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Analogous to life on earth, tumor cells evolve through space and time and adapt to different micro-environ-
mental conditions. As a result, tumors are composed of millions of genetically diversified cells at the time of
diagnosis. Profiling these variants contributes to understanding tumors’ clonal origins and might help to better
understand response to therapy. However, even genetically homogenous cell populations show remarkable di-
versity in their response to different environmental stimuli, suggesting that genetic heterogeneity does not ex-
plain the full spectrum of tumor plasticity. Understanding epigenetic diversity across cancer cells provides im-
portant additional information about the functional state of subclones and therefore allows better understanding
of tumor evolution and resistance to current therapies.

1. Introduction

Cancer is not one but a collection of many diseases. While all can-
cers are characterized by abnormal cell growth with the potential to
invade surrounding or distant tissues, they may exhibit varying degrees
of heterogeneity in phenotypic attributes related to the hallmarks of
cancer, including immune response, genetic alterations, drug response,
and many more [1]. An ongoing pursuit is to categorize tumors into
groups of similar characteristics and today, cancer subtyping is largely
based on the organs, tissues or by the types of cells from which they
arise. However, even two cancers of the same organ may vary drama-
tically in important tumor-associated attributes, and this intertumor
heterogeneity is complemented by profound variation between cancer
cells within a tumor of the same patient (intratumor heterogeneity).
Although genetic intratumor heterogeneity is nowadays considered a
general feature of human cancers, it does not explain the complete
phenotypic diversity of tumors. For example, even genetically homo-
genous cell populations show remarkable diversity in their response to
therapy and other environmental stimuli [2,3], suggesting that epige-
netic intratumor heterogeneity also plays a prominent role.

The field of epigenetics studies the mechanisms that cause heritable
changes to gene expression without affecting the underlying DNA se-
quence [4]. Epigenetic gene regulation is essential during normal de-
velopment but also frequently adapted by cancers to modulate their
malignant transcriptome [5]. On the molecular level, DNA methylation,
post-translational modification of histones, non-coding RNAs, histone
variants, and chromatin remodeling are frequently differentially

utilized in tumors versus their normal counterparts [6]. While all of
these mechanisms may contribute to intratumor epigenetic hetero-
geneity, we will focus on DNA methylation and histone tail modifica-
tions as they have been most extensively studied.

Both DNA methylation and histone modifications are enzymatically
reversible and potentially less faithfully maintained through mitosis
than genetic information. As a consequence, they might relatively
contribute more strongly to cell-to-cell phenotypic variability and
tumor heterogeneity. Epigenetic patterns are tightly associated to a
cell’s transcriptional activity [5] and may predict its potential to react
to future stimuli. Therefore, profiling of epigenetic variation across
cancer cells can provide important additional information about the
current and prospective functional state of tumor subclones. On these
grounds, the study of epigenetic intratumor heterogeneity is necessary
for a holistic understanding of clonal evolution and therapy resistance.

DNA methylation and histone marks help to establish functional
domains within the genome and define boundaries between accessible
regions for transcription (euchromatin) and tightly packed DNA (het-
erochromatin). During tumor progression, these boundaries break
down, leading to restructuring of the genome architecture [7]. In
complete analogy to genetic changes, epigenetic alterations may have
the potential to incur a selective growth advantage to tumor cells, re-
gardless of whether they arise stochastically [8,9] or are driven by an
aberrant transcriptional program. The existence of such potential driver
events was predicted by Holliday back in 1979 [10], and they were
later observed in ovarian cancer [11], B-cell lymphomas [12], and other
malignancies. Since the number of stem cell divisions is strongly
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Fig. 1. Tumor development follows Darwinian principles of evolution. After initial transformation of a normal cell, the malignant clone progressively evolves through microenviron-
mental selection pressure. Therapy may induce tumor remission but ultimately selects for resistant clones followed by an outgrowth of a treatment-resistant tumor. Epigenetic intratumor
heterogeneity opens new avenues for combination treatment with epigenetic drugs and has driven major technological developments in the fields of molecular and computational

biology.

associated with variability of cancer occurrence [13], failures to pro-
pagate an epigenetic state might also facilitate tumor initiation. An
observation in favor of this argument is that the error rate of the me-
thylation maintenance machinery (estimated at 2 X 10~> per CpG/di-
vision) is much higher than the rate of mismatches during DNA re-
plication [14]. Similarly to somatic mutations, stochastic methylation
aberration in cancer is higher in regions associated with late replication
time and attachment to the nuclear lamina [15,16]. This partially ex-
plains why genomic regions with high mutational burden tend to share
locally disordered methylation and vice versa. These notions hint to-
wards the hypothesis that the evolution on the genetic and epigenetic
levels is partially concordant, as we show later in this review.

