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Abstract: Cancer is a disease that results from both genetic and epigenetic changes. In
recent decades, a number of people have investigated the disparities in gene expression
resulting from variable DNA methylation alteration and chromatin structure modification
in response to the environment. Especially, colon cancer is a great model system for
investigating the epigenetic mechanism for aberrant gene expression alteration. lonizing
radiation (IR) could affect a variety of processes within exposed cells and, in particular,
cause changes in gene expression, disruption of cell cycle arrest, and apoptotic cell death.
Even though there is growing evidence on the importance of epigenetics and biological
processes induced by radiation exposure in various cancer types including colon cancer,
specific epigenetic alterations induced by radiation at the molecular level are incompletely
defined. This review focuses on discussing possible IR-mediated changes of DNA
methylation and histone modification in cancer.
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1. Introduction

Epigenetic alterations are heritable changes in the structure and function of the genome that occur
without changes in the DNA sequence. In mammalian cells, these epigenetic changes consist primarily
of DNA methylation and post-translational histone modifications. Both types of modifications have
been shown to play critical biological roles, i.e., in normal growth, development, and differentiation in
multiple organisms [1]. Epigenetic modifications are defined as heritable information other than
nucleotide sequences. It is well known that aberrant epigenetic mechanisms manifest in both global
changes in chromatin packaging and in localized gene promoter changes that influence the
transcription of genes involved in cancer development [2]. Epigenetic regulation has recently been
established as an emerging mechanism of cancer therapy. Therefore, the understanding of the
epigenetic mechanism in cancer is required for the development of epigenetic therapies related to
critical biological aspect.

The central paradigm of classical radiation biology is based on a model that considers only the
direct interaction of ionizing radiation (IR) with the genetic material in the nucleus. This interaction
could have an effect on several biological aspects in IR-exposed cells. IR is now generally accepted as
a severe DNA-damaging agent, which can lead to severe diseases such as cancer [3]. It has been also
well known that the effects of IR on the genomic instability, i.e., gross chromosomal aberrations,
deletions, insertions, and point mutations, have a transgenerational nature and, thus, are considered to
be the precursors of tumorigenesis and genetic effects [4]. The point of view of the transgenerational
nature of genomic instability suggests the possible involvement of epigenetic mechanisms.

2. Epigenetic Regulation in Cancer

Cancer research in epigenetics in the 1990s was dominated by a focus on understanding and
extending the discoveries of DNA methylation abnormalities [5]. In the past 15 years, with an
explosion of knowledge, this focus has integrated the role of histone codes from chromatin
modifications and organization and their relevance to gene expression [6]. In an emerging view, these
results may now be called “the cancer epigenome”, which harbors numbers of abnormalities that are
based on somatically heritable alterations that are not due to primary DNA sequence changes [2]. The
fundamental of the impact of epigenetic changes in cancer depends on pinpointing at what stages of
cancer development and how they influence the biology of each progression step towards the invasive
disease. While epigenetic changes, e.g., genetic alterations, may arise at any step, it is increasingly
apparent that many chromatin-mediated abnormalities appear before invasive cancer has developed [2].
There are two primary and interconnected epigenetic mechanisms, i.e., DNA methylation and histone
modification [7,8].

DNA methylation plays a central role in the epigenetic control of genomic programs in both normal
and cancer cells [9]. In mammalian genomic DNA, methylation occurs on the fifth carbon position of
cytosine bases that are part of CpG dinucleotides. CpG dinucleotides have been progressively depleted
from the eukaryotic genome over the course of evolution [10]. The remaining CpG dinucleotides in the
mammalian genome are often methylated. CpG dinucleotides are not uniformly distributed throughout
the human genome. Rather, they are concentrated in specific regions (CpG islands) that are located in
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the upstream region from the transcriptional start site of many genes as well as at other regions. In
human, approximately 60% of all genes have CpG islands, of which the majority is unmethylated in all
normal tissue types and throughout development, which was demonstrated by using computational
analyses [11]. Methylation of these CpG islands is a primary method by which stable, heritable gene
silencing is achieved. However, in human cancers, many significant changes in DNA methylation
patterns occur during oncogenesis and tumor progression. These changes can be either broad changes
that involve large regions of DNA or locus-specific changes that control the transcription of specific
genes. One of the first epigenetic alterations noted in tumors was global hypomethylation.
Hypomethylation occurs broadly throughout the DNA of cancer cells, affecting repetitive sequences,
intergenic areas, and promoter CpG islands associated with genes [12].

The most well studied abnormality of DNA methylation in cancer is hypermethylation, which is
now established as a very specific event in cancer cells and often involves normally unmethylated gene
promoter CpG islands [9]. This promoter change can be associated with transcriptional silencing and,
thus, loss of function of tumor suppressor genes and may be a key event contributing to the oncogenic
process [2,13,14]. This method of tumor suppressor inactivation is one of the most prevalent modes in
cancer and is found in nearly every type of human malignancy [2,15]. Tumor suppressors that are
inactivated by hypermethylation can affect DNA repair, programmed cell death, angiogenesis, cell
cycle regulation, and tumor cell invasion. Various tumor suppressor genes, including retinoblastoma
(Rb), CDKN24 (pl6), hMLHI, and VHL, are tumor-specifically silenced by CpG island
hypermethylation of their promoters [9,16]. Recently, many studies reported DNA methylation as a
biomarker for the early detection of cancer and as a tool for monitoring patients with different types of
cancer. In particular, in colorectal cancer, there are comprehensive studies on the biological
significance of tumor suppressor genes as well as identification of methylation biomarkers for clinical
use. Methylated genes that have been well characterized in colon cancer are described in Table 1.

Table 1. Genes are regulated by DNA methylation from colorectal cancers.

