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Medulloblastoma Arises from the Persistence of a
Rare and Transient Sox2* Granule Neuron Precursor
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Highlights

e A rare and transient population of Sox2* cells is identified in
the developing EGL

e These stem-like Sox2* cells contribute extensively to the
granule lineage

e Constitutive activation of SHH in Sox2* cells leads to their
abnormal persistence

e Medulloblastoma arises from the sustained hierarchical
output from these Sox2* cells
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In Brief

Selvadurai et al. demonstrate that the
developing cerebellar external germinal
layer contains a transient population of
more primitive cells expressing Sox2.
Aberrant activation of the SHH signaling
pathway in these cells causes persistent
hierarchical growth, leading to
medulloblastoma.
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SUMMARY

Medulloblastoma (MB) is a neoplasm linked to dysre-
gulated cerebellar development. Previously, we
demonstrated that the Sonic Hedgehog (SHH) sub-
group grows hierarchically, with Sox2* cells at the
apex of tumor progression and relapse. To test
whether this mechanism is rooted in a normal devel-
opmental process, we studied the role of Sox2 in
cerebellar development. We find that the external
germinal layer (EGL) is derived from embryonic
Sox2* precursors and that the EGL maintains a rare
fraction of Sox2* cells during the first postnatal
week. Through lineage tracing and single-cell anal-
ysis, we demonstrate that these Sox2* cells are
within the Atoh1* lineage, contribute extensively to
adult granule neurons, and resemble Sox2* tumor
cells. Critically, constitutive activation of the SHH
pathway leads to their aberrant persistence in the
EGL and rapid tumor onset. We propose that failure
to eliminate this rare but potent developmental pop-
ulation is the tumor initiation mechanism in SHH-sub-
group MB.

INTRODUCTION

Medulloblastoma (MB) is the most common malignant brain tu-
mor in children (Dolecek et al., 2012) and intrinsically linked to
aberrant cerebellar development. Tumors are a functionally het-
erogeneous mix of cells, with only a fraction of neural stem-like

cells able to propagate the disease in transplantation assays
(Read et al., 2009; Singh et al., 2004; Ward et al., 2009). We
have previously demonstrated through genetic lineage tracing
that in situ growth of Sonic Hedgehog (SHH)-subtype MB is
driven hierarchically, with rare and quiescent cells expressing
the transcription factor (TF) Sox2 generating the tumor mass.
Downstream progeny consist of rapidly proliferating Doublecor-
tin (DCX) expressing progenitors and Neuronal nuclear antigen
(NeuN) expressing differentiated cells with limited survival
(Vanner et al., 2014). This neoplastic stem cell-driven hierarchy
is highly reminiscent of a normal neurogenic process.

The diverse cell types that make up the mature cerebellum
originate from two distinct germinal centers during embryonic
cerebellum development: the ventricular zone (VZ) and the
rhombic lip (RL). The VZ is a layer of cells lining the ventral sur-
face of the cerebellar anlage that give rise to all y-aminobutyric
acid (GABA)-ergic neurons and glial cell lineages. Cell fate is
specified from the VZ beginning around embryonic day (E) 10.5
in mouse and continues until the third postnatal week from pro-
genitors that delaminate from the VZ and divide in the nascent
white matter (WM) (Sudarov et al., 2011). The RL is a transient
zone in the most rostral aspect of the cerebellar anlage forming
the interface between the VZ and roof plate ectoderm (Wingate,
2001). Signaling molecules such as TGF-f derived from the roof
plate specify glutamatergic cell fate in RL cells (Hatten, 1999).
Deep cerebellar nuclei neurons are the first to be specified
from E10.5, followed by the major RL output: granule neuron pro-
genitors (GNPs). These are born at the RL ~E12.5-E16.5 and
migrate rostrally across the pial surface of the cerebellum to
form a transient secondary germinal zone, the external germinal
layer (EGL). During this phase GNPs undergo multiple rounds of
transit amplification driven by the SHH mitogen (Wallace, 1999;
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Wechsler-Reya and Scott, 1999), before exiting the cell cycle
and migrating radially away from the pial surface as they differen-
tiate into mature granule neurons (GNs) within the internal gran-
ular cell layer (IGL) by postnatal day (P) 21 in the mouse and after
the first year in human.

Given the role of SHH in driving GNP proliferation, it is unsur-
prising that about one-third of MBs are characterized by
elevated levels of SHH pathway activity (Northcott et al.,
2012). Disruption of normal GN development through activating
mutations in SHH pathway components is therefore widely
accepted as an initiating event in SHH-subtype MB. In support
of this, mouse models of the disease with germline mutations
activating the pathway have revealed a characteristic process
of EGL hyperplasia (Goodrich et al., 1997; Oliver et al., 2005)
and subsequent MB onset after the acquisition of further onco-
genic mutation, such as those targeted to Tp53 or Cdkn2a
(Tamayo-Orrego et al., 2016). Targeting constitutive SHH
pathway drivers to the embryonic neural stem cell (NSC) frac-
tion (defined by GFAP or Olig2 expression) also leads to MB,
though only after specification to the granule lineage (Schuller
et al., 2008; Yang et al., 2008). Combined with evidence for a
cellular hierarchy in MB (Read et al., 2009; Vanner et al.,
2014; Ward et al., 2009), these data present a compelling pic-
ture of SHH-subtype MB arising and progressing through aber-
rantly sustained GN development. Although our previous data
suggests that Sox2* tumor cells may drive this cellular process
in MB, the extent to which Sox2* cells might determine the
normal development of the granule lineage and contribute to
MB initiation is not clear.

Sox2 codes for a high-motility group TF now well established
as a core regulator of stem cell function in development, adult
tissue homeostasis, and cancer through wide-ranging and
context-dependent epigenetic mechanisms (Arnold et al,
2011). In the brain, Sox2 is expressed in radial glia during early
development and in NSCs in the adult (Ellis et al., 2004). Func-
tional approaches have revealed an essential requirement for
Sox2 in cortical neurogenesis (Favaro et al., 2009) but this has
not been explored to the same extent in the developing cere-
bellum. Recent data also support an important role for Sox2 in
maintaining stem cell state in both mouse and human forebrain
glioma (Favaro et al., 2014; Gangemi et al., 2009). In human
MB, SOX2 expression has been shown to be associated with
the SHH subtype (Ahlfeld et al., 2013), with higher bulk expres-
sion levels correlating with a poorer prognosis (Vanner et al.,
2014).

In this study, we tested the hypothesis that normal GN
development is rooted in a Sox2" cell-driven hierarchy. We
demonstrate that expression of Sox2 persists in a small
fraction of cells in the early developing EGL that retain a
more primitive state. These cells contribute extensively to
granule lineage development and maintain this cellular pro-
cess in the context of constitutive SHH activation, leading to
MB formation. These findings reinforce the parallels between
normal development and cancer and offer insight into
the temporal window of vulnerability for oncogenic transfor-
mation of the developing cerebellum. We propose a model
of how cancers initiate under the influence of SHH activation,
through the persistence of a rare developmental population
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that seeds hierarchical growth from the earliest stages of
neoplasia.

RESULTS

Abundant Sox2 Expression Becomes Restricted to the
VZ and RL Germinal Centers during Embryonic
Cerebellum Development

In order to test the hypothesis that the Sox2* cells maintaining
SHH-active neoplastic growth are derived from an analogous
cell during development, we first analyzed the expression of
Sox2 in the embryonic mouse cerebellum with a Sox2-eGFP re-
porter mouse line (Ellis et al., 2004). We detected widespread re-
porter activity (GFP* cells) in the cerebellum at E10.5 (Figures
S1A and S1B) and E12.5 (Figures 1A and S1C), which very
closely matched the native Sox2 protein detected by immunoflu-
orescence (IF). Sox2 expression at E12.5 was also abundant at
the emergent RL, as defined by expression of Pax6 (Figure 1B),
a downstream effector of the pro-glutamatergic TF Atoh1 (Man-
souri et al.,, 1994; Schedl et al., 1996; Yeung et al., 2014). By
E14.5, Sox2 expression was largely restricted to the VZ and RL
(Figures 1C, 1D, and S1D), germinal centers for GABAergic
and glutamatergic neuronal lineages, respectively.

