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Abstract

Medulloblastoma (MB) is one of the most frequent malignant brain tumors in children. The current stand-
ard treatment regimen consists of surgical resection, craniospinal irradiation, and adjuvant chemotherapy.
Although these treatments have the potential to increase the survival of 70-80% of patients with MB,
they are also associated with serious treatment-induced morbidity. The current risk stratification of MB
is based on clinical factors, including age at presentation, metastatic status, and the presence of residual
tumor following resection. In addition, recent genomic studies indicate that MB consists of at least four
distinct molecular subgroups: WNT, sonic hedgehog (SHH), Group 3, and Group 4. WNT and SHH MBs
are characterized by aberrations in the WNT and SHH signaling pathways, respectively. WNT MB has the
best prognosis compared to the other MBs, while SHH MB has an intermediate prognosis. The underlying
signaling pathways associated with Group 3 and 4 MBs have not been identified. Group 3 MB is frequently
associated with metastasis, resulting in a poor prognosis, while Group 4 is sometimes associated with
metastasis and has an intermediate prognosis. Group 4 is the most frequent MB and represents 35% of
all MBs. These findings suggest that MB is a heterogeneous disease, and that MB subgroups have distinct
molecular, demographic, and clinical characteristics. The molecular classification of MBs is redefining
the risk stratification of patients with MB, and has the potential to identify new therapeutic strategies for

the treatment of MB.
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Introduction

Medulloblastoma (MB) is one of the most common
pediatric malignant brain tumors, representing up
to 20% of newly diagnosed central nervous system
tumors in children.? Current standard treatments
include surgical resection, craniospinal irradiation
with a posterior fossa boost, and adjuvant chemo-
therapy.? Although these strategies have the potential
to increase the survival of 70-80% of patients with
MB, they are associated with serious treatment-
induced morbidity.>* Current treatment protocols
stratify patients into high and average risk groups
according to their age, metastatic status, and the
presence of residual tumor following resection.®®
However, the disadvantage of this risk stratification
system is that it fails to take MB heterogeneity into
account. The recent studies indicate that MB consists
of at least four distinct molecular subgroups: WNT,
sonic hedgehog (SHH), Group 3, and Group 4.” Each
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subgroup has distinct molecular, demographic, and
clinical characteristics.”'"” Moreover, the molecular
classification system is an important prognostic tool
that has the potential to improve the treatment of
patients with MB.'?

In this study, we review the molecular classifi-
cation of MB, its prognostic value, and its clinical
importance.

Current Risk Stratification and
Histological Classification of MB

The patients with MB are currently stratified into
two risk groups on the basis of the following criteria:
extent of resection, age at diagnosis, and metastatic
status.>® Patients with residual tumors (>1.5 cm?),
who are <3 years of age at diagnosis, and/or exhibit
the presence of metastatic disease are classified as
high-risk patients, while the remainders are classified
as average-risk patients. After treatment consisting
of maximum surgical resection, craniospinal irra-
diation, and adjuvant chemotherapy, the cure rates
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of average- and high-risk patients are 85 and 70%,
respectively.21314

MB is classified into five histological subtypes:
classic, desmoplastic, anaplastic, large cell, and
MB with extensive nodularity (MBEN). The classic
subtype is most prevalent, while the desmoplastic
and MBEN subtypes have the best outcomes.'>'®
However, even though more than 70% of patients
have classic MBs, their response to treatment is
highly variable, suggesting that classic MBs are
highly heterogeneous and that histological classifi-
cation many have limited prognostic value.

