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Abstract 
Low-dose ionizing radiation (LDIR) exposure (≤10.0 centigray (cGy)) from man-

made sources, such as diagnostic imaging, predominates in the US population and 

comprises nearly 50% of an average individual’s yearly radiation exposure (Ullrich, 

Brooks et al. 2009). The increase in such exposures has led to public and government 

alarm about the impact of LDIR on human health (Ullrich, Brooks et al. 2009). Besides 

the mutational effects of radiation exposure, there is concern it might also result in 

modifications of the epigenome.  Such aberrations can disrupt normal development and 

are involved in the progression of numerous diseases, including cancer (Gasser and Li 

2011). High doses of radiation (>100 cGy) can cause epigenetic disruption (Kaup, 

Grandjean et al. 2006; Tamminga, Kathiria et al. 2008; Ilnytskyy, Koturbash et al. 2009), 

which is necessary for the persistence of radiation-induced genomic instability (Rugo, 

Mutamba et al. 2011); however, it is presently unclear to what extent LDIR in vivo alters 

the epigenome.  

The viable yellow agouti (Avy) mouse was used here to characterize the dose-

dependent epigenetic response to LDIR. The Avy mouse is a unique biological model 

that functions as a biosensor for environmentally induced epigenetic changes and 

disease susceptibility due to the presence of a metastable epiallele that modulates coat 

color (Waterland and Jirtle 2003). Pregnant dams were whole-body exposed to one of 

five doses of X-ray radiation ranging from 0-10 cGy on gestational day 4.5. Using a 

phantom mouse model, the intrauterine doses were estimated to be 0 cGy, 0.4 cGy, 0.7 

cGy, 1.4 cGy, 3.0 cGy, and 7.6 cGy. At weaning, offspring coat colors were assessed 

and tissues were collected for methylation analysis. First, methylation changes at CpG 
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sites in the Avy allele, the Cdk activator binding protein (CabpIAP) metastable epialleles, 

and intracisternal a particle (IAP) elements across the genome were quantified using 

Sequenom technology. Secondly, three imprinted genes, Peg3, Nnat, and H19, were 

assessed for methylation changes in differentially methylated regions (DMRs) that 

regulate their parent-of-origin monoallelic expression using Sequenom technology. 

Lastly, it was postulated that the epigenetic changes at the Avy locus could be 

counteracted with dietary alterations. To test this hypothesis, female mice were placed 

on an antioxidant-supplemented diet prior to pregnancy and throughout gestation and 

lactation. Pregnant dams were irradiated with 3.0 cGy of whole-body X-rays. Offspring 

coat colors were assessed and methylation changes at the Avy allele were measured 

with the Sequenom platform.  

I demonstrate herein that in utero LDIR exposure induced epigenetic changes in 

the Avy mouse in a dose-dependent and sex-specific manner. Acute, whole-body 

exposure to 0.7 cGy, 1.4 cGy, 3.0 cGy or 7.6 cGy X-rays significantly shifted offspring 

coat color distribution toward pseudoagouti. Acute exposure to 1.4 cGy, 3.0 cGy, and 7.6 

cGy significantly increased methylation at multiple CpG sites in the Avy metastable 

epiallele in male offspring, but not female offspring. Methylation changes at DMRs in 

Nnat, Peg3, and H19 also occurred in a dose-dependent manner. Furthermore, inhibition 

of Avy phenotypic and methylation changes with an antioxidant-supplemented maternal 

diet indicates that the mechanisms to induce epigenetic changes are mediated by 

oxidative stress. These results demonstrate that relevant, low doses of radiation can 

elicit epigenetic changes that lead to a persistent phenotype, but can be mitigated with 

dietary supplementation. The successful completion of this project has resulted in the 
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first in vivo epigenetic characterization of LDIR exposure and will contribute to the 

development of more relevant risk assessment strategies for protecting human 

populations.   
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1. Introduction  
Since the discovery of ionizing radiation in 1895, the biological and human health 

effects at moderate to high doses (10 cGy - 20 Gy) have been well documented. Yet, the 

human health risks induced by low-dose ionizing radiation (LDIR) are still estimated by 

extrapolating from effects at higher doses, according to the Linear No Threshold (LNT) 

risk assessment model.  In the next century, the majority of ionizing radiation exposures 

are anticipated to lie in the low-dose range (≤10 centigray (cGy)). Occupational hazards, 

medical diagnostics, bio-warfare, space travel, and nuclear energy are all steadily 

increasing (Ullrich, Brooks et al. 2009). Due to the predominance of LDIR exposure and 

inadequate data regarding the health effects in this range, a concerted effort to employ 

modern technology for characterizing the effects of this exposure is currently underway.   

The surge of recent research in the low dose range has revealed that unique 

molecular pathways are activated by low dose radiation. Differential gene expression 

(Fachin, Mello et al. 2007; Jin, Na et al. 2008), protection against high dose radiation 

mutations (Day, Zeng et al. 2007), decreased rates of carcinogenesis, and enhanced 

immune function in the low dose range all support the hypothesis that low doses induce 

separate mechanisms (Scott, Belinsky et al. 2009). These results raise doubts regarding 

the validity of the LNT model and its assumption that every unit of radiation results in 

biological harm.   

Thus, other concepts, such as the Threshold Model and the Hormetic Model, are 

garnering support from the scientific community. The Hormetic Model, which is 

characterized by a biphasic dose-response curve, represents the hypothesis that 

ionizing radiation elicits a cellular adaptive and protective response that is then offset by 

harmful consequences at higher doses (Seymour and Mothersill 2006; Sykes and Day 
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2007). This theory is now being revisited to describe biological responses in the low-

dose range.  

High doses of ionizing radiation have been shown to induce epigenetic 

modifications in vitro and in vivo (Kaup, Grandjean et al. 2006; Tamminga, Kathiria et al. 

2008; Ilnytskyy, Koturbash et al. 2009). Nevertheless, epigenetic changes in the low-

dose range have yet to be examined. Thus, the effects of ionizing radiation on the 

epigenome and the potential for human risk are not fully characterized. Investigating the 

epigenetic effects in the low-dose range will elucidate the role these events play in 

disease progression and will help modify current risk assessment models.   

1.1 Ionizing Radiation 

Numerous sources emit ionizing radiation: earth, cosmos, rocks, the human 

body, and man-made sources such as medical isotopes, nuclear fuel, nuclear warfare, 

and medical X-rays (Hendry, Simon et al. 2009). Over 100 years have passed since the 

first use of an X-ray in medicine and the Curies’ monumental discoveries about 

radioisotopes. These scientists, often experimenting on themselves, identified ionizing 

radiation as possessing enough energy to eject electrons from an atom’s orbital. 

Electromagnetic waves that carry enough photon energy to ionize atoms or molecules 

are short wavelength; X-rays and gamma rays both lay on the short wavelength end of 

the electromagnetic spectrum.  

Within seconds of passing through a cell, ionizing radiation’s short wavelength, 

high frequency, and high photon energy induce direct and indirect damage (Johns 1983; 

Hall and Giaccia 2006). The majority of X-ray damage is created indirectly; the high 

photon energy ejects electrons that break chemical bonds and hydrolyze H2O, producing 

hydroxyl radicals that then induce DNA 8-oxoguanine lesions and strand breaks (Johns 
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1983; Hall and Giaccia 2006). The remainder of the damage consists of direct DNA 

strand breaks and chromosomal aberrations from the scattered electrons. Following 

DNA damage, signaling is initiated by damage sensors, which transmit signals to 

transducers and finally effectors that recruit DNA repair proteins (Pandita and 

Richardson 2009; Postiglione, Chiaviello et al. 2009). Through this pathway, base 

damage, single strand breaks, and double strand breaks activate base excision repair 

(BER), homologous repair (HR), and non-homologous end joining repair pathways 

(NHEJ), all of which are discussed in more detail later (Maynard, Schurman et al. 2008; 

Mahaney, Meek et al. 2009).  

Absorbed radiation doses are measured in centigray (cGy), a unit corresponding 

to the energy absorption of 1 Joule/kg (Johns 1983). Several in vivo and in vitro studies 

have described the cellular responses of absorbed doses between 0.3 cGy and 50 cGy 

(reviewed in (Tubiana, Feinendegen et al. 2009)) (Figure 1). Though limited cell 

signaling has been detected below 0.3 cGy, mitotic death occurs in damaged cells. For 

perspective, 0.3 cGy is the annual dose received by airline flight crews and slightly more 

than the dose received during a mammogram. Generally, doses as low as 1.0 cGy- the 

amount of yearly background radiation on the Indian Kerala coast and for a cardiac 

diagnostic scan- can trigger gene expression changes (Jin, Na et al. 2008). Adaptive 

responses, such as reactive oxygen species scavenging, error-free DNA repair, and 

increased apoptosis, may prevent neoplastic formation and have been reported between 

0.3 cGy and 5 cGy. The dose received from a cranial CT scan as well as the maximum 

yearly dose limit for Department of Energy workers is 5 cGy (Tubiana, Feinendegen et 

al. 2009). Above 5 cGy and below 10 cGy, both error free and error prone repair occur 

along with the elimination of most aberrant cells and pre-neoplastic cells (Feinendegen 
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and M. 2001; Hooker, Bhat et al. 2004). This dose range comprises cranial CT scans, 

fluoroscopy scans and full body spiral CT scans (Einstein 2009). Above 10 cGy, an 

increase in error prone DNA repair occurs, resulting in increased human cancers. A 10 

cGy dose equates to the radiation received by astronauts on the International Space 

Station, but is below the natural yearly background radiation in Ramsar, Iran. Thus, the 

low dose range encompasses a litany of diagnostic tests and environmental exposures 

and has been shown to induce adaptive cellular responses to DNA damage 

(Feinendegen and M. 2001). 

1.2 Linear No Threshold (LNT) and Biphasic Dose Response 
Curves 

Despite the body’s best efforts for repairing DNA damage, errors do occur, 

leaving the body susceptible to mutations and disease. In fact, moderate to high doses 

of radiation (10 cGy – 20 Gy) lead to linear increases in carcinogenesis and birth defects 

(Little 2009; Mullenders, Atkinson et al. 2009). For these doses, the LNT model, which 

assumes that there is no safe level of radiation exposure, accurately predicts the 

carcinogenic effects of radiation (Gilbert 2009) (Figure 2A). The LNT model was created 

between 1954 and 1972 by gathering epidemiological data from Hiroshima bombing 

victims, occupational exposures, and medical patients. Based upon these data, DNA 

damage and cancer risk increase in linear proportion to dose above 10 cGy. The primary 

current and anticipated human exposures, however, lie in the low dose region due to a 

sharp rise in medical examinations (Einstein 2009), mining, space travel, biowarfare, 

nuclear clean up, nuclear industry workers, and nuclear test participants (Wakeford 

2009). A lack of epidemiological data in this region results in part from high background 

rates of cancer in the normal population, and the enormous number of individuals that 
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would be needed to detect a statistically significant cancer risk above or below 

background at the lowest radiation doses (Mullenders, Atkinson et al. 2009). As a result, 

regulatory agencies assume that linearity also occurs in the low dose region, and they 

employ the conservative LNT model. Consequently, low-dose health risks are estimated 

presently by extrapolating from high-dose health effects.  

Controversy surrounding the LNT model has persisted for decades.  Proponents 

of the LNT theory assert that the public’s safety is protected with the cautionary 

principles inherent in the model. Currently, based on existing biological data, some in the 

scientific community believe that the model is “(almost) the best we can do” (Little, 

Wakeford et al. 2009). Yet, other scientists believe that a dramatic increase in medical 

diagnostic tests for asymptomatic people, bystander cellular responses, and persistent 

transmissible genomic instability could actually increase cancer risk above that predicted 

by the LNT model (Little and Lauriston 2006; Mullenders, Atkinson et al. 2009).  

In contrast, others in the scientific community believe that the LNT model 

overestimates risk at low doses, and that a threshold for carcinogenesis exists (Figure 

2B). According to a growing number of scientists, the LNT model may even 

underestimate the hormetic or beneficial potential from low levels of ionizing radiation. 

The basis of this claim is the growing body of research indicating protective effects of 

low levels of ionizing radiation: differential gene expression at low versus high doses, 

decreased risks of cancers, and enhanced immune function (Feinendegen and M. 2001; 

Aleta 2009; Scott, Belinsky et al. 2009). The hormetic principle, which asserts that low 

doses of radiation are beneficial until overwhelmed by damaging higher doses, results in 

a biphasic dose-response curve (Figure 2C).   
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Despite that there are scientists who consider this model “perverse” (Wall, 

Kendall et al. 2006), other researchers and regulatory bodies, such as the Department of 

Energy, believe it holds merit. They are not only aware of the billions of dollars invested 

in radiation protection, but also understand that the LNT model fails to consider 

potentially unique biological responses to low dose radiation. For example, non-linear 

biological repair mechanisms such as the body’s responses to oxidative stress, have 

been shown to be much more effective at low doses than at high doses (Tubiana, 

Feinendegen et al. 2009). In fact, in a recent response to the chemical industry and 

governmental attempt to bridge the dichotomy between high and low dose mechanisms, 

Dr. Melvin Anderson from the Hamner Institutes for Health Science states: 

“I have spent nearly 40 years as a toxicologist trying to relate high-dose animal studies 

to low-dose human risk.  I now believe that’s impossible to do.” (Schmidt 2009). 

Within the past decade a number of technological advances have warranted the 

re-assessment of biological responses in the low dose region to fully determine the risk 

or benefits of low levels of ionizing radiation. Information gathered from the Department 

of Energy’s Low-Dose Radiation Research Program will help to modify risk assessment 

by comparing and contrasting biological events` at low and high doses. The results could 

also have potential implications for the toxicity testing of other environmental agents. 

1.3 Epigenetic Programming 

 A biological phenomenon that has not been thoroughly investigated at low 

radiation doses is epigenetic programming, which is a normal developmental process 

that coordinates tissue-specific gene expression. Epigenetic modifications, such as DNA 

methylation, drive meiotically or mitotically heritable changes in gene expression that 

occur without a change in DNA sequence. Other alterations, such as histone methylation 
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and acetylation, along with small RNAs also participate in the establishment of 

methylation patterns (Ooi and Henikoff 2007). Epigenetic modifications are critical during 

gametogenesis and early embryogenesis when programmed methylation patterns 

ensure proper pre- and postnatal development. Moreover, the parent-of-origin 

expression of imprinted genes that is necessary for growth and embryo survival is 

established during gametogenesis (Weaver and Susiarjo 2009). The labile process of 

epigenetic reprogramming ensures that an organism responds and adapts to 

environmental perturbations during development. Unfortunately, these epigenetic 

adaptations may also lead to persistent aberrant alterations in the epigenome that can 

be maladaptive to contrasting environments later in life. This developmental origins of 

disease theory, first proposed by David J. P. Barker in the 1990s, helps to explain the 

pathogenesis of cancer, obesity, diabetes, and psychological disorders (Barker and 

Clark 1997; Szyf 2009). Numerous studies of nutritional and chemical effects on both 

mice and humans demonstrate the potential of early developmental exposures to disrupt 

epigenetic programming (Waterland 2005; Dolinoy, Weidman et al. 2006; Waterland, 

Dolinoy et al. 2006; Dolinoy, Das et al. 2007; Dolinoy, Huang et al. 2007; Jirtle and 

Skinner 2007; Waterland and Michels 2007; Schlinzig, Johansson et al. 2009; Tobi, 

Lumey et al. 2009; Waterland 2009).  

The appropriate timing and extraordinary precision of methylation in the gametes 

and following fertilization is crucial for proper development. Briefly, following fertilization, 

the paternal genome is actively demethylated and the maternal genome is passively 

demethylated. Throughout this process, primary parent-of-origin imprints are maintained.  

At the morula stage, de novo methylation of the genome occurs and secondary imprints 

are established. As the embryo grows, the parent-of-origin imprints are maintained in 
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somatic tissues, but erased in primordial germ cells so that they can be reestablished in 

a sex-specific manner during gametogenesis (Murphy and Jirtle 2003; Weaver and 

Susiarjo 2009). The highly regulated nature of the epigenetic programming system 

points out its vulnerability to being altered by environmental exposures. 

DNA Methylation patterns are controlled by DNA methyltransferases (DNMTs), 

which catalyze the addition of a methyl group from S-adenosylmethionine (SAM) to the 

carbon-5 (C5) position of cytosines within CpG dinucleotides. DNMT3a and DNMT3b 

catalyze de novo methylation in gametes and following fertilization. DNMT1 maintains 

these methylation marks during mitotic cell division throughout an individual’s lifetime 

(Ooi, O'Donnell et al. 2009).  DNA methyltransferases are so necessary for embryonic 

survival since their knockout results in embryonic lethality (Lei, Oh et al. 1996). DNA 

methylation often acts to repress genetic transcription, whereas hypomethylation often 

results in gene activation.  

Given that DNA is tightly bound around histone proteins, chromatin must also be 

restructured during epigenetic programming. As a result, it is not surprising that DNA 

methylation changes during development have been linked to chromatin structure and 

histone modifications (Weaver and Susiarjo 2009). Histone acetylation and methylation 

maintain chromatin in a transcriptionally active (acetylated) or silenced (deacetylated) 

state, and are necessary for marking DNA sequences for methylation, although the 

details remain undetermined (Ooi and Henikoff 2007). The particulars about how 

methyltransferase and histone interactions result in DNA methylation are still being 

actively researched. Cofactors such as DNMT3L, UHRF1, CTCF, and methyl-CpG 

binding proteins, which are not enzymatically active, are thought to regulate the 
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association and interaction with histones to direct CpG methylation (reviewed in (Ooi, 

O'Donnell et al. 2009)).  

Several other factors and specific histone modifications have also been 

recognized for their role in DNA methylation. For example, in male germ cells, small 

RNAs work upstream of methyltransferase machinery to mediate methylation of long 

interspersed nucleotide element-1 (LINE1) and intracisternal A particle (IAP) 

retrotransposons (Aravin and Bourc'his 2008; Aravin, Sachidanandam et al. 2008). 

Importantly, a multitude of epigenetic factors are necessary for proper signaling and 

coordination of epigenetic programming, and are disrupted by high doses of ionizing 

radiation. (Koturbash, Baker et al. 2006; Koturbash, Boyko et al. 2007; Ilnytskyy, 

Koturbash et al. 2009).   

1.4 Epigenomic Targets: Metastable Epialleles 

Metastable epialleles are valuable tools for identifying environmental exposures 

that can alter the epigenome (Waterland and Jirtle 2003; Waterland and Jirtle 2004; 

Dolinoy, Weidman et al. 2006; Dolinoy, Das et al. 2007; Waterland, Travisano et al. 

2008). Early developmental epigenetic modifications lead to variable expressivity of 

metastable epialleles in genetically identical individuals (Rakyan, Blewitt et al. 2002). 

Variable expression results from the stochastically created, allele-specific epigenotype 

and can produce widely varying phenotypes. Due to a metastable epiallele’s labile 

nature, they serve as phenotypic indicators of the epigenome’s susceptibility to 

environmental modifications during development, making them unique biosensors for 

epigenotoxicants (Waterland and Jirtle 2003; Waterland and Jirtle 2004; Waterland 

2005; Dolinoy, Weidman et al. 2006; Dolinoy, Huang et al. 2007). 

Three identified murine metastable epialleles (Viable Yellow Agouti (Avy), Axin-
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Fused (AxinFu), and Cdk5-Activator Binding Protein (CabpIAP)) resulted from 

spontaneous intracisternal A particle (IAP) insertions (Morgan and Whitelaw 2009).  

IAPs carry promoters at 5’ long terminal repeats (LTRs), which initiate their transcription 

and, in some cases, the transcription of adjacent host sequences (Figure 3). For 

example, the expressions of Avy, AxinFu, and CabpIAP are regulated by methylation status 

at the LTR (Falzon and Kuff 1988; Mietz and Kuff 1990; Lewin 2000). DNMT knockout 

mice with reduced methylation show dramatic increases in IAP RNA transcripts in most 

murine tissues (Kuff and Lueders 1988; Lei, Oh et al. 1996; Walsh, Chaillet et al. 1998). 

Furthermore, IAP hypomethylation at the 5' LTR leads to constitutive expression of IAP 

transcripts in many mouse tumors (Kuff and Lueders 1988; Mietz and Kuff 1990). The 

Avy and CabpIAP metastable epialleles were examined in this project and are described in 

detail below.  

Although only a handful of murine metastable epialleles have been identified, 3% 

of the mouse genome contains Class II endogenous retrovirus elements, which are 

comprised in part with proviral IAP elements of up to 7 kb in length. Thus, there could be 

many more unidentified metastable epialleles (Kuff and Lueders 1988; Maksakova, 

Romanish et al. 2006). In fact, two other metastable epialleles, Dnajb1 and Glcci1, were 

recently identified via an expression microarray approach. These two metastable 

epialleles displayed large variability in gene expression amongst individuals, but low 

variability between tissues, which are characteristics of the Avy metastable epiallele 

(Weinhouse, Anderson et al. 2011).   

Metastable epialleles have also been identified in the human genome, where 

retrotransposon elements are estimated to make up nearly 9% of the DNA (Kuff and 

Lueders 1988; 2001). It was previously thought that humans did not carry metastable 
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epialleles; however, five potential human metastable epialleles, preferentially located 

upstream of LTR retrotransposons, were found to exhibit differential methylation in 

response to season of conception, which correlates with early nutritional conditions 

(Waterland, Kellermayer et al. 2010). Therefore, since these metastable epialleles act 

similarly to mouse metastable epialleles, mouse studies now have increased 

implications in humans.  

1.4.1 The Viable Yellow Agouti (Avy) Mouse Model 

In the early 1960’s, M. Dickies first described an allele on mouse chromosome 2 

that contained a spontaneous IAP insertion upstream of the Agouti gene transcription 

start site and led to yellow mice (Dickies 1962; Duhl, Stevens et al. 1994; Waterland and 

Jirtle 2003) (Figure 4). This mouse was termed the Avy mouse and would later be used 

to study obesity, liver dysfunction, hypothalamic signaling, carcinogenesis, diabetes, and 

lastly, epigenetics. The murine Agouti gene encodes a paracrine-signaling molecule that 

promotes follicular melanocytes to produce yellow phaeomelanin pigment instead of 

black eumelanin pigment. Transcription is initiated from a hair cycle-specific promoter in 

exon 2 of the Agouti (A) allele. Transcription of the A allele normally occurs only in the 

skin and only during a specific stage of development, resulting in a sub-apical yellow 

band on each black hair and the resultant brown (agouti) coat color of wild-type mice 

(Duhl, Stevens et al. 1994). In the Avy allele, however, a cryptic promoter at the 5' end of 

an upstream IAP promotes Agouti transcription in all cells and throughout the animal’s 

lifetime, leading to yellow fur, adult onset obesity, and carcinogenesis. The latter 

phenotypes are due to the binding of the agouti protein to the melanocortin receptor in 

all tissues, including the hypothalamus (Miltenberger, Mynatt et al. 1997; Morgan, 

Sutherland et al. 1999; Pan and Kastin 2007). CpG methylation in the Avy IAP correlates 
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inversely with ectopic Agouti expression. Stochastic methylation amongst individual 

isogenic Avy/a mice causes coat colors and phenotypes to range from yellow (obese and 

unmethylated) to pseudoagouti (thin and methylated) (Morgan, Sutherland et al. 1999) 

(Figure 5). Developmental exposures that affect methylation status at this allele can 

significantly shift the coat color distribution of the offspring towards either yellow or 

brown. This characteristic makes the Avy mouse model a exceptional biosensor for 

studying the effects of environmental exposures (Waterland and Jirtle 2003). The effects 

of environmental exposures on the Avy metastable epialleles are summarized in Table 1. 

1.4.2 The Mouse CDK5 Activator Binding Protein (CabpIAP) Metastable 
Epiallele 

In 2004, Druker and colleagues discovered the CabpIAP metastable epiallele 

while searching murine C57BL/6J cDNA databases for sequences homologous to IAP 

LTRs. They discovered a novel sequence within intron 6 of a gene that was later 

identified as the CDK5 activator binding protein (Cabp) gene (Druker, Bruxner et al. 

2004).  Cabp is located on mouse chromosome 2, contains 14 exons, and normally 

produces a 2-kilobase (kb) transcript (Figure 6). Like Avy, CabpIAP also contains an IAP 

retrotransposon. In addition, expression is inversely correlated to cytosine methylation at 

the 5' LTR of the IAP element. Unlike Avy, CabpIAP influences both upstream and 

downstream gene transcription (Druker, Bruxner et al. 2004). At the CabpIAP, a variably 

expressed 1.3 kb transcript initiates from a cryptic promoter in the 5' LTR in genetically 

identical littermates. Additionally, mice that are hypomethylated at the 5' LTR also 

produce a short transcript originating from intron 6 and a number of short Cabp 

transcripts that start at the normal 5' promoter, but end prematurely, immediately 5' of 

the IAP element (Druker, Bruxner et al. 2004). The Cabp IAP insert is specific to the 
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C57BL/6 mouse strain, indicating a recent retrotransposition.   

