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Abstract

Ependymomas (EPN) are tumors of the central nervous system (CNS) that can arise in the supratentorial brain (ST-EPN),
hindbrain or posterior fossa (PF-EPN) or anywhere in the spinal cord (SP-EPN), both in children and adults. Molecular
profiling studies have identified distinct groups and subtypes in each of these anatomical compartments. In this review, we
give an overview on recent findings and new insights what is driving PFA ependymomas, which is the most common group.
PFA ependymomas are characterized by a young median age at diagnosis, an overall balanced genome and a bad clinical
outcome (56% 10-year overall survival). Sequencing studies revealed no fusion genes or other highly recurrently mutated
genes, suggesting that the disease is epigenetically driven. Indeed, recent findings have shown that the characteristic global
loss of the repressive histone 3 lysine 27 trimethylation (H3K27me3) mark in PFA ependymoma is caused by aberrant expres-
sion of the enhancer of zeste homolog inhibitory protein (EZHIP) or in rare cases by H3K27M mutations, which both inhibit
EZH?2 thereby preventing the polycomb repressive complex 2 (PRC2) from spreading H3K27me3. We present the current
status of the ongoing work on EZHIP and its essential role in the epigenetic disturbance of PFA biology. Comparisons to the
oncohistone H3K27M and its role in diffuse midline glioma (DMG) are drawn, highlighting similarities but also differences
between the tumor entities and underlying mechanisms. A strong focus is to point out missing information and to present
directions of further research that may result in new and improved therapies for PFA ependymoma patients.
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Ependymomas

Ependymomas (EPN) are central nervous system (CNS)
tumors that can arise in the supratentorial brain (ST-EPN;
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Breakthroughs in the biology of ependymomas and what
is driving them came from molecular studies, including
DNA methylation and transcriptional profiling, indicating
that ependymomas in the different anatomical compartments
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of the CNS are biologically different [34, 57]. The nine
molecular groups, three in each compartment, identified by
DNA methylation profiling, are also transcriptionally highly
distinct [57]. Most importantly, these analyses clearly dem-
onstrated that an objective risk stratification by molecular
profiling is superior to a risk stratification by histological
grading [57]. A poor outcome with high relapse rate was
only observed for two groups, the infratentorial PFA group
and the supratentorial ST-EPN-RELA group, most recently
re-annotated as ST-EPN-ZFTA as ZFTA (aka Cl1orf95) and
not RELA is the most common fusion partner in this group
[56, 90]. More recently, two groups independently described
another small but distinct group of spinal ependymomas
characterized by MYCN amplifications and poor outcome
[23, 73], which brings the total to 10 molecular groups of
ependymomas that were all included in the new 5th edition
of the WHO classification of CNS tumors [43]. Sequencing
studies have shown that supratentorial ependymomas are
largely driven by fusion genes, including ZFTA-RELA in ST-
EPN-ZFTA and YAPI-MAMLD] in ST-EPN-YAP1 tumors
[57, 58, 90]. Recent studies analyzing even larger series of
supratentorial ependymomas demonstrated that there is still
quite some heterogeneity within these molecular groups and
other oncogenic fusions, almost all involving ZFTA, have
been identified within the ST-EPN-ZFTA tumors [90]. In
addition, for the ST-EPN-YAP1 group, other fusion partners
of YAPI have been identified [74]. However, except for a
few rare genomic rearrangements (MYCN amplification, and
CDKNZ2A deletions), no fusions or other highly recurrent
mutations have been identified in other ependymoma groups
that could explain their distinct biology, but several recent
studies have provided more insight in other oncogenic mech-
anisms that drive the posterior fossa A ependymomas, which
are the focus of this review.

Posterior fossa ependymomas

DNA methylation and transcriptional profiling of posterior
fossa ependymomas have identified three distinct molecu-
lar groups, annotated as PF-EPN-A (or PFA), PF-EPN-B
(or PFB), and PF-SE, where the last group is enriched with
cases histologically classified as subependymomas [20,
44, 57, 82]. All three groups come with different clinical
characteristics. While PFA ependymomas are a disease of
young children (median age 3 years with 58% <4 years,
41% 4-18 years, 1% > 18 years), PFB and PF-SE epend-
ymomas are more common in adolescents, young adults
and adults (PFB: median age 30 years, with 19% 4-18 years
and 81% > 18 years; PF-SE: median age 59 years and
100% > 18 years) [57]. In addition, clinical outcome is very
different between the three groups, with the worst outcome
seen for PFA ependymomas (10 years OS 56%). In contrast,
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patients with PFB or PF-SE tumors do much better with a
10 year OS of 88% and 100%, respectively. Gain of chro-
mosome 1q, a well-established marker for poor outcome in
ependymoma, is enriched among PFA ependymomas [4,
40, 57, 66]. Interestingly, 1q gain also identifies a group
of patients within the PFA group for whom the outcome
is worse than for PFA tumors without 1q gain [56, 57],
whereas in PFB tumors, 1q gain does not seem to be associ-
ated with a worse outcome [20]. In addition, loss of chromo-
some 6q has been identified as another predictive factor in
PFA ependymomas, identifying a group of patients at very
high risk [7, 41, 54].

