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Abstract
Following the decline of neurogenesis at birth, progenitors of the subventricular zone (SVZ) remain
mostly in a quiescent state in the adult human brain. The mechanisms that regulate this quiescent state
are still unclear. Here, we isolated CD271+ progenitors from the aged human SVZ for single-cell RNA
sequencing analysis. Our transcriptome data revealed the identity of progenitors of the aged human SVZ
as late oligodendrocyte progenitor cells. We identi�ed the Wnt pathway antagonist SFRP1 as a possible
signal that promotes quiescence of progenitors from the aged human SVZ. Administration of WAY-
316606, a small molecule that inhibits SFRP1 function, stimulates activation of neural stem cells both in
vitro and in vivo under homeostatic conditions. Our data unravel a possible mechanism through which
progenitors of the adult human SVZ are maintained in a quiescent state and a potential target for
stimulating progenitors to re-activate.

Introduction
In most mammals, neurogenesis in the dentate gyrus (DG) and subventricular zone (SVZ) continues
during adulthood1. In rodents and non-human primates, new neurons generated in the SVZ migrate to the
olfactory bulb. In humans, on the other hand, the addition of new neurons to the olfactory bulb is likely
negligible1–5 and new neurons produced in the SVZ migrate to the neighboring striatum2. Growing
evidence suggests that the decline in neurogenesis observed during aging in mammals is due to
increased quiescence of neural stem cells (NSCs) and progenitors6–8 (hereafter progenitors refers to both
NSCs and progenitors).

Studies in rodents have shown that adult NSCs arise from a population of quiescent radial glial cells that
accumulate embryonically9,10. Rather than being a static non-proliferating pool of cells, studies in rodents
have demonstrated that they are a very dynamic population of cells that transit between proliferative and
quiescent states11–13. With aging progenitors become less plastic and remain mainly quiescent, which
prevents depletion of the progenitor pool7. The mechanisms that regulate quiescence of progenitors are
just beginning to be unraveled6,7,14−24. With age, the germinal niches become less neurogenic due to
increased in�ammatory signals and Wnt pathway antagonists, and decreased activity of the Wnt
pathway6,7,12,25−27. Despite the decrease in neurogenic function of the aged SVZ, adult progenitors are
permissive to pharmacological or genetic approaches that stimulate their neurogenic potential7,28−30.
Furthermore, progenitors were shown to exit quiescence and re-enter the cell-cycle following ischemic
injury in adult rodents12. Quiescent NSCs of the SVZ could be a potential source of stem cells for repair.
However, the transcriptional programs that regulate quiescence of progenitors of the human brain are still
unclear.

We have previously identi�ed NGFR (i.e. CD271) as a marker expressed by progenitors of the aged human
SVZ31–33. We showed that these cells form neurospheres and can differentiate into immature neurons
and glia cells in vitro31,32. The present study assesses the molecular identity of NGFR-positive progenitors
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from the SVZ of the aged human brain at single-cell level and investigates a new mechanism through
which human progenitors could be maintained in a quiescent state. We identify the secreted frizzled-
related protein-1 (SFRP1), an inhibitor of the Wnt signaling pathway, to be among genes whose
expression changes over time. We demonstrate that inhibition of SFRP1 with a small molecule stimulates
proliferation in vitro, in human iPSC-derived NSCs, and in vivo in early postnatal mice. Altogether, our
work proposes a mechanism that maintains quiescence of progenitors of the human SVZ, which opens
up future possibilities to stimulate NSCs of the human brain to promote repair.

Methods
Lead contact and materials availability

This study did not generate new unique reagents. Lead contact: E.M.Hol-2@umcutrecht.nl

Data availability

The single-cell RNA sequencing dataset generated in this study have been deposited in NCBI’s Gene
Expression Omnibus (accession number: GSE164986). No new code was generated. All the analysis is
described in the Methods. Source data are provided with this paper.

Experimental model and subject details

Animals

All animal experiments were performed in accordance to the international guidelines from the EU directive
2012/63/EU and approved by the Experimental Animal Committee Utrecht (University Utrecht, Utrecht,
Netherlands) (CCD number: AVD1150020184944). Animal experiments were carried out on 2 days old
(P2) wild-type C57BL/6 mice. The morning when a plug was observed is considered as E0.5 and the day
of birth is de�ned as P0. 

