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Abstract

Adult neural progenitor cells (aNPCs) ensure lifelong neurogenesis
in the mammalian hippocampus. Proper regulation of aNPC fate
has thus important implications for brain plasticity and healthy
aging. Piwi proteins and the small noncoding RNAs interacting
with them (piRNAs) have been proposed to control memory and
anxiety, but the mechanism remains elusive. Here, we show that
Piwil2 (Mili) is essential for proper neurogenesis in the postnatal
mouse hippocampus. RNA sequencing of aNPCs and their differen-
tiated progeny reveal that Mili and piRNAs are dynamically
expressed in neurogenesis. Depletion of Mili and piRNAs in the
adult hippocampus impairs aNPC differentiation toward a neural
fate, induces senescence, and generates reactive glia. Transcripts
modulated upon Mili depletion bear sequences complementary or
homologous to piRNAs and include repetitive elements and mRNAs
encoding essential proteins for proper neurogenesis. Our results
provide evidence of a critical role for Mili in maintaining fitness
and proper fate of aNPCs, underpinning a possible involvement of
the piRNA pathway in brain plasticity and successful aging.
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Introduction

A regulated balance of aNPC quiescence, proliferation, and differen-

tiation guarantees lifelong neurogenesis in the adult hippocampus

(Altman, 1962; Doetsch et al, 1999), prevents the generation of reac-

tive glia (Encinas et al, 2011; Sierra et al, 2015; Clarke et al, 2018),

and curbs neurodegeneration (Toda et al, 2019). Understanding the

molecular control of aNPCs fate is pivotal to develop novel therapies

aimed at preventing or delay age-dependent loss of neurogenesis

and related pathological conditions.

The Piwi genes encode for an evolutionary conserved subfamily

of Argonaute proteins that bind to Piwi-interacting RNAs (piRNAs),

a class of single-stranded noncoding RNAs of 21–35 nucleotides.

Piwi proteins and piRNAs (henceforth referred to as the piRNA path-

way) are highly abundant in gonads, where they mainly target

transposable elements (TEs) for degradation to maintain germline

stem cell pools and male fertility (Czech et al, 2018; Ozata

et al, 2019). Since its initial discovery, the piRNA pathway has been

also implicated in regulating gene expression outside gonads, partic-

ularly in somatic stem cells (Rojas-Rı�os & Simonelig, 2018). In fact,

Piwi proteins are present in human hematopoietic stem cells, but

their functions are dispensable for normal hematopoiesis in the

mouse (Nolde et al, 2013), suggesting a possible role of the piRNA

pathway in the control of self-renewal, rather than differentiation of

these cells (Sharma et al, 2001).

Besides gonads, the highest piRNA expression in the adult mouse

has been observed in the hippocampus (Perera et al, 2019), and pro-

posed to control synaptic plasticity, memory, and anxiety (Lee

et al, 2011; Zhao et al, 2015; Nandi et al, 2016; Leighton

et al, 2019). piRNA abundance in neurons, however, is low com-

pared to that of germline cells (Lee et al, 2011; Ghosheh et al, 2016;

Nandi et al, 2016). Moreover, TE expression increases following the

differentiation of NPC (Muotri et al, 2005), in parallel with the num-

ber of somatic TE insertions found in hippocampal neurons (Upton

et al, 2015), arguing against functions of the piRNA pathway in

postmitotic nerve cells. Given that the hippocampus is one of the

niches in which neurogenesis persists beyond embryonic age, we
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hypothesize that the piRNA pathway may be present in aNPCs, pos-

sibly contributing to maintain the neurogenesis capacity lifelong

(Penning et al, 2022).

Here, we studied the piRNA pathway in aNPCs of the postnatal

mouse hippocampus in vivo and in vitro. By knockdown (KD) of

Mili (i.e., one of the essential endoribonucleases for piRNA biogene-

sis and function) and Mili-dependent piRNAs, we investigated the

consequences of their depletion for proliferation, survival, differenti-

ation, and fate of aNPCs. With this approach, we aim to address

functions of the piRNA pathway in adult neurogenesis, hence pro-

viding a system-level biological understanding of scientific and ther-

apeutic value for brain plasticity and successful aging.

Results

Mili is preferentially expressed in aNPCs and depleted in
neurogenesis

As an entry point to investigate the piRNA pathway in aNPCs we

quantified the expression of Piwil1 (Miwi) Piwil2 (Mili) and Piwil4

(Miwi2) transcripts, encoding the three main Piwi proteins present

in the adult mouse (Czech et al, 2018; Ozata et al, 2019). Analysis

of deep RNA sequencing (RNA seq) of total RNA from cultured

aNPCs derived from neural stem cells (NSC) of the adult mouse

Dentate Gyrus (DG) (Walker & Kempermann, 2014; Pons-Espinal

et al, 2017) indicated that Mili is the most abundantly expressed of

the three Piwi genes in neurogenesis (Fig 1A). In addition, other

genes encoding for piRNA biogenesis cofactors were expressed in

neurogenesis, including the transcription factors Zic2, Mybl1, and

Meis1, the Tudor and KH domain-containing protein Tdrkh, and the

helicase Mov10 (Dataset EV1). Interestingly, Mili expression showed

a dynamic trend in neurogenesis. Indeed, its expression increased

transiently from proliferating aNPCs (here referred to as days of dif-

ferentiation (DIF0)) showing a peak at DIF4 upon onset of their

spontaneous differentiation, whereas it decreased in differentiated

progeny (DIF7-14) (Fig 1A). Similarly, the Mili protein abundance

was higher in undifferentiated aNPCs (DIF0), or early upon onset of

vector-induced neurogenesis (DIF4), compared with neuroblasts

and neurons (DIF7 and 14, respectively) (Fig 1B). Next, we quanti-

fied the abundance of Miwi and Mili proteins in the mouse testis,

whole hippocampus, and undifferentiated aNPCs (Fig 1C and D). As

expected, the Miwi protein was very abundant in the testis but

almost undetectable in the whole hippocampus or aNPCs (Fig 1C),

whereas the Mili protein abundance in aNPCs was about 40% of the

one in the testes (Fig 1D), and about four-fold higher than in pri-

mary hippocampal neurons (Fig 1E).

To validate this finding in vivo, we used the split-Cre viral

approach to selectively label NSCs and their progeny in the postna-

tal hippocampus of Td-Tomato Cre-reporter mice (Pons-Espinal

et al, 2017). Five days postviral injection (dpi), we found Mili pro-

tein in Td-Tomato positive (Td+) NSCs of the subgranular zone

(SGZ) of the DG (Fig 1F). To corroborate the immunofluorescence

result, and to follow Mili expression during neurogenesis in vivo,

we sorted Td+ NSCs and their differentiated progeny at 10 and 30

dpi in the postnatal mouse hippocampus, respectively, and quanti-

fied Mili by real-time quantitative PCR (qPCR). The Mili transcript

was significantly more abundant in Td+ NSCs (10 dpi) than in

adult-born Td+ neurons (30 dpi) or Td� cells (Fig 1G). These results

indicate that Mili expression is dynamic in neurogenesis, being

enriched in neural stem/progenitor cells and depleted in their differ-

entiated progeny.

Identification and validation of piRNAs in aNPCs

Next, we used RNA seq. to investigate the presence of endogenous

piRNAs in undifferentiated aNPCs (DIF0), or upon onset of vector-

induced neurogenesis (DIF4-7). To eliminate the possibility of ribo-

somal RNA (rRNA) or full-length transfer RNA (tRNA) contamina-

tions, we performed small RNA size selection during library

preparation. Following a previously published analysis pipeline

(Ghosheh et al, 2016), we identified a total of 725,472 putative

piRNAs, and using stringent criteria, we focused the subsequent

analyses on the 571,439 small noncoding RNAs that perfectly

aligned (i.e., no mismatch) with mouse piRNA previously annotated

in the piRNA database (piRBase, Zhang et al, 2014). Putative

piRNAs in aNPCs had a peak length of 30 nt (Fig 2A) and bore a 50

uridine (U) bias (Fig 2B), in agreement with previous reports in the

brain of adult mice (Ghosheh et al, 2016). Moreover, the nucleotide-

pair distance probability between the 50 termini of putative primary

and secondary piRNAs was distributed similarly to that of other ani-

mals (Gainetdinov et al, 2018), with asymptotic convergence around

the “0” mark on the abscissa (Fig 2C). Mature piRNAs typically bear

20-O-methylation at their 30 termini, which confers them stability

and enables stronger binding to Piwi proteins (Czech et al, 2018;