References
Lee et al., 2009 [17];
Borinstein et al., 2010 [18]

Gene Biological function
RASSFI1A4, CDKN2A4, CHFR,
DLECI, MYOD, RGC-32

cell cycle arrest

MGMT, h(MLHI1, hMLH?2 DNA repair Lee et al., 2009 [17]
APC, SFRP1 Wnt pathway Lee et al., 2009 [17]
RUNX3, TIMP3, DCC apoptosis Nishio et al., 2010 [19]

CDHI13, ADAM23

cell to cell interaction

Wang et al., 2011 [20]

MINT Notch pathway McGivern et al., 2004 [21]
UNC5C, DCC, EVL, cytoskeleton remodeling and

Bernet er al., 2007 [22
VIM, FLNC cell polarity eretetat, [22]
cox2 inflammation Asting et al., 2011 [23]
CDH1 invasion and metastasis Graziano et al., 2004 [24]
HLTF chromatin remodeling factor Moinova et al., 2002 [25]

RAR-b, SMAD4, TWISTI

growth and differentiation

Isaksson et al., 2012 [26]

Wit-1

mesoderm segmentation

Lee et al., 2009 [17]

SOCS1, SEPTY

cytokine signaling

Griitzmann et al., 2008 [27];
deVos et al., 2009 [28]
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3. Radiation Biology in Cancer

Ionizing radiation (IR)-induced carcinogenesis was the first biological event observed immediately
after the discovery of X-rays. IR can damage cellular components, including proteins, lipids, and
nucleic acids. In particular, IR has been known to induce DNA double-strand breaks (DSBs) in cells [29].
Incorrect repair or accumulation of DSBs in irradiated cells can lead to cell cycle arrest and multiple
unbalanced chromosomal rearrangements [4]. Moreover, incomplete cell cycle arrest and chromosomal
aberrations have been known to induce aneuploidy, which is a typical characteristic of cancer [4].
Although IR is, thus, a well-known carcinogenic agent, it has been commonly applied as cancer
therapeutic tool, to date [3,4,30,31], because IR effectively induces cell death in rapidly dividing cells,
e.g., cancer cells [32]. Therefore, the clonogenic death of cancer cells via direct effects of IR is highly
significant as response of tumors to radiotherapy. In addition, a growing body of evidence revealed that
radiotherapy can be also critically affected by the tumor microenvironment, including vasculatures [33].
The sensitivity of malignant cancer cells to IR is highly influenced by the supply of oxygen via the
circulating blood system [33]. Thus, conventional fractionated radiotherapy is widely used in cancer
patients because it causes relatively little damage in tumor vasculatures, as well as surrounding
normal tissues, thereby allowing reoxygenation of hypoxic cancer cells [34]. On the other hand,
hypofractionated radiotherapy such as stereotactic body radiation therapy or stereotactic radiation
surgery has been shown to cause severe damage leading to destruction of the both tumor
microenvironment and cancer cells [34]. In this notion, it was suggested that radiotherapy-induced tumor
regression results from apoptotic death of endothelial cells comprising the tumor vasculature [35].
However, this implication was controverted by those who believe that the immediate cause of
radiation-induced tumor regression is its direct influence on cancer cells [36].

Although radiotherapy is recognized as one of the major cancer treatment modalities, cancers have
been known to show a propensity for recurrence after radiotherapy [37]. In this context, a decisive
subcellular population of radiation-resistant cancer cells with potent tumorigenic activity is responsible
for cancer relapse. In addition, emerging evidences indicated that such a subpopulation of cancer cells
possessing stem cell properties is responsible for tumor initiation, maintenance, and progression [38].
These cancer-initiating cells have been named cancer stem cells and characterized by their potent
tumorigenic properties and ability to self-renewal [39]. More importantly, the cancer stem cell
population also contributes to resistance to radiotherapy, as well as chemotherapy, and is believed to
mediate cancer relapse after anti-cancer treatments [40]. Furthermore, cancer stem cell markers have
been reported to be epigenetically regulated [41,42]. For instance, Bmil, a cancer stem cell marker in
colon, breast, and brain tumors, is known as a key regulatory subunit of the polycomb repressive
complex-1, which was shown to epigenetically maintain stemness of cancer stem cells and suppress
terminal differentiation through Hedgehog signaling pathways [43]. Further investigations are still
needed to define the potential involvement of epigenetic alterations in cancer stem cells, which might
provide important clues for improving the efficacy of radiation therapy.
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4. Epigenetic Regulation and Radiation
4.1. DNA Methylation and Radiation

DNA methylation is one of the most common mechanisms of epigenetic regulation. As mentioned
above, DNA methylation was well studied in many different types of cancer model systems such as
colon, breast, lung, and prostate cancer with abnormal epigenetic alterations [5,12]. Two types of
alteration in the DNA methylation pattern occur in cancer, i.e., hypo- and hypermethylation of specific
genes, as well as global genome DNA methylation changes [44]. Most research in the field of cancer
epigenetics has been focused on the role of hypermethylation of the promoters of tumor suppressor
genes, as well as their clinical relevance [5]. However, there are much fewer studies of DNA
hypomethylation in human diseases, including cancer, even though the global DNA hypomethylation
pattern is a well-known characteristic of cancer cells. This occurs specifically to mobile genetic
elements such as repeat elements, LINE1, Alu, etc. [45].

At present, there are several reports demonstrating that IR exposure could affect DNA methylation
patterns. IR exposure has been found to have dose-dependent, sex, and tissue-specific effects on global
hypomethylation using mouse model system [46]. Mostly hypomethylation, loss of methylation,
paralleled with a decrease in the DNA expression levels of methyltransferases (DNMTs; DNMTI,
DNMY3a, and DNMT3b) and methyl CpG binding proteins (MeCP2) was associated with
radiation-induced changes [47,48]. These results suggest that DNA hypomethylation patterns induced
by radiation exposure could result in genomic instability in the exposed animals (Figure 1).