 

Human post-mortem brain tissue for single-cell RNAseq

Fresh human post-mortem dorsal SVZ including adjoining white matter tissue (n=3) (Figure S1A) was
obtained from donors without known neurological or psychiatric disease from the Netherlands Brain
Bank (NBB; https://www.brainbank.nl). The NBB performs quick brain autopsies to ensure high tissue
quality. Directly after autopsy, samples are placed in Hibernate-A medium (ThermoFisher Scienti�c,
Landsmeer, The Netherlands) and were kept cold until isolation. Samples had a mean post-mortem delay
of 6.35 hours (Supplementary Data 1). All donors have given informed consent to the NBB to perform
autopsies for tissue isolation and access to medical records for research purposes. To ensure donor
anonymity only an autopsy serial number, which is given by the NBB, is disclosed. This number contains

mailto:E.M.Hol-2@umcutrecht.nl
https://www.brainbank.nl/
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the year that the autopsy was performed and the number of the autopsy. This study was performed
according to the Dutch and European legal and ethical regulations. 

Human post-mortem brain tissue for immuno�uorescence

Adult post-mortem dorsal SVZ tissue from donors without known neurological disease was obtained
from the NBB (Supplementary Data 2) (n=5). Material was �xed in formalin and embedded in para�n.
Fetal human brain tissue was obtained from abortion material without developmental structural
chromosomal abnormalities (Supplementary Data 3) from the Chinese University of Hong Kong.
Forebrain tissue was obtained from gestational week (GW) 9 (n=3), GW 16 (n=2) and GW 17 (n=2), �xed
in 4%-paraformaldehyde (PFA) and embedded in para�n. All parents of the donors have given informed
consent to the use of the tissue for research. Identity of the donor is kept anonymous by the use of a
serial number. This study was performed according to the Dutch, European, and Hong Kong institutional
ethical regulations for the use of abortion material.

Single-cell RNA sequencing

Following single-cell sorting the plate was centrifuged at 1200 rpm for 1 min and kept at -20 oC until
further processing. Sort-seq was run on single-cells as described in Muraro et al., 201634, which is based
on single-cell RNA sequencing by multiplexed linear ampli�cation (Cel-Seq2 protocol from Hashimshony
et al., 201235). Cells were lysed for 5 min at 65 oC, followed by dispersion of RT and second strand mixes
with the Nanodrop II liquid handling platform (GC Biotech, Waddinxveen, NL). After in vitro transcription,
the cDNA library was prepared according to the Cell-Seq2 protocol. The primers used consisted of 24 bp
polyT stretch, a 6 bp random molecular barcode (UMI), a cell-speci�c 8 bp barcode, the 5’ Illumina TruSeq
small RNA kit adaptor and a T7 promoter. TruSeq small RNA primers (Illumina, San Diego, CA, USA) were
used for making the Illumina sequencing libraries. Sequencing was done on the Illumina NextSeq 500
platform by sequencing paired-end at 75 bp read length (25 bp from R1 and 50 bp from R2) with a
sequencing depth of 15M reads per 384-well plate.

Statistical analysis

Data shown in �gures 4, 5, 7, 8 and Supplemental �gure 6 are expressed as mean ± SEM. Measurements
were taken from distinct samples. The number of samples analyzed is stated in the �gure legend.
Signi�cance was tested on GraphPad Prism 7 with two-tailed unpaired t-test, one-way ANOVA with Sidák
multiple comparisons test or a two-way ANOVA with Sidák multiple comparisons test. A P-value of < 0.05
was considered statistically signi�cant. Outliers were detected using the Grubbs test with α = 0.05.

