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Abstract

MicroRNAs are essential regulators of gene expression. Their function is particularly
important during neurogenesis, when the production of large numbers of neurons
from a limited number of neural stem cells depends on the precise control of deter-
mination, proliferation and differentiation. However, microRNAs can target many
mRNAs and vice-versa, raising the question of how specificity is achieved to elicit a
precise regulatory response. Here we introduce in vivo AGO-APP, a novel approach
to purify Argonaute-bound, and therefore active microRNAs from specific cell types.
Using AGO-APP in the larval Drosophila central nervous system, we identify a mod-
ule of microRNAs predicted to redundantly target all iconic genes known to control
the transition from neuroblasts to neurons. While microRNA overexpression generally
validated predictions, knockdown of individual microRNAs did not induce detectable
phenotypes. In contrast, neuroblasts were induced to differentiate precociously when
several microRNAs were knocked down simultaneously. Our data supports the con-
cept that at physiological expression levels, the cooperative action of miRNAs allows
efficient targeting of entire gene networks.

Author summary

MicroRNAs (miRNAs) are small RNAs that silence messenger RNAs (mRNAs)
by binding to partially complementary sequences. They play a crucial role in cell
type specification during development. Computational models suggest that miR-
NAs can target many mRNAs, and individual mMRNAs can be regulated by multi-
ple miRNAs. This promiscuity raises the questions of how target specificity and
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silencing efficiency are controlled. To address this, we used in vivo AGO-APP,

a new technique to isolate active miRNAs in specific cell types within tissues.
Applying this in Drosophila, we identified in neural stem cells a set of miRNAs
that was predicted to negatively regulate a gene network promoting neuronal
differentiation. Gain- and loss-of-function experiments confirmed that these
miRNAs form a module that maintains neural stem cell identity. These findings
provide strong evidence that cooperative miRNA action ensures both target
specificity and effective silencing, paving the way for the precise manipulation of
entire gene networks through the control of miRNA activity.

Introduction

MicroRNAs (miRNA) generally suppress protein production post-transcriptionally
by binding to a short sequence motif in the 3'UTR of target mRNAs. Bioinformatic
tools predict that a single miRNA can target hundreds of mMRNAs and, vice versa,

a single mMRNA can be regulated by several miRNAs [1-3], indicating that miRNA/
MRNA interactions are intrinsically promiscuous. Paradoxically, the literature mostly
describes interactions between a single miRNA and a privileged mRNA [4,5]. Nota-
bly, some in vitro and in silico studies have also proposed that miRNAs may control
more complex biological process, regulating large gene networks through additive,
synergistic, or even combinatorial interactions [6—9]. However, such a cooperative
mode of action of miRNAs has been difficult to test and generalize in vivo, due to
technical issues. Indeed, miRNAs are notoriously difficult to isolate and analyze in
transcriptomic studies precluding a comprehensive description of all active miRNAs
expressed in the different cell types composing complex tissues such as the brain.
Moreover, loss of specific mMiRNAs induces generally only minimal changes in target
gene expression [10,11] and often only mild to absent phenotypes [12,13], compli-
cating functional analysis.

A comprehensive understanding of the mode of action and functional roles of
miRNAs therefore requires the development of new technologies, able to offer
detailed insights into their expression and their targets, as well as new approaches
for functional analyses.

Brain development is a highly orchestrated process involving the generation of
thousands of different types of neurons and glial cells from a relatively small number
of neural stem cells (NSCs). Their coordinated production and maturation ultimately
lead to the formation of highly complex functional networks. Not surprisingly, the
mammalian brain represents the organ with the highest miRNA expression levels
and complexity [14,15], and various specific miRNAs have been functionally impli-
cated in basically all processes leading from NSCs to functional neurons [4,16,17].

Additive or cooperative effects are hard to study in vertebrates due to the com-
plex and time-consuming nature of genetic manipulations. Drosophila represents a
comparably simple and accessible model for neurobiological research [18]. NSCs
and their lineage are described in unmatched details and powerful genetic tools
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allow to manipulate with exquisite precision the expression of any gene or miRNA. The adult Drosophila central nervous
system (CNS) is composed of three main regions: i) The ventral nerve cord (VNC), that is the equivalent of the vertebrate
spinal cord, ii) the central brain (CB), comprising memory and multi-sensory integration centers controlling behavior, and
iii) the optic lobes (OL) that process visual information from photoreceptors in the retina. Most of the 250 000 neurons of
the Drosophila CNS are produced during larval stages by dividing NSCs, known as neuroblasts. These divide asymmetri-
cally throughout developmental stages to self-renew, while generating intermediate progenitors. Intermediate progenitors
produced from type | neuroblasts (most neuroblasts) are called Ganglion Mother Cells (GMCs) [19] and usually undergo
a single division to generate two post-mitotic neurons or glia. This process involves the sequential activity of key cell fate
determinants such as the transcription factor Prospero and the RNA-binding protein Brat in the GMCs followed by the
transcription factor Nerfin-1 and the RNA-binding protein Elav in the maturing neurons [20—23]. GMCs lacking Prospero,
or immature post-mitotic progeny lacking Nerfin-1, fail to initiate or maintain differentiation respectively, and progressively
reacquire a neuroblast identity, leading to neuroblast amplification [21,23—25]. A sparse subset of neuroblasts (Type 1)
generate intermediate progenitors (INPs) that can undergo a few more asymmetric divisions, allowing for larger lineages
to be produced. The neuroblast-to-neuron process in Type Il lineages involves a slightly different sequential expression of
differentiation factors [21,24].

In addition, as neuroblasts undergo successive rounds of asymmetric divisions during embryonic and larval stages,
they transit through temporal windows that regulate self-renewing potential and the identity of neurons and glia as they
are being produced [26,27]. Genes defining temporal windows include the transcription factors Chinmo, Mamo and
Eip93F, as well as the RNA-binding proteins Imp and Syncrip [28]. It is important that Chinmo and Imp are silenced during
the course of development to ensure the termination of neuroblast divisions before adulthood [29—-31]. Thus, the highly
coordinated control of asymmetric division and temporal patterning, based on a group of well-defined factors, ensures
that each neuroblast generates its correct repertoire of neuronal and glial progeny by the end of development. It appears
likely that, like in vertebrates, miRNA regulation represents a superposed regulatory level in this process. However, in the
fly nervous system only few candidate miRNAs have been studied in detail and implicated in the control of neuronal/glial
identity and function as well as for regulating neuroblast self-renewal [17]. A comprehensive view of miRNA expression
during Drosophila nervous system development is lacking, precluding a detailed and integrated understanding of their
mode of action and biological functions during neurogenesis.

Here, we adapt the Ago protein Affinity Purification by Peptides (AGO-APP) technology for its in vivo use. This
approach is based on the transgenic expression of a small peptide of about 80 amino acids, derived from RISC complex
protein GW182, that binds with high affinity to AGO proteins involved in the miRNA pathway, allowing their immunoaffinity
mediated pulldown in complex with the bound miRNAs. These can be subsequently released and analyzed [32]. Using
this approach, we provide a comprehensive list of miRNAs purified from neuroblasts, neurons and glial cells of the larval
Drosophila CNS. Bioinformatic analyses identified in neuroblasts a regulatory module of miRNAs targeting all key genes
that control neuroblast-to-neuron transition as well as most temporal patterning genes. To investigate the function and
mode of action of this mMiRNA/mRNA module, we compared the consequences of inactivation of individual miRNAs mem-
bers to the simultaneous knockdown of groups of miRNAs. These analyses provide strong evidence that miRNAs cooper-
ate to maintain the neuroblast state. Our study suggests that the concerted action of several miRNAs allows the silencing
of a defined ensemble of genes involved in a specific biological process. These findings pave the way for the precise
manipulation of entire gene networks through the control of miRNA activity.

Results
Ago-APP identifies cell type specific miRNAs in larval neurogenesis

The AGO-APP miRNA isolation approach relies on the expression of the T6B peptide tagged with FLAG-HA-YFP (T6B-
FHY) (Fig 1A). Binding of T6B to AGO disrupts the RISC by displacing GW182 proteins. Subsequently, the remaining
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Fig 1. Ago-APP isolates cell-type specific miRNAs. (A) The Ago-APP procedure. (B) Spatio-temporal control of T6B-FLAG-YFP-HA (T6B-FYH)
transgene expression using the UAS/GAL4/GAL80" system in Drosophila. (C) PCA analysis of sequencing data after Ago-APP was performed on
nab>T6B (neuroblast-enriched, in red), elav>T6B (neuron-enriched, in blue), repo>T6B (glia-enriched, in green) or input (no pull-down, in grey) (three
independent replicates per condition). (D) Heat-map of normalized values (computed by dividing the normalized read counts by the mean of all samples)
for each miRNA showing a DeSeq2 differential expression between 2 conditions. (E) Box plots of normalized miR-7-5p read counts (counts per millions
- cpm) in Ago-APP samples from elav>T6B-, nab>T6B- and repo>T6B- positive cells. (F) Absolute GFP intensity (pixels) in neurons, neuroblasts from
the OL and the VNC, and glial cells of a miR-7-GFP reporter Drosophila line. (G-G”) Immunostaining against GFP, Elav, Mira and Repo show that the
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miR-7-GFP reporter line is active, in late larvae, in VNC neurons (G) and OL neuroblasts (G’) but globally absent from glia (green arrowheads in G”). (H)
Box plots of normalized miR-279-3p and miR-996-3p read counts (cpm) Ago-APP samples from elav>T6B-, nab > T6B- and repo>T6B- positive cells. (I)
Absolute GFP intensity (pixels) in neurons, NBs and glial cells of a miR-279/996-GFP reporter line measured from a late L3 CNS. (J-J’) Immunostaining
against GFP, Repo and Elav (J) or Mira (J°) of the miR-279/996-GFP reporter line. (K) Box plots of normalized miR-10-3p read counts (cpm) in Ago-APP
samples from elav>T6B, nab>T6B and repo>T6B positive cells. (L) Absolute GFP intensity (pixels) in neurons, NBs and glial cells of a miR-10°-GAL4
crossed to a UAS-nEGFP Drosophila line to visualize miR-10 expression. (M, M’) Immunostaining against GFP and Elav (M) or GFP, Repo and Elav (M’)
in the VNC of the miR-10-GAL4; UAS-nEGFP reporter line. Only a subset of Elav positive neurons is positive for GFP (green arrowheads, M), and glial
cells (green arrowheads, M’) are negative for GFP. The scale bars represent 30 um.

https://doi.org/10.1371/journal.pgen.1011680.9001

miRNA:Ago:T6B-FHY complex can be pulled down with anti-GFP nanobodies, the miRNA is released and can be ana-
lyzed by RT-gPCR or sequencing (Fig 1A).

We expressed T6B in vivo to isolate Ago bound miRNAs directly from specific cell types of the developing CNS
of Drosophila melanogaster (S1A Fig). A transgenic Drosophila line expressing T6B-FHY under the control of UAS
sequences was generated, allowing cell-type specific expression of the fusion protein when combined with suited
GAL4 driver lines (Fig 1B) [33]. For temporal control, we combined this approach with the GAL80 temperature sen-
sitive system (tubulin-GAL80%) [34]. Thus, when x-GAL4, tub-GAL80ts, UAS-T6B animals are maintained at 18°C
(restrictive temperature), GAL80 binds to Gal4 and inhibits its activity. Switching to 29°C (permissive temperature) for
24 hours inactivates GAL80 allowing for GAL4-mediated transcriptional activation of T6B (Fig 1B). For cell type spe-
cific expression, we combined this temporal control system with well characterized GAL4 driver lines. repo-Gal4 was
used for T6B expression in all glial cells [35] (S1B Fig). nab-GAL4 was used for T6B expression in all neuroblasts.
However, because GAL4 is inherited by neuroblast progeny, T6B will also be present in GMCs and a few immature
neurons (S1C Fig) [29]. Of note, nab-GAL4 is highly expressed in the neuroblasts of the ventral nerve cord (VNC) and
of the central brain (CB), but at low levels in neuroblasts of the optic lobe (OL) (S1A and S1C Fig). Finally, elav-GAL4
was used to drive T6B expression in the entire neuronal lineages. In late L3, these are predominantly composed of
mature neurons (S1D Fig).

