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Abstract

DNA methylation is a fundamental means of epigenetic gene regulation that occurs in virtually all
cell types. In many higher organisms, including humans, it plays vital roles in cell differentiation
and homeostatic maintenance of cell phenotype. The control of DNA methylation has traditionally
been attributed to a highly coordinated, linear process, whose dysregulation has been associated
with numerous pathologies including cancer, where it occurs early in, and even prior to, the
development of neoplastic tissues. Recent experimental evidence has demonstrated that, contrary
to prevailing paradigms, methylation patterns are actually maintained through inexact, dynamic
processes. These processes normally result in minor stochastic differences between cells that
accumulate with age. However, various factors, including cancer itself, can lead to substantial
differences in intercellular methylation patterns, viz. methylation heterogeneity. Advancements in
molecular biology techniques are just now beginning allow insight into how this heterogeneity
contributes to clonal evolution and overall cancer heterogeneity. In the current review, we begin by
presenting a didactic overview of how the basal bimodal methylome is established and maintained.
We then provide a synopsis of some of the factors that lead to the accrual of heterogeneous
methylation and how this heterogeneity may lead to gene silencing and impact the development of
cancerous phenotypes. Lastly, we highlight currently available methylation assessment techniques
and their suitability to the study of heterogeneous methylation.

1. Introduction

DNA methylation, and cytosine methylation in particular, has been studied as a means of
epigenetic gene regulation since the 1970’s [1, 2]. Its dysregulation was soon linked to
cancer [3-5] and by 2000, significant experimental evidence had confirmed aberrant DNA
methylation to be a primary contributor to carcinogenesis [6]. Since that time, significant
advances in sequencing and other molecular biology techniques have begun to allow
researchers to gain insight into how the various patterns of DNA methylation influence
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cellular phenotype and tumorigenesis. In the current review, we aim to provide a brief
overview of how the highly organized, bimodal methylome established during
embryogenesis can become altered by various endogenous and exogenous factors to yield
the highly heterogeneous patterns of methylation often seen in cancer. We then seek to
summarize recent progress in elucidating how these patterns affect, and are affected by,
cancer-associated phenomena. Lastly, we review currently available methylation analysis
techniques and discuss their suitability for the analysis of heterogeneous methylation.

Biochemically speaking, cytosine methylation occurs by donation of a methyl (CH3) group
from S-adenosylmethionine to the fifth position in the cytosine pyrimidine ring resulting in
the formation of 5—-methylcytosine (5mC). The reaction occurs immediately following DNA
synthesis and is catalyzed by a family of enzymes called DNA methyltransferases (DNMTS).
5mC is predominantly found within the genome in the context of 5’-cytosine-phosphate-
guanine-3’ (CpG) dinucleotides. CpG dinucleotides are notable in that they form
symmetrical CpG dinucleotides on the complementary strand, providing an ideal scaffold for
DNMTs (predominantly DNMTI) to propagate DNA methylation patterns from parent
strands to both daughter strands during DNA replication. This mechanism confers
methylation with the definitive epigenetic attribute of mitotic heritability. As will be
discussed later, while heritable, these methylation patterns are maintained and modified via
dynamic regulation leading to minor stochastic differences in methylation patterns.

CpG sites are globally rare throughout the genome [7] and predominantly (70-80%)
constitutively methylated in healthy cells [8]. Approximately 10% of CpG sites, however,
are densely concentrated into “CpG islands” (CGls), among which more than half are
located in the promoter regions near the transcription start sites of over 60% of human genes
[9, 10]. Unlike the majority of CpG sites throughout the genome, the sites located within
CGls are often constitutively hypomethylated in healthy cells. The reason for this
hypomethylation lies in one of the primary putative functions of cytosine methylation in
mammals, the regulation of genetic expression by the reduction of, or “silencing,” of gene
transcription.

While other functions of DNA methylation also exist, these appear to be heavily dependent
upon the genomic context in which the methylation occurs [11, 12], as well as cell
phenotype [13]. For example, DNA methylation within promoter CGls has considerably
different implications for gene expression than methylation within gene bodies or regulatory
elements [14, 15]. A detailed discussion of the various nuanced roles of DNA methylation is
beyond the current scope, however a number of excellent reviews can be found elsewhere
[11, 16].

The current review is primarily focused upon the role of heterogeneous methylation in the
context of promoter-related gene silencing. Nonetheless, in order to approach the etiology of
heterogeneous methylation, it is useful to begin with an overview of how the default
methylation patterns are established and maintained within mammalian cells. A list of some
of the key terms and biomolecules involved in these processes are detailed in Table 1.
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2. Generation of the Basal, Bimodal Methylome

Roughly speaking, the methylome of mammals is not heterogeneous by default, but
bimodal, with the majority of CpG dinucleotides being methylated, with the notable
exception of those located within the aforementioned CpG islands. This distribution is
established early on in embryogenesis where, prior to implantation, parental DNA
methylation is rapidly erased from the DNA of the fertilizing sperm and the primordial germ
cells of the developing embryo [23]. Both of these global demethylation processes are
preceded by a number of epigenetic remodeling events that are at least partially mediated by
genome-wide oxidation of 5mC by 7E£71, a member of the larger TET family of
demethylating enzymes [24-27].

Following these global demethylation events, CpG sites remain unmethylated roughly until
the time of implantation [28, 29], when most CpG-poor regions become indiscriminately
remethylated by the de novo DNMTs, DNMT3A and DNMT3B. Promoter CGls are
protected from arbitrary methylation events such as these by a number of mechanisms,
including: nearby cis-regulatory regions such as transcription factor binding sites [30, 31],
so-called R-loops that arise due to asymmetric cytosine/guanine distributions within CGls
[32], the persistent presence of 7E£71 and, notably, mutually exclusive histone modifications.
These protections result in notable “CGlI-shore” boundaries between unmethylated CpG-rich
CGls and methylated CpG-poor regions such as gene bodies [33].

