiation and DNA methylation

A limited number of studies have evaluated the effects of fractionated exposure to IR
exposure on DNA methylation, although it is of particular interest given that clinical
radiotherapy is usually delivered in fractionated doses. Furthermore, occupational exposures
occur within the lower doses range over the protracted time-course.

Fractionated exposure to 0.5 Gy of x-rays, delivered in 10 consecutive days at a rate of 0.05
Gy/day, has led to a loss of global DNA methylation in the thymus tissue of male but not
female C57BL/6 mice (Pogribny et al., 2005). Although acute exposure to 0.5 Gy of x-rays
was also characterized by DNA hypomethylation, the extent of the observed DNA
hypomethylation as a result of fractionated exposure was 2.5-fold higher. Fractionated
exposure also resulted in substantially decreased protein levels of DNA methyltransferases
Dnmt1 and Dnmt3b, as well as the methyl-binding protein MeCPZ2, suggesting a possible
mechanism for the observed DNA hypomethylation.

A recent study performed by Wang and colleagues confirmed the loss of global DNA
methylation using the same exposure regimen (0.05 Gy/day for 10 consecutive days) in male
BALB/c mice and decreased mRNA and protein levels of Dnmt1 and MeCP2 (Wang et al.,
2014). They further expanded their analysis on gene-specific methylation and identified 811
specific regions of hypermethylation in the animals that received fractionated exposure.
Among them, DNA hypermethylation in Rad23band Ddiit3 genes was also associated with
their transcriptional silencing and was detectable for at least 1 month after irradiation.

Another study looked at the effects of higher, radiotherapy-relevant fractions of 2 Gy with
cumulative doses of 10 and 20 Gy on DNA methylation in human MCF7 breast cancer cells
(Kuhmann et al., 2011). Cells were irradiated with 137Cs at a dose rate of 50 cGy/min and
harvested at 48-72 h and up to 24 days after the last exposure. A subset of genes was found
differentially methylated in response to radiation treatment using the methyl-CpG
immunoprecipitation approach. At the same time, only a very small fraction of these
changes were confirmed by the quantitative MassARRAY technique. Among them,
significant hypermethylation of the Forkhead box C1 (FOXCZ) and Trafficking protein
particle complex 9 (7RAPPCY) genes was detected; however these changes in DNA
methylation did not result in changes in the expression of these genes.

DNA methylation and ionizing radiation-induced bystander effect

The bystander effect is a phenomenon in which irradiated cells can induce genomic
instability in unirradiated cells and has significant implications for diagnostic radiological
procedures and radiotherapy (Sedelnikova et al., 2007). It currently remains unknown what
are the specific factors that are involved in the transmission of the signal from the irradiated
cell to the non-irradiated one, but it has been suggested that these factors are small, transient
and, perhaps, not even chemical by nature (Mothersill & Seymour, 2012). It is, however,
without a doubt that epigenetic alterations can be triggered by the bystander signal(s) and
may play a significant role in the development and manifestation of the IR effects in non-
irradiated cells and tissues.
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Aberrant DNA methylation has been detected both in cell/tissue cultures and /7 vivoin
distant bystander tissue shortly after irradiation and this effect can persist for a long time
after exposure. /n vitro studies reported the loss of genomic DNA methylation in both
irradiated and bystander regions of the EpiAirway (Air-100) normal human three-
dimensional tissue system 48 h after exposure (microbeam of 7.0 MeV “He; LET 100-2000
keV/pm with a LET of 100 keV/pm of 3.2 Gy) (Sedelnikova et al., 2007). DNA
hypomethylation exhibited a persistent nature and was detectable until the end of the
experiment (7 days after irradiation). Similarly, cranial exposure to 1 Gy of x-rays resulted
in global DNA hypomethylation in the murine spleen tissue 6 h after irradiation (Koturbash
et al., 2008). This effect was sex-specific (observed in male mice only), but was diminished
in male mice after orchiectomy and became detectable in female mice after ovariectomy
(Koturbash et al., 2008). The long-term bystander effect was documented in the rat spleen 7
months after hippocampal irradiation to 20 Gy of x-rays (90 kV, 5 mA at 3 Gy/min) and was
characterized by the loss of global and LINE-1 DNA methylation and subsequent
reactivation of the latter (Koturbash et al., 2007).