Ozata et al, 2019). Thereby, we asked whether the endogenous

piRNAs isolated from aNPCs were also methylated by evaluating

their resistance to periodate oxidation and alkaline ß-elimination, as

previously reported (Kirino & Mourelatos, 2007). As controls, we

used a synthetic piRNA bearing or lacking, a 20-O-methylation in its

30 end. As expected, the unmethylated synthetic piRNA was

degraded after sodium periodate treatment, whereas the methylated

one was preserved, as indicated by (qPCR)-based small RNA assay

(TaqMan) (Fig 2D). Small RNAs isolated from aNPCs were subject

to periodate treatment in the same experiment. As expected,

endogenous unmethylated small noncoding RNAs, such as snoRNA-

202 and -135, were degraded; whereas four of the most abundant

endogenous piRNA-cluster consensus sequences (piCS, i.e.,

extended by qPCR primers bearing specificity for shared sequences

among different clusters) identified in aNPCs exhibited resistance to

periodate treatment, thus indicating their methylation (Fig 2D). We

then addressed the Mili-dependence of the endogenous piRNAs. To

this aim, we used three independent strategies to achieve Mili KD in

aNPCs (Figs 2E and EV1A and B). Specifically, we transduced short-

hairpin RNAs targeting Mili transcripts through a lentiviral vector,

and transfected two different synthetic antisense oligonucleotides

(GapmeRs) targeting distinct Mili regions (Fig 4A). Indeed, KD of

Mili in aNPCs was sufficient to deplete four of the most abundant

endogenous piCS (Figs 2F and EV1C), in agreement with the obser-

vation that Mili is the main Piwi protein in these cells (Fig 1). Of

note, this manipulation did not affect Miwi expression, excluding

possible compensatory effects on piRNA biogenesis in aNPCs

(Fig EV1D). PiRNAs interact with Piwi proteins to form functional

complexes. To examine whether endogenous Mili and piRNAs asso-

ciate in aNPCs, we immunoprecipitated (IP) the Mili protein from

differentiating aNPCs (DIF4, i.e., at the peak of Mili expression; the
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specificity of the anti-Mili antibody used for the IP was validated by

western blotting of lysates from the testis of Mili null and control

adult mice, Fig EV1E). IP with IgG was also included as a control for

nonspecific binding (Fig 2G). To determine the size distribution of

RNAs co-precipitated with Mili, we used capillary electrophoresis on

microfluidic chips. This analysis indicated that the peak size distri-

bution of Mili-bound RNAs in aNPCs was 25 nt (Fig 2H), in agree-

ment with the known size of Mili-bound piRNAs in the mouse testis

(Ding et al, 2017). Real-time qPCR confirmed that five of the most

abundant endogenous piCS identified in aNPCs were enriched in the
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Mili-IP compared with the control IP (Fig 2I). Together these results

indicate that Mili and piRNAs are co-expressed and interact in

aNPCs.

Expression of piRNAs parallels Mili abundance in neurogenesis

Analysis of small RNAs seq in undifferentiated aNPCs (DIF0), or

upon onset of vector-induced neurogenesis (DIF4-7) showed that

piRNAs were dynamically expressed, peaking at the onset of differ-

entiation (DIF4) (Figs 3A and EV2A), in agreement with the Mili

expression pattern (Fig 1). To validate this observation, we sorted

Td+ NSCs from the adult hippocampus and quantified levels of four

of the most abundant piCS, confirming their expression in vivo

(Fig 3B). Genomic mapping of the piRNA reads from aNPCs and

their progeny identified 298 clusters perfectly aligning to the mouse

genome (Fig 3C and Dataset EV2). These clusters had an average

length of 168 bases, with some exceeding 2,000 bases, as previously

seen in mouse testis (Aravin et al, 2006; Girard et al, 2006). The

piRNA raw reads/cluster averaged around 4,700 reads, with two

clusters, one located in chromosome 13 and one in the 17, giving

rise to more than 80,000 piRNA reads (Fig 3C). Analysis of small

RNA seq data for directionality suggested a strand bias, where the

majority of the piRNAs arise unidirectionally, although some

piRNAs were found to be homologous to both strands and at differ-

ent loci. Of note, one of the clusters in our dataset (hereafter

referred to piR-cluster 1, Dataset EV2) is homologous to the human

piR-61648 that was recently shown to be selectively expressed in

somatic tissues but depleted in gonads (Torres et al, 2019;

Fig EV2B). In agreement, analysis of small RNA datasets from the

RIKEN FANTOM5 project (De Rie et al, 2017) showed an enriched

expression of the piRNAs bearing sequence homology to piR-cluster

1, as well as of many additional piRNA clusters in human NSCs

compared with differentiated brain cells (Fig EV2C and

Dataset EV3). Together, these results indicate that Mili-dependent

piRNAs are more abundant in neural stem/progenitor cells than in

their differentiated progeny, thus matching the expression of Mili.

Depletion of Mili and piRNAs impairs neurogenesis and increases
astrogliosis

To infer functions of the piRNA pathway in neurogenesis, we KD

Mili in aNPCs and investigated the consequences of Mili and

piRNA depletion for their proliferation, survival, differentiation,

and fate. Mili KD did not alter aNPC stemness or proliferation

(Fig EV3A), but it led to a dramatic increase in the expression of

the astrocyte marker glial fibrillary acidic protein (GFAP) in vitro

(Fig EV3B). Next, we KD Mili in vivo by injecting two different

GapmeRs antisense to the Mili transcript (GapmeR1 shown in

Fig 4; GapmeR3 shown in Fig EV3C), or a scrambled GapmeR

(Control) in the DG of postnatal mouse hippocampus (Figs 4A–G

and EV3D and E). Inspection of brain sections 30 days after bilat-

eral injections indicated a marked increase in GFAP+ cells that

showed enlarged somas in the ipsilateral hippocampus injected

with GapmeR antisense to Mili, compared with the contralateral

side injected with control GapmeR (Figs 4D and EV3D). Quantifica-

tion of GFAP protein (fluorescence intensity) and transcript in Mili

KD hippocampus (Figs 4E and EV3D) confirmed this observation.

To ascertain whether GFAP+ cells were actively generated upon

Mili KD, we labeled dividing cells by administration of bromod-

eoxyuridine (BrdU) in a third cohort of mice, immediately after

GapmeRs injection (Figs 4F and EV3E). Thirty days after, we

found that Mili KD led to a significant increase in adult-born

GFAP+BrdU+ glial cells at the expense of NeuN+BrdU+ neurons

(Figs 4F and EV3E). This result was corroborated by RNA seq

dataset analysis from differentiating aNPCs in vitro, showing an

enrichment in the expression of astrocyte-related genes and a con-

comitant deregulation of neuronal fate genes upon Mili KD

(Fig EV3F). These results indicate that Mili sustains neurogenesis

in the postnatal hippocampus, at the expense of gliogenesis.

Increased GFAP expression is generally regarded as a hallmark of

astrocytic reactivity (Escartin et al, 2021). In agreement, we

observed a significant increase in the levels of known reactive glial

markers (Liddelow et al, 2017; Clarke et al, 2018) upon Mili KD in

the postnatal hippocampus (Fig 4G). To corroborate this result, we

took advantage of Kainic Acid (KA) injection in the postnatal hip-

pocampus of mice expressing GFP under the control of the NSCs/

NPCs specific promoter Nestin (Fig 4H), a treatment previously

shown to induce aNSC conversion into reactive glia (Sierra

et al, 2015; Bielefeld et al, 2017). Indeed, this treatment reduced

the levels of Mili and one of the most abundant piCS-bearing

sequence homology to piR-cluster 1 in sorted Nestin-GFP+ NSCs

(Fig 4H). Altogether, these results demonstrate that Mili functions

are essential for proper neurogenesis and prevent reactive gliogen-

esis in the postnatal mouse hippocampus.

◀ Figure 1. Mili is preferentially expressed in aNPCs and depleted in neurogenesis.

A Levels of Piwil1 (Miwi), Piwil2 (Mili), and Piwil4 (Miwi2) transcripts in RNA seq. data from undifferentiated aNPCs (Days of differentiation—DIF—0) and
differentiating neuroblasts (DIF4-14); insets in left and right panels show the same data with smaller scales in the ordinate axes.

B Western blot (inset) and quantification (bar graph) of Mili protein abundance in DIF0 aNPCs and differentiating neuroblasts upon viral-induced neurogenesis
(DIF4-14).

C, D Western blot (insets) and quantification (bar graphs) of Miwi and Mili protein abundance in lysates from postnatal mouse testis, hippocampus, and
undifferentiated aNPCs cultures.

E Western blot (inset) and quantification (bar graph) of Mili protein abundance in lysates from cultured mouse hippocampal neurons and undifferentiated aNPCs.
F Representative immunofluorescence micrograph of Mili (white) and Td+ NSCs (red) in hippocampal subgranular zone (SGZ); arrows indicate Td+ Mili+ double-

positive cells.
G Scheme of the experiment (top) and Mili mRNA expression in sorted Td+ and Td� cells after in vivo transduction with split-Cre viruses in the hippocampus (bot-

tom).

