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Radiation can lead to carcinogenesis through targeted and non-targeted effects.  One non-

targeted effect, radiation-induced genomic instability (RIGI), results in an increased 

frequency of genetic alterations in the progeny of irradiated cells.  RIGI is thought to be 

an early event in radiation-induced carcinogenesis, but it is unknown how this process is 

initiated.  Epigenetic changes, including aberrant DNA methylation and altered 

microRNA (miRNA) expression, can be induced by radiation exposure and have been 

associated with some cancers.  We are testing the hypothesis that irradiation results in 

epigenetic alterations that are involved in the initiation and perpetuation of RIGI.  The 

human-Chinese hamster ovary hybrid cell line GM10115 was irradiated using x-rays or 

iron (Fe) ions and clones were obtained.  Irradiation induced DNA damage in GM10115 

cells and RIGI in clones (114, 118, CS9, LS12, 115, Fe5.0-8) was determined using 

micronucleus formation and fluorescence in situ hybridization analysis of chromosomal 

rearrangements.  To study epigenetic changes, the post-irradiation status of specific locus, 

repeat element, genome-wide methylation, and miRNA profiles were evaluated.  Results 

suggest that aberrant DNA methylation and changes in miRNA expression are induced by 

irradiation.  In the unstable clones, results suggest that changes in DNA methylation and 

aberrant expression of miRNA can be associated with RIGI.  Thus, epigenetic changes in 



chromosomally unstable clones could suggest that epigenetic aberrations may be 

perpetuating RIGI. 
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Chapter 1: INTRODUCTION: RADIATION-INDUCED GENOMIC 

 

INSTABILITY: ARE EPIGENETIC MECHANISMS THE MISSING LINK? 

 

 

 
Abstract 

 

Purpose:  This review examines the evidence for the hypothesis that epigenetics are 

involved in the initiation and perpetuation of radiation-induced genomic instability 

(RIGI). 

Conclusion:  In addition to the extensively studied targeted effects of radiation, it is now 

apparent that non-targeted delayed effects such as RIGI are also important post-

irradiation outcomes.  In RIGI, unirradiated progeny cells display phenotypic changes at 

delayed times after radiation of the parental cell.  RIGI is thought to be important in the 

process of carcinogenesis, however, the mechanism by which this occurs remains to be 

elucidated.  In the genomically unstable clones developed by Morgan and colleagues, 

radiation-induced mutations, double-strand breaks, or changes in messenger RNA 

(mRNA) levels alone could not account for the initiation or perpetuation of RIGI.  Since 

changes in the DNA sequence could not fully explain the mechanism of RIGI, inherited 

epigenetic changes may be involved.  Epigenetics are known to play an important role in 
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many cellular processes and epigenetic aberrations can lead to carcinogenesis.  Recent 

studies in the field of radiation biology suggest that the changes in methylation patterns 

may be involved in RIGI.  Together these clues have led us to hypothesize that 

epigenetics may be the missing link in understanding the mechanism behind RIGI.  

 

Introduction 

 Radiation-induced genomic instability (RIGI) is a delayed, persistent effect of 

ionizing radiation exposure that can manifest in the unirradiated progeny of irradiated 

cells.  The mechanism by which RIGI is initiated or perpetuated is yet to be understood 

[1-4].  RIGI may be one of the pathways by which radiation exposure can lead to cancer, 

therefore, understanding the mechanisms underlying genomic instability may help 

elucidate the processes involved in the development of radiation-induced carcinogenesis.  

The mechanisms of RIGI have been extensively studied in the genomically unstable 

clones developed in the Morgan laboratory [5].  Alterations that involve the DNA 

sequence, such as radiation-induced mutations or double-strand breaks alone could not 

account for the initiation or perpetuation of RIGI in these clones, nor could changes in 

messenger RNA (mRNA) levels [6-8].  Therefore, inherited epigenetic changes that 

control cellular phenotype without directly altering DNA sequence may be involved.  

Epigenetics can play an important role in many cellular processes from gene 

expression to cellular proliferation and an aberrant epigenetic state of a cell can lead to 

carcinogenesis [9].  Changes in genomic DNA methylation post-irradiation and its 

potential correlation with initiation of genomic instability have been suggested [10-12].  

Together, these clues have led us to hypothesize that epigenetics may be the missing 
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mechanistic link between irradiation and genomic instability.  In this review, we present 

evidence that epigenetics, including DNA methylation changes, chromatin remodeling 

and alterations in microRNA (miRNA) expression, play a role in the initiation and 

perpetuation of RIGI.  We will discuss studies that evaluated radiation-induced epigenetic 

alterations and how those alterations are involved in RIGI. 

 

Ionizing Radiation 

The carcinogenic effects of ionizing radiation exposure were recognized soon 

after Roentgen discovered x-rays [2, 13].  For many years it was thought that the 

deposition of energy by irradiation could initiate the processes in radiation-induced 

carcinogenesis.  Targeted direct effects of radiation exposure cause genetic damage 

through direct deposition of energy in nuclear DNA [14].  This damage includes base 

damage, cross-links, and single and double strand breaks.  If the cell survives then any 

mis- or un-repaired damage can be replicated and perpetuated in the daughter cells, 

resulting in mutagenesis and increased risk for carcinogenesis [15].  In addition, targeted 

indirect effects of radiation exposure can occur via the radiolysis of water.  This occurs 

within nanoseconds by the generation of reactive oxygen species (ROS) that persist only 

for milliseconds [16].  Targeted indirect effects can cause oxidative damage to DNA, 

proteins, and lipids through radiation-induced free radicals such as hydroxyl radical 

(OH•), superoxide (O•2
-
), and organic radicals (R•) [17].  

In addition to the targeted effects of irradiation, non-targeted effects also 

contribute to induced mutagenesis and carcinogenesis.  Non-targeted effects result in 

responses typically associated with targeted effects including sister chromatid exchanges 
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(SCE), chromosomal rearrangements, micronucleus formation, gene mutations and 

apoptosis, but they occur in cells not directly exposed to radiation [16].  These non-

targeted effects are grouped under the terms radiation-induced bystander effects and RIGI 

[3, 18].  The bystander effect occurs when a signal produced by a directly irradiated cell 

elicits a subsequent response in neighboring non-irradiated cells [3]. The bystander effect 

is mediated via gap junction communication and/or secreted soluble factors [19].  

Genomic instability is defined as the increase in acquisition of multiple changes in the 

genome [20].  RIGI can be observed in cells that survive irradiation at delayed times after 

exposure and sometimes manifest in their progeny over many generations.  Genomic 

instability can manifest as delayed mutation, decreased plating efficiency, micronucleus 

formation, increased SCE, chromosomal instability, change in ploidy, gene amplification 

and microsatellite instability.  Of these effects, the best described is chromosomal 

instability, which involves gross chromosomal rearrangements, mainly chromosomal 

duplications and/or partial trisomies (reviewed in [3, 21]). 

The two non-targeted effects, radiation-induced bystander effects and RIGI, have 

been studied as separate entities, however, a link between the two was first demonstrated 

by Kadhim et al. [22] in their initial description of RIGI.  This was followed by 

complementary publications by Watson et al. [23], Lorimore et al. [24], and Lorimore 

and Wright [25] clearly indicating that RIGI could be induced in cells that had never 

experienced any radiation traversal.  In this review, we will focus primarily on data 

generated in our laboratory which we appreciate may well provide a biased review of the 

current understanding of RIGI.  Nevertheless we believe our conclusions will have 
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implications for others studying RIGI and its implications for radiation risk and radiation 

carcinogenesis. 

 

Genomically Unstable Clones 

RIGI has been explored by many investigators (see the special issue of Mutation 

Research, volume 687, issues 1-2, May 2010).  The pioneering studies of RIGI in the 

progeny of murine stem cells exposed to –particles by Kadhim et al. [22] first 

implicated delayed radiation effects as well as potential non-targeted effects, i.e., effects 

occurring in cells not subject to radiation-induced energy deposition events.  RIGI was 

then described in the progeny of normal human and murine bone marrow cells by the 

same group [26] and in cultured human lymphocytes by Holmberg et al. [27, 28].  It was 

shown that chromosomal instability induced by irradiation could be manifested as a wide 

range of cytogenetic aberrations including telomere structure alterations, micro- and 

minisatellite instability, hypoxanthine-guanine phosphoribosyltransferase (hprt) 

mutations, and large scale chromosomal aberrations [29-31].  These studies suggested 

that the frequency of instability observed is in excess and occurs more spontaneously 

than the frequency of gene mutations at similar doses, suggesting that the conventional 

radiation-induced mutations and cytogenetic lesions alone are not responsible for RIGI.  

A recent review devoted to understanding the mechanism of RIGI in vivo has pointed out 

the importance of the role of inflammatory processes in the radiation response and the 

need for further research in this area [4].  However, the mechanism(s) by which RIGI is 

initiated or perpetuated are still poorly understood. 
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Morgan and colleagues specifically developed unstable clones for use in a series 

of studies to examine genomic instability mechanisms (Figure 1.1).  Clones exhibiting 

chromosomal instability were derived from the human-hamster hybrid cell line, 

GM10115, which contains a single copy of human chromosome 4 in a background of 20-

24 hamster chromosomes [5].  GM10115 cells were irradiated, and the surviving cells 

were isolated and clonally expanded [5, 32].  Clones were characterized using 

cytogenetic analysis of metaphase chromosomes using fluorescence in situ hybridization 

(FISH) for human chromosome 4.  An unstable clone was defined as one containing three 

or more metaphase subpopulations with different rearrangements of the human 

chromosome [5].  

The clones were analyzed for SCE, delayed reproductive cell death, delayed 

mutation, mismatch repair, and delayed gene amplification [6].  Significant correlation to 

chromosomal instability was only observed with delayed gene amplification and delayed 

reproductive cell death. While radiomimetic antibiotics bleomycin and neocarzinostatin, 

which generate complex double strand breaks that model radiation-induced DNA 

damage, were effective in the induction of persistent chromosomal instability, the two 

other double-strand breaking agents, restriction enzymes and hydrogen peroxide, were 

ineffective at inducing delayed chromosomal instability [33]. These results suggest the 

quality of DNA damage may be important in the initiation of RIGI, however, DNA 

lesions including double-strand breaks per se does not necessarily lead to chromosomal 

instability [7, 33].  Ponnaiya et al. [34] demonstrated the dynamic nature of chromosomal 

instability in the unstable clones as observed by increased frequencies of both chromatid-

type and chromosome-type aberrations using FISH and Giemsa staining.  Direct evidence 
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of the involvement of oxidative stress in cells with RIGI was first described by Clutton et 

al. [35].  In the unstable clones, increased levels of apoptosis were demonstrated to 

contribute to not only persistent reproductive cell death, but also the existence of 

oxidative stress and elevated levels of free radical damage [36, 37].  This observation 

supports the work of Clutton et al. by demonstrating oxidative stress in cells exhibiting 

RIGI.  Additional studies of the clones suggested that the potential source of this chronic 

oxidative stress may be dysfunctional mitochondria as demonstrated by increased levels 

of reactive oxygen species (ROS) and impaired mitochondrial function in the unstable 

clones [37].  

This hypothesis for mitochondrial involvement in RIGI was confirmed by Kim et 

al. [38, 39], as they demonstrated through additional analysis that the mitochondria from 

unstable cells have impaired respiration.  The enzyme activity of manganese superoxide 

dismutase, a mitochondrial antioxidant enzyme, was decreased in unstable clones 

suggesting a mitochondrial source of increased cellular ROS. The association of RIGI 

with elevated ROS and mitochondrial dysfunction was also observed using mass 

spectrometry [40].  Unstable clone mitochondrial protein profiles included altered levels 

of acetyl-coenzyme A-acetyltransferase and proteins involved in the tricarboxylic acid 

cycle (TCA cycle) and oxidative phosphorylation.  Additional studies also demonstrated 

a causative relationship between chronic oxidative stress mediated by hydrogen peroxide 

and the mutator phenotype that persists for many generations post-irradiation in the 

unstable clones [41].  It was suggested that the increased levels of hydrogen peroxide 

resulted from mitochondrial dysfunction originating from complex II of the respiratory 

chain [42]. 
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In order to test the hypothesis that the delayed instability observed in unstable 

clones was maintained by factors secreted into the culture medium Nagar et al. [43, 44] 

performed medium transfer experiments.  When the filtered medium from unstable clones 

were transferred to unirradiated GM10115 cells, the majority of the recipient cells died 

and some of the survivors manifested delayed genomic instability.  This novel epigenetic 

effect was described as the death inducing effect (DIE) in which a factor or factors 

secreted by unstable clones mediated instability, possibly by modulating persistent 

oxidative stress.  This study supports the work by Watson et al. [23] as it suggests a link 

between radiation-induced bystander effects and RIGI [18, 45].  In an effort to identify 

the DIE factor, experiments performed by Laiakis et al. [46] determined that interleukin-8 

(IL-8) was secreted in significant amounts by the unstable clones.  The addition of 

exogenous IL-8 to the stable parental cell line was shown to cause DNA damage initially, 

but alone was not sufficient to initiate genomic instability.  The potential involvement of 

inflammatory cytokine IL-8 in RIGI is also in agreement with the recent review of the 

importance of inflammatory processes in the radiation response and RIGI by Wright [4]. 

To search for mechanisms of initiation and perpetuation of RIGI, levels of gene 

expression in the unstable clones were studied using cDNA microarray analysis [8, 15, 

47, 48].  This microarray analysis revealed lower levels of copper/zinc (Cu/Zn) 

superoxide dismutase 1 (SOD1) and nuclear-factor-kappaB (NF-kB) p105 in the unstable 

clones (-3.98-fold, and -3-fold, respectively) [8, 48].  SOD1 catalyzes the removal of 

harmful superoxide radicals and NF-kB is involved in the regulation of diverse set of 

cellular functions, including responses to oxidative stress.  As a result, both were likely 

candidates to perpetuate genomic instability in the unstable clones.  However, Northern 
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and Western blot follow up of these microarray data could not confirm the observations 

[47, 48].  From the same microarray analysis, the ubiquitin-conjugating enzyme E2A, 

Rad6 (E2A/Rad6) homolog and 26S proteasome subunit adenosine triphosphatase 

(ATPase) 2 were also found to be under-expressed suggesting a possible defect in the 

proteasome/ubiquitin pathway in the unstable clones (-3.78-fold, and -2.19-fold, 

respectively) [15].  Although differences in these two genes involved in the 

proteasome/ubiquitin pathway were validated in some of the clones, no single gene or 

molecular pathway was found to be differentially regulated in all of the unstable clones 

[8].  While not conclusive, these data suggested that there might be multiple molecular 

pathways and/or events that maintain the unstable phenotype.  

Despite these numerous studies of the unstable clones, the mechanism of initiation 

and perpetuation of RIGI in them is still not understood (Figure 1.1).  Non-targeted 

effects, including RIGI, occur at higher frequencies than would be expected from Poisson 

statistics of particle hits to surviving cell nuclei or from conventional gene mutation 

frequencies, invoking epigenetic mechanisms.  The fact that these delayed responses 

affect changes in cellular phenotype without direct radiation exposure of nuclear DNA, 

and seemingly without altering DNA sequence, also suggests that epigenetics might play 

a mechanistic role. 
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Figure 1.1.  Phenotype of genomically unstable clones.  Clones exhibiting RIGI were 

characterized in a series of studies.  While the exact mechanisms initiating and 

perpetuating genomic instability were not identified, numerous inter-related 

characteristics thought to contribute to the unstable phenotype were identified. 

Epigenetics 

DNA Methylation 

Epigenetics refers to heritable changes in gene expression that take place without 

alterations in the DNA sequence.  Epigenetic changes include molecular modifications 

such as DNA methylation, chromatin remodeling and miRNA regulated gene expression 

[49].  The most extensively studied epigenetic modification is DNA methylation.  The 

methylation of mammalian DNA takes place predominantly at cytosine bases in cytosine-



   

 

11 

phosphate-guanine (CpG)-dinucleotides through the enzymatic activity of DNA 

methyltransferases (DNMT) [50].  However, some studies analyzing genome-wide 

methylation levels have shown that non-CpG methylation is present in significant 

quantities [51-54].  More recently, the non-CpG methylation has not only been indicated 

in embryonic stem cells [55] but also in somatic cells [56].  In mammals, there are four 

types of DNMT: DNMT1, DNMT2, DNMT3a and DNMT3b.  DNMT1 functions as the 

maintenance methyltransferase by copying the methylation pattern of the old DNA strand 

onto the newly synthesized strand during DNA replication [57].  In cancer and in 

embryonic stem cells unmethylated CpG sites are targeted for de novo methylation by 

DNMT3a and DNMT3b [58].  DNMT2 has been shown to be capable of tRNA 

methylation, rather than as a DNA methyltransferase [59]. 

In normal cells, DNA methylation plays a critical role in the control of gene 

expression, especially in terms of tissue-specificity and germ-line gene expression.  

Promoter regions of tumor-suppressor genes are methylated to allow their expression and 

maintain the normal state of the cell [60].  Genomic imprinting directs hypermethylation 

to ensure suppression of one of the two parental alleles of a gene for monoallelic 

expression [61].  Similarly in X-chromosome inactivation, gene-dosage for females is 

accomplished by hypermethylation of one X-chromosome [62].  Repression of certain 

repeat elements through hypermethylation can prevent chromosomal instability, 

translocations, and gene disruption caused by the reactivation of transposable DNA 

sequences [63].  Cells that have mutations in DNMT3b lack the stabilizing effect of DNA 

methylation and have prominent nuclear abnormalities [64]. 
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Chromatin Remodeling 

Chromatin remodeling is involved in many biological processes including gene 

expression, DNA replication and repair, chromosome condensation, segregation and 

apoptosis [65].  Gene transcription is controlled by histone modifications of the histone 

octamer.  Open chromatin is associated with transcriptional activity and is generally 

characterized by unmethylated DNA cytosines, acetylated histone tails by histone 

acetyltransferases (HAT) and trimethylation of lysine 4 on histone H3 [50].  Closed 

chromatin occurs when DNA cytosines become methylated, methyl-binding domains 

bind to methylated cytosines and acetyl groups are removed from the histone tails by 

histone deacetylases (HDAC) [50].  DNA becomes coiled into a closed chromatin 

structure carrying the transcriptional silencing mark histone H3 lysine 9 trimethylation 

and H3 lysine 27 trimethylation.  In addition to methylation and acetylation, histone 

modifications including ubiquitination and phosphorylation are important in the 

regulation of gene expression [66].  Phosphorylation of histone H2AX at serine 139 

( H2AX) is one of the most extensively studied of all histone modifications [67].  

Gamma H2AX is used as an early marker for induction and repair of DNA double-strand 

breaks [68, 69].  It also appears to play a functional role in the DNA repair process, 

maintenance of genome stability, and the early stages of cancer [70, 71]. 

 

MiRNA Expression 

In addition to DNA methylation and chromatin remodeling, epigenetic changes 

found in mammalian organisms also include the regulation of gene expression by 

miRNA.  MiRNA are small (~22nt), highly conserved non-coding RNA involved in post-
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transcriptional regulation of gene expression either via mRNA degradation or 

translational inhibition.  The synthesis of miRNA requires several processing steps.  The 

primary-miRNA (pri-miRNA) is transcribed by RNA polymerase II and post-

transcriptionally modified by addition of a 5’-cap and a 3’-poly (A) tail [72, 73].  In the 

nucleus, pri-miRNA is processed by the RNaseIII enzyme, Drosha and its cofactor Pasha 

into precursor-miRNA (pre-miRNA) [74, 75].  The pre-miRNA, a stem-loop structure of 

~70nt, is transported to the cytoplasm [76] and further processed by another RNaseIII 

enzyme, Dicer [77].  The final miRNA strand is loaded into the RNA-induced silencing 

complex (RISC) in tight association with the argonaute protein (Ago) [78, 79] and 

directed to the 3’-untranslated region of its target mRNA [80].  MiRNA regulate a 

number of cellular pathways, such as cellular proliferation, differentiation, and apoptosis 

[81].  Therefore, deregulation of miRNA synthesis or expression levels may lead to 

carcinogenesis [82]. 

 

Epigenetics and Cancer 

DNA Methylation and Cancer 

Recent advances in cancer research have shown the importance of epigenetic 

aberrations in the carcinogenic process [9, 60, 83].  DNA methylation can be involved in 

the process of carcinogenesis in several ways: modifications in the coding regions of 

genes as a result of methylated cytosine induced point mutations, initiation of genomic 

instability through overall depletion of methylcytosines in the genome, and inactivation 

of gene transcription due to hypermethylation of gene promoters [50].  The induction of 

point mutations can occur due to spontaneous deamination of methylated cytosine to 
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thymine, formation of adducts on the adjacent guanine, and formation of pyrimidine 

dimers.  Formation of adducts has been observed following exposure to the carcinogen 

benzo(a)pyrene diol epoxide present in cigarette smoke and implicated in lung 

tumorigenesis.  Formation of pyrimidine dimers upon exposure of skin to ultraviolet light 

was shown to cause melanoma.  DNA hypomethylation allows upregulation of 

oncogenes, oncogenic miRNA and transcription of parasitic sequences incorporated in 

DNA such as repeat elements and transposons, resulting in genomic instability.  For 

example, in acute myeloid leukemia patients hypomethylation of the multiple drug 

resistance 1 (MDR1) promoter region has been shown to lead to overexpression of the 

MDR1 gene and establish multidrug resistance [84].  Lastly, promoter hypermethylation 

silences tumor-suppressor genes and tumor-suppressor miRNA [50].  Many classical 

tumor-suppressor genes, including retinoblastoma (RB1), cylin-dependent kinase 

inhibitor 2A (p16), von Hippel-Lindau (VHL), mutL homolog 1 (MLH1), breast cancer 1 

(BRCA1), and adenomatous polyposis coli (APC), that cause specific cancer syndromes 

when mutated are inactivated by methylation in sporadic tumors [50].  

 

Chromatin Remodeling and Cancer 

Epigenetic silencing of transcription also occurs through posttranslational histone 

modification, chromatin remodeling and changes in the nuclear positioning of genes [60].  

Deregulation of these and other chromatin processes have been linked to the development 

and progression of cancer [65, 85, 86].  Some chromatin remodeling modifications 

observed in cancer cells are alterations in the histone acetyation/deacetylation balance, 

increased or decreased poly-adenosine diphosphate (ADP)-ribosylation and failures in 



   

 

15 

ATP-dependent chromatin-remodeling mechanisms [87].  Deregulation of histone 

acetylation could lead to carcinogenesis in three ways.  Histone hypoacetylation at certain 

promoter regions, induced by reduced HAT activity or increased HDAC activity, could 

silence tumor-suppressor genes.  Conversely, histone hyperacetylation at other promoter 

regions, induced by elevated HAT activity or decreased HDAC activity, could lead to the 

activation of oncogenes.  Thirdly, carcinogenesis could be triggered by aberrant 

recruitment of HAT or HDAC.   