DNA methylation analysis of larger series of posterior
fossa ependymomas revealed further heterogeneity within
the PFA and PFB groups, identifying two major subgroups
(PFA-1 and PFA-2) and nine distinct subtypes (PFA-1a-e
and PFA-2a-c) within PFA (Fig. 1) [56], and five distinct
PFB subtypes (PFB1-5) [20], all with distinct demographics,
copy number alterations and transcriptional profiles. While
no significant differences in outcome were observed for the
PFB subtypes, and also not between the two major PFA sub-
groups, the outcome between the nine PFA subtypes differed
significantly. PFA subtypes associated with a very poor out-
come included PFA-1c, which is highly enriched for cases
with 1q gain, PFA-1d, and PFA-1e (10 years OS 42, 40 and
44%, respectively). In contrast, PFA-2c¢ tumors, character-
ized by high levels of OTX2 expression, which is not seen
in any of the other PFA ependymomas, are associated with
a very good outcome (10 years OS 95%) [56].

RNA sequencing has not identified any recurrent fusion
transcripts in posterior fossa ependymomas. In addition, ini-
tial whole-genome and whole-exome sequencing approaches
revealed an extremely low overall mutation rate in both PFA
and PFB tumors and found no relevant recurring somatic
single-nucleotide variants (SN'V) [58], suggesting that these
tumors are most likely driven by alternative and possibly
epigenetic mechanisms [58]. This initial hypothesis was
further supported by later in-depth sequencing efforts on
larger series of PFA ependymomas in which rare but recur-
rent mutations were identified in epigenetic proteins like
enhancer of zeste inhibitory protein (EZHIP) and Histone
H3 (H3) [56]. Moreover, whole-genome DNA methyla-
tion analyses showed that PFA and PFB have very distinct
DNA methylomes [44]. For instance, promoter cytosine-
phosphate-guanine (CpG) islands were found to be hyper-
methylated in PFA compared to PFB ependymomas. As
this seemed to come with a downregulation of epigeneti-
cally regulated genetic programs in PFA, epigenetic control
aberrations were suspected to play a role especially in PFA
tumorigenesis. This was supported in the same study show-
ing that the global distribution of repressive histone mark
histone 3 lysine 27 trimethylation (H3K27me3) across the
genome differs between PFA and PFB ependymomas, and
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Fig.1 Clinical characteristics of PFA ependymoma subtypes. PFA
ependymomas are divided into six PFA-1 and three PFA-2 sub-
types. Characteristics shown are the gender distribution of patients,
their average age at diagnosis, the occurrence of WHO grades 1I and

that differential H3K27me3 marks could be used to distin-
guish them [44]. The initial conclusion, however, that the
CpG hypermethylation and the differential H3K27me3 lev-
els were caused by an overly active Polycomb Repressive
Complex 2 (PRC2), responsible for setting the H3K27me3
marks, now seems to be overturned by more recent studies.
As DNA methylation and histone methylation are closely
linked in epigenetic regulations, Bayliss et al. investigated
H3K27 and CpG island methylation in ependymomas
and demonstrated the inverse relationship between CpG
island and H3K27 methylation. In other words, PFA with
high CpG island methylation reveals global reduction in
H3K27me3 levels compared to PFB [9]. Altogether, these
findings strengthened the impression that PFA ependymo-
mas are driven by epigenetic changes in DNA and histone
methylation.

EZHIP in PFA ependymomas
The global loss of H3K27me3 in PFA ependymomas

strongly suggested epigenetic mechanisms as tumorigenic
drivers of this disease. However, H3K27M mutations that

® <50%

III, the 10-year overall survival (OS), the abundance of the subtype
within PFA ependymomas and the most occurring chromosomal
aberrations

cause low H3K27me3 levels in diffuse midline gliomas
(DMG), are rare in PFA ependymomas and have been
identified in only 4.2% of cases [50, 56, 67]. In our series
[56], H3K27M mutations were limited to 13/310 PFA
cases (4.2%), which all belong to the PFA-1 subgroup,
but were highly enriched in the PFA-1f subtype (69%;
9/13). Instead, we and others identified EZHIP (previously
known as CXorf67) as the main responsible protein for the
diminished H3K27me3 levels in PFA ependymomas [31,
32, 56]. EZHIP is expressed in almost every PFA epend-
ymoma, but not in cases that harbor the H3K27M mutation
or in any of the other EPN groups.

