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3Aix-Marseille Université, CNRS, IBDM, 13288 Marseille, France
4Developmental and Regenerative Neurobiology, Wallenberg Neuroscience Center, and Lund Stem Cell Centre, Department of Experimental Medical

Science, Lund University, 22184 Lund, Sweden
5Co-first author
6Co-senior authors

*Correspondence: christophe.beclin@univ-amu.fr (C.B.), annalisa.fico@igb.cnr.it (A.F.)

https://doi.org/10.1016/j.stemcr.2020.08.009
SUMMARY
Neural stem cell populations generate a wide spectrum of neuronal and glial cell types in a highly ordered fashion. MicroRNAs are essen-

tial regulators of this process. T-UCstem1 is a long non-coding RNA containing an ultraconserved element, and in vitro analyses in plurip-

otent stem cells provided evidence that it regulates the balance between proliferation and differentiation. Here we investigate the in vivo

function of T-UCstem1. We show that T-UCstem1 is expressed in the forebrain neurogenic lineage that generates interneurons for the

postnatal olfactory bulb. Gain of function in neural stem cells increased progenitor proliferation at the expense of neuron production,

whereas knockdown had the opposite effect. This regulatory function is mediated by its interaction with miR-9-3p and miR-9-5p. Based

thereon, we propose a mechanistic model for the role of T-UCstem1 in the dynamic regulation of neural progenitor proliferation during

neurogenesis.
INTRODUCTION

Fine-tuning of gene expression is essential for the develop-

ment and function of cells and organs. This requirement is

particularly evident in the nervous system, where initially

common stem cell populations generate thousands of

different neuronal and glial cell types in a temporally and

quantitatively perfectly orchestrated manner. MicroRNAs

(miRNAs) are key components of this regulatory machin-

ery, and over 70% of all known miRNAs are expressed in

the brain (Cao et al., 2006; Landgraf et al., 2007).

Among the best-studied brain-specific miRNAs are miR-

9-3p and its counterstrand miR-9-5p, which have regulato-

ry functions in the control of neural stem cell maintenance

and proliferation (Coolen et al., 2013; Follert et al., 2014).

Mice with mutations in the two most abundantly ex-

pressed miR-9 loci have smaller hemispheres and olfactory

bulbs (OBs) at birth, together with an enlargement of the

neurogenic proliferative zones (Shibata et al., 2011).

Cellular miRNA levels and their activity are tightly

controlled by transcriptional and posttranscriptional

mechanisms (Wang et al., 2013; Yates et al., 2013). At the

transcriptional level they are generated from discrete

genomic loci, either localized in introns of coding genes,

and therefore under the control of their promoters, or as in-

dependent units, positioned in intergenic regions (re-

viewed in Follert et al., 2014). Additional mechanisms
Stem
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affecting processing efficiency have been shown to regulate

production ofmiRNA (Wang et al., 2013; Yates et al., 2013).

Beyond the control of their expression, a regulatory layer

relies on the sequence-dependent interaction of miRNAs

with non-coding RNAs (Ebert and Sharp, 2010). Indeed,

many long non-coding RNAs (lncRNAs) carry miRNA-

binding sites that are able to sequester, and thereby inacti-

vate, miRNAs (Salmena et al., 2011).

Transcribed ultraconserved elements (T-UCEs) represent

an important group of lncRNAs. Whereas their full conser-

vation among human, rat, and mouse genomes (Bejerano

et al., 2004) indicates an important role (Katzman et al.,

2007), their specific biological function as molecular regu-

lators is not well understood. Notably, it has been described

that a large group of ultraconserved elements in the human

genome act as tissue-specific enhancers of gene expression

during mouse embryonic development at 11.5 days post-

conception. The majority of those enhancers direct the

expression to various regions of the developing nervous

system, even though their target genes are still unknown.

