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1 | INTRODUCTION

Brain tumors are the leading cause of death among all childhood
cancers.? Medulloblastoma is the most common malignant pediatric
brain tumor with a poor prognosis and is molecularly divided into
four consensus subgroups: Wingless/INT1 (WNT), Sonic Hedgehog
(SHH), group 3, and group 4.2 Despite aggressive treatments, the
clinical course is often disastrous where the 5-year survival rate is
approximately 60%-80%.%7 In addition, survivors suffer from com-
plications and adverse events due to intensive and long-term treat-
ments.® Thus, the development of novel therapies is highly needed
to improve treatment outcomes.

With the development of next-generation sequencing (NGS),
international collaborative efforts for sequencing the genomes of
medulloblastomas have discovered novel driver alterations. SHH
medulloblastoma had been thought to be well characterized be-
cause SHH medulloblastomas usually harbor genetic alterations
in the canonical SHH signaling pathway. However, novel recurrent

mutations including mutations in U1 small nuclear RNA (snRNA)

| Yuriko Sugihara | Atsuhito Uneda | Takuma Nakashima |

Medulloblastoma is the most common pediatric malignant brain tumor composed of
four molecular subgroups. Recent intensive genomics has greatly contributed to our
understanding of medulloblastoma pathogenesis. Sequencing studies identified novel
mutations involved in the cyclic AMP-dependent pathway or RNA processing in the
Sonic Hedgehog (SHH) subgroup, and core-binding factor subunit alpha (CBFA) com-
plex in the group 4 subgroup. Likewise, single-cell sequencing provided detailed in-
sights into the cell of origin associated with brain development. In this review, we will

summarize recent findings by sequencing analyses for medulloblastoma.

CBFA complex, medulloblastoma, rhombic lip, RNA processing, SHH signaling pathway

and ELP1 were unexpectedly detected in SHH medulloblasto-
mas.®” Interestingly, both U1 snRNA and ELP1 work on RNA pro-
cessing, providing a new aspect of SHH medulloblastoma where
disruption in RNA processing is one of the contributing mecha-
nisms underlying SHH medulloblastoma pathogenesis. Although
the pathogenesis of group 3 and group 4 medulloblastoma (here-
after group 3/4) remained less clear, the discovery of the con-
vergence of somatic alterations on the core-binding factor alpha
(CBFA) complex in the group 4 subgroup has suggested that failure
of cell differentiation in rhombic lip (RL) underlies medulloblas-
toma formation.®?

The identification of cells of origin for human cancers is of great
interest because the detection would contribute to the discovery
of developmental vulnerability leading to novel targeted therapies.
Recently, large-scale single-cell RNA sequencing has emerged, en-
abling us to evaluate genome-wide gene profiling at the individ-
ual cell level which was not detectable with the transcriptomics
of conventional bulk tumor tissue. This novel technique allows

us to identify cell populations in the developing cerebellum that
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each subgroup most closely resembles, providing evidence for
the cell of origin.®'%! Here, we review recent sequencing studies
for medulloblastomas and provide our current understanding of

medulloblastomas.

2 | MOLECULAR CLASSIFICATION OF
MEDULLOBLASTOMA

Since Cushing and Bailey initially reported medulloblastoma in
1925,'2 medulloblastoma was diagnosed based on only pathological
features and was once considered a singular disease. In recent years,
genome-wide sequencing approaches have enabled the precise clas-
sification of medulloblastoma that is molecularly defined into four
principal subgroups with distinct demographics, genetic aberrations,
and clinical courses (Figure 1A).2 WNT medulloblastoma accounts
for 9%-10% of cases, carries a favorable prognosis, and is character-
ized by activation of the WNT signaling pathway. SHH medulloblas-
toma represents 28%-30% of cases with bimodal age distribution
and demonstrates consecutive activation of the SHH signaling
pathway. Group 3/4 medulloblastoma accounts for the remaining
19%-25% and 35%-43% of cases, respectively. Recently, abundant
multi-omics data produce accumulating evidence for a subsequent
level of hierarchical structure defined as medulloblastoma subtype,

