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ABSTRACT
During Drosophila melanogaster embryogenesis, tight regulation of gene expression in time and space is
required for the orderly emergence of specific cell types. While the general importance of microRNAs in
regulating eukaryotic gene expression has beenwell-established, their role in early neurogenesis remains to be
addressed. In this survey, we investigate the transcriptional dynamics of microRNAs and their target transcripts
during neurogenesis of Drosophila melanogaster. To this end, we use the recently developed DIV-MARIS
protocol, a method for enriching specific cell types from the Drosophila embryo in vivo, to sequence cell
type-specific transcriptomes. We generate dedicated small and total RNA-seq libraries for neuroblasts, neurons
and glia cells at early (6–8 h after egg laying (AEL)) and late (18–22 h AEL) stage. This allows us to directly
compare these transcriptomes and investigate the potential functional roles of individual microRNAs with
spatiotemporal resolution genome-wide, which is beyond the capabilities of existing in situ hybridization
methods. Overall, we identify 74 microRNAs that are significantly differentially expressed between the three
cell types and the two developmental stages. In all cell types, predicted target genes of down-regulated
microRNAs show a significant enrichment of GeneOntology terms related to neurogenesis. We also investigate
how microRNAs regulate the transcriptome by targeting transcription factors and find many candidate
microRNAs with putative roles in neurogenesis. Our survey highlights the roles of microRNAs as regulators
of differentiation and glioneurognesis in the fruit fly and provides distinct starting points for dedicated
functional follow-up studies.
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1. Introduction

MicroRNAs (miRNAs) are a class of small non-coding RNAs
involved in post-transcriptional regulation. They are tran-
scribed from precursor microRNA genes, which are processed
in the nucleus, exported to the cytoplasm and further pro-
cessed into typically ~22nt long functional RNA products [1].

These short molecules serve as a guide for binding the RISC
complex to target sites located typically in the 3ʹ-UTRs of pro-
tein-coding genes, which in turn affects the mRNA translation
into protein. MicroRNAs have been shown to play diverse roles
in the cell, from differentiation to cell death [2] and are also
widely abundant in the nervous system [3].

In the fruit fly Drosophila melanogaster, microRNAs
reduce mRNA translation mainly by decreasing mRNA levels
of their target genes through recruitment of enzymes respon-
sible for mRNA decay and degradation [4–6]. Currently, 238
microRNA genes are annotated in the Drosophila melanoga-
ster genome (Ensembl release 85 [7,8]), many of them located
in introns of protein-coding genes. MicroRNA target sites in
other genes can be computationally predicted and experimen-
tally confirmed [9,10] and individual microRNAs can have
hundreds of target sites. Because microRNAs are often evolu-
tionary conserved in metazoans [11], many D. melanogaster
microRNAs are homologous to human microRNAs [12]. In

order to infer the possible functional roles of microRNAs, a
range of experimental techniques have been employed in the
past, ranging from over-expression and inhibition [13,14] to
identifying their expression patterns using in situ hybridiza-
tion or sequencing [15,16].

The development of the Drosophila melanogaster embryo
is a well studied process on the cellular level. Early neuro-
genesis is characterized by a series of events, starting with
the subdivision of the lateral neurogenic ectoderm at around
2 h after egg laying (AEL), followed by the formation of
proneural clusters and phases of neuroblast delamination
starting at around 3–4 h AEL. Neuroblasts then undergo
several rounds of asymmetric divisions, giving rise to gang-
lion mother cells, which, starting at around 6 h AEL, then
divide further into neurons and/or glia [17,18]. While several
transcription factors are known to be key determinants for
these cell-fate decisions [19], the role of microRNAs in
differentiation is not well characterized so far. Previous
studies have shown that microRNAs show diverse spatial
and temporal expression patterns during embryonic devel-
opment [15,20]. Moreover, the expected anti-correlation of
microRNA and target gene expression has been experimen-
tally confirmed for several microRNAs [21]. For example,
mir-124 and its target repo are often expressed in spatial
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reciprocity in the central nervous system [21] and mir-124 is
an important regulator for nervous system development in
the early embryo [22]. The RNA-binding protein elav, which
serves as a neural marker gene, is also believed to be regu-
lated post-transcriptionally by microRNAs from the mir-
279/996 family [23]. Other microRNAs have been shown to
have particular roles during embryogenesis. For example,
mature microRNAs originating from the mir-309 cluster
promote maternal mRNA turnover as part of the zygotic
degradation pathway [24]; mir-1 and mir-9a have both
been shown to play crucial roles during muscle development
[25] and in the specification of sensory organs [26]; and mir-
7 has not only been confirmed to be a regulator in several
developmental pathways, but is also expressed in photore-
ceptor cells [27]. In the Drosophila larvae, mir-iab4/iab8
targets Ultrabithorax, which regulates the self-righting ability
[28]. The paralogous microRNAs mir-263a/b down-regulate
the pro-apoptotic gene head involution defective in the devel-
oping eye [29]. Another important microRNA, mir-184, is
crucial for the development of the female germline during
early embryogenesis [30].

