Deregulation of epigenetic mechanisms in cancer
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ABSTRACT

G

ene expression of both normal and cancer cell is tightly regulated by specific transcription regulators and epigenetic mechanisms such as DNA methylation, histone
modifications (acetylation, methylation, phosphorylation), nucleosome remodeling and
non-coding RNAs. Deregulation of epigenetic mechanisms plays a pivotal role in cancer,
although researchers debate if it is a cause or a consequence of oncogenic transformation.
Independently from the way in which epigenetic alterations arise in cancer, downstream
effects will result in profound changes in transcriptomic and subsequently proteomic
profiles. In most cases, changes in expression of epigenetic genes produce functional
advantages in cell proliferation, tumor growth and/or migration capacity. Most of epigenetic changes in cancer are triggered by genomic alterations in specific genes that are
involved in controlling one of the epigenetic mechanisms. However, there are also mutations in cell metabolism-related genes that affect activities of DNA demethylating enzymes and histone modifiers. Histone modifications are deregulated in cancer mostly due
to alterations in genes coding for enzymes that attach or remove histone modifications.
Mutations in genes coding for nucleosome remodelers result in aberrant global chromatin organization and facilitate subsequent global alterations of gene copy number or
translocations. Recent advancements in next generation sequencing allowed for more
precise mapping of global changes in the epigenetic landscape in cancer.

A BRIEF OVERVIEW OF EPIGENETIC MECHANISMS

Despite having the complete genetic information in each cell, each cell
type displays its own characteristic transcriptome defined by a set of active
genes, whereas those genes specific for other cell identities are silenced. One
of the important mechanisms of differential reading of the genetic information is based on epigenetic mechanisms. Epigenetics has been defined as ‘‘the
study of changes in gene function that are mitotically and/or meiotically heritable
and that do not entail a change in DNA sequence”. Epigenetic processes are based
on reversible marks and modifications of chromatin, a macromolecular structure consisting of unmodified and chemically modified nucleic and amino
acids found in the nucleus. Chromatin consists of approximately 3 meters of
DNA which is tightly packed by wrapping a DNA chain around a nucleosome, a protein complex consisting of two of the histones H2A, H2B, H3, and
H4. This “beads-on-a-string” structure coils into a 30 nm diameter helical
structure known as the 30 nm fibre and then compacts further to higher order
chromatin structure. The spatial arrangement of the chromatin within the
nucleus is not random. Compacting chromatin at a particular gene is crucial
for its expression as its defines accessibility of DNA for transcriptional regulators and affects further cell-fate decision making processes in both normal
cell differentiation and oncogenic transformation. Remodeling of chromatin
can be achieved in several, interconnected ways. The most well described
epigenetic mechanisms, which mediate changes in gene function, are: DNA
methylation, histone modifications (acetylation, methylation, phosphorylation), nucleosome remodeling and non-coding RNAs. However, fine tuning
of chromatin structure can be also effected by replacement of histone variants
and positioning of the nucleosome, both processes known to regulate access
of transcription factors to their target DNA and influence chromatin state and
transcription.
Deregulation of epigenetic mechanisms plays a pivotal role in cancer,
although researchers debate if it is a cause or a consequence of oncogenic
transformation. Independently from the way in which epigenetic alterations
arise in cancer, downstream effects will result in profound changes in transcriptomic and subsequently proteomic profiles. Oncogenic transformation
may deeply alter the epigenetic information encoded in the pattern of DNA
methylation or histone modifications [1,2]. Deregulation of the epigenetic
landscape can also result from activation/inactivation of the enzymes that
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maintain and modify the epigenome [3]. Here we discuss
the epigenetic mechanisms involved in cancer development and progression. Most of the epigenetic mechanisms involved in tumorigenesis have been discovered in
two types of cancer: glioma and leukemia, therefore we
will confine our discourse to the examples described in
these two malignancies.
DNA METHYLATION

