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SUMMARY
Long-term maintenance of the adult neurogenic niche depends on proper regulation of entry and exit from
quiescence. Neural stem cell (NSC) transition from quiescence to activation is a complex process requiring
precise cell-cycle control coordinated with transcriptional and morphological changes. How NSC fate tran-
sitions in coordination with the cell-cycle machinery remains poorly understood. Here we show that the Rb/
E2F axis functions by linking the cell-cycle machinery to pivotal regulators of NSC fate. Deletion of Rb family
proteins results in activation of NSCs, inducing a transcriptomic transition toward activation. Deletion of their
target activator E2Fs1/3 results in intractable quiescence and cessation of neurogenesis. We show that the
Rb/E2F axis mediates these fate transitions through regulation of factors essential for NSC function,
including REST and ASCL1. Thus, the Rb/E2F axis is an important regulator of NSC fate, coordinating cell-
cycle control with NSC activation and quiescence fate transitions.
INTRODUCTION

Compelling evidence reveals that neurogenesis, which occurs in

the adult mammalian brain, plays an important role in memory

and cognition and has therapeutic potential for endogenous

repair (Gonçalves et al., 2016). Generation of neurons throughout

life depends on long-term maintenance of a population of quies-

cent neural stem cells (NSCs), which reside in defined niches.

Critical for this process is the ability to maintain and effectively

regulate NSC entry and exit from quiescence. The dynamic tran-

sition from quiescence to activation is a complex process

requiring not only precise cell cycle control but also a coordi-

nated phenotypic transition involving transcriptional and

morphological changes (Urbán et al., 2019). Single-cell tran-

scriptomics studies have shown that NSCs progressing between

states of quiescence and activation possess distinct gene

expression profiles essential for NSCs to maintain a quiescent

state and competence to respond to niche environmental

cues. Quiescent NSCs are enriched in cell signaling, communi-
C
This is an open access article under the CC BY-N
cation, and adhesion genes, and activated NSCs express a

repertoire of genes necessary for activation, including ribosomal

and RNA synthesis as well as DNA replication and repair (Basak

et al., 2018; Codega et al., 2014). It remains elusive how such a

complex repertoire of factors interacts and functions in a coordi-

nated manner with the core cell cycle machinery to mediate

these critical NSC fate transitions.

The retinoblastoma gene Rb was the first tumor suppressor

gene to be cloned (Friend et al., 1986; Lee et al., 1987) and has

been intensively studied in the field of oncogenesis. Although

Rb family proteins have been shown to interact with multiple

cellular factors, the best known binding partners are the E2F

family of transcription factors through which the Rb family regu-

lates G1-S transition. Three Rb family proteins have overlapping

functions (pRb, p107, and p130) and interact with E2Fs to regu-

late proliferation, self-renewal, and onset of differentiation. We

and others have shown that the Rb family members and their

regulatory targets control expression of pluripotency factors

such as Sox2 (Julian et al., 2013; Kareta et al., 2015). Studies
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have identified an essential role of the Rb family in regulating he-

matopoietic stem cell homeostasis by repressing tissue-specific

E2F targets (Kim et al., 2017; Viatour et al., 2008).

Here we show that the Rb/E2F pathway is a key regulator of

NSC fate by coordinating the transcriptional program that con-

trols quiescence and activation. We show that the Rb/E2F axis

functions as an on-off switch for NSC quiescence and activation

by linking the cell cycle machinery to pivotal regulators of NSC

fate. Compound deletion of Rb family proteins results in activa-

tion and expansion of NSCs and induces a transcriptomic tran-

sition toward NSC activation, followed by niche depletion in

the subgranular zone (SGZ) of the dentate gyrus (DG). In

contrast, deletion of the activator E2Fs E2F1 and E2F3 results

in failure of NSCs to undergo activation and acquisition of a tran-

scriptome associated with intractable NSC quiescence. The Rb/

E2F axis mediates these fate transitions by regulating factors

essential for NSC function, including REST and ASCL1. This

makes the Rb/E2F axis an important regulator of NSC fate, coor-

dinating cell cycle control with NSC activation and quiescence

fate transitions.

RESULTS

Our previous results revealed that Rb is required to regulate pro-

liferation and survival of committed neuroblasts in the adult brain

(Naser et al., 2016; Vandenbosch et al., 2016); however, Rb itself

is dispensable for regulating the function of the adult NSC pop-

ulation. Given that cell cycle regulation is a crucial requirement to

control NSC quiescence and long-term maintenance, we

wanted to determine whether there is redundancy in Rb family

protein function andwhether these pocket proteins play a critical

role in regulation of the NSC population. To test this, we used

tamoxifen (Tam)-inducible NestinCreERT2;R26-eYFP mice to

conditionally delete Rb and p130 in adult NSCs together with a

germline deletion of p107 (Rb-TKO). Mice triple-heterozygous

for the Rb family (Rb-THC), which exhibited a phenotype similar

to wild-type animals (Figure S1A), were used as littermate

controls.

In the SGZ, Rb family loss results in a dramatic 6.3-fold expan-

sion of the total YFP+ recombined cell population, 4 weeks post

Tam (wpi) (Figure 1A). This population, 75% labeled with the

proliferation marker Ki67, is comprised of over 80% Sox2-ex-

pressing cells, suggesting that Rb family proteins are essential

to maintain NSC quiescence in the DG. This increase in YFP+

cell proliferation could be rescued by replacement of a single

allele of Rb (Figures S1B and S1C). To define the phenotype of

YFP+ cells generated in Rb-TKO mice, we co-stained for YFP

and Prox1, a marker for commitment to a granule cell neuron

fate, and NeuN, a marker for mature neurons. Rb-TKO cells ex-

hibited a 2.5-fold impairment in induction of Prox1 (Figure 1B),

and absence of terminal neuronal differentiation (NeuN) (Fig-

ure 1C). Rb-TKO cells underwent cell death, evident by an 3.2-

fold increase in the percentage of active caspase-3 (AC3) stain-

ing (Figure 1D; see actual numbers in Figure S1D). By 8 wpi, the

entire adult NSC niche was depleted, exhibiting a 5.7-fold deple-

tion of the Sox2+ population (Figure 1E). Co-labeling with YFP

and S100B, a marker for astrocytes, revealed a significant 1.8-

fold increase in S100B labeling in YFP+ recombined cells,
2 Cell Reports 41, 111578, November 1, 2022
consistent with the disposable stem cell model, where NSC ter-

minal differentiation to an astrocytic lineage contributes to SGZ

niche depletion (Encinas et al., 2011). These results demonstrate

that Rb family proteins are essential for control of SGZ NSC

quiescence and long-term niche maintenance.

Because the subventricular zone (SVZ) is another adult NSC

niche with properties distinct from the SGZ, we wanted to deter-

mine whether the Rb family requirement was similar between

niches. In the SVZ, there were 3.4-fold and 2.5-fold increases

in proliferation in recombined (YFP+) cells at 4 and 8 weeks,

respectively, resulting in expansion of the YFP+ population at 4

wpi in Rb-TKO. This includes a 1.9-fold increase in Dcx+ cells

(Figure 1F) as well as a 2.7-fold relative expansion of recombined

Nestin/GFAP radial glia-like cells at 4 wpi (Figure 1G). Although

there was an expansion of Dcx+ cells, the proliferation rate of

this population was similar to controls (Figure S2A), suggesting

that this expansion is not due to Rb action on neuroblast cell

cycling but in their production. The YFP+ cell numbers began

to decline at 8 wpi, with a concomitant 39-fold increase in cell

death (Figures 1G and S1D). Consistent with an impairment in

differentiation, the Rb-TKO SVZ generated periventricular heter-

otopias (Figure S2B), characterized by accumulation of Dcx+

cells, which developed as a mass in the lateral ventricle, a struc-

ture observed in human disease (Ferland et al., 2009), whereas

cultured NSCs continuously proliferate throughout induced dif-

ferentiation (Figure S2C). Our results show that Rb family pro-

teins play a critical role in control of cell division, survival, and dif-

ferentiation in the SVZ neurogenic niche, but niche depletion was

not evident by 8 weeks as seen in the SGZ.

