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Abstract

Background. Distinguishing the cellular origins of childhood brain tumors is key for understanding tumor initia-
tion and identifying lineage-restricted, tumor-specific therapeutic targets. Previous strategies to map the cell-of-
origin typically involved comparing human tumors to murine embryonal tissues, which is potentially limited due
to species-specific differences. The aim of this study was to unravel the cellular origins of the 3 most common
pediatric brain tumors, ependymoma, pilocytic astrocytoma, and medulloblastoma, using a developing human
cerebellar atlas.

Methods. We used a single-nucleus atlas of the normal developing human cerebellum consisting of 176 645 cells
as a reference for an in-depth comparison to 4416 bulk and single-cell transcriptome tumor datasets, using gene
set variation analysis, correlation, and single-cell matching techniques.

Results. We find that the astroglial cerebellar lineage is potentially the origin for posterior fossa ependymomas.
We propose that infratentorial pilocytic astrocytomas originate from the oligodendrocyte lineage and MHC Il genes
are specifically enriched in these tumors. We confirm that SHH and Group 3/4 medulloblastomas originate from the
granule cell and unipolar brush cell lineages. Radiation-induced gliomas stem from cerebellar glial lineages and
demonstrate distinct origins from the primary medulloblastoma. We identify tumor genes that are expressed in
the cerebellar lineage of origin, and genes that are tumor specific; both gene sets represent promising therapeutic
targets for future study.

Conclusion. Based on our results, individual cells within a tumor may resemble different cell types along a re-
stricted developmental lineage. Therefore, we suggest that tumors can arise from multiple cellular states along the
cerebellar “lineage of origin.”
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Importance of the Study

We compile the largest collection of transcriptome
datasets for cerebellar-localized pediatric brain tumors:
posterior fossa ependymoma, pilocytic astrocytoma,
and medulloblastoma. We compare this large dataset to
a unique and in-depth atlas of human cerebellum devel-
opment. With these 2 datasets, we uncover the poten-
tial lineage-of-origins for the most common cerebellar

Pediatric central nervous system (CNS) tumors represent
one of the most fatal disease entities in children.” Current
radiation and chemotherapy approaches frequently result
in neurocognitive disorders and life-long side effects, in-
cluding secondary malignancies in patients surviving their
primary disease.? Future therapeutic approaches should
target tumor-specific vulnerabilities,® ideally without af-
fecting normal tissue architecture—a difficult task due to
the functional and cellular complexity of the brain.* One
such approach is first to identify the developmental lineage
from which tumors arose and then to identify selective lin-
eage vulnerabilities of the tumor that are no longer needed
by normal cells once embryonic development is complete.

The cerebellum is the most frequent anatomic loca-
tion of pediatric brain tumors,®8 including posterior fossa
subgroup A ependymoma’ (PFA-ependymoma), pilocytic
astrocytoma,® and medulloblastoma.® Based on compar-
ison with murine cerebellar atlases,® PFA-ependymomas
may originate from radial glial cell subtypes,’ including
“roof-plate-like stem cells” and “gliogenic progenitors”;
however, the exact cellular origins are still unclear.” While
the origin of pilocytic astrocytomas is unknown, these
tumors are hypothesized to arise from developing oligo-
dendrocytes.'? Different subgroups of medulloblastoma
are predicted to have distinct cellular origins. While WNT-
medulloblastomais hypothesized to arise outside of the cer-
ebellum,' SHH-medulloblastomas originate from granule
cell precursors.™® Groups 3 and 4 medulloblastomas are
predicted to arise from the subventricular zone of the cere-
bellar rhombic lip,'®"7 a progenitor zone for glutamatergic
unipolar brush cells. Except for these recently published
studies for medulloblastoma,’®'” the cellular origins of
pediatric tumors have been deduced from murine cell at-
lases.®'® As exemplified by Smith et al. and Hendrikse
et al.,"®"7 murine-to-human comparisons may miss key
aspects of human development relevant for tumor forma-
tion, including human-specific developmental gene ex-
pression.’2° Thus, we re-examined the cellular origins of
pediatric tumors based on a comprehensive human cell
atlas.

We compared the transcriptomes of cell types, subtypes,
and differentiation states from the developing human cer-
ebellum?' to gene expression profiles from pediatric CNS
tumors (Supplementary Figure S1A and B). Because of
the rarity of tumor samples, we compiled published (N
= 2892) and unpublished (N = 1425) bulk transcriptome
datasets (total = 4317) and published single-cell tran-
scriptome datasets (N = 99), which together represent the
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brain tumors in children; we also find that radiation-
induced gliomas, secondary tumors arising after cra-
nial irradiation, have cellular origins independent of
the primary tumor. We identify genes active during de-
velopment and still expressed in the tumor, which may
represent promising therapeutic targets for targeted
interventions.

largest collection of CNS tumor transcriptome samples.
Our integrated bioinformatic analyses of these datasets
revealed the most closely matching cellular lineages
of origin for ependymoma, pilocytic astrocytoma, and
medulloblastoma, as well as putative lineage-specific and
tumor-specific target genes. Our results can be further ex-
plored at brain-match.org.

