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SUMMARY

In most vertebrates, adult neural stem cells (NSCs) continuously give rise to neurons in discrete brain regions. A critical process for main-
taining NSC pools over long periods of time in the adult brain is NSC quiescence, a reversible and tightly regulated state of cell-cycle arrest.
Recently, lysosomes were identified to regulate the NSC quiescence-proliferation balance. However, it remains controversial whether
lysosomal activity promotes NSC proliferation or quiescence, and a finer influence of lysosomal activity on NSC quiescence duration
or depth remains unexplored. Using RNA sequencing and pharmacological manipulations, we show that lysosomes are necessary for
NSC quiescence maintenance. In addition, we reveal that expression of psap, encoding the lysosomal regulator Prosaposin, is enriched
in quiescent NSCs (qQNSCs) that reside upstream in the NSC lineage and display a deep/long quiescence phase in the adult zebrafish telen-
cephalon. We show that shRNA-mediated psap knockdown increases the proportion of activated NSCs (aNSCs) as well as NSCs that reside
in shallower quiescence states (signed by ascl1a and deltaA expression). Collectively, our results identify the lysosomal protein Psap as a

(direct or indirect) quiescence regulator and unfold the interplay between lysosomal function and NSC quiescence heterogeneities.

INTRODUCTION

Adult neural stem cells (NSCs) produce neurons within
discrete regions of most vertebrate brains, including the
mouse subependymal zone of the lateral ventricle (SEZ),
the subgranular zone of the dentate gyrus of the hippocam-
pus (SGZ), and the zebrafish pallium (Diotel et al., 2020;
Labusch et al., 2020). NSC maintenance is permitted, in
part, by their residing in quiescence, a reversible and
actively maintained state of cell-cycle arrest corresponding,
in that case, to the GO phase of the cell cycle (Urban et al.,
2019). A high frequency of NSC cell-cycle entry (referred to
as NSC activation) is linked with NSC exhaustion (Engler
et al., 2018; Imayoshi et al., 2010; Paik et al., 2009; Schaft-
ner et al., 2018). Molecular pathways such as Notch2/3
signaling promote NSC quiescence in the different neuro-
genic domains, but single-cell RNA sequencing (scRNA-
seq), in vivo functional assays (e.g., the speed of NSC
reactivation upon Notch signaling blockade and intravital
imaging), further show that quiescence is heterogeneous:
NSCs can be found in shallower or deeper, or shorter or
longer, quiescence in zebrafish (Alunni et al., 2013; Man-
cini et al., 2023; Morizet et al., 2023) and mouse (Dulken
et al.,, 2017; Llorens-Bobadilla et al., 2015; Mizrak et al.,
2019; Shin et al., 2015). Notably, a preactivated state was
identified by the expression of Ascl1, encoding a basic he-

lix-loop-helix transcription factor important for the activa-
tion of previously quiescent NSCs (Andersen et al., 2014a;
Blomfield et al.,, 2019; Pilz et al.,, 2018; Urban et al.,,
2016). Our recent results in the adult zebrafish pallium
also highlight that the expression of deltaA (deltaA’**) corre-
lates with NSCs that on average display shorter quiescence
durations than deltaA-negative (deltaA"®) NSCs and are
further advanced along the neurogenesis lineage (Mancini
et al., 2023). Aside from these few examples, the cellular
and molecular mechanisms underlying the control of
quiescence depth/length remain incompletely understood.

Recently, attention has been given to differences in sub-
cellular organelles between activated (cycling) NSCs
(aNSCs) and quiescent NSCs (QNSCs). Among these, lyso-
somes emerged as novel regulators of NSC quiescence.
Work in mice showed that gQNSCs are enriched in lyso-
somes compared to aNSCs in the SGZ and SEZ (Kobayashi
et al., 2019; Leeman et al., 2018). However, these studies
show discrepant results upon lysosomal perturbation.
Impairment of lysosome activity through pharmacological
inhibition of the vacuolar H(+)-ATPase with bafilomycin A
(BafA) leads to decreased activation of QNSCs in response to
growth factors in the SEZ due to accumulations of protein
aggregates (Leeman et al., 2018). In contrast, in the SGZ,
BafA treatment leads to the accumulation of activated
epidermal growth factor receptor (EGFR), Notchl, and
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the Notchl intracellular domain (NICD), increasing NSC
activation (Kobayashi et al., 2019). Whether these differ-
ences are due to the different neurogenic niches or to
different experimental designs remains undeciphered.
Furthermore, next to their role in proteostasis mainte-
nance, lysosomes act as important players in nutrient and
pathogen sensing, as well as membrane repair (Mony
etal., 2016), and it remains to be studied whether the effect
of lysosome perturbation on quiescence also involves these
pathways. Finally, it is unknown whether lysosomal activ-
ity relates to quiescence heterogeneities between NSCs.
To address these issues, we focused on NSCs of the zebra-
fish adult pallium, which are easily accessible for transient
functional manipulations in vivo, and for which we gener-
ated a comprehensive scRNA-seq database and in situ read-
outs identifying qNSC heterogeneities correlating with
differences in quiescence depth or length (Mancini et al.,
2023; Morizet et al., 2023). We report here that lysosomal
activity is necessary for NSC quiescence in this system,
and we identify the lysosomal protein Prosaposin (Psap)
as a critical player in this activity. First, psap expression is
highest in deltaA"® qNSCs, which display deepest/longest
quiescence. Second, psap knockdown promotes qNSCs
transition through the deltaA’” state of shallower/shorter
quiescence and NSC activation. These results reinforce
the view that lysosomal activity promotes NSC quiescence
and further highlight Psap as a likely player in this process.