So far, T-UCEs have been mostly studied in pathological

conditions like cancer, where they can act as ‘‘natural

sponges’’ to decoy specific miRNAs (Calin et al., 2007; Gal-

asso et al., 2014; Olivieri et al., 2016). Evidence for roles of

T-UCEs in the physiological context and during develop-

ment are currently scarce (Fiorenzano et al., 2018; Panatta

et al., 2020).
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Figure 1. T-UCstem1 Controls the Prolif-
eration of SVZ Resident Cells
(A) Schematic representation of a P1 brain.
(B) SVZ, RMS, and OB regions were dissected
and used for the expression analysis. T-UC-
stem1 expression was analyzed by qRT-PCR.
Relative RNA levels from dissected tissues
and 2 days postelectroporation (dpe) sorted
cells were normalized to U6 expression. Data
are mean ± SEM (n = 3 independent exper-
iments); **p < 0.005.
(C) Timeline of the experimental plan.
Electroporation (elpo) was done in mice
1 day after birth. Animals were analyzed at 2
dpe in the SVZ region, upon an intraperi-
toneal injection of 5-bromo-20-deoxyur-
idine (BrdU; 20 mg/kg) 2 h before sacrifice.
(D) Number of BrdU+/GFP+ cells (% over the
total number of GFP+ cells) in the SVZ of
control and T-UCstem1 knockdown (SH1 and
SH2) animals (n = 6–7 animals; *p < 0.05,
**p < 0.005, exact Wilcoxon test).
(E) Number of Ki67+/GFP+ cells (% over the
total number of GFP+ cells) in the SVZ of
control and T-UCstem1 SH animals (n = 7–8
animals; *p < 0.05, exact Wilcoxon test).
(F) Scheme of the bicistronic vector, driving
the expression of the uc.170+ sequence and
GFP reporter gene, used for T-UCstem1 gain-
of-function in vivo experiment.
(G) Number of BrdU+/GFP+ cells (% over the
total number of GFP+ cells) in the SVZ of
control (CTR) and uc.170+ overexpressing
(uc.170+) mice (n = 6 animals; **p < 0.005,
exact Wilcoxon test).
(H) Number of Ki67+/GFP+ cells (% over the
total number of GFP+ cells) in the SVZ of CRT
and uc.170+ animals (n = 5–6 animals; *p <
0.05, exact Wilcoxon test).
In (D, E, G, and H) images represent high-

magnification (original magnification 403) confocal microscopy pictures showing GFP, DAPI, BrdU (D and G), or Ki67 (E and H) staining
together with a merged image. White arrows: dividing cell, GFP+/BrdU+ or Ki67+. White asterisks: non-dividing GFP only cell. Scale bars in
(D and E), 15 mm; in (G and H), 10 mm.
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We identified lncRNA T-UCstem1 as a key functional

regulator of the balance between proliferation and differen-

tiation in cultured pluripotent stem cells and showed that

this activity is mediated by the therein contained uc.170

element, acting as a decoy for both miR-9-3p and miR-9-

5p (Fiorenzano et al., 2018).

Here we investigate the in vivo function of T-UCstem1 in

the brain. We show that T-UCstem1 is expressed in the

postnatal forebrain neurogenic system,which generates in-

terneurons for the OB. In this neurogenic system stem cells

localized in the subventricular zone (SVZ) lining the lateral

forebrain ventricles generate permanently neuronal pro-
2 Stem Cell Reports j Vol. 15 j 1–9 j October 13, 2020
genitors that undergo rapid transit amplification before

tangential migration via the rostral migratory stream

(RMS) into the OB (Figure 1A). Here neuronal precursors

detach from the RMS and integrate as local interneurons

into the granule cell layer and the glomerular layer.

Using in vivo electroporation we demonstrate that T-UC-

stem1 plays a role in neurogenesis by favoring proliferation

of progenitors at the expense of neuron production, thus

mirroring its function during the in vitro differentiation

of ES cells into neurons. Finally, we show that this regulato-

ry function is mediated, at least in part, by interacting with

both miR-9 strands. Based on these results we propose a
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mechanistic model for a specific role of T-UCstem1 in the

dynamic regulation of progenitor proliferation.
RESULTS

T-UCstem1 Is Expressed in the SVZ-RMS-OB

Neurogenic System

During postnatal and adult OB neurogenesis in the mouse

forebrain new neuronal precursors are permanently gener-

ated by stem cell populations along the lateral ventricles.

