bioRxiv preprint doi: https://doi.org/10.1101/2021.11.23.469762; this version posted November 23, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

In vitro and in vivo CRISPR-Cas9 screens reveal drivers of aging in neural stem cells of the

brain

Tyson J. Ruetz!, Chloe M. Kashiwagi', Bhek Morton!, Robin W. Yeo,! Dena S. Leeman', David
W. Morgens!, C. Kimberly Tsui', Amy Li!, Michael C. Bassik', Anne Brunet'->"

Affiliations
"Department of Genetics, Stanford University, CA, USA
2Glenn Laboratories for the Biology of Aging, Stanford University, CA, USA

* email: abrunet]@stanford.edu

Abstract

Aging impairs the ability of neural stem cells to transition from quiescence to activation
(proliferation) in the adult mammalian brain. Neural stem cell (NSC) functional decline results in
decreased production of new neurons and defective regeneration upon injury during aging'~®, and
this is exacerbated in Alzheimer’s disease!’. Many genes are upregulated with age in NSCs>!1-13,
and the knockout of some of these boosts old NSC activation and rejuvenates aspects of old brain
function'*!®, But systematic functional testing of genes in old NSCs — and more generally in old
cells — has not been done. This has been a major limiting factor in identifying the most promising
rejuvenation interventions. Here we develop in vitro and in vivo high-throughput CRISPR-Cas9
screening platforms to systematically uncover gene knockouts that boost NSC activation in old
mice. Our genome-wide screening pipeline in primary cultures of young and old NSCs identifies
over 300 gene knockouts that specifically restore old NSC activation. Interestingly, the top gene
knockouts are involved in glucose import, cilium organization and ribonucleoprotein structures.
To determine which gene knockouts have a rejuvenating effect for the aging brain, we establish a
scalable CRISPR-Cas9 screening platform in vivo in old mice. Of the 50 gene knockouts we tested
in vivo, 23 boost old NSC activation and production of new neurons in old brains. Notably, the
knockout of Slc2a4, which encodes for the GLUT4 glucose transporter, is a top rejuvenating
intervention for old NSCs. GLUT4 protein expression increases in the stem cell niche during

aging, and we show that old NSCs indeed uptake ~2-fold more glucose than their young
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counterparts. Transient glucose starvation increases the ability of old NSCs to activate, which is
not further improved by knockout of Sic2a4/GLUT4. Together, these results indicate that a shift
in glucose uptake contributes to the decline in NSC activation with age, but that it can be reversed
by genetic or external interventions. Importantly, our work provides scalable platforms to
systematically identify genetic interventions that boost old NSC function, including in vivo in old

brains, with important implications for regenerative and cognitive decline during aging.

Main text

Introduction

The adult mammalian brain contains several neural stem cell (NSC) regions that give rise to
newborn neurons and can repair tissue damaged by stroke or brain injuries->%1%-2°, The most active
NSC niche is located in the subventricular zone (SVZ) lining the lateral ventricles of the
brain?>-9:20,27.28.30-36 NSCs from the SVZ region can generate thousands of newborn neurons each
day in a young adult mouse®®3'33, The SVZ region comprises a pool of quiescent NSCs that can
give rise to activated (proliferating) NSCs, which in turn generate more committed progenitors
that migrate out of the niche toward the olfactory bulb, where they differentiate into neurons. The
ability of NSCs to activate and form newborn neurons is severely impaired in the aging brain, and
this can contribute to deficits in cognition and regeneration!-830-37-39,

Identifying genes that impact NSC activation can lead to interventions that counter tissue
defects during aging. Several genetic interventions have been found to improve old NSC
activation, including signaling pathways and transcriptional regulators'#!84-44 However, such
studies have been limited in their throughput as they focused on one or a few genes at a time. Thus,
we are still missing a systematic understanding of the genes and pathways that functionally affect
old NSCs.

More generally, a major challenge in identifying genetic interventions that improve old
cells is the establishment of scalable genetic screens in mammals. Aging occurs at both the cell
and organismal level, and it is therefore important to develop screens in vitro in cells from old
organisms and in vivo in old tissues. CRISPR-Cas9 genome-wide screens have been developed for
a number of phenotypes in vitro*~%, including with stem cell models of Werner and Hutchinson-

Gilford progeria syndrome®’. However, genetic screens for drivers of aging and rejuvenation in
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normal old cells have not yet been performed. In addition, in vivo genetic screens are challenging

38-65 and development®®-%, Thus, developing

in mammals and have been so far limited to cancer
CRISPR-Cas9 screening platforms for old mammalian cells and organisms has the potential to
identify previously unknown gene manipulations that could restore tissue function in older
individuals. In the brain, such screens could help identify strategies to counter regenerative and

cognitive decline with aging.