In other CNS tumors, EZHIP is not expressed except
for a small group of CNS germ cell tumors [56]. Recent
reports also described DMGs with elevated EZHIP expres-
sion in cases that lack H3 mutations, which is in line with
the mutual exclusivity between EZHIP expression and H3
mutations seen in PFA (Fig. 2) [13, 63]. Due to this high
specificity, EZHIP expression is discussed as a simple but
reliable prognostic IHC biomarker for PFA ependymo-
mas and EZHIP expressing DMGs [2, 49]. Outside the
CNS, EZHIP expression is found in endometrial stromal
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Fig.2 The relationship of EZHIP and H3K27M. a Schematic gene
structure of EZHIP on chromosome X. Zoom in to the develop-
mentally conserved region and the consensus region as it was used
in different publications. Alignment with the tail region of histone
3 shows the high similarity to the H3K27M motif, with perfectly
matched amino acids in yellow. b, ¢ Amino acid structure of the

sarcoma (ESS) [16] and squamous non-small cell lung
cancer (NSCLC) [17].

The fact that EZHIP is expressed only in this small subset
of tumors is considered the reason for its late recognition,
even though we already described it in 2015 as part of a PFA
signature [57]. Only few experiments have been performed
in the limited number of available PFA cell lines, as they are
generally slow growing and difficult to culture [56]. A recent
study on the metabolism of PFA ependymomas suggested
that lower oxygen levels improves in vitro growth [46].
Moreover, in this study, it was shown that hypoxia drives
the expression of EZHIP and the PRC2 modulators Elongin
BC and Polycomb repressive complex 2-associated protein
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EZHIP consensus region (b) and the H3K27M oncohistone region
(c) when folded into the EZH2 binding pocket, adapted from Hiibner
et al. [30]. d Comparison of histone 3 mutations, EZHIP mutations
and EZHIP expression levels between the PFA subtypes showing the
mutual exclusivity of histone 3 mutations with EZHIP expression

(EPOP) in primary PFA cultures. Together with an increase
in catabolic processes such as glycolysis, glutaminolysis and
reductive carboxylation of glutamine, inhibited PRC2 activ-
ity contributes to a modulated epigenetic state of the cells,
resulting in a growth benefit in cell culture [46]. Independent
of the oxygen status, EZHIP expression, like many others,
is regulated via its promoter CpG island methylation. As
such, hypomethylated EZHIP promoters are found in PFA
tumors but not in other posterior fossa ependymomas [62].
PFAs with H3K27M mutations showed an almost twofold
higher methylation of the EZHIP promoter than tumors with
wild-type H3, in accordance with the mutually exclusivity
of H3K27M mutations and EZHIP expression in PFA and
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DMG [13, 56, 63]. Non-PFA cancer cell lines with EZHIP
expression include the Daoy cell line, for a longtime pre-
sumed to be a medulloblastoma cell line, and the osteosar-
coma U20S cell line [32, 62]. If expressed, EZHIP protein
localizes mainly to the nucleus, but can be detected in cyto-
plasmic fractions as well [31].

Until today, it is not clear whether EZHIP is naturally
expressed during PFA tumor initiation in the cell of origin
or becomes activated in the process of tumorigenesis. The
latter seems to be the case in squamous NSCLC [17] and
might seem likely for PFA, too, as the only healthy tissues
to express EZHIP are oocytes, testis and ovaries, but not the
adult brain [76]. We can only speculate about the expression
of EZHIP during brain development, as the cartography of
expression in the developing fetal brain is far from complete.

A retrospective analysis of sequencing data of 30 PF
ependymomas identified somatic mutations in EZHIP in
five PFA tumors. Targeted sequencing of another 234 PFA
tumors revealed single-nucleotide variants (SN'Vs) in 22
tumors (9.4%), with mutations detected in seven out of the
nine PFA subtypes; not in PFA-1-f and PFA-2-c. Only three
SNVs were present in more than one tumor and the majority
of all mutations identified (68%) was located in a hotspot
region between codons 71 and 122 [56, 58]. EZHIP muta-
tions do not correlate with clinical or pathological parame-
ters, nor do they seem to influence EZHIP expression levels.
Across other tumor entities, EZHIP mutations are rare. The
highest frequency (5.8%; n=599) is found in ESS, a tumor
entity frequently comprising fusion genes involving PRC2
components [16, 56]. Interestingly, one case-based study of
ESS reported two tumors where EZHIP acted as 3" -fusion
partner for Malignant Brain Tumor Domain Containing 1
gene (MBTD1). Both fusions included the functional ser-
ine-rich region of EZHIP [16], which further highlights the
universal function of EZHIP, and of the serine-rich region
in particular.

