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Abstract: Medulloblastoma is a malignant tumor of the cerebellum and the most frequent
malignant brain tumor in children. The standard of care consists of maximal resection surgery,
followed by craniospinal irradiation and chemotherapy. Such treatment allows long-term survival
rates of nearly 70%; however, there are wide disparities among patient outcomes, and in any case,
major long-term morbidity is observed with conventional treatment. In the last two decades, the
molecular understanding of medulloblastoma has improved drastically, allowing us to revolution-
ize our understanding of medulloblastoma pathophysiological mechanisms. These advances led
to an international consensus in 2010 that defined four prognostic molecular subgroups named
after their affected signaling pathways, that is, WNT, SHH, Group 3 and Group 4. The molecular
understanding of medulloblastoma is starting to translate through to clinical settings due to the
development of targeted therapies. Moreover, recent improvements in radiotherapy modalities and
the reconsideration of craniospinal irradiation according to the molecular status hold promise for
survival preservation and the reduction of radiation-induced morbidity. This review is an overview
of the current knowledge of medulloblastoma through a molecular approach, and therapeutic
prospects currently being developed in surgery, radiotherapy and targeted therapies to optimize
the treatment of medulloblastoma with a multidisciplinary approach will also be discussed.
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Introduction

Medulloblastoma is a highly aggressive malignant tumor of the cerebellum! and
the most common malignant brain tumor in children, accounting for nearly 20% of
all central nervous system (CNS) tumors among children'? but only 1% of all CNS
tumors among adults. In 70-80% of cases, medulloblastoma affects children 16 years
or younger.' The average annual age-adjusted incidence rates range from 0.20 to 0.58
cases per 100,000 persons.?

Currently, the 5-year overall survival (OS) rates reach ~70%, but patients pres-
ent with very different outcomes. Medulloblastoma is stratified into two main risk
levels based on age, presence of metastases, extent of residual disease after surgery
and histologic characteristics of the tumor.* Consequently, the 5-year survival rates
for standard and high-risk medulloblastoma are over 80% and ~60%, respectively.>”

Conventional treatment, for both standard and high-risk patients, involves a combina-
tion of maximal resection surgery, craniospinal irradiation (CSI), and cytotoxic chemo-
therapy (CT). This combination achieves long-term OS in 60-80% of patients but often
at the expense of devastating long-term toxicities.* ' Therefore, a better understanding
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of the disease appears to be a relevant challenge with the aim
of providing more accurate risk-adapted treatment and devel-
oping targeted therapies to decrease side effects in low-risk
patients and improve efficiency in high-risk patients. In the
last two decades, major advances have already been made in
understanding the molecular mechanisms underlying medul-
loblastoma.!'""'> These findings have led to an international
consensus for defining the prognostic molecular subgroups
of medulloblastoma, which have been included in the recently
published revised fourth edition of the WHO Classification of
Tumors of the CNS."* A molecular understanding of medul-
loblastoma is starting to translate through to clinical settings
due to the development of subgroup-specific approaches for
clinical trials, allowing a more accurate distribution of radia-
tion dosage or CT schedules, and evaluating the efficiency of
emerging candidates for targeted therapies.

In this review, we will present the current landscape of
the medulloblastoma molecular classification and attempt
to correlate this classification with emerging therapeutic
strategies to optimize medulloblastoma care through a
multidisciplinary approach by finding the right treatments
for the right group of patients to increase survival rates and
reduce treatment toxicity, hence improving the quality of life
(QoL) of survivors.

Clinical classification

The current prognostic classification divides medulloblastomas
into “Standard Risk” and “High Risk” based on age, presence
of metastases, extent of postsurgical residual disease and histol-
ogy. Five histological subtypes are individualized: classical,
desmoplastic/nodular, with extensive nodularity, anaplastic,
and large cell variants. Large cell and anaplastic medullo-
blastomas overlap in a considerable number of cytological
features, and consequently, these types are often considered
together and grouped as “large cell/anaplastic histology”,!
which is related to poor prognosis. Anaplastic histology is
characterized by marked cytological pleomorphism across
most of its area in association with high mitotic and apoptotic
counts.'® Large cell medulloblastoma is defined by groups of
uniform large round cells with a single nucleolus, which also
have higher mitotic and apoptotic indices than in other histolo-
gies.!¢ Medulloblastoma with extensive nodularity, which is
closely related to the desmoplastic/nodular variant, has a
more favorable outcome.!” Considering the surgical criteria,
patients with less than 1.5 cm? residual disease after surgery
present significantly better outcomes.'® Metastatic status is
determined by using the Chang criteria, which distinguish
four metastatic levels: presence of tumor cells in cerebro-

spinal fluid (CSF; M1), gross nodular seeding of brain CSF
spaces (M2), gross nodular seeding of spinal CSF spaces
(M3), and extraneural spread (M4).'° Infants (under 3 years
old) have lower survival rates than older children, although
this finding could be a result of therapeutic strategies that
must eliminate radiotherapy (RT) in this population due to
unacceptable long-term morbidity.