Results

A genome-wide in vitro CRISPR-Cas9 screen identifies over 300 gene knockouts that
rejuvenate old NSCs

To systematically identify genes that boost activation of NSCs as a function of age, we developed
a genetic screening platform to conduct genome-wide CRISPR/Cas9 knockout screens in primary
NSC cultures from young and old mice (Fig. 1a) (see Fig. 2 for counterpart in vivo screen). Primary
NSC cultures can transition between quiescence (QNSC) and activated (aNSC) states in culture
when exposed to different growth factors®®. Primary gNSC cultures from old mice exhibit
decreased ability to activate compared to their young counterparts, recapitulating an in vivo aging
phenotype*!. To establish a screening platform, we aged cohorts of mice that express Cas9 (and
EGFP) in all cells — hereafter termed ‘Cas9 mice’ (see Methods)’. For each independent screen
(three total), we harvested NSCs from the subventricular zone (SVZ) of six young (3-4 months)
and six old (18-21 months) Cas9 mice. As expected, primary qNSC cultures from old Cas9 mice
displayed an impeded ability to activate compared to young counterparts (~2-fold decline, based
on proliferation marker Ki67) (Fig. 1b, c).

We performed three independent genome-wide CRISPR-Cas9 screens for genes that
impact qNSC activation as a function of age. To this end, we expanded NSCs from young and old
Cas9 mice, induced quiescence, and then transduced over 400 million qNSCs with lentiviruses
that express a single guide RNA (sgRNA) library targeting all ~23,000 protein coding genes in the
genome, with 10 unique sgRNAs per gene, as well as 15,000 control sgRNAs (~245,000 sgRNAs
total)*® (Fig. la). Five days after sgRNA library transduction, 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 time point was chosen to isolate any cell that successfully activated by

fluorescence-activated cell sorting (FACS) based on the proliferation marker Ki67. The day 14
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timepoint allowed for more robust enrichment of cells with knockouts that maintained self-renewal
capabilities over long periods of time, 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 Data Fig. 1a, b).

To analyze each screen sample, we assessed sgRNA enrichment/depletion by CasTLE
analysis, which uses the sequencing read counts of the 10 sgRNAs targeting each gene and
compares to the control sgRNA distributions to compute effect size, gene score, confidence
interval, and P-value®. Interestingly, principal component analysis (PCA) on CasTLE gene score
values separated our three independent screens based on the age of NSCs (Fig. 1d and Extended
Data Fig. 1c, d), highlighting aging as a primary contributor to the screen’s outcome. We
independently verified that a sub-screen of a pool of the top 10 gene knockouts that enriched in
old NSC activation in screens 1 and 2 indeed boosted NSC activation as assessed by Ki67" FACS
analysis (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. le, f and Supplementary Table 1).

Overall, our genome-wide screens identified 654 and 1,386 genes whose knockouts
boosted or impeded NSC activation respectively (FDR<0.1 in 2 or more independent screens,
Supplementary Table 1). We found 143 gene knockouts that enhanced both young and old NSC
activation, 210 specific to young NSC activation, and 301 specific to old NSC activation (Fig. 11
and Supplementary Table 1). Consistent with previous findings, genes implicated in the
maintenance of NSC quiescence (e.g. Snail, Smad4 (TGFB pathway), and Lrigl)’'""3 as well as
general cell cycle regulators (e.g. Trp53, Cdkn2a)’*7> were enriched as knockouts that increase
both young and old NSC activation (Fig. 1h, i and Supplementary Table 1). Surprisingly, a large
fraction of gene knockouts increased activation only in young or only in old NSCs, suggesting
some NSC quiescence regulators change as a function of age. Many of the old specific gene
knockouts had not been previously implicated in NSC activation, such as the genes encoding
Sptlc2, Rsph3a, Pxdcl and the glucose transporters Slc2a4 (GLUT4) and Slc2al2 (GLUT12) (Fig.
1f-1 and Extended Data Fig. 2a-c).