Lineage Tracing Shows that the EGL Is Derived from a
Population of Sox2* Precursors

To determine the output of Sox2* RL cells, we performed a series
of Sox2 lineage-tracing experiments from time points correspond-
ing to the initiation and expansion of the GN lineage. We used mice
harboring the Sox2°®F"2 inducible cre-recombinase allele (Ar-
nold et al., 2011) in combination with a Rosa26 CAG-loxP-stop-
loxP-tdTomato (R26™") red fluorescent reporter allele (Madisen
etal., 2010) toindelibly mark any cell expressing Sox2 and its prog-
eny upon tamoxifen (TMX) administration. Marking Sox2* cells at
E10.5 led to reporter activation in virtually all cerebellar cells (Fig-
ure S1E). Tracing from E12.5 caused reporter expression in the
majority of cells at the RL and nascent EGL after 24 or 48 h (Figures
1E, 1F, and S1F), suggesting that the newly specified EGL is
derived from a Sox2* population present within the E12.5 VZ/RL.
We next initiated a lineage trace at E14.5 to determine if the
Sox2* population identified within the RL at this time point con-
tinues to contribute to the expanding GN lineage. This experiment
revealed more restricted activation of the reporter in both the RL
and the EGL (Figures 1G and S1G), with the majority of labeled
EGL cellsresiding in the outer layer (Figure 1G). Littermates lacking
Cre or cohorts without TMX administration were used as negative
controls, and no tdT expression was observed in these cases.
These lineage-tracing experiments suggest that the EGL is derived
from a population of Sox2* progenitors in the VZ/RL germinal cen-
ters and that Sox2* cells are maintained as a sub-population of the
RL and early EGL, contributing to early GNP development.

Heterogeneous Expression of Sox2 in the Embryonic
EGL and Persistence in the Postnatal EGL

We next examined the expression of Sox2 within the RL. At E14.5,
Sox2 expression was higher in the cells of the inner RL (iRL),
directly adjacent to the VZ (Figure 2A). However, expression of
Sox2 was also evident in the external RL (eRL) and nascent
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Figure 1. The EGL Is Derived from Sox2" Progenitors in the Embryonic RL

(A) Expression of Sox2-eGFP transgene fluorescence and endogenous Sox2 protein detected by IF in the medial cerebellum at E12.5. Scale bars, 100 um (left
panel) and 20 um (remaining panels). Cb, cerebellum; IC, inferior colliculus; IV, fourth ventricle; MB, midbrain; RL, rhombic lip.

(B) Pax6 expression marks the cellular output of the RL at E12.5. Scale bar, 20 pm.

(C and D) By E14.5, Sox2 expression becomes restricted to the VZ and RL (C), with cells exiting the RL, marked by Pax6 (D), showing heterogeneous Sox2
expression (arrowheads mark Sox2* cells). EGL, external germinal layer; RP, roof plate. Scale bars as in (A) and (B).

(E) Lineage-tracing strategy following TMX induction at E12.5 or E14.5 to Sox2

CreER ; R26th

embryos.

(F) Analysis of tdT reporter expression and its co-localization with Pax6 at E14.5 following E12.5 induction at VZ and RL germinal regions. Scale bars, 100 um (left

panel) and 12 um (remaining panels).

(G) Analysis of tdT reporter expression and its co-localization with Pax6 in the cerebellum at E16.5 following E14.5 induction. Scale bars as in (F).

posterior EGL (pEGL), suggesting the possible maintenance of
expression in a subset of cells transitioning to a glutamatergic
identity. In contrast, Pax6 expression showed high levels within
the eRL and pEGL alongside relatively lower levels in cells within
the iRL and adjacent VZ (Figure 2B). The regionalization of the RL
defined by Sox2 expression is consistent with previous findings
(Yeung et al., 2014) and is suggestive of most cells transitioning
from a Sox2-high/Pax6-low state to a Sox2-low/Pax6-high state
upon acquisition of granule lineage identity.

Sox2 also showed heterogeneous expression within the E14.5
EGL (Figure 2C), consistent with our observation that a Sox2 line-
age trace from E14.5 results in the marking of cells within the
EGL. Analysis of the EGL at E16.5, by which point GNP migration

has progressed to the most rostral aspect of the cerebellum, re-
vealed heterogeneous expression of Sox2 similar to that
observed at E14.5 (Figures 2D, S2B, and S2C). Analysis of the
EGL at birth (P0) revealed a small fraction of cells maintaining
Sox2 expression (Figures 2E and S2D). Sox2* cells were de-
tected both at the outer EGL and within the inner EGL adjacent
to the molecular layer. Sox2/GFP expression was also detected
in the developing glial and interneuron lineages derived from the
VZ/WM, as expected. By P7, near the peak of GNP proliferation,
Sox2 expression was extremely rare within the EGL (Figure S2E),
detectable only in a few cells per cerebellum section. These re-
sults support a potential role for Sox2 in the protracted expan-
sion of the granule lineage for the first postnatal week.
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Figure 2. Expression of Sox2 Is Maintained in the Nascent EGL and Persists until Birth in Mouse and Human

(A) Expression of endogenous Sox2 protein detected by IF in the external RL (eRL), inner RL (iRL), and posterior EGL (pEGL) at E14.5 and quantification of the
average per-cell intensity (relative to iRL). Scale bar, 20 um; n = 3; error bars denote mean + SEM; *p < 0.05, **p < 0.01, and ***p < 0.0001 (two-tailed unpaired
t test).

(B) Expression of endogenous Pax6 protein detected by IF in the eRL, iRL, and pEGL at E14.5 and quantification of the average intensity (relative to iRL). n = 3;
error bars denote mean + SEM; two-tailed unpaired t test. Scale bar as in (A).

(C) Overlapping heterogeneous expression of Sox2-eGFP transgene and endogenous protein in the EGL at E14.5. Magnified area shows Sox2* cells (white
arrowhead) alongside Sox2 ™ cells (gray arrowhead). Scale bars, 20 pm.

(D) Sox2 expression in the EGL at E16.5. Sox2™ cells are marked by white arrowheads in magnified area. Scale bars as in (C).

(E) Expression of Sox2-eGFP reporter and endogenous Sox2 protein detected by IF. Representative images showing the EGL of nascent lobules I/11, VI/VII, and XI
are shown, with magnified regions showing the overlap between GFP and endogenous Sox2 expression within the EGL. Scale bars, 20 pm.

(F and G) Primary human cerebellum from GW22 (F) and GW37 (G) stained for Sox2 by IHC. EGL demarcated in red (F', F”’, G’, and G"’). Scale bar, 2 mm for both.

Identification of Sox2 Expression in Developing granule neurogenesis in humans. The EGL is first detected
Human EGL around the 10th gestational week (GW) and persists up to
The cerebellum develops across mammalian species the second year of life (Rakic and Sidman, 1970). Proliferation
following the same cellular mechanisms and core lobe within the EGL peaks between GW28 and GW34, equivalent
patterning as those described in the mouse, with an increase to the early postnatal stage in mouse (Abraham et al., 2001).
in foliation complexity and a much more protracted period of To test if our mouse observations translate to the human

4 Cell Reports 31, 107511, April 14, 2020



context, we assessed Sox2 expression in the developing hu-
man cerebellum. We performed immunohistochemistry (IHC)
for Sox2 on GW22- and GW37-stage primary human cere-
bellum tissue and found a high degree of foliation and clear
lamination within each nascent lobule (Figures 2F and 2G).
Expression of Sox2 was strikingly abundant within the EGL,
with a particular density in the outer EGL. Consistent with
our observation in mouse, we noted that the frequency of
Sox2* cells within the EGL was spatially heterogeneous and
not equal across all folia.

Sox2* Cells in the PO EGL Display Characteristics of a
Progenitor Cell State

To shed further light on the cellular identity of Sox2™ cells identi-
fied in the mouse PO EGL, we analyzed Sox2 expression along-
side the intermediate progenitor marker DCX and the neuronal
marker NeuN. Expression of these markers is indicative of
GNP exit from the cell cycle and commitment to a terminally
differentiated GN identity. Expression of both DCX and NeuN
was mutually exclusive with Sox2 in the EGL, except for a rare
occurrence when we noted GFP expression co-localizing with
low levels of DCX (Figures 3A and 3B). We further assessed
expression of Pax6 alongside Sox2 as a marker of granule line-
age identity and found overlapping expression in the majority
of Sox2* cells (Figures 3C and S3A).

We analyzed the expression of GFP alongside putative NSC
markers Nestin and Olig2, which have both been shown to
mark rare fractions of cells in the developing EGL (Li et al.,
2013; Wojcinski et al., 2017, 2019). Although some overlap
was evident, we could not conclusively determine whether all
Sox2 expressing cells we identified also expressed Nestin,
because of the filamentous nature of its cytoplasmic staining
(Figure S3B). Olig2 expression was not present within the EGL
but did co-localize with Sox2 expression in scattered cells within
the developing IGL (Figure S3C).

