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Lysosome activation clears aggregates
and enhances quiescent neural stem
cell activation during aging
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In the adult brain, the neural stem cell (NSC) pool comprises quiescent and activated
populations with distinct roles. Transcriptomic analysis revealed that quiescent and
activated NSCs exhibited differences in their protein homeostasis network. Whereas
activated NSCs had active proteasomes, quiescent NSCs contained large lysosomes.
Quiescent NSCs from young mice accumulated protein aggregates, and many of these
aggregates were stored in large lysosomes. Perturbation of lysosomal activity in
quiescent NSCs affected protein-aggregate accumulation and the ability of quiescent
NSCs to activate. During aging, quiescent NSCs displayed defects in their lysosomes,
increased accumulation of protein aggregates, and reduced ability to activate.
Enhancement of the lysosome pathway in old quiescent NSCs cleared protein aggregates
and ameliorated the ability of quiescent NSCs to activate, allowing them to regain a

more youthful state.

reservation of a pristine proteome is crit-

ical for maintaining cell function over long
periods of time, and decline in proteome
health is associated with aging and neuro-
degenerative disease (I, 2). Three primary
mechanisms are used to maintain protein homeo-
stasis (proteostasis): molecular chaperones, the
proteasome proteolytic system, and the lysosome-
autophagy proteolytic system (2, 3). Proteostasis
is particularly important for stem cell prolifer-
ation and differentiation (4). However, somatic
stem cell pools contain not only proliferating
(activated) stem cells but also quiescent stem
cells. How these different types of adult stem
cells maintain protein homeostasis and deal
with protein aggregation is largely unknown.
Protein aggregates are particularly relevant
in the brain, where their accumulation is as-
sociated with neurodegenerative disease (I).
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The adult brain contains pools of regenerative
neural stem cells (NSCs) that can generate new
neurons (neurogenesis) (5, 6). In one of the neuro-
genic niches—the subventricular zone (SVZ)—
a subset of quiescent astrocytes are the source of
quiescent NSCs (GNSCs), which in turn give rise to
activated NSCs (aNSCs) and neural progenitor
cells (NPCs) (5, 7). These NPCs generate new
neurons, oligodendrocytes, and astrocytes, con-
tributing to the maintenance of olfactory func-
tion, as well as repair after brain injury (5, 8).
The ability of qNSCs to activate declines with
age (9-1I). Consistently, aging is associated with
a decline in neurogenesis and a reduction in
olfactory discrimination and memory (6, 9). Un-
derstanding the age-dependent changes in pro-
teostasis in the NSC pool could help identify ways
to enhance the function of old NSCs and main-
tain brain health.

To gain an unbiased overview of the proteo-
stasis network in different cell types in a re-
generative brain region during aging, we used
transcriptomic profiling. We aged cohorts of
transgenic mice expressing green fluorescent
protein (GFP) under the control of the human
glial fibrillary acidic protein (GEAP) promoter,
which drives expression in astrocytes and NSCs
(7). Using fluorescence-activated cell sorting (FACS)
with a combination of GFP and cell surface mark-
ers, we simultaneously purified five cell types
from the SVZ of paired young (3- to 4-month-
old) and old (19- to 22-month-old) mice: endo-
thelial cells (which provide key environmental
signals to NSCs), SVZ astrocytes (hereafter, as-
trocytes), qNSCs, aNSCs, and NPCs (Fig. 1A and
fig. S1A) (7). Each population expressed well-
established markers (fig. S1B) and showed ex-
pected cell-cycle characteristics (fig. S1C). We
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used RNA-sequencing (RNA-seq) to globally
profile the transcriptomes of four biological
replicates per cell type and per age (tables S1
and S2 and fig. S2, A to C). The transcriptomes
of endothelial cells, quiescent cells (astrocytes
and gNSCs), and activated cells (aNSCs and
NPCs) could be distinguished by principal com-
ponent analysis (PCA) (Fig. 1B) and hierarchical
clustering (fig. S2D). By contrast, young and
old samples from the same cell type were not
easily separated when all cell types were con-
sidered together (Fig. 1B and fig. S2D), though
age-dependent differences were revealed when
cell types were analyzed individually (see below,
Fig. 4 and fig. S8).

