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DNMTs as potential therapeutic
targets in high-risk pediatric
embryonal brain tumors
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Laboratory Medicine and Pathobiology, University of Toronto, Toronto, Ontario, Canada

Malignant brain tumors, which are the leading cause of cancer-related

morbidity andmortality in children, span a wide spectrum of diseases with dis-

tinct clinical phenotypes but may share remarkably similar morphologic fea-

tures. Until recently, few molecular markers of childhood brain tumors have

been identified, which has limited therapeutic advances. Recent global geno-

mic studies have enabled robust molecular classification of childhood brain

tumors and the identification and consolidation of rare, seemingly disparate

clinical entities. It is now increasingly evident that deregulation of epigenetic

processes contributes substantially to heterogeneity in tumor phenotypes

and comprise significant drivers of cancer initiation and progression. Specifi-

cally, DNA hypermethylation and silencing of critical tumor suppressor genes

by DNA methyltransferases (DNMT) has emerged as an important and funda-

mental mechanism in brain tumor pathogenesis. These observations have

been underscored by the recent discovery of TTYH1-C19MC gene fusions in

an aggressive pediatric embryonal brain tumor, which results in deregulation

and increased expression of a neural-specific DNMT3B isoform in C19MC-asso-

ciated brain tumors. Our observations that pharmacological inhibitors of

DNMTs and histone deacetylases significantly inhibit growth of cells derived

from C19MC-associated tumors indicate targeting of epigenomic modifiers

as a novel therapeutic approach for these highly treatment-resistant tumors.

Keywords: brain tumor, C19MC, CNS-primitive neuroectodermal tumors,

DNA methyltransferases, therapeutics
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1. Introduction

Brain tumors are the leading cause of childhood cancer-related death and disability
and remain one of the most devastating and challenging cancers to treat. Surgical
resection followed by intensive radio-chemotherapy remains the standard of care
for the majority of malignant brain tumors arising in childhood. Although such
intensive treatment approaches have substantially improved survival for some child-
hood tumors like medulloblastoma (MB), it has been largely ineffective for other
brain tumors in children. Moreover, these multimodal approaches, even when suc-
cessful, are associated with significant long-term neurocognitive and physiological
deficits in survivors and underscore the need for more rational molecular-based
therapies tailored to the biology of specific childhood brain tumors.

Intrinsic brain tumors arising in children encompass a heterogeneous group of dis-
eases and are currently classified on the basis of morphological resemblance to major
CNS cell lineages (glial, oligodendroglial, neuronal), histologic grading (grades
I -- IV) and clinical features including patient age and tumor location. Embryonal
brain tumors, which are the largest group of malignant childhood brain tumors,
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comprise a spectrum of tumors with very similar primitive
neuroectodermal histology and include MB and CNS-
primitive neuroectodermal tumors (CNS-PNET) [1], which
are distinguished largely based on tumor location. However,
in contrast to major advances in cure rates of localized MB
in recent years with use of dose-intensive chemotherapy and
neuro-axis irradiation (5-year OS rate ~ 87%), survival for
children with CNS-PNETs treated similarly remains
poor [2]. Until recently, the molecular nature and potential
therapeutic pathways in CNS-PNETs remained unknown.

2. Amplification of C19MC, an ES-enriched
miRNA cluster, marks a distinctly lethal brain
tumor

Global profiling studies indicate CNS-PNETs comprise
heterogeneous molecular entities. Notably, we and others
have identified a subtype of CNS-PNETs (which we call
Group 1 CNS-PNETs) distinguished by hallmark genomic
amplification of the embryonic stem cell (ES)-enriched
C19MC oncogenic miRNA cluster and histological features
reminiscent of very early neural differentiation [3,4]. Signifi-
cantly in recent studies, we observed C19MC amplification in
CNS-PNETs with different histologic diagnostic labels,
including ETANTRs, ependymoblastoma and medulloepithe-
lioma, originating in various CNS locations [5,6]. These Group
1 tumors collectively comprise ~ 25% of all CNS-PNETs aris-
ing in very young children (> 80% are < 4 years old), and are
distinctly lethal tumors with characteristic rapid disease tempo.
Despite the application of intensive multimodal therapy, pro-
jected 5-year OS for these young patients is < 10%, with only
a very small number of survivors reported in the literature.
Biological and therapeutic models of these tumors remain

to be developed; however, recent molecular studies of primary
tumors and patient-derived Group 1 tumor cell lines reveal
promising therapeutic pathways for these highly lethal

tumors. Notably, recent studies demonstrate C19MC-
associated Group 1 tumors with various histologic labels and
anatomic location exhibit a common transcriptional and epi-
genomic signature, distinct from that of other CNS-PNETs,
thus indicating these tumors comprise a common molecular
disease [5,6]. Consistent with their distinctly primitive histol-
ogy, transcriptional signatures of C19MC-associated tumors
show most remarkable enrichment of pluripotency and early
neural differentiation genes. Most notably, pluripotency
gene LIN28, which is known to modulate cellular growth
and differentiation via regulation of the highly conserved
let-7 family of miRNAs and the PI3K-mTOR signaling path-
way [7], is one of the most highly expressed genes in Group
1 tumors. Indeed, in vitro studies demonstrate preservation
of the LIN28-PI3K-mTOR axis and sensitivity to Rapamy-
cin, an mTOR inhibitor, in two independent Group 1 cell
lines [5,8].