Data information: data are expressed as mean � SEM, n = 3 biological replicates. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 as assessed by one-way ANOVA
with the Bonferroni test (in B–D, G) and the two-tailed Student’s t-test (in E). In (F): GCL, granular cell layer; H, Hilus. The scale bars represent 10 lm.
Source data are available online for this figure.
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Depletion of Mili and piRNAs in aNPCs results in senescence-
associated phenotypes

Conversion of hippocampal NSC into reactive glia at the expense of

neurogenesis has been related to increased neuroinflammation and

cellular senescence (Mart�ın-Su�arez et al, 2019; Babcock et al, 2021),

and it has been observed in normal aging (Clarke et al, 2018). The

involvement of the piRNA pathway in these mechanisms is

unknown. We investigated whether the depletion of Mili and piRNA

induces senescence-associated secretory phenotype (SASP), b-
galactosidase activity (b-gal) and cell cycle exit, known hallmarks of

an aged hippocampal niche (Ahlenius et al, 2009; Encinas

et al, 2011; Jin et al, 2021). In agreement with the in vivo pheno-

types, Mili KD in aNPCs cultures induced a significant increase in

the expression of several genes encoding immune-modulatory and

SASP proteins in neuroblasts (DIF4), compared with control cells

(Fig 5A). Moreover, Mili KD resulted in a higher proportion of cells

positive for b-gal as early as 48 h upon induction of their sponta-

neous differentiation (Fig 5B). At the same time point, we immunos-

tained aNPCs with anti-KI67 (a protein that is expressed in all

phases of the cell cycle except G0 and early G1; Yu, 1992) and anti-

BrdU antibodies. Quantification of the BrdU+ and KI67� cells over
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total BrdU+ indicated a premature cycle exit upon Mili KD (Fig 5C).

Similarly, by propidium iodide incorporation and flow cytometry

analysis we found a significant increase in the proportion of cells in

G0/G1 phase and a concomitant decrease in S phase cells upon Mili

KD (Fig 5D; Mili KD G0/G1 = 89.8%, S = 6.03%, G2/M = 4.03%;

Control G0/G1 = 84.7%, S = 8.97% G2/M = 6.27%). Mili KD did not

lead to apoptosis (Fig EV4A and B), whereas it led to altered expres-

sion of genes encoding proteins associated with oxidative stress, cir-

cadian mechanism (Fig EV4C and D, and Dataset EV4), and

senescence-induced cell cycle exit (Fig 5E and F) in agreement with

previous reports (Schouten et al, 2020; Adusumilli et al, 2021; Bab-

cock et al, 2021). Strengthening this evidence, we found increased

b-gal activity in the ipsilateral hippocampus injected with different

GapmeRs antisense to Mili, compared with the contralateral side

injected with control GapmeR (Figs 5G and EV4E and F). Next, we

sorted Nestin-GFP+ NSCs from the DG of young (6 weeks) and

~12 months old mice (i.e., when the majority of hippocampal NSCs

turn into an aged phenotype; Mart�ın-Su�arez et al, 2019) and found

◀ Figure 2. Identification and validation of piRNAs in aNPCs.

A–C (A) Size distribution of the piRNA reads showing (B) uridine bias at piRNA 50 ends and (C) probability of distances from the 50 ends of putative secondary piRNAs to
the 50 ends of putative primary piRNAs. Note in panel C that 50 termini of putative primary and secondary piRNAs derived from the same cluster tend to
concatenate around the “0” mark, as reported in other animals. Distance probability was assayed for unique piRNAs (length between 15–35 nucleotides), without
taking into account abundance, by locally weighted smoothing linear regression (LOWESS).

D Relative expression of transcripts bearing piRNA-cluster consensus sequences (piCS) of the top abundant piRNAs, and two control snoRNAs (202 and 135) in aNPC,
upon treatment with sodium periodate (NaIO4) or water and alkaline ß-elimination. Synthetic RNA oligos were used as negative (Unmethylated, UnMet) and posi-
tive (20-O-methylated, 20OMet) controls, respectively. Note that the presence of 30-end 20-O-methylation in positive control and piRNAs confers them resistance to
periodate oxidation and alkaline ß-elimination, in contrast to the depletion in UnMet negative control and snoRNAs.

E Mili mRNA expression (left bar graph); western blot (inset) and quantification (right bar graph) of Mili protein abundance in aNPCs upon viral transduction of
scrambled shRNA (Control) or shRNA targeting Mili (Mili KD).

F Expression of four of the most abundant piCS in control and Mili KD aNPCs.
G–I Western blot (G), analysis by capillary electrophoresis (H), or quantification by qPCR (I) of the endogenous piCS after co-immunoprecipitation (IP) with endogenous

Mili (IP Mili), or control IgG (IP IgG) in lysates of DIF4 aNPCs. In the qPCR abundance of the indicated piCS in the IP Mili was normalized to its respective level in
the control co-immunoprecipitation (IgG); error bars in (I) represent standard deviation.

Data information: data are expressed as mean � SEM unless differently indicated, n = 2 biological replicates (A–C) and n = 3 biological replicates (D–F, I). *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001, as assessed by the two-tailed Student’s t-test.
Source data are available online for this figure.
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that Mili transcript was significantly reduced in aged NSCs com-

pared with the young (Fig 5H). These results indicate that Mili func-

tions likely prevent the senescence of aNPCs and their progeny.

Identification of piRNA targets in neurogenesis

Next, we sought to identify targets of piRNAs in aNPCs lineages. In

contrast to germline piRNAs, which primarily target TEs, somatic

piRNAs have also homology with, or pair by sequence complemen-

tarity, to a variety of noncoding RNAs including tRNAs and others

from repetitive elements (Keam et al, 2014; Rojas-Rı�os & Simo-

nelig, 2018). Thereby, we first performed in silico prediction of non-

coding RNAs targeted by the piRNAs identified in our model.

Accordingly, TEs were just a minor percentage of the predicted non-

coding RNA targets in both undifferentiated aNPCs and progeny

(Fig 6A and B), despite their proportion being increased upon induc-

tion of neurogenesis (Fig 6B). The latter finding is in agreement with

the activation of TEs (e.g., LINE1) observed during neuronal differ-

entiation (Muotri et al, 2005; Coufal et al, 2009; Upton et al, 2015).

Interestingly, transcripts from repeats such as 5S rRNA and tRNAs

were the main predicted targets in both undifferentiated (47% and

40%, respectively) and progeny (35% and 16%, respectively,

Fig 6A and B). To ascertain whether these noncoding RNAs are

modulated upon Mili and piRNA depletion, we quantified their

levels in Mili KD aNPCs and progeny (Fig 6C). Indeed, Mili deple-

tion significantly elevated levels of 5S rRNA and SINEB1 family of

TEs in both undifferentiated aNPCs and progeny, compared with

scrambled control (Fig 6C), whereas LINE1, here quantified with a

qPCR assay detecting the full-length transcript, was initially refrac-

tory to Mili depletion and its level only increased late in differentia-

tion (Fig 6C).

To identify which protein-coding transcripts are modulated upon

Mili depletion in aNPCs lineages, we analyzed RNA seq data from

Mili KD or scrambled control cells during their spontaneous

◀ Figure 4. Depletion of Mili and piRNAs impairs neurogenesis and increases astrogliosis.

A Representation of the targeting regions of GapmeR1 and 3 on the Mili transcript.
B Scheme of the in vivo experiment.
C Mili mRNA expression (left bar graph); western blot (inset) and quantification (right bar graph) of Mili protein abundance in lysates from the DG of mouse

hippocampi 48 h after the injection of scrambled (Control) or GapmeR1 against Mili (Mili KD).
D Representative light microscopy (left) and confocal (right) micrographs of postnatal hippocampal sections, immunostained for GFAP at 30 dpi of scrambled (Control,

left hemisphere) and GapmeR1 against Mili (Mili KD, right hemisphere).
E Representative immunofluorescence micrograph of postnatal hippocampal sections immunostained for GFAP at 30 dpi of scrambled (Control) and GapmeR1 against

Mili (Mili KD); Right panels: Fold change in GFAP fluorescence intensity level (upper graph) in a hippocampal region of interest (ROI) of 500 lm2 in brain slices upon
Mili KD compared with Control; Gfap mRNA levels (lower graph) in the DG from mouse hippocampi 48 h after the injection of scrambled (Control) or GapmeR1 (Mili
KD).

F (left) Representative immunofluorescence micrograph of postnatal hippocampal sections immunostained for GFAP (green), BrdU (red), NeuN (white), and nuclear DNA
(blue) at 30 dpi of scrambled (Control) or GapmeR1 against Mili (Mili KD); (right graphs) percentages of NeuN+BrdU+ (white arrowheads in the images), or
GFAP+BrdU+ (yellow arrowheads in the images) double-positive cells over total BrdU+ cells.

G Relative mRNAs expression of reactive astrocyte markers in the hippocampus 48 h upon injection of scrambled (control, n = 6 mice) or GapmeRs against Mili (Mili KD,
n = 3 mice GapmeR1 and n = 3 GapmeR3).

H (left) Schematic representation of the experiment; Mili mRNA (left graph) and piCS1 (right graph) expression in sorted GFP+ NSCs from Nestin-GFP mice treated with
Saline (Control) or Kainic Acid (KA).

