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Abstract

This review covers the current literature, since the completion of the Human Genome Project, on the cancer
epigenome, including both cancer epigenetics and epigenomics. To that end, the transition from the human genome
to the cancer genome is initially discussed, especially in terms of the hallmarks of cancer and its associated somatic
mutation theory of cancer, along with the failure of this theory-based strictly on genetic mutations-to account for
carcinogenesis and metastasis. The cancer epigenome (as well as both cancer epigenetics and epigenomics) is
examined next, especially with respect to its role in tumorigenesis. The review’s main goal is to address what

constitutes the cancer epigenome vis-a-vis the cancer genome and what the relationship is between them.
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1. Introduction

Completion of the Human Genome Project in 2003 paved the way for the emergence of a systems biology approach
to the investigation of complex living organisms and their associated diseases [1-3]. The current high-throughput
omics assays, such as genomics, proteomics, and metabolomics, provide vast amounts of data concerning the
dynamic states of cells and tissues, whether normal or pathological. Biomedical scientists today employ systems
biology computational analyses and models to gain insights into high-throughput data via bioinformatics, especially

for developing safe and effective therapeutic agents.

In this paper, the current literature on the cancer epigenome, as well as on cancer epigenetics and epigenomics, is
reviewed. To that end, the transition from the human genome to the cancer genome is discussed initially, especially
in terms of the hallmarks of cancer. The somatic mutation theory (SMT) of cancer is also discussed, along with its
failure to account for carcinogenesis. Part of the reason for its failure is that the theory is based strictly on genetic

mechanisms, particularly gene mutations [4]. Next, epigenetics and epigenomics are introduced and discussed in
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terms of the various molecular mechanisms involved in regulating gene activity. The epigenome is then examined in
terms of its hierarchical structure of nucleosome, chromatosome, chromatin, and chromosome, and with respect to
its role as the conceptual and empirical means for yoking an organism’s genotype with its phenotype. The discussion
then turns to the cancer epigenome, including both cancer epigenetics and epigenomics, and to the role epigenetic
mechanisms play in tumorigenesis. The review concludes with a summary statement of what constitutes the cancer

epigenome and its reciprocal relationship to the cancer genome.

2. From the Genome to the Cancer Genome

In 1971, then U.S. President Richard Nixon declared war on cancer and assured the American public that the disease
would be vanquished by its bicentennial year-1976 [5]. Unfortunately, that war has yet to be won and some have
succumbed to the belief that the battle in terms of identifying some of the cancer genes may have been won, but the
war with respect to translating these genes into actionable therapy has not [6]. But, optimism that the war can still be
won is based on the belief that cancer is strictly a genetic disease and that recent technological advances, such as the
development of next-generation DNA sequencing and various omics technologies, can not only identify the driver
genes responsible for tumorigenesis but also elucidate the mechanism responsible for the origins of tumors and their
capacity to invade other tissues within the body [7-10]. In the remainder of this section, the transition from of the
human genome to the cancer genome is examined briefly, especially in terms of the hallmarks of cancer and the
SMT of cancer. Although there are multiple definitions for the genome, the U.S. National Institutes of Health (NIH)
provides a succinct but ample definition: the genome is an organism’s complete set of DNA, including all of its
genes. Each genome contains all of the information needed to build and maintain that organism. In humans, a copy
of the entire genome-more than 3 billion DNA base pairs-is contained in all cells that have a nucleus

[https://ghr.nIm.nih.gov/primer/hgp/genome].

In the early 1990s, the NIH, along with other international agencies initiated the Human Genome Project to
sequence the human genome [11-13]. The project was officially completed in 2003, which marshalled in the
postgenomic era and the different high-throughput omics technologies associated with it [14-16]. Basically, the shift
from the genomic era to the postgenomic era reflected the ability to obtain high-throughput omics data not just on a
single person but also on a population and not simply from a single time-point but also from multiple time points. In
other words, biologists, especially systems biologists, could now investigate living processes as dynamic processes.
Finally, one of the more interestingly immediate outcomes of the postgenomic era is the observation of incredible
variation among genomic expression, even within the same cells of a specific tissue, prompting one reviewer to

acknowledge that no “single genome” exists [17].

