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Abstract

Introduction Ependymoma is the third most common malignant pediatric brain tumor. Although the biology that drives
ependymoma is slowly being unraveled, the ability to translate these findings to clinical care remains an ongoing challenge.
Epigenetic alterations appear to play a central role in the development of molecular classification of ependymoma.
Methods We reviewed the published literature available describing genetic and epigenetic underpinnings of ependymoma
that have been reported to date and have summarized the information regarding genetic drivers of ependymoma that may
point us toward therapeutic strategies.

Results Ependymoma is a molecularly heterogeneous disease which has now been divided into at least nine distinct molecular
subtypes based on DNA methylation and gene expression profiling. DNA methylation has emerged as an effective tool for
classification of brain tumors alongside histopathology and other molecular diagnostics. There have been large retrospective
cohorts describing molecular subgroup identity as a powerful independent predictor of outcome. There is limited published
data on prospective trials to date however this is forthcoming which will lead to molecular stratification in the next genera-
tion of clinical studies.

Conclusion This is a review of recent advancements in our understanding of the epigenetic basis of ependymoma and dis-
cussion of how these findings reveal potential therapeutic opportunities.
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Introduction 75% of patients with ependymoma survive for over 5 years,
most are left with neurologic sequelae of their treatment,
which has a significant impact on their quality of life [6].

Ependymoma patients who relapse are often treated with

Ependymoma is an aggressive and relentless disease that
is one of the most common malignant brain tumors found

in children. Brain tumors are the leading cause of cancer
related death in pediatrics and despite decades of progress
in many other tumor types, the mainstay of treatment for
ependymoma patients remains maximal safe surgical resec-
tion and radiation therapy. No cytotoxic chemotherapy or
targeted agents have been shown to have clear benefits in
improving patient outcomes to date [1-5]. Although about
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surgery and re-irradiation. Effective and safe targeted thera-
pies are desperately needed for treatment of ependymoma
patients. Unfortunately, ependymomas harbor relatively low
mutation rates, thus posing a challenge for precision-guided
therapeutic strategies. Recurrent alterations that have been
consistently detected include C11ORF95-RELA and YAPI
gene fusions which may act as oncogenic transcriptional
activators to govern epigenetic and transcriptional programs.
Mutation and over-expression of EZHIP (previously named
CXORF67) in ependymoma inhibits repressive epigenetic
marks (namely H3K27me3), thereby activating oncogenic
programs during brain development. Ependymomas are
divided into at least nine distinct molecular subtypes based
on disparate epigenetic signatures that reflect both unique
developmental origins and cancer drivers. These findings
suggest that epigenetic mechanisms play a significant role
in driving ependymoma development and capturing tumor
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heterogeneity; this may hold clues for devising desperately
needed targeted therapies.

Epigenetic classification of ependymoma informs
clinical outcomes

Multiple groups have shown that ependymomas are a molec-
ularly heterogeneous collection of tumors [7, 8]. Epend-
ymoma can be located in the supratentorial (ST) brain, pos-
terior fossa (PF), or spinal cord. In children, 90% of cases
arise intracranially, with two thirds in the posterior fossa.
Historically, ependymomas have been histologically classi-
fied into several groups based on World Health Organization
(WHO) Grade I-I1I. More recently, studies have suggested
that given the heterogeneity in biology, distinguishing sub-
groups based on molecular markers is a more robust, reli-
able, and informative method [7-10]. Ependymoma has now
been divided into at least nine distinct molecular subtypes
based on DNA methylation and gene expression profiling
[11].

In the case of PF ependymoma, expansion of DNA meth-
ylation profiling has supported the presence of two major
subgroups of ependymoma termed PF-EPN-A and PF-
EPN-B. In four independent PF ependymoma cohorts of
820 PF tumors, molecular subgroup identity has emerged
as a powerful independent predictor of patient outcome [9].
Two examples underscore the clinical ramifications for an
understanding of molecular subgroups in ependymoma: (1)
sub-totally resected PF-EPN-A tumors have a dismal prog-
nosis and may benefit most from alternative and biologically
driven therapies, and (2) PF-EPN-B patients can often be
treated with surgery alone, and patients with recurrent PF-
EPN-B tumors can be successfully salvaged with delayed
external beam radiation.