Hence, based on this clinical and histological classifica-
tion, standard-risk patients — 70% of medulloblastomas at
the time of diagnosis® — are children aged >3 years with no
evidence of disseminated disease on craniospinal magnetic
resonance imaging or CSF cytology, postoperative residual
tumor under 1.5 cm? and non-large cell/anaplastic histology.?!
Five-year OS reaches ~85%.'3?? If one or more of these cri-
teria is not available, then the patient is considered to be at
high risk, and the 5-year OS declines to ~60%.’

Molecular classification
The existence of distinct molecular subgroups of medullo-
blastoma was highlighted in 2002 by Pomeroy et al.?* They
showed, by studying DNA microarray gene expression data,
that PTCH, GLI and MYCN (all three transcriptional targets
of SHH) were highly correlated with desmoplastic/nodular
medulloblastoma. They also showed molecular markers of
the variability of medulloblastoma outcome. On the same
topic, several studies started to sub-classify medulloblastoma
according to differences in the transcriptome, with largely
convergent conclusions. Thompson et al** in 2006, and Kool et
al* in 2008, concluded the existence of five distinct molecular
subtypes named A, B, C, D, and E. Cho et al* concluded in
2011 the existence of six distinct molecular subtypes named
C1 to C6, and Northcott et al*’ concluded in 2011 the exis-
tence of four distinct molecular subtypes named SHH, WNT,
Group C, and Group D. Variations in the number, composition,
and nature of the subgroups between studies brought about a
consensus conference in Boston in the fall of 2010, where it
was agreed there were four main transcriptional subgroups
of medulloblastoma named WNT, SHH, Group 3, and Group
4, clearly distinct in terms of demographics, histology, DNA
copy-number aberrations, and clinical outcome.?®

The WNT subgroup is the rarest (10% of all medul-
loblastomas) but has the best clinical outcome prediction,
with a 5-year OS > 95%.5%3% This molecular subgroup is
predominantly associated with classical histology. WNT
medulloblastomas rarely have a large cell/anaplastic histol-
ogy, but even with this histology, they present an excellent
prognosis.?® WNT medulloblastomas occur in children older
than 3 years or teenagers, and the cell of origin derives from
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the lower rhombic lip.>' The molecular mechanism is defined
by the activation of the WNT signaling pathway, which
acts via B-catenin expression as a transduction enhancer.
In 85-90% of cases, the activation of the WNT signaling
pathway results from activating somatic mutations in exon
3 of CTNNBI, leading to the overexpression of B-catenin.
Monosomy 6 is also highly recurrent among WNT tumors,
presenting in 70-80% of cases.?6*!32 Less frequently, somatic
mutations in TP53, SMARCA4, and DDX3X are found.?
WNT medulloblastoma rarely occurs in the context of germ-
line mutations in APC consistent with Turcot syndrome.*
Germline mutations in ALK have also been found in rare cases
of WNT medulloblastoma, although the physiopathology is
not understood.*

The SHH subgroup represents 30% of all medulloblasto-
mas,* and the prognosis is intermediate, with a 5-year OS of
70%.%¢ There is a strong association between desmoplastic/
nodular histology and SHH tumors since the vast majority of
desmoplastic/nodular cases belong to the SHH subgroup,?*’
but up to 50% of SHH subgroup medulloblastomas are not
desmoplastic/nodular.?® SHH medulloblastomas are most
frequently found in infants and adults and occur much less
frequently in patients aged 4—15 years.” These tumors derive
from the cerebellar granule precursor cells of the external
granule layer.*® The molecular mechanism involves the over-
expression of the SHH signaling pathway, which, via implica-
tion of PTCH1, SMO, GLI, and SUFU, acts as a transduction
enhancer.® The genetic events underlying SHH pathway
activation are age-dependent: in infants, germline muta-
tions in PTCHI (Gorlin syndrome) or SUFU are frequent.
Interestingly, in patients with Gorlin syndrome, RT should be
avoided because of the major risk of radiation-induced second
cancers (mostly meningiomas and basal cell carcinomas).*
Furthermore, infants with SHH medulloblastoma present an
excellent prognosis, even with a CT-only regimen. Children
between 3 and 16 years mostly present somatic mutations in
PTCHI or germline (or less frequently somatic) mutations
in TP53 (Li Fraumeni Syndrome).*! Thus, all pediatric SHH
tumors should be referred to the geneticist to diagnose a
potential Gorlin syndrome, Li Fraumeni syndrome, or germ-
line SUFU mutation. Somatic 7P53 mutations frequently
co-occur with GLI2 and MYCN amplifications,* which
induce the activation of the SHH pathway. The 7P53 muta-
tion, present in ~30% of SHH medulloblastomas, is related
to a very poor prognosis with a 5-year OS of 40%.% Hence,
the fourth edition of the WHO Classification of Tumors of
the CNS separates SHH medulloblastoma with or without
TP53 mutation. It is well known that cells that express 7P53

mutations are less radiosensitive,* and interestingly, Tchelebi
et al* suggested that RT could even increase tumor growth in
medulloblastomas with 7P5 3 mutations.* In adults, the most
frequent mutations are somatic mutations in PTCHI, SMO,
and the TERT promoter, or occasionally in /DH].