After their rapid amplification in the SVZ they migrate via

the RMS into the OB, where they integrate as local

interneurons.

We investigated the presence of T-UCstem1 in this

neurogenic system. qRT-PCR analyses of P1 microdissected

tissue from the SVZ, RMS, and OB (Figure 1A) demon-

strated that the T-UCstem1 transcript was expressed in all

isolates, with significantly higher levels in the SVZ

(Figure 1B).

Because dissected SVZ tissue is contaminated by non-

neurogenic surrounding tissue, we investigated the expres-

sion of T-UCstem1 specifically in the neurogenic lineage.

Neural stem cells were GFP labeled in 1-day-old pups (P1)

by postnatal in vivo electroporation (Boutin et al., 2008; Bu-

geon et al., 2017) andGFP-positive cells were sorted by fluo-

rescence-activated cell sorting from dissected SVZ tissue at

P3 (Figure 1B). At this time point most labeled cells were

fast-dividing neuronal progenitors (Boutin et al., 2008).

qRT-PCR analyses demonstrated that T-UCstem1 was ex-

pressed in the GFP-labeled fraction at similar levels

compared with non-sorted dissected SVZ tissue (Figure 1B).

These results show that in the SVZ-RMS-OBneurogenic sys-

tem T-UCstem1 is preferentially expressed in dividing pro-

genitors of the SVZ.
T-UCstem1 Controls Proliferation of Neuronal

Progenitors in the SVZ

To investigate the functional role of T-UCstem1 in OB neu-

rogenesis, we combined loss- and gain-of-function ap-

proaches. To evaluate the effect of T-UCstem1 knockdown,

we used two different non-overlapping short hairpin RNAs

(shRNAs) targeting T-UCstem1 (SH1 and SH2) that lead to a

significant reduction (R70%) of the transcript in mouse

embryonic stem cells (ESCs). As control we used an shRNA

targeting the LacZ gene (NT), as previously described (Fior-

enzano et al., 2018). Control and SH1 and SH2 expression

vectors were electroporated at P1 into the lateral stem cell

compartment of the ventricle, together with a GFP expres-

sion construct to identify transfected cells and to monitor

electroporation efficiency (Tiveron et al., 2017). Two days

later, animals were injected with a single dose of bromo-

deoxyuridine (BrdU) and perfused 2 h later (Figure 1C).
Quantification of BrdU-positive cells in the GFP-positive

fraction revealed a significant loss of proliferating cells in

the SVZ upon T-UCstem1 knockdown, with similar results

for both SH RNAs (Figure 1D; control 6.5% ± 1.12%; SH1

3.5% ± 0.47%; SH2 3.7% ± 0.95%). Moreover, the number

of Ki67-positive cells was significantly reduced after T-UC-

stem1 knockdown compared with control (control 9.2%

± 1.43% versus SH1 6.3% ± 1.04%) (Figure 1E). Thus, T-UC-

stem1 downregulation reduced proliferation of dividing

progenitors in the SVZ.

Next, we evaluated the effect of the overexpression of T-

UCstem1 and, in particular, of the ultraconserved region

within T-UCstem1 (uc.170+) (Fiorenzano et al., 2018). A bi-

cistronic expression plasmid driving both uc.170+ andGFP

under the ubiquitous CAG promoter was generated and

electroporated into the lateral ventricular wall (23CAG-

GFP-uc170+; Figure 1F and Experimental Procedures),

following the Experimental Procedures described above.

