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Stem cells in adult mammalian tissues are held in a reversible resting state,
known as quiescence, for prolonged periods of time. Recent studies have
greatly increased our understanding of the epigenetic and transcriptional
landscapes that underlie stem cell quiescence. However, the transcription
factor code that actively maintains the quiescence program remains poorly
defined. Similarly, alternative splicing events affecting transcription factors in
stem cell quiescence have been overlooked. Here we show that the
transcription factor T-cell factor/lymphoid enhancer factor LEF1, a central
player in canonical B-catenin-dependent Wnt signalling, undergoes
alternative splicing and switches isoforms in quiescent neural stem cells. We
found that active B-catenin and its partner LEF1 accumulated in quiescent
hippocampal neural stem and progenitor cell (Q-NSPC) cultures. Accordingly,
Q-NSPCs showed enhanced TCF/LEF1-driven transcription and a basal Wnt
activity that conferred a functional advantage to the cultured cells in a Wnt-
dependent assay. At a mechanistic level, we found a fine regulation of Lefl gene
expression. The coordinate upregulation of Lefl transcription and retention of
alternative spliced exon 6 (E6) led to the accumulation of a full-length protein
isoform (LEF1-FL) that displayed increased stability in the quiescent state.
Prospectively isolated GLAST + cells from the postnatal hippocampus also
underwent E6 retention at the time quiescence is established in vivo.
Interestingly, LEF1 motif was enriched in quiescence-associated enhancers
of genes upregulated in Q-NSPCs and quiescence-related NFIX transcription
factor motifs flanked the LEF1 binding sites. We further show that LEF1 interacts
with NFIX and identify putative LEF1/NFIX targets. Together, our results uncover
an unexpected role for LEF1 in gene regulation in quiescent NSPCs, and
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highlight alternative splicing as a post-transcriptional regulatory mechanism in
the transition from stem cell activation to quiescence.
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Introduction

Tissue homeostasis and repair in a variety of mammalian
organs and tissues relies on the persistence of dedicated somatic
stem cell reservoirs (Mufoz-Canoves and Huch, 2018; van
Velthoven and Rando, 2019). Throughout adulthood, these
resident stem cells are kept predominantly in a reversible
resting state known as quiescence. Recent studies suggest that
quiescence is more than just a passive latency condition
developed to protect stem cells from the drawbacks of
hyperproliferation, such as stem cell depletion and DNA
damage. Despite being metabolically less active than their
proliferating counterparts, at least in some systems, quiescent
stem cells seem to remain in a flexible state that allows them to
respond quickly to changes in their environment (van Velthoven
and Rando, 2019). Such a state requires a fine regulation of gene
expression. Recent research also shows the existence of defined
levels or degrees of quiescence among the adult stem cell
populations. In certain niches or in specific circumstances,
pools of quiescent stem cells have been found in a shallow
quiescent state, primed or ready for re-activation and
differentiation (Llorens-Bobadilla et al., 2015; Rodgers et al.,
2017; Harris et al., 2021; Marqués-Torrejon et al., 2021).

Within the brain, a prominent quiescent neural stem cell
(NSC) reservoir is maintained in the subgranular zone of the
hippocampal dentate gyrus, a region immediately adjacent to a
densely packed layer of glutamatergic granule neurons (Moss
etal., 2016). The development of this stem cell niche ends during
the postnatal period, coinciding with the transition of NSCs from
the proliferative state into the definitive quiescent state several
weeks after birth (Berg et al., 2019; Morales and Mira, 2019).
Thereafter, only a minor fraction of the adult hippocampal NSCs
becomes active and engages in a neurogenic cascade that leads to
the production of new functional granule neurons involved in
learning and memory tasks (Gongalves et al., 2016; Morales and
Mira, 2019).

We previously reported that stem cell quiescence in the
adult hippocampus is maintained by BMP4 signalling acting
downstream of the BMPRI1A receptor expressed by radial glia-
like NSCs (Mira et al., 2010), a finding widely corroborated
thereafter (Martynoga et al., 2013; Knobloch et al., 2017;
Sueda et 2019).
and

al, The equilibrium between NSC

quiescence activation  leading to  productive
neurogenesis depends on the interplay of BMP signalling
and a variety of other local hippocampal niche signals, the

Wnt family being of utmost importance (Lie et al., 2005;
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Michaelidis and Lie, 2008; Varela-Nallar and Inestrosa,
2013; Choe et al., 2015; Armenteros et al., 2018). Two
branches of the Wnt signalling pathway influence adult
neurogenesis progression in the hippocampus. Canonical
signalling affects both the early and the late stages of the
neurogenic progression and dictates proliferation, neuronal
specification, dendritic growth and spine formation (Lie et al.,
2005; Kuwabara et al.,, 2009; Qu et al., 2013; Heppt et al,,
2020), while non-canonical signalling influences maturation
(Schafer et al., 2015; Ortiz-Matamoros and Arias, 2019;
Arredondo et al., 2020). In the canonical pathway, secreted
Wnt ligands bind to a complex of frizzled (FZD) receptors and
co-receptors, phosphorylating Dishevelled that in turn
recruits the beta-catenin (P-catenin) destruction complex
formed by glycogen synthase kinase 3 beta (GSK3B), casein
kinase la (CKla), APC (Adenomatosis Polyposis Coli) and
Axin among other proteins, allowing p-catenin accumulation
2012).
Thereafter, B-catenin binds to T cell factor/Lymphoid

and nuclear translocation (Clevers and Nusse,
enhancer factor 1 (TCF/LEF1) transcription factors in
order to regulate a panoply of Wnt target genes, including
Wnhnt signalling components such as LefI and Axin2 as part of a
series of feedback loops (Hovanes et al., 2001; Lustig et al.,
2002; Clevers et al., 2014).

Interfering with Wnt signaling in the hippocampus
reduces the number of proliferating precursors and the
percentage of the that engage in
differentiation (Lie et al., 2005; Kuwabara et al., 2009; Qu
et al., 2013; Heppt et al., 2020). In vitro, canonical Wnt
signalling enhances proliferation through the binding of -
catenin to TCF/LEF1 sites at the Cyclin D1 promoter while it
promotes neuronal specification and differentiation through

cells neuronal

the binding to the promoter of the proneural transcription
factors Neurogenin 2 and NeuroD1 (Lie et al., 2005; Kuwabara
et al., 2009; Qu et al,, 2013; Heppt et al., 2020). Among all
TCF/LEF factors, LEF1 is key for the proper development of
the hippocampal dentate gyrus (Galceran et al., 2000; Zhou
et al., 2004). Compared to other TCF/LEF1 family members
that are more widely distributed in the brain, early in
development LEF1 is selectively expressed in the dentate
neuroepithelium (Galceran et al., 2000; Zhou et al., 2004),
the germinal source of the dentate granule neurons that is also
the origin of adult hippocampal NSCs (Berg et al., 2019;
Morales and Mira, 2019). Accordingly, LEF1-deficient
embryos specifically fail to generate dentate gyrus granule
neurons and show a severe loss of dentate precursor cells
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(Galceran et al., 2000; Zhou et al., 2004). In contrast to the
well-established of LEFl during embryonic
the potential function of LEFl in the
quiescent NSC reservoir during adulthood remains poorly
explored (Lie et al., 2005; Kuwabara et al., 2009; Qu et al,,
2013; Heppt et al., 2020; Austin et al.,, 2021).

