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SUMMARY

Dicer controls the biogenesis of microRNAs (miRNAS) and is essential for neurogenesis. Recent
reports show that the levels and substrate selectivity of dicer result in the preferential biogenesis
of specific miRNAS /n vitro. However, how dicer expression levels and miRNA biogenesis are
regulated /n vivo and how this affects neurogenesis is incompletely understood. Here we show
that during zebrafish hindbrain development dicerexpression levels are controlled by miR-107 to
tune the biogenesis of specific miRNAs, such as miR-9, whose levels regulate neurogenesis. Loss
of miR-107 function stabilizes dicer levels and miR-9 biogenesis across the ventricular hindbrain
zone resulting in an increase of both proliferating progenitors and post-mitotic neurons. miR-9
ectopic accumulation in differentiating neuronal cells recapitulated the excessive neurogenesis
phenotype. We propose that miR-107 modulation of dicer levels in differentiating neuronal cells
is required to maintain the homeostatic levels of specific miRNAs, whose precise accumulation is
essential for neurogenesis.

Keywords
zebrafish; neurogenesis; dicer; miR-107; miR-9

gorrespondence: stefania.nicoli@yale.edu.

These authors contributed equally to this work.
Authors Contributions
S.N. conceived the project; E.M. and S.N. designed and carried out all the experiments; M.A.L.R. designed and carry out the
experiments in Figure 5, Figure S3 and contribute to the Figure 2A-D, E and G; A.N. generated the miR-107a mutants; G.H.T.
performed miR-107 in situ hybridization in Figure S2A; A.M.M. generated Figure S1F; C.F.C. and J.L.T. helped with the generation
of the zebrafish neurospheres assay. S.N. wrote the manuscript. E.M., M.A.L.R. and J.L.T. contributed to write the manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ristori et al. Page 2

INTRODUCTION

miRNAs are highly conserved non-coding small RNAs that bind to the 3’ -untranslated
region (3"UTR) of target messenger-RNAs (mMRNAs) and post-transcriptionally regulate the
expression of genes by repressing translation and/or decreasing transcript stability (Bazzini
etal., 2012; Guo et al., 2010). miRNAs are transcribed in a tissue- and time-specific manner
as large primary miRNA transcripts (pri-miRNAs), and subsequently cleaved by the RNAse
enzyme DROSHA and the cofactor DGCR8 to form stem-loop hairpins (pre-miRNAS).
Pre-miRNAs are bound by dicer which generates the mature miRNAs (Denli et al., 2004).
The levels of miRNAs within a single cell type are important to determine which mRNAs
are regulated (Mukherji et al., 2011). Accordingly, miRNA accumulation varies greatly
between tissues (Ason et al., 2006; Lagos-Quintana et al., 2002) and regulates a large variety
of cellular processes including oncogenesis (He et al., 2005), cardiogenesis (Zhao et al.,
2007), muscle development (Mishima et al., 2009), and brain morphogenesis (Giraldez et
al., 2005).

Neurogenesis is a highly conserved process among vertebrates (Gage and Temple, 2013).
During the development of the central nervous system the proper balance between the
proliferation and differentiation of neural progenitors allows the temporal production of
post-mitotic neural cells. This process is modulated by miRNASs as suggested by their
differential expression during differentiation (Gangaraju and Lin, 2009). Mice, homozygous
for dicer deletion, die at embryonic day 7.5, while the tissue specific deletion of dicer at
later time points during mouse neural development results in several cerebral cortex defects,
including apoptosis, neurons with increased spine and dendritic length, and premature neural
stem cell differentation and migration (Cuellar et al., 2008; Volvert et al., 2012) (Kawase-
Koga et al., 2009; Saurat et al., 2013). While these studies support a requirement for dicer

in neural development, often the reduction of only a few miRNAs (for example miR-124
and miR-9) are reported to be the primary cause of the neurogenesis defects in the dicer-null
embryos (Huang et al., 2010). Similary, in zebrafish, removal of dicer leads to profound
brain morphogenesis defects that can be recapitulated solely by the absence of miR-430
biogenesis (Giraldez et al., 2005). The importance of dicer for neural cell differentiation led
us to investigate the mechanisms that regulate dicer levels necessary for the biogenesis of
key miRNASs during neurogenesis.

miR-107 belongs to the higly conserved miR-103/107 family (Polster et al., 2010) and is
associated with several pathological conditions, including defects in glucose homeostasis,
cancer and neurodegenerative diseases (Martello et al., 2010; Scarr et al., 2013; Trajkovski
etal., 2011). In breast cancer cells, miR-103/107 downregulates the expression level of
dicer to globally reduce miRNA biogenesis in the long term, leading to metastasis and a
poor outcome in patients (Martello et al., 2010). Expression profiles of miR-103/107 family
members show that miR-103 is physiologically expressed at similar levels across various
human tissues including the cerebral and frontal cortex, heart, lung, and liver, whereas
miR-107 is specifically enriched in brain samples (Wang et al., 2014). The regulatory role
of miR-107 on dicer function in cancer cells raises questions about the role of miR-107 in
dicer-dependent physiological processes such as neurogenesis.
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We investigated whether the regulation of dicer activity by miR-107 is a canonical
homeostatic mechanism controlling miRNA levels during neuronal differentiation. Using
zebrafish as a model we demonstrated that miR-107 is enriched from neural/neuronal
progenitor cells to newborn neurons detaching from the ventricular zone of the developing
hindbrain. miR-107 interacts with dicer at the post-transcriptional level, negatively tuning
its levels and function in neuronal differentiating cells. Gain of miR-107 function causes

a profound loss of brain morphogenesis consequential to a loss of dicer and miR-430
biogenesis. On the contrary, loss of endogenous miR-107 increases dicer mMRNA stability
during late hindbrain neurogenesis thus increasing the number of cycling progenitors
generating neurons. Similarly, using adult tectum-derived neurospheres as an /n vitro model
of neurogenesis, we observed that the silencing of miR-107 results in the stabilization of
dicer levels that predominantly promotes miR-9 biogenesis. Loss of miR-107 or the ectopic
expression of miR-9 promotes neurosphere neurogenesis /n vitro. Congruently, in the
embryos lacking miR-107, miR-9 biogenesis increases across the hindbrain ventricular zone
as a consequence of dicer stabilization. Thus, the gain of miR-9 function recapitulated the
neurogenic defect observed in the absence of miR-107. In conclusion, miR-107 controlled
dicer levels along the hindbrain ventricular zone, to tune the biogenesis of specific miRNAs,
such as miR-9, whose accumulation in neural and neuronal progenitor cells is crucial to
generating neurons. Our data proposes a model in which a tissue specific miRNA-dicer
interaction regulates the biogenesis of key miRNAs whose function during cell development
is dependent on their levels.

miR-107 expression pattern during hindbrain development

Employing the zebrafish as an experimental model, we first analyzed the spatiotemporal
pattern of miR-107 expression in the developing brain.