To interrogate the mechanisms by which Rb family proteins

control NSC fate, we isolated, by fluorescence-activated cell

sorting (FACS), the recombined YFP+ cells directly from the

SVZ of adult Rb-THC and Rb-TKOmice to define transcriptomic

profiles 10 days post Tam.We used bulk RNA sequencing (RNA-

seq) to ensure the necessary sequencing depth for differential

expression analyses. Proportionally, the YFP+ fraction of Rb-

TKO cells was 3-fold greater than Rb-THC (Figure 2A, quadrant

2 [Q2]), in line with SVZ characterization (Figure 1F). Efficient

knockdown of Rb family proteins was confirmed (Figures 2B

and S3A–S3C). Transcriptomics analysis identified 4,817 signif-

icantly differentially expressed genes (DEGs) with a DESeq2-

adjusted p value of less than 0.05 (Figure 2C). The DEGs were

broken down into signature themes, including cell cycle, genes

associated with NSC quiescence, activation, differentiation,

and signaling (Figure 2D). Loss of pRb/p107/p130 resulted in up-

regulation of genes associated with cell cycle activation (Cyclins

A2, E2, Cdks1/2, thymidine kinase, Cdc6) and downregulation of

genes associated with quiescence, including Aqp4, Id3, Pdgfrb,

Aldoc, Fgfr3, and Dbi (Delgado et al., 2021; Urbán et al., 2019). In

contrast, genes and signaling pathways associated with NSC

activation were significantly induced, including Ezh2, Suz12,

and Pcna, together with upregulation of activated NSC markers,

including Nestin and Pax6 and the Shh, Wnt, and Jak2 pathways

(Kim et al., 2017). Thus, Rb family proteins are not only required

for cell cycle control but also for control of genes required to

regulate the phenotypic signature of quiescent NSCs.

Because Rb family proteins function by regulating transcrip-

tion through several factors, we next pursued the E2F family,



Figure 1. Rb family members are essential for regulation of adult NSC activation and quiescence

(A–G) IHC and quantification of cells in the DG (A–E) and SVZ (F and G) in genotypes are shown. (A) Total YFP+ recombined cells per DG, percentage of

Sox2+, and percentage of Ki67+ cycling cells among YFP+ recombined cells. (B) Percentage of Prox1+ committed cells among YFP+ recombined cells.

(C) Percentage of NeuN+ neurons among YFP+ recombined cells. (D) Percentage of AC3+ apoptotic cells of YFP + recombined cells. (E) Total YFP+

recombined cells per DG, total Sox2+/YFP+ cells per DG, and percentage of S100B+ astrocytes among YFP+ recombined cells. (F) Total YFP+ recombined cells

per SVZ and percentage of Sox2, DCX, Ki67, and AC3 of YFP+ recombined cells in the SVZ. (G) Percentage of Nestin+/GFAP+ cells among YFP+ Nestin+

recombined cells.

Scale bars, 100 mm. Error bars, mean ± SD. Unpaired 2-tailed Student’s t test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n = 3 biological

replicates.
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their best-known regulatory targets. RNA-seq reveals that acti-

vator E2F1/2/3, repressor E2F5/6, and atypical E2F7/8 were

significantly upregulated in the absence of the Rb family

(Figures 2E and 2F). Given that expression of activator E2Fs is

significantly induced in the NSCs of Rb-TKO animals, and that

E2F1 and E2F3 are highly expressed in this population (Calla-

ghan et al., 1999), we wanted to determine whether Rb family

proteins mediate their function through activator E2F1/3. We

generated Tam-inducible NestinCreERT2;R26-eYFP mice to

delete E2F3 together with germline deletion of E2F1 (E2F1/3-

DKO), with mice double-heterozygous (E2F1/3-HET) as litter-

mate controls. Recombined YFP+ cells were isolated by FACS

directly from the SVZ of adult E2F1/3-HET and E2F1/3-DKO

mice 10 days post Tam. We identified 4,514 significant DEGs

with a DESeq2-adjusted p value of less than 0.05 (Figure 3A).

Efficient knockdown of activator E2F1/3 was confirmed

(Figures 3B and S3D–S3F). E2F1/3-DKO mice exhibited the

opposite phenotype as that found in Rb-TKO mice because

NSCs failed to undergo activation, showing cessation of adult

neurogenesis (Figure 3C). Cell cycle genes were significantly

downregulated, quiescence genes (Aqp4, Id3, Pdgfrb, Apoe,

Fgfr3, and Dbi) were highly induced and validated (Figure 3D),

and genes associated with NSC activation were downregulated.

To confirm this deep quiescence phenotype, we examined the

SGZ NSC niche of E2F1/3-DKO and E2F1/3 HET controls 4

and 8 wpi (Figures 3E and S3G). There was a striking impairment

in NSC activation and cessation of neurogenesis, with a 15.2-

fold decrease in Ki67+ cells and 11.8-fold decrease in Dcx+ neu-

roblasts at 4 weeks, which continued to decline at 8 weeks (Fig-

ure 3F). Loss of E2F1/3 resulted in a major reduction in Sox2+

cell proliferation in the SVZ and SGZ (Figures S3G and S3H).

These data reveal a critical requirement for the activator E2Fs

E2F1 and E2F3 to execute NSC activation.

We find that Rb-TKO and E2F1/3-DKO populations exhibit

opposing regulation of gene transcripts associated with quies-

cence and activation signatures (Figures 4A, S4A, and S4B),

whose coordinated function is critical to maintain the NSC niche.

We compared each of our transcriptomic profiles with two pub-

lished datasets, first a single-cell RNA-seq dataset with distinct

clusters spanning all stages of adult SVZ neurogenesis (Basak

et al., 2018). Rb-TKO populations exhibited striking upregulation

of genes specific to activated NSC and progenitor cells, accom-

panied by simultaneous downregulation of quiescence-specific

genes (Figure 4B). In contrast, loss of activator E2F1/3 resulted

in upregulation of genes specific to quiescent NSCs and down-

regulation of genes associated with NSC activation (Figure 4D).

The transcriptomes were then compared with datasets charac-

terizing activated and quiescent NSC populations (Codega
Figure 2. Transcriptomic analysis of Rb family function in the neuroge

(A) Representative 488FL-log height versus SSC-log height FACS plots demons

(B) qPCR analysis of Rb, p107, and p130 mRNA, normalized to GAPDH.

(C) MA plot for the shrunken log2 fold changes. Significant DEGs (p < 0.05) are in

(D) Relative expression of significant DEGs, grouped by curated functional categ

(E) Relative expression of E2F family transcription factors.

(F) qPCR of E2F7 and E2F8, normalized to GAPDH.

Error bars, mean ± SD. qPCR analysis (B and F), unpaired 2-tailed Student’s t t

**p < 0.01, ***p < 0.001, ****p < 0.0001. n = 3 biological replicates.
et al., 2014). In our Rb-TKO signature, 611 significant and major-

ity-downregulated DEGs overlap with the quiescent NSC signa-

ture, and 478 significantly and majority-upregulated DEGs

overlap with the activated NSC signature (Figure 4C). In the

E2F1/3-DKO signature, 512 significant and vastly upregulated

DEGs overlap with the quiescent NSC signature, and 553 signif-

icant and downregulated DEGs overlap with the activated NSC

signature (Figure 4E). Alignment with published datasets

suggests important roles of Rb family proteins and activator

E2F1/3 in regulation of the molecular signatures associated

with NSC quiescence and activation.

To uncover the mechanisms underlying Rb-E2F-mediated

regulation of NSC fate, we searched for master transcriptional

regulators and key pathways controlled by the Rb/E2F axis (Fig-

ure 5A). We used iRegulon to establish the enrichment of tran-

scription factor motifs surrounding the transcriptional start sites

of significantly downregulated genes. We found consistent evi-

dence in Rb-TKO and E2F1/3-DKO, supporting a role of the

Rb/E2F axis as an upstream regulator of REST, the RE1-

silencing transcription factor, a transcriptional repressor (Chong

et al., 1995; Schoenherr and Anderson, 1995) known to control

neuron-specific gene promoters (Mu et al., 2012). Studies have

demonstrated a requirement for REST in maintaining adult

NSC quiescence in the SVZ and SGZ (Gao et al., 2011; Mukher-

jee et al., 2016; Soldati et al., 2015). The Rb-TKO dataset re-

vealed REST-regulated RE1 motifs on 738 gene targets (31%

of input) as well as motifs corresponding to the known REST

target Sox11 (Bergsland et al., 2006) on 151 gene targets (6%

of input). Similarly, the E2F1/3-DKO dataset revealed RE1 and

Sox11 motifs on 76 and 603 gene targets (representing 3%

and 28% of input), respectively. We used Network Analyst to

construct a molecular network and compare significant DEG tar-

gets with the ENCODE transcription factor-gene interactions

database. For both datasets, the REST cofactors SIN3A and

CoREST (Rcor1) were significantly interconnected with the

DEGs. This is supported by significant upregulation of REST in

either dataset, accompanied by significant downregulation of

the REST targets Sox4 and Sox11 (Figure 5B). Dysregulation of

REST, REST cofactors, and downstream regulatory targets sug-

gests that the Rb/E2F axis may regulate REST function.