Materials and Methods
Ethics Statement

The tumor molecular bulk and single data materials
were collected from a group of published studies listed
in Supplementary Table S2 under full regulation of corre-
sponding ethics standards.

Human Cerebellum Single-Nuclei RNA
Sequencing Data

The single-nucleus RNA sequencing (snRNA-seq) data
generation and annotation are described in detail in the
corresponding paper.2' Briefly, 38 libraries from 31 in-
dependent human cerebellum samples were produced
using Chromium (10x Genomics) version 2 or 3 reagents.
The dataset includes 176 645 high-quality cells from 10
developmental stages ranging from postconceptional
week 7 to adult age. Louvain algorithm was used to
cluster the merged dataset into 68 clusters and 611
subclusters. Hierarchical annotation of the dataset clas-
sified the cells into 21 cell types and 37 cell differentia-
tion states. Cells from 12 cell states were further divided
into 37 subtypes. For the purpose of the current study, we
combined the cell state and subtype level annotations to
divide the dataset into 65 subgroups. For simplicity, we
refer to these subgroups as “subtypes” throughout the
study.

Bulk Tumor Transcriptome Data Integration

The main microarray tumor cohort used for our analyses
was generated from the combination of three mixed CNS
tumor cohorts resulting in 2923 unique samples, classified
via tumor random forest model application with reference
created from tumors with available methylation-based
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profiles via mnp v12.3 system (molecularneuropathology.
org/mnp). Bulk RNA-seq profiles (Reads Per Kilobase of
transcript, per Million mapped reads (RPKM), normalized
gene expression counts) were obtained for 1394 samples
from 4 independent cohorts and processed as described in
the Supplementary Methods.

Comparison of Bulk Tumor Profiles to the Normal
Cerebellum Single Nuclei Data

We compared the transcriptomic signatures of tumor sam-
ples to those of normal cerebellum cell states or subtypes
(as reference) based on a combination of correlation es-
timates and Gene Set Variance Analysis (GSVA??2 package
v1.28). Expression profiles of normal cerebellar cells were
aggregated into pseudobulk across cell state and subtypes
and normalized into RPKM values. The details on verifi-
cation of the computational methods are provided in the
Supplementary Methods.

Differential Gene Expression Analysis Among
Cerebellum Cell Types and Tumor Tissues

The differentially expressed genes among assigned cere-
bellum cell types were identified via methods from Seurat
v.3.2.2 (Wilcoxon Rank Sum and distance-based assign-
ment). The genes differentially expressed among tumor
classes were adjusted following selection of limma-derived
group-specific comparison (target tumor class vs all other
samples in cohort), using minimum adjusted P-value .05
filtering limit. Afterward only the top 2000 genes were
selected from P-value sorted result gene list.

Single-Cell Tumor Transcriptome Data
Integration

Single-cell datasets were collated for medulloblastoma,
ependymoma and pilocytic astrocytoma as described in
Supplementary Table S2, representing 10x Genomics (v2
and v3) and SmartSeq2 platforms. Detailed data proc-
essing is described in the Supplementary Methods.

Comparison of Single-Cell Tumor Profiles to
Normal Cerebellum Single-Nuclei Data

The support vector machine (SVM) based multi-class pred-
ication model was used to assign each tumor cell to its
closest matching identity in the reference cell state anno-
tation. To study the trajectory of tumor cells with respect
to the cerebellum cell type trajectory, we integrated each
tumor sample to the best matching lineage of that sample’s
tumor type (pilocytic astrocytoma: oligodendrocytes,
ependymoma: astrocytes, medulloblastoma: GC/UBC). We
used a batch correction method to integrate tumor sam-
ples to the matching normal lineage, with the assumption
that the tumorigenic effect on cell transcriptome is inde-
pendent (and hence orthogonal) to normal developmental
programs and can be corrected. The specific details are
provided in Supplementary Methods.

Developmental origins of pediatric brain tumors

Available Resources

The results of all main comparisons of normal cell types to
tumors (both bulk and single cell) and common differen-
tially expressed genes can be browsed using the ShinyApp
R application at brain-match.org.

Results
Specific Origins for Distinct Brain Tumor Classes

We recently generated an extensive snRNA-seq dataset
that covers the development of the human cerebellum
from the beginning of neurogenesis to adulthood.?' In this
reference atlas, 176 645 cells (Figure 1A) are grouped into
21 cell types (eg, astroglia) and further divided into 37 cell
differentiation states (eg, progenitor), hereafter referred to
as cell states (Supplementary Figure S1A; Figure 1B). In ad-
dition, subtypes are specified for cell types and states, re-
sulting in 65 transcriptomically defined subtypes of cells
(eg, progenitors divided into 9 spatio-temporal subtypes
including rhombic lip progenitors). Notably, cell states
within a cell type form a continuum along the differenti-
ation trajectory, which we refer to as “cellular lineage” in
this study. For instance, the astroglial lineage includes pro-
genitor (neuroepithelial and radial glial cells), glioblast,
and astrocyte cell states.