DNA methylation is a process by which methyl groups
are added to the DNA molecule. In eukaryotes, methylation occurs at the cytosine residues of DNA. In plants,
DNA methylation is found in three different sequence
contexts: CG (or CpG), CHG or CHH (where H represents
A, T or C). In mammals, DNA methylation is almost exclusively found within CpG dinucleotides, and is strongly correlated with transcriptional repression [4]. Regions
of stably silenced chromatin such as centromeric, pericentromeric and repetitive element containing regions are
heavily methylated. In contrast, so called CpG islands,
which means large stretches of CpG-rich sequences that
form regulatory units located mostly in gene promoters and regulatory sequences, are largely unmethylated
(<10%). This basic bimodal methylation pattern is maintained through every cell division and serves as a global
repression mechanism. Changes in DNA methylation are
introduced through targeted de novo methylation and demethylation [5]. Gross changes in DNA methylation are
essential for normal development and are associated with
a number of key processes including genomic imprinting,
X-chromosome inactivation, repression of transposable
elements, aging and carcinogenesis.
HISTONE MODIFICATIONS

In addition to its role as a DNA packaging device, a
nucleosome is a signaling module through which changes
in environmental and metabolic conditions can influence
genomic functions [6]. Histone proteins can be affected
by a variety of posttranslational modifications (histone
marks), which are critical to dynamic modulation of
chromatin structure and function, as well as to transcription regulation. At least nine different types of histone
modifications have been described, the best understood
being lysine acetylation, lysine and arginine methylation,
serine/threonine/tyrosine phosphorylation, and serine/
threonine ubiquitylation [7]. Post-translational modifications of histones regulate all processes involving DNA as
a template, including replication, transcription and repair. Numerous covalent histone modifications have been
described at active or inactive loci. For example, acetylation of N-terminal lysine residues of histones H3 and H4
is typically associated with the active chromatin, while
methylation of lysines 9 and 27 of histone H3 are the hallmarks of condensed chromatin at silent loci [8].
Most described histone modifications lie within the Nterminal histone tails, which protrude from the nucleosome core. Those modifications may affect electrostatic
interactions between the histone tails and DNA to “loosen” a chromatin structure influencing gene expression.
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Adding acetyl- or phosphor- groups effectively reduce
the positive charge of histones, and this has the potential to disrupt electrostatic interactions between histones
and DNA [9]. Also single-site modifications may result in
gross structural chromatin changes. For instance, acetylation of lysine 16 on histone H4 inhibits the formation
of higher order chromatin structure and functional interactions between a non-histone protein and the chromatin fiber or phosphorylation of serine 10 on histone H3,
which occurs genome-wide during mitosis and is associated with chromatin condensation [10]. Moreover, modifications may affect histone-histone interactions within
the nucleosome core. For example, acetylation of lysine
64 on histone H3 is enriched at the transcription start sites
of active genes, where it regulates nucleosome stability
and facilitates nucleosome eviction and hence gene expression [10,11].
A higher level of complexity arises from collaborative
or antagonistic cross-talks between different epigenetic
modifications. It is now well established that there is an
intense cross-talk between them, which can occur on the
same histone (cross-talk in cis e.g. lysine 9 on histone H3
can be acetylated or methylated having an opposing effect on transcriptional regulation), between different
histones within the same nucleosome (cross-talk in trans
e.g. methylation of lysine 4 and lysine 79 on histone H3
is totally dependent upon ubiquitination of lysine 123 on
histone H2B), or across different nucleosomes (nucleosome
cross-talk). Furthermore, binding of a protein to a particular modification can be disrupted by an adjacent modification. For example, Heterochromatin Protein 1 (HP1)
binds to chromatin with di- or trimethylated lysine 9 on
histone H3, but during mitosis this binding is disrupted
due to phosphorylation of serine 10 on histone H3 (for a
review see [9]).
Combinations of different histone modifications create a pattern known as “a histone code” and form epitopes
to recruit other proteins. Current evidence indicates that
these modifications recruit transcription factors, chromatin remodelers or chromatin structural proteins that are
involved in chromatin condensation or de-condensation
and contribute to the formation and maintenance of active or repressive chromatin states [12]. Numerous chromatin-associated factors can specifically interact with
modified histones via many distinct domains such as:
bromodomain which predominantly recognizes acetylated residues, chromodomain, MBT domain and Tudor
domain, which recognize methylated histones or plant
homeodomain (PHD) zinc fingers, which recognize and
bind both acetylated or methylated residues [12].
NUCLEOSOME REMODELING

