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Quiescent adult neural stem cells (NSCs) in the mammalian brain arise from proliferating 

NSCs during development. Beyond acquisition of quiescence, an adult NSC hallmark, little is 

known about the process, milestones, and mechanisms underlying the transition of developmental 

NSCs to an adult NSC state. Here, we performed targeted single-cell RNA-seq analysis to 

reveal the molecular cascade underlying NSC development in the early postnatal mouse dentate 

gyrus. We identified two sequential steps, first a transition to quiescence followed by further 

maturation, each of which involved distinct changes in metabolic gene expression. Direct 

metabolic analysis uncovered distinct milestones, including an autophagy burst before NSC 

quiescence acquisition and cellular reactive oxygen species level elevation along NSC maturation. 

Functionally, autophagy is important for the NSC transition to quiescence during early postnatal 

development. Together, our study reveals a multi-step process with defined milestones underlying 

establishment of the adult NSC pool in the mammalian brain.

In brief

Jimenez-Cyrus et al. report the molecular cascade underlying the neural stem cell transition 

to the quiescent adult state in the early postnatal mouse dentate gyrus. Neural stem cells 

sequentially progress through multiple states accompanied by transcriptional and metabolic 

changes. Autophagy functionally promotes the neural stem cell transition to quiescence.

Graphical Abstract
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INTRODUCTION

Neural stem cells (NSCs) supply the mammalian brain with new neurons and glia.1 NSCs 

persist in adulthood in a quiescent state in two niches, the subventricular zone (SVZ) of 

the lateral ventricles and the subgranular zone (SGZ) in the dentate gyrus (DG) of the 

hippocampus.2,3 Quiescent NSCs in the adult SGZ can reactivate to generate DG granule 

neurons that integrate into the existing hippocampal circuitry, contributing to learning 

and memory and affective cognition.4–7 Conversely, dysregulated adult hippocampal 

neurogenesis is associated with neurological disorders, such as depression, epilepsy, 

and Alzheimer’s disease.7–10 The capacity for adult neurogenesis-associated plasticity 

is ultimately dependent on the source of new neurons, the quiescent adult NSC pool. 

However, the adult NSC pool is finite and depletes as adulthood progresses, resulting in an 

age-dependent decline in neurogenesis and cognitive function.11–14 Therefore, the capacity 

for lifelong neurogenesis-associated plasticity is determined by the initial establishment 

of the quiescent adult NSC pool during early postnatal development.15,16 Very little is 

known about how the adult NSC pool is established,17,18 information that will be key to 

understanding how NSCs persist beyond development to contribute to adult neuroplasticity.

Quiescence, a non-dividing state from which cells can reenter cell cycle, is a defining 

feature of adult stem cells in many somatic tissues,19,20 and the transition to quiescence 

is the only known major milestone that marks the shift from a developmental to an adult 

NSC state in both the SGZ and SVZ.15,16,21,22 Adult SGZ NSCs originate from a Hopx-

expressing lineage of NSCs that shift to quiescence during early postnatal development.16 

Other properties, such as morphology and localization,16,23–25 cell division and self-renewal 

properties,26–29 and molecular signatures,16,30,31 also distinguish developmental NSCs from 

adult NSCs, but the timing of these changes and their contribution to the adult NSC state 

remain unknown. A detailed analysis during critical developmental stages is required to 

fill these gaps and reveal mechanisms that drive NSC development into an adult state and 

establishment of the adult NSC pool. Given that somatic stem cells in many tissues undergo 

a developmental shift from a proliferating to a quiescent state, knowledge gained from DG 

NSC development may provide insight into the establishment of adult somatic stem cells in 

other tissues.19

Distinct metabolic states are associated with stem cell function.32 For example, adult 

NSCs are generally characterized by low levels of transcription, translation, and ribosome 

biogenesis and favor glycolysis to oxidative phosphorylation as their primary energy 

source.19,20,33 In contrast, as adult NSCs differentiate, they exhibit higher levels of 

transcription, translation, and ribosome biogenesis and favor oxidative phosphorylation.34 

Recent studies suggest that certain aspects of cellular metabolism, like the lysosomal 

pathway and lipogenesis, regulate NSC activation from quiescence.35,36 In addition, 

fatty acid oxidation and mitochondrial pyruvate metabolism are required to maintain 

quiescence.37,38 Despite what we have begun to learn about the metabolic control of adult 

NSCs, little is known about how cellular metabolism may regulate NSC development and 

the transition into a quiescent adult state.
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Here we took advantage of the genetic marking of Hopx-expressing DG NSCs in mice16 

and applied single-cell RNA-sequencing to construct a molecular cascade of gene expression 

changes underlying NSC development into an adult state. We found that NSC development 

into an adult state is a protracted, multi-step process, rather than an abrupt switch that 

occurs as NSCs enter quiescence. We further identified a sequence of molecular, cellular, 

and metabolic milestones that mark each developmental step and showed that autophagy 

promotes the NSC transition to quiescence during early postnatal development. Collectively, 

our results delineate a previously unstudied developmental process that is critical to 

establishing the adult NSC pool in the mammalian hippocampus and support the notion 

that NSCs in the DG undergo continuous development across the lifespan.

RESULTS

NSCs exist in multiple proliferative and quiescent states during early postnatal 
development

We investigated changes in DG NSC properties at multiple time points across early postnatal 

development (postnatal day 1 [P1], P3, P7, P14) that encompass the transition to quiescence 

using the Hopx-3xFlag-GFP mouse line,39 which labels DG NSCs, including a lineage 

that acquires quiescence to establish the adult SGZ NSC pool.16 First, we performed 

immunostaining of MCM2, a cell cycle marker expressed during all cell cycle phases (G1–

S–G2–M) but rapidly downregulated during cell cycle exit (G0),40,41 to determine when DG 

NSCs exit the cell cycle during the early postnatal period. We found that the majority of the 

HOPX+ NSC population in the DG was MCM2+ at P1 and P3, and it was not until P7 that a 

significant proportion of NSCs was MCM2− and had exited the cell cycle (Figures 1A–1C), 

confirming our previous finding.16 The majority of NSCs were quiescent and located in the 

SGZ by P14 (Figure 1A), a stage when the adult neurogenic niche is clearly delineated.25 

We wondered if changes in cell cycle phase occupancy between P1 and P3 might precede 

the NSC shift to quiescence. Using GEMININ to mark the S/G2/M phases of cell cycle,42 

we found that the proportion of HOPX+MCM2+ NSCs in the S/G2/M phase increased from 

P1 to P3, and this increase was sustained at P7 (Figures S1A and S1B). Then, we used 

histone H3 phosphorylated on serine 10 (PH3) to identify dividing NSCs that were in the 

G2/M phases of cell cycle. We found that the proportion of HOPX+MCM2+ NSCs in the 

G2/M phases also increased from P1 to P3, and this increase was sustained at P7 (Figures 

S1C and S1D). These results showed that DG NSCs increased their occupancy in the 

S/G2/M phases before exiting cell cycle, suggesting that some changes in NSC properties 

may not be coupled to the shift to quiescence.

Next, we used single-cell RNA-sequencing (scRNA-seq) as a global approach to identify 

a transcriptome-wide molecular cascade in DG NSCs as they transition into a quiescent 

state during early postnatal development. We dissected DGs from Hopx-3xFlag-GFP mice 

at P3, P7, and P14, time points that span the transition into quiescence16 (Figure 1C) and 

isolated HOPX-GFP+ cells via fluorescence-activated cell sorting (FACS) for scRNA-seq 

analysis using SMART-seq2 to have better coverage of transcripts43 (Figure 1D; Table S1). 

After quality control and removal of a small number of ependymal cells, our dataset formed 

six clusters via unsupervised clustering (Figures S1E and S1F; Table S1). Because Hopx is 
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also expressed in a limited number of DG astrocytes,44 we used Abhd3, Gjb6, and Gabrg1 
co-expression31,45 as the criteria to delineate a seventh cluster containing mature astrocytes 

(Figures 1E, S1G, and S1H). The mature astrocyte cluster (MA) only included cells from 

P14 (Figure 1F), had high expression of astrocyte marker genes (Figures 1G and S1I), and 

its transcriptome correlated with mature astrocytes from a previous hippocampal scRNA-seq 

dataset31 (Figure S1J). Among the seven clusters, we also identified an immature astrocyte 

cluster (ImA), which was largely composed of cells from P7 (Figure 1F), had moderate 

expression of astrocyte marker genes (Figure S1I), and its transcriptome also correlated 

with immature astrocytes from a previous hippocampal scRNA-seq dataset31 (Figure S1J). 

The remaining five clusters represented different NSC states based on marker expression: 

three clusters (a1, a2, and a3) represented actively dividing NSC states, and two clusters 

(q1 and q2) represented quiescent NSC states (Figure 1G). Cells from actively dividing 

states (Mki67high) grouped together in one corner of the Uniform Manifold Approximation 

and Projection (UMAP), and cells from quiescent states (Mki67low) grouped together in the 

opposing corner (Figure 1H). Each dividing cluster and age included cells from multiple 

phases of the cell cycle (Figures S1K and S1L), and cells in each cell cycle phase grouped 

together on the UMAP (Figure 1I). Each NSC state had a unique age distribution (Figures 

1F and S1M) and distinct gene regulatory network (GRN) activity (Figure 1J). Together, 

this analysis provided a transcriptional atlas of multiple NSC states that exist during the 

transition to quiescence.

NSCs continue to mature after quiescence acquisition

Next, we used RNA velocity,46 a high-dimensional vector that represents the predicted 

future state of individual cells,46 to determine which cluster(s) of actively dividing NSCs 

were most likely transitioning into quiescence. We found that large RNA velocities in the a1 

group pointed toward the q1 cluster, whereas only small, randomly directed velocities were 

found in the a2 and a3 dividing NSC clusters, suggesting that a2 and a3 were either in a 

steady state or their future state was not present in the cells analyzed (Figure 2A). Removing 

the astroglial clusters (ImA and MA) resulted in similar RNA velocities in the a1 group 

pointed toward the q1 cluster (Figure S2A). In addition, we found that the a2 and a3 groups 

had higher cell cycle scores than the a1 group, indicating lower cell cycle gene expression 

in a1 (Figure 2B). Together, these data suggested that the a1 dividing NSC cluster was most 

likely transitioning into a quiescent state.

