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Medulloblastoma is a heterogeneous embryonal tumor of
the cerebellum comprised of four distinct molecular sub-
groups that differ in their developmental origins, genomic
landscapes, clinical presentation, and survival. Recent
characterization of the human fetal cerebellum at sin-
gle-cell resolution has propelled unprecedented insights
into the cellular origins of medulloblastoma subgroups,
including those underlying previously elusive groups 3
and 4. In this review, the molecular pathogenesis of me-
dulloblastoma is examined through the lens of cerebellar
development. In addition, we discuss how enhanced un-
derstanding of medulloblastoma origins has the potential
to refine disease modeling for the advancement of treat-
ment and outcomes.

Medulloblastoma (MB) is a World Health Organization
(WHO) grade IV, embryonal tumor of the cerebellum pre-
dominantly diagnosed during childhood (Louis et al.
2016). Decades of elegant mouse modeling studies have
demonstrated that MB initiates in the developing hind-
brain when normal differentiation hierarchies are per-
turbed by growth-promoting genetic alterations (Wu
et al. 2011; Northcott et al. 2019; Roussel and Stripay
2020). Disruptions in distinct cellular lineages underly
the intertumoral heterogeneity associated with MB sub-
groups (WNT, SHH, group 3, and group 4), culminating
in distinct diseases with varying ages of onset, metastatic
potential, and survival (Taylor et al. 2012; Northcott et al.
2012a; Northcott et al. 2019; Hovestadt et al. 2020). Re-
cent studies have further divided core subgroups into
unique molecular subtypes, providing a framework for
more precise clinical diagnoses that enhance risk stratifi-
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cation for specific patients (Cavalli et al. 2017; Northcott
et al. 2017; Schwalbe et al. 2017).

Distinct clinical features characterize each MB sub-
group as a sequela to their defining molecular traits (Fig.
1). Constituting ~10%-15% of all cases, WNT-MB occurs
in children >4 years of age and often presents with local-
ized disease at the time of diagnosis. The prognosis for
WNT-MB is highly favorable, with a 5 year survival rate
of >95% in children and 80%-95% when diagnosed in
adulthood (Ellison et al. 2005; Clifford et al. 2006, 2015;
Remke et al. 2011). Histologically, WNT-MB is predomi-
nantly of the classic variant and demonstrates hemorrhag-
ic vasculature due to disruptions in blood-brain barrier
integrity (Phoenix et al. 2016).

SHH-MB comprises ~30% of all MB diagnoses and pre-
sents with a bimodal age distribution (i.e., enriched in in-
fants and adults). Outcomes for SHH-MB vary widely
depending on the age of diagnosis, TP53 mutation status,
methylation subtype, and other prognostic biomarkers
(Gajjar et al. 2021). For example, children harboring TP53
mutations, either germline or somatic, exhibit poor out-
comes and generally fail to respond to therapy (Zhukova
etal. 2013). Conversely, SHH-2 infantile tumors and child-
hood SHH-MBs devoid of high-risk clinical and molecular
features (i.e., TP53 wild type, balanced chromosome 17p,
no GLI2 or MYCN amplification, MO disease, and non-
large cell/anaplastic [LCA] histology) have excellent out-
comes that exceed 90% (Cavalli et al. 2017; Robinson
et al. 2018; Gajjar et al. 2021). SHH-MB includes all his-
tological variants delineated within the disease. Notably,
desmoplastic/nodular (DN} and MB with extensive nodu-
larity (MBEN) variants are restricted to the SHH sub-
group, with high enrichment of MBEN seen in infants. In
contrast, TP53 mutant SHH-MBs are typically of the
LCA variant and carry a poor prognosis (Orr 2020).

Group 3-MB and group 4-MB, sometimes referred to as
non-WNT/non-SHH-MB, exist along a clinical and biolog-
ical continuum and contribute to ~25% and ~35%-40%
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of cases, respectively. Group 3-MB more commonly pre-
sents in early childhood, whereas group 4-MB is typically
diagnosed in adolescence. Largely regarded as the most ag-
gressive MB subgroup, group 3-MB has a heterogeneous
survival rate (i.e., 45%—-85%) and is frequently accompa-
nied by metastatic disease. Although a subset of group
4-MB is also metastatic at diagnosis, 5 year survival rates
are considered intermediate at ~75%. The average sur-
vival estimates for group 3/4-MB can be further sub-
divided by methylation subtype, where subtype 3 is
associated with the worst outcome (5 year survival rate
of ~33%), and subtype 7 is associated with the best out-
come (5 year survival rate of ~90%) (Northcott et al.
2017, 2019; Sharma et al. 2019; Orr 2020; Gajjar et al.
2021). Histologically, most group 3/4-MBs are of the clas-
sic variant. However, up to 30% of group 3-MBs exhibit
LCA histology, representing a very clinically aggressive
subset of patients (Kool et al. 2012).

Cellular origins of MB are mechanistically linked to the
recurrent genetic events suspected to drive each subgroup.
Understanding the origins of MB subgroups is critical to
characterizing dysregulated developmental pathways,
generating faithful models, and designing effective treat-
ment strategies. This review describes the chronological
milestones and technologies used to reveal the cellular or-
igins of MB subgroups, with later discussion of how
knowledge of MB origins will enhance disease-modeling
studies.

