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Surgery and radiotherapy are mainstays of treatment for ependymomas (EPNs). Recent molecular subgrouping could be superior
to histopathological grading for predicting the prognosis of patients with EPNs. Gross total resection is an effective treatment ap-
proach regardless of its locations or pathologic grades. Adjuvant therapeutic strategies could be decided based on molecular sub-

grouping with risk-stratification. Information of histologic-molecular biology is now providing clues to therapeutic insights.
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INTRODUCTION

Ependymomas (EPNs) are neuroepithelial malignancies of
the central nervous system (CNS) in children and adults, af-
fecting children more frequently. They account for 1.8% of all
primary CNS tumors and up to 10% of malignant brain tu-
mors in childhood'. In children, 90% of EPNs occur intracra-
nially, with two-thirds in the posterior fossa (PF) and one-
third in supratentorial location (ST). Ten percent of EPNs are
located in spinal cord. For adult EPNs, the spinal cord is
mainly affected. All EPNs are histologically similar but clini-
cally and genetically different.

Major prognostic factors of EPNs are the extent of resection,

20,21
) al-

age, the location of tumor, pathologic grade, and so on
though such factors remain controversial. Predicting tumor

behavior and defining disease outcome based on histopathol-

ogy and clinical characteristics remains suboptimal. As treat-
ment, maximal safe resection followed by radiation therapy
are the current standard treatment for pediatric EPNs'”. In
pediatric supratentorial EPNs, it could be acceptable to with-
hold radiotherapy if gross total resection with adequate mar-
gins has been achieved and the pathology is not anaplastic™”. In
adult patients, observation after gross total resection of World
Health Organization (WHO) II EPN and adjuvant radiation
after subtotal resection are the standard practice">"”. Radia-
tion is recommended especially for cases of extensive residual
disease and anaplastic EPN. The management of pediatric and
adult patients with different grades of EPNs has not been stan-
dardized.

According to the WHO classification of CNS tumors, epen-
dymal tumors are divided into subependymoma (SE; WHO
grade I), myxopapillary EPN (MPE; WHO grade I), EPN
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(WHO grade II), EPN, v-rel avian reticuloendotheliosis viral
oncogene homolog A (RELA) fusion-positive (WHO grade I1
or III), and anaplastic EPN (WHO grade II1)"”. Grade I EPNs
(SE and MPE) are relatively easier to distinguish. They occur
mainly in adults. They are associated with favorable clinical
outcome. Therefore, we focused on WHO grade IT and IIT EPNs
in this article. Classic EPN and anaplastic EPN are considered
to correspond histologically to WHO grade II and III, respec-
tively. A diagnosis of anaplastic EPN can be made when an ep-
endymal tumor shows a high cell density and elevated mitotic
count alongside widespread microvascular proliferation and
necrosis. The goal of histological grading is to predict clinical
prognosis and perform risk-stratification. However, the WHO
criteria for EPN grading are not well defined yet'. The differ-
entiation between II and III grades is often difficult with inter-
observer discordance”. Furthermore, the relationship between
grades and clinical survival has been controversial**". There
have been genetic and clinical heterogeneities despite histologi-
cal similarity. Recently, advanced genomic studies have been
performed to decode EPN biology””. Molecular subgrouping
along with the level of resection has been used as independent
prognostic parameter for ependymal tumors™. EPN grading
may soon become a thing of the past. Treatment decisions for
EPN should not be based on histologic grading only without
molecular information™.