Transcription sites of genes that are tightly regulated
in time or/and in space, such as genes related to embryonic development or genes specific for highly specialized cells i.e. neurons, are repressed in most cells. Tight
nucleosome organization at regulatory regions of those
genes blocks access to transcription regulators and make
them effectively repressed. Nucleosome remodeling at
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the repressed genes is driven by chromatin remodeling
complexes (CRCs) which utilize the energy of ATP to
disrupt nucleosome - DNA contacts, move nucleosomes
along DNA, and remove or exchange nucleosomes. The
most important nucleosome remodeling proteins are
ATP-dependent SWI/SNF family members which have
been discovered in yeasts (SWI or SNF – switching defective or sucrose non-fermenting) but are evolutionarily
conserved, and homologous proteins were subsequently
identified in flies, plants, and mammals. These are ATPbinding helicases which share affinity for the nucleosome
and display DNA- and nucleosome-dependent ATPase
activity in vitro. In humans the complex contains two
mutually-exclusive ATPase enzymatic subunits BRM
(Brahma, SMARCA2) and BRG1 (Brahma related gene 1,
SMARCA4), and 10 or more BRM/BRG1-asssociated factor (BAF) subunits. SWI/SNF proteins form complexes
with the accessory subunits containing interaction domains that may directly regulate the enzymatic activity
of the entire complex, facilitate binding to transcription
factors and other chromatin modifying enzymes, and target the complex to DNA and modified histones. These
complexes generally do not bind at promoters, which
are less compact than other genomic regions, but interact with Actin and Actin-related proteins shortly called
Arps. One possible role of Actin in these complexes is to
act as an exchange factor to remove ADP from the active
site and promote a conformational twist of the Brg/Brm
ATPase [13].
DEREGULATION OF EPIGENETIC
MECHANISMS IN CANCER
DEREGULATION OF EPIGENETIC ENZYMES

Although post-translational modifications of histones
are widespread and diverse, they are spatially and temporally regulated in a highly intricate manner. Cumulative evidence shows that epigenetic patterns are distorted
in malignancy on a genome-wide and a particular gene
loci level. Those distorted patterns often reflect the altered
expression of the enzymes that control histone modifications. Similarly, gene expression patterns are deregulated
and show correlation with altered histone modifications
at both the candidate loci and genome-wide levels. Deregulation of the epigenetic landscape can occur due to
aberrant activation or inactivation of the enzymes that
maintain and modify the epigenome. If you consider
patterns of histone marks as “an epigenetic code”, all
proteins regulating histone modifications and functions
could be divided into three major classes: chromatin
writers (acetylases, metyltrasferases, kinases), erasers
(deacetylases, demetyltrasferases, phosphatases) and
readers (modified histones recognizing proteins, chromatin remodelers). Chromatin writers and erasers are
opposing enzymes, which introduce or remove histone
modifications, respectively. Comprehensive molecular
characterization of gliomas and leukemias performed by
The Cancer Genome Atlas (TCGA) consortium revealed
importance of epigenetic alterations in these tumors. Discovery of which epigenetic enzymes are deregulated in
cancer provides a rationale for targeting specific enzymes
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with the aberrant expression/activity in cancer cells.
Studies carried out by our group revealed the cytotoxic
effects of inhibitors targeting major classes of epigenetic
enzymes in C6 rat glioma cells [13].
DEREGULATION OF EPIGENETIC ENZYMES EXPRESSION