Results
Characterization of the human SVZ at single-cell level
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We have recently con�rmed the progenitor identity of NGFR+ (i.e. CD271) cells33 from the human SVZ by
assessing their transcriptome and proteome signature. To further characterize the dorsal SVZ of the aged
human brain at single-cell level, we isolated progenitors, astrocytes, and microglia by �uorescently
labelling the different populations for CD271 (progenitors)32, GLT-1 (astrocytes), and CD11b (microglia),
followed by FACS (Figure S1a-b). We also sorted the negative fraction. We obtained the pro�le of 1074
cells from the SVZ of the aged human brain. After QC-analysis, 728 cells remained for further analysis
(Figure S1c-h). We performed unbiased cluster analysis using the Louvain algorithm and the Uniform
Manifold Approximation and Projection (UMAP)36 identifying seven clusters (Figure 1a and Figure S2a).
Cell types clustered based on biological cell type, rather than donor or technical artefacts (Figure S1d-e).
We identi�ed three microglia clusters, viz. Microglia 1, Microglia 2, and Microglia 3 as they expressed
canonical microglia markers (e.g. CX3CR1 and AIF1) (Figure 1). These three clusters contained cells that
were CD11b+. We identi�ed two clusters as progenitor clusters (i.e. Progenitors 1 and Progenitors 2),
which expressed markers for progenitors (e.g. SOX2 and SOX10), and lacked expression of markers for
ependymal cells (FOXJ1 and AQP4), radial glial cells (HOPX), or astrocytes (VIM, GFAP and ALDH1A1)
(Figure 1c). These two clusters contained the cells that were sorted based on CD271 expression and
some cells from the negative fraction (Figure S1e-h). They expressed the marker for early
progenitor/astrocyte CD912, but did not express markers for activated progenitors NES and
EGFR23, and neither PROM1 (not shown) or markers for late neuronal progenitors (e.g. PAX6 and ASCL1).
Both clusters also expressed markers for the oligodendrocyte lineage including the oligodendrocyte
progenitor cell (OPC) markers SOX10 and RGCC37. The cluster Neuronal was negative for all the above
markers, and instead, expressed SOX6 and neuronal markers (e.g. MAP2, RBFOX1, NRXN1 and CTNNA2)
(Figure 1b-c and Figure S3). SOX6 is a transcription factor expressed in early OPCs, but has also been
associated with the development of interneurons37–39. The �nal cluster that we identi�ed only expressed
LYZ and SPINT2 as cluster marker genes (Figure S3 and Supplementary Data 5). These two clusters only
contained CD271-CD11b-GLT1- sorted cells. 

            To further substantiate the identity of the two Progenitor and the Neuronal clusters we performed
Gene ontology (GO) analysis on all highly expressed genes (adj P-value < 0.01) (Supplementary Data 5)
within the clusters: Progenitors 1, Progenitors 2, and Neuronal. Cluster Progenitors 1 and 2 showed
enrichment for GO terms related to central nervous system development, axonogenesis, and glial cell
development (Figure S2b). Cluster Neuronal showed enrichment for terms related to protein modi�cation,
cell adhesion, and glutamate receptor binding. These GO analyses corroborate the identities of the three
clusters as progenitors and neuronal. 

Progenitors isolated from the aged human SVZ are OPCs 

As the gene signature of aged human SVZ progenitors suggested an OPC identity we compared our data
to the dataset from Zhong, et al., 201840 and Jäkel, et al., 201941. Zhong et al., isolated cells from the
fetal human brain at different gestational stages and Jäkel et al., isolated white matter cells from healthy
donors aged between 35 and 82 years (mean age 60 years). We used Seurat v3.2.2 to run an integrative
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analysis on the three datasets. This revealed several clusters including early progenitors, late progenitors,
and migrating neurons (Figure 2a-c). Moreover, we observed substantial mixing of cells from the different
datasets, arguing against clustering due to batch effects. Neuronal lineage clustered together, and include
mostly fetal cells and mid-aged cells from Jäkel et al. Microglia from our dataset clustered with microglia
from the two other studies. Cells from the OPC lineage from our dataset formed clusters with OPC lineage
cells from Jäkel et al., and fetal OPCs (Figure 2a-b and Supplementary Data 6). We next performed
clustering analysis on cells from the OPC lineage only, which revealed seven subclusters (Figure 2d-e).
These subclusters corresponded to early OPCs (PDGFRA and SOX6), late OPCs (SOX10 and SOX2), and
oligodendrocytes (KLK6 and OPALIN) (Figure 2f). Our analysis showed that from the 395 progenitor cells
that we analyzed, 138 cells corresponded to late OPCs and the remaining cells to oligodendrocytes
(Supplementary Data 6). We performed SOX10 immuno�uorescence staining on post-mortem human
brain tissue, which showed that only a few SOX2 progenitors in the SVZ are SOX10 positive (Figure S4). 

