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SUMMARY

Neural stem cells (NSCs) in the adult ventricular-subventricular zone (V-SVZ) generate neurons and glia
throughout life. MicroRNAs are important post-transcriptional regulators frequently acting in a context-
dependent manner. Here, microRNA profiling defines cohorts of miRNAs in quiescent and activated
NSCs, with miR-17~92 highly upregulated in activated NSCs and transit amplifying cells (TACs) versus
quiescent NSCs. Conditional miR-17~92 deletion in the adult V-SVZ results in stage-specific effects. In
NSCs, it reduces proliferation in vitro and in vivo, whereas in TACs, it selectively shifts neurogenic
OLIG2" DLX2" toward oligodendrogenic OLIG2* DLX2™ TACs, due to de-repression of an oligodendro-
genic program, leading to increased oligodendrogenesis in vivo. This differential regulation of TAC sub-
populations highlights the importance of TAC heterogeneity. Finally, in the NSC lineage for intraventric-
ular oligodendrocyte progenitors, miR-17~92 deletion decreases proliferation and maturation. Together,
these findings reveal multiple stage-specific functions of the miR-17~92 cluster within different adult

V-SVZ lineages.

INTRODUCTION

In the adult mouse brain, the ventricular-subventricular zone
(V-SVZ), adjacent to the lateral ventricles, is the largest germinal
niche. V-SVZ NSCs are radial cells that express glial fibrillary
acidic protein (GFAP). They are largely quiescent (QNSCs) and,
upon activation (aNSCs), give rise to transit amplifying cells
(TACs), which in turn generate neuroblasts that migrate to the ol-
factory bulb (OB) (Chaker et al., 2016; Obernier and Alvarez-
Buylla, 2019). Importantly, NSCs also give rise to a small number
of glial cells, including oligodendrocytes destined for the corpus
callosum and intraventricular oligodendrocyte progenitor cells
(OPCs) (Chaker et al., 2016; Delgado et al., 2021; Obernier and
Alvarez-Buylla, 2019).

Cell transitions along the stem cell lineage are underlain by key
changes in gene regulatory networks. microRNAs (miRNAs) are
small non-coding RNAs that can rapidly sculpt cell transcrip-
tomes by targeting hundreds of mRNA transcripts simulta-
neously (O’Brien et al., 2018). The regulation of adult NSC
behavior by miRNAs is still little explored. Indeed, only a handful
of miRNAs have been implicated in the regulation of adult V-SVZ
neurogenesis and integration of OB neurons (Akerblom et al.,
2014; Brett et al., 2011; Cheng et al., 2009; Coré et al., 2020;
de Chevigny et al., 2012; Lepko et al., 2019; Liu et al., 2010; Pa-
thania et al., 2012; Szulwach et al., 2010; Zhao et al., 2009, 2010).
To expand the repertoire of mMiRNAs in the V-SVZ, we performed
miRNA profiling of FACS-purified gNSCs, aNSCs and TACs and
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found miR-17~92 significantly upregulated in aNSCs and TACs
in comparison to gNSCs.

miR-17~92 is a cluster of six co-transcribed mMiRNAs
(-17, -18a, -19a and b, -20a, and -92a) with pleiotropic functions
in several tissues during both development and tumorigenesis
(Bian et al., 2013; Concepcion et al., 2012; Naka-Kaneda et al.,
2014). In the adult V-SVZ, miR-17~92 is up-regulated upon
stroke where it induces proliferation and survival of progenitor
cells (Liu et al., 2013). However, its role under homeostasis is un-
known. Here, we show that miR-17~92 not only regulates NSC
proliferation, but also exerts multiple lineage and stage-specific
effects within the adult V-SVZ.

RESULTS

miR-17~92 is expressed in the adult V-SVZ neurogenic
lineage

To identify miRNAs relevant to the early stages of the V-SVZ
stem cell lineage we performed miRNA profiling of FACS-purified
gNSCs, aNSCs and TACs (Codega et al., 2014; Pastrana et al.,
2009) (Figure S1A) using Tagman miRNA arrays (Table S1). In
addition to cohorts of mMiRNAs common to all three populations,
we identified miRNAs that were differentially expressed in
gNSCs and aNSCs. miR-30c, miR-26a, miR-99b, miR-193b,
miR-30e, miR-129-3p and miR-145 were upregulated in gNSCs
(Figure 1A). In contrast, all miRNAs significantly enriched in
aNSCs over gNSCs were members of the miR-17~92 cluster
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Figure 1. miR-17~92 is expressed in the adult V-SVZ neurogenic lineage
(A) Heatmap of differentially expressed miRNAs between gNSCs and aNSCs. Asterisks indicate miR-17~92 members.
(B) Relative expression (22" of miR-17~92 members in qNSCs, aNSCs and TACs (n = 3; mean + SD). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and *****p

< 0.00001.

(C) Coronal schema of brain hemisphere showing lateral ventricle (LV) and V-SVZ (black).

(D) In situ hybridization for miR-17-5p and miR-92a-3p in coronal sections.

(E-H) miR-17-5p (top) and miR-92a-3p (bottom) were expressed in a few GFAP* (red) radial cells (yellow arrowheads), but not in nearby astrocytes (white arrows)
(E), in most EGFR* cells (red, arrowheads) (F), MCM2™ cells (red) (G) and TUJ1* neuroblasts in the V-SVZ (red) (H). Yellow arrowheads indicate cells in high power
images to the right. Scale bars: 20um. cc: corpus callosum, sp: septum, str: striatum. See also Figure S1.

and its paralogs, miR-106a~363 and miR-106b~25 (Figure S1B),
and were also expressed in TACs (Figure 1A). Here, we focused
on the role of the miR-17~92 cluster in the regulation of early
stages of the adult V-SVZ lineage.

To confirm miR-17~92 expression in the V-SVZ, we first per-
formed gPCR analysis for mature miRNAs in FACS-purified cells.
All guide forms of the miR-17~92 cluster, as well as the star form
miR-17-3p, were expressed at low levels in gNSCs and were
significantly upregulated in both aNSCs and TACs (Figure 1B). In
situ hybridization (ISH) revealed similar patterns throughout the
V-SVZ for different members of the cluster, including miR-17-5p,
miR-18-5p, miR-19a-3p and miR-92a-3p (Figures 1C, 1D, and
S1C-S1E). All were broadly expressed without obvious regionality
in the V-SVZ. However, individual miR-17~92 members showed
different levels of expression, with miR-92a-3p being the most
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abundant. To define which V-SVZ cells express the cluster, we
combined ISH with immunostaining. Given the similar distribution
of miR-17~92 miRNAs, we focused on miR-17-5p and miR-92a-
3p, the first and the last members of the cluster (Figure S1B). We
detected miR-17-5p and miR-92a-3p in a few GFAP* radial cells
(Figure 1E), consistent with their low level in FACS-purified gNSCs.
In contrast, most proliferating cells, including MCM2* cells and
epidermal growth factor receptor (EGFR)" TACs, had higher levels
of miR-17-5p and miR-92a-3p (Figures 1F and 1G). TUJ1* neuro-
blasts also expressed miR-17-5p and miR-92a-3p (Figure 1H).
Outside of the V-SVZ, cluster members were broadly detected
throughout the brain (Figures 1D and S1C-S1E) in mature paren-
chymal neurons (Figure 1H) and in the choroid plexus (Figure S1E),
but only rarely in astrocytes (glutamine synthetase* (GS) or GFAP)
(Figures S1F and 1E). Thus, within the V-SVZ, the miR-17~92
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Figure 2. miR-17~92 deletion in NSCs reduces stem cell proliferation and neurogenesis
(A and B) (A) Schematic of mouse line and (B) experimental paradigm for miR-17~92 deletion in vitro.