The postgenomic era has had a tremendous impact on medicine and on the diagnosis and treatment of diseases [18-
20]. This impact has been especially realized in cancer biology, with several initiatives supporting projects to
elucidate the cancer genome [21, 22]. One of the more prominent projects is the Cancer Genome Project, which was

launched in 2000 under the aegis of the U.K. Wellcome Trust Sanger Institute [23, 24]. The project is also
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associated with the International Cancer Genome Consortium (ICGC), which was assembled in 2008 and supports
international research on the cancer genome [25]. Another project is the NIH’s The Cancer Genome Atlas (TCGA),
which was announced in 2005 and several pilot projects were funded the following year [26]. The project was

officially completed in 2015, with the discovery of over ten million cancer-associated mutations [27].

One of the main goals of the TCGA project was to identify the genetic mutations responsible for the hallmarks of
cancer, especially as articulated in the SMT of cancer [28, 29]. The first hallmark is the cancer cell’s self-sufficiency
of endogenous growth factors, such as activated oncogenes like MYC and RAS. The next hallmark is the flip side of
the first in terms of the cancer cell’s insensitivity to antigrowth signals, such as tumor suppressor genes like p53 and
PTEN. These two hallmarks converge with respect to a third-the cancer cell’s limitless replicative potential, i.e.
cellular immortality. Associated with these hallmarks is the hallmark of altered metabolism or the Warburg effect,
i.e. cancer cells favor glycolysis. A fifth hallmark associated with the previous four hallmarks is the cancer cell’s
ability to evade cell death or apoptosis. Besides evading cell death, the cancer cell can also evade detection by the
immune system. Collectively, these hallmarks allow for growth but limited by the diffusion of nutrients and waste
products. Substantial growth begins with the next hallmark, angiogenesis or the recruitment of a blood vessels to the
tumor. The eighth hallmark is local chronic inflammation, which can accelerate angiogenesis and induce an
associated remodeling of the extracellular matrix that leads to the penultimate hallmark-metastasis, which involves
the cancer cell’s invasion of other tissues. The metastasis hallmark is claimed to be the true hallmark of malignant
tumors as compared to benign tumors [30]. The final hallmark is genomic instability, which can manifest itself with
respect to genome aneuploidy and chromosomal rearrangement. Conceptually, these hallmarks and the SMT of
cancer have been very influential is guiding cancer research [31, 32], although they have been criticized, especially
with respect to not providing sufficient understanding of tumorigenic mechanisms for the development of effective
therapeutic drugs [33, 34].

3. From the Epigenome to the Cancer Epigenome

Part of the problem with the hallmarks of cancer and its associated the SMT of cancer is that they emphasize
mutations of oncogenes and tumor suppressor genes. Unfortunately, these mutations have a limited impact on
phenotypic traits of cancer cells and tumors [35]. Although proponents of the SMT acknowledge that epigenetic
mechanisms are involved in genetic regulation, e.g. the final hallmark of cancer, these mechanisms are not
completely developed with respect to carcinogenesis and metastasis. In this section, epigenetic and epigenomic
mechanisms are discussed first, followed by an examination of the hierarchical structure of the epigenome in terms
of the nucleosome, chromatosome, chromatin, and chromosome. The technologies involved in epigenomics are also
introduced and discussed, before turning to the cancer epigenome and its associated epigenetics and epigenomics.
The section’s chief goal is to bring conceptual clarity to what is meant by the epigenome, as well as by epigenetics

and epigenomics, especially since there are no consensus definitions for these terms.
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In 1942, Conrad Waddington [36] introduced the term epigenetics, along with the notion of epigenotype, to bridge

the gap between genotype and phenotype. His goal was to provide a genetic basis for embryological and
morphological development. In other words, epigenetics conceptually is the progeny of wedding the historical
embryological theory of epigenesis with Mendelian genetics (epi + genetics) [37]. Waddington [38] later introduced
the epigenetic landscape to illustrate the connection between the genotype and phenotype in that the genes
constituting the genome shape the phenotypic landscape as the zygote or cell proceeds towards its differentiated
state.