Increased expression of cell cycle inhibitors in OPCs from the aged human SVZ

Analysis of the expression of a panel of markers for the oligodendroglial cell lineage further con�rmed
the OPC identity of the CD271+ progenitor cells (Figure 3a). We next identi�ed genes that were
differentially expressed over time using Monocle3 v0.2.3.0 (Supplementary Data 7). One of the genes that
was differentially expressed over time was SFRP1, which increased in expression with age
(Supplementary Data 7 and Figure 3c). SFRP1 is an antagonist of the Wnt pathway, thereby inhibiting cell
proliferation42,43. This is interesting as the mechanisms that regulate quiescence of progenitors from the
human SVZ are unclear. Therefore, we compared the expression of several proliferation and cell cycle
markers in fetal, mid-aged, and aged OPC lineage cells. As expected, markers for proliferation and cell
cycle progression were mostly absent in the mid-aged and aged OPC lineage cells (Figure 3b), while
markers for quiescence and cell cycle arrest were highly expressed in mid-aged and aged OPC lineage
cells, in particular CDKN1B (i.e. P27), CDKN1C (i.e. P57) and SFRP1 (Figure 3c). 

Cell cycle inhibitors are expressed in the aged human SVZ

P57 is a known marker for stem cell quiescence in rodents9,24 and SFRPs are a family of biphasic
regulators of Wnt signaling expressed in the nucleus or cytoplasm of the cell42–44. SFRP1 is mainly
expressed in late OPCs (Figure 4b) and is the only member of the SFRP family that is expressed in aged
OPCs (Figure S5a). In contrast, P57 is expressed in both late OPCs as well as oligodendrocytes (Figure
4a). To characterize the expression pattern of both P57 and SFRP1 in the aged SVZ, we performed
immuno�uorescence staining on post-mortem human brain tissue (Supplementary Data 2). In the aged
SVZ around 25% of SFRP1+ cells in the SVZ expressed SOX2 (Figure 4c-d). SFRP1 expression is not
limited to progenitors, as it is also highly expressed in ependymal cells, cortical neurons (Figure S6a) and
OLIG2+ cells in the SVZ (Figure S6b-c). While SFRP1 is expressed in the nucleus of progenitors (Figure 4c)
and ependymal cells, it is also expressed in the cytoplasm of neurons (Figure S6a).
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SFRP1 inhibits the Wnt pathway by binding to Wnt ligands and by directly binding to β-catenin in the
nucleus42. To determine whether SFRP1 expression correlated with a quiescent state, we assessed the
expression of P57 in SFRP1+ cells in the SVZ only. Our results showed that around 78% of the SFRP1+

cells in the SVZ expressed P57 (Figure 4e-f). The majority of P57+ cells were positive for SFRP1 (87.81 ±
10.39, not shown). This suggests that in the adult SVZ, SFRP1 is mostly expressed by quiescent/primed-
quiescent stem cells. We con�rmed that SFRP1 is also expressed by post-mitotic progenitors of the fetal
human brain at nine gestational weeks (Figure 4g). Immuno�uorescence staining of SFRP1 expression in
the SVZ from aged, mid-aged, and fetal post-mortem brain shows an increase in the number of SFRP1+

cells from mid-aged (mean age of 61 years) to aged (mean age of 91 years) (Figure 4h) and from GW9 to
GW16-17 (Figure 4i). We also con�rmed in our bulk RNAseq dataset32 that SFRP1 has the highest
expression from the SFRP family members, in both CD271+ cells and SVZ homogenate isolated from
post-mortem brain tissue from healthy donors (Figure S5b).

