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Abstract
Epigenetic alterations have been recognized as important mechanisms in
neoplastic transformation, malignant progression of cancer, and response
to therapy. Epigenetic modifications include DNA methylation and post-
translational modifications of histone proteins that influence the chromatin
structure. Moreover, with the identification of the RNA interference
machinery, a new layer of gene regulation has been added to the definition.
The coordinated interaction of these processes regulates gene expression
activity. The disruption of these mechanisms of control is involved in a
wide variety of pathologies, including but not restricted to cancer. Although
epigenetic changes are somatically inheritable, they are reversible and
hence may represent actionable targets for novel therapies.

Here we will discuss the current understanding of alterations in the
epigenetic landscape that occur in the evolution of brain tumors and their
potential impact on patient therapy.

D. Sciuscio, Ph.D.

Keywords
DNA methylation ¢ Histone modification « MicroRNAs ¢ Epigenetic gene
silencing * Epigenetic therapy

The Epigenetic Control

The term “epigenetics” (literally “upon” genet-
ics) was coined by Conrad Waddington in the
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CYTOPLASM

Fig. 2.1 Epigenetic regulation. Epigenetic regulation
acts at different levels and with different molecular mech-
anisms like posttranslational modifications (PTMs) of the
histone tails (/) DNA methylation of CpG dinucleotides
(2) and microRNA expression (3) PTMs like tri-methyla-
tion (me3) of lysine number 4 (K4) of histone 3 (H3)
(H3K4me3), H3K27me3, H3K9me3, etc. allow a more
relaxed or compact chromatin status resulting in expres-
sion or repression of the genes under the modified his-
tones. DNA methylation is catalized by DNMTs (DNA
methyltransferases) and leads to gene silencing directly

DNA sequence (Fig. 2.1) [2]. Epigenetic regula-
tion ensures that the right genes are expressed at
the right time to allow for cell-type-specific pro-
grams in development and differentiation, and
adaptation to environmental cues that are not
encoded in the DNA.

Epigenetic aberrations in cancer involve global
DNA demethylation (hypomethylation) affecting
intergenic regions, DNA repetitive sequences and
gene bodies, and de novo methylation of CpG
islands (hypermethylation) in promoter regions
of tumor suppressor genes (Fig. 2.2). It has been
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by recruitment of methyl-CpG-binding domain (MBD)
proteins that in turn recruit histone-modifying and chro-
matin-remodeling complexes to the methylated sites or
indirectly by precluding the recruitment of DNA-binding
proteins. MicroRNAs are transcribed from intragenic or
intergenic regions by RNA polymerase II (Polll), and
after several maturation steps mediated by the ribonu-
cleases DROSHA and DICER, they are integrated in the
RNA-induced silencing complex (RISC) that blocks
translation of specific mRNAs
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largely established that epigenetic silencing of
key genes mediated by promoter methylation
plays an important role in cancer [3]. In addition,
dynamic regulation of the chromatin state is
mediated by mechanisms such as covalent
modifications of chromatin including histone
acetylation, methylation, phosphorylation, and
ATP-dependent chromatin remodeling. The latter
is mediated by enzyme complexes using ATP-
hydrolysis to slide away histones along the DNA,
which may expose transcription factor binding
sites and thus facilitate their association with
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Fig.2.2 Aberrant DNA methylation in cancer. In normal
cells DNA methylation at CpG sites is mainly present in
gene bodies and repetitive sequences and contributes to
chromosomal stability. In cancer cells we observe global
DNA demethylation prominent at repetitive sequences
and specific hypermethylation of CpG islands of promot-
ers that frequently affects suppressor genes. Aberrant
hypomethylation of gene bodies may unblock alternative
transcription start sites

regulatory sequences. The best-known chromatin
remodelers of this type belong to the family of
SWI/SNF complexes [4]. The three processes of
DNA methylation, histone modification, and
nucleosomal remodeling are intimately linked,
and their alterations result in reprogramming of
cancer-relevant genes (reviewed in [5]) (Fig. 2.1).
Recent data in cancer biology emphasize the
importance of epigenetic processes and illustrate
that genetic and epigenetic phenomena cooperate
at all stages of cancer development.

DNA Methylation

DNA methylation is the most intensively studied
regulatory mechanism involved in the epigenetic
control. It occurs predominantly on cytosine resi-
dues in CpG dinucleotides. So far, three enzymes
that catalyze DNA methylation have been
described: the DNA methyltransferases DNMTT,
DNMT?3a, and DNMT?3b. All of them use the sub-
strate  S-adenosyl-L-methionine as source of
methyl groups. DNMT1 preferentially methylates
hemi-methylated DNA and is responsible for
maintenance of the methylation patterns during
DNA replication. DNMT3a and DNMT3b act on
unmethylated DNA substrates and are responsible
for de novo methylation [6, 7]. CpG dinucleotides
are not evenly distributed across the human
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genome but are concentrated in short CpG-rich
DNA stretches called “CpG islands.” They are
preferentially located at the 5’ end of genes and
are present in about 60 % of human gene promot-
ers [8] or reside in regions of large repetitive
genomic sequences [9, 10]. DNA methylation of
repetitive sequences has been proposed as a mech-
anism to prevent chromosomal instability by sup-
pressing events such as homologous recombination
[11], while gene body methylation is thought to
prevent uncontrolled transcription initiation
(reviewed by Portela et al. [5]). DNA hypermethy-
lation of CpG islands located in the promoter
regions has been associated with loss of expres-
sion (Fig. 2.2). Epigenetic gene silencing follow-
ing CpG island methylation is mediated through
recruitment of methyl-CpG-binding domain
(MBD) proteins that in turn recruit histone-modi-
fying and chromatin-remodeling complexes to the
methylated sites [12, 13] or indirectly by preclud-
ing the recruitment of DNA-binding proteins from
their target sites [ 14]. Normally, most CpG islands
remain unmodified during development and in dif-
ferentiated tissues [15]. However, there are some
exceptions like the CpG island methylation occur-
ring during X-chromosome inactivation and those
for imprinted genes [9]. Recent findings also sug-
gest that extensive DNA methylation changes
caused by differentiation take place at CpG island
“shores,” regions of comparatively low CpG den-
sity close to CpG islands [16—18].

Although CpG methylation is the most studied
epigenetic modification, it is not the only one that
can occur at the DNA level. Recently other regula-
tory chemical modifications have been described
like the methylation at non-CpG sites like CHG
and CHH (where H is A, C, or T) or the
5-hydroxymethylcytosine (5-hmC). Methylated
CHG and CHH have been found in stem cells and
seem to be enriched in gene bodies directly corre-
lated with gene expression, while they are depleted
in protein binding sites and enhancers [19]. The
levels of non-CpG methylation decrease during
differentiation and are restored in induced pluripo-
tent stem cells (iPS), suggesting a key role in the
maintenance of pluripotency [19, 20]. The func-
tion of 5-hmC is not yet understood and poorly
studied at the moment especially because this
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modification cannot be easily distinguished tech-
nically from the classic 5-methylcytosine [21].

Detection Methods for Methylated
DNA

In the last decade, the study of DNA methylation
has become essential for the understanding of
regulatory processes in biology, and more recently
aberrantly methylated genes have been identified
as biomarkers in cancer with clinical applica-
tions. This has led to the development of many
methods for its detection using various technical
strategies that are associated with different reso-
lution. Choice of technology depends on the pur-
pose, ranging from diagnostic tests for individual
genes for patient selection to genome-wide meth-
ylation profiling allowing for an unbiased com-
prehensive view of DNA methylation.

One of the most common methods to dif-
ferentiate between methylated and unmethy-
lated CpG sites uses a bisulfite treatment. This
step converts unmethylated cytosine—but not
5-methylcytosine—in the DNA to uracil [22] that
after amplification by polymerase chain reaction
(PCR) is replaced by thymidine. Subsequently,
the altered sequence can be identified by any
technology allowing sequence-specific readouts
that differentiates between cytosine and thymi-
dine (Fig. 2.3). A popular method is methylation-
specific PCR (MSP) that uses distinct sets of
primers, and each set is designed to bind either
only to completely methylated or unmethylated
sequences, respectively [23]. Each primer typi-
cally interrogates a series of three to five CpGs.
Quantitative versions of MSP, QMSP, allow
definition of cutoff, standardization, and high-
throughput analysis [24, 25]. Other quantitative/
semiquantitative methods comprise methylation-
specific pyrosequencing and methylation-specific
clone sequencing [26]. For genome-wide analy-
sis of bisulfite-treated DNA, high-density bead
chip arrays are available (e.g., Infinium 450 K
Methylation-Bead Chip, Illumina) for high-
throughput analysis, while deep sequencing
technology (MethylC-seq) allows for unbiased
evaluation of the methylome [27].
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Methods not depending on bisulfite con-
version for differentiating methylated from
unmethylated CpGs take advantage of methy-
lation-sensitive restriction endonucleases that
recognize and cleave sequence-specific either
methylated or unmethylated CpGs only, followed
by amplification for detection and quantification
of characteristic restriction fragments. Other
methods enrich methylated DNA fragments using
antibodies against methylated CpGs (MeDIP) or
affinity columns loaded with recombinant pep-
tides derived from DNA methylation-binding
proteins, such as the methyl-CpG-binding pro-
tein 2 (MeCP2). These enriched methylated
DNA fragments are then used as input for detec-
tion methods such as deep sequencing or DNA
microarrays that allow quantification of captured
methylated DNA fragments [28-30].