1.1. Models for the development of tumor heterogeneity

Two mutually not exclusive frameworks are applied to study and
understand the existence and development of intratumor heterogeneity:
the cancer stem cell (CSC) [17] and the clonal evolution model [18]
(Fig. 1). According to the CSC hypothesis, a limited number of tumor
cells are able to proliferate indefinitely, and these cells are responsible
for tumor initiation and growth. The idea that rare populations of
dormant cells in mature tissue trigger cancer was first postulated as the
‘embryonal-rest hypothesis’ by Rudolf Virchow in 1855 [19]. CSCs
generate cellular heterogeneity by establishing a differentiation hier-
archy, resulting in diverse cell phenotypes within a single tumor [20].
Importantly, this hierarchy can be reversible or plastic, allowing bi-
directional interconversion between CSCs and non-CSCs, since termin-
ally differentiated cells can dedifferentiate and gain CSC properties
[21,22]. Both cell intrinsic (genetic, epigenetic) and extrinsic factors
such as the tumor microenvironment could affect cell plasticity [20], as
further outlined below. CSCs exhibit epigenomic profiles similar to the
ones of embryonic and adult stem cells, characterized by harboring
“bivalent” activating H3K4me3 and repressive H3K27me3 marks at
(typically unmethylated) gene promoters. The targeted genes are active
during embryogenesis and might contribute to keeping the balance
between self-renewal capacities and commitment to lineage-specific
differentiation. This balancing function might be lost by silencing of

these genes during carcinogenesis, maintaining abnormal CSC proper-
ties in cancer cell subpopulations [23,24].

In the model of clonal evolution, first proposed by Peter Nowell in
1976, tumor cells evolve through space and time and adapt to different
micro-environmental conditions [25-27]. It is therefore analogous to
the evolution of asexually reproducing species that share a common
ancestor and consequently, important principles from evolutionary
theory have been translated to cancer biology [28,29]. Genetic in-
tratumor heterogeneity arises through various selective forces that
favor clones with increased fitness in a particular tumor micro-
environment, thus leading to the co-existence of genetically distinct
tumor populations [1,27]. Given the monoclonal origin of human tu-
mors, the clonal relationship of different tumor cell populations is in-
ferred by comparing their mutational profiles. For example, Gerlinger
et al. demonstrated the presence of multiple genetically distinct tumor
clones among different regions of the same renal cell carcinoma and
reconstructed their phylogenetic relationship by calculating the genetic
distances [30,31]. In theory, tumor populations that diverged more
recently tend to be genetically more similar to each other than evolu-
tionary more distant clones. Accordingly, mutations shared between
multiple clonal populations generally arose earlier during tumorigen-
esis than private mutations, i.e. mutations only found in a single tumor
clone. Multi-clone analysis is therefore suitable to reconstruct the life
history of individual tumors and to pinpoint mutational events required
for tumor initiation or metastatic seeding [32]. Studies of genomic al-
terations have seen evidence for both neutral and convergent (parallel)
evolution, cooperative and antagonistic relationships between tumor
clones, as well as complex interactions with the host immune system
(reviewed in [33]).

1.2. Intratumoral heterogeneity in prostate cancer

Prostate cancer is an intriguing example for investigating tumor
heterogeneity on the genetic, epigenetic and transcriptional level. It is
the second most commonly occurring tumor type among the male po-
pulation [34]. Upon diagnosis, it is usually organ-confined but often
manifests in more than one focus [35]. Boutros et al. found profound
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genetic differences between samples from different foci of the same
patient — no shared copy number aberrations, and very few common
somatic mutations — highlighting the severe disadvantages of a diag-
nosis based on a single biopsy, and the need to better understand the
contribution of individual clones to tumorigenesis [36]. Importantly,
nonsynonymous point mutations are rare in prostate cancer, unlike
structural aberrations and changes in methylation. Methylation aber-
rations appear to be non-random and tightly linked to tumor progres-
sion. Intratumor methylation variability is more pronounced at en-
hancer elements, compared to other genomic annotations, such as gene
promoters or CpG islands [37]. One of the very few recurrent genetic
events is the androgen receptor-associated fusion between the genes
TMPRSS2 and ERG, leading to strong overexpression of the oncogenic
ERG protein [38]. This is likely an early event in tumorigenesis, as ERG-
positive prostate tumors occur predominantly in young patients [39],
are characterized by a distinct methylation profile [40,41], and are
even observed in histologically healthy prostate punches [42]. Using a
heterogeneity tissue microarray representing multiple regions of 190
large prostate cancers for immunohistochemical detection of ERG ac-
tivation, Minner et al. reported heterogeneous ERG positivity in 42% of
the informative cases [43], suggesting that a diverse mixture of epi-
genetically disparate clones is often contained even in a single needle
biopsy.

1.3. Relationship between genetic alterations and epigenetic intratumor
heterogeneity

Epigenetic states are established and maintained by a combination
of DNA cytosine methylation and posttranslational histone modifica-
tions (histone marks) mainly at lysine residues in N-terminal histone
tails. They are regulated by a complex interplay of enzymes knowns as
epigenetic regulators consisting of initiators, such as long noncoding
RNAs recruiting chromatin regulators to specific genomic regions,
writers establishing the marks, readers interacting with specific marks,
erasers removing the marks, as well as chromatin remodelers, which
reposition entire nucleosomes, and chromatin insulators, which form
boundaries between active and inactive chromatin domains [44-47].
Recent large scale cancer sequencing projects have discovered wide-
spread occurrence of mutations in the epigenetic regulator genes (re-
viewed in [44,48,49]). These genetic aberrations are regarded as a
driving force of conferring a cell-autonomous fitness advantage to
promote clonal expansion. Interest in genetic alterations of chromatin
regulators as an underlying cause of epigenetic intratumor hetero-
geneity was spurred by the discovery of multiple distinct mutations in
the H3K36me3 methyltransferase SETD2 (KMT3A) in addition to in-
activating mutations in the H3K4 demethylase KDM5C in multiple re-
gions of a clear cell renal cell carcinoma (ccRCC) [30]. These findings
supported the concept of convergent phenotypic evolution. Loss of
function of SETD2 was confirmed by lack of immunohistochemical
staining of H3K36me3 in regions harboring SETD2 mutations [30]. In
addition to SETD2 and KDM5C, KDM6A (a H3K27 demethylase) and
PBRM1 (a component of the SWI/SNF-B chromatin-remodeling com-
plex) are also frequently mutated in ccRCC [50,51]. Ultradeep multi-
region exome sequencing of ten ccRCC cases confirmed intratumor
heterogeneity in all cases and classified about 75% of all ccRCC driver
mutations as subclonal. These results discourage the use of single
biopsy analyses as a basis for personalized therapy decisions and ex-
plain the frequent development of resistance to targeted therapies [31].