Molecular Subgroups of MB

Recently, the integrated genomic profiling of MBs
was conducted,?””19 and the results indicate that
MB consists of at least four distinct molecular
subgroups: WNT, SHH, Group 3, and Group 4.” The
demographic, transcriptional, genetic, and clinical
differences among these four subgroups have impor-
tant implications (Table 1).12:2021)

WNT subgroup

The WNT MB is the rarest subgroup, accounting
for ~10% of all MBs, and is the subgroup with
the best prognosis. Germline mutations in the
gene encoding the WNT pathway inhibitor, APC,
predispose individuals to develop Turcot syndrome,
which increases the risk of developing MB. The
loss of chromosome 6 and activating mutations in

Table 1 Characteristics of each subgroup of MB

the gene encoding B-catenin are commonly found
in WNT MBs.' Other recurrent somatic mutations
are also found in the genes encoding p53, DDX3X
(the dead-box RNA helicase, which is involved
in cell growth and proliferation), and SMARCA4,
a chromatin modifier. WNT tumors frequently
exhibit classic histology.??* However, some also
exhibit large cell and anaplastic histologies, and
these tumors also have a good long-term prognosis.
Notably, WNT MBs develop from progenitor cells
of the lower rhombic lip.?» WNT MBs are typically
located at the midline of the brain, and occupy
the fourth ventricle. They typically infiltrate the
brain stem.2”

WNT MB rarely presents with metastasis. The sex
ratio for WNT MBs is 1:1,2Y and these MBs are most
commonly found in older children and teenagers, and
are rarely found in infants. Outcomes for patients
with WNT MB are good, with 5-year overall survival
rates exceeding 90%.%229 Thus, current plans for
WNT MB clinical trials are focused on developing
therapy de-escalation protocols that maintain the
high-cure rates, while diminishing the adverse
effects of therapy. These protocols are expected to
include dose-reduced craniospinal radiation and/or
decreased chemotherapy regimens.

SHH subgroup

The SHH subgroup accounts for ~30% of all MBs,
and is characterized by aberrations in the SHH
signaling pathway.?-* Individuals with germline

WNT SHH Group 3 Group 4
Prevalence 10% 30% 25% 35%
Age Children, teens Infants, adults Infants, children Infants, children, adults
Sex (M:F) 1:1 1:1 2:1 3:1
Histology Classic Nodular desmoplastic Classic, LCA Classic, LCA
histology, classic, LCA
Metastasis Low Low High High
Recurrence Rare Local Metastasis Metastasis
Prognosis Best Intermediate Poor Intermediate
5-Year OS 95% 75% 50% 75%
Genetics CTNNB1 MYCN, GLI2, PTCH1, MYC, PVT1, OTX2, 0TX2, DDX31, CHD?,
DDX3X SMARCA4 SUFU, MLL2, SMO, TP53, MLL2, SMARCA4, SNCAIP, MYCN, CDK6
BCOR1, LDB1, GABRG1 CHD7 GFI1/GFI1B, MLL2,
KDM6A, MLL3, ZMYM3
Chromosome chr 6 loss chr 3q gain, chr 1q gain, Isochromosome 17q chr X

Cells of origin

Lower rhombic lip
progenitors

chr 9q loss, 10q loss

Cerebellar granule neuron
precursors

chr 5q loss, 10q loss

Neural stem cells?

loss, 17p loss

Upper rthombic lip
progenitors

LCA: large cell anaplastic.
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mutations in the gene encoding the SHH receptor
PTCH have Gorlin syndrome, which predisposes
them to MB.?'%? Similarly, individuals with germline
mutations in the gene encoding the SHH inhibitor
SUFU are predisposed to infantile MB.2¢3% In addi-
tion, somatic mutations in the genes encoding PTCH,
SUFU, and the SHH co-receptor, SMO (smoothened
homolog), as well as amplification of the genes
encoding the GLI1 and GLI2 transcription factors
have been found in sporadic MB.#:23%9 Other somatic
mutations in the genes encoding TP53 (p53) and
MLL2 (or KMT2D), a lysine-specific methyltrans-
ferase, are found, respectively, in 14 and 12% of the
patients with SHH MBs.*” Furthermore, SHH MBs
are frequently associated with a loss of chromosome
9q, and less frequently associated with a loss of 17p
or 10q, or a gain of 3q.'?