RESULTS

Lysosomes are necessary for NSC quiescence

Adult pallial NSCs in zebrafish and mice are radial glial cells
expressing glial fibrillary acidic protein (GFAP) (Ganz et al.,
2010; Mérz et al., 2010). Transgenic reporter lines for gfap
but also for the progenitor gene her4.3 characterize the
same population of progenitors in the adult zebrafish brain
(Than-Trong et al., 2020). At any given time, only ~5%-
10% of NSCs are expressing the cell-cycle markers prolifer-
ating cell nuclear antigen (PCNA) or minichromosome
maintenance protein 2 (MCM2), and are therefore defined
asactivated (Dray et al., 2021). By exclusion, other NSCs are
considered quiescent. Because NSCs in different (sub)states
are intermingled in situ, combined markers are needed to
distinguish between aNSCs (gfap’”® or herd?”, Pcna®), pre-
activated qNSCs (gfap”® or her4”**, Pcna"%, ascl1a”®), and,
among other NSCs, those in shallow/shorter quiescence
(deltaAP™ qNSCs: gfap?® or her4?*, Pcna”*, deltaAP**) and
those in deep/longer quiescence (deltaA™® qNSCs: gfap’”
or her4?*, Pcna”™s, ascl1a"™, deltaA" ). deltaA:gfp is also ex-
pressed in nonstem neural progenitors (NPs) (equivalent to
mammalian transit amplifying progenitors), which are
gfap"® and her4"®. When the deltaA:gfp marker is used in
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the absence of NSC markers such as gfap or her4, it cannot
distinguish between NSCs and NPs, and we therefore refer
to deltaAP® cells as “progenitors” (Figure 1A).

To identify pathways regulating NSC quiescence, with a
possible link to quiescence depth, we used double trans-
genic Tg(her4:drfp); Tg(mcecmS5:gfp) fish and two paradigms
predicted to highlight deep vs. shallower quiescence. First,
in adult fish (3 months postfertilization [MPF]), we per-
formed bulk RNA-seq on fluorescence-activated cell sorting
(FACS)-sorted RFP"&" GFP"®8 qNSCs and RFPPS, GFPP°S
aNSCs. her4.3 (Figure S1A; see (Morizet et al., 2023) is a
target of Notch signaling, which promotes quiescence
(Alunni et al., 2013; Dray et al.,, 2021). We identified
3,048 genes upregulated in RFP"8" QNSCs and 1,890 genes
upregulated in aNSCs (Tables S1 and S2). As expected for
aNSCs, gene set enrichment analysis confirmed the enrich-
ment for KEGG (Kyoto Encyclopedia of Genes and Ge-
nomes) gene sets associated with cell division, which
include cell cycle (Figure S1B) and DNA replication (Fig-
ure S1C), as well as ribosomal activity (Figure S1D), because
aNSCs exhibit higher protein synthesis than qNSCs (Llo-
rens-Bobadilla et al., 2015). Focusing on proteostasis, we
observed enrichment of the proteasomal pathway in
aNSCs (Figure S1E) and enrichment of the lysosomal
pathway (Figure S1F) and the lysosome-related pathways
autophagy (Figure S1G) and endocytosis (Figure S1H) in
RFPM&" gNSCs. When operating Gene Ontology (GO) anal-
ysis, we identified the KEGG lysosomal pathway as highly
enriched in RFPM8" qQNSCs (Figure 1B). Then, we also gen-
erated a dataset in which we compared the bulk transc-
riptome of gQNSCs between 1.5- and 3.5-MPF fish, stages
between which deeper quiescence is progressively instated
(Tables S3 and S4). GO analysis identified the KEGG lyso-
somal pathway as significantly enriched at 3.5 MPF (Fig-
ure 1C), pointing to a pathway that becomes more promi-
nent with time, as previously suggested between adult and
aged mice (Leeman et al., 2018).

Together, these data suggest that QNSCs may harbor
more lysosomes than aNSCs, or increased lysosomal activ-
ity, or both. To address this, we performed flow cytometry
analysis of freshly dissociated lysotracker-stained cells
from adult pallia dissected from double transgenic Tg(gfap:
egfp); Tg(memS:nls-rfp) fish, allowing us to dissociate be-
tween GFPP?%; RFP"®8 qNSCs and GFPP°%; RFPP°® aNSCs (Fig-
ure S2A). Lysotracker probes are fluorophores linked to a
weak base that is only partially protonated at neutral pH
and will emit fluorescence in acidic compartments, and
therefore in lysosomes (Chikte et al., 2014). We detected
a decrease to 61.34% (median; interquartile range [IQR]
60.70%-61.99%) in the normalized mean intensity of lyso-
tracker fluorescence in aNSCs compared to qNSCs (Fig-
ure 1D), suggesting that qNSCs harbor more or enlarged
lysosomes. Whole-mount immunohistochemistry (IHC)
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Figure 1. Lysosomes are involved in adult neural stem cell quiescence

(A) Whole-mount immunostaining for Z01 (tight junctions, blue), PCNA (proliferation, magenta), and GFP (transcriptional reporter for
deltaA, green), with RNAScope against asclla transcripts (preactivation, cyan). Dorsal “apical” view of the pallial ventricular zone at 3 MPF.
Green arrow: deltaA”® quiescent progenitors, white arrow: deltaA™? gNSC, cyan: pre-activated progenitors, magenta: activated pro-
genitors. Scale bar: 15 pum.

(B) KEGG pathways enriched in gNSCs vs. aNSCs based on GO analysis of the RNA-seq data (RFP"'S", GFP™®9 vs. RFPP®, GFPP°* cells from 3 MPF
Tg(gfap:egfp); Tg(mcm5:nls-rfp) fish). x axis: enrichment score; numbers next to the bars: number of genes included in this pathway.
(C) KEGG pathways enriched in gNSCs at 3.5 months vs. gqNSCs at 1.5 months based on GO of the RNA-seq data. As in (B).

(D) Normalized mean LysoTracker intensity (bar plot with SD; each dot is 1 independent experiment with 10 pooled brains). Unpaired t
test, ***p = 0.0003.

(legend continued on next page)
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for the lysosomal protein Lampl and the proliferation
marker PCNA was performed in parallel on transgenic
Tg(gfap:egfp) fish to detect lysosomes in qNSCs and aNSCs
in situ, and a representative image is provided in Figure S2B.
We next wondered whether these lysosomes may be
involved in quiescence maintenance. To impair lysosomal
activity, we incubated organotypic slices of adult Tg(gfap:
egfp) zebrafish pallia in 20 nM BafA for 24 h followed by
24 h of recovery (Figure 1E). Quantifying PcnaP®® GFPP®®
aNSCs vs. Pcna™® GFPP°® qNSCs revealed a significant per-
centual increase of aNSCs upon BafA treatment vs. control
treatment (median and IQR: control 7.89%, 5.81%-9.76%
vs. BafA treated 17.06%, 11.90%-19.32%) (Figure 1F). We
verified that the BafA treatment itself did not cause toxicity
(Figure S2C). Overall, we conclude that lysosomal content
is enriched in the quiescent vs. activated NSC states and
that lysosomal activity is critically involved in the mainte-
nance of quiescence.