In situ hybridization probes to nascent microRNA transcripts
in theDrosophila embryo showed that, for example,mir-124, mir-
315, the cluster comprising mir-13b and mir-2c, and others are
specifically expressed in the embryonic nervous system [15]. In the
developed fly, severalmicroRNAshave been shown to be crucial in
nervous system function. For example mir-9c, mir-31a, and mir-
980 are involved in Drosophila memory formation [31,32].
Another example is mir-276a, which regulates expression of the
dopamine receptor DopaR, a central actor in olfactory memory
formation [33].

To summarize, while it has already been possible to experimen-
tally confirm the functional roles of select Drosophila microRNAs
in dedicated experiments [34,35], the functional importance of the
majority of microRNAs remains elusive.

Most of the existing quantitative expression studies either
focus on specific microRNAs and their expression levels or on
whole-embryo microRNA expression levels during embryonic
development. Ideally, however, one would like to perform
transcriptome-wide studies of microRNAs and their target
genes in a tissue- or cell type-specific manner, in order to
get an unbiased and more accurate view of their potential
function during embryonic development. As there is little
known so far about the cell type-specific expression and
regulatory function of microRNAs during early neurogenesis,
we analyze the spatiotemporal expression of microRNAs and
their target genes during Drosophila melanogaster neurogen-
esis at two time points using the DIV-MARIS protocol intro-
duced in [36], which is adapted from MARIS [37], and uses
marker-based fluorescence sorting of individual embryonic
cells, followed by RNA extraction and sequencing. For this
purpose, we create dedicated sequencing libraries for small
RNA transcripts at two developmental stages and from three
different cell types. The combination of these smallRNA-Seq
data sets and the standard RNA-Seq data sets from [36] allows
us to simultaneously study the expression patterns of both
microRNAs and their target genes. Subsequent in silico ana-
lysis allows us to identify the major cell type-specific
microRNAs and their putative regulatory roles in Drosophila

neurogenesis in a quantitative manner and with unprece-
dented spatiotemporal resolution.

2. Results

2.1. Small RNA sequencing of neural cell types during
embryogenesis

In this study, we create smallRNA-Seq libraries for neuroblasts,
neurons and glia cells at 6–8 h after egg laying (AEL) and 18–
22 h AEL using the DIV-MARIS protocol, which is described in
detail in [36]. In brief, D. melanogaster embryos were collected
at the specified time points and the cell populations comprising
neuroblasts, neurons, and glia were sorted after staining by
FACS using primary directed and fluorescent secondary anti-
bodies against the endogenous markers prospero (pros), elav,
and repo, respectively. The specificity of the antibodies for the
three cell types has been confirmed in [36]. The early collection
bin at 6–8 h AEL comprises neuroblast proliferation and
diversification into neurons and glia, whereas the late collection
bin at 18–22 h AEL marks the end of embryogenesis with fully
differentiated neurons and glia. In total, 20 samples are
obtained from the three neural cell types at two time points,
with marker-positive and marker-negative FACS selection in
biological duplicates (Figure 1). From each sample, the small
RNA fraction was sequenced using Illumina high-throughput
sequencing (Supplementary Table 1). After adapter trimming,
584 million reads remained, of which 343 million reads were
mapped to the Drosophila genome. Of these, 146 million reads
were counted towards the 238 annotated microRNA genes.

2.2. Cell type-specific microRNA profiles and differential
expression

The first key question to address is which microRNAs are
significantly differentially expressed between the marker-posi-
tive and the respective marker-negative FACS fractions. After
read mapping, 93 out of the 238 annotated fly microRNAs
have at least 1000 mapped reads across all samples, which we
use as a minimum threshold for a microRNA to be considered
in our in silico analyses. Of those 93, 29 microRNAs are
among the top 20 expressed microRNAs across all marker-
positive fractions (Figure 3(a)). The five most abundant
microRNAs across all samples are mir-184, mir-7, mir-276a,
mir-10, and mir-286 and we find in total 13 microRNAs that
are among the top 20 in each of the marker-positive fractions.
This shows that microRNAs that are highly expressed in the
marker-positive fractions in terms of absolute abundance are
not necessarily unique to the cell type (compare e.g. mir-184
in neuroblasts and glia at 6–8 h AEL) or developmental stage
(compare e.g. mir-10 for neurons at both time points).

In fact, only the microRNAs highlighted by a black
arrow in Figure 3(a) show significant changes in expres-
sion between the marker-positive and marker-negative
FACS fractions. Of all expressed microRNAs, we find 74
microRNAs that are significantly differentially expressed
in at least one sample (Figure 4), with 39 microRNAs up-
regulated and 43 microRNAs down-regulated in the
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specific cell type compared with the marker-negative frac-
tion (Supplementary Figures 1/2).