Although great progress has been made in identifying the

roles
development,

temporal sequence of transcription factors that regulates the
activation of adult hippocampal NSCs (Andersen et al., 2014;
Urbén et al., 2016; Blomfield et al., 2019; Li et al., 2022) and the
progression along the neurogenic cascade (Ozen et al., 2007;
Gao et al,, 2009; Haslinger et al., 2009; Roybon et al., 2009;
Hodge et al,, 2012; Matsuda et al,, 2012; Mu et al.,, 2012;
Amador-Arjona et al,, 2015), little is known regarding the
combination or code of transcription factors that actively
maintain the quiescent state. The quiescence programme
downstream of BMP signalling is presumably regulated by
the BMP-dependent canonical SMAD1 (Mira et al, 2010),
REST (Mukherjee et al, 2016) and NFIX transcription
factors (Martynoga et al., 2013) while activation largely
depends on ASCLI proneural transcription factor and its
modulators (Andersen et al., 2014; Urban et al., 2016;
Blomfield et al.,, 2019; Sueda et al., 2019; Li et al., 2022).
Whether other transcription factors play a role in regulating
specific aspects of the physiology of quiescent NSCs, such as
metabolic rewiring or priming, remains to be elucidated.

We herein investigate the molecular program that regulates
quiescence employing adult hippocampal neural stem and
progenitor cells (NSPCs) cultures reversibly arrested by the
quiescence-promoting signal BMP4 in the presence of the
mitogen FGF2 (Mira et al, 2010), a valuable model that
simulates in vitro an induced neural stem cell quiescent state
that has been recently suggested to mimic a primed-like
quiescence (Marqués-Torrejon et al., 2021). We confirm
previous data showing that entry into quiescence involves
major changes in the transcriptional profile of the cultured
cells that evidence a shift in metabolism and the upregulation of
genes related to a variety of signalling pathways, including Wnt
signalling components. This suggests that the quiescent NSPCs
may be predisposed to sense and respond to changes in their
local microenvironment. We demonstrate that quiescent
NSPCs display higher basal levels of active B-catenin and
TCF/LEF transcriptional activity compared to proliferating
NSPCs and respond to canonical Wnt signalling. The
increased TCF/LEF1/B-catenin signalling correlated with the
accumulation of LEF1 at the mRNA and protein level. We also
uncover a differential regulation of LefI E6 alternative splicing
during the transition from proliferation to quiescence that
results in the accumulation of a highly stable LEFI1 full-
length (LEFI1-FL) isoform in quiescent cells. This long
isoform also accumulates in vivo during postnatal
development at the time NSCs settle in the hippocampal
niche as a quiescent reservoir. In addition, we identify active
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enhancers in quiescent NSPCs that are enriched in putative
LEF1 DNA-binding sites, with NFY and NFI motifs in their
flanking sequences, and show that LEF1 is able to physically
interact with NFIX. Finally, our results identify several
candidate LEF1 target genes upregulated in quiescent cells
that warrant further investigation.

Materials and methods
Cell culture

For proliferation, quiescence and differentiation assays we
used rat adult hippocampal Neural Stem and Progenitor Cells
(NSPCs) (Palmer et al., 1997; Mira et al., 2010). For half-life
experiments, cells were incubated with cycloheximide (CHx;
100 mg/ml; Sigma Aldrich) and lysed at different timepoints.
HEK293T were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM, Corning) containing 10% fetal bovine serum (FBS,
Corning), 2mM L-Glutamine (Lonza) and 100 U/mL of
Penicillin-Streptomycin  antibiotic ~ (Lonza) and  were
transfected with plasmids as described in Supplementary
Material. Cells were cultured at 37°C

atmosphere with 5% of CO2.

in a humidified

Microarray and RNAseq

For the transcriptomic analysis employing microarrays,
total RNA was extracted from the NSPCs and ¢cDNA was
synthesized, fragmented, labelled and hybridized to the
GeneChip Rat Gene 1.1 ST microarrays (Affymetrix). Data
was deposited in the gene expression omnibus GEO dataset
(GSE158658). Single-cell RNAseq data from hippocampal
Nestin-GFP NSCs were adapted from Shin et al. (2015) (see
the number of regulated genes per pathway in Figure 6).
Additional information can be found in Supplementary
Material.

RT-PCR and estimation of exon retention

RNA was extracted from Q- and A-NSPCs at 4 DIV. Gene
expression was determined by quantitative PCR (qQPCR) using
TB Green Premix EX Taq (Takara). Data were analysed
according to the 27" method (Livak and Schmittgen, 2001).
Forward and reverse primers for each gene are shown in
Supplementary Material. Sdha was used for normalization.
Efficiency of splicing was calculated by standard RT-PCR.
Products were resolved in agarose gel electrophoresis and gel
images were analysed with Image] Fiji software. Percentage of
exon retention was calculated as described in Supplementary
Material.
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Western blot and immunoprecipitation

Cells were lysed and fractionated by SDS-PAGE. Membranes
were incubated with primary and peroxidase-conjugated
secondary antibodies as described in Supplementary Material.
ECL signals were analysed with Image] Fiji software and
normalised against the intensity of B-actin. For the LEF1-FL
detection with anti-LEF1-E6 and for NFIX-HA and LEF1-GFP
co-immunoprecipitation assays, membranes were imaged by
infrared imaging system with Odyssey” (Li-cor Biosciences)
and were analysed using the Image Studio Lite (Li-cor)
program.  Co-immunoprecipitation

was  performed as

described in Supplementary Material.

Wnt reporter assays

For the 7xTCF-eGFP-SV40-mCherry (p7GC) assay, NSPCs
were transduced with the p7GC lentiviral vector (Addgene
#24304). eGFP gene expression was normalised to mCherry
expression by RT-qPCR. TOPFlash Luciferase assays were
performed in Neuro2A cells as described in Supplementary
Material.

GLAST™ cell isolation

Briefly, hippocampi were dissected from C57BL/6JRccHsd
P3-P21 mice and were dissociated employing the gentleMACS
Octo Dissociator (Miltenyi Biotec). Magnetically labelled
GLAST-positive cells were separated by MACS with Anti-
GLAST (ACSA-1) MicroBead Kit (Miltenyi Biotec) and were
subsequently analysed (see Supplementary Material).

Motif analysis in enhancers

DNA sequences for previously reported NSPC enhancers
(Martynoga et al., 2013; Knobloch et al., 2017; Sueda et al., 2019)
were retrieved from the masked version of the Mus musculus
MGSCv37 (mm9) genome assembly. Raw count matrices for
LEF, SOX2, NFIX, ASCLI, and ASCL2 were downloaded from
the JASPAR database and transformed into position weight
matrices (PWMs). PWMs were aligned to masked sequences
using the match PWM function from the Biostrings package.
Only the maximally scoring motif was considered. To test for
preferential LEF motif localization, we used the CentriMo tool of
the MEME suite using default parameters. Motifs enriched in the
vicinity of LEF putative binding sites were retrieved with the
DREME tool of the MEME suite. Enriched motifs were then fed
to the TOMTOM program in order to find matches with known
PWMs (see Supplementary Material for additional details and
references).
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To analyse LEF Motif presence in genes differentially
regulated in quiescent vs. proliferative cells, we used RNA-seq
and ChIP-seq data from (Martynoga et al., 2013). We considered
that genes were up or down regulated if they had a p-value < 0.01.
Gene-enhancer associations were taken from (Martynoga et al,
2013). Briefly, by crossing these data with our previous motif
search, we built a 3 x 2 contingency matrix with upregulated,
downregulated and not differentially regulated genes vs. presence
and absence of LEF motif and applied a Chi-squared test (see
Supplementary Material for additional details).

Statistical analysis

For the statistical analysis, all data were analyzed with PRISM
(GraphPad 8). The Shapiro-Wilk test was used to test for the
normal distribution of data. When data were normally
distributed, then the two-tailed unpaired or paired Student’s
t test or one/two-way ANOVA was used. For data presented as a
fold increase, the One-sample ¢ test was employed. When data
were not normally distributed, then the Mann-Whitney test was
SEM or median +

interquartile range for normally and non-normally distributed

used. Data are presented as mean =+

data, respectively. p-values less than 0.05 were considered as
significant (*p < 0.05, **p < 0.01, ***p < 0.001).

