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The cerebellum is composed of a wide variety of cell types. 
Many of these cell types undergo temporally regulated 
differentiation through different developmental stages (1).  
The cerebellar neurons that use γ-aminobutyric acid 
(GABA) or glutamate as neurotransmitters, differentially 
arise from two spatially distinct germinal zones of the 
cerebellar anlage: the cerebellar ventricular zone (CVZ), 
characterized by progenitor cells expressing Ptf1a; and 
rhombic lip (RL), characterized by progenitor cells 
expressing Atoh1 (Figure 1A) (2). Cerebellar neurons along 
with cerebellar glial cells, migrate into precise, spatially 
organized regions in the cerebellum during development 
of cerebellum. Ultimately, adult cerebellar neurons develop 
into either inhibitory gamma butyric acid (GABAergic) or 
excitatory glutamatergic types (2,3). 

Pediatric brain tumors most frequently arise from the 
posterior fossa of the cerebellum. The most prevalent 
pediatric cerebellar tumors are medulloblastoma, 
ependymoma, and cerebellar pilocytic astrocytoma (C-PA)  
(Figure 1B ) .  Medulloblastoma tumors show well-
characterized intertumoral heterogeneity, as well as spatial 
(in metastases) and temporal heterogeneity at recurrence 
(4-7). Medulloblastoma is conventionally classified into 
four molecular subgroups: WNT, SHH, Group 3, and 
Group 4. Ependymomas exhibit marked intertumoral 
heterogeneity (4,8-10) and can arise throughout the 
central nervous system (8,11). Transcriptional profiling 
has demonstrated the existence of two demographically, 
transcriptionally, genetically, and clinically distinct subtypes: 
Group A posterior fossa ependymoma (PFA), patients 
are younger, possess laterally located tumors, and more 

likely to exhibit recurrence with metastasis; PFA Group B 
patients (PFB) (9,10). Genome-wide methylation profiling 
also sub-classified PFA into Group A, increased DNA 
methylation in CpG islands, and Group B, less genome 
wide methylation (12). C-PAs are not well characterized 
with regards to intertumoral heterogeneity (13). Currently 
pediatric cerebellar tumors are treated with non-specific 
therapies, which contributes to poor patient response and 
neurotoxicity. To better understand the biology of cerebellar 
tumors it is important to identify and study their cell of 
origin and development. 

Recently, there has been significant progress in 
understanding the developmental origins of the cerebellum, 
as a result of molecular profiling using single cell RNA 
sequencing or scRNAseq. Recent studies have shown 
that clustering of the cells of the presumptive GABAergic 
lineage delineate from nine cell groups (14). The study of 
the origin and development of human cerebellar tumors 
has been more challenging, but progress has been made 
on this front as well. Vladoiu et al. (Nature, 2019) utilized 
scRNAseq to define the cell of origin of three of the four 
medulloblastoma molecular subgroups (SHH, Group 3, 
Group 4) (6,7); ependymomas PFA/PFB; and C-PA (15).  
The authors analyzed cells from various stages of the 
developing normal mouse cerebellum and compared 
these to human pediatric cerebellar tumors. The authors 
report that these different childhood tumors mirror the 
transcription of cells from different temporally defined 
cerebella cell lineages. Specifically, SHH-MB is best 
matched to the granule cell progenitor (GCP) lineage in the 
early postnatal period, while Group 4-MB, PFA and PFB, 
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and C-PA matches best to the cell clusters observed during 
fetal development. However, a striking finding is that the 
different medulloblastoma subgroups along with PFA and 
C-PAs, possess extensive single cell heterogeneity with 
evidence cells from different lineages of differentiation (15). 

Although PFA/PFAB ependymomas and cerebellar C-PAs 
are both pediatric cerebellar tumors, transcriptome analysis 
mirrors this in terms of gliogenesis. Interestingly, this study 
demonstrated that expression of nestin is seen primarily in 
early development, whereas glutamatergic and GABAergic 
populations of neurons appeared in the mid-cerebellar 
developmental stage, and glial cells develop at a later stage. 