GO term analysis of gene knockouts that specifically boost old NSC activation revealed

cilium organization, cytoplasmic ribonucleoprotein structures (P bodies, RNA binding proteins),
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and glucose transport (Fig. 11 and Supplementary Table 2. See Extended data Fig. 2 d-g for genes
that impede NSC activation). Primary cilia are linked to the quiescent state of NSCs’® and knockout
of primary cilia genes in young NSCs leads to decreased proliferation and maintenance in mice’”
81 but their role in aging NSCs is not known. The cytoplasmic ribonucleoprotein structures GO
term is interesting with regard to the cytoplasmic protein aggregate structures that are observed in
aging quiescent NSCs*!. Glucose metabolism signatures have been linked to the quiescent state of
NSCs?341:8283 and regulation of glucose metabolism has been shown to impact NSC self-renewal
and differentiation to neurons®*-*’, but glucose transport and metabolism have not been previously
implicated in old gNSC activation. 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

aging, and it includes many previously unknown genes and pathways.

Development of an in vivo CRISPR-Cas9 screening platform to rapidly screen gene
knockouts for their ability to rejuvenate NSC activity in the old brain

Primary cultures from old mice recapitulate several aspects of in vivo aging but not all, and there
are no current methods to rapidly screen multiple genes for functional impact on aging cells in
vivo. To test if gene knockouts could also boost NSC function in vivo, we developed a gene
knockout screening platform for the aging brain. The SVZ neurogenic region provides a good
paradigm for in vivo screening. Quiescent NSCs of the SVZ normally activate and produce
progeny in this niche, which then migrate out of the niche to generate new neurons at a distal
location in the olfactory bulb’. We leveraged the natural properties of this regenerative region to
design a CRISPR-Cas9 screening platform in old mice. We performed stereotaxic brain surgery in
old Cas9 mice to inject sgRNA- 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 by mCherry immunofluorescence and staining for
markers of quiescent NSCs (GFAP®, Ki67") and activated NSCs (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 sequencing of sgRNAs
(Fig. 2a). We verified 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. 3b, ¢).
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We verified coverage and diversity of sgRNAs in vivo by injecting old Cas9 mice with
lentivirus expressing 50 sgRNAs targeting the top 10 genes (‘Top 10’ library) that specifically
boosted old NSC activation from our first two 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 3 other distant brain regions as a control) (Fig. 2¢). At the day one time point, 150
sgRNAs were detected in the SVZ niche and only a fraction of sgRNAs at 100-1000 fold fewer
sequencing reads were detected in the olfactory bulb, cerebellum, and outer cortex (Fig. 2¢ and
Extended Data Fig. 4a). Five weeks after injection (in a different old Cas9 mouse), we also
collected the same brain regions (Fig. 2d). At the week five time point, 150 sgRNAs were again
detected in the SVZ niche, but now the majority were also detected in the olfactory bulb,
suggesting 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). Importantly, the 50
sgRNAs targeting the Top 10 gene pool were strongly enriched over the 100 control sgRNAs in
the olfactory bulb, and to a lesser extent in the SVZ niche (Fig. 2c, d). The sgRNA abundance in
the olfactory bulb is unlikely to be explained by expansion of cells directly infected in the olfactory
bulb itself given the lack of sgRNA diversity in the olfactory bulb (OB) at one day post-infection
(Fig. 2¢ and Extended Data Fig. 4a). Importantly, we also did not observe Top 10 sgRNA pool
enrichment over control in the cerebellum or cortex (Fig. 2d) or in wildtype mice that do not
express Cas9 (Extended Data Fig. 4c). Together, these data indicate that our in vivo platform
leverages the natural properties of the NSC niche and the production of neurons in a distal region,
which allows efficient targeted CRISPR-Cas9 screening in vivo.

Using this platform, we performed 5 knockout screens in old mice, targeting groups of 10
genes for their ability to boost NSC activity and migration to the olfactory bulb. In addition to the
Top 10 gene library, we selected 4 other sets of 10 genes based on our genome-wide screens in
cultured NSCs. The 5 libraries were: 1) ‘Top 10’ library, with genes that when knocked-out boosted
old NSC activation in our in vitro screens (screen 1 and 2) (e.g. Rsph3a), i1) ‘Glucose
uptake/human disease’ library, with genes that when knocked-out also boosted activation of old
NSCs in our in vitro screens (e.g. Slc2a4 (GLUTA4), Sic2al2 (GLUT12), Sorll), iii) ‘Cytoplasmic
ribonucleoprotein structures’ library, with genes that belong to the P bodies and cytoplasmic