Group 3 medulloblastoma represents 25% of all medul-
loblastomas and has a particularly bad prognosis, with a
5-year OS of 58% in children® and an even poorer OS in
nonirradiated infants (5-year OS of 45%).2# Tumors pres-
ent a predominantly classical histology, but this group also
has a high ratio of large cell/anaplastic histology (40%),
especially in infants.?*4¢ Group 3 medulloblastomas occur
mostly in males (2:1) and in subjects under 16 years of age
and derive from cerebellar stem cells.*’” Unlike the WNT
and SHH subgroups, in which a misfunctioning molecular
pathway has clearly been identified, the underlying cause is
not well defined in Group 3 medulloblastomas. Recurrent
genetic events have been identified: MYC amplification
(10% to 20% of Group 3), OTX2 amplification, SMARCA4
mutation, GFII enhancer activation,*® isochromosome 17q
(42%),24° gain of 1q (35%),” gain of chromosome 7
(55%),” loss of 8p (33%) or gain of 8q (22%),” loss of 10q
(49%),% gain of 12q (17%),% loss of 16q (50%),* and gain
of chromosome 18 (26%).?° Isochromosome 17¢, as well as
MYC amplification, confers a particularly poor prognosis,
with a 5-year OS of 20%.2° Group 3 medulloblastoma has a
great capacity for metastatic dissemination since 40%—45%
have leptomeningeal dissemination at diagnosis and the
recurrence pattern is mostly metastatic.’!

Group 4 medulloblastoma, although the most frequent
(35% of all medulloblastomas), is the least understood of all
molecular subgroups.>? This subgroup mostly presents a clas-
sical histology and occurs at all ages with a major masculine
predominance (3:1).%2 The clinical outcome of Group 4 medul-
loblastoma is intermediate, with a 5-year OS of 75-90%,>° but
is poor in infants who cannot benefit from RT. Overall, 30-40%
of Group 4 cases are metastatic at diagnosis.*® For group 4, no
underlying cause has been well defined. Isochromosome 17q
is frequent in Group 4 tumors (loss of 17 p 63%, gain of 17q
73%),% although, unlike in Group 3 tumors, this abnormal-
ity does not confer poor prognosis in this subgroup.*’ Other
recurrent genetic events have been identified: MYCN or CDK6
amplification, SNCAIP duplication, loss of one X chromosome
in women, and inactivating the mutation of KDM6A4 (10% of
Group 4),%? chromosome 7 gain (47%),% 8p loss (41%),%° 10q
loss (15%),%° 12q gain (20%),?° chromosome 18 gain (16%),%
and loss of chromosome 11, which is a favorable prognostic
marker.*4°
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Metastatic medulloblastoma tumor cells harbor molecular
alterations that are not present in the primary tumor. Further
preclinical work must be performed to identify the molecular
mechanisms underlying metastases,’ which remain largely
unknown. A recent study involving a deep proteome analysis
of metastatic medulloblastomas identified ~1,400 signifi-
cantly altered proteins between primary and metastatic cell
lines, including known factors such as placental growth
factor, LIM homeobox 1, prominin 1, and secreted protein
acidic and rich in cysteine.* Additional analysis of clinical
medulloblastoma samples implicated yes-associated protein
1 as a potential key factor contributing to metastasis.*

Thus, although molecular subgrouping has revolutionized
medulloblastoma classification, there is great heterogeneity
within subgroups, and much research is needed to improve
the molecular understanding of medulloblastoma.¢-5

In addition to the lack of knowledge, an international
consensus defining the four molecular subgroups of medul-
loblastoma has recently been published and included in the
revised fourth edition of the WHO Classification of Tumors
of the CNS.13

Recent studies have recommended more accurate molec-
ular screening. Better characterization of medulloblastoma
subgroups is especially important for Group 3 and Group
4 since, as discussed above, the transcriptomes of Group
3 and Group 4 medulloblastomas are similar, and several
cytogenetic features, such as isochromosome 17q (il7q),
are found in both groups. However, the outcomes of Group
3 and Group 4 medulloblastoma patients differ, particularly
regarding the tendency of metastatic dissemination. In 2017,
through the analysis of genome-wide DNA methylation
and gene expression data by using the similarity network
fusion method, Cavalli et al*® suggested that clinically and
biologically relevant subtypes exist for each subgroup.
They concluded that the four molecular subgroups could
be further split into 12 different subtypes that differ on a
molecular, clinical, and prognostic basis (WNT: 2, SHH:
4, Group 3: 3, Group 4: 3). Similarly, in 2017, Northcott et
al’” analyzed the somatic landscape across 491 sequenced
medulloblastoma samples and the molecular heterogeneity
among 1,256 epigenetically analyzed cases and discovered
new tumor subtypes enriched for specific genetic and
transcriptional signatures, especially those of Group 3 and
Group 4. In 2017, Schwalbe et al’® conducted molecular
profiling analyses of 428 primary medulloblastoma sam-
ples, including a DNA methylation microarray analysis,
and identified seven molecular subgroups of childhood
medulloblastoma (WNT subgroup remained unchanged, and

each remaining consensus subgroup was split in two). These
data hold promise that improving disease risk stratification
and treating patient subtypes according to their genotype
are likely to emerge.

Standard of care

The standard of care for medulloblastomas is currently
based on their clinical classification. For all medulloblas-
tomas, treatment is multimodal, and the first step consists
of maximal safe resection surgery. Within 30 days after
surgery, RT is initiated. This delay is based on two previous
trials comparing immediate RT following surgery vs delayed
RT, which found significantly lower outcomes when RT was
delayed more than 4—6 weeks after surgery.’”*® Conversely,
a recent trial®® found decreased 5-year OS when RT was
initiated <3 weeks after surgery and no adverse impact on
OS when RT was initiated after >5 weeks but within 90
days of surgery.