Transcriptome analysis indicates that adult and
pediatric SHH MBs are transcriptionally distinct.?”
Most infant SHH MBs carry PTCH1 or SUFU muta-
tions, which are present in the patient’s germline. In
children, SHH MBs harbor broader genetic heteroge-
neity, including SHH, GLI2, and MYCN amplifications,
as well as somatic and germline TP53 mutations,
together with PTCH1 mutations.?® Adult SHH MBs
are typically characterized by PTCH1 and SMO
mutations. Furthermore, whole genome sequencing
of SHH MBs indicated the presence of recurrent
somatic mutations in KMT2D, TP53, DDX3X, and
the genes encoding the BCL6 corepressor, BCOR,
the LIM domain-binding protein, LDB1, and the
GABA(A) receptor alpha 1 subunit, GABRG1.%1120

SHH MBs are frequently present with a nodular
desmoplastic histology, although this histology is
found in <50% of all SHH MBs, while the remaining
SHH MBs exhibit classic histology.?) The large cell
anaplastic (LCA) histology has also been found in
SHH MBs, but it is unclear if this histology is a
prognostic indicator for SHH MB.

Most of the mouse models of MB represent the
SHH MB subgroup (Table 2).°°%”) In these models,
MB arises from the cerebellar granule neuron precur-
sors, suggesting that SHH tumors originate in the
external granule layer cells of the cerebellum.

Similar to the WNT subgroup, the sex ratio in
SHH MB is 1:1. The tumors are found at the brain
midline in infants or in the cerebellar hemispheres
in teenagers and adults. Metastasis at tumor presenta-
tion is not common. Furthermore, SHH MB exhibits
a bimodal age distribution, predominantly affecting
infants and adults, and rarely affecting children. As
mentioned above, the SHH MBs in infants and adults
are clinically and molecularly distinct.?”” Notably,
metastasis at presentation is a prognostic indicator
in adult but not infant SHH MB.?"
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Table 2 Summary of preclinical models of MB
- MB MB
Classification subgroup incidence
Genetically engineered mouse models (GEMMs)
Ptc+/- SHH 14%
Ptc+/- p53—-/- SHH 95%
Ptc+/- Ink4c+/- or —/- SHH 30%
Ptc+/- Kip1+/- or -/- SHH 60-70%
Ptc+/— Hicl-/- SHH ~40%
Math1-Cre/Ptc C/C SHH 100%
Gfap—Cre/Ptc C/C SHH 100%
Sufu+/-/P53-/- SHH 58%
Hemizygous ND2—SmoA SHH 48%
Homozygous ND2—-SmoA SHH 94%
Gfap—Cre/Rb loxp/loxp/Tp53 SHH ~849%
—/— or loxp/loxp °
Lig4—/-/p53-/- SHH 100%
Nestin—Cre/Xrcc4 loxp/loxp/ SHH 879%
p53—/— °
Nestin—Cre/Xrcc2 loxp/loxp/ SHH ~90%
p53-/- °
Nestin—Cre/Lig4 loxp/loxp/
v SHH >90%
Nestin—Cre/Brca2 loxp/loxp o
Ipasa SHH >90%
Parp1-/-/p53—-/- SHH 49%
GTML gﬂfgﬁg 75%
Blbp—Cre/Ctnnb1+/lox(ex3)/
Tp53 flx/flx WNT 15%
Retroviral mouse model
SHH expressing retrovirus SHH 76%
Transplanted transduced cells or RCAS/tv-a system
Neural progenitors with RCAS
(SHH + AKT) SHH 48%
Neural progenitors with RCAS o
(SHH + IGF2) SHH 39%
Neural progenitors with RCAS N
(SHH + MYC) SHH! 23%
Neural progenitors with RCAS
(SHH + MYCN T50A) SHH 78%
p53 null neural progenitors N o
with RCAS (MYC) Group 37 50%
Neural progenitors with RCAS o
(MYC + Bcl2) Group 31 18%
p53 null cerebellar progenitor » o
cells transduced with MYC Group 3 100%
Cerebellar stem cells expressing N
MYC and mutant p53 Group 31 33%
Continued
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Table2 Summary of preclinical models of MB—Continued