The detailed comparison of the different tech-
nologies is beyond the scope of this chapter.
Comparison of different technologies used to
determine the methylation status of marker genes
such as MGMT has been reviewed in Weller et al.
[31], and the assessment of different technologies
for unbiased genome-wide DNA methylation
analysis has been published recently [28-30].

Posttranslational Modification of
Chromatin

The eukaryotic genome is packaged into chro-
matin, a highly ordered structure that contains
DNA, RNA, histones, and other chromosomal
proteins. Chromatin was originally classified into
two domains, euchromatin and heterochromatin,
based on the density of staining of the nucleic acid
in micrographs [32, 33]. The definition of these
domains has since been expanded. Euchromatin
is gene-rich, transcriptionally active, hyperacety-
lated, and hypomethylated chromatin. Conversely,
heterochromatin is gene-poor, transcriptionally
inactive, hypoacetylated, and hypermethylated
chromatin [32—-34]. The basic unit of chromatin is
the nucleosome, which is composed of two copies
of the histones H2A, H2B, H3, and H4 wrapped
with 146 base pairs of DNA [33, 35]. The abil-
ity of chromatin to condense can be regulated in
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Fig. 2.3 Discrimination
between methylated and
unmethylated CpGs using
bisulfite conversion.
Methylated cytosines
(5-methylcytosines) are
resistant to bisulfite
conversion, whereas
unmethylated cytosines are
converted into uracil.
Sequence-specific technolo-
gies allow then sequence-
specific discrimination and

quantification of methylated

and unmethylated CpGs,

respectively
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part by posttranslational modification (PTM) of
the N-terminal tails of the histones which include
acetylation,  methylation,  phosphorylation,
sumoylation, poly(ADP)-ribosylation, and ubiq-
uitination. These modifications regulate key cel-
lular processes such as transcription, replication,
and repair. So far over 60 different modifications
on histones have been described [34] defining
the so-called “histone code” that refers to the
patterns of modifications where different com-
binations of histone modifications designate or
regulate specific cellular processes and events
[36-38]. Active genes have been associated
with particular modifications also called active
histone marks, e.g., tri-methylation of lysine 4
(H3K4me3) and acetylation of lysine 9 (H3K9ac).
In contrast histone marks for inactive genes may
comprise H3K9me2, H3K9me3, H3K27me2,
and H3K27me3. However, many active and inac-
tive genes have overlapping patterns of histone
modifications. In fact bivalent histone marks are
a hallmark of embryonic stem cells that is thought
to keep the genes in a “transcription-ready” state
and may predispose important regulatory genes
to inactivation by aberrant DNA hypermethyla-
tion that results in heritable gene silencing during
malignant transformation and tumor progression
[39]. For almost each modification, enzymes exist
which either lay down the appropriate mark or

remove it. Histone acetyltransferases (HATs) and
histone methyltransferases (HMTs) add acetyl
and methyl groups, respectively, whereas histone
deacetylases (HDACSs) and histone demethylases
(HDMs) remove them [40, 41]. These histone-
modifying enzymes interact with each other as
well as other DNA regulatory mechanisms to
tightly link chromatin state and transcription.
Although there is an intimate relationship between
DNA methylation and PTM of histones, the for-
mer is considered to be relatively stable, while
PTMs of histones are more dynamic, balanced by
the activities of the histone-modifying enzymes
removing or adding respective modifications.
In cancer cells this equilibrium is disturbed by
deregulated expression of HMTs and HDMs and
overexpression of HDACs. Deregulated expres-
sion of histone-modifying enzymes makes them
potential targets for therapy to normalizing their
equilibrium.

Like DNA methylation the study of the post-
transcriptional modification of chromatin led to
the development of several methods of analysis.
Most of them are based on immunoprecipitation
of the chromatin cross-linked to DNA using
specific antibodies against the different PTM of
the chromatin. Coprecipitated DNA is subse-
quently analyzed and quantified by PCR (ChIP-
PCR), on DNA chips (ChIP on CHIP), or by
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genome-wide deep sequencing (ChIP-seq) to
identify and quantify the chromatin status at loci
of interest.

MicroRNAs

MicroRNAs are endogenously expressed short
noncoding RNAs, 18-25 nucleotides in length,
that repress protein translation through binding to
target mRNAs [42]. More than 1,000 human
microRNAs have been discovered to date, and
recent studies have estimated that they are respon-
sible for the regulation of up to one-third of all
human genes [43]. MicroRNAs are mostly tran-
scribed from intragenic or intergenic regions by
RNA polymerase Il into primary transcripts called
pri-microRNAs [44, 45]. The primary transcripts
undergo further processing usually by a ribonu-
clease named DROSHA resulting in a hairpin
intermediate of about 70—100 nucleotides, called
pre-microRNA [46, 47]. The pre-microRNA is
then transported out of the nucleus to the cyto-
plasm by exportin 5 [48]. In the cytoplasm, the
pre-microRNA is processed by another ribonu-
clease, DICER, into a mature double-stranded
microRNA [49, 50]. After strand separation, the
guide strand or mature microRNA is incorporated
into an RNA-induced silencing complex (RISC),
whereas the passenger strand is degraded [50-53]
(Fig. 2.1). RISC comprises also argonaute pro-
teins that have a crucial role in microRNA bio-
genesis, maturation, and miRNA effector
functions [51-53]. The mature guide strand is
important for target recognition and for the incor-
poration of specific target mRNAs into RISC
[50-53]. The specificity of microRNA targeting
is defined by Watson—Crick complementarities
between positions 2 and 8 from the 5" miRNA
(also known as the seed), with the 3’ untranslated
region (UTR) of their target mRNAs [53]. When
microRNA and its target mRNA sequence show
perfect complementarities, the RISC induces
mRNA degradation. Should an imperfect
microRNA-mRNA target pairing occur, transla-
tion into a protein is blocked [53] (Fig. 2.1).
Analyzing the complementarities between
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microRNA and mRNA has revealed that each
microRNA can potentially target multiple mRNAs
[50, 54-56], while a single mRNA can be targeted
by several different microRNAs [54, 55]. Many
of these predictions have been validated experi-
mentally, suggesting that microRNAs might
cooperate with each other to regulate gene expres-
sion [56]. Similar to promoter methylation of
genes, expression of these regulatory RNAs may
also be silenced by aberrant CpG methylation.

Besides the canonical mechanisms of
microRNA gene regulation, other “noncanoni-
cal” microRNA-mediated mechanisms of mRNA
expression modulation are emerging [50, 57-61].
Some microRNAs have been shown to bind to the
open reading frame or to the 5" UTR of the target
genes, and, in some cases, they have been shown
to activate rather than to inhibit gene expression
[57, 58]. Moreover, some studies have recently
reported that microRNAs can also regulate gene
expression at the transcriptional level by binding
directly to the DNA [50, 59-61].

Epigenetic Deregulation in Cancer

The cancer epigenome is characterized by
extensive aberrations at any level of epigenetic
control. The integrity of epigenetic regulation
including maintenance of appropriate patterns
of histone modifications, DNA methylation,
and microRNA expression is not only crucial
for normal development and differentiation but
is also intimately associated with tumor initia-
tion and progression [62]. It is also becoming
clear that epigenetic deregulation may precede
classical transforming events like mutations in
cancer-relevant genes and genomic instability
[63]. Disruption of the epigenetic machineries,
either by mutation, deletion, or altered expres-
sion of any of their components, contributes
to epigenetic deregulation. Aberrant promoter
methylation of genes may complement mutation
or deletion of the second allele, as postulated by
the two-hit model for inactivation of tumor sup-
pressor genes, or even provide both hits by meth-
ylation of both alleles [18, 64, 65]. Identification
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of new “epimutations” is rapidly increasing with
the availability of more performing technolo-
gies. Similar to genetic alterations, tumor-type-
specific patterns of epigenetic alterations are
observed [66]. The current challenge is to dif-
ferentiate drivers from passenger alterations and
identify those that are actionable for future treat-
ment approaches or select the ones already drug-
gable by available therapies [67] and develop
respective biomarkers for patient selection.