To examine the Sox2* EGL cells at a functional level, we
next probed their cell cycle dynamics through an EdU pulse
experiment. EdU incorporation was widespread through the
EGL (Figure 3D), indicative of abundant proliferation. How-
ever, EdU incorporation within the Sox2* EGL fraction
occurred at significantly lower levels (11.87% =+ 3.53%)
compared with the Sox2~ fraction (25.34% + 1.19%) (Fig-
ure 3E), suggesting that Sox2* cells are functionally distinct
from the surrounding progenitors. Combined, these data sug-
gest that the majority of Sox2* EGL cells are committed to the
granule lineage and may exist in a more primitive state than
surrounding GNPs.

Sox2* EGL Cells Are Derived from the Atoh1* Lineage

EGL cells displaying hallmarks of a more primitive state have
been described previously, though they appear to be derived
from the VZ (Li et al., 2013; Wojcinski et al., 2017). To investigate
the source of the Sox2*" EGL population, we performed a set of
lineage-trace experiments using mice with the constitutively
active Atoh1°"™ recombinase allele (Matei et al., 2005) crossed
to the R26" reporter mouse line (Figure 3F). Atoh? expression
defines the RL-derived glutamatergic lineages from ~E10.5
(Akazawa et al., 1995; Ben-Arie et al., 1996, 1997). This model

caused labeling of all Atoh1-derived progeny, including clear la-
beling of the EGL as expected in the PO cerebellum (Figure 3G).
To validate the model, we traced mice to adulthood and found
the entire granule lineage marked by the reporter (Figures S3D
and S3E), with the exception of lobe X, which shows a distinct
lack of labeling at both PO and in adulthood.

Within the EGL of Atoh1 traced mice, we identified Sox2* cells
marked by the tdT label, confirming their identity as cells within
the granule lineage (Figure 3H). However, we also observed
Sox2* cells within the EGL that lacked the tdT label. Although
we cannot exclude the possibility of some cells’ not recombining
the reporter despite Atoh1 expression, given the extensive re-
porter labeling through the rest of the EGL and subsequent
GNs, we do not think this would apply in every case, raising
the possibility that the EGL could contain more primitive cells
from both RL and VZ origins. To examine this, we crossed the
Atoh1°"; R26'" line to mice harboring the Sox2°¢" transgene
to perform flow cytometry analysis on the basis of both tdT
(RL-derived) and GFP (Sox2*) expression (Figures 3, 3J, S3F,
and S3G). After first gating on tdT expression, we detected the
presence of a small fraction of tdT/GFP double-positive cells
(3.24% + 0.61%). Combined, these data support the hypothesis
that a fraction of cells derived from the Atoh7* lineage maintain
expression of Sox2 during EGL development.

ScRNA-Seq Analysis of PO Mouse Cerebellum Supports
the Presence of a More Primitive Sox2* GNP Cell State
Reminiscent of Sox2* MB Cells

To further interrogate the characteristics of Sox2* precursors
within the Atoh1 lineage, we independently examined single-
cell RNA sequencing (scRNA-seq) data of the developing mouse
cerebellum (Vladoiu et al., 2019). Unsupervised clustering using
Uniform Manifold Approximation and Projection (UMAP)
(Mclnnes et al., 2018) was performed on the individual cell tran-
scriptomes of 4,409 cells collected at PO. Cell-cycle signatures
were regressed to reduce confounding sources of variation,
and 13 unique clusters were identified (Figures 4A, S4A, and
S4B). Cluster identities were assigned using expression of es-
tablished markers as well as the cell identities resolved previ-
ously across multiple embryonic and postnatal time points,
with granule lineage cells being the most abundant cell type
(Figure 4B).

The GNP compartment encompassed clusters 2 and 4, which
were strongly enriched in the expression of RL lineage marker
Atoh1 and had negligible expression of the VZ lineage marker
Ptf1a (Figure 4C). They also scored the most strongly for S and
G2/M proliferation signatures (Tirosh et al., 2016; Figures 4D
and S4G). The identification of two discrete GNP clusters is
consistent with the original description of these data (Vladoiu
et al., 2019). To interrogate heterogeneity in the GNP compart-
ment, we extracted the 1,104 GNPs from clusters 2 and 4 and
performed additional unsupervised clustering following cell-cy-
cle regression, revealing four unique sub-clusters (Figures 4E-
4G, S4C, and S4D), including one (sub-cluster 3, 3.89%) that
was positive for both granule lineage (Atoh1, Pax6) and NSC
(Sox2, Gfap) markers but relatively deficient in proliferation
markers (Mki67, Top2a) (Figures 4F and S4E). Assessment of dif-
ferential gene expression confirmed the identity of sub-cluster 3
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(A and B) Rare overlapping GFP and DCX expression was observed in the PO EGL (A, arrowhead), while no overlap was seen between GFP and NeuN (B). Scale

bars, 20 pm.
(C) All GFP* external EGL cells were Pax6* (arrowheads). Scale bars, 20 pm.

(D) Representative IF images of endogenous Sox2 protein and EdU at 3 h post-injection. Scale bar, 20 um.
(E) Quantification of EAU incorporation (in D) in Sox2* and Sox2~ cells (p = 0.0166). n = 5; error bars denote mean + SEM; two-tailed paired t test.

(F) Lineage-tracing strategy in Atoh1°" ; R26'T mice.

(G) Representative IF images of endogenous Sox2 protein and tdT reporter expression in the PO cerebellum. Scale bar, 100 pm.
(H) Magnified image from (G) illustrating heterogeneous Sox2 expression with clear Atoh1 lineage™ (white arrowheads) and Atoh1 lineage™ (yellow arrowheads)

origins. Scale bars, 20 pm.

() Atoh1°™ ; R26'T ; Sox2°%FP transgenic mice were bred for fluorescence-activated cell sorting (FACS) analysis of Sox2* cell lineage origins.
(J) Representative FACS plot indicating typical population distribution of tdT and GFP expression from the PO hindbrain (left). Histogram of tdT* cells showing

percentage of Sox2" cells derived from the Atoh1 lineage (right).

as an Atoh1"9" Sox2"9" compartment of GNPs (Table S1), with
all genes (except Pax6) being statistically differentially ex-
pressed (p < 0.001). To interrogate the functional properties of
these cells, we applied S and G2/M signature enrichment
scoring and found that the Atoh1M9" Sox2"9" cluster exhibited
a significant reduction in S and G2/M scores. Furthermore,
Atoh1M9" Sox2M9h cells displayed a reduced similarity to PO
GNs (PO cluster 0) and increased similarity to PO glial cells (PO
cluster 1) (Figure 4H). Pathway analysis (Figure 4l; Table S2) in
sub-cluster 3 using g:Profiler (Reimand et al., 2016) revealed dif-
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ferential enrichment in pathways reflective of the reduced prolif-
eration in Atoh1M9" Sox2"9" cells (upregulation of translation and
ribosome biogenesis, downregulation of cell cycle). Interestingly,
several neurogenic pathways were also enriched in this sub-
cluster, including nervous system development and regulation
of neuron differentiation. Of note, we also compared the
Atoh1M9" Sox2M9h clyster with the remaining GNPs for SHH
pathway enrichment and found no measurable difference, sug-
gesting that Atoh1"9" Sox2M9" cells are similarly SHH active to
their more differentiated GNP counterparts (Figure S4l). We
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Figure 4. scRNA-Seq Reveals a Distinct Cluster of Atoh1"" Sox2"e" GNPs

(A) Uniform Manifold Approximation and Projection (UMAP) visualization of transcriptionally distinct cell populations from 4,409 cells from the PO mouse cer-
ebellum.

(B) Relative composition of different clusters at PO from (A).

(C) Violin plots indicating expression of Atoh1 and Ptf1a across clusters.

(D) Scatterplot by PO clusters illustrating individual cells’ scores for enrichment of S (top) and G2/M (bottom) signatures (mean + SEM).

(E) UMAP visualization of transcriptionally distinct sub-clusters following re-clustering of the 1,104 GNPs.

(F) Violin plots indicating expression of Atoh1, Pax6, Mki67, Top2a, Sox2, and Gfap across GNP sub-clusters.

(G) Heatmap indicating expression of the 20 most significant genes identifying each GNP sub-cluster signature. Genes upregulated in yellow, downregulated in
purple.

