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SUMMARY

Neural stem cells (NSCs) in the adult mouse hippocampal dentate gyrus (DG) are mostly quiescent,
and only a few are in cell cycle at any point in time.
DG NSCs become increasingly dormant with age
and enter mitosis less frequently, which impinges
on neurogenesis. How NSC inactivity is maintained
is largely unknown. Here, we found that Id4 is a
downstream target of Notch2 signaling and maintains DG NSC quiescence by blocking cell-cycle entry. Id4 expression is sufficient to promote DG NSC
quiescence and Id4 knockdown rescues Notch2induced inhibition of NSC proliferation. Id4 deletion
activates NSC proliferation in the DG without evoking
neuron generation, and overexpression increases
NSC maintenance while promoting astrogliogenesis
at the expense of neurogenesis. Together, our findings indicate that Id4 is a major effector of Notch2
signaling in NSCs and a Notch2-Id4 axis promotes
NSC quiescence in the adult DG, uncoupling NSC
activation from neuronal differentiation.
INTRODUCTION
Neurogenic neural stem cells (NSCs) persist in the adult mouse
brain in the ventricular subventricular zone (V-SVZ) of the lateral
ventricles and the subgranular zone (SGZ) of the hippocampal
dentate gyrus (DG) (Kempermann, 2011; Zhao et al., 2008). Neurogenesis continues in the brain of human neonates and,
although controversial, also in the DG of adults (Boldrini et al.,
2018; Knoth et al., 2010; Moreno-Jiménez et al., 2019; Sorrells
et al., 2018). Most NSCs in the adult murine V-SVZ and DG
niches divide rarely and are in a quiescent state. Once activated,
quiescent NSCs enter the cell cycle and start neurogenesis (Pilz
et al., 2018). Activated adult NSCs self-renew to maintain
the stem cell pool, generate committed mitotic progenitors to
expand the precursor population, and differentiate into neuroblasts and glia (Gage, 2000; Ihrie and Alvarez-Buylla, 2011).
Adult neurogenesis in the DG is important for spatial memory
but is also implicated in disease, including depression and epi-

lepsy (Clelland et al., 2009; Toda et al., 2019; Zhao et al.,
2008). To sustain niche homeostasis and continuous neurogenesis, adult NSC maintenance and their differentiation are tightly
regulated by extrinsic environmental signals and intrinsic genetic
factors. Notch signaling is one of the critical niche pathways
regulating NSC fate (Ables et al., 2010; Andersen et al., 2014; Basak et al., 2012; Breunig et al., 2007; Ehm et al., 2010; Giachino
et al., 2014; Imayoshi et al., 2010; Lugert et al., 2010; Nyfeler
et al., 2005). The four mammalian Notch paralogs contain proteolytic cleavage sites essential for maturation and activation
upon ligand binding (Mumm and Kopan, 2000). The activated
and cleaved Notch intracellular domain (NICD) is released into
the cytoplasm, traverses to the nucleus, and interacts with the
DNA-binding CSL protein (Rbpj in mice). The Notch/Rbpj transcriptional regulator complex activates expression of target
genes including Hes and Hey family members. The Hes/Hey
genes encode basic helix-loop-helix transcription factors that
inhibit the expression of the proneural genes and prevent
neuronal differentiation while maintaining the NSC pools (Kopan
and Ilagan, 2009).
Most analyses of Notch signaling during adult DG neurogenesis investigated the role of Notch1 and its transcriptional
effector Rbpj (Ables et al., 2010; Basak et al., 2012; Breunig
et al., 2007; Ehm et al., 2010; Imayoshi et al., 2010). Deletion
of Rbpj leads to a transient burst in the proliferation and
production of intermediate progenitors and neuroblasts, and
depletes NSCs through accelerated exhaustion of the NSC
reservoir (Ables et al., 2010; Andersen et al., 2014; Ehm et al.,
2010; Imayoshi et al., 2010; Lugert et al., 2010). It is currently
unknown whether NSC activation and the increase in
neurogenesis observed following Notch inhibition are linked.
However, the current view is that once activated, NSCs will
differentiate after a few cell divisions. Due to their extensive
homology, Notch1 and Notch2 were thought to play redundant
roles in mediating Notch signaling in the nervous system.
However, recent evidence indicates that Notch1 and Notch2
could play different roles, particularly in neurogenesis in the
adult V-SVZ. Deletion of Notch1 results in a selective loss
of active but not quiescent NSCs, while Notch2 maintains
V-SVZ NSC quiescence, although the mechanism downstream
of Notch2 remains unclear (Engler et al., 2018). Despite Notch2
being highly expressed in the SGZ of the adult mouse DG, its
role in DG neurogenesis is not known.
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Here, we investigated the potential mechanisms controlling
NSC entry into cell cycle and the functions Notch2 and its downstream targets play in adult DG neurogenesis. We found that
Notch2 maintains NSC quiescence and Notch2 loss of function
induces proliferation and increases neurogenesis even in the
hippocampus of aged mice. We discovered that the Id4 gene
is downstream of Notch2 and that Id4 blocks NSC activation,
inducing gliogenesis at the expense of neurogenesis in vivo.
Furthermore, reduction in Id4 expression rescues NSC proliferation even when Notch2 signaling is activated. Conversely, Id4
ablation results in NSC activation and cell-cycle entry without
induction of neurogenesis, uncoupling proliferation and differentiation. Thus, our findings suggest that the Notch2-Id4 axis
controls NSC quiescence and its inhibition could potentially
counteract the aging-associated decline in neurogenesis.
RESULTS
Notch2 Deletion Increases Progenitor Proliferation and
Neuron Generation but Results in Precocious Progenitor
Exhaustion
In order to investigate the role of Notch2 in adult hippocampal
neurogenesis, we initially examined its expression in the SGZ.
Notch2 was mainly expressed by glial fibrillary acid protein
positive (GFAP+) putative quiescent NSCs with radial glial
morphology (Figure S1A). This was confirmed by acute conditional lineage tracing of Notch2 expression in tamoxifen-induced
Notch2::CreERT2-SAT, Rosa26R-CAG::tdTomato reporter mice
(Figure S1B) (Fre et al., 2011). 64.5% ± 3.5% of the tdTomatolabeled cells in the SGZ had a radial NSC morphology and expressed GFAP, whereas only 11.5% ± 0.7% of the tdTomato+
cells expressed doublecortin (Dcx) and 18.2% ± 3.5% were
mitotically active (proliferating cell nuclear antigen: PCNA+)
6 days after initiating lineage tracing (Figure S1C). Thus, most
Notch2+ cells in the SGZ of the adult DG are putative quiescent
NSCs. NSC activation is associated with the expression of brain
lipid binding protein (BLBP) (Giachino et al., 2014). Therefore,
quiescent and active DG NSCs can be distinguished in
Hes5::GFP, BLBP::mCherry (BLBP::mCher) double transgenic
reporter mice, where quiescent NSCs express Hes5::GFP but
not BLBP::mCher and active NSCs express both (Giachino
et al., 2014). 74.8% ± 3.1% of the Hes5::GFP+BLBP::mCherquiescent NSCs expressed Notch2 whereas only 52.5% ±
1.6% of the Hes5::GFP+BLBP::mCher+ active NSCs expressed
detectable levels of Notch2 protein (Figure S1D). These data
suggested that Notch2 is mainly expressed by quiescent cells
within the adult DG NSC pool.
To address the functions of Notch2 in adult DG NSCs and during hippocampal neurogenesis, we conditionally deleted Notch2
in adult Hes5::CreERT2 Notch2lox/lox mice (Notch2 conditional
knockout [CKO]), and traced the DG NSCs and their progeny
with a Rosa26R-CAG::GFP Cre-reporter (Figures 1A and S1E)
(Besseyrias et al., 2007; Lugert et al., 2012; Tchorz et al.,
2012). 1 day after tamoxifen induction, expression of Notch2
mRNA by fluorescent activated cell sorted (FACSed) GFP+ cells
isolated from the DG was reduced to approximately 20% of
that of control cells (Figure S1F). In addition, and unlike in
the control mice, Notch2 protein was not detectable on GFP+
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Hes5::CreERT2-derived cells in the SGZ of Notch2 CKO animals
(Figure S1G). 21 days after tamoxifen treatment, the production
of GFP+ cells, including proliferating progenitors (GFP+PCNA+),
newborn neuroblasts (GFP+Dcx+), and neurons (GFP+NeuN+),
was significantly increased in the Notch2 CKO (Figures 1B, 1C,
and S2A). Quantification revealed a relative elevation in proliferating radial NSCs (GFP+rGFAP+PCNA+) and a concomitant
reduction in the total GFAP+ radial NSCs (rGFAP) within the
GFP+ population in the Notch2 CKO compared to controls (Figures 1C and S2A). Notch2 CKO also resulted in an increase in
neuroblast (GFP+Dcx+) formation relative to the size of the
NSCs (GFP+rGFAP+) population without changing the ratio of
newly generated neuroblasts (GFP+Dcx+) to differentiated neurons (GFP+NeuN+) (Figure S2B). Notch2 CKO did not induce a
significant change in astrocyte formation in the DG (Figure S2C).
Thus, loss of Notch2 promoted a transition from NSC to mitotic
progenitors and immature neurons without affecting the rate of
conversion of neuroblasts to neurons.
100 days after tamoxifen treatment, rGFAP+ NSCs were
significantly reduced in the Notch2 CKO compared to controls,
suggesting an onset of NSC exhaustion, but the remaining
rGFAP+ cells were still able to enter cell-cycle (Figures 1D,
1E, and S2D). Neuroblasts (GFP+Dcx+) and proliferating progenitors (GFP+PCNA+) were also reduced after 100 days in
the Notch2 CKO and the total number of GFP+ cells in the
SGZ had returned to control levels (Figures 1D, 1E, and S2D).
The number of newly formed neurons (GFP+NeuN+) was still
increased in the Notch2 CKO at this time, but the number of astrocytes (GFP+S100b+) was not significantly changed (Figures
1D, 1E, S2D, and S2E). Therefore, Notch2 CKO induces a
rapid reduction in quiescent NSCs and an increase in proliferative progenitors, as well as neuroblasts, followed by a putative
premature exhaustion of NSCs and neurogenic decline by
100 days.
Notch2 Activation Maintains Quiescent NSCs and
Decreases Neuroblast Production
We addressed the effects of activating Notch2 signaling in DG
NSCs by conditionally expressing the active form of Notch2
(Notch2ICD) from the Rosa26 locus (Tchorz et al., 2009). We
intercrossed mice to generate Hes5::CreERT2 Rosa26R-CAG::
floxed-STOP-Notch2ICD Rosa26R-CAG::GFP mice and induced
Notch2ICD expression in DG NSCs by tamoxifen treatment. The
fate of the Hes5::CreERT2-derived cells was traced by following
GFP expression from the Cre-inducible Rosa26R-CAG::GFP reporter (Figure S3A). Constitutive activation of Notch2ICD
reduced the production of GFP+ progeny in the DG at 21 days
post-tamoxifen treatment and, although the total number of
rGFAP+ NSCs did not change, the proportion that entered
mitosis (GFP+rGFAP+PCNA+) was reduced (Figures S3B–S3D).
In addition, Notch2ICD reduced the generation of mitotic
progenitors (GFP+PCNA+), neuroblasts (GFP+Dcx+), and neurons
(GFP+NeuN+), but did not affect S100b+ astrocyte numbers
compared to controls (Figures S3B–S3D). The proportion of
GFP+ Hes5::CreERT2-derived rGFAP+ was increased in Notch2ICD-expressing mice (Figure S3D). The ratio of newly generated
neuroblasts (GFP+Dcx+) to GFP+rGFAP+ NSCs was also reduced,
suggesting a decreased production of differentiated progeny and

