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Introduction
Protein homeostasis, or proteostasis, is critical to maintain cel-
lular integrity and function. Dysregulation of the proteome, 
including accumulation of damaged and aggregated proteins, is 
a major hallmark of aging.1 Accumulation of protein aggre-
gates is also associated with pathological conditions, including 
neurodegenerative diseases. Though not much is known about 
the etiology of aggregates in many cases, their clearance can 
extend lifespan and alleviate the symptoms of neurodegenera-
tion in some model systems.2,3 Thus, understanding the mech-
anisms responsible for aggregate accumulation and clearance 
will have important implications for preventing and treating 
age-related diseases.

There are three main mechanisms or branches of the pro-
tein homeostasis and clearance network: the lysosome-
autophagy proteolytic system, molecular chaperones, and the 
proteasome. Macroautophagy, generally referred to as 
autophagy, is a tightly regulated process by which cellular orga-
nelles, proteins, and cytoplasm are engulfed into autophago-
somes for degradation and recycling.4 The lysosomal-autophagy 
pathway is also important for the degradation of potentially 
toxic protein aggregates. Cellular quality control through this 
system may be particularly important in tissue-specific stem 
cells, which are used for lifelong tissue regeneration and repair. 
However, the extent to which these processes are dysregulated 
in particular stem cell niches within aged animals remains 

unclear. A study recently published in Science provides the first 
evidence that regulation of protein homeostasis is critical to 
support a healthy neurogenic lineage in the adult and aging 
mammalian brain.5

Protein Homeostasis in the Mammalian Brain
Dysregulated protein homeostasis is associated with many 
neurodegenerative diseases, including Alzheimer’s, 
Huntington’s, and Parkinson’s disease. Though protein 
homeostasis has been studied extensively in post-mitotic 
neurons, little is known about its role in the neurogenic 
regions of the adult brain. Neural stem cells (NSCs) reside 
in two neurogenic niches in the mammalian brain: the sub-
ventricular zone (SVZ) lining the walls of the lateral ven-
tricles and the subgranular zone (SGZ) of the hippocampus. 
The majority of stem cells present within these two niches 
are in a quiescent, rarely dividing state. In response to 
external or internal cues, quiescent NSCs (qNSCs) enter a 
transient activated state and can undergo several rounds of 
cell division. Activated NSCs (aNSCs) have the ability to 
self-renew and give rise to mature neurons, astrocytes, and 
oligodendrocytes.6 Accumulating evidence indicates that 
the ability of quiescent NSCs to become activated and 
undergo neurogenesis declines with age, although the 
underlying molecular mechanisms have yet to be fully 
elucidated.7–9
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Evidence suggests that the maintenance of protein homeo-
stasis through autophagy is integral to the function of NSCs 
beginning early in development. NSC-specific ablation of the 
autophagy-related genes Atg5 or Atg7 during embryogenesis 
is associated with progressive neuronal loss and motor dys-
function starting shortly after birth.10,11 Moreover, Atg5 
knockdown reduces the differentiation and neurogenic poten-
tial of the NSC pool.12 These data suggest that cellular quality 
control through autophagy supports both the lineage progres-
sion and differentiation of NSCs beginning early on in 
development.

More recent studies indicate that autophagy also regulates 
neurogenesis in the adult mammalian brain. NSC-specific 
genetic ablation of FIP200, a gene necessary for the induction of 
autophagy, significantly reduces the size of the NSC pool within 
both neurogenic niches. Moreover, there was an overall reduc-
tion in the number of new neurons that formed in the olfactory 
bulb and dentate gyrus in the FIP200 knockout.13 A similar 
phenotype was also observed in mice heterozygous for Beclin1, a 
gene required for early autophagosome formation.14 Together, 
these data suggest that the flux through the autophagy-lysoso-
mal system is necessary for the maintenance and lineage pro-
gression of the adult NSC pool. These findings also raised a 

number of interesting questions regarding the precise role of 
autophagy in the NSC lineage in the adult and aging brain. For 
example, is autophagy critical for all stages of neurogenesis, or 
are specific transitions during lineage progression particularly 
dependent on this process? As the current studies in the field 
only examine the early stages of autophagosome formation, 
could later stages involving the lysosome similarly regulate neu-
rogenesis? Moreover, does the age-related decline neurogenesis 
arise from progressive autophagic or lysosomal dysfunction?

