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Abstract
Epigenetics refers to the study of mechanisms that alter gene expression without altering the
primary DNA sequence. Epigenetic mechanisms are heritable and reversible. Over the last few
decades, epigenetics has obtained a large importance in cancer research. Epigenetic alterations are
widely described as essential players in cancer progression. They comprise DNA methylation,
histone modifications, nucleosome positioning, and small, noncoding RNAs (miRNA, siRNA).
They are involved in transcriptional changes and decisive events that will determine cell fate and
phenotype. Epigenetics not only offers light into cancer biological processes, but also represents
an attractive opportunity of reverting cancer-specific alterations, which may lead, in the future, to
a possibility of stopping this disease. Epigenetic changes have been identified as putative cancer
biomarkers for early detection, disease monitoring, prognosis, and risk assessment. Other
epigenetic alterations are promising therapeutic targets and even therapeutic agents. Emerging
discoveries in this area are already contributing to cancer management and monitoring, and a lot
more progresses are expected in the future.
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Introduction
In the late 1930s, early 1940s, a biologist, named Conrad Hal Waddington, focused on the
embryology field, and discussed the development processes that lie between the genotype
and the phenotype, using studies in Drosophila melanogaster. He is given credit to have
proposed the term epigenetics as “the causal interactions between genes and their products,
which bring the phenotype into being” (Waddington 1942). “Epigenetics” carries the Greek
prefix “epi” (that means above, beyond, on top, after, in addition) and another word derived
from Greek (genno that means give birth) that refers to the well-known term genetics:
representing the inheritance of variation, the science of heredity. Waddington's definition
has evolved over time as the phenomenon of epigenetics is implicated in a wide variety of
biological processes. The identification of mechanisms above and beyond genetics allowed a
broader understanding on how individuals carrying the same genotype exhibit different
phenotypes, for example, monozygotic twins (Fraga et al. 2005). There are several current
variations on the definition of epigenetics that could be summarized as “the study of
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heritable changes in gene expression that occur independent of changes in the primary DNA
sequence” (Sharma et al. 2010). In this concept of epigenetics, it is important to focus on the
key points, such as no change in the original sequence of DNA, heritable, and reversible. A
review by Taby and Issa (2010) introduces a comprehensive definition, “This variability in
gene expression is heritable through mitosis and potentially meiosis, without any underlying
modification in the actual genetic sequence. This alteration in gene expression plays a
fundamental role in several aspects of natural development, from embryogenesis, in which a
resetting of the ‘epigenetic code’ takes place in the very early moments after conception
(Reik et al. 2001), to the determination of cellular fate and its commitment to a particular
lineage.” Epigenetics also plays a fundamental role in biological diversity such as
phenotypic variation among genetically identical individuals (Morgan et al. 1999), enabling
cells to have distinct identities although containing the same genetic information.

The most common phenomena that are classified as epigenetic changes are: DNA
methylation (methylation on the cytosine bases of the DNA, on CG dinucleotides,
commonly referred to as CpG), histone modifications (posttranslational modifications that
alter their interaction with DNA and nuclear proteins, such as acetylation and methylation),
and small, noncoding RNAs (miRNA, siRNA). There is a debate whether all histone
modifications (and many noncoding RNAs) fall in the classic definition of epigenetics,
because it is likely that relatively few of these modifications or RNAs will be self-
perpetuating and inherited (Riddihough and Zahn 2010). Nevertheless, they are currently
classified as epigenetic modifications, once they fall in the category of biological aspects
that alter gene expression without involving DNA sequence alterations.

Cancer is a disease that involves a multi-step process that accumulates alterations, genetic
and/or epigenetic (Kinzler and Vogelstein 1996). Knudson's hypothesis (Knudson 1971)
postulates that two hits (genetic alterations) are required for the full inactivation of a tumor
suppressor gene in the carcinogenesis process, such as intragenic mutations and loss of
chromosomal material (loss of heterozygosity (LOH) or homozygous deletion). However,
the fact that methylation of CpG islands located in the promoters of genes can cause
transcriptional silencing, coupled with the observation that DNA methylation patterns are
perturbed in cancer cells, has led to the suggestion that abnormal methylation of the
promoters of tumor suppressor genes might be implicated in carcinogenesis (Jones and Laird
1999). Such methylation-mediated silencing of tumor suppressor genes can act as one of the
two hits advocated in Knudson's hypothesis. In their review, Jones and Laird (1999) have
summarized pathways of tumor suppressor gene inactivation that demonstrate the
simultaneous presence of both epigenetic and genetic alterations in various types of cancer.

In this review, we described and exemplified some of the main epigenetic changes that have
been associated with cancer.

DNA methylation alterations in cancer
DNA methylation alterations are probably the most widely studied epigenetic alterations in
cancer. Those were the first epigenetic alterations to be linked to cancer. Riggs and Jones in
1983 (Riggs and Jones 1983), after studying the participation of DNA methylation in
mammalian chromosome X inactivation (Riggs 1975), established a role for this mechanism
in gene regulation in cancer. In the same year, Feinberg and Vogelstein (1983) described the
absence of DNA methylation (hypomethylation) as a characteristic that was able to
distinguish tumor cells from their normal counterparts.