The second type of chromatin remodeling modification observed in cancer cells is 

poly-ADP-ribosylation, which is important in the maintenance of genome stability, DNA 

repair and apoptosis [87].  One of the enzymes involved in this process is poly-ADP-

ribose polymerases (PARP) and deficiency of PARP-1 enzyme has been shown to 

contribute to the development of some cancers [87].  The third type, ATP-dependent 

chromatin-remodeling, has complexes that all belong to the switching 2/sucrose 

nonfermenting 2 (SWI2/SNF2) family [87].  These complexes are involved in many 

processes including DNA repair and genomic stability, therefore, they are important 

epigenetic mechanisms involved in carcinogenesis.  Sucrose nonfermenting 5 (SNF5), 

brahma-related gene 1 (BRG1) and brahma (BRM) are among the subunits of SNF2 

complexes and inactivation or loss of these subunits has been observed in some cancers 

[87].  Loss of SNF5 leads to chromosomal instability and the gene that codes for it, 

human SNF5, is considered a tumor-suppressor gene, whose mutation or deletion 

stimulates cell-cycle progression.  The subunits of SWI2 complexes are generally 

associated with highly proliferative cells and are significantly increased in some cancers. 
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MiRNA Expression and Cancer 

Alterations affecting miRNA processing along with alterations of miRNA 

expression levels, and mutations in miRNA:mRNA interacting sequences have been 

shown to be associated with cancer [81].  MiRNA expression levels could be altered in 

many ways including gross genomic alterations, epigenetic changes of the miRNA gene, 

and point mutations.  Alterations affecting miRNA processing could be due to the 

disruption of the miRNA-processing apparatus and/or alteration in the primary sequence 

of the pri-miRNA.  The interaction between an miRNA and mRNA could be weakened 

by mutations in the miRNA:mRNA interacting sequences that may arise in early stages 

of the miRNA synthesis.  Two classes of miRNA that are altered in cancer are tumor-

suppressor miRNA (TS-miR) and oncogenic miRNA (oncomiR).  Altered TS-miR can no 

longer inhibit the translation of protooncogenes and up-regulated oncomiR suppress the 

expression of tumor-suppressor genes.  

During carcinogenesis, the three epigenetic mechanisms are not completely 

independent, but rather work in a linked and complex manner [88].  MiRNA gene 

expression can be controlled by hyper- and/or hypomethylation, and the synthesis of 

chromatin remodelers and DNMT can be regulated by miRNA. Tumor promotion 

mediated by c-myelocytomatosis (Myc) is an example of linked epigenetic mechanisms.  

C-Myc is normally epigenetically silenced by histone acetylation and methylation.  

Aberrations in this chromatin structure allow for c-Myc gene expression, which in turn 

activates carcinogenic pathways, including wingless-integration (WNT)/ -catenin, 

crucial for solid tumor development [89-94].  C-Myc also regulates miRNA expression, 

including miR-421, involved in ATM silencing and down-regulation of the DNA damage 
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response [95].  The processes by which radiation exposure leads to RIGI are also likely to 

involve complex epigenetics mechanisms. 

 

Epigenetic Changes After Radiation 

DNA Methylation and Radiation 

There are multiple reports of altered DNA methylation patterns following 

exposure to ionizing radiation in plants, rodents, and rodent and human cell lines [11, 12, 

96-99].  Plants exposed to 20 and 40Gy of ionizing radiation as the result of the 

Chernobyl accident showed dose dependent hypermethylation [99].  It was suggested that 

the radiation-induced hypermethylation might prevent genomic instability and reshuffling 

of the hereditary material via chromosomal instability or reactivation of transposable 

elements, allowing the plants to survive in the radiation environment.   

In mice and rats, radiation exposure led to dose dependent and sex- and tissue 

specific global DNA hypomethylation [12, 96, 98, 100-102].  C57/BI male and female 

mice were whole-body irradiated with 0.5, 1, 2.5, 5Gy of x-rays and methylation analyses 

were performed in liver, spleen, and lung tissues [12].  Dose dependent DNA 

hypomethylation was observed in the female liver, as well as in the male and female 

spleen.  In some experimental groups this hypomethylation was associated with increased 

levels of DNA strand breaks.  In spleen and liver of irradiated mice, the radiation-induced 

DNA hypomethylation correlated with decreased expression of DNA methyltransferases 

DNMT1 and DNMT3a/b [96].  Thymus tissue of mice exposed to fractionated whole-

body x-ray irradiation (0.5Gy) also resulted in DNA hypomethylation that was associated 

with reduced expression of DNMT1, DNMT3a/b, methyl CpG binding protein 2 
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(MeCP2) and another methyl-binding protein, methyl CpG binding domain protein 2 

(MBD2) [102].  In many of these studies, the global DNA hypomethylation observed 

post-irradiation along with the decreased expression of proteins involved in maintaining 

the correct genomic methylation patterns suggested that these changes might play a role 

in genomic instability [12, 96, 101].  X-ray irradiation of mice was also shown to affect 

methylation of the promoter of the p16 tumor-suppressor in a sex- and tissue-specific 

manner, but not the methylation status of O-6-methylguanine-DNA methyltransferase 

(MGMT) [103].  Together with the evidence for altered promoter methylation in 

particular cancers [50], this animal data provides a link among radiation exposure, 

epigenetics and carcinogenesis. 

Exposures to low linear energy transfer (LET) gamma-rays were also shown to 

result in global hypomethylation in the C-1300 N1E-115 (mouse), CHO K-1 (hamster), 

V79A03 (hamster), and Hela S-3 (human) cell lines [97].  However, another study using 

one of the same cell lines, CHO K-1, showed no change in methylation after x-ray 

exposure [11].  The different outcomes in these two studies might suggest differences in 

changes in epigenetic profiles after different types of radiations.  The latter study did also 

show global hypomethylation in mouse liver tissue after x-rays exposure but 

demonstrated no change in mouse brain or spleen tissue [11].  Even though each of these 

studies was performed post-low LET irradiation, different responses were observed.  The 

variability in these findings might suggest the difference in epigenetic responses post-

irradiation in vitro versus in vivo and also among different types of cells and different 

types of tissues in the animal.  
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One study has directly correlated RIGI in HPV-G cells with epigenetic changes 

following exposure to 
60

Co gamma-radiation [104].  Genomic instability manifested as 

reproductive cell death, reduced cloning efficiency at successive passages, increased 

apoptosis, and an increased proportion of chromosomally aberrant cells at 20 passages 

post-irradiation.  While this RIGI was shown to be predominantly associated with DNA 

hypermethlyation of certain CpG dinucleotides and pericentromeric spermidine N1-

acetyltransferase 2 (SAT2) satellite sequences, non-specific DNA hypomethylation was 

also observed.  The majority of the hypermethylated sequences detected were repeat 

elements.  Aberrant methylation status of repeat elements [50] and also SAT2 satellite 

sequences is known to affect genomic instability [105].  Based on these observations, the 

authors suggested that DNA methylation alterations following radiation exposure could 

be involved in initiation and/or perpetuation of RIGI.  

The role of ROS in RIGI is well established [35-37] and some studies suggest the 

involvement of ROS in affecting changes in DNA methylation in relation to cancer and 

other diseases [106-108].  While ROS alone are not sufficient to induce RIGI, it is known 

that free radical scavengers can reduce the incidence of instability after irradiation [109, 

110].  We hypothesize that ROS production post-irradiation also contributes to radiation-

induced DNA methylation changes that can lead to RIGI.  

Together these studies suggested radiation-induced global DNA hypomethylation 

and promoter hypermethylation play a role in genomic instability, most clearly 

demonstrated by certain CpG dinucleotide hypermethylation (predominantly repeat 

element and SAT2 satellite sequences) and non-specific DNA hypomethylation [104].  

Thus, studies so far found both hypo- and hypermethylation changes post-irradiation.  It 
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remains to be understood which methylation changes have more impact on the cell and 

contribute to genomic instability.  However, hypomethylation of repeat elements and 

promoter regions of oncogenes and hypermethylation of promoter regions of tumor-

suppressor genes post-irradiation play an important role in RIGI and radiation-induced 

carcinogenesis. 

 

Chromatin Remodeling and Radiation 

Gamma H2AX has been used extensively as a measure of double-strand breaks 

post-irradiation [111]. However, there are fewer studies that try to understand radiation-

induced histone modifications as an epigenetic mechanism.  In mice, radiation exposure 

led to decreased trimethylation of histone H4 lysine 20 which the authors suggest might 

result in relaxed heterochromatin organization that would impair genome stability [102].  

It has been shown in human cells that euchromatic regions were more susceptible to 

radiation-induced DNA damage and gamma H2AX accumulation [112-114].  Cells 

exposed to gamma-rays have showed chromatin decondensation at sites of double-strand 

breaks [115].  These changes manifested 15 minutes after irradiation as observed by a 

decrease in intensity of chromatin labeling, increased histone H4 lysine 5 acetylation, and 

decreased histone H3 lysine 9 dimethylation.  Forty minutes post-irradiation, these 

changes induced by radiation exposure were replaced by histone modifications typical for 

condensed chromatin (decreased acetylation of histone H4 lysine 5 and increased 

methylation of histone H3 lysine 9).  The data suggested the need to convert from less to 

more condensed chromatin after DNA repair.  Another study observed rapid binding of 

SWI/SNF complexes to chromatin in regions of double-strand breaks via interaction with 
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gamma H2AX suggesting that the repair mechanisms were facilitated by SWI/SNF 

complex promotion of H2AX phosphorylation [116].  The role of ataxia telangiectasia 

mutated (ATM) in some of the chromatin changes in response to radiation and as a result 

its potential role in RIGI has been implicated.  In response to double-strand break 

induction, Kruppel-associated box (KRAB)-associated protein (KAP-1) is 

phosphorylated in an ATM-dependent manner [117].  Phosphorylated KAP-1 leads to 

euchromatinization, therefore, these results suggest that chromatin relaxation is a 

fundamental process in the DNA damage response and that ATM and KAP-1 are primary 

mediators.  It was also suggested that ATM-dependent heterochromatin relaxation is 

specifically required for the repair of double-strand breaks located within 

heterochromatin [118].  Another study identified another signaling cascade that helps 

initiate the DNA damage response by altering chromatin [119].  DNA breaks mobilize 

heterochromatin protein 1 (HP1)- , a chromatin factor bound to histone H3 methylated 

on lysine 9 (H3K9me), which then promotes chromatin changes that initiate the DNA 

damage response.  These studies indicated that radiation exposure affected chromatin 

remodeling in association with DNA damage and DNA repair.  This suggests that 

radiation-induced aberrations in chromatin remodeling could lead to DNA damage and 

impaired DNA repair. We hypothesize that this compromised DNA repair and relaxed 

heterochromatin contributes to the initiation of genomic instability.  
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MiRNA Expression and Radiation 

While changes in expression profiles of miRNA have been observed following 

irradiation in mouse and human cells [120, 121], the first evidence for functional 

importance of a miRNA in radiation responses was shown in Drosophila [122].  

Following irradiation of fly larvae, the bantam miRNA was shown to be up-regulated.  

This miRNA in turn was shown to bind to the 3’-UTR of the pro-apoptotic gene hid and 

affect its post-transcriptional down-regulation.  This miRNA-mediated gene repression 

resulted in decreased radiation-induced apoptosis and increased larvae survival. 

In mouse embryonic stem cells, a group of miRNA and their putative gene targets 

potentially involved in response to DNA damage were identified post-irradiation [120].  

In whole-body irradiated mice, the spleen and thymus tissues showed sex-specific 

deregulation of miRNA expression [123].  Among these were miRNA-34a (miR-34a) and 

miR-7, which were thought to be involved in counteracting radiation-induced 

hypomethylation.  MiRNA expression was also significantly affected in the testes of 

whole-body irradiated mice and a significant difference was observed in miR-709 levels 

between the control and exposed groups [124].  It was shown that miR-709 targeted the 

Brother of the Regulator of Imprinted Sites (BORIS), which is an important regulator of 

DNA methylation and imprinting.  This study showed that the radiation-induced DNA 

damage resulted in increased miR-709 expression in exposed testes that decreased levels 

of BORIS to prevent massive aberrant erasure of DNA methylation.  

Exposure of human fibroblasts to low LET x-rays, at early (0.5 h) time points, 

resulted in down-regulation of miRNA levels [121].  However, two hours after exposures 

to 2Gy of radiation, a transient up-regulation of miRNA was observed.  MiRNA miR-
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579, 608, 548-3p, and 585 were noted for targeting genes involved in radioresponsive 

mechanisms, such as cell cycle checkpoints and apoptosis.  This study suggested that 

miRNA were down-regulated immediately after irradiation to stimulate DNA repair 

mechanisms and later up-regulated in order to suppress apoptosis for cell survival.  

Following gamma-irradiation of A549 human lung carcinoma and IM9 human B 

lymphoblastic cells a number of miRNA showed more than 2 fold change in 1, 10, 20 and 

40 Gy exposed cells [125, 126].  The target genes were involved in apoptosis, regulation 

of cell cycle, and DNA damage and repair.  These studies showed that the miRNA 

expression in A549 and IM9 human cells was affected by radiation exposure and 

suggested that the changes might be involved in the regulation of cellular responses to 

irradiation.  A study involving gamma-irradiation of human B lymphoblast cell lines 

showed dose dependent changes in miRNA expression [127].  Low dose irradiated cells 

(0.05Gy) demonstrated a decrease in miR-20 and miR-21. MiR-20 and miR-21 have also 

been shown to increase in tumorigenesis and miR-21 is considered an onco-miRNA.  In 

high dose irradiated cells (10Gy), miR-197 was up-regulated.  Carcinogenic 

characteristics were observed in normal cells following injection of miR-197 suggesting 

that stimulation of expression of miR197 by high dose radiation could lead to the 

progression of tumorigenesis.  Together, these results suggested that low dose exposure 

to radiation could suppress progression of cancer by controlling miRNA expression while 

high dose exposure could promote miRNA-mediated cancer progression.  Alteration of 

miRNA expression due to radiation exposure in relation to p53 wild-type vs. null human 

colon carcinoma cells has also been shown [128].  In addition, ionizing radiation-induced 

oxidative stress has been shown to play a role in altering miRNA expression [129].   
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The role of miRNA in the immune system and in inflammation have been 

reviewed in the literature [130, 131].  The mechanism of RIGI in vivo is thought to be 

linked to inflammatory processes in the radiation response [4].  Therefore, those miRNA 

could play an important role in the initiation and/or perpetuation of RIGI.  

These studies suggested that radiation exposure alters miRNA profiles in a way 

that can affect oxidative stress, DNA damage, DNA repair, regulation of cell cycle, 

apoptosis, tumorigenesis and changes in DNA methylation.  While none of these studies 

directly correlated RIGI with changes in miRNA, the pathways affected by radiation-

induced changes in miRNA expression suggest that miRNA play a role in initiation 

and/or perpetuation of genomic instability.  
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Figure 1.2.  Radiation-induced epigenetic alterations.  Current work in the field has 

identified epigenetic changes post-irradiation including altered DNA methylation, 

chromatin remodeling, and miRNA expression.  Some of these changes are presented 

above.  (1: Raiche et al. 2004 [96], 2: Pogribny et al. 2005 [102], 3: Kaup et al. 2006 

[104], 4: Kovalchuk et al. 2004 [103], 5: Falk et al. 2007 [115], 6: Ilnytskyy et al. 2009 

[123], 7: Simone et al. 2009 [129], 8: Cha et al. 2009 [126], 9: Shin et al. 2009 [125], 10: 

Ishii and Saiton 2006 [120], 11: Maes et al. 2008 [121], 12: Cha et al. 2009 [127]) 
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Conclusion 

Based on the evidence presented here, radiation exposure can induce epigenetic 

changes including alterations in DNA methylation, chromatin remodeling and miRNA 

expression (Figure 1.2).  RIGI was linked to alterations in global, repeat element and 

tumor-suppressor promoter methylation.  Chromatin remodeling was also affected by 

irradiation in a manner that could contribute to genomic instability.  Radiation exposure 

led to relaxed heterochromatin organization that could lead to DNA damage, impaired 

DNA repair and eventually genomic instability.  Altered miRNA expression levels were 

also shown post-irradiation.  At low radiation doses, miRNA changes could be involved 

in suppressing radiation-induced apoptosis, stimulating DNA repair, counteracting 

radiation-induced hypomethylation, and suppressing the progression of cancer, but higher 

doses of radiation could lead to tumorigenic progression.   

The mechanisms underlying the RIGI observed in unstable clones developed by 

Morgan and colleagues remain unclear.  However, the evidence presented in this review 

supports the hypothesis that epigenetic mechanisms may be involved (Figure 1.3).  

Induction of epigenetic changes could be an initiating factor in this instability.  These 

changes may be heritable and persist at delayed times post-irradiation in the progeny of 

the irradiated cells.  Additionally or alternatively, epigenetic alterations may be a late 

arising delayed effect of irradiation driving the perpetuation of the instability. 
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Figure 1.3.  Hypothesized model for the contribution of epigenetic alterations to 

radiation-induced genomic instability in the unstable clones.  

 

 

 

 

 

 

 

 

 

 

 

Genomic Instability 

chromosomal instability 

DNA 

damage 

Altered  

gene expression 

oxidative stress 

delayed gene amplification 

delayed reproductive cell death 
chromatid / chromosome 

aberrations 

Apoptosis 

MiRNA Expression DNA Methylation Chromatin Remodeling 

chromatin 

condensation / 
decondensation 

hypo / 

hypermethylation 
miRNA 

Irradiation of 

GM10115 cells 



   

 

28 

 
 

 
 

 
 

 
 

 
 

 
 

Chapter 2: RADIATION-INDUCED EPIGENETIC ALTERATIONS AFTER 

 

LOW AND HIGH LET IRRADIATIONS 
 

 

 
Abstract 

 

Epigenetics, including DNA methylation and microRNA (miRNA) expression, could be 

the missing link in understanding the delayed, non-targeted effects of radiation including 

radiation-induced genomic instability (RIGI).  This study tests the hypothesis that 

irradiation induces epigenetic aberrations, which could eventually lead to RIGI, and that 

the epigenetic aberrations induced by low linear energy transfer (LET) irradiation are 

different than those induced by high LET irradiations.  GM10115 cells were irradiated 

with low LET x-rays and high LET iron (Fe) ions and evaluated for DNA damage, cell 

survival and chromosomal instability.  The cells were also evaluated for specific locus 

methylation of nuclear factor-kappa B (NF B), tumor suppressor in lung cancer 1 

(TSLC1) and cadherin 1 (CDH1) gene promoter regions, long interspersed nuclear 

element 1 (LINE-1) and Alu repeat element methylation, CpG and non-CpG global 

methylation and miRNA expression levels.  Irradiated cells showed increased 

micronucleus induction and cell killing immediately following exposure, but were 
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chromosomally stable at delayed times post-irradiation.  At this same delayed time, 

alterations in repeat element and global DNA methylation and miRNA expression were 

observed.  Analyses of DNA methylation predominantly showed hypomethylation, 

however, hypermethylation was also observed.  We demonstrate that miRNA expression 

levels can be altered after x-ray irradiation and that these miRNA are involved in 

chromatin remodeling and DNA methylation.  A higher incidence of epigenetic changes 

was observed after exposure to x-rays than Fe ions even though Fe ions elicited more 

chromosomal damage and cell killing.  This distinction is apparent at miRNA analyses at 

which no validated miRNA were altered after high LET irradiations while two miRNA 

were altered after low LET irradiations.  This study also shows that the irradiated cells 

acquire epigenetic changes suggesting that epigenetic aberrations may arise in the cell 

without initiating chromosomal instability.  

 

Introduction 

Radiation-induced carcinogenesis is a well-recognized process, but the underlying 

mechanisms are not well understood [2].  Radiation-induced genomic instability (RIGI) is 

thought to be an early event in radiation carcinogenesis, however, the mechanisms 

underlying this process remain to be elucidated [1].  In order to understand the initiation 

and perpetuation of RIGI, studies have evaluated numerous endpoints including double-

strand breaks, mutations, gene expression, disruption of mitochondrial processes, cell 

cycle arrest, and apoptotic cell death [132].  Despite these efforts, the mechanisms by 

which RIGI is initiated and perpetuated are still unknown.  Recent studies have shown 

radiation-induced epigenetic changes including DNA methylation and microRNA 
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(miRNA) expression [132].  In addition to playing a role in the radiation response, 

aberrant genomic DNA methylation and miRNA profiles have also been shown to be 

associated with cancer [9].  Therefore, we are testing the hypothesis that the immediate 

effects of low and high linear energy transfer (LET) radiation exposure result in different 

epigenetic alterations in cells that could eventually lead to RIGI. 

Mammalian DNA is thought to be predominantly methylated at cytosine bases in 

cytosine-phosphate-guanine (CpG)-dinucleotides through the enzymatic activity of DNA 

methyltransferases (DNMT) [50].  In normal cells, DNA methylation is involved in 

controlling gene expression, especially in terms of tissue-specificity and germ-line gene 

expression.  Hypomethylation of the promoter regions of tumor-suppressor genes allow 

their expression and maintains the normal state of the cell [133].  Certain repeat elements, 

including long interspersed nuclear elements 1 (LINE-1) and Alu elements, are repressed 

through hypermethylation to prevent chromosomal instability, translocations, and gene 

disruption caused by the reactivation of transposable DNA sequences [63].  In cancer 

cells, global hypomethylation can lead to the initiation of genomic instability [50].  In 

addition, hypermethylation of tumor-suppressor genes can lead to their transcription 

inactivation.  

In addition to CpG methylation, non-CpG methylation has also been 

demonstrated [51-54].  Non-CpG methylation is prevalent in embryonic stem cells and 

appears to be mediated by DNMT3a [55].  In somatic cells, non-CpG methylation of the 

proliferator-activated receptor  (PPAR ) coactivator-1  (PGC-1 ) promoter occurs by 

DNMT3b [56].  Similar to CpG methylation, hypermethylation of non-CpG methylation 

of the PGC-1  promoter resulted in repression of its expression.  However, only limited 



   

 

31 

studies have described non-CpG methylation and it is controversial as to whether or not it 

exists in mammalian somatic cells [134].  For example, Rein et al. [135] have described 

conflicting results to those reported by Woodcock et al., that suggested non-CpG 

methylation to be more dominant methylation site than CpG sites [54].  

MiRNA expression is also an epigenetic mechanism involved in the regulation of 

gene expression.  MiRNA are small (~22 nucleotides), highly conserved non-coding 

RNA involved in post-transcriptional regulation of gene expression either via mRNA 

degradation or translational inhibition.  In normal cells, miRNA expression plays an 

important role in the regulation of cellular pathways including cellular proliferation, 

differentiation, and apoptosis [81].  In cancer cells, deregulation of miRNA synthesis or 

expression levels are observed [82].   