According to the authors, non-transformed cell 
populations that transcriptomically match closest to 
the human cerebellar tumors are only found in utero or 
immediate postnatal stages. The results of this study indicate 
that these cerebellar tumors develop from a disorganization 
of early brain development. This explains the enigma that 
these cell populations are not present in the brain of children 
with cerebellar tumors at diagnosis/presentation. 

Single cell RNAseq (scRNAseq) data with unsupervised 
clustering of cell transcriptomes generated more than  
30 individual clusters in this study. Majority of these clusters 
are heavily populated with cells from specific developmental 
time points. Cerebellar samples of five embryonic time 
points and four early postnatal time points from wild-type 

mice were identified. On the basis of established single-
cell-type transcriptional profiles of mouse, the authors tried 
to match the transcriptomes of bulk human ependymomas 
(PFA and PFB) and cerebellar C-PAs to distinct cell clusters 
of specific cerebellar developmental stages.

Medulloblastomas (SHH, Group 3, Group 4)

The authors were able to pinpoint the cellular origins of 
medulloblastomas. SHH-MB cells appear to overall mirror 
the granule cell hierarchy. By comparing the bulk human 
SHH-MB transcriptome against expression signatures of 
granule progenitors the authors identified seven granule 
cell sub-clusters. The prognostic importance of this finding 
is that they found SHH-MB that resemble later time points 
in cerebellar development and characterized as the SHH1, 
have a worse prognosis than the SHH2 group which 
resemble early arising granular cell precursors. Recent 
work has identified four clinically and cytogenetically 
distinct groups of SHH-MB: SHHα, SHHβ, SHHγ, and 
SHHδ (5). Transcriptome of SHHβ medulloblastomas 
which represents the SHH-MB observed in infants matches 
best with that of the SHH-2 subset, demonstrating that 
this SHH2 subtype is developmentally connected to 
differentiation states in early GCP development. 

The authors could not categorize the exact developmental 
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Figure 1 Cerebellar neurogenesis and pediatric cerebellar tumors. (A) Cerebellar neurogenesis from primary germinal zones (cerebellar 
ventricular and rhombic lip) (top) leading to the formation of three main cerebellar layers (molecular, Purkinje, and granular) and some of 
the key neural cells as shown in hematoxylin and eosin (H&E) stained image of mouse cerebellum (bottom); (B) common pediatric cerebellar 
tumors and their relative sites of origin in the CNS. Shown are: medulloblastoma (MB) subgroups (sonic hedgehog-activated (SHH); wnt-
activated (WNT); Group 3; Group 4; posterior fossa ependymomas (PFA and PFB); cerebellar pilocytic astrocytomas (C-PAs).
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origin of Group 3-MBs using bulk transcriptomics, since 
their study revealed that Group 3-MB often transcriptionally 
matches to more than one cluster in the developing 
cerebellum. Analysis of Group 3-MB cell clusters showed 
that it’s transcriptome shares similarity with Nestin + 
cerebellar early stem cells. However, the authors found a 
subset of bulk Group 3-MB transcriptome that matches 
developmental cell clusters in GCP and UBC lineages and 
other subsets showing similarity to GABAergic interneurons. 
The authors intriguingly found transcriptome analysis of 
single cells, revealed clusters of progenitors belonging to 
glutamatergic (Atoh1), and GABAergic (Ptf1a) neurons. 
Stem cell-like clusters expressing Nestin was observed 
in early time points of neural cell development, whereas 
glutamatergic and GABAergic neuronal populations appeared 
in mid-development, and the glial cells developed at a later 
stage of development. In contrast, the non-CNS cells were 
found across all time points. By transcriptional mapping of 
individual tumor cell clusters from Group 3-MB the authors 
demonstrated the existence of highly divergent lines of 
differentiation, in tumor clusters similar to a number of normal 
developmental clusters in the GCP, UBC, Purkinje cell and 
GABAergic interneuron lineages. This pattern of similarity 
in transcriptional lineage opened up new insights that Group 
3-MB arises from an early, uncommitted cerebellar stem cell, 
followed by partial differentiation of transformed cells. The 
source of origin in Group 3-MB is not definitively known and 
suggested to be Nestin+ cerebellar stem cell. A rare population 
of Nestin expressing precursors (NEPs) has been already 
identified in mouse cerebellum (16). Unlike conventional 
granule neuron progenitors (GNPs), which are found in 
the outer external granular layer (EGL) and proliferate 
substantially, NEPs accumulate in the deeper part of the EGL 
and remain quiescent (16). The study by Vladoiu et al. detected 
that a subset of bulk Group 3-MB transcriptomes resemble 
developmental cell clusters in the GCP and UBC lineages. 
The UBC and GCP progenitors are similar to cerebellar 
GABAergic interneurons and this multi-lineage differentiation 
corroborates a model in which Group 3-MBs originates from 
early neural stem-like cells which are Nestin positive and give 
rise to a variety of differentiated progeny.