Data information: data are expressed as mean � SEM, n = 3 (C, D, E mRNA, H) and 5 (E, F) biological replicates. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, as
assessed by the two-tailed Student’s t-test. UTR, untranslated region; CDS, coding sequence; GCL, granular cell layer; SGZ, subgranular zone. The scale bars represent
1 mm (D, left), 10 lm (D, right), and 100 lm (E, F).
Source data are available online for this figure.

▸Figure 5. Depletion of Mili and piRNAs in aNPCs results in senescence-associated phenotypes.

A Heatmap illustrating the expression of genes encoding proteins involved in immune-modulatory and senescence-associated phenotype in differentiating neuroblasts
(DIF4) upon Mili KD, compared with control cells. Expression heatmap correlation plots were computed by the k-means clustering method. Scale bar indicates Z-
scores.

B Representative bright-field microscopy images (left) and quantification (right) of ß-galactosidase+ aNPCs as percent of total cells upon Mili KD, or control 48 h after
induction of spontaneous differentiation.

C Representative fluorescence microscopy images (left) and quantification (right) of control or Mili KD neuroblasts 48 h after spontaneous differentiation,
immunostained with anti-BrdU (white) and Ki67 (purple) antibodies. (Right) Percentage of BrdU+ and Ki67� cells over BrdU+ cells.

D Representative cell cycle analysis of propidium iodide staining by flow cytometry in neuroblasts 48 h after spontaneous differentiation; Percentage of cells in G0/G1
and S is reported in the text.

E Relative mRNA expression of genes encoding proteins involved in the regulation of cell cycle in control and Mili KD neuroblasts 48 h after spontaneous
differentiation.

F Transcript abundance expressed in transcripts per million (TPM) of genes encoding proteins involved in the regulation of cell cycle and differentiation (left) or cell
cycle (right) in DIF4 neuroblasts upon Mili KD, compared with control cells.

G Representative light-microscopy images of the ß-galactosidase staining of postnatal hippocampal sections, 30 dpi of scrambled (Control, left hemisphere) and
GapmeR1 against Mili (Mili KD, right hemisphere). See Fig EV4E for a larger image of this section.

H (left) Scheme of the in vivo experiment; (right) Mili mRNA expression in Nestin-GFP+ sorted cells from young (6 weeks) and old (56 weeks) mice.

Data information: data are expressed as mean � SEM, n = 3 (A, D–F, H) and 5 (B, C) biological replicates (in A each biological replicate was sequenced with two separate
flow cells). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, as assessed by the two-tailed Student’s t-test. The scale bars represent 50 lm (B, C) and 500 lm (G).
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differentiation, at the peak of Mili and piRNA expression (i.e.,

DIF4). Most of the transcripts modulated upon Mili depletion were

upregulated (Fig 6D), and most of them bore sequences antisense to

piRNAs and/or harbored homologous sequences to piRNAs (Fig 6D

and E). More specifically, we observed that transcripts from individ-

ual genes are targeted by multiple unique piRNAs, with a maximum

of 11,904 piRNAs targeting a single modulated gene (Fig 6F), and a

maximum of 9,870 piRNA transcripts per million (TPM) targeting a

single mRNA (Fig 6G).

To address possible functions of the piRNA targets in aNPCs we

searched the Gene ontology (GO) and Kyoto Encyclopedia of Genes

and Genomes (KEGG) databases. GO analysis of the upregulated

protein-coding targets upon Mili depletion indicated a prevalence of

genes involved in the regulation of chromatin, transcription, mRNA
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Figure 6. piRNAs target repetitive elements and mRNAs in neurogenesis.

A, B Pie plots showing proportions of noncoding RNAs predicted targets of piRNAs in undifferentiated aNPCs (DIF0) and differentiating neuroblasts (DIF4-7).
C Transcript levels of LINE1 50UTR, SINEB1, and 5S rRNA in the Mili KD or control aNPCs (DIF0) and differentiating neuroblasts (DIF4-7).
D Total counts of upregulated (black bars) and downregulated protein-coding genes (white bars) in Mili KD versus scrambled control neuroblasts at DIF4.
E Volcano plots showing the log2 fold change of significantly altered mRNA transcripts (numbers of each category indicated) that are target or nontarget of the

piRNAs.
F The log2 fold change of significantly altered mRNA transcripts (abscissa) plotted with the raw number of unique piRNA sequences qualified as targeting molecules

(ordinate) for all modulated genes (black circles), and piRNA-targeted genes (red dots), identified by RNA seq. The modulated genes without piRNA target sequences
concatenate at the bottom at the “y = 0” value; total range, inset.

G The log2 fold change of significantly altered piRNA-targeted mRNA transcripts (abscissa) plotted with the summed levels of all mRNA-targeted (complementary)
piRNA molecules (ordinate), identified by RNA seq.

Data information: data are expressed as mean � SEM, n = 3 (C) biological replicates. Data are expressed in transcripts per million (TPM) as the mean levels of six
sequencing runs (three biological replicates sequenced with two separate flow cells) profiles at DIF4 (D–G). Outliers (mean calculation) were detected by more than three
mean absolute deviations, for a final “n” value between 4 and 6 samples. *P < 0.05, **P < 0.01, ***P < 0.001, as assessed by the two-tailed Student’s t-test. (G) The two-
sample Kolmogorov–Smirnov test on the change in expression between piRNA target and nontarget genes, P-value = 3.21e-260.
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processing, translation, and DNA repair (Fig 7A), which are well-

known functions regulated by the piRNA pathway in both germline

and somatic tissues (Czech et al, 2018; Rojas-Rı�os & Simonelig, 2018;

Ozata et al, 2019). Among the downregulated protein-coding targets,

we found genes involved in the regulation of apoptosis, cell prolifer-

ation, oxidative pathway, and differentiation (Fig 7B), in agreement

with the main phenotypes that we observed upon Mili depletion in

neurogenesis. “Ribosome” and “Spliceosome” were the top terms

among upregulated genes in the KEGG pathway analysis; whereas,

cancer-related terms were common among the downregulated path-

ways (Fig 7C), in agreement with the known oncogenic role of

Piwil2 in various human tumors (Lee et al, 2006). As 5S rRNA and

SINEB1, both involved in the control of ribosome biogenesis and

translation, are among the piRNA targets in aNPCs and because the

dysregulation of ribosome biogenesis has been associated with cel-

lular senescence (Liu & Sabatini, 2020), we investigated ribosome

density and translation in Mili KD aNPCs and progeny. Accordingly,

Mili depletion increased the density of polyribosomes in both undif-

ferentiated and differentiating aNPCs compared with control cells

(Fig EV5A and B), as revealed by immunostaining for the ribosomal

protein RPL26 imaged with stimulated emission depletion (STED)

nanoscopy (Viero et al, 2015). Furthermore, the protein synthesis

rate, measured by OPP (O-propargyl-puromycin) labeling of nascent

proteins, was significantly increased upon Mili depletion in differen-

tiating neuroblasts (DIF7), but not in undifferentiated aNPCs (DIF0)

(Fig EV5C), in agreement with the notion that the density of ribo-

somes over a transcript does not necessarily correlate with its trans-

lation (Mills & Green, 2017).

In sum, these results indicate that the piRNA pathway is pre-

sent and preferentially expressed in adult hippocampal NSC/

NPCs compared with their progeny, where it exerts a wide range

of gene-modulatory functions essential for their fitness and neu-

rogenesis.

Discussion

This study provides the first evidence of the role of the piRNA path-

way in neurogenesis. By investigating the presence of Mili and Mili-

dependent piRNAs in aNPCs and by inferring functions of this
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Figure 7. Analysis of genes and pathways modulated upon Mili and piRNA depletion.

A, B Bar graph showing the top biological pathways of significantly upregulated (A) and downregulated (B) protein-coding genes in Mili KD neuroblasts at DIF4; Num-
bers in each category indicate gene counts and percentages are normalized on the total number of genes for each category.

C Most significant terms generated from KEGG pathway analysis of the modulated targets.
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pathway in the regulation of adult hippocampal neurogenesis, we

provide evidence of an essential role for Mili in maintaining NSC fit-

ness and proper fate. This finding adds a new layer of complexity to

the understanding of adult brain plasticity and entails implications

for aging and neuronal disorders, where dysregulated expression of

the piRNA pathway has been reported, such as neurodegeneration

(Jain et al, 2019; Wakisaka, 2019) and various psychiatric condi-

tions (Page et al, 2021).