Acetylation of lysines in histones is regulated by histone
acetyltransferases (HATs) and deacetylases (HDACs).
HDACs remove the acetyl groups of lysine residues of
histone tails, which leads to local chromatin compaction
and transcriptional repression. HATs and HDACs have
relatively low substrate specificity and cooperate with
other family members forming multi-subunit protein
complexes, which determines their specificity [14]. Their
expression or enzymatic activities are altered in numerous malignancies and contribute to malignant transformation. For example, the known pathogenic event in
acute promyelocytic leukemia is fusion of the promyelocytic leukaemia (PML) and the promyelocytic leukaemia
zinc-finger (PLZF) proteins to retinoic acid receptor-α
(RARα). PML–RARα and PLZF–RARα are known to recruit HDACs to mediate aberrant gene silencing, which
contributes to disease pathology [15]. HDACs can also
interact with other proteins than histones, i.e. oncogenic
proteins BCL6 recruit and are regulated by dynamic acetylation by HDAC4, -5, or –7 [16].
Our group determined the expression profile of
HDAC1-11 in gliomas of different malignancy grades
within the public TCGA (The Cancer Genome Atlas) database. The expression of most HDACs correlated inversely
with malignancy grade, which means that their expression was lower in malignant gliomas. Only HDAC1,2,3
and HDAC7 levels were up-regulated in malignant gliomas (Waś et al., submitted). Another transcriptomic studies also suggested inverse correlation with tumor grade
of 7 out of 8 HDACs. The levels of acetylated histone H3
(but not histone H4) was higher in glioblastomas (WHO
grade IV tumors) than normal brains [17]. We performed
knockdown of HDAC1 or 2 in human glioblastoma cells
and demonstrated significant decreases of cell proliferation. Moreover, many HDAC inhibitors show anti-proliferative effects when tested in different glioma cells (Waś
et al., submitted).
Histone methyltransferases (HMTs) catalyze the transfer of methyl groups from S-adenosylmethionine to lysine and arginine residues of histone proteins, mostly
within the N-terminal tails. The best-characterized sites
of histone methylation occur on lysine and arginine residues, which could be mono-, di- or tri-methylated. HMTs
tend to be relatively specific enzymes. Furthermore, those
enzymes modify the appropriate lysine to a certain degree: i.e. SUV39H can only di- and tri-methylate lysine
9 on histone H3, and other enzyme G9a can carry monoand dimethylation of lysine 9 on histone H3 [18]. Histone
methylation is reversed by histone demethylases. They
are also sensitive to a degree of lysine methylation. While
most of lysine residues are dynamically methylated and
unmethylated by a set of opposing enzymes, arginine
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methylation is a relatively stable mark, and it is unclear
if the modification can be enzymatically reversed [19-21].
Increasing evidence supports involvement of histone
methyltransferase EZH2 (Enhancer of zeste homolog 2)
in regulation of cell proliferation, apoptosis, invasion and
angiogenesis in vitro [22-26] and in vivo [26,27]. EZH2 is
the catalytic subunit of Polycomb repressive complex 2
(PRC2), which targets lysine 27 of histone H3. Methylation
of lysine 27 on histone H3 (H3K27me3) is commonly associated with silencing of differentiation genes in organisms
from plants to flies to humans. Promoters of some genes
implicated in tumorigenesis, including c-MYC, BMPR1b or
mir 200/a/429, are direct targets of EZH2 and subjects of
H3K27me3 modifications [28-30]. Increased immunostaining for EZH2 was significantly correlated with WHO tumor grade and worse prognosis in gliomas [31]. Growing
evidence emphasizes also the role of EZH2 in the maintenance and renewal of cancer stem cells in glioblastoma.
The expression of histone lysine methyltransferases
SUV39H1 and SETDB1 is up-regulated in cultured glioma
cells and in glioma tissues compared to normal brains,
which correlates with tumor malignancy. Treatments that
altered SUV39H1 and SETDB1 expression affected proliferative and apoptotic potential as well as migratory and
colony formation capacity of glioma cells [32]. Recently
our group demonstrated binding of histone lysine methyltransferase G9a to the promoters of autophagy (LC3B,
WIPI1) and differentiation-related (GFAP, TUBB3) genes
in glioma stem cells. Pharmacological inhibition of G9a
up-regulated the expression of autophagy and differentiation-related genes and induced differentiation of glioma
stem cells in autophagy-dependent manner [33].
The protein arginine methyltransferase (PRMT) 1 and
5 expression is up-regulated in glioma tissues and cell
lines compared with normal brains [34,35]. Knock-down
of PRMT1 resulted in inhibition of proliferation and induction of apoptosis in four glioma cell lines, as well as
decreased tumor growth in vivo [34]. Genetic attenuation
of PRMT5 led to cell-cycle arrest, apoptosis, and loss of
cell migratory activity [36].
The histone lysine demethylases (KDM) 1 and 5B are
also overexpressed in gliomas when compared to normal brains. KDM1 preferentially removes methyl groups
from the mono- and di-methylated lysine 4 in histone H3.
Pharmacological inhibition of KDM1 in patient-derived
primary glioblastoma cell cultures decreased cell proliferation, reduced the expression of stemness markers CD133
and NESTIN in glioma cells and significantly diminished
tumor growth in a murine xenograft model [37]. Knockdown or overexpression of KDM5B affects glioma growth
both in vitro and in vivo [38].
Histone phosphorylation is much less studied modification than acetylation or methylation, although it plays
a crucial role in processes such as DNA repair, mitosis,
meiosis, transcription regulation or apoptosis. All four
nucleosomal histone tails contain serine, threonine or
tyrosine, which can be phosphorylated by a number of
Postępy Biochemii 64 (2–3) 2018