Figure 1. Radiation effect on DNA methylation. The schematic shows the change of global
DNA methylation by radiation exposure in a cancer system. Radiation might induce global
DNA hypomethylation through a decrease in DNA methyltransferases, including DNMTI,
DNMT3a, DNMT 3b, and MeCP2. This phenomenon results in genomic instability in cancer.

lonizing Radiation

DNMT3a/b §
MecP2 |

DNA Hypomethylation
(Genomicinstability)
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Little is known about how DNA methylation alters in cancer cells after radiation exposure. There
are interesting reports on the relationship between a DNA methyltransferase inhibitor (5-azacytidine)
and radiation sensitivity in colon cancer. Hofstetter et al., 2010 and Cho et al., 2009 have reported that
genomic hypomethylation induced by 5-azacytidine results in enhanced radiation sensitivity in colon
cancer [49,50]. These results still leave many questions unanswered, i.e., defining the specific factors
associated with radiation sensitization after loss of DNA methylation that might be a useful target for
radiation sensitization. In addition, Kuhmann and colleagues [51] demonstrated that breast cancer cells
treated with fractionated IR showed several locus-specific DNA methylation alterations, which were
mostly loss of methylation (TRAPPY9, FOXCI, and LINEI). More recently, it has been reported
that there are differential DNA methylation changes between radiosensitive vs. radioresistant cancer
cells [52].

Even though cancer research using radiation exposure has been very well characterized by many
researchers, the underlying epigenetic mechanisms that drive alterations, in particular, site-specific changes
in DNA methylation patterns remain elusive. Further comprehensive studies on radiation-induced
epigenetic alterations in cancer may open a new avenue for developing cancer targeting therapies.

4.2. Histone Modification and Radiation

Positioning of the nucleosome with its 147 base pairs of DNA wrapped around the octamer of the
core histones, H2A, H2B, H3, and H4, in conjunction with the above modifications of histones,
modulates the normal epigenome in terms of maintaining gene expression patterns and normal
chromosome structure and function [6]. To understand the origins of epigenetic alterations in cancer,
we must use the increasing knowledge about molecular control for organizing and maintaining the
chromatin structure of the normal nucleus and how histone modifications, including lysine acetylation,
lysine and arginine methylation, serine and threonine phosphorylation, glutamic acid ADP-ribosylation,
and lysine ubiquitination and sumoylation participate in this process [6] (Table 2). Cancers have not
only altered DNA methylation but also caused global changes in the levels of proteins that participate
in chromatin modifications, e.g., polycomb complex components, and in histone modifications, e.g.,
acetylation and methylation of lysine residues on histones H3 and H4 [53,54].

The strong dependence between DNA methylation and chromatin modifications for DNA
packaging is known. Furthermore, histone modification and DNA methylation closely interact in the
setting of the transcriptional states of chromatin. Especially in cancer, silenced genes regulated by
DNA hypermethylation can be models to examine the chromatin control of gene expression. When
such genes are expressed with no methylation, their promoters have virtually identical distribution of
the active marks, H3K9acetyl and H3K4me [55,56]. In contrast, when silenced genes are associated
with hypermethylation, the distribution of these active marks is severely decreased, and virtually every
histone methylation mark, including mono-, di-, and trimethylation of H3K9 and H3K27 that has been
associated with transcriptional repression, is enriched [56].
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Table 2. Histone modification changes in multiple cancers.

Cancer type Histone modification changes References
H4K16ac, H3K18ac, H4K8ac, H4K5ac, Song et al., 2012 [57];
Lung H3K9ac, H4K12ac, H4K16ac Barlési et al., 2007 [58];
H3K4me2, H3K9me3, H4K20me3 Seligson et al., 2009 [59]
H3Ac, H4Ac, H3K18ac Ellinger et al., 2010 [60];
Prostat H3K4mel. H3K9me?. H3K9me3 Seligson et al., 2009 [59];
rostate
H3K4m62’ H3K217ne \ H4K;)e L Behbahani ez al., 2012 [61];
mes, mes, me Bianoco-Miotto et al., 2010 [62]
H3K18ac, H4K 12ac,, H4K16 )
= = . Elsheikh et al., 2009 [63];
Breast H3K4me2, H3K9me3, H4K20me2, Leszinski et al., 2012 [64]
H4K20me3, H4R3me2 erabs
Leukemia H3K9me3 Muller-Tidow et al., 2010 [65]
Stomach H3K9me3, H3K27me3 Park et al., 2008 [66]; Zhang et al., 2009 [67]
H3K18ac Tzao et al., 2009 [68];
Esophagus
H4R3me2,H3K27me3, H4R3me2 Cohen et al., 2011 [69]
H3K4mel, H3K4me2, H3K4me3, .
_ me me me Ellinger et al., 2010 [60];
Kidney H3K9mel, H3K27mel, H3K27me2,
Rogenhofer ef al., 2012 [70]
H3K27me3
Liver H3K4me3, H3K27me3 He et al., 2012 [71]; Cai et al., 2011 [72]
Pancreas H3K4me2, H3K9me2, H3K 18ac Manuyakorn ef al., 2010 [73]
colon H3K4me?2, H3K9ac, H3K9me2, H3K27me3 Seligson ef al., 2009 [59]

Radiation-induced phosphorylation of YH2AX was extensively studied as a measure of DSB

accumulation in irradiated cells [74]. Regarding IR exposure, phosphorylation of histone H2AX at
serine 139 (YH2AX) is well studied as histone modification affected by IR exposure because YH2AX is
one of the first signals for a cellular response to DSB, as well as IR exposure [75,76]. YH2AX
accumulates in the nucleus at DSBs forming the YH2AX loci, and a direct correlation has been found
between YH2AX phosphorylation and the number of DSBs resulting from radiation [77]. Therefore,
YH2AX is crucially important for the repair of DNA strand breaks and for the maintenance of genome
stability [77] (Figure 2).