The electroporated mice were analyzed 2 days after electro-

poration. To label dividing cells, mice were injected with

BrdU 2 h before sacrifice (Figure 1G). Quantitative analyses

of GFP/BrdU-positive cells in the SVZ revealed that prolifer-

ating cells almost doubled in uc170+ overexpressing

animals compared with control (control 4.2% ± 0.63%

versus uc.170+ 8.8% ± 0.84%) (Figure 1G). In line with

these findings, Ki67-positive cells significantly increased

in uc170+ overexpressing animals compared with control

(Figure 1H).

Thus, the combined use of loss- and gain-of-function ap-

proaches leads to the conclusion that T-UCstem1 is impli-

cated in proliferation control of neuronal precursors in

the SVZ.

T-UCstem1 Regulates Neuron Number in the OB

Next, we investigated the impact of T-UCstem1 knock-

down on neuronal addition to the OB. Neural stem cells

were electroporated with control and SH1-RNA vectors at

P1 and the OB was analyzed 14 days later (14 dpe), when

labeled cells mainly represent young neurons integrating

into the OB layers (Figure 2A). Quantification revealed a

significantly higher absolute number of GFP-positive neu-

rons after T-UCstem1 knockdown (control 273 ± 3; SH1

397 ± 45; Figure 2B). Moreover, we normalized the GFP-

positive neurons in the OB to the amounts of GFP-labeled

cells that remained in the SVZ after electroporation and

did not enter the RMS/OB (mainly radial glia, astrocytes,

and ependymocytes; Boutin et al., 2008, and our unpub-

lished data). The increased ratio further supported the

conclusion that T-UCstem1 knockdown increased the pro-

duction of new NeuN-positive neurons in the OB (Figures

2C and 2D).

Next, we investigated the impact of uc170+ overexpres-

sion on neuron addition to the OB. Fourteen days after
Stem Cell Reports j Vol. 15 j 1–9 j October 13, 2020 3



Figure 2. T-UCstem1 Contributes to Determining the Neuron Number in the Olfactory Bulb
(A) Timeline of the experimental plan. Electroporation (elpo) was done in mice 1 day after birth. Animals were analyzed 14 days post-
electroporation (dpe) at the OB level.
(B) Absolute GFP+ neuron numbers in the OB of NT and T-UCstem1 SH animals (n = 14–16 animals; *p < 0.05, exact Wilcoxon test). Images
are representative mosaic apotome pictures of whole coronal OB sections at 14 dpe of NT and SH1 mice (original magnification 103). Scale
bar, 200 mm.
(C) GFP+ neuron numbers in the OB relative to the amount of GFP+ cells remaining in the SVZ after shLacZ (NT) or SH1 electroporation (n =
14–16 animals; **p < 0.005, exact Wilcoxon test).
(D) Representative pictures of NeuN immunostaining of OB coronal section in CTR and SH1 electroporatedmice (original magnification 203).
(E) Absolute GFP+ neuron numbers in the OB of CTR and uc.170+ mice, at 14 dpe (n = 12–8 animals; **p < 0.005, exact Wilcoxon test).
Images are representative mosaic apotome pictures of whole coronal OB sections at 14 dpe of CTR and uc.170+ mice (original magnifi-
cation 103). Scale bar, 200 mm.
(F) GFP+ neuron numbers in the OB relative to the amount of GFP+ cells remaining in the SVZ 14 days after CTR or uc.170+ electroporation
(n = 12–8 animals; *p < 0.05, exact Wilcoxon test).
(G) Representative pictures of NeuN immunostaining of OB coronal section in CTR and uc.170+ electroporated mice (original magnification
203). Scale bar, 40 mm. GFP+ cells express NeuN.
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Figure 3. Functional Interaction between
T-UCstem1 and miR-9 in the SVZ-RMS-OB
Neurogenic System
(A) Deep-sequencing analyses of miR-9-3p
and miR-9-5p expression in microdissected
tissue from the SVZ, RMS, and OB.
(B) Scheme of the bicistronic vector carrying
the uc.170+ sequence mutated in the seed
sequences for miR-9-3p and miR-9-5p,
together with the GFP reporter gene. CTR,
uc170+, and both mutated miR-9 (uc.170+
mut miR-9-3p and miR-9-5p) vectors were
individually electroporated into the post-
natal SVZ of 1-day-old pups (P1). Animals
were analyzed 2 dpe at the SVZ level, upon an
intraperitoneal injection of BrdU 2 h before
sacrifice, or at 14 dpe at the OB level.
(C) The chart shows the percentage of GFP+/
BrdU+ cells (% over the total number of GFP+