We then focused our analysis on a1, q1, and q2. Large RNA velocities in the q1 cluster 

pointed toward the q2 cluster, suggesting that cells dynamically moved through q1 into 

q2 (Figure 2A). We generated an inferred pseudotime trajectory that ordered the cells into 

sequential transcriptional states beginning with a1, followed by q1 and then q2 (Figures 

2C, 2D, and S2B). Following the real-time developmental time course, the first half of the 

pseudotime was dominated by cells from P3 and P7, while the second half of the pseudotime 

contained many cells from P14 (Figures 2D and S2C). We found that only cells in a1 had 

a positive cell cycle score, indicating that they were dividing, while cells in q1 and q2 

expressed very low levels of cell cycle genes (Figures 2E and 2F). In contrast, we found 

that an Adult NSC score associated with quiescent adult NSC gene expression34 gradually 

increased along the pseudotime (Figure 2D). The Adult NSC score increased from a1 to 
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q1 and from q1 to q2, suggesting that adult NSC gene expression continues to increase 

after cell cycle exit (Figures 2G and 2H). The quiescent clusters followed developmental 

age, with q1 dominant at P3/P7 and q2 dominant at P14 (Figure 2I). We also observed 

progressive acquisition of the adult NSC signature with age (Figure S2D). We wondered 

if the adult NSC signature strengthens beyond P14, so we integrated our early postnatal 

dataset with our previously published adult NSC dataset,34 which included 5 clusters that 

spanned the beginning of the neurogenic lineage from quiescent NSC (S1, S2, and S3) to 

active NSC/early neuronal progenitor (S4 and S5). We observed overlap between datasets 

but segregation of dividing clusters and quiescent clusters (Figures S2E and S2F). Our q1 

and q2 quiescent clusters were most similar to the S2 cluster in the adult NSC dataset but 

less similar to the S1 cluster, which anchors the quiescent end of the pseudotime34 (Figure 

S2G), suggesting that quiescent NSCs continue to mature beyond P14.

Together, these data suggest that acquisition of an adult NSC state is a multi-step 

developmental process: NSCs first exit the cell cycle and enter an immature quiescent state 

between P3 and P7, and then they undergo further maturation between P7 and P14 toward an 

adult NSC state (Figure 2J).

Distinct molecular landscapes characterize each step of NSC development

We conducted GRN analysis on each step of the pseudotime (a1 to q1 and q1 to q2) 

to identify distinct gene networks that characterize each step of NSC development. The 

GRN score considers changes in expression of the transcriptional regulator and its predicted 

target genes, collectively called a regulon. We found that transcriptional regulator expression 

cascaded across the pseudotime (Figure 3A), and we identified regulons that were either 

increased or decreased across the a1 to q1 step (Figures 3B and 3C) and the q1 to q2 

step (Figures 3D and 3E). Interestingly, some regulons only changed across one step, 

like Nfix and Hlf, while others continuously changed across the entire pseudotime, like 

Rps3 and Sox9. Immunostaining confirmed that NFIX protein expression was lower in 

quiescent NSCs (HOPX+MCM2−) than proliferating NSCs (HOPX+MCM2+) at P7 and P14 

(Figures 3F and 3G), and that SOX9 protein expression was higher in quiescent NSCs than 

proliferating NSCs at P7 and P14 (Figures 3H and 3I). Notably, regulons that changed 

across both steps often had a different composition of target genes across each step, and 

a target gene’s contribution to the regulon could be different across each step (Figures 

S3A and S3B). Some of the identified regulons, like Sox11 and Nfix, are known to be 

required for proper DG morphogenesis during development.47–49 Others, like Npas3, a 

transcription factor implicated in schizophrenia and intellectual disability,50–52 are known 

to be required for normal proliferation and neurogenesis in the adult mouse DG.53 We also 

identified regulons that have no known role in regulating NSCs, like Hlf, which maintains 

hematopoietic stem cell quiescence.54–56 Collectively, these results revealed distinct gene 

networks underlying each step of NSC development into an adult state.

Metabolism-related gene expression changes with each step of NSC development

Next, we elucidated the impact of gene expression changes on cell biology in each step 

of NSC development. We identified kinetic patterns of gene expression across the a1 to 

q1 and q1 to q2 steps of the pseudotime using CellRouter57 (Figures 1A and 4B; Table 
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S2) and performed Gene Ontology (GO) analysis on each kinetic pattern (Figures 1A and 

1B; Table S3). Genes related to transcription and RNA splicing decreased in expression 

across the a1 to q1 step of quiescence acquisition (Figures 1A and S4A). Interestingly, we 

found increased expression of genes involved in cell junction assembly, protein catabolism, 

and autophagy along the a1 to q1 trajectory (Figures 1A and S4A). Genes involved in 

autophagy were specifically upregulated in the q1 state (Figure 1C). Genes involved in the 

establishment of cell polarity and metabolic processes, such as ATP metabolic process and 

energy derivation by oxidation of organic compounds, increased in expression across the q1 

to q2 step of NSC maturation (Figures 1B and S4B). Some biological processes, like those 

related to mitochondrion organization and translation, exhibited gene expression changes 

across both steps of the trajectory (Figures 1A, 1B, S4A, and S4B). Decreased expression 

of genes related to translation indicated downregulation of protein synthesis at the cell cycle 

exit step and the maturation step (Figure 1D), which we confirmed in an independent assay 

that measured global protein translation using OPP (O-propargyl-puromycin) incorporation 

(Figures 1E–1G). Together, these results revealed a timeline of cell biology changes during 

NSC development into an adult state and highlighted a significant metabolic transformation.

Sequential metabolic milestones mark each step of NSC development

To test whether distinct metabolic changes indeed underlie each step of NSC development at 

the cellular level, we used cell permeable dyes and flow cytometry to experimentally assess 

multiple metabolic parameters in individual DG NSCs isolated from Hopx-3xFlag-GFP 
mice at P3, P7, and P14 (Figures 5A and S5A).

Autophagy is a conserved catabolic process that degrades and recycles intracellular 

components for turnover of cytoplasmic content, but autophagy can also be induced 

in response to stress to eliminate toxic or damaged components and to serve as a 

source of energy.58,59 Previous studies suggested that autophagy may be important for 

DG development,60 as well as for proliferation and survival of adult NSCs and their 

progeny.61,62 Given our observation that autophagy-related genes were upregulated as NSCs 

exited the cell cycle (Figures 1A and 1C), we examined whether changes in autophagy might 

occur in sync with cell cycle exit between P3 and P7. We used the commercial Autophagy 

Assay Kit (Red),63 which labels autophagosomes and autolysosomes (Figure S5B), and we 

confirmed the specificity of the dye using cells derived from transgenic mice expressing 

GFP-LC364–66 (Figure S5C). We found that autophagic vesicle content increased in NSCs 

(GFP+) from P3 to P7, and this higher level was maintained at P14 and 6 weeks (Figures 

5B–5D and S5E). An increase in autophagic vesicle content can correspond to enhanced 

autophagy, but it can also occur if lysosomal degradation is reduced.67 We measured 

autophagic flux in NSCs using treatment with chloroquine to distinguish between these 

two possibilities.68 We found that the NSC autophagic flux was highest at P3 and decreased 

to low basal levels at P7 and P14 (Figures 5F and 5G). Increased autophagic flux at P3 was 

confirmed using bafilomycin A167,68 (Figure 5H). To examine whether high autophagic flux 

might simply be correlated with NSC proliferation, we also measured autophagic flux at P1, 

another age when the majority of NSCs are dividing (Figures 1A and 1B). To our surprise, 

we found that NSCs had a low basal level of autophagic flux at P1, similar to P7 and P14 

(Figures 5F and 5G). Together, these results demonstrated that NSCs undergo a burst of 
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autophagic flux at P3, right as they prepare to exit cell cycle. Importantly, NSCs exhibited 

a distinct developmental trajectory of autophagic vesicle content and flux compared to the 

surrounding cellular environment (GFP−), suggesting that temporal changes in autophagy 

are specific to NSC development, rather than a tissue-wide phenomenon (Figures 5E, S5D, 

and S5F).

Redox balance and buildup of cellular reactive oxygen species (ROS) contributes to 

oxidative stress that can be toxic for the cell, but ROS can also function as a second 

messenger signal.69–71 High levels of cellular ROS are associated with the adult quiescent 

NSC state in the DG,72 but cellular ROS levels in developmental NSCs have not been 

studied. We used the superoxide indicator dihydroethidium (DHE)72 to measure cellular 

ROS levels in NSCs across early postnatal development (Figure 5A). We found that 

cellular ROS was relatively low in NSCs (GFP+) at P3 and P7, similar to the surrounding 

cellular environment (GFP− cells; Figures 5I–5L). However, levels of cellular ROS markedly 

increased in NSCs at P14 and furthermore at 6 weeks, distinguishing them from the 

surrounding cellular environment in the DG (Figures 5I–5L, S5G, and S5H). These results 

demonstrated that the high ROS level associated with the adult quiescent NSC state in the 

DG is acquired after P7 and is associated with NSC maturation after quiescence.

Mitochondrial function is critical for NSC self-renewal, proliferation, and differentiation,73 

but mitochondrial respiration is also a major source of cellular ROS.74 We wondered if 

the increased cellular ROS associated with the quiescent NSC state was due to changes 

in mitochondria. We used MitoTracker Deep Red staining75 to show that mitochondrial 

mass did not significantly differ in DG NSCs between P3 and P7, but it was reduced 

after P7 at P14 and 6 weeks (Figures S5I–S5K). The changes in mitochondrial mass were 

anti-correlated to the changes in cellular ROS during this period, suggesting that increased 

cellular ROS in NSCs was not due to increased mitochondrial respiration. The changes 

in NSC mitochondrial mass and cellular ROS levels both occurred after P7, suggesting 

that these metabolic transformations were associated with NSC maturation after quiescence 

acquisition.