To determine whether REST is regulated by the Rb/E2F axis,

we first wanted to determine whether endogenous REST protein

was altered in the absence of Rb family proteins. FACS-isolated

SVZ NSCs from Rb-THC and Rb-TKO mice, 10 days post Tam,

were cultured, and early differentiationwas evaluated over a time

course of 3 days. In Rb-THC NSCs, western blots revealed

that REST expression decreases within 1 day of differentiation,

consistent with previous findings (Ballas et al., 2005; McGann
nic niche

trating the gating strategy. The YFP+ enriched population is defined in Q2.

dicated in red.

ory.

est; relative expression plots (D and E), DESeq2-adjusted p value. *p < 0.05,
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Figure 3. Activator E2Fs 1 and 3 are essential for adult NSC activation and neurogenesis

(A) MA plot for the shrunken log2 fold changes. Significant DEGs (p < 0.05) are shown in red.

(B) qPCR of E2F1 and E2F3 mRNA, GAPDH normalized to 1 following the 2–DDCt method.

(C) Relative expression of significant DEGs, grouped by curated functional category.

(D) qPCR of the quiescence-associated genes Tgfbr3, Bmp6, and S100b and differentiation-associated genes Dcx and Dlx1. ValueswereGAPDHnormalized to 1

following the 2–DDCt method.

(E) IHC of YFP+ recombined cells and DCX+ neuroblasts (red) in the DG. Scale bars, 100 mm.

(F) IHC and quantification of total YFP+ recombined cells, total Ki67+ cycling cells, and total Dcx+ neuroblasts in the DG at 4 and 8 wpi.

Error bars, mean ± SD. IHC and qPCR analysis (B, D, and F), unpaired 2-tailed Student’s t test; relative expression plot (C), DESeq2-adjusted p values. *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001. n = 3 biological replicates (A–D); n = 5 biological replicates (E and F).
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et al., 2020). In contrast, REST remains highly expressed in Rb-

TKO NSCs induced to differentiation (Figure 6A). To determine

whether the Rb family proteins and activator E2Fs may regulate

REST expression, we first searched for E2F consensus sites at

REST regulatory regions and identified 5 motifs within REST in-

trons/exons (Figure 6B). Using chromatin immunoprecipitation

(ChIP), we found significant binding by p107, p130, E2F3, and

E2F4 atmotifs in close proximity: 1 (bs1) and 2 and 3 (bs2/3) (Fig-

ure 6C). Significant E2F1 binding was found at bs2/3 (Figure 6D).

The identified binding at REST was significant compared with
6 Cell Reports 41, 111578, November 1, 2022
immunoglobulin G (IgG) and negative locus control Cacng1

(Figures 6C and 6D). p107, p130, E2F3, and E2F binding was

confirmed with p107-deficient and Rb-TKO NSCs (Figures 6C,

6D, S5A, and S5B). Binding at Ccna2 (Figure S5C) was used

as positive target of Rb family proteins and E2Fs (Julian et al.,

2016; Litovchick et al., 2007). These results identify binding of

Rb/E2F proteins within REST regulatory regions and suggest a

requirement for Rb family proteins in regulation of REST in NSCs.

To determine whether dysregulation of REST contributes to

the Rb-TKO NSC phenotype, we examined the expression of
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neuronal differentiation markers by western blot (Figure 6E). In

Rb-TKO NSCs, expression of the neuroblast markers

Dcx and bIII-tubulin was impaired, whereas the pro-activation

factor ASCL1 was elevated (Figures 6E and 6F). To determine

whether dominant-negative REST (dnREST) could rescue the

phenotype of Rb-TKO NSCs, cells were transduced with lenti-

vectors expressing dnREST-V5-mCherry (Chong et al., 1995)

or an mCherry control. Although dnREST-V5 was not able

to rescue expression of differentiation markers in Rb-TKO

NSCs, it resulted in a significant increase in ASCL1 expression

(Figures 6E and 6F). These results suggest a requirement for

the Rb/E2F pathway in repressing REST activity to enable

expression of REST target genes, including ASCL1.

Recent studies have defined a dynamic role of ASCL1 in regu-

lation of activation and quiescence because ASCL1 is localized

to activated NSCs in the SVZ and SGZ, becoming induced

upon activation (Andersen et al., 2014) and eliminated upon re-

entry into quiescence through HUWE1-mediated degradation

(Urbán et al., 2016). Using immunohistochemistry in the SGZ,

we observed strong upregulation of ASCL1 in response to Rb-

TKO (Figure 7A), reflecting a 2.1-fold increase in the proportion

of recombined cells expressing ASCL1. Performing ChIP against

an E2F site at the ASCL1 promoter we reported previously in em-

bryonic NSCs (Julian et al., 2016) revealed E2F3, E2F4, p107,

and p130 binding in wild-type adult NSCs differentiated for

0 or 1 days (Figure 7B), with the Ccna2 promoter used as a pos-

itive control (Figure S5C). These results reveal consistently

elevated ASCL1 expression in the absence of Rb family proteins,

suggesting that the Rb/E2F axis plays an important role in regu-

lation of ASCL1.

Given the increase in ASCL1 expression in response to

dnREST-V5 (Figures 6E and 6F), we next wanted to determine

whether Rb/E2F regulation of ASCL1 may be influenced by

REST. Although previous studies revealed regulation via

an RE-1 site 49 kb downstream of ASCL1 (Ballas et al., 2005;

Jørgensen et al., 2009), we uncovered REST binding at a distinct

peak 94 kb upstream of ASCL1 (Figures S6A–S6C), with REST

being the regulated gene closest to this peak (Figures S6D and

S6E). ChIP in wild-type adult NSCs differentiated for up to

3 days confirms significant binding of REST at the 94-kb peak

alone, increasing with differentiation time, with Snap25 used as

a positive REST target (Figure 7C). These results show that

the Rb/E2F axis plays an important role in regulation of REST

and ASCL1, with additional functional interaction on ASCL1 by

REST.

Because REST and its regulatory network play a critical role in

control of adult NSC quiescence and onset of differentiation, we

examined the functional consequence of REST dysregulation by

performing rescue experiments in the SGZ niche. At two wpi, we
Figure 4. Rb/E2F pathway transcriptomic regulation of NSC activation

(A) Relative expression of significant qNSC-associated and aNSC-associated DE

(B) DEGs in response to Rb-TKO, including direction and significance, overlappe

(C) Significant DEGs in response to Rb-TKO, overlapped with qNSC and aNSC s

(D) DEGs in response to E2F1/3-DKO, including direction and significance, overl

(E) Significant DEGs in E2F1/3-DKO, overlapped with qNSC and aNSC signature

Relative expression plot, DESeq2-adjusted p values. Genes with DESeq2-adjust

(C) and (E). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n = 3 biological rep
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performed dual stereotaxic injections of lentivectors into both

hemispheres, carrying dnREST-V5-mCherry or the mCherry

control, targeting the DG of Rb-THC and Rb-TKO mice, respec-

tively. We first wanted to determine whether dnREST could

rescue expression of the REST target gene ASCL1 bymeasuring

the proportion of ASCL1+YFP+ expression in mCherry-trans-

duced cells at 4 and 14 dpi (Figures 7D, S7A, and S7B). 4 days

after injection, there was a 2.8-fold increase in the proportion

of ASCL1+ YFP+ cells in Rb-TKO in response to dnREST-V5,

suggesting that dnREST results in an early increase in ASCL1

expression in NSCs. This increase in ASCL1+YFP + expression

was also maintained 14 days after injection in Rb-TKO mice,

suggesting that dnREST increases expression of ASCL1 in

NSCs of Rb-TKO animals.

To determine whether dysregulated REST contributes to

exhaustion of adult NSCs in Rb-TKO animals, we tested whether

dnREST could rescue NSC depletion at 14 dpi (Figure 7E).