We observed no effect on viability when T6B was expressed throughout development with the various GAL4 drivers
(S1E Fig) suggesting that T6B expression does not fundamentally alter gene expression and developmental programs.
For miRNA isolation, 20 late L3 larval CNS (wandering stage) were dissected 24h after induction of T6B expression
for each transgenic combination. Following T6B-FHY pulldown, AGO-bound miRNAs were released and analyzed by
high-throughput small RNA sequencing using a bias minimized sequencing protocol [36]. All experiments were performed
in three biological replicates. We also sequenced input controls treated similarly but without T6B pulldown to assess the
global miRNA population in the tissue.

Principal component analysis revealed strong clustering of replicates for each GAL4 driver and the three input sam-
ples, demonstrating the high degree of reproducibility of the approach. Clear separation of all T6B conditions indicated the
expression of specific mMiRNA subsets in neuroblasts/GMCs, neurons and glia respectively (Fig 1C). Importantly, the input
samples clustered closely to the elav-GAL4; UAS-T6B samples (thereafter referred to as elav>T6B), consistent with elav-
GAL4 being expressed in the vast majority of cells in the larval CNS (NBs, GMCs and all neurons). This demonstrates that
the T6B-FHY pulldown did not create strong bias in terms of the sequenced miRNAs. The distant repo-GAL4; UAS-T6B
(repo>T6B) and nab-GAL4; UAS-T6B (nab >T6B) clusters show that distinct subsets of miRNAs can be isolated from
scarce populations of cells such as glia and neuroblasts/GMCs respectively.

Heat map representation of all miRNAs, that showed statistically significant different levels between two conditions,
highlights specific miRNAs enriched in neuroblasts/GMCs, mature neurons and glia respectively (Fig 1D and S1 Table for
cpm reads). Some of the identified miRNAs exhibited the expected expression patterns, such as miR-92a/b-3p, known to
have a functional role in neuroblasts [37]. However, the majority of miRNAs were not previously described in the three cell

types.
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We therefore sought to validate the expression of several of the cell-type enriched miRNAs in the late larval CNS using
a set of publicly available reporter lines. AGO-APP showed that miR-7 expression was strongest in neurons, present at
lower levels in neuroblasts/GMCs and quasi-absent in glia (Fig 1E). In agreement, a reporter line with the miR-7 enhancer
driving GFP (miR-7-GFP) [38] (S1F Fig) showed high fluorescence levels in Elav-positive neurons (Figs 1F, 1G, S1G and
S1H), while Repo-positive glial cells were always negative (Fig 1F and 1G”, green arrowheads, and S1l). Mira-positive
neuroblasts of the OL, but not of the VNC and the CB, showed GFP expression (Figs 1F, 1G’ and S1H), as expected [39].

Mir-279 and miR-996, two miRNAs with related seed sequences and generated from a joint transcriptional unit [40],
showed an opposing expression to miR-7 in the AGO-APP samples, being strong in isolates from glial cells, lower but
substantial in the neuroblast fraction and barely detectable in neurons (Fig 1H). In agreement, an enhancer-based miR-
2791996-GFP reporter [41] (S1J Fig) showed highest fluorescence levels in Repo-positive glial cells (Fig 11 and 1J green
arrowheads), moderate levels in Mira expressing neuroblasts (Fig 11 and 1J’, green arrowhead) and absence of label in
Elav-positive neurons (Fig 11 and 1J).

Finally, miR-10 was strongly present in sequenced neuronal isolates but was very low in neuroblasts and glia (Fig 1K).
In agreement, a reporter line with a GAL4 transgene inserted into the miR-10 locus [42] (S1K Fig) showed expression in
a subpopulation of Elav-positive neurons in the ventral nerve cord when crossed to a UAS-GFP transgenic line (Fig 1L
and 1M, green arrowheads) but not in Mira-positive neuroblasts (S1K Fig, green arrowhead) or glial cells (Fig 1M’, green
arrowheads). This suggests that Ago-APP detects miRNAs present in small subpopulations in a large background of neg-
ative cells, pointing to the high sensitivity of the approach.

Altogether, these analyses demonstrate that AGO-APP represents a sensitive and reliable method that allows isolation
of all AGO-bound miRNAs in a single step. Importantly, AGO-APP represents a benchtop approach that does not depend
on cell isolation.

A regulatory module predicted to control the neuroblast-to-neuron transition

Next, we addressed the functional significance of the expression data. In mammals and Drosophila, miRNAs have been
implicated in the control of stem cell maintenance versus differentiation [37,43,44]. Therefore, we focused on miRNAs
that were downregulated during the transition from neuroblast-to-neuron following asymmetric division (Fig 2A). Sixteen
miRNAs showed a significant (adjusted p-value <0.05) downregulation in the elav-GAL4 samples (mostly mature neurons)
compared with the nab-GAL4 isolates (mostly neuroblasts and GMCs), suggesting that some miRNAs are dynamically
regulated along the neuroblast-to-neuron transition (Fig 2B). Of note, miR-92a-3p and miR-92b-3p were among the most
neuroblast enriched and abundant miRNAs identified, in line with their established role in preserving neuroblast self-
renewal [37]. Moreover, miR-9¢c-5p was also enriched, in agreement with its known role in maintaining post-transcriptional
silencing of the pro-differentiation transcription factor Nerfin-1 in embryonic neuroblasts [45]. Interestingly, miR-1 was the
most highly enriched miRNA in neuroblasts, although detected at mild levels. This is in line with its recently described
expression in embryonic neuroblasts [46]. Finally, miR-279-3p and miR-996-3p, expressed from a joint transcriptional unit
[40], were detected within a similar expression range, indicating good quantitative consistency of AGO-APP. Three pairs of
these miRNAs (miR-279-3p/miR-996-3p; miR-11-3p/miR-308-3p, miR-92a-3p/miR-92b-3p) shared seed sequences and
were grouped in further analyses. We used the Targetscan algorithm [1] to determine the predicted target genes of each
neuroblast-enriched miRNA. Next, we investigated the correlation between the identified miRNAs and the presence of
their targets, based on independently generated mRNA expression data [47].

This analysis showed that neuroblast-enriched miRNAs predominantly target mRNAs that are normally highly
expressed in neurons (Fig 2C), consistent with a differentiation inhibiting function.

MiRNA-mediated regulation shows a high degree of promiscuity and miRNA target prediction tools generate a high
level of false positiveness [48], making the identification of functional interactions difficult. In agreement, a genome-wide
analysis using TargetScan predicted the large number of 4026 out of 14053 coding genes to be targeted at least once by

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011680  April 29, 2025 6/29




PLON. Genetics

A B Neuroblast enriched miRNAs C Target prediction of neuroblast enriched miRNAs
nab>T6B miR-988-3p \ 3837 Neuronal expression Neuroblast expression
NB miR-11-3p | 46 764 miR-988-3p (0.250) - - - 34
miR-9¢-3p ] | 1060 miR-11-3p/308-3p (0.186) it - 332
GMC miR-315-5p o | L 32485 miR-9c-3p (0.384) R 829
miR-8-3p | 8234 miR-315-5p (0.180)- RSP SUS—— 583
neurons miR-11-5p | 1123 miR-8-3p (0.155) VSO o —— 336
" miR-306-5p | 56 557 MiR-11-5p (0.434) NP, S —
m.R‘!-?zgg-gp } | 7743 PMIR-30B-5 (0.220) -+ oo rabm st | i . 61
AGO-APP MIR;¥G-0P ! f 7713 miR-279-3p/996-3p (0.095)- . - 138
eITGB miR-34-3p ‘ 4282 miR-9¢-5p (0.198) - e . 218
( ) NB miR-308-3p I 3607 miR-34-3p (0.406) - DRPUS . (N— )"
N miR-995-3p -‘ 20 695 miR-995-3p (0.193)- - — bt e 68
) GMC miR-92a-3p | 36 460 MIRIG22:3p/02b:3p (0.128 s s s S55 s s G 70
- m!R-QZb-3p | 23767 miR-1-3p (0.315)- 3 S PR RrRRE R NS ST S| 196
neurons miR-996-3p | | 9658 4 g i
... miR-1-3p | | | 2857 {numtber of
o 5 3 3 4 Meanofopm mRNA log2 fold change Hig=lig=ies

log2 fold change reads in nab>T68B
(nab>T6B vs elav>T6B)

padj>0.05 u padj<0.05

D E prospero elav
nerfin-1
___mira, N ]
S % wor,insc " _
[ | & 1 A
32 Imp nerfin-1, | 7~ ' A e ot
[ Eip93F | e i / I
23 chinmo ) 73 MiR-92a-3p77
né Eln* -—ﬁ— Y i - ; miR-11-5p
° mamo . NiR=31 b
§ = — Lo
ros,elav ~
B P mamo ' S
Q. o —
| brat chinmo

01 2 3 4 35 5 6 7 8 9 10 11 12 13 14 15 19

@ NB-enriched miRNA = Predicted target
@ Pro-differentiation genes — Verified target
@ Temporal genes

number of mMiRNA binding sites

Fig 2. A neuroblast-enriched miRNA module targeting differentiation and temporal genes. (A) Scheme of T6B expression in a neuroblast lineage
when driven by nab-GAL4 or elav-GAL4. (B) Histogram showing the fold change of miRNAs that are significantly enriched in Ago-APP neuroblast
samples compared to Ago-APP neuron samples. For each miRNA, the mean of cpm reads in the nab >T6B condition is indicated in blue on the right. (C)
For each neuroblast-enriched miRNA (indicated on the left part of the figure), we established the list of target genes using the Targetscan tool. Each dot
represents a predicted target gene of a given neuroblast-enriched miRNA. The position of the dot relative to the vertical pink line (the 0 line) indicates
whether the target gene was found to be overexpressed in neurons (on the left of the 0 line) or overexpressed in neuroblasts (on the right of the 0 line),
according to [47]. The dots are colored gray when the differential expression of the target gene is not significant (padj>0.05) and in black when it is
significant (padj<0.05). The ratio between the number of target genes found to be overexpressed in neuroblasts and the number of target genes overex-
pressed in neurons is given in brackets on the left. The total number of target genes for each miRNA is indicated in blue on the right. (D) Distribution of
Drosophila genes along an axis representing the number of sites in their 3’UTR predicted to be targeted by the module of neuroblast-enriched miRNAs.
Master genes involved in neuroblast maintenance (dpn, grh, mira, nab, wor, insc) are poorly or not targeted, while master neuronal differentiation (brat,
prospero, elav, nerfin-1) or temporal patterning genes (Imp, mamo, Eip93F, chinmo) are predicted to be highly targeted (>5 times). (E) Predicted interac-
tome between the neuroblast-enriched miRNAs and neurogenic/differentiation or temporal mRNAs. The blue lines correspond to predicted interactions
according to the TargetScan algorithm, while green lines represent previously experimentally validated interactions. The thickness of the connecting lines
is proportional to the number of times the mRNA is targeted by the miRNA.

https://doi.org/10.1371/journal.pgen.1011680.9002

one of the 16 neuroblast-enriched miRNAs (Fig 2D and S2 Table). However, previous work showed that the efficiency of
regulation by miRNAs depends on the number of binding sites present in the 3'UTR [6,7]. Setting a limit of at least 5 target
sites per 3'UTR for this set of 16 miRNAs reduced the list of potential mMRNAs to 201, representing less than 1,5% of all
coding genes. Gene ontology analyses indicate that this set of genes targeted > 5 times by neuroblast-enriched miRNAs

is strongly enriched in neurogenesis (S2A Fig). Strikingly, this group contained all iconic genes known to promote neu-

ron differentiation after neuroblast asymmetric division [25], including nerfin-1 (12 target sites), prospero (8 target sites),

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011680  April 29, 2025 7129



https://doi.org/10.1371/journal.pgen.1011680.g002

PLON. Genetics

elav (8 target sites) and brat (5 target sites). In addition, well-described temporal patterning genes in larval neuroblasts
[26,28,49] were also repeatedly targeted by the same miRNAs, including Imp (6 target sites), mamo (11 target sites),
Eip93F (12 target sites) and chinmo (15 target sites), most of them being silenced in late larval neuroblasts (Figs 2D and
S2B). In contrast, typical neuroblast-specific genes [19], like miranda (mira), worniu and inscutable, exhibited no target
sites, while deadpan and grainyhead contained only one site (Fig 2D). These analyses suggest that neuroblast-enriched
miRNAs compose a regulatory module (Fig 2E) that redundantly targets and possibly downregulates most, if not all, key
genes involved in initiating and stabilizing neuronal differentiation after asymmetric division, as well as master regulators
of temporal identity. In contrast, typical neuroblast identity genes are not targeted by the miRNA module. This scenario is
consistent with a miRNA module being enriched in neuroblasts to protect or finetune their stem cell-like activity.