Origins of MB informed by mouse models
Foundational knowledge of MB origins has largely come

from studying mouse tumor models in the context of de-
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velopment (Fig. 2A; Roussel and Hatten 2011; Roussel
and Stripay 2020). The cerebellum derives from rhombo-
mere 1 of the anterior dorsal hindbrain, where neurogene-
sis is initiated in two discrete germinal zones: the PTF1A*
ventricular zone (VZ) and ATOH1" upper rhombic lip (RL)
(Yamada et al. 2014; Leto et al. 2016; Haldipur et al. 2022).
The VZ and upper RL give rise to GABAergic (GABAergic
cerebellar nucleus neurons, Purkinje cells, interneurons,
and astrocytes) and glutamatergic (granule neuron progen-
itors [GNPs|, glutamatergic cerebellar nuclei [GluCN],
and unipolar brush cells [UBCs]) cerebellar lineages, re-
spectively. The lower RL, in contrast, originates from
rhombomeres 2-8 and serves as the germinal zone for
mossy fiber and climbing fiber neurons in the brainstem
nuclei (Landsberg et al. 2005). When growth-promoting
genetic alterations occur in specific contexts, lower and
upper RL progenitors deviate from normal developmental
trajectories, becoming susceptible to MB tumorigenesis.

WNT-MB

WNT-MB is enriched with mutations activating the
namesake WNT signaling pathway. Among them, >85%
of cases harbor mutations in CTNNBI that stabilize the
protein (Eberhart et al. 2000, Thompson et al. 2006;
Northcott et al. 2017). In a seminal study by Gibson
et al. (2010), the gene expression signature of WNT-MB
was effectively mapped to the lower RL and dorsal brain-
stem, rather than the upper RL and cerebellum. To assess
the effect of constitutively activated WNT signaling in
hindbrain progenitors, a genetically engineered mouse
model (GEMM) carrying Blbp-Cre and a Cre-dependent
dominant stable mutant allele of Ctnnb1 was generated.
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Figure 2. Mouse cerebellar development and inference of WNT-MB and SHH-MB origins from genetically engineered mouse models
(GEMMs). (A) Schematic of E11.5 mouse embryo showing derivation of upper RL (red) and lower RL (blue) from rhombomere 1 (r1) and
rhombomeres 2-8 (r2-r8), respectively. (B) Schematic of GEMM-informed cellular origin of WNT-MB and SHH-MB. Context-dependent
oncogenic alternations hijack normal differentiation trajectories during development, restricting cells in their progenitor states with sub-
sequent induction of MB formation. (Top) Embryonic mouse cerebellum (red). (Bottom) Dorsal brainstem (blue). (Black arrows) Normal
differentiation trajectories of GNPs to GNs, and lower RL progenitors to mossy fiber neurons. (Red arrows) Malignant transformation
of GNPs and lower RL progenitors upon their respective oncogenic events.

Although BIbp-Cre efficiently induced recombination in
multiple hindbrain progenitors including VZ progenitors,
GNPs, and OLIG3" progenitors in the lower RL at E14.5,
proliferation of these progenitors was not significantly af-
fected. Instead, these mice developed premalignancy at
E16.5 in the dorsal brainstem that persisted into adult-
hood. When further crossed with Trp53™/™ mice to inac-
tivate Trp53 in a Cre-dependent manner, ~15% of mice
developed tumors that were histologically, anatomically,
and molecularly similar to human WNT-MB (Gibson
et al. 2010). Later, next-generation sequencing identified
several genes somatically mutated in WNT-MB, includ-
ing SMARCA4, DDX3X, CDH1, and PIK3CA (Jones
et al. 2012; Pugh et al. 2012; Robinson et al. 2012). Knock-
down of Cdh1 reduced migration of lower RL progenitors
to an extent similar to that of mutant Ctnnbl, whereas
Ddx3x mutations increased proliferation of those progen-
itors. Moreover, combining Pik3ca®™** mutant with
Blbp-Cre;Ctnnb1*"°¥*%), Trp53*/M% mice led to a WNT-
MB mouse model with 100% penetrance (Robinson
et al. 2012). These findings in mice were supported by di-
agnostic imaging of human tumors, which showed that
WNT-MB is predominantly extraparenchymal and fre-
quently infiltrates the dorsal brainstem (Gibson et al.
2010; Wefers et al. 2014; Patay et al. 2015). Collectively,
these findings from mouse models strongly suggest that
WNT-MB arises from progenitors in the lower RL and dor-
sal brainstem (Fig. 2B).

SHH-MB

SHH-MBs exhibit pathognomonic genetic alterations in
the SHH signaling pathway that promote constitutive mi-
togenic signaling, including PTCH1, SMO, SUFU, and

