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Abstract

Piwi proteins and the small non-coding RNAs interacting with them (piRNAs), collectively
referred to as the piRNA pathway, are best known in gonads where they safeguard genomic
integrity and male fertility. The piRNA pathway is also present in various somatic tissues,
especially in the central nervous system (CNS), and altered piRNAs expression has been
implicated in pathological and inflammatory conditions such as neurodegenerative diseases
[1]-[4]. However, little is known about the underlying mechanisms, and the potential

functions of PIWI-piRNAs in brain cells remain unclear.

This thesis extends our prior research presenting the initial evidence of the functional role of
piRNA pathway in neurogenesis and neuroinflammation [5], which are critical processes for
maintaining central nervous system (CNS) homeostasis and cognitive function. Piwil2 and
piRNAs were discovered in adult neural progenitor cells (aNPCs) to support neurogenesis by
reducing cellular senescence and neuroinflammation [5]. In this thesis, a constitutive Mili
knockout mouse model was used to validate and expand these findings. In vivo proliferation
disturbances and in vitro impaired differentiation of aNPCs with mutated Mili were observed.
Concerning neuroinflammation, our investigation demonstrated that Piwil2 depletion in the
postnatal hippocampus leads to the generation of reactive astrocytes [5]. This thesis extends
these findings by illustrating that Mili knockdown results in microgliosis. Additionally, the
presence of the piRNA pathway was uncovered in microglia. Microglial Piwil2 and piRNAs
were shown to be responsive to both acute (LPS-induced) and chronic (inflammaging)
inflammation. Moreover, inflammation-responsive piRNAs are Mili-dependent and are
predicted to target, and therefore potentially regulate, several gene transcripts involved in

inflammatory processes.

The work reported in this thesis provides an initial characterization of the piRNA pathway's
role in adult neurogenesis and neuroinflammation, suggesting a broader function of the
piRNA pathway as a guardian of brain homeostasis. This offers potential therapeutic avenues
for age-related central nervous system (CNS) disorders, contributing to the promotion of

successful brain aging.
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1 Introduction

1.1 The piRNA pathway

PIWI-interacting RNAs (piRNAs) are a relatively novel class of small non-coding RNAs
(sncRNAs). They consist of single-stranded RNA sequences in the range of ~23-35
nucleotides in length, modified by a 2’-0O-methylation at the 3’end and with a Uridine bias at
their 5’end. These small non-coding RNAs (sncRNAs) work in association with P-element-
induced wimpy testis (PIWI) proteins, forming the piRNA-induced silencing complexes
(piRISCs), in which the piRNA, by sequence complementarity, guides the PIWI proteins to

silence RNA targets and regulate gene expression [3], [6]-[8].

1.1.1 PIWI-interacting RNAs (piRNAs)

PiRNAs were first discovered in the Drosophila melanogaster germline [9], [10], where they
have been shown to repress transposons, repetitive element transcripts, and even certain
genes through transcriptional, post-transcriptional, and epigenetic mechanisms, thus
preserving genomic integrity and male fertility [1], [11]-[14]. Indeed, the piRNA pathway has
predominantly been investigated within the germline, where piRNAs primarily target
transposable elements (TEs), i.e., mobile genetic entities capable of relocating and integrating
into diverse genomic locations. Consequently, piRNAs are recognized as frontline defenders
of genomic integrity, safeguarding against the intrusion of these genomic parasites. As a
result, they are critical for germline stem cell maintenance [1]. Although first described in
Drosophila gonads, their protective role is notably conserved across different animal species,
including mammals [1], [15]-[23]. Furthermore, emerging evidence indicates that piRNAs
are also abundant in somatic tissues, particularly in somatic stem cells, where they are
involved in a broad spectrum of functions, including cell proliferation, differentiation and
survival, during physiological as well as pathological events [11], [13], [20], [23]-[25].

PiRNAs sequences exhibit remarkable diversity, with most animal genomes harboring more
than 1 million unique piRNAs [26]. In contrast to other sncRNAs, such as microRNAs
(miRNAs), which tend to have limited sequence diversity and are typically conserved across
species, piRNAs are poorly conserved [27], [28]. Finally, another distinctive feature of piRNAs

is that their primary sequences are transcribed from genomic regions typically found within



clusters spanning a length range of 20 to 100 kilobases in the genome. These clusters are
often enriched in transposons, repetitive elements, and other spurious transcripts or
pseudogenes and can be transcribed mono- or bi-directionally. Importantly, also protein-
coding genes, specific intergenic loci, and long non-coding RNAs (IncRNAs) can serve as

piRNAs sources [11], [12],[17], [18], [29].

1.1.2 PIWI proteins

PIWI proteins are highly conserved proteins belonging to the Piwi subclade of Argonaute
(Ago) proteins, the other subclade being the Ago family of proteins which bind miRNAs and
small-interfering RNAs (siRNAs) [30], [31]. They exhibit the canonical structural
organization characteristic of Ago proteins, which is a bilobated structure with four domains
connected by three linker regions (Figure 1) [32]. The variable N-terminal domain is linked
to a conserved PAZ (standing for Piwi/Argonaute/Zwille) domain which, in conjunction with
the MID (middle) domain, binds piRNAs, while at the C-terminal, these proteins feature the
PIWI endonuclease domain, an RNase-H -like domain with slicer activity responsible for the

catalytic cleavage of the target RNA [24], [33].
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Figure 1: Crystal structure of the PIWI-piRNA complex. Modified from [25].

Most mammals possess four Piwi genes. In humans, Hiwi (Piwil1), Hili (Piwil2), Piwil3, and
Hiwi2 (Piwil4) are encoded in the genome [34]. In mice, three main PIWI genes can be found:
Piwill (Miwi), Piwil2 (Mili) and Piwil4 (Miwi2), lacking the mouse genome of one of the four

Piwi paralogs [13]. Several cofactors are commonly associated with the PIWI proteins in the



piRISC complex. Among those helicases, such as MOV10, are crucial for facilitating PIWI's
binding and catalytic functions by unwinding RNA secondary structures [35]. Interestingly,
PIWI proteins can perform functions independent of their endonuclease activity. In this
alternative mode, PIWI is implicated in the epigenetic silencing of target genes through

piRNA-directed recruitment of epigenetic factors to chromatin [1], [11], [36].

1.1.3 piRNAs biogenesis and mechanism of action

The biogenetic process of piRNAs production has historically been divided into three
pathways: primary, secondary and phased piRNA pathways (Figure 2) [37]-[40]. In the
primary biogenesis pathway, long precursors of piRNAs are transcribed in the nucleus from
genomic clusters and exported to the cytoplasm for further processing [11], [41]-[44]. There,
the precursors transcripts are fragmented by endonucleolytic cleavage. The intermediate
products whose sequence starts with Uridine are preferentially loaded into PIWI proteins
[11], [45]. This preference is inherently determined by the structure of the MID domain of
PIWI, and results in the generation of the 5’ Uridine bias characteristic of primary piRNAs
[46]. Upon loading of these sequences in the PIWI proteins, maturation of the piRNA is
completed by trimming at the 3’end and subsequent 2’-O-methylation [47], [48]. The length
of the mature piRNA depends on the specific PIWI protein it binds, which determines how
many nucleotides are protected and inaccessible during the last step of maturation [45], [48].
The secondary biogenesis pathway consists of a self-amplification mechanism, termed the
ping-pong cycle, through which the piRNA target becomes itself a piRNA once it is cleaved
[37], [49]. Indeed, this pathway is highly efficient in selectively amplifying piRNAs that target
active transposons. The process begins with piRNA-directed PIWI cleavage of the target
transcript, in correspondence of the tenth position of the piRNA [37], [49]-[51]. This
determines a partial overlap between secondary-generated piRNAs and the primary piRNAs
that produce them. The newly generated secondary piRNAs then undergo maturation as
described above and continue to be further amplified by repeating this cycle [52], [53].
Complementary to secondary piRNA biogenesis is the production of phased piRNAs: during
the ping-pong cycle the target transcript is cleaved and gives rise to a secondary piRNA from
the portion that is partially paired with the primary piRNA. The remaining 3’ fragment of the
transcript undergoes a process of stepwise fragmentation that ultimately leads to the
generation of new adjacent piRNAs, with their sequences phased approximately by the length

of a mature piRNA [38]-[40]. Secondary piRNAs biogenesis, along with the phasing process,



is particularly effective in silencing the target transcript by consuming its RNA to generate

new piRNAs, which, in turn, can be amplified in the ping-pong process [38], [54].
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Figure 2: piRNAs biogenesis. In primary piRNA biogenesis, piIRNA precursors transcribed from clusters are
exported, processed into intermediates, and those having a Uridine at the 5’end are preferentially loaded onto PIWI
proteins. Subsequent 3'end trimming and 2'-O-methylation generate mature primary piRNAs. Secondary biogenesis
involves PIWI-piRNA complex cleavage of target mRNA, integrating the 3’ cleaved RNA into PIWI. The 10th position,
enriched in Adenine, is complementary to the 1st position of Uridine-enriched piRNA. Furter trimming and
modification give rise to a mature secondary piRNA. In phased biogenesis, the 3' cleaved RNA integrated into PIWI
undergoes a stepwise fragmentation downstream of the future secondary piRNA, giving rise to phased piRNAs.

Recent findings suggest that the processes of biogenesis might not be distinctly separated as
historically described. Instead, new models are proposed to unify these biogenetic
mechanisms [20]. However, it should be remarked that numerous dynamics and molecular
players remain to be elucidated. Particularly, the biogenetic process and all the involved
factors have been extensively studied primarily in the germline [1], therefore it cannot be

excluded that in somatic tissues other proteins and mechanisms may be involved.

At the functional level PIWI-piRNA complexes carry out their gene repressive functions
through two primary mechanisms: transcriptional gene silencing (TGS) and post-
transcriptional gene silencing (PTGS) [1], [11], [12]. Canonical PTGS relies on the
endonuclease activity of PIWI proteins, which, guided by piRNAs, perform sequence-specific

suppression by cleaving the target transcript [41], [55], [56]. In recent years, evidence has



emerged suggesting that this cleavage depends on the level of base-pairing between the guide
piRNA and the target mRNA, requiring a high degree of complementarity [57]. In the other
cases where the catalytic activity of PIWI is not involved, it is possible that it acts solely as an
RNA-binding protein, recruiting other factors to regulate the target mRNA. This would
explain why, surprisingly, it has been observed that piRNA-guided binding of PIWI proteins
can also result in the positive regulation of target mRNAs [1]. Whereas, in the case of TGS, the
catalytic activity of PIWI is not necessary because gene silencing is achieved indirectly
through interactions with histone modifying enzymes and DNA methyltransferases [58]. As
a result, this second mechanism enables precise regulation not only of transposons but also

extends to broader functions, such as the control of heterochromatin formation [1], [12].

1.1.4 piRNAs in Central Nervous System

As anticipated above, piRNAs and PIWI proteins are found in numerous somatic tissues
across diverse animal species, with a significant presence in the central nervous system (CNS)
[1]. Notably, the brain, specifically the hippocampus followed by the cortex, has been
identified as the second tissue with the highest piRNAs abundance after gonads [3].
Moreover, it has been proposed that there is a stronger correlation between piRNAs targeting
and binding energy compared to piRNAs abundance [59], suggesting that somatic piRNAs
may operate in a concentration-independent manner, allowing for functional efficacy at
lower expression levels. Since the first report of piRNAs in the CNS, particularly in the mouse
hippocampus, by Kosik and Vemuganti labs in 2011 [60], [61], a growing body of evidence
suggested that CNS piRNAs play a functional role in processes such as neuronal development,
learning, and memory [62]-[65]. Just a year later, the Kandel lab uncovered a functional role
for piRNAs in CNS, demonstrating their contribution to the epigenetic control of memory
related plasticity in Aplysia [66]. Subsequently, a parallel role was acknowledged in mammals
by the Bredy lab. Indeed, disruption of the hippocampal piRNA pathway in mice enhances
contextual fear memory, possibly by regulating the expression of genes associated with
plasticity [65]. Additionally, Piwil2 mutant mice display behavioral deficits, including
hyperactivity and reduced anxiety, indicating a piRNA pathway-dependent behavioral
regulation. Moreover Piwil2 /piRNA deficient mice exhibit significant altered methylation in
LINE1 retransposons promoters and intergenic areas thus suggesting that piRNAs in CNS are
involved in transposable elements suppression, akin to their germline counterparts [64],
[67]. This is in line with the fact that transposon mobilization, in particular LINE1 elements

activity, generates somatic mosaicism within hippocampal neurons - a mechanism associated



with learning and memory [68], [69]. Importantly, transposition events caused by mis-
regulated mobile elements are linked to various neurological disorders, including
Alzheimer's, and Parkinson's disease. In these pathological conditions, evidence suggests that
the dysregulation of transposable elements coincides with alterations in PIWI-piRNAs,

emphasizing a potential role for CNS piRNAs in regulating mobile elements [70]-[73].

In sum, piRNAs exhibit a wide-ranging regulatory capacity, functioning both post-
transcriptionally and transcriptionally through interactions with epigenetic effectors [1].
Indeed, the involvement of piRNAs and PIWI proteins has been observed in various

pathologies of the CNS (Table 1) [62], [71]-[81].

Table 1: piRNA pathway involvement in CNS pathologies.

DISEASE

Rett Syndrome

Autism

Autism Spectrum
Disorder (ASD)

Alzheimer’s Disease (AD)

Sporadic Amyotrophic
Lateral Sclerosis (ALS)

Parkinson’s Disease (PD)

Transient Global Cerebral
Ischemia (tGCI)

Progressive Supranuclear
Palsy (PSP)

MODEL

Cerebellum, Mecp2 KO mice

Newborn cortical neurons, Piwill
KD mice/rats

Gene association study on 2500
individuals with familial ASD

Prefrontal cortex tissue, patients
Postmortem human brain samples
Postmortem human brain samples

Human cerebrospinal fluid (CSF)

Postmortem human brain samples

Fibroblasts, iPSCs and neurons from
patients

Genetic model (Enrailed), mouse

Prefontal cortex, amygdala, from
patients

Wistar rats

Human CSF

PiRNA PATHWAY

T piRNAs

Impaired neuronal
polarization/migration

Gene variations in Piwil2 and
Piwil4

Deregulated piRNAs
T piRNAs | TEs

Deregulated piRNAs

Deregulated miRNAs/piRNAs

Deregulated piRNAs, Piwil1,
Piwil4
| SINE- and TE-derived piRNAs

TPiwill is neuroprotective against
oxidative stress induced by LINE1

Deregulated piRNAs

IPiwil2 is neuroprotective

Deregulated miRNAs/piRNAs

Ref.

Saxena et al.,, 2012

Zhao et al,, 2015

lossifov et al.,, 2014

Qiuetal, 2017

Sun etal, 2018

Roy etal,, 2017

Jain et al., 2019

Abdelhamid et al.,
2022
Schulze et al,, 2018

Blaudin de Thé et
al, 2018

Zhang et al.,, 2022

Zhan et al., 2023

Simoes et al., 2022

Moreover, as also observed in the germline and gonads where piRNAs targets extend beyond
transposable elements, it is plausible that piRNAs similarly modulate coding genes in the CNS.
Especially, given that somatic tissues exhibit more extensive epigenetic markers compared

to germ cells [82]. Thereby, it is conceivable that the repression of transposable elements



may not be the primary function of somatic piRNAs. Hence, piRNAs in the CNS likely harbor
a diverse array of functions [83], [84].

These evidences encourage further investigations that hold the potential to understand the
roles of CNS PIWI proteins and piRNAs, offering a promising opportunity to uncover possible

diagnostic and therapeutic applications within the landscape of neurological disorders [2].

1.1.5 piRNAs in inflammation

Inflammation constitutes a fundamental process underlying both the aging phenomenon and
pathological conditions within the CNS, including neurodegenerative diseases [85]. Hence, it
raises intriguing questions regarding the potential involvement of piRNAs in inflammatory
states and responses. Despite limited knowledge about piRNAs and PIWI proteins in
inflammation, the available evidence is highly interesting as it highlights a connection

between the piRNA pathway and inflammatory states in various somatic tissues.

