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Preface

Epigenetics refers to heritable changes in gene expression or genome function
encoded by marks other than DNA base sequence; information literally “above” the
level of genetics. Epigenetic marks include cytosine methylation and cytosine
hydroxymethylation, histone tail modifications, histone variants, and nucleosome
positional information, all of which are resident along the DNA duplex. Epigenetic
marks frequently show interdependent relationships, for example, the close associa-
tion of DNA methylation states with particular histone tail modifications and his-
tone variants. From the standpoint of cell physiology, epigenetics provides a
mechanism for cells to integrate environmental or intrinsic stimuli into heritable
changes in genome function. From the standpoint of development, epigenetics pro-
vides a platform for cell differentiation and cell specialization, which in principle
cannot simply be the consequence of DNA sequence. Most relevant to this book is
the fact that changes in epigenetic states are now recognized to play a fundamental
role in cancer development and progression. Cancer, almost uniquely among com-
mon human diseases, is characterized by natural selection for cellular variants with
improved fitness, e.g., proliferative capacity and rate, evasion of cell death, invasive
growth, migration to and proliferation at secondary sites, chemotherapy resistance,
and a myriad of other naturally or artificially selected phenotypes. Epigenetic
changes play a key role in this phenotypic selection, possibly to an equal to or even
greater extent than do genetic mutations.

As a field, cancer epigenetics has now reached young adulthood. The observations
that started the field were of DNA hypomethylation changes in cancer in the 1980s, fol-
lowed by the discovery of DNA hypermethylation in cancer in the 1990s. In the last
decade, additional alterations at other levels of epigenetic control (e.g., histone
modifications) have also been discovered and characterized in cancer. Also, over the past
few years rapid progress has been made in translating the findings of epigenetic altera-
tions into new cancer biomarkers and therapeutic targets. One clear highlight in the field
has been the FDA-approval of DNA methyltransferase (DNMT) inhibitors and histone
deacetylase (HDAC) inhibitors to treat a select number of human malignancies.

The early work in cancer epigenetics was largely hypothesis or “candidate-gene”
driven. More recent work using unbiased and global approaches (i.e., epigenomics)
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have validated and greatly extended the early observations. Evidence now suggests
that DNA hypomethylation is linked to oncogenic gene activation and genomic
instability, and that DNA hypermethylation leads to tumor suppressor gene inactiva-
tion, including inactivation of DNA repair genes that also may promote genomic
instability. Thus, epigenetic mutations (epimutations) appear to promote genetic
mutations and genomic rearrangements in cancer. Intriguingly, a number of recent
findings largely from cancer genome sequencing data suggest that genes involved in
epigenetic control processes are commonly mutated in a variety of cancers, thus
demonstrating that genetic changes can also promote epigenetic alterations in can-
cer. Taken together, the data now indicate that the roles of genetics and epigenetics
in cancer development are highly intertwined.

Epigenetic Alterations in Oncogenesis comprises 15 chapters contributed by lead-
ing active researchers in the field. The book is divided into three sections that run the
gamut from a description of the basic epigenetic mechanisms that regulate gene expres-
sion in human cancer, to how alterations in epigenetic marks contribute to cancer biol-
ogy, and concluding with an account of the uses for epigenetic-targeted drugs to treat
human cancer, as well as the analysis methods to decipher cancer epigenomes.

Part I, Epigenetic Marks and Mechanisms, provides an introduction to the major
epigenetic marks and how these are altered during oncogenesis. The part begins with
a discussion by Jin and Robertson in Chap. 1 on cytosine DNMTs and DNA hyper-
methylation in cancer, and focuses particularly on the silencing of genes involved in
DNA repair, which are a frequent target of hypermethylation. In addition, the authors
summarize important recent work showing that DNMTs themselves participate in
DNA repair processes. In Chap. 2, Ehrlich and Lacey turn attention to the flip side of
the coin, DNA hypomethylation, which was the original epigenetic alteration
observed in cancer. The authors discuss the diverse genomic contexts in which DNA
hypomethylation can occur and present possible mechanisms to explain DNA
hypomethylation in cancer. An exciting recent development in epigenetics is the dis-
covery of 5-hydroxymethylcytosine (5-hmC) as a novel epigenetic mark, which itself
appears to be linked to DNA hypomethylation. The biological significance of 5-hmC
as well as the enzymes that catalyze its formation (ten—eleven translocation or TET
proteins, which can be mutated in cancer) is discussed by Kinney and Pradhan in
Chap. 3. In Chap. 4, attention turns to altered histone modifications in cancer with a
detailed discussion by Campbell and Turner on how posttranslational histone
modifications are controlled under normal circumstances and the mechanisms driv-
ing their alteration in malignancy. A critical concept in epigenetics is that DNA
methylation and histone modifications ultimately impact gene expression and genome
function via their effects on nucleosomes; the important topic of altered nucleosome
occupancy in cancer is covered by Andreu-Vieyra and Liang in Chap. 5.

Part II, The Impact of Epigenetic Alterations on Cancer Biology, discusses how
epigenetic changes contribute to critically important cancer phenotypes. The sec-
tion begins in Chap. 6, where Fabbri and colleagues discuss miRNA expression
alterations in cancer caused by epigenetic changes, including DNA methylation,
histone modifications, and Polycomb proteins. The importance of this concept is
illustrated by the inherent capacity of altered miRNA expression to derange entire
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transcriptional programs in cancer cells. A large family of genes known as cancer-
testis or cancer-germ line genes encodes antigens that are a major target of cancer
vaccines. Additionally, a number of these genes have emerging oncogenic func-
tions. In Chap. 7, De Smet and Loriot discuss how epigenetic mechanisms, most
prominently DNA hypomethylation, lead to the activation of these genes in many
human malignancies. Andersen and Jones follow this with a discussion in Chap. 8
of how DNA methylation controls cell fate in the intestine and how, when the tumor
suppressor gene adenomatous polyposis coli (APC) is lost, this promotes DNA
hypomethylation and intestinal tumorigenesis. In Chap. 9, Futscher describes how
tractable cell model systems are being used to discern the temporal epigenetic alter-
ations that are linked to cell immortalization and transformation. It is now recog-
nized that epigenetic regulation lies at the heart of stem cell maintenance and
differentiation. In Chap. 10, Huang and colleagues discuss epigenetic regulation of
mesenchymal stem cells (MSC) during tumorigenesis, and highlight recent work
showing that targeted DNA methylation of tumor suppressor genes provides a model
system to study MSC-driven tumorigenesis.

Part 11, Clinical Implications and Analysis Methods, provides an overview of
important topics related to the utility of epigenetic alterations as cancer biomarkers
and therapeutic targets, and provides a detailed overview of the methods used to
decipher cancer epigenomes. In the past few years, a major link between environ-
mental toxicants, epigenetic changes, and cancer has become apparent. In Chap. 11,
Pogrinby and Rusyn discuss these developments as they pertain to chemical carcino-
gens such as arsenic, as well as other pharmaceutical and biological agents. While
epigenetic alterations in cancer cells and tumor tissues is well established, emerging
data suggest that systemic epigenetic changes (i.e., those affecting normal tissues)
can also occur in cancer patients, as well as in individuals with elevated risk for can-
cer. Marsit and Christensen highlight the current research in this exciting and poten-
tially high impact area in Chap. 12. Epigenetic therapies have entered the clinic and
received their first widespread use in the context of myeloid malignancies, particu-
larly myelodysplastic syndrome (MDS) and acute myelogenous leukemia (AML). In
Chap. 13, Griffiths and Gore discuss the clinical work in this arena, with a focus on
the FDA-approved azanucleosides 5-azacytidine (vidaza) and decitabine (dacogen),
but also touching on HDAC inhibitors. In Chap. 14, Balch and Nephew discuss how
epigenetic therapies may be particularly well suited for chemotherapy sensitization
to overcome drug resistance, and review the extensive preclinical work and rapidly
accumulating clinical knowledge in this area. Finally, in Chap. 15, Costello and col-
leagues review the approaches used for the analysis of cancer epigenomes. In par-
ticular, they discuss the methods appropriate for the analysis of cytosine methylation
and hydroxymethylation, discuss next-generation sequencing approaches, and touch
on the computational methods now being used to explore cancer epigenomes.

Omabha, Nebraska, USA Adam R. Karpf
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Part 1
Epigenetic Marks
and Mechanisms



Chapter 1
DNA Methyltransferases, DNA Damage Repair,
and Cancer

Bilian Jin and Keith D. Robertson

Abstract The maintenance DNA methyltransferase (DNMT) 1 and the de novo
methyltransferases DNMT3A and DNMT3B are all essential for mammalian devel-
opment. DNA methylation, catalyzed by the DNMTs, plays an important role in
maintaining genome stability. Aberrant expression of DNMTs and disruption of
DNA methylation patterns are closely associated with many forms of cancer, although
the exact mechanisms underlying this link remain elusive. DNA damage repair sys-
tems have evolved to act as a genome-wide surveillance mechanism to maintain
chromosome integrity by recognizing and repairing both exogenous and endogenous
DNA insults. Impairment of these systems gives rise to mutations and directly con-
tributes to tumorigenesis. Evidence is mounting for a direct link between DNMTs,
DNA methylation, and DNA damage repair systems, which provide new insight into
the development of cancer. Like tumor suppressor genes, an array of DNA repair
genes frequently sustain promoter hypermethylation in a variety of tumors. In addi-
tion, DNMT, but not the DNMT3s, appear to function coordinately with DNA dam-
age repair pathways to protect cells from sustaining mutagenic events, which is very
likely through a DNA methylation-independent mechanism. This chapter is focused
on reviewing the links between DNA methylation and the DNA damage response.

1.1 Introduction

DNA methyltransferases (DNMTs), responsible for the transfer of a methyl group
from the universal methyl donor, S-adenosyl-L-methionine (SAM), to the 5-position
of cytosine residues in DNA, are essential for mammalian development [1].

B. Jin ¢ K.D. Robertson (b))

Department of Biochemistry and Molecular Biology,
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4 B. Jin and K.D. Robertson

There are four members of the DNMT family, including DNMT1, DNMT3A,
DNMT3B, and DNMT3L. DNMTS3L, unlike the other DNMTs, does not possess
any inherent enzymatic activity [2]. The other three family members are active on
DNA. DNMT1 encodes the maintenance methyltransferase and DNMT3A/DNMT3B
encode the de novo methyltransferases [3, 4], required to establish and maintain
genomic methylation. While this maintenance vs. de novo division has been conve-
nient, there is clear evidence for functional overlap between the maintenance and
the de novo methyltransferases [5, 6]. Gene knockout analysis in mice has shown
that Dnmt1 and Dnmt3a/Dnmit3b genes are all essential for viability. DnmtI inacti-
vation leads to very early lethality at embryonic day (E) 9.5, shortly after gastrula-
tion [7-9], whereas Dnmt3b knockout induces embryo death at E14.5-18.5, due to
multiple developmental defects including growth impairment and rostral neural
tube defects [3, 8, 9]. Dnmt3a~~ mice become runted and die at about 4 weeks of
age, although they appear to be relatively normal at birth [3].

DNMTs play an important role in genomic integrity, disruption of which may
result in chromosome instability and tumor progression. It is well established that
DNMTs are required for transcriptional silencing of a number of sequence classes,
including imprinted genes, genes on the inactive X chromosome and transposable
elements [1, 10], and silencing of these sequences is essential for maintaining chro-
mosome stability. Much compelling evidence has come from targeted deletion
experiments showing that all three DNMTs are involved in stabilization of the
genome, particularly repetitive sequences [3, 11, 12]. For example, either single
knockout of Dnmt1 or double knockout of Dnmt3a and Dnmt3b enhances telomere
recombination [11]. DNMT?3B is specifically required for stabilization of pericentro-
meric satellite repeats. DNMT3B deficiency results in expansion and rearrangements
of pericentromeric repeats [3, 12]. Immunodeficiency, centromere instability, and
facial anomalies (ICF) syndrome is the only human genetic disorder known to involve
biallelic mutations in DNMT3B. It is characterized by chromosomal instability aris-
ing due to destabilization of pericentromeric repeats, particularly those at juxtacen-
tromeric regions of chromosomes 1, 9, and 16 [3, 12]. Of note, cells null for DNMT1
or with hypomorphic mutations in DNMT1 that partially reduce its levels to 30% of
WT DNMT1 display significantly greater microsatellite instability (MSI) [13-17], a
greater frequency of chromosomal translocations [18] and much higher sensitivity to
genotoxic agents [17], which may promote the development of cancer.

The DNA damage response (DDR) is a genome-wide surveillance system that
protects cells from potentially mutagenic DNA insults derived from either endoge-
nous or exogenous sources. The DDR usually functions through the coordinated
actions of DNA repair and checkpoint systems to promote DNA damage repair
before replication or to activate cell death pathways if excessive damage exists [19].
Like the cellular DNA methylation machinery, an intact DDR is crucial for prevent-
ing cancer. Evidence is mounting to support a link between the DNA methylation
and DNA damage repair systems, as first suggested by promoter hypermethylation
and silencing of DNA repair genes in multiple types of cancer [20]. More impor-
tantly, DNMT1 may be directly involved in DNA damage repair in a DNA methy-
lation-independent manner [14, 17, 21-23]. Strong support for this latter notion
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comes from recent observations that DNMT 1 is rapidly and transiently recruited to
regions of DNA double-strand breaks (DSBs) via its interaction with proliferating
cell nuclear antigen (PCNA) [21, 24], as well the PCNA-like DNA damage sliding
clamp component RAD9 (of the 9-1-1 complex) [21]. In this chapter, we examine
and outline the links between DNMTs and DNA repair systems and discuss the pos-
sible mechanisms of how they are orchestrated, with a focus on cancer.

1.2 Epigenetic Silencing of DNA Repair Pathways Through
Aberrant Promoter Hypermethylation

DNA repair systems have evolved to maintain genomic integrity by countering
threats posed by DNA lesions [19]. Deficiency in the DNA repair pathways may
leave these lesions unrepaired or cause them to be repaired incorrectly, eventually
leading to genome instability or mutations that contribute directly to a large array of
human diseases including cancer. Carcinogenesis is believed to originate from and
be driven by the acquisition of abnormal genetic and/or epigenetic changes. Aberrant
DNA hypermethylation, when it occurs at promoter CpG islands (CGIs), leads to
potent and heritable transcriptional silencing that inactivates key cellular pathways
much like genetic changes (e.g., mutation/deletion) do. In addition to genetic muta-
tions, promoter hypermethylation in DNA repair genes is closely linked to a variety
of human tumor types including colorectal, breast, lung cancers, and glioma [20]
(Table 1.1), suggesting that epigenetic silencing of DNA repair pathways is an
important contributor to the development of cancer.

1.2.1 Epigenetic Inactivation of the DNA Mismatch
Repair Pathway

Mismatch repair (MMR) is a genome surveillance system to maintain genomic
integrity through recognizing and correcting mismatched nucleotides arising during
DNA replication, homologous recombination (HR), or other forms of DNA dam-
age. Impairment of this system gives rise to MSI [25, 26], which has now been
recognized as a hallmark of MMR gene-deficient cancers. Microsatellite loci,
widely dispersed in the genome, are repetitive sequences consisting of short runs of
nucleotides, typically one to four bases in length. Repetitive regions may give rise
to the formation of secondary structures, which are subject to expansion or
contraction. The secondary structures, if incorrectly resolved, lead to slippage of
DNA polymerases along repetitive sequences during replication. Microsatellites are
particularly susceptible to length change mutations during replication and transcrip-
tion, resulting in frameshift mutations if they are located within a gene [25, 26].
MMR deals with these changes to maintain microsatellite stability. MMR comprises
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the MutS complex and the MutL. complex. MutS recognizes the mismatched base,
while MutL recruits repair enzymes to damage sites via its binding with MutS [27].
There are two main MutS complexes in humans, MutSa and MutSf. MutSa., con-
sisting of the MutS homologue 2 (MSH2) protein bound to MSH6, recognizes sin-
gle-base mismatches or small insertion/deletion loops (indels), whereas MutSp,
consisting of MSH2 and MSH3, repairs only indels [28]. The main complex for
MutL in humans is MutLa., consisting of a heterodimer of MLH1 and PMS2 [26].
Mutations in or epigenetic silencing of MMR genes like MLH and MSH?2 is closely
associated with a variety of human cancers such as hereditary non-polyposis colon
cancer (HNPCC), sporadic colon cancer, and ovarian cancer [29].

MLHI plays a central role in coordinating various steps in MMR via interacting
with other MMR proteins and modulating their activities. Hypermethylation of the
MLH1 promoter is observed in a variety of cancers including oral squamous cell
carcinoma [30], gastric cancer [31, 32], non-small cell lung cancer (NSCLC) [33],
ovarian cancer [34], acute myeloid leukemia [35-37], head and neck squamous cell
carcinoma (HNSCC) [38], HNPCC [39-41], and particularly in colorectal cancer
(CRC) [42-45] (Table 1.1). The reduced MLHI1 protein expression is correlated
with high-level methylation detected in human CRC samples, whereas samples with
low-level methylation display expression levels similar to those observed in methy-
lation-negative samples [46], strongly suggesting that the MLHI gene is inactivated
via promoter hypermethylation in a dose-dependent manner. Nonetheless, it is not
clear whether a moderate degree of methylation affects MLH1 gene expression or
not. On the basis of observations made in germ line cells, it has long been believed
that MLHI promoter methylation involves only one allele of maternal origin.
However, more recent findings demonstrate that there is biallelic involvement of
MLH] promoter hypermethylation in many cancers [46]. The causal link between
MSI and epigenetic inactivation of MLH1 is further highlighted by the observation
that 90% of MSI+ HNPCC have MLH] hypermethylation, while 95% of MSI sam-
ples do not [20].

MSH? is also hypermethylated in multiple tumor types, including gastric cancer
[31], NSCLC [33], ovarian cancer [47], sporadic CRC [48], and HNPCC [49]
(Table 1.1). Interestingly, promoter methylation of MSH2 in HNPCC occurs primar-
ily in patients with germ line mutations in MSH2 rather than in germ line mutation-
negative cases [49]. Seventy percent of patients with MSH2 methylation also present
germ line mutations in this gene, clearly indicating that methylation is the second
inactivating hit in these tumors [49]. DNA hypermethylation can be caused by tran-
scription across a CGI within a promoter region. Recent studies have revealed that
deletions of the last exons of the EpCAM gene, located immediately upstream of
MSH?2, give rise to somatic hypermethylation of the MSH2 promoter [50]. Deletions
at the most 3'-end of the EpCAM gene result in loss of its polyadenylation signal,
which abolishes transcription termination. Transcription of EpCAM then continues
downstream into the MSH2 promoter and induces promoter hypermethylation of
MSH?2. DNA methylation triggered by transcriptional read-through of a neighbor-
ing gene, in either sense or antisense, direction may represent a general mutational
mechanism that promotes aberrant epigenetic changes. Like MLH2, other MutS
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homologues, including MSH3 and MSH6, are also inactivated by hypermethylation
in tumors such as breast [51] and gastric cancers [31] (Table 1.1).

1.2.2 Epigenetic Inactivation of the Base Excision Repair
and Nucleotide Excision Repair Pathways

The specific pairing of DNA bases in the genome is constantly challenged by endog-
enous metabolic by-products and environmental insults. Base excision repair (BER)
is responsible for the removal of damaged DNA bases and their backbones to pre-
vent mutations that could give rise to cancer [19, 52]. In BER, abnormal DNA bases
are recognized and removed by specific glycosylases, followed by recruitment of
other enzymes including nuclease, polymerase, and ligase proteins, to complete the
repair process via excising the remaining sugar fragments and reinstalling an intact
correctly based-paired nucleotide [19].

Either thymine DNA glycosylase (TDG) or methyl-CpG-binding domain 4
(MBD4) mediate a specific BER pathway for the correction of G/T mismatches
arising due to 5-methylcytosine deamination leading to C to T transitions. DNA
hypermethylation-mediated silencing of TDG and MBD4 may contribute to the fre-
quent genomic instability that occurs in cancer cells [53] (Table 1.1). TDG promoter
hypermethylation negatively correlates with its expression. TDG down-regulation
leads to less efficient DNA repair activity in response to hydrogen peroxide-induced
DNA damage. Ectopic expression of TDG, however, functionally compensates for
lower repair activities of damaged DNA in the KAS-6/1 myeloma cell line with
extensive endogenous 7DG gene hypermethylation [53]. MBD4, like TDG, is also
subject to promoter hypermethylation and gene silencing in tumors like sporadic
CRC and ovarian cancer [54]. Another DNA glycosylase, OGG1, which mediates
removal of 8-oxoguanine induced by oxidative damage, is also subject to inactiva-
tion via promoter methylation in cancer cells [55] (Table 1.1).

Of all the repair systems, nucleotide excision repair (NER) recognizes the most
varied types of DNA lesions, contending with the diverse class of helix-distorting
damage that interferes with base pairing and obstructs replication and transcription.
In NER, there exist two sub-pathways that differ in the mechanism of lesion recogni-
tion: global genome-NER (GG-NER) that surveys the entire genome for distortions,
and transcription-coupled repair (TCR), which targets damage that blocks elongating
RNA polymerases [19, 56]. NER, therefore, plays a particularly important role in
preventing mutations. Thus far, three syndromes, xeroderma pigmentosum, Cockayne
syndrome, and trichothiodystrophy (TTD), are closely associated with NER defects
[56]. Of these, patients with xeroderma pigmentosum, attributable to mutations in
one of the seven xeroderma pigmentosum (XP) group genes (XPA—XPG), show a
dramatically increased incidence of UV light-induced skin cancer [19, 56].

It was reported recently that the XPC promoter is epigenetically inactivated in
bladder cancer [57] (Table 1.1). XPC promoter methylation is significantly elevated
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in cancerous bladder compared to normal tissue, leading to reduced mRNA levels in
the tumor [57]. Epigenetic defects in the XPC gene may also influence malignant
behavior and prognosis. ERCC1 is a crucial protein in the NER pathway primarily
involved in the repair of platinum-DNA adducts. Aberrant CGI methylation in the
ERCCI promoter region has been observed in human glioma cell lines and primary
tumors, which is associated with cisplatin chemosensitivity [58]. In a rat lung can-
cer model, however, ERCCI methylation is detected in only a very small proportion
of samples [59]. Deficiency in XRCCl1, a scaffolding protein for BER and single-
strand break repair (SSBR), is associated with enhanced risk of lung cancer [60].
XRCC1 is subject to aberrant promoter methylation in human gastric cancer tissues
[61]. In lung cancer, infiltrating carcinomas exhibit statistically higher levels of
methylation at the XRCCI promoter compared to normal, hyperplastic, and
squamous metaplastic tissues [59]. RAD23B, a key component for damage recogni-
tion in NER, is also hypermethylated in multiple myeloma [62].

1.2.3 Epigenetic Inactivation of HR and Nonhomologous
End-Joining DNA Repair Pathway Components

HR not only provides an important mechanism to repair several types of DNA
lesions that pose a threat to genome integrity, including DNA DSBs, DNA damage
encountered during DNA replication, and DNA interstrand cross-links (ICLs), but
is also required to restart stalled replication forks during the late S and G2 phases of
the cell cycle [63, 64]. HR promotes precise repair of DNA damage using the intact
sister chromatid as a template. Deficiency of HR leads to more error-prone repair,
which is associated with mutagenesis and predisposition to cancer [63].

The BRCAI and BRCA?2 genes are both essential for HR-mediated DNA repair.
BRCAL appears to act as a signal integrator that links DNA damage sensors with
response mechanisms. BRCA2, however, is more directly involved in homology-
directed DSB repair, as it mediates formation of a RAD51-DNA nucleoprotein
filament that catalyzes strand invasion during HR. BRCAI and BRCA?2 are fre-
quently mutated in hereditary breast and ovarian cancers, but seldom in sporadic
cases of these tumor types. Epigenetic inactivation of BRCAI via promoter hyperm-
ethylation, however, plays an important role in tumorigenesis in a wide array of
cancers including breast [65, 66], ovarian [67], gastric [68], bladder [69], and
NSCLCs [70], both hereditary [71] and sporadic forms [20, 39] (Table 1.1). It is
believed that epigenetic silencing of BRCAL1 creates a new mutator pathway that
generates mutations and gross chromosomal rearrangements via p53 signaling. This
idea is supported by several observations including one demonstrating that p53
inactivation rescues the impact of BRCA1 deficiency on cell survival [20, 72].
Although much less frequently than BRCAI, BRCA2 also acquires promoter region
hypermethylation that is closely associated with its reduced expression in breast
cancer [51] and NSCLC [70] (Table 1.1).
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The primary function of the Fanconi anemia (FA) pathway is to repair interstrand
DNA cross-links, which promotes HR via coordinating other DNA damage-responsive
events to stabilize stalled replication forks, to convey signals to DNA checkpoint path-
ways, and to facilitate recovery of replication forks [73]. FA is a genomic instability
syndrome characterized by bone marrow failure, developmental abnormalities, and
increased cancer incidence, which is caused by mutations in one of thirteen distinct
genes (FANCA, FANCB, FANCC, FANCD1, FANCD2, FANCE, FANCF, FANCG,
FANCI, FANCJ, FANCL, FANCM, and FANCN) [73]. Eight of them (FANCA, B, C,
E, F, G, L, and M) form the FA core complex. This group of genes contains a high GC
content and CGIs at their promoter regions, making them potential targets for aberrant
hypermethylation-mediated silencing [74]. This idea has received support from obser-
vations that FANCC, FANCF, and FANCL acquire promoter methylation during human
carcinogenesis [39, 75]. Of these, FANCF displays hypermethylation the most fre-
quently, occurring in 14-28% of different cancers including NSCLC [76], HNSCC
[76], cervical [77], and ovarian [39, 78] (Table 1.1).

Unlike HR, which performs error-free repair, nonhomologous end-joining (NHEJ)
simply restores DNA integrity by joining the two DNA ends. This type of repair is
error-prone and frequently results in the loss or addition of several nucleotides at the
break site. Despite its mutagenic consequences, NHEJ is the major DSB repair path-
way in mammalian cells. Defects in NHEJ lead to chromosomal translocations and
genomic instability. In NHEJ, DSBs are detected by the KU70/KUS80 heterodimer;
the KU complex then activates the protein kinase DNA-PKcs (DNA-dependent pro-
tein kinase catalytic subunit), leading to recruitment and activation of end-processing
enzymes, polymerases, and finally ligation of the breaks by the XRCC4/DNA ligase
IV complex. In the NHEJ pathway, only the XRCCS5 gene, encoding the KU80 pro-
tein, has been reported to be inactivated via epigenetic mechanisms [70] (Table 1.1).
Low expression of XRCCS5 in squamous cell carcinoma and NSCLC is significantly
associated with promoter region hypermethylation. Treatment of NSCLC cells with
the DNA demethylating agent 5-aza-2'-deoxycytidine (5-aza-CdR), however, does
not result in increased KU80 expression [70]. Thus, the underlying mechanisms pro-
moting and maintaining XRCCS silencing await further investigation, particularly in
more samples and more types of cancer.

1.2.4 Epigenetic Silencing of O°-Methylguanine-DNA
Methyltransferase

Of-methylguanine, which arises due to alkylation reactions, pairs with thymine
rather than cytosine, resulting in G:C to A:T mutations during DNA replication. O°-
methylguanine-DNA methyltransferase (MGMT), also known as O°-alkylguanine-
DNA alkyltransferase (AGT), repairs DNA damage by transferring the methyl
groups on the O° position of guanine to an active site cysteine residue to protect
cells from sustaining mutagenic events, which has been demonstrated by gain- or
loss-of-function experiments in vitro and in vivo [79]. The MGMT protein is unique
among DNA-repair components because it acts alone to remove DNA adducts.
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Although MGMT is ubiquitously expressed in normal human tissues, mean
enzymatic activity in malignant tissues is usually higher than in their normal coun-
terparts. However, there is a variety of tumors such as glioma, CRC, NSCLC, and
HNSCC that lack MGMT expression [20, 39] (Table 1.1). It has been well docu-
mented that MGMT deficiency often arises due to abnormal promoter methylation
[20, 39, 80]. For example, 29% of NSCLCs and 38% of CRCs display aberrant
MGMT methylation, in which the presence of hypermethylation is highly associated
with loss of MGMT protein [81]. MGMT is the most frequently methylated gene in
central nervous system tumors. Epigenetic silencing of MGMT via promoter hyper-
methylation occurs in approximately 40% of primary glioblastomas and over 70%
of secondary glioblastomas. It is also detected in 50% of the diffuse and anaplastic
astrocytomas and approximately two-thirds of oligodendroglial and mixed tumors
[82]. These results, together with a causal relationship between DNA methylation of
the MGMT CGI and decreased transcription of the gene in cell culture-based stud-
ies, demonstrate that DNA methylation is an important mechanism for silencing the
MGMT gene in human cancers.

Epigenetic silencing of MGMT may initiate an important mutator signaling cas-
cade in human cancers since MGMT loss causes G:C to A:T transitions, which lead
to downstream gene mutations. This proposal is strongly supported by an analysis
of point mutations in KRAS and p53. KRAS, the most commonly altered oncogene
in cancer, is an early key player in multiple signal pathways. Loss of MGMT is
associated with increased KRAS mutations possessing G:C to A:T transitions in
colon [83] and gastric cancer [84]. p53 is the most frequently mutated tumor sup-
pressor gene (TSG) in human cancer, and the majority of known p53 mutations are
G:C to A:T transitions [66, 85]. Epigenetic inactivation of MGMT may lead to G:C
to A:T transition mutations in p53, which has been observed in several types of
cancer including colorectal [66], liver [86], lung [87], esophageal squamous cell
carcinomas [88], and glioma [89]. Interestingly, MGMT promoter methylation is
associated with improved disease chemosensitivity and prolonged survival time in
patients treated with alkylating agent-based therapies [90]. However, it is unclear
whether the improved survival is specifically due to loss of MGMT expression or
accompanying drug sensitivity.

1.2.5 Epigenetic Silencing of WRN

Werner syndrome (WS) is a rare autosomal recessive disease, characterized by pre-
mature onset of aging, genomic instability, and increased cancer incidence. WS is
caused by null mutations at the WRN locus at 8p11.2—p12, which codes for a DNA
helicase belonging to the RecQ family. Deficiency in WRN function causes defects
in DNA replication and recombination, as well as DNA repair.

WRN is a 180-kd nuclear protein that has a unique interaction with its DNA
substrates through its C terminal RQC domain during base separation [91]. In addi-
tion to two C-terminal ATPase domains encoding for helicase activity, the WRN
protein contains an N-terminal domain coding for exonuclease activity. Its helicase
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and exonuclease activities function in a coordinated manner, suggestive of roles in
DNA repair, recombination, and replication. Recently, the WRN protein was also
shown to be involved in telomere maintenance based on the discovery that its
deficiency leads to accelerated telomere shortening in WS cells [92]. These multiple
roles of the WRN protein highlight its importance in aging and cancer.

The evidence suggesting that WRN acts as a TSG is derived primarily from
WS, which is characterized by the early onset development of a variety of cancers
due to germ line WRN mutation; somatic mutations in the WRN gene have not been
reported. Epigenetic inactivation of WRN provides additional support for its TSG
role in sporadic cancer. The WRN promoter undergoes hypermethylation in a wide
array of tumors including colorectal, gastric, prostate, non-small cell lung, and
breast cancers [93, 94] (Table 1.1). Epigenetic silencing of WRN via methylation
not only leads to the loss of protein and enzyme activity, but also to chromosomal
instability. Furthermore, the above phenotype is reversed by DNA-demethylating
agents. Most importantly, restoration of WRN expression induces its tumor-sup-
pressor effects, such as inhibition of colony formation and tumor growth [93]. Taken
together, aberrant epigenetic silencing of WRN, a candidate TSG, may play an
important role in human cancers. Interestingly, WRN was recently shown to be
associated with promoter methylation of the OCT4 gene [95], which encodes a cru-
cial transcription factor for the maintenance of cell pluripotency. During differentia-
tion of human pluripotent NCCIT embryonic carcinoma cells, WRN localizes to the
OCT4 promoter region with de novo DNA methyltransferase DNMT3B and pro-
motes differentiation-dependent OCT4 silencing and promoter methylation [95].
Deficiency in WRN blocks DNMT3B recruitment to the promoter and leads to
decreased promoter methylation of OCT4 [95]. Therefore, WRN may also contrib-
ute to the control of stem cell differentiation via epigenetic silencing of the key
pluripotency transcription factor OCT4.

1.2.6 Epigenetic Inactivation of ATM/ATR Signaling

DNA damage signaling requires the coordinated action of a large array of mole-
cules that can be categorized as DNA damage sensors, transducers, mediators, and
effectors according to their functions. Upon damage of DNA, the MRE11-RADS50-
NBS1 (MRN) sensor complex recognizes DSBs and the replication protein A
(RPA) complex processes accumulated single-stranded DNA (ssDNA). The trans-
ducer ataxia-telangiectasia mutated (ATM) and ATR kinases are recruited to and
activated by DSBs and RPA-coated ssDNA, respectively. With the help of media-
tors (including 53BP1, MDC1, BRCA1, MCPH1, and PTIP in ATM signaling, and
TopBP1 and Claspin in ATR signaling), ATM and ATR activate the effector kinases
CHK2 and CHKI, respectively, which then spread the signal throughout the
nucleus [96-98]. CHK1 and CHK?2 decrease cyclin-dependent kinase (CDK) activ-
ity, which slows down or arrests cell cycle progression. Meanwhile, ATM/ATR
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signaling promotes DNA repair through various mechanisms. Through ATM/ATR
signaling, DNA repair and cell cycle progression are closely coordinated. The
coordinated action of DNA repair and cell cycle controls either promotes the
resumption of normal cell functioning before replication or triggers apoptosis/cell
death when normal cell functioning cannot be restored; both mechanisms act as
barriers to tumorigenesis [19].

Ataxia-telangiectasia (AT) is a rare autosomal recessive disorder, characterized
by progressive cerebellar ataxia, oculocutaneous telangiectasia, susceptibility to
bronchopulmonary disease, and lymphoid tumors. AT is caused by deficiency in
the ATM gene, localized on chromosome 11q22-23. ATM is an Ser/Thr protein
kinase of the phosphoinositide 3-kinase (PI3K)-related protein kinase (PIKK) fam-
ily, which also includes ATR, DNA-PKcs, and SMG1. ATM may have as many as
700 substrates [99, 100], highlighting its multiple functions in various biological
processes including cancer. Loss of heterozygosity in ATM results in reduced pro-
tein expression; however, this mechanism explains only a small proportion of can-
cers where ATM down-regulation is observed. In sporadic cancer, which accounts
for 90-95% of tumors, the probability of ATM gene mutations is low, whereas
altered expression of ATM is frequently observed. It is therefore likely that epi-
genetic modifications have an impact on ATM expression in these cases (Table 1.1).
Initial proof for this idea came from studies using the human colon cancer cell line
HCT116 [101]. In this cell line, ATM displays aberrant promoter methylation,
which inversely correlates with its low expression and low radiosensitivity. The
significance of this finding is underscored by further observations that treatment of
HCT116 cells with 5-azacytidine (a DNA demethylating agent) restores expres-
sion of ATM and radiosensitivity [101]. ATM is also epigenetically silenced in
primary cancers. For example, 78% of surgically removed breast tumors [102] and
25% of HNSCC [103] display aberrant methylation in the ATM promoter region
accompanied by reduced ATM.

CHK?2, the mammalian homologue of the yeast Rad53 and Cdsl, is located at
chromosome 22q12.1, spans approximately 50 kb, and consists of 14 exons [104].
CHK2, activated by ATM, responds primarily to DSBs. Its fundamental role is to
coordinate cell cycle progression with DNA repair and cell survival or death.
Germ line mutations in the CHK2 gene predispose to Li—Fraumeni syndrome
(LFS), characterized by multiple tumors at early age with a predominance of
breast cancer and sarcomas [105]. Somatic mutations in CHK?2 exist also, although
they occur in only a small subset of sporadic human malignancies, including car-
cinomas of the breast, lung, colon, and ovary, osteosarcomas, and lymphomas
[106]. The finding of both germ line and somatic mutations suggests that CHK2
acts as a TSG. This is further supported by the observation that down-regulation
of CHK?2 is associated with promoter methylation in sporadic cancers including
lung cancer, glioma, and Hodgkin’s lymphoma [107-109]. For example, DNA
hypermethylation of the distal CHK2 CGIs occurs in 28.1% of NSCLCs and
40.0% of squamous cell carcinomas, which inversely correlates with CHK2
mRNA levels. It should be noted, however, that observations in breast, colon, and
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ovarian cancers do not support a causative link between DNA methylation and
gene expression of CHK?2 [110, 111].

1.3 DNA Methyltransferase 1 and Mismatch Repair

The function of the MMR pathway is to correct base substitution mismatches and
insertion—deletion mismatches generated in newly replicated DNA [112].
Deficiencies in or inactivation of this pathway has profound biological conse-
quences. Loss of MMR activity is attributed to the initiation and promotion of mul-
tistage carcinogenesis [113]. A growing number of reports have demonstrated that
loss of DNMT1 function has a significant impact on MSI—a hallmark of MMR
efficiency, suggesting it has a role in the MMR pathway (Fig. 1.1). Using genetic
screens in Blm-deficient embryonic stem (ES) cells, Dnmtl was identified as an
MMR modifier gene. Dnmtl deficiency in murine ES cells results in a fourfold
increase in the MSI rate [13]. Further support for this finding comes from several
other laboratories [14—17, 114]. DNMT1 deficiency enhances microsatellite muta-
tions for both integrated reporter genes [13, 14, 16, 17] and endogenous repeats
[15]. This finding holds true for both ES cells and somatic cells. In a murine ES cell
line with homologous deletion of Dnmtl, the stability of five endogenous microsat-
ellite repeats (two mononucleotides and three dinucleotides), exhibiting instabilities
in MMR-deficient cells was analyzed. A significantly higher frequency of instabil-
ity was detected at three of the five markers in Dnmtl~~ ES cells compared to the
wild-type ES cells [15]. The slippage rate of a stable reporter gene was also moni-
tored. Dnmtl deficiency led to a sevenfold higher rate of microsatellite slippage in
DnmtI7~ ES cells compared to wild-type cells [14]. Notably, no DNA methylation
in the region flanking the reporter gene was discovered, regardless of Dnmtl status,
suggesting that the effect of Dnmtl on MMR was not at the level of DNA methyla-
tion [14]. Enhanced MSI is associated with higher levels of histone H3 acetylation
and lower MeCP2 binding at regions near the assayed microsatellite, suggesting
that Dnmt1 loss decreases MMR efficiency by modifying chromatin structure. CAG
repeat expansions are closely associated with human age-related diseases including
12 neurodegenerative disorders. Repeat instability induced by CAG repeat expan-
sion requires the MMR components [16, 115]. DNMT1 deficiency induces destabi-
lization and intergenerational expansion of CAG triplet repeats [16]. Double
knockdown of MLH1 and DNMT 1, however, additively increases the frequency of
CAG contraction [114]. Specific targeting of DNMT1 in hTERT-immortalized nor-
mal human fibroblasts by siRNA induces both resistance to MSI and the drug
6-thioguanine (which induces cytotoxic DNA damage due to its misincorporation
opposite thymine [116]) at a CA17 reporter gene; two hallmarks of MMR deficiency.
Mutation rates correspond well with DNMT1 levels, ranging from 4.1-fold in cells
with 31% of the normal DNMT1 protein level to tenfold in cells with 12% of the
normal DNMT1 protein level [17]. This suggests that DNMT1 regulates microsatel-
lite stability in a dose-dependent manner. The exact underlying mechanism of how
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Fig. 1.1 Impact of DNMT1 on MMR and DDR. DNMT1 may promote stabilization of microsat-
ellites via methylation of CpG repeats and it also interacts with DNA repair proteins via third-party
mediators (e.g., MBD4 and PCNA). Moreover, deficiency in DNMT1 leads to activation of PARP
signaling, eventually resulting in MMR protein cleavage. DNMT' is also closely associated with
DDR. Inactivation of DNMT1 may induce several changes to DNA and/or chromatin including
increased DNA fragility, disruption of replication foci, and accumulation of hemimethylated DNA,
which may be recognized as “damage” and activate the DDR. Strong support for a direct link
between DNMT1 and DDR comes from the identification of several protein-protein interactions
involving DNMT1 and DDR proteins. DNMTT1 is recruited to sites of DNA damage via its interac-
tion with PCNA and 9-1-1. DNMT1 is also capable of binding CHK1 and p53, which promote cell
cycle arrest and apoptosis, respectively

DNMT1 is involved in MSI appears complex and remains elusive. Microsatellite
methylation probably provides a mechanism for length stabilization by subsequent
transcriptional repression of genes containing or proximal to microsatellites with
methylated CpG repeats. However, increased mutations usually occur at microsatel-
lite repeats that do not contain any CpG sites in the repeat itself [13, 15, 16, 114] or
nearby [14], indicating that DNA methylation changes around microsatellite repeats,
at least in some cases, are not the primary cause of the instability. Alternatively,
DNMT1 might influence transcriptional repression and MSI through chromatin
remodeling [14].

The impact of DNMT1 on the MMR pathway is further highlighted by the obser-
vation that DNMT 1 and the MMR proteins probably interact with each other through
a third-party mediator (Fig. 1.1). The methyl CpG-binding protein MBD4/MED1
may provide a functional link between MMR and DNMT1 through protein—protein
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interaction. MBD4, which possesses glycosylase repair activity for G:T mismatches,
is involved in NER as well as MMR. MBD4 binds MLH1 via its C-terminal glyco-
sylase domain [117, 118]. Deletion of Mbd4 in MEFs induced destabilization of
MMR proteins and conferred resistance to antitumor drugs including 5-FU and
platinum [119]. MBD4 and TDG have functional overlap and they interact with the
de novo methyltransferases DNMT3A and DNMT3B [120, 121]. MBD4 also inter-
acts with maintenance methyltransferase DNMT1 via its N-terminal MBD domain
[118]. Based on a combination of immunoprecipitation and GST-pull down experi-
ments in mouse, rat, and Xenopus, a minimal domain of approximately 70 amino
acids in the N-terminal targeting sequence region of DNMT1 was shown to be
required for MBD4 to bind to DNMT1 [118], which overlaps with a region in rat
DNMT1 that interacts with MECP2 [122]. Through interacting directly with both
DNMT1 and MLH1, MBD4 recruits MLH1 to heterochromatic sites that are coin-
cident with DNMT1 localization [118]. Similarly, MBD4/MLH1 accumulates at
DNA damage sites where DNMT1 is recruited after laser microirradiation [118].
Loss of DNMT 1 induces p53-dependent apoptosis, which can be rescued by inacti-
vation of p53 [123]. The MBD4/MLHI1 complex also mediates the apoptotic
response to DNMT 1 depletion [118]. Colocalization of these proteins at damaged
regions implies that they function coordinately in the cellular decision to repair the
lesion or activate apoptosis. Like MBD4, PCNA may act as a mediator between
MMR and DNMT1 because of its direct interaction with both systems. PCNA inter-
acts with multiple components of the MMR pathway including MSH6, MSH3, and
MLHI1. Disruption of this interaction confers an MMR defect in vivo and in vitro
[124-126]. Both MSH6 and MSH3 colocalize with PCNA at replication foci during
S-phase [127]. MLHI is recruited to damage sites where PCNA and DNMT1 also
accumulate, although with slower kinetics than DNMT1 [118, 128]. The recruit-
ment of DNMT1 to both the replication fork and DNA damage sites is through a
direct interaction with PCNA and possibly CHK1 and the 9-1-1 complex as well
[21, 24]. However, there is no report showing that PCNA, MLHI1, and DNMT1
colocalize together, implying that PCNA might interact with each protein at a
different time. Nonetheless, the functional mechanisms of whether and how these
factors are orchestrated in response to DNA damage requires further investigation.

Most recently, DNMT1 deficiency has been shown to induce the depletion of
multiple repair factors at the protein level (Fig. 1.1) [17], highlighting its impor-
tance not only in MMR efficiency, but also in DDR signaling. In normal human
fibroblasts and CRC cell lines, DNMT1 knockdown leads to a matching decrease in
MLHI at the protein, but not the mRNA level [17]. Loss of MLH1, however, does
not lead to expression changes in DNMT1 [17]. Promoter hypermethylation of
MLH], although frequently observed in sporadic colon cancers [39], does not appear
to be the cause leading to gene inactivation in the context of DNMT1 deficiency.
MLH] hypermethylation in DNMT1-deficient cells was further ruled out using a
bisulfite pyrosequencing assay [17]. Further observations suggest that DNMT]
deficiency affects the steady-state levels of a number of repair proteins, including
MSH2, MSH6, and PMS2, as well as MBD4 [17]. Loss of multiple MMR
components in DNMT1 hypomorphic cells indicates that DNMT1 might play an
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indirect role in the stabilization or proteolytic cleavage of these proteins, rather than
directly interacting with each of them. It is documented that DNMT1 deficiency
activates the DDR, which leads to cell cycle arrest [21, 123] and the triggering of
cell death pathways [123] that may result in cleavage of proteins including MLH1
[129], which might account for MMR protein depletion after DNMT1 knockdown.
Loss of DNMTT1 activates ATM/ATR, which normally phosphorylate H2A.X lead-
ing to focal accumulation of YH2A.X, a hallmark of DDR [21]. If excessive damage
exists, pS3-dependent [123] and other cell death pathways are activated to maintain
genomic integrity. Elevated YH2A . X levels in DNMT1 hypomorphic cells can be
partially reduced through inhibition of ATM/ATR signaling [17]. However, the PAR
polymerase (PARP) inhibitor DPQ also reduces the level of YH2A.X, to an extent
exceeding that observed with the ATM/ATR inhibitor caffeine. In keeping with
these observations, the viability of DNMT1-depleted cells treated with DPQ is
enhanced to a greater extent than treatment of cells with agents that inhibit caspases
or p53 [17]. These findings, together with the observation that PARylation increases
after DNMT1 loss, clearly demonstrate that PARP is involved in the DDR and cell
death process in cells deficient in DNMT1 (Fig. 1.1). PARP catalyzes the polymer-
ization of ADP-ribose (PAR) units on target proteins using nicotinamide adenine
dinucleotide (NAD*) molecules as a donor [130]. NAD* depletion, induced by
severe DNA damage, gives rise to mitochondrial membrane depolarization and
apoptosis initiation factor (AIF) translocation. It eventually results in an activation
of caspases that lead to protein cleavage and cell death. DNA repair protein MLH1
[129], along with BLM1 [131] and ATM [132], are preferred targets of caspases.
Treatment with the PARP inhibitor DPQ, as expected, leads to an increase in full-
length MLHI1 protein levels in DNMT1-depleted cells [17]. Taken together, DDR
signaling, particularly the cell death pathway mediated by PARP, may play a sub-
stantial role in regulating cleavage of MMR repair proteins in cells deficient for
DNMT1 (Fig. 1.1).

