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Abstract

The last years have seen conceptual and technical advances uncovering epigenetic pathways which present promising targets for diagnostic and therapeutic strategies in an increasing number of solid tumors and leukemias. Epigenetic modifications which promote the malignant potential of stem cells or respective progenitor cells are gaining an increased importance in malignancies of the elderly, when effects of environmental exposures, lifestyles and metabolism have left their traces in the genome and the associated protein components of the chromatin. This explains that besides „classic“ tumor suppressor genes (eg of the P53 pathway), expression patterns of hormone receptors such as estrogen receptor and growth factor receptors, vitamin response, DNA-repair and apoptotic pathways (death associated protein kinase) are altered by epigenetic mechanisms in tumor cells. An insight into these complex mechanisms presents the basis for improved models which outline chances and risks of therapeutic interventions combining chromatin-targeting drugs.

Introduction

Despite major advances in understanding key molecular lesions in cellular control pathways that contribute to cancer, it remains true that microscopic examination of nuclear structure is a gold standard in cancer diagnosis. Changes in the nuclear architecture, which largely involve the state of chromatin configuration have the potential to confirm the cancer phenotype in a single cell. The most important cues are the size of the nucleus, nuclear outline, a condensed nuclear membrane, prominent nucleoli, dense „hyperchromatic“ chromatin and a high nuclear/cytoplasmic ratio. Such structural features, visible under a microscope likely correlate with profound alterations in chromatin function and resultant changes in gene expression states and/or chromosomal stability. Linking changes observable at a microscopic level with the molecular marks discussed throughout this book remains one of the great challenges in cancer research. 

In this chapter, we review epigenetic marks, typified by changes in DNA cytosine methylation at CpG dinucleotides and histone modifications, which are abnormally distributed in cancer cells. They are increasingly being linked to events that affect the stablity and function of the genome and thus contribute significantly to the cancer phenotype.
Such epigenetic modifications can have significant impact on chromatin structure and transcriptional activity and, in contrast to genetic aberrations are reversible phenomena (1).

Role of metabolism within the epigenetic network

The extent to which epigenetic change can also be acquired in response to external stimuli from environment, lifestyle and metabolism represents an exciting dimension in the "nature vs nurture" debate (2).

Metabolic enzymes supply acetyl groups from acetyl-CoA for histone acetylation from carbohydrate and fat metabolism (3)  and methyl groups from dietary methyl donors (4). Acetylation at lysine residues is a widespread posttranslational histone modification with examples known for histones H2A, H2B, H3, and H4. The levels of histone acetylation play a crucial role in chromatin remodeling and in the regulation of gene transcription as well as cell cycle progression and DNA repair (5-8). The presence of acetylated lysine in histone tails is associated with a more relaxed chromatin state and gene-transcription activation, while the deacetylation of lysine residues is associated with a more condensed chromatin state and transcriptional gene silencing (9). Various histone acetyl transferases (HATs) have been identified (for review see e.g. (10)). As typical for protein acetyltransferases, their acetylation donor is acetyl-CoA, a central molecule of both carbohydrate and fatty acid metabolism Figure 2. Acetyl-CoA - synthetases  producing nucleocytosolic acetyl-CoA directly regulate global histone acetylation (3). By contrast to histone acetylation, which is closely related to energy metabolism, methylation of histones and DNA is associated with amino acid metabolism: A pathway which is key to many of these reactions is the metabolic cycling of methionine. Briefly, methionine is converted to the methyl cofactor S-adenosylmethionine (SAM or AdoMet). Subsequent to methyl donation, the product S-adenosylhomocysteine (SAH) becomes homocysteine (Hcy), which is then either catabolized or remethylated to methionine.

The palindromic CpG dinucleotide, which is found in cluster in regulatory region of genes, often serves as substrate for DNA methyltransferases (DNMTs) targeting the 5-carbon position of the cytosine residues. The added methyl group can interfere with transcription factor binding, thereby regulating transcription (11). It can also designate a possible attachment site for methyl-CpG-binding proteins, which in turn effect further regulation by their association with the histone deacetylase- containing chromatin remodeling complexes. DNMT1, 3a and 3b are the most thoroughly studied DNMTs, and the activity of these enzymes is often described as being either maintenance or de novo methylation (12).  The former process serves to maintain preexisting epigenetic control status in dividing cells by methylating hemimethylated sites on newly synthesized strands, whereas the latter methylates sites in which both strands are unmethylated, for example, during early embryonic development (13). 