Gain-of-function mutation at lysine 27 of histone 3.3 (H3F3A) in a
subtype of brain tumors leads to inhibition of the Polycomb repressive
complex 2 (PRC2) and in consequence to a genome-wide reduction of
the repressive mark H3K27me3 and enhanced stem cell-like properties
(reviewed in [52]).

The linker histone H1.0 is highly expressed in terminally differ-
entiated cells. Morales-Torres et al. observed a marked heterogeneity of
H1.0 immunostaining in breast cancer and established an inverse link
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between H1.0 expression and self-renewal capacity. Reduced H1.0 ex-
pression by intragenic enhancer hypermethylation was indicative of
more aggressive tumors in glioma and breast, kidney, and stomach
cancer [53]. A key finding was that loss of H1.0 facilitated destabili-
zation of DNA-nucleosome interactions and promoted transcription of
self-renewal genes, suggesting that restoring or maintaining H1.0 ex-
pression in all cancer cells might provide a therapeutic benefit.

One example of a genetic event affecting the methylome provides the
IDH gene. Somatic mutations in IDH could be early drivers in the devel-
opment of low-grade gliomas, and induce a distinct methylation pattern
known as glioma CpG island methylator phenotype (CIMP) [54]. The
CIMP pattern involves genes with a history of bivalency, and conse-
quently, the tumors display a phenotype of being locked in a self-renewal
state resistant to differentiation induction [24]. DNMT3A mutations in
acute myeloid leukemia (AML) and other hematological malignancies in-
duce low methylation levels genome-wide [49,55]. The opposite direction
of causality is also possible. For example, promoter methylation and si-
lencing of DNA repair genes such as MLH1 or MGMT may lead to genome
instability or hypermutation profiles, respectively [56].

In general, the evolutionary histories of a tumor inferred based on
methylation or genetic data show strong agreement with each other.
The constructed phylogenies of glioma patients based on methylation
and mutation data were highly concordant [57]. Copy-number and
methylation heterogeneity co-evolve in the progression of prostate
cancer from premalignant lesions to primary tumors and distance me-
tastases [37]. In esophageal squamous cell carcinoma, the patient-
specific phylogenetic trees inferred based on methylation recapitulate
the topological structure of the mutation-based trees [58]. Agreement
in evolutionary patterns between genetic, epigenetic and transcriptomic
events usually does not imply direct causality; these events are rather
seen as complementary responses to internal and external stimuli in a
heterogeneous population of cells [37,57]. Intratumoral variance in
colorectal cancer is lower than intertumoral diversity both on the ge-
netic and methylation level; with the methylation variability showing
consistently a stronger contribution to tumor heterogeneity [59]. In
chronic lymphocytic leukemia (CLL), the methylation variability can
partially be explained by mutations or structural aberrations of known
cancer-related genes, as well as IGHV mutation status; however, me-
thylation disorder contributes to the process of diversification [16,60].
The results of a recent study on heterogeneity in lung adenocarcinoma
suggest that somatic mutations are likely the early tumorigenic events,
but DNA methylation contributes significantly to a branched evolution
in later stages [61].

Accumulating evidence suggests that genetic and epigenetic events
might also be indicators for independent but equally successful paths
taken by tumor clones towards progression. In melanoma, for example,
the deletion of the CDKN2A/B locus and the hypermethylation of a gene
panel are observed to be mutually exclusive events, both associated
with shorter time to brain metastasis [62]. Lin et al. observed high
intratumor methylation variability both in genetically stable and in-
stable hepatocellular carcinoma cases [63] and proposed a metric for
methylation variability which shows prognostic value.

In summary, these studies suggest that intricate intercommunica-
tion between genomic and epigenomic processes contributes to phe-
notypic heterogeneity in individual tumors. Epigenetic signals com-
plement genetic data by indicating specific regulatory activity in tumor
subclones. The underlying molecular mechanisms have been thor-
oughly reviewed by Flavahan et al. [64]. Intratumor methylation het-
erogeneity is a common phenomenon that reflects the evolutionary
history of the disease, and has a high potential for improving cancer
diagnosis and prognosis.

1.4. Non-genetic causes of epigenetic intratumor heterogeneity

In addition to genomic alterations, environmental and cell non-au-
tonomous factors might play an equally important role for intratumor
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heterogeneity [65] (Fig. 1). In a perspicacious comment published more
than 30 years ago, Gloria Heppner postulated “...regional differences in
oxygen supply, acidity, nutrient supply, and the presence or absence of
immunocompetent infiltrates which give growth advantages to some,
but not other, cells within their spheres of influence” as selective forces
from the tumor environment [66].

