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CRISPR-Cas9 screens reveal regulators of
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Ageing impairs the ability of neural stem cells (NSCs) to transition from quiescence to
proliferation in the adult mammalian brain. Functional decline of NSCs resultsin the
decreased production of new neurons and defective regeneration following injury

during ageing'™. Several genetic interventions have been found to ameliorate old
brain function®®, but systematic functional testing of genes in old NSCs—and more
generally in old cells—has not been done. Here we develop in vitro and in vivo
high-throughput CRISPR-Cas9 screening platforms to systematically uncover gene
knockouts that boost NSC activationin old mice. Our genome-wide screens in primary
cultures of young and old NSCs uncovered more than 300 gene knockouts that
specifically restore the activation of old NSCs. The top gene knockouts areinvolved in
ciliumorganization and glucose import. We also establish a scalable CRISPR-Cas9
screening platforminvivo, which identified 24 gene knockouts that boost NSC
activation and the production of new neurons in old brains. Notably, the knockout of
Slc2a4, which encodes the GLUT4 glucose transporter, is atop intervention that
improves the function of old NSCs. Glucose uptake increases in NSCs during ageing,
and transient glucose starvation restores the ability of old NSCs to activate. Thus, an
increase in glucose uptake may contribute to the decline in NSC activation with age.
Our work provides scalable platforms to systematically identify genetic interventions
that boost the function of old NSCs, including in vivo, with important implications for
countering regenerative decline during ageing.

The adult mammalian brain contains several NSC regions that give
rise to newborn neurons and can repair tissue damaged by stroke or
braininjuries****. The most active NSC niche is located in the subven-
tricular zone (SVZ) that lines the lateral ventricles of the brain***103718,
NSCs from the SVZ region can generate thousands of newborn neurons
eachdayinayoungadult mouse'®. The SVZ region comprises a pool of
quiescent NSCs (QNSCs) that can give rise to activated (proliferating)
NSCs (aNSCs), which in turn generate more committed progenitors
that migrate out of the niche towards the olfactory bulb, where they
differentiate into neurons. The ability of NSCs to activate and form
newborn neurons is severely impaired in the ageing brain, and this
can contribute to deficits in sensory and cognitive function! 3152,
Identifying genes that affect NSC activation could lead to interven-
tions that counter brain defects during ageing. Several genetic inter-
ventions, including signalling pathways and transcriptional regulators,
have been shown to improve activation of old NSCs* %", However,
suchstudies have been limited in their throughput as they focus on one
or afew genes at a time. Thus, we are still lacking a systematic under-
standing of the genes and pathways that functionally affect old NSCs.
More generally, a major challenge in identifying genetic interven-
tions that improve the function of old cells is the establishment of

scalable genetic screensin mammals. Ageing occurs at both the celland
organismallevels; therefore, itisimportant to develop screensinvitro
in cells from old organisms and in vivo in old tissues. CRISPR-Cas9
genome-wide screens have been developed for several phenotypes
invitro®® ¢, including with stem cell models of Werner and Hutchinson-
Gilford progeriasyndrome®. However, genetic screens for regulators
ofageinginnormal old cells have not yet been performed. In addition,
invivogeneticscreens are challenging in mammals and have currently
been limited to development®®*°, young tissues** or cancer****+.
Thus, developing CRISPR-Cas9 screening platforms for old mammalian
cells and organisms has the potential to identify previously unknown
gene manipulations that could restore tissue functionin older individu-
als.Inthebrain, such screens could help identify strategies to counter
regenerative and cognitive decline with ageing.

CRISPR-Cas9 screentoboost old NSCs

To systematically identify genes that boost NSC activation as a func-
tion of age, we developed a genetic screening platform to conduct
genome-wide CRISPR-Cas9 knockout screens in primary NSC cul-
tures from young and old mice (Fig. 1a; see Fig. 2 for in vivo targeted
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Fig.1|Agenome-widescreenidentifies 300 gene knockouts that boost old
NSCactivation. a, Screendesign. Threeindependent genome-wide screens
used primary NSC cultures, each from six pooled young (3-4 months old) or six
pooled old (18-21 months old) Cas9 mice (three males, three females). b, Example
Ki67 FACS of NSCs from young and old Cas9 mice. ¢, Quantification (FACS)

of NSC activation efficiency at day 4. Mean + s.e.m. of Ki67* cell percentage
(normalized toyoung) for n =6 (young) and n=10 (old) NSC cultures, each from
six pooled Cas9 mice (three males, three females), over three experiments.
Eachdotrepresentsone NSC culture. Two-tailed Mann-Whitney test. d, PCA of
genescoresof each screen (day 14). e, NSC activation efficiency quantification
(FACS). Mean + s.e.m. of percentage of Ki67" cells for n=4 (young control),n =4
(old control), n=4 (oldtop10) NSC cultures, each from six pooled Cas9 mice
(three males, three females), over two experiments. Each dot represents one
NSC culture. Control,100 control sgRNAs; top 10, sgRNAs targeting the top 10
genesfromscreensland2(day 4 or14, FDR < 0.1). Two tailed Mann-Whitney
test.NS, notsignificant.f,g, Example results (screen 2) for young (f) and old

screens). Primary NSC cultures can transition between qNSC and aNSC
states in culture when exposed to different growth factors*®. Primary
qNSC cultures from old mice exhibit a decreased ability to activate
compared with their young counterparts, thereby recapitulating an
invivo ageing phenotype?. To establish a screening platform, we aged
cohorts of mice that express Cas9 (and eGFP) in all cells, hereafter
termed Cas9 mice*” (Methods). For each independent screen (three
intotal), we collected NSCs from the SVZ of 6 young (3-4 months old)
and 6 old (18-21 months old) Cas9 mice. As expected, primary qNSC
cultures from old Cas9 mice displayed animpeded ability to activate

o1 2 3
log, (P value)

NSCs (g) at day 4, showing gene scores as a function of effect size. Each dot
representsone gene. Coloured dots indicate top gene knockouts (FDR < 0.1in
atleasttwooutofthreescreens, day 4 or day 14) thatboost (purple) orimpede
(green) NSC activationin an age-dependent manner or boost activation
regardless of age (grey). h, Heatmap showing gene scores for top gene knockouts
thatboost youngorold NSCactivation. i, Venndiagram of gene knockouts that
boostyoungorold NSCactivationinatleast two out of three screens (FDR < 0.1).
Jj,Quantification of old NSC activation efficiency (FACS) (individual validation).
Mean +s.e.m. of percentage of Ki67* cells (normalized to control) for n =8 NSC
cultures (each condition), each from two pooled old Cas9 mice (one male and
one female), over two experiments. Each dot represents one NSC culture. Top
10 genes, 5sgRNAs per gene. Two-tailed Wilcoxon signed rank test. P valuesin
source data. k-m, Selected GO terms associated with genes knockouts that
boostyoung (k), youngand old (I) or old (m) NSCactivationin atleast two out
ofthreescreens (FDR < 0.1) using EnrichR. One-sided Fisher’s exact test.

compared with young counterparts (about twofold decline based on
the proliferation marker Ki67) (Fig. 1b,c).

We performed three independent genome-wide CRISPR-Cas9
screens for genes that affect gNSC activation as a function of age. To
this end, we expanded NSCs from young and old Cas9 mice, induced
quiescence and then transduced more than 400 million gNSCs with
lentiviruses that express asingle guide RNA (sgRNA) library targeting
around 23,000 protein-coding genes in the genome, with 10 unique
sgRNAs per gene, as well as 15,000 control sgRNAs (about 245,000
sgRNAsintotal)? (Fig. 1a). Five days after sgRNA library transduction,

Nature | Vol 634 | 31October 2024 | 1151



Article

a In vivo screening platform  Stereotaxic injection of virus expressing sgRNA (mCherry reporter) in lateral ventricle Cc .
e S ) 3 107 Control Top Control Top Control Top Control Top
' I 50 sgRNAs targeting 10 genes ,. ﬁ 106 10 10 10 10
5 .- by + 100 control sgRNAs S " %
. € 5
Lateral ventricle Sequence sgRNAs in OB § 10
o 4
SVZ niche % 10
| T 103
Cas9 mouse R— 2
. Cerebellum 5 weeks 102
after injection o
10 — e
sgRNA: 1 51 101 1 51 101 1 51 101 1 51 101
svz OB Cerebellum Cortex
Id (20-22 th: i i
QOld (20 months) Neuroblast migration Newborn neurons in OB
b
d .
NSC niche Control Top Control Top Control Top Control Top
1064 10 10 10 10
£ 105
3
8 ot
< 10%
£ 108
T, 10%
2]
i 102
NSC niche
10—
sgRNA: 1 51 101 1 51 101 1 51 101 1 51 101
Svz oB Cerebellum Cortex
1 -
e 5 = % » = significant in screen 1/2/3 f 0.204 — Slc2a4 )
- * Control 3
* * 1
O 0.15 i
10 * g i
* S 1
* * B % 0.0 !
° L] * < o i
\ " 2 s 2 ‘
* * x X * @ * ® ° I~ d
= * L] * *
9 ee e o2 '¥ e x @
@ 4 } . O ; i ° ; S . 0 T
o |ets - ‘. P } H 215 10
3 ® Y if; d % - ® . Enrichment
G ol .o 02 b8 ellve 2l s, 03.%;...".-,‘.,‘.,..,‘.,. .
el - v e . o
L] Q
-7 5 9 060 — vmnirio7
2 : Control
-104 a
T G ELARYETE Teiainianl rleddiagar L llials Slsidosads 5 040
SSTERRS S5T8805T: QSYSOETESE OSOTEOFOSD oRTSFRT 08T g
B50°F54548 | 88TdE O30 30USARSHNE Taisgics ¥Pg06EE0] g
27 SREETE 95 B O a S QQ "NEEO o g @ o
Q [ S E i 0.204
< =
Top 10 Cytoplasmic Depleted Published NSC
human disease ribonucleoprotein (Young/Old) regulators — Al
structures -1%5-10 -5 0 5 10 15
Gene sets targeted for knockout Enrichment

Fig.2|Invivoscreening platform for rapid testing of gene knockout effects
onNSCactivation. a, Invivo screen platformin old mice. Old (20-22 months)
Cas9 mice were injected with lentivirus expressing sgRNAsinto the lateral
ventricles (in proximity to the SVZNSC niche). Five weeks after injection,
genomic DNA was collected from the olfactory bulb (OB), and sgRNAs were
sequenced to determine enrichment or depletion. b, Immunofluorescence
images of SVZ niche sections from old (21 months) Cas9 mice, 48 hafterinjection
oflentiviruses expressing mCherry and 100 control sgRNAs. One experiment.
mCherry (lentivirus-infected cells, red), GFAP (NSCs and astrocytes, magenta),
Ki67 (proliferative cells, green), DAPI (nuclei, blue). Right, high-magnification
images. Scale bars, 100 um (left); 10 pm (right). c,d, Normalized sgRNA counts
ofthetop 10 gene pool (50 sgRNAs) and control (100 sgRNAs) librariesin
various brainregions, 1day (c) or 5weeks (d) after virus injection. Top 10 gene
pool, gene knockouts that boosted old NSC activationinin vitroscreens 1and 2.
sgRNA counts were normalized to total counts between brain regions to account

qNSCs were activated with growth factors and expanded for either
4 or 14 days and processed as independent samples for sequencing
(Fig.1a). The day 4 timepoint was chosen to isolate any cell that was
successfully activated by fluorescence-activated cell sorting (FACS)
based on the proliferation marker Ki67. The day 14 timepoint enabled
the enhanced enrichment of cells with knockouts that maintained
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forsequencingdepth variance. e, CasTLE gene scores for 50 gene knockouts
testedingroups of 10 in old (19-22 months) female Cas9 mice, analysing for
enrichmentordepletioninthe OB. Each sgRNAlibrary of 10 genes was injected
inton=4old Cas9 mice, n=1mouse for1day after injection SVZsequencing of
starting sgRNA pool, and n =3 mice for 5 weeks after injection sequencing of
OB sgRNAs. OBsgRNA enrichment computed with CasTLE and comparing with
the24-h SVZsequenced sample. Mean = s.e.m. of CasTLE scoreinn=3 mice.
Eachdotrepresentsthe gene score from one mouse. Asterisks indicate gene
hits with a95% confidence interval that did not contain O by CasTLE analysis.
Colourindicates screen number. f,g, Relative enrichment and frequency of
each sgRNA targeting Slc2a4 (purple), Vmn1r107 (green) or control (grey)
sgRNA poolinthe OB.Hashed line: CasTLE-computed relative enrichment
effectsize for sgRNAs of interest relative to control sgRNA pool. Vertical
dashed linesindicaterelative enrichment of the five sgRNAs targeting Slc2a4
or VmnlrlO7.

self-renewal capabilities over long periods of time and outgrew other
cells and therefore did not require FACS isolation. After 4 or 14 days,
we generated libraries of sgRNAs from all cells and processed them
for high-throughput sequencing. The sgRNA libraries had sufficient
coverage of the sgRNA pool for genome-wide screen analysis (Extended
DataFig.1a-c).



To analyse each screen sample, we assessed sgRNA enrichment
or depletion by CasTLE analysis®, which uses the sequencing read
counts of the 10 sgRNAs targeting each gene and compares them
with the control sgRNA distributions to compute effect size, gene
score, confidenceinterval and P value. The results of each screen cor-
related with each other (although ‘young day 14’ was a slight outlier
for screen1) (Extended Data Fig. 1d-f). Principal component analy-
sis (PCA) on CasTLE gene score values mostly separated the three
independent screens on the basis of NSC age (Fig. 1d and Extended
Data Fig. 1g-i), which highlighted that ageing is a primary contribu-
tor to the outcome of the screen. We independently verified that a
subscreen of the top 10 gene knockouts that improved old NSC acti-
vationinscreens1and 2 (Supplementary Table 3) could boost, as a
pool,old NSC activation to around 70% of young NSC activation levels
(Fig.1e).

We then directly compared young and old NSC screens to identify
the gene knockouts that boost NSC activation specifically in young
NSCs, specifically in old NSCs or regardless of age (Fig. 1f-i, Extended
Data Fig. 1j,k and Supplementary Table 1). Overall, our genome-wide
screensidentified 654 and 1,386 genes for which knockouts boosted or
impeded NSC activation, respectively (false discoveryrate (FDR) < 0.1in
2ormoreindependent screens; Supplementary Table1). Asexpected,
gene knockouts thatimpeded NSC activation overlapped with essential
genes (Extended DataFig.11,m). Weidentified 143 gene knockouts that
enhancedboth youngand old NSCactivation, 210 specific to young NSC
activation and 301 specific to old NSC activation (Fig. 1i and Supple-
mentary Table 1). Weindividually validated the top 10 gene knockouts
thatameliorated old NSC activationinscreens 1and 2 (Supplementary
Table 3). We verified individual knockout efficiency at the genomic
level (Extended Data Fig. 1n). Notably, 10 out of these 10 individual
gene knockouts indeed boosted old NSC activation as assessed by
Ki67" FACS analysis (Fig. 1j).

Consistent with previous findings, genes implicated in the mainte-
nance of NSC quiescence (for example, Snail, Smad4 (TGF3 pathway)
and Lrigl)***?*and general cell cycle regulators (for example, Trp53and
Cdkn2a)>***were enriched as knockouts that increase both young and
old NSC activation (Fig. 1h,i and Supplementary Table 1).

Notably, alarge fraction of gene knockouts increased activation
only in young or only in old NSCs, which suggested that some NSC
quiescence regulators change as afunction of age. Some of the young-
specific gene knockouts, such as CREBBP, are known to regulate NSC
activation®. By contrast, many of the old-specific gene knockouts,
such as Sptlc2, Rsph3a and, Pxdcl and the glucose transporter genes
Slc2a4 (which encodes GLUT4) and Slc2a12 (which encodes GLUT12),
had not been previously implicated in NSC activation (Fig. 1f-i and
Extended Data Fig.2a-c).

Gene ontology (GO) term analysis showed that gene knockouts
that specifically boosted old NSC activation included those involved
in cilium organization, cytoplasmic ribonucleoprotein structures
(P-bodies and RNA-binding proteins) and glucose transport (Fig. Im
and Supplementary Table 2; see Extended Data Fig. 2d-g for genes that
impede NSCactivation). Primary cilia are linked to the quiescent state
of NSCs*, and knockout of primary cilia genes in young NSCs leads to
decreased proliferation in mice*, but their role in ageing NSCs was
unknown. The GO term cytoplasmic ribonucleoprotein structures
is notable, as cytoplasmic protein aggregates are observed in age-
ing qNSCs®. Glucose metabolism signatures have been linked to the
quiescent state of NSCs™*¢%¢! and regulation of glucose metabolism
can affect young NSC self-renewal®, survival®® and differentiation to
neurons®**%5, However, glucose transport itself has not been previ-
ously implicated in NSC function during ageing, and more generally,
the role of glucose metabolism in old NSCs is not known. Together,
these results provide an exhaustive dataset with gene knockouts that
restore the transition from quiescence to activation, a key aspect of
neural stem cell ageing.

CRISPR-Cas9 screens in old brains

Primary cultures from old mice recapitulate several aspects of in vivo
ageingbutnotall, and there are currently no methods torapidly screen
multiple genes for functional impact on ageing cells in vivo. To test
whether gene knockouts can also boost NSC function in vivo, we devel-
oped a gene knockout screening platform for the ageing brain. The
SVZ neurogenic region provides a good model for in vivo screening.
qNSCsofthe SVZ niche normally activate and produce progeny, which
then migrate out of the niche to generate new neurons at adistal loca-
tionin the olfactory bulb*. We leveraged the natural properties of this
regenerative region to design a CRISPR-Cas9 screening platformin
old mice. We performed stereotaxic brain surgery in old Cas9 mice
to inject sgRNA-expressing and mCherry-expressing lentiviruses
directly into the lateral ventricles, in close proximity to NSCs from
the SVZ neurogenic niche (Fig. 2a). We verified that injection led to
infection of NSCs in the niche through mCherryimmunofluorescence
and staining for markers of qNSCs (GFAP'Ki67) and aNSCs (GFAP*Ki67")
(Fig. 2b and Extended Data Fig. 3a). After 5 weeks to allow time for
both knockout to occur and NSC progeny to migrate to the olfactory
bulb, we collected the entire olfactory bulb for genomic sequencing
of sgRNAs (Fig. 2a). We verified that mCherry” cells (cells infected by
the virus) were found in the olfactory bulb after 5 weeks (Extended
Data Fig. 3b). We validated that injecting sgRNAs targeting eGFP in
the SVZ niche of old Cas9 mice (which also express an eGFP reporter)
led to decreased eGFP staining in the olfactory bulb after 5 weeks
(Extended Data Fig. 3c,d). Notably, we also confirmed that sgRNAs
targeting a specific gene (Slc2a4) led to decreased GLUT4 staining
both in the SVZ and the olfactory bulb after 5 weeks (see Fig. 3a-d).
Thus, stereotactic injection of lentiviruses with sgRNAs in lateral ven-
tricles in vivo leads to efficient gene knockout in the SVZ niche and,
after 5 weeks, results in lentivirus-infected cells with knockout in the
olfactory bulb.