  These epigenetic changes could be the missing link between radiation exposure, 

RIGI, and radiation-induced carcinogenesis.  Therefore, it is important to understand the 

changes in epigenetic profiles following irradiation.  This study will shed light on the 

effects of radiation dose and LET on epigenetics.  Low LET x-rays are commonly used in 

the clinic for diagnostic and treatment measures.  High LET iron (Fe) ions are prominent 

in outer space and understanding their effect is important for the health of astronauts.  To 

date, studies have predominantly evaluated low LET radiation effects on epigenetic 

changes, while little is known regarding high LET radiation effects.  

In this study, GM10115 cells were irradiated using either low LET x-rays or high 

LET Fe ions. The initiation of radiation-induced DNA damage and cell killing were 

determined through micronucleus and clonogenic cell survival assays, respectively. The 

post-irradiation status of specific locus, repeat element, and genome-wide DNA 
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methylation, and miRNA profiles were evaluated to determine the effect of dose and 

radiation quality on epigenetic changes.  The results of these experiments show 

differences in DNA methylation changes and miRNA expression alterations based on 

dose and LET of the radiation used. 

 

Materials & Methods 

Cell culture: 

The human-hamster hybrid cell line, GM10115, contains a single copy of human 

chromosome 4 in a background of 20-24 hamster chromosomes (Human Genetic Mutant 

Cell Repository, Camden, NJ).  AA8 is a Chinese hamster ovary (CHO) cell line 

(American Type Culture Collection (ATCC)).  These cell lines were maintained in high 

glucose Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine 

serum (FBS, Hyclone, Logan, UT), 2 mM L-glutamine (Invitrogen, Carlsbad, CA), 0.2 

mM L-proline (Sigma, St. Louis, MO) at 34°C (AA8 at 37°C) with 5% CO2.  RKO is a 

human colorectal carcinoma cell line (ATCC), which was maintained in low glucose 

Dulbecco’s Modified Eagle Medium (DMEM) containing 10% FBS (Hyclone, Logan, 

UT), 2 mM L-glutamine (Invitrogen, Carlsbad, CA) at 37°C with 5% CO2.  Cell cultures 

were routinely screened for the presence of mycoplasma (Bionique Testing Laboratories, 

Inc., Saranac Lake, NY).   

Cells treated with the DNA methylation inhibitor 5-aza-2’deoxycytidine (DAC, 

Sigma) were plated at a low density (1x10
6
 cells in T-175 flasks) 24 hours before 

treatment.  Every 24 hours fresh medium containing 5 μM DAC was added to cultures 

for 5 days prior to harvesting.   
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Irradiations: 

GM10115 cells were irradiated with low LET (2 keV/μm) x-rays using Pantak HF320 x-

ray machine (250-kV peak, 13mA; half-value layer, 1.65-mm copper) at a dose rate of 

2.4 Gy/min with doses of 0.5, 1 and 2Gy (Radiation Oncology Research Laboratory, 

University of Maryland, Baltimore).  For high LET radiations, cells were irradiated with 

Fe ions (
56

Fe
+26

, 1GeV/amu, 150 keV/μm) at dose rates of 0.2Gy/min with doses of 0.1 

and 1Gy.  All high LET radiations were performed at the NASA Space Radiation 

Laboratory (NSRL, Brookhaven National Laboratory, Upton, NY) in experimental cycle 

NSRL-08B (2008).  Beam dosimetry was provided by the NSRL and a detailed 

characterization of this beam has been published previously [136].  Following irradiation 

cell cultures were returned to 34°C for 1 h (to allow for media deactivation), harvested by 

trypsinization, and then used in subsequent experiments or frozen in aliquots at -80°C.   

 

Clonogenic cell survival: 

As an initial response, the effect of irradiation on cell survival was measured by 

clonogenic cell survival.  Within two hours after irradiation, GM10115 cells were plated 

in 100-mm-diameter culture dishes at densities calculated to yield 50 - 100 cell colonies 

per dish.  Following 14 days incubation, cells were fixed, stained with crystal violet in 

20% ethanol, and colonies >50 cells counted.  The number of colonies divided by the 

number of plated cells was used to calculate the plating efficiency and survival fraction 

for each treatment.  A total of three biological replicates were performed. The doses used 

for Fe ions (0.1Gy and 1Gy) correspond to similar relative biological effectiveness (RBE) 

at 0.5Gy and 2Gy of x-rays respectively (Figure 2.2A). 
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Micronucleus analysis: 

As an indicator of the initial radiation response, chromosomal integrity was measured by 

the frequency of micronucleus formation at first cell cleavage post-irradiation using the 

cytokinesis block technique [137].  Within two hours after irradiation, 1x10
6
 irradiated or 

control GM10115 cells were plated in T-25 culture flasks in the presence of 2.0 μg/ml 

cytochalasin B and incubated for 36 h at 34°C.  We had previously determined 36 h to be 

the time at which irradiated GM10115 cells are predominantly binucleated.  At the end of 

the incubation, cells were fixed with ice-cold methanol:acetic acid (3:1), and stored at 

4°C.  The fixed cells were stained with acridine orange (0.01% in phosphate buffered 

saline), and examined using fluorescence microscopy (Nikon Eclipse TE2000-E, 

Melville, NY).  At least 500 binucleated cells with well-defined cytoplasm were scored 

for micronucleus formation (Figure 2.1).  The frequency of micronuclei was calculated as 

a percent of micronucleated cells to total number of binucleated cells scored.  A total of 

three biological replicates were performed. 

Figure 2.1.  Micronuclei (MN) pictures of binucleated cells.  The cells are stained with 

acridine orange which makes cytoplasm appear red and nucleus appear green. 
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Clonal expansion: 

Delayed radiation responses were evaluated in clonally expanded single GM10115 cells 

at 16 - 20 population doublings post-irradiation.  Clones with 50 - 100 cells were picked 

at random using sterile Dacron swabs dipped in trypsin and were expanded to mass 

culture in 25-cm
2
 flasks.  At 16 - 20 population doublings each culture was harvested for 

cytogenetic and DNA methylation analyses.  For miRNA analyses, populations of 

irradiated cells grown for 16 - 20 population doublings after irradiation were used. 

 

Analysis of chromosomal instability: 

The clones were characterized by cytogenetic analysis of metaphase chromosomes using 

fluorescence in situ hybridization (FISH) for human chromosome 4.  The biotin labeling 

of the pBluescript vector-based library of human chromosome 4-specific DNA sequences 

(pBS4) and the details of the FISH procedure have been described previously [5].  

Metaphase spreads were scored using a Zeiss Axioskop microscope equipped with a 

dual-band pass fluorescein isothiocyanate (FITC)/Texas Red filter set.  A stable clone 

was defined as one that contained a homogenous metaphase population with a unique 

rearrangement (translocation) or no rearrangement of the human chromosome with 

hamster chromosomes.  An unstable clone was defined as one that contained three or 

more metaphase subpopulations with different rearrangements of the human 

chromosome.  Each of these rearranged subpopulations constituted  5% of the 200 

metaphases scored.   
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DNA isolation and bisulfite treatment: 

DNA was extracted from cells using the DNeasy kit using standard methods (Qiagen, 

Valencia, CA) and stored in TE buffer at -20°C.  Bisulfite modification of genomic DNA 

was performed using the EpiTect bisulfite kit using standard methods (Qiagen).  Bisulfite 

treated DNA was used in specific locus, bisulfite sequencing and repeat element 

methylation analyses.  Bisulfite treatment selectively deaminates cytosine but not 5-

methylcytosine to uracil [138] and during PCR uracil is replaced by thymine.  This leads 

to a primary sequence change in the DNA that allows cytosine to be distinguished from 

5-methylcytosine. 

 

Specific locus methylation: 

Promoter methylation of nuclear factor-kappa B (NF B), tumor suppressor in lung 

cancer 1 (TSLC1) and cadherin 1 (CDH1) were studied using the methylation-specific 

PCR (MSP) assay [139].  The genomic sequences for the promoter regions of human 

NF B p105, hamster TSLC1, and hamster CDH1 [140-142] were used to design 

methylation specific primers in the MSPprimer program, www.mspprimer.org.  A 20 μl 

PCR was carried out in RNase-free water using 20 ng bisulfite treated genomic DNA, 10 

μl HotStarTaq Plus Master Mix (1 unit of HotStarTaq DNA Polymerase, 200 μM of each 

dNTP, 1.5 mM MgCl2; Qiagen), 5 (TSLC1, CDH1) or 10 (NF B) picomoles of each PCR 

primer.  Primer sequences are as follows: NF B unmethylated (uNF B), forward 5’-

AAG TAG TTT AGA TGT TAG TGA ATG-3’ and reverse 5’-AAA CCC CCA AAA 

AAC ACC TAC CAA ACC CAA TAA TCA AAA AAC A-3’; NF B methylated 

(mNF B), forward 5’-AAG TAG TTT AGA TGT TAG TGA ATG-3’ and reverse 5’-
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CCA AAA AAC GCC TAC CGA ACC CAA TAA TCG AAA AAC G-3’; TSLC1 

unmethylated (uTSLC1), forward 5’-TTT ATA GGG TTT TGT TTT TAG GTG G-3’ 

and reverse 5’-AAA AAC TAC CTC CCA AAC CCA AAC A-3’; TSLC1 methylated 

(mTSLC1 ), forward; 5’-TTT ATA GGG TTT TGT TTT TAG GTG G-3’ and reverse 5’-

CTC CCG AAC TCC CGA ACC CGA ACG-3’); CDH1 unmethylated (uCDH1) forward 

5’-GAT TTG AAT GAA TGT GAA TTA GGA AGT TTT TTT AGG TTG GTT TTG-3’ 

and reverse 5’-TAA CCA AAC AAA CAC CAA ACA AAC ACA AAA CTC AAA 

TAC AAT CA-3’); CDH1 methylated (mCDH1), forward 5’-ATT CGA ACG AAT GTG 

AAT TAG GAA GTT  TTT TTA GGT CGG TTT C-3’ and reverse 5’-CCG AAC AAA 

CAC GAA ACT CGA ATA CGA TCG-3’.  PCR cycling conditions were 95°C for 15 s, 

annealing temperature (uNF B; 48.9°C, mNF B; 47.3°C, uTSLC1; 55.0°C, mTSLC1; 

55.0°C, uCDH1; 52.0°C, mCDH1; 48.6°C) for 15 s and 72°C for 15 s for 40 cycles.  

Control bisulfite treated DNA was included for all PCR.  MDA-MB-231 (human breast 

cancer), uNF B reaction; HL60 (human promyelocytic leukemia), mNF B reaction; AA8 

(Chinese hamster ovary), uTSLC1 and mCDH1 reactions; NIH3T3 (mouse embryonic 

fibroblast), mTSLC1 reaction; 410.4 (mouse mammary cancer) uCDH1 reaction.  DNA of 

these cell lines used as controls were obtained from colleagues.  Controls without DNA 

were performed for all PCR.  PCR products were resolved on 3% agarose gels (Sigma).  

Gels were stained using ethidium bromide.  Images were captured using a MultiImage 

Light Cabinet camera with ChemiImager 4400 software (Alpha Innotech Corporation, 

San Leandro, CA).  Two technical replicates were performed for each sample. 
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Bisulfite sequencing: 

Promoter methylation of NF B was further studied by bisulfite sequencing.  Primers 

were generated from the genomic sequence for the promoter region of human NF B p105 

[140].  Each PCR reaction was performed in a total volume of 20 μl under the following 

conditions: RNase-free water using 160 ng of bisulfite treated DNA, 10 μl HotStarTaq 

Plus Master Mix, 10 pmol of the NF B primers (forward; 5’-AAG TAG TTT AGA TGT 

TAG TGA ATG-3’, reverse; 5’-AAA CTC TAA CTT CCT AAC AAA AC-3’).  PCR 

cycling conditions were 95°C for 15 s, annealing temperatures 55°C for 15 s and 72°C 

for 15 s for 40 cycles.  PCR products were resolved on 3% agarose gels to confirm 

reaction quality.  Gels were stained using ethidium bromide and images were digitally 

captured.  For sequencing, the PCR products were treated with ExoSAP-IT (USB, 

Cleveland, OH) and bisulfite sequencing was performed at the Institute for Genome 

Sciences, University of Maryland Biopark.  Three technical replicates were performed. 

 

Repeat element methylation: 

DNA methylation of LINE-1 and Alu repeat elements was evaluated by combined 

bisulfite restriction analysis (COBRA) [143].  For analysis of LINE-1 a 50 μl PCR was 

carried out in RNase-free water, 25 μl HotStarTaq Plus Master Mix, 100 picomoles of 

each PCR primer (forward; 5’-TTG AGT TGT GGT GGG TTT TAT TTA G-3’, reverse; 

5’-TCA TCT CAC TAA AAA ATA CCA AAC A-3’) and 100 ng of bisulfite-treated 

genomic DNA.  PCR cycling conditions were 95°C for 30 s, 50°C for 30 s and 72°C for 

60 s for 35 cycles.  The final PCR product was digested with 10 U of HinfI restriction 

enzyme (Fermentas, Glen Burnie, MD).  The digested PCR products were separated by 
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electrophoresis on 2.0% Metaphor high-resolution agarose gels (Lonza, Rockland, ME).  

For analysis of Alu elements a 50 μl PCR was carried out in RNase-free water, 25 μl 

HotStarTaq Plus Master Mix, 50 pmol of forward primer (5’-GAT CTT TTT ATT AAA 

AAT ATA AAA ATT AGT-3’), 50 pmol of reverse primer (5’-GAT CCC AAA CTA 

AAA TAC AAT AA-3’), and 100 ng of bisulfite-treated genomic DNA.  PCR cycling 

conditions were 96°C for 90 s, 43°C for 60 s and 72°C for 120 s for 35 cycles.  The PCR 

product was then digested with 10 U of MboI (Fermentas).  The digested PCR product 

was then separated by high-resolution agarose gel electrophoresis (2.5% Metaphor 

agarose, Lonza).  Gels were stained using ethidium bromide, images were digitally 

captured and the intensity of bands on the gel was quantified using Quantity One 

software (BioRad, Hercules, CA).  The optical densities were used to calculate the 

percent of the total repetitive element DNA that is methylated and the percent repetitive 

element DNA that is unmethylated.  A total of four technical replicates were performed.  

The restriction enzymes used, MboI and HinfI, both have cytosine in their cut site, 

therefore only methylated cytosines will be cut at these intact restriction sites.  After gel 

electrophoresis, the top uncut band represents unmethylated or mutated sequences and the 

lower, cut bands represent methylated repeat elements.  For in-depth description of this 

assay please refer to the method paper [143]. 

 

Global DNA methylation: 

Global DNA methylation was evaluated by methylation-sensitive arbitrarily primed PCR 

(MSAP-PCR) [144].  Restriction enzyme digestion of 2 μg of genomic DNA was 

performed by using either 20 units of RsaI, 20 units each of RsaI and methylation-
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sensitive restriction enzyme HpaII, or 20 units each of RsaI and methylation-sensitive 

restriction enzyme MspI at 37°C for 16 h.  Restriction digested DNA was amplified using 

arbitrarily primed PCR with a single primer (MLG2: 5’-AAC CCT CAC CCT AAC CCC 

GG-3’).  PCR reactions were performed in a total volume of 50 μl under the following 

conditions: RNase-free water, 25 μl HotStarTaq Plus Master Mix, 50 pmol of the MLG2 

primer and 200 ng of genomic DNA.  Five cycles at low-stringency conditions of 94°C 

for 30 s, 40°C for 60 s, 72°C for 90 s were done before increasing the stringency of the 

PCR to 94°C for 15 s, 55°C for 15 s, 72°C for 60 s for another 30 cycles.  PCR products 

were resolved on high-resolution 1.8% Metaphor agarose gels (Lonza).  Gels were 

stained using ethidium bromide.  Images were digitally captured and the intensity of 

bands on the gel was quantified using Quantity One.  Four technical replicates were 

performed. 

The RsaI restriction enzyme was used to generate smaller fragments of DNA and 

reduce the number potential artifacts that might be amplified in the arbitrarily primed 

PCR.  HpaII does not cut DNA if the internal cytosine of its restriction site (CCGG) is 

methylated and therefore the bands generated in the PCR of DNA digested by 

RsaI+HpaII lane are methylated at the internal cytosine.  MspI is unable to cut DNA 

when the external cytosine (CCGG) is methylated and so the bands generated in the PCR 

of DNA digested by RsaI+MspI are methylated at the external cytosine.  All the 

restriction enzymes were titrated and the concentrations were chosen in excess to ensure 

complete digestion for all reactions.  Each new lot of enzyme was tested for consistent 

activity and result as compared to the previous lot.  The MLG2 primer was designed with 

a 3’ end complementary to the recognition sequence of the HpaII and MspI cut site, 
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CCGG.  Thus, whenever the restriction enzymes are unable to digest the DNA, it is 

amplified and a band is observed on the gel.  An increase in band intensity indicates an 

increase in methylation.  Band intensity was measured to numerically determine the 

change in DNA methylation.  For the HpaII and the MspI lane, eleven and nine bands 

were analyzed for each sample, respectively.  The mean percent methylation for all bands 

from each dose group was normalized to the corresponding mean percent methylation for 

all bands from sham-irradiated controls. 

The bands observed on the MSAP-PCR gels were cut out and the DNA fragments 

purified from the agarose using the MinElute Gel Extraction Kit (Qiagen).  These PCR 

products were sequenced at the Biopolymer-Genomics Core (University of Maryland 

School of Medicine) using the MLG2 primer.  The sequences were identified using 

National Center for Biotechnology Information (NCBI) blasts.   

 

RNA isolation and miRNA analysis: 

Total RNA was extracted from sham irradiated control, Fe ion, and x-ray irradiated 

GM10115 cells at 16 - 20 population doublings post exposure using the miRNeasy Mini 

Kit (Qiagen) following kit procedures.  The extracted RNA was quantified using a 

NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE), and 

immediately stored at -80°C until analysis. 

 MiRNA microarray analysis of total RNA (5 g) was performed by LC Sciences 

LLC (Houston, TX).  Quality control for the integrity of total RNA, enrichment of 

miRNA from total RNA, labeling, hybridization to Paraflo
®

 microfluidics chip and 

scanning were performed using miRHuman/Mouse/Chinese Hamster miRNA array chips, 
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based on Sanger miR-Base Release 12.0.  Preliminary statistical analyses were performed 

on raw data normalized by the Locally-Weighted Regression (LOWESS) method on the 

background-subtracted data.  Student’s t-tests were then performed to identify differences 

in miRNA expression.  Two technical replicates were performed. 

 

Prediction of miRNA targets: 

Candidate miRNA, that changed  1.5-fold with a microarray intensity signal  100 and 

p-value  0.05, were picked for target prediction.  Four different computational programs, 

TargetScan [145], PicTar [146], MicroRNA.org [147], MicroCosm (miRBase) [148-150] 

were used to predict miRNA targets.  Targets were merged across the four databases 

using the bioinformatics resource manager program version 2.1 and overlapping targets 

in all databases were subject to the Database for Annotation, Visualization and Integrated 

Discovery (DAVID) [151, 152] pathway analysis.  DAVID analysis was performed based 

on gene ontology GOTERM BP 3, 4, and 5.  Pathways were identified using the 

Functional Annotation Clustering feature (high classification stringency) and those with 

p-value  0.05. 

 

qRT-PCR analysis of miRNA: 

The miRNA expression profiles obtained from the microarray data were validated using 

qRT-PCR.  Total RNA used for the microarray analysis was reverse transcribed to cDNA 

template and TaqMan miRNA assay was performed in triplicate by LC Sciences.  The 

hsa-let-7a miRNA, which was expressed equally in all the samples on the microarray, 

was used as an internal control.  Among the candidate miRNA identified by the array, 
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those with an intensity signal  500 were validated with qRT-PCR. 

 

Statistical analyses: 

Means and standard errors were calculated for all data points from two - four technical 

replicates.  The means were compared between samples by Student’s t-test analysis using 

the StatPlus Mac software package (AnalystSoft, Vancouver, BC).  P-values  0.05 were 

considered statistically significant. 

 

Results 

Clonogenic cell survival 

The initial direct effect of irradiation on cell survival was measured by clonogenic cell 

survival.  A statistically significant dose-dependent decrease in surviving fraction was 

observed with increasing doses of radiation (Figure 2.2A).  Immediate effects of radiation 

exposure on cell killing were higher with high LET Fe ions versus low LET x-ray 

radiation exposure.  At the same 1Gy dose, high LET irradiation induced almost two 

times more cell killing than low LET irradiation (p = 0.01).  RBE for cell killing was 

determined using these data.  Similar amounts of cell killing were observed after 0.5Gy 

and 2Gy of x-rays and 0.1Gy and 1Gy of Fe ions, respectively.  The delayed effects 

experiments, including cytogenetics, DNA methylation and miRNA expression, were 

performed using doses of similar RBE for cell killing for the two types of radiation. 
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Micronucleus Analysis 

The initial direct effects of low and high LET irradiation on chromosomal integrity were 

measured by the frequency of micronucleus formation [137].  A statistically significant 

dose-dependent increase in percent micronuclei was observed after either x-ray or Fe ion 

irradiations (Figure 2.2B).  Immediate effects of radiation exposure on chromosomal 

integrity were higher with high LET as compared to low LET radiation exposure.  At the 

same doses, 1Gy of high LET irradiation induced three times more micronuclei than 1Gy 

of low LET irradiation (p = 0.03).  Comparing micronucleus induction based on the RBE 

established for cell killing, there was no significant difference in micronucleus induction 

between 0.5Gy of x-rays and 0.1Gy of Fe ions.  However, 1Gy of Fe ions induced a 

significant increase in percent micronuclei relative to 2Gy of x-rays (p = 0.03). 
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Figure 2.2.  Immediate effects of low (x-rays) and high LET (Fe ions) radiation on 

chromosomal integrity and cell survival.  (A) Surviving fraction of GM10115 cells versus 

doses of radiation.  RBE of the doses used is determined based on clonogenic cell 

survival.  (B) Percent micronucleus induction in binucleated GM10115 cells versus doses 

of radiation. 