which is biologically and clinically homogeneous compared with

other subtypes within the same subgroup.'®-*° Cavalli et al.’® classi-
fied four subgroups further into 12 subtypes based on DNA methyl-
ation and gene expression profiles. Northcott et al.** classified group
3/4 medulloblastoma into eight subtypes based on DNA methylation
profiling. Although the subtype classification of medulloblastoma is
still in the provisional stage, it is widely accepted that each subtype
is a distinct entity supported by a subtype-specific manner of recur-

rent genetic events.

3 | WINGLESS/INT1 MEDULLOBLASTOMA
While nearly 90% of WNT cases harbored somatic CTNNB1 muta-
tions, the remaining cases harbored germline APC mutations.** The
subtype classification of the WNT subgroup is still controversial:
Cavalli classified WNT into two subtypes (WNTa and WNTp), while
the 5th edition of WHO classification does not adopt subtypes for
WNT medulloblastoma.’®® The most common genetic mutation in
the WNT subgroup except for CTNNB1 is DDX3X, which is an RNA-
binding protein of the DEAD-box family. DDX3X acts as a tumor sup-
pressor in medulloblastoma that regulates hindbrain development.17
Although WNT medulloblastoma was considered a cerebellar tumor,
a study using single-cell sequencing revealed that WNT medullo-
blastoma is likely to arise from mossy fiber neurons of the embryonic

dorsal brainstem.!
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4 | SONIC HEDGEHOG
MEDULLOBLASTOMA

Sonic Hedgehog medulloblastoma is classified into four subtypes:
SHHa (children and adolescents; corresponds to SHH-3 in the 5th
edition of the WHO classification), SHHB (infant, SHH-1), SHHy (in-
fant, SHH-2), and SHH5 (adult, SHH-4) (Figure 1B).%® In addition to
clinical and transcriptional differences, each SHH subtype has dis-
tinct patterns of gene mutations, where SHHa and & have a higher
mutation burden than SHHB and y.*® Some of the driver mutations
are restricted to a certain subtype. For example, while mutations in
TP53 and ELP1 are generally restricted to the SHHa subtype, TERT
promoter mutation is exclusive to the SHHS subtype.®”'3¥ The
SHHa subtype with TP53 mutation usually harbors U1 snRNA mu-
tation,6 whereas ELP1 mutation is enriched in the remaining SHH«

cases without TP53 mutation.”

4.1 | Mutations in the SHH signaling pathway

Sonic Hedgehog medulloblastoma exhibits activation of the SHH
signaling pathway. SHH is one of the secreted proteins belong-
ing to the hedgehog family that is well conserved during evolu-
tion and plays a key role as cell differentiation induction signals
in the development process of the central nervous system.!? The
most frequently altered genes within the SHH signaling pathway
are PTCH1 (44%-45%), SMO (11%-14%), SUFU (8%-11%), and GLI2
(8%-11%), leading to the consecutive activation of GLI2, which is
the downstream target of the SHH signal (Figure 2).141820 | the
canonical SHH signaling pathway, the glycoprotein SHH binds and
inactivates the receptor Patched 1 (PTCH1), which inhibits the G
protein-coupled transmembrane protein Smoothened (SMO). The
inhibition of PTCH1 allows SMO to initiate an intracellular signaling
cascade that leads to the translocation of GLI2 into the nucleus,
resulting in the transcriptional activation of target genes.?'?2
Suppressor of fused (SUFU) is a negative intracellular regulator,
which represses GLI activity by controlling the production, trans-
port, and function of GLI proteins.zs'24 Thus, PTCH1 and SUFU
mutations are detected as loss-of-function mutations. Contrarily,
SMO and GLI2 alterations are identified as gain-of-function muta-
tion or focal amplification, respectively. The mutation prevalence
for genes in the canonical SHH signaling is different among age
groups. PTCH1 mutations are detected at almost equal frequency
in all generations and SHH subtypes. SMO mutations are highly en-
riched in adults (SHHS), whereas SUFU mutations are almost exclu-
sive in infants (SHHp and SHHy).2*2° SMO and SUFU mutations are
extremely rare in children and adolescents (SHHa). Involvement of
altered genes in the SHH signaling pathway in the development
of medulloblastoma has been scientifically demonstrated in mouse
models where mice with heterozygous deletion of Ptch1 or active
form of Smo develop medulloblastoma, demonstrating that muta-
tions in the SHH signaling pathway are responsible for medullo-