Although transduction of Rb-THC controls with mCherry or

dnREST-V5 had no effect on NSC maintenance after 14 days

(Figure S7B), dnREST resulted in partial rescue of mCherry+

YFP+ expressing cells in Rb-TKO. Although double-labeled cells

were readily detected at 4 days in Rb-TKO animals (Figure S7A),

by 14 days there was a 14.6-fold depletion of LV-mCherry-trans-

duced cells. Transduction of NSCs with dnREST-V5 resulted in a

reduction in the number of apoptotic cells (AC3+ cells), consis-

tent with partial rescue (only 3.8-fold depletion) of Rb-TKO dou-

ble-labeled cells at 14 days (Figures 7E, S7C, and S7D). Thus,

dnREST can partially rescue NSC depletion in Rb-TKO NSCs,

showing that the Rb/E2F axis is required for proper regulation

of REST, which is important for long-term maintenance of the

adult NSC population.

The Rb/E2F axis regulates NSC function through coordination

of cell cycle control with the transcriptional networks instructing

phenotypes of adult NSC quiescence and activation, an impor-

tant function for long-term maintenance of NSC and neurogene-

sis throughout life.

DISCUSSION

The results of these studies support a number of conclusions.

First, we show that Rb family proteins are required for long-

term maintenance of the adult NSC pool by playing an essential

role in regulating NSC quiescence and activation, preventing

niche depletion in the SGZ. Second, we show that activator

E2F1/3 are critical Rb family regulatory targets that are essential

for NSC activation because, in their absence, adult NSCs fail to

become activated, and neurogenesis cannot proceed. Third, we

show that the Rb/E2F axis is not only important for cell cycle con-

trol but also for induction of genes associated with the activation
and quiescence

Gs across both datasets.

d with the Basak et al. (2018) signature.

ignatures from (Codega et al., 2014), and proportional directionality of overlap.

apped with the Basak et al. (2018) signature.

s from (Codega et al., 2014), and proportional directionality of overlap.

ed p < 0.05 were used as input for the respective signatures in (B) and (D) and

licates.
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Figure 5. The Rb/E2F pathway regulates NSC fate via REST

(A) Medial: curated significant GO:BP gene sets using downregulated genes (in response to knockout) as input and iRegulon transcription factor enrichment

results, using significantly downregulated genes as input. REST and Sox11 are highlighted in each. Lateral: Network Analyst TF-protein enrichment results, using

all significant genes as input. The REST cofactors SIN3A and CoREST are highlighted in each.

(B) Lateral: summary of significant DEGs affecting the REST/SoxC pathway. Medial: qPCR of REST and SoxC, Sox4, and Sox11 normalized to GAPDH.

Error bars, mean ± SD. qPCR analysis (B), 2-tailed Student’s t test; summary table, DESeq2-adjusted p values. Genes with DESeq2-adjusted p < 0.05 were

considered significant for analysis using iRegulon and Network Analyst in (A). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n = 3 biological replicates.
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and quiescence molecular signature. Fourth, Rb/E2F controls

entry and exit from quiescence through regulation of key tran-

scription factors, including REST and ASCL1. The Rb/E2F axis

serves as an important regulator that coordinates cell cycle con-

trol with the molecular signature associated with the activation/

quiescence phenotype, a function that is essential for long-

term maintenance of adult NSCs and neurogenesis.

Rb family proteins are essential for adult NSC
maintenance
Earlier studies by our group and others have shown that Rb is

dispensable for adult NSC function in the SVZ and SGZ (Jaafar

et al., 2016; Vandenbosch et al., 2016), whereas p107 is required

for balancing self-renewal versus differentiation mediated

through Hes1 (Vanderluit et al., 2004, 2007). Here we show

that loss of all Rb family proteins results in loss of quiescence

and activation of the adult NSC pool, playing a crucial role in

regulating the function of adult NSCs. Although studies in other

systems have established ectopic proliferation after Rb family

deletion (Jiang et al., 2010; Sage, 2000; Viatour et al., 2008,

2011), functional compensation between Rb family proteins

(Ajioka et al., 2007; Burkhart et al., 2010; Sage et al., 2003),
and promotion of reprogramming after Rb inactivation (Kareta

et al., 2015), the effect on the adult NSC population is dramatic

because Rb family proteins regulate not only cell cycle control

but the molecular signature associated with NSC quiescence

and activation. Thus, the global changes identified in Rb-TKO

signify an important role of Rb family proteins as broad transcrip-

tional regulators of NSC fate.

Our data suggest that NSC activation in the Rb-TKO is a cell-

autonomous phenomenon that results from the absence of pRb/

p107/p130 pocket proteins. First, we have shown previously that

inducible knockout of Rb only is not compatible with neuronal

survival in the embryo or the adult hippocampus (Vandenbosch

et al., 2016); however; we did not observe any activation (i.e.,

more proliferation) of Sox2 NSCs after neuronal cell death. Sec-

ond, in Figure S1C we show that expansion of the NSC pool oc-

curs very early after TKO induction (10 dpi), also suggesting that

NSC activation is a direct consequence of Rb/p107/p130 loss.

However, previous evidence suggests that loss of Tbr2+ inter-

mediate progenitors (Hodge et al., 2012) or loss of neuroblasts

and neurons after hypoxic-ischemic injury or traumatic brain

injurymay also contribute to adult NSC activation (Miles and Ker-

nie, 2008; Wang et al., 2016). Given that significant progenitor
Cell Reports 41, 111578, November 1, 2022 9
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Figure 6. Rb family proteins regulate REST expression in adult NSCs

(A) Western blot (WB) of total protein from NSCs differentiated for 0, 1, or 3 days; b-actin is the loading control.

(B) Schematic of the REST gene, indicating the presence of 5 E2F motifs.

(C) ChIP of NSC chromatin from wild-type +/+ and p107-null �/� mice. Error bars, mean ± SEM.

(D) ChIP of p107-null �/� NSCs and Rb-TKO NSCs. Error bars, mean ± SEM.

(E) WB from NSCs infected with LV-mCherry or dnREST-V5 at post-natal day 2 (P2) and differentiated at P3 for 0, 1, or 3 days. eNS, embryonic neurospheres to

test LV expression vectors.

(legend continued on next page)
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and neuroblast loss occurs in the Rb-TKO, we cannot rule out

that a proportion of the NSC activation found in these animals

is, at least in part, indirectly due to loss of progenitors and neuro-

blasts, contributing to the widespread NSC activation.

The activator E2Fs E2F1 and E2F3 are essential for NSC
activation
Rb family proteins are known to associate with at least 110 reg-

ulatory targets that modulate transcription (Morris and Dyson,

2001), with the best-characterized being E2F family transcrip-

tion factors: the activators E2F1–E2F3a and repressors

E2F3b–E2F6. Here we show that E2F1 and E2F3 are critical

for NSC function because absence of both of these factors re-

sults in complete cessation of NSC activation and neurogene-

sis. Previous studies have demonstrated a moderate decrease

in adult NSC proliferation (Cooper-Kuhn et al., 2002), and we

have shown that loss of E2F3 or the individual isoforms

E2F3a or E2F3b results in imbalances in self-renewal/commit-

ment decisions (Julian et al., 2013; McClellan et al., 2007).

None of the phenotypes reported previously with individual

E2Fs have resulted in the dramatic phenotypes generated by

loss of E2Fs1/3, where adult NSCs are unable to exit quies-

cence. Earlier studies revealed that retinal progenitors and acti-

vated M€uller glia can proliferate in the absence of activator

E2F1/2/3, unlike what is seen in the adult neurogenic niches

described here (Chen et al., 2009). Thus, our results demon-

strate that activator E2F1/3 are essential for adult NSC activa-

tion and for generation of the molecular signature required for

NSC activation and neurogenesis.

The Rb/E2F axis regulates phenotypes of adult NSC
quiescence and activation
These results highlight a function for the Rb/E2F axis, revealing a

critical requirement not only for cell cycle control but for acquisi-

tion of the cell and transcriptomic phenotypes associated with

quiescence and activation. Recent studies have demonstrated

that quiescence is an active, dynamic process where NSCs pro-

gressing between states of quiescence and activation possess

distinct gene expression profiles that allow quiescent NSCs to

respond to environmental cues, ultimately culminating in NSC

activation (Basak et al., 2018; Codega et al., 2014) Alignment

of our transcriptomic profiles with published population-specific

signatures reveals a striking alignment where loss of Rb family

proteins alignswith an activated state, and loss of E2Fs1/3 aligns

with the molecular signature of the quiescent state. The depth of

cell quiescence and reduced sensitivity to growth signals re-

flected in these signatures has yet to be evaluated; previous

studies have suggested that quiescence depth may be associ-

ated with an increased threshold required to activate an Rb/

E2F switch (Kwon et al., 2017). We show that the Rb/E2F axis

not only controls the cell cycle in NSCs but also plays an impor-

tant role in generating the molecular signature of quiescent and

activated cells.
(F) Quantification of the WB in (E) using ImageJ.