Venn diagrams in Figure 3(b,c) show the shared up- and
down-regulated microRNAs between the different cell types
and time points. The five microRNAs mir-252, mir-263b, mir-
276b, mir-87, and mir-315 are up-regulated, whereas the 6
microRNAs mir-3, mir-8, mir-9a, mir-31a, mir-31b, and mir-
286 are down-regulated in all three neural cell types at 6–8 h
AEL. Additionally, mir-375, mir-5, mir-283, mir-312, and mir-
1 are down-regulated in both glia and neurons at both time
points. We find 11 shared up-regulated microRNAs in neu-
rons with additional 7 microRNAs exclusively up-regulated in
late fully differentiated neurons. In glia, we find only mir-279
and ban to be up-regulated at both time points. Similarly,
another 19 microRNAs are down-regulated exclusively in
neurons, whilst there are only 2 microRNAs (bft and mir-7)

that are down-regulated exclusively in glia cells. Only mir-2a-
2 and mir-1017 are down-regulated exclusively in neuroblasts.
This indicates a higher regulatory complexity of neurons
compared with the other two cell types.

2.3. Specificity of smallRNA-seq compared with in situ
hybridization

The localization of Drosophila melanogaster microRNAs across
the embryo has previously been characterized using in situ
hybridization probes to nascent microRNA precursor tran-
scripts [15]. We can therefore assess the microRNA tissue spe-
cificity of DIV-MARIS by comparing the differential microRNA
expression between marker-positive and marker-negative frac-
tions of our samples with those microRNAs (or microRNA
clusters) that showed expression in the nervous system using

Figure 1. Overview of sample collection, cell sorting and creation of FACS-sorted marker-positive and marker-negative libraries for RNA-sequencing.
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Figure 2. Differential expression of microRNAs that were associated with the nervous system using in situ hybridization probes [15] (top) and three non-neural
microRNAs (bottom). Colors denote DESeq2 log2FC between marker-positive and marker-negative FACS fractions for each sample and arrows denote significant up-
or down-regulation.
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Figure 3. (a) The 20 most abundant microRNAs in marker-positive fractions for each sample. The arrows indicate significant up- or down-regulation in the marker-
positive vs. marker-negative fractions. (b,c) Overlap of up-regulated (b) and down-regulated (c) microRNAs in marker-positive vs. marker-negative fractions in the 6–
8 h AEL samples (top) and glia/neuron samples at both time points (bottom).
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in situ hybridization. In the comparison, we also include 3
microRNAs that are known to be primarily expressed in non-
neural tissues, such as mir-1, which is highly abundant in the
mesoderm [25]. As the comparison in Figure 2 shows, our
observations are mostly in very good agreement with the

previous observations in [15]. The microRNAs mir-124, mir-
13b-1/2, mir-2c, mir-315, mir-7, andmir-263b that Aboobaker et
al. find to be associated with the nervous system, see top seven
rows in Figure 2, show indeed a significant over-expression
among neurons and neuroblasts at the early and in neurons at

Figure 4. (a) Illustration of target gene enrichment test (b–f) Differential microRNA expression between marker-positive and marker-negative FACS fractions. Colored
points denote significantly differentially expressed microRNAs and asterisks denote microRNAs with significantly enriched target genes among genes that are
regulated in the opposite direction (see (a)).
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the late stage. This comparison highlights the superior cell type-
specific resolution of DIV-MARIS compared with the in situ
hybridization technique as DIV-MARIS can differentiate
between the three neural cell types. For example, DIV-MARIS
is able to verify that, at the early time point, only mir-315 and
mir-263b are significantly up-regulated in glia cells. Two
microRNAs, the clustered microRNAs mir-12 and mir-283,
which Aboobaker et al. find to be associated with only a subset
of the peripheral nervous system, are indeed only lowly
expressed in all neural cell types. Moreover, our data confirm
that these two microRNAs are both down-regulated in neurons
and glia at both stages. For microRNA mir-92a, which
Aboobaker et al. find to be expressed in brain primordium and
ventral nerve cord, we only see a slight down-regulation in early
neurons and no difference in the other samples. At the same
time, mir-1, mir-316, and mir-31a are down-regulated as
expected in all neural cell types.