With the advent of molecular biology, epigenetics took a molecular turn from its previous morphologic conception
[39-42]. Although there are multiple definitions for epigenetics in the literature, with each emphasizing different
dimensions of the term [43-46], Carrie Deans and Keith Maggert propose the following definition to capture these
various dimensions. They define epigenetics as “the study of phenomena and mechanisms that cause chromosome-
bound, heritable changes to gene expression that are not dependent on changes to DNA sequence [47, p. 892]. The
definition tethers the changes in gene expression to chromosomes independent of their DNA sequence or
composition and it acknowledges that these changes are heritable. The term phenomena is broad enough to include
not only developmental or embryological processes but also other biological and pathological processes, such as

tumorigenesis. Finally, the term mechanism can refer to the molecular and morphological dimensions of epigenetics.

As illustrated in Figure 1, the molecular mechanisms comprising contemporary epigenetics can be divided into at
least three major categories [48-50]. The first is DNA methylation in which a methyl group is transferred to cytosine
at its 5-carbon position, generating 5-methylcytosine [51-53]. The cytosine generally precedes guanosine, forming a
CpG dinucleotide. CpG-rich areas of the genome are called CpG islands and are often associated with promoter
regions of genes. Methylation generally silences a gene by prohibiting its transcription. The profiling of DNA
methylation patterns is called the methylome [54] and has been mapped [55], as well as used in concert with
transcriptome profiling to investigate and define the larger epigenetic landscape [56]. Finally, DNA methylation is

reversible with the removal of the methyl group.

Histone
Modifications

DNA Non-Coding

RNAs

Methylation

Epigenetics

Figure 1: Molecular mechanisms comprising epigenetics (see text for details).
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The next category of epigenetic mechanisms consists of the various histone post-translational modifications (PTMs),
which include acetylation, methylation, and phosphorylation-to list the best studied PTMs-and importantly the
modifications are also reversible [57-59]. The histone proteins are divided into five basic types: H1, H2A, H2B, H3,
and H4. These proteins are important for packaging the DNA; and, histone modifications are responsible for altering
chromatin architecture. Thus, PTMs alter the state of the packaging from a tightly wound state (heterochromatin),
which inhibits transcription, to a relaxed state (euchromatin), which promotes it. Currently, the mechanism for
PTMs is articulated in terms of “writers” or the enzymes that modify the histones, “erasers” or the enzymes that
remove the modifications, and “readers” or the proteins that recognize modification sites on the histone and are
involved in interpreting them with respect to downstream processes [60, 61]. Finally, there are several databases

available for storing and curating histone PTMs [62, 63].

The last category of epigenetic mechanisms consists of non-coding RNAs (ncRNAs), which are transcribed from
DNA but are not translated into protein; and, these ncRNAs are distinct from messenger, ribosomal, and transfer
RNAs [64-67]. In general, ncRNAs range in epigenetic functions from DNA methylation and gene inactivation to
chromatin remodeling. They are divided into two major groups: short ncRNAs, which are <30 nucleotides in length,
and long ncRNAs, which are >200 nucleotides in length. Short ncRNAs are divided into several types: microRNAs,
which bind messenger RNA and prevent its translation, short-interfering RNAs, which share a similar function to
microRNAs and also induce heterochromatin formation, PIWI-interacting RNAs, which bind the PIWI proteins and
suppress transposon activity, and small nucleolar RNAs (these ncRNAs are intermediate in size compared to short
and long ncRNAs), which are involved regulating translation through ribosomal activity. Long ncRNA is the largest
group of ncRNAs and are generally involved in chromatin remodeling and other molecular mechanisms. Two

important types are enhancer RNAs and circular RNAs, which are involved in transcriptional regulation.