1.4.1. Lack in
hypermethylation

In tumors, regional oxygen and nutrient supply is often limited by
the development of disorganized and dysfunctional blood vessel net-
works [67]. Also, as tumors grow, glutamine as one of the major carbon
and nitrogen source is strongly depleted. In line with this notion, Pan
et al. described a marked reduction in levels of glutamine and a-ke-
toglutarate (a-KG), a TCA-cycle intermediate derived from glutamine,
in the core region of solid tumors compared to the tumor periphery
[68]. Low glutamine and a-KG levels in the central core led to massive
histone hypermethylation, as a-KG is an essential cofactor for Jumonji-
domain containing histone demethylases (HDMs) catalyzing the de-
methylation of H3K4, H3K9, H3K27 and H3K36 methylation. Hy-
permethylation of H3K27, but not H3K9, was associated with ded-
ifferentiation of tumor cores and therapy resistance in a mutant BRAF
melanoma model [68].

Chromatin has been suggested to act as an oxygen sensor and reg-
ulator of oxygen homeostasis. This stems from the fact that Jumonji-
domain containing histone demethylases are dioxygenases with enzy-
matic requirements for molecular oxygen beside Fe>* and a-KG [69].
Regional lack of oxygen in tumors would reduce the enzymatic activity
and result in an accumulation of hypermethylated histones. On the
other hand, the majority of Jumonji-domain containing histone de-
methylases are inducible by hypoxia, which might indicate a feedback
mechanism to regulate histone methylation [69,70]. Van den Beucken
et al. analyzed a cohort of breast cancer cases from TCGA and META-
BRIC for hypoxia-inducible genes and expression of DICER, a key en-
zyme of microRNA processing [71]. Samples with highest hypoxia
scores had lowest DICER mRNA levels and worst prognosis. Hypoxia
and hypoxia mimetics led to a massive global induction of the re-
pressive mark H3K27me3, local accumulation at the DICER promoter
and lowered DICER mRNA levels in various cancer cell lines. These
hypoxia-induced effects were phenocopied by knockdown or inhibition
of KDM6A/B, the H3K27me3 HDMs, and reversed by knockdown or
inhibition of the H3K27 methyltransferase EZH2 (KMT6A), indicating a
functional role of dynamic H3K27 methylation in the regulation of
DICER expression. As a result, hypoxia affected miRNA processing and
resulted in the induction of epithelial-to-mesenchymal transition (EMT)
and acquisition of stem cell properties [71] (reviewed in [72]).

Using KDM5B (a H3K4 HDM) expression as a biomarker, Roensch
et al. identified in typically highly heterogeneous melanoma a small
subpopulation of slow-cycling cells with stem cell characteristics that
had high potential to maintain tumor growth and to escape from cancer
therapies [73]. Interestingly, KDM5B positivity was not restricted to
stem cell-like cells, but was inducible in cultured melanoma cells under
hypoxic conditions, suggesting dynamic and adaptive plasticity of
cancer stemness in tumor subpopulations [24,52,74]. KDM5B plays a
key role in cell fate decision and is frequently overexpressed in various
epithelial cancers, although functional consequences are not completely
understood [73]. Beside the influence on histone demethylases, Chen
et al. reported that hypoxia increased H3K9me2 levels by elevating the
expression of the histone methyltransferase G9a (KMT1c) in cultured
human lung cancer cells [75], providing an additional layer of response
of chromatin regulators to changing oxygen supply.

Overall, these data indicate a certain degree of plasticity in post-
translational histone modifications in response to changes in nutrient or
oxygen supply. As, for example, genomic regions with large organized
H3K9-modifications regulate cell type-specific gene expression in dif-
ferentiated cells, their loss might be associated with dedifferentiation

oxygen and nutrient supply result in histone
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and reprogramming of cancer cells to a more stem cell-like phenotype
[52]. On the other hand, focal gain in the repressive mark H3K27me3
might contribute to EMT, enhance the migratory potential of cancer
cells, and contribute to metastasis formation and hence poor clinical
outcome.

1.4.2. Intracellular acidity regulates chromatin acetylation

McBrian et al. established a link between histone acetylation and
regulation of intracellular pH [76]. A decreasing pH leads to global
deacetylation of histones by histone deacetylases (HDACs); mono-
carboxylate transporters (MCTs) coexport the released acetate anions
together with protons out of the cell, preventing a further drop in pH.
The authors suggested that chromatin acetylation acts as a buffer for
intracellular pH. These data were consistent with the observation that
cancers with acidic microenvironment and low frequency of acetylation
marks are associated with poor clinical outcome [77]. Experimentally, a
reduced supply in glucose, glutamine, and pyruvate as carbon sources
for acetyl-Co-A as a cofactor for acetylation reactions [78] also resulted
in reduced histone acetylation, albeit with different kinetics than a
change in pH, indicating distinct underlying mechanisms [76].

1.4.3. Tumor microenvironment (TME)-induced epigenetic heterogeneity

The tumor microenvironment (TME) represents the molecular and
cellular environment surrounding a tumor. The TME consists of cells of
the innate immune system as well as adaptive immune cells. In addi-
tion, stromal cells of the TME include fibroblasts, myofibroblasts, adi-
pocytes, neuroendocrine cells, and endothelial cells. The extracellular
matrix (ECM) and ECM-modifying enzymes, as well as secreted sig-
naling molecules (cytokines, growth factors, chemokines, pro-angio-
genic factors) also critically contribute to the TME [79,80]. Function-
ally, the TME can constitute a stem cell niche for CSCs [80].