(H) Scatterplots of GNP sub-cluster 3 versus all other GNPs (cluster 0, 1, and 2) illustrating individual cells’ scores for enrichment of S, G2/M, PO GN, PO glial,
Sox2* MB stemness, and Sox2~ MB differentiation signatures. ***p < 0.0001; ns, not significant. Mean + SEM; two-tailed Mann-Whitney test.

(I) Enrichment map of Gene Ontology (GO) biological pathway terms upregulated (red) and downregulated (blue) in Atoh1™9" Sox2"9" (GNP sub-cluster 3) cells.
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Figure 5. Sox2* GNPs Contribute Extensively to the Granule Lineage and to Lesions in Ptc*’~ Germline Mutants

(A) Strategy for TMX induction in Sox2°™ER ; R26'T pups at P1 followed by analysis of reporter expression.

(B) Rare tdT labeling within the EGL (outlined area) at P2 consistent with expression of endogenous Sox2 protein detected by IF (white arrowheads, relatively high
Sox2 expression; gray arrowheads, relatively low Sox2 expression). Scale bars, 12 um.

(C and D) Representative IF image of tdT reporter expression in the P2 cerebellum (C) and quantification of the percent tdT* cells in the EGL (D). Bar denotes
mean; n = 3 biological replicates from at least two litters for each data point. Scale bar, 100 um.

(legend continued on next page)
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next examined whether cells with a similar signature are present
at P7 (Vladoiu et al., 2019). P7 GNPs expressing the Atoh1Mo"
Sox2M9" PO GNP signature were not identified, confirming the
temporal restriction of the Atoh1M9" Sox2"9" pool (Figure S4J).
Combined, these data are consistent with a model in which
rare, primitive Atoh1M9" Sox2™9" cells lie at the root of hierarchi-
cal expansion before commitment to a differentiated cell fate and
concomitant expression of more mature markers such as
Neurod1, Stmn1, Fabp7, and Tubb5.

We next compared these GNP clusters to the Sox2* and
Sox2~ fractions we characterized previously in SHH-subtype
MB (Vanner et al., 2014). Supporting the link between granule
lineage development and MB, the Atoh1"9" Sox2"9" GNPs dis-
played significant enrichment for the primitive Sox2* MB gene
expression signature, while no group of PO GNPs were enriched
for the more differentiated Sox2™~ fraction of MB (Figure 4H). As a
control, we scored all PO cell types for the same stem and differ-
entiated signatures (Figure S4H) and found that PO glial cells
bore highest similarity to Sox2* MB cells. In contrast, maturing
GNs exhibited greatest similarity to Sox2™ MB cells, indicating
that the MB tumor bulk is more similar to terminally differentiated
GNs than progenitors of the EGL. Combined, these observations
strongly support a similar model of Sox2-driven hierarchical
growth in both granule lineage development and MB.

Lineage Tracing from Sox2" GNPs in Newborn Mice
Reveals Extensive Contribution to the Granule Lineage
and MB
To determine the extent to which Sox2* EGL cells contribute to
expansion of the GNP population, we performed a set of Sox2
lineage-tracing experiments in newborn pups using the
Sox2CTERT2 recombinase and R26™7 reporter alleles (Figure 5A).
After inducing at P1 and tracing for 24 h, tdT expression was
analyzed alongside IF for Sox2, which revealed a labeling pattern
largely consistent with endogenous Sox2 expression (Figure 5B),
though with rare exceptions (Figure S5A). Reporter activation
was widespread within the WM and IGL, consistent with the
broad expression of Sox2 in VZ-derived cells (Figures 5C and
S5B). Analysis of the EGL at each nascent lobule revealed a
reproducible, spatially specific pattern of reporter activation,
indicative of regional differences in Sox2 expression at this
time point (Figure S5B). In each quantified region, except for
lobule X, the proportion of acutely labeled cells was less than
10% of total EGL cells (Figure 5D).

We then tested the contribution of this rare labeled cell fraction
to GNP production in the EGL by analyzing tdT reporter expres-
sion at P7, 6 days after TMX induction, and found it to be abun-

dant within the EGL (Figures 5E and S5C), consistent with
extensive cellular expansion from the initially labeled Sox2™* cell
fraction. Quantification of tdT* EGL cells revealed on average
at least a 3-fold increase in the proportion of labeled cells (Fig-
ure 5F), demonstrating that the contribution of Sox2* cells to
subsequent GNPs is greater than the Sox2™ cell fraction (other-
wise we would expect a balanced output with the labeled cell
fraction remaining the same). Analysis of the IGL after tracing
from P1 to P21 revealed a pattern of lobule-specific reporter
expression, with differences between groups I-VI, VII-IX, and X
(Figures 5G and S5D). In order to quantify the proportion of tdT
labeled GNs, we co-stained for NeuN, allowing GNs to be distin-
guished from other Sox2-derived cell types within the IGL (Fig-
ure S5E). The fraction of tdT labeled GNs at P21 showed a
striking concordance with the fraction of labeled EGL cells
from matched regions quantified at P7 (Figure 5H), consistent
with a balanced expansion of all remaining GNPs after loss of
Sox2* cells in the first week of postnatal growth. Combined,
these data reveal the persistence of a potent Sox2* progenitor
population within the EGL that is maintained into the first week
of postnatal life with an enhanced capacity for neurogenesis.

We next tested the hypothesis that these Sox2* GNPs could
act as the root of neoplastic growth in the context of a germline
Ptc1 heterozygous mouse model. We have previously shown
that MB grows hierarchically, with a fraction of Sox2* cells
generating more rapidly cycling DCX* progeny, which undergo
terminal differentiation into post-mitotic NeuN™ cells. Using
mice harboring the widely used Ptc'®°? germline null allele
(Ptc™) (Goodrich et al., 1997), we performed the same lineage
trace from P1 as above to test whether hierarchical neoplastic
growth is present from the earliest stages of tumor development
(Figure 5I). Indeed, assessment of pre-neoplastic lesions (PNLs)
at P21 revealed extensive labeling of the majority of tumor cells
(Figure 5J), including cells expressing Sox2 (Figure 5K) and
NeuN (Figure 5L). Although not every cell expressed the tdT la-
bel, we suggest that this is likely due to initiation of tumorigenic
growth prior to tdT induction. These data provide strong
evidence for neoplastic growth rooted in the potential transfor-
mation of cells in the Sox2* GNP fraction and perpetuated by
population-level self-renewal of Sox2* cells during disease
progression.

Constitutive Activation of Shh Signaling in Early
Postnatal Sox2* GNPs Causes EGL Hyperplasia
We pursued the link between Sox2* GNPs and MB initiation
further by testing whether oncogenic transformation specifically
targeted to the temporally restricted Sox2" GNP fraction could

(E and F) Representative IF image of tdT reporter expression in the P7 cerebellum (E) and quantification of the percent tdT* cells in the EGL (F) alongside that
observed at P2 (gray bars). Bar denotes mean; n = 3 biological replicates from at least two litters for each data point. Scale bar, 100 um.

(G and H) Representative IF image of tdT reporter expression in the P21 cerebellum (G) and quantification of the percent of tdT* NeuN* cells in the IGL (H)
(see Figure S4 for representative images of NeuN IF). Quantification from equivalent EGL regions at P2 are shown as gray bars for comparison. Bar denotes mean;
n = 3 biological replicates from at least two litters for each data point. Scale bar, 250 pm.

(1) Strategy for TMX induction in Sox2°"ER ; R26'T; Ptc*/~ pups at P1 followed by analysis of reporter expression in PNLs at P21.

(J) Representative IF images of tdT reporter expression in PNLs. N = 2 biological replicates. Scale bars, 100 um. Cb, cerebellum.

(K) Representative images of Sox2 IF and tdT reporter expression in PNLs. White arrowheads demarcate double-positive cells. Yellow arrowheads demarcate

Sox2* cells void of tdT reporter. Scale bars, 20 pm.

(L) Representative images of NeuN IF and tdT reporter expression in PNLs. White arrowheads demarcate clear double-positive cells. Yellow arrowheads

demarcate NeuN* cells void of the tdT reporter. Scale bars, 20 um.
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result in MB. To this end, Sox2°"°*772 mice were crossed to mice
harboring a floxed allele of the Ptc gene (Uhmann et al., 2007)
and/or to mice harboring the Ptc"° allele, allowing us to
generate four different genotypes for comparison: germline mu-
tants (Sox2°ERT2 . ptc*/~), single-allele conditional knockouts
(KOs) (Sox2CERT2 . ptct™) double-allele conditional KOs
(Sox2CeERT2 - ptcl/ly and loss of heterozygosity (LOH) condi-
tional KOs (Sox2C"ERT2 - ptct/—). TMX was delivered at P1, and
one cohort was sacrificed at P21 for early-stage analysis, while
a second cohort was maintained in a survival assay until the
onset of tumor symptoms (Figure 6A).