Epigentic Deregulation in Glioma

Silencing by Promoter Methylation of
06-Methylguanine-DNA
Methyltransferase Gene (MGMT)

In glioma probably the best-known epigenetic
alteration is promoter hypermethylation of the
repair gene that encodes the O6-methylguanine-
DNA methyltransferase (MGMT) thathas become
the first epigenetic biomarker in this disease [31,
68]. MGMT rapidly reverses alkylation (includ-
ing methylation) at the O6 position of guanine by
transferring the alkyl group to the active site of the
enzyme, in a suicide reaction [69], hence annihi-
lating the therapeutic effect of alkylating agents
such as temozolomide. Consequently, epigenetic
inactivation of the MGMT gene by promoter
methylation renders tumor cells more sensitive
to alkylating agents. The clinical relevance of
epigenetic silencing of the MGMT promoter for
benefit from alkylating agent therapy was shown
in a randomized trial for newly diagnosed glio-
blastoma (GBM) [70-72]. Patients whose tumors
contained a methylated MGMT promoter had a
clear survival benefit from the addition of the
alkylating agent temozolomide (TMZ) to standard
radiotherapy (RT) with a median overall survival
(OS) of 23.4 months as compared to 12.6 months
in patients with an unmethylated MGMT, while in
the radiotherapy arm, OS was 15.3 months in the
MGMT methylated and 11.8 in the unmethylated
patients, respectively [70]. A predictive effect of
MGMT methylation for benefit from TMZ is sug-
gested, however, the result for OS is confounded
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by the fact that TMZ was given to 60 % of the
patients in the RT arm at relapse. The predictive
effect is supported by the data from progression-
free survival (PFS). Patients with a methylated
MGMT had a median PFS of 10.3 months, as
compared with 5.9 months for patients who
received radiotherapy alone. In contrast, patients
with an unmethylated MGMT did not show such
a benefit from the addition of TMZ with a PFS
of 5.3 months, as compared with 4.4 months
for patients who were treated with radiotherapy
alone [68].

Subsequent to this trial, the MGMT methyla-
tion status has been evaluated in many studies,
revealing that frequencies are specific to the
glioma subtype and malignancy grade, ranging
from 40 % in GBM to over 80 % in anaplastic
oligoastrocytoma (WHO grade III), while MGMT
promoter methylation in pilocytic astrocytoma
and most non-glial brain tumors is infrequent
(Fig. 2.4) [31, 73-83].

Surprisingly, the methylation status of the
MGMT promoter has only a prognostic as
opposed to a predictive effect in anaplastic
gliomas. In two studies, it was shown that the
prognostic significance of MGMT promoter
methylation was similar in the RT as compared to
the chemoradiotherapy arm [84, 85]. The under-
lying reason for this puzzling result became more
clear when it was shown that in contrast to GBM,
in anaplastic glioma (WHO grade III), MGMT
methylation is associated with good prognostic
factors such as 1p/19q co-deletions and muta-
tions of the isocitrate dehydrogenase 1 gene
(IDH1) [84]. Furthermore, it is of note that 80 %
of GBMs have loss of one copy of chromosome
10 which combined with MGMT promoter meth-
ylation that is located on 10q26 leads to complete
loss of MGMT function. This is not the case in
anaplastic glioma. They do not frequently exhibit
loss of chromosome 10; hence, MGMT promoter
methylation may affect both or only one allele,
resulting either in complete loss or just reduced
“gene dosage,” respectively. Taken together, the
impact of MGMT methylation on response to
alkylating agent therapy needs to be established
for each tumor type.
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Epigenetic Deregulation of Cancer-
Relevant Pathways in Gliomas

Besides inactivation of DNA repair as exemplified
by MGMT silencing, DNA methylation analyses
have revealed that silencing of negative regula-
tors of mitogenic pathways or activators of apop-
tosis is common in cancer showing tumor
type-specific patterns. In GBM the WNT path-
way may be activated through promoter methyla-
tion of negative regulators such as the WNT
inhibitory factor 1, the family of secreted friz-
zled-related proteins (sFRPs), dickkopf (DKK),
and naked (NKDs) [86, 87]. Another example is
the ras pathway that in a subset of GBM is dereg-
ulated by silencing of the negative regulators Ras
association (RalGDS/AF-6) domain family mem-
bers RASSFIA and RASSF10 [88, 89]. RASSF1
is methylated in many tumor types and is thought
to contribute to ras signaling [90]. Examples of
genes and respective affected pathways are given
in Table 2.1 [86-89, 91-98].

Glioma CPG Island Methylator
Phenotype (G-CIMP)

Improvement of technology in the last few years
allows comprehensive analysis of genome-wide

DNA methylation on high-throughput plat-
forms. Large-scale analysis in GBM on aberrant
DNA methylation at CpG sites has unraveled
a plethora of genes that are affected. A project
of the “The Cancer Genome Atlas” (TCGA)
has classified GBM into three distinct DNA
methylation GBM subgroups [93]. A striking
pattern with highly concordant DNA methyla-
tion was identified in 8 % of GBM, indicative
of a glioma CpG island methylator phenotype
(G-CIMP) [93] (Fig. 2.5) [93, 99, 100]. Patients
with G-CIMP tumors are younger at the time of
diagnosis and experience significantly improved
outcome. G-CIMP tumors constitute a sub-
group of the proneural subtype as defined by the
Verhaak gene expression-based classification
of GBM [101]. Furthermore, G-CIMP is highly
correlated with IDHI gene mutations. Hence,
G-CIMP is also associated with secondary
GBM, arising from lower-grade glioma [102].
In grade II and grade III glioma, G-CIMP was
also commonly identified with a strong associa-
tion with IDH1/2 mutations, suggesting an early
event in the evolution of these tumors [91, 93,
103] (Table 2.1). In anaplastic glioma, G-CIMP
has also been reported as good prognostic fac-
tor [103]. These observations further support the
hypothesis that primary glioblastoma with low
frequencies of IDHI mutations and G-CIMP
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Table 2.1 Methylated genes and affected pathways in gliomas (without MGMT)

Tumor type Pathway affected
Glioblastoma
RAS pathway

WNT pathway

Metalloproteinase

PI3K pathway
G-CIMP
Others

Secondary glioblastoma
RAS pathway

WNT pathway

PI3K pathway
G-CIMP

(continued)

Gene

RASSFI1A
RASSF10
WIF1
SFRP1
SFRP2
SFRP4
SFRP5
NKD1
NKD2
DKK1
DKK3
FZD9
MMP14
MMP2
PTEN

HOXA9
HOXAT11
TMS1/ASC
HIC1

RASSFIA
RASSF10
SFRP1
SFRP2
SFRP4
SFRP5
NKD1
NKD2
DKK1
DKK3
PTEN

% methylation

47
65
26
80
77
50
20
0
81
0
0
72
75
97
9
8

50
75
21
100

69
12
40
13
83
100

82
75
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Table 2.1 (continued)
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Tumor type Pathway affected Gene % methylation Ref.
Anaplastic astrocytoma
RAS pathway RASSF1A 64 [88]
RASSF10 80 [89]
WNT pathway SFRP1 10 [87]
SFRP2 0 [87]
SFRP4 25 [87]
SFRP5 20 [87]
NKD1 0 [87]
NKD2 0 [87]
DKK1 17 [87]
PI3K pathway PTEN 68 [92]
G-CIMP 52 [93]
Others HIC1 100 [95]
Diffuse astrocytoma
RAS pathway RASSFIA 75 [88]
RASSF10 60 [89]
WNT pathway SFRP1 5 [87]
SFRP2 10 [87]
SFRP4 25 [87]
SFRP5 20 [87]
NKD1 0 [87]
NKD2 6 [87]
DKK 0 [87]
Cell proliferation TES [96]
PI3K pathway PTEN 43 [92]
G-CIMP 80 [93]
TET2 14 [97]
Others CDHI1 65 [98]
HIC1 100 [95]
Pilocytic astrocytoma
RAS pathway RASSFIA 20 [88]
RASSF10 0 [89]

have a different pathogenetic/epigenetic ori-
gin than secondary glioblastoma and should be
classified separately.

The correlation of the neomorphic IDH1/2
mutants with a DNA methylator phenotype was
also observed in acute myeloid leukemia (AML).
This provided an important mechanistic link,
together with the fact that IDH1/2 mutations in
leukemia were exclusive with tet oncogene fam-
ily member 2 (TET2) mutations. The oncometab-
olite D-2-hydroxy glutarate (D-2HG) produced
by neomorphic IDH mutants accumulates to high
concentrations in the tumor tissues and has been
shown to be a competitive inhibitor of o-KG-

dependent dioxygenases, hence reducing the
activities of the families of histone demethylases
and TET 5-methylcytosine hydroxylases, includ-
ing TET2. This leads to a genome-wide increase
of DNA methylation (5-methylcytosine) and
reduction of 5-hydroxymethylcytosine [104,
105]. Consequently suggesting a functional link
between IDH1/2 mutations and the development
of a methylator phenotype—metabolism meets
epigenetics! Evidence for this functional link
was provided recently by introducing an IDHI
mutant into primary human astrocytes that leads
to extensive hypermethylation reminiscent of
patterns identified in G-CIMP-positive low-grade
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Fig. 2.5 Glioma CpG island methylator phenotype
(G-CIMP). The heatmap shows a panel of 241 GBM clus-
tered according to the 2,285 most variable Infinium DNA
methylation probes. The structure of the heatmap identifies
several GBM methylation subtypes, of which one group
exhibits a highly coordinated gene methylation pattern that
has been denominated as G-CIMP. The striking difference of

glioma, hence establishing /DH mutations as the
molecular bases of CIMP in glioma [106].