ribonucleoprotein/stress granule GO terms, some of which boosted old NSC activation in our in


https://doi.org/10.1101/2021.11.23.469762
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.23.469762; this version posted November 23, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

vitro screen (e.g. Dis312, Mbnll, Edc3), iv) ‘Depleted (Young/Old)’ library, with genes that when
knocked-out blocked young or old NSC activation in our in vitro screens (screen 1 and 2), and v)
‘Published NSC regulators’ library, with genes that have previously been implicated in NSC
function in the literature (Fig. 2e). We injected old Cas9 mice with virus to express one of the 5
libraries along with the 100 control sgRNA library, waited five weeks, and then sequenced
sgRNAs in the olfactory bulbs and performed CasTLE analysis (Fig. 2¢). Of the 50 gene knockouts
tested, we identified 23 gene knockouts that were significantly enriched in the olfactory bulb,
suggesting that they boost old NSC activation (and/or migration and differentiation) (e.g., Rsph3a,
Slc2a4, Socs1) (Fig. 2e, f and Extended Data Fig. 4 d, e, g). Of the 10 gene knockouts predicted to
impede NSCs activation, the 4 predicted to specifically block old NSC activation were slightly
depleted in the olfactory bulb but did not reach significance (Fig. 2e, g and Extended Data Fig. 4f).
Interestingly, of the activating gene knockouts tested based on our in vitro screens, some of the
most abundant and enriched sgRNAs targeted genes associated with cilia (Rsph3a), glucose uptake
(Slc2a4, Slc45a4), and Alzheimer’s disease (Sorll) (Fig. 2e). The ‘Glucose uptake/human disease’
library was most strongly enriched, with 8 of the 10 gene knockouts reaching significance (Fig.
2e). Overall, these data establish a scalable platform to genetically screen in vivo for genes that
impact old NSC function and highlight the importance of cilia, glucose metabolism, and

ribonucleoprotein structures for aging NSCs.

Knocking-out the glucose transporter GLUT4, which increases with age, boosts neurogenesis
in old mice

One of the most consistent gene knockouts from our in vivo screens that boost old NSC function
both in vitro and in vivo is Sic2a4 (GLUT4), which encodes an insulin-dependent glucose
transporter protein®. While glycolysis and glucose uptake regulate NSC proliferation and
differentiation to neurons®*-%, the importance of glucose uptake — and the GLUT4 transporter — in
aged NSC function has never been examined. We asked if reducing GLUT4 in the SVZ niche is
sufficient to boost the ability of NSCs to generate newborn neurons in the olfactory bulb
(neurogenesis) in old individuals. To this end, we stereotactically injected sgRNAs targeting
Slc2a4 (GLUTA4), Vmnlri07 (a gene that was depleted in our in vitro and in vivo NSC activation
screens), or unannotated regions of the genome (control), into the ventricles of old Cas9 mice. We

verified that sgRNAs targeting Slc2a4 (GLUT4) successfully reduced GLUT4 staining in the
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olfactory bulb five weeks after injection of lentivirus in the SVZ NSC niche (Extended Data Fig.
5a, b). To track newborn cells arriving in the olfactory bulb, we injected mice weekly starting 7
days post virus injection with EdU (5-ethynyl-2’-deoxyuridine), a thymidine analog that
incorporates into newly synthesized DNA and can be visualized by immunofluorescent assays
(Fig. 3a). We first quantified the number of newborn cells in the olfactory bulb five weeks after
virus injection by co-staining for EQU (newborn cells) and mCherry (sgRNA lentivirus reporter)
(Fig. 3b). Slc2a4 (GLUT4) knockout resulted in over 2-fold increase in the proportion of newborn
cells in the olfactory bulb that were mCherry™ relative to control treatment (Fig. 3b). We then
assessed how well cells with GLUT4 knockout differentiated into neurons by staining for NeuN,
a marker of mature neuron nuclei®. The majority of cells targeted by the Slc2a4 (GLUT4) sgRNA
(mCherry™) in the olfactory bulb were positive for NeuN (Fig. 3c) with no significant change in
NeuN expression levels or proportion of newborn (EdU") cells that were NeuN*, relative to control
treatment (Fig. 3d and Extended Data Fig. 5c). Collectively, these results suggest that Sic2a4
(GLUT#4) knockout in the niche improves neurogenesis.