protein kinases and dephosphorylated by phosphatases.
Characterization of their biological functions in cancer remains open question, however a few recent publication
suggest that the expression of enzymes that modify histones by phosphorylation is also deregulated in gliomas.
High levels of phosphorylated residues such as threonine
6, serine 10 and tyrosine 41 on histone H3 are signatures
associated with a poor prognosis of glioblastoma patients. These signatures correlate with the high activity
of the PKC, Aurora-B and JAK2 kinases, respectively and
are abolished by specific kinase inhibitors [39].
Numerous proteins act as “readers” of the “epigenetic
code” and recognize a modified histone residue, its type
(acetylation vs methylation) or degree of modification
(mono- vs trimethylation of lysine) [12]. Chromatin-associated complexes typically contain multiple readers of
epigenetic marks, which guarantees a proper response to
different signals. Binding of the readers recruits or stabilizes various components of the nuclear machinery at
specific genomic sites. Although in recent years there has
been increasing interest in developing small molecules
that can target chromatin readers in cancer, the data about
their deregulated expression in cancers are very limited.
MUTATIONS IN EPIGENETIC ENZYMES

Genes coding for epigenetics enzymes are frequently
mutated in cancer [40]. In addition to increased gene
expression, also mutations in the EZH2 gene can affect
histone modifications and have recently been reported in
prostate [41] and breast [42] cancers, and in several types
of leukemia [43,44]. Recurrent mutations have also been
detected in genes coding for histone lysine demethylases
KDM5A (JARID1A), KDM5C (JARID1C), and KDM6A
(UTX). Mutations in KDM6A, in particular, are prevalent
in a large number of solid and hematological cancers [45].
The exome sequencing of glioblastoma uncovered mutations in many genes involved in epigenetic regulation, including genes coding for methyl-CpG binding domain protein 1 (MBD1), histone deacetylases HDAC2 and HDAC9,
histone demethylases JMJD1A and JMJD1B, histone
methyltransferases SET7, SETD2, SETD7, MLL3, MLL4.
Among those enzymes one of the most interesting is
SETD2, the only known histone H3 lysine 36 (H3K36) trimethyltransferase in humans. Tumors with the mutated
SETD2 show a substantial decrease in H3K36me3 levels
suggesting that the mutations result in loss-of-function
[46].
DNA methylation status is dynamically regulated by
DNA methylation and demethylation reactions. There
are three active DNA methyltransferases in mammals:
DNMT1, DNMT3A, and DNMT3B. DNMT1 maintains
DNA methylation at semi-methylated DNA after DNA
replication during cell divisions, whereas DNMT3A and
DNMT3B are responsible for establishing de novo DNA
methylation [47]. A third member of the DNMT3 family,
DNMT3-like (DNMT3L), which has no catalytic activity,
acts as a regulator of DNMT3A and DNMT3B [48, 49].
Mammalian DNMT2 is a tRNA methyltransferase rather
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Figure 1. Consequence of histone H3.3 mutations in gliomas. (A) H3F3AK27M mutations changing a lysine to methionine at the position 27 of H3.3 alter the ability of this
critical residue to be methylated and acetylated, causing aberrant chromatin remodeling, loss of interaction with a repressive PRC2 complex and deregulation of gene
expression. (B) H3F3AG34R mutations changing a glycine to arginine at the position 34 of H3.3 block the ability of SETD2 histone methyltransferase to methylate H3K36
causing deregulation of gene elongation during transcription