Of note, neuronal genes are known to exhibit a long 3'UTR [50], increasing the probability of miRNA binding sites and
raising the possibility that the identified pro-differentiation/temporal gene network may be a non-specific consequence of
an increased number of interactions with any combination of miRNAs. Interestingly, we find that the number of interactions
between the iconic pro-differentiation/temporal gene network and the neuron-enriched or glia-enriched miRNAs was much
reduced compared to neuroblast-enriched miRNAs (average interactions/miRNA being 4.7; 4.2; and 10.1 respectively).
Even lower results were obtained for a random combination of miRNAs not expressed in the CNS (average interactions/
miRNA being 2.3) (S2C Fig). Thus, the neuroblast-enriched miRNA module exhibits a higher level of promiscuity with the
pro-differentiation/temporal genes than other identified or random modules, arguing for functional relevance.

Overexpression of miRNAs of the module represses neuronal differentiation

Currently, few of the interactions predicted by our analyses are supported by experimental evidence [45] (green lines in
Fig 2E). To start investigating the function of these neuroblast-enriched miRNAs, we over-expressed them with publicly
available UAS transgenic lines. Interestingly, over-expression in neuroblasts and their progeny often led to various levels
of differentiation defects in late larvae (Fig 3A-3l). For example, overexpression of miR-1, miR-9 or miR-279 in optic lobe
neuroblasts led to strong neuroblast amplification, with supernumerary neuroblasts (labelled by the neuroblasts markers
anti-Miranda (Mira) or anti-Deadpan (Dpn)) being present in the deep neuronal layer (Elav+) (Fig 3B—-3D). miR-8 led to
sparser neuroblast amplification but strong Elav down-regulation (Fig 3E). In addition, miR-92a over-expression induced
a noticeable down-regulation of Elav but no observable neuroblast amplification (Fig 3G). Altogether, these data strongly
argue that neuroblast-enriched miRNAs constitute a module targeting a network of genes promoting/controlling neuronal
differentiation.

miR-1 targets prospero mRNA

To exemplify the mode of action of these miRNAs, we focused on miR-1-3p which showed the strongest differential
expression between neuroblasts (nab-GAL4) and neurons (elav-GAL4) (Fig 2B). While this miRNA has important regu-
latory roles in Drosophila and mammalian heart and muscles [51-54], its function has never been explored in the CNS.
Interestingly, its misexpression led to a strong neuroblast-amplification phenotype both in the optic lobe (OL) (Fig 3B) and
ventral nerve cord (VNC) (Fig 4A and 4B)). Despite extensive screens in the past, only five genes have been shown to

be able to generate large neuroblast amplification phenotypes when inactivated in the VNC, namely AuroraA, polo, mira,
prospero and nerfin-1 [19]. Among these, only prospero and nerfin-1 contained miR-1 binding sites in their 3UTR as pre-
dicted by TargetScan. Prospero is a transcription factor that is transcribed at low levels in neuroblasts, and is poorly trans-
lated. Indeed, most of its MRNA and protein are segregated to the basal cortex of the neuroblast to be inherited by the
GMC, where Prospero translocates to the nucleus to induce differentiation [55,56] (Fig 4E). Loss of Prospero leads to a
failure of neuronal differentiation and triggers GMC reversion into neuroblast-like cells, rapidly leading to neuroblast ampli-
fication [22] (Figs 4C, 4E and S3A). In contrast, Nerfin-1 is a transcription factor expressed in immature neurons, where

it sustains the action of Prospero and maintains the differentiated state (Fig 4E). Consequently, loss of Nerfin-1 leads to
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A GFP* wild-type clones - OL B GFP* miR-1° clones - OL C  GFP* miR-9a% clones - OL

| GFP* miR-315°¢ clones - OL

Fig 3. Over-expression of neuroblast-enriched miRNAs often leads to neuroblast amplification and elav downregulation. (A) Control GFP+
clones in the medulla of the late larval optic lobes. Neuroblasts are labelled with anti-Mira (magenta) and neurons with anti-elav (blue). GFP is in green.
(B-l) GFP +or RFP+ clones in the late larval medulla over-expressing miR-1 (B), miR-9a (C), miR-279 (D), miR-8 (E), miR-11 (F), miR-92a (G), miR-
92b (H) or miR-315 (I). Neuroblast are either labelled with anti-Mira or anti-Deadpan (Dpn) in magenta. GFP/RFP is in green, and neurons (anti-Elav)
are in blue. Inserts are magnifications of the regions delineated by the white square. Clones are delineated with yellow dotted lines. miR-1, miR-9a and
miR-279 over-expression leads to a strong neuroblast amplification (B-D), miR-8 to a weaker neuroblast amplification but to a strong down-regulation of
Elav expression (E), and miR-92a over-expression do not lead to neuroblast amplification, but to a down-regulation of Elav expression (G). Scale bars
represent 30um.

https://doi.org/10.1371/journal.pgen.1011680.9003

the dedifferentiation of immature neurons into neuroblast-like cells, leading to large clones consisting of a mix of immature
neurons, GMCs and neuroblasts [23,57] (Figs 4D, 4E and S3B). We noticed that clones over-expressing miR-1 resemble
more prospero mutant clones in that they lack neurons, and are devoid of Prospero (Figs 4B—4D and S3C). This led us to
hypothesize that prospero mRNA may be a major target of miR-1-3p in neural lineages. To test this hypothesis, we gener-
ated a transgenic reporter line with the first 1kb of the prospero 3’'UTR placed downstream of the GFP coding sequence
whose expression is driven by the tubulin promoter (tub-GFP-prospero3’'UTR"T) (Fig 4F). We also generated a 3’'UTR in
which the two predicted miR-1-3-p binding sites in the 1kb sequence were mutated (tub-GFP-prospero3’UTR™R-1-3pMut)
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Fig 4. Prospero mRNA is directly targeted by miR-1-3p. (A-D) GFP+ wild-type control clones (A), GFP+ clones over-expressing miR-1 (B), GFP+
prospero’ mutant clones (C) and GFP+ nerfin-17 mutant clones (D) in the VNC of late L3 larvae. VNCs are immunostained against GFP in green, Mira
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in magenta and Elav in blue. (E) Schematic representation of miR-1-3p, Prospero and Nerfin-1 expression during neural differentiation (NB: neuroblast,
GMC: ganglion mother cell, N/GC: neuron/glial cell). Upon miR-1 gain and prospero or nerfin-1 loss, neuroblasts are amplified. (F) Schematic drawing

of the composition of transgenes to assess the post-transcriptional regulation of prospero by miR-1-3p. Transgenes contained the ubiquitous aTub84B
promoter (in gray), the EGFP coding sequence (in green), and the first 1kb of prospero 3" UTR (in blue). GFP expression reflects the post-transcriptional
regulation of prospero by its first 1kb 3'UTR sequence. Two miR-1-3p binding sites are predicted in this region of the prospero 3' UTR (sequences shown
in blue). Mutated binding sites are shown in pink. (G) The tub-GFP-prospero3’'UTR"T transgene led to homogeneous expression of GFP (green) through-
out the late L3 wing disc (WD). RFP expression (magenta) is driven in the posterior compartment using hh-GAL4. (H) Expression of miR-1 was induced
in the RFP+ posterior compartment with hh-GAL4 resulting in significantly reduced GFP expression from the tub-GFP-prosperoUTR"T transgene. ((l)

In contrast, overexpression of miR-1 did not affect GFP expression from the tub-GFP-prosperoUTR™R-1-%Mut transgene. (J) GFP + miR-1%° clones in

the VNC, stained with GFP in green, Elav in blue and Prospero in magenta. Magnified clones are delineated in yellow. (K) Normalized anti-Prospero
immunostaining intensity in control wild-type clones (n=57 clones, 2 CNS, m=0.99+0.02) and in miR-1¥° clones (n=40 clones, 3 CNS, m=1.21+0.04).
p=9.42 x 10°. miR-1 knock-out leads to an increase in prospero expression.

https://doi.org/10.1371/journal.pgen.1011680.9004

(Fig 4F). Both transgenes were inserted in the same attP docking site to allow comparison of the expression patterns.
While the tub-GFP-prospero3’UTR"T drives uniform expression of GFP in the wing disc (Fig 4G), we found that misex-
pression of miR-1 in the posterior compartment induces silencing of the GFP (Fig 4H). In contrast, miR-1 is not able to
silence GFP from the mutated construct (Fig 41). Similar results are observed in mature neurons of the VNC (S3D and
S3E Fig). This demonstrates that prospero mRNA can be a direct target of miR-1-3p in vivo. Lastly, miR-1 mutant clones
in the late larval VNC exhibit small but significant increases of Prospero in the neuronal progeny (Fig 4J and 4K) showing
that miR-1 in neural lineages effectively down-regulates the level of Prospero.

Interestingly, over-expression of miR-9 leads to clones consisting of a mix of neuroblasts and neurons, similar to loss of
nerfin-1, a known target [45]. Expectedly, Nerfin-1 was downregulated in such clones (S3F and S3H Fig) but upregulated
upon miR-9-5p knockdown using a sponge approach (S3G and S3H Fig).

Collectively, our results therefore suggest that neuroblast-enriched miRNAs can actively silence their predicted pro-
differentiation target genes to counteract the neuroblast-to-neuron differentiation process (S3I Fig).

Assessing miRNA activity using sponge constructs

Many of the iconic pro-differentiation genes have been shown to be already transcribed in neuroblasts (e.g. prospero,
elav, brat). However, proteins often remain completely absent (Elav) or are expressed at low levels and they are inacti-
vated through segregation to the neuroblast cortex (Prospero, Brat) [21,55,56,58]. Repressing or maintaining low expres-
sion of pro-differentiation genes in neuroblasts is essential as high levels can induce premature neuroblast differentiation
and precocious disappearance in late larval stages [23,29,59,60]. It is therefore possible that miRNAs in neuroblasts
contribute to maintaining low levels of expression of pro-differentiation genes in order to sustain the neuroblast status.