Results

Molecular signature and niche signal
integration capacity of quiescent adult
hippocampal neural stem and progenitor
cells

To model quiescence of adult hippocampal neural stem and
progenitor cells (NSPCs) in vitro, we employed a previously
described method (Mira et al., 2010; Sun et al., 2011). Briefly, we
expanded the cells in culture as proliferating neurospheres in the
presence of mitogenic stimulation (fibroblast growth factor 2,
FGF2) and then supplemented the growth medium with
BMP4 to efficiently induce the quiescent state (Figure 1A).
We followed the dynamics of cell cycle exit by staining for the
cell cycle marker Ki67 and confirmed that BMP4-treated cells
progressively stopped dividing and entered quiescence (Gy). At
4 days in vitro (DIV), we found a significant reduction in the
percentage of Ki67* cells (Figures 1A,B) and in the average size of
the neurospheres (Supplementary Figure S1A,B). The cell cycle
arrest was reversible, since adding the BMP antagonist Noggin to
the medium allowed the NSPCs to re-enter the cell cycle and
resume proliferation (Figures 1A,B). Similar results were
observed when the proliferative activity of the cells was
tracked through the incorporation of the thymidine analogue
BrdU (Supplementary Figure S1D). Moreover, quiescent cells
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(A) Upper panel, in vitro experimental setup employed to induce the entrance and exit from quiescence of adult hippocampal neural stem and

progenitor cells (NSPCs) grown as neurospheres, using FGF2+BMP4 and FGF2+Noggin, respectively. Lower panel, representative confocal images
of active and quiescent NSPC neurospheres stained with BrdU and Ki67 markers. Quiescent NSPCs showed a reduction in the expression of both
markers. (B) Quantification of the percentage of Ki67* cells in active (A) and quiescent (Q) NSPCs and in quiescent NSPCs treated with Noggin to

induce again activation (A*) (n > 3, two-way ANOVA time p-value = 0.6 and treatment p < 0.01). **A-NSPC vs. Q-NSPC (4DIV), ## A*-NSPC (4DIV) vs.
Q-NSPC (4DIV) (p-values in multiple t-test: <0.01 and <0.01, respectively). (C) Hierarchical clustering analysis of the genome-wide microarray data
from Q-NSPC and A-NSPC (n = 3). (D) Gene ontology (GO) analysis using DAVID of the upregulated genes in A-NSPC and Q-NSPC (FDR <5%). Genes
were classified by the category of biological processes. The number of genes involved in each process are shown between brackets. DIV, days
in vitro. Data are presented as Mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001. Scale in B: 50 pm. Flasks in (A) were retrieved from BioRender.com.

remained undifferentiated and maintained the expression of
NSPCs markers such as Sox2 (Supplementary Figure SIC) as
previously reported (Mira et al., 2010; Martynoga et al.,, 2013).

We next exploited this in vitro system to elucidate the
molecular program underlying the quiescent state of adult
hippocampal NSPCs. Global transcriptome analysis employing
genome-wide microarrays was performed on quiescent cells (“Q-
NSPCs”, 4DIV FGF2+BMP4 treated neurospheres) and on
actively proliferating cells (“A-NSPCs”, 4DIV FGF2 treated
of the
microarray data showed that Q-NSPC cultures clustered

neurospheres.) Hierarchical clustering analysis
together and separately from A-NSPC cultures (Figure 1C),
indicating that their transcriptional profile is clearly
distinguishable. The Q- and A-NSPC samples were also
segregated on the principal component analysis plot (PCA,
Supplementary Figure S1E).

We found that 1,314 genes were significantly upregulated in
quiescent NSPCs compared to active NSPCs while 1,023 genes
were downregulated (p < 0.05; Supplementary Table SI; the
Volcano Plot obtained for the working list is shown in
Supplementary Figure S1F). Gene ontology (GO) analysis
using DAVID (Database for Annotation, Visualization, and
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Integrated Discovery; http://david.abce.nciferf.gov)  showed
that mRNAs upregulated in Q-NSPCs were mostly involved

in developmental cell decisions (GO terms such as “nervous

system  development,” “cell ~morphogenesis,”  “pattern
specification process,” and “neuron differentiation”) and
cellular signalling (GO terms: “intracellular signalling

cascade,” “protein kinase cascade,” and “enzyme linked
receptor protein signalling pathway”) (Figure 1D). In addition,
pathway analysis with KEGG (Kyoto Encyclopedia of Genes and
Genomes) revealed a shift in metabolism, i.e., genes related to
fatty acid and protein degradation were enriched in Q-NSPCs
(KEGG terms: “fatty acid metabolism,” “ubiquitin mediated
proteolysis,” “lysosome”; Supplementary Table S2). Notably,
the molecular signature of quiescent adult hippocampal
NSPCs in culture closely resembled that of their in vivo
counterparts, as reported in single-cell RNAseq studies (Shin
et al,, 2015) and was also similar to the signature of quiescent
NSCs derived from ES cells treated with BMP4 (Martynoga et al.,
2013). Conversely, upregulated gene categories in actively
proliferating NSPCs were associated with ribosome biogenesis

» <«

(e.g., GO terms: “structural constituent of ribosome,” “ribosome

biogenesis”), cell cycle (“DNA replication”), RNA metabolism
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FIGURE 2

(A) Signalling pathways enriched in Q-NSPC using genome-wide microarray data and Single-cell RNAseq data from hippocampal Nestin-GFP
NSCs (Shin et al., 2015). The X axis refers to the number of upregulated genes in each pathway. The Lefl annotation indicates that Lef1 is present
among the Wnt pathway genes upregulated in quiescent NSPCs. (B) Heatmap illustrating the expression of Wnt signalling pathway genes obtained
from the microarray transcriptomic data in A-NSPC and Q-NSPC. Blue and red color intensities indicate down and upregulated genes,
respectively. Columns represent samples from independent experiments. (C) Quantitative RT-PCR validation in independent samples of Wnt
pathway genes selected from the microarray transcriptomic data (Lefl (n = 8, p < 0.01), Fzd8 (n = 5, p < 0.05), Gsk3b (n = 4, p < 0.01, t-test). (D) Upper
panel, Schematic description of the lentiviral 7xTCF/LEF1-eGFP/SV40-mCherry reporter. Lower panel, fold increase in eGFP/mCherry relative RNA
levels in transfected A- and Q-NSPCs as determined by RT-gPCR (n = 4, Mann Whitney U-Test, p < 0.05. (E) Active p-catenin protein level analyzed
by Western blot in A- and Q-NSPCs. p-actin was used as loading control (2.9-fold increase, n = 4, t-test, p < 0.05. (F) Confocal images showing the
Tujl+ neurons generated after 4DIV of treatment of A- and Q-NSPCs with 1.5 uM CHIR99021 (abbreviated as CHIR) compared to control conditions.
(G) Quantification of the percentage of neurons (Tujl+) generated in A- and Q-NSPCs cultures upon 4 days in vitro (4DIV) differentiation at
increasing CHIR doses (n > 4, p-values determined by one-way ANOVA referred to control untreated cells A-NSPCs p < 0.01, Q-NSPCs p < 0.01) or
two-way ANOVA (cell type p < 0.0001 and treatment p < 0.001). The %Tujl+ cells in A- and Q-NSPCs cultures prior to the differentiation protocol
(ODIV) is shown as a reference. (H) Lefl and /dI mRNA induction kinetics as analyzed by RT-gqPCR upon exposure to FGF2+BMP4 (quiescence
induction; Mean + SEM values from A-NSPC (n = 3) Q-NSPC (n = 4) and five independent kinetics, one-way ANOVA (Lefl 48, 72, 96 h p-values
0.01, <0.01, <0.05 respectively; Id1 12 h p < 0.01). (I) LEF1 protein levels detected by Western blot in A- and Q-NSPCs (extracts from three
independent experiments are shown). Two LEF1 bands were observed. (J) Quantification of the relative accumulation of total LEF1 (n = 7, t-test p <
0.05, LEF1 upper band (n = 4, t-test p < 0.01) and LEF1 lower band in Q-NSPCs vs. A-NSPCs. B-actin was used as loading control. Data are presented
as Mean + SEM, except in D, where data are presented as Median + interquartile range. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 Scale in F:
25 pm.
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(“rRNA  metabolic process,” “RNA binding”)
metabolism

and lipid
(“lipid  biosynthetic ~ process,”  “cholesterol
biosynthetic process”) (Figure 1D). Gene categories related to
these same processes were also enriched in A-NSPCs according
to KEGG (KEGG terms: “ribosome,” “cell cycle,” “spliceosome”;
Supplementary Table S2).