blastoma tumorigenesis.?>2¢

4.2 | Mutations in the cAMP-dependent pathway

Recently, a mutational analysis with a large cohort with SHH medul-
loblastoma discovered recurrent mutations in GNAS and PRKAR1A,
which are involved in the cAMP-dependent pathway (Figure 2).18
Mutations in GNAS and PRKAR1A were found in 4.4% and 2.0% of
SHH medulloblastomas, respectively; they converge on GLI2 activity,
which is the key mediator of the SHH signaling pathway for medullo-
blastoma pathogenesis. GNAS encodes the heterotrimeric Gs protein o
subunit (Gas) and controls cell growth, survival, and motility.?” GNAS
is known to be mutated in a wide variety of tumors including growth
hormone-producing pituitary tumors, corticotropin-independent
Cushing syndrome, and thyroid adenomas.?®-3! While GNAS muta-
tions in the tumors of the endocrine glands are activating hotspot
mutations clustering around R201 and Q227, GNAS mutations in SHH
medulloblastoma are inactivating mutations clustering in the GTP/
GDP binding site of Gas, leading to inhibition of GTP binding and in-
crease of GDP release.?? Inhibition of GTPase activity in Gas reduces
cAMP concentration, resulting in the inactivation of protein kinase A
(PKA), which is a negative regulator of the SHH signaling pathway.>%%
Gnas knockout mice developed SHH medulloblastoma with 100% pen-
etrance, supporting the role of GNAS as a driver in SHH medulloblas-
toma tumorigenesis.35 PRKAR1A encodes the regulatory subunit type
|-alpha of PKA. Mutations in PRKAR1A are located within the binding
pocket of the cAMP-binding domain and reduce cAMP sensitivity, re-
sulting in impairment of the activation of PKA.% Mutations in GNAS
and PRKAR1A are found in a mutually exclusive manner. Furthermore,
patients with alterations in GNAS or PRKAR1A barely harbor any al-
terations in the canonical SHH signaling pathway such as PTCH1,
SUFU, SMO, and GLI2, further suggesting their imperative role in SHH
medulloblastoma tumorigenesis.'® Taken together, inactivation of the
cAMP-dependent pathway in SHH medulloblastoma is the alternative

mechanism impairing the control of the SHH signaling pathway.

4.3 | Mutation in RNA-processing machinery

Inrecent years, successful efforts using massive parallel sequencing
technology have identified highly recurrent mutations in U1 snRNA
and ELP1 genes, both of which are involved in RNA processing.‘”’37
U1 snRNA has diverse functions including splice-site recognition.
ELP1 encodes the largest subunit of the elongator complex which
is required for tRNA modifications. In addition to U1 snRNA and
ELP1, genes related to the RNA-processing machinery including
U11 snRNA and XPO1 are recurrently affected in SHH medullo-
blastoma, suggesting that aberrant RNA processing is one of the

key components of SHH medulloblastoma pathogenesis.®1*18

4.3.1 | U1landU11 snRNA mutations

U1l snRNA is an essential component of the spliceosome and
works on gene splicing. U1 snRNA mutation is the most common
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single-nucleotide variant in medulloblastoma and is restricted to the 4.3.2 | ELP1 mutations