The structure of EZHIP

The human EZHIP gene is nested into the introns 1-2 of
the RP11-348F1.3 non-coding gene at Xp11.22 [16]. In a
single exon, EZHIP comprises an open reading frame of
1512 bases, coding for a 51 kDa protein of 503 amino acids.
It does not contain any common domains, but instead is
predicted to be intrinsically disordered. The SNV hotspot
region at the N-terminus, however, might be of order and
may contain a potential protein—protein interaction domain,
implicating functional consequences of the mutations [56].
However, until today it is unclear how the mutations in
EZHIP affect the function of the protein or what their role
is in ependymoma tumorigenesis.

The EZHIP gene is present only in placental mammals
and conservation between species is low. The exception is
a highly conserved short consensus motif within the ser-
ine-rich region towards the C-terminus. Depending on the
study and how stringent the consensus motif was defined,
it stretches somewhere between amino acids 398 to 418
[31, 32, 62, 65]. Interestingly, this region always includes
a shorter motif of highly conserved amino acids that match
(even though not perfectly) the amino acids 23-31 of H3.
This H3 sequence includes the often post-translationally
modified or mutated K27 matching the methionine M406
of EZHIP [31, 32, 62]. As the H3K27M mutations increase
the sequence homology to EZHIP, the consensus motif has
also been called K27M-like peptide (KLP) [32].

H3K27M (but not H3 wt) interferes with the function of
EZH?2 [42]. Intriguingly, the conserved region of EZHIP
binds the catalytic site of EZH2 in a highly comparable way.
The consensus motif of EZHIP even is remarkably close to
a previously calculated “optimal” EZH2 target sequence,
which would perfectly fit the catalytic preferences of EZH2.
In EZHIP, this similarity is reinforced by the amino acid at
the -1 position to the crucial lysine (M406 in EZHIP) that
is an arginine as preferred by EZH2. This R405 of EZHIP
directly interacts with the EZH2 residues D652 and Q648
via salt bridges. Further interactions with EZH?2 residues are
most likely performed by non-identical, but similar enough,
amino acids in the consensus motif [5, 31, 32].

The function of EZHIP

After the first report of its mutation and overexpression in
PFA ependymomas, increased attention sparked the start of
the ongoing functional characterization of EZHIP not only
in PFA [31, 32], but also in ESS [62] and germ cells [65].

The natural role of EZHIP during development, as sug-
gested by its expression pattern, might be a rather small one,
as Ezhip knockout (KO) mice showed no developmental
defects or abnormalities and adults were not distinguishable
from wild-type (wt) mice [65]. Males (-/Y) were fertile with
only little effect of the Ezhip KO on spermatozoa mobil-
ity. Female fertility, on the other hand, was impaired age-
dependently. Homozygous KO females had smaller ovaries
than heterozygous (+/-) mutants and wt mice. The stronger
effect of Ezhip KO on females might be rooted in the almost
4 times higher expression of Ezhip in ovaries compares to
testis, but may also be influenced by the localization of Ezhip
on chromosome X, as it will be silenced in spermatocytes
during meiotic sex chromosome inactivation [65]. However,
this does not seem to translate to human cancer. So far, no
sex bias on clinical prevalence, outcome or EZHIP expres-
sion was detected in PFA or DMG patients [36, 56].
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In cultured cells, depletion of EZHIP reduces growth
and increases elimination but shows only little effect on the
growth of engrafted Daoy cells [26, 56]. Effects in culture
were smaller than of the elimination of EZH2 [62], which
goes in line with the results of a CRISPR-screen in pri-
mary PFA cells that did not identify EZHIP, but EZH2 and
other PRC2 components, as essential genes for growth in
PFA [46]. It thus seems that EZHIP keeps the activity of
the PRC2 complex at the crucial level, which is needed for
PFA tumorigenesis while at the same time inhibiting EZH2
enough to change gene expression. This proposed “Gold-
ilocks-Model” of balance between inhibition and activity
again highlights the importance of PRC2 in PFA and might
be indicative for future therapeutic approaches targeting the
epigenetic nature of these tumors.