To further obtain biological insight into the transcriptomic
data, we next focused on the signalling pathway categories
provided by KEGG. The analysis revealed an enrichment in
MAPK, Wnt, Neurotrophin, PPAR and Insulin pathways in
adult
hippocampal NSCs in vivo, based on a previously published
single-cell RN Aseq analysis (Shin et al., 2015) (Figure 2A). Each

pathway entity contained key genes encoding receptors, ligands

quiescent NSPCs that was shared by quiescent

and/or downstream signalling mediators. Of note, many of the
aforementioned pathways play relevant roles during adult
neurogenesis. This has led to propose that quiescent stem cells
in the hippocampal dentate gyrus are primed or predisposed to
respond to changes in their local microenvironment, possibly
displaying an enhanced niche signal integration capacity, and
that, once activated, the stem cells shunt their capacity to respond
to external regulation (Shin et al, 2015). To explore putative
differences in signal transduction between quiescent and active
NSPCs, we next focused on the Wnt signalling pathway, a
paradigmatic pathway in the regulation of adult hippocampal
neurogenesis that specifies the neuronal fate of the hippocampal
stem cell progeny (Lie et al., 2005; Kuwabara et al., 2009; Qu et al.,
2013; Heppt et al., 2020; Austin et al., 2021).

Enhanced Wnt signalling and Lef1
induction in quiescent adult hippocampal
NSPCs

Several components of the canonical Wnt signalling pathway
were significantly induced in the quiescent NSPCs, including
ligands (Wnt10a), receptors (Fzd8), downstream mediators of
the canonical pathway (Gsk3b, Apc) and most importantly, the
transcriptional activator LefI and the bona fide TCF/LEF1 target
gene Axin2, suggesting that Q-NSPCs are endowed with a basal
induction of canonical Wnt signalling (Figure 2B, microarray
transcriptomic data; Figure 2C; validation in independent
samples by RT-qPCR). Indeed, when Q- and A-NSPCs were
transduced with a lentiviral vector carrying the 7xTCF/LEF1-
eGFP, a reporter for TCF/LEF1 activity, followed by an SV40-
mCherry reference cassette (Fuerer and Nusse, 2010), we found
that TCF/LEF1-driven transcription was significantly enhanced
in the quiescent state compared to actively proliferating cells (>2-
fold increase, Figure 2D, p < 0.05; Supplementary Figure S1G).
We next assessed if this moderate raise in baseline TCF/
LEF1 activity correlated with an increase in non-phospho
(active) P-catenin, employing an antibody designed to
specifically recognize the stabilized form of (-catenin (not
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phosphorylated at the conserved Ser”, Ser”’, and Thr*
residues by GSK3B) that is functionally active in the canonical
Wnt pathway. Accordingly, we found that active B-catenin
accumulated in Q-NSPCs compared to A-NSPCs (Figure 2E
and Supplementary Figure S2, p < 0.05).

We then explored whether this basal TCF/LEF1 activity and
active PB-catenin accumulation rendered the quiescent NSPCs
more responsive to the canonical Wnt pathway. To this end, we
employed a previously reported assay that is sensitive to Wnt
signalling (Lie et al., 2005; Michaelidis and Lie, 2008; Varela-
Nallar and Inestrosa, 2013; Choe et al., 2015; Armenteros et al.,
2018). We exposed Q- and A-NSPCs to increasing doses of the
GSK3B inhibitor CHIR99021, that functions as a canonical Wnt
activator, and we differentiated the cells for 4 DIVs in the absence
of mitogenic stimulation to follow neuronal production as a
of enhanced Wnt 2F,G).
Immunocytochemistry upon

readout signalling  (Figures
that,

differentiation, Q-NSPCs generated significantly more TuJ1*

analysis  showed
cells than A-NSPCs in culture even in the absence of
CHIR99021. Both Q- and A-NSPCs responded in a dose-
dependent manner to CHIR99021 stimulation, producing
significantly more TuJ1* than untreated NSPCs
(Figure 2G). In accordance to this, active [-catenin
accumulated in A- and Q-NSPCs upon CHIR99021 exposure
(Supplementary Figure S3A,B). Statistical analysis by 2-way
ANOVA revealed that both the factor “treatment” (CHIR)
and the factor “cellular state” (Q/A) had a significant effect
(Faos = 1325, p < 0.001 and F ,; = 59.78, p < 0.0001,
respectively) although the “treatment-state” interaction was
0.2772). Thus, the data imply that
Q-NSPCs have an increased Wnt signalling activity in basal

cells

not significant (p =

conditions and upon stimulation of the pathway employing the
GSK3B inhibitor CHIR99021. Of note, the increased baseline
generation of TuJ1+ cells by the Q-NSPCs was surprising since in
vivo, in the adult hippocampal neurogenic lineage, quiescent
NSCs need to become active and express proneural genes such as
Ascll prior to their differentiation. Thus, the enhanced neuronal
production by Q-NSPCs when cultures are switched to
differentiation conditions may be related to the in vitro set-
up. Further investigation is required to clarify whether and how
neuronal commitment of cultured Q-NSPCs is increased at a
mechanistic level.

We next turned our attention to the transcription factor
LEF1, given its pivotal role in the transactivation of Wnt/p-
catenin responsive genes, its prominent function in the
development of the dentate gyrus (Galceran et al., 2000; Zhou
et al, 2004) and its overexpression at the mRNA level in
quiescent adult hippocampal NSCs in vitro and in vivo
(Figure 2A). We first examined the Lefl induction kinetics
during the entry of the NSPCs into quiescence by RT-qPCR
(Figure 2H). Compared to the BMP target gene IdI, that was
transiently induced very early after the exposure of the cells to
BMP4, Lefl gene expression progressively increased coinciding
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FIGURE 3
(A) LEF1 protein domains showing the location of the residues affected by the E6 alternative splicing within the context-dependent regulatory
domain (CRD). (B) Representative example of the Lefl RT-PCR employing primer pairs flanking E6 and cDNA from A- and Q-NSPCs. The PCR
products corresponding to Lefl-FL and Lef1-AE6 were resolved by agarose gel electrophoresis. (C) Percentage of Lefl E6 retention in Q-NSPCs vs.
A-NSPCs (n = 3, t-test, p < 0.05) (D) Validation of Lefl mRNA expression by RT-qPCR employing E6 internal primer sets (>8-fold increase in Q-
NSPCs vs. A-NSPCs, t-test, p < 0.01). (E) Relative Celf2 expression in Q-NSPCs vs. A-NSPCs by RT-qPCR (n = 4, t-test, p < 0.05. (F) Right, Western Blot
of A- and Q-NSPCs showing LEF1-FL by using an antibody raised against a conserved epitope mapping the CRD residues encoded by E6. Left,
quantification of LEF1-FL levels normalized to p-actin (n = 3, one sample t-test, p < 0.05). (G) LEF1 protein stability assays in A- and Q-NSPCs. Cells
were treated with cycloheximide (CHX) and the stability of the upper and lower band was measured by Western blot. f-actin was used as loading
control. (H) Percentage of LEF1-FL or LEF1-AEG6 in the protein stability assays performed in A- and Q-NSPCs. Note the enhanced stability of LEF1-FL
in quiescence (n = 4). t (h), hours upon CHX addition. (I) Relative 7xTCF reporter luciferase activity (fold increase) in Neuro2A cells overexpressing
EGFP, LEF1-FL or LEF1-AE6 with or without a aconstitutive active (CA) p-catenin (n = 2). (J) Diagram illustrating the isolation of GLAST+ cells from the
hippocampus of wild type mice at postnatal day 3 (P3) and 21 (P21). (K) Left panel, representative confocal images showing the Ki67+ GLAST+ cells
from postnatal P3 and P21 oldmice. Right panel, quantification of the percentage of Ki67 in P3 and P21 GLAST+ cells (n > 5, Mann Whitney U-Test, p <
(Continued)
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FIGURE 3| 0.01). (L) Agarose gel electrophoresis showing the RT-PCR products of Lefl-FL and Lefl-AE6 from P3 and P21 GLAST+ cells. (M)
Percentage of Lefl E6 retention in P3 and P21 GLAST+ cells (n = 3, t-test, p < 0.01). Data are presented as Mean + SEM, except in K, where data are
presented as Median + interquartile range. *p < 0.05; **p < 0.01; ***p < 0.001. Diagram in (I) was created with BioRender.com.