GLI2 (Kool et al. 2014; Northcott et al. 2017; Garcia-Lopez
et al. 2021). During cerebellar development, proliferating
GNPs migrate out of the upper RL to form the external
granule layer (EGL), where they continue to expand and
increase cerebellar volume in response to Purkinje cell-de-
rived mitogens; namely, SHH. Upon exiting the cell cycle,
postmitotic granule neurons (GNs) comprise the most
abundant cerebellar cell type (~60% of all neurons in
the mouse brain; ~80% of all neurons in the human brain)
and ultimately traverse inward along Bergmann glial
fibers to forge the internal granule layer (Roussel and
Hatten 2011; Leto et al. 2016; Haldipur et al. 2022). Con-
sistent with the pivotal role of SHH signaling in promot-
ing GNP proliferation, SHH-MB is characterized by
aberrant SHH signaling (Taylor et al. 2012; Leto et al.
2016; Northcott et al. 2017), indicative of GNPs as their
probable cell of origin. Two parallel studies published by
Schiiller et al. (2008) and Yang et al. (2008) showed that ac-
tivation of the SHH pathway in multipotent stem cells
through Ptchl deletion induced an expansion of the
stem cell population at E14.5. However, they remained ca-
pable of differentiating into astrocytes, oligodendrocytes,
and neurons. Only after the stem cells committed to the
GN lineage was there a massive expansion of RL and
EGL at E16.5 with eventual SHH-MB development
(Schuller et al. 2008; Yang et al. 2008). These observations
suggest that the acquisition of GNP identity is required
for SHH-MB initiation (Fig. 2B). However, GNPs are com-
prised of heterogeneous populations and cellular states,
which potentially exhibit varying susceptibility to trans-
formation. Postnatal NESTIN™ cells located within the in-
ner EGL contribute to GNP genesis and have been
reported to exhibit increased tumorigenic potential com-
pared with the bulk of ATOH1" GNPs (Li et al. 2013).
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Likewise, rare and transient SOX2" GNPs in the develop-
ing EGL can also serve as the cell of origin for SHH-MB
(Selvadurai et al. 2020). A recent study by Zhang et al.
(2019) identified distinct progenitor populations during
early tumorigenesis in a Ptch1";hGFAP-Cre MB model.
A stem-like OLIG2" progenitor population expressing
SOX2 and NESTIN represented tumor-initiating cells
during both primary tumorigenesis and relapse. Depletion
of mitotic OLIG2" progenitors by expressing a suicide
gene (or Olig2 gene knockout) inhibited tumor growth
(Zhang et al. 2019). Whether these GNP subpopulations
identified from independent studies refer to the same pro-
genitors or represent distinct cell states or identities re-
mains unclear.

Group 3/4-MB

Unlike WNT-MBs and SHH-MBs, groups 3 and 4 are not
immediately associated with specific signaling pathways.
MYC amplification contributes to ~17% of group 3-MB
cases, with the remainder typically exhibiting elevated
MYC expression (Robinson et al. 2012; Northcott et al.
2012b, 2017). In group 4-MB, the most recurrent genetic
event is PRDM6 activation by enhancer hijacking (North-
cott et al. 2017). Genetic alterations targeting chromatin-
modifying complexes (i.e., SWI/SNF, COMPASS, and
PRC2) and developmental transcription factors (i.e.,
OTX2, GFI1/GFI1B, and TBR1) that are presumed to dis-
rupt normal neurodevelopmental programs are recurrent-
ly seen in both subgroups (Bai et al. 2012; Bunt et al. 2012;
Jones et al. 2013; Northcott et al. 2014, 2017, 2019; Boulay
et al. 2017).

From mouse tumor models alone, developmental ori-
gins of group 3/4-MB have remained elusive, as numerous
group 3-MB models have been generated from diverse cell
populations, and accurate group 4-MB models are lacking.
Original studies showed that group 3-like MB tumors can
be generated by orthotopic implantation of CD133*
(Prominin-1*) neural stem cells or GNPs isolated from
P6-P7 cerebellum and retrovirally transduced to overex-
press Myc in combination with Trp53 inactivation, either
through overexpression of dominant-negative p53
(DNp53) or using Trp53-null GNPs (Kawauchi et al.
2012; Pei et al. 2012). By introducing the same gene pertur-
bations using in utero electroporation (IUE) at E13.5,
group 3-like MB models were generated in situ from differ-
ent embryonic cerebellar progenitors (Kawauchi et al.
2017). In these mouse models, the inactivation of Trp53,
a strong tumor suppressor, is required for tumorigenesis.
Although TP53 mutations are exceptionally rare in hu-
man group 3-MB patient tumors at diagnosis (Rama-
swamy et al. 2016; Northcott et al. 2017), some reports
have indicated their emergence at relapse (Hill et al.
2015). Group 3-MBs also exhibit frequent chromosome
17p deletion, most often in the context of isochromosome
17q, which may confer TP53 haploinsufficiency (North-
cott et al. 2012b). Using an oncogene combination ob-
served in patient tumors, multiple studies showed that
group 3-like MB tumors could be generated by overex-
pressing MYC and GFI1/GFI1B in postnatal neural stem
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cells or GNPs (Northcott et al. 2014; Vo et al. 2017; Lee
et al. 2019). By using lentivirus-based approaches to target
a broad range of cerebellar cell types including the slowly
proliferating stem cells or progenitors, Tao et al. (2019)
found that overexpressing MYC alone is sufficient to
transform P5 Sox2* progenitors into group 3-like MB tu-
mors without the need for perturbation of a second driver,
indicating that these cells may be linked to group 3-MB
origins. Besides orthotopic implantation and IUE-based
group 3-MB mouse models, GEMMs have also been gener-
ated by overexpressing MYCN (GTML model) or MYC
(GMYC) in Glt1* cells (Swartling et al. 2010, 2012; Main-
waring et al. 2023), although the specific identity of GIt1*
cells has not been definitively characterized.

A bioinformatics study by Péschl et al. (2014) systemati-
cally compared the gene expression profiles of 20 different
MB mouse models versus 423 human MBs representing
each subgroup. Using multiple bioinformatic methods,
WNT-MB and SHH-MB mouse models matched their
human counterparts. However, group 3-like MB mouse
models generated by Myc overexpression and Trp53 inac-
tivation exhibited transcriptomes that matched to either
group 3-MB or SHH-MB human counterparts depending
on methodology. It is unclear whether inactivation of
Trp53, which frequently occurs in SHH-MB but not in
group 3-MB, shifted the transcriptome toward that of
SHH-MB. In contrast, the GTML model driven by
MYCN overexpression faithfully aligned to human group
3-MB (Poschl et al. 2014).