Inhibition of SFRP1 stimulates proliferation in iPSC-derived NSCs

A previous study showed that proliferation and differentiation increases during early corticogenesis in
Sfrp1-/- mouse embryos43. Therefore, we assessed the effect of inhibiting SFRP1 function on proliferation
of human NSCs by using a human iPSC-derived neural stem cell line to model human NSCs in vitro. This
was done with the small molecule WAY-316606, which is known to sequester SFRP1 in vitro. This
molecule prevents SFRP1 from binding to Wnt ligands, thereby stimulating the Wnt pathway45. We �rst
con�rmed the expression of SFRP1 protein in human iPSC-derived NSCs (Figure 5a). Most cells
expressed SFRP1 protein in the cytoplasm and nucleus, while in some cells cytoplasmic expression was
absent. Sequestration of SFRP1, stimulated proliferation of iPSC-derived NSCs 72 hours after stimulation
in vitro (Figure 5b-e). This effect is dosage-dependent (not shown). Stimulation with WAY increased the
number of cells by two fold (Figure 5b). While we observed an increase in SOX2+ cells, the percentage of
KI67+ iPSC-derived NSCs did not increase when compared to control condition (Figure 5d-f). Our data
therefore, suggest that, this increase in cell number is mediated by a shortening of the cell cycle rather
than an increase in cell activation. This can be explained by the fact that iPSC-derived NSCs do not exit
the cell cycle, and instead remain actively cycling. To con�rm that the observed effect is mediated by
increased activity of the canonical Wnt pathway we performed a Top�ash luciferase reporter assay on
HEK293 cells. Our results con�rmed that the small molecule WAY-316606 activates the canonical WNT
pathway through inhibition of SFRP1 (Fig S7). WAY-316606 acts speci�cally on SFRP1 and does not
activate the Wnt pathway when in presence of SFRP5, an SFRP isoform that promotes NSC quiescence in
the mouse SVZ7.

SFRP1 is expressed in the postnatal mouse brain

To determine whether SFRP1 inhibition also stimulates proliferation of progenitors in vivo, we �rst
assessed the expression pattern of SFRP1 over time in the embryonic and postnatal mouse brain. In situ
hybridization (ISH) data from Allen Brain Atlas showed a gradual increase in SFRP1 expression from
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E11.5 to E18.5 (Figure 6a). During the embryonic period, SFRP1 is mainly expressed in the germinal
regions. Following birth, SFRP1 expression decreases in the SVZ, while increasing in regions outside the
SVZ. We con�rmed the ISH data by performing immuno�uorescence staining for SFRP1 on P1 and P67
mouse brains. This showed expression of SFRP1 in the SVZ, striatum, and cortex in P1 mouse brain
(Figure 6b-d), and a strong decrease in SFRP1 expression in the SVZ in P67 mouse brains (Figure 6e-g).
Kalamakis et al., 20197 showed that from all members of the SFRP family, only SFRP5 expression
increased with time in the mouse SVZ, while SFRP1 expression decreased (Figure S5c). Thus, in contrast
to the expression pattern of SFRP1 in the human SVZ, its expression is highest in the early postnatal
mouse SVZ.

Inhibition of SFRP1 promotes proliferation and differentiation through stimulation of the Wnt and Notch
pathways 

Previous studies showed that SFRPs are multifunctional proteins that regulate both Wnt and Notch
signalling42,43, through which they regulate dopamine neuron development46 and cortical expansion43.
We �rst assessed whether inhibiting SFRP1 function increased activation of the Wnt and Notch pathways
in vivo. SFRP1 was prevented from binding to Wnt ligands by the administration of the small molecule
WAY-316606 to two days old mouse pups. We assessed this in the early postnatal mouse brain, as
SFRP1 levels are highest in the SVZ at this age (Figure 6, Figure S5c). The entire SVZ was dissected 72
hours after treatment with WAY-316606 for RT-PCR analysis, focusing on Wnt and Notch pathway related
genes. Our results show a 3.5-fold increase in Cyclin d1 (Ccnd1) (P = 0.0079), which promotes cell
proliferation47 (Figure 7a). p57 (Cdkn1c) expression did not change (P = 0.4812). Moreover, some key
genes of the Wnt signaling (Fzd7 P = 0.0025, Ctnnb1 P = 0.0203, and Lef1 P = 0.0497) and the Notch
signaling (Hes5 P = 0.0131, and Nrarp P = 0.0041) were also increased following administration of the
small molecule WAY-316606 (Figure 7a). Administration of WAY also enhanced the expression of Dcx (P
= 0.0007) and CNPase (P = 0.0466) genes, suggesting increased speci�cation towards neuronal and OPC
lineages (Figure 7b).