Indeed, EZHIP is not the primal single player keeping this
delicate balance of PRC2 as global gene expression changes
conferred by EZHIP were smaller than initially expected.
Single-oocyte RNA sequencing revealed deregulation of
only 100 genes upon KO. EZHIP KO in human U20S cells
led to changes in genes described by the gene ontology (GO)
terms nucleosomes, DNA packaging and extracellular space
[65]. In contrast, the overexpression of EZHIP in HEK293
led to the deregulation of genes associated with neurogen-
esis, enzyme linked receptors, NS development or regula-
tion of cell differentiation. The serine-rich region, including
the consensus region, is sufficient and essential to convey
these expressional changes [31]. The main mode of action
of EZHIP to convey these changes still seems to be via the
PRC2 complex, as deregulated genes are often PRC2 target
genes and overlap with genes sensitive to H3K27M expres-
sion or PRC2 component deletion [31, 32]. However, EZHIP
does not interfere with the expression of PRC2 components
themselves or their association with each other [62, 65].

In addition, recent data suggested a potential role of
EZHIP independent of the PRC2 complex. EZHIP was
found to interact with participants of the homologous recom-
bination (HR)-mediated DNA repair pathway, preventing the
smooth function of the PALB2-BRCA?2 axis. Upon DNA-
damage, EZHIP localizes to the damage sites and ultimately
prevents the resolution of DNA double strand breaks. Hav-
ing a motif (aa 420—432) similar to the part of BRCA2
that interacts with the WD40 domain of PALB2, EZHIP
competes with BRCA2 and prevents it from being recruited
to the damage sites, thereby interrupting the HR process
[26]. From many other cancers, impaired HR capacity (most
famously due to mutations in the BRCA genes) is a known
sensitizing factor for the use of PARP inhibitors due to syn-
thetic lethality [70]. In their study, Han et al. thus continued
to also test the effect of PARP inhibition on EZHIP express-
ing cells and (non-PFA) PDX models. Even though their
results seem promising, more experiments need to be done
in PFA cells and tumor models, as their biology is crucially
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different from cancer cell lines like Daoy or U20S. The lim-
ited penetration of the blood brain barrier (BBB) by PARP
inhibitors is an additional concern that needs to be tackled
by future research including PFA-specific pharmacokinetic
and pharmacodynamic characterizations [27, 51, 72, 86, 87].

EZHIP reduces H3K27me3 via EZH2

As EZHIP itself probably does not possess an enzymatic
function, the identification of functional interaction part-
ners was the focus of early research. EZHIP was shown to
interact with PRC2 components in different compositions
in multiple publications (Fig. 3). Immunoprecipitation fol-
lowed by mass-spectrometry (IP-MS) not only identified all
PRC2 enzymatic core components (EZH2, SUZ12, EED,
and RBBP4) as EZHIP interaction partners, but also PRC2
associated proteins (e.g., JARID2, MTF2) [32, 56, 65].
Antibody-based detection confirmed the direct interaction
of EZHIP with EZH2 and SUZ12. EED might not directly
interact with EZHIP, but it seems that its presence increases
the association of EZHIP with EZH2 [31, 33, 62]. The inter-
action with EZH2 and SUZ12 is conveyed by the C-terminal
region of EZHIP. In contrast, the interaction with RBBP4 is
mediated by the N-terminal region of EZHIP and its interac-
tion with JARID2 or AEBP2 depends on the SET domain of
EZH?2 [31, 62]. In addition, one study connected the inter-
action of EZHIP with PRC2 core members to the presence
of the EZH2 co-factor S-Adenosyl methionine (SAM) [32].

EZHIP also inhibits EZH]1, the paralog of EZH2, via
interaction with the protein but with a lower affinity for
EZH1 than for EZH2 [32]. In a competitive mode of inhi-
bition, EZHIP prevents the methylation of H3K27 dose-
dependently. While the allosteric activation of EZH2 via
H3K27me3 binding to EED is not disturbed, it seems that
EZHIP prevents the PRC2 complex from spreading the
H3K27me3 mark after the initial recruitment to chroma-
tin [32, 33, 35]. Two studies revealed a stronger inhibitory
potential (lower IC50) for EZH2 of EZHIP than of H3K27M
peptides [31, 32]. Interestingly, the minimum consensus
sequence around M406 seems insufficient to inhibit EZH2
alone. The degree of extension of this sequence needed to
enable full inhibition, just as the definition of the consensus
sequence itself, is dissimilar between reports even though
all confer the same basic message. Hiibner et al. report a
slight increase of four amino acids N-and C-terminally each
(V400-P420) to be necessary and sufficient for an EZHIP
peptide to reach the inhibitory potential of the commer-
cial EZH2 inhibitor GSK126 [31]. On the other hand, Jain
et al. find that their KLP (A403-R423) is a strong PRC2
inhibitor in cell-free assays, but fails to inhibit PRC2 in
HEK?293T cells, even if extended to stretch amino acids
317-423 or 395-423. The additions of serine-rich intrinsi-
cally disordered repeats (IDRs) either C- or N-terminally of
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the consensus sequence, predicted to mediate protein—pro-
tein interactions, seem to overcome this shortcoming suc-
cessfully. Even though not potent alone, the central role of
M406 as a H3K27 mimic becomes clear upon mutation.
The inhibitory effect of EZHIP diminishes upon mutation of
M406 into a basic (M406K or M406R) or not-acidic amino
acid (M406E) [32]. Mutation into isoleucine (M406I), on
the other hand, does not affect the inhibitory potential, and
M406K even converts EZHIP into an EZH?2 target. Addi-
tional mutations in the EZHIP hotspot region never interfere
with the inhibitory function of EZHIP [32].