Next, to better understand whether quiescence control
involves the proteostasis activity of lysosomes (Mony
et al., 2016), we focused on Sortilin1, a sorting receptor of
the vacuolar protein sorting 10 family that facilitates lyso-
some-mediated protein degradation. Sortilinl is ubiqui-
tously expressed in many tissues but is most abundant in
the CNS (Andersen et al., 2014b). The zebrafish duplicates
sortla and sort1b were expressed together at a high level in
gNSCs in our bulk dataset, and were also detectable in our
scNSC dataset of the adult zebrafish pallium (Morizet et al.,
2023) (Figures S2D and S2E). To knock down Sortl func-
tion, we used previously validated splice-morpholino oli-
gonucleotides (MOs) directed against sortla and sortlb
(De Muynck et al., 2013), which we electroporated in vivo
into adult NSCs in Tg(gfap:dTomato) adult fish following
intracerebral injection. We found that abrogating Sortl
function led to a significant increase in the proportion
of aNSCs among cells electroporated with sortla/sortlb
MOs compared to control MOs (median and IQR: con-
trol 5.45%, 4.55%-11.11% vs. sortla/sortlb MOs 20.93%,
18.11%-23.42%) (Figures 1G and 1H), reaching levels
very similar to those obtained upon BafA treatment. Over-
all, we conclude that lysosomes are enriched in gNSCs that
exhibit deep/long quiescence, and that their proteostasis
activity promotes NSC quiescence in the adult brain in vivo.

Psap is heterogeneously expressed in NSCs during their
quiescence phase

To further challenge whether NSC quiescence involves pro-
teolysis control by lysosomes, as proposed (Kobayashi
et al., 2019; Leeman et al., 2018), and to unravel through
which molecular players, we analyzed the expression of
the genes that contributed to the enrichment of the lyso-
somal pathway in qNSCs in our RNA-seq datasets. This
led us to select psap, a gene encoding a glycoprotein
involved in the activation of hydrolases in the lysosomes
(Kishimoto et al., 1992), and to date, solely implicated in
lysosomal proteostasis. In addition, cells deficient for
Sort1 exhibit impaired trafficking of Psap to the lysosomes
and enhanced release of Psap into the extracellular me-
dium (Aguilera et al., 2023; Hassan et al., 2004; Lefrancois
et al., 2003; Zeng et al., 2009). We found that psap was ex-
pressed at levels 3.5 times higher in qNSCs vs. aNSCs in a
reproducible manner (Figure 2A). It is also enriched 2.3
times in 3- compared to 1.5-MPF gNSCs (Table S3).
RNAScope in situ hybridization (ISH) experiments for psap
further revealed heterogeneous expression levels among
NSCs (Figure 2B). Finally, and more important, psap
transcript levels in individual gNSCs in our scRNA-seq da-
taset were stronger in cells transcriptionally distant from
pcna-expressing aNSCs, ascl1aP®® preactivated gNSCs, and
deltaA-expressing NSCs (Figures 2C and S3A-S3C).

To assess the relationship between psap, the number of
lysosomes, and gNSC states associated with different quies-
cence depth/length, we first tested whether deltaA expres-
sion already correlates with distinct metabolic states signed
by NSCs harboring more or fewer lysosomes. We used dou-
ble transgenic Tg(gfap:dtomato); Tg(deltaA:egfp) fish, allow-
ing us to dissociate dTomatoP®, GFPP*® deltaAP®* NSCs,
and dTomatoP°® GFP"®8 deltaA"*8 NSCs for flow cytometry
analysis after lysotracker staining (Figure S3D). When
analyzing the mean intensity of lysotracker fluorescence,
we confirmed that deltaAP°® NSCs contain fewer lysosomes
than deltaA™®® NSCs (median and IQR: 54.93%, 48.17%—
61.69% in deltaAP®® NSCs) (Figure 2D). We therefore
analyzed psap expression in regard to deltaA in NSCs by
combining immunostainings for ZO1 (tight junctions),
dTomato, and GFP in double transgenic Tg(gfap:dTomato);
Tg(deltaA:egfp) fish with RNAScope for psap (Figure 2E).

(E) Experimental design and view of telencephalic organotypic slices after IHC for GFP (NSCs, green) and MCM2 (proliferation, magenta)
after control and BafA treatment. Arrows: Mcm2P°®,GFPP°® NSCs. Scale bars: 10 um.
(F) Proportion of proliferating NSCs (PcnaP®®) among all NSCs. Each dot represents 1 animal (with 1-4 treated slices per animal). Bar at

median with IQR. Mann-Whitney test, **p = 0.0026.

(G) Whole-mount IHC for Tg(gfap:dTomato) (NSCs, green), and PCNA (proliferation, magenta) in combination with control and sort1a/
sort1b-M0-electroporated cells (orange). Dorsal view of the pallial ventricular zone at 3 MPF. Arrows point to electroporated NSCs. Scale

bar: 30 um.

(H) Percentage of activated NSCs among all electroporated NSCs 3 days after control- and sort1-MO electroporation. Each dot is 1 fish. Line
at median with IQR. Unpaired t test with Welch's correction, **p = 0.0064.
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Figure 2. Psap is heterogeneously expressed in quiescent NSCs

(A) Gene expression heatmap of the lysosome KEGG gene set (red = upregulated, blue = downregulated). Each line is 1 biological replicate
(gray = aNSCs, yellow = deeply gNSCs - her4"9"), based on our bulk RNA-seq dataset. Arrow to psap.

(B) Whole-mount RNAScope for psap (cyan) and IHC for Tg(gfap:eGFP) (NSCs, green) and Z01 (tight junctions, blue). Dorsal view of the
pallial ventricular zone at 3 MPF. Psap is heterogeneously expressed. Scale bar: 25 um.