At the functional level, the Piwi proteins in gonads and bone

marrow maintain stem cell pools by preserving their fitness (De

Luca et al, 2016; Rojas-Rı�os & Simonelig, 2018). Similarly, our

data indicate that Mili is required to maintain the fitness of NSC/

NPCs in the adult hippocampus. We find that piRNAs are

enriched in aNPCs and their expression is dynamic along neuro-

genesis, mirroring Mili. Moreover, Mili depletion in aNPCs leads

to premature cell cycle exit, increases generation of reactive glia,

and alters the expression of several inflammatory, reactive oxy-

gen, and circadian-related genes, which are known hallmarks of

an aged hippocampal niche (Bonaguidi et al, 2011; Encinas

et al, 2011; Clarke et al, 2018; Mart�ın-Su�arez et al, 2019;

Schouten et al, 2020); accordingly, we find a reduced expression

of Mili in hippocampal NSCs of aged mice. In contrast to the dis-

pensable role of Piwi proteins for hematopoiesis (Nolde

et al, 2013), however, Mili is required for the proper neurogenesis

fate. Thereby, our data support the idea that Mili regulates the

fate choice in the hippocampal niche, implicating functions of the

piRNA pathway in the maintenance of lifelong neurogenesis, pos-

sibly to prevent or delay its drift toward reactive gliogenesis.

While some of these conclusions require further longitudinal

investigations in Mili knockout mice (ideally, bearing Lox-P sites

to selectively restrict the deletion of Mili to distinct NSC subpopu-

lations), this study underpins a possible involvement of the

piRNA pathway in brain plasticity and aging.

At the mechanistic level, several unresolved questions arise from

this study. Perhaps the most crucial one is whether Mili functions in

neurogenesis are mediated through piRNAs. Indeed, Piwi proteins

regulate targets at both the transcriptional and post-transcriptional

levels. However, these mechanisms are very complex and differ

according to the cell type, the Piwi proteins involved, effectors, and

their subcellular localization and do not necessarily require

cleavage-competent Piwi or piRNAs (Czech et al, 2018; Ozata

et al, 2019). Our data indicate the presence of key players of the

piRNA pathway, such as Mili, several cofactors, as well as piRNAs

(fulfilling most of the criteria characterizing them, such as length,

U-Bias, 20-O-Methylation at their 30 ends, inter-distance, Mili-

dependence and -interaction) in aNPCs. We also uncover that this

pathway targets, either directly or indirectly, more than 6,000 genes

in neurogenesis including repetitive elements, and several genes are

known to be regulated by piRNAs in other tissues and cell types;

however, given this level of complexity, the mechanisms mediating

gene-regulatory functions of the Mili-piRNA complexes in our model

certainly warrant further investigation. Future exploitation of the

“simplified” aNPC model (where Mili is the main Piwi protein,

while other cofactors such as the testis-specific methyl transferase

Hen1 are missing), would disentangle the mechanism of piRNA bio-

genesis and function in neurogenesis, providing the biological

understanding of scientific and therapeutic value for brain plasticity

and successful aging.

Materials and Methods

Reagents and Tools table

Reagent/
resource Reference or source

Identifier or catalog
number

Experimental models

C57BL/6J
(M. musculus)

Jackson Lab B6.129P2Gpr37tm1Dgen/J

Td-Tomatoflox/wt

(M. musculus)
Jackson Lab Madisen et al (2010)

Mili null mice
(M. musculus)

European mouse
mutant archive
(EMMA)

Di Giacomo et al (2013)

Nestin-GFP
(M. musculus)

C. Fitzsimons’ Lab Mignone et al (2004)

Antibodies

Mouse-anti-MILI Santa Cruz 1:100 WB Cat # sc-377347

Mouse-anti-MILI Santa Cruz 1:100 WB,
1:25 IP

Cat # sc-377258

Rabbit-anti-MILI G. Hannon’s Lab 1:150
WB, 1:100 IF/IHC

Rabbit-anti-MIWI G. Hannon’s Lab 1:200
WB

Rabbit-anti-ACTIN Abcam 1:1,000 WB Cat # ab13970

Rabbit-anti-
GADPH

Santa Cruz 1:1,000 WB Cat # sc-25778

Rabbit-anti-GFAP Dako 1:1,000 WB, IF/
IHC

Cat # Z-0334

Rat-anti-BrdU Abcam 1:200 IF/IHC Cat # ab6326

Rabbit-anti-KI67 Abcam 1:250 IF/IHC Cat # ab15580

Mouse-anti-NeuN Millipore 1:250 IF/IHC Cat # MAB377

Rabbit-anti-RPL26 Abcam 1:500 IF/IHC Cat # ab59567

Mouse-anti-
Nestin

Millipore 1:250 IF/IHC Cat # MAB353

Rabbit-anti-
cleaved
caspase-3

Cell Signaling
Technology 1:400 IF/
IHC

Cat # 9664

IgG Millipore-Sigma 1:100
IP

Methods and Protocols

Experimental mice
C57BL/6 and Td-Tomatoflox/wt knock-in reporter mice (Jackson Lab-

oratory stock number 007908) (Madisen et al, 2010) and Mili null

mice (Di Giacomo et al, 2013) were housed at Istituto Italiano di

Tecnologia (IIT); Nestin-GFP mice (Mignone et al, 2004) were

housed at the Swammerdam Institute for Life Sciences, University of

Amsterdam, The Netherlands. All animal procedures were approved

by the IIT animal use committee and the Italian Ministry of health,

or by the Commission for Animal Welfare at the University of Ams-

terdam (DEC protocol 4925, AVD1110020184925), respectively, and
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conducted in accordance with the Guide for the Care and Use of

Laboratory Animals of the European Community Council Directives.

All mice were group-housed under a 12-h light–dark cycle in a tem-

perature and humidity-controlled environment with ad libitum

access to food and water.

Virus and GapmeR injection
Split-cre viruses or GapmeRs injection was done as previously pub-

lished (Pons-Espinal et al, 2019); briefly, 8 weeks-old mice Td-

Tomatoflox/wt or WT C57BL6/J were anesthetized with isoflurane

and 1.5 ll of virus mix (Split-Cre N-Cre:C-Cre), or 1.5 ll of 50 lM
antisense GapmeR targeting Mili or negative control (custom design

probes, MILI 339512, Control 339516, Qiagen), were stereotaxically

injected in the dentate gyrus. Bilateral injection of Control GapmeR

in the left hemisphere and Mili KD GapmeR in the right hemisphere

allowed the analysis of the phenotypes within the same brain. To

assess the GapmeRs uptake and the efficacy of Mili KD, the first

group of mice (n = 3 for each GapmeR) was sacrificed 48 h after the

injection and the DG and tissue processed for RNA or protein extrac-

tion. Another set of animals received 2 BrdU intraperitoneal injec-

tions per day for 5 days (50 mg/kg) (one every 12 h) starting 24 h

after GapmeRs injection. Animals were sacrificed 30 days after

GapmeRs injection (n = 5 for each oligo) and tissue processed for

histological analysis (Pons-Espinal et al, 2019). GapmeR sequences

are listed in the Table EV1.

Kainic acid (KA) administration and aNPC collection by
fluorescence-activated cell sorting (FACS)
Kainic acid to elicit tonic, nonconvulsive epileptic seizures, was

administered as described before (Bielefeld et al, 2019). Briefly,

50 nl of 2.22 mM Kainic Acid dissolved in PBS (pH 7.4) was

injected bilaterally into the hippocampus at the following coordi-

nates (AP �2.0, ML +/� 1.5, DV �2.0 mm) (between 9 AM and

1 PM). Control animals were administered saline (pH 7.4). Bilateral

dentate gyri from three animals per condition were pooled to allow

sufficient recovery of NSC/NPCs. A single-cell suspension was cre-

ated using a Neural Tissue Dissociation kit (Miltenyi Biotec),

according to the manufacturer’s protocol. In order to enrich aNPCs

from the DG, we used the endogenous GFP expression driven by the

Nestin promotor in combination with FACS. Propidium Iodide

(5 lg/ml) was added to the single-cell suspension to assess cell via-

bility. Cells were sorted using a FACSAriatm III system (BD) with a

488 nm excitation laser. Cell duplets were removed based on for-

ward and side scatters, and viable cells were selected based on PI

negativity. GFP-positive (corrected for autofluorescence) cells were

sorted (ffi 50,000 cells/pool) and collected in PBS containing 1%

FBS. Trizol LS (Thermo Scientific) was added and after resuspen-

sion samples were snap-frozen and stored at �20°C.

For RNA extraction and cDNA preparation, Td-Tomatoflox/wt or

Nestin-GFP mice were used. Six to ten Td-Tomatoflox/wt mice were

euthanized 10 or 30 days after the split-Cre virus injection. DG cells

were dissociated with the Neural Tissue Dissociation Kit P (Miltenyi

Biotec) and FACS-sorted as previously published (Pons-Espinal

et al, 2019). FACS-sorted cells were immediately processed for RNA

extraction. Cell cycle length was measured by propidium iodide

(PI), which binds to DNA by intercalating between the bases, as pre-

viously described (Krishan, 1975). Briefly, cells were trypsinized,

resuspended in PBS, and fixed with 70% of ethanol for 40 min on

ice. Cells were then centrifuged, resuspended in PBS for 15 min,

and then incubated for 1 h at 37°C with 60 lg/ml of PI (Sigma).

Cells were collected by centrifuge and resuspended in ice-cold PBS

for FACS analysis.

