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To understand repair processes, it is critical to identify the molecular foundations underlying progenitor diversity
and plasticity. Upon injury to the neonatal cerebellum, a normally gliogenic nestin-expressing progenitor (NEP)
in the Bergmann glia layer (BgL) undergoes adaptive reprograming to restore granule cell production. However, the
cellular states and genes regulating the NEP fate switch are unknown. Using single-cell RNA sequencing and fate
mapping, we defined molecular subtypes of NEPs and their lineages under homeostasis and repair. NEPs contain
two major subtypes: Hopx* astrogliogenic and Asc/1* neurogenic NEPs that are further subdivided based on their
location, lineage, and differentiation status. Upon injury, an Ascl1* transitory cellular state arises from Hopx* BgL-
NEPs. Furthermore, mutational analysis revealed that induction of Ascl1 is required for adaptive reprogramming
by orchestrating a glial-to-neural switch in vivo following injury. Thus, we provide molecular and cellular in-
sights into context-dependent progenitor plasticity and repair mechanisms in the brain.

INTRODUCTION
For complex tissues like the brain to be generated or to undergo
repair, an effective cellular strategy involves having a multiplicity of
progenitor subtypes and flexibility in fate choices. Development of
single-cell approaches has been instrumental in dissecting progenitor
diversity and identifying transitory cell states critical to fate deci-
sions during development and to a lesser extent repair (I, 2). The
neonatal cerebellum has emerged as a valuable system to identify
molecular mechanisms that drive plasticity after injury because of
its high regenerative potential and diversity of progenitor popula-
tions. The cerebellum is a folded hindbrain structure that houses
most of the neurons in the brain (3, 4) and is important for motor
and higher-order cognitive functions (5-8). It has prolonged
development compared to the rest of the brain as production of
most cerebellar cells occurs after birth in mammals. The postnatal
progenitors in the folds/lobules of the cerebellum continue proliferat-
ing up to 6 months after birth in humans (9) and 2 weeks in mice
(10). The late development of the cerebellum leads to increased
susceptibility to injury around birth, and cerebellar hypoplasia is
the second leading risk factor of autism spectrum disorders (11).
The newborn rodent cerebellum can efficiently replenish at least
two of its main cell types when they are ablated (12-16), and one
repair process involves unexpected progenitor plasticity and an
apparent glial-to-neural fate switch after injury. The molecular
mechanisms that drive progenitor plasticity in vivo, however, are
unknown in the neonatal cerebellum.

After birth, several distinct cerebellar progenitor populations
derived from the rhombic lip or the ventricular zone continue to
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proliferate and generate late-born cells in mouse. The rhombic
lip-derived Atohl-expressing granule cell progenitors (GCPs)
proliferate in the external granular layer on the surface of the cere-
bellum and, upon their last cell division, produce excitatory neu-
rons that migrate inward to form the inner granular layer (17-19).
A poorly defined group of cerebellar ventricular zone-derived
nestin-expressing progenitors (NEPs) in the lobules give rise to
astrocytes, interneurons (INs), and Bergmann glia (Bg), a specialized
polarized glial cell with fibers extending to the cerebellar surface
(12, 20-24). Fate mapping studies have indicated that the lineage
propensity of NEPs depends on their location, such that NEPs in
the layer that houses the Bg (BgL) or in the prospective white matter
(WM) produce Bg or INs, respectively (12, 20, 21, 24-26). It is less
clear where the progenitors of astrocytes reside (Fig. 1, A to C).
Furthermore, there are NEPs deep within the cerebellum in the
WM surrounding the cerebellar nuclei (24). However, whether deep
and lobule WM-NEPs are molecularly and functionally distinct is
unknown. Thus, the full extent of the diversity of postnatal NEPs
and the molecular signature, lineage propensity, and location of
distinct NEP subtypes are unknown.

When the proliferating GCPs are depleted in the newborn cere-
bellum either via genetic approaches or by irradiation, the external
granule layer (EGL) recovers within a week and the cerebellum
grows to almost a normal size (12, 13, 15, 16). A key aspect of the
regenerative process involves BgL-NEPs undergoing adaptive re-
programing to replenish the lost GCPs. The first response of the
BgL-NEPs is an increase in proliferation, followed by migration
to the injured EGL where they initiate expression of Atohl and
become GCPs (Fig. 1, A to C) (12, 13, 27, 28). Simultaneously, the
NEPs in the WM of the lobules reduce their proliferation and
differentiation until the EGL is restored, leading to an overall delay
in cerebellar development, likely to ensure proper scaling of the
different cell types of the cerebellar cortex (12). Mosaic mutant analysis
revealed that Sonic hedgehog signaling, which normally stimulates
proliferation of GCPs and NEPs, is important for regeneration of the
cerebellum after irradiation (12). However, it is not known what
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Fig. 1. scRNA-seq of P5 cerebellar NEPs reveals molecular NEP subtypes. (A to C) Schematics showing the neonatal cerebellum, cell types in each layer, the previously
proposed lineages of the postnatal cerebellar progenitors, and the changes that occur after injury (irradiation). (D) Experimental plan. (E and F) Uniform Manifold Approximation
and Projection (UMAP) visualization of the clustering of 18,929 cells shown by cell types (E) and by Nes-Cfp expression (F). Cfp-enriched clusters [C6 and C9, log, fold
change > 1, false discovery rate (FDR) < 0.05] that contain NEPs are highlighted. (G and H) UMAP embedding of the clustering of 2015 nonIR and 1276 IR NEPs by cluster
(G) and by sample (H). (1 and J) Projection of the expression levels of Nes-Cfp (I) and lineage markers (J) on the UMAP [scale shows the log-transformed CPM (counts per
million) where the darker colors show higher expression]. (K) Violin plots showing the log;oCPM expression levels of the canonical lineage genes and some of the top
significantly enriched genes in clusters shown in (G). (L) Number of nonIR and IR cells and their distribution within each cluster. Dashed line shows the percent distribution
of nonIR and IR cells in all the cells. (M) Allen Brain Atlas P4 RNA in situ hybridization data showing the expression patterns of marker genes identified by scRNA-seq. Scale
bar, 500 um. SM, smooth muscle; RBC, red blood cell; ML, molecular layer; IGL, internal granule layer; OPC, oligodendrocyte progenitor cells.
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molecular event induces a fate change of BgL-NEPs upon injury
and whether a new transitory cellular state facilitates the fate switch.

The commitment of neural stem cells to a neural fate is dependent
on a group of proneural basic helix-loop-helix (bHLH) transcription
factors (29, 30). In the cerebellum, rhombic lip—derived excitatory
neurons and ventricular zone-derived inhibitory neurons are specified
by distinct bHLH proteins typified by atonal BHLH transcription
factor 1 (ATOHI1) and achaete-scute Family BHLH transcription
factor 1 (ASCL1), respectively. Genetic inducible fate mapping (GIFM)
in the cerebellum indicated that Ascll is transiently expressed se-
quentially in subsets of ventricular zone- and then NEP-derived
cells that generate inhibitory neurons and rarely glial cells and is
never involved in GCP production (25, 31). Moreover, ASCL1 is
one of the primary proteins found to transform nonneural cells into
neurons in vitro. For example, misexpression of Ascll along with
Brn2 and Myt1l converts fibroblasts into functional neurons, and
ASCLLI acts as a pioneer factor that initiates the reprograming of a
fate change via inducing a neurogenic transcriptional program
(32, 33). In vivo, ectopic expression of ASCL1 or other ventricular
zone-bHLH proteins is able to reprogram astrocytes to form neural
cells upon injury (34-38). In contrast to the required misexpression
of ventricular zone-bHLH proteins in all these studies, after cere-
bellar injury, the fate switch of BgL-NEPs to GCPs does not require
forced expression of any genes, highlighting their high plasticity
compared to other injury-responsive glial cells outside the cerebellum.
However, whether and which proneural bHLH genes play a role in
the acquisition of a neural fate by BgL-NEPs during GCP regenera-
tion is unknown.

We used single-cell RNA sequencing (scRNA-seq) in combina-
tion with GIFM and loss-of-function studies to define molecularly
distinct NEP populations in the postnatal developing cerebellum
and uncover a transcription factor involved in the fate switch of a
ventricular zone-derived gliogenic BgL-NEP subtype to rhombic
lip-derived GCPs. We show that the lobule NEPs consist of two
major subtypes, Hopx-expressing gliogenic- and Ascll-expressing
neurogenic NEPs at steady state and upon injury, and are further
subdivided into subpopulations based on the type of astroglia
(Bg versus astrocytes) that they will generate, their location (BgL or
WM for Hopx-NEPs), or the differentiation status of INs (AsclI-NEP
lineage). GIFM analysis showed that, whereas at P5 the lineages of
the gliogenic and the neurogenic NEPs are mostly exclusive, at PO a
bipotent progenitor exists in the WM. We identified a new transitory
cellular state in the BgL upon injury. Hopx-expressing NEPs tran-
siently express a transcriptional program that includes AsclI before
their migration to the site of injury to replenish the lost GCPs. Con-
ditional mutagenesis showed that Ascll not only is a marker of the
transitory cell state but also plays a crucial role in GCP regeneration
via suppressing Bg differentiation and facilitating adaptive repro-
graming. Collectively, our results reveal the molecular diversity and
the cellular plasticity of cerebellar NEPs and identify a context-
(injury-)dependent transitory cellular state responsible for a glial-
to-neural fate switch that enables neonatal cerebellar regeneration.

