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Single-Cell Profiling Shows Murine Forebrain Neural
Stem Cells Reacquire a Developmental State when
Activated for Adult Neurogenesis
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SUMMARY

The transitions from developing to adult quiescent and activated neural stem cells (NSCs) are not well under-
stood. Here, we use single-cell transcriptional profiling and lineage tracing to characterize these transitions in
the murine forebrain. We show that the two forebrain NSC parental populations, embryonic cortex and
ganglionic eminence radial precursors (RPs), are highly similar even though they make glutamatergic versus
gabaergic neurons. Both RP populations progress linearly to transition from a highly active embryonic to a
dormant adult stem cell state that still shares many similarities with embryonic RPs. When adult NSCs of
either embryonic origin become reactivated to make gabaergic neurons, they acquire a developing gangli-
onic eminence RP-like identity. Thus, transitions from embryonic RPs to adult NSCs and back to neuronal
progenitors do not involve fundamental changes in cell identity, but rather reflect conversions between acti-

vated and dormant NSC states that may be determined by the niche environment.

INTRODUCTION

Quiescent adult stem cells are made by embryonic precursors
that at the same time build tissues. Different tissues use different
strategies to ensure an appropriate establishment of adult stem
cell pools. For example, in the gut, the environment induces em-
bryonic epithelial cells to become adult intestinal stem cells (Guiu
et al., 2019), whereas spermatogonial stem cells instead derive
from embryonic precursors that are set aside developmentally
(Law et al., 2019). However, we do not yet know how adult neural
stem cell (NSC) pools are established in the mammalian brain,
although we do know that developmental perturbations can
cause long-lasting, functionally important deficits in adult
NSCs (for example, see Gallagher et al., 2013, 2015).

One well-studied adult NSC population resides in the forebrain
ventricular-subventricular zone (V-SVZ) around the lateral ventri-
cles (Obernier and Alvarez-Buylla, 2019; Miller and Gauthier-
Fisher, 2009). These forebrain NSCs derive developmentally
from the ganglionic eminence (GE) and cerebral cortex (Merkle
et al., 2004; Willaime-Morawek et al., 2006; Young et al., 2007;
Kohwi et al., 2007; Ventura and Goldman, 2007; Gallagher
et al., 2013), two adjacent embryonic regions containing radial
precursors (RPs) that make very distinct progeny. Cortical RPs
make glutamatergic excitatory neurons embryonically and
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switch at birth to making glial cells, and GE RPs make gabaergic
neurons and oligodendrocytes embryonically. Both RP popula-
tions then generate V-SVZ NSCs, which make gabaergic inter-
neurons and glial cells postnatally.

Because embryonic cortical RPs and adult V-SVZ NSCs
make different types of neurons, this has led to the idea that
there is a distinct subpopulation of cortical RPs with gabaer-
gic neuron potential that are fated to become adult NSCs (Mo-
rales and Mira, 2019). However, several findings bring this
concept into question. First, one definitive lineage tracing
study used barcoding to demonstrate that some cortical
RPs make excitatory neurons embryonically and gabaergic in-
terneurons postnatally (Fuentealba et al., 2015). Second, sin-
gle-cell RNA sequencing (scRNA-seq) showed that an embry-
onic cortical RP gene signature was also expressed by adult
V-SVZ NSCs (Yuzwa et al., 2017; Codega et al., 2014), sug-
gesting that these two stem cell populations were more similar
than previously appreciated. Third, when embryonic cortical
RPs were exposed to a GE environment or cultured as neuro-
spheres, they could make gabaergic interneurons (Hitoshi
et al., 2002; Machon et al., 2005; Willaime-Morawek et al.,
2006). These findings thus suggest that the same cortical
NSCs might be able to make both glutamatergic projection
neurons and gabaergic interneurons.
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Here, we have addressed this possibility by characterizing
cortical and GE stem cells throughout life by using scRNA-seq
combined with lineage tracing. Our data show that embryonic
cortical and GE RPs are highly similar except for a small subset
of genes involved in positional information and neuronal specifi-
cation. As these two RP populations move through develop-
mental time, they transition from a highly active embryonic state
to a dormant adult NSC state while maintaining much of their
identity. Moreover, when dormant adult NSCs are reactivated
to make gabaergic neurons, they reacquire a developing GE
RP-like state, regardless of their developmental origin. Thus,
our data suggest that embryonic RPs, adult dormant V-SVZ
NSCs, and their activated NSC progeny are highly similar stem
cells that are in different activation states.

RESULTS

Adult Forebrain NSCs Share Transcriptional Similarities
with Embryonic Cortical RPs

To definitively compare embryonic cortical RPs and their adult
NSC progeny, we performed scRNA-seq on adult V-SVZ cells.
We isolated single cells from dorsal and lateral regions of the
V-SVZ at postnatal day 20 (P20), P34, and P61 and used the
10X Genomics platform to sequence 2,182, 2,143, and 2,625 sin-
gle-cell transcriptomes, respectively (see STAR Methods for de-
tails). We analyzed transcriptomes by using a pipeline that incor-
porates low-level data quality analysis with visualization and
clustering methods with evidence-based parameter selection
(Innes and Bader, 2019), as described previously (Yuzwa et al.,
2017; Carr et al., 2019; Storer et al., 2020). Genes with high vari-
ance were used to compute principal components as inputs for
projecting cells in two dimensions by using t-distributed sto-
chastic neighbor embedding (t-SNE) and performing clustering
using graph-based clustering (Butler et al., 2018) with a range
of resolution parameters.

This analysis, together with cell-type-specific marker
overlays (see STAR Methods for all markers) identified clusters
containing neural and nonneural cells at all 3 time points
(Figures 1A-1C; Figure S1A). We removed endothelial cells,
microglia, and vasculature-associated mesenchymal cell
transcriptomes and combined the remaining neural cell tran-
scriptomes (1,601, 1,847, and 2,185 cells at P20, P34, and
P61, respectively). This analysis (Figure 1D) identified 14 clus-
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ters, including striatal neurons (9), ependymal cells (14), and
choroid plexus cells (13) that were not considered further. The
remaining clusters included cells from all time points and
were comprised of V-SVZ NSCs and their neurogenic and glio-
genic progeny (Figures 1D-1G; Figure S1B). The neurogenic
lineage included neuroblasts expressing Gad? and Sp8 (clus-
ters 1,2, 3,and 7), as well as 2 clusters (6 and 8) of transit ampli-
fying cells (TAPs) and activated NSCs that were both Egfr and
Ascl1 positive. Other clusters included Pdgfra-positive oligo-
dendrocyte precursor cells (OPCs; 11) and oligodendrocytes
(10 and 12).

The 2 remaining clusters, namely, 4 and 5, included cells pre-
dicted to be in G1 or GO that expressed genes shared by NSCs
and astrocytes, including Gfap, Glast/Slc1a3, and ApoE (Figures
1D and 1F). Cluster 4 cells fulfilled criteria for slowly proliferating
or quiescent adult NSCs; they expressed Nestin, Gfap, Vcam1,
Prom1, and Thbs4 and little or no S700b and Agt (Figure 1G; Fig-
ures S1B and S1C). This conclusion was supported by
comparing cluster 4 to previously defined sorted V-SVZ NSCs
(Codega et al., 2014; Figure 1H; Table S1). Of the genes that
were differentially enriched in cluster 4 relative to all other V-
SVZ cells (Figure S1D), 36% versus 1.1% were present in gene
signatures for sorted quiescent versus activated NSCs. In
contrast, genes differentially enriched in cluster 8 activated
NSCs/TAPs were found in the sorted activated NSCs. From
here on, we term the cluster 4 cells dormant NSCs (dNSCs). Hi-
erarchical clustering showed that these cluster 4 dNSCs were
related to but distinct from cluster 5, which instead included as-
trocytes (Figures 1G and 1l; Figures S1C and S1D). The astro-
cytes were enriched for S100b, Agt, Hbegf, and Aqp4, whereas
the dNSCs were instead enriched for genes like Sfrp1, Tspan18,
Veph1, Vimentin, and Vnn1.

We analyzed cluster 4 adult dNSCs for the embryonic cortical
RP gene signature that we previously defined (Yuzwa et al.,
2017), eliminating genes that were cell cycle associated. All 79
remaining signature genes were expressed in adult dNSCs (Ta-
ble S2). Most genes (71) were also expressed in astrocytes (Fig-
ure S1E), and both dNSCs and astrocytes were highly enriched
for a calculated cortical RP gene signature score (Figure 1J;
see STAR Methods for details). However, 8 RP signature genes
were specific to dNSCs versus astrocytes (Tfap2c, Vim, Tead2,
Sfro1, Rent, Ren3, Nes, and Vepht) (Table S2), and we com-
bined them with 14 dNSC genes identified by differential gene

Figure 1. Single-Cell Transcriptional Profiling of Murine V-SVZ Cells from P20 to Adulthood

(A-C) t-SNE visualizations of V-SVZ transcriptomes at P20 (A), P34 (B), and P61 (C), annotated for cell types.

(D and E) t-SNEs of combined P20, P34, and P61 V-SVZ neural transcriptomes. Annotated for cell types (D) and color-coded for time point of origin (E). Note that
apparent differences in distribution of cells from different time points across clusters were not further analyzed because we performed only a single sequencing

run at each time point.
(F) t-SNE showing cell cycle status of dataset in (D) predicted by Cyclone.

(G) t-SNE marker gene expression overlays of the dataset in (D). Cells are color-coded for levels of expression as per the adjacent color keys.

(H) Percentage of genes differentially enriched (DE) in cluster 4 dNSCs or cluster 8 activated NSCs and TAPs (from D) that were present in gene signatures for
sorted quiescent and activated NSCs in Codega et al. (2014). Gene lists are in Table S1.

(I) Heatmap of genes distinguishing dNSCs from astrocytes (clusters 4 and 5 in D). Each column represents expression in a single cell, color-coded as per the

adjacent color key.

(J and K) t-SNEs of the dataset in (D) overlaid with signature gene expression scores for embryonic cortical RPs (J) or adult NSCs (K). Red denotes cells with

scores of >1 (see STAR Methods).

In (A)-(F), numbers indicate distinct clusters. OGs, oligodendrocytes; VSM, vascular smooth muscle; actNSCs, activated NSCs. See also Figure S1 and Tables S1

and S2.
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expression analysis (Thbs4, Tspan18, Meg3, Vnn1, Cpe, Fxyd6,
Igfbp5, Dbi, Notum, Sparc, Fabp7, Mdfi, Shroom3, and Ccdc80)
to create a signature that was specific for ANSCs and a small
group of activated NSCs in cluster 8 (Figure 1K).

Cortex- and MGE-Derived Cells Contribute to All
Neurogenic and Gliogenic V-SVZ Compartments in the
First Postnatal Week

We next examined the V-SVZ at P6 and P7 when the dNSC pool
is being established. To identify cortically derived cells, we used
a well-characterized Emx1-Cre;R26-LSL-EYFP transgenic
knockin mouse line (called Emx1Cre-Eyfp from here on) that
tags cortical but not GE cells (Gorski et al., 2002). For compari-
son, we used a second line that tags cells from the medial GE
(MGE) (Nkx2.1-Cre;R26-LSL-EYFP or Nkx2.1Cre-Eyfp mice)
(Xu et al., 2008).