Primary aNPC isolation and culture
Hippocampal NPCs were prepared and expanded as described previ-

ously and induction of spontaneous differentiation by growth factor

removal was done as previously described (Pons-Espinal et al, 2017,

2019); viral-induced neuronal differentiation of aNPCs was done by

transduction of a viral construct expressing Ascl1-ERT2 as previ-

ously described (Braun et al, 2013).

Histology, immunofluorescence, and imaging
Immunofluorescence staining on brain slices was performed on sec-

tions covering the entire dorsal hippocampus as previously

described (Pons-Espinal et al, 2019). Forty micrometer-tick brain

sections were generated using a sliding microtome and were stored

in a �20°C freezer as floating sections in 48 well plates filled with

cryoprotectant solution (glycerol, ethylene glycol, and 0.2 M phos-

phate buffer, pH 7.4, 1:1:2 by volume).

To detect Ki67 staining, citrate buffer 10 mM pH = 6 treatment

for 10 min at 95°C was used. Secondary fluorescent antibodies were

diluted 1:1,000 (Goat Alexa 488, 568, and 647 nm, Invitrogen). Con-

focal stack images of brain slices (40 lm) were obtained with the

Confocal A1 Nikon Inverted SFC with 20× objective (Nikon Instru-

ments, Yokohama, Japan). Cell quantification and analysis were

performed using NIS-Elements software (Nikon Instruments) and

the Cell-counter plugin in Fiji. GFAP intensity fluorescence analysis

was done on fluorescence microscopy images acquired by the Con-

focal A1 Nikon Inverted SFC with 20× objective (Nikon Instru-

ments), with the same parameters for all the sections.

Quantification of fluorescence intensity was performed using ImageJ

measuring the integrated density of a region of interest (ROI) of

500 lm2 for each hippocampal slice. Fold change in fluorescence

intensity of Mili KD hippocampi compared with control ones has

been plotted in the graph. For all the quantification analysis, six sec-

tions were analyzed from each animal, and the mean of the mea-

sures from consecutive sections was used for that individual. DAB

staining was performed as previously reported (Bielefeld

et al, 2019). Briefly, sections were incubated with peroxidase block

(Vectashield) and permeabilized with 0.3% PBS-Triton X (PBS-T)

and 0.1% PBS-T. Sections were blocked with 0.1% PBS-T and 5%

Normal Goat Serum (NGS), incubated with primary antibodies, and

subsequently with the corresponding biotinylated secondary anti-

bodies (1:1,000 Goat anti-rabbit, Invitrogen). Signal amplification

was performed using the ABC complex (Vectashield), according to

the manufacturer’s instructions. Sections were incubated with the

solution for DAB reaction (Sigma) and counterstained with Hoechst

(1:300), mounted, and coverslipped with Vectashield reagent

(VECTOR Labs). ß-galactosidase detection was obtained with the

Senescence Cells Histochemical Staining Kit (Sigma-Aldrich),

according to the manufacturer’s instructions. Briefly, cells were

plated on coverslip in proliferating medium. Forty-eight hours after

the induction of spontaneous differentiation, cells were washed

twice with PBS 1× and incubated with Fixation Buffer 1× for 7 min

at RT. Next, cells were rinsed with PBS 1× and incubated with fresh

senescence-associated ß-Gal (SA-ß-Gal) stain solution at 37°C (no
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CO2) for 4 h. Reaction was blocked with PBS 1×, and coverslips

were mounted on slides using Vectashield reagent (Vector Labs).

Images were obtained using the microscope Nikon Eclipse 80i

(Nikon Instruments, Yokohama, Japan) and the percentage of cells

expressing ß-galactosidase was quantified over the number of total

cells using a Cell-counter plugin in Fiji software. To detect ß-

galactosidase in vivo, brain slices of 40 lm were collected from per-

fused animals, and the reaction was carried out in free-floating sec-

tions as previously described for cells. Images (DAB and ß-

galactosidase) were obtained using the microscope Olympus BX51

equipped with Neurolucida software (MBF Bioscience), and a full

brain slice was reconstructed from acquired fields. Immunofluores-

cence staining on cell cultures was performed as reported (Pons-

Espinal et al, 2019). To detect BrdU incorporation, cells were pre-

treated with 2 N HCl for 30 min at 37°C. Cells were mounted in a

mounting medium and counterstained with fluorescent nuclear dye

DAPI (Invitrogen). Images were obtained using the microscope

Nikon Eclipse 80i at 20× or 40× magnification and quantification

was performed using a Cell-counter plugin in Fiji. For the quantifica-

tion analysis, six fields were analyzed from each coverslip, and the

mean of the measures was used for that experimental replica.

Mili knockdown (KD) in vitro
Adult neural progenitor cells were infected at MOI = 5 with a len-

tivirus encoding for a Mili-targeted short hairpin (shMILI, plKO.1,

Sigma) or for a short hairpin scramble lentivirus (Control, SHC202,

Sigma) both decorated with an eGFP reporter. GFP-positive cells

were first selected by FACS after three passages and then plated in

proliferating or differentiating media, as previously described. We

also performed the knockdown using two different synthetic anti-

sense LNA GapmeRs for Mili KD or negative control (as for the

in vivo: Mili 339512, Control 339516, Qiagen). Cells were transfected

with 150 pmol of GapmeRs 50 lM using Lipofectamin stem trans-

fection reagent (STEM00015, Thermo Fisher) according to the man-

ufacturer’s protocol and collected 72 h after treatment. GapmeRs

uptake and Mili knockdown were assessed by real-time qPCR and

Western Blot.

Protein extraction and Western blot
For total protein extraction, adult testes or hippocampus or cell pel-

lets were homogenized in RIPA buffer and the protein concentration

was determined using a Bradford Assay kit (Bio-Rad). For blot anal-

ysis, equal amounts of protein (30 lg) were run on homemade 10%

polyacrylamide gels and transferred on nitrocellulose membranes

(GE Healthcare). Membranes were probed with the primary antibod-

ies, followed by HRP-conjugated secondary antibody anti-rabbit or

mouse (Invitrogen, A16104, A16072; 1:2,000). LAS 4000 Mini Imag-

ing System (GE Healthcare) was used to digitally acquire chemilu-

minescence signals, and the band intensities were quantified using

Fiji software (Macbiophotonics) (Schindelin et al, 2012).

Co-immunoprecipitation of Mili and piRNA
Adult NPCs were suspended in ice-cold lysis buffer supplemented

with protease inhibitor (Roche) and RNAse inhibitor (Promega) and

lysed with a 30G syringe needle. Equal concentrations of cell lysate

were incubated overnight at 4°C in rotation with either IgG

(Millipore-Sigma), or the anti-Mili primary antibody (Santa Cruz, sc-

377258) and UV cross-linked. Dnase I (Sigma) was added, and the

suspensions were incubated with Dynabeads Protein G (Thermo

Fisher) to immunoprecipitate the antigen–antibody complex for 2 h

at room temperature in rotation. The magnetic beads were captured

on a magnetic rack and washed five times each with buffers at

increasing salt concentrations. Ten percent of the final wash solu-

tion was removed for RNA extraction and subject to real-time qPCR

or analysis with the Bioanalyzer RNA chips (Agilent). The remain-

der of the beads was captured on a magnetic rack, and the protein

content was eluted in RIPA buffer supplemented with 150 mM

TCEP, incubated on ice for 10 min, and resolved on a 4–12% poly-

acrylamide gel. Proteins were transferred and processed for Western

blotting as above.

RNA extraction and real-time qPCR
Total RNA was extracted from aNPCs (proliferating and differentiat-

ing conditions), or DG dissected from adult C57BL/6, Nestin-GFP,

or Td-Tomatoflox/wt mice with QIAzol protocol (Qiagen) according

to the manufacturer’s instructions. One microgram of total RNA was

treated with DNase I (Sigma) and cDNA was synthesized using

iScript cDNA Synthesis kit (Bio-Rad) or with ImProm-II reverse tran-

scriptase (Promega). Real-time qPCR was performed in a duplex

with Actin as a reference gene, with QuantiFast SYBR Green PCR Kit

(Qiagen) or TaqMan Assay (Thermo Fisher) on ABI-7500 Real-Time

PCR System (Applied Biosystems). Expression levels were deter-

mined relative to Actin, using the delta-delta Ct method. Primers

were designed using NCBI/UCSC Genome Browser and Primer3

software tools and then checked in PrimerBLAST for their specificity

to amplify the desired genes. For piRNA real-time qPCR, total RNA

enriched in the fraction of small RNAs was extracted using

miRNeasy Mini kit (Qiagen) following the manufacturer’s instruc-

tions from aNPCs, microdissected DG from hippocampi of C57BL6/J

or Td-Tomatoflox/wt mice. cDNA was obtained using the TaqMan

MicroRNA Reverse Transcription Kit (Thermo Fisher) according to

the manufacturer’s instructions and quantified using the Custom

TaqMan Small RNA Assay (Thermo Fisher) on a ABI-7500 Real-

Time PCR System (Applied Biosystems). Each sample was normal-

ized to U6 snRNA level (Thermo Fisher). Oligonucleotide sequences

are listed in the Table EV1.