We used a labeled Locked Nucleic Acid (LNA) RNA probe to detect the expression pattern
of the mature miR-107 sequence. At 30 hours post-fertilization (hpf), miR-107 started

to be expressed by a few proliferating radial glial progenitor cells [incorporating BrdU

and expressing the radial glia-marker BLBP(Diotel et al., 2010)] localized in the rhombic

lip (RL) of the hindbrain ventricular zone (Figure 1A-C, arrowheads). Interestingly, at

later neurogenesis stages (48 and 60 hpf) (Schmidt et al., 2013), miR-107 expression was
excluded from the dorsal hindbrain ventricular zone and detected in both the periventricular
and post-mitotic mantle zone (Figure 1D-H). To determine the identity, commitment, and
fate of the miR-107 positive cells we performed a series of double staining with the miR-107
LNA probe and several protein markers of neural/neuronal progenitors in post-mitotic
neurons. We detected that miR-107 was expressed in neural progenitor cells that were BLBP
and GFAP positive detaching from the dorsal and ventral ventricular zone, respectively
(Figure 1E, F arrowheads). On the contrary, the most ventricular row of BLBP and GFAP
positive cells had little to no miR-107 expression, suggesting that miR-107 is excluded

in neural cells in the progenitor state at these developmental stages (Figure 1E, F, stars).
Based on the strong distribution of miR-107 in the periventricular area, we hypothesized
that miR-107 expression would demark a later commitment state of neural cells that exit
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the ventricular area. Thus, we investigated the expression of miR-107 in neuronal progenitor
cells using the 7g(-8.4neurog1:GFP) zebrafish line (Blader et al., 2004). As expected,

only the neurogenin (neurogl, hereafter referred as ngnl) GFP positive cells invading the
mantle zone co-expressed miR-107 (Figure 1G, arrowheads). This expression pattern further
confirms that miR-107 highlights the commitment of neural/neuronal progenitors exiting the
ventricular area to generate newborn neurons. Congruently, we detected miR-107 in post-
mitotic neurons labeled with the HU marker (Kim et al., 1996) exiting the periventricular
area, demarked by the position of BrdU™ proliferating progenitors, and migrating into the
mantle zone (Figure 1H, stars and arrowheads respectively). Moreover, miR-107 showed a
similar expression pattern in the hindbrain of 60 hpf embryos (Figure S1A-D). Altogether,
these data indicate that the expression of miR-107 in the developing hindbrain followed the
maturation of neuronal progenitor cells leaving the ventricular area and differentiating into
newborn neurons (Figure 11).

miR-107 targets dicer during neural development

To address whether miR-107 expression was able to post-transcriptionally regulate dicer
activity during neurogenesis, we analyzed miRNA biogenesis in miR-107-gain of function
embryos obtained by injecting a miR-107 oligonucleotide duplex that mimics the mature
sequence of miR-107 (miR-107-duplex-WT). At 24hpf, the majority of the embryos injected
with 100 uM miR-107-duplex-WT (around 70%) displayed a loss of the midbrain-hindbrain
boundary (MHB) (Figure 2A, B and E), similar to maternal zygotic dicer mutants (MZ
dicer) that present a loss of MHB and embryonic miRNAs (Giraldez et al., 2005). Indeed,
we demonstrated that this defect predominantly resulted from the repression of dicer
transcripts, since the MHB was significantly rescued in embryos injected with both a
miR-107 duplex and an /n vitro transcribed human D/CER mRNA lacking the 3’UTR
(hDICER) (Figure 2C, arrow, and E). Moreover, the co-injection of 10 uM miR-430
duplexes was sufficient to rescue the MHB in miR-107-duplex-WT embryos, suggesting that
the neural defect in the miR-107-gain of function embryos was consequential to an impaired
miR-430 biogenesis (Figure 2D, arrow, and E). To test this hypothesis we analyzed the levels
of miR-430 in miR-107-duplex embryos by northern blot and qRT-PCR. As expected, the
gain of miR-107 function showed a loss of miR-430 mature sequence and an accumulation
of its pre-miRNA indicating loss of dicer activity, similar to the M.Z dicer mutants (Giraldez
et al., 2005) (Figure 2F and G). Accordingly, the miR-430 biogenesis was partially restored
after ADICER co-injection with the miR-107-duplex-WT (Figure 2F and G). In contrast, no
accumulation of pre-miR-430 or a significant decrease of mature miR-430 was observed in
embryos injected either with 100 uM miR-107 duplex with 8 mutated nucleotides in the seed
region (MiR-107-duplex-MUT) or with 100 uM miR-221 duplex (Nicoli et al., 2012) or 100
UM miR-1 duplex (Mishima et al., 2009) (Figure 2F and Figure S1E). Thus, excluding the
possibility that the injection of the miR-107-duplex-WT at the dose of 100uM may generally
compete with the endogenous pool of miRNAs for the intracellular small RNA machinery
(Khan et al., 2009). Therefore, all together, our data demonstrate that the ectopic miR-107
expression affects embryonic brain morphogenesis by specifically repressing dicer activity
and miRNAs biogenesis.
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To further assess if miR-107 directly regulates dicer mRNA translation, we used a
previously validated miRNA sensor strategy (Mishima et al., 2009) (Figure 2H). Embryos
were co-injected with a green fluorescent protein (GFP) fused with a zebrafish dicer-3'UTR
sequence containing two conserved miR-107 binding sites (GFP-diicer-3"UTR) (Figure
S1F), and the miR-107-duplex-WT or the miR-107 duplex-MUT. Co-injection of the
GFP-dicer-3’ UTR construct and miR-107-duplex-WT inhibited GFP expression compared
with the embryos injected with the miR-107-duplex-MUT. In contrast, both miR-107
duplexes did not change the expression of an mCherry mRNA fused with a control-3"UTR.
Therefore, miR-107 repressed GFP expression by specifically binding to the dicer-3’UTR
sequence (Figure 21 and J). To further validate the specificity of the miR-107 binding

sites in the diicer-3"UTR we designed two morpholino target protectors (MQUicer TPs) that
bind to the dicer-3"UTR to prevent miR-107 repression (Figure S1F). In agreement with
our prediction, the injection of the MOdice" TPs was sufficient to prevent the binding of

the miR-107 duplex to the GFP-dicer-3"UTR mRNA as demonstrated by the recovery of
the GFP expression in the miR-107-duplex-WT co-injected embryos (Figure 21 and J).
Altogether, these results provide evidence that miR-107 can post-transcriptionally regulate
dicer activity by specific binding to the dicer-3’UTR.

