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A B S T R A C T

During brain development of Drosophila melanogaster many transcription factors are involved in regulating neural
fate and morphogenesis. In our study we show that the transcription factor Orthopedia (Otp), a member of the
57B homeobox gene cluster, plays an important role in this process. Otp is expressed in a stable pattern in defined
lineages from mid-embryonic stages into the adult brain and therefore a very stable marker for these lineages. We
determined the abundance of the two different otp transcripts in the brain and hindgut during development using
qPCR. CRISPR/Cas9 generated otp mutants of the longer protein form significantly affect the expression of Otp in
specific areas. We generated an otp enhancer trap strain by gene targeting and reintegration of Gal4, which
mimics the complete expression of otp during development except the embryonic hindgut expression. Since in the
embryo, the expression of Otp is posttranscriptionally regulated, we looked for putative miRNAs interacting with
the otp 30UTR, and identified microRNA-252 as a candidate. Further analyses with mutated and deleted forms of
the microRNA-252 interacting sequence in the otp 30UTR demonstrate an in vivo interaction of microRNA-252
with the otp 30UTR. An effect of this interaction is seen in the adult brain, where Otp expression is partially
abolished in a knockout strain of microRNA-252. Our results show that Otp is another important factor for brain
development in Drosophila melanogaster.
1. Introduction

The Drosophila orthopedia (otp) gene codes for a homeodomain tran-
scription factor (Simeone et al., 1994; Hildebrandt et al., 2020) and is a
member of the 57B homeobox gene cluster together with Drosophila
Retinal homeobox (DRx) (Eggert et al., 1998; Davis et al., 2003) and
homeobrain (hbn) (Walldorf et al., 2000; Kolb et al., 2021). All three
transcription factors are expressed in type I and type II neuroblasts in the
brain and are important for progenitor cell proliferation leading to an
expansion of the brain region compared with the ventral nerve cord (Curt
et al., 2019). Otp is highly conserved among metazoa and orthologs have
been studied in invertebrates such as the annelid Platynereis dumerilii
(Tessmar-Raible et al., 2007), the mollusc Patella vulgaris (Nederbragt
et al., 2002) and in sea urchins (Simeone et al., 1994). In vertebrates
orthologs have been identified in zebrafish (Del Giacco et al., 2008),
chicken (Simeone et al., 1994; Caqueret et al., 2005), mouse (Simeone
et al., 1994) and human (Lin et al., 1999). In the Drosophila embryo Otp is
expressed in the nervous system and the hindgut, and otp mutant alleles
show a severe hindgut phenotype with a complete loss of the large
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intestine and a reduction of the anal pads (Hildebrandt et al., 2020). This
hindgut phenotype, which is due to apoptosis in the developing hindgut,
leads to embryonic lethality of otp mutant alleles (Hildebrandt et al.,
2020).

Studies of otp in other systems, notably vertebrates, have mostly
focused on the nervous system, where Otp is expressed in a conserved
domain of the developing forebrain that gives rise to the alar hypothal-
amus. This domain gives rise to several populations of neurosecretory
cells populating the paraventricular nucleus and supraoptic nucleus, as
well as part of the amygdala (Simeone et al., 1994; Del Giacco et al.,
2006; Bardet et al., 2008). Loss of otp results in the failure of these
neurons to differentiate, with accompanying behavioral developmental
and deficits caused by the absence of the corresponding neurohormones
(Eaton et al., 2008; Filippi et al., 2012; Fernandes et al., 2013). The
otp-positive alar hypothalamic domain shows other conserved genetic
features, such as the exclusion of Sonic hedgehog (Shh) and Nkx2.1, a
member of the vertebrate Nkx homeobox transcription factor family, and
another neurodevelopmental determinant that (in the vertebrate fore-
brain) specifies the basal hypothalamic domain (Manoli and Driever,
eptember 2022
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2014). What has caught the attention of several researchers is the
invariant, temporally maintained expression of otp from early to late
stages, which is unusual for transcription factors which, generally,
appear transiently at specific developmental times.

Among invertebrates, otp expression has been visualized in annelids
(Tessmar-Raible et al., 2007) and planarians (Umesono et al., 1997, 1999).
In the latter, otp appears in a lateral band of neurons populating the brain.
In annelids, one finds a medial and lateral neuronal cluster of otp-positive
cells. The medial cluster may well correspond to the otp-expressing
neurosecretory domain described in vertebrates (Tessmar-Raible et al.,
2007). Based on the expression of otp and other overlapping markers,
including Nkx2.1 and Rx, these authors posit the existence of an evolu-
tionarily conserved “apical brain”, a neurosecretory center encountered in
all bilaterian animals (Tessmar-Raible et al., 2007). The developmental
fate of the lateral cluster of otp-expressing cells, observed in annelids as
well as planarians, is not known. One of the goals of the present study was
to elucidate how otp expression in Drosophila features in this framework of
medial vs lateral domain. It has been reported that otp appears in the
nervous system (Simeone et al., 1994; Hildebrandt et al., 2020), but details
of its expression and role have remained unknown. In the present study we
have analysed otp expression throughout development, and established a
role in neural fate determination mediated by the miRNA-252.

Many developmental processes, including cell fate determination
during nervous system development, are regulated by microRNAs (miR-
NAs). These miRNAs are 21–24 nucleotides long RNAs playing an
important role in the posttranscriptional regulation of gene expression
(Ambros, 2004). They are encoded in the genome, transcribed by RNA
Polymerases II or III resulting in pri-miRNAs which are processed via
Drosha and Dicer and bound by the RISC complex (see O'Brien et al., 2018
for review). The mature miRNA guides the RISC complex to a target
mRNAwhich could be degraded or translationally inhibited depending on
the homology between the miRNA and the target mRNA (Bagga et al.,
2005; Lim et al., 2005; Wu and Belasco, 2008). In this way a single miRNA
can influence the expression of up to 100 genes (Selbach et al., 2008).
MiRNAs were first identified in the nematode Caenorhabditis elegans (Lee
et al., 1993; Wightman et al., 1993), but also regulate a lot of processes in
plants and higher organisms like mammals. Also in Drosophila miRNAs
exist, here the miRNA bantam is well known as a regulator of wing
development (Brennecke et al., 2003), regulator of the Hippo signaling
(Thompson and Cohen, 2006) and the TGFβ pathway (Oh and Irvine,
2011). Another function of bantam is the regulation of the premature
differentiation of neuroblasts (Weng and Cohen, 2015). MiRNA families
will be grouped into classes depending on a 2 to 8 nucleotide long
sequence at their 50end, the so-called seed sequence, playing an important
role during target recognition (Brennecke et al., 2005). Compared to
higher organisms Drosophila has a smaller pool of miRNAs, nevertheless
80% of these have homologs in humans (Ib�anez-Ventoso et al., 2008). For
most Drosophila miRNAs transgenic fly strains exist that allow the
expression of these individual miRNAs time and tissue dependent using
the UAS/Gal4 system (Schertel et al., 2012; Bejarano et al., 2012).

In this paper we show that Otp is expressed in the brain in well-
defined neuronal lineages that mostly fall outside the medial domain.
To better characterize otp function there we used the CRISPR/Cas9 sys-
tem and gene targeting to generate mutants affecting the otp-PE protein.
The CRISPR/Cas9 induced otp mutants show a loss of Otp expression in
defined areas of the larval brain. In addition we show in vivo that miRNA-
252 is interacting with the 30UTR of otp and thereby regulating its
expression. In a miRNA-252 knockout strain we see a loss of Otp protein
expression in a defined area of the adult brain. These findings reveal an
important function of Otp during brain development of Drosophila.