Analysis of Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways that are up-regulated
or down-regulated between qNSCs and aNSCs
showed differences in several homeostatic and
metabolic pathways (e.g., lipid metabolism, DNA
repair, cell cycle) (7, 12-15) as well as strong dif-
ferences in the protein homeostasis network
(Fig. 1C; figs. S3, A to D, and S4A; and tables S3
to S6). aNSCs exhibited increased expression of
proteasome-associated genes (Fig. 1D, fig. S4B,
and tables S5 and S6) (7, 15). By contrast, gNSCs
had increased expression of lysosome-associated
genes (Fig. 1D, fig. S4B, and tables S5 and S6).
A motif for the transcription factor EB (TFEB), a
master regulator of lysosomes and autophagy
(16, 17), was enriched in lysosomal genes of gNSCs
(fig. S4C). More generally, TFEB target genes were
more highly expressed in gNSCs than in aNSCs
(fig. S4C) (17), and TFEB was among the top five
most significant upstream regulators of qNSC
gene expression (fig. S4D). gqNSCs and aNSCs
also expressed different types of genes that en-
code protein chaperones (Fig. 1D, fig. S4E, and
table S6): endoplasmic reticulum (ER) unfolded-
protein response genes were more highly ex-
pressed in gNSCs, whereas the TCP-1 ring complex
(TRiC) and prefoldin complex genes were more
highly expressed in aNSCs (fig. S4E). Similar differ-
ences in branches of the proteostasis network were
observed between the transcriptomes of quiescent
and activated stem cells of other tissues (muscle
and hematopoietic) (fig. S4F). Thus, quiescent and
activated stem cells mobilize different branches of
the protein quality-control network.

We experimentally assessed the status of the
lysosomes and proteasomes in gNSCs and aNSCs.
Staining for the lysosomal membrane protein
LAMP-1 revealed that qNSCs freshly isolated
from the adult brain had more LAMP-1 staining
than did their activated counterparts (Fig. 1E).
This was confirmed by staining for LAMP-1 in
whole mounts of the SVZ (fig. S5A). Staining
for the lysosomal membrane protein LAMP-2
in a primary culture system for NSC quiescence
and activation (I18) showed that qNSCs not only
had more lysosomes but also larger lysosomes
than aNSCs (Fig. 1F and fig. S5B). The large
gNSC lysosomes were labeled with LysoTracker,
a fluorescent probe specific to acidic organelles
(Fig. 1G), suggesting that these lysosomes had
the acidity required for proteolytic activity. Lyso-
somes can fuse with autophagosomes, thereby

lof 6

8T0Z ‘9T Yose\ uo /Bio Bewadusios aousios//:dny woly papeojumod


http://science.sciencemag.org/

RESEARCH | REPORT

A Young Old B
3-4 month (19-22 month o @ Endo young
FAP-GFP) GFAP GFP s Endothelial lineage A Endo old
- st youn
% % Quiescent _ pActivated o AStold
5o ) qNgg young
% B ; A gNSC old
. FACS @ %{:ﬂ *a ® - & Neural lineage
S @® @@ 2 Actwated | £ SNSQ "
ceII niche) }/Jix per sampl%ix\ Endo gNSC  aNSC  NPC New S o4 & @ NPC young
CD31 GFAP-GFP ~ Neurons, & |Neural lineage A NPC old
il PROMININ-1 Oligodendrocytes, Quiescent
s ™ G Astrocytes 34
A 9 Deplete: CD31+, CD45.1+, CD24+ '
4 independent palred repllcates T T T T
of 5 cell types from 2 ages _50 o 50 100
35 RNA-seq samples after quality control PC1 (21.7%)