Effects of high-linear energy transfer (LET) ionizing radiation on DNA

methylation

High-LET IR is prevalent in the space environment, but it has increasingly been utilized in
the clinic, due to the possibility of delivering a higher dose to a confined volume, thus
potentially increasing the effects on the tumor tissue while decreasing the normal tissue
toxicity (Durante & Cucinotta, 2008; Durante, 2014; Tommasino & Durante, 2015). Indeed,
about forty proton and heavy ion centers dedicated to cancer therapy currently function
worldwide and it has been predicted that particle therapy will become a major arm of cancer
radiotherapy in the near future (Girdhani et al., 2013).

This introduction of high-LET radiation into clinical practice, as well as the necessity of
understanding the effects of IR exposure during the space missions, has triggered the
investigation of biological and molecular mechanisms of response to high-LET radiation.
Exposure to the main sources of high-LET radiation — protons and heavy ions — results in
more complex clustered and irreparable DNA damage, leading to greater relative biological
effectiveness in cell death (Blakely & Kronenberg, 1998).

Accumulating evidence convincingly demonstrates that high-LET radiation possesses a
distinct epigenotoxic potential as well. Exposures to low mean absorbed doses of protons
(150 MeV/n, LET 0.55 keV/um; dose rate 2 cGy/min) or %6Fe ions (°6Fe*26, 1 GeV/n, LET
150 keV/um; 10 cGy/min) result in the loss of DNA methylation within the LINE-1 and A/u
elements in AG01522D and RKO cells at 16-20 population doublings after irradiation
(Goetz, Morgan and Baulch 2011). Similar effects were reported in another study, where the
exposure of GM10115 cells to 1 Gy of %6Fe (°6Fe*26, 1GeV/amu, 150keV/um, dose rate 2
cGy/min) led to DNA hypomethylation in both LINE-1 and A/uelements (Aypar et al.,
2011). At the same time, exposure to 0.1 Gy of 2Fe did not affect the DNA methylation
status of these retrotransposons.
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A number of /n vivo studies using the mouse model report global genomic and repetitive
elements-associated DNA hypermethylation. Exposure to low absorbed mean doses of 56Fe
(°8Fe*26, 600 MeV/nucleon; dose-range 0.1 — 0.4 Gy) led to dose-dependent global DNA
hypermethylation in the lungs of C57BL/6 mice at 22 weeks after exposure
(Nzabarushimana et al. 2014). As has been reported, an increase in 5-mC content was not
associated with increased DNA methylation in a panel of tumor-suppressor genes frequently
hypermethylated and inactivated in lung cancer. At the same time, a number of repetitive
elements, including retrotransposons LINE-1 and SINE B1, transposons Charlie and
Mariner, as well major and minor DNA satellites, were found hypermethylated in a dose-
dependent manner (Nzabarushimana et al., 2014). Importantly, this hypermethylation was
associated with further transcriptional silencing of these repetitive elements.
Hypermethylation of specific families of LINE-1 elements in the mouse lung and heart 1-4
months after exposure to high-LET radiation was also reported in a number of other recent
studies (Lima et al., 2014; Koturbash et al., 2016; Prior et al., 2016). Another recent study
documented induction of lung tumors in mice exposed to %6Fe only at doses below 0.4 Gy,
suggesting that DNA hypermethylation and silencing of repetitive elements may have a
protective effect against heavy ion-induced lung carcinogenesis (Christofidou-Solomidou et
al., 2015).

Of particular interest are the epigenetic effects of high-LET radiation on the hematopoietic
system because exposure to *Fe and 28Si, similar to y-rays, is associated with increased
rates of acute myeloid leukemia (AML) in mice (Weil et al., 2009, 2014). Alterations in the
gene-specific and repetitive elements-associated DNA methylation in AML patients are
well-documented (Gebhard et al., 2006; Kroeger et al., 2008; Bujko et al., 2014). Exposure
to %Fe ion radiation (°6Fe*26, 600 MeV/nucleon; dose-range 0.1 — 0.4 Gy) selectively
targeted global and two transposable elements — LINE-1 and SINE B1 — DNA methylation
in the less differentiated hematopoietic stem and progenitor cells, while only subtle effects
were observed in mononuclear cells (Miousse et al., 2014). Importantly, changes in DNA
methylation after exposure to the lowest known leukemogenic dose of “6Fe (0.4 Gy;(Weil et
al., 2014)) persisted in the murine bone marrow for at least 22 weeks after exposure, while
no detectable DNA damage, accumulation of reactive oxygen species, or cellular senescence
were observed. These findings suggest that epigenetic alterations are not simply the
passengers in radiation-induced AML, but may play a significant role in its development and
progression.

What are the mechanisms of the radiation-induced effects on DNA

methylation?

Despite significant progress in radiation epigenetics that has been achieved in the past
decade, the mechanisms of radiation-induced changes in DNA methylation, mostly global
genomic hypomethylation and hypermethylation of tumor-suppressor genes, remain largely
unknown.