in time with the entry of the NSPCs into the G, quiescent state in
our cell culture system. We then confirmed by Western blot that
the upregulation of Lefl transcription was paralleled by the
accumulation of LEF1 at the protein level (Figures 2L]J). Two
LEFI1 protein bands that differed in about 4 kDa were detected
S3C and 4).
Accumulation of the upper one accounted for the increase in
total LEF1 protein in Q-NSPCs (Figures 21,J) and seemed
unrelated

(Figures 2I,J and Supplementary Figure

to protein modifications by phosphorylation
(Supplementary Figure S3E,F). These results pointed to an
additional layer of regulation in Lefl expression through

differential post-transcriptional events.

Lef1 alternative splicing and enhanced
LEF1 stability in quiescent adult
hippocampal NSPCs

LEF1 is a multidomain protein composed of a N-terminal
domain that binds to p-catenin, a context-dependent regulatory
domain (CRD) that interacts with both transcriptional repressors
and activators, a High Mobility Group (HMG) DNA-binding
domain that recognizes the Wnt Response Element motif (WRE:
5'-CTTTGWW-3'),
C-terminal domain (Figure 3A). Splicing events in the Lefl

a nuclear localisation signal and a

gene leading to rearrangements in LEF1 protein domains have
been previously reported (Arce et al., 2006; Mallory et al., 2011;
Nagalski et al., 2013). Given “spliceosome” was among the gene
categories enriched in A-NSPCs, we set out to investigate
whether alternative splicing could account for the differences
in the LEF1 protein profile observed by Western blot. Lefl
mRNA splicing in Q- and A-NSPCs was initially explored
through RT-PCR analysis of all the Lefl exons employing
primer pairs flanking each exon. This revealed a skipping of
E6 affecting a portion of the CRD in NSPC cultures (Figure 3B
and Supplementary Figure S5). The identity of the spliced
amplicon was corroborated through purification and
sequencing (Supplementary Figure 5A,B). No alternative
splicing events were observed for other Lefl exons
(Supplementary Figure S5C). We found that Lefl mRNA in
Q-NSPCs showed a significant increase in E6 inclusion (%
E6 retention: 61 + 5%) compared to A-NSPCs (%
E6 retention: 41 + 1%; p < 0.05, Figure 3C) that was further
confirmed by RT-qPCR employing E6 internal primer sets (8-
fold increase; p < 0.01, Figure 3D). Together, this indicates that
Q-NSPCs are enriched in a Lefl-Full Length mRNA isoform

(LefI-FL) compared to A-NSPCs. Variable inclusion of Lefl
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E6 has been previously studied in thymocytes. In a human
T-cell line, it has been reported that E6 inclusion in response
to activation signals is required for the optimal induction of
LEF1 target genes and that E6 retention depends on the
expression and binding of CELF2 protein to sequences
flanking E6 (Arce et al, 2006; Mallory et al., 2011; Nagalski
et al, 2013). Therefore, we evaluated Celf2 expression in the
NSPC cultures by RT-qPCR (Figure 3E). We found a significant
raise Celf2 transcript abundance in Q-NSPCs.

We next corroborated the accumulation of LEFI-FL in
Q-NSPCs at the protein level using an antibody raised against
a conserved epitope mapping the CRD residues encoded by E6
(Figure 3F and Supplementary Figure S5D). We also compared
the stability of the two LEF1 protein isoforms in quiescent and
actively dividing NSPCs. Half-life (t;,) assays employing
cycloheximide to block translation demonstrated an enhanced
stability of the LEF1 larger form in the quiescent state, favouring
its accumulation, while both isoforms showed similar stability in
the active state (Figures 3G,H, A-NSPCs: LEF1-FL t;,, = 1.9h
and LEF1-AE6 t,, = 2.0 h; Q-NSPCs: LEF1-FL t,,, = 3.3 h and
LEF1-AE6 ty,, = 2.4 h; p < 0.01; see also Supplementary Figure
S6). Finally, we compared the transactivation capacity of the two
LEF1 protein isoforms employing the 7xTCF-luciferase Optimal
Promoter (TOPflash) reporter assays. When LEF1-FL or LEF1-
AEG6 were overexpressed in Neuro2A together with a constitutive
active form of its Wnt signalling partner B-catenin (CA-f-cat),
both isoforms acted as transcriptional activators and performed
equally in terms of eliciting the canonical Wnt signalling pathway
(Figure 3I).

Next, we explored if E6 retention was also regulated in vivo
at the time hippocampal NSCs enter the quiescent sate.
Recently, it has been demonstrated that during postnatal
development, proliferation of NSCs in the hippocampal
dentate gyrus peaks at postnatal (P) day P3. This is
followed by a transition of the cells into a radial glia-like
quiescent state occurring around the second postnatal week
(Berg et al., 2019). Astroglia and hippocampal radial glia-like
neural stem cells express the glutamate/aspartate transporter
(GLAST) (DeCarolis et al., 2013). Thus, we prospectively
isolated GLAST* cells from the hippocampus of P3 and
P21 3.
analysis of the isolated cells with the cell cycle marker
Ki67 confirmed that hippocampal GLAST* cells were
cycling at P3 and abandoned the cell cycle at P21
(Figure 3K, p < 0.01). We then investigated the alternative
splicing of Lef1 E6 in the P3 and P21 GLAST™ cell populations
by RT-PCR (Figure 3L). Two Lefl mRNA isoforms (LefI-FL

days-old mice (Figure Immunocytochemistry
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(A) Venn diagram showing the distribution of the NSPC enhancers identified in quiescent (Q), active (A) and both (PAN) NSPCs by ChIP-seq in
Martynoga et al. (2013) that were analyzed for LEF1 motif enrichment. (B) Position weight matrix for the LEF1 motifs enriched in NSPC enhancers. (C)
Enrichment of the NFIX, SOX2 and LEF1 motifs in A-NSPC, Q-NSPC and PAN enhancer groups. (D) Transcription factor binding motifs significantly
enriched in sequences flanking the LEF1 motifs of Q-NSPC enhancers, as analyzed by DREME de novo motif discovery. (E) Co-
immunoprecipitation (Co-IP) and Western blot analysis of the HA-tagged NFIX and GFP-tagged LEF1-FL expressed in HEK293 cells, showing the
NFIX/LEF1 interaction. A representative experiment is shown. The Co-IP was repeated in n = 7 independent experiments. (F) Venn diagram showing
the number of upregulated genes in Q-NSPCs with LEF1 motifs in their closest enhancer according to the Martynoga et al. (2013) RNAseq data and
the genome-wide microarray transcriptomic data from the current study. (G) Heatmap illustrating the overexpression in Q-NSPCs of the 16 genes
that showed LEF1 motifs in their closest enhancer exclusively in the quiescent state. (H) Validation in independent samples of a selection of genes
from the listin G by RT-gPCR (fold increase in Q-NSPCs vs. A-NSPCs) for Lparl (n = 8, p < 0.05), Acox1 (n = 10, p < 0.05), Abccl (n = 4, p < 0.01), Trim2
(n = 4, p < 0.01) determined by t-test. Data are presented as Mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001.