(
(right) (n = 3; mean + SD).
(
(

C) Representative images and (D) quantification (DAPI* cells) of single cell aNSC adherent cultures from CAGG-miR-17~92"" control (left) and deleted cells

E) Schematic of mouse line and (F) experimental paradigm for miR-17~92 deletion in vivo.
G and H) Confocal images and quantification of V-SVZ TOM* GFAP* MCM2* NSCs (G) and TOM* GFAP* EGFR* NSCs (H, arrowheads) at 1dpi, and TOM* DCX*

neuroblasts (I) at 30dpi (n = 5; mean + SD). Data points represent individual experiments (D) or mice (G-I). **p < 0.01 and ***p < 0.001. Scale bars: (G and H) 5um, (I)

20um, (C) 100um. cc: corpus callosum, str: striatum. See also Figure S2.

cluster is upregulated upon stem cell activation and is expressed
along the neurogenic lineage.

miR-17~92 deletion reduces NSC proliferation and
neurogenesis

To assess the effect of miR-17~92 deletion on NSCs in vitro,
we FACS-purified aNSCs from adult CAGG::CreER™*'~; miR-
17N92fl/fl; ROSA(ACTB—thomato,-EGFP) (CAGG-mIR-1 7N92fl/ﬂ) mice,
in which miR-17~92is deleted upon addition of hydroxytamoxifen,
and reporter expression is switched from tdTomato to eGFP (Fig-
ure 2A). We confirmed successful deletion of the whole miR-
17~92 cluster in vitro (Figures S2A and B). In single cell adherent
cultures, miR-17~92-deleted cells exhibited little proliferation
and failed to generate large colonies (>10 cells) as opposed to their
control counterparts that gave rise to large clones (>500 cells)
(Figures 2B-2D). Despite a role for miR-17~92 in cell survival (Kor-
alov et al., 2008; Olive et al., 2009, 2010; Tung et al., 2015; Ventura
etal., 2008; Xiao et al., 2008), this lack of large colonies was not due
to increased apoptosis based on Annexin staining (Figure S2C).
Deletion of the cluster in FACS-purified aNSCs also resulted in

fewer and visibly smaller primary neurospheres (Figures S2D—
S2F). Together, these results show an important function of the
cluster in adult NSC proliferation in vitro.

To investigate the role of miR-17~92 in V-SVZ NSCs and their
lineage in vivo, we selectively deleted the cluster in GFAP* NSCs.
Adult hGFAP::CreERT2**; miR-17~92"*; Ai14 (miR-17~92"%)
and hGFAP::CreER™>**; miR-17~92"": Ai14 (miR-17~92"
mice, in which administration of tamoxifen (TAM) induces miR-
17~92 deletion and initiates tdTomato reporter expression in
GFAP™* cells (Figure 2E), were analyzed 1 and 30 days post
TAM injections (dpi) (Figure 2F). gPCR analysis of FACS-purified
Tomato* (TOM) EGFR* cells (aNSCs and TACs) confirmed
deletion of miR-17~92 at 1dpi in vivo (Figures S2G and S2H).
At both time points, the average number of TOM* cells per
V-SVZ section was unchanged between control and deleted
mice (Figures S3A and S3B). However, due to variable levels
of recombination in individual mice, we report all data as
proportions.

Deletion of the cluster at 1dpi also reduced the proportion of
dividing NSCs (GFAP* MCMZ2") in vivo (Figure 2G). To assess
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Figure 3. miR-17~92 deletion shifts neurogenic to oligodendrogenic transit amplifying cells by de-repressing an oligodendrogenic program
(A) Flowchart of bioinformatic analysis to identify predicted miR-17~92 targets in V-SVZ NSCs (left) and their top-enriched pathways (MetaCore) (right).
(B and C) Confocal images and quantification of TOM* EGFR* OLIG2* TACs (arrowheads) (n = 9; mean + SD) (B) and TOM* EGFR* DLX2* TACs (arrowheads) (n =

6; mean + SD) (C) at 1dpi.

(D) Confocal micrographs of EGFR (red), DLX2 (blue) and OLIG2 (white) staining on uninduced control miR-17~92*/* mice showing triple positive cell (white
arrowheads), EGFR™ DLX2* OLIG2 cells (empty arrowheads), EGFR* DLX2  OLIG2" cell (asterisks) and EGFR* DLX2™ OLIG2* cell (yellow arrowheads).
(E) Quantification of different TAC (TOM* EGFR™) populations at 1dpi (n = 5; mean + SD).
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if proliferation was affected at each stage of the lineage, we
immunostained for GFAP and EGFR to discriminate between
aNSCs (GFAP* EGFR*) and TACs (GFAP~ EGFRY), and DCX to
label neuroblasts, together with the proliferation marker Ki67
(Figure S3C). Deletion of the cluster decreased the overall pro-
portion of aNSCs among the total TOM™* population (Figure 2H)
as well as the proportion of aNSCs expressing Ki67 (Figure S3D).
In contrast, neither the total proportion of, nor Ki67* cells among,
TACs or neuroblasts were affected at 1dpi (Figures S3D-S3F).
Apoptotic cells (Caspase 3, CASP3") (Figure S3G) were also un-
changed at 1dpi in vivo. Importantly, no changes were detected
in TOM™ cells, indicating that the effects we observed in the stem
cell lineage are cell autonomous (Figures S3I-S3M), unlike in tu-
mors where miR-19a-containing exosomes can be released by
astrocytes (Zhang et al., 2015). Thirty days after cluster deletion,
the proportion of TOM* gNSCs in the V-SVZ was increased, par-
alleled by a decrease in TOM™ aNSCs, consistent with reduced
stem cell activation (Figures S3N-S3Q). DCX" neuroblasts
were also decreased at 30dpi (Figure 2l). In sum, miR-17~92
deletion in NSCs in vivo decreases NSC proliferation and neuro-
genesis in the V-SVZ.

miR-17~92 targets are enriched in stem cell and
gliogenesis-related pathways

To investigate additional roles for miR-17~92 in the adult
V-SVZ, we performed bioinformatic analysis by comparing
predicted miR-17~92 targets to genes expressed in adult
V-SVZ NSCs (Delgado et al., 2021) followed by pathway anal-
ysis (Figure 3A). As previously reported, the majority of miR-
17~92 targets were in gene categories related to ‘cancer’,
‘immune response’, ‘development’ and ‘apoptosis and sur-
vival’ (Figure 3A and Table S2) (Concepcion et al., 2012;
Han et al., 2015; Olive et al., 2010; Ventura et al., 2008; Xu
et al., 2015). In addition, miR-17~92 targets were found in cat-
egories enriched in qNSCs, such as ‘cell adhesion’ and ‘lipid
metabolism’, and aNSCs, such as ‘regulation of cell cycle
and proliferation’ and ‘stem cell self-renewal and differentia-
tion’ (Baser et al., 2019; Codega et al., 2014; Delgado et al.,
2021; Llorens-Bobadilla et al., 2015). Interestingly, pathway
analysis also identified targets related to ‘astrocyte differenti-
ation’ and ‘oligodendrogenesis’, including the master regu-
lator of oligodendrogenesis Olig2. As such, miR-17~92 may
also regulate neurogenesis within the adult V-SVZ by repres-
sing gliogenesis.

miR-17~92 deletion shifts neurogenic to
oligodendrogenic transit amplifying cells and increases
oligodendrogenesis in vivo

The majority of newly born cells in the adult V-SVZ are neuro-
blasts, generated by DLX2" TACs (Anderson et al., 1997; Brill
et al., 2008; Doetsch et al., 2002). However, the V-SVZ also
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generates oligodendrocytes destined for the corpus callosum,
via OLIG2* TACs (Menn et al., 2006; Nait-Oumesmar et al.,
1999; Ortega et al., 2013). Importantly, over-expression and
knock-out of DIx2 or Olig2 is sufficient to shift progenitor cells
into a neurogenic or oligodendrogenic fate respectively (Bosh-
ans et al., 2021; Jiang et al., 2020; Petryniak et al., 2007). Given
the enrichment of miR-17~92 targets in ‘oligodendrogenesis’,
we focused on whether cluster deletion results in a shift to-
wards oligodendrogenesis in the adult V-SVZ.