scRNAseq of human Group 4-MB mirror the transcriptome 
of both differentiated and progenitor unipolar brush cells 
(UBCs). However, some Group 4-MB tumor tissues revealed a 
transcriptome similar to GCP lineage. So far, the cell of origin 
of Group 4-MB was not definitely known and mouse model 
of Group 4-MB is unavailable. One of the most significant 
finding is that these cells of UBC lineage are glutamatergic 
interneurons develop from the upper RL of the cerebellum. 

Thus, this cluster represents a well-defined source of Group 
4-MB and is first observed in mouse cerebellum E14 peaks 
and highly prevalent in embryonic day 18, disappearing by P0. 
Their data confirmed for the first time that the cell of origin 
of human Group 4-MB is a unique group of UBC and GCP 
progenitor cluster that simultaneously express GCP and UBC 
marker genes. Their data identifies that human Group 4-MB 
arise from bi-potential progenitor cell populations which 
possess the ability to give rise to cells in both GCP and UBC 
lineages. Finally, their work revealed a cell in the UBC lineage 
from upper RL of cerebellum is the source of origin for the 
highly aggressive Group 4-MB.

PFA (PFA and PFB) and C-PAs

Comparison of the transcriptomic analysis of bulk 
ependymomas with C-PAs showed that C-PAs are not only 
clinically and histologically different, but have different 
cells of origin. Specifically, C-PAs arise from distinct 
cerebellar gliogenic progenitor cells which are different 
from gliogenic progenitor cells from early ventricular radial 
glia and roof-plate stem cells (source of origin for PFA 
and PFB). The data presented in this article show that a 
substantial proportion of differentiated cells within PFA 
or differentiated glioma in MBs do not match a majority 
of differentiated neuronal cells within cerebellar C-PAs. 
Interestingly, the normal non-transformed cell populations 
that match transcriptionally with cerebellar tumors found 
only in embryonic or early post-natal stage were not found 
in children at disease presentation. The authors pointed that 
when bulk PFA and PFB transcriptomes were compared to 
mouse single cells in the gliogenic progenitor cell lineage 
from developmental stages through E10 to P0, a specific 
match was observed with the E16 gliogenic progenitors. 
This study revealed an absence of differentiated cell types 
only in PFA, but not in other cerebellar tumor types, 
indicating the prevalence of a differentiation block in PFA.

Conclusions

The authors acknowledge that it would have been of greater 
value to compare single-cell transcriptome of human 
cerebellar tumors with normal human cerebellar cells 
from different cerebellar developmental time points, since 
the embryonic and postnatal time periods are different in 
humans and mice. Still, this study provides a detailed insight 
of the biology and transcriptomes of the specific cerebellar 
hierarchies and how that relates to the development of 
different types of human cerebellar tumors. This work 
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should accelerate development of new mouse models of 
pediatric cerebellar brain tumors and potentially hasten 
development of new therapies.
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