For standard-risk patients, a CSI of 23.4 Gy in 13 frac-
tions, followed by a tumor bed boost to reach 54-55.8 Gy
is administered.®'"%* High-risk patients are irradiated with
CSI delivering 36-39.6 Gy in 20-22 fractions, followed by
a tumor bed boost to 54—55.8 Gy and, when appropriate, 50
Gy CSI is administered to local sites of metastases.® RT is
normofractionated. At 6 weeks after the end of radiotherapy,
the patients are treated with four cycles of high-dose che-
motherapy, each of which is followed by stem-cell or bone-
marrow rescue.* Each cycle lasts 4 weeks and comprises
the following®:

e Day 1: Cisplatin IV 75 mg/m*+ vincristine 1.5 mg/m?
(maximum 2 mg)

e Days 2 and 3: Cyclophosphamide 2 g/m?

e Day 5: Infusion of peripheral blood or bone-marrow
progenitor cells

e Day 11: Vincristine 1.5 mg/m?

This treatment scheme, tested in a prospective trial by Gajjar
et al® in 1996, enabled a 5-year OS of 85% (95% CI 75-94)
for patients in the average-risk group and 70% (54-84) for
those in the high-risk group (P=0-04). The 5-year progres-
sion free survival (PFS) was 83% (73-93) and 70% (55-85),
respectively (P=0-046).

Notably, many other protocols have been used in clinical tri-
als, for example the “maintenance strategy” from trial HIT*91,%
adapted from the historical “Packer protocol”,% which consists
of vincristine given weekly concomitantly with radiotherapy at
6 weeks after the completion of radiotherapy with eight cycles
of lomustine, vincristine, and cisplatin (Table 1).
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Table | Maintenance strategy from trial HIT'91

Surgery |- RT-CT - CcT
Week 0 123 4 [s Je [7 [s [ofwo]mn [12]13]14]1s]19]23 [27 |31 [35 [39 |43
Chemotherapy - — \ \ \ \ V|- A |A |A |A |A |A |[A |A
Radiotherapy - - CSI |CSI |CSI [CSI [b b |- -
Notes: “~” indicates no treatment during this period. Data from von Hoff et al.*>

Abbreviations: A, lomustine, vincristine, and cisplatin; b, boost to the posterior fossa to 55.2 Gy (20 Gy given in 10 fractions) and to metastatic sites to 50 Gy; CSI,
craniospinal irradiation (35.2 Gy given in 22 fractions); CT, chemotherapy; RT, radiotherapy; V, vincristine.

In infants, treatment consists exclusively of surgery, fol-
lowed by high-dose CT due to the particularly devastating
radiation-induced morbidity at this young age.®’

Standard-risk adults are treated, after maximal safe
resection surgery, by a normofractionated CSI of 30-36 Gy
followed by a tumor bed boost to 54-55.8 Gy. CT is less
well tolerated in adults than in children, and no randomized
clinical trial has demonstrated its benefit. Thus, CT is cur-
rently only delivered in high-risk adults before RT and in
metastatic patients, CT is delivered after RT.® The molecules
used in CT are cyclophosphamide, etoposide, and cisplatin.®®
Approximately 30% of medulloblastoma patients are diag-
nosed with metastasis;* however, no gold standard treatment
has been highlighted for metastatic medulloblastomas. In the
trial HIT’91, children with medulloblastoma were random-
ized to receive either postoperative chemotherapy followed
by CSI (“sandwich strategy”) or postoperative CSI followed
by chemotherapy (“maintenance strategy”).*® The study
showed significantly higher OS after maintenance than that
after sandwich treatment for MO and M1 patients, and a
moderate trend toward better survival for children with M2/
M3 disease who were treated with the “sandwich strategy”
compared with the “maintenance strategy”.® Therefore, a
sandwich concept was chosen for the HIT 2000 trial, which
was designed to assess an intensified treatment of metastatic
medulloblastoma in children and adolescents (4-21 years).”
Compared with the HIT’91 sandwich regimen, the treatment
was intensified at the level of neoadjuvant chemotherapy, of
radiotherapy — via the introduction of hyperfractionated CSI,
to achieve a biologically more effective dose and preserve
normal tissue-,”! and the addition of maintenance chemo-
therapy. As a result, the treatment consisted of two cycles of
induction CT, starting 2—4 weeks after surgery, and comprised
intravenous cyclophosphamide, vincristine, methotrexate,
carboplatin, etoposide, and concomitant intraventricular
methotrexate. Radiotherapy, starting at 3—6 weeks after the
end of induction chemotherapy, was hyperfractionated with
two fractions of 1 Gy per day, and the doses were 40 Gy
CSI in combination with 20 Gy on the posterior fossa, 8 Gy