Dicer and miR-107 have inverse spatial and temporal expression patterns in the
developing hindbrain

We hypothesized that if miR-107 expression in the developing hindbrain is necessary to
repress dicer, miR-107 and dicer should localize temporally and spatially in an opposing
manner. To test this prediction we first analyzed dicerand miR-107 expression by /n situ
hybridization, using an antisense dlicerriboprobe and miR-107 LNA probe. Transversal
hindbrain sections of 30 hpf embryos showed that miR-107 was scarcely expressed whereas
dicer mRNA was broadly detected in every cell, accordingly with its important role in
miRNA processing during early brain morphogenesis (Figure 3A and B). Interestingly,
dicerand miR-107 expression at 48 and 60 hpf showed an opposite spatial distribution
particularly evident in the periventricular and mantle hindbrain zone (Figure 3A, black and
white stars respectively). High magnification pictures of these regions showed that, while
dicer was restricted to the most dorsal ventricular area, miR-107 was diffusely expressed
in the periventricular and post-mitotic hindbrain zone (Figure 3B, white and black stars,
respectively). The levels of miR-107 and dicer were quantified by gRT-PCR in whole
embryonic brain tissue confirming the progressive decline of dicertranscripts from 30hpf
to 60hpf where miR-107 was significantly increased (Figure 3C). Altogether, these data
showed that dicer mRNA levels progressively decreased in the miR-107 positive cells
previously identified as neuronal differentiating cells and newborn neurons (Figure 3D and
Figure 1E-H).

Loss of miR-107 function promotes hindbrain neurogenesis

The miR-107 pattern of expression in the neuronal cells of the hindbrain suggests its
possible function during neurogenesis. To test this hypothesis, we performed loss of function
experiments to deplete the embryos of miR-107a, the miR-107 mammalian homolog in the
zebrafish. We generated a zebrafish miR-107a mutant using a transcription activator-like
effector nuclease strategy (TALENs1073) (Bedell et al., 2012) (Figure S2). Injection of
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TALENSs97a introduced specific embryonic mutations within the miR-107a genomic region
and blocked miR-107 expression in the brain similarly to a previously validated morpholino-
antisense oligonucleotide (MO1972) (Figure S2A) (Nicoli et al., 2012).

We next investigated the effect of miR-107a loss of function on cycling progenitors and
neuron production in the developing hindbrain (Figure 4A and B). To test the number of
cycling progenitors, F2 miR-107a mutant embryos as well as MO1072 and MOt injected
embryos were briefly pulsed at 30, 48 and 60 hpf with BrdU (Figure 4A, C and Figure S2C,
D). At 30 hpf, when miR-107 was expressed in a few proliferating radial glia progenitors
(Figure 1B-C), the number of BrdU* cells was only modestly increased in miR-107a
morphant and miR-107a~/~ mutant embryos compared with the respective controls (Figure
4C and D). At 48 hpf, both miR-107a mutants and morphants showed the most robust
increase of BrdU™ cells counted in the ventricular area while at 60 hpf their number was
comparable between embryos with and without miR-107a (Figure 4C, arrows, and D). Thus,
suggesting that the lack of miR-107a promotes cycling progenitors between 30 and 48 hpf.
This transient increase of BrdU™ cells could be caused either by a block in cell-cycle exit
or by an increase in the number of cycling progenitors. To discriminate between these two
possibilities we labeled dividing progenitors with a brief BrdU pulse at 30 hpf and followed
their fate at 60 hpf, the time point at which most of the neural progenitors exit the cell
cycle in both control and miR-107a mutants or morphants. Neuronal fate was determined
by the expression of an early marker of neuronal differentiation, HU (Figure 4B). In the
hindbrain of the miR-107a~/~ and MO072 injected embryos we observed an increase of
progenitors that differentiated into neurons, as counted by the HU-BrdU double-positive
cells, migrating in the mantle zone (Figure 4E, arrows). Thus, the observed supernumerary
BrdU™ neural progenitors from 30 to 48 hpf can exit the cell cycle and differentiate into
neurons by 60 hpf. These data suggest that the absence of miR-107a led to an increased
number of cycling progenitors generating neurons. To further corroborate this hypothesis
we detected and quantified the expression of ngn1 as a specific gene marker of neuronal
progenitors (Korzh et al., 1998). As expected, embryos lacking miR-107a compared with
the controls showed an expansion of the ngni expressing cells at 60 hpf confirming that the
supernumerary number of cycling progenitors detected early on followed the neuronal fate
(Figure 4F, white stars).

Taken together, these data suggest that the absence of miR-107a during hindbrain
development led to an increased number of cycling progenitors and promoted their
differentiation into neuronal cells.

Loss of miR-107 stabilizes dicer and promotes miR-9 biogenesis and neurogenesis in
zebrafish brain-derived neurospheres

Based on the expression and function of miR-107 in the developing hindbrain, we
hypothesized that miR-107 acts in a cell autonomous manner within neural cells by
repressing dicer and driving specific inhibitory signaling to properly control neuron
production. Therefore, we tested miR-107 funtion in an /in vitro model of neurogenesis using
zebrafish brain-derived neurospheres. The neurosphere assay is a valuable tool for isolating
and understanding the signaling required for both stem and progenitor cells to differentiate
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into neurons, independently from their environment /n vivo (Campos, 2004). In this study,
we established for the first time a zebrafish neurosphere assay using adult neural progenitor
cells (NPCs) cultured in the presence of a high concentration (10 ng/ml) of bFGF2 and
EGF growth factors. Adult NPCs were isolated from different adult brain regions such