To systematically investigate the mode of action of the neuroblast-enriched miRNA module, we aimed at testing the
possible inter-miRNA cooperation by comparing the effect of knocking down either single or multiple miRNAs on neuro-
blasts. To structure the approach, we sought to identify functional sub-groups among the differentially regulated miRNAs.
Hierarchical clustering based on their predicted target genes was used to split neuroblast-enriched miRNAs in the mod-
ule in 3 subgroups (Fig 5A). One subgroup containing the miRNAs miR-306-5p, miR-988-3p and miR-995-3p, which are
predicted to target only few genes controlling neuroblast to neuron transition (Fig 2C), clearly clustered separately and
were not considered in further analyses. The remaining 10 miRNAs were grouped in two distinct clusters based on their
target preferences, with miR-1-3p and miR-9¢c-5p as members of cluster 1 (Fig 5A). miR-11-5p and miR-9c-3p (cluster 2)
were expressed at low levels, and therefore were not considered for further experiments. Next, we compared the effect of
knockdown of either individual or entire clusters of the identified miRNAs on neurogenesis. To study individual miRNAs,
we used either established transgenic sponge lines [61] or, for miR-1-3p, miR-34-3p as well as the related miR-279-3p
and miR-996-3p, we generated new fly lines (schemes on Fig 5B, 5C, and 5E and S3 Table). In addition, we generated
two multi-sponge fly lines based on assembled sponge sequences targeting all mMiRNAs of either cluster 1 (miR-1-3p,
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Fig 5. Expression of sponge and multi-sponge transgenes. (A) Hierarchical clustering of neuroblast-enriched miRNAs based on the similarity of

their predicted mRNA targets. MiRNAs in light gray (miR-11-5p and miR-9¢-3p), expressed at much lower level, were not targeted by the multi-sponge
constructs. (B-F) Sponge constructs and DsRed?2 expression. Sponges made in this study consist of 20 miRNA binding sites with mismatches at positions
9-12, placed in the 3'-untranslated region of DsRed2 under the control of 10 tunable UAS binding sites. Transgene integration has been done in one copy
at the aftP40 docking site on the second chromosome for miR-1-3p°™¢ (B), miR-279/996-3p%*°"¢° (C) and miR-cluster1s° (D), and at the attP2 docking
site on the third chromosome for miR-34-3p°"¢ (E) and miR-cluster2s°" (F). Expression of sponges in neuroblasts and their recently-born progeny using
nab-GAL4 assessed with anti-RFP to label DsRed2 (magenta): miR-1-3ps°¢ (B), miR-279/996-3p*°"% (C), miR-cluster1s°"¢ (D), miR-34-3p°" (E) and
miR-cluster2s°ms (F). Neuroblasts are labelled with anti-Mira (in green) and neurons with anti-Elav (in blue). (G) Quantification of DsRed2 expression
levels for the various sponge constructs in neuroblasts normalized to that of abdominal neurons (no expression) using nab-GAL4: miR-1-3p°"% (n=68
NBs, 6 CNS, m=14.98+0.38), miR-279/996-3p%°"% (n=71 NBs, 3 CNS, m=12.14+0.36), miR-cluster1s°% (n=87 NBs, 4 CNS, m=2.24+0.03), miR-
34-3proree (n=72 NBs, 4 CNS, m=7.37+0.21) and miR-cluster2s°%¢ n=81 NBs, 4 CNS, m=1.39+0.05). (H) Quantification of DsRed2 expression for the
various sponge constructs by gRT-PCR using in insc-GAL4; dpn°--GAL4: miR-1-3p*°m (n=3, m=1+0.10), miR-cluster1%#° (n=3, m=0.27 £0.08) and
miR-cluster2s°m (n=3, m=0.27 £0.2); normalized to miR-1-3ps°". Twenty-five brains per biological replicate were analyzed.

https://doi.org/10.1371/journal.pgen.1011680.9005

miR-9¢-5p and miR-279-3p/996-3p) or cluster 2 (miR-8-3p, miR-11-5p, miR-92a/b-3p, miR-315-5p, miR-34-3p) (Fig 5D
and 5F and S3 Table).

We first sought to validate the different sponge and multi-sponge transgenes that we generated. Transgenic sponges
targeting cluster 1 miRNAs were inserted in the attP40 docking site and transgenic sponges targeting cluster 2 miRNAs
were inserted in attP2 docking site, such that we could compare activity of single and multi-sponges for each cluster
independent of their insertion site on the genome. We expressed the sponge transgenes in neuroblasts and recently-born
progeny with nab-GAL4. Sponge expression was assessed by measuring the levels of DsRed by immunostaining and
gPCR. All transgenes were activated using the same GAL4 driver and the larvae were grown in the same conditions.
However, we consistently observed lower expression of DsRed at the mRNA and protein levels with the multi-sponge
constructs (miR-cluster1sponge and miR-cluster2sponge) compared to sponges targeting a single miRNA inserted in
the same docking site (Fig 5B—5H). These results strongly suggest that the sponge constructs can be used as sensors
of miRNA activity, with reduced DsRed expression reflecting the level of inhibition conferred by miRNAs bound to the
sponges. The fact that we observe different silencing efficiency for each sponge transgene aligns with the different levels
at which miRNAs identified by AGO-APP are co-expressed in neuroblasts. Our observation that multi-sponge constructs
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are more efficiently silenced raises the possibility that miRNAs act cooperatively to selectively and efficiently increase
silencing of such genes that contain binding sites for several miRNAs of the module.

Concomitant inhibition of several miRNAs of the module triggers precocious neuroblast differentiation

We then investigated the biological significance of miRNAs in neuroblasts. Inactivation of the miRNA pathway in larval
neuroblasts using a dicer-1 knockdown approach via RNAi led to a decrease in neuroblast numbers in late L3 and a sig-
nificant decrease of neuroblast size in the remaining neuroblasts (Fig 6A-6D), confirming previous loss of function studies
[44]. Reduction in neuroblast size has been previously used as a physiological marker of stemness exhaustion, observed
at the end of embryogenesis before quiescence entry [60] or in pupa before neuroblast differentiation [29,62]. Interest-
ingly, this phenotype is also observed upon ectopic expression of prospero [60] and nerfin-1 [23], or in dicer-1 [44] and
miR-92alb mutants [37]. Therefore, the dicer-1 knockdown phenotype suggests that miRNAs are cell-intrinsically neces-
sary to maintain the neuroblast state and prevent precocious differentiation.

To assess more specifically the function of miRNAs that are enriched in neuroblasts, we used the sponge approach.
First, sponge transgenes were expressed in neuroblast clones in the larval VNC allowing a direct comparison with sur-
rounding control neuroblasts. Sponge-mediated knock-down of miR-1-3p did not significantly affect neuroblast size in late
larvae (Fig 6E). This is contrasting with a genetic miR-1%° from a deletion that led to a slight decrease of neuroblast size
suggesting that the inhibition induced by sponges is incomplete (S4A and S4B Fig). Similarly, sponge-mediated knock-
down of the other individual miRNAs in the module, had never a significant effect on neuroblast size (Fig 6E). However,
expression of either multi-sponge 1 or multi-sponge 2 significantly reduced neuroblast size in a dose dependent manner
— two copies of the transgene exacerbate the phenotype (Figs 6E and S4C). Thus, the effect of cluster knockdown on
neuroblast size in clones exceeded that of any sponge targeting an individual miRNA, confirming the strong activity of the
multisponge transgenes. This further supports the idea that miRNAs composing the module function through a coopera-
tive mode of action.

These phenotypes phenocopying the dcr-1 knockdown are consistent with a de-repression of the neuronal differ-
entiation gene network composed by the predicted miRNA targets. To confirm whether the use of sponges leads to
increased abondance of predicted miRNA targets, we performed qPCRs on some of the pro-differentiation genes
predicted to be targeted by the miRNA module. We used insc-GAL4; dpn®--GAL4 to express the miR-1-3ps°"9¢ and
the miR-cluster-1soee (that includes miR-1-3p) in all the neuroblasts of the CNS (ventral nerve cord, central brain
and optic lobes). We isolated mRNAs from whole CNS tissue. We observed an overall tendency of increased mRNA
levels for pro-differentiation and temporal factor genes, with higher overall levels of mMRNAs upon expression of the
miR-cluster1srerse transgene (S4D—-S4K Fig). On the basis of this set of experiments, we conclude that the concom-
itantly expressed miRNAs of the module act additively, or even cooperatively, to silence pro-differentiation genes in
neuroblasts.

Beyond cell shrinking, we noticed that expressing the multisponges for cluster1 or cluster2 in all VNC neuroblasts,
using nab-GAL4, reduced their number, almost reaching the level observed for dcr-1 knockdown (Fig 6C, 6D, 6F, and 6G).
To further investigate this effect, we made use of GAL4 lines active in specific small subsets of neuroblasts. The pox”-
GAL4 driver has been previously used to study the neurogenic properties of six defined neuroblasts in the VNC [30,63,64]
(Fig 6H). Expression of the multi-sponge construct targeting cluster 2 induced significant shrinkage and often caused elim-
ination of pox-positive neuroblasts in late larvae (Fig 61 and 6L), whereas individual miRNAs of cluster 2 did not induce
obvious phenotypes (Fig 6L). Multi-sponge targeting cluster 1 did not induce a discernable phenotype in the pox"-subset
(Fig 6L). Similar neuroblast shrinkage and occasional elimination were observed for another subset of VNC neuroblasts
expressing eagle-GAL4 (S4J—-S4L Fig).

The observed loss of pox" lineage neuroblasts upon expression of miR-cluster2s°" could be due to either apoptotic
death or precocious differentiation. To distinguish between these possibilities, we co-expressed the p35 baculovirus
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Fig 6. miRNAs cooperate to maintain the neuroblast state. (A) Control VNC (nab >yw) stained with anti-Mira to label neuroblasts. (B) VNC with a
der-1RNA transgene expressed in neuroblasts with nab-GAL4 (nab >dcr-18%VA). Anti-Mira is used to label neuroblasts. (C) Quantification of neuroblast size
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in control nab >yw, nab>dcr-1"NA| nab >miR-cluster1s*°"% and nab >miR-cluster2s°"% \/NCs: control (n=60 NBs, 4 VNC, m=100.2 ym?+2.3), dcr-1RNA
(n=73 NBs, 3 VNC, m=38.6 ym?+ 1.7, miR-cluster1sr°r% (1X) (n=62 NBs, 4 VNC, m=91.2um?+2.9), and miR-cluster2sr°% (1X) (n=78 NBs, 5 VNC,
m=69.7 um2+2.3). The p-values obtained from comparison with control are: p=0.033 p=5.54 x 10"* and p=1.22 x 102, respectively. (D) Comparison
of neuroblast number in control nab >yw, nab >dcr-1"NA| nab > miR-cluster1s*°%, and nab >miR-cluster2s°"¢¢ VNCs: control (n=8 VNC, m=149.5+2.2),
der-1”"N (n=7 VNC, m=121.3+5.1), miR-cluster1sr°re (1X) (n=8 VNC, m=133.6+1.8), miR-cluster2s°% (1X) (n=8 VNC, m=126.9+5.4). The p-values
obtained from comparison with control are: p=8.0 x 10%, p=1.2 x 10 and p=3.1 x 1073, respectively. (E) Comparison of normalized neuroblast area in
late larval VNC clones expressing sponges against individual miRNAs or against cluster-1 and cluster-2 miRNAs. 1X indicates one copy of the trans-
gene, 2X indicates two copies of the transgene. Control wild-type neuroblasts (n=66 clones, 5 CNS, m=110.02), miR-1-3ps°"e (1X) (n=58 clones,

3 CNS, m=0.99+0.03), miR-9c-5psP°e (2X) (n=43 clones, 2 CNS, m=0.96+0.03), miR-279/996-3p*r°"% (1X) (n=48 clones, 3 CNS, m=0.97 £0.04),
miR-cluster1s*°m (1X) (n=41 clones, 3 CNS, m=0.83+0.03), miR-cluster1sr°ne (2X) (n=70 clones, 3 CNS, m=0.78+0.02), miR-8-3p°"% (2X) (n=73
clones, 2 CNS, m=1.02+0.02), miR-11-3ps*°n% (2X) (n=54 clones, 3 CNS, m=1.02+0.02), miR-34-3p%°"%¢ (1X) (n=40 clones, 3 CNS, m=1.02+0.03),
miR-92a-3ps*°e (1X) (n=33 clones, 3 CNS, m=0.94+0.03), miR-92b-3p*r°re (2X) (n=35 clones, 4 CNS, m=0.98+0.02), miR-315-5psronee (2X)