The presence of CabpIAP provides for the examination of a second metastable 

epiallele within congenic Avy mice, which are bred on a C57BL/6 background. Thus, the 

effects of environmental exposures can now be examined at more than one metastable 

locus within a single animal. Shortly after the identification of the CabpIAP metastable 

epiallele, Dolinoy and colleagues described hypomethylation at the allele in response to 

exposure to bisphenol A, an endocrine active compound used to manufacture 

polycarbonate plastic and epoxy resin (Dolinoy, Huang et al. 2007). The reduction in 

CabpIAP methylation likewise corresponded with hypomethylation at the Avy allele. 

Comparison of the effects that environmental exposures have on the two metastable 

epialleles could help to identify the unique susceptibilities of each locus.  

1.5 Epigenomic Targets: Imprinted Genes 

The Avy mouse is not only valuable for its environmentally sensitive metastable 

epialleles, but it is also useful for analyzing the effects of environmental exposures on 

imprinted gene regulation. As discussed previously, imprinting is a form of gene 

regulation in which epigenetic modifications direct monoallelic gene expression in a 

parent-of-origin dependent manner. The monoallelic expression of imprinted genes 

leaves them vulnerable to deregulation by recessive mutations or aberrant epigenetic 

alterations (Murphy and Jirtle 2003). Imprinted gene deregulation is associated with a 

number of disorders, including Prader-Willi syndrome (PWS), Angelman syndrome (AS), 

and Beckwith Weidemann syndrome (BWS) as well as increased susceptibility to cancer 

(Murphy and Jirtle 2003; Lim and Maher 2009). Imprinting deregulation is also 

hypothesized to play a role in neurodevelopmental and psychological disorders including 

autism, bipolar disorder, epilepsy, and schizophrenia (Falls, Pulford et al. 1999; Murphy 
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and Jirtle 2003). Since mice share several imprinted genes with humans, imprint 

analysis in mice will help estimate the risk of human imprint deregulation resulting from 

environmental exposures, such as ionizing radiation (Murphy and Jirtle 2003).  

In mammals, imprinting originated approximately 150 million years ago and is 

exclusive to marsupial and placental therian species (Killian, Nolan et al. 2001). The first 

imprinted genes identified in 1991 were mouse paternally expressed insulin-like growth 

factor 2 (Igf2), a potent mitogenic growth factor, and maternally expressed insulin-like 

growth factor 2 receptor (Igf2r), a multifunctional receptor that reduces Igf2 bioavailability 

by trafficking it to the lysosomes for degradation (Barlow, Stoger et al. 1991; DeChiara, 

Robertson et al. 1991; Ghosh, Dahms et al. 2003). Within the past two decades, nearly 

100 imprinted genes have been identified in mice and humans (Jirtle 2009). While many 

species share imprinted genes, there is a considerable difference between humans and 

mice. For example, Igf2r is imprinted in mice, but not in humans. A recent bioinformatic 

study of the mouse genome predicts that 600 genes have a high probability of being 

imprinted, whereas roughly 150 are predicted to be imprinted in humans (Luedi, 

Hartemink et al. 2005; Morison, Ramsay et al. 2005).   

Like metastable epialleles, imprinted genes are regulated in part by DNA 

methylation. Divergent methylation status between two parental alleles mediates the 

parent-of-origin expression that is characteristic of imprinted genes. As discussed above, 

these inherited differentially methylation regions (DMRs) are established in the germ 

line. DNA methylation also interacts with histone modifications and chromatin packaging 

to regulate imprinted gene establishment in the germ line (Ooi and Henikoff 2007; Das, 

Hampton et al. 2009). Imprints can be established in either a primary or secondary 

manner. Primary imprints are established prior to fertilization in the oocytes and sperm.  
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Secondary imprints are established following fertilization during epigenetic programming 

in the embryo. Although DNA methylation seems to be the underlying characteristic of 

imprinted gene regulation, their expression is controlled by diverse epigenetic 

mechanisms.  

One imprint regulatory pathway, the non-coding RNA model, maintains imprinting 

with an antisense RNA. This is the case for the imprinted murine Igf2r gene (Sleutels, 

Zwart et al. 2002). The antisense RNA, Air, is produced from the paternal allele at the 

unmethylated intronic DMR2 after fertilization (Sato, Yoshimizu et al. 2003). This leads 

to the methylation of DMR1 at the promoter, thereby silencing the paternal Igf2r. The 

maternal allele, however, is methylated at DMR2, inhibiting the production of Air and 

subsequent methylation induced gene repression by DMR1. IGF2R is biallelicaly 

expressed in humans, with no production of Air, despite the presence of DMR2 (Killian, 

Byrd et al. 2000).  

Another imprinting regulatory system has been termed the chromatin boundary 

model. In this model an imprint control region (ICR), a cis-acting DNA element that 

carries a heritable parental-specific epigenetic mark, affects the binding of a CTCF 

insulator protein to regulate gene silencing (Hoffman, Vu et al. 2000; Das, Hampton et 

al. 2009). The Igf2/H19 reciprocally imprinted domain is regulated in this manner (Figure 

7) (Schoenherr, Levorse et al. 2003). The ICR for these reciprocally imprinted genes lies 

downstream of Igf2, but upstream of H19. The maternal ICR is a primary unmethylated 

imprint, allowing for the binding of CTCF. CTCF then binds in the promoter region of 

Igf2, which insulates it from downstream Igf2/H19 enhancers. As a result maternal Igf2 

expression is repressed and maternal H19 expression is enhanced. On the other hand, 

the paternal ICR is methylated, blocking CTCF from binding and allowing enhancers to 
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interact and promote expression of the paternal Igf2 allele. The Igf2/H19 ICR was 

examined here in response to LDIR exposure. 

Neuronatin (Nnat) DMR methylation was also examined in response to LDIR. 

Nnat lies within the first intron of another imprinted gene, Blcap (Evans, Wiedman et al. 

2005). Nnat allele-specific expression is controlled by promoter hypermethylation that 

represses expression of the maternal allele (Figure 8) (Kikyo, Williamson et al. 1997). 

Nnat imprinting is specific to Eutherians (Evans, Wiedman et al. 2005); thus, it has been 

hypothesized that imprinting of this gene evolved much later than for Igf2r and Igf2/H19, 

which are known to be imprinted more ancestrally (Killian, Byrd et al. 2000; Killian, Nolan 

et al. 2001). As a result, it is thought that Nnat has had less time to develop the layers of 

transcriptional control occurring in Igf2r and Igf2 (Evans, Wiedman et al. 2005). 

Additional reports indicate that cis-acting elements may act upstream to contribute to 

regulation (John, Aparicio et al. 2001), or an ICR in intron 2 could help to activate the 

gene (Sowpati, Thiagarajan et al. 2008). Regardless, methylation at the promoter region 

indicates loss of expression in pituitary adenoma (Revill, Dudley et al. 2009), and 

demethylation at the promoter region activates the gene (Dudley, Revill et al. 2008). 

Therefore, the promoter DMR is important in mediating Nnat imprinting. 

Lastly, the paternally expressed gene, Peg3, is another imprinted gene that was 

examined in response to LDIR (Figure 9). Although a DMR is present in the promoter 

region of the Peg3 imprinted gene (Murphy, Wylie et al. 2001), a number of studies show 

that it, alone, is not sufficient to control imprinting at this locus (Szeto, Barton et al. 2004; 

Ma, Lin et al. 2010). Like Igf2r, there are possible elements, such as antisense RNAs, 

lying at a great distance that could also help control imprinting of Peg3 (Szeto, Barton et 

al. 2004). Similarly to Igf2/H19, the gene could be co-regulated by an ICR that acts at a 
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distance from the DMR (Szeto, Barton et al. 2004). The DMR could be interacting with a 

cis-acting element either 20 kb upstream or more than 80 kb downstream of the gene 

(Szeto, Barton et al. 2004), a regulatory element in intron 1 of the gene (Kim, Kollhoff et 

al. 2003), or both.  

Although studies to date are limited, methylation changes at imprinted gene loci 

in response to environmental exposures have been demonstrated in mice (Igf2) 

(Waterland, Lin et al. 2006) and humans (IGF2) (Heijmans, Tobi et al. 2008). Waterland 

and colleagues showed that postnatal nutritional exposures influences imprinting by 

altering methylation levels of Igf2 DMRs. In their study, they discovered that post-

weaning diet alters genomic imprinting at the Igf2 locus and methylation of Igf2 DMR2 

(Waterland, Lin et al. 2006). Emerging evidence from humans now indicates that poor 

nutrition during very early gestation also alters DNA methylation at imprinted and non-

imprinted loci, and that these effects can be detected decades later. In humans, 

methylation changes have been reported in an IGF2 DMR in adults who were exposed 

to famine in the first trimester of gestation during the 1944-1945 Dutch Winter Hunger 

(Heijmans, Tobi et al. 2008). A follow-up Dutch Winter Hunger study identified altered 

DNA methylation at three additional imprinted genes (GNASAS, MEG3, INSIGF) as well 

as several non-imprinted loci associated with human growth and development (Tobi, 

Lumey et al. 2009).   

The findings above indicate that imprinted genes may be susceptible to other 

developmental exposures, and may be responsive to such exposures in a manner 

similar to that observed at metastable epialleles (Hoyo, Murphy et al. 2009).  The Avy 

mouse model described above provides an experimental model to investigate the 

influence that early exposures have on imprinted gene regulation and their association 
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with methylation changes of metastable epialleles.  

1.6 Ionizing Radiation Induces Epigenetic Modifications  

Herman Joseph Müller first demonstrated genotoxicity of ionizing radiation in the 

form of drosophila mutations in 1927; but it wasn’t until 1998 that Tawa and colleagues 

discovered that ionizing radiation also induces epigenotoxicity. They found that 10 Gy of 

radiation caused a 40% reduction in the level of 5-methylcytosine in mouse livers (Tawa, 

Kimura et al. 1998). Nearly six years elapsed before the next publication regarding the 

epigenetic consequences of ionizing radiation. In 2004, Kovalchuk and colleagues 

demonstrated that C57BL/6 mice irradiated with 50 cGy of acute and chronic X-ray 

doses showed global hypomethylation differentially between males and females and 

between liver and muscle. More specifically, chronic irradiation led to significant 

hypomethylation in male muscle tissue, but not liver tissue and no significant effect was 

seen in females (Kovalchuk, Burke et al. 2004).  

Since then, Kovalchuk has been one of the few scientists exploring the 

relationship between in vivo ionizing radiation exposure and epigenetic modifications.  

Epigenetic changes occur in direct response to radiation, and also because of a 

bystander response, in which cells not directly exposed to irradiation experience 

genomic instability. Specifically, loss of methylation globally and at long interspersed 

nucleotide element-1 (LINE-1) retrotransposable elements, in addition to down 

regulation of DNA methyl binding proteins occur in response to ionizing radiation 

exposure (Pogribny, Koturbash et al. 2005; Koturbash, Baker et al. 2006; Koturbash, 

Boyko et al. 2007; Tamminga, Kathiria et al. 2008). Epigenetic changes in response to 

whole body and cranial irradiation to compare direct and bystander tissue responses in 

adult mice have been investigated (Ilnytskyy, Koturbash et al. 2009). Exposure of the 
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whole body or brain to 50 cGy of acute radiation resulted in hypomethylation in exposed 

and bystander spleen up to 14 days following exposure, but only up to six hours later in 

the skin. Fractionated radiation, however, only induced hypomethylation in spleen six 

hours after whole-body exposure, but up to 14 days after cranial exposure. Methyl-

binding protein was also reduced in spleen. Interestingly, distinct microRNAome 

changes were also observed in response to radiation exposure. microRNAs (miRNAs) 

associated with suppression of Dnmt3A, methyl CpG binding protein 2 (MeCP2), and 

several other cellular processes were up-regulated in spleen, but not in skin (Ilnytskyy, 

Koturbash et al. 2009).  

Transgenerational effects likewise occur in response to high-dose ionizing 

radiation. Males exposed to 2.5 Gy showed upregulation of the miR-29 family in the 

germline (Filkowski, Ilnytskyy et al. 2010). These miRNAs target epigenetic regulators, 

down-regulated Dnmt3a and induced hypomethylation of LINE1 and short interspersed 

nucleotide element B2 (SINEB2). Interestingly, progeny from the exposed males 

displayed hypomethylation of LINE1 and SINEB2. Additionally, a decrease in lymphoid-

specific helicase (LSH), a protein that contributes to methylation, was observed. This 

decrease was likely due to an increase in miR-468, which targets and decreases 

expression of LSH. Thus, miRNA signaling is important for regulating epigenetic 

changes due to radiation exposure. Another study examined levels of methylation in 

somatic tissues of unexposed mouse offspring upon maternal, paternal, and combined 

parental irradiation with 2.5 Gy X-ray radiation (Koturbash, Baker et al. 2006). Combined 

parental irradiation led to hypomethylation and decreased Dnmt1, Dnmt3A, Dnmt3b, and 

MeCP2 proteins in thymus tissue. The results from in vivo epigenetic studies during the 

past decade are summarized in Table 2.   
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In conclusion, ionizing radiation at moderate and high doses induces epigenetic 

modifications in a gender- and tissue-specific manner that can be inherited in the next 

generation. Additionally, fractionated and acute doses in directly irradiated and in 

bystander tissues caused differential changes in DNA methylation. The purpose of this 

research project was to determine if LDIR also alters the epigenome in a sex-specific, 

tissue-specific, and dose-dependent manner. 

1.7 Ionizing Radiation, Oxidative Stress, and Epigenetic 
Disruption 

Although the exact mechanisms that lead to epigenetic modifications remain 

unclear, ionizing radiation is thought to cause methylation changes and histone 

modifications through DNA damage that directly interferes with methylation or during 

DNA damage repair. As introduced earlier, oxidative stress from high doses of ionizing 

radiation leads to DNA base modifications, deletions, strand breakage, and 

chromosomal rearrangements. This damage can interfere with the DNMT binding and 

activity, resulting in global hypomethylation (Wilson and Jones 1983; Franco, 

Schoneveld et al. 2008). For instance, ionizing radiation leads to 8-oxoguanine (8-

hydroxyl-2'-deoxyguanosine, 8-OH-dG*)(Weitzman, Turk et al. 1994), a DNA lesion that 

reduces the binding of DNMTs at adjacent cytosine residues (Turk, Laayoun et al. 1995; 

Lee, O'Conner et al. 2002). Direct oxidation of 5-methylcytosine has also been shown to 

be mutagenic by causing CG-TT transversions in both bacterial and mammalian cells 

(Lee, O'Conner et al. 2002). Thus, DNA damage could alter the complex interactions 

with DNMTs, and because of the interactions between DNMTs and histones, ionizing 

radiation could also alter histone modifications and other cofactors, disrupting normal 

epigenetic programming (Weitzman, Turk et al. 1994). 
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The majority of the damage caused by X-rays is from indirect damage induced by 

oxidative stress (Hall and Giaccia 2006). The repair of oxidative stress-induced lesions 

and strand breaks could lead to a loss of methylation, but the details are uncertain. The 

main pathways for damage repair are Base Excision Repair (BER), Homologous 

Recombination Repair (HRR) and Non-homologous End Joining (NHEJ).  BER is 

primarily used to repair lesions and single strand breaks. Briefly, during BER a damaged 

base is removed by DNA glycosylase and resynthesized by DNA polymerase ß before 

DNA ligase III-XRCC1- performs the final nick sealing. Double strand breaks will also 

occur from X-ray induced oxidative stress, and are thought to be the critical lesion 

induced by ionizing radiation (Hall and Giaccia 2006). Double strand breaks are repaired 

with either HRR or NHEJ. During repair, HRR requires an undamaged, homologous 

DNA strand for the template and is error free. NHEJ facilitates end-to-end joining of non-

homologous strands and is error prone. While the general schematic of each repair 

process is known, there are still unknown components for all of them. 

Several possibilities explain how DNA damage repair can alter methylation 

patterns. One hypothesis is that during repair and subsequent DNA synthesis, DNA 

polymerases could incorporate cytosine but not 5-methyl cytosine, resulting in 

hypomethylation (Weitzman, Turk et al. 1994). A more specific thought is that BER of 8-

oxoguanine lesions and single strand breaks leads to active demethylation via growth 

arrest and DNA damage inducible alpha, Gadd45a (Rai, Huggins et al. 2008; Gehring, 

Reik et al. 2009). Gadd45a is a p53 inducible gene that facilitates deamination of 5-

methylcytosine by coupling with a glycosylase and deaminase. In Gadd45a loss of 

function studies, this deamination increases DNA methylation (Rai, Huggins et al. 2008; 

Gehring, Reik et al. 2009). Gadd45a could also be active in the NHEJ repair pathway 



 

 22 

(Ma, Guo et al. 2009). Other arguments include the hypothesis that single stranded DNA 

can signal de novo methylation (Christman, Sheikhnejad et al. 1995). This hypothesis is 

interesting because it could explain hypermethylation of the epigenome.  

During DNA repair, histone modifications are likely altered along with DNA 

methylation. Chromatin modifications are necessary to permit access of DNA repair 

proteins and double strand breaks can induce extensive histone modifications (Pandita 

and Richardson 2009). Histone acetylation allows for unwinding of chromatin and 

recruitment of remodeling complexes to damaged sites. Also, lysine methylation on 

histone H4 recruits mammalian DNA repair factors. The mechanisms by which histones 

are restored to their normal conformation is not fully known (Pandita and Richardson 

2009). Another possible explanation for DNA and histone methylation changes is that 

oxidative stress increases glutathione (GSH) production that then limits the availability of 

S-adenosylmethionine, the cofactor utilized during epigenetic control of gene expression 

by DNA and histone methyltransferases (Hitchler and Domann 2007). Decreased SAM 

would influence DNA and histone methylation.   

While there are many proposed pathways for methylation and histone alterations, 

a combination of the above mechanisms most likely escalates the impact that radiation-

induced oxidative stress has on epigenetic modifications. Other exposures leading to 

oxidative stress, such as hyperoxia and air pollution, also lead to methylation changes 

(Panayiotidis, Rancourt et al. 2004; Yauk, Polyzos et al. 2008). Clearly, the mechanisms 

involved must be further defined. Reversal of epigenetic modifications with antioxidant 

supplementation is proposed in this project to provide insight into the extent that 

oxidative stress plays in modifying the epigenome following LDIR. 
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1.8 Dissertation Objective and Outline 

The primary goal of this dissertation was to determine if low doses of ionizing 

radiation can induce persistent epigenetic modifications. The first aim of this project was 

to determine if the Avy mouse could serve as a biosensor for methylation changes 

induced by ionizing radiation in the low dose range. Given that gene expression changes 

exhibit differential profiles between low, intermediate, and high radiation doses 

(Mezentsev and Amundson 2011), I hypothesized that methylation changes at six doses 

ranging from 0.0 cGy to 10.0 cGy would occur in a dose-dependent manner (Chapter 2). 

Like at the Avy locus, I also hypothesized that the CabpIAP metastable epiallele and global 

IAP elements would be sensitive to developmental exposures to LDIR. CabpIAP 

demonstrates consistent changes with the Avy allele in response to other exposures 

(Dolinoy, Huang et al. 2007), and IAP elements are prevalent across the genome in 

addition to controlling expression of the Avy and CabpIAP metastable epialleles. 

The next aim was to discover other loci that are sensitive to LDIR. Although 

metastable epialleles have been recently discovered in humans, their role in human 

disease is still unknown. I chose to examine methylation changes in DMRs of imprinted 

genes because of their importance in regulating human development and their aberrant 

expression in human syndromes (Chapter 3). The imprinted genes chosen for analyses 

are imprinted in both humans and mice, thus the effects on these genes could be 

extrapolated to estimate human risk.   

After observing methylation changes at the Avy allele in response to LDIR, I then 

hypothesized that oxidative stress could be signaling these epigenetic alterations. To 

test this hypothesis, I proposed that radiation-induced DNA methylation changes could 

be mitigated with an antioxidant-supplemented diet (Chapter 4). The results from this 
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study illuminate a possible mechanism responsible for the observed methylation 

changes elicited by LDIR. Lastly, the results of this research, their implications, and 

future directions are outlined in Chapter 5.  
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Figure 1:  Biological responses to ionizing radiation 

Radiation doses listed from 0 cGy to 50 cGy, along with corresponding medical and 

occupational exposures, are plotted on the arrowed line. As radiation dose increases, 

molecular changes (shaded boxes below dosage line) occur that influence phenotypic 

responses (open boxes above dosage line) (Tubiana, Feinendegen et al. 2009).  
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Figure 2:  Radiation risk assessment models 

(A) The Linear No Threshold (LNT) Model assumes that every dose (x-axis) of radiation 

increases the risk of adverse effects, such as tumor incidence (y-axis), even at low dose 

of radiation (< 10 cGy) where biological effects have not been measured (dotted region) 

(Sanders 2010). (B) The Threshold Model represents the concept that there is a 

threshold dose below which there are no significant biological effects (Sanders 2010). 

(C) The Hormesis Model is represented by a biphasic dose-response curve and 

illustrates the postulate that low levels of radiation lead to positive adaptive biological 

effects (Sanders 2010). 
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Figure 3: The Intracisternal A Particle (IAP) locus 

IAP transposable elements are flanked by long terminal repeats (LTRs) (black boxes). 

Group specific antigen (Gag), which is the genetic material that encodes for the core 

structural proteins of a retrovirus, and reverse transcriptase (polymerase), which is 

responsible for replication, lie between the LTRs. In the promoter region, multiple CpG 

sites control expression (Lane, Dean et al. 2003). The LTR regions studied here 

contains 11 CpG sites.  
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Figure 4: The Avy metastable epiallele locus 

 The Agouti gene encodes for a paracrine-signaling molecule that produces either black 

(a) eumelanin or yellow (A) phaeomelanin from the wild-type promoter (arrowhead 

labeled A, a wildtype). Agouti expression during follicle development results in brown 

(agouti) wild-type animals. The Avy allele resulted from a spontaneous contraoriented 

insertion of an Intracisternal A Particle (IAP) into pseudoexon PS1A upstream of the 

wild-type promoter (Miltenberger, Mynatt et al. 1999). This insertion carries a cryptic 

promoter (arrowhead labeled Avy ectopic) controlled by the methylation of upstream CpG 

sites. 
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Figure 5:  Variable phenotypes in genetically identical Avy mice   

When CpG sites upstream of the Avy cryptic promoter are unmethylated, the promoter is 

active, resulting in the ectopic production of agouti in all the cells of the body throughout 

the mouse’s lifetime and a yellow, obese mouse (left) (Wolff, Kodell et al. 1998). When 

these CpG sites are fully methylated, ectopic activation of this promoter is repressed and 

Agouti is expressed from the developmentally regulated wild-type, hair-cycle specific 

promoter, resulting in the pseudoagouti mouse (right). 
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Figure 6:  The CabpIAP metastable epiallele locus 

The CabpIAP contains a contra-oriented IAP insertion within intron 6 of the Cabp gene. A 

variably expressed 1.3 kb transcript initiates from a cryptic promoter in the 5' LTR in 

genetically identical littermates (Druker, Bruxner et al. 2004). Additionally, mice that are 

hypomethylated at the 5' LTR also produce a number of short Cabp transcripts that start 

at the normal 5’ promoter, but end prematurely, immediately 5’ of the IAP element. 
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Figure 7:  Imprinting regulation of Igf2/H19 reciprocally imprinted   

H19 maternal expression is regulated by allele-specific methylation at the imprint control 

region (ICR), which governs CTCF binding upstream of the H19 promoter and 

downstream of Igf2 paternally expressed gene (Schoenherr, Levorse et al. 2003). 

Hypomethylation of CpG sites in the ICR on the maternal allele allows CTCF binding and 

enhancer elements to promote H19 expression from the maternal allele (Kurukuti, Tiwari 

et al. 2006). Methylation at the ICR on the paternal allele promotes enhancer elements 

to activate Igf2 expression, rather than H19 expression from the paternal allele. 
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Figure 8: Nnat imprinted locus 

Nnat is a paternally expressed gene that lies within the first intron of Blcap, a maternally 

expressed gene (Evans, Wylie et al. 2001). Nnat contains three exons (dark filled, 

numberd ovals). Transcription, which occurs 3’-5’, is regulated by the methylation of 

CpG sites within a DMR (black and white box labeled DMR) (Kikyo, Williamson et al. 

1997). CpG sites on the paternal allele are unmethylated, enabling gene expression, 

whereas CpG sites on the maternal allele are methylated, suppressing gene expression. 

The DMR region examined at this locus contains 6 CpG sites (dashed line) that lie 

between the CpG Island and exon 2. 
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Figure 9: Peg3 imprinted locus 

Peg3 is a paternally expressed, ~ 25 kb in length, gene that lies next to Usp29 (Kim, 

Ashworth et al. 1997). It contains 2 exons (dark filled ovals). Peg3 transcription, which 

occurs 3’-5’, is regulated by the methylation of CpG sites within two CpG islands in the 

promoter region (open ovals labeled CpG Island) (Murphy, Wylie et al. 2001). This 

region is differentially methylated on the maternal and paternal alleles (black and white 

box labeled DMR). On the paternal allele, CpGs are unmethylated, enabling gene 

expression, whereas, on the maternal allele, CpGs are methylated, suppressing gene 

expression. The DMR region examined at this locus contains 22 CpG sites (dashed line) 

that span from the end of the first CpG island into the second CpG island. 
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Table 1: Responses to environmental exposures in the Avy mouse. 