RESULTS

A scRNA-seq approach to identify NEPs during

homeostasis and repair

To identify molecularly distinct NEP subtypes that are present in
the postnatal cerebellum and new cellular states responsible for
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their adaptive reprogramming after injury to replenish GCPs, we
performed scRNA-seq on dissociated cells from four male P5
Nes-Cfp/+ pups that were irradiated (IR) at P1 or control litter-
mates that were not irradiated (nonIR) in two replicate experiments
(Fig. 1, A to D, and fig. S1, A to C). P5 is a stage when NEPs are
generating INs, astrocytes, and Bg during homeostasis and, in IR,
mice NEPs are undergoing adaptive reprogramming. An automated
microwell array-based platform (39) was used to profile a total
of ~19,000 single cells, followed by subclustering to identify pervasive
and specific markers for molecularly distinct cell types during
homeostasis and upon injury. Clustering of cells (11,933 nonIR and
6996 IR; Fig. 1, E and F, and fig. S1, D to F) using Phenograph (40)
revealed the expected variety of cerebellar cell types with the great-
est number being neurons/progenitors of which the majority were
GCPs and granule cells based on the expression of Atohl (GCP) and
Barhll (GCP/granule cells) (Fig. 1, E and F; fig. S1, D to F; and table
S1). The other major cell types present included Bg and astrocytes
and their progenitors (referred to as astroglia; fig. S1, D and F),
oligodendrocyte progenitors/oligodendrocytes, Purkinje cells, microg-
lia, and parenchymal cells (fig. S1, D and F). We used Cfp transcripts
as a surrogate to identify clusters containing NEPs and found that
Cfp expression was enriched [FDR (false discovery rate) < 0.05] in
two clusters with astroglia (C6) and one with ventricular zone-
derived neural progenitors (based on Ascll and Ptfla expression,
C9), as well as in minor clusters with oligodendrocyte progenitors
(C7 and C11), ependymal cells (C15), and endothelial/perivascular
cells (C16) (Fig. 1, E and F; fig. S1, D and F; and table S1). Cfp-
expressing cells also were scattered throughout the neural clusters
(Fig. 1, E and F). To further computationally analyze the majority of
NEPs, we defined NEPs as all the cells in the astroglial and ventricular
zone-derived neural progenitor clusters enriched for Cfp transcripts
(clusters C6 and C9, fold change > 2 and FDR < 0.05) and all of the
Cfp" cells present in the neural progenitor/neural clusters (C1 to C5)
and astrocytes (C8) (Fig. 1, D to F, and fig. S1, A and B). Analysis of
Cfp transcripts and protein levels, by RNA in situ hybridization and
immunofluorescent analysis, respectively, on cerebellar sections
from P5 nonlIR and IR Nes-Cfp/+ cerebella confirmed that the Cfp
transcript has overlapping expression with cyan fluorescent protein
(CFP) protein (as well as SOX2, a pan-NEP/Bg/astrocyte marker)
and therefore Cfp RNA faithfully identifies NEPs in our scRNA-seq
data (fig. S2, A to H). Notably, because our analysis of sections of P5
Nes-Cfp/+ cerebella showed that the CFP" cells in the deep WM
surrounding the cerebellar nuclei represent <10% of all the CFP"
cells in the cerebellum (fig. S2, I to K), these cells are likely poorly
represented in our scRNA-seq data.

scRNA-seq identifies two major subtypes of NEPs

in the P5 cerebellum

To identify subpopulations of NEPs, we next clustered the 3391
NEPs as defined above from nonlIR (2915 cells) and IR (1376 cells)
P5 mice (Fig. 1, G to I, and table S1). Cluster analysis using Pheno-
graph revealed seven NEP clusters (N1 to N7), and several clusters
had most of the nonlIR or IR cells (Fig. 1, G to L). Analysis of the
Allen Brain Atlas RNA in situ mouse P4 dataset for significantly
enriched genes in each cluster and lineage markers allowed deter-
mination of cluster identities. Nes-Cfp and endogenous Nes and
Sox2 transcript levels were highest in N1, N6, and N7, suggesting
that they include undifferentiated NEPs. The other four clusters
(N2 to N5) appeared to be the immediate neural progenitors of

30f18



SCIENCE ADVANCES | RESEARCH ARTICLE

NEPs because they had low-level expression of Sox and Nes and
were enriched for genes expressed in neurons (e.g., Rbfox3 and
Tubb3) and a gene enriched in the WM (Igbfbp5) based on RNA in
situ analysis (Allen Brain Atlas; Fig. 1, ], K, and M). All seven clusters
showed extensive expression of proliferation markers (mKi67 and
Top2a) confirming their progenitor status (Fig. 1K).

Within the undifferentiated NEP clusters, while all three (N1,
N6, and N7) expressed the pan-astrocyte genes Slc1a3 and Fabp?,
only N1 and N7 expressed Agp4 (Fig. 1, ] and K). N1 was enriched
for Bg lineage genes (Hopx and Gdf10) (41-43), indicating that the
cells are Bg progenitors. The proneural ventricular zone-bHLH
gene Ascll was enriched in N6 (Fig. 1, ], K, and M), indicating that
these cells represent the WM-NEPs that are IN progenitors. Other
immature IN marker genes such as Pax2 were not detected at high
levels in our dataset. One gene enriched specifically in N7 was
Slc6all, an astrocyte-specific y-aminobutyric acid transporter (44),
indicating that these NEPs are astrocyte progenitors. However,
some cells in cluster N7 expressed neural genes and Hopx, raising
the possibility that the cluster includes multipotent NEPs that gener-
ate INs and astrocytes. Differential expression analysis between the
Bg-like NEPs (N1) and neurogenic NEPs (N6) further highlighted
the astrogliogenic and neurogenic gene signatures of each NEP
subtype (fig. S2L and table S2) and underlines Hopx and Ascll as
markers of the gliogenic- and neurogenic-NEP subtypes, respec-
tively. Last, immunofluorescent analysis of HOPX and ASCL1 on
sections from P5 nonIR Nes-Cfp/+ cerebella confirmed that these
proteins are coexpressed with CFP (fig. S2, M to R), further high-
lighting that the cells represent NEP subtypes. Collectively, our
scRNA-seq analysis shows that the primary molecular signatures
that distinguish NEP populations is based on their lineage propen-
sities as two major NEP subtypes were identified: gliogenic (N1 and
N7) and neurogenic (N6) with the gliogenic splitting into astrocyte
and Bg lineages. In addition, the more differentiated neuronal
progenitors (N2 to N5) split into four groups with different propor-
tions of nonlIR and IR cells (Fig. 1L).

Ascl1- and Hopx-expressing NEPs have distinct cell lineages

To further explore the undifferentiated NEP subtypes identified via
scRNA-seq, we determined their lineages by performing GIFM for
the neurogenic NEPs using an Ascl1¢"FRT2 allele and for the two
gliogenic-NEP populations using a Hopx“"ERT? allele in combination
with a R26/ox-STOP-loxTdTomato reporter (Ascll-TdT and Hopx-TdT
mice, respectively). We administered tamoxifen (Tm) at PO and at
P5 to assess their progeny at the time of injury and approximately
when our scRNA-seq data were collected, respectively (Fig. 2A).
Short-term GIFM (analysis 2 days after Tm injection) in Ascl1-TdT
mice following Tm administration at P5 confirmed that almost all
the cells were SOX2" and restricted to the lobule WM with scattered
cells in the internal granule layer (IGL) at P7 (90.8 + 4.0%, n = 3;
Fig. 2, B and E, and fig. S3, A and E to G). Furthermore, the cells
outside the WM had the appearance of migrating IN progenitors
destined for the molecular layer (ML) (fig. S3, A and E to G). When
Tm was administered instead at PO, the majority of the initially
labeled cells in AsclI-TdT mice at P2 were again SOX2" cells mainly
restricted to the WM and forming IGL (86.5 £ 0.9, n = 4), although
there was a small increase in the percentage of labeled cells in the
EGL compared to Tm administration at P5 [P0: 1.8 £ 0.9% (n = 4)
versus P5: 0.3 + 0.2%, (n = 3)] and labeling of very rare Bg-like cells
was observed (Fig. 2, B and C, and fig. S3, B to D). When the
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progeny of the Ascl1-TdT" cells were analyzed at P5, 4 days after Tm
at PO to allow differentiation, most of the TdT" cells in the WM and
IGL were PAX2" (SOX2 low or negative), and only rare S100B" cells
were observed following labeling at PO (fig. S4, A to G). Thus, at
both P0 and P5, Ascl1-TdT GIFM labels almost exclusively NEPs in
the WM, and labeling with PAX2 indicates that at least some of the
progeny will form INs.

Long-term GIFM in AsclI-TdT mice revealed that, in fact, almost
all the progeny of the Ascll* NEPs labeled at PO and P5 are PVALB*
ML INs in the outer layer of the cerebellum at P30 (P0: 95.1 + 2.3%,
n=4,P5:97.0 + 4.5%, n = 3; Fig. 2, Gto K, Q, and R, and table S3).
As expected, because ML INs are produced in an inside-to-outside
manner after birth, the progeny of the AsclI” NEPs labeled at P5 was
restricted to the outer ML containing stellate cells (latest-born INs)
(Fig. 2, ] and K), whereas the progeny of the Ascl1™ NEPs labeled
at PO included both later-born INs and earlier-born basket neurons
in the inner ML that have processes in the BgL (Fig. 2, G and H).
Only rare S100B" astrocytes in the lobule WM or IGL and very rare
oligodendorcytes and no granule cells were labeled in the P30 cere-
bellum after labeling at P5 with Tm (Fig. 2R and table S3). More
astrocytes were generated from PO AsclI* NEPs than P5 (primarily
in the WM, 2.15 £ 1.1%, n = 4 compared to Tm at P5: 1.1 * 1.6%,
n = 3), in addition to very rare granule cells and Bg (Fig. 2, I and Q,
and table S3). These results not only confirm that there is an AsclI”
neurogenic NEP subtype in the lobule WM of the neonatal cerebel-
lum but also demonstrate that it has a restricted lineage as early as
PO to almost exclusively ML INs. Rare glia are also detected with
Ascll-TdT GIFM, and the proportion is slightly higher at PO raising
the possibility of a bipotent WM progenitor earlier in development
(Fig. 2, Qand R).

In contrast to AsclI-TdT GIFM, short-term labeling in P7 Hopx-TdT
animals given Tm at P5 showed that the majority of the TdT cells
were in the BgL (72.3 + 6.2%, n = 3; Fig. 2F and fig. S2, H and I).
Marker analysis showed that all TdT" cells were SOX2" (fig. S3, K
and L). In the WM of the lobules, a subpopulation of SOX2" cells
was TdT" (25.6 + 6.1% of TdT" cells, n = 3) along with very rare
SOX2* cells in the inner EGL (1.1 + 0.3% of TdT" cells, n = 3,
Fig. 2, B and F, and fig. S3, K to M). In contrast, when Tm was
administered at PO, short-term labeling revealed that while all TdT*
cells were SOX2" and the majority were in the BgL (64.2 + 3.1%,
n = 3), there was an increase in the proportion of TdT" cells that
were in the IGL and WM (19.8 + 4.3%, n = 3) or appeared to be
migrating IN progenitors in the ML + BgL because they lacked a
Bg-like morphology (14.8 + 1.2%, n = 3)(Fig. 2, B and D, and fig. S3,
H to ]). When the progeny of the Hopx-TdT" cells were analyzed at
P5, 4 days after Tm at PO to allow labeled cells to differentiate, we
observed that most of the TdT™ cells in all layers were S1008", but in
addition rare PAX2" Hopx-TdT" cells were detected (fig. S4, H to M).
These results indicate that Hopx-expressing NEPs in the WM at PO
give rise to INs in addition to astrocytes and thus could be bipotent
(Fig. 2, B, D, and F, and figs. $3, H to M, and S$4, H to M).