PiRNA pathway in peripheral inflammatory pathologies: PIWI proteins, specifically Piwil2

and Piwil4, have been observed to exhibit responsiveness and increased expression in
reaction to inflammatory cytokines in the pathogenesis of rheumatoid arthritis [86]. Within
the same pathology, a differential expression of piRNAs related to immunoregulation was
identified [87]. PIWI-piRNAs are also involved in respiratory tract diseases [88]. Piwil4 is
expressed in a subset of airway epithelial cells, and its deletion results in a higher magnitude

immune response upon infection [89].

PiRNA pathway direct regulation of inflammatory mediators: A PIWI-piRNAs direct

regulation on inflammatory mediators has been reported in human cell lines. Hili (human
Piwil2) has been shown to suppress Transforming growth factor 3 (TGF-f) signaling, a potent
regulator of inflammatory activity, in human embryonic kidney (HEK) cells [90]. Moreover,
in human primary T- lymphocytes, a specific piRNA mediates the degradation of the

interleukin-4 pre-mRNA, thus regulating a crucial cytokine involved in inflammation [91].

PiRNAs in immune cells: In addition to the report of a role for specific piRNAs in human
primary T- lymphocytes [91], piRNAs presence in immune cells have also been reported in a
study that identified the changes in small non-coding RNAome during macrophage
inflammatory activation. In this work it was also identified a specific piRNA that

overexpressed promotes the pro-inflammatory macrophages’ antitumor activity [92].



Furthermore, in a recent pre-print work, Santiago and colleagues characterized state-specific
proteomic and transcriptomic signatures of microglia derived extracellular vesicles, and

showed that they include specific piRNAs populations [93].

PiRNAs in aging: Interestingly, a correlation between aging and the expression of specific
piRNAs has been identified through transcriptome-wide piRNAs profiling analysis in human
brains [94], [95]. This suggests that piRNAs might play a role in influencing successful brain
aging, possibly through the regulation of genomic integrity and aging-associated processes
such as neuroinflammation, although this hypothesis awaits formal confirmation. This holds
particular significance because inflammatory processes are implicated not only in well-
established diseases but also during aging. In fact, aging and age-related pathologies have
common underlying mechanisms, primarily centered around inflammation. As individuals
age, a persistent, sterile, low-grade inflammation known as inflammaging develops [96], [97].
In addition to peripheral changes, age-associated inflammatory responses extend to the
brain, where microglia drive neuroinflammation thus contributing to the pathogenesis of
age-related diseases [98]. Moreover, aging, neuroinflammation, and neurodegeneration are
closely intertwined with the process of adult neurogenesis, which in turn is influenced by and

influences microglia responses [99].

Altogether, the current knowledge supported by a surge of recent studies strongly suggests
that the piRNA pathway may play important functions in somatic tissue, particularly in stem
cells. As related to the CNS, it is plausible to hypothesize that the piRNA pathway plays a role
in neural stem cells (NSCs) and neuroinflammation, opening interesting perspectives
towards the maintenance of lifelong plasticity and successful aging. Given the growing
interest in the emerging roles of PIWI proteins and piRNAs as biomarkers of human diseases
[100], the integration of piRNAs research with neurogenesis and neuroinflammation
becomes a crucial and promising avenue for further exploration. In this context deciphering
the regulatory functions of the piRNA pathway holds the potential to unveil the intricate
regulatory mechanisms governing brain function and pathology, with implications for

diagnostic and therapeutic applications in aging and neurological disorders.



1.2 Adult neurogenesis

Neurogenesis is the process of de novo neuronal and glial cell formation within the brain,
primarily driven by the division of NSCs [101], [102]. In mammals, neurogenesis was thought
to be exclusive to brain development, with limited regenerative capacities in the adult brain
[103]. However, groundbreaking experiments by Joseph Altman in the 60s challenged this
dogma by revealing mitotically active NSCs capable of giving rise to new neurons in the brains
of adult rats [104]. These NSCs can remain quiescent, or they may undergo division to self-
renew and produce committed offspring in a tightly regulated manner [101], [105]. The
revelation of persistent neurogenesis in the adult mammalian brain challenged a century-old
scientific dogma and set the stage for extensive investigations [106], offering a new
perspective on the plasticity of the mature nervous system. Current research affirms the
continuous presence of adult neurogenesis throughout the lifespan of various primates,
humans included [107]-[119]. However, numerous unresolved questions fuel an ongoing
debate [120]-[126]. The existence of adult neurogenesis in humans is surrounded by
conflicting evidence: employing thymidine analogue labeling, carbon dating, and protein
expression analyses, several studies reported the occurrence of neurogenesis in the human
hippocampus, while others have failed to find evidence of neurogenic cell divisions [113]-
[115], [123], [127]-[130]. Addressing this controversy is complicated by the scarcity of
healthy human tissues, delays in post-mortem brain sample fixation, and inherent flaws and
experimental errors in the techniques used to visualize newborn cells. Additionally,
translating experimental data from rodents to human brain function poses a significant
challenge. In light of these factors, ongoing debates question the relevance of neurogenesis
for human physiology and disease [120]-[126]. Interestingly new hypothesis, like the
possibility of de novo neurogenesis by non-newly generated “immature” neurons, are
emerging [131]. These propositions hold the potential to bridge opposing views [132], [133]

and add complexity to our understanding of this phenomenon.



1.2.1 The hippocampal neurogenic niche

Neurogenic niches are specialized areas of the adult brain where NSCs are maintained
throughout life and new neurons are continuously generated. In the adult mammalian brain,
two primary neurogenic niches stand out: the subventricular zone (SVZ) and the dentate
gyrus (DG) of the hippocampus (Figure 3) [101], [134]. The SVZ, situated along the lateral
walls of the lateral ventricles, contributes to olfaction and is particularly well-studied in
rodents [135], [136]. Interestingly the other region, i.e., the subgranular zone (SGZ) of the
hippocampal DG is the sole neurogenic niche conserved across mammalian species [137].

Sites of Adult Neurogenesis

Human Brain Mouse Brain

Subventricular
Zone

Figure 3: Adult neurogenic regions. (Left) Human adult neurogenesis occurs under basal conditions in the
hippocampus (red) and the striatum (green). (Right) Murine adult neurogenesis occurs in the hippocampus (red)
and the subventricular zone (purple). The hippocampus serves as the only brain region where adult neurogenesis is
conserved across mammalian species [137].

Neurogenic niches are distinct microenvironments, which comprise NSCs, their progeny,
immature neurons, endothelial cells, other glial cells, and immune cells such as macrophages
and microglia. These niches offer a unique milieu, comprising elements such as extracellular
matrix components, short and long-distance signaling molecules, and cellular interactions.
All these factors and players intricately regulate neuronal development, adjusting and
responding to external signals, while preserving a permissive setting for this process[138],
[139].

Adult neurogenesis represents an impressive form of neural plasticity in the postnatal brain.
The Regulation of this process is a topic of significant interest, primarily because the
hippocampus is intimately involved in learning and memory. This has led to the hypothesis
that adult neurogenesis could play a crucial role in cognitive functions and brain plasticity
[101], [134], [140]-[152]. Moreover, the lifelong maintenance of adult neurogenesis in the
DG plays a pivotal role in successful aging [153]. The ageing process of the niche attracts
considerable interest for therapies aimed at preventing age-related brain diseases such as

neurodegeneration. Indeed, the relevance of adult hippocampal neurogenesis extends to its

10



connections with neurodevelopmental and mood disorders, as well as neurodegenerative
conditions. It is also noteworthy for its susceptibility to various insults, including epileptic

seizures, strokes, and traumatic brain injuries [84], [154].

1.2.2 Regulation of adult hippocampal neurogenesis

Adult neurogenesis is a complex, multi-stage process subject to precise spatio-temporal
regulation influenced by gene expression and environmental factors (Figure 4) [84], [124],
[155]-[157]. At the cellular level, the regulation of adult neurogenesis influences several
critical aspects: 1) Preservation of the stem cell population, including their dynamics of
division and survival. II) Lineage determination and cellular fate commitment of newly
generated progeny originating from aNPCs. III) Migration of aNPCs to their ultimate brain
locations. 1V) Effective integration of newly generated neurons into pre-existing brain
circuits [158], [159]. The process of adult neurogenesis originates from a population of
radial-glial-like precursor cells, referred to as adult NSCs. These cells are located in the SGZ
of the DG and possess radial branches that span the granule cell layer (GCL) of the
hippocampus [101]. The DG of a young adult brain is known to harbor dozens of thousands
of aNSCs. However, in a given moment, only about 1-2%, of these aNSCs are actively involved
in the cell division process [160]. This activity can be quantified through the incorporation of
the thymidine analog 5-bromo-2’-deoxyuridine (BrdU), specifically occurring during the S-
phase of the cell cycle [104], [128], [161]-[163]. aNSCs are mostly found in a non-dividing,
quiescent state, but upon activation, they have the capacity for symmetric division, expanding
the neurogenic pool, or differentiation into neurons. While the majority of activated aNSCs
undergo division to generate neurons, resulting in depletion over time, some aNSCs opt for
remaining inactive for longer periods, prolonging their self-renewal and symmetric division
capabilities or entering a deeper quiescent state, thus preserving the aNSC population in later
stages of life. Upon activation, aNSCs re-enter a proliferative state, giving rise to transient
amplifying adult neural progenitor cells (aNPCs) or astroglial cells [111], [153], [157], [164],
[165]. The survival of newborn cells is a crucial step in the regulation of adult hippocampal
neurogenesis and many aNPCs undergo apoptosis to prevent the excessive generation of new
or unfit neurons [101], [166]-[171]. The surviving aNPCs mature into neuroblasts, which are
lineage-committed cells that exit the cell cycle and enter a maturation stage [111], [157],
[164], [165]. These neuroblasts undergo differentiation, migration, and maturation,
ultimately forming a granule cell layer consisting of the principal excitatory neurons in the

dentate gyrus, known as granule cells. Upon completing the neurogenic process, these
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neurons become integrated into the hippocampal network: they receive input from the
entorhinal cortex, send axonal projections to area CA3, and modulate the activity of CA3
pyramidal cells. These granule cells exhibit sparse firing activity and are subject to regulation
by local interneurons within the dentate gyrus and hilus area [101], [149], [172]-[174].

Both extrinsic mechanisms and intrinsic genetic factors have been shown to regulate
different aspects of hippocampal neurogenesis. Extrinsically, neurogenesis undergoes fine-
tuning through a diverse array of environmental, physiological, and pharmacological stimuli
[101]. Enriched environments positively impact adult neurogenesis, whereas stress, global
ischemia, seizures, aging, and inflammation have detrimental effects on this process, thereby

affecting cognition [146], [162], [175]-[184].

Expansion phase Differentiation phase Integration phase
L] [
Radial glia- Transiontty Dendrito extension Maturation of dendritic spines
M arkers: like stem cells amplifying Axon extension
© are aclivated  progenitor colls Increased synaptic plasticity Lowsred thrashold for LTP
- proliferate Survival or apoptosis Increased synaptic plasticity
GFAR ST000 GFAP. NestnGFP. SOX2 K7 PSA-NCAM, BEX. Ty albingn. i

Vasculature
SIS N e~ AN

Teophic tactors

»

W | Sariling patwiays | Z"‘\ ‘; X

Prooueal genee| Transeripgoh tators fimmature | Mature

granuia granule
NP : Neyrablas! coll cell
™ ’

E

Figure 4: Adult hippocampal neurogenesis process and regulation. (Top) Overview of the neurogenic phases
and of the principal markers used to define the stage and cell identity. (Bottom) Overview of all cell types involved
directly or indirectly in the regulation of adult hippocampal neurogenesis, as well as of cell-intrinsic and extrinsic
signals that govern the various phases of adult neural stem cells (aNSCs) quiescence, activation, neurogenesis,
astrogliogenesis, and oligodendrogliogenesis in the adult DG. [78]

Intrinsic mechanisms regulating adult neurogenesis, especially cell differentiation, include
both genetic and epigenetic mechanisms. While transcriptional cascades have been
elucidated over the past two decades [185], epigenetic mechanisms, although less
understood, are certainly involved in the regulation of adult neurogenesis and its

maintenance lifelong. These epigenetic regulations occur by processes like histone
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modification, DNA methylation, chromatin remodeling, and non-coding RNAs (ncRNAs)
action. These controls may serve as potential bridges between the environment and the
intrinsic signaling [186], [187]. Indeed, epigenetic controls on identical genomes have been
shown to govern postnatal neurogenesis through temporal and spatial regulation of gene
activity [188], [189]. The dynamic nature of these epigenetic mechanisms allows them to play
a pivotal role in gene regulation, controlling adult neurogenesis in response to external
world, life experience and various environmental signals [190], [191]. Specifically, sncRNAs
such as miRNAs, endo-siRNAs, IncRNAs and other are an essential layer of control of the gene
regulatory network involved in adult neurogenesis, finely tuning gene expression and cellular
differentiation [84].

This control is of paramount importance, considering that adult neurogenesis can have both
beneficial and detrimental effects on disease outcomes [101], [137]. For instance,
neurogenesis plays a crucial role in promoting efficient repair and regeneration following
stroke and traumatic brain injury. Furthermore, it exhibits a beneficial influence on the
treatment and amelioration of symptoms in depression. Conversely, impaired adult
neurogenesis is linked to a range of pathological conditions, including mood disorders,
epilepsy, ischemic insults, and neurodegenerative diseases [84], [137], [154]. Significantly,
age also impacts neurogenesis: during the aging process, there is the development of the so
called inflammaging [96], [97] that is associated with a decline in neurogenesis and coincides
with an increased incidence of neurodegenerative pathologies and reduced regenerative
capacities following injury [99], [134], [192]-[194]. Although aNSCs decline sharply with age,
some of them remain quiescent in aged brains [105], [113], [153], [162]. These findings
suggest the potential for leveraging adult hippocampal neurogenesis for therapeutic
applications, particularly in addressing conditions such as depression, stroke, traumatic

brain injury and neurodegenerative diseases, for a successful brain aging.
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1.3 Microglia functions in neurogenesis and

neuroinflammation

Inflammation is a fundamental pathological mechanism through which biological tissues
react to external triggers, including infections, trauma, and various forms of injury. The
distinctive, intricate, and dynamic inflammatory process occurring within the CNS is referred
to as neuroinflammation. Triggered by infection, trauma, toxins, or autoimmune reactions,
neuroinflammation is a fundamental defense mechanism for restoring tissue balance. It is
characterized by the inflammatory and immunomodulatory responses of glial cells, primarily
microglia and astrocytes, mainly through the release of inflammatory mediators, such as
cytokines, chemokines, and reactive oxygen species [195]-[198]. Neuroinflammation has
gained significant attention in recent years, as accumulating evidence suggests its
involvement in the pathogenesis of various neurological disorders and neurodegenerative
diseases, such as Alzheimer's disease, Parkinson's disease, and multiple sclerosis [199]-
[207].

In the context of neuroinflammation, microglia, the resident immune cells of the CNS, emerge
as central players [196], [208]-[210]. Comprising roughly 10-15% of the adult brain’s glial
cell population, microglia are the vanguard of the CNS's immune defense system and perform
multifaceted roles critical to the preservation of brain homeostasis [211]. These immune cells
originate from a transient hematopoietic wave of erythromyeloid precursors in the
embryonic yolk sac, and subsequently populate the CNS parenchyma through the circulatory
system. They are long-lived and persist in adulthood thanks to their self-renewing
capabilities [212]-[221]. Microglia, once considered primarily as immune sentinels, have
gained prominence due to their newly uncovered roles in synaptic plasticity, tissue repair,
and neurodevelopment. This recognition has positioned microglia as central figures in
neuroimmunology, offering valuable insights into brain health, the pathogenesis of
neurological disorders, and the development of potential therapeutic strategies [98], [196],
[222]. Microglia serve as the specialized macrophages of the CNS innate immune system,
residing within the brain parenchyma in close proximity with neurons. Notably, other extra-
parenchymal CNS-resident myeloid cells known as Border-associated macrophages (BAMs)
also contribute to CNS homeostasis. BAMs include leptomeningeal, perivascular, and choroid
plexus macrophages, collectively exhibit distinct phenotypic and functional characteristics

and are located at CNS interfaces such as the meninges, perivascular spaces, and choroid
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plexus, where they coexist with various other immune cell types. With their phagocytic and
migratory abilities, BAMs serve as regulators of immune responses at CNS borders and have
garnered attention for their potential involvement in neurodegenerative diseases. However,
compared to microglia, BAMs remain relatively less understood, necessitating further
research to fully elucidate their origin, identity, and functions [223]-[225].