Preconceptional and/or 
gestational treatment 

Phenotypic and methylation changes in the Avy 
mouse 

Methyl donors 

 
Hypermethylation and coat color shift towards 
pseudoagouti (Wolff, Kodell et al. 1998; Waterland and 
Jirtle 2003; Dolinoy, Huang et al. 2007) 
 
Prevents trans-generational amplification of obesity 
(Waterland, Travisano et al. 2008) 
 
May maintain epigenetic marks in germline as it is reset in 
the next generation (Waterland, Travisano et al. 2007) 
 

Genistein 

 
Hypermethylation and coat color shift towards 
pseudoagouti (Dolinoy, Huang et al. 2007) 
 
Reduced adult-onset obesity (Dolinoy, Weidman et al. 
2006) 
 

Bisphenol A 
 
Hypomethylation and coat color shift towards yellow 
(Dolinoy, Huang et al. 2007) 
 

In vitro culture  
Coat color shift towards yellow (Morgan, Jin et al. 2008) 
 

Heterozygous paternal 
mutation of epigenetic 

modifier genes 

 
Offspring coat color shift towards yellow (Chong, 
Vickaryous et al. 2007) 
 

Ethanol 

 
Coat color shift towards pseudoagouti (Kaminen-Ahola, 
Ahola et al. 2010)  
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Table 2: In vivo studies demonstrating epigenetic responses to ionizing radiation. 

Year/Author Species Dose Results 
(Tawa, Kimura 
et al. 1998) Rat 10 Gy Hypomethylation 

(Kovalchuk, 
Burke et al. 
2004) 

Mouse 0.5 Gy Hypomethylation; 
Tissue and gender specific responses 

(Koturbash, 
Baker et al. 
2006) 

Mouse 2.5 Gy Hypomethylation in offspring of 
exposed parents 

(Koturbash, 
Boyko et al. 
2007) 

Rat 20 Gy 
Global hypomethylation; Down- 
regulation of DNMTs and MeCP2; 
alterations in LINE-1 elements 

(Koturbash, 
Kutanzi et al. 
2008) 

Mouse 1.0 Gy Hypomethylation and sex differences 
from bystander irradiation 

(Ilnytskyy, 
Koturbash et al. 
2009) 

Mouse 0.5 Gy 
Hypomethylation from whole body 
and bystander irradiation; up 
regulation of microRNAs 
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2.0 Low-Dose Ionizing Radiation Induces Epigenetic 
Changes in the Avy Mouse  

2.1 Introduction 

The precise timing of epigenetic modifications and the concerted mechanisms 

involved in epigenetic programming are essential for an individual’s proper development 

and growth. Environmental perturbations have been shown to affect proper 

programming, leading to disease at birth and later in life (Falls, Pulford et al. 1999; 

Murphy and Jirtle 2003). Our laboratory has previously shown that maternal dietary and 

chemical exposures can alter the phenotype and methylation status in Avy mouse 

offspring (Table 1) (Waterland and Jirtle 2003; Dolinoy, Weidman et al. 2006; Dolinoy, 

Huang et al. 2007). Thus, this model serves as a biosensor for exposures that disrupt 

the epigenome.  

Humans are ubiquitously exposed to ionizing radiation. By 2006, ionizing 

radiation exposure from medical procedures had increased more than seven-fold since 

the early 1980s, and it now comprises nearly 50% of the average American’s yearly 

radiation exposure (NCRP 2009). Along with medical radiation, increases in nuclear 

energy production also raise the potential for large-scale human exposures, such as 

occurred after nuclear power plant accidents in Chornobyl in 1986 (Saenko, Ivanov et al. 

2011)  and Fukushima in 2011 (Akiba 2012). 

Since the current and anticipated exposures to ionizing radiation in the low dose 

range (< 10 cGy), it is of critical importance to define the human risk of disease from 

LDIR. Research analyzing immunopotentiation, cancer rates, and gene expression 

changes suggests that biological responses to low levels of radiation differ from that at 

high doses, and may even be beneficial (Sanders 2010). Epigenetic changes have been 
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proposed as an underlying mechanism for the hormetic effects of LDIR (Vaiserman 

2011), but the presence of epigenetic alterations have not yet been determined at low 

doses in vivo.  

High doses of ionizing radiation have been shown to induce epigenetic 

modifications in vivo (Table 2) (Tawa, Kimura et al. 1998; Kaup, Grandjean et al. 2006). 

Radiation exposures ranging from 50 cGy to 20 Gy caused a global loss of methylation 

and decreased DNA methyltransferases (DNMTs) and methyl CpG binding protein in 

irradiated adult mice (Koturbash, Boyko et al. 2007; Ilnytskyy, Koturbash et al. 2009) and 

their offspring (Tamminga, Kathiria et al. 2008; Filkowski, Ilnytskyy et al. 2010). 

MicroRNA induction also occurs in irradiated mice, and is likely to induce these 

epigenetic changes via altered chromatin structure (Tamminga, Kathiria et al. 2008; 

Ilnytskyy, Koturbash et al. 2009; Kovalchuk, Zemp et al. 2010). In addition, high-dose 

radiation induces genomic instability and the bystander effect, a phenomenon in which 

non-irradiated cells also exhibit radiation-induced damage (Koturbash, Kutanzi et al. 

2008). This phenomenon is dependent upon epigenetic signaling in vitro since disruption 

of Dnmts completely eliminates transmission of genomic instability (Rugo, Mutamba et 

al. 2011). Whether in vivo epigenetic alterations also occur in response to LDIR has not 

yet been determined.  

In order to characterize in vivo dose-dependent epigenetic responses to LDIR, I 

utilized the Avy mouse model. This unique biological model functions as a biosensor for 

environmentally-induced epigenetic changes due to the presence of a metastable 

epiallele that modulates variability in coat color, weight, and disease phenotype in 

genetically identical individuals (Waterland and Jirtle 2003) (Figure 4, Figure 5, Figure 

10A). Variable expression of the metastable epiallele is controlled by histone 
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modifications and CpG methylation that are established early in development at and 

around the cryptic promoter in the Avy allele (Morgan, Jin et al. 2008; Dolinoy, 

Weinhouse et al. 2010) (Figure 4, Figure 10B). Notably, mice that have increased 

methylation at these CpG sites maintain a healthier weight and have lower levels of 

disease due to suppression of a paracrine signaling molecule throughout the animal’s 

life (Waterland and Jirtle 2003). The Avy model’s utility as a phenotypic alarm for 

developmental exposures that can alter the epigenome makes it a valuable tool for 

establishing the effect of radiation on DNA methylation in a dose-response manner. 

I determined in this study the potential for LDIR to affect metastable epiallele 

methylation. The Avy mouse model carries two metastable epialleles that have been 

examined in response to environmental exposures: the Avy and CabpIAP metastable 

epialleles.  Neither of these genes has been analyzed for epigenetic changes in 

response to high or low dose radiation exposure. I also assessed for global IAP 

methylation on mice exposed to LDIR. Unlike at the Avy allele, most IAPs are typically 

methylated in the genome and transcriptionally silent (Blewitt, Vickaryous et al. 2006). 

This silencing is recognized as a protective mechanism, and IAP retrotransposon occurs 

in the progression of mouse tumors (Kuff and Lueders 1988; Mietz and Kuff 1990). The 

association between DNA methylation at Avy, CabpIAP, and other IAP loci has not been 

previously determined in response to environmental exposures. This knowledge will help 

establish the biological significance of metastable epiallele changes to epigenetic 

changes in other regions of the mouse genome.  

Based upon gene expression studies and physiological outcomes in the low dose 

range, it is postulated that low doses of ionizing radiation will elicit different responses 

than high doses. Thus, I hypothesized that Avy mice exposed to LDIR during early 
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development would exhibit increased DNA methylation changes, but in a radiation dose-

dependent manner. At the CabpIAP and at IAP elements across the genome, minor 

changes were observed; small increases in methylation were seen despite the fact that 

these regions are naturally hypermethylated. In contrast, at the labile Avy metastable 

epiallele locus LDIR induced significant increases in DNA methylation that were in a sex-

specific and dose-dependent manner.  

2.2 Material and Methods 

2.2.1 Animal Breeding and Irradiation 

Avy mice were obtained from a congenic colony maintained by sibling mating and 

forced heterozygosity of the Avy allele for over 200 generations, as previously described 

(Waterland and Jirtle 2003). At 7 weeks of age, virgin black a/a females were placed on 

a phytoestrogen-free breeding diet, with 7% corn oil substituted for 7% soybean oil 

(TD.95092, Harland Teklad, Madison, WI). The dams were kept on the diet throughout 

gestation and lactation. At 8 weeks of age, the female black a/a mice were bred to 8 

week-old Avy/a males of varying coat colors. On day 4.5 of gestation (Figure 11), mice 

were randomly assigned to either control or one of five radiation exposure groups. Day 

4.5, which is around implantation of the embryo, was chosen for radiation exposure 

because methylation marks at the Agouti locus are established at this time (Blewitt, 

Vickaryous et al. 2006). Irradiated dams were exposed to 0.6 cGy, 1.2 cGy, 2.5 cGy, 5.0 

cGy or 10.0 cGy of whole-body X-ray radiation using a Siemens small animal MicroCT 

scanner (80 kVp, 500 µA). The intrauterine doses were estimated using a phantom 

mouse model and RadCal ion chamber (Table 3). Thus, the doses delivered to the 

mouse uterus were 0.4 cGy, 0.7 cGy, 1.4 cGy, 3.0 cGy, and 7.6 cGy. To control for 
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stress, control dams were sham-irradiated by being placed in the scanner, but they were 

not irradiated.  

Animals used in this study were maintained in accordance with the Guidelines for 

the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources 

1996). They were treated humanely, and with regard for alleviation of suffering. The 

Duke Institutional Animal Care and Use Committee approved the study protocol.  

2.2.2 Coat Color Analysis 

Offspring were weaned on day 22 (d22) after birth (Figure 11) and categorized 

into one of five coat color classes: yellow (<5% brown), slightly mottled (5-40% brown), 

mottled (~ 50% brown), heavily mottled (60-95% brown), and pseudoagouti (>95% 

brown) by a single observer (AJB).  

2.2.3 DNA Isolation and Bisulfite Treatment 

Tail and liver tissue samples were collected from congenic Avy/a offspring and 

total genomic DNA was isolated using buffer ATL, proteinase K, and RNase A (Qiagen 

Inc., Valencia, CA) followed by phenol:chloroform extraction and ethanol precipitation. 

DNA was then bisulfite treated using the EpiTect bisulfite kit (Qiagen Inc., Valencia, CA) 

to allow for the conversion of unmethylated cytosines to uracil (read as thymine during 

PCR amplification), whereas the methylated cytosines remain unconverted (Grunau, 

Clark et al. 2001). 

2.2.4 Avy and CabpIAP Amplification and Methylation Analysis 

 The regions upstream of the Avy and CabpIAP promoters (Figure 4, Figure 6) 

were amplified from tail and liver bisulfite-modified DNA in 25 µl PCR reaction volumes 

using 1.5 units of Platinum TaqDNA polymerase (Invitrogen, Carlsbad, CA), 10 µmol of 
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primers, 1.5 mM MgCl2, and 10 mM dNTPs (94°C x 2 min; 94°C x 30 sec, 62°C x 30 

sec, and 72°C x 60 sec for 40 cycles; 72°C x 9 min). A T7 promoter tag was introduced 

to facilitate RNA transcription, which is necessary in the Sequenom EpiTYPERTM 

platform (Sequenom, San Diego, CA) for base specific cleavage. We used forward 

primer Seq_Avy_FS_F1 (5' AGG AAG AGA GTT TTA GGA AAA GAG AGT AAG AAG 

TAA GAG A 3') and reverse primer Seq_Avy_FS_R1b (5' CAG TAA TAC GAC TCA CTA 

TAG GGA GAA GGC TTA ACA CAT ACC TTC TAA AAC C 3') creating a 336-base pair 

(bp) product on the forward strand containing 12 CpG sites. Amplification of the reverse 

strand was also necessary to quantify the eighth CpG site (Figure 10B). For the reverse 

strand, forward primer Seq_Avy_RS_F2 (5' AGG AAG AGA GGA GGT TTA AGG ATT 

TAG ATT GGT GG 3') and reverse primer Seq_Avy_RS_R2 (5' CAG TAA TAC GAC 

TCA CTA TAG GGA GAA GGC ATC ACT CCC TAA TTA CTA CAA CCC A 3') were 

used, creating a 199 bp product. The twelve CpG sites studied on the Avy allele are 

located at nucleotide positions 132, 174, 206, 214, 220, 244, 265, 306, 319, 322, 334, 

and 425 of GenBank accession number AF540972.  

 For the CabpIAP gene, forward primer Cabp_FS_F2 (5' AGG AAG AGA GGG 

TTA GGA AGA ATA TTA TAG ATT A 3') and reverse primer Cabp_FS_R2 (5' CAG TAA 

TAC GAC TCA CTA TAG GGA GAA GGC CAC CAA CAT ACA ATT AAC AAA TAA A 

3') were used, creating a 408-bp product with 14 CpG sites. Amplification of the reverse 

strand was necessary to quantify CpG sites 11, 12, and 13. For this, forward primer 

Cabp_RS_F1 (5' AGG AAG AGA GTA ATG GAT TTG GGG AAG AAA GTA TT 3') and 

reverse primer Cabp_RS_R1 (5' CAG TAA TAC GAC TCA CTA TAG GGA GAA GGC 

CAT CAC TCC CAA ATT TTA ACT ACA ACC 3') were used. CpG sites 5–9 on CabpIAP 

allele are located at nucleotide positions 3, 44, 57, 60, and 72 of GenBank accession 
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number BB842254.  

Following amplification, in vitro RNA transcription was performed on the reverse 

strand of each amplicon, followed by base-specific cleavage and quantification with 

MALDI-TOF Mass Spectrometry, according to the Sequenom EpiTYPERTM platform 

(Sequenom, San Diego, CA). Each sample was run in triplicate. Control samples with 

0%, 50%, and 100% methylation ratios were also run in triplicate as assay controls.   

2.2.5 Global IAP Amplification and Methylation Analysis 

The long terminal repeats (LTRs) in IAP elements were amplified across the 

genome using previously published nested primers (Lane, Dean et al. 2003) (Figure 3). 

Regions were amplified using a nested PCR. Round one PCR used forward primer 

IAP_F1 (5' TTG ATA GTT GTG TTT TAA GTG GTA AAT AAA 3') and reverse primer 

IAP_R1 (5' CAA AAA AAA CAC CAC AAA CCA AAA T 3'). The first region was amplified 

from bisulfite-modified tail DNA in 25 µl PCR reaction volumes using 1.5 units of 

Platinum TaqDNA polymerase (Invitrogen, Carlsbad, CA), 10 µmol of primers, 1.5 mM 

MgCl2, and 10 mM dNTPs (94°C x 2 min; 94°C x 20 sec, 55°C x 30 sec, and 72°C x 30 

sec for 30 cycles; 72°C x 5 min). Round two PCR used forward primer (5' TTG TGT TTT 

AAG TGG TAA ATA AAT AAT TTG 3') and reverse primer (5' AAA ACA CCA CAA ACC 

AAA ATC TTC TAC 3'). PCR product from round one was diluted 1:100 (94°C x 2 min; 

94°C x 20 sec, 65°C x 30 sec, and 72°C x 30 sec for 30 cycles; 72°C x 5 min) to create 

a 258 bp product containing 11 CpG sites (accession number M17551). In the second 

round PCR, a T7 promoter tag was introduced to facilitate RNA transcription, which is 

necessary in the Sequenom EpiTYPERTM platform (Sequenom, San Diego, CA) for base 

specific cleavage. 

Following amplification, in vitro RNA transcription was performed on the reverse 
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strand of each amplicon, followed by base-specific cleavage and quantification with 

MALDI-TOF Mass Spectrometry, according to the Sequenom EpiTYPERTM platform 

(Sequenom, San Diego, CA). Each sample was run in triplicate. Mouse 0%, 50%, and 

100% methylated samples (EpigenDx, Worcester, MA) were also run in triplicate to 

ensure assay quality. 

2.2.6 Statistical Analysis 

The distribution of the five coat color phenotypes between exposure groups was 

analyzed using a chi-square goodness-of-fit test with GraphPad Prism Software (La 

Jolla, CA). For analysis of methylation, triplicate runs were averaged and then a four-

factor repeated measures ANOVA was performed using StatView software (SAS, Cary, 

NC). CpG site was designated as the repeated measure and dose, sex, and tissue were 

designated as interacting factors. Upon determining significant interactions (ANOVA 

<0.05), post-hoc analysis was performed using Fisher’s protected least significant 

difference (PLSD) test. 

2.3 Results 

2.3.1 Litter Outcomes 

Avy mice were exposed in utero to 0.4 cGy (n = 9 litters, 63 total offspring, 28 

Avy/a offspring), 0.7 cGy (n = 10 litters, 76 total offspring, 32 Avy/a offspring), 1.4 cGy (n = 

11 litters, 70 total offspring, 40 Avy/a offspring), 3.0 cGy (n = 17 litters, 101 total offspring, 

53 Avy/a offspring), or 7.6 cGy (n = 12 litters, 79 total offspring, 41 Avy/a offspring) of 

ionizing radiation, or were sham irradiated (n = 14 litters, 90 total offspring, 47 Avy/a 

offspring). Radiation exposure did not significantly influence litter size, survival, 

genotypic ratio, or sex ratio (ANOVA, p>0.3) (Figure 12 A-D). Wean weight was 

significantly decreased (ANOVA, p<0.0001) in the 0.4 cGy (p<0.05) and 0.7 cGy 
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(p<0.05) exposure groups, but was not significantly changed in all other doses (Figure 

12E). Radiation dose also significantly altered the pregnancy fecundity at all doses (Χ2; 

p<0.001) (Figure 12F). 

2.3.2 Coat Color 

We first examined offspring coat color for an indication of methylation changes at 

the Avy allele. At the lowest exposure level of 0.4 cGy, offspring coat color distribution 

was not significantly altered from that of sham-irradiated offspring (p=0.9). In contrast, 

the coat color distribution of offspring from dams that received 0.7 cGy, 1.4 cGy, 3.0 

cGy, or 7.6 cGy was significantly shifted toward heavily mottled and pseudoagouti (Χ2, 

p=0.02; p=0.02, p=0.003, and p=0.04, respectively) (Figure 13A). Offspring irradiated 

with 0.7 cGy, 1.4 cGy, and 3.0 cGy had significantly more pseudoagouti animals than 

sham-irradiated offspring (Χ2, p<0.01). Thirteen percent of sham-irradiated offspring 

were pseudoagouti as compared with up to 30% of irradiated offspring (Χ2, p=0.001). At 

the highest dose of 7.6 cGy there were significantly more heavily mottled animals than in 

the sham-irradiated offspring (Χ2, p<0.05). Concomitantly, as the radiation dose 

increased, the percent of the offspring that were yellow decreased. Yellow animals were 

significantly decreased in the 3.0 cGy and 7.6 cGy exposure groups (Χ2, p<0.05). Eleven 

percent of sham-irradiated offspring were yellow, but there were no yellow offspring in 

the 7.6 cGy exposure group (Χ2, p=0.028). In the sham-irradiated offspring, the 

numbers of pseudoagouti and yellow offspring were roughly equal, approximating a 1:1 

ratio (Figure 13B). This ratio steadily increased with radiation dose. At 3.0 cGy, the ratio 

was 14:1. At 7.6 cGy, there were no yellow animals, thus the ratio could not be 

calculated. Therefore, the ratio of pseudoagouti to yellow offspring increased 
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dramatically from non-irradiated animals to animals irradiated with 0.7 cGy or above 

(Figure 13B).  

2.3.3 Avy Methylation 

To assess low dose radiation’s effect on DNA methylation at the Agouti locus of 

Avy/a offspring, tail and liver DNA methylation levels at 11 CpG sites (sites 2-12) in and 

near the cryptic promoter region of the Avy IAP (Figure 10B) were quantified by bisulfite 

treatment and Sequenom analysis. Of the 12 CpG sites present in the amplified region, 

the Sequenom platform was unable to quantify methylation of the first site, but 

successfully quantified methylation of the remaining eleven sites. Radiation exposure 

had no significant effect on methylation when levels were averaged across sites, 

although the exposure groups above 0.4 cGy showed a trend toward increased 

methylation (ANOVA: tail, n=240, p=0.2; liver, n=234, p=0.1) (Figure 14) 

(Supplementary Table 1). When male and female data were combined, significant site-

specific methylation increases in tail (ANOVA, p<0.0001) (Supplementary Table 2) and 

slightly less significant site-specific methylation increases in liver (ANOVA, p=0.01) were 

observed in both the 3.0 cGy and 7.6 cGy exposure groups (Supplementary Table 3). 

Irradiated offspring exhibited the most significant changes in methylation in a 

CpG site-specific manner that was dependent upon dose and sex (ANOVA: tail, 

p<0.0001; liver, p=0.004; Supplementary Table 1). In male offspring liver and tail 

tissue, neither 0.4 cGy nor 0.7 cGy of radiation had a significant effect on methylation at 

any CpG site; however a trend toward an increase in methylation at 0.7 cGy was 

observed (Supplementary Tables 4 and 5). As radiation increased to 1.4 cGy and 3.0 

cGy, DNA methylation significantly increased at multiple sites in both tail and liver 

tissues in male offspring (ANOVA, p<0.05) (Figure 15) (Supplementary Tables 4 and 
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5), with increases of up to 26% (Figure 15B). At the highest dose of 7.6 cGy, three CpG 

sites in tail (sites 4, 5, and 8) were significantly increased (ANOVA, p<0.05), but none in 

liver (ANOVA, p>0.3), even though a trend toward an increase in methylation persisted 

(Figure 15).   

In contrast, females displayed no significant changes in methylation at any CpG 

site for any dose in liver tissue. In tail tissue, females showed significant decreases, not 

increases, in methylation at only two sites in response to 1.4 cGy (site 7) and 3.0 cGy 

(site 4) (Supplementary Tables 6 and 7).  

2.3.4 CabpIAP Methylation 

To further assess the effect of low-dose radiation on DNA methylation in Avy/a 

offspring, tail and liver DNA methylation levels at 12 CpG sites in and near the cryptic 

promoter region of the CabpIAP metastable epiallele (Figure 6) were also measured by 

bisulfite treatment and Sequenom analysis. Although the region examined had 14 CpG 

sites, the Sequenom platform was unable to quantify methylation of sites 8 and 10. 

Twelve other sites were successfully quantified. Due to their proximity, sites 12 and 13 

were measured together, thus average methylation of both sites was quantified.  

Methylation levels in sham-irradiated offspring were, on average across the 12 sites, 

74.7% ± 2.0 in tail and 78.4% ± 2.4 in liver. In contrast, average methylation of sham-

irradiated offspring at the Avy allele was 28.8% ± 2.9 in tail and 33.1% ± 3.9 in liver. 

Radiation exposure had no significant effect on average methylation across sites 

(ANOVA: tail, n=240, p=0.3; liver, n=234, p=0.8) (Supplementary Table 8).   

Irradiated offspring exhibited the most significant changes in methylation in tail 

DNA in a CpG site-specific manner that was dependent upon dose (ANOVA, p<0.0001) 

(Supplementary Table 8). This significance was driven by changes at three sites in 
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offspring tail tissue: site 3 (ANOVA, p<0.0001), site 7 (ANOVA, p=0.01), and site 9 

(ANOVA, p=0.001). Sites 3 and 9 were significantly increased in methylation at 0.4 cGy, 

3.0 cGy, and 7.6 cGy (Supplementary Table 9). Site 7 was significantly decreased in 

methylation by 7.1% at 3.0 cGy. This was the only site and only dose that showed a 

significant decrease in methylation at this allele (Figure 16) (Supplementary Table 9). 

In liver, there was no significant interaction between dose and CpG site (ANOVA, p=0.7; 

Supplementary Table 8) and no significant changes at any CpG site with any dose 

(ANOVA, p>0.05) (Supplementary Table 10). Methylation changes were not dependent 

upon sex in either tail or liver (ANOVA: tail, p=0.9; liver, p=0.2). 

2.3.5 Global IAP Methylation 

IAP elements across the genome were also assessed for methylation changes in 

tail tissue. Of the 11 CpG sites present in the LTR region, the Sequenom platform was 

unable to quantify CpG sites 2, 9.10, and 11. Thus, seven CpG sites in the LTR region 

were examined (Figure 3). Average methylation at these sites ranged from 60.5% - 

92.7% in sham-irradiated offspring. When methylation was averaged across the seven 

sites (control, 78.1% ± 0.4), a significant increase in methylation (1.7%) was observed in 

response to 0.4 cGy (ANOVA, p=0.01) (Figure 17A). All other doses had no affect on 

mean methylation (ANOVA, p>0.05) (Supplementary Table 11). Similar to the Avy and 

CabpIAP alleles, IAP elements in irradiated offspring exhibited the most significant 

changes in methylation in a CpG site-specific manner that was dependent upon dose 

(ANOVA, p<0.0001); however, there was no effect of sex on these methylation changes 

(ANOVA, p=0.6). Of the six sites measured, site 1 (p<0.0001), site 3 (p<0.0001), sites 

5.6 (p<0.0001), and site 8 (p<0.0001) exhibited significant changes in methylation in a 

dose-dependent manner (Figure 17B). Slight increases and decreases in methylation 
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were seen, with six instances of significantly increased methylation and seven instances 

of significantly decreased methylation (Supplementary Table 12). At 1.4 cGy and 

below, more sites were increased in methylation (six CpG sites) than were decreased in 

methylation (three CpG sites). Above 1.4 cGy, there were more sites that had reduced 

methylation (four CpG sites) than increased methylation (one CpG site). The largest 

increase in methylation (8.5%, p<0.0001) was at CpG site 8 in response to 0.4 cGy. The 

largest decrease in methylation (2.9%, p<0.0001) was observed at CpG site 3 in 

response to 3.0 cGy.  