At P21, Ptct’~ germline mutant mice had characteristic focal
PNLs, as expected (Figure 6B). Analysis of Ptc™’* mice with con-
ditional loss of a single Ptc allele revealed small, rare clusters of
cells on the surface of the cerebellum (Figure 6C), consistent with
early PNLs. Conditional loss of both Ptc alleles, however, caused
extensive hyperplasia across the entire surface of the cerebellum
(Figure 6D), consistent with widespread dysregulation of GNP
growth and impaired differentiation. Reduction of the TMX
dose from 0.2 mg/pup to 0.05 mg/pup to target a reduced frac-
tion of the Sox2* population led to focal hyperplasia similar to
that seen in germline mutant mice, consistent with a clonal level
of initiation (Figure S6A). Last, mice with Ptc LOH in the Sox2*
GNP fraction showed aggressive EGL hyperplasia beyond that
observed in double Ptc KO (Figure 6E). Therefore, constitutively
maintained Shh signaling as a consequence of complete Ptc loss
in the postnatal Sox2* GNP compartment is sufficient to initiate
widespread, aberrant expansion of the EGL, reminiscent of
neoplasia.

Rapid MB Formation after Ptc Deletion in Sox2 EGL Cells
Mirrors Histopathology of Germline Ptc*/~ Model

To test whether the aberrant growth described after SHH activa-
tion in Sox2™* cells is reminiscent of hierarchical MB growth, we
performed IHC for Sox2, DCX, and NeuN on sections from
each of the four genotypes described above at P21. We first
analyzed the Ptc*/~ germline mutants, which revealed a hetero-
geneous pattern of Sox2, DCX, and NeuN expression (Figure 6F).
In the ectopic cell clusters present in the cerebellum of Ptct/*
mice, we found clear expression of both DCX and NeuN, but
not Sox2 (Figure 6G), suggesting that the conditional loss of a
single Ptc allele in these circumstances may be insufficient to
cause the persistence of Sox2* progenitors and propagate
long-term growth. Analysis of the hyperplastic histology in both
the double Ptc KO or the LOH mice, however, revealed a pattern
strikingly similar to germline Ptc*’~ mutant histology, with clear
and characteristic expression of all markers, including a fraction
of relatively rare Sox2* cells (Figures 6H and 6l).

We next explored whether the hyperplasia caused by condi-
tional Ptc loss in the Sox2* GNP fraction fully progressed to
MB. Despite the presence of ectopic cells on the surface of the
cerebellum at P21, Ptc*’* mice did not develop tumors over
16 weeks of observation (Figure 6J), suggesting a potential
requirement for Sox2* cells in driving long-term growth. Both
PtcHt and Ptc’~ mice developed MB, with median survival of
76 and 21 days, respectively (Figure 6J). Control Ptc-t mice
given TMX at P7 (after Sox2 expression is almost completely
lost from the EGL) did not develop tumors, confirming that the
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window of vulnerability is limited to a period when Sox2* cells
are present and actively contributing to EGL expansion. Controls
not given TMX did not develop tumors, unless they contained the
germline Ptc mutation, in which case tumors arose with along la-
tency as expected in this model (Figures S6B and S6C).

Analysis of tissue from Ptc™" tumors showed classic MB his-
topathology similar to Ptc*’~ germline mutant tumors (Figures 6K
and 6L). IHC revealed a striking similarity in expression of Sox2,
DCX, and NeuN between the Ptc*’- and Ptc*'~ models (Figures
6M and 6N), consistent with rare Sox2* cells maintaining growth
of subsequent DCX* and NeuN™ cell fractions through hierarchi-
cal growth. Combined, these data suggest that constitutive Shh
pathway activation in the Sox2* GNP fraction aberrantly perpet-
uates hierarchical growth and leads to MB. We propose that tu-
mors in the widely used Ptc germline mutant mouse model may
arise and grow in a similar fashion, with Sox2™* cells defining both
the cell of origin and the key cell maintaining growth of these
tumors.

Persistence of Sox2 Expression in EGL after
Constitutive Shh Activation in Sox2* GNPs

To test the hypothesis that SHH-subtype MB is caused by the
persistence of a Sox2* GNP, we analyzed the same double Ptc
KO mouse model at the earliest stages of transformation
(Figure 7A).

At P7, gross EGL morphology in KO mice was not notably
altered, but an increased number of Sox2* GNPs in the EGL
was observed relative to controls (Figures 7B and 7C). At P14,
dramatic focal thickening of the EGL was present in KO mice
compared with controls (Figure 7D). We found that the frequency
of Sox2™* cells in these lesions was 3.74% + 0.20%, a frequency
consistent with that previously reported in several endpoint
SHH-subtype tumor models (Vanner et al., 2014; Figure 7E). In
contrast, no Sox2" cells were seen in the wild-type (WT) P14
EGL. Together, these results indicate that the earliest stages of
MB initiation are due to the aberrant persistence of a more prim-
itive Sox2* GNP cell beyond its appropriate developmental win-
dow. We further hypothesize that subsequent progression of MB
follows a model of hierarchical growth consistent with normal
development, rather than a more simplistic symmetric expansion
of a founding mutant stem cell.

DISCUSSION

Multicellular tissue development and homeostasis is character-
ized by an exquisite balance of cellular proliferation, differentia-
tion, and loss. Dysregulation of the molecular machinery regu-
lating these processes can lead to the aberrant hierarchical
growth found to initiate and drive progression of cancer. Here
we have demonstrated that expression of the TF Sox2 defines
a transient cerebellar precursor cell at the apex of the GN devel-
opmental hierarchy in addition to its previously described role as
a fourth ventricular NSC. A similar precursor is responsible for
maintaining long-term hierarchical growth of SHH-subtype MB
following oncogenic transformation (Read et al., 2009; Singh
et al., 2004; Vanner et al., 2014; Ward et al., 2009) and strongly
supports the hypothesis that SHH-subgroup MB is derived
from the dysregulation of this canonical neurogenic process.
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Figure 6. Conditional SHH Activation in Postnatal Sox2" GNPs Causes Rapid Onset of MB Histologically Identical to Ptc Germline Mutant

Disease
(A) Mice harboring the Sox2°*ER allele were bred to also harbor two of the three depicted Ptc alleles and induced with TMX at P1 followed by analysis at P21 or left

until endpoint tumor formation.
(B-E) Representative H&E staining of Ptct3%/* (+/—), PtctoXP/LacZ (| /), ptctoxP/LoxP (1 /1), or PtctoF/* (L/+) genotypes at P21 showing histology of focal lesions

(B and C) and widespread hyperplasia (D and E). Scale bars, 1 mm (top panels) and 50 um (bottom panels).

(F-1) Representative IHC staining of indicated genotypes at P21 highlighting similar expression of the indicated proteins on consecutive sections. Note lack of
Sox2 expression in (G).

(J) Kaplan-Meier survival curves for indicated genotypes after TMX induction at P1. Log rank comparison between L/— and L/L (p < 0.0001).

(K and L) Representative H&E staining of endpoint tumors for indicated genotypes. Scale bars, 2 mm (top panels) and 50 um (bottom panels).

(M and N) Representative IHC staining showing similar expression of key markers in endpoint tumors for indicated genotypes. Insets in top row show magnified

view of nuclear Sox2 staining. Images to same scale as (K) and (L).
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Figure 7. Aberrant Persistence of Sox2* Cells in the Postnatal EGL at the Root of MB Formation

(A) Mice were bred to harbor two copies of the Ptct> allele with or without the Sox2°EF allele (top) and chased for the indicated times following TMX
administration (bottom).

(B) Representative H*E staining of P7 cerebellum in control (Cre ) and KO (Cre*) mice (left) and representative images of endogenous Sox2 protein (right) de-
tected by IF in the EGL (dotted line). Scale bars, 500 um (left panels) and 20 um (right panels). White arrowheads indicate Sox2* cells.

(C) Quantification of the number of Sox2* cells per tissue section in the P7 EGL in control and KO mice (p < 0.001). Each dot represents a biological replicate. N =5
in control group, n = 3 in KO group; two-tailed unpaired t test; bars denote mean + SEM.