Effects of IR on DNA methyltransferases are among the most plausible scenarios. It has
been shown that exposure to 80Co +y radiation decreases the nuclear maintenance and de
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novo methyltransferase activity (Kalinich et al., 1989). A number of studies also report
decreases in DNA methyltransferases’ levels of mMRNA (Miousse et al., 2014) and protein
(Antwih et al., 2013) as a result of exposure. Furthermore, IR has been shown to affect
several microRNAs that specifically target DNA methyltransferases, such as the miR-29
family, miR-141, and miR-152, which may lead to DNA methyltransferases’ mRNA
degradation and subsequent alterations in DNA methylation (Koturbash et al., 2011b; Wang
etal., 2011).

Another proposed mechanism associated with changes in DNA methylation is dependent on
DNA damage and the repair status of irradiated cells. DNA methyltransferases and UHRF1
may be reassigned from copying the methylation patterns during replication to the repair of
radiation-induced DNA damage (Kontic et al., 2012). This mechanism, however, may be
considered only for the organs comprised of rapidly dividing cells and at early time-points —
hours to days after induction of DNA damage. For instance, it has been shown that the
decrease in the global DNA methylation 6 h after irradiation correlates with the
accumulation of DNA strand breaks (/2>0.9) and the increase in recombination activity
(72>0.9) (Koturbash et al., 2006). Furthermore, it has been shown that DNA polymerases
involved in DNA repair and recombination incorporate cytosine but not methylcytosine
during repair synthesis (Pogribny et al., 2005).

Other less explored mechanisms consider alterations in the one-carbon metabolism pathways
(Figure 2), which is essential for the synthesis of S-adenosylmethionine (SAM), the donor of
methyl groups for DNA methylation (Batra et al., 2004; Batra & Mishra, 2007; Batra &
Verma, 2014; Koturbash et al., 2016); interference of DNA damage with the ability of DNA
methyltransferases to methylate DNA (Panayiotidis et al., 2004); and, in some cases,
radiation-induced proliferation, when the function of DNA methyltransferases is not
sufficient to sustain the methylation patterns in rapidly dividing cells (Koturbash et al.,
2008).

Clinical applications: Gene- and LINE-1- specific DNA methylation as a

predictor of response to radiotherapy

Accumulating evidence demonstrates that the DNA methylation landscape may influence
the tissue response to IR. This knowledge may be further utilized in order to modulate the
normal and cancerous tissue response to IR, as well as development of predictive biomarkers
of tumor recurrence and overall prognosis.

A microarray analysis of the human radiosensitive H460 and radioresistant H1299 non-small
cell lung cancer (NSCLC) cell lines revealed 1091 differentially methylated genes (Kim et
al., 2010). Of these genes, 747 were hypermethylated in radioresistant H1299 cells,
including SERPINB5 and S100A6. These genes were also significantly down-regulated in
H1299 cells compared to H460 cells. Furthermore, small interfering RNA-mediated down-
regulation of SERPINB5and S100A6 has led to the development of radioresistance in H460
cells, providing clear evidence of the role of DNA methylation in the regulation of the
cancer cell response to radiotherapy.
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The methylation status of MGMT, a gene that encodes for a DNA repair enzyme responsible
for removing the alkyl groups from guanine, has been proven to serve as a prognostic marker
in glioblastoma (Esteller et al., 2000). Hypermethylation of MGMT was associated with the
regression of tumors and prolonged disease-free survival in response to the treatment with
alkylating agent carmustine. This phenomena is linked to the hypermethylation-driven
silencing of MGMT and, therefore, decreasing its inhibitory effect on alkylating agents in
tumor cell killing. Similarly, after administration of temozolomide, concomitant with and
adjuvant to radiotherapy, hypermethylation of MGMT promoter was strongly associated
with better survival (Niyazi et al., 2012). Another study demonstrated that even in patients
who received radiotherapy following tumor resection without chemotherapy as a component
of adjuvant treatment, the methylation of the MGMT promoter correlated with the improved
response to radiotherapy and overall patient survival (Rivera et al., 2010).