Long-term GIFM of Hopx-TdT mice at P30 showed that when
Tm was administered at P5, 98.2 + 0.6% (n = 3) of the TdT" cells
were astroglia (70.4 + 2.7% Bg, 25.8 + 2.1% astrocytes in the IGL
and WM) and rare oligodendrocytes in the WM (1.3 + 1.0%) and
only ~1.8% were inhibitory neurons (1.1 + 0.3% in the ML) (Fig. 2,
O, P, and R, and table S4). In contrast, 31.1 + 1.3% of the progeny of
the Hopx-expressing NEPs labeled at PO were ML INs at P30 (n = 3;
Fig. 2, L to N and Q). Together, our GIFM results demonstrate that
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[~10% at PO is not represented in (P) for simplicity, see fig. S5]. Scale bars, 50 um. PVALB, parvalbumin.
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Hopx"™ WM-NEPs give rise to both ML INs and astrocytes, providing
evidence for a bipotent NEP progenitor at PO in the WM (Fig. 2,
Q and R, and table S4). Most of the Hopx-NEPs, however, give rise
to Bg and/or astrocytes in the lobules.

Proliferation analysis of both (AsclI®) and (Hopx") short-term
fate mapped NEPs using 1-hour 5-ethynyl-2’-deoxyuridine (EdU)
incorporation showed that all NEP populations are proliferative, con-
firming their progenitor status (fig. S3, N to O). Last, both Hopx-TdT
and AsclI-TdT cerebella that were administered Tm at PO and ana-
lyzed at P2 for ASCL1 or HOPX protein, respectively, showed that
~10% of the TdT™ cells were double labeling, revealing that a subset
of NEPs in the WM express Ascll and Hopx. Thus, there is an
overlap in the two progenitor populations being labeled with each
CreER line at PO, whereas at P5 the overlap was less than 1% (fig. S5).

RNA in situ analysis of the WM-NEP marker Igfbp5 showed
expression in the WM of both the deep cerebellum and lobules,
whereas Hopx and Ascll expression was restricted to the lobules at
P5 (fig. S6, C to E). Consistent with the expression, there was no
labeling in the deep WM cells at both P7 and P30 after Tm was
administered at P5 both in the Ascl1-TdT and the Hopx-TdT cerebella
(fig. S6, F to M). This result reveals that the lineages of NEPs
expressing these genes at P5 are restricted to the lobules. Unexpectedly,
when Tm was administered at PO, AsclI-TdT GIFM but not
Hopx-TdT GIFM showed labeling of cells at P2 and P30 in the deep
WM. Ascl1-TdT" cells were all SOX2" at P2, and the cells had glial
morphology and were mostly S1008" at P30 (fig. S6, N to U, and
table S5). Given that the INs of the cerebellar nuclei are generated
during embryonic development directly from the ventricular zone,
the deep WM-NEPs should only be gliogenic postnatally. However,
a specific marker for this population of NEPs is yet to be identified.

Opverall, the GIFM studies validate the identities of the astroglio-
genic (Hopx™)- and neurogenic (Ascl1*)-NEP subtypes at P5 obtained
via scRNA-seq (Fig. 1F) and also uncovered a WM-NEP population
in the lobules that expresses Hopx and primarily produces astro-
cytes at P5 but also generates ML INs at PO (Fig. 2, Q and R). GIFM
also demonstrates that AsclI-expressing NEPs have a lineage that is
largely restricted to ML INs at PO and P5 (Fig. 2, Q and R). Furthermore,
WM-NEPs expressing Ascll or Hopx, especially Hopx", appear to
have greater plasticity at PO than P5, suggesting the existence of a
bipotent progenitor that produces astrocytes and ML INs.

Transcriptional programs of Asc/1-NEPs diverge between
noniR and IR mice

We next assessed the effects of injury on the neurogenic and
gliogenic NEPs by RNA in situ analysis, in particular to understand
how the fate of gliogenic NEPs in the BgL is switched to GCPs upon
injury. RNA in situ analysis of the gliogenic NEP marker Hopx and
Bg lineage marker Gdf10 on sections from nonlIR and IR P5 cerebella
showed that their expression pattern was not changed by irradia-
tion, as expression remained in the BgL with weak Hopx in the
WM. As expected, the BgL was thicker reflecting the increased
proliferation of BgL-NEPs upon irradiation (fig. S7, A to D) (12).
Expression of the WM-NEP marker Igfbp5 was reduced in IR NEPs
in both the lobules and deep cerebellum based on RNA in situ analysis
(fig. S7, E to I), consistent with a reduction in the number of Igfbp5-
expressing cells detected via scRNA-seq (nonIR: 750 of 2015 versus
IR: 153 of 1376 cells, and Fig. 1K). Notably, RNA in situ hybridiza-
tion for Ascll on P5 nonIR and IR cerebellar sections showed a clear
appearance of Ascll expression in the BgL after irradiation (fig. S7,
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J and K). To confirm that injury induces ventricular zone-bHLH
gene expression in BgL-NEPs, we performed immunoflourescence
analysis of P5 Nes-Cfp/+ cerebella and detected a significant in-
crease in the number of ASCL1" CFP” cells in the BgL of IR cerebella
compared to nonIR P5 littermates (3.1 + 0.4-fold, n = 3, P = 0.006,
Student’s t test; Fig. 3, A and B, and fig. S8, A to F). Moreover, quan-
tification of the number of ASCL1" CFP" cells every day between P2
and P6 and at P8 showed that expression in BgL-NEPs peaks 3 to
4 days after irradiation (Fig. 3B). In summary, RNA in situ hybridiza-
tion and immunoflourescence analysis revealed that after injury,
Igfbp5 expression is reduced throughout the WM, whereas the Ascl1
becomes ectopically expressed in the BgL.

To assess the effects of injury on the transcriptional programs of
the Hopx" (N1) and Ascl1™ (N6) NEPs and the neural progenitors
(clusters N2 to N5), we performed gene set enrichment analysis
(GSEA) of the differentially expressed genes between nonIR and IR
cells obtained from the scRNA-seq. In the Hopx-enriched cluster
(N1; fig. S7L and table S6), we found an increase in Gene Ontology
terms for antioxidant activity and response to oxygen radicals,
whereas for the Ascll-enriched cluster (N6; fig. S7M and table S6),
cell fate determination, regulation of stem cell activity, and astrocyte
differentiation were increased upon injury. In the NEPs from
clusters N2 to N5, we observed up-regulation of the Gene Ontology
terms for metabolic processes and cell cycle regulation in IR cells
whereas terms related to neural differentiation and activity were
increased in nonlR cells (fig. S7N and table S6), suggesting that the
main differences between the IR and nonlIR neural progenitors are
related to their differentiation status. Thus, injury induces distinct
transcriptional changes in the NEP subtypes and subpopulations.

To further assess the injury-induced changes on the gliogenic
(N1 and N7) and AsclI* neurogenic (N6) NEPs, we clustered only
the nonIR (n = 815) or IR (n = 559) cells from the three clusters
(Fig. 3, C to E). When nonlIR cells from N1, N6, and N7 were sub-
clustered, gliogenic NEPs (Hopx") and neurogenic NEPs (AsclI™)
formed two well-separated clusters in the Uniform Manifold
Approximation and Projection (UMAP) space (Fig. 3D), in line
with the GIFM analysis at P5 showing that the NEP subtypes generate
distinct cell types (Fig. 2R). When the IR cells from N1, N6, and N7
were subclustered, gliogenic and neurogenic NEPs showed more of
a continuum in the UMAP space (Fig. 3E). Pseudotime analysis on
the IR NEPs from clusters N1, N6, and N7 (Fig. 3E) using Monocle3
further confirmed that IR Hopx-expressing cells precede IR AsclI-
expressing cells and showed that the expression of BgL-NEP genes
(Hopx and Gdf10) were diminished as the AsclI (and Ptfla) expres-
sion increased, while overall, Nes-Cfp expression remained high
throughout (Fig. 3F). Furthermore, differential expression analysis
of the nonlIR cells compared to the IR cells in neurogenic cluster N6
showed up-regulation of genes such as Fabp7, which are seen in
astroglia as well as AsclI itself in IR cells (log, fold change > 1,
FDR < 0.1; Fig. 3G and table S7), whereas in the nonIR condition,
genes differentially up-regulated included neural genes (Tubb3) or
WM genes such as Igfbp5 (log, fold change > 1, FDR < 0.1; Fig. 3G
and table S7). These findings indicate that a transitional state arises
after injury with Ascll as a marker gene, and together with the RNA
in situ analysis, we propose that, upon injury, BgL-NEPs transition
into a new neurogenic state typified by Ascll expression.

To further test this idea, we assessed coexpression and mutual
exclusivity for all gene pairs and calculated probability ratios of
detecting two genes in the same cell (45) for the top 50 genes with
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high Ascll coexpression probability ratios (18 of 100 showed high
coexpression probability ratios with Ascll in both IR and nonIR
cells; table S8). Among the genes coexpressed with Ascll in both
conditions were three other proneural ventricular zone-bHLH
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genes, Ptfla and Neurogl/2 (Fig. 3H). We also detected sets of genes
that were coexpressed with Ascll only in nonIR or in IR NEPs
(Fig. 3H). Analysis of P4 RNA in situ data (Allen Brain Atlas) for
Salll that is coexpressed with Ascll in nonIR NEPs revealed that its
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expression is restricted to the WM where Ascll” NEPs normally
reside (Fig. 3H). Grin3a and Arntl that are coexpressed with Ascll
in IR NEPs are expressed in the BgL, consistent with the idea that
after irradiation AsclI is induced in some BgL-NEPs (Fig. 3H).
Furthermore, Grin3a and Arntl have been implicated in astrocyte
injury-related functions (46, 47). RNA in situ hybridization analysis
for Grin3a and Arntl on P5 nonlR and IR cerebellar sections con-
firmed their BgL expression pattern and showed no ectopic expres-
sion upon irradiation (fig. S8, G to J). Our scRNA-seq comparison
of P5 nonIR and IR NEPs and in vivo identification of the location
of the NEP subtypes provide evidence that there is a new transitory
state in the BgL-NEPs after irradiation with a mixed glial and
neurogenic gene signature and that an injury-responsive gliogenic
BgL-NEP population turns on Ascll upon injury.