Fluorescence in situ hybridization 

At 16 - 20 population doublings post-irradiation clonally expanded cells obtained from 

unirradiated control and irradiated cells were tested for chromosomal instability using 

FISH for human chromosome 4.  Following x-irradiation, two, four, and six clones were 

evaluated for the 0Gy, 0.5Gy and 2Gy groups, respectively.  Following Fe ion irradiation, 

two, four, and six clones were evaluated for the 0Gy, 0.1Gy and 1Gy groups, 

respectively.  No chromosomally unstable clones were identified for any experimental 

group (data not shown).  
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Specific Locus Methylation 

Promoter methylation of the NF B, TSLC1 and CDH1 genes was studied using MSP 

assay [139]. The NF B locus was chosen since changes in its expression have been 

linked to cancer and it is also involved in cellular responses to irradiation [153, 154].  It 

has also been identified as an important gene candidate that could be involved in RIGI 

[48].  Promoter regions of tumor-suppressor genes including TSLC1, CDH1 are 

hypermethylated in cancer [155, 156].  Since radiation exposure can lead to cancer, our 

goal was to see if low and high LET irradiations at these doses lead to changes in 

promoter methylation.  At 16 - 20 population doublings after low or high LET 

irradiations, no changes in DNA methylation at the CpG sites analyzed for the promoter 

regions of NF B (four CpG), TSLC1 (three CpG) and CDH1 (nine CpG) were observed 

(Figure 2.3). 
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Figure 2.3.  Methylation specific PCR assay for the methylation status of the promoter 

regions of TSLC1, CDH1 and NF B.  (A) Methylation status of the clones observed after 

irradiation of x-rays and  (B) Fe ions.  For each radiation experiment, two clones were 

obtained from sham-irradiated cells, four clones from low dose and six clones from high 

dose irradiated cells.  The lanes marked with ‘u’ signify PCR products using primers 

specific to unmethylated promoter sequence and those marked ‘m’ signify PCR products 

using primers specific to methylated promoter sequence.  MDA (MDA-MB-231), 

positive control for uNF B.  HL60, positive control for mNF B.  AA8, positive control 

for uTSLC1 and mCDH1.  NIH (NIH3T3), positive control for mTSLC1.  410.4, positive 

control for uCDH1.  

 

X-Rays 

TSLC1 
NIH AA8 

 u   m   u   m   u   m  u   m   u  m   u   m  u   m  u   m      u   m   u   m   u   m   u   m   u   m   u   m 

0Gy 0.5Gy 2Gy 

NIH AA8 

 u   m   u   m   u   m   u  m   u   m   u  m   u   m   u   m       u   m   u  m   u   m   u   m   u   m   u   m 

0Gy 0.1Gy 1Gy 

CDH1 

NF B 

MDA  HL60 

Fe Ions 

410.4 AA8 

MDA HL60 

TSLC1 

CDH1 

NF B 

AA8 410.4 

A. 

B. 
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Bisulfite sequencing 

Aberrant expression of NF B has been shown to be potentially involved in RIGI [48], 

therefore its promoter methylation was studied more deeply using bisulfite sequencing 

(Figure 2.4).  Within the NF B promoter region twenty CpG sites were sequenced for 

each clone; control, low LET or high LET irradiated.  The first two CpG sites were 

generally methylated for all clones irrespective of experimental group.  The last two CpG 

sites did not sequence accurately due to their proximity to the primer binding site. The 

remaining sixteen CpG were unmethylated and no differences were observed among 

clones.  These bisulfite sequencing results also serve as confirmation of the results 

obtained in the NF B MSP assay. 

 

 

A. 
 
5’-

taaaatatatatttcggctcaagctttcttatgtggggaggtaatccacccgaagtatccccagcctgtacctaatacagtgcccagcacta

aagcagctcagatgccagtgaatggtggccactgggaggcctgtcagtgggtgccagtagcggtctcttcagagaaaaagaaaac

tcccctctgccagatcagtattttatgagctgtgaaccaaaaccattgctaccaccatcactataattctatcacagtaattatcataaggcct
aacaatgccttgtagatgaacattctgagtaactgctctataaccaggagatttaagaccgcaccaaaaaccagtagagggttatacttta

ctgggcacaagtcgtttatgataacgaaattgtagtttaatctgtgaagagatgtgaatgtaactgagacacgcttaaatggaatatacag

atgagctttatttttatatctggcatgcttggatccatgccgaccctccagctgctcgggcctgccttagggctatggaccgcatgactctatc

agcggcactgccaccgccgccgcctccgtgctgcctgcgttccccgaccattgggcccggcaggcgcttcctgggggcttccctaccgg

ctccagcccttgggattcgggagcgccctgctaggaagccagagccccgcaggggccgc-3’ 
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Figure 2.4.  NF B bisulfite sequencing of x-rays and Fe ions clones.  (A) Genomic 

sequence of NF B promoter region.  The binding regions of bisulfite sequencing forward 

and reverse primers are bold and underlined.  The twenty CpG sites detected in the 

sequencing are highlighted in yellow.  (B) The methylation status of the twenty CpG sites 

is shown.  The first two CpG sites were generally methylated for all clones irrespective of 

experimental group.  The last two CpG sites did not sequence accurately due to their 

proximity to the primer binding site.  The remaining sixteen CpG were mainly 

unmethylated and no differences were observed among clones.  Methylated CpG sites are 

highlighted in yellow.  Orange highlighted CpG sites did not sequence accurately.  

 

X-Rays clones 

CpG 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

A1 M U U U U U U U U U U M U U U U U U X X 

A2 M M U U U U U U U U U U U U U U U U X X 

B3 M M U U U U U U U U U U U U U U U U X X 

B4 M U U U U U U U U U U U U U U U U U X X 

B5 M M U U U U U U U U U U U U U U U U X X 

B6 M U U U U U U U U U U U U U U U U U X X 

C7 M M U U U U U U U U U U U U U U U U X X 

C8 M M U U U U U U U U U U U U U U U U X X 

C9 M M U U U U U U U U U U U U U U U U X X 

C10 M U U U U U U U U U U U U U U U U U X X 

C11 M M U U U U U U U U U M U U U U U U X X 

C12 M M U U U U U U U U U U U U U U U U X X 

Fe Ions clones 

CpG 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

C1 M M U U U U U U U U U U U U U U U U X X 

C2 M M U U U U U U U U U U U U U U U U X X 

B3 M M U U U U U U U U U U U U U U U U X X 

B4 M U U U U U U U U U U U U U U U U U X X 

B5 M M U U U U U U U U U U U U U U U U X X 

B6 M M U U U U U U U U U U U U U U U U X X 

A7 M M U U U U U U U U U U U U U U U U X X 

A8 M M U U U U U U U U U U U U U U U U X X 

A9 M M U U U U U U U U U U U U U U U U X X 

A10 M M U U U U U U U U U U U U U U U U X X 

A11 M U U U U U U U U U U U U U U U U U X X 

A12 M M U U U U U U U U U U U U U U U U X X 

B. 
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LINE-1 and Alu Methylation 

DNA methylation of LINE-1 and Alu repeat elements was evaluated by COBRA [143].  

The assay was validated using DNA from DAC-treated cells.  The validation for LINE-1 

elements was performed using both human (RKO) and hamster (AA8) cells in addition to 

GM10115 cells, since the GM10115 cells are human/hamster hybrids.  DAC treatment of 

RKO and GM10115 cells resulted in 21.8% and 2.5% decreases in LINE-1 methylation, 

respectively (RKO: p = 0.007, GM10115: p = 0.004).  Five digestion fragments were 

quantified for methylation analysis.  Four were of human origin and the extra band 

observed in GM10115 cells was confirmed to be of hamster origin with the use of the 

AA8 (hamster) cell line.  Validation of Alu elements showed 4.2% and 2.2% decreases in 

methylation after DAC treatment of RKO and GM10115 cells, respectively (RKO: p = 

0.003, GM10115: p = 0.007).  No Alu band was observed for the AA8 hamster cell line 

since Alu elements are specifically of human origin.   

The COBRA assay was performed on low and high LET clones.  For the LINE-1 

elements, hypomethylation was observed at high doses of both low and high LET 

radiation relative to controls (2Gy: p = 0.05, 1Gy: p = 0.004; Figure 2.5A).  While 

hypermethylation (p = 0.05) was observed after 0.5Gy of low LET radiation, there was 

no change in LINE-1 methylation at 0.1Gy of high LET radiation relative to controls.  In 

both low and high LET irradiations, when comparing the two doses for each, the changes 

in DNA methylation were significantly different suggesting a variation in response based 

on dose (0.5Gy vs 2Gy p = 0.02, 0.1Gy vs 1Gy p = 0.005, respectively).   

Hypomethylation of Alu elements was observed for the high doses of both low 

and high LET clones relative to controls (2Gy: p = 0.02, 1Gy: p = 0.03; Figure 2.5B).  
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While a trend for hypomethylation was observed after 0.5Gy of low LET radiation, there 

was no change in Alu methylation observed after 0.1Gy of high LET radiation when 

compared to unirradiated clones.  When comparing the two doses for each radiation type, 

the observed changes in methylation were statistically different for only the high LET 

irradiation (0.1Gy vs 1Gy p = 0.01).  However, when comparing doses at which RBE for 

cell killing is similar (0.5Gy x-rays vs 0.1Gy Fe ions, 2Gy x-rays vs 1Gy Fe ions), there 

was no statistically significant difference between the methylation changes.  
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Figure 2.5.  Changes in repeat element DNA methylation post-irradiation.  (A) LINE-1 

percent methylation and  (B) Alu percent methylation of x-ray and Fe ion irradiated 

clones.  For each dose the percent DNA methylation is normalized to control (mean value 

of two clones).  The data at low doses (0.5Gy x-rays or 0.1Gy Fe ions) represent the 

mean value of four clones and at high doses (2Gy x-rays or 1Gy Fe ions) the mean value 

of six clones.  Error bars indicate mean +/- SEM.  * p  0.05 versus sham-irradiated 

control or otherwise indicated comparisons, Student’s t-test.  Changes in percent 

methylation compared to control are LINE-1: 1.95, -3.22, 0.40, -2.45 and Alu: -11.70, -

24.15, 1.42, -13.16 for LINE-1: 0.5Gy, 2Gy, 0.1Gy, 1Gy and Alu: 0.5Gy, 2Gy, 0.1Gy, 

1Gy, respectively.  The raw mean numbers are LINE-1 x-rays: 0Gy = 68.6, 0.5Gy = 69.9, 

2Gy = 66.4; LINE-1 Fe ions: 0Gy = 69.2, 0.1Gy = 69.5, 1Gy = 67.5; Alu x-rays: 0Gy = 

17.8, 0.5Gy = 15.8, 2Gy = 13.5; and Alu Fe ions: 0Gy = 22.1, 0.1Gy = 22.4, 1Gy = 19.2. 

 

 

* * * 
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Global DNA Methylation 

Global DNA methylation was evaluated by MSAP-PCR [144].  For all clones, 

methylation at the internal cytosine (HpaII; CpG) was evaluated for eleven bands or 

cytosine residues and methylation at the external cytosine (MspI; cytosine-phosphate-

cytosine (CpC)) was evaluated for nine bands or cytosine residues (Figure 2.6). 

At the CpG sites, statistically significant hypermethylation of bands #1, 2, 5, 6, 9 

and 11 was observed after 0.5Gy of low LET irradiation (p = 0.03, 0.004, 0.03, 0.03, 

0.003, 0.03, respectively; Figure 2.7A).  There was no statistically significant change in 

methylation of bands after 2Gy of low LET irradiation.  The mean methylation of all 

these bands together suggested global hypermethylation at the CpG sites relative to 

controls after low LET irradiation.  This hypermethylation was only statistically 

significant after 0.5Gy low LET irradiation (p = 0.01; Figure 2.8A).  High LET 

irradiation resulted in statistically significant hypermethylation of bands #2 and 4 at the 

CpG sites after 0.1Gy (p =0.01, 0.009, respectively), however, statistically significant 

hypomethylation of bands #4 and 11 after 1Gy (p = 0.04, 0.002, respectively; Figure 

2.7B).  Although not statistically significant, the mean methylation of all these bands 

together suggested high LET irradiation caused hypermethylation after 0.1Gy and 

hypomethylation after 1Gy irradiation at the CpG sites when compared to unirradiated 

controls (Figure 2.8A).  In both low and high LET irradiations, when comparing the two 

doses for each, the changes in DNA methylation were significantly different suggesting a 

variation in response based on dose (0.5Gy vs 2Gy p = 0.01, 0.1Gy vs 1Gy p = 0.001, 

respectively).   
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At the CpC sites, statistically significant hypermethylation of band #8 was 

observed after 0.5Gy of low LET irradiation (p = 0.03), however, statistically significant 

hypomethylation of bands #5 and 8 after 1Gy (p = 0.02, 0.001, respectively; Figure 

2.7C).  The mean methylation of all these bands together suggested hypermethylation 

after low LET irradiation though not statistically significant (Figure 2.8B).  High LET 

irradiation resulted in statistically significant hypomethylation of bands #7, 8 and 9 at the 

CpC sites after 0.1Gy (p =0.02, 0.01, 0.02, respectively), and statistically significant 

hypomethylation of bands #5, 6, 7, 8 and 9 after 1Gy (p = 0.03, 0.03, 0.02, 0.002, 0.03, 

respectively; Figure 2.7D).  The mean methylation of all these bands together suggested 

high LET irradiation caused hypomethylation after 0.1Gy and 1Gy irradiations at the 

CpC sites when compared to unirradiated controls (Figure 2.8B).  However, statistically 

significant results were observed only after 1Gy of high LET irradiation (p = 0.03).  

There was no statistically significant difference between the two doses for either low or 

high LET irradiations.  When comparing doses at which RBE for cell killing is similar, 

there was no statistically significant difference between the methylation changes of both 

CpG and CpC sites (0.5Gy x-rays vs 0.1Gy Fe ions, 2Gy x-rays vs 1Gy Fe ions). 

 The quantitated eleven amplified DNA bands from the HpaII PCR and the nine 

amplified DNA bands from the MspI PCR were also isolated and sequenced (Figure 2.6).  

Two of the HpaII sequences (bands #4 and 10) were identified as CpG islands and one of 

the MspI sequences (band #9) was identified as a protein tyrosine phosphatase receptor 

type f (PTPR-F) promoter sequence (Figures 2.9, 2.10 and 2.11).  The remaining 

seventeen sequences were unknown.  
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Figure 2.6.  Agarose gel pictures of the MSAP assay in the x-ray and Fe ion irradiated 

clones.  (A) Internal cytosine (CpG) methylation and  (B) External cytosine (CpC) 

methylation of clones.  For the internal and the external cytosine, eleven and nine bands 

were analyzed for each sample, respectively.  An increase in band intensity indicates an 

increase in methylation.  These bands were also sequenced.  At CpG, two were identified 

to be CpG islands (band #4: ~490bp, band #10: ~175bp) and at CpC, one was identified 

to be protein tyrosine phosphatase receptor type f (PTPR-F) promoter (band #9: ~130bp). 
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Figure 2.7.  Effects of irradiation on DNA methylation of each MSAP band observed.  

(A) Internal cytosine (CpG) percent methylation of x-ray clones.  (B) CpG percent 

methylation of Fe ion clones.  (C) External cytosine (CpC) percent methylation of x-ray 

clones.  (D) CpC percent methylation of Fe ion clones.  For the internal and the external 

cytosine, eleven and nine bands were analyzed for each sample, respectively.  The mean 

percent methylation for each band from each dose group was normalized to the mean 

percent methylation of control.  The control was determined as the mean value of two 

unirradiated clones.  The data at low doses (0.5Gy x-rays or 0.1Gy Fe ions) represent the 

mean value of four clones and at high doses (2Gy x-rays or 1Gy Fe ions) the mean value 

of six clones.  Error bars indicate mean +/- SEM.  * p  0.05 versus sham-irradiated 

control, Student’s t-test.  Changes in percent methylation compared to control and the 

raw mean numbers are shown on Table 2.1. 

 

 

 

 

 

 

 

 

 



   

 

60 

 

 

 

 

Table 2.1.  Raw mean numbers and changes in percent methylation compared to control.  

(A) Internal cytosine (CpG) methylation of x-ray clones.  (B) CpG methylation of Fe ion 

clones.  (C) External cytosine (CpC) methylation of x-ray clones.  (D) CpC methylation 

of Fe ion clones. 

A.
Band 0 Gy 0.5 Gy 2.0 Gy %  0.5 Gy %  2.0 Gy

1 2088.4 2281.7 2188.1 9.07 4.10

2 4293.7 5140.6 4126.2 19.59 -4.11

3 1852.7 1758.8 1689.2 -4.54 -8.39

4 1866.8 1879.7 1799.8 0.73 -3.92

5 767.2 875.2 779.1 14.53 1.30

6 1061.2 1243.0 1121.0 18.93 7.15

7 1295.7 1378.2 1243.4 6.38 -4.28

8 2536.2 2816.4 2560.9 12.94 2.91

9 1245.2 1815.7 1478.3 48.89 25.74

10 4071.6 4375.1 4106.0 8.62 1.89

11 607.3 784.3 648.4 36.84 14.97

B.
Band 0 Gy 0.1 Gy 1.0 Gy %  0.1 Gy %  1.0 Gy

1 1790.3 1860.8 1770.2 3.74 1.14

2 3305.7 3626.7 3601.7 9.61 8.66

3 1467.1 1522.2 1352.6 3.83 -7.49

4 1497.1 1798.3 1334.9 20.52 -10.77

5 757.3 810.3 680.8 10.15 -4.67

6 1003.1 1158.4 991.5 16.14 -0.37

7 1064.0 1156.6 1025.7 8.73 -4.15

8 2424.2 2480.2 2150.8 2.43 -10.46

9 1401.5 1506.2 1290.2 6.98 -7.41

10 3464.9 3466.2 3185.0 0.37 -6.74

11 547.1 477.2 334.3 -14.32 -39.73

C.
Band 0 Gy 0.5 Gy 2.0 Gy %  0.5 Gy %  2.0 Gy

1 1029.3 977.5 967.0 17.66 33.87

2 2763.3 2727.9 2565.9 2.15 -2.54

3 1485.9 1593.7 1414.4 15.82 -0.16

4 2314.2 2517.3 2350.1 9.82 3.57

5 4958.2 4905.5 4673.3 -1.17 -5.56

6 2220.4 2108.4 2173.2 -6.64 -1.45

7 3333.7 3771.1 3198.5 13.98 -2.85

8 998.1 1131.8 929.7 13.41 -6.91

9 1295.0 1436.4 1207.1 13.09 -4.74

D.
Band 0 Gy 0.1 Gy 1.0 Gy %  0.1 Gy %  1.0 Gy

1 1046.5 1063.9 1104.9 0.80 12.70

2 2972.7 2878.1 2730.4 -2.31 -2.31

3 1636.1 1628.7 1444.2 -1.86 -11.15

4 2402.9 2483.2 2158.7 3.92 -6.54

5 4530.9 4549.9 3927.7 1.02 -11.11

6 2428.6 2205.6 1880.4 -9.78 -19.61

7 4000.4 3413.6 2819.8 -16.14 -26.63

8 1187.1 1006.5 821.2 -18.59 -29.94

9 1548.5 1295.7 1029.5 -19.63 -30.69
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Figure 2.8.  Effects of irradiation on global DNA methylation.  (A) Internal cytosine 

(CpG) percent methylation and  (B) External cytosine (CpC) percent methylation of x-ray 

and Fe ion clones.  For the internal and the external cytosine, eleven and nine bands were 

analyzed for each sample, respectively.  The mean percent methylation for all bands from 

each dose group was normalized to the mean percent methylation of control.  The control 

was determined as the mean value of two unirradiated clones.  The data at low doses 

(0.5Gy x-rays or 0.1Gy Fe ions) represent the mean value of four clones and at high 

doses (2Gy x-rays or 1Gy Fe ions) the mean value of six clones.  Error bars indicate 

mean +/- SEM.  * p  0.05 versus sham-irradiated control or otherwise indicated 

comparisons, Student’s t-test.  Changes in percent methylation compared to control are 

CpG: 15.64, 3.40, 6.20, -7.66 and CpC: 8.68, 1.47, -6.95, -13.92 for CpG: 0.5Gy, 2Gy, 

0.1Gy, 1Gy and CpC: 0.5Gy, 2Gy, 0.1Gy, 1Gy, respectively.  The raw mean numbers are 

CpG x-rays: 0Gy = 1971.5, 0.5Gy = 2213.5, 2Gy = 1976.4; CpG Fe ions: 0Gy = 1702.0, 

* 

* 
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0.1Gy = 1805.7, 1Gy = 1610.7; CpC x-rays: 0Gy = 2266.5, 0.5Gy = 2352.2, 2Gy = 

2164.4; and CpC Fe ions: 0Gy = 2417.1, 0.1Gy = 2280.6, 1Gy = 1990.8. 
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Figure 2.9. The sequence of the HpaII band #4 - CpG island. The NCBI blast results are 

shown on the top.  On the bottom, the sequence attained from sequencing is highlighted 

in pink.  The rest of the sequence was obtained from the NCBI.  The potential enzyme cut 

site, CCGG, is highlighted in yellow. 

>emb|AL669824.13|  Mouse DNA sequence from clone RP23-396G1 on chromosome 2 Contains 
the 5' end of the gene for a novel protein containing HEAT 
repeat domains, the gene for the orthologue of H. sapiens 
chromosome 20 open reading frame 77 (C20orf77), the Tgm2 gene 
for transglutaminase 2 C polypeptide and a CpG island, complete 
sequence
Length=139077

 Score =  407 bits (450),  Expect = 3e-110
 Identities = 309/363 (86%), Gaps = 30/363 (8%)
 Strand=Plus/Plus

Query  1       TTTCTGTCCTTACTGTACCGTGTCTCAGGGCTTTGTTCCTTTTCACTGCCAAGCAATACT  60
               ||||||||||||||||| ||||| ||||||||| ||||||||||||||||||| ||||||
Sbjct  102170  TTTCTGTCCTTACTGTAGCGTGTATCAGGGCTTCGTTCCTTTTCACTGCCAAGTAATACT  102229

Query  61      CCATGGTCCATACACCATAGTTTATTTGTCTC----TTAAGTTAATGGACAGGTGGGTTG  116
               |||||||||||||| ||||||||||| |||||    |||||||| ||| |||||||||||
Sbjct  102230  CCATGGTCCATACAGCATAGTTTATTGGTCTCTTAATTAAGTTAGTGGGCAGGTGGGTTG  102289

Query  117     CTTCCACTTTTTATCCAATGCGGATGACGGCACCGACAACATCATTGAACATCTTTCTGT  176
               ||| |||||||| ||   |||||||||||||||||||||||||| |||||||||||||||
Sbjct  102290  CTTTCACTTTTTCTCTCCTGCGGATGACGGCACCGACAACATCACTGAACATCTTTCTGT  102349

Query  177     GTGCACGCGTGCTTCCATTTCTCATGGATAAATATCTG---CAGGTGGAATAAGTGGGAA  233
               || |||| |||||    ||||||||||||   | ||||   ||  |  |||||||  |||
Sbjct  102350  GTCCACGGGTGCT----TTTCTCATGGAT---TTTCTGGTTCA--TACAATAAGTACGAA  102400

Query  234     ATAGGGTAACTCCTTACTTATCACTCTGGTCTTCTGAGCCTTACTTTCTCAGCCCCCGGG  293
               |      |||||||||||||||||| ||||||||||||||| |||||||||        |
Sbjct  102401  A------AACTCCTTACTTATCACTTTGGTCTTCTGAGCCTGACTTTCTCA--------G  102446

Query  294     GCTACTAATGGGGAAACAATGTGTGGATAAACCCAAGGCTTCCAATGTCCAGGGTCCTGG  353
               |||||||||||||||||| |||||||||||||||||||||||||||||||||||||||||
Sbjct  102447  GCTACTAATGGGGAAACAGTGTGTGGATAAACCCAAGGCTTCCAATGTCCAGGGTCCTGG  102506

Query  354     AAA  356
               |||
Sbjct  102507  AAA  102509

 101521 gagccgagat gacaggcatg tactaactaa gatgcttcat atttcttgct ataggacagc  
 101581 agctgaggac actgtctaga ggcagctcgt tagccatcgt gaagggtgta gatcaagtgt  
 101641 gacctgcagc tggctggaat ggacatggta ctgaacgatt aagggtttac gaaggcccca
 101701 gggaccctct gactttaccc agtgggcagg agtacccgta atcacggaca actgtctaca  
 101761 gaatgcaccg taccctcaaa cggacggcac cacctcctct ctgctccctc atttcacaaa  
 101821 acaaagaagc cggaagggaa tgggatgttt actgagcatg cccaagcaaa tcccccagac  
 101881 agaacccagg ctgcggctct cagctcagcc ttctcccttc ccctgctcat actaatcatt  
 101941 tagatggctt tattgagata gaactcacat gccgtacaag ttagttcaat ggcctccagt  
 102001 ccagacaact gcacccatga agacagtcta cagaattccc ataatcccct agttccaact  
 102061 ccccatccct ccgcatctca aggcccaggc agccacctgt ctccttcctc tctataggtg  
 102121 catcacacat tctgacagct ttggtttctg ttttcttcca cttagcctat ttctgtcctt  
 102181 actgtagcgt gtatcagggc ttcgttcctt ttcactgcca agtaatactc catggtccat  
 102241 acagcatagt ttattggtct cttaattaag ttagtgggca ggtgggttgc tttcactttt  
 102301 tctctcctgc ggatgacggc accgacaaca tcactgaaca tctttctgtg tccacgggtg  
 102361 cttttctcat ggattttctg gttcatacaa taagtacgaa aaactcctta cttatcactt  
 102421 tggtcttctg agcctgactt tctcaggcta ctaatgggga aacagtgtgt ggataaaccc  
 102481 aaggcttcca atgtccaggg tcctggaaac aagcctgccc ctttcctgtc ctccccacat  
 102541 cctctcccct cctctcttta ggccattctt cagagagcgg tgggacaact cctctctaac  
 102601 tgctgggtct tgggtaagtc tgtgacctga gattccacgg ctctgacagt agctgtggat  
 102661 tcatgggaac agagttacag agcagctttt tgtgtctgta aattttctca acactcactg  
 102721 agagtctggt cctgttcaag gctggacacg acttccgtgg gcacagcttc tcattttgat  
 102781 ggcttatttc ttttcccact tgacacagaa cccacgggct tcatggtgtt catggtccct 
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Figure 2.10.  The sequence of the HpaII band #10 - CpG island. The NCBI blast results 

are shown on the top.  On the bottom, the sequence attained from sequencing is 

highlighted in pink. The rest of the sequence was obtained from the NCBI.  The potential 

enzyme cut site, CCGG, is highlighted in yellow. 