We collected published and unpublished bulk microarray
expression data to use as our main tumor transcriptome
discovery cohort (Supplementary Figure S1C). We anno-
tated tumor type and subtype using methylation-based
classification as previously described?® (Supplementary
Figure S1D,E). This discovery cohort represents 2923
samples annotated into 45 defined molecular classes
(eg, medulloblastoma Group 3 (G3)) and 68 methylation
subclasses (eg, medulloblastoma Group 3/4, subtype I
(G34_l1)) (Supplementary Table S1). We also compared our
developmental reference atlas to an independent collec-
tion of 4 published bulk RNA-seq datasets (N = 1394 sam-
ples) as our validation cohort (SupplementaryTable S2).

After exploration of existing computational ap-
proaches,®'824 we selected 2 main measures to determine
the similarity of tumors to normal cell types: correlation of
expression patterns of shared highly variable genes and
gene set variance analysis (GSVA).222* These measures
were validated using SHH-medulloblastoma as a positive
control, given that this tumor class has been experimen-
tally shown to arise from the granule cell progenitor (GCP)
lineage' s (ICGC cohort,®® N = 160, Supplementary Figure
S2A). Additionally, we estimated the required filtering
thresholds for these computed values (Supplementary
Figure S2B-E, see Supplementary Methods). To inde-
pendently verify both methods, we applied deconvolu-
tion on the control cohort using the CIBERSORT?® toolkit
(Supplementary Figure S2F).

We next compared the large global transcriptome tumor
cohort to normal cerebellar cells (Figure 1C). We included
non-cerebellar tumor classes, such as meningioma (MNG),
or glioma profiles enriched with immune cells (GLIOMA_
NORM_HI) as external controls for our global comparison.
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Cerebellum cell state (176, 645 cells)
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Figure 1. Human single-nuclei developmental cerebellum cell atlas comparisons reveal putative lineages-of-origin of cerebellar tumors. (A)
UMAP of human developmental cerebellum single-nuclei data used as a reference. Color codes represent cell state annotation and labels denote
the main cell types. (B) Proportions of different states across developmental time. (C) Heatmap of comparisons of bulk central nervous system
tumor transcriptome profiles (in columns) to cerebellar cell state (in rows), based on gene signature enrichment score (via Gene Set Variance
Analysis (GSVA, indicated by color) and Pearson correlation score (indicated by size). Highest associations marked by rectangles, based on
cutoff limits of min GSVA enrichment = 0.4 and min correlation = 0.4.
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From this global comparison, we found that the 2 classes
of posterior fossa A (PFA) ependymoma, PFA1, and PFA2,
were most similar to cells in the astroglial lineage. This
lineage includes progenitors, glioblasts, and astrocytes;
however, ependymal glial cells are missing in our human
cerebellum dataset, even though this cell type also belongs
to astroglial lineage. Other posterior fossa ependymoma
tumor classes, including posterior fossa B (PFB) and pos-
terior fossa subependymoma (PF_SE) that are much rarer
in children, showed similar associations to the astroglial
lineage.

Infratentorial pilocytic astrocytoma (PA_INF), a tumor
class nearly exclusively occurring in the cerebellum,
showed the closest association with the oligodendrocyte
lineage, including oligodendrocyte progenitor cells (OPCs)
and oligodendrocytes. These results increase the evidence
that pilocytic astrocytomas indeed arise from the oligo-
dendrocyte lineage, as previously suggested.'? Several
glioblastoma (GBM) molecular classes that are only occa-
sionally located in the cerebellum?’?® demonstrated simi-
larities to various glial cell states, including astrocytes and
oligodendrocytes, and their respective precursors.

As expected, we confirmed the closest association of
SHH-medulloblastoma to the granule cell lineage (GCP
and differentiating granule cells, GC_diff1). We found
that Group 4 medulloblastoma most closely resembles
the unipolar brush cell lineage (differentiating unipolar
brush cells, UBC_diff), further supporting previous re-
sults.®'618 Group 3 medulloblastoma did not match any
specific lineage within filtering thresholds, but was most
closely associated to the GCP and UBC lineages. WNT-
medulloblastoma also did not match any cerebellar cell
state, which is in line with its proposed origins from the
developing brainstem, that is, outside of the cerebellum.’®

The results we obtained using an external RNA-seq co-
hort (CBTN) as a validation dataset agreed with the results
from our discovery cohort (Supplementary Figure S3A),
thereby verifying our approach using independent gene
expression datasets. Using deconvolution on this valida-
tion dataset, the tumor lineage-of-origin was consistent in
the majority of cases (Supplementary Figure S3B). As a fur-
ther control, we used an independent human cerebellum
atlas as an alternative reference,?® and all major findings
listed were confirmed as well (Supplementary Figure S3C).

Posterior Fossa Ependymomas Likely Arise From
the Astroglial Lineage

We next investigated the cellular origins of the main pedi-
atric brain tumor types arising in the cerebellum in greater
detail and at single-cell resolution. The 2 major classes of
posterior fossa ependymoma (PFA and PFB) were pre-
viously proposed to originate from radial glial cells.'
This result was partly confirmed by a study that used a
mouse cerebellum-based reference map and found an as-
sociation with “roof-plate like stem cells” and “gliogenic
progenitors”® Using our human cerebellum single-cell
dataset, we found that the transcriptional profiles of poste-
rior fossa ependymomas most closely resembled various
states of differentiation within the astroglial lineage of the
cerebellum, starting from radial glial and neuroepithelial

progenitors, and extending to glioblasts and astrocytes
(Figure 1C, Supplementary Figure S4A). These human
cell states in-turn demonstrated similarities to murine
“roof-plate-like stem cells” and “gliogenic progenitors”®
(Supplementary Figure S4B), thus confirming the result
and demonstrating the potential benefit of using human
data for a more precise comparison.