on the tumor site bed, 10 Gy on spinal metastases, and 28
Gy on supratentorial metastases. Maintenance CT started
at 6 weeks after the end of RT and consisted of four cycles
of cisplatin, lomustine, and vincristine.”” OS was superior
with this treatment regimen compared with that in the
preceding HIT 91 trial, with a 5-year OS of 74% (95% CI,
66-82).7° Independent risk factors were histology (large cell/
anaplastic) and nonresponse to the first chemotherapy cycle.
Survival rates were different between molecular subgroups:
WNT, SHH, Group 4, and Group 3 with or without MYCC/
MYCN amplification (P<0.001). Thus, this study showed
that molecular subgroup, MYCC/MYCN status, response to
induction chemotherapy, and histologic subtype may improve
treatment stratification.” Regarding adult metastatic medul-
loblastomas, a trial comparing the sandwich strategy from the
HIT 2000 protocol (postoperative CT, hyperfractionated CSI,
and maintenance CT) with the HIT 91 maintenance strategy
(postoperative CSI and maintenance CT) found that after a
4-year follow-up, the patients showed a global PFS and OS
of 52% and 91%, respectively, with no significant difference
between the two treatment arms.”

Regarding refractory/recurrent medulloblastoma, temo-
zolomide has been shown to be an effective agent, achieving
a 6-month PFS and OS of 30% and 42.5%, respectively.”

Side effects

The current treatment of medulloblastoma allows decent
survival rates but often at the expense of life-long morbidity.
latrogenic morbidity occurs in an age-dependent manner; in
older patients, the greatest toxicity results from surgery, while
in younger patients, CSI confers troublesome morbidity.?
Major postsurgical morbidities are due to critical struc-
tures — particularly brainstem — close or adherent to medullo-
blastoma. Moreover, cerebellar mutism (also called posterior
fossa syndrome) occurs in 25% of cases.?’ This neurological
syndrome develops within 1-4 days following posterior fossa
surgery’™ and consists of speech reduction, axial hypotonia,
ataxia, and emotional lability. Cerebellar mutism takes
weeks to months to fade away, although speech troubles can
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last lifelong.” The precise etiology of cerebellar mutism is
unknown, but compared to other posterior fossa tumors, this
condition is overrepresented after medulloblastoma surgery.”
The size and wholeness of resection seem to have an impact
on postsurgical morbidities since overall neurological mor-
bidity is 24%, whereas morbidity after gross total resection
(GTR) is 44%.""® Other studies have shown that the inci-
dence of posterior fossa syndrome is more important than
less aggressive resections after GTR.77

Considering RT, acute toxicity consists mostly of anorexia
and nausea, and particular attention must be paid to the
nutritional condition of the patient. Additionally, in most
children, the bone marrow of the vertebral bodies actively
contributes to hematopoiesis; therefore, cytopenia must be
detected, followed by pneumocystis prophylaxis during and
in the weeks following CSI.2*% Considering long-term side
effects, the toxicity of RT is more important when the patient
is young. Morbidity mostly consists of cognitive decline,
inversely proportional to the age of the patient, with a reduc-
tion in the IQ score as high as 40 points in the youngest
patients.®!° Attempts have been made to decrease cognitive
decline through RT hyperfractionation, but the results were
not conclusive.?! The risk of radio-induced malignancy, espe-
cially meningioma and glioblastoma, is also high.!*-# Other
studies have observed endocrine dysfunction, bone growth
and development dysfunctions, gynecological, cardiac and
pulmonary toxicity, ototoxicity,'® and vascular toxicity with
an increased frequency of stroke.?

Regarding CT, a common adverse effect is vincristine-
induced peripheral neuropathy (VIPN), which affects sensory,
motor, and autonomic nerves. VIPN incidence rates reach
37% during medulloblastoma treatment, and symptoms
may not resolve over time.* Chronic peripheral neuropathy
favors physical activity decrease, obesity, type 2 diabetes
mellitus, metabolic syndrome, and cardiovascular disease.®
Other toxicities attributed to CT are mainly cisplatin-induced

ototoxicity (incidence rates of 34% reaching grade III/IV in
9% of patients) and myelosuppression.®

Optimizing care from molecular

classification

The current challenge of the neuro-oncologist is precision
medicine. To limit iatrogenic morbidity, we must first avoid
the overtreatment of patients with good prognosis who do
not need aggressive treatments or, in contrast, patients for
whom standard treatments have shown failure to induce
good survival rates. Then, new therapeutic approaches must
be developed to improve survival rates in treatment failure
patients.

This perspective requires a reliable method for the prog-
nostic sorting of medulloblastomas. A consensus conference
in Heidelberg in 2015 concluded an updated prognostic
classification for children with medulloblastomas based
on molecular subgroups,* as shown in Table 2. However,
clinical applications face technical difficulties in finding
a reliable and easy method for the molecular statement of
resected tumors. A recently published study proposes a robust
and repeatable molecular classification method based on
six epigenetic biomarkers.% Elsewhere, emerging strategies
such as DNA methylation profiling using a comprehensive
machine-learning approach enable robust and reproduc-
ible classification of central nervous system tumors.®” This
method may have a substantial impact on diagnostic precision
compared to standard methods, by reducing the substantial
inter-observer variability observed in current CNS tumor
diagnostics. A uniform implementation of the classification
algorithm holds great promise for standardization of tumor
diagnostics across centers and across clinical trials.

Systemic therapeutic approaches
Overexpression of WNT pathway results in a weaker
blood—brain barrier, through vascular dysfunction induced

Table 2 Prognostic classification for pediatric medulloblastomas according to molecular subgroups

5-year overall survival Molecular profile

Very high risk <50% .