In the case of ST ependymoma, approximately 72%
of cases are driven by a fusion between C110RF95 and
RELA (termed ST-EPN-RELA) or less frequently involve
YAPI1 gene fusions (termed ST-EPN-YAP1). DNA meth-
ylation based classification has facilitated subgrouping of
ST ependymomas alongside gene fusion detection methods
(i.e. Break-apart FISH, RNA fusion panels, and RNA-seq).
While preliminary, early evidence has demonstrated favora-
ble outcomes in the case of ST-EPN-YAPI1 tumors as com-
pared to ST-EPN-RELA ependymomas. One study reporting
on European data shows a 5 years progression free survival
(PFS) of less than 30% and a 5 years overall survival (OS) of
75% for ST-EPN-RELA compared to a 5 years PFS of 66%
and a 5 years OS of 100% for ST-EPN-YAP1 [10, 11]. These
findings await further validation in additional and prospec-
tive tumor cohorts stratified by molecular subgroup.

DNA methylation has emerged as an effective tool for
classification of brain tumors alongside histopathology and
other molecular diagnostics. Illumina EPIC Methylation
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arrays have become the method of choice for several rea-
sons: (1) a reference dataset has been constructed to objec-
tively predict brain tumor types, such as ependymoma, (2)
tumor DNA methylation patterns are quite stable in both fro-
zen and FFPE-tissue, (3) methods for identification of some
brain tumor subgroups/subtypes are not currently available
using other methodologies, (4) low-input DNA require-
ments, and (5) no batch effects when analyzing cohorts of
many samples processed at different times and/or different
centers [12]. [llumina EPIC DNA methylation based profil-
ing will provide an increasingly accessible measure of the
molecular differences across ependymoma patients in a clin-
ical and trial setting, and should be incorporated in future
clinical studies of ependymoma. As an example, the com-
pletion of a national US clinical trial evaluating the role of
chemotherapy in ependymoma (Children’s Oncology Group:
COG:ACNS-0831) would potentially benefit from stratifi-
cation by molecular subgroups and subsequent comparison
of clinical outcomes. Several important insights could be
gained from epigenetic characterization of tumors across
this cohort such as the relevance of chemotherapy across
and within subgroups, outcomes and prevalence of ST-EPN-
RELA and ST-EPN-YAPI1 tumors, and further validation
of PF-EPN-A/B patient outcomes as compared to previous
trials (i.e. COG:ACNS-0121) that have accompanying DNA
methylation based characterization.

Genetic drivers of supratentorial ependymoma
shape tumor epigenomes

Epigenetic marks (such as DNA methylation) or histone
marks in ependymoma serve as available tools that could
be employed for diagnostic and prognostic purposes [13].
Ependymoma tumor epigenomes also capture somatic
alterations that shape oncogenic gene expression programs.
Direct examples are ST-EPN-RELA and ST-EPN-YAP1
gene fusions which may act as transcription factors, and are
thought to directly impact gene expression programs. The
mechanism of gene activation, direct targets, and functional
relevance of ependymoma-fusion target genes remain an
area of active research.

ST-EPN-RELA accounts for over 70% of supratentorial
ependymoma and is driven by a chromothripsis event in
chromosome 11, which results in the fusion of the chro-
mosome 11 open reading frame (C110ORF95) to v-rel
avian reticuloendotheliosis viral oncogene homolog A
(RELA). C110RF95 has been a historically uncharacter-
ized gene, however, some data suggests that the zinc finger
domains of C110RF95 may be essential for oncogenesis,
possibly affecting trafficking, degradation, or target speci-
ficity of associated transcription factors [15]. The RELA
gene, however, has been well described in the literature; it
acts as a transcription factor central to mediating NF-kB
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pathway activation in processes such as inflammation, cel-
lular metabolism, and chemotaxis [15]. This has led to the
notion that C11ORF95-RELA fusion acts directly on DNA/
chromatin as an oncogenic transcription factor to drive both
canonical NF-kB and neoplastic transcriptional programs.
Whether inhibition of canonical NF-kB pathway also dis-
rupts C110RF95-RELA fusion activity and tumorigenicity
is unclear.