as the telencephalon, tectum, and cerebellum (Figure S3A and B). Interestingly, zebrafish
NPCs isolated from the tectum, generated after 4 days /n vitro (Div4), had the highest
number of neurospheres compared with other brain regions (Figure S3C and D). Although
we cannot exclude contamination from the adjacent diencephalic area our data suggested
that the tectum region is enriched in NPCs growing in our culture conditions. Thus, we
only used adult tectal material for performing neurosphere assays. Neurospheres formed
mainly from the proliferation of GFAP™ radial glia cells that served as neural progenitors
able to self-renew and differentiate after withdrawal of growth factors for three consecutive
culture passages (Figure S3E arrowhead and data not shown). After four days /n vitroin
the absence of growth factors (Div4d), zebrafish neurospheres differentiated into all neural
cell types:. astrocyte-like cells (GFAP*) (Nielsen and Jorgensen, 2003), oligodendrocytes
(Sox-10%) (Takada and Appel, 2010) and mature neurons (a-tubulin*) (Ulrich et al., 2011)
and expressed gene markers of several post-mitotic neural cells (Figure S3F, arrowheads,
and G). qRT-PCR analysis indicated that, during the course of neurosphere differentiation,
dicer mRNA levels progressively declined while miR-107 expression increased (Figure 5A
and B). Together with our /n7 vivo data, this result confirms that miR-107 and dicer are
expressed in an opposite time-course manner from the stage of progenitor to the stage of
mature post-mitotic neural cells.

We then tested whether miR-107 directly controls the dicer mMRNA expression level.

Div2 neurospheres were treated with an LNA-anti-miR-107 (Lennox et al., 2013) or with
miR-107-mimic oligonucleotides, to determine the effect on dicerexpression of either the
loss- or gain- of miR-107 function, respectively. miR-107-deficient derived neurospheres
showed a stabilized level of dicertranscripts, while dicer mMRNA expression was inhibited
in gain-of-miR-107 function neurospheres (Figure 5C). These data suggested that during
neurosphere neurogenesis dicer mMRNA levels are regulated by miR-107 expression. To
further investigate the neurogenic effect of miR-107-dicer crosstalk in NPCs, we analyzed
the number of proliferating cell nuclear antigen (PCNA) positive proliferating progenitors
and HU™* neurons in neurospheres cultured in the presence or absence of miR-107 (Figure
5D). The increased number of PCNA* dividing progenitor cells and HU* post-mitotic
neurons in miR-107-deficient cultures indicates that the progressive destabilization of dicer
by miR-107 normally represses neurogenesis /n vitro (Figure 5D).

Next, we investigated the molecular mechanisms linking miR-107 expression, dicer
destabilization, and neurogenesis progression. We first analyzed the biogenesis of mMiRNAs
highly enriched in adult neural cells (Kapsimali et al., 2007) in differentiating neurospheres
with or without miR-107. Among the 14 miRNAs analyzed, neurospheres differentiated
after anti-miR-107 treatment showed a striking accumulation of miR-9 mature sequence
(Figure 5E). Importantly, the expression of miR-9 precursors (pri-miR-9-2 and pre-miR-9-2)
transcribed in neural cells (Bonev et al., 2012), were not increased in the absence of
miR-107 (Figure 5E). Thus, the accumulation of miR-9 resulted from an excess of its
biogenesis rather than from an increase of its transcription. miR-9 is a highly conserved
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miRNA essential for NPC differentation, i.e., the specific threshold at which miR-9 is
accumulated in NPCs influences the timing of their proliferation and differentiation (Bonev
et al., 2012). We found that increased miR-9 expression levels in floating undifferentiating
neurospheres (Div4) via transfection with a miR-9-mimic miRNA, caused an increased
number of PCNA* cells, in comparison to control neurospheres. A similar miR-9-mimic
treatment on differentiating neurospheres (Div4d) resulted in an increased number of

HU™ post-mitotic neurons. Therefore, the miR-107-loss-of-function or the excess of miR-9
expression similarly promoted neurogenesis (Figure 5D).

Altogether, our /n vitro data indicate that the absence of miR-107 increases dicer mMRNA
levels promoting the specific biogenesis of miR-9 and neurosphere neurogenesis.

miR-107 modulates miR-9 biogenesis across the hindbrain ventricular zone by controlling
the spatial and temporal expression of dicer levels

To assess if miR-107 controls dicer to predominantly modulate the level of miR-9 during
hindbrain development, we analyzed the temporal and spatial expression of dicer transcripts
and the miR-9 mature sequence in embryos injected with a miR-107a morpholino (MO1072),
which phenocopied the hindbrain neurogenesis defects of the miR107a~/~ mutants that

lack miR-107a function and showed significant increases in dicer expression (Figure 4 and
Figure S4A). In the hindbrain section of MO1972 jnjected embryos at 30 hpf, dicer and
miR-9 expression was unaffected compared with respective controls (Figure S4B). This was
congruent with restricted miR-107 expression in a few proliferating radial glia progenitor
cells at 30 hpf and the mild phenotype on the progenitor numbers in the miR107a morphants
at this developmental stage.

At 48 and 60 hpf, in the control embryos dicer mRNA was compartmentalized toward the
most dorsal ventricular row of cells where miR-9 was also highly expressed (Figure 6A,
stars). The miR-9 expression in the ventricular area corresponds to neural and neuronal
progenitor cells differentiating into newborn neurons whereas most of the miR-9 mature
sequence was excluded from the region outside the ventricular area (Figure 6A, arrowheads)
(Coolen et al., 2012). In contrast, in the hindbrain section of the MO07a embryos at

the same developmental stages dicer mMRNA levels were ectopically expressed outside

the ventricular area towards the periventricular and post-mitotic region, where miR-107
expression is normally localized (Figure 6B, arrowheads, and Figure 1 and 3). Notably,
several cell layers at the periventricular area showed a concomitant accumulation of miR-9
undetectable in the control embryos (Figure 6B, arrowheads). We did not detect ectopic
expression of miR-9 in post-mitotic neurons of the most deep mantle hindbrain region
suggesting that the miR-107-dicer interaction modulates miR-9 biogenesis predominantly in
differentiating neuronal cells (Figure 6A and B).