SHH subgroup.""37 The mutation is a hotspot mutation with A to G
substitution at the third nucleotide (g.3A> G), which forms part of
the 5’ splice-site recognition sequence (Figure 3A).%8 The U1 snRNA
mutations are identified in 97% of adults (SHHS) and 25% of adoles-
cents (SHHa) but are rarely found in SHH medulloblastoma in infants
(SHHB and 7). In SHHa cases, U1 snRNA mutation is generally ac-
companied by TP53 mutation, while mutations in PTCH1, SMO, and
SUFU are usually absent.®**2% As U1 snRNA binds to 5' splice site
by base-paring, mutant U1 snRNA recognizes noncanonical 5" splice
sites, resulting in excess of 5’ cryptic splicing (Figure 3A). The cryptic
splicing in U1 mutant SHH medulloblastoma is detected in more than
1000 genes including several oncogenes (GLI2, CCND2) and tumor
suppressor genes (PTCH1, PAX5), supporting that cryptic alterna-
tive splicing induced by U1 snRNA mutation functions as a driver
in SHH medulloblastoma. Recent studies identified additional novel
functions of U1 snRNA other than splice-site recognition. It has been
shown that U1 snRNA suppresses premature cleavage and polyade-
nylation by base pairing to pre—mRNA.39 Furthermore, it is reported
that U1 snRNA determines the localization of RNAs to chromatin.*
As little is yet known about how those functions are aberrant in Ul
mutant SHH medulloblastoma, proof of the comprehensive roles in
RNA processing of mutant U1 snRNA awaits further investigation.
U11 snRNA is also recurrently mutated in SHH medulloblastoma
generally along with U1 snRNA mutation, albeit rare (3.7% in SHH
medulloblastoma).® U11 snRNA is a functional analog of U1 snRNA,
where the secondary structure of U11 snRNA mimics that of Ul
snRNA.*! While U1 snRNA recognizes major (U2-type) introns, U11
snRNA recognizes minor (U12-type) introns which consist of 0.36%
of all the splice sites in the human genome.*? As with U1 snRNA mu-
tation, U11 snRNA mutation is a hotspot mutation (g.5A> G) within
the 5' splice-site recognition sequence, indicating that the U11
snRNA mutation causes mis-splicing in U12-type introns (Figure 3A).

Mutations in ELP1 (formerly known as IKBKAP) were found in 14%
of pediatric SHH medulloblastomas as the most common germline
mutation.” The ELP1 mutations are detected as a loss-of-function
mutations predominantly in the U1 wildtype SHHa subtype and
are usually accompanied by somatic PTCH1 mutations. ELP1 muta-
tion is mutually exclusive with mutations in TP53. Thus, cases with
ELP1 mutation have a relatively good prognosis. ELP1 is a subunit of
the elongator complex, which is essential for tRNA modification to
uridine at the wobble position (U34), which is the first anticodon of
tRNA and recognizes the third nucleotide in a codon.*¥** Therefore,
loss-of-function of ELP1 impairs elongator-dependent tRNA modi-
fication at the wobble position. The chemical modification of uri-
dines at the wobble position is critical for proper mRNA decoding,
and its absence influences codon translation rates.***> Therefore,
mutant ELP1 tumors have a significant codon usage bias, where AA-
ending codons are inefficiently recognized but AG-ending codons
are efficiently recognized (Figure 3B).”*¢ The shift in codon usage
gives rise to the significant upregulation of gene sets associated with
RNA splicing, amino acid activation, and activation of the endoplas-
mic reticulum stress pathway in SHH medulloblastoma with ELP1