We verified the coverage and diversity of sgRNAsin vivo by injecting
old Cas9 mice with lentivirus expressing 50 sgRNAs targeting the top
10 genes (‘top 10’ library) that specifically boosted old NSC activa-
tion from our first 2 in vitro screens (each gene targeted by 5 unique
sgRNAs), and 100 negative control sgRNAs targeting unannotated
regions of the genome (150 sgRNAs total). One day after injection, we
extracted and sequenced genomic DNA from the SVZ niche and three
distant brain regions: the olfactory bulb (where NSC progeny even-
tually migrate) and the outer cortex and the cerebellum as negative
controls (regions where NSC progeny do not migrate) (Fig. 2c). At the
day 1timepoint, 150 sgRNAs were detected in the SVZ niche, and only
afraction of sgRNAs at 100-1,000-fold fewer sequencing reads were
detected in the olfactory bulb, cerebellum and outer cortex (Fig. 2c
and Extended DataFig. 4a). Five weeks after injection (ina different old
Cas9 mouse), we also collected the same brain regions (Fig. 2d). At the
week 5 timepoint, 150 sgRNAs were again detected in the SVZ niche,
but now the majority were also detected in the olfactory bulb, which
suggested that NSCs containing sgRNAs had migrated out of the SVZ
niche and allowed distal neurogenesis in the olfactory bulb (Fig. 2d
and Extended Data Fig. 4b). The 50 sgRNAs targeting the top 10 gene
pool were strongly enriched compare with the 100 control sgRNAs in
the olfactory bulb, and to a lesser extent in the SVZ niche (Fig. 2c,d).
The sgRNA abundanceinthe olfactory bulbis unlikely to be explained
by the expansion of cellsinfected in the olfactory bulb itself given the
lack of sgRNA diversity in the olfactory bulb at 1 day after infection
(Fig. 2c and Extended Data Fig. 4a). Notably, we did not observe top
10 genes sgRNA pool enrichment over control in the cerebellum or
cortex (negative control regions, Fig. 2d) or in wild-type mice that do
not express Cas9 (Extended Data Fig. 4c). Hence, our in vivo platform
leverages the natural properties of the NSC niche and the production
of neuronsinadistal region, which enabled efficient targeted CRISPR-
Cas9screeningin vivo.
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female (a) or OB sections fromold (22 months) male (b) Cas9 mice 5 weeks after
injection of lentivirus expressing Sc/2a4 sgRNAs into the lateral ventricles
(LVs). One experiment. mCherry (lentivirus-infected cells, red), GLUT4 (green),
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Insets, zoomed-inimages. ¢,d, Quantification of GLUT4 mean fluorescence
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mCherry and n=897mCherry” cells (d) in1old (22 month) Cas9 male mouse
injected with Slc2a4 sgRNAs. Each dot represents one cell. Two-tailed Mann-
Whitney test. e,f, z stack confocal (e) and immunofluorescence (f) images of
OBsections from old (20 months) male Cas9 mice 5 weeks after injection of
lentivirus expressing control or Slc2a4 sgRNAs into the LVs. Mice were injected
with EdU once per week for 4 weeks, starting 1 week after virusinjection. One
experiment. e, NeuN (mature neurons, green), mCherry (lentivirus-infected
cells, red), GFAP (astrocytes, blue), Dcx (neuroblasts, magenta). Arrowheads
indicate lentivirus-infected NeuN" cells. z stack positionsindicated on the
bottomright. f,EdU (newborn cells, green), mCherry (lentivirus-infected cells,
magenta), NeuN (mature neurons, red), DAPI (blue). Arrows indicate lentivirus-
infected NeuN* cells. Right,zoomed-inimages. g, Newborn neuron quantification
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Whitney test.h,Immunofluorescenceimages of SVZ sections fromold (21 months)
male Cas9 mice 5 weeks after injection of lentivirus expressing Slc2a4 sgRNAs
intotheLVs.One experiment.Ki67 (green), GFAP (magenta), S100a6 (red), DAPI
(blue). gqNSCs (qN; GFAP*S100a6°Ki677), aNSCs (aN; GFAP*'S00a6°Ki67*),
neuroblasts (Nb; GFAP Ki67"), astrocytes (As; GFAP*S100a6"). i, Quantification
of qNSC, aNSC, neuroblastand astrocyte number in the SVZ.Mean + s.e.m. of
average cellnumber fromabout 8 SVZ sections for n =8 (control) and n =8 (Slc2a4)
old (18-21 months) male Cas9 mice, over 3 experiments. Each dot represents
onemouse. Two-tailed Mann-Whitney test. j, Immunofluorescenceimages of
GLUT4 levelsin SVZ sections from young (3-4 months) and old (18-21 months)
male Cas9 mice. One experiment. GLUT4 (red), Ki67 (green), GFAP (magenta),
DAPI (blue). qNSC and astrocytes (GFAP'Ki67°), aNSCs (GFAP*Ki67*), neuroblasts
(GFAPKi67"), other cells (GFAP Ki67). Right,zoomed-inimages. k, Quantification
of GLUT4 mean fluorescenceintensity inthe SVZ niche. Celltypesasinj. Mean £
s.e.m.of GLUT4 mean fluorescence intensity for n=7 (young) and n=7 (old) male
Cas9 mice, over 2 experiments. Each dot represents one mouse. Two tailed Mann-
Whitney test.Scale bars, 50 pm (a,b,e,f(middle and right),j) or 100 um (f (left), h).



Using this platform, we performed three independent targeted
screens in old Cas9 mice, each assessing five libraries of 10 genes for
their ability toboost NSC activation and migration to the olfactory bulb.
Inaddition to the top 10 gene library, we selected four other sets of 10
genes based on our genome-wide screens in cultured NSCs. The fol-
lowing five libraries were generated: (1) ‘top 10’ library, with genes that
when knocked out boosted old NSC activation in our in vitro screens
(screens1and 2) (for example, Rsph3a); (2) ‘glucose uptake/human
disease’ library, with genes that when knocked out alsoboosted activa-
tion of old NSCs in our in vitro screens (for example, Slc2a4, Slc2al2
and Sorll); (3) ‘cytoplasmic ribonucleoprotein structures’ library, with
genesthatbelongto the P-bodies and cytoplasmic ribonucleoprotein/
stress granule GO terms, some of whichboosted old NSC activationin
ourinvitroscreen (forexample, Dis3[2, Mbnl1 and Edc3); (4) ‘depleted
(young/old)’library, with genes that when knocked out blocked young
or old NSC activation in our in vitro screens (screens 1 and 2); and
(5) ‘published NSCregulators’ library, with genes that have previously
beenimplicatedin NSC functionintheliterature (Fig. 2e). We injected
old Cas9 mice with virus to express one of the 5libraries along with the
100 control sgRNA library, waited 5 weeks and then sequenced sgRNAs
inthe olfactory bulbs and performed CasTLE analysis (Fig. 2e). Of the
50 gene knockouts tested, we identified 24 gene knockouts that were
significantly enriched in the olfactory bulbin1of the in vivo screens,
with 7 higher-confidence knockouts significantly enriched in at least 2
out of 3screens (Fig. 2e-g and Extended Data Fig. 4d-g). These datasug-
gest that these knockouts boost old NSC activation (and/or migration
and differentiation) (for example, Rsph3a, Sorl1 and Slc2a4) (Fig. 2e,f
and Extended DataFig. 4d,e,g; seeFig.3 foranindependent validation
of Slc2a4). Of the 10 gene knockouts predicted to impede NSC activa-
tion, the four predicted to specifically block old NSC activation were
slightly but not significantly depleted in the olfactory bulb (Fig. 2e,g
and Extended Data Fig. 4f). The lack of sensitivity in detecting gene
knockoutsthatare depletedinthe olfactory bulb maybe dueto the low
levels of neurogenesis in old mice. In support of this idea, significant
depletion of some of these gene knockouts was observed in young mice
(Extended Data Fig. 4h). Of the nine published NSC regulators that
had asignificant effect inin vivo screens, three had the same effect in
invitro screens (Extended Data Fig. 4i), which suggested that in vivo
screens can identify some genes that are missed in vitro, perhaps due
todifferencesin cell cycle status or cell-matrix interactions. Notably,
of the activating gene knockouts tested based on our in vitro screens,
some of the most enriched gene knockouts were associated with cilia
(Rsph3a), glucose uptake (Slc2a4 and Slc45a4) and Alzheimer’s disease
(SorlI) (Fig.2e). The ‘glucose uptake/human disease’ library was most
strongly enriched, with nine out of the 10 gene knockouts reaching
significance in at least one in vivo screen (Fig. 2e). Overall, these data
establishascalable platform to genetically screenin vivo for genes that
affect old NSC function and highlight theimportance of cilia, glucose
metabolism and ribonucleoprotein structures for ageing NSCs.

Knocking out GLUT4 boosts neurogenesis

One of the most consistent gene knockouts that boost old NSC
function both in vitro and in vivo is Slc2a4 knockout. GLUT4 is an
insulin-dependent glucose transporter®®. Glucose metabolism has
been previously implicated in young NSC self-renewal®?, survival®
and differentiation®"**% but theimportance of the key step of glucose
importin NSC functionis unclear. More generally, the role of glucose
metabolism in old NSCs is not known. We asked whether reducing
GLUT4inthe SVZ nicheis sufficient to boost the ability of NSCs to gen-
erate newborn neurons in the olfactory bulb (neurogenesis) in old
individuals. To this end, we stereotactically injected sgRNAs targeting
Slc2a4 into the ventricles of old Cas9 mice (Extended Data Fig. 5a). As
two types of negative control, we used sgRNAs to unannotated regions
of the genome (control) or sgRNAs targeting VmniIri07, a gene that

was depleted in in vitro screens but did not have a significant effect
inin vivo screens (Fig. 2e and Extended Data Fig. 2d). We verified that
sgRNAs targeting Slc2a4 successfully reduced GLUT4 staining in the
SVZ (Fig.3a,c) and the olfactory bulb (Fig. 3b,d) 5 weeks after injection
of lentivirus in the SVZ NSC niche. To track newborn cells arriving in
the olfactory bulb, we injected mice weekly starting 7 days after virus
injection with 5-ethynyl-2’-deoxyuridine (EdU), athymidine analogue
that incorporates into newly synthesized DNA and can be visualized
byimmunofluorescent assays (Fig. 3e-g and Extended Data Fig. 5b-d).
We first quantified the number of newborn cells in the olfactory bulb
5 weeks after virus injection by co-staining for EdU (newborn cells) and
mCherry (sgRNA lentivirus reporter) (Extended Data Fig. 5b-d). Slc2a4
knockoutresulted inagreater than twofold increase inthe proportion
of newborncells that were mCherry" relative to control treatmentin the
olfactory bulb (Extended Data Fig. 5b-d). We then assessed whether
cells with Slc2a4 knockout differentiated into neurons by staining for
neuronal markers (TUJ1 and NeuN). Most cells targeted by the Slc2a4
sgRNA (mCherry*) were positive for the neuronal nucleus marker
(NeuN) in the olfactory bulb (Fig. 3e-g and Extended Data Fig. 5e,f).
Notably, Slc2a4 knockoutin the SVZ resulted in asignificantincreasein
the number of newbornneurons (NeuN*EdU* cells) in the olfactory bulb
(Fig.3g). Cells with Slc2a4 knockout were also positive for the neuronal
marker TUJ1(and afew cells were positive for the mature neuron marker
calretinin) (Extended Data Fig. 5g-i). By contrast, cells with Slc2a4
knockout were negative for markers of neuroblasts (Dcx), astrocytes
(GFAP) or oligodendrocytes (OLIG2 and SOX10) in the olfactory bulb
(Extended DataFig. 5j). These results suggest that Slc2a4 knockout in
the SVZ niche improves neurogenesis.

We next tested whether the enhanced neurogenesis observed for
Slc2a4 knockout was accompanied by increased NSC numbers in the
SVZ niche. Immunofluorescence experiments with markers of SVZ
niche NSCs® showed that Slc2a4 knockout led to an increased num-
ber of qQNSCs (GFAP'S100a6'Ki67°), aNSCs (GFAP'S100a6°Ki67*) and
neuroblasts (GFAPKi67") (Fig.3h,i). Theenhanced number of qNSCsin
Slc2a4 knockout brains could be due to increased symmetric division
followed by return to quiescence®®®. There was no NSC exhaustion
in the niche after Slc2a4 knockout, at least at this 5 week timepoint.
Thus, increased neurogenesis after Slc2a4 knockout is accompanied
by enhanced NSC number in vivo.

Given the beneficial effect of GLUT4 depletionin old NSCsin vivo, we
asked whether GLUT4 expressionitself changes in the SVZ neurogenic
niche with age. We performed immunofluorescence staining of GLUT4
in SVZ sections from young and old mice followed by quantification
using an automated pipeline (see Methods). GLUT4 was increased in
astrocytes andin qNSCs (GFAP*Ki67°) (and inaNSCs and in neural pro-
genitor cells (NPCs); GFAP'Ki67") inthe old brain (Fig. 3j,k and Extended
DataFig. 5k), although the increase was not large. By contrast, GLUT4
expression did not change with age in other cell types (ependymal or
microglia; GFAPKi67") (Fig. 3j,k and Extended Data Fig. 5k). Analysis
of single-cell RNA sequencing data’ showed that Sic2a4 transcripts
increased withageinqNSCsandin astrocytes, but notin other celltypes
(Extended Data Fig. 51), which might underlie some of the changes in
GLUT4 levels with age. Immunofluorescence staining and quantifi-
cation using S100a6, a marker that is relatively specific to SVZ niche
NSCs®, corroborated theincrease in GLUT4 in old NSCs (Extended Data
Fig.5m,n). Thus, expression of the glucose transporter GLUT4 increases
duringageing inNSCsin vivo, and knockout of this transporter boosts
NSC number and neurogenesis in old mice. Together, these data raise
the possibility that the age-dependent increase in GLUT4 could be
detrimental for NSC function and neurogenesis in old brains.

OIld NSCs exhibit high glucose uptake

GLUT4 is a transporter that increases glucose uptake in an insulin-
dependent manner in cells®® (Fig. 4a). We therefore assessed
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Fig.4|0ld NSCs exhibit high glucose uptake that canbe targeted to
improveactivation. a, Glucose uptake pathway. b, Heatmap plotting glucose
and insulin pathway median gene scores from genome-widein vitro screens
(day 4). Gene knockouts that boost (green) orimpede (red) NSC activation.

¢, Immunofluorescenceimage of GLUT4 staining in cultured qNSCs and aNSCs
fromyoung (3-4 months) and old (18-21 months) Cas9 mice (mixed sex).
GLUT4 (red), DAPI (blue). One experiment. Scale bar, 10 pm. d,e, Quantification
of GLUT4 (d) and STX4A (e) mean fluorescence. Mean +s.e.m. of mean
fluorescence for n =4 (young qNSCs, old qNSCs, young aNSCs) and n =3 (old
aNSCs) cultures, each from six pooled Cas9 mice (three males, three females).
One experiment. Each dot represents one NSC culture. Two-tailed Mann-
Whitney test. f, Schematic (top) and quantification (bottom) of bioluminescent
glucose uptake in primary qNSCs and aNSCs from young and old mice.

Mean +s.e.m. of results for n=6 (young qNSCs, aNSCs) and n =8 (old qNSCs,
aNSCs) cultures, each fromsix pooled Cas9 mice (three males, three females),
over two experiments. Each dotrepresents one NSC culture. Two-tailed Mann-
Whitney test.g, ECARand OCR in qNSCs from young and old mice. qNSCs
infected with control or Slc2a4 sgRNAs lentiviruses. ECAR, mean +s.d. of
results for n =16 (youngand old, control), n =12 (young, Slc2a4) and n=15
(young, Slc2a4) NSC cultures, each from two pooled mice (one male, one
female), over two experiments. OCR, mean + s.d. of results for n =9 (young,

components of the glucose uptake pathway (insulin-dependent or
independent) in the context of NSC ageing by mining our genome-wide
in vitro screen results. Among the 12 known glucose transporters in
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control), n=15(youngand old, Slc2a4) and n=12 (old, control) NSC cultures,
each fromtwo pooled Cas9 mice (one male, one female), over two experiments.
Each dotrepresentsone NSC culture. One-tailed Wilcoxon signed-rank test
(within age groups), one-tailed Mann-Whitney test (across age groups).

h, Schematic (top) and quantification (bottom) of bioluminescent glucose
uptakein primary qNSC cultures from old mice. qNSCs infected with Slc2a4 or
control sgRNAs lentiviruses, or uninfected, were assessed for glucose uptake
atday 4 or day 8. Mean + s.d. of results for n =3 (uninfected), n = 4 (day 4) and
n=>5(day 8) NSC cultures, each from six pooled Cas9 mice (three males, three
females), over two experiments. Each dot represents one NSC culture. Two-
tailed Mann-Whitney test. i, Schematic (top) and quantification (bottom) of
NSCactivation efficiency for young and old qNSCs (FACS). qNSCs infected with
control or Slc2a4 sgRNAs lentiviruses were placed in quiescence medium with
(grey) or without (pink) glucose for 2 days, thenin activation medium (with
glucose) for 4 days. Mean +s.d. of Ki67" cell percentage for n =6 NSC cultures
(each condition), each from six pooled Cas9 mice (three males, three females),
over two experiments. Each dotrepresents one NSC culture. Two-tailed
Mann-Whitney test. P values insource data. j, Summary of gene knockout
interventions thatboost old NSCactivationinbothinvitroandinvivoscreens.
Themodelsinaandjwere created using BioRender (https://biorender.com).

mice, only Slc2a4 and Slc2ai12, when knocked out, significantly boosted
oldNSCactivationin vitro (Fig.4a,b). Invivo, Slc2a4 knockout (but not
Scl2ai2 knockout) improved neurogenesis in old mice (Figs. 2 and 3).


https://biorender.com

Furthermore, analysis of single-cell RNA sequencing data” showed that
amongthe12glucosetransporters, only Slc2a4 was significantly upregu-
lated in qNSCs during ageing (Extended Data Fig. 6a). Immunofluo-
rescence staining of GLUT4 in NSC cultures from young and old mice,
followed by automated quantification, indicated that GLUT4 levels were
increasedinold qNSCs (although thisincrease was not large) (Fig.4c,d),
consistent with the in vivo observations (Fig. 3j,k and Extended Data
Fig. 51). By contrast, age-dependent GLUT4 levels were not consistent
in vitro and in vivo in aNSCs (Figs. 3j,k and 4c,d and Extended Data
Fig. 6e), perhaps owingto cell cycle heterogeneity or cell-matrixinter-
actions. Hence, among the different glucose transporters, GLUT4 may
particularly affect gNSC function during ageing.

