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Abstract: MicroRNAs function as post-transcriptional regulators in gene expression and
control a broad range of biological processes in metazoans. The formation of multinucle-
ated muscles is essential for locomotion, growth, and muscle repair. microRNAs have
also emerged as important regulators for muscle development and function. In order
to identify new microRNAs required for muscle formation, we have performed a large
microRNA overexpression screen. We screened for defects during embryonic and adult
muscle formation. Here, we describe the identification of mir-276a as a regulator for mus-
cle migration during testis formation. The mir-276a overexpression phenotype in testis
muscles resembles the loss-of-function phenotype of heartless. A GFP sensor assay reveals
that the 3'UTR of heartless is a target of mir-276a. Furthermore, we found that mir-276a is
essential for the proper development of indirect flight muscles and describe a method for
determining the number of nuclei for each of the six longitudinal muscle fibers (DLMs),
which are part of the indirect flight muscles.

Keywords: myoblast fusion; testis muscle; larval body wall muscles; indirect flight muscles;
IFM; DLM; microRNAs

1. Introduction

The muscles of vertebrates and Drosophila are composed of large elongated multinu-
cleated cells that arise through the fusion of mono-nucleated myoblasts. The determination
of myoblasts and their ability to migrate, adhere, and rearrange their actin cytoskeleton,
as well as undergo membrane merger, is essential for both muscle building and muscle
repair. The somatic muscles of Drosophila arise from the mesoderm expressing high levels
of the transcription factor Twist [1]. Within this domain, a myogenic cluster is defined by
the expression of the transcription factor Lethal-of-Scute (L'Sc). Notch-mediated inhibition
restricts L'Sc expression to one cell that becomes the progenitor cell [2]. The remaining cells
of the myogenic cluster turn into fusion-competent myoblasts. The progenitor cell divides
asymmetrically and gives rise either to two founder myoblasts or to a founder myoblast
and one adult muscle precursor (AMP) cell [3,4]. In Drosophila, myoblast fusion occurs
between founder cells and fusion-competent myoblasts [5,6]. Fusion-competent myoblasts
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are characterized by the expression of the Gli superfamily transcription factor Lame duck
(Lmd) [7,8]. After the fusion process, the fusion-competent myoblasts are reprogrammed
and express the characteristic transcription factors of the founder cell [9]. Thus, founder
cells determine the identity of the muscle, e.g., shape, size, position, and attachments.

The AMP cells are considered muscle-committed transient stem cells that become
activated during larval development and undergo extensive proliferation [10]. The adult
structures of Drosophila derive from larval imaginal discs. The muscles of the male re-
productive system are located at the genital disc. The genital disc originates from the
embryonic tail segments A8/A9/A10 [11]. In contrast, the testes are of gonadal origin
located at segment A5. During metamorphosis, the genital disc and the pupal testes grow
toward each other. The myoblasts of the genital disc fuse to form the muscle sheaths that
cover the male reproductive system [12]. The fusion of these myoblasts occurs at the region
of the prospective seminal vesicles, a juvenile hormone-responsive tissue in adult males.
Similar to embryonic myoblasts, founder cells and Lmd-expressing fusion-competent my-
oblasts have been identified in this myoblast population [12]. The fusion of testes myoblasts
occurs at the anterior tip of the prospective seminal vesicles at 28 h after pupal formation
(APF) [12,13]. The newly formed myotubes migrate collectively to populate and shape the
entire testis [14-16].

Flight muscles are located at the thorax and can be distinguished into small direct
flight muscles that control the angle of wing movement and indirect flight muscles that
generate the power for flying [17]. Indirect flight muscles are divided into the dorsal longi-
tudinal muscles (DLMs) and the dorsoventral muscles (DVMs). During metamorphosis,
the muscles that have been built during embryonic stages undergo histolysis. However,
the dorsal oblique muscles 1, 2, and 3 escape histolysis and serve as templates for the
DLM muscles [17]. The fusion of myoblasts to these templates occurs 12-20 h APFE. The
fusion process initiates the splitting of the template muscles into six DLM muscles. A dis-
turbance in template formation or in myoblast fusion negatively influences DLM muscle
formation [17,18]. In contrast to DLMs, DVMs arise through de novo fusion.

The myoblasts that fuse to form the indirect flight muscles derive from the AMPs
that undergo rapid proliferation during larval development and pupal metamorphosis.
AMP proliferation is governed by signaling pathways involving Wingless, Notch, and
FGF [19-22]. The AMP population migrates as a swarm from the imaginal disc but has not
fully differentiated into myoblasts. The activation of Notch in some of these cells induces
Twist expression, which suppresses the expression of fusion-relevant genes [23]. Only when
the cells are in the vicinity of the template muscles do they start to express genes known to
be active in fusion-competent myoblasts [23].

microRNAs are a family of small, noncoding, single-stranded RNA molecules that are
approximately 22 nucleotides long. They serve as important regulators of gene expression.
They guide the RNA-induced silencing complex (RISC) to a messenger RNA (mRNA) by
binding to its 3'UTR [24]. This leads to the degradation of the mRNA and thus inhibits
its translation. An aberrant expression of microRNAs is associated with many human
diseases [25].

In this study, we investigate the function of the small microRNA mir-276a during mus-
cle formation. We have expressed UAS-mir-276a in myoblasts using the GAL4 driver line
of the Drosophila Myocyte enhancer factor-2 (DMef2), a muscle differentiation gene [26,27].
We demonstrate that the overexpression of mir-276a causes defects during embryonic,
testis, and indirect flight muscle development. To characterize myoblast fusion defects in
DLMs, we present an approach on how to count the number of nuclei of DLMs. Based on
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the phenotypic similarities between the loss of FGF signaling and the overexpression of
mir-276a during testis muscle migration, we gain evidence that the 3'UTR of heartless is a
target of mir-276a.