Figure 1. Notch2 Maintains NSC Quiescence and Long-Term Neurogenesis in the
Adult Hippocampus
(A) Scheme of the tamoxifen-induced Hes5::
CreERT2-mediated Notch2 CKO with 21- and
100-day lineage chases in adult mice.
(B) Immunostaining of the progeny of lineagetraced Hes5::CreERT2-expressing NSCs (GFP+) in
the DG of control and Notch2 CKO animals 21 days
after tamoxifen treatment. Nuclei are stained with
4’,6-diamidino-2-phenylindole (DAPI; blue).
(C) The percentages of genetically labeled GFP+
cells that are rGFAP+, PCNA+, Dcx+ and NeuN+ in
the control and Notch2 CKO DG 21 days after
tamoxifen treatment.
(D) Immunostaining of the progeny of lineagetraced Hes5::CreERT2-expressing NSCs (GFP+) in
the DG of control and Notch2 CKO animals
100 days after tamoxifen treatment. Nuclei are
stained with DAPI (blue).
(E) The percentages of genetically labeled GFP+
cells that are rGFAP+, PCNA+, Dcx+, and NeuN+ in
the control and Notch2 CKO DG 100 days after
tamoxifen treatment.
GFAP+, radial NSCs; PCNA+, proliferating progenitors; Dcx+, newborn neuroblasts; NeuN+,
newborn neurons. Data are means ± SEM (n = 3–4
mice; t test *p < 0.05, **p < 0.01, ***p < 0.001).
Scale bar, 30 mm.
See also Figures S1, S2, S3, and S4.

NSC proliferation (GFP+PCNA+rGFAP+)
and neuroblast (GFP+Dcx+) formation (Figures S4B–S4D).

retention in a quiescent NSC state (Figure S3E). However, the rate
of transition of newly generated neuroblasts (GFP+Dcx+) to differentiated neurons (GFP+NeuN+) was not affected, indicating that
the Notch2ICD effects were mainly during the NSC activation
stage of neurogenesis (Figure S3E).
To compare the early effects of Notch2 loss and gain of function,
we analyzed changes in the DG cell lineages 2 days after Notch2
CKO, or Notch2ICD expression (Figure S4A). Notch2ICD expression resulted in a reduction in the number of GFP+ cells within
2 days (Figures S4B and S4C). In addition, expression of Notch2ICD reduced proliferation of rGFAP NSCs (GFP+PCNA+rGFAP+)
and resulted in a concomitant decline in intermediate progenitors (GFP+Ascl1+), and neuroblasts (GFP+Dcx+) (Figures S4B–
S4D). Conversely, Notch2 CKO rapidly increased rGFAP

Manipulating Notch2 in Quiescent
NSCs, but Not Mitotic Progenitors,
Affects Neurogenesis
The DG niche contains quiescent
GFAP+ radial NSCs and actively dividing
GFAP NSCs and progenitors. To distinguish Notch2 functions in quiescent
NSCs and proliferating progenitors in
vivo, we infected the DG of adult
Notch2lox/lox Rosa26R-CAG::GFP mice
with Adeno-gfap::Cre and Retro-Cre viruses (Rolando et al., 2016). Adeno-gfap::Cre viruses express
Cre-recombinase in GFAP+ cells including radial NSCs of the
DG (Merkle et al., 2007; Rolando et al., 2016). Adeno-gfap::
Cre-mediated Notch2 CKO from rGFAP+ NSCs increased
proliferating GFP+rGFAP+ NSCs, GFP+Tbr2+ intermediate
progenitors, and newborn GFP+Dcx+ neuroblasts in the DG
compared to control (Figures 2A–2C). In addition, we observed
a very strong trend (p = 0.06) to an increase in total mitotic cells
(GFP+PCNA+) in the SGZ (Figures 2B and 2C). By contrast,
Retro-Cre virus infection to delete Notch2 from mitotically
active progenitors in the DG did not affect neuroblast
(GFP+Dcx+) formation or the generation of GFP+NeuN+ neurons
(Figures 2D–2F). After a 21-day chase, we did not observe
mitotic GFP+PCNA+ cells in the DG of control or Notch2 CKO
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mice, which reflects the targeting of transient intermediate progenitors with the Retro-Cre virus.
We assessed the effects of Notch2 gain of function on
the different progenitor populations using the same paradigms by infecting the DG of Rosa26R-CAG::floxed-STOPNotch2ICD and Rosa26R-CAG::GFP control mice with Adenogfap::Cre and Retro-Cre viruses. Adeno-gfap::Cre-mediated
activation of Notch2ICD expression in GFAP+ DG NSCs
reduced proliferating GFP+PCNA+rGFAP+ NSCs, GFP+Tbr2+ intermediate progenitors, and newborn GFP+Dcx+ neuroblasts,
and strongly reduced the generation of GFP+PCNA+ proliferating cells (Figures 2A–2C). By contrast, Retro-Cre-mediated
activation of Notch2ICD expression in mitotic progenitors did
not affect the production of neuroblasts (GFP+Dcx+) or neurons
(GFP+NeuN+) from the infected progenitors (Figures 2D–2F).
Thus, Notch2 signaling mainly plays roles in quiescent NSCs
but not in mitotic progenitors to regulate proliferation and DG
neurogenesis.