Higher in qNSC |Higher in aNSC|

Lysosome T
Ubiquitin-mediated proteolysis Protein
Proteasome homeostasis
Ribosome

PPAR signaling pathway *rk
Sphingolipid metabolism whx
Glycerophospholipid metabolism **
Fatty acid metabolism *
Glycolysis gluconeogenesis %
Peroxisome *
Arginine and proline metabolism *
Purine metabolism
Pyrimidine metabolism
One carbon pool by folate

Metabolism

Lysosome

Proteasome

Quiescent [""Activated |

7/Acwdmcat|on (V-ATPase subunits)
Proteases, lipases, other hydrolases

\Membrane (e.g., LAMP-1,2)

Transport of lysosomal enzymes
from golgi to lysosome (e.g., AP1, GGA2)

- === All families of proteasome subunits ‘

— ER unfolded §<rotcm rosponso
== (e.g., PERK

R i) SRz

i Mitoch . Chaperones = I = =__Extracellular chaperone (CLU
Oxidative phosphorylation ;l itochondria = TRIC subunits
ECM receptor interaction Prefoldin subunits
Cytokine-cytokine receptor interaction orx Intercellular - o o O Expression
TGF-B signaling pathway * _| communication & %og %O') %Q = p! -t
[ T T T T T 1 —
3 =2 -1 0 1 2 3 & Z
Average log2 fold change (aNSC / gNSC)
E Lysosome H Lysosome 1, Proteasome
Autophagosome Autolysosome £
9004 ** pnag y o 50
o A pe 20
2 ’@ g0
) 3 . y H+ 55 40
e ~ Cherry-GFP-LC3 ag
'§ S 600 a ? mCherry- gg -
O O =
NSC aNSC 538
£S - 82 20
o8 Do
82 00 - 810
© TS
£ » E
S (s} NSC/ aNSC/
z q
. = Ast NPC
O —
Aod goo é‘b é?o Freshly purified
from brain
Freshly purified from brain

Fig. 1. gNSCs exhibit a protein quality-control signature distinct from
their activated progeny, with enlarged lysosomes. (A) Experimental
design. Endo, endothelial cell; Ast, astrocyte; EGFR, epidermal growth factor
receptor. (B) PCA of five cell types and two ages, performed on variance
stabilizing transformation (VST)—normalized read counts of all detected genes.
PC, principal component. (C) Selected KEGG pathways significantly upregulated
in gNSCs or aNSCs. P values determined by bootstrap sampling, with
Benjamini-Hochberg correction. *False discovery rate (FDR)—-adjusted P < 0.05;
**FDR-adjusted P < 0.001; ***FDR-adjusted P < 0.0001. See also fig. S3 and table
S5. (D) Heatmap showing expression levels of all genes in pathways from the
three main branches of proteostasis: proteasome, lysosome, and
chaperones. VST-normalized read counts, scaled row-wise. V-ATPase, vacuolar
H*-adenosine triphosphatase. See also table S6. (E) Median fluorescence of
LAMP-1 normalized to cell size, as measured by flow cytometry. Mean + SEM of
values from six different mice (3 to 4 months old) analyzed on a single day. Each
point represents FACS-sorted cells from a single mouse. P value determined
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by one-sided Wilcoxon rank sum test. **P < 0.01. (F and G) Representative
immunofluorescence images of primary cultures of gNSCs and aNSCs
from 3-month-old mice stained with (F) LAMP-2 (green, lysosomal
membranes) and 4',6-diamidino-2-phenylindole (DAPI) (blue, nuclei) or
(G) LysoTracker (red, acidic organelles) and Hoechst (blue, nuclei). Scale bars,
5 um. See also figs. S5B and S9B. (H) Top: In cells expressing mCherry-GFP-
LC3, autophagosomes display both GFP and mCherry fluorescence (yellow-green),
whereas autolysosomes display only mCherry fluorescence (red) because