2.4. Comparison between neural cell types and time
points

One advantage of using FACS sorted neural cell population is
the ability to directly compare the marker-positive fractions of
different cell types and time points with each other. This allows
for a more sensitive analysis between cell types without inter-
ference of the diverse cell population in the marker-negative
fractions. Across all samples, 69 microRNAs are differentially
expressed in at least one sample pair (Figure 5). We find 11
microRNAs that are down-regulated in glia and neurons com-
pared with neuroblasts, where mir-1 shows the highest down-
regulation from neuroblasts to neurons and glia at 6–8 h AEL
(Figure 5(a,b)). In the comparison between neurons and glia,
mir-5, mir-9b, mir-184, mir-252, mir-276a, mir-279, mir-286,
mir-312, and ban are up-regulated in glia and mir-7, mir-124,
mir-190, mir-219, mir-927, mir-999, and mir-1000 are up-regu-
lated in neurons at both time points (Figure 5(e,f)). Similarly, the
comparisons between neuroblasts and glia as well as neurons
and glia at 6–8 h AEL show that mir-184, mir-252, mir-276a,
mir-279, mir-996, and ban are up-regulated, whereasmir-7, mir-
124, mir-999, and bft are down-regulated in glia compared with
both neurons and neuroblasts.

2.5. Effect of differential microRNA expression on their
target genes

MicroRNAs serve as modulators of gene expression by reg-
ulating the translation of mRNAs of their target genes via
direct trans RNA-RNA interactions. It is thus of key interest
to investigate how the differential expression of microRNAs
affects the mRNA levels of their target genes. To this end, we
combine the in silico assessment of our small transcriptome
data with the standard transcriptome sequencing data from
[36], which were obtained using the same DIV-MARIS pro-
tocol. As before, we measure the differential expression of
protein-coding genes between the marker-positive and mar-
ker-negative FACS fractions, between the three neural cell
types as well as the early and late developmental stage
(Supplementary Figures 3 and 5). In order to assess the
potential impact of microRNA-mediated regulation of target

genes on nervous system development, the figures only show
genes that have predicted microRNA target sites and are
associated with Gene Ontology (GO) terms related to the
development of the nervous system, i.e. all GO Biological
Process terms in the sub-tree of the ontology under the term
nervous system development, GO:0007399 (GO-nsd terms). In
the comparison between marker-positive and marker-negative
fractions, we find the highest number of differentially
expressed genes associated with GO-nsd terms in neurons
followed by glia and neuroblasts, with a much higher number
of genes that are up-regulated in the marker-positive fractions
than down-regulated (Supplementary Figure 3). In the com-
parison between the three cell types, we see that the changes
in expression follow the developmental stages, where the
highest number of differentially expressed genes is found in
the comparison between glia and neurons at 18–22 h AEL,
followed by glia and neurons at 6–8 h AEL (Supplementary
Figure 5). The smallest differences are observed in the com-
parison within glia and within neurons at early vs. late time
points. We also count the number of differentially expressed
microRNA target genes that are up- or down-regulated upon
microRNA down- or up-regulation (Supplementary Figure 4).
Similar to the microRNAs, the highest number of differen-
tially expressed genes in only one cell type is found in neurons
and the highest overlap is observed between neurons and glia,
and only 51 and 10 genes are commonly up- or down-regu-
lated, respectively, in all three cell types.

While this overview gives a general sense of the change of
expression of microRNAs and their target genes between the
three neural cell types, the regulatory impact of each microRNA
on the protein-coding transcriptome can be tested further by gene
set enrichment analysis. To this end, we used the sets of all
differentially expressed genes in each comparison and the sets of
predicted microRNA target genes to test each microRNA for a
significant enrichment of its target genes among all genes that are
regulated in the opposite direction of themicroRNA (Figure 4(a)).
This enrichment test allows us to quantitatively link the differen-
tially expressedmicroRNAs to distinct subsets of their target genes
and measure statistical significance of the putative regulatory
contribution of each of the differentially expressed microRNAs
on the protein-coding transcripts. Note that this test includes all
target genes and is not restricted by GO term annotations. Across
all comparisons, 48 of 82 differentially expressed microRNAs
show a significant enrichment in at least one sample pair (marked
by asterisks in Figures 4(b–f) and Figure 5). Remarkably, we find a
significant enrichment only for microRNAs that are down-regu-
lated in the marker-positive fractions in every comparison
between marker-positive and marker-negative fractions (Figures
4(b–f). In the comparisons between the cell types (Figure 5), all of
the microRNAs that are up-regulated in glia compared with neu-
rons show a significant enrichment, whereas mir-124 is the only
microRNA with enriched target genes that is up-regulated in
neurons compared with glia at both time points (Figure 5(e–f)).
When comparing neuroblasts and glia, four microRNAs, mir-1,
mir-9a, mir-9c, and mir-124, are up-regulated in neuroblasts and
show an enrichment of their target genes, whereas mir-190, mir-
252, mir-279, and mir-996 are up-regulated in glia and have
enriched target genes (Figure 5(a)). In the neuron vs. neuroblast
comparison, the enrichment of target genes is significant for all of

74 P. MENZEL ET AL.



the microRNAs that are up-regulated in neuroblasts, but for none
of the microRNAs that are up-regulated in neurons (Figure 5(b)).
Further, in the comparison between the 6–8 h and 18–22 h AEL
timepointswithin glia andneurons,we only findmicroRNAswith

enriched target genes among those, that are down-regulated in the
late time points, and many of those are shared between glia and
neurons, such asmir-3, mir-4, mir-5, mir-92a/b, mir-310/311/312
and mir-286 (Figures 5(c,d)). Note that some microRNAs,

Figure 5. Differential microRNA expression between cell types and time points. Colored points denote significantly differentially expressed microRNAs. Asterisks
denote microRNAs with significantly enriched target genes among genes that are up-regulated in the opposite direction.