Figure 2. Notch2 Knockout or Overexpression in Quiescent NSCs,
but Not Mitotic Progenitors, Affects Neurogenesis
(A) Scheme of the Adeno-gfap::Cre infection of control, Notch2 CKO, and
Notch2ICD-expressing GFAP+ NSCs (GFP+) in the DG and lineage-tracing
after 21 days.
(B) Immunostaining of control, Notch2 CKO, and Notch2ICD-expressing NSCs
and their progeny 21 days after Adeno-gfap::Cre infection. Nuclei are stained
with DAPI (blue).
(C) Quantification of control, Notch2 CKO, and Notch2ICD-expressing NSCs
and their progeny 21 days after Adeno-gfap::Cre infection.
(D) Analysis scheme of lineage-traced Retro-Cre infected control, Notch2 CKO,
and Notch2ICD-expressing mitotic progenitors (GFP+) in the DG after 21 days.
(E) Immunostaining of control, Notch2 CKO, and Notch2ICD-expressing
neuroblasts and newborn neurons in the DG 21 days after Retro-Cre infection.
Nuclei are stained with DAPI (blue).
(F) Quantification of control, Notch2 CKO, and Notch2ICD-expressing neuroblasts and newborn neurons in the DG 21 days after Retro-Cre infection.
PCNA+, proliferating cells; Tbr2+, intermediate progenitors; Dcx+, newborn
neuroblasts. Data are means ± SEM (n = 3–5 mice; two-tailed unpaired t test
was used to compare Notch2 CKO or Notch2ICD with control, *p < 0.05, **p <
0.01, ***p < 0.001; one-way ANOVA was used to compare among three
genotypes, #p < 0.05, ##p < 0.01, ###p < 0.001, the significance of multiple
comparisons across the genotypes is shown in the extended data table). Scale
bar, 30 mm.
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Conditional Knockout of Notch2 Rejuvenates
Neurogenesis in the Aged DG
The DG shows an age-related decrease in neurogenesis,
which likely contributes to some aspects of geriatric cognitive
decline (Artegiani and Calegari, 2012; Bizon et al., 2004; Galvan and Jin, 2007; Kempermann et al., 2002). Although proliferating progenitors and newborn neurons are rare in the
aged DG, some Hes5+ dormant NSCs remain (Lugert et al.,
2010). We addressed whether Notch2 plays a role in NSC
quiescence in the aged mouse brain. We induced Notch2
CKO in 15-month-old Hes5::CreERT2 Notch2lox/lox Rosa26RCAG::GFP mice by tamoxifen treatment and analyzed neurogenesis 21 days later (Figure 3A).
Notch2 CKO in aged mice increased GFP+ cells and proliferating GFP+PCNA+ progenitors in the DG, which is indicative
of activation of proliferation (Figure S5A). To address proliferation in detail, we administered bromodeoxyuridine (BrdU) to
the mice via the drinking water for the first 12 days, including
during the tamoxifen treatment, and chased for 21 days. As
expected, BrdU incorporation in the SGZ of control mice
was very low. However, BrdU-labeled newly generated cells
were significantly increased in the Notch2 CKO mice
compared to controls (Figures 3B, 3C, and S5A). In addition,
16.2% ± 2.6% of the GFP+ Hes5::CreERT2-derived cells in
the Notch2 CKO were BrdU-labeled, indicating that they had
been generated following cell division and not by direct differentiation (Figures 3B and 3C). Moreover, Notch2 CKO from
DG NSCs of aged mice induced neuroblast (GFP+Dcx+) and
neuron (GFP+NeuN+) production, and reduced the proportion
of rGFAP NSCs in the GFP+ population but not the total number of GFP+rGFAP+ cells compared to control (Figures 3B, 3C,
and S5A). The generation of mitotic progeny and GFP+PCNA+
cells showed a strong tendency toward an increase (p = 0.06;
Figures 3B, 3C, and S5A). As in younger adults, Notch2 CKO
in aged mice resulted in increased neuroblast formation
without changing the ratio of newly generated neuroblasts
(GFP+Dcx+) to differentiated neurons (GFP+NeuN+) (Figure S5B). These results suggested that Notch2 is required for NSC quiescence throughout aging, and blocking

Figure 3. Notch2 Deletion Rejuvenates
Neurogenesis in the Aged Hippocampus
(A) Scheme of the tamoxifen-induced Hes5::
CreERT2-mediated control and Notch2 CKO, BrdU
administration, and 21-day lineage tracing in aged
mice.
(B) Immunostaining of the progeny of lineagetraced Hes5::CreERT2-expressing control and
Notch2 CKO NSCs in the DG of aged mice, 21 days
after tamoxifen treatment. Nuclei are stained with
DAPI (blue) except in the BrdU analysis.
(C) The percentages of genetically labeled GFP+
cells that are rGFAP+, PCNA+, Dcx+, NeuN+, and
BrdU-incorporated cells in the aged DG of control and Notch2 CKO 21 days after tamoxifen
treatment.
PCNA+, proliferating progenitors; BrdU+, new
generated cells; Dcx+, newborn neuroblasts;
NeuN+, newborn neurons. Data are means ±
SEM (n = 3–4 mice; t test *p < 0.05, **p < 0.01,
***p < 0.001). Scale bar, 30 mm.
See also Figure S5.

Notch2-mediated repression of NSC proliferation in the aged
brain can rejuvenate neurogenesis.
Conditional Knockout of Notch2 Results in Precocious
Aging of the DG
We addressed the consequences of Notch2 deletion on the aging
of the DG. We induced Notch2 CKO in Hes5::CreERT2 Notch2lox/lox
Rosa26R-CAG::GFP mice by tamoxifen treatment at 8 weeks of
age and analyzed the DG 10 months later (Figure S5C). 10 months
after tamoxifen treatment, Notch2 CKO animals showed a reduction in the density but not complete loss of GFP+rGFAP+ NSCs
(Figures S5D and S5E). Mitotic cells (GFP+PCNA+) had returned
to control levels compared to the elevation seen at earlier chase
times after Notch2 CKO, and neuroblast (GFP+Dcx+) production
from Notch2 CKO NSCs was reduced at 10 months (Figures
S5D–S5F). Although the number of newly generated neurons
(GFP+NeuN+) per mm2 was similar in the Notch2 CKO compared
to control, the proportion of GFP+ cells that expressed NeuN+ remained high, likely due to the previous wave of differentiation
(Figures S5D–S5F). Thus, the NSC pool was not completely exhausted, even after 10 months, but the production of new neurons
had declined (Figures S5E and S5F).
In control animals the density of Hes5::CreERT2-derived
GFP+rGFAP+ NSCs remained constant until approximately
6 months of age, and declined thereafter (100–300 days; Figure S5G). By contrast, Notch2 CKO resulted in a precocious
reduction in GFP+rGFAP+ NSC density even before 6 months
of age (100 days; Figure S5G). As the density of GFP+rGFAP+
NSCs 300 days after Notch2 CKO is comparable to that in
15-month-old control mice, Notch2 CKO results in premature
aging and NSC loss (Figure S5G).

Notch2 Downregulates Cell-Cycle
Genes and Active NSC Markers but
Induces Quiescent NSC Markers
To investigate the mechanisms by which
Notch2 maintains DG NSC quiescence,
we performed RNA-sequencing (RNA-seq) gene expression
profiling of control (Rosa26R-CAG::GFP) and Notch2 CKO
GFP+ Hes5::CreERT2-derived cells isolated from the DG 1 day
after tamoxifen treatment (Figures 4A and S6A–S6D). We
compared three control and Notch2 CKO samples by supervised
variational relevance learning (Suvrel) to identify the largest
differences caused by the Notch2 mutation while reducing technical or individual variations (Boareto et al., 2015). Principlecomponent analysis (PCA) of the differentially expressed genes
(DEGs) in the RNA-seq data showed clear separation of the control and Notch2 CKO samples based on PCA1 and PCA2, which
covered > 90% of the variance (Figure 4B). Among the top 1,000
DEGs, 839 genes were upregulated and 161 were downregulated in the Notch2 CKO samples (Figures 4C and 4D; Table
S3, tab A). Gene Ontogeny analysis of the 839 upregulated
genes by the Database for Annotation, Visualization and Integrated Discovery (DAVID) revealed mitosis and cell cycle as
the most enriched terms and the top 20 cell-cycle-related genes
encoded cyclins, DNA replication regulators, spindle orientation and microtubule binding proteins, proteins involved in
sister chromatid organization, centromere binding proteins,
and mitotic checkpoint proteins (Figures 4E and 4F; Table S3,
tab B) (Huang da et al., 2009).
We focused on the DEGs that have been previously linked to
NSC quiescence and activation (Shin et al., 2015). After Notch2
CKO, quiescent NSC-associated genes including Hopx and Id4
were downregulated (Figure 4G). By contrast, genes associated
with NSC activation or proliferative progenitors, including Egfr
and Tbr2, were upregulated (Figure 4G). We confirmed the regulation of these genes after Notch2 CKO by qRT-PCR analysis on
independent RNA samples (Figure 4H). Together, these data
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suggested that loss of Notch2 drives NSCs into an active and
proliferative state, and genes associated with mitosis are
induced whereas genes associated with quiescent NSCs are
downregulated.
Id4 Is a Direct Target of Notch2 Signaling
We isolated and cultured adult DG NSCs from control (Rosa26RCAG::GFP) and conditional Notch2ICD-expressing mice
(Rosa26R-CAG::floxed-STOP-Notch2ICD Rosa26R-CAG::GFP)
and infected them with Adeno-Cre viruses to induce recombination and GFP expression from the Rosa26R-CAG::GFP locus
and myc-tagged Notch2ICD from the Rosa26R-CAG::floxedSTOP-Notch2ICD locus (Figure 5A) (Rolando et al., 2016; Tchorz
et al., 2009). Almost all control (GFP+) and Notch2ICD-expressing DG NSCs expressed the NSC/neural progenitor cell (NPC)
markers Sox2 and Nestin (Figures S7A and S7B). Notch2ICDexpressing DG NSCs showed a reduction in BrdU incorporation
after a 4-h pulse prior to fixation and fewer cells expressed Ki67,
suggesting Notch2ICD had induced cell-cycle exit (Figures S7C
and S7D).
We examined the expression of some of the DEGs identified
from the Notch2 CKO RNA-seq analysis. Unsurprisingly, Hes5,
a canonical Notch target gene, was upregulated > 40-fold by
Notch2ICD-expressing NSCs and Id4 expression increased >
10-fold (Figure 5B). These results are in agreement with the
finding that Notch2 CKO led to downregulation of Id4 mRNA
(Figures 4G and 4H). Conversely, cell-cycle genes and other
stem cell markers were not significantly changed following
Notch2ICD expression in vitro (Figure 5B). Thus, Notch2 regulates Id4 expression by NSCs at the transcriptional level.
By genome analysis, we identified two putative Rbpj-binding
motifs between base pairs 496 and 699 upstream of the Id4
transcription start site (Figures S7E and S7F). Therefore, we
analyzed whether Id4 is a direct Notch2 target and performed
Notch2ICD chromatin immunoprecipitation (ChIP)-PCR assays
from the Notch2ICD-expressing DG NSCs (Figure 5A). The
Hes5 promoter was enriched > 20-fold in the Notch2ICD ChIP
from DG NSCs, supporting activation of canonical Notch
signaling upon expression of Notch2ICD and direct occupancy
of the promoter (Figure 5C). The Id4 promoter was enriched
5-fold by Notch2ICD ChIP in Notch2ICD-expressing cells