cells) defined in the four experimental con-
ditions (n = 6–8 animals; *p < 0.05, exact
Wilcoxon test).
(D) Representative mosaic images of coronal
OB sections at 14 dpe (apotome images;
original magnification 103). Scale bar,
200 mm. Electroporation of CTR, uc170+, and
both mutated miR-9 vectors was done in 1-
day-old pups (P1), and effects were analyzed.
(E) Absolute GFP+ neuron numbers in the OB
of the four conditions in mice at 14 dpe (n =
7–22 animals; *p < 0.05, **p < 0.005, exact
Wilcoxon test).
(F) GFP+ neuron numbers in the OB relative to
the amount of GFP+ cells remaining in the SVZ
after electroporation (n = 7–22 animals; *p <
0.05, **p < 0.005, exact Wilcoxon test).
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electroporation of the 23CAG-GFP-uc170+ plasmid, the

absolute number of GFP-positive neurons in the OB was

reduced by more than 50% in uc170+ overexpressing

mice (Figure 2E). This reduction in new neurons was also

obvious after normalization to the number of cells that re-

mained in the SVZ, as above, arguing against large differ-

ences in electroporation efficiency (Figure 2F). Remaining

neurons were correctly localized, showed normal

morphology, and expressed NeuN (Figure 2G).

Altogether these findings show that the level of T-UC-

stem1 expression contributes to balancing progenitor pro-

liferation and neuron production.
T-UCstem1 Interacts with miR-9-3p and miR-9-5p

The uc.170 element carries the seed sequences for both

mature forms of miR-9, miR-9-3p and miR-9-5p, and acts

as a decoy for these miRNAs, thereby inhibiting their

action and keeping mouse ESCs in a proliferative state

(Fiorenzano et al., 2018). Deep sequencing of microdis-

sected tissue from the SVZ, RMS, and OB demonstrated

that both miR-9 strands were expressed in all three isolates

(Figure 3A) (Beclin et al., 2016). Expression was strong in

the SVZ, peaked in the RMS, and was lowest in the OB.

To investigate the uc170::miR-9 molecular interaction

during postnatal neurogenesis, we mutated either the
Stem Cell Reports j Vol. 15 j 1–9 j October 13, 2020 5
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miR-9-5p or themiR-9-3p binding site of the uc.170 expres-

sion plasmid, as previously described (Fiorenzano et al.,

2018). Wild-type uc.170, uc.170 with mutations in miR-

9-3p or miR-9-5p, and empty control DNA plasmids were

individually electroporated into the postnatal SVZ. The

respective effects of each of these plasmids on cell prolifer-

ation at 2 dpe and neuron production at 14 dpe were

analyzed and compared (Figure 3B).

At 2 dpe, wild-type uc.170+ overexpression increased cell

proliferation in the GFP-positive fraction in the SVZ

compared with control (control 5.8% ± 0.7% versus

uc.170+ 11.8% ± 2.3%; 2-h BrdU pulse) (Figures 3C and

3D). Mutations in both the miR-9-3p and the miR-9-5p

binding site of uc.170+ led to a significant rescue in the ra-

tios of BrdU/GFP-positive cells (uc.170+ mut miR-9-3p

7.3% ± 1.1%; uc.170+ mut miR-9-5p 7.9% ± 1.9%)

(Figure 3C).

At 14 dpe, we investigated the absolute number of GFP-

positive neurons in the OB and their relative abundance

compared with cells that remained in the SVZ. Both param-

eters showed significantly higher values when the miR-9-

3p or miR-9-5p mutation-carrying uc.170+ vector was

electroporated (Figures 3E and 3F).