In some instances, promoters CGls are required to be temporarily inactive, but must still
remain quiescent for later use. In these cases, repression can be accomplished through
histone modifications, namely trimethylation of H3K27 via the polycomb repressive
complex, PRC2, which is directed to CGls by a number of different mechanisms [34].
Interestingly, it also appears that, H3K27me3 likely protects silenced promoter CGls from
unwanted spurious cytosine methylation, as the two are normally mutually exclusive in
healthy cells [35, 36]. Many of these CGls lose their protection by H3K27me3 with age or
during carcinogenesis, potentially leading to aberrant hypermethylation and potential
silencing [37, 38].

A minority of promoters, particularly those with lower CpG densities, do become targets of
DNA methylation. The genes associated with these promoters require long-term, stable
repression and include inactive X-chromosome genes, imprinted genes and those expressed
exclusively in the germ line. These genes are typically silenced by a combination of H3K9
methylation and DNA methylation that ensures long-term silencing through formation of
stable heterochromatic structures [39].

Lastly, some genes that provide embryonic stem cells with the attributes of self-renewal and
pluripotency [40] are bivalently marked with both active (H3K4me3) and repressive
(H3K27me3) histone modifications [41, 42], resulting in basal low-level expression during
embryogenesis. During differentiation, this bivalency is lost and many of these pluripotency
genes are targeted for DNA methylation, preventing dedifferentiation [43, 44]. In fact,
demethylation of bivalent genes is thought to be a necessary step in somatic cell
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reprogramming, a key process that occurs during carcinogenesis that allows differentiated
cells to revert back to a pluripotent state [45].

3. Defining Maintenance Stochasticism and Aberrant Methylation

According to the classical theory of DNA methylation, the bimodal methylation patterns
established during embryogenesis are maintained during cell division by DNMT1in a
tightly controlled, linear process that ostensibly results in the propagation of precise
methylation patterns. This classical view continues to be reiterated in the literature to this
day [46], despite its inability to account for a number of experimental observations,
particularly the considerable evidence demonstrating widespread methylation heterogeneity
even amongst nominally healthy cells [38, 47, 48].

There are a number of other consistently-observed phenomena for which the classic model
cannot account. For one, the DNMT1 enzyme is highly error-prone, showing only a 10- to
40-fold preference for hemimethylated (methylated on only one strand) over unmethylated
CpG sites. This belies DNMTZI’s role as the sole enzyme responsible for faithful
maintenance methylation and further cannot account for the relatively high degree of
transgenerational fidelity between mother and daughter cells [49]. Similarly, the classic
concept of methylation being faithfully copied to the daughter strands on a site-by-site basis
has also been invalidated by numerous experiments [38, 47, 48, 50]. Evidence from these
experiments has strongly indicated that it is the methylation density, rather than precise
patterns, that pass from mother to daughter cells [48, 50-52]. The classic model also fails to
account for counteracting phenomena that prevent or remove methylation, such as mutually-
exclusive histone marks and passive or active demethylation, e.g. through the TET family of
enzymes. Lastly, in the classic model, the DNMT enzymes have separate and distinct roles.
However, recent studies have indicated that in the processes of both maintenance and de
novo methylation [53], methylation is accomplished through a coordinated effort between
DNMT1and DNMT3A/B enzymes [19, 54].

In light of these discrepancies, several new candidate models have been developed to
account for experimental data that are discordant with the classic theory [53, 55-57]. While
differing on some specifics, each of these second generation models utilize a dynamic
stochastic theory (herein referred to as maintenance stochasticism) of both de novo and
maintenance methylation. In these models, methylation is maintained through the local
activity of methyltransferases, DNA demethylases and the DNA replication rate [53].

The concept of DNA methylation as a metastable dynamic process has considerable
implications in the interpretation of heterogeneous methylation vis-a-vis cancer-specific
aberrant methylation. Specifically, it predicts that the slight differences in methylation
patterns observed in fully differentiated cells of the same tissue are not only tolerated, but
expected and minor differences in pattern are unlikely to significantly affect cell phenotype
or, in the case of cancer, yield neoplastic clones. This prediction has been supported in
experiments, for example in the case of promoter CGls, changes in methylation density, not
specific methylation patterns, have been shown to determine whether or not a gene is
silenced and to what extent [58-61]. Consequently, in many cases aberrant methylation
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might only be considered as such if it results in a notable alteration in methylation density or
in the erosion of the boundary between CGls and CpG-poor regions [33, 47, 62]. Indeed, as
illustrated in Figure 1, this paradigm implies that all aberrant methylation could be
considered heterogeneous (with respect to “normal” methylation patterns), however the
converse would not necessarily be true. Dynamic methylation also provides viable
mechanism that can at least partially account for the considerable change in methylation
patterns that occur as humans age [63, 64].

4. The Accrual of Heterogeneous Methylation

4.1. Age

Upwards of several thousand promoter regions can become heterogeneously and/or
aberrantly methylated during the transformation of otherwise healthy cells into a neoplastic
state [65]. How these loci become inappropriately methylated prior to and during
carcinogenesis are open questions of active interest. To date, there are a number of known
factors that researchers have determined to be contributors to the development of aberrant
heterogeneous methylation, including age, number of cellular divisions, environmental
exposures, and numerous cancer-associated phenomena, including genetic mutations in
epigenetic regulators and hyperproliferation.