2.4 Discussion 

The Avy mouse model is a unique biosensor for detecting developmental 

exposures that alter the epigenome. Previously, this model was used to demonstrate 

that early developmental exposures to bisphenol A (Dolinoy, Huang et al. 2007), ethanol 

(Kaminen-Ahola, Ahola et al. 2010), in vitro culturing (Morgan, Jin et al. 2008), methyl 

donors (Waterland and Jirtle 2003), and genistein (Dolinoy, Weidman et al. 2006) can 

induce persistent epigenetic changes at the Avy allele. Numerous studies have validated 

that these exposures also elicit epigenetic changes at other regions of the mammalian 

genome (Baqir and Smith 2003; Chiappero, Malanca et al. 2006; Waterland, Dolinoy et 

al. 2006; Prins, Tang et al. 2008; Yaoi, Itoh et al. 2008; Liu, Balaraman et al. 2009). 

It was demonstrated in this study that the physical agent, ionizing radiation, can 

also elicit epigenetic changes in Avy mice when exposed in utero to doses equivalent to 

that of a chest or head CT scan. The mice displayed shifts in coat color distribution 

towards pseudoagouti, and the males showed significant increases in methylation when 

exposed to acute doses of 1.4 cGy, 3.0 cGy, and 7.6 cGy, with upward trends in 

methylation at 0.7 cGy. This increase in methylation is in contrast to other studies that 
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show global hypomethylation in response to high doses (>100 cGy) of acute or 

fractionated ionizing radiation (Tawa, Kimura et al. 1998) in directly irradiated and in 

bystander tissues (Ilnytskyy, Koturbash et al. 2009). Loss of methylation at LINE-1 

repetitive elements (Koturbash, Baker et al. 2006) and down-regulation of DNA methyl 

binding protein in response to high-dose radiation exposure have also been reported 

(Koturbash, Boyko et al. 2007). Nevertheless, hypermethylation has been observed in 

response to intermediate doses of radiation. For example, increases in global 

methylation and LINE-1 repeat element methylation were seen in vitro in response to an 

X-ray dose of 50 cGy (Aypar, Morgan et al. 2010).  Additionally, aberrant DNA 

hypermethylation was also seen in UVB-exposed mouse skin (Nandakumar, Vaid et al. 

2010). However, in vivo hypermethylation induced by acute LDIR under 10 cGy had not 

been demonstrated until now.  

Previous studies uniformly show that high doses of radiation exposure in vivo 

induce hypomethylation. Hypermethylation at low doses and hypomethylation at high 

doses indicates a biphasic dose response curve, representing an adaptive response at 

low dose radiation exposures (Figure 2). Interestingly, hypermethylation at the Avy allele 

increases the percentage of pseudoagouti animals, which have lower levels of obesity, 

cancer, and insulin resistance (Miltenberger, Mynatt et al. 1999). Therefore, LDIR results 

in positive adaptive health effects in Avy offspring. Advantageous effects of LDIR have 

been reported in the literature for decades and have been summarized extensively; 

these include increased apoptosis of damaged cells, radio-adaptive protection, 

enhanced antioxidant protection, removal of DNA lesions, immunologic stimulation, and 

decreased disease rates (Sanders 2010), but the mechanism(s) by which these 

phenotypic changes occur remains enigmatic. It has been postulated that epigenetic 
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changes provide the ‘cellular memory’ necessary for this adaptive response 

phenomenon (Vaiserman 2011). These are the first in vivo, dose-response data to 

support this concept.  

The coat color and methylation data at 7.6 cGy further support this assertion. At 

7.6 cGy, the animal coat color is shifting from pseudoagouti to heavily mottled (Figure 

13A) and the methylation differences between males in the 7.6 cGy group and the 

control animals are less significant (Figure 18). If there were a biphasic dose-response 

curve, this dose could lie within the transition zone (Scott 2005) in which the 

hypermethylation response may be overcome by a hypomethylation response. Thus, the 

radiation-induced effect appears to be moving from a positive adaptive response back to 

that of sham-irradiated controls. This hypothesis could not be fully tested, because 

radiation-induced embryonic lethality at doses ≥ 10.0 cGy (Hall and Giaccia 2006) 

negates the usefulness of this Avy model system. 

The sex-specific nature of the methylation changes at the Avy allele is also very 

interesting. Other studies have shown sex-specific changes in response to high doses of 

radiation in directly irradiated mice (Kovalchuk, Burke et al. 2004; Koturbash, Zemp et al. 

2010) and bystander tissues (Koturbash, Kutanzi et al. 2008). As in this study, adult 

males were affected more significantly by ionizing radiation. In response to 1 Gy of 

cranial irradiation, adult males exhibited a greater loss in global methylation in bystander 

spleen than females (Koturbash, Kutanzi et al. 2008). In another study, a chronic total 

exposure of 50 cGy increased methylation of p16INK4a in adult males, but again, no 

response was observed in adult females (Kovalchuk, Burke et al. 2004). Other 

developmental exposures have also elicited sex-specific methylation responses (Tobi, 

Lumey et al. 2009). For example, in utero exposure to cigarette smoke led to an 
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increase in methylation that was more pronounced in male offspring (Murphy, Adigun et 

al. 2012). C57BL/6J mice exposed to a maternal high-fat diet (Gallou-Kabani, Gabory et 

al. 2010) or reduced maternal folate (McKay, Wong et al. 2011) in utero also exhibited 

sex-specific methylation changes. Another study found that the risk of myocardial 

infarction in women, not men, was associated with DNA methylation marks at specific 

loci previously shown to be sensitive to prenatal conditions (Talens, Jukema et al. 2011). 

One explanation for sex-specific responses to early exposures is that finely tuned 

aspects of developmental programming, specific to one sex, such as X chromosome 

inactivation, may lead to differential susceptibilities between the male and female 

epigenome at distinct times during epigenetic programming (Gallou-Kabani, Gabory et 

al. 2010). Interestingly, the resetting of the epigenetic marks at the Avy locus is likely to 

occur at approximately the same stage of development as X-inactivation (Blewitt, 

Vickaryous et al. 2006). These sex-specific layers of epigenetic control may possibly 

influence sex-dependent vulnerabilities to radiation exposures. 

The CabpIAP, another epigenetically labile locus, was also examined in response 

to LDIR. This allele is highly methylated in normal Avy mice; but, in response to 

developmental BPA exposure, CabpIAP was hypomethylated, just like the Avy allele 

(Dolinoy, Huang et al. 2007). LDIR, however, had little effect on the CabpIAP allele. Of the 

12 sites examined, only three showed changes in response to ionizing radiation and 

none of these sites were altered in liver tissue. Of these changes, increased methylation 

was more prevalent, just as in the Avy allele. Additionally, there were no sex-specific 

changes in methylation, as was seen at the Avy locus. Because the CabpIAP is already 

highly methylated, it’s possible that a hypermethylation response could not be as easily 

detected. Additionally, the limited acute radiation exposure period may not have 
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occurred during the sensitive period for epigenetic programming at the CabpIAP, which 

has not yet been defined.  

IAP elements were also analyzed to determine if widespread methylation 

changes in transposable elements, like the inserts in Avy and CabpIAP, occur in response 

to LDIR exposure elsewhere in the genome. IAPs are typically hypermethylated across 

the genome (Lane, Dean et al. 2003). When deregulated by decreased methylation, 

IAPs have the potential to destabilize the genome by inserting into genes, leading to 

their aberrant over or under expression (Ramirez, Pericuesta et al. 2006). Although 

already exhibiting a high average methylation rate, IAP CpG sites were significantly 

increased in methylation from 78.1% to 79.8% in offspring receiving 0.4 cGy. Small, but 

significant changes were seen at several of the individual sites as well. Methylation 

increases tended to occur at lower doses and decreases occurred more often at higher 

doses. Whether this pattern also supports a biphasic dose response curve is presently 

unknown. It is also unknown if these slight changes are biologically relevant. But, overall, 

these changes did not result in a net decrease or increase across all CpG sites at any 

dose, except for the increase seen at 0.4 cGy. Thus, it is unlikely that they would lead to 

expression changes of the IAP since a net change across sites is necessary to alter 

expression throughout development (Lane, Dean et al. 2003). 

Methylation changes in other transposable elements, such as LINE-1 non-LTR 

retrotransposons, have been observed in response to intermediate and high dose 

ionizing radiation in vitro (Aypar, Morgan et al. 2010) and in vivo (Koturbash, Boyko et al. 

2007). Differences in developmental epigenetic programming between LINE-1 and IAP 

elements help explain these contrasting responses to radiation exposure. IAP elements 

are substantially resistant to epigenetic reprogramming, while LINE-1 elements are 
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actively demethylated during preimplantation and primordial germ cell development 

(Lane, Dean et al. 2003; Maksakova, Mager et al. 2008). The overall resistance of IAPs 

to demethylation is beneficial to the Avy mouse since many of these elements are 

capable of retrotransposition, which could have detrimental consequences by causing 

mutations (Lane, Dean et al. 2003; Maksakova, Mager et al. 2008).   

Despite their homology in sequence, IAPs in general are also more resistant to 

demethylation than the IAP in the Avy allele (Blewitt, Vickaryous et al. 2006). In fact, any 

demethylation that does occur at IAPs, in general, happens between E11.5 – E13.5 

(Lane, Dean et al. 2003). In comparison, at the Avy IAP, demethylation occurs in the first 

11 hours, before the first cell division (Blewitt, Vickaryous et al. 2006). Thus, the Avy 

locus behaves more like the paternal genome rather than like most IAPs (Lane, Dean et 

al. 2003). Hence, the unique responses to LDIR could depend upon such fundamental 

differences. 

Although hypermethylation at the Avy and CabpIAP alleles and at IAPs is 

advantageous in this mouse model, hypermethylation may not be beneficial at other 

locations in the genome, such as tumor suppressor genes. Such is the case with mouse 

skin exposed to UVB, in which the tumor suppressor genes, p16INK4a and Rassf1a, are 

hypermethylated and down-regulated (Nandakumar, Vaid et al. 2010). In another 

instance, ethanol exposure increases methylation at the Avy allele, but also leads to 

cranio-facial abnormalities (Kaminen-Ahola, Ahola et al. 2010) and decreases in 

methylation at other loci (Liu, Balaraman et al. 2009). These findings support the 

possibility that any aberration in DNA methylation, regardless of the direction of the 

change, could have both beneficial and detrimental consequences to the cell/organism 

(Aypar, Morgan et al. 2010). Further investigation of additional genes, such as imprinted 
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genes, as well as the incorporation of unbiased whole epigenome approaches, would 

help to extrapolate the risk of epigenetic changes in response to LDIR exposure of mice 

to that in humans.  
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Table 3:  Estimated intrauterine dose. 

Applied Dose Estimated 
Intrauterine Dose 

Approximate Exposure 

0.6 cGy 0.4 cGy Mammogram 

1.2 cGy 0.7 cGy Heart Stress Test (Tc-99m) 

2.5 cGy 1.4 cGy Dual Isotope Stress Test 

5.0 cGy 3.0 cGy Head CT Scan 

10.0 cGy 7.6 cGy Full Body CT Scan 
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Figure 10: Offspring coat color variation and CpG sites in the Avy IAP 

 (A) The level of CpG methylation at the Avy locus results in the formation of distinct coat-

color phenotypes (Wolff, Kodell et al. 1998). (B) The amplified IAP sequence (bold text) 

contains 11 CpG sites upstream of the ectopic promoter and one CpG site within the 

downstream 3' genomic sequence (nonbold text) (Dolinoy, Huang et al. 2007). The first 

CpG site (highlighted in red) was not measured due to technical limitations associated 

with our sequencing approach. The eighth CpG site (highlighted in dark grey) was 

measured on the reverse strand. 
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Figure 11: Timeline for radiation exposure, and assessment of coat color and CpG 
site methylation at the Avy locus 
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Figure 12: Effect of low dose radiation exposure on Avy offspring at weaning 

Litter size at weaning (A), offspring survival to weaning (B), offspring genotypic ratio (C), 

offspring sex ratio (D), offspring wean weight (E), and full-term pregnancies (F) versus 

radiation dose (Χ2 test, ANOVA; *, p<0.05; **, p<0.01, ***, p<0.0001). 
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Figure 13: Coat color distribution of irradiated and sham-irradiated Avy/a offspring 

(A) The percentages of yellow, slightly mottled, mottled, heavily mottled, and 

pseudoagouti Avy offspring in each radiation dose group were compared with that of the 

sham-irradiated offspring (Χ2 test: **, p<0.01; *, p<0.05). (B) The number of 

pseudoagouti (brown bar) and yellow (yellow bar) offspring at each radiation dose (left y-

axis) were used to calculate the pseudoagouti:yellow offspring ratio (open circles; right y-

axis) at each radiation dose.  
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Figure 14: Percent methylation and offspring coat color 

Average percent DNA methylation in tail (A) and liver (B) tissues, and percent of yellow 

(yellow circles) and pseudoagouti (brown circles) Avy offspring versus radiation dose. 
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Figure 15: Percent methylation of 11 CpG sites at the Avy locus 

Site-specific methylation at the Avy locus was measured in tail (A) and liver (B) tissues 

from male offspring exposed to 0.0 cGy, 1.4 cGy, 3.0 cGy and 7.6 cGy (**, p<0.01; *, 

p<0.05). 
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Figure 16: Mean and site-specific DNA methylation at the CabpIAP allele 

Average percent DNA methylation was across all sites in tail (A) and liver (B) tissues for 

each radiation dose. (C) Average percent methylation of 3 CpG sites at the CabpIAP 

locus (Figure 6) was measured in tail tissue from offspring exposed to 0.0 cGy, 0.4 cGy, 

0.7 cGy, 1.4 cGy, 3.0 cGy and 7.6 cGy (**, p<0.01; *, p<0.05).  
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Figure 17: Mean and site-specific DNA methylation at IAP loci 

(A) Average percent DNA methylation across all sites in tail tissue for each radiation 

dose. (B) Average percent methylation of 7 CpG sites at IAP loci was measured in tail 

tissue from offspring exposed to 0.0 to 7.6 cGy (**, p<0.01; *, p<0.05).  
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Figure 18: Male DNA methylation in tail and liver tissues, and frequency of 
yellow and brown male Avy offspring versus radiation dose 

(A) Average percent methylation of 11 CpG sites in male tail tissue, and percent of 

pseudoagouti (brown circle) and yellow (yellow circle) offspring are shown versus 

radiation dose. (B) Average percent methylation of 11 CpG sites in male liver tissue, and 

percent of pseudoagouti (brown circle) and yellow (yellow circle) offspring are shown 

versus radiation dose. 
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3.0 Low-Dose Ionizing Radiation Alters Methylation of 
Imprinted Genes in the Avy mouse 

3.1 Introduction 

Imprinted genes are a unique subset of genes in which only one allele is 

expressed depending on the parent it was inherited from. Since imprinted genes are 

functionally haploid, only a single genetic or epigenetic change is necessary to disrupt 

normal function, increasing susceptibility for cancer and other developmental 

abnormalities (Lim and Maher 2009). Similar to metastable epialleles, imprinted gene 

expression is controlled, in part, by methylation at regulatory sequences termed 

differentially methylated regions (DMRs). Since one allele is unmethylated and the other 

allele is fully methylated, DMRs display an average methylation level of 50% in somatic 

cells. The appropriate establishment of these methylation marks during early 

development is necessary for their characteristic parent-of-origin expression and is 

crucial for proper growth and development.  

DMRs can also serve as biomarkers of early environmental exposures (Hoyo, 

Murphy et al. 2009). For example, in humans exposed to famine, methylation alterations 

at an IGF2 DMR were observed sixty years later (Heijmans, Tobi et al. 2008), and are 

associated with increased disease susceptibility. Likewise, mouse studies show that 

nutritional exposures during early development can leave detectable changes in 

methylation at the Igf2 DMR2 later in life (Waterland, Lin et al. 2006). Although 

thousands of individuals and several generations worldwide have received elevated 

levels of radiation, its effect on imprinted gene regulation has been rarely examined. In 

fact, imprinted genes have only been analyzed once before in response to high-dose 

ionizing radiation. In the study, CpG sites in mouse H19 were found to be 
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hypomethylated in response to 2.0 Gy of radiation, which persisted into the next 

generation (Zhu, Huang et al. 2006). Peter Schofield of Cambridge University stated 

nearly 15 years ago that “the potential consequences of such genes being important 

targets for the generation of genomic instability or other forms of damage are serious 

and could affect the interpretation of the risks of low-dose radiation exposure and of 

epidemiologic data” (Schofield 1998). Yet, over a decade later, these genes have yet to 

be examined systematically in response to LDIR.  

Mice and humans share a number of imprinted genes. Our laboratory has 

predicted that over 150 genes could be imprinted in humans (Luedi, Dietrich et al. 2007) 

and roughly 600 in mice (Luedi, Hartemink et al. 2005); of these, only 38 are predicted or 

known to be imprinted in both species (Luedi, Dietrich et al. 2007). The differences in 

repertoires of imprinted genes between species mandates the examination of shared 

imprinted genes in order to predict the effects of environmental exposures in humans. To 

this end, our laboratory recently screened for DMRs in the promoter regions of imprinted 

genes. Twenty-two DMRs in human genes and 29 DMRs in mouse genes were defined; 

of these, 11 DMRs were in genes that are imprinted in both species.  

To determine if LDIR can alter the methylation status of imprinted genes, I 

assessed methylation in the germ cell-inherited DMRs of Nnat, Peg3, and H19. Nnat, on 

mouse chromosome 2, and Peg3, on mouse chromosome 7, are both paternally 

expressed genes that are controlled by DMRs in their promoter regions (Figures 8 and 

9). Other regulatory elements lying upstream or downstream of the promoter regions are 

also thought to contribute to imprinting, but have not been fully defined (John, Aparicio et 

al. 2001; Szeto, Barton et al. 2004; Sowpati, Thiagarajan et al. 2008). The DMR 

analyzed in H19, a maternally expressed gene on mouse chromosome 7, lies in an 
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imprint control region (ICR) located between H19 and it’s reciprocally imprinted partner, 

Igf2. HI9/Igf2 expression is regulated by CTCF binding to the ICR (Figure 7) 

(Schoenherr, Levorse et al. 2003; Srivastava, Frolova et al. 2003; Kurukuti, Tiwari et al. 

2006).  

Proper expression patterns of Nnat, Peg3, and H19 are necessary for a variety of 

physiological processes. Nnat encodes for a protein involved in brain development and 

adipocyte differentiation (Kikyo, Williamson et al. 1997; Li, Thomason et al. 2010). Nnat 

DMR methylation levels are altered in cancers (Revill, Dudley et al. 2009) and obesity 

(Vrang, Meyre et al. 2010), and respond to feeding, fasting, and leptin levels (Li, 

Thomason et al. 2010). Peg3 regulates maternal behavior and offspring growth, and acts 

as a tumor suppressor gene (Li, Keverne et al. 1999; Champagne, Curley et al. 2009). 

Aberrations in Peg3 imprint regulatory DMR methylation have been observed due to 

developmental nutritional deprivation (Broad and Keverne 2011), vinclozolin exposure 

(Stouder and Paoloni-Giacobino 2010), bisphenol A exposure (Chao, Zhang et al. 2012), 

in vitro culturing (Market-Velker, Fernandez et al. 2010), and in cancer (Gloss, Patterson 

et al. 2011). H19 is an oncogene that regulates fetal growth and Igf2 expression. H19 

methylation changes occur in response to in vitro culturing (Baqir and Smith 2003), 

vinclozolin  exposure (Stouder and Paoloni-Giacobino 2010), ethanol exposure 

(Haycock and Ramsay 2009; Ouko, Shantikumar et al. 2009; Stouder, Somm et al. 

2011), and in response to dietary modifications (Gong, Pan et al. 2010). 

Due to the importance of these genes in development and their susceptibilities to 

a wide range of environmental exposures, the primary imprint regulatory DMRs for these 

imprinted genes were chosen to assess their response to in utero LDIR exposure. Based 

upon numerous studies showing that high-dose radiation disrupts the epigenome, and 



 

 68 

our studies showing that LDIR induces DNA methylation changes in Avy offspring, it was 

postulated that hypothesized that exposure to LDIR during early development would 

alter the methylation status of these imprint regulatory regions. 

3.2 Materials and Methods 

3.2.1 Animal Breeding and Irradiation 

Avy/a mice were obtained from a congenic colony maintained by sibling mating 

and forced heterozygosity of the Avy allele for over 200 generations, as previously 

described (Waterland and Jirtle 2003). At 7 weeks of age, virgin black a/a females were 

placed on a phytoestrogen-free breeding diet, with 7% corn oil substituted for 7% 

soybean oil (TD.95092, Harlan Teklad, Madison, WI). The dams were kept on the diet 

throughout gestation and lactation. At 8 weeks of age, the female black a/a mice were 

bred to 8 week-old Avy/a males of varying coat colors. On day 4.5 of gestation, mice 

were assigned randomly to either control or one of five radiation exposure groups.  

Irradiated dams were whole-body exposed to 0.6 cGy (n=9 litters, 63 total offspring, 28 

Avy/a offspring), 1.2 cGy (n=10 litters, 76 total offspring, 41 Avy/a offspring), 2.5 cGy 

(n=11 litters, 70 total offspring, 40 Avy/a offspring), 5.0 cGy (n=17 litters, 101 total 

offspring, 53 Avy/a offspring), or 10.0 cGy (n=12 litters, 79 total offspring, 41 Avy/a 

offspring) of X-rays (80 kVp, 500 µA) using Siemens small animal MicroCT scanner 

(Siemens, Knoxville, TN). Day 4.5, which is around the time for embryonic implantation, 

was chosen for radiation exposure because methylation marks at the Agouti locus are 

established at this time of development. The intrauterine doses were estimated using a 

phantom mouse model (Table 3). Thus, the doses delivered to the mouse uterus were 

0.4 cGy, 0.7 cGy, 1.4 cGy, 3.0 cGy, and 7.6 cGy. To control for stress, control dams 
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were sham-irradiated by being placed in the scanner, but they were not irradiated (n=14 

litters, 90 total offspring, 47 Avy/a offspring).  

Animals used in this study were maintained in accordance with the Guidelines for 

the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources 

1996). They were treated humanely and with regard for alleviation of suffering. The 

study protocol was approved by the Duke Institutional Animal Care and Use Committee.  

3.2.2 DNA Isolation and Bisulfite Treatment 

Tail and liver tissue samples were collected from all offspring (Avy/a and a/a) at 

weaning (d22 after birth) and total genomic DNA was isolated using buffer ATL, 

proteinase K, and RNase A (Qiagen Inc., Valencia, CA) followed by phenol:chloroform 

extraction and ethanol precipitation. DNA was then bisulfite treated using the EpiTect 

bisulfite kit (Qiagen Inc., Valencia, CA) to allow conversion of unmethylated cytosines to 

uracil (read as thymine during PCR amplification), whereas the methylated cytosines 

remained unconverted (Grunau, Clark et al. 2001). 

3.2.3 DMR Amplification and Methylation Analysis 

 Differentially methylated regions were amplified from tail and liver bisulfite-

modified DNA in 25 µl PCRs using 1.5 units of HotStart Taq polymerase (Qiagen Inc, 

Valencia, CA), 10 µmol of primers, 1.5 mM MgCl2, and 10 mM dNTPs (94°C x 2 min; 

94°C x 30 sec, 65°C x 30 sec, and 72°C x 60 sec for 40 cycles; 72°C x 9 min). A T7 

promoter tag was introduced to facilitate RNA transcription, which is necessary in the 

Sequenom EpiTYPERTM platform (Sequenom, San Diego, CA) before base specific 

cleavage occurs. Primers used are listed in Supplementary Table 13. Following 

amplification, in vitro RNA transcription was performed on the reverse strand of each 

amplicon, followed by base specific cleavage and quantification with MALDI-TOF Mass 
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Spectrometry, according to the Sequenom EpiTYPERTM platform (Sequenom, San 

Diego, CA). Each sample was run in triplicate.  Mouse 0%, 50%, and 100% methylated 

samples (EpigenDx, Worcester, MA) were also run in triplicate to ensure assay quality. 

At the Nnat DMR, six CpG sites are present, but only four sites were quantified (sites 1, 

4, 5, and 6). At the Peg3 DMR, 22 sites were measured; sites 2.3, 14.15, and 18.19, 

were measured as pairs, and sites 6 and 16.17 were not measured due to low mass and 

high mass, respectively. At the H19 DMR, four of the six CpG sites were successfully 

analyzed (sites 1, 2, 4, and 6), but two of the sites could not be analyzed due to the low 

mass of the fragment.  

3.2.4 Statistical Analysis 

For statistical analysis of methylation, triplicate runs were averaged and then a 

four-factor repeated measures ANOVA was performed using StatView software (SAS, 

Cary, NC). CpG site was designated as the repeated measure and dose, sex, and tissue 

were designated as interacting factors. Upon determining significant interactions 

(ANOVA <0.05), post-hoc analysis was performed using Fisher’s protected least 

significant difference (PLSD) test. 