Posttranslational Modifications of
Histones

Epigenetic alterations in glial tumors frequently
involve proteins controlling the PTM of histones.
In particular the enhancer of zeste human
homolog 2 gene (EZH2), which is the catalytic
component of the polycomb repressive com-
plexes 2 (PRC2) and PRC3, has been demon-
strated to play an important role in gliomas. It is
involved in setting the H3K27me3 marks and
also links different layers of epigenetic control.
Indeed, EZH2 may indirectly control DNA meth-
ylation through providing a platform for recruit-
ing DNA methyltransferases [107]. EZH2 is
overexpressed in most astrocytic and oligoden-
droglial tumors and even more highly expressed
in GBM [108]. Nevertheless, proteins belonging
to PRCs are not the only histone modifiers altered
in gliomas. Expression of some histone deacety-
lases (HDAC) has been reported to be altered in
GBM especially class II and IV HDACs [109].

these G-CIMP-associated GBM from the G-CIMP-negative
GBM is well reflected in the principal component analysis
(PCA) on the right side. The DNA methylation data has been
downloaded from The Cancer Genome Atlas database [93],
subjected to a variation filter (SD>0.19) and clustered using
coupled two-way clustering (CTWC) [99, 100]. Red, high
methylation; blue, low methylation

Moreover, large-scale sequencing analysis in
GBMs uncovered mutations in many genes
encoding proteins involved in epigenetic regula-
tion, including histone deacetylases HDAC?2 and
HDACY, histone demethylases JMJD1A and
JMIDI1B, histone methyltransferases SET7,
SETD7, MLL, and MLL4, and methyl-CpG-
binding domain protein 1 (MBD1), although they
have not been confirmed yet as drivers of glioma
genesis [110].

Aberrant Expression of MicroRNAs

Many studies have shown that glial tumors are also
characterized by strong alterations in microRNA
content. One of the best characterized alterations
in GBM is represented by the miR-21. Identified
targets of miR-21 are TP53, TGFB, the mitochon-
drial apoptotic pathway, and probably the tumor
suppressor gene PTEN [111]. Its expression lev-
els have been correlated with overall and disease-
free survival and suggested to be a biomarker for
chemoresistance in other types of cancer includ-
ing leukemia and pancreatic and lung cancer [112,
113]. A growing number of other microRNAs
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have been recently linked with gliomagenesis;
striking examples are miR-10b [114] and miR-
196 glioma involved in glioma progression
[115]. In particular miR-10b is often upregulated
in both low-grade and high-grade glioma and
seems to downregulate BCL2L11/BIM, TFAP2C/
AP-2y, CDKNIA/p21, and CDKN2A/pl6 that
normally protect cells from uncontrolled growth.
Furthermore, the use of high-throughput tech-
nologies has allowed identification of expression
signatures of microRNAs that characterize GBM
subtypes or exert a prognostic value for survival
in GBM [116, 117]. Again using TCGA data,
microRNA expression profiles yielded biologi-
cally meaningful subclassification of GBM. Five
subclasses were proposed that relate to develop-
mental patterns, of which three overlap substan-
tially with three of the four subclasses defined by
the Verhaak gene expression classification [101].
The “oligoneural” microRNA profile was associ-
ated with “proneural,” the “radial glial” with “clas-
sical,” and the “astrocytic” with “mesenchymal”
gene expression-defined classification [116].

Epigenetic Deregulation in Other
Brain Tumors

Ependymal Tumors

We know little about the mechanisms involved in
initiation, maintenance, or progression of ependy-
mal tumors. This is in part due to the heterogene-
ity and the low incidence of these tumors. Most
of the epigenetic studies on these tumors have
used a candidate gene approach with genes
mostly selected looking at their methylation sta-
tus in other brain tumor types [118]. Despite the
limited information available, a number of aber-
rantly methylated genes have been identified. The
most commonly methylated gene in ependymo-
mas seems to be RASSFIA with a reported inci-
dence of 86 % [118, 119]. Another gene
commonly methylated in ependymomas is HICI
with an incidence of 83 % that has been associ-
ated with a non-spinal localization [120]. Finally,
Rousseau and colleagues have shown promoter
hypermethylation of CDKN2A, CDKN2B [118,
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121]. A non-exhaustive list of methylated genes
and their pathways identified in different brain
tumors is available in Table 2.2 [88, 118—-136]

Pineal Tumors

The first gene identified in sporadic pituitary
tumors affected by promoter methylation has
been CDKN2A [122, 137]. Subsequent studies
have described methylation-mediated gene
silencing in multiple other genes including RB/,
fibroblast growth factor receptor 2 (FGFR?2),
death-associated protein kinase (DAPK), and
galectin 3 [122]. High-throughput technologies
enormously boosted the discoveries in the field
that led to the observation that MEG3a and
GADD45 are frequently inactivated in pituitary
tumors by promoter hypermethylation [122, 126,
138] (Table 2.2). Finally, alterations involving
PTM of histones have also been described for
pituitary tumors. The MLL-p27(Kipl) pathway,
for instance, is often downregulated in pituitary
adenomas [139].

Medulloblastoma

Among the embryonal brain tumors, medulloblas-
toma (MB) is probably the most studied at both
genetic and epigenetic level. Epigenetic inactiva-
tion of specific genes by DNA methylation has
been found for HIC1, RASSF1A, and CASPS [88,
127-129]. More recently also SFRPI, SFRP2,
and SFRP3 have been found to be methylated in
primary MB [133] (Table 2.2). BMII1, a compo-
nent of the polycomb repressive complexe (PRC)
1 is also significantly upregulated in medulloblas-
toma. Recently BMI1 expression has been associ-
ated with poor survival [140, 141]. Furthermore,
recent evidence suggests that microRNAs play
an important role in medulloblastoma. The
miR-124 has been one of the first microRNAs
indentified as important in medulloblastoma. It is
able to modulate the cell cycle, and its expres-
sion is significantly decreased in medulloblas-
toma [142]. Moreover, microRNA expression
profiles from medulloblastoma overexpressing
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Table2.2 Methylated  ymor type Pathway affected Gene % methylation ~ Refs.
genes and pathways in Epend
selected non-glial pendymona
brain tumors RAS pathway RASSFI1A 86 [118,119]
Cell cycle regulation CDKN2A 21 [118, 121]
(p16/ARF)
CDKN2B 32 [118,121]
Others HIC1 83 [120]
Pituitary tumors
Cell cycle regulators RB1 26 [122,123]
FGFR2 45 [122, 124]
INK4a (pl6) 34 [125]
GADD45y 58 [126]
Apoptosis CASP-8 54 [125]
THBSI1 43 [125]
Medulloblastoma
RAS pathway RASSF1A 100 [88,
127-131]
Apoptosis CASPS8 62 [132]
WNT pathway SFRP1 24 [133]
SFRP2 4 [133]
SFRP3 16 [133]
Others HIC1 85 [134]
Meningioma WHO I1
RAS pathway RASSF1A 64 [135]
Metalloproteinase TIMP3 67 [136]
Others TP73 82 [135]
Meningioma WHO 111
RAS pathway RASSFIA 43 [135]
Metalloproteinase TIMP3 22 [136]
Others TP73 71 [135]

either Her2 or c-Myc allowed the identification
of specific microRNA signatures in each group
of medulloblastoma. Expression of miR-10b,
miR-135a, miR-135b, miR-125b, miR-153, and
miR-199b was altered in Her2-overexpressing
tumors, whereas c-Myc-overexpressing medullo-
blastomas had expression changes in miR-181b,
miR-128a, and miR-128b [143]. Finally, the
miR-17-92 cluster has been found to function-
ally collaborate with the sonic hedgehog pathway
in medulloblastoma development [144].

Meningeal Tumors
Like for ependymal tumors, little is known about

epigenetic alterations in meningeal tumors. What
seems to be clear is that MGMT is not methylated

in this tumor type [82]. Nevertheless, some epige-
netic alterations have been observed. RASSFIA,
TIMP3, and TP73, for instance, are frequently
methylated in meningiomas (Table 2.2). Moreover,
downregulation of miR-200a in meningioma
seems to promote growth by reducing E-cadherin
and activating the WNT/beta-catenin signaling
pathway [145].

Epigenetic Treatments

Epigenetic therapies have already been FDA
approved for leukemia and comprise DNA dem-
ethylating agents and HDAC inhibitors, and com-
binations thereof have been tested in clinical trials
(see review by Kelly et al. [146]). In glioblastoma
HDAC inhibitors have entered clinical trials (see
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http://clinicaltrials.gov/), while demethylating
agents have not been considered. This is likely due
to the fact that the methylated MGMT promoter
sensitizes the tumors to alkylating agents and that
the alkylating agent TMZ is part of the current
standard of care for GBM [70] (see respective
paragraph above). Furthermore, TMZ-containing
treatment schedules are tested or are already used
for most other glioma subtypes. Demethylating
agents such as 5-Aza-cytidine or 5-Aza-2'-
deoxcytidine lock DNMT enzymes on to the
DNA, thereby inhibiting further DNA methyla-
tion. Consequently, demethylating agents require
cell division for activity, hence targeting rapidly
dividing cells. Due to their unspecific mechanism,
demethyling agents may lead to reexpression not
only of tumor suppressor genes but also of onco-
genes. Furthermore, the treatment may induce
expression of alternative transcripts due to dem-
ethylation of gene bodies and further accentuate
hypomethylation of repetitive sequences leading
to increased genomic instability.