DNA methylation, that is, the addition of a methyl group to the 5-carbon position of a
cytosine (C), occurs almost exclusively in Cs located 5′ to a guanine (G), and this pair of
nucleotides is known as CpG dinucleotide. Traditionally, regions of >200 bases that have
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clusters of CpG dinucleotides (at least 50% of G + C content, and a ratio of 0.6 or more
between observed and expected [o/e] CpG dinucleotide frequency) are called CpG island, by
definition. Lately, more stringent criteria are being created for the definition of a CpG
island, with the intent of excluding some repeats regions; for example, a minimum size of
500 bp (base pairs) with at least 55% of G + C content and CpG o/e ratio increased to 0.65
(Takai and Jones 2002; Wang and Leung 2004). CpG islands are observed in about 60% of
human genome promoter regions, although the occurrence of the CpG dinucleotides
themselves is predicted to be around 1% in mammalian genomes. The establishment of the
distribution of the 5-methylcytosine content in a cell type occurs during the embryonic
development. DNA methylation patterns in normal tissues are in part dependent on the
relative levels and activities of DNA methylation-related enzymes such as DNA
methyltransferases (DNMT) and DNA demethylases, whose expressions are regulated at
both the transcriptional and posttranscriptional level (Jost and Bruhat 1997; Turker and
Bestor 1997; Kim et al. 2010).

CpG island methylation is associated with the suppression of gene expression. Tree
variations of DNA methylation, that is, hypomethylation, loss of imprinting (LOI), and
hypermethylation, have been clearly linked to cancer.

DNA hypomethylation refers to the loss of DNA methylation in a region where it usually
occurs and it is generally assumed to be a genome-wide phenomenon; thus it is globally
assessed. DNA hypomethylation has been described in several tumor types (Feinberg and
Vogelstein 1983; Bedford and van Helden 1987; Ehrlich et al. 2002; Ehrlich 2002; Smith et
al. 2007; Netto et al. 2008; Kim et al. 2010; Wolff et al. 2010). DNA methylation occurring
along the gene body is positively correlated with expression (Hellman and Chess 2007). It
has been proposed that it might be related to elongation efficiency and prevention of
spurious initiations of transcription (Zilberman et al. 2007). It has also been more recently
described as the mechanism by which genes that show oncogenic properties, such as Cancer
Testis Antigens, that exhibit a methylated promoter region in normal cells, can become
reactivated in cancer cells by the loss of this methylation, resulting in hypomethylation
(Simpson et al. 2005; Glazer et al. 2009; Smith et al. 2009; Straussman et al. 2009).

LOI refers to the loss of parental allele-specific monoallelic expression of genes. Imprinting
refers to parental allele-specific expression of genes. In this situation, hypermethylation at
one of the two parental alleles leads to monoallelic expression of the gene (Kacem and Feil
2009). LOI accounts for the loss of this differential expression of parental alleles, and has
been often observed in tumors with embryonic origin (Reik and Surani 1989; Ferguson-
Smith et al. 1990; Rainier et al. 1993; Reik et al. 2001; Hajkova et al. 2002; Oosterhuis and
Looijenga 2005).

DNA hypermethylation refers to the gain of methylation in a locus originally unmethylated.
It tends to occur at specific regulatory sites in the promoter region and may show a tumor-
specific pattern (Bird 1992; Baylin et al. 1998; Costello et al. 2000; Esteller et al. 2001). It
has been observed in cancer that the presence of methylation in the promoter region of genes
with tumor-suppressive characteristics can result in a complete repression of the
transcription process (Merlo et al. 1995). However, it is not a direct relationship; there are
gene/region-specific densities and frequencies or “hotspots” where the methylation has to
occur for it to block transcription. Promoter methylation of tumor suppressor genes is
recognized as a strong and important method of the inactivation of tumor suppressor genes
(Momparler 2003; Hoque et al. 2008; Sharma et al. 2010).

There are several proposed mechanisms by which methylation can inhibit gene expression,
such as by direct blockage of transcription factors, by preventing them from binding to their
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target sites, and by recruitment of methyl-binding domain (MBDs) proteins (Klose and Bird
2006; Hoque et al. 2008). These MBDs are present in transcription co-repressor complexes
that can interact with other gene repressing mechanisms involving other members of the
epigenetic machinery such as histone deacetylases (HDAC) and histone methyltransferases
(HMT), resulting in chromatin reconfiguration and gene silencing (Nan et al. 1998; Lopez-
Serra and Esteller 2008; Taby and Issa 2010). In contrast, unmethylated CpG islands
generate a chromatin structure favorable for gene expression by recruiting Cfp1, which
associates with HMT Setd1, creating domains rich in the histone methylation mark H3K4
trimethylation (Portela and Esteller 2010; Tomson et al. 2010).

DNMTs are enzymes that catalyze the transfer of the methyl group from S-adenosyl-L-
methionine (SAM) to the C in the CpG nucleotide (Vucic et al. 2008). This enzyme family
is divided by function. DNTM1 is responsible for the maintenance of methylation, whereas
DNMT3A and DNMT3B play a role in de novo methylation, being responsible for creating
the methylation pattern necessary during embryonic development. These two members of
the DNMT family are found highly expressed in embryonic stem cells and down-regulated
in differentiated cells (Esteller 2007). The maintenance DNMT, DNMT1, has a 30- to 40-
fold preference for hemimethylated DNA, and also has de novo DNMT activity. DNMT1 is
the most abundant DNMT in the cell and is transcribed mostly during the S phase of the cell
cycle. It is most often needed to methylate hemimethylated sites that are generated during
semi-conservative DNA replication (Portela and Esteller 2010).