1.4 DNMT1 and the DNA Damage Response

Reduction of DNMT1 levels activates a DDR usually initiated by the most lethal
form of DNA damage-DSBs (Fig. 1.1). DNMT1 deficiency also inhibits DNA rep-
lication [22, 23, 133]. It was reported that DNMT 1 knockdown triggers an intra-S-
phase arrest of DNA replication, independent of DNA demethylation [22]. Similar
to the observations for DNA damage checkpoints [134], the intra-S-phase arrest is
transient, disappearing after 10 days of treatment with DNMT1 siRNA. The S-phase
cells induced by DNMT 1 knockdown exist in two distinct populations: 70% incor-
porate BrdUr, while 30% do not, consistent with the presence of an intra-S-phase
checkpoint triggering cell cycle arrest [134]. Cells are arrested at different posi-
tions throughout S-phase, suggesting that this response is not specific to distinct
classes of origins of DNA replication. 5-aza-CdR, a nucleoside analogue, is a
well-characterized and widely used inhibitor of DNA methylation, which inhibits
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DNA methylation by trapping DNMT1 at the replication fork after being incorpo-
rated into DNA. 5-aza-CdR does not inhibit the de novo synthesis of DNMT]
protein or its presence in the nucleus. S-phase cells treated with 5-aza-CdR, which
causes genome-wide demethylation, do not exhibit two distinct population distri-
butions as observed in cells deficient in DNMT1. These results suggest that the
intra-S-phase arrest is not correlated with the degree of DNA methylation, consis-
tent with observations that DNA replication arrest following DNMT1 inhibition is
probably due to a reduction in the physical presence of DNMT1 at the replication
fork, rather than DNA demethylation [133]. As discussed above, the cell cycle
distribution in DNMT1 knockdown cells resembles the transient intra-S-phase
arrest in DNA replication that is evoked by genotoxic insults [135-137]. In addi-
tion, DNMT inhibition also leads to the induction of a set of genes that are impli-
cated in the genotoxic stress response including p21 [133], p53 [123], and the
growth arrest DNA damage inducible 4503 gene (GADD45p) [22]. These results
imply that DNMTT1 is linked to DNA damage repair machineries to maintain chro-
mosome integrity via blocking DNA replication, a notion further strengthened by
observations that DNMT1 knockdown activates the checkpoint pathways in an
ATR-dependent manner [23]. Upon DNMT1 depletion, CHK1 and CHK2, key
proteins in ATM/ATR signaling, are phosphorylated, which in turn induce phos-
phorylation and degradation of cell division control protein 25 A (CDC25A) as
well as CDC25B [23]. As a consequence, the capacity for loading CDC45, an
essential factor for DNA replication [138], onto replication forks is decreased,
resulting in replication arrest. DNMT1 knockdown also induces the formation of
histone YH2A.X foci, a hallmark of the DNA DSB response. The response elicited
by DNMT1 knockdown is blocked by siRNA-mediated depletion of ATR, sugges-
tive of its ATR dependency. Further support for the importance of ATR came from
the finding that the cellular response to DNMT 1 depletion is markedly attenuated
in cells derived from a patient with Seckel syndrome, a disorder due to ATR
deficiency [23]. However, it is not clear whether ATM, another key transducer like
ATR in the checkpoint pathway, is involved in the process or not. DNA demethy-
lating agents do not trigger the stress response like genetic DNMT 1 depletion does
[23]. Moreover, this response is abolished by ectopic expression of either wild-
type DNMT1 or a mutant form of DNMT1 lacking the catalytic domain [23], sug-
gesting that loss of catalytic activity of DNMT1 is not driving this response. Also
of importance, DNMT1 knockdown leads to very limited genomic demethylation
[22, 23], consistent with observations made in cells containing hypomorphic muta-
tions in DNMT1 [139, 140]. One explanation for this limited demethylation is that
de novo DNMTs compensate for the reduction of DNMT 1 activity [139]. Another
possibility is that DNMTI loss triggers a checkpoint pathway (Fig. 1.1) to block
DNA replication, preventing loss of DNA methylation in an attempt to maintain
genome stability. Double knockdown of DNMT1 and ATR does indeed induce
global DNA demethylation, whereas single knockdowns of either DNMT1 or ATR
do not, implying that the arrest of DNA replication activated by ATR signaling fol-
lowing DNMT1 depletion prevents loss of DNA methylation and that blocking this
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response results in global loss of DNA methylation [23]. Taken together, it appears
that reduction of DNMT1 levels activates ATR signaling to block DNA replication
in a DNA methylation-independent manner (Fig. 1.1). How this response to
DNMT1 reduction is initiated, however, is still uncertain. It is possible that removal
of DNMT1 from replication forks disrupts fork progression and eventually results
in DSBs that elicit checkpoint signaling (Fig. 1.1). Alternatively, the presence of
low levels of hemimethylated DNA due to the absence of DNMT1 may trigger this
response (Fig. 1.1).

Complete inactivation of DNMT1 via genetic mechanisms also activates the
DDR and causes genomic demethylation. The degree of demethylation, however,
varies greatly depending on cellular context, ranging from 20% loss in human can-
cer cells [141] to 90% loss of genomic methylation in murine ES cells [7, 8]. As the
principal enzyme responsible for maintaining DNA methylation, DNMT]1 is essen-
tial for embryonic development and cell survival. Disruption of Dnmtl in mice
results in loss of 90% of genomic methylation and embryonic lethality [7, 8]. Murine
ES cells deficient for Dnmtl die when introduced to differentiate [7], mouse
fibroblasts die within 2—4 cell divisions after conditional deletion in Dnmtl [123],
and the human colon cancer cell line HCT116 undergoes marked apoptosis and cell
death within one cell division if DNMT] is completely inactivated by cre-mediated
conditional knockout [141, 142]. Notably, complete inactivation of DNMT1 trig-
gers the DDR before cells die [141]. Deletion of DNMT1 activates p53 [123, 141],
a target of ATM whose phosphorylation correlates with accumulation of p53 in
response to DNA damage [143]. Disruption of both alleles of DNMT1 leads to acti-
vation of the G2/M checkpoint and G2 arrest, as verified by the presence of phos-
phorylated ATM and YH2A.X at discrete nuclear DNA damage foci [141]. Further
support for checkpoint activation comes from the finding that treatment of cells with
an ATM/ATR inhibitor, caffeine, facilitates mitotic entry and cell death in DNMT1
null cells [141]. Most of these cells, however, eventually escape G2 arrest and re-
enter interphase with their unrepaired DNA, resulting in severe chromosomal and
mitotic abnormalities (mitotic catastrophe) [141]. Thus far, the mechanisms by
which DNMTT inactivation leads to activation of DNA damage repair remains
elusive. In the complete absence of DNMT 1, DNA may become more fragile owing
to reduced methylation and/or defective chromatin structure in critical regions of
the genome, leading to activation of DNA damage signaling (Fig. 1.1) [142].
Alternatively, the accumulation of hemimethylated DNA in DNMTI mutant cells
may be recognized as damage and trigger the damage response (Fig. 1.1). Both of
these possibilities are consistent with the observation that agents that affect overall
chromatin structure without damaging DNA also activate ATM [144]. Nonetheless,
it cannot be excluded that oncogene activation or gene mutations initiate the DDR,
as Dnmtl1-deficient ES cells exhibit significantly increased mutation rates, particu-
larly in the form of deletions and mutations [145].

Recruitment of DNMT1 to sites of DNA damage has been observed by our labo-
ratory [21, 146] and others [24], providing compelling evidence to support the
notion that DNMT]1 is directly involved in DNA damage repair (Fig. 1.1).
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Immediately after laser microirradiation-induced DSBs, an accumulation of DNMT 1
and PCNA occurs at the damage sites in S and non-S phase cells, colocalizing with
YH2A.X—a marker of DSBs. Recruitment of DNMT1 to damage sites is dependent
on its interaction with PCNA through its PCNA-binding domain (PBD) [21, 24], but
is independent of its catalytic activity [21]. In addition to PCNA, DNMTI1 also
interacts with other components of the DNA damage machinery including CHK1
[21, 146] and the 9-1-1 complex [21]. PCNA, along with CHK1 and 9-1-1, is essen-
tial for DNMT1’s recruitment to DNA damage sites. After recruitment to damaged
regions, DNMT1 modulates the rate of ATR signaling and is essential for suppress-
ing abnormal activation of the DDR in the absence of exogenous damage [21].
Taken together, these data have revealed a direct link between DNMT1 and the
DNA damage repair process.

PCNA mediates recruitment of DNMTT, not only to DNA replication sites, but
also to DNA damage sites. The DNMT1-PCNA interaction implies that the role of
DNMT might be to restore epigenetic information after damage repair. However,
recent studies demonstrate that this interaction is not essential for maintaining DNA
methylation [5, 147]. Furthermore, the observation [21] that DNMT]1 is very rapidly
recruited and retained only transiently, likely before resynthesis is completed, sug-
gest that genomic methylation is not the main function of DNMT1 at these sites, at
least in the early part of the DDR. The recruitment kinetics of WT DNMTI and
DNMTI with a point mutation in the catalytic domain are almost identical [21].
CHK1/CHK2 activation and YH2A.X foci formation induced by DNMT 1 deficiency
are rescued by expression of a catalytically inactive form of DNMT 1 [23]. Therefore,
although the possibility that DNMT1 participates in the restoration of DNA methy-
lation patterns during damage repair cannot be excluded, it seems more likely that
DNMT1 functions in sensing and/or mobilizing the response to certain forms of
DNA damage (Fig. 1.1).

In summary, both DNMTs and DNA damage repair systems have evolved to
maintain genomic integrity and disruption of these pathways contributes to the
development of cancer [19]. Therefore, we have examined and outlined the interac-
tion of DNMTs and DNA methylation with DNA damage repair systems and have
discussed possible mechanisms for how the two systems may function coordinately
to deal with DNA damage. Promoter methylation, catalyzed by DNMTs, plays an
established role in silencing key genes in multiple DNA damage repair pathways;
inactivation of these pathways may predispose to a large array of tumors [20]. These
findings are consistent with observations that TSGs are frequently silenced via epi-
genetic mechanisms in cancer cells. Unexpectedly perhaps, more recent observa-
tions strongly suggest that DNMTs, particular DNMT1, are directly involved in
DNA damage repair systems via what is likely to be a DNA-methylation-independent
mechanism [17, 21-23, 141]. The exact nature of the links between the DNMTs,
DNA methylation, and DNA damage repair systems is complex and remains to be
further investigated. A more thorough understanding of these links will not only
help dissect the mechanisms of tumor development, but also identify new antitumor
targets and therapeutic strategies.



1 DNA Methyltransferases, DNA Damage Repair, and Cancer 23

Acknowledgments Work in the Robertson laboratory is supported by NIH grants ROICA 116028,
RO1CA114229, and the Georgia Cancer Coalition (KDR). KDR is a Georgia Cancer Coalition
Distinguished Cancer Scholar.

References

. Robertson KD (2005) DNA methylation and human disease. Nat Rev Genet 6(8):597-610

2. Kareta MS, Botello ZM, Ennis JJ, Chou C, Chedin F (2006) Reconstitution and mechanism

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

of the stimulation of de novo methylation by human DNMT3L. J Biol Chem 281(36):
25893-25902

. Okano M, Bell DW, Haber DA, Li E (1999) DNA methyltransferases Dnmt3a and Dnmt3b

are essential for de novo methylation and mammalian development. Cell 99(3):247-257

. Okano M, Xie S, Li E (1998) Cloning and characterization of a family of novel mammalian

DNA (cytosine-5) methyltransferases. Nat Genet 19(3):219-220

. Egger G, Jeong S, Escobar SG et al (2006) Identification of DNMT1 (DNA methyltransferase

1) hypomorphs in somatic knockouts suggests an essential role for DNMT1 in cell survival.
Proc Natl Acad Sci USA 103(38):14080-14085

. Riggs AD, Xiong Z (2004) Methylation and epigenetic fidelity. Proc Natl Acad Sci USA

101(1):4-5

. Li E, Bestor TH, Jaenisch R (1992) Targeted mutation of the DNA methyltransferase gene

results in embryonic lethality. Cell 69(6):915-926

. Lei H, Oh SP, Okano M et al (1996) De novo DNA cytosine methyltransferase activities in

mouse embryonic stem cells. Development 122(10):3195-3205

. Li E (2002) Chromatin modification and epigenetic reprogramming in mammalian develop-

ment. Nat Rev Genet 3(9):662-673

Yoder JA, Walsh CP, Bestor TH (1997) Cytosine methylation and the ecology of intrage-
nomic parasites. Trends Genet 13(8):335-340

Gonzalo S, Jaco I, Fraga MF et al (2006) DNA methyltransferases control telomere length
and telomere recombination in mammalian cells. Nat Cell Biol 8(4):416-424

Xu GL, Bestor TH, Bourc’his D et al (1999) Chromosome instability and immunodeficiency
syndrome caused by mutations in a DNA methyltransferase gene. Nature 402(6758):
187-191

Guo G, Wang W, Bradley A (2004) Mismatch repair genes identified using genetic screens in
Blm-deficient embryonic stem cells. Nature 429(6994):891-895

Kim M, Trinh BN, Long TI, Oghamian S, Laird PW (2004) Dnmtl deficiency leads to
enhanced microsatellite instability in mouse embryonic stem cells. Nucleic Acids Res 32(19):
5742-5749

Wang KY, James Shen CK (2004) DNA methyltransferase Dnmtl and mismatch repair.
Oncogene 23(47):7898-7902

Dion V, Lin Y, Hubert L Jr, Waterland RA, Wilson JH (2008) Dnmt1 deficiency promotes
CAG repeat expansion in the mouse germline. Hum Mol Genet 17(9):1306-1317

Loughery JE, Dunne PD, O’Neill KM, Meehan RR, McDaid JR, Walsh CP (2011) DNMT1
deficiency triggers mismatch repair defects in human cells through depletion of repair protein
levels in a process involving the DNA damage response. Hum Mol Genet 20(16):
3241-3255

Karpf AR, Matsui S (2005) Genetic disruption of cytosine DNA methyltransferase enzymes
induces chromosomal instability in human cancer cells. Cancer Res 65(19):8635-8639
Jackson SP, Bartek J (2009) The DNA-damage response in human biology and disease.
Nature 461(7267):1071-1078



24

20

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

B. Jin and K.D. Robertson

. Jacinto FV, Esteller M (2007) Mutator pathways unleashed by epigenetic silencing in human
cancer. Mutagenesis 22(4):247-253

Ha K, Lee GE, Palii SS et al (2011) Rapid and transient recruitment of DNMT1 to DNA
double-strand breaks is mediated by its interaction with multiple components of the DNA
damage response machinery. Hum Mol Genet 20(1):126-140

Milutinovic S, Zhuang Q, Niveleau A, Szyf M (2003) Epigenomic stress response. Knockdown
of DNA methyltransferase 1 triggers an intra-S-phase arrest of DNA replication and induc-
tion of stress response genes. J Biol Chem 278(17):14985-14995

Unterberger A, Andrews SD, Weaver IC, Szyf M (2006) DNA methyltransferase 1 knockdown
activates a replication stress checkpoint. Mol Cell Biol 26(20):7575-7586

Mortusewicz O, Schermelleh L, Walter J, Cardoso MC, Leonhardt H (2005) Recruitment of
DNA methyltransferase I to DNA repair sites. Proc Natl Acad Sci USA 102(25):8905-8909
Laghi L, Bianchi P, Malesci A (2008) Differences and evolution of the methods for the
assessment of microsatellite instability. Oncogene 27(49):6313-6321

Kunkel TA, Erie DA (2005) DNA mismatch repair. Annu Rev Biochem 74:681-710
Raschle M, Dufner P, Marra G, Jiricny J (2002) Mutations within the hMLH1 and hPMS2
subunits of the human MutLalpha mismatch repair factor affect its ATPase activity, but not its
ability to interact with hMutSalpha. J Biol Chem 277(24):21810-21820

Kantelinen J, Kansikas M, Korhonen MK et al (2010) MutSbeta exceeds MutSalpha in dinu-
cleotide loop repair. Br J Cancer 102(6):1068-1073

Thibodeau SN, French AJ, Cunningham JM et al (1998) Microsatellite instability in colorec-
tal cancer: different mutator phenotypes and the principal involvement of hMLHI1. Cancer
Res 58(8):1713-1718

Viswanathan M, Tsuchida N, Shanmugam G (2003) Promoter hypermethylation profile of
tumor-associated genes pl6, pl15, hMLHI1, MGMT and E-cadherin in oral squamous cell
carcinoma. Int J Cancer 105(1):41-46

Kim HG, Lee S, Kim DY et al (2010) Aberrant methylation of DNA mismatch repair genes
in elderly patients with sporadic gastric carcinoma: A comparison with younger patients.
J Surg Oncol 101(1):28-35

Brucher BL, Geddert H, Langner C et al (2006) Hypermethylation of hMLHI1, HPP1,
pl4(ARF), pl6(INK4A) and APC in primary adenocarcinomas of the small bowel. Int J
Cancer 119(6):1298-1302

Wang YC, Lu YP, Tseng RC et al (2003) Inactivation of hMLH1 and hMSH2 by promoter
methylation in primary non-small cell lung tumors and matched sputum samples. J Clin
Invest 111(6):887-895

Murphy MA, Wentzensen N (2011) Frequency of mismatch repair deficiency in ovarian can-
cer: a systematic review. Int J Cancer 129:1914-1922

Seedhouse CH, Das-Gupta EP, Russell NH (2003) Methylation of the hMLH1 promoter and its
association with microsatellite instability in acute myeloid leukemia. Leukemia 17(1):83-88
Lenz G, Hutter G, Hiddemann W, Dreyling M (2004) Promoter methylation and expression
of DNA repair genes hMLHI1 and MGMT in acute myeloid leukemia. Ann Hematol
83(10):628-633

Nomdedeu JF, Perea G, Estivill C et al (2005) Microsatellite instability is not an uncommon
finding in adult de novo acute myeloid leukemia. Ann Hematol 84(6):368-375

Tawfik HM, El-Maqgsoud NM, Hak BH, El-Sherbiny YM (2011) Head and neck squamous
cell carcinoma: mismatch repair immunohistochemistry and promoter hypermethylation of
hMLHI1 gene. Am J Otolaryngol 32(6):528-36

Lahtz C, Pfeifer GP (2011) Epigenetic changes of DNA repair genes in cancer. J] Mol Cell
Biol 3(1):51-58

Valle L, Carbonell P, Fernandez V et al (2007) MLHI1 germline epimutations in selected
patients with early-onset non-polyposis colorectal cancer. Clin Genet 71(3):232-237
Gazzoli I, Loda M, Garber J, Syngal S, Kolodner RD (2002) A hereditary nonpolyposis col-
orectal carcinoma case associated with hypermethylation of the MLH1 gene in normal tissue



1 DNA Methyltransferases, DNA Damage Repair, and Cancer 25

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

8.

59.

60.

and loss of heterozygosity of the unmethylated allele in the resulting microsatellite instabil-
ity-high tumor. Cancer Res 62(14):3925-3928

Herman JG, Umar A, Polyak K et al (1998) Incidence and functional consequences of
hMLHI1 promoter hypermethylation in colorectal carcinoma. Proc Natl Acad Sci USA
95(12):6870-6875

Nakagawa H, Nuovo GJ, Zervos EE et al (2001) Age-related hypermethylation of the 5’
region of MLH1 in normal colonic mucosa is associated with microsatellite-unstable colorec-
tal cancer development. Cancer Res 61(19):6991-6995

Kuismanen SA, Holmberg MT, Salovaara R et al (1999) Epigenetic phenotypes distinguish
microsatellite-stable and -unstable colorectal cancers. Proc Natl Acad Sci USA 96(22):
12661-12666

Wheeler JM, Beck NE, Kim HC, Tomlinson IP, Mortensen NJ, Bodmer WF (1999)
Mechanisms of inactivation of mismatch repair genes in human colorectal cancer cell lines:
the predominant role of hMLHI. Proc Natl Acad Sci USA 96(18):10296-10301

Auclair J, Vaissiere T, Desseigne F et al (2011) Intensity-dependent constitutional MLH1
promoter methylation leads to early onset of colorectal cancer by affecting both alleles.
Genes Chromosomes Cancer 50(3):178-185

Zhang H, Zhang S, Cui J, Zhang A, Shen L, Yu H (2008) Expression and promoter methyla-
tion status of mismatch repair gene hMLH1 and hMSH2 in epithelial ovarian cancer. Aust
N Z J Obstet Gynaecol 48(5):505-509

Vlaykova T, Mitkova A, Stancheva G et al (2011) Microsatellite instability and promoter
hypermethylation of MLH1 and MSH2 in patients with sporadic colorectal cancer. ] BUON
16(2):265-273

Nagasaka T, Rhees J, Kloor M et al (2010) Somatic hypermethylation of MSH2 is a frequent
event in Lynch Syndrome colorectal cancers. Cancer Res 70(8):3098-3108

Ligtenberg MJ, Kuiper RP, Chan TL et al (2009) Heritable somatic methylation and inactiva-
tion of MSH2 in families with Lynch syndrome due to deletion of the 3’ exons of TACSTD1.
Nat Genet 41(1):112-117

Moelans CB, Verschuur-Maes AH, van Diest PJ (2011) Frequent promoter hypermethylation
of BRCA2, CDH13, MSH6, PAXS5, PAX6 and WT1 in ductal carcinoma in situ and invasive
breast cancer. J Pathol 225(2):222-231

David SS, O’Shea VL, Kundu S (2007) Base-excision repair of oxidative DNA damage.
Nature 447(7147):941-950

Peng B, Hurt EM, Hodge DR, Thomas SB, Farrar WL (2006) DNA hypermethylation and
partial gene silencing of human thymine- DNA glycosylase in multiple myeloma cell lines.
Epigenetics 1(3):138-145

Howard JH, Frolov A, Tzeng CW et al (2009) Epigenetic downregulation of the DNA repair
gene MED1/MBD#4 in colorectal and ovarian cancer. Cancer Biol Ther 8(1):94—-100

Guan H, Ji M, Hou P et al (2008) Hypermethylation of the DNA mismatch repair gene
hMLHI and its association with lymph node metastasis and T1799A BRAF mutation in
patients with papillary thyroid cancer. Cancer 113(2):247-255

Hoeijmakers JH (2001) Genome maintenance mechanisms for preventing cancer. Nature
411(6835):366-374

Yang J, Xu Z, Li J et al (2010) XPC epigenetic silence coupled with p53 alteration has a
significant impact on bladder cancer outcome. J Urol 184(1):336-343

Chen HY, Shao CJ, Chen FR, Kwan AL, Chen ZP (2010) Role of ERCC1 promoter hyperm-
ethylation in drug resistance to cisplatin in human gliomas. Int J Cancer 126(8):1944-1954
Liu WB, Ao L, Cui ZH et al (2011) Molecular analysis of DNA repair gene methylation and
protein expression during chemical-induced rat lung carcinogenesis. Biochem Biophys Res
Commun 408(4):595-601

Jiang J, Liang X, Zhou X et al (2010) DNA repair gene X-ray repair cross complementing
group 1 Argl194Trp polymorphism on the risk of lung cancer: a meta-analysis on 22 studies.
J Thorac Oncol 5(11):1741-1747



26

61

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

B. Jin and K.D. Robertson

. Wang P, Tang JT, Peng YS, Chen XY, Zhang YJ, Fang JY (2010) XRCC1 downregulated
through promoter hypermethylation is involved in human gastric carcinogenesis. J Dig Dis
11(6):343-351

Peng B, Hodge DR, Thomas SB et al (2005) Epigenetic silencing of the human nucleotide
excision repair gene, hHR23B, in interleukin-6-responsive multiple myeloma KAS-6/1 cells.
J Biol Chem 280(6):4182-4187

Moynahan ME, Jasin M (2010) Mitotic homologous recombination maintains genomic
stability and suppresses tumorigenesis. Nat Rev Mol Cell Biol 11(3):196-207

Mazon G, Mimitou EP, Symington LS. SnapShot: homologous recombination in DNA dou-
ble-strand break repair. Cell. 2010;142(4):646, 646.¢e1.

Esteller M, Silva JM, Dominguez G et al (2000) Promoter hypermethylation and BRCA1
inactivation in sporadic breast and ovarian tumors. J Natl Cancer Inst 92(7):564-569
Esteller M, Risques RA, Toyota M et al (2001) Promoter hypermethylation of the DNA repair
gene O(6)-methylguanine-DNA methyltransferase is associated with the presence of G:C to
A:T transition mutations in p53 in human colorectal tumorigenesis. Cancer Res 61(12):
46894692

Baldwin RL, Nemeth E, Tran H et al (2000) BRCA1 promoter region hypermethylation in
ovarian carcinoma: a population-based study. Cancer Res 60(19):5329-5333

Bernal C, Vargas M, Ossandon F et al (2008) DNA methylation profile in diffuse type gastric
cancer: evidence for hypermethylation of the BRCA1 promoter region in early-onset gastric
carcinogenesis. Biol Res 41(3):303-315

Cabello MJ, Grau L, Franco N et al (2011) Multiplexed methylation profiles of tumor sup-
pressor genes in bladder cancer. J Mol Diagn 13(1):29-40

Lee MN, Tseng RC, Hsu HS et al (2007) Epigenetic inactivation of the chromosomal stability
control genes BRCA1, BRCA2, and XRCCS in non-small cell lung cancer. Clin Cancer Res
13(3):832-838

Esteller M, Fraga MF, Guo M et al (2001) DNA methylation patterns in hereditary human
cancers mimic sporadic tumorigenesis. Hum Mol Genet 10(26):3001-3007

Ludwig T, Chapman DL, Papaioannou VE, Efstratiadis A (1997) Targeted mutations of
breast cancer susceptibility gene homologs in mice: lethal phenotypes of Brcal, Brca2,
Brcal/Brca2, Brcal/p53, and Brca2/p53 nullizygous embryos. Genes Dev 11(10):
1226-1241

Kee Y, D’Andrea AD (2010) Expanded roles of the Fanconi anemia pathway in preserving
genomic stability. Genes Dev 24(16):1680-1694

Meier D, Schindler D (2011) Fanconi anemia core complex gene promoters harbor conserved
transcription regulatory elements. PLoS One 6(8):e22911

Hess CJ, Ameziane N, Schuurhuis GJ et al (2008) Hypermethylation of the FANCC and
FANCL promoter regions in sporadic acute leukaemia. Cell Oncol 30(4):299-306

Marsit CJ, Liu M, Nelson HH, Posner M, Suzuki M, Kelsey KT (2004) Inactivation of the
Fanconi anemia/BRCA pathway in lung and oral cancers: implications for treatment and
survival. Oncogene 23(4):1000-1004

Narayan G, Arias-Pulido H, Nandula SV et al (2004) Promoter hypermethylation of FANCEF:
disruption of Fanconi anemia-BRCA pathway in cervical cancer. Cancer Res 64(9):
2994-2997

Lim SL, Smith P, Syed N et al (2008) Promoter hypermethylation of FANCF and outcome in
advanced ovarian cancer. Br J Cancer 98(8):1452-1456

Pegg AE, Dolan ME, Moschel RC (1995) Structure, function, and inhibition of
O6-alkylguanine-DNA alkyltransferase. Prog Nucleic Acid Res Mol Biol 51:167-223
Gerson SL (2004) MGMT: its role in cancer aetiology and cancer therapeutics. Nat Rev
Cancer 4(4):296-307

Esteller M, Hamilton SR, Burger PC, Baylin SB, Herman JG (1999) Inactivation of the DNA
repair gene O6-methylguanine-DNA methyltransferase by promoter hypermethylation is a
common event in primary human neoplasia. Cancer Res 59(4):793-797



1

82

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

9s.

96.

97.

98.

99.

100.

101.

DNA Methyltransferases, DNA Damage Repair, and Cancer 27

. Weller M, Stupp R, Reifenberger G et al (2010) MGMT promoter methylation in malignant
gliomas: ready for personalized medicine? Nat Rev Neurol 6(1):39-51

Whitehall VL, Walsh MD, Young J, Leggett BA, Jass JR (2001) Methylation of O-6-
methylguanine DNA methyltransferase characterizes a subset of colorectal cancer with low-
level DNA microsatellite instability. Cancer Res 61(3):827-830

Park TJ, Han SU, Cho YK, Paik WK, Kim YB, Lim IK (2001) Methylation of O(6)-
methylguanine-DNA methyltransferase gene is associated significantly with K-ras mutation,
lymph node invasion, tumor staging, and disease free survival in patients with gastric carci-
noma. Cancer 92(11):2760-2768

Greenblatt MS, Bennett WP, Hollstein M, Harris CC (1994) Mutations in the p53 tumor sup-
pressor gene: clues to cancer etiology and molecular pathogenesis. Cancer Res 54(18):
48554878

Zhang YJ,Chen 'Y, Ahsan Hetal (2003) Inactivation of the DNA repair gene O6-methylguanine-
DNA methyltransferase by promoter hypermethylation and its relationship to aflatoxin
B1-DNA adducts and p53 mutation in hepatocellular carcinoma. Int J Cancer 103(4):
440-444

Wolf P, Hu YC, Doffek K, Sidransky D, Ahrendt SA (2001) O(6)-Methylguanine-DNA
methyltransferase promoter hypermethylation shifts the p53 mutational spectrum in non-
small cell lung cancer. Cancer Res 61(22):8113-8117

Zhang L, Lu W, Miao X, Xing D, Tan W, Lin D (2003) Inactivation of DNA repair gene
O6-methylguanine-DNA methyltransferase by promoter hypermethylation and its relation to
p53 mutations in esophageal squamous cell carcinoma. Carcinogenesis 24(6):1039-1044
Nakamura M, Watanabe T, Yonekawa Y, Kleihues P, Ohgaki H (2001) Promoter methylation
of the DNA repair gene MGMT in astrocytomas is frequently associated with G:C —> A:T
mutations of the TP53 tumor suppressor gene. Carcinogenesis 22(10):1715-1719
Sabharwal A, Middleton MR (2006) Exploiting the role of O6-methylguanine-DNA-
methyltransferase (MGMT) in cancer therapy. Curr Opin Pharmacol 6(4):355-363

Kitano K, Kim SY, Hakoshima T (2010) Structural basis for DNA strand separation by the
unconventional winged-helix domain of RecQ helicase WRN. Structure 18(2):177-187
Opresko PL (2008) Telomere ResQue and preservation—roles for the Werner syndrome pro-
tein and other RecQ helicases. Mech Ageing Dev 129(1-2):79-90

Agrelo R, Cheng WH, Setien F et al (2006) Epigenetic inactivation of the premature aging
Werner syndrome gene in human cancer. Proc Natl Acad Sci USA 103(23):8822-8827
Kawasaki T, Ohnishi M, Suemoto Y et al (2008) WRN promoter methylation possibly con-
nects mucinous differentiation, microsatellite instability and CpG island methylator pheno-
type in colorectal cancer. Mod Pathol 21(2):150-158

Smith JA, Ndoye AM, Geary K, Lisanti MP, Igoucheva O, Daniel R (2010) A role for the
Werner syndrome protein in epigenetic inactivation of the pluripotency factor Oct4. Aging
Cell 9(4):580-591

Polo SE, Jackson SP (2011) Dynamics of DNA damage response proteins at DNA breaks:
a focus on protein modifications. Genes Dev 25(5):409-433

Harrison JC, Haber JE (2006) Surviving the breakup: the DNA damage checkpoint. Annu
Rev Genet 40:209-235

Lazzaro F, Giannattasio M, Puddu F et al (2009) Checkpoint mechanisms at the intersection
between DNA damage and repair. DNA Repair (Amst) 8(9):1055-1067

Linding R, Jensen LJ, Ostheimer GJ et al (2007) Systematic discovery of in vivo phosphory-
lation networks. Cell 129(7):1415-1426

Matsuoka S, Ballif BA, Smogorzewska A et al (2007) ATM and ATR substrate analysis
reveals extensive protein networks responsive to DNA damage. Science 316(5828):
1160-1166

Kim WJ, Vo QN, Shrivastav M, Lataxes TA, Brown KD (2002) Aberrant methylation of the
ATM promoter correlates with increased radiosensitivity in a human colorectal tumor cell
line. Oncogene 21(24):3864-3871



28

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

B. Jin and K.D. Robertson

Vo QN, Kim W], Cvitanovic L, Boudreau DA, Ginzinger DG, Brown KD (2004) The ATM
gene is a target for epigenetic silencing in locally advanced breast cancer. Oncogene 23(58):
9432-9437

AiL, Vo QN, Zuo C et al (2004) Ataxia-telangiectasia-mutated (ATM) gene in head and neck
squamous cell carcinoma: promoter hypermethylation with clinical correlation in 100 cases.
Cancer Epidemiol Biomarkers Prev 13(1):150-156

Bartek J, Falck J, Lukas J (2001) CHK?2 kinase—a busy messenger. Nat Rev Mol Cell Biol
2(12):877-886

Bell DW, Varley JM, Szydlo TE et al (1999) Heterozygous germ line hCHK2 mutations in
Li-Fraumeni syndrome. Science 286(5449):2528-2531

Bartek J, Lukas J (2003) Chk! and Chk2 kinases in checkpoint control and cancer. Cancer
Cell 3(5):421-429

Kato N, Fujimoto H, Yoda A et al (2004) Regulation of Chk2 gene expression in lymphoid
malignancies: involvement of epigenetic mechanisms in Hodgkin’s lymphoma cell lines. Cell
Death Differ 11(Suppl 2):S153-161

Kim DS, Kim MJ, Lee JY et al (2009) Epigenetic inactivation of checkpoint kinase 2 gene in
non-small cell lung cancer and its relationship with clinicopathological features. Lung Cancer
65(2):247-250

Wang H, Wang S, Shen L et al (2010) Chk2 down-regulation by promoter hypermethylation
in human bulk gliomas. Life Sci 86(5-6):185-191

Sullivan A, Yuille M, Repellin C et al (2002) Concomitant inactivation of p53 and Chk?2 in
breast cancer. Oncogene 21(9):1316-1324

Williams LH, Choong D, Johnson SA, Campbell IG (2006) Genetic and epigenetic analysis of
CHEK?2 in sporadic breast, colon, and ovarian cancers. Clin Cancer Res 12(23):6967-6972
Jascur T, Boland CR (2006) Structure and function of the components of the human DNA
mismatch repair system. Int J Cancer 119(9):2030-2035

Loeb LA, Loeb KR, Anderson JP (2003) Multiple mutations and cancer. Proc Natl Acad Sci
USA 100(3):776-781

Lin Y, Wilson JH (2009) Diverse effects of individual mismatch repair components on tran-
scription-induced CAG repeat instability in human cells. DNA Repair (Amst) 8(8):878-885
Lin Y, Dion V, Wilson JH (2006) Transcription promotes contraction of CAG repeat tracts in
human cells. Nat Struct Mol Biol 13(2):179-180

Karran P (2006) Thiopurines, DNA damage, DNA repair and therapy-related cancer. Br Med
Bull 79-80:153-170

Bellacosa A, Cicchillitti L, Schepis F et al (1999) MED1, a novel human methyl-CpG-binding
endonuclease, interacts with DNA mismatch repair protein MLH1. Proc Natl Acad Sci USA
96(7):3969-3974

Ruzov A, Shorning B, Mortusewicz O, Dunican DS, Leonhardt H, Meehan RR (2009) MBD4
and MLHI1 are required for apoptotic induction in xXDNMT 1-depleted embryos. Development
136(13):2277-2286

Cortellino S, Turner D, Masciullo V et al (2003) The base excision repair enzyme MEDI
mediates DNA damage response to antitumor drugs and is associated with mismatch repair
system integrity. Proc Natl Acad Sci USA 100(25):15071-15076

Boland MJ, Christman JK (2008) Characterization of Dnmt3b:thymine-DNA glycosylase inter-
action and stimulation of thymine glycosylase-mediated repair by DNA methyltransferase(s)
and RNA. J Mol Biol 379(3):492-504

Li YQ, Zhou PZ, Zheng XD, Walsh CP, Xu GL (2007) Association of Dnmt3a and thymine
DNA glycosylase links DNA methylation with base-excision repair. Nucleic Acids Res 35(2):
390-400

Kimura H, Shiota K (2003) Methyl-CpG-binding protein, MeCP2, is a target molecule for
maintenance DNA methyltransferase, Dnmtl. J Biol Chem 278(7):4806—4812
Jackson-Grusby L, Beard C, Possemato R et al (2001) Loss of genomic methylation causes
p53-dependent apoptosis and epigenetic deregulation. Nat Genet 27(1):31-39



1

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

DNA Methyltransferases, DNA Damage Repair, and Cancer 29

Flores-Rozas H, Clark D, Kolodner RD (2000) Proliferating cell nuclear antigen and Msh2p-
Msh6p interact to form an active mispair recognition complex. Nat Genet 26(3):375-378
Iyer RR, Pohlhaus TJ, Chen S et al (2008) The MutSalpha-proliferating cell nuclear antigen
interaction in human DNA mismatch repair. J Biol Chem 283(19):13310-13319

Plotz G, Welsch C, Giron-Monzon L et al (2006) Mutations in the MutSalpha interaction
interface of MLH1 can abolish DNA mismatch repair. Nucleic Acids Res 34(22):6574—-6586
Kleczkowska HE, Marra G, Lettieri T, Jiricny J (2001) hMSH3 and hMSH6 interact with
PCNA and colocalize with it to replication foci. Genes Dev 15(6):724-736

Umar A, Buermeyer AB, Simon JA et al (1996) Requirement for PCNA in DNA mismatch
repair at a step preceding DNA resynthesis. Cell 87(1):65-73

Chen F, Arseven OK, Cryns VL (2004) Proteolysis of the mismatch repair protein MLH1 by
caspase-3 promotes DNA damage-induced apoptosis. J Biol Chem 279(26):27542-27548
Kim MY, Zhang T, Kraus WL (2005) Poly(ADP-ribosyl)ation by PARP-1: ‘PAR-laying’
NAD+ into a nuclear signal. Genes Dev 19(17):1951-1967

Bischof O, Galande S, Farzaneh F, Kohwi-Shigematsu T, Campisi J (2001) Selective cleav-
age of BLM, the bloom syndrome protein, during apoptotic cell death. J Biol Chem 276(15):
12068-12075

Wang J, Pabla N, Wang CY, Wang W, Schoenlein PV, Dong Z (2006) Caspase-mediated
cleavage of ATM during cisplatin-induced tubular cell apoptosis: inactivation of its kinase
activity toward p53. Am J Physiol Renal Physiol 291(6):F1300-1307

Knox JD, Araujo FD, Bigey P et al (2000) Inhibition of DNA methyltransferase inhibits DNA
replication. J Biol Chem 275(24):17986—17990

Bartek J, Lukas J (2001) Mammalian G1- and S-phase checkpoints in response to DNA dam-
age. Curr Opin Cell Biol 13(6):738-747

Kastan MB, Lim DS (2000) The many substrates and functions of ATM. Nat Rev Mol Cell
Biol 1(3):179-186

Falck J, Mailand N, Syljuasen RG, Bartek J, Lukas J (2001) The ATM-Chk2-Cdc25A check-
point pathway guards against radioresistant DNA synthesis. Nature 410(6830):842-847
Maser RS, Mirzoeva OK, Wells J et al (2001) Mrell complex and DNA replication: linkage
to E2F and sites of DNA synthesis. Mol Cell Biol 21(17):6006-6016

Hardy CF (1997) Identification of Cdc45p, an essential factor required for DNA replication.
Gene 187(2):239-246

Rhee I, Bachman KE, Park BH et al (2002) DNMT1 and DNMT?3b cooperate to silence genes
in human cancer cells. Nature 416(6880):552-556

Ting AH, Jair KW, Suzuki H, Yen RW, Baylin SB, Schuebel KE (2004) CpG island hyperm-
ethylation is maintained in human colorectal cancer cells after RNAi-mediated depletion of
DNMT1. Nat Genet 36(6):582-584

Chen T, Hevi S, Gay F et al (2007) Complete inactivation of DNMT 1 leads to mitotic catas-
trophe in human cancer cells. Nat Genet 39(3):391-396

Brown KD, Robertson KD (2007) DNMT1 knockout delivers a strong blow to genome stabil-
ity and cell viability. Nat Genet 39(3):289-290

Canman CE, Lim DS, Cimprich KA et al (1998) Activation of the ATM kinase by ionizing
radiation and phosphorylation of p53. Science 281(5383):1677-1679

Bakkenist CJ, Kastan MB (2003) DNA damage activates ATM through intermolecular auto-
phosphorylation and dimer dissociation. Nature 421(6922):499-506

Chen RZ, Pettersson U, Beard C, Jackson-Grusby L, Jaenisch R (1998) DNA hypomethyla-
tion leads to elevated mutation rates. Nature 395(6697):89-93

Palii SS, Van Emburgh BO, Sankpal UT, Brown KD, Robertson KD (2008) DNA methyla-
tion inhibitor 5-Aza-2'-deoxycytidine induces reversible genome-wide DNA damage that is
distinctly influenced by DNA methyltransferases 1 and 3B. Mol Cell Biol 28(2):752-771
Spada F, Haemmer A, Kuch D et al (2007) DNMT1 but not its interaction with the replication
machinery is required for maintenance of DNA methylation in human cells. J Cell Biol
176(5):565-571



Chapter 2
DNA Hypomethylation and Hemimethylation
in Cancer

Melanie Ehrlich and Michelle Lacey

Abstract In contrast to earlier views that there was much compartmentalization of
the types of sequences subject to cancer-linked changes in DNA epigenetics, it is
now clear that both cancer-associated DNA hypomethylation and hypermethylation
are found throughout the genome. The hypermethylation includes promoters of
tumor suppressor genes whose expression becomes repressed, thereby facilitating
cancer formation. How hypomethylation contributes to carcinogenesis has been less
clear. Recent insights into tissue-specific intra- and intergenic methylation and into
cancer methylomes suggest that some of the DNA hypomethylation associated with
cancers is likely to aid in tumor formation and progression by many different path-
ways, including effects on transcription in cis. Cancer-associated loss of DNA
methylation from intergenic enhancers, promoter regions, silencers, and chromatin
boundary elements may alter transcription rates. In addition, cancer-associated
intragenic DNA hypomethylation might modulate alternative promoter usage,
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production of intragenic noncoding RNA transcripts, cotranscriptional splicing, and
transcription initiation or elongation. Initial studies of hemimethylation of DNA in
cancer and many new studies of DNA demethylation in normal tissues suggest that
active demethylation with spreading of hypomethylation can explain much of the
cancer-associated DNA hypomethylation. The new discoveries that genomic
5-hydroxymethylcytosine is an intermediate in DNA demethylation, a base with its
own functionality, and a modified base that, like 5S-methylcytosine, exhibits cancer-
associated losses, suggest that both decreased hydroxymethylation and decreased
methylation of DNA play important roles in carcinogenesis.

2.1 Introduction

Altered methylation of DNA in human cancers was first described as overall
genomic hypomethylation in various cancers vs. a wide variety of normal tissues
[1] and as hypomethylation of a few gene regions in colon adenocarcinomas vs.
normal colonic epithelium [2]. Almost all types of cancers exhibit both hyperm-
ethylation of some DNA sequences and hypomethylation of others relative to
appropriate controls that account for the tissue specificity of DNA methylation [3].
The cancer-associated hypermethylation and hypomethylation of the genome are
generally independent of each other [4, 5]. Until recently, it appeared that cancer-
specific changes in DNA methylation were usually hypermethylation of unique
gene regions and hypomethylation of DNA repeats, albeit with many notable
exceptions [6—11]. Deep sequencing of the genome has revealed far greater size
and complexity to the transcriptome than previously appreciated [12]. Similarly,
recent whole-genome analysis of the cancer methylome demonstrates that there is
much more cancer-linked hypomethylation of unique gene sequences and hyperm-
ethylation of repeated sequences than previously found, although there are differ-
ences in the frequency with which subsets of sequences undergo hypo- or
hypermethylation [13-18].