It is well established that chronic inflammation (caused by chronic
infections, obesity, pollutants, tobacco use etc.) represents a risk factor
for developing cancer [21]. An estimated 20% of cancer deaths are
related to chronic infections and inflammation. Pro-inflammatory cy-
tokines (IFNy, IL-1p, IL-6, TGF-B) released by immune cells in the TME
have been shown to alter DNA methylation, 5-hydroxymethylation,
histone marks and non-coding RNA expression (reviewed in [80]). They
are involved in activation or stabilization of transcription factors such
as Snail, Twist, ZEB1 and ZEB2 regulating EMT, a process which often
occurs at the tumor invasive front and facilitates migration of tumor
cells and metastases formation [81]. The process is plastic, since de-
pendent on the microenvironment, mesenchymal cells can revert back
to an epithelial phenotype by mesenchymal-to-epithelial transition
(MET). It has been shown that EMT increases CSC-like characteristics in
tumor cells and is a major contributor to intratumor heterogeneity. The
process is also supported by cancer-associated fibroblasts (CAFs) [80].
CAFs secrete a cocktail of growth factors and chemokines that were
shown by Pistore et al. to induced massive changes in DNA methylation
associated with EMT and MET in prostate cancer cells [82]. In the basal
subtype of breast cancer, TGF-f signaling induced a switch from poised
to active chromatin marks and induced expression of ZEB1, con-
comitant with the conversion of non-CSCs to CSC populations [83].
Stable epigenetic suppression of the epithelial marker E-cadherin, a
target of ZEB1, in mesenchymal cells was mediated by repressive H3K9
and H3K27 methylation marks and supported maintenance of a CSC
state [80].

In addition to pro-inflammatory cytokines, (tumor-associated)
macrophages in the TME also release reactive oxygen species [84].
O’Hagan et al. demonstrated that oxidative stress—induced oxidative
damage induced formation and relocalization of a large silencing
complex containing DNMTs, the histone deacetylase SIRT1, and Poly-
comb group proteins to initiated progressive chromatin alterations and
hypermethylation of GC-rich genomic regions [85]. In addition, oxi-
dative stress was shown to induce a complex of DNMT1 and TET2, a key
protein involved in active demethylation. Zhang et al. demonstrated
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that the DNMT1-TET2 complex formation was stabilized by acetylation
of TET2, and that upregulation of deacetylases HDAC1 and HDAC2 in
cancer cells might counteract the protective effect of TET2 against
oxidative stress-induced hypermethylation. Loss or inhibition of TET
functions, for example by mutations (as frequently observed in leu-
kemia) or increased production of the inhibitory oncometabolite 2-
hydroxyglutarate generated by mutant IDH1/2 would result in aberrant
DNA hypermethylation [86].

Taken together, these data underline how local variation in TME
composition and TME signals can contribute to epigenetic hetero-
geneity in genetically identical cancer cells within one tumor.

1.5. Epigenetic intratumor heterogeneity has prognostic potential

In situ immunohistochemical staining allows detection of proteins
and their post-translational modifications in cancer cells in the context
of their microenvironment, with the advantage of providing informa-
tion on topological heterogeneity within solid tumors [87]. In a seminal
study by Seligson et al. [88], among prostate cancer patients with low-
grade tumors, staining frequencies of five histone marks discriminated
two subgroups with high and low tumor recurrence [88], supporting
the notion that increased intratumor heterogeneity at the level of
chromatin states was associated with poor clinical outcome. A series of
similar studies followed this pioneering work, demonstrating prog-
nostic relevance of alterations in staining frequencies of histone marks
in various tumor types. Although these studies were not a priori de-
signed for this research purpose, they provide information on epige-
netic intratumor heterogeneity [89] and its link to clinical outcome
(Table 1).

On the methylation level, the degree of intratumor heterogeneity
and its connection to tumor progression also seems to be dependent on
tumor type. Multifocal analysis showed very high variability for breast
[90] and prostate [37] cancers. Cases of indolent CLL, on the other
hand, show remarkably stable methylation profiles across large time
spans [91]. More aggressive CLL phenotypes and short time-to-first
treatment cases are associated with increased methylation hetero-
geneity [92]. Multiple studies have shown that DNA methylation het-
erogeneity is also a reliable predictor for survival in diffuse large B-cell
lymphomas (reviewed in [93]). Localized lung adenocarcinoma pa-
tients who relapse are characterized by higher levels of methylation
intratumoral heterogeneity at the time of diagnosis [61]. Similarly, the
accumulation of methylation and other epigenetic alterations in ovarian
cancer is associated with advancing grade and stage of the disease [94].
However, methylation heterogeneity is an indicator for a longer re-
lapse-free and overall survival in locoregional colorectal cancer [59].
This example suggests that the complex cellular molecular systems,
interconnected organ substructures and driving forces behind tumor
evolution might prevent us from constructing a unified model for in-
tratumor epigenetic diversity, applicable to all cancer types and stages.

1.6. Epigenetic intratumor heterogeneity contributing to therapy resistance
and as a chance for epigenetic combination therapy

Epigenetic intratumor heterogeneity complicates personalized
treatment decisions and can contribute to the development of therapy
resistance and tumor relapse [95] (Fig. 1). Anti-cancer therapies that
target CSC signaling pathways or CSCs-specific surface antibodies are
bound to fail if CSCs are regenerated from non-CSCs upon treatment
end. Even therapies that target the stem cell niche, such as EGFR-EGF
inhibitors in color cancer, eventually become ineffective as the tumors
develop resistance [22]. Although anti-cancer therapies introduce a
strong selection pressure, they do not necessarily lead to reduced in-
tratumoral heterogeneity [95]. A study on samples from 47 breast
cancer patients before and after chemotherapy showed no change in
genetic diversity, coupled with strong changes in cellular phenotype,
implying a shift in the epigenetic landscape [96].
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Table 1
Histone marks with heterogeneous staining frequencies and link to prognosis.