(C) Uniform manifold approximation and projection of psap expression in NSCs (scRNA-seq dataset of Morizet et al., 2023). Psap is enriched
in cells with deepest/longest quiescence (compare with Figure S4A).

(D) Normalized mean LysoTracker intensity in deltaA®® and deltaA"™® NSCs; bar plot with SD. Each dot is 1 independent experiment with 10
pooled brains. Unpaired t test, *p = 0.0218.

(E) Whole-mount RNAScope for psap (cyan) and triple IHC for Tg(gfap:dTomato) (magenta), Tg(deltaA:eGFP) (green), and Z01 (tight
junctions, blue). Dorsal view of the pallial ventricular zone at 3 MPF; merged channel, bottom right. Yellow asterisks indicate examples of
deltaAP®® NSCs. Scale bars: 15 pm.

(F) Normalized intensity sum of psap after two-dimensional projection in deltaA™® and deltaAP®* cells within the gfap:dTomatoP** NSC
population. The highest intensity value has been set to 1. Every dot represents 1 cell; 3 independent experiments. Mann-Whitney test,
***xp < 0.0001.
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We found that psap expression was significantly higher in
deltaA™®® (median and IQR: 0.38, 0.26%-0.56%) compared
to deltaAP°® (median and IQR: 0.09, 0.02%-0.17%) NSCs
(Figure 2F). These results point to increased psap expression
in gNSCs with deep/long quiescence, as opposed to QNSCs
with shallower/shorter quiescence.

Psap maintains NSCs in a state of deep quiescence

To explore the function of psap in quiescence in vivo, we
chose a mosaic loss-of-function approach to focus on cell-
autonomous effects. Due to the duration of quiescence in
adult pallial NSCs (doubling times on average of 124 days
for deltaA"™® and 28 days for deltaA’® NSCs) (Mancini
et al., 2023), we needed a method that could conditionally
abrogate Psap function over several days/weeks while al-
lowing cell tracking. Thus, we adapted and validated for
the adult brain a recent RNAi knockdown method allowing
long-term chase and concomitant tracing (Giacomotto
et al.,, 2015). We designed nine shRNAs targeting the
endogenous psap transcript and three control shRNAs
and cloned them in 3’ of pCMV (porcine cytomegalo-
virus):h2amCherry. Following electroporation into adult
NSCs in vivo, we first verified that pCMV:h2amCherry-
RNAi(psap) NSCs had a strong reduction of psap transcript
levels compared to surrounding nonelectroporated cells
at 3 and 14 days post-electroporation (dpe), as measured us-
ing RNAscope (median and IQR: for 3 days control 114.2%,
113.0%-115.4% vs. RNAi(psap) 24.92%, 13.73%-28.62%;
for 14 days control 137.9%, 130.4%-145.3% vs. RNAi(psap)
32.59%, 21.07%-40.00%) (Figures S4A-S4D). Decreased
expression of psap did not lead to significant changes in
lysosome number and volume after 5 days, as measured
in situ using Lampl immunostaining (median and IQR:
for lysosome number: control 94.10%, 94.02%-94.19%
vs. RNAi(psap) 92.27%, 82.84%-101.70%; for lysosomal
volume: control 89.13%, 65.50%-112.80% vs. RNAi(psap)
106.10%, 99.05%-121.50%) (Figures S4E and S4F). We
then proceeded to use this construct for loss-of-function
experiments and electroporated Tg(gfap:egfp) fish to analyze
H2amCherry?®®, GFPP°® NSCs at 3, 5, and 14 days after
knockdown (Figures 3A and 3B). Activation events were
quantified by equaling each PcnaP® doublet (sister
cells postdivision) and each PcnaP®® singlet to one
event. We observed a significantly increased proportion of
H2amCherry?®®, GFPP®, PcnaP® aNSC events at 5 dpe
upon psap knockdown. At 3 and 14 dpe we observed a
trend increase (median and IQR: 3 days, control 0.00%,
0.00%-1.61% vs. RNAi(psap) 7.47%, 2.28%-12.49%; 5
days control 1.67%, 0.00%-1.98% vs. RNAi(psap) 10.53%,
6.85%-12.77%; 14 days control 1.25%, 0.38%-3.89% vs.
RNAi(psap) 5.46%, 3.27%-8.27%) (Figures 3C-3E). We
conclude that psap knockdown increases NSC entry into
the cell cycle. Monitoring the ratio of PcnaP® doublets

6 Stem Cell Reports | Vol. 19 | I-14 | April 9, 2024

over singlets further indicated that the cell cycle per se was
not visibly affected (median and IQR: 3 days, control
0.0%, 0.0%-0.0%, vs. RNAi(psap) 11.61%, 0.25%-30.56%;
5 days control 0.00%, 0.00%-33.33% vs. RNAi(psap)
20.00%, 5.57%-33.33%) (Figures S4G and S4H). Hence,
loss-of-function experiments of psap increase NSC prolifer-
ation in vivo, identifying Psap as a novel factor necessary
for NSC quiescence.

Increased NSC activation upon Psap abrogation is, in
part, associated with a progression along the NSC
lineage hierarchy

Quiescence depth/duration, the successive steps from
quiescence to activation, and NSC lineage progression are
intertwined processes on which Psap could act, with a com-
mon output measured by Pcna expression. For example,
the duration of the ascl1a”’* preactivation state could be
modified. In addition, NSC quiescence and fate dynamics
vary along lineage progression: self-renewing deltaA™
NSCs in deep/long quiescence generate, upon division,
deltaAP* NSCs of shallow/short quiescence, characterized
by stochastic fates biased toward the generation of neurons
(Mancini et al., 2023; Than-Trong et al., 2020). Thus, the
increased NSC proliferation observed upon Psap abroga-
tion can be interpreted as a general release of quiescence,
a shortened preactivation phase, a progression along the
lineage, or combinations of these events.

To address this issue, we monitored the expression of
asclla and deltaA upon loss of Psap function. Using RNA-
scope to quantify asclla expression at the single-cell level
in situ in Tg(gfap:egfp) fish to identify NSCs (Figure 4A),
we observed a significant increase in the proportion of
GFPP®®, ascl1aP®® NSCs 5 days post-psap knockdown (me-
dian and IQR: control 9.41%, 8.00%-10.82% vs. RNAi
(psap) 25.00%, 19.27%-36.94%) (Figure 4B), indicating a
shift toward the preactivated and/or committed state.