Aberrant DNA methylation is widely accepted as a common mechanism used by tumor cells
to silence tumor suppressor genes (Jones and Baylin 2007). A tremendous amount of data
has been published in different tumor types. The following paragraphs will mainly highlight
a few recent reviews that gathered this data by tumor type, and exemplify a tiny amount of
several potential DNA methylation biomarker candidates with meaningful clinical
correlation.

In colon cancer, several genes have been reported to be hypermethylated in tumor tissue
versus normal (and in all stages from adenoma to carcinoma), as well as in bodily fluids, and
stool (reviewed by Kim et al. 2010). Genes involved in different cellular functions have
been described as epigenetically altered in colorectal cancer: cell cycle (p14 and p16), signal
transduction (RASSF1A), DNA repair (MGMT, hMLH1) are just a few examples. The genes
that displayed the highest sensitivity in colon cancer detection are SFRP2 and ALX4. In this
tumor type, a CpG island methylator phenotype (CIMP) has been described, and the tumors
can be divided into CIMP-, the ones that show very few or no genes methylated, and CIMP+,
the tumors that show an accumulation of methylation (reviewed by Kim et al. 2010).
Currently, there is enough evidence that colorectal cancers with high degrees of methylation
(CIMP+) represent a clinically and etiologically distinct group that seem to have a distinct
epidemiology, histology, and molecular features (Issa 2004).

Ovarian carcinoma is a disease that is mostly detected in late stages, and there is an urgent
need for early detection biomarkers. Hypermethylation of APC, p16, and DAPK has been
detected in serum or plasma from early stage ovarian carcinoma patients, becoming potential
biomarkers for early detection in this tumor type. Another important characteristic in this
tumor type is therapeutic response prediction. The DNA repair gene MGMT has been
associated with positive response to platinum-based therapy although another DNA repair
gene hMLH1 has been associated with resistance to this same chemotherapy in ovarian
carcinoma (reviewed by Maldonado and Hoque 2010). The authors also described other
epigenetic mechanisms described in this tumor type.
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In genitourinary tumors, specifically in prostate cancer, one of the most promising cancer-
related hypermethylated genes is GSTP1, which has been demonstrated to be
hypermethylated in about 90% of prostate tumors, in contrast to bladder or renal cancer,
where only around 10% of the tumors showed this alteration. It is important to compare
tumors from the same system, when thinking about a detection test, because not only the test
aims at detecting cancer, but also would even have more utility if it could distinguish its
organ of origin. In prostate cancer bodily fluids samples, the specificity of this marker is
100% both for urine and serum, but the sensitivity is variable between 27% and 40% in
urine and above 40% in serum. When adding other cancer-related hypermethylated genes to
GSTP1 for the detection of prostate cancer, it is possible to increase the sensitivity in urine
up to 87%, without decreasing the excellent specificity, by adding INK4a, ARF, MGMT
(reviewed by Cairns 2007; Hoque 2009). In bladder cancer, our group selected six genes
(CCNA1, MINT1, CCND2, PGP9.5, CRBP, and AIM1) that were differentially methylated
(higher than 30%) in tumor when compared with normal bladder tissues (<5% frequency).
Moreover, by creating a methylation index (number of genes methylated divided by genes
analyzed), we observed a significantly higher index level in invasive tumors when compared
with noninvasive bladder cancer samples (Brait et al. 2008).

The best known example of epigenetic alteration/DNA promoter hypermethylation and
therapeutic response is MGMT promoter methylation that has been associated with clinical
response of gliomas to alkylating agents; these patients have longer survival (both overall
and progression-free) (Esteller et al. 2000). Alkylating agents kill cells by forming cross-
links between adjacent strands of DNA, thus inhibiting DNA replication. Tumors present
inherent or acquired resistance to these agents, and it seems to rely on the DNA repair
mechanism of MGMT. The main mechanism of MGMT inactivation is DNA promoter
methylation. These observations highlight the importance of MGMT methylation as a
specific predictive biomarker for the responsiveness to chemotherapy with alkylating agents.
This epigenetic alteration has been associated with response to alkylating agents, as a
combination of the latter and radiotherapy (reviewed by Natsume et al. 2010). There are
tests offered to glioma/glioblastoma patients in a clinical setting to assess MGMT
methylation status to determine if they will benefit from the addition of an alkylating agent
(usually temozolomide) to the standard therapy (radiotherapy) (Costa 2010a).

The foregoing examples are a few of the potentially clinically useful DNA methylation-
based potential bio-markers that have been described in cancer.