than a DNA methyltransferase and has been renamed
tRNA aspartic acid methyltransferase 1 [50]. Mutations in
the DNMT3A gene have been found first in acute monocytic leukemia [51-53] and subsequently in patients with
various other haematological malignancies. TCGA analysis of de novo acute myeloid leukemia (AML) patients revealed DNMT3a as a third most frequently mutated gene
in this malignancy [54]. The R882 hotspot mutation occurs most frequently in AML and acts as a dominant-negative inhibitor of wild-type DNMT3A enzymatic activity.
Loss of murine Dnmt3a causes human stem cells expansion, clonal dominance, aberrant DNA methylation, and
eventually hematological malignancies [55]. Ten-ElevenTranslocation 2 (TET2) is an enzyme which catalyzes the
conversion of 5-methylcytosine into 5-hydroxymethylcytosine (5-hmC) and thereby influences the epigenetic state
of DNA. Loss-of-function TET2 mutations were identified
in 20–30% myeloid neoplasms [56,57].
TRANSLOCATIONS

The roles of histone methyltransferases in disease
pathogenesis have been studied most extensively within
the context of leukemias harboring rearrangements in the
mixed lineage leukemia (MLL1) gene, as this was the first
identified cancer-associated mutation of a gene encoding
a histone methyltransferase. As a consequence of chromosomal translocations, a fusion oncoprotein is generated,
in which the amino-terminal portion of MLL1 is joined in
frame to the carboxyl terminal portion of one of over 70
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partner genes, the most common of which include AF4,
AF9, AF10, ENL and ELL. This fusion results in the loss of
catalytic MLL ability to methylate lysine 4 of histone H3
(H3K4), but via interactions with MLL fusion partners,
two nuclear proteins: DOT1L and the super elongation
complex (SEC) can be aberrantly recruited to MLL fusion
target genes to drive gene expression. Discovery of oncogenic effects exerted by MLL fusions spurred development of inhibitors for therapeutic intervention [58]. Cytogenetic studies, as well as next generation sequencing
of various cancer genomes, have demonstrated recurrent
translocations and/or coding mutations in a large number of lysine methyltransferases, including MLL family
members, MMSET, and EZH2.
MUTATIONS IN HISTONE PROTEINS

Histones H2A, H2B, H3 and H4 are core components of
nucleosome, while H1 is a linker histone. In recent years
there has been a growing evidence that genetic alterations
in a gene coding for H3 itself are frequent driver mutations in pediatric malignant gliomas [59-61]. Mutations in
H3 histone coding genes occur most frequently in H3F3A
and HIST1H3B genes and infrequently in the HIST2H3C
gene [60]. The frequently altered position in the H3 histone is in a H3K27 position, which causes alterations in
the H3K27 methylation and acetylation pattern in mutated cells. H3K27 tri-methylation is a crucial histone
repression mark important for cell differentiation and
maturation. H3K27me3 is carried on by the EZH2 methylwww.postepybiochemii.pl

transferase, being a part of the PRC2 complex, combined
with demethylases JMJD3/KDM6B and UTX/KDM6A.
Histone H3K27M alteration leads to inhibition of PRC2
complex, and in consequence, to a global reduction of
H3K27 methylation (Fig. 1A). Moreover, nucleosomes
bearing H3K27M are also acetylated and recruit BRD4 – a
member of BET family of proteins, which bind to acetylated histones. This promotes an open chromatin structure,
which favors increased gene transcription (Fig. 1A) [62].
Another mutation found in pediatric gliomas occurs in
H3 histone coding genes at a G34 site. The role of G34
variant is still elusive, but in a close proximity to that site
is K36 which could be epigenetically modified. Alteration
in the G34 position may affect H3K36 methylation pattern (Fig. 1B) [61]. In high-grade gliomas, G34 alteration
almost always occurs with ATRX or DAXX and TP53 mutations [62,63].
EPIGENETIC LANDSCAPE DEREGULATION