Hypomethylation of LINE-1 elements has been observed in virtually all human cancers and
is associated with a poorer prognosis in the vast majority of them (Miousse & Koturbash,
2015). Some studies report that the hypomethylated status of LINE-1 is associated with a
poor prognosis and overall survival after chemo- and radiotherapy. In a cohort of sixty-nine
patients with esophageal squamous cell carcinoma at the Kumamoto University Hospital
(Japan), among which 4 patients received radiotherapy and 24 patients received
chemoradiotherapy, LINE-1 hypomethylation was significantly associated with a poorer
disease-free survival (log-rank £=0.0008; HR: 2.32, 95% CI: 1.38-3.84, P=0.0017;
multivariate HR: 1.81, 95% CI: 1.06-3.05, £=0.031) and cancer-specific survival (log-rank
P=0.0020; univariate HR: 2.21, 95 CI: 1.33-3.60, £=0.0026; multivariate HR: 1.87, 95% CI:
1.12-3.08, £=0.018) (Iwagami et al., 2013).

Targeting DNA methylation by DNA demethylating agents

A number of DNMT inhibitors, such as nucleoside analogs 5-Azacytidine (5-aza), 5-Aza-2’-
deoxycytidine (decitabine; DAC) and zebularine, are successfully used in the treatment of
hematological malignancies and are being tested in some solid cancer (Ricketts et al., 2013;
Momparler et al., 2014; Nervi et al., 2015). During the S-phase of DNA replication, they
incorporate into DNA in place of cytosine and trap DNA methyltransferases resulting in
further degradation of the latter (Song et al., 2011). This leads to the hypomethylation of the
newly synthesized DNA. Furthermore, it has been shown that while decitabine and
zebularine can incorporate into DNA only, 5-Azacytidine may incorporate into RNA as well.

Accumulating evidence indicates that DNMT inhibitors can potentiate the effects of other
anti-cancer drugs, i.e., carboplatin (Qin et al., 2015). The results from recent /in vitro
clonogenic studies suggest that DNMT inhibitors may also modulate the cancer cell
response to IR. For instance, nucleoside analogs increased the sensitivity to radiotherapy in
glioblastoma (Dote et al., 2005), gastric (Qiu et al., 2009), colorectal (Hofstetter et al.,
2010), head and neck (Brieger et al., 2012), and nasopharyngeal (Jiang et al., 2014) cancer
cell lines. At the same time, the effect of DNMT inhibitors-induced radiosensitization was
not uniform, and in some cell lines it was little to negligible (Qiu et al., 2009; Kim et al.,
2012). Knowledge of the /in vivo effects remains sparse and limited to several studies,
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reporting a significant tumor growth delay in the case of the U251 glioblastoma (Dote et al.,
2005) and nasopharyngeal carcinoma (Jiang et al., 2014) xenografts.

It has to be also taken into consideration that the long-term effects of DNMT inhibitors on
both normal and cancerous cells remain largely unknown. The loss of DNA methylation
within the promoters of tumor-suppressor genes with their further reactivation is certainly
beneficial in the treatment of cancer. At the same time, current nucleoside analogs do not
possess selective DNA demethylating abilities, resulting in concomitant hypomethylation of
repetitive elements and may subsequently lead to their aberrant transcription,
retrotransposition, and development of genomic instability. Loss of methyl groups within the
gene bodies may also result in spurious transcription from the exposed alternative
transcription start sites (Portela & Esteller, 2010). Additionally, administration of nucleoside
analogs has been also associated with increased mutation frequencies and decreased fertility
(Gravina et al., 2010).

Current limitations and future prospects

The majority of our knowledge on the effects of IR on DNA methylation derives from /n
vitro and in vivo experimental systems, while our understanding of these effects in the
normal tissue and tumors in humans is limited. Thus, the translational relevance of these
studies should be interpreted with caution. Another considerable limitation is that in the
majority of the /n vivorodent studies, only male animals were utilized, while sex differences
in response to IR, including the effects of DNA methylation have been documented
(Koturbash et al., 2008).

While the exposures to terrestrial IR at doses of 1 Gy and above are characterized by the loss
of global DNA methylation and seem to stem primarily from repetitive elements, the effects
of exposure at doses below 1 Gy, which are generally characterized by non-linear responses,
remain to be a challenge. Some studies indicate that assessment of DNA methylation within
specific genomic loci, i.e., particular families and sub-families of repetitive elements, may
aid in identification of the DNA methylation signatures of exposure (Prior et al., 2016). In
these regards, recent developments in high-throughput approaches and robust analytical
platforms promise to further expand our understanding of the effects of low dose exposures.
The certain degree of inconsistency, however, needs to be taken into consideration, as
principal differences in analytical tools for assessment of DNA methylation — from PCR-
based gene-specific methylation analysis to whole genome methylation array — exist.