Discovery of a New Mechanism of Aggregate Control 
in NSCs
In order to systematically evaluate whether protein homeosta-
sis is differentially regulated throughout the NSC lineage with 
age, Leeman et al. first performed transcriptional profiling of 
the neurogenic lineage using freshly isolated cells from the 
mouse SVZ. Comparison of the activated and quiescent NSCs 
revealed striking differences in the expression of genes involved 
in protein homeostasis between the two cell types. Further 
analysis revealed that genes specifically associated with lysoso-
mal function were selectively upregulated in the quiescent pop-
ulation. This is in contrast to aNSCs, which had higher 
expression of various molecular chaperones and displayed a 
signature associated with the proteasome and ubiquitin-medi-
ated proteolysis. Functional assessment of the quiescent and 
activated NSCs confirmed the transcriptional profiling results, 
revealing greater quantities of lysosomes in the quiescent pool 
of NSCs (Figure 1), and higher proteasome activity in the acti-
vated cells. Interestingly, lysosomal size was also significantly 
greater in the qNSCs. These data could suggest either increased 
autophagic flux or more gradual lysosome degradation in the 
quiescent state. Further characterization of the qNSC lys-
osomes showed normal acidification, indicative of proper func-
tion. The use of a reporter system with manipulation of 
autophagic flux revealed that qNSCs degrade their lysosomal 
contents at a much slower rate than aNSCs. Together, these 
data show that the two cellular states utilize independent 
branches of the protein homeostasis network, indicating that 
the activated and quiescent populations rely on different mech-
anisms to maintain proteome integrity and function.

What are the consequences of employing distinct quality 
control mechanisms in quiescent and activated NSCs? 
Interestingly, qNSCs showed significantly more insoluble 
aggregates than their activated counterparts, even in young 
adult animals (Figure 1). Further assessment of the nature of 
the aggregates present in the qNSCs revealed multiple protein 
species, including a large fraction of amyloid-beta-type aggre-
gates. This finding is surprising given that decreased protein 
synthesis is a hallmark of quiescence.15,16 Moreover, these 
experiments suggest that rapid clearance of protein aggregates, 
including those potentially associated with Alzheimer’s disease, 
occurs during the first stage of neurogenesis, possibly allowing 
for the generation of new neurons devoid of aggregated or 
damaged proteins.

Figure 1.  Clearance of protein aggregates in aged quiescent NSCs 

through lysosomal activation increases NSC activation. (A) In the adult 

subventricular zone (SVZ), quiescent NSCs accumulate large lysosomes 

containing protein aggregates. (B) In the aged SVZ, quiescent NSCs 

have increased lysosomal content and aggregate buildup when 

compared to the adult. Overall, there is a reduction of NSC activation and 

neurogenesis. (C) Induction of aggregate clearance through activation of 

lysosomal biogenesis (TFEB overexpression) or mTOR inhibition in the 

aged quiescent NSCs increases the frequency of activated NSCs in the 

SVZ.
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Is Lysosomal Activation Sufficient for NSC 
Activation?
The correlation between lysosome activation and NSC activa-
tion raises the question of whether activation of lysosomes is 
sufficient to drive NSCs out of the quiescent state. NSC activa-
tion involves cell cycle re-entry in response to intrinsic or 
extrinsic cues from the neurogenic microenvironment, although 
the molecular mechanisms are not fully understood. Could 
lysosome activation be a novel intrinsic stimulus to break qui-
escence? The work by Leeman et al. provides compelling evi-
dence that this may be the case. The authors observed that 
blocking lysosomal acidification induced aggregate accumula-
tion in qNSCs and significantly reduced their ability to become 
activated. In contrast, induction of autophagic flux reduced the 
quantity of aggregates and enhanced the response of qNSCs to 
activation cues. This evidence suggests that clearance of protein 
aggregates is sufficient to induce activation of qNSCs in 
response to growth factor stimulation, although it cannot be 
ruled out that other unidentified cargo are critical for activa-
tion. Nevertheless, pathological lysosome dysfunction and 
aggregate buildup may have a causative role in the age-associ-
ated decrease in NSC activation and neurogenesis.