We confirmed the specificity of these mouse lines for lineage
tracing. At embryonic day 14 (E14), as predicted (Gorski et al.,
2002), the Emx1Cre-Eyfp cortex was robustly labeled, with a
distinct boundary of EYFP-positive cells at the ventral pallium,
a region beside the GE that generates Cajal-Retzius and cortical
projection neurons (Dixit et al., 2014; Figure 2A). A few positive
cells were found ventral to this boundary, likely migrating precur-
sors or cortical neurons, as previously described (Dixit et al.,
2014; Willaime-Morawek et al., 2006; Cocas et al., 2009). Immu-
nostaining and fluorescence in situ hybridization (FISH) for the
cortical marker Neurod1 (Figures S2A and S2B) confirmed that
Emx1Cre-EYFP-positive cells were located at or dorsal to this
boundary. We also examined the P6 Emx1Cre-Eyfp V-SVZ. For
comparison, we used a second lineage tracing approach, elec-
troporating E14.5 cortices with a Piggybac (Pb) transposon-
based EGFP reporter (Nagy et al., 2011) that integrates into the
genome of cortical RPs and tags all their progeny (Gallagher
etal., 2013). At P6, both approaches labeled V-SVZ cells located
dorsally and around the dorsolateral corner (Figures 2B-2D; Fig-
ure S2C). Emx1Cre-EYFP cells were more numerous than Pb-
EGFP cells, as predicted, but had a similar ventral boundary (Fig-
ures 2C and 2D). In contrast, at P6, Nkx2.1Cre-EYFP-positive
cells were predominantly localized to the ventral-most V-SVZ
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(Figure 2E), as previously reported (Delgado and Lim, 2015;
Young et al., 2007).

Having validated the lineage tracing, we sequenced 2,725 and
3,431 Emx1Cre-Eyfp dorsal and lateral V-SVZ cells at P6 and P7
and 2,234 Nkx2.1Cre-Eyfp P6 cells. Because Nkx2.1Cre-EYFP-
positive V-SVZ NSCs are relatively few (Delgado and Lim,
2015; Figure 2E), we also performed a second run, enriching
for Nkx2.1Cre-EYFP-positive P6 V-SVZ cells by fluorescence-
activated cell sorting (FACS). For all runs, we identified neural
and immune cells (Figures S2D and S2E) and then extracted
and combined the neural cells alone. This analysis (Figure 2F)
identified 17 clusters (7,829 cells), including cells from both
mouse lines and all runs with the exception of cluster 12, which
included OPCs from only the FACS Nkx2.1Cre-Eyfp run. This
could be due to a difference in dissection, so we did not analyze
this cluster further. We also did not further analyze clusters con-
taining ependymal cells (15), choroid plexus cells (16), striatal
neurons (14), or excitatory neurons (17).

The remaining clusters contained dNSCs and their progeny
(Figures 2F-2I; Figures S2F and S2G). Four clusters included
OPCs (6, 9, and 10) and oligodendrocytes (13). Neuroblasts
were in clusters 1, 3, and 5, and proliferative TAPs were in cluster
2. Astrocytes were in cluster 4, and dNSCs were in cluster 8.
Both were predicted to be in GO or G1, and although both clus-
ters were enriched for the embryonic RP gene signature, only
cluster 8 dNSCs were enriched for the adult NSC signature (Fig-
ures 2J and 2K; Figure S2G; Table S2). The remaining clusters 7
and 11 expressed many NSC and astrocyte genes but also ex-
pressed Egfr and contained proliferating cells (27% and 16%).
We interpret them as activated precursors transitioning from
dNSCs to more well-defined gliogenic and neurogenic lineage-
biased progenitors. All V-SVZ clusters included both Emx1-
Eyfo- and Nkx2.1-Eyfp-positive cells (Figure 2L). Notably,
Emx1-Eyfp-positive cells comprised 27% and 40% of the
TAPs and neuroblasts, which is indicative of cortical gabaergic
neurogenesis.

We confirmed that cortical P6 and P7 NSCs make gabaergic
interneurons by immunostaining P6 Emx1Cre-Eyfp forebrain V-
SVZ sections for DLX2 or SP8 (Figures 2M-20; Figure S2H).

Figure 2. Lineage Tracing Combined with scRNA-Seq to Characterize Cortex and MGE-Derived P6 and P7 V-SVZ Cells

(A) Stitched sagittal image of the E14 Emx1Cre-Eyfp telencephalon, immunostained for EYFP (green). Arrows denote cortex/GE boundary.

(B) Stitched coronal image of the P6 Emx1Cre-Eyfp V-SVZ, immunostained for EYFP (green, arrows).

(C) Image of P6 Emx1Cre-Eyfp V-SVZ, immunostained for EYFP (green). Arrows denote the ventral Emx1Cre-EYFP-positive cell boundary.

(D) Image of a P6 brain electroporated cortically with Pb-Egfp at E14.5 and immunostained for EGFP (green), showing a V-SVZ region similar to (C). Arrows denote

the ventral Pb-EGFP-positive cell boundary.

(E) Image of the P6 Nkx2.1Cre-Eyfp ventral V-SVZ, immunostained for EYFP (green, arrows).
(F and G) t-SNE of combined Emx1Cre-Eyfp and Nkx2.1Cre-Eyfp P6/7 V-SVZ neural cells. (F) Is annotated for cell types, and (G) is color-coded for dataset of

origin.

(H) t-SNE marker gene expression overlays of the dataset in (F), color-coded as per adjacent color keys.

(I) t-SNE showing predicted cell cycle status of dataset in (F).

(J and K) t-SNEs of dataset in (F) overlaid for signature gene expression scores for embryonic cortical RPs (J) or adult NSCs (K). Red denotes cells with scores of

>1.5.

(L) t-SNEs of the dataset in (F) overlaid for Emx1-Eyfp or Nkx2.1-Eyfp expression, with cells color-coded as per adjacent color keys.

(M-0) Images of the P6 Emx1Cre-Eyfp dorsolateral V-SVZ immunostained for EYFP (green) and SP8 (red, M and N) or DLX2 (red, O). The lower box in (M) is shown
at higher magnification in (N) and the higher box in Figure S2H. Arrows denote double-labeled cells.

(P and Q) Images of the P4 RMS (P) or P6 dorsolateral V-SVZ (Q) from brains electroporated at E14.5 with Pb-Egfp, immunostained for EGFP (green) and ASCL1

(red, P) or SP8 (red, Q). Arrows denote double-positive cells.

Images in (A), (C)-(E), and (M) show Hoechst 33258 counterstaining (white). In (B)-(D) and (M)-(O), hatched lines outline the lateral ventricle (LV). Stri, striatum;
Sept, septum; CP, choroid plexus. Scale bars represent 100 um in (A)-(E) and (M) and 10 um in (N)-(Q). See also Figure S2 and Table S2.
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EYFP-positive, DLX2-positive, or SP8-positive cells were found
in the dorsal SVZ and in the dorsolateral corner where the rostral
migratory stream (RMS) originates. We also immunostained P4
to P7 V-SVZ sections from mice electroporated with the Pb-
Egfp expression constructs at E14.5 (Figures 2P and 2Q; Fig-
ure S2C). Some Pb-EGFP-positive cells in the dorsolateral
corner were positive for the activated NSC/TAP marker ASCLA1
and some for SP8.

Cortex- and GE-Derived dNSCs Are Highly Similar but
Maintain Transcriptional Hallmarks of Their
Developmental Origins

Cortex-derived NSCs might switch to making gabaergic neurons
because they have converged on a GE NSC state. To test this
idea, we extracted and reanalyzed the P6 and P7 dNSCs in clus-
ter 8 (Figure 2F). This resulted in two dNSC clusters that included
cells from all 4 runs (42% and 38% of Emx1Cre cells in clusters 1
and 2, and 58% and 62% of Nkx2.1Cre cells in 1 and 2) (Figures
3A-3C). The 2 clusters corresponded to cortex- and GE-derived
dNSCs because 87% of cortical Emx1Cre-Eyfp-positive cells
were in cluster 2 and 81% of Nkx2.1Cre-Eyfp-positive cells
were in cluster 1 (Figure 3D; Figure S3A). The cortex- and GE-
derived dNSC clusters were highly similar, as indicated by corre-
lation analysis (r = 0.985) and embryonic RP signature gene
expression (Figures 3E and 3F). In contrast, they were relatively
dissimilar to their non-proliferative neuroblast progeny (r = 0.821;
cluster 8 versus 1 and 5in Figure 2F; Figure S3B). Nonetheless, in
spite of their high similarity, cortex and GE dNSCs significantly
differentially expressed 119 genes (family wise error rate
[FWER] < 0.05; Table S3) and some of them were highly enriched
in one or the other cluster, including Tfap2c, Rgs5, and Dmrta2 in
cortex dNSCs and Six3, Lmo1, and Gsx2 in GE dNSCs (Figures
3G and 3H; Figure S3A).

We ensured these differences were not due to batch effects by
analyzing and obtaining similar results with dNSCs from just the
two Emx1Cre-Eyfp runs (Figures S2D and S3C-S3E). We also
validated one differentially expressed gene by performing FISH
for the NSC mRNA Aldoc and for Rgs5 mRNA, which was shown
to be enriched in cortex dNSCs (Figure 3I; Figure S3F and S3G).
Aldoc-positive, Rgs5-positive cells were predominantly local-
ized to the dorsolateral corner of the P6 V-SVZ, with no dou-
ble-positive cells seen more ventrally.
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We next asked if cortex- and GE-derived dNSCs were equally
similar in adulthood, taking advantage of the fact that the P20,
P34, and P61 V-SVZ cells all came from Emx1Cre-Eyfp mice.
We isolated and analyzed the adult dNSC transcriptomes from
cluster 4 (Figure 1D), eliminating any activated NSCs expressing
higher levels of Egfr and Ascl1. Of the 2 resultant clusters, there
were 8-fold more Emx1Cre-Eyfp-positive cells in cluster 2, and
this cluster was also enriched for the P6 and P7 cortical dNSC
genes Tfap2c, Cacng5, Cpne4, Dmrta2, Gm29260, and Uaca
(Figures 3J-3L). Cluster 1 was instead enriched for the P6 and
P7 GE dNSC genes Crym, Six3, and Lmo1 (Figure 3L). Nonethe-
less, these adult cortex and GE dNSCs were highly correlated
(r = 0.976) (Figure S3H). By contrast, adult dNSCs were poorly
correlated with adult neuroblasts (r = 0.723; Figure S3l). Thus,
cortex and GE dNSCs are highly similar throughout postnatal
life but maintain a transcriptional memory of their origins.

Cortical Precursors That Proliferate Late in
Embryogenesis Generate Inhibitory Neurons
Immediately after Birth

We next asked how early cortex dNSCs make gabaergic inter-
neurons by sequencing 2,252 P2 Emx1Cre-Eyfp V-SVZ cells
(Figure 4A; Figures S4A and S4B). We identified clusters of V-
SVZ neural cells, including OPCs (12), proliferative TAPs (7 and
11), neuroblasts (2, 3, 4, and 6), and NSCs predicted to be in
GO or G1 (14). Astrocytes did not cluster distinctly, likely because
they were early in their transition from NSCs. A total of 30%-39%
of the NSC, OPC, TAP, and neuroblast clusters were Emx1Cre-
Eyfp positive (Figure 4B; Figure S4A), indicating that P2 cortical
NSCs make gabaergic neuroblasts. We confirmed this finding
by immunostaining. At P2, Emx1Cre-EYFP-positive cells dou-
ble-labeled for DLX2, GAD65, or SP8 were present in the dorsal
and dorsolateral V-SVZ and the RMS (Figures 4C, 4D, and 4F;
Figure S4C).