RNA BIOLOGY 75



especially those with high sequence identity, share the same or
similar sets of target genes (Supplementary Figure 6) and therefore
behave similarly in this analysis. For example, mir-31a/b are
exactly overlapping in the plots.

2.6. Gene ontology enrichment analysis

The gene set enrichment tests give an unfiltered view on the
regulatory effect of the differentially expressed microRNAs by
considering all differentially expressed target genes. In order
to cross-check the tissue-specificity of the microRNAs and
further detailize putative microRNA functions, we performed
Gene Ontology (GO) enrichment tests on the sets of differ-
entially expressed microRNA target genes (middle section in
Figure 4(a)) to find over-represented GO-nsd terms that are
associated with that particular gene set. The combination of
the target gene enrichment and the GO term enrichment will
give additional evidence for the specific regulatory roles of

each microRNA via the more fine-grained functions exerted
by their respective target genes.

Our comparisons betweenmarker-positive andmarker-nega-
tive fractions identifies in total 40 microRNAs with enriched
target genes (those marked by asterisks in Figure 4) that have at
least one significantly enriched GO-nsd term among their target
genes (Supplementary Figure 7). Figure 6 summarizes the top 10
enriched GO-nsd terms for microRNA target genes in neuro-
blasts as well as neurons and glia at 18–22 h AEL. Of the 7
microRNAs in neuroblasts, onlymir-2b-2 has target genes asso-
ciated with neuroblast development and differentiation, whereas
the other 6 microRNAs mir-3, mir-9a, mir-279, mir-286, mir-
316, and ban have enriched terms related to neuron develop-
ment and differentiation among their target genes. In glia we
find that mir-1, mir-8, mir-9a have target genes enriched for
terms related to gliogenesis, but only few terms related to neuron
development. Additionally, we observe that the target genes of
mir-5, mir-316, andmir-31a/b are significantly enriched for glial

Figure 6. Top 10 GO Biological Process terms in the GO sub-tree nervous system development, GO:0007399, that are significantly enriched in the set of up-regulated
protein-coding genes that are targets of down-regulated microRNAs in the comparison between positive and negative FACS fractions for neuroblasts at 6–8 h AEL
and neuron/glia at 18–22 h AEL. Shown are only microRNAs having a significant overlap of their target genes with differentially expressed genes.
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cell development and differentiation (Supplementary Figure 7
(c)), however, the hypergeometric test for target enrichment
among up-regulated genes was not significant for these three
microRNAs. All of the 35 microRNAs that are down-regulated
in neurons at 18–22 h AEL have a significant enrichment of their
target genes among genes that are up-regulated in neurons and
all but two have enriched terms related to neuron development
and differentiation among their up-regulated target genes. We
also see a similar situation in neurons at 6–8 h AEL
(Supplementary Figure 7(d)).

Figure 7 and Supplementary Figure 8 show the corresponding
GO-nsd term enrichment for microRNA target genes in the

comparisons between the three cell types. Again, we find the
highest number of down-regulated microRNAs with enriched
GO-nsd terms among their up-regulated target genes in neu-
rons. In glia cells, mir-1, mir-9a, mir-9c, and mir-124 are down-
regulated in glia compared with neuroblasts and their up-regu-
lated target genes are enriched for terms related to gliogenesis. In
the comparison between glia and neurons onlymir-124 is down-
regulated in glia and has enriched gliogenesis terms among its
up-regulated target genes. However, also mir-190, mir-263b,
mir-927, mir-932, mir-987, and mir-1000 show enrichment of
terms related to gliogenesis (Supplementary Figure 8(c/d)), but
their target genes are not significantly enriched among the genes

Figure 7. Top 10 GO Biological Process terms in the sub-tree nervous system development, GO:0007399, that are significantly enriched in the sets of differentially
expressed protein-coding genes that are targets of differentially expressed microRNAs in the comparisons between cell types. Shown are only those microRNAs
having a significant overlap of their target genes with differentially expressed genes in the opposite direction.
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up-regulated in glia. The three microRNAs mir-252, mir-996,
andmir-279 are up-regulated in glia compared with neurons and
neuroblasts and their targets show enriched GO terms related to
neuron development, axonogenesis and related terms. Further,
mir-5, mir-276a, mir-184, and mir-312 show the same effect in
the neuron vs. glia comparison at both time points. In the
comparison between neuroblasts and neurons, we only find
microRNAs with enriched target genes that are down-regulated
in neurons, but not in neuroblasts. However, mir-33, mir-315,
mir-932, mir-965, and mir-987 are down-regulated in neuro-
blasts and their target genes have enriched terms related to
neuroblast differentiation and neuroblast fate commitment
(Supplementary Figure 8(b)). In neurons, we find especially the
down-regulated microRNAs mir-277, mir-279, mir-286, mir-
31a/b, mir-1, mir-4, mir-283, mir-310/311/312 to have enriched
terms related to neuron development among their target genes.