Due to a lack of faithful mouse tumor models, the puta-
tive cellular origins of group 4-MB remained unknown un-
til the recent emergence of single-cell transcriptome
sequencing technologies and their application to cerebel-
lar development, which we discuss below.

Insights into group 3/4-MB origins from cross-species
transcriptomics

Advances in single-cell transcriptome profiling technolo-
gies have profoundly enhanced our understanding of cere-
bellar development in mice and humans. Cataloging the
expression state of many thousands of single cells and nu-
clei has enabled an unbiased characterization of cerebellar
cell types and states, inferring their differentiation trajecto-
ries and informing the molecular mechanisms governing
lineage-specific differentiation hierarchies (Carter et al.
2018; Hovestadt et al. 2019; Vladoiu et al. 2019; Aldinger
et al. 2021; Kozareva et al. 2021; Sarropoulos et al. 2021;
Sepp et al. 2024; Yang et al. 2024). This information also
grants a direct comparison of MB subgroups versus distinct
cell lineages of the cerebellum to infer tumor cell of origin
by searching for the “best match” between malignant MB
cells and normal cerebellar counterparts.

In parallel studies using independent atlases of mouse
cerebellar development, Hovestadt et al. (2019) and Vla-
doiu et al. (2019) were the first to apply these platforms
to infer MB origins. In the study performed by Hovestadt
etal. (2019), a mouse cerebellar atlas consisting of 13 devel-
opmental stages from E10 to P10 was used as a reference for
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comparison with human MB expression data. This study
found that SHH-MB was highly correlated with GNP pop-
ulations, consistent with knowledge gleaned from GEMMs
(Roussel and Stripay 2020). Interestingly, group 4-MB was
highly similar to UBC and GluCN lineages, both of which
originate from the upper RL. UBCs are glutamatergic inter-
neurons that relay excitatory synapses to GNs and other
UBCs (Mugnaini et al. 2011), whereas GIuCN neurons pro-
ject to different regions of the brain and modulate various
cortical and premotor circuits (Bagnall et al. 2009). These
findings suggested UBC and GluCN lineages as the puta-
tive origins of group 4-MB (Hovestadt et al. 2019), consis-
tent with a previous study that implicated GIuCN or
upper RL progenitors based on overlapping activity of mas-
ter transcription factors (Lin et al. 2016). In contrast, no
high-confidence correlations were detected between any
cerebellar populations and WNT-MB or group 3-MB (Hov-
estadt et al. 2019). Because WNT-MB is suspected to arise
from lower RL progenitors, which were lacking in this
purely cerebellar atlas, this negative result was not unex-
pected (Gibson et al. 2010). However, the lack of a confi-
dent cerebellar match for group 3-MB hinted that species-
specific differences between humans and mice may have
prevented the retrieval of a putative cell type match for
this subgroup.

Through deconvolution of bulk MB transcriptomes us-
ing a mouse cerebellar atlas spanning nine developmental
time points from E10 to P14, Vladoiu et al. (2019) showed
that SHH-MB was predominantly comprised of GNPs and
group 4-MB was predominantly comprised of UBCs, con-
sistent with the findings above. The same group also ob-
served varying similarities of group 3-MB to multiple
cerebellar cell types, including neural stem cells, GNP
and UBC lineages, and GABAergic interneurons (Vladoiu
etal. 2019), in accordance with previous IUE-based mouse
modeling studies (Kawauchi et al. 2017). A study per-
formed by Jessa et al. (2019) characterized the developing
pons and forebrain in mouse brains by single-cell tran-
scriptome analysis and predicted the lower RL-derived
mossy fiber neuron lineage as the origin of WNT-MB, cor-
roborating previous insights derived from GEMM:s (Gib-
son et al. 2010). Lower RL-derived mossy fiber neuron
progenitors express high levels of Wnt1 (Landsberg et al.
2005), providing an explanation as to why this lineage
might be susceptible to constitutively active WNT signal-
ing. A similar study in the context of human development
has yet to be performed, as published human hindbrain
reference atlases exclude brainstem populations.

Collectively, these studies reinforced suspected cellular
origins of WNT-MB and SHH-MB while revealing UBC
and GluCN lineages as the putative origin for group
4-MB, emphasizing the power of single-cell technologies
and their utility in retracing the developmental history
of malignancy.

Human cerebellar atlases inform group 3/4-MB origins

Although mouse modeling and cross-species genomics
enabled genuine insights into MB origins, recent advances
pertaining to the complexity of human cerebellar develop-