RNA library preparation
For small RNA libraries, the quantity and quality of the total RNA

isolated from aNPCs/neuroblasts cultures were measured by Nan-

odrop spectrophotometer (Thermo Fisher) and Experion RNA chips

(Bio-Rad). RNA with RNA integrity number (RIN) values ≥ 9.5 were

selected for the study. One microgram of high-quality RNA for each

sample was used for library preparation according to the Illumina

TruSeq small RNA library protocol (Illumina Inc., CA). Briefly, 30

adapters were ligated to 30 end of small RNAs using a truncated

RNA ligase enzyme followed by 50 adaptor ligation using an RNA

ligase enzyme. Reverse transcription followed by PCR was used to

prepare cDNA using primers specific for the 30 and 50 adapters. The
amplification of those fragments having adapter molecules on both

ends was carried out with 13 PCR cycles. The amplified libraries

were pooled together and run on a 6% polyacrylamide gel. The

145–160 bp bands (which correspond to inserts of 24–32 nt cDNAs)

were extracted and purified using the Wizard� SV Gel and PCR

Clean-Up System (Promega). The quality of the library was assessed

by the Experion DNA 1 K chips (Bio-Rad). Small RNA sequencing
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using HiSeq2000 (Illumina Inc., CA) was performed by the IIT geno-

mics facility at the Center for Genomic Science (IIT@SEMM, Milan,

Italy). For Long RNA Libraries, quantity and quality of the total

RNA extracted from WT/Mili KD aNPCs were measured by Qubit 4

Fluorometer (Thermo Fisher) and Bioanalyzer RNA chips (Agilent).

RNA with RIN values ≥ 8 were selected for the study. Thirty nano-

gram of high-quality RNA for each sample was used for library

preparation according to the Illumina Stranded Total RNA Prep,

Ligation with Ribo-Zero Plus Kit (20040529, Illumina Inc., CA) using

the IDT for Illumina Indexes Set A (20040553). Briefly, after riboso-

mal RNA depletion, RNA was fragmented, denatured and cDNA

synthesized. The 30 ends were adenylated and anchors ligated. After

amplification and clean-up, the quality of the libraries was assessed

by the Bioanalyzer DNA chips (Agilent). Paired-End stranded total

RNA sequencing on NovaSeq 6000 Sequencing System instrument

(Illumina Inc., CA), was performed by the IIT Genomic facility at

the Center for Human Technologies, Genoa, Italy. Sequencing was

performed bidirectionally, and in duplicate by two flow cell pairs of

100 and 150 base pairs, for a total of six measurements produced

from three independent samples for each differentiation time point

and genotype.

Small RNA sequencing data processing
Was done essentially as previously published (Ghosheh et al, 2016).

Briefly, Illumina reads were trimmed to remove the 30 adapter using
Cutadapt, with parameters -m 25 -q 20. Since piRNA size ranges

from 26 to 31 bases, all sequences with length ≤ 24 bases were dis-

carded. Reads mapped to known noncoding RNAs (RNAcentral v6.0

snoRNA, UCSC tRNA, miRBase Release 21 miRNA hairpin and

mature miRNA annotation, NCBI complete ribosomal DNA unit)

were removed from the datasets. The comparison was performed

using NCBI BLASTN v2.6.0 with parameters -max_hsps = 1,

-max_target_seqs = 1, -perc_identity = 80, mismatches <= 1,

qcovhsp >= 90. Reads were aligned on the nonrepeat-masked UCSC

release 9 of the mouse genome (MM9) using bowtie (Langmead &

Salzberg, 2012) v2.2.6 with the sensitive preset option and allowed

a maximum of 100 alignments. All the reads that aligned to the

genome were retained and used for subsequent analysis. piRNA

clusters were identified collapsing overlapped piRNA sequences

(piRBase Release 1; Zhang et al, 2014) into one cluster (mergeBed

with preset options; Quinlan & Hall, 2010). piRNA clusters and all

the reads that aligned to the genome were intersected (intersectBed

with option -f 1). Intersection files were then parsed using a custom

perl script in order to evaluate alignment counts. Differential expres-

sion was assessed using DESeq2 (Love et al, 2014). piRNA clusters

were considered differentially expressed when the adjusted P-value

was ≤0.05, and down- and up-regulation was established in the

range of ≤ �1 to ≥ 1 log2 fold change, respectively. piRNA

sequences were then categorized for the putative mRNA transcript

targets (for each gene). In order to obtain a count of piRNA target

levels, which target individual gene transcripts, for each differentia-

tion time point (DIF0-7), piRNA transcripts were expressed in tran-

scripts per million (TPM) and summed for each target category.

Spearman correlation was performed between the levels of the

piRNA in the Sh-Scramble (control) genotype and compared with

the fold-change level of the putative target genes, which were found

to be significantly altered (up and down) in the Sh-Mili-KD geno-

type. In order to assess the clustering behavior of putative piRNAs,

the 50 termini positions of each cluster-associated putative primary

and putative secondary piRNA sequences were analyzed for dis-

tance, represented as probability, within a range of 200 nucleotides

in the 50 direction and 200 nucleotides in the 30 direction of the puta-

tive primary piRNAs, as reported previously (Gainetdinov

et al, 2018). The positional distance between piRNAs for each clus-

ter was sampled iteratively for each assigned piRNA and normalized

by the total number of diverse piRNAs associated with each cluster.

The distance probability distribution was assayed by the locally

weighted smoothing linear regression method (LOWESS), by using

the built-in MATLAB “fit” function (MathWorks, Natick, MA), with

a span value of 0.1.

mRNA sequencing data processing
Adapter sequences were trimmed using Cutadapt, after which a

quality control trim was implemented on a sliding window of 25

nucleotides, for 2 base pairs with a minimum quality score of 26,

with the Bowtie build for the MATLAB bioinformatics suite (Math-

Works, Natick, MA). Transcript quantification was performed with

the Salmon suite (Patro et al, 2017), on the NCBI mouse genome,

release 67, obtained from the ENSEMBL FASTA directory. The iden-

tified ENSEMBL gene accessions were grouped for the different tran-

script reads, and the read counts, expressed in TPM, were summed

for the annotated transcripts. Outlier reads for each gene transcript

level in TPM were detected by the mean absolute deviations method

(MAD), where reads with more than 3 scaled MAD distances from

the mean were eliminated from statistical analysis. Then, the mean

and SD for each gene were used for statistical analysis among the

different genotypes by one-way ANOVA with multiple comparisons.

P-values lower than, or equal to, 0.05 were selected as the threshold

of significance, for a minimum count of 4 of 6 samples per gene.

Database for Annotation, Visualization and Integrated Discovery

(DAVID, https://david.ncifcrf.gov/) (Huang et al, 2009), was used

to perform Gene ontology (GO) and Kyoto Encyclopedia of Genes

and Genomes (KEGG) signaling pathway analysis using whole Mus

musculus genome as background. Expression heatmap correlation

plots were computed by the k-means clustering method, with impu-

tation performed by the nearest-neighbor method by the MATLAB

“clustergram” function (MathWorks, Natick, MA, USA), as

described previously (Eisen et al, 1999).

Periodate oxidation/alkaline Ô-elimination
Periodate oxidation and alkaline ß-elimination were performed as

previously described (Balaratnam et al, 2018). Briefly, total small

RNA fractions were collected from 8 × 106 aNPCs (per replica). Two

portions, each containing 25 lg of small RNA were dissolved in

87.5 ll 0.06 M borate buffer (pH 8.6). Then, 12.5 ll of nuclease-free
water (to control group) or 200 mM sodium periodate (to treatment

group) were added to the reaction and samples were incubated for

1 h at room temperature. After the incubation, the reaction was

stopped by adding 10 ll of glycerol for another 30 min. For the con-

trol group (treated with water), 12.5 ll sodium periodate was incu-

bated with glycerol for 60 min prior to adding to the samples to

maintain the same ion strength between the control and treatment.

RNA was then precipitated by ethanol precipitation method 1 h at

�80°C. Precipitated RNA was dissolved in 100 ll of 0.055 M borate

buffer (pH 9.5) and incubated for 60 min at 45°C. RNA was precipi-

tated again as before, washed, and used for TaqMan small RNA
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assay. As an internal control for the assay, a synthetic piRNA

sequence (corresponding to one of the most abundant piRNA found

in aNPCs bearing homology to piR-cluster-1) either modified with

the 30-end 20-O-methylation (positive control) or bearing a terminal

20,30-hydroxyl group (negative control) were subject to the periodate

treatment as above.