3.3 Results 

3.3.1 Nnat DMR Methylation 

At the Nnat DMR increases in methylation were observed when methylation was 

averaged across all four CpG sites in tail (ANOVA, p=0.01) and liver (ANOVA, p<0.001).  

Significant increases in methylation were seen at 0.4 cGy in liver (p=0.002) and at 1.4 

cGy in liver (p=0.04) and tail (p<0.0001) (Figure 19) (Supplementary Table 14). 

Methylation levels were increased by up to 3.1% in tail and liver.  
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A significant interaction between CpG site and dose was also found to affect 

methylation (ANOVA, p<0.0001). Thus, each site was analyzed separately in response 

to dose. Site-specific increases in methylation were observed at CpG site 1 (ANOVA: 

tail, p=0.002; liver, p=0.008), site 4 (ANOVA, tail, p=0.01), site 5 (ANOVA, liver, 

p<0.0001), and site 6 (ANOVA: tail, p=0.001; liver, p<0.0001) (Figure 20) 

(Supplementary Tables 15 and 16). The average increase in methylation at significant 

sites was 3.5% in tail and 3.2% in liver. The greatest increase occurred at tail site 6 in 

response to 1.4 cGy (4.5%) and liver site 5 in response to 0.4 cGy (6.0%). Offspring sex 

did not have a significant effect on methylation changes (tail, p=0.6; liver, p=1.0). 

Genotype did not have a significant effect on methylation changes (p>0.05 in tail and 

liver).  

3.3.2 Peg3 DMR Methylation 

At the Peg3 DMR, decreases in methylation were observed when percent 

methylation was averaged across all sites (ANOVA: tail and liver, p<0.0001) 

(Supplementary Table 17). In tail, decreases in methylation were observed in offspring 

receiving 0.4 cGy (p<0.001), 3.0 cGy (p<0.001), and 7.6 cGy (p<0.0001) (Figure 21A). 

The greatest decrease in tail methylation was 4.2% at 3.0 cGy. In liver, decreases in 

methylation were detected in offspring receiving 0.7 cGy (p=0.0003), 1.4 cGy (p=0.004), 

3.0 cGy (p<0.0001), and 7.6 cGy (p=0.0004) (Figure 21B). The greatest decrease in 

liver methylation was by 4.9% at 3.0 cGy.  

Decreases in methylation were also seen in a CpG site-specific manner in both 

liver and tail (ANOVA, p<0.0001), thus warranting the examination of methylation in 

response to exposure at each site. In tail, all of the measured sites had significant 

decreases in methylation (ANOVA, p<0.006 at each site) (Figure 22A) (Supplementary 
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Table 18). Fourteen of these sites showed significant decreases at 3.0 cGy (p<0.04 at 

each site) and 13 of the sites showed significant decreases at 7.6 cGy (p<0.02). In liver, 

14 out of the 16 sites showed significant decreases in methylation at multiple doses 

(ANOVA, p<0.02 at each site) (Figure 22B) (Supplementary Table 19). The largest 

number of decreased sites (12/16) occurred at 3.0 cGy (p<0.03 at each site). Site-

specific decreases of up to 12% were seen in tail and up to 9.9% in liver at 7.6 cGy. The 

average significant site-specific decrease in methylation was 5.3% in tail and 4.7% in 

liver. Sex did not have a significant effect on methylation changes (tail, p=0.9; liver, 

p=0.6).  Genotype also did not have a significant effect on methylation changes (p>0.05 

in tail and liver). 

3.3.3 H19 DMR Methylation 

At the H19 DMR, there was a significant difference between tail methylation and 

liver methylation (ANOVA; p<0.0001). There was a main effect of radiation exposure on 

mean methylation levels in both tail (ANOVA, p<0.0001) and liver (ANOVA, p<0.0001) 

(Figure 23) (Supplementary Table 20). In tail, increases in methylation of as much as 

7.5% were seen (0.4 cGy, p<0.0001). In contrast, liver exhibited decreases in 

methylation of as much as 2.5% (0.4 cGy, p=0.01).  

Radiation exposure also affected methylation in a dose- and CpG site-specific 

manner (ANOVA: tail, p<0.0001; liver, p<0.0001). This warranted the examination of 

each CpG site individually for changes in methylation. In tail DNA, dose-dependent 

changes in methylation were seen at CpG sites 1, 2, 3, and 4 (ANOVA, p<0.0001 for all 

sites) (Figure 24A) (Supplementary Table 21). Significant increases in methylation 

were most prevalent, with increases of up to 22% at sites 1, 2, and 6 in response to 1.4 

cGy, 3.0 cGy, and 7.6 cGy (p<0.0004). In liver DNA, dose-dependant changes in 
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methylation were seen at sites 2 and 3 (ANOVA, p<0.001 for both sites) (Figure 24B) 

(Supplementary Table 22). Decreases in methylation were most common, with 

significant decreases up to 11% at sites 2 and 3 in response to 0.4 cGy, 1.7 cGy, and 

3.0 cGy (p<0.02). Sex nor genotype had a significant effect on methylation changes 

(p>0.05 in tail and liver). 

3.4 Discussion 

Our previous study demonstrated that LDIR alters the epigenome at metastable 

epialleles in the Avy mouse. Yet, despite their importance in human development and 

disease, imprinted genes have not yet been examined in response to LDIR. The DMRs 

of three imprinted genes, Nnat, Peg3, and H19, were examined herein for methylation 

changes in offspring exposed to LDIR during early development. These three genes are 

responsible for a wide range of developmental processes and have unique regulatory 

properties. Nnat and Peg3 are paternally expressed and H19 is maternally expressed 

(Supplementary Table 13).   

Nnat is thought to act as a tumor suppressor gene, but reports of it’s expression 

in cancers vary (Schulz, McCole et al. 2009). In the neonatal brain, expression is 

abundant, and loss of this expression is associated with hypermethylation in pituitary 

adenomas (Revill, Dudley et al. 2009). Apart from cancer, Nnat also regulates metabolic 

status (Vrang, Meyre et al. 2010). Expression is elevated in adipose tissue of obese 

Zucker diabetic fatty rats. In fact, ectopic expression of Nnat mediates differentiation into 

mature adipocytes by inducing adipogenic transcription factors (Suh, Kim et al. 2005). 

Nnat expression also helps protect neuronal cells from toxic insults (Zheng, Chou et al. 

2002), regulates oxidative stress, and is co-expressed with genes regulating 

inflammation (Li, Thomason et al. 2010). Loss of expression is associated with 
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increased oxidative phosphorylation, glycolosis, and protein turnover (Li, Thomason et 

al. 2010).  

Methylation in the promoter region of Nnat was typically increased in offspring tail 

and liver receiving the three lowest doses of ionizing radiation: 0.4 cGy, 0.7 cGy, and 1.4 

cGy. Because methylation in the DMR region is associated with transcriptional status 

(Sowpati, Thiagarajan et al. 2008), the increases of up to 3.0% in both tail and liver could 

lead to a loss of Nnat expression. Interrupted transcription factor binding could also play 

a role in altering expression. Encode data (NB137, mouse build mm9) shows that Pol2 

(DNA polymerase epsilon) binding occurs in the DMR. Along with its replicative 

properties, Pol2 is active in sensing and transducing DNA damage signals from UV 

induced damage (Navas, Sanchez et al. 1996). CTCF, which is a transcription factor and 

insulator protein, binds at the DMR in kidney, brain, and mouse embryonic fibroblasts 

(NB137, build mm9). Thus, methylation aberrations could affect the binding of these 

transcriptional factors and lead to a loss of expression, which could influence tumor 

progression, metabolic status, and the inflammation response.  

Peg3 encodes a kreuppel C2H2-type zinc finger protein (Kim, Ashworth et al. 

1997) that is ubiquitously expressed, with the highest mRNA levels in the placenta, 

uterus, ovary, testis, and brain (Hibey, Lough et al. 2001). Peg3 Induces apoptosis and 

acts as a mediator between TP53/p53 and BAX in a neuronal death pathway that is 

activated by DNA damage (Johnson, Wu et al. 2002). Peg3 also acts synergistically with 

TRAF2 to inhibit TNF-induced apoptosis via activation of NF-kappa-B (Relaix, Wei et al. 

1998). Peg3+/- mice exhibit impaired maternal behavior (Li, Keverne et al. 1999), 

impaired olfactory processing (Swaney, Curley et al. 2007), a lower growth rate, delayed 
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puberty, and a tendency to become obese (Curley, Pinnock et al. 2005). Lastly, Peg3 

possesses a tumor suppressing activity in glioma cells (Kohda, Asai et al. 2001).  

LDIR led to a loss of tail and liver methylation in offspring receiving doses above 

0.7 cGy. The decrease in methylation observed here could lead to an increase in Peg3 

expression. Previous studies have shown that methylation levels in the promoter region 

can govern gene expression. For example, in ovarian cancer, the promoter region is 

hypermethylated, which decreases gene expression (Gloss, Patterson et al. 2011). 

Since Pol2 binds in the DMR in Peg3 (NCB137, build mm9), hypomethylation could 

facilitate Pol2 binding and increase Peg3 expression. This could alter apoptotic potential, 

growth, and tumor suppressor activity. Peg3 promoter hypomethylation has been 

observed in response to other developmental exposures. For example, rodent BPA 

exposure led to Peg3 hypomethylation, but effects on expression were not examined 

(Chao, Zhang et al. 2012). Maternal rodent vinclozolin exposure also decreased 

methylation of the Peg3 DMR in tail, liver, and skeletal muscle with transgenerational 

perpetuation (Stouder and Paoloni-Giacobino 2010).  

The ICR region upstream of H19 that encodes for a non-coding RNA regulates 

the reciprocal imprinting of H19 and Igf2 that regulates the expression of reciprocally 

imprinted Igf2, a potential oncogene (Woodfine, Huddleston et al. 2011). The 

consistency in methylation changes observed between tissues in Peg3 and Nnat was 

not seen in H19. In tail tissue, methylation was significantly increased by as much as 7% 

at every dose except for 0.7 cGy. In contrast, methylation was significantly decreased in 

liver tissue by as much as 2.5% at all doses except 0.7 cGy. Such, tissue specific 

changes in H19 methylation have been previously reported. In response to vinclozolin 

exposure, significant increases in methylation were observed in rodent tail, but not liver 
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or skeletal muscle; moreover, methylation decreases were observed in sperm (Stouder 

and Paoloni-Giacobino 2010). H19 also demonstrates endogenous tissue-specific DNA 

methylation of it’s DMR in human tissues (Yeun, Jiang et al. 2011). This endogenous 

variability could result in differential susceptibilities to directional methylation changes 

induced by developmental exposures. The DNA methylation changes detected in this 

study could alter CTCF binding and affect expression of both H19 and Igf2. 

Hypomethylation of the maternal allele is essential for CTCF binding and blocking 

transcription of maternal Igf2. Likewise, hypermethylation of the paternal allele is 

necessary to block expression of paternal H19. Thus, hypomethylation of the ICR would 

be expected to increase H19 expression and decrease Igf2 expression, while 

hypermethylation would have the opposite effect on the expression of these two 

imprinted genes. Nevertheless, loss of imprinting at the H19/Igf2 locus is associated with 

cancer progression (Jirtle 2004). 

In these three imprinted genes, LDIR leads to both losses and gains in 

methylation. Differential methylation responses across the genome also occur due to 

other environmental exposures during development. For example, ethanol exposure in 

utero led to hypermethylation at the Avy allele and increased the proportion of 

pseudoagouti offspring (Kaminen-Ahola, Ahola et al. 2010). In another study where a 

genome-wide analysis was performed, both hypermethylation and hypomethylation were 

observed at multiple loci in C57BL/6 mice in response to preimplantation exposure to 

ethanol (Liu, Balaraman et al. 2009).  

Although gene expression was not measured in this study, the significant 

changes in methylation patterns observed at these imprinted gene loci have the potential 

to affect their transcription, with biological consequences since gene expression is 
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normally tightly regulated. For instance, in response to alcohol exposure during 

pregnancy, a 3% decrease in sperm H19 CpG methylation was associated with a 26% 

decrease in sperm production (Stouder, Somm et al. 2011). In the sperm of patients with 

abnormal spermatogenesis, an 8 to 10% methylation decrease at the H19 DMR and, in 

particular, at CTCF-binding site 6, was associated with the pathology (Marques, 

Francisco et al. 2010). Another study of individuals conceived during the Dutch famine 

found that a 5% change in methylation at the IGF2 DMR could be detected decades 

later (Heijmans, Tobi et al. 2008), and was associated with several pathologies (Tobi, 

Lumey et al. 2009). Thus, small changes in DNA methylation at imprint regulatory 

elements have the potential to influence physiological outcomes. 

To date, this is the first study to analyze the effects of LDIR on imprinted genes. 

Imprint analysis could help to explain the progression of cancer and non-cancer 

endpoints following LDIR exposure (Little 2009). Transgenerational inheritance of 

disease could also be caused by altered methylation in the DMRs controlling the 

monoallelic expression of imprinted genes (Koturbash, Baker et al. 2006). Therefore, 

assessing the full repertoire of imprinted genes, especially in humans, will further 

establish the risk for imprinted gene deregulation and human diseases resulting from 

LDIR.  
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Figure 19: Mean methylation at the Nnat DMR 

Average percent DNA methylation was averaged across all sites in tail (A) and liver (B) 

tissues for each radiation dose (**, p<0.01; *, p<0.05).  
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Figure 20: Percent methylation of four CpG sites in the Nnat DMR 

Site-specific methylation at the Nnat DMR (Figure 8) was measured in tail (A) and liver 

(B) tissues from offspring exposed to 0.0 tp 7.6 cGy of low LET radiation (**, p<0.01; *, 

p<0.05). 
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Figure 21: Mean methylation at the Peg3 DMR 

Percent DNA methylation was averaged across all sites in tail (A) and liver (B) tissues 

from offspring exposed to 0.0 to 7.6 cGy of low LET radiation (**, p<0.01; *, p<0.05).  
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Figure 22: Percent methylation of 13 CpG sites at the Peg3 DMR 

Site-specific methylation at the Peg3 DMR (Figure 9) was measured in tail (A) and liver 

(B) tissues from offspring exposed to 3.0 cGy and 7.6 cGy (**, p<0.01; *, p<0.05). 
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Figure 23: Mean methylation at the H19 DMR 

Percent DNA methylation was averaged across all sites in tail (A) and liver (B) tissues 

from offspring exposed to 0.0 to 7.6 cGy of low LET radiation (**, p<0.01; *, p<0.05).  
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Figure 24: Percent methylation of 4 CpG sites at the H19 DMR 

Site-specific methylation at the H19 DMR (Figure 7) was measured in tail (A) and liver 

(B) tissues from offspring exposed to 0.0 to 7.6 cGy of low LET radiation (**, p<0.01; *, 

p<0.05). 
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4.0 Maternal Antioxidant-Supplementation Mitigates 
LDIR-Induced Methylation Changes in Offspring 

4.1 Introduction 

Recent research shows that moderate and high doses of ionizing radiation (50 

cGy-2000 cGy) lead to global DNA hypomethylation in vivo (Ilnytskyy, Koturbash et al. 

2009) and loci-specific hypermethylation in vitro (Aypar, Morgan et al. 2010). Our results 

in the Avy mouse demonstrate that low levels of ionizing radiation lead to 

hypermethylation at the Avy allele in males and hypomethylation at two sites in females 

(Chapter 2). Disrupted methylation patterns in both directions are hypothesized to result 

from oxidative damage induced by ionizing radiation (Franco, Schoneveld et al. 2008). 

DNA hypomethylation results from oxidative DNA lesions that interfere with 

methyltransferase ability either directly or through DNA damage repair pathways 

(Gehring, Reik et al. 2009). Alternatively, oxidative stress can create single strand 

breaks that can then signal de novo methylation (Franco, Schoneveld et al. 2008). 

Oxidative stress has also been shown to induce gene-specific methylation by triggering 

transcription factor recruitment of DNMT1 and HDAC1 (Lim, Gu et al. 2009). Whether 

LDIR induces sufficient oxidative stress to elicit epigenetic changes has not yet been 

determined.  

Dietary components are important modifiers of the epigenome and display 

potential as epigenetic therapeutics in cancer and other diseases (Meeran, Ahmed et al. 

2010). Dietary modifications can also buffer against epigenetic alterations that are 

induced by various exposures. Our laboratory has previously shown that Avy offspring 

are effective biosensors for the potential of maternal dietary supplementations to 

counteract the hypomethylating effects of gestational chemical exposure (Dolinoy, 
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Huang et al. 2007). Specifically, dietary methyl donors were able to offset the 

hypomethylation induced by bisphenol-A exposure. Dietary methyl supplements also 

show potential to protect against radiation-induced DNA hypomethylation (Batra, Swathi 

et al. 2010), which demonstrates the labile nature of these alterations. Due to the role 

that oxidative stress plays in radiation-induced pathogenesis, dietary antioxidants l-

selenomethionine, vitamin C, vitamin E succinate, alpha-lipoic acid, and N-acetyl 

cysteine can protect highly irradiated animals from cellular damage and death (Wambi, 

Sanzari et al. 2009). To date, antioxidants have never been examined for their ability to 

alter epigenetic modifications induced by low-dose ionizing radiation. 

Previously, we reported that early developmental LDIR exposure induced 

methylation changes in Avy male mice (Chapter 2). Interestingly, the male mice displayed 

increased methylation and beneficial phenotypic changes. Epigenetic changes were also 

documented in imprinted genes in both male and female irradiated mice (Chapter 3) that 

could increase susceptibility to disease. In the following study, the effectiveness of an 

antioxidant rich maternal diet to counteract LDIR-induced methylation alterations in Avy 

offspring was examined. Not only will this analysis explore the use of antioxidants as a 

therapeutic for epigenetic aberrations, it will also investigate whether oxidative stress 

plays a role in inducing methylation changes in the Avy model.  

4.2 Materials and Methods 

4.2.1 Antioxidant Supplementation Without Irradiation 

To determine if antioxidant supplementation, alone, affects methylation at the Avy 

allele, a preliminary study without LDIR was performed. Avy/a mice were obtained from a 

congenic colony maintained by sibling mating and forced heterozygosity of the Avy allele 

for over 200 generations, as previously described (Waterland and Jirtle 2003).  At 7 
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weeks of age, virgin black a/a females were placed on either a phytoestrogen-free 

breeding diet, with 7% corn oil substituted for 7% soybean oil (TD.95092, Harlan Teklad, 

Madison, WI) or an antioxidant-supplemented, phytoestrogen-free diet (TD.95092 

supplemented with 0.014 g/kg TBHQ, 0.006 g/kg seleno-L-methionine, 0.408 g/kg 

vitamin C, 0.0714 g/kg vitamin E, 0.0857 g/kg alpha lipoic acid, and 0.1714 g/kg N-

acetyl-L-cysteine; TD.10635, Harlan Teklad, Madison WI). The levels of antioxidants 

used in these studies are equivalent on a weight basis (g/kg) to the established 

maximum level of daily nutrient intake in humans that is likely to pose no risk of adverse 

effects (Wambi, Sanzari et al. 2009). The dams were kept on the diets one week prior to 

breeding them and throughout gestation and lactation. At 8 weeks of age, the female 

black a/a mice were bred to 8 week-old Avy/a males of varying coat colors. On postnatal 

day 22, litter size, weight, sex ratio, genotype ratio, and coat color were recorded and 

compared between control diet and antioxidant diet offspring (Figure 11).   

Animals used in this study were maintained in accordance with the Guidelines for 

the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources 

1996) and were treated humanely and with regard for alleviation of suffering. The Duke 

Institutional Animal Care and Use Committee approved the study protocol.  

4.2.2 Irradiation with Supplementation 

Following the preliminary antioxidant study, Avy/a mice were bred and 

supplemented with the antioxidant diet as described above. On day 4.5 of gestation 

(Figure 11), females were irradiated with 3.0 cGy of whole-body X-ray radiation (80 kVp, 

500 µA) using the Siemens small animal MicroCT scanner (Knoxville, TN). This dose 

was chosen because it was shown previously to induce coat color and methylation 
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changes in Avy offspring (Chapter 2, 3). To control for stress, control dams were sham-

irradiated by being placed in the scanner without administering radiation.  

Dams that were maintained on an antioxidant diet and irradiated with 3.0 cGy 

gave birth to 16 litters (102 total offspring, 51 Avy/a offspring). Dams exposed to 3.0 cGy 

and control diet gave birth to eight litters (51 total offspring, 27 Avy/a offspring). Two 

additional litters were sham-irradiated (14 total offspring, 6 Avy/a offspring). For analysis, 

these litters were added to the existing sham-irradiated and 3.0 cGy radiation groups 

from the dose-response study described in Chapter 2 since coat color and methylation 

status was not statistically different from that observed for the irradiated and sham-

irradiated offspring. This brought the total number of litters exposed to 3.0 cGy with 

control diet to 25 (152 total offspring, 80 Avy/a offspring) and the total number of sham-

irradiated litters to 16 (104 total offspring, 53 Avy/a offspring).  

Animals used in this study were maintained in accordance with the Guidelines for 

the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources 

1996). They were treated humanely and with regard for alleviation of suffering. The Duke 

Institutional Animal Care and Use Committee approved the study protocol.  

4.2.2 Coat Color Analysis 

Offspring were weaned at day 22 after birth and categorized into one of five coat 

color classes: yellow (<5% brown), slightly mottled (5-40% brown), mottled (~ 50% 

brown), heavily mottled (60-95% brown), and pseudoagouti (>95% brown) by a single 

observer (AJB).  

4.2.3 DNA Isolation and Bisulfite Treatment 

On postnatal day 22, tail tissue samples were collected from congenic Avy/a 

offspring and total genomic DNA was isolated using buffer ATL, proteinase K, and 
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RNase A (Qiagen Inc., Valencia, CA) followed by phenol:chloroform extraction and 

ethanol precipitation. DNA was then bisulfite treated using the EpiTect bisulfite kit 

(Qiagen Inc., Valencia, CA) to allow conversion of unmethylated cytosines to uracil (read 

as thymine during polymerase chain reaction (PCR)), whereas the methylated cytosines 

remain unconverted (Grunau, Clark et al. 2001). 

4.2.4 Avy Amplification and Methylation Analysis 

 The region upstream of the Avy promoter (Figure 3) was amplified from bisulfite-

modified tail DNA in 25 µl PCRs using 1.5 units of Platinum TaqDNA polymerase 

(Invitrogen, Carlsbad, CA), 10 µmol of primers, 1.5 mM MgCl2, and 10 mM dNTPs (94°C 

x 2 min; 94°C x 30 sec, 62°C x 30 sec, and 72°C x 60 sec for 40 cycles; 72°C x 9 min). 

A T7 promoter tag was introduced to facilitate RNA transcription, which is necessary in 

the Sequenom EpiTYPERTM platform (San Diego, CA) before base specific cleavage 

occurs.  Amplification with forward primer Seq_Avy_FS_F1 (5' AGG AAG AGA GTT TTA 

GGA AAA GAG AGT AAG AAG TAA GAG A 3') and reverse primer Seq_Avy_FS_R1b 

(5' CAG TAA TAC GAC TCA CTA TAG GGA GAA GGC TTA ACA CAT ACC TTC TAA 

AAC C 3') created a 336-base pair (bp) product on the forward strand. Amplification of 

the reverse strand was also necessary to quantify the eighth CpG site (Figure 12).  For 

the reverse strand, forward primer Seq_Avy_RS_F2 (5' AGG AAG AGA GGA GGT TTA 

AGG ATT TAG ATT GGT GG 3') and reverse primer Seq_Avy_RS_R2 (5' CAG TAA 

TAC GAC TCA CTA TAG GGA GAA GGC ATC ACT CCC TAA TTA CTA CAA CCC A 

3') were used created a 199 bp product.  

Following amplification, in vitro RNA transcription was performed on the reverse 

strand of each amplicon, followed by base specific cleavage and quantification with 

MALDI-TOF Mass Spectrometry, according to the Sequenom EpiTYPERTM platform 
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(Sequenom, San Diego, CA). Each sample was run in triplicate. Methylation controls of 

0%, 50%, and 100% were also quantified to ensure assay quality. The twelve CpG sites 

studied at the Avy allele are located at nucleotide positions 132, 174, 206, 214, 220, 244, 

265, 306, 319, 322, 334, and 425 of GenBank accession number AF540972. Of these 

12 sites, the Sequenom platform was unable to quantify methylation of the first site, but 

successfully quantified methylation of the following eleven sites.  

4.2.5 Statistical Analysis 

The distribution of the five coat color phenotypes between exposure groups was 

analyzed using a chi-square goodness-of-fit test with GraphPad Prism Software 

(GraphPad, La Jolla, CA). For analysis of methylation, triplicate runs were averaged and 

then a four-factor repeated measures ANOVA was performed using StatView software 

(SAS, Cary, NC).  CpG site was designated as the repeated measure and dose, sex, 

and tissue were designated as interacting factors. Upon determining significant 

interactions (ANOVA <0.05), post-hoc analysis was performed using Fisher’s protected 

least significant difference (PLSD) test. 