Microglia play a pivotal role in the preservation of CNS homeostasis through a varied array
of functions aimed at safeguarding the integrity of neural circuits while protecting the brain
from potential threats [226]. These immune cells actively engage in a perpetual state of
surveillance: in the healthy tissue they have a highly ramified morphology and patrol the
brain parenchyma dynamically moving their processes and sensing the microenvironment
for any indications of injury, infection, or aberrant cellular activity [215], [227]-[229].
Microglia promptly detect and respond to any deviations from homeostasis adopting a wide
range of complex phenotypes [230]-[234]. These responses entail significant alterations in
their molecular profile, morphology and ultrastructure and are concomitant with the release
of various molecules, encompassing pro-inflammatory cytokines, reactive oxygen species,
excitotoxins such as glutamate, as well as neuroprotective and neurotrophic factors, anti-
inflammatory cytokines and molecules that promote tissue repair, extracellular matrix
deposition, and suppression of the inflammatory state [209], [222], [235]. This extreme
versatility allows them to exert both detrimental and protective effects, engaging in cytotoxic
responses, immune regulation, or injury resolution, depending on the context and local
microenvironment. Therefore, it is crucial that these responses are tightly controlled thus
protecting the CNS and minimizing tissue damage [211], [236].

The core properties that characterize microglia, i.e. surveillance, phagocytosis, and capability
of releasing soluble factor, underlie their various biological functions. Indeed, microglia is
involved in the regulation of: inflammation, tissue repair, blood brain barrier (BBB)
permeability, vasculogenesis, synapse remodeling, myelination, neuronal function and

neurogenesis (Figure 5) [237].
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Figure 5: Microglia core properties and functions. Phagocytosis, surveillance, and capacity for releasing soluble
factors (inner circle) are core properties through which microglia contribute to key biological functions (outer
circle). [224]

1.3.1 Microglia functions in neurogenesis

During both developmental and adult stages microglia contribute to NSCs proliferation and
differentiation, synapse formation and remodeling, myelination, and neural circuits
refinement [237]. In particular, they participate in the programmed cell death of immature
or defective neurons, facilitating the removal of cellular debris through phagocytosis [171],
[238], [239]. Their involvement in synaptic pruning, the selective elimination of surplus
synapses, results in the optimization of neural networks by removing weak or redundant
connections: a process that is integral in enhancing cognitive function and information
processing [229], [240]-[244]. Furthermore, microglia regulates myelinogenesis and
oligodendrocyte progenitors maintenance [245]-[247]. In the adult brain microglia regulate
neuronal activity [248] both directly, through mechanisms such as ATP-dependent negative
feedback loops [249], and indirectly, acting on adult neural stem and progenitor cells
(aNSPCs) [101]. Specifically, in the adult neurogenic niche microglia participates not only in
the removal of unfit neural cells but also in a mutual crosstalk with NSPCs, which involves
release of soluble factors, cell-cell interactions, and the modulation of the local

microenvironment [194], [250], [251]. ANSPCs release granulocyte-macrophage colony-
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stimulating factor (GM-CSF) and interleukin 4 (IL 4), which influence microglia phenotypes.
Conversely, microglia enhance aNSPCs' proliferation, differentiation, and fate decisions
through various factors, including but not limited to brain-derived neurotrophic factor
(BDNF), interleukin 6 (IL 6), insulin-like growth factor-1 (IGF-1), and transforming growth
factor-beta (TGF-B) [252]-[255]. Finally, when inflammation occurs, microglia can exhibit
both neuroprotective and neuroinflammatory effects, depending on the prevailing
microenvironment [84], [182], [183], [251], [254], [256], [257]. Their neuroprotective
functions consist in the support tissue regeneration by releasing trophic factors that, on one
hand, stimulate aNSPCs mobilization and local generation of neurons and glia and, on the
other hand, result in aNSPCs' responses through immunomodulatory, neuroprotective, and
remyelinating mechanisms [258]-[262]. Microglia also play a role in preserving the integrity
of the blood-brain barrier (BBB) and participating in vasculogenesis. However, even though
under normal conditions microglia exert a protective role in maintaining BBB integrity, in
sustained inflammatory conditions they increase the barrier’s permeability through
phagocytic actions on the astrocytic end-feet that compose the BBB [263], [264]. Similarly,
microglia contribute significantly to the maintenance of vascular integrity, sustaining
angiogenic processes and supporting the maturation of blood vessels, which is vital for
providing oxygen and nutrients to neural tissues and to NSPCs in the neurogenic niche [237],

[265]-[267].

1.3.2 Microglia functions in neuroinflammation

Microglial cells are constantly sensing their surrounding microenvironment ready to
properly react to a plethora of different trigger signals, therefore a significant portion of
microglial functions and responses are reliant on the expression and signaling through
specific receptors [268]. Because of this, microglia exhibit a diverse array of receptors,
including pattern recognition receptors (PRRs), immunomodulatory receptors,
neurotransmitter receptors, and distinctive signaling receptors such as the C-X3-C motif
chemokine receptor 1 (CX3CR1) [269], [270]. CX3CR1, also known as fractalkine receptor, is
primarily associated with maintaining neuronal health, regulating microglial surveillance
and responses [271]-[276]. Its ligand fractalkine can serve as chemoattractant guiding
microglia to sites of injury or neuroinflammation [277], [278]. Pattern recognition receptors
(PRRs), such as Toll-like receptors (TLRs), NOD-like receptors (NLRs), RIG-I-like receptors
(RLRs) and C-type lectin receptor (CLRs), allow the detection of pathogens and damage-

associated molecular patterns (PAMPs and DAMPs)[279]-[289] and are master initiators of

17



the microglial immune response [290]-[293]. Triggered by this signaling, microglia activate
an inflammatory response marked by the synthesis and release of nitric oxide (NO),
chemokines, and inflammatory cytokines. Pro-inflammatory cytokines, including interleukin
18 (IL 1pB), IL6, and tumor necrosis factor alpha (TNFa), are central to microglial
inflammatory responses, inducing a pro-inflammatory state and amplifying immune
responses. Production of reactive oxygen species (ROS) and phagocytosis of pathogens, as
well as clearing of dead neurons and cellular debris are other integral parts of microglia
inflammatory response [211], [294], [295]. While essential for tissue repair, they can also
cause damage to neighboring cells and exacerbate neuroinflammation. Additionally,
microglia act as intermediaries between the immune system and the brain, exerting influence
over both local and systemic neuroinflammatory responses [234], [293], [296]-[299]. A
common tool employed to study microglia in the inflammatory context is stimulation with
lipopolysaccharide (LPS) exposure [300]-[303]. LPS is a component of gram-negative
bacteria that triggers TLR4-mediated pro-inflammatory responses [304]-[307]. Indeed,
TLR4 signaling is a key neuroinflammatory mechanism and it is involved in various
pathological and neurodegenerative conditions [308]-[310]. Finally, immunomodulatory
receptors enable microglia to detect cytokines, chemokines, and immunomodulatory factors,
and play a crucial role in the regulation of the inflammatory response and phagocytosis. In
the same fashion, neurotransmitter receptors, that are fundamental to allow the crosstalk
between microglia and other neural or glial cells, can lead to neuroprotection or the

facilitation of inflammatory responses, depending on the context [270], [311].

1.3.3 Regulation of microglial inflammatory responses

Microglial functions are shaped by intrinsic and extrinsic determinants, spatiotemporal
context, and different levels of complexity (Figure 6) [237]. As a result, the regulation of
microglial functions, in particular in neuroinflammation, involves multiple types and levels

of control ensuring a finely tuned and context-dependent immune response.
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Figure 6: Microglia functions are the results of intrinsic and extrinsic determinants, spatiotemporal
context, and layers of complexity. Microglial states are defined by intrinsic factors (such as species, ontogeny,
sex, genetic background) in addition to the context they exist in, including age, spatial location, and environmental
factors (such as nutrition, microbiota, pathogens, drugs, etc.). Collectively, these factors impact microglia at
multiple levels (i.e, epigenomic, transcriptomic, proteomic, metabolomics, ultrastructural, and phenomic),
ultimately contributing to the determination of microglial functions. [224]

Intrinsic  factors, including genetic background, ontogeny, and species-specific
characteristics, contribute to the baseline reactivity and predisposition of microglia to
inflammatory stimuli. Simultaneously, extrinsic elements such as age, spatial location within
the CNS, and exposure to external stimuli like pathogens, microbiota, and drugs significantly
influence microglial inflammatory responses [237], [312], [313]. Metabolic pathways also
play a role, as the availability of nutrients and the metabolic state of microglia can influence
their polarization towards pro-inflammatory or anti-inflammatory phenotypes [314], [315].
At the molecular level, transcriptional regulation orchestrates the synthesis of pro-
inflammatory or anti-inflammatory mediators, dictated by various signaling pathways, gene
expression patterns, and transcription factors [316]. Key transcription factors, such as NF-
kB, an integral components of the TLR signaling pathway, actively contribute to inducing the
release of a spectrum of inflammatory cytokines and immune modulators [317]-[319].
Epigenetic regulation stands out as a crucial level of control, given its dynamic nature that
allows responsiveness to external stimuli. Epigenetic modifications, such as DNA methylation
and histone acetylation, contribute to the long-term regulation of microglial inflammatory
responses, influencing the accessibility of genes associated with inflammatory pathways

[320]. At the post-transcriptional and post-translational levels, regulatory elements like
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ncRNAs fine-tune gene expression, while post-translational modifications of proteins
regulate their activity, stability, and function [321]-[323]. Notably, recent evidence highlights
the ability of microglia to form memories of environmental stimuli. This phenomenon,
referred to as innate immune memory or microglia priming, relies in epigenetic
reprogramming, and determines microglial enhanced or attenuated responses to secondary
stressors. While this mechanism enables rapid adaptation to environmental challenges, it can
also lead to chronic hyperinflammatory states if the adaptive response becomes overly

reactive, posing potential risks to brain health [236], [324]-[326].

The central role of microglia in maintaining CNS homeostasis highlights the potential
repercussions of disruptions in their function. In fact, dysregulated microglia and
neuroinflammation can lead to pathological conditions marked by neuronal damage and
cognitive decline [85], [198], [222]. Inflammaging significantly influences age-related
diseases, particularly neurodegenerative disorders [96]. Cellular senescence, a hallmark of
aging, has been implicated in microglial dysfunction: senescent microglia display impaired
phagocytic activity and an altered secretome and this phenotypic change contributes to the
persistence of neuroinflammation in the aged brain [327]. Microglia exists in many diverse
and context dependent states [237], among which are the disease-associated microglia states
(DAMs). DAM states were identified through in-depth single-cell RNA sequencing analyses of
microglia in models of CNS diseases, revealing specific microglial genes that define core
signatures associated with pathology. These microglial states may arise from common trigger
signals present in the diverse pathological conditions, and influence the nature of microglia
responses [233], [328]-[335]. Thus, it’s crucial to understand the functional roles underlying
microglial states and their regulation, in the perspective of targeting them therapeutically.
Indeed, microglia active involvement in neuroinflammatory responses designates them as
crucial therapeutic targets, presenting opportunities to mitigate neuroinflammation and

inflammaging thereby retarding the progression of neurodegenerative pathologies [336].

Whereas the role of some ncRNAs, such as miRNAs, is actively investigated in the framework
of epigenetic regulation of microglial functions [337]-[341], little is known about the
potential role of piRNAs in the regulation of microglial inflammatory responses. Exploring
the role of the piRNA pathway in microglia and neuroinflammation promises to advance our
comprehension of the nervous system. Additionally, it provides avenues for devising
innovative therapeutic strategies to address neurodegenerative and neuroinflammatory

diseases, promoting successful brain aging.
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2 Rationale and aims

Adult neurogenesis and neuroinflammation are interrelated processes that are crucial for
maintaining CNS homeostasis and supporting cognitive functions throughout life.

The brain has multiple defense mechanisms against potential threats, one of which is
neuroinflammation where microglia play a central role. In this respect, the neuroprotective
role of NSCs and the generation of new neurons in the mature brain are regarded as forms of
plasticity essential for cognition and play a fundamental role in resolving damage. Disruption
or alteration of the stringent regulations governing these processes results in pathological
situations. This is notably significant given the association of inflammaging with increased
occurrence of age-related diseases and neurodegenerative pathologies, such as Alzheimer's
and Parkinson's disease. Nonetheless, numerous cellular and molecular mechanisms
underlying the regulation of adult neurogenesis and neuroinflammation remain elusive.
Non-coding RNAs are involved in this regulatory control. Altered piRNAs expression has been
implicated in pathological and inflammatory conditions underlying neurodevelopmental and
neurodegenerative diseases. However, the potential functions of PIWI and piRNAs in brain

cells remain unclear.

In this thesis, I have investigated the presence and potential functions of the piRNA

pathway in aNSCs and microglia.

The first aim of this thesis is to determine whether the piRNA pathway is present in aNSCs
and has a role in neurogenesis in the adult hippocampus. This investigation is grounded in
evidence associating the piRNA pathway with hippocampal-dependent behaviors and
neuronal functions, along with the reported significance of this pathway in stem cell
maintenance. To address this question first, I contributed to the research led by a former PhD
student in the lab (Gasperini C, Tuntevski K, Beatini S, et al., 2023 - see Appendix). Then, I
employed a constitutive Mili knock-out (KO) mouse model to confirm and further dissect the

role of the piRNA pathway in the adult hippocampal neurogenesis context.

The second aim of this thesis is to explore the potential involvement of the piRNA pathway
in neuroinflammation, specifically within the context of microglial inflammatory responses.
This investigation builds upon the insights derived from addressing the first question, as

detailed in Gasperini C, Tuntevski K, Beatini S, et al,, 2023 (see Appendix), wherein the
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manipulation of Mili in the adult hippocampus led to neuroinflammation and gliosis.
Additionally, the exploration is underpinned by limited yet suggestive evidence pointing
towards a potential connection between the piRNA pathway and its possible role in the

regulation of inflammatory processes.

Understanding the involvement of the piRNA pathway in neurogenesis and
neuroinflammation will not only enhance our understanding of CNS processes but will also
open avenues for the use of piRNAs as biomarkers, as well as therapeutic agents or targets.
This advancement holds promise for the development of targeted interventions for age-

related diseases and neurodegenerative pathologies.
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3 Results

3.1 Piwil2 (Mili) sustains neurogenesis and prevents
cellular senescence in the postnatal hippocampus

To explore the potential role of the piRNA pathway in adult neurogenesis, I collaborated on
the project published in Gasperini C, Tuntevski K, Beatini S, et al., 2023 (see Appendix). This
study uncovered the presence of Piwil2 and piRNAs in both mouse and human aNPCs, with
their expression diminishing in their differentiated progenies, and demonstrated that Mili
plays a crucial role in safeguarding the fitness of aNPCs, ensuring proper neurogenesis, and
contrasting senescence and neuroinflammation in the postnatal mouse hippocampus.
Specifically, knock-down (KD) of Piwil2 (Mili) in aNPCs induced senescence and impaired
neurogenesis, leading to an increased generation of reactive glia both in vivo and in vitro.
Moreover, depletion of Mili was also observed in aged aNPCs and upon the induction of aNPCs
reactivity (by kainic acid). Interestingly, the piRNA pathway in neurogenesis was found to
selectively target transcripts from repetitive elements and genes encoding regulators
associated with senescence, neuroinflammation and oxidative stress.