(n=60 clones, 4 CNS, m=1.04+0.02), miR-cluster2s°"% (1X) (n=41 clones, 4 CNS, m=0.70+0.02), miR-cluster2s°r% (2X) (n=69 clones, 5 CNS,
m=0.65+0.02). The p-values issued from comparison of each sponge construct with control are: p=0.429, p=0.256, p=0.226, p=2.59 x 105, p=3.89
x 10", p=0.300, p=0.727, p=0.728, p=0.264, p=0.370, p=0.109, p=4.90 x 102 and p=1.04 x 10, respectively. Only miR-cluster1sr°rs and miR-
cluster2sr°e¢ constructs showed significant differences with control. Moreover, miR-cluster2s°% (1X) clones showed a significantly larger neuroblast
size than miR-cluster2s°"e¢ (2X) (p=0.011). (F,G) VNC neuroblasts expressing miR-cluster1s*°"%¢ (F) or miR-cluster2s*°"% transgenes (G) with nab-GAL4,
stained with anti-Mira. (H) Control VNC expressing RFP under the control of pox"-GAL4. Yellow arrowheads highlight pox" lineages in late larvae, which
are shown enlarged in insets. Each lineage contains an RFP+ neuroblast (Mira+) and several RFP+ progeny including GMCs and neurons (Elav+). (I)
Most pox" lineages (yellow arrowheads) expressing the miR-cluster2s°°"% transgene (pox"-GAL4; UAS-miR-cluster2s°"%¢) lose neuroblasts. (J) Distribu-
tion of neuroblast phenotypes after sponge expression using pox"-GAL4: control (n=49 NBs), miR-cluster1s°"e (1X) (n=30 NBs), miR-8-3psr°"%¢ (2X)
(n=36 NBs), miR-11-3ps*° (2X) (n=36 NBs), miR-34-3ps°"¢¢ (1X) (n=36NBs), miR-92a-3p**°"% (1X) (n=42 NBs), miR-92b-3psr°r (2X) (n=42 NBs),
miR-315-5psr°nee (2X) (n=36 NBs), and miR-cluster2s*°% (1X) (n=60 NBs). The p-adjusted-values obtained after pairwise comparison of each sponge
construct as indicated from left to right with control (no sponge) were: p=1, p=1, p=1, p=1, p=0.104, p=1, p=1 and p=5.31 x 10" respectively. (K,L)
Late larval VNCs expressing p35 (K) or p35; miR-cluster2s°"% simultaneously (L) under the control of pox"-GAL4. Yellow arrowheads highlight thoracic
pox" lineages and white bracket delimits the abdominal part of the VNC where supernumerary lineages persist post-embryonically due to apoptosis
inhibition. (M) Distribution of neuroblast phenotypes after p35 or p35;miR-cluster2s*°"%¢ expression using pox"-GAL4: p35 (n=40 NBs) and p35;miR-
cluster2s°"e¢ (n=39 NBs). p=4.7 x 10-"". On the right panel are shown the categories of neuroblast phenotypes. The scale bars represent 30 um, except
for magnifications in H and | where the scale bars represent 10 pm.

https://doi.org/10.1371/journal.pgen.1011680.9006

apoptosis inhibitor. This partially rescued neuroblast elimination, but neuroblasts were still significantly smaller than in
the wild type (Fig 6J—6L). Altogether, this shows that apoptosis occurs in a subset of neuroblasts upon expression of the
cluster 2 sponge. However, the fact that the rescue is only partial and that neuroblast size is still affected suggests that
apoptosis is not the reason for cell shrinkage and support the fact that a subset of neuroblasts terminates by precocious
differentiation. Collectively, these results show that miRNAs enriched in neuroblasts collectively protect the latter against
precocious termination during development.

miRNA cooperation in the module ensures efficiency

Previous results repeatably showed that simultaneous down-regulation of miRNAs using multi-sponge constructs
targeting clusters 1 or 2 led to phenotypic defects whereas sponge constructs designed to down-regulate individual
miRNAs never induced such defects. This is indicative of a functional cooperation between miRNAs. We then asked
whether a given miRNAs required the function of the other miRNAs of the module to be fully efficient. As shown above,
cluster 1 member, miR-1, induced neuroblast amplification when over-expressed, likely through silencing of prospero
(Fig 4). Interestingly, three members of cluster 2 (miR-92a/b-3p, miR-315-5p and miR-11-3p) are also predicted to
target prospero mRNA in addition to other pro-differentiation genes (Fig 2E). To test for functional interactions, we
expressed miR-cluster2sr°"s together with a miR-1 gain of function construct in VNC neuroblasts. In the presence of
the miR-cluster2s°"%¢ we observed a strong reduction of neuroblast amplification, leading to smaller clone volume (Fig
7A-T7E) and at the same time an increase in the proportion of neurons per clone (Fig 7F), together indicating that the
ability of miR-1 to block GMC differentiation is reduced when other miRNAs of the module are knocked down. Thus,
this experiment suggests that the cooperative activity of miRNAs in the module ensures optimal functional efficiency of
single miRNAs.
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Fig 7. Knockdown of cluster 2 miRNAs partially suppresses neuroblast amplification caused by miR-1 over-expression. (A, C) GFP-labeled
clones over-expressing miR-1 only (A) or miR-1 and miR-cluster-2%°"9¢ simultaneously (C) stained with GFP in green, Mira in magenta and Elav in

blue. Single clones are delineated by yellow dotted lines. (B, D) Measures of Mira and Elav staining intensities normalized to GFP staining along the
superficial-to-deep axis. Deep cells tend to express Elav in clones simultaneously over-expressing miR-1 and miR-cluster-25°"¢ (D), while only Mira+
neuroblasts are observed in clones over-expressing miR-1 (B). (E) Mean clone volumes quantified in clones over-expressing miR-1 (n=36 clones, 3
CNS, m=6989 ym?®+870 uym?) or miR-1; miR-cluster-2°°%¢ (n=45 clones, 3 CNS, m=796 um3+58 uym?). p=1.11 x 10%. (F) Proportion of neuroblasts and
neurons in clones over-expressing miR-1 (n=7 clones, 2 CNS, neuroblast proportion=95.3% + 1.2%, neuron proportion=4.7%+1.2%) or miR-1, miR-
cluster-2sv°"%e (n=8 clones, 3 CNS, neuroblast proportion=74.9% +4.7%, neuron proportion=25.1%+4.7%). p=1.04 x 10*. Scale bars represent 30 pm.

https://doi.org/10.1371/journal.pgen.1011680.9007

Specificity of the miRNA module

The fact that most, if not all, VNC neuroblasts exhibit a significant shrinkage upon knockdown of multiple, but not individ-
ual, miRNAs of the module indicates that these miRNAs are expressed and act cooperatively. We sought to investigate
the functional specificity of this module in other types of neuroblasts and tissues. Medulla neuroblasts constitute a different
population of type | neuroblasts located in the optic lobe. They are produced during the last larval stage (L3) from the pro-
gressive conversion of a neuroepithelium following a pro-neural wave [65,66] (S5A Fig). In late L3, medulla neuroblasts
form a dense stripe composed of about 9 rows of neuroblasts located between the converting neuroepithelium and the
central brain (yellow bracket in Fig 8A). We tested the effect of mMiIRNA knockdown in this population of neuroblasts using
the dpn®--GAL4 driver specifically active in medulla neuroblasts (S5B Fig). As for VNC neuroblasts, we observed mild or
unsignificant effects by expressing miR-cluster-1°°"%¢ or sponges targeting individual miRNAs in cluster 2 (Figs 8A, 8B, 8F
and S5C). In contrast, expression of the miR-cluster-25°"%¢ led to a significant reduction in the width of the medulla neuro-
blast stripe, with a number of rows reduced by half (Figs 8C, 8F and S5C). Importantly, the thinner neuroblast stripe was
not due to a delay in neuroepithelium conversion [65,66], as shown by the regular neuroepithelium/neuroblast boundary
within clones expressing the cluster 2 sponge (S5D Fig). Repeating the experiment with co-expression of p35 to block
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Fig 8. Knockdown of cluster 2 miRNAs specifically affects type | neuroblasts. (A-E) Late larval optic lobes (wandering L3) with the stripe of
medulla neuroblasts highlighted by the yellow brackets in different conditions. The dpn®--GAL4 driver is used to express miR-cluster1%°me (B), miR-
cluster2srerse (C), p35 (D) or p35; miR-cluster2s*°"e¢ (E). Neuroblasts are labelled with anti-Mira. The magnifications show the stripe of neuroblasts in the
OL, marked by a yellow bracket. Young neuroblasts recently converted from the neuroepithelium on the left, old neuroblasts on the right. (F) Com-
parison of the number of neuroblast rows in OL expressing sponges for individual miRNAs, miR-cluster1sr°n%¢ and miR-cluster2sr°n% or p35 and p35;
miR-cluster2sronse; control wild-type (n=8 OL, m=9.6+0.4), miR-cluster1s°%¢ (1X) (n=4 OL, m=8.6+0.4), miR-8-3p°" (2X) (n=8 OL, m=9.2+0.3),
miR-11-3psrenee (2X) (n=9 OL, m=9.6+0.2), miR-34-3p*°¢¢ (1X) (n=8 OL, m=8.5+0.4), miR-92a-3p*°%° (1X) (n=8 OL, m=9.4+0.4), miR-92b-3psrorse
(2X) (n=8 OL, m=8.7+0.3), miR-315-5psr°me¢ (2X) (n=7 OL, m=9.1+0.3), miR-cluster2s°¢ (1X) (n=8 OL, m=4.6+0.3), p35 (n=8 OL, m=9.0+0.3)
and p35; miR-cluster2sr°m¢ (1X) (n=8 OL, m=4.8+0.4). The p-values issued from comparison of each sponge construct with control are: p=0.141,
p=0.555, p=0.831, p=0.053, p=0.896, p=0.110, p=0.201 and p=9.31 x 10%, respectively. The width of the neuroblast stripe significantly differs only for
miR-cluster2s°"%¢ compared to control. The p-value issued from comparison of p35 with p35; miR-cluster2s°"¢ is p=9.07 x 10*. (G, H) Confocal sections
in the deep neuronal layers of the medulla in control (G) or upon expression of miR-cluster2sr°rse with dpn°-GAL4 (FH). Neuroblasts are immunostained
with anti-Mira in green, neurons with anti-Elav in magenta and DNA in blue. Medulla neurons are delineated in yellow. (I) Area covered by medulla neu-
rons relative to the area of the brain lobe (OL and CB) in control and in the miR-cluster2s*°"%¢ condition. Quantifications show that less medulla neurons
are observed when miR-cluster25°me is expressed in the OL. p=6.1 x 107. (J) The wor-GAL4; ase-GAL80 combination of transgenes (referred to as
type 1I-GAL4) is used to drive GFP and sponges in the type Il neuroblast lineage in the late larval CB. The type Il neuroblast is marked with the asterisk.
Other Mira+ cells are intermediate progenitors (INPs). (K) Type Il neuroblast size was measured in control lineages and in lineages expressing miR-
cluster1s°m9® and miR-cluster2s°"e; control (n=14 NBs, m=128.08 £5.39), miR-cluster1s°»s¢ (1X) (n=21 NBs, m=130.06 +5.13) and miR-cluster2s°"se
(1X) (n=21 NBs, m=129.44 +3.80). The p-values are: p=0.954 and p=0.980, respectively. (L) INPs from type || NBs were counted in control lineages,
and in lineages expressing miR-cluster1s*°"%¢ and miR-cluster2s°"e: control (n=13 type Il lineages, m=50.3 £ 3.4), miR-cluster1s°me (1X) (n=14 type Il
lineages, m=49.4 +2.6) and miR-cluster2s°"%¢ (1X) (n=14 type Il lineages, m=50.8 +3.0). The p-values are: p=0.990 and 0.990, respectively. (M, N)
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Cuticle preparations of control and nub >miR-cluster2s°m% adult wings (M) and relative size quantification (N): control (n=11 wings, m=1+0.008) and
miR-cluster2s°°"%¢ (n=15 wings, m=0.995+0.008). p=0.2372. Only wings from females were analysed. Scale bars represent 30 pm.

https://doi.org/10.1371/journal.pgen.1011680.9008

apoptosis revealed a similar reduction of neuroblast rows and neuroblast size upon miR-cluster-25*°"9¢ expression, indicat-
ing that the phenotype is not induced by increased apoptosis (Figs 8D-8F and S5C). Interestingly, there was an excess
of small neuroblasts in the deep layers of miR-cluster-25°°"¢ clones (see arrowheads in S5E Fig). This phenotype, nor-
mally only observed in old medulla neuroblasts undergoing differentiation, likely reflects precocious differentiation. In line
with a precocious differentiation of medulla neuroblasts, we observed a reduced number of medulla neurons upon mis-
expression of miR-cluster-2°*°"% (Fig 8G—8l). We conclude that miRNAs of the module also act cooperatively in type | neu-
roblasts of the medulla, and simultaneous knockdown of several miRNAs leads to early medulla neuroblast termination.