It appears possible that the reduced expression of metabolism-associated genes in aged individuals is based on epigenetic mechanisms. In age-associated diseases such as Myelodysplastic Syndrome (MDS) epigenetic changes affect on the one hand genes which play a role in cell-proliferation and –differentiation and on the other side important tumor suppressor genes as recently reviewed by our group (14). Metabolic changes during the aging process that are associated with an increased risk of malignancy include both carbohydrate and fatty acid metabolism. The role of insulin and insulin-like growth factor (IGF-1) signaling in aging is one of the most extensively studied pathways (15). Although IGFs might not be considered classical hematopoietic growth factors, some reports have shown that IGFs play a crucial role in hematopoiesis regulating proliferation and differentiation via the IGF-1 receptor (IGF-1R) (16). Within MDS cases, IGF-1R expression was higher in advanced than in less advanced subgroups and correlated with blast counts. IGF-1R overexpression may predict malignant proliferation in hematopoietic cells, such as the transformation of MDS to AML (17). Above mentioned, dysregulation of insulin-signalling also affects key enzymes of oxidative metabolism which is essential for energy production from fat.  Changes of this enzyme network at the mitochondrial level are known to be associated with the aging process, apoptosis, and many diseases. A comparative study quantifying expression of these enzymes in different age groups showed expected age dependent effects. In addition a MDS specific reduction of microsomal carnitine palmitoyltransferase is caused by promoter-methylation (18, 19). The reduction in transcription of different genes in blood cells which is well known in different tissues may reflect a systemic signaling process, associated with aging, apoptosis, and MDS (18). Furthermore data exist suggesting that changes in relative mRNA levels of these enzymes could represent the hematopoietic regenerative potential including evidence for a possible predictive value of such analyses (20). 

Epigenetic modification by DNA methylation during lifetime

The great fidelity with which DNA methylation patterns in mammals are inherited after each cell division is ensured by the DNMTs. However, the aging cell undergoes a DNA methylation drift: Early studies showed that global DNA methylation decreases during aging in many tissue types and it was subsequently observed that mammalian fibroblasts cultured to senescence increasingly lost DNA methylation (21). The decrease of global DNA methylation during aging is probably mainly the result of the passive demethylation of heterochromatic DNA as a consequence of a progressive loss of DNMT1 efficacy or erroneous targeting of the enzyme by other cofactors (or both) (22). However, this needs to be confirmed. A increased expression of the de novo DNA methylase DNMT3b, which acts rather in a targeted manner, could be a natural response of the cell to loss of DNA methylation in repeated DNA sequences as well. A logical outcome of DNMT3b overexpression could be that specific regions such as promoter CpG islands, which are commonly unmethylated in normal cells, become aberrantly hypermethylated, as previously reported for the genes coding for the human mutL homolog 1 (MLH1), which mutated form defines a low penetrance risk for colorectal cancer (Allan JM 2456), and for the cyclin-dependent kinase inhibitor CDKN2A (p14ARF, p16) that is known as an important tumor suppressor gene (reviewed in Ref (23)). 

Several specific regions of the genomic DNA become hypermethylated during aging (24). . For instance, there is an increase of methylcytosines in hepatic Gck promoter in livers of senescent rats which may represent an important marker for diabetogenic

potential during the ageing process (25). Methylation of promoter CpG islands in nontumorigenic tissues has been reported for several genes, including estrogen receptor (ER), myogenic differentiation antigen 1 (MYOD1), insulin-like growth factor II (IGF2) and tumor suppressor candidate 33 (N33). In some cases, such as MLH1 and CDKN2A, which are frequently inactivated in colon cancer, hypermethylation was also common in normal aged tissues (reviewed in Ref. (26)). Another study found increasing promoter hypermethylation of the tumor suppressor genes lysyl oxidase (LOX), CDKN2A, runt-related transcription factor 3 (RUNX3), and TPA (tumor promoting agent)-inducible gene 1 (TIG1) in non-neoplastic gastric mucosa that was significantly correlated with aging (27)). Other examples of genes with increased promoter methylation during aging include genes associated with structural integrity of cells and their transciptional regulators such as collagen (1(I) (28), E-cadherin (29) and fos (30). 

Thus, the accumulation of epigenetic alterations during aging might contribute to tumorigenic transformation. Although it is possible to associate the accumulation of methylation at the promoters of these tumor suppressor genes during aging with the predisposition to develop cancer, there is no experimental or mechanistic evidence of a direct relationship between these genes and the aging process. The regulation of the CDKN2A locus during aging and tumorgenesis deserves special attention. On the one hand, the promoter region of CDKN2A gains an increased number of methylated CpGs in normal gastric epithelia during aging 


(28) ADDIN EN.CITE . The increased hypermethylation within this promoter suggests that CDKN2A (=p16INK4a) expression is reduced. On the other hand, the expression of CDKN2A is known to increase with aging in mammals in a tissue-specific manner (reviewed in Ref.(31)) and, what is more striking, it has been proposed that its upregulation is directly involved in the decrease of self-renewal potential of some mature stem cells (32). 