Olig2 is a functional miR-17~92 target during development
(Chen et al., 2011). We postulated that if Olig2 is also a target
in the adult V-SVZ, OLIG2 would increase upon miR-17~92 dele-
tion. We therefore immunostained for OLIG2 together with GFAP
and EGFR at 1dpi. Deletion of the cluster did not affect the pro-
portion of OLIG2* aNSCs (Figure S3H). Notably, although the
proportion of total TACs (Figure S3E) did not change, miR-
17~92 deletion resulted in an increase in TACs expressing
OLIG2 (Figure 3B). Conversely, cluster deletion reduced neuro-
genic TACs (EGFR* DLX2%) (Figure 3C).

To better understand how TACs are affected by miR-17~92
deletion, we performed co-immunostaining for EGFR, DLX2
and OLIG2. We identified four subpopulations of EGFR™*
TACs based on OLIG2 and DLX2 expression, revealing unex-
pected heterogeneity. As previously described (Doetsch et al.,
2002; Menn et al., 2006), we detected neurogenic (DLX2*
OLIG2Y) (46% =+ 2.5%) and oligodendrogenic (OLIG2* DLX2)
(24.5% + 1%) TACs (Figures 3D, S4A, and S4B). We also
identified a smaller proportion of TACs co-expressing DLX2
and OLIG2 (13.5% =+ 1.1%), and one negative for both
markers (16% =+ 2.2%) (Figures 3D, S4A, and S4B). At
1dpi, miR-17~92 deletion did not change the proportion of
OLIG2* DLX2* TACs or double negative TACs (Figure 3E).
Instead, deletion of the cluster led to an increase in the pro-
portion of OLIG2* DLX2™ and a decrease in DLX2* OLIG2"
TACs (Figure 3E). Thus, the global increase in OLIG2* TACs
was due to a selective shift from neurogenic toward oligoden-
drogenic TACs. Consistent with this shift, mature oligodendro-
cytes (OLIG2" NG2) were increased in the corpus callosum in
miR-17~92 deleted mice at 30 dpi (Figure 3F).

To identify additional oligodendrogenic targets regulated by
miR-17~92 we examined candidates revealed by our pathway
analysis, including Pdgfra, Gpr37, Olig2, Nrg1, Sp1, Yy1 and
Qki by qPCR 1dpi after miR-17~92 deletion. All were signifi-
cantly upregulated (Figure 3G). We further validated Pdgfra
and Qki as biochemical targets using luciferase assays (Fig-
ure 3H). Moreover, PDGFRa was upregulated in deleted cells
in vivo at 1dpi, largely due to an increase in PDGFRa dim cells,
which are rare in control mice (Figure 3l). Finally, in vitro differen-
tiation of neurospheres after deletion of the cluster led to a signif-
icant reduction in TUJ1* neurons (Figures S4C and S4D) and a
significant increase in O4* oligodendrocytes (Figures S4C and

(F) Confocal images and quantification of TOM* OLIG2* NG2" cells in the corpus callosum at 30dpi (n = 5; mean + SD).

(G) Relative expression of oligodendrogenesis-related miR-17~92 targets in FACS-purified cells (n = 3; mean + SD).

(H) Luciferase reporter assay of miR-17~92 targets and Hoxa5 non-targeted negative control (Tung et al., 2015) (n = 3; mean =+ SD).

(I) Confocal images and quantification of TOM* PDGFRa* cells (arrowheads indicate bright cells) at 1dpi (n = 5; mean + SD). Data points represent individual mice.
*p < 0.05, *p <0.01, **p < 0.001, and ***p < 0.0001. Scale bar: (B and C) 10um, (D and I) 20um, (F) 50um. cc: corpus callosum, ctx: cortex, LV: lateral ventricle.

See also Figures S3 and S4.
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Figure 4. miR-17~92 regulates intraventricular OPC proliferation and maturation
(A) Wholemount schema showing location of intraventricular OPCs (white dots).
(B-E) Low (B) and high power confocal images (C-E) of PDGFRe." intraventricular OPCs on top of ventricular surface (B-catenin) at different maturation stages.
(F-M) Confocal images of wholemounts (F and J) and quantification of intraventricular OPCs at different maturation stages (G and K), large (> 5 cells) and small (<5
cells) OPC clusters (H and L), and MCM2™ cells at different stages (I and M) at 1 (F-I) and 30dpi (J-M) (n > 5; mean + SD). Data points represent individual mice. *p

< 0.05 and **p < 0.01. Scale bars: 10um. See also Figure S4.

S4E). Altogether, these results highlight a role for the miR-17~92
cluster in repressing an oligodendrogenic program within the
V-SVZ.

miR-17~92 regulates intraventricular OPC proliferation
and maturation

V-SVZ NSCs also generate intraventricular oligodendrocyte pro-
genitors (OPCs), located on the surface of the lateral ventricle
walls, via a distinct lineage (Delgado et al., 2021) (Figures 4A
and 4B). Intraventricular OPCs arise in GFAP* clusters (OPCs
in clusters) (Figure 4C), then disperse from the clusters as imma-
ture cells with few processes (immature OPCs) (Figure 4D), and
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mature to have more a ramified morphology (mature OPCs) (Fig-
ure 4E). miR-17~92 deletion also reduced the proportion of
intraventricular OPCs expressing MCM2 at 1dpi and 30dpi
(Figures 4l, 4M, S4F, and S4G). Interestingly, at 1dpi, more
TOM™*™ OPCs were present in clusters in mutant mice compared
to controls (50% versus 15%) (Figures 4F and 4G) and more of
the clusters were larger (>5 cells) (Figures 4F and 4H). This
increased cluster size was not due to increased proliferation
(Figures 4l and S4F) or to defects in survival, as no CASP3* intra-
ventricular OPCs were detected (Figures S4H and S4l). Instead,
it was likely due to impaired OPC maturation, as the proportion of
mature intraventricular OPCs was significantly decreased in
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mutant mice compared to controls at both 1dpi and 30dpi
(Figures 4F, 4G, 4J, and 4K). Thus, our results uncover a role
for the miR-17~92 cluster in the regulation of intraventricular
OPC proliferation and maturation.

DISCUSSION

miRNAs are emerging as important regulators of adult NSCs.
Here, we identify differentially expressed miRNA candidates in
both gNSCs and aNSCs. These distinct miRNA cohorts reflect
the existence of different gene regulatory networks underlying
gNSC and aNSC states. Our findings also uncover multiple roles
for the miR-17~92 cluster in the regulation of the adult V-SVZ
stem cell lineages, highlighting its key contribution to the dy-
namics of this adult stem cell niche.

Some of the functions of miR-17~92 are shared across
diverse tissue compartments and developmental processes.
Proliferation is the best known role of miR-17~92 in multiple or-
gans during embryogenesis and adulthood, as well as in cancers
(Mavrakis et al., 2010; Mu et al., 2009; Olive et al., 2009; Ventura
et al., 2008), and is often modulated by miR-17~92 in parallel
with other processes. Indeed, within the developing brain,
miR-17~92 concomitantly promotes the expansion of radial glial
cells and prevents their premature transition into intermediate
progenitors (Bian et al., 2013; Chen et al., 2014; Fei et al.,
2014). Moreover, it also sustains the neurogenic phase by inhib-
iting acquisition of gliogenic competence and repressing astro-
cytogenesis (Mao et al., 2014; Naka-Kaneda et al., 2014). miR-
17~92 can also regulate cell survival in different contexts in
both normal and pathological conditions (Koralov et al., 2008;
Liuetal., 2013; Olive et al., 2009, 2010; Tung et al., 2015; Ventura
et al., 2008; Xiao et al., 2008).

Here we show that, within the V-SVZ under homeostasis, miR-
17~92 is upregulated upon stem cell activation and its expres-
sion is maintained in TACs and in neuroblasts. In addition to pro-
moting stem cell proliferation, the cluster actively represses an
oligodendrogenic program in neurogenic transit amplifying cells.
miR-17~92 also acts in the V-SVZ lineage that generates intra-
ventricular OPCs, promoting their proliferation and acquisition
of a mature morphology. However, miR-17~92 has no pro-sur-
vival function at early stages in these different lineages. These
multiple and diverse roles likely reflect the different ensembles
of targets expressed in a cell type and context-specific manner.