WB analysis (F): paired 2-tailed Student’s t test; *p < 0.05, **p < 0.01, ***p < 0.001

and Cacng1, ***p < 0.05 in wild-type (WT) versus p107-null (C) or p107-null ve

replicates.
The Rb/E2F axis regulates NSC fate via REST
Our transcriptomic profiles suggest an Rb/E2F-dependent

mechanism regulating the molecular signatures of NSC quies-

cence and activation. After loss of Rb family proteins or activator

E2Fs, we observe dysregulation of the REST gene regulatory

network, with elevated REST and downregulation of numerous

proneural targets containing RE-1 sites, including Dcx, L1cam,

and theSoxCproteins Sox4/Sox11 (Bergsland et al., 2006; Lepa-

gnol-Bestel et al., 2009; Mu et al., 2012). REST has been shown

recently to maintain NSC quiescence as well as progenitor prolif-

eration and numbers to prevent precocious differentiation (Mu-

kherjee et al., 2016). Given that Rb-TKO and E2F1/3-DKO

generate opposing phenotypes in regulation of NSC quiescence

and activation, the common induction of REST and its targets

may appear contradictory. Although activator E2Fs can function

as transcriptional activators in proliferating cells, they have also

been shown to serve as transcriptional repressors to silence

E2F target genes in differentiating cells, so that activating E2Fs

serve as a tether to recruit Rb family proteins to target genes

(Chong et al., 2009). In the context of the adult neurogenic niche,

our data suggest that activator E2F1/3 are essential for Rb family-

mediated repression of REST. Analysis of transcriptomics and

ChIP data demonstrate binding by p107/p130 and E2F3/E2F4

at the REST regulatory regions, consistent with a model where

E2F1/3 recruit Rb family proteins to repress REST in adult

NSCs. The increased magnitude of REST target gene repression

in response to E2F1/3deficiency is consistentwith activator E2Fs

mediating Rb family protein function to regulate REST. In

response to E2F1/3-DKO, the lack of REST cofactor (CoREST

and Sin3A) upregulation suggests that activator E2Fs are

required to recruit REST cofactors. This may link activator E2Fs

with a reported requirement for CoREST in modulating REST

target expression despite REST dissociation (Ballas et al.,

2005). Based on this model, we show that Rb family proteins

and activator E2F1/3 together are required for REST regulation.

The Rb/E2F axis and REST are required for ASCL1
regulation
In response to loss of Rb family proteins, we observe that the

transcriptional shift toward activation is accompanied by an

increased number of ASCL1-expressing activated NSCs.

Together with ChIP data demonstrating direct ASCL1 binding

by p107/p130 and E2F3/E2F4, our data suggest a role of the

Rb/E2F axis in repressing ASCL1 expression to maintain NSC

quiescence. Although ASCL1 regulation occurs at multiple

levels, most notably at the level of protein degradation mediated

by the E3 ubiquitin ligase Huwei1 (Urbán et al., 2016), we also

demonstrate that dnREST transduction results in increased

ASCL1 expression, consistent with ASCL1 being a regulatory

target for REST (Gao et al., 2011). Distinct from a previously

described site (Ballas et al., 2005; Jørgensen et al., 2009), in

the context of adult NSCs, we identified REST binding at a

distinct peak 94 kb upstream of ASCL1. REST regulation of
, n = 3–6. ChIP analysis: unpaired 2-tailed Student’s t test; *p < 0.05 versus IgG

rsus Rb-TKO mice (D). n = 3–7 biological replicates; cell culture, 3 technical
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Figure 7. The Rb-E2F pathway regulates NSC activation and quiescence through REST and ASCL1

(A) IHCstainingofASCL1+andYFP+ recombinedcells in theDG.Scalebar, 50mm.Quantificationof thepercentageofYFP+ASCL1+amongYFP+ recombinedcells.

(B) Schematic of the ASCL1 gene, indicating the E2F3/4 peak at the promoter (Julian et al., 2016), and ChIP of NSC chromatin fromWT +/+mice, differentiated for

0, 1, or 3 days, targeting this peak.

(C) ChIP of NSC chromatin from WT +/+ mice, differentiated for 0, 1, or 3 days, targeting the specified peak.

(D) IHC staining and quantification of ASCL1+/YFP+ recombined cells among total mCherry+ cells at the indicated time points.

(E) IHC staining and quantification of the percentage of YFP+ among total mCherry+ cells 14 days after injection and percentage of AC3+ apoptotic cells among

total mCherry+/YFP+ recombined cells. Scale bar, 100 mm.

Error bars, mean ± SD. Unpaired 2-tailed Student’s t test. ChIP analysis (B and C): *p < 0.05 versus IgG. n = 3 biological replicates, 3 technical replicates. IHC (A,

D, and E): *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n = 3 biological replicates.
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ASCL1 is also supported by our findings in vivo because dnREST

transduction results in an increased percentage of ASCL1-ex-

pressing cells in the adult SGZ. dnREST partially rescued deple-
12 Cell Reports 41, 111578, November 1, 2022
tion of adult NSCs after loss of Rb family proteins because

dnREST resulted in a significant increase in Ascl1-expressing

cells after 14 days. This suggests that the Rb/E2F regulatory
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axis is required for proper REST regulation, which is important for

maintenance of the NSC niche in the adult SGZ.

Limitations of the study
Here, we describe an important role of the Rb-E2F axis in regu-

lating adult NSC function in the two adult neurogenic niches, but

it is important to note that the SVZ and SGZ function in different

ways. We used the Nestin promoter to drive Cre, but, contrary to

SGZ, where Nestin is expressed in activated NSCs (aNSCs) and

quiescent NSCs (qNSCs), in the SVZ, Nestin expression is

restricted to aNSCs and ependymal cells (Codega et al., 2014).

Thus, in the SVZ, we can determine the function of Rb-E2F on

aNSCs themselves and not on the switch between qNSCs and

aNSCs. A portion of the aNSCs in the SVZ and SGZ return to

quiescence after activation to maintain the NSC pool, as re-

viewed previously (Obernier and Alvarez-Buylla, 2019; Urbán

et al., 2019). Thus, our data reveal a critical requirement for RB

Proteins in the Rb TKO SVZ to enable re-entry of adult aNSCs

into quiescence. Our E2F1/3 DKO data, using the same

Nestin-CreERT2, support a role of the Rb/E2F pathway in regu-

lation of NSC activation/quiescence because we observe an

impairment of NSC activation in vivo in the SGZ and SVZ, along

with a transcriptional signature toward quiescence in aNSCs

from the SVZ. Thus, targeting aNSCs, a cycling population that

is expressing high levels of activator E2Fs, drives aNSCs to re-

enter a qNSC-like state. Finally, based on the phenotypic data

obtained in the SGZ of Rb TKO and E2F1/3 DKO, we postulate

that the mechanisms highlighted in our study may be extrapo-

lated to the qNSC-to-aNSC switch. Further transcriptomics

studies using Cre drivers that specifically target the qNSC pop-

ulation (e.g., GLAST-CreERT2) along with single-cell RNA-seq

will be required to definitively confirm this hypothesis.

The studies examining niche exhaustion also reveal differ-

ences between the SGZ and SVZ. Although the SGZ niche ex-

hibits exhaustion by 8 weeks, there is no exhaustion in the SVZ

at 8 weeks. We assessed the phenotype in the SVZ, particularly

proliferation of aNSCs and neuroblasts, as well as cell death. Our

data reveal that, in TKO, there is significant proliferation of neuro-

blasts in the SVZ at 4 and 8 weeks; however, there is a gradual

decline at 8 versus 4 wpi. We also find an increase in cell death

that persists at 8 weeks but at a lower level, resulting in a reduc-

tion in cell numbers in the SVZ. Although these results clearly un-

derline a reduction in the size of the NSC/progenitor pool in the

SVZ and suggest that niche exhaustionmay indeed occur, future

experiments (including birthdating studies) should examine the

phenotype after longer time points and evaluate whether niche

exhaustion also occurs in the SVZ.