Humans gradually accrue spurious changes in their methylome (epimutations) throughout
their lifetime in what is referred to as epigenetic drift [64, 66]. This accumulation of
spurious methylation (resulting in heterogeneous methylation patterns) is relatively
consistent between individuals and can even be used as an “epigenetic clock” to predict the
age of an individual within five years [67]. Studies have shown that the majority of this
aberrant methylation does not arise in a random manner. Rather, errors preferentially
accumulate at sites that carry PRC2 repressive [68] or bivalent [69] marks such as occur in
multipotent cell-types, including embryonic and adult stem cells. Notably, hypermethylation
of these loci appear to be independent of tissue type and have further been shown to be
particularly associated with adult cancers and even preneoplastic populations [68, 70].

4.2. Mitotic Clock

A separate but related concept is that of the mitotic clock, which is a measure of the aberrant
methylation that is due exclusively to the aforementioned lack of fidelity of the DNA
methylation maintenance machinery. A number of studies have attempted to isolate the
contribution from this source, with most estimates demonstrating a fidelity of roughly 99.9%
for CpG sites located within promoter CGls, and even higher in other contexts [38, 51]. This
amounts to an error rate of one error per division for every 1000 CpG sites on average,
which is six to seven orders of magnitude higher than the rate for DNA replication [71].
Nonetheless, it stands to reason that the mitotic clock is not the primary driver of the
epigenetic clock as there is little variation in epigenetic drift between tissues that differ
widely in turnover rate [64].
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4.3. Environment

One area of intensive research is the question of how exogenous influences from the
environment affect the methylome and epigenetic phenomena [72-75]. There is a growing
list of environmental factors that have been shown to “speed up” the epigenetic clock and
result in an overall increase in heterogeneous methylation. Among these are: environmental
pollutants [72], acute and chronic chemical exposure [76, 77], smoking [78], alcohol use
[79], diet [80, 81], UV exposure [82] and viral infection [83, 84], to name a few. Many of
these studies have further shown that, similar to age-related methylation, most of these
environmental influences also result in preferential aberrant methylation of PRC2 and
bivalent promoter loci [64].

4.4. Mutations Affecting Epigenetic Regulators

Recent progress in next-generation sequencing technologies have enabled performance of
large-scale genomic studies that have identified mutations affecting epigenetic regulation
that frequently appear in a number of cancer types. Given the strong reliance upon properly
functioning epigenetic machinery for the maintenance of epigenetic marks, including DNA
methylation, it is no surprise that these mutations might result in an increase in aberrant
methylation.

While a detailed list of these genes is beyond the current scope, they can be broadly
categorized into three groups: epigenetic modulators, epigenetic modifiers and epigenetic
mediators [85]. Epigenetic modulators are genes that activate or repress epigenetic
machinery in cancer. Examples of modulators include /DH1/2, KRAS, APCand TP53,
among others. Epigenetic modifiers are genes responsible for modifying DNA methylation
or chromatin structure, and can be further subclassified into writers, editors and readers [86].
Of these three subcategories, only the writers and editors actually directly alter DNA
methylation. Writer-modifiers include the DNMT enzymes, while editor-modifiers include
the TET enzymes and reader-modifiers include the MBD proteins. Some other examples of
epigenetic modifiers are MLL 1/2/3, SETDZ, EZH2and BRDA4. Lastly, epigenetic mediators
are genes that are regulated by modifiers and result in an increase in pluripotency or
survival, such as those which are epigenetically poised in stem cell populations. These genes
include OCT4, NANOG and SOXZ2 as well as others.

The preponderant co-occurrence of aberrantly methylated DNA along with genetic
mutations in cancer strongly suggests that genetic and epigenetic stability are inextricably
linked. Some recent investigations have begun to uncover how genetic and epigenetic factors
can interact in shaping the methylome in cancer. Among these are notable examples of
genetic-epigenetic interplay in certain forms of the so-called “CpG island methylator
phenotype (CIMP).” CIMP was first described shortly after the initial gold rush for genetic
loci with cancer-associated methylation, when it became clear that some cases of colorectal
cancer were characterized by significantly more CGI methylation than others of the same
type [87]. And while CIMP has been identified in numerous other tumor types, including
bladder, breast, ovarian, prostate, endometrial, gastric, glioblastomas, hepatocellular, lung
and pancreatic cancers [88], the molecular underpinnings have for the most part remained
elusive. However, more recent studies, particularly of CIMP in glioma and leukemia, have
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identified mutations involved in an axis of pathways that lead to aberrant methylation.
Specifically, somatic mutations were found in isocitrate dehydrogenase-1 (/DHI) in many
cases of glioblastoma CIMP [89], while somatic mutations in both /DH1 and /DHZ, as well
as TETZ2[90] were shown to occur in leukemic forms of CIMP [91]. Each of these mutations
were ultimately found to lead to in an increase in the oncometabolite, 2-hydroxyglutarate,
which acts as an inhibitor of the TET proteins, yielding an increase in aberrant
hypermethylation, particularly within promoters targeted by PRC2.

Another example of genetic-epigenetic interplay occurs in activating mutations in the KRAS
gene. These have been shown to increase ZNVF304, a zinc-finger DNA-binding protein,
which recruits a corepressor complex containing DNMT1, resulting in targeted methylation
of promoter CGls of a number of tumor suppressor genes associated with CIMP [92].
Similarly, mutations in the retinoblastoma tumor suppressor gene (~/B) result in an increase
in histone acetyltransferase-dependent activation of the DNA damage response gene, ataxia
telangiectasia mutated (A7M), which associates with DNMT1, ultimately resulting in
aberrant hypermethylation of various promoter CGls [93].