Unlike the well-described heterogeneity of adult V-SVZ NSCs,
including their developmental origins (Fuentealba et al., 2015;
Furutachi et al., 2015; Yuzwa et al., 2017), morphology (Delgado
etal., 2021; Mirzadeh et al., 2008; Shen et al., 2008), regional po-
sition (reviewed in Azim et al. (2016) and response to physiolog-
ical cues (Chaker et al., 2021; Paul et al., 2017), the heterogeneity
among TACs is less explored. TACs have different cell cycle
lengths (Ponti et al., 2013) and at early postnatal stages, TACs
in the dorsal V-SVZ (roof of the ventricle) differ in their transcrip-
tional signatures from those in the lateral wall (Azim et al., 2015).
Here, our findings show that multiple subpopulations of TACs
can be distinguished based on the exclusive, concomitant or
lack of expression of DLX2 and OLIG2 proteins, two key neuro-
genic and oligodendrogenic transcription factors. As adult
V-SVZ NSCs generate many different types of neurons as well
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as glial progeny, it will be interesting to assess how many sub-
types of TACs exist, and their lineage relationships. While
TACs co-expressing transcription factors for different lineages
may be earlier in the stem cell lineage and correspond to a
more multipotent primed TAC, those lacking both DLX2 and
OLIG2 may be progenitors for astrocytes, which are also gener-
ated within the V-SVZ (Delgado et al., 2021; Sohn et al., 2015).
How this diversity of transcription factor expression extends to
receptor and signaling pathway effectors will be interesting to
uncover. Our findings suggest that fate decisions are also
made at the level of TACs, and not only NSCs, and that miRNAs
are well-poised to modulate multiple stages of the adult stem cell
lineage.

miR-17~92 has been implicated in numerous disorders,
including cancer (Concepcion et al., 2012; de Pontual et al.,
2011; Hayashita et al., 2005; He et al., 2005; Mi et al., 2010;
Ota et al., 2004), anxiety and depression (Jin et al., 2016) and
is upregulated upon stroke (Liu et al., 2013). The lineage and
cell-type specific effects of the cluster in the adult V-SVZ we
have uncovered suggest that modulation of miR-17~92 may
be an important mechanism to dynamically fine-tune the gener-
ation of distinct neurogenic and gliogenic lineages from adult
neural stem cells in response to different physiological and path-
ological contexts. As such, miR-17~92 may be downregulated
during demyelination, when oligodendrogenesis is increased.
Altogether, our findings highlight that miRNAs are important
components of the complex multi-layered regulation of adult
V-SVZ NSCs and their lineages.

Limitations of the study

In this study we have deleted the entire miR-17~92 cluster. As
such, the specific contribution of individual miR-17~92 miRNAs,
as well as the miR-17~92 paralogues miR-106a~363 and miR-
106b~25 to adult V-SVZ regulation, has not been dissected.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-B-Catenin (1:200) Cell Signaling Cat# 9587, RRID: AB_10695312
Rabbit polyclonal anti-cleaved caspase 3 Cell Signaling Cat# 9661 RRID: AB_2341188

(1:100)
Rat monoclonal PE-conjugated anti-
mCD24 (1:500)

Rat monoclonal anti-CD24, FITC
Conjugated, Clone M1/69 (1:1000)

Rat monoclonal Alexa Fluor 700 anti-mouse
CD24 (1:150)

Rat monoclonal biotinylated anti-mCD133
(1:300)

Sheep Anti-Digoxigenin, AP Conjugated
Mouse polyclonal anti-DLX2 (1:50)

Goat polyclonal anti-doublecortin (DCX)
(1:100)

Guinea pig monoclonal anti-DCX (1:1000)
Rabbit polyclonal anti-DsRed (1:500)
Goat polyclonal anti-EGFR (1:100)

Rabbit monoclonal anti-EGFR (1:100)

Rat monoclonal anti-GFAP (1:1000)
Chicken polyclonal anti-GFAP (1:600)

Rabbit polyclonal anti-Glutamine
synthetase (1:100)

Rabbit polyclonal anti-Ki67 (1:100)
Rat monoclonal anti-Ki67 (1:200)
Rabbit monoclonal anti-MCM2 (1:1000)

BD Biosciences

BD Biosciences

BioLegend

Thermo Fisher Scientific

Roche
Santa Cruz
Santa Cruz

Millipore
Clontech
R&D
abcam
Invitrogen
Millipore
Abcam

Abcam
Thermo Fisher
Cell signaling

Cat# 553262; RRID:AB_394741

Cat# 553261; RRID:AB_394740

Cat# 101836; RRID:AB_2566730

Cat# 13-1331-82; RRID:AB_466591

Cat# 11093274910; RRID:AB_514497
Cat# sc-18140; RRID:AB_2292994
Cat# sc-8066; RRID: AB_2088494

Cat# AB5910; RRID:AB_2230227
Cat# 632496; RRID: AB_10013483
Cat# AF1280; RRID: AB_354717
Cat# 52894; RRID: AB_869579

Cat# 13-0300; RRID:AB_2532994
Cat# PA1-10004; RRID: AB_1074620
Cat# ab73593; RRID: AB_2247588

Cat# ab15580; RRID: AB_443209
Cat# 14-5698-80; RRID:AB_10853185
Cat# 3619; RRID: AB_2142137

Rabbit polyclonal anti-NG2 (1:100) Millipore Cat# AB5320; RRID: AB_91789;
Mouse monoclonal anti-O4 (1:150) R&D Cat# MAB1326, RRID:AB_357617
Rabbit polyclonal anti-OLIG2 (1:100) Millipore Cat# AB9610; RRID: AB_570666
Goat polyclonal anti-OLIG2 (1:100) R&D Cat# AF2418; RRID:AB_2157554
Goat polyclonal anti-PDGFRa. (1:150) R&D Cat# AF1062; RRID: AB_2236897
Mouse monoclonal anti-TUJ1 (1:250) Covance Cat# MMS-435P; RRID:AB_2313773
Chemicals, peptides, and recombinant proteins

(—)-Tetramisole hydrochloride Sigma Cat# L9756
(2)-4-Hydroxytamoxifen Sigma Cat# H7904

Acetic anhydride Sigma Cat# 320102

Annexin V-Alexa647 Invitrogen/Life technologies Cat# A23204
Antibiotic/Antimycotic Gibco Cat# 15240-062

Apo-transferrin Sigma Cat# T2252

Aqua Polymount Brunschwig Cat# 18606-20

B-27 supplement

bFGF Recombinant Human Protein
Blocking solution

BSA

Corn oil

Invitrogen/Life technologies
Invitrogen/Life technologies
Roche
Sigma
Sigma

Cat# 17504044
Cat# 13256-029
Cat# 11096176001
Cat# A7030

Cat# C8267

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
DAPI Invitrogen/Life technologies Cat# D1306
Denhardt’s Solution 50x Sigma Cat# D2532
Deoxyribonucleic acid, single stranded Sigma Cat# D7656
from salmon testes

Diethyl pyrocarbonate (DEPC) Sigma Cat# 159220

DMEM/F12

DNase |

EDTA

EGF-Alexa647 (1:300)

Epidermal Growth Factor (EGF), Murine,
Natural

Fetal bovine serum
Fibronectin

FluorSave

Formamide

Glucose

HBSS

HCI

Heparin sodium salt

Insulin from bovine pancreas
Insulin-Selenium-Transferrin
Maleic acid

Matrigel growth factor reduced
N-2

NBT/BCIP Stock solution
Normal Donkey Serum
Ovomucoid

Papain

Paraformaldehyde (PFA)
PBS (10X)

Percoll

Phenol red

PIPES

Poly-D-Lysine
Progesterone

Proteinase K

Putrescine

Sheep serum

Sodium bicarbonate
Sodium selenite

SSC buffer (20X)
Streptavidin PE-Cy7 (1:500)
Superfrost™ Plus Microscope Slides
Tamoxifen