This chapter reviews new insights into genome-wide DNA and chromatin epi-
genetics in normal cell populations as well as in cancers [19-29]. Recent studies
are drawing attention to previously unsuspected roles of epigenetic marks in the
body of genes as well as at promoters and intergenic transcription control regions.
These findings are likely to be relevant to the biological impact of cancer-associ-
ated DNA hypomethylation. In addition to effects on normal gene expression,
cancer-associated DNA hypomethylation probably favors oncogenesis by enhanc-
ing recombination [30-33]; occasionally activating a small number of endogenous
retroviral elements [34, 35]; altering the intranuclear positioning of chromatin; and
modulating the sequestration transcription factors at tandem DNA repeats, as
reviewed previously [3, 6]. In addition, the little-studied area of DNA hemimethy-
lation in cancer is discussed in this chapter in the context of our growing under-
standing of pathways for the conversion of genomic S5-methylcytosine (SmC)
residues to C residues.
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2.2 Genomic Hypomethylation Profiles in Cancer
and Their Relevance at Promoters and Enhancers

Until recent high-resolution genome-wide analyses of DNA methylation, cancer-
specific portions of methylomes were considered to consist predominantly of
hypomethylated DNA repeats and hypermethylated gene regions [3, 7, 36]. DNA
repeats are often used as a surrogate for average genomic methylation changes (usu-
ally losses of 5SmC), with DNA epigenetic changes in some classes of repeats more
closely associated with certain tumor types [6, 18, 35, 37-39]. In our 1983 analysis
of global DNA hypomethylation in human cancers by high performance liquid
chromatography analysis of enzymatic DNA digests [1], we fractionated one adeno-
carcinoma DNA into highly repetitive, moderately repetitive, and unique sequence
classes. Because we found that each of these cancer DNA fractions had similar
ratios of mol% 5SmC to those from normal human tissues, we concluded that cancer-
linked hypomethylation was not confined to repeated DNA. Indeed, cancer-linked
DNA hypomethylation often occurs in unique sequences in and around genes,
including metastasis-associated genes, as originally revealed in studies using CpG
methylation-sensitive restriction endonucleases or sodium sulfite-based methods to
study individual gene regions [2, 6, 40].

Recent genome-wide studies of DNA methylation in various normal and cancer
cell populations indicate much tissue specificity throughout the genome in normal
samples and pervasive cancer-linked DNA hypomethylation and hypermethylation
[13, 15, 16, 41-45]. Regions of cancer-associated changes in DNA methylation are
found in short interspersed or clustered regions as well as in long blocks [7, 42, 44,
46, 47]. There is increasing evidence for cause-and-effect relationships between
normal tissue-specific DNA hypomethylation and increased transcription as well as
many associations between cancer-linked hypomethylation and cancer-linked
increases in gene expression [16, 17, 19, 21, 24, 48-55]. The inverse relationships
between expression and DNA methylation include imprinted genes implicated in
carcinogenesis [56].

A small percentage of annotated gene promoters overlap tissue-specific (T-DMR)
or cancer-specific (C-DMR) differentially methylated DNA regions [49, 57].
However, most of the non-imprinted, autosomal T-DMR promoters are not the main
type of vertebrate DNA promoters, which are part of CpG islands (CGlIs, a class of
CpGe-rich regions surrounded by CpG-poor DNA). Among the genes with T-DMR
promoters are some that become activated upon experimentally induced demethyla-
tion with a low dose of 5-deoxyazacytidine but not upon treatment with a histone
deacetylase inhibitor, trichostatin A [49].

Enhancers too sometimes show a correlation between upregulation of expression
of the associated gene and DNA demethylation in normal cells. For example, the
binding of FoxA1/FOXAT1 to enhancers is inhibited by site-specific DNA methyla-
tion at the corresponding binding site [58]. This differentiation-associated transcrip-
tion regulatory factor can open up DNA compacted in chromatin of inactive
enhancers (as a “pioneer” factor) and then recruit effector transcription factors to
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make the enhancer active [59-61]. A window of DNA demethylation provided by
previous binding of FoxD3, another pioneer factor, allows recruitment of FoxAl
and conversion of the enhancer to a state that is poised for activity. Moreover, in
embryonal stem cells, local DNA demethylation per se, rather than any changes in
histone H3K27 or H3K9 methylation, is associated with the binding of pioneer fac-
tors to certain tissue-specific non-CGI promoters [58]. Pioneer factors, including
FOXAI, are implicated in various types of carcinogenesis [62]. Given the extensive
hypomethylation of DNA in cancers, many known and yet more unknown enhancer
regions are likely to become demethylated specifically in tumors. However, specific
losses of DNA methylation from transcription regulatory regions might facilitate,
but not independently cause, changes in expression [63].

Broad DNA regions enriched in hypomethylation are sometimes also associated
with increases in copy number of DNA regions and can, thereby, synergistically
increase expression of some of the affected genes [13, 33, 42]. Such broad regional
hypomethylation (which can encompass occasional sites of persistent methylation)
might reflect higher order chromatin structure. The latter is influenced, in turn, by
the type, frequency, and spacing of DNA repeats; the G+C and CpG contents of
subregions; the gene density; the nucleosome density; broad regions of distinct his-
tone composition modification; and the presence of clusters of co-regulated genes.
Nonetheless, a long region of cancer-linked DNA hypermethylation can be adjacent
to a region of cancer-linked DNA hypomethylation with a sharp border between
them, as demonstrated for a tandem repeat array (D4Z4) and its border sequences
[9]. Despite evidence for functionality, DNA demethylation in cancer probably
involves frequent overshooting of targeted sequences. These are referred to as pas-
senger DNA methylation changes [64]. The hypomethylation in cancers of many
more sites than are biologically relevant is probably due to a relaxed specificity of
the demethylation apparatus during carcinogenesis and tumor progression and to
the spreading of DNA demethylation patterns.

2.3 Genomic Hypomethylation in Cancer Within Gene Bodies

Recent findings implicate intragenic epigenetic marks in the regulation of normal
gene expression. T-DMRs have been found inside many genes, and increased meth-
ylation in the central gene body or downstream promoter-flanking region of certain
subsets of genes is associated with increased transcription [23, 65-68]. Moreover,
there are nonrandom associations between positions of CpG methylation within
genes and exon—intron boundaries, distance from the transcription start site, and
distance from the 3’ end of the gene [66, 69]. Besides first exons, T-DMRs are pres-
ent in various exonic and intronic sequences, including internal CGls, sequences
adjacent to internal CGIs (“CGI shores”), insulators, intragenic ncRNA genes, and
3’ terminal regions [17, 19, 28, 59, 70, 71]. They are present in both repeated and
unique sequences. These findings are consistent with the many interrelationships
between DNA and chromatin epigenetics and tissue-specific chromatin epigenetic
marks inside genes [65, 68, 72, 73].



2 DNA Hypomethylation and Hemimethylation in Cancer 35

Differentiation-related DNA and/or chromatin epigenetic marks within genes
may help determine alternative promoter usage, modulate the rate of transcription
initiation or elongation, and possibly help direct the choice of alternative splice
sites [19, 21, 24, 26, 27, 29, 34, 52, 74, 75]. The average DNA methylation level in
the central portion of moderately expressed genes is associated with higher average
transcription levels, possibly by being related to nucleosome positioning [76]. For
example, immediately downstream of proximal CpG-poor promoters, it was unex-
pectedly found that methylation of sequences antagonizes binding of Polycomb
repressor complexes [68]. Methylation of gene-body CGIs appears to be associated
with repression of intragenic promoters [28]. However, for some sets of genes
under certain conditions, lower expression was correlated with increases in gene-
body methylation [69].

With respect to alternative splicing, evidence implicates certain histone
modifications in helping to regulate the choice of splice junctions by altering rates
of transcription, nucleosome positioning, or direct interactions with proteins that
mark exon—intron junctions of pre-mRNA [77, 78]. Changes in physiological condi-
tions can alter the chromatin modifications at these junctions and concomitantly
modulate exon skipping [78]. DNA methylation may also be involved in regulating
alternative splicing because of the many DNA methylation/chromatin epigenetic
interrelationships and the finding that intron—exon junctions are enriched in sharp
transitions in DNA methylation levels [66]. A recent report that malignant prostate
cancer cells have enrichment of DNA hypermethylation at exon—intron junctions
[45] is consistent with the cancer-linked involvement of DNA methylation levels in
determining alternative splicing.

Programmed changes in DNA methylation in intra- and intergenic regions are
not restricted to differentiation-related events. For example, electroconvulsive stim-
ulation of mouse neuronal cells in vivo was recently demonstrated to cause rapid
decreases and increases in DNA methylation in a substantial minority of CpG sites,
especially at CpG-poor regions [69]. The physiologically linked DNA demethyla-
tion included rapid demethylation of exons and introns in various positions of the
genes. Importantly, there was enrichment in these DNA epigenetic changes in the
vicinity of brain-related genes. Thus, there is ample precedent from studies of nor-
mal cell functioning to suggest that cancer-associated DNA hypomethylation in
intronic and exonic sequences can modulate the amount and type of gene products
and thereby contribute to tumor formation or progression.

Cancer-linked DNA hypomethylation in the gene body is illustrated in Fig. 2.1 for
three genes whose expression has been reported to be altered in certain cancers [79-81].
TGFB2 has an intronic Alu repeat that was hypomethylated in some cancer cell lines
relative to a wide variety of normal tissues (Fig. 2.1a) and untransformed cell cultures.
The only exceptions to this intronic region being highly methylated in normal tissues
and cell strains were found in skeletal muscle (Fig. 2.1a), myoblasts, and myotubes (data
not shown). Their hypomethylation at this site might be related to the significant upregu-
lation of TGFB2 in myoblasts and myotubes vs. 19 types of non-muscle cell cultures
[82] and is an example of the frequent relationship between targets for cancer-associated
hypo- or hypermethylation and targets for differentiation-associated epigenetic changes
[17, 83]. Like TGFB2, PRDM16 (Fig. 2.1b) exhibited gene-body hypomethylation in
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Fig. 2.1 Examples of cancer cell-associated hypomethylation (boxed) within gene bodies and
overlapping a DNA repeat (a), a CGI (b), or neither (c¢) as determined by whole-genome analysis
using reduced representation bisulfite sequencing (RRBS). (a), TGFB2 , intron 1; the cancer
hypomethylation overlaps an Alu repeat that is also hypomethylated in skeletal muscle (see arrow).
(b), PRDM 16, exon 9 and intron 8; the cancer hypomethylation overlaps a CGI and CGI shore. (c),
NOTCH2, exon 34; no overlapping repeats or CGI. In contrast to the cancer-derived cell lines, non-
immortalized cell strains (not shown) showed the same hypermethylation seen in normal tissues
with the exception of myoblasts and myotubes for TGFB2. Myoblasts and myotubes overexpress
TGFB2 relative to 19 other types of cultured cell populations. All analyses were done in duplicate,
and representative duplicates are shown

some of the cancer cell lines; however, this hypomethylation was in a region largely
overlapping a CGI in an exon. NOTCH?2 (Fig. 2.1c) also showed gene-body hypomethy-
lation in several cancer cell lines, but this hypomethylation was neither in a subregion
with a CGI nor a DNA repeat. We note that some of the cancer cell lines with TGFB2 or
PRDM 16 gene hypomethylation also displayed cancer cell-linked promoter hyperm-
ethylation (data not shown).

Recently, the presence of S-hydroxymethylcytosine (ShmC) as the sixth natu-
rally programmed base in vertebrate DNA has been established [84]. It is gener-
ated from SmC by hydroxylation via the enzymes TET1, TET2, or TET3 and is
even more highly tissue specific in its relative levels in DNA than is SmC [84-86].
It is implicated in stem cell renewal and distinct types of differentiation [87—-89],
as described further in an accompanying chapter by Pradhan and Kinney. Like
SmC, 5ShmC is enriched in certain intragenic regions and exhibits major decreases
in its genomic levels in cancer [84—86]. However, unlike SmC, exons, intragenic
CGls, and enhancers have significantly elevated ShmC levels relative to other por-
tions of the genome [87, 90, 91]. These findings further highlight the need for
studies of the functional significance of decreases in intragenic DNA epigenetic
marks in cancer. In addition, they introduce a complication into almost all studies
to date of SmC that use either bisulfite or conventional CpG methylation-sensitive
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restriction analysis to distinguish SmC from unmethylated C, as these methods
cannot resolve ShmC and 5mC [69, 92, 93]. Therefore, a caveat to conclusions
about SmC distribution is that ShmC might have been monitored instead, espe-
cially in exonic or enhancer regions in more ShmC-rich tissues like brain [84, 85].
However, in some other cell types, like breast, heart, cell lines, and cancers, ShmC
is very much lower [84-86, 93], and ShmC levels are also low in intronic and
intergenic regions [90, 94].

2.4 Hypomethylation of DNA Repeats in Cancer

Global losses of DNA methylation with less numerous increases in methylation in
other portions of the genome are typical of cancer [5, 6] although there are exceptions
[18]. A major contributor toward the overall DNA hypomethylation is hypomethyla-
tion of tandem and interspersed DNA repeats, which is observed in most examined
cancers [6, 95-97]. Most hypomethylation of DNA repeats in cancers is apparently
the result of demethylation and not preexisting hypomethylation in a cancer stem cell
[3], with the exception of seminomas as discussed below. Besides the effects on tran-
scription and possible effects on alternative splicing described in the previous section,
hypomethylation of a minor portion of interspersed DNA repeats may occasionally
cause induction of retroviral element transcription [35]. In addition, hypomethylation
of certain promoter-containing interspersed DNA repeats may affect chromatin
boundaries resulting in effects on transcription of nearby genes [98, 99].

In a study of mononuclear cells from a few patients with chronic lymphocytic
leukemia vs. the analogous cells from controls, Dante et al. described hypomethyla-
tion of LINE-1, a highly repeated interspersed repeat [100]. Hypomethylation of
LINE-1 and Alu repeats was subsequently observed in many other types of cancers
[38, 101-104]. Similarly, we found that tandem repeats in centromeric and juxta-
centromeric satellite DNA are frequently hypomethylated in breast adenocarcino-
mas, ovarian epithelial cancers, and Wilms tumors [30, 105, 106], as confirmed for
many other types of cancers [3, 107]. Additional classes of tandem repeats (includ-
ing macrosatellite DNAs) and segmental duplications are also susceptible to DNA
hypomethylation in malignancies [9, 18, 39, 43, 83, 108—110], although different
subclasses of DNA repeat families can vary in their susceptibility to loss of
DNA methylation in cancer [38, 39, 102, 111-113]. In some cancers, satellite DNA
repeats showed the strongest DNA hypomethylation of all types of sequences ana-
lyzed [18, 33].

The frequency of cancer-associated hypomethylation of DNA repeats depends
on the grade, the stage, and the individual tumor specimen [46, 114]. This hypom-
ethylation is seen sometimes in non-tumor tissue adjacent to the cancer and in
benign neoplasms and tissue lesions such as breast fibroadenomas and ovarian
cystadenomas, although often to a lesser extent than in cancers [13, 51, 95, 105,
106, 112, 115]. In a mouse model of prostate tumor progression, repeat DNA
hypomethylation was observed at the stage of prostatic intraepithelial neoplasia and
prior to promoter hypermethylation [116]. However, depending on the tumor type
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or specimen, repeat DNA hypomethylation may increase with tumor progression, a
relationship inferred since the 1980s [1, 117]. In many types of cancer, repeat DNA
hypomethylation is a highly informative prognostic marker and/or predictor of
survival [46, 107, 118-122].

2.5 DNA Hypomethylation and Germ Cells: Comparison
to Cancer Hypomethylation

Differential methylation of testes-specific genes has some similarities to cancer-
associated DNA hypomethylation. Most genes that are specifically expressed in tes-
tis (like the cancer-testis genes) have little or no methylation in their promoter regions
in testis and sperm although they are highly methylated, and transcriptionally
repressed, in somatic tissues [123]. In sperm, as well as in many cancers, tandem
DNA repeats and certain subclasses of interspersed DNA repeats display low methy-
lation levels compared with normal postnatal somatic tissues [38, 112, 124-126].
Reminiscent of the tendency (with many exceptions, as described above) towards
DNA repeats and unique sequences having opposite methylation changes in cancer,
single-copy genes become demethylated but tandem and interspersed repeats retain
their methylation in murine primordial germ cells at 12.5-13.5 dpc [123].

Another interface between the germ line epigenome and cancer is seen in the
exceptionally strong global DNA hypomethylation in seminomatous testicular germ
cell tumors. In our 1982 study of 62 tumors representing 23 different types, we
found that a testicular seminoma had only 1.4% of its genomic C present as SmC,
while the next lowest SmC level for a cancer was 2.4% [1]. The range of genomic
5mC levels among the normal tissues that we studied was 3.5—4.1% of C residues
methylated. Smiraglia et al. confirmed the extraordinary depletion of SmC in the
genomes of many seminomas [127]. This finding has been ascribed to the origin of
seminomas from primordial germ cells that had undergone massive demethylation
before oncogenic transformation without subsequent de novo methylation thereafter
[127, 128]. Importantly, seminomas generally show none of the CGI hypermethyla-
tion so prevalent in other types of cancer, but rather display extreme overall DNA
hypomethylation [127]. Therefore, cancers can develop without gene region hyper-
methylation but with extreme overall genomic hypomethylation.

2.6 Opposite Cancer-Linked Changes in DNA Methylation
in DNA Repeats: Hypo- and Hypermethylation

Opposite types of cancer-linked DNA methylation changes can occur in the same
DNA sequence, as we found in a Southern blot study of methylation of NBL2, a
1.4-kb sequence repeated in tandem mostly near the centromeres of acrocentric
chromosomes [39]. NBL2 was hypomethylated at Hhal sites (5'-CGCG-3' sites) in
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17% of ovarian carcinomas and hypermethylated in >70% of ovarian carcinomas
and Wilms tumors at the same sites [39]. Various normal postnatal somatic tissues
exhibited partial methylation at Hhal sites in NBL2 and were similar to each other
in their methylation patterns at this tandem repeat. Using Notl (5'-GCGGCCGC-3')
for Southern blotting, only the cancer-linked hypomethylation of NBL2 was previ-
ously observed [108, 110] because Notl cleaves control somatic DNA too infre-
quently to reveal hypermethylation in cancers. This is an example of the importance
of considering the technique used in evaluating results on DNA methylation [92]
as well as the appropriate control DNA for comparison to the cancer. A few cancer
DNAs digested with Hhal displayed two distinct fractions of NBL2 sequences, one
with overall hypermethylation and the other with overall hypomethylation relative
to all the somatic controls, which suggests that the repeats at one chromosomal
location underwent de novo methylation and at another underwent demethylation
during carcinogenesis. Hairpin genomic sequencing [129] (see below) at two ~0.3-
kb subregions of the 1.4-kb NBL2 ([8] and Nishiyama and Ehrlich, unpublished
data) confirmed that hypomethylation at NBL2 predominated in some cancers and
hypermethylation in others in comparison to normal somatic tissues, which dis-
played much site specificity in the methylation status of individual CpG sites.
Therefore, a small region of DNA can be made unstable epigenetically during car-
cinogenesis so that CpG sites that are very near to each other undergo opposite
changes in DNA methylation. The plasticity of the directionality of methylation
changes at DNA repeats in cancers has also been seen in recent genome-wide stud-
ies [15, 18].

D474, a heterologous tandem array (macrosatellite) located at subtelomeric 4q
and 10q, also exhibited strong hypomethylation in the bulk of the array in some
cancers and hypermethylation in others of the same type [9]. Several of the cancers
had extremely high levels of methylation in more than three consecutive 3.3-kb
repeat units of D474, indicative of the spreading of de novo methylation. This meth-
ylation spreading seems to have limits to its processivity and to be prone to stop at
certain subregions of the repeat unit.

2.7 Tagging Classes of DNA Sequences for Demethylation

Because NBL2 and D4Z4 tandem repeats displayed overall hypomethylation in
some cancers and hypermethylation in others, it was highly informative to compare
their methylation changes in a given cancer. Among 17 ovarian carcinomas and 44
Wilms tumors, there was a significant correlation (p <0.001) between the direction
(either hypo- or hypermethylation) and degree of methylation change (strong, mod-
erate, or weak) at D474 and the dissimilar NBL2 [9]. This suggests that diverse
sequences on different chromosomes may be similarly tagged for demethylation or
de novo methylation (methylation of symmetrically unmethylated CpG dyads) dur-
ing carcinogenesis. However, many cancers with extensive hypermethylation of
D474 and NBL2 repeats displayed hypomethylation of another, heterologous tan-
dem repeat, juxtacentromeric satellite 2 on chromosome 1 (Sat2) [39].
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NBL2 (mostly in the short arm of the acrocentric chromosomes) and D474 (in
the subtelomeric region of chromosomes 4 and 10) are both rich in G+C and look
like very long CGIs. However, they differ appreciably in their G+C composition
(61% and 73%, respectively) and their CpG content (5.7% and 9.9%, respectively).
Analysis of histone modification and DNasel sensitivity has been done for D4Z4
and indicates that its chromatin has properties midway between constitutive hetero-
chromatin and unexpressed euchromatin [130, 131]. In contrast, Sat2, which is in
the pericentromeric region, is constitutively heterochromatic and highly condensed
in interphase. It has only 38% G+ C but, nonetheless, it has 5.1% CpG. Therefore,
the CpG suppression seen in the overall genome is not evident in Sat2. Sometimes
even Sat2, with its rather CpG-rich character, becomes hypermethylated in cancers
at a CpG dyad that exhibits a low methylation level in normal somatic tissues
[132].

That the G+C content and chromatin structure is important for recruiting
machinery for either demethylation or de novo methylation is consistent with our
findings on the Hpall site immediately proximal to the D4Z4 array. It is located in a
0.2-kb D4Z4-proximal subregion that has 43% G+ C, while D4Z4 has 73% G +C in
all of its essentially identical, tandem 3.3-kb repeats. This 0.2-kb sequence immedi-
ately adjacent to the array is prone to tumor-linked hypomethylation even in cancers
displaying strong hypermethylation within the array [9]. Surprisingly, even the adja-
cent D474 repeat unit at the proximal end of the array became hypomethylated in
cancers with hypermethylation of the bulk of the array. Probably, the array-adjacent
sequence with its much lower G+C content helps confer a different chromatin
structure on the neighboring D474 repeat unit, which, in turn, affects the direction-
ality of cancer-linked methylation change. Interestingly, a study of tandem trans-
genic repeats in mice revealed that, in some animals, all of the (G + C)-rich transgene
units became methylated except for one copy adjacent to cellular DNA [133].
Despite the regional properties of DNA and chromatin that may recruit cancer-asso-
ciated DNA methylation or demethylation apparati, there are, as mentioned above,
very local sequence-specific effects which allow individual CpG dyads to circum-
vent regional demethylation or de novo methylation [8, 9].

DNA demethylation both influences and is strongly influenced by histone
modifications. For example, histone H3 trimethylation at lysine 4 (H3K4me3) cor-
relates best with the lack of DNA methylation around the transcription start site
[66]. This was found for both CGI promoters [134] and promoters that do not con-
tain a CGI, and for CpG methylation as well as the appreciable amount of CpA
methylation in embryonal stem cells [66]. A histone H3 unmethylated at lysine 4
has been implicated as necessary for de novo methylation by DNMT3A in conjunc-
tion with its interacting partner DNMT3L [135]. Increased activity of the histone
lysine demethylase LSD1 (KDM1A), which, depending on its interacting partners,
demethylates K4- or K9-methylated histone H3, has been found to correlate with an
adverse outcome and a less differentiated phenotype in neuroblastomas [136].
Conversely, mutation of the Lsd/ gene blocks murine gastrulation [137] and results
in global DNA hypomethylation. This may be partially due to the need for Lsd1/
LSD1 to demethylate the DNMT1 enzyme itself and thereby increase its stability
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[137] but also could reflect the role of this enzyme in the demethylation of H3K9me3.
There are many other players that could influence DNA methylation during carcino-
genesis by their effects on chromatin structure, e.g., poly(ADP-ribosyl)ation, other
types of histone modifications, histone variants, nonhistone chromatin proteins,
specific interactions with DNMT proteins, and modulation of the set of DNA meth-
yltransferase isoforms produced at the RNA or protein levels [ 138—143]. Nonetheless,
multi-functionality of LSD1 in its ability to demethylate proteins and both activat-
ing and repressive histone methylation marks may serve as a paradigm for how,
paradoxically, there can be both increases and decreases in DNA methylation in a
given cancer cell.

2.8 Active Versus Passive DNA Demethylation

There are two broad classes of mechanisms by which SmC residues can be replaced
by C residues (DNA demethylation). During replicative or repair DNA synthesis
there may be a failure to methylate the newly synthesized DNA strand at a sym-
metrically methylated CpG dyad (passive demethylation), which will initially result
in a hemimethylated dyad (Fig. 2.2). If this failure occurs again at the same CpG
dyad in the next round of replication, then a symmetrically unmethylated CpG dyad
will be the result. Active demethylation involves 5SmC residues being physically
replaced with C residues (at the base or mononucleotide level) or, less likely, the
methyl group being removed enzymatically. Accumulating evidence favors mainly
active demethylation contributing to the naturally occurring DNA demethylation by
the replacement of C residues [144, 145]. Active demethylation is consistent with
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Fig. 2.2 Findings of consecutive hemimethylated dyads of opposite orientation in normal and cancer
cells are best explained by active demethylation. (a) m, 5mC; C, unmethylated cytosine.
(b) M, 5'-5mCpG-3"; U, 5'-CpG-3'. The generation of hemimethylated dyads of opposite orientation
by passive demethylation would involve improbable changes in the second round of replication



42 M. Ehrlich and M. Lacey

the rapid and distributive loss of SmC and the replication independence that has
been demonstrated for many examples of naturally programmed demethylation of
mammalian genomes [ 146, 147]. However, passive demethylation or a combination
of active and passive demethylation due to inadequate maintenance methylation
[148] is likely to also play a role in normal and pathological decreases in DNA
methylation. Hemimethylated dyads (Fig. 2.2) can be intermediates in both active
and passive demethylation of DNA as well as being intermediates in maintenance
methylation.

2.9 Maintenance of DNA Methylation Patterns Through
Hemimethylated Intermediates

The processes by which DNA methylation patterns are maintained are highly rele-
vant to understanding how DNA demethylation occurs. Over 30 years ago, mecha-
nisms for the inheritance of DNA methylation were initially proposed [149, 150]. In
the traditional view, methylation at each site is assumed to be governed by the pro-
cesses of de novo methylation and maintenance methylation, and these processes
are independent of one another. The maintenance of methylation patterns has been
attributed to the methyltransferase Dnmtl. As summarized in a 2009 review by
Jones and Liang, “The basis of this model is that DNA methylation patterns are
established in germ cells and in developing embryos by the activity of the de novo
DNA methyltransferases Dnmt3a and Dnmt3B. Subsequently, methylation patterns
are inherited after DNA replication primarily owing to the activity of Dnmt1, which
has a preference for hemimethylated sites that are generated through DNA synthe-
sis” [151]. The premise of independently acting mechanisms for de novo and main-
tenance methylation has led to the construction of stochastic models for methylation
inheritance [152—-157].

2.10 Alternative Mechanisms for Maintenance Methylation

The accepted dogma of de novo methylation catalyzed by DNMT3A/Dnmt3a,
DNMT3B/Dnmt3b, and maintenance methylation through obligatory hemimethy-
lated intermediates via DNMT1/Dnmtl has recently been called into question.
According to the original model for maintenance methylation, hemimethylated CpG
dyads (Fig. 2.2) should be short-lived and difficult to detect. However, as early as
1986, demethylation with long-lived hemimethylated CpG dyads was observed at
individual CpG sites in the avian vitellogenin II gene following treatment with
estradiol, which suggested an active pathway through excision repair and/or enzy-
matic demethylation [158]. A later study of the rat alpha-actin gene promoter pro-
vided evidence for hemimethylated intermediates persisting more than 48 hours
prior to becoming fully demethylated and suggested active demethylation involving
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cis-acting DNA elements [159]. Subsequently, Liang et al. [160] developed an assay
that allowed determination of hemimethylation at Hpall sites (CCGG). In mouse
embryonic stem cells, levels of hemimethylation in some repetitive sequence regions
were significantly higher than the traditional model of maintenance methylation by
Dnmt1 would predict. By looking at gene knockouts for Dnmt! and Dnmt3a and
Dnmt3b, they deduced that ongoing de novo methylation by Dnmt3a or Dnmt3b in
a highly cooperative manner with Dnmtl in embryonal stem cells compensated for
inefficient maintenance methylation by Dnmtl in these regions. These results sug-
gest a constant, rather than sporadic or only differentiation-associated, role for
de novo methylation in vivo. They concluded that sequences would gradually
become demethylated without this constant role for de novo methylation to com-
pensate for inefficient replication-coupled maintenance methylation. Furthermore,
in a study by Chen et al. [161], loss of Dnmt1 gave only a 10% decrease in methyla-
tion overall following one cell cycle of replication in human colorectal carcinoma
cells. This conditional knockout resulted in hemimethylation of 18% of sites ana-
lyzed by hairpin genomic sequencing in the CGI of an L1 transposable element. The
overall level of methylation at CpG dyads in these sequences in cells with normal
Dnmtl was around 85% with no detectable hemimethylation.

In the alternative model for maintaining DNA methylation patterns that was pro-
posed by Jones and Liang [151], DNMT]I, the most abundant DNA methyltrans-
ferase is still considered to be primarily a maintenance methylase and is responsible
for most of the replication-associated DNA methylation. However, they propose
that DNMT3A and DNMT3B enzymes remain bound to nucleosomes that contain
high levels of DNA methylation. Following replication, CpG dyads whose methyla-
tion fails to be correctly maintained by DNMT1 would then be “corrected” by
DNMT3A and DNMTS3B, so that these enzymes would preserve highly methylated
regions without strictly “reading” the patterns on the parental strand. In this way, the
methylation state of a region is maintained rather than a site-specific methylation
pattern. In addition, DNMT1 might participate in some of this correction of linger-
ing hemimethylated sites that have left the vicinity of the replication fork, perhaps
recruited by proteins such as UHRF1 which recognizes hemimethylated sites (see
below). This concept of repair methylation is consistent with findings that methyla-
tion patterns in highly methylated regions tend to vary among molecules and higher
rates of de novo methylation are observed in highly methylated sequences [129].
Moreover, non-CpG methylation at asymmetrical sites, which is found mostly in
embryonal stem cells [70], should rely on de novo methyltransferase activity for
perpetuating the DNA methylation patterns, as described below.

In cancers, the frequent presence of long blocks of hypomethylated DNA [7,
16, 42, 47, 105] and the usual predominance of overall decreases rather than
increases in SmC content of the genome suggest that passive demethylation con-
tributes to cancer-associated genomic hypomethylation. Passive demethylation
might involve either a lack of methylation of hemimethylated sites by DNMT1 or
a failure of DNMT3A or DNMT3B to retain dense methylation of a normally
highly methylated region. However, the current, more layered view of the mainte-
nance of DNA methylation patterns suggests that while some of the demethyla-
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tion of DNA in cancer occurs by a failure of maintenance methylation, most is due
to an active mechanism. Recent studies of normal differentiation- or physiology-
associated DNA demethylation support an active type of DNA methylation involv-
ing enzymatically catalyzed modification of 5SmC residues to ShmC residues (and
subsequent oxidation products) or thymine residues followed by DNA repair
[162—-164]. Three-step processes for active DNA demethylation have been pro-
posed in which 5SmC is first enzymatically modified; then demethylated on one
strand, most likely by excision repair; and later fully demethylated by a mecha-
nism that avoids inducing double-strand breaks during removal of both 5SmCs of a
SmCpG dyad [165]. The last step could involve a repair mechanism that preferen-
tially acts on hemimethylated substrates [165] or passive demethylation of a
hemimethylated or hemihydroxymethylated dyad. The latter could be due to the
5hmC residues on one strand of a hemihydroxymethylated dyad not being recog-
nized for maintenance methylation [148].

UHRFI1 (also known as NP95) is a cofactor that interacts specifically with
hemimethylated DNA and may participate in demethylation as well as de novo
methylation of cancer epigenomes. UHRF]1 also interacts with DNMT 1, and even
more strongly with DNMT3A and DNMT3B [166], and thereby, may be involved
in the recruitment of DNMT3A/3B to unmethylated regions during tumorigenesis
leading to de novo methylation [167]. However, recent work on gliomas has
identified the disruption of DNMT1, PCNA, and UHRF]1 interactions as a crucial
oncogenic event promoting DNA hypomethylation-induced tumorigenesis in the
absence of DNMT1 deficiencies [168]. Thus, while upregulation of UHRF1 may
contribute to the silencing of tumor suppressors through de novo methylation, the
disruption of DNMT1/PCNA/UHREFI interactions might result in cancer-associated
DNA hypomethylation affecting transcription.

2.11 Insights into Cancer-Associated DNA Demethylation
from Studies of DNA Hemimethylation

The introduction of hairpin-bisulfite PCR (hairpin genomic sequencing) by Laird
et al. in 2004 [129] has enabled the observation of the methylation status on both
strands of individual DNA molecules on a site-by-site basis. In bisulfite-based
genomic sequencing, bisulfite causes deamination of unmethylated C residues, but
not methylated C residues [169]. Hairpin genomic sequencing allows analysis of
methylation at every CG dinucleotide pair in a given region on covalently linked
DNA strands of a restriction fragment. A caveat about these studies of DNA hemim-
ethylation is that bisulfite-based DNA methylation analysis cannot distinguish
between ShmC and 5mC, as described above, and ShmC on one strand at a CpG
dyad is not recognized for maintenance methylation [170]. Therefore, it is possible
that the detected hemimethylation is actually a CpG dyad with one unmethylated C
residue and one ShmC residue. However, in the studies of tandem DNA repeats in
cancers described below, this is unlikely because ShmC is predominantly in gene
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regions and all studied cancers and cancer cell lines have extremely low levels of
ShmC [84-86].

By sodium bisulfite-based whole-methylome analysis using next-generation
sequencing, Lister et al. analyzed more than 90% of the cytosines in human H1
embryonic stem cells (H1 ES) and IMR90 fetal lung fibroblasts [70]. While nearly
all of the methylcytosines detected in the IMR90 fibroblasts were in the CG dinucle-
otide context, considerable methylation in non-CG contexts (mCHG and mCHH,
where H=A, C or T) was observed in the H1 stem cells, comprising almost 25% of
the total methylation, in agreement with a recent study by Laurent et al. [66].
Methylation at mCHG sites in HI ES was also highly asymmetrical, with 98% of
such sites observed to be methylated on only one strand. Non-CpG methylation was
also found to be significantly higher on the antisense strand of gene bodies, suggest-
ing a nonrandom bias in the observed asymmetry. Non-CpG methylation disap-
peared upon differentiation of the H1 stem cells, but was restored in differentiated
cells induced to form pluripotent stem cells. These findings suggest that asymmetri-
cal methylation at non-CG dinucleotide sites may contribute to maintenance of the
pluripotent state. They are reminiscent of the less frequent, hemimethylated CG
dinucleotide sites that we and Laird et al. have seen in various DNA repeats [8, 132,
171] or single-copy sequences [129] in normal or cancer tissues.

2.12 Hemimethylated CpG Dyads in Cancer

Although reports of DNA hemimethylation in cancer are few, our studies of hemim-
ethylated DNA in cancers support the involvement of active demethylation in gener-
ating cancer-linked genomic hypomethylation. We analyzed DNA methylation
changes in depth at the above-mentioned tandem repeats NBL2 and at Sat2 in ovar-
ian epithelial tumors and Wilms tumors by hairpin genomic sequencing [8, 132]. In
a study of 13 CpGs in a 0.2-kb subregion of Sat2 in ovarian carcinomas and somatic
control tissues, hairpin genomic sequencing not only revealed significantly greater
clonal variability in methylation patterns in the cancers than in diverse control tissues
but also provided statistically significant evidence of clustering among both hemim-
ethylated and fully demethylated sites [132]. Runs of hemimethylated sites with
identical orientation were seen at higher than expected rates in the cancers. Similarly,
an analysis of 14 CpGs in the NBL2 repeat unit identified both hypomethylation and
hypermethylation in ovarian carcinomas and Wilms tumors, again with a high degree
of clonal variation in methylation patterns within each sample [8].

Diverse control and cancer samples contained some DNA clones derived from
unusual, consecutive hemimethylated CpG dyads of opposite polarity. Figure 2.2b
illustrates how an M/U (5'-5mCpG-3'/3'-GpC-5") dyad near a U/M dyad (5'-CpG-
3'/3'-Gp5mC-5") could be generated by active vs. passive demethylation. Passive
demethylation would require inhibition of maintenance methylation (by DNMT]I
alone or in conjunction with DNMT3A and DNMT3B, as discussed above) at a sin-
gle CpG dyad in one round of replicative DNA synthesis. The next round of replica-
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tion would then have to involve both asymmetrical de novo methylation of only the
opposite strand of this dyad and inhibition, once again, of maintenance methylation
at a neighboring CpG dyad. In contrast to this highly unlikely sequence of events,
active demethylation can easily explain the generation of various patterns of hemim-
ethylation in contiguous CpG dyads with either identical or opposite orientation.

In a simulation study jointly analyzing the Sat2 and NBL2 regions, we found that
the observed methylation patterns in the carcinomas were best explained by a mech-
anism that accounted for site-to-site correlation [157]. Prior studies have produced
evidence of spreading of methylation in cancer [172—-176]. Our analysis suggests
that demethylation may progress by spreading as well.

We propose that during carcinogenesis a highly methylated DNA sequence
becomes partially demethylated by active demethylation. The sequence may then
attain a density of SmC residues in an atypical intermediate range. This intermediate
level of methylation might confer less stability during successive cell divisions for
maintenance of the methylation pattern or methylation density. The stability of a
given partially methylated sequence could be determined, in part, by the efficiency
with which DNMT3A and DNMT3B recognize unmethylated CpG sites in the
sequence for repair methylation. Abnormally low methylation levels may favor the
generation of yet lower levels, with some site-specific effects superimposed on the
regional ones. Thus, active demethylation might start cancer-associated demethyla-
tion and a failure of maintenance methylation (including repair methylation) might
continue it. The result could explain the observation that tumor progression is fre-
quently linked to a progressive decrease in methylation.

2.13 Conclusions

Recently, there has been a burst of studies increasing our understanding of the impor-
tance of changes in DNA methylation in intragenic, promoter, and intergenic regions
during differentiation and in response to some types of physiological change. These
findings suggest that much more of the cancer-associated DNA hypomethylation con-
tributes to tumor formation and progression than previously recognized. Similarly,
high-resolution analysis of cancer methylomes in comparison to appropriate controls
indicates that the extent of cancer-linked hypomethylation is larger than previously
appreciated and affects a greater variety of DNA sequences. We propose that the path-
ways for normal DNA demethylation that operate during differentiation or induction of
certain physiological changes become hijacked during carcinogenesis and tumor pro-
gression, leading to the initiation of cancer-associated DNA demethylation. This dem-
ethylation then may spread in cis by both additional rounds of active demethylation and
by passive demethylation involving failures in classical maintenance methylation and
replication-associated repair methylation. The net result of some of this cancer-associ-
ated DNA demethylation could be abnormal modulation of transcription and even
some aberrant posttranscriptional processing of transcripts as well as increases in DNA
recombination, thereby contributing to tumor formation and progression.
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Chapter 3

Ten Eleven Translocation Enzymes

and 5-Hydroxymethylation in Mammalian
Development and Cancer

Shannon R. Morey Kinney and Sriharsa Pradhan

Abstract 5-Hydroxymethylcytosine (ShmC) is an oxidative product of 5-methyl-
cytosine (5mC), catalyzed by the ten eleven translocation (TET) family of enzymes.
Although 5ShmC was discovered several decades ago, it was only after its recent
identification in murine brain and stem cell DNA that it has become a major focus
of epigenomic research. Part of the reason for this delay is due to the difficulty in
detecting both global and locus-specific ShmC levels. Several studies have addressed
this issue with the development of novel techniques to locate and measure ShmC,
which led to multiple reports detailing ShmC patterns in stem cells and global ShmC
levels during embryogenesis. Based on these studies of ShmC levels and reports of
tissue-specific TET expression, these enzymes are thought to play a role in mam-
malian development and differentiation. In addition, the TET enzymes are mutated
in several types of cancer, affecting their activity and likely altering genomic ShmC
and 5SmC patterns. Furthermore, oxidation of 5SmC appears to be a step in several
active DNA demethylation pathways, which may be important for normal processes,
as well as global hypomethylation during cancer development and progression.
Much has been revealed about this interesting DNA modification in recent years,
but more research is needed for understanding the role of TET proteins and ShmC
in gene regulation and disease.

3.1 Discovery and History of 5S-Hydroxymethylation

Methylation of cytosine residues at the 5-carbon position (5-methylcytosine, SmC)
has been studied as a stable epigenetic modification for decades [1]. However, oxi-
dation of DNA has traditionally been considered a DNA damage event, which is
readily removed by DNA repair pathways [2]. Recently, it was demonstrated that
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enzymatic oxidation of 5SmC to ShmC (5-hydroxymethylcytosine) may act as a sta-
ble modification of DNA and downstream removal of ShmC may actually be part of
a complex and intricate process of epigenetic gene regulation [3].

5-Hydroxymethylcytosine (ShmC) was first identified in T-even bacteriophages
during early 1950s using paper chromatography and ultraviolet absorbance spectra
[4]. This nucleotide is normally incorporated during DNA synthesis and then fur-
ther glycosylated by phage encoded glucosyltransferases as a mechanism for pro-
tection of the phage DNA from bacterial restriction enzymes during infection [5, 6].
Later, during the 1970s, ShmC was detected in genomic DNA purified from brain
tissue of rats, mice, and frogs and, to a lesser extent, from liver tissue of rats [7]. The
same group also observed an increase in ShmC levels in the adult compared to new-
born rat brain, as well as a decrease of ShmC levels in brains from rats with low
protein diets [8]. Unfortunately, these experiments could not be reproduced and this
DNA modification was overlooked for several decades [9].

In 2009, ShmC was rediscovered in mammalian DNA and shown to be present in
substantial amounts (~10 to 20% of SmC) in murine embryonic stem cells (ESCs)
[10], Purkinje neurons, and granule cells [11]. These recent studies utilized more
advanced analytical techniques, such as 2D thin layer chromatography (TLC) or
high-pressure liquid chromatography (HPLC) coupled with mass spectrometry
(MS), to confirm the existence of this DNA modification in mammalian DNA. In
addition, ShmC was recently identified in mammalian mitochondrial DNA [12]. As
a result of these discoveries, there is a huge amount of interest in developing tech-
nologies for genome-wide mapping and site-specific quantification of ShmC in an
effort to decipher its possible role in development and disease.

3.2 TET Enzymes and Their Catalytic Activity

There are three known mammalian SmC dioxygenases, which catalyze the conver-
sion of SmC to ShmC [10]. These proteins belong to the family of ten eleven trans-
location (TET) enzymes, whose name is based on a common chromosomal
translocation in some cancers (described in detail later in this chapter). TET1 was
originally named leukemia-associated protein with a CXXC domain (LCX) when it
was initially cloned in 2002 [13]. This gene was rediscovered in 2003 along with the
two other members of the family and they were renamed ten eleven translocation, or
TET, genes [14]. All three TET proteins share a similar catalytic domain structure
to 2-oxoglutarate (2-OG) oxygenases. These types of enzymes can oxidize DNA
and RNA that is methylated on either the nitrogen (N) or carbon (C) of the base by
conversion of 2-OG and oxygen to carbon dioxide and succinate [15]. The TETs
were identified based on their similarity to the JBP1 and JBP2 enzymes in trypano-
some, which were originally named for their ability to bind to the unique nucleotide
B-D-glucosylhydroxymethyl-uracil (base J) and then later were reported to hydroxy-
late thymine, the first step in the conversion of base J [16]. Proteins with similar
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Fig. 3.1 Diagram of TET enzyme isoforms. TET1 is 2138 aa long with multiple putative Nuclear
Localization Sequence (NLS), a CXXC motif, and cysteine-rich region N-terminal to the DSBH
making up the core catalytic domain. There are three isoforms of TET2, the longest being 2002 aa
long. TET2 does not contain any putative NLS or CXXC motif, but does have a core catalytic
domain very similar to TET1. TET3 also has three isoforms, of 1660 aa or less in length. Similar
to TET2, TET3 does not appear to have any other domains other than the core catalytic domain.
Numbers in brackets represent length of proteins in aa or location of domains. Blue bars NLS; red
bar CXXC motif; orange bar Cysteine-rich region; Gray bar DSBH; yellow bars Fe(Il) binding
sites; green bar 2-OG binding site

homology to the TET proteins are found in several lower eukaryote groups, includ-
ing Drosophila [17].

The human TET1 gene is found at chromosomal location 10g21 and is approxi-
mately 134 kilobases (kb) long [18]. The resulting transcript contains 12 exons and
is approximately 9.6 kb. The TET1 protein consists of ~2,136 amino acids encoding
a 236 kilodalton (kDa) enzyme. TET1 is a multidomain protein containing several
putative nuclear localization sequences, a binuclear Zn*>-chelating CXXC domain,
and a cysteine-rich region preceding the catalytic domain (Fig. 3.1). CXXC domains
are frequently found in chromatin binding proteins, including DNA (cytosine-5)
methyltransferase-1 (DNMT1), 5-methylcytosine binding proteins (MBDs), and
mixed lineage leukemia (MLL) protein [19]. The CXXC domain of TET1 binds to
CG-rich sequences of both methylated and unmethylated DNA, with some prefer-
ence for unmethylated CpGs in cell free assays [19, 20].
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The human TET2 gene is found on chromosome 4q24 and contains 11 exons,
which can result in three known isoforms produced through alternative splicing.
The longest form of TET2 is ~2,002 amino acids and similar to TET1 with approxi-
mately 70% homology in their C-terminal regions, including their catalytic domains
[18]. There are two shorter isoforms of TET2 (1,164 and 1,194 amino acids long)
that both lack catalytic domains due to truncation or introduction of stop codons
(Fig. 3.1). The TET3 gene resides on chromosome 2p13. It is approximately 62 kb
in length, with a transcript containing nine exons. Similar to TET2, the TET3 pro-
tein sequence shares approximately 70% sequence homology to TET1 in the regions
surrounding the catalytic domain (Fig. 3.1). Three putative isoforms of TET3 have
been identified using complementary DNA screening [18]. These include the full-
length protein, as well as two shorter variants that are missing either a small portion,
or most of the catalytic domain (Fig. 3.1).