The phenomenon of IR-induced alterations in DNA methylation is undeniable; however, our
understanding on the functional outcomes of these alterations is very limited. Only a small
fraction of studies perform simultaneous evaluation of DNA methylation and gene
expression analyses in order to investigate the role of IR-induced changes in DNA
methylation on the expression of genetic information. It is also known that loss of DNA
methylation may result in the development of genomic instability, i.e., via activation of
transposable elements, however the exact mechanisms remain unknown. LINE-1
hypomethylation and, associated with it, LINE-1 reactivation and retrotransposition, are
well-described events and are suggested as potentially causative events in carcinogenesis
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(Lee et al., 2012). However, no studies, to our knowledge, have concomitantly addressed the
DNA methylation and LINE-1 retrotransposition as a consequence of exposure to IR.

In recent years, other forms of DNA methylation, including 5-hydroxymethylcytosine
(5hmC), have also been recognized (Ye & Li, 2014). A stable base, 5hmC is an oxidation
product of 5mC that is actively converted by the TET1 enzyme (Ten-eleven translocation
methyl cytosine dioxygenase; Fig. 1). The TET family of enzymes can also subsequently
convert 5hmC to 5-formylcytosine and 5-carboxylcytosine in active demethylation
processes. Rediscovery of DNA hydroxymethylation as an important step in the DNA
demethylation process and further recognition of 5-hmC as an independent, not necessarily
transient epigenetic mark, promises to bring new insights into the field of radiation
epigenetics and beyond. Understanding the effects of IR exposure on DNA
hydroxymethylation is in its infancy, but the pioneer studies demonstrated that 5-hmC is
clearly affected by IR and may have substantial input on the regulation of gene expression
and overall cellular and tissue response to exposure (Jangiam et al., 2015; Rithidech et al.,
2015).

Epigenetic modifications are not limited to DNA only; histone proteins that form the
structural unit of nucleosome can undergo those modifications as well. To date, about a
dozen of histone modifications are being discovered and characterized, of which histone
methylation, acetylation, and phosphorylation received the most attention. Phosphorylation
of Ser 139 on histone H,AX is a critical step in the initiation of the radiation-induced
damage repair and occurs within minutes after exposure (Sedelnikova et al., 2007). Histone
methylation has been demonstrated to be affected by IR as well. For instance, histone marks
that are responsible for the formation of transcriptionally silent heterochromatin structure —
histone H3 lysine 9 (H3K9) and histone H4 lysine 20 (H4K20) trimethylation — are
negatively regulated after exposure to both low- and high-dose IR (Pogribny et al., 2005;
Koturbash et al., 2007). This relaxed chromatin structure may allow for easier access of
repair complexes to the sites of DNA damage. More details on histone modifications in
radiation biology and radiotherapy can be found in excellent reviews published elsewhere
(Ma et al., 2011; Smits et al., 2014).

Of particular interest is the possibility of dietary modulation of the DNA methylation
patterns. It is known that dietary intake of folates/folic acid, methionine and choline — the
key players in the one-carbon metabolism pathway — affects the levels of DNA methylation
in in vivo models (Wilson et al., 1984; Shivapurkar et al., 1986). The central role of one-
carbon metabolism in cancer has long been recognized and has led to the development of
methotrexate, an antifolate agent, for chemotherapy. In these regards, utilization of
methionine, which serves as a precursor of S-adenosylmethionine —a major donor of methyl
groups — and is also needed for the synthesis of glutathione, is another promising avenue.

It has been suggested that methionine supplementation may mitigate the effects of IR by
maintaining the normal patterns of DNA methylation and the synthesis of glutathione
needed for balanced cellular redox status. For instance, administration of the methionine-
supplemented diet to male Swiss mice for 2 weeks before exposure to 2, 4, or 6 Gy of $0Co
(dose rate of 50 cGy/min) maintained high levels of DNMT and methionine synthase
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activity, as well as genomic DNA methylation in comparison to mice fed a normal control
diet (Batra et al., 2010). It has to be noted, however, that analysis was done only shortly after
irradiation (24-48 h) and further studies dedicated to the investigation of the long-term
effects are clearly needed. It also has to be taken into consideration that methionine is a
difficult amino acid to digest, as well as being an important metabolite in microorganisms’
metabolism (Hondorp & Matthews, 2006). Therefore, methionine dietary overload may
cause rotting in the intestine and boost microbe growth in the damaged gastrointestinal tract,
possibly leading to inflammation, bacterial translocation and development of the IR-induced
gastrointestinal/hematopoietic syndrome.