Pogribny et al. [78] suggested that X-ray irradiation in a mouse model induced a decrease in
trimethylation of histone H4K20 in the thymus and, eventually, could result in an overall relaxation of
the chromatin organization. In addition, gamma-irradiation could result in relaxation of the chromatin
structure around the DSB immediately after exposure. However, after some time, methylation of H3K9
increased and chromatin obtained the condensed state [79]. The influence of radiation exposure on
histone modification as variable epigenetic mechanism is almost unexplored so far.
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Figure 2. Radiation effect on histones. Radiation can induce phosphorylation of histone
H2AX, and trimethylation of histone H4K20, which affect gene expression patterns,
consequently leading to cell death, changes in cell cycle, and genomic instability. These events
may be closely related to the therapeutic, protective, or detrimental response to irradiation.

lonizing Radiation

Alternation in Histone
modification

- Gene expression pattern change
: - Cell death, cell cycle, and genome instability :
i - Therapeutic, protective, detrimental response :

4.3. Small RNAs and Radiation

Epigenetic regulation can be controlled by small RNAs such as microRNA (miRNA). MicroRNAs
(miRNAs) are short, 18-25-nucleotide long, non-coding single-stranded RNAs, which are capable to
regulate gene expression on post-transcriptional level through binding to their target protein-encoding
mRNAs [80]. It is estimated that more than 1000 miRNAs are transcribed and that 30% of the human
genome is under miRNA regulation, one miRNA being able to modulate post-transcriptionally
hundreds of down-steam genes. Regarding this, miRNA controls a wide range of biological process
including cellular differentiation, proliferation, apoptosis, and stem cell maintenance [80]. Recently,
miRNAs can act as tumor suppressors when their loss of function can initiate or contribute to the
malignant transformation of a normal cell. The loss of function of a miRNA could be due to several
mechanisms including genomic deletion, mutation, epigenetic silencing, and miRNA processing
alterations [81-83]. Several miRNAs that have been described to have tumor suppressive function in
colon cancer are miR-195 [84], miR-143 [85], miR-34a [86], and miR-133 [87].

miRNAs are also involved in IR-induced response in vitro and in vivo. Studies on the effects of IR
exposed whole body rodent cause altered miRNA expression pattern in tissue specific as well as
sex-specific protective mechanism [88]. In addition, altered expression pattern of miRNA have also
been profiled in directly exposed males, as well as their unexposed offspring, demonstrating the
possibility that they may also play a role in transgenerational epigenetic inheritance of genome
instability [89].
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5. Colon Cancer: Radiation and Epigenetics

Colon cancer is a very well characterized cancer type, which accumulates genetic and epigenetic
alterations that transform normal colonic epithelial cells to adenocarcinoma cells. Epigenetic
alterations play a major role in the initiation and progression of colorectal cancers (CRCs); epigenetic
instability appears to be a common phenomenon in CRC. Unlike genetic mutations, epigenetic
alterations are reversible. This phenomenon established the development of DNMT inhibitors as a
clinical concept for cancer therapy. The cytosine analogues 5-azacytidine (azacytidine) and
2'-deoxy-5-azacytidine (decitabine) are pharmacological inhibitors of DNMT and are currently being
developed as drugs for epigenetic cancer therapy [90]. Although DNMT inhibitors are not currently
used in CRC, both drugs have received Food and Drug Administration (FDA) approval for the
treatment of myelodysplastic syndrome, a pre-leukemic bone marrow disease [91,92].

For colon cancer, surgery is the main treatment for early stage. After surgery, it can be used in
combination with mostly chemotherapy or radiation therapy in some case. However, role of radiation in
colorectal cancer is not well-defined yet. In addition, radiation therapy is not a common way to treat
colon cancer, though it may be used in certain situations. Radiation therapy, often with chemotherapy, is
frequently used in the adjuvant or nonadjuvant setting for the treatment of rectal cancers, whereas
chemotherapy alone is more common for the adjuvant and neoadjuvant treatment of colon cancers [93].

With regard to radiation therapy, many of the common, moderately radioresponsive tumors are
routinely treated with curative doses of radiation therapy if they are at an early stage, e.g., head and
neck cancer, breast cancer, non-small cell lung cancer, cervical cancer, prostate cancer, and, recently,
rectal cancer. Since radiation therapy is a local treatment, there are a few in whole addition of local or
regional radiation may improve control of the disease and help the patient’s survival. In recent years,
adjuvant radiotherapy with or without chemotherapy has been widely adopted to improve oncologic
outcomes in patients with rectal cancer treated by conventional blunt surgery [94].

Epigenetic alterations, especially aberrant DNA methylation, are becoming increasingly recognized
as a causal mechanism in CRC. Histone modifications accompany DNA hypermethylation changes in
CRC and likely establish a complex network to maintain gene silencing. Continued investigations into
the role of epigenetic mechanisms and radiation biology in CRC are likely to yield important
information on new potential targets for therapy.

6. Conclusions

The molecular mechanisms contributing to the etiology of radiation-induced cancer consist of
prominent genetic and epigenetic changes that have been the subject of extensive research in recent
years. Epigenetic changes have become increasingly recognized as important factors contributing to
cancer development. Epigenetic approaches (DNA methylation and histone modification) could be a
critical research field to understand the biological effects of IR in cancer.

Acknowledgments

This work was supported in part by the National R & D program (50596-2013) through the Dongnam
Institute of Radiological & Medical Sciences (DIRAMS) funded by the Korean Ministry of Education.



Int. J. Mol. Sci. 2013, 14 15068

Conflict of Interest
The authors declare no conflict of interests.
References

1. Jaenisch, R.; Young, R. Stem cells, the molecular circuitry of pluripotency and nuclear

reprogramming. Cell 2008, /32, 567-582.

Jones, P.A.; Baylin, S.B. The epigenomics of cancer. Cell 2007, 128, 683—692.

Little, J.B. Induction of genetic instability by ionizing radiation. C. R. Acad. Sci. 1111999, 322, 127-134.

Little, J.B. Radiation carcinogenesis. Carcinogenesis 2000, 21, 397-404.

Jones, P.A.; Baylin, S.B. The fundamental role of epigenetic events in cancer. Nat. Rev. Genet.

2002, 3, 415-428.

Jenuwein, T.; Allis, C.D. Translating the histone code. Science 2001, 293, 1074—1080.

7. Cheung, P.; Lau, P. Epigenetic regulation by histone methylation and histone variants.
Mol. Endocrinol. 2005, 19, 563—573.

8. Kim, J.G.; Yi, J.M.; Park, J.S.; Son, T.G.; Yang, K.; Yoo, M.A.; Heo, K. Histone demethylase
JMIJD2B-mediated cell proliferation regulated by hypoxia and radiation in gastric cancer cell.
Biochim. Biophys. Acta 2012, 1819, 1200-1207.

9. Herman, J.G.; Baylin, S.B. Gene silencing in cancer in association with promoter
hypermethylation. N. Engl. J. Med. 2003, 349, 2042-2054.