compared to control cells and to the intergenic Nrk region (Figure 5C). These data indicate that the Id4 gene is a direct target
of Notch2 signaling.
Id4 Promotes DG NSC Quiescence in Culture
To test if Id4 regulates NSC activity, we expressed Id4 in cultured
adult DG NSCs (Id4-IRES-TagRFP) by nucleofection and
analyzed the cells after 48 h. Id4 overexpression resulted in a significant reduction in the number of Ki67-expressing cells and
thus increased cell-cycle exit (Figures 5D and 5E). This suggested that Id4 expression can drive NSCs into a quiescent
state, consistent with being an effector of Notch2 signaling in
DG NSCs. Therefore, we addressed whether Id4 plays a role in
Notch2-induced DG NSC quiescence and knocked down Id4
expression with locked nucleic acid (LNA) probes in Notch2ICD-expressing and control DG NSCs (Figure 5F). Id4 LNA treatment reduced Id4 mRNA levels in Notch2ICD-expressing DG
NSCs by > 60%, and increased EdU incorporation by Notch2ICD-overexpressing cells (Figures 5G–5I). Hence, Id4 knockdown resulted in a partial rescue of the proliferative defect in
DG NSCs induced by Notch2ICD expression.
Notch2 Regulates Id4 Expression in the Adult DG
To further validate Id4 regulation by Notch2 in the adult DG
in vivo, we immunostained for Id4 and GFAP in control, Notch2
CKO, and Notch2ICD mice in vivo 2 and 21 days after tamoxifen
administration (Figures 6A–6E). Id4 was expressed by rGFAP+
NSCs. GFP+rGFAP+Id4+ NSCs were significantly reduced in
the DG of Notch2 CKO at both 2 and 21 days and increased in
Notch2ICD animals 21 days post-tamoxifen treatment, indicating maintenance of Id4 expression by Notch2 signaling (Figure 6B). In addition, GFP+rGFAP+Id4 NSCs were increased
2 days after Notch2 CKO and showed a trend toward reduction
upon expression of Notch2ICD (Figure 6C). Thus, loss of Id4+
cells correlated with a transient enrichment in GFP+GFAP+Id4
cells and accumulation of GFP+GFAP Id4 populations in the
DG 21 days after Notch2 CKO. GFP+GFAP Id4 -differentiated
cells were significantly increased by Notch2 CKO and reduced
in Notch2ICD animals after a 21-day chase (Figure 6D).
The population of proliferating NSCs (GFP+rGFAP+PCNA+)
paralleled the transient increase in GFP+GFAP+Id4 NSCs

Figure 4. Notch2 Signaling Promotes Expression of Quiescent NSC Markers and Represses Cell-Cycle-Related Genes
(A) Scheme of sample preparation for RNA-seq analysis. Control (Hes5::CreERT2 Rosa26R-CAG::GFP) and Notch2 CKO (Notch2lox/lox, Hes5::CreERT2, Rosa26RCAG::GFP) adult mice were induced with tamoxifen for 5 days (5d) and sacrificed 24 h later (1d). GFP+ DG cells were sorted by FACS and processed for Smartseq2 RNA-seq analysis. RNA-seq was performed on 3 independent samples of cells pooled from 4 to 5 mice.
(B) Principle-component analysis after applying supervised variational relevance learning (Suvrel) distinguishes control and Notch2 CKO GFP+ Hes5::CreERT2derived cell population.
(C) Pie chart of the regulations of the top 1,000 differentially expressed genes (Notch2 CKO/Control).
(D) Heatmap of the top 1,000 differentially expressed genes shown as a z score. The ranking of the genes was based on Suvrel (see STAR Methods).
(E) Gene Ontology (GO) analysis of the 839 upregulated genes in Notch2 CKO cells (the smaller the p value, the more highly enriched; percentage of differentially
regulated genes/total genes in the term).
(F) The top 20 differentially expressed cell-cycle-related genes from the GO analysis.
(G) Expression of the cell-cycle-related genes Ccna1 and Ccne1, the epidermal growth factor receptor (EGFR), the transcription factors Tbr2 and Hopx, and Id4
based on counts from the RNA-seq expression analysis.
(H) Quantitative PCR analysis of gene expression on independent samples of FACSed GFP+ DG cells from control and Notch2 CKO mice. Cell-cycle-related
genes (Ccna1 and Ccne1), NSC activation regulators (Egfr and Tbr2), and NSC quiescence-related genes (Hopx and Id4).
Expression levels in (G) are presented as the log2(TPM+1). Data in (H) are presented as mean ± SEM (n = 3 biological replicates; t test *p < 0.05, **p < 0.01).
See also Figure S6.
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Figure 5. Notch2 Directly Regulates Id4 to Promote NSC Quiescence In Vitro
(A) Scheme of in vitro analysis of Notch2ICD-overexpressing DG NSCs. Adherent DG NSCs were derived from adult mice carrying Rosa26R-CAG::floxed-STOPNotch2ICD and Rosa26R-CAG::GFP allele alone (control). The cells were infected with Adeno-Cre viruses and recombination controlled by the expression of
GFP. NSC cultures were collected and used for phenotypic, gene expression, and ChIP-PCR analysis.
(B) Relative mRNA expression of Ccna1, Ccne1, Egfr, Hes1, Hes5, Hopx, Id2, and Id4 in control and Notch2ICD-expressing DG NSCs 48 h of Adeno-Cre infection.
Hes genes and other putative Notch2-regulated targets selected from Notch2 CKO RNA-seq data were examined.
(C) Chromatin immunoprecipitation of Rosa26R-CAG::floxed-STOP-Notch2ICD, which carries a Myc epitope, with anti-Myc antibodies. Notch2ICD binds the
promoters of Hes5 and Id4. Expression is relative to Myc antibody ChIP from control cells. The Nrk intergenic region is not bound by Notch2ICD and was used as a
negative control. The error bar represents SEM from three independent ChIP experiments with independent samples.
(D) Overexpression of Id4 internal ribosome entry site (IRES) tRFP in adult DG NSCs (tRFP, red) or tRFP alone (IRES tRFP) and immunostained for the proliferation
marker Ki67. Nuclei are stained with DAPI (blue). Arrowheads indicate Ki67+tRFP+ cells.
(E) Quantification of Ki67+ cells by Id4 IRES tRFP overexpressing (Id4 OE) and IRES tRFP only expressing control cells.
(F) Scheme of the analysis of Id4 function in Notch2ICD-induced NSC quiescence in vitro. Id4 KD with locked nucleic acid (LNA) probe and Notch2ICD expression
24 h later by Adeno-Cre infection of DG NSCs from Rosa26R-CAG::floxed-STOP-Notch2ICD Rosa26R-CAG::GFP (Notch2ICD) and Rosa26R-CAG::GFP
(control) mice. NSCs were analyzed 48 h after Adeno-Cre infection. LNA transfection was monitored by expression of pCAGGS::mCherry (mCherry).
(G) Quantitative PCR analysis and relative expression of Id4 expression from sorted GFP mCherry double-positive cells. LNA Id4 reduces Id4 mRNA levels in
Notch2ICD-expressing cells compared to LNA control treated Notch2ICD-expressing cells.
(H) Quantification of EdU incorporation by Notch2ICD-expressing (GFP+) LNA transfected (mCherry) cells.
(I) EdU incorporation by Notch2ICD-expressing cells and control (GFP+), Id4 KD cells (mCherry+).
Data are means ± SEM (n = 10 images from three cell culture replicates; t test *p < 0.05, **p < 0.01, ***p < 0.001, compared to control). Scale bar, 50 mm.
See also Figure S7.