GFP is denatured by the acidity of the lysosome. Bottom: Representative images of
GFP and mCherry fluorescence in primary cultures of gNSCs and aNSCs from
3-month-old mice. Scale bars, 5 um. See also fig. S5C. (I) Fluorescence level of
Me4BodipyFL-Ahx3Leu3VS, a probe that covalently binds active proteasomes, in
populations directly isolated from the brain. Mean + SEM of values from four
different mice (3 to 4 months old) sorted and analyzed on two different days. Each
point represents cells from a single mouse. P value determined by one-sided
Wilcoxon rank sum test. *P < 0.05.
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forming autolysosomes that, in turn, degrade
autophagosome contents (3). Using a system in
which LC3 (a marker of autophagosomes) is fused
to both GFP and mCherry (Fig. 1H) (19), we found
that gNSCs contained numerous large lysosomes
that had fused with autophagosomes to form
autolysosomes but had not yet degraded their
contents (Fig. 1H and fig. S5C). Consistently,
gNSCs freshly isolated from the SVZ showed
less accumulation of LC3 than did aNSCs in
response to inhibitors of lysosomal acidification
(bafilomycin A and chloroquine) (fig. S5D), indic-
ative of slower degradation of autophagosomes
by gNSC lysosomes. Thus, although the lysosomes
of QNSCs are acidified, they degrade their con-
tents relatively slowly at steady state.

We then tested whether proteasome activity
was different between gNSCs and aNSCs. As pre-
dicted by our RNA-seq data, qNSCs directly iso-
lated from the brain had reduced staining for
catalytically active proteasomes (Fig. 1I) (20) and
conjugated ubiquitin (fig. S5E) compared to that
of aNSCs. Furthermore, lysates from primary cul-
tured gNSCs had less proteasome activity than
did lysates of aNSCs (fig. S5F). Thus, gNSCs and
aNSCs use different branches of the proteostasis
network, with gNSCs exhibiting large lysosomes
and aNSCs displaying active proteasomes.

Fig. 2. qNSCs have A
insoluble protein
aggregates localized
in large lysosomes.
(A) Representative
immunofluorescence
images of gNSC and
aNSC primary cultures
from 3-month-old
mice stained with
Proteostat (magenta,
protein aggregates),
LAMP-2 (green, lyso-
somal membranes),

and DAPI (blue, nuclei).
Scale bars, 5 um.

(B) Median fluorescence
of Proteostat normalized
to cell size and to the
median value on the day
of measurement (to
combine independent
experiments). Mean +
SEM of values from

10 different mice (3 to
4 months old) analyzed
by flow cytometry on
four different days.

Each point represents
FACS-sorted cells from a
single mouse. P value
determined by two-sided
Wilcoxon rank sum test.
**P < 0.01. (C) Repre-
sentative SDS-PAGE gel
stained with SYPRO
Ruby for detection of

gNSC

The differences between protein quality-control
pathways in gNSCs and aNSCs raise the question
of each cell type’s ability to regulate proteome
health (fig. S6A). We stained young adult qNSCs
and aNSCs freshly purified from the brain and
in primary culture with Proteostat dye, which
becomes highly fluorescent upon binding to the
amyloid-type B-sheet tertiary structure of protein
aggregates (2I). qNSCs, even from young adults,
exhibited increased Proteostat staining com-
pared to that of aNSCs (Fig. 2, A and B). The
accumulation of protein aggregates in young
gNSCs was surprising, given that cellular quies-
cence is accompanied by reduced protein syn-
thesis (74, 15), and indeed, freshly isolated qNSCs
had less protein synthesis than did aNSCs (fig.
S6B). A large proportion of protein aggregates
in gNSCs were contained within lysosomes (Fig.
2A), consistent with the observation that qNSC
lysosomes degrade the contents of autophago-
somes more slowly.