Next, we knocked down psap in Tg(deltaA:egfp) fish and
monitored deltaA expression in electroporated cells. As
suggested by the shift in state demonstrated by asclla
expression, we observed an increase in the proportion of
H2amCherryP®, GFPP** cells at 5 dpe upon RNAi, from
22.97%, 21.43%-27.88% (control RNAi, median and IQR)
to 42.35%, 37.82%-51.71% (psap RNAi, median and IQR)
(Figures 4C and 4D). However, despite the increased num-
ber of proliferating cells induced by psap RNAi (median and
IQR: control 5.26%, 2.58%-6.58% vs. RNAi(psap) 9.73%,
6.75%-14.35%) (Figure 4E), the proportion of proliferating
cells among deltaAP®® progenitors remained constant
(median and IQR: control 16.67%, 6.92%-25.00% vs.
RNAi(psap) 21.86%, 11.07%-25.89%) (Figure 4F). A similar
conclusion was reached regarding the proportion of prolif-
erating cells among deltaA™®® progenitors, although the low
proliferation rate of deltaA™*® NSCs makes this analysis
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Figure 3. Psap activity promotes NSC quiescence

(A) Experimental design: at day 0, pCMV:RNAi(psap) and pCMV:RNAi(control) were electroporated in pallial NSCs in 3 MPF fish. The fish were
sacrificed at 3, 5, and 14 dpe.

(B) Whole-mount IHC for Z01 (tight junctions, blue), GFP (NSCs, green), H2amCherry (electroporated cells, orange), and PCNA (prolif-
eration, magenta) at 5 dpe in RNAi control and RNAi(psap) electroporated fish. Dorsal view of the pallium. Scale bar: 25 pm. Arrows:
proliferating NSCs.

(C) Percentage of aNSCs among all electroporated NSCs at 3 dpe in control vs. psap-RNAi. Each dot is 1 fish. Line at median with IQR. Mann-
Whitney test, ns, not significant, p = 0.1143.

(D) Percentage of aNSCs among all electroporated NSCs at 5 dpe in control vs. psap-RNAi. Each dot is 1 fish. Line at median with IQR. Mann-
Whitney test, **p = 0.0079.

(E) Percentage of activated NSCs among all electroporated NSCs at 14 dpe in control vs. psap-RNAi. Each dot is 1 fish. Line at median with

IQR. Mann-Whitney test, p = 0.0635.

difficult (median and IQR: control 0.00%, 0.00%-0.00% vs.
RNAi(psap) 0.00%, 0.00%-1.28%) (Figure 4G). Together,
these observations suggest that loss of psap leads to an
initial shift toward the deltaAP” state, within which the
transition toward activation and/or the proliferative be-
havior is not changed per se.

Neuronal generation is preserved upon Psap
abrogation

Finally, we aimed to address whether the fate of NSCs is
altered after the loss of psap. We first analyzed the fate of
sister cells upon psap knockdown relative to deltaA expres-
sion: deltaA™® NSCs systematically self-renew upon divi-
sion, whereas deltaA?* NSCs progressively engage toward
neurogenesis, identifying different stemness potential
(Mancini et al., 2023). Control and RNAi(psap) were elec-
troporated into Tg(deltaA:egfp) fish, and the relative distri-

bution of division modes in doublets of sister cells was
analyzed at 5 dpe. These distributions did not appear sta-
tistically different between control and RNAi(psap) electro-
porated cells (median and IQR: Mann-Whitney tests, del-
taA"%/deltaA™ doublets: control: 0.00%, 0.00%-0.00%,
RNAi(psap): 6.25%, 0.00%-27.38%, p = 0.3929; deltaA"?%/
deltaAP* doublets: control: 33.33%, 0.00%-100.00%, RNAi
(psap): 33.93%, 0.00%-70.00%, p = 0.9524; deltaAP”|
deltaAP” doublets: control: 66.67%, 0.00%-100.00%, RNAi
(psap): 41.43%, 25.00%-71.88%, p = 0.6905).

To further substantiate this result, we analyzed the gener-
ation of more committed cell fates by focusing on terminal
NSC divisions generating NPs (Gfap"®). For this, electropo-
rations of RNAi(psap) into the Tg(gfap:egfp) line were used
and NSC/NSC, NSC/NP, and NP/NP doublets were counted.
At 3, 5, and 14 dpe, we found that the relative distribution
of NSC division modes was also similar between control
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and RNAi(psap) electroporated cells (at 5 dpe, median and
IQR: Mann-Whitney tests, NSC/NSC doublets: control:
66.67%, 8.33%-29.17%, RNAi(psap): 80.00%, 41.67%-—
81.53%, p = 0.3929; NSC/NP doublets: control: 25.00%,
0.00%-100.00%, RNAi(psap): 18.75%, 11.69%-30.83%,
p = 0.9524; NP/NP doublets: control: 16.67%, 5.55%—
37.5%, RNAi(psap): 9.091%, 0.00%-30.36%, p = 0.6905)
(Figure 4H) (see also Figure S4I for 3 dpe and S4] 14 dpe).
Finally, we counted H2amCherry?®® cells at 14 dpe and
calculated the ratio of neurons per NSC. We did observe
large variations across samples in both control and psap
RNAi samples and no significant difference between the
control and knockdown conditions overall (median and
IQR: control 0.2813%, 0.1032%-0.8405% vs. RNAi(psap)
0.4518%, 0.3831%-2.043%) (Figure 4I).

DISCUSSION

This work brings novel molecular insight into the control of
NSC quiescence in the adult brain. We show that lysosomal
activity in adult zebrafish pallial NSCs correlates with and is
needed for their quiescence. In vivo, we further show that,
like lysosomal inhibition, blocking the sorting receptor Sor-
tilin induces NSC proliferation. Finally, we provide evidence
for the functional necessity of Psap to maintain an NSC state
associated with deep quiescence. These results together add
support to the fact that lysosomes are positive regulators of
NSC quiescence, likely through their role in autophagy, and
show that proteins such as Psap further refine this control to
include the regulation of quiescent NSC substates associ-
ated with different quiescence depth or duration.