4.3 Results 

4.3.1 Antioxidant Supplementation Without Irradiation 

To examine the effect of antioxidants in non-irradiated, non-stressed animals, a 

preliminary antioxidant study was performed in which mice were given either a control 

diet or a diet supplemented with antioxidants. This resulted in 16 control diet litters (55 

Avy/a offspring) and 20 antioxidant diet litters (62 Avy/a offspring). The coat color 

distributions of the offspring from antioxidant-supplemented mothers did not differ 

significantly from the offspring from control diet mothers (Figure 25) (X2, p=0.4).     
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4.3.2 Antioxidant Supplementation With Irradiation 

Offspring exposed to 3.0 cGy and supplemented with antioxidants (AO) had a 

coat color distribution similar to sham-irradiated mice (Χ2; p=0.4), but significantly 

different from irradiated offspring that were not supplemented with AO (Χ2; p=0.0001) 

(Figure 26A). Litters receiving 3.0 cGy with AO had significantly higher amounts of 

yellow offspring and significantly lower amounts of pseudoagouti offspring than the non-

supplemented, irradiated group. The ratio of pseudoagouti:yellow offspring dropped from 

an 11:1 ratio in irradiated offspring to a 1:1 ratio in irradiated offspring supplemented with 

AO (Figure 26B).  

4.3.3 Avy Methylation 

Male offspring exposed to 3.0 cGy of radiation had significantly higher levels of 

tail DNA methylation at six CpG sites versus the sham-irradiated mice (Figure 26C, 

Supplementary Table 23). The increased methylation levels returned to sham-

irradiated levels in offspring from the irradiated mothers supplemented with AO. There 

were no significant methylation differences between the sham-irradiated male offspring 

and irradiated male offspring from mothers supplemented with AO (ANOVA, p>0.1) 

(Figure 26C) (Supplementary Table 23). In contrast, there were significant site-specific 

methylation differences between male offspring receiving 3.0 cGy and the control diet 

and irradiated male offspring from mothers supplemented with AO (ANOVA, p<0.05). In 

addition, female offspring were hypomethylated at one site at 3.0 cGy (p=0.01). 

Interestingly, this methylation level also returned to control levels when AO 

supplementation was provided with irradiation (p = 0.8).  
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4.4 Discussion 

Low-dose ionizing radiation is a prevalent environmental exposure, and as 

medical imaging increases and the use of nuclear energy production continues, the 

potential for large-scale human exposures persist. I sought in this study to increase our 

understanding of the biological response to LDIR and to explore the possibility to defend 

against adverse epigenetic effects with the use of nutrient supplements. LDIR induces 

oxidative stress that can lead to indirect DNA damage, which is thought to interfere with 

methyltransferase ability and/or signal de novo methylation (Franco, Schoneveld et al. 

2008). Oxidative stress has been shown to induce methylation changes in several 

studies (Franco, Schoneveld et al. 2008; Lim, Gu et al. 2009). One such study found that 

low-expression genes with CpG islands gained promoter DNA methylation upon 

exposure to oxidative stress (O'Hagan, Wang et al. 2011). Oxidative damage actually 

targeted complexes containing DNMTs, SIRT1, and polycomb members to these 

promoter regions.  

To determine if oxidative stress mediated the methylation alterations observed 

previously in male Avy offspring, I sought to inhibit these alterations would be reduced 

with an antioxidant mixture given to the mother before irradiation and throughout 

gestation and lactation. I showed initially that antioxidants, alone, had no effect on the 

epigenome of Avy/a offspring. I then demonstrated that maternal antioxidant 

supplementation prevented the coat color shift and methylation increase that was 

induced by low doses of low LET ionizing radiaiton in irradiated male offspring. 

Moreover, in female offspring, maternal antioxidant supplementation prevented the 

hypomethylation that was observed at one site in response to 3.0 cGy of radiation 

exposure. 
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The mitigation of these DNA methylation changes with an antioxidant diet 

demonstrates for the first time that oxidative stress could be signaling LDIR-induced 

epigenetic changes. Until now, this connection had only been conjectured to occur in the 

low dose range. One of the intermediary mechanisms between oxidative stress and 

epigenetic changes is thought to be miRNA signaling. MicroRNAs are expressed and 

down-regulated in response to radiation exposure and oxidative stress (Simone, Soule 

et al. 2009). A thorough study examined similarities and distinctions between miRNA 

profiles in response to high (200 cGy) and intermediate (20 cGy) radiation doses in a 

human skin model. Although their review focused on the similarities in response, there 

was dose-dependent regulation of several miRNAs (Dickey, Zemp et al. 2011). It’s 

possible that these differences could be driving a biphasic methylation response to 

ionizing radiation exposure. The complete assembly of molecular mechanisms that 

function between LDIR, oxidative stress, miRNAs, and epigenetic alterations must still 

be delineated, and will likely provide insight into other environmental exposures that 

produce oxidative stress. 

The protection provided by the antioxidants buffers the epigenome against 

environmentally induced hypermethylation and hypomethylation in both males and 

females. Thus, even though antioxidants had no effect without stress, they serve to 

protect the epigenome against additional oxidative stress from LDIR. It should be clearly  

pointed out that antioxidant supplementation in this study also negated the potential 

benefits of LDIR in the Avy model. Nevertheless, the ability to prevent an induced shift in 

DNA methylation may allow for higher doses to be received without negatively affecting 

the epigenome, a possibility of great importance as humans prepare to spend more time 

in space. 
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Figure 25: Effect of antioxidant supplementation on coat color distribution in Avy 
offspring 

The percent of Avy offspring that were yellow, slightly mottled, mottled, heavily mottled, 

and pseudoagouti when the mothers were given a control diet or supplemented with 

antioxidants (Χ2; **, p<0.01. *, p<0.05). 
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Figure 26: Effect of maternal antioxidant (AO) supplementation on low dose 
radiation-induced alterations in the coat color distribution and CpG site DNA 

methylation in Avy offspring 

 (A) The percent of Avy offspring that were yellow, slightly mottled, mottled, heavily 

mottled, and pseudoagouti when the mothers were sham-irradiated, exposed to 3.0 cGy 

and 3.0 cGy+AO (Χ2; **, p<0.01. *, p<0.05). (B) The number of pseudoagouti (brown 

bar) and yellow (yellow bar) offspring when the mothers were sham-irradiated, exposed 

to 3.0 cGy and 3.0 cGy+AO (left y-axis) were used to calculate the pseudoagouti:yellow 

offspring ratio (open circles; right y-axis) for each exposure (C) Percent methylation of 

11 CpG sites at the Avy locus (Figure 3) in offspring sham-irradiated, exposed to 3.0 cGy 

and 3.0 cGy+AO (ANOVA; *p<0.05). 
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5.0 Conclusion 

5.1 Summary 

In conclusion, examining the biological effects of low-dose ionizing radiation 

(LDIR) is crucial to establish the health risks associated with these predominant 

exposure levels and to improve existing health risk assessment models. Proper 

epigenetic programming is critical for healthy development, but is susceptible to being 

regulated by environmental exposures. Consequently, the epigenome was examined 

herein for its role in radiation-induced pathogenesis and cellular adaptation. The viable 

agouti (Avy) model provides a unique system to explore the breadth of epigenetic 

modifications as well as the epigenome’s labile nature when exposed to environmental 

factors. These studies are the first to provide insight into the extent that low doses of low 

LET ionizing radiation induce epigenetic modifications and the mechanisms by which 

these modifications occur in vivo.  

Metastable epiallele methylation and global IAP methylation were initially 

assessed in offspring exposed in utero to LDIR. Such loci had never before been 

examined in either the high- or low-dose range. Several doses in the low dose range 

increased methylation at the Avy locus, whereas DNA methylation at the CabpIAP locus 

and IAPs elsewhere in the genome remained relatively unchanged. This increase in 

methylation at doses from 0.7 cGy to 3.0 cGy imparts a beneficial phenotype in the Avy 

mouse model. Interestingly, at the highest dose of 7.6 cGy, the percentage of 

pseudoagouti animals and DNA methylation levels returned towards control levels. This 

represents a biphasic epigenetic dose response, with the 7.6 cGy dose lying in the 

threshold zone (Scott, Belinsky et al. 2009). Higher doses of ionizing radiation, although 

not used in this study, induce hypomethylation, which is uniformly demonstrated in other 
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mouse studies at high doses of radiation (Tawa, Kimura et al. 1998; Ilnytskyy, Koturbash 

et al. 2009).  

The effect of LDIR on three imprinted genes was also examined. All three genes 

showed significant changes in the differentially methylated regions controlling 

expression. In fact, both increases and decreases in methylation were observed, 

demonstrating that these loci, and loci elsewhere in the genome may have unique and 

opposing responses to LDIR.  

Antioxidant supplementation in the maternal diet was also shown to mitigate the 

methylation changes at the Agouti locus in offspring irradiated with 3.0 cGy. These 

results indicate that oxidative stress plays a role in inducing epigenetic changes in 

response to LDIR.   

5.2 Implications 

These data show that LDIR can induce persistent epigenetic changes at multiple 

loci. The alterations at the Agouti locus led to a beneficial phenotype. Epigenetic 

changes have been proposed to modulate cellular adaptations to low levels of oxidative 

stress (Scott, Belinsky et al. 2009), and the data here supports that. In fact, these data 

indicate that LDIR-induced epigenetic changes could be the ‘memory system’ that links 

oxidative stress to the development of an adaptive response (Ermakov, Konkova et al. 

2009). Thus, these data provide insight into the mechanisms behind the adaptive 

response of hormesis, an enigmatic phenomenon. The occurrence of beneficial effects 

in the low dose range and a biphasic dose-response curve challenge the currently 

accepted Linear No Threshold risk assessment model, which assumes that every dose 

of radiation is damaging to the organism. Accordingly, these results will most certainly 

have an impact in the re-evaluation of current radiation risk assessment models.   
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The alterations observed in imprinted genes indicate that LDIR affects other 

areas of the genome as well as at the Avy allele. These results support the use of the Avy 

mouse as a biosensor for developmental exposures that can alter the epigenome. More 

importantly, the changes in imprinted genes are the first to be shown for this subset of 

epigenetically regulated, monoallelically expressed genes in response to LDIR. 

Imprinted genes are tightly regulated and vital for mammalian growth and development. 

Thus, any aberration could have lasting consequences in the exposed organism and its 

offspring. These findings implicate imprint deregulation in radiation-induced disease 

progression and transgenerational effects (Streffer 2004). 

By mitigating epigenetic alterations with an antioxidant-supplemented diet, the 

mechanism leading to epigenetic changes is further defined. Because antioxidant 

supplementation was able to buffer the epigenome, oxidative stress is likely to play a 

role in LDIR-induced epigenetic changes. Moreover, antioxidant supplementation could 

be utilized to protect against radiation-induced epigenetic alterations. This research 

could likewise prompt the exploration of antioxidant supplementation to mitigate or 

reverse methylation changes seen in response to other environmental exposures or 

pharmaceuticals that induce oxidative stress. For example, air pollution, arsenic, 

antiretrovirals, and nanomaterials are just a few compounds known to induce oxidative 

stress (Yauk, Polyzos et al. 2008). For many of these, their effects on the epigenome 

have not yet been determined.  

5.3 Future Directions 

The experiments described above provide abundant data to fuel future research. 

The possibility for beneficial effects from low-dose ionizing radiation, and the role that 

epigenetic alterations play in this adaptive response must be further examined. More 
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mammalian studies that include a dose-response range that encompasses both high 

and low doses are needed.  

The Avy mouse model can be further utilized to examine long-term offspring 

health and the physiological significance of hypermethylation. Genome-wide methylation 

analysis can further define sensitive genes such as additional imprinted genes and 

metastable epialleles that are altered in the low dose range, and indicate pathways that 

are related to epigenetic alterations. Also, transgenerational effects could be examined 

to determine if future offspring also benefit from LDIR. It’s possible that adaptive effects 

in the first generation could still lead to detrimental effects in the offspring (Streffer 

2004). Transgenerational effects of disrupted imprinting could also be assessed. These 

aberrant imprint marks could be persistent through several generations and may help to 

explain genomic instability in offspring (Streffer 2004). Future research could also 

examine the role that histone modifications play in radiation sensitivity. Recent research 

has shown that histone acetylated regions are more prone to radiation induced damage 

(Karagiannis, KN et al. 2007). Yellow acetylated mice, and brown methylated mice could 

be useful models for comparing the accumulation of ionizing radiation damage in 

euchromatic or heterochromatic regions. Lastly, with this model, it should be determined 

whether antioxidant supplementation can mitigate the effects of multiple doses of 

radiation exposure on the Agouti locus, at imprinted genes, and elsewhere across the 

genome. 

The mechanisms by which LDIR-induced oxidative stress could be leading to 

epigenetic changes, such as the repair pathways involved in oxidative damage, should 

also be explored. For instance, mice deficient for certain proteins uniquely involved in 

single strand break or double strand break repair could be examined for their 
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epigenomic responses to ionizing radiation. These studies would help differentiate the 

epigenetic consequences from different types of damage and repair pathways. Human 

samples could provide insight into the effect that repair mechanisms have on the 

epigenome. Hypersensitivity to ionizing radiation is caused by polymorphisms in genes 

specific for several repair systems. Polymorphisms in BER genes, such as XRCC1 

(interacts with ligases and polymerase), OGG1 (removal of 8-hydroxyguanine), and 

APE1 (excises abasic sites following cleavage by OGG1) have been reported in the 

population (Andreassi, Foffa et al. 2009). Individuals can also be deficient for XRCC3 

(homologous recombination repair), which is activated in double strand break repair 

(Andreassi, Foffa et al. 2009). In fact, smokers found to be deficient in genes necessary 

for double strand break repair had significantly increased methylation levels along with a 

50% reduction in double strand break repair capacity (Leng, Stidley et al. 2008). Thus, 

polymorphisms led to greater vulnerability to epigenotoxicants, different epigenomic 

profiles, and could lead to increased epigenomic disruption from ionizing radiation. 

Lastly, the most important direction that this research needs to move in is 

towards the analysis of human samples. Due to the differences in epigenomic profiles 

between mice and humans, the full risk or potential benefit of LDIR can only be 

accurately assessed in human samples. In vitro options, such as irradiated human skin 

tissue samples are a unique way to analyze epigenetically sensitive loci, such as human 

imprinted genes and human metastable epialleles. In fact, we have shown that the 

DMRs of 20 imprinted genes maintain their methylation status in these cultures. Thus, 

they could be examined for aberrant DMR methylation in response to radiation 

exposures.  
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Of course, epigenetic analysis in individuals exposed to radiation is necessary for 

determining disease risk from LDIR. Several large human cohorts exposed to radiation 

including Hiroshima, Nagasaki (Little 2009), Chernobyl (Stepanova, Karmaus et al. 

2008), Techa River, and Fukushima (Akiba 2012). Moreover, these cohorts include 

children of exposed individuals and multiple generations from the initially exposed 

individuals. These samples provide for an unprecedented opportunity to assess if 

radiation induced changes in the epigenome persist not only throughout the life of the 

exposed individual, but also into subsequent generations.  

. 
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Appendix 
Supplementary Table 1: Interactions of dose, CpG site, and sex on Avy DNA 

methylation. 

Radiation Dose p-Value % Methylation 
(Mean ± SEM) 

Tail (n = 240)   
0.0 cGy, n = 47  28.8 ± 2.9 
0.4 cGy, n = 27  27.4 ± 3.9 
0.7 cGy, n = 32  35.7 ± 3.6 
1.4 cGy, n = 40  34.2 ± 3.2 
3.0 cGy, n = 53  34.3 ± 2.8 
7.6 cGy, n = 41  37.4 ± 3.1 
Dose 0.2  
Dose x Sex 0.1  
Site x Dose <0.0001 See ST6 
Site x Dose x Sex <0.0001 See ST2, ST4 
   
Liver (n = 234)   
0 cGy, n = 47  33.1 ± 3.9 
0.4 cGy, n = 26  30.6 ± 5.3 
0.7 cGy, n = 32  41.3 ± 4.8 
1.4 cGy, n = 40  42.7 ± 4.3 
3.0 cGy, n = 51  43.8 ± 3.8 
7.6 cGy, n = 38  42.6 ± 4.4 
Dose 0.1  
Dose x Sex 0.03  
Site x Dose 0.01 See ST7 
Site x Dose x Sex 0.004 See ST3, ST5 

Bold p-Value - Significant at p < 0.05 
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Supplementary Table 2: Effect of dose on Avy DNA methylation at each CpG site in 
offspring tail. 

CpG Site 
Dose (cGy) 

p-Value % Methylation 
(Mean ± SEM) 

Differences of 
Means (p-Value) 

Tail 
(n = 240) 

Site x Dose 
p<0.0001 

  

Tail Site 2 0.2   
0.0  32.7 ± 4.0  
0.4  29.6 ± 5.1 0.7 
0.7  42.2 ± 4.9 0.1 
1.4  41.5 ± 4.9 0.1 
3.0  43.1 ± 4.2 0.07 
7.6  43.7 ± 4.3 0.08 
Tail Site 3 0.3   
0.0  13.7 ± 1.7  
0.4  13.3 ± 2.7 0.9 
0.7  16.7 ± 2.3 0.3 
1.4  18.6 ± 2.3 0.1 
3.0  18.0 ± 2.2 0.1 
7.6  19.3 ± 2.3 0.06 
Tail Site 4 <0.0001   
0.0  27.4 ± 1.4  
0.4  32.7 ± 3.2 0.05 
0.7  27.6 ± 1.6 0.9 
1.4  25.7 ± 1.4 0.5 
3.0  20.8 ± 1.0 0.004 
7.6  33.5 ± 2.5 0.01 
Tail Site 5 0.009   
0.0  10.6 ± 1.3  
0.4  11.0 ± 1.6 0.9 
0.7  13.1 ± 1.6 0.3 
1.4  15.6 ± 1.8 0.03 
3.0  15.9 ± 1.6 0.01 
7.6  17.6 ± 1.6 0.002 
Tail Site 6 0.1   
0.0  24.5 ± 2.9  
0.4  20.6 ± 3.7 0.4 
0.7  31.5 ± 3.5 0.1 
1.4  30.2 ± 3.4 0.2 
3.0  30.4 ± 3.0 0.1 
7.6  31.6 ± 3.1 0.1 
Tail Site 7 0.08   
0.0  38.2 ± 3.9  
0.4  29.7 ± 4.5 0.2 
0.7  48.3 ± 4.7 0.1 
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1.4  33.1 ± 3.9 0.4 
3.0  40.9 ± 4.1 0.6 
7.6  42.2 ± 4.1 0.5 
Tail Site 8 0.07   
0.0  29.1 ± 3.1  
0.4  29.9 ± 4.5 0.9 
0.7  37.2 ± 4.0 0.1 
1.4  37.3 ± 4.0 0.1 
3.0  40.3 ± 3.5 0.02 
7.6  42.2 ± 3.5 0.01 
Tail Site 
9.10 

0.05   

0.0  34.7 ± 3.7  
0.4  36.0 ± 4.9 0.8 
0.7  39.6 ± 4.5 0.4 
1.4  45.3 ± 4.0 0.05 
3.0  46.4 ± 3.5 0.02 
7.6  49.1 ± 4.0 0.008 
Tail Site 11 0.2   
0.0  39.8 ± 3.7  
0.4  32.9 ± 4.9 0.3 
0.7  47.9 ± 4.7 0.2 
1.4  46.6 ± 4.4 0.2 
3.0  43.4 ± 4.1 0.5 
7.6  47.9 ± 4.2 0.2 
Tail Site 12 0.2   
0.0  37.8 ± 3.6  
0.4  38.2 ± 5.0 0.9 
0.7  48.1 ± 4.1 0.07 
1.4  46.8 ± 4.1 0.09 
3.0  47.2 ± 3.6 0.06 
7.6  46.8 ± 3.6 0.09 

    
Bold p-Value - Significant at p < 0.05 
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Supplementary Table 3: Effect of dose on Avy DNA methylation at each CpG site in 
offspring liver. 

CpG Site 
Dose (cGy) 

p-Value % Methylation 
(Mean ± SEM) 

Differences of 
Means (p-Value) 

Liver  
(n = 234) 

Site x Dose 
p = 0.01 

  

Liver Site 2 0.2   
0.0  32.7 ± 4.5  
0.4  29.6 ± 6.1 0.7 
0.7  43.0 ± 5.4 0.2 
1.4  44.6 ± 5.6 0.08 
3.0  44.6 ± 4.5 0.07 
7.6  43.9 ± 4.8 0.1 
Liver Site 3 0.1   
0.0  26.8 ± 4.1  
0.4  24.4 ± 5.7 0.7 
0.7  36.3 ± 5.1 0.2 
1.4  39.4 ± 5.3 0.04 
3.0  38.0 ± 4.2 0.06 
7.6  36.7 ± 4.4 0.13 
Liver Site 4 0.08   
0.0  31.6 ± 2.5  
0.4  30.7 ± 2.8 0.8 
0.7  34.3 ± 2.5 0.5 
1.4  36.1 ± 3.0 0.2 
3.0  40.3 ± 2.4 0.008 
7.6  36.4 ± 2.2 0.2 
Liver Site 5 0.2   
0.0  30.3 ± 4.1  
0.4  25.0 ± 6.1 0.5 
0.7  38.7 ± 5.9 0.2 
1.4  38.7 ± 5.3 0.2 
3.0  41.0 ± 4.3 0.09 
7.6  37.0 ± 5.0 0.3 
Liver Site 6 0.07   
0.0  30.0 ± 3.9  
0.4  25.0 ± 5.1 0.5 
0.7  39.5 ± 5.0 0.1 
1.4  41.7 ± 5.1 0.05 
3.0  41.3 ± 4.1 0.04 
7.6  40.3 ± 4.3 0.09 
Liver Site 7 0.2   
0.0  29.2 ± 3.7  
0.4  23.8 ± 4.2 0.3 
0.7  34.6 ± 3.8 0.3 
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1.4  34.4 ± 3.9 0.3 
3.0  36.7 ± 3.5 0.1 
7.6  36.0 ± 3.4 0.2 
Liver Site 8 0.08   
0.0  30.9 ± 3.8  
0.4  26.8 ± 5.3 0.5 
0.7  38.1 ± 4.7 0.2 
1.4  40.9 ± 4.7 0.09 
3.0  42.8 ± 3.9 0.03 
7.6  41.3 ± 4.1 0.08 
Liver Site 
9.10 

0.1   

0.0  42.1 ± 4.0  
0.4  38.8 ± 5.2 0.6 
0.7  49.9 ± 5.0 0.2 
1.4  53.2 ± 5.2 0.07 
3.0  53.5 ± 4.2 0.04 
7.6  52.7 ± 4.3 0.09 
Liver Site 11 0.09   
0.0  37.4 ± 4.0  
0.4  33.1 ± 5.3 0.6 
0.7  46.2 ± 5.1 0.2 
1.4  47.8 ± 5.1 0.09 
3.0  49.1 ± 4.2 0.04 
7.6  49.2 ± 4.4 0.06 
Liver Site 12 0.05   
0.0  41.0 ± 4.2  
0.4  34.2 ± 5.6 0.4 
0.7  50.9 ± 5.4 0.1 
1.4  52.7 ± 5.3 0.07 
3.0  52.0 ± 4.2 0.07 
7.6  52.1 ± 4.4 0.09 

Bold p-Value - Significant at p < 0.05 
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Supplementary Table 4: Effect of dose on Avy DNA methylation at each CpG site in 
male tail. 

CpG Site 
Dose (cGy) 

p-Value % Methylation 
(Mean ± SEM) 

Differences of 
Means (p-Value) 

Male Tail 
(n = 138) 

Site x Dose 
<0.0001 

  

Tail Site 2 0.09   
0.0 cGy, n = 26  27.3 ± 5.1  
0.4 cGy, n = 14  31.8 ± 7.5 0.6 
0.7 cGy, n = 22  39.0 ± 5.6 0.2 
1.4 cGy, n = 24  50.0 ± 6.4 0.006 
3.0 cGy, n = 31  44.5 ± 5.7 0.03 
7.6 cGy, n = 21  39.7 ± 6.0 0.1 
    
Tail Site 3 0.08   
0.0  11.2 ± 2.3  
0.4  13.6 ± 4.0 0.6 
0.7  15.0 ± 2.4 0.4 
1.4  22.2 ± 3.0 0.007 
3.0  19.9 ± 3.1 0.02 
7.6  17.6 ± 3.1 0.1 
Tail Site 4 0.002   
0.0  26.9 ± 2.1  
0.4  31.4 ± 4.6 0.2 
0.7  28.2 ± 2.1 0.7 
1.4  24.8 ± 1.9 0.5 
3.0  21.0 ± 1.3 0.06 
7.6  34.3 ± 3.4 0.03 
Tail Site 5 0.009   
0.0  9.5 ± 1.7  
0.4  10.8 ± 2.3 0.7 
0.7  11.7 ± 1.9 0.5 
1.4  18.2 ± 2.4 0.004 
3.0  17.6 ± 2.3 0.004 
7.6  16.8 ± 2.1 0.02 
Tail Site 6 0.1   
0.0  21.0 ± 3.8  
0.4  22.0 ± 5.4 0.9 
0.7  28.9 ± 4.0 0.2 
1.4  36.5 ± 4.5 0.008 
3.0  31.7 ± 4.1 0.05 
7.6  28.8 ± 4.0 0.2 
Tail Site 7 0.6   
0.0  34.2 ± 4.8  
0.4  32.4 ± 6.8 0.8 
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0.7  45.4 ± 5.1 0.7 
1.4  40.3 ± 5.5 0.4 
3.0  43.9 ± 5.7 0.2 
7.6  39.9 ± 6.1 0.5 
Tail Site 8 0.02   
0.0  23.0 ± 4.0  
0.4  30.6 ± 6.4 0.3 
0.7  35.6 ± 4.7 0.07 
1.4  44.1 ± 5.2 0.002 
3.0  41.3 ± 4.7 0.004 
7.6  39.1 ± 5.0 0.02 
Tail Site 9.10 0.03   
0.0  31.3 ± 3.5  
0.4  38.5 ± 7.0 0.4 
0.7  38.2 ± 3.9 0.3 
1.4  53.8 ± 6.0 0.002 
3.0  47.8 ± 5.5 0.02 
7.6  45.7 ± 5.3 0.05 
Tail Site 11 0.2   
0.0  34.6 ± 4.8  
0.4  34.6 ± 7.3 1.0 
0.7  44.7 ± 5.4 0.2 
1.4  54.0 ± 5.9 0.01 
3.0  45.6 ± 5.6 0.1 
7.6  43.6 ± 5.7 0.3 
Tail Site 12 0.03   
0.0  32.1 ± 4.7  
0.4  37.5 ± 6.4 0.5 
0.7  45.1 ± 4.6 0.07 
1.4  54.6 ± 5.3 0.001 
3.0  48.4 ± 4.8 0.01 
7.6  42.8 ± 4.9 0.1 

Bold p-Value - Significant at p < 0.05 
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Supplementary Table 5: Effect of dose on Avy DNA methylation at each CpG site in 
male liver. 