I contributed to this study performing experiments necessary to prove the piRNA identity of
the sncRNAs identified in aNPCs as bona fide piRNAs. In particular, 1 optimized and
performed the co-immunoprecipitation of Mili and Mili-bound RNAs, i.e. the gold standard

experiment that validates the piRNA identity of putative piRNAs sequences (Figure 7) [342].
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Figure 7: Validation of piRNAs identified in murine aNPCs. (A)Western blot of Mili, (B)analysis by capillary
electrophoresis or (C)quantification via qPCR of the endogenous PiRNA consensus sequences (piCS) after co-
immunoprecipitation (IP) with endogenous Mili (IP Mili) or control IgG (IP IgG) in lysates of DIF4 aNPCs. Data are
expressed as mean + SD. N=3 independent experiments. *P < 0.05, **p < 0.01 as assessed by the two-tailed Student’s
t-test.

24



3.2 Characterization of the hippocampal stem cell
niche in constitutive Mili KO and Mili HET mice

To confirm the role of the piRNA pathway in adult hippocampal neurogenesis I employed
constitutive Mili KO mice. In the sections below, I will provide an initial characterization of
how in vivo the adult hippocampal neurogenic niche, and in vitro aNPCs of Mili KO and Mili

heterozygous (HET) mice are affected by the piRNA pathway's constitutive loss of function.
3.2.1 Validation of the constitutive Mili KO mouse model

The constitutive KO of Piwil2 (Mili) was previously published by O’Carroll lab [343], and was
obtained through the CRE-LoxP system-mediated excision of exon 21 of the Mili gene, which
encodes the functional endonuclease PIWI domain. This deletion results in an out-of-frame
mutation, generating a premature STOP codon that directs the transcript for degradation via
non-sense mediated decay (Figure 8 A). Mili KO mice have no reported phenotypes other than
male sterility [343] but have never been investigated adequately outside gonads. To confirm
the deletion of the exon 21 of the Mili gene and to exclude possible mosaicisms in the brain, I
extracted DNA from different tissues of Mili KO and Mili HET animals and performed PCR
genotyping (Figure 8 B). Deletion of exon 21 was shown to result in Mili transcript
degradation. To confirm this observation, I performed WB analysis for Mili protein, and found

that it was completely absent in Mili KO animals and reduced in Mili HET animals (Figure 8

0).
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Figure 8: Validation of the constitutive Mili KO mouse model. (A)Schematic representation of Mili KO generation.
Modified from [330]. (B)Analysis of genomic DNA performed on tails, testes, hippocampi and cortices showed that
the tissues present an amplified band in correspondence of the 0.2 kb, confirming the presence of the Mili null allele
only in Mili KO and Mili HET, as expected. (C)Mili protein abundance in lysates from postnatal WT, Mili KO and MILI
HET mouse testes.
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3.2.2 Altered cell proliferation in the hippocampal neurogenic niche of Mili KO and

Mili HET mice

Next, I evaluated the effect of the absence (KO) or depletion (HET) of Mili on the proliferation
of aNPCs in the adult hippocampus. To this end, [ employed BrdU labeling. BrdU (100mg/kg,
three injections every 2 h) was administered to 11 weeks old WT, HET and KO mice, which
were then sacrificed 24 h after the first BrdU administration (Figure 9 A). More than 90% of
the BrdU-positive cells in the DG labeled with this protocol are bona fide aNPCs [344]. BrdU
incorporation was quantified in the SGZ of the postnatal hippocampi, according to previously
published methodologies [161], [344], and plotted as number of BrdU positive cells per DG

volume (mm3).
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Figure 9: Altered cell proliferation in the hippocampal neurogenic niche of Mili KO and Mili HET mice.
(A)Schematic representation of the experiment. (B)Representative confocal micrographs showing BrdU positive
cells (green) in the hippocampus of 11 weeks old WT, Mili KO and Mili HET mice, subjected to three injections of

BrdU 24 h before sacrifice. (C)Number of BrdU positive cells per DG volume (mm3). Data are expressed as mean +
SD, n = 5 mice per group. One-way ANOVA, Bonferroni as post hoc *p < 0.05, **p < 0.01, ****P < 0.0001. The scale
bars represent 100 um (left), 25um (right).
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This analysis indicated a reduction in the proliferation in the DG of Mili KO mice, compared
to WT mice. In contrast an increase in cell proliferation in the DG of Mili HET mice compared
to WT mice was observed (Figure 9 B,C). The opposite results in cell proliferation in the DG
of Mili HET and Mili KO mice could be due to possible compensatory mechanisms induced by
the constitutive absence of Mili, leading to divergent outcomes compared to the presence of
a single functional allele.

This result substantiates our earlier observations (see Appendix), highlighting that the
absence or depletion of Mili influence proliferation in the postnatal DG, opening possible
implications for the maintenance of the stem cell pools in the adult hippocampus. An
increase/decrease in proliferation of aNPCs in the DG is not necessarily indicative of a
positive/negative correlation with neurogenic activity [137]. Thereby, further analyses are
in progress to determine the fate of the proliferating cells and ascertain whether they will
differentiate into neurons. In fact, an alternative scenario is that akin to what was observed
in the case of Mili KD, the proliferation process may be altered and skewed towards the

generation of reactive astrocytes.

3.2.3 Stemness and proliferation of Mili KO and Mili HET aNPCs is not impaired in

vitro in proliferative culture medium

To further investigate the impact of Mili absence/depletion on aNPCs’ proliferation and
stemness I isolated primary hippocampal aNPCs from the DG of WT, Mili KO and Mili HET
mice, and cultured them in monolayers as previously described [345], [346]. Cultured cells
were maintained under proliferative conditions in a medium supplemented with fibroblast
growth factor 2 (FGF2/bFGF) and epidermal growth factor (EGF) [347]. In order to evaluate
whether the stemness of Mili KO and Mili HET aNPCs was altered in vitro, 1 performed
immunostaining for Nestin, which is a marker of stemness, and observed no significant
differences between the three genotypes (Figure 10). I then examined the impact of Mili KO
and Mili depletion on aNPCs proliferation, quantifying BrdU incorporation and positivity for
the proliferation marker Ki67 through immunofluorescence staining. To this end, BrdU was
added to the culture medium 48 hours before cell fixation. Quantification of the proportion
of BrdU positive or Ki67 positive aNPCs over total cells did not reveal any significant
difference between the three genotypes (Figure 10). The discrepancy between the in vitro
and in vivo proliferation of Mili KO/HET aNPCs are likely due to the presence of growth

factors in the culture medium which might result in an active stimulation of proliferation.
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Such conditions may mask subtle differences which, in a highly regulated process like
neurogenesis, can be of significant relevance. Moreover, the in vitro environment lacks all the
supporting factors and physiological cellular interactions found in vivo in the neurogenic
niche.

These results are consistent with our earlier findings where Mili KD did not alter the

stemness and proliferation of cultured aNPCs (see Appendix, Figure EV3A).
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Figure 10: Stemness and proliferation of Mili KO and Mili HET aNPCs is not impaired in vitro in proliferative
culture medium. (A)Representative confocal micrographs of WT, Mili KO and Mili HET primary hippocampal
aNPCs, cultured in proliferative medium and incubated with BrdU 48h before fixation, and immunostained for
Nestin (green), Ki67 (red), BrdU (grey). (B)Quantification of the percentage of Nestin (left), BrdU or Ki67 (right)
positive cells over total cells. Data are expressed as mean +SD, n=3 biological replicates. The scale bars represent
100 um.

3.2.4 Induction of aNPCs differentiation results in higher cytotoxicity in Mili KO and
Mili HET cells in vitro

As reported in Gasperini C, Tuntevski K, Beatini S, et al., 2023 (see Appendix), Mili and piRNAs
show an increased expression 4 days after the induction of aNPCs differentiation, and
depletion of the piRNA pathway impaired neurogenesis in vitro and in vivo. To confirm this
result in the Mili KO and Mili HET aNPCs, I induced their spontaneous differentiation by the
withdrawal of growth factors from the culture medium. During differentiation, programmed

cell death of immature or defective neurons is part of the normal neurogenic process [105],
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and in this context, I examined whether Mili absence/depletion affected cytotoxicity - a
hallmark of cell death. Cytotoxicity, in terms of disruption of cell membrane integrity, was
assessed by measuring the incorporation of “cytotox green”, a membrane-impermeable dye.
Both Mili KO and Mili HET aNPCs displayed a more pronounced cytotoxicity compared to WT
aNPCs, noticeable as early as 42 hours following the induction of differentiation (Figure 11).
This result indicates that Mili prevents cytotoxicity of aNPCs, upon induction of their

spontaneous differentiation in vitro.
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Figure 11: Induction of aNPCs differentiation results in higher cytotoxicity in Mili KO and Mili HET cells in
vitro. (A)Cytotoxicity measure in differentiative culture conditions of WT, Mili KO, Mili HET aNPCs (top). Cells were
incubated with membrane impearmeable CYTOTOX GREEN dye for detection of cell membrane integrity disruption.
Cytotoxicity index is defined as green object count per image, divided per phase area confluence -calculated by
IncuCyte® software- and normalized to time zero. Two-way ANOVA main effects analysis results (bottom).
(B)Representative micrographs of WT, Mili KO, Mili HET aNPCs at differentiation day (DIF) 5, in green: IncuCyte®
signal reconstruction of green fluorescent CYTOTOX GREEN dye signal. Data are expressed as mean +SEM, n=4
biological replicates. Two-way ANOVA, ****P < 0.0001. The scale bars represent 100 um.
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3.3 The piRNA pathway in microglia and

neuroinflammation

In the previous work (Gasperini C, Tuntevski K, Beatini S, et al., 2023 - see Appendix) we
observed that the KD of Mili in the adult hippocampus induced the expression of senescence-
associated secretory phenotype (SASP) and reactive oxygen pathway genes and gliosis. This
observation, coupled with existing evidence implicating the piRNA pathway in the
polarization of macrophages upon inflammation [92], led us to hypothesize that the piRNA

pathway could be present in microglia and play a role in neuroinflammation.

3.3.1 Acute Mili KD in adult mouse hippocampus results in microgliosis

To ascertain whether Mili is involved in the maintenance of microglial cells homeostasis, 1
inspected brain sections spanning across the hippocampus of mice I injected with a control
scrambled GapmeR (Control) or a GapmeR targeting Mili (GapmeR1, Mili KD), as described
and validated in Gasperini C, Tuntevski K, Beatini S, et al., 2023 (see Appendix, Figure 4 A, C).
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Figure 12: Acute Mili KD in adult mouse hippocampus results in microgliosis. Caption on following page.
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Figure 12: Previous page - (A)Representative confocal micrographs of postnatal hippocampal sections,
immunostained for IBA1 30 days post injection (dpi) of scrambled GapmeR (CTL, left hemisphere) and GapmeR
against Mili (MILI KD, right hemisphere). (B)Fold change in number of IBA1 positive cells (left), fold change in IBA1
fluorescence intensity level (right) normalized over the area of a region of interest (ROI) corresponding to
hippocampal GCL and hilus in brain slices, upon Mili KD compared with Control. (C)Inflammatory markers (TNFo
left, IL1p right) expression analysis in the DG from postnatal mouse hippocampi 48 hours after the injection of
scrambled GapmeR (CTL) or GapmeR against Mili (MILI KD). Data are expressed as mean + SD, n =4 (4, B) n=3 (C)
biological replicates. *P < 0.05 as assessed by the two-tailed Student’s t-test. GCL, granular cell layer. The scale bars
represent 100 um (4, left), 50 um (4, right).

Inspection of brain sections 30 days after bilateral injections of GapmeRs indicated an
increase in Ibal positive cells, which were also characterized by hypertrophic cell bodies, in
the ipsilateral hippocampus injected with GapmeR antisense to Mili, compared with the
contralateral side injected with control GapmeR (Figure 12 A, B). In agreement, we observed
an increase in the levels of the inflammatory markers TNFa and IL1f upon Mili KD in the
postnatal hippocampus (Figure 12 C).

This result indicates that Mili prevents microgliosis in the postnatal mouse hippocampus,

either directly or indirectly via aNSCs-mediated functions.

3.3.2 The key piRNA pathway genes Mili and Mov10 are expressed in CX3CR1GFP+

microglia and increase upon LPS-induced inflammation in vivo

As an entry point to explore the potential involvement of the piRNA pathway in microglial
inflammatory responses, | evaluated the expression of key piRNA pathway genes in microglia
isolated from the brain of mice subject to acute inflammation. To this end, I took advantage
of the knock-in/ knock-out CX3CR1¢f? mice model, which express the enhanced green
fluorescent protein (EGFP) under the control of the endogenous Cx3crl locus in monocytes,
dendritic cells, NK cells, and brain microglia [348]. Microglial inflammatory response in the
brain was induced by the intraperitoneal (i.p.) injection of LPS at the concentration of 5mg/kg
in P20-P30 CX3CR16? mice (LPS) [300]. As control, CX3CR1%*? mice were injected with saline
(CTL). 48 hours after i.p. injection, brains were dissociated and GFP+ cells isolated via
Fluorescent Activated Cell Sorter (FACS). Sorted cells were then processed for RNA extraction
(Figure 13 A). As expected, LPS injection induced inflammatory response in the brain, as
confirmed by the increased expression of the pro-inflammatory markers TNFa and IL1f3
(Figure 13 B), and by the increased size and complexity detected by forward and side scatter
flow cytometry measures in sorted GFP+ cells, compared to GFP+ cells sorted from the brains
of control mice (Figure 13 C). Acute (LPS-induced) inflammation significantly increased the

expression of Mili, as well as that of one of the essential cofactors for piRNA biogenesis, the
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helicase Mov10, in GFP+ cells compared to GFP+ cells sorted from the brains of control mice
(Figure 13 D). In contrast, Miwi expression was unaltered and Miwi2 expression undetectable
in GFP+ cells sorted from LPS treated or control mice.

These results indicate that bona fide microglia cells express the key piRNA pathway genes
Miwi, Mili and Mov10 and that the latter two increase their expression in inflammatory (LPS)

conditions, in vivo.
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Figure 13: The key piRNA pathway genes Mili and Mov10 are expressed in CX,CR1
increase upon LPS-induced inflammation in vivo. (A)Schematic representation of the experiment.

(B)Inflammatory markers (TNFa left, IL1 Sright) expression analysis. (C)Mean forward scatter (left) and mean side

scatter (right) measured with flow cytometry. (D)PiRNA pathway genes (from left to right: Miwi, Mili, Mov10)
GFP

microglia and

expression analysis in GFP+ microglia sorted from CX;CR1™" mice injected with LPS or saline (CTL). Data are

expressed as mean + SD, n = 10-13 (CTL) 12-16 (LPS) mice per group. *p < 0.05, **p < 0.01 as assessed by the two-
tailed Student’s t-test.
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3.3.3 Mili and Mov10 increase their expression in inflamed primary microglia

Acute (LPS-induced) inflammation may lead to immune cells infiltration in the CNS, among
which are monocytes that also express CX3CR1 [348], [349]. To validate my observations in
vitro, | established primary microglia cell cultures, following previously published protocols
[350], and I induced their acute inflammation treating them with LPS at increasing
concentrations (10ng/ml, 0.1ug/ml). Microglial cells were harvested at the indicated time
points after treatment, and RNA and proteins extracted to monitor inflammatory markers
expression and levels of Mili and Mov10 (Figure 14 A). As expected, LPS treatment
successfully inflamed microglia as indicated by the increase of TNFa and IL1 (Figure 14 B).
Again, | observed a significant (and dose dependent) increase in the levels of Mili and Mov10
transcripts (Figure 14 C). In agreement, protein levels of MILI and MOV10 increased
significantly in inflammatory conditions (Figure 14 C).