Previous studies have demonstrated that there are location-
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specific molecular profiles and high degree of heterogeneity
within locations™*****”. They are subsequently recognized to
be biologically distinct in the supratentorial, posterior fossa,
and spinal compartment of the CNS. Distinct entities of EPN
have been defined by molecular profiling. The anatomical lo-
cation of molecular subgroups is divided into three major an-
atomical compartments of the CNS : spine (SP), PF, and ST
(Table 1). Based on associations with anatomical location, his-
tology, and genetic alterations, nine distinct subgroups of ep-
endymal tumors have been annotated : SP-SE, SP-MPE, SP-
EPN, PE-SE, PF-EPN-A, PF-EPN-B, ST-SE, ST-EPN-yes-
associated protein 1 (YAPI), and ST-EPN-RELA™. With
histopathologic grades, SP-MPE and SP-EPN have shown rel-
atively good concordance™. However, there was no concor-
dance between histopathological grade and PF or ST sub-
group. Within these nine subgroups, there was a strong
association of poor clinical behavior in ST-EPN-RELA and
PF-EPN-A subgroups. Recent molecular classification of ep-
endymal tumors has outperformed histopathological grade
regarding clinical associations. Therefore, effective treatment
decisions could be made based on histologic-molecular review
with the risk-stratification. Information of histologic-molecu-

lar biology is now providing clues to therapeutic insights.

Table 1. Treatment decisions of WHO grade Il and Ill ependymomas in molecular era

Location Molecular Age Genetics Prognosis Treatment
subgroups
Supratentorial ~ ST-EPN-RELA  Children, adults Aberrations Chr.17; Poor No enough evidence to recommend distinct
chromothripsis; treatment approaches
Cllorf95-RELA fusion Potential target : NF-kB inhibitor
ST-EPN-YAPT Children Focal aberrations Chr. 11; Good  Recommend de-escalating therapy
YAPT fusion Potential target : YAPT inhibitor
Posterior fossa ~ PF-EPN-A Children (<5 years) ~ Balanced Poor Surgery with adjuvant radiotherapy regardless of
CIMP-positive the extent of resection in patients >12 months
of age
Potential target : DNA CpG methylation inhibitor
PF-EPN-B Children (5-16 years), CIN Good  Surgery alone for gross total resection
adults CIMP-negative Surgery with adjuvant radiotherapy for subtotal
resection
Spinal cord SP-EPN Adults CIN; NF2 mutation Good  Recommend de-escalating therapy

WHO : World Health Organization, ST : supratentorial, EPN : ependymoma, RELA : v-rel avian reticuloendotheliosis viral oncogene homolog A, YAPT :
yes-associated protein 1, Chr.: chromosome, NF-kB : nuclear factor kappa-light-chain-enhancer of activated B cells, PF : posterior fossa, SP : spinal cord,

CIMP : CpG island methylator phenotype, CIN : chromosomal instability
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MOLECULAR SUBGROUPS OF WHO GRADE II
AND Il EPENDYMOMAS

Supratentorial ependymomas (ST-EPN-RELA and
ST-EPN-YAPT subgroups)

Supratentorial EPNs are divided into two distinct molecular
subgroups: oncogenic mutually exclusive gene fusions involv-
ing either RELA or YAPI*. Although Illumina DNA methyla-
tion provides an indirect measure of molecular subgroup asso-
ciated with a particular fusion, fluorescence in situ hybridization
(FISH) can be used to identify and verify samples harboring
Cllorf95-RELA fusion". RNA-seq also provides an approach
to identify Cllorf95-RELA fusion as a discovery method to
identify novel or less obvious fusion event. The immunohisto-
chemistry can be performed for L1 cell adhesion molecule
(LICAM) protein, which is strongly associated with the
Cllorf95-RELA translocation”’. RELA fusion-positive EPN,
ST-EPN-RELA subgroup, has been recently added to the 2016
revision of the WHO classification of CNS tumors. It has dis-
mal prognosis””. All tumors with C1lorf95-RELA fusion, most-
ly types 1 and 2, show telomerase activation. Activation of telom-
erase is a characteristic feature of ST-EPN-RELA. Cllorf95-
RELA fusion is resulted from chromothripsis of chromosome
11g. No chromothripsis has been detected in tumor classified
as ST-EPN-YAPI, even though YAPI is also located on chromo-
some 11. Homozygous deletion of the CDKN2A/B locus has
been frequently detected in ST-EPN-RELA tumors. It is associ-
ated with inferior prognosis”. C11orf95-RELA fusion proteins
are translocated spontaneously to the nucleus to activate NF-kB
signaling pathway”*”. Cell cycle genes, cell migration genes, or
genes involved in MAPK signaling are most active in ST-EPN-
RELA tumors. They are also active in PF-EPN-A tumors™. The
Cllorf95-RELA fusion protein may be a potential therapeutic
target in ST-EPN-RELA. YAPI fusion-positive EPNs are de-
fined as a distinct subgroup, ST-EPN-YAPI*”. The most com-
mon fusion was YAPI-MAMLDI. Other fusion included YAPI-
FAM118B. Cyclic adenosine monophosphate/carbohydrate
metabolism or dopamine signaling genes are active in ST-EPN-
YAPI tumors™.