CpG Site 
Dose (cGy) 

p-Value % Methylation 
(Mean ± SEM) 

Differences of 
Means (p-Value) 

Male Liver  
(n = 133) 

Site x Dose 
0.0006 

  

Liver Site 2 0.04   
0.0 cGy, n = 26  28.2 ± 5.8  
0.4 cGy, n = 13  33.4 ± 8.9 0.6 
0.7 cGy, n = 22  39.1 ± 6.1 0.2 
1.4 cGy, n = 24  54.0 ± 7.3 0.005 
3.0 cGy, n = 29  49.4 ± 6.4 0.01 
7.6 cGy, n = 19  36.3 ± 6.6 0.4 
    
Liver Site 3 0.03   
0.0  22.2 ± 5.3  
0.4  28.6 ± 8.7 0.5 
0.7  31.9 ± 5.7 0.3 
1.4  48.6 ± 7.0 0.002 
3.0  41.9 ± 5.9 0.01 
7.6  29.7 ± 6.1 0.4 
Liver Site 4 0.02   
0.0  30.0 ± 3.3  
0.4  32.1 ± 3.7 0.7 
0.7  32.6 ± 3.1 0.6 
1.4  40.4 ± 3.9 0.03 
3.0  43.3 ± 3.3 0.003 
7.6  31.5 ± 3.1 0.8 
Liver Site 5 0.2   
0.0  25.8 ± 5.3  
0.4  29.4 ± 9.0 0.7 
0.7  36.5 ± 7.2 0.2 
1.4  44.5 ± 7.4 0.04 
3.0  43.2 ± 5.8 0.04 
7.6  30.1 ± 6.6 0.7 
Liver Site 6 0.03   
0.0  25.6 ± 5.1  
0.4  30.8 ± 7.9 0.6 
0.7  35.3 ± 5.7 0.2 
1.4  50.6 ± 6.6 0.002 
3.0  45.0 ± 5.7 0.01 
7.6  34.0 ± 5.9 0.3 
Liver Site 7 0.2   
0.0  25.7 ± 4.8  
0.4  28.5 ± 6.7 0.7 
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0.7  33.0 ± 4.8 0.3 
1.4  41.2 ± 5.3 0.03 
3.0  38.6 ± 5.0 0.05 
7.6  31.7 ± 4.7 0.4 
Liver Site 8 0.04   
0.0  26.2 ± 4.9  
0.4  32.3 ± 8.1 0.5 
0.7  34.4 ± 5.4 0.3 
1.4  48.9 ± 6.2 0.004 
3.0  45.4 ± 5.4 0.01 
7.6  35.3 ± 5.4 0.3 
Liver Site 9.10 0.04   
0.0  37.8 ± 5.2  
0.4  43.6 ± 8.1 0.6 
0.7  45.7 ± 5.6 0.3 
1.4  62.0 ± 6.9 0.004 
3.0  57.8 ± 5.9 0.01 
7.6  47.3 ± 5.7 0.3 
Liver Site 11 0.06   
0.0  32.9 ± 5.3  
0.4  38.8 ± 8.1 0.6 
0.7  42.1 ± 5.8 0.3 
1.4  56.4 ± 6.7 0.006 
3.0  53.3 ± 6.0 0.01 
7.6  42.6 ± 6.2 0.3 
Liver Site 12 0.04   
0.0  36.0 ± 5.6  
0.4  40.5 ± 8.8 0.7 
0.7  47.0 ± 5.9 0.2 
1.4  61.6 ± 6.9 0.003 
3.0  56.0 ± 5.8 0.01 
7.6  45.3 ± 6.0 0.3 

Bold p-Value - Significant at p < 0.05 
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Supplementary Table 6: Effect of dose on Avy DNA methylation at each CpG site in 
female tail. 

CpG Site 
Dose (cGy) 

p-Value % Methylation 
(Mean ± SEM) 

Differences of 
Means (p-Value) 

Female Tail  
(n = 102) 

Site x Dose 
<0.0001 

  

Tail Site 2 0.2   
0.0 cGy, n = 21  39.4 ± 6.0  
0.4 cGy, n = 13  27.3 ± 7.2 0.2 
0.7 cGy, n = 10  49.4 ± 10.0 0.4 
1.4 cGy, n = 16  28.8 ± 6.6 0.3 
3.0 cGy, n = 22  41.0 ± 6.3 0.9 
7.6 cGy, n = 20  47.8 ± 6.3 0.4 
Tail Site 3 0.4   
0.0  16.7 ± 2.6  
0.4  12.9 ± 3.9 0.4 
0.7  20.5 ± 4.9 0.5 
1.4  13.2 ± 3.1 0.5 
3.0  15.3 ± 3.2 0.8 
7.6  21.1 ± 3.3 0.3 
Tail Site 4 0.01   
0.0  28.0 ± 1.8  
0.4  34.0 ± 4.4 0.1 
0.7  26.1 ± 2.6 0.7 
1.4  27.2 ± 2.3 0.8 
3.0  20.7 ± 1.5 0.04 
7.6  32.7 ± 3.7 0.2 
Tail Site 5 0.2   
0.0  12.0 ± 2.0  
0.4  11.1 ± 2.4 0.8 
0.7  16.2 ± 3.0 0.3 
1.4  11.6 ± 2.5 0.9 
3.0  13.6 ± 2.3 0.6 
7.6  18.5 ± 2.3 0.04 
Tail Site 6 0.12   
0.0  28.9 ± 4.3  
0.4  19.1 ± 5.1 0.2 
0.7  37.3 ± 7.1 0.3 
1.4  20.8 ± 4.3 0.2 
3.0  28.5 ± 4.5 0.9 
7.6  34.7 ± 4.7 0.4 
Tail Site 7 0.01   
0.0  43.2 ± 6.2  
0.4  26.9 ± 6.1 0.07 
0.7  54.5 ± 10.0 0.2 
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1.4  22.4 ± 3.8 0.02 
3.0  36.6 ± 6.0 0.4 
7.6  44.7 ± 5.5 0.9 
Tail Site 8 0.2   
0.0  36.6 ± 4.6  
0.4  29.2 ± 6.5 0.4 
0.7  40.5 ± 8.1 0.7 
1.4  27.1 ± 5.5 0.2 
3.0  38.9 ± 5.4 0.7 
7.6  45.5 ± 5.1 0.2 
Tail Site 9.10 0.2   
0.0  38.9 ± 4.8  
0.4  33.3 ± 6.8 0.5 
0.7  42.6 ± 7.5 0.7 
1.4  32.4 ± 6.1 0.4 
3.0  44.4 ± 6.0 0.5 
7.6  52.7 ± 5.7 0.08 
Tail Site 11 0.1   
0.0  46.2 ± 5.7  
0.4  31.1 ± 6.8 0.1 
0.7  54.9 ± 9.2 0.4 
1.4  35.5 ± 5.7 0.2 
3.0  40.3 ± 6.1 0.5 
7.6  52.5 ± 6.2 0.4 
Tail Site 12 0.3   
0.0  45.0 ± 5.2  
0.4  38.9 ± 8.1 0.5 
0.7  54.6 ± 8.3 0.3 
1.4  35.2 ± 5.2 0.2 
3.0  45.5 ± 5.4 0.9 
7.6  51.0 ± 5.2 0.4 

Bold p-Value - Significant at p < 0.05 
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Supplementary Table 7: Effect of dose on Avy DNA methylation at each CpG site in 
female liver. 

CpG Site 
Dose (cGy) 

p-Value % Methylation 
(Mean ± SEM) 

Differences of 
Means (p-Value) 

Female Liver  
(n = 101) 

Site x Dose 
<0.0001 

  

Liver Site 2 0.1   
0.0, n = 21  38.2 ± 7.0  
0.4, n = 13  20.3 ± 7.0 0.3 
0.7, n = 10  51.5 ± 11.1 0.3 
1.4, n = 16  30.5 ± 7.5 0.5 
3.0, n = 22  38.2 ± 6.2 1.0 
7.6, n = 19  51.6 ± 6.8 0.2 
Liver Site 3 0.1   
0.0  32.5 ± 6.3  
0.4  15.2 ± 6.3 0.2 
0.7  45.9 ± 10.2 0.2 
1.4  25.7 ± 7.1 0.5 
3.0  32.9 ± 5.9 0.9 
7.6  43.7 ± 6.2 0.2 
Liver Site 4 0.2   
0.0  33.4 ± 3.7  
0.4  26.9 ± 3.9 0.4 
0.7  38.2 ± 3.9 0.4 
1.4  29.7 ± 4.2 0.5 
3.0  36.4 ± 3.2 0.5 
7.6  41.3 ± 2.8 0.1 
Liver Site 5 0.3   
0.0  35.8 ± 6.4  
0.4  20.2 ± 8.2 0.1 
0.7  43.5 ± 10.8 0.5 
1.4  30.0 ± 7.1 0.6 
3.0  38.1 ± 6.4 0.8 
7.6  44.0 ± 6.7 0.4 
Liver Site 6 0.05   
0.0  35.5 ± 6.0  
0.4  18.6 ± 6.2 0.09 
0.7  48.8 ± 9.9 0.2 
1.4  28.2 ± 6.8 0.4 
3.0  36.3 ± 5.7 0.9 
7.6  46.5 ± 6.0 0.2 
Liver Site 7 0.08   
0.0  33.6 ± 5.8  
0.4  18.7 ± 4.7 0.07 
0.7  38.2 ± 6.7 0.59 
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1.4  24.0 ± 5.0 0.20 
3.0  34.2 ± 5.0 0.93 
7.6  40.3 ± 4.9 0.35 
Liver Site 8 0.07   
0.0  36.6 ± 5.9  
0.4  20.8 ± 6.8 0.09 
0.7  46.3 ± 9.2 0.3 
1.4  28.8 ± 6.1 0.4 
3.0  39.4 ± 5.6 0.7 
7.6  47.4 ± 5.8 0.2 
Liver Site9.10 0.12   
0.0  47.3 ± 6.2  
0.4  33.6 ± 6.4 0.2 
0.7  59.3 ± 10.1 0.3 
1.4  39.9 ± 6.8 0.4 
3.0  47.9 ± 5.7 0.9 
7.6  58.2 ± 6.3 0.2 
Liver Site 11 0.05   
0.0  42.3 ± 6.2  
0.4  26.9 ± 6.5 0.1 
0.7  55.4 ± 10.2 0.2 
1.4  35.0 ± 6.8 0.4 
3.0  43.5 ± 5.7 0.9 
7.6  55.8 ± 6.2 0.1 
Liver Site 12 0.04   
0.0  47.2 ± 6.3  
0.4  27.3 ± 6.5 0.05 
0.7  59.5 ± 11.1 0.3 
1.4  39.4 ± 7.0 0.4 
3.0  46.7 ± 5.9 0.9 
7.6  58.9 ± 6.2 0.2 

Bold p-Value - Significant at p < 0.05 
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Supplementary Table 8: Interactions of dose, CpG site, and sex on CabpIAP DNA 
methylation. 

Radiation Dose p-Value % Methylation 
(Mean ± SEM) 

Tail (n = 240)   
0.0 cGy, n = 47  74.7 ± 2.0 
0.4 cGy, n = 27  80.0 ± 2.1 
0.7 cGy, n = 32  74.6 ± 1.9 
1.4 cGy, n = 40  78.0 ± 1.5 
3.0 cGy, n = 53  78.2 ± 1.7 
7.6 cGy, n = 41  79.0 ± 1.8 
Dose 0.6  
Dose x Sex 0.9  
Site x Dose <0.0001  
Site x Dose x Sex 0.8  
   
Liver (n = 234)  78.4 ± 2.4 
0 cGy, n = 47  80.1 ± 2.4 
0.4 cGy, n = 26  80.1 ± 2.5 
0.7 cGy, n = 32  82.5 ± 1.5 
1.4 cGy, n = 40  80.8 ± 1.8 
3.0 cGy, n = 50  78.8 ± 2.1 
7.6 cGy, n = 41   
Dose 0.9  
Dose x Sex 0.7  
Site x Dose 0.7  
Site x Dose x Sex 0.2  

Bold p-Value - Significant at p < 0.05 
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Supplementary Table 9: Effect of dose on CabpIAP DNA methylation at each CpG 
site in tail. 

CpG Site 
Dose (cGy) 

p-Value % Methylation 
(Mean ± SEM) 

Differences of 
Means (p-Value) 

Tail  
(n = 240) 

Site x Dose 
p<0.0001 

  

Tail Site 1 0.8   
0.0  84.1 ± 2.6  
0.4  86.1 ± 2.3 0.6 
0.7  87.3 ± 2.6 0.4 
1.4  88.3 ± 2.2 0.2 
3.0  86.2 ± 2.2 0.5 
7.6  87.9 ± 2.1 0.2 
Tail Site 2 0.2   
0.0  83.2 ± 2.6  
0.4  89.4 ± 2.3 0.1 
0.7  85.3 ± 2.9 0.5 
1.4  90.4 ± 2.1 0.3 
3.0  89.2 ± 2.2 0.05 
7.6  89.7 ± 2.3 0.05 
Tail Site 3 <0.0001   
0.0  62.4 ± 4.1  
0.4  82.0 ± 3.2 0.0009 
0.7  61.8 ± 4.5 0.9 
1.4  65.3 ± 4.3 0.6 
3.0  78.9 ± 3.0 0.0006 
7.6  84.9 ± 2.7 0.0001 
Tail Site 5 0.2   
0.0  80.9 ± 2.8  
0.4  85.1 ± 2.5 0.2 
0.7  83.1 ± 2.9 0.5 
1.4  89.1 ± 1.9 0.01 
3.0  85.9 ± 2.0 0.1 
7.6  85.6 ± 2.3 0.1 
Tail Site 6 0.3   
0.0  58.2 ± 2.4  
0.4  65.0 ± 2.4 0.1 
0.7  56.7 ± 2.6 0.7 
1.4  61.9 ± 3.3 0.3 
3.0  63.7 ± 2.6 0.1 
7.6  61.4 ± 2.3 0.4 
Tail Site 7 0.01   
0.0  52.0 ± 1.8  
0.4  54.8 ± 2.9 0.4 
0.7  46.5 ± 1.7 0.08 
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1.4  48.0 ± 3.3 0.2 
3.0  44.9 ± 1.7 0.01 
7.6  51.9 ± 1.9 0.9 
Tail Site 9 0.001   
0.0  72.2 ± 1.9  
0.4  80.8 ± 1.9 0.007 
0.7  72.0 ± 1.5 0.9 
1.4  78.3 ± 2.3 0.03 
3.0  79.4 ± 2.2 0.007 
7.6  81.9 ± 1.9 0.0006 
Tail Site 14 0.9   
0.0  86.1 ± 2.3  
0.4  88.0 ± 2.3 0.6 
0.7  86.9 ± 2.4 0.8 
1.4  90.1 ± 1.8 0.2 
3.0  87.2 ± 2.1 0.7 
7.6  87.9 ± 2.0 0.6 
Tail Site 11 0.2   
0.0  84.8 ± 2.3  
0.4  79.4 ± 2.8 0.9 
0.7  81.5 ± 2.1 0.6 
1.4  83.1 ± 1.7 0.3 
3.0  81.9 ± 2.3 0.5 
7.6  77.2 ± 2.5 0.7 
Tail Site 
12.13 

0.7   

0.0  82.6 ± 2.3  
0.4  82.3 ± 2.5 0.9 
0.7  84.5 ± 2.1 0.6 
1.4  85.9 ± 1.6 0.3 
3.0  84.5 ± 2.1 0.5 
7.6  81.6 ± 2.3 0.7 

Bold p-Value - Significant at p < 0.05 
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Supplementary Table 10: Effect of dose on CabpIAP DNA methylation at each CpG 
site in liver. 

CpG Site 
Dose (cGy) 

p-Value % Methylation 
(Mean ± SEM) 

Liver  
(n = 236) 

Site x 
Dose 
0.70 

 

Tail Site 1 1.0  
0.0  84.6 ± 2.7 
0.4  86.0 ± 2.8 
0.7  85.6 ± 3.0 
1.4  87.6 ± 1.8 
3.0  86.9 ± 2.0 
7.6  84.0 ± 3.0 
Tail Site 2 0.4  
0.0  85.6 ± 2.5 
0.4  88.8 ± 2.5 
0.7  87.3 ± 2.8 
1.4  91.0 ± 1.5 
3.0  90.7 ± 1.5 
7.6  86.7 ± 3.0 
Tail Site 3 0.7  
0.0  49.0 ± 3.0 
0.4  43.0 ± 3.6 
0.7  51.2 ± 4.3 
1.4  51.6 ± 2.7 
3.0  49.0 ± 3.5 
7.6  47.8 ± 3.6 
Tail Site 5 0.6  
0.0  83.8 ± 2.9 
0.4  87.9 ± 2.8 
0.7  87.5 ± 2.8 
1.4  90.2 ± 1.8 
3.0  87.3 ± 2.2 
7.6  86.3 ± 2.7 
Tail Site 6 0.6  
0.0  81.0 ± 2.8 
0.4  83.9 ± 3.0 
0.7  83.3 ± 3.0 
1.4  85.9 ± 1.8 
3.0  83.9 ± 1.9 
7.6  78.1 ± 3.2 
Tail Site 7 0.9  
0.0  72.8 ± 1.8 
0.4  70.0 ± 1.9 
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0.7  72.5 ± 2.0 
1.4  73.7 ± 1.5 
3.0  72.6 ± 1.5 
7.6  71.4 ± 1.8 
Tail Site 9 0.8  
0.0  82.6 ± 2.5 
0.4  84.6 ± 2.8 
0.7  82.3 ± 2.5 
1.4  85.7 ± 1.7 
3.0  85.0 ± 1.7 
7.6  81.2 ± 2.5 
Tail Site 14 0.7  
0.0  85.7 ± 2.4 
0.4  89.6 ± 2.4 
0.7  88.2 ± 2.6 
1.4  89.5 ± 1.9 
3.0  89.8 ± 1.6 
7.6  87.1 ± 2.8 
Tail Site 11 0.5  
0.0  80.7 ± 2.5 
0.4  85.4 ± 2.8 
0.7  82.8 ± 2.7 
1.4  86.7 ± 1.8 
3.0  82.9 ± 2.2 
7.6  84.6 ± 2.0 
Tail Site 12.13 0.7  
0.0  77.9 ± 2.7 
0.4  82.2 ± 2.9 
0.7  80.0 ± 2.9 
1.4  83.5 ± 2.1 
3.0  80.2 ± 2.3 
7.6  79.2 ± 2.0 

Bold p-Value - Significant at p < 0.05 
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Supplementary Table 11: Interactions of dose, CpG site, and sex on IAP 
methylation in tail tissue. 

Radiation Dose p-Value % Methylation 
(Mean ± SEM) 

Difference of 
Means (p-value) 

Tail (n = 240)    
0 cGy  78.1 ± 0.4  
0.4 cGy  79.8 ± 0.4 0.01 
0.7 cGy  78.9 ± 0.4 0.5 
1.4 cGy  78.1 ± 0.4 0.9 
3.0 cGy  77.4 ± 0.2 0.5 
7.6 cGy  77.6 ± 0.4 0.6 
Dose 0.004   
Dose x Sex 1.0   
Site x Dose <0.0001   
Site x Dose x Sex 0.6   

Bold p-Value - Significant at p < 0.05 
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Supplementary Table 12: Effect of dose on IAP DNA methylation at each CpG site 
in tail. 

CpG Site 
Dose (cGy) 

p-Value % Methylation 
(Mean ± SEM) 

Difference of 
Means (p-Value) 

Tail 
(n = 240) 

Site x Dose 
p<0.0001 

  

Tail Site 1 <0.0001   
0.0  72.7 ± 0.2  
0.4  70.8 ± 0.5 0.0006 
0.7  72.4 ± 0.5 0.6 
1.4  74.1 ± 0.4 0.003 
3.0  72.2 ± 0.3 0.3 
7.6  73.9 ± 0.2 0.02 
Tail Site 3 <0.0001   
0.0  92.7 ± 0.5  
0.4  90.0 ± 0.4 <0.0001 
0.7  94.3 ± 0.6 0.01 
1.4  93.3 ± 0.6 0.6 
3.0  89.8 ± 0.3 <0.0001 
7.6  90.1 ± 0.2 <0.0001 
Tail Site 4 0.4   
0.0  70.8 ± 1.9  
0.4  73.5 ± 1.0 0.3 
0.7  70.1 ± 0.2 0.8 
1.4  72.5 ± 1.5 0.5 
3.0  70.0 ± 1.1 0.7 
7.6  68.2 ± 1.8 0.3 
Tail Site 5.6 <0.0001   
0.0  89.3 ± 0.3  
0.4  90.9 ± 0.4 0.006 
0.7  90.6 ± 0.4 0.02 
1.4  86.7 ± 0.7 <0.0001 
3.0  87.0 ± 2.6 <0.0001 
7.6  87.1 ± 0.3 0.0002 
Tail Site 7 0.1   
0.0  82.6 ± 0.9  
0.4  84.8 ± 0.4 0.01 
0.7  83.4 ± 0.6 0.3 
1.4  82.8 ± 0.8 0.8 
3.0  82.8 ± 0.2 0.7 
7.6  82.6 ± 0.5 0.9 
Tail Site 8 <0.0001   
0.0  60.5 ± 0.9  
0.4  69.0 ± 1.1 <0.0001 
0.7  62.3 ± 1.9 0.2 
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1.4  60.1 ± 1.1 1.0 
3.0  62.8 ± 0.8 0.09 
7.6  63.5 ± 0.6 0.06 

Bold p-Value - Significant at p < 0.05 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 122 

Supplementary Table 13: Characteristics of Nnat, Peg3, and H19 imprinted genes. 

Gene Imprint 
status 

DMR 
Location,  
Size 

Primers 
CpG 
sites 

Txn 
factors 

Nnat Maternally 
imprinted 

Chr2: 
157384276-
157384630 
 
354 bp 

 
TTTGTTAGGGTGTGTTT
TTTTTAGG 
 
ATCTTCCCATAACTTAC
CAAAATCT 
 

 

6 CTCF 
Pol2 

Peg3 Maternally 
imprinted 

Chr7: 
6682273-
6682773 
 
501bp 

 
TAGGGATGTTATTTAGG
TGATAGGG 
 
ATACAACAAACCTATCT
CCACCCTC 
 

22 
 

Pol2 
YY1 

H19 Paternally 
imprinted 

Chr7: 
149766327-
149766566 
 
240 bp 

 
AAGATGTGTGTATTTTT
GGAATGGT 
 
ATATTATACCACCCCAT
AACCCTTA 

 

6 CTCF 
Pol2 
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Supplementary Table 14: Interactions of Dose, CpG site, and sex on Nnat 
methylation. 

Radiation Dose 
(cGy) p-Value % Methylation 

(Mean ± SEM) 
Difference of 

Means (p-value) 
Tail (n = 479)    
0.0, n = 90  55.1 ± 0.6  
0.4, n = 63  56.5 ± 0.8 0.07 
0.7, n = 76  56.6 ± 0.6 0.04 
1.4, n = 70  58.2 ± 1.3 <0.0001 
3.0, n = 101  55.3 ± 0.7 0.8 
7.6, n = 79  55.9 ± 0.8 0.8 
Dose 0.01   
Dose x Sex 0.6   
Site x Dose <0.0001   
Site x Dose x Sex 0.8   

    
Liver (n = 473)    
0.0, n = 90  54.4 ± 0.4  
0.4, n = 61  57.5 ± 0.6 0.002 
0.7, n = 76  55.9 ± 0.5 0.09 
1.4, n = 70  56.4 ± 0.5 0.03 
3.0, n = 99  54.0 ± 0.4 0.6 
7.6, n = 76  55.0 ± 0.5 0.5 
Dose <0.0001   
Dose x Sex 1.0   
Site x Dose <0.0001   
Site x Dose x Sex 0.7   

Bold p-Value - Significant at p < 0.05 
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Supplementary Table 15: Effect of dose on Nnat DMR methylation at each CpG 
site in tail. 