Together, these results demonstrate that the essential Piwi proteins Miwi, Mili and Mov10
are expressed in microglia, and the latter two are responsive to acute (LPS-induced)
inflammation in vivo and in vitro.
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Figure 14: Mili and Mov10 increase their expression in inflamed primary microglia. (A)Schematic
representation of the experiment. (B)Inflammatory markers (TNFa up, IL1 down) and (C)PIRNA pathway genes
(Mili left, Mov10 right) expression analysis in untreated (CTL) or inflamed (LPS) primary microglia. (D)MILI (left)
and MOV10 (right) levels in untreated (CTL) or inflamed (LPS) primary microglia. Data are expressed as mean +
SD, n = 3 biological replicates. One-way ANOVA, Bonferroni as post hoc (B, C), two-tailed Student’s t-test (D) *p <
0.05, **p < 0.01, ***P < 0.001, ****P < 0.0001.
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3.3.4 Piwil2 (Hili, in human) responsiveness to acute LPS-induced inflammation is

conserved in human microglia

To investigate whether piRNA pathway genes’ responsiveness to acute LPS-induced
inflammation was occurring also in human, I employed HMC3 cells, a well characterized
human microglial cell line (Figure 15 A) [351]. HMC3 cells expressed three of the four human
Piwi paralogs, i.e., Hiwi (Piwill), Hili (Piwil2) and Piwil3. Hiwi2 (Piwil4) transcript was
undetectable (Figure 15 C), in agreement with our data in murine microglia (Figure 13, 14).
To induce inflammation, cells were treated with LPS (0.1pg/ml) for 24h. TNFa, IL1 and IL6
higher expression in LPS treated cells compared to untreated control confirmed the
successful induction of inflammation (Figure 15 B). Remarkably, Hili expression significantly
increased in the inflamed condition. HILI increase was confirmed at the protein level (Figure
15D).

This evidence indicates that Piwil2 increase, previously observed in murine microglia in
response to inflammation, is conserved also in human microglia. The conserved nature of
Piwil2 responsiveness to inflammation further suggests a potential underlying function,
possibly in the regulation of microglial inflammatory response.
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Figure 15: Piwil2 (Hili, in human) responsiveness to acute LPS-induced inflammation is conserved in
human microglia. (A)Representative phase contrast micrographs of 2D cultured HMC3 cell line.
(B)Inflammatory marker (TNFe, IL1B, IL6) and (C)PiRNA pathway genes (Hili, Hiwi, Piwil3) expression
analysis, and (D)HILI levels in untreated (CTL) or inflamed (LPS) human microglia, 24h (RNA) or 48h (protein)
after treatment. Data are expressed as mean + SD, n = 3 biological replicates. *p < 0.05, **p < 0.01 as assessed
by the two-tailed Student’s t-test. The scale bars represent 100 um.
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3.3.5 Aging-induced neuroinflammation (inflammaging) increases Mili expression in

microglia

Physiological aging is associated with the development of chronic, sterile, low grade
inflammation (inflammaging) [96], [97]. Therefore, I wanted to check whether Mili
expression in microglia is also responsive to this physiological inflammatory context. To this
end, I isolated microglia from adult (12-24 weeks old, CTL) or physiologically aged (96-97
weeks old, OLD) mice. Specifically, I dissociated the brain tissue and performed
immunostaining for microglial markers CD45 and CD11b on the obtained single cell
suspension. Cells positive for CD454m and CD11bPright were isolated via FACS (Figure 16 A)
[352]. The observed increase in IL1 expression in old mice, compared to young ones,
confirmed the inflamed status of the elderly animals. Moreover, this was paralleled by Mili
increase in aged mice (Figure 16 B).

This result corroborates and extends the responsiveness of the piRNA pathway to different

acute (LPS) and chronic (ageing) inflammatory contexts.
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Figure 16: Aging-induced neuroinflammation (inflammaging) increases Mili expression in microglia.
(A)Microglia isolation via FACS, spectrum of APC and PE fluorescence intensity. Microglia cells are duoble positive
for CD11b-PE, at high intensity, and CD45-APC, at medium intensity. (B)IL1S (left) and Mili (right) expression
analysis in CD45+ CD11b+ microglia sorted from adult 12-24 weeks old (CTL) or physiologically aged and
inflamed 96-97 weeks old (OLD) mice. Data are expressed as mean + SD, n = 4 mice per group. *p < 0.05, **p <
0.01 as assessed by the two-tailed Student’s t-test.
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3.3.6 Acute inflammation alters the expression of (Mili-dependent) piRNAs in murine

microglia

Next, to investigate the presence of endogenous piRNAs in microglia, small-RNA sequencing
was performed on primary and sorted microglia, in CTL and inflamed conditions. Primary
microglia acute inflammation was induced in vitro using 0.1pg/ml LPS, and cells were
harvested 24 hours post-treatment. In vivo inflammation was induced by i.p. injection of
5mg/kg LPS or saline (CTL) in CX3CR1GFP mice aged between P20-P30. 48 hours after the
injection, GFP+ cells were FACS sorted. Subsequently, RNA was extracted form primary and
sorted microglia cells and processed for small-RNA sequencing. Following a previously
published analysis pipeline (see Appendix, [63] ) putative piRNAs were identified in
CX3CR16%FP+ and primary microglia, and using stringent criteria, subsequent analyses were
restricted on the small non-coding RNAs that perfectly aligned (i.e., no mismatch) with mouse
piRNAs previously annotated in the piRNA database piRBase [6]. Putative microglial piRNAs
exhibit a peak length of 23 nt (Figure 17 A) and a 5’ Uridine (U) bias (Figure 17 B), consistent
with earlier findings in the brain of adult mice [3], [4]. Additionally, the probability
distribution of nucleotide- pair distance between the 5’ termini of putative primary and
secondary piRNAs closely resembled that of other animals [20], showing asymptotic
convergence around the “0” mark on the x-axis (Figure 17 C). Given that Mili increases in
inflammation, we checked whether a parallel increase in piRNAs content happens in inflamed
microglia. Total piRNA content, normalized in transcript per kilobase in a million (TPM), did
not evidence significant differences in piRNAs abundance in basal conditions (CTL) and upon
LPS-induced inflammation (LPS), both in sorted (CX3CR1%"+) and primary microglia (Figure
17 D), indicating that inflammation didn’t alter piRNA abundance in these cells. Interestingly,
we could distinguish two subsets of piRNAs in inflamed microglia, one that was upregulated
and the other downregulated upon LPS treatment (Figure 17 E,F), consistent with the reports
of altered expression of piRNAs populations in macrophage polarization [92]. In particular,
LPS-responder piRNAs in sorted microglia were identified as outliers larger (LPS-
upregulated), or smaller (LPS-downregulated) than 3 standard deviations from the mean of
a linear 20% noise identity model, based on the piRNA levels in control CX3CR1%"+ sorted
cells. Identification of the responder-piRNAs from sorted microglia in primary microglia
demonstrated a similar response trend. Then, considering that Mili exhibited an LPS-
responsive increase, we asked whether the LPS-responsive piRNAs subset we identified

could be Mili-dependent. To check our hypothesis, we looked at the expression of this piRNAs

36



subset in WT and Mili KO mice, and we observed that LPS-upregulated piRNAs exhibit a
higher trend of expression in WT versus Mili KO hippocampi, by the two-sample Kolmogorov-

Smirnov test (Figure 17 G).
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Figure 17: Acute inflammation alters the expression of (Mili-dependent) piRNAs in murine microglia. (A)Size
distribution of the piRNA reads showing (B)Uridine bias at piRNA 5’ ends and (C)probability of distances from the
5’ ends of putative secondary piRNAs to the 5’ ends of putative primary piRNAs. 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)Total piRNA content in transcript per kilobase in a million (TPM)
normalisation for sorted (CX3CR16FP+) and primary microglia, in saline-treated (CTL) or LPS-treated animals (LPS),
and in primary saline-treated (CTL) or LPS-treated (LPS) cells. (E)LPS responder-piRNAs in sorted microglia are
identified as outliers larger (LPS-upregulated, red plus), or smaller (LPS-downregulated, blue minus) than 3
standard deviations from the mean of a linear 20% noise identity model, based on the piRNA levels in control
CX3CR16FP+ sorted cells. (F)ldentification of the responder-piRNAs from sorted microglia in a primary microglia
culture model demonstrates a similar response trend. (G)LPS responder-piRNA levels in WT (y-axis) versus Mili KO
(x-axis) whole hippocampi from transgenic animals demonstrate that LPS-upregulated piRNA in sorted microglia

exhibit a higher trend of expression in WT versus Mili KO hippocampi by the two-sample Kolmogorov-Smirnov
test, p-value 2.909e-34.
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Altogether, these results indicate that bona fide piRNAs are expressed in microglia, and acute
inflammation alters the expression of specific piRNAs subsets. Moreover, the piRNAs that are
upregulated in inflammation exhibit Mili-dependency. This suggests that the piRNA pathway
is involved in microglial inflammatory responses. In fact, upon inflammation microglia
exhibits profound phenotypic and molecular changes, in particular at the gene expression
level. Thus, the concomitant change in the expression of piRNAs subpopulations, could reflect
their involvement in regulating the molecular changes that characterize microglia

inflammatory response.

3.3.7 Insilico piRNAS' target prediction in microglia

In order to identify possible targets of microglial piRNAs in inflammation, an in silico
prediction of the piRNAs’ targets expressed in CTL and upon LPS treatment was performed.
Considering the wide variety of possible piRNAs’ targets [1], [11], [353], piRNAs were aligned
to both non-coding repetitive elements and mRNAs. Notably, amongst the non-coding RNA
targets, the more prominently represented are LINE1 elements, with piRNAs targeting LINE1
being more abundant in inflamed microglia (Figure 18 A). Given that dysregulation of LINE1
and TEs in general has been reported in inflammatory and neuropathological conditions [71],
[354]-[356], the observed increase in piRNAs, which are known repressors of LINE1, likely
reflects an attempt to restrain the expression and mobilization of LINE1 in response to its
dysregulation. Next, I sought to identify putative protein coding targets of piRNAs in CTL and
inflamed microglia. To explore which of the predicted coding targets might be involved in
inflammation, Gene Ontology (GO) analysis on piRNAs’ targets shared by CX3CR1%"+ sorted
and primary microglia in control or upon LPS treatment was performed. Interestingly,
several piRNAs’ predicted targets are involved in biological processes related to
inflammatory responses, such as chromatin organization, immune system processes,
proliferation, and cell migration (Figure 18 B). These results reveal possible downstream
effects of the piRNAs, leading to the regulation of microglial inflammation. However, this
preliminary analysis will be substantiated by matching piRNAs’ predicted targets to
differential gene expression data from transcriptomics of CTL, inflamed and Mili KO

microglia, and the most relevant predicted targets will be validated by qPCR analysis.

In conclusion, this evidence revealed the presence of piRNAs and PIWI proteins in microglia
and their differential expression in inflammation, therefore substantiating a potential

regulatory role of the piRNA pathway in microglia’s inflammatory processes.
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Kank1, Adk, Ifltd1, Rere, Cdh13, Sox5

Cell migration

Semaba, Itgb3, Dock2, Nrg3

Arsb, Large, Cyp7b1, Gpc3, Fut10, MRTFA,
Grlf1, Kank1, Fat3, Prkci, Rere, Cdh13,
Adamts12, Ttbk2

Figure 18: In silico piRNAs’ target prediction in microglia. (A)Pie plots showing proportions of repetitive
elements that are predicted piRNAs’ targets in untreated (CTL) or inflamed (LPS) CX3CR16FP+sorted (top) and
primary (bottom) microglia. (B) Table summarizing relevant GO biological process analysis results:
representative biological processes involved in microglia inflammation (left) and predicted piRNAs’ targets
involved in the process (right), in control (CTL) or upon induction of inflammation (LPS) in both sorted and

primary microglia.
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4 Discussion

This thesis builds on our work that provides the first evidence of the functional involvement
of the piRNA pathway in neurogenesis and neuroinflammation (Gasperini C, Tuntevski K,
Beatini S, et al., 2023 - see Appendix). Specifically, Mili has been shown to support the
neurogenic differentiation of aNPCs and modulate the reactivity of glial cells. The depletion
of Mili results in the aberrant generation of reactive astrocytes and perturbs the expression
of various inflammatory, reactive oxygen, and circadian-related genes - recognized hallmarks
of an aged hippocampal niche [160], [357]-[359]. Most of these observations resulted from
acute in vivo Mili KD. Here, by utilizing a published Mili constitutive KO mouse model, that
has never been characterized in the brain, we validated some of our previous findings.
Specifically, by analyzing hippocampi of Mili mutant mice (Mili KO, Mili HET) we could
confirm the disturbance of hippocampal aNPCs proliferation in the absence of Mili.
Furthermore, in vitro experiments revealed that differentiation of aNPCs with mutated Mili
was impaired, leading to increased cellular death.

We are currently conducting experiments to further investigate these phenotypes and to
comprehend their implications. To discern whether the constitutive mutation of Mili has
repercussions on effective aNPCs’ differentiation and fate choice, we are carrying out in vivo
lineage tracing experiments in Mili mutant animals. In parallel, to dissect the molecular
regulation of the neurogenic process, we are exploiting the in vitro model of aNPCs
differentiation, in particular, performing comprehensive long and short RNA sequencing at
different stages of differentiation. These approaches will enable us to investigate the
consequences of Mili absence/depletion, specifically focusing on the disruption of
hippocampal balance. A potential scenario is that the constitutive absence/depletion of Mili
could result in the conversion of aNPCs into reactive astrocytes, similar to that observed in
acute Mili KD. Interestingly, aNPCs reduction through conversion in reactive astrocytes has
been suggested to explain the age-related decline in adult neurogenesis, which is further
accelerated by conditions such as epilepsy and neurodegeneration [114], [115], [193], [360].
Therefore, it is also conceivable that Mili mutant animals might exhibit an accelerated aging
phenotype. To investigate this, we plan to characterize in vivo neurogenic processes in aged
mice.

A key feature of the aging brain and age-related neurodegenerative disorders is the
occurrence of gliosis. [208]. The heightened reactivity of astrocytes in this context triggers

an inflammatory state, leading to a loss of their supportive functions to neurons which, as a
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consequence, become vulnerable to hypo-metabolic states, excitotoxicity, and oxidative
stress [358], [361]. Reactive microglia play a vital role in inflammaging, sustaining persistent
sterile neuroinflammation and elevating the levels of Reactive Oxygen Species (ROS) and
Reactive Nitrogen Species (RNS). Indeed, the oxidative stress theory of aging proposes that
age-related functional declines result from the accumulation of damage induced by Reactive
Oxygen and Nitrogen Species (RONS) [362]-[364].

As related to neuroinflammation, our research revealed that depletion of Mili in the postnatal
hippocampus leads to astrocyte reactivity (Gasperini C, Tuntevski K, Beatini S, et al., 2023 -
see Appendix). Here, we further extended this observation by showing that Mili KD leads to
microgliosis. Moreover, investigating the presence and potential role of the piRNA pathway
in microglia, we uncovered that PIWI proteins and piRNAs are indeed present in these cells.
Strikingly, we observed that microglial Mili (Piwil2) and piRNAs were responsive to both
acute (LPS-induced) and chronic (inflammaging) inflammation. Of note, the microglial
piRNAs subset that we identified to be upregulated upon inflammation appears to be
depleted in Mili KO animals, suggesting that Mili is necessary for the induction of certain
piRNAs in response to inflammation. Our observations extended to human microglial cells,
indicating a conserved response of Piwil2 to inflammation. Moreover, our preliminary data
indicate that microglial inflammation-responsive piRNAs are predicted to target, and
therefore potentially regulate, several gene transcripts involved in inflammatory processes.
This evidence suggests a possible broader function for the piRNA pathway as a guardian of
brain homeostasis.