We asked if the P2 gabaergic neuroblasts were made by
cortical RPs proliferating later in embryogenesis; we injected
gestational day 16.5 Emx1Cre-Eyfpo mothers with EdU and
analyzed brains of their offspring at P2 (Figure S4D). We
observed EdU-positive superficial cortical neurons in these
brains, indicating the efficacy of the labeling strategy (Figure 4E).
Notably, in 3 independent mice, up to 15% of Emx1Cre-EYFP-
positive, SP8-positive neuroblasts in the dorsolateral V-SVZ

Figure 3. Postnatal Cortical and GE dNSCs Are Highly Similar but Maintain Transcriptional Hallmarks of Their Developmental Origins

(A and B) t-SNE of combined Emx1Cre-Eyfp and Nkx2.1Cre-Eyfp P6/7 V-SVZ dNSCs. (A) shows color-coded clusters and (B) is color-coded for dataset of origin.
(C) t-SNE marker gene expression overlays of the dataset in (A), color-coded as per adjacent color keys.

(D) Percentage of total Emx1Cre-Eyfp-positive or Nkx2.1Cre-Eyfp-positive dNSC cells in clusters 1 and 2 in (A).

(E) Pearson correlation analysis of each detected gene in cluster 2 cortex dNSCs and cluster 1 GE dNSCs in (A). Red denotes embryonic cortical RP signature

genes.

(F and G) Violin plots of expression profiles for 4 embryonic RP signature genes (F) and 4 differentially-expressed genes (G) in cortical dNSC cluster 2 (maroon)
versus GE dNSC cluster 1 (green). Dots in (G) are expression levels in individual cells.
(H) Heatmap showing expression of genes that distinguish cortical ANSCs (cluster 2) from GE dNSCs (cluster 1). Each column represents expression in a single

cell, color-coded as per the adjacent color key.

(I) Images of the P6 dorsolateral (top) and ventrolateral (bottom) V-SVZ probed by FISH for Rgs5 and Aldoc mRNAs (red and green dots, respectively). Dashed
lines outline double-labeled cells. Low-magnification images are in Figure S3G. Scale bar represents 10 um.

(J) t-SNE visualization of combined P20-P61 dNSCs (from Figure 1D) showing color-coded clusters.

(K and L) t-SNE gene expression overlays of dataset in (J) showing Emx1Cre-Eyfp (K) or two differentially expressed dNSC genes (L), color-coded as per the

adjacent color keys.
See also Figure S3 and Table S3.
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and RMS were also EdU positive, as were some dorsally located
EYFP-positive, VCAM1-positive NSCs (Figures 4F and 4G; Fig-
ure S4E). Thus, some P2 cortically derived gabaergic neuro-
blasts are made by RPs that proliferated at E16.5.

Embryonic Cortical and GE RPs Are Also Highly Similar
Transcriptionally

To understand the apparent neonatal convergence of cortical
and GE NSCs, we sequenced 3 runs of E14 Emx1Cre-Eyfp fore-
brain cells, including the cortex and adjacent GE. We analyzed
the runs individually, removed cells with low transcriptome sizes,
and combined the datasets. This resulted in 18 clusters (9,909
cells) that contained intermingled cells from all 3 runs (Figure 4H;
Figure S4F). Emx1Cre-Eyfp-positive and -negative cells clus-
tered separately, with the exception of RP cluster 10 (Figures
4H and 4l; Figure S4G). We did not analyze the Eyfp-negative
GE clusters in more depth. In addition to RPs, the Emx7Cre-
Eyfp-positive clusters included intermediate progenitors (9)
and excitatory neurons in various maturation stages (3, 5, 7,
and 11) (Figure S4H), much as we described for E13.5 (Yuzwa
et al,, 2017). A total of 80% of cells in these clusters were
Eyfp-positive, in agreement with the morphological analysis
(Figure 2A).

To compare cortex and GE RPs, we analyzed cluster 10
transcriptomes independently (Figures 4J-4L; Figure S4l).
One of two resultant clusters (2) was almost entirely
comprised of Emx1Cre-Eyfp-positive cortical RPs (90%),
whereas the other (1) largely contained Eyfp-negative GE
RPs. These two populations were highly correlated (r =
0.988), and 58 cortical RP signature genes were expressed
at similar levels in both (Figure 4M). However, some signature
genes were highly enriched in cortical cluster 2, including
Tfap2c, Ccdc80, and Gas1 (Figure 4N; Table S2). A further
comparison of cortex and GE RPs identified an additional
118 genes that were significantly differentially expressed
with an average expression difference of >0.5 (FWER <
0.05; Figure 40; Figure S4J; Table S3). For cortex RPs, they
included (1) positional specification genes like Pax6, Emx1,
and Emx2; (2) glutamatergic differentiation genes such as
Eomes, Fezf2, and Neurog2; and (3) genes enriched in post-
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natal cortex NSCs such as Gm29260, Dmrt2a, Ccdc80, and
Tfap2c. For GE RPs, these genes included (1) gabaergic and
oligodendrocyte differentiation genes such as Gsx2, Olig2,
Olig1, DIx1, DIx2, and Ascl1; and (2) genes enriched in post-
natal GE NSCs such as Six3 and Meg3, consistent with a pre-
vious GE scRNA-seq analysis (Mayer et al., 2018). Thus, em-
bryonic cortex and GE RPs are highly similar, with the major
transcriptional distinction being positional identity and differ-
entiation genes.

Embryonic Cortical RPs Transition to V-SVZ dNSCs
between E17 and P6 and P7
To better understand the transition from cortical RPs making
excitatory neurons to cortical NSCs making gabaergic neu-
rons, we combined all Emx1Cre-Eyfp-positive RPs and
NSCs from E14 to P61. We also generated a new dorsal
and ventrolateral V-SVZ Emx1Cre-Eyfp mouse dataset at
E17, when most cortical RPs are slowly proliferating (Fuen-
tealba et al., 2015; Furutachi et al.,, 2015; Yuzwa et al.,
2017). Because RPs are relatively few at E17 (Yuzwa et al.,
2017), we flow sorted to enrich for EYFP, sequenced and
analyzed the sorted cells to identify Eyfp-positive RPs, and
then combined them with the other Eyfp-positive RPs/NSCs.
This analysis (Figures 5A and 5B; Figure S5A) identified 4 clus-
ters, with embryonic and postnatal cells largely segregated.
E14 RPs were in 2 clusters, one proliferative (2) and one
non-proliferative (1). P6 and P7 dNSCs were in cluster 3 and
P20, P34, and P61 dNSCs were in cluster 4. The few E17
RPs were clustered with E14 RPs, and P2 NSCs were scat-
tered between E14 RPs and the P6 and P7 dNSCs.
Trajectory analysis of this dataset using Monocle 2 pre-
dicted a linear, single-state trajectory correctly defining the
developmental time course (Figure 5C; Figures S5B and
S5C). At one end were proliferative and then non-proliferative
E14 and E17 RPs. Some E17 RPs extended to meet the P2,
P6, and P7 dNSCs, and then they extended to the adult
dNSCs at the other end. Glutamatergic differentiation genes
like Neurog2 and Eomes as well as cell cycle genes like
Top2a decreased over this trajectory (Figure 5D; Figure S5D).
Thus, cortical precursors transition from RPs to dNSCs from

Figure 4. Analysis of Cortex- and GE-Derived V-SVZ Stem Cells at P2 and E14

(A) t-SNE of Emx1Cre-Eyfp P2 V-SVZ cells, annotated for cell types.

(B) Violin plots of Emx1Cre-Eyfp expression in selected cell types from (A). Also shown are percentages of Eyfp-positive cells.

(C and D) Images of the P2 Emx1Cre-Eyfp dorsolateral V-SVZ immunostained for EYFP (green) and DLX2 (red, C) or GADG65 (red, D). Arrows denote double-
labeled cells and hatched lines the LVs.

(E-G) Images of the P2 cortex (E), RMS (F), or dorsal V-SVZ (G) from offspring of Emx1Cre-Eyfo mothers injected with EAU on gestational day 16.5 (see
schematics in Figure S4D and S4E), analyzed for EAU (red in E, blue in F and G), and immunostained for EYFP (green) plus SP8 (red, F) or VCAM1 (red, G). Arrows
denote triple-positive cells, and arrowheads double-positive cells negative for EAU. SL and DL indicate superficial and deep cortical layers.

(H and ) t-SNEs of E14 Emx1Cre-Eyfp cortex and GE cells, annotated for cell types (H) or overlaid for Eyfp expression, as per the adjacent color-key (l). Hatched
lines distinguish cortical from GE cells. Expression of Eyfp in selected clusters is shown in Figure S4G.

(J and K) t-SNEs of E14 Emx1Cre-Eyfp RPs, showing annotated clusters (J) or overlaid for Eyfp expression, as per the adjacent color key (K).

(L) t-SNE showing predicted cell cycle phases for dataset in (J).

(M) Pearson correlation analysis of each detected gene in GE and cortex RPs in clusters 1 and 2 in (J). Red denotes embryonic cortical RP signature genes.
(N) Violin plots of expression profiles for 3 differentially expressed genes in cortical RP cluster 2 (maroon) relative to GE RP cluster 1 (green). Dots represent
expression levels in individual cells.

(O) Heatmap showing expression of genes that distinguish cortical versus GE RPs (clusters 2 versus 1). Each column represents expression in a single cell, color-
coded as per the adjacent color key.

Hoechst 33258 counterstaining (white) is shown in (C)-(E). Exc., excitatory; Stri, striatal; OIf. NB, olfactory neuroblasts; C.R., Cajal-Retzius neurons; Imm., im-
mune. Scale bars represent 10 um in (C), (D), (F), and (G) and 41 um in (E). See also Figure S4 and Tables S2 and S3.
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Figure 5. Mapping the Trajectory from E14 RPs to Adult dNSCs with Trajectory and Single-Cell Correlation Analyses
(A) t-SNE of Emx1Cre-Eyfp-positive E14-P61 cortical stem cells, with clusters annotated for developmental age.
(B) t-SNE showing the dataset in (A) with individual cells color-coded to show time point of origin.

(C) Pseudotime ordering of the dataset in (A), determined by Monocle 2 with color-coding to indicate cellular time point of origin. Individual time points are shown

in Figure S5C.

(D) Pseudotemporal gene expression dynamics for Neurog2 in the combined cortical stem cells, with color-coding as in (C), determined by Monocle 2.
(E) t-SNE of total E14-P61 NSC and RPs after cell cycle regression, with clusters annotated for cortex (Ctx) versus GE origin and for developmental time point

of origin.
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E17 to P6 and fully acquire an adult dNSC state between P7
and P20.

RPs Transitioning to dNSCs Shut Down Many Cellular
Processes while Upregulating Genes Associated with
Quiescence and Environmental Sensing

To better define the RP-to-dNSC transition, we increased the
power of our analysis by combining cortex and GE RPs and
NSCs from E14 to P61 (1,594 cells). To ensure that the cell cycle
was not the primary driver of any observed differences, we re-
gressed out cell cycle genes (see STAR Methods). This analysis
(Figures 5E and 5F) identified 2 clusters corresponding to each of
the E14, P6, P7, and adult NSC datasets. In all cases, one cluster
included Emx1Cre-Eyfp-positive cortical NSCs and the other
Eyfp-negative GE NSCs (Figures S6A-S6C). The only exception
to this was the E17 and P2 NSCs, which were together in a single
cluster (6). We obtained similar results when cell cycle genes
were included, except that proliferative versus non-proliferative
E14 RPs were segregated into different clusters (Figures S6A-
S6C).