As might be expected, the factors influencing the rate of aberrant methylation accrual are not
mutually exclusive. For example, a recent study demonstrated that the same loci that become
aberrantly methylated in buccal cells in response to smoking in vitro, are not only predictive
of lung cancer, but numerous other, non-smoking-related, cancers as well [94]. The authors
proposed that these results might be explained by the existence of a common mechanism
between methylation that occurs as a result of acute environmental influences and cancerous
tissue at large. For example, in both of these cases there is an overall increase in both the
number and frequency of cell divisions, as experienced by the buccal cells exposed to smoke
and cancer cells with shortened cell cycles. This hypothesis is supported by recent evidence
indicating that that variations in cell cycle length may greatly perturb epigenetic memory,
leading to significant increases in heterogeneous methylation [47, 95].

5. Distinguishing the Contribution of Heterogeneous Methylation to

Cancer Heterogeneity

The heterogeneous methylation that builds up as a result of these various factors can lead to
the development of loci with significant changes in methylation density and erosion of the
boundaries between hypomethylated and hypermethylated regions [62, 96]. Experimental
evidence indicates that these differentially methylated regions (DMRs) positively correlate
with the probability of developing neoplasia [62, 68]. In fact, it has recently been shown that
methylation heterogeneity actually peaks immediately prior to cancer initiation and often
declines somewhat thereafter [97, 98]. But correlation is not causation and while it seems
clear that some of this methylation contributes to inappropriate long-term silencing of key
“driver” genes such as tumor suppressors [11], experimental evidence strongly suggests that
a significant portion of these and other methylation events are so-called “passenger” events
with little to no functional effect on cell phenotype [63, 99, 100]. For example, age-
associated hypermethylation is known to preferentially accumulate in regions that would
normally not be expressed by the tissue of origin [63, 101, 102] or are already silenced by
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other mechanisms, such as loci associated with PRCs and H3K9 methylation [33, 39, 103,
104]. Likewise, the majority of age- and cancer-associated hypomethylation yields no
functional effect [63]. Said another way, it appears that heterogeneous methylation often acts
to reinforce existing chromatin states, as opposed to creating them [11].

That is not to say that heterogeneous methylation does not directly contribute to
carcinogenesis. In fact, even if the majority of silencing and unsilencing is established by
other mechanisms, it is currently thought that it is changes in methylation that are mainly
responsible for propagating these states to daughter cells as a means to the development of
epigenetic clonal populations [105-108]. An example of this can be seen in somatic cell
reprogramming, which recent evidence suggests may act as a prerequisite for tumorigenesis
[45]. In this case, despite the considerable amount of epigenetic reprogramming that occurs
via histone marks, full reprogramming of somatic cells cannot be accomplished without
alterations in methylation. In particular, TET-mediated demethylation of the promoters
associated with OC74and NANOG is required in order to achieve the fully pluripotent state
thought to underlie much of the epigenetic and overall tumor cell plasticity that is a common
characteristic of many cancerous phenotypes [107]. Similarly, during the well-known
phenomenon of epithelial-mesenchymal transition (EMT), methylation acts to reinforce the
H3K9me3-mediated silencing of promoters of genes associated with epithelial traits, thereby
providing directional transition and development of clones with a mesenchymal phenotype
[108]. This paradigm is also supported by clinical studies. For example, it has recently been
shown that when comparing methylation patterns between patients suffering from metastatic
cancer of the same type, there is often considerable heterogeneity in methylation between
individuals (intertumor heterogeneity), but minimal heterogeneity between metastases
within the same individual (intratumor heterogeneity) [105]. This indicates that by the time
cancer has reached the point of metastasis, the high methylation heterogeneity seen in the
initial stages of neoplasia has resolved into stably propagated methylation profiles producing
distinct, phenotypically-advantageous epigenetic clones [97].

However, overall, despite tremendous effort in the elucidation of the effects of
heterogeneous methylation, it still remains difficult to posit definitive rules to determine a
priori whether heterogeneous methylation of a given locus controls gene expression,
stabilizes it or even exerts any functional effect at all [109]. Consequently, any discussion
regarding the effects of heterogeneous methylation upon a particular locus typically requires
reference to its potential functionality within the precise context in which it occurs.
Nonetheless, when taken as a whole, current experimental data does allow assertion of a
number of general themes regarding the effects of heterogeneous methylation vis-a-vis
clonal development and cancer heterogeneity. Furthermore, by noting the covariation of
these themes, a picture of the potential interplay between heterogeneous methylation and
cancer heterogeneity begins to begin to emerge [97].

The potential interplay between various experimentally observed themes can perhaps best be
exemplified by a prototype schema, such as the one illustrated in Figure 3A. Shown is a
simplified hypothetical example how this interplay might result in the emergence of a
particular clone. At the top are methylation patterns representing CpG-rich (e.g., promoter
CGls) and CpG-poor loci associated with three types of hypothetical genes, Genes A, B and
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C. The bar graphs represent the respective expression levels of these genes prior to and
throughout the course of carcinogenesis. Tumor Suppressor Gene A represents tumor
suppressor or other “driver” genes that act as key regulators of cell maintenance, such as
CDKNZ2A[110], SFRPgenes [111], SOCS1, SHP1[112], RASSF1A[113], CHFR[114], et
al.. On the other hand, Tissue-Specific Gene C represents any of the many genes that are not
expressed or required by the respective tissue [63, 101, 102]. Lastly, Pluripotency Gene B
represents genes important for the establishment of pluripotency that are typically bivalently
marked during embryogenesis, but later silenced by methylation during differentiation,
examples include: MANOG and OCT4[115, 116] ,ESRRB[117] and SOX2[118].