TET?2 and TET3 differ from TET1 in that they do not appear to contain any puta-
tive nuclear localization sequences or regions similar to a CXXC domain [18].
Interestingly, one study reported that the CXXC4 gene, at 4q22-24, is a very close
neighbor to TET2 and may be the result of a chromosomal inversion of the TET2
CXXC domain followed by a translocation [17]. It has been proposed that interac-
tion of CXXC4 and TET2 may be required for appropriate TET2 targeting and
activity [17].

The catalytic domains of all 2-oxoglutarate (2-OG) oxygenases contain a dou-
ble-stranded B-helix (DSBH) [10, 15]. The DSBH domain, in addition to the
cysteine-rich region, of TET1 has been found to be both necessary and sufficient
for catalytic activity [10]. Furthermore, the DSBH domain contains three Fe(II)
binding sites and a 2-OG binding site (details in Fig. 3.1) [18]. Amino acid muta-
tion studies have confirmed the requirement of these domains for TET catalytic
activity [21].

The increased homology within the cysteine-rich region and the DSBH domain
of TETI1, TET2, and TET3 suggests that they have similar catalytic activity. Each
protein of this family also contains unique regions indicating that they may have
distinct binding affinities to chromatin and/or protein partners, resulting in the
establishment of specific ShmC patterns in various cell types and during different
developmental stages. All three forms of the Tet enzymes are known to be catalyti-
cally active in cells [22] and tissue-specific expression of TET transcripts has also
been reported [23, 24], supporting the above hypothesis.

Triple knockout (TKO, knockout of Dnmtl, Dnmt3a, and Dnmt3b) ESCs dis-
play decreased ShmC levels although they have normal Tet expression. This
confirms that the SmC catalyzed by Dnmts is in fact the substrate for the Tet
enzymes [22, 25]. In addition to the oxidation of SmC to ShmC, the TET enzymes
have recently been reported to have the ability to further oxidize ShmC to 5-form-
ylcytosine (5fC) and S-carboxylcytosine (5caC) [26, 27]. Quantification of the
three oxygenated forms of 5SmC reveals unequal distribution with much more
ShmC than 5fC or 5caC in genomic DNA [27]. The function of these less frequent
enzymatic products of TET enzymes is not well understood, but current knowledge
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suggests they may be involved in the DNA demethylation process described later
in this chapter [28].

3.3 Technologies and Advancements in ShmC Detection

Identifying and quantifying ShmC globally and at specific loci has been, and contin-
ues to be, quite a challenge. For example, the most accepted technique for SmC
detection and measurement, bisulfite sequencing, does not differentiate between
SmC and 5hmC or unmodified C and 5caC [28, 29]. Additionally, restriction
enzymes have been used for years to specifically digest methylated or unmethylated
DNA and recent data shows that many of these enzymes have different specificities
or sensitivities for oxidized forms of SmC or glucosylated ShmC (5ghmC) [30-33].
Indeed, many of the 5SmC-sensitive enzymes that have previously been used to mea-
sure DNA methylation are also sensitive to ShmC [34]. Complicating matters fur-
ther, SmC-specific antibodies appear to have no cross reactivity with ShmC, thus in
the past oxidation of SmC may have been mistaken for demethylation. Since the
discovery of ShmC in mammalian DNA there has been a flurry of new techniques
reported to measure this elusive base, either globally or at a specific locus.

There are several techniques that have been shown to evaluate global ShmC lev-
els. Some are more qualitative than quantitative and each has its own range of sen-
sitivity and accuracy. Initially, the existence of ShmC (followed by 5fC and 5caC)
in mammalian DNA was discovered using restriction enzyme-based TLC [7, 10, 11,
27, 28]. Dot blot of genomic DNA and immunofluorescence in mammalian cells
using ShmC-specific antibodies has also been used extensively to examine global
ShmC levels [22, 25, 35]. These antibodies appear to be sensitive but seem to require
several proximal ShmC sites for measurable binding to occur [36]. More recently,
an antibody was developed targeting cytosine 5-methylenesulfonate (CMS), a prod-
uct of sodium bisulfite treatment of hydroxymethylated DNA that can apparently
detect as few as one ShmC site on DNA [21]. Although these techniques are not
truly quantitative, they offer more sensitivity as the input DNA could be as low as
several nanograms. Currently, the most sensitive techniques for measuring global
S5hmC, 5fC, and 5caC utilize HPLC coupled with mass spectrometry [27, 28, 37].
However, these techniques require unique expertise and complex analytical machin-
ery. A simple, yet very accurate and sensitive, technique for measuring global 5ShmC
uses the T4 phage enzyme, fB-glucosyltransferase (B-GT), and radioactive UDP-
[*H]-glucose [38, 39].

The 5ShmC and CMS-specific antibodies mentioned above have also been uti-
lized for hydroxymethylcytosine-DNA immunoprecipitation (hMe-DIP) followed
by next generation sequencing, DNA array, or PCR [25, 36, 40, 41]. A second tech-
nique, (glucosylation, periodate oxidation, biotinylation, or GLIB) uses a glucosy-
lation reaction to attach UDP-6-N3-glucose to ShmC, which marks these sites with
a reactive azide group. The azide group is further reacted with biotin using click
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chemistry for subsequent pulldown with a streptavidin matrix [42, 43]. Although
data derived from these techniques can be extremely useful in mapping the regions
of 5ShmC, it still does not offer single base resolution. Single-molecule real-time
(SMRT) sequencing is a novel sequencing technique that can discriminate between
unmodified cytosine, SmC, and ShmC due to variations in polymerase kinetics
during the sequencing reaction [44]. It is also possible to differentiate SmC from
ShmC with nanopore amperometry, as each modification causes unique breaks in
current as synthetic DNA molecules are fed through nanopores [45]. Current
research is focused towards optimizing the last two methods for genomic DNA
samples and for high-throughput analysis, but these technologies are not yet com-
monly used.

Many restriction enzymes that can differentiate between SmC and unmodified
cytosine, as well as families of enzymes that target ShmC or 5ghmC are being stud-
ied for unique properties that make them useful for measuring ShmC [30, 33, 46].
For example, Mspl and Glal can fully digest SmC or ShmC in their respective target
sequences, but after conversion of ShmC to 5ghmC, digestion by both of these
enzymes is blocked [32, 47]. Taq®l is a restriction enzyme that is not fully blocked
by SghmC, but is blocked by biotin-N3-5gmC [31]. Therefore, tagging a ShmC resi-
due with glucose or a modified glucose may be a valuable tool for epigenetic stud-
ies. In contrast to restriction enzymes that are blocked by ShmC or 5ghmC, but not
by unmodified cytosine, another class known as PvuRts1I family show digestion
preference for ShmC or 5ghmC as compared to SmC and cytosine [30, 33]. Using
this class of enzymes for digestion followed by PCR amplification of a region of
interest can reveal the level of ShmC at a specific site. Alternatively, one could use
the digested fragments for next generation sequencing for genome-wide mapping of
ShmC.

Novel and more accurate techniques for measuring ShmC will be available in
the near future as the epigenetics field progresses with reference to this
modification. We must always consider how to normalize traditional techniques
and any new ones that are developed to evaluate various DNA modifications when
drawing conclusions about how epigenomic modification patterns relate to bio-
logical phenomenon.

3.4 Tetl Binding and ShmC in Embryonic Stem Cells

It is important to understand the normal function of TET enzymes and ShmC in
order to comprehend how and why they may be disrupted in disease. The study of
mouse ESCs may allow us to gain some insight into these phenomena. Mouse ESCs
are derived from the inner cell mass (ICM) of blastocysts and can be cultured in an
undifferentiated state with use of leukemia inhibitory factor (LIF) [48]. ESCs can be
differentiated into embryoid bodies (EB) with the removal of LIF or into other more
specific lineages by addition or removal of cytokines and specific growth factors. As
mentioned earlier, ESCs tend to have high levels of ShmC as compared to other cell
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types [10, 27]. It is thought that the TET enzymes and ShmC may play a significant
biological role in ESCs because epigenetic modifications and factors are important
for both maintaining an undifferentiated state and for differentiation. 7et/ and Tet2
are expressed in ESCs and induced pluripotent stem (iPS) cells, while Tez3 expres-
sion is quite low, suggesting that Tetl and Tet2 are especially important for main-
taining a pluripotent status [22, 49]. Furthermore, expression of et/ and Tet2 is
repressed during differentiation and it appears that Oct4 [49], one of a few transcrip-
tion factors that are required for ESC pluripotency and dedifferentiation of somatic
cells, is involved in regulating Tet1 and Tet2 expression [50].

A number of reports describe Tetl binding and/or ShmC status throughout the
genome of mouse ESCs and the relationship of these patterns to gene expression [25,
41,42,47,51, 52]. Several techniques were utilized in these studies, including ChIP-
seq, GLIB-Seq, hMeDIP-Seq, restriction enzyme-dependent genome-wide sequenc-
ing, and hMeDIP-Chip (with ShmC and CMS-specific antibodies), as well as
RNA-Seq and microarray analyses [25, 41, 42, 51, 52]. Even though there are some
disagreements between these studies, their overall conclusions are similar. In gen-
eral, Tetl binds to CG-rich regions of the genome, which seems to be due, at least in
part, to its CXXC domain. Tetl binds to both active and inactive genes, with more
binding in the gene bodies of active genes and increased binding in the promoters
and transcriptional start sites (TSS) of inactive genes. Tet1 targeted genes are involved
in many cellular pathways, including development, differentiation, and neural pro-
cesses [22, 25, 49, 52]. Tetl also appears to be enriched in regions containing the
active H3K4me3 mark, as well as the bivalent H3K4me3 and H3K27me3 marks, and
to a lesser extent at polycomb repressed genes exhibiting only H3K27me3 mark.

ShmC patterns in the genome are very similar to Tetl binding. Both SmC and its
oxidative product ShmC are commonly found in the gene bodies of active genes and
in the promoters of inactive genes. Surprisingly, there are a number of Tetl binding
sites that do not appear to contain ShmC. This suggests that Tetl may have addi-
tional non-catalytic activities or that ShmC is quickly removed specifically at these
loci as part of a DNA demethylation/repair pathway. Several studies indicate that
gene body ShmC is more prevalent in exons than introns [25, 42, 51, 52]; however,
results from another group indicated more enrichment in introns [41]. These ambi-
guities could be due to differences in the techniques utilized and will likely be sorted
out in the future with base resolution mapping of the respective mammalian
hydroxymethylome. Interestingly, ShmC is enriched in and around the TSS, which
is in contrast to a general reduction in SmC at these locations [51]. Intergenic regions
and repetitive elements appear to have less ShmC than coding regions. Thus, ShmC
and 5SmC coexist in some genomic regions, while also displaying unique patterns of
genomic localization. Genome-wide ShmC patterns have also been reported for
human ESCs and they closely match with the description of mouse ESCs [36]. The
patterning observed in both mouse and human ESCs suggests that ShmC may have
a more specific role in regulating transcription, while SmC has additional roles in
maintaining genomic integrity and transposon stability.

Upon knockdown of Tetl expression or gene knockout, there are clear
increases in both locus-specific and global SmC with concomitant decreases in
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5hmC globally and at Tet1 target sites [22, 47, 53]. In addition, loss or reduction
of Tetl consistently resulted in both increased and decreased gene expression
with gene activation being associated with promoter hypo-hydroxymethylation
[41, 51-53]. Tetl enrichment occurs at almost two-thirds of all genes in mouse
ESCs and thus overlaps with a number of chromatin modifying and transcrip-
tional regulatory proteins, such as Suz12, Ezh2, Sin3a, Mbd3, and LIF activated
Stat3 [41, 47, 51, 54]. Concomitantly, the binding of these proteins to the chro-
matin is reduced by Tetl knockdown [41, 47, 51, 54]. It is not clear whether it is
direct interaction with Tetl, possibly via other bridge proteins, or ShmC that
provides a platform for their recruitment to specific regions of the chromatin,
except in the cases of Sin3a and Mbd3. These two proteins have been shown to
either bind directly to Tetl or in a complex with Tetl by co-immunoprecipitation
experiments. Mbd3 also appears to bind to ShmC-modified DNA, which is
thought to result in its recruitment to inactive genes [51, 54].

There is an overall enrichment of ShmC at regulatory protein binding sites, such
as gene promoters, enhancers, and insulators further supporting the hypothesis of
ShmC-specific binding proteins [25, 36]. In addition to transcriptional regulation by
putative ShmC binding proteins, active promoters bound by Tet1 may be maintained
in an unmethylated state through constant oxidation of SmC, allowing transcription
factors and RNA polymerase to bind. Based on these observations, Tet enzymes can
regulate the levels of both ShmC and SmC at specific gene sequences in order to
direct the binding of transcriptional regulator proteins, resulting in both positive
and/or negative effects on its expression.

3.5 Role of Tets and ShmC in Early Mammalian Development
and Embryonic Stem Cells

The mammalian paternal zygotic genome is thought to be actively demethylated
upon fertilization of the egg and this demethylated state persists over the next sev-
eral cell divisions, during which time the maternal genome undergoes passive dem-
ethylation [55]. At the blastocyst stage of development, both the maternal and
paternal DNAs are remethylated by the de novo methyltransferases. The observa-
tion that the paternal genome is demethylated is based primarily on studies utilizing
anti-SmC antibody staining and bisulfite sequencing of a small number of loci [56—
59]. However, recent data suggests that the lack of staining of the paternal genome
by the SmC antibody is actually due to conversion of SmC to ShmC [35, 60]. High
levels of 5ShmC in the paternal genome persist for several genome replications sug-
gesting that demethylation is not as extensive as was previously thought and may
take place only at specific loci [35]. Technological advances that allow for the pater-
nal and maternal DNA to be fully sequenced for epigenetic modifications will help
in the future to resolve this important observation.

Tet3 is the most likely Tet family member that oxidizes the paternal DNA as it is
expressed at high levels in oocytes and zygotes, but not at later developmental stages
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[35, 60, 61]. Tetl seems to only be expressed at the two- and four-cell stages and in
ESCs, and Tet2 is only expressed at very low levels throughout fertilization and
zygote development, except in ESCs where Tet2 expression is higher [35, 60].
Knockdown of 7et3 by siRNA injection into the oocyte or conditional knockout of
Tet3 in primordial germ cells (PGC) of mice significantly reduces oxidation of SmC
in the paternal genome [60, 61]. Furthermore, the Tet3 responsible for this process
appears to be of maternal origin as wild-type (WT) females crossed with Tet3 con-
ditionally null males did not exhibit this defect [61]. Finally, primordial germ cell
gene 7 (PGC7) may be involved in protecting the maternal genome from demethyla-
tion [62] and knockout of this gene results in oxidation of the maternal genome [60].
It is not clear why only the paternal genome methylation specifically undergoes
widespread oxidation during zygote development, but this process is likely involved
in locus-specific SmC erasure and epigenetic reprogramming of the chromatin.

There are several contradicting reports on whether knockdown or knockout of
Tet genes alters growth and differentiation of ESCs. Two studies report that knock-
down of Tetl, but not Tet2 or Tet3, in mouse ESCs results in decreased alkaline
phosphatase activity (a marker of healthy ESCs) and pluripotency associated genes,
as well as an increase in differentiation markers and altered cell growth and mor-
phology [22, 47]. It is suggested that this may be due to a decrease in Nanog expres-
sion as reintroduction of Nanog can rescue the phenotype. ChIP analysis shows that
Tetl binds to the Nanog promoter and depletion of Tetl results in methylation and
suppression of the Nanog gene. Furthermore, use of Dnmt TKO ES cells prevents
the methylation and repression of Nanog [22].

In contrast, other studies did not report any effects on morphology or Nanog
expression with 7et! knockdown or knockout in undifferentiated cells [49, 51, 53].
However, there was agreement amongst some reports that 7et/ knockdown upregu-
lates genes involved in trophectoderm and endoderm development and represses
genes involved in neuroectoderm development [22, 49, 53]. Loss of Tetl function in
ESCs results in differentiation toward endoderm/mesoderm and trophoblast lin-
eages. Based on this, and because Tet!/ is primarily expressed in the ICM (not the
trophectoderm), it is thought that Tetl participates in preventing the expression of
trophectoderm developmental genes and maintaining proper cellular specification
in embryos [22, 49]. Tet2 knockdown did not seem to affect trophectoderm, endo-
derm, or mesoderm genes but did slightly increase neuroectoderm markers. In addi-
tion, knockdown of either 7et] or Tet2 alters expression of unique subsets of genes
suggesting that each enzyme has unique target regions in the genome [49]. Tet3
knockdown in ESCs had minimal transcriptional effects on the differentiation genes
that were examined.

Tetl knockout ESCs are capable of producing live pups and loss of Tetl has
minimal effects on embryogenesis and mouse development, as Tetl homozygous
null mice maintain proper Mendelian ratios, appear healthy, and are fertile [53]. The
only initial observations of aberrant development are that both male and female Tet1
null mice are born at lower body weight (although they are similar to WT mice as
adults); they have slightly decreased neutrophil numbers, and smaller litter sizes
when inter-crossed. These mice do not appear to have any myeloid or other disorders
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[53]. Complete knockout of Tet2 has not yet been reported, but a mouse model has
been developed that utilizes a Tet2-LacZ fusion to express an inactive Tet2 protein
[63]. However, these mice maintain 20-50% of normal Tet2 transcripts, have no
obvious reduction in ShmC, are normal in overall appearance, and display expected
Mendelian ratios. In spite of this, and unlike Tetl null mice, Tet2 hypomorphs do
appear to have aberrant hematopoiesis [63]. Although no changes in Tet gene
expression have been reported, it is possible that the different members of the Tet
family are compensating for the loss or reduction of Tetl or Tet2 in these mouse
models [53, 63].

Tet3 null mice are unique in that they exhibit neonatal lethality [61]. This lethal-
ity was overcome by creation of Tet3 conditional knockout mice [61]. As described
above, the parental mice only lack Tet3 expression in PGC and thus are essentially
normal, with only the females exhibiting reduced fecundity. The zygotes of these
mice have decreased ShmC levels and aberrant reprogramming of the paternal DNA,
which is thought to disrupt prenatal development [61].

Tissue-specific expression of Dnmts and patterning of SmC is known to be
involved in gene regulation. It is hypothesized that Tet enzyme activity and ShmC
may be involved in specific biological functions in different tissues and organs as
well. Indeed, TET enzymes display altered expression levels depending on the tis-
sue or the stage of development [22-24, 35, 60]. A number of tissue types have been
examined for TET expression, including but not limited to brain, lung, liver, heart,
and kidney. TETI and TET2 exhibit varied expression levels in different tissues
examined [23] and isoforms 2 and 3 of TET2 are expressed at a lower level than its
isoform 1 [24]. Overall TET?2 and its isoforms appear to be the most highly expressed
amongst the TET enzymes in many tissues [22, 24]. TET3 also tends to have consis-
tently high expression across various tissues [23]. All TETS are highly expressed in
hematopoietic cells, with TET2 and TET3 being the highest. Consistently, hypomor-
phic expression of Tet2 in mice has been shown to alter hematopoietic development
[23, 24, 63].

Several studies have measured global ShmC in DNA from various tissues using
the techniques described above [26-28, 64]. Based on these analyses one would
conclude that in addition to tissue-specific expression of TET enzymes, many tis-
sues also display varied global ShmC levels with some tissues having high, medium,
or low levels of ShmC. In general, tissues of the central nervous system have vari-
able but overall high levels of global ShmC [26, 27, 64]. Conversely, glandular tis-
sues tend to have low ShmC levels and the majority of key organs, such as heart,
lung, and kidney tend to have midlevels of ShmC in their genome [26-28]. This is
in contrast with the stable global SmC levels that are observed across most tissues
[26]. However, it is important to note that in spite of stable global SmC levels in
various tissues there are locus-specific differences that are involved in maintaining
proper tissue phenotype and function. These data suggest that high levels of ShmC
are not indicative of low SmC levels on a genome-wide basis in somatic tissues, but
that locus-specific shifts in the amount of unmodified, methylated, and hydroxym-
ethylated cytosines are important for regulating gene expression in a tissue-specific
manner. This is also supported by our work showing tissue-specific levels of ShmC
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at various loci in both mouse and human genomic DNA samples [32]. However,
more detailed analysis of ShmC patterning in various tissues and during develop-
ment is required, which would help us to understand the roles of TET enzymes and
5hmC in differentiation and development.

3.6 Mutation of ShmC Pathway Genes in Cancer
and the Possible Consequences

TET!1 is a common translocation partner of MLL histone methyltransferase at
t(10;11)(q22;q923), in acute myeloid leukemia (AML) [13, 14]. The MLL-TET1
translocation has also been less commonly identified in acute lymphoblastic leuke-
mia (ALL) [65]. Apart from the t(10;11)(q22;q23) translocation, no other mutations
of TET1 have been reported. The MLL-TET1 fusion protein is predicted to have a
molecular mass of approximately 204 kDa and is created by the fusion of the
N-terminal part of MLL with the C-terminal part of TET1. The resulting protein
contains the AT hooks, subnuclear localization domains, and the CXXC region of
MLL fused to the core catalytic domain of TET1 [14]. The catalytic activity of the
MLL-TET! fusion protein is unknown, but it may be a gain of novel function of the
fusion protein or loss of MLL and/or TET1 normal function that promotes oncogen-
esis. Regardless of the precise mechanism(s), MLL translocations correlate with a
poor prognosis in ALL and AML patients [66—69].

Similar to TET1, it had been known that the 4q24 chromosomal region was
commonly disrupted in hematologic malignancies, but the gene targeted within
that region was not clear. It is now known that TET?2 is the affected gene at 4924
in many of these hematologic malignancies. TET2 mutations in myeloprolifera-
tive neoplasms (MPN) were identified recently [70-72]. Since then, mutations in
TET2 have been observed in myelodysplastic syndrome (MDS), polycythemia
vera, essential thrombocythemia, myelofibrosis, blastic plasmacytoid dendritic
cell neoplasm (BPDCN), lymphomas, and different types of leukemia [23, 63, 70,
73-82]. Interestingly, certain TET2 mutations are found in specific subsets of
these diseases [83].

TET2 mutations range from nonsense and missense mutations to frameshifts
and deletions. Essentially all of these mutations are thought to result in loss of
function of the TET2 enzyme and are generally somatic in nature. Several common
mutations observed in MPN patients were tested for their effects on TET?2 activity,
including W1291R, E1318G, P1367S, 11873T, and G1913D [21]. All of these
mutations are located in the cysteine-rich region or catalytic domain of human
TET2. Overexpression of the mutant mouse counterpart of the W1291R (W1211R),
P1367S (P1287S), and G1913D (C1834D) mutants in HEK293T cells results in
reduced ShmC as compared to overexpression of the WT Tet2 [21]. In addition,
mutations of TET2 often occur on either one or both alleles suggesting that TET2
may either be haploinsufficient or gain an oncogenic function [70, 83]. These
results indicate that TET2 functions as a tumor suppressor gene, especially in
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hematopoietic cells. However, TET2 mutations may not be enough to cause
transformation as it is commonly mutated along with genes in other important
pathways, such as JAK and p53 [76, 84, 85].

Tet2 appears to have a direct role in myelopoiesis as Tet2 knockdown alters dif-
ferentiation of bone marrow stem cells when grown in the presence of specific
cytokines [86]. Furthermore, conditional knockout or reduced expression of Tet2 in
mice results in amplification of hematopoietic stem and progenitor cells with skewed
numbers of differentiated myeloid and lymphoid lineages [63]. Several studies have
attempted to evaluate the effect of TET2 mutations on patient prognosis, albeit in a
limited number of samples. Mutations in TET?2 correlate with reduced survival time
in AML patients [77] and lower survival rate in patients with chronic myelomono-
cytic leukemia (CMML) [80]. Conversely, TET2 mutations in MDS patients appear
to increase survival rate, as well as decrease progression to AML [79].

To date, there is only one report of a genetic aberration associated with TET3.
A patient with refractory anemia with ringed sideroblasts (RARS), a specific form
of MDS, and idiopathic myelofibrosis carried a deletion of 2p23 where the TET3
gene resides [87]. It is still unknown whether TET3 has a role in myeloproliferative
diseases in a similar manner to TET1 and TET2. However, as TET3 is a catalyti-
cally active enzyme and has different tissue-specific expression patterns than TET1
and TET2, it remains a possibility that TET3 is involved in the development or
progression of these and other diseases or disorders. Genetic studies will be required
to test the functional role of TET enzymes in the development and progression of
various diseases, including cancer.

As described above, the TET enzymes require cofactors for catalysis, one of
which is 2-OG. Two enzymes that are involved in producing 2-OG are the cytosolic
isocitrate dehydrogenase 1 (IDH1) and its mitochondrial homolog IDH2 [88].
Interestingly, IDH1 and IDH2 are commonly mutated in several diseases, including
gliomas, astrocytomas, leukemias, and MPN [88], where ShmC and TET expres-
sion are abundant. Furthermore, these mutations are not only mutually exclusive
with each other but also with TET2 mutations in AML [88].

Mutations of IDH1 and IDH2 can result in a gain-of-function phenotype whereby
2-0G is further reduced by the mutant enzyme to 2-hydroxyglutarate (2-HG) [89,
90]. AML cells harboring mutations in IDH1, IDH2, or TET?2 tend to have a hyper-
methylated phenotype (increased global and locus-specific methylation) and impor-
tantly asignificant overlap of the genes that are hypermethylated [88]. Overexpression
of mutant IDH enzyme results in a global increase in methylation and co-overex-
pression with TET2 does not result in increased ShmC levels [88]. The above obser-
vation was confirmed in another study that showed inhibition of murine Tetl and
Tet2 in vitro by 2-HG and in vivo by mutant IDH1 [91]. In addition, glioma, astro-
cytoma, glioblastoma tissue samples harboring IDH1 mutations display decreased
5hmC staining and increased 5SmC staining in immunohistological assays, as well as
decreased ShmC with LC-MS analysis [64, 91]. These studies suggest that altera-
tions in ShmC, either through directly disrupting the TET enzymes or changing
availability of cofactors, may be involved in the development and progression of
cancer and related diseases.
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It is hypothesized that ShmC is an intermediate in the process of demethylation
(described fully in Sect. 3.7) and as a result disruption of the TET protein functions
by translocation or mutation may result in a hypermethylated phenotype. Indeed,
widespread locus-specific hypermethylation in AML patients with TET2 mutations
has been reported [88]. Conversely, another study found that TET2 mutations in
leukemia patients are associated with reduced ShmC levels as expected, but also
with global DNA hypomethylation [21]. Another recent report indicated that brain
lesions, especially astrocytomas and glioblastomas, have significantly decreased
global ShmC with increasing tumor grade, although these samples did not display
clear changes in 5SmC levels [64]. Furthermore, several, tumor types appear to have
decreased ShmC when compared to matched normal tissue [39, 92, 93]. The mecha-
nism of global hypo-hydroxymethylation in tumors and the relationship to muta-
tions in TETs is not clear and may be dependent on tumor type and stage.

Hypomethylating agents were originally tested and approved for clinical use in
MDS and leukemia patients [94]. The fact that these diseases have especially high
rates of mutation in the TET proteins raises the question as to the correlation of TET
mutations with treatment efficacy. One study on a very limited number of patients
(two) did not confirm that TET2 mutations would improve the efficacy of DNMT
inhibitors for the treatment of MDS [95]. In addition, a slightly larger study with
AML patients reported that those with mutant TET2 had improved initial response,
but did not yield better survival as compared to patients carrying the WT allele [96].
These results emphasize the necessity for studies to be completed using large cohorts
of patients identify factors that categorize patients with myeloid disorders, harbor-
ing TET mutations, as likely or unlikely to benefit from treatment with demethylat-
ing agents. Finally, although TET mutations are clearly predominant in MPN it is
still possible that they occur in any number of other diseases and this will likely be
a focus of future research.

3.7 Demethylation Pathways of ShmC and Possible
Roles in Cancer Methylation

Reports of methylation cycling in the promoters of specific genes, active demethy-
lation during certain stages of development, and global hypomethylation in tumors
have left epigeneticists searching for a DNA demethylase [3]. Several possible
demethylation mechanisms have been proposed in the past, including direct enzy-
matic removal of the methyl group by MBD2 [97], removal of the entire methy-
lated base by a DNA glycosylase in a similar manner to the process of demethylation
in plants [98], and deamination followed by base excision repair (BER), including
deamination by DNMT3 enzymes in the presence of minimal S-adenosyl-L-
methionine (AdoMet) [3, 99]. The stability of the carbon—carbon bond of the
methyl group and the fifth carbon of the cytosine ring makes it unlikely that dem-
ethylation is due to direct removal of the methyl group from cytosine [3]. However,
oxidation of methyl groups is a feasible mechanism for removal, especially as
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histone demethylases function through oxidation to return histone proteins to an
unmodified amino acid state [15].

Before ShmC was found in mouse ESCs and brain DNA, several groups studied
the effects of oxidation of 5SmC on methyl binding proteins (MBD) and DNMT1
activity. For example, the MBD MeCP2 was shown to have decreased binding to
ShmC as compared to SmC [100]. Altered binding of MeCP2 may have serious
effects on transcriptional regulation, but would not lead to demethylation. However,
DNMT1 was shown to have reduced catalytic activity when the DNA substrate was
hemi-hydroxymethylated as opposed to the preferential hemi-methylated substrate
[101]. This could have major effects on DNA methylation maintenance during rep-
lication, resulting in passive demethylation that is dependent on cell cycling. It is
still unknown whether DNMT3a or DNMT?3b expressed during S-phase is capable
of methylating hemi-hydroxymethylated DNA.

Mammalian ShmC glycosylases have been described as early as 1988 suggesting
that this may be a possible mechanism for removal of this modified nucleobase
[102]. Overexpression of TET genes causes increased ShmC and then subsequent
demethylation (based on digestion with methyl-sensitive restriction enzymes) of
either endogenous or exogenous methylated DNA that requires a functional BER
pathway [20, 103]. Additionally, overexpression of several of the Apobec family of
cytidine deaminases causes further demethylation [103]. In fact, viral overexpres-
sion of Tetl in the adult mouse dentate gyrus in the brain leads to substantial
increases in global ShmC, whereas viral overexpression of activation-induced
deaminase (AID) in the same tissue causes a decrease in global ShmC by more than
50%. Overexpression of either Tetl or AID in adult mouse dentate granule cells
results in demethylation and expression of neuronal genes known to display activ-
ity-induced DNA demethylation, but no demethylation occurs at non-neuronal pro-
moters [103, 104]. Based on these findings, the following hypothesis has been
proposed as one possible mechanism for ShmC-stimulated demethylation: SmC is
first oxidized by TET enzymes to ShmC, which is then deaminated by AID/APOBEC
cytidine deaminases resulting in ShmU, then ShmU is targeted and removed by
BER pathways (Fig. 3.2) [103].

Another possible mechanism of demethylation through ShmC mimics the pro-
cess of thymine conversion to uracil that is part of the thymidine salvage pathway
in which successive oxidation of the 3-methyl group of thymine is completed to
produce uracil by decarboxylation [3]. Previously, 5-formylcytosine (5fC) and
5-carboxylcytosine (5caC) (the further oxidized forms of ShmC) could not be
easily measured, but as more sensitive techniques were utilized it was clear that
these forms of cytosine do exist in mammalian DNA (Fig. 3.2) [26-28]. Mouse
ESC, mouse cortex DNA, and DNA from several other somatic tissues contain
substantial amounts of each of these modifications, with 5caC being the lowest
modified residue [27]. Interestingly, some tissue DNAs contained higher amounts
of 5fC than S5ShmC, such as liver and spleen [27]. The differences in the global
amounts of each modified cytosine could be due to varied rate of conversion
from one form to the next, as well as efficiency of removal for 5caC by thymine-
DNA glycosylase (TDG) resulting in replacement with unmodified cytosine by
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Fig. 3.2 5-Hydroxymethylcytosine and proposed demethylation pathways. (1) Cytosine in an
unmodified state can be methylated by any of the three active DNMTs to 5-methylcytosine (5SmC)
to create the substrate for the TET enzymes. (2) SmC can be oxidized by any of the three TET
family enzymes to 5-hydroxymethylcytosine (ShmC). (3) ShmC may then be deaminated by
unknown enzymes to 5-hydroxymethyluracil (ShmU), which could then be removed by base exci-
sion repair pathway enzymes (BER). (4) 5ShmC could also be further oxidized by the TET enzymes
to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC), at which point the base can be removed
by thymine-DNA glycosylase (TDG) or the carboxyl group can be removed by decarboxylases to
produce unmethylated cytosine

DNA repair enzymes [28, 105]. Tetl and Tet2 were both reported to oxidize
ShmC further to 5fC and 5caC both in vitro and in overexpression studies in
cultured cells [27, 28].

The knowledge that ShmC and its derivatives that are converted by the TET
enzymes can result in demethylation provide some possible mechanisms for how
aberrant methylation could occur in cancers. Loss-of-function mutations in TET2
correlate with hypermethylation and myeloid malignancies that commonly have
TET mutations tend to be sensitive to hypomethylating agents [88, 94]. However,
one study did correlate TET2 mutations with global hypomethylation in patients
with myeloid malignancies [21]. For cancers that display hypomethylation, there
are several potential explanations; one possibility is that hypomethylation by ShmC
is an earlier event during cancer progression than loss-of-function mutations that
have been reported for TETs, or TET proteins (or other proteins involved in ShmC-
induced demethylation pathways) may be overexpressed or have gain-of-function
mutations that are currently unknown. Clearly much research still needs to be done
in this particular area to understand demethylation pathways of ShmC and what
enzymes are involved both in normal and disease states.
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3.8 Future Perspectives

It was not long ago that the study of DNA methylation was uncharted territory, but
now we have a basic understanding of how, when, and where DNA methylation
occurs, as well as its role in many biological processes. The identification of ShmC,
and its oxidative products 5fC and 5caC, has complicated our understanding of this
process, so now we have to tease out what past data (that may or may not include
5hmC, 5fC, and 5caC) means, and how to acquire more accurate data in the future.
This has been and will continue to be a difficult process, but even in the short time
since the identification of ShmC, epigenetics research has moved forward by leaps
and bounds, perhaps due to the past experiences with SmC. Scientists have already
developed several techniques to measure global and locus-specific ShmC across the
genome. It is known that there is tissue-specific expression of TETs and ShmC lev-
els, both globally and at specific loci, and that ShmC may be involved in DNA
demethylation pathways. Even so, there is certainly more research needed to deter-
mine the involvement of the TET enzymes and ShmC in gene regulation, develop-
ment, and disease.

3.9 Addendum

Two new methods have been reported that allow for single base resolution
sequencing of ShmC [106, 107]. Both techniques depend on the concept that 5fC
and 5caC, unlike SmC or ShmC, are converted to uracil during sodium bisulfite
treatment of the DNA. The first method utilizes potassium perruthenate (KRuO4)
to chemically oxidize ShmC to 5fC followed by rigorous bisulfite treatment and
then sequencing of primarily CpG islands in mouse embryonic stem (ES) cell DNA
[106]. The second method utilizes a three step process whereby the ShmC sites
are first glucosylated by beta-glucosyltransferase, which is followed by enzymatic
oxidation of 5SmC to 5caC by recombinant mouse Tetl catalytic domain, and
finally sodium bisulfite conversion and sequencing of human and mouse ES cell
DNA. The glucosylated hydroxymethylcytosine residues are resistant to enzy-
matic oxidation and displayed as C in subsequent PCR based sequencing [107]. In
both cases sequencing of both an oxidation pretreated DNA library and a control
library must be completed to accurately map both SmC and ShmC sites across the
genome. Considering that next generation sequencing analysis of bisulfite con-
verted DNA is quite complicated, the data analysis for these methods could be
especially difficult. However, these techniques should be useful for identification
of 5SmC and 5hmC at specific loci using a candidate gene approach in a similar
manner to original bisulfite sequencing.
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Chapter 4
Altered Histone Modifications in Cancer

Moray J. Campbell and Bryan M. Turner

Abstract In human health and disease the choreographed actions of a wide armory of
transcription factors govern the regulated expression of coding and nonprotein coding
genes. These actions are central to human health and are evidently aberrant in cancer.
Central components of regulated gene expression are a variety of epigenetic mecha-
nisms that include histone modifications. The post-translational modifications of his-
tones are widespread and diverse, and appear to be spatial-temporally regulated in a
highly intricate manner. The true functional consequences of these patterns of regula-
tion are still emerging. Correlative evidence supports the idea that these patterns are
distorted in malignancy on both a genome-wide and a discrete gene loci level. These
patterns of distortion also often reflect the altered expression of the enzymes that con-
trol these histone states. Similarly gene expression patterns also appear to reflect a
correlation with altered histone modifications at both the candidate loci and genome-

Chromatin-modifying enzymes: The nomenclature for enzymes involved in protein methylation,
demethylation, and acetylation has recently been rationalized (Allis CD et al (2007) New nomen-
clature for chromatin-modifying enzymes. Cell 131:633-636). In this review, we use the new
nomenclature for lysine methyltransferases (KMT), lysine demethylases (KDM), and lysine
acetyltransferases (KAT). Histone deacetylases (HDACs) have retained their original nomencla-
ture. To maintain a link between the new nomenclature and the literature, we use both the new
designation and the original published designation(s), e.g., KDM5A/JARID1A/RBP2.

Histone modifications: We use the Brno nomenclature for histone modifications (Turner BM (2005)
Reading signals on the nucleosome with a new nomenclature for modified histones. Nat Struct Mol
Biol 12:110-112). For example, histone H3 tri-methylated at lysine 4 is shown as H3K4me3.
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wide level. Clarity is emerging in resolving these relationships between histone
modification status and gene expression patterns. For example, altered transcription
factor interactions with the key co-activator and co-repressors, which in turn marshal
many of the histone-modifying enzymes, may distortregulation of histone modifications
at specific gene loci. In turn these aberrant transcriptional processes can trigger other
altered epigenetic events such as DNA methylation and underline the aberrant and
specific gene expression patterns in cancer. Considered in this manner, altered expres-
sion and recruitment of histone-modifying enzymes may underline the distortion to
transcriptional responsiveness observed in malignancy. Insight from understanding
these processes addresses the challenge of targeted epigenetic therapies in cancer.

Abbreviations

AR Androgen receptor
ChIP  Chromatin immunoprecipitation
CoA  Co-activator complex

E, Estradiol
ERa  Estrogen receptor alpha
ES Embryonic stem cell

HDAC Histone deacetylase

JMID  Jumonji domain containing protein
JARID Jumonji AT-rich interactive domain
KAT  Lysine acetyltransferase

KDM Lysine demethylase

KMT Lysine methyltransferase

LSD1 Lysine-specific demethylase 1
NCOR Nuclear co-repressor

NR Nuclear receptor

PSA  Prostate-specific antigen

SET Su(var), enhancer of zeste and trithorax
TF Transcription factor

TSA  Trichostatin A

TSS Transcription start site

4.1 Altered Histone Modifications in Cancer

4.1.1 The Nucleosome and Its Modified Forms

Of the various protein—-DNA interactions that are central to genome function,
those between the histones and DNA are among the most intimate. A histone—
DNA complex, the nucleosome, is the basic unit of chromatin structure in nearly
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all eukaryotes, It comprises 146 bp of DNA wrapped in 1% superhelical turns
around a core of eight histones, two each of H2A, H2B, H3, and H4. The struc-
ture of the nucleosome core particle has been defined in great detail by X-ray
crystallography [3].

Despite its extreme conservation through evolution and its consistent crystal
structure, the nucleosome in vivo is subject to a variety of enzyme-driven
modifications that, potentially at least, alter its structure. Chromatin-modifying
enzymes directly manipulate nucleosome structure or change nucleosome position
along the DNA fiber [4]. DNA translocating enzymes such as polymerases, which
pull and twist the DNA fiber as part of their normal activities, distort nucleosomes
in their paths. Chromatin must deform reversibly in order to accommodate tor-
sional and tensional stress generated by these enzymes ( [5] and references therein).
Nucleosome remodeling can dissociate the histone core, providing opportunities to
enzymatically modify internal histone regions (see below), or to incorporate his-
tone variants. All core histones, apart from H4, have nonallelic variant forms that
differ in amino acid sequence and are associated with specific cellular and genomic
functions [6].

4.1.1.1 Post-translational Modification of Histones

The most widespread and complex source of nucleosome variability is the enzyme
catalyzed, post-translational modification of selected histone amino acids. All four
core histones are subject to such changes, which include acetylation of lysines,
methylation of lysines and arginines, phosphorylation of serines and threonines, and
attachment of the small peptides ubiquitin and SUMO [7]. Advances in mass spec-
trometry and proteomics [8] have led to the identification of previously unsuspected
chemical changes, including O-glycosylation of serines and threonines [9], formy-
lation and crotonylation of lysines, and hydroxylation of serines [10]. They have
also revealed that modifications occur both along the N-terminal tail domains,
unstructured regions that are exposed on the nucleosome surface, and on residues in
the globular internal regions that mediate histone—histone and histone-DNA inter-
actions [11]. Histone modifications are put in place and removed by families (often
large) of modifying and de-modifying enzymes and are consistently dynamic. The
level of any particular modification reflects a steady-state balance between the
actions of these two sets of enzymes.

The internal histone regions mediate the interactions that give the nucleosome its
characteristic structure and their modification can, potentially, exert a direct struc-
tural effect. Yeast mutants with internal substitutions (some mimicking modifications)
commonly cause functional changes, particularly altered gene silencing and
increased sensitivity to DNA damaging agents [12, 13]. Acetylation of H3K56, on
the lateral face of the nucleosome, is incorporated into chromatin at sites of DNA
damage and repair [14, 15] and at replication forks [16]. These are all situations in
which the nucleosome is partially dissociated, and during which internal residues
will be accessible to modifying enzymes. Structural changes brought about by
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H3K56 acetylation increase nucleosome mobility, thereby increasing DNA
accessibility and, in the appropriate context, facilitating transcription [13, 17, 18].

Each core histone has an unstructured N-terminal tail domain that protrudes out-
side the nucleosomal DNA. These regions are not necessary for in vitro nucleosome
assembly and crystallization [19] but contain many amino acids that are susceptible
to post-translational modification [7]. How do these tail regions contribute to chro-
matin structure and function? Studies on the in vitro thermal mobility of nucleosomes
[20] and earlier genetic and biochemical studies in yeast [21, 22] show that tails
play a role in nucleosome mobility and higher order chromatin structure, but these
roles are only revealed by removal of all, or most, of the tail, raising the question of
how post-translational modifications could directly influence their function.
Hyperacetylation of the tails of H2B, H3, and H4, each of which have 4-5 acetylat-
able lysines, will cause a significant loss of net positive charge and might influence
higher order chromatin structures, even though the nucleosome itself is unaffected.
An attempt to distinguish between the effects of lysine-specific and global acetyla-
tion of the H4 tail domain in yeast gave mixed results. For H4 lysines 5, 8, and 12,
the level of acetylation (i.e., the number of lysines acetylated) seemed to be a more
important determinant of transcription than the individual lysine involved, but H4
lysine 16 exerted independent effects [23]. Of course, methylation of lysines and
arginines causes no change in net charge.

4.1.1.2 Chemical Signals on the Nucleosome Surface

An alternative explanation for the functional effects of histone tail modifications is
that they act indirectly by generating, on the nucleosome surface, a variety of chem-
ical signals that provide binding sites for nonhistone proteins. These binding pro-
teins, in turn, regulate chromatin structure and function. This hypothesis was
proposed 20 years ago [24, 25] and has since been extensively validated, not least
by the identification of families of proteins carrying binding domains that recognize
specific histone modifications [26, 27]. Bromodomains bind specifically to acety-
lated lysines, while chromodomains and several others bind to methylated lysines at
selected positions on specific histones. Binding domains sometimes distinguish
between lysines carrying one, two, or three methyl groups [26, 27].

A good example of how binding domains work is provided by the heterochroma-
tin protein HP1, which is essential for heterochromatin formation in Drosophila and
mammals. HP1 binds specifically, via its chromodomain, to H3 methylated at lysine
9 (H3K9me). H3K9me is located on heterochromatin in vivo and heterochromatin
cannot form if the required methyl transferase is knocked out in mice [28]. Further,
detailed studies of binding of HP1 to nucleosome arrays carrying methylated H3K9
provide likely mechanisms for both chromatin condensation and for the ability of
heterochromatin to spread in vivo [29]. Other histone modifications have been asso-
ciated with specific chromatin states. H4K36ac seems to be involved in the elonga-
tion phase of ongoing transcription [30], H4K20me3 is a marker for centric
(constitutive) heterochromatin [31], and H3K27me3 is associated with long-term
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gene silencing [32]. However, it is important to avoid oversimplifying a complex
situation. Binding to any given modified residue will inevitably be influenced by
modification at adjacent residues and functional outcomes are usually determined
by the combinatorial action of different modifications. For example, phosphoryla-
tion of H3 serine 10 can displace HP1 bound to H3 methylated at lysine 9 [33].
Epigenomics approaches are beginning to reveal combinations of modifications that
are consistently associated with functionally defined genomic regions, particularly
promoters and enhancers [34-36].

The nucleosome can be seen as a gatekeeper that controls the access of transcrip-
tion factors and other DNA binding proteins to DNA. Access is regulated by a
variety of processes that change nucleosome structure, either directly (chromatin-
remodeling enzymes, modification of internal amino acids) or indirectly (histone
tail modifications). The enzyme families that carry out these processes are all sus-
ceptible to disruption, either through genetic mutation or environmental agents,
triggering alterations in genome function that can sometimes precipitate changes in
cell behavior and disease. Unraveling these complex chromatin-modifying enzyme
systems will bring enormous benefits in the form of improved understanding of the
etiology of diseases such as cancer and opening up new routes to therapy.