The crucial open question is whether the piRNA pathway responsiveness to inflammation
underlies possible pro- or anti-inflammatory functions in the regulation of microglial
responses. To answer this question, we are employing Mili mutant mice to investigate the
impact of Mili absence/depletion, in terms of microglial responses and neuroinflammation,
comparing physiological and inflammatory contexts through small and long RNA-seq
analyses, histological examinations and at the protein level. Given the constitutive nature of
Mili absence/depletion, potential impairments in homeostatic conditions might not be
clearly evident due to compensatory mechanisms occurring during development. However,
by stressing the system with paradigms known to induce neuroinflammation, we expect to
see some alterations in microglial inflammatory responses if the piRNA pathway is involved
in the control of this process.

We are also studying the response of the piRNA pathway at different time points upon the

induction of neuroinflammation to explore the dynamics of Mili and piRNAs increase.
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Considering the evidence at hand, one potential scenario is that the piRNA pathway, observed
to respond 24-48 hours post-inflammatory stimulus, might function as a downstream
regulator of the inflammatory process. However, Mili and piRNAs might be altered already
few hours after the stimulation, thus suggesting a potential involvement in the upstream
regulation of inflammatory genes and responses. In that case, it would be particularly
intriguing to explore the signals that induce and activate the piRNA pathway response. While
master transcription factors such as A-MYB govern piRNAs and PIWI production in the
gonads [365], the players and mechanisms that activate their production in the brain are
currently unknown.

The primary focus of our ongoing investigations is on the piRNA pathway functions and
targets that could be relevant for identifying novel therapeutic strategies for age-related
diseases, such as neuroinflammatory and neurodegenerative pathologies. Our data indicate
that among the predicted targets of inflammation-responsive piRNAs there are several genes
involved in DNA repair, and chromatin accessibility. Moreover, microglial piRNAs selectively
target multiple TEs, with LINE1 being the most prominent among them, and the abundance
of piRNAs directed against it increasing in inflammatory conditions. This is interesting
because an important aspect of aging is its direct connection to DNA damage, which is often
caused by uncontrolled movement of TEs. Indeed, TEs dysregulation is involved in aging,
neuroinflammation, and neurodegeneration [71], [354]-[356], [366]. Notably, the piRNA
pathway can be regarded as a widespread strategy employed by most animals to efficiently
suppress transposition [95]. In the absence of a functional piRNA pathway, aging somatic
cells tend to undergo a gradual loss of heterochromatin, a critical element responsible for
maintaining the transcriptional repression of TEs [367], [368].

Another point to be addressed is how TEs might be regulated by the piRNA pathway in our
system—whether this occurs transcriptionally or post-transcriptionally. PIWI proteins and
piRNAs, indeed, regulate targets at both transcriptional and post-transcriptional levels.
However, these mechanisms are highly intricate, varying based on the cell type, specific Piwi
proteins involved, effectors, and their subcellular localization. Furthermore, they do not
necessarily require piRNAs or cleavage-competent PIWI proteins [11], [353]. A key
unresolved question in this study revolves around whether the functions of Mili in the brain
are orchestrated through piRNAs. Further exploration is needed to determine whether the
neurogenic functions of Mili and those potentially involved in inflammatory responses are

piRNA-mediated.
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In this study, we report a role for the piRNA pathway in the maintenance of proper
neurogenesis and, therefore, brain plasticity. Existing evidence links piRNA pathway
alterations to learning and memory impairments [64], [65]. In this context we are performing
behavioral experiments on Mili mutant mice to characterize how the piRNA pathway
mediated regulation of neurogenesis, and possibly neuroinflammation, impacts cognitive
functions. Other future explorations include longitudinal investigations in Mili conditional KO
mice, incorporating Lox-P sites to selectively restrict Mili deletion to distinct brain
subpopulations. This would enable a more detailed characterization of the piRNA pathway
regulatory role in individual brain cell populations and in their crosstalk. This experiment
would be particularly relevant in our system to clarify aspects such as the apparent
inconsistency observed within aNPCs and microglia, wherein inflammatory contexts
correlate with a lower or higher expression of Mili, respectively.

Regarding the translational significance of our findings, it is crucial to note that the piRNA
pathway has been linked to various CNS disorders [2], [369]. Understanding its role in CNS
physiology and pathology could lead to the use of piRNAs as diagnostic markers, therapeutic
targets, or even as potential drugs. Of interest, piRNAs have been previously proposed as
biomarkers, in combination with miRNAs, to detect Alzheimer’s disease [80]. For the same
purpose of identifying possible piRNAs signatures of neurological pathologies, in our
laboratory we are conducting RNA sequencing studies to examine the piRNAs repertoire in
various neurodegenerative and neuroinflammatory conditions. Another intriguing avenue
could be utilizing the piRNA pathway itself as a drug or therapeutic strategy. Indeed, a recent
study suggested that the piRNA pathway could be harnessed as part of the RNA vaccine
strategy. Ikhlas and colleagues showed that exposure to viral RNA fragments of SARS-CoV-2
can stimulate NSCs to produce extracellular vesicles and microvesicles containing piRNAs
targeted against the exogenous viral RNA [370]-[372].

In conclusion, the work presented in this thesis provides an initial characterization of the role
of the piRNA pathway in maintaining brain homeostasis. Understanding the regulatory
influence of the piRNA pathway on both neuroinflammation and neurogenesis paves the way
to elucidate the functions and potential applications of these small RNAs in conditions
associated with CNS dysregulation. This includes neurodegenerative diseases and age-
related pathologies, contributing to the promotion of successful brain aging. Nonetheless,
further investigations are necessary to elucidate the precise molecular mechanisms and

downstream effectors through which the piRNA pathway exerts its influence.
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5 Procedures and References

5.1 Experimental procedures

5.1.1 Experimental mice

Experimental mice C57BL6, CX3CR16FP mice [348], and Mili null mice [343] were housed at
[stituto Italiano di Tecnologia (IIT). All animal procedures were approved by the IIT animal
use committee and the Italian Ministry of health and 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 temperature and humidity-

controlled environment with ad libitum access to food and water.

5.1.2 Primary aNPCs isolation and culture

Hippocampal NPCs were prepared and expanded as described previously [344], [347].
Briefly, DG was isolated from 8-10 C57BL6 mice at the age of 6-8 weeks. After dissection in
Hanks Balanced Salt Solution (Hank’s Balanced Salt Solution -HBSS, Gibco) medium, the
tissue was enzymatically dissociated with papain (2.5 U/ml), dispase (2.5 U/ml) and DNase I
(250 U/ml) for 20 min at 37°C. During incubation, the tissue was repeatedly triturated with a
fire polished Pasteur pipette. The cell suspension was centrifuged at 130 g for 5 min and the
pellet was re-suspended in buffer solution (1x HBSS, 30mM Glucose, 2ZmM HEPES pH 7.4,
26mM NaHCO3) followed by a centrifugation at 130 g for 5 min. aNSCs were isolated using
22 % Percoll gradient solution. After further centrifugation for 5 min at 130 g the cell pellet
was re-suspended in 2 ml of culture medium containing Neurobasal (Invitrogen), Glutamax
(Invitrogen), 1% penicillin and streptomycin (Invitrogen), B27 without retinoic acid
(Invitrogen), FGF (20 ng/ml; PeproTech) and EGF (20 ng/ml; PeproTech). The dissociated
DG tissue was plated into PDL/Laminin (Sigma/Roche) coated wells and incubated at 37°C
with 5% CO,. To further remove excess debris, the growth medium was exchanged 24 hours
later. Every 2 days half of the growth medium was exchanged with fresh medium to replenish
the growth factors. aNSCs were passaged once they reached 80 % confluence. induction of
spontaneous differentiation by growth factor removal was done as previously described

[344], [347].
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5.1.3 Primary microglia isolation and culture

Primary microglia were prepared and expanded as described previously [373].
In brief, forebrain was isolated from P0-P2 C57BL6 mice. After dissection and removal of
meninges in cold Hanks Balanced Salt Solution (HBSS, Gibco) medium, the tissue was

enzymatically dissociated with 1mg/ml of DNase I 0.05% (Sigma) in Trypsin without EDTA

0.25% (Gibco), for 30 min at 37°C. Following incubation, the digestion was stopped adding
10% FBS (Sigma) supplemented culture media. Then, the tissue was repeatedly mechanically
triturated with a fire polished Pasteur pipette, followed by filtering through 40um filters.

The obtained cell suspension was centrifuged at 1300 rcf for 10 min and the pellet was
resuspended in culture medium, consisting of DMEM(1x) + GlutaMAX™-I (Gibco),

supplemented with 10% FBS (Sigma) and 1% penicillin and streptomycin (Invitrogen). The

dissociated tissue was plated into PDL (Sigma) coated flasks and incubated at 37°C with 5%
CO,. To further remove excess debris, the growth medium was exchanged 24 hours later.
Every 4 days half of the growth medium was exchanged with fresh medium. After 1-2 weeks
microglia were detached with the shaking method and seeded for experiments in PDL coated

wells.

5.1.4 Human microglial cell line HMC3 culture

Human HMC3 microglia were cultured, according to ATCC instructions, in complete medium
consisting of EMEM (ATCC® 30- 2003™) supplemented with 10% FBS (Sigma) and 1%

penicillin and streptomycin (Invitrogen). Cells were cultured in plastic flasks incubated at
37°C with 5% CO,. Every 2 days the growth medium was exchanged with fresh medium, and

HMC3 cells were passaged 1:5 to 1:8 once they reached 90 % confluence.

5.1.5 GapmeR injection

GapmeRs injection was done as previously published [344], briefly, 8 weeks-old WT C57BL6
mice were anesthetized with isoflurane and 1.5 pl of 50 pM 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
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DG and tissue processed for RNA or protein extraction. Animals were sacrificed 30 days after
GapmeRs injection (n = 4 for each oligo) and tissue processed for histological analysis [344].

GapmeR sequences 5’-3’: CTL AACACGTCTATACGC, GapmeR1 GAGTGCAGTGAAGTTG.

5.1.6 BrdU and LPS treatments

To labeled proliferating cells in the postnatal hippocampus, 11 weeks old mice received 3 i.p.
injections, with 2 hours intervals, of 100mg/kg BrdU diluted in phosphate-buffered saline
(PBS), as previously described [344]. Mice were sacrificed 24h after the first BrdU injection
and brains processed for further analysis. To label proliferating aNPCs in vitro, 10 mM BrdU
was added to the culture medium for 48 h, followed by fixation (4 % PFA).

To induce inflammation, p20-p30 CX3CR1%? mice received a single i.p. injection of
phosphate-buffered saline (PBS; vehicle) or 5 mg/kg bacterial lipopolysaccharide
(Escherichia coli 055:B5 LPS; Sigma) [300] and were sacrificed 48 h after the injection.
Brains were then processed for microglia isolation.

To induce microglial cells inflammation in vitro the growth medium was exchanged with
fresh medium, for control condition, or with culture medium containing 0.1 or 0.01 pg/ml of
LPS diluted in PBS. Cells were then pelleted after 24h for RNA extraction, or 48h for protein

extraction.

5.1.7 Fluorescence-Activated Cell Sorting (FACS) for microglia isolation

CX3CR1GP mice were injected with LPS, as described above. CX3CR16FP* Brains were
dissociated to obtain a single-cell suspension using the Adult Brain Dissociation kit (Miltenyi
Biotec), according to the manufacturer’s protocol. GFP+ cells were sorted using a FACSAriatm
[T system (BD). Cell duplets were removed based on forward and side scatters, and viable
cells were selected based on PI negativity. GFP-positive (corrected for autofluorescence) cells
were sorted and collected in PBS. Trizol LS (Thermo Scientific) was added and after
resuspension samples were snap-frozen and stored at -20°C. Microglia isolation from adult
(12-24 weeks old) and old (96-97 weeks old) WT animals was achieved by performing
immunostaining on the single cell suspension obtained from brain dissociation, to allow FACS
isolation. Briefly, the cell suspension was incubated for 15’ with CD16/32 blocking antibody
(BioLegend) followed by 30’ incubation in the dark with primary fluorophore-conjugated
antibodies against CD45 (CD45-APC, Biolegend) and CD11b (CD11b-PE, Invitrogen). Cells
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double positive for PE (high intensity) and APC (medium intensity) were sorted [352].

Primary antibodies are listed in the Table 2.

5.1.8 Histology Immunofluorescence and Imaging

Mice were anesthetized and perfused transcardially with cold 4% paraformaldehyde in 1X
PBS. Brains were removed and post-fixed in the same fixative for 24 hours at 4°C. Tissues
were washed several times in 1X PBS prior to dehydration with 30% sucrose in 1X PBS,
overnight (or until they sink) at 4°C and carefully dried before snap-freezing.

40 um 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 phosphate buffer, pH 7.4, 1:1:2 by volume).

Immunofluorescence staining on brain slices:

After extensive washings with 0.1M PBS, sections were permeabilized with 0.3% PBS-T (PBS-
Triton X-100) for 10 min followed with 20 min with 0.1% PBS-T. To detect Ki67
immunostaining, citrate buffer 10 mM pH = 6 treatment during 10 min at 95 °C was used.
Pre-treatment with 2N HCL at 30,2°C for 20 min was used to detect BrdU incorporation.
Sections were blocked during 1 h with 0.1% PBS-T and 5% normal goat serum (Vector
laboratories), at room temperature (RT) followed by incubation with primary antibodies in
blocking solution overnight at 4°C. The next day, after washing extensively with 0.1% PBS-T,
sections were incubated for 2 h with the corresponding secondary fluorescent antibodies,
diluted 1:1000 (Goat Alexa 488, 568, and 647 nm, Invitrogen)at room temperature. Sections
were counterstained with Hoechst (1:300), mounted and cover slipped with Vectashield
reagent (VECTOR Labs).

Immunofluorescence staining on cell cultures:

After fixing aNPCs for 15 min with 4% paraformaldehyde (PFA) followed by extensive
washings with PBS, cells were washed three times with PBS 0,1% Triton X-100 (PBS-T) and
blocked during 1 h with PBS-T containing 5% Normal Goat Serum (NGS) (Vector
laboratories), followed by overnight incubation at 4°C with primary antibodies. The next day,
after washing extensively with PBS-T, cells were incubated 2h at room temperature with
secondary antibodies. Cells were mounted in mounting medium and counterstained with
fluorescent nuclear dye DAPI (Invitrogen). Images were obtained using the microscope
Confocal A1 Nikon Inverted SFC with 10x and 20x objectives (Nikon Instruments, Yokohama,

Japan), and quantification was performed using a Cell-counter plugin in Fiji. For the
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quantification analysis, five fields were analyzed from each coverslip, and the mean of the
measures was used for that experimental replica.

Ibal intensity fluorescence analysis:

Ibal intensity fluorescence analysis was performed on fluorescence microscopy images
acquired by the Confocal A1 Nikon Inverted SFC with 20x objective (Nikon Instruments),
with the same parameters for all the sections. Quantification of fluorescence intensity was
performed using Image] measuring the integrated density of a region of interest (ROI)
corresponding to GCL and hilus. Fold change in fluorescence intensity, normalized to ROI
area, of Mili KD compared with control one has been plotted in the graph.

Stereological sampling for the quantification of BrdU positive cells in adult mouse

hippocampus (GCL of DG):

Mouse hippocampal brain slices of 40 um where cut with a sliding microtome and collected
as free-floating sections in plates’ wells filled with cryoprotectant solution. Coronal sections
starting from bregma -1.40 were moved in separate 48 wells plates. Following
immunostaining for BrdU, a stereological sampling for the quantification of BrdU positive
cells in adult mouse hippocampus (GCL of DG) was performed. First sampling: one in five
sections (for a total of 12 slices) per animal were analyzed. Second sampling: 15 um confocal
stack images of brain slices were obtained with the Confocal A1 Nikon Inverted SFC with 10x
objective. To obtain the number of positive cells in the volume a ROI of the DG area was drawn
using the maximum projection of the Hoechst channel as a reference, and measured using
FIJI software. The volume was calculated multiplying the ROI area for 15 um (the stack
sampled in the acquisition). BrdU positive cells in the granule cell layer of the DG (inclusion
cut-off: 2 nuclei from granule cell layer) were counted. Counting was performed on the 2-
channel image (Hoechst, BrdU), browsing along the Z axis to ensure the correct count of
overlapping cells. For each animal, the value of total BrdU positive cell per DG volume was
obtained as the average of the values of BrdU positive cells normalized to the DG volume,
calculated per single acquisition. Cell quantification and analysis were performed using NIS-
Elements software (Nikon) and Fiji (Fiji is just Image]).