Deregulation of histone modifications in gliomas became an area of intensive investigation. Immunohistochemical analysis of the global H3K4me2, H4K20me3,
H3K9Ac, H3K18Ac, H3K9me3 and H4K20me3 glioma
samples demonstrated that some histone modifications
correlate with the progression-free and overall survival of glioma patients. The lower H3K18Ac and higher
H4K20me3 levels correlated with the greater survival of
glioblastoma (GBM) patients. H4K20me3 expression was
higher in grade II than in normal brain or high grades,
whereas H3K9me3 immunoreactivity was higher in
normal brain. H3K9me3-positive grade II oligodendrogliomas had improved overall survival compared with
H3K9me3-negative cases. The analysis of the phosphorylation level of histone H3 at the tyrosine (T)3,6, serine
(S)10, 28 and threonine (Y)41 in a collection of GBM samples demonstrated that the high levels of the phosphorylated histone H3 at the residues T6, S10 and/or T41 are
associated with a poor prognosis of GBM patients [46].
The importance of DNA methylation pattern for glioma patients in TCGA datasets, has been highlighted by
different methylation pattern IDH1/IDH2 mutated patients [64, 65]. Mutations in isocitrate dehydrogenase 1
(IDH1) gene, coding for the NADP-positive dependent
enzyme IDH, occur in ~80% of grade II gliomas and secondary GBMs [66]. Those are recurrent mutations in a
range of myeloid malignancies, most notably AML [67].
Mutant IDH1 (also rarely IDH2) acquires an alternative
activity, catalyzing the conversion of α-ketoglutarate (αKG) to 2-hydroxyglutarate (2-HG), which is an “oncometabolite”. 2-HG accumulates and competitively inhibits
α-KG dependent enzymes, such as histone demethylases
and a DNA demethylase TET2. The outcome in affected
cells is DNA hypermethylation known as a Glioma CpG
Island Methylator Phenotype - G-CIMP [68]. Information about IDH status is the most important diagnostic
distinction in the current WHO recommended guideline.
IDH-mutated patients have generally better prognosis
than patients without mutation. We have demonstrated
that specific sites are differentially methylated in glioma
Postępy Biochemii 64 (2–3) 2018

patients with long overall survival versus patients with
short overall survival [69]. Methylation at this site was a
better prognostic factor than IDH status in the cohort of
patients from the TCGA repository. Our finding suggests
that methylation of DNA could be incorporated in clinical
decision making process.
DEREGULATION OF NUCLEOSOME REMODELING

Recent human genetic screens have revealed that genes
BRG1, ARID1A, BAF155, and hSNF5 are frequently mutated in tumors, indicating that BAF complexes contribute to the initiation or progression of cancer. In gliomas
(brain tumors of the glial lineage), mutations have been
found in genes ATRX, ARID1A, SMARCA4, SMARCA2,
and SMARCC2. The most frequently mutated chromatin remodeler is ATRX, frequently mutated in pediatric
glioblastomas. Genes ATRX (α-thalassaemia/mental retardation syndrome X-linked) and DAXX (death-domain
associated protein) encode two subunits of a chromatin
remodeling complex required for histone variant H3.3
incorporation at pericentromeric heterochromatin and
telomeres. ATRX protein is localized at telomeres, pericentromeric heterochromatin, and the inactive X chromosome, where it may regulate the establishment and/
or maintenance of transcriptionally silent chromatin. It
regulates telomere function, DNA methylation and sister
chromatid cohesion by controling chromosome dynamics
[70]. It is not exactly known how ATRX deletion contributes to glioma formation. ATRX mutations are directly
involved in tumorigenesis via alterations at the chromatin level. A recent study indicates that ATRX facilitates
the chromatin reconstitution required for DNA repair
[71]. ATRX defect is an alternative way of telomere elongation [72]. ATRX inactivation alters chromatin state by
shifting or altering deposition of histone variants H3.3 in
the genome that in the consequence may lead to aberrant
expression of genes involved in differentiation of neural
precursor cells into mature glial cells [72].
DRUG DEVELOPMENT