Developmental origins of medulloblastoma subgroups

ment have revealed key nuances that lack conservation in
lower species (Fig. 3). First, the duration of cerebellar de-
velopment is significantly longer in humans compared
with mice; the human cerebellum requires 2-3 years to
fully mature, whereas the mouse cerebellum only necessi-
tates 30-35 days (van Essen et al. 2020; Haldipur et al.
2022). Second, both the human VZ and upper RL subdi-
vide into anatomically distinct VZs and subventricular
zones (SVZs), resulting in structural compartmentaliza-
tion lacking in mouse cerebellar germinal zones. Notably,
the human upper RL is characterized by a vascular bed
that structurally separates SOX2" progenitors of the
RLYZ from ATOH1* GNPs and EOMES* UBC progenitors
of the RLSVZ. Distinct transcriptional signatures also dis-
tinguish the RLY% and RLSV?, with recapitulation of upper
RL lineage trajectories (i.e., GNP/GN and GluCN/UBC)
(Aldinger et al. 2021). This is in stark contrast to the
mouse upper RL, which compartmentalizes into four mo-
lecular territories demarcated by differing expression pat-
terns of Wis, Atoh1, Pax6, Lmx1a, and Eomes (Yeung et al.
2014). Third, the human RL uniquely undergoes protract-
ed spatiotemporal expansion prior to internalization into
the posterior vermis (Haldipur et al. 2019). RL progenitors
exhibit high expression levels of ARHGAP11B, a human-
specific gene known to induce neocortical expansion and
foliation (Zhong et al. 2023). Similarly, Sepp et al. (2024)
observed a significantly larger abundance of Purkinje cells
in the early human fetal cerebellum (Sepp et al. 2024),
which likely contributes to the vast increase in cerebellar
volume via SHH-induced GNP proliferation. This extend-
ed duration of cellular proliferation and tissue expansion
increases susceptibility to genetic events that predispose
to cerebellar disease, thereby warranting further charac-
terization of MB cellular origins in the developing human
cerebellum.

Comparing the MB transcriptome with a human fetal
cerebellar transcriptional atlas consisting of 52,419 single
cells or nuclei helped clarify the origins of distinct MB
subgroups. SHH-MB was confirmed to exhibit significant
similarity to GNPs, consistent with previous cross-spe-
cies transcriptomic studies and mouse modeling. Interest-
ingly, both group 3-MB and group 4-MB aligned to a
common RLSY2-GIluCN/UBC differentiation trajectory,
the latter of which could not be confidently separated
due to the relatively shallow gene detection in the cerebel-
lar reference atlas (Fig. 3; Smith et al. 2022). Using bulk
RNA-seq data sets derived from microdissected human fe-
tal cerebellar subcompartments including the RLYZ%,
RLSY%4, EGL, and Purkinje layer, the RLSV? signature,
but not the RLVZ signature, was enriched in both group
3-MB and group 4-MB (Smith et al. 2022). The RLSV# ex-
pression signature consisted of both photoreceptor and
UBC expression programs that are highly expressed in
group 3-MB and group 4-MB, respectively. Expression of
these signatures placed group 3/4-MB into a transcription-
al continuum. Recurrent genetic targets in group 3-MB
and group 4-MB, such as OTX2 amplification and GFI1/
GFI1B enhancer hijacking, are also highly expressed in
the RLSV%. These molecular characterizations were fur-
ther complemented by MRI mapping of small group
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Figure 3. Novel insights into MB origins through comparative single-cell studies. (A) Developing mouse upper RL at E15.5. Varying ex-
pression patterns of Wis, Atohl, Pax6, Lmx1a, and Eomes molecularly compartmentalize the mouse cerebellar RL into four distinct re-
gions. (iRL) Interior face of the RL, (eRL) exterior face of the RL. (B) Developing human upper RL at 11 postconception weeks (PCW). A
vascular bed structurally compartmentalizes the human cerebellar RL into transcriptionally distinct ventricular and subventricular zones
(RLY% and RLSV%). The RLSVZ contains progenitors to both GluCN/UBC and GN lineages. From single-cell comparative analyses, the cell
of origin for group 3/4-MB is suspected to arise from the GluCN/UBC lineage, with group 3-MB developing from early, less differentiated

RLSYZ progenitors and group 4-MB developing from late, more differentiated R

LSVZ progenitors. By 36 PCW, the human upper RL invo-

lutes into the posterior vermis, specifically at the nodulus. (RL) Rhombic lip, (EGL) external granule layer, (GNP) granule neuron progen-
itor, (GN) granule neuron, (GluCN) glutamatergic cerebellar nuclei, (UBC) unipolar brush cell.

3/4-MBs caught early in their manifestation into the RL-
derived nodulus, which together pinpointed the RLSV%
as the probable origin of both group 3-MB and group 4-
MB (Smith et al. 2022). Results from this study were large-
ly substantiated in a parallel study by Hendrikse et al.
(2022), where highly recurrent yet previously unreported
somatic mutations in CBFA2T2 and CBFA2T3 were de-
scribed in group 3-MB and group 4-MB and linked to their
restricted expression in the RLSVZ during early human cer-
ebellar development. Likewise, deconvolution of bulk MB
RNA-seq profiles confirmed the resemblance of group 3-
MB and group 4-MB to the RLSY2-GluCN/UBC differenti-
ation trajectory (Hendrikse et al. 2022). Using analogous
human-human transcriptomic comparisons, two addi-
tional studies reached similar conclusions, both pinpoint-
ing the RLSV“-GluCN/UBC differentiation trajectory as
the probable developmental origin of groups 3-MB and 4-
MB (Williamson et al. 2022; Okonechnikov et al. 2023).
The studies above converged on similar findings and
drew comparable conclusions using different bioinfor-
matics methods, multiple cerebellar reference atlases,
and diverse tumor data sets. However, some key dis-
crepancies warrant further discussion, particularly those
related to the origins of group 3-MB. For example, Oko-
nechnikov et al. (2023) did not match group 3-MB to any
specific lineage, although some similarities between cer-
tain group 3-MB subtypes and GN/UBC bipotent progen-
itors or early differentiating UBCs were implicated. In the
study by Hendrikse et al. (2022), stem-like cells in the
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RLY% were suggested as the putative origin of group 3-
MB subtype v (i.e., group 3/4-MB subtype 2) using decon-
volution. However, the results supporting this conclusion
were based on a small proportion of cells, with the highest
proportion of group 3-MB cells matching derivatives of the
RLSYZ and early UBCs (Hendrikse et al. 2022). In a recent
follow-up study from the same group, Visvanathan et al.
(2024) proposed Protogenin-positive, MYC-expressing
stem cells in the RLY? as the origin of group 3-MB. These
findings are in contrast to the Smith et al. (2022) study
that aligned group 3-MB and group 4-MB to a shared line-
age trajectory within the RLSV% and found no compelling
evidence aligning group 3-MB to stem or progenitor cells
of the RLVZ. It is important to note that, as a Yamanaka
factor, MYC can drive dedifferentiation and reprogram-
ming (Poli et al. 2018; Sullivan et al. 2022). Thus, it re-
mains plausible that the suggested similarity of some
group 3-MB cells with high MYC expression to stem cells
of the RLV% may be a byproduct of dedifferentiation driven
by aberrant MYC activity, rather than being indicative of
developmental origin. Future studies will be required to
resolve this point of contention.