(legend continued on next page)
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This has implications for the cell of origin, window of vulnerability,
mechanism of transformation, and ultimate phenotypic behavior
of MB in patients.

Sox2 Expression Defines VZ/RL Progenitors that Give
Rise to GNPs

Sox2 is expressed in neurogenic precursors throughout devel-
opment and is maintained in adult neurogenesis (Ellis et al.,
2004). Cell specification in the cerebellum begins with the
GABAergic lineage from the VZ, but inductive cues from the
adjacent roof plate cells signal the acquisition of glutamatergic
cell fate in the RL, defined by expression of the TF Atoh1 (Mac-
hold and Fishell, 2005; Wang et al., 2005). Our identification of
Sox2 expression within the RL from E12.5 and the extensive
tracing of EGL cells arising from the Sox2™ fraction at E12.5 sug-
gest that the GN lineage is derived from a Sox2* founder popu-
lation. The reduction in EGL labeling after lineage tracing from
E14.5 is consistent with a critical window of lineage induction
at or shortly prior to E12.5.

The cell-specific pattern of Sox2 expression we identified in
the RL at E14.5, with Sox2 expressed strongly on the Pax6-low
interior aspect and weaker at the Pax6-high exterior aspect is
consistent with a molecular compartmentalization of the RL
(Schuller et al., 2008) and supports lineage specification occur-
ring closer to the VZ, followed by migration and differentiation
within the external aspect and subsequent EGL over a window
of 2-3 days. These data are consistent with the view that rather
than existing as a morphologically defined region, the RL is bet-
ter thought of as a zone of dynamic induction at the intercept of
molecular signals from the VZ and roof plate (Butts et al., 2014).
We propose that transitioning through the inductive territory of
the RL changes precursor cell fate but does not affect the role
of Sox2 in maintaining a more primitive cell state: a cell that main-
tains a position at the apex of the hierarchy that drives GN pro-
duction (Figure 7F).

Persistence of Sox2 Expression in Rare GNPs Suggests
a Temporally Regulated Hierarchical Mode of EGL
Growth

The EGL is a unique developmental feature of the cerebellum
that allows a discrete phase of population-level amplification to
multiply a small number of founding GNPs into the most abun-
dant class of neuron in the mammalian brain. We hypothesized
that the EGL is composed of functionally heterogeneous cell
types, with a more primitive cell type driving the early develop-
ment of the GN lineage. This is supported by both cell marker
staining (in situ or through flow cytometry) and scRNA-seq
data, with a fraction of Atoh1 lineage-derived cells, marked by
Sox2 expression and relative quiescence, displaying character-
istics of a more primitive cell state. Consistent with this, the Sox2

lineage trace performed from P1 demonstrates that the Sox2*
cell fraction retains an extensive capacity for contribution to
GN development on the basis of the large increase in labeled
cells at P7 and P21 compared with the initially labeled fraction
at P2. The similar proportions of labeled GNPs at P7 and GNs
at P21 are consistent with loss of Sox2 expression prior to this
period, marking a shift from self-renewal to differentiation (Legué
et al., 2015).

A growing body of evidence has demonstrated the heteroge-
neous expression of NSC factors in the EGL, such as Nestin (Li
et al.,, 2013; Wojcinski et al., 2017), GFAP (Silbereis et al.,
2010), and Olig2 (Schuller et al., 2008), at different develop-
mental time points. We propose that the Sox2* GNPs we have
identified are a functionally and developmentally distinct cell
fraction. We analyzed expression of Nestin in addition to Sox2-
eGFP in perinatal cerebellum but, because of the filamentous na-
ture of the endogenous protein, could not confirm whether all
Sox2* cells are also Nestin®™. However, at P4 and under normal
conditions, the output of Nestin* cells in the EGL is interneurons
and glia with only minor contributions to the GN lineage, support-
ing the interpretation that the majority of Nestin* cells at this time
point are of a VZ origin (Li et al., 2013; Wojcinski et al., 2017).
Likewise, Wojcinski et al. (2017) described a VZ-derived Nestin*
inner EGL population present at P3 that is capable of undergoing
a fate switch to rescue GNP cell numbers in response to wide-
spread injury. In contrast, the Sox2* cell fraction we identified
contributes extensively to the mature GNs under normal condi-
tions, confirming granule lineage identity. We further confirmed
this lineage identity through scRNA-seq description of a Sox2Md"
Atoh1M9" GNP cluster that shows no markers of VZ origin. Last,
we performed an Atoh1 lineage trace that revealed the presence
of Sox2* cells in the EGL with both Atoh1 and non-Atoh1 lineage
origins, consistent with previous reports that postulate a VZ
origin of Nestin® EGL cells (Li et al., 2013; Wojcinski et al.,
2017). Thus, we conclude that Sox2 expression defines two
cell types: those VZ-derived progenitors marked by Nestin,
Olig2, and GFAP with limited contribution to the GN lineage un-
der normal conditions and a distinct population derived from the
RL that function as a source for protracted GN development.

Sox2 Expression Defines Both a Tumor Initiating and
Tumor Propagating Cell in the SHH MB Subtype

MB driven by oncogenic activation of the Shh pathway is well es-
tablished to arise from the GN lineage across various models
(Oliver et al., 2005; Schuller et al., 2008), suggesting a similar
mode of development in the human disease. Our findings build
on this paradigm and support a model in which SHH-subtype
MB arises through the aberrant maintenance of a developmental
hierarchy through constitutive activation of the Shh pathway in a
Sox2* founding GNP at P1 (Figure 7G). We have demonstrated

(D) Representative H&E staining of P14 cerebellum in control and KO mice (left) and representative images of endogenous Sox2 protein (right) detected by IF in the

EGL (dotted line). Scale bars, 500 um (left panels) and 20 um (remaining panels).

(E) Quantification of the percentage of Sox2* cells in representative images of P14 lesions from Ptc-**/->*" KO mice (green) and comparison with Sox2* cells
previously quantified in Ptc*'~, PtcIR (Ptc*’~, 3 Gy radiation on P0), Ptc; SB (Ptc*~; T2onc; Sleeping Beauty), and Ptc; p53'~ endpoint tumors. Dots represent
average percentage in individual mice (p = 0.3066, one-way ANOVA; mean + SEM).

(E) Model depicting maintenance of a Sox2* cell-driven hierarchy from the VZ to the EGL.

(F) Model for MB initiation through the maintenance of a developmental hierarchy.
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that the rare postnatal Sox2* GNP fraction we identified and
characterized is readily capable of oncogenic transformation
upon Shh activation, resulting in the persistence of key neuro-
genic programs previously associated with hierarchical MB
growth (Vanner et al., 2014). Single-cell analysis of developing
cerebellum, in comparison with analysis of human SHH-subtype
MBs, continues to support relationships of these tumors to the
EGL lineage (Vladoiu et al., 2019).

Our data are consistent with the conclusion that SHH subtype
tumors arise in a common cell lineage, but timing of oncogenic
lesion as cells transition through the RL and shift from self-
renewal to differentiation could dictate outcome and thus ac-
count for the differences observed between mouse models.
This paradigm is supported by previous reports showing that
constitutive SHH activation in stem cells early in cerebellum
development (defined by GFAP or Sox2 expression) results in
more rapid MB formation and functionally distinct endpoint tu-
mors compared with the same lesion being initiated in a more
differentiated Atoh1* GNP (Ahlfeld et al., 2013; Chow et al.,
2014; Schuller et al., 2008; Yang et al., 2008). Temporal differ-
ences in susceptibility to tumor initiation have also been noted
in postnatal mice, with a reduction in susceptibility to radiation-
induced tumorigenesis in Ptc mutant mice observed later in
the course of EGL expansion (Pazzaglia et al., 2006), notably
when Sox2* GNPs are largely gone. Evidence of spatial hetero-
geneity in MB formation has also been identified, with tumors
arising in a germline Ptc mutant model differing in their anatomic
location within the rostro-caudal and medio-lateral axes of the
cerebellum, correlating with the latency of disease presentation
(Onli et al., 2015). Thus, tumor formation in a particular region is
likely associated with its developmental timing (Legué et al.,
2015; Machold and Fishell, 2005). Combined, these spatiotem-
poral differences in MB initiation are consistent with a model of
loss of Sox2™ cells in the first few days of postnatal life reducing
overall neoplastic potential. However, we do not discount that
Sox2~ GNPs also retain the capacity for transformation (indeed,
tumors were observed after inducing a SmoM2 driver in Atoh1*
cells at P7, a point after which Sox2 is barely detected in the EGL)
(Chow et al., 2014; Ohli et al., 2015). Of note, these tumors could
not be propagated in vitro under NSC conditions, unlike counter-
parts induced at earlier stages of development, supporting our
hypothesis that the Sox2* cell compartment remains more favor-
able for transformation and, importantly, long-term disease
propagation.