We further quantified the increase of dicer and miR-9 expression by gRT-PCR in 60 hpf
embryos injected with MO072 or MO®" (Figure 6C). We confirmed that, upon miR-107
removal, dicer mRNA levels increased significantly as well as the miR-9 mature sequences.
Additionally, the expression of Let-7 and miR-124, two of the most abundant neural
specific mMiRNAs in embryonic neural development (Kapsimali et al., 2007), was unchanged
suggesting that the stabilization of dicer mMRNA preferentially promotes the biogenesis of
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miR-9 /in vivo (Figure 6C). Thus, we analyzed by northern blot the biogenesis of miR-9,
Let-7 and miR-124 at 60 hpf embryos injected with MO072 or with a #D/CER mRNA.
We detected upon the respective treatments a rapid and specific accumulation of miR-9
mature sequence rather than miR-9 precursor, confirming that the accumulation of miR-9
is preferentially promoted by the increased dicer activity, induced by either exogenous
hDICER mRNA injection or endogenous lack of miR-107a (Figure 6D). In summary,

our data showed that at late hindbrain neurogenesis, dicer expression is destabilized by
miR-107 in the periventricular and post-mitotic zone allowing the modulation of miR-9 in
these regions. Upon removal of miR-107a, the ectopic levels of dicer lead to a preferential
biogenesis of miR-9 leading to excess miR-9 accumulation in cells along the post-mitotic
front normally expressing miR-107 (Figure 6E).

Increased miR-9 levels during late hindbrain neurogenesis promote the production of
neurons in the absence of miR-107-dicer interactions

During hindbrain development, miR-9 regulates several antagonistic factors in both neural
and neuronal progenitor cells, balancing the appropriate production of neurons over time.
The downregulation of miR-9 increases the expression of progenitor- and cell-cycle exit-
promoting genes to drive certain progenitors to become neurons (Bonev et al., 2011,
Coolen et al., 2012). Interestingly, our data indicated that in the mutant or morphant
embryos lacking miR-107a, hindbrain neurogenesis increased in correlation with dicer and
miR-9 augmentation between 30, 48 and 60 hpf. We hypothesized that either the up- or
downregulation of miR-9 at this developmental time causes an imbalance of pro- and
anti-neurogenic signaling promoting neurons. To test this, we first assessed the hindbrain
neurogenesis progression in embryos where miR-9 was ectopically induced between 30
to 60 hpf by the injection of a temperature inducible promoter driving mCherry fused to
the miR-9 precursor (Hsp70-miR-9MCheY)  Neurogenesis was evaluated by determining
the number of neurons differentiating over the course of the heat-shock treatment as well
as the expression of the neuroblast specific marker ngnl. Hsp70-miR-9MCheTY injected
embryos were briefly pulsed with BrdU and heat-shocked at 30 hpf. By 48 hpf mCherry
was detected throughout the brain and trunk regions and the ectopic expression of miR-9
was confirmed by northern blot and gRT-PCR analysis (Figure 7A-B and Figure S5A-C).
We found that in the 60 hpf embryos in which mCherry was abundantly expressed in

the post-mitotic hindbrain area, a larger proportion of BrdU-positive cells pulsed at 30
hpf differentiated into HU positive neurons (Figure 7A, arrows). Accordingly, in the same
embryos we detected an expansion of ngnl expressing cells in the hindbrain (Figure 7C).
Thus, the overexpression of miR-9, as well as the downregulation of miR-107a, promoted
the number of progenitors committed to becoming neurons. Moreover, these data indicate
that the increased neurogenesis in the absence of the miR-107-dicer interaction may be
consequential to miR-9 accumulation.

To test this hypothesis we reasoned that ectopic miR-9 expression could cause excessive
neuronal differentiation by repressing Aer6, which is the Hes-1 mammalian homolog in
zebrafish and the miR-9 progenitor-promoting target gene in the developing hindbrain
(Bonev et al., 2012; Coolen et al., 2012). Thus, we assessed the production of neurons in
embryos lacking the miR-107a-dicer interaction and miR-9 repression to /er6, using a target
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protector morpholino previously used to prevent the binding of miR-9 to the #er63'UTR
(MONer8 TPY(Coolen et al., 2012). We found that embryos co-injected with MQ"e"® TP angd
MO197a showed a normal number of BrdU* cells pulsed at 30 hpf and differentiated into

HU neurons at 60 hpf when compared with the BrdU-HU double positive cells counted in
the MO072 jnjected embryos alone (Figure 7D and Figure S5D). Furthermore, the inhibition
of miR-9-her6 binding was able to rescue the excessive neuronal differentiation detected in
embryos injected with the MOdicer TPs tg the control level (Figure 7D). Accordingly, in these
embryos the protection of dicer-3"UTR to miR-107 binding sites was also able to stabilize
dicer, miR-9and ngnZ hindbrain expression similarly to the 107a morphants (Figure S5E).

Altogether, these data prove that the increased levels of miR-9 are responsible for the
excessive number of hindbrain neurons in the embryos lacking the miR-107a specific
repression of dicer-3' UTR.

DISCUSSION

miRNAs act at many different levels of the neurogenesis process and neuronal identity.
Indeed, specific subsets of mMiRNAs are differentially regulated between neural stem

cell proliferation and differentiation (neurogenesis-related miRNAs) and neuronal identity
(neuronal-specification related miRNASs) (Li and Jin, 2010). However, the mechanisms that
control their differential accumulation during development are poorly understood. Here

we propose that the brain-enriched miRNA, miR-107, negatively regulates dicer at the
post-transcriptional level tuning its function to control the precise accumulation of specific
miRNAs decisive for neurogenesis progression. This finding may appear paradoxical at first,
considering the well-established notion that miRNAs are necessary for both development
and maintenance of the brain’s functions (Volvert et al., 2012). However, we observed that
the reduction of dicer levels did not correlate with a rapid and global loss of neurogenesis-
related miRNAs. Indeed, we found that miR-107 itself is accumulating over the time course
of dicer reduction in both /n vivoand in vitro neurogenesis models. miRNAs are well
known to be stable molecules and global miRNA analysis upon transcription shutoff showed
that the majority of miRNAs do not decrease during the course of the first eight hours
post-treatment and some miRNAs can have a half-life of days (Bail et al., 2010). Therefore,
during the time course of dicer depletion, miRNAs (such as miR-107) are sufficiently stable
and accumulate.