4.1.2 Histone Modification Status Is Regulated
by Antagonistic Enzymes

Each histone modification is governed by antagonistic groups of enzymes that are
able either to add or remove the modification in question. For example, histone
acetyltransferases (KATSs) catalyze the transfer of an acetyl group from acetyl-CoA
to the e-amino group of targeted lysine residues, and in this manner can neutralize
the positive charge of the lysines. As a result the electrostatic interactions between
histone and DNA are reduced. It is often suggested that this electrostatic effect can
result in an open chromatin conformation that is more conducive to transcription
[37, 38]. However, the role of the histone tails in maintaining higher order chroma-
tin structure is not clear and while charge-mediated changes may be important in
some contexts, they cannot provide a complete explanation for the functional affects
of histone modifications. The actions of KATs are countered by HDACs. Broadly,
acetylation is associated with gene activation and deacetylation with gene repres-
sion. However, for other modifications there is often not such a strict relationship
between modification and function. For example, histone methyltransferases
(KMTs) can either promote or inhibit transcription depending on the specific resi-
due that is targeted and its genomic location relative to a gene’s transcription start
site (TSS). The functional identification of enzymes involved in setting and remov-
ing histone modifications has revealed an increasingly numerous battery of proteins
and complexes. Many of these enzymes are either cofactors or binding partners for
transcription factors (TF). Alternatively transcription regulatory factors can contain
intrinsic histone-modifying capacity.
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It is also apparent that at least some histone modifications can be regulated on a
larger chromosomal scale or even globally, whereas other modifications have a
much more restricted pattern. For example, H3 methylated at K79 (H3K79me3) is
widely distributed across euchromatic regions in yeast and protects against the
spreading of telomeric heterochromatin [39, 40] while H3K27me3, a mark put in
place by the polycomb repressive complex, is spread across groups of genes (e.g.,
the HOX clusters) to bring about their coordinated silencing [41, 42]. Alternatively,
marks such as H3K4me3 are closely associated with local genomic features, par-
ticularly promoters, enhancers, and TSSs [43, 44].

The KAT superfamily includes at least 20 different and diverse proteins includ-
ing CLOCK and NCOA1. Several subfamilies exist including the P300/CBP family,
e.g., p300; GCNS family, e.g., KAT2A; the MYST family, e.g., MYST1; SRC/p160
nuclear receptor co-activator family, e.g., NCOA1. Eighteen HDAC are known in
humans that are classified into four classes based on homology that include the
HDACI-11 and 7 SIRT members. Twenty-eight different KMT are known to act on
histones, at least in vitro [1]. KMT are abundant and diverse reflecting the impor-
tance of the methylated state of key residues for the control of evolutionarily con-
served transcriptional programs, for example, associated with development. There
are at least 30 KMTs, including key families such as EZ, SUV39, and SET. At least
20 demethylases (KDM) are divided into two major groups that include the LSD
family members, e.g., KDM1A/LSD1 and the Jumonji family, e.g., JHDM3 and
JARID proteins containing ARID domains.

Two points are particularly important in considering the extent of redistribution
and altered patterns of histone modifications in cancer. The first is that the steady-
state level of each modification represents a dynamic balance between the effects of
the modifying and de-modifying enzymes, with turnover likely to vary from one
part of the genome to another, between cell types, and is intimately associated with
cell cycle status, cell-cell interactions, and cell lineage commitment. Secondly,
many, if not all, of the enzymes are either dependent upon, or influenced by, metab-
olites and components present in the intra- or extracellular environment. At the
simplest level, many of these enzymes depend on cofactors such as acetyl CoA,
NAD, and S-adenosyl methionine for their activity, and in turn these levels will
depend on the metabolic and redox state of the cell. More subtle effects can be
derived from metabolism. For example, naturally occurring inhibitors, such as short
chain fatty acids (inhibitors of Class | HDACs) and nicotinamide (an inhibitor of the
NAD-dependent deacetylase SIRT1) can be derived intrinsically within a cell or
tissue and may naturally influence epigenetic status, for example, in the cell lining
the lumen of the gut [45—47]. The effects of metabolic changes on gene expression
are a strongly re-emergent area in cancer biology [48-50] and the generation of
linked transcriptomic and metabolomics data is revealing the key functional asso-
ciations in malignancy [51-53]. Thus the nucleosome, through the array of histone
modifications it carries and the enzymes that put them in place, is a finely tuned
sensor of the metabolic state of the cell and the composition of its environment. In
this manner, nucleosome structure provides a platform through which external
environmental and internal variables can influence genomic function.
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4.2 Disruption of Histone Modifications in Cancer

Given that dynamic histone modifications are required for the precise control of
DNA structure, during DNA repair and transcription, it is not surprising that there is
significant evidence for the disruption of these events in malignancy. Understanding
the differential recruitment and activity of proteins that govern histone modifications
is key to understanding the roles that altered histone modifications can play in can-
cer initiation and development. Currently, a key focus in cancer biology is dissect-
ing the mechanisms that alter the local and global recruitment and activity of
histone-modifying complexes. It is anticipated that the insight generated will address
the central challenge of separating which epigenetic processes directly drive cancer
initiation and progression, from those that are merely a consequence of altered
genomic structure such as mutation, copy number variation, and cytogenetic rear-
rangement. Insight into the contribution of altered histone functions to cancer pro-
gression can be gleamed by considering global and gene-loci specific alterations to
histone modifications.

4.2.1 Global Distortions to Histone Modifications

A number of histone modifications are intimately associated with higher order chro-
matin structures and chromatin packaging and therefore changing the distribution of
these global marks can have profound impact on the structure of chromatin in the
nucleus. In turn such altered structures may be either more prone to aberrant DNA
repair or promote genomic instability [54]. In prostate cancer, for example, quanti-
fying global levels of five selected histone modifications in tissue sections by immu-
nocytochemistry allowed discrimination between groups of patients with distinct
risks of tumor recurrence [55, 56]. Quantitative analysis of just two modifications
(H3K18ac and H3K4me2) was shown to provide useful prognostic information.
The mechanisms underpinning these intriguing observations remain unknown.

The Polycomb complex (PcC) is a highly conserved inducer of repressive chro-
matin and sustains the H3K27me3 mark. This repression was shown to extend to
multiple target genes associated with differentiation, often during development.
Consequently, an emergent area in malignancy is the focus on aberrant PcC function
to repress differentiation programs inappropriately. Increased H3K27me3 has been
shown to have prognostic value in prostate and other cancers. These findings, how-
ever, reported the prognostic value to arise from the opposite patterns. Thus, increased
levels of H3K27me3 are correlated with poor prognosis in esophageal cancer [57,
58], whereas in prostate cancer low levels have the poorer prognosis [59, 60].

The enzymes that control H3K27 methylation status are members of the
enhancer of zeste homolog (EZH) that is the catalytic subunit of the polycomb
repressive complex 2 [61]. These proteins are overexpressed in many cancers and
in certain cases appear to correlate with poor prognosis or more aggressive disease.
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However, although there are some correlations with increased H3K27me3 status,
these are not universal in terms of the level of the mark. This may instead reflect
the dynamics of turnover of the mark, and therefore the H3K27me3 status needs to
be correlated with the enzymes that both add and subtract his mark.

Other modifications do appear to be altered in their global distribution in malig-
nancy. For example, loss of H4K 16 acetylation and H4K20me3 appears to be dimin-
ished globally in cancer cells, and indeed were some of the first histone marks to be
characterized as being altered in malignancy [62, 63]. The consequence of these
alterations probably reflect the role that certain modifications have in cross-talking
with the mechanism of DNA methylation and indeed reduced levels of these marks
were associated with DNA hypomethylation. Down-regulation of MYST1/MOF,
one of the KAT that targets H4K 16, may in part explain these altered patterns [64].
Reenforcing the concept of antagonistic enzymes, H4K16 is deacetylated by SIRT1
which is also up-regulated in several cancers and may have prognostic significance
of its own [65]. Furthermore, the MYST family of KATs is associated with global
changes in histone marks associated with chromatin packaging, DNA repair, and
the control of developmental transcriptional programs (reviewed in [66]).

The control of lysine methylation states, however, is frequently more complex
than acetylation states, and there are multiple enzymes controlling this modification.
A major contributor to this complexity is the fact that the lysine epsilon amino
group can accommodate one, two, or three methyl groups. All three methylation
states are found in vivo and are often associated with distinct functional outcomes.
Lysine methylation often proceeds in two steps, with mono and di-methylation gov-
erned by one class of enzyme and subsequent tri-methylation being regulated by a
subsequent enzyme. For example, SET7 is able to catalyze the generation of
H3K20me?2, which then forms a substrate for the SUV class enzymes that generates
the fully methylated state H3K20me3. Reflecting this, there is some evidence that
levels of SUV family members are reduced in cancer in association with gene
silencing [67, 68].

Further examples of a global alteration of histone status linked with cancer pro-
gression are those modifications that drive nucleosome movement. One of the key
modifications in this regard is the internal lysine H3K56 that is targeted for acetyla-
tion by the KATs, CBP/p300 and GCNS, and has recently been shown to facilitate
nucleosome disassembly and transcriptional activation. Inhibitor studies and expres-
sion profiling both suggest that the altered levels of H3K56ac distort the DNA dam-
age response and maybe a trigger for genomic instability. Parallel studies have also
revealed that H3K56ac is also involved in modulation of chromatin structure during
DNA replication and repair; consequently, disruption to this process can also lead to
genomic instability [18, 69—71]. Perhaps reflecting the importance of the regulation
of this mark, multiple HDACs have been implicated in its control and include the
NAD-dependent SIRTs.

Global changes in histone modifications have also been linked to stem cell dif-
ferentiation. Undifferentiated embryonic stem (ES) cells show global enrichment in
histone modifications associated with transcriptional activity and depletion in
modifications associated with silent chromatin [72, 73]. By several criteria, ES cell
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nuclear DNA is packaged in an unusual form of chromatin that appears to be more
“open” than that in differentiated cells and is transcriptionally hyperactive [74].
How elevated histone modification levels are generated, and whether they are a
cause or a consequence of open, hyperactive chromatin, remains to be determined.

Knocking down, individually, the histone demethylases KDM2A/JIMJDIA and
KDMA4C/JMID2C in mouse ES cells, globally increased the level of histone
modifications usually associated with silent chromatin, namely, H3K9me2. In addi-
tion to their global effects, KDM2A/JMJDIA and KDM4C/IMJD2C were also
shown to target, and regulate, specific genes, including Tcl!, a potential regulator of
self-renewal, and Nanog, a key determinant of pluripotency [75]. Thus, key chroma-
tin-modifying enzymes can exert both global and gene-specific effects that in turn
influence differentiation. Intriguingly, both demethylase genes were themselves
positively regulated by the key transcription factor Oct4, showing how a transcrip-
tion factor might trigger a feed-forward signal to bring about a genome-wide change
in the epigenetic landscape through regulation of genes encoding histone-modifying
enzymes. In adult stem cell compartments, regulation of specific histone demethy-
lating enzymes has also emerged as critical in activating differentiation programs,
for example, the control of neural stem cell differentiation by the retinoic acid recep-
tor, a member of the nuclear receptor (NR) superfamily [76]. A similar relationship
between a transcription factor, global histone modifications, and adult stem cell dif-
ferentiation is seen in studies of epidermal stem cells [77]. Quiescent stem cells are
induced to leave their niche in the interfollicular epidermis and hair follicle bulge by
activation of MYC, a process accompanied by globally increased H4 acetylation
and di-methylation of H3K9 and H4K?20. Together these studies illustrate how key
transcription factors combine with environmental factors to influence and regulate
the stem cell niche and control differentiation outputs.

Finally, the enzymes that govern histone methylation are also distorted in cancer
with both loss and gain of function. Expression patterns of histone-modifying
enzymes are even able to discriminate between tumor samples and their normal
counterparts and cluster the tumor samples according to cell type [78]. This indi-
cates that changes in the expression of histone-modifying enzymes have important
and tumor-specific roles in cancer development. Thus, overexpression of G9a, an
H3K9 KMT, occurs in lung and breast cancers and associates with aggressiveness
[79]. Similarly enzymes that de-acetylate H3K9, and allow it to be methylated, are
also overexpressed in cancers, including breast cancer. These enzymes may also be
playing separate roles, and therefore expression is selected in malignancy on a dif-
ferent basis, for example, in gene regulation and DNA repair. It is possible that
increases in HDAC levels are a homeostatic response in which the cell attempts to
compensate for the aberrant increase in KAT activity (or vice versa). What is impor-
tant from a functional point of view is not the absolute levels of KATs or HDACs,
but the new steady-state levels of the (histone) modifications they regulate.

More precise specificity is dependent on the combination of both the enzyme and
target gene(s). For example, mutation of KDM6A/UTX results in the inability to
relieve H3K37me3 repression [80, 81]. Gain of function also occurs, for example,
increased targeting of methyltransferases KMT1A/SUV39H1 to CDKNIA leads to
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sustained H3K9me?2 and transcriptional silencing that in turn can be targeted with
the enzyme inhibitor, chaetocin [82, 83]. Similarly, the KMTs/MLLs are overex-
pressed in prostate cancer [84-86] and sustain levels of H3K27me3 at key targets
such as DAP2IB, an RAS regulatory molecule, thereby leading to metastasis [87].
These observations illustrate deregulation of the enzymes that control histone lysine
methylation is common but most likely highly targeted. This contextual nature is
typified by KDMIA/LSD1 [88], which can target the demethylation of either
H3K9me2 or H3K4me3 and thereby drive both gene activation [89, 90] and repres-
sion [91]. In this manner, KDM1A/LSD1 may mediate parallel repression and acti-
vation of target genes and play a key role in the malignant evolution of AR signaling
in prostate cancer.

4.2.2 Altered Histone Modification Patterns at Discrete
Gene Loci

Histone modifications therefore appear to operate at a level of restricted action, at
discrete loci, exemplified by lysine methylation. Functional outcomes depend not
only on which lysine on which histone is methylated, but also on whether the lysine
carries one, two, or three methyl groups and its genomic position on a given loci
with respect to the TSS. The different degrees of methylation are put in place, and
removed, by a diverse group of enzymes. In particular, KDMs seem to have a par-
ticularly close association with key transcription factors that in turn are also impli-
cated in malignancy such as MYC and members of the NR superfamily. Ligand
binding or cofactor associations are able to influence the activity or even the
specificity of these enzymes and thereby regulate functional outcomes (usually a
change in gene expression) [92].

The modification of H3K9Ac and H3K9me?2 serves to illustrate key concepts
concerning histone status and specific gene expression. These marks are mutually
exclusive and reciprocal, being associated with gene activation and repression,
respectively. Loss of H3K9me? is often associated with elevated gene expression.
Recent studies have underscored the targeted changes in lysine methylation status
and specifically illustrated that the KDM that targets H3K9me2 and the KMT that
targets H3K4me at the gene TSS (to activate gene expression) are within the same
complex associated with the ERa and therefore facilitate this two-step gene activa-
tion process [93]. Naturally, given that gene expression in cancer is uniformly nei-
ther up or down-regulated, the global expression of these marks is also not uniformly
altered. Rather patterns are nuanced and suggest specific loci are deregulated.

Another example of this specificity emerges from considering KDM1A/LSD1
that can demethylate H3 mono- and di-methylated at either K4 or K9, and, remark-
ably, this specificity can be regulated in vitro by the protein cofactors, CoOREST or
BHCS80, with which it is associated [94, 95]. Thus, KDM1A/LSD1 acts as an H3K4
demethylase (i.e., can remove a potentially activating modification) on NRSF tar-
gets and an H3K9 demethylase (i.e., can remove a potentially repressive modification)
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on AR and ERa target promoters. Catalytic activity/specificity can also be regulated
by adjacent histone modifications. H3K9 acetylation inhibits H3K4 demethylation
(on the same tail) in vitro [96, 97]. Local patterns of modification are set by the
combined actions of methylating and demethylating enzymes and the methylases
too are influenced by other histone modifications. Further details of the gene-specific
interactions have also emerged. JMJID2C demethylates H3K9me3, while KDM1A/
LSD1 demethylates H3K9me2/mel at promoters such as PSA and KLK?2 to remove
H3K9 methylation associated with transcriptional silencing.

Therefore, the specific complex that KDM1A/LSD1 interacts with profoundly
alters the transcriptional outputs, for example, of the AR, since demethylation of
H3KO9 has a gene activating effect, while demethylation of H3K4 has a gene silenc-
ing effect. The balance of these actions is in part controlled by the regulation of
phosphorylation of H3 at threonine 6 (H3T6) by protein kinase C beta I. This pre-
vents KDM1A/LSD1 from targeting H3K4me?2 during AR-dependent gene activa-
tion and prevents it from limiting transcriptional activation. Also reflecting shared
functions PKCbeta(I) co-localizes with AR and KDM1A/LSD1 on target gene pro-
moters and phosphorylates H3T6 after androgen-induced gene expression.
Therefore, it appears that androgen-dependent phosphorylation leads to the new
chromatin mark H3T6ph, which in turn prevents removal of active methyl marks
from H3K4 and forms a positive feed-forward loop of gene regulation [91]. More
recently, KDM1A/LSD1 has been shown to drive AR-stimulated gene transrepres-
sion of the AR itself and thereby form a negative feedback loop of gene regulation
[98]. Thus, the complex within which this one regulatory enzyme associates, its
targeting to different genes, and the position of the response element, relative to the
TSS, can all combine to determine how different H3K methylation states are
governed.

4.2.3 Interplay Between Altered Transcriptional Signals
and Epigenetic States

In normal cells a highly choreographed balance of histone modifications occurs dur-
ing the dynamic regulation of coding and noncoding genes. These patterns are gen-
erated by the highly integrated actions of transcriptional networks [99] and are
evident in many aspects of biology. For example, in development; in homeostasis to
control the circadian rhythm [100], tissue self-renewal, and the response to hypoxia
[83, 101]; in immune function to regulate inflammation [102]. Many of these pro-
cesses are disrupted in malignancy and generally in cancer cells there is a loss of
dynamic transcriptional patterns and signaling complexity is reduced [103].
Consequently, an area where altered histone modifications appear to associate with
the cancer phenotype is in distortion of transcriptional control of key cellular
processes.

Epigenetic events play a central role for transcriptional complexes and the vari-
ous components in these multimeric complexes sequentially initiate, sustain, and
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finally terminate transcription [104]. In this manner, transcription can work as a
type of biological ratchet, with histone modifications being associated with the vari-
ous states by generating chromatin states that are either receptive or resistant to
transcription (reviewed in [27]). For example, different histone modifications can
control the rate and magnitude of transcription (reviewed in [105]). These events are
intertwined with low-level CpG methylation [106-108]. Thus, the histone
modifications and other epigenetic events including DNA methylation processes
combine during transcription to generate highly flexible chromatin states that are
either transcriptionally receptive and resistant [101]. That is, the specific transcrip-
tional potential of a gene is flexibly controlled by the combination of epigenetic
events. These events are varied in space across the gene loci, and in time through the
course of the transcriptional cycle. Current challenges in the field of cancer epige-
netics, therefore, are to reveal how altered histone modifications directly drive dis-
torted transcriptional programs, and what patterns exist on a genome-wide scale to
distort networks of transcription. This will help to define how these altered histone
states are genuine drivers in cancer progression.

Precisely how transcriptional programs evolve during malignancy is emerging.
Genome-wide approaches are now allowing workers to ascribe broader views of
the biology of transcription factor families, now that all members are known, and
questions can be addressed in more detailed biological contexts. These findings
suggest that the actions of the many key transcription factors are distilled through
interactions with multiple cellular processes thereby generating an extremely
flexible and integrated signaling module. In malignancy, however, these transcrip-
tional choices and phenotypic outputs become restricted, for example, as seen with
the emergence of a novel AR-transcriptome in androgen deprivation therapy-resis-
tant prostate cancer [109].

Importantly, these epigenetic regulatory mechanisms operate in response to sig-
nals from the cellular microenvironment of the tumor, including signals from asso-
ciated stromal (noncancerous) cells [110, 111]. The “niche” in which cells find
themselves is an important determinant of their epigenetic properties [112] and
raises the possibility that histone marks can be modified by environmental condi-
tions that alter metabolic and redox status, leading to a heritable alteration in cell
phenotype, an “epigenetic mutation.” Such lesions are not restricted to single nucle-
otides, but rather can be targeted to larger regions and therefore comparable to
genetic deletions and amplifications. They can act alongside conventional genetic
and cytogenetic alterations, either inherited or de novo, to cause the bi-allelic silenc-
ing of tumor suppressor genes that can be the first step in development of a cancer
[113]. These concepts are illustrated by considering key transcription factor fami-
lies implicated strongly in cancer initiation and progression.

4.2.3.1 The MYC/MAX/MAD Family

The MYC/MAX/MAD family forms heterodimeric complexes with MAX as the
central partner to activate the expression of a diverse range of genes. Deregulated
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and elevated expression of c-MYC has been documented in a wide range of human
malignancies, associated frequently with aggressive and poorly differentiated
tumors [114]. MYC has the potential to target a large proportion (11%) of all genes
in the human genome [115], but the set of genes to which it actually binds in any
particular cell is regulated by a variety of factors, including interacting proteins.
For example, the MAD family of transcritpional repressors is , like MYC, able to
bind MAX proteins and antagonize the activity of MYC by competing for MAX
binding at E-box sequences in target gene promoters, actively repressing transcrip-
tion of MYC target genes [116].

The specificity and affinity of MYC binding is influenced by the configuration of
the chromatin packaging at potential binding sites, and particularly by patterns of
histone modification [117]. MYC was found to bind E-boxes in regions enriched for
several histone modifications generally associated with euchromatin, such as acety-
lated H3 (specifically H3K9ac, H3K14ac, and H3K18ac), but showed the strongest
association with H3K4me3. Reciprocally, MYC was inversely correlated with the
repressive polycomb group mark H3K27me3. On some promoters, MYC associated
with both H3K4me3 and H3K27me3, a bivalent state that is common in ES cells but
seems rarer in lineage committed cells [118]. Overall, it seems more likely that
H3K4me3 recruits MYC rather than H3K27me3 excluding MYC binding. [117].

MYC function can be controlled interactions with JARID1A/RBP2 and
JARID1B/PLU-1 [119, 120]. These enzymes are both specific for H3 methylated at
lysine 4 (H3K4me1,2,3) and may help to regulate this modification at MYC binding
sites. There is emerging evidence that this process is disrupted by increased associa-
tion with histone demethylase NO66/MAPJD to alter the potential interactions with
genes involved in proliferation of lung cancer cells [121]. A gene encoding a related
protein, MINAS3 (myc-induced nuclear antigen) is a MYC target that is overex-
pressed in lung cancer, for example [122, 123]. Together these findings suggest that
the co-association of MYC with different histone-modifying enzymes, for example,
through the consequence of altered enzyme expression, distorts and restricts the
MYC transcriptome in malignancy.

In the light of these developments, MYC function has been reassessed to reveal
the regulation of unexpected gene targets, some of which inhibit proliferation and
induce programmed cell death [124], contrary to the accepted view of MYC as an
oncogene promoting growth and survival. These findings suggest that the malignant
function of MYC represents selection for a subset of its potential actions.

4.2.3.2 The NR Superfamily

The NR superfamily also illustrates the key concepts of distorted and selected tran-
scription in cancer due to altered regulation of histone modifications. NRs are the
largest superfamily of transcription factors in humans and generally form active het-
erodimers to control networks that regulate homeostasis, energy metabolism, and
xenobiotic handling. These receptors are intimately associated with the control of
self-renewal in a number of epithelial systems, notably the prostate and mammary
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glands. For example, studies in the prostate have established that the androgen recep-
tor (AR) cooperates with WNT and mTOR pathways [125, 126] to induce prolifera-
tion. Equally other receptors, such VDR, PPARs, and RARs, exert mitotic restraint,
at least in part by antagonizing WNT signaling and activation of cell cycle arrest
through regulation of gene targets such as CDKNIA (encodes p21®™afleirh) and
IGFBP3 [127-134].

Cancer is typified by the actions of individual receptors becoming selective and
the NR network collectively displaying a loss of transcriptional plasticity. The AR
transcriptional program evolves towards increased targeting of proliferative gene
promoters and decreased targeting of pro-differentiation genes [135, 136]. Similarly,
within breast cancer the transcriptional actions of the ERa appear to become increas-
ingly selective for gene targets associated with proliferation and survival and away
from targets associated with differentiation [137-139]. Equally in a range of solid
tumors and myeloid leukemia, NRs that normally exert mitotic restraint, such as the
VDR, RARs, and PPARs, become skewed, with selective silencing of antiprolifera-
tive target genes [129, 140-144]. Combined, oncogenic transcriptional rigidity
reflects the simultaneous distorted regulation of target loci such that proliferative
and survival signals are enhanced and antimitotic inputs are either limited or lost.
This filtering of transcriptional choices during cancer progression has significant
therapeutic implications. For example, the oncogenic actions of the TMPRSS2/ETS
fusion, a common event in prostate cancer [145], are critical precisely because the
TMPRSS?2 promoter is sustained in an AR-responsive state.

More recently, genome-wide ChIP approaches have revealed considerable vari-
ability in the networks of interactions capable of bringing about varied transcrip-
tional responses [146-148]. For example, in prostate cancer, as the disease
progresses, there are altered levels of H3K4mel and 2 on gene enhancer regions in
the so-called AR-independent state, where cells have evolved resistance to antian-
drogen therapies. In this new state, the targeted increase of H3K4Mel and 2 at dif-
ferent enhancer regions allows the cells to initiate a different AR transcriptional
program [109].

4.2.3.3 Hypoxia-Inducible Factor-1 Alpha

The hypoxia response of hypoxia-inducible factor-1 alpha (HIF-1A) also illus-
trates how transcriptional actions are selectively distorted by epigenetic processes
in cancer cells. Within a normal cell, the levels of oxygen are monitored sensi-
tively by a transcriptional circuit that governs the function of HIF-1A. In nor-
moxic conditions, HIF levels are kept low level by destruction by an E3 ubiquitin
ligase containing the VHL tumor suppressor protein, where oxygen serves as a
co-substrate. Also oxygen impedes the interactions of HIF1 o with the KATs CBP/
p300 thus limiting the capacity to initiate activating histone marks. In hypoxia,
HIF-1a becomes stabilized and active, and promotes a stable interaction with
CBP/p300 and therefore facilitates transcription [83]. Genome-wide analyses of
HIF binding sites identified a number of KDMs as downstream targets, notably
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JMJD1A and JIMJD2B, thus providing the capacity to affect the epigenetic status
of the cell. In part, this may contribute to maintenance of transcriptional activity
under stress. It may also support the observed aberrant and selective HIF1a tran-
scriptional responses [149].

Taken together these findings support the concept that the actions of major tran-
scription factor families are selective at several levels to govern the expression of
sub-transcriptomes that are phenotypically related. The flexibility of transcriptional
actions includes the exact choice of target sequence, the timing, amplitude, and
magnitude of transcription and integration with other transcriptional programs and
signal transduction events. In malignancy, the dexterity of targeting and regulation
is blunted and instead transcription factors become addicted to specific sub-tran-
scriptomes, for example, those associated with blockade of programmed cell death
and progression through the cell cycle.

4.2.4 Loss- and Gain-of-Function of Transcriptional
Co-activators and Co-repressors

One means by which transcriptional actions are distorted is through the altered
expression of associated cofactors that either have an intrinsic or associated capac-
ity to regulate histone modifications. The diversity of co-activator and co-repressors
is extreme and they have been the subject of numerous reviews [150-154]. Several
examples are strongly illustrative of underlying mechanisms of transcriptional regu-
lation. In essence, the altered expression and function of these key proteins alters the
equilibrium of key histone modifications and thereby allowing the gene regulatory
actions of a given transcription factor to become more or less pronounced.

Co-activators and co-repressors each display both loss and gain of function,
and can result in similar phenotypes. Thus, the loss of a co-activator can lead to
suppressed ability of a transcription factor to transactivate a given target. Similarly,
the gain of function of co-repressors can limit transactivation ability and enhance
transrepression. The opposite patterns will in turn enhance the transactivation
function.

For example, NCOA3/SRC3 is situated within a common area of chromosomal
amplification in breast cancer on chromosome 20q. Initially, cDNAs were isolated
from this region that contained a putative target gene that was termed AIB1 (for
“amplified in breast cancer-1""). Subsequently, this gene was found to be a member
of the SRC co-activator family and was amplified and overexpressed in breast and
ovarian cancer cell lines, as well as in breast cancer biopsies [155]. NCOA3/SRC3/
AIB1 interacts with ERs in a ligand-dependent fashion and enhances the regulation
of target genes. Specifically the protein has intrinsic KAT activity and also acts to
recruit other CBP/p300 in an allosteric manner [156]. Therefore, increased expres-
sionincreases the ability of the ERa to transactivate a given gene target. Subsequently,
this protein was identified NCOA3 and shown to be a potent histone acetyl trans-
ferase able to enhance the function of multiple NRs [157-159].
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Compared to their co-activator cousins, the co-repressors are somewhat under-
explored. Again, these key proteins, originally identified for their repressive interac-
tions with NR illustrate how deregulated functions can alter chromatin and thereby
attenuate gene regulation. NCOR1 and NCOR2/SMRT were cloned in 1995 using
NR as bait [160, 161], and both proteins exist in large multimeric complexes
(~2.0 MDa) [162] with histone deactylases and other histone-modifying enzymes
(reviewed in [153]). These complexes are recruited to many different transcription
factors to repress gene activity during the transcriptional cycle. These transcription
factors include: NR, MAD/MXI, MYOD, ETO, CBF, FOXP, AP-1, and NF-«xB fac-
tors. The importance of targeted basal repression by co-repressors is evident in the
lethality of the Ncorl™= and Ncor2/Smrt”~ mice. These models reveal enhanced
function of transcription factors, notably Ppary in adipocytes [163] and FoxP in
cardiomyocytes [164]. Dynamic mechanisms have also emerged whereby NCORI1
and NCOR2/SMRT complexes can be recruited to activate transcription factors
leading to transrepression [165, 166]. Finally, an emerging theme is the pattern of
active de-repression where loss of co-repressor association, following activated
transcription factor, leads to up-regulation of target genes independently of the sus-
tained presence of the transcription factor [167].

Well-established oncogenic roles for NCOR1 and NCOR2/SMRT have been elu-
cidated in acute promyelocytic leukemia (PML) that results from a fusion between
the NR, RARa, and either the PML or promyelocytic leukemia zinc finger (PLZF)
genes [142]. Both chimeric proteins sustain NCOR1 interactions and consequently
RARa-mediated cell differentiation is blocked, in part, as a result of maintaining a
condensed chromatin structure around the promoters of RARa target genes that
govern normal hematopoietic differentiation [168, 169]. In the PML-RAR fusion,
this can be overcome by pharmacological dosing with retinoic acid. The PLZF-
RAR fusion is resistant to retinoic acid alone and treatment with a combination of
retinoic acid and HDAC inhibitors has shown promising results. Similarly, in acute
myeloid leukemia (AML), the AMLI/ETO fusion protein promotes leukemogene-
sis by recruiting NCORI1 and again impeding transcriptional regulation [170]. The
importance of NCOR1 binding in the treatment of these disease states exemplifies
the relevance of the co-repressors in firstly driving critical oncogenic events, but
secondly providing a rational targeted strategy towards HDAC:s.

Expression profiling in solid tumors has revealed altered NCOR1 and NCOR2/
SMRT expression and localization, for example, in breast, bladder, and prostate
cancers [129, 141, 143, 171-173]. However, to date, uncertainty remains over their
precise role in solid tumors, especially in the case of breast and prostate cancers
where the etiology of disease is intimately driven by the actions of steroid hormone
NRs. Indeed, the ability of the ligand-free NR to bind NCOR1 and NCOR2/SMRT
is important to therapeutic exploitation with receptor antagonists such as Tamoxifen
in the case of breast cancer. Therefore, ambiguity exists over the extent and timing
of NCOR1 and NCOR2/SMRT expression changes, as they relate to initiation and
progression of disease. Secondly, it remains unclear how changes in NCOR1 and
NCOR2/SMRT expression relate to different NRs and other transcription factors
that exert either pro- or antimitotic and survival effects. Resolving these ambiguities
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has significant therapeutic implications in terms of targeting co-repressors as either
epigenetic mono-therapies using HDAC inhibitors or in combinations with tran-
scription factor targeting.

In prostate cancer cells, elevated levels of NCOR2/SMRT have been detected
and suppress VDR responsiveness [129]. Similarly, PPAR actions are disrupted and
can be targeted selectively by using HDAC inhibitor co-treatments [174, 175]. More
specifically, elevated NCOR1, and to a lesser extent NCOR2/SMRT correlated with,
and functionally drove, the selective insensitivity of PPARo/y receptors towards
dietary derived and therapeutic ligands [175] most clearly in androgen-independent
disease. Similar roles for NCOR1 and NCOR2/SMRT appear in the development of
breast cancer and Tamoxifen resistance [171]. Elevated levels of NCOR1 occur in
ERoa negative disease and in turn attenuate antimitotic actions of VDR. Again, this
molecular lesion can be targeted in ERa negative breast cancer cell lines with co-
treatments of VDR ligand (e.g., 10,25(0H),D,) plus HDAC inhibitors resulting in
selective re-expression of VDR target genes, notably VDUP1 and GADD45A [143].
Together, the studies in breast and prostate cancer suggest that NR show specificity
in their interactions with co-repressors. NCOR1 appears to be involved in the regu-
lation of receptors such as the VDR and PPARs and NCOR2/SMRT with steroid
hormone receptors, reflecting the emergent specificities of NR interactions in the
murine knockout models.

4.3 Consequences of Altered Histone Modification States

4.3.1 Higher Order Chromatin Interactions Associated
with Transcription

Another theme that has emerged concerning epigenetic regulation of transcription
is higher order chromosomal interactions. It seems that large-scale chromatin rear-
rangement, through looping, is frequent and widespread. Loops can be inter- or
intra-chromosomal and are guided by transcription factors, key pioneer factors, and
chromatin-modifying enzymes [176, 177]. Improved microscopy techniques have
recently shown nascent RNA on the surface of protein dense transcription factories
(“gene hubs”) that seem to correspond to structures previously termed “nuclear
speckles” [178].

A clear example of these interactions has been illustrated in the transcriptional
responses of B-cells where translocation of genes occurs from separate chromo-
somes and nuclear regions to common sites referred to as transcription factories.
These sites contain significant levels of RNA Pol II, and other proteins, including
factors required for elongation, chromatin remodeling, capping, splicing, and non-
sense-mediated decay. Recruitment of genes to transcription factories is highly
selective, with certain genes and chromosome regions co-localizing far more fre-
quently than expected by chance. Intriguingly, sites of chromosome translocation
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associated with various cancers often co-localize. For example, Myc and Igh tend to
co-localize and their fusion, in human lymphoid cells, is a common cause of Burkitt’s
Lymphoma. These rapid movements are associated with movements of the nuclear
architecture and involve ATP-dependent mechanisms that involve a chromosome
locus usually located at the nuclear periphery being rapidly translocated to the inte-
rior in a direction perpendicular to the nuclear membrane [179].

Again, the NR superfamily illustrates these aspects of the deregulation of epige-
netic states. NRs appear to interact with more dominant more widely binding pio-
neer factors. For example, ERa interacts with pioneer factors and KDMs. This
interaction is involved with micro-chromatin reorganization at response elements,
and also with higher order chromatin reorganization. Active ATP-dependent trans-
port mechanisms have recently been shown to be an essential intermediate step in
gene activation by ERo and act to move discrete chromosomal regions together into
interchromatin hubs. These granules are subsequently joined to the surface of
nuclear structures rich in splicing and transcriptional machinery that may reflect the
previously termed “nuclear speckles” [180].

This suggests a role for KDM1A/LSDI in directing docking of the ERa-gene
hub complex with the nuclear speckles, but the exact function of KDM1/LSDI1 in
this process remains unclear. If this role is catalytic rather than purely structural, it
is possible that the substrate involved is a nonhistone protein. It will also be of inter-
est to determine whether KDM1/LSDI1 or related enzymes play a role in directing
MYC and IGH alleles to transcription factories. The recent development of improved
microscopy techniques which has shown nascent RNA appearing on the surface of
protein dense transcription factories should aid in clarifying this situation [178], as
well as further work investigating the relationship between nuclear speckles and
transcription factories.

4.3.2 Directing DNA Methyltransferase Specificity
and Stable Gene Silencing

There is compelling evidence that histone and DNA methylation processes disrupt
transcriptional actions, both alone and together. For example, one consequence of
NCOR1 and NCOR2/SMRT association at target genes is the loss of H3K9ac and
accumulation of H3K9me2, allowing the potential for hypermethylation at adja-
cent CpG regions. Further links exist between NCOR1 and DNA methylation
through its interaction with KAISO [181]. Correlative studies reveal that a number
of key AR and VDR target genes are silenced by increased CpG methylation [182,
183]. At high density regions of CpG methylation, spanning hundreds of base
pairs, the entire region acquires H3K9 and -K27 methylation, loses H3K4 methyla-
tion, and recruits heterochromatin binding protein 1 (HP1) [101]. The recruitment
of HP1 through interaction with MBD1 leads to recruitment of both an H3K9
methylase (KMT1A/SUV39H1) [184] and DNA methyltransferases (DNMTs)
[185]; enzymes that add repressive methylation marks to histones and CpG.
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DNMTS3L and UHFRI also provide potential links between DNA methylation and
absence of H3K4 methylation and presence of H3K9 methylation, respectively
(reviewed in [186]).

Thus, these processes become self-reinforcing. It is not precisely clear, however,
in mammalian cells whether either the H3K9 methylation or the high density of
CpG methylation is required first to set up this heterochromatic structure. However
in Neurospora crassa, loss of HP1 (which requires H3K9 methylation for binding
to chromatin) leads to loss of DNA methylation [187]. This situation describes sta-
ble heterochromatic silencing of genomic regions and is in contrast to the dynamic
changes at a locus with active epigenetic regulation of transcription in response to
NR activation. However, even in such actively regulated regions, dynamic changes
in DNA methylation appear to occur. For example, these have been measured in
response to NR actions [106—108].

This differential regulation of histone methylation has profound implications for
transcriptional control. DNA methylation and H3K4 methylation are mutually
exclusive, while H3K9 methylation is strongly associated with DNA methylation,
for example, through the formation of heterochromatin by HP1 binding and histone
deacetylation. In the absence of DNA methylation, these inter-relationships are
highly dynamic, with target gene promoters often poised to be subsequently pushed
towards a fully active, or a more stably repressed state. For example, CpG island
promoter regions of non-expressed genes do in fact show low-level RNA POLII
association and modest transcriptional initiation. It seems that the presence of
H3K4me3 methylation holds these promoters in a chromatin structure that is acces-
sible to the transcriptional machinery, poised to recruit specific transcription factors
to drive high level, efficient transcription. In turn this prevents H3K9me2 and DNA
methylation. Aberrant DNA methylation of these CpG islands in cancer cells
reduces this plasticity and coincides with loss of H3K4 methylation, gain of H3K9
methylation along with other heterochromatin marks, and stable transcriptional
silencing [101].

The distributions of these histone modifications and DNA methylation patterns in cell
line models are being organized by research consortia, for example, ENCODE [188].
Again, these genome-wide datasets also appear to support the idea that these histone
marks are strongly associated with features of genomic architecture, such as gene regions,
TSS, and enhancer regions where regulatory transcription factors can bind.

The links between sustained repressive histone modifications in the enhancer or
promoter regions of a gene locus and altered DNA methylating events are targets for
exploitation. Importantly, these epigenetic lesions are individually highly targetable
with clinically available small molecular weight inhibitors targeted to specific his-
tone deacetylation events and more recently this has been extended to include his-
tone methylation events [189], coupled with agents that target CpG methylation
(reviewed in [190]). Thus, comprehensive understanding of the key co-repressors in
malignancy, delineating the key transcription factors interactions and the critical
targets that are thereby dysregulated, may have considerable prognostic utility,
specifically through the capacity to stratify patients for specific tailored epigenetic
therapies.
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Chapter 5
Nucleosome Occupancy and Gene Regulation
During Tumorigenesis

C.V. Andreu-Vieyra and G. Liang

Abstract Nucleosomes are the basic structural units of eukaryotic chromatin. In
recent years, it has become evident that nucleosomes and their position, in concert
with other epigenetic mechanisms (such as DNA methylation, histone modifications,
changes in histone variants, as well as small noncoding regulatory RNAs) play
essential roles in the control of gene expression. Here, we discuss the mechanisms
and factors that regulate nucleosome position and gene expression in normal and
cancer cells.

5.1 Introduction

Nucleosomes are the basic units of eukaryotic chromatin, each one containing
~146 bp of DNA wrapped around an octamer of histone core proteins (H3, H4,
H2A, and H2B), which in turn are separated by linker DNA of variable length [1].
At least five epigenetic mechanisms have been shown to act in concert to regulate
gene expression by modifying chromatin structure, namely DNA methylation, his-
tone modifications, nucleosome remodeling, and changes in histone variants as well
as small noncoding regulatory RNAs [2]. In addition to playing a pivotal role in
chromatin structure, nucleosomes display differential occupancy at promoter
regions, thereby regulating gene expression by altering DNA accessibility. For
instance, a nucleosome-depleted region (NDR) at transcriptional start sites corre-
lates with gene expression, whereas the positioning of a nucleosome over the tran-
scriptional start site results in gene repression [2, 3]. The position of nucleosomes is
determined and influenced by a number of factors, including DNA sequence, DNA
methylation, histone modifications and histone variants, chromatin remodelers, and
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transcription factor binding [4]. We discuss how these factors act in normal cells and
how abnormalities in these factors impact nucleosome occupancy and gene expres-
sion in cancer cells.

5.2 Regulation of Nucleosome Position in Normal Cells

5.2.1 DNA Sequence Preferences

The sequences that regulate nucleosome position fall into two categories: motifs
that are preferred (included within the nucleosome) and motifs that avoided
(excluded from the nucleosome) [5]. Preferred sequences were originally character-
ized as particular dinucleotides, including CG and GC dinucleotides, occurring with
approximately 10 bp periodicity, although nucleosomes may also prefer longer
DNA motifs [4, 6]. The sequences that are disfavored by nucleosomes include vari-
ous 5-mers and long tracts of As (10-20 bp or more), possibly due to their resistance
to the structural distortions required for DNA wrapping and nucleosome formation
[4, 7]. Such organization helps restrict nucleosome access to those regions to ensure
proper gene expression pattern [7]. An example of regions containing both pre-
ferred and disfavored sequences with restricted nucleosome positioning are the Alu
repeats [6, 8]. More recently, however, the concept of intrinsically DNA-encoded
positioning as an organizational determinant of the 5’ end of genes has been chal-
lenged. In this regard, studies showed that the majority of the human genome dis-
plays great flexibility in nucleosome positioning, although DNA sequence can
strongly drive the organization of nucleosomes at specific sites [9]. It has also been
shown that these intrinsic signals can be overridden, confirming that additional fac-
tors are involved in nucleosome organization [9, 10].

5.2.2 Nucleosomes and DNA Methylation

DNA methylation in mammals occurs at CpG dinucleotides, which are distributed
along the genome in clusters (CpG islands) or in regions containing high concentra-
tion of repeat sequences, and acts as a relatively stable gene silencing mechanism
[2]. The majority of isolated CpGs tend to be methylated in mammals. In contrast,
the majority of the CpG islands, which represent 60% of all human promoters,
remain largely unmethylated [2, 3]. However, a number of CpG island promoters,
such as those of imprinted genes, are methylated resulting in monoallelic gene
expression in normal cells [3]. CpG islands can also be found within or in between
transcriptional units (orphan CpG islands) [3] and can be associated with novel
promoter regions and to be active in a tissue-specific manner [3]. DNA methylation
also appears to be important for the regulation of non-CpG island promoters and the
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tissue-specific expression of the genes that they control including MASPIN, OCT-4,
LAMB3, and RUNX3 promoter 1 [11-14]. Methylation is also observed in repetitive
genomic sequences, which include transposable elements and noncoding DNA,
where it helps maintain genomic stability [15, 16]. DNA methylation is established
by the activity of three DNA methyltransferases (DNMTs): DNMT1, which prefer-
entially methylates hemimethylated DNA during replication, and DNMT3A and
DNMT?3B, which are replication-independent, have been shown to establish de novo
DNA methylation. Furthermore, DNMT3A and 3B were shown to be recruited to
sites methylated by DNMT1 thereby contributing to propagate the methylated state
[17,18].

CpG DNA methylation causes steric interference in the formation of nucleosomes
in vitro, suggesting that methylation may play a role in nucleosome occupancy [4].
However, more recent in vivo studies demonstrate that the nucleosome architecture
plays a role in the shaping of DNA methylation patterns [19]. This is in agreement
with studies from our laboratory showing that nucleosomes are required for stable
DNMT3A/3B anchoring [17, 18, 20] and that nucleosome occupancy precedes
de novo DNA methylation in vivo [14]. While the direction of the relationship is
still under investigation, it is clear that nucleosome position and methylation are
interrelated.

5.2.3 Nucleosomes and Histone Modifications

The N-terminus of histones can undergo a variety of modifications in specific
residues, including acetylation, methylation, ubiquitination, sumoylation, and
phosphorylation [21]. Histone modifications work in a combinatorial fashion to
alter chromatin accessibility by disrupting interactions between nucleosomes or
by regulating the recruitment of nonhistone proteins [4, 22]. Specific patterns of
histone modifications characterize genomic regions. For instance, active pro-
moter regions are enriched in trimethylated H3 at lysine 4 (H3K4me3), whereas
inactive promoters are enriched in trimethylated H3 at lysine 27 and trimethy-
lated H3 at lysine 9 (H3K27me3 and H3K9me3), and regulatory enhancers are
enriched in monomethylated H3 at lysine 4 (H3K4mel) [21]. Such patterns are
dynamic and regulated by enzymes that can add or remove the modifications.
These include histone methyltransferases (HMTs) and demethylases (HDMTs),
which introduce and remove methyl groups, respectively, and histone acetyl-
transferases (HATs) and deacetylases (HDACs), which introduce and remove
acetyl groups, respectively. Histone acetylation is an important marker of tran-
scriptional activity; for instance, acetylated histone H3 (acH3) can also be found
at well-positioned nucleosomes flanking the AR binding site of 20% of AR
enhancers, upon hormone stimulation [23]. In addition, acH4K16 can be found
at well-positioned nuclesomes flanking unmethylated CpG islands at the pro-
moter regions of some tumor-suppressor genes [24]. In addition, although his-
tone modifications themselves are not likely to have a direct impact in nucleosome
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positioning, their ability to recruit chromatin remodeler proteins and other factors
may have a substantial impact in nucleosome organization [4].