 

 

 

 

 

 

 

>emb|AL627074.11|  Mouse DNA sequence from clone RP23-465A17 on chromosome 3 Cont
a glycine cleavage system protein H (aminomethyl carrier) 
(Gcsh) pseudogene, a lysosomal associated protein transmembrane 
pseudogene, the 3' end of the Spata5 gene for spermatogenesis 
associated 5, a px19-lie protein (PX19) pseudogene 
and a CpG island, complete sequence
Length=177133

 Score =  183 bits (202),  Expect = 1e-43
 Identities = 103/104 (99%), Gaps = 0/104 (0%)
 Strand=Plus/Minus

Query  1       AGCTTTTCCAGAGAGGCATTTCCTTCCTTGAGGTCCTCACAGAAAAGTCTGCTTTATTTT  60
               ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  162798  AGCTTTTCCAGAGAGGCATTTCCTTCCTTGAGGTCCTCACAGAAAAGTCTGCTTTATTTT  162739

Query  61      TAGTAATATCCTGGCTCCTGGTATTGTGTTTGTGCACATAATCC  104
               ||||||||||||||||||||||||||| ||||||||||||||||
Sbjct  162738  TAGTAATATCCTGGCTCCTGGTATTGTATTTGTGCACATAATCC  162695

 
162361 actgcacatt gtgcatcctg cgttccagca gcccagcctt cttggcttga cagtgtgctg  
162421 caccctcctc ttctgattca ttttactctg atttcttcct ttcctgtgga cttaatcagc  
162481 cagcccggca ctgaggacga attccattcg gaaacacact ggggaagaag gcaaaagaat 
162541 tttggcaaaa tcacaaaatg ggaataataa tacagagatc ggaatggaac acccacccat   
162601 ctcacccggg tgctgggaga attaattaac gtctgtaaag gcctttgagt tccttggggg   
162661 gacgtgccac cagacagcta gcgttattgt ggagggatta tgtgcacaaa tacaatacca   
162721 ggagccagga tattactaaa aataaagcag acttttctgt gaggacctca aggaaggaaa   
162781 tgcctctctg gaaaagctta actctccttt aattccatcg cttgggctgc cggggacaga   
162841 acagcaaagc cgagattcca ctgtgagaag aggattatgt tttctgagca ttgtcaaggt   
162901 gctggggaac aaaacaaaat cgctggtttg ccaaaagaag gttatagtct ttggacaaga   
162961 gattaagaga ctgtttggct agtgcacttc gtagcctgtc cgcaggggga aaaggcaaca   
163021 ggaaagcaaa tgtttgtttg catttgaggg aaaagagttt tttacaaaac gggaagaaag   
163081 ggaactgcct cagatgaaag ccgccatcag cagcggcgcc ctcagtaaat ctcccagaat   
163141 tccccatgta tttttttcca tctgcgtgtc tctcaagcag acacttccaa atcctagatg   
163201 gttaaaacaa ggaagaaccc tgcttgtgtt tacagaggaa gaccacgtta actttatacg 
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Figure 2.11.  The sequence of the MspI band #9 - PTPR-F promoter. The NCBI blast 

results are shown on the top.  On the bottom, the sequence attained from sequencing is 

highlighted in pink. The rest of the sequence was obtained from the NCBI.  The potential 

enzyme cut sites CCTG and CAGG are highlighted in gray and green, respectively. 

>emb|AL807774.10|  Mouse DNA sequence from clone RP23-198L2 on chromosome 4 Contains 
the 5' end of the Ptprf gene for protein tyrosine phosphatase 
receptor type F and a CpG island, complete sequence
Length=67374

 Score =  194 bits (214),  Expect = 1e-46
 Identities = 124/134 (93%), Gaps = 1/134 (0%)
 Strand=Plus/Minus

Query  1      GGAGACATCGCTTGGCCTTCACATATGAGCACAAGGACAATGCCTCCCCTCCAGGCCTAG  60
              ||||||||| ||||||||||||||||||||||||||||| |||||||||||||||||| |
Sbjct  47636  GGAGACATCACTTGGCCTTCACATATGAGCACAAGGACA-TGCCTCCCCTCCAGGCCTCG  47578

Query  61     GAGCAGGGCAGCAGGGGCAGGTCCGCAAGGACCTTGTGCTCAGAGTTTGACAATGTGGCC  120
              ||||||||||||||||||||||| ||| ||||| |||||||||||||||||||| ||| |
Sbjct  47577  GAGCAGGGCAGCAGGGGCAGGTCTGCATGGACCCTGTGCTCAGAGTTTGACAATCTGGTC  47518

Query  121    TGAGCCCTGGCTTT  134
              |||| | |||||||
Sbjct  47517  TGAGACTTGGCTTT  47504

 46741 agcggttaag agcactgact gctctttcag gggtcctgag ttcaattccc agcaaccaca  
 46801 tggtggctca caaccaacta taatggaatc cgatgccctc ttctggtgtg tctgaagata  
 46861 gctacaaggt actcatatac atttaattaa ttaatttaaa aaaacagtga agatattttt  
 46921 cccttctgtt cacaaggagc caccagatgt gaatgaccag gtcaagaaag tttccctcac  
 46981 cagggcttag gcagtcaccc tgcaatcttc ggtggtcttg gcatttatga atagagaagc  
 47041 ccacctgtct tttctgctca ccaccctgaa tgtcagtaat gtgaggttta tttggtggtc  
 47101 ctgtacctct gcccagttta gtggctgtga tactcacagg taggagggct gaagccccgc  
 47161 cccacccccg ccccctggct gaaggcggca gacccactca ctgctaaact agctaggctt  
 47221 ctgctttggg tcactcagac ctacattctg gggccaccac agccatctca ggctctcaaa  
 47281 ctattggtct ctgtcccatc tctcacctac tttttggccc ctatttggta tagtacatat  
 47341 gaaggctggg cagaagaaca ctgggacccc tatggtctaa tttcagaatg tatagcacct  
 47401 ggctgcccac aaactcaggg gaatgaaaca gaggctcagg ccctgaggcc acaggatgag  
 47461 agaacagtct tggggggggg gactagatgg catatgaaga aataaagcca agtctcagac  
 47521 cagattgtca aactctgagc acagggtcca tgcagacctg cccctgctgc cctgctccga  
 47581 ggcctggagg ggaggcatgt ccttgtgctc atatgtgaag gccaagtgat gtctcctggc  
 47641 agcagtgctg tgtctgctgt gtcccagccc cagggtgcag ggtgagggaa gcgccagatg  
 47701 tcagttccca ctctctattc accctttgtc cagatcctgg gcccactgga tgcccctcaa  
 47761 gttcatgacg tcagtacatc tcttagctgg ttgaaatcga attacatttc agcctgagtc  
 47821 cccaccccac caggtcagca gcagttctgt tatccctcac agctgccttt accctcccct  
 47881 tgctgaaagt gcaagaattc tggggctttg cacagcccca aagttggtcc gtctgtgctc  
 47941 ctgagccttt cagggagagc tttaaacaga tactcgaaca gtggccatca ctgtaatggg  
 48001 gtatcccact atgcactgtc cacttctcca aggcctcact ttcccatcct cattccccct  
 48061 tcatcccagg ctctttctag gcagctccac ccttcacaaa gcttcagcct ttagtccttg  
 48121 gcgtggttcc ccctgcccac ccccccagcc accgacagct gctttccaag gtggtggggt  
 48181 agacagtgct gtttacctgc cctcccgcat gcctctgacg gacgtacgtc aagaagagct  
 48241 cagaagacac aatcaccagt tcgccttcct cccggtacag atgggagaga aaggctgagt  
 48301 cccttgaaca caaaagcctg gctaatgtct ctgcttcctt gccagtgagt cactgtggtg  
 48361 gagcatgata caggagctga tttctcaatg gaacaagcta atgatgactt caccctagca  
 48421 ggactcccta atgtccttat cgccaagtga agccacccac acctgctcct tcctgcccat  
 48481 ccccgtggtt tctaagggac tggaggttgc tgtccagcag atgctctgac ttcttcaagg 
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MiRNA 

Microarrays were used to identify the miRNA differentially expressed between the 

irradiated groups and the unirradiated controls based on defined criteria (p  0.05, signal 

 100, and fold change  1.5; Table 2.2).  After low LET irradiations, six miRNA were 

differentially expressed compared to control (hsa-miR-1305, hsa-miR-1826, hsa-miR-

720, mmu-miR-34c*, mmu-miR-680, mmu-miR-720).  Only three miRNA, however, 

were changed after high LET irradiations compared to control (hsa-miR-107, hsa-miR-

181d, mmu-miR-674).  Among the candidate miRNA identified by the microarray, those 

with a signal equal to or above 500 were validated with qRT-PCR (Table 2.2).  Mmu-

miR-680 could not be validated at 0.5Gy (fold change = 1.19).  MiRNA differentially 

expressed after high LET irradiations were not validated with qRT-PCR due to low 

intensity signal (<500).  Final validation of these miRNA requires knockdown or 

overexpression analysis and eventually a biological readout. 

 

Table 2.2.  MiRNA altered after x-ray irradiation, identified by microarray analysis and 

validated by qRT-PCR. 

 

Fold Change Fold Change

Microarray qRT-PCR

0.5 Gy 2.0 Gy 0.5 Gy 2.0 Gy

miRNA

hsa-miR-1826 -1.54 -2.38 -1.44 -2.42

mmu-miR-680 3.07 3.33 1.19 2.00
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 The gene targets for these miRNA were identified using four different databases 

and the merged list of gene targets was used for pathway analysis using the DAVID 

database.  Two major pathways, including chromatin remodeling, and DNA methylation 

were identified with those miRNA differentially expressed after low LET irradiations 

relative to control (p  0.05).  Mmu-miR-680 had no known statistically significant 

pathways thought to contribute to RIGI but hsa-miR-1826 is involved in both chromatin 

remodeling and DNA methylation including DNMT1 (Table 2.3).  The gene targets were 

not validated.   

 

 

Table 2.3.  Target genes of altered miRNA and the functional pathways in which they are 

involved. 

 

Discussion 

Immediate effects of radiation exposure on chromosomal integrity and cell survival 

showed more damage with high LET versus low LET radiation exposure.  At the same 

doses (1Gy), high LET irradiation induced three times more micronuclei and almost two 

times more cell killing than low LET irradiation.  Based on cell killing, similar number of 

cells survived after 1Gy of high LET and 2Gy of low LET radiation, therefore high LET 

irradiation was able to elicit the same effects at much lower doses.  To account for this 

difference, doses at similar RBE based on cell killing between low and high LET 

Chromatin remodeling DNA methylation

miRNA

hsa-miR-1826 ATRX, ATF7IP, WHSC1L1, DNMT1, BAZ2ATBL1XR1, AEBP2, ING4, SATB2, BRCC3, 

HP1BP3, CREBBP, PHF17, WHSC1L1, SETD7, 

DNMT1, JMJD1C, HDAC9, SMC1A, BAZ2A
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radiation were used to study the changes in epigenetics.  When the methylation changes 

for both repeat element and genome-wide DNA methylation were compared at doses that 

RBE for cell killing is similar, there was no statistically significant difference. Cell 

killing post-irradiation demonstrates a dose-dependent response analogous to the targeted 

effects of irradiation including DNA damage as observed by the micronucleus assay. 

However, non-targeted effects, such as epigenetics and RIGI, may not be dose, LET or 

RBE dependent.  

In addition to radiation quality and radiation dose, dose rate also determines the 

RBE.  Generally as the dose rate is lowered and the exposure time extended, the 

biological effect of a given dose is reduced.  The effects of low LET irradiations are more 

dependent on dose rate than densely ionizing high LET irradiations.  Dose rate effect has 

been shown for the induction of delayed micronuclei [157, 158].  Limoli et al. 

demonstrated the lack of dose rate effect in the induction of chromosomal aberrations 

[32, 159].  The difficulty in making a conclusion regarding radiation quality and dose rate 

effects on the generation of RIGI has been reviewed [160].  It has also been stated that 

the induction of RIGI after low LET irradiation is mostly dose dependent rather than dose 

rate [161].  Considering the non-targeted nature of changes in epigenetics, they may also 

not be dose rate dependent. 

NF B has been shown to be involved in cellular responses to radiation and cancer 

[153, 154].  In addition, previous studies in our lab have identified it as an important gene 

candidate potentially involved in RIGI [48].  TSLC1 and CDH1 genes also play a role in 

cancer progression and it has been shown that their promoter regions are hypermethylated 

in cancer cells [155, 156].  Since radiation exposure can lead to cancer, we measured the 
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promoter methylation of NF B, TSLC1 and CDH1 to determine if low and high LET 

irradiation cause alterations in DNA methylation of these promoter regions.  At the doses 

examined and after 16 - 20 population doublings post-irradiation, neither low LET x-rays 

nor high LET Fe ions were capable of causing changes in DNA methylation at these 

promoter regions.  These results were in agreement with unpublished data from the 

Baulch lab as they observed no change in cyclin-dependent kinase inhibitor 2A (p16) or 

O
6
-methylguanine-DNA methyltransferase (MGMT) promoter methylation after both low 

LET x-ray and high LET Fe ion irradiations.  Results were also in agreement with the 

observations of Kovalchuk et al. demonstrating a lack of change in MGMT promoter 

methylation following in vivo low LET x-ray irradiation of mice [103].  This same study 

by Kovalchuk et al., however, showed changes in p16 promoter methylation in liver 

tissue in vivo.  It is possible that our current study may be limited in observing such 

changes since an in vitro cell culture model was used.  Endpoints observed in complex 

tissue systems or whole organisms could be different than those observed in cells in vitro.  

Also, methylation changes might occur at different promoter regions of different genes or 

such changes may be acquired at later post-irradiation times.  

LINE-1 and Alu repeat elements comprise about 30 percent of the human genome 

and they are normally hypermethylated [162, 163].  Hypomethylation of these repeat 

elements can lead to genomic instability and cancer [164-166].  Both low and high LET 

radiation exposures resulted in hypomethylation of repeat elements LINE-1 and Alu, 

except for the hypermethylation of LINE-1 at 0.5Gy of low LET radiation relative to 

controls.  These results are in agreement with the low LET radiation studies in the 

literature [167].  Unpublished data from the Baulch lab showed significant 
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hypomethylation of LINE-1 elements in the RKO cancer cell line following exposure to 

1Gy of low LET x-rays.  In the same study, hypomethylation of LINE-1 and Alu 

elements was observed in both RKO and AG01522D cell lines after 0.1 and 1Gy of high 

LET Fe ion irradiation while in our study we observed hypomethylation only at the 

higher doses.  Radiation-induced hypermethylation of repeat elements is not commonly 

observed in the literature, however, unpublished data from the Baulch lab demonstrated 

hypermethylation in the AG01522D human diploid skin fibroblast cell line post 1Gy of 

low LET x-rays.  Since any aberration in DNA methylation may be detrimental to the 

cell, the radiation-induced change itself may be more important than the direction of the 

change.  While the differences in the cell lines could account for the different 

observations, the non-targeted nature of epigenetic changes could also account for the 

variability in observed responses.  Epigenomic instability is a delayed, non-targeted 

effect of irradiation similar to genomic instability.  Non-targeted effects occur at higher 

frequencies than expected from Poisson statistics of particle hits to surviving cell nuclei 

or from conventional gene mutation frequencies.  Even for low LET radiation studies in 

the literature, there are many differences in terms of changes in methylation that may be 

due to radiation doses, dose rates, cell lines, in vivo vs in vitro or post-irradiation time 

points [132].  The changes in repeat element methylation observed in this assay are not 

large percent changes.  However, the LINE-1 assay evaluates just two CpG sites and the 

Alu assay evaluates one CpG site.  As a result, the changes in this assay may represent a 

large global change in methylation.  Hypomethylation observed in the repeat elements 

could potentially lead to instability.  However, FISH analysis suggested chromosomal 

stability in these clones, therefore, the methylation analyses suggest that the 



   

 

71 

hypomethylation observed might arise in the cell without initiating RIGI.  It should be 

noted that in this study RIGI was based on the stability of chromosome 4 in the 

human/hamster cell line and even though it was found to be stable, other end points for 

genomic instability may be present and may reveal a long-term effect [6].  Since 

hypomethylation leads to genomic instability in cancer, even though RIGI is not observed 

in these clones, it could be that radiation-induced hypomethylation may possibly lead to 

RIGI at later times or in clones that were not investigated in this study. 

In cancer cells, the general trend of genome-wide methylation is hypomethylation 

[168].  This is in reference to CpG methylation, as DNA is thought to be predominantly 

methylated at these sites.  Numerous studies in the past and also more recently have 

identified methylation at non-CpG sites [51-53, 55, 56].  However, it is controversial as 

to whether or not it exists in mammalian somatic cells [134].  For example, Rein et al. 

[135] have stated that non-CpG methylation does not occur and those reported by 

Woodcock et al. may be an experimental artifact [54].  In our global DNA methylation 

assay, we measure both the CpG methylation (internal cytosine methylation) and non-

CpG methylation (external cytosine methylation).  Non-CpG methylation can occur at 

cytosine-phosphate-adenine (CpA), cytosine-phosphate-thymine (CpT), and CpC sites 

but with this assay we are only measuring CpC methylation.  At the CpG site, 0.5Gy of 

low LET irradiation resulted in global hypermethylation and 1Gy of high LET irradiation 

resulted in a trend in global hypomethylation.  At the CpC site, global hypomethylation 

after high LET irradiations were observed.  However, the methylation status of the 

individual bands needs to be validated for direct evidence of CpC methylation.  In terms 

of low LET radiation-induced global CpG methylation, both hyper and hypomethylation 
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have been shown [132].  After low LET 
60

Co gamma-radiation, Kalinich et al. only 

observed hypomethylation, whereas, Kaup et al. observed both global hypomethylation 

and hypermethylation [97, 104].  Unpublished data from the Baulch lab observed 

hypomethylation after low LET x-rays and hypermethylation after high LET Fe ions 

irradiations.  Even though the direction of methylation change between the studies are not 

always in agreement, the difference in the induction of methylation changes between low 

LET x-rays and high LET Fe ions are demonstrated in both of these studies.  In terms of 

global non-CpG methylation, the literature provides no comparisons since non-CpG 

methylation post-irradiation has not been evaluated previously.  The genomic regions that 

were measured to determine global DNA methylation were sequenced.  Many sequences 

were unknown possibly due to the lack of a known complete hamster genome sequence.  

The sequences could also be repeat elements.  A study using the same technique in 

human cell lines also could not identify sequences and those identified were mostly 

repeat elements [104].  This assay also suggests that methylation changes might arise in 

the cell without initiating RIGI.  However, the methylation status of the sequences was 

not validated with bisulfite sequencing or any other method, therefore, strong conclusions 

are not possible at this point. 

The different outcomes in epigenetic changes between low and high LET 

radiations have also been observed with miRNA results.  MiRNA regulate a number of 

cellular pathways and deregulation of miRNA expression levels can lead to cancer [81, 

82].  In terms of validated miRNA, while two were altered post-low LET irradiation, 

none was altered after high LET irradiation based on our criteria.  A number of studies 

have shown changes in miRNA using different cell lines and doses of low LET 
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irradiations [132].  However, the changes in miRNA expression post-high LET 

irradiations have not been studied previously.  Even though different miRNA have been 

identified, the non-validated functional roles of the miRNA are in agreement with many 

studies in the literature [132].  Low LET radiation exposed mouse embryonic stem cells 

showed alteration in the expression of miRNA that target genes involved in response to 

DNA damage [120].  Maes et al. observed alterations in miRNA expression in post low 

LET x-ray irradiated human fibroblasts and these miRNA target genes involved in 

radioresponsive mechanisms, such as cell cycle checkpoints and apoptosis [121].  The 

changes in these pathways induced by alterations in miRNA expression are those 

observed in cells with RIGI [132].  Alterations in the expression of miRNA and 

especially those involved in the pathways mentioned above have also been shown to be 

present in cancer cells [81].  The clones in this study are stable suggesting that the lack of 

changes in miRNA expression might be the reason behind the non-initiation of RIGI.  