Within the glucose uptake pathway, knockout of Stx4a, which
encodes a protein that facilitates the fusion of GLUT4 storage vesicles
with the plasma membrane®® (among other functions), boosted old NSC
activationin one of the screens (Fig.4b). Immunofluorescence staining,
followed by unbiased quantification, indicated that STX4A was also
increasedin old qNSCsin vitro andin vivo, although this increase was
not large (Fig. 4e and Extended Data Fig. 6b-d). By contrast, proteins
in the glycolysis, insulin and associated downstream pathways (for
example, hexokinase enzymes HK1-HK3, mTOR, GSK3B and FOXO)
were not enriched in the genome-wide screens in old NSCs, and some
insulin pathway genes were even depleted (Fig. 4a,b). Collectively,
these observations suggest that glucose transporter activity could be
akey stepin regulating old NSC activation.

We next asked whether glucose uptake changes with age in NSCs.
Two independent glucose uptake assays showed that old qNSCs and
aNSCsinculture take up about twofold more glucose than their young
counterparts (Fig.4fand Extended Data Fig. 6f). The increase in glucose
uptakein old qNSCs, coupled with the reduction in glucose uptake after
Slc2a4 knockout in these cells (Fig. 4h), is consistent with the slight
increase in GLUT4 levels observed by immunofluorescence staining
invitroandinvivoinold qNSCs.

Todetermine whether the age-dependentincreasein glucose uptake
affects downstream metabolic pathways in qNSCs, we measured the
extracellular acidification rate (ECAR), which mostly reflects glycolysis,
and the oxygen consumption rate (OCR), which reflects mitochondrial
respiration”. Old qNSCs had asignificantly higher ECAR and lower OCR
compared with young counterparts (Fig. 4g), which suggested that old
gNSCs have higher glycolysis and decreased respiration. Moreover,
analysis of single-cell RNA sequencing data’ indicated that a gene
expression signature for fatty acid oxidation (FAO), a process that is
normally high inyoung gNSCs”?, decreased with age in qNSCs (Extended
DataFig. 6g). Thus, old qNSCs may increase their usage of glucose
(compared with other sources) for energy metabolism. Slc2a4 knockout
significantly decreased both ECAR and OCR in young qNSCs (Fig. 4g).
By contrast, Slc2a4 knockout decreased only ECAR (and not OCR) in old
gNSCs (Fig.4g). Theseresults raise the possibility that GLUT4 depletion
boosts old NSC activationin part by reducing glycolysis.

Wethen determined whether restricting glucose uptake, either genet-
ically or by depleting glucose in the medium, promotes the activation
of old NSCs. We verified that individual Slc2a4 knockout was efficientin
gNSCsboth at the genomic and proteinlevel (Extended Data Fig. 6h—-m)
and thatitsignificantly reduced glucose uptakein old qNSCs (Fig. 4h).
We then tested the effect of Slc2a4 knockout on the ability of qNSCs
to activate. Inline with our screen results, individual Slc2a4 knockout
improved the ability of old (but not young) qNSCs to transition from
quiescenceto activation (Fig.4iand Extended DataFig. 6n). A brief48-h
pulse of glucose starvation in qNSCs improved the ability of old (but
notyoung) qNSCsto activate (Fig. 4i and Extended DataFig. 6n). GLUT4
depletiondid not further increase old qNSC activationin the context of
apulse ofglucose starvation (Fig. 4i and Extended Data Fig. 6n), which
suggests that one mechanism by which GLUT4 reductionimproves old
NSC activation is by lowering glucose. Consistently, treatment with
2-deoxy-D-glucose (2-DG), a glucose analogue that cannot undergo

glycolysis, boosted old (but not young) qNSC activation (Extended
Data Fig. 60). Together, these data show that old qNSCs are in a state
of high glucose uptake, probably because of increased GLUT4 expres-
sion during ageing. However, this can be reversed through genetic or
glucose restriction perturbations to promote old gNSC activation.
These results highlight the use of genetic screensin old cells to uncover
genetic pathways (for example, glucose metabolism, primary ciliaand
ribonucleoproteinstructures) and interventions to boost NSC function
during ageing (Fig. 4j).

Discussion

This study used genome-wide knockout screens toidentify genes that
affectageingin aregenerative neurogenic niche. We also developed a
CRISPR-Cas9 targeted screening platform to study functional regula-
tors of cellular ageing in vivo. The power of knockout screens is their
ability to uncover new biology. Here we identified more than 300
genes that when knocked out in the context of genome-wide screen
boost the activation of old NSCs in vitro, and 10 out of 10 of the top
genesindividually validate. The genes uncovered by the screeninclude
glucose metabolism, ribonucleoprotein structures, and primary
cilia-associated genes as well as many others. Most of these genes had
not previously been identified to regulate NSCs, especially old NSCs,
and they representaresource for functional regulators of NSC ageing
andrejuvenation, although it willbeimportant to further validate these
genes through individual knockouts. It will also be interesting to test
overexpression of genes whose knockouts specifically impede young
cells. Given the spatial heterogeneity of NSCs in the SVZ niche>”>™,
assessing how gene knockouts affect NSCs in a spatially restricted
manner could uncover interactions between select genes and spatial
location.

The knockout of the insulin-sensitive glucose transporter GLUT4
was consistently a top hit for both in vitro and in vivo screens, which
led to atwofold increase in neurogenesisin old mice in vivo. Old qNSCs
exhibited anincrease in glucose uptake, with two times more glucose
uptake than their young counterparts. Reversing this increase, either
genetically or by glucose starvation, boosted the ability of old (but not
young) NSCsto activate. By contrast, manipulating other glucose trans-
porters does not have astrong effect on NSC activation. Theimportance
of GLUT4 among other glucose transporters in regulating NSC age-
ing could be due to the slight increase in GLUT4 levels with age or the
insulin-dependency of this glucose transporter®®. As the age-dependent
changesin GLUT4 expressionare not large, other factors could indeed
contribute to the selectivity of old NSCs to Sc[2a4 knockout. It will
be interesting to test the role of age-dependent insulin resistance or
specific syntaxins (for example, STX4A) in regulating glucose uptake
during ageing. More generally, gene network differences between NSCs
at different ages could underlie the specific sensitivity of young and
old NSCs to some of the gene knockouts.

The way in which increased glucose impedes NSCs could involve
metabolic regulation downstream of glycolysis or other processes
that use glucose. It will be interesting to examine changes in various
metabolic substrates NSCs could use (for example, fatty acids) during
ageing. Other stem cells, including haematopoietic stem cells and
muscle stem cells, display greater glucose usage and higher levels of
glycolysis with age in mice and humans”™’¢, although the functional
consequences of these metabolic changes have not yet been tested. In
addition, glucose restriction extends lifespaninyeast’”” and worms’”°,
whereas high glucose shortens worm lifespan®®®', Thus, increased glu-
cose levels may be ageneral feature of celland organismal ageing. Dys-
regulated insulin-glucose signalling has also been linked to neuronal
dysfunction and human brain ageing and Alzheimer’s disease®’. Our
discovery thattheincreased glucose uptakein old cells can be targeted
with GLUT4 knockout or glucose restriction raises the possibility that
such mechanism could be targeted more broadly to counter ageing.
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Systemic gene therapy interventions can rejuvenate aspects of ageing
in progeria or even physiologically old mice®**#*, Amajor challenge has
been to rapidly identify new genetic interventions to counter ageing
invivo. The establishment of aninvivo screening platformshows arela-
tively high-throughput and rapid method of testing genetic interven-
tions in the context of aregenerative stem cell niche in vivo. This type
of screen should be scalable, versatile to use with other CRISPR-Cas9
techniques (forexample, gene activation or inhibition), and applicable
to other cell types (for example, other stem cells) in old mice. Genetic
interventions thatimpact old tissues have the potential to identify new
strategies—genetic or environmental—to delay or reverse features of
ageing. Inthe brain, such interventions can be particularlyimportant
to counter cognitive and regenerative decline during ageing and neu-
rodegenerative diseases.
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Methods

Laboratory animals

Cas9-expressing mice (Cas9 mice) were obtained from the Jackson
Laboratory (https://www.jax.org/strain/024858). These mice (back-
ground C57BL/6N) constitutively express the Cas9 endonuclease and
an eGFP reporter under the control of a CAG promoter knocked into
the Rosa26 locus®. All screens in this study were performed with the
Cas9 mice, including all NSC primary cultures and all in vivo work. We
maintained a colony of Cas9 mice rangingin ages up to 28 months at the
Stanford Comparative Medicine Building and the Neuroscience-ChemH
building vivarium. As a negative control for the in vivo screens, male
C57BL/6 mice obtained from the National Institute on Aging Aged
Rodent colony were used at 18-21 months old. These mice were habitu-
ated in the Stanford facility for at least 2 weeks before initiation of
experiments. Mice were maintained under the care of the Veterinary
Service Center at Stanford University under IACUC protocols 8661.

Primary cultures of NSCs from young and old brains and
activation experiments

For all experiments involving primary culture of NSCs, we pooled
SVZs from pairs of male and female Cas9 mice, either 3-4 months old
(young) or 18-21 months old (old). To generate primary cultures of
NSCs from young and old mice, we microdissected SVZs into a small
drop of PIPES buffer (pH 7.4), minced themin a10 cmtissue culture dish
with about 100 chops of a scalpel blade and suspended the tissue in
PIPES buffer before centrifugation for 5 minat 300g, at which point the
excess PIPES buffer was poured out. The pellet of minced SVZs was then
enzymatically dissociated (in 5 ml per 2 SVZs) with a mixture of HBSS
(Corning, 21-021-CVR) with 1% penicillin-streptomycin-glutamine
(Gibco,10378-016),1U ml ™ Dispase Il (StemCell Technologies, 07913),
2.5U ml ™ papain (Worthington Biochemical, LS003126) and 250 U mI !
DNAse I (D4527, Sigma-Aldrich), vortexed briefly and incubated at
37 °C for 40 min on a rotator. The samples were then centrifuged at
300g for 5 min at room temperature and resuspended in Neuroba-
sal A medium (Gibco, 10888-022) with 1% penicillin-streptomycin-
glutamine (Gibco, 10378-016) and 2% B27 minus vitamin A (Gibco,
12587-010) and triturated about 20 times, centrifuged and resuspended
incomplete ‘aNSC medium’, comprising Neurobasal A (Gibco, 10888-
022) supplemented with 2% B27 minus vitamin A (Gibco, 12587-010), 1%
penicillin-streptomycin-glutamine (Gibco, 10378-016), 20 ng mI ™ EGF
(Peprotech, AF-100-15) and 20 ng ml'bFGF (Peprotech,100-18B) and
placed in ahumidified incubator at 37 °C and 5% CO,. After 3-4 days,
neurospheres emerged in the mediumand were passaged by dissocia-
tion with 1 ml Accutase (StemCell Technologies, 07920) for 5 min at
37 °C,washed once with PBS and resuspended inaNSC medium. Neu-
rosphere cultures were maintained with passaging every 2-3 days, and
allexperiments were performed in cultures of fewer than 10 passages.
Details on passage numbers are provided in experimental sections
below. For cultures of qNSCs, the aNSC culture medium was changed
to remove EGF and to add BMP4 (50 ng ml™) (Peprotech, 315-27). The
Complete ‘qNSC medium’ comprised Neurobasal-A (Gibco, 10888-
022) supplemented with 2% B27 minus vitamin A (Gibco, 12587-010),
1x penicillin-streptomycin-glutamine (Gibco, 10378-016), 50 ng ml™
BMP4 (BioLegend, 94073) and 20 ng mI™ bFGF (Peprotech,100-18B).
Toinduce quiescence, tissue culture plates were pre-treated with PBS
(Fisher Scientific, MT21040cv) containing 50 ng ml™ poly-D-lysine
(PDL; Sigma-Aldrich, P6407) for 1 hand thenwashed 3 times with PBS
before plating cells on plates in qNSC medium. The density of cells
platedisimportant forinduction of quiescence and the ability of qNSCs
toreactivate, especially inthe context of lentiviral infection. In optimiz-
ing the QNSC activation protocol, we observed that qNSCs seeded at
the following densities were best for quiescence and activation experi-
ments: 2 x 107 cells for a15 cm plate; 1 x 10° cells per well for a 6-well
plate; 2 x 10° cells per well for a 24-well plate; and 1 x 10° cells per well

fora96-well plate. For activation of qNSC cultures, cells were washed
once with PBS, and then aNSC medium was added to the plate and
refreshed every 2 days. For plating, cells were manually counted with
ahaemocytometer or using a Countess Il FL Automated Cell Counter
(Life Technologies, AMQAF1000). NSC primary cultures were tested
quarterly for the presence of mycoplasma and tested negative.

Tissue culture plastics

We found that primary cultures of NSCs were sensitive to the tissue
culture plastic products used. Specifically, passaging NSCs in conical
tubes manufactured by Genesee (15 ml conical tubes, 28-103) resulted
indeath of the NSC cultures within1 week of briefexposure to the plas-
tic during passaging. Plastics from the following manufacturers were
assessed to besuitable for NSC growth bothin detached and adherent
conditions: Thermo Fisher 15/50 mlFalcon tubes (14-959-53A/14-432-
22),15cm, 10 cm, 6-well, 12-well, 24-well and 96-well Falcon tissue cul-
turedishes (353025, 08772E, 08-772-1B, 08-772-29,08-772-1,087722c,
respectively).

Lentivirus production

Genome-wide virus library preparation. For lentiviral production,
we used human embryonic kidney 293T cells. 293T cells were from
the American Type Culture Collection (they were not authenticated).
They were tested for the presence of mycoplasmain a quarterly man-
ner and tested negative. 293T cells were seeded in DMEM +10% FBS
(Gibco 10099141) + 1x penicillin-streptomycin-glutamine (Gibco,
10378-016) at a density of 2 x 107 cells in 15 cm plates. One day later,
293T medium was replaced with 18 ml fresh medium and the cells were
transfected using the polyethylenimine (PEI) (1 mg ml™, Polysciences,
23966-2) transfection method, mixing plasmids as follows: 2.27 pgeach
of third-generation lentivirus packaging vectors pMDLg, pRSV and
pVSVG (obtained from the laboratory of M. Bassik), along with 45 pg
ofthe pooled sgRNA genome-wide plasmid library (https://www.add-
gene.org/pooled-library/bassik-mouse-crispr-knockout/). The sgRNA
library targets around 23,000 protein-coding genes in the genome,
with 10 unique sgRNAs per gene, and15,000 control sgRNAs (about
245,000 sgRNAs in total)*. The sgRNA plasmid library, consisting of
20 sublibraries, was mixed proportionally to the number of sgRNAs in
eachlibrary. One day after PEl transfection, the medium was changed to
18 mlof Neurobasal A + 1x penicillin-streptomycin-glutamine (Gibco,
10378-016). After 1 day, the viral containing supernatant was collected
oniceandstoredat4 °C.Freshmediumwas added to the 293T cellsand
collected again after 24 h and again at 48 h (a total of 3 collections of
18 mlof virus supernatant). All 3 supernatants were combined, filtered
througha 0.45 um filter (Stericup, EMD Millipore, S2HVUO2RE) and fro-
zenat—-80 °Cin10 mlaliquotsin 15 mlconical tubes. For plasmid library
re-amplifications, we electroporated 1 pl of 25 ng pul ™ of each library
into 50 plbacteria (Lucigen, 60242-2), with1.8 kV, 600 Qand10 pFina
0.1cmcuvette (Gene Pulser Xcell, Bio-Rad, 1652662). After electropora-
tion, we allowed bacteriato recover in Lucigen recovery mediumfor2 h
in15 mlconical tubes, shaking at 37 °C. We plated 1 pl of the transforma-
tion onto a LB + carbenicillin (100 pg ml™, Sigma-Aldrich, C9231-1G)
agar plate to confirm transformation efficiency, and the remainder
ofthe recovery suspension was placed into 0.5 litre LB + carbenicillin
(100 pg ml™) liquid mediumina?2 litre flask for 16 h of shaking at 37 °C,
and DNA was purified using a Maxiprep kit (Thermo Fisher Scientific,
FERK0492) according to the manufacturer’s protocol.

sgRNA sublibrary design. We designed five sublibraries of sgRNAs
to test gene hits from the in vitro screens in the brain in vivo (Figs. 1
and 2). Our selection criteria were as follows. For the top 10 gene list,
weselected all significantly enriched genes (FDR < 0.1) from the first 2
invitro genome-wide screens, selecting any gene that was significantin
bothscreens1and 2, atany time point, day 4 or day 14 (for example, a
screen 1day 4 hitand an overlappingscreen 2 day 14 hit would be added
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tothelist). With thatlist, we ranked the genes based on the CasTLE gene
score average fromboth screens and both time points (thatis, average
of all: screen1day 4 or day 14, screen 2 day 4 or day 14). This library
was selected based onthefirst twoin vitro genome-wide screens only,
because at the time of library design, only the first twoin vitro screens
had beencompleted. Similarly, the ‘depleted’ gene list was also selected
based on the first two screens. We selected all significantly depleted
genes (FDR < 0.1) fromthefirst 2in vitro genome-wide screens, select-
ing any gene that was significant in both screens 1and 2, at any time
point, day 4 or day 14 (for example, ascreen 1day 4 hitand an overlap-
ping screen 2 day 14 hit would be added to the list). With that list, we
then removed any gene that was significantly (FDR < 0.1) depleted in
qNSCs of screen 1or 2 of any age. The final list was then selected by
removing unannotated genes (for example, GM3264 and GM3164)
and focusing on genes with associated publications. For the ‘glucose
uptake/human disease’ list, we selected genes that were significantly
(FDR<0.1)enrichedin2 out of 3invitro genome-wide screens, at day 4
or day 14 (forexample, ascreen 1day 4 hitand an overlapping screen 2
day 14 hit would be added to the list). The list of enriched genes was
analysed by GO term analysis (see the section ‘Computational analysis
of CRISPR screens’). From the GO Molecular Function (2018) database,
the D-glucose transmembrane transporter activity (GO:0055056) and
sugar:protonsymporter activity (GO:0005351) terms were bothin the
top 10, with genes Slc2a4, Slc2al2 and Slc45a4. The other genes in the
‘glucose uptake/human disease’ list were selected based on one of two
criteria: (1) genes implicated in human disease: Snrpb2 (Alzheimer’s
disease)®, Sorll (Alzheimer’s disease)®® and CIgtnfS (human ageing)®’;
or (2) genes that are significantly (P < 0.05) upregulated in qNSCs in
old mice: Slit2 (refs. 25,88), ler2 (ref. 25), Cdkn1a®®® and Ecscr™. For the
‘cytoplasmicribonucleoprotein granules’library, in the GO term analy-
sisof gene knockouts that boosted old NSC activation, the terms P-body
(G0O:0000932), cytoplasmic ribonucleoprotein granule (GO:0036464),
ribonucleoprotein granule (GO:0035770) and cytoplasmic stress gran-
ule (GO:0010494) all came up in the list, although most were not signifi-
cant. From this, we proposed that cytoplasmic granule structures could
impede old NSC activation. We took the entire GO term cytoplasmic
ribonucleoprotein granule (GO:0036464) and selected gene knockouts
that had the greatest difference in effect between young and old NSC
screens. Many of these genes did not demonstrate any significant effect
inourinvitroscreens, other than Dis3[2, Edc3and Mbnl1, which all sig-
nificantly boosted old NSC activationin atleast two out of three screens.
Thefinallist of genes was the ‘published NSC regulators’ list, which we
chose based on searching the literature for genes that had previously
beenimplicated in regulation of NSC function and behaviour. We did
not select based on functional effect prediction.