We then tested the knockdown of cluster 1 or cluster 2 miRNAs in the rare type Il neuroblasts located in the CB (Fig 8J)
using the wor-GAL4; ase-GAL80 combination [67] — thereafter termed as type /I-GAL4. In contrast to type | neuroblasts,
expression of miR-cluster-15°"9¢ or miR-cluster-25*°"% did not affect the size or quantity of type Il neuroblasts, or the num-
ber of the intermediate progenitors (INPs) they produce (Fig 8K and 8L). This suggests that the identified miRNA module
may either not be expressed in type Il neuroblasts, or not functional in these progenitors.

Finally, expression of miR-cluster-25°"%¢ in the wing disc pouch throughout development using nubbin-GAL4 did not
lead to patterning or growth defects in the adult wing, demonstrating that miRNAs targeted by the cluster 2 sponge are
either not expressed, or do not function cooperatively, in this tissue (Fig 8M and 8N). In addition, the lack of observable
phenotype in this tissue indicates that multi-sponges are not generally harmful for general cell function. We conclude that
the identified cooperative miRNA module is specifically active in type | neuroblasts.

Discussion

Most studies describe miRNA function in the light of their interaction with a given mRNA. However, each miRNA has the
potential to bind dozens, sometimes hundreds, of different mMRNAs in each cell, raising questions about how specificity is
achieved. Here, using a new technology for RNA isolation in vivo, we identify in Drosophila neural progenitors a module of
miRNAs able to target a gene network that promotes neuronal differentiation. Using simultaneous knockdown of multiple
miRNAs, we show that miRNAs of the module act cooperatively to maintain a specific subtype of neural progenitors. Our
work suggests that specificity and efficiency may be achieved via the cooperation of multiple miRNAs functioning as a
module targeting multiple genes involved in the regulation of a specific biological process. Our study illustrates the need
to better characterize the set of active miRNAs in cell types in order to understand their cooperative action and impact on
entire gene networks.

AGO-APP, a new method to isolate miRNAs from rare cell types in complex tissues

To investigate the mode of action of miRNAs, we developed and tested AGO-APP in the context of brain development in
Drosophila melanogaster, where neuroblasts undergo asymmetric divisions, allowing production of neurons and glia as
they cycle throughout development. This stereotypic process is highly controlled to ensure that neurons and glia are pro-
duced with the correct identity and in correct numbers. MiRNAs represent attractive candidates to play key roles in these
developmental processes.

Using transgenic flies, we demonstrate that this approach allows the isolation and analysis of AGO-bound miRNAs
with highest precision from rare neural cell types such as neuroblasts. Indeed, in all analyzed cases the expression levels
and dynamics observed in the AGO-based sequencing approach were confirmed by reporter lines that allow to visualize
the expression of specific miRNAs. Moreover, AGO-bound miRNAs that are only present in small subpopulations, like for
example miR-10, are reliably detected in a strong background of negative cells, showing that AGO-APP is highly sensitive.
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Besides its precision and sensitivity, AGO-APP has other experimental advantages. First, AGO-APP is a benchtop
approach that can be used to isolate cell type-specific miRNAs without the need for complex cell isolation approaches that
can cause damage and affect miRNA content. This is particularly relevant in the case of large cells with long processes
such as neurons. Second, T6B potentially binds with high affinity all AGO proteins involved in the miRNA pathway, allow-
ing AGO-APP to isolate the entire spectrum of miRNAs from all species. Third, non-AGO bound miRNAs, and other small
RNAs, are excluded by the approach, lowering complexity and allowing to focus only on the RNA population of interest,
such that are actively involved in inhibition.

Moreover, knowing that the T6B peptide can be expressed as a fusion with proteins showing particular subcellular
localizations, like the nucleus, cytoplasm, axons or synapses, it may be possible in the future to study the expression of
AGO-bound RNAs in different cellular compartments.

A group of miRNAs cooperatively maintaining neural progenitors

Using a non-biased statistical approach, we identified a group of neuroblast-enriched miRNAs that are predicted to target
almost all factors known to control early steps of the neuroblast-to-neuron transition, pointing to the existence of a regula-
tory module that cooperatively maintains NSC status versus differentiation. Overexpression of several individual miRNAs
of the group confirmed their capacity to induce dominant differentiation defects in neuroblast progeny, phenotypes mimick-
ing the silencing of the key differentiation genes predicted to be their targets. Thus, it is important that the expression level
of each miRNA is tightly regulated along neuroblast lineages in order to respect the equilibrium between neural stem cell
maintenance versus differentiation.

In this context it is interesting to note that, in addition to differentiation factors, the early temporal factors Chinmo
and Imp are predicted to be highly targeted by the neuroblast-enriched miRNA module. These two genes are normally
expressed in neuroblasts during early larval development to promote self-renewal and are silenced in late larvae to ensure
timely termination of neuroblast activity during metamorphosis [30]. It is therefore possible that the microRNA module we
have identified in late L3 neuroblasts not only protects against precocious differentiation (by silencing pro-differentiation
genes) but also protects against uncontrolled self-renewal by silencing early temporal genes. Therefore, in principle the
same miRNA module could finetune neuroblast activity by silencing genes promoting both self-renewal and differentiation.

Interestingly, functional analyses based on sponge mediated knockdown demonstrated that the inactivation of indi-
vidual miRNAs has no or little detectable influence on neuroblast status. Although the sponge approach may only trigger
partial knockdown, this observation combined with the miR-1 mutant result, suggest that, in normal conditions, miRNAs
tend to be dispensable when depleted individually. However, sponge-mediated simultaneous downregulation of multiple
miRNAs of the module induces a significant biological response in most type | neuroblasts, but not type Il neuroblasts, in
the form of precocious stemness exhaustion (size shrinking, apoptosis, induction of precocious differentiation). This sup-
ports the idea that most miRNAs of the module are co-expressed and function cooperatively in most type | neuroblasts.
Importantly, we could exclude the possibility that the multi-sponge constructs are inducing cellular toxicity, by showing that
they do not trigger observable phenotypes in type Il neuroblasts and in wing discs.

Altogether these results are fully consistent with a situation where a set of specific miRNAs is actively protecting neu-
roblasts against precocious differentiation through a sum of weak and redundant inhibitory effects on pro-differentiation
factors. This redundancy may result from the simultaneous inhibition of several members of a biological pathway or to the
simultaneous binding of several miRNAs to the same mRNA to reach a significant level of inhibition of this target. This lat-
ter situation provides a strategy to refine the number of silenced mRNA targets to the ones containing a sufficient number
of binding sites for the miRNAs co-expressed in the cell. Beyond defining a set of functionally significant target genes, the
combinatorial action of miRNAs within modules may be used to target groups of genes involved in a common biological
process. Thus, our study strongly supports the idea that the cooperative action of miRNAs on sets of target genes confers
both, the specificity of the genes to be silenced and the efficiency of silencing.
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Moreover, the fact that the dominant neuroblast overproliferation phenotype caused by over-expression of a single
miRNA, miR-1, can be reverted by the knockdown of other neuroblast-specific mMiRNAs indicates a high level of functional
redundancy between miRNAs of the module. This is in agreement with the general concept that regulation of a biological
pathway by miRNAs is a quantitative process in which the efficiency of regulation depends more on the total number of
miRNA/target interactions, and less on the action of a specific miRNA.

Performing Ago-APP in the different sub-population of neuroblasts, neurons or glia using more specific GAL4 drivers
will help to reveal the full cell-specific complexity of miRNA profiles. Similarly, the use of more specific GAL4 drivers along
the NB - GMC-neuron differentiation/maturation axis will provide more detailed information on miRNA dynamics along
this process.

In the future, further validation will be required to firmly establish and generalize the model of miRNA cooperativity in
neural progenitors and other cell types. This should include precise assessments of the impact of single or multiple miRNA
knockdowns on the targeted gene regulatory network. By allowing a more comprehensive description of active miRNAs in
specific cell types, in vivo Ago-APP opens the possibility to systematically dissect how miRNAs cooperate within modules
to regulate gene networks involved in specific biological processes.

Materials and methods
Fly lines

Drosophila stocks were maintained at room temperature on standard medium (8% cornmeal, 8% yeast, 1% agar). Experi-
ments were performed at 29 °C. Crosses to yw (Bloomington #1495) line are used as controls. For generating prospero™,
nerfin-1'- and miR-1%° clones, we used the mosaic analysis with a repressible cell marker (MARCM) technique [68]. The
following MARCM stocks were used: tub-GAL4, UAS-nGFP-myc, hs-FLP; FRT82B, tub-GAL80/TM6c, FRT82B, pros'’/
TM6b (from Bloomington #5458), tub-GAL4, UAS-nGFP-myc hsFLP'?2; tub-GAL80, FRT2A/TM6b and Df(3L) nerfin-1%,
FRT2A/TM6. For generating clones mis-expressing miRNAs or sponges, we used the Flp-out (FIp°*) technique. Flpo*t
clones were generated using hs-FLP; Act5c>CD2>GAL4, UAS-GFP or hs-FLP; Actsc>CD2>GAL4, UAS-RFPITM3 (from
Bloomington #7 and #30558). The GAL4 lines used were the following: nab-GAL4 (Kyoto DGRC #6190), repo-GAL4
(Bloomington #7415), elav-GAL4 (Bloomington #8765), nubbin-GAL4 (Bloomington #86108), miR-10%°-GAL4 (Blooming-
ton #58880), pox"-GAL4 [69], eagle-GAL4 (Bloomington #8758), worniu-GAL4, asense-GAL80 [67], insc-GAL4 (Bloom-
ington #8751), hh-GAL4 (Bloomington #600186) and dpn®--GAL4 (Bloomington #86108). The UAS lines used were:
UAS-LUC-miR-1/TM3 (Bloomington #41125), UAS-LUC-miR-8 (Bloomington #41176), UAS-LUC-miR-9a (Bloomington
#41138), same result than with UAS-LUC-miR-9c¢ (Bloomington #41139), UAS-DsRed2-miR-11 (Bloomington #59864),
UAS-LUC-miR-92a (Bloomington #41153), UAS-LUC-miR-92b (Bloomington #41175), UAS-LUC-miR-279 (Bloomington
#41147), UAS-miR-315 (FlyORF #F002078), UAS-mCherry-miR-8°"% (Bloomington #61374), UAS-mCherry-miR-9csronee
(Bloomington #61376), UAS-mCherry-miR-11sr°"%¢ (Bloomington #61378), UAS-mCherry-miR-92a°"%¢ (Bloomington
#41153), UAS-mCherry-miR-92bs°"%¢ (Bloomington #41175), UAS-mCherry-miR-315%°% (Bloomington #61432), UAS-
p35 (Bloomington #5072) and UAS-dcr-1R" (Bloomington #.34826). For each of these miRsP"e lines, 2 copies -2X- of
the miRs°"% transgene are present, except when indicated, on both the attp40 and attp2 landing sites. tub-GAL80*
(Bloomington #7017 and #7019) was used to avoid premature GAL4 expression when at restrictive temperature (18°C).
UAS-mCD8GFP (Bloomington #5130), UAS-nIsGFP (Bloomington #4776) or UAS-mCD8ChRFP (Bloomington #27392)
were used to follow the driver expression. The progeny of the crosses using the Flp-out technique was heat-shocked 1
hour at 37°C, raised at 29°C for 3 days and dissected at wandering L3 stage. The progeny of the crosses using the GAL4
technique was raised at 29°C (miRs expression experiments), or were maintained at 18°C, and switched to 29° one day
before dissection. (miR-7-GFP [38], 16.6 kb mir-279/996-GFP [41], nerfin-1-GFP [45] were used to monitor miR-7, miR-
279/996 and nerfin-1 expression, respectively.