Metastatic group 3
SHH group with TP53 mutation

High risk 50%—75% .

Metastatic or MYCN amplified SHH group
Metastatic group 4

Standard risk 76%-90% .

Localized SHH group without TP53 mutation or MYCN amplification
Group 3 without MYC amplification
Group 4 without loss of chromosome 11

Low risk >90% .

Localized WNT group
Localized group 4 with loss of chromosome ||

Note: Data from Ramaswamy et al.>¢
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by overexpression of this molecular pathway. A weaker
blood—brain barrier enables better penetration of CT mol-
ecules into cancer cells. This mechanism could contribute
to the good prognosis of this molecular subgroup.® Hence,
targeted therapy inhibiting the WNT pathway could make the
tumor less chemosensitive. Furthermore, the WNT pathway
participates in many physiological functions, such as bone
formation, and inhibiting the WNT pathway would lead to
significant toxicity, such as osteoporosis.®’ For these reasons,
no development of targeted therapy has been undertaken for
WNT medulloblastomas, and trials rather focus on decreas-
ing the doses of RT and CT. Several trials are in progress
evaluating lower doses of radiation and CT (NCT01878617,
NCT02724579) or CT-only approaches (NCT02212574).

Efforts have been made to develop targeted therapies
inhibiting the SHH pathway in this subgroup with interme-
diate prognoses. One therapeutic approach is SMO inhibi-
tion with vismodegib® (currently used for the treatment of
locally advanced/metastatic basal cell carcinoma). However,
only SHH medulloblastomas with mutations in PTCHI
(upstream SMO) or SMO can benefit from this molecule.
A study confirmed that SHH medulloblastoma with SUFU
or GLII (downstream SMO) mutations do not respond to
vismodegib.* Since 80% of adult SHH medulloblastoma
patients have PTCHI or SMO mutations, vismodegib is likely
to be particularly advantageous in this population.’’ More-
over, SMO inhibitors could lead to premature bone fusion
in children.*! A more recent therapeutic approach refers to
epigenetic treatments with bromodomain (BET) inhibitors.
BET proteins regulate gene transcription by binding to acety-
lated histones.”? BET inhibitors have been shown in vitro and
in vivo to decrease cell viability and proliferation in SHH
medulloblastoma,’** but no clinical trial has yet examined
BET inhibitors as potential therapeutics for SHH medullo-
blastoma. Considering metastatic SHH medulloblastoma, for
which MET kinase is a marker, the MET inhibitor foretinib
has been shown to decrease tumor cell proliferation and
induce apoptosis in vitro and in vivo, which confers a strong
rationale for its clinical evaluation.”® A clinical trial is ongoing
to evaluate doublet therapy comprising the CDK4/6 inhibitor
ribociclib with either gemcitabine, trametinib, or sonidegib
in adults with refractory or recurrent SHH medulloblastoma
(NCT03434262). Clinical trials are also ongoing to evaluate
vismodegib in children and adults with refractory or recur-
rent SHH medulloblastoma (NCT01601184, NCT00939484,
NCT01239316).

For Group 3 patients who show poor outcomes when
treated with the current standard of care, special expecta-

tions rest on the development of targeted therapies. Due to
the particularly poor outcome conferred by MYC amplifica-
tion, efforts have been made concerning MYC inhibition,
but no direct MYC inhibitor could successfully be finalized
since MYC has no clearly defined ligand-binding domain.
A preclinical study designed based on a mouse model of
Group 3 medulloblastoma showed the efficacy of palbociclib
— a CDK4/6 inhibitor currently used in HR+/Her2— breast
tumors, locally advanced or with bone metastases,”® and a
clinical trial is in progress for evaluation of palbociclib in
pediatric brain tumors (NCT02255461). Another clinical trial
showed the efficacy of using HDAC with a PI3K inhibitor in
Group 3 medulloblastoma with MYC amplification.” BET
inhibitors also represent a significant therapeutic approach for
treating Group 3 medulloblastoma, since BRD4 (a member of
BET family) inhibitors have been shown in vitro and in vivo
in a mouse model to be an effective therapy against MYC-
amplified Group 3 medulloblastoma,’® and the BET inhibitor
JQI has been demonstrated to reduce tumoral cell viability
through the inhibition of MYC transcription.” However, JQ1
has a very short half-life, which does not allow clinical prac-
tice. A phase one clinical trial is ongoing to test other BET
inhibitors (CPI-0610, MK-8628) in adults.’> Nevertheless,
epigenetic targeting molecules are often found to operate
with a cytostatic effect, and this treatment is likely to require
a combination of cytostatic and cytotoxic drugs to procure
antitumoral efficiency.

Although the most frequent, Group 4 medulloblastoma
is the most heterogeneous and least understood medullo-
blastoma type. No dominant oncogene has been successfully
identified, which constitutes a major limitation in the develop-
ment of targeted therapies. Some studies have suggested a
molecular mechanism involving the activation of NFkB.27-1%0

Another ongoing therapeutic approach is targeting medul-
loblastoma stem cells, which are a subpopulation of cancer
cells largely responsible for medulloblastoma initiation,
maintenance, dissemination, and relapse.*” Research efforts
are still needed to effectively target medulloblastoma stem
cells.