2. Results

2.1. Otp expression pattern during development

Expression of otp in the nervous system starts at around embryonic
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stage 10, with small, segmentally reiterated clusters of neural precursor
cells that form part of the ventral midline (mesectoderm) (Hildebrandt
et al., 2020). At this stage, no labeling is detected in the brain. Brain
expression of otp begins at stage 12 (germ band retraction) in neural
precursors located in three domains designated as P1, P2 (proto-
cerebrum) and D1 (deutocerebum; Fig. 1A, see also Hildebrandt et al.,
2020). Using different optical sections we could now define the expres-
sion domains in more detail (Fig. 1B and C). Labeling of embryonic brains
with an antibody against the neuronal marker Neurotactin (BP106) and
other more specific markers (e.g., Fasciclin 3) reveals specific
lineage-associated fiber bundles to which neuron clusters can be assigned
(Hartenstein et al., 2015; Hartenstein, unpublished). The domain P1
corresponds to lineage cluster DPLI1-3 (Fig. 1B and C), domain P2 to
lineage cluster DPLc1-4 (Fig. 1B) and domain D1 to lineage BAmv3 and,
most likely, ventrally adjacent BAlc (Fig. 1B and C; for nomenclature see
Wong et al., 2013; Ito et al., 2013; Yu et al., 2013; Hartenstein et al.,
2015, Table 1). In a more ventral optical section expression in the lineage
cluster BLAd is detected (Fig. 1C). Evenmore ventrally in the transition of
the central brain to the suboesophageal ganglion neurons associated with
the lineage tract of BAlp4 and other cells that likely correspond the
lineage MD SA1 are Otp positive (Fig. 1D). An additional Otp expression
domain is visible in the posterior dorsomedial region that gives rise to the
DM lineages (Fig. 1A and B, white arrowheads).

To analyse the expression of Otp in the larval brain we used Neuro-
tactin (Nrt) as a marker for secondary neurons (Barthalay et al., 1990) to
highlight the brain in combination with Otp. The expression of Otp in a
larval brain hemisphere is visible in several expression domains in the
central brain region (Fig. 1E-L). Here it became obvious the Otp
expression is detectable in lineages where Otp was already present in the
embryo. Expression includes both primary neurons (born in the embryo)
and secondary neurons (born in the larva) of the respective lineages.
These include DPLl1-3 (Fig. 1F–I), DPLc2 and 4 (Fig. 1J–L), BLAd2,
BAmv3 and BAlc (Fig. 1J-L), BAlp4 (Fig. 1I and J) and MD SA1 (Fig. 1K
and L). In more posterior sections Otp expression was seen in the DM5
lineage (Fig. 1F), one of the six dorsomedial type II lineages. This would
correspond to the embryonic expression of Otp in the dorsomedial region
(Fig. 1A and B, white arrowhead). All these Otp expression domains are
located in the central brain region whereas no expression was detectable
in the optic lobe area.

The Otp expression in the adult brain was analysed in combination
with Bruchpilot (Brp), a marker labeling synapses to mark the neuropile
(Wagh et al., 2006). Again here the complete expression pattern of Otp in
the adult brain is shown in Fig. 1M. Several expression domains are
visible in the central brain region (Fig. 1M, white arrowheads), whereas
the optic lobe shows no expression at all. The following detailed analysis
to assign the expression to defined structures and lineages was done with
help of the Virtual Fly Brain Atlas (Milyaev et al., 2012; Ito et al., 2014;
Yu et al., 2013; Bates et al., 2020). Optical sections from anterior to
posterior highlight the expression in the lineages BLAd (likely BLAd2,
because this lineage expresses in the larva), BAmv3, BAlc and BAlp4
(Fig. 1N). In a section in the middle expression in DPLl3 is visible
(Fig. 1O) and in the posterior section expression in DPLl1/2 and DPLc4
(likely DPLc4, because this lineage expresses in the larva; Fig. 1P). In this
posterior brain region Otp is in addition to DM5 possibly also expressed
in DM4 (Fig. 1P). In summary Otp expression in the adult is present in all
lineages where it was already expressed in the embryonic and larval
brain and therefore a very stable marker for these lineages.

2.2. Expression of different otp transcripts during development

For the otp gene nine different transcript forms are known falling into
two different classes generating different protein forms (Flybase
FB2022_03). We showed earlier that otp-RC, a representative of one class
in the embryo is only expressed during hindgut development, whereas
otp-RE, a representative of the other class is only expressed in the em-
bryonic nervous system and brain (Fig. 2A) (Hildebrandt et al., 2020).



Fig. 1. Brain expression of Otp during development.
Laser confocal images of Drosophila embryonic, larval
and adult brains. (A-D) Expression of Otp in an em-
bryonic brain at stage 16 using anti-Otp (green) and
anti-HRP (red) stainings. (A) Complete expression
pattern of Otp showing the already described expres-
sion domains P1, P2 and D1 (Hildebrandt et al., 2020)
and an additional domain in the dorsomedial region
(white arrowhead). (B-D) Three optical sections of the
same embryonic brain from dorsal (B) to ventral (D)
to show the identified Otp lineage expression. (E-L)
Expression of Otp in a larval brain hemisphere using
anti-Otp (green) and anti-Nrt (red) stainings. (E)
Complete expression pattern showing the different
Otp expression domains in the central brain region.
(F-L) Seven optical sections of the larval brain hemi-
sphere from dorsal (F) to ventral (L) showing the
expression of Otp in identified. Otp-positive clusters
are annotated in large letters, Nrt-positive tracts that
define the lineage association of the clusters in small
letters. The letter “p” following the lineage designa-
tion refers to primary neurons, “s” to secondary neu-
rons. (M-P) Expression of Otp in the adult brain using
anti-Otp (green) and anti-Brp (red) stainings. (M)
Expression pattern of Otp showing the different
expression domains in the adult brain (white arrow-
heads). (N–P) Three optical sections from anterior (N)
to posterior (P) showing the adult expression do-
mains. Lineage abbreviations: BAlc, basoanterior lin-
eages, caudo-lateral subgroup; BAlp4, basoanterior
lineages, posterolateral subgroup, 4; BAmv3, basoan-
terior lineages, ventromedial subgroup, 3; BLAd2,
anterior basolateral lineages, dorsal subgroup, 2;
DM5, dorsomedial lineage 5; DPLc1-4, lateral dorso-
posterior lineages, central subgroup, 1–4; DPLl1-3,
lateral dorsoposterior lineages, lateral subgroup,
1–3; MD SA1, mandibular suboesophageal anterior
domain 1. Adult brain structure abbreviations: AL,
Antennal Lobe; CA, Calyx; LH, Lateral Horn; SLP, Su-
perior Lateral Protocerebrum; SMP, Superior Medial
Protocerebrum; SOG, Suboesophageal Ganglion; VLP,
Ventro Lateral Protocerebrum. (Scale bars: A-D, 50
μm; E-L, 50 μm; M-P, 25 μm).

Table 1
Lineage nomenclature.