MB MB
subgroup incidence

Classification

Patient-derived xenograft models (PDXs)

Icb-1192 WNT N/A
Icb-1140 WNT N/A
Icb-1338 SHH N/A
Ic-984 SHH N/A
HD-MBO03 Group 3 N/A
MB3W1 Group 3 100%
Icb-1572 Group 3 N/A
Icb-1494 Group 3 N/A
Icb-1595 Group 3 N/A
Icb-1197 Group 3 N/A
Icb-1299 Group 4 N/A
Icb-1078 Group 4 N/A
Icb-1487 Group 4 N/A

LCA: large cell anaplastic, N/A: not available.

The prognosis of SHH MB appears to be similar
to that of Group 4 MB, and intermediate between
that of WNT and Group 3 MB,"Y and the 5-year
overall survival of patients with SHH MB is ~75%
when treated with the current standard therapy.'*2?
A recent finding indicates that p53 status is the most
important risk factor for SHH MB. The 5-year overall
survival rate is 41 and 81% for patients with SHH
MBs with and without TP53 mutations, respectively,
suggesting that SHH MBs are heterogeneous tumors.*

Certain SHH MBs can be cured without radiotherapy,
whereas others, associated with MYCN and GLI2
amplifications or TP53 mutations, have a poor prog-
nosis, even when patients are treated with high-dose
craniospinal radiation and adjuvant chemotherapy.?®
The most attractive therapeutic target for these tumors
is the SHH pathway. Small molecule inhibitors of
SMO have recently been synthesized and extensively
studied in patients with SHH MB.*4V The results
of these studies are promising, suggesting that SHH
inhibition represents a new treatment strategy for
SHH tumors and that the SHH subgroup is likely to
be the first to benefit from targeted therapy.

Group 3

Group 3 tumors account for ~25% of all MB
cases and have the poorest prognosis of the MB
subgroups. Group 3 tumors are frequently associated
with genomic instability and MYC amplification, and
present with large-cell/anaplastic histology.”12:%442)
While SHH subgroup tumors express high MYCN

levels, Group 3 tumors express high MYC levels,
and Group 4 tumors express relatively low levels
of both MYC and MYCN.”!® MYC amplification
appears to be restricted to Group 3 tumors, while
the amplification of OTX2, a MB oncogene, occurs
in both Group 3 and 4 tumors.” The MYC and OTX2
amplicons are mutually exclusive, suggesting that
two distinct pathways contribute to the neoplasia
in Group 3 MB.? Group 3 tumors are much more
likely to show a gain of chromosome 1q or a loss of
chromosomes 5q or 10q. Furthermore, translocations
between MYC and PVT, a long non-coding RNA,
are frequently found in Group 3 tumors,® suggesting
that MYC has complex functions in tumorigenesis.
Group 3 MB has also been associated with recur-
rent mutations in the genes encoding the chromatin
remodeling proteins, SMARCA4, KMT2D, and
CHD?7 and a variety of mutations in the KDM gene
family.®1**¥ Natriuretic peptide receptor 3 (NRP3)
is detected immunohistochemically in these tumors
and is a candidate Group 3 MB marker.”

Approximately, 50% of Group 3 patients with MB
present with metastasis.*® The 5-year overall survival
rates are 45 and 58% for infants and children with
Group 3 MB, respectively.'?*¥ Group 3 MB is more
common in males than in females, and is observed in
infants and children, rarely in teenagers, and never in
adults.?? Indeed, while pediatric MBs consist of four
distinct subgroups, adult MBs consist of only three.”%

The high rate of metastasis associated with Group
3 MBs and their poor prognosis suggest that more
effective therapies are needed for patients with these
tumors. However, existing protocols for the treatment
of patients with high-risk MB are already associated
with considerable morbidity. Thus, further research
is required to clarify the underlying mechanisms
associated with Group 3 MB and develop novel
therapeutic strategies. Group 3 tumors are associated
with TGF-beta signaling,® suggesting that strate-
gies targeting TGF-beta signaling pathways might
provide safer and more effective treatment options
for Group 3 MB.