In sum, these epigenetic mechanisms provide the molecular foundation for conceptualizing the epigenome, which is
made possible by a shift from epigenetics and single gene studies to epigenomics and epigenome-wide association
studies, as well as various high-throughput assays and next-generation sequencing [68-70]. One of the earliest
epigenomic technologies was combining DNA microarrays with chromatin immunoprecipitation technology (ChlP-
Chip), which has been used to determine the global pattern of histone PTMs. Today, ChlP-Seq incorporates next-
generation sequencing to provide higher resolution of histone modifications. Other technologies include bisulfite
and nanopore sequencing and chromatin accessibility and interaction technologies. Finally, several consortia have
been initiated to facilitate collaborative epigenomic research, including ECODE (Encyclopedia of DNA Elements),
FANTOM (Functional Annotation of the Mouse/Mammalian Genome), and the Roadmap Epigenomics Consortium
[71].

While the genome represents the linear DNA sequence of the genes, especially those coding for proteins, which are
believed responsible for phenotypic traits, the epigenome pertains to the structural elements composed of both DNA
and proteins that constitute the three-dimensional (3D) patterns or markings that constitute the landscape ultimately

responsible for regulating gene expression [72]. And, when the Human Genome Project was completed in 2003 the
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Human Epigenome Project was initiated [73], followed later by the launching of the International Human
Epigenome Consortium [74]. Moreover, recent technological advances, such as single cell epigenome sequencing
[75] and CRISPR editing of the epigenome [76], are providing further insights into and use of the epigenome. As
depicted in Figure 2, four structural elements, the nucleosome, chromatosome, chromatin, and chromosome,
comprise the epigenomic hierarchy; and, the structural state of these elements contains the epigenomic information

necessary for regulating gene and transcription activity.

Chromosome

Chromatin

Chromatosome

Nucleosome

Figure 2: The epigenome’s structural hierarchy (see text for details).

The basic structural unit of the epigenome is the nucleosome [77-79]. The nucleosome is composed of DNA strands
(~146 nucleotides) wrapped ~1.6 turns around an octamer of core histone proteins (2 each of H2A, H2B, H3, and
H4). Both the histone’s N-terminal tails and the lateral surface of globular bodies contain sites or marks for PTMs. A
sequence of relaxed nucleosomes are ~200 nucleotides apart and resemble beads on a string. The next structure is
the chromatosome in which the histone protein H1 or linker histone, along with other non-histone proteins, binds via
linker DNA to the nucleosome [80-82]. The chromatosome consists of ~166 nucleotides and has a diameter of ~10
nm. It is the basic unit involved in the folding process to form chromatin. The process depends on the epigenetic
information, called the histone code [83, 84], which is contained in the chromatosome, especially on its histone tails.
The code consists of PTMs patterns that have an impact on the folding process of larger epigenomic structures.
Although there is some debate as to whether it is a code or language, there is general consensus that it and the
crosstalk among the histone PTMs, as well as DNA modifications, function as the molecular mechanism for

generating the epigenome’s next hierarchical structural element-chromatin [85-87].

Traditionally, chromatin is defined operationally as the fibers or granules in the nucleus that are observed after
staining [88]. It can be compacted at various levels, ranging up to 20,000 fold, generating what are called “higher-
order” structures [89-91]. Indeed, the epigenome contains sufficient information for structuring the chromatin
landscape in terms of various domains that they are involved in gene regulation [92, 93]. In short, chromatin is the
fundamental structural unit that composes the final and largest structural element of the epigenome—chromosomes
[94].
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Chromosomes are defined historically as rod-like structures within the cell’s nucleus that contain the genetic
information for heritable traits, i.e. the chromosome theory of inheritance [95, 96]. But, chromosomes also carry
epigenomic information based on their architecture, which is critical for gene regulation. For example, experimental
evidence has been recently reported to suggest that epigenetic marking patterns contain sufficient information for
determining a chromosome’s global 3D architecture [97]. Finally, during cellular interphase, chromosome are
generally in a relaxed or euchromatin state, which can be divided into territories [98-100]. These territories contain

channels that are important not simply in regulating gene expression but also in optimizing it.