3. C19MC mediates deregulation of DNA
methyltransferase in Group 1 CNS-PNETs

DNA methylation is a critical mechanism involved in
epigenetic gene regulation during normal development and
disease progression. In mammals, DNA methylation involves
the transfer of a methyl group from the ubiquitous methyl
donor D-adenosyl methionine to the 5-position cytosine
(C-5) in CpG dinucleotides, a process catalyzed by three enzy-
matically active DNA methyltransferases (DNMT): DNMT1,
DNMT3A and DNMT3B [9]. DNMT1, which is the most
highly expressed DNMT, functions as a maintenance methyl-
transferase following DNA replication to preferentially methyl-
ate hemi-methylated CpG sites on newly synthesize strands. In
contrast, DNMT3A and DNMT3B function as de novo
methyltransferases to methylate both hemi-methylated and
un-methylated CpG sites.

CpG dinucleotides are mainly located in CpG islands
proximal to gene promoters in repeated sequences and CpG
island shores [10]. Once promoter-CpG islands are methylated,
the corresponding gene is silenced due to poor recognition by
transcription factors and the recruitment of chromatin remod-
elers such as Methyl-CpG-binding domain (MBD) proteins.
Other epigenomic modifiers, including histone deacetylases
(HDAC) and histone methyltransferases (HMT), also contrib-
ute to heterochromatic states [11]. Histone methylation at the
promoter level varies based on extent of methylation and
modified residues, which may result in activation or repression
of the corresponding gene. For example, trimethylation of
H3K4 is a marker for transcriptional activation, whereas trime-
thylation of H3K9 and H3K27 results in epigenetic silencing
(Figure 1).

Epigenetic modifications, including DNA methylation and
post-translational methylation, acetylation or deacetylation
of histone tails, which together determine DNA accessibility
and gene transcription states, are increasingly implicated
in malignant transformation in different cancers. Gene

Article highlights.

. Therapies for malignant pediatric brain tumors are
imprecise and highly toxic.

. Epigenomic deregulation play important roles in
pediatric brain tumor development and progression.

. Tumor-specific alterations and deregulation of DNMTs
and regulators of DNMTs suggest they are important
cancer drivers.

. C19MC amplification defines a distinct and highly lethal
group of childhood embryonal/primitive
neuroectodermal brain tumor.

. C19MC promotes CNS-PNET oncogenesis by targeting
tumor suppressor RBL2 and deregulating expression of
DNMT3B.

. Direct and indirect inhibitors of DNMTs represent
promising novel therapies for C19MC-associated
childhood brain tumors.
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mutations affecting post-translational modification of histo-
nes have been reported in a spectrum of pediatric embryonal
and glial brain tumors and underscore epigenetic deregulation
as important pathogenic mechanisms in childhood brain
tumors. Mutations of H3K4 HMT (MLL2, MLL3), chroma-
tin remodelers (SMARCA4, CHD7) and H3K27 demethy-
lases (KDM6A, KDM6B) have been reported in MB [12].
Remarkably, recurrent somatic mutations of histone gene
H3F3A, leading to impaired methylation of histone tails,
were identified in pediatric glioblastoma multiforme [13].
Genetic alterations of DNMTs remain to be identified in
brain tumors; however, substantial evidence suggests deregu-
lation of DNMTs that function in maintaining and establish-
ing de novo DNA methylation also contributes to pediatric
brain tumor pathogenesis.

Subgroups of CNS-PNETs exhibit highly distinct DNA
methylation patterns thus suggesting epigenomic mechanisms
may also be important in these embryonal tumors [5,6].
Indeed, recent RNA-sequencing studies revealed recurrent
gene fusions of C19MC with TTYH1, a developmentally
restricted chloride channel gene, associated with very high
expression of some C19MC miRNAs and a neural-specific
DNMT3B isoform in Group 1 tumors, due to C19MC-
mediated targeting of RBL2, a transcriptional repressor of
DNMT3B [14]. These findings suggest DNMT3B as an
important downstream effector of the C19MC oncogene
and highlight DNMTs and cooperating epigenomic modifiers
as potential novel therapeutic targets for these distinctly fatal
tumors.