10. Ng, H.H.; Bird, A. DNA methylation and chromatin modification. Curr. Opin. Genet. Dev. 1999,
9, 158-163.

11. Antequera, F.; Bird, A. CpG islands as genomic footprints of promoters that are associated with
replication origins. Curr. Biol. 1999, 9, R661-R667.

12. Feinberg, A.P.; Vogelstein, B. Hypomethylation distinguishes genes of some human cancers from
their normal counterparts. Nature 1983, 301, 89-92.

13. Laird, P.W. Oncogenic mechanisms mediated by DNA methylation. Mol. Med. Today 1997, 3, 223-229.

14. Wajed, S.A.; Laird, P.W.; DeMeester, T.R. DNA methylation: An alternative pathway to cancer.
Ann. Surg. 2001, 234, 10-20.

15. Esteller, M. Epigenetics in cancer. N. Engl. J. Med. 2008, 358, 1148—1159.

16. Jones, P.A.; Laird, P.W. Cancer epigenetics comes of age. Nat. Genet. 1999, 21, 163—-167.

17. Lee, B.B.; Lee, E.J.; Jung, E.H.; Chun, HK.; Chang, D.K.; Song, S.Y.; Park, J.; Kim, D.H.
Aberrant methylation of APC, MGMT, RASSF2A, and Wif-1 genes in plasma as a biomarker for
early detection of colorectal cancer. Clin. Cancer Res. 2009, 15, 6185-6191.

18. Borinstein, S.C.; Conerly, M.; Dzieciatkowski, S.; Biswas, S.; Washington, M.K.; Trobridge, P.;
Henikoff, S.; Grady, W.M. Aberrant DNA methylation occurs in colon neoplasms arising in the

A

azoxymethane colon cancer model. Mol. Carcinog. 2010, 49, 94—-103.

19. Nishio, M.; Sakakura, C.; Nagata, T.; Komiyama, S.; Miyashita, A.; Hamada, T.; Kuryu, Y.;
Ikoma, H.; Kubota, T.; Kimura, A.; et al. RUNX3 promoter methylation in colorectal cancer: Its
relationship with microsatellite instability and its suitability as a novel serum tumor marker.
Anticancer. Res. 2010, 30, 2673-2682.



Int. J. Mol. Sci. 2013, 14 15069

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

Wang, Z.; Yuan, X.; Jiao, N.; Zhu, H.; Zhang, Y.; Tong, J. CDH13 and FLBN3 gene methylation
are associated with poor prognosis in colorectal cancer. Pathol. Oncol. Res. 2012, 18, 263-270.
McGivern, A.; Wynter, C.V.; Whitehall, V.L.; Kambara, T.; Spring, K.J.; Walsh, M.D.; Barker, M.A.;
Arnold, S.; Simms, L.A.; Leggett, B.A.; et al. Promoter hypermethylation frequency and BRAF
mutations distinguish hereditary non-polyposis colon cancer from sporadic MSI-H colon cancer.
Fam. Cancer 2004, 3, 101-107.

Bernet, A.; Mazelin, L.; Coissieux, M.M.; Gadot, N.; Ackerman, S.L.; Scoazec, J.Y.; Mehlen, P.
Inactivation of the UNCS5C Netrin-1 receptor is associated with tumor progression in colorectal
malignancies. Gastroenterology 2007, 133, 1840—1848.

Asting, A.G.; Carén, H.; Andersson, M.; Lonnroth, C.; Lagerstedt, K.; Lundholm, K. COX-2 gene
expression in colon cancer tissue related to regulating factors and promoter methylation status.
BMC. Cancer 2011, 11, do0i:10.1186/1471-2407-11-238.

Graziano, F.; Humar, B.; Guilford, P. The role of the E-cadherin gene (CDH1) in diffuse gastric
cancer susceptibility: From the laboratory to clinical practice. Ann. Oncol. 2003, 14, 1705-1713.
Moinova, H.R.; Chen, W.D.; Shen, L.; Smiraglia, D.; Olechnowicz, J.; Ravi, L.; Kasturi, L.;
Myeroff, L.; Plass, C.; Parsons, R.; ef al. HLTF gene silencing in human colon cancer. Proc. Natl.
Acad. Sci. USA 2002, 99, 4562-4567.

Isaksson-Mettdvainio, M.; Palmqvist, R.; Dahlin, A.M.; Van Guelpen, B.; Rutegard, J.; Oberg, A.;
Henriksson, M.L. High SMAD4 levels appear in microsatellite instability and hypermethylated
colon cancers, and indicate a better prognosis. Int. J. Cancer 2012, 131, 779-788.

Griitzmann, R.; Molnar, B.; Pilarsky, C.; Habermann, J.K.; Schlag, P.M.; Saeger, H.D.; Miehlke, S.;
Stolz, T.; Model, F.; Roblick, U.J.; et al. Sensitive detection of colorectal cancer in peripheral
blood by septin 9 DNA methylation assay. PLoS One 2008, 3, €3759.

deVos, T.; Tetzner, R.; Model, F.; Weiss, G.; Schuster, M.; Distler, J.; Steiger, K.V.; Griitzmann, R.;
Pilarsky, C.; Habermann, J.K.; et al Circulating methylated SEPT9 DNA in plasma is a
biomarker for colorectal cancer. Clin. Chem. 2009, 55, 1337—1346.

Hall, E.J.; Worgul, B.V.; Smilenov, L.; Elliston, C.D.; Brenner, D.J. The relative biological
effectiveness of densely ionizing heavy-ion radiation for inducing ocular cataracts in wild type
versus mice heterozygous for the ATM gene. N. Engl. J. Med. 2006, 45, 99—104.

De Potter, P.; Levecq, L.; Godfraind, C.; Renard, L. Primary orbital melanoma treated with
iodine-125 plaque radiotherapy. Am. J. Ophthalmol. 2006, 142, 864—866.

Erven, K.; van Limbergen, E. Regional lymph node irradiation in breast cancer. Future Oncol.
2007, 3, 343-352.