To increase the resolution of cell type associations, we
further focused on cell subtypes within the astroglial lin-
eage (Figure 2A). Two spatially segregated gliogenic paths
in the cerebellum start from gliogenic progenitors (pro-
ducing Bergmann glia and parenchymal astrocytes) and
bipotent progenitors (producing GABAergic interneurons
and parenchymal astrocytes), respectively.?' They progress
via their corresponding glioblast subtypes toward mature
astrocytes.?® Applying the same methods above for bulk
transcriptome data on this restricted lineage, we found
that PFA and PFB ependymoma transcriptomes matched
bipotent progenitors, prospective white matter glioblast
(glioblast_PWM), astroblast, and mature parenchymal as-
trocyte subtype signatures (Figure 2B).

Based on these observations, we hypothesized that ei-
ther the tumor develops from an earlier node within the
astroglial lineage and differentiates along the specified
trajectory after malignant transformation, or that the tran-
scriptome of posterior fossa ependymoma tumor cells is
comprised of a mix of progenitor and more differentiated
cell signatures.To investigate these possibilities further, we
used published posterior fossa ependymoma single-cell
data from three independent studies.?3"32 We assigned
each tumor cell within a sample to its closest matching cell
state identity, using SVM multi-class prediction model (see
Supplementary Methods for details, Supplementary Figure
S4C). Using this assignment, we also found nonmalignant
immune cell clusters in PF ependymoma samples ana-
lyzed using 10x chemistry (Supplementary Figure S4D).
These cell clusters had normal DNA copy number pro-
files when compared to tumor cell clusters, confirming
their nonmalignant identity (Supplementary Figure S4E);
hence, we excluded them from further analysis to pre-
vent obscuring the tumor signature. Similarly, we also fil-
tered out cells with assigned identities that did not arise
from the astroglial lineage (for example, meningeal, GCP,
or oligo-progenitors). These cells do not form independent
cell clusters and may represent rare, nonimmune normal
cells from the microenvironment. Subsequently, we found
that each tumor sample had cells resembling progenitor,
glioblast, and mature astrocyte-like cells, but with different
proportional distributions within tumors of the same class
(Figure 2C). This result suggests that ependymoma PF tu-
mors can comprise cells along a differentiation trajectory
within the lineage of origin.

We tested this hypothesis by overlaying tumor cells onto
the normal astroglial lineage and found that the tumor
cells integrated along the entire lineage, suggesting a gra-
dient of cell differentiation arising originally from bipotent
and gliogenic progenitors (Figure 2D). Surprisingly, the
transcriptomic signatures of progenitor-like and astrocyte-
like tumor cells had mixed marker gene expression,
expressing genes normally present exclusively in pro-
genitor cells together with genes normally present exclu-
sively in astrocyte cells (eg, VIM, PTN, CST3 expressed
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Figure 2. Ependymoma tumors arise from the astroglial lineage. (A) Astroglial cell lineage derived from early ventricular zone (VZ) progenitors.
(B) Comparison of bulk ependymoma tumor gene expression profiles to cell subtypes of the astroglial lineage, based on GSVA enrichment and
correlation measures. (C) Ependymoma single cells assigned to the closest normal cerebellum cell state; cells with <50% similar are classified as
“not assigned.” (D) Projection of an individual single-cell tumor data (PFA1_10x_g, 10x v2) onto astroglial cell subtypes as visualized via UMAP. (E)
Median expression boxplot of MLC1, a PFA-ependymoma enriched gene expressed within the astroglial lineage (limma adjusted P-value: 5.67E-
31). (F) Median expression boxplot of BEST4, a PFA-ependymoma-specific gene (limma adjusted P-value: 1.75E-61). (G) Specificity of MLC1 and
BEST4 gene expression across cerebellum cell states.
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together in a single-tumor cell); however, relative enrich-
ment of marker genes (eg, progenitor: TENM3, glioblast:
SMOC1, astrocyte: AQP4) supported the assigned resem-
blance of these tumor cells to the corresponding cell types
(Supplementary Figure S4F). We thus predict that even
“mature” tumor cells maintain proliferative capacity, as
evidenced by the expression of progenitor marker genes
(eg, VIM, PTN). We also observed a similar gradient of dif-
ferentiation when merging tumor cells with the full cere-
bellum lineage (Supplementary Figure S4G). Altogether,
our findings suggest that PF tumors are composed of ma-
lignant cells differentiating along the astroglial lineage.