Mitogenic vs. differentiation defects dictate
developmental susceptibilities

An interesting question in the field pertains to why differ-
ent developmental lineages are uniquely susceptible to
different categories of molecular alterations. Research
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over the past two decades provided a plausible explanation
for this question and informed distinct mitogenic versus
differentiation vulnerabilities as mechanisms underlying
MB subgroup-specific tumorigenesis. For instance, both
WNT-MB and SHH-MB are driven by mutations that pro-
mote constitutive activation of mitogenic signaling path-
ways. In contrast, groups 3-MB and 4-MB are enriched
with genetic alterations targeting chromatin-modifying
complexes and developmental transcription factors that
control cell identity and differentiation of specific cerebel-
lar lineages (Bai et al. 2012; Bunt et al. 2012; Jones et al.
2012, 2013; Boulay et al. 2017; Northcott et al. 2017,
2019; Hovestadt et al. 2020). These findings suggest that
disruption of normal developmental programs and differen-
tiation trajectories underlies group 3/4-MB pathogenesis.
Although this divergent mitogenic versus differentiation
susceptibility hypothesis requires further experimental val-
idation especially for groups 3-MB and 4-MB, resolving the
distinct pathogenic processes underlying different MB sub-
groups will undoubtedly overcome current knowledge gaps
and promote the development of more effective therapies.

MB intratumoral heterogeneity mirrors normal
cerebellar differentiation programs

Because MBis a developmental disease, it has long been hy-
pothesized that these tumors consist of heterogeneous pop-
ulations mimicking normal differentiation trajectories
(Gilbertson and Ellison 2008), with malignant stem/pro-
genitor-like cells driving tumor growth and more differen-
tiated tumor cells comprising the tumor bulk. Such
hierarchies have been identified in both human patient
samples and in various mouse models (Singh et al. 2003,
2004; Read et al. 2009; Ward et al. 2009; Vanner et al.
2014; Tao et al. 2019; Zhang et al. 2019; Selvadurai et al.
2020; Yao et al. 2020; Luo et al. 2021). However, the hetero-
geneous cellular states of human MB were largely unex-
plored until recently, when single-cell transcriptomics
was first applied to limited patient cohorts. In a series con-
sisting of eight patient tumor samples representing SHH,
group 3, or group 4, Vladoiu et al. (2019) identified tumor
cell clusters that mapped to cerebellar cell types along dif-
ferentiation trajectories. By performing single-cell RNA-
seq on 25 surgical samples representing all molecular sub-
groups, a parallel study by Hovestadt et al. (2019) found that
MB exhibits subgroup-specific cellular hierarchies consist-
ing of undifferentiated progenitor-like and differentiated
neuronal-like populations. Correlation analysis of SHH-
MB single cells revealed that undifferentiated progenitor-
like tumor cells were more similar to UBC/GN progenitors
and that more differentiated tumor cells resembled UBC/
GN intermediate and differentiated GNs, consistent with
the GN lineage as the origin for SHH-MB (Hovestadt
etal. 2019). At the bulk sample level, group 3/4-MBs exhib-
it substantial molecular similarities, with ~20% described
as “intermediate” tumors exhibiting overlapping signa-
tures of both subgroups (Kool et al. 2008; Cho et al. 2011;
Northcott et al. 2011, 2017). When analyzed at single-cell
resolution, malignant cells consisted of distinct propor-
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tions of primitive progenitor-like cells and more differenti-
ated cells, with group 3-MB cells being predominantly
progenitor-like and group 4-MB cells being more differenti-
ated. Group 3/4-MB intermediate tumors contained cells
with both undifferentiated and differentiated cellular
states, providing a cellular explanation for their intermedi-
ate classification based on bulk DNA methylation array
(Hovestadt et al. 2019). Similar intratumoral heterogeneity
was detected in independent MB single-cell transcriptome
studies that showed that SHH-MB consists of variable pro-
portions of GNP and GN, and that group 3/4-MB predom-
inantly consists of cells of the UBC lineage (Riemondy
et al. 2022; Okonechnikov et al. 2023).