We showed that during neurogenesis, the lack of miR-107 increases the functional levels
of dicer to preferentially promote the biogenesis of miR-9. Previous /n vitro studies
showed that human DROSHA and DICER have preferential cleavage efficiencies on pri-
and pre-miRNAs respectively (Feng et al., 2012; Feng et al., 2011). In these studies,
DROSHA has an average cleavage efficiency on pri-miR-9, while the cleavage efficiency
of DICER for pre-miR-9 is one of the highest of the ~160 pre-miRNAs analyzed (Feng
et al., 2012). These biochemical data may explain why excessive levels of dicer, in the
absence of miR-107, rapidly increased miR-9 biogenesis during neuronal differentiation.
Accordingly, previous data indicates that the pre-miR-9-2 is rapidly cleaved into the
mature miR-9 /n vitroin NPCs. The high stability of the miR-9 mature sequence allows
its accumulation over time and establishes the timing of neural progenitor proliferation
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and differentiation (Bonev et al., 2012). In our model we believe that the decrease of

dicer during neurogenesis is a mechanism that “curbs” and tunes the accumulation of
specific neurogenesis-related miRNAsS, such as miR-9, whose precursors are highly unstable
(rapidly processed) and whose mature sequence is highly stable (Bonev et al., 2012). This
mechanism is particularly relevant during hindbrain development where, to properly allow
the neurogenesis progression, miR-9 expression is temporally required in several cell types
of the ventricular area and decreases in post-mitotic neuronal cells. Our data indicate that
miR-107 expression is critical to post-transcriptionally destabilize dicer in cells exiting

the ventricular area, to facilitate the gradual decay of miR-9 mature sequence in neuronal
differentiating cells (Figure 7E).

We showed that loss of the miR-107-dicer interaction promotes hindbrain neurogenesis at
late stages of development. Even though our results strongly suggest that this neurogenesis
defect correlates predominantly with an increase of miR-9 biogenesis, we cannot exclude
that other miRNAs may contribute to this phenotype. Investigating 14 out of ~40 miRNAs
known to be expressed in brain tissue (Bak et al., 2008; Kapsimali et al., 2007), we found
that miR-132 and miR-34 also showed increased expression levels upon loss of miR-107.
However, miR-132 is involved in the control of neuronal identity rather than neurogenesis
while miR-34, even if involved in neurogenesis, did not have significantly increased levels
to justify the phenotype observed in the absence of miR-107 (Lopez-Ramirez and Nicoli,
2013).

miR-9 function in neural progenitor proliferation is debated and controversial, however,
consistent with our findings, the increased levels of miR-9 in neural progenitor cells exhibits
pro-differentiation function in numerous organisms (Bonev et al., 2011; Delaloy et al., 2010;
Zhao et al., 2009). Interestingly, Coolen et al., showed that during zebrafish hindbrain
development the loss of miR-9 leads to both an increased number of cycling progenitors

and neurons at late neurogenesis stages. In this model, miR-9 controls the ambivalent

state of neural cells committed to become neurons by blocking antagonistic genes like

her6, which promotes progenitor proliferation and inhibits their differentiation, and e/avi/3,
which promotes neuronal differentiation and inhibits progenitors proliferation (Coolen et
al., 2012) (Figure 7E, top panel). Therefore, the depletion of miR-9 increases both the
number of cycling progenitors (via augmentation of /er6) and neuronal differentiation (via
augmentation of e/av/3). On the contary, in our model we show that the augmentation of
miR-9 across the hindbrain ventricular zone promotes progenitor proliferation (possibly via
repression of e/av/3) and an excessive production of neurons (via repression of /er6) (Figure
7E, bottom panel). Indeed, the protection assay of /eré6 alone was sufficient to rescue the
supernumerary humber of neurons produced in the absence of miR-107-dicer interaction.
Therefore, both the excessive inhibition and de-repression of antagonist genes operated by
miR-9, shift the ambivalent state of neural progenitors to generate neurons. Hence, our data
strongly highlights the necessity of the miR-107-dicer interaction to modulate miR-9 whose
functions depend upon its specific level of accumulation during hindbrain neurogenesis.

Interestingly, during the /n vitro neurogenesis of NPCs the over-expression and knockdown
of miR-9 function to dampen Hes-1 oscillation and promote neuron differentiation (Bonev et
al., 2012). Our data indicate that the regulation of miR-9 by the miR-107-dicer interaction
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also functions during /in vitro neurogenesis of NPCs derived from zebrafish adult tectum;
loss of miR-107 increased dicer mRNA as well as miR-9 biogenesis whose augmentation
promoted neurosphere neurogenesis. The effects of miR-9 in the differentiation of the
tectum derived NPCs are consistent with its pro-neurogenic function previously documented
in the NPCs of the midbrain-hindbrain region (Leucht et al., 2008). Additionally, our /n
vitro data unambiguously confirmed that the miR-107-dicer interaction controls miR-9 in
neurogenesis excluding any possible non-cell-autonomous contribution from other cell types
expressing miR-107 /n vivo (Nicoli et al., 2012).

Our findings establish that in physiological conditions dicer levels are subjected to tissue-
specific post-transcriptional regulation to maintain the homeostasis of neural development.
The dicer 3'UTR has several dozen different miRNA binding sites suggesting the existence
of alternative miRNAs-mRNAs regulatory pathways (Guo et al., 2010). Our data launch
the fascinating hypothesis that different cell types may use specific miRNAs to set their
steady state level of dicer and therefore tune its function in physiological and tissue specific
contexts.

Finally, the regulatory activity of miR-107 during neurogenesis can open novel perspectives
for the use of miR-107 manipulation in the treatment of neurological disorders such as
Alzheimer’s disease and schizophrenia, where altered expression levels of miR-107 have
been observed and whose root causes remains to be elucidated (Scarr et al., 2013; Wang et
al., 2008).

EXPERIMENTAL PROCEDURES

Zebrafish husbandry and strains

Zebrafish were grown and maintained according to protocols approved by the
Yale University Animal Care. The Tg(sox10(7.2).mrfo)"! (Kirby et al., 2006) and
Tg(-8.4neurogl.-GFP) (Blader et al., 2004) were used in addition to wild-type strain.

Whole-mount in situ hybridization and immunohistochemistry

Zebrafish embryos were fixed and processed for whole-mount /7 situ hybridization
as described previously (Nicoli et al., 2012). Detailed /n situ hybridization and
immunohistochemistry procedures described in Supplemental Experimental Procedures.

MRNAs, miRNA duplexes and morpholino injections

Injections were performed using 250 pg of AD/CER, 75 pg of eGFP-dicer-3'UTR

and mCherry control. Duplex mature miRNAs (miR-107-duplex-WT and miR-107-duplex-
MUT) were injected at the one-cell stage at a concentration of 100 uM per embryo.
miR-430s duplexes were injected at 10 uM (Giraldez et al., 2005). Antisense morpholinos
were purchased from GeneTools. The miR-107a and control morpholinos (Nicoli et al.,
2012) were injected at a concentration of 7.5 ng per embryos. The dicer-target protector
morpholinos against two specific binding sites (TP1 and TP2) for miR-107a seed region
were designed (Figure S1F, Table in Supplemental Experimental Procedures) and injected
in one-cell stage embryos at a concentration of 5 ng per embryo. The target protector
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morpholino against the #er6~-miR-9 binding site was injected at a concentration of 0.1 ng per
embryo (Coolen et al., 2012).