Acronym
Hartenstein et al.
(2015)

Full name Acronym
Yu et al. (2013)

BAlc Basoanterior laterocentral ALl1
BAlp4 Basoanterior lateral posterior

4
ALlv1

BAmv3 Basoanterior medial ventral 3 ALad1
BLAd2 Basolateral anterior dorsal 2 SlPa1
DM4-6 Dorsomedial 4-6 DM4-6
DPLc4 Dorsoposterior lateral central

4
CLp1

DPLl1-3 Dorsoposterior lateral lateral
1-3

SLPp1, VLPd&p1,
SLPad1
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Since the hindgut expression of Otp stays on up to the adult stage (Hil-
debrandt et al., 2020) like the brain expression as shown here, one
question arising was if the expression of both transcripts persists in this
tissue specific manner during later stages. To address this question we
performed qPCR experiments of larval and adult hindguts and brains. We
designed specific primer pairs for the otp-RC and otp-RE transcripts that
the PCR products are spanning exon-exon boundaries to ensure that
cDNA and not genomic DNA is used preferentially as template in the
89
qPCR experiments. For the qPCR experiments brains and hindguts from
50 larvae and adult flies were prepared, RNA isolated and cDNAs made
by reverse transcription. The cDNAs were used for the qPCR experiments
in technical triplicates using α-tubulin as a reference gene (Ponton et al.,
2011). The qPCR experiments showed that in larvae, like in embryos,
otp-RC is expressed only in the hindgut (Fig. 2B). The otp-RE transcript is
expressed in the larval brain, but, in contrast to the embryo, also in the
hindgut. Here, expression is 29 fold of that in the brain, and higher than
otp-RC (Fig. 2B). A similar distribution of the two transcripts is detected
at the adult stage. These qPCR experiments clearly show that the otp-RC
transcript is hindgut specific during all developmental stages, whereas
otp-RE is nervous system specific only in the embryo, but present in the
brain and hindgut at later stages.
2.3. Generation of otp mutants by genome editing using the CRISPR/Cas9
system

Null mutants of otp are embryonic lethal due to its important function
during embryonic hindgut development (Hildebrandt et al., 2020), an
embryonic brain phenotype of otp mutants was not analysed yet. To
investigate the function in the nervous system during later stages of
development we used the CRISPR/Cas9 system to perform a genome
editing affecting only otp-PE protein. In exon 2 which encodes the first 10



Fig. 2. Expression of the otp transcript variants otp-
RC and otp-RE during development.
(A) Genomic organization of the otp gene with exons
indicated as dark gray boxes. Below the two different
transcripts otp-RE and otp-RC are shown (gray, un-
translated region; blue, translated region; yellow,
homeobox). The locations of the primers used for the
qPCR experiments and the length of the PCR products
are shown schematically below. (B) Relative quanti-
fication (RQ) of expression of otp-RE and otp-RC in
wild-type L3 brains and hindguts (n ¼ 50) by qPCR
standardized to the otp-RE expression in the larval
brain. (C) Relative quantification (RQ) of expression
of otp-RE and otp-RC in wild-type adult brains and
hindguts (n ¼ 50) by qPCR standardized to the otp-RE
expression in the adult brain.
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amino acids of the otp-PE protein no suitable target site could be iden-
tified, therefore we used one in the exon 4 upstream of the ATG which is
used in the otp-RC transcript. This would leave the otp-PC protein intact
and introduce frame shift mutations resulting in a non-functional otp-PE
protein. PCR analysis demonstrated that insertions and deletions, as well
as a combination of both, were generated as expected (Fig. 3A). In some
cases a few amino acids were deleted or added, leaving the reading frame
intact (e.g., strains 33/1C, 32/1G and 33/3D; Fig. 3B), in other cases the
open reading frame was altered leading to premature stop codons (e.g.,
strains 32/6A and 32/1F; Fig. 3B). These two strains would be the most
favourable since they produce very short otp-PE proteins without a
homeodomain which are most likely non-functional. All the isolated
strains are not lethal and the animals survive up to the adult stage.

A comparison of the Otp expression in a wild type larval brain with
larval brain of otp 32/6A animals showed a reduction of expression in the
region of the DPLl1-3 lineages and in the region of the DM5 lineage
(Fig. 3C and D, white arrowheads). In principle we expected a complete
loss of Otp expression when the otp-PE protein isoform is affected. The
presence of the remaining Otp expression might be due to a not yet
identified splice variant of the otp gene, but the reduction of expression
would argue, that some cells which normally express otp-PE are lost due
to the mutation.

2.4. Generation of an otp mutant strain with reintegration of Gal4 in the
otp locus

Since Otp turned out to be a very stable marker for a specific set of
brain lineages, we generated an otp enhancer trap strain as a tool to
visualize the expression pattern and to misexpress or downregulate genes
in an otp-dependent pattern. We wanted to delete a part of the second
exon of otp including the ATG used for the longer protein form otp-PE by
gene targeting to generate a new otp allele affecting only this protein
form which is exclusively expressed in the embryonic nervous system,
but in later stages in addition to the nervous system also in the gut. Such
an enhancer trap strain would ideally recapitulate the complete otp
expression in the nervous system in heterozygous animals, whereas in
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homozygous animals the consequences of a loss of otp expression could
be analysed. For the construction of such an otp gene targeting construct,
we used the vector pTVcherry (Baena-Lopez et al., 2013) that is suitable for
this experimental design. We decided to delete a region of 64 bp starting
11 bp upstream of the ATG up to the first intron including the donor
splice site (Fig. 4A, black arrowheads) and then reintegrated Gal4 to
generate the strain otpKOGal4 (Fig. 4B).

To analyse this strain we visualized the Gal4 expression with the help
of the mCD8:GFP marker and the H2B-mRFP1 marker. In the embryo
expression of the nuclear RFP marker is colocalized in the brain in the
three known cell clusters where Otp is expressed (Fig. 5A, yellow ar-
rowheads) (Hildebrandt et al., 2020). In the ventral nerve cord Otp
protein and the GFP marker are also colocalized up to the A2/A3
boundary (Fig. 5B, white arrowhead). Whereas Otp expression is not
detected more posteriorly (Fig. 5B’), the GFP marker is present there
(Fig. 5B’‘), arguing that the posttranscriptional regulation in that region
is not working for the GFP marker. The prominent expression of Otp in
the embryonic hindgut was not reproduced by either of the markers used
(data not shown), therefore the hindgut module driving this expression
(Kusch et al., 2002) is not capable of driving Gal4 expression in that
tissue, maybe due to its location 3’ of the integrated Gal4 gene. In the
larval brain Otp and GFP marker expression are both seen in the brain
hemispheres and the ventral ganglion and here again the specific
expression boundary is visible (Fig. 5C, white arrowhead), but also here
the GFP marker is expressed more posteriorly. In a higher magnification
of the ventral ganglion this effect is better visible, here using the nuclear
marker RFP (Fig. 5D). In larval brain hemispheres very nice colocaliza-
tion of Otp and the markers GFP and RFP is detected (Fig. 5E and F,
yellow arrowheads). The same is true for the coexpression in the adult
brain (Fig. 5G). Next we also analysed the expression of the otpKOGal4

driven nuclear marker RFP in the larval alimentary tract. Here Otp is
expressed in the larval hindgut, but not in the adjacent pylorus and in the
rectum (Fig. 5H). In contrast the RFP marker is in addition to the hindgut
also expressed in the rectum (Fig. 5I). In the adult alimentary tract, Otp is
again expressed in the hindgut but here also in the rectum (Fig. 5J) and
this expression is completely reproduced by the Gal4 induced RFP