Biochemical fractionation of lysates from
qNSCs and aNSCs to enrich for protein aggre-
gates confirmed that qNSCs contained signifi-
cantly more insoluble protein aggregates than
did aNSCs (Fig. 2C and fig. S6, C to E). The pres-
ence of proteins at a variety of molecular weights
in the gNSC insoluble fraction suggests that

aNSC B

protein in the total, soluble, and insoluble fractions of gNSCs and aNSCs. See also fig. S6, C to E.
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qNSC aggregates contain a wide array of pro-
teins (Fig. 2C). Additionally, accumulation of
qNSC insoluble proteins at the top of the SDS-
polyacrylamide gel electrophoresis (SDS-PAGE)
gel is consistent with the presence of highly or-
dered amyloid-like aggregates (22) (Fig. 2C and
fig. S6E). Thus, qNSCs contain more protein ag-
gregates than their activated counterparts, and
this aggregation appears to affect many proteins.
The accumulation of protein aggregates in healthy
young adult gNSCs raises the possibility that these
aggregates play a physiological role.

The primary function of gNSCs is to generate
aNSCs in response to growth factor signals. We
tested whether manipulations that regulate lyso-
somal activity could affect protein aggregates in
gNSCs and, in turn, influence activation of gNSCs
in response to activation signals [epidermal growth
factor (EGF) and basic fibroblast growth factor
(bFGF)]. Treatment with bafilomycin A, which
blocks lysosomal acidification, led to increased
accumulation of protein aggregates (Fig. 3, A
and B, and fig. S7A) and to decreased activation
in response to growth factors (Fig. 3C). To in-
duce lysosomal degradation, we deprived cells
of nutrients by incubating them in Hank’s bal-
anced salt solution (HBSS) (23). Nutrient dep-
rivation of gNSCs led to a significant decrease

Protein aggregates
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in lysosomal staining (fig. S7B) and in the amount
of protein aggregates (Fig. 3, A and D, and fig. S7,
C and D). A brief pulse of nutrient deprivation
in qNSCs enhanced their subsequent activation
by growth factors, and this was abolished by
bafilomycin A (Fig. 3E). Enhanced qNSC activa-
tion did not result from direct effects of nutrient
deprivation on proliferation: Nutrient depriva-
tion did not affect proliferation of qNSCs in the
absence of growth factors, and indeed, it de-
creased proliferation of aNSCs (fig. S7E). To ac-
tivate lysosome function more selectively, we
used expression of TFEB—a master regulator of
lysosome biogenesis and autophagy (16, 17). Brief
expression of an activated form of TFEB in gNSCs
(24) (fig. S7F) led to decreased abundance of
protein aggregates in qNSCs (Fig. 3F) and to en-
hanced qNSC activation in response to growth
factors (Fig. 3G). Thus, activating the lysosome-
autophagy pathway in qNSCs cleared protein
aggregates and improved qNSC activation in
response to growth factors.

The collapse of protein homeostasis is a key
feature of aging in differentiated cells (7). To
understand how aging affects protein homeo-
stasis in stem cells, we analyzed our RNA-seq
data sets for changes in global transcriptional
profiles as well as specific transcriptional sig-
natures in gNSCs and aNSCs freshly purified
from old (19- to 22-month-old) versus young
(3- to 4-month-old) mice (Fig. 1A). Quiescent cell
types (qNSCs and astrocytes) displayed more
and larger-magnitude transcriptional changes
with age than did their activated counterparts
(aNSCs and NPCs) (Fig. 44, fig. S8A, and tables
S7 and S8). This was not caused by technical
variability between biological replicates (fig. SSB)
and was also observed with a different transcript
quantification and analysis method (fig. S8, C
and D). Consistently, the transcriptome of young
and old qNSCs and astrocytes could be dis-
tinguished by PCA, whereas that of young and
old aNSCs and NPCs could not (fig. S8, E and F).
The age-associated differences in qNSCs could
reflect changes that arise from a heterogeneous
population of qNSCs (5, 11, 15). The expression
of genes associated with lysosome function,
but not proteasome function, was significantly
changed with age in gNSCs but not in aNSCs
(fig. S8G). Thus, qNSCs undergo more tran-
scriptional changes with age than do aNSCs and
NPCs, and the expression of lysosome genes
changes with age.