Bismar, M.M.; Sinicrope, F.A. Radiation enteritis. Curr. Gastroenterol. Rep. 2002, 4, 361-365.
Barcellos-Hoff, M.H.; Park, C.; Wright, E.G. Radiation and the microenvironment-tumorigenesis
and therapy. Nat. Rev. Cancer 2005, 5, 867-875.

Park, H.J.; Griffin, R.J.; Hui, S.; Levitt, S.H.; Song, C.W. Radiation-induced vascular damage in
tumors: Implications of vascular damage in ablative hypofractionated radiotherapy (SBRT and
SRS). Radiat. Res. 2012, 177,311-327.

Garcia-Barros, M.; Paris, F.; Cordon-Cardo, C.; Lyden, D.; Rafii, S.; Haimovitz-Friedman, A.;
Fuks, Z.; Kolesnick, R. Tumor response to radiotherapy regulated by endothelial cell apoptosis.
Science 2003, 300, 1155-1159.



Int. J. Mol. Sci. 2013, 14 15070

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Brown, M.; Bristow, R.; Glazer, P.; Hill, R.; McBride, W.; McKenna, G.; Muschel, R. Comment
on “tumor response to radiotherapy regulated by endothelial cell apoptosis” (II). Science 2003,
302, doi:10.1126/science.1089517.

Dungey, F.A.; Caldecott, K.W.; Chalmers, A.J. Enhanced radiosensitization of human glioma
cells by combining inhibition of poly (ADP-ribose) polymerase with inhibition of heat shock
protein 90. Mol. Cancer Ther. 2009, 8, 2243-2254.

Rosen, J.B.; Jordan, C.T. The increasing complexity of the cancer stem cell paradigm. Science
2009, 324, 1670-1673.

Wang, J.; Wakeman, T.P.; Lathia, J.D.; Hjelmeland, A.B.; Wang, X.F.; White, R.R.; Rich, J.N_;
Sullenger, B.A. Notch promotes radioresistance of glioma stem cells. Stem Cells 2010, 28, 17-28.

Zhang, M.; Atkinson, R.L.; Rosen, J.M. Selective targeting of radiation-resistant tumor-initiating
cells. Proc. Natl. Acad. Sci. USA 2010, 107, 3522-3527.

Jiang, L.; Li, J.; Song, L. Bmi-1, stem cells and cancer. Acta Biochim. Biophys. Sin. (Shanghai)
2009, 41, 527-534.

You, H.; Ding, W.; Rountree, C.B. Epigenetic regulation of cancer stem cell marker CD133 by
transforming growth factor-beta. Hepatology 2010, 51, 1635-1644.

Subramaniam, D.; Ramalingam, S.; Houchen, C.W.; Anant, S. Cancer stem cells: A novel
paradigm for cancer prevention and treatment. Mini Rev. Med. Chem. 2010, 10, 359-371.

Ehrlich, M. DNA hypomethylation in cancer cells. Epigenomics 2009, 1, 239-259.

Han, K.; Lee, J.; Km, H.S.; Yang, K.M.; Yi, J.M. DNA methylation of mobile genetic elements in
human cancers. Genes Genom. 2013, 35, 265-271.

Pogribny, 1.; Raiche, J.; Slovack, M.; Kovalchuk, O. Dose-dependence, sex- and tissue-specificity,
and persistence of radiation-induced genomic DNA methylation changes. Biochem. Biophys. Res.

Commun. 2004, 320, 1253-1261.

Loree, J.; Koturbash, I.; Kutanzi, K.; Baker, M.; Pogribny, I.; Kovalchuk, O. Radiation-induced
molecular changes in rat mammary tissue: Possible implications for radiation-induced
carcinogenesis. Int. J. Radiat. Biol. 2006, 82, 805-815.

Raiche, J.; Rodriguez-Juarez, R.; Pogribny, 1.; Kovalchuk, O. Sex- and tissue-specific expression
of maintenance and de novo DNA methyltransferases upon low dose X-irradiation in mice.
Biochem. Biophys. Res. Commun. 2004, 325, 39-47.

Hofstetter, B.; Niemierko, A.; Forrer, C.; Benhattar, J.; Albertini, V.; Pruschy, M.; Bosman, F.T.;
Catapano, C.V.; Ciernik, I.F. Impact of genomic methylation on radiation sensitivity of colorectal
carcinoma. Int. J. Radiat. Oncol. Biol. Phys. 2010, 76, 1512—-1519.

Cho, H.J.; Kim, S.Y.; Kim, K.H.; Kang, W.K.; Kim, J.I.; Oh, S.T.; Kim, J.S.; An, C.H. The
combination effect of sodium butyrate and 5-aza-2'-deoxycytidine on radiosensitivity in RKO colorectal
cancer and MCF-7 breast cancer cell lines. World J. Surg. Oncol. 2009, 7, doi:10.1186/1477-7819-7-49.
Kuhmann, C.; Weichenhan, D.; Rehli, M.; Plass, C.; Schmezer, P.; Popanda, O. DNA methylation
changes in cells regrowing after fractioned ionizing radiation. Radiother. Oncol. 2011, 101,
116-121.

Chaudhry, M.A.; Omaruddin, R.A. Differential DNA methylation alterations in radiation-sensitive
and -resistant cells. DNA Cell. Biol. 2012, 31, 908-916.



Int. J. Mol. Sci. 2013, 14 15071

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Fraga, M.F.; Ballestar, E.; Villar-Garea, A.; Boix-Chornet, M.; Espada, J.; Schotta, G.; Bonaldi, T.;
Haydon, C.; Ropero, S.; Petrie, K.; et al. Loss of acetylation at Lys16 and trimethylation at Lys20
of histone H4 is a common hallmark of human cancer. Nat. Genet. 2005, 37, 391-400.

Seligson, D.B.; Horvath, S.; Shi, T.; Yu, H.; Tze, S.; Grunstein, M.; Kurdistani, S.K. Global histone
modification patterns predict risk of prostate cancer recurrence. Nature 2005, 435, 1262—1266.
Nguyen, C.T.; Weisenberger, D.J.; Velicescu, M.; Gonzales, F.A.; Lin, J.C.; Liang, G.; Jones, P.A.
Histone H3-lysine 9 methylation is associated with aberrant gene silencing in cancer cells and is
rapidly reversed by 5-aza-2'-deoxycytidine. Cancer Res. 2002, 62, 6456—6461.