Given the beneficial effect of GLUT4 knockout in old NSCs in vivo, we asked whether
GLUT4 protein expression itself changes in the SVZ neurogenic niche with age.
Immunofluorescence staining of SVZ sections from young and old mice revealed that GLUT4
protein increased both in quiescent NSCs/astrocytes (GFAPKi67) and activated NSCs/NPCs
(GFAP'Ki67") in the old brain (Fig. 3¢, f and Extended Data Fig. 5d). In contrast, GLUT4 protein
expression did not change with age in other cell types (ependymal, microglia; GFAPKi67") (Fig.
3e, f and Extended Data Fig. 5d (control)). Thus, the glucose transporter GLUT4 increases in
expression during aging in NSCs in vivo, and this could explain at least in part the decline in

neurogenesis in old brains.

Old NSCs exhibit high glucose uptake which can be targeted to ameliorate activation

GLUT4 (Slc2a4) is a transporter that increases glucose uptake in an insulin-dependent manner in
cells®® (Fig. 4a). We therefore assessed components of the glucose uptake pathway (insulin-
dependent or independent) in the context of NSC aging by mining our genome-wide in vitro screen
results. Among the 12 known glucose transporters, only Slic2a4 (GLUT4) and Sic2al12 (GLUT12),
when knocked out in vitro (and in vivo for GLUT4), significantly boosted old NSC activation (Fig.
4a, b). Moreover, Stx4a, which encodes a protein that facilitates the fusion of GLUT4 storage
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Extended Data Figure 6. STX4A immunofluorescence in vitro and in vivo, Slc2a4 (GLUT4)
knockout efficiency and effects of Slc2a4 (GLUT4) knockout on qNSC activation in the
context of glucose restriction. a, Immunofluorescence image of STX4A in primary NSC cultures
from young (3-4 months old) or old (18-21 months old) mice (quantification in Fig. 4e). NSCs
were plated in quiescence NSC media (QNSCs) for 7 days prior to imaging, and NSCs were plated
in activated NSC media (aNSCs) 2 days prior to imaging. Markers: STX4A (green) and DAPI
(nuclei, blue). b, ¢, Representative immunofluorescence images of coronal sections from SVZ
NSC niche sections from young (3-4 months old) and old (18-21 months old) Cas9 mice. Markers:
Ki67 (proliferation maker, green), GFAP (NSC and astrocyte marker, magenta), DAPI (nuclei,
blue), and STX4A (red). Cell types were identified as follows: qNSC/astrocyte (GFAP*/Ki67"),
aNSC (GFAP'/Ki67"), Neuroblast (GFAP/Ki67"), and other cells (ependymal, microglia; GFAP-
/Ki67"). (¢) QuPath image quantification of STX4A mean fluorescence in cells of the neural stem
cell niche from 3 young (~4 months-old) and 3 old (~19 months-old) male Cas9 mice. Cell types
were identified as follows: qNSC/astrocyte (GFAP*/Ki67°), aNSC (GFAP*/Ki67"), Neuroblast
(GFAP/Ki67") and other cells (ependymal, microglia; GFAP-/Ki67). d, Glucose uptake assay with
2NBDG (2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl) Amino)-2-Deoxyglucose) FACS on primary
NSC cultures (qQNSCs and aNSCs) from young (3-4-months-old) or old (18-21-months-old) mice.
Dot plot showing mean +/- SEM of results from 3-4 independent cultures, each from a pool of 6
mice, 3 males and 3 females. Each dot represents an independent NSC culture. P-values
determined by two-tailed Mann-Whitney test. e, GLUT4 knockout efficiency in vitro. FACS
analysis with the GLUT4 antibody of qNSCs treated with control sgRNA (targeting unannotated
regions of the genome) or sgRNA targeting Sic2a4 (GLUT4), 10 days after lentivirus infection to
express sgRNA. No antibody control panel is on the left. Plots show mCherry+ gated cells, GLUT4
fluorescence. f, Data from Fig. 4h, presented as the boost in qNSC activation ability with Slc2a4
(GLUT4) knockout, with or without glucose starvation. Dot plot showing mean +/- SEM of
activation ability of Slc2a4 (GLUT4) knockout relative to control. Each dot represents an
independent NSC culture. P-values determined by two-tailed Mann-Whitney test.
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