Granule cells are derived from Hopx-NEPs after injury

To demonstrate that Hopx-derived BgL-NEPs give rise to GCPs and
granule cells after irradiation, we performed GIFM with Hopx-TdT
animals (Fig. 4A and fig. S9A). Following Tm administration at PO

(Fig. 4, B to D) or P5 (Fig. 4, E to G) and analysis at P30, we observed
a significant increase in the density of TdT" granule cells in the
IGL of IR Hopx-TdT brains compared to their nonlIR littermates
(Fig. 4, D and G, D: two-way analysis of variance (ANOVA), F74) =
8.718, P < 0.0001, n = 3 brains per condition; G: F(;,14) = 5.047,
P =0.04, n = 3 brains per condition). At P7, TdT" cells were present
in the EGL of the IR cerebella in the Hopx-TdT pups that were given
Tm at PO or at P5, and most expressed SOX2, indicating that progeny
of SOX2" Hopx-TdT*-labeled BgL-NEPs migrated to the site of
injury (fig. S9, B to K). Last, as during homeostasis, no TdT" cells
were detected in the deep WM of IR Hopx-TdT animals that were
given Tm at PO or at P5 (fig. SOL). Overall, these results provide
experimental evidence that both PO and P5 Hopx" BgL-NEPs change
their fate and become GCPs and then granule cells upon injury.

ASCL1 marks a neurogenic BgL-NEP population during
adaptive reprogramming that gives rise to GCs

To confirm that Ascll marks a new BgL-NEP transitory cellular state
after irradiation that generates GCPs and granule cells, we performed
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F7,42)=8.718,P<0.0001). (E and F) IF analysis of P30 nonIR and IR Hopx-TdT brains that were given Tm at P5. (G) Quantification of the density of the progeny of nonIR and

IR Hopx-TdT brains at P30 (Tm at P5) by cell types and the layer of the cerebellum (n=
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3 per condition, two-way ANOVA, F;14) = 5.047, P=0.04). Scale bars, 50 um.
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GIFM in AsclI-TdT nonlIR and IR animals given Tm at P5, the stage
when the largest number of injury-induced ASCL1" cells was
detected in the BgL (Fig. 3, A and B). As predicted, analysis of P6
and P7 cerebella revealed a population of TdT" BgL-NEPs that are
SOX2%/S100B™ and have glial fibers projecting to the pial surface
only in pups irradiated at P1 (Fig. 5, A to D, and fig. S10, A to E). In
contrast, the few TdT" cells in the BgL of nonIR cerebella had a
morphology of migrating IN progenitors (Fig. 5C and fig. S10D). In
addition, the densities of TdT" cells in the EGL and BgL were sig-
nificantly increased after irradiation (Fig. 5, A, B, O, and P, and fig.
S10, B, C, and F). Furthermore, the number of labeled cells in the
EGL increased significantly between 24 and 48 hours after Tm at P5
only in IR cerebella (fig. S10F). Analysis of EAU labeling following a
1-hour pulse at P6 demonstrated that the TdT" cells in the EGL and
BgL proliferate after irradiation (fig. S10, G and H). Last, live imaging
of lobule 3 in thick cerebellar sections from P7 mice given Tm at P5
showed that the AsclI-TdT" cells do migrate from the BgL to the
EGL in IR cerebella, whereas in nonIR P7 slices, no cells migrate
from BgL to EGL (fig. S11, A to D, and movies S1 and S2). These
results provide strong evidence that BgL-NEPs express Ascll during
adaptive reprogramming and migrate to the EGL, although we
cannot exclude the possibility that rare cells in the EGL express
Ascll-CreER after injury and contribute a minor component of the
regeneration.

Analysis of P30 IR AsclI-TdT cerebella that were administered
Tm at P5 revealed several key findings. First, the P30 IR brains had
a significant and large increase in the density and the proportion of
the TdT™ cells that were granule cells (11.8 + 2.0% of all TdT™ cells,
n = 4 IR compared to 1.0 + 1.4% of TdT" cells, n = 5 nonlIR;
Fig. 5, E to N, Q, and R; fig. S12, A and B; and table S9). Second,
almost no TdT" Bg were detected in the P30 IR AsclI-TdT cerebella,
suggesting that Ascll induces the BgL-NEPs to switch from making
Bg to GCPs and that the switch is irreversible (Fig. 5, Q and R, and
fig. S12, A and B). Third, there was a delay in production of ML INs
after irradiation, as demonstrated by an increase in the density of
TdT" ML INs per lobule that included both earlier-born basket and
later-born stellate cells (Fig. 5, Q and R, and fig. S12, A, B,and E to G).
Last, we observed an unexpected increase in lobule astrocyte
production in the IR AsclI-TdT brains, primarily in the WM
(Fig. 5, Q and R, and fig. S12, A and B). We detected an emergence
of TdT" astrocytes at P30 in the deep WM of IR AsclI-TdT cerebella
labeled at P5 not seen in nonIR mice (fig. S12H and table S5). How-
ever, because no TdT" cells were detected in the deep WM of IR
Ascl1-TdT cerebella at P7, one possibility is that the TdT" cells origi-
nate from the lobule WM, indicating a fate switch including a new
migration path (fig. S12H and table S5).

If the Ascll™ BgL-NEPs represent an injury induced cellular
state, and if Tm is administered at PO to Ascl1-TdT animals, then
there should be no increase in labeled GCPs or cells in the BgL at P7
or granule cells at P30 compared to nonIR. As predicted, analysis at
P7 showed that, upon irradiation, there were no changes in the
numbers or proportions of rare TdT" Bg-like cells or cells in the
EGL in IR mice compared to nonlR (Fig. 5, S and T). Consistent
with this, at P30, no difference in the labeling of rare granule cells or
Bg between IR and nonIR mice was observed (Fig. 5, U and V, and
table S9), confirming that the Ascll™ neurogenic BgL-NEP is an
injury-induced cellular state. PO-labeled Ascl1* NEPs in IR mice
showed an increase in labeled cells in the IGL and WM at P7 and
increase in production of astrocytes in the IGL and WM at P30
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compared to nonlIR littermates (Fig. 5, S to V, and table S9). Collec-
tively, these results demonstrate that GCPs are generated from an
Ascll-expressing BgL-NEP upon injury. Furthermore, irradiation
leads to a delay in production of INs and an increase in astrocyte
production, likely from normally neurogenic AsclI” WM-NEPs.

Hopx-NEPs give rise to the injury-induced ASCL1*

transitory cellular state

Our GIFM in Hopx-TdT animals given Tm at PO showed that,
unlike AsclI™ cells, Hopx" cells give rise to the granule cell lineage.
We therefore fate-mapped Hopx™ cells at PO and asked whether they
give rise to ASCL1" cells in the BgL at P7, in addition to GCPs. We
observed a significant increase in the percentage of ASCL1" TdT"
cells of all TAT™ cells in the BgL in IR pups at P7 (12.7 + 3.1%, n = 3)
compared to nonlIR littermates (1.4 + 1.4%, n = 3; Fig. 6, A to M). In
IR pups, the percentage of the ASCL1* TdT" double-positive cells
among all the ASCL1" cells in the BgL was higher than the percentage
of SOX2" TdT" double-positive cells among all the SOX2" cells (a
pan-NEP/Bg/astrocyte marker) in the BgL (39.2 £ 7.7% in IR and
6.5+ 1.9% in nonlR versus 15.5 + 6.7% IR and 26.1 + 8.8% in nonIR,
respectively, n = 3; Fig. 6N). This result suggests that Hopx“"**%?
preferentially marks the BgL-NEPs at PO with the ability to undergo
adaptive reprograming in response to loss of GCPs at P1.

Ascl1 is required in Hopx-NEPs for adaptive reprogramming
and production of granule cells

Given the unexpected up-regulation of Ascll in the normally
gliogenic BgL-NEPs upon death of GCPs, we tested whether AsclI
is required for repair of the granule cell lineage after cerebellar injury
using a conditional knockout (CKO) approach. Hopx®eERT?/+; Ascl1fVf
animals injected with Tm at PO (Hopx-Ascll CKOs) were used to
delete Ascll primarily from BgL-NEPs, and their regenerative ca-
pacity was compared to Ascl "/ littermate controls after irradiation
at P1 (Fig. 7A). Analysis of P30 cerebella showed a significantly
greater reduction in cerebellar area at the midline in IR Hopx-Ascll
CKOs compared IR littermate controls (Fig. 7, B to E and J).
Furthermore, the IGL was less organized in some lobules of the IR
mutants than in IR controls, further demonstrating impaired re-
generation (Fig. 7, F to I). The loss of one copy of AsclI resulted in a
mild but significant reduction in the area of the cerebellum of
Ascl1-TdT animals compared to R267%"* littermate controls, further
confirming that Ascll is required for regeneration after irradia-
tion (fig. S13, E to H and J). To rule out that the impairment in re-
generation is due to a loss of one copy of the Hopx gene in the
Hopx-Ascll CKO animals, we compared cerebellar areas of IR and
nonlR Hopx-TdT animals and their R26™""* littermates and found
no significant differences between the genotypes in each condition,
showing that loss of one copy of Hopx does not impair regeneration
(fig. S13, A to D and I).

We next asked whether the number of Bg or astrocytes generated
was altered in P30 Hopx-Ascll CKOs. There was a mild but signifi-
cant increase in the density of Bg in IR Hopx-Ascll CKOs compared
to IR controls, but no differences between the other three groups.
One possibility is that, after irradiation, the mutant BgL-NEPs
generate Bg rather than GCPs (fig. S13, K to P). In addition, the
density of the astrocytes in the lobule WM of the IR Hopx-Ascll
CKOs was increased compared to nonIR mutants and IR controls
(fig. S13, Q and R). Last, we quantified the density of ML INs
because we observed a population labeled with HopxC”ERTZ upon
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Tm administration at P0. No significant change in the density of To understand why the regeneration is impaired in the Hopx-Ascl1
ML INs was observed after irradiation in the Hopx-Ascll CKOs CKOs, we analyzed nonIR and IR cerebella at P7 and determined
compared to their control littermates or with their respective nonIR  whether proliferation of NEPs and/or their migration to the EGL were
controls (fig. S13, S and T). However, because the size of the mutant  affected. Quantification of the density of ASCL1" cells in the BgL in P7
cerebellum is significantly reduced, by extrapolation, the total cerebella confirmed loss of ASCL1-expressing transitory cells after irra-
number of ML INs is reduced after irradiation in mutants. diation and thus deletion of AsclI in mutants (Fig. 7, K to N and S).
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TdT" cell in the BgL at P7 on sections from Hopx-TdT nonIR (A, C, and E) and IR (B, D, F, and G to L) brains (n =3 brains, Student’s t test, P=0.004). (G) to

(L) are taken from

the region indicated in (B) and show orthogonal views demonstrating colocalization of TdT* and ASCL1" in the BgL in IR Hopx-TdT cerebella. (N) Quantification of

the percentage of Hopx-derived TdT* cells in all BgL-NEPs and Bg (SOX2* cells) or in all Asc/7* BgL-NEPs (n = 3 per condition, two-way ANOVA, F(; g =

Scale bar, 50 um.