Full genotype of offspring for each experiment described in the study can be found in S5 Table.
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Immunohistochemistry

Dissected tissues were fixed 5—15 minutes in 4% formaldehyde/PBS depending on the primary antibody. Stainings were
performed in 0.5% triton/PBS with antibody incubations separated by several washes. Tissues were then transferred in
Vectashield with or without DAPI for image acquisition. Primary antibodies used: chicken anti-GFP (1:1000, Aves #GFP-
1020), rat anti-RFP (1:500, Chromotek #5F8), rabbit anti-RFP (1:500, Rockland #600-401-379), mouse anti-Miranda
(1:20, A. Gould), rabbit anti-Mira (this study), rat anti-Dpn (1:50, Abcam #195173), rat anti-Elav (1:50, DSHB #7E8A10),
mouse anti-Elav (1:50, DSHB #9F8A9), mouse anti-Repo (1:200, DSHB #8D12), rat anti-DE-cadherin (1:50, DSHB
#DCAD2) and mouse anti-Prospero (1:20, DSHB #MR1A). Adequate combinations of secondary antibodies (Jackson
ImmunoResearch) were used to reveal expression patterns.

Image processing

Confocal images were acquired on a Zeiss LSM 780 microscope (Zeiss, Oberkochen, Germany). FIJI and Photoshop
were used to process confocal data.

To measure relative Prospero and nerfin-1-GFP signal intensities in the CNS after immunostaing, for a given focal
plane, the intensity of Prospero (or GFP) staining in RFP-positive (i.e., clonal) neurons was divided by the mean intensity
of Prospero (or GFP) staining in surrounding RFP-negative (i.e., wild-type) neurons of the same focal plane. Both intensi-
ties were obtained with the “Measure” plugin in FIJI.

The relative area of each neuroblast within a clone expressing a sponge was the ratio between the area of the neuro-
blast (manually delimited using the Mira staining and measured using the “Mesure” plugin in FIJI) and the mean area of
the wild-type surrounding NBs of the same focal plane.

Statistical analysis

Statistical analyses were performed in R. We performed a Wilcoxon-Mann-Whitney test using rstatix package when
comparing means of 2 independent groups. When comparing more than 2 independent groups, we first performed a
Kruskal-Wallis test to evaluate the overall significance followed by a Dunn’s test for pairwise multiple comparisons. For
comparing the repartition of categories between the independent multiple conditions, we used the “chisq_test” function
from the rcompanion package for performing a Chi2 test followed by a p-value adjustment for multiple comparisons

are presented as boxes, extending from the 25" to 75" percentiles with the median, down to the minimum value, up to
maximum value, and moreover for Figs 4K and S3H all individual values are shown as a point. For Figs 6A, 6F, 6G, 7E,
8F, 8K, 8L, 8N and S5C results are presented as scatter dot plots, and show all individual values as a point. For Figs 6L,
7F, 8l and S4L, each category is represented with bars in percentages. For Figs 5G, 5H, S1E and S4D-S4K results are
presented as bars and show all values as a point. p-values are issued from comparison of conditions with control. The
sample size (n), the mean +the standard error of the mean (m+ SEM), and the p-value are reported in the figure legends.
*##¥¥p-value <0.0001, ***p-value <0.001, **p-value <0.01, *p-value <0.05 and ns p-value>0.05.

Generation of Drosophila transgenic lines

UAS-T6B: Generation of the UAS-T6B lines: the T6B sequence fused to YFP,HA and FLAG [32] was cloned downstream
of the UAS sequence into the transformation vector pUASTattB [70]. The transgene was inserted into the attP2 docking
site on chromosome Il

Generation of sponge lines: Sponge constructs were synthetized by GenScript Biotech Corporation (NL). Sponge con-
structs aimed at inhibiting a specific mMiRNA were generated using previously published guidelines [61]. The sequences
can be found in S3 Table. Briefly, 20 repeats of a 21nt sequence fully complementary to the miRNA except mismatches

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011680  April 29, 2025 21/29




PLON. Genetics

at positions 9-12 of the miRNA, were assembled separated by variable four-nucleotide linkers, into a modified pWalium-
ChtVis-Tomato vector (Addgene #67756) [71], in which the sequence of ChtVis-Tomato had been replaced by the
sequence of the DsRed2. miR-cluster1s°%¢ (miR-1-3p/9c-3p/279-3p/996-3p°"¢) and miR-cluster2s°°"s¢ (miR-1-3p/9c-
3p/279-3p/996-3p *°n%°) were generated in the same modified pWalium-DsRed2 vector by simply assembling single
sponge constructs. One copy (1X) of each sponge has been inserted into the attP40 (chromosome Il) docking site for
miR-1-3ps°n9e, miR-279-3p/996-3p%°"¢ and miR-cluster1s°"% or into the attP2 docking site (chromosome lll) for miR-34-
3psrenee and miR-cluster2s°%¢ by ¢C31 integrase.

The UAS-T6B-YFP and sponge transgenic Drosophila lines were generated by BestGene Inc. (http://www.thebestgene.com/).

Generation of the prospero UTR reporter lines: GFP-UTR,, P***° and GFP-UTR, . P°*°° sequences (first 1065 bp of
prospero 3'UTR wild-type and mutated into the two predicted miR-1 target sites, see Fig 4F) were synthetized by Gen-
script (https://www.genscript.com/), cloned into the pCaSpeR-tub-egfp-attB plasmid [72]. Plasmids where integrated into
the attP40 docking site by ¢C31 integrase by FIyORF (https://www.flyorf-injection.ch/).

Generation of the anti-Miranda antibody

Anti-Miranda polyclonal antibody was generated by Genscript (https://www.genscript.com/). The amino acid sequence
used as epitope used for immunization is:
MHHHHHHHSFSKAKLKRFNDVDVAICGSPAASNSSAGSAGSATPTASSAAAAPPTVQPERKEQIEKFFKDAVRFASSS
KEAKEFAIPKEDKKSKGLRLFRTPSLPQRLRFRPTPSHTDTATGSGSGASTAASTPLHSAATTPVKEAKSASRLKGKE-
ALQYEIRHKNELIESQLSQLDVLRRHVDQLKEAEAKLREEHELATSKTDRLIEALTSENLSHKALNEQMGQEHADLLER-
LAAMEQQLQQQHDEHERQVEALVAESEALRLANELLQTANEDRQKVEEQLQAQLSALQADVAQAREHCSLEQAKTAENIEL
VENLQKTNASLLADVVQLKQQIEQDALSYGQEAKSCQAELECLKVERNTLKNDLANKCTLIRSLQDELLDKNCEIDAHCDTIRQL-
CREQARHTEQQQAVAKVQQQVESDLESAVEREKSYWRAELDKRQKLAENELIKIELEKQDVMVLLETTNDMLRMRDEKLQK-
CEEQLRNGIDYYIQLSDALQQQLVQLKQDMAKTITEKYNYQLTLTNTRATVNILMERLKKSDADVEQYRAELESVQLAKGALE
QSYLVLQADAEQLRQQLTESQDALNALRSSSQTLQSEIANSFQERIDGDAQLAHYHELRRKDETREAYMVDMKKALDEFAT-
VLQFAQLELDNKEQMLVKVREECEQLKLENIALKSKQPGSASLLGTPGKANRSNTTDLEKIEDLLCDSELRSDCEKITTWLLNSS
DKCVRQDTTSEINELLSAGKSSPRPAPRTPKAPHTPRSPRTPHTPRTPRSAASTPKKTVLFAGKENVPSPPQKQVLKARNI.

Lysate preparation and Ago-APP

T6B expressing Drosophila CNS were isolated and fixed with 4% PFA for 10 minutes and subsequently quenched in a
final concentration of 150mM Glycine for 5 minutes, at room temperature each. After washing twice with ice-cold PBS,
CNS were shock-frozen and stored at -70 °C until use. Ago-APP was performed according to previously published proto-
col [32] with minor modifications. Tissue was lysed in 1ml lysis buffer (150 mM KCI, 25mM Tris, pH 7.5, 2mM EDTA, 0.5%
Nonidet P-40; supplemented with 1mM NaF, 1mM DTT and 1 mM AEBSF before use) and sonicated (Vibra cell (75042),
Bioblock Scientific) for 8 cycles, 10 seconds on, 10 seconds off at an amplitude of 34%. Lysation was cleared by centrif-
ugation (15’000 x g for 15min at 4 °C). 50 ul of lysate was kept for input control. A maximum of 500 ug total protein in a
volume of 950 ul was loaded per 25 ul GFP-Trap agarose beads (gta, Chromotek), prior washed with ice-cold PBS (2min
at 2’500 x g) and incubated for 1 hour rotating at 4 °C. IP was washed five times with ice-cold washing buffer (1 M NaCl,
50mM Tris, pH 7.5, 5mM MgCl,, 0.01% Nonidet P-40; supplemented with 1mM NaF, 0.5mM DTT and 0.5mM AEBSF
before use), transferred into a new tube and washed once with ice-cold PBS. For RNA analysis, the IPed complexes were
released from the beads by incubating the pellet for 10 minutes with 50ul 4% SDS in 0,1M NaHCO, (same treatment was
performed with the input sample). Supernatant was collected and the beads-releasing process was repeated. To reverse
crosslink the formaldehyde linking, the samples were treated in 20 mg/ml Proteinase K (Roche) in PK buffer (100 mM Tris-
HCI (pH 7.5), 50mM NaCl, 10mM EDTA) (pre-incubated for 20 minutes at 37 °C to eliminate potential RNases) at 65 °C
over-night, shaking at 1000 RPM. RNA was isolated with Trizol (Invitrogen), following the manufacturer protocol.
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RT-qPCR

RNA was isolated from 25 whole larval brains for each condition using RNeasy mini kit according to the manufacturer’s
instructions (Qiagen). cDNA was synthesized from 200 ng of total RNA with random primers using the SuperScript Il
First-Strand Synthesis System (Invitrogen). Master Mix PowerTrack SYBR Green (Thermofisher) was used for real-time
thermal cycling. The reactions were performed with a StepOne Plus Real-Time PCR System (Applied Biosystems) and
StepOne software v2.1. tubulin primers were used for normalization, and relative expression levels were calculated with
the comparative CT method. The oligonucleotides used for qRT-PCR are listed in S4 Table.

Small RNA-Seq

Small RNA Seq was performed according to the AQ-Seq protocol with minor modifications [36]. In brief, for small RNA
library preparation 50—300 ng of total RNA was ligated with randomized 3’ adapter using T4 RNA ligase 2 truncated KQ
(NEB) in 1X T4 RNA ligase reaction buffer (NEB) supplemented with 20% PEG8000 (NEB). Ligated miRNA-adapter
fragments were gel-purified and eluted in 0.3mM NaCl, 2mM EDTA (pH8). After centrifugation the EtOH-precipitated
fragments were resuspended in water and ligated to 0.25uM randomized 5 RNA adapter using T4 RNA ligase 1 (NEB)
in the same buffer conditions as described above. Reverse transcription with Superscript Il First-Strand synthesis super-
mix (ThermoFisher Scientific) and 5uyM RT Primer (RTP, TruSeq kit; lllumina) was then performed according to the
manufacturer’s recommendations. After cDNA amplification the PCR amplicons representing miRNA sized inserts were
gel-purified, precipitated and resuspended in water. The quality of the libraries was assessed by gPCR and Tapestation
measurements and the libraries were sequenced on lllumina sequencers (MiSeq or NextSeq 550; according to the num-
ber of pooled libraries).