ST-EPN-RELA occurs in 70% of supratentorial tumors with
median age of 8 years (range, 0—69 years)”. ST-EPN-YAPI and
ST-EPN-RELA are much more common in children. A signifi-
cant portion of ST-EPN-RELA tumors are also found in adults.
While patients in the ST-EPN-RELA subgroup comprised high-
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risk patients with 10-year overall survival (OS) of around 50%,
patients in the ST-EPN-YAPI subgroup showed 100% 10-year OS

with 10-year progression-free survival (PES) of around 209

Posterior fossa ependymomas (PF-EPN-A and PF-
EPN-B subgroups)

PF-EPN-A and PF-EPN-B. They are classified based on gene
expression and DNA cytosine-phosphate-guanine (CpG) is-
land methylation patterns using genome-wide methylation
arrays’. Despite lacking a clear genetic driver mutation, PF-
EPN-A tumors have demonstrated widespread epigenomic al-
terations in DNA cytosine guanine dinucleotide island hyper-
methylation and global DNA hypomethylation. A higher extent
of CpG island methylation was found in PF-EPN-A compared
to that in PF-EPN-B'". Therefore, PF-EPN-A referred to CpG
island methylator phenotype (CIMP)-positive EPNs and PF-
EPN-B referred to CIMP-negative EPNs. For defining high-
risk PF-EPN-A from low-risk PF-EPN-B, immunohistochemi-
cal staining of histone H3 lysine 27 trimethylation (H3K27me3)
global reduction has been introduced as an economic, easily

) Global reduction in the re-

available, and adaptable method
pressive mark H3K27me3 is driven by aberrant DNA methyla-
tion. Laminin alpha 2 and neural epidermal growth factor
like-2 stainings can be histological markers for PF-EPN-A and
PF-EPN-B, respectively””. It is also important to note that
chromosome 1q gain has been shown to be an independent
prognostic factor that occurs in a subset of PF-EPN-A, PF-
EPN-B, and ST-EPN-RELA tumors™’. Chromosome 1q gain is
strongly associated with telomerase reactivation in PE-EPN-A".
These subgroups are associated with distinct transcriptom-
ic, genetic, epigenetic, and clinical features”. PE-EPN-A tumors
predominantly occur in infants and young children younger
than 5 years. They are located laterally in the posterior fossa
with a relatively balanced genome, showing clinically aggressive
behavior. PF-EPN-B tumors occur in adults and older children,
showing better prognosis than PF-EPN-A tumors. PF-EPN-B
tumors demonstrate wide-spread chromosomal aneuploidy™.
Although PF-EPN-A occurs primarily in infants while PF-EPN-
B is diagnosed primarily in adults, both PF-EPN-A and PF-
EPN-B occur at comparable frequencies in children between 5
and 16 years of age™”. Approximately 11% of adult patients have
PF-EPN-A tumors. Routine subgrouping is necessary for these
patients. In the pre-molecular era, age was an important prog-

nostic factor for patients with posterior fossa EPN. However,



poor prognosis of PF-EPN-A and excellent prognosis of PE-EPN-

B are independent of age at diagnosis™.