Histone modifications and cancer
Within the cell's nucleus, the DNA is packaged together with proteins, making a complex,
known as chromatin. The main proteins participating in the chromatin are histones. Histones
determine the structure of chromatin and play a central role in gene regulation. There are
five types of histones in the chromatin: H1/H5, H2A, H2B, H3, and H4 (Bhasin et al. 2006).
The basic unit of the chromatin is the nucleosome and it is composed of an octamer (eight
histone complex) of the four core histones (H3, H4, H2A, H2B) around which 147 bp of
DNA are wrapped (Kouzarides 2007). Nucleosomes are linked to each other by 10 to 90 bp
of DNA, which is occupied by a single copy of a “linker” histone, H1, or seldom H5
depending on the cell type (Georgel and Hansen 2001). Due to this packaging, the access to
genetic information contained in the nucleus DNA is restricted by having this protective
structure. Histones contain a globular C-terminal domain and an unstructured N-terminal tail
(Luger et al. 1997).

Histone modifications work by either changing the accessibility of chromatin or by
recruiting and/or occluding non-histone effector proteins, which decode the message
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encoded by the modification patterns. The mechanism of inheritance of this histone code,
however, is still not fully understood. Histone modifications can lead to either activation or
repression depending upon which residues are modified and the type of modifications
present (Sharma et al. 2010). Overall, histone modifications impact on chromatin
conformation and consequently influence gene transcription, DNA repair, DNA replication,
and cell cycle checkpoints (Sawan et al. 2008).

One of the most studied histone modifications is the deacetylation, which occurs in H3 and
H4. In the repressed state of the chromatin, histones are deacetylated and contribute to a
tight configuration of the DNA packaging. Once the histones become acetylated (addition of
an acetyl group to the N-terminal tail), their lysine residues have their positive charge
neutralized, and the connection between the histone and the negatively charged DNA
becomes less rigid, allowing accessibility to the transcription factor and other players on the
transcription processes (Struhl 1998). HDAC are the enzymes that mediate the loss of
acetylation, they remove the acetyl radical present in the lysines of the histones, HAT
(histone acetyltransferases) are the enzymes that do the opposite: they add acetyl radicals to
those positions. Alterations in HDACs have been described in cancer as genetic alterations
like mutations in HDACs (Ropero et al. 2006), and changes in the levels of expression (Zhu
et al. 2004; Lucio-Eterovic et al. 2008). Alterations in HAT expression levels have also been
correlated with cancer (Isharwal et al. 2008). HDAC interact with DNMT and can also be
regulated by miRNA; thus, the whole epigenetic machinery acts in conjunction to assure the
chromatin conformation and level of accessibility.

Another well-studied histone modification comprises histone methylation. Different from
the lysine acetylation mentioned above, lysine methylation leads to transcriptional activation
or repression, depending on which residue is modified and the density of methylation
(Sharma et al. 2010). Methylation takes place on the arginine residues as well. Histone
methylation is now considered as a reversible process. There are two distinct effects: the
ones that cause histone methylation and the ones that erase it. In a recent review on histone
modification in the context of cancer, Chi et al. (2010) thoroughly exemplifies the different
scenarios, that is, specific histone methylation and its consequence, describing the roles of
HMT as well as histone demethylases (HDM), which add and remove the methyl group,
respectively. Here, we appreciated some of the examples given. H3K4 methylation is
established by the SET1 and mixed lineage leukemia (MLL) family of HMTs, and removed
by the lysine-specific histone demethylase 1 (LSD1) and jumonji AT-rich interactive
domain 1 (JARID1) family of HDMs. For histone H3, methylation has been observed at
multiple lysine sites, including H3K4, K9, K27, K36, and K79, and the addition of up to
three methyl groups at each lysine produces a total of four methylation states: unmethylated,
monomethylated, dimethylated, or trimethylated. These histone methylation states exhibit a
distinct distribution pattern in the mammalian genome. H3K4 trimethylation (H3K4me3) is
strongly associated with transcriptional competence and activation, with the highest levels
observed near transcriptional start sites (TSS) of highly expressed genes, whereas H3K27
trimethylation (H3K27me3) is frequently associated with gene silencing, especially the
repression of unwanted differentiation programs during lineage specification. The
distribution patterns of H3K4me3, H3K27me3, and their associated histone marks underlie
the diversity of cellular states for pluripotency and lineage differentiation. Another example
is the HMT Polycomb group protein EZH2 that catalyzes H3K27me3 (Cao et al. 2002).
EZH2 expression has been suggested as a tumor biomarker in several tumor types and
functional studies indicate its capacity of promoting growth in vivo and in vitro (Kleer et al.
2003; Yu et al. 2007; Martinez-Garcia and Licht 2010). In contrast, monovalent active or
repressive histone marks are often found on these genes in differentiated cell lineages. The
bivalent chromatin state has been suggested as a mechanism for retaining chromatin and
cellular plasticity at early stages of development (Chi et al. 2010).
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Other posttranslational modifications that occur in histones include: ubiquitination,
phosphorylation, and sumoylation. Alterations in the abundance of “linker” histones have
been recently associated to chromatin configuration (Clapier and Cairns 2009). These
distinct modifications that play repressive and/or activating roles in histones are part of the
regulatory mechanisms that determine cell fate, by controlling and participating in the
regulation of gene expression (Sharma et al. 2010).

Role of chromatin remodeling
The definition of nucleosome, the basic unit of the chromatin, was mentioned earlier in this
review in the context of histone modifications. In this section, the role of chromatin
remodeling and nucleosome repositioning and how it affects gene expression are discussed
in more detail.