Together, these data demonstrate that distinct metabolic milestones occur sequentially during 

DG NSC development: first, a burst of autophagy flux corresponds to the initiation of the 

shift to quiescence, and then increased ROS accompanies NSC maturation into an adult 

state.

Autophagy promotes the NSC transition to quiescence

Timing is key to cellular mechanisms that promote the developmental transition to 

quiescence. The transient autophagic burst at P3, when DG NSCs are on the cusp of 

transitioning to quiescence, suggested that autophagy may be involved in this developmental 

transition. To test this hypothesis, we deleted autophagy-related gene 5 (Atg5),76 a critical 

component of the autophagy machinery that decreased in expression across the pseudotime 

trajectory (Figure 6A). Hopx-CreERT2::mTmG Atg5wt/wt and Hopx-CreERT2::mTmG 
Atg5Flx/Flx mice were administered tamoxifen at P1, and NSC proliferation was assayed 

at P7 and P14 (Figure 6B). Atg5 deletion increased the proportion of DG NSCs that were 

proliferating (HOPX+MCM2+) but decreased the total number of GFP+ NSCs at both P7 and 
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P14 (Figures 6C–6H). In addition, Atg5 deletion increased the proportion of GFP+ cells that 

were neurons (PROX1+) and the total number of GFP+ neurons at both P7 (Figures S6A–

S6C) and P14 (Figures S6D–S6F). Together, these results suggest that autophagy promotes 

quiescence, and in its absence, NSCs continue to divide and generate neurons at the expense 

of preserving the NSC pool. Thus, autophagy is an important metabolic regulator of DG 

NSC quiescence acquisition during early postnatal development.

DISCUSSION

Our study reveals the stepwise nature of DG NSC development into an adult state 

and supports the concept of progressive NSC development. The cellular, molecular, 

and metabolic changes that collectively underlie development into an adult state occur 

sequentially, before or after quiescence acquisition, rather than a synchronous switch at cell 

cycle exit. Using our timeline combined with an in vivo functional assay, we identified 

autophagy as an early mechanism promoting NSC quiescence, consistent with a recent 

independent study demonstrating a role for Atg7 in the NSC quiescence transition.18 

Insights into the changes identified in this study that underlie NSC development will be 

critical to revealing the brain’s endogenous capacity for neurogenesis-associated plasticity 

across the lifespan.

Our study attained a high-resolution picture of DG NSC development by analyzing multiple 

parameters in individual NSCs along a developmentally relevant time course. We analyzed 

transcriptomic and metabolic changes in a defined population of Hopx+ DG NSCs during 

the critical period of quiescence acquisition and revealed a timeline of defined milestones 

that underlie NSC development into an adult state. Previous studies have used unbiased 

scRNA-seq to show that the molecular profile of NSCs changes across embryonic and 

postnatal development in the neocortex and hippocampus,31,77 but these studies focused on 

a single parameter (gene expression) and did not functionally test candidate mechanisms 

driving development. In contrast, our multimodal approach revealed autophagy as a 

functional regulator of NSC development into a quiescent state. First, we used our scRNA-

seq data to identify two quiescent NSC states that were age segregated to early (P3/7) and 

late (P14) postnatal development and constructed an inferred developmental trajectory that 

showed NSCs sequentially progressing from a dividing state to an early quiescent state to a 

late quiescent state. We identified distinct regulatory landscapes that characterized each step 

of NSC development, including known transcriptional regulators of DG development47–49 

or adult neurogenesis,53,78 as well as others that have no known function in DG NSCs, like 

Hlf and Npm1, but play a role in hematopoietic stem cell function and leukemia.54,56,79,80 

Next, we demonstrated that distinct metabolic milestones characterize each step of NSC 

development. A burst of autophagy occurs as NSCs prepare to exit the cell cycle, followed 

by decreased levels of global translation that occur as NSCs exit cell cycle and continue 

as quiescent NSCs mature. In addition, after quiescence acquisition, mitochondrial content 

decreases to a plateau, and levels of cellular ROS significantly increase. Finally, we tested 

the causal role of autophagy in NSC development and showed that blocking autophagy in 
vivo attenuated the NSC transition into a quiescent adult state.
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Our data support a concept of protracted DG NSC development that may extend across the 

lifespan. The size of the adult DG NSC pool decreases across adulthood,13,14 and DG NSCs 

become more dormant with advancing age,16,81 both of which contribute to reduced levels 

of neurogenesis in aging.11,12 More recent studies have identified additional changes in adult 

NSC properties, such as the capacity for self-renewal, as early as 6 months old in mice, only 

about 25% of the way through the lifespan.14,82,83 Together with our findings, these results 

suggest that the properties of NSCs continue to change well after quiescence acquisition and 

are likely to undergo a lifelong progression.

Though there is clear evidence that hippocampal neurogenesis occurs throughout adulthood 

in rodents27,84–86 and non-human primates,87–92 there is conflicting evidence for the 

existence of active neurogenesis in the adult human hippocampus.93–101 Neurogenesis 

in adulthood is fundamentally dependent on the presence of a long-lived, quiescent 

NSC population. Accumulating evidence demonstrates that the protracted nature of 

DG development and the order of developmental milestones is conserved between 

species, despite differences in the timing.16,84,85,97,102–111 Thus, the relative timing of 

milestones in rodents could be used as a guide for studying human DG development. 

For example, the establishment of a long-lived, quiescent NSC population in the mouse 

DG occurs immediately following peak neurogenesis,107 and peak neurogenesis occurs 

during mid-gestation in the human DG.97,104,105 Future work investigating human DG NSC 

development during the fetal period will be essential to understanding the potential for 

lifelong human neurogenesis.

While this study focused on stem cells in the brain, many organs in the body harbor 

a population of adult stem cells, and the principles identified here may apply broadly 

to the developmental establishment of other somatic stem cell populations. Many studies 

have identified the developmental origins of hematopoietic stem cells,112 muscle stem 

cells (satellite cells),113–115 and intestinal stem cells,116 but the process(es) leading to the 

establishment of the adult stem cell state remains largely unclear. Our study presents a 

methodological outline to approach the study of stem cell development in other systems. 

An unrealized feature of many somatic stem cell populations is that quiescence acquisition 

is not coupled to the establishment of the adult stem cell state. For example, SVZ NSCs 

become quiescent embryonically21,22 but do not acquire an adult molecular signature 

or localization to the center of a pinwheel structure until after birth.77,117 Similarly, a 

significant proportion of muscle stem cells become quiescent before they acquire satellite 

cell characteristics and locate to their adult niche under the basal lamina.118 Hematopoietic 

stem cells colonize the bone marrow niche as early as E16.5 in mice119 but do not acquire 

an adult molecular signature, long-term repopulating activity, or quiescence until after 

birth.120,121 What drives stem cell maturation into an adult state remains largely unknown, 

but our work suggests that it may be driven by changes in stem cell metabolism.18 Distinct 

metabolic changes occur as quiescent adult stem cells reactivate, and many of these changes 

are common across systems.19,33 For example, quiescent adult stem cells have low levels 

of transcription and translation that get upregulated with activation.122–125 Additionally, 

quiescent adult stem cells have increased heterochromatin and lower chromatin accessibility, 

which is reversed upon activation.126–128 Many previous studies have suggested that adult 

quiescent stem cells rely on glycolysis as their primary energy source but switch to 
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mitochondrial respiration upon activation.129–133 However, recent studies demonstrate a 

more prominent role for mitochondrial activity during quiescence,37,134 suggesting that there 

is still a lot to learn about the relationship between metabolism and stem cell function. 

Future work will benefit from comparisons between systems, given the potential for 

common mechanisms to establish and maintain adult stem cell pools. Detailed time course 

analyses across embryonic and postnatal development will be required to better delineate 

different phases of stem cell development and to uncover both common and tissue-specific 

mechanisms regulating the establishment of adult stem cell populations.

Limitations of the study

First, this study focused on the intrinsic properties of DG NSCs and did not investigate 

extrinsic changes in the environment that may influence the establishment of the adult NSC 

pool. There are undoubtedly changes in the signaling environment during this dynamic 

period of early postnatal development,30,107 and future studies should investigate how these 

changes impact NSC development. Second, our study was designed based on previous 

knowledge that by the end of the second postnatal week the majority (>80%) of NSCs have 

shifted to quiescence,16 and the SGZ niche resembles its adult form.25 Previous studies 

have demonstrated changes in NSC behavior across adulthood14,82; therefore, it is likely that 

additional changes occur to the NSCs after P14. Third, our scRNA-seq data demonstrate 

the heterogeneity of the Hopx+ population, which could not be controlled for in the rest 

of our experiments. Future experiments could use index sorting to link transcriptomic and 

metabolic data at the single-cell level. Finally, though we tested the causality of autophagy 

in regulating the establishment of the quiescent adult NSC state, we did not test the 

causality of other milestones, like cellular ROS. Future studies could determine whether 

other milestones identified here are drivers of NSC development.