sgRNA plasmid sublibrary cloning for in vivo screens. The sgRNA
expressing plasmid MCB320 (https://www.addgene.org/89359/) was
digested with the Blpl and BstXI restriction enzymes, the band was
gel-extracted and purified and used for apooled ligation reaction. We
selected five sgRNAs from each gene of interest, based on the five out
of ten sgRNAs most enriched or depleted in our genome-wide in vitro
screen. For the forward oligonucleotide of each sgRNA sequence,
we added the following sequences: 5’-ttgg and 3’-gtttaagagc. For
the reverse complement oligonucleotide of each sgRNA sequence,
we took the reverse complement of the sgRNA sequence and added
5’-ttagctcttaaac and 3’-ccaacaag. To clone a pool of 10 genes, we
selected the 50 sgRNAs pairs targeting the 10 genes and annealed the
sgRNA pairs in separate annealing reactions in a100 pl of IDT duplex
buffer (11-05-01-12) with 1 uM forward and reverse oligonucleotides.
We incubated the oligonucleotide pairs at 95 °C for 5 min and then al-
lowed the oligonucleotides to gradually anneal at room temperature.
We mixed all 50 annealed oligonucleotide pairsinto one pool, diluted
it1:20 in IDT duplex buffer and then used 1 pl of annealed oligonu-
cleotide poolin aligation reaction with 500 ng of digested MCB320

backbone. We used 1.5 pl of the ligation mix and electroporated 30 pl
competent bacteria (Lucigen, 60242-2) with 1.8 kV, 600 Q and 10 puF
ina 0.1cm cuvette (Gene Pulser Xcell, Bio-Rad, 1652662). We plated
the entire recovered transformed bacteria on a10 cm LB + ampicillin
(100 pg ml™, Sigma-Aldrich, A9518-100G) plate, allowed overnight
recovery, and the next day added 5 ml LB to the bacterial lawn and
scrapeditwith asterile siliconscraper. The resuspended bacterial mix
was transferred to a clean collection tube, the plate was again rinsed
with an additional 5 ml LB and transferred to same tube for overnight
growth in 500 mlI LB + ampicillin (100 pg ml™) for Maxiprep (Thermo
Fisher Scientific, FERK0492) according to the manufacturer’s protocol.
For library re-amplification, we performed the same transformation
and amplification procedure.

Concentration of virus for in vivo and in vitro subscreens. For
invivo and in vitro subscreens, we generated virus the same way as
our genome-wide virus libraries but with modifications. We plated
four 15 cm plates of 293T cells for a total of 200 ml of collected virus
after 3 days of collecting at 4 °C, but rather than directly freezing the
virus, we performed ultracentrifugation to concentrate the virus. For
ultracentrifugation, we sterilized 30 ml ultraclear tubes (Beckman
Coulter 344058) under UV (TC room biosafety cabinet) for 15 min.
We then put the tubes onice, allowed 15 min to cool and then added
30 mlof virus and centrifuged at 16,500 r.p.m. for1h at 4 °C. We care-
fully decanted the supernatant using serological pipettes, leaving 1 ml
mediumin the bottom of the tube, adding 30 ml more virus-containing
medium and centrifuging again. We repeated the decanting, refilling
and centrifugation of the same tube, concentrating a total of 180 ml of
virus supernatantinto asingle tube. After the last ultracentrifugation,
we removed most of the supernatant with aserological pipette, and the
last1 mlwith aP1000 pipet tip from the side of the tilted tube, so as not
todisturbtheviral pellet. The viral pellet was usually visible in centre of
all ofthe tubes. We resuspendin 60 plice-cold PBS (1/3,000th original
volume) by pipetting up and down about 60 times, being careful not
to produce airbubbles. The concentrated resuspended virus was then
aliquotedinto PCRstrip tubesin 5 plaliquots and placed ontodryice.
After 15 min, the virus was transferred to —80 °C for storage. For experi-
ments, virus was thawed onice and injected into the brain oradded to
cell culture within 30 min of thawing. We assessed virus infectivity of
each batch by performing serial dilution (3 pl, 1 pl, 0.5 pl) infections
of 2x10°293T cells in 24-well culture plates for 16 h of infection and
then performing FACS analysis 48 hlater to detect the per cent of cells
expressing the mCherry reporter. For each experiment, we normal-
ized virus infectivity (viral titre) across treatments by adjusting the
concentrations of virus added in PBS.

Genome-wide knockout screens in primary cultures of NSCs

Foreachgenome-wide screen, primary cultures of NSCs derived froma
pool of three male and three female Cas9 mice were used for eachinde-
pendentbiological replicate. Intotal, three independent genome-wide
screens, each performed withindependent young and old NSC pooled
from six mice, were conducted. For each independent screen, young
and old NSC cultures were processed in parallel at each stage of sample
processing. The young and old NSC culture passage numbers were
kept the same and at the start of screen were as follows: screen 1, pas-
sage 8;screen 2, passage 7; screen 3, passage 12. Tomeasure the growth
rates of young and old cells at each passage, we counted cells using
a Countess 3 cell counter (Thermo Fisher, A50298). The young and
old cells showed comparable growth rates (Extended Data Fig. 1c). To
expand the NSCs up to1.4 x 10° cells (the equivalent of 14015 cmplates)
required for eachbiological replicate, 1 x 10’ NSCs were passaged and
expandedinto15 cmplates every 2-3 days, with feedings every 2 days
(alternating between doubling the medium (with 2x growth factor aNSC
medium) or complete medium exchange). For each screen, 70 plates
of 2 x 107 qNSCs were seeded at day O (see below for library coverage
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calculations). After 4 days in qNSC medium, the cells were incubated
with the genome-wide sgRNA lentivirus library (see above). For this,
the sgRNA lentivirus library was freshly thawed at room temperature
and diluted 1:5 in Neurobasal medium and then B27 and growth fac-
tors were added to make it gQNSC medium, and 18 ml of this mix was
added to plates for 16 h of overnightinfection. The virus dilutionadded
was based on viral titration experiments determined to achieve about
30% culture infection of cells to ensure each cell only received asingle
sgRNA. Therefore, infecting the starting 1.4 x 10° cells at 30% infection
would resultin 4.2 x 108 infected cells, giving us a coverage of about
1,700 cells per sgRNA (around 243,000 total sgRNAs). Note that these
numbersrepresent thestartinglibrary coverage, but the cells do expand
over the course of activation; therefore, the final cell numbers at end
of experiment are orders of magnitude larger. The infected cells were
then left in gNSC medium for an additional 5 days before transition
to aNSC medium for activation. After 4 days of activation, the cells
were dissociated using Accutase (Stem Cell Technologies, 07920) for
15-30 min at 37 °C (until most cells rounded up) and gently scraped
withssilicone cell scrapers (Fisher Scientific, 07-200-364) and splitinto
2 groups: 55 plates of NSCs were processed for the day 4 Ki67 FACS
sorting (see below), and the other 15 plates of cells were placed into
aNSC culture for10 days of further expansion as neurospheres (day 14
timepoint). The day 4 FACS-sorted young and old cells were sorted to
have equal numbers of Ki67" cells from both ages for each screen for
downstream analysis. See the section ‘Intracellular FACS’ below for
day 4 FACS protocol. The final number of sorted cells for each age in
each screen was as follows: screen 1 had 2.2 x 107 sorted Ki67* cells;
screen 2 had 1.41 x 107 Ki67* cells; and screen 3 had 1 x 108 Ki67" cells.
After sorting, the methanol-fixed cells were centrifuged at 700g for
5min, the supernatant FACS buffer was decanted and the cell pellets
were frozenat-80 °C until genomic DNA extraction. To extract genomic
DNA of sorted and methanol-fixed cells, the cell pellets were defrosted
at room temperature and then processed by resuspending in 5 ml of
TE1%SDS (Thermo Fisher Scientific,15525017) and incubated at 65 °C
for 16 h. The cell suspension was then treated with 50 pul proteinase K
(Fisher Scientific, 25-530-049)(20 mg ml™) for 2 h at 37 °C. Samples
were processed for genomic DNA extraction using Zymo Research ChIP
DNA clean and concentrator (Zymo, D5205) according to manufac-
turer’s protocol. The day 14 expanding neurospheres wereimmediately
centrifuged at 300g for 5 min and then processed for genomic DNA
extraction with a Qiagen QiaAmp DNA Blood Maxi kit (51194), adding
5x107 cells per column and according to the manufacturer’s protocol.

sgRNA PCR amplification and sequencing

After genomic DNA isolation, sgRNA was amplified from the genome
intwo successive, nested PCR reactions. For the nested PCR reactions,
we used either Herculase Il Fusion polymerase (Agilent, 600679) for
screen 1or Q5 DNA polymerase (Fisher Scientific, MO491L) for screens 2
and 3, and Q5 DNA polymerase for in vivo screens, according to the
manufacturer’s protocol. In optimizing this PCR reaction, we found
that Herculase Il polymerase was outperformed by Q5 polymerase,
with Q5 polymerase requiring fewer PCR cycles to obtain more ampli-
con product, which is why we switched to Q5 DNA polymerase. We
used 5 pg genomic DNA in 50 pl reactions to run on a thermocycler.
For thefirst PCR, we used primers MCB1562 (aggcttggatttctataacttcg-
tatagcatacattatac) and MCB1563 (acatgcatggcggtaatacggttatc) (1 pM
final concentration), with PCR cycles as follows: 98 °C for 2 min, 19
cycles of (98 °Cfor30s, 59.1°C for 30 s, 72 °C for 45 s), followed by
72 °C for 3 min. We pooled all the PCR1 cycle products and then
used 5 pl of the poolin a second PCR reaction (PCR 2) with the same
conditions but using different primers: MCB1439 (caagcagaagacgg
catacgagatgcacaaaaggaaactcaccct) and abarcoded primer (aatgatacgg
cgaccaccgagatctacaCGATCGGAAGAGCACACGTCTGAACTCCAGTCA
CXXXXXXCGACTCGGTGCCACTTTTTC, where XXXXXX is the 6-digit
barcode for high-throughput sequencing sampleidentification). The

second PCRreaction was run for either 30 cycles (invitro screen 1and
invivo screens) or18 cycles (in vitro screens 2 and 3). The resulting PCR
products were all resolved ona1.5% DNA agarose gel. The 272 bp band
was extracted (Qiaquick Gel extractions kit, 28706), eluted in 10 pl
ultrapure water (Invitrogen,10977023) and assessed on abioanalyzer
(Agilent, Bioanalyzer 2100). Final libraries were combined into a pool at
equal concentrations for sequencing on an lllumina Novaseq S4 system
(by Novogene for the genome-wide in vitro screen) or on an Illumina
MiSeq system (by the Stanford Genomics Facility for in vivo screens),
sequencing to a depth of about 1x 107 or 5 x 10° reads per sample for
invitro and in vivo screens, respectively.

Computational analysis of CRISPR-Cas9 screens
Forboththeinvitroandinvivoscreens, our analyses were performed
using the CasTLE pipeline®. All of the source scripts can be found at
Bitbucket (https://bitbucket.org/dmorgens/castle/downloads/). In
brief, for each screen, the raw screen fastq files were aligned to the
sgRNA library sequence (mm-Cas9-10 or one of a custom 10 gene
library + control sgRNAs) to make count files using the makeCounts
script. The count files were then analysed using the analyzeCounts
CasTLEscript, comparing each screen timepoint to the starting plasmid
sgRNA library count file (in vitro screens) or the sequenced 24-h SVZ
countfile (invivo screens), whichwe sequenced in parallel with screen
libraries. We then calculated P values for all genes in each screen by
running 100,000 (invitro screens) or 10,000 (in vivo screens) permuta-
tions with the addPermutations CasTLE script. For each genome-wide
screen, we corrected for multiple hypotheses on the around 23,000
gene associated P values using the Python Statsmodel module, with
the Benjamini-Hochberg method, and classified genes as significant
using a FDR < 0.1 cut-off. For the in vivo screens, we classified genes
as hits if their CasTLE computed 95% confidence interval did not con-
tain 0. The library diversity of each sample was displayed using the
plotDist CasTLE script. The screen results and individual gene sgRNA
enrichment plots were visualized using the plotVolcano and plotGene
scripts, respectively. We note that inin vivo screens, there was abimodal
distribution of control sgRNAs, which is most likely due to the fact that
acontrol sgRNA infected a NSC that was, at the time, highly actively
proliferating and that will naturally enrich in the olfactory bulb.

Generation of gene lists for the genome-wide screens

Togenerate the final genelists for the genome-wide screens, we used all
genes that were significant (FDR < 0.1) in2 or more independent screens
(screensland2,2and 3, or1and 3),atany time point (day 4 or day 14;
for example, a screen 1day 4 hit and an overlapping screen 2 day 14
hit, would be added to the list). For PCA, we used the Python sklearn.
decomposition.PCA module with CasTLE-computed gene scores as
input (Fig. 1d and Extended Data Fig. 1g-i). We performed gene set
enrichment analysis by inputting gene lists into the EnrichR online
portal (https://maayanlab.cloud/Enrichr/)®*°°, and then focusing on
the ‘Ontologies’ tab with GO Biological Process (2018), Molecular func-
tion (2018) and Cellular components (2018), sorting the terms based
on Pvalue, which is computed by EnrichR using the Fisher exact test.

Assessment of potential outliers in the genome-wide screens

Totest for potential outliers, we compared CasTLE scores for all genes
in the genome-wide screen between each replicate at day 14 for the
young NSC screens (Extended Data Fig. 1d-f). Correlations between
replicates were calculated using Spearman’s correlation test. We also
examined the principal component (PC) loadings of day 14 young and
old in vitro genome-wide screens (PC1and PC2) and day 4 young and
old in vitro genome-wide screens (PC3 and PC4). PC loadings were
extracted using the Python sklearn.decomposition.PCA module. We
performed gene set enrichment analysis by inputting the top 50 gene
knockouts contributing to the PC into EnrichR online portal (https://
maayanlab.cloud/Enrichr/)?*?°, and then focusing on the ‘Ontologies’
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tab with GO Biological Process (2018), Molecular function (2018) and
Cellular components (2018), sorting the terms based on P value, which
iscomputed by EnrichR using the Fisher exact test. The PC loadings and
the GO termsareincludedin Supplementary Table 4. The GO terms of
the genes that contribute to the replicate young 1 at day 14 not clus-
tering with the other young replicates are enriched for cytosolic pro-
teasome complex (GO:0031597) and proteasome-activating ATPase
activity (GO:0036402). As mentioned above in the section ‘Genera-
tionof gene lists for the genome-wide screens’, we chose hits fromthe
screen that were significant in two or three replicates to avoid having
one of the screens skew the data. We also investigated the loading of
all PCs for both day 4 and day 14 and performed GO term analysis on
the genes underlying all PCs (Supplementary Table 4). Genes and GO
terms underlying the technical variance for day 4 samples (PC1, PC2
and PC4) areinvolved in cell division, proteostasis and transcription/
translation. Thus, one possible source of variance in this in vitro NSC
system could be due to lentiviral infection (affecting cell survival/cell
proliferation) or bottlenecking during passaging.

Comparison with published screens and databases

We tested whether the genes significantly depleted at the day 14 time-
point overlapped with a list of common essential genes. We gener-
ated a list of day 14 significantly (FDR < 0.1) depleted genes in both
the young and old screens (Supplementary Table 1). We identified
the overlap between significantly depleted genes in the NSC screens
with the Core Essential Genes 2 list® and the Online GEne Essentiality
database (https://v3.ogee.info/#/home)®? (Extended Data Fig. 1l,m).
Pvalues were calculated using a Fisher’s exact test. There was a small
butsignificant overlap between the known essential genelists and the
significantly depleted NSC gene list. Thus, these in vitro genome-wide
screens captured essential genes that are shared with published data-
sets but also captured unique genes for which knockout affected cell
survival or activation in NSCs.

Intracellular FACS for Ki67

For the genome-wide screen and for other qNSC activation experi-
ments, we FACS-isolated proliferative cells (Ki67*) as follows. Cells were
dissociated with Accutase (StemCell Technologies, 07920) for 5 min,
collected into conical tubes and centrifuged at 300g for 5 min. Cells
wereresuspended inPBSat5 x 107 cellsin1 ml (or1x10°cellin100 pl),
and then 9 ml (or 900 pl) ice-cold100% methanol was added and cells
were agitated for 15 minat 4 °C. Cells were then centrifuged at 500g for
5min and resuspended for awash in 3 ml PBS and centrifuged again
at500gfor 5 min. Cells were then resuspended in 3.5 ml staining solu-
tion: Ki67-APC (eBioscience, 17-5698-82) 1:300 in PBS, 2% FBS (Gibco,
10099141) at 4 °C.Samples were agitated for 30 minat room tempera-
tureinthe dark, and then 10 mIPBS was added before centrifugation at
700g for 5 min. Samples were then resuspended (25 ml per 5 x 107 cells)
in FACS buffer: PBS, 2% FBS, DAPI (Fisher Scientific, 62248, 1 mg ml™)
1:5,000. Each sample was filtered with FACS-strainer cap tubes (Fisher,
08-771-23), immediately before FACS sorting. Cells were sorted on an
Aria BD FACS Aria with a100 pm nozzle at 13 p.s.i., with BD FACSDiva
software (v.8.0.1), and FlowJo (v.10) software was used for data analysis.