Tumor entity Histone marks Link to poor Ref.

prognosis®
Bladder cancer H4K20me3 1 (muscle- [133]
invasive)
Breast cancer H4K12ac | [92]
H4K20me3 | [134]
Colorectal cancer H3K27me2 | [135]
Esophageal squamous H3K18ac 1 (early [136]
cell carcinoma stages)
H3K27me3 1 (early [136,137]
stages)
H4R3me2 1 [138]
Gastric cancer H3K9ac, H3K9me3 " [139]
Glioma H3K18ac 1 [140]
H3K4me2, H3K9ac, | [140]
H4K20me3
Lung adenocarcinoma H3K4me2, H3K18ac | [141]
Non-small cell lung H2AK5ac, H3K4me2 | [142]
cancer H3K9ac | [142,143]
H3K9me3, H4K16ac | [143]
H4K20me3 | [144]
Oral squamous cell H3K4ac, H3K27me3 " [145]
carcinoma
Pancreatic ductal H3K18ac I [146,147]
adenocarcinoma H3K4me2, H3K9me2 | [146]
H4K12ac 1 [147]
Papillary urothelial H3K9%ac | [148]
neoplasia
Prostate cancer H3K18ac | (low [88,149]
Gleason)
H3K4mel 1 [150]
H3K4me2 | (low [88,149]
Gleason)
H3K9ac, H4K12ac, | (low [88]
H4R3me2 Gleason)
Renal cell carcinoma panH3ac | [151]
H3K18ac I [141,151]
H3K4mel,H3K4me3 | [152]
H3K4me2 I [141,152]
H3K9mel | [153]
H3K27mel, H3K27me3 | [154]

@ Percentage of cells with positive nuclear staining for specific histone marks, alone or
in combination with intensity scoring, in association with disease outcome: | Low fre-
quency of histone mark associated with poor prognosis, 1 high frequency associated with
poor prognosis. Nuclear staining frequencies of tumor cells close to 0 or 100% represent
homogeneous tumors, whereas intermediate staining frequencies indicate intratumor
heterogeneity [89]. The cutoff percentage for defining subgroups with distinct clinical
outcome differs between histone marks and studies.

Alternatively, the widespread alterations in expression and function
of epigenetic regulators during carcinogenesis open new avenues for
epigenetic therapies alone or in combination with targeted therapies.
Intervention with y-secretase inhibitors (GSI) have been tested in clin-
ical trials and mouse models of T cell acute lymphoblastic leukemia (T-
ALL) with activating NOTCH1 mutations. After transient response, cells
become tolerant to treatment, indicating outgrowth of a preexisting
subpopulation of T-ALL cells in the absence of NOTCHI1 signaling. To
investigate underlying mechanisms of resistance, Knoechel et al. gen-
erated a population of persister cells which had elevated global levels of
repressive histone modifications and heterochromatin protein 1 (HP1)
and reduced chromatin accessibility [97]. A shRNA knockdown screen
of ~350 chromatin regulators identified BRD4 as a top hit required for
proliferation of persister cells. BRD4 is a bromodomain protein and
functions as a reader of histone acetylation. Accordingly, persister cells
were ~ 5-fold more sensitive to treatment with JQ1, a small molecule
inhibitor of Bromodomain and extra-terminal (BET) family proteins
(iBET), than naive cells, due to downregulation of oncogenic MYC and
anti-apoptotic BCL2. In vitro, combination treatment of T-ALL cells with
GSI and JQ1 was more effective than either treatment alone. The same
was true for three patient-derived T-ALL xenografts in NSG mice, as
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intervention with a NOTCH inhibitor and JQ1 significantly prolonged
survival compared to single agent treatment. These data support further
investigation of combination treatments with epigenetic therapies [97].
Various inhibitors of DNMTs (DNMTi) and chromatin regulators in-
cluding HDACs (HDACi), EHZ2, KDM1A, BET family proteins and
others are currently tested in clinical trials (overview in [98]), and
might in the future help to combat therapy resistance and reduce the
need for individualized precision medicine. Although Azacytidine and
Decitabine as DNMTi and Vorinostat and Romidepsin as HDACi are
approved for epigenetic therapies for several years by now, their bio-
logical effects (on- and off-target) are still not completely understood.
We [99] and others (reviewed in [98]) have identified activation of
cancer testes antigens and endogenous retroviruses after treatment with
DNMTi and HDCAI alone and in combination. These findings offer ex-
citing new possibilities for combination with immune checkpoint
therapies.

1.7. Quantification of methylation and intratumor methylation
heterogeneity

As discussed previously in this review, studies based on nuclear
staining, as well as on profiling multiple foci reveal prominent in-
tratumoral epigenetic heterogeneity. It has become evident that the
methylation profile obtained for a bulk tumor sample is an average
signal for a collection of tumor subclones as well as other (healthy)
cells. In addition to cell type composition, the methylation profile is
also highly influenced by cell cycle stage, genetic variation and patient
age. Moreover, most of the commonly used techniques to measure DNA
methylation rely on sodium bisulfite conversion and do not dis-
criminate between 5-hydroxymethylated (5hmC) and methylated cy-
tosines (5mC) [100]. Therefore, the observed result is the combined
signature of two different epigenetic modifications that serve distinct
functions and are regulated by independent mechanisms [101,102].
The disadvantages listed above introduce a major challenge to the
analysis of methylome data generated in multiple studies and in large
international consortia such as The Cancer Genome Atlas project
(TCGA) and the International Cancer Genome Consortium (ICGC).