In summary, our deliberate and comprehensive investigation of the establishment of the 

quiescent adult NSC pool in the DG demonstrates that acquisition of the adult NSC 

state is not simply a switch from proliferation to quiescence but is instead a progressive 

process. Many somatic stem cell populations undergo a similar developmental process to 

establish their quiescent adult stem cell pools, and our study identifies a framework that 

may be universal across systems. Further detailed study of the developmental process that 

establishes adult stem cell pools will be critical to understanding the body’s capacity for 

lifelong plasticity and regeneration.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the Lead Contact, Hongjun Song 

(shongjun@pennmedicine.upenn.edu)

Materials availability—This study did not generate new unique reagents.
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Data and code availability—Single-cell RNA-seq data have been deposited at the NCBI 

GEO: GSE232833. All original code has been deposited at GitHub: https://github.com/

dvjim/AtoQ. Microscopy data reported in this paper will be shared by the lead contact upon 

request. Any additional information required to reanalyze the data reported in this paper is 

available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals—All animal procedures used in this study were performed in accordance with 

protocols approved by the Institutional Animal Care and Use Committee of the University 

of Pennsylvania. Animals were housed in a 14 h light/10 h dark cycle with food and 

water ad libitum. Both male and female mice from the same litters were used for all 

experiments and data were pooled together. Hopx3FlagGFP knock-in mice (Jackson #029271; 

RRID #IMSR_JAX:029271) harboring a 3xFLAG tagged HOPX and EGFP under the 

Hopx promoter were used to visualize Hopx expression in the brain and to identify 

and isolate Hopx-expressing cells from the DG.39 Hopx3FlagGFP transgenic mice used in 

this study were back-crossed for at least five generations and maintained on a C57BL/6 

background. Hopx3FlagGFP/+ genotyped mice were used in all experiments. GFP-LC3 mice 

(RIKEN BioResource Research Center #RBRC00806; strain name B6.Cg-Tg(CAG-EGFP/

LC3)53Nmi/NmiRbrc; GFP-LC3#53; RRID # IMSR_RBRC00806) expressing a fusion 

cDNA encoding enhan ced GFP jointed at its C terminus to rat microtubule-associated 

protein 1 light chain 3 beta under the control of the CAG promoter were used to visualize 

the occurrence of autophagy.65 The GFP-LC3 transgenic mouse line was maintained as 

heterozygotes bred to C57BL/6. Triple transgenic Hopx-CreERT2::mTmG; Atg5Flx/Flx mice 

were generated by mating the following three transgenic mouse lines: (1) Hopx-CreERT2 

knock-in mice (Jackson #017606; RRID # IMSR_JAX:017606) that harbor a tamoxifen-

inducible CreERT2 fusion gene,149 (2) Rosa26flox-mT-stop-flox-mG mice (Jackson #007676; 

RRID # IMSR_JAX:007676), which harbor loxP sites on either side of a membrane-targeted 

tdTomato (mT) cassette followed by an STOP sequence, upstream of a membrane-target 

EGFP (mG) cassette, such that in the presence of Cre the mT cassette is deleted, replaced 

by mG expression,150 and (3) Atg5Flx/Flx mice (RIKEN BioResource Research Center 

# RBRC02975; strain name B6.129S-Atg5<tm1Myok>; RRID # IMSR_RBRC02975), in 

which Exon 3 of the Atg5 gene is flanked by loxP sites.76 Hopx-CreERT2::mTmG; Atg5w/w 

and Hopx-CreERT2::mTmG; Atg5Flx/Flx mice were generated as littermates and used for 

experimentation. Transgenic mice were genotyped using primer sets provided by The 

Jackson Laboratory or RIKEN BioResource Research Center. Genomic DNA was isolated in 

a solution of 25 mM NaOH and 0.2 mM EDTA at 95°C for 1 h, followed by vortexing and 

centrifugation.

METHOD DETAILS

Tissue processing and immunohistology—Animals were transcardially perfused 

with ice-cold DPBS, followed by ice-cold 4% paraformaldehyde (PFA). Brains were fixed 

for 2 h in 4% PFA at 4°C, and then cryoprotected in 30% sucrose solution in 1x PBS 

overnight at 4°C. Brains were frozen in Tissue Freezing Medium (GeneralData) and stored 

at −80°C until coronal brain sections (25 μm) were collected onto Fisherbrand Superfrost 

Jimenez-Cyrus et al. Page 12

Cell Rep. Author manuscript; available in PMC 2024 August 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://github.com/dvjim/AtoQ
https://github.com/dvjim/AtoQ


Plus Microscope Slides (Fisher Scientific, 12–550-15) using a cryostat (Leica, CM3050S). 

Slides with brain sections were stored at −20°C until immunohistochemistry was performed.

All immunostaining was performed in sets that included sections from each age being 

analyzed to prevent the potentially confounding batch effects of doing multiple sets of 

immunostaining. Antibodies used in this study can be found in the key resources table. 

Mouse anti-Flag (Sigma, Cat# F1804) was used to identify Hopx3FlagGFP+ cells, denoted 

in images simply as “HOPX”. Slides with brain sections were washed in TBS with 0.05% 

Triton X-100 and then underwent antigen retrieval: sections were incubated in 1x Target 

Retrieval Solution (Agilent Dako) at ~95°C in a steamer for 30 min and cooled to room 

temperature for 45 min. Slides were then washed in TBS with 0.05% Triton X-100 and 

incubated in primary antibody solution (3.33% donkey serum and 0.05% Triton X-100 

in TBS) overnight at 4°C. Slides were washed in PBS and then incubated in secondary 

antibody solution (3.33% donkey serum and 0.05% Triton X-100 in TBS) and DAPI nuclear 

stain (Roche) for 1–2 h at room temperature. Alexa Fluor 488, 555, 647 (Invitrogen) 

secondary antibodies were used at 1:250 dilutions and DAPI was used at a 1:1000 dilution. 

After a second set of PBS washes, sections were mounted with ProLong Gold Antifade 

Mountant (Thermo Fisher Scientific). If GFP immunostaining was performed in conjunction 

with other antibodies, then GFP primary and secondary antibody steps were completed prior 

to antigen retrieval. All brain sections from Hopx-CreERT2::mTmG mice underwent antigen 

retrieval to quench the endogenous mTomato signal.

Confocal microscopy and image processing—Brain sections were imaged using a 

Zeiss LSM 810 confocal microscope (Carl Zeiss). Either 40X or 63X objectives were used 

for imaging. For each imaging experiment, the exact same imaging settings (laser power and 

gain) were used to image sections from each staining set to reduce variability. Images were 

analyzed using ImageJ software.

Single-cell RNA-sequencing

Dentate gyrus dissection and dissociation: DG was rapidly dissected from fresh 

Hopx3FlagGFP/+ mouse brain in ice-cold DPBS under a dissecting microscope. Tissue was 

then dissociated using a MACS Neural Tissue Dissociation Kit with Papain (Miltenyi 

Biotec, 130–092-628) according to the manufacturer’s guidelines. The single cell suspension 

was then resuspended in 22% Percoll in Hibernate A (Brain Bits) and spun for 10 min at 

700 g at 4°C without brakes. The myelin/debris supernatant was removed and the cell pellet 

was resuspended in Hibernate A Low Fluorescence (Brain Bits). Cells were incubated with 

a 1:50,000 dilution of MitoTracker Deep Red FM (Thermo Fisher Scientific) for 2 min at 

room temperature to label viable cells, and then were washed and put through a cell-strainer. 

GFP+/− cells were sorted using a BD FACS Aria II SORP cell sorter. Cells were collected at 

P3 (8 pups pooled), P7 (8 pups pooled), or P14 (8 pups pooled) and sorted into individual 

wells of a 96-well plate containing 2.85 μL SMART-Seq lysis buffer.

Sequencing library preparation: Library preparation was performed as previously 

described with minor adjustments for pg concentrations.16 Briefly, mRNA was isolated 

from single cells using the SMART-seq protocol151 and incubated at 72°C for 3 min in lysis 
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buffer. A custom-designed primer with a 30-deoxythymidine anchor (1 μL of 12 μM) was 

added and incubated at 72°C for 3 min to anneal the poly-adenylated RNA. First-strand 

synthesis was performed using a custom-designed TSO oligo by adding 6.05 μL of RT 

buffer (1 μL SMARTScribe Transcriptase RT, 0.3 μL 200 mM MgCl2, 0.5 μL RNase 

inhibitor, 1 μL dNTP, 0.25 μL 100 mM DTT, 1 μL of 12 μM TSO) to the lysed cell sample. 

Cells were incubated at 42°C for 90 min, followed by enzyme inactivation at 70°C for 10 

min. RT product was amplified for 20 cycles using the Advantage 2 Polymerase system (2 

μL of Advantage 2 Polymerase, 2 μL of dNTPs, 2 μmL 12 μM custom-designed amplifying 

PCR primer, 29 μL of water) and PCR thermocycling with following parameters: 95°C 1 

min, 95°C 15 s, 65°C 30 s, 68°C 6 min, 72°C 10 min with a final extension at 72°C 10 min. 

PCR products were purified using a 1:1 ratio of SPRI Beads and cDNA concentration was 

measured by Qubit.

Tagmentation was performed using a homemade Tn5 enzyme-buffer system, which included 

a Tn5 enzyme at 1:32 dilution and 2XTD buffer (20 mM TAPS-NaOH, 10 mM MgCl2 and 

8%PEG-8000).43,152 Each 5 μL tagmentation reaction was incubated at 55°C for 10 min 

and immediately quenched using 1.25 μL 0.2% SDS. After quenching, Universal Illumina 

barcodes and 2x KAPA HiFi HotStart ReadyMix were used to amplify the library, bringing 

the reaction to 50 μL. PCR thermocycling with the following parameters was used: 72°C 5 

min, 95°C 1 min, 95°C 20 s, 55°C 30 s, 72°C 30 s with a final extension at 72°C 1 min 

for X15 cycles. PCR products were purified using a 1:1 ratio of SPRI Beads and cDNA 

concentration was measured by Qubit.

Sequencing, reads alignment and pre-processing: Samples were then multiplexed at equal 

nM concentration to the lowest library concentration, and all libraries from each age were 

pooled 1:1, then diluted to a final concentration of 2 nM and sequenced on an Illumina 

NextSeq 550 instrument using Illumina 75-cycle High Output Kit v2.5 (20024906). The 

raw data was converted to “.fastq” files using bcl2fastq (v2.17.1) software. Single-end 

sequencing reads were pre-processed trimmed of sequencing adaptors and poly-A sequence 

contaminants using Cutadapt.136 To digitally count at gene-level, the RSEM (v.1.2.28) 

package135 where fastq files were imported, which outputs STAR (v.2.7.1a)145 summarized 

estimates of gene-level counts using mouse reference genome assembly (GRCm38 Mouse 

Gencode release V19). Tximport package (v. 1.18.0)142 was then used to concatenate 

individualized cell output as a matrix using gene-level RSEM settings. Raw digital 

expression matrices were generated, and we observed a range of gene expressions in 

different samples due to variability of sequencing depth.