Assessment of NSC activation for in vitro subscreen and glucose
intervention

Fortestingthetop 10 genelibrary (in vitro subscreen) (Fig. 1e) and glu-
coseintervention (Fig. 4i), we performed gNSC activation experiments
ina24-well or 96-well format. We seeded 2 x 10° cells in a 24-well format
or1x10° cells in a 96-well format. After 4 days in gNSC medium, with
medium changes every 2 days, concentrated virus was then added to
the cells. Weadded 3 pl equal titre virus (see the section ‘Concentration
ofvirusforinvivoandinvitro subscreens’) to each 24-well containing
500 pl gNSC medium, or 0.1 pl virus to 100 pl in each 96-well experi-
ment. We left the virus inmedium with cells for 16 h, and thenrefreshed

the medium. At 5-6 days after infection, the cells were washed 1x in PBS
and then either transitioned to aNSC medium for activation (Fig. 1e)
or incubated with qQNSC medium with or without glucose for 2 days
and then transitioned to aNSC medium for activation (Fig. 4i). aNSC
medium was exchanged once after 48 h and Ki67 intracellular FACS
was performed at day 4 after infection (see the section ‘Intracellular
FACS’ above). Eventhough overall activation was decreased in lentivi-
rally infected cells compared with non-infected cells, the differencein
activation between old and young NSCs was preserved.

Assessment of the impact of individual gene knockout on NSC
activation

To test the impact of individual gene knockouts on NSC activation
(Fig.1j), we used 8 independent NSC cultures from old (18-21 months
old) mice, each culture being a mix of 1 male and 1 female mouse. We
infected these NSC cultures with purified lentiviruses expressing five
sgRNAs per gene. We evaluated the top 10 genes (screens 1and 2) (Sup-
plementary Table 3). To assess the effect of each individual gene knock-
outonNSCactivation, we seeded 3 x 10° NSCs in a 24-well format. After
4 days in gNSC medium, with medium changes every 2 days, qNSCs
were incubated with fresh lentiviruses with equal titre. Lentiviruses
were generated as described in the section ‘Lentivirus production’
using 293T cells. For these experiments, lentiviruses expressing sgRNAs
to individual genes were collected by incubating 293T cells directly
in qNSC medium. The supernatants were collected and their titres
were tested, using serial dilutions to achieve a similar 50-70% range
of infection of 293T cells. Supernatants were added to the qNSC wells
for16 h, and then the medium was changed to qNSC medium. Six days
after infection, the cells were washed 1x in PBS and then transitioned
to aNSC medium for activation. aNSC medium was exchanged once
after48 hand thenKi67 intracellular FACS was performed at day 3 after
infection (see the section ‘Intracellular FACS’ above).

Validation of individual knockout efficiency
We validated the knockout efficiency for seven individual genes in
gNSC cultures in two independent experiments:

For experiment 1, young and old NSCs were seeded in a 24-well PDL
pre-coated plate at a density of 2-3 x 10° cells per well and incubated
in gNSC medium. After 4 days with medium changes every 2 days,
gNSCs were infected with lentiviruses expressing sgRNAs targeting
each gene (5 sgRNAs per gene) as described in the section ‘Assess-
ment of the impact of individual gene knockout on NSC activation’
(seeSource Data Extended Data Fig. 1n for sgRNA sequences). Six days
after infection, cells were washed with PBS then lysed directly with
DirectPCR Lysis reagent (Viagen Biotech, 102-T) with 1% Proteinase K
(Fisher Scientific, 25-530-049) for 10 min at room temperature. The
supernatant was pipetted repeatedly, then transferred to PCR strip
tubes and incubated at 65 °C for 25 min, and then 95 °C for 15 minin
athermocycler. We amplified genomic DNA with primer pairs sur-
rounding the sgRNA-editing sites (see Source Data Extended Data
Fig.1nfor amplification primers), using Q5 polymerase (Fisher Scien-
tific, MO491L) and the following program: 30 s of annealing step at 55 °C
and 1 min of extending step at 72 °C for 40 cycles total.

For experiment 2, we cloned 5 sgRNAs for each individual gene, using
the same methodology as described in the section ‘sgRNA plasmid
sublibrary cloning for in vivo screens’ above. For lentiviral produc-
tion, 293T cellswere seeded in DMEM +10% FBS (Gibco 10099141) + 1x
penicillin-streptomycin-glutamine (Gibco, 10378-016) at a density of
13 x10°cellsin 15 cm plates. One day later, 293T medium was replaced
with 18 ml fresh medium and the cells were transfected using the PEI
(I1mg ml™, Polysciences, 23966-2) transfection method. The individ-
ual gene library (25.5 pg) was transfected together with the lentiviral
packaging plasmids psPAX2 (32.12 pg) and pCMV-VSV-G (9.44 pg) per
15 cmplate. psPAX2 was agift from D. Trono (Addgene, plasmid 12260;
http://n2t.net/addgene:12260; RRID:Addgene_12260). pCMV-VSV-G
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was a gift from B. Weinberg (Addgene, plasmid 8454; http://n2t.net/
addgene:8454; RRID:Addgene_8454). One day (20-24 h) after trans-
fection, the medium was changed to Neurobasal A with penicillin-
streptomycin-glutamine. After another 20-24 h, lentivirus containing
supernatant was collected and stored at 4 °C and fresh medium was
added tothe 293T cells for another collection after 24 h. Both superna-
tants were then combined, filtered through a 0.45 pm polyvinylidene
fluoride filter (Millipore Sigma, SEIMO03MO0O) and frozen at -80 °C
in5 mlaliquots. For lentiviral transduction, young qNSCs were plated
onto 6-well PDL pre-coated plates ata density of 1.75 x 10° cells per well
(for control lentivirus), 10 cm PDL pre-coated plates at the density of
1.0 x 107 cells per plate (for Slc2a4-targeting lentivirus) or 12-well PDL
pre-coated plates at a density of 4.0 x 10° cells (for Npb and B3gaint2
targeting lentivirus). NSCs were keptin gNSC medium for 4 days (with
medium changes every other day) before transduction. After remov-
ingmedium, viral supernatants (2 ml for 6-well plates, 10 mlfor 10 cm
plates and 1 ml for 12-well plates) were thawed at room temperature
and mixed with 8% of B27 minus vitamin A, bFGF (80 ng ml™’) and BMP4
(200 ng mI™). qNSCs were incubated with lentiviral medium for 24 h.
After removing lentiviral medium after 24 h, asecond lentiviral trans-
duction was repeated the next day. After two consecutive transduc-
tions, qNSCs were washed once with Neurobasal A medium and then
cellswere keptin qNSC medium for 7 days to allow recovery and CRISPR
editing. Toselect for apopulation of cells that was infected by the len-
tivirus, 1.0 pg ml™ of puromycin (Sigma-Aldrich, P8833) was added
to the cultures for 3 days, with medium changes every day. To assess
knockout efficiency, weisolated genomic DNA as described above for
experiment 1. We amplified genomic DNA with primer pairs roughly
150-250 bp upstream and 300-450 bp downstream of sgRNA editing
site (see source data for list of primers) using GoTaq Green master
mix (Promega, M7123) and the following amplification program: 30 s
of annealing step at 55 °C and 1 min of extending step at 72 °C for 40
cycles total.

Inboth experiment 1and experiment 2, PCRamplicons were Sanger
sequenced using the respective forward primers (source data). We then
analysed knockout efficiency using the DECODR (v.3.0) online tool
(https://decodr.org/)®. Each sgRNA was analysed separately, and the
editing efficiency is indicated in source data. Individual sgRNAs that
had an editing efficiency with a r* value less than 0.6 from DECODR
(v.3.0) areindicated as low confidence (LC) in source dataand marked
with a hash symbol in Extended Data Fig. 1n. Individual sgRNAs that
were not detected by DECODR (v.3.0) in the Sanger sequencing trace
areindicated as not detected (ND) in source data and not included as
data pointsin Extended Data Fig. 1n. Finally, we note that the percent-
age of knockout per gene is probably also underestimated due to the
fact thatlarger indels that span sgRNA cutting sites are not taken into
account by DECODR.

Invivo gene knockout experiments

Stereotaxic surgeries were performed to inject virus into the lateral
ventricle of mice. For these experiments, old Cas9 mice were used,
except for one experiment for which old wild-type mice were used
(see the section ‘Laboratory animals’). Surgeries were performed on
heating pads withisoflurane-induced anaesthesia, with aKopf (Model
940) stereotaxic frame, World Precision Instruments (UMP3T-1) Ultra-
MicroPump3, Hamilton1710RN 100 pl syringe with 30 g SmallHubRN
needle withapoint2bevelled end. Injections were made at the follow-
ing coordinates, relative tobregma:lateral1 mm, anterior 0.3 mmand
ventral depth 3 mm from the skull surface. After drilling the skull and
inserting the needle into position, we waited 5 min before injecting
the virus. We injected 3 pl of equal titre virus at a rate of 10 nl s™. We
waited 7 min after injection before removing the needle and suturing
the skin. Animals were administered a single dose of buprenorphine
SR (0.5 mg kg™) for postoperative pain management and monitored
for1week after surgery until full recovery. For labelling of proliferating

NSC progeny, we injected animals intraperitoneally weekly with EdAU
(Thermo Fisher Scientific, A10044, 50 mg kg, dissolved in sterile PBS),
starting 1 week after surgery. We used both male and female mice for
in vivo testing, always making a note of the sex for each experiment.
We did not observe major differences in results between sexes, and
plotsinclude data from both sexes.

Influence of the anaesthetic. In our pilot experiments, we performed
some surgeries with ketamine-xylazine anaesthesia instead of isoflu-
rane for the relative ease of use, which we consider resulted in marked
impairment of neurogenesis in both young and old animals when
assessed in downstream screen analyses. In brief, we performed our
invivo screeningasoutlined above, but we could detect only very few
sgRNAsinthe olfactory bulb 5 weeks after injection when the mice had
beenanaesthetized with ketamine-xylazine. We interpreted the lack of
sgRNA detection in the olfactory bulb as an indication that not many
NSCs were able to activate and migrate to the olfactory bulb in those
conditions. We repeated the experiments with ketamine-xylazine 2
times, inaround 20 animals, always observing animpairmentin sgRNA
detection in the olfactory bulb after 5 weeks. When the same virus
was injected into same age and background mice under isoflurane
anaesthesia, we detected agreater diversity and abundance of sgRNAs
inthe olfactory bulb 5 weeks later. We therefore did not perform any
surgeries presented in this article with ketamine-xylazine anaesthesia,
butusedisoflurane instead.

At the end point of in vivo experiments, mice were either killed for
sequencing of sgRNAs in the brain (in vivo subscreens) or for immu-
nofluorescence imaging (see the section ‘In vivoimmunofluorescence
experiments’) of the olfactory bulb and other brain regions (single gene
knockout experiments). For sequencing sgRNAs in the brain, mice were
killed either 1-2 days after injection or 5 weeks after injection and their
brains wereimmediately removed and subdissected for genomic DNA
extraction. We used a scalpel to cut offthe olfactory bulbs and to cut an
approximately 1 mm thin slice of the outer cortex as well as the outer
cerebellum. We then subdissected out the SVZ niche. We took each
tissue and minced it with around 100 cuts of a scalpel and proceeded
to extract genomic DNA according to the manufacturer’s protocol
(Qiagen QIAamp DNA micro kit, 56304). The genomic DNA was then
processed for sgRNA amplification and sequencing as outline in the
section ‘sgRNA PCR amplification and sequencing’.

Immunofluorescence staining of brain sections, image analysis
and quantification

Brain sections in the olfactory bulb and SVZ. For immunofluores-
cence straining of brain sections, young and old anaesthetized mice
were first subjected to intracardiac perfusion with 4 ml of heparin
(Sigma Aldrich, H3149-50KU) and then 25 ml 4% paraformaldehyde
(PFA) (Electron Microscopy Science, 15714) in PBS. Brains were then
removed and further fixed for 16 h by submerging in 4% PFA at 4 °C.
Brains were then washed 3 times in PBS and placed in a conical tube
with a 30% sucrose (Sigma-Aldrich, $3929-1KG) in PBS solution for
2-3 days until sinking to bottom of conical tube. The brains were then
embedded inoptimal cutting temperature (OCT) compound (Electron
Microscopy Sciences, 62550-12) for cryosectioning. Brain coronal sec-
tions were taken at 20 pm thickness (Leica, CM3050S). For assessing
neurogenesisin the olfactory bulb, every tenth section was used. Thus,
imaging was performed every 200 pm across the entire olfactory bulb.
For assessing different cell typesinthe SVZ, we began taking sections at
the most anterior part of the lateral ventricle, and every tenth section
was used. Thus, imaging was performed every 200 um across the SVZ.

Immunofluorescence staining of brain sections. Forimmunofluores-
cence staining, sections were brought to room temperature and then
washed once with PBS and then permeabilized with ice-cold methanol
and 0.1% Triton X-100 (Fisher Scientific, BP151) for 15 min. All samples
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were stained at the same time. Slides were washed 3 times with PBS
and then treated with Clicklt reagents (for EdU) or put straight into
antibody blocking solution. For Click-It EdU staining (Thermo Fisher
Scientific, C10337/C10639/C10634), we placed 50-70 pl of reaction
cocktail from thiskit onto the tissue and incubated in humidified cham-
beratroomtemperature for 30 min. Slides were thenwashed 3 timesin
PBS before blocking for antibodies. Slides were treated with 50-70 pl
blocking solution (5% normal donkey serum (NDS, ImmunoReagents,
SP-072-VX10), 1% BSA (Sigma-Aldrich, A1595-50ML), 8.5 mI PBS) in a
humidified chamber at room temperature for 30 min. Blocking solution
was replaced with antibody solution consisting of blocking solution
with antibodies as follows: mCherry (Invitrogen, M11217, clone 16D7)
1:500, GFAP (Abcam, 53554) 1:500, GFP (Abcam, 13970) 1:500, GLUT4
(for in vivo staining R&D Systems, MAB1262, clone 1F8) 1:500, Ki67
(Invitrogen, 14-5698-082, clone SolA15) 1:500, STX4A (Santa Cruz Bio-
technology, sc-101301, clone QQ-17) 1:500, GFP (Abcam, 13970) 1:500,
mouse IgG (Santa Cruz SC-3877, lot: L1916) 1:500, NeuN (Millipore,
MAB377 clone A60) 1:500, S100a6 (Abcam, ab181975, clone EPR13084-
69)1:500, Tujl (BioLegend, 802001) 1:500, Olig2 (R&D Systems, AF2418)
1:100, Sox10 (Abcam, Ab180862, clone EPR4007-104) 1:100, calretinin
(Abcam, Ab244299) 1:500, Dcx (Cell Signaling Technology, 4604) 1:500.
Wetested two mCherry antibodies (Abcam, ab213511 clone EPR20579;
Invitrogen, M11217 clone 16D7) and we found that Invitrogen, M11217
was better forimmunostaining for brain sections. After primary stain-
ingindark for2 hinhumidified chamber atroom temperature or16 hat
4 °C, slides were washed 3 times in PBS before staining with secondary
antibodies. Secondary antibodies were diluted in blocking solution
and consisted of Alexa 488/594/647 conjugated antibodies (Fisher
Scientific, A21202,A21206,A21209, A21447,A31571,A31573) 1:500, and
DAPI (1 mg ml™, Fisher Scientific 62248) 1:5,000. We added 50-70 pl
of secondary antibody mix to cover the section and incubated in the
dark for 2 hin a humidified chamber at room temperature or 16 h at
4 °C.Slides were then washed 3 times with PBS 0.2% Tween for 10 min,
washed 3 times with PBS for 5 min and then mounted using ProLong
Gold (20-40 pl, Thermo Fisher Scientific, P36931), dried for 2 h and
sealed with nail polish. To allow for quantification of the immunofluo-
rescence staining, we paid special attention to stain all the brain sec-
tions from different groups (for example, young and old) in the same
way and at the same time.

Confocal imaging of immunofluorescence staining in brain sec-
tions. Images were captured using a Zeiss LSM 900 confocal micro-
scope with a x10, x20 or x63 objective, with Zen blue edition (v.3.0).
The exposure and gain settings for each channel and antibody were set
atthebeginning of eachimaging session and remained the same for all
animals and treatments. We randomized the order in which we imaged
the slides and we ensured that different treatments and age groups
were allimaged in the same session on the same day. The imaging was
not performed in ablinded manner. We did not select areas to image.
Weimaged and quantified serial sections. Confocal imaging was done
every 200 pum across the entire olfactory bulb or SVZ region.

Image analysis and quantification ofimmunofluorescence staining
in brain sections. Forimage analysis, we used the open-source software
QuPath (https://qupath.github.io/)®*. This approach allowed us to set
the thresholds and quantification parameters on training images and
thenranthe same analysis across all sections, samples and treatments
inanautomated manner. Many cells (>100 cells per sectionin vivo) and
many sections (>50 sections per age group in vivo) were counted inan
unbiased manner using an automated pipeline (in QuPath).

Quantification of GLUT4 depletion efficiency in the SVZ niche by
immunostaining in vivo. For quantifying GLUT4 depletion efficiency
in the SVZ niche, we first annotated a polygonal line around the SVZ
NSC niche, creating an analysis region about 5-20 cells deep fromthe

ventricle wall. We then performed the ‘analyse~cell detection’ function,
detecting cells in theimage based on DAPI staining, using the program
defaultsettings, expandingthe cell nuclei 5 uminthe ‘cell parameters’
section. We then trained two independent object classifications for
GFAP* and mCherry” cells, adjusting the thresholds to detect positive
cellsthat were apparent by eye. We combined the GFAP* and mCherry*
objectsinto asingle composite classifier and ranit onall annotated im-
ages and treatments. The results were output as annotation detections.
The annotation detections were used to display the GLUT4 channel
cell mean fluorescence intensity for GFAP*mCherry* compared with
GFAP"'mCherry populationsin the different treatments.

Quantification of newborn neurons in the olfactory bulb by imm-
unostaining in vivo. For quantification of newborn neurons in the
olfactorybulb, wefirstannotated a polygon lineimmediately beneath
the olfactory bulb mitral cell layer to focus the analysis within the inner
layers of the olfactory bulb, where newborn neurons arrive. We then
performed the ‘analyse->cell detection’ function, detecting cells in
theimage based on DAPIstaining, using the program default settings,
expanding the cell nuclei 5 puminthe ‘cell parameters’section. We then
trained threeindependent object classifications for mCherry*, EdU" and
NeuN~ cells, adjusting the thresholds to detect positive cells that were
apparent by eye. We combined the mCherry, EQU and NeuN objects
into a single composite classifier and ran it on all annotated images
and treatments. The results were output as annotation measurements
and annotation detections. The annotation measurements were used
for graphs depicting the number of NeuN*'mCherry"EdU*/total EAU*
cellnumbers for each treatment, and the annotation detections were
used todisplay the NeuN channel cell mean fluorescence intensity for
EdU'mCherry* populations in the different treatments.