The HDAC inhibitor vorinostat (SAHA) has
shown modest benefit as single agent in a phase II
trial for recurrent GBM [147]. Analysis of respec-
tive tumor tissues for histone acetylation and RNA
expression profiles indicated that the tested dose
schedule affected targeted pathways. At present,
vorinostat is tested in phase I/II trials for recur-
rent GBM in combination with various drugs or
in newly diagnosed GBM in combination with
standard chemoradiotherapy. Combination thera-
pies with vorinostat are also tested in embryonal
tumors of the CNS. In contrast, the HDAC inhibi-
tor romidepsin was reported as ineffective in a
phase I/II study for patients with recurrent GBM
as single agent at the standard dose and schedule
[148]. Interestingly, the treatment of GBM patients
with valproic acid as antiepileptic drug has shown
a survival advantage in combined chemoradio-
therapy [149]. Valproic acid is considered to have
weak HDAC inhibitor properties and is currently
tested in a phase 2 trial for newly diagnosed GBM
in combination with standard chemoradiotherapy
(NCT00302159). Other HDAC inhibitors (enti-
nostat, panobinostat phenylbutyrate) are in clini-
cal evaluation for recurrent high-grade glioma
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or refractory pediatric brain tumors and neu-
roblastoma. Drugs attempting to interfere with
histone methylation that are expected to deplete
PRC2 components are in preclinical testing: They
comprise drugs like SL11144 that inhibits lysine
(K)-specific demethylase 1A (KDMI1A) and
DZNep, an inhibitor of S-adenosylhomocysteine
hydrolase [146]. Targeting of DNA-histone H1
complexes with a 131-iodine conjugated mono-
clonal antibody (Cotara) delivered by convection-
enhanced delivery is under investigation in a phase
II study for recurrent GBM [150].

Outlook

New concepts suggest that resistance to therapy
may be partly mediated by epigenetic changes,
based on the observation that acquired drug
resistance was associated with alterations in the
chromatin structure [151]. Indeed, treatment with
HDAC inhibitors resensitized the drug-resistant
cells, hence, providing evidence that development
of drug resistance may be reversible in nature.
This would explain the clinical observation of
re-treatment response of tumors after “drug holi-
days.” Consequently, new drug schemes are sug-
gested adding concomitant HDAC inhibitors to
therapies to prevent or at least delay acquisition
of epigenetically mediated treatment resistance.
Respective trials are ongoing.

Targeting of aberrantly overexpressed microR-
NAs as a therapeutic option has become techni-
cally feasible using locked nucleic acid
(LNA)-modified phosphorothioate oligonucle-
otide technology that renders them more stable.
First phase II trials using this technology are per-
formed in hepatitis C infection [152, 153]. The
question if microRNAs are actionable in brain
tumors remains to be determined and tested
preclinically.

The hypothesis that the neomorphic mutants
of IDH1/2 by means of inhibition of DNA dem-
ethylases through production of high concentra-
tions of the oncometabolite D-2HG are the
underlying cause of G-CIMP makes them a
prominent drug target. It remains to be seen if
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inhibition of the neomorphic function of IDH1/2
mutants is sufficient to reverse the methylator
phenotype in these tumors. It is not known if the
IDH mutants are required for maintenance of the
tumors. Efforts aim at developing the oncome-
tabolite D-2HG as biomarker detectable by mag-
netic resonance spectroscopy that would provide
a noninvasive diagnostic tool to identify IDH1/2
mutant gliomas [154]. In contrast, the detection
of the oncometabolite in the serum of patients
afflicted with IDH1/2 mutant gliomas has been
reported not to be successful [155].

Finally, mining epigenomics in cancer, as
uncovered by large-scale analyses of DNA meth-
ylation profiles and chromatin structure, has just
started. Insights into the molecular mechanisms
and pathways affected by epigenetic cancer-related
changes will provide new targets. The challenge
will be to identify changes with the quality of driv-
ers versus passengers and to find actionable tar-
gets. Most interestingly, some of these epigenetic
alterations can be converted into the “Achilles
heel” of the affected tumors upon treatment with
certain classes of anticancer agents. These may
include DNA repair pathways as we have shown
previously for GBM with a methylated MGMT
gene that particularly benefit from treatment with
the alkylating agent temozolomide.

References

1. Waddington CH. The Endeavour.
1942;1(1):18-20.

2. Berger SL, Kouzarides T, Shiekhattar R, Shilatifard A.
An operational definition of epigenetics. Genes Deyv.
2009;23(7):781-3.

3. Baylin SB, Ohm JE. Epigenetic gene silencing in can-
cer — a mechanism for early oncogenic pathway addic-
tion? Nat Rev Cancer. 2006;6(2):107-16.

4. Roberts CW, Orkin SH. The SWI/SNF complex —
chromatin and cancer. Nat Rev Cancer. 2004;4(2):
133-42.

5. Portela A, Esteller M. Epigenetic modifications and
human disease. Nat Biotechnol. 2010;28(10):1057-68.

6. Hermann A, Gowher H, Jeltsch A. Biochemistry and
biology of mammalian DNA methyltransferases. Cell
Mol Life Sci. 2004;61(19-20):2571-87.

7. Quina AS, Buschbeck M, Di Croce L. Chromatin
structure and epigenetics. Biochem Pharmacol. 2006;
72(11):1563-9.

epigenotype.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

35

. Wang Y, Leung FC. An evaluation of new criteria for

CpG islands in the human genome as gene markers.
Bioinformatics. 2004;20(7):1170-7.

. Bird A. DNA methylation patterns and epigenetic

memory. Genes Dev. 2002;16(1):6-21.

Antequera F, Bird A. CpG islands. EXS. 1993;64:
169-85.

Xu GL, Bestor TH, Bourc’his D. Chromosome insta-
bility and immunodeficiency syndrome caused by
mutations in a DNA methyltransferase gene. Nature.
1999;402(6758):187-91.

Esteller M. Epigenetic gene silencing in cancer: the
DNA hypermethylome. Hum Mol Genet.2007;16(Spec
No 1):R50-9.

Lopez-Serra L, Esteller M. Proteins that bind methy-
lated DNA and human cancer: reading the wrong
words. Br J Cancer. 2008;98(12):1881-5.

Kuroda A, Rauch TA, Todorov I, et al. Insulin gene
expression is regulated by DNA methylation. PLoS
One. 2009;4(9):e6953.

Suzuki MM, Bird A. DNA methylation landscapes:
provocative insights from epigenomics. Nat Rev
Genet. 2008;9(6):465-76.

Doi A, Park I-H, Wen B, et al. Differential methyla-
tion of tissue- and cancer-specific CpG island shores
distinguishes human induced pluripotent stem cells,
embryonic stem cells and fibroblasts. Nat Genet.
2009;41(12):1350-3.

Meissner A, Mikkelsen TS, Gu H, et al. Genome-
scale DNA methylation maps of pluripotent and dif-
ferentiated cells. Nature. 2008;454(7205):766-70.
Rodriguez-Paredes M, Esteller M. Cancer epigenetics
reaches mainstream oncology. Nat Med. 2011;17(3):
330-9.

Lister R, Pelizzola M, Dowen RH, et al. Human DNA
methylomes at base resolution show widespread epig-
enomic differences. Nature. 2009;462(7271):315-22.
Laurent L, Wong E, Li G, et al. Dynamic changes in
the human methylome during differentiation. Genome
Res. 2010;20(3):320-31.

Huang Y, Pastor WA, Shen Y, Tahiliani M, Liu DR,
Rao A. The behaviour of 5-hydroxymethylcytosine in
bisulfite sequencing. PLoS One. 2010;5(1):e8888.
Wang RY-H, Gehrke CW, Ehrlich M. Comparison of
bisulfite modification of 5-methyldeoxycytidine and
deoxycytidine residues. Nucleic Acids Res.
1980;8(20):4777-90.

Herman JG, Graff JR, Myohdnen S, Nelkin BD,
Baylin SB. Methylation-specific PCR: a novel PCR
assay for methylation status of CpG islands. Proc Natl
Acad Sci USA. 1996;93:9821-6.

Ogino S, Kawasaki T, Brahmandam M, et al. Precision
and performance characteristics of bisulfite conver-
sion and real-time PCR (MethyLight) for quantitative
DNA methylation analysis. J Mol Diagn. 2006;8(2):
209-17.

Vlassenbroeck I, Califice S, Diserens AC, et al.
Validation of real-time methylation-specific PCR to
determine O6-methylguanine-DNA methyltransferase



36

D. Sciuscio and M.E. Hegi

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

gene promoter methylation in glioma. J Mol Diagn.
2008;10(4):332-7.

TostJ, Gut IG. Analysis of gene-specific DNA methy-
lation patterns by pyrosequencing technology.
Methods Mol Biol. 2007;373:89-102.

Eckhardt F, Lewin J, Cortese R, et al. DNA methyla-
tion profiling of human chromosomes 6, 20 and 22.
Nat Genet. 2006;38(12):1378-85.

Beck S. Taking the measure of the methylome. Nat
Biotechnol. 2010;28(10):1026-8.

Harris RA, Wang T, Coarfa C, et al. Comparison of
sequencing-based methods to profile DNA methy-
lation and identification of monoallelic epige-
netic modifications. Nat Biotechnol. 2010;28(10):
1097-105.