Aggregate Formation Increases in Aged Quiescent 
NSCs
A significant reduction in the ability of quiescent NSCs to 
activate in the aged brain is in part responsible for decreased 
neurogenesis with age, but the underlying mechanisms are not 
well understood. The study by Leeman et  al. reveals a novel 
mechanism for this decline. Transcriptome analysis of the neu-
rogenic lineage during aging revealed that qNSCs exhibit more 
significant transcriptome changes with age compared to aNSCs 
and neural progenitor cells. Genes associated with lysosomal 
function were particularly dysregulated in aged qNSCs. 
Quantification of LAMP-1 positive lysosomes showed that 
indeed aged qNSCs have a significant reduction in their lyso-
some levels. Moreover, a subpopulation of qNSCs exhibited 
lysosomal dysfunction and accumulation of protein aggregates, 
which could be reversed by nutrient deprivation or overexpres-
sion of a master regulator of lysosome biogenesis (Transcription 
Factor EB; TFEB; Figure 1). Importantly, induction of the 
lysosome-autophagy pathway using TFEB overexpression or 
mTOR inhibition (rapamycin treatment) in aged qNSCs also 
rescued the age-associated decline in NSC activation. These 
findings are important because they indicate that although the 
lysosome-autophagy system becomes defective in NSCs with 
age, this deficiency is reversible given the right stimulus.

Insights into the Mechanism of NSC Activation and 
Its Age-Associated Decline
Altogether, the report from Leeman et  al. for the first time 
implicates lysosomal dysfunction and aggregate accumulation 
in the well-known age-associated decline in neurogenesis. 

Excitingly, this study also reveals a novel mechanism, the resto-
ration of lysosomal activity, that is sufficient to clear aggregates 
and enhance NSC reactivation. Thus, this work suggests new 
therapeutic targets to ameliorate the age-associated decline in 
neurogenesis. This work also raises several interesting ques-
tions that will be important to address in future studies. For 
example, it is unknown whether the aggregates reappear later 
in the lineage as the activated NSCs exit the cell cycle and 
commit to terminal differentiation. Thus, to expand on these 
findings, it will be important to follow the activated NSCs 
until they complete terminal differentiation and integrate into 
the functional circuitry of the brain. In addition, although the 
data show that proteins present in the aggregates are from 
multiple species, it is unclear if the aggregates consist of certain 
families of proteins or are similar to pathological aggregates. 
Moreover, how aggregate clearance is mechanistically linked to 
NSC activation is unclear. For example, this catabolic activity 
may provide the metabolic fuel and nucleotides necessary for 
qNSC activation and proliferation. Alternatively, the presence 
of aggregates could function as a negative feedback mechanism 
to ensure reduced protein synthesis and maintenance of the 
quiescent state.

It will also be important to identify the direct upstream 
regulators of proteostasis in the quiescent and activated NSCs. 
The authors show that overexpression of the known master 
regulator of lysosomal biogenesis, TFEB, was sufficient to 
induce activation of aged quiescent NSCs. This finding raises 
the question of whether changes in TFEB activity may under-
lie the age-associated decrease in NSC activation. The obser-
vation that rapamycin treatment can rescue qNSC activation in 
aged animals supports this possibility, as mTOR is known to 
inhibit TFEB.17,18 This resembles other neurodegenerative 
conditions where decreased TFEB activity has been linked to 
disease pathology. For example, in human post-mortem 
Alzheimer’s disease and amyotrophic lateral sclerosis (ALS) 
brain specimens, a reduction in nuclear TFEB has been 
observed in the hippocampus.19 Similarly, TFEB activity is 
reduced in the midbrain of Parkinson’s disease patients, likely 
through sequestration in the cytoplasm by α-synuclein.20 
Whether the aggregates in the aged qNSCs can similarly 
sequester TFEB outside the nucleus has not been explored. In 
future work, it will be interesting to investigate if inactivation 
of TFEB may contribute to the decreased ability of qNSCs to 
activate with age.

The extent to which other key regulators of NSC quies-
cence and activation regulate proteostasis in these cells also 
remains unknown. For example, the pro-longevity FOXO 
transcription factors support stem cell function, and the quies-
cent state in particular.21–24 FOXOs are also known to regulate 
autophagy and the proteasome in embryonic and tissue-spe-
cific stem cells.25,26 Moreover, several studies suggest that 
FOXOs may contribute to longevity through direct regulation 
of autophagy and proteostasis in neural progenitors and other 
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mammalian cells.27–29 FOXOs can also act in a reciprocal man-
ner with TOR signaling.30 It will be important to determine 
whether dysregulation of FOXOs may contribute to the 
observed buildup of protein aggregates and lysosomes in the 
NSC lineage and whether modulation of these factors may 
induce clearance programs to alleviate the age-associated 
decrease in NSC activation.

In sum, this work provides new insight into the mechanisms 
supporting quiescence and activation of mammalian NSCs. 
For the first time, this study shows that lysosomal dysfunction 
and loss of protein homeostasis in the quiescent NSC pool may 
contribute to the decline in neurogenesis with age. Excitingly, 
these findings suggest a novel intervention to enhance NSC 
activation and neurogenesis in the context of aging and neuro-
degenerative disease.
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