Triethanolamine

Triton X-100

Tween 20

Invitrogen/Life technologies
Worthington

Sigma

Invitrogen/Life technologies

ThermoFisher scientific

Gibco

Sigma

Millipore

Sigma

Sigma

Invitrogen/Life technologies
Sigma

Sigma

Sigma

Invitrogen/Life technologies
Sigma

BD

Invitrogen/Life technologies
Roche

Lucerna chem

Worthington

Worthington

Electron Microscopy sciences
Invitrogen/Life technologies
Sigma

Sigma

Sigma

Sigma

Sigma

Thermo Fisher

Sigma

Sigma

Sigma

Sigma

Sigma

Thermo Fisher Scientific
Fisher Scientific

Sigma

Sigma

Sigma

Sigma

Cat# 21331046
Cat# LS002139
Cat# EDS

Cat# E-35351
Cat# 53003-018

Cat# 301146
Cat# F2006
Cat# 345789
Cati# 47670
Cat# G-7021
Cat# 14175-103
Cat# 84415
Cat# H3149
Cat# 16634
Cat# 51500-056
Cat# M0375
Cat# 354230
Cat# 17502048
Cat# 11681451001
Cat# GTX73245
Cat# LS003087
Cat# LS003119
Cat# 15714
Cat# 70011-051
Cat# P1644
Cat# P0290
Cat# P1851
Cat# P1024
Cat# P6149
Cat# EO0492
Cat# P5780
Cat# S2263
Cati# S8761
Cat# S9133
Cat# S6639
Cat# 25-4317-82; RRID:AB_10116480
Cat# 12-550-15
Cat# 85256
Cat# 90279
Cat# T8787
Cat# P9416
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REAGENT or RESOURCE SOURCE IDENTIFIER
Critical commercial assays

TagMan® Array Rodent MicroRNA A Cards Applied Biosystem Cati# 4398967

v2.0

miRCURY LNA SYBR Green PCR Kit Qiagen Cat# 339346
miRCURY LNA RT Kit Qiagen Cat# 339340
Lipofectamine 3000 Thermo Fisher Scientific Cat# L3000008
Dual-Luciferase Reporter Assay System Promega Cat# E1910
Prom-II"™ Reverse Transcriptase Promega Cat# A3800

KAPA SYBR® FAST Merck Cat# SFUKB
Experimental models: Organisms/strains

Mouse: hGFAP::GFP The Jackson Laboratory JAX: 003257
Mouse: CD1 Charles River 022

Mouse: RjOrl:SWISS Janvier Labs RjOrl:SWISS
Mouse: Mirc1t™!-1T/g The Jackson Laboratory JAX: 008458
Mouse: B6.Cg-Tg(GFAP-cre/ERT2) The Jackson Laboratory JAX: 012849
505Fmv/J

Mouse: B6.Cg-Gt(ROSA) The Jackson Laboratory JAX: 007914
26SortM14(CAG-tdTomato)Hze

Mouse: Gt(ROSA)26 The Jackson Laboratory JAX: 007576
Sortm4(ACTB—thomato,—EGFP)Luo/J

Mouse: CAGG::CreER™; miR-17~92" Wichterle laboratory, Columbia University N/A

Mouse: CAGG::CreER™*~ or /~: miR- This study N/A

17~92™1. ROSAACTB-tdTomato,-EGFP)

Mouse: hGFAP::CreER'?; miR-17~92*/* This study N/A

or " Ai14

Oligonucleotides

miR-16-5p miRCURY LNA miRNA PCR Qiagen Cat# YP00205702
Assay

miR-17-5p miRCURY LNA miRNA PCR Qiagen Cat# YP02119304
Assay

miR-17-3p miRCURY LNA miRNA PCR Qiagen Cat# YP00205325
Assay

miR-18a-5p miRCURY LNA miRNA PCR Qiagen Cat# YP00204207
Assay

miR-19a-3p miRCURY LNA miRNA PCR Qiagen Cat# YP00205862
Assay

miR-19b-3p MIRCURY LNA miRNA PCR Qiagen Cat# YP00204450
Assay

miR-20a-5p miRCURY LNA miRNA PCR Qiagen Cat# YP00204292
Assay

miR-92a-3p miRCURY LNA miRNA PCR Qiagen Cat# YP00205947
Assay

Scramble-miR miRCURY LNA Detection Qiagen Cat# YD00699004
probe, negative control

mmu-miR-17-5p miRCURY LNA miRNA Qiagen Cat# YD00615470
Detection Probe (1 nmol)

mmu-miR-18a-5p miRCURY LNA miRNA Qiagen Cat# YD00616983
Detection Probe (1 nmol)

mmu-miR-19a-3p miRCURY LNA miRNA Qiagen Cat# YD00615459
Detection Probe (1 nmol)

mmu-miR-19b-3p miIRCURY LNA miRNA Qiagen Cat# YD00619863

Detection Probe (1 nmol)

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
mmu-miR-20a-5p miRCURY LNA miRNA Qiagen Cat# YD00616215
Detection Probe (1 nmol)

mmu-miR-92a-3p miRCURY LNA miRNA Qiagen Cat# YD00615578

Detection Probe (1 nmol)

Deposited data

miRNA profiling data of V-SVZ populations This study GEO: GSE217425
RNAseq data of V-SVZ populations Delgado et al. (2021) GEO: GSE118009
Software and algorithms

Rstudio https://www.rstudio.com RRID:SCR_000432
Fiji https://imagej.net/software/fiji RRID:SCR_002285
MetaCore Thompson Reuters, NY RRID:SCR_008125
ExpressionSuite software v1.3 Thermo Fisher RRID:SCR_021095
R-commander https://cran.r-project.org/web/packages/ RRID:SCR_001905

Rcmdr

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Fiona
Doetsch (fiona.doetsch@unibas.ch).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact without restriction.

Data and code availability
o miRNA profiling data of V-SVZ populations have been deposited at GEO and are publicly available as of the date of publication.
Accession numbers are listed inthe key resources table. For miR-17~92 target analysis, this paper analyzes existing, publicly avail-
able RNA-seq data of FACS-purified populations. The accession number for these datasets are listed in the key resources table.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

All experiments were performed in accordance with institutional and national guidelines for animal use and approved by IACUC at
Columbia University and the cantonal veterinary office of Basel-Stadt. All mice (males and females) were group-housed convention-
ally with ad libitum food and water in 12-h light/12-h dark cycles, and sacrificed at the same time of day. All mice used were two to four
months old and were randomly assigned to experimental groups. The following mouse lines were used: hGFAP::GFP (The Jackson
Laboratory, JAX: 003257), CD1(Charles River, 022), RjOrl:SWISS (Janvier Labs), CAGG:CreER'%; miR-17~92""
mice (kindly provided by the Wichterle laboratory at Columbia University), Gt(ROSA)26Sorm#ACTB-tdTomato-EGFPILUo, 5 mjce
(ROSAACTB-tdTomato,-EGFP) ' The jackson Laboratory, JAX: 007576), Mirc1™™"-"™/J mice (The Jackson Laboratory, JAX: 008458,
kindly provided by the Jeker laboratory at the University of Basel), B6.Cg-Tg(GFAP-cre/ERT2)505Fmv/J mice (hGFAP::CreER,
The Jackson Laboratory, JAX: 012849) and Gt(ROSA)26Sor'™!4(CAGdTematoHze (Aiq4: The Jackson Laboratory, JAX: 007914).
We bred CAGG::CreER™; miR-17~92"" mice to ROSA (ACTB-tdTomato-EGFP) ice to generate CAGG::CreER™*~ or ~/~; miR-
17~92Ml; ROSAXCTB tdTomato-EGFP) ice [CAGG-miR-17~92"". We crossed Mirc1™""/J mice to hGFAP:CreER™ mice and
GHROSA)26Sorm!4(CAG-tdTomatolHze 1ice to generate hGFAP::CreER™%; miR-17~92** or "M Ai14 mice [miR-17~92*"* and
miR-17~92%.