Interaction of genetic and epigenetic mechanisms in cancer

Cancer is caused by (a mitotically heritable) deregulation of genes, which control whether cells divide, die, and move from one part of the body to another. During the process of carcinogenesis, genes can become activated in ways that enhance division or prevent cell death, or alternatively, they can become inactivated so that they no longer apply the brakes to these processes. The first type of genes is called „oncogenes“ and the second „tumor suppressor“ genes. It is the interaction between these two gene classes that results in the formation of cancer. Genes can be inactivated by at least three pathways, including [1] a mutation inducing a disabled function of the gene, [2] a deletion so that the gene becomes lost and thus not available to work appropriately, [3] an epigenetic change. This epigenetic silencing can involve histone modifications, and inappropriate methylation of cytosine residues in CpG sequence motifs that reside within control regions which govern gene expression. As outlined in this book, the basic mechanisms responsible for maintaining the silenced state are quite well understood. Consequently, we also know that epigenetics has profound implications for cancer prevention, detection and therapy. A series of approved drugs can reverse epigenetic changes and restore normal gene activity in cancer cells. In addition, because the changes in DNA methylation can be analyzed with a high degree of sensitivity, many strategies to detect cancer early rely on finding DNA methylation changes. Detection of associated changes in the expression profile of (de)methylating enzymes and the underlying metabolic pathways are gaining importance both as diagnostic tools and targets for therapy and prevention. These data, particularly DNA- and chromatin-methylation patterns that are fundamentally altered in cancers, have led to new opportunities for the understanding, detection and prevention of cancer (33).

DNA methylation in normal and cancer cells
DNA methylation, catalysed by DMNTs, involves the addition of a methyl group to the carbon 5 position of the cytosine ring in the CpG dinucleotide and results in the

formation of methylcytosine (34, 35). Although CpG dinucleotides are under-represented in the mammalian genome, CpG rich regions (CpG islands) are found within the promoter regions of approximately 40–50% of human genes (36). Cytosines within CpG islands, especially those associated with promoter regions, are less methylated in normal cells. This lack of methylation in promoter-associated CpG islands allows gene transcription to occur, providing that the appropriate transcription factors are present and the chromatin structure is open(37). Abnormal DNA methylation pattern (38)s have been recognised in cancer cells for over two decades (39). Paradoxically, cancer cells are associated with global hypomethylation but with regional hypermethylation of CpG islands at gene promoters (39, 40). Aberrant genome-wide hypomethylation may relate to tumourigenesis by promoting genomic instability. Methylation of promoter CpG islands is associated with a closed chromatin structure and transcriptional silencing of the associated gene (37, 38, 41). Knudson’s ‘two-hit’ model for cancer proposed that a dominantly inherited predisposition to cancer entails a germline mutation, while tumourigenesis requires a second, somatic mutation. Non-hereditary cancer of the same type requires the same two hits but both are somatic (42, 43). 

The frequency of this process, the variety of genes involved, and the large repertoire of cancers shown to harbour dense methylated promoter CpG islands all reflect the critical role of epigenetic mechanisms in cancer initiation and progression. Whilst certain genes, such as CDKN2A, have been shown to be hypermethylated in many tumour types, in general, the pattern of genes hypermethylated in cancer cells is tissue specific (44). Many fundamental cellular pathways are inactivated in human cancer by this type of epigenetic lesion: DNA repair (MLH1; O-6-methylguanine-DNA methyltransferase, MGMT; breast cancer 1, early onset, BRCA1), cell cycle (CDKN2A, p16INK4a, p14Arf; CDKN2B, p15INK4b), cell invasion and adherence (E-cadherin, CDH1; adenomatous polyposis coli APC; H-cadherin, CDH13; von Hippel-Lindau tumor suppressor, VHL), apoptosis (death-associated protein kinase 1, DAPK1; caspase 8, CASP8; FAS; tumor necrosis factor receptor superfamily, member 10a, TNFRSF10A, TRAIL-R1)  detoxification (glutathione S-transferase pi 1, GSTP1and hormonal response (retinoic acid receptor, beta, RARB; estradiol receptor (, ESR1) (44-48). The deregulation of such pathways is likely to confer a survival advantage to the affected cell and thus contribute to the step-wise progression of a normal cell to a cancer cell. Altered DNA methylation patterns in human cancer are not only of importance to our understanding of the molecular pathogenesis of this disease but may also may serve as markers for cancer diagnosis and prognosis, and prediction of response to therapy.

Promoter hypermethylation in haematopoietic malignancies

DNA hypermethylation is a common mechanism of gene inactivation in haematopoietic malignancies and gains an increasing importance as a therapeutic target, especially when combined with other targeted drugs such as monoclonal antibodies or small –molecule-inhibitors (49). The spectrum of genes inactivated by hypermethylation in haematopoietic malignancies differs from solid tumours, although many cancer-related pathways are known to be deregulated in leukaemia/lymphoma as a result of DNA hypermethylation (44). Table 1 shows a summary of those genes commonly hypermethylated in haematopoietic malignancies. In general, the pattern of promoter methylation found in haematopoietic malignancies can be considered to be an aberrant and specific phenomenon, with disease-specific methylation patterns of key CpG islands found for particular genes. Most investigators have found that normal haematopoietic progenitors are free of such patterns of gene promoter methylation (50, 51). However, as discussed previously, not all promoter methylation is abnormal or disease-related. Dynamic changes in promoter methylation have been shown to play a role in the control of gene expression levels for growth factor receptors, growth factors and cytokines during normal myeloid development (52, 53). 