Primary antibodies are listed in the Table 2.

5.1.9 Cytotoxicity assay in aNPCs

To monitor cytotoxicity upon induction of differentiation, aNPCs’ culture medium was
exchanged, 24h after cell seeding, with differentiation medium supplemented with 250nM

CYTOTOX GREEN fluorescent reagent for IncuCyte® (Europa biosite). Green fluorescence
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acquisition and cell confluence calculations were performed by IncuCyte® S3 (Essen
Bioscience) software. The measured cytotoxicity index was defined as follow: green object

count per image, divided per phase area confluence and normalized to time zero.

5.1.10 Protein extraction and Western Blot (WB)

For total protein extraction, adult testes or cell pellets were homogenized in RIPA buffer and
the protein concentration was determined using a Bradford Assay kit (Bio-Rad). For blot
analysis, equal amounts of protein (25 pg) were run on homemade 10% polyacrylamide gels
and transferred on nitrocellulose membranes (GE Healthcare). Membranes were probed with
the primary antibodies, followed by HRP-conjugated secondary antibody anti-rabbit or
mouse (Invitrogen, A16104, A16072; 1:2,000). LAS 4000 Mini Imaging System (GE
Healthcare) was used to digitally acquire chemiluminescence signals, and the band

intensities were quantified using Fiji software. Primary antibodies are listed in the Table 2.

Table 2: List of primary antibodies

Antibody Host | Company Catalog Dilution
MILI Ms Santa Cruz sc-377347 1:100
MILI Ms Santa Cruz sc-377258 1:100
HILI Rb Abcam Ab85084 1:250
MOV10 Rb Abcam ab80613 1:1000
ACTIN Rb Sigma A2066 1:5000
IBA1 Rb Fujifilm Wako 019-19741 1:1000
NESTIN Ms BD Pharmingen 556309 1:250
BrdU Rat Abcam ab6326 1:75
Ki67 Rb Abcam ab15580 1:250
CD16/32 Rat BioLegend 101320 TruStain FcX™
CD45-APC Rat BioLegend 103112

CD11b-PE Rat Invitrogen 12-0112-82

5.1.11 RNA extraction and real-time qPCR

Total RNA was extracted from primary microglia, HMC3 cells, microglia sorted from C57BL6
and CX3CR16%? mice, and DG dissected from adult C57BL6 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 ImProm-II reverse transcriptase

(Promega). Real-time qPCR was performed in a duplex with Actin or Hprt as a reference gene,
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with QuantiFast SYBR Green PCR Kit (Qiagen) on ABI-7500 Real-Time PCR System (Applied
Biosystems). Expression levels were determined 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.

Oligonucleotide sequences are listed in the Table 3.

Table 3: List of primers

Primer name Sequence (5’-3’)

Actin Fw GGCTGTATTCCCCTCCATCG
Actin Rv CCAGTTGGTAACAATGCCATGT
Hprt Fw CTCATGGACTGATTATGGACAGGAC
Hprt Rv GCAGGTCAGCAAAGAACTTATAGCC
Mili Fw GGCCAGCATAAATCTCACAC

Mili Rv TAGCTGGCCATCAGACACTC
Miwi Fw TAATTGGCCTGGAGTCATCC
Miwi Rv GAGGTAGTAGAGGGCGGTTGG
Miwi2 Fw TGACCTAAATCAGCCAGTGC
Miwi2 Rv GCTCAGGCCTGTGAGAAAG
Mov10 Fw GAGGTTCGAGAGTTTTCTG
Mov10 Rv GCGATCTTCATTCCATACAGCAT
TNFa Fw CCCTCACACTCAGATCATCTTCT
TNFa Rv GCTACGACGTGGGCTACAG

IL1B Fw GAAATGCCACCTTTTGACAGTG
IL1B Rv TGGATGCTCTCATCAGGACAG
Hili Fw ATTCGAGGCCCGGCGCCGCG

Hili Rv GAGACAGAGTCTTGCTTTGT

Hiwi Fw TTACTGGGCGTATGGCGTAC

Hiwi Rv CAAATAAGGTGACAATCACA
Hiwi2 Fw GTGCTCGCGCCAACCCCTAC
Hiwi2 Rv GATGTTCTGAACTTTATTTT
Piwil3 Fw GGATCAGCTACAACCCAGGAG
Piwil3 Rv GTTCCTTCACCCCTTGAGACT

Hs TNFa Fw GAGGCCAAGCCCTGGTATG

Hs TNFa Rv CGGGCCGATTGATCTCAGC

Hs actin Fw TCACCCACACTGTGCCCATCTACG
Hs actin Rv CAGCGGAACCGCTCATTGCCAATG

5.1.12 PCR-based genotyping

Mice DNA was extracted from tail, testes, hippocampi, and cortices biopsies with
Phire direct kit (F170L, Thermo Fisher) following the manufacturer’s instructions, and

amplified on a DNA engine dyad peltier thermal cycler (Bio-Rad). A 3-step PCR protocol (98°C
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for 1 min, then 35 cycles of 98°C for 5 sec, 58°C for 5 sec and 72°C for 20 sec, followed by 72°C
for 1 min) was used. The following primers were used: Mili Fw GATTGAACCTTGTGCCTCGTA,
Mili Rv 1 GGTTACATGAGACCCTCAAAG, Mili Rv 2 GCAGGTGTGTGCAACCAGATA; amplicon
size: 153 base pairs for WT allele and 200 base pairs for mutated Mili null allele. DNA was
analyzed on a 2% agarose gel (AgaPure™ Agarose LE, Canvax) with ethidium bromide

(Sigma-Aldrich).

5.1.13 Small RNA library preparation

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

hippocampi, primary and sorted microglia were measured by Nanodrop spectrophotometer
(Thermo Fisher) and Bioanalyzer RNA nano 6000 chips (Agilent). 1 pg in the case of cell
pellets and hippocampi, or 200 ng in the case of sorted microglia, of high-quality RNA for
each sample was used for library preparation according to the PerkinElmer NEXTFLEX Small
RNA-seq v3 library protocol (PerkinElmer). Briefly, 3" adapters were ligated to 3’ end of small
RNAs using an RNA ligase enzyme followed by 5 adaptor ligation using an RNA ligase
enzyme. Reverse transcription followed by PCR was used to prepare cDNA using primers
specific for the 3’ and 5’ adapters. The amplification of those fragments having adapter
molecules on both ends was carried out with 18 PCR cycles, to allow a gel free size selection
according to the manufacturer’s instructions. The quality of the library was assessed by the

Bioanalyzer DNA chips (Agilent).

5.1.14 Small RNA sequencing and data processing

Small RNA sequencing data processing was done essentially as previously published [63].
PiRNA cluster analysis was performed as previously described (see Appendix), and with
minor modifications in the initial small RNA sequence identification as reported elsewhere
[374]. Small RNA reads into mature miRNA, hairpin-miRNA, isomiR-miRNA, mature tRNA,
primary tRNA, snoRNA, rRNA and mRNA fragments, and non-coding RNAs by expanding the
NCBI release 67 (mm9) ncRNA database [375], [376] with the current version of piRbase 2.0
[8], [377] and supplementarily, potential piRNA reads mapping to other immature non-codin
RNAs were removed from further analysis. All these potential piRNA sequences were aligned
against the mm9 version of the mouse genome, with a maximum of 2 mismatches, and 10,000
permissible alignments. The alignments were analysed for continuity of at least 35 nucleotide

gaps with the mergeBed tool, after which 1,319,609 potential clusters were identified. piRNA
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reads, normalised in TPM, were assigned to each cluster irrespectively of directionality, to
obtain cluster expression, and cluster expression was normalised to the length of the cluster.
The top 1st percentile of clusters per condition (in TPM/nt) was selected as the
representative cluster repertoire of each treatment group. In order to assess the clustering
behavior of putative piRNAs, the 5’ termini positions of each cluster-associated putative
primary and putative secondary piRNA sequences were analyzed for distance, represented
as probability, within a range of 200 nucleotides in the 5’ direction and 200 nucleotides in
the 3’ direction of the putative primary piRNAs, as reported previously [20]. The positional
distance between piRNAs for each cluster 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. For the two cell model (sorted and primary microglia),
and the two treatment groups (control and LPS), a unique union repertoire of 320 clusters
were identified that accounted for the majority of piRNA expression in 622,360 unique piRNA
sequences. Supplementarily, these sequences were identified for their multiple mapping on
coding, as well as non-coding genes, and a targetomic profile for all the known ENSEMBL RNA

transcripts for the mm9 genome was established across all conditions.

5.1.15 Quantification and statistical analysis

Data are presented as mean + SEM in figure 11A, for better visual representation, and as
mean =+ SD in all the other figures. Data were analyzed using Prism 9 (GraphPad). Statistical
significance was assessed with a two-tailed unpaired Student’s t-test for two experimental
groups. For experiments with three or more groups, one-way ANOVA with the Bonferroni’s
multiple comparison test was used. For experiments with three groups and two variables
(group, time) two-way ANOVA with the Bonferroni’s multiple comparison test was
used. Two-sample Kolmogorov-Smirnov test was used to compare piRNAs distributions.
Results were considered significant when P < 0.05. The number of samples (N) in each group

is reported in the figure legend.
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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

, Stefano Gustincich®

& Davide De Pietri Tonelli*"

(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-Riés & 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

Neurobiology of miRNA Laboratory, Istituto Italiano di Tecnologia, Genoa, Italy
Central RNA Laboratory, Istituto Italiano di Tecnologia, Genoa, Italy
Nanoscopy, CHT Erzelli, Istituto Italiano di Tecnologia, Genoa, Italy

Area of Neuroscience, SISSA, Trieste, Italy

Human Technopole, Milan, Italy
*Corresponding author. Tel: +39 010 2896 725; E-mail: davide.depietri@iit.it

0ONOUT A WNRE

© 2022 The Authors. Published under the terms of the CC BY 4.0 license.

The Open University Affiliated Research Centre at Istituto Italiano di Tecnologia (ARC@IIT), Genoa, Italy
Division of Genomic Technologies, RIKEN Center for Life Science Technologies, Yokohama, Japan

Swammerdam Institute for Life Sciences, Faculty of Science, University of Amsterdam, Amsterdam, The Netherlands

EMBO reports 24: e53801 (2023 1 of 20


https://orcid.org/0000-0002-4197-7729
https://orcid.org/0000-0002-4197-7729
https://orcid.org/0000-0002-4197-7729
https://orcid.org/0000-0002-1969-1361
https://orcid.org/0000-0002-1969-1361
https://orcid.org/0000-0002-1969-1361
https://orcid.org/0000-0002-3289-5115
https://orcid.org/0000-0002-3289-5115
https://orcid.org/0000-0002-3289-5115
https://orcid.org/0000-0002-5047-9713
https://orcid.org/0000-0002-5047-9713
https://orcid.org/0000-0002-5047-9713
https://orcid.org/0000-0002-4916-5928
https://orcid.org/0000-0002-4916-5928
https://orcid.org/0000-0002-4916-5928
https://orcid.org/0000-0002-1556-2650
https://orcid.org/0000-0002-1556-2650
https://orcid.org/0000-0002-1556-2650
https://orcid.org/0000-0001-7202-7243
https://orcid.org/0000-0001-7202-7243
https://orcid.org/0000-0001-7202-7243
https://orcid.org/0000-0002-2749-2514
https://orcid.org/0000-0002-2749-2514
https://orcid.org/0000-0002-2749-2514
https://orcid.org/0000-0001-9537-8900
https://orcid.org/0000-0001-9537-8900
https://orcid.org/0000-0001-9537-8900
http://crossmark.crossref.org/dialog/?doi=10.15252%2Fembr.202153801&domain=pdf&date_stamp=2022-12-06

EMBO reports

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 Piwill (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, Mybll, and
Meisl, 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
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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 5/
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 5’ 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
2'-O-methylation at their 3’ 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 -elimination, as
previously reported (Kirino & Mourelatos, 2007). As controls, we
used a synthetic piRNA bearing or lacking, a 2’-O-methylation in its
3’ end. As expected, the unmethylated synthetic piRNA was
degraded after sodium periodate treatment, whereas the methylated
one was preserved, as indicated by (qQPCR)-based small RNA assay
(TagMan) (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
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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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Figure 1. Mili is preferentially expressed in aNPCs and depleted in neurogenesis.

A Levels of Piwill (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 DIFO 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 pm.

Source data are available online for this figure.

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 FANTOMS 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
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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.

© 2022 The Authors
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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 (Martin-Sudrez 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

EMBO reports

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 SA). Moreover, Mili KD resulted in a higher proportion of cells
positive for p-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 GO and early G1; Yu, 1992) and anti-
BrdU antibodies. Quantification of the BrdU" and KI67~ cells over
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Figure 2. Identification and validation of piRNAs in aNPCs.

A-C (A) Size distribution of the piRNA reads showing (B) uridine bias at piRNA 5" ends and (C) probability of distances from the 5’ ends of putative secondary piRNAs to

the 5" ends of putative primary piRNAs. Note in panel C that 5’ 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).

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 (NalO,) or water and alkaline B-elimination. Synthetic RNA oligos were used as negative (Unmethylated, UnMet) and posi-
tive (2'-O-methylated, 2’OMet) controls, respectively. Note that the presence of 3’-end 2’-O-methylation in positive control and piRNAs confers them resistance to
periodate oxidation and alkaline B-elimination, in contrast to the depletion in UnMet negative control and snoRNAs.

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).

Expression of four of the most abundant piCS in control and Mili KD aNPCs.

Western blot (G), analysis by capillary electrophoresis (H), or quantification by gPCR (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 gPCR abundance of the indicated piCS in the IP Mili was normalized to its respective level in
the control co-immunoprecipitation (IgG); error bars in (1) represent standard deviation.

Caterina Gasperini et al

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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Figure 3. Expression of piRNAs parallels Mili abundance in neurogenesis.

A Mean reads of the piRNA clusters in undifferentiated aNPCs (DIFO) and neuroblasts (DIF4-7) upon viral-induced neurogenesis, where the total number of filtered reads

in each library ranges between 1.4-4.4 x 10°.

B (left) Schematic representation of the experiment; (right) expression of four of the most abundant piCS in sorted Td"* and Td™ cells 10 dpi of split-Cre viruses in hip-

pocampus.

C Genomic location of the 298 piRNA clusters found in the Mus musculus genome (assembly MGSCv37; mm9).

Data information: data are expressed as mean + SEM, n = 2 biological replicates (A, C) and n = 3 biological replicates (B). *P < 0.05, **P < 0.01, as assessed by the two-

tailed Student’s t-test carried out for each piCS between Td* and Td ™~ cells.

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 GO/G1 = 89.8%, S = 6.03%, G2/M = 4.03%;
Control G0O/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
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senescence-induced cell cycle exit (Fig SE 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; Martin-Sudrez et al, 2019) and found

© 2022 The Authors
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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 um? 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 um (D, right), and 100 um (E, F).
Source data are available online for this figure.

that Mili transcript was significantly reduced in aged NSCs com-
pared with the young (Fig SH). 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-Ri6s & 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 55 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 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 R-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 GO/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 B-galactosidase staining of postnatal hippocampal sections, 30 dpi of scrambled (Control, left hemisphere) and
GapmeR1 against Mili (Mili KD, right hemisphere). See Fig EVAE 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 um (B, C) and 500 um (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

© 2022 The Authors

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.
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A, B Pie plots showing proportions of noncoding RNAs predicted targets of piRNAs in undifferentiated aNPCs (DIFO) and differentiating neuroblasts (DIF4-7).
Transcript levels of LINEI 5'UTR, SINEBL, and 5S rRNA in the Mili KD or control aNPCs (DIFO) and differentiating neuroblasts (DIF4-7).