(Figure S4C). 2 days after Notch2 CKO, the proportion of
Hes5::CreERT2-derived GFP+rGFAP+ NSCs that expressed
Id4+ was significantly reduced, supporting that Notch2 CKO
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leads to a loss of Id4 from radial NSCs (Figure 6E). 21 days
post-Notch2 CKO, the change in GFP+rGFAP+Id4+ NSCs was
no longer significant, mainly due to a reduction in the total

Figure 6. Notch2 Directly Regulates Id4 to Promote NSC Quiescence In Vivo
(A) Expression of Id4 and GFAP by progeny of the Hes5::CreERT2 NSCs in the DG of Hes5::CreERT2 Rosa26R-CAG::GFP control, Notch2 CKO, and Notch2ICDexpressing adult mice at 2 and 21 days after a 5-day tamoxifen treatment.
(B–E) Quantification of rGFAP, Id4-expressing NSCs in the DG of control, Notch2 CKO, and Notch2ICD-overexpressing mice 2 and 21 days after tamoxifen
treatment. The percentages of rGFAP+Id4+ cells (B), rGFAP+Id4– cells (C), and rGFAP–Id4– cells (D) are shown. The numbers of rGFAP+Id4+ cells (B) and the
percentages of rGFAP+ID4+ cells compared to rGFAP+ cells (E) are also quantified
(F) Summary of the changes in GFAP, Id4-expressing cells in the DG of control, Notch2 CKO, and Notch2ICD-overexpressing mice 2 days (D2) and 21 days (D21)
after tamoxifen treatment.
Data are means ± SEM (n = 9–18 sections from 3–4 mice; two-tailed unpaired t test was used to compare Notch2 CKO or Notch2ICD with control, *p < 0.05,
**p < 0.01, ***p < 0.001; one-way ANOVA was used to compare among three genotypes, #p < 0.05, ##p < 0.01, ###p < 0.001, the significance of multiple
comparison across the genotypes is shown in the extended data table). Scale bars, 30 mm.

NSC population (Figures 1D, 6B, and 6E). In contrast, Notch2ICD
expression prevented the transition of rGFAP+Id4+ NSCs to
GFAP Id4 progeny, thus maintaining the GFP+rGFAP+ NSC
pool (Figure 6E). Based on these data, we conclude that Notch2
signaling directly regulates Id4, which contributes toward preserving the NSC pool in vivo (Figure 6F).
Id4 Maintains Quiescent NSC in the Adult DG and
Uncouples NSC Cell-Cycle Entry from Neurogenesis
Our results indicated that Notch2 and Id4 control DG NSC
proliferation in vitro; therefore, we addressed whether Id4 regulates NSC quiescence in vivo. We conditionally ablated Id4
from quiescent GFAP+ NSCs by infecting the DG of control (Rosa26R-CAG::tdTomato) and Id4lox/lox Rosa26R-CAG::tdTomato
mice (Id4 CKO) with Adeno-gfap::Cre viruses and traced the
fate of the tdTomato+ NSCs and their progeny (Figure 7A). Id4
expression was efficiently deleted from tdTomato+ cells in the
DG of Id4 CKO mice (Figure 7B). Id4 CKO significantly increased
tdTomato+rGFAP+PCNA+ proliferating NSCs as well as total
tdTomato+rGFAP+ cells, suggesting that Id4 is essential for
NSC quiescence and self-renewal in vivo (Figures 7C and 7D).
Interestingly, and in contrast to Notch2 CKO, Id4 CKO did not
result in an increase in the production of total tdTomato+PCNA+
cells or tdTomato+Tbr2+ neuronal progenitors, and tdTomato+Dcx+ neuroblasts were even reduced (Figures 2C, 7C, and

7D). Due to the increase in proliferation but loss of neuroblasts,
we addressed a potential NSC fate switch in the Id4 CKO to
gliogenesis. However, Id4 CKO resulted in a reduction in
tdTomato+S100b+ astrocytes but not Sox10+ oligodendrocytes
(Figure 7D). Hence, as rGFAP cells were increased in the
absence of Id4, as was the proportion of NSCs in cell cycle
(GFP+rGFAP+), Id4 CKO increases NSC self-renewal and, therefore, Id4 is necessary to prevent NSCs from entering cell cycle.
We addressed whether the gain of Id4 function is sufficient to
induce DG NSC quiescence. We used a lentiviral vector to express Id4 and red fluorescent protein (RFP) in the DG of adult
Hes5::CreERT2 Rosa26R-CAG::GFP mice and traced NSCderived cells after tamoxifen induction (Figure 7E). Id4 overexpression resulted in a complete block of Hes5+ NSC-derived
neurogenesis compared to control (Figures 7F and 7G). Similar
to Notch2ICD expression and activation of Notch2 signaling,
Id4 overexpression increased the fraction of GFP+RFP+rGFAP+
NSCs and polymorphic GFP+RFP+GFAP+ astrocytes in the
GFP+RFP+ population compared to control (Figure 7F). Due to
the extremely low number of GFP+RFP+rGFAP+PCNA+ cells in
the Id4 gain of function experiments in vivo, it was not possible
to draw a statistically valid conclusion about the effects on
mitotic NSCs. Together, our data support that Id4 maintains
NSC quiescence in vivo and increased Id4 expression results
in gliogenesis at the expense of neurogenesis.
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Figure 7. Id4 Maintains NSC Quiescence In Vivo
(A) Scheme showing the stereotaxic injection of Adenogfap::Cre into the DG of control (Rosa26R-CAG::tdTomato)
and floxed Id4 Rosa26R-CAG::tdTomato adult mice and
21-day lineage trace.
(B) Id4 was efficiently deleted from the Adeno-gfap::Creexpressing cells and their progeny (tdTomato+) but not from
any of the Adeno-gfap::Cre-expressing cells (tdTomato-).
Nuclei are stained with DAPI (blue).
(C) Immunostaining of the progeny of Adeno-gfap::Cre-infected control and floxed Id4 NSCs (GFP+ or tdTomato+) in
the DG and lineage traced for 21 days. GFAP+ PCNA+,
proliferating NSCs; Tbr2+, intermediate progenitors; Dcx+,
newborn neuroblasts. Nuclei are stained with DAPI (blue).
(D) Quantification of genetically labeled tdTomato+ cells that
are rGFAP+, PCNA+, Tbr2+, Dcx+, Sox10+, and S100b+ in
control and Id4 CKO DG 21 days after stereotaxic Adenogfap::Cre infection.
(E) Scheme showing the stereotaxic injection of control
(RFP expressing) and Id4 overexpressing lentivirus into
Hes5::CreERT2; Rosa26R-CAG::GFP adult DG, induction of
Cre activity by tamoxifen injection, and lineage tracing for
21 days.
(F) Hes5::CreERT2-derived GFP+ (Rosa26R-CAG::GFP-reporter derived) and lentivirus- infected RFP+ lineage-traced
cells in control and Id4 overexpressing mice stained for Dcx
or GFAP. Arrowheads indicate lineage-traced and lentivirusinfected cells (GFP+RFP+).
(G) Quantification of (GFP+RFP+) lineage-traced and lentivirus-infected NSCs (rGFAP), astrocytes (GFAP), and neuroblasts (Dcx) in the DG SGZ of control and Id4-overexpressing mice.
Data are means ± SEM (n = 3–4 mice; t test *p < 0.05,
**p < 0.01, ***p < 0.001). Scale bar, 30 mm.
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DISCUSSION
Here, we describe for the first time that Notch 2 regulates NSC
quiescence in the adult mouse DG. Together with our previous
data, this indicates that Notch2 serves as a master regulator of
NSCs activity in the adult brain (Engler et al., 2018). We also present a mechanism of how Notch2 maintains DG NSC in a
quiescent state. We found that Notch2 signaling regulates the
expression of cell-cycle control genes, and loss of Notch2
rapidly triggers cell-cycle entry of DG NSCs and induces neurogenesis. The demonstration that cell-cycle entry associated with
ablation of Notch2 also results in increased neurogenesis
supports the idea that many NSCs in the DG commit to differentiation upon activation (Pilz et al., 2018; Sierra et al., 2015).
However, some mitotic NSCs can reenter a quiescent state under homeostatic conditions in vivo (Lugert et al., 2010; Urbán
et al., 2016). In control mice, NSC numbers remain relatively constant in the DG from 2 to 6 months but then diminish by 1 year of
age. We found that Notch2 prevents a premature loss of NSCs in
the DG prior to the normal decline in the progenitor cell pool
starting in mice at around 6 months of age. Notch2 CKO mice
showed a rapid reduction in NSCs from 2 months through to 1
year of age. This precocious loss of NSCs from 2 months of
age in the Notch2 CKO occurred at the same rate as during aging
(after 6 months of age) in control animals suggesting that Notch2
is needed throughout life to prevent NSC loss. NSC dependence
on Notch2 is supported by our finding that blocking Notch2 rejuvenates neurogenesis in aged mice and depletes the residual
NSC pool (Figure 3C).
Notch2 regulates Hes gene expression and Hes1 and Hes5 in
turn repress the Ascl1 gene. Ascl1 is required by DG NSCs for
activation and is expressed at very low levels in dormant NSCs
(Andersen et al., 2014). Computational predictions suggest that
Notch signaling and Hes expression are not sufficient to
completely suppress Ascl1 transcription (Boareto et al., 2017).
Ascl1 levels are also controlled at the post-translational level
by the E3 ubiquitin ligase Huwe1, which promotes Ascl1 degradation, preventing NSC differentiation and promoting transition
from an active to a quiescent state (Urbán et al., 2016). However,
Huwe1 does not regulate activation of quiescent NSCs.
We demonstrated that Id4 is downstream of Notch2 and contributes to regulation of NSC transition into cell cycle. Id proteins
can release Hes auto-repression, thereby stabilizing high-level
Hes protein expression that in turn represses proneural factor
genes (Bai et al., 2007). Id proteins are known to form inactive
dimers with E-box proteins and thereby sequester these coactivator partners of the proneural factors, including Ascl1. In the
absence of E-box protein, Ascl1 is unable to activate target
gene transcription and is hypostable (Bertrand et al., 2002;
Blomfield et al., 2018; Jen et al., 1992).
Our gene expression analysis and ChIP revealed that Id4 is a
direct target of Notch2. Knockdown of Id4 reverses the Notch2
repressed proliferation of DG NSC, indicating that Id4 is a key
factor in maintaining DG NSC quiescence downstream of
Notch2 signaling. Indeed, Id4 is indispensable in preventing
NSC activation and Id4 CKO results in excessive DG NSC activation. Conversely, expression of Id4 is sufficient to block DG NSC
activation and to repress neurogenesis. This suggests that Id4