The schema begins with the bimodal patterns of methylation established during
embryogenesis. Over time (progressing from top to bottom) and in response to other
exogenous factors, cells within the tissue develop heterogeneous methylation patterns at the
three loci. Some patterns develop that contain only minor methylation differences as
predicted by a dynamic theory of methylation maintenance (maintenance stochasticism).
Others emerge that differ in density and/or position beyond maintenance stochasticism and
are termed aberrant. Early on and prior to the development of disease, only minor pattern
variations with little heterogeneity are present within the promoters of both Gene A and
Gene B, which remain expressed and unexpressed, respectively. In the promoters of tissue-
specific genes, such as Gene C, methylation preferentially accumulates but has no functional
effect, as they are already silenced by other mechanisms.

As time progresses toward the initial stages of carcinogenesis, aberrant methylation
stochastically accrues resulting in a high degree of methylation heterogeneity throughout the
entire genome as a result of, and resulting in, widespread epigenetic instability [97]. The
patterns of methylation within the promoters of Gene A and Gene B begin to exhibit a high
levels of heterogeneity leading to significant variability in gene expression between different
cells. The cells exhibiting significant hypomethylation in the Gene B promoter start to
develop a pluripotent phenotype at this time. By this point, the promoter of Gene C has
already accumulated large amounts of aberrant hypermethylation and remains unexpressed.

As the cancer advances, some cells begin to establish definitive expression patterns and
develop into a quasi-stable clone, Clone X, with particular phenotypic characteristics. In this
case, Clone X emerges only from cells that also show hypomethylation in Gene B.
Evolutionary pressures select only those cells that also exhibit hypermethylation-associated
silencing of Tumor Suppressor A. Lastly, the promoter of Gene C remains fully methylated
with little expression. The combination of these final methylation patterns along with the
numerous others in the clonal genome ultimately combine to create the cancerous cellular
phenotype of Clone X.

It’s important to note that the evolution of Clone X is not predetermined. In fact,
immediately prior to cancer initiation, the high level of epigenetic instability and associated
methylation heterogeneity may have the potential to result in the generation of numerous
different phenotypes in time and space [85, 119, 120]. Whether these clones form via
expansion from a single cell (e.g., cancer stem cells) [121] or through evolutionary
convergence [122] remains an important open question [99]. These points are illustrated in
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Figure 3B, which shows how other clones may emerge simultaneously or later on during
disease progression. For example, Clone Y might emerge from cells that retain expression of
Gene A and some of the cells of Clone Z might have undergone EMT as a result of
demethylation and re-expression of Gene C, as has been experimentally observed [123]. The
particular phenotype of the clones that ultimately develop will be largely dependent on the
precise evolutionary pressures and microenvironment within the tissue of origin. Somewhat
counterintuitively, methylation heterogeneity often decreases as the clonal populations
within an individual stabilize and expand while interclonal/interindividual heterogeneity
increases due to the generation of clones with different phenotypes arising from the selective
pressures particular to each individual [105].

In short, while the phenomena of methylation heterogeneity and epigenetic instability may
be common to almost all cancer types [33], it can result in the development of cancers
containing clones with considerably disparate characteristics. This has clear implications for
cancer therapeutics. In fact, experimental evidence indicates that cancers exhibiting higher
degrees of methylation heterogeneity are more difficult to treat [124, 125]. Consequently, the
development of technologies capable of adequately detecting and treating polyclonal cancers
will inevitably require a more thorough understanding of the correlations between
heterogeneous methylation and therapeutic resistance [107].

Evaluating the complex relationships between the large numbers of aberrantly-methylated
promoters and carcinogenesis is an extremely daunting task that will involve a broad
collective effort between epigenetic researchers using numerous different means of analysis.
In the last section of our review we present a summary of the techniques for assessing
heterogeneous methylation that have been and continue to be developed to accomplish this
gargantuan task.

6. Detecting Heterogeneous Methylation

While there exist numerous methods for the assessment of DNA methylation, they greatly
vary in their respective abilities to detect and differentiate patterns of methylation, as well in
their coverage of the genome. Consequently, the choice of which technique to use for the
assessment of heterogeneous methylation can be largely dependent upon the question being
asked. Here we seek to discuss the relative attributes of each technique in order to direct the
reader to the most appropriate one for his or her application. Toward this end, Figure 3
shows two plots, one of technologies deemed most suitable for the assessment of intratumor
heterogeneity and another of those better suited for intertumor assessment. The techniques
are shown as pie charts indicating their relative methylome coverage, and plotted according
to their relative abilities to resolve different methylation patterns (epiallelic discrimination)
versus their relative abilities to detect those patterns within a mixed population (sensitivity).

Current methods for assessing DNA methylation typically involve bisulfite conversion of
genomic DNA followed by downstream analysis methods. In bisulfite conversion (BSC),
target DNA is treated with sodium bisulfite, which chemically converts unmethylated
cytosine into uracil, while methylated cytosine residues are nominally preserved. During
PCR amplification, uracil is replicated as thymine, thereby effectively translating changes in

Semin Cell Dev Biol. Author manuscript; available in PMC 2019 January 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pisanic et al.

Page 11

methylation to changes in primary sequence that can be readily analyzed by traditional
genetic analysis techniques. It’s useful to note up front that the BSC process is not
completely efficient, as 0.1% or more unmethylated cytosine residues typically fail to
convert. Thus reliance upon BSC ultimately limits the ability of most methods to detect rare
epialleles with minor differences in methylation patterns.

For clarity, we have divided the techniques into three categories: locus-specific, genome-
wide and “in development” approaches.