2.7. Regulation of transcription factors through
microRNAs

While protein expression can be directly regulated by
microRNAs, it can also be controlled indirectly through the
regulation of transcription factors (TFs) that are targets of
microRNAs. As transcription factors typically control more
than one gene, they can potentially multiply the regulatory
effect of microRNAs. For example, down-regulation of a
single microRNA would result in up-regulation of a transcrip-
tion factor, which in turn alters the expression of multiple
genes. In order to discover this type of regulatory chain, we
connect the differential expression of microRNAs, transcrip-
tion factors, and protein coding genes by their pair-wise target
sites, again followed by GO enrichment analysis as above.

Similar to microRNAs, we find many more differentially
expressed transcription factors between marker-positive and
marker-negative fractions in neuroblasts and neurons compared
with glia cells (Supplementary Figure 9). Likewise, the compar-
isons between the three neural cell types show more up-regu-
lated transcription factors in neurons compared with glia as well
as in neuroblasts compared with both neurons and glia
(Supplementary Figure 10). We used the same hypergeometric
test for finding TFs that show a significant overlap of their target
genes with the set of genes that are regulated in the same direc-
tion (those marked by asterisks in Supplemenatry Figures 9 and
10) and perform GO term enrichment tests to analyze the func-
tions of the up-regulated TF target genes. In the comparison
between marker-positive and marker-negative fractions in neu-
roblasts and neurons, we find several TFs with enriched GO-nsd
terms related to neuroblast and neuron development among
their target genes, but not in glia (Supplementary Figure 11).
However, in the comparison between the cell types, the tran-
scription factors Dll, slp1, dl, and twi have significantly enriched
target genes associated with terms related to gliogenesis
(Supplementary Figure 12).

When using the transcription factors as an intermediate
step between each differentially expressed microRNA and
protein-coding genes, we can perform Gene Ontology enrich-
ment analysis on the sets of up-regulated genes that are
targeted by up-regulated transcription factors that in turn
are targeted by a down-regulated microRNA and vice versa.

This reveals the impact of each microRNA on the protein-
coding transcriptome through the up-regulation of TFs. As
there are comparatively few transcription factors among all
genes, the hypergeometric test for finding significant overlaps
between microRNA target genes and differentially expressed
TFs cannot be applied. We therefore consider all differentially
expressed microRNAs targeting all differentially expressed
TFs in the individual comparisons. In the comparisons
between marker-positive and marker-negative fractions
(Supplementary Figure 13), we again find that most of the
down-regulated microRNAs in neurons show enriched terms
related to neuron development in the regulated protein-cod-
ing genes. Especially the mir-310/311/312 family targets 12
transcription factors, which in turn target up-regulated genes
in neurons with enriched terms related to neuron develop-
ment and differentiation. In neuroblasts, especially ban, mir-8,
mir-31a/b, mir-315, and mir-1017 are significantly enriched
for neuroblast differentiation. When comparing the different
cell types directly, we find that genes regulated by mir-87, mir-
190, mir-927, and mir-932 are enriched for terms related to
gliogenesis and ban, mir-5, mir-9b, mir-252, and mir-312
show enriched terms related to neuron development
(Supplementary Figure 14). We also find many microRNAs
in the comparison between neuroblasts and neurons/glia, that
act through TFs on genes that are associated with neuroblast
commitment and differentiation. This is in contrast to the
purely microRNA-based analysis, where there were almost no
microRNAs with significant enrichment of these terms.

3. Discussion

Our survey investigates the expression of microRNAs based on
dedicated transcriptome data sets for neuroblasts, neurons and
glia at two distinct developmental stages during Drosophila
neurogenesis. The superior cell type-specific resolution of DIV-
MARIS combined with whole transcriptome sequencing allows
for an in-depth in silico analysis to identify microRNAs that may
play key functional roles during neurogenesis. Besides compar-
ing the microRNA expression profiles between those three
neural cell types, our joint analysis of small and total RNA-seq
data sets can assess the effects that these microRNAs may exert
on the protein-coding transcriptome, either via direct trans
RNA-RNA interactions between microRNA and the mRNAs
of their target genes or, indirectly, via transcription factors that
are targeted by these microRNAs.