Fig. 3. CRISPR/Cas9 induced otp mutants.
(A) The otp wild-type sequence of the 5‘ part of exon 4
is indicated together with corresponding amino acids.
The target sequence of the gRNA used is indicated in
light green together with the neighbouring PAM
(protospacer adjacent motif) sequence in light yellow.
The Cas9 cleavage site is indicated by a black arrow-
head. The DNA sequence alterations in five otp mutant
strains are indicated below. Deletions are shown by
black bars, insertions in red and changes of bases in
black. For each strain changes in the reading frame
are indicated, deletions and insertions not resulting in
a frameshift in green, those resulting in a frame shift
in red. (B) The wild-type amino acids are indicated
together with alterations in the five otp mutant strains
resulting from the CRISPR/Cas9 induced genome
editing. Again amino acid insertions, alterations and
deletions are indicated in red, black and as black bars.
Changes not influencing the open reading frame are
indicated in green, those changing the open reading
frame in red. Stop codons are shown as red asterik. (C,
D) Laser confocal images of Drosophila larval brains of
wild-type (C) and otp 32/6A mutant animals (D).
Expression of Otp is shown in red. A reduced Otp
expression is seen in the DPLl1-3 region and the DM5
region of mutant animals (D, white arrowheads)
compared to the wild type (C, white arrowheads).
(Scale bar: 50 μm).
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marker expression (Fig. 5K). In contrast to the embryo the larval
expression in the gut might be regulated by a different regulatory
element compared to the embryo, and there exists such a regulatory
element upstream of the otp gene (data not shown). In summary the
otpKOGal4 strain expression is recapitulating most expression patterns of
Otp during development except the embryonic expression in the hindgut
and might therefore considered as an otp-RE specific enhancer trap
strain.

2.5. Interaction of miRNA-252 with otp

In previous work (Hildebrandt et al., 2020) we had noted that even
though otp transcripts are expressed throughout the length of the em-
bryonic VNC, the Otp protein is not expressed posterior to the A2/A3
boundary, indicating a posttranscriptional regulation of otp. MiRNAs are
well known regulators of development that target specific mRNAs,
leading to degradation of these mRNAs or a silencing of translation
(O'Brien et al., 2018). To analyse a putative interaction of miRNAs with
the otp mRNA we used a program predicting putative interaction sites in
the 30UTR of otp (www.microrna.org) and identified miRNA-100,
miRNA-252, miRNA-316, miRNA-987 and miRNA-iab4-4-5p as puta-
tive interaction partners. To ascertain which of these miRNAs targets otp
we generated an otp sensor-construct by fusing the otp 30UTR to GFP and
created transgenic flies which express the otp sensor-construct in all cells
(Fig. S1). If in these flies a miRNA under UAS control is now activated in a
91
specific domain using the UAS/Gal4 system, the miRNA will be ectopi-
cally expressed in that domain, resulting in the downregulation of the otp
sensor. We used an engrailed-Gal4 strain (en-Gal4) to express the different
UAS-miRNA strains in the posterior compartments of larval wing discs.
The only UAS-miRNA strain which showed an effect in this assay was
UAS-miRNA-252, here the GFP expression of the otp sensor was signifi-
cantly reduced (Fig. S1). Therefore we only performed experiments with
miRNA-252 to further confirmmiRNA-252 as a regulator of otp. Wemade
a construct consisting of enhanced GFP (eGFP) and the otp 30UTR com-
bined with a hsp70 minimal promotor and under control of 5xUAS
binding sites (Fig. 6A) (Schertel et al., 2012). This construct could be
co-expressed with a given UAS-miRNA at a location and time interval of
choice. Through the coactivation in the same tissue, the effects of
different UAS-miRNA strains can be compared and even quantified. In
addition to the usage of a wild-type otp 30UTR, we also used a UTR with a
23 bp deletion of the putative miRNA-252 seed sequence bind-
ing/interaction site and a 3 bp mutation in the seed sequence bind-
ing/interaction site which is absolutely required for the interaction of the
miRNA with the 30UTRs of target transcripts (Fig. 6B).

In a first set of experiments we used an en-Gal4 strain to express the
different otp sensor-constructs in the posterior compartment of larval
wing discs together with miRNA-252. We made the experiments in par-
allel to have the same conditions and here representative imaginal discs
are shown (Fig. 7A–C). The expression of a wild-type otp 30UTR construct
results in a certain amount of GFP in the posterior compartment (Fig. 7A).

http://www.microrna.org


Fig. 4. Generation of the otpKOGal4 strain.
(A) The genomic organization of the otp locus with the
exon regions leading to the two different transcripts
otp-RC and otp-RE are shown. Noncoding regions are
indicated by gray boxes, coding regions by blue boxes,
the homeobox is shown in yellow. (B) The genomic
organization of the otpKOGal4 strain is indicated. Here
the region upstream of the ATG in exon 2 up to se-
quences shortly downstream of the exon 2 donor
splice site is deleted (indicated by black arrowheads in
(A)) and replaced by Gal4 (yellow) flanked by an
attP/B site (red) and a loxP site (green).
Laser confocal images showing the expression of otp-
KOGal4 heterozygous animals in different develop-
mental stages visualized using an UAS-H2B-mRFP1
strain and an UAS-mCD8:GFP strain. (A) In a stage 16
embryo (the anterior end of the embryos is pointing
down), Otp expression is shown in green and otpKO-
Gal4 dependent marker RFP expression in red. Coex-
pression of the nuclear marker RFP and Otp is seen in
the embryonic brain in all three expression domains
(yellow arrowheads). (B–B00) Staining of a ventral
nerve cord of a stage 16 embryo, anterior is to the left.
Otp staining is in red, GFP marker expression in green,
single channels are shown in B' and B00, the boundary
with decreasing GFP expression is indicated by white
arrowheads. (C) Dorsal view of a larval brain with Otp
staining in red and GFP marker expression in green.
The boundary of Otp expression in the ventral gan-
glion is indicated by a white arrowhead. (D) Otp
staining (green) compared to the RFP marker expres-
sion (red) and Nrt (blue) in the ventral ganglion. Here
the boundary of Otp expression is also shown by a
white arrowhead, RFP marker expression is detected
up to the posterior end. (E) Colocalization of Otp (red)
and the marker GFP (green) in a larval brain hemi-
sphere is detected (yellow arrowhead), Nrt is shown
in blue. (F) Using the RFP marker (red) colocalization
with Otp (green) is again seen in a larval brain
hemisphere (yellow arrowhead), Nrt is again shown in
blue. (G) In an adult brain colocalization of Otp
(green) and the nuclear marker RFP (red) is seen in
several regions. Adult brain structure abbreviations:
AL, Antennal Lobe; CA, Calyx; LH, Lateral Horn; SLP,
Superior Lateral Protocerebrum; SMP, Superior
Medial Protocerebrum; SOG, Suboesophageal Gan-
glion; VLP, Ventro Lateral Protocerebrum. (H–K) Otp
expression (green) and nuclear RFP expression (red)
in larval (H, I) and adult (J, K) hindguts. Boundaries of
specific structures are indicated by white arrowheads.
Abbreviations: HG, hindgut; MG, midgut; PY, pylorus;
RE, rectum.
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When the seed sequence binding/interaction site in the 30UTR is
mutated, the miRNA interaction is decreased resulting in a higher eGFP
expression (Fig. 7B). This effect is even more pronounced when the
interacting sequences were deleted (Fig. 7C). To quantify this we used
two different methods. First we analysed 20 images of wing discs for each
otp construct to determine the relative fluorescence intensity using the
software ImageJ (Fig. 7D), then we performed again qPCR experiments
with mRNA isolated from 20 larvae of the different construct crosses to
quantify the different eGFP mRNA levels. The constructs with the mu-
tation and the deletion were standardized to the wild-type construct. As
shown in Fig. 7D there is a slight increase of eGFP expression for the otp
30UTR with the mutation or the deletion. This effect is more pronounced
in the qPCR experiments, here the expression of the construct with the
mutation of the seed sequence binding/interaction site is 3.6 times
higher as the wildtype and the construct with the deletion 2.7 times
higher (Fig. 7E). To repeat the experiments in another context we used a
deadpan Gal4 strain (dpn-Gal4) to express GFP in the larval brain, here in
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the central brain mainly in neuroblasts in the type I lineages, in neuro-
blasts and INPs in the type II lineages and in the medulla region of the
optic lobe. Like in the wing discs also in the brain a stronger eGFP
expression was detected in constructs with the mutated (Fig. 7G) or
deleted (Fig. 7H) seed sequence binding/interaction site. The quantifi-
cation using microscopy showed again a similar effect of an increasing
intensity (Fig. 7I) and the quantification using qPCR showed an increase
of 1.3 times which is less compared to the previous experiments using en-
Gal4, but still significant (Fig. 7J). These in vivo experiments clearly
verify that miRNA-252 is indeed interacting with the otp 30UTR in the
predicted region.