Globally, the inhibition of EZH2 by EZHIP translates into
altered post-translational modifications (PTMs) on H3K27.
PFA tumor tissue is characterized by low H3K27me3 and
H3K27me?2 levels. In contrast, H3K27mel levels are higher

sion, but specific genes (e.g., CDKN2A) retain the H3K27me3 upon
EZHIP expression. Global gene expression changes conveyed by
EZHIP expression resemble PRC?2 target gene repression

in PFA than in ST-EPN, as is H3K27 acetylation (H3K27ac),
an activating mark in competition with H3K27me3 [46].
The reduction of H3K27me3 (up to 80%) in PFA tissue is
especially strong in intergenic regions and retained marks
are characterized by smaller, sharper peaks in Chromatin-
Immunoprecipitation followed by sequencing (ChIP-seq)
experiments [32]. This is independent of the PFA identity,
as cell lines of any background expressing EZHIP (endog-
enously or exogenously) show the same phenotype of low
H3K27me?2/3 levels and increased H3K27ac. H3K27me3
marks are gained as sharp peaks around transcriptional
start sites (TSS), correlating with chromatin occupation by
SUZ12 and PRC2 target gene repression [65]. EZHIP KO in
U20S or Daoy cell lines reverses this effect without affect-
ing related marks set by PRC1, like H3K27mel or H2Aub
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[56, 62, 65]. It can be assumed that a removal of EZHIP in
PFA would show the same effects, but experimental proof
is still pending.

Some loci, however, retain the repressive H3K27me3
mark in PFA, even upon EZHIP overexpression. At these
loci, ChIP-Seq peaks are of smaller width as it can be
observed for instance at the CDKN2A locus. The tumor
suppressor gene is kept under repression in PFA, H3K27M
positive gliomas, as well as in EZHIP expressing cell lines
[32, 62]. The criteria for a locus to remain repressed by
H3K27me3 upon EZH2 inhibition are still under investi-
gation. Identifying a pattern would be of great power, as
releasing tumor suppressors by therapy presents a potential
treatment option against these tumors.

Learning from the oncohistone H3K27M
in DMG

Diffuse intrinsic pontine gliomas (DIPG), more recently
now included in the category known as DMG, are deadly
pediatric malignancies found in the brain stem. Like PFA
ependymomas, they are characterized by a midline location,
young patients, bad outcome and global loss of H3K27me3,
in their case mainly caused by the oncohistone H3K27M. As
mentioned earlier and similar as in PFA, H3K27M muta-
tions in DMG are 100% mutually exclusive with EZHIP
expression [13, 56]. Understanding the mechanisms of how
H3K27M mutations and EZHIP drive tumorigenesis in PFA
and DMGs may form a base to create better therapeutic
options for the patients.

However, in contrast to PFA, DMGs harbor a variety of
genetic aberrations in different combinations [45]. In addi-
tion to mutations in H3, DMGs are characterized by p53
loss-of-function (LOF) mutations in 40-50% of tumors.
Receptor tyrosine kinase (RTK) pathways are commonly
affected, with amplifications or activating mutations of
platelet-derived growth factor receptor alpha (PDGFRA) in
30 or 5% of cases, respectively [37, 59, 60]. Other common
findings are six different somatic mutations of activin recep-
tor type 1A (ACVRI) detected in 21-32% of DMG patients
[75, 84]. The genetic background of DMGs is thus clearly
different from PFA.

Just like EZHIP in PFA, H3K27M is the defining marker
of DMGs and significantly worsens patient overall survival.
However, H3K27M is also not the sole driver of DMG tumo-
rigenesis and acts tumorigenic only when supported by the
aforementioned mutational background [38, 45, 71]. This
fact is mirrored in how genetic mouse models for DMGs
are created. For mice to develop DMG tumors, additional
genetic events as well as the correct location and time point
of gene delivery or induction are crucial, showing the neces-
sity for a correct biological background [19, 25, 48, 61].
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Histone methylation is especially variable during develop-
ment and might be an essential confounding factor in the
cell of origin [47]. So far, neither the precise cell of origin
nor additional hits to EZHIP are known for PFA tumorigen-
esis. Thus, identification of the correct target cell for genetic
manipulations will be a crucial step forwards in modeling
PFA ependymomas [24, 79].