Although loss of pocket proteins or their E2F1/3 targets results

in dramatic gene expression changes identified by RNA-seq, it is

also important to note that manipulation of the Rb-E2F axis re-

sults in a change in the cellular composition of the neurogenic

niche. Thus, a significant proportion of the DEGs identified could

be due to indirect effects rather than direct changes in Rb-E2F

target gene regulation. Identification of direct Rb-E2F target

genes among the DEGs and regulatory pathways will require

validation and manipulation in future studies.

We describe an important function of Rb family proteins and

their target activator E2Fs1/3 in regulation of NSC activation
and quiescence.We demonstrate how transcriptional signatures

of quiescence and activation among adult NSCs are coordinated

with cell cycle control and show that the Rb/E2F axis serves as a

key regulator of themolecular program instructing adult NSC exit

from and re-entry into quiescence, essential for niche mainte-

nance and, ultimately, adult neurogenesis.
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Antibodies

E2F1 (Rabbit; ChIP) Santa Cruz CAT#sc-193; RRID:AB_631394

E2F3 (Rabbit; ChIP) Abcam CAT#ab-50917; RRID:AB_869541

E2F4 (Rabbit; ChIP) Santa Cruz CAT#sc-1082; RRID:AB_2097104

E2F4 (Rabbit; ChIP) NovusBio CAT#NBP1-21374; RRID:AB_1660082

IgG (Rabbit; ChIP) Sigma-Aldrich CAT#I8140; RRID:AB_1163661

p130 (Rabbit; ChIP) Santa Cruz CAT#sc-317; RRID:AB_632093

REST (Rabbit; ChIP) Millipore CAT#07–579; RRID:AB_310728

p107 (Rabbit; WB, ChIP) Santa Cruz CAT#sc-318; RRID:AB_2175428

p130 (Mouse; WB, ChIP) BD Biosciences CAT#610262; RRID:AB_397657

Rb (Rabbit; WB, ChIP) Santa Cruz CAT#sc-50; RRID:AB_632339

Rb (Rabbit; WB) Abcam CAT#ab181616; RRID:AB_2848193

b-actin-HRP (Mouse; WB) Santa Cruz CAT#sc-47778; RRID:AB_626632

bIII tubulin (Rabbit; WB) Covance CAT#PRB 435P; RRID:AB_291637

Dcx (Rabbit; WB) Cell Signaling CAT#4604; RRID:AB_561007

Mash1 (Mouse; WB) BD Biosciences CAT#556604; RRID:AB_396479

Rest (Rabbit; WB) Abcam CAT#ab-21635; RRID:AB_777678

PCNA (Mouse; WB) Santa Cruz Cat#sc-56; RRID:AB_628110

V5-tag (Rabbit; WB) Bethyl CAT#A190-120A; RRID:AB_67586

b tubulin (Mouse; WB) DSHB CAT#E7; RRID:AB_528499

GFP (Chicken; IHC) Abcam CAT#ab13970; RRID:AB_300798

GFP (Rabbit; IHC) EnCor CAT#RPCA-GFP; RRID:AB_2572327

Nestin (Goat; IHC) R&D Systems CAT#AF2736; RRID:AB_416673

Nestin (Chicken; IHC) Abcam CAT#ab134017; RRID:AB_2753197

GFAP (Mouse; IHC) Millipore CAT#MAB3402; RRID:AB_94844

GFAP (Goat; IHC) Santa Cruz CAT#sc-6170; RRID:AB_641021

Sox2 (Goat; IHC) Santa Cruz CAT#sc-17320; RRID:AB_2286684

Sox2 (Goat; IHC) Neuromics CAT#GT15098; RRID:AB_2195800

ASCL1 (Rabbit; IHC) Abcam CAT#ab211327; RRID:AB_2924270

Ki67 (Rabbit; IHC) Cell Marque CAT#275R-16; RRID:AB_1158037

Tbr2 (Rat; IHC) Invitrogen CAT#14-4875-82; RRID:AB_11042577

Dcx (Goat; IHC) Santa Cruz CAT#SC-8066; RRID:AB_2088494

Dcx (Guinea Pig; IHC) Millipore CAT#AB2253; RRID:AB_1586992

Dcx (Rabbit; IHC) Cell Signaling CAT#4604S; RRID:AB_561007

Prox1 (Rabbit; IHC) Millipore CAT#AB5475; RRID:AB_177485

NeuN (Rabbit; IHC) Millipore CAT#MAB377; RRID:AB_2298772

mCherry (Rat; IHC) ThermoFisher CAT#M11217; RRID:AB_2536611

Active Caspase 3 (Rabbit; IHC) Cell Signaling CAT#9664S; RRID:AB_2070042

S100-b (Rabbit; IHC) Dako CAT#Z0311; RRID:AB_10013383

Chemicals, Peptides, and Recombinant Proteins

Tamoxifen Millipore Sigma CAT#T5648

EdU BaseClick CAT#BCK647-IV-IM-M

Paraformaldehyde E COM CAT#Px0055-3

Tissue-Tek OCT Compound VWR CAT#25608–930

(Continued on next page)
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DAPI Millipore Sigma CAT#D9542

EprediaTM Immu-MountTM Fisher CAT#9990412

Percoll Millipore Sigma CAT#GE17-0891-02

DMEM/F12 Gibco CAT#11330–032

B27 without Vitamin A Gibco CAT#12587010

EGF Millipore Sigma CAT#E�1257

bFGF Millipore Sigma CAT#F-0291

heparin Millipore Sigma CAT#H-3149

Penicillin/Streptomycin Gibco CAT#1570–063

Matrigel VWR CAT#CACB356230

B27 with Vitamin A Gibco CAT#17504044

N2 Gibco CAT#17502048

HI-FBS Wisent CAT#080–150

Clarity Enhanced chemiluminescence

Western Blotting Substrate

Bio-Rad CAT#1705061

Papain Cedarlane CAT#LS003126

DNase I Roche CAT#11284932001

RNaseZAP ThermoFisher CAT#AM9780

Critical Commercial Assays

Arcturus� PicoPure� RNA Isolation Kit ThermoFisher CAT#KIT0204

Rotor-Gene SYBR� Green PCR Kit Qiagen CAT#204074

SMART-Seq� v4 Ultra� Low Input

RNA Kit for Sequencing

Takara CAT#634890

Nextera XT DNA Library Preparation Kit Illumina CAT#FC-131-1024

Deposited Data

Gene signatures of cell clusters in

the adult mouse V-SVZ

Basak et al. (2018) GEO: GSE65970

Gene signatures of Quiescent and Activated

NSC populations in the adult mouse V-SVZ

Codega et al. (2014) GEO: GSE54653

ChIP-seq data on REST in rat cells

(QNP and TAP)

Mukherjee et al. (2016) SRA: SRP060618

ChIP-seq data on Rest in human cells ENCODE SRA: SRP008797

ChIP-seq data on Rest in human cells ENCODE SRA: SRP012412

RNA-seq data on Rb-THC, Rb-TKO,

E2F1/3-HET

and E2F1/3-DKO in mouse neural stem cells

This paper GEO: GSE190766

Experimental Models: Cell Lines

Micro-dissected and FACS-isolated

SVZ YFP + NSCs

N/A N/A

Micro-dissected SVZ NSCs N/A N/A

293T HEK Cells ATCC CRL3216

Experimental Models: Organisms/Strains

Mouse: Rb-TKO (Rb conditional mutant;

p107 �/�; p130 conditional mutant)

on129Sv/J X C57/BL6 background

Dr. Julien Sage Viatour et al. (2008)

Mouse:E2F1/3-DKO(E2F1 �/�;

E2F3 conditional mutant)onFVB/N

X 129Sv/J X C57/BL6 background

Dr. Gustavo Leone E2F1: Field et al. (1996); E2F3: Wu et al. (2001)

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: Nestin-CreERT2; R26-stop-enhanced

yellow fluorescent protein (YFP)

Dr. Suzanne Baker Cicero et al. (2009)