McGarvey, K.M.; Fahrner, J.A.; Greene, E.; Martens, J.; Jenuwein, T.; Baylin, S.B. Silenced
tumor suppressor genes reactivated by DNA demethylation do not return to a fully euchromatic
chromatin state. Cancer Res. 2006, 66, 3541-3549.

Song, J.S.; Kim, Y.S.; Kim, D.K.; Park, S.I.; Jang, S.J. Global histone modification pattern
associated with recurrence and disease-free survival in non-small cell lung cancer patients.
Pathol. Int. 2012, 62, 182—190.

Barlési, F.; Giaccone, G.; Gallegos-Ruiz, M.1.; Loundou, A.; Span, S.W.; Lefesvre, P.; Kruyt, F.A_;
Rodriguez, J.A. Global histone modifications predict prognosis of resected non small-cell lung
cancer. J. Clin. Oncol. 2007, 25, 4358-4364.

Seligson, D.B.; Horvath, S.; McBrian, M.A.; Mah, V.; Yu, H.; Tze, S.; Wang, Q.; Chia, D.;
Goodglick, L.; Kurdistani, S.K. Global levels of histone modifications predict prognosis in
different cancers. Am. J. Pathol. 2009, 174, 1619-1628.

Ellinger, J.; Kahl, P.; von der Gathen, J.; Rogenhofer, S.; Heukamp, L.C.; Giitgemann, 1.; Walter, B.;
Hofstidter, F.; Biittner, R.; e al. Global levels of histone modifications predict prostate cancer
recurrence. Prostate 2010, 70, 61-69.

Behbahani, T.E.; Kahl, P.; von der Gathen, J.; Heukamp, L.C.; Baumann, C.; Giitgemann, I.;
Walter, B.; Hofstidter, F.; Bastian, P.J.; von Ruecker, A.; et al. Alterations of global histone
H4K20 methylation during prostate carcinogenesis. BMC Urol. 2012, 12, 5-10.

Bianco-Miotto, T.; Chiam, K.; Buchanan, G.; Jindal, S.; Day, T.K.; Thomas, M.; Pickering, M.A_;
O'Loughlin, M.A.; Ryan, N.K.; Raymond, W.A.; et al. Global levels of specific histone
modifications and an epigenetic gene signature predict prostate cancer progression and
development. Cancer Epidemiol. Biomarkers Prev. 2010, 19, 2611-2622.

Elsheikh, S.E.; Green, A.R.; Rakha, E.A.; Powe, D.G.; Ahmed, R.A.; Collins, HM.; Soria, D.;
Garibaldi, J.M.; Paish, C.E.; Ammar, A.A.; et al. Global histone modifications in breast cancer
correlate with tumor phenotypes, prognostic factors, and patient outcome. Cancer Res. 2009, 69,
3802-3809.

Leszinski, G.; Gezer, U.; Siegele, B.; Stoetzer, O.; Holdenrieder, S. Relevance of histone marks
H3K9me3 and H4K20me3 in cancer. Anticancer Res. 2012, 32, 2199-2205.

Miiller-Tidow, C.; Klein, H.U.; Hascher, A.; Isken, F.; Tickenbrock, L.; Thoennissen, N.;
Agrawal-Singh, S.; Tschanter, P.; Disselhoff, C.; Wang, Y.; ef al. Profiling of histone H3 lysine
9 trimethylation levels predicts transcription factor activity and survival in acute myeloid
leukemia. Blood 2010, 116, 3564-3571.



Int. J. Mol. Sci. 2013, 14 15072

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Park, Y.S.; Jin, M.Y.; Kim, Y.J.; Yook, J.H.; Kim, B.S.; Jang, S.J. The global histone
modification pattern correlates with cancer recurrence and overall survival in gastric
adenocarcinoma. Ann. Surg. Oncol. 2008, 15, 1968—1976.

Zhang, L.; Zhong, K.; Dai, Y.; Zhou, H. Genome-wide analysis of histone H3 lysine
27 trimethylation by ChIP-chip in gastric cancer patients. J. Gastroenterol. 2009, 44, 305-312.
Tzao, C.; Tung, H.J.; Jin, J.S.; Sun, G.H.; Hsu, H.S.; Chen, B.H.; Yu, C.P.; Lee, S.C. Prognostic
significance of global histone modifications in resected squamous cell carcinoma of the
esophagus. Mod. Pathol. 2009, 22, 252-260.

Cohen, 1.; Poreba, E.; Kamieniarz, K.; Schneider, R. Histone modifiers in cancer: Friends or foes?
Genes. Cancer. 2011, 2, 631-647.

Rogenhofer, S.; Kahl, P.; Mertens, C.; Hauser, S.; Hartmann, W.; Biittner, R.; Miiller, S.C.;
von Ruecker, A.; Ellinger, J. Global histone H3 lysine 27 (H3K27) methylation levels and their
prognostic relevance in renal cell carcinoma. BJU Int. 2012, 109, 459-465.

He, C.; Xu, J.; Zhang, J.; Xie, D.; Ye, H.; Xiao, Z.; Cai, M.; Xu, K.; Zeng, Y.; Li, H.; ef al. High
expression of trimethylated histone H3 lysine 4 is associated with poor prognosis in
hepatocellular carcinoma. Hum. Pathol. 2012, 43, 1425-1435.

Cai, M.Y.; Hou, J.H.; Rao, H.L.; Luo, R.Z.; Li, M.; Pei, X.Q.; Lin, M.C.; Guan, X.Y.; Kung, H.F,;
Zeng, Y.X.; et al. High expression of H3K27me3 in human hepatocellular carcinomas correlates
closely with vascular invasion and predicts worse prognosis in patients. Mol. Med. 2011, 17, 12-20.
Manuyakorn, A.; Paulus, R.; Farrell, J.; Dawson, N.A.; Tze, S.; Cheung-Lau, G.; Hines, O.J.;
Reber, H.; Seligson, D.B.; Horvath, S.; et al. Cellular histone modification patterns predict
prognosis and treatment response in resectable pancreatic adenocarcinoma: Results from RTOG
9704. J. Clin. Oncol. 2010, 28, 1358—1365.