Here, we briefly outline the computational methods developed to
tackle the shortcomings of measuring DNA methylation of a bulk
sample (Table 2). Their goal is to infer the methylation patterns and
relative abundancies of the present subclones. Generally, the problem
of identifying individual epigenetically-determined cell populations
and their contributions depends on two factors: (1) whether the me-
thylation profiles of individual cell types are known, and (2) which
technology is used to measure DNA methylation.

Houseman et al. developed an algorithm that uses reference DNA
methylation profiles of purified cell types to infer the cell-type pro-
portions via a constrained projection procedure [103]. This reference-
based algorithm was tested on and is widely applied for blood samples.
The methylomes of individual cell types in blood and bone marrow are
well characterized for two reasons. First, blood is a readily available
tissue. Second, B- and T-cell maturation phases are defined by distinct
phenotypic features and the corresponding cell populations can be
isolated using cell surface marker proteins (reviewed in [104]).

Table 2
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Bayesian Cell Count Estimation (BayesCCE) is a semi-supervised
method that can be applied when reference methylomes are unknown
but experimentally obtained cell count information on the studied da-
taset is available [105]. This method generates components, each of
which tends to be very highly correlated with the methylome of a single
cell type. Notably, this method can be applied when cell type fractions
are available for only some of the individuals in the analyzed cohort. In
such a scenario, BayesCCE is able to infer the cell type fractions for the
remaining samples in the cohort.

When neither the reference methylomes, nor cell type contributions
are known, the strategy to infer them depends on the technology used
to quantify methylation.

One of the most widely applied techniques for measuring DNA
methylation in a tumor sample is the Illumina HumanMethylation450
BeadChip array (Infinium 450k). This assay provides highly re-
producible methylation values for over 450,000 individual CpGs in the
human genome [106]. Identification of individual tumor subclones
with stable methylation patterns can be performed using decomposition
techniques on the methylation profiles of a (large) collection of sam-
ples. Lutsik et al. developed an approach based on non-negative matrix
factorization (NMF) that shows promising results both for blood and
solid tissues [107]. The method decomposes the observed methylation
values into a collection of latent methylation components (LMC) and
their relative fractions. Some of the identified LMCs likely represent
epigenetic profiles of cell types or tumor subclones. Applying an NMF-
based deconvolution method to the MethylationEPIC assay — the suc-
cessor of Infinium 450k — can potentially yield even better results since
this array targets over 800,000 CpGs, spanning most of the CpGs cov-
ered by Infinium 450k, in addition to many CpGs located in enhancers
and other annotated regulatory regions [108].

Sequencing-based protocols, most notably reduced representation
bisulfite sequencing (RRBS) and whole-genome bisulfite sequencing
(WGBS), consist of treating DNA with bisulfite, followed by amplifica-
tion and sequencing. After alignment to a reference genome, un-
converted CpGs denote the presence of methylation and vice versa.
These techniques, although considerably more costly than the array-
based ones, provide a link between the methylation states of neigh-
boring CpGs along a single read, since they are obtained from the same
cell. These additional data are referred to as local sequence context, and
leveraging it allows the quantification of methylation heterogeneity
through a global metric such as epipolymorphism [8] or identifying
epialleles [109]. Barrett et al. developed a robust Bayesian model to
infer epialleles from RRBS data and applied it to a lung cancer cohort
[110]. Including healthy samples in the analysis, they were able to
identify tumor-specific and normal cell populations, quantify tumor
purity and reconstruct a precise phylogenetic history of a tumor. Si-
milarly to the deconvolution-based method described for array-based
protocols, this technique attempts to computationally dissect and study
the methylation profiles of individual tumor subclones.

The computational challenges outlined above and the diversity of
approaches and available tools highlight the need of a dedicated algo-
rithmic development tailored towards the assay’s advantages and
shortcomings in the context of a specific study.

Computational approaches and pipelines for inferring DNA methylation-based subclones of bulk samples.

Tool/Method Additional data needed Supported Methylation Assays Method Availability Reference
Houseman Reference methylomes any Regression calibration R source code [103]
BayesCCE Cell type fractions any Bayesian estimation MatLab source code [105]
RefFreeCellMix none any Unconstrained NMF R package [155]
MeDeCom none any Regularized NMF R package [107]
Bratwurst none any Unconstrained NMF R package [156]
BED none RRBS Bayesian estimation R package [110]
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1.8. Single-cell applications to study epigenetic intratumor heterogeneity

The advent of single-cell sequencing applications promises a novel
framework for the study of intratumor heterogeneity at a previously
unprecedented resolution (Fig. 1). However, while genetic and tran-
scriptional heterogeneity has been investigated at the single-cell level in
few primary tumors with new biological insights [111-114], single-cell
epigenomics is lagging behind [115].