Bock C, Tomazou EM, Brinkman AB, et al.
Quantitative comparison of genome-wide DNA meth-
ylation mapping technologies. Nat Biotechnol.
2010;28(10):1106-14.

Weller M, Stupp R, Reifenberger G, et al. MGMT
promoter methylation in malignant gliomas: ready for
personalized  medicine? Nat Rev  Neurol.
2010;6(1):39-51.

Trojer P, Reinberg D. Facultative heterochromatin: is
there a distinctive molecular signature? Mol Cell.
2007;28(1):1-13.

Black JC, Whetstine JR. Chromatin landscape: meth-
ylation beyond transcription. Epigenetics. 2011;6(1):
9-15.

Kouzarides T. Chromatin modifications and their
function. Cell. 2007;128(4):693-705.

Horn PJ, Peterson CL. Molecular biology. Chromatin
higher order folding — wrapping up transcription.
Science. 2002;297(5588):1824-7.

Strahl BD, Allis CD. The language of covalent his-
tone modifications. Nature. 2000;403(6765):41-5.
Jenuwein T, Allis CD. Translating the histone code.
Science. 2001;293(5532):1074-80.

Li B, Carey M, Workman JL. The role of chromatin
during transcription. Cell. 2007;128(4):707-19.

Ohm JE, McGarvey KM, Yu X, et al. A stem cell-like
chromatin pattern may predispose tumor suppressor
genes to DNA hypermethylation and heritable silenc-
ing. Nat Genet. 2007;39(2):237-42.

Haberland M, Montgomery RL, Olson EN. The many
roles of histone deacetylases in development and
physiology: implications for disease and therapy. Nat
Rev Genet. 2009;10(1):32-42.

Shi Y. Histone lysine demethylases: emerging roles in
development, physiology and disease. Nat Rev Genet.
2007;8(11):829-33.

Esquela-Kerscher A, Slack FJ. Oncomirs — microR-
NAs with a role in cancer. Nat Rev Cancer.
2006;6(4):259-69.

Lewis BP, Burge CB, Bartel DP. Conserved seed pair-
ing, often flanked by adenosines, indicates that thou-
sands of human genes are microRNA targets. Cell.
2005;120(1):15-20.

Rodriguez A, Griffiths-Jones S, Ashurst JL, Bradley
A. Identification of mammalian microRNA host genes

45.

46.

47.

48.

49

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

and transcription units. Genome Res. 2004;14(10A):
1902-10.

Lee Y, Kim M, Han J, et al. MicroRNA genes are tran-
scribed by RNA polymerase II. EMBO J. 2004;23(20):
4051-60.

Lee Y, Ahn C, Han J, et al. The nuclear RNase III
Drosha initiates microRNA processing. Nature.
2003;425(6956):415-9.

Landthaler M, Yalcin A, Tuschl T. The human
DiGeorge syndrome critical region gene 8 and Its D.
melanogaster homolog are required for miRNA bio-
genesis. Curr Biol. 2004;14(23):2162-7.

Bohnsack MT, Czaplinski K, Gorlich D. Exportin 5 is
a RanGTP-dependent dsRNA-binding protein that
mediates nuclear export of pre-miRNAs. RNA. 2004;
10(2):185-91.

. Hammond SM, Bernstein E, Beach D, Hannon GJ.

An RNA-directed nuclease mediates post-transcrip-
tional gene silencing in Drosophila cells. Nature.
2000;404(6775):293-6.

Garzon R, Marcucci G, Croce CM. Targeting microR-
NAs in cancer: rationale, strategies and challenges.
Nat Rev Drug Discov. 2010;9(10):775-89.
Chendrimada TP, Gregory RI, Kumaraswamy E, et al.
TRBP recruits the Dicer complex to Ago2 for
microRNA processing and gene silencing. Nature.
2005;436(7051):740-4.

Hutvagner G, Zamore PD. A microRNA in a multi-
ple-turnover RNAi enzyme complex. Science.
2002;297(5589):2056-60.

Bartel DP. MicroRNAs: target recognition and regula-
tory functions. Cell. 2009;136(2):215-33.

Lewis BP, Shih I, Jones-Rhoades MW, Bartel DP,
Burge CB. Prediction of mammalian microRNA tar-
gets. Cell. 2003;115(7):787-98.

Krek A, Grun D, Poy MN, et al. Combinatorial
microRNA target predictions. Nat Genet. 2005;37(5):
495-500.

Friedman RC, Farh KK, Burge CB, Bartel DP. Most
mammalian mRNAs are conserved targets of microR-
NAs. Genome Res. 2009;19(1):92-105.

Stark A, Lin MF, Kheradpour P, et al. Discovery of
functional elements in 12 Drosophila genomes using
evolutionary signatures. Nature. 2007;450(7167):
219-32.

Eiring AM, Harb JG, Neviani P, et al. miR-328 func-
tions as an RNA decoy to modulate hnRNP E2 regula-
tion of mRNA translation in leukemic blasts. Cell.
2010;140(5):652—-65.

Gonzalez S, Pisano DG, Serrano M. Mechanistic
principles of chromatin remodeling guided by

siRNAs and miRNAs. Cell Cycle. 2008;7(16):
2601-8.
Khraiwesh B, Arif MA, Seumel GI, et al.

Transcriptional control of gene expression by microR-
NAs. Cell. 2010;140(1):111-22.

Kim DH, Saetrom P, Snove Jr O, Rossi JJ. MicroRNA-
directed transcriptional gene silencing in mammalian
cells. Proc Natl Acad Sci USA. 2008;105(42):
16230-5.



Epigenetics and Brain Cancer

37

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

Chi P, Allis CD, Wang GG. Covalent histone
modifications—miswritten, misinterpreted and mis-
erased in human cancers. Nat Rev Cancer. 2010;10(7):
457-69.

Feinberg AP. Cancer epigenetics is no Mickey Mouse.
Cancer Cell. 2005;8(4):267-8.

Esteller M. Epigenetics in cancer. N Engl J Med.
2008;358(11):1148-59.

Jones PA, Laird PW. Cancer epigenetics comes of
age. Nat Genet. 1999;21(2):163-7.

Esteller M, Corn PG, Baylin SB, Herman JG. A gene
hypermethylation profile of human cancer. Cancer
Res. 2001;61(8):3225-9.

Sciuscio D, Diserens AC, van Dommelen K, et al.
Extent and patterns of MGMT promoter methylation
in glioblastoma- and respective glioblastoma-derived
spheres. Clin Cancer Res. 2011;17(2):255-66.

Hegi ME, Diserens AC, Gorlia T, et al. MGMT gene
silencing and benefit from temozolomide in glioblas-
toma. N Engl ] Med. 2005;352(10):997-1003.

Hegi ME, Sciuscio D, Murat A, Levivier M, Stupp R.
Epigenetic deregulation of DNA repair and its poten-
tial for therapy. Clin Cancer Res. 2009;15(16):
5026-31.

Stupp R, Hegi ME, Mason WP, et al. Effects of radio-
therapy with concomitant and adjuvant temozolomide
versus radiotherapy alone on survival in glioblastoma
in a randomised phase III study: 5-year analysis of the
EORTC-NCIC trial. Lancet Oncol. 2009;10(5):
459-66.

Stupp R, Goldbrunner R, Neyns B, et al. Phase I/Ila
trial of cilengitide (EMD121974) and temozolomide
with concomitant radiotherapy, followed by temozo-
lomide and cilengitide maintenance therapy in patients
with newly diagnosed glioblastoma. J Clin Oncol.
2007 ASCO annual meeting proceedings Part I.
2007;25(suppl): Abstract# 2000.

Hegi ME, Diserens AC, Godard S, et al. Clinical trial
substantiates the predictive value of O-6-
methylguanine-DNA  methyltransferase ~ promoter
methylation in glioblastoma patients treated with
temozolomide. Clin Cancer Res. 2004;10(6):1871-4.
Kaloshi G, Everhard S, Laigle-Donadey F, et al.
Genetic markers predictive of chemosensitivity and
outcome in gliomatosis cerebri. Neurology.
2008;70(8):590-5.

Glas M, Bahr O, Felsberg J. NOA-05 phase 2 trial of
procarbazine and lomustine therapy in gliomatosis
cerebri. Ann Neurol. 2011;70(3):445-53.

Srivastava A, Jain A, Jha P, et al. MGMT gene pro-
moter methylation in pediatric glioblastomas. Childs
Nerv Syst. 2010;26(11):1613-8.

Sardi I, Cetica V, Massimino M, et al. Promoter meth-
ylation and expression analysis of MGMT in advanced
pediatric brain tumors. Oncol Rep. 2009;22(4):
773-9.

Koos B, Peetz-Dienhart S, Riesmeier B, Fruhwald
MC, Hasselblatt M. O(6)-methylguanine-DNA meth-
yltransferase (MGMT) promoter methylation is
significantly less frequent in ependymal tumours as

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

compared to malignant astrocytic  gliomas.
Neuropathol Appl Neurobiol. 2010;36(4):356-8.
Hasselblatt M, Muhlisch J, Wrede B, et al. Aberrant
MGMT (O6-methylguanine-DNA methyltransferase)
promoter methylation in choroid plexus tumors. J
Neurooncol. 2009;91(2):151-5.