We used two approaches to visualize relationships between
these NSCs. First, we performed trajectory analysis with the
cell cycle-regressed dataset. This defined a single-state linear
trajectory that correctly predicted the developmental time
course (Figures 5G and 5H; Figure S6D). E14 RPs of both origins
were grouped at one end with a few E17 and P2 cells. The other
E17 and P2 cells extended to the P6 and P7 dNSCs that
extended to and overlapped with the P20, P34, and P61 adult
dNSCs. Similar results were obtained when cell cycle genes
were included (Figures S6E-S6G). Second, we performed sin-
gle-cell correlation analysis. As comparators, we determined
the average gene expression for E14 cortex versus GE RPs
and total E14 RPs versus adult (P20, P34, and P61) dNSCs.
We correlated each single-cell transcriptome with these aver-
aged datasets and used this to assign a two-dimensional coor-
dinate for each cell. This analysis (Figure 5I) indicated that (1)
P6 and P7 dNSCs are more similar to adult dNSCs than to E14
RPs, (2) E17 and P2 cells are equally similar to E14 and P6 and
P7 cells and thus are likely in a transition state, and (3) cortex
and GE dNSCs were highly similar at each time point but were
not identical.

These two analyses suggest that embryonic RPs undergo a
prolonged state change as they transition to dNSCs. We took
two approaches to understand this state change. First, we
examined a set of quiescence genes identified as upregulated
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in adult muscle, hematopoietic, and hair follicle epidermal stem
cell microarray datasets (Cheung and Rando, 2013). These
quiescence genes were positively correlated over time with the
transition from RPs to adult dNSCs, as assessed by gene set
enrichment analysis (p = 0.002) (Subramanian et al., 2005) and
when compared to correlation coefficients of all genes by Wil-
coxon rank-sum test (Figure 5J; p = 1.8e-6). Of 49 individual
genes, 23 were significantly increased (p < 0.001) over the RP-
to-dNSC transition (Figure S6H), including genes encoding tran-
scriptional regulators such as Tef, Phf1, Ezh1, Foxo3, and
Zbtb20 (Figures 5K and 5L).

Second, we performed unbiased global gene set enrichment
analysis (GSEA) from E14 to P61. After removing redundant
gene sets using a Bayesian network construction approach (Kor-
otkevich et al., 2019), 256 gene sets were significantly decreased
over this time frame (p < 0.01) (Figure 6A; Table S4). Aimost all
gene sets involved basic cellular processes required to maintain
an active, proliferating stem cell (Figure 6B; Table S4).
Conversely, 31 gene sets were significantly enriched in adult
dNSCs relative to embryonic RPs, including the quiescence
gene set (p < 0.01; Figure 6A; Table S5). Notably, almost half
(48%) were involved in regulating and/or sensing the niche envi-
ronment, including cues such as nicotine, zinc, neurotransmit-
ters, ions like sodium and potassium, G-protein-coupled recep-
tor ligands, and extracellular matrix proteoglycans.

When Adult NSCs Are Activated to Make Neurons, They
Acquire a Developing GE RP-like State
These data suggest that embryonic RPs become adult dNSCs
by shutting down their cellular machinery without changing their
identity, raising the possibility that when reactivated as adults,
they might reacquire an RP-like state. We tested this idea by
combining the RP and NSC dataset with activated adult NSCs.
We defined activated P20, P34, and P61 NSCs as cells that
were positive for the adult NSC gene signature and for Egfr
and Ascl1 but were negative for DIx2 (cluster 14 in Figure S7A,
right panel). We then performed trajectory analysis of this com-
bined dataset with and without cell cycle regression. In both
cases (Figures 6C-6F), we obtained single-state trajectories
with E14 RPs at one end and adult P20, P34, and P61 NSCs at
the other. Notably, in both cases, the distribution of adult acti-
vated NSCs was very similar to E17 and P2 transition NSCs.
Because activated adult NSCs were like E17 and P2 transition
NSCs, we asked if adult TAPs might be like E14 RPs, performing
single-cell correlation analysis as for the combined RP and NSCs

F) t-SNE showing the dataset in (E) with individual cells color-coded for time point of origin.

G) Pseudotime ordering of the dataset in (E), determined by Monocle 2 with color-coding to indicate cellular time point of origin.

H) A density plot of the combined NSC and RP dataset in (G) showing the relative distribution of cells over pseudotime, determined by Monocle 2.

1) Scatterplot showing differential correlation of single cell transcriptomes with E14 cortex versus GE RP average gene expression (y axis) and with total E14 RP

versus adult P20, P34, and P61 dNSC average gene expression (x axis). Individual datasets are color-coded, and cluster 7 adult cortex dNSCs (from E) are

highlighted in black. Cell cycle genes were included for this analysis.

(J) Histogram of Spearman rank correlation coefficients of combined E14 to P61 NSCs for the 49 quiescence genes (red) versus all genes (gray). Correlations of >
0 or < 0 indicate expression increases or decreases over time. *p = 1.8 x 107, Wilcoxon rank-sum test.
(K) Heatmap showing expression of quiescence genes in E14 RPs versus P20 dNSCs. Each column line represents expression in a single cell, color-coded as per

the adjacent color key. Yellow indicates highest expression.

(L) Pseudotemporal gene expression dynamics for 5 quiescence genes in the trajectory analysis of total E14-P61 NSCs that included cell cycle genes (see Figures

S6E-S6G), determined with Monocle 2.
See also Figure S5 and S6.
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Figure 6. Activated Adult NSCs and TAPs Reacquire a Developing GE RP and NSC-like State

(A and B) GSEA analysis of the combined RP and NSC dataset over time from E14 to P61. (A) A volcano plot showing the gene sets positively and negatively
correlated with time. Each dot represents a gene set, and the y axis positions indicate false discovery rate (FDR) (details in Tables S4 and S5). Selected color-
coded gene sets are shown to the right. (B) Shows broad categories of gene sets negatively correlated with time (FDR < 0.01). Genes in each category are shown

in Table S4.

(C—F) Activated adult NSCs (cluster 14; Figure S7A, right) were combined with the E14-P61 RP and NSCs and the total dataset was analyzed by Monocle 2
without (C and D) and with (E and F) cell cycle regression. (C and E) The resultant trajectory, with cells color-coded for dataset of origin (left) and pseudotime
ordering (right). (D and F) Density plots showing the relative distribution of cells from each dataset over pseudotime, with the same color-coding as in (C) and (E).
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(Figure 5l), comparing adult activated NSCs and non-prolifera-
tive TAPs to the same averaged datasets. This analysis (Fig-
ure 6G; Figures S7B and S7C) indicated that (1) adult activated
NSCs were similar to E17 and P2 transition NSCs, (2) non-prolif-
erative adult TAPs were similar to non-proliferative E14 GE RPs,
and (3) cortex and GE-derived activated NSCs and TAPs had
similar distributions. We obtained similar results when we
included P6 and P7 Emx1Cre-Eyfp-positive TAPs in the compar-
ison instead of non-proliferative adult TAPs (Figure 6H); cortically
derived TAPs were similar to embryonic GE RPs rather than
cortical RPs. We validated this similarity in vivo, taking advan-
tage of the finding that embryonic GE but not cortical RPs coex-
press DLX2 and OLIG2 (Petryniak et al., 2007; Figure S7D). An
analysis of P6 Emx1Cre-Eyfp forebrain sections showed that in
the cortical layers, as predicted, there were EYFP-negative,
DLX2-positive interneurons and EYFP-positive, OLIG2-positive
OPCs/oligodendrocytes that were DLX2 negative (Figure S7E).
However, in the dorsolateral V-SVZ and RMS, we found EYFP-
positive cells positive for both DLX2 and OLIG2 (Figure 6l).

Defining Similarities between Adult TAPs and
Embryonic GE RPs
To better define similarities between non-proliferative E14 RPs
and non-proliferative adult TAPs, we compared both populations
to adult dNSCs by using differential gene expression (Figure 7A;
Table S6). A total of 87% of genes downregulated in E14 non-
proliferative RPs versus adult dNSCs were also downregulated
in adult non-proliferative TAPs (FWER < 0.05; >0.5 log-fold
change). Examples of these genes included Cst3, Glul, Atp1a2,
and Mt1 (Figure 7B). Similarly, 82% of genes enriched in E14
RPs relative to dNSCs were also enriched in TAPs. Examples
included Hmgb3, Npm1, H2afz, and Hnrnpal (Figure 7C).
Notably, the expression of these genes changed continuously
as they transitioned from E14 RPs to adult dNSCs and then
back again to activated NSCs and TAPs (Figures 7B and 7C).
Consistent with these similarities, non-proliferative E14 RPs
and adult TAPs were highly correlated (r = 0.96), and only 185
genes were significantly enriched in TAPs and 155 in E14 RPs
(FWER < 0.05; >0.5 log-fold change). Of these 340 DE genes,
104 displayed an expression pattern similar to those seen in
Figures 7B and 7C, resulting in 236 distinct DE genes between
the two populations (Table S7). Most of these genes differed
only in relative expression level but some were highly enriched
in one or the other population. For E14 RPs, many of them
were NSC-enriched genes such as Acss1, Ddah1, Fgfr1, HesT,
Pdpn, and Vit, whereas for TAPs, they included gabaergic differ-
entiation genes such as DIx5, Dix6os1, Chga, Nptx2, Prox1, and
Gad2 (Figure 7D).

As a second, more global comparison, we performed inde-
pendent component analysis (ICA), a matrix factorization
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approach that allows a definition of components that identify dif-
ferences in cell state (Saunders et al., 2018). We first performed
ICA on the combined RP and NSC dataset to identify compo-
nents defining differences between dNSCs versus embryonic
RPs and E14 cortex versus GE RPs. Optimal separation was
achieved with an ICA of 11 components (see STAR Methods),
and of these only IC 1 distinguished E14 RPs versus adult ANSCs
and IC 11 E14 cortex versus GE RPs (Figure 7E). These two com-
ponents placed the E17 and P2 NSCs in transition between em-
bryonic RPs and dNSCs, as in our other analyses.

We performed GSEA to identify the genes defining IC 1 and IC
11, including 3 custom gene sets in the analysis; the quiescence-
associated gene set (Figure 5J), genes associated with cortical
glutamatergic neurogenesis (Neurog1, Neurog2, Emx1, Emx2,
Pax6, Fezf2, and Tbr2), and a third set associated with GE ga-
baergic neurogenesis (DIx1, DIx2, Gsx2, Ascl1, Olig2 and Six3).
This analysis showed that almost all gene sets distinguishing
E14 RPs from adult dNSCs (ICA 1, x axis) were associated
with an active versus dormant cell state (Figure 7F), as seen
with the GSEA analysis over time (Figure 6B). The adult dNSCs
were instead distinguished by 117 relevant significantly enriched
gene sets/pathways, including the quiescence set (false discov-
ery rate [FDR] < 0.01). A total of 27% of these were involved in
sensing environmental cues such as ions and neurotransmitters,
and 26% were metabolic gene sets with most involved in lipid
biology and processing. As predicted, many fewer gene sets/
pathways distinguished E14 GE and cortex RPs (ICA 11, y
axis) (Figure 7F), with only 15 and 35 pathways enriched in
cortical versus GE RPs at a FDR of 5%-10%. For cortical RPs,
these pathways included cortex development and glutamatergic
differentiation, and for GE RPs, oligodendrocyte/glial differentia-
tion and gabaergic differentiation.

Finally, we projected the normalized and scaled adult acti-
vated NSC and non-proliferative TAP transcriptomes into this
ICA space (Figure 7G). As for the other analyses, the activated
NSCs were located between the adult dNSCs and E14 RPs,
and the TAPs were intermingled with the E14 GE RPs. Thus,
the transition from an adult dNSC to an activated NSC and ulti-
mately a non-proliferative TAP involves a loss of genes associ-
ated with quiescence and the dormant adult NSC state and reac-
quisition of a developing highly active GE RP-like state that is
primed for generation of gabaergic neurons (Figure 7H).