synergizes with Notch2 signaling to prevent NSC activation
and differentiation. Intriguingly, forced Id4 expression resulted
in an increase in astrocytes in the DG at the expense of neurons.
This is reminiscent of premature aging where activated NSCs in
the hippocampus of aged mice give rise to astrocytes rather than
neurons (Encinas et al., 2011). Whether Notch2 has a role in this
Id4-induced gliogenesis remains to be shown.
Id proteins are downstream effectors of the transforming
growth factor-b (TGF-b)/bone morphogenetic protein (BMP)
pathway (Hollnagel et al., 1999). BMP signaling has been shown
to repress DG NSC proliferation in vitro although in vivo ablation
of BMP signaling did not induce DG NSC activation (Blomfield
et al., 2018; Martynoga et al., 2013; Mira et al., 2010). Thus,
our finding that Notch2 regulates Id4 expression in NSCs in the
adult DG indicates a potential synergy between Notch2 and
other pathways, including TGF-b/BMP, that converge onto Id4.
We have predicted computationally that Ids could, through their
repression of proneural factor activity, even maintain NSCs in the
absence of Notch signaling, which might explain the slow decline
in NSCs in the Notch2 CKO (Boareto et al., 2017). In addition,
Notch2 repression of Ascl1 expression, and thus NSC activation,
could explain the persistence of some NSCs in the DG of
Id4 CKO. In an attempt to address whether Id4 can rescue
Notch2 CKO effects, we expressed Id4 in the Notch2 CKO DG
NSCs by lentiviral transduction in Hes5::CreERT2; Rosa26RCAG::GFP; floxed Notch2 mice prior to tamoxifen treatment.
However, Id4 expression rapidly drove cells to astrocytic differentiation prior to Notch2 CKO (data not shown). Therefore, we
hypothesize that Notch2 and Id4 synergize in a partially compensatory manner to regulate DG NSC activity by modulating proneural transcription factors at multiple levels.
In the developing nervous system of Xenopus laevis, Notch
signaling represses Id4 expression and in embryonic mice Id4
regulates neural progenitor proliferation and differentiation (Bedford et al., 2005; Liu and Harland, 2003; Yun et al., 2004). This difference in Id4 functions in NSCs of the developing and adult
brain may reflect the different mitotic states and proneural factors used during adult and embryonic neurogenesis. Notably,
we had already predicted and modeled that Id proteins have
distinct functions in embryonic and adult NSCs (Boareto et al.,
2017).
Single-cell RNA-seq data also suggest that both Id4 and
Notch2 are highly expressed by quiescent NSCs in the adult
niches (Llorens-Bobadilla et al., 2015; Shin et al., 2015). Therefore, our demonstration of a direct link between Notch2 and
Id4 expression in NSCs combines two key pathways associated
with NSC regulation in the adult brain. However, our findings that
Id4 CKO activated NSC proliferation but, unlike Notch2 CKO, did
not increase the generation of neuronal progeny, suggested an
uncoupling of NSC proliferation from differentiation and an additional mechanism for controlling neurogenesis of NSCs in the
mouse DG. Since Id4 gain and loss of function do not fully recapitulate Notch2 phenotypes, it is likely that Id4 is an integral part
of a larger regulatory network downstream of Notch2. Taking
into consideration that maintenance of adult NSCs requires the
orchestration of complex regulatory networks, our work emphasizes Notch signaling, Id genes, and cell-cycle regulators as critical components in these networks. Since quiescent and active
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NSCs have unique gene signatures and landscapes, it remains
to be shown how Notch2 and Id4 control the expression of other
stem cell markers, cell-cycle regulators, and proneural genes to
maintain the NSC pool (Llorens-Bobadilla et al., 2015; Shin et al.,
2015).
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LEAD CONTACT AND MATERIALS AVAILABILITY
Plasmids, cell lines, and mouse lines generated by the Taylor lab can be obtained by request. There are restrictions on the distribution
of Id4lox/lox mice under MTA with Dr. J. Viswander (visvader@wehi.edu.au). This study did not generate new unique reagents.
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Verdon
Taylor (verdon.taylor@unibas.ch).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mouse Strains and Husbandry
The mouse models used in our experiments include: Hes5::GFP, BLBP::mCher (Ables et al., 2010; Basak et al., 2012; Breunig et al.,
2007; Ehm et al., 2010; Giachino et al., 2014; Imayoshi et al., 2010; Lugert et al., 2010; Lugert et al., 2012; Nyfeler et al.,
2005) Hes5::CreERT2, Notch2::CreERT2-SAT, Rosa26R-CAG::GFP, Rosa26R-CAG::tdTomato, Notch2lox/lox, Rosa26R-CAG::floxedSTOP-Notch2ICD, and Id4lox/lox (Basak et al., 2012; Basak and Taylor, 2007; Besseyrias et al., 2007; Best et al., 2014; Fre et al.,
2011; Lugert et al., 2012; Schouwey et al., 2007). The mouse lines used were maintained on an outbred, mixed C57BL/6J,
129SvJ genetic background. To confirm the expression of Notch2, we crossed Notch2::CreERT2-SAT, together with Rosa26RCAG::tdTomato; to generate Notch2 conditional knockout mice (Notch2 CKO) and follow Hes5-expressing NSCs and their progeny,
we crossed Hes5::CreERT2 together with Rosa26R-CAG::GFP and Notch2lox/lox; to generate Notch2ICD constitutively expressed
mice, we crossed Hes5::CreERT2 together with Rosa26R-CAG::GFP and Rosa26R-CAG::floxed-STOP-Notch2ICD. Age-matched,
male and female mice of 8-9 weeks or 15 months of age, at the start of the experiments, were used in the analyses. The specific
information about the ages of the mice for each experiment can be found in the corresponding figures and legends. No gender differences were observed. Mice were randomly selected for the experiments based on birth date and genotype. According to Swiss
Federal and Swiss Veterinary office regulations, all mice were bred and kept in a specific pathogen-free animal facility with 12 hours
day-night cycle and free access to clean food and water. All mice were healthy and immunocompetent. All procedures were
approved by the Basel Cantonal Veterinary Office under license numbers 2537 and 2538 (Ethics commission Basel-Stadt, Basel
Switzerland).
Hippocampal Adult NSC Cultures
DG NSCs were isolated from 8-week-old mice as described in the Method Details of Hippocampal Neural Stem Cell Isolation and
FACS. Papain-dissociated hippocampal cells from one brain were resuspend in 350 ml of DG NSCs media and plated in one well
of a 48-well plate, coated with 100 mg/ml Poly-L-Lysine (Sigma) and 1 mg/ml Laminin (Sigma) in neural progenitor culture medium
consisting of DMEM:F-12 (GIBCO, Invitrogen), 2% B27 (GIBCO, Invitrogen), FGF2 20 ng/ml (R&D Systems), EGF 20 ng/ml (R&D Systems). Cells were passaged 6-10 times and characterized for marker expression and differentiation potential before use.
METHOD DETAILS
Tissue Preparation and Immunostaining
8-9 weeks-old adult mice and 59-60 weeks-old aged mice were injected daily intraperitoneal with 2 mg Tamoxifen in 100 mL sunflower oil for five consecutive days and sacrificed 1, 2, 21, 100 days or 10 months after the end of the Tamoxifen treatment. At different
chase time points, mice were injected with ketamine/xylazine/acepromazine solution (130 mg, 26 and 4 mg per kg body weight,
respectively) for deep anesthetization. The anesthetized mice were perfused with ice-cold 1x PBS, followed by PBS-buffered 4%
paraformaldehyde (PFA). Brains were isolated, post-fixed overnight in PBS-buffered 4% PFA, and then immersed with 30% sucrose
at 4 C overnight. The cryoprotected brains were frozen in OCT (TissueTEK) and cut as 30 mm floating coronal sections by cryostat
(Leica).
For immunostaining, brain sections were randomly chosen based on anatomical location from different serial collecting wells
for individual mice. Each collecting well contained approximately 12 serial sections from anterior to posterior at a spacing of every
330 mm. The selected sections were blocked at room temperature for 30 minutes with 10% normal donkey serum (Jackson
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Immunoresearch) in PBS containing 0.4% Triton X-100. Afterward, sections were incubated overnight at 4 C with the primary antibodies, which were diluted in PBS containing 2.5% normal donkey serum and 0.4% Triton X-100. Then sections were washed with