We next identified the genes shared between the
astroglial lineage and PFA-ependymomas (Supplementary
Table S3). We focused on genes that are specifically ex-
pressed in the brain' and/or cerebellum, and are ei-
ther plasma membrane localized or possible drug
targets, based on the human protein atlas.3® We identi-
fied the potentially druggable MLCT gene expressed in
ependymomas (Figure 2E), which was also expressed spe-
cifically in the astroglial lineage, but not in any other cell
lineage in the cerebellum (Figure 2G) nor expressed out-
side of the brain (Supplementary Figure S4H). Similarly,
we identified and filtered tumor-specific gene candidates,
such as the gene BEST4 (Figure 2F). BEST4 encodes a
membrane protein and was not detected in any cere-
bellar cell lineage (Supplementary Table S4, Figure 2G). It
is also absent or lowly expressed in other normal tissues
(Supplementary Figure S4l). These 2 membrane proteins
could be explored as CAR-T targets to specifically recog-
nize PFA-ependymoma cells.?

Pilocytic Astrocytomas Transcriptomically
Resemble Postnatal Oligodendrocyte Precursor
Cells (OPCs)

Our global comparisons showed that 2 pilocytic
astrocytoma molecular classes, PA_INF (infratentorial or
posterior fossa, predominantly cerebellum) and PA_MID
(supratentorial midline) most closely resembled oligoden-
drocyte progenitor cells (OPCs, Figure 1C). To investigate
this result further, we focused on a bulk RNA-seq cohort3®
comprised of additional pediatric low-grade gliomas
classes (Supplementary Figure S5A). We compared
pilocytic astrocytomas to the OPC lineage (Figure 3A),
using supratentorial gangliogliomas (GG_ST) and H3K27
altered diffuse midline gliomas (DMG_K27) as controls. We
found that pilocytic astrocytomas best match late oligo-
dendrocyte progenitor cells (OPC_late) present in the post-
natal cerebellum (Figure 3B; Supplementary Figure S5A,B).
Infratentorial pilocytic astrocytomas matched better than
midline pilocytic astrocytomas to cerebellar OPC_late cells
(Figure 3B, GSVA/correlation difference: 0.34/0.04), hinting
that the anatomical location of the tumor also influences
cell type matching. Using single-cell data,?'? we found that
pilocytic astrocytomas are comprised of tumor cells re-
sembling oligodendrocyte progenitors (Figure 3C); normal
cells were filtered out for this comparison. We then merged
single-cell tumor data with the normal oligodendrocyte lin-
eage and found that most tumor cells integrated with the
OPC_late cluster, with some cells overlapping with early

OPCs and mature oligodendrocytes (Figure 3D). This pat-
tern was also observed when merging tumor cells with the
full cerebellum atlas (Supplementary Figure S5C).

We assessed shared and unique genes between pilocytic
astrocytomas and OPCs (Supplementary Tables S3, S4),
and identified possible candidate cell surface genes, in-
cluding GPR17 and TRPMS8 (Figure 3E-G; Supplementary
Figure S5D,E). Using gene-set enrichment analysis
(GSEA), we found that OPC and pilocytic astrocytomas
both express genes involved in oligodendrocyte develop-
ment (Supplementary Figure S5F). Surprisingly, tumor-
specific genes were enriched in major histocompability
complex class Il (MHC IlI) and immune-associated genes
(Supplementary Figure S5F). Because this immune sig-
nature could result from immune cells within the tumor
micro-environment, we excluded non-malignant cells.
Even after filtering, we still detected expression of MHC
class Il genes (eg, CD74, HLA-DRB5) in the remaining tumor
cells (Supplementary Figure S5G). These same tumor
cells also express downstream targets of MAPK signaling
(Figure 3H), a tumor-promoting pathway constitutively ac-
tivated in pilocytic astrocytoma.3® The immunological role
of this pattern and its contribution to tumorigenesis and
senescence commonly seen in pilocytic astrocytoma re-
mains to be investigated.

Medulloblastomas Demonstrate the Closest
Similarity to the GC/UBC Lineage in
Transcriptome Profiles

From our global comparison, SHH, Group 3, and Group 4
medulloblastoma are associated with one or both branches
of the GC/UBC lineage (Figure 1A); therefore, we focused
on a high-resolution lineage map to delineate the potential
origins of different medulloblastoma groups (Figure 4A).
We found that the majority of SHH-medulloblastoma sub-
groups corresponded to GCPs and nascent postmitotic GCs
(GC_diff1, Figure 4B). SHH-medulloblastoma subgroups |,
Il, and IV showed high similarity to early GCPs and to the
late subpopulation of differentiating GCs that emerge post-
natally (GC_diff1_late, Figure 4B). SHH-II (beta) subgroup,
which is associated with infant onset and metastasis,® in-
stead resembled later stages along the differentiation tra-
jectory, including mature GCs (GC_defined, Figure 4B).

Groups 3 and 4 medulloblastoma subgroups range from
I to VIII, with subgroups II-IV restricted to Group 3 and sub-
groups VIVIII restricted to Group 4.%%8 Subgroups V-VIII
(mostly Group 4 medulloblastoma) best matched to UBCs
(differentiating and defined, Figure 4B). Subgroups |-V
(mostly Group 3 medulloblastoma) displayed low tran-
scriptome correlations with subtypes in the GC/UBC lin-
eage; nevertheless, GSVA enrichment scores suggested
some similarity with GC/UBC progenitors and early
differentiating UBCs (Figure 4B).