5.2.4 ATPase-Dependent Chromatin Remodelers
and Histone Variants

ATP-dependent chromatin remodelers can be grouped in families based on subunit
composition and activity: the SWI/SNF family includes the SWI/SNF, INO80, and
SWRI1 complexes; the ISWI family comprises the RSF, ACF/CHRAC, WICH, and
NURF complexes; and the CHD family which includes NURD complexes [25, 26].
These complexes directly affect nucleosome positioning by actively mobilizing
nucleosomes or introducing histone variants.

5.2.4.1 SWItch/Sucrose Non-fermenting

These complexes consist of 9—12 subunits, which include one of two ATPases:
Brahma homologue (BRM/SMARCA?2) or Brahma-related gene 1 (BRGI1/
SMARCAA4), a set of “core” subunits, including SNF5 and BAF53a/b, and a number
of variable subunits [27]. A number of the variable subunits are mutually exclusive;
for example, AT-rich interactive proteins (ARID) 1A and ARID1B (BAF250a and
BAF250b) [25, 27] do not coexist in the same complex and Polybromo 1 (PBRM1
or BAF180), bromodomain-containing 7 (BRD7), and BAF200 are only present in
complexes lacking ARID1 proteins [27]. Complexes containing ARID1 proteins are
named BAF whereas complexes containing PBRM1 are known as PBAF [27]. The
variety of subunits allows for a combinatorial assemblage that leads to functional
diversity as evidenced by the developmental stage-specific composition of SWItch/
sucrose non-fermenting (SWI/SNF) complexes [25]. SWI/SNF complexes remodel
chromatin by sliding or by ejecting or inserting nucleosomes thereby contributing to
either transcriptional activation or repression [27, 28]; interestingly, they are pri-
marily enriched at distal regulatory regions rather than at promoters [25]. SWI/SNF
complexes also associate and act in concert with histone modifying complexes,
including HDACs, HATs, and protein arginine methyltransferases (PRMT4/CARM1
and 5), to regulate gene expression [27, 29, 30].

5.2.4.2 INOS80 and SWR1

These complexes consist of core proteins (the ATPase, helicases, and actin-related
proteins) and additional subunits [31]. INO80 complexes contain the INO80 ATPase
[31] whereas the SWRI1 complexes (SRCAP and TRAAP/Tip60) contain the
ATPases SRCAP or p400 and share a number of subunits [31]. The INO80 complex
displays helicase activity and catalyzes nucleosome sliding in cis, and is involved in
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chromosome segregation [32], the DNA, and damage repair response, and facilitates
recombination-mediated events [25, 33, 34]. INO8O0 recruitment to damaged sites
has been recently shown to depend on actin-related protein 8 [35]. SRCAP complex
directs the incorporation of H2A.Z into nucleosomes by exchange of H2A/H2B
dimers for H2A.Z/H2B dimers in a replication-independent manner [36, 37].
SRCAP-mediated deposition of H2A.Z is required for gene reactivation in colon
cancer cells treated with the DNA methylase inhibitor Azacitidine [38]. P400-
containing complexes play a role in DNA repair by destabilizing nucleosomes and
promoting chromatin ubiquitination [39]. It has been suggested that TRAAP/Tip60
(p400) complexes are involved in the deposition of H2A.Z into chromatin in an
acetylation-dependent manner. P400-mediated H2A.Z deposition is important for
estrogen receptor-mediated gene expression [40] whereas SRCAP appears to be
important for the androgen receptor-stimulated expression of Kallikrein 3/prostate
specific antigen (KLK3/PSA) and cell proliferation in prostate cancer cells [41].

H2A.Z deposition is associated with several nucleosomes surrounding the tran-
scriptional start site of active and poised promoters, and nucleosomes and H2A.Z
are lost preferentially at the —1 nucleosome upon gene activation [42]. In addition,
enrichment in H2A.Z, and also the histone H3 variant histone H3.3, has been found
at distal regulatory regions such as enhancers [42, 43]. During mitosis, the H2A.Z-
containing +1 nucleosome of active genes shift upstream to occupy the transcrip-
tional start site of genes silenced during mitosis, significantly reducing NDRs [44].
Interestingly, H2A.Z has also been shown to play an inhibitory role in cell cycle
arrest, providing evidence that H2A.Z localization at regulatory regions may con-
tribute to the positive or negative regulation of gene transcription [42]. Differential
H2A.Z acetylation patterns at promoters may contribute to the opposing functions
of H2A.Z, as the presence of acetylated H2A.Z has been shown to correlate with
gene activation in prostate cancer cells [45] and to be anti-correlated with DNA
methylation [46, 47].

5.2.4.3 ISWI Complexes

Similar to SWI/SNF complexes, the combinatorial assembly of subunits allows for
a multiplicity of ISWI complexes that display specific functions, including tran-
scriptional repression, DNA replication, and heterochromatin formation. The
remodeling spacing factor (RSF), ATP-utilizing chromatin assembly and remodel-
ing factor (ACF), chromatin accessibility (CHRAC), and WICH complexes share
the hSNF2H ATPase [25], while the nucleosome remodeling factor (NURF) com-
plexes contain the hSNF2L ATPase. All ISWI complexes display ATPase and
nucleosome spacing and remodeling activities and RSF, in particular, promotes
regular spacing between nucleosomes and stimulates transcriptional activation [25].
In addition, WICH complexes are important for DNA replication of pericentromeric
heterochromatin and the WSTF subunit of this complex binds and stabilizes H2A. X
by phosphorylation after DNA damage [25]. NURF complexes have also been
shown to play a role in the regulation of chromatin barriers; for example, the
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transcription factor USF1 (upstream stimulatory factor 1) recruits NURF and an
HMT to the insulator of the beta-globin gene to retain its active configuration [48].

5.2.4.4 NURD Complexes

These complexes are formed by the CHD ATPases CHD3 or CHD4 (or Mi-2a or
Mi2b), HDACs, and additional subunits and contain both HDAC and remodeling
activity [25]. NURD complexes play a role in transcription, cell differentiation, cell
cycle checkpoint control, and metastasis, and are recruited to sites of DNA damage
by poly-ADP-ribose polymerase (PARP) [25, 49, 50]. The methyl CpG binding
domain 2/3 (MBD2 and 3) subunits of these complexes are thought to be involved
in protein—protein interaction and are mutually exclusive, whereas the metastasis
associated gene 1 and 2 (MTA1 and 2) subunits bind to specific transcription factors
thereby targeting the complex to different genomic loci [50].

5.2.5 Transcription Factor Binding

The position of nucleosomes can be directly affected by transcription factors as they
compete for DNA access [4]. Transcription factors often bind at NDRs. For exam-
ple, OCT-4 is required for establishing and maintaining of an NDR at the distal
OCT-4 enhancer and the proximal NANOG promoter regions, which are necessary
for gene expression [14]. We have recently reported that a percentage of androgen
receptor (AR) enhancers show a NDR in the absence of ligand, and that androgen
treatment and subsequent AR recruitment increase the number of enhancers with
NDRs without changes in footprint [51]. The pioneering factor GATA-2 is required
for the maintenance of the NDR at the AR enhancer of TMPRSS2 in the absence of
ligand [51]. The presence of GATA-2 at the enhancer may facilitate AR binding, as
proposed by the model of transcription factor cooperativity of Segal and Widom [4].
In contrast, other transcription factors are frequently bound to nucleosome occupied
regions; for instance, P53 binding occurs preferentially to regions with high intrin-
sic nucleosome occupancy [52]. Thus, the relationship between nucleosome occu-
pancy and transcription factor binding is context-specific.

5.3 Aberrant Epigenetic Regulation and Epigenetic
Switching in Cancer Cells

Genetic and epigenetic changes play important roles in cancer initiation and pro-
gression [53, 54]. During tumorigenesis, the cell epigenome undergoes global
changes, including a genome-wide reduction in DNA methylation, an increase in
localized DNA methylation at CpG island promoters, and changes in histone
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modification profiles [55]; in addition, cancer cells display aberrant expression of
chromatin-modifying enzymes [56]. The events leading to these epigenetic abnor-
malities are still not fully understood. Epigenetic changes are mitotically inherited
and may promote tumorigenesis by either silencing tumor suppressor genes [57] or
by activating oncogenes [2].

Because of the interaction amongst chromatin remodeling complexes [58] and
between these complexes and DNMTs [59, 60], genetic mutations in enzymes or
other subunits of chromatin remodeling complexes may lead to profound epigenetic
changes, including aberrant nucleosome position, DNA methylation, histone com-
position, and/or histone modifications [2]. In addition, deregulated expression of
proteins involved in the recruitment of remodeling complexes to specific loci may
alter nucleosome localization and/or retention at such sites, contributing to the prop-
agation of abnormal epigenetic states [2]. All these changes will in turn lead to
aberrant gene expression patterns and genomic instability, which ultimately may
predispose or give rise to disease [2]. The mechanisms contributing to the altered
epigenetic landscape of cancer cells are discussed below.

5.3.1 Mutations in DNA Methylation Enzymes

CpG island methylation at gene promoters affects gene expression and abnormal
patterns of DNA methylation have been implicated in carcinogenesis [53, 54].
Hypomethylation of retrotransposons may lead to their reactivation and genomic
translocation or to the activation of alternative transcripts. These DNA methylation
changes have also been shown to correlate with changes in nucleosome occupancy
[2]. For instance, LINE-1 is hypomethylated and nucleosome depleted in colon can-
cer [61] and bladder cancer, where it induced the expression of an alternate tran-
script of the MET oncogene [16]. Hypomethylation of centromeric regions and/or of
pericentromeric satellite sequences may lead to abnormal chromosome segregation
and genomic instability [62]. Perhaps the best example of chromosome instability is
a germ line mutation in DNMT3B, which underlies a chromosome instability and
immunodeficiency syndrome [63]. In addition, DNA hypomethylation may lead to
loss of imprinting (LOI), resulting in biallelic expression of a monoallelic gene [2,
64], which often occurs in a variety of cancer types [64]. Re-expression of normally
silenced genes or microRNAs (miRNA) can also occur due to DNA hypomethyla-
tion; examples of these events are R-RAS, MASPIN, and Cyclin D2 in gastric cancer;
MAGE in melanoma; HPV16 (human papillomavirus 16) in cervical cancer; S100A4
in colon cancer; and the let-7a-3 miRNA in lung adenocarcinomas [2, 62].
Site-specific hypermethylation and silencing of tumor suppressor genes has also
reported in cancer and correlates with changes in nucleosome occupancy [65].
Genes that regulate cell cycle progression, and DNA repair, such as RB (retinoblas-
toma), MLHI (endometrial cancer), p/6 (glioma, lymphoma, multiple myeloma),
and p/5 (lymphoma and multiple myeloma), BRCAI and BRCA2 (lung and ovarian
cancer), APC (lung, breast, and colorectal cancer), PTEN (brain and thyroid gland
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cancers), XRCC)5 (lung and ovarian cancer), and estrogen receptor (prostate cancer)
have all been reported to be hypermethylated in cancer [2, 62]. DNA hypermethyla-
tion can also indirectly inactivate other genes by silencing transcription factors that
control their expression. For example, hypermethylation has been found at the
RUNX3 promoter in esophageal cancer and at the GATA-4 and -5 promoters in col-
orectal and gastric cancers [2, 62]. In addition, inactivation of miRNAs by hyperm-
ethylation has been observed in a variety of cancer types including bladder and
prostate (mir-127), endometrial (mir-152, mir-129-2), pancreatic (mir-132), oral
(mir-137 and miR-193a), gastrointestinal (mir-34b/c), and colorectal (mir-137) can-
cers, and in ALL (mir-124a), and other hematological malignancies (mir-124-1)
[66-75]. A new class of noncoding RNA (mirtrons) has been also shown to be sus-
ceptible to epigenetic silencing in urothelial cell carcinoma [73]. DNMTI muta-
tions have been described in colorectal cancer and DNMT3A mutations and
decreased protein levels have been shown to occur in myelodysplastic syndromes
(MDS) and AML, and in primary prostate tumors, respectively [76-80], DNMT1,
DNMT3A, and DNMT3B appear to be largely overexpressed in a variety of cancer
types and may contribute to ectopic hypermethylation [81].

Recent studies have pointed to the existence of both passive and active mecha-
nisms of DNA demethylation [82]. Active demethylation occurs during early
embryogenesis and is mediated by the formation of cytosine intermediaries, for
instance 5-hydroxy-methyl cytosine or 5-methyl uracil, via the action of enzymes
such as ten-eleven-translocation (TET) or activation-induced cytidine deaminase
(AID), respectively [82].

TET]1 translocations have been reported to occur in AML [83] and TET2 muta-
tions have been frequently found in myelodysplasia and in myeloid malignancies
[84-90]. In addition, TET2 promoter hypermethylation was observed in a fraction
of gliomas [91].

AID promotes somatic hypermutation and class switch recombination of immu-
noglobulin (Ig) genes in germinal center (GC) B cells and aberrant AID expression
has been implicated in the progression of chronic myeloid leukemia (CML) into
fatal blast crisis [92].

Because DNA methylation stabilizes nucleosome occupancy, mutations in DNMTs
and in enzymes involved in DNA demethylation are likely to cause large-scale epige-
netic alterations in cancer cells; in addition, de novo functions generated by fusion
with their translocation partners may also contribute to tumorigenesis [93].

5.3.2 Mutations in Genes Encoding Histone Modifiers

Genome-wide analyses of histone modifications in cancer cells have revealed global
changes in various histone marks [2]. These changes may affect the recruitment of
transcription factors and chromatin remodeler complexes to specific genomic loci,
thereby affecting nucleosome positioning.
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5.3.2.1 HATSs and HDACs

In cancer cells, there is a global reduction in the active acH4K16 and H3K4me3
marks, and in the repressive H4K20me3 mark [94] as well as a gain in the repressive
H3K27me3 mark [95]. Acetylation patterns are disrupted in colon, uterus, lung
tumors, and in leukemias as a result of translocations or mutations in the genes that
encode some of the HATs and HDACs (for instance, HDAC2) or due to mistarget-
ing of the fusion products [94]. HDAC overexpression has also been observed; for
example, the levels of the dedicated H4K16 HDAC SIRT1 were found to be high in
hepatocellular carcinoma [96] and colon cancer [97, 98].

5.3.2.2 HMTs and HDMTs

Alterations in HMTs and HDMTs have also been shown to be involved in tumori-
genesis. Mixed lineage leukemia (MLL) 1-4, SETDI1A, and SETDI1B are H3K4
HMTs that exist as multiprotein complexes that contain core subunits and various
unique subunits including HATSs, tumor suppressor gene products, mRNA-process-
ing factors, and nuclear hormone receptors. MLLs play critical roles during devel-
opment and in adult tissues; they regulate gene transcription directly by introducing
the active H3K4me3 mark, and indirectly via their partnership with other chromatin
remodeling complexes and co-regulators [99]. In addition, a potential role for MLL
complexes in alternative splicing has been proposed [99]. Mutations in MLL1
and MLL3 genes have been reported in 59% of bladder cancer patients [100].
Chromosomal rearrangements in the MLLI gene occur preferentially in hematopoi-
etic cells [101] and result in a multiplicity of fusion proteins with new properties
and binding partners that contribute to the development of hematological malignan-
cies [101]. Mutations in MLL2 [102, 103] and MLL2 decreased expression levels as
well as mutations and deletions in MLL3 have also been reported (Table 5.1) [79,
104-106]. Deletions in MLLS5, a member of the MLL family that lacks the HMT
and DNA binding domains [107], have been shown in leiomyomata (benign uterine
fibroids) [108] and low expression of MLL5 was associated with poorer outcome in
acute myeloid leukemia (AML) patients [109]. Genomic alterations in other HMTs
have also been reported; for instance, mutations in SETD2, an H3K36 HMT, were
found in renal clear cell carcinoma [110].

Members of the polycomb group (Pc-G) of repressor proteins have been shown
to be deregulated in cancer. The Pc-G HMT EZH2 (enhancer of zeste homologue
2), a subunit of the polycomb repressor complexes (PRC) 2 and PRC3, is not
expressed in adult tissues [111]. However, it is overexpressed in several tumor types
(Table 5.1) [112, 113]. EZH2 has been shown to interact with DNMTSs in human cell
lines, suggesting that it may also play a role in controlling DNA methylation [114].
Overexpression of BMI-1 (B lymphoma Mo-MLYV insertion region 1 homolog), a
component of PRC1, was also observed in a variety of tumors (Table 5.1)
[115-117].
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Other HMTs have been shown to display aberrant expression patterns or
chromosome rearrangements. Nuclear receptor binding SET domain protein 1
(NSD1) has been reported to undergo chromosome rearrangements in pediatric
AML [118], to be amplified in some lung cancer cases [119] and to be silenced by
DNA methylation in neuroblastomas [120]. In addition, the H3K9me3 HMT G9a
was found to be upregulated in hepatocellular carcinoma [113].

Lysine-specific histone demethylases, such as LSDI, lysine (K)-specific dem-
ethylase 6A (KDMG6A/UTX), and Jumonji C-domain containing proteins
(JARID1A-D), have been implicated in cancer progression (Table 5.1). For instance,
mutations in LSD1 have been reported in prostate cancer [121], whereas KDM6A/
UTX was found mutated in many tumors (Table 5.1) [100, 110, 122]. Mutations in
KDMS5C/JARIDIC were observed in renal cell carcinoma lacking VHL [110]. In
addition, overexpression of KDM4C/IMJD2C and JARID1B/PLU-1 was found in
esophageal cancer and in breast and testicular tumors, respectively, whereas genomic
amplification of GASCI1 was observed in squamous cell carcinoma [123, 124].
Thus, mutations and aberrant expression of histone modifiers may alter or block the
recruitment of chromatin remodelers and transcription factors to specific loci,
thereby affecting nucleosome positioning and gene expression patterns.

5.3.3 Mutations in Genes Encoding Subunits of Chromatin
Remodeler Complexes

ATPase-dependent chromatin remodeler complexes directly control the position of
nucleosomes or alter their stability by introducing histone variants. Thus, aberrant
expression of their subunits will cause changes in nucleosome composition, loca-
tion, and stability.

5.3.3.1 SWItch/Sucrose Non-fermenting

Because of their important role in controlling fundamental processes such as cell
proliferation, migration, and differentiation [27], the aberrant expression of SWI/
SNF components will have profound effects on cell function. Indeed, mutations in
several subunits have been recently identified in tumors of various origins. Since
genomic instability is largely absent in tumors harboring defective SWI/SNF com-
plexes, it is likely that perturbations in nucleosome positioning, misslocalization,
and excessive formation of complexes with opposing functions contribute to the
development of these aggressive cancers [27].

The SWI/SNF subunit SNF5 helps recruit this complex to specific genomic sites
and is required for the expression of genes associated with cell proliferation, includ-
ing P53 and the cell cycle inhibitor p/6INK4a [125-127], adipocyte differentiation
[128], and inhibition of cell migration [129]. SNF5 loss, however, does not result in
genome instability [130] nor does it inactivate SWI/SNF complexes completely, as
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tumorigenesis in the absence of SNF5 is dependent on BRG1 activity [131]. Thus,
it is thought that tumorigenesis arises from aberrant activity of the remaining com-
plexes [131]. SNF5 mutations have been found in rhabdoid and other tumors
(Table 5.1) [132—136]. Loss of the SNF5 protein was also observed in renal medul-
lary carcinomas and in advanced and metastatic melanomas, where it correlated
with poor survival rates [137].

Although complexes containing the catalytic subunits BRM or BRG1 display
some functional redundancy, they also play distinct roles [27, 28]. BRG] mutations
have been shown to occur in cancer cell lines of various origins [138, 139] and in
primary lung tumors [140, 141], medulloblastoma [142], and rhabdoid tumors
[143]. Reduced BRM protein levels occur in prostate tumors [144], and mutations
have been found in basal cell carcinoma [145, 146]. In addition, BRM has been
shown to be postranslationally regulated in cancer cell lines [28].

BAF250A/ARID1A binds to DNA without sequence specificity [147, 148] and
its recruitment represses the expression of cell cycle-related genes in differentiated
mouse calvaria cells [149, 150]. In addition, BAF250A/ARIDI1A is required for
normal cell cycle arrest in senescent human fibroblasts [151]. ARIDIA/BAF250a
mutations have been recently described in ovarian clear cell [152—154] and endo-
metrioid carcinomas (Table 5.1) [153]. Frequent mutations in low- and high grade
endometrial carcinomas have also been observed [155, 156]. Heterozygous dele-
tions and mutations in ARIDIA/BAF250a have been reported to exist in 33% of
primary pancreatic adenocarcinomas [157]. Genetic aberrations in ARIDIA were
recently reported in transitional cell carcinoma (TCC) of the bladder [100] and low
ARIDI1A expression was found to be significantly associated with larger tumor size
and grade and the ER-/PR-/HER2-phenotype in breast cancer cases (Table 5.1)
[158]. ARIDIA/BAF250a expression was also found to be severely reduced in
breast (T47D), renal clear cell (Caki-1 and Caki-2), and cervical (C33A) cancer cell
lines [159]. BAF250b/ARID 1B containing complexes include components of an E3
ubiquitin ligase that was found to target H2BK20 for monoubiquitination in a
nucleosomal context, an upstream event for trimethylation of H3K4 and gene acti-
vation [160]. BAF250b/ARID1B and BAF250a/ARID1A have also been shown to
play opposing roles in the control of cell cycle genes in osteoblast differentiation in
mice [149, 150]; however, no mutations in human BAF250b/ARID1B have been
described to date. In contrast, inactivating mutations in ARID2, which encodes a
component of PBAF that facilitates transcriptional activation by nuclear receptors,
have been reported in four subtypes of hepatocellular carcinomas (HCC) [161].

BRD7 and BAF180/PBRM1 are regulators of replicative senescence in human
cells by controlling P53 transcriptional activity towards a subset of its target genes
required for replicative and oncogenic stress senescence induction [162]. BRD7 has
also been shown to either activate or repress the expression of a number of genes by
protein—protein interaction. BRD7 physically interacts with P53 and the acetylase
P300 [162, 163], disheveled-1 [164], and TRIM24 [165], as well as with BRCA1
thereby regulating genes involved in DNA repair [166]. BRD7 deletions and reduced
expression levels have been observed in breast tumors [163] (Table 5.1). In addition,
the BRD7 promoter has also been shown to be silenced by DNA methylation in
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nasopharyngeal cancer cell lines and tumors [167]. Mutations in BAFI180/PBRM 1
have been recently described in renal clear cell carcinomas [168] and breast tumors
(Table 5.1) [169]. BAF57 is required to maintain the proper subunit composition of
the PBAF complex and to regulate the transcription of a subset of cell cycle-related
genes in Hela cells [170]. Thus far, loss of BAF57 has only been reported in the
breast cancer cell line BT-549 [171]. Thus, aberrant expression of SWI/SNF sub-
units is a frequent event in a variety of cancer types. Although SWI/SNF complexes
control nucleosome positioning, the extent of the changes caused by the mutation of
specific subunits remains to be elucidated.

5.3.3.2 INOS80 and SWR1

Deregulated expression of the subunits of these complexes may affect H2A.Z depo-
sition and nucleosome dynamics as well as nucleosome position and DNA repair.
SRCAP deregulated expression has been found in primary and metastatic prostate
cancer, although the mechanisms underlying such dysregulation are unclear [79].
Monoallelic loss of the acetylase Tip60 (a subunit of TRAAP/Tip60/p400) has been
reported in lymphomas, and head-and-neck and mammary carcinomas, with
decreased mRNA and protein expression levels, suggesting that critical levels of
Tip60 are required for normal cell function [172]. Tip60 and P400 expression is also
decreased in colorectal tumors compared to normal colon, although no mutations
were found in these two genes [173]. Finally, single nucleotide polymorphisms
(SNPs) in Tip49a/RUVBLI have been recently associated with higher risk of serous
epithelial ovarian cancer [174].

5.3.3.3 RSF, ACF, CHRAC, WICH, and NURF

To date no mutations in the ATPase subunits of ISWI complexes have been described.
However, genomic amplification of bromodomain PHD finger transcription factor
(BPTF), a subunit of NURD, has been reported in neuroblastomas and lung cancer
cases (Table 5.1) [175, 176]. In addition, increased expression of other subunits of
the NURF complex, including Retinoblastoma-related protein 46 (RBBP7/RbAp46),
as well as Retinoblastoma-related protein 48 (RBBP4/RbAp48) and hSNF2 have
been reported in breast carcinomas [177] and in AML [178], respectively
(Table 5.1).

5.3.34 NURD

Mutations and loss of expression of the CHD4 ATPase subunit have been recently
described in colorectal and gastric cancers (Table 5.1) [179]. MTA1 expression is
high in a number of cancer types (Table 5.1) [50]. In contrast, MTA3 expression is
lost in advanced breast epithelial carcinoma (Table 5.1) [50].
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5.3.3.5 Mutations in Other CHD Proteins

Recent studies have identified the helicase CHDS as a tumor suppressor involved in
the transactivation of pl6Ink4a/p19arf and deleted or mutated in ovarian and pros-
tate cancer [180, 181], neuroblastomas [182], and hematopoietic malignancies
[183]. Silencing of the CHD5 promoter by DNA hypermethylation has also been
observed in various tumor types (Table 5.1) [180, 184-187]. CHD7 plays a role in
pluripotency [25] and mutations in CHD7 have been found in more than 50% of the
cases of CHARGE syndrome, which is characterized by nonrandom congenital
abnormalities in several tissues [188, 189]. In addition, gastric and colorectal can-
cers also showed mutations in CHD7 [179].

5.4 Epigenetic Switching

The gene silencing events that take place during tumorigenesis as a consequence of
aberrant DNA methylation or histone modification result in a reduction of cellular
plasticity. A subset of genes becomes repressed by the action of Pc-G proteins
through the establishment of the H3K27me3 mark at their promoters when stem
cells differentiate into developmental lineages [2]. After differentiation, this mark
and, thus, the repressive state are maintained by the action of EZH2. In cancer cells,
H3K27me3 is replaced by de novo DNA methylation likely through the recruitment
of DNMTs [114, 190-192]. This process is termed “epigenetic switching” and
results in permanent silencing of genes that may be implicated in tumorigenesis by
locking nucleosome positions.

5.5 Epigenetic Therapy and Gene Reactivation

Epigenetic therapy aims to reverse epigenetic aberrations that occur in cancer in
order to restore a more normal epigenetic state [55]. The first characterized DNA
methylation inhibitors, namely 5-Azacitidine (5'-aza-CR, Azacitidine) and 5-aza-
2-deoxy-cytidine (5'-aza-CdR, Decitabine) [193], are incorporated into the DNA of
proliferating cells during DNA replication and inhibit DNA methylation by trapping
DNMTs onto the DNA, leading to their depletion [2, 56]. The resulting DNA
hypomethylation causes nucleosome depletion at the promoters of tumor suppres-
sor genes that were silenced during tumorigenesis, leading to gene reactivation and
growth arrest [2, 65]. Azacitidine and decitabine have been approved by the FDA
for the treatment of myelodysplastic syndromes and have shown great promise in
the treatment of AML and myeloid leukemia [194]. Decitabine has also been tested
in clinical trials for the treatment of epithelial ovarian cancer, alone or in combina-
tion with chemotherapy [195]. These studies have shown that combination therapies
are more effective, particularly in patients with platinum resistance, likely due to
re-sensitization [195]. Clinical applications for Zebularine, a newer generation
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DNMT inhibitor that can be orally administered, are currently under investigation
[196]. Alternative approaches include small molecule DNMT inhibitors, such as
SGI110, RG108, and MG98, which block DNMT enzyme activity or target regula-
tory messenger RNA sequences [2].

Loss of histone acetylation at promoter regions occurs concomitant to DNA
hypermethylation, and therefore HDAC inhibitors (HDACI) have also been tested
as potential therapeutic agents. HDACIs induce growth arrest, apoptosis, cell dif-
ferentiation, and tumor suppressor gene reactivation. Suberoylanilide hydroxamic
acid (SAHA, Vorinostat) has been recently approved for the treatment of T-cell
cutaneous lymphoma [197]; however, it was not successful for the treatment of
recurrent ovarian cancer [195]. Treatment with another HDACI, belinostat (PDX,
101), has shown to lead to disease stabilization in patients with different malignan-
cies, including sarcoma, renal cancer, thymoma and melanoma, and ovarian cancer
[195]. Other HDACTs are currently under investigation [2, 197]. The lysine HMT
inhibitors described to date, chaetocin, DZNep, and BIX-01294, have shown some
antitumor properties in vitro [197]. Combined epigenetic therapies have also been
tested; for instance, chemotherapeutic agents have been successfully used in com-
bination with HDAC, SIRT, DNMT inhibitors [197]. Thus, epigenetic drugs cur-
rently in use or under investigation target histone modifiers or DNMTs to restore
chromatin plasticity, thereby affecting nucleosome positioning in an indirect man-
ner. Targeting subunits of the ATPase-dependent chromatin remodeler complexes
may provide a more efficient and direct way to restore nucleosome position and
composition.

5.6 Challenges and Future Prospects

In recent years, high-throughput technologies have been successfully applied to the
field of epigenetics allowing for the mapping of histone modifications, proteins
binding to DNA, nucleosome positioning, and DNA methylation. The emerging
picture is that nucleosome positioning and occupancy is determined by the com-
bined action of DNA sequence, transcription factors, and chromatin remodelers,
and that the resulting nucleosome configuration has direct effects in sequence acces-
sibility and gene transcription (Fig. 5.1). Recent studies show that the genes more
frequently mutated in various types of cancers encode for subunits of chromatin
remodeler complexes [197], further highlighting the relevance of nucleosome posi-
tioning in tumorigenesis (Fig. 5.1). As most of these genes regulate multiple cellular
processes, they are likely to be important therapeutic targets.

Although the wealth of information generated by epigenomic studies has greatly
improved our understanding of chromatin regulation, the integration of epigenetic,
genetic, and transcriptional changes will be essential to advance our knowledge of
cancer development and progression. Several challenges lay ahead as we explore
further the development of epigenetic therapies, although a combinatorial approach
holds promise. Key issues to be resolved include type of agent combinations and
optimal doses, agent specificity, the sequence of agent delivery, and the method of
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Fig. 5.1 The emerging picture is that nucleosome positioning and occupancy, which is influenced
by chromatin remodelers, histone modifiers and DNA methylating enzymes, has direct effects in
sequence accessibility and gene transcription and that. In normal cells, gene promoter regions exist
in three epigenetic states: open (left), which shows nucleosome depletion at the transcriptional start
site (TSS) and contains active histone marks (e.g. H3K4me3) and the histone variant H2A.Z;
repressed (center), which shows nucleosome occupancy at the TSS and contains repressive histone
marks (e.g. H3K27me3); or silenced (right), which shows nucleosome occupancy at the TSS and
DNA methylation, and contains silencing histone marls (e.g.H3K9me3). These epigenetic states
correlate with transcriptional activity (left) or lack thereof (center and right). In cancer, epigenetic
states are altered, and active promoters may become silenced by DNA methylation, or, potentially,
repressed; repressed promoters may become reactivated or silenced by DNA methylation; and
silenced promoters may become reactivated, thereby causing profound changes in gene expression
patterns. Recent studies show that the genes more frequently mutated in various types of cancers
encode for subunits of chromatin remodeler complexes (e.g. ARIDIA, SNF5, PBRM1), histone
modifying enzymes (e.g. MLLI, UTX, EZH?2) or enzymes involved in the DNA methylation path-
way (e.g. DNMT3A, TET2, AID). These studies provide evidence for a link between genetic muta-
tion and epigenetic alterations

delivery. Given the current multi-institutional and multinational efforts to map the
human epigenome in all cancer types, it is likely that therapeutic development will
be significantly advanced in the near future.
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Chapter 6
Epigenetic Regulation of miRNAs in Cancer

Muller Fabbri, Federica Calore, Alessio Paone,
Roberta Galli, and George A. Calin

Abstract MicroRNAs (miRNAs) are short noncoding RNAs with gene regulatory
functions. It has been demonstrated that the genes encoding for miRNAs undergo the
same regulatory epigenetic processes of protein coding genes. In turn, a specific
subgroup of miRNAs, called epi-miRNAs, is able to directly target key enzymatic
effectors of the epigenetic machinery (such as DNA methyltransferases, histone
deacetylases, and polycomb genes), therefore indirectly affecting the expression of
epigenetically regulated oncogenes and tumor suppressor genes. Also, several of the
epigenetic drugs currently approved as anticancer agents affect the expression of
miRNAs and this might explain part of their mechanism of action. This chapter
focuses on the tight relationship between epigenetics and miRNAs and provides
some insights on the translational implications of these findings, leading to the
upcoming introduction of epigenetically related miRNAs in the treatment of cancer.

M. Fabbri (P<)

Department of Pediatrics, Division of Hematology-Oncology and Department of Molecular
Microbiology and Immunology, Keck School of Medicine, University of Southern California,
Children’s Hospital Los Angeles, 4650 Sunset Blvd, Mailstop #57,

Los Angeles, CA 90027, USA

e-mail: mfabbri@chla.usc.edu

F. Calore * A. Paone * R. Galli

Department of Molecular Virology, Immunology and Medical Genetics,
The Ohio State University Comprehensive Cancer Center,

1092 Biomedical Research Tower, 460 West 12th Avenue,

Columbus, OH 43210, USA

G.A. Calin
Department of Experimental Therapeutics, The University of Texas MD
Anderson Cancer Center, Houston, TX 77030, USA

A.R. Karpf (ed.), Epigenetic Alterations in Oncogenesis, Advances in Experimental 137
Medicine and Biology 754, DOI 10.1007/978-1-4419-9967-2_6,
© Springer Science+Business Media New York 2013



138 M. Fabbri et al.
6.1 Introduction

MicroRNAs (miRNAs) are small noncoding RNAs (ncRNAs), 19-25 nucleotides
(nt) in length, which regulate gene expression. MiRNAs are involved in many
biological processes ranging from development, differentiation, and cell cycle
regulation to cell senescence and metabolism [1-5]. Mature miRNAs derive from
much longer (hundreds nt long) primary transcripts, transcribed by RNA
polymerase II as long, capped, polyadenylated precursor-miRNAs (pri-miRNAs)
[1]. Then, the double-stranded RNA-specific ribonuclease Drosha, in conjunction
with its binding partner DiGeorge syndrome critical region gene 8 (DGCRS, or
Pasha), process pri-miRNAs into hairpin RNAs of 60—110 nt known as pre-miR-
NAs. Translocated from the cell nucleus to the cytoplasm by means of Exportin 5,
the pre-miRNA is processed by a ribonuclease III (Dicer) and transactivating
response RNA-binding protein (TRBP, which binds human immunodeficiency
virus 1) into an 18- to 24-nt duplex. Finally, the duplex interacts with a large pro-
tein, RNA-induced silencing complex (RISC), which includes argonaute proteins
(AGOI1-4 in humans). One strand of the miRNA duplex remains stably associated
with RISC and becomes the mature miRNA, which guides the RISC complex
mainly (but not exclusively) to the 3'-untranslated region (UTR) of the target mes-
senger RNAs (mRNAs) [1]. Consequently, the translation and/or stability of tar-
geted mRNAs is impaired, causing a reduction in protein expression levels [6]. In
addition to this “conventional” mechanism of action, miRNA regulatory effects
on gene expression may be more varied than initially proposed. For example,
miRNAs can also activate rather than suppress target mRNA expression in par-
ticular cell-cycle conditions [7], they can bind also to the coding and the 5'-UTR
region of the target mRNAs [8, 9], and they can directly interact with proteins and
function as gene promoter regulators [10]. Figure 6.1 summarizes the biogenesis
and physiology of miRNAs.

Each miRNA has hundreds or thousands of target genes. We have demonstrated
that a specific cluster of two miRNAs (namely, the miR-15a/16-1 cluster) is able to
regulate, directly and indirectly, about 14% of the whole genome in a leukemic cell
model [11]. Therefore, it is likely that the full coding genome is under the control of
miRNAs. The full spectrum of miRNAs expressed in a specific cell type (the miR-
Nome) is different between normal and pathologic tissues [12], and specific signa-
tures of dys-regulated miRNAs harbor diagnostic and prognostic implications [13].
The first link between miRNAs and cancer came from the discovery that these ncR-
NAs are frequently located in cancer-associated genomic regions, which include
minimal regions of amplification, loss of heterozygosity, and common breakpoints
in or near oncogenes or tumor suppressor genes (TSGs) and fragile sites (preferen-
tial sites of chromatide exchange, deletion, translocation, amplification, or integra-
tion of plasmid DNA and tumor-associated viruses) [14]. Since then, myriad studies
have investigated aberrations in the miRNome in most types of human cancer (for
reviews, see [15-21]). In particular, while some miRNAs act mainly as TSGs, oth-
ers are frequently overexpressed in human tumors and target TSGs, thereby exerting
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Fig. 6.1 Biogenesis and physiology of miRNAs. MiRNAs are transcribed as pri-miRNAs (in
some cases as a cluster of multiple miRs, such as miR-15a and miR-16-1 on the long arm of chro-
mosome 13) and then processed in a hairpin shaped pre-miRNA precursor in the nucleus of the
cell. The precursor is then transported in the cytoplasm by means of Exportin 5 and processed until
it becomes a single-stranded mature miRNA that eventually binds to a ribonucleoproteic complex
(RISC) which directs the miRNA to its target mRNAs. As a result, both translational repression (or
mRNA cleavage) and increased target translation can occur (see text for more explanation)

a tumorigenic function. MiRNAs with well-established roles as oncogenes, for
instance, include the miR-17-92 cluster, which is transactivated by the c-MYC onco-
gene and dramatically accelerates lymphomagenesis in murine models [22, 23];
miR-155, which induces leukemia in transgenic murine models [24] and has an
important function as a regulator of inflammation and the immune response [25—
27], and miR-21, which targets important TSGs, such as PTENI [28] and PDCDA,
in several types of cancer [29-31]. Conversely, the miR-15a/16-1 cluster acts as a
TSG in chronic lymphocytic leukemia (CLL) by targeting the antiapoptotic gene
BCL2 [32]. Interestingly, the same miR-15a-16-1 cluster also acts as an oncogene
(OG), in CLL, by directly targeting the pro-apoptotic gene p53 [33], leading to the
conclusion that each miRNA should not be labeled exclusively as an OG or as a
TSG, since it may have a dual nature (both as OG and TSG) [34], in which the over-
all effect depends on the specific conditions (tumor type, species specificity, con-
centration, etc.) in which it operates.

It has been demonstrated that miRNAs, similar to protein coding genes, (PCG),
can undergo epigenetic regulation. More recently, it has been shown that a specific
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group of miRNAs, called epi-miRNAs, can affect the epigenetic regulation of a
given gene by targeting key enzymatic effectors of the epigenetic machinery, such
as DNA methyltransferases (DNMTs), histone deacetylases (HDACsSs), and poly-
comb genes.

This chapter focuses on the interactions between epigenetics and miRNAs and
presents how this intertwined relationship harbors fundamental implications for
human carcinogenesis.

6.2 MiRNAs Are Epigenetically Regulated in Cancer

The expression of miRNAs undergoes epigenetic regulation, similarly to PCG. This
regulation involves both chromatin modifications and miRNA gene promoter meth-
ylation. By treating a breast cancer cell line with the HDAC inhibitor LAQS24,
Scott et al. demonstrated that the expression levels of 27 miRNAs are rapidly
modified [35], indicating that HDAC and chromatin conformation affects the miR-
Nome in human cancer. Similarly, Saito et al. showed that by treating bladder can-
cer cells with both a DNA demethylating agent (5-aza-2'-deoxycytidine, 5-AZA)
and an HDAC inhibitor (4-phenylbutyric acid, 4-PBA) the expression levels of
about 5% of all human miRNAs increased [36]. Among the most strictly epigeneti-
cally regulated miRNAs, there is miR-127, an ncRNA embedded in a CpG island
and kept epigenetically silenced by both promoter hypermethylation and histone
modifications in cancer cells [36]. Interestingly, this miRNA (which belongs to a
large cluster that includes miR-136, -431, -432, and -433) is the only member of the
cluster whose re-expression was observed when cells were treated with two epige-
netic drugs [36]. Moreover, when cells were treated with each drug alone, no varia-
tion in miR-127 expression was detected [36], suggesting that miR-127 epigenetic
regulation occurs by combined promoter methylation and chromatin histone
modifications. Since the BCL6 oncogene is a direct target of this miRNA [36], miR-
127 acts as a TSG, therefore the severe epigenetic control of its expression repre-
sents an important mechanism for bladder carcinogenesis.

Using an HCT-116 colorectal cancer cell line with a double knockout (DKO) of
DNMTI1 (maintenance DNMT) and DNMT3b (de novo DNMT), Lujambio et al.
compared miRNA levels of the DKO and wild-type cells. About 6% of the 320 miR-
NAs analyzed were upregulated in the DKO cells [37]. Among the dys-regulated
miRNAs, only miR-124a was embedded in a CpG island, which is densely methy-
lated in this cancer cell line but not in normal tissue. This might suggest that DNMTs
act both directly and indirectly in miRNA expression control. MiRNA-124a directly
targets CDKG6, and restoration of its expression reduces the levels of CDK6 and
impacts the phosphorylation status of the CDK6-downstream effector Rb protein [37].
In a group of 353 acute lymphoblastic leukemia (ALL) patients, Roman-Gomez et al.
identified a signature of 13 miRNAs, embedded in CpG islands, with high heterochro-
matic markers (such as high levels of K9H3me?2 and/or low levels of K4H3me3) [38,
39]. Treatment with 5-AZA upregulated at least 1 of the 13 miRNAs in 65% of ALLs
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[38]. Among these miRNAs, miR-124a was methylated in 59% of ALLs and hyper-
methylation of its promoter was associated with higher relapse and mortality rates
than in the non-hypermethylated cases: multivariate analysis confirmed that miR-124a
promoter methylation status is an independent prognostic factor for disease-free and
overall survival [39]. Moreover, miR-124a directly silences CDK6 in ALL patients
[39], confirming the impact of miR-124a on the CDK6-Rb pathway. Recently, Ando
et al. showed that hypermethylation of the miR-124a promoter is involved in the for-
mation of an epigenetic field defect, a gastric cancer predisposition condition charac-
terized by the accumulation of abnormal DNA methylation in normal-appearing
gastric mucosa that is mostly induced by Helicobacter pylori infection [40]. These
findings reveal that miR-124a promoter hypermethylation is also an early event in
gastric carcinogenesis.

In addition to miR-124a, miR-107, another epigenetically controlled miRNA,
targets CDK6 and affects pancreatic carcinogenesis [41]. In HCT-116 cells deficient
for DNMTI and DNMT3B, Bruckner et al. showed increased expression of let-7a-3,
an miRNA normally silenced by promoter hypermethylation in the wild-type cell
line [42]. In lung adenocarcinoma primary tumors the let-7a-3 promoter was found
to be hypomethylated [42], whereas it was found to be hypermethylated in epithelial
ovarian cancer. This hypermethylation was associated with low expression of IGF2
(insulin-like growth factor 2) and with a good prognosis [43]. Therefore, DNA
methylation could act as a protective mechanism by silencing miRNAs with onco-
genic functions. Also miR-1 is epigenetically regulated and frequently silenced by
promoter hypermethylation in hepatocellular carcinoma [44]. However, hypometh-
ylation and re-expression of miR-1 were observed in DNMT1-null HCT-116 cells
(but not in DNMT3B-null cells) [44], revealing that the maintenance DNMT is
specifically and mainly responsible for miR-1 epigenetic regulation. Overall, these
studies demonstrate that epigenetic factors can control human carcinogenesis, not
only by directly affecting the expression of OGs and TSGs, but also by affecting the
expression of miRNAs involved in oncogenic pathways. In addition, epigenetic
control of miRNAs may be tissue-specific (since no variation in miRNA expression
was observed in lung cancer cells treated with demethylating agents, HDAC inhibi-
tors, or their combination [45]), miRNA-specific (e.g., miR-127 within the cluster it
belongs to [36]), and epigenetic-effector-specific (e.g., miR-1 mainly regulated by
DNMT1 [44]).

Epigenetically regulated miRNAs are also affecting one of the main aspects of
malignancy: the ability to metastasize. Lujambio et al. treated three lymph node—
metastatic cell lines with 5-AZA and checked miRNA levels by high-throughput
microarray analysis [46]. They identified four miRNAs (namely, miR-148a, miR-
34b/c, and miR-9) that showed cancer-specific CpG island hypermethylation.
Epigenetic silencing of these miRNAs was also significantly associated with metas-
tasis in human malignancies [46], while the reintroduction of miR-148a and miR-
34b/c into cancer cells with epigenetic inactivation inhibited both motility and
metastatic potential of the cells in xenograft models. The miR-34b/c cluster is also
epigenetically regulated in colorectal cancer (promoter hypermethylation in 90%
of primary colorectal cancer tumors vs. normal colon mucosa) [47], whereas
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epigenetic silencing of miR-9 and miR-148a (together with miR-152, -124a,
and -663) has also been described in breast cancer. In breast cancer cell lines treated
with 5-AZA miR-9 was reactivated, while the levels of other aberrantly methylated
miRNAs were unchanged [48], further proving that different epigenetic processes
can control miRNA levels in different types of cancer.