Group 4

Group 4 tumors account for ~35% of all MBs,
and are the most frequent subgroup. These tumors
exhibit an intermediate prognosis, similar to that of
the SHH subgroup. However, the underlying biology
of Group 4 tumors is less understood than that of
the other subgroups.

Genetic alterations that are frequently found in
Group 4 tumors overlap with those associated with
Group 3 MB, including mutations in the KDM gene
family, OTX2 amplicons, DDX31 deletions, CHD7
mutations, GFI1/GFI1B amplification, and KMT2D
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and KMT2C mutations. However, in contrast to
Group 3 MB, MYCN rather than MYC amplification
is observed in Group 4 MB.8-11.34)

Group 4 tumors are typically characterized by the
amplification of MYCN and isochromosome 17q.7?)
Although isochromosome 17q is also present in
Group 3 tumors, it is more common in Group 4
tumors.”® Similarly, the isolated 17p deletion is
seen in both Group 3 and 4, but is almost never
found in WNT or SHH tumors.!” Previous publica-
tions indicate that Group 4 tumors exhibit neuronal
gene expression signatures*® that include mutations
in the genes encoding KDM6A, MLL3, and the zinc
finger MYM-type protein, ZMYM3. Notably, muta-
tions in KDM6A are the most common mutations in
Group 4 MB.29 Another recurrent genetic alteration
in Group 4 tumors is a tandem duplication of the
gene encoding synuclein alpha interacting protein
(SNCAIP),» which is also duplicated in Parkinson’s
disease. Finally, X chromosome loss is also associ-
ated with Group 4 tumors, and is seen in ~80% of
the tumors in females.

Group 4 MB is found in all age groups, although
rarely in infants, and the sex ratio is 3:1 (male:female).?V
Metastasis at presentation is reported in ~35-40%
of the cases.!?®¥ Patients with standard-risk Group 4
MB have a 5-year overall survival rate that exceeds
80%, while patients with high-risk Group 4 MB
have a 5-year overall survival of ~60%.%%

Group 4 tumors usually exhibit classic histology,
although in some cases they exhibit LCA histology.
Only a minority of Group 4 cases present with
metastasis. The potassium channel KCNA1 is detected
immunohistochemically in these tumors, and is a
candidate Group 4 MB marker.”

Similar to other subgroups, Group 4 MB may
have distinct subtypes. Group 4 MBs that express
follistatin-like 5 (FSTL5) have a poor prognosis,
whereas Group 4 MBs that do not express FSTL5
have a better prognosis.?!4®)

Since the current standard therapy can cure a
high proportion of patients with average risk Group
4, MB therapy de-escalation may be possible for
these patients.?” However, for patients with high-
risk disease, the prognosis is still poor, suggesting
that more effective therapies are needed. Further
research on Group 4 MBs is required to identify
Group 4-specific molecular targets.

The identification and characterization of the four
MB subgroups have revolutionized MB research
and clinical activities. A meta-analysis of 550 MBs
from seven independent studies concluded that the
subgrouping of MB is the most important prognostic
factor independent of the current risk stratifications.'2%%
These studies suggest that molecular subgroups will
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be a mainstay in the risk stratification of patients
with MB that will complement the clinical and
histological stratification protocols.