Quantification of different cell numbers in the SVZ niche by immu-
nostaining in vivo. For quantifying different cell numbers in the SVZ
niche with Slc2a4 sgRNA treatment compared with control, we firstan-
notated a polygonalline around the SVZNSC niche, creating an analysis
region about 5-20 cells deep from the ventricle wall. We then performed
the ‘analyse-cell detection’ function, detecting cells intheimage based
on DAPI staining, using the program default settings, expanding the
cellnuclei 5 pmin the ‘cell parameters’ section. We then trained three
independent object classifications for GFAP*,Ki67" and S100a6° cells,
adjusting the thresholds to detect positive cells that were apparent by
eye. We combined the GFAP*, Ki67" and s100a6" objects into a single
composite classifier and ranit on allannotated images and treatments.
Theresults were output asannotation measurements. The annotation
measurements were used for graphs depicting the sgRNA treatment
andimpact onnumber of each celltype: qNSCs (GFAP'S100a6'Ki67°),
aNSCs (GFAP'S100a6'Ki67*), neuroblasts (GFAPKi67') and astrocytes
(GFAP'S100a6") for each condition.

Quantification of GLUT4 protein levels in different cell types of the
SVZ niche by immunostaining in vivo. For quantification of GLUT4
fluorescence intensity in different cell types of young and old mice
invivo, we first annotated a polygonal line around the SVZ NSC niche,
creating ananalysis region about 5-20 cells deep from the ventricle wall.
We then performed the ‘analyse~>cell detection’ function, detecting
cells in the image based on DAPI staining, using the program default
settings, expandingthe cellnuclei 5 uminthe ‘cell parameters’ section.
We then trained two independent object classifications for Ki67* (or
S100a6°, for NSC specific labelling experiments) cells and GFAP* cells,
adjusting the thresholds to detect positive cells that were apparent by
eye. We combined the Ki67 (or S100a6) and GFAP objects into asingle
composite classifier and ranit on allannotated images and treatments.
The results were output as annotation detections. The annotation
detections were used to display the GLUT4 channel cell mean fluores-
cenceintensity for GFAP*Ki67* (aNSCs), GFAP'Ki67 (QNSCs/astrocytes),
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GFAPKi67* (neuroblasts), GFAPKi67 (other cells, including ependymal
and microglia) or GFAP'S100a6" (NSCs) populations across different
aged mice. The GLUT4 antibody we used forimmunostaining of brain
sections (R&D Systems, MAB1262, clone 1F8) was validated in vivo by
the Slc2a4 knockout (see above).

For all experiments, the output numbers displayed on the graphs
were derived from the average of all serial section images across a
biological replicate (one mouse), biological sample values were then
analysed for significance by two-tailed Mann-Whitney test.

Immunofluorescence staining of primary cell cultures of NSCs
and quantification

Immunofluorescence staining of NSC cultures. Forimmunofluo-
rescence staining of primary cell cultures of NSCs, we seeded 2.5 x 10°
aNSCs or 2 x 10° qNSCs onto PDL (50 ng ml™?, Sigma-Aldrich, P6407)
pre-treated (30 min, followed by 3x PBS wash) coverslips in each well
of a 24-well plate. The qNSCs were plated 7 days before fixation, the
aNSCs were plated 24 h before fixation. For fixation, cells were washed
once with PBS and then 500 pl of 4% PFA (Electron Microscopy Science,
15714) was added for 30 min of incubation at room temperature. Cells
were washed 3 times with PBS and then permeabilized with 0.1% Triton
X-100 (Fisher Scientific, BP151) in PBS for 15 min shaking at room tem-
perature. Coverslips were washed twice with PBS and then processed
forantibody staining. Coverslips were placed on a45 pl drop of primary
antibody solution consisting of 1% BSA in PBS with primary antibodies
as follows: GLUT4 (Abcam, 33780) 1:500, Ki67 (Invitrogen, 14-5698-
082)1:500, STX4A (Santa Cruz Biotechnology, QQ-17) 1:500. After 1 h
of incubation in the dark at room temperature, slides were washed 3
times in PBS shaking for 5 min at room temperature. Slides were then
placed on 45 pl drop of secondary antibodies in1% BSA in PBS consist-
ing of Alexa 488/594/647 conjugated antibodies (Fisher Scientific,
A21206, A21209, A31571) 1:500, and DAPI (1 mg ml™, Fisher Scientific
62248)1:5,000. After1 hofincubation at room temperature inthe dark,
slides were washed 3 times with PBS before mounting with ProLong
Gold, dried for 2 h and sealed with nail polish. To allow quantification
of immunofluorescence staining, we paid special attention to stain all
coverslipsinthe same way and at the same time.

Confocalimaging of immunofluorescence staining in NSC cultures.
Images were captured using a Zeiss LSM 900 confocal microscope with
ax10, x20 or x63X objective. The exposure and gain settings for each
channeland antibody were set at the beginning of eachimaging session
and remained the same for all samples and treatments. We randomized
the orderinwhichweimaged the slides, and we ensured that different
treatments and age groups were allimaged in the same session on the
same day. The imaging was not done in a blinded manner. We did not
select areas toimage. Werandomly selected ten areas of each coverslip
toimage. For image analysis, see the section ‘Immunofluorescence
image analysis’.

Image analysis and quantification ofimmunofluorescence staining
in NSC cultures. Forimage analysis, we used the open-source software
QuPath (v.0.2.3) (https://qupath.github.io/)®*. Thisapproach allowed
us to set the thresholds and quantification parameters on training
images and then ran the same analysis across all sections, samples
and treatments in an automated manner. For the in vitro GLUT4 and
STX4A quantifications, we selected the entire image as the analysis
annotation. We then performed the ‘analyse-~>cell detection’ function,
detecting cellsin theimage based on DAPI staining, using the program
defaultsettings, expandingthe cell nuclei 5 uminthe ‘cell parameters’
section. Theresults were output as annotation detections. The annota-
tion detections were used to display the GLUT4 and STX4A cell mean
fluorescentintensity for each protein’s channel in each cell culture
type and age group. For all experiments, the output numbers from
differentimages were averaged across abiological replicate (one NSC

culture), biological sample values were then analysed for significance
by two-tailed Mann-Whitney test. We note that the age-dependent
increase in GLUT4 and STX4A proteins was not large in qNSC cul-
tures. In addition, we were not able to detect significant changes in
Slc2a4 by RT-qPCR and western blotting in young and old qNSCs.
This lack of detection is probably due to sensitivity issues: single-cell
RNA sequencing and immunofluorescence staining are single-cell-
based assays, which can be more sensitive than bulk assays (such as
RT-qPCR and western blotting) in capturing small differencesin tran-
scriptor protein expression.

Expression of glucose transporter genes and fatty acid
oxidation gene signature in single-cell RNA sequencing

Totest the expression of Slc2a4 and other glucose transporter genes, we
retrieved the raw counts from our most recent single-cell RNA sequenc-
ing dataset from the SVZ neurogenic niche from young and old mice”
and used a subset of the data containing only the control (sedentary)
animals across young and old ages (i.e. O_Control and Y_Control in
the AgeCond metadata column). We normalized the counts data by
dividing each cell by its total expression, scaling up to 10° total counts
per cell, and then taking the log-transform of the normalized counts
with an added pseudocount. For comparisons across cell types, we
used the pre-existing cell-type annotations: Astrocyte_qNSC, aNSC_
NPC and Neuroblast™. For comparisons across age, we compared old
(O_Control) and young (Y_Control) animals using the pre-existing age
annotations in the dataset’®. For statistical comparisons of the mean
expression across conditions, we used the two-sample Welch’s ¢-test
from stat_compare_means(). Welch’s t-test is designed for unequal
population variances. Tocompute the log fold change, we divided the
average expressionin the old cells by the average expressionin young
cellsand thentook the log,-transform of the resulting ratio. Tocompute
the fatty acid oxidation gene signature, we summed the expression of
the 19 genes from the fatty acid oxidation signature published inref. 95
foreach cellinthe published single-cell RNA sequencing dataset from
SVZ neurogenic niches of young and old mice”™. We then compared the
fatty acid oxidation gene signature levels across old and young qNSCs/
astrocytes using the two-sample Welch'’s t-test, which is designed for
unequal population variances.

Expression of SIc2a4 RNA in bulk RNA sequencing (in vitro)
Totest the expression of Slc2a4in vitro, we retrieved the RNA sequenc-
ingnormalized counts frominvitro qNSCs and aNSCs from a published
dataset™. To calculate significance between qNSCs and aNSCs, we used
atwo-sided Mann-Whitney test.

Glucose uptake assays

For qNSCs, we seeded 40,000 cells per well and for aNSCs we seeded
10,000 cells per well (aNSCs do not stick to the plate as well and will
doubleevery16-24 h, so we seeded fewer cells to achieve similar den-
sity to qNSCs at the time of analysis) on PDL (Sigma-Aldrich, P6407)
pre-coated 96-well plates, performing the assay 3 days after seeding.
Duplicate wells were seeded and used for cell count normalization at
time of glucose uptake assay. For knockout experiments, 1 x 10° qNSCs
were plated per well on PDL pre-coated 96-well plates in qNSC medium
6 days before infection with lentivirus to express sgRNA, for which
1l of concentrated virus was added to the culture medium for 16 h
toachieve about100% infection of the cells. We then assessed glucose
uptake either 4 days or 8 days after infection using two different types
of assays (see below).

Colorimetric glucose uptake assay. For the colorimetric glucose
uptake assay (Glucose Uptake-Glo Assay, Promega, J1342; Fig. 4f,h),
experiments were performed according to the manufacturer’s proto-
col, with the following details. Cells were pre-treated for 1 h of qNSC/
aNSC culture medium without glucose. Culture medium was then
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replaced with 50 pl of gNSC/aNSC medium containing1 mM 2-DG (pro-
vided inthe Glucose Uptake-Glo kit from Promega (J1342)) reagent for
10 minin anincubator (humidified, 37 °C, 5% CO,). The 2-DG medium
was then removed and 50 pl of PBS was added before carrying out the
remainder of the assay according to the manufacturer’s protocol. All
media treatments and reagent exchanges were pre-aliquoted into an
empty 96-well plate, such that we could add the treatment to entire
rows of cells at once using a multi-channel pipette to ensure that the
duration of treatment was equivalent across different cell types and
ages. The luminescence of the cells was measured with 0.5 s readings
using a Varioskan LUX multimode plate reader. Owing to different
treatments having effects on cell numbers, plate readings in some
cases (mentioned in figure legends) required normalization to the cell
counts (Countess Il cell counter, Thermo Fisher Scientific) based on
duplicate wells. We performed glucose uptake experiments on different
numbers of NSCs and observed a linear correlation between relative
light units and cells plated.

Fluorescent glucose uptake assay. For the fluorescent 2-NBDG
glucose uptake assay (fluorescent 2-NBDG [2-(N-(7-nitrobenz-2-oxa-
1,3-diazol-4-yl)Amino)-2-deoxyglucose] (Fisher, N13195; Extended
DataFig. 6f), cells were placed in glucose-free medium for1 hand then
treated with 200 pM 2-NBDG for 30 min at 37 °C, and then analysed by
flow cytometry at excitation/emission maxima of around 465/540 nm,
with DAPladded in the medium to eliminate dead cells.

Assessing GLUT4 depletion efficiency at the proteinlevel in vitro
Western blot to assess GLUT4 depletion efficiency at the protein
level. Young aNSCs were seeded onto PDL-coated 10 cm plates ata
density of 1x 10’ cells per plate and transferred into qNSC medium.
Mediumwas changed every 2 days. After 4 or 5 days in qNSC medium,
gNSC cultures were infected with lentivirus expressing control sgRNAs
or Slc2a4 sgRNAs (5 sgRNAs). Seven days after infection, 1.0 pg ml™*
puromycin (Sigma-Aldrich, P8833) was added to the cultures for 3 days,
with medium changes every day, to select for infected cells. Then, the
cells were washed with PBS and incubated onice with ice-cold 1x lysis
buffer (50 mM Tris-HCI, pH 8,150 mM NaCl, 0.5% sodium deoxycholate
and 0.5% Triton-X100) and 1x protease inhibitor (Thermo Fisher Scien-
tific, 87786) for 10 min and cells were scraped off of the plate. Lysates
were centrifuged at 10,000g for 10 min at 4 °C. The supernatant was
removed and preserved, then the protein concentration was quantified
using a BCA assay (Thermo Fisher Scientific 23225). To load the sam-
ples, 4x LDS buffer (Invitrogen NPOO7) with1 mM DTT (Sigma-Aldrich
10197777001) was added to lysates with equal concentrations of pro-
teinand the mix wasincubated at 95 °C for 7 min; 25 pg of protein was
added to each lane. Proteins were separated by SDS-PAGE in MOPS
buffer (Invitrogen NPOOO1) on precast 4-12% Bis-Tris polyacrylamide
gels (InvitrogenNP0323BOX). Proteins were transferred onto nitrocel-
lulose membranes. Membranes were incubated for 30 min at room
temperature in blocking buffer (PBS + 3% w/v non-fat dry milk + 0.2%
Tween-20). Given that GLUT4 and the loading control (-actin) have a
similar molecular weight, we performed westernblottinginasequential
manner (first GLUT4 and then 3-actin). Primary antibodies to GLUT4
(1:500, Invitrogen PA1-1065) were diluted in blocking buffer and incu-
bated overnightat 4 °C. After three washesin PBS + 0.2% Tween-20, goat
anti-rabbit 800CW (1:10,000, Li-Cor 925-32211) in blocking buffer were
incubated for1hatroomtemperature and washed 3 timesin PBS + 0.2%
Tween-20. Detection was performed on a Li-Cor Odyssey FC imaging
system with the 800 channel for 10 min. Then primary antibodies to
B-actin (1:40,000, Abcam ab6276) as aloading control were added for
1hatroom temperature and washed 3 times in PBS + 0.2% Tween-20.
Goat anti-mouse 680CW (1:10,000, Li-Cor 925-68070) in blocking
buffer was incubated for1hat room temperature and washed 3 times
in PBS + 0.2% Tween-20. Detection was performed on a Li-Cor Odyssey
FC imaging system with the 700 channel for 30 s. We used ImageJ to

quantify the intensity of the GLUT4 and B-actinbands, and the intensity
of the GLUT4 band was divided by the intensity of the corresponding
B-actin band for each sample. We note that we used different GLUT4
antibodies used for immunofluorescence and western blot experi-
ments because the GLUT4 antibodies used for immunofluorescence
did not work for western blotting. This is most likely due to the fact that
proteins arein their native forminimmunofluorescence experiments
but are denatured in western blot experiments. Both GLUT4 antibod-
ies forimmunofluorescence and western blotting were both validated
using Scl2a4 (GLUT4 knockout) (Fig. 3a-d and Extended Data Fig. 6j).

FACS to assess GLUT4 depletion efficiency at the protein level. We
plated NSCs on PDL-coated 24-well plates at the density of 3 x 10° cells
perwell and added qNSC medium for 4 days. After 4 daysin quiescence,
lentivirus expressing control sgRNAs or sgRNAs to Slc2a4 (5 sgRNAs)
was added to qNSCs for overnight infection, and the cells were keptin
gNSCmedium for another 6 days. After 6 days (to leave time for infec-
tion and knockout to occur), the cells were dissociated with Accutase
andplacedin 500 pl of mediumina24-well format. FACS was performed
by mixing the primary GLUT4 antibody (R&D Systems, MAB1262) ata
S:1ratiowith secondary anti-IgG AlexaFluor647 for 10 minonice, in the
dark. The antibody mix was added to live cells in culture at a dilution
factor of 200x (502.5 pl total volume) and incubated in a cell culture
incubator (37 °C, 5% CO,) for 30 min. The cells were then fixed by add-
ing 500 pl of PBS +1% PFA to each well, without shaking the cells. Cells
were incubated at room temperature for 20 min in the dark, and then
analysed by FACS (BD, LSRFortessa). FACS quantification was done by
gating first on mCherry” cells (infected cells).

ECARand OCR

Tomeasure ECARand OCR, we seeded 80,000 NSCsinto qNSC medium
ina PDL pre-treated well of a 96-well plate. The cells were maintained
in quiescence for 4 days with medium exchanges at 24 and 72 h after
seeding. The cells were then treated with unconcentrated equal titre
lentivirus (with control sgRNAs or sgRNAs to Scl2a4) for 16 h of over-
nightinfection. The cells were placed backinto qNSC mediumfor48 h
before running the metabolic assay. For ECAR, assays were run accord-
ing to manufacturer’s protocol (Glycolysis assay, Abcam, Ab197244),
with the following parameters. The cells were placed in a CO,-free
incubator at 37 °C for 3 h before running the assay. Fluorescence was
measured using a Tecan Spark plate reader with the following settings:
instrument was pre-warmed to 37 °C1 h before the run, the run mode
parameters were as follows: kinetic, kinetic duration 90 min, interval
time1minand 30 s, excitation wavelength 380, excitation bandwidth
20, emission wavelength 615, emission bandwidth 10. The slope of
the fluorescence detected over the period of linear increase was cal-
culated for each sample. For OCR, assays were run according to the
manufacturer’s protocol (Extracellular Oxygen Consumption Assay,
Abcam, Ab197243) with the following parameters. The extracellular O,
consumptionreagent was used at 1/15 dilution (10 pladded to 150 plof
sampleina96-well plate). High-sensitivity mineral oil was pre-warmed
to 37 °C30 minbefore use, and 2 drops were used for each well before
running the assay on plate reader. Fluorescence was measured using
aTecan spark plate reader with following measurements: excitation
380 + 20 nm, emission 650 + 20 nm, kinetic duration1h and 30 min,
intervaltime1 minand 30 s. The slope of the fluorescence detected over
the period of linear increase was calculated for each sample.

Transient glucose starvation

NSCs were placed in qNSC medium for 4 days, exposed to lentivi-
rus to express sgRNAs targeting Slc2a4 or unannotated genomic
regions (control). Then 6 days after infection, the cell medium was
replaced with standard complete qNSC medium with glucose or
modified to have no glucose (Neurobasal A medium, Thermo Scien-
tific, A2477501, no D-glucose, no sodium pyruvate, supplemented
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with 1x sodium pyruvate, Fisher Scientific, 11-360-070) for 48 h, at
which point the medium was replaced with standard complete aNSC
medium (with normal glucose concentration (4,500 mg1™?) in Neu-
robasal A medium, Thermo Fisher 10888-022) and the cells were
allowed to activate for 4 days before intracellular FACS analysis
withKi67.