H3K27M and EZHIP act background independently

Independent of the affected H3 variant (heterozygous muta-
tions can occur at different variants of H3: HISTIH3B,
HISTIH3c, and H3F3A), expression of H3K27M directly
results in a global reduction of H3K27 methylation in the
tumor tissue. H3K27me3 is lost especially in intergenic
regions, but specific sites, such as the CDKN2A locus, retain
their marks, and activating H3K27ac marks are unaffected
or unchanged [10, 14, 28, 42, 78, 83]. This re-distribution of
PTMs on H3 is highly reminiscent of the effect of EZHIP in
PFA and indicates that the effects of H3K27M and EZHIP
are independent of tumor cell context [28, 42].

With the shared mechanism of EZH2 inhibition, the
effects of EZHIP and H3K27M on gene expression are much
alike: both PFA and DMGs show an overall de-repression of
PRC2 target genes [28, 31, 62, 65]. Their general moderate
effect on gene expression is highest on H3K27me3-silenced
or lowly expressed genes [28, 32]. Experiments with DMG
further characterized many of them as genes with bivalent
promoters (H3K4me and H3K27me3 positive), which are
often involved in developmental processes [11, 69]. If this
is caused by the nature of PRC2 targets and not a charac-
teristic of the cell of origin of DMGs, one should expect
similar results for PFA. Regardless of all the mechanistic
similarities between DMG and PFA and independent of the
expression of H3K27M or EZHIP, their overall expression
profiles and DNA methylation characteristics are still very
distinct [13], most likely due to a different cellular origin and
the presence of additional tumorigenic events and mutations
in DMG tumors.

Common targets in DMG and PFA

Despite their inhibition, PFA and DMG tumors both heavily
rely on PRC2 core components to sustain proliferation. Inde-
pendent experiments showed that tumor cells of both entities
are sensitive to inhibition of EZH2 and EED in vitro. In
addition to the identification of PRC2 components as essen-
tial genes in PFA, they also react to a lack of the EZH2
co-factor SAM. EZH?2 KO prolongs the survival of DMG
tumor bearing mice and proliferation can be impaired by a
SUZ12 knockdown. The effects seem to rely on the presence
of H3K27M in DMG, independent of the affected H3 variant
[46, 48, 61]. Taken together, it seems that the residual PRC2
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activity after inhibition is a necessity in PFA and DMG for
tumor maintenance. This further highlights the importance
of genes that retain their H3K27me3 marks and might be a
possible starting point for therapy.

The two-faced role of EZH2 in PFA and DMG—
repressed but also essential in its residual activity—fits the
overall highly ambiguous role of EZH2 in cancer [18]. In
some entities, like T cell Acute Lymphoblastic Leukemia
(T-ALL) or lung adenocarcinoma, EZH?2 fits the role of a
tumor suppressor and is found deleted or inactivated by
mutations [53, 80]. In contrast, EZH2 overexpression and
activating mutations are reported for prostate, breast, gastric
cancer and others [6, 21, 77]. So far, a clear understanding
of what determines whether EZH?2 acts oncogenic or tumor
suppressive is missing. PFA and DMG research should ben-
efit from increased knowledge in other entities and might act
as a two-in-one model system at the same time. As different
EZH2 inhibitors are already being tested for a variety of
epigenetically driven tumors, their use might prove useful
in PFA and DMG in the future [18].

For example, one shared downstream target of PFAs
and DMGs with PRC2-impaired tumors is the zinc-finger
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transcription factor pleomorphic adenoma gene 1 (PLAGI),
which is de-repressed in EZH2-mutated acute myeloid leuke-
mia (AML) (Fig. 4) [8, 68]. During development, the PLAG
promoter gets inactivated epigenetically by H3K27me3 and
is not expressed in normal brain or differentiated cells [1,
29]. Upon de-repression, PLAG1 upregulates the expres-
sion of growth promoting and cell-fate regulating factors,
among them the strong growth enhancer insulin-like growth
factor 2 (IGF-2). In benign and malignant solid tumors, such
as salivary gland adenomas or lipoblastomas, PLAG/ is
also expressed, but EZH2-independently as the 5’-part of a
fusion gene. The t(3;8)(P21;q12) translocation is the most
commonly found causing aberration in these diseases, lead-
ing to promoter swapping with the constitutively expressed
beta-catenin (CTNNB1) [30]. In the brain, PRC2 inhibition
by either EZHIP or H3K27M leads to the de-repression
of PLAGI in PFA, DMG and germ cell tumors. In addi-
tion, embryonal tumors with multilayered rosettes (ETMR)
express high levels of PLAG1, but the regulatory mechanism
of PLAG] expression in these tumors is still unclear. Other
family members of the PLAG1/PLAGLI transcription fac-
tor family caught attention in the context of ependymomas
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Fig.4 PLAGI expression in tumorigenesis. a PLAGI expression
levels in different brain tumors, highlighting the high expression in
PFA (orange) and DMG (green). b Different mechanisms to activate
PLAGI, which is repressed by EZH2-set H3K27me3 in differentiated
cells. Promoter swapping with the CTNNBI gene results in fusion