METHOD DETAILS
FACS-purification strategy

The V-SVZs were dissected from heterozygous hGFAP::GFP mice (Jackson Labs) or wildtype CD-1 mice (Charles River), digested
with papain (Worthington, 1,200 units per 5 mice, 10 min at 37°C) in PIPES solution [120 mM NaCl, 5 mM KCI, 50 mM PIPES (Sigma),

e4 Cell Reports 41, 111773, December 6, 2022
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0.6% glucose, 1X Antibiotic/Antimycotic (Gibco), and phenol red (Sigma) in water, pH adjusted to 7.6] and mechanically dissociated
to single cells after adding ovomucoid (Worthington, 0.7 mg per 5 mice) and DNAse (Worthington, 1,000 units per 5 mice). Cells were
centrifuged for 10 min at 4°C without brake in 22% Percoll (Sigma) to remove myelin. Cell stainings were done in 3 steps: First, cells
were incubated for 20 min with PE-conjugated anti-mCD24 (rat monoclonal, 1:500, BD Biosciences, Cat# 553262, RRID:AB_394741)
and biotinylated anti-mCD133 (rat monoclonal, 1:300, clone 13A4, Thermo Fisher Scientific, Cat# 13-1331-82, RRID:AB_466591).
Cells were washed by centrifugation at 1300rpm for 5min. Next, cells were incubated for 10 min with Streptavidin PE-Cy7 (1:500;
Thermo Fisher Scientific, Cat# 25-4317-82, RRID:AB_10116480), and washed by centrifugation. Finally, cells were incubated with
A647-complexed EGF (1:300; Molecular Probes, Cat# E-35351) for 15 min, and washed by centrifugation. All stainings and washes
were carried out on ice in 1% BSA, 0.1% Glucose HBSS solution. To assess cell viability, 4’,6-diamidino-2-phenylindole (DAPI;
1:1000; Sigma) was added to the cell suspension. All cell populations were isolated in a single sort using a Becton Dickinson
FACS Aria Il using 13 psi pressure and 100-um nozzle aperture and were collected in Neurosphere medium (NSM) [DMEM/F12
(Life Technologies) supplemented with 0.6% Glucose (Sigma), 1X Hepes (Life Technologies), 1X Insulin-Selenium-Transferrin (Life
Technologies), N-2 (Life Technologies), and B-27 supplement (Life Technologies)]. Gates were set manually using single-color control
samples and FMO controls.

miRNA profiling and qPCR analysis
For miRNA profiling, total RNA, including small RNAs, was extracted from FACS-purified populations of qNSCs (hGFAP::GFP*,
CD133", EGFR™, CD24") (n = 3 biological replicates), aNSCs (hGFAP::GFP*, CD133*, EGFR*, CD24") (n = 3 biological replicates)
and TACs (hGFAP::GFP~, CD133~, EGFR*, CD24") (n = 2 biological replicates) using the miRNeasy kit (Qiagen). miRNAs were
pre-amplified and profiled using TagMan® Array Rodent MicroRNA A Cards v2.0 A as specified by the manufacturer at the Genome
Technology Center of New York University Langone Medical Center. Raw data was loaded into the ExpressionSuite program v1.3
(ThermoFischer) and four control RNAs (U6, sno135, sno202 and miR-16-5p) were used to normalize the dataset.

For gPCR analysis of miRNA expression, miRNA-enriched fractions were extracted from FACS-purified gNSCs, aNSCs and TACs
using the miRNeasy kit (Qiagen). cDNA was synthesized using the Exigon miRCURY LNA Universal RT microRNA kit (Qiagen). gPCR
for individual miR-17~92 members was performed using miRCURY LNA probes and miRCURY LNA SYBR Green PCR Kit (Qiagen).

In vitro assays

Toisolate cells for in vitro assays, mixed cohorts of male and female CAGG::CreERT2*~ or /~; miR-17~92%1: ROSAACTE-tdTomato,-EGFF)
mice were processed for FACS as described above and stained with CD24-FITC (rat monoclonal, 1:1000; Cat# 553261; RRI-
D:AB_394740), EGF-Alexa647 (1:300; Molecular Probes, Cat# E-35351), and biotinylated anti-mCD133 (rat monoclonal, 1:300, clone
13A4, Thermo Fisher Scientific, Cat# 13-1331-82; RRID:AB_466591), which was followed by secondary staining with PE-Cy7-conju-
gated streptavidin (1:1000; Thermo Fisher Scientific, Cat# 25-4317-82; RRID:AB_10116480). CD133" EGFR* CD24" cells were FACS-
purified to obtain aNSCs and used for the following assays.

To validate deletion of the miR-17~92 cluster in vitro, FACS-purified aNSCs were cultured in NSM + EGF for five days, then the
medium was replaced with NSM + EGF + 250nM 4O0HT for two days to induce recombination. Medium was then switched to
NSM + EGF for 5 additional days to allow recombined cells to further expand. Cells were collected for sorting by trypsinization for
5 min at 37°C, followed by dissociation to single cells by pipetting and passed through a 40-um filter. DAPI was added prior to
FACS to detect dead cells. Cells were gated based on expression of tdTomato (non-recombined cells) and eGFP (recombined cells)
and genomic DNA isolated for PCR. Deletion of the miR-17~92 locus was verified using the following primers: 17~92 deletion_F:
5'-TCGAGTATCTGACAATGTGG-3'; 17~92 deletion_R: 5'-TAGCCAGAAGTTCCAAATTGG-3'. Aband of ~2kb indicates an intact lo-
cus, whereas a band of ~1kb indicates deletion of miR-17~92.

For single cell adherent assays, one FACS-purified aNSC per well was manually plated into 96 well plates previously coated with
Poly-D-Lysine (Sigma, 10 pg/mL) and Fibronectin (Sigma, 2 pg/mL). During the first 24 h after plating, cells were treated with NSM +
EGF, NSM + EGF +250nM 40HT, or NSM + EGF + vehicle alone (EtOH). At 24 h, the entire media was replaced with NSM & EGF to
prevent toxicity. Cells were fixed with 4% paraformaldehyde (PFA) in 0.1M phosphate buffer (PB) at 13 days post-plating and stained
with DAPI (Sigma). Finally, the total number of DAPI* cells per well was quantified blind to condition.

For survival assays, during the first 24 h after plating, FACS-purified aNSCs were treated with NSM + EGF +250nM 40HT. At 24 h
the media was replaced with NSM alone for 5 days. Cells were stained with Annexin V-Alexa647 (1:500, Life Technologies), fixed for
30 min with 3.2% PFA, and stained for DAPI (1:1000, Sigma). The wells were imaged on the ZEISS Observer 7.1 at 5X. DAPI" cells
were quantified for co-expression with Tomato, eGFP, and Annexin V using the cell counter plugin in FIJI. To assess survival inde-
pendent of proliferation, each colony was considered as one unit.

For the neurosphere assay, FACS-purified aNSCs were plated at a density of 100 cells per well in 96-well low-attachment plates
(Costar). Cells were grown in Neurosphere medium (NSM, see above) in the presence of 20 ng/mL EGF (Upstate). For the first 24 h
immediately after plating, cells were also treated with 500nM hydroxytamoxifen (4OHT, Sigma) or vehicle alone (ethanol, EtOH). At 24
h, half of the media was replaced with NSM + EGF to reduce toxicity. The cells were then monitored every 2 days for neurosphere
formation and recombination.