Inducible miR-9 gain of function

We generated a Hsp70-miR-9MChemy construct containing transposable element regions
flanking a temperature inducible promoter (hsp70) and an mCherry coding sequence fused
to an intronic region in which the precursor of miR-9 was cloned as previously described
(Nicoli et al., 2010). Following heat-shock, subsequent splicing and processing yield
separate mature miR-9 and mCherry mRNAs. Embryos were injected with 50 pg per embryo
of Hsp70-miR-9MChery and 50 pg of transposase at the one-cell stage. Heat shock was
performed at 42°C for 15 min. Embryos were fixed at 60 hpf and processed for whole-mount
/n situhybridization or cryosectioning prior to staining.

BrdU incorporation and immunohistochemistry in zebrafish embryos

The BrdU pulse experiment on zebrafish embryos at 30, 48, and 60 hpf was performed

as previously described (Coolen et al., 2012). Briefly, embryos were pulsed in a 10 mM
BrdU solution (Sigma) for 20 min at 4°C. After cryoprotection in sucrose-gelatin, samples
were cross-sectioned at 15 pm thickness and mounted onto SuperFrost Plus slides (VWR
International). Slides were incubated with an anti-HuC/HuD mouse monoclonal antibody
(1:250, Life Technologies) and a rat anti-BrdU (1:200, Accurate Chemical & Scientific
Corp). Goat anti-mouse and anti-rat antibodies conjugated to Alexa Fluor 546 or Alexa
Fluor 642 (1:400, Life Technologies) were used as secondary antibodies. Cell nuclei were
stained with DAPI using mounting media obtained from SouthernBiotech. BrdU-HU double
positive cells were counted in the same area of the hindbrain by using ImageJ (multi point
selection tool).

Zebrafish neurospheres

Primary neurospheres were isolated from Zebrafish adult brains. Culture conditions and
treatments are described in the Supplemental Information.

Statistical analysis

Data are represented as mean * standard error of the mean (SEM) unless otherwise
indicated. For all experiments, the number of independent experiments, n, is indicated. For
all other experiments, statistical significance was considered if Zwas lower than 0.05 as
determined by paired, 1-tailed Student’s t-test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. miR-107 is expressed in newborn neurons and in neural/neuronal progenitors across
the hindbrain periventricular zone

(A) Expression of miR-107 at 30hpf is restricted to the rhombic lip (RL) (arrowheads).
Dorsal is up and anterior to the left. (B—C) Whole-mount confocal images of the boxed
area in (A), stained with miR-107 LNA probe and anti-BLBP antibody in (B) or anti-BrdU
antibody in (C). Brain orientation is indicated as D (dorsal) and V (ventral). Arrowheads
indicate miR-107 expression. (D—H) Expression of miR-107 across the hindbrain of 48
hpf embryos. (D) Bright-field images of whole mount embryos (left panel) and hindbrain
transverse section (right panel). VVZd indicates the dorsal ventricular hindbrain zone (white
dotted line), VZv indicates ventral ventricular hindbrain zone (white solid square). (E-G)
High magnification images (60X) of the VZd zone representative of the region highlighted
in D (left panel). miR-107 and protein co-localization is indicated with arrowheads, while
miR-107 negative or low expressing cells are indicated with stars. (H) Top panel is a
confocal image of a transverse hindbrain section at the level of the otic vesicle (OV).
miR-107 is shown in purple and DAPI nuclei are in white. Stars indicate miR-107
expression in the ventral ventricular zone (VZv). Bottom panels are coronal confocal
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sections at the VVZv level highlighted by the white box in the top panels and stained for the
indicated proteins. ZO1 staining indicates the apical region of the VVZv where BrdU positive
cells are nested (white stars). (1) Schematic representation of the dynamic expression of
miR-107 (green) in the developing hindbrain from 30 to 48/60 hpf. Scale bars= 50um.
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Figure 2. miR-107 post-transcriptionally regulates dicer during neural development
(A-D) Lateral view of 24 hpf zebrafish embryos treated as indicated. Anterior is to the left.

Black arrows indicate MHB in (A), (C) and (D). (E) Percentage of embryos without MHB
observed in (A-D). Data are presented as mean = SEM of five independent experiments
(n~20 embryos each). *p<0.05. (F) Northern Blot showing miR-430 biogenesis in 24 hpf
embryos treated as indicated. WT (un-injected embryos) and miR-107-duplex-MUT were
used as controls. The image is representative of two independent experiments. (G) gRT-PCR
of miR-430 levels in 24 hpf embryos treated as indicated. Levels are relative to the WT
control. Data are mean £ SEM (n=4). *p<0.05. (H) Schematic representation of the miR-107
sensor assay shown in (1-J). (1) Fluorescent images of whole-mount zebrafish embryos at

24 hpf treated as indicated. Anterior is to the left. (J) Quantification of GFP and mCherry
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fluorescence levels in each experimental condition measured as fluorescence intensity per
area. Data are presented as mean + SD of 3 independent experiments (n=5 to 10 embryos
each). *p<0.05. Scale bars= 50um. CNS: Central Nervous System; OV: otic vesicle.
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Figure 3. miR-107 and dicer show an opposite expression pattern along the hindbrain

ventricular zone

(A-B) Expression of dicerand miR-107 in 15 um hindbrain cross-sections at 30, 48 and

60 hpf. Gray dashed line indicates the hindbrain area; black stars indicate the area with

low dlicer expression while white stars show the region of high miR-107 expression. (B)
High magnification pictures (60X) of the region boxed in (A). (C) qRT-PCR of dicerand
miR-107 levels at 30, 48 and 72 hpf and relative to the expression levels at 30 hpf. Data are
presented as mean + SEM of three independent experiments (n~20 embryos each). * p<0.05.
(D) Graphic representation of the opposite spatial expression of dicer (purple) and miR-107
(green) in the hindbrain from 48 to 60 hpf. Scale bars= 50um.
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Figure 4. Loss of miR-107 function promotes embryonic hindbrain neurogenesis
(A and B) Schematic representation of the experiments in (C-D) and (E), respectively.