Surgery optimization

In the current clinical classification, a postsurgical residual
disease >1.5 cm? is a marker of worse prognosis and dis-
tinguishes the patient as high risk, hence requiring higher
CSI doses. However, considering the important side
effects of CSI and surgery, the prognostic implication of
the extent of resection (EOR) is worth updating, now that
the prognostic classification has been revised as a result of
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molecular advances. Indeed, experts highlighted this issue at
a consensus conference in 2016.5 A recent review analyzed 50
articles about the implication of EOR in clinical outcome,!!
showing a nearly equal number of studies with and without
a significant association between EOR and survival. Only
three of these articles accounted for molecular subgroup-
ing,*"8192 and no association was found between EOR and
survival when molecular subgrouping was considered. To
make a reliable determination of the prognostic implication
of EOR, it would be worth setting up a prospective trial of
patients with residual disease >1.5 cm? and randomizing
these patients into 24 Gy CSI vs 36 Gy CSI to assess whether
intensified CSI can improve the disease control of patients
with a residual disease >1.5 cm?. Subsequently, molecular
stratification would be useful. Thompson et al'®! showed
that such a study would require 2,890 patients with residual
disease >1.5 cm? to detect a difference with 90% power,
unfortunately making stratification technically not feasible,
particularly in a subgroup-stratified approach.

Radiotherapy optimization
The survival of medulloblastoma patients improved tremen-
dously in 1950 due to the introduction of CSI, since long-term
survival evolved from nearly 0% to 50%.'% The development
of a linear accelerator with megavoltage (Linac) and 3D
conformational RT (3D-CRT) allowed the establishment
of CSI due to better precision and the higher intensity and
penetrance of the radiations.'™ Since this major advance,
many inroads have been made in the RT field, and we will
discuss how medulloblastoma irradiation could be optimized.
The randomized multicenter HIT-SIOP PNET 4 trial was
initiated to estimate the amelioration of radiation-induced
toxicity related to hyperfractionation. The hyperfractionated
arm received 36 Gy in 36 fractions of CSI, with an additional
24 Gy in 24 fractions on the posterior fossa and 8 Gy in 8
fractions on the tumor bed, and the standard RT arm received
23.4 Gy in 13 fractions of CSI with an additional 32.4 Gy in
18 fractions on the posterior fossa. The results revealed no
significant benefit of hyperfractionation in toxicity or in sur-
vival,?! and normofractionation remains the standard of care.
The randomized COG ACNS0331 clinical trial compared
survival in the arm with a standard dose of RT (23.4 Gy CSI
and 54 Gy posterior fossa RT) vs a decreased dose of RT
(18 Gy CSI and a reduction in boost volume). The results
showed no significant difference in 5-year OS or PFS for
a decrease in radiation boost volume, but concerning CSI,
noninferiority of lower-dose CSI to standard dose CSI was
not established.!® Thus, CSI seems to be a crucial component

of medulloblastoma treatment, and doses do not appear to
be reducible without affecting survival. However, in light of
molecular understanding, it is legitimate to question whether
CSI can be reduced or more importantly removed in some
patients. Indeed, WNT patients rarely relapse, and trials are
already ongoing to determine the feasibility of irradiation
de-escalation (NCT01878617, NCT02724579) or removal
(NCT02212574). Considering SHH medulloblastoma, the
pattern of relapse has been shown to be predominantly
local.>! Consequently, a future clinical trial could focus on
establishing whether it is feasible to reduce or even remove
CSI and focus RT on the tumor bed in SHH patients. Group
3 and Group 4 medulloblastomas present a significant pro-
portion of metastatic relapse; therefore, CSI is unlikely to
be removed in those patients. However, future studies could
focus on optimizing the radiation dose distribution to main-
tain efficiency while lowering toxicity.

Since the 2000s, the development of intensity-modulated
irradiation modalities, such as intensity-modulated radio-
therapy (IMRT), volumetric-modulated arc therapy, and
tomotherapy, have enabled the optimization of radiation dose
distribution in CSI. However, those modalities involved more
radiation fields and therefore induced a larger volume of nor-
mal tissues exposed to low-dose radiation, hence increasing
the risk of second neoplasms.'%

Several studies suggested an association between the
radiation dose delivered to the hippocampus and temporal
lobes and neurocognitive decline,'"”'%® and the feasibility ofa
hippocampal sparing approach with IMRT modality has been
studied. The results revealed a significant amount of perihip-
pocampal relapse among patients with brain metastases at
the time of diagnosis. In contrast, no patient without brain
metastases at diagnosis developed secondary lesions in the
perihippocampal area.'” Hippocampal sparing may thus be
considered in high-risk medulloblastoma patients without
brain metastases at diagnosis and, by extension, this approach
is likely to be safely feasible in standard-risk patients.