2.6. Effects of a miRNA-252 knockout on the otp expression

To further characterize the regulatory interaction of miRNA-252 and
otp we analysed otp expression in the targeted knockout strain miRNA-
252 KO (Chen et al., 2014). MiRNA-252 is the most highly expressed



Fig. 5. Expression of the otpKOGal4 strain.

Fig. 6. Otp sensor-constructs.
(A) Schematic presentation of the UAS-otp sensor-
construct consisting of 5xUAS binding sites (yellow),
a hsp70 minimal promotor (blue), enhanced green
fluorescent protein (eGFP) (green) and the otp 3’UTR
(orange). (B) RNA sequences of the wild-type and
modified otp 30UTRs of the region where miRNA-252
interacts. Interaction of the miRNA-252 with otp
30UTR is shown, the seed sequence is in blue. In the
mutation construct changes in the seed sequence
binding/interaction site are shown in red, the deleted
area in the deletion construct is shown by an inter-
rupted line.
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miRNA in the adult fly head and involved in a large range of biological
processes (Marrone et al., 2012). Embryonic brain expression of otp is
unaltered in the miRNA-252 KO strain (Fig. 8A-C’). Also in the larval
brain hemispheres (Fig. 8D, D') and the larval VNC (Fig. 8E, E') the
expression pattern of Otp appears to be unaffected by the absence of the
miRNA-252. Only in adult brains a subtle effect of miRNA-252 KO could
be observed. Thus, whereas in the wild-type adult brain Otp expression is
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detected in a region dorsal of the Lateral Horn (LH) and the Superior
Lateral Protocerebrum (SLP) (Fig. 8F, white arrowheads), most likely
lineage DPLl3 (Milyaev et al., 2012), this expression pattern is missing in
the adult brain of the miRNA-252 KO strain (Fig. 8F', white arrowheads).
This effect might be in good agreement with the fact that miRNA-252
shows the highest expression in the adult brain and therefore might
exert most of its function there.



Fig. 7. In vivo analysis of the different Otp constructs.
Confocal images of coexpression of the different UAS-
otp-constructs (WT, wild-type; Mut, mutation; Del,
deletion) together with a UAS-miRNA-252 strain
using en-Gal4 to express both constructs in the pos-
terior compartments (right site) of larval wing discs
(A-C) and dpn-Gal4 for expression in the larval brain
(F–H). Always representative discs and brains are
shown (n ¼ 20). Relative quantification (RQ) of
fluorescence intensities of eGFP using microscopy
images and ImageJ quantification are shown for the
en-Gal4 experiments (D) and the dpn-Gal4 experi-
ments (I). Relative quantification (RQ) of the different
eGFP mRNA levels by qPCR are shown for the en-Gal4
experiments (E) and the dpn-Gal4 experiments (J).
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3. Discussion

The Drosophila orthopedia gene was until now mainly analysed with
respect to its expression and function during hindgut development
(Hildebrandt et al., 2020). Here we analysed the expression and function
of otp during nervous system development. Beginning at mid-embryonic
stages, Otp is expressed in lineages of the protocerebrum (clusters DPLI,
DPLc, BLAd, DM) and in the deutocerebrum (BAlc, BAlp4, BAmv3). Brain
expression stays on during larval development up to the adult stage.
Therefore Otp represents a very stable marker for these lineages.

Functionally, little is known about neurons of any of the protocerebral
lineages DPLl, DPLc, or BLAd. DM lineages generate the columnar neu-
rons of the central complex (Ito and Awasaki, 2008; Sullivan et al., 2019;
Andrade et al., 2019), a center for navigation and spatial memory.
Developmentally, these lineages are derived from the neurectodermal
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territory homologized with the dorsomedial domain (He et al., 2019;
Farnworth et al., 2020). This domain, which gives rise to neuroendocrine
cell populations, is also characterized by otp expression in other animals,
including vertebrates and several invertebrate systems (e.g., the mollusc
Patella vulgaris and the annelid Platynereis dumerilii; Tessmar-Raible et al.,
2007). In Drosophila, the dorsomedial domain represents but a small
portion of the otp-positive neural cell populations. Furthermore, even
though we did not attempt double-labeling of Otp in conjunction with
neuropeptide markers like DILP or corazonin, it is highly unlikely that
any of the neurosecretory cells, which stand out by their large size and
highly characteristic location, are Otp-positive.

Located outside (ventro-laterally of) the dorsomedial domain, the
deutocerebral lineages BAlc, BAlp4 and BAmv3 give rise to interneurons
of the Drosophila olfactory system (Das et al., 2013). The olfactory system
has been studied intensively and is well characterized (Vosshall and



Fig. 8. Otp expression in wild-type and miR-252
knockout animals.
Laser confocal images of Drosophila embryonic, larval
and adult brains of wild-type and miR-252 knockout
animals. Expression of Otp is shown in red, HRP in
embryos (A-C0), Nrt in larvae (D-E0) and Brp in adults
(F, F0) is shown in green. Wild-type (wt) (A-F) or miR-
252 knockout animals (miR-252 KO) (A0-F0) are indi-
cated. (A, A0) Dorsal views of embryonic brains of
stage 15 animals (the anterior end of the embryos is
pointing down). (B, B0) Lateral views of stage 14 em-
bryos showing the brain and anterior ventral nerve
cord, anterior is to the left. (C, C0) Ventral views of the
anterior part of ventral nerve cords, anterior is to the
left. Otp expression is visible up to segment A3 (white
arrowheads). (D, D0) Dorsal views of right larval brain
hemispheres. (E, E0) Dorsal views of anterior parts of
the ventral ganglia of larval brains. (F, F0) Anterior
views of adult brains. The regions where Otp expres-
sion in the miR-252 KO strain is lost compared to the
wild-type are indicated by white arrowheads.
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Stocker, 2007). 1300 olfactory sensory neurons located on each antenna
established connection to primary olfactory processing centers, the
antennal lobes. There they make connections to 200 projection neurons
and 100 local interneurons which project to higher brain centers in the
lateral horn andmushroom body (Jefferis et al., 2001; Huang et al., 2010;
Yaksi and Wilson, 2010). It will be important to analyse in more detail
the role of otp in controlling the development and, possibly, function of
olfactory interneurons.

In vertebrates Otp is expressed and required in the alar hypothalamus
which gives rise to the supraoptic and paraventricular nuclei (SPV), as
well as the medial amygdala. The SPV includes neuro-endocrine neurons
involved in the regulation of the stress response, social behaviour and
feeding behavior (Amir-Zilberstein et al., 2012; Gutierrez-Triana et al.,
2014; Wircer et al., 2017; Moir et al., 2017). The medial amygdala is
formed by interneurons that channel input from the olfactory bulb to the
hypothalamus (Abellan et al., 2013; Biechl et al., 2017). It is therefore
tempting to speculate about an evolutionary link between the expression
pattern of otp in Drosophila and vertebrate brain. It is possible that otp,
aside from its conserved role in specifying neuroendocrine cells
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(Tessmar-Raible et al., 2007), also acts as a determinant for neurons that
form part of olfactory pathways that modulate fundamental behaviors
like aggression, kin recognition or feeding.