6.1. Locus-specific approaches

6.1.1. Direct Bisulfite Sequencing—Traditional bisulfite sequencing (BS-Seq) relies
upon PCR amplification of a particular locus of interest (LOI) within bisulfite-treated (BST)
DNA, followed by Sanger sequencing [126]. The sequence obtained from the resulting
amplicons can be used to obtain the average methylation level of each CpG dinucleotide in
the original sample. The primary drawback to this method is amplification bias, which limits
detection to methylation events that are present in 10-20% of the original template strands
and prevents accurate quantitative analysis [127]. Today, BS-Seq is more commonly
employed with pyrosequencing, which improves the sensitivity to ~5% [128]. Nonetheless,
use of this method with 15t-generation sequencing technology precludes the ability to resolve
different methylation patterns (epialleles) and is thus not suitable for the study of intratumor
heterogeneity. Alternatively, next-generation sequencing technologies can be employed to
somewhat overcome this limitation by offering the ability to detect and differentiate
epiallelic fractions over 0.1-1% [129].

6.1.2. Clone-based Bisulfite Sequencing—Amplicons produced as above can
alternatively be cloned into vectors and transfected into competent cells prior to sequencing
(clone-based bisulfite sequencing). While capable of distinguishing individual epialleles,
this method has become largely obsolete due to high costs and long processing times. The
sensitivity of this method is also limited by PCR bias, as well as the impracticality of
sequencing large numbers of clones.

6.1.3. Methylation-Specific PCR (MSP)-Based Methods—MSP is a methylation
detection method designed to specifically amplify only fully-methylated epialleles from BST
DNA [130]. This method is highly sensitive, cost-effective and especially useful when the
targeted region contains well-validated biomarkers. However, some of the major
disadvantages of MSP are that it is not quantitative and can be prone to false positives due to
incomplete BSC. Real-time PCR analogs of MSP, Quantitative Methylation Specific PCR
(gMSP) [131] or MethyLight [132], were created to partially address these problems, but
nonetheless remain fundamentally limited by the inability to detect more than one [typically
fully-methylated] pattern at a time. Furthermore, due to the fact that the presence of
partially-methylated sequences or mixed populations can complicate MSP results, the
technique is ill-suited for the assessment of intratumor heterogeneity.

6.1.4. Methylation-Sensitive High Resolution Melting (MS-HRM)—MS-HRM
[133] is a post-PCR analysis method that identifies variations in nucleic acid sequences
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based on differences in their respective responses to thermal denaturation. An intercalating
dye is incorporated during PCR and used to observe the denaturation [melt] profile and melt
temperature (Ty,) of the resulting amplicons. MS-HRM takes advantage of the higher
binding energies of C-G versus A-T base pairs that result in an increase in T, proportional
to the total number of methylated cytosine in the template strands and thus allows
discernment of the relative methylation density of the target strands. Despite its reasonable
sensitivity (0.1% epiallelic fractions) and ability to assess methylation density, it is not well-
suited to the evaluation of heterogeneous samples due to the inability to resolve complex-
composite melt profiles [134]. This problem can in principle be addressed through sample
digitization, however this remains impractical due to limitations in the number of reactions
that can be digitized and simultaneously monitored [135].

6.1.5. Discrimination of Rare EpiAlleles by Melt (DREAMing)—DREAMing
[136] represents a significant adaptation of MS-HRM that provides the capability to
distinguish and enumerate individual methylated epialleles at single-copy sensitivity and
single-CpG-site resolution. The method employs semi-limiting dilution of BST DNA targets
followed by PCR and HRM analysis. By diluting such that no more than one epiallelic
variant is presented in a reaction, this technique can detect individual epialleles and identify
their respective methylation densities based on T,,. The methylation heterogeneity within the
region of interest of each sample can then be visualized by plotting a histogram of the T,
within each reaction. This technique is ultrasensitive (0.005%), cost-effective and can be
supplemented with sequencing of any amplicons of interest. Its primary drawback is lack of
throughput as each sample must be quasi-digitized into a format compatible with existing
HRM technology.

6.2. Genome-wide approaches

The advent of high-throughput sequencing (hext-generation sequencing - NGS) effectively
ushered in a new era of an affordable means for the assessment of DNA sequences at single-
base resolution across the entire genome. While clearly a tremendous advancement, it is not
without its caveats, particularly with respect to highly heterogeneous samples. The overall
sensitivity of NGS-based approaches is largely dependent on the total number of reads, but
fundamental limitations due to errors and biases prevent the achievement of sensitivities
below 0.1-1% epiallelic fractions. A number of clever strategies, including SAFE-Seqs
[137] and duplex sequencing [138], have been developed to overcome this barrier, but these
require significantly more labor and cost. Furthermore, these have not yet been applied to
the assessment of methylation, but ostensibly would remain fundamentally limited by the
efficiency of the BSC process.

6.2.1. Whole-Genome Bisulfite-Sequencing (WGBS)—WGBS has been
considered to be the gold standard in genome-wide methylation profiling [139]. The major
advantage of WGBS is the comprehensive evaluation of methylation within almost all CpG
sites of the entire genome at single-base resolution and without selective bias. However, up
to now, only a handful of studies have successfully employed WGBS in the assessment of
cancer methylomes [62, 140-142]. This is largely due to the extremely high cost of the assay
and its technical downstream complexity. An adaptation of this method, called Reduced
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Representation Bisulfite Sequencing (RRBS) [143], involves the same sequencing
technologies as WGBS, but utilizes a key pre-enrichment step to selectively enrich for CpG-
dense regions. This reduced representation lowers the number of reads necessary to yield
accurate results, thus decreasing overall costs and time compared to WGBS. RRBS typically
covers only ~4% of all CpG dinucleotides (as opposed to ~95% by WGBS) due to the
notable exclusion of intergenic and distal regulatory elements.