4. Targeting DNMTs and related proteins in
high-risk embryonal brain tumors

DNMTs and modifiers of histone/histone tail methylation
and acetylation, which are functionally linked, are frequently
deregulated by tumor-specific events and act together to effect
transcriptional changes that promote tumor development.
Nucleoside analogues of cytidine modified at the C-5 position
that can be incorporated into replicating DNA and impair

methylation of de novo DNA are potent DNMT inhibitors.
Pharmacologic DNMT inhibitors such as 5-azacytidine
(5-AzaC) and 5-aza-2¢-deoxycytidine (5-AzadCyD), which
have shown promising effects in model systems and human
clinical trials, are thought to act in part via progressive DNA
hypomethylation and reactivation of critical tumor suppressor
loci.

Hypermethylator tumor phenotypes associated with
enrichment of CpG island methylation has been described
in a spectrum of adult and pediatric brain tumors and has
also been observed in the C19MC-associated Group 1 CNS-
PNETs. Mechanisms that drive and underlie hypermethylator
phenotype in specific brain tumors remain to be elucidated;
however, studies in malignant glioma cells show 5-AzadCyD
treatment promotes differentiation, reduces global DNA
methylation and results in reactivation of the p53 tumor sup-
pressor pathway [15]. Significantly, we have observed that cell
lines derived from C19MC-associated Group 1 CNS-PNETs,
which express high levels of DNMT3B, are also remarkably
sensitive to treatment with 5-AzaC, as well as Vorinostat, an
HDAC inhibitor [5]. These data provide the first functional
evidence that targeting epigenomic modifiers represent prom-
ising, novel therapeutic approaches for these recalcitrant
tumors (Figure 2). DNMT inhibitors, 5-AzaC and Vorinostat
are known to permeate the blood-brain barrier [16,17], and
have established safety profiles, thus making them very attrac-
tive candidate drugs to take forward rapidly into clinical trials
for these high-risk brain tumors.

Although the specific cellular effects and predominant
molecular targets of 5-AzaC and Vorinostat in Group
1 CNS-PNET tumor cells need to be further studied in
preclinical models, it is interesting to note that synergistic
effects without additional toxicities have been reported with
combined DNMT and HDAC inhibitor therapy in other
cancers [18]. In addition to mTOR inhibitors, our prior studies
suggest that inhibitors of the WNT pathway may be addi-
tional promising therapeutics for tumors driven by C19MC
[3]. Current approaches with conventional and high-dose che-
motherapy regimens have been associated with frequent early
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Figure 1. Mechanisms of DNMT-mediated gene silencing. Activating methylation of H3K4 and acetylation of histone tails

promotes a euchromatic state, enabling transcription factor binding, and activates transcription of corresponding gene.

DNMT and HMT-mediated methylation of H3K9 and H3K27 results in recruitment of chromatin remodeler MBD proteins,

which subsequently recruits HDAC complexes for the removal of acetyl groups from histone tails. This results in chromatin

condensation, which prevents transcription factor binding and promotes gene silencing.
Ac: Acetyl group; DNMT: DNA methyltransferase; HDAC: Histone deacetylase; HMT: Histone methyltransferase; MBD: Methyl-CpG-binding domain;

Me: Methyl group.
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disease progression and underscore a need to incorporate or
substitute biologic agents early in disease treatment. There is
an urgent need to undertake preclinical studies to evaluate
efficacy and toxicities of sequencing single or multiple candi-
date biologic agents identified to date, with or without
conventional cytotoxic agents in order to define the most
efficacious and least toxic regimens to take forward to
clinical trials.
The identification of C19MC amplification as a hallmark

feature of a distinct class of infantile embryonal brain tumors
has greatly facilitated studies of tumor biology and therapies
for this previously poorly recognized ‘orphan’ entity. Our
studies demonstrate C19MC mediates oncogenesis in part
via modulation of the tumor epigenome and suggest promis-
ing new therapeutic avenues for this presently incurable
tumor. In addition to preclinical studies, future functional
investigations to uncover other effectors downstream of
C19MC and DNMT3B will be important for informing
robust therapeutic models.

5. Expert opinion

Childhood embryonal tumors span many molecular entities.
Reflecting their diverse biology, current pan-embryonal brain
tumor chemo-radiotherapeutic regimens are highly successful
for some but largely ineffective for other tumors. Embryonal
brain tumors arising in younger children present particular

therapeutic challenges due to the much greater susceptibility
of these patients to acute and long-term toxicities of conven-
tional chemo-radiotherapeutic treatments. Cumulative data
indicate embryonal brain tumors with hallmark C19MC
amplification represent a distinct molecular entity associated
with a highly aggressive clinical phenotype that warrants a
different and more specific treatment approach. Our studies
suggest C19MC-mediated deregulation of DNMT3B is an
important mechanism driving oncogenesis in these tumors
and indicate that pharmacological antagonists of DNMTs
and epigenomic modifiers with related functions represent
important, novel therapeutics for this disease. Additional
studies to identify genes and pathways affected by high expres-
sion of DNMTs are imperative for further delineating molec-
ular and cellular mechanisms driving C19MC-associated
tumorigenesis and designing more precise and less toxic
therapies for these uncommon but deadly brain tumors.
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