Altogether these results provide evidence that T-UC-

stem1 regulates neural precursor proliferation and neuron

number in postnatal neurogenesis in a miR-9-dependent

manner.
DISCUSSION

We provide strong evidence for a function of T-UCstem1 in

the control of progenitor proliferation and neuron produc-

tion in the postnatal mouse forebrain via a mechanism

implicating miR-9-3p and miR-9-5p. Indeed, our comple-

mentary in vivo gain- and loss-of-function studies are fully

coherent with our previous work in ESCs (Fiorenzano et al.,

2018) and represent, to our knowledge, the first demonstra-

tion of a physiological role for ultraconserved element-con-

taining lncRNAs in the brain. The high conservation of

both T-UCstem1 and miR-9 points to an important and

essential interaction, which is likely to be involved in

many different contexts in which stem cell proliferation

has to be balanced with differentiation.

This need for balancing is well exemplified in the brain,

where maintenance of stem cell pools is essential to safe-

guard growth and regeneration capacity at postnatal and

adult stages. Indeed, during embryonic forebrain neuro-

genesis neural stem cells are set aside and do not participate

in the massive proliferation and differentiation that leads

to the development of structures like the cortex, the basal

ganglia, or the septum (Fuentealba et al., 2015). After birth

these quiet stem cells are sequentially activated to supply
6 Stem Cell Reports j Vol. 15 j 1–9 j October 13, 2020
the OB with new interneurons throughout adulthood.

This means that the neurogenic activity of the remaining

stem cell population needs to be tightly regulated. Indeed,

activation of neural stem cells by loss of Notch2 leads to

increased proliferation and new neurons in the OB lineage.

However, this overactivation leads in the long run to accel-

erated exhaustion of the stem cell pool and an aging-like

phenotype (Engler et al., 2018).

After stem cell activation, the next step in the sequence

that leads to new neurons is the passage to fast-dividing in-

termediate progenitors (or type C cells), which determines

the number of new neurons produced for the OB. It is

obvious that this stage needs to be again tightly controlled

to adjust the generation rate of a given neuronal type. We

demonstrate that the number of dividing cells in the SVZ

is significantly reduced upon T-UCstem1 knockdown,

whereas it increases upon T-UCstem1 overexpression.

Two scenarios for T-UCstem1 function could explain this

observation. First, T-UCstem1 controls activation of quies-

cent stem cells. In its absence more cells are activated and

enter their normal proliferation program. Second, stem

cell activation is independent of T-UCstem1, but the exit

from the proliferative state is delayed. The observation

that the production of new neurons 14 days after T-UC-

stem1 knockdown is inversely correlated with proliferation

rate clearly supports the second hypothesis, showing that

the action of T-UCstem1 is to balance between proliferative

progenitors and postmitotic neuronal precursors.

Mechanistically, we propose that T-UCstem1 controls

neural progenitor proliferation, at least in part, through

the direct inhibitory interaction of the ultraconserved

element uc170+ with the functional mature forms of

miR-9. miR-9-3p and miR-9-5p are currently probably the

best-characterized brain-specific miRNAs, and their impli-

cation in the control of neural stem cell status and prolifer-

ation, via the notch pathway (Roese-Koerner et al., 2016),

the REST/CoREST system (Packer et al., 2008), or TLX

(Zhao et al., 2009), has been intensely studied (Follert

et al., 2014; Shibata et al., 2011).

Previous work demonstrated that in the adult brain

about 16 cells/clone are produced from one activated

stem cell in about four rounds of division (Ponti et al.,

2013). It is tempting to speculate that the regulation of

miR-9 activity by T-UCstem1::miR-9 interactions consti-

tutes part of this molecular ‘‘counting mechanism,’’ allow-

ing the stability and flexibility to maintain the neurogenic

process in the long run. How could this work?