DISCUSSION

Akey question is how adult tissue stem cell pools are established
developmentally. Here, we present evidence that in the mamma-
lian brain, the transition from an embryonic to an adult NSC does
not involve a fundamental change in cell identity but instead re-
flects a switch from an active to a dormant stem cell state,

(G and H) Scatterplots showing single-cell correlation analysis of E14 GE and cortex (Ctx) RPs, adult dNSCs, and adult activated NSCs (actNSCs) individually
correlated with E14 cortex versus GE RP average gene expression (y axis) and with E14 RP versus adult P20, P34, and P61 dNSC average gene expression (x
axis). Also included were adult non-proliferative TAPs (G) or P6/7 Emx1Cre-Eyfp-positive cortical TAPs (H). Cells are color-coded for dataset of origin. These

analyses included cell cycle genes.

(I) Images of the P6 Emx1Cre-Eyfp dorsolateral V-SVZ immunostained for EYFP (green), DLX2 (red), and OLIG2 (blue). Bottom images show triple-labeled cells.
The hatched line indicates the LV. Scale bar represents 20 um (top) and 10 um (bottom images).

See also Figure S7 and Tables S4 and S5.
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Figure 7. Similarities between Adult TAPs and E14 GE RPs

(A-C) Analysis of differentially expressed genes (FWER < 0.05; > 0.5 log-fold change) in adult dNSCs versus non-proliferative adult TAPs or E14 RPs. (A) Venn
diagrams of overlapping genes. (B and C) Violin plots of gene expression profiles over time for selected overlapping genes that were upregulated (B) or
downregulated (C) in adult dNSCs.

(D) Violin plots showing expression profiles of selected genes significantly upregulated (top) or downregulated (bottom) in non-proliferative E14 RPs (green)
versus adult TAPs (pink).

(E) Scatterplot of ICA analysis, showing the relative position of each individual cell (color-coded for cell type) with regard to IC 1 (x axis) and IC 11 (y axis). Adjacent
density plots show the relative distribution of cells from each time point over the x and y axes. Cell cycle genes were included in this analysis.

(legend continued on next page)
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potentially as determined by the niche environment (Figure 7H).
This model emerged from our analysis of the embryonic RPs that
build the striatum and cortex and then ultimately contribute to
the adult forebrain dNSC pool. We show that despite their
distinct differentiation profiles, cortical and GE RPs are highly
similar during embryogenesis and that they maintain this similar-
ity as they transition to an adult dNSC state. When these adult
dNSCs are reactivated to make gabaergic neurons, they reac-
quire a transcriptional state similar to GE RPs, regardless of their
developmental origin. We therefore propose that these NSCs
share a common ground state/identity and that their niche envi-
ronment instructs them to proliferate, become quiescent, and/or
generate specific types of progeny (Figure 7H).

Our analyses provide a molecular characterization of the NSC
transition to and from dormancy. Consistent with other studies of
quiescent stem cells (reviewed in van Velthoven and Rando,
2019), including quiescent adult NSCs (Llorens-Bobadilla et al.,
2015; Mizrak et al., 2019; Kalamakis et al., 2019; Zywitza et al.,
2018; Basak et al., 2018; Dulken et al., 2017; Shin et al., 2015;
Berg et al.,, 2019; Hochgerner et al., 2018; Artegiani et al.,
2017), our data indicate that dormancy involves a broad damp-
ening of cell biological processes associated with an active
state. As embryonic RPs transitioned to postnatal dNSCs, they
shut down processes associated with cell division, transcription,
RNA metabolism and protein translation, processing, and traf-
ficking. However, at the same time adult dNSCs upregulated
processes uniquely suited for maintaining them within their niche
environment, such as gene sets involving the extracellular matrix
and neurotransmitters, consistent with the known importance of
these cues for forebrain dNSC biology (Kjell et al., 2020; Obernier
and Alvarez-Buylla, 2019).

What cellular mechanisms regulate the developmental
transition to dormancy? We did not directly address this
question, but we did make two relevant observations. First,
we demonstrated upregulation of 23 quiescence genes that
are shared with muscle, hematopoietic, and hair follicle
epidermal stem cells (Cheung and Rando, 2013). Many of
these genes encode transcriptional regulators and receptors
and thus may be causally related to quiescence/dormancy.
Second, we showed that the transition to dormancy is rela-
tively prolonged. Cortical RPs start to proliferate slowly be-
tween E15 and E17, suggesting that this might be when the
transition commences (Yuzwa et al., 2017; Fuentealba et al.,
2015; Furutachi et al., 2015). However, we show here that
E17 RPs and P2 NSCs are still in transition and that a dNSC
state is only attained by P6 and P7 with the full adult state
achieved at some point between P7 and P20. This protracted
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time frame suggests that the quiescence transition might
involve several distinct stages. Moreover, the molecular simi-
larity between E17 and P2 transition NSCs and activated adult
NSCs and between adult TAPs and GE RPs suggest that reac-
tivation of adult dNSCs might involve a direct reversal of these
steps.

Data presented here also address flexibility in NSC differenti-
ation. NSCs are commonly thought to be limited in vivo to the
genesis of specific classes of neurons, as exemplified by a
recent analysis of hippocampal NSCs from embryogenesis
through to adulthood (Berg et al., 2019). However, our data sug-
gest that cortex-derived NSCs make excitatory neurons embry-
onically and inhibitory neurons postnatally and that this is deter-
mined by a small subset of flexibly expressed lineage
differentiation genes. This model is consistent with several pre-
vious findings. First, the loss of a single gene, Pax6, caused mu-
rine embryonic stem cell (ESC)-derived cortical precursors to
make gabaergic rather than excitatory neurons (Nikoletopoulou
et al., 2007). Second, when GE RPs were transplanted into an
embryonic cortical environment, they made excitatory neurons
(Fishell, 1995) and conversely, when cortical RPs were exposed
to a GE environment and/or cultured as neurospheres, they
made inhibitory neurons (Hitoshi et al., 2002; Machon et al.,
2005). Third, during embryogenesis, a small number of cortical
RPs migrate into adjacent GE territory, where they appear to ac-
quire a GE RP state (Willaime-Morawek et al., 2006; Cocas
et al., 2009).

Together, these findings suggest that the niche environment
regulates both the transition between active and dormant fore-
brain NSCs and the types of daughter cells that are generated,
likely by acting upon intrinsic developmentally regulated
changes in epigenetic state and/or gene expression repertoire
(reviewed in Yao et al., 2016). What then are the relevant environ-
mental cues? As one example, the EGF family (Reynolds et al.,
1992; Craig et al., 1996; Codega et al., 2014; Tropepe et al.,
1997) and interleukin-6 (IL-6) (Gallagher et al., 2013; Storer
et al., 2018) both act to ensure establishment of postnatal fore-
brain NSC pools by promoting developing NSC proliferation.
As a second example, NT-3 (Delgado et al., 2014) and factors
deriving from the cerebrospinal fluid (CSF) (Silva-Vargas et al.,
2016) regulate the quiescence of adult forebrain NSCs. Howev-
er, extrinsic factors that promote the developmental transition to
quiescence have not yet been identified. Moreover, we still know
little about the cues that instruct a cortical NSC to make a gluta-
matergic versus gabaergic neuron, although a recent paper indi-
cates that Shh plays an important role in this decision (Zhang
et al., 2020).

(F)IC1andIC 11 as analyzed by GSEA. The top volcano plot shows gene sets driving IC 1 that distinguish adult dNSCs from embryonic RPs (negative and positive
scores on the x axis indicate upregulated and downregulated in dNSCs, respectively). Each dot represents a gene set, and FDR is indicated on the y axis. The
bottom panel shows a similar volcano plot for IC 11, with gene sets that distinguish cortex versus GE RPs (negative and positive enrichment scores on the x axis
indicate enriched in cortex versus GE RPs, respectively). Selected gene sets are highlighted. Q, quiescence; GABA, gabaergic differentiation; Glut, glutamatergic
differentiation.

(G) Scatterplot showing adult activated NSCs and TAPs projected into the ICA space shown in (E). Axes and density plots are as in (E).

(H) Schematic showing the proposed model, in which highly similar embryonic cortex and GE RPs make excitatory versus inhibitory neurons, respectively. These
RPs then transition from a very active stem cell state to a dormant dNSC state between E17 and P6 and attain a fully dormant adult dNSC state by P20. When adult
dNSCs of either cortex or GE origin are reactivated, they reacquire a developing NSC state, and their daughter gabaergic neuron-producing TAPs resemble
embryonic GE RPs.

See also Tables S6 and S7.
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One intriguing prediction of our findings is that adult V-SVZ
dNSCs might have the potential to make excitatory projection
neurons if reactivated in an appropriate environment. In this re-
gard, Brill et al. (2009) showed that some dorsal V-SVZ NSCs
make glutamatergic juxtaglomerular neurons for the olfactory
bulb and that they may also make cortical neurons after injury,
in agreement with a previous report that new cortical neurons
are generated after targeted ablation in the adult brain (Magavi
et al., 2000). Thus, our findings have important therapeutic impli-
cations because they suggest we may be able to unmask an em-
bryonic-like potential in adult NSCs and thus control the types
and numbers of progeny they generate if we can ultimately un-
derstand the necessary environmental determinants.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Chicken polyclonal anti-GFP Abcam Cat# ab13970; RRID: AB_300798

Rabbit polyclonal anti-SP8

Rabbit polyclonal anti-DLX2

Mouse monoclonal anti-ASCL1

Goat polyclonal anti-NEUROD

Mouse monoclonal anti-GAD65

Rat monoclonal anti-VCAM1

Goat polyclonal anti-OLIG2
Biotinylated rabbit polyclonal anti-MBP

Novus Biologicals

Kind gift from Dr. David Eisenstat

BD PharMingen
Santa Cruz
Abcam

EMD Millipore

R & D Systems
Novus Biologicals

NBP2-49109

N/A

Cat# 556604; RRID: AB_396479
Cat# sc-1084; RRID: AB_630922
Cat# ab26113; RRID: AB_448989
Cat# cbl1300; RRID: AB_2214062
Cat# AF2418; RRID: AB_2157554
Cat# NB110-79873B

Biotinylated monoclonal anti-CD45 antibody Invitrogen Cat# 13-0451082
Bacterial and Virus Strains

NEB 5-alpha Competent E. coli (High Efficiency) NEB Cat# C2987H
Biological Samples

Embryonic, postnatal, and adult SVZ tissue and This paper N/A

brains from CD1 and transgenic mice described in

Experimental models: Organisms and Strains below.