Spinal cord ependymomas (SP-EPN subgroup)
SP-EPN subgroup occurs in spinal column, predominantly
affecting adolescents and young adults. Neurofibromatosis
type 2 (NF2) is frequently mutated. Such tumors show a high
frequency of 22q homozygous loss *”. SP-EPNs with NF2 show
more indolent clinical courses. Gross total resection has also
shown benefit in SP-EPNSs, with a progression free survival of
87% versus 57% in tumors that undergo subtotal resection”.
With a favorable prognosis, radiotherapy may not be necessary

in patients after gross total resection of SP-EPN.

TREATMENT DECISION IN MOLECULAR ERA

Even though the management of patients with EPNs lacks
standardization, local control is very important to prevent re-
currence as these tumors are locally invasive with low metastat-
ic potential and leptomeningeal dissemination seen in a small
minority of cases at diagnosis. Surgical resection and involved-
field radiation remain the mainstays of treatment for all EPNs.

Maximal safe resection, ideally gross total resection, is the
mainstay of any treatment approach regardless of its locations
or pathologic grades. The extent of surgical resection has been
the most powerful prognostic marker in EPN known to be as-
sociated with PFS and 08"*"*". Even when treated with addi-
tional radiotherapy, patients with subtotal resection may remain
at high risk for disease progression’”. An immediate postoper-
ative brain magnetic resonance imaging, ideally within 24—48
hours after surgery, is recommended to determine the extent
of removal. A second-look surgery has been proposed to max-
imize the extent of removal'”.

Postoperative radiation has been established as an effective
modality for high-grade EPNs and for patients who are unable
to undergo gross total resection. Even though the differentia-
tion between EPN grade II and III is often difficult, there is a
consensus that tumor resection should be followed by radio-
therapy”. However, there is less clarity of postoperative radio-
therapy for grade II EPN with gross total resection. Staging with
imaging of the entire neuraxis and cerebrospinal fluid analysis
is important in treatment planning. Cerebrospinal fluid (CSF)

analysis should be delayed for a minimum of two weeks after
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the surgery to avoid confusing findings in the CSF. An in-
volved-field radiotherapy is recommended unless there is a sign
of tumor dissemination. The standard radiation dose to treat
local EPN ranges from 54 to 59.4 Gy***”. Radiation margins
around the tumor volume have also decreased from 2.0 cm to
1.0 cm without evidence of increased frequency of tumor re-
lapse. The danger of radiotherapy has been focused in EPN pa-
tients younger than 3 years. However, young children with com-
pletely resected EPN in whom radiotherapy was delayed for
two years had worse outcome, with 5-year survival of 38%, low-
er than those in whom radiotherapy was delayed for one year,

*. Therefore, delaying radiothera-

with 4-year survival of 88%
py is not advisable for young children. Maximal safe resection
and conformal radiotherapy could be defined as the standard
care for patients older than 12 months of age™. The role of cra-
niospinal irradiation is reserved for patients with neuraxis dis-
semination.

The role of chemotherapy is less well established. Its effec-
tiveness continues to be evaluated in numerous ongoing clini-
cal trials. Chemotherapy has been used in infant and young chil-
dren to spare normal developing nervous system from radiation
strategies. Previous studies of chemotherapy have shown only
limited activity against posterior fossa EPN. High-dose chemo-
therapy with autologous stem-cell support has resulted in 3-year
event-free survival of less than 30%, consistent with the survival
of previous studies™”. In patients with recurrent disease, plati-
num-based chemotherapy might result in increased disease sta-
bility compared to treatment with nitrosourea-based regimens'".
In adult patients with recurrent intracranial EPNs, cisplatin-
based chemotherapy failed to prolong PES or OS despite a high-
er objective response rate”. Temozolomide showed little effica-
cy for a small number of cases of adult recurrent intracranial
EPNs**. Collaborative EPN research network investigators have
developed a novel clinical trial for adults with recurrent EPN,
testing a combination treatment of lapatinib, a dual tyrosine ki-
nase receptor inhibitor of epidermal growth factor receptor
(EGFR/ERBBI) and ERBB2, and dose-dense temozolomide
with the intention of depleting O°~-methylguanine-DNA
methyl-transferase. There was a statistical significant correla-
tion between a better treatment response and a higher ERBB2
expression”. Elevated vascular endothelial growth factor ex-
pression has been observed in most cases of EPNs. It is associ-
ated with short survival and poor prognosis. Lapatinib com-