Importantly, C110ORF95-RELA fusion alone has been
shown to drive ependymoma development in mice, there-
fore implicating this protein as a bonafide cancer driver
[7, 14-16]. Proper localization to the nucleus and tran-
scriptional activity of RELA are reliant upon its phospho-
rylation at serine 276 (S276) and subsequent acetylation
at lysine 310 (K310) in response to upstream cytokines
such as TNF-a or lipopolysaccharide (LPS) stimulation
[14]. Furthermore, mutagenesis of S276 abrogates tumor
formation in a native mouse model of C110RF95-RELA
ependymoma [14, 17-19]. This indicates that at least
some aspects of RELA protein regulation are utilized in
the context of the C110RF95-RELA fusion protein. How-
ever, further delineation of the role of the NF-KB path-
way in tumorigenesis of ST-EPN-RELA is needed, as this
genomic event may pose a lead target for functional and
therapeutic investigation.

The remaining subgroup of supratentorial ependymoma
is characterized by YAP1 (YES-associated protein) fusions,
termed the ST-EPN-YAP1 subgroup. The majority (~80%)
of YAP1 fusion ependymomas are characterized by fusions
between YAP1 and MAMLDI1 (mastermind like domain
containing 1). MAMLDI1 is an important regulator of Notch
signaling transcription and p53 tumor suppressor pathways
[11, 20, 21]. A less frequent fusion has also been described
between YAP1 and FAM118B [11].

YAP is a well characterized oncoprotein that is one of
the major downstream effectors of the Hippo signaling
pathway, which is a cancer pathway that has been shown
to be dysregulated in multiple cancers such as ovarian car-
cinoma, non-small cell lung carcinoma, and hepatocellular
carcinoma [20]. Additionally, YAP1 has been shown to co-
activate alternative Wnt signaling as well as the canonical
Wnt/B-catenin pathway in cancers such as colon cancer
[1]. When the YAP pathway is activated, YAP and its co-
activator tafazzin (TAZ) are phosphorylated and unable to
translocate to the nucleus. Without phosphorylation, how-
ever, YAP-TAZ can translocate to the nucleus and associate
with transcription factors such as TEAD1-4. This interaction
results in upregulation of genes involved in cell prolifera-
tion and down-regulation of those involved in apoptosis and
differentiation [22—-25]. When the interaction between YAP
and TEAD transcription factors is prohibited, tumor forma-
tion in mice is abolished, thus demonstrating that elements

of canonical YAPI signaling are required for ependymoma
development [21].

Together these findings point to a role of C110RF95-
RELA and YAPI1 fusion in activating oncogenic gene
expression programs. Whether this is a direct or indirect
interaction with DNA or chromatin is unclear. RELA and
YAPI1 canonical pathway activation is likely to contribute
to tumor formation and yield potential therapeutic insights.
These fusion proteins are likely to confer novel gene activa-
tion. Supporting this concept is that hyperactivation mutants
of RELA are unable to induce ependymomas in mice, and
that RELA or YAP1 gene amplifications are rarely ever
observed in human tumors [8, 14, 15]. Also important to
consider is the biology of non-RELA and non-YAP fusion
driven tumors and mechanistic insights that can be gained
from studying these less-common fusion proteins together in
mouse models. Understanding the transcriptional impact of
ependymoma fusion proteins will be important to develop-
ing specific and effective therapeutic approaches.

Posterior fossa ependymoma : a purely epigenetic
disease?

In line with several other pediatric brain tumors, ependymo-
mas exhibit low mutation rates and low-frequency of recur-
rent somatic mutations [8, 15]. Of somatic gene mutations
identified, EZHIP (or CXORF67) or H3F3A-K27M altera-
tions have been reported in PF-EPN-A ependymoma (never
in PF-EPN-B) [10, 26-28]. In nearly all cases, except when
H3F3A-K27M mutations are present, EZHIP expression is
elevated. EZHIP functions as a natural inhibitor of the poly-
comb-repressive complex 2, a protein complex that contains
the EZH2 enzyme that catalyzes the repressive chromatin
mark, H3K27me3. EZHIP expression or H3K27M mutation
is sufficient to repress H3K27me3 modification. The direct
transcriptional effects and contribution to ependymoma
development of EZHIP are unclear. Importantly, in many
cases EZHIP over-expression is the only reported alteration
in PF-EPN-A ependymomas, without any clear additional
cancer gene mutation or alteration.