In the context of SHH pathway activation, we found that the
differentiation failure of Sox2* EGL cells is associated with the
later appearance of precursor lesions. Therefore, the initiation
of cancer is not necessarily a proliferative event but rather
the presence of a persistor with developmental potency that
may be the prerequisite. The Sox2* cells that later drive MB
in these models are quiescent (Vanner et al., 2014) and are
not shown to be expanded in number over their progeny. The
fact that precursor lesions consist of Sox2*, DCX*, and
NeuN™ cells suggests that at the earliest neoplastic stages, hi-
erarchies are part and parcel of the establishment of malig-
nancy. As tumors advance, this developmental hierarchy is
maintained and contributes to a heterogeneous cellular
ecosystem. Understanding these nuanced developmental
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aberrations will be critical to understanding mechanisms of
cancer initiation and establishment.

The presence of dysregulated hierarchical growth is charac-
teristic of many cancer types and implicates the persistence of
developmental processes as mechanisms for disease initiation
and progression (Lan et al., 2017). Our findings here reinforce
the tight link between normal cerebellar development and MB,
presenting a clear mechanism for tumor initiation as the aberrant
persistence of a progenitor cell state normally lost during devel-
opment. We therefore propose that Sox2 expression defines
both the tumor-initiating cell and the tumor-propagating cell in
the SHH subtype of MB.
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BD Biosciences
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Deposited Data
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Vladoiu et al., 2019
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Provided by Dr. Freda Miller;
Ellis et al., 2004

Provided by Dr. Konrad
Hochedlinger; Arnold et al., 2011

The Jackson Laboratory;
Madisen et al., 2010

The Jackson Laboratory;
Goodrich et al., 1997

The Jackson Laboratory;
Uhmann et al., 2007

Provided by Dr. Norman Rosenblum;
Matei et al., 2005

Charles River Laboratories

N/A

JAX: 017593

JAX: 007914

JAX: 003081

JAX: 012457

JAX: 011104

CRL: 022

Software and Algorithms

ImagedJ

Prism 7 and Prism 8

Adobe Photoshop CS5

NIS-Elements Image Acquisition Software
Seurat v3.0

Enrichment Map v3.1.0

Volocity Image Acquisition Software

Imaged

GraphPad

Adobe Systems
Nikon

Satija Lab

Merico et al., 2010
Perkin Elmer

RRID:SCR_003070
RRID:SCR_002798
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REAGENT or RESOURCE SOURCE IDENTIFIER

Pannoramic Viewer Software 3Dhistech RRID:SCR_017654

FlowJo v10 BD Biosciences RRID:SCR_008520

Scran 1.10.2 Lun et al., 2016 RRID:SCR_016944

UMAP 0.2.0.0 Mclnnes et al., 2018 https://github.com/Imcinnes/umap

gProfileR v0.6.7 Reimand et al., 2016 RRID:SCR_006809

Cytoscape v3.7.0 Cline et al., 2007 RRID:SCR_003032

Autoannotate v1.3 Kucera et al., 2016 https://baderlab.org/Software/
AutoAnnotate

Word Cloud v3.1.1 Oesper et al., 2011 http://baderlab.org/Software/
WordCloudPlugin/UserManual

clusterMaker2 v1.2.1 Morris et al., 2011 http://apps.cytoscape.org/apps/
clustermaker2

Gene Ontology Biological Pathways Database Ashburner et al., 2000; The Gene RRID:SCR_002811

Ontology Consortium, 2019

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be made to the Lead Contact, Dr. Peter Dirks (peter.dirks@
sickkids.ca).
This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics statement

All experiments carried out on mice were approved by the Hospital for Sick Children’s Animal Care Committee (protocols
1000035382, 1000039831, and 1000046813) in accordance with the Canadian Council on Animal Care Guidelines. De-identified,
archival primary human tissue was obtained with consent in strict observance of the legal and institutional ethical regulations. Pro-
tocols were approved by the Human Gamete, Embryo, and Stem Cell Research Committee at the University of California, San Fran-
cisco, and the Research Ethics Board at the Hospital for Sick Children, Toronto.

Mice

Mice had free access to rodent chow and water in a 12 hour dark-light cycle room. All mice were healthy with no apparent behavioral
phenotypes. For all mouse studies, mice of either sex were used. Ages of all mice used in experiments are indicated in the figure
legends. The following transgenic mouse strains were purchased from the Jackson Laboratory: Ptc1-3°% (Ptch1'™"MPs/ ) (JAX stock
#003081) (Goodrich et al., 1997), Ptc1-°* (B6N.129-Ptch1™1Han/j) (JAX stock #012457) (Uhmann et al., 2007), R26%" (B6;129S6-
Gt(ROSA)26Sor™#CAG-tdTomatolHze ) (JAX stock #007914) (Madisen et al., 2010). Sox2°%"7 (Sox2"™ P mice (Ellis et al., 2004) were
provided by Dr. Freda Miller, Toronto, Hospital for Sick Children. Sox2°"EF (B6;129S-Sox2!™(cre/ERT2Hoch ) )y mice (Arnold et al.,
2011) (JAX stock #017593) were provided by Dr. Konrad Hochedlinger, Boston, Massachussetts General Hospital. Atoh1°™®
(B6.Cg-Tg(Atoh1-cre)1Bfri/J) mice (Matei et al., 2005) (JAX stock #011104) were provided by Dr. Norman Rosenblum, Toronto, Hos-
pital for Sick Children. CD1 mice were purchased from Charles River Laboratories (strain code: 022). All mice were bred and geno-
typed as recommended by the Jackson Laboratory, except Sox2°¢™ (Sox2'™'"*Y) mice which were genotyped based on Ellis et al.,
2004.

METHOD DETAILS

Tamoxifen injections

All mouse lines were maintained on a mixed genetic background and genotyped according to original references. The day a vaginal
plug was observed was taken as E0.5 and day of birth was taken as PO. Cre activity was induced in embryonic mice by delivery of a
single dose of 150 mg / Kg TMX dissolved in 10% EtOH / sesame oil on the specified day by oral gavage. Cre activity was induced in
new born pups by delivery of a single dose of 0.2 mg TMX prepared as above by subcutaneous injection. This was reduced to 0.05 mg
per pup to examine focal lesion generation. Mice aged P7 and up were treated with 150 mg/Kg TMX prepared as above by subcu-
taneous injection. Sox2VT ; R26'T littermates were used as negative controls for each experiment, along with Sox2°°% ; R26'T co-
horts without TMX administration.
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Tissue processing

Tissue from postnatal mice was dissected after transcardial perfusion of cold PBS followed by 4% PFA and subsequently fixed over-
night at 4°C immersed in 4% PFA. Tissue from embryos was dissected and fixed overnight as above. For immunofluorescence (IF),
tissue was washed and cryoprotected in 30% sucrose / PBS for 24-48 hours prior to snap freezing in either a 1:1 solution of 30%
sucrose and OCT embedding media or 100% OCT. Frozen sections were cut sagittally at a thickness of 16 um on a cryostat and
kept at —20°C until staining. For experiments assessing the persistence of Sox2* cells in the developing EGL, sections were cut
at a thickness of 25 um. For immunohistochemistry (IHC) and histological staining tissue was washed, dehydrated in EtOH, wax
embedded and cut sagittally at thickness of 10 um on a microtome. Resected primary human material was fixed overnight in formalin
and processed for frozen or wax sectioning as above.