Table 1: Genes frequently methylated in haematopoietic malignancies

	
	Acute myeloid leukemias
	Myelodysplastic

Syndromes
	Acute lymphoid leukemia
	Lymphoma
	Multiple myeloma

	DNA repair
	-
	-
	-
	-
	MGMT

	Hormone response
	Estrogen receptor
	Estrogen receptor
	-
	-
	-

	Vitamin response
	RARB2
	-
	-
	RARB2
	-

	Cell cycle
	p15
	p15
	p15, p16
	p16
	p15, p16

	P53 network
	-
	HIC-1
	p73
	p73
	-

	Cell adherence and invasion
	E-cadherin
	E-cadherin,

calcitonin
	E-cadherin
	-
	-

	Apoptosis
	DAPK1

(sec AML)
	DAPK1

(contradictory results)
	DAPK1
	DAPK1
	DAPK1

	Tyrosine kinase cascades
	SOCS-1
	-
	-
	-
	SOCS-1

	Other pathways
	
	IGF1, ABL (CML)
	GSTP1
	
	


Hypermethylated gene promoters in solid cancers

Genes commonly hypermethylated solid tumors are summarized in Table 2. To understand the significance of genes for tumorigenesis and the challenges for the future in this field, the cancer-related genes which are affected by transcriptional inactivation may be divided into three groups: The first group of genes comprises those which were instrumental in defining promoter hypermethylation and gene silencing as an important mechanism for loss of tumor suppressor gene function in cancer. These were already recognized as classic tumor suppressor genes which, when mutated in the germ line of families, cause inherited forms of cancer. They are often mutated in sporadic forms of cancers but can frequently be hypermethylated on one or both alleles in such tumors (33, 37). In addition, for these genes, promoter hypermethylation can sometimes constitute the „second hit“ in Knudson’s hypothesis by being associated with loss of function of the second copy of the gene in familial tumors where the first hit is a germ-line mutation (54, 55). In some instances, 5-azacytidine-induced reactivation of these genes in cultured tumor cells has been shown to restore the key tumor suppressor gene function which is lost during tumor progression (56). The second group of epigenetically silenced genes are those previously identified as candidate tumor suppressor genes by virtue of their function, but they have not been found to have an appreciable frequency of mutational inactivation. Examples include the putative tumor suppressor gene Ras association domain family 1 (RASSF1A) and fragile histidine triad gene (FHIT, encodes a diadenosine 5',5'''-P1,P3-triphosphate hydrolase) on chromosome 3p in lung and other types of tumors (57, 58). Others are those known to encode proteins which subserve functions critical to prevention of tumor progression, such as the pro-apoptotic gene death-associated protein kinase 1 (DAPK1) (59). These genes present an important challenge for the field of cancer in that despite their having been identified as having frequent promoter hypermethylation in tumors, it must be proven, since many of the genes are not frequently, or not at all, mutated, how the genes actually contribute to tumorigenesis.

The third group of genes is being identified through strategies applied to randomly detect aberrantly silenced genes with promoter hypermethylation (60, 61). As compared to those genes in the second group, it is a challenge to place these genes into a functional context for cancer progression, because their functions may be totally unknown.

Table 2: Genes frequently methylated in solid tumors

	
	Gyn

(breast, ovary, uterus)
	Prostate
	Gastrointest

(esophagus, stomach, pancreas, liver, colon)
	Lung, 

head-neck
	Kidney, bladder
	Brain

	DNA repair
	BRCA1
	
	MGMT
	MGMT
	
	MGMT

	Hormone response
	ER

Pgr (progest rec, breast)
	AR
	AR 

ER
	ER
	
	

	Vitamin response
	
	
	
	
	
	

	Ras signalling
	
	RASSF1A
	
	RASSF1A
	
	

	Cell cycle
	p16

p15
	
	p16

p15
	p16

p15
	p16
	p16

	P53 network
	
	
	
	
	
	

	Cell adherence and invasion
	hMLH1

TIMP-3

E- cadherin
	
	hMLH1

TIMP-3

calcitonin
	TIMP-3

E- cadherin
	TIMP-3
	TIMP-3

	Wnt signalling
	
	APC

SOX7
	APC

IGFBP-3
	
	
	

	Apoptosis
	DAPK
	
	DAPK
	DAPK
	
	

	Tyrosine kinase cascades
	-
	TGF2R
	-
	-
	-
	-

	Other pathways
	GSTP1

LOX
	GSTP1

PTGS2

MDR1
	GSTP1

IGF2 (colon)

LOX (colon)
	LOX
	
	


Interaction DNA methylation and chromatin

Hypomethylated genes in cancer are known to have key histone modifications associated with their promoter regions (62). DNA methyltransferases (DNMT), which catalyse DNA methylation, also bind histone deacetylases (HDACs) and have the potential to target these enzymes to regions of gene silencing (63, 64). Removal of acetyl groups from histone lysine tails (deacetylation) by HDACs is one of several modifications made to these proteins associated with transcriptional silencing (62). Protein complexes of methyl-CpG-binding proteins, transcriptional corepressors, chromatin-remodelling proteins and HDACs bind to hypermethylated DNA regions, resulting in a transcriptionally repressive chromatin state in a heritable manner (64). Histone deacetylation increases ionic interactions between the positively charged histones and negatively charged DNA, which yields a more compact chromatin structure and represses