CpG Site__ 
Dose (cGy) p-Value % Methylation 

(Mean ± SEM) 
Difference of 

Means (p-value) 
Tail 
(n = 479) 

Site x Dose 
p<0.0001 

  

Tail Site 1 0.002   
0.0, n = 90  55.5 ± 0.7  
0.4, n = 63  54.8 ± 0.8 0.6 
0.7, n = 76  55.8 ± 0.6 0.8 
1.4, n = 70  57.9 ± 1.4 0.07 
3.0, n = 101  53.9 ± 0.9 0.2 
7.6, n = 79  52.5 ± 1.0 0.02 
Tail Site 4 0.01   
0.0  51.7 ± 0.7  
0.4  53.1 ± 0.8 0.29 
0.7  55.1 ± 0.5 0.005 
1.4  55.2 ± 1.6 0.005 
3.0  54.3 ± 0.7 0.0007 
7.6  53.9 ± 0.9 0.1 
Tail Site 5 0.06   
0.0  53.4 ± 0.7  
0.4  56.2 ± 0.9 0.06 
0.7  55.0 ± 0.8 0.3 
1.4  57.7 ± 1.2 0.003 
3.0  55.0 ± 1.1 0.2 
7.6  56.4 ± 1.1 0.03 
Tail Site 6 0.001   
0.0  59.7 ± 1.2  
0.4  61.9 ± 1.4 0.2 
0.7  60.5 ± 1.0 0.6 
1.4  64.2 ± 1.8 0.01 
3.0  57.9 ± 1.0 0.3 
7.6  56.9 ± 1.0 0.1 

Bold p-Value - Significant at p < 0.05 
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Supplementary Table 16: Effect of dose on Nnat DMR methylation at each CpG 
site in liver. 

CpG Site__ 
Dose (cGy) p-Value % Methylation 

(Mean ± SEM) 
Difference of 

Means (p-value) 
Liver 
(n =479) 

Site x Dose 
p<0.0001 

  

Liver Site 1 0.008   
0.0, n = 90  56.8 ± 0.5  
0.4, n = 61  59.2 ± 0.9 0.01 
0.7, n = 76  58.5 ± 0.6 0.05 
1.4, n = 70  58.9 ± 0.7 0.02 
3.0, n = 99  56.6 ± 0.6 0.8 
7.6, n = 76  58.5 ± 0.7 0.05 
Liver Site 4 0.7   
0.0  63.5 ± 0.5  
0.4  64.0 ± 0.8 0.6 
0.7  62.7 ± 0.9 0.4 
1.4  64.0 ± 0.6 0.6 
3.0  63.0 ± 0.6 0.7 
7.6  64.0 ± 0.7 0.6 
Liver Site 5 <0.0001   
0.0  59.1 ± 0.5  
0.4  65.1 ± 1.0 <0.0001 
0.7  60.6 ± 0.7 0.09 
1.4  62.7 ± 0.7 <0.0001 
3.0  59.8 ± 0.5 0.4 
7.6  60.7 ± 0.6 0.07 
Liver Site 6 <0.0001   
0.0  38.2 ± 0.8  
0.4  41.5 ± 1.5 0.02 
0.7  42.0 ± 1.1 0.005 
1.4  39.7 ± 1.0 0.3 
3.0  36.4 ± 0.8 0.2 
7.6  36.9 ± 0.8 0.3 

Bold p-Value - Significant at p < 0.05 
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Supplementary Table 17: Interactions of dose, CpG site, and sex on Peg3 DMR 
methylation. 

Radiation Dose 
(cGy) p-Value % Methylation 

(Mean ± SEM) 
Difference of 

Means (p-Value) 
Tail  
(n = 479) 

   

0.0, n = 90  50.8 ± 0.6  
0.4, n = 63  54.5 ± 1.0 <0.0001 
0.7, n = 76  50.0 ± 0.7 0.08 
1.4, n = 70  50.1 ± 0.7 0.2 
3.0, n = 101  46.6 ± 0.7 <0.0001 
7.6, n = 79  47.7 ± 0.6 <0.0001 
Dose <0.0001   
Dose x Sex 0.8   
Site x Dose <0.0001   
Site x Dose x Sex 1.0   

    
Liver (n = 473)    
0.0, n = 90  52.6 ± 0.6  
0.4, n = 61  53.0 ± 0.7 0.3 
0.7, n = 76  51.1 ± 0.7 0.0003 
1.4, n = 70  51.4 ± 0.8 0.004 
3.0, n = 99  47.7 ± 0.6 <0.0001 
7.6, n = 76  51.1 ± 0.7 0.0004 
Dose <0.0001   
Dose x Sex 0.8   
Site x Dose <0.0001   
Site x Dose x Sex 1.0   

Bold p-Value - Signifcant at p < 0.05 
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Supplementary Table 18: Effect of dose on Peg3 DMR methylation at each CpG 
site in tail. 

CpG Site 
Dose (cGy) 

p-Value % Methylation 
(Mean ± SEM) 

Differences of 
Means (p-Value) 

Tail 
(n = 479) 

Site x Dose 
p<0.0001 

  

Tail Site 1 <0.0001   
0.0, n = 90  46.4 ± 0.8  
0.4, n = 63  51.2 ± 1.2 0.0003 
0.7, n = 76  45.1 ± 0.8 0.3 
1.4, n = 70  44.5 ± 0.9 0.1 
3.0, n = 101  40.2 ± 0.9 <0.0001 
7.6, n = 79  42.5 ± 070 0.002 
Tail Site 2.3 0.0001   
0.0  57.3 ± 0.7  
0.4  62.0 ± 1.1 <0.0001 
0.7  55.3 ± 0.7 0.07 
1.4  58.0 ± 0.9 0.540 
3.0  52.3 ± 0.8 <0.0001 
7.6  55.8 ± 0.7 0.163 
Tail Site 4 <0.0001   
0.0  47.5 ± 0.8  
0.4  50.8 ± 1.2 0.009 
0.7  46.4 ± 0.8 0.4 
1.4  46.7 ± 0.8 0.5 
3.0  42.2 ± 0.8 <0.0001 
7.6  42.3 ± 0.7 0<.0001 
Tail Site 5 <0.0001   
0.0  50.4 ± 0.7  
0.4  55.1 ± 1.2 0.0002 
0.7  50.0 ± 0.8 0.8 
1.4  49.2 ± 0.9 0.4 
3.0  44.7 ± 0.8 <0.0001 
7.6  46.5 ± 0.7 0.001 
Tail Site 7 <0.0001   
0.0  51.8 ± 0.8  
0.4  56.6 ± 1.3 0.0005 
0.7  50.2 ± 0.8 0.2 
1.4  50.8 ± 1.0 0.4 
3.0  46.9 ± 1.0 <0.0001 
7.6  47.7 ± 0.6 0.002 
Tail Site 8 <0.0001   
0.0  47.5 ± 0.8  
0.4  50.8 ± 1.2 0.009 
0.7  46.4 ± 0.8 0.4 
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1.4  46.7 ± 0.8 0.6 
3.0  42.2 ± 0.8 <0.0001 
7.6  42.3 ± 0.7 <0.0001 
Tail Site 9 <0.0001   
0.0  40.9 ± 1.7  
0.4  43.4 ± 1.7 0.2 
0.7  39.5 ± 2.0 0.6 
1.4  39.6 ± 1.8 0.8 
3.0  32.9 ± 1.4 <0.0007 
7.6  28.9 ± 1.8 <0.0001 
Tail Site 10 <0.0001   
0.0  51.4 ± 1.0  
0.4  54.5 ± 1.0 0.05 
0.7  52.0 ± 1.1 0.7 
1.4  53.5 ± 1.1 0.1 
3.0  51.1 ± 1.1 0.6 
7.6  58.4 ± 1.2 <0.0001 
Tail Site 11 <0.0001   
0.0  53.6 ± 0.6  
0.4  58.2 ± 1.1 <0.0001 
0.7  52.1 ± 0.8 0.2 
1.4  53.1 ± 0.8 0.7 
3.0  49.1 ± 0.9 <0.0001 
7.6  51.0 ± 0.6 0.02 
Tail Site 12 <0.0001   
0.0  29.1 ± 1.0  
0.4  28.9 ± 1.3 0.9 
0.7  29.8 ± 0.9 0.6 
1.4  25.1 ± 1.1 0.008 
3.0  24.6 ± 0.8 <0.0006 
7.6  20.8 ± 0.8 <0.0001 
Tail Site 13 <0.0001   
0.0  51.4 ± 1.0  
0.4  54.5 ± 1.0 0.05 
0.7  52.0 ± 1.1 0.7 
1.4  53.5 ± 1.1 0.2 
3.0  51.1 ± 1.1 0.6 
7.6  58.4 ± 1.2 <0.0001 
Tail Site 
14.15 

0.006   

0.0  62.8 ± 0.8  
0.4  66.1 ± 1.1 0.009 
0.7  62.1 ± 0.9 0.6 
1.4  63.2 ± 0.8 0.8 
3.0  61.8 ± 0.9 0.7 
7.6  61.1 ± 0.9 0.1 
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Tail Site 
18.19 

<0.0001   

0.0  57.4 ± 0.6  
0.4  61.6 ± 1.1 0.0003 
0.7  56.9 ± 0.8 0.7 
1.4  56.9 ± 0.9 0.7 
3.0  55.0 ± 0.8 0.02 
7.6  57.0 ± 0.7 0.7 
Tail Site 20 <0.0001   
0.0  57.3 ± 1.0  
0.4  61.0 ± 1.5 0.03 
0.7  56.5 ± 0.9 0.6 
1.4  54.8 ± 1.4 0.08 
3.0  54.0 ± 1.0 0.04 
7.6  53.2 ± 1.2 0.007 
Tail Site 21 <0.0001   
0.0  55.7 ± 0.7  
0.4  59.7 ± 1.1 0.0003 
0.7  54.1 ± 0.7 0.1 
1.4  54.1 ± 0.8 0.2 
3.0  50.4 ± 0.8 <0.0001 
7.6  52.1 ± 0.6 0.0007 
Tail Site 22 <0.0001   
0.0  52.1 ± 0.6  
0.4  57.3 ± 1.1 <0.0001 
0.7  51.4 ± 0.6 0.5 
1.4  52.3 ± 0.7 0.7 
3.0  48.0 ± 0.7 <0.0001 
7.6  48.9 ± 0.5 0.002 

Bold p-Value - Significant at p < 0.5 
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Supplementary Table 19: Interaction of dose and CpG site on Peg3 DMR 
methylation in liver. 

CpG Site 
Dose (cGy) 

p-Value % Methylation 
(Mean ± SEM) 

Differences of 
Means (p-Value) 

Liver 
(n = 473) 

Site x Dose 
p<0.0001 

  

Liver Site 1 0.07   
0.0, n = 90  44.9 ± 0.8  
0.4, n = 61  47.7 ± 0.9 0.03 
0.7, n = 76  43.2 ± 0.8 0.09 
1.4, n = 70  45.0 ± 0.9 0.9 
3.0, n = 99  44.4 ± 0.8 0.6 
7.6, n = 76  45.5 ± 0.9 0.6 
Liver Site 2 0.2   
0.0  55.2 ± 0.7  
0.4  57.6 ± 0.7 0.05 
0.7  54.2 ± 0.7 0.3 
1.4  55.6 ± 0.8 0.7 
3.0  53.3 ± 0.9 0.9 
7.6  55.8 ± 0.8 0.6 
Liver Site 4 <0.0001   
0.0  51.7 ± 0.8  
0.4  52.4 ± 0.7 0.5 
0.7  50.1 ± 0.8 0.2 
1.4  50.5 ± 1.0 0.3 
3.0  43.6 ± 0.7 <0.0001 
7.6  46.9 ± 0.7 <0.0001 
Liver Site 5 0.02   
0.0  50.5 ± 0.8  
0.4  50.6 ± 1.0 0.9 
0.7  48.7 ± 0.7 0.2 
1.4  48.7 ± 0.9 0.1 
3.0  47.6 ± 0.8 <0.007 
7.6  50.7 ± 0.8 0.9 
Liver Site 7 0.2   
0.0  50.6 ± 0.7  
0.4  52.1 ± 0.8 0.2 
0.7  49.2 ± 0.7 0.3 
1.4  49.9 ± 0.9 0.5 
3.0  49.2 ± 0.9 0.2 
7.6  50.8 ± 0.8 0.9 
Liver Site 8 <0.0001   
0.0  51.7 ± 0.8  
0.4  52.4 ± 0.7 0.5 
0.7  50.1 ± 0.8 0.2 
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1.4  50.5 ± 1.0 0.3 
3.0  43.6 ± 0.7 <0.0001 
7.6  46.9 ± 0.7 <0.0001 
Liver Site 9 <0.0001   
0.0  49.3 ± 1.3  
0.4  44.3 ± 1.7 0.02 
0.7  48.0 ± 1.3 0.9 
1.4  44.6 ± 1.9 0.02 
3.0  30.5 ± 1.1 <0.0001 
7.6  39.4 ± 1.4 <0.0001 
Liver Site 10 <0.0001   
0.0  59.1 ± 0.7  
0.4  60.3 ± 0.9 0.3 
0.7  57.9 ± 0.8 0.3 
1.4  59.5 ± 0.9 0.7 
3.0  50.8 ± 0.8 <0.0001 
7.6  54.4 ± 0.8 <0.0001 
Liver Site 11 0.008   
0.0  53.4 ± 0.7  
0.4  54.4 ± 0.8 0.4 
0.7  50.9 ± 0.7 0.01 
1.4  52.3 ± 0.8 0.3 
3.0  51.2 ± 0.7 0.03 
7.6  53.4 ± 0.7 1.0 
Liver Site 12 <0.0001   
0.0  31.3 ± 0.7  
0.4  29.7 ± 0.9 0.2 
0.7  29.3 ± 0.8 0.2 
1.4  29.0 ± 1.0 0.05 
3.0  22.6 ± 0.9 <0.0001 
7.6  29.8 ± 0.7 0.2 
Liver Site 13 <0.0001   
0.0  59.1 ± 0.7  
0.4  60.3 ± 0.9 0.3 
0.7  57.9 ± 0.8 0.3 
1.4  59.5 ± 0.9 0.7 
3.0  50.8 ± 0.8 <0.0001 
7.6  54.4 ± 0.8 <0.0001 
Liver Site 14.15 <0.0001   
0.0  62.5 ± 0.7  
0.4  61.6 ± 0.8 0.4 
0.7  61.0 ± 0.7 0.2 
1.4  60.4 ± 0.9 0.04 
3.0  60.0 ± 0.7 0.009 
7.6  64.9 ± 0.8 0.02 
Liver Site 18.19 <0.0001   
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0.0  56.6 ± 0.6  
0.4  58.1 ± 0.7 0.2 
0.7  54.3 ± 0.8 0.01 
1.4  56.0 ± 0.7 0.5 
3.0  57.4 ± 0.7 0.4 
7.6  59.5 ± 0.7 0.005 
Liver Site 20 0.003   
0.0  57.8 ± 0.7  
0.4  57.8 ± 1.0 1.0 
0.7  55.1 ± 0.8 0.04 
1.4  54.7 ± 1.1 0.02 
3.0  54.2 ± 1.1 0.004 
7.6  58.0 ± 0.8 0.9 
Liver Site 21 0.009   
0.0  55.2 ± 0.7  
0.4  56.1 ± 0.7 0.4 
0.7  53.3 ± 0.7 0.09 
1.4  54.3 ± 0.8 0.4 
3.0  52.4 ± 0.7 0.005 
7.6  54.8 ± 0.8 0.7 
Liver Site 22 0.002   
0.0  52.6 ± 0.7  
0.4  53.2 ± 0.7 0.5 
0.7  50.9 ± 0.6 0.1 
1.4  51.3 ± 0.7 0.2 
3.0  49.7 ± 0.7 0.003 
7.6  53.1 ± 0.7 0.6 
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Supplementary Table 20: Interactions of dose, site, and sex on H19 DMR 

methylation. 

Radiation Dose 
(cGy) p-Value % Methylation 

(Mean ± SEM) 
Difference of 

Means (p-Value) 
Tail (n = 479)    
0.0, n = 90  45.9 ± 0.5  
0.4, n = 63  53.4 ± 0.5 <0.0001 
0.7, n = 76  44.7 ± 0.5 .5 
1.4, n = 70  49.5 ± 0.4 0.05 
3.0, n = 101  50.6 ± 0.4 0.004 
7.6, n = 79  52.3 ± 0.4 0.0003 
Dose <0.0001   
Dose x Sex 0.6   
Site x Dose <0.0001   
Site x Dose x Sex 0.2   

    
Liver (n = 473)    
0.0, n = 90  45.2 ± 0.4  
0.4, n = 61  42.7 ± 0.5 0.01 
0.7, n = 76  46.5 ± 0.5 0.4 
1.4, n = 70  43.0 ± 0.4 0.02 
3.0, n = 99  43.8 ± 0.3 0.03 
7.6, n = 76  44.5 ± 0.4 0.6 
Dose <0.0001   
Dose x Sex 0.3   
Site x Dose <0.0001   
Site x Dose x Sex 0.9   

Bold p-Value - Signifcant at p < 0.05 
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Supplementary Table 21: Effect of dose on H19 DMR methylation at each CpG site 
in tail. 

CpG Site 
Dose (cGy) 

p-Value % Methylation 
(Mean ± SEM) 

Differences of 
Means (p-Value) 

Tail 
(n = 479) 

Site x Dose 
p<0.0001 

  

Tail Site 1 <0.0001   
0.0, n = 90  38.2 ± 0.8  
0.4, n = 63  48.8 ± 1.0 <0.0001 
0.7, n = 76  36.8 ± 0.7 0.2 
1.4, n = 70  44.6 ± 0.9 <0.0001 
3.0, n = 101  47.2 ± 0.9 <0.0001 
7.6, n = 79  45.5 ± 1.0 <0.0001 
Tail Site 2 <0.0001   
0.0  66.5 ± 1.6  
0.4  85.8 ± 1.7 <0.0001 
0.7  61.8 ± 1.4 0.03 
1.4  81.9 ± 2.0 <0.0001 
3.0  88.6 ± 1.4 <0.0001 
7.6  85.0 ± 1.4 <0.0001 
Tail Site 4 <0.0001   
0.0  25.7 ± 1.1  
0.4  21.2 ± 1.4 0.007 
0.7  28.5 ± 1.0 0.08 
1.4  18.5 ± 1.6 <0.0001 
3.0  14.4 ± 0.9 <0.0001 
7.6  23.0 ± 1.0 0.08 
Tail Site 6 <0.0001   
0.0  51.9 ± 0.3  
0.4  53.1 ± 0.4 <0.0001 

0.7  57.8 ± 0.6 0.1 
1.4  52.9 ± 0.7 0.8 
3.0  52.2 ± 0.5 0.2 
7.6  55.5 ± 0.4 0.0004 

Bold p-Value - Signifcant at p < 0.05 
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Supplementary Table 22: Effect of dose on H19 DMR methylation at each CpG site 
in liver. 

CpG Site 
Dose (cGy) 

p-Value % Methylation 
(Means ± SEM) 

Difference of 
Means (p-Value) 

Liver 
(n = 473)  

Site x Dose 
p<0.0001 

  

Liver Site 1 0.4   
0.0, n = 90  39.9 ± 0.7  
0.4, n = 61  38.6 ± 1.1 0.3 
0.7, n = 76  40.9 ± 1.1 0.4 
1.4, n = 70  39.4 ± 0.9 0.7 
3.0, n = 99  39.4 ± 0.5 0.6 
7.6, n = 76  38.7 ± 0.7 0.3 
Liver Site 2 <0.0001   
0.0  69.9 ± 1.7  
0.4  62.6 ± 1.8 0.002 
0.7  79.6 ± 1.8 <0.0001 
1.4  60.1 ± 1.4 <0.0001 
3.0  57.8 ± 1.2 <0.0001 
7.6  67.1 ± 1.6 0.2 
Liver Site 4 <0.0001   
0.0  17.4 ± 1.0  
0.4  17.2 ± 1.0 0.9 
0.7  13.4 ± 1.0 0.003 
1.4  19.4 ± 1.2 0.1 
3.0  24.9 ± 0.9 <0.0001 
7.6  20.0 ± 0.8 0.06 
Liver Site 6 0.1   
0.0  53.6 ± 0.3  
0.4  52.5 ± 0.6 0.1 
0.7  52.1 ± 0.8 0.02 
1.4  53.1 ± 0.4 0.4 
3.0  52.9 ± 0.3 0.2 
7.6  52.2 ± 0.4 0.03 

Bold p-Value - Signifcant at p < 0.05 
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Supplementary Table 23: Effect of antioxidant exposure on Avy methylation at each 
CpG site in male tail. 

CpG Site 
Dose (cGy) 

and Diet 
Exposure 

p-Value % Methylation 
(Mean ± SEM) 

Difference 
of Means 
(p-Value) 

Male Tail  
(n = 81) 

 Site x Dose 
p < 0.0001 

  

Tail Site 2  0.03   
n = 27;  
n = 20 

0.0 + control;  
3.0 + AO 

 26.5 ± 5.6;  
27.3 ± 5.1 

0.9 

n = 27; 
n = 34 

0.0 + control;  
3.0 + control 

 26.5 ± 5.6;  
43.8 ± 5.1 

0.03 

n = 34;  
n = 20 

3.0 + control;  
3.0 + AO 

 27.3 ± 5.1;  
43.8 ± 5.1 

0.02 

Tail Site 3  0.02   
 0.0 + control;  

3.0 + AO 
 10.2 ± 2.5;  

11.2 ± 2.3 
0.8 

 0.0 + control;  
3.0 + control 

 10.2 ± 2.5;  
19.9 ± 2.8 

0.01 

 3.0 + control;  
3.0 + AO 

 11.2 ± 2.3;  
19.9 ± 2.8 

0.02 

Tail Site 4  0.06   
 0.0 + control;  

3.0 + AO 
 22.1 ± 2.0;  

26.9 ± 2.1 
0.08 

 0.0 + control;  
3.0 + control 

 22.1 ± 2.0;  
21.4 ± 1.3 

0.02 

 3.0 + control;  
3.0 + AO 

 26.9 ± 2.1;  
21.4 ± 1.3 

0.8 

Tail Site 5  0.03   
 0.0 + control;  

3.0 + AO 
 10.9 ± 2.0;  

9.5 ± 5.0 
0.6 

 0.0 + control;  
3.0 + control 

 10.9 ± 2.0;  
16.1 ± 2.0 

0.02 

 3.0 + control;  
3.0 + AO 

 9.5 ± 5.0;  
16.1 ± 2.0 

0.07 

Tail Site 6  0.06   
 0.0 + control;  

3.0 + AO 
 19.5 ± 4.0;  

21.0 ± 3.8 
0.8 

 0.0 + control;  
3.0 + control 

 19.5 ± 4.0;  
31.2 ± 3.7 

0.06 

 3.0 + control;  
3.0 + AO 

 21.0 ± 3.8; 
31.2 ± 3.7 

0.04 

     
Tail Site 7  0.1   
 0.0 + control;  

3.0 + AO 
 26.1 ± 5.9; 

34.2 ± 4.8 
0.3 
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 0.0 + control;  
3.0 + control 

 26.1 ± 5.9;  
41.7 ± 5.0 

0.3 

 3.0 + control;  
3.0 + AO 

 34.2 ± 4.8; 
41.7 ± 5.0 

0.04 

Tail Site 8  0.005   
 0.0 + control;  

3.0 + AO 
 24.3 ± 4.8; 

23.0 ± 4.0 
0.8 

 0.0 + control;  
3.0 + control 

 24.3 ± 4.8; 
41.0 ± 4.3 

0.004 

 3.0 + control;  
3.0 + AO 

 23.0 ± 4.0; 
41.0 ± 4.3 

0.01 

Tail Site 9.10  0.01   
 0.0 + control;  

3.0 + AO 
 34.3 ± 4.8; 

31.3 ± 3.5 
0.7 

 0.0 + control;  
3.0 + control 

 34.3 ± 4.8; 
48.6 ± 4.8 

0.008 

 3.0 + control;  
3.0 + AO 

 31.3 ± 3.5; 
48.6 ± 4.8 

0.03 

Tail Site11  0.1   
 0.0 + control;  

3.0 + AO 
 31.0 ± 5.2; 

34.6 ± 4.8 
0.7 

 0.0 + control;  
3.0 + control 

 31.0 ± 5.2; 
45.3 ± 5.0 

0.1 

 3.0 + control;  
3.0 + AO 

 34.6 ± 4.8; 
45.3 ± 5.0 

0.05 

Tail Site 12  0.01   
 0.0 + control;  

3.0 + AO 
 29.5 ± 4.8; 

32.1 ± 4.7 
0.7 

 0.0 + control;  
3.0 + control 

 29.5 ± 4.8; 
47.7 ± 4.4 

0.02 

 3.0 + control;  
3.0 + AO 

 32.1 ± 4.7; 
47.7 ± 4.4 

0.007 

Bold p-Value - Significant at p < 0.05 
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