At the technical level, we made use of RNAj, a technique
long debated in the zebrafish field due to nonspecific defects

and high toxicity in embryos, likely due to a highjacking of
the microRNA machinery (Zhao et al., 2008). In 2015, effi-
cient downregulation of mRNA through shRNAs was re-
ported (Giacomottoetal., 2015). Adapting the system to sin-
gle NSCs was successful in terms of knockdown efficiency,
but it also did not show any signs of toxicity, as assessed by
NSC morphology and survival. The long-term perdurance
of the induced knockdown with this system (at least up to
14 days), compared to morpholinos (3—4 days) (Katz et al.,
2016), is advantageous, and it will be interesting to see
whether other adult tissues are good targets for this method.

We show that gNSCs of the adult zebrafish pallium har-
bor more lysosomes and display a transcriptome enriched
for genes associated with the endosomal-lysosomal com-
partment compared to their activated counterparts.
Accordingly, the impairment of lysosomal function leads
to an increase in NSC proliferation, which aligns with
findings in the mouse SGZ (Kobayashi et al., 2019) but
not the SEZ (Leeman et al., 2018). Possible reasons for dis-
crepancies between these mouse studies include their
different neurogenic niches and experimental setups.
The zebrafish adult pallial germinal niche appears, for its
anterior component (Da-Dm, the focus of our in situ ana-
lyses), ontogenetically and molecularly related to the dor-
sal wall of the SEZ, itself closer to the SGZ in terms of
marker expression (e.g., Hopx) (Zweifel et al., 2018), later
entry into quiescence during development (Berg et al.,
2019) and increased NSC quiescence depth (Marcy et al.,
2023; Zweifel et al., 2018), and cortical origin. The zebra-
fish adult pallial germinal niche also joins and includes
the hippocampal area more posterolaterally. As in Kobaya-
shi et al. (2019), we found that concentrations of BafA at
50 nM led to toxicity. Lysosomal blockade can also drive
cells into senescence (Kang et al., 2011), and it remains

Figure 4. Psap knockdown increases the proportion of NSCs in states associated with shallow quiescence, without affecting
neurogenesis output

(A) RNAScope for ascl1a (turquoise) and whole-mount IHC for gfap:GFP (green), H2amCherry (electroporated cells, orange), and Z01 (tight
junctions, blue) 5 days after electroporation of control (top) and psap-RNAi (bottom) construct in Tg(gfap:egfp) fish. Dorsal view of the
pallial ventricular zone at 3 MPF. Arrows: examples of ascl1a®® cells. Scale bar: 20 pm.

(B) Percentage of ascl1a”®® NSCs among all electroporated NSCs 5 days after control and psap-RNAi. Line at median with IQR. Unpaired t
test with Welch’s correction, *p = 0.0112.

(C) Whole-mount IHC for gfap:GFP (green), H2amCherry (electroporated cells, orange), and Z01 (tight junctions, blue) 5 days after electro-
poration of RNAi control (top) and RNAi(psap) construct. Dorsal view of the pallium at 3 MPF. Arrows: GFPP*® progenitor cells. Scale bar: 20 um.
(D) Percentage of deltaAP* progenitor cells among all electroporated progenitor cells 5 days after control and psap-RNAi electroporation.
Each dot is 1 fish. Line at median with IQR. Mann-Whitney test, **p = 0.0095.

(E-G) Percentage of proliferating progenitors 5 days after control and psap-RNAi electroporation among all of the electroporated pro-
genitors (E), among all of the electroporated deltaAP®® progenitors (F), and among all of the electroporated deltaA™® progenitors (G). Each
dot represents 1 animal. Line at median with IQR. Mann-Whitney tests: (E) *p = 0.0381, (F) p = 0.9286, and (G) p > 0.9999.

(H) Percentage of the different division modes in control vs. RNAi(psap) electroporated cells at 5 dpe (see Figure S4 for 3 and 14 dpe). x
axis: state of the 2 sister cells in doublets. Lines at median with IQR. Mann-Whitney tests, NSC/NSC doublets: p = 0.8413; NSC/NP doublets:
p =0.7936; NP/NP doublets: p = 0.6429.

(I) Ratio of neurons relative to NSCs in electroporated cells and their progeny. Each dot is 1 fish. Line at median with IQR. Mann-Whitney
test, p = 0.4127.
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to be functionally tested whether any of these experi-
mental setups increase senescence.

We further demonstrate that psap is highly expressed in
deeply quiescent NSCs. Psap is a prominent lysosomal
protein (under its cleaved forms, saposins, which hydro-
lyze sphingolipids) but it can also be secreted, to boost
lysosomal function in receiving cells (Zhou et al., 2017)
and/or act as a neurotrophic factor (Meyer et al., 2014).
To center on the lysosomal function of Psap, we focused
on the cell-autonomous effects of psap manipulations.
Specifically, the knockdown of psap shifted NSCs toward
substates associated with shallower quiescence (as defined
by deltaA and asclla) and with activation. We note that
not all NSCs responded to manipulations of Psap or lyso-
somal activity. This is in agreement with the fact that not
all NSCs express psap, but they may also reflect windows
of responsiveness to Psap or lysosomal activity within
the deep quiescence state. The fact that lysosomal activity
can modulate quiescence depth is an idea that was postu-
lated in embryonic fibroblasts (Fujimaki et al., 2019) and
is compatible with several studies in hematopoietic stem
cells (Garcia-Prat et al., 2021; Liang et al., 2020). Although
this was not directly addressed for NSCs, preexisting
studies highlighting progressive changes in NSC states
are in line with our conclusion. For example, in cultured
NSCs from the hippocampus, mRNA levels for the tran-
scription factor EB or cathepsins increase progressively
during the first 3 days of incubation with the quiescence
inducer bone morphogenetic protein. Conversely, BafA
leads to progressive increases in activated EGFR and
Notch1-ICD, which is compatible with a transition from
quiescence to activation through shallower quiescence
stages (Kobayashi et al., 2019).