gene transcription by limiting the accessibility of the methyl transferases. For example, in DNMT1 knockout cancer cells there is an increase in the amount of acetylated forms of

histone H3 and a decrease in that of the methylated forms of histone H3. These changes are associated with the loss of interaction of HDACs and the heterochromatin protein HP1

with histone H3. These data strongly indicate that histone hyperacetylation is not always the result of a loss of HDAC activity, but that it could be due to a loss of HDAC targeted to

specific DNA sequences. One possible explanation is that changes in DNA methylation also cause histone modification due to direct interactions between the enzymes regulating different

epigenetic modifications (65). HDAC2 is also involved in the regulation of neuronal differentiation through a direct interaction with the N-terminal domain of DNMT3b. Treatment of the pheochromocytoma cell line  PC12 with HDAC inhibitors prevents the nerve growth factor-induced differentiation of this cell line, while the overexpression of the N-terminal domain of DNMT3b facilitates differentiation (66). Various mechanisms are involved in histone hypoacetylation. These changes can be explained

by a decrease in HAT activity due to the mutations or chromosomal translocations characteristic of leukemias, or to changes that result in the increased activity of HDACs.

Focusing on the role of HDACs in cancer, the available data indicate that there is more than one mechanism by which HDACs function in cancer development. HDACs also participate in gene expression regulation mediated by nuclear receptors. Estrogen receptors (ERs) belong

to a large superfamily of nuclear receptors that modulate the expression of genes regulating critical breast and ovary functions. HDAC1 interacts with ER-a and suppresses its transcriptional activity. The interaction of HDAC1 with ER-a is mediated by the activation function-2 (AF-2) domain and DNA-binding domain of ER-a, and this interaction is weakened in the presence of estrogens (67). Furthermore, another study indicates that the ER-gene transcription is regulated by a multiprotein complex that includes HDACs,

DNMTs, and retinoblastoma protein Rb (68). There are a number of studies showing altered expression of individual HDACs in tumor samples. For example, there is an increase in HDAC1 expression in gastric (69), prostate (70), colon (71) and breast (72) carcinomas. Overexpression of HDAC2 has been found in cervical (73) and gastric (74) cancers , and in colorectal carcinoma with loss of APC expression (75). Other studies have reported high levels of HDAC3 and HDAC6 expression in colon and breast cancer specimens, respectively (71, 76). Several examples of the roles of chromatin-modifying activities are also known in hematologic malignancies (1). For example, acute myeloid leukemia (AML), chronic myeloid leukemia (CML) and acute promyelocytic leukemia (PML) are caused by chromosomal translocations altering the use of HDACs and consequently DNA methylation. In PML, the PML gene is fused to the retinoic acid receptor (RAR). This receptor recruits HDAC activity and DNA methylation, and causes a state of transcriptional silencing, as shown with experimental promoter constructs. It has been suggested that this targeting of chromatin change can potentially lead to tumor suppressor gene silencing, which participates in a cellular differentiation block (77). In AML, The DNA-binding domain of the transcription factor AML-1 is fused to a protein called ETO, which interacts with a HDAC. Repression of cellular differentiation by the mistargeted HDAC contributes to aberrant gene expression and, ultimately leukemia (78). These are just two examples of the direct involvement of chromatin modifications in the oncogenic phenotype. It has, however, become clear that chromatin modifications can directly and indirectly alter the patterns of cytosine methylation, an epigenetic change of the DNA which can either „initiate“ or „lock in“ silencing of key genes leading to heritable perturbations in key cellular pathways. 

Acknowledgement: Financial support for this study was given by the Ludwig Boltzmann Society (Cluster Oncology) and the Jubiläumsfonds der Österreichischen Nationalbank (Project No. 13068).

References

1.
Wolffe AP. Chromatin remodeling: why it is important in cancer. Oncogene 2001;20:2988-90.

2.
Ezzat S. Chromatin remodeling: the interface between extrinsic cues and the genetic code? Clin Invest Med 2008;31:E272-81.

3.
Takahashi H, McCaffery JM, Irizarry RA, Boeke JD. Nucleocytosolic acetyl-coenzyme a synthetase is required for histone acetylation and global transcription. Mol Cell 2006;23:207-17.

4.
Ulrey CL, Liu L, Andrews LG, Tollefsbol TO. The impact of metabolism on DNA methylation. Hum Mol Genet 2005;14 Spec No 1:R139-47.

5.
Bird AW, Yu DY, Pray-Grant MG, Qiu Q, Harmon KE, Megee PC, et al. Acetylation of histone H4 by Esa1 is required for DNA double-strand break repair. Nature 2002;419:411-5.

6.
Krebs JE, Fry CJ, Samuels ML, Peterson CL. Global role for chromatin remodeling enzymes in mitotic gene expression. Cell 2000;102:587-98.

7.
Masumoto H, Hawke D, Kobayashi R, Verreault A. A role for cell-cycle-regulated histone H3 lysine 56 acetylation in the DNA damage response. Nature 2005;436:294-8.

8.
Suka N, Suka Y, Carmen AA, Wu J, Grunstein M. Highly specific antibodies determine histone acetylation site usage in yeast heterochromatin and euchromatin. Mol Cell 2001;8:473-9.