Indeed, global loss of H3K27me3 represents a hallmark
feature of PF-EPN-A ependymoma; analogous to H3K27M
driven midline high-grade glioma (mHGG) [29, 30]. A
major difference however is the lack of accompanying
alterations such as TP53, ATRX, PDGFRA that are seen
in mHGG [31, 32]. This difference raises the question as to
how loss of H3K27me3 in ependymoma alone contributes to
tumor formation and the cellular and mechanistic differences
that distinguish PF-EPN-A ependymoma and H3K27M gli-
oma. Can exclusive EZHIP over-expression, accompanied
by loss of H3K27me3, drive tumorigenesis? Also unclear are
the role of EZHIP mutations that are observed in PF-EPN-A
ependymomas, and the mechanisms of tumor initiation that
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lead to EZHIP over-expression. One commonality between
PF-EPN-A ependymoma and H3K27M glioma is the global
depletion of DNA methylation, and in the case of PF-EPN-A
tumors retention of DNA hypermethylation at CpG islands.
Genes regulated by DNA hypermethylation in PF-EPN-A
ependymoma are enriched in known targets of PRC2. This
may create a potential therapeutic vulnerability to EZH2
inhibitors in H3K27me3 depleted tumors, which are thought
to require minimal levels of H3K27me3 for tumor suppres-
sor gene silencing and cell survival.

The potential result of repressive gene silencing mecha-
nisms is the subsequent activation of repeat element tran-
scription [including endogenous retroviruses (ERVs)] that
comprise over two-thirds the human genome [33]. As shown
in ATRT, aberrant transposable element expression leads
to mobilization of transposons and disruption of the INI-1
tumor suppressor gene [34, 35]. Although the mechanism
is unclear, repeat elements and ERVs are transcribed in PF-
EPN-A ependymoma and H3K27M glioma, which activates
intrinsic ellular defense responses and a therapeutic vulner-
ability known as viral mimicry [36]. Pathways of repeat
element expression and their contribution to ependymoma-
genesis continue to be explored as an active area of research.

In contrast, and counter-intuitively, PF-EPN-B tumors
have frequent and recurrent large-scale copy number altera-
tions, yet patients tend to have better clinical outcomes
[8]. One hypothesis is that PF-EPN-B tumors arise from a
more differentiated cell type and require additional ‘hits’ for
neoplastic transformation. In the case of PF-EPN-A epend-
ymoma, evidence supports that these tumors arise during
early embryonic brain development (within the radial glial
cell lineage) and that cellular identity program together with
EZHIP over-expression could be a driver of tumorigenesis.
Furthermore, are there cell-extrinsic factors such as metabo-
lism and cell-cell communication, that aberrantly lead to
EZHIP over-expression?

The end of the beginning

Over the last decade, ependymomas have undergone exhaus-
tive genomic characterization. While there are likely to be
additional genomic insights into the disease that may be
uncovered, clear drivers particularly in ST ependymoma
have been discovered, in the form of gene fusions. The next
step is likely deep characterization and mouse modeling of
these gene fusions to learn more about their molecular func-
tions with the goal of identifying new therapeutic strate-
gies. ‘Drugging’ the fusion proteins themselves is likely to
be challenging, however, new methods are being developed
to assist with this goal such as the application of protein-
degrader methods and advanced protein structural methods
(i.e. CRYO-EM). There is also the potential of identifying
proteins that are required for ependymoma-gene fusion
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activity, such as transcriptional co-activators and epige-
netic modifiers, which may have small molecules already
available. In the case of the most common ependymoma
in children, PF-EPN-A, there are similar (if not more dif-
ficult) challenges in terms of pre-clinical mouse modeling,
which will be vital to the investigation of EZHIP biology.
There may also be benefit in comparing and contrasting PF-
EPN-A against H3K27M driven gliomas which also har-
bor a similar (although not identical) epigenetic phenotype
(i.e. H3K27me3 depletion). A major future direction of this
field will be understanding the fundamental epigenetic basis
of ependymoma subtypes, each as different diseases, and
bridging these findings to new therapies and/or molecular
diagnostics.
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