and LefI1-AE6) were detected in the isolated cells, similar to the
NSPC cultures. Besides, GLAST* P21 cells exhibited a
significant increase in E6 inclusion (% E6 retention: 86 +
1%) relative to GLAST" P3 cells (% E6 retention: 50 + 5%; p <
0.01, Figure 3M), suggesting a preponderance of the LefI-FL
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mRNA isoform upon the entry of postnatal GLAST"
hippocampal cells into the quiescent state in vivo. Since the
transition of the proliferative radial glia-like GLAST" cells to
quiescence takes place concomitantly with astrogliogenesis in
the postnatal hippocampus, we cannot exclude that the change
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in isoform may reflect a change in the number or maturation
of the GLAST™ astrocytes at P21 vs. P3.

In summary, the alternative E6 splicing in NSPCs gives rise to
two mRNA species, differing in 84 nucleotides, and is markedly
regulated in the transition from proliferation to quiescence. The
mRNA including E6 preferentially accumulates in quiescent
NSPCs and encodes a full-length protein isoform (LEFI1-FL)
that is more stable. The mRNA lacking E6 codes for a shorter
LEF1 isoform lacking part of the CRD domain codified by E6
(28 aa; LEF1-AE6) and is expressed similarly in both actively
proliferating and quiescent NSPCs. Both isoforms activate
canonical Wnt signaling reporters.

LEF1 binding motifs enriched in NSPC
enhancers and putative LEF1 targets in
quiescent NSPCs

We set out to explore the enrichment in LEF1 binding motifs
in the enhancers of the NSPCs. We took advantage of a
previously generated dataset that the
acetlytransferase p300 and the histone modification H3K27ac
in the NSPC genome through chromatin immunoprecipitation

located histone

coupled to DNA sequencing (ChIP-seq data from Martynoga
et al,, 2013). In this dataset, active enhancers were identified in
BMP4-induced quiescent and actively proliferating NSPCs
(NS5 cells (Conti et al, 2005)). Among them, 9,157 were
quiescence-specific (Q), 3,098 were active-specific (A) and
3,991 were pan-NSPC enhancers that were equally present in
both conditions (PAN) (Figure 4A).

We searched this enhancer dataset for LEF1 motifs retrieved
from public collections and analysed their enrichment in the
NSPC enhancer regions versus flanking sequences, as well as
between the different Q, A and PAN enhancer groups. We found
that the 5'-CTTTGT-3' LEF1 motif, and to a lesser extent the 5’-
CTTTGA-3' motif, was over-represented in enhancer vs.
flanking sequences in the three NSPC enhancer groups
(bootstrap p-value < 0.05). However, there was no clear
evidence for a preferential enrichment of the LEF1 motif in
any of the Q, A and PAN categories (Figures 4B,C). No apparent
bias at any motif position was found in the Q, A and PAN
enhancers. Similarly, the motif bound by SOX2 [5'-CC(TA)
TTGT(TGC)-3'], a transcription factor that primes the
epigenetic landscape in neural precursors to enable adequate
gene activation during hippocampal neurogenesis (Amador-
Arjona et al.,, 2015), was enriched in all the NSPC enhancers
although it was mildly over-represented in the A and PAN
enhancer groups (Figure 4C). In line with the previous
enhancer analysis (Martynoga et al., 2013), some other motifs
were over-represented in particular enhancer groups compared
to other (bootstrap p-value < 0.05). Specifically, NFIX motif
(consensus sequence 5'-TTGGCA-3') was enriched in quiescent-
specific enhancers compared to active-specific enhancers
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(Figure 4C), whereas both ASCL1 (5-GCAGCTG-3') and
ASCL2 (5'-CAGCTGC-3') motifs showed the opposite pattern
and were enriched preferentially in A enhancers (Supplementary
Figure S7).

We further explored all three categories of NSPC enhancers
employing DREME de novo motif discovery (Bailey, 2011) to
search the flanking sequences of the 5-CTTTGT-3' LEF1 motif
(15bp, (+) strand always). DREME output was used as input to
the TOMTOM tool (Gupta et al., 2007). We found significant
enrichment for predicted binding sites for the transcription
factors NFYA, NFYB, NFIA, and NFIX in the LEF1 flanking
sequences of the Q versus A enhancers and in both of them
versus background sequences (p < 0.01) (Figure 4D). In
summary, the genomic regions with epigenetic characteristics
of active enhancers in both quiescent and actively dividing
NSPCs are enriched in LEF1 transcription factor DNA-
binding motifs. In enhancers that are specifically active in the
quiescent state, the LEF1 flanking sequences are enriched in
putative NFY and NFI motifs. Thus, LEF1 could be potentially
interacting with NFY and NFI transcription factors in the
quiescence-specific enhancers to regulate nearby genes.
Indeed, when transfected into HEK293T cells, NFIX-HA and
LEF1-FL-GFP co-immunoprecipitated, indicating that NFIX and
LEF1 can establish protein-protein interactions (Figure 4E and
Supplementary Figure S8). NFIX-HA was also able to co-
immunoprecipitate with LEF1-AE6 (Supplementary Figure
S7B,C), suggesting that the interaction does not necessarily
require the CRD region encoded by E6.

We next evaluated the relationship between the changes in
gene expression and the presence of the TCF/LEF1 motif in the
closest enhancer. Using the RNA-seq and ChIP-seq data from the
Martynoga et al. study, we tested whether genes with at least one
enhancer that has a LEF1 motif are more likely to be differentially
regulated. Out of the genes putatively regulated by quiescence
enhancers that were overexpressed in quiescence in the
Martynoga et al. study, 62.5% had a LEF1 motif (Jaspar ID
PF0013.1; 406 genes, Supplementary Table S3). This enrichment,
although modest, was significant (p = 8 x 107>, Chi-squared test).
The same comparison with genes that were putatively regulated
by A-specific or PAN enhancers was not significant (p > 0.05,
Chi-squared test). Among these 406 upregulated genes, we
encountered genes expressed by hippocampal dentate gyrus
precursors throughout embryonic and postnatal development
(Hopx) (Berg et al., 2019), as well as genes enriched in quiescent
adult radial-glia like NSCs (Id4) (Blomfield et al., 2019; Zhang
et al, 2019). Out of the 406 genes, 126 showed the LEF1 motif
exclusively in the Q enhancers (this is, they lacked the motif in the
PAN and A enhancers, Supplementary Table S3; note that
115 out of the 126 genes had both LEF1 and NFIX motifs at
one or more Q-specific enhancers). Functional enrichment with
Gene ontology (GO) of the 126 genes is provided in
Supplementary Figure S9. Moreover, out of the 406 genes,
62 were significantly overexpressed as well in our study
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(Figure 4F, Supplementary Table S3). We focused on 16 of these
common upregulated genes that showed a LEF1 motif exclusively
in the quiescence enhancer list (Figure 4G, Supplementary Table
S3). We further validated the upregulation of a selection of these
genes by RT-qPCR in independent samples (Figure 4H),
including Lparl, an important cell surface marker expressed
by hippocampal NSPCs in vivo that allows their prospective
isolation (Walker et al., 2016). We confirmed that LparI gene had
both LEF1 and NFIX motifs in its putative Q-specific enhancer
(Martynoga et al., 2013).