Chemicals, Peptides, and Recombinant Proteins

5-Ethynyl-2’-deoxyuridine Invitrogen Cat# E10187
Propidium lodide Abcam Cat# ab14083
Critical Commercial Assays

Click-it Edu Cell Proliferation Kit for Imaging, Alexa Invitrogen Cat# C10340
Fluor 647 dye

RNAscope Fluorescent Multiplex Detection Reagents ACDBio Cat# 320851
M.O.M. (Mouse on Mouse) Immunodetection Kit Vector Laboratories Cat# BMK-2202
Papain Dissociation System Worthington Cat# LK003150
Deposited Data

scRNA-seq datasets from mouse brains: E14 This paper GEO: GSE152281

Cortex + GE Emx1Cre N = 1, E14 Cortex + GE
Emx1Cre N = 2, E14 Cortex + GE Emx1Cre N = 3,
E17 V-SVZ Emx1Cre, P2 V-SVZ Emx1Cre, P6 V-SVZ
Nkx2.1Cre (N = 1), P6 V-SVZ Nkx2.1Cre (N = 2),

P6 V-SVZ Emx1Cre, P7 V-SVZ Emx1Cre, P20 V-SVZ
Emx1Cre, P34 V-SVZ Emx1Cre, P61 V-SVZ Emx1Cre

Experimental Models: Organisms/Strains

CD1
Emx1Cre/Emx1'FES °r® (B6.129S2-Emx1i™1(Ccre)ii )
Nkx2.1Cre (C57BL/6J-Tg(Nkx2-1-cre)2Sand/J)

R26-LSL-Eyfp (B6.129X1-Gt(ROSA)
26Sori™1(EYFP)Cos, J)

Charles River

The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory

Cat# 022

Cat# JAX:005628; RRID: IMSR_JAX:005628
Cat# JAX:008661 RRID: IMSR_JAX:008661
Cat# JAX:006148 RRID: IMSR_JAX: 006148)

Recombinant DNA

PiggyBac eGFP (PCAG-PB-EGFP) and piggybac
Transposase plasmids (PCAG-PBase)

Nagy et al., 2011

Nagy et al., 2011

Software and Algorithms

Adobe Photoshop CC

Adobe lllustrator CC

Adobe Systems

Adobe Systems

https://www.adobe.com/products/photoshop.
html; RRID:SCR_014199

https://www.adobe.com/products/illustrator.
html; RRID:SCR_010279

(Continued on next page)
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Volocity Image Acquisition Software (Version 6.3) Perkin Elmer https://www.perkinelmer.com/lab-solutions/

resources/docs/BRO_VolocityBrochure_
PerkinElmer.pdf; RRID:SCR_002668

Zen Image Acquisition Software (Version 2.3) Zeiss Microscope https://www.zeiss.com/microscopy/int/
products/microscope-software/zen.html;
RRID: SCR_013672

GraphPad Prism 5 GraphPad https://www.graphpad.com/scientific-
software/prism/; RRID:SCR_002798
Cell Ranger Software Suite (Versions 2 and 3) 10X Genomics https://support.10xgenomics.com/single-cell-

gene-expression/software/pipelines/latest/
installation; RRID:SCR_016957

R Project for Statistical Computing R Foundation https://www.r-project.org/;
RRID:SCR_001905
Cyclone Cell-Cycle Analysis Algorithm Scialdone et al., 2015 N/A
Monocle (Version 2) Qiu et al., 2017 http://cole-trapnell-lab.github.io/monocle-
(https://www.nature.com/ release/docs/
articles/nmeth.4402)
Seurat R Package (multiple versions) Stuart et al., 2019 https://satijalab.org/seurat/;

(https://linkinghub.elsevier.com/ RRID:SCR_016341
retrieve/pii/S0092867419305598)
SoupX R Package (Version 0.3.1) Young and Behjati, 2020 https://github.com/constantAmateur/SoupX

(https://www.biorxiv.org/content/
10.1101/303727v2)

fgsea R Package (Version 1.14.0) Korotkevich et al., 2019 https://bioconductor.org/packages/release/
(http://biorxiv.org/lookup/ bioc/html/fgsea.html
doi/10.1101/060012)

ica R package (Version 1.0-2) Helwig and Hong, 2013 https://cran.r-project.org/web/packages/

ica/index.html

Other

FISH probe: Mouse Neurod1 (GenBank NM_010894.2) ACDBIo Cat# 416871-C2

Channel 2

FISH probe: Mouse Rgs5 (GenBank NM_009063.3) ACDBio Cati# 430181

Channel 1

FISH probe: Mouse Aldoc (GenBank NM_009657.3) ACDBio Cat# 429531-C3

Channel 3

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Freda
Miller (fredam@sickkids.ca).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
The scRNA-seq datasets have been deposited in the GEO database under the ID code GEO: GSE152281.
The latest version of the scRNA-seq computational pipeline is available at:
https://github.com/BaderLab/scRNAseqWorkflow/blob/master/scRNAseqWorkflow.Rmd
Gene sets defined for GSEA in the study can be found at: http://download.baderlab.org/EM_Genesets/January_01_2020/Mouse/
symbol/Mouse_GOBP_AllPathways_no_GO_iea_January_01_2020_symbol.gmt.
The GSEA showing top gene sets associated with components 1 and 11 of the ICA analysis is available at: https://lab.research.
sickkids.ca/miller-kaplan/our-data/
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal use was approved by the Animal Care Committee of the Hospital for Sick Children in accordance with the Canadian Council
of Animal Care policies. Mice were fed rodent chow and had free access to water in a 12 hour dark-light cycle room. All mice were well
maintained in a healthy state and no mouse displaying any signs of a health or behavioral abnormality was used in the study. For all
studies, mice of either sex were used. The age of the mice used in the study ranged from embryonic day 14 (E14) to postnatal day 61
(P61). The specific ages of each animal for each experiment is documented in the results, method details and/or in the figure legends
of the study. Emx7Cre/Emx1'FES ¢ (B6.129S2-Emx1'™1€reKi/ RRID: IMSR_JAX:005628) (Gorski et al., 2002), Nkx2.1Cre (C57BL/
6J-Tg(Nkx2-1-cre)2Sand/J, RRID: IMSR_JAX:008661) (Xu et al., 2008), and R26-LSL-Eyfp (B6.129X1-Gt(ROSA)26Sor™ ! EYFPICos/ ).
RRID: IMSR_JAX: 006148) (Srinivas et al., 2001) transgenic mouse lines were obtained from Jackson Laboratories. All transgenic
mice were in a BL6 background and were bred and genotyped as recommended by Jackson Laboratories. The in utero electropo-
ration experiments, the immunostaining shown in Figure S2A, and the fluorescent in situ hybridization shown in Figure 31 were per-
formed with wild-type CD1 mice purchased from Charles River Laboratories.

METHOD DETAILS

In utero electroporation

CD1 timed pregnant mice were purchased from Charles River and were electroporated at E14 as previously described (Gallagher
et al., 2013). Briefly, PiggyBac EGFP reporter and PiggyBac transposase expression constructs (described in Nagy et al., 2011)
were co-electroporated at a 1:1 ratio at a concentration of 1 ng/uL per construct (final concentration of 2 ug DNA/uL). Following in-
jection into the lateral ventricle, the electroporator CUY21 EDIT (TR Tech, Japan) was used to deliver 5 50 ms pulses of 40-50 V with
950 ms intervals per embryo. Brains were harvested postnatally at P4, P6, or P7, as specified, and processed as below.

Tissue preparation, immunostaining and EdU analysis

Brains were dissected from Emx1-Cre;R26-LSL-EYFP, Nkx2.1-Cre;R262-LSL-EYFP, wild-type or in utero electroporated mice
embryonically or in the first postnatal week, fixed in 4% PFA for 24 hours at 4°C, washed in HBSS and transferred to 30% sucrose
for 48 hours at 4°C (until brains sank in the sucrose solution). Cryoprotected brains were subsequently embedded in Optimum cutting
temperature mounting medium (Tissue-Tek) and stored at —80°C. Frozen embedded brains were sectioned coronally at 16 um. For
immunostaining, brain sections were air-dried at 37°C for 30 min, washed for 5 minutes in 1X PBS and incubated in permeabilization
and blocking solution (1X PBS + 5% BSA + 0.3% Triton X-100) for 1 hour at room temperature. Sections were subsequently incu-
bated in primary antibody diluted in 2.5% BSA overnight at 4°C in a humidified chamber. Following primary antibody incubation, sec-
tions were washed 3 times in PBS, incubated in secondary antibody (1:1000 dilution in PBS, Invitrogen) for 1 hour at room temper-
ature, washed 3 times in PBS and subsequently counterstained with 0.5 pg/mL Hoechst 33258 (Sigma-Aldrich) for 5 minutes at room
temperature. Slides were then washed and mounted using PermaFluor mounting medium (Thermo Scientific). For mouse anti-GAD65
immunostaining, a mouse on mouse (MOM) kit (Vector Laboratories) was used following the manufacturer’s guidelines. For EAU ex-
periments, pregnant female mice were injected with 175 pL of 20mg/mL EdU intraperitoneally at gestational day 16. Brains of their P2
offspring were cryoprotected, sectioned and processed for immunostaining as above. Sections were then fixed a second time with
4% PFA for 20 minutes at room temperature and washed 3 times with PBS. EdU was detected using the Molecular Probes Click-It
EdU reaction kit (Invitrogen) as described by the manufacturer. Sections were washed 3 times with PBS, counterstained with 1 pg/mL
Hoechst 33258 for 30 minutes at room temperature, washed and mounted with PermaFluor.

Antibodies

Primary antibodies used were as follows: chicken anti-GFP (Abcam ab13970, 1:1000), rabbit anti-SP8 (Novus NBP2-49109, 1:50),
rabbit anti-DLX2 (generously provided by Dr. David Eisenstat, 1:300), mouse anti-ASCL1 (BD PharMingen 556604, 1:1000), goat
anti-NEUROD (Santa Cruz, sc-1084, 1:300), mouse anti-GAD65 (Abcam, ab26113, 1:400), rat anti-VCAM1 (EMD Millipore,
cbl1300, 1:500), and goat anti-OLIG2 (R & D Systems, AF2418, 1:300). Fluorescently labeled highly cross-absorbed secondary an-
tibodies were purchased from Invitrogen and Jackson ImmunoResearch and used at a dilution of 1:1000.

Fluorescence in situ hybridization (FISH)

Brain sections were prepared as for immunostaining except with RNase-free conditions. RNA was detected using the RNAscope
Multiplex Fluorescent Assay Kit (Advanced Cell Diagnostics). Sections were dried for 10 minutes at 37°C, washed in PBS and washed
in 50%, 70% and 100% ethanol sequentially for 5, 5, and 2 x 5 minutes respectively. Sections were permeabilized using the RNA-
scope Pretreatment-4 solution (Advanced Cell Diagnostics) for 10 minutes at 37°C. RNA probes were preheated at 40°C for 10 mi-
nutes and added to the sections and incubated for 2 hours at 40°C. Probes were used to target Neurod1 (cat. 416871-C2,
NM_010894.2), Rgs5 (cat. 430181, NM_009063.3) and Aldoc (cat. 429531-C3, NM_009657.3) mRNAs. Following probe incubation,
sections were washed as recommended by the manufacturer and incubated with RNAscope AMP1 solution for 30 minutes at 40°C,
washed, incubated with RNAscope AMP2 solution for 15 minutes at 40°C, washed, incubated with RNAscope AMP3 solution for
30 minutes at 40°C, washed, incubated with RNAscope AMP4 solution for 15 minutes at 40°C, washed, and incubated with
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0.5 pg/mL Hoechst 33258 for 5 minutes at room temperature. Tissue slides were mounted in PermaFluor, and positive staining was
identified as red or green punctate dots. The scrambled probe provided with the RNAscope kit was used as a negative control. When
FISH was coupled with IHC (as shown in Figure S2B), samples were treated as previously described and following, AMP4 incubation
and washing, sections were incubated in blocking solution (1X RNase-free PBS + 5% BSA) for one hour at room temperature and
then in primary antibody overnight at 4°C. All subsequent immunostaining steps were conducted as for the other experiments
ensuring RNase free conditions were maintained.

Imaging and microscopy

Images of immunostaining or FISH were collected using a Quorom spinning disk confocal microscope or a Zeiss Axio Imager M2
microscope with an X-Cite 120 LED light source and a C11440 Hamamatsu camera. For confocal imaging, z stacks were taken,
and projected z stacked images are shown.