(C) Hindbrain cross-sections showing brief BrdU pulse labeling of miR-107a*/* and
miR-107a~'~mutants at 30, 48 and 60 hpf. Panels in the right are high magnifications

of the area boxed in the left panels. White arrows indicate supernumerary BrdU™ cells.

Gray dashed line indicates the hindbrain area. (D) Number of BrdU™* cells per section in

(C) and in the MO072 and MOCt"! injected embryos treated in the same conditions. Data

are shown as mean + SEM of two independent experiments for 107a mutants and three

for the morphants (n=5 to 10 embryos each). *p<0.05. (E) Top panel shows hindbrain
cross-sections of 60 hpf miR-107a*/* and miR-107a~/~ mutants stained for BrdU and HU.
Panels in the right are high magnifications of the boxed area in the left panels. Arrows
indicate the increase of BrdU-HU double-positive cells migrating in the mantle area (dashed

Dev Cell. Author manuscript; available in PMC 2022 March 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ristori et al.

Page 23

line). The graph at the bottom shows the quantification of the number of BrdU-HU double
positive cells in the indicated samples. Data are shown as mean £+ SEM of two independent
experiments for 107a mutants and three for morpholino (n=5 to 10 embryos each). *p<0.05.
(F) Expression of ngn in 107a*"* and 107a~~ mutants at 60hpf. Dorsal is up, anterior is to
the left. White stars indicate increased ngn1 staining. The graph shows the quantification by
gRT-PCR of miR-107 and ngn1 expression levels in 107a mutants and in MO072 injected
embryos. Levels are relative to the respective controls (107a~/~ and MOt respectively).
Data are shown as mean + SEM. *p<0.05. Scale bars= 50um
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Figure 5. Loss of the miR-107-dicer interaction promotes neurogenesis and correlates with an
increase in miR-9 biogenesis and activity in zebrafish brain-derived neurospheres

(A) Schematic representation of the neurosphere assay. (B) gRT-PCR of dicerand miR-107
levels in neurospheres at the stages indicated. Expression levels are relative to Div2. Data
are represented as mean £ SEM (n=3). *p<0.05. (C) qRT-PCR of dicerand miR-107 levels
in neurospheres at Div4d treated as indicated at Div4. Levels are relative to cells transfected
with anti-miR-scramble for anti-miR-107 samples and mimic-scrambled for mimic-miR-107
treatments. Values are presented as mean = SEM (n=3 to 5). *p<0.05. (D) Left panels

are confocal images showing neurospheres at Div4 and Div4d stages treated at Div2 and
Div4 respectively with the indicated oligonucleotides. Neurospheres at Div4 are stained with
the anti-PCNA antibody and neurospheres at Div4d are stained with an anti-HU antibody.
Right charts show the quantification of the total number of PCNA and HU positive cells
normalized to the total number of DAPI cells per neurospheres. Values are represented

as fold change of PCNA/DAPI or HU/DAPI double positive cells in treated neurospheres
compared to the respective controls. Data represent the mean £ SEM (n=4 for the PCNA and
n=5 for HU immunodetection). *p<0.05. (E) gRT-PCR of indicated miRNAs expressed in
neurospheres at Div4d treated at Div4 with anti-miR-107. Levels are relative to the control
(anti-miR-scrambled). Data represent the mean + SEM (n=4). *p<0.05. Scale bars= 50um.
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Figure 6. miR-107 is required to control dicer and miR-9 expression across the hindbrain
ventricular zone

(A-B) Expression of dicerand miR-9 in hindbrain cross-sections of MOCt! and MO1072
injected embryos at 48 and 60 hpf. Area inside of the gray dashed line indicates the
hindbrain area; black stars in (A) show dicerand miR-9 positive areas while black
arrowheads show dlicerand miR-9 low expression. Black arrowheads in (B) show dicer

and miR-9 ectopic expression. Dorsal is up. (C) gRT-PCR of dicer mRNA and the indicated
miRNAs in MO1072 embryos at 60 hpf. Levels are relative to MO®" embryos. Error bars
represent the = SD between three independent experiments (n~20 embryos each). *p<0.05.
(D) Northern blot analysis of total RNA extracted from 60 hpf embryos injected with
MO1072 MOt or human D/CER mRNA The images are representative of two independent
experiments. (E) Schematic representation of the effect of MO972 on dicer (purple) and
miR-9 (yellow) pattern expression at 48 and 60 hpf embryos. Scale bars= 50um.
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Figure 7. The increase of miR-9 accumulation promotes hindbrain neurogenesis in the absence of
miR-107 and dicer post-transcriptional regulation

(A) Comparison of the number of BrdU/HU double positive cells in embryos injected
with the Hsp70-miR-9MChemy plasmid with or without heat-shock. mCherry positive cells
(purple) indicate the cells overexpressing miR-9. HU, BrdU and DAPI triple staining

was performed in the same hindbrain cross-section at 60 hpf. White arrows in the high
magnification (60X) pictures indicate increased number of BrdU/HU double positive cells
migrating in the mantle area (dashed line). (B) Number of BrdU and HU double positive
cells. Data are presented as mean = SEM (n=5 embryos each group). *p<0.05. (C)
Expression of ngn1in 60 hpf embryos treated as described above. Dorsal is up and anterior
is left. White stars indicate ngn1 expression observed in 30% = 5 of the heat-shocked
embryos (n=15) compared with the ngni expression in non heat-shocked embryos (n=20).
The chart shows the quantification by gRT-PCR of miR-9 and ngn1 expression level in
the brain of 60 hpf embryos treated as above and following heat shock. Levels are relative
to the control without heat shock. Data are presented as mean £ SEM (n=3). p<0.05. (D)
High magnifications (60X) of hindbrain cross-sections showing BrdU/HU double positive
cells in embryos at 60 hpf injected with MOSt, MO107a. or MOdicer TPs with or without
MONer8TP \Whole cross sections are shown in Figure S5D. Arrows indicate the BrdU/HU
double positive cells. Stars indicate DAPI nuclei of BrdU negative and HU positive cells
in the same area. The chart shows the number of HU and BrdU double positive cells in
the indicated treatment. Data represent the mean £ SEM (n= 6 to 9 embryos for each
experimental condition). *p<0.05. (E) Schematic representation of the miR-107 (green)
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- dicer (pink) signaling pathway controlling miR-9 (yellow) biogenesis during hindbrain
neurogenesis. Scale bars= 50um.
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