Quality control, cell clustering and visualization: A raw expression matrix for cells 

was loaded as log transformed TPM value Seurat objects (v 4.0.2)153 in R (v4.0.3) 

using the function “CreateSeuratObject”. Summed gene expression count across all cells 

<200 TPM were discarded, cells with <500 or >7000 genes expressed were discarded, 

cells with >10% genes mapped to mitochondrial genes were discarded, and the retained 

cells underwent library size normalization with scuttle (v1.0.4) and SCT transformation 

with Seurat.147,148,153 Due to the nature of our samples, we did not regress out cycling 

genes for downstream analysis. To cluster cells, we performed density peak clustering 
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from Monocle (v.2.18.0)138 using the ‘clusterCells’ function with ‘dpFeautres’ default 

settings. To visualize cells we used principal component analysis (PCA) and uniform 

manifold approximation and projection (UMAP) with the ‘RunPCA’ and ‘RunUMAP’ 

functions in Seurat. Three methods were used to determine the optimal range of clusters 

and number of principal components for downstream analysis: (1) the WSS and ‘elbow’; 

(2) the ‘Silhouette’ method using ‘approxSilhouette’ from bluster (v1.0.0)143,154; and (3) 

hierarchical clustering from clustree (v0.5.0).139 The elbow method assessed the total 

intra-cluster variation by way of within-cluster-sum of squared error as a function of the 

number of clusters and assessed the percentage of variance explained by successive PCs 

to select the optimal PC to linearize cell-cell relationships.34 The Silhouette method uses 

the silhouette coefficients of over a range of k clusters, 2–8, to measure the consistency 

of similarity of each cell in one cluster to cells in the neighboring clusters and identify 

the peak as the optimum, k.154 Clustree allows for visual interrogation of over clustering 

as cluster resolution increases.139 Final evaluation of cluster separation by graph-based 

clusters was done using pairwise modularity between communities, which observed the total 

weights of edges between nodes of the same cluster using ‘pairwiseModularity’ function, 

and cluster purity quantifying the degree to which cells from multiple clusters intermingled 

in expression space via the ‘neighborPurity’ function from bluster. The resulting cell clusters 

were projected to the UMAP previously computed for visualizations, while PCA cell 

embeddings were used for RNA velocity analysis. The stability of cluster identity across 

P3, P7, and P14 was assessed using Pearson’s correlation via pseudo-bulk analysis, which 

showed high correlation of cluster signatures across age samples. To remove ependymal 

cell contamination, we selected out cells with expression of Foxj1. Mature astrocytes 

were identified in this dataset by using Monocle’s ‘newCellTypeHierarchy’ function and 

gene expression of Abhd3 > 3, Gjb6 ≥ 1, and Gabrg1 >0. These genes were used to 

distinguish astrocytes from NSCs because they have previously been identified to be highly 

expressed in mature astrocytes and lowly expressed in adult DG NSCs.27,34 To benchmark 

our assigned cell type identities, we conducted a comprehensive analysis that involved a 

Pearson’s correlation test of our astroglial lineage clusters (ImA and MA). These clusters 

were compared with astroglial lineage and NSC clusters (Astro-adult, Astro-juv, Immature-

Astro, RGL, RGL_young) obtained from the Hochgerner et al. dataset,27 a single-cell 

RNA-seq dataset of the developing mouse hippocampus. In addition to this developmental 

dataset, we performed a comparative analysis by juxtaposing our data with an adult DG 

cell dataset.34 This comparison aimed to evaluate and validate the activity and quiescence 

of our cells, while also anticipating the future (adult) distribution of q2 and MA clusters. 

To achieve these objectives, we integrated normalized matrices, using the Hochgerner et 

al.31 clustering as an anchoring criterion through Seurat’s canonical correlation analysis 

based integration workflow (‘FindIntegrationAnchors’ and ‘IntegrateData’ functions).155 

The resulting manifold, featuring 7 clusters, was employed for downstream analysis. 

Subsequently, we directly compared this validated manifold with the Shin et al. dataset40 

using the same integration methods, ensuring a consistent and reliable comparative 

assessment across each query dataset. We then conducted a Pearson’s correlation across 

all groups and visualized the integrated cell distributions using UMAP. This confirmed our 

q1 and q2 quiescent clusters were most similar to the S2 cluster from Shin et al., but less 

similar to the S1 cluster which anchors the quiescent end of the pseudotime.40
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Single-cell RNA-sequencing analyses

RNA velocity: RNA Velocity (velocyto.R.0.6)46 was used to forecast the future expression 

state of individual cells. The vector flows, representing the direction and magnitude of 

changes in gene expression for each cell, were utilized within a manifold constricted from 

the gene expression data. The velocity magnitude and directions within this manifold were 

then used to identify clusters serving as either the source or sink of the trajectory. Count 

estimates of unspliced and spliced mRNA were computed with the following parameters: 

velocyto run_smartseq2-d $Bamlocation $mm10_rmsk.gtf.gz –o $output, where the repeat 

masker files were generated from the UCSC browser. The resulting matrix of unspliced, 

spliced, and spanning estimates were filtered using the default setting and imported into the 

‘gene.relative.velocity.estimate’ function using PCA embeddings to calculate cell distance. 

Default settings were used except for the cell kNN pooling, for which we used a k of 10 

and a fit quantile of 0.2. Top genes with >0.6 gamma fit were subsetted to confirm the 

directionality of trajectory. This generated vectors for each cell, identifying a change in 

expression in the original cell state and the predicted cell state at future time t identified 

across the pseudotime trajectory. The rate of transcription was designated by the vector 

magnitude. Velocity vectors were visualized using UMAP embedding.

Cell scores: A Cell Cycle Score was calculated for each cell by taking the average of the 

S score and G2/M score assigned using the Seurat ‘Cell-CycleScoring’ function. A higher 

score indicated higher expression of S or G2/M phase markers, while a lower score indicated 

that cells were likely not cycling and/or in G1 phase. An Adult NSC Score was calculated 

for each cell using expression of quiescent adult hippocampal NSC enriched genes identified 

in a previous single-cell RNA-seq dataset.34 In the previous dataset, adult hippocampal 

quiescent NSCs and their immediate progeny were aligned in a pseudotime trajectory, and 

the top 1000 downregulated genes across the pseudotime were identified as quiescent adult 

hippocampal NSC enriched genes.34 The average expression of these 1000 genes was used 

to calculate an Adult NSC Score for each cell.

Pseudotime trajectory: To construct the active to quiescent NSC trajectory, we loaded 

relevant clusters (a1, q1, and q2) of P3, P7, and P14 cells into Monocle using the default 

‘dpFeatures’ and ICA DDRTree method along with a census method using uniform option 

processing for pseudotime projection. The root state was identified as a cluster with steady-

state velocities and the state contained the majority of cells with the earliest developmental 

age for each individual analysis. A single main active to quiescent trajectory was used 

and divided into two separate trajectory paths (a1-q1 and q1-q2) as no major branching or 

deviation off the core cellular trajectory from active to quiescence was expected.

Gene regulatory network (GRN) analysis: SCENIC: To identify steady-state regulons 

within a particular cluster, we used the SCENIC R package (v.1.2.4)146 algorithm, which 

was run on the RNA slotted Seurat matrix, which included library size normalized data. 

Default filtering parameters and settings were used to subset the log-transformed expression 

matrix and build a GRN by first using GENIE3156 to identify potential targets for 

each transcriptional regulator based on inferred co-expression, which identifies non-linear 

relationships of genes, formatting the identified targets into co-expression modules. Then, 
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using RcisTarget, over-represented and putative regulons were identified via DNA motifs 

and pruned using cis-regulatory motif analyses from co-expression modules mm10_refseq-

r80_10kb_up_and_down_tss.mc9nr.-feather. Finally, to match cell states and cell types with 

regulators, network activity in each cell was identified by scoring each regulon in the cell by 

calculating area under the curve using AUCell. We set seed for GENIE3 for reproducibility 

as it is based on a Random Forest approach.

CellRouter: For dynamic transcriptional regulator analysis across pseudotime, we applied 

the CellRouter57 GRN analysis feature using Monocle-imported pseudotime applied to 

normalized data. We considered genes above the 80% quantile as positively correlated with 

the trajectory progression and genes below the 10% quantile as anti-correlated with the 

trajectory progression. These selected genes were then used to create a global GRN by 

sub-setting identified transcriptional regulators and using a Z score threshold to identify 

regulatory interactions via the CLR algorithm.157,158 GRN scores ranked transcriptional 

regulators based on correlation with progression, the correlation of transcriptional regulator 

predicted targets, the number of targets and the Spearman’s rank correlation.

Kinetic patterns of gene expression: To identify genes with similar expression patterns 

across each step of the pseudotime, we used CellRouter’s57 ‘smoothDynamics’, which 

uses loess regression to predict gene expression, and ‘clusterGenesPseudotime’, which uses 

partitioning around medoid (PAM) clustering. Gene patterns were extracted and visualized 

with Monocle using ‘plot_pseudotime_heatmap’ function.

Gene ontology (GO) analysis: To map enrichment patterns of gene ontology (GO) terms 

of biological processes onto the kinetic patterns of gene expression, we applied the 

“compareCluster” function from clusterProfiler (v. 3.19.1)144,159 with default parameters to 

the full gene list outputted from the kinetic clustering identified by CellRouter. A full list of 

GO terms is summarized in Table S3. GO terms with <4 counts were removed and semantic 

simplification of GO terms was conducted at a 0.7 redundancy rate to identify globally 

significant terms. A p-value threshold of 0.05 was initially used to identify potentially 

significant results. Subsequently, the false discovery rate (FDR) was controlled at a q-value 

threshold of <0.2 to refine the selection of significantly enriched Gene Ontology (GO) 

terms.