Significantly, Hopx-Ascll CKOs had a lower density of SOX2" cells
in the EGL after injury (BgL-derived cells that had migrated to the
injury) compared to their control IR littermates (Fig. 7,0 toRand T).
A previous study suggested that proliferation genes are direct
targets of ASCL1 in embryonic stem cell-derived neural stem cell
cultures or the embryonic ventral brain (48). To test whether loss of
Ascll in the Hopx-expressing NEPs impairs their proliferation after
injury, we injected EQU 1 hour before euthanizing P7 pups (Fig. 7A)
and assessed the percentage of EdU SOX2™ cells of all SOX2" cells
in the BgL. A significant decrease in the percentage of EdU" SOX2"
cells was detected in the BgL of IR Hopx-Ascll CKOs compared to
controls (Fig. 7, O to R and U). In summary, these results show that
ASCL1 is required for the full reprograming of Hopx-expressing
BgL-NEDPs after depletion of GCPs, including efficient proliferation
and migration to the EGL, and as a consequence of impaired re-
plenishment of GCPs, the cerebella of P30 IR Hopx-Ascll CKOs are
reduced in size compared to those of control IR mice.

DISCUSSION

The neonatal mouse cerebellum has remarkable regenerative po-
tential and cellular plasticity upon injury. Using scRNA-seq and
GIFM, we defined two major NEP subtypes and the transcriptional
signatures of their seven subpopulations. We also identified a key
new transitory cellular state that is necessary for adaptive repro-
graming of BgL-NEPs into GCPs following EGL injury. Our results
reveal that lineage propensity of NEPs (astroglial versus neural) is
the primary molecular factor that differentiates NEP subtypes. At
steady state, Hopx-expressing NEPs are proliferative, primarily
astrogliogenic, and found in both the BgL and the WM, whereas the
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7.928,P=0.02).

Ascll-expressing NEPs are proliferative but restricted to the lobule
WM and dedicated to making ML INs at P5. At PO, the two
WM-NEP populations showed increased plasticity and likely con-
tain a bipotent progenitor marked by Hopx. We found that, upon
depletion of the GCPs, Hopx-expressing BgL-NEPs transition to a
new state where proneural ventricular zone-bHLH genes are acti-
vated before their migration to the EGL. Furthermore, upon injury,
we not only confirmed a delay in production of INs by AsclI*
neurogenic NEPs using GIFM but also uncovered a subset switch to
producing astrocytes, including some that become ectopically located
in the deep WM. Last, given that ASCL1 is a pioneer transcription
factor (32) and we found that it is required for full regeneration of
the GCPs, we propose that ASCL1 is involved in erasing the astro-
gliogenic differentiation program of the Hopx* BgL-NEPs, thus
allowing them to acquire a GCP identity (Fig. 8).

An important question is whether within the astrogliogenic-NEPs,
there are subpopulations dedicated to making only Bg or astrocytes,
and if so, whether the latter are located in both the WM and the BgL. On
the basis of our scRNA-seq analysis, there are two astrogliogenic-
NEP subpopulations (N1 and N7) with one more related to astro-
cytes (N7) and the other to Bg (N1). Whereas Bg only are located in
the BgL, Hopx-derived astrocytes are located in the IGL and lobule
WM, which raises the question of whether Hopx" BgL-NEPs and/or
WM-NEPs generate astrocytes. For example, Hopx™ BgL-NEPs
might generate IGL astrocytes and Hopx" WM-NEPs generate the
WM astrocytes. Elegant clonal labeling of apparently only BgL-NEPs
using Glast“ER'*; R26°°"*!"/* mice and application of Tm to the
surface of the P6 cerebellum in vivo found that the majority of
clones had both Bg and astrocytes located in the IGL (~55%), although
a large proportion was dedicated to making only Bg (~39%) and the
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rest to making only IGL astrocytes (24). This result indicates that
WM astrocytes must be generated from WM-NEPs, likely the
Hopx-expressing WM-NEPs that we identified. When WM progeni-
tors were fluorescently labeled directly by injection of virus, some
P3 to P5 WM-NEPs gave rise to WM astrocytes (21). Furthermore,
our comparison of labeling before irradiation in IR and nonIR
Hopx-TdT animals revealed preferential labeling of the BgL-NEPs
that become AsclI" after injury, providing evidence that not all
BgL-NEPs are equivalent in their extent of plasticity. Thus, molecular
and lineage analyses show that WM astrocytes and Bg have distinct
progenitors, whereas IGL astrocytes might come from both a
bipotent progenitor and lineage-restricted progenitor in the BgL
(summarized in Fig. 8).

At steady state, AsclI” cells are exclusively in the lobule WM and
give rise almost exclusively to ML INs at P5, in agreement with
previous findings at other postnatal ages (25, 31). Unexpectedly,
labeling at PO in AsclI-TdT animals resulted in an increase in astro-
cyte production in the lobules (IGL and WM) and the deep WM. We
found that Hopx-expressing NEPs give rise to a very small number
of INs at P5 and that the proportion and the number are higher
when Tm is injected at PO, indicating that there could be a bipotent
Hopx" WM-NEP that produces INs in addition to astrocytes, likely
through an Ascll” state in the WM. Further clonal analysis is re-
quired to resolve whether there are bipotent WM-NEPs that can
give rise to both INs and WM astrocytes.

We showed that induction of the proneural ventricular zone-
bHLH transcription factor ASCL1 in BgL-NEPs is a key step in their
adaptive reprograming upon GCP death. Of importance, this
AsclI-driven gliogenic to neurogenic switch occurs without outside
intervention such as the forced ectopic expression of proneural
transcription factors required in other central nervous system
regions (34, 35, 37). Further investigation is needed to identify the
injury induced signal(s) that activate AsclI expression in BgL-NEPs.
Because up-regulation of Ascll peaks 3 to 4 days after injury, the
critical events required to produce the Ascll” transitory cell state
must occur before P5. When AsclI-TdT animals were labeled at PO,
we did not observe labeled Bg-like cells or granule cells upon injury.
These results confirm that the Asc/I* BgL-NEP is an injury-induced
cellular state. In another study, we showed that, upon depletion of
Purkinje cells in the newborn cerebellum, although new Purkinje
cells are generated, BgL-NEPs do not undergo adaptive reprogram-
ming to produce them (14). Thus, the type of injury or cell type
killed is instrumental in determining the downstream regenerative
response of NEPs.

We previously showed that at the same time that the BgL-NEPs
are generating new GCPs after irradiation, the lobule WM-NEPs
reduce their proliferation and production of INs and, to a lesser
extent, astrocytes (12). Our finding that expression of the WM-NEP
marker Igfbp5 is reduced after injury provides molecular evidence
for such a response to EGL injury. An unexpected observation
was that, after injury, Ascll-expressing NEPs produce a notable
number of astrocytes that populate the IGL and lobule WM, and
some also migrate ectopically to the deep WM. Although the
transitory Ascll” BgL-NEPs might be the source of the IGL astro-
cytes, it seems more likely that AsclI” WM-NEPs in the lobules have
sufficient plasticity to switch to producing astrocytes in the lobules
and deep WM upon injury given that AsclI* WM-NEPs at PO
produce some astrocytes. The reason for this neural-to-astroglial
fate switch after injury and whether the same NEPs retain their
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neurogenic potential (i.e., are bipotent) or whether a distinct
subpopulation of the AsclI™ WM-NEPs become astrogliogenic
remain to be explored.

A question remaining is whether some Hopx"™ WM-NEPs con-
tribute to the regeneration of granule cell precursors after cerebellar
injury. Nevertheless, three findings indicate that BgL-NEPs are the
main cells that undergo adaptive reprograming upon injury: (i)
Upon injury, there is a significant increase in the number of AsclI-
expressing NEPs in the BgL that have a Bg-like morphology at P5;
(ii) there is a lack of granule cell labeling upon irradiation using
GIFM in AsclI-TdT animals given Tm a day before irradiation (P0);
and (iii) live imaging of AsclI-expressing and Nes-Cfp* NEPs shows
them migrating from the BgL to the external granule cell layer (figs.
S11) (12). Generation of tools that can selectively label WM-NEPs
will be required to determine whether WM-NEPs also contribute to
the regeneration process.

In conclusion, our studies provide molecular and cellular in-
sights into the NEP subtypes in the neonatal cerebellum and the
endogenous permissive mechanisms that support an astroglial-to-
neural switch crucial for enhancing repair after brain injury. We
identify a new transitory BgL-NEP population and demonstrate
that ASCL1, which normally drives cerebellar IN production (25), is
required for adaptive reprograming of BgL-NEPs to produce excitato-
ry granule cells after death of GCPs. Furthermore, the mechanisms
and cellular states that we identified may well have broader implica-
tions for gliogenic progenitors in other regions of the brain, and
their potential responses to injury.

METHODS

Animals

All the mouse experiments were performed according to protocols
approved by the Memorial Sloan Kettering Cancer Center’s Institutional
Animal Care and Use Committee (protocol no. 07-01-001). Animals
were housed on a 12-hour light/dark cycle and given access to food
and water ad libitum.

The following mouse lines were used: Nes-Cfp (12, 49), Hopx“"*12
(50)’ ASCUCreERTZ (25’ 51)’ ASCllﬂ/ﬂ (25) 52) Rosaz6lox-STOP-l0deTomato
(ail4, stock no. 007909, The Jackson Laboratory) (53). Animals
were maintained on an outbred Swiss Webster background. Both
sexes were used for analyses, and experimenters were blinded for
genotypes whenever possible.

Tm (200 pg/g, Sigma-Aldrich) was injected subcutaneously
at PO or at P5. EAU (50 pg/g) was injected intraperitoneally at P7.
Analysis of Ascll-TdT and Hopx-TdT P30 brains that were not
injected with Tm showed no ectopic TdT" cells (fig. S6, A and B).

Irradiation

P1 pups were anesthetized by hypothermia, and a single dose of
4-gray gamma irradiation was provided using an X-RAD 225Cx
(Precision X-Ray) microirradiator in the Small Animal Imaging
Core Facility at Memorial Sloan Kettering Cancer Center. The
region of the cerebellum was targeted using a collimator with a
5-mm diameter.

Tissue preparation and histological analysis

For P5 and younger anesthetized animals, brains were dissected and
drop-fixed in 4% paraformaldehyde (PFA) for 24 to 48 hours at 4°C.
Animals older than P5 were systemically perfused with ice-cold
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phosphate-buffered saline (PBS) followed by 4% PFA, following
anesthesia with a ketamine (100 mg/kg) and xylaxine (10 mg/kg)
cocktail. After dissection, brains were fixed for an additional 24 to
48 hours in 4% PFA. Fixed brains were switched to 30% sucrose in
PBS. Once they sunk, brains were embedded in optimal cutting tem-
perature compound (OCT) (Tissue-Tek) for cryosectioning. Fourteen-
micrometer-thick sections were obtained using a cryostat (Leica,
CM3050S) and stored at —20°C.