HDAC inhibitors (valproic acid, SAHA) and DNA hypomethylating agents (5-aza-2’-deoxycytidine), represent
the only two classes of epigenetic enzymes inhibitors currently approved by the FDA. However, the clinical utility
of these drugs has been limited by several factors including chemical instability, a lack of specificity leading to
increased genomic instability, DNA damage and cytotoxicity, and significant off-target effects.
Inhibition of individual readers of epigenetic modifications is considered to be more specific and exert less
off-target toxicity. Recently bromodomain-containing
reader proteins have emerged as attractive targets for
cancer drug discovery, especially in hematological malignancies or pediatric H3K27M mutant glioblastoma.
JQ1 is the early prototypical bromodomain inhibitors.
Treatment of AML cells with JQ1 resulted in potent antiproliferative effects and myeloid differentiation. Multiple
bromodomain inhibitors have been developed with enhanced pharmacokinetic properties, including CPI-0610,
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OTX015, TEN-010, and I-BET762. These compounds are
under investigation in early phase clinical trials for lymphoma, leukemia, and solid tumors [58]. Treatment of
pediatric diffuse intrinsic pontine glioma (DIPG) xenografts with JQ1 reduced tumor growth and extended survival. DIPGs bearing K27M mutation in histone H3 depend on residual PRC2 activity and recent data suggest
that EZH2, JMJD3/UTX or BET inhibitors may be beneficial in patients with H3K27M-expressing tumors. Drugs
targeting epigenetic modifiers, including the inhibitors of
histone methyltransferases, demethylases, HDACs and
BET proteins, have emerged recently in clinical trials for
these tumors [73].
A CpG Island Methylator Phenotype has been associated with several cancers, including leukemia and glioma.
Identification of IDH mutations (mIDH) associated with
a hypermethylated phenotype led to an intensive search
for drugs that could interfere with this pathway. Treatments specifically or indirectly targeted to mIDH are currently under clinical investigation. Interestingly, these
therapies are generally well tolerated and, when used as
a single agent induced positive effects in mIDH patients
in AML. This is evidenced by the recent approval of the
first selective mutant IDH2 inhibitor AG-221 (enasidenib)
for the treatment of IDH2-mutated AML [74].
CONCLUSIONS

Growing evidence indicates that epigenetic mechanisms are often deregulated in cancer as a cause or a consequence of the malignancy. Driver mutations in genes
coding for core histone proteins lead to blockade of repressive K27me3 or in IDH1/2 coding genes affect DNA
methylation, which results in deregulated expression of
many genes controlling cell proliferation, differentiation
and tumorigenesis. Deregulation of epigenetic mechanisms is a common feature of cancer and therapeutic targeting of epigenetic enzymes is one of the emerging strategies for cancer therapy.
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STRESZCZENIE
Ekspresja genów w komórkach jest ściśle kontrolowana i podlega regulacji m.in. za pomocą mechanizmów epigenetycznych takich jak metylacja DNA, modyfikacje histonów, pozycjonowanie nukleosomów czy niekodujące RNA. Deregulacja mechanizmów epigenetycznych odgrywa kluczową rolę w procesie nowotworzenia, przy czym naukowcy spierają się czy zjawisko to jest przyczyną czy też konsekwencją rozwoju
nowotworu. W wyniku deregulacji mechanizmów epigenetycznych w komórce następują głębokie zmiany w ekspresji genów zarówno na
poziomie RNA jak i białka. W wyniku zmian epigenetycznych dochodzi najczęściej do zwiększonej proliferacji komórek, wzrostu nowotworu i przerzutowania. Większość zmian epigenetycznych w komórce takich jak nieprawidłowe wzory metylacji DNA czy modyfikacji histonów
jest wynikiem mutacji w genach odpowiedzialnych za ich wprowadzanie lub usuwanie. Mutacje w genach regulujących pozycjonowanie
nukleosomów prowadzą do zmian w organizacji genomu w jądrze, a w konsekwencji do mutacji na poziomie chromosomu, takich jak translokacje czy zmiany liczby kopii genu w komórce. Ponadto, zaobserwowano również mutacje w genach metabolizmu komórkowego, które
mogą wpływać na aktywność genów odpowiedzialnych za demetylację DNA lub modyfikacje histonów. Rozwój technik sekwencjonowania
cało genomowego umożliwił poznanie globalnych zmian w profilu epigenetycznym komórek nowotworowych.
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