9.
Iizuka M, Smith MM. Functional consequences of histone modifications. Curr Opin Genet Dev 2003;13:154-60.

10.
Roth SY, Denu JM, Allis CD. Histone acetyltransferases. Annu Rev Biochem 2001;70:81-120.

11.
James SJ, Melnyk S, Pogribna M, Pogribny IP, Caudill MA. Elevation in S-adenosylhomocysteine and DNA hypomethylation: potential epigenetic mechanism for homocysteine-related pathology. J Nutr 2002;132:2361S-2366S.

12.
Okano M, Bell DW, Haber DA, Li E. DNA methyltransferases Dnmt3a and Dnmt3b are essential for de novo methylation and mammalian development. Cell 1999;99:247-57.

13.
Li E, Bestor TH, Jaenisch R. Targeted mutation of the DNA methyltransferase gene results in embryonic lethality. Cell 1992;69:915-26.

14.
Pfeilstocker M, Karlic H, Nosslinger T, Sperr W, Stauder R, Krieger O, et al. Myelodysplastic syndromes, aging, and age: correlations, common mechanisms, and clinical implications. Leuk Lymphoma 2007;48:1900-9.

15.
Holzenberger M, Kappeler L, De Magalhaes Filho C. IGF-1 signaling and aging. Exp Gerontol 2004;39:1761-4.

16.
Shimon I, Shpilberg O. The insulin-like growth factor system in regulation of normal and malignant hematopoiesis. Leuk Res 1995;19:233-40.

17.
Qi H, Xiao L, Lingyun W, Ying T, Yi-Zhi L, Shao-Xu Y, et al. Expression of type 1 insulin-like growth factor receptor in marrow nucleated cells in malignant hematological disorders: correlation with apoptosis. Ann Hematol 2006;85:95-101.

18.
Karlic H, Lohninger A, Laschan C, Lapin A, Bohmer F, Huemer M, et al. Downregulation of carnitine acyltransferases and organic cation transporter OCTN2 in mononuclear cells in healthy elderly and patients with myelodysplastic syndromes. J Mol Med 2003;81:435-42.

19.
Pfeilstocker M. Hypermethylation and Reduced Carnitine Availability - a Possible Mechanism for Downregulation of Microsomal Carnitine Palmitoyltransferase (mCPT) in Myelodysplastic Syndromes (MDS). Blood 2006.

20.
Fillitz M, Karlic H, Tuchler H, Zeibig J, Spiegel W, Wihlidal P, et al. Does mRNA level of microsomal carnitine palmitoyltransferase predict yield of peripheral blood stem cell apheresis? Ann Hematol 2006;85:386-93.

21.
Wilson VL, Jones PA. DNA methylation decreases in aging but not in immortal cells. Science 1983;220:1055-7.

22.
Casillas MA, Jr., Lopatina N, Andrews LG, Tollefsbol TO. Transcriptional control of the DNA methyltransferases is altered in aging and neoplastically-transformed human fibroblasts. Mol Cell Biochem 2003;252:33-43.

23.
Issa JP. Age-related epigenetic changes and the immune system. Clin Immunol 2003;109:103-8.

24.
Kim SK, Jang HR, Kim JH, Kim M, Noh SM, Song KS, et al. CpG methylation in exon 1 of transcription factor 4 increases with age in normal gastric mucosa and is associated with gene silencing in intestinal-type gastric cancers. Carcinogenesis 2008;29:1623-31.

25.
Jiang MH, Fei J, Lan MS, Lu ZP, Liu M, Fan WW, et al. Hypermethylation of hepatic Gck promoter in ageing rats contributes to diabetogenic potential. Diabetologia 2008;51:1525-33.

26.
Shi H, Wang MX, Caldwell CW. CpG islands: their potential as biomarkers for cancer. Expert Rev Mol Diagn 2007;7:519-31.

27.
So K, Tamura G, Honda T, Homma N, Waki T, Togawa N, et al. Multiple tumor suppressor genes are increasingly methylated with age in non-neoplastic gastric epithelia. Cancer Sci 2006;97:1155-8.

28.
Takatsu M, Uyeno S, Komura J, Watanabe M, Ono T. Age-dependent alterations in mRNA level and promoter methylation of collagen alpha1(I) gene in human periodontal ligament. Mech Ageing Dev 1999;110:37-48.

29.
Bornman DM, Mathew S, Alsruhe J, Herman JG, Gabrielson E. Methylation of the E-cadherin gene in bladder neoplasia and in normal urothelial epithelium from elderly individuals. Am J Pathol 2001;159:831-5.

30.
Choi EK, Uyeno S, Nishida N, Okumoto T, Fujimura S, Aoki Y, et al. Alterations of c-fos gene methylation in the processes of aging and tumorigenesis in human liver. Mutat Res 1996;354:123-8.

31.
Kim WY, Sharpless NE. The regulation of INK4/ARF in cancer and aging. Cell 2006;127:265-75.

32.
Janzen V, Forkert R, Fleming HE, Saito Y, Waring MT, Dombkowski DM, et al. Stem-cell ageing modified by the cyclin-dependent kinase inhibitor p16INK4a. Nature 2006;443:421-6.