PBS and incubated at room temperature for 2 hours with the corresponding secondary antibodies in 5% donkey serum blocking
solution and stained with DAPI (1 mg/ml). After PBS wash, stained sections were mounted on glass slides (SuperFrost, Menzel),
protected in DABCO anti-fading agent and visualized using a Zeiss ApoTome.2 microscope. For PCNA staining, the antigen was
recovered at 80 C for 20 minutes in Sodium Citrate (10 mM, pH6.0) before primary antibody incubation. The antibody information
is described in the Key Resources Table.
Lentivirus Preparation
Lentivirus was prepared as described with minor modifications (Fu et al., 2016). In brief, lentiviral plasmid with VSV-G and psPAX2
was transfected into 293T cells with polyethylenimine (PEI) at 1:4 ratio. Lentiviral supernatant was harvested 48 h and 72 h post transfection. Pooled virus was concentrated by centrifugation at 43,000 gmax (AH-629 rotor) for two hours, and the pellet was resuspended
in PBS. Further ultracentrifugation of the resuspended virus was required to achieve a titer of around 5*108. The concentrated
lentivirus was used for stereotaxic injection.
Stereotactic Injection of Virus Particles
Adeno-gfap::Cre and Retro pMI-NLSCre virus were produced respectively as previously described (Merkle et al., 2007; Zhao et al.,
2006). Adult (8-10 weeks old) mice were anesthetized in a constant flow of isofluorane (3%) in oxygen and injected with Temgesic
subcutaneously (0.05 mg/kg body weight) to relieve the pain. The head of the mice was fixed on a stereotaxic apparatus
(David Kopf instruments), and the skull was exposed by an incision in the scalp and a small hole (F1mm) drilled through the skull.
The Adeno-gfap::Cre virus, Retro pMI-NLSCre, lenti pLVX-tRFP or lenti pLVX-Id4-IRES-tRFP virus was injected in the dentate gyrus
using sharpened borosilicate glass capillaries at the stereotaxic coordinates anterior/posterior 2 mm; medial/lateral 1.5 mm relative
to Bregma and 2 mm below the skull. Mice were sutured and monitored after surgery, and were then analyzed 21-days postinjection by immunostaining.
Hippocampal Neural Stem Cell Isolation and FACS
Hes5::CreERT2 Rosa26R-CAG::GFP and Hes5::CreERT2 Notch2lox/lox Rosa26R-CAG::GFP 8-week old mice were injected with
Tamoxifen for five consecutive days and sacrificed 1 day after the last injection. NSCs were isolated as previously described (Rolando
et al., 2016). Mice were killed in an atmosphere of CO2 and decapitated, the brain removed washed in sterile L15 medium. The brain
was placed on Whatman paper and sectioned at 500 mm using a McIllwains tissue chopper. Tissue slices were collected into 6 cm
culture dishes containing cold HBSS, 10 mM HEPES and 100 I.U./mL penicillin and 100 (mg/mL) streptomycin. The DG was carefully
microdissected and the molecular layer and all ventricular zone contaminants removed under a dissection binocular microscope. The
dissected DGs were collected in a 15 mL tube filled with ice cold HBSS, 10 mM HEPES and 100 I.U./mL penicillin and 100 (mg/mL)
streptomycin. The HBSS was carefully removed and 100 ml pre-warmed Papain mix added. The tissue pieces were incubated at 37 C
in a water bath for 15 mins with occasional agitation. 50 ml of pre-warmed OVO mix was added and incubated for 10 mins at 37 C.
300 ml of DMEM/F12 was added to the digestion and the tissue triturate with 1 mL pipette tip followed by trituration with a 200ml tip.
The cells were collected by centrifugation for 5 mins at 80 xg to remove debris. Cell pellets were washed with L-15 medium (GIBCO,
Invitrogen), filtered through a 40 mm cell sieve (Miltenyi Biotec) and sorted by forward and side-scatter and Propidium Iodide
exclusion for live cells (control) and gated for GFP- (wild-type levels) or GFP+ populations with a FACSaria III (BD Biosciences).
Live GFP+ cells were used for gene expression analysis. Each genotype contains 3 independent samples, each sample are pooled
cells from 4-5 mice.
RNA-Seq and Data Analysis
Total RNA was isolated from sorted DG NSCs using Trizol reagent (Life Technologies). Library preparation and transcriptome
sequencing were performed by sequencing facility at D-BSSE (Basel). Briefly, the integrity of the RNA samples was check using
the RNA 6000 Pico Complete Kit on the Agilent 2100 Bioanalyzer. Their concentration was measured using Quant-IT RiboGreen
RNA Assays (Life Technologies). Illumina RNA-sequencing libraries were prepared using the Smart-seq2 protocol for reverse transcription and cDNA amplification (Picelli et al., 2014) and the Nextera XT DNA library preparation kit (Illumina) following Fluidigm’s
guidelines for single-cell RNA-seq on the C1 system. In detail, 1 ng of total RNA in 2.5 ml were used as input for the Smart-seq2
reverse transcription reaction and 18 PCR cycles for the cDNA amplification. The quality of the cDNAs were evaluated using the Fragment Analyzer high-sensitivity NGS kit (AATI) and the concentration quantified with the Quant-iT PicoGreen dsDNA Assay Kit (Life
Technologies). For Nextera XT DNA library preparation using 25% of the standard reaction volume the cDNAs were adjusted to
0.3 ng/ml. Libraries were quality checked using the Fragment Analyzer high-sensitivity NGS kit (AATI) and pooled according to the
concentration values given by the Fragment Analyzer. The pool was purified twice using 0.9x and 1.0x volume AMPure XP beads
(Beckman Coulter) and loaded on an Illumina flow cell for cluster generation (HiSeq SR Cluster Kit v4 cBot). Libraries were sequenced
SR50 on the HiSeq 2500 system (HiSeq SBS Kit V4) following the manufacturer’s protocols. Reads were mapped to genome
using Bowtie2 (Langmead and Salzberg, 2012) and transcript identification and quantification were performed using HTSeq
algorithm (Anders et al., 2015). We sequenced three biological replicates from each condition, Control and Notch2 CKO. Due to
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differences in the number of cells used to isolate the RNA in each replicate, we observed a technical variance between the biological
replicates. This is a major issue in RNA-seq analysis and is frequently overlooked. This variance means that standard statistical
methods are not suitable to analyze these data and using statistical measurements such as p values can be misleading. For this
reason, we used an unbiased method that does not assume any distribution of the data, and only takes into account information
about the class each sample belongs to. By supervised learning the method predicts the genes that are most relevant to separate
the samples of the different classes. For this we adapted the Supervised Variational Relevance Learning (Suvrel) method (Boareto
et al., 2015). In this method, relevance is defined by a cost function that penalizes large intra-class distances and favors large inter-class distances. Using such cost functions, a new geometric representation of the data is generated and the features (genes
in this case) are ranked according to their relevance rather than p value. Note that this method assigns a relevance score to each
gene, but does not assign a statistical significance (p value). Therefore, the choice of the number of relevant genes is arbitrary.
Here, we have chosen the top 1000 genes, but a different choice does not change our observation that most genes are related to
cell cycle and are mostly upregulated in Notch2 KO cells. More details regarding this analysis, the Suvrel method and the source
code, can be found in Data and Code Availability.
Myc-Tagged Notch2ICD ChIP
Rosa26R-CAG::GFP control and Notch2ICD overexpressing NSC cultures were harvested 60 hours after Cre infection. 1 mL 10x fixation buffer (0.7 mL dilution buffer (1 M NaCl, 50 mM Tris, pH8, 10 mM EDTA, 5 mM EGTA) and 0.3 mL 16% Formaldehyde (Thermo
Fisher Scientific, Methanol-free, 28906)) were added per each 10 cm dish (about 5 million cells), and cells were kept for 10 min at
room temperature. 1.1 mL 2.5 M glycine was added and cells were incubated for another 10 min. Supernatant was discarded
and cells were washed with 10 mL ice cold PBS. Per each plate, cells were scraped with 2 mL ice cold PBS, transferred to a
15 mL Falcon tube, and centrifuged at 500 g for 5 min at 4 C. Cell pellets were washed in 15 mL Solution A (10 mM Tris pH8,
0.25% Triton, 10 mM EDTA, 0.5 mM EGTA), kept on ice for 5 min, and centrifuged 500 g for 5 min at 4 C. The pellets were further