mutation.”*¢%

4.3.3 | XPO1 mutations

Mutations in XPO1 are observed in 8.5% of U1 mutant SHH medul-
loblastomas.® XPO1 mutations are frequently detected in primary
mediastinal diffuse large B cell lymphoma and classical Hodgkin's
lymphoma as a hotspot mutation (p.E571K).48'49 As opposed to these
hematological cancers, the majority of XPO1 mutations in SHH me-
dulloblastoma are truncated mutations (Figure 3C). XPO1 is a nuclear
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export protein that carries proteins and RNAs, including snRNAs, from
the nucleus to the cytoplasm, suggesting that RNA exportation and
maturation are disrupted in XPO1 mutant SHH medulloblastoma.>®
Accumulating evidence demonstrates that post-transcriptional aber-

ration is another key component in SHH medulloblastoma.

4.4 | Cell of origin of SHH medulloblastoma

Sonic Hedgehog medulloblastoma resembles the granule cell pre-
cursor (GCP) lineage transcriptionally, which is consistent with pre-
vious publications demonstrating SHH medulloblastomas arise from
the GCPs at the external granular layer (Figure 4).°%2 Single-cell
RNA-seq also detected additional heterogeneity within SHH medul-
loblastoma, which consists of various different stages of GCP devel-
opment, supporting a model in which SHH medulloblastoma evolves
in a manner consistent with the GCP hierarchy.!® Conditional

/e which selectively

Patched knockout mice using Mathl-cre/Ptc
generate a two-hit inactivation of Ptc in GCPs develop medulloblas-
toma suggesting that GCPs can serve as the cell of origin for SHH

medulloblastoma.?¢%!

5 | GROUP 3/4 MEDULLOBLASTOMA

Although several recurrent genetic events are reported in group 3/4,
no convergent pathway that defines group 3/4 subgroups have been
detected.’ The subtype classification of group 3/4 by Cavalli and
the 5th edition of the WHO classification have a similar tendency
but are not completely concordant (Figure 1C).*3¢ Recent studies
reported that group 3/4 medulloblastomas arise from progenitor
cells of the ventricular RL (RLY?) or the subventricular RL (RL*"?), sug-
gesting that the stage of progenitor cell differentiation could reflect
subtypes of group 3/4 medulloblastoma (Figure 1C).3? Some of the
genetic events are in a subtype-specific manner in group 3/4 me-
dulloblastomas. MYC amplification is enriched in group 3y, which
has the poorest prognosis.’®> OTX2 amplification and activation of
GFI1 or GFI1B gene expression by enhancer hijacking are common
in group 3[3.9'13 MYCN amplification is frequently identified in group
4018 Group 4, which is considered the purest subtype consisting of
only group 4 medulloblastoma frequently, has tandem duplication of
SNCAIP, which causes activation of PRDM6.%2 The subtype-specific
manner of recurrent genetic events supports the idea that each sub-

type is a distinct entity with its own genetic features.

5.1 | Genetic alterations in the CBFA complex

A recent large-scale sequencing study identified somatic muta-
tion of CBFA2T2 in 3.1% of group 4 medulloblastomas.® CBFA2T2
is a transcriptional corepressor that links transcription factors and
epigenetic modifiers, and interacts with the SET and PR domain of
PRDM proteins including PRDM6.>% In addition, focal chromosome

16424 deletions, where another CBFA family gene, CBFA2T3 is lo-
cated, are enriched in cases without CBFA2T2 or PRDM6 alterations.
In vitro protein interaction assays demonstrated that CBFA2T2
interacts with KDM6A, which is a known drive gene. Alterations
affecting CBFA2T2, CBFA2T3, PRDM6, and KDM6A are almost mu-
tually exclusive, providing support for their role as cancer drivers.®