33.
Esteller M. Epigenetic gene silencing in cancer: the DNA hypermethylome. Hum Mol Genet 2007;16 Spec No 1:R50-9.

34.
Holliday R, Grigg GW. DNA methylation and mutation. Mutat Res 1993;285:61-7.

35.
Bird A. DNA methylation patterns and epigenetic memory. Genes Dev 2002;16:6-21.

36.
Gardiner-Garden M, Frommer M. CpG islands in vertebrate genomes. J Mol Biol 1987;196:261-82.

37.
Jones PA, Baylin SB. The fundamental role of epigenetic events in cancer. Nat Rev Genet 2002;3:415-28.

38.
Baylin SB, Jones, P.A. Epigenetic determinants of cancer. In: Allis CD, Jenuwein, T.,  Reinberg, D., Caparros, M.-L., editor. Epigenetics. New York: Cold Spring Harbor Laboratory Press; 2007. p. 457-477.

39.
Feinberg AP, Vogelstein B. Hypomethylation distinguishes genes of some human cancers from their normal counterparts. Nature 1983;301:89-92.

40.
Esteller M. Cancer epigenetics: DNA methylation and chromatin alterations in human cancer. Adv Exp Med Biol 2003;532:39-49.

41.
Herman JG, Baylin SB. Gene silencing in cancer in association with promoter hypermethylation. N Engl J Med 2003;349:2042-54.

42.
Knudson AG. Hereditary cancer: two hits revisited. J Cancer Res Clin Oncol 1996;122:135-40.

43.
Knudson AG. Two genetic hits (more or less) to cancer. Nat Rev Cancer 2001;1:157-62.

44.
Galm O, Herman JG, Baylin SB. The fundamental role of epigenetics in hematopoietic malignancies. Blood Rev 2006;20:1-13.

45.
Esteller M, Herman JG. Cancer as an epigenetic disease: DNA methylation and chromatin alterations in human tumours. J Pathol 2002;196:1-7.

46.
Hopkins-Donaldson S, Ziegler A, Kurtz S, Bigosch C, Kandioler D, Ludwig C, et al. Silencing of death receptor and caspase-8 expression in small cell lung carcinoma cell lines and tumors by DNA methylation. Cell Death Differ 2003;10:356-64.

47.
Hellwinkel OJ, Kedia M, Isbarn H, Budaus L, Friedrich MG. Methylation of the TPEF- and PAX6-promoters is increased in early bladder cancer and in normal mucosa adjacent to pTa tumours. BJU Int 2008;101:753-7.

48.
Yang HJ, Liu VW, Wang Y, Tsang PC, Ngan HY. Differential DNA methylation profiles in gynecological cancers and correlation with clinico-pathological data. BMC Cancer 2006;6:212.

49.
Bishton M, Kenealy M, Johnstone R, Rasheed W, Prince HM. Epigenetic targets in hematological malignancies: combination therapies with HDACis and demethylating agents. Expert Rev Anticancer Ther 2007;7:1439-49.

50.
Herman JG, Civin CI, Issa JP, Collector MI, Sharkis SJ, Baylin SB. Distinct patterns of inactivation of p15INK4B and p16INK4A characterize the major types of hematological malignancies. Cancer Res 1997;57:837-41.

51.
Melki JR, Vincent PC, Brown RD, Clark SJ. Hypermethylation of E-cadherin in leukemia. Blood 2000;95:3208-13.

52.
Lubbert M, Mertelsmann R, Herrmann F. Cytosine methylation changes during normal hematopoiesis and in acute myeloid leukemia. Leukemia 1997;11 Suppl 1:S12-8.

53.
Sakashita K, Koike K, Kinoshita T, Shiohara M, Kamijo T, Taniguchi S, et al. Dynamic DNA methylation change in the CpG island region of p15 during human myeloid development. J Clin Invest 2001;108:1195-204.

54.
Grady WM, Willis J, Guilford PJ, Dunbier AK, Toro TT, Lynch H, et al. Methylation of the CDH1 promoter as the second genetic hit in hereditary diffuse gastric cancer. Nat Genet 2000;26:16-7.

55.
Esteller M, Fraga MF, Guo M, Garcia-Foncillas J, Hedenfalk I, Godwin AK, et al. DNA methylation patterns in hereditary human cancers mimic sporadic tumorigenesis. Hum Mol Genet 2001;10:3001-7.

56.
Herman JG, Umar A, Polyak K, Graff JR, Ahuja N, Issa JP, et al. Incidence and functional consequences of hMLH1 promoter hypermethylation in colorectal carcinoma. Proc Natl Acad Sci U S A 1998;95:6870-5.

57.
Dammann R, Li C, Yoon JH, Chin PL, Bates S, Pfeifer GP. Epigenetic inactivation of a RAS association domain family protein from the lung tumour suppressor locus 3p21.3. Nat Genet 2000;25:315-9.