Effect of 2-DG on young and old NSC activation

To test the effect of 2-DG on young and old NSC activation, we per-
formed gNSC activation experimentsin a 24-well plate format. Primary
cultures of NSCs were derived from a pool of 2 young (3-4 months old)
orold (18-21 months old) mice (1:1mix of male and female). We seeded
2 x10°NSCsineachwell of a24-well plate. After 4 daysin qNSC medium
(withgNSC medium changes every 2 days), 2-DG (2 mM final concentra-
tion, Sigma, D8375) was added to the medium for 36 h of treatment,
with one exchange at the 24-h time point. After 36 h of treatment, the
cellswerewashed 1xin PBS and then transitioned to aNSC medium for
activation.aNSC medium was exchanged once after 48 hand thenKi67
intracellular FACS was performed at day 4 after treatment to assess NSC
activation efficiency as described above. P values were determined by
two-tailed Mann-Whitney test.

Statistical analyses

We did not perform randomization, but for all experiments, young and
old conditions were processed in an alternate manner rather thanintwo
large groups to minimize the group effect. We did not perform power
analyses, although we did take into account previous experiments to
determine the number of animals needed. To calculate significance
for experiments, all tests were two-sided Mann-Whitney tests, unless
otherwise indicated. Results from individual experiments and all sta-
tistical analyses are included in the source data.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The sequencing data generated in this study have been deposited
into the NCBI's Gene Expression Omnibus with accession GSE189251.
Figs. 1, 2 and 4 and Extended Data Figs. 1, 2 and 4 of this study are
based on the raw data, which can be found under this accession num-
ber. Raw sequences for screen libraries are provided as FASTQ files
and csv count files. For GO searches with EnrichR, we searched the
following databases: GO Biological Process 2018 (https://maayanlab.
cloud/Enrichr/geneSetLibrary?mode=text&libraryName=GO_
Biological_Process_2018); Molecular function 2018 (https://maayanlab.
cloud/Enrichr/geneSetLibrary?mode=text&libraryName=GO_Molecu-
lar_Function_2018); and Cellular components 2018 (https://maayanlab.
cloud/Enrichr/geneSetLibrary?mode=text&libraryName=GO_Cel-
lular_Component_2018). The Online GEne Essentiality database can
be found at Online GEne Essentiality (https://v3.ogee.info/#/home)®*
and the Core Essential Genes 2 can be found in Supplemental Table 2
from ref. 91 (https://doi.org/10.1534/g3.117.041277). The single-cell
dataset used for analysis can be accessed at Zenodo (https://doi.
org/10.5281/zenodo.7338746)%. Source data are provided with this

paper.

Code availability

The code used to analyse screen data in the current study is available
fromthe GitHub repository for this article (https://github.com/Ruetz/
Cas9_aging NSC).
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Extended DataFig.1| Genome-wide screen quality control. a,b, Normalized
count matrices of all sgRNA counts across samples at Day 4 (a) or Day 14 (b).

¢, Growth curves with number of cells at each passage (p3-p12) for primary
cultures of NSCs from young (3-4 months) and old (18-21 months) mice used for
the genome-wide screens. Dots represent cell counts for the sample ateach
passage (x10°). Dotted line at 1.4x10° represents the required number of cells
foreachbiological replicate. d-f, Pairwise comparison of CasTLE scores across
youngscreensamples at Day 14. Correlation plotsbetween Screenland Screen2,
Screen2and Screen 3;Screenland Screen3.Spearman pisindicated.

g-i, Principal Component Analysis (PCA) performed on all gene scores of the
threeindependentscreensat Day 4 (g,h) and Day 14 (i): Young 1, 2, 3 (blue) and
0ld1,2,3(red), with Principal Components1vs.2(g) and Principal Components
3vs. 4 (h,i).j,k, Volcano plots of example screen results (screen1) at Day 14 for
young (j) or old NSCs (k), showing gene scores as a function of effect size. Each
dotrepresentsonegene. Labelled dotsare top ranking gene knockoutsin at
least2of the3independentscreens (FDR < 0.1). Selecting genes that intersect
screenl(day 4 or14) withscreen2(day 4 or 14) that boost NSC activation (purple,
corresponding to enriched sgRNAs) orimpede NSC activation (green,
corresponding to depleted sgRNAs) in an age-dependent manner or gene
knockouts thatboost activation regardless of age (grey, corresponding to

enriched sgRNAs). See Supplementary Table1for complete list of gene scores.
1, Comparison of significantly depleted genes (FDR < 0.1) in genome-wide
screen (Day 14) and essential genes identified from Online GEne Essentiality
database (OGEE)°>. m, Comparison of significantly depleted genes (FDR < 0.1)
ingenome-wide screen (Day 14) and essential genes identified from Core
Essential Genes 2 (CEG2)®. n, Validation of gene knockout efficiency at the
genomiclevel. qNSCs were infected with lentivirus expressing sgRNAs targeting
individual genes (5 sgRNAs per gene) and genomic DNA was extracted.
Percentage of knockout was quantified by sequencing PCR products followed
by DECODRV3.0. Top: Experiment 1. Dot plot of the percentage of knockout for
n=2independent primary NSC cultures, each derived from 2 mice (one young,
oneold). Connecting lineindicates range. Bottom: Experiment 2. Dot plot of
the percentage of knockout for n=1independent primary NSC culture derived
from1mouse (young). Eachdot represents the percentage knockout for one
sgRNA. #:knockout detected by DECODRv3.0, but with low confidence (r*< 0.6)
(see Source Data). No data point: knockout not detected by DECODRv3.0 (see
Source Data). Dotted red line: sum of knockout percentages for high confidence
and detected knockouts. See Extended Data Fig. 6h—-m for genomic knockout
examples and knockout efficiency by western blot and FACS for Sic2a4 (GLUT4).
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Extended DataFig. 2| Example top sgRNAs counts from gene knockouts
enriched ordepleted ingenome-wide screens and Gene Ontology analysis
ofgeneknockouts thatimpede activation. a-c, Histograms plotting the
relative enrichmentand frequency of each sgRNA targeting agene of interest
or the control sgRNA pool (control), comparing the starting sgRNA plasmid
library tothescreenresult. Enriched sgRNAs (purple) and depleted sgRNAs
(green). Hashed lineindicates the CasTLE computed enrichment effect size for
sgRNA targeting the gene of interest and control sgRNA pool. Colored dashes
abovethe x-axis representeach of the sgRNAs targeting the gene of interest
and their relative enrichment. d, Venn diagram of all gene knockouts that

impedeNSCactivationinatleast2ofthe 3independentscreens (FDR<0.1).
Selecting genes thatintersectscreen1(Day 4 or 14) withscreen2 (Day 4 or 14) in
young (blue) or old NSCs (red). e-g, Gene Ontology (GO) terms associated with
geneknockouts thatimpede young (e) NSC activation,impede activation
regardless of age (), orimpede activation of old (g) NSCs. For complete list of
GOterms, see Supplementary Table 2. Gene sets selected basedon FDR < 0.1
inatleast2ofthe3independentscreens. GO termsassessed using EnrichR
focusing on the “cell component”, “molecular function” and “biological
process” libraries. P-value calculated by EnrichR using aone-sided Fisher’s
exacttest.
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Extended DataFig.3|Efficiency ofin vivolentiviralinjection and knockout.
a, Immunofluorescence images of sections of the lateral ventricles and
subventricularzones (SVZs), olfactory bulb (OB), midbrain hippocampus and
hindbrain cerebellum regions of old (22 months old) female Cas9 mice, 1 week
afterinjection of lentivirus expressing mCherry reporter and sgRNAs. One
experiment; representative of 3independent experiments. mCherryreporter
(lentivirus-infected cells, red) and cell nuclei (DAPI, blue). b, Immunofluorescence
images of sections of mCherry expressionin the olfactory bulb of old (21 months
old) female Cas9 mice, 5 weeks after injection of lentivirus expressing mCherry
reporter and sgRNAs. One experiment; representative of 3independent
experiments. mCherry reporter (lentivirus-infected cells, red) and cell nuclei
(DAPI, blue). ¢, Zoomed-inimmunofluorescenceimages of sections of olfactory
bulb fromold (22 months old) female Cas9 mice, 5 weeks after injection of

lentivirus expressing sgRNA targeting the EGFP reporter presentin Cas9 mice
directlyinto thelateral ventricles. Mice were injected with EdU once per week,
starting one week after virusinjection, for 4 weeks. mCherryreporter
(lentivirus-infected cells, red), EGFP reporter (presentin Cas9 mice, green),
EdU (newborn cells, magenta) and cell nuclei (DAPI, blue). One experiment;
quantificationind. d, Quantification of EGFP mean fluorescentintensityin
non-infected (mCherry’) and infected (mCherry*) newborn cells (EdU") in the
olfactorybulb, 5 weeks after injection of lentivirus to express sgRNA targeting
EGFPintothelateral ventricle. Mean +/-~SEM of EGFP fluorescence intensity
inEdU+cells forn =354 mCherry™ cellsand n =69 mCherry* cells from1old

(22 month) female mouse. Each dot represents one cell. P-value: two-tailed
Mann-Whitney test.
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Extended DataFig. 4 |Invivoscreen quality control, wild-type controls,
example genes, young mouse screen. a, b, Normalized count matrices of all
sgRNA counts across samples at 24 h (a) or Sweeks (b) post virus injection.

¢, Olfactory bulb sgRNA enrichment CasTLE analysis results showing gene scores
ofthe Top10 gene pool, 5weeks after injection of lentivirus expressing sgRNAs
targeted tothese genesdirectly into the lateral ventricles of wild-type (WT) old
(20-21months old) male mice. Gene scores were computed by comparing the
olfactory bulb sgRNA counts 5-week postinjection and the SVZ sgRNA counts
fromanindependent mouse sequenced 24 h afterinjection. Eachdotrepresents
genescore fromanindependent mouse. *: gene hits witha 95% confidence
interval that did not contain 0 as computed by CasTLE analysis, in atleast one of
the2independent mice.d-g, Histograms plotting the relative enrichment and
frequency of each sgRNA targeting a gene of interest or the control sgRNA
pool,comparing the starting sgRNA library inthe SVZ at 24 h postinfection to
theolfactory bulb sgRNA counts at 5 weeks postinjection. Example top ranked
genes.Hashed lineindicates the CasTLE computed enrichment effect size for

targeted gene and control pool. Colored dashes above the x-axis represent
eachofthe sgRNAs targeting the gene of interest and their relative enrichment.
h, CasTLE gene scores for 10 gene knockouts (depleted inyoung/old in vitro
screens) in young (3 months old) female Cas9 mice olfactory bulbs. The library
of 10 genes was injected into 1young Cas9 mouse, which was left for 5 weeks
and then the olfactory bulb sgRNAs were sequenced. Olfactory bulb sgRNA
enrichment was computed with CasTLE by comparison to the 24-hour SVZ
sequenced sample. Dot plot showing mean of CasTLE scorein1mouse. Each
dotrepresents genescore fromone mouse. *: gene hits with a 95% confidence
interval thatdid not contain 0 as computed by CasTLE analysis. i, Comparison
between “Published NSC regulators” hitsininvitroandin vivoscreens. Mean
+/-SD of gene scores for our 3in vitro screens were plotted for 10 genesamong
“Published NSCregulators” hits. Each dot represents gene score for one screen.
P-values: two-tailed Mann-Whitney test. Bold: gene knockouts that were similar
invitroandinvivoscreens. See also Supplementary Table 3.
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Extended DataFig. 5| GLUT4 knockout efficiency in vivo, proportion of
newborn cells thatbecome neurons, other cell typesinthe olfactory bulb,
and GLUT4 expression with aging. a, Top panel:immunofluorescence images
of SVZ sections from old (22 months old) female Cas9 mice, 5 weeks after
injection with lentivirus expressing Slc2a4 (GLUT4) sgRNAs directly into the
lateral ventricles. One experiment; representative of 3independent
experiments. DAPI (nuclei, blue), GFAP (QNSCs/astrocytes, magenta), Ki67
(proliferative cells, green), S1I00a6 (NSCs, red), merge image. Bottom panel:
immunofluorescentimages of sections of the SVZ from the same mice asin top
panel. DAPI (nuclei, blue), mCherry (Ientivirus-infected cells, red), and GFAP
(qNSCs/astrocytes, green). b, Immunofluorescence images of olfactory bulb
(OB) sections from old (20 months old) male Cas9 mice, 5 weeks after injection
oflentivirus expressing control (unannotated genomic regions), Slc2a4
(GLUT4) or VmnIrlO7 sgRNAs directly into the lateral ventricles. One
experiment; representative of 3independent experiments. Mice were injected
with EdU once per week, starting one week after virusinjection, for 4 weeks.
EdU (newborn cells, green) and nuclei (DAPI, blue). Zoomed-outimages with
the dashed white squares representing the insets (top) and zoomed-inimages
asinsets (bottom). ¢, Exampleimage of mCherry (lentivirus-infected cells,
magenta) and EdU (newborn cells, green) staining (left panel) and QuPath
image quantification of the average number of EAU* and mCherry* cellsin the
olfactorybulbs, normalized to total EU" cells (right panel) in old Cas9 mice
(18-23 months old) (right panel). Mean +/- SEM of the average number of cell
counts foronemouse, from 3 serial sections taken at 100 pm intervals across
the olfactory bulb pair (normalized to average of control), for n =9 old mice

(4 males, 5 females, 20-23 months) for control sgRNAs, n = 6 old mice (3 males,
3females, 20 - 23 months) for Slc2a4 (GLUT4) sgRNAs, and n = 5old Cas9 mice
(3 males, 2 females, 18-22 months) for Vmnirl07 sgRNAs, over 3 independent
experiments. Each dot represents one mouse. P-values: two-tailed Mann-
Whitney test.d, Immunofluorescence images of olfactory bulb sections
fromold (20 months) male Cas9 mouse, 5 weeks after injection of lentivirus
expressing control (unannotated genomic regions) or Vmnir107 sgRNAs
directly into the lateral ventricles. One experiment; representative of 3
independent experiments. Mice were injected with EdU once per week,
starting one week after virus injection, for 4 weeks. EdU (newborn cells, green),
mCherry (lentivirus-infected cells, magenta), NeuN (mature neurons, red), and
DAPI (nuclei, blue). Dashed white squares: NeuN* cells that are infected with
lentivirus (expressing one of the sgRNAs). Insets: zoomed-inimages. e, QuPath
image quantification of NeuN mean fluorescentintensity ininfected
(mCherry*) newborn cells (EdU") in the olfactory bulb of old Cas9 mice (18-23
months old) (mix of males and females, see Source Data), 5 weeks after
injection of lentivirus expressing control (unannotated genomicregions),
Slc2a4 (GLUT4), or VmnlIrlO7 sgRNAs directly into the lateral ventricles. Mice
wereinjected with EdU once per week, starting one week after virus injection,
for 4 weeks. Mean +/-SEM of the average NeuN fluorescence intensity of all
enumerated cellsin one mouse, from 3 serial sections taken at 100 pmintervals
across the olfactory bulb pair, for n =9 old Cas9 mice (4 males, 5 females, 20-23
months) for control sgRNAs, n = 6 old Cas9 mice (3 males, 3 females, 20-23
months) for Slc2a4 (GLUT4) sgRNAs, and n = 50ld Cas9 mice (3 males, 2 females,
18-22 months) for VmnlIr107 sgRNAs, over 3independent experiments. Each
lavender dot represents one mouse. P-values: two tailed Mann-Whitney test.
Eachgrey dotrepresents asingle cell NeuN fluorescence intensity, showingall
cellsacross all samples for each respective treatment. f,Image quantification
ofthe percentage of newborn cells (EdU") thatare also NeuN*, comparing cells
with (mCherry®) or without (mCherry’), in control, Slc2a4, or Vmn1r107 sgRNA
expression conditions. Mean +/- SEM of the average (%NeuN*) of all cell
quantifications from asingle mouse for n =5 old Cas9 mice for each condition,
over 3independent experiments. Each dot represents one mouse. P-values:
two-tailed Mann-Whitney test. g, Immunofluorescenceimages of olfactory
bulbsections fromold (20 months old) male Cas9 mouse, 5 weeks after