‘We experimentally examined the status of lyso-
somes and proteasomes in old gNSCs and aNSCs.
0ld gNSCs in their in vivo niches or freshly pu-
rified from the brain exhibited less lysosomal
staining (LAMP-1) than young qNSCs (Fig. 4,
B and C), and this decrease was significantly
greater than that observed with age in aNSCs
(Fig. 4C). This reduction in lysosomal staining
was also observed in primary gNSC cultures from
old mice (fig. S9, A and B). The age-dependent
decrease in lysosome levels could result in fewer
lysosomes available to fuse with autophago-
somes (and/or endosomes). Indeed, using old
GFP-LC3 reporter mice, we identified a distinct

Leeman et al., Science 359, 1277-1283 (2018)

B Aggregates
o 1.8- *k
ce
T D O
-50
3 1.24
£Ee) 3B
TS
3 | &9
=
T% 0.6
E(D B
58 ®
ze
& 00—
> \at
> N\
) Q)(b

@'b-

C  gNSC ability to activate

2 hours Measure
BafA Wash % activation
* * +EGF,bFGF ¢
gNSC 3-4 days
g 2.5+ * %
>
88 2.0 ’
o=
=3 ¢
O © 1.5
hat >3
O 7
S 101 & °
== ®o
gL A
53 0.5 <
PN -
%5 0.0-
c_@ é\‘?‘
¥ %

Lysosomal
deacidification
(BafA)

D Aggregates
£
< *%
[%2]
8:
8% @
Qo %
5 < o
O ©
No 14
T T
£
S
Z 0
> 2
Q},Z;o \2@%
E gNSC ability to activate
1 hour

HBSS
+/- BafA Wash

Normalized frequency
of cells in S-phase (EdU+)

Measure
% activation

vy +EGFLFGF ¥

3-4 days

gNSC

Nutrient
deprivation
(HBSS)

F Aggregates
@ 1.67 *%
ce
|-
2o 121 4
55 o
3} > 2o
T 0.8 [555)
EQ o
2% o
04l
<& N

G gNSC ability to activate

6 hours Measure
TFEB Wash % activation
* * +EGF,bFGF ¢
gNSC 3-4 days
g 157 *%
>
8 M
=
g % 104 o
w— C
+
ow
% £ 5 00
gL
53 ® (o4
SR, - ZE—
—— 0_
S)
& Q
Q& ,\‘( {\&Y“
X

Fig. 3. Modulation of lysosomal activity in qNSCs affects protein aggregates and the transition
from quiescence to activation. (A) Representative immunofluorescence images of primary cultures
of gNSCs from 3-month-old mice after 18 hours of treatment with 50 nM bafilomycin A (BafA, a
lysosomal V-ATPase inhibitor) or 3 hours of nutrient deprivation in HBSS. Cells are stained with
Proteostat (magenta, protein aggregates), LAMP-2 (green, lysosomal membranes), and DAPI (blue,
nuclei). Scale bars, 5 um. Basal, quiescence media. (B) Median Proteostat fluorescence normalized
to the median value per replicate to combine samples prepared at different times. Mean + SEM of
values from six biological replicates analyzed by flow cytometry on two different days. Each point
represents an independent primary culture derived from two 3- to 4-month-old mice. (C) Percentage
of cells that incorporated 5-ethynyl-2"-deoxyuridine (EdU) (cells in S phase of the cell cycle) during a
3-hour pulse, as measured by intracellular flow cytometry. Mean + SEM of values from nine different
biological replicates analyzed on four different days. Each point represents one independent primary
culture derived from two 3- to 4-month-old mice. (D) Differences in Proteostat* area quantified from
images. Mean = SEM of values from five independent biological replicates from two independent
experiments. (E) Percentage of cells that incorporated EdU measured as in (C). Mean + SEM of
values from nine different biological replicates analyzed on four different days. (F) Proteostat fluorescence
measured as in (B). Mean = SEM of values from nine biological replicates analyzed on three different
days. rtTA, reverse tetracycline-controlled transactivator. (G) Percentage of cells that incorporated EdU
measured as in (C). Mean + SEM of values from six different biological replicates analyzed on two different
days. For all panels, P values determined by one-sided Wilcoxon rank sum test. *P < 0.05; **P < 0.01.
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gray are not significantly up- or down-regulated with age. (B) SVZ whole-mount
staining of young (3-month-old) and old (21-month-old) gNSCs. Left:

LAMP-1 (lysosomes, yellow) staining in gNSCs identified by the combination of
a Kl67-negative cell soma and a GFAP™ (red) projection through ependymal
cell pinwheels at the ventricular surface (KI67, proliferation marker). Scale bar,
2 um. Right: Quantification of LAMP-1 fluorescence intensity in gqNSCs
normalized for cell size from three young and three old mice (n = 65 gNSCs).
(C) Median fluorescence of LAMP-1 normalized for cell size. Mean £ SEM of
values from three to four young and old mice, analyzed by flow cytometry on a
single day. Each point represents FACS-sorted cells from a single mouse.

(D) Representative histograms of the GFP-LC3 fluorescence per cell in gNSC
and aNSC populations from a 5-month-old versus 25-month-old transgenic
GFP-LC3 mouse, as measured by flow cytometry. See also fig. S9, C and D.
(E) Median fluorescence of Proteostat in GFP-LC3-high gNSCs and aNSCs and
NPCs from young (2- to 5-month-old) and old (25-month-old) GFP-LC3 mice
normalized to the median value per replicate to combine samples prepared at

Leeman et al., Science 359, 1277-1283 (2018) 16 March 2018

different times. Mean + SEM of values from three to four different mice
analyzed by flow cytometry on a single day. Each point represents cells
FACS-sorted from a single mouse. (F) Median fluorescence of Proteostat
normalized to the median value per replicate. Mean + SEM of values from
nine biological replicates analyzed on three different days. Each point
represents one independent primary culture derived from a 17- to
22-month-old mouse. (G) Percentage of cells in an individual culture that
incorporated EdU (cells in S phase) during a 3-hour pulse, as measured by
intracellular flow cytometry. Mean + SEM of values from six different biolog-
ical replicates analyzed on two different days. Each point represents one
independent primary culture derived from two 3-month-old or 20-month-old
mice. (H) Percentage of cells that incorporated EAU measured as in (G).
Mean * SEM of values from six different biological replicates analyzed on two
different days. Each point represents one independent primary culture
derived from a 17- to 22-month-old mouse. (I) Old mice (22 months old)
were treated for 3 months with rapamycin in mouse chow. SVZ compo-
sition was then analyzed by FACS. Each point represents the abundance of
aNSCs and aNPCs (EGFR*CD24~CD317CD45" cells) in a single mouse,
expressed as the percentage of total live cells in the SVZ. Mean + SEM of values
from six to seven different mice. P values [except panel (B)] determined
by one-sided Wilcoxon rank sum test; Panel (B) P values determined by
two-sided Wilcoxon rank sum test. *P < 0.05; **P < 0.01; ***P < 0.01.
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subpopulation of old qNSCs that had increased
amounts of GFP-LC3 fluorescence (Fig. 4D and
fig. S9, C and D), indicative of reduced autophagic
flux into acidified lysosomes (where GFP is nor-
mally denatured) (25). There was heterogeneity
within the qNSC population with age (Fig. 4D
and fig. S9, C and D), indicating that a subset of
old gNSCs have defects in their lysosomes. By
contrast, proteasome activity was not significantly
altered with age in qNSCs or aNSCs (fig. SOE).