Measuring global translation levels with OPP incorporation—OPP incorporation 

into ex vivo hippocampal slices was used to measure acute global translation levels in DG 

NSCs in Hopx3FlagGFP mice at P7 and P14. Ex vivo acute slices were used because OPP 

did not cross the blood-brain barrier very well, despite reaching peripheral organs, like 

the liver, when OPP was injected intraperitoneally in vivo (data not shown). All samples 

(P7 and P14) were processed (dissections, OPP incorporation, staining, imaging) in parallel 

on the same day to reduce variability. Brains were rapidly dissected from Hopx3FlagGFP/+ 

mice and sliced coronally into 400 μm thick slices in ice-cold, oxygenated cutting solution 

(206 mM Sucrose, 2.8 mM KCl, 1.25 mM NaH2PO4, 26 mM NaHCO3 26 mM, 1 mM 

CaCl2 2H2O, 2 mM MgSO47H2O, 1 mM MgCl26H2O, 0.4 mM Sodium Ascorbate, 10 

mM D-Glucose) on a vibratome (Leica VT 1200S) at 0.30 mm/s feed speed and 1.35 mm 
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amplitude adjustment. Brain slices were cut within 20 min of dissection and were transferred 

into room temperature, oxygenated aCSF (124 mM NaCl, 2.8 mM KCl, 1.25 mM NaH2PO4, 

26 mM NaHCO3, 2 mM CaCl22H2O, 2 mM MgSO47H2O, 0.4 mM Sodium Ascorbate, 10 

mM D-Glucose) where they were equilibrated for 1 h. After the initial recovery period, brain 

slices were transferred to a new holding experimental chamber where they were incubated in 

20 μM OPP in oxygenated aCSF for 1 h. Brain slices were immediately fixed in 4% PFA for 

15 min and then cryoprotected in 30% sucrose solution in 1x PBS overnight at 4°C. Brain 

slices were frozen in TFM Tissue Freezing Medium (GeneralData) and stored at −80°C 

until they were re-sliced and coronal brain sections (10 μm) were collected onto Fisherbrand 

Superfrost Plus Microscope Slides (Fisher Scientific, 12–550-15) using a cryostat (Leica, 

CM3050S). Slides with re-sliced brain sections were stored at −20°C until staining was 

performed.

OPP was detected using the Click-iT Plus OPP Alexa Fluor 647 Protein Synthesis Assay 

Kit (Invitrogen, C10458) per the manufacturer’s guidelines. Immunohistochemistry was 

performed immediately following OPP detection as described above, and all steps were 

performed in the dark to preserve the OPP fluorescent signal. Stained brain sections were 

imaged using a 40X objective on a Zeiss LSM 810 confocal microscope (Carl Zeiss). For 

each 400 μm thick brain slice that was re-sliced, 3 single-plane images of the DG were 

collected from 3 different brain sections. The exact same imaging settings (laser power and 

gain) were used to image sections stained in parallel to reduce variability.

Primary cortical astrocyte culture—Primary cortical astrocyte cultures were prepared 

as previously described.160 Cerebral cortices were dissected from brains of GFP-LC3 

transgenic66,160 or non-transgenic neonatal mice at P0-P1. Cortical tissue was digested using 

0.25% trypsin for 10 min at 37°C, then triturated with a 5-mL pipet to break up large 

pieces of tissue, and then triturated with a P1000 pipet until a homogeneous suspension 

was achieved. Cells were passed through a 40-μm pore cell strainer (Falcon Brand Products, 

352,340) and plated at a density of 2,000,000–3,000,000 cells per 10-cm dish. Cells were 

plated and grown in glial media (DMEM [Thermo Fisher Scientific/Gibco, 11965084] 

supplemented with 10% heat inactivated fetal bovine serum [Hyclone, SH30071.03], 2 

mM Glutamax [Thermo Fisher Scientific/Gibco, 35,050–061], 100 U/ml penicillin and 

100 μg/mL streptomycin [Thermo Fisher Scientific/Gibco, 15140122]) at 37°C in a 5% 

CO2 incubator. The day after plating, and every 3–4 days following, glia were fed by 

replacing the glial media. After reaching 75–90% confluence (~8–10 days after plating), 

astrocytes were trypsinized and plated for experiments. Prior to media changes, or splitting, 

the culture dishes were tapped to dislodge any microglia which were then discarded with the 

media change. Glia were plated at a density of 225,000 cells per 35-mm fluorodish (World 

Precision Instruments, FD35–100) coated with 500 μg/mL poly-L-lysine (Sigma, P2636) for 

live-cell imaging. Astrocytes were grown in glial media for 5 DIV at 37°C in a 5% CO2 

incubator.

Primary cortical astrocyte cultures were incubated with Autophagy Assay Kit (Red) (1x 

concentration per manufacturer’s guidelines, Abcam) for 1 h at 37°C before live imaging 

to detect co-localization of GFP-LC3 and Autophagy Assay Kit (Red) dye. Live cell 

imaging was performed on a BioVision spinning disk confocal microscope system with 
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a Leica DMi8 inverted widefield microscope, a Yokagawa W1 spinning disk confocal, and a 

Photometrics Prime 95B scientific complementary metal-oxide-semiconductor camera, and 

an environmental chamber to maintain temperature at 37°C. Images were acquired with 

the VisiView software using a 63x/1.4 NA plan apochromat oil-immersion objective and 

solid-state 488 nm and 561 nm lasers for excitation. Z-stacks spanning the entire depth 

of the cell were acquired at 0.2 μm sections. Primary cortical astrocyte cultures were 

imaged immediately following treatment in HibE (Brain Bits, HE-Lf) imaging solution 

supplemented with 2% B-27, 2 mM Glutamax, 100 U/mL penicillin and 100 μg/mL 

streptomycin.

Flow cytometry and analysis

Dentate gyrus dissection and dissociation: DG was rapidly dissected from fresh 

Hopx3FlagGFP/+ mouse brain in ice-cold DPBS under a dissecting microscope. Tissue was 

then dissociated using a MACS Neural Tissue Dissociation Kit with Papain (Miltenyi 

Biotec, 130–092-628) according to the manufacturer’s guidelines. Dissociated cells were 

washed in Hank’s balanced salt solution (HBSS) (PAA; GE Healthcare), the cell pellet was 

resuspended in 1 mL of growth medium (neurobasal medium + B27 + 1x Glutmax + 1x 

PenStrep) or HBSS, and the single cell suspension was filtered through a 40 μm cell sieve 

(Falcon; BD Biosciences).

Metabolic dye labeling: After DG dissection and dissociation, cell suspensions were 

incubated with Autophagy Assay Kit (Red) (1x concentration per manufacturer’s 

guidelines, Abcam), MitoTracker Deep Red FM (25 nM, Thermo Fisher Scientific) and 

dihydroethidium (DHE; 5 μM, Thermo Fisher Scientific), along with the live/dead vitality 

dye, DAPI (1:2500 dilution, BD Biosciences), for 30 min at 37°C. Post incubation, the cells 

were centrifuged to remove excess dye, resuspended in PBS and immediately subjected to 

flow cytometry.

Autophagic flux measurement: Acute treatment with autophagy inhibitors, chloroquine or 

bafilomycin A167,68, was used to assess autophagic flux ex vivo because chloroquine did not 

reliably cross the blood-brain barrier (data not shown). After DG dissection and dissociation, 

cell suspensions were incubated in media (without growth factors) with either (1) saline 

or chloroquine (10 μM, Sigma-Aldrich), or (2) DMSO or bafilomycin A1(10 nM, Sigma-

Aldrich) for 3 h at 37°C. During the last 30 min of incubation, the cells were additionally 

incubated with the metabolic dyes and DAPI as described above. Post incubation, the cells 

were centrifuged to remove excess dye, resuspended in PBS and immediately subjected to 

flow cytometry.

Flow cytometry and data analysis: Flow cytometry72 was conducted on a BD 

FACSymphony A3 Cell Analyzer (BD Biosciences). Compensation experiments were 

extensively performed with single-dye staining of each dye and FMO (fluorescence minus 

one) controls, at all specific ages. Gating was performed to exclude dead cells and doublets 

(Figure S5A). The levels of the metabolic dyes within GFP+ and GFP− cells were both 

evaluated. FlowJo (V10.7.1) was used to perform all cytometric analyses.
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Tamoxifen injection—A stock solution of 66.67 mg/mL tamoxifen (Sigma, T5648) was 

prepared in a 5:1 solution of corn oil:ethanol at 37°C with occasional vortexing until 

dissolved. Tamoxifen was injected intraperitoneally into Hopx-CreERT2::mTmG; Atg5w/w 

and Hopx-CreERT2::mTmG; Atg5Flx/Flx mice at 333 mg/kg on P1.

QUANTIFICATION AND STATISTICAL ANALYSIS

For quantification of cell cycle, ≥3 tiled images of the entire DG region were imaged per 

mouse from 4 to 12 mice at P1, P3, P7 and P14. Brain sections of equivalent dorsal-ventral 

location were quantified for each immunostaining set to control for any differences along the 

dorsal-ventral axis of the hippocampus. ≥300 GFP+ cells from the entire DG (P1, P3, P7) or 

from the entire SGZ (P14) were quantified using the Point Tool in ImageJ.

For quantification of NFIX and SOX9, ≥2 images of the entire DG region were imaged 

per mouse from 3 mice at P7 and P14. Brain sections of equivalent dorsal-ventral locations 

were quantified for each immunostaining set to control for any differences along the dorsal-

ventral axis of the hippocampus. The mean intensity of NFIX or SOX9 was measured in 

≥300 GFP+ cells throughout the entire DG region (P7) or throughout the entire the SGZ 

region (P14). A GFP+ cell was identified, a region of interest was drawn around the nucleus 

of the GFP+ cell, and the Measure function in ImageJ was used to quantify the mean 

intensity of staining. Then, MCM2 status was noted for each cell.