injection of lentivirus expressing Slc2a4 (GLUT4) sgRNAs directly into the
lateral ventricles. Mice were injected with EdU once per week, starting one
week after virusinjection, for 4 weeks. mCherry (lentivirus-infected cells, red),
Tujl (neuron marker, green), and DAPI (nuclei, blue). Insets and white ovals:
Tujl" cellsthat areinfected with lentivirus (expressing one of the sgRNAs
targeting Slc2a4 (GLUT4)). One experiment; representative of 2independent
experiments. h, QuPathimage quantification of Tujl mean fluorescent
intensity ininfected (mCherry*) newborn cells (EdU") in the olfactory bulb of
old Cas9 mice (18-21months old) (mix of males and females), 5 weeks after
injection of lentivirus expressing control (unannotated genomic regions), or
Slc2a4 (GLUT4) sgRNAs directly into the lateral ventricles. Mean +/- SEM of the
average Tujlfluorescenceintensity of allenumerated cells inone mouse,
sections takenat100 pm intervals across the olfactory bulb pair forn =4 old
Cas9 mice for each condition, over 2independent experiments. Each lavender
dotrepresents one mouse. P-values: two tailed Mann-Whitney test. Each grey
dotrepresentsasingle cell Tujl fluorescence intensity, showing all cellsacross
allsamples for eachrespective treatment. i, Immunofluorescenceimages of
olfactorybulb sections from old (20 months old) male Cas9 mouse, 5 weeks
afterinjection of lentivirus expressing Slc2a4 (GLUT4) sgRNAs directly into the
lateral ventricles. One experiment. Mice were injected with EdU once per week,
starting one week after virusinjection, for 4 weeks. mCherry (lentivirus-
infected cells, red), Calretinin (mature neuron marker, green), and DAPI (nuclei,
blue).j, Immunofluorescence images of olfactory bulb sections from old (20
months old) male Cas9 mouse, 5 weeks after injection of lentivirus expressing
Slc2a4 (GLUT4) sgRNAs directly into the lateral ventricles. Mice were injected
with EdU once per week, starting one week after virus injection, for 4 weeks.
Left panels: mCherry (lentivirus-infected cells, red), GFAP (astrocytes, blue,
top panels), Dcx (immature neuroblast, blue, bottom panels), NeuN (neurons,
green). Right panels: mCherry (lentivirus-infected cells, red), DAPI (nuclei,
blue), Sox10 (oligodendrocytes, green, top panels), Olig2 (oligodendrocytes,
magenta, lower panels). Note thatimages are the exact samein the top and
lower panels to show the different channels, except for the Slc2a4 (GLUT4)
sgRNA condition for Dcx (lower panel), as there were no Dcx' cells (which are
veryrare) inthe sameimage. One experiment. k, QuPath image quantification
ofthe mean fluorescenceintensity with anisotype antibody control (mouse
IgG) insections from the SVZ neural stem cell niche from 4 young (3-4 months
old) and 3 old (18-21 months old) male Cas9 mice (control for Fig. 3k). Cell types
wereidentified as follows: qNSC/astrocyte (GFAP'Ki67°),aNSC (GFAP'Ki67"),
Neuroblast (GFAP Ki67*) and other cells (ependymal, microglia; GFAPKi67").
Mean +/- SEM of control average fluorescent intensities of each cell type, as
identified above, from each mouse, for n =4 (young qNSCs/astrocytes, young
aNSCs, young other cells), n =3 (young neuroblasts, old qNSCs/astrocytes, old
neuroblasts, old other cells), or n =2 (old aNSCs) Cas9 mice, over 2 experiments.
Eachdotrepresents one mouse. P-values determined by two tailed Mann-
Whitney test. I, Violin plots comparing the log-normalized expression of Slc2a4
(GLUT4) transcripts between young (blue) and old (red) in single cel RNA-seq
of qNSCs/astrocytes, aNSCs, neuroblasts, and all other cells from the
neurogenic niche”. P-values determined by two-sided two-sample Welch’s
t-test.m, Representativeimmunofluorescence images of coronal sections of
the SVZ neural stem cell niche fromyoung (3-4 months old) and old (18-21
months old) male Cas9 mice. GLUT4 (red), S100a6 (NSC marker, green), GFAP
(NSCand astrocyte marker, magenta), and DAPI (nuclei, blue). Dotted squares:
regions with NSCs shownin theinsets. Insets: zoomed-inimages.n, QuPath
image quantification of the mean fluorescence intensity of the GLUT4 antibody
inS100a6*/GFAP” cells quantified from sections of the SVZ neural stem cell
niche.Mean +/- SEM of the average fluorescent intensities of cells from one
mouse, for n=4young (3-4 months old) and n =4 old (18-21 months old) male
Cas9 mice, over 2independent experiments. Each dot representsa mouse.
P-values: two tailed Mann-Whitney test.
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Extended DataFig. 6 | Glucose transporter expressionduring aging, STX4A
immunofluorescenceinvitroandinvivo, Slc2a4 (GLUT4) knockout
efficiency and effects of SIc2a4 (GLUT4) knockout on gNSC activationin
the context of glucose restriction. a, Bar plots showing the log2 fold change
inaverage expression of various Slc2transcripts expressed in qNSCs/astrocytes
fromyoungand old miceinsingle cell RNA-seq data’, where log2 fold changes
greater than O indicate higher expressionin cells of old animals thanin young
animals. b, Immunofluorescence image of STX4A in primary NSC cultures from
young (3-4 months old) or old (18-21 months old) mice. NSCs were platedin
quiescence NSC media (QNSCs) for 7 days prior toimaging, and NSCs were
platedinactivated NSC media (aNSCs) 2 days prior toimaging. STX4A

(green) and DAPI (nuclei, blue). One experiment; quantificationin Fig. 4e.

¢, Representativeimmunofluorescence images of coronal sections from SVZ
NSC niche sections from young (3-4 months old) and old (18-21 months old)
Cas9 mice. Ki67 (proliferation maker, green), GFAP (NSC and astrocyte marker,
magenta), DAPI (nuclei, blue), and STX4A (red). Cell types were identified as
follows: qNSC/astrocytes (GFAP'Ki67°),aNSCs (GFAP'Ki67°), Neuroblasts
(GFAPKi67*),and other cells (ependymal, microglia; GFAPKi67°).d, QuPath
image quantification of STX4A mean fluorescencein cells of the neural stem
cellniche. Cell types were identified as follows: qNSC/astrocyte (GFAP'Ki67),
aNSC (GFAP'Ki67*), Neuroblast (GFAPKi67') and other cells (ependymal,
microglia; GFAP'Ki67). Mean +/- SEM of STX4A mean fluorescence intensity
for n=4young (-4 months) and n = 4 old (-19 months) Cas9 mice, over 2
independent experiments. Each dot represents one mouse. P-values: two tailed
Mann-Whitney test. e, Expression of Scl2a4 (GLUT4) transcripts in young (6-8
weeks old) qNSCs and aNSCsin culture from a published RNA-seq dataset®.
Mean +/-SD fromn =4 qNSC and aNSC cultures. P-values: two-tailed Mann-
Whitney test. f, FACS-based glucose uptake assay with 2NBDG (2-(N-(7-Nitrobenz-
2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose) (Sigma, 72987) on primary

NSC cultures (QNSCs and aNSCs) from young (3-4-months-old) or old
(18-21-months-old) mice. Mean +/- SEM of FACS results from n = 4 (young and
old gNSCs, young aNSCs) and n =3 (old aNSCs) independent NSC cultures, each
fromapool of 6 Cas9 mice, 3 males and 3 females. Each dot represents one
independent NSC culture. P-values: two-tailed Mann-Whitney test. g, Violin
plots showing the log-normalized expression of all genes in the fatty acid
oxidation gene signature® across young and old qNSC/astrocyte cells in single

cellRNA-seqdata’. P-value: two-sample Welch’s t-test. h, Top panel: scheme of
the Slc2a4 (GLUT4) locus with the location of sgRNAs 1-5. Bottom panel:
genomicsequences for Slic2a4 (GLUT4) sgRNAs 1-5 from DECODRv3.0 analysis
toolindicating the sgRNA target as well as cut site and indel distribution. i, Guide
sequences used for Slc2a4 (GLUT4) sgRNAs 1-5and the DECODRv3.0 knockout
percentage for each sgRNA.j, GLUT4 knockout efficiency in young (3-4 months)
gNSCculture by western blot. Western blot analysis of GLUT4 levelsin qNSCs
infected with control sgRNA (targeting unannotated regions of the genome) or
sgRNA targeting Slc2a4 (GLUT4),10 days after infection by lentivirus and 3 days
of selection with puromycin. B-actinis used as aloading control. Datafromn=1
(control sgRNAs) and n=1(Slc2a4 (GLUT4) sgRNAs) NSC culture, each derived
fromone young Cas9 mouse. The western blot was repeated 3 times with
similar results. For western blot source data, see Supplementary Fig. le.

k, Quantification of westernblot: GLUT4 intensity, normalized to 3-actin
intensity.l, GLUT4 knockout efficiency in primary qNSC cultures by FACS.
Intracellular FACS analysis of GLUT4 levelsin fixed qNSCs treated with control
sgRNA or sgRNA targeting Slc2a4 (GLUT4),10 days after lentivirus infection to
express sgRNA. No antibody control panelis on the left. Plots show mCherry*
gated cells, GLUT4 fluorescence. m, Quantification of FACS data, normalized
to control. n, Data from Fig. 4i, presented as the boostin qNSC activation
ability with Slc2a4 (GLUT4) knockout, with or without glucose starvation.
Mean +/-SEM of NSC activation ability of Slc2a4 (GLUT4) knockout relative to
control, for n = 6 young (3-4 months) or n = 6 old (18-21 months) independent
NSC cultures, each derived from a pool of 6 Cas9 mice (3 males, 3 females), over
2experiments. Each dot represents oneindependent NSC culture. P-values:
two-tailed Mann-Whitney test. 0, Quantification of NSC activation efficiency in
cultured NSC from young (3-4 months old) or old (18-21 months old) mice 4
days after transition to aNSC media, as assessed by Ki67 intracellular FACS
analysis. NSCs were placed in qNSC media for 4 days. Then the cell media was
replaced with qNSC media with or without 2-Deoxy-D-glucose (2-DG) (2 mM)
for48 h,at which point the media was replaced withaNSC media and the cells
were allowed to activate for 4 days prior to intracellular FACS analysis with Ki67.
Mean +/-SEM of the percentage of Ki67* cells for n =4 (young) or n =4 (old)
independent NSC cultures, each derived from a pool of 2 Cas9 mice (1 male,
1female). Each dotrepresents oneindependent NSC culture. P-values: two-tailed
Mann-Whitney test.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.
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Data collection NIS-Elements software (version AR 4.30.02), BD FACSDiva software (version 8.0.1), Zen blue edition (version 3.0)

Data analysis Data analysis was performed using Python, version 2.7 with Python sklearn.decomposition.PCA module. Code available at https://github.com/
Ruetz/Cas9_aging_NSC. Other analysis tools used include Prism (v8, Fiji (v2), EnrichR (https://maayanlab.cloud/Enrichr/), Flowjo (v8), QUPATH
(version 0.2.3).
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- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy
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Sequencing data generated in this study have been deposited in NCBI GEO, with accession GSE189251 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE189251).




Figures 1, 2, 4 and Extended Data Figures 1, 2, and 4 of this study are based on the raw data which can be found under this accession number. Raw sequences for
screen libraries are provided as FASTQ files and csv count files. For gene ontology searches with EnrichR, we searched the following databases: GO Biological
Process 2018 (https://maayanlab.cloud/Enrichr/geneSetLibrary?mode=text&libraryName=GO_Biological_Process_2018), Molecular function 2018 (https://
maayanlab.cloud/Enrichr/geneSetLibrary?mode=text&libraryName=GO_Molecular_Function_2018), Cellular components 2018 (https://maayanlab.cloud/Enrichr/
geneSetlibrary?mode=text&libraryName=GO_Cellular_Component_2018). The gene essentiality databases can be found here: https://v3.ogee.info/#/home and
http://cefg.uestc.cn/ceg. The single-cell dataset used for analysis can be accessed at: https://zenodo.org/doi/10.5281/zenodo.7338745.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size

Data exclusions

Replication

Randomization

Blinding

Sample size was decided based on previous experiments and prior literature using similar experimental paradigms as outlined in (Leeman et
al. Science Vol 369, Issue 6381). We did not use power analyses and have clearly indicated this in Methods (Statistics section). We have clearly
indicated cases where samples from independent experiments were combined, and have included all combined and non-combined data (and
associated statistics) in Source Data.

For the gNSC in vitro activation experiments, on rare occasions the cells did not activate at all (0% Ki67+, in both young and old conditions),
and these samples were excluded from further analysis.

All data in this paper was replicated in at least one other independent experiment (see Source Data), with the exception of Figure 3c-d, Figure
4d, e and extended Figure 3d, 5b and 60 (one experiment performed in 4 animals for Figure 4d, e).

For in vivo and in vitro screening experiments, mice/cells from each treatment group were randomized for which treatment they received.
Blinding was generally not done for these figures. However, all of our quantifications were performed in an automated fashion using software

tools (e.g. QUPATH image analysis, Python CasTLE analysis, Varioskan plate reader). We did not select areas to image. We imaged and
quantified the entire olfactory bulb or SVZ region. We have indicated that no blinding was done for these figures in the Methods section.
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Materials & experimental systems

Methods

Involved in the study

Antibodies
Eukaryotic cell lines

Palaeontology and archaeology

n/a | Involved in the study

X[ ] chip-seq
[]IX] Flow cytometry

X|[ ] MRI-based neuroimaging

Animals and other organisms
Clinical data
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Plants
Antibodies

Antibodies used Immunofluorescence: In vitro: GLUT4 (Abcam, 33780) 1:500, Ki67 (Invitrogen, 14-5698-082 clone SolA15) 1:500, STX4A (Santa Cruz
Biotechnology, SC101301 clone QQ-17) 1:500. Alexa 488/594/647 conjugated antibodies, (Fisher Scientific, A21206, A21209,
A31571) 1:500.
Immunofluorescence straining in brain sections in vivo: mCherry (Invitrogen, M11217 clone 16D7) 1:500, GFAP (Abcam, 53554)
1:500, GFP (Abcam, 13970) 1:500, GLUT4 (R&D Systems, MAB1262 clone 1F8) 1:500, Ki67 (Invitrogen, 14-5698-082 clone SolA15)
1:500, STX4A (Santa Cruz Biotechnology, sc-101301 clone QQ-17) 1:500, GFP (Abcam, 13970) 1:500, mouse IgG (Santa Cruz SC-3877,
Lot: L1916) 1:500. Alexa 488/594/647 conjugated antibodies, (Fisher Scientific, A21202, A21206, A21209, A21447, A31571, A31573)
1:500, NeuN (Millipore, MAB377, clone A60) 1:500, S100a6 (Abcam, ab181975 clone EPR13084-69) 1:500, Tujl (Biolegend, 802001)
1:500, Olig2 (R&D Systems, AF2418) 1:100, Sox10 (Abcam, Ab180862 clone EPR4007-104) 1:100, Calretinin (Abcam, Ab244299)
1:500, Dcx (Cell Signalling Technology, 4604) 1:500.
Western blot: GLUT4 (Invitrogen, PA1-1065) 1:500. B-actin (Abcam ab6276) 1:40,000.
FACS: Ki67 (Ki67-APC (eBioscience, 17-5698-82) 1:300, GLUT4 (R&D Systems, MAB1262): diluted a 5:1 ratio with secondary anti-IgG
AlexaFluor647, and the mix was added to live cells in culture at a dilution factor of 1:200.

Validation The Ki67 antibody was validated by knockout in Hela cells (by manufacturer) and in our manuscript by verifying that it only stained

the nucleus of primary cultures of mouse activated NSCs (proliferative NSCs) and not quiescent NSCs (non-proliferative NSCs). The
Dcx, Stx4a, S100a6, Olig2, Tuj1, Calretinin, and GLUT4 (Invitrogen, PA1-1065, used for western blot) antibodies were confirmed to
stain the correct size band on western blot of rodent tissue/cells by the manufacturers. The mCherry/GFP antibodies were validated
in mCherry-overexpressing human/mouse tissue and cell lines by western blot/immunofluorescence by the manufacturers. The
NeuN, Tujl, Olig2, Sox2, Calretinin, GLUT4(Abcam, 33780) and GLUT4(R&D Systems MAB1262, used for immunofluorescence and
FACS) antibodies were validated by manufacturer by immunocytochemistry staining in rodent tissue, confirming correct
morphological staining and regional specificity. The Ki67, Dcx and GFAP antibodies were also validated in vivo by examination of
mouse coronal cryosections: Ki67 and DCX specifically marked cells in the SVZ neurogenic niche and along the rostral migratory
stream (and no other regions), and the GFAP antibody displayed stereotypic cytoplasmic and projection GFAP staining present in
both Ki67-positive (aNSCs) and Ki67- negative cells (qNSCs) but no Dex+ cells (neuroblasts). Additionally, all three of these antibodies
are widely cited in the literature. We also validated the GLUT4 antibodies that we used in immunocytochemistry (R&D Systems,
MAB1262), FACS (R&D Systems, MAB1262) and western blot (Invitrogen, PA1-1065) by performing a CRISPR/Cas9-based knockout in
this study.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) 293T cell line from ATCC (CRL-3216)
Authentication Not authenticated
Mycoplasma contamination Tested negative for mycoplasma

Commonly misidentified lines  no commonly misidentified cell lines were used in the study
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Cas9-expressing mice (Cas9 mice) were obtained from Jax (https://www.jax.org/strain/024858). These mice (background C57BL/6N)
constitutively express the Cas9 endonuclease and an EGFP reporter under the control of a CAG promoter knocked into the Rosa26
locusl. All screens in this study were performed with the Cas9 mice, including all NSC primary cultures and all in vivo work. We
maintained a colony of Cas9 mice ranging in ages up to 28 months at the Stanford Comparative Medicine Building and the
Neuroscience-ChemH building vivarium. As a negative control for the in vivo screens, male C57BL/6 mice obtained from the National
Institute on Aging (NIA) Aged Rodent colony were used at 18-21 months old. NIA mice were habituated in the Stanford facility for at
least 2 weeks prior to initiation of experiments. Mice were maintained under the care of the Veterinary Service Center at Stanford
University under IACUC protocols 8661. Mice were housed in a 12 hour light/dark cycle, with ad libitum access to food/water, at 210
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Cand 50% humidity.

Wild animals N/A

Reporting on sex We have indicated the sex used in this study (both males and females were used).

Field-collected samples  N/A

Ethics oversight At Stanford, all mice were housed in either the Comparative Medicine Pavilion or the Neuro Vivarium, and their care was monitored
by the Veterinary Service Center at Stanford University under IACUC protocols 8661.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks N/A

Novel plant genotypes ~ N/A

Authentication N/A

Flow Cytometry

Plots

Confirm that:

|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|X| All plots are contour plots with outliers or pseudocolor plots.

|Z| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software
Cell population abundance

Gating strategy

For the genome-wide screen and for other gNSC reactivation experiments, we FACS-isolated proliferative cells (Ki67+) as
follows. Cells were dissociated with Accutase (Stemcell Technologies, 07920) for 5 minutes, collected into conical tubes, and
centrifuged at 300g for 5 minutes. Cells were resuspended in PBS at 5x1077 cells in 1 mL (or 1x1075 cell in 100 L), and then
9 mL (or 900 pL) ice-cold 100% methanol was added and cells were agitated for 15 minutes at 4°C. Cells were then
centrifuged at 500g for 5 minutes and resuspended for a wash in 3 mL PBS and centrifuged again at 500g for 5 minutes. Cells
were then resuspended in 3.5 mL staining solution: Ki67-APC (eBioscience, 17-5698-82) 1:300 in PBS, 2% fetal bovine serum
(FBS) (Gibco, 10099141) at 4°C. Samples were agitated for 30 minutes at room temperature in the dark, and then 10 mL PBS
was added prior to centrifugation at 700g for 5 minutes. Samples were then resuspended (25 mL per 5x107 cells) in FACS
buffer: PBS, 2% FBS, DAPI (Fisher Scientific, 62248, 1 mg/mL) 1:5000. Each sample was filtered with FACS-strainer cap tubes
(Fisher, 08-771-23), just prior to FACS sorting. Cells were sorted on an Aria BD FACS Aria with a 100 um nozzle at 13 psi and
Flowjo (v10) software was used for data analysis.

All cell sorting was performed using BD Aria Il or BD PICI machine models housed in the Stanford Shared FACS Facility.
Flowjo (v8) software was used for data analysis.
The %Ki67+ cells ranged from 2-40% depending on treatment and experimental setup.

Gating was determined using fluorescent-minus-one controls for each color used in each FACS experiment to ensure that
positive populations were solely associated with the antibody for that specific marker.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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