We tested how protein aggregates are af-
fected by aging in gNSCs. The subpopulation of
old gNSCs with high amounts of GFP-LC3 exhib-
ited an increased amount of protein aggregates
in vivo (Fig. 4E). Consistently, primary cultures
of gNSCs from old mice also exhibited an in-
crease in abundance of protein aggregates (fig.
SOF). The age-dependent accumulation of GFP-
LC3 and protein aggregates in vivo was reduced
by subjecting mice to fasting for 48 hours (fig.
S9G), indicating that these aggregates can be
modulated by nutrient deprivation. The increased
amount of protein aggregates in old gNSCs could
also be reduced by expression of constitutively
active TFEB (Fig. 4F). Thus, old gNSCs exhibit
increased protein aggregation, which may result
from age-dependent reduction in lysosome num-
ber or function, and this can be counteracted by
TFEB expression.

The ability of qNSCs to activate declines with
age (9-1I). Consistently, old gNSCs in primary
culture activated less efficiently than young
gNSCs in response to growth factors (Fig. 4G).
Interestingly, a pulse of expression of the active
form of TFEB in old gNSCs restored activation
in response to growth factors (Fig. 4H), suggest-
ing that increased lysosomal function helps
promote activation of old NSCs. Furthermore,
systemic treatment of old mice with rapamycin,
a mechanistic target of rapamycin (mTOR) in-
hibitor that enhances the lysosome-autophagy
pathway (26, 27), resulted in increased abundance
of aNSCs in the SVZ (Fig. 41). Although rapamycin
could also exert its effects indirectly by acting in
cells other than NSCs and/or by regulating other
pathways (26), these data are consistent with the
possibility that increasing lysosomal function
can clear protein aggregates and counteract the
decline in activation of old gNSCs (fig. SOH).

Our study identifies a previously uncharac-
terized organelle state in qNSCs: an enlarged
lysosome that contains a large amount of in-
soluble protein aggregates. The clearance of QNSC
aggregates by lysosomal activation may provide
a burst of energy for activation or prevent the
propagation of potentially toxic aggregates to
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NSC progeny. Although changes in autophagy
during aging have been observed in hemato-
poietic and muscle stem cells (27-29), these
studies did not examine the lysosomes and their
protein aggregate content in these stem cells
during aging. As lysosomes are central hubs for
key cellular trafficking, signaling, and meta-
bolic pathways, targeting of lysosome biogene-
sis and/or activation to clear aggregates in gQNSCs
may provide broad strategies to allow activation
of old mammalian cells in vivo. This possibility
is intriguing in light of the benefits of dietary
restriction or starvation followed by refeeding
to regenerative stem cell pools (30, 31) and the
effects of the lysosome-autophagy pathway on
protein aggregates (32) and life span (33) in
Caenorhabditis elegans. Identifying the con-
served mechanisms by which protein aggregates
are regulated in aging stem cells should help
identify specific ways to restore function to old
stem cells and tissues.
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Lysosome activation clears aggregates and enhances quiescent neural stem cell activation
during aging
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Lysosomes keep neuronal stem cells young

An important consequence of aging is loss of regenerative capacity in stem cells, particularly those of the nervous
system. Leeman et al. isolated quiescent and activated stem cells from mice and compared their transcriptomes. The
findings emphasize the role of large lysosomes in quiescent neuronal stem cells in which aggregated proteins
accumulate. Treatments that stimulated lysosomal function allowed aged quiescent stem cells to clear protein
aggregates and restored the cells' ability to be activated. Such restoration of stem cell function might alleviate
compromised proteostasis in aging.
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