We compared the microRNA expression profiles in our
samples to several microRNAs that have been previously been
shown to be expressed in the nervous system by in situ
hybridization probes against pre-microRNA transcripts [15],
and found that smallRNA-Seq recapitulates and refines the
observations therein. The DIV-MARIS approach allows for
the cell type-specific analysis of individual microRNAs and
we find significant differences between neurons and glia.
SmallRNA-sequencing can also resolve the high divergence
of expression between the individual microRNAs in a cluster,
such as mir-309/3/286/4/5/6-1,2,3, and we see that mir-5 and
mir-286 are differentially expressed between neurons and glia,
for example. Additionally, our protocol can also detect low-
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abundance microRNAs, such as the mir-310 - mir-313 cluster,
and their differential expression between the neural cell types.

Gene set enrichment tests for microRNA targets and GO
terms among the target genes strongly support the role of
microRNAs as inhibitors of genes and transcription factors in
all three cell types. It is therefore mandatory to investigate both
up-regulated as well as down-regulated microRNAs for char-
acterizing a possible regulatory effect of differential microRNA
expression on each cell type. We find significant evidence that
it is the significantly down-regulated microRNAs that are steer-
ing the development of the neural cell types via down-regula-
tion of their target genes, and that high absolute expression
levels of microRNAs in the marker-positive fractions do not
imply functional relevance. In the following we discuss
microRNAs that were previously described to be associated
with Drosophila embryogenesis and the nervous system.

The two most abundant microRNAs in neuroblasts are
mir-7 and mir-1, which are also among the top 20 most
abundant microRNAs in glia and neurons. However, they
are highly down-regulated in these two cell types compared
with neuroblasts. The muscle-specific mir-1 is down-regulated
in both glia and neurons in the marker-positive vs. marker-
negative fractions and its target genes are significantly
enriched among up-regulated genes, which in turn are
enriched for GO terms related to neuron differentiation and
gliogenesis, respectively. This observation supports a view that
mir-1 possibly acts by repressing the differentiation into neu-
roglial cell types. On the other hand, mir-7 is expressed high-
est in neuroblasts and lowest in glia cells.

The highly conserved mir-184 is the most abundant
microRNA in neurons and glia and the third most abundant
in neuroblasts. It has previously been found to be highly
expressed in the early embryo and the following stages [30]
and is part of a regulatory network controlling adult neural
stem/progenitor cell differentiation [38], but is also involved
in inhibiting the overexpression of Glioactin [39]. Our com-
parison between the three embryonic neural cell types reveals
that mir-184 is up-regulated in glia compared with neuro-
blasts and neurons at both time points. Its up-regulated target
genes in neurons are enriched for GO terms related to neuron
development. Interestingly, its up-regulated target genes in
neuroblasts are exclusively enriched for five terms related to
neuroblast differentiation, but not for neuron development.
This suggests that mir-184 acts as an inhibitor of neuronal cell
fate. Similarly, both mir-5 and mir-286 are among the top 15
most abundant microRNAs in all samples and the comparison
between marker-positive and marker-negative fractions shows
indeed a down-regulation of both in most marker-positive
samples. However, the comparison between the cell types
reveals a down-regulation of both microRNAs in neurons
compared with neuroblasts and glia and their target genes
are associated with GO terms related to neuron development.

One of the most studied microRNAs in the nervous system
is mir-124. In our experiment, we find that mir-124 increases
in abundance from neuroblasts over neuron 6–8 h to neuron
18–22 h AEL, however its relative expression among all
microRNAs is rather low. It is up-regulated in neuroblasts

as well as in differentiating (6–8 h AEL) and differentiated
(18–22 h AEL) neurons, which was is also observed in mouse
[40,41], where mir-124 and the mir-9 family play distinct roles
in post-mitotic neurons [42]. When comparing the neural cell
types, mir-124 is significantly down-regulated in glia com-
pared with the other two and it is the only microRNA that
has a significant overlap of its targets with up-regulated genes
in neurons at both time points, which is also seen in neuro-
blasts. GO enrichment analysis shows that those genes have
significantly enriched terms related to gliogenesis. These
observations support the theory that mir-124 is an important
regulator distinguishing neuron and glia cell development,
which is also supported by the previous observation that
mir-124 and its target repo, the marker for glia cells, are
expressed in spatial reciprocity [21].

The microRNA pair mir-31a/b, which are also conserved in
human, are down-regulated in all three neural cell types and
both time points in the marker-positive vs. marker-negative
fractions. Previously, the expression of mir-31a was found to
be required for memory formation [31] and is also a regulator of
glia homeostasis [43] in adult flies. In this study, we find no
expression difference between neurons and glia, but a down-
regulation in glia and neurons compared with neuroblasts.
Further, they are significantly higher expressed at 18–22 h com-
pared with 6–8 h AEL. Both microRNAs have also significantly
enriched GO terms related to glia and neuron development as
well as terms related to axonogenesis and axon guidance among
their target genes. This indicates that they also act by inhibiting
gene expression in the developing nervous system.