bined with bevacizumab has been tested on children in a
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clinical trial. It showed a low response rate”. Clinical trials of
chemotherapy area are still recruiting through cooperative
groups. Up to date, there are no chemotherapeutic agents that
can routinely be recommended.

In the molecular era, genetic characterization could be con-
sidered when formulating treatment plan with clinical prog-
nostic factors. The 2017 consensus for the clinical management
of EPNs suggests maximal resection and radiation for PF-EPN-
A in contrast to the potential for de-escalation of therapy for PF-
EPN-B™. A recent study has demonstrated that children with
PF-EPN-A have the best outcomes when maximal safe surgical
resection is combined with the first-line adjuvant radiothera-
py. However, patients with PF-EPN-B showed good prognosis
with surgical resection™. Both PF-EPN-A and PF-EPN-B could
still benefit from increased extent of resection, with the surviv-
al rates being particularly poor for subtotal resection in both
subgroups. In subgroup of PF-EPN-A, subtotal resection was
highly predictive of a dismal PFS and OS compared to gross to-

30)

tal resection™. The benefit of first-line adjuvant radiation for

patients with PF-EPN-A was limited for subtotal resection. Gross
total resection should be attempted even in the molecular era™.
A subset of patients with PF-EPN-B can be cured with surgery
alone. Most PF-EPN-B patients have lower risk for relapse after
gross total resection. Therefore, avoiding harmful radiothera-
py could significantly improve long-term quality of life. In this
subgroup, recurred cases may be treated successtully with re-
peat surgery and delayed delivery of radiation. These raise a
possibility of future clinical trials to evaluate de-escalation ther-
apy for PF-EPN-B patients. In supratentorial EPNs, there has
been no enough evidence yet to recommend distinct treatment
approaches for ST-EPN-RELA which has shown poor progno-
sis™”). Interestingly, it has been reported that the level of re-
section does not significantly affect the outcome within the ST-
EPN-RELA-positive subgroup in a retrospective analysis for
patient samples collected over a long period of time over 20
years™. ST-EPN-YAPI subgroup is associated with favorable
clinical outcome™"”. Clinical trials with de-escalating therapy
could be recommended for this subgroup.

Molecular subtyping described above provides insights into
tumor biology for potential therapeutic targets. PF-EPN-A is
characterized by relatively increased DNA methylation com-
pared to PF-EPN-B. Epigenetic modulating agents might be
beneficial for patients with PF-EPN-A. Drugs that target DNA

CpG methylation such as enhancer of zeste homolog 2 inhibi-
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tors or histone demethylase inhibitors mght be considered as
potential therapeutic agents for treating PF-EPN-A and CIMP-
positive EPNs'*”. The complete lack of recurrent somatic sin-
gle nucleotide variants implies that targeted therapy using
small molecules directed against recurrent mutations is un-
likely to be a successful strategy for patients with PF-EPN-A
or PF-EPN-B. RELA fusion found in most supratentorial
EPNs results in constitutive activation of NF-kB, a potential
therapeutic target”. NF-kB or YAPI inhibitors might have po-

tential for supratentorial EPNs'".

CONCLUSION

The management of EPN patients is still challenging. How-
ever, better understanding of its biology and molecular classi-
fication could not only improve current diagnostic accuracy and
prognostication, but also provide future clinical trials. Recent
molecular subgrouping of EPNs will help us make treatment
decisions with the ultimate goal to improve the morbidity and
mortality of children and adults with EPN.
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