For in vitro differentiation, neurosphere cultures were established from miR-17-92** and miR-17~92"" mice as described in (Be-
lenguer et al., 2016). Passage four neurospheres were dissociated and plated at a density of 5000 cells per well in Matrigel (BD)
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precoated Nunc™ Lab-Tek™ Chamber Slide System (16 well glass slide) in control medium [DMEM/F12 (Life Technologies) supple-
mented with 0.6% Glucose (Sigma), 0.1% Sodium Bicarbonate (Sigma), 5mM HEPES (Gibco), 1X L-Glutamine (Sigma), 1X Antibiotic/
Antimycotic (Gibco), 4mg/mL BSA (Sigma), 0.8 mg/mL Apo-transferrin (Sigma), 500 nM Bovine Insulin (Sigma), 0.2 nM Progesterone
(Sigma), 0.1 mg/mL Putrescine (Sigma), 0.3 uM Sodium Selenite (Sigma)] supplemented with 0.7 U/ml Heparin sodium salt (Sigma),
20 ng/ml EGF (Thermo Fisher Scientific) and 10 ng/ml bFGF (Invitrogen). Two days later, cells were exposed to 2uM
4-hydroxytamoxifen (Sigma) for 48 h to induce recombination. Cells were then differentiated as described in (Belenguer et al.,
2016). Briefly, cells were cultured for 2 days in control medium with bFGF and Heparin sodium salt (no EGF). Medium was then re-
placed with fresh control medium supplemented with 2% heat inactivated fetal bovine serum (FBS, Gibco) for 5 days. Cells were fixed
with 4% PFA in 0.1M PB, immunostained and counterstained for DAPI. The wells were imaged on the ZEISS LSM880 at 10X. Quan-
tification of total DAPI* nuclei and identification of TOM™ cells were performed automatically in FIJI using a FIJI wrapper (https://
github.com/BIOP/ijl-utilities-wrappers) as follows: First, nuclei were segmented using Cellpose’s default model (Stringer et al.,
2021) and individual nuclei were defined as independent region of interest (ROI). Next, signal intensities for TOM were measured
in each ROI in order to classify and automatically count TOM* and TOM™ nuclei. Quantification of total TUJ1* and O4™ cells and
assessment of their colabeling for TOM were then performed manually using the cell counter plugin in FIJI.

Tamoxifen injections

Cre-mediated recombination in CreER™ transgenic mice was induced by administration of Tamoxifen (Sigma) dissolved at 30 mg/mL
in 90% corn oil with 10% ethanol (Sigma). Mice were intraperitoneally injected at the dose of 120 mg/kg once per day for three
consecutive days and sacrificed one or thirty days after the last tamoxifen injection.

Validation of miR-17~92 deletion and targets

Tomato* CD133” EGFR* CD24 cells or Tomato~ CD133~ EGFR* CD24 ™~ cells (corresponding to TACs) were FACS-purified at 1dpi
from mixed cohort of male and female miR-17~92"" mice as described above, using CD24-A700 (rat monoclonal, 1:150, BioLegend,
Cat# 101836, RRID:AB_2566730) and EGF-Alexa647 (1:300, Molecular Probes, Cat# E-35351) antibodies. For validating miR-17~92
deletion in vivo, RNA from sorted cells was extracted and fractionated according to size (<200nt for miRNA detection or >200nt for
target gene analysis) using the Exiqgon miRCURY RNA extraction kit. Expression of mature miRs was assayed by gPCR using Exigon
probes for miR-17-5p, miR-20a-5p, miR-92a-3p and miR-16-5p (for normalization). For identifying oligodendrogenesis-related miR-
17~92 targets, RNA from FACS-purified cells was retrotranscribed into cDNA using ImProm-Il ™ Reverse Transcriptase (Promega).
gPCR for Pdgfra, Gpr37, Olig2, Nrg1, Sp1, Yy1 and Qki was then performed using KAPA SYBR® FAST (Merck). Sequences of
primers are as follows: Pdgfra: F: 5-CCTGGTGCTGTTGGTGATTG-3', R: 5'-ATACCTCGGTTTCTGTTTCCAAAT-3'; Gpr37: F: 5’-AC
CGGACACAATCTATGTTTTGG-3, R: 5-TCTTCCGAGCAGTCACTAGAG-3’; Olig2: F: 5-GGCGGTGGCTTCAAGTCATC-3/, R:
5'-TCGGGCTCAGTCATCTGCTTC-3/, Nrg1: F: 5-AGTGCCCAAATGAGTTTACTGG-3/, R: 5-AGTTCCTCCGCTTCCATAAATTC-3';
Sp1: F: 5-GCCGCCTTTTCTCAGACTC-3/, R: 5-TTGGGTGACTCAATTCTGCTG-3'; Yy1: F: 5-CAGTGGTTGAAGAGCAGATCAT-
3, R: 5-AGGGAGTTTCTTGCCTGTCAT-3’; Qki: F: 5'-TAGCAGAGTACGGAAAGACATG-3', R: 5-GGGTATTCTTTTACAGGCA
CAT-3'; Gapdh: F: 5-TGAGGCCAGTGCTGAGTATG-3', R: 5- CACATTGGGGGTAGGAACAC-3"” (Microsynth).

Tissue preparation

Mice were anesthetized by intraperitoneal injection of pentobarbital (Esconarkon) and were sacrificed by intracardial perfusion of 4%
PFAin either 0.1M PB (for free-floating sections) or 1X phosphate buffer saline (PBS, for cryosections). Brains were extracted from the
skull and post-fixed overnight. 25 um thick free-floating coronal sections were cut using a vibratome (Leica VT1000S). For cryosec-
tions, after overnight fixation, brains were cryoprotected by sequential overnight incubation in 15% and 30% sucrose in 1X PBS, snap
frozen in —70°C cold isopentane and stored for at least two days at —80°C. 12um thick sections were cut on a cryostat (Leica
CMB3050S). Wholemounts were dissected as described in (Mirzadeh et al., 2010) from saline-perfused mice and post-fixed overnight
in 4% PFA in PB 0.1M solution.

miRNA in situ hybridization

In situ hybridization for miRNA expression was performed on cryosections as described in Jin et al. (2016) using locked nucleic acid
(LNA) probes. Briefly, scrambled, miR-17-5p, miR-18a-5p, miR-19a-3p and miR-92a-3p LNA probes (Qiagen) were 3’ end labeled
with DIG-ddUTP. After fixation with 4% PFA, acetylation with the acetylation buffer (1.33% Triethanolamine, 0.25% Acetic anhy-
dride, 20 mM HCI), treatment with proteinase K (10 mg/mL, Roche) and pre-hybridization (1X Saline sodium citrate (SSC) buffer,
50% Formamide, 0.1 mg/mL Salmon Sperm DNA Solution, 1X Denhart, 5 mM EDTA, pH7.5), brain sections were hybridized with
DIG-labeled LNA probes at 65°C overnight. After washing with ice-cold wash buffer (1X SSC, 50% Formamide, 0.1% Tween 20)
and 1X Maleic acid buffer containing Tween 20 (MABT), sections were blocked with the blocking buffer (1X MABT, 2% Blocking so-
lution, 20% heat-inactivated sheep serum) and incubated with anti-DIG antibody (1:2000, Roche) overnight. Brain sections were
washed with 1X MABT and the staining buffer (0.1 M NaCl, 50 mM MgClI2, 0.1 M Tris-HCI, pH9.5), stained with NBT/BCIP (Roche)
at room temperature. Finally, sections were washed twice in 1X PBS for 10 min at room temperature (RT) and subjected to immu-
nostaining as described below.
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Immunostaining

Wholemounts and tissue sections were incubated in blocking solution [for wholemounts, PBS with 3% bovine serum albumin (BSA)
and 1.5% Triton X-100; for tissue sections, PBS with 10% donkey normal serum supplemented with 0.03% Triton X-100 for anti-
bodies against receptors or 0.3% Triton X-100 for all others] for 1 h at RT and then incubated in primary antibodies in blocking solution
either for 36 h at 4°C or overnight at RT. After washing, sections were incubated with secondary antibodies for 1 h at RT. After
washing, sections and wholemounts were counterstained with DAPI (Sigma). Sections were mounted on slides with either Aqua Pol-
ymount (Brunschwig) or FluorSave™ (Millipore Corporation).