Besides malignant cells of various progenitor and differ-
entiation states, MB also contains nonmalignant cells in
the tumor microenvironment. By single-cell transcriptom-
ics, Riemondy et al. (2022) identified two main clusters of
immune cells: myeloid cells and lymphocytes. Recluster-
ing of the immune cells revealed diverse subpopulations
of myeloid cells predicted to exert distinct neurodevelop-
mental or immune functions. Some subpopulations dif-
fered in proportion among MB subgroups, which may be
linked to their unique biology. Analysis of lymphocytes re-
vealed the presence of T cells, natural killer (NK) cells, and
B cells in the MB microenvironment, although the rarity of
these cells prevented an in-depth analysis (Riemondy et al.
2022).

MB may exhibit intratumoral heterogeneity not only at
the level of cellular states but also spatially within the tu-
mor microenvironment. Immunohistochemistry (IHC) of
STMN2, a marker of the differentiated SHH-MB cell clus-
ter, revealed that the STMN2 signal was predominantly lo-
calized to the nodules surrounded by Ki67*, progenitor-like
tumor cells (Riemondy et al. 2022). The spatial heterogene-
ity of SHH-MB was comprehensively characterized by two
parallel studies, both of which focused on the MBEN histo-
logical subtype (Ghasemi et al. 2024; Gold et al. 2024). Sin-
gle nuclear transcriptomic analysis of two distinct MBEN
cohorts confirmed that their intratumoral heterogeneity
recapitulates the GN lineage trajectory, with cell clusters
from the beginning of the trajectory resembling early
GNPs, whereas the intermediate clusters and the neuro-
nal-like cluster at the end of the trajectory mapped to mi-
grating GNPs and differentiated GNs, respectively.
Spatial transcriptomic analysis via single-molecule RNA
in situ hybridization or multiplexed IHC suggested that
the early progenitor-like cells and differentiated cells local-
ized into the internodular compartment and nodules,
respectively, with intermediate cells found in both
compartments (Ghasemi et al. 2024; Gold et al. 2024). Col-
lectively, these findings indicate that intratumoral hetero-
geneity in MB mirrors normal cerebellar differentiation
programs, aligning with lineage of origin.

Future opportunities for MB modeling illuminated
through developmental origins

The divergence between human and mouse cerebellar de-
velopment underlies the primary challenge of MB disease
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modeling. Current GEMMs have only partially replicated
the diversity of MB subgroups, likely owing to the lack of
conservation in the developing RL that is fundamental to
MB etiology (Wetmore et al. 2001; Yang et al. 2008; Ayr-
ault et al. 2009; Gibson et al. 2010; Swartling et al. 2010,
2012; Pei et al. 2012; Kawauchi et al. 2017; Vo et al.
2018). Although much has been learned from established
human MB cell lines (Bigner et al. 1990; Milde et al. 2012;
Ivanov et al. 2016a,b) and patient-derived orthotopic
xenografts (PDOXs) (Zhao et al. 2012; Brabetz et al.
2018; Rusert et al. 2020; Smith et al. 2020), these in vitro
and in vivo models do not enable studies focused on
tumor initiation, early progression, or the microenviron-
ment, essential features of tumorigenesis that remain
understudied, particularly in the context of groups 3-MB
and 4-MB. Technological advances in human stem cells
have gained strides in overcoming species-specific limita-
tions, generating models with increasing biological fideli-
ty to accommodate the heterogeneity observed in MB
(Fig. 4).

Cellular reprogramming

Reprogramming of human somatic cells that either readi-
ly carry MB-predisposing germline mutations or have
been genetically edited to mimic such events have provid-
ed a platform for studying malignant transformation. For
example, induced pluripotent stem cells (iPSCs) derived

from patients with Gorlin syndrome that exhibit germline
mutation of the PTCH1 gene (i.e., PTCH1*/~) gave rise to
MB-like tumors when subcutaneously injected into the
flank of immunodeficient mice, as determined by histo-
pathological attributes. Loss of heterozygosity in
PTCH1*~ iPSCs through gene editing (i.e., PTCH /") ex-
acerbated the growth of such MB-like tumors (Ikemoto
et al. 2020; Nagao et al. 2022).

Cellular reprogramming that favors the neuroectoder-
mal lineage presents a refined system for MB modeling.
Long-term self-renewing neuroepithelial-like stem (NES)
cells are derived from embryonic stem cells (ESCs) or
iPSCs through neural induction (Zhang et al. 2001; Ger-
rard et al. 2005) followed by continuous isolation and en-
richment of neural rosettes, resulting in a self-renewing
population that retains stable neurogenic properties
(Koch et al. 2009; Falk et al. 2012). NES cells generated
from Gorlin patients (PTCH1*/~) gave rise to tumors
that histologically and transcriptionally resemble SHH-
MB upon orthotopic implantation (Susanto et al. 2020).
MBs arising from aberrant overexpression of MYCN in
NES cells exhibited transcriptomes comparable with
SHH-MB and more accurately reflected DNA methyla-
tion profiles that were not observed in comparable mouse
models (Diede et al. 2013; Huang et al. 2019). NES cells are
distinguishable from hindbrain neuroepithelial stem
(hbNES) cells, the latter of which are derived and expand-
ed from early human embryos of Carnegie stage 15-17
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Figure 4. Advanced 2D and 3D systems for modeling MB in human cells. (Top panels) Summary of current 2D and 3D approaches for
generating varying types of human pluripotent stem cells and cerebellar organoids as materials for MB modeling. (Bottom panel) Utiliza-
tion of stem cell-based materials to engineer bona fide human MB models compatible with ex vivo and in vivo propagation. (iPSCs) In-
duced pluripotent stem cells, (PBMCs) peripheral blood mononuclear cells.
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(Tailor et al. 2013). Upon MYCN overexpression in either
cellular system, resulting tumors recapitulated transcrip-
tional and epigenetic profiles of SHH-MB; however,
hbNES cell-derived tumors were less aggressive than
NES cell-derived counterparts (Canéer et al. 2019). The in-
vestigators attributed differences in aggressiveness to dif-
ferential mTOR activity, potentially reflecting more
nuanced subtypes within the SHH subgroup. As the cellu-
lar compositions of both NES cells and hbNES cells are
currently unknown, oncogenic events were likely intro-
duced and retained in specific subpopulations, rendering
the models inconsistent given the heterogeneity of the
cultures. This underscores the importance of perturbation
of the developmentally informed tumor cell of origin for
accurate disease modeling.