Under physiological conditions, changes in NSC quies-
cence duration in the adult zebrafish pallium and mouse
SGZ are concomitant with NSC progression toward a
neurogenic fate (Bottes et al., 2021; Mancini et al., 2023;
Than-Trong et al., 2020). Thus, a limitation to current
studies, including ours, is to distinguish between a bona
fide function of lysosomal factors (e.g., Psap) in quiescence
depth/duration per se vs. in NSC position along the lineage
(i.e., self-renewal vs. an engagement toward a neurogenic
fate). A primary effect on quiescence could secondarily
affect neurogenesis commitment, and a primary effect on
neurogenesis commitment could secondarily affect quies-
cence. In the future, it will be important to resolve whether
deltaA and asclla expression induced under psap knock-
down reflect decreased quiescence depth, increased com-
mitment, or both. Verifying this point will require more
extensive lineage tracing because the number of RNAi
(psap) NSCs in electroporation experiments is unfortu-
nately too low for these cells to be profiled and their state
characterized in depth.
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A remaining question will be to identify the relevant tar-
gets of Psap. In the adult mouse SGZ, impaired lysosomal
function leads to the accumulation of phosphorylated
EGFR, Notch1-ICD, and Cyclin D1 (Kobayashi et al.,
2019). Our attempts to detect such changes in adult zebra-
fish pallial NSCs in vivo (using anti-EGFR IHC and a direct
Notch3 signaling reporter) remained unsuccessful. We
also were technically limited in vivo to address the hydroly-
sis of sphingolipids (Kishimoto et al., 1992) or related
changes in metabolism due to defective mitochondria
and oxidative phosphorylation (Arora et al., 1997; Kogot-
Levin and Saada, 2014). Mitochondrial function depends
on intact lysosomes (Garcia-Prat et al., 2021; Ho et al.,
2017; Liang et al., 2020) and is important for hippocampal
neurogenesis (Beckervordersandforth et al., 2017). Thus,
future directions could explore the link between lysosomes
and mitochondria in NSCs.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

laure.bally-cuif@pasteur.fr.

Materials availability

All of the materials generated in this work are available upon
request.

Data and code availability

This work uses two RNA-seq datasets.

o The bulk RNA-seq dataset was generated in this study. The
accession number for the raw data reported in this paper is
GEO: GSE239598  (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE239598).

o The scRNA-seq dataset was generated by Morizet et al.
(2023). The manuscript is available at doi: https://doi.org/
10.1101/2023.02.27.530203), and its raw data are available
on GEO: GSE225863 (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE225863.

Animals

The Tg(mcmS:nls-rfp)” transgenic line generated for this study, as
well as wild-type (AB) and other transgenic zebrafish lines (see
supplemental experimental procedures), were maintained using
standard protocols. Three-to 4-month-old adult fish were used
for analysis, unless otherwise stated. Zebrafish were kept in 3.5-L
tanks at a maximal density of 5/L, in 28.5°C and pH 7.4 water.
The animal study protocol was approved by the Ethics Committee
no. 39 of Institut Pasteur (authorization 36936, April 26, 2022) and
DDPP-2021-021 of the Direction Départementale de la Protection
des Populations de Paris.

Ventricular microinjections and electroporations
See the supplemental experimental procedures.


mailto:laure.bally-cuif@pasteur.fr
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE239598
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE239598
https://doi.org/10.1101/2023.02.27.530203
https://doi.org/10.1101/2023.02.27.530203
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE225863
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE225863

Please cite this article in press as: Labusch et al., Prosaposin maintains adult neural stem cells in a state associated with deep quiescence,
Stem Cell Reports (2024), https://doi.org/10.1016/j.stemcr.2024.02.007

RNAScope (ACD, Multiplex kit) whole-mount ISHs
Whole brains were fixed overnight in 4% paraformaldehyde (PFA)
in PBS and kept in 100% methanol at —20°C. Following rehydra-
tion, a pigment removal solution was applied for 10 min under
light to bleach the brains. Following washes, the brains were
kept in Probe Diluent at 40°C and then incubated with the probe
(1:50) overnight at 40°C. On day 2, the probe was rinsed at room
temperature (RT), followed by 30 min Amp1 incubation at 40°C,
then washes followed by 30 min Amp2 incubation at 40°C,
washes, 30 min Amp3 incubation at 40°C, and washes at RT. The
brains were incubated at 40°C for 15 min with horseradish perox-
idase (HRP), then washed at least 6 times. Afterward, the brains
were incubated for 10 min at 40°C in Tyramide Signal Amplifica-
tion (TSA) solution and finally incubated with Opal 650 (1:150
in TSA) for 30 min at 40°C. The solution was washed off. Then,
the brains were incubated for 15 min in an HRP blocker at 40°C.

To quantify expression of psap (for Figure 2F), we performed Z
MaxProjection in Image] and then defined regions of interest
based on the ZO1 signal. The number of projected slices (0.5 pm
each) varied between 3 and 6 between brains (where we found
visible ZO1 staining). We extracted the intensity sum for the chan-
nel in which psap transcripts were stained in each cell. To compare
different brains, the highest value was set to 1 and the lowest to
0 for normalization. We counted at least 100 cells per brain in 3
brains. To quantify expression of asclla (for Figure 4B) in individ-
ual NSCs, we manually counted, using Imaris (Bitplane) in 3D, the
fluorescent dots found in close proximity (<1 um) to the cell nuclei,
labeled with H2amCherry. We considered that a cell was ascl1aP**
when at least two dots were visible.

RNAi

We isolated the psap 3' UTR by 3’ rapid amplification of cDNA
end -PCR (Frohman, 1993). To design shRNAs, the miR designer
(Thermo Fisher) was used, and the resulting shRNAs were ordered
as double-stranded DNA (dsDNA) blocks containing surrounding
regions with restriction sites matched to the final plasmid, R73.
The dsDNA blocks were subcloned in TOPO TA (Strataclone), di-
gested with Xhol and BamH]I, and added to a p3 entry plasmid
(R73), which can be used for cloning with the Gateway system
and contained the sequence of an intron. R73 was cut with
Bglll and Xhol, which ensures that previously added shRNAs
are not cut out of R73 but that multiple shRNAs can be added
step by step at each round of cloning, in which shRNAs are
chained. For psap, 9 shRNAs were chained. Our control construct
contained 3 shRNAs. (Geneblocks: see supplemental experi-
mental procedures.)