Bonner, W.M.; Redon, C.E.; Dickey, J.S.; Nakamura, A.J.; Sedelnikova, O.A.; Solier, S.;
Pommier, Y. GammaH2AX and cancer. Nat. Rev. Cancer 2008, 8, 957-967.

Pilch, D.R.; Sedelnikova, O.A.; Redon, C.; Celeste, A.; Nussenzweig, A.; Bonner, W.M.
Characteristics of gamma-H2AX foci at DNA double-strand breaks sites. Biochem. Cell Biol.
2003, 81, 123-129.

Rogakou, E.P.; Pilch, D.R.; Orr, A.H.; Ivanova, V.S.; Bonner, W.M. DNA double-stranded breaks
induce histone H2AX phosphorylation on serine 139. J. Biol. Chem. 1998, 273, 5858-5868.

Celeste, A.; Fernandez-Capetillo, O.; Kruhlak, M.J.; Pilch, D.R.; Staudt, D.W.; Lee, A.; Bonner, R.F.;
Bonner, W.M.; Nussenzweig, A. Histone H2AX phosphorylation is dispensable for the initial
recognition of DNA breaks. Nat. Cell Biol. 2003, 5, 675-679.

Pogribny, 1.; Koturbash, I.; Tryndyak, V.; Hudson, D.; Stevenson, S.M.; Sedelnikova, O.; Bonner, W.;
Kovalchuk, O. Fractionated low-dose radiation exposure leads to accumulation of DNA damage
and profound alterations in DNA and histone methylation in the murine thymus. Mol. Cancer Res.
2005, 3, 553-561.

Falk, M.; Lukasova, E.; Kozubek, S. Chromatin structure influences the sensitivity of DNA to
gamma-radiation. Biochim. Biophys. Acta 2008, 1783, 2398-2414.

Bernstein, E.; Allis, C.D. RNA meets chromatin. Genes Dev. 2005, 19, 1635-1655.



Int. J. Mol. Sci. 2013, 14 15073

81.

82.

83.

&4.

85.

86.

87.

88.

89.

90.
91.

92.

93.

94.

Calin, G.A.; Sevignani, C.; Dumitru, C.D.; Hyslop, T.; Noch, E.; Yendamuri, S.; Shimizu, M.;
Rattan, S.; Bullrich, F.; Negrini, M.; et al. Human microRNA genes are frequently located at fragile
sites and genomic regions involved in cancers. Proc. Natl. Acad. Sci. USA 2004, 101, 2999-3004.
Saito, Y.; Liang, G.; Egger, G.; Friedman, J.M.; Chuang, J.C.; Coetzee, G.A.; Jones, P.A. Specific
activation of microRNA-127 with downregulation of the proto-oncogene BCL6 by
chromatin-modifying drugs in human cancer cells. Cancer Cell 2006, 9, 435-443.

Nakamura, T.; Canaani, E.; Croce, C.M. Oncogenic Alll fusion proteins target Drosha-mediated
microRNA processing. Proc. Natl. Acad. Sci. USA 2007, 104, 10980—10985.

Liu, L.; Chen, L.; Xu, Y.; Li, R.; Du, X. microRNA-195 promotes apoptosis and suppresses
tumorigenicity of human colorectal cancer cells. Biochem. Biophys. Res. Commun. 2010, 400,
236-240.

Borralho, P.M.; Kren, B.T.; Castro, R.E.; da Silva, 1.B.; Steer, C.J.; Rodrigues, C.M. Micro
RNA-143 reduces viability and increases sensitivity to 5-fluorouracil in HCT116 human
colorectal cancer cells. FEBS J. 2009, 276, 6689—-6700.

Yamakuchi, M.; Ferlito, M.; Lowenstein, C.J. miR-34a repression of SIRT1 regulates apoptosis.
Proc. Natl. Acad. Sci. USA 2008, 105, 13421-13426.

Hu, G.; Chen, D.; Li, X.; Yang, K.; Wang, H.; Wu, W. miR-133b regulates the MET
proto-oncogene and inhibits the growth of colorectal cancer cells in vitro and in vivo. Cancer Biol.
Ther. 2010, 10, 190-197.

linytskyy, Y.; Zemp, F.J.; Koturbash, I.; Kovalchuk, O. Altered microRNA expression patterns in
irradiated hematopoietic tissues suggest a sexspecific protective mechanism. Biochem. Biophys.
Res. Commun. 2008, 377, 41-45.

Filkowski, J.N.; Ilnytskyy, Y.; Tamminga, J.; Koturbash, I.; Golubov, A.; Bagnyukova, T.;
Pogribny, 1.P.; Kovalchuk, O. Hypomethylation and genome instability in the germ line of
exposed parents and their progeny is associated with altered miRNA expression. Carcinogenesis
2010, 37, 1110-1115.

Issa, J.P.; Kantarjian, H.M. Targeting DNA methylation. Clin. Cancer Res. 2009, 15, 3938-3946.
Silverman, L.R.; Demakos, E.P.; Peterson, B.L.; Kornblith, A.B.; Holland, J.C.; Odchimar-Reissig, R.;
Stone, R.M.; Nelson, D.; Powell, B.L.; DeCastro, C.M.; et al. Randomized controlled trial of
azacitidine in patients with the myelodysplastic syndrome: A study of the cancer and leukemia
group B. J. Clin. Oncol. 2002, 20, 2429-2440.

Kantarjian, H.; Issa, J.P.; Rosenfeld, C.S.; Bennett, J.M.; Albitar, M.; DiPersio, J.; Klimek, V.;
Slack, J.; de Castro, C.; Ravandi, F.; et al. Decitabine improves patient outcomes in myelodysplastic
syndromes: results of a phase III randomized study. Cancer 2006, 106, 1794—1803.

Koukourakis, G.V. Role of radiation therapy in neoadjuvant era in patients with locally advanced
rectal cancer. World J. Gastrointest. Oncol. 2012, 4, 230-237.

NIH consensus conference. Adjuvant therapy for patients with colon and rectal cancer. JAMA
1990, 264, 1444—-1450.

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