Cerebellar organoids

Human cerebellar organoids closely mimic physiological
cerebellar development and provide an attractive, 3D eco-
system for MB subgroup modeling (Muguruma et al. 2015;
Nayler et al. 2021; Atamian et al. 2024). With physiologi-
cal properties surpassing monolayer cultures and recapit-
ulating diverse cerebellar cell types that reflect the
developmental trajectory in vivo, cerebellar organoids
provide a promising human system for generating isogenic
MB models to study tumor initiation and progression.
PTCH17/~ cerebellar organoids differentiated from
CRISPR-edited human iPSCs failed to acquire cerebellar
cell fate, consistent with failure of neural tube closure ob-
served in Ptch1~/~ mice (Goodrich et al. 1997). In the same
study, PTCH1"*/~ cerebellar organoids were highly prolif-
erative and displayed gradual loss of PTCHI expression
over time, mimicking PTCH1 loss frequently observed
in SHH-MB (van Essen et al. 2024). Although this study ef-
fectively mimicked genetic predisposition in the context
of cerebellar development, PTCH1*/~ cerebellar organoids
only displayed phenotypes comparable with preneoplastic
stages of SHH-MB despite expression of SHH-MB signa-
ture genes.

To acquire complete neoplastic transformation of cere-
bellar organoids, orthotopic transplants involving mice is
likely unavoidable. Vasculature, oxygenation, and other
components of the microenvironment remain essential,
as substantiated in first-generation cerebellar organoid
models of group 3-MB. Combined GFI1/MYC and
OTX2/MYC overexpression induced regions of hyperpro-
liferation in iPSC-derived cerebellar organoids. Upon
orthotopic implantation, these organoids gave rise to tu-
mors reminiscent of group 3-MB that classified as sub-
types 2 and 4, respectively, based on DNA methylation
profiling (Ballabio et al. 2020). A follow-up study from
the same group aimed to trace the specific cell of origin
that gave rise to GFI1/MYC-induced tumors in an attempt
to deduce the developmental origins of group 3-MB. Rath-
er than implicating a specific cell lineage vulnerable to
GFI1/MYC overexpression, the investigators identified
Notchl pathway activation as a crucial step for tumor ini-
tiation (Ballabio et al. 2021). Although these group 3-MB
models pioneer the reproduction of human MB subtypes,
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it is important to note that these driver gene combina-
tions account for only a subset of group 3-MB. Future
studies testing additional, patient-informed driver gene
combinations while incorporating cellular lineage and
state into the experimental approach will be essential to
leverage this technology and effectively mirror the inter-
tumoral and intratumoral heterogeneity of MB (Fig. 4).

There is little doubt that human-specific developmen-
tal models hold immense potential to unveil the multifac-
eted molecular and phenotypic properties of MB
subgroups. In vitro and ex vivo cultures are attractive al-
ternatives for otherwise scarce human-derived resources
(e.g., hbNES cells) and overcome the obvious inability to
perform experiments in developing human hindbrains.
Current knowledge of cerebellar development gleaned
from single-cell studies are valuable references for gener-
ating model systems that better recapitulate the cellular
hierarchies and heterogeneity of MB.

Concluding remarks

Tremendous efforts over the past decades have collective-
ly discovered and defined MB subgroups, retracing diverse
subgroup identities to lineage-specific developmental ori-
gins. Our understanding of MB cellular origins lays the
foundation for a multitude of future MB research and ap-
plications. These include improved disease modeling of
all molecular subgroups and subtypes in the relevant
developmental lineage(s) and engineering next-generation
cellular therapies that target cell surface antigens con-
served between cell of origin and MB cells. Going forward,
more nuanced molecular comparisons between cell of or-
igin and MB are needed to further dissect the oncogenic
mechanisms that arrest normal developmental trajecto-
ries and drive dysfunctional differentiation. These efforts
will require higher-resolution cerebellar atlases that in-
clude a broader range of developmental stages than those
included in first-generation references. In addition, the in-
corporation of spatial transcriptomics and proteomics,
coupled with multimodal single-cell and single-nucleus
data sets that include DNA methylation, accessible chro-
matin, and histone modifications from both tumor and
normal samples will undoubtedly further enhance knowl-
edge of the developmental biology underlying MB sub-
groups and subtypes. Together, these analyses will
facilitate the discovery of novel therapeutic targets, lead-
ing to advancements in treatment that are required to im-
prove outcomes and cure affected children of this
devastating developmental malignancy.
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