Bioinformatics analysis

miRNA-mRNA target prediction was performed using TargetFly 7.2 [1]. MiRNAs and mRNAs differential expression
between neuroblasts and neurons and PCA plot were established in R using the DESeq2 package. Heat map was
performed using the pheatmap package on the subset of mMiRNA showing a DEseq?2 statistical differential expression
between 2 conditions and showing an expression level of more than 1000 reads per million in at least one sample. The
hierarchical clustering between neuroblast miRNAs was established based on the calculation of similarities between

their predicted targets. For this purpose, we established a 2D matrix of number of target sites per target gene for each
neuroblast-enriched miRNA (S2 Table). The X-axis of the matrix represents miRNAs significantly enriched in neuroblasts
compared to neurons and showing an expression level over 1000 reads per million in at least one neuroblast sample. The
Y-axis represents the list of genes predicted to be targeted by at least one of the selected neuroblast miRNAs and show-
ing an average of expression level more than 100 reads per million in neuroblast or neuron samples [47]. We then applied
the Hclust function (using the ward method) of the R package stats on this matrix.

Supporting information

S$1 Fig. Immunostaining validation of T6B expression pattern in the CNS of the different Drosophila lines used
to perform cell-type specific Ago-APP. A) Lateral and ventral schematic representation of a late larval Drosophila
central nervous system (CNS). Are depicted the ventral nerve cord (VNC) and the two brain lobes, each composed of a
central brain (CB) and an optic lobe (OL) region; neuroblasts (NB) are in red, ganglion mother cells (GMCs) in green, and
neurons/glial cells in light blue spheres. B) UAS-T6B-FYH transgene expression, revealed by an anti-GFP immunostain-
ing (green), using the glia specific driver repo-GAL4. GFP is expressed in Repo-positive glia (magenta arrowheads) but
absent in Elav-positive neurons (blue arrowhead). Magnified regions correspond to the highlighted square region in the
VNC. Schematic representation of repo>T6B-FYH expression. C) UAS-T6B-FYH transgene expression, revealed by an
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anti-GFP immunostaining (green), driven by nab-GAL4, strongly labels Mira-positive neuroblasts in magenta. GMCs and a
few recently born Elav-positive neurons in blue are also GFP* due to protein perdurance after asymmetric neuroblast divi-
sion in the VNC and in the CB. However, GFP is absent in deep elav-positive neurons. Magnification of the square region
shows that T6B-FYH is highly expressed in CB neuroblasts and more weakly expressed in the NBs of the OL (magenta
arrowhead). Schematic representation of nab >T6B-FYH expression. D) UAS-T6B-FYH transgene expression in the

late larval CNS, revealed by an anti-GFP immunostaining (green). Staining shows that T6B is expressed in neuroblasts
(magenta) and all Elav-positive neurons (blue). Schematic representation of elav>T6B-FYH expression. E-H) Immunos-
taining of the miR-7-GFP reporter line against GFP in the late L3 CNS (E), against GFP, Mira and Elav in the VNC (F) or
in the OL (G) and against GFP, Repo and Elav in the OL (H). Yellow arrowheads show cells positive for Repo but negative
for GFP (H). The white squares delineate the magnified region in Fig 1G-G”. 1) Larval CNS of miR-279/996-GFP reporter
line immunostained against GFP. The white square delineates the magnified region in Fig 1J and 1J'. J, K) Larval CNS of
the miR-10-GAL4; UAS-nEGFP reporter line immunostained against GFP (J), and against GFP, Mira and Elav in the VNC
(K). Green arrowhead points to a neuroblast. The white square delineates the magnified region in Fig 1M and 1M’. Scale
bars represent 30 um.

(TIF)

S2 Fig. Neuroblast-enriched miRNAs target neuronal differentiation. A) List of the most significant terms issued
from a GO analysis performed on the 227 predicted mRNAs coded by the Drosophila genome predicted to be targeted
at least 5 times by the module of neuroblast-specific miRNAs. Most of these terms are related with neurogenesis and
neuron differentiation B) Schematic representation of expression pattern of iconic pro-differentiation and temporal genes
along a neuroblast lineage in late larvae. These genes are predicted to exhibit multiple binding sites for the neuroblast-
enriched miRNA module, as depicted in Fig 2E. C) Total number of target sites in the 3'UTRs of the iconic neurogenic and
temporal genes for each NB-enriched miRNAs (nab>T6B vs. elav>T6B in blue, mean=10.1 1 3.2), glia-enriched miRNAs
(repo>T6B vs. nab>T6B, in green, m=4.7 +1.6), neuron-enriched miRNAs (elav>T6B vs. nab>T6B, inred, m=4.2+1.1)
and random combination of poorly expressed miRNAs in the CNS (miRNAs whose maximal expression is lower than
0,1% of total miRNAs, in grey, m=2.3+0.7).

(TIF)

S3 Fig. miR-1-3p and miR-9c-5p target prospero and nerfin-1 mRNAs respectively in vivo. A) GFP-labelled prospero™
clones in the medulla of the optic lobe (OL), immunostained against GFP in green, Mira in magenta and Elav in blue. Clones
are delineated by the yellow dotted lines. Clones consist of supernumerary Mira+ neuroblasts produced at the expense of
neurons. Clones are surrounded by medulla neurons produced by wild type neuroblasts. B) GFP-labelled nerfin-1"- clones

in the medulla of the optic lobe (OL) show fewer neuroblasts per clone than prospero™ clones. C) Prospero is absent

from GFP-labelled neuroblast clones overexpressing miR-1 in the ventral nerve cord (VNC). D) GFP from the fub-GFP-
prospero3’UTR"T transgene is silenced in Elav+RFP+ neurons (yellow arrowhead in magnified inset) overexpressing miR-1.
E) GFP from the tub-GFP-prospero3’'UTR™R"-3Mut transgene failed to be silenced upon miR-1 overexpression in neurons
(Elav+ RFP+). F-G) RFP-labeled clones overexpressing miR-9a in the VNC stained with RFP in magenta, Mira in white,
DNA (F) or Elav (G) in blue and nerfin-1-GFP in green. Clones are delineated in yellow. H) Normalized nerfin-GFP intensity
in control wild-type clones (n=98 clones, 4 CNS, m=0.99+0.02), in clones over-expressing miR-9a (n=54 clones, 3 CNS,
m=0.55+0.03) and in clones expressing miR-9c-5p%°"%¢ (2X) (n=71 clones, 5 CNS, m=1.13+0.03). p=3.06 x 102" and 1.08
x 10+, respectively. 1) Schematic representation of miR-1, miR-9, prospero, and nerfin-1 expression and regulation in a wild-
type lineage and in a neuroblast (NB)/GMC overexpressing miR-9 or mutant for nerfin-1. Scale bars represent 30 pm.

(TIF)

S$4 Fig. Sponge-mediated knockdown of the miRNA module leads to neuroblast shrinking and increased expres-
sion of target genes. A) GFP-labelled miR-1%° clones in the VNC stained with GFP in green, Mira in magenta and Elav in
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blue. B) Normalized neuroblast area in control and in miR-14° clones. Neuroblast area is in average smaller in the miR-1%°
(n=52 clones, 2 VNC+CB, m=0.89+£0.03) condition than in the control condition (n=66 clones, 5 VNC+CB, m=110.02)
(p=0.031). Scale bars represent 30 um. C) GFP-labelled clones in the late larval CNS mis-expressing miR-cluster2sronse,
All neuroblasts are color-coded relative to size (in pixels). Control neuroblasts (non-GFP labelled) and neuroblasts
expressing the miR-cluster2s°s¢ (GFP-positive) are shown in two separate panels. Large neuroblasts are absent in clones
mis-expressing miR-cluster2s,°'%¢. D-K) qPCR experiments (in triplicate) for pro-differentiation and temporal genes tar-
geted by the neuroblast-enriched miRNA module. Sponges were expressed in all neuroblasts, and gqPCR was done on
dissected CNS. Gene expression tends to be higher upon sponge mis-expression. Expression of the miR-cluster1 multi-
sponge leads to a stronger derepression than expression of the miR-1 sponge. L) Control GFP+ lineages in the VNC
expressing UAS-GFP under the control of eagle(e.g.,)-GAL4. Eg lineages are shown enlarged on the right. Each lineage
contains a neuroblast (Mira+, in magenta or grey) and several GFP+ progeny (GMCs and neurons (Elav +, in blue). M)
GFP-labelled, e.g., lineages expressing the miR-cluster2s°" transgene (e.g.,-GAL4; UAS-GFP; UAS-miR-cluster2srons),
Neuroblasts are small or lost. N) Distribution of neuroblast phenotypes after sponge expression using, e.g.,-GAL4: con-
trol (n=23 NBs), miR-cluster1sr°me (1X) (n=17 NBs), miR-8-3ps°"%¢ (2X) (n=18 NBs), miR-11-3p°me¢ (2X) (n=24 NBs),
miR-34-3ps°n%e (1X) (n=24 NBs), miR-92a-3p°"%¢ (1X) (n=18 NBs), miR-92b-3psonee (2X) (n=21 NBs), miR-315-5psrcnse
(2X) (n=18 NBs), and miR-cluster2sr°"¢ (1X) (n=24 NBs). The p-adjusted-values obtained after pairwise comparison of
each sponge construct as indicated from left to right with control (no sponge) were: p=1, p=1, p=1, p=1, p=1, p=1, p=1
and p=4.3 x 10 respectively. The scale bars represent 30 um, except for magnifications in L and M where the scale bars
represent 10 pym.

(TIF)

S5 Fig. Knockdown of the neuroblast-enriched miRNA module promotes precocious differentiation of medulla
neuroblasts. A) Schematic recapitulating the process of neurogenesis in the late larval medulla of the OL. The neu-
roepithelium (NE) is progressively converted into medulla neuroblasts (NB). Expression of miR-cluster2s*°"s¢ in medulla
neuroblasts leads to a smaller neuroblast stripe, as measured in Fig 8C. B) dpn°:-GAL4 is expressed in the medulla
neuroblasts of the OL (Mira+ cells in magenta), as shown by GFP staining in green. C) Comparison of medulla neuroblast
area in OL expressing sponges for individual miRNAs or miR-cluster1s°°"%¢ and miR-cluster2*°"e: control wild-type (n=74
NBs, 7 CNS, m=51.46+1.24), miR-cluster1s°m¢ (1X) (n=60 NBs, 2 CNS, m=42.84 £ 1.39), miR-8-3p%°"%¢ (2X) (n=72 NBs,
4 CNS, m=48.90+1.43), miR-11-3psroree (2X) (n=75 NBs, 3 CNS, m=49.68 £ 1.26), miR-34-3p°9¢ (1X) (n=72 NBs, 4
CNS, m=52.57+£1.51), miR-92a-3p%°"¢ (1X) (n=75, 4 CNS, m=48.43 £1.28), miR-92b-3psroree (2X) (n=74 NBs, 4 CNS,
m=48.13+1.02), miR-315-5p%r°rs¢ (2X) (n=64 NBs, 3 CNS, m=48.94+1.71) and miR-cluster2s°"%¢ (1X) (n=75 NBs, 4
CNS, m=24.59+1.16). The p-values issued from comparison of each sponge construct with control are: p=1.20 x 1073,
p=1,p=1,p=1,p=1,p=1,p=1and p=6.79 x 102, respectively. D) GFP+ clones expressing miR-cluster2s*°"% in the OL
and stained with Mira in magenta to mark medulla neuroblasts and with DE-Cadherin in blue to mark the NE, showing that
the neuroblast-to-neuroepithelium conversion is not affected by the sponge expression. G) GFP-labelled clone expressing
miR-cluster2s,°e in the OL, at the surface (showing a smaller medulla neuroblast band), and deeper (showing differentiat-
ing neuroblasts, yellow arrowheads), stained with GFP in green, Mira in magenta and Elav in blue. Note that more neu-
roblasts are found in the deep layers in the miR-cluster2s*°"¢¢ clone suggesting an excess of differentiating neuroblasts.
Scale bars represent 30 um.

(TIF)

S1 Table. Small RNA-Seq data.
(XLSX)

S2 Table. miRNA/mRNA matrix.
(XLSX)
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S3 Table. Sequences used for sponge constructs generated in this study.
(XLSX)

S4 Table. Oligonucleotides used in qRT-PCR assays.
(XLSX)

S5 Table. Full genotype of offspring for each experiment.
(XLSX)
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