MB Recurrence and Metastasis

Recent studies examining the MB subgroup compo-
sition of primary and matched recurrent tumors
or matched metastatic compartments found that
the subgroups remain the same across the various
compartments.?’*® Interestingly, however, the MB
recurrence patterns are different in the various
subgroups. In those cases of tumor recurrence,
SHH MBs primarily exhibit local recurrence,
whereas Group 3 and 4 MBs exhibit metastatic
recurrence.® These findings have important rami-
fications for treatment; increased local treatment
should be considered for patients with SHH MB,
while treatments focused on controlling metastasis
should be considered for patients with Group 3 or
4 MB. These findings also indicate that subgroup-
specific strategies may be required for the treat-
ment of recurrent MB. Further research is needed
to identify the molecular mechanisms involved
in local tumor recurrence and metastasis in the
various MB subgroups.

Clinical Importance of MB Subgroups

The identification and characterization of MB
subgroups over the past few years has dramati-
cally changed our perspective of MB. It is now
clear that MB, which was previously considered to
be a single disease entity, consists of at least four
distinct molecular subgroups, and these subgroups
are clinically relevant. As shown in this review,
the four subgroups have unique demographic,
transcriptional, genetic, and clinical features, and
the prognosis of patients with MB is highly associ-
ated with their subgroup classification. Thus, the
molecular subgrouping of MB is expected to add
significantly to outcome predictions, more than
any of the established clinical prognostic markers,
such as, age, metastatic stage at diagnosis, extent
of resection, and World Health Organization (WHO)
classification. In addition to impacting patients
with MB stratification and treatment strategies,
the molecular subgrouping of MB will contribute
to the identification of subgroup-specific targeted
therapies. As discussed earlier, SMO inhibitors have
recently been developed and tested on patients with
SHH MB, with promising results. Subgroup-specific
therapeutics has the potential to be more effective
and to have significantly improved safety profiles
compared to current standard therapies.



692 N. Kijima et al.

New Risk Stratification Systems for MB

The current risk stratification for MB is based on
the patient age, metastatic stage, and extent of resec-
tion. Because it is now recognized that MB consists
of at least four molecular subgroups with different
demographics, transcriptomes, genetics, and clinical
outcomes, recent studies have proposed new risk
stratification systems for MB based on clinical, histo-
logical, and molecular variables.?*4°5% These studies
suggest that determining the clinical stage (residual
tumor, metastasis, and age), histopathological subtype,
and molecular subgroup are critical prerequisites for
patient-risk stratification and risk-adapted therapeutic
strategies. The new proposed risk stratification systems
for MB are summarized in Fig. 1.

Cells of Origin of MB

Recent studies have sought to identify the cells of
origin for each subgroup of MB (Table 1). WNT MB is
reported to develop from progenitor cells of the lower
rhombic lip,? and SHH MB from cerebellar granule
neuron precursors.’*” Group 3 MB is proposed to
originate from neural stem cells. The cells of origin
of Group 4 MB have long been unknown, but a very
recent study suggests that they are progenitors of the
upper rhombic lip (uRL).°Y The characteristic MRI
findings of patients with MB from each subgroup were
also recently reported.®**® Most of the Group 3 and
Group 4 tumors grow in the vermis and infiltrate the
fourth ventricle. WNT MB contacts the brain stem
and expands into the fourth ventricle. Conversely,
SHH MB grows predominantly in the rostral cerebellar
hemisphere. These locations may be related to the
cells of origin of each MB subgroup®®® These MRI
findings are summarized in Fig. 2.

Preclinical Models of MB

Genetically engineered mouse models and patient-
derived xenograft models are the most common
preclinical models used in cancer biology studies.
These preclinical models are indispensable tools for
the basic biology and translational research of MB.
However, many of the previously reported genetically
engineered mouse models of MB represent the
SHH subgroup (Table 2).5¥ Now that MB is known
to consist of four distinct subgroups, preclinical
models representing each subgroup are essential
for future MB research. Recently, mouse models of
MB subgroups other than SHH were established by
transplanting p53-null cerebellar progenitor cells
transduced with MYC® or cerebellar stem cells
expressing MYC and mutant p53°® into mouse