To examine the cell types comprising the tumors, we
analyzed published medulloblastoma single-cell data.:'83%
Cell-label transfer analysis confirmed the similarity of SHH
medulloblastoma to GCPs and demonstrated that the
majority of Group 3/4 cells match to differentiating UBCs
(Figure 4C, Supplementary Figure S6A). This similarity
was also observed after merging with normal cells in the
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Figure 3. Pilocytic astrocytomas arise from the oligodendrocyte lineage. (A) Oligodendrocyte cerebellar lineage. (B) Comparison of bulk
pilocytic astrocytoma gene expression profiles to cell subtypes from the oligodendrocyte lineage based on GSVA enrichment and correlation
measures. (C) Pilocytic astrocytoma single-cell data SVM-based comparison to cerebellum cell state. (D) Projection of a single-cell tumor sample
(ID: PA_10X_a, 10x v2) onto astroglia and oligodendrocyte cell subtypes as visualized via UMAP. (E) Median expression boxplot of GPR17, a
pilocytic astrocytoma enriched gene expressed within the oligodendrocyte lineage (limma adjusted P-value: 1.25E-105). (F) Median expression
boxplot of TRPMS, a pilocytic astrocytoma unique gene (limma adjusted P-value: 2.14E-72). (G) Specificity of GPR17 and TRPM8 gene expres-
sion across cerebellum cell states. (H) Comparison of a single-cell sample (ID: PA_10X_a, nontumorous immune cells included) with the oligoden-
drocyte lineage, and relative gene expression of MHC- and MAPK-associated genes.
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Figure 4. Medulloblastomas arise from the granule cell and unipolar brush cell lineages. (A) Granule/unipolar brush cell (6C/UBC) lineage
arising from rhombic lip progenitors. (B) Comparison of bulk medulloblastoma gene expression profiles to the GC/UBC lineage, based on GSVA
enrichment and correlation measures. (C) Medulloblastoma single-cell data SVM-based comparison to cerebellum cell state. (D) 10X genomics
medulloblastoma samples (IDs: SHH_10X_b, G3_10x_b, G4_10x_c) projection onto the GC/UBC lineage as visualized via UMAP. (E) Median ex-
pression boxplot of /IMPG2, a medulloblastoma enriched gene expressed within the GC/UBC lineage (limma adjusted p-value: 5.72E-148). (F)
Median expression boxplot GABRA5, a medulloblastoma-specific gene (limma adjusted P-value: 2.89E-77). (G) H3K27me3 ChIP-seq profiles
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GC/UBC lineage (Figure 4D, Supplementary Figure S6B).
As suggested in previous studies,’® we also found that
tumor cells expressed GABAergic genes(eg, GABRAbS),
Purkinje cell genes (eg, BCL11A, FOXP2), and photore-
ceptor markers (eg, CRX, NRL), genes which are not nor-
mally expressed in the glutamatergic GC/UBC lineage
(Supplementary Figure S6C). Therefore, this noncerebellar
gene expression appears to drive the identity of tumor
cells away from the GC/UBC lineage. We further examined
differentiated GC-like cells in Group 4 tumors, and found
these cells express markers of the UBC lineage, including
LMX1A and EOMES (Supplementary Figure S6C). This re-
sult suggests that these tumor cells likely originate from
bi-potent GC/UBC cells, thus keeping their dual identity in-
tact. Further resolution of the cellular origin of Groups 3
and 4 medulloblastoma will require a greater breadth and
depth of single-cell tumor data.

We hypothesized that somatic MYC/MYCN changes may
deviate tumor cells away from the original lineage. Indeed,
the lowest similarity to normal cell types was observed for
Group 3/4 subgroup Il (Figure 4B,C), which is known to be
associated with MYC amplifications.3® In addition, when
examining MYC- (Group 3) and MYCN- (SHH and Group
4) amplified tumors in isolation, these specific tumors did
not show the same degree of similarity to the GC/UBC sig-
nature (Supplementary Figure S6D). We next examined
whether expression of normal marker genes of the GC/
UBC lineage correlated with patient outcome. While there
was no effect on survival in SHH or Group 4, we found that
Group 3 patients with low expression of UBC lineage genes
had worse overall and progression-free survival compared
to patients with high expression of GC/UBC lineage genes
(Supplementary Figure S6E,F). This result suggests that
as a Group 3 tumor deviates from the normal GC/UBC lin-
eage, patient outcome worsens.

To identify potentially therapeutically relevant candidate
genes, we focused on 2 gene sets: those genes that were
shared between the medulloblastoma groups and the GC/
UBC lineage, with little or no expression in other tissues,
and those genes that were specific to medulloblastoma
(SupplementaryTable S3,4). Among possible tumor unique
candidates, we identified the surface protein coding gene®
IMPG2, another photoreceptor-associated gene specific
for Group 3 tumors and lowly expressed in normal tissue
(Figure 4E; Supplementary Figure S7A). In addition, Group
3/4 tumors express the somatostatin receptor SSTR2
(Supplementary Figure S7B), which is involved in driving
rod photoreceptor differentiation in the retina,*® sug-
gesting receptor expressing tumor cells may respond to
Somatostatin therapy.*!