To validate knockdowns (Figures S4B and S$4D), we used
RNAScope for psap and quantified the RNA signal in transfected
cells. We performed Z MaxProjection in ImageJ and then defined
regions of interest using the ZO1 signal. The number of projected
slices (0.5 pm each) varied between 9 and 23 between brains, to
optimize imaging conditions depending on signal-to-noise ratio
and on the curvature of the ventricular pallial surface. To neutralize
the effect of these variations, each transfected cell was compared to
its neighbors in the same brain. Per transfected cell, we selected
four nonelectroporated neighboring cells. We then divided the
average signal in electroporated cells by the average signal in non-

electroporated cells to measure expression changes. These ratios
were then compared between brains electroporated with the psap
knockdown versus control constructs.

Organotypic slices generation and BafA treatment
Zebrafish brains 3 MPF were dissected in DMEM/F-12 with
GlutaMax (11514436, Thermo Fisher Scientific), complemented
with penicillin-streptomycin (100 IU/mL, 15140122, Thermo
Fisher Scientific). Telencephala were cut into 200-um coronal slices
using a Mcllwain tissue chopper or a vibratome, and the slices were
placed on Millicell membranes (3—-4 slices per membrane, 0.4 pm
Millicell, Merck Millipore). Slices were cultured in DMEM/F-12
with GlutaMax, B-27 supplement (2%, 17504044, Thermo Fisher
Scientific), N2 supplement (1%, 17502048, Thermo Fisher Scienti-
fic), insulin solution human (4 pg/mlL, 19278, Sigma), p-glucose
(0.3%; G8769, Sigma), amphotericin B (0.10 pg/mL, 15290026,
Thermo Fisher Scientific), and penicillin-streptomycin (100 IU/
mL, 15140122, Thermo Fisher Scientific), and supplemented
with EGF (20 ng/mL, E4643, Sigma) and FGF2 (20 ng/mL, 100-
18b, Tebu-bio). Cultures were maintained at 28.5°C under 5%
CO; perfusion. To chemically block the vacuolar ATPase, slices
were incubated for 1 day in vitro in either BafA (24 h, 20 nM,
SML1661, Sigma-Aldrich) or DMSO (24 h, 0.02%, D8418, Sigma-
Aldrich) added to the fresh culture medium. The slices were fixed
24 h posttreatment in 4% PFA for 30 min at RT and washed with
PBT (PBS + 0.1% Tween-20), 3 times for 10 min, and then processed
for IHC.

Quantification of lysosomes in NSCs
To generate the data for Figure 1D, dissected pallia (experiment:
10 pallia; controls: 5 pallia each) were pooled in PBS, incubated
into prewarmed FACSmax solution (AMS.T200100, Amsbio) for
4 min at 28.5°C, then gently passed through a 40-um nylon
cell strainer (BD Falcon) with a 1-mL syringe plunger. The disso-
ciated cell solution was recovered into a Petri dish and trans-
ferred to a 15-mL Falcon tube. The strainer and Petri dish were
washed with FACSmax solution to increase the number of recov-
ered cells, which were also added to the Falcon and mixed by
gentle pipetting. Dissociated tissues from adult brains were
centrifuged at 500 x g for 5 min. After discarding the superna-
tant, cells were incubated in a LysoTracker solution (LysoTracker,
L12492, Deep Red, excitation and emission maximum: 647/668,
Invitrogen, 1:10,000 in PBS) for 4 min at 28.5°C, then centri-
fuged at 500 x g for 3 min. The supernatant was discarded,
and the cells were washed with PBS, centrifuged for 3 min at
500 x g, and finally recovered in PBS + 1 mM EDTA + 1 pg/mL
DAPI. DAPI was used to remove dying cells from the analysis.
Flow cytometry was performed using the Becton Dickinson
FACSymphony AS. As controls, every fluorophore was measured
by itself (AB with DAPI, Tg(gfap:egfp); Tg(mcmS:nls-RFP), AB with
LysoTracker) through flow cytometry. A minimum of 8 x 10°
events was recorded. To generate data for Figure 2D, a similar
procedure was used starting from Tg(gfap:dTomato); Tg(deltaA:
eGFP) double transgenic brains.

To generate the data for Figures S4E and S4F, we quantified the
volume and number of lysosomes in electroporated cells using
Imaris. To attribute lysosomes to specific cells in ventricular
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progenitors that are tightly packed and of varied morphologies, we
focused on an ~5-pm-thick ventricular layer (~ 1/3 of the cells’
soma along the z axis) and assimilated lateral cell borders to
the ZO1 staining. We then used a mask on Lampl in Imaris to
collect information about each lysosome (intensity—mean and
sum—and volume). Subsequently, data from individual cells
within each brain sample were aggregated to create summary sta-
tistics for that brain; the average values for electroporated cells
were normalized by the nonelectroporated surrounding cells and
are represented as a percentage (100%, meaning no difference in
electroporated and nonelectroporated progenitors).

Bulk transcriptomic analysis of telencephalic NSCs
See supplemental experimental procedures.

Morpholinos

See supplemental experimental procedures.

Whole-mount IHC and antibodies
See supplemental experimental procedures.

Imaging and cell counting

Images were taken using Zeiss LSM700 and LSM710 confocal mi-
croscopes using the 40x (oil) objectives. Images were processed
using ZEN (Zeiss) and Imaris (Bitplane) software. Cell counts
on zebrafish brains were carried out on whole-mount pallia.
For electroporations, we only counted brains that had at
least 30 successfully transfected NSCs. Imaris was used for all
counts.

Statistical analysis

Statistical analysis was carried out for all quantitative experi-
ments using Prism and InVivoStat (Clark et al.,, 2012). The
normality of the residuals of the responses was assessed using
normality probability plots. When data displayed an approxi-
mately Gaussian distribution, parametric tests were performed.
We did not assume equal SDs, and therefore turned to t tests
with Welch’s corrections. The exceptions are the LysoTracker ex-
periments, where we normalized the data and therefore expected
similar SDs in biological replicates. For data that did not display
a Gaussian distribution, we turned to nonparametric Mann-
Whitney tests. Experimental data are expressed as median + IQR.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2024.02.007.
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