Gonzalez-Gomez P, Bello MJ, Arjona D. Aberrant
CpG island methylation in neurofibromas and
neurofibrosarcomas. Oncol Rep. 2003;10(5):1519-23.
McCormack Al, McDonald KL, Gill AJ, et al. Low
0O6-methylguanine-DNA methyltransferase (MGMT)
expression and response to temozolomide in aggres-
sive pituitary tumours. Clin Endocrinol (Oxf).
2009;71(2):226-33.

Salehi F, Scheithauer BW, Kros JM. MGMT promoter
methylation and immunoexpression in aggressive
pituitary adenomas and carcinomas. J Neurooncol.
2011;104(3):647-57.

Brokinkel B, Fischer BR, Peetz-Dienhart S, et al.
MGMT promoter methylation status in anaplastic
meningiomas. J Neurooncol. 2010;100(3):489-90.
de Robles P, Mclntyre J, Kalra S, et al. Methylation
status of MGMT gene promoter in meningiomas.
Cancer Genet Cytogenet. 2008;187(1):25-7.

Wick W, Hartmann C, Engel C, et al. NOA-04 ran-
domized phase III trial of sequential radiochemother-
apy of anaplastic glioma with procarbazine, lomustine,
and vincristine or temozolomide. J Clin Oncol.
2009;27(35):5874-80.

van den Bent MJ, Dubbink HJ, Sanson M, et al.
MGMT promoter methylation is prognostic but not
predictive for outcome to adjuvant PCV chemother-
apy in anaplastic oligodendroglial tumors: a report
from EORTC Brain Tumor Group Study 26951. J
Clin Oncol. 2009;9:5881-6.

Lambiv WL, Vassallo I, Delorenzi M, et al. The Wnt
inhibitory factor 1 (WIF1) is targeted in glioblastoma
and has a tumor suppressing function potentially by
induction of senescence. Neuro Oncol. 2011;13(7):
736-47.

Gotze S, Wolter M, Reifenberger G, Muller O, Sievers
S. Frequent promoter hypermethylation of Wnt path-
way inhibitor genes in malignant astrocytic gliomas.
Int J Cancer. 2010;126(11):2584-93.

Horiguchi K, Tomizawa Y, Tosaka M. Epigenetic
inactivation of RASSF1A candidate tumor suppressor
gene at 3p21.3 in brain tumors. Oncogene.
2003;22(49):7862-5.

Hill VK, Underhill-Day N, Krex D, et al.
Epigenetic inactivation of the RASSF10 candidate
tumor suppressor gene is a frequent and an early
event in gliomagenesis. Oncogene. 2011;30(8):
978-89.

Toyota M, Suzuki H, Yamashita T. Cancer epigenom-
ics: implications of DNA methylation in personalized
cancer therapy. Cancer Sci. 2009;17:17.

Laffaire J, Everhard S, Idbaih A. Methylation
profiling identifies 2 groups of gliomas according
to their tumorigenesis. Neuro Oncol. 2010;13(1):
84-98.



38

D. Sciuscio and M.E. Hegi

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Wiencke JK, Zheng S, Jelluma N. Methylation of the
PTEN promoter defines low-grade gliomas and sec-
ondary glioblastoma. Neuro Oncol. 2007;9(3):
271-9.

Noushmehr H, Weisenberger DJ, Diefes K, et al.
Identification of a CpG island methylator phenotype
that defines a distinct subgroup of glioma. Cancer
Cell. 2010;17:419-20.

Martinez R,  Schackert G, Esteller M.
Hypermethylation of the proapoptotic gene TMS1/
ASC: prognostic importance in glioblastoma multi-
forme. J Neurooncol. 2007;82(2):133-9.

Uhlmann K, Rohde K, Zeller C, et al. Distinct meth-
ylation profiles of glioma subtypes. Int J Cancer.
2003;106(1):52-9.

Mueller W, Nutt CL, Ehrich M, et al. Downregulation
of RUNX3 and TES by hypermethylation in glio-
blastoma. Oncogene. 2006;26(4):583-93.

Kim YH, Pierscianek D, Mittelbronn M, et al. TET2
promoter methylation in low-grade diffuse gliomas
lacking IDH1/2 mutations. J Clin Pathol. 2011;20:
2011.

D’Urso PI, D’Urso OF, Storelli C. Retrospective
protein expression and epigenetic inactivation stud-
ies of CDHI in patients affected by low-grade
glioma. J Neurooncol. 2010;104(1):113-8.

Getz G, Levine E, Domany E. Coupled two-way
clustering analysis of gene microarray data. Proc
Natl Acad Sci USA. 2000;97(22):12079-84.

Getz G, Domany E. Coupled two-way clustering
server. Bioinformatics. 2003;19(9):1153-4.

Verhaak RG, Hoadley KA, Purdom E, et al
Integrated genomic analysis identifies clinically rel-
evant subtypes of glioblastoma characterized by
abnormalities in PDGFRA, IDHI1, EGFR, and NF1.
Cancer Cell. 2010;17(1):98-110.

Nobusawa S, Watanabe T, Kleihues P, Ohgaki H.
IDHI1 mutations as molecular signature and predic-
tive factor of secondary glioblastomas. Clin Cancer
Res. 2009;15(19):6002-7.

van den Bent MJ, Gravendeel LA, Gorlia T, et al. A
hypermethylated phenotype in anaplastic oligoden-
droglial brain tumors is a better predictor of survival
than MGMT methylation in anaplastic oligodendro-
glioma: a report from EORTC study 26951. Clin
Cancer Res. 2011;17:7148-55.

Figueroa ME, Abdel-Wahab O, Lu C, et al. Leukemic
IDH1 and IDH2 mutations result in a hypermethyla-
tion phenotype, disrupt TET2 function, and impair
hematopoietic  differentiation. ~ Cancer  Cell.
2010;18(6):553-67.

Xu W, Yang H, Liu Y, et al. Oncometabolite
2-hydroxyglutarate is a competitive inhibitor of
a-ketoglutarate-dependent  dioxygenases. Cancer
Cell. 2011;19(1):17-30.

Turcan S, Rohle D, Goenka A, et al. IDHI1 mutation
is sufficient to establish the glioma hypermethylator
phenotype. Nature. 2012;483(7390):479-83.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Vire E, Brenner C, Deplus R, et al. The Polycomb
group protein EZH? directly controls DNA methyla-
tion. Nature. 2006;439(7078):871-4.

Zheng S, Houseman EA, Morrison Z, et al. DNA
hypermethylation profiles associated with glioma
subtypes and EZH2 and IGFBP2 mRNA expression.
Neuro Oncol. 2011;13(3):280-9.

Lucio-Eterovic AK, Cortez MA, Valera ET, et al.
Differential expression of 12 histone deacetylase
(HDAC) genes in astrocytomas and normal brain tis-
sue: class IT and IV are hypoexpressed in glioblasto-
mas. BMC Cancer. 2008;8:243.

Parsons DW, Jones S, Zhang X, et al. An integrated
genomic analysis of human glioblastoma multi-
forme. Science. 2008;321(5897):1807-12.
Papagiannakopoulos T, Shapiro A, Kosik KS.
MicroRNA-21 targets a network of key tumor-sup-
pressive pathways in glioblastoma cells. Cancer Res.
2008;68(19):8164-72.

Gao W, Yu Y, Cao H, et al. Deregulated expression
of miR-21, miR-143 and miR-181a in non small cell
lung cancer is related to clinicopathologic character-
istics or patient prognosis. Biomed Pharmacother.
2010;64(6):399—408.

Hwang JH, Voortman J, Giovannetti E, et al.
Identification of microRNA-21 as a biomarker for
chemoresistance and clinical outcome following
adjuvant therapy in resectable pancreatic cancer.
PLoS One. 2010;5(5):e10630.

Gabriely G, Yi M, Narayan RS, et al. Human glioma
growth is controlled by microRNA-10b. Cancer Res.
2011;71(10):3563-72.

Guan Y, Mizoguchi M, Yoshimoto K, et al. MiRNA-
196 is upregulated in glioblastoma but not in ana-
plastic astrocytoma and has prognostic significance.
Clin Cancer Res. 2010;16(16):4289-97.

Kim TM, Huang W, Park R, Park PJ, Johnson MD.
A developmental taxonomy of glioblastoma defined
and maintained by MicroRNAs. Cancer Res.
2011;71(9):3387-99.

Srinivasan S, Patric IR, Somasundaram K. A ten-
microRNA expression signature predicts survival in
glioblastoma. PLoS One. 2011;6(3):e17438.

Mack SC, Taylor MD. The genetic and epigenetic
basis of ependymoma. Childs Nerv Syst.
2009;25(10):1195-201.

Hamilton DW, Lusher ME, Lindsey JC, Ellison DW,
Clifford SC. Epigenetic inactivation of the RASSF1A
tumour suppressor gene in ependymoma. Cancer
Lett. 2005;227(1):75-81.