It will be important to establish in how far signaling pathways and
transcriptional regulators acting upstream of otp to specify its expression
domain are conserved between vertebrates and Drosophila. Expression of
otp1 and otp2 in zebrafish in the hypothalamic preoptic area (PO)
(anterior alar plate) and the posterior tuberculum (PT) (posterior basal
plate) is controlled by Nodal, Sonic hedgehog and Fibroblast Growth
Factor 8 (Del Giacco et al., 2006). Otp1 expression in hypothalamic
neurons is also regulated by prox1, a vertebrate homolog of theDrosophila
gene prospero (Dyer et al., 2003; Choski et al., 2006; Shimoda et al., 2006)
and zinc-finger containing protein Fez1 (Levkowitz et al., 2003), a
vertebrate homolog of the Drosophila gene earmuff (erm) (Weng et al.,
2010). The same genes control otp expression in mouse, but here Sim1, a
bHLH-PAS transcription factor (Michaud et al., 1998) acts in parallel to
Otp without a cross regulation (Acampora et al., 1999; Wang and Lufkin,
2000). Additional factors that are co-expressed with Otp in the ventral
forebrain and are switched on by the aforementioned signaling pathways
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are the homeodomain transcription factors Six3/Six6 (Oliver et al., 1995;
Jean et al., 1999; Ghanbari et al., 2001), Rx (Mathers et al., 1997;
Deschet et al., 1999) and Nkx2.1/2 (Takuma et al., 1998), the Paired
domain factor Pax6 (Kioussi et al., 1999) and the orphan nuclear receptor
Tlx (Monaghan et al., 1995). In flies, genetic interactions between otp and
any of these genes have not been studied so far. Based on similarity in
expression, interactions between Otp and Erm, Nkx2.2 (Drosophila Vnd)
and Shh (Drosophila Hh) are likely (V.H., unpublished). Other genes
demarcating the dorsomedial domain, including homologs of Six3/Six6
(Drosophila Optix) and Rx are expressed earlier and in a much more
restricted domain than the one giving rise to the otp-positive lineages,
which suggests differences in the gene networks controlling otp expres-
sion in vertebrates and Drosophila.

Since otpmutants are embryonic lethal due to the very strong hindgut
phenotype (Hildebrandt et al., 2020), later stages could only be analysed
using clones. To avoid these restrictions, we generated an otp mutant
which only affect the nervous system specific function through the mu-
tation of the nervous system specific otp-PE isoform. Even this Otp pro-
tein isoform is also expressed in the hindgut in postembryonic stages, a
loss of this isoform might not be so dramatic, since the otp-PC isoform is
still present.

First, we used the CRISPR/Cas9 system to generate mutants which
only affected the otp-PE proteins isoform. As expected, we could induce
small deletions and/or mutations leading to changes of the open reading
frame resulting in premature stop codons and shorter protein forms and
we detected a reduced expression of otp in well-defined areas of the larval
brain. The loss of the nervous system expression of otpmight not result in
dramatic changes of larger brain structures, but rather might have more
subtle effects like influencing olfactory processes and/or learning and
memory.

In addition to our CRISPR/Cas9 induced mutants we also generated
an otpmutant affecting the otp-PE isoform by gene targeting deleting the
ATG and adjacent sequences in exon 2. For this experiment we used the
vector pTVcherry (Baena-Lopez et al., 2013) which allows easier cloning of
the homology arms used for the homologous recombination and a better
selecting of the targeting flies. Our targeting efficiency of 1/775 was even
better than those reported by Baena-Lopez et al. which were between
1/1000 and 1/2000. In similar experiments we made mutants using
comparably small deletions for the genes DRx and homeobrain with ef-
ficiencies ranging between 1/600 and 1/700 (Kl€oppel et al., 2021; Hil-
debrandt et al., 2022), whereas for the earmuff gene a deletion of 1.5 kb
resulted in a drop in the efficiency to 1/1894 (Hildebrandt et al., 2021).
Using an attP site integrated in the otp locus instead of the deleted se-
quences it was then possible to reintegrate Gal4 into the locus to generate
an otp Gal4 strain. This strain recapitulates the complete otp expression
pattern during all stages of development and could even be used to
analyse the expression in an otp-PE mutant background. Furthermore
this Gal4 strain is an ideal tool to misexpress any gene in an otp depen-
dent pattern using the UAS/Gal4 system (Brand and Perrimon, 1993) or
to downregulate genes via RNAi with the RNAi strains available at VDRC
(Dietzl et al., 2007) and Harvard University (Perkins et al., 2015).

miRNAs are known to regulate diverse genes and developmental
processes through direct interactions within the 30UTR of the respective
genes. In our experiments we showed that miRNA-252 is directly inter-
acting and thereby regulating otp expression. The bantam gene codes for
the first miRNA identified in Drosophila (Brennecke et al., 2003). To
analyse the regulation of the proapoptotic gene hid by bantam, a GFP
sensor-construct was used where the hid 30UTR with a bantam interaction
sequence was fused to GFP and expressed in all cells of Drosophila.
Wherever bantam was present, the GFP level was reduced and bantam
activity could be shown in these experiments in the wing disc where it
was known that bantam is expressed there (Brennecke et al., 2003). The
drawback of these experiments was that one has to know where to look
for the activity of the miRNA of interest. In later experiments the
UAS/Gal4 system (Brand and Perrimon, 1993) was used for a specific
activation of a certain UAS-miRNA construct in a well-defined tissue
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(Schertel et al., 2012) like we did it in our first experiments using en-Gal4
to express miRNA-252 in the posterior compartment of the Drosophila
wing disc and thereby reducing the GFP expression there to show a direct
interaction of miRNA-252 with the otp 30UTR. We then used a more so-
phisticated version of this system which allows expressing both the
sensor-construct and the miRNA simultaneously in any tissue of choice
using again the UAS/Gal4 system. With this method we were able to
show again the interaction of miRNA-252 with the 30UTR of otp and even
to quantify this by qPCR.

MiRNA-252 is an abundant miRNA and has 206 putative targets
(Marrone et al., 2012). It is expressed in embryos and larvae, but stronger
in pupal and adult stages (Lim et al., 2018). In the embryo an upregu-
lation in neuroblasts, glia cells and neurons was described (Menzel et al.,
2019). Such an upregulation is also seen in epithelial tumour tissue (Shu
et al., 2017) and 60 h after an infection of flies with Candida albicans
(Atilano et al., 2017). In addition ecdysone-responsive miRNA-252-5p
controls the cell cycle by targeting Abi (Lim et al., 2018) and a devel-
opmental growth control during metamorphosis was shown through the
direct targeting of mushroom body tiny (mbt) by miRNA-252 (Lim et al.,
2019).