Chromatin remodeling has gained attention due to evidences of its involvement in histone
modifications as well as DNA methylation (Jones and Baylin 2002; Esteller and Almouzni
2005; Martin and Zhang 2005; Baylin and Ohm 2006; Ting et al. 2006; Jones and Baylin
2007).

The combination of nucleosome positions and their chemical and compositional
modifications is key to genome regulation. Recent technologies such as microarrays and
massive parallel DNA sequence allowed the identification with high precision, of the
nucleosomes throughout the genome. There is emerging evidence that nucleosomes regulate
transcriptional initiation, and therefore understanding how nucleosomes are positioned has
implications for how cells respond to external stimuli or how misregulation of nucleosome
positioning leads to developmental defects and cancer (Jiang and Pugh 2009b). It has been
shown that nucleosomes adopt canonical positions around promoter regions and more
random positions in the interior of genes (Mavrich et al. 2008). The understanding of the
mechanisms that surround this preferential positioning is still to be determined.

The 5′ and 3′ ends of the genes present nucleosome-free regions, which might be explained
by the need of exposition of the binding sites for the transcription machinery. Thus, the
presence or absence of a nucleosomes in such regulatory regions will determine the
possibility of gene activation (Yuan et al. 2005; Schones et al. 2008; Jiang and Pugh
2009a,b).

The evidence of a sequence of interactions between different epigenetic mechanisms was
provided by Morey et al. (2008) in acute promyelocytic leukemia (APL). Their work
demonstrated a direct role of the nucleosome remodeling and deacetylase (NuRD) complex
in the establishment and transmission of epigenetic repressive marks as a precise sequence
of events, ultimately resulting in aberrant repression of target genes. They showed that the
translocation PML-RARa (present in human APL) represses gene transcription through
several distinct mechanisms, including histone deacetylation, DNA methylation, histone
modification, chromatin compaction, and heterochromatinization. Their data reveal that
NuRD complex plays an essential role in both the establishment and maintenance of
aberrant epigenetic silencing imposed by PML-RARa. This work confirmed and further
elucidated earlier findings that depicted a mechanistic interaction between epigenetic and
genetic factors, participating in early carcinogenesis steps, also showing evidence that the
PML-RARa oncogenic fusion protein recruits DNMT, consequently inducing DNA
hypermethylation (Di Croce et al. 2002).

Another important protein complex that participates in nucleosome positioning is the Swi/
Snf complex. These proteins target specific promoter regions and play a role in either
activating or repressing transcription via three biochemical processes: nucleosome
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remodeling, nucleosome sliding, and octamer transfer. As mentioned earlier, it is still not
clear how such positioning and complex formation is triggered, or how the histone–DNA
interaction is established. Recent data indicate that it is probably a combination of proximal
genetic sequences (“cis effect”) or by other mechanisms operated by ATP-dependent
nucleosome remodeling complexes in a sequence-independent manner (“trans effect”)
(Längst and Becker 2004; Segal et al. 2006; Weissman and Knudsen 2009; Taby and Issa
2010).

MicroRNAs in cancer
MicroRNAs (miRNAs) are small noncoding RNAs (ncRNA) (around 22 nucleotides in size)
that are found in both plants and animals. They regulate gene expression at the
posttranscriptional level (Bartel 2004, 2009). There are two main ways miRNAs interact
with their targets, depending on the degree of complementarity between them. When the
complementarity is perfect between the miRNA and the target mRNA sequence, the RNA
interference (RNAi) pathway is triggered, and the target mRNA is degraded. In contrast, if
the miRNA binds to the 3′ untranslated region (UTR) of their mRNA targets through partial
complementarity, it blocks translation of the target mRNA. The induction of RNAi and
degradation of the target RNA was originally observed with exogenously introduced double-
stranded (ds) RNA. At that time, the effector 22-nt RNA responsible for the degradation of
the target RNA was termed siRNA. However, the initial distinction made between miRNA
and siRNA becomes less relevant because they are both processed by the same machinery
and use similar or identical protein complex (RNA-induced silencing complex or RISC) for
their function. Consistent with translational control, miRNAs that use this mechanism
reduce the protein levels of their target genes, but the mRNA levels of these genes are barely
affected (reviewed by Esquela-Kerscher and Slack 2006). Some groups have also shown
potential evidence for a third mechanism by which miRNAs could regulate gene
transcription by targeting promoter-associated ncRNAs (Omoto and Fujii 2005; Gonzalez et
al. 2008). Figure 1 shows the two modes of action of small ncRNA-mediated gene silencing
discussed above: miRNA-mediated translation inhibition pathway and siRNA-mediated
mRNA degradative pathway.

Bioinformatics studies revealed that there is a region of eight nucleotides (“seed region”), at
the 5′ end that is decisive to miRNA function (Bartel 2004; Grimson et al. 2007). So far,
around 1000 miRNA have been described encoded by the human genome
(http://mirnamap.mbc.nctu.edu.tw/) (Costa 2010b). Costa (2010b) discusses a model how
this class of molecules can interact with other epigenetic mechanisms (DNA methylation,
histone acetylation), illustrating the whole idea of the epigenetic machinery working in
conjunction to control gene expression.