Indeed, the choice of progenitors between proliferation

and cell-cycle exit might depend on the stoichiometry be-

tween the miR-9-3p/-5p and the T-UCstem1 molecules,

which is determined by their relative stability over time.

miR-9-3p and miR-9-5p appear to be particularly stable

miRNAs that are present in the cell for prolonged periods
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(Bonev et al., 2012; Goodfellow et al., 2014). On the other

hand, there is evidence that lncRNAs that contain miRNA

binding sites are relatively unstable (Blumberg et al.,

2020), which leads us to speculate that T-UCstem1 has a

short half-life. Thus, we could consider a scenario in which

initially miR-9-3p/-5p and T-UCstem1 are co-expressed in

activated neural stem cells, leading to sequestering of the

miRNAs and allowing clonal expansion. However, over

time the rapid decay of the lncRNA would lead to the

release of the stable miR-9s and allow their function as in-

ducers of postmitotic state and differentiation.

Moreover, we cannot rule out the existence of a multi-

layer network controlling neurogenesis in an even more

complex and subtle manner than that shown so far.

Indeed, the genomic locus uc.170 shows an enriched fore-

brain enhancer activity (Pennacchio et al., 2006), which

could be thought to be involved in some extent.
EXPERIMENTAL PROCEDURES

Tissue Dissection, Cell Dissociation, and Cell Sorting
Animals were decapitated and brains were cut into 400-mm-thick

sections using a vibrating-blade microtome (Thermo Scientific,

HM 650V). SVZ, RMS, and OB tissues were microdissected under

a binocular microscope and kept in cold Hank’s balanced salt solu-

tion (HBSS; Gibco, 14170120).

For cell sorting, dissected tissues were subjected to cell dissocia-

tion using a papain solution and mechanical dissociation as

described previously (Lugert et al., 2010). Cells were resuspended

in HBSS/Mg/Ca supplemented with 10 mM HEPES (Gibco,

15630080), 40 mg/mL DNase I (Roche, 10104159001), 4.5 g/L

glucose (Gibco, A2494001), and 2 mM EDTA; filtered through a

30-mm preseparation filter (Miltenyi Biotec, 130-041-407); and

sorted on a MoFlo Astrios EQ cytometer (Beckman-Coulter) gating

on the GFP+ population.

Quantitative RT-PCR
The relative amount of specific transcripts was measured by qRT-

PCR analysis. Briefly, it was performed using a SYBR Green Super-

mix (Bio-Rad) protocol with a CFX96 Deep Well system real-time

PCR detection system (Bio-Rad), according to the manufacturer’s

instructions. Small nuclear RNAU6was used as a reference. The se-

quences of primers are reported in the Supplemental Experimental

Procedures.

Plasmids and Postnatal Brain Electroporation
shRNA plasmids were described in Fiorenzano et al. (2018). They

were electroporated into mouse brains together with a pCX-GFP

plasmid (Morin et al., 2007) to label the cells. For overexpression

experiments uc.170+, uc.170+ mut miR-9-3p, and uc.170+ mut

miR-9-5p sequences were subcloned into the 23CAGS-GFP

plasmid. The cloning details are reported in the Supplemental

Experimental Procedures. The electroporation procedure was as

described in Boutin et al. (2008) and the Supplemental Experi-

mental Procedures.
BrdU Injections and Immunofluorescence
Two days after electroporation BrdU (5-bromo-20-deoxyuridine;
Sigma) was injected intraperitoneally at 20 mg/kg body weight,

and animals were sacrificed 2 h after BrdU injection and stained

with an anti-BrdU antibody. The immunohistochemistry

procedure is reported in the Supplemental Experimental

Procedures.
Cell Counts and Statistical Analysis
All quantifications were performed blind to experimental group

using ImageJ software. BrdU+ or Ki67+ cells among GFP+ cells

were counted in the SVZ at 2 dpe from at least three sections for

each animal. The number of GFP neurons per OB section was

quantified at 14 dpe from at least three sections per animal. Statis-

tical analysis between two experimental conditions was performed

using the non-parametric exact Wilcoxon test.
SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/

10.1016/j.stemcr.2020.08.009.
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