Single cell isolation and 10X Genomics sequencing

For single cell isolation of the embryonic forebrain, the E14 cortex and GE (predominantly LGE due to the dissection) or regions of the
E17 dorsal and lateral V-SVZ were dissected from Emx1-Cre;R26-LSL-EYFP mice and cells were mechanically dissociated using a
transfer pipette in Neurobasal medium (Invitrogen) supplemented with 2% B27 (Invitrogen), 0.5 mM L-Glutamine (Invitrogen), and 1%
Pen-Step (Invitrogen) (neural precursor medium). Following dissociation, cells were filtered through a 70 um filter and spun down at
1200rpm for 5 minutes. The cell pellet was resuspended in HBSS + 0.25% BSA at a maximum concentration of 5 000 000 cells/mL to
which propidium iodide (Pl - Abcam) was added at a concentration of 1 ng/mL. The cell suspension was filtered through a 70 um filter
and passed through a Moflo cell sorter (Beckman Coulter) to selectively remove dead/damaged cells (Pl-positive). Viable (Pl-nega-
tive) cells were collected in the neural precursor medium and spun down at 1200rpm for 10 minutes at 4°C. Pelleted cells were re-
suspended in PBS + 0.04% BSA at a concentration range from 400-700 cells/uL (cell viability was measured using Trypan blue and
was maintained above 80%). Single cell capture and cDNA library preparation was performed at the Princess Margaret Genomics
facility (Toronto, ON) or the Hospital for Sick Children Centre for Applied Genomics (Toronto, ON) following the 10X Genomics Chro-
mium system protocol. Single cells were isolated from dorsal and lateral regions of the postnatal V-SVZ at P2, P6 and P7 from Emx1-
Cre;R26-LSL-EYFP or Nkx2.1-Cre;R26-LSL-EYFP brains using essentially the same protocol except that Pasteur pipettes were used
for the mechanical tissue dissociation. cDNA library preparation was the same as for the embryonic brain.

For single cell isolation from the P20 Emx1-Cre;R26-LSL-EYFP V-SVZ, tissue was incubated in 20 units/mL Papain in 1mM L-
cysteine, 0.5mM EDTA and 200 units/mL DNase | (Worthington) dissolved in Hibernate A - minus calcium medium (Brain Bits) for
30 minutes at 37°C. Following enzyme treatment, cells were spun down at 300 g for 5 minutes and resuspended in 2 mL Hibernate
A - minus calcium media supplemented with 2% B27. Tissue was triturated using blunt needles with sequentially decreasing diam-
eter (McMaster-Carr). Cells were subsequently spun down at 300 g for 8 minutes and resuspended in Hibernate A - minus calcium
medium plus 2% B27. Cells were then filtered through a 70 um strainer and mixed with superparamagnetic beads (Dynabeads Biotin
Binder, Thermofisher 11047) and biotinylated anti-MBP antibody (Novus NB110-79873B) for 30 minutes at 4°C in order to remove
myelin from the cell suspension. Following incubation, cells were spun down at 300 g for 8 minutes and resuspended in HBSS
plus 0.25% BSA at a concentration of 500 000 cells/mL to which propidium iodide (Pl - Abcam) was added at a concentration of
1 ng/mL. Cells were subsequently flow sorted and treated as for the embryonic and neonatal samples. For single cell isolation
from the P34 Emx1-Cre;R26-LSL-EYFP V-SVZ, the same protocol was followed without the myelin removal step. For single cell isola-
tion from the P61 Emx1-Cre;R26-LSL-EYFP V-SVZ, the myelin removal step was not performed, butimmune cells were depleted with
superparamagnetic beads (Dynabeads Biotin Binder, Thermofisher 11047) and biotinylated anti-CD45 antibody (Invitrogen 13-
0451082) after a 30 minute incubation at 4°C. The Papain solution also included the membrane-permeable nuclear dye, DRAQ5
(5mM solution at 3000-fold dilution), allowing for the final collection of Pl-negative and DRAQ5-positive viable cells via flow
cytometry.

scRNA-seq data analysis pipeline

cDNA libraries were sequenced on an lllumina HiSeg2500 at the Princess Margaret Genomics facility (Toronto, ON) or the Hospital for
Sick Children Centre for Applied Genomics (Toronto, ON) at an estimated read depth of 60,000 — 70,000 reads/cell. Sequenced
FASTQ reads were processed using CellRanger V2 or V3 software (cellranger count function) with settings as recommended by
the manufacturer (10X Genomics). Read alignment was performed using a custom reference genome consisting of the Eyfp Open
Reading Frame concatenated to the Ensembl mm10 reference genome in order to allow for in silico detection of the Eyfp transgene.
Following CellRanger data processing, digital gene expression (DGE) matrices were analyzed to determine the average numbers of
genes and transcripts (UMIs) detected per cell using genes detected in at least three cells. E14 Emx1Cre runs 1, 2 and 3 consisted of
an average of 3077, 2754 and 2718 genes/cell and 10221,9689 and 9672 UMIs/cell, respectively. E17 and P2 Emx1Cre runs con-
sisted of an average of 2361 and 2934 genes/cell and 7323 and 9190 UMls/cell. The P6 and P7 Emx1Cre runs consisted of an average
of 2611 and 2850 genes/cell and 8753 and 8608 UMIs/cell. P6 Nkx2.1Cre runs 1 and 2 consisted of an average of 2560 and 2303
genes/cell and 7466 and 6495 UMls/cell. P20, P34 and P61 Emx1Cre runs consisted of an average of 2012, 2038 and 2003
genes/cell and 5616, 5135 and 4676 UMIs/cell, respectively. DGE matrices were processed through a custom made computational
pipeline (previously described in Yuzwa et al., 2017; Carr et al., 2019; Storer et al., 2020; and published in Innes and Bader, 2019).
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Briefly, cells with low UMI counts, doublets, contaminant red blood cells and cells with relatively high mitochondrial DNA content
were removed. Cell cycle phase of each cell was predicted using the Cyclone method (Scialdone et al., 2015). Genes detected in
less than three cells were removed and cell transcriptomes were subsequently normalized as described (Lun et al., 2016) according
to their pool and deconvolution normalization method in the scran R package in order to correct for differences in read depth and
library size. Normalized expression matrices were imported into Seurat (1.4.0.16) where PCA was performed using highly variable
genes in the data. The Seurat function RunTSNE was used to generate 2-dimensional t-SNE projections using the top principal com-
ponents detected in the dataset. The same top principal components were subsequently used to iteratively carry out SNN-Clig-
inspired clustering (FindClusters function in Seurat) at increasing resolutions ensuring the number of differentially expressed genes
(determined by the FindMarkers function in Seurat; p < 0.01, family wise error rate [FWER], Holm method) between most similar clus-
ters was greater or equal to 30 genes. In order to account for background gene expression in the datasets due to ambient RNA, which
in general ranged from approximately 3% to 7% in datasets from the embryonic and neonatal forebrain, we only analyzed genes that
had greater than 5% detection rates in a given cluster.

For the P61 V-SVZ dataset, clusters were assigned at resolution 1.6 (17 clusters identified with at least 50 differentially expressed
genes between most similar clusters, FWER < 0.01). For the P34 V-SVZ dataset, clusters were assigned at resolution 1.6 (16 clusters
identified with at least 40 differentially expressed genes between most similar clusters, FWER < 0.01). For the P20 V-SVZ dataset,
clusters were assigned at resolution 2 (17 clusters identified with at least 160 differentially expressed genes between most similar
clusters, FWER < 0.01). To generate the combined P20, P34 and P61 V-SVZ neural dataset, cell barcodes of all neural clusters
from each of the three datasets were extracted from the raw DGE matrices and merged prior to running through the pipeline resulting
in 5633 cells. Clusters were assigned at a resolution of 0.8 (14 clusters identified with at least 400 differentially expressed genes be-
tween most similar clusters, FWER < 0.01). To generate the P20, P34 and P61 V-SVZ dNSC dataset, the combined P20, P34 and P61
V-SVZ neural raw DGE matrix was subsetted to only contain the dNSC barcodes and was subsequently run through the pipeline re-
sulting in 491 cells. Clusters were assigned at a resolution of 0.3 (2 clusters identified with at least 30 differentially expressed genes
between most similar clusters, FWER < 0.01). For the P6 Emx1Cre-Eyfp V-SVZ dataset, clusters were assigned at resolution 0.8 (11
clusters identified with at least 300 differentially expressed genes between most similar clusters, FWER < 0.01). For the P7 Emx1Cre-
Eyfp V-SVZ dataset, clusters were assigned at resolution 0.8 (13 clusters identified with at least 150 differentially expressed genes
between most similar clusters, FWER < 0.01). For the P6 Nkx2.1Cre-Eyfp V-SVZ dataset, clusters were assigned at resolution 0.4 (7
clusters identified with at least 350 differentially expressed genes between most similar clusters, FWER < 0.01). For the P6
Nkx2.1Cre-Eyfp V-SVZ dataset (N = 2), clusters were assigned at resolution 0.4 (8 clusters identified with at least 1000 differentially
expressed genes between most similar clusters, FWER < 0.01). To generate the combined P6/P7 neural V-SVZ dataset, cell barc-
odes of all neural clusters from each of the four datasets were extracted from the raw DGE matrices and merged prior to running
through the pipeline resulting in 7829 cells. Clusters were assigned at a resolution of 0.8 (17 clusters identified with at least 175 differ-
entially expressed genes between most similar clusters, FWER < 0.01). To generate the P6/P7 V-SVZ dNSC dataset, the combined
P6/P7 neural V-SVZ raw DGE matrix was subsetted to only contain the dNSC barcodes and was subsequently run through the pipe-
line resulting in 390 cells. Clusters were assigned at a resolution of 0.4 (2 clusters identified with 100 differentially expressed genes
between most similar clusters, FWER < 0.01). For the P2 V-SVZ dataset, clusters were assigned at resolution of 1.2 (15 clusters iden-
tified with at least 85 differentially expressed genes between most similar clusters, FWER < 0.01). For the E17 V-SVZ dataset (data not
shown), clusters were assigned at resolution of 1.6 (16 clusters identified with at least 60 differentially expressed genes between most
similar clusters, FWER < 0.01). For the E14 forebrain dataset, three independent experiments were performed and all filtered barc-
odes obtained from each experiment (that had been run through the pipeline) were extracted from the raw DGE matrices and merged
prior to being re-run through the pipeline resulting in 9909 cells. Clusters were assigned at a resolution of 1.2 (17 clusters identified
with at least 400 differentially expressed genes between most similar clusters, FWER < 0.01). To generate the E14 RP dataset, the
combined E14 forebrain raw DGE matrix was subsetted to only contain the RP barcodes and was subsequently run through the pipe-
line resulting in 523 cells. Clusters were assigned at a resolution of 0.15 (2 clusters identified with at least 210 differentially expressed
genes between most similar clusters, FWER < 0.01).