In cancer, there is evidence of miRNAs displaying tumor suppressor as well as oncogenic
effects; miRNAs have been observed up- and down-regulated in many types of tumors and
interacting with genes of the most diverse cellular pathways (Zhang et al. 2007; Baek et al.
2008). miRNAs can play important roles in carcinogenesis by a plethora of mechanisms,
such as by modulating angiogenesis, apoptosis, as well as the expression of genes involved
in cell migration/invasion, and so on. For example, miR-221 and miR-222 are highly
expressed in various cancerous conditions, such as human thyroid papillary carcinomas
(Visone et al. 2007), glioblastoma (le Sage et al. 2007), and they target and down-regulate
the p27 (Kip1). High levels of miR-221and miR-222 appear in these cancers and correlate
with low levels of p27 (Kip1). p27 (Kip1) alterations have been frequently detected in
human neoplasms, and a reduced or absent p27 (Kip1) expression has been shown in the
most aggressive ones (Visone et al. 2007). The miR-17–92 cluster was the frst oncogenic
miRNAs (oncomirs) identified in human (Hayashita et al. 2005), and it contains a number of
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oncogenic miRNAs, such as miR-17, miR-18, miR-19a, miR-19b-1, miR-20a, and
miR-92-1. The major known function of the miR-17–92 cluster is related to transcriptional
factors c-Myc. Recently, the oncogenic contribution of each individual miRNA in the cluster
has been reported. It appears that the individual miRNAs in the cluster exert their oncogenic
function by targeting different aspects of oncogenesis trigger. For example, miR-17/20a
targets E2F1 (a cell cycle and apoptosis regulator), miR-92 targets BIM (a pro-apoptotic
gene that counteracts the anti-apoptotic activity of genes such as Bcl-2), and miR-19 targets
PTEN (a negative regulator of the oncogenic pro-survival PI3K/AKT signaling pathway)
(reviewed by van Haaften and Agami 2010).

The let-7 family of miRNAs has also been well-studied. Alterations in its members have
been correlated to several types of cancer (Takamizawa et al. 2004; Pillai et al. 2005; Chang
et al. 2008; Boyerinas et al. 2010). In lung cancer, the down-regulation of a few members of
the let-7 family of miRNAs was observed to significantly correlate with a poorer prognosis
after surgery (Takamizawa et al. 2004). In another study, one of the members of this family:
let-7a-3 has been shown to be regulated by DNA promoter methylation: they observed that
hypomethylation in an associated CpG island leads to augmented expression in vitro and
was heavily methylated in normal tissue when compared with tumor tissue, suggesting an
oncogenic role for this miRNA in this tumor type (Brueckner et al. 2007). These data taken
together reveal potential uses of microRNA as cancer biomarkers for diagnosis and
prognosis prediction (Wang et al. 2009).

miR-21 is another example of a largely studied miRNA in cancer. It is overexpressed in
diverse cancers including brain tumors (Wurdinger and Costa 2007), in head and neck
carcinomas (Chang et al. 2008), in prostate, pancreatic, and lung cancer (Volinia et al.
2006). miR-21 has been associated with tumor cell invasiveness and resistance to apoptosis.
Many important tumor suppressor genes are known to be regulated by this miRNA. These
evidence makes miR-21 an attractive therapeutic target. By inhibiting it, there is enough
evidence to the belief that a lot of tumor-suppressive pathways could be reactivated
(Krichevsky and Gabriely 2009).

Two of the well-known tumor suppressor miRNAs include miR-15a and miR-16-1. They
target the expression of the anti-apoptotic protein Bcl-2, thereby promoting apoptosis.
Consistent with the role of miR-15a and miR-16-1 as tumor suppressors, the respective
genes, mir-15a and mir-16-1, are found to be deleted in more than half of B-CLL (B-cell
chronic lymphocytic leukemias) and their expression was found down-regulated in ∼65% of
B-CLL patients (Cimmino et al. 2005). Another tumor suppressor miRNA miR-122 targets a
known promoter of metastasis, a disintegrin and metalloprotease 17 and inhibits both tumor
angiogenesis and cancer cell migration/invasion (Tsai et al. 2009). miR-126 also appears to
inhibit cancer cell growth, proliferation, adhesion, and invasion, and is down-regulated in
colon, lung, and breast cancers (see review by Le et al. 2010).

Examples of some other oncogenic miRNAs include miR-10b, miR-372, miR-373, and
examples of some other tumor suppressor miRNAs include miR-34, miR-335, miR-143,
miR-145, and miR-181a/b/c (Zhang et al. 2007; Ma and Weinberg 2008).

Both genetic and epigenetic mechanisms have been described in the regulation of miRNAs,
occurring at the miRNA itself or in its targets, ultimately altering the miRNA compatibility
with the target sequence (Ventura and Jacks 2009). It is also important to understand that
defects in genes that participate in the miRNA machinery will also lead to its down-
regulation (Melo et al. 2009).

An attractive aspect of miRNA as cancer biomarkers is that they are stable in blood based
bodily fluids (Mitchell et al. 2008) as well as sputum (Xie et al. 2010), and urine (Hanke et
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al. 2010), which offers the opportunity of developing a simple, very little to noninvasive test
to detect the tumor-related alterations.