For quantification of acute global translation levels, the mean intensity of OPP was 

measured in ≥300 GFP+ cells throughout the entire DG region (P7) or throughout the entire 

the SGZ region (P14). A GFP+ cell was identified, a region of interest was drawn around 

the cell body of the GFP+ cell, and the Measure function in ImageJ was used to quantify the 

mean intensity of OPP. Then, MCM2 status was noted for each cell.

For quantification of GFP+ cells in Hopx-CreERT2::mTmG; Atg5Flx/Flx and Hopx-
CreERT2::mTmG; Atg5w/w DG, samples were blinded to genotype and 3 tiled mages of 

the entire DG region were imaged per mouse from 4 mice per genotype at P7 and P14. 

GFP+ cells from the entire DG region (P7) or from the entire SGZ and granule cell regions 

(P14) were quantified using the Point Tool in ImageJ. GFP+ cells were then assessed for 

colocalization with other markers, such as HOPX, MCM2 or PROX1. Volumetric analyses 

were performed by measuring the volume of the entire DG region (P7) or the granule cell 

layer (P14).

Statistical analysis was performed using GraphPad Prism version 9.00 (GraphPad Software 

Inc.) or R. Detailed tests are listed in each figure legend.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• NSC development into an adult state is a multi-step process with defined 

milestones

• Molecular cascade underlying NSC quiescence acquisition and subsequent 

maturation

• Sequential metabolic changes in autophagy and ROS during NSC 

development

• Autophagy promotes NSC quiescence during early postnatal development
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Figure 1. Single-cell RNA-sequencing reveals transcriptomic states of NSCs during the transition 
to a quiescent adult state
(A) Sample confocal images of HOPX+MCM2+ dentate gyrus (DG) NSCs at P1, P3, P7, 

and P14 from Hopx-3xFlag-GFP mice (top panels) and corresponding diagrams of dividing 

HOPX+MCM2+ NSCs (pink dots) and non-dividing HOPX+ MCM2− NSCs (blue dots). 

Scale bars, 200 μm.

(B) Quantification of the percentage of MCM2+ cells among all HOPX+ NSCs in the DG. 

Each dot represents data from one mouse. Values represent mean ± SEM (n = 4–12 mice; 

****p < 0.0001; ns: p > 0.05; one-way ANOVA with Tukey’s post hoc test).
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(C) Timeline of the DG NSC transition from an active to quiescent state across early 

postnatal development (postnatal day 3 [P3], P7, and P14).

(D) GFP+ cells were isolated from the DG of Hopx-3xFlag-GFP mice at P3, P7, and P14 for 

single-cell RNA-sequencing (scRNA-seq; Figures 1, 2, 3, and 4), which informed a targeted 

metabolic analysis (Figure 5) and an in vivo functional assay to validate autophagy as a 

regulator of NSC development (Figure 6).

(E) UMAP of all cells (excluding ependymal cells) analyzed by scRNA-seq in (D) separated 

into 7 clusters (a1, active-1; a2, active-2; a3, active-3; q1, quiescent-1; q2, quiescent-2; ImA, 

immature astrocyte; MA, mature astrocyte) based on unsupervised Monocle2 clustering and 

supervised identification of a mature astrocyte cluster.

(F) Bar graph of the distribution of cells in each cluster at different ages.

(G) Bubble plot of sample cell-type-specific marker gene expression in each cluster.

(H) Kernel density estimation plot showing the distribution of Mki67 in each cell on the 

UMAP (E).

(I) Predicted cell cycle phase (G1, S, and G2/M) in each cell on the UMAP (E).

(J) Heatmap of regulon activity in each cluster calculated by gene regulatory network (GRN) 

analysis.

See also Figure S1.
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Figure 2. NSCs exit cell cycle and undergo additional maturation before reaching an adult state
(A) RNA velocity vectors overlaid on the cluster UMAP (Figure 1E).

(B) Distribution curve of cell cycle scores for individual cells of all three active clusters (a1, 

a2, and a3; *p < 0.05, ***p < 0.001; Kruskal-Wallis rank-sum test with Dunn’s post hoc 

test).

(C) Principal component analysis (PCA) showing the pseudotime trajectory of cells from 

clusters a1, q1, and q2 that represents the NSC transition to a quiescent adult state. Arrow 

indicates direction of pseudotime trajectory.

(D) Heatmaps of cell cycle scores and adult NSC scores of individual cells in pseudotime 

order with the corresponding cluster and age identification. Cell cycle score was calculated 

as in (B).

(E) Distribution curve of cell cycle scores for individual cells from clusters a1, q1, and q2 

(***p < 0.001, ****p < 0.0001; Kruskal-Wallis rank-sum test with Dunn’s post hoc test).

(F) Violin plots of sample cell cycle gene expression for clusters a1, q1, and q2.

(G) Distribution curve of adult NSC scores for individual cells from clusters a1, q1, and q2 

(**p < 0.01, ***p < 0.001; Kruskal-Wallis rank-sum test with Dunn’s post hoc test).

(H) Violin plots of sample adult NSC gene expression for clusters a1, q1, and q2.
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(I) Bar plot of the proportion of cells in quiescent NSC clusters (q1 and q2) at each age.

(J) Graphical summary showing that DG NSCs first exit cell cycle between P3 to P7 and 

then acquire a more mature transcriptomic signature from P7 to P14.

Also see Figure S2 and Table S1.
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Figure 3. Distinct gene regulatory network activity at each step of NSC development
(A) Heatmap of transcriptional regulator gene expression across the pseudotime trajectory 

(Figure 2D) identified by GRN analysis. Transcriptional regulators highlighted in red are 

plotted in (C) and (E), along with their target gene expression.

(B) Bar plot of regulon GRN scores whose activity turned off (left panel) or turned on (right 

panel) across the a1 to q1 step of the pseudotime trajectory.

(C) Dot plot of transcriptional regulator gene expression across the a1 to q1 step of 

the pseudotime (Nfix and Sox9, upper panels) and heatmap of corresponding target gene 

expression (lower panels).

(D) Bar plot of regulon GRN scores whose activity turned off (left panel) or turned on (right 

panel) across the q1 to q2 step of the pseudotime trajectory.
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(E) Dot plot of transcriptional regulator gene expression across the q1 to q2 step of 

the pseudotime (Rps3 and Hlf, upper panels) and heatmap of corresponding target gene 

expression (lower panels).

(F–I) Sample confocal images of NFIX (F and G) or SOX9 (H and I) expression in 

HOPX+ NSCs by immunostaining at P7 (F and H) or P14 (G and I) in the DG (left 

panels). Boxed area is shown at higher magnification (middle panels; arrowheads = dividing 

[HOPX+MCM2+] NSCs, arrows = quiescent [HOPX+MCM2−] NSCs). Scale bars: 20 μm. 

Cumulative frequency distribution plots of NFIX or SOX9 mean intensity (right panels) in 

dividing NSCs (red line) and quiescent NSCs (black line). (n > 300 cells from 3 mice; ****p 
< 0.0001; Kolmogorov-Smirnov test).
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Figure 4. Cell biology changes at each step of NSC development
(A) Heatmaps of gene expression patterns (#1, 2, 3, and 4) across the a1 to q1 step of 

the pseudotime (left panel) and bubble plots of Gene Ontology (GO) analysis of biological 

processes analysis of each pattern (right panel). Genes from GO terms in red are plotted in 

(C) and (D) and Figure S4A.

(B) Heatmaps of gene expression patterns (#1, 2, 3, and 4) across the q1 to q2 step of the 

pseudotime (left panel) and bubble plots of GO analysis of biological processes analysis of 

each pattern (right panel). Genes from GO terms in red are plotted in Figure S4B.
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(C) Dot plot of autophagy-related gene expression across the pseudotime.

(D) Dot plot of cytoplasmic translation-related gene expression across the pseudotime.

(E and F) Sample confocal images of OPP (O-propargyl-puromycin) staining in dividing 

(HOPX+MCM2+) and quiescent (HOPX+MCM2−) NSCs at P7 (E) or P14 (F) (left panel). 

Boxed area is shown at higher magnification (middle panels; yellow arrowheads = dividing 

[HOPX+MCM2+] NSCs, white arrowheads = quiescent [HOPX+MCM2−] NSCs). Scale 

bars: 50 μm (left panels) and 20 μm (middle panels). Cumulative frequency distribution plots 

of OPP mean intensity (right panel) in dividing NSCs (red line) and quiescent NSCs (black 

line). (n > 300 cells; *p < 0.05; **p < 0.01; Kolmogorov-Smirnov test).

(G) Cumulative frequency distribution plot of OPP mean intensity in quiescent 

(HOPX+MCM2−) NSCs at P7 (purple line) and P14 (blue line). Same data in (E) and (F) are 

replotted (****p < 0.0001; Kolmogorov-Smirnov test).

Also see Figure S4 and Tables S2 and S3.
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Figure 5. Targeted metabolic analysis reveals distinct changes in autophagy and ROS in NSCs 
during the transition to a quiescent adult state
(A) Diagram of metabolic analysis workflow. DG cells were isolated from Hopx-3xFlag-
GFP mice at P3, P7, and P14 and loaded with dyes to measure autophagic vesicle content, 

cellular reactive oxygen species (ROS), and mitochondrial mass in via flow cytometry.

(B–E) Flow cytometry analysis of autophagic vesicle content in GFP+ cells (B–D) and GFP− 

cells (E) using Autophagy Assay Kit (Red) shown as a histogram plot of individual samples 

(B), a cumulative distribution plot of all samples (C), and a bar plot of the average of all 

samples (D and E; individual dots represent data from each experiment). Values represent 

mean ± SEM (n = 3 experiments; 3 mice were pooled for each experimental sample; *p < 

0.05; one-way ANOVA with Tukey’s post hoc test).