5.2 | Cell of origin of group 3/4 medulloblastoma

Single-cell analysis of the developing mouse cerebellum proposed
that group 3/4 medulloblastoma arises from an earlier population of
stem cells and unipolar brush cell lineage, respectively.®'° However,
single-cell analyses using the developing human and mouse cer-
ebellum delineate the differences in developmental patterns where
human RL persists longer than mouse RL, raising questions about
previous insights from mouse developing cerebellum.>* Human
RL expands into the RLY? and the RL®"* by a vascular plexus at 11
post-conception weeks. By a transcriptional comparison using the
developing human cerebellum data, Hendrikse et al. revealed that
group 3/4 medulloblastoma cells are most similar to the RL*Y* ex-
cept for a part of the group 3y subtype which displays enrichment
for the earlier RLY2.8 CBFA2T2 and CBFA2T3 are highly expressed in
the RL*Y* but neither RLY* nor unipolar brush cell, suggesting that
the CBFA complex determines cell fate. Another study by Smith
et al using multi-omics data delineated that group 3/4 medulloblas-
toma matches the molecular signatures including the gene expres-

V7 a5 well.? Those two

sion pattern with progenitor cells in the RL
studies by Hendrikse et al and Smith et al propose that stalled differ-
entiation of progenitor cells in RL drives the development of group

3/4 medulloblastomas (Figure 4).

6 | PERSPECTIVE

In spite of recent advances in cancer diagnostics and therapeutics, the
outcome remains unfavorable for patients with medulloblastomas.®-
Because of the fundamental importance of the SHH signaling path-
way in SHH medulloblastoma, targeting the SHH signaling pathway
is considered an attractive strategy. SMO inhibitors targeting the
SHH signaling pathway have been used clinically.?® However, there
remain some limitations including early drug resistance by the acqui-
sition of new mutation, the ineffectiveness for cases with aberra-
tions in downstream of the SHH signaling pathway, such as SUFU and
GLI2, and premature growth plate fusion for young patients.2°’55’57
Therefore, novel targets to develop effective treatments with re-
duced side effects are urgently needed. Great efforts for recent
genetic analyses successfully discovered novel driver alterations
beyond the canonical SHH signaling pathways, opening up avenues
for novel therapeutic approaches. Mutations in GNAS and PRKARIA
are identified within binding pockets which may be targetable by
structure-based drug design. Cryptic RNA processing induced by

mutations in genes associated with RNA processing such as Ul
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FIGURE 4 Cell of origin for each
subgroup of medulloblastoma. The

upper figure shows the sagittal view

of the embryonic cerebellum with the
stages of cell differentiation in the
cerebellum. Black arrows demonstrate
the differentiation process. The lower
figure shows the common location of each

medulloblastoma subgroup in the axial
image of the cerebellum. The location of
the precursors that likely give rise to each
medulloblastoma subgroup is indicated by

the dashed arrows. EGL, external granule m/
lower RL

layer; GCP, granule cell precursor; RL, i
rhombic lip; SVZ, subventricular zone; !
UBC, unipolar brush cell; VZ, ventricular \4
zone WNT

snRNA and ELP1 leads to a unique form of post-transcriptional hy-
permutation which should not happen in normal cells. Those tumor-
specific RNAs or neo-epitopes are good targets by oligonucleotide
or immune therapies. Single-cell approaches enable the detection
of the difference between tumor cells and their normal cells of ori-
gin, which could target transcriptional vulnerability associated with
tumor development.'>® For example, targeting disrupted differen-
tiation caused by CBFA-complex alterations may be a good strategy
considering the success of all-trans retinoic acid for acute promye-
locytic leukemia. Furthermore, screening approaches such as imag-
ing or biomarker in the serum to detect the presence of atypical cell
rests could extract a high-risk population of medulloblastoma, hav-
ing the potential for early intervention.®°8 Recent sequencing stud-
ies have extended our knowledge of medulloblastoma pathogenesis
with novel candidate targets, which may lead to the development
of molecular-targeted therapies for patients with medulloblastoma.
In perspective, ongoing basic research efforts will further raise the
hope for the improvement of patients with medulloblastoma with

the transition of our knowledge into clinical applications.
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