The three microRNAsmir-9-a/b/c are down-regulated across
neurons and glia, and their up-regulated target genes are
enriched for terms related to neuron differentiation and related
terms. The down-regulation is also stronger in glia/neurons
compared with neuroblasts, supporting the hypothesis that
they inhibit neural cell fate, which has previously been observed
in sensory organ precursors in the peripheral nervous system
[26]. Their target genes show enrichment for terms relating to
gliogenesis but also neurogenesis. In the comparison between
glia and neurons, mir-9b is down-regulated in neurons at both
time points and its target genes are enriched for several GO
terms related to neuron differentiation. Similarly, the two
microRNAs mir-279 and mir-996 were previously described as
post-transcriptional inhibitors of elav [23]. Accordingly, here we
found mir-279 to be up-regulated in glia compared with neuro-
blasts as well as neurons at both time points. It has also enriched
target genes that are up-regulated in neurons, which are asso-
ciated with GO terms related to neuron development. Similarly,
mir-996 up-regulation was detected in glia compared with neu-
rons and neuroblasts at 6–8 h AEL, but not at 18–22 h AEL, with
identical effects on target gene regulation as mir-279.

Besides those, we also detect several other microRNAs
that are differentially expressed between the marker-positive
and marker-negative fractions or between the neural cell
types and have differentially expressed target genes with
enriched Gene Ontology terms related to nervous system
development. In summary, the sequencing of the smallRNA
fraction of specific cell types enables a more detailed
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understanding of spatiotemporal microRNA expression dur-
ing Drosophila neurogenesis. The combination with sequen-
cing of the protein-coding transcriptome and analysis of
target genes and associated Gene Ontology terms supports
the characterization of individual microRNAs and their
putative roles in the different cell types.

4. Materials and methods

The DIV-MARIS protocol is fully described in [36]. Briefly,
Drosophila embryos were collected at time points 6–8 h and 18–
22 h after egg laying (AEL) (Figure 1). Embryos were dissociated
into single-cell suspensions, cells were fixed in 4% formaldehyde.
Fixed cell suspensions were immunostained under RNase-free
conditions and FACS-purified using a FACSAria II cell sorter
(BD Biosciences). Marker-positive and marker-negative cell
populations were collected in biological duplicates. FACS-purified
cells were subjected to cross-linking reversal and Proteinase K
digestion prior to RNA isolation. From both FACS fractions, RNA
was extracted and prepared for strand-specific Illumina sequen-
cing using the NEBNext Small RNA protocol (New England
BioLabs). Libraries were then sequenced on the Illumina HiSeq
2500 using single-end reads of length 51bp.

After sequencing, adapter sequences were removed from the
reads using AdapterRemoval ver 2.1.7 [44] with options –– trimns
–– trimqualities –– minlength 15 –– minadapteroverlap 3 ––
adapter1 AGATCGGAAGAGCACACGTCTGAACTCCAGTC-
AC. The trimmed reads were mapped to the Drosophila melano-
gaster genome BDGP 6 using bowtie ver 1.1.2 [45] with the
options -m 10 -a –– strata –– best -S -l 10. Using the
ENSEMBL85 gene annotation, the number of reads per genomic
feature were counted by featureCounts 1.5.1 using fractional
counting of multi-mapping reads with the options -M –– fraction
-O -s 1. From the per-gene counts, differential expression analysis
was done using DESeq2 ver 1.16.1 [46] in R v3.4.3 [47]. Only
microRNAs with more than 1000 reads across all conditions were
included in the analysis and microRNAs were called as signifi-
cantly differentially expressed if |log2FC| > 0.5 and FDR-adjusted
P-value < 0.05.

The RNA-Seq data from [36] are accessible at the GEO
database with accession GSE106095. We used STAR [48] to
map the paired-end 2x75bp reads to the same genome and to
count the number of reads per genomic feature. Genes were
called differentially expressed if |log2FC| > 1.0 and FDR-adjusted
P-value < 0.05.Mappings betweenmicroRNAs and transcription
factors with their target genes were downloaded from the DroID
database ver. 2015_12 [49].

Using the DroID database, predicted microRNA targets
were pooled into sets of target genes for every microRNA.
The generated gene sets were used to test the differentially
expressed genes in each comparison for enrichment in targets
for each differentially microRNA using the hypergeometric
test (P < 0.01). Gene Set Enrichment for Gene Ontology terms
was done using the topGO package in R [50] and for each set
of microRNA/TF target genes, we selected the top 10 signifi-
cant (P < 0.01) Biological Process terms in the sub-tree nervous
system development, GO:0007399.

The smallRNA-Seq sequencing reads are available in the
GEO database with accession number GSE117245.
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