Arguably, single-cell and low-input ATAC-seq (Assay for
Transposase-Accessible Chromatin using sequencing), which measures
the accessibility of chromatin based on transposase-mediated adaptor
integration [116], is the most wide-spread and robust technique for
epigenomic footprinting in individual cells [117]. This approach offers
an attractive alternative to chromatin immunoprecipitation (ChIP)-seq
for the identification of transcription factor binding sites especially in
single cells, due to the unique challenges associated with ChIP, such as
antibody specificity, poor resolution and batch effects [118]. By per-
forming single-cell ATAC-seq in cancer cell lines and embryonic stem
cells, Buenrostro and others have analyzed the accessibility of tran-
scription factor binding motifs to infer cell-to-cell variability in tran-
scription factor binding sites [119]. Interestingly, variability was
highest for those transcription factors with the potential to determine
the cell state in a particular cell type, which was associated with dif-
ferential drug sensitivity and other clinically relevant parameters [120].
Although single-cell ATAC-seq data of primary tumors is missing, we
predict high cell-to-cell variability in transcription factors that de-
termine tumor cell states, i.e. androgen receptor in prostate cancer, with
implications for the clinical tumor management.

In addition to assessing the linear chromatin conformation, single-
cell HiC allows inference of the higher order organization of DNA which
is also crucially linked to nuclear processes [121]. Initially limited to
few cells, multiplexed methods now allow interrogation of chromo-
somal structure in thousands of individual cells [122]. Although single-
cell HiC has not been applied to primary tumor cells so far, cell-to-cell
variability has been observed in nuclear organization and chromosomal
conformation [123], many of them being dependent on the cell cycle
state [124], but the functional consequences are currently unknown.

While genomic footprinting and chromosomal conformation cap-
turing may allow inference of individual cellular states, they are less
useful for reconstruction of clonal relationships and the evolutionary
history of a tumor. In contrast, the clonal maintenance of DNA me-
thylation patterns across cell divisions is fairly well studied and is
therefore more suitable for such tasks. The methylation state at reg-
ulatory regions may also allow inference of tumor cell states [125],
thereby combining two of the most important aspects in the study of
tumor heterogeneity. However, technical limitations have prevented
large-scale application of single-cell methylation profiling in cancer
tissues so far. While single-cell WGBS is technically feasible [126,127],
the generated data are sparse and currently not suitable for compara-
tive analyses at single CpG-resolution, but rather requires novel com-
putational solutions to differentiate cell populations. Moreover, the
high costs of WGBS prevent scaling to large numbers of individual cells
and limit its application to primary tumors. Single-cell RRBS may
overcome some of these hurdles by providing higher coverage at a
subset of CpGs at lower sequencing costs [128,129], but the majority of
covered CpGs is non-informative. Targeted single-cell DNA methylation
techniques that cover CpGs at regulatory regions at low costs are cur-
rently under development [130] and will potentially provide a break-
through for the study of epigenetic intratumor heterogeneity at single-
cell resolution. These technological breakthroughs are necessarily ac-
companied by advances in the applied computational methods, because
the data they generate present challenges with their sparsity and di-
mensionality [131].

The concurrent application of several techniques described above
leads to single cell multi-omics, an approach currently limited to
medium-throughput analysis of up to a few hundred cells [131,132].
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Due to the inherent trade-off between genomic coverage and number of
interrogated cells (referred to as depth and breadth), quantifying cel-
lular heterogeneity using single-cell approaches remains a non-trivial
task. Taken together, overcoming the current technical and computa-
tional limitations of single-cell epigenomics will allow us to revisit
epigenetic intratumor heterogeneity in much more detail, leading to
new biological insight and potential translation into the clinic.

2. Summary and conclusions

In the present review we summarize current knowledge on epige-
netic intratumor heterogeneity at the level of DNA methylation and
histone tail modifications. Since DNA methylation is cell type-specific,
technically, assessment of intratumor methylation heterogeneity is
more demanding than the discovery of genetic aberrations and genetic
heterogeneity. Studies on methylation heterogeneity have assessed
multiple sections or foci of individual tumors to reconstruct the evo-
lutionary tree of tumor clones. However, most of our knowledge about
epigenetic intratumor heterogeneity is based on bulk analyses of het-
erogeneous cell populations and interpreting their mixture averages.
Consequently, current estimates of tumors' subclonal structure and
variability likely represent an underestimation of the true biological
variation. Computational tools to decompose the methylation profiles
of complex mixtures of cells and the development of technologies for
single-cell analyses will allow more in depth investigations of epige-
netic intratumor heterogeneity in the future.

Mutations and genetic defects of epigenetic regulators and func-
tional alterations of histones contribute to intratumor epigenetic het-
erogeneity. At the level of chromatin marks, intratumor heterogeneity
is long known and has been linked to poor prognosis in various tumor
types. Alterations in a cell’s microenvironment, for example lack in
oxygen or nutrient supply, contribute to focal hypermethylation of
histone tails owing to the fact that histone demethylases require oxygen
and a-KG as cofactors for the demethylation reaction. In general, his-
tone marks appear to be more dynamic that DNA methylation and
enable cell plasticity between more differentiated and more stem cell-
like states with self-renewal capacity, which can contribute to the focal
outgrowth of resistant tumor clones or facilitate cell migration in re-
sponse to altered signals from the TME.

An increase in epigenetic intratumor heterogeneity, measured on
the levels of histone marks or methylation, is often associated with poor
prognosis and tumor relapse. The existence of multiple clones with
distinct epigenetic signatures and varying phenotypes complicates di-
agnosis and the choice for a personalized treatment options. This di-
versity of tumor subpopulations increases the probability to escape
treatment pressure and may confer therapeutic resistance to targeted
therapy. The recent global interest in the development of inhibitors of
epigenetic regulators offers new treatment options to counteract epi-
genetic heterogeneity and improve clinical outcome. Profiling of epi-
genetic intratumor heterogeneity will further our understanding of
clonal evolution and the dynamic responses of cancer cells towards
current and future therapies.
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