MiR-342 is located in an intron of the Ena/Vasp-like (EVL) gene and represents
a good model to study the relationship between miRNAs and the epigenetic regula-
tion of cognate host genes. EVL promoter hypermethylation occurs in 86% of col-
orectal cancers and is present in 67% of adenomas at diagnosis, suggesting that it is
an early event in colon carcinogenesis [49]. Treatment with 5-AZA and the HDAC
inhibitor trichostatin A restores the synchronized expression of EVL and miR-342
[49]. Another gene, the EGFL7 gene, which is frequently downregulated in several
cancer cell lines and in primary bladder and prostate tumors, hosts miR-126 in one
intron. The mature miR-126 can be encoded by three different transcripts of the
cognate host gene, each of them with its own promoter. However, miR-126 is con-
comitantly upregulated with one of the EGFL7 transcripts that has a CpG-island
promoter when cancer cell lines are treated with DNA methylation and histone
deacetylation inhibitors, indicating that the silencing of intronic miRNAs in cancer
may occur by means of epigenetic changes in cognate host genes [50].

Fazi et al. showed that transcription factors can recruit epigenetic effectors to
miRNA promoter regions to regulate their expression. The AMLI/ETO fusion
oncoprotein, the aberrant product of the t(8;21) translocation in acute myeloid leu-
kemia, can bind to the pre-miR-223 region. The oncoprotein recruits epigenetic
effectors (i.e., DNMTs, HDACI, and MeCP2), leading to aberrant hypermethyla-
tion of the CpG site near the AMLI1/ETO binding site and H3-H4 deacetylation of
the same chromatin region [51].

In summary, several studies have addressed how epigenetics regulates miRNA
expression in human cancer. It has emerged that epigenetic factors account for sev-
eral of the miRNome aberrancies observed in human cancer, ultimately implicated
in both carcinogenesis and in metastasis formation. Therefore, a better understand-
ing of miRNA epigenetic regulation will lead to a better comprehension of the
mechanisms responsible for abnormal miRNA levels in cancer and to the develop-
ment of strategies able to revert these anomalies. Interestingly, miRNAs can also
affect the expression of epigenetically regulated PCGs, revealing a further layer of
complexity between miRNome and epigenome.

6.3 Epi-miRNAs Affect the Expression of Epigenetically
Regulated Genes in Cancer

In addition to being epigenetically regulated, like PCG, miRNAs can also affect the
expression of epigenetically regulated genes by targeting key enzymes responsible
for epigenetic reactions. We call this group of miRNAs, epi-miRNAs. Some epi-
miRNAs are also epigenetically regulated themselves. Our group provided the first
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Fig. 6.2 Epi-miRNAs and cancer. Epi-miRNAs (in red) directly target effectors of the epigenetic
machinery (in black boxes) and indirectly affect the expression of epigenetically regulated miR-
NAs and protein coding genes, ultimately affecting carcinogenesis. 7SGs tumor suppressor genes;
DNMT DNA methyltransferase; HDAC histone deacetylase; EZH2 enhancer of zeste homolog 2;
BCL6 B-cell CLL/lymphoma 6; CDK6 cyclin-dependent kinase 6; SP/ Spl transcription factor;
RBL?2 retinoblastoma-like 2 (p130); CH, methyl group

evidence that miRNAs can regulate the expression of members of the epigenetic
machinery in humans [52]. We demonstrated in both lung cancer cell lines and pri-
mary tumors that a family of miRNAs (namely the miR-29 family, composed of
miR-29a, -29b, and -29c) directly targets both DNMT3a and DNMT3b, the two key
de novo DNMTs. We observed that miR-29 restoration reduces global DNA methy-
lation, induces re-expression of TSGs (such as WWOX and FHIT, whose expression
is silenced by promoter hypermethylation in lung cancer), and exerts an overall
antitumoral effect both in vitro and in vivo [52]. The global hypomethylating effect
observed in tumor cells upon miR-29 re-expression is the result of a direct targeting
effect of these miRNAs on DNMT3a and DNMT3b, and of an indirect silencing
effect on DNMT1, occurring through the direct targeting of the DNMTT1 transacti-
vating factor SP1 [53]. Figure 6.2 summarizes the relationship between epi-miR-
NAs and cancer. Duursma et al. [54] have shown that miR-148 also directly targets
DNMT?3b by binding to a conserved target sequence located in the coding region of
the mRNA. Intriguingly, the authors concluded that the targeting of the coding
region may play a role in determining the relative abundance of different splice vari-
ants of DNMT?3b. Furthermore, miRNAs can affect the expression of DNMTs also
through an indirect mechanism. Sinkkonen et al. showed that in mouse embryonic
stem (ES) cells, members of the miR-290 cluster directly target Rbl2, a factor con-
tributing to the suppression of DNMT3 genes [55]. By restoring the expression of
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the miR-290 cluster, de novo methylation, which had been disrupted in ES Dicer™-
cells, was reestablished, suggesting that DNMTs are indirectly regulated by the
miR-290 cluster. These results were confirmed by Benetti et al. [56], who also
observed that the aberrant DNA methylation occurring after miR-290 cluster silenc-
ing in ES Dicer™ cells is responsible for increased telomere recombination and
aberrant telomere elongation. Notably, the miR-290 Rbl2-mediated regulation of
DNMT3a and DNMT3b was not observed in HEK293 cells with knockdown of
Dicer [55], revealing that the described regulatory mechanism might be restricted to
ES cells. Moreover, neither of the above-mentioned studies identified the miR-29
family as direct regulators of de novo DNMTs, suggesting that this interaction could
also be species-, tumor-, or even histotype-specific.

Epi-miRNAs can also target DNMT]. In a study by Braconi et al., it was shown
that miR-148a, miR-152, and miR-301 directly target DNMTI in cholangiocarci-
noma cells [57], resulting in the re-expression of the RASSFIA and pl6INK4a
genes, two well-known TSGs that are epigenetically silenced in several malignan-
cies. As previously reported, miR-29b indirectly targets DNMT1, by directly silenc-
ing its activator SP1 in hematological malignancies [53]. These studies suggest that
miR-29b plays a key role in the epigenetic control of human genome.

Epi-miRNAs also regulate the expression of HDACs and PRC genes. HDAC4 is
a direct target of both miR-1, miR-140, and miR-29b [58-60], whereas miR-449a
binds to the 3'-UTR region of HDACI [61]. HDACI is upregulated in several types
of cancer, and miR-449a re-expression in prostate cancer cells induces cell-cycle
arrest, apoptosis, and a senescent-like phenotype by reducing the levels of HDACI
[61]. EZH?2 is the catalytic subunit of PRC2 and is responsible for heterochromatin
formation by trimethylating histone H3 on lysine 27 (H3K27me3), leading to the
silencing of several TSGs. Varambally et al. showed in prostate cancer cell lines and
primary tumors that the level of EZH?2 is inversely correlated with the expression of
miR-101, which decreases during cancer progression. These findings suggest a role
for miR-101 as an epi-miRNA, a hypothesis that was tested and confirmed by show-
ing that miR-101 directly targets EZH2 both in prostate and in bladder cancer mod-
els [62, 63]. Moreover, the miR-101-mediated suppression of EZH?2 inhibits cancer
cell proliferation and colony formation, revealing a role for miR-101 as a TSG that
is mediated by its modulatory effects on the cancer epigenome [63].

In summary, an increasing number of epi-miRNAs is being identified and will
clarify which epigenetic effectors are involved in the regulation of OGs and TSGs.
This knowledge will lead to the development of new strategies to prevent and cure
human carcinogenesis by selective modulation of the epi-miRNome.

6.4 Epigenetics and miRNAs: Clinical Implications
and Final Remarks

The epigenetics—miRNA relationship harbors several clinical implications. First,
some of the demethylating agents (such as 5-AZA or Vidaza) used to show that
miRNAs are re-expressed upon demethylation and therefore undergo epigenetic
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regulations are drugs, currently approved for the treatment of myelodysplastic
syndromes (MDS) [64]. Therefore, part of the observed therapeutic effects of
5-AZA or decitabine might be mediated by their effect on the miRNome. Also,
currently available anticancer drugs (such as Bortezomib) induce the expression of
miR-29b [65], a key epi-miRNA targeting both DNMTs and HDACs. Moreover,
SAHA (suberoylanilide hydroxamic acid), also known as Vorinostat is an HDAC
inhibitor currently approved in the treatment of cutaneous T cell lyphomas, may
exert an anticancer effect by re-expressing epigenetically regulated miRNAs [66, 67].
Valproic acid (VPA) is also an HDAC inhibitor currently in phase III studies for the
treatment of cervical and ovarian cancer, which is able to modulate the expression
of miRNAs in human cord blood-derived multipotent stem cells [68].

Overall, while basic research scientists are trying to improve their understanding
of the relationship existing between epigenetics and miRNAs, clinicians have started
interpreting some of the effects of epigenetic drugs in terms of their effects on the
miRNome. This interaction represents an ideal translational setting, capable of bring-
ing novel insights deriving from basic science to the patients. In addition to better
understanding the implications and function of currently available epigenetic drugs
on the miRNome, it is likely that in the near future this knowledge will assist in the
development of miRNA- and epi-miRNA-based therapies. These therapies will be
tailored to the specific set of genes that need to be reverted to a physiological expres-
sion, in order to achieve an anticancer effect. Therefore, their effect will specifically
affect tumor cells, without introducing any major epigenetic perturbation in noncan-
cerous cells, therefore leading to less side effects. These days are not far to come and
will provide a new powerful therapeutic tool in the war against cancer.
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Chapter 7
DNA Hypomethylation and Activation
of Germline-Specific Genes in Cancer

Charles De Smet and Axelle Loriot

Abstract DNA methylation, occurring at cytosines in CpG dinucleotides, is a
potent mechanism of transcriptional repression. Proper genomic methylation
patterns become profoundly altered in cancer cells: both gains (hypermethylation)
and losses (hypomethylation) of methylated sites are observed. Although DNA
hypomethylation is detected in a vast majority of human tumors and affects many
genomic regions, its role in tumor biology remains elusive. Surprisingly, DNA
hypomethylation in cancer was found to cause the aberrant activation of only a lim-
ited group of genes. Most of these are normally expressed exclusively in germline
cells and were grouped under the term ‘“cancer-germline” (CG) genes. CG genes
represent unique examples of genes that rely primarily on DNA methylation for
their tissue-specific expression. They are also being exploited to uncover the mecha-
nisms that lead to DNA hypomethylation in tumors. Moreover, as CG genes encode
tumor-specific antigens, their activation in cancer highlights a direct link between
epigenetic alterations and tumor immunity. As a result, clinical trials combining
epigenetic drugs with anti-CG antigen vaccines are being considered.

7.1 Introduction

Although DNA hypomethylation was the first epigenetic alteration to be described
in human cancers, its effect on gene expression programs and tumor biology has
remained enigmatic. Initial examination of cancer genomes identified most losses
of DNA methylation in repeated elements [29]. This is not surprising, since these
DNA elements are highly abundant and comprise most of the CpG sites that are
normally methylated in healthy somatic tissues. A crucial question was whether
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DNA hypomethylation also affected protein-encoding genes, leading to their
aberrant expression in tumor cells. It appeared, however, that genome hypomethyla-
tion in tumors is not generally associated with the ectopic activation of a multitude
of genes [5]. A plausible explanation for this is that most tissue-specific genes use
other regulatory mechanisms, including histone modifications, and that DNA meth-
ylation, if present, serves merely as secondary layer of repression. Losses of DNA
methylation within such genes would therefore not be sufficient to trigger transcrip-
tional activation.

Later work, aiming at isolating genes that code for tumor-specific antigens, led to
the identification of a particular group of genes, which are normally expressed exclu-
sively in germline cells but become aberrantly activated in a wide variety of tumors
[86]. Given this expression profile, these genes were termed “cancer-germline” (CG)
genes. Interestingly, CG genes were found to rely primarily on DNA methylation for
repression in normal somatic tissues, and their activation in tumors was shown to be
a direct consequence of genome hypomethylation [22]. These observations high-
lighted an unexpected link between epigenetic alterations in tumors and cancer
immunity. They also provided clear examples of genes that owe their tissue-specific
expression to DNA methylation. Moreover, CG genes are being exploited to try to
uncover the molecular mechanisms underlying genome hypomethylation in tumors,
as this epigenetic process remains largely unexplained.

7.2 Characterization of CG Genes

Human tumors express specific antigens, as evidenced by the existence in the blood
of cancer patients of cytolytic T lymphocytes (CTL) that recognize antigens present
on their tumor cells but not on normal cells [10]. Using a gene library transfection
approach and a CTL clone isolated from a melanoma patient, Boon and colleagues
identified the first human tumor antigen-encoding gene [85]. The gene was named
melanoma antigen 1 or MAGE-1 (later renamed MAGEAI). MAGEAI expression
was not found in normal tissues except for testis, but was instead detected in a
significant fraction of melanoma samples, as well as in various other tumor types
[20, 23]. The same genetic approach led to the identification of other melanoma
antigen genes, namely BAGE, GAGE, and MAGEA3, a gene closely related to
MAGEAI [9, 34, 84]. For these genes too, expression among normal tissues was
restricted to testis, and activation in tumors was detected among various cancer
types. Additional tumor antigen genes were subsequently identified, using an alter-
native cloning approach, called SEREX (serological analysis of recombinant tumor
cDNA expression libraries), and based on the presence of high titers of antitumor
IgGs in the blood of tumor-bearing patients [73]. Again, several of the identified
genes, including SSX2 and NY-ESO-1, had their normal expression restricted to tes-
tis and were activated in a percentage of different tumor types. Later studies indi-
cated that the normal expression of most isolated genes was confined to the germ
cells in both testis and fetal ovary [44, 52, 82].
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Together, these findings led to the important notion that specific antigens in
tumors arise from the aberrant activation of genes that are normally transcribed
exclusively in the germline. From an immunological point of view, this dual expres-
sion pattern is understandable. Unlike most somatic cells, germ cells lack MHC
class I molecules, which are required to present antigenic peptides at the cell surface
[37]. Activation of germline-specific genes in tumor cells therefore leads to the
expression of truly tumor-specific antigens, which can be recognized as nonself by
the immune system.

Further studies using cDNA subtraction procedures or database mining have per-
mitted the identification of additional genes expressed in germ cells and cancer but
not in normal somatic tissues [56, 60, 63, 75]. Some genes identified in this way
were subsequently shown to encode tumor-specific antigens recognized by CTLs
[86]. Altogether about 50 human genes or gene families were identified, which dis-
played specific expression in the germline and activation in a significant proportion
of cancers [2]. These genes appear to exert a variety of cellular functions, but on the
basis of their common expression pattern they were grouped under the term cancer-
germline (CG) genes. CG genes are dispersed on several chromosomes, with a
marked preference for the X chromosome. In human cancers, CG genes are
expressed more frequently in specific tumor types, like for instance lung cancer,
head and neck cancer, bladder cancer, and melanoma [76]. Other tumor types like
colon cancer, renal cancer, and leukemia only rarely show activation of CG genes.
An important feature of CG genes is their frequent co-activation in tumors [74]. It
was observed indeed that positive tumors often express several CG genes. Clearly,
the widespread and concerted expression of CG genes in tumors indicates that their
activation in cancer results from a global gene activation process, rather than sto-
chastic individual events.

7.3 DNA Demethylation in the Activation of CG Genes
in Tumors

The marked tendency of CG genes to become co-expressed in tumors suggested that
these genes share, at least in part, a common mechanism of transcriptional activa-
tion. Initial studies were performed with the MAGEAI gene in order to identify
essential promoter elements and corresponding transcription factors that may con-
tribute to the cell-type-specific expression of the gene. Surprisingly, however, trans-
fection experiments revealed that all cells, including those that do not express
MAGEAI, contain transcription factors capable of inducing significant MAGEAI
promoter activity [24]. Transfection experiments with other CG gene promoter con-
structs led to similar results [17, 89]. This implied that nonexpressing cells have a
repression mechanism, probably operating at the chromatin level that protects CG
gene promoters against spurious activation.

The initial observation by Weber and colleagues that MAGEAI could be
induced in nonexpressing melanoma cell lines following treatment with the DNA
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methylation inhibitor 5-aza-2'-deoxycytidine provided a first hint that DNA
methylation may contribute to the transcriptional regulation of this gene [91].
This was confirmed by studies showing that the promoter of MAGEA] is invari-
ably methylated in all normal somatic tissues and instead unmethylated in germ
cells [26]. Likewise, activation of the MAGEAI gene in tumors was strictly cor-
related with demethylation of its promoter [26]. Further studies showed that DNA
methylation was similarly involved in the regulation of other CG genes [17, 26,
52, 56, 89]. Altogether, these observations indicated that CG genes rely on DNA
methylation for repression in somatic tissues, and that aberrant activation of these
genes in tumors results from demethylation of their promoter.

Interestingly, demethylation and activation of CG genes in tumors was found to
correlate with global genome hypomethylation [14, 25, 45]. This association was
further confirmed by a study on microdissected tumor samples, revealing that intra-
tumor heterogeneity of CG gene expression also correlates with global genome
hypomethylation levels [96]. These observations provided therefore the first clear
evidence that the process of genome-wide demethylation, common to many can-
cers, not only affects repeated sequences but also single copy genes, and can lead to
aberrant gene activation. The frequent co-activation of CG genes in tumors likely
reflects the global process of DNA demethylation, which can simultaneously affect
many loci across the cancer genome.

7.4 DNA Methylation in the Regulation of Germline Genes

Considering the potent effect of DNA methylation on transcriptional repression, it
was originally proposed that this DNA modification might serve as a general mech-
anism to control the programmed expression of tissue-specific genes [39, 72].
Evidence, however, indicates that most tissue-specific genes rely on mechanisms
other than DNA methylation for repression in nonexpressing cells [8, 88]. This may
be ascribed to the distribution of CpG sequences, where cytosine methylation can
occur. Vertebrate genomes show a general depletion of CpG dinucleotides, which
was attributed to the high mutability of methylated cytosines, and hence the pro-
gressive disappearance of this sequence during evolution [7]. Discrete genomic
regions however, which appear generally free of CpG methylation, maintained a
high density of CpG sites. These so-called CpG islands often overlap gene promot-
ers [19]. Many tissue-specific genes contain a methylation-free CpG island within
their promoter and can therefore not rely on DNA methylation for repression in
nonexpressing tissues. On the other hand, genes with few CpG sites within their
promoter are only little affected by DNA methylation, and often show an inconstant
relationship between promoter methylation and transcriptional silencing [12]. It
was therefore proposed that DNA methylation in vertebrates is solely involved in
the control of retrotransposable elements, monoallelically expressed imprinted
genes, and X chromosome inactivation, the only cases where consistent methylation
of CpG-rich regions appeared to exist [101].
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This view was challenged by the discovery of CG genes, which were found to be
characterized by the presence of a high density of CpG sites within their promoter
[26]. Yet, unlike classical CpG islands, CpG-rich promoters of CG genes are methy-
lated in all normal somatic tissues. CG gene promoters appear therefore favorably
disposed to DNA methylation-mediated regulation. Consistently, transfection exper-
iments with in vitro methylated CG gene constructs indicated that DNA methylation
was sufficient to repress transcription, even in cells that express the corresponding
endogenous CG gene, and therefore obviously contain appropriate transcriptional
activators [17, 26, 27, 78, 89]. This and the above-mentioned observation that unm-
ethylated CG gene promoters are transcriptionally active in nonexpressing cells pro-
vided strong evidence that DNA methylation is an essential component of the
repression of this group of germline-specific genes in somatic cells.

More recently, genome-wide studies were conducted in order to identify the dis-
tribution of differentially methylated CpG sites across the genome of distinct types
of human cells [77, 93]. These studies revealed the existence of novel sets of genes
with a CpG-rich promoter that was densely methylated in somatic tissues (in addi-
tion to the previously characterized CG genes). Remarkably, most of these genes
were specifically demethylated and expressed in testis. It appears therefore that
DNA methylation has a particular role in the regulation of germline-specific genes.

Why would DNA methylation be particularly suitable for the regulation of genes
with specific expression in germline cells rather than in other cell types? A plausible
explanation may be that methylation-dependent germline genes have the advantage
of being little exposed to the evolutionary loss of methylated CpGs, because they
are unmethylated precisely in the cells that transmit their genome to the offspring.
As a result, such genes maintain a high density of CpG sites within their promoter
and remain therefore fully responsive to DNA methylation.

7.5 Mechanisms Leading to Hypomethylation
of CG Genes in Cancer

CG genes have served as model sequences to investigate the distribution and dynam-
ics of methylation losses in tumor genomes. Detailed analysis of the MAGEA I locus
revealed preferential hypomethylation of a restricted region surrounding the tran-
scription start site of the gene in expressing tumor cells, suggesting that hypomethy-
lated CpG sites are unevenly distributed across cancer genomes [27]. Consistently,
recent genome-wide DNA methylation studies confirmed that DNA hypomethyla-
tion in tumors adopts mosaic patterns, with defined hypomethylated domains
(between one kilobase and several megabases in size) surrounded by normally
methylated regions [66, 71, 92]. These observations indicate that certain genomic
regions, including CG promoters, are particularly susceptible to DNA hypomethy-
lation in tumors.

The possibility that MAGEA I-expressing tumor cells possess a DNA demethyla-
tion activity targeted towards the 5'-region of the gene was investigated [27, 58].
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Thus, a large genomic fragment comprising the MAGEAI gene was methylated
in vitro and then stably transfected into several human tumor cell lines, where the
endogenous MAGEAI gene is hypomethylated and active. The newly integrated
MAGEAI transgenes did not undergo demethylation, indicating that the process that
once led to demethylation of the endogenous MAGEAI gene was not preserved in
these cells. Remarkably, when unmethylated MAGEAI constructs were introduced
into such cells, de novo methylation of the transgenes occurred except in a region
overlapping the MAGEAI promoter [27]. This mechanism of protection against
de novo DNA methylation was lost when mutations that impair the MAGEA pro-
moter activity were introduced into the transgene, or when the transgene was trans-
fected into tumor cells that induce only little MAGEA I promoter activity. Altogether,
these data suggest that site-specific hypomethylation of MAGEAI in tumors results
from a past event of transient DNA demethylation and is maintained locally by the
presence of potent transcriptional activators that prevent remethylation.

In vivo studies, evaluating global genome methylation levels in colon and breast
cancers, demonstrated that DNA hypomethylation is present in the early stages of the
disease, and does not progress towards later stages, adding support the transient
nature of the DNA demethylation process [30, 41]. Other studies, however, reported
a higher prevalence of genome hypomethylation and an increased frequency of CG
gene activation in more advanced tumor stages [53, 100]. This was interpreted as an
indication that DNA demethylation might instead be a continuous process leading to
progressive methylation losses with tumor development. Other interpretations for the
increased hypomethylation in advanced tumor genomes, which implicate a transient
DNA demethylation process, are however possible: (1) transient demethylation
would initially produce a mixed population of precancerous cells with varying levels
of DNA hypomethylation, and cells with the most hypomethylated genome would
later be selected to contribute to the more advanced stages of the disease; or (2) the
transient demethylation process could occur at varying time points during tumor
progression and would therefore be more likely to have already occurred in late stage
tumor samples [22]. Additional support for a transient DNA demethylation process
comes from the observation that tumor cell lines with a hypomethylated genome do
not show further CpG methylation losses during culturing [32, 55, 94]. Of note,
many tumor cells display instead de novo methylation activities [3, 43].

Considering the suggested dynamics of DNA demethylation in tumors, it is rea-
sonable to propose that hypomethylation of CG genes in tumors is mediated by two
groups of factors: those that contribute to the transient DNA demethylation process
and those that are required to protect the CG gene promoter region against subse-
quent remethylation.

7.5.1 Process of DNA Demethylation

Factors contributing to the DNA demethylation process during cancer develop-
ment remain unknown. The apparent transient nature of this process suggests that
activation of such demethylation-inducing factors might occur in association with
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one (or several) of the multiple steps through which precancerous cells are
progressing before acquiring full malignancy. Interestingly, a recent study evaluat-
ing genome methylation levels in an isogenic series of human mammary epithelial
cell cultures transitioning from normal to malignantly transformed revealed that
most losses of DNA methylation occurred at the stage of acquisition of indefinite
lifespan [67]. Another study reported that genome hypomethylation and CG gene
activation is more prevalent in tumors displaying the alternative telomere (ALT)
maintenance phenotype rather than telomerase activation, the two possible mecha-
nisms by which cancer cells stabilize their telomeres and acquire immortality [83].
These observations establish therefore a possible link between DNA demethyla-
tion and cellular immortalization. Underlying molecular mechanisms remain,
however, to be identified.

Theoretically, DNA demethylation in tumor cells could possibly occur through
two distinct processes commonly referred to as active demethylation and passive
demethylation [16]. Active demethylation would involve the activation of demethy-
lating enzymes, which can remove methylation marks from the DNA in a replica-
tion-independent manner. Enzymes contributing to active DNA demethylation in
animal cells are beginning to be characterized [16], but their potential involvement
in cancer genome demethylation has not yet been reported. Passive demethylation
on the other hand, would rely on the inhibition of DNA methyltransferases, which
normally preserve the DNA methylation marks through the successive replication
cycles. Three DNA methyltransferases exist in mammals: DNMT1, DNMT3A, and
DNMT?3B [6]. DNMTT1 is primarily involved in DNA methylation maintenance, as
it appears to be specialized in copying preexisting methylation sites onto the newly
synthesized strand during replication. DNMT3A and DNMT3B instead have
de novo DNA methylation activity and are responsible for the establishment of new
DNA methylation marks in the developing embryo. For CG genes in particular,
studies based on targeted depletion of the distinct DNMTs indicate that DNMT is
the principal enzyme for methylation maintenance [42, 57]. It is therefore likely that
passive DNA demethylation of CG genes in tumors would necessarily involve fac-
tors that decrease the amount or impair proper functioning of DNMT1. In certain
tumor cells, however, combined depletion of DNMT1 and DNMT3 enzymes was
required to obtain efficient demethylation and activation of CG genes [42, 95]. This
indicates that de novo methyltransferases can be targeted to these genes, where they
might restore lost methylation sites, and underscores the importance of acquiring
mechanisms of protection against remethylation for long-term activation.

7.5.2  Factors that Protect Against Remethylation

Studies with the MAGEA I promoter suggest that protection of the promoter against
DNA remethylation is dependent on the level of transcriptional activation [27]. It is
therefore likely that maintenance of CG gene promoter hypomethylation in tumor
cells relies on the presence of appropriate transcription factors, as well as on the
activation of such factors by upstream signaling pathways.
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Several DNA-binding factors have been identified, which appear to induce
activation of CG gene promoters. Transcriptional activation of several genes of the
MAGEA family has been shown to depend on the binding of ETS transcription fac-
tors within their promoter [21, 24]. Interestingly, ETS-binding sequences in MAGEA
promoters contain a CpG site, and it was shown that methylation of this site inhibits
binding of the corresponding factor [25]. In the promoter of MAGEAI, two ETS-
binding sites were shown to be essential to maintain hypomethylation of the pro-
moter in expressing tumor cells, as evidenced by remethylation of transfected
MAGEAI constructs containing mutations within these two essential promoter ele-
ments [27]. The ETS family of transcription factors comprises about 30 members in
humans, which all bind a similar DNA motif with a central GGAA/T sequence [68].
The precise member(s) involved in the regulation of MAGEA genes remain(s) to be
characterized.

SP1 is another transcription factor, which was shown to contribute to the activa-
tion of several MAGEA genes, as well as the CTAG! gene (also termed NY-ESO-1)
[24, 46]. The ubiquitously expressed SP1 factor acts as a transcriptional activator
and recognizes a consensus DNA sequence (GC box element), which includes a
CpG site [80]. SP1-binding elements are therefore often present in CG-rich pro-
moter sequences. Binding of SP1 to the CTAG! gene was shown to occur only in
cells where the promoter is unmethylated [46]. Interestingly, SP1-binding elements
were previously shown to be involved in preserving the methylation-free status of
classical CpG-island promoters [13, 62]. It is therefore likely that, once bound to the
demethylated promoter of CG genes, SP1 proteins contribute to protect the region
against remethylation.

BORIS (also known as CTCFL) is a testis-specific paralog of the ubiquitously
expressed DNA-binding protein CTCF, which is involved in various aspects of epi-
genetic regulation, including gene imprinting and X chromosome inactivation [59].
Both proteins share a highly similar central DNA-binding domain, and recognize
therefore overlapping DNA sequences, but contain divergent amino- and carboxy-
terminal domains. The gene-encoding BORIS belongs to the CG group of genes, as
its expression is regulated by DNA methylation and becomes activated in a wide
variety of tumors [38, 49, 87, 95]. Remarkably, it has been demonstrated that in
expressing tumors cells, BORIS is targeted to the promoters of other CG genes,
namely MAGEAI and CTAGI, where its recruitment coincides with loss of CTCF
binding [40, 87]. BORIS exerts transcriptional activation of CG genes, possibly in
cooperation with SP1 transcription factors [46, 87]. In one study, forced overexpres-
sion of BORIS led to demethylation (albeit only partially) and activation of various
CG genes in normal human fibroblasts, suggesting that BORIS activation in tumors
might represent a primary triggering event for the epigenetic de-repression of other
CG genes [87]. However, similar experiments from other groups did not confirm
CG gene demethylation and activation resulting from BORIS overexpression [49,
97]. Moreover, it was found that many tumors display activation of various CG
genes in the absence of BORIS expression. It is therefore unlikely that BORIS is a
necessary factor for the derepression of other CG genes in tumors. Its presence in
certain tumor cells may, however, facilitate maintenance of the hypomethylated and
active state of CG gene promoters.
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Many more transcription factors involved in CG gene regulation remain to be
identified, and it is likely that each particular CG gene is controlled by a distinct
combination of transcription factors. Tissue-specific differences in the content of
transcription factors probably account for the fact that, while CG genes tend to be
co-activated in hypomethylated tumors, some of them nevertheless show preferen-
tial activation in specific tumor types [36, 56].

Cell signaling through tyrosine kinase receptors appears to represent an addi-
tional level of control of CG gene regulation. A study in mast cell lines reported that
signaling through KIT, an oncogenic receptor hyper-activated in several types of
cancers, increases transcription of MAGE genes [99]. Other studies revealed that
signaling through FGFR2, an FGF receptor often down-regulated in thyroid and
pituitary cancers, exerts a negative effect on MAGEA3 and MAGEAG6 transcription
[51, 102]. It is therefore possible that particular dysregulations in cancers, such as
those affecting cell signaling pathways, increase the activity of transcription factors
that target CG genes, and thereby facilitate long-term activation of these genes in
hypomethylated tumor cells. This may partially explain the observation that experi-
mental DNA demethylation, by the use of DNMT inhibitors, often induces CG gene
activation more efficiently in tumor cells than in normal cells [47].

7.5.3 Histone Modifications

Active CG gene promoters in tumors usually display a hypomethylated region that
comprises one to several kilobases [27]. It is therefore likely that the protective
influence of transcription factors against DNA remethylation extends beyond their
narrow-binding site. Consistently, impaired binding of ETS transcription factors to
MAGEA transgenes, as caused by mutations in their recognition sites, resulted in
de novo methylation of CpG sites within the entire promoter region, not just those
located nearby the mutated ETS-binding sites [27]. This regional, rather than site-
specific effect, might be related to the presence of modifications on the chromatin,
such as histone modifications, which after being initiated by specific transcription
factors often propagate themselves over larger domains [31]. Histone modifications
can indeed influence DNA methylation states [15]. Repressive histone marks, such
as methylation of lysine 9 and 27 of histone H3 (H3K9 and H3K27), favor local
DNA methylation, whereas active marks, such as histone acetylation or methylation
of lysine 4 of histone H3 (H3K4), appear to exclude the DNA methylation machin-
ery. Studies from several groups have shown that demethylation and activation of
CG genes in tumor cells is always associated with gains in histone acetylation and
H3K4 methylation [42, 70]. The repressed state of human CG genes instead has
been associated to a certain extent with the presence of H3K27 and H3K9 methyla-
tion marks [42, 70]. The exact relationship between histone modifications changes
and DNA demethylation in CG gene promoters remains unclear. A crucial question
is whether the varying histone modifications in CG gene promoters are a cause or a
consequence of DNA methylation alterations. Studies using inhibitors of histone-
modifying enzymes showed that these were on their own unable to induce significant
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demethylation and activation of CG genes. Only in combination with inhibitors of
DNA methylation, did they significantly modulate the level of activation of CG
genes [35, 54, 70]. These observations support the notion that DNA methylation
exerts a dominant role in the epigenetic repression of CG genes. But it remains pos-
sible that histone modifications assume the responsibility of maintaining the active
status of the promoter following its demethylation.

7.5.4 Multiple Factors Determining CG Gene
Activation in Tumors

Considering the above, it appears that activation of a particular CG gene in a tumor
cell will depend on several factors: (1) the extent of CpG methylation losses result-
ing from the transient DNA demethylation process; (2) the level of de novo DNA
methylation activities in the cell, which might induce remethylation of the pro-
moter; (3) the presence of transcriptional activators and histone-modifying enzymes
capable of counteracting remethylation activities. The likelihood that a CG gene
becomes activated in a tumor cell probably depends on a complex balance between
these different factors (Fig. 7.1).

7.6 Oncogenic Function of CG Genes

Activation of CG genes in tumor cells raises the possibility that their proteins might
have oncogenic activities. The biological function of most of these genes, which
encode very diverse proteins, remains however poorly understood. One extreme
possibility is that the main contribution of DNA hypomethylation to tumor progres-
sion resides in its repercussions on genomic instability [33], and that the accompa-
nying activation of CG genes is merely a side effect with no impact on malignancy
(other than inducing the expression of tumor antigens). Another possibility has been
proposed, in which the concerted expression of CG genes in cancer would corre-
spond to the activation of a gametogenic program, thereby bestowing tumor cells
with germ cell properties, including the capacity to self-renew (a feature of sper-
matogonial stem cells) and increased motility (a feature of sperm cells) [79].
Activation of CG genes in tumors is however only partial, making it very unlikely
that all genes necessary for inducing a gametogenic program become expressed at
the same time. Nevertheless, it remains possible that some CG genes contribute to
tumor progression. Several MAGE proteins were found to inhibit p53 transactiva-
tion function, thereby exerting antiapoptotic properties [28, 64, 98]. GAGE proteins
were also shown to render cells resistant to apoptosis [18]. Other studies reported
that MAGEA1 serves as a co-stimulator for the androgen receptor and might there-
fore contribute to the development of prostate tumors that have become independent
of the presence of androgen for their growth [4, 48]. Moreover, it was noted that
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Fig. 7.1 Proposed model of demethylation and activation of CG genes during tumor development.
The activation of CG genes in tumors depends on several factors: the extent of the transient DNA
demethylation process, occurring at some step of tumor development; the level of counteracting
de novo methylation activities in the cell; and the presence of transcriptional activators that protect the
CG gene promoter against remethylation, for instance by increasing (+) or decreasing (—) distinct
histone marks locally. Filled circles represent methylated CpG, empty circles unmethylated cytosines

several CG genes, including BORIS, BRDT, and ATAD2, encode nuclear proteins
that have a potential impact on chromatin structures and might therefore be involved
in the epigenetic alterations commonly affecting cancer genomes [90]. Altogether,
these observations support the notion that the activation of several CG genes in
tumors, resulting from DNA demethylation, might be associated with the acquisi-
tion of oncogenic properties.

Surprisingly, however, two independent studies indicate that MAGEA4 displays
instead tumor-suppressor functions. In one study, MAGEA4 was shown to interact
with gankyrin and to inhibit anchorage-independent growth in vitro and tumor for-
mation in mice [65]. In the other study, MAGEA4 was found to promote tumor cell
death and to increase their sensitivity to apoptotic stimuli [69]. Clearly, more studies
will be required before we can evaluate the full spectrum of consequences of CG
gene activation in tumors.

7.7 DNA Hypomethylation in Cancer: An Immunological
Paradox

There is now compelling evidence that the immune system is able to identify and
destroy tumor cells [81]. This immune surveillance of cancer is believed to provide
a barrier to cancer development, even though progressing tumors eventually escape
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this obstacle by activating a variety of immune evasion strategies. Evidence for the
existence of such surveillance of cancer by the immune system is provided for
instance by the observation that solid tumors are often infiltrated by lymphocytes.
Not surprisingly, several of these tumor-infiltrating lymphocytes were shown to be
directed against antigens encoded by CG genes [50]. This suggests therefore that
DNA hypomethylation and the consequent activation of CG genes has, at least at
some stage of oncogenesis, a detrimental effect on tumor development. Yet, DNA
hypomethylation is observed in most tumors, suggesting that it must otherwise have
a strong tumor-promoting effect that outweighs this negative immunogenic effect.

7.8 Epigenetically Assisted Cancer Immunotherapy

Clinical trials of therapeutic vaccination of cancer patients using antigens encoded
by CG genes are underway. Noticeable clinical responses were observed, albeit in
only a fraction of the treated patients [11]. An interesting possibility to increase vac-
cination efficiencies would be the use of epigenetic drugs, such as the DNA methy-
lation inhibitor decitabine, which should increase the number of expressed CG
genes in the tumors, thereby rendering them more visible to the immune system.
Importantly, decitabine is expected to induce reactivation of epigenetically silenced
tumor-suppressor genes as well, and hence to reduce the growth rate of the tumors
at the same time. Clinical trials combining decitabine and vaccination against anti-
gens encoded by CG gene have been initiated [1].

There are, however, several points concerning the efficiency and safety of such
approaches, which remain to be addressed. The first point concerns the specificity of
decitabine-induced expression of CG genes in tumor cells rather than normal cells.
Although studies have found that tumor cells are more sensitive to decitabine [47], it
is obvious that the drug also induces CG genes in normal cell cultures, including
fibroblasts and blood lymphocytes [25, 56, 61]. It will therefore be crucial to monitor
decitabine/vaccine-treated patients for potential autoimmune reactions directed
against their healthy tissues. Another concern relates to the duration of CG gene
expression following decitabine treatment. Several studies have shown that CG gene
expression in tumor cells was only transient following exposure to decitabine [26,
91]. This may be related to the absence of appropriate transcription factors, and
hence lack of protection of the promoters against remethylation. The duration of CG
gene expression in tumor cells may be critical to allow complete rejection by the
immune cells. In this particular immune context, tumor cells that lose CG gene
expression might be strongly selected. Prolonged decitabine treatment or combina-
tion with another epigenetic drug favoring protection of CG promoters against rem-
ethylation (e.g., drugs affecting histone marks) might be a solution to the problem.
Finally, as genome hypomethylation is obviously associated with tumor develop-
ment, there is a concern that decitabine treatment may generate strongly hypomethy-
lated tumor cells with increased malignancy [33]. This is particularly problematic if
it is confirmed that CG genes themselves exert oncogenic functions.
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Clearly, a better understanding of the mechanisms of activation and of the bio-
logical functions of CG genes should help to resolve these questions, and may help
to design the most efficient and safest ways to epigenetically augment tumor immu-
nogenicity, thereby rendering cancer cells more vulnerable to vaccination.
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Chapter 8
APC and DNA Demethylation in Cell Fate

Specification and Intestinal Cancer

Angela Andersen and David A. Jones

Abstract Most cases of colon cancer are initiated by mutation or loss of the tumor
suppressor gene adenomatous polyposis coli (APC). APC controls many cellular
functions including intestinal cell proliferation, differentiation, migration, and
polarity. This chapter focuses on the role of APC in regulating a recently identified
DNA demethylase system, consisting of a cytidine deaminase and a DNA glycosy-
lase. A global decrease in DNA methylation is known to occur soon after loss of
APC; however, how this occurs and its contribution to tumorigenesis has been
unclear. In the absence of wild-type APC, ectopic expression of the DNA demethy-
lase system leads to the hypomethylation of specific loci, including intestinal cell
fating genes, and stabilizes intestinal cells in an undifferentiated state. Further, mis-
regulation of this system may influence the acquisition of subsequent genetic muta-
tions that drive tumorigenesis.

Colon cancer is the second leading cause of cancer-related death in the western
world [1]. Truncating mutations in the tumor suppressor gene (TSG) adenomatous
polyposis coli (APC) underlie 70-80% of sporadic colon cancers, and germ line
mutations in APC cause familial adenomatous polyposis (FAP) syndrome, which
inevitably leads to colon cancer unless the colon is removed [2, 3]. Mutations in
APC are observed in early intestinal lesions including aberrant crypt foci, and their
frequency is similar in benign adenomas and advanced stage carcinomas, suggest-
ing that the loss of APC function initiates tumorigenesis [4]. Additional genetic and
epigenetic events affect the rate of tumor progression. Changes in DNA methylation
are detected in early stage adenomas, and can be classified as drivers or passengers
of tumor progression, analogous to genetic mutations [5—8]. Mutations that activate
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the oncogene KRAS are infrequent in small polyps but are common in larger, less
differentiated adenomas [9]. Loss of p53 function appears to arise even later in
tumor progression and is observed mostly in carcinomas [10]. Technological
advances in genome and epigenome analyses should facilitate extensive character-
ization of the spectrum, sequence, and interdependence of the molecular events that
promote colon cancer and should also enable the development of more precise,
personalized diagnoses and treatments.

8.1 Tumor Suppressor Functions of APC

A well-appreciated role for APC in tumor suppression is as a negative regulator of
Wht signaling [11]. In the absence of Wnt signaling, APC forms a destruction com-
plex with Axin and two kinases, casein kinase 1 and glycogen syntase kinase 33,
that phosphorylate the transcriptional co-activator [(-catenin. Phosphorylated
[-catenin is then ubiquitinated and targeted for proteasomal degradation. Wnt sig-
naling inhibits the formation of the destruction complex, thereby stabilizing
[-catenin, which subsequently translocates to the nucleus, binds to the transcription
factor TCF4, and activates target genes such as c-myc and cyclin D1. Deleterious
mutations in APC stabilize B-catenin and are thus thought to trigger ectopic Wnt
signaling. This, in turn, affects multiple cellular functions including adhesion,
migration, apoptosis, and proliferation. Consistent with this model, stabilizing
mutations within the gene encoding -catenin are sufficient to initiate adenoma for-
mation in transgenic mice and are associated with about 7% of sporadic colon can-
cers [12-14].

At the same time, a number of studies have suggested that loss of APC function
is not sufficient to induce Wnt signaling. For example, tissues lacking functional
APC do not always exhibit the predicted nuclear localization of B-catenin associ-
ated with activated Wnt signaling [15]. Blaker et al. showed that early adenomas
with mild dysplasia displayed elevated levels of -catenin in the cytoplasm but not
the nucleus, whereas [3-catenin was nuclear only in late stage adenomas. In addition,
Anderson et al. examined grossly uninvolved and adenoma tissues taken from FAP
patients and were unable to identify unambiguous staining for nuclear B-catenin in
over 90% of the adenomas [16]. Recent advances suggest that Wnt signaling induces
posttranslational modifications of B-catenin that regulate its subcellular localization
and function as a transcriptional co-activator with TCF4. For instance, 3-catenin is
upregulated but confined to the cytoplasm in the intestines of homozygous apc
mutant zebrafish (apc™”) embryos [17]. These mutant zebrafish display a decrease
in the number of intestinal epithelial cells, consistent with reduced Wnt signaling
and cell proliferation. This study showed that activation of EGF signaling was
required to cooperate with loss of APC in order to stimulate nuclear translocation of
[B-catenin, activate Wnt signaling, and induce proliferation in apc™" mutant fish.
The nuclear accumulation of 3-catenin depended on Rac1 and Jnk2 activity, extend-
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ing previous observations that these kinases are required for canonical Wnt signal-
ing during mouse development [18]. Similarly, the detection of nuclear 3-catenin in
advanced human colon adenomas is coincident with increased levels of phospho-
cJun, an indicator of JNK activity. Thus, loss of APC appears to stabilize B-catenin
without necessarily inducing nuclear translocation and activation of target genes. In
this model, aberrant Wnt/B-catenin signaling is a distinct event that contributes to
tumor progression after loss of APC.

Indeed, the mechanism of tumor initiation following loss of APC activity may
involve functions that are independent of B-catenin. For instance, APC binds to
microtubules and regulates mitotic spindle dynamics, which in turn may influence
many cellular functions, including chromosome segregation, genomic stability, and
cell polarity [19-21]. APC was recently shown to promote asymmetric division of
intestinal stem cells, possibly by affecting cell shape [22]. In addition, APC also
acts as a positive regulator of retinoic acid (RA) biosynthesis, and, as a result, intes-
tinal cell fate specification [23-26]. Retinoic acid is known to play important roles
in controlling cell patterning, fate, and differentiation through the binding and acti-
vation of specific RA receptors, retinoid A receptors (RARa, RARB, and RARY), or
retinoid X receptors (RXRo, RXR[, and RXRy) [27]. These receptors belong to the
nuclear hormone receptor superfamily and are thought to act, following ligand bind-
ing, as direct activators or repressors of gene transcription [28]. A number of studies
have implicated retinoids in normal colonocyte function and in the development of
colon neoplasms. Compelling evidence for retinoic acid in intestinal development
comes from previous studies demonstrating that retinol dehydrogenases Rdhl and
Rdhl1l were essential for normal development and in intestinal differentiation in
zebrafish [25, 26]. Specifically, knockdown of either Rdhl or Rdhll function
resulted in well-known RA-deficient phenotypes including loss of pectoral fin for-
mation, lack of jaw development, small eyes, absence of differentiated exocrine
pancreas, and aberrant intestinal development. Further studies demonstrated a clear
genetic connection between loss of APC and impaired retinoic acid biosynthesis.
apc™ zebrafish lack rdhs expression and share a number of developmental pheno-
types present in rdh-deficient fish. In addition, exogenous retinoic acid can improve
developmental abnormalities in APC-deficient zebrafish, including failed intestinal
cell differentiation. Despite the data implicating retinoic acid in intestinal cell func-
tions, the direct functions of retinoic acid in this context remained unexplained.