As the epigenome consists of the normal architecture of chromosomal structure for the transmission of epigenetic
information, the cancer epigenome consists of the abnormal chromosomal architecture that results in a distortion of
epigenetic information [101-103]. The cancer epigenome ‘“harbors myriad abnormalities that are based on
somatically heritable alterations that are not due to primary DNA sequence changes” [104, p. 726]. One of the chief
hallmarks of the cancer epigenome is chromosomal instability (CIN), which is the result of genomic instability-
especially with mutation to DNA repair genes and other mitotic regulatory elements, such as chromatin remodeler
complexes [105, 106]. Specifically, CIN is caused by mis-segregation of chromosomes during mitosis. It can be
classified as either structural CIN or numerical CIN [107]. Structural CIN is the alteration of chromosomal
architecture, such as loss of chromosomal material in such processes as chromothripsis. Numerical CIN involves
abnormal chromosomal number, such as aneuploidy or polyploidy. CIN is found in well over half of cancer patients
(60-80%) and it is associated with most stages of carcinogenesis, including metastasis [110]. Moreover, both
structural and numerical CIN do not necessarily occur together in every cancer [108, 109]. Finally, chromosome
territories are also involved in tumorigenesis through their rearrangement so genes that are often insulated from one
another intermingle [111-113].

Chromatin architecture and remodeling, especially in terms of chromatin remodeler complexes, play an important
role in carcinogenesis and metastasis [114-116]. As noted earlier, chromatin has two major configurations that have
an impact on gene activity through access of transcription factors. The first is the relaxed or permissive
configuration (euchromatin) in which there is an increase in histone PTMs, such as H3K4me3 and H3K27ac. The
net effect is to lower the barriers of the epigenetic landscape, i.e. increase the spacing among nucleosomes, to permit
cell state transitions. The second chromatin configuration is compacted or restrictive (heterochromatin) in which
there is generally a decrease in histone PTMs, such as deacetylation or demethylation, with the overall effect of
heightening the epigenetic barriers, i.e. decrease the spacing among nucleosome, and thereby prohibiting cell state
transitions. Moreover, other histone PTMs are associated with carcinogenesis. For example, phosphorylation of the
linker histone H1 at threonine 146 has been found in various breast cancer cell lines [117]. Finally, the histone code
has been proposed to play a role in tumorigenesis, in terms of both the epigenetic factors shaping it and the code’s
role in directing the activity of remodeler chromatin complexes [118, 119]-although mechanistic details remain

unclear.
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Besides histone PTMs, the other two epigenetic mechanisms depicted in Figure 1 also play a role in carcinogenesis
and metastasis [120-123]. There are two patterns of DNA methylation in tumorigenesis that make up the cancer
methylome [124, 125]. The first pattern or methylome involves DNA hypermethylation, especially of CpG islands

associated with the promoter regions of tumor suppressor genes. For example, the tumor suppressor gene p16™K*

s
commonly hypermethylated in breast cancer and its silencing has an impact on remodeling the chromatin boundary,
which contributes to tumorigenesis [126]. Besides hypermethylation, global DNA or genome-wide
hypomethylation, particularly of proto-oncogenes and growth factors, plays a key role in carcinogenesis. For
example, global demethylation in NIH3T3 cells is associated with their oncogenic transformation [127]. Besides
CpG islands, altered methylation patterns are also associated with CpG regions distal (~2 kilobases) to the islands or
what are called CpG shores. For example, colon cancer includes not only hypermethylation of CpG islands but also
hypomethylation of the CpG shores [128]. In sum, changes in methylation patterns or methylomes significantly alter

epigenetic integrity and leads to carcinogenesis and metastasis.

The final epigenetic molecular mechanism in tumorigenesis is ncRNA [129-132]. As for the small ncRNAs,
microRNAS represent an important class for epigenetic regulation. For example, the microRNA, miR-132, which
plays an antimetastatic role through controlling cell adhesion, is downregulated in prostate cancer via CpG island
hypermethylation [133]. The microRNAs miR-106b, miR-25, miR-93, miR-23a and miR-27a, which are upregulated in
hepatocellular carcinoma via hypomethylation of CpG poor regions or shores, are another example [134]. Long ncRNAs
also play a major role in carcinogenesis. For example, growth arrest-specific transcript 5, which controls cellular
apoptosis, is a long ncRNA, whose gene GAS5 is downregulated in breast cancer [135]. Another important example
is the long ncRNA, HOTAIR, which is also associated not only with breast cancer but also with gastric, colorectal,
ovarian, and lung cancers; and, it is involved in altering chromatin dynamics through its interaction with the histone
methyltransferase Polycomb Repressive Complex 2 and lysine-specific demethylase 1 [136, 137]. Indeed, given the
diverse function of long ncRNAs, ranging from gene regulation to chromatin restructuring and dynamics, long
ncRNAs are making a significant impact on cancer biology and are responsible for a paradigm shift from the

traditional paradigm based exclusively on protein-coding RNA [138, 139].