58.
Burbee DG, Forgacs E, Zochbauer-Muller S, Shivakumar L, Fong K, Gao B, et al. Epigenetic inactivation of RASSF1A in lung and breast cancers and malignant phenotype suppression. J Natl Cancer Inst 2001;93:691-9.

59.
Katzenellenbogen RA, Baylin SB, Herman JG. Hypermethylation of the DAP-kinase CpG island is a common alteration in B-cell malignancies. Blood 1999;93:4347-53.

60.
Suzuki H, Gabrielson E, Chen W, Anbazhagan R, van Engeland M, Weijenberg MP, et al. A genomic screen for genes upregulated by demethylation and histone deacetylase inhibition in human colorectal cancer. Nat Genet 2002;31:141-9.

61.
Yamashita K, Upadhyay S, Osada M, Hoque MO, Xiao Y, Mori M, et al. Pharmacologic unmasking of epigenetically silenced tumor suppressor genes in esophageal squamous cell carcinoma. Cancer Cell 2002;2:485-95.

62.
Struhl K. Histone acetylation and transcriptional regulatory mechanisms. Genes Dev 1998;12:599-606.

63.
Fuks F, Burgers WA, Brehm A, Hughes-Davies L, Kouzarides T. DNA methyltransferase Dnmt1 associates with histone deacetylase activity. Nat Genet 2000;24:88-91.

64.
Rountree MR, Bachman KE, Baylin SB. DNMT1 binds HDAC2 and a new co-repressor, DMAP1, to form a complex at replication foci. Nat Genet 2000;25:269-77.

65.
Espada J, Ballestar E, Fraga MF, Villar-Garea A, Juarranz A, Stockert JC, et al. Human DNA methyltransferase 1 is required for maintenance of the histone H3 modification pattern. J Biol Chem 2004;279:37175-84.

66.
Bai S, Ghoshal K, Datta J, Majumder S, Yoon SO, Jacob ST. DNA methyltransferase 3b regulates nerve growth factor-induced differentiation of PC12 cells by recruiting histone deacetylase 2. Mol Cell Biol 2005;25:751-66.

67.
Kawai H, Li H, Avraham S, Jiang S, Avraham HK. Overexpression of histone deacetylase HDAC1 modulates breast cancer progression by negative regulation of estrogen receptor alpha. Int J Cancer 2003;107:353-8.

68.
Macaluso M, Cinti C, Russo G, Russo A, Giordano A. pRb2/p130-E2F4/5-HDAC1-SUV39H1-p300 and pRb2/p130-E2F4/5-HDAC1-SUV39H1-DNMT1 multimolecular complexes mediate the transcription of estrogen receptor-alpha in breast cancer. Oncogene 2003;22:3511-7.

69.
Choi JH, Kwon HJ, Yoon BI, Kim JH, Han SU, Joo HJ, et al. Expression profile of histone deacetylase 1 in gastric cancer tissues. Jpn J Cancer Res 2001;92:1300-4.

70.
Halkidou K, Gaughan L, Cook S, Leung HY, Neal DE, Robson CN. Upregulation and nuclear recruitment of HDAC1 in hormone refractory prostate cancer. Prostate 2004;59:177-89.

71.
Wilson AJ, Byun DS, Popova N, Murray LB, L'Italien K, Sowa Y, et al. Histone deacetylase 3 (HDAC3) and other class I HDACs regulate colon cell maturation and p21 expression and are deregulated in human colon cancer. J Biol Chem 2006;281:13548-58.

72.
Zhang Z, Yamashita H, Toyama T, Sugiura H, Ando Y, Mita K, et al. Quantitation of HDAC1 mRNA expression in invasive carcinoma of the breast*. Breast Cancer Res Treat 2005;94:11-6.

73.
Huang BH, Laban M, Leung CH, Lee L, Lee CK, Salto-Tellez M, et al. Inhibition of histone deacetylase 2 increases apoptosis and p21Cip1/WAF1 expression, independent of histone deacetylase 1. Cell Death Differ 2005;12:395-404.

74.
Song J, Noh JH, Lee JH, Eun JW, Ahn YM, Kim SY, et al. Increased expression of histone deacetylase 2 is found in human gastric cancer. Apmis 2005;113:264-8.

75.
Zhu P, Martin E, Mengwasser J, Schlag P, Janssen KP, Gottlicher M. Induction of HDAC2 expression upon loss of APC in colorectal tumorigenesis. Cancer Cell 2004;5:455-63.

76.
Zhang Z, Yamashita H, Toyama T, Sugiura H, Omoto Y, Ando Y, et al. HDAC6 expression is correlated with better survival in breast cancer. Clin Cancer Res 2004;10:6962-8.

77.
Di Croce L, Raker VA, Corsaro M, Fazi F, Fanelli M, Faretta M, et al. Methyltransferase recruitment and DNA hypermethylation of target promoters by an oncogenic transcription factor. Science 2002;295:1079-82.

78.
Amann JM, Nip J, Strom DK, Lutterbach B, Harada H, Lenny N, et al. ETO, a target of t(8;21) in acute leukemia, makes distinct contacts with multiple histone deacetylases and binds mSin3A through its oligomerization domain. Mol Cell Biol 2001;21:6470-83.