Sequestration of SFRP1 increases activation of progenitors in the mouse SVZ

We next determined whether WAY-316606 administration would stimulate progenitor proliferation also in
vivo. To determine if inhibiting the function of SFRP1 increases the number of GFP+ cells and their
migration away from the SVZ, we speci�cally labelled progenitors from the dSVZ by dorsal
electroporation of a GFP plasmid at P2 and terminated the pups 72 hours after administration of WAY-
316606. Our results show a 1.6-fold increase in the number of GFP+ cells in the dSVZ (Figure 8a-b). We
did not see a signi�cant increase in migration towards the cortex, nor to the olfactory bulb (not shown).
The increase in the number of GFP+ cells in the dSVZ correlated with a 2-fold increase in proliferating
cells in the dSVZ (Figure 8c-d). There was also a 1.6-fold increase in Ki67+ cells in the lSVZ (Figure 8c-d).
Our results show that while the number of Sox2+ progenitors remains constant in the lSVZ, and increases
with 2-fold in the dSVZ, there was a 3-fold decrease in the mSVZ after administration of WAY-316606
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(Figure 8e-f). There was a signi�cant increase in the number of Olig2+ cells in both the dorsal and lateral
SVZ (Figure 8g-h). 

Discussion
Although NSCs are present in the adult human SVZ, few neurons are generated after birth2,4. NSCs of the
rodent SVZ become increasingly quiescent during aging. Studies in rodents suggest that NSC quiescence
is regulated by both intrinsic and extrinsic factors (e.g. in�ammatory signaling in the SVZ)7,14−24. The
molecular mechanisms that maintain progenitors of the adult human brain quiescent are still unclear.
Here, we identify SFRP1, an inhibitor of the canonical Wnt pathway, as a potential target to stimulate
progenitor proliferation and differentiation in the adult human SVZ. We show both in vitro, in a human
iPSC-derived NSC line, and in vivo, in mice, that inhibiting SFRP1 function with the administration of WAY-
316606 increases activation of progenitors, likely by stimulating the activity of both Wnt and Notch
pathways. Our work identi�es the Wnt antagonist SFRP1 as a potential signal that maintains quiescence
of progenitors of the aged human SVZ.

Interestingly, we show that progenitors from the adult human SVZ are primed towards the
oligodendroglial lineage, as genes from this lineage are highly expressed, while canonical markers of the
neuronal lineage are practically absent. Integration of our data with published datasets from the fetal
forebrain40 and adult white matter41, revealed the CD271+ cells to be late OPCs. We cannot exclude that
CD271 may label a subpopulation of progenitors in the human SVZ. It is likely that human progenitors of
the SVZ are heterogeneous as in the rodent SVZ, where progenitors differ in their lineage speci�city
depending on their location within the SVZ48,49. A previous study suggested that CD271 is expressed
speci�cally in OPCs following demyelinating brain injuries in both humans and rodents50. Therefore, we
cannot conclude, based on our current results, that either early OPCs or NSCs are absent from the aged
human SVZ.