Waha A, Koch A, Hartmann W, et al. Analysis of
HIC-1 methylation and transcription in human
ependymomas. Int J Cancer. 2004;110(4):542-9.
Rousseau E, Ruchoux MM, Scaravilli F, et al.
CDKN2A, CDKN2B and pl4ARF are frequently
and differentially methylated in ependymal
tumours. Neuropathol Appl Neurobiol. 2003;29(6):
574-83.



2 Epigenetics and Brain Cancer

39

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Dudley KIJ, Revill K, Clayton RN, Farrell WE.
Pituitary tumours: all silent on the epigenetics front.
J Mol Endocrinol. 2009;42(6):461-8.

Simpson DJ, Hibberts NA, McNicol AM, Clayton
RN, Farrell WE. Loss of pRb expression in pituitary
adenomas is associated with methylation of the RB1
CpG island. Cancer Res. 2000;60(5):1211-6.

Zhu X, Lee K, Asa SL, Ezzat S. Epigenetic silencing
through DNA and histone methylation of fibroblast
growth factor receptor 2 in neoplastic pituitary cells.
Am J Pathol. 2007;170(5):1618-28.

Bello MJ, De Campos JM, Isla A, Casartelli C, Rey
JA. Promoter CpG methylation of multiple genes in
pituitary adenomas: frequent involvement of cas-
pase-8. Oncol Rep. 2006;15(2):443-8.

Bahar A, Bicknell JE, Simpson DJ, Clayton RN,
Farrell WE. Loss of expression of the growth inhibi-
tory gene GADD45[gamma], in human pituitary
adenomas, is associated with CpG island methyla-
tion. Oncogene. 2003;23(4):936—44.

Harada K, Toyooka S, Maitra A, et al. Aberrant pro-
moter methylation and silencing of the RASSF1A
gene in pediatric tumors and cell lines. Oncogene.
2002;21(27):4345-9.

Rood BR, Zhang H, Weitman DM, Cogen PH.
Hypermethylation of HIC-1 and 17p allelic loss in
medulloblastoma. Cancer Res. 2002;62(13):3794-7.
Pingoud-Meier C, Lang D, Janss AJ, et al. Loss of
caspase-8 protein expression correlates with unfa-
vorable survival outcome in childhood medulloblas-
toma. Clin Cancer Res. 2003;9(17):6401-9.

Grotzer MA, Eggert A, Zuzak TJ, et al. Resistance to
TRAIL-induced apoptosis in primitive neuroectoder-
mal brain tumor cells correlates with a loss of cas-
pase-8 expression. Oncogene. 2000;19(40):4604—10.
Zuzak TJ, Steinhoff DF, Sutton LN, Phillips PC,
Eggert A, Grotzer MA. Loss of caspase-8 mRNA
expression is common in childhood primitive neu-
roectodermal brain tumour/medulloblastoma. Eur J
Cancer. 2002;38(1):83-91.

Gonzalez-Gomez P, Bello MJ, Inda MM, et al.
Deletion and aberrant CpG island methylation of
Caspase 8 gene in medulloblastoma. Oncol Rep.
2004;12(3):663-6.

Kongkham PN, Northcott PA, Croul SE, Smith CA,
Taylor MD, Rutka JT. The SFRP family of WNT
inhibitors function as novel tumor suppressor genes
epigenetically  silenced in  medulloblastoma.
Oncogene. 2010;29(20):3017-24.

Waha A, Koch A, Meyer-Puttlitz B, et al. Epigenetic
silencing of the HIC-1 gene in human medulloblas-
tomas. J Neuropathol Exp Neurol. 2003;62(11):
1192-201.

Nakane Y, Natsume A, Wakabayashi T, et al.
Malignant transformation-related genes in menin-
giomas: allelic loss on 1p36 and methylation status
of p73 and RASSF1A. J Neurosurg. 2007;107(2):
398-404.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

BarskiD, WolterM, Reifenberger G, Riemenschneider
MJ. Hypermethylation and transcriptional downreg-
ulation of the TIMP3 gene is associated with allelic
loss on 22q12.3 and malignancy in meningiomas.
Brain Pathol. 2010;20(3):623-31.

Woloschak M, Yu A, Post KD. Frequent inactivation
of the pl6 gene in human pituitary tumors by gene
methylation. Mol Carcinog. 1997;19(4):221-4.
Zhao J, Dahle D, Zhou Y, Zhang X, Klibanski A.
Hypermethylation of the promoter region is asso-
ciated with the loss of MEG3 gene expression in
human pituitary tumors. J Clin Endocrinol Metab.
2005;90(4):2179-86.

Horiguchi K, Yamada M, Satoh T, et al
Transcriptional activation of the mixed lineage leu-
kemia-p27Kipl pathway by a somatostatin analogue.
Clin Cancer Res. 2009;15(8):2620-9.

Milde T, Oehme I, Korshunov A, et al. HDACS5 and
HDAC?Y in medulloblastoma: novel markers for risk
stratification and role in tumor cell growth. Clin
Cancer Res. 2010;16(12):3240-52.

Leung C, Lingbeek M, Shakhova O, et al. Bmil is
essential for cerebellar development and is over-
expressed in human medulloblastomas. Nature.
2004;428(6980):337-41.

Pierson J, Hostager B, Fan R, Vibhakar R. Regulation
of cyclin dependent kinase 6 by microRNA 124
in medulloblastoma. J Neurooncol. 2008;90(1):
1-7.

Ferretti E, De Smaele E, Po A, et al. MicroRNA
profiling in human medulloblastoma. Int J Cancer.
2009;124(3):568-77.

Uziel T, Karginov FV, Xie S, et al. The miR-17 92
cluster collaborates with the Sonic Hedgehog path-
way in medulloblastoma. Proc Natl Acad Sci USA.
2009;106(8):2812-17.

Saydam O, Shen Y, Wurdinger T, etal. Downregulated
microRNA-200a in meningiomas promotes tumor
growth by reducing E-cadherin and activating the
Wht/beta-catenin signaling pathway. Mol Cell Biol.
2009;29(21):5923-40.

Kelly TK, De Carvalho DD, Jones PA. Epigenetic
modifications as therapeutic targets. Nat Biotechnol.
2010;28(10):1069-78.

Galanis E, Jaeckle KA, Maurer MJ, et al. Phase 11
trial of vorinostat in recurrent glioblastoma multi-
forme: a north central cancer treatment group study.
J Clin Oncol. 2009;27(12):2052-8.

Iwamoto FM, Lamborn KR, Robins HI, et al. Phase
II trial of pazopanib (GW786034), an oral multi-tar-
geted angiogenesis inhibitor, for adults with recur-
rent glioblastoma (North American Brain Tumor
Consortium Study 06—02). Neuro Oncol. 2010;12(8):
855-61.

Weller M, Gorlia T, Cairncross JG. Prolonged sur-
vival with valproic acid use in the EORTC/NCIC
temozolomide trial for glioblastoma. Neurology.
2011;77(12):1156-64.



40

D. Sciuscio and M.E. Hegi

150.

151.

152.

153.

Hdeib A, Sloan AE. Convection-enhanced delivery
of 131I-chTNT-1/B mAB for treatment of high-
grade adult gliomas. Expert Opin Biol Ther.
2011;11(6):799-806.

Sharma SV, Lee DY, Li B, et al. A chromatin-
mediated reversible drug-tolerant state in cancer cell
subpopulations. Cell. 2010;141(1):69-80.
Broderick JA, Zamore PD. MicroRNA therapeutics.
Gene Ther. 2011;18(12):1104-10.

Lanford RE, Hildebrandt-Eriksen ES, Petri A, et al.
Therapeutic silencing of microRNA-122 in primates

154.

155.

with chronic hepatitis C virus infection. Science.
2010;327(5962):198-201.

Choi C, Ganji SK, DeBerardinis RJ, et al. 2-hydroxy-
glutarate detection by magnetic resonance spectros-
copy in IDH-mutated patients with gliomas. Nat
Med. 2012;18(4):624-629.

Capper D, Simon M, Langhans CD. 2-hydroxy-
glutarate concentration in serum from patients with
gliomas does not correlate with IDH1/2 mutation
status or tumor size. Int J Cancer. 2011;131(3):
766-8.



2 Springer
http://www.springer.com/978-0-85729-457-9

Emerging Concepts in Neuro-Oncology
Watts, C. (Ed.)

2013, ¥, 220 p., Hardcover

ISBEM: 978-0-85729-457-9



	2: Epigenetics and Brain Cancer
	The Epigenetic Control
	DNA Methylation
	Detection Methods for Methylated DNA
	Posttranslational Modification of Chromatin
	MicroRNAs
	Epigenetic Deregulation in Cancer
	Epigentic Deregulation in Glioma
	Silencing by Promoter Methylation of O6-Methylguanine-DNA Methyltransferase Gene (MGMT)
	Epigenetic Deregulation of Cancer-Relevant Pathways in Gliomas
	Glioma CPG Island Methylator Phenotype (G-CIMP)
	Posttranslational Modifications of Histones
	Aberrant Expression of MicroRNAs

	Epigenetic Deregulation in Other Brain Tumors
	Ependymal Tumors
	Pineal Tumors
	Medulloblastoma
	Meningeal Tumors

	Epigenetic Treatments
	Outlook
	References