Antibodies

The following primary antibodies were used: anti-pB-Catenin (rabbit polyclonal, 1:200, Cell signaling, Cat# 9587, RRID:
AB_10695312); anti-cleaved caspase 3 (rabbit polyclonal, 1:100, Cell Signaling, Cat# 9661, RRID: AB_2341188); anti-DLX2
(mouse polyclonal, 1:50, Santa Cruz, Cat# sc-18140, RRID:AB_2292994); anti-doublecortin, DCX (goat polyclonal, 1:100, Santa
Cruz, Cat# sc-8066, RRID: AB_2088494); anti-DCX (guinea pig monoclonal, 1:1000, Millipore, Cat# AB5910, RRI-
D:AB_2230227); anti-DsRed (rabbit polyclonal, 1:500, Clontech, Cat# 632496, RRID: AB_10013483); anti-EGFR (goat poly-
clonal,1:100, R&D, Cat# AF1280, RRID: AB_354717); anti-EGFR (rabbit monoclonal, 1:100, abcam, Cat# 52894, RRID:
AB_869579); anti-GFAP (rat monoclonal, 1:1000, Invitrogen, Cat# 13-0300, RRID:AB_2532994); anti-GFAP (chicken polyclonal,
1:600, Millipore, Cat# PA1-10004, RRID: AB_1074620); anti-Glutamine synthetase (rabbit polyclonal, 1:100, abcam, Cat#
ab73593, RRID: AB_2247588); anti-Ki67 (rabbit polyclonal, 1:100, abcam, Cat# ab15580, RRID: AB_443209); anti-Ki67 (rat
monoclonal, 1:200, Thermo Fisher, Cat# 14-5698-80, RRID:AB_10853185); anti-MCM2 (rabbit monoclonal, 1:1000, Cell
signaling, Cat# 3619, RRID: AB_2142137); anti-NG2 (rabbit polyclonal, 1:100, Millipore, Cat# AB5320, RRID: AB_91789);
anti-O4 (mouse monoclonal, 1:150, R&D, Cat# MAB1326, RRID:AB_357617); anti-OLIG2 (rabbit polyclonal, 1:100, Millipore,
Cat# AB9610, RRID: AB_570666); anti-OLIG2 (goat polyclonal, 1:150, R&D, Cat# AF2418, RRID:AB_2157554); anti-PDGFRa«
(goat polyclonal, 1:150, R&D, Cat# AF1062, RRID: AB_2236897), anti-TUJ1 (mouse monoclonal, 1:250, Covance, Cat#
MMS-435P, RRID:AB_2313773). The following secondary antibodies were used: Alexa Fluor-conjugated (405, 1:250, abcam;
488, 647, 568, 1:600, Molecular probes), Cy3-conjugated (1:1000, Jackson ImmunoResearch).

Brain section imaging and quantification

Tile scans of the entire dorsoventral extent of the V-SVZ of at least four different rostro-caudal levels
(Bregmas: ~+1mm, ~+0.70mm, ~+0.3mm and ~+0mm) were acquired on a Zeiss LSM800 or LSM880 confocal microscope
at 25X or 40X with 1.5um distance between focal planes. Immunostaining using more than 4 fluorophores was imaged on a
NikonTi2 widefield microscope at 40X. TOM* and TOM™~ cells were quantified using the Cell Counter plug-in in FIJI. For
each rostro-caudal level, cell percentages of different cell populations over total TOM* or TOM™ cells or per specific population
were calculated. Cell percentages of the same population from different rostro-caudal levels per mouse were averaged and the
average values from control and deleted mice were then compared to identify statistically significant differences in cell popu-
lations. Images from wholemounts were acquired on Zeiss LSM700 or 800 confocals at 40X. For intraventricular OPCs quan-
tification, at least 5 mice per group were analyzed. Mice with less than 15 recombined intraventricular OPCs per wholemount
were excluded.

Bioinformatic analysis

A list of genes expressed in early stages of the lineage was compiled from gene expression datasets of FACS-purified V-SVZ NSC
populations (PDGFRB* CD133*, PDGFRB* CD133" EGFR* and PDGFRB~ CD133* EGFR*) (Delgado et al., 2021). Computationally
predicted targets for the guide and star forms of individual members of the miR-17~92 cluster (miR-17, 18a, 19a, 20a, 19b, 92a and
miR-17*) were generated from the online platforms Targetscan, PicTar, microcosm and miRDB. The gene expression list and miR
target list were then compared to find overlap. Finally, the resulting list of miR-17~92 targets was analzyed using MetaCore (Thomp-
son Reuters, New York, NY) performing enrichment analysis by pathway maps.

Plasmid constructs for luciferase assay

Fragments of the 3'UTR of Pdgfra (1’791 bp) and Qki (1’017 bp), encompassing binding sites for members of the miR-17~92 cluster,
were amplified from mouse genomic DNA by PCR and cloned into psiCHECK™-2 vector from Promega at the Xhol/Notl restriction
sites (In-Fusion HD cloning kit, Clontech Laboratories). Psi-CHECK2-hoxa5 3'UTR luciferase reporter (Tung et al., 2015) was gener-
ously provided by Jun-An Chen. To generate miR-17~92 expression construct, the entire miR-17~92 cluster sequence was ampli-
fied from the pKO-II-miR-17~92 vector (Addgene) by PCR and cloned into the pSR-GFP expression vector (Cheng et al., 2009) at the
Hindlll/Xhol restriction sites (In-Fusion HD cloning kit, Clontech Laboratories). All constructs were sequenced (Microsynth).Sequen-
ces of primers are as follows: Pdgfra 3'UTR: F: 5'-GTCTGTGACTTTTAAGGATGC-3', R: 5-CCACACCACCATGTTGGGAAC-3'; Qki
3'UTR: F: 5'-GATATTAGTCCTTTGGAGAAC-3', R: 5'-GTGCCTTCGAACTTTAGTAG-3; miR-17~92: F: 5-GCTGTAATTGATG
TTTGTGAC-3', R: 5-ATCCCGTTTTACACACCAACG-3' (Microsynth).
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Luciferase reporter assay

HEK293 cells were plated at a density of 9 x 10* cells in poly-L-lysine pre-coated 48-well plates, expanded for 18h, and transfected
with 62.5 ng luciferase reporter and 187.5 ng miRNA vector (1:3 ratio) using 0.5 pL of PLUS Reagent and 1 L of Lipofectamine 3000
(Life Technology). Cells were incubated with lipofectamine-DNA complexes for 24 h prior to changing medium containing lipofect-
amine with fresh medium. Transfected HEK293 were grown for additional 24 h before performing luciferase assay. Finally, cells were
lysed and processed for luciferase assays using the Dual-Luciferase Reporter Assay System (Promega). Luciferase activity was
measured using the TECAN Spark Plate Reader. The ratio between renilla and firefly luciferase activities was calculated for all lucif-
erase reporters. The data were then normalized to the respective miRNA empty vector conditions. All luciferase activity data are pre-
sented as means + SD of values from three experiments, each performed in duplicates.

QUANTIFICATION AND STATISTICAL ANALYSIS

For analysis of miRNA microarray data, miRNA expression was first normalized to U6, sno202, sno135, and miR-16-5p, using the
same threshold and baseline settings as in (Eriksen et al., 2016; Mestdagh et al., 2014), and differential expression between qNSCs
and aNSCs determined by unpaired t test, (p < 0.05). Both normalization and analysis were performed in the ExpressionSuite pro-
gram v1.3 (ThermoFischer). For gPCR analysis of miRNA and mRNA target expression, data were normalized to miR-16-5p or Gapdh
respectively and analyzed by the 2-AACT method (Livak and Schmittgen, 2001). For neurospheres and the differentiation assay, dif-
ferences were assessed using paired two-tailed Student’s t-test using Prism 6 software. For single cell adherent cultures, two-sided
Wilcoxon rank-sum test was used to assess overall changes in the distribution of the outcomes (given number of cells per well),
followed by Fisher’s exact test, to later identify which of the outcomes was responsible for the difference. These analyses were per-
formed using R-commander. For in vivo experiments, two-way statistical comparisons were conducted by two-tailed unpaired Stu-
dent’s t-test of arcsine-transformed relative values (percentages) using Microsoft Excel. Finally, for pathway analysis, significance
was defined by p value <0.05 and False Discovery Rate <0.05. For all comparisons, significance was established at *p < 0.05,
**p < 0.01, **p < 0.001, ***p < 0.0001, *****p < 0.00001. In all graphs, error bars represent standard deviation (SD).
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