On the other hand, tumors were shown to be particularly sensitive to methionine deficiency
that is critical for their metabolism. Restriction of methionine consumption by tumor cells
results in their cell cycle arrest at the G2/S stage that makes them particularly sensitive to
chemotherapeutic agents (Cellarier et al., 2003; Durando et al., 2008; Agrawal et al., 2012;
Cavuoto & Fenech, 2012). /n vitro, in vivo, and studies involving cancer patients
demonstrated that methionine deprivation significantly potentiates the effects exerted by
chemotherapeutic agents (Kokkinakis et al., 2006; Pavillard et al., 2006; Guénin et al., 2009;
Durando et al., 2010; Strekalova et al., 2015). The exact mechanisms of this effect are not
well understood, but the alterations in tumor DNA methylation caused by methionine
deprivation are among those that were proposed (Cavuoto & Fenech, 2012). To our
knowledge, this remarkable feature has not been investigated yet in regards to radiotherapy
but may potentially provide a promising avenue in radiation oncology.
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MGMT 06-methylguanine-DNA methyltransferase
MIRA methylated-CpG island recovery assay
ORF Open Reading Frame
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Figure 1.
Schematic representation of the LINE-1 element. Mammalian LINE-1 elements is

comprised of the heavily methylated 5’ -Untranslated Region (5”-UTR), less rich on CpG
sites two open reading frames ORF1 and ORF2, and a 3"-UTR that ends with a Poly-A tale.
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A

Figure2.
Alterations in the methionine cycle as a mechanism of ionizing radiation-induced DNA

hypomethylation. (A) Under normal conditions, methionine (MET) is being converted into
S-adenosylmethionine (SAM) by the methionine adenosy! transferase 2A (MAT2A). SAM
donates its methyl group (CH3), which is further used by the DNA methyltransferase
DNMT-1 (DNMT) for post-replicative maintenance of DNA methylation. (B) lonizing
radiation may affect synthesis of methionine and/or inhibit methionine biotransformation to
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SAM, thus exhausting the internal resources for donors of methyl groups, resulting in
hemimethylated DNA after replication.
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Table 1

Effects of ionizing radiation on global DNA methylation.
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Model System/Exposure

Effect

M ethodology

Reference

Escherichia coli 15T- irradiated with x-

DNA hypermethylation

L-methyl-3H methionine

(Whitfield and

and 72h post-irradiation

rays Billen 1972)
Wistar (6.5 Gy of 89Co) and outbred rats Dynamic changes in DNA 5-methylcytosine chromatography (Rakova 1979)
(7 Gy of °Co); Thymus and bone methylation with patterns of DNA
marrow hyper- and hypo-methylation; Lack

of significant changes at the day 10

after exposure
Four cell lines (CHO, V79, HeLa, and DNA hypomethylation in all cell HPLC determination of 5- (Kalinich et al.
C-1300) irradiated with 0-10 Gy %Co lines and time points, mostly dose- methylcytosine content 1989)
gamma rays. 24, 48, and 72h post- dependent
exposure
C57BL/6NJcl mice exposed to 4-10 Gy DNA hypomethylation in the liver HPLC determination of 5- (Tawa et al.
X-rays whole body radiation. 8, 24, 48, but not in the brain or spleen methylcytosine content 1998)

Male and female C57/BI mice irradiated
with 0-5 Gy x-rays, or exposed to a total
of 5 Gy in a single versus fractionated
(over 10 days) dose.

Dose-dependent hypermethylation
was observed in female liver and
spleen and in male spleen 6h after
irradiation. 4 weeks after
irradiation, hypermethylation was
detected in male lung. For the
fractionated dose, male and female
lung showed hypermethylation 4
weeks after exposure.

Cytosine extension assay

(Pogribny et al.
2004)

Male and female C57/BI mice irradiated
with a total of 5 Gy x-rays in a single
versus fractionated (over 10 days) dose.

DNA hypermethylation in male
liver after a fractionated dose, no
change in females or in muscle
tissue

Cytosine extension assay

(Kovalchuk et al.
2004)

Male and female C57/BI mice irradiated
with a total of 5 Gy x-rays in a single
versus fractionated (over 10 days) dose.

Hypomethylation in the thymus
after acute and chronic exposure,
male and female after 6h, and in
male and female acute and male
chronic exposure after 4 weeks. In
the muscle, hypomethylation was
observed in males and females 6h
after acute exposure only.