Hematoxylin and eosin (H&E) staining was performed for
cerebellar area (size) measurements and assessment of the cerebellar
cytoarchitecture.

Immunofluorescent analysis was performed on cryosections.
Slides were allowed to warm to room temperature (RT) and washed
once with PBS. One-hour blocking was performed at RT using 5%
bovine serum albumin (Sigma-Aldrich) in PBS-T (PBS with 0.1%
Triton X-100). For ASCL1 immunofluorescent analysis, Mouse on
Mouse Blocking reagent (Vector Labs) was applied for 2 hours at
RT to reduce the background. Slides were incubated with primary
antibodies diluted in blocking solution at 4°C overnight (table S10).
Slides were then washed with PBS-T (3 x 5 min) and incubated with
fluorophore-conjugated secondary antibodies (1:500 in blocking
buffer; Invitrogen). Hoechst 33258 (Invitrogen) was used to label
the nuclei, and the slides were mounted with Fluoro-Gel mounting
media (Electron Microscopy Sciences). To detect EAU, a Click-it
EdU assay with Sulfo-Cyanine5 azide (Lumiprobe Corporation,
A3330) was used.

RNA in situ hybridization

Specimen treatment and hybridization were performed as previously
described (54). Templates for the probes were in vitro transcribed
either from polymerase chain reaction (PCR)-amplified comple-
mentary DNAs (cDNAs) obtained from neonatal cerebellar extracts
or synthesized template DNA (GeneScript). An Ascll probe was
generated from a plasmid as previously described (55). Sequences of
the probes are shown in table S11.

Slice cultures and live imaging

P7 cerebella were dissected in ice-cold 1x Hanks’ balanced salt solu-
tion (HBSS) (Gibco) and embedded in 4% low—melting point agarose.
Thick sagittal slices (250 pm) were obtained using a vibratome
(Leica) and immediately placed on Millicell (Millipore) tissue cul-
ture inserts over Neurobasal media supplemented with 1x B27 and
1x N2 supplements (Gibco) and 2 mM L-glutamine and allowed to
equilibrate for 30 min at 37°C in 5% CO; before imaging. Image
stacks were obtained every 3 to 4 min for 6 to 8 hours using LSM880
(Leica) with an environmental chamber (37°C with 5% CO,). Movies
were processed using ZEN (Leica) and ImageJ [National Institutes
of Health (NIH)] software (12, 56).

Image acquisition and analysis

Images were collected with a DM6000 Leica microscope or a Zeiss
LSM 880 confocal microscope. Images were processed using Image]J
software (NIH).

Three near-midline sections for each animal were quantified
and averaged for all the analyses shown. Quantification of the num-
ber of cells was performed on lobules 3 and 4/5 at P7 and on lobule
3 at P30. Boundaries of the lobules to be quantified were decided on
the basis of straight lines drawn from the bases of the fissures. Cell
densities were calculated by dividing the number of cells by the area
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of the lobule(s) quantified. Cerebellum area was measured on
H&E-stained slides from three near-midline sections, and the
values were averaged. The numbers of animals that were used in
each quantification are denoted in the figure legends and where
summary statistics are presented.

Quantification criteria used for fate mapping analyses
Neonatal analysis (2 days after Tm). NEP populations are defined
on the basis of their location in the WM + IGL, BgL + ML, or EGL.
For the cells in the BgL, we further subdivided them based on their
morphology: Cells with a Bg-like morphology (having processes
reaching toward the pial surface) are classified as Bg-like NEPs and
those cells without a process and morphology of migrating cells are
classified as ML IN progenitors.

Adult analysis (P30). Classification of the mature cell types for quan-
tification was determined using a combination of cell-type specific
markers, location, and morphology. The details for each TdT" cell
type are as follows:

Granule cells: NeuN" cells in the IGL with small nuclei.

ML INs: PVALB" cells in the ML.

Bg: S100B" cells in the BgL with processes projecting to the pial sur-
face (morphology).

IGL and WM astrocytes: SI00B" cells with a protoplasmic morphology.
WM oligodendrocytes: TdT" cells with a distinct morphology,
having fewer dendrites than astrocytes that are longer and symmet-
rically oriented and parallel to axonal tracts.

Single-cell sequencing and data analysis

Sample preparation

Four male P5 nonIR and IR cerebella were dissected into ice-cold
1x HBSS (Gibco) and were pooled for downstream analysis. Two
replicate experiments were performed. All the steps were performed
on ice when possible. Cerebella were minced with a clean blade and
then dissociated in Accutase (Innovative Cell Technologies) at 37°C
for 10 to 15 min. Following dissociation, Accutase was washed out
using neural stem cell media (Neurobasal, supplemented with N2,
B27, and nonessential amino acids, Gibco). Following filtering
through a cell strainer and trituration in media to single cells, cells
were layered over a 5-ml density gradient (albumin-ovomucoid
inhibitor solution, Worthington) and centrifuged at 70g for 6 min
to remove debris. The cells were briefly treated with 1:2 1x red blood
cell lysis buffer (Sigma-Aldrich) for 2 min at RT. Cells were washed
twice (500g, 5 min at 4°C) and resuspended in 1x tris-buffered
saline. Cells were stained with calcein acetoxymethyl live stain dye
(1:500; Thermo Fisher Scientific) on ice for 30 min and were passed
through a 40-um cell strainer to remove any cell clumps before
loading onto a microwell device.

Single-cell library preparation and sequencing

On-chip reverse transcription, cDNA amplification, and sequenc-
ing library preparation were performed as described previously
(39, 45, 57). Briefly, reverse-transcription reactions were performed
on DropSeq beads [Chemgenes, MACOSKO-2011-10 (V+)]. The
microwell devices were scanned during the RNA capture to check
for lysis efficiency. Our microwell method (39) does not lyse the
nucleus as a means to reduce DNA contamination compared to
other methods; therefore, analyses such as velocity that require
unspliced pre-mRNA are not compatible with our dataset. Following
PCR amplification, the libraries were prepared using a Nextera XT
kit. DNA purifications were performed using AMPure XP beads.
cDNA and library amount and quality were assessed using Qubit
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and a Bioanalyzer (Agilent). High-quality samples were sequenced
on a NextSeq 500 using a High Output 75 cycle kit (read 1, 21 cycles;
index, 8 cycles; read 2, 63 cycles).

Single-cell RNA sequencing data analysis

The sequencing reads were demultiplexed, aligned, and quantified
as described previously (57). Twelve-nucleotide cell barcodes and
eight- nucleotide unique molecular identifiers were extracted from
read 1, and trimmed read 2 reads were aligned to a mouse genome
(GRCm38, Gencode annotation vM10) using STAR v.2.5 (58). Cfp
sequence was added in the annotation and denoted as NestinCFP in
the expression matrices.

Unsupervised clustering was carried out as described previously
(45, 59). The clustering was performed on protein-coding genes
only, including NESTINCFP. After computing cell-by-cell Spearman
correlation matrix, a k—nearest neighbors graph was constructed with
k set to 30. The resulting graph was used as input for Louvain clus-
tering with Phenograph (40). Fos, a stress response gene associated
with tissue dissociation, was removed from the cell clustering marker
list (60). Cluster-specific genes were identified using a binomial-
specificity test (61). UMAP was used for all data visualization (62).

To address coexpression and mutual exclusivity of genes detected
in more than 25 cells, we calculated the marginal detection proba-
bilities for each gene pair as described previously (57). The top
50 genes that were coexpressed with Ascll in nonIR and IR NEPs
(clustering shown in Fig. 1G) were identified for downstream
analysis. The coexpression values were plotted as a scatter plot to
identify condition-specific coexpressed genes.

We performed differential expression analysis between clusters
and between nonlR and IR data as follows: First, we subsampled
each pair of clusters to the same number of cells. Next, we sub-
sampled the counts for each pair of clusters to the same average
number of counts per cell, keeping only transcripts annotated as
protein coding. We normalized the resulting subsampled count
matrices using the computeSumFactors function (63) in scran and then
conducted differential expression analysis with the Mann-Whitney
U test as implemented in the mannwhitneyu function in SciPy and
corrected the resulting P values using the Benjamini-Hochberg method
as implemented in the multipletests function in the Python module
StatsModels. The resulting gene lists were preranked on the basis
of on the effect size and were inputted to GSEA (64) using the fol-
lowing parameters: xtools.gsea.GseaPreranked -scoring_scheme
classic —setmin 10 —setmax 1000 —-nperm 1000.

Because velocity analysis could not be performed on our dataset,
pseudotemporal ordering of the IR NEPs from clusters N1, N6, and
N7 (559 cells) was performed using Monocle3 (65). Analysis was
performed using the latent semantic indexing method, and branch
length was set to 60.

Statistical analysis

Prism (GraphPad) was used for all statistical analysis. Statistical
tests performed in this study were Student’s two-tailed ¢ test, two-
way ANOVA, followed by post hoc analysis with Tukey’s multiple
comparison tests. P values of the relevant post hoc analyses are
shown in the figures and in table S12. The statistical significance
cutoff was set at P < 0.05, and the data are presented as means + SD
of the mean. F-statistics and P values are stated in the figure legends,
and relevant post hoc comparisons are shown in the figures. n > 3
mice were used for each experiment, and the sample size for each
experiment is stated in the figure legends and the text.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj1598

View/request a protocol for this paper from Bio-protocol.

REFERENCES AND NOTES

1. Y.Wang, N. E. Navin, Advances and applications of single-cell sequencing technologies.
Mol. Cell 58, 598-609 (2015).

2. E.Llorens-Bobadilla, S. Zhao, A. Baser, G. Saiz-Castro, K. Zwadlo, A. Martin-Villalba,
Single-cell transcriptomics reveals a population of dormant neural stem cells that
become activated upon brain injury. Cell Stem Cell 17,329-340 (2015).

3. F.A.C.Azevedo, L.R. B. Carvalho, L. T. Grinberg, J. M. Farfel, R. E. L. Ferretti, R. E. P. Leite,
W. J. Filho, R. Lent, S. Herculano-Houzel, Equal numbers of neuronal and nonneuronal
cells make the human brain an isometrically scaled-up primate brain. J. Comp. Neurol.
513, 532-541(2009).

4. S.Herculano-Houzel, B. Mota, R. Lent, Cellular scaling rules for rodent brains. Proc. Natl.
Acad. Sci. U.S.A. 103, 12138-12143 (2006).