8.2 Aberrant DNA Methylation Is Associated with Colon
Cancer Progression

Retinoic acid induces cell differentiation of different cell types in vitro and in vivo and
is thus associated with changes in DNA methylation [28-30]. About 4% of cytosines
in a vertebrate genome are methylated by the action of DNA methyltransferases
(Dnmt) [31]. Methylcytosine can further be converted to hydroxymethylcytosine,
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formylmethylcytosine, and carboxymethylcytosine [32-34]. Methylated cytosine
usually occurs at CpG dinucleotides, although significant cytosine methylation out-
side the CpG context is observed in embryonic stem cells and induced pluripotent
cells [35]. Methylated CpG sites are enriched within repetitive sequences such as long
interspersed nuclear elements (LINEs) and satellites. Dense methylation of these
regions contributes to genomic stability by silencing retrotransposons and suppressing
recombination. In contrast, CpG islands, which are short CpG-rich regions frequently
found within promoters, tend to be unmethylated in normal tissue [36]. CpG island
shores, which are regions located outside of gene promoters but within 2 kb of CpG
islands, are differentially methylated in pluripotent cells, different tissues and tumors
[37, 38]. Methylation of CpG islands and CpG island shores is associated with gene
silencing; however, DNA methylation within gene bodies and intergenic regions has
been shown to promote transcription [39]. In addition, DNA methylation was recently
shown to influence alternative splicing [40]. Thus, specific patterns of DNA methyla-
tion throughout the genome regulate genomic stability and cell-type-specific gene
expression.

Aberrant DNA methylation occurs soon after loss of APC, and evidence suggests
that it promotes cancer progression. Widespread DNA hypomethylation, inferred
from a decrease in LINE-1 methylation, is observed in small adenomas as well as
late-stage carcinomas. It was recently shown that most of this hypomethylation cor-
responds to large, discrete blocks encompassing half the genome and consisting of
repetitive sequences as well as genes [41]. Genes within these hypomethylated
blocks displayed increased expression variability in different cancer samples, but
were not expressed in normal samples, and it was postulated that this stochastic
gene expression may contribute to tumor heterogeneity and facilitate the survival of
cancer cells in different environments. Demethylation is thought to induce genomic
instability by activating retrotransposons and by increasing the frequency of recom-
bination events within repetitive heterochromatin. In addition, hypomethylation
could contribute to the chromatin restructuring and nuclear disorganization associ-
ated with cancer cells. Smaller regions outside of these blocks were also differen-
tially methylated relative to normal tissue. Hypomethylation was typically observed
at CpG island shores and correlated with increased gene expression. In contrast,
hypermethylation was associated with CpG islands and gene silencing. The genes
that were identified as differentially methylated in colon cancer are enriched for
those that are normally differentially methylated between tissues and appear to
function in pluripotency, differentiation, and cell fate specification.

8.3 APC Regulates DNA Demethylation and Cell
Fate Through Retinoic Acid

DNA methylation may be lost passively or actively removed. Passive demethylation
occurs when unmethylated cytosine is incorporated into DNA during replication in
the absence of maintenance Dnmt activity. In contrast, during active demethylation
methylated cytosines are replaced with unmethylated ones by an enzymatic process
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independent of DNA replication. Both mechanisms of demethylation likely contrib-
ute to the DNA hypomethylation observed in tumors. An age-dependent decrease of
methylation has been observed both in normal tissues and in tumors, consistent with
errors in methylated cytosine replication fidelity [42]. This passive, gradual loss of
DNA methylation could facilitate tumor initiation or progression by triggering
genomic instability and changes in gene expression.

Genetic mutations may also lead to aberrant DNA demethylation. Recently, it
was shown that homozygous apc™” zebrafish embryos have reduced DNA methyla-
tion at the promoters of genes implicated in intestinal cell fate specification and
colorectal cancer, such as hoxdI3a and pitx2 [43]. Moreover, these APC-deficient
embryos had upregulated the components of a DNA demethylase system, including
the cytidine deaminases Aid and Apobec2a, the thymine glycosylase Mbd4, and the
DNA repair protein Gadd45a [44, 45]. Knockdown of Mbd4 or of the cytosine
deaminases in apc™” zebrafish embryos restored methylation levels. In addition,
human colon adenoma samples harboring germ line APC mutations also showed
reduced DNA methylation at the corresponding loci and upregulation of Aid, Mbd4,
and Gadd45a. Thus, APC prevents hypomethylation of key intestinal fating and
colorectal cancer genes by repressing the demethylase system.

The upregulation of the demethylase system upon loss of APC was shown to be
a consequence of loss of RA production, not misregulated Wnt signaling. Treatment
of mutant zebrafish embryos with all-trans retinoic acid, which restores RA levels,
but not a pharmacological inhibitor of Cox2, which reduces p-catenin levels down-
stream of activated Wnt signaling, precluded the upregulation of Aid, Mbd4, and
Gadd45a. Further, pharmacological inhibition of RA production in wild-type, adult
zebrafish also increased the expression of the demethylase genes and reduced cyto-
sine methylation. Together these observations indicated that DNA demethylation
and the expression of the demethylase system are regulated by RA production
downstream of APC [43].

Genetic or epigenetic deregulation of genes controlling cell fate decisions can
lead to tumorigenesis by precluding the differentiation of progenitor cells [43].
Indeed, DNA hypomethylation of apc™" zebrafish embryos is associated with an
expansion of intestinal progenitor cells, revealed by the promoter demethylation
and increased expression of intestinal cell fating genes and of aldhla2, a marker of
colon crypt progenitor cells, and by the decreased expression of a marker for intes-
tinal differentiation, fabp2. Knockdown of the demethylase system components
induced intestinal differentiation, indicating that hypomethylation is required to sta-
bilize intestinal cells in a progenitor-like state. In addition, increased cell prolifera-
tion was observed in the brain of apc™” zebrafish embryos, and this also depended
on the demethylase system. Patterning defects were excluded since the mutant
embryos expressed primordial brain and intestinal markers. These data support a
role for APC in cell fate specification and differentiation through the regulation of
RA production and, in turn, DNA methylation. Thus, loss of APC may initiate tum-
origenesis in part by hypomethylating and deregulating cell fate genes, resulting in
the expansion of proliferative, progenitor-like cells.

The proposed mechanism of demethylation by this system couples enzyme-me-
diated deamination of methylated cytosine (me-dC), to produce thymine (dT), with
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glycosylase-mediated base excision repair to replace the dG:dT mismatch with a
dG:dC base pair [45]. Aid, Mbd4, and Gadd450 were shown promote demethyla-
tion of a methylated, double-stranded DNA fragment injected into wild-type
zebrafish embryos, and also of bulk genomic DNA. The injected DNA fragment is
not replicated, excluding a passive mechanism of demethylation arising from rounds
of DNA replication without subsequent cytosine methylation of the newly synthe-
sized strand. Further, co-expression of Aid with a catalytic mutant of Mbd4 in
zebrafish embryos stabilized the dG:dT mismatches that would be generated by
deamination. Indeed, Aid and a related cytosine deaminase Apobecl have been
shown to deaminate me-dC to dT within single-stranded DNA in vitro [46].
Nevertheless, the field awaits biochemical support for the proposed mechanism and
insight into how Aid accesses me-dC within duplex DNA. Given that Mbd4 can
recognize and extrude me-dC from duplex DNA, this component of the demethy-
lase system could both target the deaminase to me-dC and promote substrate acces-
sibility [47, 48]. Consistent with this model, Mbd4 was required not only for repair
of the dG:dT mismatch, but also for Aid-mediated deamination of me-dC in zebrafish
embryos. Moreover, Gadd45a appears to stabilize the physical interaction of Mbd4
with Aid [45]. The stable association of a deaminase with a glycosylase may be
important not only for targeting demethylation but also for mediating the repair of
the dG:dT intermediate.

That APC may suppress tumor formation partly through negative regulation of
DNA demethylase components is consistent with previous observations. Mice car-
rying the APC multiple intestinal neoplasia (Apc™™) mutant allele, which produces
truncated APC, develop intestinal lesions similar to human FAP and are frequently
employed as a mouse model for colon carcinogenesis. Interestingly, genetic dele-
tion of the cytidine deaminase Apobecl reduced adenoma formation in Apc™™*
mice [49]. Apobecl is highly expressed in the small intestine and targets a number
of mRNAs for C to U editing [50]. It had previously been shown that Apobec1 binds
and stabilizes cyclooxygenase 2 (Cox2) mRNA in vitro [51]. Adenomas from
Apc™™+ Apobec-17- mice displayed decreased expression of Cox2 and it was sug-
gested that this could account for the reduced tumor burden. This model is consis-
tent with previous reports that Cox2 expression is increased in adenomas, and that
genetic or pharmacological inhibition of Cox2 also decreases polyp formation in
APC mutant mice [52]. However, Apobec] can also deaminate DNA, and this activ-
ity may also promote tumor progression. Deamination of dC or me-dC results in
transitions to dT, and Apobec-1 knockout mice would be predicted to have a reduced
frequency of these mutations. This in turn could decrease polyp initiation by pre-
venting second-hit mutations. In addition, given that components of the DNA dem-
ethylase system are ectopically expressed in the absence of APC, Apobecl may also
cooperate with a thymine glycosylase to promote DNA demethylation, altered gene
expression, and the expansion of intestinal progenitor cells in Apc™™* mice. Thus,
Apc™* Apobec-17- mice may display reduced adenoma formation in part due to
reduced transition mutations and to restored DNA methylation patterns and
differentiation of intestinal progenitor cells.

In considering the development of APC loss-dependent colorectal cancer, it is
plausible to envision a role for DNA demethylation given its role in reprogramming
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in other systems. Genome-wide demethylation of the paternal genome in the mam-
malian zygote occurs within hours after fertilization [53-55]. Later in embryogen-
esis, during specification of mouse primordial germ cells, the cytosine methylation
that underlies parental imprints is erased and pluripotency is reestablished [56, 57].
Interestingly, genome-wide bisulphite sequencing analysis revealed an increase in
global DNA methylation levels in PGCs derived from Aid-null embryos relative to
wild-type embryos [58]. However, significant demethylation occurred even in the
absence of Aid, suggesting that this process may involve other deaminases like
Apobecl [46] or another mechanism. Similarly, reduced levels of DNA demethyla-
tion in zebrafish required simultaneous knockdown of Aid and Apobec2 [45], sug-
gesting redundancy among members of the Aid/Apobec family. DNA demethylation
is also a rate-limiting step for reprogramming somatic cells to a pluripotent state
[59-61]. Indeed, Aid was required for the demethylation and induction of pluripo-
tency genes in heterokaryons generated by fusing mouse embryonic stem (ES) cells
with human fibroblasts. Importantly, Aid-mediated DNA demethylation did not
require cell proliferation or DNA replication, providing further support for a role for
Aid in active DNA demethylation. Prior to cell fusion, Aid is bound to distinct,
methylated promoters in each cell type. For instance, Aid associates with the methy-
lated promoters of Oct4 and Nanog in fibroblasts, but not with their unmethylated
promoters in ES cells [61]. These observations suggest that cell-type-specific fac-
tors stimulate Aid’s deaminase activity at methylated target loci. Thus, active DNA
demethylation mechanisms employing deaminases stabilize a pluripotent state in
different biological contexts.

The misregulation of the demethlyase system in APC-deficient animals may also
reconcile some apparent contradictions arising from previous studies. Adenoma
formation in Apc™™* mice is suppressed either by pharmacologic inhibition of Dnmt
activity with 5-aza-deoxycytidine or by genetic loss of the DNA methyltransferase
Dnmtl or Dnmt3b [62—65]. However, 5-aza-deoxycytidine did not preclude microad-
enoma formation, nor did it preclude adenoma progression once a polyp had formed,
suggesting an irreversible event occurs prior to, and is required for, the transition to
a macroadenoma. Microadenomas have lost the wild-type allele of APC, indicating
that this step is not rate limiting for macroadenoma formation. One explanation for
these findings could be that hypermethylation and silencing of TSGs is required for
tumor growth, and that reducing Dnmt activity inhibits this step [66, 67]. It has been
shown that the CpG islands upstream of some TSGs are methylated in some cells
within the normal intestinal mucosa of Apc™™* mice, and that their methylation
increases in polyps [62]. Genetic loss of DnmtI reduced the extent of methylation at
these sites in both normal mucosa and polyps, and reduced polyp formation, extend-
ing the correlation between localized methylation and tumor growth. Although
these observations are consistent with a reduction in TSG expression promoting
tumor progression, DNA methylation could also contribute to tumorigenesis by
affecting the rate and spectrum of genetic mutations [68, 69]. Spontaneous or enzy-
matic deamination of me-dC yields dT, resulting in a dC to dT transition mutation
if it is not repaired prior to replication. Transition mutations at CpG dinucleotides,
the target for DNA methylation, contribute significantly to tumorigenesis despite
the under-representation of CpG in the genome [70, 71]. Loss of APC could increase
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Fig. 8.1 In the intestine, APC promotes differentiation through the production of retinoic acid and
the negative regulation of DNA demethylase components. In APC mutants, there is decreased
retinoic acid production, maintaining cells in an undifferentiated state due to the continued expres-
sion of the demethylase system and of genes controlling cell fate and proliferation. In addition,
expression of the demethylase system may promote C to T transition mutations. Both the cell
specification defect and accumulation of second-hit mutations upon loss of APC may contribute to
tumorigenesis

the rate of dC to dT transitions due to the upregulation of deaminases such as Aid
and Apobec2 [43]. Thus, in addition to stabilizing a progenitor-like state, loss of
APC and deregulation of the DNA demethylase system may separately contribute to
tumorigenesis by increasing the likelihood of second-hit transition mutations. In
this model, inhibition of Dnmt activity would suppress adenoma formation upon
loss of APC by reducing the levels of me-dC, a substrate for deamination, which
ultimately decreases the frequency of tumor-promoting dC to dT transitions.
Similarly, genetic loss of Mbd4, which can repair the dT generated by deamination
of me-dC, increased the rate of dC to dT transitions at CpG dinucleotides and accel-
erated intestinal tumorigenesis in APC mutant mice [72, 73].

The above findings support a new model linking loss of APC, impaired intestinal
differentiation, and tumor initiation to RA-mediated control of DNA methylation
dynamics. APC serves a critical role in cell fate specification by positive regulation
of RA production and, in turn, inhibition of the DNA demethylase system (Fig. 8.1).
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In the absence of APC function, there is an expansion of intestinal progenitor cells.
Further, the misregulation of deaminases downstream of loss of APC may lead to an
increased frequency of second-hit mutations. In this way, loss of APC may both
directly and indirectly affect tumor initiation and progression.

References

[V N SORUS I )

11.
12.

13.

14.

17.

18.

20.

21.

22.

23.

. Markowitz SD (2007) Aspirin and colon cancer—targeting prevention? N Engl J Med

356(21):2195-2198

. Bienz M, Clevers H (2000) Linking colorectal cancer to Wnt signaling. Cell 103(2): 311-320
. Fearon ER (2011) Molecular genetics of colorectal cancer. Annu Rev Pathol 6:479-507

. Kinzler KW, Vogelstein B (1996) Lessons from hereditary colorectal cancer. Cell 87(2):159-170

. Sunami E et al (2011) LINE-1 hypomethylation during primary colon cancer progression.

PLoS One 6(4):18884

. Feinberg AP et al (1988) Reduced genomic 5-methylcytosine content in human colonic neo-

plasia. Cancer Res 48(5):1159-1161

. Cravo M et al (1996) Global DNA hypomethylation occurs in the early stages of intestinal type

gastric carcinoma. Gut 39(3):434-438

. Goelz SE et al (1985) Hypomethylation of DNA from benign and malignant human colon

neoplasms. Science 228(4696):187-190

. Fearon ER, Vogelstein B (1990) A genetic model for colorectal tumorigenesis. Cell 61(5):759-767
. Baker SJ et al (1990) p53 gene mutations occur in combination with 17p allelic deletions as

late events in colorectal tumorigenesis. Cancer Res 50(23):7717-7722

Clevers H (2006) Wnt/beta-catenin signaling in development and disease. Cell 127(3):469-480
Sparks AB et al (1998) Mutational analysis of the APC/beta-catenin/Tcf pathway in colorectal
cancer. Cancer Res 58(6):1130-1134

Morin PJ et al (1997) Activation of beta-catenin-Tcf signaling in colon cancer by mutations in
beta-catenin or APC. Science 275(5307):1787-1790

Romagnolo B et al (1999) Intestinal dysplasia and adenoma in transgenic mice after overex-
pression of an activated beta-catenin. Cancer Res 59(16):3875-3879

. Blaker H et al (2003) Somatic mutations in familial adenomatous polyps. Nuclear transloca-

tion of beta-catenin requires more than biallelic APC inactivation. Am J Clin Pathol
120(3):418-423

. Anderson CB, Neufeld KL, White RL (2002) Subcellular distribution of Wnt pathway proteins

in normal and neoplastic colon. Proc Natl Acad Sci USA 99(13):8683-8688

Phelps RA et al (2009) A two-step model for colon adenoma initiation and progression caused
by APC loss. Cell 137(4):623-634

Wu X et al (2008) Rac1 activation controls nuclear localization of beta-catenin during canoni-
cal Wnt signaling. Cell 133(2):340-353

. Caldwell CM, Green RA, Kaplan KB (2007) APC mutations lead to cytokinetic failures

in vitro and tetraploid genotypes in Min mice. J Cell Biol 178(7):1109-1120

Caldwell CM, Kaplan KB (2009) The role of APC in mitosis and in chromosome instability.
Adv Exp Med Biol 656:51-64

Green RA, Wollman R, Kaplan KB (2005) APC and EB1 function together in mitosis to regu-
late spindle dynamics and chromosome alignment. Mol Biol Cell 16(10):4609-4622

Quyn AJ et al (2010) Spindle orientation bias in gut epithelial stem cell compartments is lost
in precancerous tissue. Cell Stem Cell 6(2):175-181

Jette C et al (2004) The tumor suppressor adenomatous polyposis coli and caudal related
homeodomain protein regulate expression of retinol dehydrogenase L. J Biol Chem
279(33):34397-34405



176 A. Andersen and D.A. Jones

24. Nadauld LD et al (2006) Adenomatous polyposis coli control of C-terminal binding protein-1
stability regulates expression of intestinal retinol dehydrogenases. J Biol Chem 281(49):
37828-37835

25. Nadauld LD et al (2004) Adenomatous polyposis coli control of retinoic acid biosynthesis is
critical for zebrafish intestinal development and differentiation. J Biol Chem 279(49):
51581-51589

26. Nadauld LD et al (2005) The zebrafish retinol dehydrogenase, rdhll, is essential for intestinal
development and is regulated by the tumor suppressor adenomatous polyposis coli. J Biol
Chem 280(34):30490-30495

27. Mark M, Ghyselinck NB, Chambon P (2009) Function of retinoic acid receptors during embry-
onic development. Nucl Recept Signal 7:e002

28. Duester G (2008) Retinoic acid synthesis and signaling during early organogenesis. Cell
134(6):921-931

29. Deb-Rinker P et al (2005) Sequential DNA methylation of the Nanog and Oct-4 upstream
regions in human NT2 cells during neuronal differentiation. J Biol Chem 280(8):6257-6260

30. Fisher CL, Fisher AG (2011) Chromatin states in pluripotent, differentiated, and reprogrammed
cells. Curr Opin Genet Dev 21(2):140-146

31. Wild L, Flanagan JM (2010) Genome-wide hypomethylation in cancer may be a passive con-
sequence of transformation. Biochim Biophys Acta 1806(1):50-57

32. Ito S et al (2011) Tet proteins can convert 5-methylcytosine to 5-formylcytosine and 5-car-
boxylcytosine. Science 333(6047):1300-1303

33. Kriaucionis S, Heintz N (2009) The nuclear DNA base 5-hydroxymethylcytosine is present in
Purkinje neurons and the brain. Science 324(5929):929-930

34. Tahiliani M et al (2009) Conversion of 5-methylcytosine to 5-hydroxymethylcytosine in mam-
malian DNA by MLL partner TET1. Science 324(5929):930-935

35. Lister R et al (2009) Human DNA methylomes at base resolution show widespread epigenomic
differences. Nature 462(7271):315-322

36. Deaton AM, Bird A (2011) CpG islands and the regulation of transcription. Genes Dev
25(10):1010-1022

37. Doi A et al (2009) Differential methylation of tissue- and cancer-specific CpG island shores
distinguishes human induced pluripotent stem cells, embryonic stem cells and fibroblasts. Nat
Genet 41(12):1350-1353

38. Irizarry RA et al (2009) The human colon cancer methylome shows similar hypo- and hyper-
methylation at conserved tissue-specific CpG island shores. Nat Genet 41(2):178-186

39. Wu H et al (2010) Dnmt3a-dependent nonpromoter DNA methylation facilitates transcription
of neurogenic genes. Science 329(5990):444-448

40. Shukla S et al (2011) CTCF-promoted RNA polymerase II pausing links DNA methylation to
splicing. Nature 479(7371):74-79

41. Hansen KD et al (2011) Increased methylation variation in epigenetic domains across cancer
types. Nat Genet 43(8):768-775

42. Suzuki K et al (2006) Global DNA demethylation in gastrointestinal cancer is age dependent
and precedes genomic damage. Cancer Cell 9(3):199-207

43. Rai K et al (2010) DNA demethylase activity maintains intestinal cells in an undifferentiated
state following loss of APC. Cell 142(6):930-942

44. Barreto G et al (2007) Gadd45a promotes epigenetic gene activation by repair-mediated DNA
demethylation. Nature 445(7128):671-675

45. Rai K et al (2008) DNA demethylation in zebrafish involves the coupling of a deaminase, a
glycosylase, and gadd45. Cell 135(7):1201-1212

46. Morgan HD et al (2004) Activation-induced cytidine deaminase deaminates 5-methylcytosine
in DNA and is expressed in pluripotent tissues: implications for epigenetic reprogramming.
J Biol Chem 279(50):52353-52360

47. Hendrich B et al (1999) Genomic structure and chromosomal mapping of the murine and
human Mbd1, Mbd2, Mbd3, and Mbd4 genes. Mamm Genome 10(9):906-912



48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.
72.

73.

APC and DNA Demethylation in Cell Fate Specification and Intestinal Cancer 177

Wu P et al (2003) Mismatch repair in methylated DNA. Structure and activity of the mismatch-
specific thymine glycosylase domain of methyl-CpG-binding protein MBD4. J Biol Chem
278(7):5285-5291

Blanc V et al (2007) Deletion of the AU-rich RNA binding protein Apobec-1 reduces intestinal
tumor burden in Apc(min) mice. Cancer Res 67(18):8565-8573

Rosenberg BR et al (2011) Transcriptome-wide sequencing reveals numerous APOBECI1
mRNA-editing targets in transcript 3' UTRs. Nat Struct Mol Biol 18(2):230-236

Anant S et al (2004) Apobec-1 protects intestine from radiation injury through posttranscrip-
tional regulation of cyclooxygenase-2 expression. Gastroenterology 127(4):1139-1149
Oshima M et al (1996) Suppression of intestinal polyposis in Apc delta716 knockout mice by
inhibition of cyclooxygenase 2 (COX-2). Cell 87(5):803-809

Mayer W et al (2000) Demethylation of the zygotic paternal genome. Nature 403(6769):
501-502

Oswald J et al (2000) Active demethylation of the paternal genome in the mouse zygote. Curr
Biol 10(8):475-478

Santos F et al (2002) Dynamic reprogramming of DNA methylation in the early mouse embryo.
Dev Biol 241(1):172-182

Hajkova P et al (2002) Epigenetic reprogramming in mouse primordial germ cells. Mech Dev
117(1-2):15-23

Feng S, Jacobsen SE, Reik W (2010) Epigenetic reprogramming in plant and animal develop-
ment. Science 330(6004):622-627

Popp C et al (2010) Genome-wide erasure of DNA methylation in mouse primordial germ
cells is affected by AID deficiency. Nature 463(7284):1101-1105

Simonsson S, Gurdon J (2004) DNA demethylation is necessary for the epigenetic reprogram-
ming of somatic cell nuclei. Nat Cell Biol 6(10):984-990

Mikkelsen TS et al (2008) Dissecting direct reprogramming through integrative genomic anal-
ysis. Nature 454(7200):49-55

Bhutani N et al (2010) Reprogramming towards pluripotency requires AID-dependent DNA
demethylation. Nature 463(7284):1042-1047

Eads CA, Nickel AE, Laird PW (2002) Complete genetic suppression of polyp formation and
reduction of CpG-island hypermethylation in Apc(Min/+) Dnmt1-hypomorphic Mice. Cancer
Res 62(5):1296-1299

Yamada Y et al (2005) Opposing effects of DNA hypomethylation on intestinal and liver car-
cinogenesis. Proc Natl Acad Sci USA 102(38):13580-13585

Lin H et al (2006) Suppression of intestinal neoplasia by deletion of Dnmt3b. Mol Cell Biol
26(8):2976-2983

Laird PW et al (1995) Suppression of intestinal neoplasia by DNA hypomethylation. Cell
81(2):197-205

Linhart HG et al (2007) Dnmt3b promotes tumorigenesis in vivo by gene-specific de novo
methylation and transcriptional silencing. Genes Dev 21(23):3110-3122

Eads CA et al (2000) Fields of aberrant CpG island hypermethylation in Barrett’s esophagus
and associated adenocarcinoma. Cancer Res 60(18):5021-5026

Jones PA et al (1992) Methylation, mutation and cancer. Bioessays 14(1):33-36

Laird PW, Jaenisch R (1994) DNA methylation and cancer. Hum Mol Genet 3 Spec
No:1487-1495

Greenblatt MS et al (1994) Mutations in the pS3 tumor suppressor gene: clues to cancer etiol-
ogy and molecular pathogenesis. Cancer Res 54(18):4855-4878

Holliday R, Grigg GW (1993) DNA methylation and mutation. Mutat Res 285(1):61-67
Wong E et al (2002) Mbd4 inactivation increases Cright-arrowT transition mutations and pro-
motes gastrointestinal tumor formation. Proc Natl Acad Sci USA 99(23):14937-14942
Millar CB et al (2002) Enhanced CpG mutability and tumorigenesis in MBD4-deficient mice.
Science 297(5580):403-405



Chapter 9
Epigenetic Changes During Cell
Transformation

Bernard W. Futscher

Abstract Malignant cancer emerges from normal healthy cells in a multistep process
that involves both genetic and epigenetic lesions. Both genetic and environmental
inputs participate in driving the epigenetic changes that occur during human carcino-
genesis. The pathologic changes seen in DNA methylation and histone posttransla-
tional modifications are complex, deeply intertwined, and act in concert to produce
malignant transformation. To better understand the causes and consequences of the
pathoepigenetic changes in cancer formation, a variety of experimentally tractable
human cell line model systems that accurately reflect the molecular alterations seen
in the clinical disease have been developed. Results from studies using these cell line
model systems suggest that early critical epigenetic events occur in a stepwise fash-
ion prior to cell immortalization. These epigenetic steps coincide with the cell’s tran-
sition through well-defined cell proliferation barriers of stasis and telomere
dysfunction. Following cell immortalization, stressors, such as environmental toxi-
cants, can induce malignant transformation in a process in which the epigenetic
changes occur in a smoother progressive fashion, in contrast to the stark stepwise
epigenetic changes seen prior to cell immortalization. It is hoped that developing a
clearer understanding of the identity, timing, and consequences of these epigenetic
lesions will prove useful in future clinical applications that range from early disease
detection to therapeutic intervention in malignant cancer.
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9.1 Introduction

Malignant cancer cells arise from normal cells via a multistep process that involves
both genetic and epigenetic change. Similar to genetic lesions, epigenetic lesions
can be diverse in nature, serving to alter the structure and function of the genome
thereby participating in a cell’s acquisition of limitless uncontrolled growth and the
phenotypic hallmarks of the malignant cancer cell. In general, the degree of epige-
netic difference between cancer cells and normal cells greatly exceeds the epige-
netic differences that are seen between normal cells of different phenotypes and
even different germ layers (e.g., fibroblasts and epithelial cells). Since epigenetic
mechanisms are a primary determinant governing normal cell identity, this compari-
son underscores how epigenetically different cancer cells are from normal cells.
Mutation and altered expression of proteins involved in the writing or reading of the
epigenetic code are two mechanisms that help produce aberrant epigenetic changes
seen in not only cancer, but other human diseases as well. The complexity and the
frequency of the epigenetic changes seen in cancer cells, however, seem to defy
explanations that rely on a single event. Instead, it appears that pathologic epige-
netic change during carcinogenesis results from myriad genetic mutations and envi-
ronmental inputs which perturb the manifold nodes of epigenetic regulation.

Environmental inputs acting on the epigenetic nodes are highly variable and can
include contributions from both physiologic and xenobiotic sources such as hor-
monal status; microenvironmental milieu; nutritional, metabolic, or oxidative state;
and toxicant and therapeutic drug exposures. Since the epigenetic state is important
in governing cell identity, cellular nodes of epigenetic control acted upon by stimuli
will show some variation between different cell types, suggesting that environmen-
tal inputs may show cell type selectivity, as well as display activity towards a broad
array of cell types. Once these epigenetic changes are “fixed” into the chromatin,
they can be vertically transmitted through cell generations. The inherent plasticity
of the epigenetic control systems coupled to the cancer cell’s limitless replicative
potential provides the ability to generate extraordinary phenotypic diversity and
rapidly respond to changing environmental stimuli and stresses.

Chromatin is rich in epigenetic marks, and these marks participate in the regulation
and control of likely most or all genomic functions. The primary epigenetic mark
found on DNA, 5-methylcytosine, is produced via the enzymatic methylation of the
C5 position of cytosine through the action of multiple specialized DNA methyltrans-
ferases. The patterns and levels of DNA methylation across the genome have been
mapped for a variety of normal and cancer cells, with cancer cells showing complex
and extensive patterns of DNA methylation derangements. These DNA methylation
derangements either participate in or reflect a number of different genomic processes,
with its role in the regulation of gene expression being the best understood. Other C5
cytosine modifications have been identified recently, such as 5-hydroxymethylcyto-
sine. It appears that these newly identified modifications are a result of an active DNA
demethylation process and it is likely that these DNA epigenetic marks will prove
biologically important; however, it has not yet been elucidated how these marks
change and participate in the process of malignant transformation.
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Posttranslational histone modifications are an additional layer of epigenetic con-
trol altered during human carcinogenesis. These posttranslational modifications
include acetylation, methylation, phosphorylation, ubiquitylation, and sumoylation,
and over 40 different amino acid residues in histones are currently known to undergo
one or more of these modifications, especially in histones H3 and H4. Similar to
DNA methylation, the histone posttranslational marks participate in a number of dif-
ferent genomic processes. Some histone marks are highly predictive of gene pro-
moter location and transcriptional activity, such as histone H3K4 trimethylation and
histone H3 and H4 lysine acetylation, and these modifications show strong negative
correlations with DNA methylation levels in a typical genomic region. Other post-
translational histone modifications are linked to a transcriptionally repressed state
and display positive correlations with DNA methylation levels, such as H3K9 methy-
lation repressive marks. Still other histone marks, such as H3K27 trimethylation, are
closely linked to transcriptional repression, preferentially target developmentally
regulated genes and largely appears to be a repressive epigenetic control system that
operates independently of the repressive DNA methylation system. Overall, a num-
ber of in vitro studies have provided clear mechanistic links between DNA methyla-
tion and histone modification state indicating that the control of the DNA methylation
and histone modification patterns are deeply intertwined. As such, it is not surprising
that, similar to DNA methylation, the normal levels and patterns of histone posttrans-
lational modifications become compromised in human cancer cells.

In a clinical setting, the multistep nature of epithelial cell malignant transforma-
tion manifests as hyperplasia, dysplasia, benign tumor, carcinoma in situ, and finally
frank malignancy and metastases; analogous pathologic progressions can be seen in
some hematologic pathologies, as well, and may very well exist for most or all
human cancers. Analysis of clinical specimens has shown that epigenetic aberra-
tions are seen in the earliest stages of this multistep process, although obtaining
quantitative information-rich epigenetic data from minute clinical specimens cre-
ates unique technical challenges that have slowed the ability to identify pathoepige-
netic events that directly translate to clinical impact with respect to the detection,
prognostication, treatment, and management of human cancer. For example, techni-
cal limitations such as specimen size and quality have hindered success in analyzing
the posttranslational modification state of histones in clinical specimens. With
respect to DNA methylation analysis, quantitative high resolution approaches for
the analysis of the minute clinical cancer specimens typically available have been
available for over 20 years in the form of bisulfite sequencing [1, 2], and today com-
prehensive DNA methylome sequencing approaches have emerged and should
attain wide availability over the next few years [3, 4]. In the translational science
arena, there are a few early applications where the results indicate DNA methylation
analysis may be a useful tool in predicting response to cancer therapy [5, 6]. Results
such as these should provide significant optimism and encouragement to investiga-
tors that epigenetic analysis will prove useful in the areas of prediction, detection,
prognostication, as well as treatment of cancer. While significant progress has been
made in understanding the causes, consequences, and temporal sequence of patho-
logic epigenetic events in cancer, their utility on the clinical management of cancer
is largely a promissory note with their potential not yet fully realized.
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9.2 Laboratory Model Systems of Cell Transformation

To better discover and understand the pathoepigenetic events that mechanistically
participate in the conversion of a normal cell to a malignant cell, there is value in
using experimentally tractable models systems that faithfully reflect the in vivo
process. To this end, a variety of useful and complementary in vitro human cell line
and animal model systems have been developed that recapitulate aspects of clinical
multistep carcinogenesis and that allow for detailed analysis of epigenetic/epige-
nomic events as they unfold during the transformation from the normal to the
malignant phenotype. These models have a number of advantages as laboratory
tools—certainly the most important being that the genetic and epigenetic changes
present in them accurately reflect the known (epi)genetic etiology of the clinical
form of the disease, thereby providing a solid platform for the discovery and dis-
section of new epigenetic events relevant to clinical cancer. These cell line systems
also allow for the production of pure and reproducible populations of cells that can
be fairly easily generated in large number and at relatively low costs. In our experi-
ence, the epigenetic state of the cell line models we have employed does not vary
to a significant extent when grown under appropriate and consistent conditions. We
routinely verify cell line identity using STR profiling using 13 CODIS markers;
reference DNA fingerprinting data for most of the widely used cell lines are avail-
able from cell line collections such as the ATCC or from the investigators who
developed the models [7, 8].

A majority of the human cell culture model systems that have been developed
perhaps best address the final step(s) of malignant human cancer, specifically the
steps that follow cell immortalization. Since immortalization through telomerase
activation may be a rate limiting step in human carcinogenesis, these models may
not be best suited for the identification of the earliest epigenetic events in carcino-
genesis. Cell model systems that adequately address the earliest steps in human
carcinogenesis, prior to cell immortalization, are more limited. These are discussed
later in the chapter. As is always the case, each model system used to evaluate the
steps from normal finite life span cell to immortal malignant cancer cell has distinct
qualities and limitations. Together, these laboratory models allow for the molecular
dissection of epigenetic dysfunction during the pathologic process and help provide
new insights that can be used to develop approaches to better detect, prognosticate,
treat, and manage the myriad human cancers.

9.3 Immortalization to Malignant Transformation

Cell line systems that model the epigenetic events that occur following epithelial
cell immortalization are widespread and provide useful tools to study malignant
transformation (meant here as the in vitro assessments of anchorage independent
growth and tumor forming ability in immunocompromised mice). These immortal-
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ized cell line model systems have generally overcome normal cell proliferation bar-
rierseitherby (1)directimmortalization of primary cell strains through overexpression
of hTERT, (2) selective genetic strategies that inactivate the p16/Rb and p53 path-
ways, frequently via viral approaches, or (3) establishing cell lines from cultured
pathologic specimens that are already immortal, but not fully malignant. A variety
of immortalized variants of different epithelial cell models have been generated and
examples include, but are not limited to, prostate epithelial cells immortalized by
HPV18 (RWPE), bronchial epithelial cells immortalized with SV40 (HBEI6,
BEAS-2B), keratinocytes that arose spontaneously in culture from primary cells
(HaCAT), breast epithelial cells derived from diseased tissue (MCF10A) or non-
diseased healthy tissue (HMEC), and urinary bladder cells immortalized with
hTERT or SV40 (UROtsa) [9-18]. Although some approaches used to immortalize
cells are not themselves etiologic agents involved in clinical human carcinogenesis
(e.g., viral inactivation of p53 or the genetic introduction of hTERT), they do pro-
vide reproducible approaches that target proteins and pathways known to be critical
to the human tumor cell phenotype.

These immortalized cell line systems should not be considered normal cells;
however, since they have had perhaps the most dramatic phenotypic shift possible—
acquisition of limitless replicative potential. In addition, these cells have often also
acquired genetic abnormalities (e.g., deletions, translocations, aneuploidy). It is
highly likely that these immortalized cells have undergone changes in the epigenetic
state, if compared to its normal finite life span counterpart, although detailed studies
to this end are limited. Indeed, the p53 inactivation strategies used in immortaliza-
tion strategies may instigate epigenetic change itself. Following a cellular stress,
activated p53 binds to DNA in a sequence-specific manner while also recruiting
coactivators or corepressors to participate in transcriptional regulation. Thus, loss of
p53 binding and coactivator/corepressor recruitment may produce long-term epige-
netic changes at p53 target loci disrupting their normal transcriptional regulation
and altering attendant cellular phenotypes [19-21]. As such, these immortalized
models likely provide more limited information regarding the nature of the epige-
netic changes that may occur early in multistep carcinogenesis and prior to immor-
talization. Overall, these models have proven useful in identifying novel epigenetic
changes, the molecular mechanisms responsible for these epigenetic changes, and
the genetic and/or environmental events that provoke the epigenetic changes.

9.4 Epigenetic Remodeling by Environmental Arsenicals

Our laboratory has been interested in the effect that environmental arsenicals has on
the epigenetic state. Arsenic is a widespread environmental toxicant that exists as a
number of different molecular species and ranks as the 20th most common element
in the earth’s crust. Humans may be exposed to arsenicals to varying degrees through
water, air, soil, and food. Arsenic may also be the world’s most well recognized
poison. Acute high dose exposure to arsenic has been used repeatedly throughout
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history for murder by intentional poisoning and has earned the moniker, “Poison of
Kings and King of Poisons [22].” In contrast, various forms of arsenic have also
been used for centuries to treat a wide range of illnesses, including syphilis, malaria,
asthma, chorea, eczema, psoriasis, and cancer [23]. Today, one molecular species of
arsenic, arsenic trioxide (As,0O,) is an FDA-approved therapy to treat acute promy-
elocytic leukemia and also shows promising anticancer activity in laboratory mod-
els of other human cancers [24-26]. In the most common setting, however, that of
chronic low dose, environmental exposures, arsenicals are associated with a number
of human maladies, among them cancer, neurologic disorders, cardiovascular dis-
ease, developmental abnormalities, and diabetes [27-30].

Of all the pathologic effects associated with long-term arsenic exposure, cancer
is the most widely studied. A number of epidemiological studies have convincingly
linked human arsenic exposure with various cancers, especially cancers of the lung,
urinary tract, and skin [31]. Arsenicals are classified as a group 1 carcinogen by the
International Agency for Research on Cancer (IARC); however, a precise mecha-
nism of arsenical action remains wanting. A few observations suggest that epige-
netic remodeling may be important in arsenical-associated cancers. Arsenicals do
not appear to cause point mutations and on their own are unable to cause cancer in
standard animal assays or immortalize primary human epithelial cells [32, 33].
However, earlier studies showed arsenicals can change DNA methylation levels
[34], and long-term nontoxic exposure to arsenicals has been sufficient to reproduc-
ibly induce malignant transformation in a variety of immortalized nonmalignant
human epithelial cells derived from tissues with known arsenical sensitivity.
Examples of cell line models that have been malignantly transformed by arsenicals
include HaCaT, BEAS-2B, RWPE, and UROtsa [35-39].

Human transitional carcinoma of the bladder arises from the transformation of
urinary bladder epithelial cells, and those tumors that progress clinically to a
malignant phenotype generally demonstrate genetic inactivation of the pl16/Rb
and p53 pathways [40]. In vitro, benign immortalized urothelial cell lines that
resemble the earlier stages of clinical bladder cancer can be reproducibly gener-
ated from finite life span urothelial cell strains via genetic manipulations that
target these pathways for inactivation. In our studies of epigenetic changes that
occur during the transition from a benign immortal cell to a malignant cancer cell,
we have used the immortalized, non-tumorigenic human urothelial cell line,
URGOtsa, generated from the urothelial cells of a young female donor and immor-
talized using a temperature sensitive SV40 large-T antigen construct [ 14]. Further
evaluation of these cells has revealed hypodiploidy, genetic deletion of a small
region of chromosome 9 that contains p16, and hTERT expression (unpublished
observations).

Malignant transformation of UROtsa cells using long-term nontoxic exposures to
environmental toxicants such as arsenic has been successfully performed by multiple
independent laboratories [36, 39]. The phenotypic manifestations of the malignant
conversion process can first be detected in these cells at approximately 12 weeks of
exposure at a faster growth rate. With increased exposure time, the ability to form
colonies in an anchorage independent fashion occurs, and finally arsenic-exposed
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Fig. 9.1 UROtsa cell line model of malignant transformation. The immortalized urothelial cell
line UROtsa was exposed to arsenicals for periods of up to a year. Arsenical exposed cells were
probed at various time points for markers of malignant transformation. After 3 months there was a
significant increase in proliferation rate, after 6 months a significant increase in anchorage inde-
pendent growth, and after 12 months, arsenic exposed cells formed tumors in immune compro-
mised mice [36, 39]. Progressive epigenetic changes occur during this transition from a benign
immortal to malignant phenotype

UROtsa cells acquire the ability to form tumors in immunocompromised mice.
Interestingly, the arsenical-induced malignant phenotype is stable, as removal of the
toxicant for at least 6 months has not led to the reversion to a more benign phenotype
(Fig. 9.1).

Broad epigenetic changes begin to rise in UROtsa cells during exposure to arse-
nic at concentrations seen in real-world situations, such as can be found in drinking
water from wells (5-10 ppb). We examined epigenetic changes in a genome-wide
and temporal manner using histone modification-specific chromatin and
5-methylcytosine-specific immunoprecipitations coupled to two-color DNA
microarray analysis. We found global changes emerging around 12 weeks after ini-
tial exposure. These epigenetic changes appear progressive—the degree of epige-
netic change increases at the individual targets with time. The epigenetic changes
also are stable—after malignant transformation, the toxicant can be removed, but
the malignant phenotype as well as the epigenetic changes remains. Some of the
epigenetic changes identified were in genes overtly relevant to the malignant pheno-
type and have functional roles in cancer in general, and bladder cancer in particular
[41], while the roles for most of the changes seen remain enigmatic. It appears
unlikely that the observed epigenetic changes seen in UROtsa following arsenical
exposure are simply due to the outgrowth or simple selection of a preexisting clone,
since the arsenical-transformed cells grow significantly faster (~35%) than the non-
malignant parental UROtsa cell line. Rather, it seems possible that (epi)genetic
alterations may arise during and as a result of arsenic exposure, and given enough
time (cell divisions), which is provided by the cell immortality, and optimal growth
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conditions, a faster growing, more malignant population of cells emerges, which are
then selected for based on their growth characteristics.

Probing the DNA methylation profile of the arsenical transformed UROtsa cells
and comparing them to the non-transformed immortal parental cells revealed that
~3% of the assessed regions were hypermethylated, while ~1% were hypomethy-
lated. The hypermethylation events occurred mostly within gene promoters, whereas
the hypomethylation events were more prevalent in repetitive elements spread
throughout the genome [42], consistent with what is well established for human
cancers. We attempted to assess whether the DNA methylation changes acquired
during malignant transformation were specifically or randomly distributed in the
genome by analyzing two different arsenical-transformed UROtsa cell lines, created
in two different laboratories using two different arsenicals (i.e., sodium arsenite and
monomethyl arsenous acid). A statistical analysis of the numerical size of the over-
lap of aberrantly DNA methylated promoters between these two cell lines indicates
that the DNA methylation changes seen are nonrandom and suggest that common
epigenetic changes occur in association with arsenical malignant transformation.

The types of DNA methylation changes observed during the arsenical-mediated
malignant transformation can be roughly divided into two groups, focal and long
range. Focal DNA methylation events refer to DNA differentially methylated regions
that cover a single gene promoter and are typically <1 kb in size. These types of
aberrant DNA hypermethylation events seem to predominate and are closely linked
to the silencing of a large number of tumor suppressor genes. In the UROtsa malig-
nant transformation model, several potential tumor suppressor genes were found to
be hypermethylated such as DBCCR1 (deleted in bladder cancer chromosome
region candidatel); its relevance to bladder cancer having been previously ascer-
tained [41]. Overall, the DNA hypermethylation changes were correlated to corre-
sponding losses in the permissive histone modification marks of histone acetylation
and H3K4 methylation and loss of gene expression, although as is often the case,
apparent exceptions to the general rules could also be detected.

The DNA differentially methylated regions that cover much larger contiguous
regions, along with corresponding changes in histone modifications, are linked to
chromatin remodeling of more extended regions of the genome in a process termed
long-range epigenetic silencing [43]. This type of epigenetic lesion has been found
in a number of human cancer cell lines as well as clinical tumor specimens, suggest-
ing that this type of coordinate epigenetic regulation over large regions may be a
common and important event in cancer [43-46]. Interestingly, it appears that the
gain of aberrant agglomerative DNA methylation changes and associated long-
range epigenetic silencing can be observed over the time course of arsenical-medi-
ated transformation of UROtsa from a benign to a malignant phenotype. Recent
studies in t