6.2.2. Single-cell sequencing (sc-Seq)—Until recently, all genome-wide DNA
methylation profiling methods utilized epigenetically-mixed populations of cells as a starting
material. As mentioned above, limitations in the technology preclude the assessment of
epiallelic fractions below 0.1% and thus prevent the assessment of individual epialleles.
However, exciting advancements have recently been made that now allow DNA derived
from individual cells to be extracted, amplified and analyzed. Likewise, a number of genome
bisulfite sequencing techniques have been amended to single-cell sequencing technologies
for the assessment of methylation within individual cells. These techniques include SCRRBS
[144], scBS-Seq [145] and scWGBS [146]. While, in principle, scBS-Seq technologies offer
the ability to compare the methylation states of different individuals, considerable hurdles
remain that prevent their utility for the assessment of methylation heterogeneity.

Specifically, the preparation of DNA from each cell involves a relatively complicated and
inherently lossy process that introduces significant technical artifacts such as DNA loss/
degradation, coverage nonuniformities, allelic dropouts, as well as high false-positive and
false-negative rates. These issues greatly limit overall mapping efficiencies, making it
necessary to perform >10 million reads to achieve typical coverages of 5-10% of all CpG
sites. Consequently, scBS-Seq studies are currently limited to the assessment to relatively
homogenous populations of cells, as heterogeneous populations would require sequencing of
inordinate numbers of cells to achieve conclusive results.

6.2.3. Microarrays: lllumina Infinium BeadChips—The Infinium BeadChip arrays
are microarray platforms that incorporate large numbers of microbeads, each containing a
high density of oligonucleotides designed to probe for a single CpG site. The most widely-
used version of this platform is the 450K array that provides the average methylation status
of over 480,000 individual CpG-sites (~1.7% of all CpG sites) within a given sample.
Moderate running costs and fairly rapid data processing times make the BeadChip platform
a popular choice for the assessment of intertumor methylation heterogeneity, including
numerous studies that have been incorporated into The Cancer Genome Atlas [147].
However, there are some notable precautions to bear in mind when using this method,
including relatively high levels of false-positives due to probe cross-reactivity and overlap of
CpGs with known SNPs [148]. An improved version (MethylationEPIC BeadChip
microarray) has recently been introduced that increases the coverage to over 850,000 CpG
sites or roughly 3.2% of all genomic CpG sites [149],

6.3. Methods in Development

Along with the continuous improvement of NGS, a new generation of single-molecule
sequencing technologies (sometimes referred to as third generation sequencing - TGS) is
emerging. These new platforms are in principle capable of detecting DNA modifications
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directly without bisulfite conversion or enzymatic modifications. The analysis of
methylation patterns on a molecule-by-molecule basis without the need for BSC is the
proverbial “holy grail” for the assessment of methylation heterogeneity. However, third
generation sequencing remains under active development and requires significant
improvements in reliability and/or throughput before primetime use.

6.3.1. Single-Molecule, Real-Time (SMRT) Sequencing—The SMRT sequencing
method, currently marketed by Pacific Biosciences, allows direct, real-time detection of
single nucleotide modifications through the use of zero-mode waveguides [150]. Detection is
accomplished by monitoring the incorporation of fluorescently-labeled nucleotides into the
complementary strand during synthesis by DNA polymerase. The method has been
demonstrated to provide, not only the primary sequence, but also information regarding
structural variants and epigenetic modifications (e.g., N6-methyladenine, 5mC and 5hmC) at
a single-base pair resolution [151]. This platform seems to be a possible solution for
limitations imposed by bisulfite-conversion-based techniques, since it holds the potential to
assess methylation directly from unmodified DNA. However, the main drawbacks of this
developing technology are the significant running cost and high error rate, estimated at
upwards of 20% [152]. So far, detection of methylation by this method has only been
demonstrated with bacterial DNA. The considerable technical hurdles associated with this
technology will likely need to be overcome and its performance validated before genome-
wide methylome studies can be attempted.

6.3.2. Nanopore Sequencing—Nanopore sequencing is a TGS technology that
assesses single molecules of unmodified DNA by sensing alterations in electrical current
that occur as different bases pass through a nanopore. The nanopore itself can be a biological
protein [153] or synthetic solid-state construct [154]. Oxford Nanopore Technologies has
recently released the first commercially-available sequencer based on this technology. The
instrument, named MinlON, is sold as a moderate-cost, hand-held and portable sequencing
device that offers read lengths of hundreds of kilobases. It accepts samples as small as 10pg
and does not require PCR amplification prior to analysis. Nanopores are also capable of
distinguishing between cytosine, 5mC, 5hmC, albeit with considerable high error rates (1.7-
12.2%) [155], currently limiting this technology to proof-of-concept research only [156,
157]. Studies involving genome-wide DNA methylation assessment have yet to be reported
with this technology.

6.4. DNA Methylation Detection Techniques Summary

In general, genome-wide approaches are best suited for the assessment of intertumor
methylation heterogeneity and biomarker discovery. NGS-based techniques can also be used
to evaluate intratumor heterogeneity, but are limited by their inability to readily detect minor
epiallelic fractions under 1%. On the other hand, locus-specific techniques provide a cost-
effective means of assessing large sample cohorts for intra- and inter-individual methylation
heterogeneity within pre-identified LOIs. Furthermore, a number of locus-specific
techniques, such as targeted NGS and DREAMIng, are lower in throughput, but provide the
requisite sensitivity for the detection of minor epiallelic variants. A number of other
particularly exciting technologies are under active development. Single-cell sequencing
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methods offer the potential to evaluate the methylomes of individual cells to provide insight
into the relationship between heterogeneous methylation and cell phenotype. Third-
generation sequencing technologies are particularly promising for the assessment of
methylation heterogeneity as they hold the unique potential for the assessment of genome-
wide methylation at single-molecule sensitivity without the need for BSC of the template
strands.