The turnover rate of oligodendrocytes stabilizes around �ve years of age and remains low throughout the
human lifespan51. Our results indicate that this low turnover rate is not caused by the absence of OPCs in
the SVZ, but rather due to increased quiescence. Here, we identi�ed SFRP1, a Wnt pathway antagonist, as
a possible signal that maintains late OPCs in a quiescent state in the human SVZ. SFRP expression is not
restricted to NSCs, but is also expressed by astrocytes52 and microglia53. Two other members of the
SFRP family, SFRP3 and SFRP5, were shown to regulate NSC quiescence in the mouse brain. SFRP3
maintains NSCs in a quiescent state in the dentate gyrus54 of adult mice and its deletion increases NSC
activation and maturation. SFRP5 was shown to maintain NSCs of the aged mouse SVZ quiescent and
when blocked by the administration of antibodies, activation of aged NSCs was increased7. Neither
SFRP3 nor SFRP5 are expressed in our datasets (Figure S5)32, suggesting species-speci�c differences in
expression pro�le. Indeed, our data show that while in humans, SFRP1 expression in the SVZ increases
with age, its expression decreases in young adult mice. Hence, SFRP1 could be the human homologue of
SFRP5 in regulating NSC quiescence in the aged human SVZ.
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The mechanisms through which SFRPs modulate the canonical Wnt pathway to maintain cells in a
quiescent state are still unclear. Growing evidence suggests that members of the SFRP family function as
tumor suppressor genes, as they are lowly expressed in different types of tumors, including
meduloblastoma55–57. Methylation of the promoter region of SFRP, results in its decreased expression,
which correlates to increased malignancy56. Indeed, low levels of SFRP1 have been shown to increase
proliferation in different tumor cell lines55. A recent study proposed a Wnt-independent mechanism in
which nuclear SFRP1, 2, and 5 directly bind to β-catenin, thus inhibiting its transcriptional activity and the
expression of cancer stem cell related genes41. We show that inhibition of SFRP1, by the administration
of WAY-316606, stimulates proliferation and differentiation of NSCs both in vitro and in vivo by activation
of the canonical Wnt pathway. The luciferase Top�ash reporter assay also shows that WAY-316606 acts
speci�cally on SFRP1 and does not activate the canonical Wnt pathway when in the presence of SFRP5.
These results are also supported by a study where bone formation was stimulated through sequestration
of SFRP1 with WAY-31660658 showing that WAY-316606 inhibits SFRP1 activity with 40%, while SFRP2
and SFRP5 activities were only decreased by 2 to 5%. All together, these data suggest that the small
molecule WAY-316606 promotes the activity of the canonical Wnt pathway through inhibition of the Wnt
antagonist SFRP1.

In conclusion, our work identi�es SFRP1 as a potential signal that maintains progenitors of the aged
human SVZ in a quiescent state, supporting the possibility to re-activate progenitors of the aged human
brain to regenerate the brain following injury or neurodegenerative diseases.
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Figure 1

Characterization of the aged human SVZ at the transcriptome level. a UMAP plot identi�es seven clusters
of cells, corresponding to two progenitor clusters, one neuronal, and three microglia clusters. b Feature
plots showing the expression of canonical markers for the clusters: Progenitor 1 and 2 (SOX2; SOX10),
Neuronal (RBFOX1; MAP2) and, Microglia 1, 2 and 3 (CX3CR1; AIF1). c Feature plots showing the absence
or presence of markers for ependymal, radial glial cell (RGC), early progenitor, late progenitor, astrocytes,
oligodendrocyte progenitor cell (OPC) lineage and microglia.
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Figure 2

CD271+ cells correspond to late OPCs and oligodendrocytes. a-b UMAP projection of cell clusters shown
by cell population (a) and origin of individual cells (b). c Feature plots for canonical markers of different
cell populations. d-e UMAP projection of the origin of individual cells (d) and OPC lineage subclusters (e).
f Violin plots of markers enriched in speci�c oligodendrocyte subpopulation. Gene expression level
plotted as normalized counts.
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Figure 3

Increased expression of cell cycle inhibitors in OPCs from the aged human SVZ. a Dot plot showing the
expression level (red = high, blue = low) and percentage of cells expressing markers of the
oligodendroglial lineage. b-c Violin plots of markers for proliferation and cell cycle progression (b) and of
markers for quiescence and cell cycle inhibition (c) in cells from the OPC lineage from Zhong et al.40,
Jäkel et al.41, and present study (Donega et al.).
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Figure 4

Cell cycle inhibitors are expressed in the aged human SVZ. a-b Feature plot showing the expression of
CDKN1C (P57) (a) and SFRP1 (b). c Representative image of SFRP1+ progenitors in the aged human
SVZ. d Quanti�cation of the percentage of SFRP1+ cells that express the stem cell marker SOX2 (n=3). e
Representative image of SFRP1+ and P57+ cells in the aged human SVZ. f Quanti�cation of the
proportion of SFRP1+ cells that express P57 (n=3). g Representative images of SFRP1+ cells in the
germinal region of the fetal human brain at GW9 co-expressing TBR2. h Quanti�cation of SFRP1+ cells in
the SVZ of aged (n=3) and mid-aged (n=2) post-mortem brain tissue. i Quanti�cation of SFRP1+ cells in
the SVZ of GW9 (n=3) and GW16-17 (n=4) post-mortem brain tissue. Data represented as mean ± SEM.
Two-tailed Unpaired Student’s T test. Hoechst was used as a nuclear counterstaining. E = ependymal
layer. Scale bar = 20 µm.
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Figure 5