5. S.H.Fatemi, K. A. Aldinger, P. Ashwood, M. L. Bauman, C. D. Blaha, G. J. Blatt, A. Chauhan,
V. Chauhan, S. R. Dager, P. E. Dickson, A. M. Estes, D. Goldowitz, D. H. Heck, T. L. Kemper,
B. H.King, L. A. Martin, K. J. Millen, G. Mittleman, M. W. Mosconi, A. M. Persico,

J. A. Sweeney, S. J. Webb, J. P. Welsh, Consensus paper: Pathological role
of the cerebellum in autism. Cerebellum 11, 777-807 (2012).

6. L.F.Koziol, D. Budding, N. Andreasen, S. D’Arrigo, S. Bulgheroni, H. Imamizu, M. Ito,
M. Manto, C. Marvel, K. Parker, G. Pezzulo, N. Ramnani, D. Riva, J. Schmahmann,

L. Vandervert, T. Yamazaki, Consensus paper: The cerebellum's role in movement
and cognition. Cerebellum 13, 151-177 (2014).

7. D.Caligiore, G. Pezzulo, G. Baldassarre, A. C. Bostan, P. L. Strick, K. Doya, R. C. Helmich,
M. Dirkx, J. Houk, H. Jorntell, A. Lago-Rodriguez, J. M. Galea, R. C. Miall, T. Popa, A. Kishore,
P.F.M.J. Verschure, R. Zucca, |. Herreros, Consensus paper: Towards a systems-level view
of cerebellar function: The interplay between cerebellum, basal ganglia, and cortex.
Cerebellum 16, 203-229 (2017).

8. E.P.Lackey, D. H.Heck, R. V. Sillitoe, Recent advances in understanding the mechanisms
of cerebellar granule cell development and function and their contribution to behavior.
F1000Res 7, 1142 (2018).

9. P.Rakic, R. L. Sidman, Histogenesis of cortical layers in human cerebellum, particularly
the lamina dissecans. J. Comp. Neurol. 139, 473-500 (1970).

10. J.Altman, S. A. Bayer, Development of the Cerebellar System in Relation to Its Evolution,
Structure, and Functions (CRC Press, 1997).

11. S.S.-H.Wang, A. D. Kloth, A. Badura, The cerebellum, sensitive periods, and autism.
Neuron 83,518-532 (2014).

12. A.Wojcinski, A. K. Lawton, N. S. Bayin, Z. Lao, D. N. Stephen, A. L. Joyner, Cerebellar
granule cell replenishment postinjury by adaptive reprogramming of Nestin*
progenitors. Nat. Neurosci. 20, 1361-1370 (2017).

13. A.Wojcinski, M. Morabito, A. K. Lawton, D. N. Stephen, A. L. Joyner, Genetic deletion
of genes in the cerebellar rhombic lip lineage can stimulate compensation through
adaptive reprogramming of ventricular zone-derived progenitors. Neural Dev. 14, 4 (2018).

14. N.S.Bayin, A. Wojcinski, A. Mourton, H. Saito, N. Suzuki, A. L. Joyner, Age-dependent
dormant resident progenitors are stimulated by injury to regenerate Purkinje neurons.
elife7,e39879 (2018).

15. J. Altman, W. J. Anderson, Irradiation of the cerebellum in infant rats with low-level x-ray:
Histological and cytological effects during infancy and adulthood. Exp. Neurol. 30,
492-509 (1971).

16. J. Altman, W. J. Anderson, K. A. Wright, Early effects of X-irradiation of the cerebellum
ininfant rats: Decimation and reconstitution of the external granular layer. Exp. Neurol.
24,196-216 (1969).

17. R.J.Wingate, M. E. Hatten, The role of the rhombic lip in avian cerebellum development.
Development 126, 4395-4404 (1999).

18. R.Machold, G. Fishell, Math1 is expressed in temporally discrete pools of cerebellar
rhombic-lip neural progenitors. Neuron 48, 17-24 (2005).

19. V.Y.Wang, M. F.Rose, H. Y. Zoghbi, Math1 expression redefines the rhombic lip
derivatives and reveals novel lineages within the brainstem and cerebellum. Neuron 48,
31-43 (2005).

20. J.T.Fleming, W.He, C. Hao, T. Ketova, F. C. Pan, C. C. V. Wright, Y. Litingtung, C. Chiang,
The Purkinje neuron acts as a central regulator of spatially and functionally distinct
cerebellar precursors. Dev. Cell 27, 278-292 (2013).

21. E.Parmigiani, K. Leto, C. Rolando, M. Figueres-Onate, L. Lopez-Mascaraque, A. Buffo,

F. Rossi, Heterogeneity and bipotency of astroglial-like cerebellar progenitors along
the interneuron and glial lineages. J. Neurosci. 35, 7388-7402 (2015).

22. A.Lee, J.D.Kessler, T.-A. Read, C. Kaiser, D. Corbeil, W. B. Huttner, J. E. Johnson,

R. J. Wechsler-Reya, Isolation of neural stem cells from the postnatal cerebellum.
Nat. Neurosci. 8, 723-729 (2005).

16 of 18


https://science.org/doi/10.1126/sciadv.abj1598
https://science.org/doi/10.1126/sciadv.abj1598
https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/sciadv.abj1598

SCIENCE ADVANCES | RESEARCH ARTICLE

23. A.Milosevic, J. E. Goldman, Potential of progenitors from postnatal cerebellar
neuroepithelium and white matter: Lineage specified vs. multipotent fate.
Mol. Cell. Neurosci. 26, 342-353 (2004).

24. V.Cerrato, E. Parmigiani, M. Figueres-Onate, M. Betizeau, J. Aprato, |. Nanavaty,

P. Berchialla, F. Luzzati, C. de'Sperati, L. Lopez-Mascaraque, A. Buffo, Multiple origins
and modularity in the spatiotemporal emergence of cerebellar astrocyte heterogeneity.
PLoS Biol. 16, 2005513 (2018).

25. A.Sudarov, R. K. Turnbull, E. J. Kim, M. Lebel-Potter, F. Guillemot, A. L. Joyner, Ascl1
genetics reveals insights into cerebellum local circuit assembly. J. Neurosci. 31,
11055-11069 (2011).

26. A.M.Brown, J.J. White, M. E. van der Heijden, J. Zhou, T. Lin, R. V. Sillitoe, Purkinje cell

48.

49.

50.

J.S. Takahashi, I. N. Karatsoreos, E. S. Musiek, Cell-autonomous regulation of astrocyte
activation by the circadian clock protein BMALT1. Cell Rep. 25, 1-9.e5 (2018).

D. S. Castro, B. Martynoga, C. Parras, V. Ramesh, E. Pacary, C. Johnston, D. Drechsel,

M. Lebel-Potter, L. G. Garcia, C. Hunt, D. Dolle, A. Bithell, L. Ettwiller, N. Buckley,

F. Guillemot, A novel function of the proneural factor Ascl1 in progenitor proliferation
identified by genome-wide characterization of its targets. Genes Dev. 25, 930-945 (2011).
J. L. Mignone, V. Kukekov, A. S. Chiang, D. Steindler, G. Enikolopov, Neural stem

and progenitor cells in nestin-GFP transgenic mice. J. Comp. Neurol. 469, 311-324 (2004).
N. Takeda, R. Jain, M. R. LeBoeuf, Q. Wang, M. M. Lu, J. A. Epstein, Interconversion
between intestinal stem cell populations in distinct niches. Science 334, 1420-1424
(2011).