We next identified the gene ontology pathways asso-
ciated with these gene groups (Supplementary Figure
S7C-E). Group 3 tumor-specific genes were highly en-
riched for neural progenitor cell (NPC) genes that are usu-
ally suppressed by H3K27me3 signal. (Supplementary
Figure S7D)“*?This group of genes is normally off in normal
NPCs, but they are aberrantly expressed in Group 3. Some
of these genes, for example, GABRAS5 (Figure 4F), were
tumor-specific. Interestingly, we found loss of H3K27me3
histone marks in the promoters of these genes specifically
in Group 3 medulloblastoma (Figure 4G, Supplementary
Figure S7FG), confirming prior reports that H3K27me3

mis-regulation could play important role in Group 3
medulloblastoma formation or maintenance.*

Radiation-Induced Gliomas Arise de novo as
Secondary Tumors

Radiation-induced gliomas (RIGs) sometimes occur as
a consequence of cranial radiotherapy commonly used
to treat CNS tumors,* including medulloblastoma.*®
Based on their glioblastoma (GBM)-specific genetic land-
scape, lack of overlapping mutations with the initial
medulloblastoma,*®#’ and on functional studies in non-
human primates,*® it has been assumed that these tumors
arise de novo from healthy cells after radiation rather than
by trans-differentiation of residual medulloblastoma cells;
however, this has never been formally demonstrated.
To investigate this hypothesis, we examined secondary
radiation-induced gliomas (N = 11) and their respective
primary medulloblastoma samples (N = 11), and com-
pared them to cerebellum cell types (Supplementary
Table S5, Supplementary Figure S8A). Copy number var-
iation analysis showed distinct, nonoverlapping profiles
for primary and secondary tumors, as previously de-
scribed*® (Supplementary Figure S8B). This finding was
confirmed using methylation classification. Unsupervised
hierarchical clustering of gene expression profiles fur-
ther distinguished primary medulloblastomas from sec-
ondary RIGs (Figure 5A). For a subset of formalin-fixed
paraffin-embedded (FFPE) primary-relapse matched sam-
ples, we compared transcriptome profiles with an addi-
tional FFPE bulk RNA-seq dataset (N = 410), representing
sporadic medulloblastoma and glioblastoma samples
(Supplementary Table S2). UMAP visualization of the
tumor pairs with control data resulted in grouping of the
primary and secondary tumors with medulloblastoma and
GBM clusters, respectively (Figure 5B).

We next compared each medulloblastoma-RIG pair to
cerebellar cell states, using correlation analyses only;
we could not use GSVA-derived methods because of
limited sample size. RIGs, along with glioblastoma con-
trols, were strongly associated with glioblast, astro-
cyte, and oligodendrocyte cells within the glial lineage,
whereas medulloblastoma primary tumors and their con-
trols were most similar to cells from the GC/UBC lineage
(Figure 5C). We also merged all RIG samples into a single
group and computed both correlation and GSVA scores;
these samples demonstrated mapping to oligodendro-
cyte progenitors and glioblasts (Supplementary Figure
S8C). We verified this result using deconvolution analysis
for each sample (Supplementary Figure S8D). From this
data, we conclude that the lineage-of-origin is different
between primary medulloblastoma and secondary RIG
tumors and that secondary RIGs arise de novo from a
glial lineage.

Discussion

Using an unprecedented cell atlas of the developing
human cerebellum, we performed a comprehensive
comparison of childhood brain tumor cohorts to normal
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Figure 5. Secondary radiation-induced gliomas (RIGs) originate de novo from the glial cell lineage and not from the original primary tumor. (A)
Unsupervised hierarchical clustering of batch-effect adjusted RNA-seq profiles from primary medulloblastoma and secondary RIG tumors (based
on top 500 HVGs). (B) UMAP visualization of medulloblastoma and glioblastomas. Primary medulloblastoma and corresponding secondary RIGs
are marked with circles. (C) Comparison of gene expression profiles of primary medulloblastoma and secondary RIG tumors combined with corre-
sponding FFPE bulk control to cerebellum cell state, based on correlation measures.
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developmental cells. We determined the most probable
cellular lineages of origin for the most common tumor
types arising in the cerebellum (Table 1). One of the re-
markable observations from our exhaustive analysis was
that rarely any tumor class exhibited associations with
only one state of a cell type. Instead, tumors at the time of
sampling typically contained a gradient of differentiating
cells along a cellular lineage. Furthermore, tumors exhibit
compositional heterogeneity of cell states along the lin-
eage of origin. Based on our results, we hypothesize that
tumor expansion often follows a pre-specified trajectory,
which closely resembles the developmental trajectory of
the lineage of origin. Importantly, our findings also indi-
cate that tumors exploit developmental and functional
characteristics of the lineage of origin to grow and develop
into their complex form, similar to a tissue containing cells
of different functions.

We propose that the astroglial lineage could be the lin-
eage of origin for posterior fossa ependymomas. The
astroglial progenitors in the human cerebellar atlas are
similar to murine “roof-plate-like stem cells” (possibly
choroid plexus or ependymal precursors) and gliogenic
progenitors.® In the future, expanding our analyses to re-
gions outside of the cerebellum, including posterior hind-
brain regions, will help refine this observation and uncover
cell types that were inadvertently missed, including epen-
dymal cells.