Our prediction would have been that a loss of miRNA-252 in flies
using a miRNA-252 knockout strain (Chen et al., 2014) would lead to
more Otp expression in certain tissues during development, maybe in the
embryo where otp is posttranscriptionally regulated in the posterior
segments of the nervous system. This was not the case, but we detected
less Otp expression in a defined region of the adult brain in miRNA-252
knockout animals which are viable. But this would be the developmental
stage when the miRNA-252 is most abundant in adult flies with a
threefold enrichment in the head compared to the body (Marrone et al.,
2012). There could be several reasons for this unexpected result. Most
C.elegans miRNAs are not essential for development and function
redundantly (Miska et al., 2007; Alvarez-Saavedra and Horvitz, 2010).
Since this might also apply for DrosophilamiRNAs, another miRNAmight
function redundantly to miRNA-252. The major effect of miRNA-252 on
otp might be in a different tissue, maybe during gut development.
Another possibility is that the loss of otp expression in the adult brain
shows an indirect effect where miRNA-252 regulates a factor necessary
for otp expression in that specific brain region. Future studies will be
necessary to follow up this effect, but miRNA-252 is in general interesting
to analyse, since is highly conserved in different organisms like C.elegans,
Drosophila and humans (Ib�anez-Ventoso et al., 2008; Ruby et al., 2007),
and functions also in metamorphosis and growth regulation in hemi-
metabolan species like Blatella germanica (Rubio et al., 2012; Ylla et al.,
2018).

Our data suppose an important function of otp during nervous system
development which is also influenced by its regulation through miRNA-
252. Using our CRISPR induced otp mutants and the otp-Gal4 enhancer
trap strain, a much deeper analysis of the otp function in various pro-
cesses of nervous system development might be possible in the future.

4. Methods

4.1. Fly strains

The following fly strains were used: yw67c23; UAS-mCDC8:GFP, UAS-
H2B-mRFP1 (Egger et al., 2010), ubiquitin-Gal4[3xP3-GFP] (Baena-Lo-
pez et al., 2013), M {UAS-miRNA-252S} ZH-86Fb (Flyorf).

The following stocks were obtained from the Bloomington Drosophila
Stock Center:

y[1] w[67c23]; sna[Sco]/CyO, P{w[þmC] ¼ Crew}DH1 (BL 1092);
y[1] w[*]; Pin[Yt]/CyO; P{w[þmC] ¼ UAS-mCD8:GFP.L}LL6 (BL

5130),
y[1] w[*]; P{w[þmW.hs] ¼ en2.4-GAL4}e16 E P{w[þmC] ¼ UAS-

FLP.D}JD1 (BL 6356),
y[1] w[1118]; P{ry[þt7.2] ¼ 70FLP}23 P{v[þt1.8] ¼ 70I-SceI}4A/

TM3, Sb[1] Ser[1] (BL 6935),
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w[1118]; Df(2R)Exel7166/CyO (BL 7998),
y[1] w[1118]; PBac{y[þ]-attP-3B}VK00033 (BL 9750),
y[1] M{RFP[3xP3.PB] GFP[E.3xP3] ¼ vas-int.Dm}ZH-2A w[*]; PBac

{y[þ]-attP-3B}VK00033 (BL 24871),
y[1] w[*] P{y[þt7.7] ¼ nos-phiC31\int.NLS}X; sna[Sco]/CyO (BL

34770),
w[1118]; P{y[þt7.7] w[þmC] ¼ GMR13C02-GAL4}attP2 (BL

47859).
y[1] M{w[þmC] ¼ nos-Cas9.P}ZH-2A w[*] (BL 54591),
y[1] w[67c23]; Sco/CyO
w[1118]; TM3/TM6B.

4.2. qPCR experiments

For the qPCR experiments RNA was isolated from 20 total larvae, 50
larval and adult brains or 50 larval and adult hindguts using the ISOLATE
II RNA Micro Kits (Bioline) for tissues and the ISOLATE II RNA Mini Kit
(Bioline) for total larvae. CDNA was synthesized from 200 ng RNA from
the tissues or 1000 ng RNA from total larvae using the QuantiTect Reverse
Transcription Kit (Qiagen). The qPCR experiments were performed using
the QuantiTect SYBR® Green PCR Kit (Qiagen) according to the supplier.
Experiments were done as technical triplicates. The following primer pairs
were used: otp-RC for (50-GCTCTTTTGCGGCGCAC-30) and otp-RC rev (50-
GCCGGAGGATCCACCACC-30); otp-RE for (50-GAACTCTGACCCCAGCC-
CATAAC-30) and otp-RE rev (50-GGGAATCGATATCGACTGGTGG-30);
ForGFP (50-GCAACTACAAGACCCGC-30); RevGFP (50-GTCGGCCATGA-
TATAGACG-30). For control experiments the primers ForTubulin (50-
TGTCGCGTGTGAAACACTTC-30) and RevTubulin (50-AGCAGGCGTTTC-
CAATCTG-30) (Ponton et al., 2011) were used. The evaluation of the qPCR
results was done according to the ΔΔCt method.

4.3. gRNA design, cloning of CRISPR otp construct and analysis of
CRISPR/Cas9 induced mutations

A suitable target site in exon 4 of otp was selected to mediate Cas9
induced cleavage in exon 4. To avoid off-target cleavage, target sites were
selected using the CRISPR target finder (http://tools.flycrispr.molbio.wis
c.edu/targetFinder/) (Gratz et al., 2013). Target site primers were
annealed and cloned in the vector pCFD3-dU6:3 (Port et al., 2014) cut
with BbsI according to www.crisperflydesign.org. The primers used
were: CRISPR-Otp2A (5‘-GTCGCGCGCTGACAGCACTGCACG-3‘) and
CRISPR-Otp2B (5‘-AAACCGTGCAGTGCTGTCAGCGCG-3‘). Correct con-
structs were identified by PCR and PCR products sequenced by Starseq
(Mainz, Germany). Transgenic fly lines were generated by
PhiC31-integrase mediated transformation (Bischof et al., 2007) in the
attP2 site (68A4) using strain BL 25710 and standard techniques (Rubin
and Spradling, 1982). Transformants with the individual CRISPR con-
structs were crossed to a nanos-Cas9 strain (BL 54591) and individual
males of the offspring balanced over CyO. The Cas9 target region from
individual strains was PCR amplified using primers 5‘ and 3‘ of the target
region (primers sequences are available upon request) and sequencing of
the PCR products was performed by Starseq (Mainz, Germany).

4.4. Generation of an otp gene targeting construct and reintegration of
Gal4

An otp donor gene targeting construct was made in the vector pTVcherry

according to Baena-Lopez et al. (2013). The two 2.5 kb homology arms
were amplified using Q5 High-Fidelity DNA Polymerase (New England
Biolabs) and BACR10P11DNA (Hoskins et al., 2000). The primers otpGT1A
(5’-GCGGCCGCAACAACGAATTGAGATGTTATCACG-30) and otpGT2A
(50-GGTACCAATTGCGGATCGACAGAGTCGAC-30) were used for homol-
ogy arm 1 and otpGT3A (50-ACTAGTATAGCGTTTTAAGTGCGGGCTGC-30)
and otpGT4A (50-GGCGCGCCAGATCAAGATGACGCAGTAGTCTC-30) for
homology arm 2. All primers came with unique restriction enzyme recog-
nition sites added to their end (underlined), which enabled later cloning in
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the final vector. After adding 30 adenine overhangs to the two PCR products
they were subcloned into the vector pCR-XL-TOPO (ThermoFisher Scien-
tific, Waltham, Massachusetts, USA) and some clones sequenced by Starseq
(Mainz, Germany). From correct clones the homology armswere cutted out
with the relevant restriction enzymes and finally cloned in the vector
pTVcherry (Baena-Lopez et al., 2013). P-element-mediated transformation of
some constructs into w1118