Cytosine extension assay

(Koturbash et al.
2005)

CBA/H and C57BL/6 mice exposed to a

Hypomethylation in the bone

HPLC determination of 5-

(Giotopoulos et

or to a fractionated equivalent dose over

10 days

single 3 Gy dose of x-rays, 10-14 days marrow of CBA/H animals but not methylcytosine content al. 2006)
after exposure C57BL/6

Human fibroblast and bronchial epithelial | No significant differences 7 days Methylated-CpG island recovery (Lahtz et al.
cells exposed t0 0.1, 1, and 4 Gy 137Cs after exposure assay, microarray, and COBRA 2012)
Human-hamster hybrid cell line Hypermethylation after 0.5 Gy X- Methylation-sensitive arbitrarily (Aypar et al.
GM10115 exposed to 0.1 and 1 Gy rays and hypomethylation after 1 primed PCR 2011)

of %Fe or 0.5 and 2 Gy x-rays Gy 56Fe

Male BALB/c mice acutely exposed to Genomic hypomethylation in blood HPLC determination of 5- (Wang et al.
0.5 Gy x-rays or chronically exposed to a | 2h after exposure methylcytosine content 2014)
fractionated dose over 10 days

Male and female C57BL/6 mice exposed Hypomethylation in the thymus 4h Cytosine extension assay (Pogrlbny et al.
acutely to a single dose of 0.5 Gy x-rays after acute and chronic exposure 2005)
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Table 2

Effects of ionizing radiation on gene-specific DNA methylation.

Page 24

Model System/Exposure

Gene

Effect

M ethodology

Reference

Male and female C57/BI
mice irradiated with a total
of 5 Gyof x-rays in a single
versus fractionated (over 10
days) dose.

p16'NK4 and MGMT
promoter

Hypermethylation of
p16/VK4 promoter in
liver, more prominent
in acutely exposed
than in chronically
exposed, and in males
than in females. No
change in muscle
tissue or in MGMT
promoter.

Bisulfite sequencing

(Kovalchuk
et al. 2004)

C3H/HeN male mice
exposed to 0.1, 0.3, or 1

Gy 5Fe and analyzed 1-120
days after exposure

DAPK1, EVL, 14.3.3,
pl6 'NK4 MGMT, IGFBP3

Hypermethylation at
1 and 30 days after
exposure, and
hypomethylation 7
and 120 days after
exposure in the lung.
No changes were
observed in liver.

Bisulfite conversion, pyrosequencing

(Limaetal.
2014)

AG01522D and RKO cells
irradiated with 0.1 and 1 Gy
x-Ray, proton, or 6Fe ions

p16 'NK4 and MGMT

No change in
promoter methylation

COBRA

(Goetz et al.
2011)

Human-hamster hybrid cell
line GM10115 exposed to
0.1 and 1 Gy of 56Fe or 0.5
and 2 Gy x-rays

NF«xB, TSLC1, CDH1

No change in
promoter methylation

Methylation-specific PCR assay,
bisulfite sequencing

(Aypar et al.
2011)

Male BALB/c mice acutely
exposed to 0.5 Gy x-rays or
chronically exposed to a
fractionated dose over 10
days

Rad23b, Tdg, Ccnd1,
Ddit3, Llgl1, Rasl11a,
Tbx2, and Scl6al5

Hypermethylation in
gene promoters after
chronic exposure

Quantitative PCR on MeDIP-
enriched DNA

(Wang et al.
2014)

Lung adenocarcinoma from
workers from the MAYAK
nuclear enterprise (y rays)

Gatab, PAX5p, H-cadherin

Increase in Gatas
promoter methylation
in tumors from
workers compared to
tumors from controls,
no difference for
PAX5Band H-
cadherin

Methylation-specific PCR assay

(Lyon et al.
2007)

Male BALB/c mice exposed
to whole body radiation split
into four weekly 1.75 Gy
doses

p16 INK4

Hypermethylation in
thymic tissue 6
months after exposure
at 2 CpG islands in
the p16 promoter

COBRA

(Song et al.
2014)

Adenocarcinoma from
workers from the MAYAK
nuclear enterprise (y rays)

pl6 INK4 MGMT, DAP-K,
and RASSF1A

Hypermethylation in
the promoter region
of p16 and
hypomethylation of
RASSF1A in tumors
from workers
compared to tumors
from controls

Methylation-specific PCR assay

(Belinsky et
al. 2004)

Workers at a uranium mine

p16/NK4 and 08-MGMT

Hypermethylation in
pI16/VK4 and OF-
MGMT proportional
to the cumulative
doses of radon among
miners

Methylation-specific PCR assay

(Suetal.
2006)

MDA-MB-231 cells
irradiated with X-rays (2 and
6 Gy). Endpoints at 1, 2, 4,

Whole genome

1h post-irradiation
with 2 Gy, RB1 was
hypomethylated and

Bisulfite conversion and methylation
microarray
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Model System/Exposure Gene Effect M ethodology Reference
8, 24, 48, and 72 h post- IGF1R and KRas
irradiation were hypomethylated.