Finally, just as genetic changes can account for the hallmarks of cancer, so too can epigenetic changes [140-144].
For example, the methylation of the RASSF1A (RAS association domain-containing protein 1) gene, in both lung and
breast cancers, results in increased RAS signaling and thereby contributes to the hallmark of the cancer cell’s self-
sufficiency of endogenous growth factors [145]. Another example is the downregulation of the DAB2 (disabled
homolog 2 protein) gene through methylation, which converts TGF-§ (transforming growth factor-f) to a potent
oncogenic factor in human squamous cell carcinomas and thereby accounts for the hallmark of insensitivity to
antigrowth signals [146]. Another example is the silencing of the p16 gene through promoter methylation in
non-small cell lung cancers and is consequently responsible for a cancer cell’s limitless replicative potential [147].
An epigenetic example for the hallmark of evading cell death or apoptosis is the methylation of the HIC1
(Hypermethylated in cancer 1 protein) gene, which is involved in regulating cell proliferation and apoptosis in

prostate cancer [148]. An example of the angiogenesis hallmark is the downregulation of the anti-angiogenic genes,
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TIMP3 (tissue inhibitor of metalloproteinase 3) and CDH1 (E-cadherin), in ovarian cancer through DNA

methylation and histone modification [149]. A final example pertains to the metastasis hallmark in which
methylated silencing of the gene for the microRNA, miR-148a, in primary tumors results in the upregulation of
oncogenic and metastatic genes [150].

4. Conclusion

Conceptually, the epigenome pertains to the epigenetic information stored in the packaging of the epigenome. This
information, which consists of epigenetic marks, is responsible for the genome’s expression and for a cell’s
transition to its differentiated state. Whereas the genome consists of a linear sequence of genes that contain the code
for transcription products, the epigenome consists of a 3D configuration of marks that compose a code for regulating
the expression of those products. While the genome is responsible for the genotype, the epigenome serves as the
intermediary or mediating mechanism for interpreting the genotype qua phenotype. In short, the epigenome is the
link between genotype and phenotype. Finally, the relationship between the genome and epigenome is reciprocal
(Figure 3). Thus, changes in the genome can have an impact on the epigenome and vice versa, which has important

implications for elucidating carcinogenesis and metastasis.

- VT
Genome Epigenome
\ 7\ 1 /

Figure 3: Reciprocal relationship between genome and epigenome (see text for details).

Although the SMT of cancer emphasizes mutations in oncogenes and tumor suppressor genes (the first two
hallmarks of cancer) for cellular oncogenic transformation, the initial mutations probably do not involve these genes
but rather genes for chromatin remodelers [151], for example, which alter chromatin’s architecture and thereby its
epigenetic information. Given the reciprocal relationship between the genome and epigenome (Figure 3), genetic
mutations to such genes initially lead to the cancer epigenome, which then contributes to an altered expression of the
genome that results in fulfilment of the hallmarks of cancer. Moreover, just as the environment can cause genetic
mutations so it can also cause epigenetic mutations, i.e. changes in the epigenome’s architecture, which can alter the
genome’s expression. In sum, as depicted in Figure 4, carcinogenesis and metastasis are the outcome of an

imbalance in mitotic homeostasis caused by oncogenic changes in both the genome and epigenome, with priority
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given initially to changes in the epigenome. Finally, treatment of cancer must take both the genome and epigenome

into consideration to develop accurate diagnostic protocols and efficacious therapy.

Epigenome

AN

Genome

Figure 4: Imbalance in mitotic homeostasis (see text for details).
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