Oligonucleotides

Genotyping Primers, see Table S2 N/A N/A

qRT-PCR Primers, see Table S3 N/A N/A

ChIP Primers, see Table S4 N/A N/A

Recombinant DNA

pLVX-EF1a-IRES-mCherry Clontech 631987

Software and Algorithms

Fiji Schindelin et al. (2012) https://fiji.sc

FastQC Andrews et al. (2012) https://www.bioinformatics.babraham.ac.uk/projects/

fastqc/

HiSat2 Kim et al. (2019) http://daehwankimlab.github.io/hisat2/

IGV Robinson et al. (2011) https://software.broadinstitute.org/software/igv/

featureCounts Liao et al. (2014) http://subread.sourceforge.net

R 3.5.3 Team R.C, 2021 https://www.r-project.org

DESeq2 Love et al. (2014) https://bioconductor.org/packages/release/bioc/html/

DESeq2.html

IHW Ignatiadis et al. (2016) https://bioconductor.org/packages/release/bioc/html/

IHW.html

biomaRt Durinck et al. (2009) https://bioconductor.org/packages/release/bioc/html/

biomaRt.html

g:Profiler Raudvere et al. (2019);

Reimand et al. (2007)

https://biit.cs.ut.ee/gprofiler/gost

Cytoscape 3.8.2 Shannon et al. (2003) https://cytoscape.org

Enrichment Map Merico et al. (2010) https://www.baderlab.org/Software/EnrichmentMap

iRegulon Janky et al. (2014) http://iregulon.aertslab.org

NetworkAnalyst Zhou et al. (2019) https://www.networkanalyst.ca

ImageJ Schneider et al. (2012) https://imagej.net/software/imagej/

Prism 9.4.0 GraphPad https://www.graphpad.com/scientific-software/prism/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Ruth Slack

(rslack@uottawa.ca)

Materials availability
This study did not generate new unique reagents.

Data and code availability
d The data discussed in this publication have been deposited in NCBI’s Gene Expression Omnibus and are accessible through

GEO Series accession number GEO: GSE190766.

d The published article includes all datasets generated or analyzed during this study and no new code was produced.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All experiments were approved by the Animal Care Ethics Committee of the University of Ottawa and adhered to the Guidelines of the

Canadian Council on Animal Care.
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Rb-TKO (Rb conditional mutant; p107 �/�; p130 conditional mutant) mice were provided by Dr. Julien Sage (Viatour et al., 2008),

and crossed with Nestin-CreERT2 (Cicero et al., 2009); R26-stop-enhanced yellow fluorescent protein (YFP) (Srinivas et al., 2001)

mice. All Rb-TKO mice were maintained on a mixed 129Sv/J X C57/BL6 background; Rb-THC mice were generated by crossing

Rb-TKO mice with wild-type 129Sv/J X C57/BL6 mice from Charles River to generate a triple-heterozygous control.

E2F1/3-DKO (E2F1 �/� (Field et al., 1996); E2F3 conditional mutant (Wu et al., 2001)) mice were provided by Dr. Gustavo Leone,

and crossed with Nestin-CreERT2;R26EYFP mice described above. All E2F1/3-DKO mice were maintained on a mixed FVB/N

X 129Sv/J X C57/BL6 background; E2F1/3-HET mice were generated by crossing E2F1/3-DKO mice with wild-type FVB/N X

129Sv/J X C57/BL6 mice from Charles River to generate a double-heterozygous control.

Animals were genotyped according to standard protocols with previously published primers, listed in Table S2. All Nestin-CreERT2

animals used were heterozygotes for Cre expression. In all experiments, both females and males were used; all animals were 6–

10 weeks old upon initial intervention.

For Cre induction in adult NestinCreERT2 animals, mice were administered tamoxifen (TAM) at 200 mg/kg/d for 5d (gavage;

dissolved in 10% EtOH/90% corn oil), with initial weight used for dose calculation; weight after final injection was monitored, and

semi-weekly wellness checks were performed until euthanization. Animals in Figures S1B and S1C were administered TAM at

150 mg/kg/d for 5d (intraperitoneal; dissolved in 10% EtOH/90% sunflower oil), following same calculation/monitoring/wellness pro-

tocol. To analyze cell proliferation, NestinCreERT2 mice were given a single injection of EdU (50mg/kg, i.p) 2 h before euthanization

and perfusion.

Primary cell cultures
YFP + cells and NSCs were isolated from SVZ tissue obtained from mice 10 days post-tamoxifen injection as previously described

(Iqbal et al., 2022). Briefly, brains were micro-dissected in cold ACSF, tissue was digested in a Papain suspension (Cedarlane) and

resuspended in FBS (Wisent) and DNase I (Roche), before using a 22% (v/v) PBS-buffered Percoll solution (Millipore Sigma) to

achieve cells suitable for suspension. Cells were then either FACS-isolated to provide a YFP + fraction for bulk RNA-Seq or cell cul-

ture or, to compensate for the absence of FACS, rinsed in DMEM:F12 (Gibco) to remove excess Percoll from the cell surface.

Cells were plated at a concentration of 10 cells/mL in stem cell media as previously described (Reynolds and Weiss, 1992). Briefly,

DMEM/F12 (Gibco) is supplemented with B27 without Vitamin A (Gibco), EGF (Sigma), bFGF (Sigma), heparin (Sigma) and

Penicillin/Streptomycin (Gibco) to encourage neurosphere growth. Neurospheres were passaged after 6–7 days, up to three times,

plated at a concentration of 4 cells/mL. For differentiation, plates were coated with 10% Matrigel (VWR) in serum-free media. Cells

were plated as neurospheres and grown in differentiation media; DMEM/F12 supplemented with B27 with Vitamin A (Gibco), N2

(Gibco), 2% HI-FBS (Wisent) and Penicillin/Streptomycin. Cells were differentiated for 0, 1 and 3 days, with a media change on

Day 2.

Cell lines
HEK-293T cells (ATCC) were maintained in Biolite cell culture treated dishes (Thermo Scientific) with DMEM (Gibco) supplemented

with 1% penicillin-streptomycin and 10% FBS (Gibco) in an incubator (37�C, 5% CO2). Cell line was obtained from a high-quality

source (ATCC) and cross-referenced against the ICLAC Register of Misidentified Cell Lines.

METHOD DETAILS

Perfusion, freezing, and sectioning
Tissue perfusion and fixation was performed as previously described (McClellan et al., 2007). Briefly, 4%Paraformaldehyde was pre-

pared fresh within 2 h of perfusion. Animals were perfused transcardially, employing chilled 0.9% saline in advance of PFA. Brains

were immersed in PFA overnight, followed bywash in 1X PBS and storage in 20%sucrose the followingmorning. Once the brains had

sunken in the sucrose, they were suitable for freezing. Brains were removed from sucrose, lightly patted dry on Kimwipe, and the

cerebellum removed with a razor blade to establish a flat coronal edge.

Freezing occurred in isopentane pre-chilled to between �30 and �40�C, and maintained at temperature with dry ice. PFA-fixed

brains were immersed in isopentane for duration following two criteria: minimum 60 s and ceasing of bubbles from brain. Frozen

brains were wrapped in aluminum foil and stored at �80 until sectioning.

For sectioning, brains weremounted on a cryostat at�24�C, using VWR Tissue-Tek OCT compound. Brains were sectionedmain-

taining temperature between �18 and �20�C, in 30 mm sections, skipping the OB but comprising the SVZ and hippocampal forma-

tion. Free-floating sections were collected in 1X PBS with 0.1% NaCN, into 9 wells following a 1:9 serial section pattern, separating

SVZ and SGZ tissue. Brains were stored long-term in 24-well plates, under film to protect against drying out, at 4�C.

Immunohistochemistry and imaging
IHC was performed as previously described (Vandenbosch et al., 2016). Briefly, free-floating sections were triple-washed 33/5min in

1X PBS before incubation at 4�C with primary antibodies for between overnight to 48 h. After a second triple-wash, sections were

incubated with dye-coupled secondary Donkey antibodies (Jackson) and DAPI (Sigma) for between 2 h to overnight. Primary anti-

bodies listed in Table S1, aswell as secondary antibodies, were diluted in 13PBS containing 0.1%Triton, 0.1%Tween-20. Following
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a final triple-wash, sections were mounted and dried at room temperature; slides were cover-slipped with EprediaTM Immu-MountTM

(Fisher) and dried at 4�C overnight.

Sections for quantifications of colocalized cells were imaged using Zeiss LSM510, and later Zeiss LSM800 confocal microscopes,

employing a 403 objective. Z-stacks spanned 10 mm of post-processing section width, with 2.0 mm spacing between Z-positions.

Sections quantifying single labelling were quantified on an Olympus BX-51 microscope. Images were analyzed using Fiji (Schindelin

et al., 2012).