The research thus far have not shown direct initiation of RIGI due to radiation-induced 

changes in miRNA expression, therefore, it could be that miRNA expression changes 

may not play a role in RIGI.  Though further examination will help better determine the 

relationship between radiation-induced miRNA changes and RIGI. 

This study shows that epigenetic changes including subtle alterations in DNA 

methylation and a few miRNA expression changes do occur both post low or high LET 

irradiations.  Different doses and qualities (LET) of radiation can show different effects 

on the epigenetics of the cell.  Differences in these epigenetic responses might be 

predicted, since the mechanisms of DNA damage induced by x-rays and Fe ions and 

DNA repair following irradiations are known to be different [169, 170].  Low LET 
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radiations, like x-rays, produce sparse ionizations within the irradiated cells while high 

LET radiations, like Fe ions, produce dense or clustered ionizations along their beam 

track.  DNA damage induced by x-rays is mainly through indirect effects like oxidative 

stress while Fe ions induce direct DNA damage.  DNA repair after high LET irradiations 

is much slower than after low LET irradiations [171].  In addition, the induction of 

oxidative stress by Fe ions is shown to be lower than x-rays [172].  Thus, oxidative stress 

plays a more significant role in inducing damage after x-ray exposure.  Studies have 

shown reactive oxygen species induction of epigenetic changes [106-108].  Therefore, 

oxidative stress may be contributing to elevated levels of epigenetic changes after x-ray 

irradiations.  

Our study is one of the few that has studied DNA methylation and miRNA 

expression changes after high LET irradiation.  We observed clear LET and dose 

dependence of irradiation on cell killing and micronucleus induction, direct effects of 

irradiation.  Using RBE equivalent doses for cell killing, we also observed differences in 

miRNA expression at delayed times post irradiation that were based on LET.  A higher 

number of miRNA were altered after low LET x-ray exposure than after high LET Fe ion 

exposure and the magnitude of the changes observed following x-ray exposure suggested 

possible dose dependence.  While our DNA methylation data also suggest possible dose 

dependence, LET dependence of radiation-induced changes in DNA methylation is less 

clear.  The literature demonstrates that delayed non-targeted radiation effects including 

bystander effects and genomic instability are not always dose, dose rate, LET or RBE 

dependent [160].  Whether radiation-induced epigenetic changes are also independent of 

these factors remains to be clarified.  
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Chapter 3: EPIGENETIC ALTERATIONS IN RADIATION-INDUCED 

 

GENOMICALLY UNSTABLE CLONES 

 

 

 
Abstract 

 
Radiation-induced genomic instability (RIGI) is thought to be important in the process of 

carcinogenesis, however, the mechanism by which this occurs remains to be elucidated.  

Morgan and colleagues developed genomically unstable clones in which they studied the 

mechanism of RIGI.  Radiation-induced mutations, double-strand breaks, or changes in 

messenger RNA (mRNA) levels alone could not account for the perpetuation of RIGI, 

therefore, epigenetics, including DNA methylation and microRNA (miRNA) expression, 

could be the missing link.  This study tests the hypothesis that epigenetic aberrations are 

perpetuated in chromosomally unstable clones with RIGI.  Stable and unstable clones 

were characterized based on chromosomal instability.  The clones were evaluated for 

specific locus methylation of nuclear factor-kappa B (NF B), tumor suppressor in lung 

cancer 1 (TSLC1) and cadherin 1 (CDH1) gene promoter regions, long interspersed 

nuclear element 1 (LINE-1) and Alu repeat element methylation, CpG and non-CpG 

global methylation, miRNA and gene expression levels.  In stable clones, compared to 
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controls, only a few changes were observed in DNA methylation and in miRNA 

expression.  In the unstable clones, alterations in repeat element and global DNA 

methylation and miRNA expression were observed.  DNA methylation analyses 

predominantly showed hypomethylation, however hypermethylation was also observed.  

MiRNA with altered expression levels in unstable clones are involved in apoptosis and 

chromatin remodeling.  This study shows that epigenetic alterations can be perpetuated in 

unstable clones with RIGI.  

 

Introduction 

Radiation-induced genomic instability (RIGI) is a delayed, long-lasting effect of ionizing 

radiation that manifests in the unirradiated progeny of irradiated cells as an increased 

heritable frequency of nuclear genetic alterations.  RIGI is a non-targeted phenomenon 

that is thought to contribute to radiation carcinogenesis, however, the mechanisms 

underlying this process are poorly understood [1, 2].  What initiates RIGI and causes it to 

persist over time is still unknown, even after evaluating numerous endpoints including 

double-strand breaks, mutations, gene expression, disruption of mitochondrial processes, 

cell cycle arrest, and apoptotic cell death [132].  Potential mechanisms may involve 

epigenetic alterations, including changes in DNA methylation and microRNA (miRNA) 

expression.  Epigenetic aberrations are observed following irradiation, associated with 

genomic instability, and found in cancer cells [132].  Therefore, we are testing the 

hypothesis that epigenetic aberrations are perpetuated in chromosomally unstable clones 

with RIGI. 
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In cancer cells, global hypomethylation can lead to the initiation of genomic 

instability [50]. Especially, hypomethylation of repeat elements, including long 

interspersed nuclear elements 1 (LINE-1) and Alu elements, can lead to chromosomal 

instability, translocations, and gene disruption caused by the reactivation of transposable 

DNA sequences [63]. In addition, hypermethylation of tumor-suppressor genes can lead 

to their transcription inactivation and oncogene transcription can be activated due to 

hypermethylation of their gene promoters. 

MiRNA expression plays an important role in the regulation of cellular pathways 

including cellular proliferation, differentiation, and apoptosis [81].  Deregulation of 

miRNA synthesis or expression levels can result in disruption of these cellular pathways 

that could lead to carcinogenesis [82].  Certain miRNA, such as miR-34c, have also been 

shown to be involved in the control of genomic instability [173].  

These epigenetic changes could be missing links in the mechanism of RIGI [132].  

Therefore, it is important to understand the changes in epigenetic profiles in unstable 

clones with RIGI.  To date, studies have predominantly evaluated radiation-induced 

epigenetic changes, while little is known regarding epigenetic aberrations in the progeny 

of the irradiated cells with RIGI. 

Only one study has directly correlated RIGI with epigenetic changes [104].  In 

HPV-G cells, following exposure to 
60

Co gamma-radiation, RIGI manifested as 

reproductive cell death, reduced cloning efficiency at successive passages, increased 

apoptosis, and an increased proportion of chromosomally aberrant cells at 20 passages 

post-irradiation.  In these cells, RIGI was shown to be predominantly associated with 

DNA hypermethlyation of mostly repeat elements and pericentromeric spermidine N1-
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acetyltransferase 2 (SAT2) satellite sequences.  However, non-specific DNA 

hypomethylation was also observed. 

In this study, GM10115 cells and stable and unstable clones developed from 

irradiated GM10115 cells are being used.  The status of specific locus, repeat element, 

and genome-wide DNA methylation, miRNA, and gene expression profiles were 

evaluated to determine the correlations between epigenetic alterations and RIGI.  The 

results of these experiments show differences in DNA methylation changes and miRNA 

expression alterations based on instability. 

 

Materials & Methods 

Cell culture: 

The human-hamster hybrid cell line, GM10115, contains a single copy of human 

chromosome 4 in a background of 20-24 hamster chromosomes (Human Genetic Mutant 

Cell Repository, Camden, NJ).  AA8 is a Chinese hamster ovary (CHO) cell line 

(American Type Culture Collection (ATCC)).  These cell lines were maintained in high 

glucose Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine 

serum (FBS, Hyclone, Logan, UT), 2 mM L-glutamine (Invitrogen, Carlsbad, CA), 0.2 

mM L-proline (Sigma, St. Louis, MO) at 34°C (AA8 at 37°C) with 5% CO2.  RKO is a 

human colorectal carcinoma cell line (ATCC), which was maintained in low glucose 

Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS, 

Hyclone, Logan, UT), 2 mM L-glutamine (Invitrogen, Carlsbad, CA) at 37°C with 5% 

CO2.  Cell cultures were routinely screened for the presence of mycoplasma (Bionique 

Testing Laboratories, Inc., Saranac Lake, NY).   
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Cells treated with the DNA methylation inhibitor 5-aza-2’deoxycytidine (DAC, 

Sigma) were plated at a low density (1x10
6
 cells in T-175 flasks) 24 hours before 

treatment.  Every 24 hours fresh medium containing 5 μM DAC was added to cultures 

for 5 days prior to harvesting.   

 

Analysis of chromosomal instability: 

Stable and unstable colonies were isolated from irradiated parental GM10115 cells by 

isolating and clonally expanding a surviving irradiated cell [5, 6, 32].  Two stable (114, 

118) and four unstable clones (CS9, LS12, 115 and Fe5.0-8), isolated from GM10115 

cells irradiated with 10Gy of X-rays or 5Gy of iron ions were used in this study (Table 

3.1).  The clones were characterized by cytogenetic analysis of metaphase chromosomes 

using fluorescence in situ hybridization (FISH) for human chromosome 4 (Figure 3.1).  

The biotin labeling of the pBluescript vector-based library of human chromosome 4-

specific DNA sequences (pBS4) and the details of the FISH procedure have been 

described previously [5].  Metaphase spreads were scored using a Zeiss Axioskop 

microscope equipped with a dual-band pass fluorescein isothiocyanate (FITC)/Texas Red 

filter set.  A stable clone was defined as one that contained a homogenous metaphase 

population with a unique rearrangement (translocation) or no rearrangement of the human 

chromosome with hamster chromosomes.  An unstable clone was defined as one that 

contained three or more metaphase subpopulations with different rearrangements of the 

human chromosome.  Each of these rearranged subpopulations constituted  5% of the 

200 metaphases scored.   
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Figure 3.1.  Fluorescence in situ hybridization (FISH) pictures of normal, stable and 

unstable clones showing different types of subpopulations.  FISH is performed on human 

chromosome 4, which is labeled by fluorescein isothiocyanate (FITC; green fluorescing).  

Hamster chromosomes are stained with propidium iodide (PI; red fluorescing).

Table 3.1.  Classification of clones based on the number of chromosomal aberrations 

acquired at delayed times post-irradiation. 

  

 

 

  

 

Clones  Radiation Classification Number of 
Subpopulations

a 
Aberrant 

Metaphases
b 

Metaphases 
Counted 

GM10115 - Parental 1 0% 200 

114 10Gy X-rays Stable 1 100% 200 

118 10Gy X-rays Stable 1 0% 200 

CS9 10Gy X-rays Unstable 4 100% 200 

LS12 10Gy X-rays Unstable 5 100% 207 

115 10Gy X-rays Unstable 4 100% 206 

Fe5.0-8 5Gy Fe ions Unstable 3 95% 200 

 a   Number of different abnormal metaphase subpopulations showing distinct types of chromosome aberrations 

b   Percentage of metaphases scored showing chromosomal aberrations 
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DNA isolation and bisulfite treatment: 

DNA was extracted from cells using the DNeasy kit using standard methods (Qiagen, 

Valencia, CA) and stored in TE buffer at -20°C.  Bisulfite modification of genomic DNA 

was performed using the EpiTect bisulfite kit using standard methods (Qiagen).  Bisulfite 

treated DNA was used in specific locus methylation, bisulfite sequencing and repeat 

element methylation analyses.  Bisulfite treatment selectively deaminates cytosine but not 

5-methylcytosine to uracil [138] and during PCR uracil is replaced by thymine.  This 

leads to a primary sequence change in the DNA that allows cytosine to be distinguished 

from 5-methylcytosine. 

 

Specific locus methylation: 

Promoter methylation of nuclear factor-kappa B (NF B), tumor suppressor in lung 

cancer 1 (TSLC1) and cadherin 1 (CDH1) were studied using the methylation-specific 

PCR (MSP) assay [139].  The genomic sequences for the promoter regions of human 

NF B p105, hamster TSLC1, and hamster CDH1 [140-142] were used to design 

methylation specific primers in the MSPprimer program, www.mspprimer.org.  A 20 μl 

PCR was carried out in RNase-free water using 20 ng bisulfite treated genomic DNA, 10 

μl HotStarTaq Plus Master Mix (1 unit of HotStarTaq DNA Polymerase, 200 μM of each 

dNTP, 1.5 mM MgCl2; Qiagen), locus specific MSP PCR primers (5 pmol TSLC1, 

CDH1; 10 pmol NF B).  Primer sequences are as follows: NF B unmethylated (uNF B), 

forward 5’-AAG TAG TTT AGA TGT TAG TGA ATG-3’ and reverse 5’-AAA CCC 

CCA AAA AAC ACC TAC CAA ACC CAA TAA TCA AAA AAC A-3’; NF B 

methylated (mNF B), forward 5’-AAG TAG TTT AGA TGT TAG TGA ATG-3’ and 
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reverse 5’-CCA AAA AAC GCC TAC CGA ACC CAA TAA TCG AAA AAC G-3’; 

TSLC1 unmethylated (uTSLC1), forward 5’-TTT ATA GGG TTT TGT TTT TAG GTG 

G-3’ and reverse 5’-AAA AAC TAC CTC CCA AAC CCA AAC A-3’; TSLC1 

methylated (mTSLC1), forward; 5’-TTT ATA GGG TTT TGT TTT TAG GTG G-3’ and 

reverse 5’-CTC CCG AAC TCC CGA ACC CGA ACG-3’); CDH1 unmethylated 

(uCDH1) forward 5’-GAT TTG AAT GAA TGT GAA TTA GGA AGT TTT TTT AGG 

TTG GTT TTG-3’ and reverse 5’-TAA CCA AAC AAA CAC CAA ACA AAC ACA 

AAA CTC AAA TAC AAT CA-3’); CDH1 methylated (mCDH1), forward 5’-ATT CGA 

ACG AAT GTG AAT TAG GAA GTT  TTT TTA GGT CGG TTT C-3’ and reverse 5’-

CCG AAC AAA CAC GAA ACT CGA ATA CGA TCG-3’.  PCR cycling conditions 

were 95°C for 15 s, annealing temperature (uNF B; 48.9°C, mNF B; 47.3°C, uTSLC1; 

55.0°C, mTSLC1; 55.0°C, uCDH1; 52.0°C, mCDH1; 48.6°C) for 15 s and 72°C for 15 s 

for 40 cycles.  Control bisulfite treated DNA was included for all PCR.  MDA-MB-231 

(human breast cancer), uNF B reaction; HL60 (human promyelocytic leukemia), mNF B 

reaction; AA8 (Chinese hamster ovary), uTSLC1 and mCDH1 reactions; NIH3T3 (mouse 

embryonic fibroblast), mTSLC1 reaction; 410.4 (mouse mammary cancer) uCDH1 

reaction.  DNA of these cell lines used as controls were obtained from colleagues.  

Controls without DNA were performed for all PCR.  PCR products were resolved on 3% 

agarose gels (Sigma).  Gels were stained using ethidium bromide.  Images were captured 

using a MultiImage Light Cabinet camera with ChemiImager 4400 software (Alpha 

Innotech Corporation, San Leandro, CA).  Two technical replicates were performed for 

each sample. 
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Bisulfite sequencing: 

Promoter methylation of NF B was further studied by bisulfite sequencing.  Primers 

were generated from the genomic sequence for the promoter region of human NF B p105 

[140].  Each PCR reaction was performed in a total volume of 20 μl under the following 

conditions: RNase-free water using 160 ng of bisulfite treated DNA, 10 μl HotStarTaq 

Plus Master Mix, 10 pmol of the NF B primers (forward; 5’-AAG TAG TTT AGA TGT 

TAG TGA ATG-3’, reverse; 5’-AAA CTC TAA CTT CCT AAC AAA AC-3’).  PCR 

cycling conditions were 95°C for 15 s, annealing temperatures 55°C for 15 s and 72°C 

for 15 s for 40 cycles.  PCR products were resolved on 3% agarose gels to confirm 

reaction quality.  Gels were stained using ethidium bromide and images were digitally 

captured.  For sequencing, the PCR products were treated with ExoSAP-IT (USB, 

Cleveland, OH) and bisulfite sequencing was performed at the Institute for Genome 

Sciences, University of Maryland Biopark.  Three technical replicates were performed. 

 

Repeat element methylation: 

LINE-1 and Alu repeat element DNA methylation was evaluated by combined bisulfite 

restriction analysis (COBRA) [143].  For analysis of LINE-1 a 50 μl PCR was carried out 

in RNase-free water using 25 μl HotStarTaq Plus Master Mix, 100 picomoles of each 

PCR primer (forward; 5’-TTG AGT TGT GGT GGG TTT TAT TTA G-3’, reverse; 5’-

TCA TCT CAC TAA AAA ATA CCA AAC A-3’) and 100 ng of bisulfite-treated 

genomic DNA.  PCR cycling conditions were 95°C for 30 s, 50°C for 30 s and 72°C for 

60 s for 35 cycles.  The final PCR product was digested with 10 U of HinfI restriction 

enzyme (Fermentas, Glen Burnie, MD).  The digested PCR products were separated by 
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electrophoresis on 2.0% Metaphor high resolution agarose gels (Lonza, Rockland, ME).  

For analysis of Alu elements a 50 μl PCR was carried out in RNase-free water using 25 

μl HotStarTaq Plus Master Mix, 50 pmol of forward primer (5’-GAT CTT TTT ATT 

AAA AAT ATA AAA ATT AGT-3’), 50 pmol of reverse primer (5’-GAT CCC AAA 

CTA AAA TAC AAT AA-3’), and 100 ng of bisulfite-treated genomic DNA.  PCR 

cycling conditions were 96°C for 90 s, 43°C for 60 s and 72°C for 120 s for 35 cycles.  

The PCR product was then digested with 10 U of MboI (Fermentas).  The digested PCR 

product was then separated by high resolution agarose gel electrophoresis (2.5% 

Metaphor agarose, Lonza).  Gels were stained using ethidium bromide, images were 

digitally captured and the intensity of bands on the gel were quantified using Quantity 

One software (BioRad, Hercules, CA).  The optical densities were used to calculate the 

percent of the total repetitive element DNA that is methylated and the percent repetitive 

element DNA that is unmethylated.  A total of four technical replicates were performed.  

The restriction enzymes used, MboI and HinfI, both have cytosine in their cut site 

therefore only methylated cytosines will be cut at these intact restriction sites.  After gel 

electrophoresis, the top uncut band represents unmethylated or mutated sequences and the 

lower, cut bands represent methylated repeat elements. 

 

Global DNA methylation: 

Global DNA methylation was evaluated by methylation-sensitive arbitrarily primed PCR 

(MSAP-PCR) [144].  Restriction enzyme digestion of 2 μg of genomic DNA was 

performed by using either 20 units of RsaI, 20 units each of RsaI and methylation-

sensitive restriction enzyme HpaII, or 20 units of each of RsaI and methylation-sensitive 
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restriction enzyme MspI at 37°C for 16 h.  Restriction digested DNA was amplified using 

arbitrarily primed PCR with a single primer (MLG2: 5’-AAC CCT CAC CCT AAC CCC 

GG-3’).  PCR reactions were performed in a total volume of 50 μl under the following 

conditions: RNase-free water, 25 μl HotStarTaq Plus Master Mix, 50 pmol of the MLG2 

primer and 200 ng of genomic DNA.  Five cycles at low-stringency conditions of 94°C 

for 30 s, 40°C for 60 s, 72°C for 90 s were done before increasing the stringency of the 

PCR to 94°C for 15 s, 55°C for 15 s, 72°C for 60 s for another 30 cycles.  PCR products 

were resolved on high resolution 1.8% Metaphor agarose gels (Lonza).  Gels were 

stained using ethidium bromide.  Images were digitally captured and the intensity of 

bands on the gel were quantified using Quantity One.  Four technical replicates were 

performed. 

The RsaI restriction enzyme was used to generate smaller fragments of DNA and 

reduce the number potential artifacts that might be amplified in the arbitrarily primed 

PCR.  HpaII does not cut DNA if the internal cytosine of its restriction site (CCGG) is 

methylated and therefore the bands generated in the PCR of DNA digested by 

RsaI+HpaII lane are methylated at the internal cytosine.  MspI is unable to cut DNA 

when the external cytosine (CCGG) is methylated and therefore the bands generated in 

the PCR of DNA digested by RsaI+MspI are methylated at the external cytosine.  All the 

restriction enzymes were titrated and the concentrations were chosen in excess to ensure 

complete digestion for all reactions.  Each new lot of enzyme was tested for consistent 

activity and result as compared to the previous lot.  The MLG2 primer was designed with 

a 3’ end complementary to the recognition sequence of the HpaII and MspI cut site, 

CCGG.  Therefore, whenever the restriction enzymes are unable to digest the DNA, it is 
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amplified and a band is observed on the gel.  An increase in band intensity indicates an 

increase in methylation.  Band intensity was measured to determine numerically the 

change in DNA methylation.  For the HpaII and the MspI lane, eleven and nine bands 

were analyzed for each sample, respectively.  The mean percent methylation for all bands 

from each dose group was normalized to the corresponding mean percent methylation for 

all bands from sham-irradiated controls. 

The bands observed on the MSAP-PCR gels were cut out and the DNA fragments 

purified from the agarose using the MinElute Gel Extraction Kit (Qiagen).  These PCR 

products were sequenced at the Biopolymer-Genomics Core (University of Maryland 

School of Medicine) using the MLG2 primer.  The sequences were identified using 

National Center for Biotechnology Information (NCBI) blasts.   

The validation of the methylation status of the identified three bands was 

performed by bisulfite sequencing.  Each PCR reaction was performed in a total volume 

of 20 μl under the following conditions: RNase-free water using 50 ng of bisulfite treated 

DNA, 10 μl HotStarTaq Plus Master Mix, 10 pmol of the primers CpG1 (forward; 5’-

TGA TTT TAT TTA GTG GGT AGG AGT A-3’, reverse; 5’-TAA ATT CTA TCT 

CAA TAA AAC CAT C-3’), CpG2 (forward; 5’-TAT TGG GGA AGA AGG TAA AAG 

A-3’, reverse; 5’-CCT TCC TTA AAA TCC TCA CAA-3’), PTPR-F (forward; 5’-AGG 

GGA ATG AAA TAG AGG TT-3’, reverse; 5’-ACC TTA TAC TCA AAA TTT AAC 

AAT C-3’).  PCR cycling conditions were 95°C for 15 s, annealing temperature 49°C for 

15 s and 72°C for 15 s for 40 cycles.  PCR products were resolved on 3% agarose gels to 

confirm reaction quality.  Gels were stained using ethidium bromide and images were 

digitally captured.  For sequencing, the PCR products were cloned into competent 
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bacteria using the TOPO cloning kit (Invitrogen, Carlsbad, CA) and subsequent plasmid 

mini preparation (Invitrogen, Carslbad, CA).  Sequencing was performed at the 

Biopolymer-Genomics Core (University of Maryland School of Medicine) using the T3 

primer (5’-ATT AAC CCT CAC TAA AGG GA-3’.  For each sample, ten clones were 

sequenced.  