(F and G) Flow cytometry analysis of autophagic vesicle content in GFP+ cells after vehicle 

or chloroquine (10 μM) treatment shown as a cumulative distribution plot of all samples 

(F) and as a bar plot of the average of all samples (G). Values represent mean ± SEM (n 
= 3 experiments; 3 mice were pooled for each experimental sample; *p < 0.05; two-way 

ANOVA with Šídák’s multiple comparisons test).
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(H) Bar plot of flow cytometry analysis of autophagic vesicle content in GFP+ cells after 

vehicle or bafilomycin A (BafA1; 10 nM) treatment. Values represent mean ± SEM (n 
= 3 experiments; 3 mice were pooled for each experimental sample; *p < 0.05; two-way 

ANOVA with Šídák’s multiple comparisons test).

(I–L) Flow cytometry analysis of cellular ROS levels in GFP+ cells (I–K) and GFP− cells 

(L) using dihydroethidium (DHE). Similar as in (B)–(E). Values represent mean ± SEM (n 
= 3 experiments; 3 mice were pooled for each experimental sample; *p < 0.05; one-way 

ANOVA with Tukey’s post hoc test).

Also see Figure S5.
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Figure 6. Blocking autophagy attenuates the NSC transition to quiescence
(A) Dot plot of Atg5 gene expression across the pseudotime (Figure 2D).

(B) Experimental paradigm to knock out Atg5 in DG NSCs in vivo. Hopx-CreERT2::mTmG 
Atg5wt/wt and Hopx-CreERT2::mTmG Atg5Flx/Flx mice were administered tamoxifen at P1 

and analyzed at P7 and P14.

(C) Sample confocal images of GFP+HOPX+ cells in the DG at P7 in Hopx-
CreERT2::mTmG Atg5wt/wt and Hopx-CreERT2::mTmG Atg5Flx/Flx mice (left panels). 

Boxed area is shown at higher magnification (right panels) to view GFP+HOPX+MCM2+ 

cells (arrows) and GFP+HOPX+MCM2− cells (arrowheads). Scale bars, 50 μm (left panels) 

and 25 μm (right panels).

(D) Quantification of the percentage of MCM2+ cells among all GFP+HOPX+ cells in the 

DG at P7. Each dot represents data from one mouse. Values represent mean ± SEM (n = 4 

mice; **p < 0.01; unpaired t test).

(E) Quantification of the number of GFP+HOPX+ cells in the DG at P7. Each dot represents 

data from one mouse. Values represent mean ± SEM (n = 4 mice).

(F) Sample confocal images of GFP+HOPX+ cells in the DG at P14 in Hopx-
CreERT2::mTmG Atg5wt/wt and Hopx-CreERT2::mTmG Atg5Flx/Flx mice (left panels). 

Boxed area is shown at higher magnification (right panels) to view GFP+HOPX+MCM2+ 
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cells (arrows) and GFP+HOPX+MCM2− cells (arrowheads). Scale bars, 50 μm (left panels) 

and 25 μm (right panels).

(G) Quantification of the percentage of MCM2+ cells among all GFP+HOPX+ cells in the 

DG at P14. Each dot represents data from one mouse. Values represent mean ± SEM (n = 4 

mice; *p < 0.05; unpaired t test).

(H) Quantification of the number of GFP+HOPX+ cells in the DG at P14. Each dot 

represents data from one mouse. Values represent mean ± SEM (n = 4 mice; *p < 0.05; 

unpaired t test).

Also see Figure S6.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-Flag Sigma-Aldrich Cat# F1804; RRID: AB_262044

Goat anti-Mcm2 R&D Systems Cat# AF5778; RRID: AB_2141963

Rabbit anti-Geminin Proteintech Cat# 10802–1-AP; RRID: AB_2110945

Rabbit anti-phospho-histone H3 (SER10) Cell Signaling Technology Cat# 53348S; RRID: AB_2799431

Rabbit anti-Sox9 Millipore Cat# AB5535; RRID: AB_2239761

Rabbit anti-Nfix Thermo Fisher Scientific Cat# PA5–30897; RRID: AB_2548371

Goat anti-GFP Rockland Inc. Cat#600–101-215 RRID: AB_218182

Mouse anti-Mcm2 (BM28) BD Biosciences Cat#610701 RRID: AB_398024

Rabbit anti-Hopx Proteintech Cat# 11419–1-AP; RRID: 
AB_10693525

Rabbit anti-Prox1 Abcam Cat# ab199359; RRID: AB_2868427

Chemicals, peptides, and recombinant proteins

DAPI Roche 10236276001

DAPI BD Biosciences 564907

Paraformaldehyde Electron Microscopy Sciences 100504–162

Triton X-100 Sigma-Aldrich T9284

Donkey serum Millipore-Sigma S30–100ML

TFM Tissue Freezing Medium GeneralData TFM-5

ProLong™ Gold Antifade Mountant Thermo Fisher Scientific P36930

Percoll GE Healthcare 17–0891-02

Hibernate A Brain Bits HA

Hibernate A Low Fluorescence Brain Bits HALF

Hibernate E Low Fluorescence Brain Bits HELF

MitoTracker™ Deep Red FM - Special 
Packaging

Thermo Fisher Scientific M22426

Dihydroethidium Thermo Fisher Scientific D1168

Autophagy Assay Kit (Red) Abcam ab270790

Target Retrieval Solution, Concentrated x 10 Agilent Dako S169984–2

Chloroquine diphosphate salt Sigma-Aldrich C6628–25G

Bafilomycin A1 Sigma-Aldrich 19–148

OPP (O-propargyl-puromycin) Click Chemistry Tools 1407–5

DMEM Gibco 11965084

Fetal Bovine Serum Hyclone SH30071.03

Glutamax Gibco 35050061

Penicillin-Streptomycin Gibco 15140122

Poly-L-lysine Sigma-Aldrich P2636

B-27 Gibco 17504044
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REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

MACS Neural Tissue Dissociation Kit (P) Miltenyi Biotec 130–092-628

Click-iT™ Plus OPP Alexa Fluor™ 647 
Protein Synthesis Assay Kit

Thermo Fisher Scientific C10458

Agencourt RNAClean XP Beckman Coulter A63987

SMARTScribe Reverse Transcriptase Clontech 639538

Advantage 2 PCR Kit Clontech 639206

KAPA HiFi PCR Kit with dNTPs KAPA KK2102

Qubit dsDNA HS Assay Kit Thermo Fisher Scientific Q32854

EZ-Tn5 Custom Transposome Construction 
Kit with pMOD-2 Transposon Construction 
Vector

Epicenter TNP10622

75-cycle High Output Kit v2.5 Illumina 20024906

Click-iT™ Plus EdU Alexa Fluor™ 647 Flow 
Cytometry Assay Kit

Thermo Fisher Scientific C10634

Deposited data

scRNA-seq data This Paper NCBI GEO: GSE232833

Experimental models: Organisms/strains

Mouse: Hopxtm3.1Joe/J The Jackson Laboratory Cat# 029271; RRID: 
IMSR_JAX:029271

Mouse: GFP-LC3 RIKEN
BioResource Research Center

Cat# RBRC00806; RRID: 
IMSR_RBRC00806

Mouse: C57BL/6NCrl Charles River Laboratory Cat# CRL:27; RRID: IMSR_CRL:27

Mouse: Hopxtm2.1(cre/ERT2)Joe/J The Jackson Laboratory Cat# 017606; RRID: 
IMSR_JAX:017606

Mouse: B6.129(Cg)-Gt(ROSA) 
26Sortm4(ACTB-tdTomato,EGFP)Luo/J

The Jackson Laboratory Cat# 007676; RRID: 
IMSR_JAX:007676

Mouse: B6.129S-Atg5<tm1Myok> RIKEN BioResource Research Center Cat# RBRC02975; RRID: 
IMSR_RBRC02975

Oligonucleotides

SMARTSeq_CDS_Primer AACGAGTGGAATCACTG
CTGAGTACTTTTTTTTTTT
TTTTTTTTTTTTTTTTTTTVN

SMARTSeq_Amp AACGAGTGGAATCACTGCTGAGT

SMARTSeq_TSO_RNAOligo AACGAGTGGAATCACTGCTG
AGTACATrGrG+G

Software and algorithms

Code This Paper GitHub: https://github.com/dvjim/AtoQ

ImageJ NIH https://imagej.nih.gov/ij/

GraphPad Prism GraphPad Software Inc https://www.graphpad.com/scientific-
software/prism/

FlowJo FlowJO, LLC https://www.flowjo.com/
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REAGENT or RESOURCE SOURCE IDENTIFIER

BD FACSDiva™ BD Biosciences https://www.bdbiosciences.com/en-
us/products/software/instrument-
software/bd-facsdiva-software

R Open source https://www.r-project.org/

RSEM Li and Dewey135 https://deweylab.github.io/RSEM/

Cutadapt Martin136 https://cutadapt.readthedocs.io/en/
stable/

Samtools Li et al., 2009137 http://www.htslib.org/

Monocle Qiu et al.138 http://cole-trapnell-lab.github.io/
monocle-release/

Clustree Zappia and Oshlack139 http://lazappi.github.io/clustree.

Seurat Satija and Hafemeister, 2019140; Hao et al., 
2020141

https://satijalab.org/seurat/

Tximport Soneson et al.142 https://github.com/mikelove/tximport

CellRouter Lummertz da Rocha et al.57 https://github.com/edroaldo/cellrouter

bluster Lun and Hicks143 https://bioconductor.org/packages/
release/bioc/html/bluster.html

ClusterProfiler Yu et al.144 https://yulab-smu.top/software/

VelocytoR La Manno et al.46 http://velocyto.org/

STAR Dobin et al.145 https://github.com/alexdobin/STAR/
releases

SCENIC Aibar et al.146 https://scenic.aertslab.org/

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

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

Zen 2 Carl Zeiss https://www.zeiss.com; RRID: 
SCR_013672

scuttle Lun et al.147; McCarthy et al.148 https://bioconductor.org/packages/
release/bioc/html/scuttle.html

Other

Fluorodish World Precision Instruments FD35–100
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