Discussion

To better understand adult neural stem cell behaviour at a
more refined molecular level, we have investigated the
transcriptome of quiescent versus active adult hippocampal
neural NSPCs. Notably, the gene expression profile of
quiescent NSPCs in culture closely resembled that of their in
vivo counterparts, as reported by single-cell RNAseq of Nestin-
GFP animals (Shin et al., 2015). Previous transcriptomic studies
of quiescent NSPCs dealt with metabolic, cell adhesion and
proteostatic changes (Llorens-Bobadilla et al., 2015; Shin et al,,
2015; Leeman et al., 2018; Morizur et al., 2018). Instead, our study
focused on the enrichment in signalling pathway components
and aimed to provide functional evidence for the putative
priming of the adult quiescent stem cells. It has been
previously proposed that quiescent radial glia-like NSCs in the
hippocampal dentate gyrus are better equipped to respond to
changes in their local microenvironment. The Shin et al. dataset,
for instance, revealed high expression of several signalling
pathway-related genes in quiescent hippocampal NSCs and
their downregulation during the initial stages of adult
hippocampal neurogenesis, including the Wnt pathway and
the Lefl gene (Shin et al, 2015). LEF1 lies at the core of the
canonical Wnt pathway and is considered as a landmark
transcription factor expressed by the hippocampal DG NSCs
throughout development and during adult stages (Choe et al.,
2013). Thus, we chose to focus on Wnt and LEF1, and we
designed a series of experiments to explore whether quiescent
NSPCs in vitro are predisposed respond to this signalling
pathway.

We herein demonstrate that adult hippocampal quiescent
NSPCs cultured in vitro overexpress Wnt related genes compared
to proliferating NSPCs. In our experimental set-up, we employed
FGF2 to expand rat NSPC neurosphere cultures and treated them
with BMP4 to induce quiescence. In other studies, adherent adult
hippocampal mouse NSPC cultures supplemented with both
EGF and FGF2 have been employed to support NSPC
proliferation and BMP4 has been used to promote quiescence.
Wht related genes are also overexpressed in the latter murine set-
up; for instance, in the study by Austin et al. (2021), using the
published bulk RNA-sequencing dataset from Blomfield et al.
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(2019) it has been reported that quiescent adherent mouse
NSPCs upregulate the expression of Wnt receptors, transducer
molecules including B-catenin and Wnt ligands. This gene
expression profile largely recapitulates both the in vitro results
of the current study and the expression of Wnt pathway
components observed in quiescent and active NSCs in mice in
vivo (Shin et al., 2015; see Figure 2A). In addition, in the current
study we most importantly show that quiescent NSPCs are
endowed with a basal induction of canonical Wnt signalling.
This was measured employing TCF/LEF1 activity reporter assays
and was corroborated through the accumulation of the active
(non-phosphorylated) form of B-catenin. We provide further
insight by showing that despite the increase in basal Wnt
signalling, Q-NSPCs do not display a greater response to
increasing GSK3B inhibition compared to A-NSPCs. The
accumulation of activated [-catenin over time seems to
plateau at the same level upon GSK3B inhibition, although
the rise seems perhaps slightly faster in quiescent cells. Our
data thus indicate that the Wnt signalling machinery is working
similarly in Q- and A-NSPCs, although starting from a higher
baseline in the quiescent state. We thus partly corroborate recent
findings showing state-specific responses of quiescent and active
neural stem cells to Wnt/B-catenin signalling (Austin et al.,
2021). Since the Wnt signalling pathway cooperates with
many other pathways, including Notch and BMP (Itasaki and
Hoppler, 2010; Mufioz Descalzo and Martinez Arias, 2012;
Armenteros et al., 2018), basal differences in Wnt activity may
in turn impact in the way quiescent and active stem cells integrate
other cues emanating from the niche.

Interestingly, at a mechanistic level, our results differ from a
study addressing the regulation of Wnt signalling in other
quiescent adult stem cell populations such as muscle stem
cells (MuSCs) (Aloysius et al., 2018). It has been reported that
TCF/LEF1-mediated transcription is upregulated in quiescent
myoblasts and supressed upon their reactivation (Subramaniam
et al., 2014); however, the TCF/LEF1 signalling in the quiescent
myoblasts is independent of -catenin and instead relies on the
transcriptional co-activator SMAD3, a downstream effector of
the TGFP pathway. This indicates that in quiescent myoblasts
LEF1 swaps partners from P-catenin to SMAD3 in order to
regulate TCF/LEF1 target genes, a phenomenon that also takes
place in vivo when postnatal MuSCs transition from proliferation
to quiescence. In contrast, we have found that the levels of active
non-phosphorylated p-catenin are increased in quiescent NSPCs
(while they are reduced in quiescent myoblasts/MuSCs). Thus,
contrary to quiescent stem cells in the muscle, the TCF/
LEF1 signalling that characterises the quiescent state of adult
stem cells in the neural lineage seems to be Wnt- and p-catenin
dependent, at least in vitro.

The activity of canonical Wnt signalling in the adult
hippocampal NSC niche has been previously analysed in vivo
taking advantage of several mouse reporter lines. In BATGAL
mice with the LacZ reporter gene downstream of 7xTCF/
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LEFI1 binding sites (Maretto et al., 2003) approximately 25% of
the radial glia-like adult NSCs were LacZ* (Heppt et al., 2020). A
fraction of the intermediate progenitor cells was also LacZ*
although cells had lower reporter levels than NSCs. This trend
was corroborated in Axin2'*** mice that harbor the LacZ
reporter in the endogenous Axin2 locus, a reliable Wnt
signalling target gene (Lustig et al., 2002; Heppt et al.,, 2020).
Given LEFI-expressing cells in the adult DG are mostly radial
glia-like NSCs (Choe et al., 2013), and since this population is
primarily (>95%) out of the cell cycle during adulthood, probably
LEF1 protein accumulates in vivo in the quiescent NSCs of the
adult hippocampal niche. The presence of LEFI in quiescent
NSCs is also supported by the increase in LefI expression at the
mRNA level detected in quiescent NSCs isolated from the
hippocampi of Nestin-GFP animals, as analysed by single-cell
RNAseq (Shin et al., 2015). Nevertheless, a recent study showed
no correlation between LacZ levels in NSCs from BATGAL mice
and activation/quiescence markers, indicating that NSCs in vivo
respond to Wnt regardless of their cellular state (Austin et al.,
2021).