tumorigenesis

genes with expression of PLAGI in some solid tumors. In AML,
EZH2 mutations can release H3K27me3 at the PLAGI locus, as can
the presence of EZHIP in PFA and DMG. As a transcription factor,
PLAGTI then activates a variety of tumorigenic factors, among them
IGF-2
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recently. Arabzade et al. found the ZFTA-RELA fusion to
bind to PLAGL1 and PLAGL2-related DNA motifs in ST-
EPN tumors. This might be driven by RELA, as its binding
sites are commonly flanked by PLAGL1/PLAGL2 recogni-
tion sites, indicating a possible co-recruitment [3].

Another noticeable gene of interest is CDKN2A, a shared
locus with retained H3K27me3 in PFA and DMG coding
for the tumor suppressor proteins pl6 and pl4. P16 is an
inhibitor of the cell-cycle regulator CDK4/6 and its silencing
allows increased cell-cycle progression. Recently, CDK4/6
was identified as druggable target for ST-EPN, but not for
the posterior fossa tumors in a study based on single-cell
RNA sequencing and subgroup-specific gene expression
[24]. Other studies found a clear reduction of CDKN2A
transcription levels in EPN with high EZHIP expression
[32, 62]. Targeting p16 downstream kinases, H3K27M was
found to convey increased sensitivity to CDK4/6 inhibitor
treatments in DMG [15].

Besides focusing on specific targets, general epigenetic
therapy is an often discussed option for DMG and PFA.
Among others, histone deacetylase (HDAC) inhibitors have
been tested in several clinical trials for DMG [81]. Ideally,
increasing the activating H3K27ac mark releases downregu-
lated tumor suppressing genes. The same goal is driving the
idea to use DNA demethylating agents. Even though PFA
and DMG are characterized by global DNA hypomethylation
and loss of DNA methylation seems to increase high-grade
glioma (HGG) tumorigenesis, CpG island hypermethylation
can be observed frequently [9, 10, 52]. Treatment of poste-
rior fossa ependymoma xenograft models with DNA dem-
ethylating agents was found to decrease tumor burden and
increase survival. Also, positive effects of DNA demethyla-
tion have been described for IDHI-mutant glioma [44, 88].

Outlook

The identification of EZHIP as a potential tumor driver in
PFA spiked a lot of interest and was quickly followed up by
intense research into its mechanism of action, sparking hope
to finally find answers to all the open questions and chal-
lenges in PFA research and patient care. Indeed, a lot was
discovered about this new protein. However, the translation
into clinically relevant solutions is still one major milestone
ahead of the PFA research community.

A shared problem is the lack of relevant tumor models
for in vitro and in vivo research. PFA tumors are difficult
to take into culture, need high attention and time, if grow-
ing at all [46]. Increased numbers of in vitro models are
necessary though to validate findings and cover the inter-
tumor heterogeneity seen in patient subtypes as well as to
substantiate claims from non-PFA cell models. Hand in
hand with the need for in vivo models goes the necessity to
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understand the process of PFA tumor formation. It is still
elusive how, where and when EZHIP expression is initiated.
Is it the first event happening in the cells on their way to
develop into tumor cells? What are prior or additional hits
occurring? From DMGs, we can learn that genetic back-
ground and timing are essential. Hopefully, future research
will attend to this matter. Even though PDX models are
being propagated, genetic PFA models would allow for a
great increase in opportunities for genetic manipulation,
functional understanding and drug testing. With little to no
other treatment options besides surgery and radiotherapy
available for PFA patients, there is an urgent need to develop
other therapy options to improve patient survival. Target-
ing EZHIP directly might prove difficult, as so far, no own
enzymatic activity has been identified. Learning more about
the mechanisms of how EZHIP functions, how the mutations
affect its function, its interaction partners, and the down-
stream targets, will hopefully increase the range of potential
drug targets for PFA treatment.
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