washed in 15 mL Solution B (10 mM Tris pH8, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA) twice, and centrifuged at 500 g for
5 min at 4 C. The pellets were dissolved in 1 mL Sonication buffer (10 mM Tris pH8, 1 mM EDTA, 0.5 mM EGTA) and sonicated
with Covaris at 140 w/5% duty factor/200 cycles per burst for 15 min. The chromatin solution was transferred to 1.5 mL tubes
and centrifuged for 15 min at the maximum speed. The supernatant was then transferred to new tubes (500 mL aliquots), and adjusted
to RIPA conditions by addition of 100 mL 10% Triton X-100, 100 mL 1% Na-deoxycholate, 100 mL 1% SDS, 100 mL 1.4 M NaCl, and
100 mL 50 mM Tris pH8. Protease inhibitors (Roche complete; or 2 mg/ml Pepstatin, Leupeptin, Aprotinin, 1 mM PMSF) were added.
Samples were centrifuged for 10 min with 13000 rpm at 4 C. The supernatants were transferred to new siliconized tubes. 100 mL of
each chromatin batch was used for input control (10% input). 3 mg anti-Myc tag (Abcam, goat, ab9132, ChIP-grade) antibodies were
added and tubes were rotated over night at 4 C. Protein G Dynabeads were equilibrated with RIPA buffer. ChIP samples were
centrifuged for 5 min at high speed, transferred to properly labeled tubes containing 40 mL equilibrated Dynabeads, and rotated
for 2-4 hours at 4 C. The Dynabeads/immune complexes were washed with RIPA buffer (10 mM Tris pH8, 1 mM EDTA, 140 mM
NaCl, 1% Triton, 0.1% SDS, 0.1% Na-deoxycholate, Roche protease inhibitors) 5 times, with LiCl buffer (10 mM Tris, pH8,
250 mM LiCl, 1 mM EDTA, 0.5% NP40, 0.5% Na-deoxycholate) once and with TE buffer (10 mM Tris, pH8, 1 mM EDTA) twice. After
the last washing step, 100 mL freshly prepared Elution buffer (1% SDS, 0.1 M NaHCO3) was used to re-suspend Dynabeads by
pipetting up and down. The beads were incubate at 65 C for 15 min with gentle agitation (800 rpm) and centrifuged briefly, and
the supernatant was transferred to a new tube. Elution was repeated once and elutes were combined. 12 mL of 5 M NaCl was added
into 200 mL eluate. Reverse crosslinking was performed by incubation at 65 C overnight (> = 6hrs). DNA was then treated by RNase
and Proteinase K, purified by phenol/chloroform extraction and ethanol precipitation, and prepared for qPCR analysis.
Gene Overexpression and Knockdown by Nucleofection
Rosa26R-CAG::GFP control and Rosa26R-CAG::floxed-STOP-Notch2ICD adult DG NSC cultures were nucleofected according to
the mouse neural stem cell kit instructions (Lonza). Briefly, DG NSCs were dissociated with trypsin and resuspended in the nucleofector solution to the final concentration of 4 3 106 cells/100 ml. For Id4 overexpression, DG NSCs suspensions were combined with
either pLVX-IRES-tRFP or pLVX-Id4-IRES-tRFP plasmids. For Id4 knockdown, DG NSCs suspensions were combined with either
200 pmol antisense LNAGapmeRs against Id4 or negative control LNAGapmeRs (Exiqon). A pCAGS::mCherry expression vector
was added to trace transfected NSCs. Then DG NSC suspensions were nucleofected with Lonza Nucleofector 4D device (program
DN-100) according to the manufacturer’s instructions. Transfected NSCs were immediately transferred into NSC culture medium and
plated on poly-L-Lysine/Laminin coated dishes or coverslips. For the Id4 overexpression, cells were fixed 48 hours later for gene
expression and proliferation analysis. For Id4 knockdown, 24 hours after nucleofection, DG NSCs were infected with Adeno-Cre virus
and were fixed 48 hours later for proliferation analysis. To analyze RNA levels of Id4, GFP mCherry double positive cells were sorted
24 hours after Adeno-Cre virus infection for RNA preparation and RT-qPCR.
RT-qPCR and ChIP-PCR
For RT-qPCR test, total RNA was isolated from sorted DG NSCs or NSC cultures by using Trizol reagent (Life Technologies) according to the manufacturer’s instructions. Low amounts of RNA were isolated from sorted DG NSCs was processed and amplified by
using REPLI-g WTA Single Cell Kit (QIAGEN). High amounts of RNA were isolated from NSC cultures was reverse-transcribed
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to cDNA by using SuperScript IV VILO Master Mix with ezDNase Enzyme Kit. qPCR reactions were performed on a Rotor-Gene
Q PCR machine (QIAGEN) by using PowerUp SYBR Green Master Mix (Life Technologies). Three biological replicates for each
genotype and three technical replicates for each gene were analyzed.
For ChIP-PCR, primers were designed according to Rbpj binding motif (GTGGGAA). Input DNA and pull-down DNA by myc antibody were amplified and quantified by qPCR. The final fold enrichment of Notch2ICD binding sites were calculated by the binding
enrichment (pull-down/Input) in the Notch2ICD samples relative to the Rosa26R-CAG::GFP control samples. Three independent
ChIP experiments with independent samples were performed.
Primers for RT-qPCR and ChIP-PCR reactions are described in Table S2.
BrdU and EdU Administration
For in vivo labeling, BrdU was dissolved in the drinking water at 1 mg/ml with 1% sucrose. Aged mice (60-week-old) were fed with
BrdU-water from the beginning of the Tamoxifen treatment to one week after the treatment (12 days in total). Mice were sacrificed
21 days after the end of the Tamoxifen treatment and perfused transcardially with 4% PFA in PBS. Cryo-protected tissue was
sectioned at 30 mm and immunostained as floating sections by incubation with BrdU antibodies.
For in vitro labeling, half of the NSC media was replaced with fresh media containing 20 mM of BrdU or EdU to obtain a final concentration of 10 mM. Cells were incubated for 4 hours before fixation. Next, media was removed and 1 mL of 4% PFA in PBS was
added to each well containing the coverslips. Cells were incubated for 15 minutes at room temperature. Fixation buffer was removed
and the cells in each well were washed twice with 1 mL of 3% BSA in PBS. Wash solution was removed and 1 mL of 0.5% Triton
X-100 in PBS was added to each well and incubated at room temperature for 20 minutes.
DNA hydrolysis was performed before BrdU staining. Cells or tissue sections were fixed with 2N HCl at 37 C for 15 min, and then
neutralized with 0.1 M sodium borate buffer pH 8.5 for 30 minutes at room temperature. Samples were wash three times in PBS and
continued with immunostaining for BrdU antibody. EdU detection was performed according to the instruction of Click-iT EdU Alexa
Fluor 647 Imaging Kit.
QUANTIFICATION AND STATISTICAL ANALYSIS
Images of immunostainings were captured and processed with or without Z stacks on a Zeiss Apotome2 microscope or Confocal
Leica SP5. Stained cells were counted manually by using ImageJ (Schindelin et al., 2012) without a specific blinding strategy. However, the quantifications were randomly spot-checked, by a blinded independent investigator. The sample-size estimation was
based on our power calculations of 0.8 for the experiments and post hoc statistical analysis was to determine whether additional
samples were required or not. According to the Swiss governmental guidelines and requirements, the principles of the 3Rs for animal
research were taking into consideration to reduce the number of mice used in the experiment. We did not eliminate animals from our
analyses. Data are presented as averages of indicated number of samples. The average number of each sample was determined by
4-6 hippocampal sections from randomly selected collecting wells per mouse or 10 randomly selected views per cell culture staining
unless specified in the figure legends. Data representation and statistical analysis were performed using GraphPad Prism software.
Two-tailed unpaired Student’s t test was used to compare two conditions. One-way ANOVA was used to compare above three conditions. Percentages were transformed into their arcsin values to perform statistical analysis. The size of samples (n) is described in
the figure legends and the corresponding quantification values can be found in Table S1 in the supplemental items. Statistical
significance is determined by p values (*p < 0.05, **p < 0.01, ***p < 0.001) and error bars are presented as SEM.
DATA AND CODE AVAILABILITY
More details regarding the RNA-seq analysis, the Suvrel method and the source code, can be found in the following repository:
https://git.bsse.ethz.ch/iber/Publications/2018Zhang_Notch2Id4. The accession number of the RNA-seq data reported in this paper
is GEO: GSE116773.
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