The higher basal activity of canonical Wnt signalling in
quiescent NSPCs in vitro may be due at least in part to the
combined upregulation of Lefl transcription and E6 inclusion by
alternative splicing, that lead to the accumulation of a full-length
LEF1 protein isoform endowed with increased stability in
quiescence. Taken together, these events imply that quiescent
NSPCs are equipped with higher levels of a more stable
LEF1 protein. Of note, both the LEFI-FL and LEFI-AE6
isoforms behaved as transcriptional activators in cooperation
with B-catenin. Functional diversity of the TCF/LEF1 family of
transcription factors is partly achieved by alternative splicing
(Arce et al,, 2006). Indeed, E6 alternative splicing is a conserved
event in many species [see Supplementary Table S5 including
information from the VastDB database of Alternative Splicing
(Tapial et al., 2017)]. Interestingly, all vertebrate members of the
TCF/LEF1 family have an alternative exon in the context
dependent regulatory domain (CRD) region. The CRD has
been mainly involved in transcriptional repression by
recruiting the pleiotropic repressor Groucho (transducin-like
enhancer of split factor, TLE, in human) although a role for
CRD in cooperative interactions with transcriptional activators
has been also proposed (Arce et al., 2006). The exact function of
the CRD/E6 in LEF1 is still largely unknown. Some examples
show that expression of the alternatively spliced LefI isoforms
can dictate a switch in cellular behaviour. During thymus
development, for instance, an increase in E6 inclusion
contributes to the activation of T cell antigen receptor o
enhancer, the most critical checkpoint in T cell maturation
(Mallory et al, 2011). In pancreatic carcinoma cells, transient
overexpression of the FL isoform induced cell cycle-related genes
(encoding c-myc and cyclin D1) in cooperation with B-catenin.
Instead, overexpression of LEF1-AE6 inhibited E-cadherin
expression independent of P-catenin and enhanced cell
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migration (Jesse et al., 2010). In contrast, other reports
indicate that the shorter LEFI isoform lacking E6 is devoid of
the binding site for HIC5, a repressor of p-catenin-dependent
function (Ghogomu et al., 2006).

E6 skipping affecting the CRD of the LefI gene has been also
reported in the nervous system (Nagalski et al., 2013). In the
adult brain, LefI expression has been detected in NSC niches and
in postmitotic thalamic and dorsal midbrain neurons. In the
thalamus, Lef]l E6 exhibited a strong developmental regulation,
with E6 inclusion increasing from embryonic day E18.5 to P60.
The functional implication of this developmental switch is still
unknown. We now provide evidence for a similar alternative
E6 splicing regulation in GLAST" cells isolated form the P3 to
P21 postnatal hippocampus. Furthermore, in adult hippocampal
NSPC cultures we found that, compared to the truncated
LEFI1 isoform lacking the residues encoded by E6, the LEF1-
FL isoform that preserves an intact CRD has a higher intrinsic
stability in quiescence. This suggests that this protein region
protects LEFI-FL from degradation through a yet unknown
mechanism. Interestingly enough, the stretch of residues
encoded by E6 includes the conserved Ser’”, Ser*, Ser*??,
Ser”®, and Ser**® that SSXS and SXS
phosphorylation sites. LEF1 is phosphorylated upon Wnt
signalling activation by the HIPK2 kinase in the HMG box
domain (Hikasa et al., 2010; Hikasa and Sokol, 2011) and in
the central region by nemo-like kinase (Ishitani et al., 2003), a

are potential

modification that triggers its ubiquitination and proteasomal
degradation (Yamada et al., 2006). Given the increased
stability of LEF1-FL in Q-NSPCs, it is tempting to speculate
that phosphorylation of E6-encoded Ser residues would instead
protect LEF1 from its degradation. LEF1-FL in quiescence
perhaps interacts with additional factors that preclude the
ubiquitination and degradation of the protein. Future studies
should address the molecular basis for the increase in LEF1-FL
stability in Q-NSPCs.

Locating where transcription factors such as LEF1 bind to the
genome is the key to understand gene regulation. We initially
hypothesized that if LEF1 plays a relevant role in quiescent cells,
quiescence-specific enhancers should be enriched in LEF1 DNA-
binding motifs. Nevertheless, we did not find such differential
enrichment; we found instead active enhancers with LEF1 motifs
in Q, A and PAN enhancers. Nevertheless, when we focused only
on the genes putatively regulated by quiescence enhancers that
were overexpressed in quiescence in the Martynoga et al. study,
we did find an enrichment as 62.5% of them had a LEF1 motif.
Similarly, the motif bound by the NSC transcription factor
SOX2  [5'-CC(TA)TTGT(TGC)-3'] all
enhancer categories, although it was mildly over-represented
in the A and PAN enhancer groups. LEF1 and SOX2 are
representatives of a class of HMG domain proteins that

was enriched in

recognize variants of the consensus nucleotide sequence 5'-
CTTTGWW-3’ through a single HMG domain. Despite their
similarity, the LEF1 position weight matrices did not correspond,
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in general, to the SOX2 matrix given no bias towards C before the
first position in the motif or towards a T at position two was
detected.

The genomic regions with epigenetic characteristics of active
enhancers in both quiescent and actively dividing NSCs are thus
enriched in TCF/LEF1 transcription factor DNA-binding motifs.
In enhancers that are specifically active in the quiescent state, by de
motif found putative
transcription factor (NFYA, NFYB) motifs and the nuclear
(NFIA and NFIX)
LEF1 binding sites, although it remains to be explored if there
is a bias in positioning. We further show that LEF1 is able to
interact with NFIX in a heterologous system. Whether both factors

novo searches we heterotrimeric

factor 1 dimer motifs flanking the

interact at the quiescence-specific enhancers to regulate nearby
genes in NSPCs warrants further investigation. So far the analysis
performed identified 115 candidate genes upregulated in
quiescence showing quiescence-specific enhancers with putative
LEF1 and NFIX target sites, including the lysophosphatidic acid
receptor (LPA;) gene (Lparl), a recently described adult
hippocampal NSPC marker (Walker et al, 2016). LPA is a
versatile bioactive phospholipid with diverse biological functions
during development of the nervous system (Geraldo et al.,, 2021).
LPA is also interesting given lipids are emerging as key regulators
of adult neural stem cell decisions (Clémot et al., 2020; Lee et al.,
2020). NSPCs can be isolated from the adult hippocampal DG
taking advantage of LPA;-GFP transgenic mice, yet only a subset
of the precursors are proliferative cells based on the surface
expression of other markers such as EGFR and Prominin-1.
The remainder (majority) of LPA;-GFP are classified as non-
proliferative or quiescent precursor cells (Walker et al., 2016;
Valcarcel-Martin et al.,, 2020), so it is tempting to speculate that
LEF1 may be involved in maintaining the expression of Lparl in
quiescent NSPCs. Finally, it is worth to note that the Martynoga
etal. (2013) study (on which the analysis of LEF1 binding sites in
enhancers is based) was performed in mouse NSPCs expanded in
FGF2 and EGF, while our study employed rat NSPCs expanded in
FGF2 only. Consequently, the upregulation of a subset of shared
LEF1 target genes among the two studies may point to a conserved
mechanism relevant to the regulation Q-NSPCs in different species
and growth conditions.

Conclusion

In summary, our results highlight the role of LEF1 in the
transactivation of genes not only in active NSPCs as expected,
but also in quiescent NSPCs. Furthermore, we show that
alternative splicing changes the preponderance of different
LEF1 isoforms at the transition from activation to quiescence.
LEF1 E6 inclusion is favoured in quiescent cells while
E6 skipping predominates in actively proliferating cells. This
post-transcriptional regulatory event adds up to other post-
transcriptional control points of key transcription factors recently
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identified in quiescent stem cells. In this line, in adult hippocampal
NSCs it has been reported that, in order to return to the quiescent
state, the pro-activation transcription factor ASCLI is destabilized by
the E3-ubiquitin ligase Huwel (Urbdn et al,, 2016). The degradation
of ASCLI is further promoted by Id4 expressed in quiescent radial
glia-like NSCs (Blomfield et al., 2019; Zhang et al., 2019), while in
muscle stem cells MyoD is transcribed during quiescence yet its
translation is inhibited by an RNA-binding protein (de Morrée et al,,
2017). A common emerging theme, therefore, is that transcription
factors involved in shaping the transcriptional landscape of active
and quiescent adult stem cells require fine post-transcriptional
regulation to fulfill their function. An interesting field to explore
in the future is the possible differential regulatory function of the
long and short LEF1 isoforms, beyond the implications on protein
stability discovered in the current study. Proteomic studies will be
needed to reveal whether changes in the CRD are relevant for the
cooperation of LEF1 with other transcription factors and the
organization of the transcriptional landscape that determines the
transition between quiescence and activation.
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