Fifteen genes were

differentially

methylated at all-time
points post-2 Gy, and
23 genes were
differentially
methylated at all
time-points post-6 Gy
(direction of the
change is not
provided). GO terms
associated point to
changes in the cell
cycle.
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Table 3

Effects of ionizing radiation on DNA methylation of repetitive elements.
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Model System/Exposure

Element

Effect

M ethodology

Reference

C57BL/6 mice irradiated
with 10 mGy of x-ray;
Peripheral blood, spleen, and
liver

LINE-1, SINE B1,
I1AP

No persistent
alterations in
methylation at 297 or
420 days post-exposure

Bisulfite conversion, high resolution
melt (HRM)
Pyrosequencing

(Newman et al.
2014a)

C57BL/6 and CBA mice
irradiated with 1 Gy of x-

ray;
Peripheral blood, spleen, and
liver

LINE-1, SINE B1,
1AP

Strain-, tissue-, sex-,
and time-dependent
alterations in DNA
methylation.
Hypomethylation of
LINE-1 in C57BL/6
mice, while CBA was
characterized by
hypermethylation of
LINE-1 in the spleen
tissue shortly after
exposure. Methylation
of SINE B1 and IAP
was affected to a lesser
extent

Bisulfite conversion, high resolution
melt (HRM)
Pyrosequencing

(Newman et al.
2014b)

Spleen tissue 7 months post
localized hippocampal
irradiation with two doses of
10 Gy x-rays

LINE-1

Persistent global and
LINE-1-associated
hypomethylation after
exposure has been
observed in the spleen
bystander tissue

COBRA

(Koturbash et al.
2007)

C57BL/6 mice, *%Fe 0.1-
0.4Gy
Bone marrow

LINE-1, SINE B1

Dose-dependent
hypermethylation in
hematopoietic stem and
progenitor cells at 4
weeks after exposure,
followed by DNA
hypomethylation and
LINE-1/SINE B1
reactivation at 22
weeks

Methylation-sensitive enzymatic
digestion followed by gRT PCR

(Miousse et al.
2014)

C57BL/6 mice 6Fe 0.1-
0.4Gy;
Lung

LINE-1, SINE B1,
Charlie, Mariner,
major and minor

Dose-dependent
hypermethylation and
transcriptional

Methylation-sensitive enzymatic
digestion followed by qRT PCR

(Nzabarushimana
etal. 2014)

with 10 and 100 cGy 56Fe;
Liver and Lung

promoter types 7 days
after exposure, and
hypermethylation 30
days after exposure in
the lung. No
differences in Al type
promoters or in liver.

satellites silencing were
observed 22 weeks
after exposure
C3H/HeN mice irradiated LINE-1 Hypomethylation in TF | Bisulfite conversion, pyrosequencing (Lima et al. 2014)

AG01522D and RKO cells
irradiated with 0.1 and 1 Gy
x-ray, proton, or %Fe ions

LINE-1 and Alu

Hypomethylation at
16-20 population
doublings after
irradiation with proton
and iron, and for x-rays
there was
hypomethylation in
RKO and
hypermethylation in
AG01522D after 1 Gy

COBRA

(Goetz et al.
2011)

Human-hamster hybrid cell
line GM10115 exposed to

LINE-1 and Alu

LINE-1
hypomethylation of at
the highest dose of 56Fe

COBRA
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Model System/Exposure Element Effect M ethodology Reference
0.1 and 1 Gy of %6Fe or 0.5 and X-rays,
and 2 Gy x-rays hypermethylation at 0.5

Gy x-rays Alu

hypomethylation of at

the highest dose of 56Fe

and x-rays
C57BL/6 male mice %6Fe LINE-1, ERV2, LINE-1 DNA Pyrosequencing, Methylation- (Koturbash et al.
(0.1 Gy), protons (0.5 Gy) SINE-B1, major hypomethylation at day | sensitive enzymatic digestion 2016)
Heart and minor 7 after irradiation; followed by qRT PCR

satellites LINE-1, ERV2, SINE

B1, and major satellites

DNA hypermethylation

at day 90.
C57BL/6 male mice 55Fe LINE-1 DNA hypermethylation | Methylation-sensitive enzymatic (Prior et al. 2016)
(0.5 Gy), protons (0.1 Gy), of selective LINE-1 digestion followed gPCR, Methylated
or 6Fe (0.5 Gy)+protons (L1Md_Gf, DNA Immunoprecipitation (MeDIP)
(0.1 Gy) LIMdTF_III, followed by gRT PCR
Lung L1IMdF_V) elements

detected in the lung 4

weeks after irradiation
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