To generate the RP/NSC combined dataset, E14 RPs, E17 RPs, P2 NSCs, P6/P7 dNSCs and combined adult dNSCs were all ex-
tracted from their respective raw DGE matrices and merged into one dataset and subsequently run through the pipeline. Cell cycle
regression was performed on the same dataset (method described below). Clusters were assigned at a resolution of 0.4 (7 clusters
identified with at least 38 differentially expressed genes between most similar clusters, FWER < 0.01). The combined RP/NSC raw
DGE was subsetted to only contain the Emx1Cre-Eyfp-positive cells (Emx1-Eyfp detected expression > 0) in order to generate the
Emx1Cre-Eyfp-positive RP/NSC combined dataset resulting in 356 cells (shown in Figure 5A). Clusters were assigned at a resolution
of 0.8 (4 clusters identified with at least 180 differentially expressed genes between most similar clusters, FWER < 0.01). P20, P34 and
P61 activated NSCs were identified by analyzing the combined adult neural dataset at a higher clustering resolution of 1.6 as shown in
Figure S7A (18 clusters identified with at least 150 differentially expressed genes between most similar clusters, FWER < 0.01) and
were merged to the combined RP/NSC raw DGE and subsequently processed in Monocle 2 (see below). To generate the combined
RP/NSC/activated NSC/adult TAP dataset, the activated adult NSCs and non-proliferative adult TAPs (TAPs that were notin S, G2 or
M phase as predicted by Cyclone; the TAPs in cluster 8 of Figure 1D) were merged to the combined RP/NSC raw DGE and were
subsequently normalized using the aforementioned method in the Scran R package. Differential gene expression analysis for this
dataset was performed using the FindMarkers function in Seurat v.3.1.1 using an adjusted p value cutoff of 0.05 (Bonferroni correc-
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tion). Note that for all dataset merging, the union of all detected genes from each dataset was always used. t-SNE gene overlays were
generated using the Seurat FeaturePlot function, violin plots were generated using the Seurat VInPlot function, heatmaps were gener-
ated using the Seurat DoHeatmap function (using scaled expression values) and hierarchical clustering was obtained using a custom
designed Shiny Script.

To identify all cell types except NSCs and astrocytes, we used the following well-defined marker genes - for endothelial cells, Pe-
cam1/Cd31, Plvap, Esam; for vasculature-associated mesenchymal cells, Pdgfrb, Myh11, Mylk; forimmune cells, Aif1, high Cx3cr1;
for ependymal cells, Foxj1, S100b; for choroid plexus cells, Ttr; for cortical excitatory neurons, Neurod2, Tbr1, Satb2; for OPCs,
Pdgfra, Sox10, Olig2; for mature oligodendrocytes, Sox10, Olig1, Mbp, Mog, Mag but not Pdgfra; for immature oligodendrocytes,
as for the mature oligodendrocytes but in addition positive for Enpp6 but not Mog; for TAPs, Egfr, Ascl1, Dix1, DIx2 but not Sp8
or Gad genes; for neuroblasts, Gad1, Gad2, DIx1, Dix2, Sp8; for intermediate progenitors, Eomes, Neurod1, Gadd45g, Sstr1. For
postnatal NSCs and astrocytes, we used the shared well-characterized marker genes Gfap, Glast/Slc1a3, Apoe and Aldoc, as
well as the shared genes from the embryonic cortical RP gene signature. For astrocytes versus NSCs, we used the previously-char-
acterized markers S7100b and Agt for astrocytes and Nestin, Vimentin, Prom1 and Thbs4 for NSCs. We also used the differentially-
expressed genes we identified, presented in Figures 1F-1J. We identified activated NSCs as expressing Egfr and Ascl/1 but not Dix
genes and being positive for the embryonic RP and NSC-specific gene signatures.

Trajectory inference and pseudotime ordering

Single cell pseudotime trajectories were constructed using a modified version of the dpFeature method in Monocle v2 (Trapnell et al.,
2014) as described (Storer et al., 2020). Briefly, cell barcodes from desired datasets were extracted from the raw digital gene expres-
sion matrices and merged prior to normalization using Monocle’s size factor normalization method. PCA was performed using the
same highly variable genes that were obtained from our custom built pipeline as described above and the cells were projected
into 2-dimensional space using the tSNE algorithm. Cells were subsequently assigned into distinct clusters using Monocle’s density
peak clustering algorithm. A set of ordering genes was obtained by testing each gene for differential expression between the clusters
in the dataset and selecting the top 1000 significantly differentially expressed genes. Expression profiles were reduced to 2 dimen-
sions using the DDRTree algorithm included in Monocle 2 and cells were ordered using these genes to obtain a trajectory. Gene
expression was plotted over pseudotime using Monocle’s plot_genes_in_pseudotime function in which the sm.ns function in the
VGAM package was used to model gene expression over pseudotime as a continuous non-linear function. In some cases, cell cycle
regression was performed as described below.

Cell cycle regression analysis

Cell cycle regression was carried out by removing all cell cycle related genes from the highly variable genes used to perform PCA. All
downstream steps were performed as previously described. In order to carry out cell cycle regression on the trajectory inference
analysis performed using Monocle, the same list of cell cycle related genes were removed from the top 1000 differentially expressed
genes used to order the cells along the inferred trajectory. In order to obtain a list of cell cycle related genes, we took the enriched
genes from all G1, S, and G2/M marker gene pairs used by the Cyclone method to assign cell cycle phase that were detected in our
single cell RNA-Seq dataset. These genes were subsequently combined with an additional list of S phase related and G2/M phase
related genes described in Kowalczyk et al. (2015) and Tirosh et al., 2016 (same cell cycle genes that are used to assign cell cycle
scores in Seurat v3). Together this resulted in a total of 678 cell cycle related genes that were used to perform cell cycle regression.

Gene set enrichment analysis

Gene correlation with time was performed by converting developmental day for each cell to an integer value, with birth at zero, then
calculating Spearman rank correlation of normalized gene expression for each gene with time. Gene Set Enrichment Analysis (GSEA)
was performed on the correlation coefficients as per the protocol in Reimand et al. (2019), using the quiescence gene set (Cheung
and Rando, 2013) and gene sets defined here: http://download.baderlab.org/EM_Genesets/January_01_2020/Mouse/symbol/
Mouse_GOBP_AllIPathways_no_GO_iea_January_01_2020_symbol.gmt. GSEA calculations were performed in R using the fast
GSEA (fgsea) algorithm. Large gene set databases contain redundancy that makes interpretation difficult, so prior to reporting en-
riched gene sets, the results were collapsed into a non-redundant set (minimizing overlapping genes per set) using a Bayesian
network construction approach (Korotkevich et al., 2019).

ICA data analysis

Independent Component Analysis was performed on the combined RP/NSC dataset in R using the FastICA algorithm. The goal was
to find two independent components that uniquely represented transcriptional differences between adult dNSCS and embryonic
RPs, and cortical versus GE RPs. ICA was performed iteratively with different numbers of components, and in each round compo-
nents were tested for their ability to maximize these differences in their cell embeddings. ICA with 11 components was selected
because components 1 and 11 showed the most difference between cell populations and were unique in their ability to do so -
no other components in the mixture separated these populations. Projection of adult NSCs and TAPs into the ICA cell embedding
was performed after scaling their transcriptomes using the original data’s scaling factors, by multiplying the cross-product of the
new data and whitening matrix with the gene loadings. GSEA calculations on gene loadings for components 1 and 11 were performed
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as above, with custom gene sets for glutamatergic (Neurog1, Neurog2, Eomes, Emx1, Emx2, Pax6, Fezf2) and GABAergic (DIx2, Dix1,
Gsx2, Ascl1, Olig2, Six3) specifiers added. Tables describing gene sets positively and negatively correlated with components 1 and
11 along with R code are available upon request.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of gene signature

To perform the cortical RP signature gene score analysis depicted in Figures 1J and 2J, we used a previously defined list of 90 em-
bryonic cortical RP core identity genes (Yuzwa et al., 2017) and computed a gene signature score by taking the average expression of
all detected RP core identity genes in each cell. Gene signature scores for each cell were subsequently overlaid on the tSNE plot to
display cells with the highest signature scores. The same analysis was carried out in Figures 1K and 2K using a newly defined 23 gene
signature that is specific to postnatal V-SVZ NSCs. This NSC signature included the following genes: Tfap2c, Vim, Tead2, Sfrp1,
Rcn1, Ren3, Nes, Vephl, Tnc, Thbs4, Tspani8, Meg3, Vnn1, Cpe, Fxyd6, Igfbp5, Dbi, Notum, Sparc, Fabp7, Mdfi, Shroom3, and
Ccdc80. Cut-offs are provided in the figure legends.

Upregulation of quiescence genes over time

To determine upregulation of genes associated with quiescence over time (Figure 5J), gene correlation with time was performed by
converting developmental day for each cell to an integer value, with birth at zero, then calculating Spearman rank correlation of
normalized gene expression for each gene with time (same method as was done in the GSEA). Quiescence genes were determined
to be more correlated with time by comparing Spearman rank correlation coefficients versus all other detected genes using the Wil-
coxon rank-sum test. Significance values are given in the figure legend and results section.

Quantification of ambient RNA contamination fraction

Ambient RNA contamination fractions in single cell RNA-Seq datasets were determined using the SoupX package (version 0.3.1). 4
genes highly expressed in immune cells (Hexb, C1qa, C1gb, and C1qc) were manually chosen as “Soup specific genes” to estimate
the ambient RNA contamination fraction in each single cell RNA-Seq dataset analyzed. Contamination fractions were subsequently
calculated using the calculateContaminationFraction function.

Differential gene expression statistical analysis

Statistics used to test differential gene expression in the scRNA-Seq data was performed using the Seurat FindMarkers function. An
adjusted p value (FWER) smaller than 0.05 was considered statistically significant (Bonferroni-Holm method). Specific significance
values are given in supplemental tables. For Table S7, only genes with an average log fold change greater than 0.5 are shown.

Cluster assignment statistical analysis

Single cells were assigned to distinct clusters using SNN-Clig-inspired clustering (FindClusters function in Seurat) at increasing res-
olutions ensuring the number of differentially expressed genes (determined by the FindMarkers function in Seurat) between most
similar clusters was greater or equal to 30 genes. In this analysis, an adjusted p value (FWER) smaller than 0.01 was considered sta-
tistically significant (Bonferroni-Holm method).

Pearson correlation analysis

Pearson correlation analysis was carried out by averaging the expression of each gene in a given cluster or cell type and performing
Pearson correlation using the cor.test function in R. r values are provided in the figure legends and results text. The single cell Pearson
correlation analysis depicted in Figures 51, 6G and 6H was carried out as previously described (Storer et al., 2020). Average transcrip-
tomes were calculated for adult dNSCs, E14 total cortical and GE RPs, E14 cortical RPs, and E14 GE RPs by averaging the expres-
sion of each detected gene in each cell type. Each cell depicted on the plot was subsequently correlated to each of the 4 average
transcriptomes using Pearson correlation. X-coordinates represent the difference between the correlation of a cell with the adult
quiescent dNSC average transcriptome and the correlation of the same cell with the E14 total RP average transcriptome. Y-coordi-
nates represent the difference between the correlation of a cell with the E14 cortical RP average transcriptome and the correlation of
the same cell with the E14 GE RP average transcriptome.

GSEA statistical analysis

False discovery rates reported in the GSEA analysis were calculated using the Benjamini-Hochberg method. FDR < 0.01 was consid-
ered to be statistically significant with the exception of GSEA calculations on gene loadings for component 11 in ICA analysis (Fig-
ure 7F), in which case an FDR < 0.1 was considered to be statistically significant. Specific significance values are provided in the
supplemental tables.

Morphological analysis
All morphological analyses were performed on at least 3 different brains each.
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Additional details of the statistical analyses and software can be found in the detailed descriptions of the computational methods
above and, where relevant, in the results and the figure legends. For all morphological analyses, n refers to number of animals
analyzed, while for the scRNA-seq analyses, n refers to independent sequencing runs that each included tissue from multiple
mice. For the E14 Emx1Cre scRNA-seq runs, n = 2 and n = 3 consisted of independent scRNA-sequencing runs from the same litter
of mice. In all other cases, scRNA-Seq replicates were each performed on different mouse litters. No additional methods were used
to determine whether the data met assumptions of the statistical approaches used.
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