misfiring generates high-amplitude action tremors that are corrected by cerebellar deep 51. E.J.Kim, J.L.Ables, L. K. Dickel, A. J. Eisch, J. E. Johnson, Ascl1 (Mash1) defines cells
brain stimulation. eLife 9, 51928 (2020). with long-term neurogenic potential in subgranular and subventricular zones in adult
27. J.P.Andreotti, P. H. D. M. Prazeres, L. A. V. Magno, M. A. Romano-Silva, A. Mintz, mouse brain. PLOS ONE 6, e18472 (2011).
A. Birbrair, Neurogenesis in the postnatal cerebellum after injury. Int. J. Dev. Neurosci. 67, 52. E.Pacary, J. Heng, R. Azzarelli, P. Riou, D. Castro, M. Lebel-Potter, C. Parras, D. M. Bell,
33-36(2018). A.J.Ridley, M. Parsons, F. Guillemot, Proneural transcription factors regulate different
28. B.N.Jaeger, S. Jessberger, Unexpected help to repair the cerebellum. Nat. Neurosci. 20, steps of cortical neuron migration through Rnd-mediated inhibition of RhoA signaling.
1319-1321(2017). Neuron 69, 1069-1084 (2011).
29. D.J.Dennis, S. Han, C. Schuurmans, bHLH transcription factors in neural development, 53. L.Madisen, A.R. Garner, D. Shimaoka, A. S. Chuong, N. C. Klapoetke, L. Li,
disease, and reprogramming. Brain Res. 1705, 48-65 (2019). A.van der Bourg, Y. Niino, L. Egolf, C. Monetti, H. Gu, M. Mills, A. Cheng, B. Tasic,
30. F.Guillemot, B. A. Hassan, Beyond proneural: Emerging functions and regulations T.N. Nguyen, S. M. Sunkin, A. Benucci, A. Nagy, A. Miyawaki, F. Helmchen, R. M. Empson,
of proneural proteins. Curr. Opin. Neurobiol. 42, 93-101 (2017). T. Knopfel, E. S. Boyden, R. C. Reid, M. Carandini, H. Zeng, Transgenic mice
31. A.M.Brown, M. Arancillo, T. Lin, D. R. Catt, J. Zhou, E. P. Lackey, T. L. Stay, Z. Zuo, forintersectional targeting of neural sensors and effectors with high specificity
J.J. White, R. V. Sillitoe, Molecular layer interneurons shape the spike activity of cerebellar and performance. Neuron 85, 942-958 (2015).
Purkinje cells. Sci. Rep. 9, 1742 (2019). 54. S.Blaess, G. 0. Bodea, A. Kabanova, S. Chanet, E. Mugniery, A. Derouiche, D. Stephen,
32, O.L.Wapinski, Q.Y. Lee, A. C. Chen, R. Li, M. R. Corces, C. E. Ang, B. Treutlein, C. Xiang, A. L. Joyner, Temporal-spatial changes in Sonic Hedgehog expression and signaling
V. Baubet, F. P. Suchy, V. Sankar, S. Sim, S. R. Quake, N. Dahmane, M. Wernig, H. Y. Chang, reveal different potentials of ventral mesencephalic progenitors to populate distinct
Rapid chromatin switch in the direct reprogramming of fibroblasts to neurons. Cell Rep. ventral midbrain nuclei. Neural Dev. 6, 29 (2011).
20, 3236-3247 (2017). 55. F.Guillemot, A. L. Joyner, Dynamic expression of the murine Achaete-Scute homologue
33. T.Vierbuchen, A. Ostermeier, Z. P. Pang, Y. Kokubu, T. C. Siidhof, M. Wernig, Direct Mash-1 in the developing nervous system. Mech. Dev. 42, 171-185 (1993).
conversion of fibroblasts to functional neurons by defined factors. Nature 463, 56. A.K.Lawton, T. Engstrom, D. Rohrbach, M. Omura, D. H. Turnbull, J. Mamou, T. Zhang,
1035-1041 (2010). J. M. Schwarz, A. L. Joyner, Cerebellar folding is initiated by mechanical constraints
34. A.Grande, K. Sumiyoshi, A. Lopez-Juérez, J. Howard, B. Sakthivel, B. Aronow, K. Campbell, on afluid-like layer without a cellular pre-pattern. eLife 8, 45019 (2019).
M. Nakafuku, Environmental impact on direct neuronal reprogramming in vivo 57. D.Mizrak, N.S. Bayin, J. Yuan, Z. Liu, R. M. Suciu, M. J. Niphakis, N. Ngo, K. M. Lum,
in the adult brain. Nat. Commun. 4, 2373 (2013). B.F.Cravatt, A. L. Joyner, P. A. Sims, Single-cell profiling and SCOPE-Seq reveal lineage
35. C.Heinrich, M. Bergami, S. Gascon, A. Lepier, F. Vigand, L. Dimou, B. Sutor, B. Berninger, dynamics of adult ventricular-subventricular zone neurogenesis and NOTUM as a key
M. Gétz, Sox2-mediated conversion of NG2 glia into induced neurons in the injured adult regulator. Cell Rep. 31, 107805 (2020).
cerebral cortex. Stem Cell Rep. 3, 1000-1014 (2014). 58. A.Dobin, C. A. Davis, F. Schlesinger, J. Drenkow, C. Zaleski, S. Jha, P. Batut, M. Chaisson,
36. Y.Liu, Q. Miao, J. Yuan, S. Han, P. Zhang, S. Li, Z. Rao, W. Zhao, Q. Ye, J. Geng, X. Zhang, T.R. Gingeras, STAR: Ultrafast universal RNA-seq aligner. Bioinformatics 29, 15-21 (2013).
L. Cheng, Ascl1 converts dorsal midbrain astrocytes into functional neurons in vivo. 59. H.M. Levitin, J. Yuan, Y. L. Cheng, F. J. Ruiz, E. C. Bush, J. N. Bruce, P. Canoll, A. lavarone,
J. Neurosci. 35, 9336-9355 (2015). A. Lasorella, D. M. Blei, P. A. Sims, De novo gene signature identification from single-cell
37. M.Zamboni, E. Llorens-Bobadilla, J. P. Magnusson, J. Frisen, A widespread neurogenic RNA-seq with hierarchical Poisson factorization. Mol. Syst. Biol. 15, e8557 (2018).
potential of neocortical astrocytes is induced by injury. Cell Stem Cell 27, 605-617.e5 (2020). 60. E.Denisenko, B. B. Guo, M. Jones, R. Hou, L. de Kock, T. Lassmann, D. Poppe, O. Clément,
38. J.P.Magnusson, M. Zamboni, G. Santopolo, J. E. Mold, M. Barrientos-Somarribas, R. K. Simmons, R. Lister, A. R. R. Forrest, Systematic assessment of tissue dissociation
C. Talavera-Lopez, B. Andersson, J. Frisén, Activation of a neural stem cell transcriptional and storage biases in single-cell and single-nucleus RNA-seq workflows. Genome Biol. 21,
program in parenchymal astrocytes. eLife 9, 59733 (2020). 130 (2020).
39. J.Yuan, P. A. Sims, An automated microwell platform for large-scale single cell RNA-Seq. 61. K.Shekhar, S.W.Lapan, I E. Whitney, N. M. Tran, E. Z. Macosko, M. Kowalczyk, X. Adiconis,
Sci. Rep. 6, 33883 (2016). J.Z. Levin, J. Nemesh, M. Goldman, S. A. McCarroll, C. L. Cepko, A. Regev, J. R. Sanes,
40. J.H.Levine, E.F.Simonds, S. C. Bendall, K. L. Davis, E. A. D. Amir, M. D. Tadmor, O. Litvin, Comprehensive classification of retinal bipolar neurons by single-cell transcriptomics.
H. G. Fienberg, A. Jager, E. R. Zunder, R. Finck, A. L. Gedman, |. Radtke, J. R. Downing, Cell 166, 1308-1323.e30 (2016).
D. Pe’er, G. P. Nolan, Data-driven phenotypic dissection of AML reveals progenitor-like 62. E.Becht, L. M.Innes, J. Healy, C-A. Dutertre, I. W. H. Kwok, L. G. Ng, F. Ginhoux,
cells that correlate with prognosis. Cell 162, 184-197 (2015). E. W. Newell, Dimensionality reduction for visualizing single-cell data using UMAP.
41. R.A.Carter, L. Bihannic, C. Rosencrance, J. L. Hadley, Y. Tong, T. N. Phoenix, S. Natarajan, Nat. Biotechnol. 37, 38-44 (2019).
J. Easton, P. A. Northcott, C. Gawad, A single-cell transcriptional atlas of the developing 63. A.T.L.Lun, K. Bach, J. C. Marioni, Pooling across cells to normalize single-cell RNA
murine cerebellum. Curr. Biol. 28, 2910-2920.e2 (2018). sequencing data with many zero counts. Genome Biol. 17, 75 (2016).
42. X.Heng, Q. Guo, A.W. Leung, J. Y. Li, Analogous mechanism regulating formation 64. A.Subramanian, P. Tamayo, V. K. Mootha, S. Mukherjee, B. L. Ebert, M. A. Gillette,
of neocortical basal radial glia and cerebellar Bergmann glia. eLife 6, €23253 (2017). A. Paulovich, S. L. Pomeroy, T.R. Golub, E. S. Lander, J. P. Mesirov, Gene set enrichment
43. N.Mecklenburg, J. E. Martinez-Lopez, J. A. Moreno-Bravo, A. Perez-Balaguer, E. Puelles, analysis: A knowledge-based approach for interpreting genome-wide expression
S. Martinez, Growth and differentiation factor 10 (Gdf10) is involved in Bergmann glial cell profiles. Proc. Natl. Acad. Sci. U.S.A. 102, 15545-15550 (2005).
development under Shh regulation. Glia 62, 1713-1723 (2014). 65. J.Cao, M. Spielmann, X. Qiu, X. Huang, D. M. Ibrahim, A. J. Hill, F. Zhang, S. Mundlos,
44. K.Boddum, T.P. Jensen, V. Magloire, U. Kristiansen, D. A. Rusakov, . Pavlov, M. C. Walker, L. Christiansen, F. J. Steemers, C. Trapnell, J. Shendure, The single-cell transcriptional
Astrocytic GABA transporter activity modulates excitatory neurotransmission. Nat. landscape of mammalian organogenesis. Nature 566, 496-502 (2019).
Commun. 7,13572 (2016).
45. D.Mizrak, H. M. Levitin, A. C. Delgado, V. Crotet, J. Yuan, Z. Chaker, V. Silva-Vargas, Acknowledgments: We thank past and present members of the Joyner laboratory for
P. A.Sims, F. Doetsch, Single-cell analysis of regional differences in adult V-SVZ neural discussions and technical help. We are grateful to the MSKCC Small Animal Imaging and
stem cell lineages. Cell Rep. 26, 394-406.e5 (2019). Mouse Genetics Core Facilities for technical services and support. An XRad 225Cx
46. V.Rusnakova, P. Honsa, D. Dzamba, A. Stéhlberg, M. Kubista, M. Anderova, Heterogeneity Microirradiator was purchased by support from a Shared Resources Grant from the MSKCC
of astrocytes: From development to injury — single cell gene expression. PLOS ONE 8, GeoffreyBeene Cancer Research Center. Last, we thank the Sulzberger Columbia Genome
69734 (2013). Center, supported by a National Cancer Institute Cancer Center Support Grant (P30CA013696),
47. B.V.lananna, C.J. Nadarajah, M. Izumo, M. R. Cedefio, D. D. Xiong, J. Dimitry, C. F. Tso, for technical services for the scRNA-seq experiments. Funding: This work was supported by
C. A. McKee, P. Griffin, P. W. Sheehan, J. A. Haspel, B. A. Barres, S. A. Liddelow, grants from the NIH to A.L.J. (NINDS ROTNS092096 and NIMH R37MH085726) and a National

Bayin et al., Sci. Adv. 7, eabj1598 (2021) 8 December 2021 17 of 18



SCIENCE ADVANCES | RESEARCH ARTICLE

Cancer Institute Cancer Center Support Grant (P30 CA008748-48). N.S.B. was supported by
postdoctoral fellowships from NYSTEM (C32599GG) and NIH/NINDS (K99/R00 NS112605-01).
P.A.S. was supported by ROTNS103473 from NIH/NINDS. Author contributions: N.S.B,, D.M.,
D.N.S., and Z.L. conducted the experiments. N.S.B and A.L.J. analyzed the data. D.M. and P.A.S.
analyzed the scRNA-seq data. N.S.B. and A.L.J. designed and planned the study and wrote

the manuscript. Competing interests: P.A.S. and D.M. are inventors on a patent application
related to this work filed by Columbia University and Cell Microsystems Inc. (no. PCT/
US2020/039943, filed 26 June 2020, published 30 December 2020). P.A.S. is an inventor on a
patent application related to this work filed by Columbia University (no. PCT/US2018/062650,
filed 27 November 2018, published 19 August 2021). The other authors declare that they have

Bayin et al., Sci. Adv. 7, eabj1598 (2021) 8 December 2021

no competing interests. Data and materials availability: The GEO accession number for the
sequencing data and count matrices reported in this paper is GSE173091. All data needed to
evaluate the conclusions in the paper are present in the paper and/or the Supplementary
Materials. Data analysis code used for scRNA-seq is available at https://doi.org/10.5281/
zenodo.5534458 and https://doi.org/10.5281/zenodo.5534460.

Submitted 26 April 2021
Accepted 20 October 2021
Published 8 December 2021
10.1126/sciadv.abj1598

180f 18


http://dx.doi.org/10.5281/zenodo.5534458
http://dx.doi.org/10.5281/zenodo.5534458
http://dx.doi.org/10.5281/zenodo.5534460