Immunostaining and histology
Standard protocols were followed. For IF, frozen sections were thawed, washed in PBS and blocked in a solution of 10% normal goat
serum/0.1% Triton-X/PBS. Primary antibodies were incubated overnight at 4°C at the specified concentrations in blocking solution.
Goat anti-rabbit/mouse 488/568/647 fluorophore-conjugated secondary antibodies (Molecular Probes) were used at a concentration
of 1:200 in blocking solution alongside DAPI or TOPRO at a concentration of 1:1000 for one hour at room temperature. Slides were
mounted in Fluorescence Mounting Media (DAKO) and air-dried in the dark overnight before imaging. For IHC, FFPE sections were
de-waxed in xylene and rehydrated in graded EtOH solutions before washing in PBS and blocking endogenous peroxidase activity
with Bloxall (Vector Laboratories). Antigen retrieval was performed by boiling in Citrate buffer (pH 6.0) in a microwave under pressure
for five minutes. Blocking, primary antibody incubation and secondary steps were performed following the InmPRESS RP Anti-Rab-
bit IgG (Peroxidase) Polymer Detection Kit (Vector Laboratories). For primary antibodies raised in mouse, a Mouse on Mouse
(M.O.M.) ImmPRESS HRP (Peroxidase) Polymer kit (Vector Laboratories) was used. Staining was visualized with a DAB Peroxidase
(HRP) Substrate Kit (Vector Laboratories) and sections were counterstained with Mayer’s Hematoxylin (Sigma). For each experiment
sections were also stained with all but the primary antibody to control for background staining levels. Hematoxylin and Eosin staining
for histology was performed using standard methods. In all cases analyses were performed on at least three biological replicates.
For immunofluorescence, the following antibodies were used: Rb anti-Sox2 (1:500, Abcam, ab97959), Ms anti-Sox2 (1:100, Ab-
cam, ab79351), Gt anti-Sox2 (1:200, R&D Systems, AF2018), Rb anti-DCX (1:500, Abcam, ab18723), Ms anti-NeuN (1:500, EMD Milli-
pore, MAB377), Rb anti-Olig2 (1:500, EMD Millipore, AB9610), Rb anti-Pax6 (1:300, Biolegend, 901301), Ms anti-Nestin (1:500, BD
Biosciences, 556309). For immunohistochemistry, the following antibodies were used: Rb anti-Sox2 (1:500, Abcam, ab97959), Ms
anti-Sox2 (1:1000, Abcam, ab79351), Rb anti-DCX (1:5000, Abcam, ab18723), and Ms anti-NeuN (1:1000, EMD Millipore, MAB377).

Microscopy

IHC images were acquired on a 3Dhistech Pannoramic 250 Flash Il Slide Scanner and processed in 3Dhistech Pannoramic Viewer
software. H'E images were acquired on a Nikon Eclipse Ci light microscope with a Nikon DS-Fi2. Wide field fluorescent images were
acquired on a Leica DMI6000B light microscope with a Leica DM. Confocal microscopy was performed on either a) a Quorum spin-
ning disc confocal system consisting of a Olympus IX81 inverted fluorescence microscope equipped with a Hamamatsu C9100-13
back-thinned EM-CCD camera and acquired using Volocity acquisition software (Perkin Elmer); or b) a Nikon A1R Si Point Scanning
Confocal system consisting of a Nikon Eclipse Ti microscope and 4 PMT, 1 32-channel spectral PMT detector and acquired using
NIS-Elements, Picoquant SymPhoTime 64 acquisition software. Allimages were analyzed in raw format and prepared in an unbiased
manner for publication in Photoshop CS5 (Adobe).

Image quantification

For quantification of the tdT lineage trace presented in Figure 5 we imaged each lobule from a representative vermis and hemisphere
section from three mice and quantified only the medial section. For P2 and P7 stages, we imaged the crown of each. Total DAPI* cells
present in the EGL (defined morphologically) were counted alongside DAPI*/tdT* cells. For the P21 time point we also performed IF
for NeuN in order to differentiate between tdT* GNs and any other lineage that may be traced (e.g., astrocytes) and imaged the IGL at
the crown of each lobule. Total NeuN* cells and NeuN*/tdT* cells were quantified. Quantification in all cases was performed on chan-
nels independently with the raw images in ImageJ.

In vivo EdU labeling and detection

Wild-type CD1 mice were administered 100 pg of EAU (Invitrogen) intraperitoneally on PO. EdU was dissolved in 0.9% saline solution.
Animals were sacrificed 3 hours later and tissue was collected and processed for immunofluorescent staining as previously
described. EdU incorporation was later detected using the Click-iT Plus EdU Alexa Fluor 647 Imaging Kit (ThermoFisher) according
to the manufacturer’s protocol. Samples were imaged and quantified as previously described.

Fluorescence activated cell sorting

The brains of PO Atoh1°/tdT/Sox2°¢F” mice were dissected and stored on a Petri dish on ice. Brains were then genotyped visually
for GFP or tdT expression using a Leica DMIB000B light microscope. The hindbrain, including the brain stem, was dissociated
mechanically in 0.1% BSA/PBS supplemented with DNase |. Cells were passed through a 35 puM nylon filter and stained
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with DAPI before live-cell sorting using a Beckman Coulter MoFlo Astrios. Data were analyzed and quantified using FlowJo (v10)
software.

Quality control and normalization

The filtered scRNaseq gene matrix of the PO and P7 mouse hindbrain was downloaded (Vladoiu et al., 2019) and generated using the
10x Genomics platform. Data was processed for quality control and normalized as described previously (Viadoiu et al., 2019) by
adapting the Seurat (Satija et al., 2015) and Scran (Lun et al., 2016) pipelines.

Clustering analysis and visualization

Analysis was done as previously described unless otherwise specified (Vladoiu et al., 2019). Briefly, highly variable genes excluding
cellcyclerelated (Tirosh et al., 2016) were selected in order to perform principal component analysis, followed by k-nearest neighbors
clustering using Seurat’s standard pipeline (Butler et al., 2018; Satija et al., 2015). The number of clusters was selected by examining
the uniqueness of the top marker genes of each individual cluster. We visualized clusters using both t-distributed stochastic neighbor
embedding (t-SNE) and Uniform Manifold Approximation and Projection for Dimension Reduction (UMAP) (Mclnnes et al., 2018).

Creation of cell-type specific signatures

Differential gene expression was calculated using Seurat’s likelihood ratio test method. We filtered genes expressed in less than 10%
of cells and used a log fold-change threshold of 0.25. The resulting gene sets were used to build a signature for each cell type. To
generate the Atoh1™9" Sox2M9" PO GNP signature, the top 200 differentially expressed genes were selected (filtered by p value).

Cell scoring

For cells that were scored for enrichment of a given signature, the reference signature was first filtered to remove any genes not de-
tected in the scRNaseq experiment. Enrichment of the signature in individual cells was then calculated by normalizing the average
expression of all genes in the signature to the average expression of all genes detected in the scRNaseq experiment. For the Shh
score, Gene Ontology pathway GO:0007224 was used and genes were obtained from the Bader lab gene set
(Mouse_GOBP_AlIPathways_no_GO_iea_April_01_2019_symbol.gmt).

Pathway analysis and enrichment map

The threshold for genes tested was set to those expressed in at least 1% of cells as the cluster of interest (cluster 3) accounted for <
5% of total cells. Instead of log fold-change, differentially expressed genes were filtered by a Bonferonni corrected p value of < 5%.
Differentially expressed genes were then subjected to a pathway analysis using the Gene Ontology (GO) Biological Pathways data-
base (Ashburner et al., 2000; The Gene Ontology Consortium, 2019). Pathway analysis was performed with g:Profiler using the
gProfileR package (Reimand et al., 2016). A custom background was used which comprised all genes detected by the 10x platform.
GO terms were filtered for a minimum gene set size of 5 and maximum gene set size of 2000. Any annotations that were ‘inferred from
electronic annotation’ were excluded (exclude.iea = TRUE). P value correction was done using the g:SCS method and pathways were
filtered at an adjusted P value threshold of 0.10. The enrichment map was generated via Cytoscape (Cline et al., 2007) using the
following applications: Enrichment Map (Merico et al., 2010), AutoAnnotate (Kucera et al., 2016), clusterMaker2 (Morris et al.,
2011), and WordCloud (Oesper et al., 2011).

Survival analysis

Mice in the Ptc knock out or loss of heterozygosity experiment presented in Figure 6 were monitored daily following TMX injection at
P1 or P7 and sacrificed at the first onset of neurological symptoms. Log-rank (Mantel-Cox) survival analyses were performed in Prism
7 (GraphPad).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed in GraphPad Prism 7. For data displayed as violin plots, graphs and corresponding statistical
analyses were performed in GraphPad Prism 8. Unless otherwise stated, in all figures * = p < 0.05; ** = p < 0.01; ** = p < 0.001;
**** = p < 0.0001. Details of specific tests and sample numbers are reported in figure legends.

DATA AND CODE AVAILABILITY

The following packages were used for data analysis: Seurat v3.0, gProfileR v0.6.7, Cytoscape v3.7.0, Enrichment Map v3.1.0,
AutoAnnotate v1.3, clusterMaker2 v1.2.1, and WordCloud v3.1.1.
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