 

RNA isolation, miRNA and gene expression analysis: 

Total RNA was extracted from GM10115 cells, stable and unstable clones using the 

miRNeasy Mini Kit (Qiagen) following kit procedures.  The extracted RNA was 

quantified using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, 

Wilmington, DE), and immediately stored at -80°C until analysis. 

 MiRNA microarray and gene expression microarray analyses of total RNA were 

performed by LC Sciences LLC (Houston, TX).  For miRNA microarray, quality control 

for the integrity of total RNA, enrichment of miRNA from total RNA, labeling, 

hybridization to Paraflo
®

 microfluidics chip and scanning were performed using 

miRHuman/Mouse/Chinese Hamster miRNA array chips, based on Sanger miR-Base 

Release 12.0.  Preliminary statistical analyses were performed on raw data normalized by 

the Locally-Weighted Regression (LOWESS) method on the background-subtracted data.  

Student’s t-tests were then performed to identify differences in miRNA expression.  Two 

technical replicates were performed. 

For gene expression microarray analysis, quality control for the integrity of total 

RNA was performed and then the Affymetrix’s GeneChip IVT Express kit was used for 

cDNA synthesis and in vitro transcription.  To measure mRNA levels the Affymetrix 
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GeneChip Mouse Genome 430 2.0 Array was used, with data processed by the 

Affymetrix software Command Console and Expression Console using MAS5.0 Analysis 

Algorithms.  Three technical replicates were performed. 

 

Prediction of miRNA targets: 

Candidate miRNA, that changed  1.5-fold with a microarray intensity signal  100 and 

p-value  0.05, were picked for target prediction.  Three different computational 

programs, TargetScan [145], MicroRNA.org [147], MicroCosm (miRBase) [148-150] 

were used to predict miRNA targets.  Targets from the three databases were combined.  

The potential miRNA targets were merged with gene targets identified by the gene 

expression microarray using the Bioinformatics Resource Manager program version 2.1 

and overlapping targets in all databases were subject to the Database for Annotation, 

Visualization and Integrated Discovery (DAVID) [151, 152] pathway analysis.  DAVID 

analysis was performed based on gene ontology GOTERM BP 3, 4, and 5.  Pathways 

were identified using the Functional Annotation Clustering feature (high classification 

stringency). 

 

qRT-PCR analysis of miRNA: 

Candidate miRNA identified by the array with an intensity signal > 500 and involved in 

pathways of interest were validated using qRT-PCR.  Total RNA used for the microarray 

analysis was reverse transcribed to cDNA template and TaqMan miRNA assay was 

performed in triplicate by LC Sciences.  The hsa-miR-16 miRNA, which was expressed 

equally in all the samples on the microarray, was used as an internal control. 
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Statistical analyses: 

Means and standard errors were calculated for all data points from two - four technical 

replicates.  The means were compared between samples by Student’s t-test analysis using 

the StatPlus Mac software package (AnalystSoft, Vancouver, BC).  P-values  0.05 were 

considered statistically significant. 

 

Results 

Specific Locus Methylation 

NF B, TSLC1 and CDH1 promoter methylation was ascertained using methylation-

specific PCR (MSP) assay [139]. Changes in the expression of NF B gene have been 

linked to cancer [153].  NF B is also involved in cellular responses to irradiation and was 

identified as an important gene candidate that could be involved in RIGI [48, 154].  

TSLC1 and CDH1 tumor-suppressor genes are also involved in cancer and their promoter 

regions are hypermethylated in cancer cells [155, 156].  We investigated these genes to 

see if clones with RIGI acquired any changes in their promoter methylation since RIGI is 

thought to be an early event in radiation carcinogenesis.  Four, three and nine CpG sites 

were analyzed for NF B, TSLC1 and CDH1 promoter regions, respectively.  Neither in 

stable nor in unstable clones changes in DNA methylation at these CpG sites were 

observed (Figure 3.2A).  

For the unstable clones LS12 and 115, very faint bands were observed in the 

unmethylated NF B lane.  PCR with primers designed to amplify the entire NF B 

promoter region in order to determine the decrease in band intensity observed in the 

unmethylated NF B lane was performed.  These results showed a faint band in unstable 
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clone LS12 and no band in unstable clone 115 suggesting potential mono- and bi-allelic 

deletion of this region, respectively (Figure 3.2B).  This might also suggest that LS12 

clone is heterogeneous and NF B promoter is deleted in subpopulations of cells.  FISH 

analysis for chromosome 4 also shows a heterogeneous LS12 clone with 5 different 

subpopulations, therefore, some of these subpopulations may have lost a piece of 

chromosome 4 that includes NF B promoter. 
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Figure 3.2.  Methylation status of the promoter regions of TSLC1, CDH1 and NF B using 

methylation specific PCR assay.  (A) Methylation status of the stable and unstable clones.  

The lanes marked with ‘u’ signify PCR products using primers specific to unmethylated 

promoter sequence and those marked ‘m’ signify PCR products using primers specific to 

methylated promoter sequence.  MDA (MDA-MB-231), positive control for uNF B.  

HL60, positive control for mNF B.  AA8, positive control for uTSLC1 and mCDH1.  

NIH (NIH3T3), positive control for mTSLC1.  410.4, positive control for uCDH1.  (B) 

PCR of complete NF B promoter region. 
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Bisulfite sequencing 

Promoter methylation of NF B was studied in more detail using bisulfite sequencing 

since it has been shown to be potentially involved in RIGI in unstable clones [48].  For 

each clone (control, stable or unstable) twenty CpG sites were sequenced within the 

NF B promoter region (Figure 3.3).  The first two CpG were generally methylated for all 

clones.  The last two CpG did not sequence accurately due to their proximity to the 

primer binding site.  The remaining sixteen CpG were unmethylated and no differences 

were observed among clones (114, 118, CS9, LS12, Fe5.0-8) compared to control 

GM10115.  These bisulfite sequencing results also serve as confirmation of the results 

obtained in the NF B MSP assay.  In addition, these results confirmed the very faint band 

observed in the unmethylated NF B lane for the unstable clone LS12 since the bisulfite 

sequencing showed unmethylated CpG sites.  The NF B promoter region sequence was 

not amplified by PCR for the unstable clone 115, therefore no bisulfite sequencing could 

be performed. 
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Figure 3.3.  NF B bisulfite sequencing of stable and unstable clones.  (A) Genomic 

sequence of NF B promoter region.  The binding regions of bisulfite sequencing forward 

and reverse primers are bold and underlined.  The twenty CpG sites detected in the 

sequencing are highlighted in yellow.  (B) The methylation status of the twenty CpG sites 

is shown.  The first two CpG sites were generally methylated for all clones irrespective of 

experimental group.  The last two CpG sites did not sequence accurately due to their 

proximity to the primer binding site.  The remaining sixteen CpG were mainly 

unmethylated and no differences were observed among clones.  Methylated CpG sites are 

highlighted in yellow.  Orange highlighted CpG sites did not sequence accurately.  Green 

labeled clone 115 could not be sequenced since the promoter region did not amplify. 

 

A. 
 
5’-

taaaatatatatttcggctcaagctttcttatgtggggaggtaatccacccgaagtatccccagcctgtacctaatacagtgcccagcacta

aagcagctcagatgccagtgaatggtggccactgggaggcctgtcagtgggtgccagtagcggtctcttcagagaaaaagaaaac

tcccctctgccagatcagtattttatgagctgtgaaccaaaaccattgctaccaccatcactataattctatcacagtaattatcataaggcct
aacaatgccttgtagatgaacattctgagtaactgctctataaccaggagatttaagaccgcaccaaaaaccagtagagggttatacttta

ctgggcacaagtcgtttatgataacgaaattgtagtttaatctgtgaagagatgtgaatgtaactgagacacgcttaaatggaatatacag

atgagctttatttttatatctggcatgcttggatccatgccgaccctccagctgctcgggcctgccttagggctatggaccgcatgactctatc

agcggcactgccaccgccgccgcctccgtgctgcctgcgttccccgaccattgggcccggcaggcgcttcctgggggcttccctaccgg

ctccagcccttgggattcgggagcgccctgctaggaagccagagccccgcaggggccgc-3’ 

CpG 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

GM M M U U U U U U U U U U U U U U U U X X 

114 M M U U U U U U U U U U U U U U U U X X 

118 M M U U U U U U U U U U U U U U U U X X 

CS9 M U U U U U U U U U U U U U U U U U X X 

LS12 M M U U U U U U U U U U U U U U U U X X 

115 X X X X X X X X X X X X X X X X X X X X 

FE M M U U U U U U U U U U U U U U U U X X 

B. 
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LINE-1 and Alu Methylation 

LINE-1 and Alu repeat element DNA methylation was evaluated by COBRA [143].  

DNA from DAC-treated cells was used to validate the assay.  For LINE-1 elements, both 

human (RKO) and hamster (AA8) cells in addition to GM10115 cells were used for 

validation since the GM10115 cells are human/hamster hybrids.  RKO and GM10115 

cells resulted in 21.8% and 2.5% decreases in LINE-1 methylation after DAC treatment, 

respectively (RKO, p = 0.007; GM10115, p = 0.004).  For methylation analysis, five 

digestion fragments were quantified.  Four were of human origin and the extra band 

observed in GM10115 cells was confirmed to be of hamster origin with the use of the 

AA8 (hamster) cell line.  Alu elements validation showed 4.2% and 2.2% decreases in 

methylation after DAC treatment of RKO and GM10115 cells, respectively (RKO: p = 

0.003, GM10115: p = 0.007).  For the AA8 hamster cell line, no Alu band was observed 

since Alu elements are of human origin.   

The COBRA assay was performed on stable and unstable clones.  For the LINE-1 

elements, hypermethylation was observed in the unstable clones CS9 and LS12 relative 

to controls (CS9, p = 0.02; LS12, p = 0.01; Figure 3.4A).  No change in methylation was 

observed for any of the stable clones.   

Hypomethylation of Alu elements was observed for the unstable clones 115 and 

Fe5.0-8 relative to controls (115, p = 0.03; Fe5.0-8, p = 0.005; Figure 3.4B).  There was 

no change in methylation for any of the stable clones. 
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Figure 3.4.  Altered repeat element DNA methylation in the clones.  (A) LINE-1 percent 

methylation and  (B) Alu percent methylation of stable and unstable clones.  For each 

clone the percent DNA methylation is normalized to control.  Error bars indicate mean 

+/- SEM.  * p  0.05 versus GM10115 control, Student’s t-test.  Change in percent 

methylation compared to control is LINE-1: 0.50, 1.67, 2.89, 4.29, 1.16, 0.51 and Alu: 

0.81, 6.37, 5.10, 2.01, -11.67, -24.95 for LINE-1: 114, 118, CS9, LS12, 115, Fe5.0-8 and 

Alu: 114, 118, CS9, LS12, 115, Fe5.0-8, respectively.  The raw mean numbers are LINE-

1: GM = 70.83, 114 = 71.17, 118 = 72.00, CS9 = 72.87, LS12 = 73.85, 115 = 71.64, 

Fe5.0-8 = 71.70, Alu: GM = 19.76, 114 = 19.92, 118 = 21.04, CS9 = 20.75, LS12 = 

20.12, 115 = 17.40, Fe5.0-8 = 14.78. 
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Global DNA Methylation 

Global DNA methylation was evaluated by MSAP-PCR [144].  For all clones, 

methylation at the internal cytosine (HpaII; CpG) was evaluated for eleven bands or 

cytosine residues and methylation at the external cytosine (MspI; cytosine-phosphate-

cytosine (CpC)) was evaluated for nine bands or cytosine residues (Figure 3.5).   

At the CpG sites, statistically significant hypermethylation of band #2 was 

observed in the stable clone 118 (p = 0.01), however, there was statistically significant 

hypomethylation of bands #8 and 9 in the stable clone 118 (p = 0.04, 0.04, respectively) 

and the unstable clones 115 (p = 0.001, 0.05, respectively) and Fe5.0-8 (p = 0.04, band #9 

only; Figure 3.6A).  The mean methylation of all the bands together suggested no change 

in methylation in either the stable or unstable clones relative to control (Figures 3.7A).  

At the CpC sites, statistically significant hypomethylation of bands #1, 2, 3, 6, 8 

and 9 was observed (Figure 3.7B).  In the stable clone 114, only band #8 was 

hypomethylated (p = 0.01).  In the unstable clone LS12, bands #1, 2, 6 and 8 were 

hypomethylated (p = 0.02, 0.04, 0.0006, 0.008, respectively).  In the unstable clone 115, 

bands #1, 6 and 9 were hypomethylated (p = 0.005, 0.04, 0.04, respectively).  In the 

unstable clone Fe5.0-8, bands #1, 2 and 3 were hypomethylated (p = 0.005, 0.04, 0.007, 

respectively).  The mean methylation of all the bands together indicated statistically 

significant hypomethylation in the unstable clones LS12, 115 and Fe5.0-8 relative to 

control (LS12, p = 0.002; 115, p = 0.003; Fe5.0-8, p = 0.002; Figures 3.7B).  However, 

no statistically significant change in methylation was observed in any of the stable clones. 

 The quantitated amplified DNA from the HpaII and the MspI PCR were also 

isolated and sequenced (Figure 3.5).  Seventeen sequences out of the twenty sequenced 
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were unknown, two of the HpaII sequences (bands #4 and 10) were identified as CpG 

islands and one of the MspI sequences (band#9) was identified as a protein tyrosine 

phosphatase receptor type f (PTPR-F) promoter sequence (Figures 3.8, 3.9 and 3.10).  

The validation of the methylation status of these three bands was performed by 

bisulfite sequencing.  For each band, ten clones were sequenced for one stable (118) and 

one unstable clone (115).  There was no difference in the methylation patterns of these 

sequences between the stable and unstable clones 118 and 115.  For band#4, out of the 

two possible CpG sites one was unmethylated and the other was methylated, however, 

CCGG site could not be identified (Figure 3.8).  For band #10, all five CpG sites 

including the CCGG site were methylated (Figure 3.9).  For band #9, four potential CpC 

sites were unmethylated and a CpG site was methylated (Figure 3.10).  CCGG site could 

not be identified and CpC methylation was not present. 
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Figure 3.5.  Agarose gel pictures of the global DNA methylation assay in the clones.  (A) 

Internal cytosine (CpG) methylation and  (B) External cytosine (CpC) methylation of 

stable and unstable clones.  For the internal and the external cytosine, eleven and nine 

bands were analyzed for each sample, respectively.  An increase in band intensity 

indicates an increase in methylation.  These bands were also sequenced.  At CpG, two 

were identified to be CpG islands (band #4: ~490bp, band #10: ~175bp) and at CpC, one 

was identified to be protein tyrosine phosphatase receptor type f (PTPR-F) promoter 

(band #9: ~130bp). 

A. B. 
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Figure 3.6.  Changes in DNA methylation of each MSAP band observed in the clones.  

(A) Internal cytosine (CpG) percent methylation of stable and unstable clones.  (B) 

External cytosine (CpC) percent methylation of stable and unstable clones.  For the 

internal and the external cytosine, eleven and nine bands were analyzed for each sample, 

respectively.  The mean percent methylation for each band from each clone was 

normalized to the mean percent methylation of control.  Error bars indicate mean +/- 

SEM.  * p  0.05 versus GM10115 control, Student’s t-test.  Changes in percent 

methylation compared to control and the raw mean numbers are shown on Table 3.2. 
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Table 3.2.  Raw mean numbers and changes in percent methylation compared to 

GM10115 control.  (A) Internal cytosine (CpG) methylation of stable and unstable 

clones.  (B) External cytosine (CpC) methylation of stable and unstable clones. 

 

 

 

 

 

 

A.

Band GM 114 118 CS9 LS12 115 Fe %  114 %  118 %  CS9 %  LS12 %  115 %  Fe

1 2782.3 2863.4 3025.6 3124.8 2940.9 2763.4 3073.6 4.02 9.80 13.99 7.86 1.45 11.99

2 2810.0 2952.6 3260.0 3185.5 3204.0 3025.3 2782.2 5.80 16.31 14.14 15.42 9.02 -0.40

3 1976.3 1617.2 1726.1 1937.2 1995.7 1931.8 2010.0 -15.68 -8.78 0.17 1.87 -2.80 2.79

4 1532.4 1511.5 1578.9 1548.8 1458.7 1469.6 1550.6 -0.66 2.81 1.99 -2.60 -2.20 2.56

5 1176.7 1163.8 1169.7 1187.7 1189.4 1161.8 1205.8 -1.00 -0.52 1.24 1.61 -0.79 2.84

6 1747.7 1688.0 1728.8 1723.8 1678.6 1658.9 1791.6 -3.48 -1.13 -1.10 -3.64 -4.92 2.64

7 1742.5 1808.3 1752.7 1778.4 1755.3 1711.2 1768.0 3.64 0.52 1.98 0.55 -2.06 1.57

8 2549.4 2443.9 2438.6 2380.7 2285.1 2138.5 2288.3 -4.11 -4.37 -6.42 -10.12 -16.13 -10.07

9 1356.7 1263.4 1258.3 1212.6 1167.5 1130.3 1127.6 -6.11 -6.96 -9.83 -13.14 -16.05 -16.20

10 3169.9 3112.4 3215.2 3215.7 3198.5 2925.4 3202.9 -1.40 1.57 1.54 0.75 -6.63 1.09

11 1335.3 1286.3 1396.1 1334.4 1224.9 1262.6 1348.8 -3.06 4.59 1.21 -6.50 -3.50 2.06

B.

Band GM 114 118 CS9 LS12 115 Fe %  114 %  118 %  CS9 %  LS12 %  115 %  Fe

1 1205.0 1180.5 1251.4 1159.1 1076.9 1041.8 1017.6 -2.06 3.44 -3.86 -10.65 -13.67 -15.83

2 1730.4 1662.2 1759.2 1745.4 1519.9 1592.0 1604.7 -3.14 3.31 1.64 -11.19 -7.34 -6.01

3 1341.2 1357.5 1441.6 1531.0 1278.4 1268.4 1174.6 1.18 7.11 14.13 -4.99 -6.00 -12.50

4 1767.9 1731.7 1776.3 1771.7 1589.3 1637.5 1618.1 -2.03 0.59 0.02 -10.01 -7.39 -8.43

5 3533.7 3749.0 3681.6 3868.1 3529.9 3654.8 3520.0 6.48 4.30 10.60 0.25 4.68 1.35

6 1341.4 1355.6 1379.7 1422.2 969.7 966.9 1348.0 0.82 3.19 5.43 -27.60 -28.11 0.66

7 1828.0 1666.5 1832.4 1702.6 1531.2 1558.9 1609.2 -6.50 1.86 -1.89 -12.71 -11.99 -7.80

8 1188.1 1126.5 1123.4 1047.8 993.7 1066.8 1129.2 -5.02 -5.00 -11.99 -16.05 -10.21 -5.17

9 1135.5 1105.5 1114.1 1032.1 953.9 1003.0 1003.0 -1.34 -1.05 -7.24 -13.78 -10.63 -8.85
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Figure 3.7.  Changes in global DNA methylation in the clones.  (A) Internal cytosine 

(CpG) percent methylation and  (B) External cytosine (CpC) percent methylation of 

stable and unstable clones.  For the internal and the external cytosine, eleven and nine 

bands were analyzed for each sample, respectively.  The mean percent methylation for all 

bands from each clone was normalized to the mean percent methylation of control.  Error 

bars indicate mean +/- SEM.  * p  0.05 versus GM10115 control, Student’s t-test.  

Changes in percent methylation compared to control are CpG: -2.00, 1.26, 1.72, -0.72, -

4.06, 0.08 and CpC: -1.29, 1.97, 0.76, -11.86, -10.07, -6.95 for CpG: 114, 118, CS9, 

LS12, 115, Fe5.0-8 and CpC: 114, 118, CS9, LS12, 115, Fe5.0-8, respectively.  The raw 

mean numbers are CpG: GM10115 = 2016.3, 114 = 1973.7, 118 = 2050.0, CS9 = 2057.2, 

LS12 = 2009.0, 115 = 1925.4, Fe5.0-8 = 2013.6; CpC: GM10115 = 1674.6, 114 = 

1659.5, 118 = 1706.6, CS9 = 1697.8, LS12 = 1493.7, 115 = 1532.2, Fe5.0-8 = 1558.3. 
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>emb|AL669824.13|  Mouse DNA sequence from clone RP23-396G1 on chromosome 2 Contains 
the 5' end of the gene for a novel protein containing HEAT 
repeat domains, the gene for the orthologue of H. sapiens 
chromosome 20 open reading frame 77 (C20orf77), the Tgm2 gene 
for transglutaminase 2 C polypeptide and a CpG island, complete 
sequence
Length=139077

 Score =  407 bits (450),  Expect = 3e-110
 Identities = 309/363 (86%), Gaps = 30/363 (8%)
 Strand=Plus/Plus

Query  1       TTTCTGTCCTTACTGTACCGTGTCTCAGGGCTTTGTTCCTTTTCACTGCCAAGCAATACT  60
               ||||||||||||||||| ||||| ||||||||| ||||||||||||||||||| ||||||
Sbjct  102170  TTTCTGTCCTTACTGTAGCGTGTATCAGGGCTTCGTTCCTTTTCACTGCCAAGTAATACT  102229

Query  61      CCATGGTCCATACACCATAGTTTATTTGTCTC----TTAAGTTAATGGACAGGTGGGTTG  116
               |||||||||||||| ||||||||||| |||||    |||||||| ||| |||||||||||
Sbjct  102230  CCATGGTCCATACAGCATAGTTTATTGGTCTCTTAATTAAGTTAGTGGGCAGGTGGGTTG  102289

Query  117     CTTCCACTTTTTATCCAATGCGGATGACGGCACCGACAACATCATTGAACATCTTTCTGT  176
               ||| |||||||| ||   |||||||||||||||||||||||||| |||||||||||||||
Sbjct  102290  CTTTCACTTTTTCTCTCCTGCGGATGACGGCACCGACAACATCACTGAACATCTTTCTGT  102349

Query  177     GTGCACGCGTGCTTCCATTTCTCATGGATAAATATCTG---CAGGTGGAATAAGTGGGAA  233
               || |||| |||||    ||||||||||||   | ||||   ||  |  |||||||  |||
Sbjct  102350  GTCCACGGGTGCT----TTTCTCATGGAT---TTTCTGGTTCA--TACAATAAGTACGAA  102400

Query  234     ATAGGGTAACTCCTTACTTATCACTCTGGTCTTCTGAGCCTTACTTTCTCAGCCCCCGGG  293
               |      |||||||||||||||||| ||||||||||||||| |||||||||        |
Sbjct  102401  A------AACTCCTTACTTATCACTTTGGTCTTCTGAGCCTGACTTTCTCA--------G  102446

Query  294     GCTACTAATGGGGAAACAATGTGTGGATAAACCCAAGGCTTCCAATGTCCAGGGTCCTGG  353
               |||||||||||||||||| |||||||||||||||||||||||||||||||||||||||||
Sbjct  102447  GCTACTAATGGGGAAACAGTGTGTGGATAAACCCAAGGCTTCCAATGTCCAGGGTCCTGG  102506

Query  354     AAA  356
               |||
Sbjct  102507  AAA  102509

101641 gacctgcagc tggctggaat ggacatggta ctgaacgatt aagggtttac gaaggcccca
101701 gggaccctct gactttaccc agtgggcagg agtacccgta atcacggaca actgtctaca  
101761 gaatgcaccg taccctcaaa cggacggcac cacctcctct ctgctccctc atttcacaaa  
101821 acaaagaagc cggaagggaa tgggatgttt actgagcatg cccaagcaaa tcccccagac  
101881 agaacccagg ctgcggctct cagctcagcc ttctcccttc ccctgctcat actaatcatt  
101941 tagatggctt tattgagata gaactcacat gccgtacaag ttagttcaat ggcctccagt  
102001 ccagacaact gcacccatga agacagtcta cagaattccc ataatcccct agttccaact  
102061 ccccatccct ccgcatctca aggcccaggc agccacctgt ctccttcctc tctataggtg  
102121 catcacacat tctgacagct ttggtttctg ttttcttcca cttagcctat ttctgtcctt  
102181 actgtagcgt gtatcagggc ttcgttcctt ttcactgcca agtaatactc catggtccat  
102241 acagcatagt ttattggtct cttaattaag ttagtgggca ggtgggttgc tttcactttt  
102301 tctctcctgc ggatgacggc accgacaaca tcactgaaca tctttctgtg tccacgggtg  
102361 cttttctcat ggattttctg gttcatacaa taagtacgaa aaactcctta cttatcactt  
102421 tggtcttctg agcctgactt tctcaggcta ctaatgggga aacagtgtgt ggataaaccc  
102481 aaggcttcca atgtccaggg tcctggaaac aagcctgccc ctttcctgtc ctccccacat  
102541 cctctcccct cctctcttta ggccattctt cagagagcgg tgggacaact cctctctaac  

TGATTTATTTAGTGGGTAGGAGTATATATAATTATTGATAGTTGTTATGAAAAATGTAATATGT

TTTTAAATTGATGGTATTTTTTTTTTAGTAGTAATAATAAAGATTTAGGGAGGGGGTGAGTTTT

TTTTTGATTATGTTTAGGTAGAATATTAGATCGTTGTTTTGAGTTTAATTTTTTTTTTTTTTGTGT

TTATATTAATTATTTAGATGGTTTTATTGAGATAGAATTTA 
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Figure 3.8.  The sequence of the HpaII band #4 - CpG island and bisulfite sequencing.  