A MO,non-LCA |—{ Low risk |
[ wat
M+LCA |——— Standard risk |

1) Genetic counseling
2) reduced treatment

infant
1) Genetic counseling
2) Omit radiotherapy

SHH

medulloblastoma

older
MO: standard risk
M+: high risk

MO, Non-LCA,
Non-MYC/MYCN

M+, LCA,
MYC/MYCN

MO, Non-LCA,
Non-MYC/MYCN

B Low risk
WNT MB
GLI2 amplified High risk
SHH MB
Standard
risk
medulloblastoma
SHH MB
R : High risk
MYC lified 17q, or M+
amplified or iso 17q, or }— Group3 MB
Standard risk
Group3 MB
High risk
Group4 MB
. Low risk
Chr11 loss or Chrl7 gain
C Low risk
‘WNT only
MO, GTR/NTR, Classic histology and monosomy6
No MYC/MYCN amplification
Average risk
WNT and SHH ‘WNT and SHH
subgroup MO and GTR/NTR
No MYC/MYCN amplification
High risk
WNT and SHH
M+ and/or No MYC/MYCN amplification
medulloblastoma

Average risk
MO and GTR/NTR
No LCA histology
No MYC/MYCN gain or amplification

Intermediate risk
MO and GTR/NTR
and either LCA histology or MYC/MYCN gain

Non-WNT/ Non SHH
subgroup

High risk
M+ and/or no GTR/NTR and/or
MYC/MYCN amplification

Fig. 1 Newly proposed risk stratification systems for
MB patients. (A) Risk stratification proposed by Pietsch
et al.* (B) Risk stratification proposed by Shih et al.?”
(C) Risk stratification proposed by Gottardo et al.*® LCA:
large cell anaplastic, M: metastatic status, GTR: gross
total resection, NTR: near total resection.

brain. These models appear to represent Group
3 MB. In addition, many efforts are underway to
establish patient-derived xenograft models of MB
representing all four subgroups of MB;*-* however,
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Fig. 2 MB localization of the various MB subgroups.

many of the MB tumor cells that can be passaged
in vitro or in vivo are Group 3 MB, and only a
few xenograft models are of Group 4 MB. Because
most of the genetically engineered mouse models
of MB are of the SHH subgroup, these xenograft
models representing other subgroups are essential
for MB research.

Another preclinical model of MB is a retroviral
mouse model generated by injecting an SHH-expressing
retrovirus into the embryonic mouse cerebellum.®” The
RCAS/tv-a system similarly generates mouse models
by orthotopic cell transplantation into a transgenic
mouse. In this system, RCAS, replication-competent
avian leucosis virus splice-acceptor subgroup-A
(ALV-A) vectors carrying transgenes are transferred

Neurol Med Chir (Tokyo) 56, November, 2016

into cells, and the virus-producing cells are then
injected into the brain of a transgenic mouse. The
RCAS/tv-a system has been used to simultaneously
transfer multiple transgenes, including MYCN,
MYC, IGF2, Akt, Gli1, Bcl2 into nestin-expressing
cell populations in the cerebellum of newborn
mice, to induce MB in the neural progenitors.5-54
These mouse models generated using the RCAS/tv-a
system represent SHH and probably Group 3 MB.
The previously reported preclinical models of MB
are summarized in Table 2.

Future Prospects

Future studies are needed to clarify the underlying
biology of each subgroup and to contribute to the
development of new MB treatment strategies and
new molecular therapeutic targets for Group 3 and
Group 4 MBs. Recent studies indicate that the four
MB subgroups are most likely comprised of multiple
distinct subtypes. More detailed genomic analyses,
including whole transcriptome sequencing and epig-
enomic analysis may be useful for clarifying all of
the MB subtypes. The results of these studies will
further improve patient stratification and treatment
strategies, and lead to the development of safer and
more effective treatments for MB.
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