In the last decade, the use of proton therapy has rapidly
increased as a result of its capacity to better spare organs
at risk by eliminating the exit radiation dose due to the
characteristic dose distribution of the proton beam modeled
by the Bragg peak. This treatment is particularly relevant
in childhood malignancies since it offers the promise of
decreased late radiation-related morbidities, especially sec-
ond neoplasms.''® Medulloblastoma, specifically due to a
particularly large irradiation field, is an excellent candidate
for proton therapy. Indeed, protons eliminate the dose of exit
radiation into the chest, abdomen, and pelvis as well as the
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cochlea, pituitary, and hypothalamus of children after CSI.'°
Translation into quality of life (QoL) has been studied in a
prospective trial.!'! QoL scores were found to improve over
time after proton CSI, and after 5 years, children-reported
scores were statistically similar to those of healthy children,
but the parent-reported scores remained statistically lower
than those reported by the parents of healthy children.'? To
evaluate the superiority of proton therapy in medulloblas-
toma treatment with an evidence-based approach, a review
recently compared the outcomes of pediatric medulloblas-
toma patients between proton- and photon-mediated CSI,'"3
and revealed the advantage of proton therapy in organs at risk
sparing, normal organ dysfunction, and secondary malig-
nancy risks compared to various (mostly 3D-CRT) photon
techniques. A comparison of target coverage between both
radiation modalities showed either similar or better results
with proton therapy. However, proton therapy is a modern
radiation modality, and the earliest study considered in this
review was from 1997. For that reason, data regarding late
toxicity after proton therapy are not available. On the other
hand, we cannot ignore that second neoplasms after CSI
mostly occur in the neuraxis, and this effect cannot be avoided
with any irradiation modality as long as CSI is performed.
The only way to determine with any certainty whether proton
therapy should be developed as a standard of care for CSI
would be through a prospective randomized controlled trial

comparing both treatment modalities. Such a trial should
include cost-effectiveness analysis since proton therapy is
undoubtedly associated with higher initial infrastructural
costs than those for photon therapy.''? At the present time,
proton therapy remains a limited resource, and socioeco-
nomic factors impact access to this treatment.!!>

Overview and prospects
Table 3 summarizes the current molecular understanding of
medulloblastoma.

Although molecular subgrouping for medulloblastoma is
important for the prognosis and elaboration of therapeutic
agents, this categorization seems insufficient for Group 3
(which undergoes worse prognosis) and Group 4 (which is
the most frequent) medulloblastomas. As shown in Table 3,
those two subgroups lack targeting agents. Hashimoto et
al'" most recently published the results of 36 extensively
profiled medulloblastomas. The results revealed the high
expression of MRP1, TUBB3, PTEN, TOP2A, thymidylate
synthase, RRM1, and TOP1. This finding highlights an all-
new therapeutic prospect since targeting agents are available
for several of these targets.

Conclusion
Recent advances on the molecular mechanisms of medullo-
blastoma have allowed the definition of an updated prognostic

Table 3 Overview summary of current molecular understanding of medulloblastoma

Predominant age | WNT SHH Group 3 Group 4
group Children Infants, Adults Infants Children
Outcome Very good Infants good Poor Intermediate
5-year OS >95% Others intermediate Children: 5-year OS 58% 5-year OS 75%—90%
5-year OS 70% Infants: 5-year OS 45%
Pattern of relapse | Local or metastatic | Local Metastatic Metastatic
(rare)
Histology Classic Desmoplastic/nodular Classic, large cell/anaplastic (40%) Classic
Predominant CTNNBI mutation | PTCHI, SMO, TERT, SUFU, SMARCA4 mutation, MYC, OTX2 KDM6A mutation, SNCAIP
genetic alterations TP53 mutation, GLIZ, MYCN | amplification, GFIl enhancer duplication, MYCN, CDKé
amplification activation amplification
Cytogenetic Monosomy 6 Isochrome 17q, Iq gain, 7 gain, 8 p | Isochrome 17q, X loss, 7 gain,
aberrations loss, 8q gain, 10q loss, 12q gain, 16q | 8 p loss, laq loss, 12q gain, 18
loss, 18 gain gain
Therapeutic Dose decrease of | SMO inhibitor (vismodegib) | Palbociclib NFkB
prospects RT and CT BET inhibitors HDAC + PI3K inhibitor
CDK4/6 inhibitor (ribociclib) | BET inhibitors
MET inhibitor (foretinib)
Ongoing clinical NCTO01878617 NCT03434262
trials NCT02724579 NCTO01601184
NCT02212574 NCT00939484
NCTO01239316

Abbreviations: OS, overall survival; RT, radiotherapy; CT, chemotherapy; BET, bromodomain.
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classification. To optimize medulloblastoma care, efforts
must be made to reduce iatrogenic morbidity and improve
survival in patients with lower prognoses. Thus, targeted
therapies are currently being evaluated in light of a molecular
understanding of medulloblastomas. Given the relatively low
incidence of medulloblastoma, every oncologist should be
particularly aware of the importance of including patients
in clinical trials.

RT leads to a significant proportion of the late-onset
toxicity observed in medulloblastoma survivors, mainly
due to CSI, which is a crucial component of the multimodal
treatment. With recent molecular advances, the feasibility
of reducing or even removing CSI is currently being evalu-
ated in WNT medulloblastoma, and it would be interesting
to study the feasibility of CSI reduction/removal in SHH
patients (who present mostly a local pattern of relapse) in
a future clinical trial. The necessity of intensifying CSI for
all patients with postsurgical residual disease >1.5 cm? is
questionable. In any case where CSI must be maintained
(which remains prevalent), the potential solutions to lower
radiation-induced morbidity are hippocampal sparing and
proton therapy.
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