In our analysis, pilocytic astrocytomas are associated
with postnatal OPCs, with a best fit to late OPC. This re-
sult suggests that pilocytic astrocytoma cells are “stuck”
in this cell state, and are unable to proceed in differenti-
ation toward mature oligodendrocytes. Importantly, we
also found that MHC class Il members are abundantly ex-
pressed in tumor cells, similar to previous observations in
pilocytic astrocytoma for some MHC class | members,'?
which suggests these tumor cells may be better recog-
nized by the immune system, in contrast to other CNS
tumors. The favorable prognosis of diagnosed patients
could be the result of slow tumor growth, MAPK-induced
senescence, increased immunogenicity, or a combination
thereof.

For SHH, Group 3, and Group 4 medulloblastoma, we
found the 2 branches of the GC/UBC lineage as the puta-
tive lineage of origin. While these tumors are associated

Table 1.
investigation

Tumor class

Closest lineage association to the
normal cerebellum

Common tumor-normal genes
(full | surfaceome | druggable)

with the same cerebellar glutamatergic lineage, the rela-
tive proportions of GC and UBC cells within a tumor varied
depending on the tumor class/subclass.

We found that while Group 4 tumors are enriched with
differentiating UBCs, both Group 3 and 4 tumor cells ex-
press markers of UBC lineage including EOMES, OTX2,
and LMX1A. The presence of GC-like cells suggests that
both Group 3/4 tumors arise from an earlier bi-potent pre-
cursor cell that is capable to generate both UBC and GC,
a hypothesis that still needs to be experimentally verified.
This result aligns with recently published studies sug-
gesting that Group 4 tumors arise from the subventricular
zone of the rhombic lip."®"7 Group 3 medulloblastomas
show similarity to both GC and UBC cells; however, tumor
cells were not significantly enriched with either signa-
ture. Of note, many cells within Group 3 tumors were
“not-assigned” after filtering, or co-expressed a non-GC/
UBC lineage signature (eg, differentiating Purkinje cells)
with GC/UBC marker genes. The inability to assign a spe-
cific identity to Group 3 tumor cells could occur if the cell
type of origin was not captured in our cerebellar atlas if
oncogene expression drives the tumor cell away from
all normal lineages, or if cells stuck in a normal develop-
mental trajectory amplify pathways that were previously
only lowly expressed.This hypothesis remains to be exper-
imentally tested.

We identified specific genes that are expressed in both
tumors and their lineage of origin, as well as genes that are
tumor-specific (Table 1). The combination of tumor-specific
and lineage-restricted genes overexpressed in tumors can
help improve the specificity of multi-factor therapeutic
approaches after experimental validation and correlating
with patient outcomes.*® In addition, some lineage-specific
genes remain active only in progenitors within a lineage
(eg, GPR17in pilocytic astrocytomas are expressed only in
OPCs), and could represent developmental dependencies
based on their persistent expression in resulting tumors.
Importantly, if these tumor-specific genes are not detected
or are only minimally expressed in postnatal non-brain
tissue, and if the gene expresses a protein localizes to the
plasma membrane, this target could be used in next gener-
ation CAR-T therapies.

One limitation of our study is that malignant transforma-
tion of tumor cells naturally changes their transcriptional

Summary of the cerebellum-specific CNS tumor associations to normal cell lineages and potential candidate target genes for further

Tumor unique genes
(full | surfaceome | druggable)

EPN PFA Astroglial 14033 20 3895955

eg, MLC1, LRP2, GABRG1 eg, BEST4, PPARG, CYP4F12
PA INT Oligo 145]30| 16 206 | 53 | 41

eg, GPR17, TNR, GRM5 eg, TRPMS8, ANKRD55, TLR7
MB SHH Granule cells 135|33]| 22 136 | 21|46

eg, PRLR, BOC, CDK6 eg, GPR68, NRIP2, KCNA3
MB G3 Unipolar brush cells 881314 167 | 34|42

eg, GLRA1, EPS8, SLC8A1 eg, IMPG2, EPHA8, GABRA5
MB G4 Unipolar brush cells 91114113 179 | 28|48

eg, GRIK1, GRM8, UNC5D

eg, SSTR2, PTPN5, HTR2C
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profiles, making it difficult to definitively prove cell-of-
origin by transcriptional comparisons alone. In the future,
rigorous functional validation and integrating other data
types including epigenetic states is required.

Current limitations in the understanding of oncogenic
vulnerabilities of normal cell types and transformation to
malignancy are major roadblocks in identifying new ther-
apies in pediatric neuro-oncology. In our work, we focused
on uncovering the potential lineage of origin by integrating
a human single-cell cerebellum atlas to pediatric CNS tu-
mors via global comparisons. We have made the results
freely available via an interactive graphical interface at
brain-match.org for further hypothesis generation and
investigation.

Supplementary material

Supplementary material is available online at Neuro-
Oncology (http://neuro-oncology.oxfordjournals.org/).
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