Total counts of upregulated (black bars) and downregulated protein-coding genes (white bars) in Mili KD versus scrambled control neuroblasts at DIF4.
Volcano plots showing the log2 fold change of significantly altered mRNA transcripts (numbers of each category indicated) that are target or nontarget of the

C
D
E

B

G

PiRNAs.

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

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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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.

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-Ri6s & 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 TRNA and
SINEBI1, 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

© 2022 The Authors

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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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-Ri6s & 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; Martin-Sudrez 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, 2’-O-Methylation at their 3’ 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
Henl 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.
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Materials and Methods

Reagents and Tools table

Reagent/
resource

Identifier or catalog

Reference or source number

Experimental models

C57BL/6) Jackson Lab B6.129P2Gpr37tm1Dgen/|
(M. musculus)
Td-Tomato/>/t Jackson Lab Madisen et al (2010)

(M. musculus)

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,

1:251P

Cat # sc-377258

G. Hannon’s Lab 1:150
WB, 1:100 IF/IHC

Rabbit-anti-MILI

G. Hannon’s Lab 1:200
WB

Rabbit-anti-MIWI

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- Millipore 1:250 IF/IHC Cat # MAB353
Nestin

Rabbit-anti- Cell Signaling Cat # 9664
cleaved Technology 1:400 IF/
caspase-3 IHC

1gG Millipore-Sigma 1:100

IP

Methods and Protocols

Experimental mice

C57BL/6 and Td-Tomato™®**! 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-
Tomato™™ or WT C57BL6/J were anesthetized with isoflurane
and 1.5 pl of virus mix (Split-Cre N-Cre:C-Cre), or 1.5 pl of 50 uM
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 pg/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 (= 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-Tomato
Nestin-GFP mice were used. Six to ten Td-Tomato™®*/“' 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

flox/wt or
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ice. Cells were then centrifuged, resuspended in PBS for 15 min,
and then incubated for 1 h at 37°C with 60 pg/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 Ascll-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 um) were obtained with the
Confocal Al Nikon Inverted SFC with 20x 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 Al Nikon Inverted SFC with 20x 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 um? 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). R-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 1x and incubated with Fixation Buffer 1x for 7 min
at RT. Next, cells were rinsed with PBS 1x and incubated with fresh
senescence-associated £3-Gal (SA-R-Gal) stain solution at 37°C (no
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CO,) for 4 h. Reaction was blocked with PBS 1x, 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 f3-galactosidase was quantified over the number of total
cells using a Cell-counter plugin in Fiji software. To detect -
galactosidase in vivo, brain slices of 40 pm 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 f-
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 HCI 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 20x or 40x 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 uM 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 pg) 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
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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-Tomato™**! 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 TagMan 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-Tomato™** mice. cDNA was obtained using the TaqMan
MicroRNA Reverse Transcription Kit (Thermo Fisher) according to
the manufacturer’s instructions and quantified using the Custom
TagMan 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, 3’
adapters were ligated to 3’ end of small RNAs using a truncated
RNA ligase enzyme followed by 5 adaptor ligation using an RNA
ligase enzyme. Reverse transcription followed by PCR was used to
prepare cDNA using primers specific for the 3’ and 5’ 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 3’ 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
(Ilumina 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, lllumina reads were trimmed to remove the 3’ 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,
gcovhsp >= 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,

© 2022 The Authors

EMBO reports

the 5’ 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 5 direction and 200 nucleotides in the 3’ 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 O-elimination

Periodate oxidation and alkaline f-elimination were performed as
previously described (Balaratnam et al, 2018). Briefly, total small
RNA fractions were collected from 8 x 10° aNPCs (per replica). Two
portions, each containing 25 pg of small RNA were dissolved in
87.5 ul 0.06 M borate buffer (pH 8.6). Then, 12.5 pl 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 pl of glycerol for another 30 min. For the con-
trol group (treated with water), 12.5 pl 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 pl 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 TagMan 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 3’-end 2’-O-methylation (positive control) or bearing a terminal
2/,3’-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 (400x) diluted to 1x 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 10° were considered
negative (P3) and higher than 10* 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 pg/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 ng/
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, Birkergd, Denmark)

Table 1. Exact P-values of the experiments presented in the paper.
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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 100x 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-us 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 (DIFO0)
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.

Figure Comparison P-value Statistical test

1B DIFO/DIF7 **P = 0.0022 One-way ANOVA, post-hoc Bonferroni
DIFO/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 *ikp = 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)
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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 *kkp = (00004 Two-tailed Student’s t-test
piCS2 Ctl/Mili KD **%p = 0,0005
piCS3 Ctl/Mili KD **%p = 0.0002
piCS4 Ctl/Mili KD *kkED < 0.0001
21 piCS2 anti-Piwil2/IgG "p=0.1018 Two-tailed Student’s t-test
piCS3 anti-Piwil2/IgG *P=0.0423 Two-tailed Student’s t-test
piCS4 anti-Piwil2/1gG *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/Mmili KD *P=0.0124 Two-tailed Student’s t-test
Serpin Ctl/Mili KD **p =0.0068
Cxcl10 Ctl/Mmili KD **p=0.0013
4H Mili Ctl/KA *kp = 0.0028 Two-tailed Student’s t-test
piCS1 CtlI/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 GO-G1 Ctl/Mmili KD *P=0.0186 Two-tailed Student’s t-test
S Ctl/Mili KD **p = 0.0056
SE 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
SF Btgl 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/Mmili KD *P=0.0279
Ppplca Ctl/Mili KD *#%p = 0,0005
SH Mili young/old ***p = 0.0003 Two-tailed Student’s t-test
6C SINE DIFO 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 DIFO Ctl/Mili KD **p =0.0074
rRNA DIF4 Ctl/Mili KD **%p = (0.0002
6D LINEL DIF7 Ctl/Mili KD *P=0.00472 Two-tailed Student’s t-test
6G mRNA Target Mili KD/CtImRNA Nontarget Mili KD/Ctl P =321E-260 Two-sample Kolmgorov-Smirnov test
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Figure Comparison P-value Statistical test
EV1A mRNA Ctl/GpM1 *P=0.0133 Two-tailed Student’s t-test
mRNA Ctl/GpM3 *P=0.038
EV1B WB Ctl/GpM1 *#%p = (0,001
WB Ctl/GpM3 *P=0.014
EV1C piCS Ctl/GpM1/GpM3 *ikkp < 0,0001 One-way ANOVA, post-hoc Bonferroni
EV3B mRNA Ctl/Mili KD **p = (0,098 Two-tailed Student’s t-test
WB Ctl/Mili KD **kkp < 0,0001
EV3C mRNA Ctl/Mili KD *P=0.0477 Two-tailed Student’s t-test
WB Ctl/Mili KD *P=0.017
EV3D GFAP Ctl/Mili KD **p =0,0039 Two-tailed Student’s t-test
EV3E NeuN Ctl/Mili KD *kp = 0,012 Two-tailed Student’s t-test
GFAP Ctl/Mili KD **%*p < 0.0001
EV4B Bcl2 Ctl/Mili KD **p=0.098 Two-tailed Student’s t-test
EV5C DIF7 Ctl/Mili KD *P=0.0338 One-way ANOVA, post-hoc Bonferroni

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
FANTOMS.

Expanded View for this article is available online.
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Figure EV1. Mili KD depletes piRNAs and does not affect Miwi. Relative to Fig 2.

A, B Mili mRNA expression (A); western blot (B, inset) and quantification of Mili protein abundance (B, bar graph) in lysates from aNPCs upon transfection with control

GapmeR (Ctl) or two different GapmeRs (GpM1, GpM3) targeting Mili.
C Expression of transcripts of piRNA-cluster consensus sequences (piCS) in control and Mili KD (two independent GapmeRs) aNPCs.
D Relative expression of Miwi transcript in undifferentiated aNPCs transduced with viruses transcribing a Scrambled short hairpin (Control) and short hairpin against

Mili (Mili KD).

E Western blot of Mili protein in lysates from aNPCs (n = 2 biological replicates) and from testes of mice wildtype (WT), heterozygous (HET) or knockout (KO) for the

Mili gene.

Data information: data are expressed as mean £ SEM, n = 3 biological replicates (A-C). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, as assessed by the two-

tailed Student’s t-test (A, B) or One-way ANOVA, post-hoc Bonferroni (C).
Source data are available online for this figure.
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Figure EV2. Expression of piRNAs in mouse and human NSC and progeny. Relative to Fig 3.

A Pairwise comparison of 298 piRNA clusters differentially expressed in undifferentiated aNPCs (DIFO) or neuroblasts upon viral-induced neurogenesis (DIF4-7). n = 2
biological replicates.

B Chromosomal location of piR-cluster 1 in mouse and human; (Right) genomic location and sequences (underlined red text) of piR-cluster 1 corresponding to tRNAGly
genes (underlined black text).

C Expression of piRNA clusters (left) and piR-cluster 1 (right) in human NSC and astrocytes. n = 2 biological replicates of human NSCs; n = 5 biological replicates of
human astrocytes.

Data information: data in C are expressed as mean & SEM.
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Figure EV3. Depletion of Mili and piRNAs does not alter stemness and proliferation and induces the expression of genes involved in astrogliogenesis. Related
to Fig 4.

A

(left) Confocal microscopy images of undifferentiated aNPCs transduced in vitro with viruses transcribing a Scrambled (Control) and shMILI (Mili KD), immunostained
with anti-Nestin (white), or anti-Ki67 (purple) antibodies and stained for nuclear DNA with DAPI (blue); (right) Percentage of Nestin or Ki67" cells. over total cells.
Gfap mRNA expression (left graph), western blot (inset), and quantification of Gfap protein abundance (right graph) in lysates from control and Mili KD neuroblasts at
DIF7.

Mili mRNA expression (left graph), western blot (inset), and quantification of Mili protein abundance (right graph) in lysates from mouse hippocampi 48 h after the
injection of scrambled (Control) or GapmeR3 against Mili (Mili KD).

Representative immunofluorescence micrograph of postnatal hippocampal sections immunostained for GFAP; (top right) quantification of GFAP fluorescence intensity
level (top) in hippocampal section 30 dpi of GapmeR3 (Mili KD) compared with scrambled (Control). Expression of Gfap mRNA (bottom right) in the DG from mouse
hippocampi 48 h after the injection of scrambled (Control) or GapmeR3 (Mili KD).

(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 GapmeR3 against Mili (Mili KD); (right) percentages of NeuN"BrdU™ (white arrowheads), or GFAP"BrdU" (yellow arrowheads)
double-positive cells over total BrdU™ cells.

RNA seq. expression data of genes encoding for proteins involved in astrogliogenesis and regulation of neuronal fate in Mili KD neuroblasts at DIF7, compared with
Scrambled control. Expression heatmap correlation plots were computed by the k-means clustering method. Scale bar indicates Z-scores.

Data information: data are expressed as mean + SEM, n =3 (A-C, F) and n =5 (D, E) biological replicates (in F each biological replicate was sequenced with two
separate flow cells). *P < 0.05, **P < 0.01, ****P < 0.0001, as assessed by the two-tailed Student’s t-test. GCL, granular cell layer, SGZ, subgranular zone. The scale bars
represent 50 pm (A) and 100 pum (D, E).

Source data are available online for this figure.
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Figure EV4. Depletion of Mili and piRNAs does not lead to apoptosis and alters the expression of genes involved in inflammatory responses. Related to Fig 5.

A Representative fluorescence micrographs of control or Mili KD neuroblasts 4 or 7 days after spontaneous differentiation (DIF4, 7), immunostained with anti-cleaved
caspase-3 (green) and for nuclear DNA with DAPI (blue). (Right) Percentage of cleaved Caspase-3" cells over total cells.

B Bcl2 mRNA expression level in control or Mili KD neuroblasts at DIF7.

C, D Heatmap of differentially expressed transcripts in RNA seq from Mili KD neuroblasts, encoding proteins involved in ROS production (C) or circadian regulation (D).
Target genes are listed in Dataset EV4. Expression heatmap correlation plots were computed by the k-means clustering method. Scale bar indicates Z-scores.

E, FRepresentative light-microscopy images of the R-galactosidase staining in postnatal hippocampal sections, 30 dpi of scrambled (Control, left hemisphere) and
GapmeR1 (E) or GapmeR3 (F) against Mili (Mili KD, right hemispheres). Dashed box in E indicates the areas shown in Fig 5. Bottom panels in (E, F) are higher magni-
fication of the hippocampi shown in top panels.

Data information: data are expressed as mean £ SEM, n =6 (A) and n = 3 (B-D) biological replicates (in C and D each biological replicate was sequenced with two
separate flow cells). **P < 0.01, as assessed by the two-tailed Student’s t-test. The scale bars represent 50 um (A), 1 mm (E, F top) and 500 pum (E, F bottom).

EV6  EMBO reports 24:e53801 | 2023 © 2022 The Authors

95UB017 SUOLUIWIOD dA1IeR1D) 3[cedl|dde Uy Ag peusenol a1e sajole YO 9SN Jo Sa|nJ 10} Aeiq1T 8UlUO /8|1 U (SUORIPUOD-PUE-SWLBIAL0O" A IM A eI [BulUO//:SdNY) SUOTPUOD pue SWwis 1 84} 88S *[£202/TT/8Z] U0 Akeiqiauliuo A8]im eifojoude 14 ouelell imis| 111 Ad TOBESTZ0E IquWe/zS2ST 0T/10p/6.10'ssaudoquie mma//Sdiy Lol pepeojumod ‘Z ‘€202 ‘8LTE69rT



14693178, 2023, 2, Downloaded from https://www.embopress.org/doi/10.15252/embr.202153801 by lit Istituti Italiano Di Tecnologia, Wiley Online Library on [28/11/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

S N
m (;wn) azis ajo1ed abeiane (;wn) azis ajo1ued abeiane o

MP. 8 S S 3 S S
o =} o S o = = = o xR
2 o
s & & 2 2 o 8& & ¥ 2 o _lll._|t N~ S
k o
uol}eJjuaduod uoljelusduod @_ * _ % _.mr m
n
T Q9 s
- o _m X 3
o 2, — _OL\ o = ] g
% ” o = ] © 5
%, L g
| . a S
5 |o 3
v1‘|-II - Vo r T T EML

RV " | VOa\ ( VM &1 sIseyjuhs urejol °
fouednooo Kouednooo /\\N\OO Av) St siseth eioid
< ® 2 1 ° < ® N - o
o o o o o o o o

MILI KD

-
€
=)
X g
3 3 3 :
M - : r
~ 3 E EF
w E E
[a} =y [
qﬂﬂu..__d.ﬂq..ﬂql... .|.___..-_I___1_ﬂn.....|__l P __‘_1. ™ H1_.|.__.__... -
4 £
O E
: %
= E
E o
— w 3
() | a r..
] o o = :
— 14 4 =
= = = < n
5 Zz zH 1) . g
] = "] - IS]
Y oo oo w |~ E £
2 o o Zu ! = =
© a E _ E . W o
S " T TR T R S i @ =
£ p =
3 g 8
]
S < 04dia m / d1d (&) junod Vv-0l114 2 m



EMBO reports Caterina Gasperini et al

Figure EV5. Depletion of Mili and piRNAs enhances polysome assembly and results in higher protein synthesis upon differentiation.

A, B Representative micrographs (Middle cut: g-STED nanoscopy; Bottom: Confocal; Top: analysis) of control and Mili KD undifferentiated aNPCs (DIFO) and neuroblasts
(DIF7) immunostained for the ribosomal protein RPL26. (Right) Normalized distributions of the occupancy, concentration and average particle size of each polyribo-
some particle in the indicated cells.

C Protein synthesis rate (right) as determined by OPP incorporation assay with flow cytometry (left) in control and Mili KD undifferentiated aNPCs (DIFO) and
neuroblasts (DIF7).

Data information: data are expressed as mean + SEM, n = 3 biological replicates. *P < 0.05, as assessed by the two-tailed Student’s t-test. The scale bars represent 2 pm
(A) and 10 um (B).
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