By whole genome approaches, like miRNA expression microarrays, miRNA signatures are
potentially identified for different tumor types (Calin and Croce 2006; Volinia et al. 2006;
Lujambio et al. 2008), and these profiling studies not only propose tumor-specific panels of
altered miRNA but also validate individual targets as participants in the carcinogenic
process. Once a tumor-specific miRNA signature is established, it can be used to distinguish
the tumor tissue from its normal counterpart, thus making these miRNAs potentially useful
cancer biomarkers. Still in relationship with metastasis, Esteller's group (Lujambio et al.
2008) identified epigenetically silenced miRNAs associated with metastasis, and validated
individual candidates in xenograft models, obtaining very exciting and promising data on the
therapeutic potential of this small molecules.

A recent review on miRNA profiles in breast cancer shows down-regulation of tumor
suppressor miRNAs (miR-206, miR-17-5p, miR-125a, miR-125b, miR-200, let-7, miR-34,
and miR-31) and the overexpression of certain oncogenic miRNAs (miR-21, miR-155,
miR-10b, miR-373, and miR-520c), along with their correlation in breast cancer pathways
and metastasis (O'Day and Lal 2010). Liu et al. (2011) showed in vivo that miR-34a, when
injected in a mouse with prostate cancer, was capable of inhibiting already established
metastasis, giving evidence for the potential of this miRNA as a therapeutic agent.

Polymorphisms in miRNAs and their target sequences has been linked to variations in drug
activation and metabolism, revealing the potential use of miRNA in pharmacogenomics
(reviewed in Passetti et al. 2009).

The cumulative evidence strongly suggests that miR-NAs definitely play an important role
in the etiology of cancer, along with the other epigenetic changes (DNA methylation,
histone deacetylation), in addition to the long-known player, the genetic changes.

The potential of epigenetic therapies
The fact that epigenetic alterations are a hallmark of cancer and are reversible by definition
makes them valid targets for oncologic therapy. Many clinical trials using novel epigenetics-
based therapies against cancer are ongoing.

Tumors that display tumor suppressor genes targeted by epigenetic inactivation, such as
promoter DNA hypermethylation or histone deacetylation, can certainly benefit from
therapeutic agents that can reverse those modifications. Different classes of pharmacological
inhibitors that have been developed are discussed below.

DNMT inhibitors
The DNMT inhibitors are widely used in in vitro in research. They are mainly cytosine
analogs: 5-aza-cytidine and 5-aza-2′-deoxycytidine. As nucleoside analogs, they are
converted to deoxynucleotide triphosphates inside the cell and then incorporated into the
DNA during replication in the original C positions. They attach to the DNMT enzymes
blocking their activity (Jones and Taylor 1980), which results in heritable demethylated
DNA. In order for these inhibitors to be active, replications have to occur (Goffin and
Eisenhauer 2002). Both drugs have been approved by the US Food and Drug Administration
(FDA) for use in the treatment of a hematologic malignancy: myelodysplastic syndrome,
after successful results in clinical trials (Gal-Yam et al. 2008).

Another cytosine analog, 1-β-D-ribofuranosyl-2(1H)-pyrimidinone, presented advantages
over the two mentioned above because it is very stable and thus suitable for oral
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administration, less toxic and showed higher selectivity for cancer cell (Cheng et al. 2004).
Although very promising at first, high levels of this drug were necessary to achieve the
desired effect, which diminishes its potential of clinical use. Together with other cytosine
analogs, the clinical trial results did not live up to the pilot results (Goffin and Eisenhauer
2002).

Other types of DNMT inhibitors have been developed and they include non-nucleoside
inhibitors (Segura-Pacheco et al. 2003) and agents that target one specific DNMT enzyme
(e.g. with antisense oligonucleotides) (Yan et al. 2003).

HDAC inhibitors
HDAC inhibitors will act on the genes known to be regulated by histone deacetylation. They
have shown antitumor, growth inhibitory, pro-apoptotic, and pro-differentiation properties
(Minucci and Pelicci 2006). A very promising aspect of these compounds is that tumor cells
are more sensitive to them than normal cells (Johnstone 2002). A variety of naturally
occurring or synthetic HDAC inhibitors have been characterized for their antitumor
activities in preclinical studies (Acharya et al. 2005).

In research labs, probably the most widely used HDAC inhibitor is trichostatin A (TSA), but
it showed limited use in the clinic due to its high toxicity (Vigushin et al. 2001).

Suberoylannilide hydroxamic acid (SAHA) is the first HDAC inhibitor approved by US
FDA for the treatment of T-cell cutaneous lymphoma (Gal-Yam et al. 2008). Many more
HDAC inhibitors are being tested in xenograft models, and at least a dozen HDAC inhibitors
are in various stages of clinical development (Cang et al. 2009).

Another important histone modification is histone methylation. Histone methylation
machinery has also been considered as a potential target for epigenetic drugs. Unfortunately,
so far, only in vitro results have been obtained, and their real clinical use is yet to be
assessed (Gal-Yam et al. 2008). In vitro data suggest that 3-deazaneplanocin A depletes
Polycomb group components, inhibits histone H3K27 methylation, and induces selective
apoptotic cell death in breast cancer cells (Tan et al. 2007). By targeting the enzyme that is
responsible for removing methylation from H3K4, polyamine analogs were successful in
inhibiting it and consequently up-regulating silenced genes in a cancer cell line (Huang et al.
2007).