7. Conclusions

In this review, we sought summarize the processes that contribute to the alteration of the
basic bimodal patterns of methylation that are established early on in embryogenesis and
how these alterations contribute to, and are affected by, carcinogenesis. Although
investigations into these relationships remain in their relative infancy, a number of key
generalizations were extracted and assimilated into a working model of how different clones
might arise from the epigenetic instability associated with methylation heterogeneity. Lastly,
we briefly discussed some of the available methods for assessing heterogeneous methylation
and how these methods may be used to shed light on the many unanswered questions that
remain in the elucidation of the complex relationship between methylation and cancer
heterogeneity.
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Figure 1. Aberrant methylation vs maintenance stochasticism.
Recently-developed dynamic models of methylation propose that the basal methylation

patterns established during embryogenesis (top) are propagated from parent to daughter
DNA by cellular machinery that is dynamically regulated. This results in minor stochastic
differences (left) in methylation patterns in subsequent cellular generations. Over time, these
differences can be greatly exacerbated by various factors to produce aberrant methylation
(right) that can result in inappropriate gene expression contributing to carcinogenesis.
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Figure 2. The contribution of heter ogeneous methylation to the emergence of cancerous clones.
(A) At the earliest stage (i), minor stochastic differences in methylation patterns accumulate

in the promoters of Tumor Suppressor Gene A, Pluripotency Gene B and Tissue-Specific
Gene C. Immediately prior to the development of neoplasia (ii), significant methylation
heterogeneity has developed in Gene A, resulting in considerable variance in expression
between cells. Some select cells become hypomethylated in Gene B, resulting in a
pluripotent phenotype. Gene C is not normally expressed and preferentially accrues high
levels of CGI methylation in its promoter. As the cancer develops (iii), methylation
heterogeneity is somewhat reduced as quasi stable clone X emerges via widespread
methylation-mediated silencing of Gene A and hypomethylation of Gene B. Gene C remains
unexpressed with heavy methylation in its promoter. (B) The phenotype of Clone X might
emerge from methylation/epigenetic heterogeneity through clonal expansion (CE) of a cell
that develops a particular phenotypic advantage or through evolutionary convergence (EC),
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where shared evolutionary pressures yield groups of cells with similar methylation profiles.
These same phenomena can yield other phenotypic clones (Clones Y and Z) throughout the
course of carcinogenesis, contributing to overall intratumor heterogeneity.
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Figure 3. Comparison of DNA methylation detection techniques.
Methylation detection methods are shown categorized according to whether they are best

suited to the assessment of intratumor heterogeneity (left) or intertumor heterogeneity
(right). Each technique is represented by a color-coded circle with a pie chart indicating its
relative methylome coverage and plotted according to its relative ability to resolve different
methylation patterns (epiallelic discrimination) versus its relative ability to detect those
patterns within a mixed population (sensitivity).
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Table 1.
Key Terms
Term Description
Chromatin The overall nucleoprotein complex that acts as both a functional and structural scaffold to

coordinate access to and control of DNA.

Heterochromatin

Chromatin that is tightly condensed into higher order structures to disallow access to specific
genomic regions and the genetic material within.

Euchromatin

Chromatin that is open and uncondensed, enabling access to the genomic region, binding of
transcription factors and gene transcription.

Histones

Core proteins that assemble to form an eight protein complex upon which genomic DNA is
wound at 147 base pairs to form a single nucleosome. Each octameric histone protein is
composed of two H3—-H4 dimers bridged together to form a tetramer coordinated with two H2A-
H2B dimers.

Histone Modifications

Chemical moieties on histone tails that function as editable epigenetic instructions for directing
and coordinating cellular machinery to achieve a particular chromatic state.

DNA Methyltransferases (DNMTSs)

Family of enzymes that catalyze the reaction transferring a methyl group from methionine and
cytosine to form 5mC.

* DNMT1

Classically considered to be solely responsible for maintenance methylation, ensuring daughter
DNA strands maintain the same methylation pattern as the parent strands. DNMT1 has also
recently been shown to play a role in de novo methylation [17, 18].

* DNMT3A and DNMT3B

Primarily responsible for so-called de novo methylation, viz. methylation of previously
unmethylated cytosine bases. Recent studies have also shown the de novo DNMTSs to be
important for maintenance methylation of repeat elements [19].

* DNMTL

A closely related homolog to the DNMT proteins that lack methyltransferase activity. DNMTL
binds to H3K4 and actively recruits de novo DNMTSs to chromatin.

Methylcytosine Binding Proteins (MBDs)

A family of proteins whose putative function is to recognize and bind 5mC in order to translate
DNA methylation into functionally silent chromatin [20].

Polycomb Repressive Complexes (PRC1
and PRC2)

Coordinated multiprotein complexes of the Polycomb group (PcG) of proteins that typically act to
repress gene expression.

Ten-Eleven Translocation (TET) Enzymes

A family of enzyme that are thought to be involved in active cytosine demethylation by catalyzing
the iterative oxidation of 5mC to yield 5-Hydroxymethylcytosine (5ShmC), 5-formylcytosine, and
5-carboxylcytosine [21, 22].
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