The NCBI blast results are shown on the top.  In the middle, the sequence attained from 

sequencing is highlighted in pink.  The rest of the sequence was obtained from the NCBI.  

The potential enzyme cut site, CCGG, is highlighted in yellow.  CpG sites are highlighted 

in red.  The bisulfite sequencing primers’ binding site is bold and underlined.  On the 

bottom, the sequence obtained from bisulfite sequencing is shown.  The hamster 

sequence was different from the mouse sequence shown in the middle.  CCGG site could 

not be identified and only two CpG sites are detected. 
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Figure 3.9.  The sequence of the HpaII band #10 - CpG island and bisulfite sequencing.  

The NCBI blast results are shown on the top.  In the middle, the sequence attained from 

sequencing is highlighted in pink.  The rest of the sequence was obtained from the NCBI.  

The potential enzyme cut site, CCGG, is highlighted in yellow.  CpG sites are highlighted 

in red.  The bisulfite sequencing primers’ binding site is bold and underlined.  On the 

bottom, the sequence obtained from bisulfite sequencing is shown.  The hamster 

sequence was almost identical to the mouse sequence shown in the middle.  CCGG site 

and all the CpG sites are detected. 

 

>emb|AL627074.11|  Mouse DNA sequence from clone RP23-465A17 on chromosome 3 Cont
a glycine cleavage system protein H (aminomethyl carrier) 
(Gcsh) pseudogene, a lysosomal associated protein transmembrane 
pseudogene, the 3' end of the Spata5 gene for spermatogenesis 
associated 5, a px19-lie protein (PX19) pseudogene 
and a CpG island, complete sequence
Length=177133

 Score =  183 bits (202),  Expect = 1e-43
 Identities = 103/104 (99%), Gaps = 0/104 (0%)
 Strand=Plus/Minus

Query  1       AGCTTTTCCAGAGAGGCATTTCCTTCCTTGAGGTCCTCACAGAAAAGTCTGCTTTATTTT  60
               ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  162798  AGCTTTTCCAGAGAGGCATTTCCTTCCTTGAGGTCCTCACAGAAAAGTCTGCTTTATTTT  162739

Query  61      TAGTAATATCCTGGCTCCTGGTATTGTGTTTGTGCACATAATCC  104
               ||||||||||||||||||||||||||| ||||||||||||||||
Sbjct  162738  TAGTAATATCCTGGCTCCTGGTATTGTATTTGTGCACATAATCC  162695

 
162421 caccctcctc ttctgattca ttttactctg atttcttcct ttcctgtgga cttaatcagc  
162481 cagcccggca ctgaggacga attccattcg gaaacacact ggggaagaag gcaaaagaat 
162541 tttggcaaaa tcacaaaatg ggaataataa tacagagatc ggaatggaac acccacccat   
162601 ctcacccggg tgctgggaga attaattaac gtctgtaaag gcctttgagt tccttggggg   
162661 gacgtgccac cagacagcta gcgttattgt ggagggatta tgtgcacaaa tacaatacca   
162721 ggagccagga tattactaaa aataaagcag acttttctgt gaggacctca aggaaggaaa   
162781 tgcctctctg gaaaagctta actctccttt aattccatcg cttgggctgc cggggacaga   
162841 acagcaaagc cgagattcca ctgtgagaag aggattatgt tttctgagca ttgtcaaggt   

 

TATTGGGGAAGAAGGTAAAAGAATTTTGGTAAAATTATAAAATGGGAATAATAATATAGAGA

TCGGAATGGAATTTTTATTTATTTTATTCGGGTGTTGGGAGAATTAATTAACGTTTGTGAAGGT

TTTTGAGTTTTTTGGGGGGACGTGTTATTAGATAGTTATCGTTATTGTGGAGGGATTATGTGT

ATAAATATAATATTAGGAGTTAGGATATTATTAAAAATAAAGTAGATTTTTTTGTGAGGATTTT

AAGGAAGG 
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Figure 3.10.  The sequence of the MspI band #9 - PTPR-F promoter and bisulfite 

sequencing.  The NCBI blast results are shown on the top.  In the middle, the sequence 

attained from sequencing is highlighted in pink.  The rest of the sequence was obtained 

from the NCBI.  The potential enzyme cut sites CCTG and CAGG are highlighted in gray 

and green, respectively.  CpC sites are highlighted in violet.  The bisulfite sequencing 

primers’ binding site is bold and underlined.  On the bottom, the sequence obtained from 

bisulfite sequencing is shown.  The hamster sequence was different from the mouse 

sequence shown in the middle.  CCTG site, some CpC sites and a CpG site are detected. 

>emb|AL807774.10|  Mouse DNA sequence from clone RP23-198L2 on chromosome 4 Contains 
the 5' end of the Ptprf gene for protein tyrosine phosphatase 
receptor type F and a CpG island, complete sequence
Length=67374

 Score =  194 bits (214),  Expect = 1e-46
 Identities = 124/134 (93%), Gaps = 1/134 (0%)
 Strand=Plus/Minus

Query  1      GGAGACATCGCTTGGCCTTCACATATGAGCACAAGGACAATGCCTCCCCTCCAGGCCTAG  60
              ||||||||| ||||||||||||||||||||||||||||| |||||||||||||||||| |
Sbjct  47636  GGAGACATCACTTGGCCTTCACATATGAGCACAAGGACA-TGCCTCCCCTCCAGGCCTCG  47578

Query  61     GAGCAGGGCAGCAGGGGCAGGTCCGCAAGGACCTTGTGCTCAGAGTTTGACAATGTGGCC  120
              ||||||||||||||||||||||| ||| ||||| |||||||||||||||||||| ||| |
Sbjct  47577  GAGCAGGGCAGCAGGGGCAGGTCTGCATGGACCCTGTGCTCAGAGTTTGACAATCTGGTC  47518

Query  121    TGAGCCCTGGCTTT  134
              |||| | |||||||
Sbjct  47517  TGAGACTTGGCTTT  47504

 47341 gaaggctggg cagaagaaca ctgggacccc tatggtctaa tttcagaatg tatagcacct  
 47401 ggctgcccac aaactcaggg gaatgaaaca gaggctcagg ccctgaggcc acaggatgag  
 47461 agaacagtct tggggggggg gactagatgg catatgaaga aataaagcca agtctcagac  
 47521 cagattgtca aactctgagc acagggtcca tgcagacctg cccctgctgc cctgctccga  
 47581 ggcctggagg ggaggcatgt ccttgtgctc atatgtgaag gccaagtgat gtctcctggc  
 47641 agcagtgctg tgtctgctgt gtcccagccc cagggtgcag ggtgagggaa gcgccagatg  

 

AGGGGAATGAAATAGAGGTTTAGGGTTTGAGGTTATATGATAAGAGGAAAAGAAAATTTTTA

GGTGATCGGTTTTAGATGGTATATAAAGAAAAATAAAGTTAGGGTTTAGATTAGATTGTTAAA

TTTTGAGTATAAGGT 
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MiRNA 

MiRNA microarrays were used to identify the miRNA differentially expressed between 

the clones and the GM10115 control based on defined criteria (p  0.05, signal  100, 

and fold change  1.5).  A trend was observed such that CS9 and LS12, and 115 and 

Fe5.0-8 unstable clones had similar expression patterns to each other and different from 

the control and the stable clones.  There were nine miRNA differentially expressed in the 

group CS9 & LS12 (mmu-miR-466f-3p, mmu-miR-466i, mmu-miR-467a, mmu-miR-

467b, mmu-miR-467f, mmu-miR-669f, mmu-miR-1187, hsa-miR-130a, hsa-miR-574-

5p) and six miRNA in the group 115 & Fe.5.0-8 (mmu-miR-466g, hsa-miR-15a, hsa-

miR-30a, hsa-miR-30b, hsa-miR-191, hsa-miR-195) compared to control and stable 

clones.  Among the candidate miRNA identified by the microarray, those with a signal 

equal to or above 500 and those involved in pathways of interest were validated with 

qRT-PCR (Table 3.3).  Final validation of these miRNA requires knockdown or 

overexpression analysis and eventually a biological readout. 

 

Table 3.3.  MiRNA altered in unstable clones 115 and Fe5.0-8, identified by microarray 

analysis and validated by qRT-PCR. 

 

 

Fold Change Fold Change

Microarray qRT-PCR

115 Fe5.0-8 115 Fe5.0-8

miRNA

mmu-miR-466g 1.53 1.74 1.38 1.40
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 Gene expression microarray results also showed a similar trend such that CS9 and 

LS12, and 115 and Fe5.0-8 unstable clones had similar expression patterns to each other 

and different from the control and the stable clones.  In addition to the gene expression 

array, the gene targets for the miRNA were also identified using three different predictive 

databases.  The common genes identified by both the three different target databases and 

the gene expression microarray were merged.  This merged list of gene targets was used 

for pathway analysis using the DAVID database.  Mmu-miR-466g is thought to be 

involved in apoptosis and chromatin remodeling (Table 3.4).  However, the target genes 

obtained from the gene expression array were not validated. 

 

Table 3.4.  Target genes of mmu-miR-466g and the functional pathways in which the 

genes are involved. 

 

Discussion 

NF B has been identified as an important gene candidate potentially involved in 

RIGI in our GM10115 cell system [48].  The involvement of the NF B gene in cellular 

responses to radiation exposure and in cancer has also been shown [153, 154].  TSLC1 

and CDH1 gene promoter regions are hypermethylated in cancer cells and these genes 

also play a role in cancer progression [155, 156].  However, neither stable nor unstable 

clones had changes in DNA methylation at these promoter regions.  To date, studies have 

Apoptosis Chromatin remodeling

miRNA

mmu-miR-466g ZFP91, GSPT1, MCL1 BPTF, UBN1, NCOR1, ATXN7L3
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not looked into specific locus promoter methylation in cells with RIGI.  Methylation 

changes in promoter regions of certain genes may be affected in cells with RIGI, 

however, NF B, TSLC1 and CDH1 may not be those genes. It is possible that our current 

study may be limited in observing such changes since it uses an in vitro cell culture 

model.  Endpoints observed in complex tissue systems or whole organisms could be 

different than those observed in cells in vitro.  

For the unstable clones LS12 and 115, the PCR of the NF B promoter region 

showed a faint band and no band suggesting potential mono- and bi-allelic deletion of 

this region, respectively.  This might also suggest that LS12 clone is heterogeneous and 

the NF B promoter is deleted in subpopulations of cells.  FISH analysis for chromosome 

4 also shows a heterogeneous LS12 clone with 5 different subpopulations, therefore, 

some of these subpopulations may have lost a piece of chromosome 4 that includes the 

NF B promoter.  These deletions may be important in genomic instability.  Previous 

studies from our lab have identified NF B to be down-regulated [48].  The loss of the 

promoter region may offer an explanation for the down-regulation of NF B mRNA. 

Approximately thirty percent of the human genome is comprised of LINE-1 and 

Alu repeat elements that are hypermethylated to prevent reactivation of transposable 

DNA sequences [162, 163].  Hypomethylation of these repeat elements can lead to 

genomic instability and cancer [164-166].  In the unstable clones CS9 and LS12, 

hypermethylation of LINE-1 and in the unstable clones 115 and Fe5.0-8 hypomethylation 

of Alu was observed relative to control.  No change in methylation was observed in the 

stable clones.  Even though hypomethylation of repeat elements is known to lead to 

genomic instability, a study by Kaup et al. observed hypermethylation of repeat elements 
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in cells with RIGI [104].  In addition, since any aberration in DNA methylation is 

considered detrimental to the cell, the change itself may be more important than the 

direction of the change.  Even though the changes in repeat element methylation observed 

in this assay are not large percent changes, the LINE-1 assay evaluates just two CpG sites 

and the Alu assay evaluates one CpG site.  Therefore, the changes in this assay may 

represent a broader global change in methylation.  The results from this assay suggest 

that aberrant repeat element DNA methylation is associated with RIGI.  It can be 

extrapolated that the aberrant methylation observed in the repeat elements could be 

perpetuating the instability. 

Cancer cells generally go through genome-wide hypomethylation [168].  This is 

in reference to CpG methylation as studies have predominantly looked into methylation 

at these sites.  Methylation at non-CpG sites has been identified by numerous studies in 

the past and also more recently [51-53, 55, 56].  In embryonic stem cells, non-CpG 

methylation is prevalent and thought to be mediated by DNMT3a [55].  Non-CpG 

methylation of proliferator-activated receptor  (PPAR ) coactivator-1  (PGC-1 ) 

promoter has been shown to occur in somatic cells by DNMT3b [56].  Similar to CpG 

methylation, hypermethylation of non-CpG sites in PGC-1  promoter resulted in 

repression of its expression.  However, only limited studies have described non-CpG 

methylation and it is controversial as to whether or not it exists in mammalian somatic 

cells [134].  For example, Rein et al. [135] have stated that non-CpG methylation does 

not occur and those reported by Woodcock et al. may be an experimental artifact [54].   

In our global DNA methylation assay, we measured both the CpG methylation 

(internal cytosine methylation) and non-CpG methylation (external cytosine 
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methylation).  Non-CpG methylation can occur at cytosine-phosphate-adenine (CpA), 

cytosine-phosphate-thymine (CpT), and CpC sites but with this assay we only measured 

CpC methylation.  At the CpG site, no change in global methylation was observed.  

Individual band measurements showed hypomethylation of bands #8 and 9 more 

significantly in unstable clones 115 and Fe.  There was no change in methylation in bands 

#4 and 10 and bisulfite sequencing validated this observation.  At the CpC site, global 

hypomethylation in the unstable clones LS12, 115, and Fe5.0-8 was shown.  Individual 

band measurements showed that all the bands except for #4, 5 and 7 were 

hypomethylated.  Despite this observation, bisulfite sequencing of band #9 showed no 

change in methylation between the stable clone 118 and unstable clone 115.  

Additionally, there was no CpC methylation observed.  Therefore, there is no direct 

evidence of CpC methylation and more bands need to be analyzed to figure out whether 

CpC methylation exists in these cell lines.  A study by Kaup et al. have observed both 

global hypomethylation and hypermethylation in cells with RIGI [104].  In terms of 

global non-CpG methylation, the literature provides no comparisons since non-CpG 

methylation in cells with RIGI has not been evaluated previously.  The results from this 

assay suggest that aberrant global DNA methylation is mostly associated with RIGI.  It 

could be extrapolated that the observed aberrant global methylation could be perpetuating 

the instability. 

MiRNA regulate a number of cellular pathways and deregulation of miRNA 

expression levels can lead to cancer [81, 82].  In terms of validated miRNA, only mmu-

miR-466g was differentially expressed in the unstable clones 115 and Fe.5.0-8 relative to 

control.  These miRNA were not differentially expressed in the stable clones compared to 
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control.  Changes in miRNA expression in cells with RIGI have not been studied 

previously.  The potential functional targets of this miRNA suggest that it could play a 

role in apoptosis and chromatin remodeling.  The genes in these pathways have been 

identified by mRNA expression aray, however, they are yet to be validated.  Therefore, 

conclusions regarding pathways are limited at this point.  That being said, the changes in 

these pathways, apoptosis and chromatin remodeling, are observed in cells with RIGI 

[132].  Alterations in the expression of miRNA and especially those involved in the 

pathways mentioned above have also been shown to be present in cancer cells [81].  The 

results from this assay may suggest that some aberrant miRNA expression may be 

observed in cells with RIGI.  The aberrant miRNA expression and the resulting altered 

function of the targeted cellular pathways could potentially be perpetuating the 

instability.  However, further examination will help better determine the relationship 

between miRNA changes and RIGI. 

It is interesting to note that different unstable clones may be perpetuating RIGI 

through epigenetics but with slightly different mechanisms.  CS9 and LS12 unstable 

clones were hypermethylated in LINE-1 repeat element and had different miRNA 

expression, while unstable clones 115 and Fe5.0-8 were hypomethylated in Alu repeat 

element and another set of miRNA were differentially expressed.  This observation is in 

agreement with the mRNA microarray results of Snyder and Morgan, who observed 

differences between unstable clones in terms of gene expression and could not find a 

commonly altered gene to all unstable clones that could be the causative factor of RIGI 

[8].  This shows the heterogeneous nature of RIGI.  The observed heterogeneity is similar 

to that seen in carcinogenesis in which the mechanism of initiation could vary based on 
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genes inactivated and the method of inactivation.  DNA hypomethylation has been shown 

to arise later than DNA hypermethylation in prostate cancer progression that results in 

metastatic tumor heterogeneity [174].  Even though the exact mechanism of RIGI may 

vary from one clone to another, this study suggests that epigenetics might play a role in 

the perpetuation of RIGI. 

This study is one of the few that has characterized DNA methylation changes in 

cells with RIGI and first to examine changes in miRNA expression in radiation-induced 

genomically unstable cells.  Our findings suggest that epigenetic changes including subtle 

alterations in DNA methylation and change in a miRNA expression are associated with 

the unstable phenotype.  Finally, this study demonstrated DNA methylation and miRNA 

expression changes in chromosomally unstable clones suggesting that epigenetic 

aberrations may be involved in perpetuating RIGI. 
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Chapter 4: CONCLUSIONS 
 

 

 
Deciphering the mechanisms behind the phenomenon of radiation-induced genomic 

instability (RIGI) is critical in understanding radiation-induced carcinogenesis.  This 

work is devoted to discovering epigenetic alterations that could elucidate the initiating 

and perpetuating mechanisms of RIGI.  I hypothesized that radiation-induced epigenetic 

changes could be an initiating factor of the instability.  These alterations may be heritable 

and persist at delayed times post-irradiation in the progeny of the irradiated cells.  

Alternatively or additionally, epigenetic alterations could be a late arising delayed effect 

of irradiation driving the perpetuation of the instability. 

This work shows epigenetic alterations, including aberrant methylation and 

changes in microRNA (miRNA) expression, induced by irradiation.  There were differing 

outcomes in the epigenetic alterations between low and high LET radiations.  Even 

though the validation is yet to be performed, the predicted functional targets of the 

miRNA are involved in pathways including chromatin remodeling and DNA methylation.  

However, FISH analysis suggested chromosomal stability in these clones, therefore, the 

epigenetic alterations might arise in the cell without initiating RIGI.  
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Radiation-induced epigenetic aberrations are observed in irradiated cells without 

RIGI but the progeny of irradiated cells at later times show only a few epigenetic changes 

in the stable clones 114 and 118.  Aberrant epigenetic mechanisms may be repaired at 

later times after irradiation without leading to instability and those cells stay stable.  RIGI 

might arise in cells that are unable to recover from radiation-induced epigenetic 

aberrations and/or those that also acquire other epigenetic alterations. 

 In the unstable clones, CS9, LS12, 115 and Fe5.0-8, I demonstrate that epigenetic 

changes are associated with RIGI.  Even though this is yet to be validated, aberrantly 

expressed miRNA is predicted to play a role in apoptosis and chromatin remodeling.  

Thus, DNA methylation and miRNA expression changes in chromosomally unstable 

clones could suggest that epigenetic aberrations may be perpetuating RIGI.  

Low and high LET radiation-induced epigenetic alterations are shown to be 

different post-irradiation since fewer incidences of both DNA methylation and miRNA 

expression were observed after Fe ion irradiations than x-rays.  However, at delayed 

times the epigenetic aberrations perpetuated in unstable clones are not distinct based on 

the irradiation history but the status of instability.  Unstable clones 115 and Fe5.0-8 

showed similar epigenetic aberrations even though they were obtained after low LET and 

high LET irradiation, respectively.  This observation might suggest that late arising 

epigenetic aberrations could be involved, or that instability is perpetuated by specific 

types of epigenetic alterations.  

Even though epigenetics may be involved in initiating and perpetuating RIGI, 

distinct epigenetic alterations are observed.  Different epigenetic aberrations are shown in 

unstable clones such as CS9 and LS12 vs. 115 and Fe5.0-8.  While CS9 and LS12 were 
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hypermethylated in LINE-1 repeat element and had distinctive miRNA expression, 115 

and Fe5.0-8 were hypomethylated in Alu repeat element and another set of miRNA were 

differentially expressed.  This demonstrates the heterogeneous nature of RIGI.  This is 

similar to carcinogenesis in which the mechanism of initiation could vary based on genes 

inactivated and the method of inactivation.  There may not be one specific mechanism for 

RIGI but many different ones that lead to this phenotype.  Further investigation needs to 

be performed to pinpoint the exact epigenetic mechanisms involved in RIGI.  RIGI, in 

unstable clones, is likely due to a combination of events that ultimately lead to a common 

outcome and may not follow an identical pathway for each clone.  
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