Protein synthesis assay
To quantify the protein synthesis rate of cells, we used the Global

Protein Synthesis Assay Kit (FACS/Microscopy) and Red Fluores-

cence kit (Abcam), following the manufacturer’s instructions. Briefly,

cells in proliferating or differentiating media (DIF7) were treated with

Cycloheximide as an inhibitor of protein synthesis, for 30 min at

37°C. Media were replaced with fresh aliquots containing Protein

Label (400×) diluted to 1× final concentration and the cells were incu-

bated for additional 30 min at 37°C. Negative control cells were not

incubated with the protein label. Samples were analyzed by FACS for

red fluorescence generated by de novo synthesized protein during

click reaction. Translation rate is directly proportional to emitted fluo-

rescence. Cells emitting fluorescence lower than 103 were considered

negative (P3) and higher than 104 were considered positive (P2).

Immunofluorescence, STED nanoscopy, and particle analysis
Confocal and Stimulated Emission Depletion (STED) nanoscopy

were performed as previously reported (Vicidomini et al, 2018;

Diaspro & Bianchini, 2020). aNPCs were plated on glass coverslips

24 h before fixation. Cells were fixed with PFA 4%, permeabilized

with PBS-T 0.1%, blocked for 1 h at room temperature with PBS-T

0.1% NGS 5%, and incubated according to the dilution suggested

by the manufacturer’s instructions with 0.01 lg/ml rabbit poly-

clonal antibody against the N terminus of RPL26 (Abcam) for 1 h at

room temperature. Cells were washed extensively and incubated

with the secondary antibody goat anti-rabbit ATTO-647N (0.8 lg/
ml; Sigma) for 45 min. Nuclei were stained while mounting the cov-

erslip with DAPI-Prolong antifade (Invitrogen). Confocal and STED

images were acquired at 23°C with a modified TCS SP5 STED-CW

gated and operated with its own imaging software, LAS X (Leica

Microsystems, Mannheim, Germany). The microscope has been cus-

tomized with a second pulsed STED laser line at 775 nm. The beam

originates from a Onefive Katana HP 8 (NKT, Birkerød, Denmark)

and passes through a vortex phase plate (RPC photonics, Rochester,

NY, USA) before entering the microscope through the IR port. The

depletion laser pulses are electronically synchronized with the

Leica’s supercontinuum pulsed and visible excitation laser. The

ATTO-647N fluorescence was excited at 633 nm, and the fluores-

cence depletion was performed at 775 nm. The maximal focal

power of the STED beam was 200 mW at 80 MHz. Both beams were

focused into the 1.4 NA objective lens (HCX PL APO 100× 1.40 NA

Oil STED Orange; Leica). Fluorescence was collected by the same

lens, filtered with a 775 nm notch filter, and imaged in the spectral

range 660–710 nm by the hybrid detector with a time gating of 1 ns.

All the images have a 14 nm pixel size and 37-ls pixel dwell time.

The analysis of polysome clusters in aNPC lineages was performed

on more than 20 images likewise different cells. Image analysis was

performed using the Fiji software.

In silico piRNA targets prediction
For piRNA targets analysis, we divided the sequencing data into one

set of 100 piRNA clusters enriched in proliferating aNPCs (DIF0)

and a second set of 198 clusters specifically expressed at DIF4/7

stage. The Differential Expression analysis for piRNAs mapping on

repeat elements (REs) in DIF4 and DIF7 compared with DIF0 was

done using EdgeR software package (Robinson & Oshlack, 2010).

Identification of piRNA targets was divided into: piRNAs mapping

on REs only/piRNAs mapping on GENCODE elements/piRNAs map-

ping on REs within GENCODE elements/unannotated piRNAs/

piRNAs clusters. Gene Ontology analysis for piRNAs mapping on

GENCODE protein-coding genes (but NOT mapping on REs) has

been done with the R package GOFuncR (https://bioconductor.org/

packages/release/bioc/html/GOfuncR.html).

Quantification and statistical analysis
Data are presented as mean � SEM and were analyzed using Prism

6 (GraphPad). Statistical significance was assessed with a two-tailed

unpaired t-test for two experimental groups. For experiments with

three or more groups, one-way ANOVA with the Bonferroni’s multi-

ple comparison test was used. Results were considered significant

when P < 0.05. The number of samples (n) in each group is

reported in the figure legend. Exact P-values of the experiments are

shown in Table 1.

Table 1. Exact P-values of the experiments presented in the paper.

Figure Comparison P-value Statistical test

1B DIF0/DIF7 **P = 0.0022 One-way ANOVA, post-hoc Bonferroni

DIF0/DIF14 ***P = 0.0001

DIF4/DIF7 ***P = 0.0003

DIF4/DIF14 ****P < 0.0001

1C Testis/Hippocampus ***P = 0.0004 One-way ANOVA, post-hoc Bonferroni

Testis/aNPCs ***P = 0.0005

1D Testis/Hippocampus ***P = 0.0002 One-way ANOVA, post-hoc Bonferroni

Testis/aNPCs **P = 0.0013

1E Neurons/aNPCs ***P = 0.0008 Two-tailed Student’s t-test

1G Td�/Td+ 10 dpi *P = 0.0224 One-way ANOVA, post-hoc Bonferroni

Td+ 30/10 dpi *P = 0.0355
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Table 1 (continued)

Figure Comparison P-value Statistical test

2E mRNA Ctl/Mili KD *P = 0.014 Two-tailed Student’s t-test

WB Ctl/Mili KD **P = 0.0015

2F piCS1 Ctl/Mili KD ***P = 0.0004 Two-tailed Student’s t-test

piCS2 Ctl/Mili KD ***P = 0.0005

piCS3 Ctl/Mili KD ***P = 0.0002

piCS4 Ctl/Mili KD ****P < 0.0001

2I piCS2 anti-Piwil2/IgG nsP = 0.1018 Two-tailed Student’s t-test

piCS3 anti-Piwil2/IgG *P = 0.0423 Two-tailed Student’s t-test

piCS4 anti-Piwil2/IgG *P = 0.0142 Two-tailed Student’s t-test

piCS5 anti-Piwil2/IgG **P = 0.0097 Two-tailed Student’s t-test

3B piCS1 Td�/Td+ *P = 0.0164 Two-tailed Student’s t-test

piCS2 Td�/Td+ **P = 0.0028

piCS3 Td�/Td+ *P = 0.0184

piCS4 Td�/Td+ *P = 0.0278

4C mRNA Ctl/Mili KD *P = 0.0152 Two-tailed Student’s t-test

WB Ctl/Mili KD **P = 0.0083

4E GFAP Ctl/Mili KD **P = 0.0061 Two-tailed Student’s t-test

mRNA Ctl/Mili KD ****P < 0.0001

4F NeuN Ctl/Mili KD **P = 0.0013 Two-tailed Student’s t-test

GFAP Ctl/Mili KD **P = 0.0077

4G C3 Ctl/Mili KD *P = 0.0124 Two-tailed Student’s t-test

Serpin Ctl/Mili KD **P = 0.0068

Cxcl10 Ctl/Mili KD **P = 0.0013

4H Mili Ctl/KA **P = 0.0028 Two-tailed Student’s t-test

piCS1 Ctl/KA ***P = 0.0002

5B b-Gal Ctl/Mili KD ****P < 0.0001 Two-tailed Student’s t-test

5C BrdU Ki67 Ctl/Mili KD ****P < 0.0001 Two-tailed Student’s t-test

5D G0-G1 Ctl/Mili KD *P = 0.0186 Two-tailed Student’s t-test

S Ctl/Mili KD **P = 0.0056

5E Cyclin A Ctl/Mili KD *P = 0.0132 Two-tailed Student’s t-test

Cyclin D1 Ctl/Mili KD ***P = 0.0003

Cyclin E Ctl/Mili KD *P = 0.0266

5F Btg1 Ctl/Mili KD **P = 0.0068 Two-tailed Student’s t-test

Btg2 Ctl/Mili KD *P = 0.0174

Btg3 Ctl/Mili KD **P = 0.0068

Ccnd3 Ctl/Mili KD *P = 0.0279

Ppp1ca Ctl/Mili KD ***P = 0.0005

5H Mili young/old ***P = 0.0003 Two-tailed Student’s t-test

6C SINE DIF0 Ctl/Mili KD **P = 0.0079 One-way ANOVA, post-hoc Bonferroni

SINE DIF4 Ctl/Mili KD *P = 0.0405

SINE DIF7 Ctl/Mili KD **P = 0.0059

rRNA DIF0 Ctl/Mili KD **P = 0.0074

rRNA DIF4 Ctl/Mili KD ***P = 0.0002

6D LINE1 DIF7 Ctl/Mili KD *P = 0.00472 Two-tailed Student’s t-test

6G mRNA Target Mili KD/CtlmRNA Nontarget Mili KD/Ctl P = 3.21E-260 Two-sample Kolmgorov-Smirnov test
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Data availability

Mouse Small RNA sequencing data have been deposited in the Euro-

pean Nucleotide Archive (ENA) under the accession: PRJEB40241

(https://www.ebi.ac.uk/ena/browser/view/PRJEB40241?show=

reads) and the long RNA sequencing data in the Gene Expression

Omnibus (GEO) database under the accession GSE182848 (https://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE182848);

human datasets (De Rie et al, 2017) are available through RIKEN

FANTOM5.

Expanded View for this article is available online.
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