Combination of DNMT inhibitors and HDAC inhibitors
In the tumorigenesis process, there are interactions of apparently independent pathways and
mechanisms. It is a well-accepted paradigm that the epigenetic machinery acts using all its
players during cancer progression. It is intuitive to think about combining drugs that target
different pathways and/or mechanisms to assess their effects. Epigenetic drugs have been
combined with each other as well as with conventional chemotherapeutic agents.

Over a decade ago, Cameron et al. (1999) showed synergistic effects on transcriptional
activation of HDAC inhibitors and DNMT inhibitors. As for clinical trials, using such
combinations, initial results have been promising (Issa 2007). Similar exciting results have
also been observed initially for coupling the epigenetic drugs with conventional
chemotherapy (Issa 2007).

There are promising in vitro and in vivo data concerning epigenetic therapeutic potential, but
except for a few FDA-approved drugs, those are still in early development. Overall, toxicity
has been a serious drawback to the use of such drugs in clinics. Therefore, molecular
characteristics that might help overcome these undesirable aspects in a potential drug
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candidate are being taken into consideration, and all efforts are being made toward
developing specific and effective epigenetic therapeutic agents. Nevertheless, since the
epigenetic machinery is very active and has antagonistic effects in different classes of genes,
it is inevitable that blocking one mechanism may benefit a class of genes but stimulate
another category of cancer-related genes, although the present good results of some
demethylating agents contradict this idea (Gal-Yam et al. 2008). For that reason, the future
lies on developing more specific drugs targeting pathways as well as on individual genes,
even classes of genes.

Concluding remarks and future perspectives
Cancer epigenetics provides us a vision “above and beyond” the dogma of genotype (DNA
sequence) determining the phenotype without intervention from any other major players. It
allows scientists to picture the complexity of interactions existing from the genetic code to
the cellular fate. The understanding that the mechanisms can be reversible gives the process
a range of flexibility not imagined before. This fascinating fexibility of biological
characteristics is also very attractive for clinical cancer management and monitoring aspects.

In oncology, important issues that need to be addressed are:

• population screening for risk assessment;

• early disease detection;

• prognosis prediction;

• therapeutic targets;

• therapeutic response monitoring;

• patient stratification;

• reversion of malignant phenotype.

The recognition of the epigenetic machinery participation in carcinogenesis, modestly
exemplified in this review and largely described in the last decades cancer research
literature, allows us to contemplate the chance of dealing with the aforementioned oncologic
issues in new ways that may have a significant impact in the therapy and management of
cancer as a disease.

Going forward, we foresee a multitude of possibilities that need to evolve from academic
exercises to valuable tools for clinical practice.

Well-characterized cohorts are needed for the validation of the candidate epigenetic
biomarkers and drugs. Examples of difficulties lay on the heterogeneity of cancer samples;
on the existence of not fully understood “cancer-specific epigenetic changes” in normal
samples, which does not allow biomarker-based tests to present the high specificity and
sensitivity needed to enter clinical routine. New efficient technologies that will represent
enhanced specificity and sensitivity of biomarker detection as well as epigenetic target
therapies with less toxicity are needed in this field.

Nowadays, there are several companies specialized in the development of epigenetic
alteration-based assays: Oncomethylome Sciences, Epigenomics AG, Sequenom, Exact
Sciences, Orion Genomics, Rubicon Genomics (Zhu and Yao 2009; Costa 2010a).
Nevertheless, there are only a few epigenetic drugs approved so far for use in cancer
patients. The anticipated new tools need to meet stricter standards to become usable
oncologic tests. A great deal of data is generated with promising drug molecules, or

Brait and Sidransky Page 12

Toxicol Mech Methods. Author manuscript; available in PMC 2012 March 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



biomarkers, but very few of these translate into reliable candidate molecules that can be used
in the clinical setting (Sidransky 2002).

With all the accumulated knowledge about the role of DNA methylation alterations, histones
modifications, DNA packaging processes, miRNAs expression, and interactions in
carcinogenesis, the design of more rational interventions to target/detect epigenetic/
epigenomic changes is expected in the not-so-distant future. The development of these
epigenetic/epigenomic alteration-based tests and therapies is expected to complement the
science of genomics in making new inroads to effective personalized medicine.
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Figure 1.
Representative examples of epigenetic processes occurring in a cell (promoter DNA
methylation, global methylation, histone modifications, nucleosome positioning, miRNA in
action). (A) Normal cell. In the nucleus, one tumor suppressor gene promoter shown as
unmethylated, gene body shown as heavily methylated, euchromatin (less compacted
chromatin), leading to accessibility (we observed histone-modifying enzymes that play a
role in this state), a transcriptionally active form that will result in gene expression. In the
cytoplasm, we observed two mechanisms by which ncRNAs/miRNAs repress expression.
(B) Cancer cell. We observed some changes in determined processes, when compared with
the normal cell. In the nucleus, one tumor suppressor gene promoter shown methylated,
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gene body shown as hypomethylated, heterochromatin (highly compacted chromatin),
leading to restricted accessibility (we observed histone-modifying enzymes that play a role
in this state), a transcriptionally inactive form that will result in loss of gene expression. In
the cytoplasm, we observed two mechanisms by which ncRNAs/miRNAs repress expression
(occurring the same way in both cells, since these small molecules have been shown to have
tumor-suppressive as well as oncogenic activities). TSS = transcriptional start site.
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