Stimulation of proliferation in iPSC-derived NSCs by inhibition of SFRP1. a Representative image of
SFRP1+ iPSC-derived NSCs showing both nuclear and cytoplasmic labeling. b Quanti�cation of the
number of cells in control and stimulated condition over time (n=3), **P=0.0029, two-way ANOVA with
Sidák multiple comparisons test. c Representative images of SOX2+KI67+ iPSC-derived NSCs. d-f
Quanti�cation of the number of SOX2+ cells (n=6), ns = 0.0529, ***P = 0.0001 (d), KI67+, *P = 0.0218, **P
= 0.0061 (e) and, percentage of proliferating SOX2+ cells, *P = 0.0358, ns = 0.3093 (f). Data presented as
mean ± SEM. One-way ANOVA with Sidák multiple comparisons test. ns = not signi�cant. Scale bar = 20
µm
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Figure 6

SFRP1 is expressed in the neonatal and adult mouse brain. a In-situ hybridization images from the Allen
Brain Atlas showing SFRP1 expression in the mouse brain at different developmental stages. b-d
Representative images of SFRP1 expression in the mouse brain at postnatal day 1. Examples shown are
from the dorsal SVZ (b-b’), lateral SVZ (c-c’), and cortical layers 1-2 (d-d’). (e-g) Representative images of
SFRP1 expression in a 67 days old mouse brain. Examples show dorsal SVZ (e-e’), lateral SVZ (f-f’) and
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upper cortical layer (g-g’). Hoechst was used as a nuclear counterstaining. E=embryonic day; P=postnatal
day. Scale bar = 20 µm.

Figure 7

Wnt and Notch pathways are activated after SFRP1 inhibition. a RT-PCR analyses of members of the Wnt
and Notch signaling pathway 72 hours after control or WAY treatment. b RT-PCR analyses of Dcx and
CNPase 72 hours after control or WAY treatment. n=7 per group; Ctnnb1, Lef1, Axin2 and Dcx had one
outlier removed from control group, Grubbs test with alpha = 0.05. Normalized against the levels of β-
actin and Gapdh reference genes. Data presented as mean ± SEM. Two-tailed Unpaired Student’s T test.
*P < 0.05; **P <0.01; ***P <0.001.
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Figure 8

Sequestration of SFRP1 increases activation of NSCs in the early postnatal mouse SVZ. a-b
Representative images of GFP labelled NSCs in the dorsal SVZ (a). Increase in GFP+ cells in the dorsal
SVZ following WAY administration. The region analyzed was divided into four equidistant bins, with bin
one corresponding to the SVZ and bin four the area below cortical layer 6. **P = 0.0056, two-way ANOVA
with Sidáks multiple comparisons test b. c-d Representative images and quanti�cation of the number of
Ki67+ cells in the dorsal, P*=0.0490 (c), lateral, P*=0.0106, and medial SVZ, P=0.9260, two-tailed
unpaired Student’s T test (d) after control or WAY administration. e-f Representative images and
quanti�cation of the number of Sox2+ cells in the dorsal, *P=0.0241 (e), lateral, P=0.6187, and medial
SVZ, P*=0.0280, two-tailed unpaired Student’s T test (f) after control or WAY administration. g-h
Representative images and quanti�cation of the number of Olig2+ cells in the dorsal, P*=0.0280 (g),
lateral, P*= 0.0439 and medial SVZ, P=0.2813, two-tailed unpaired Student’s T test (h) after control or
WAY administration. n = 3 (Control) and n = 3-4 (WAY); Ki67 lSVZ and mSVZ had one outlier removed;
Olig2 dSVZ WAY had one outlier removed, Grubbs test with alpha = 0.05. Data presented as mean ± SEM.
Scale bar = 50 µm.
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