flies was performed by Bestgene (Chino Hills,
California, USA). Transformants were balanced, and transformants with a
non-lethal integration on the third chromosome were used for the gener-
ation of final targeting strain to avoid negative effects if some P-element
sequences still remain at that position after recombination of the vector
cassette in the otp locus. Transformants were crossed with hs-Flp, hs-SceI
flies (BL 6935) and resulting larvae were heat-shocked at 48 h and 72 h
after egg laying for 1 h at 37 �C. Two hundred adult female flies with
mottled red eyeswere crossedwith ubiquitin-Gal4[3xP3-GFP]males and the
progeny screened for the presence of red-eyed flies. The transgene ubiq-
uitin-Gal4[3xP3-GFP]was removed by selection against GFP expression and
the resulting targeting flies were balanced over CyO and molecularly
analysed for the correct integration event. Among 27130 flies in the
offspring of our gene targeting crosses we identified 35 red-eyed flies
resulting in a targeting frequency of 1/775. Some of these flies were
balanced and analysed by PCR to verify that the homologous recombina-
tion was correct. For the PCR reactions we used primers within the cassette
introduced by the recombination events and primers located outside of the
homology arms. Primers otpGT5A (5‘-TTTTGCTGCCGATAACGCCTTTG-3‘)
and mCherryrev2 (5‘-CCTCGTCGTCGTTCAGGTTG-3‘) were used for the
upstream region and pTVGal4-1 (5‘-CGTTTTTATTGTCAGGGAGT-
GAGTTTGC-3 and otpGT6A (5‘-GCAGCCCTAACTGTTCATCGTG-3‘) for the
downstream region. From one of these strains, called otpKO, removal of the
white gene was performed by crossing of the otp-targeting flies to a strain
expressing Cre Rekombinase (BL 1092) and selecting for and balancing of
white eyed flies among the cross offspring. For the reintegration of Gal4 in
the otp locus the vector RIVGal4 was used (Baena-Lopez et al., 2013). First,
otp targeting flies were crossed with PhiC31-expressing flies (BL 34770)
and embryos of that cross injected with RIVGal4 DNA. Red-eyed trans-
formant flies were selected and the whitemarker was again removed using
the loxP sites to generate the strain otpKOGal4.

4.5. Generation of the different otp sensor-constructs

For the wild-type otp 3’UTR we used the primers otpmiR3 (5‘-
TATACTCGAGAATTTGTTGAAAAGCTTCGAAAGCTTT-3’) and otpmiR4
(5‘-TATACTCGAGAGTTGGATTTAAATTTAGGCTTAAACG-3’) and ampli-
fied a 0.9 kb fragment by PCR. This fragment was cloned into the vector
pCR2.1 TOPO (ThermoFisher Scientific, Waltham, Massachusetts, USA)
and some clones sequenced by Starseq (Mainz, Germany). From a correct
clone the fragment was cut out using the XhoI sites generated via the
otpmiR3 and otpmiR4 primers (underlined sequences) and cloned into the
vector pUAST-eGFPattB (Schertel et al., 2012). To make different versions
of the otp 30UTRwe used the Splicing by Overlap Extension PCR (SOE PCR)
(Horton et al., 1993).We used the primers Del seedmiRNA252 30UTR-otpA
(5‘-CAATAATTTTTCATAATTACGCCTAATTGTTTAGGAATGT-3‘) and Del
seed miRNA252 3’UTR-otpB (5‘-CGGCCGTAATTATGAAAAATTATTG-
TAACGCCACGTGGATAC-3‘) for the deletion and Mut seed miRNA252
3’UTR-otpA (5‘-CAATAATTTTTGGCCAGCCTAGTTCGTTGATAAGCA-
TAATTACGC-3‘) and Mut seed miRNA252 3’UTR-otpB (5‘-CTAAA-
CAATTAGGCGTAATTATGCTTATCAACGAACTAGGCTGGC-3‘) for the
mutation within the otp 3'UTR in combination with the otpmiR3 and otp-
miR4 primers. The corresponding PCR products were then also cloned via
the pCR2.1 TOPO vector into the vector pUAST-eGFPattB. From the three
different otp sensor-constructs transgenic flies with insertions on the third
chromosome were generated using the strain BL 24871. We then recom-
bined the different otp sensor-constructs integrated in the third chromo-
some with the UAS-miRNA-252 construct which is also integrated in the
third chromosome. Through the appropriate crosses flies were generated
that carry the appropriate Gal4 construct, the UAS miRNA-252 construct

http://tools.flycrispr.molbio.wisc.edu/targetFinder/
http://tools.flycrispr.molbio.wisc.edu/targetFinder/
http://www.crisperflydesign.org
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and the respective otp sensor-constructs.
4.6. Immunocytochemistry

Embryos were collected, dechorionated with 50% bleach for 2 min,
washed with 0.1% NaCl/0.1% Triton X-100 and fixed for 12 min in 3.7%
formaldehyde in PEM (100 mM PIPES, 1 mM EGTA, 1 mM MgCl2) and
heptane. After removal of both phases, embryos were devitelinized in
equal volumes of heptane andmethanol by 2min of vigorous shaking and
washed three times with methanol. The 3rd instar larvae and adult tis-
sues were dissected in 1x phosphate buffered saline (PBS), fixed for 60
min in 2% paraformaldehyde in PBL and washed three times with 1x PBS
containing 0.2% Triton X-100 (PBX) and then incubated for 3 � 5 min in
methanol. Fixed embryos or larval tissues were washed 3 � 5 min and 6
� 30 min in PBX and blocked for 30 min in 5% normal horse serum and
10% PBX in PBS. Incubations with primary antibodies were performed
overnight at 4 �C. Samples were washed 3� 5 min and 6� 30min in PBX
and blocked for 30 min in 5% normal horse serum and 10% PBX in PBS.
After an overnight incubation with secondary antibodies at 4 �C embryos
or larval tissues were washed 3 � 5 min and 6 � 30 min in PBX and
mounted in Vectashield (Vector Laboratories). Adult tissues were treated
the same as larval tissues but were incubated with the appropriate
antibody two nights each. Primary antibodies were guinea-pig anti-Otp
antibody (1:1000), goat FITC-conjugated anti-Hrp antibody (1:100) (ICN
Biomedical/Cappel); mouse anti-Brp (nc82) (1:25) and mouse anti-Nrt
(BP106) antibody (1:25) were obtained from the Developmental
Studies Hybridoma Bank, Iowa. Secondary antibodies were Alexa Fluor
488, 568 and 647 goat anti-mouse IgG (Hþ L) antibodies and Alexa Fluor
488 and 568 goat anti-guinea-pig IgG (H þ L) antibodies (ThermoFisher
Scientific, Waltham, Massachusetts, USA), all used at a 1:1000 dilution.
Stained embryos were mounted in Vectashield H-1000 (Vector Labora-
tories, Burlingame, Canada).
4.7. Microscopy

For fluorescence microscopy a Leica TCS SP5 confocal microscope
(Leica, Wetzlar, Germany) with a HyD detector and a constant laser speed
of 8000 Hz or a variable detector using 400 Hz with a 40� objective was
used. Optical sections from 0.5 μm up to 1 μm intervals were acquired
and combined to show the relevant structure or expression domain
completely. Captured images from optical sections were arranged and
processed using FIJI and ImageJ (NIH. Md., USA) and Adobe Photoshop
and Illustrator (Adobe Systems, San Jose, CA, USA).

(Scale bars: A-C, 25 μm; D-G, 50 μm; I, 25 μm; H, J, K, 10 μm).
(Scale bars: A-C, 25 μm; F-G, 25 μm like in F).
(Scale bars: A-C0, 25 μm; D-F0, 50 μm).
(Scale bar: 50 μm).
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