FACS and RNA isolation
FACS was performed on isolated SVZ NSCs, suspended in DMEM/F12 (without phenol red; Invitrogen) at the University of

Ottawa Flow Cytometry Core as well as OHRI StemCore Laboratories, isolating the YFP + cell population using a cutoff of

488-FL-Log-Height R 102.

For RNA-Seq input, cell pellets containing minimum 200,000 YFP + cells were frozen, and RNA isolated using the Arcturus�
PicoPure� RNA Isolation Kit (ThermoFisher). Cell pellets were divided into four: I was sent for fragment analysis at OHRI

StemCore Facility; II was used for qPCR validation of knockout or differential gene expression; III was sent for sequencing; IV

was reserved as a backup.

qRT-PCR
Samples for RNA quantification were prepared using the Rotor-Gene SYBR� Green PCR Kit (Qiagen) and quantified on a Qiagen

Rotor-Gene Q Real-Time PCR Machine. RNA concentrations for each primer set were normalized using standard curves prepared

from wild-type adult NSCs as standard. Primers used are listed in Table S3, and RNA quantifications are expressed relative to

GAPDH (normalized to 1).

RNASeq
RNA input for NGS was only considered sufficient if three criteria were met: 1) concentration R7 ng/mL, for submission of minimum

35ng of RNA, 2) 260/280 R 2 and RQN R8.0.

RNASeq was performed at TCAG at the Hospital for Sick Children, following internal QC. Samples were run in sets of 6, reflecting 3

biological replicates. cDNA conversion used the SMART-Seq� v4 Ultra� Low Input RNA Kit for Sequencing (Clontech, now Takara),

while Library Preparation used the Nextera XT DNA Library Preparation Kit (Illumina). Sequencing was performed on an Illumina Hi-

Seq 2500, using a multiplexed PE126bp high output flow cell.

Bioinformatic analysis
Raw reads as FastQ files were first validated as downloads using md5sum and subjected to FastQC (Andrews et al., 2012) to ensure

run quality and suitability for the standard protocol of analysis without trimming or phred scores. For alignment, FastQ files were

aligned to Hisat2GRCm38 index using HiSat2 (Kim et al., 2019) to generate BAMfiles. Aligned readswere visualized in IGV (Robinson

et al., 2011). For read assignment, BAMfileswere converted to feature counts using featureCounts, part of the subread package (Liao

et al., 2014), as well as the Ensembl GRCm38.101 GTF file, build dated August 2020.

Differential expression analysis of feature counts was established in R 3.5.3 (TeamR.C, 2021) using DESeq2 (Love et al., 2014), and

employed Independent Hypothesis Weighting using the IHWpackage (Ignatiadis et al., 2016). For the Rb-TKO dataset, batch correc-

tion was employed to account for batch effects distinguishing samples RB_THC_1 and RB_TKO_1, stemming from sample prepara-

tion; effects are visible in Supp.Figure S3C. Ensembl Stable IDs were converted to MGI symbols using biomaRt (Durinck et al., 2009).

Network analysis
Pathway and network enrichment analysis generally followed a published protocol (Reimand et al., 2019). Enrichment analysis

with Gene Ontology: Biological Process was performed using g:GOSt and g:Convert as part of the g:Profiler toolset (Raudvere

et al., 2019; Reimand et al., 2007), and visualized in Cytoscape 3.8.2 (Shannon et al., 2003) using Enrichment Map (Merico

et al., 2010).

Gene regulatory network analysis was performed using iRegulon (Janky et al., 2014), analyzing a putative regulatory region

spanning 20kb centred around the TSS, using a motif rankings database from 10 species; significant genes (p < 0.05) were

used as input. ENCODE TF-gene interactions were assessed using NetworkAnalyst (Zhou et al., 2019); all genes were used as

input.

Lentiviral vectors
A pLVX-EF1a-IRES-mCherry lentiviral expression vector construct was commercially obtained (Clontech 631987) and used as con-

trol. A truncated, dominant-negative REST (Bergsland et al., 2006; Chen et al., 1998) was generated, and cloned to include a V5 tag.

This construct was subcloned into the expression vector to generate a pLVX-EF1a-dnREST-V5-IRES-mCherry.

Lentiviruses were produced in 293T cells using PEI and ultracentrifugation, following established protocols (TANG et al., 2015), and

was resuspended in PBS into small aliquots. Live titre confirmed achieving a minimum concentration of 1.2E+09 TU/mL.
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For use in vitro, passaged cells at P2 were infected with lentiviral particles at a multiplicity of infection (MOI) of 30, before neuro-

sphere differentiation after 5–7 days.

Stereotaxic injections
Bilateral injections of lentivirus were performed at the uOttawa Surgery Core by Dr. Anthony Carter. In order to target the SGZ, len-

tiviruses were bilaterally injected into the dentate gyrus following published co-ordinates (Xi et al., 2016):�1.7mm anterior/posterior,

±1.2 mediolateral, �2.4mm dorsoventral from Bregma; injection volume was 1.0 mL, at a rate of 0.2 mL/min.

Western Blot
Cell pellets of cultured adult NSCs were solubilized in a lysis buffer containing 20 mM Tris pH 6.8, 6M urea and 0.1% SDS (Liu et al.,

2010). 20 ug of proteins were separated on 10% SDS-PAGE. After transfer and blocking, membranes were incubated with primary

antibodies overnight at 4�C, washed 3 times with TTTBS buffer (Tris-buffered saline, TBS with 0.05% Triton X-100 and 0.05% Tween

20), incubated with HRP-tagged secondary antibody for 1 h, and washed at room temperature. Alternatively, b-actin blot was incu-

bated for 1 h at room temperature. Finally, signal was developed using Clarity Enhanced chemiluminescence Western Blotting Sub-

strate (BioRad). Antibodies used in Western Blot are listed in Table S1. Western blot bands were quantified using Image J.

ChIP
ChIP assays followed by quantitative real-time PCR (qPCR) were performed as previously described (Julian et al., 2016; Liu et al.,

2010). Briefly, neurosphere cultures were prepared from wild-type, Rb-THC or Rb-TKO mice at 8–10 weeks of age as described

above, proliferating neurospheres were triturated, cross-linked with formaldehyde, lysed, sonicated, and centrifuged at

14,000 3 g to remove cellular debris. 10 mg of 30 min cross-linked chromatin and 0.8 mg of antibodies were used in ChIP assays.

Antibodies are listed in Table S1, and qPCR primers are listed in Table S4.

ChIP-seq analysis
ChIP-seq data on REST in rat cells (QNP and TAP) were performed by (Mukherjee et al., 2016) and obtained from NCBI as Short

Reads Archive under accession number SRP060618. ChIP-seq data on Rest in different human cells were performed by

ENCODE (Davis et al., 2018; Dunham et al., 2012) and obtained from NCBI under accession numbers SRP008797 (ECC-1,

GM12878, H1-hESC, H1-neurons, HCT-116, HeLa-S3, HepG2, HL-60, k562, MCF-7, PANC-1, PFSK-1, SK-N-SH) and

SRP012412 (A549, GM23338, H1-hESC, HEK293 eGFP-REST, K562, K562 eGFP-REST). Sequencing read data were analyzed

following ENCODE pipeline. Conditions with more than one technical or biological replicates were combined into single FastQ files.

Human data were aligned to the GRCh38 (hg38) version of the human genome, while rat data were aligned to the Rnor_6.0 (rn6)

version of the rat genome.

QUANTIFICATION AND STATISTICAL ANALYSIS

For cell quantification in the adult SGZ, every ninth section throughout the DG was quantified and counts were summed and multi-

plied by 9 to generate an estimate of the total number of cells in the DG. For cell quantification in the adult SVZ, given the larger

structure, every eighteenth section throughout the SVZ was quantified and counts were summed and multiplied by 18 to generate

an estimate of the total number of cells in the SVZ.

Statistical details of all experiments can be found in the figure legends. All statistical comparisons in this study were performed

using an unpaired two-tailed Student’s t-test, with the exception of Figure 6F, which employs a paired two-tailed Student’s t-test.

Differences were considered significant with a p value of <0.05 (*), **p < 0.01, ***p < 0.001, ****p < 0.0001. Unless otherwise stated,

all data is presented as the arithmetic mean, plus or minus the standard deviation of the mean (mean ± SD). For each experiment, a

minimum of 3 animals per genotype were used, with N referring to biological replicates. Prism 9.4.0 (Graphpad) was used to perform

statistical analysis.
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