2. Materials and Methods
2.1. Fly Stocks and Drosophila Genetics

Flies were grown on corneal agar at 25 degrees. The microRNA collection was obtained
from FlyORF (University of Zurich, Switzerland). The following fly strains were used:
DMef2-GAL4 [28], UAS-Dcr-2, DMef2-GALA4 (BL25756), UAS-htIRNAT (BL35024), UAS-ht!PN
(BL5366), UAS-stumpstN4 (v21317), and UAS-mCD8-GFP (BL32186). Flies carrying a BL
number were obtained from Bloomington Drosophila Stock Center (Bloomington, IN, USA),
and UAS-stumps®N4! was ordered from Vienna Drosophila RNAi Center (Vienna, Austria).

To generate UAS-htl3' UTR-eGFP transgenic lines, we amplified the 3'UTR from the
htl cDNA LD32130 (obtained from the Berkeley Drosophila Genome Project/BDGP, CA,
USA) and cloned it into the pUAST-attB-rfa-eGFP vector [29]. The following primers were
used to amplify the hitl 3'UTR: htI3UTR_f CACCACGAATCAGGATCCTTAGATGAGA
and htI3UTR_rev GGGATTCGTGTACAACATTTAT.

The resulting construct was injected into Drosophila embryos of the ZH-86Fb line,
carrying an attP site on chromosome arm 3R. Injected animals were crossed with white
mutant flies, and the offspring were screened for white-positive animals. These animals
were established by using double balancers.

2.2. Immunostaining and Confocal Microscopy

Pupae selection and genital disc dissection were carried out as described by Kuckwa
et al. [11]. The following antibodies were used: anti-33-Tubulin (1:10,000) [30], anti-Mef2
(1:500), and anti-Lmd (1:500), which were a gift from Hanh T. Nguyen. The following sec-
ondary antibodies were used: anti-guinea-pig Alexa Fluor® 488 (1:500, Jackson ImmunoRe-
search Laboratories, Cambridge, UK) and anti-rabbit Fluor® 589. The actin cytoskeleton
was stained by using Alexa Fluor Phalloidin 568 (Thermo Fisher Scientific Inc., Passau,
Germany), and nuclei were stained using DAPi (Thermo Fisher Scientific Inc., Passau,
Germany). The testes and genital discs were imaged using a Zeiss AxioObserver Z.1 image
microscope with the ApoTome function. Embryos and flight muscles were imaged using
confocal microscopy using a Leica TCS SP8.

2.3. Paraffin Sections and Hematoxylin Staining

The preparation of paraffin-embedded flies for longitudinal sections was carried out
as described by Kucherenko et al. [31]. Paraffin blocks were cut with 7-10 um sections on
a microtome.

For hematoxylin staining on adult flies, the adult flies were prepared out of the pupal
case and fixed overnight in 4% paraformaldehyde in PBS. The fly was pinned at the head
and the abdomen to remove the wings and the legs. Afterward, the thorax was horizontally
cut into two pieces. The head and the abdomen were removed, and the thorax halves were
stained for two minutes in hematoxylin, washed in PBS, and embedded in 80% glycerol.

2.4. Counting of Nuclei

Forty APF-old pupae raised at 25 °C were fixed on a double-sided tape to facilitate
removal of the pupal case. After removal of the pupal case, pupae were transferred into
PBS containing 0.3% Triton. A fine spring scissor was used to make a ventral incision
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beginning at the head, dividing the pupae into two halves as described by Weitkunat and
Schnorrer [32]. Fat bodies and other tissues were carefully extracted with forceps and
subsequently rinsed out using a pipette.

DMef2-GAL4-driven eGFP expression in the IFM allowed us to identify the muscu-
lature. Subsequently, the samples were fixed in 4% paraformaldehyde in PBS for 20 min
and washed three times for 10 min in PBS containing 0.3% Triton. IFMs were incubated
for 30 min in DAPi (1:500, Thermo Fisher Scientific Inc., Passau, Germany) and Alexa
Phalloidin 568 (1:500, Thermo Fisher Scientific Inc., Passau, Germany) and washed three
times for 10 min in PBS containing 0.3% Triton. Afterward, the halves were mounted
in Fluoromount-G.

The IFMs were imaged using confocal microscopy (Leica TCS SP8). The 405 nm laser
intensity remained the same for all images. A z distance of 0.45 pm was set for the recording
of the DLMs.

The Imaris 9.3 software was used to quantify the individual nuclei of the flight mus-
culature. Using the “Surface module”, the individual DLM muscles were segmented by
manually outlining each muscle across the different Z-planes. The created surface corre-
sponds to one of the six DLM muscles. This generated surface is, therefore, masking the
DAPi channel, ensuring that only nuclei within the defined surface are visible. The Spots
module is subsequently applied to this region to count all nuclei automatically. The param-
eters for nuclear counting are set in a wizard and applied to all images. The “estimated XY
diameter” is set to 3.50 um in combination with background subtraction.

3. Results
3.1. Expression of mir-276a in Myoblasts Causes Defects in Larval Body Wall and Testis Muscles

To identify microRNAs (miRNAs) that are required during myoblast fusion, we
screened the microRNA library of the inducible UAS-miRNA collection from FlyORF [33]
and overexpressed these miRNAs using the muscle GAL4 driver lines DMef2-GAL4, UAS-
Dcr-2, and DMef2-GAL4 (Supplementary Table S1). We screened for defects during embry-
onic muscle formation and testes muscle formation. The expression of the miRNA mir-276b
(CR42904) and mir-276a (CR43001) showed some muscle defects during embryonic muscle
development (Figure 1A,B). However, the overexpression phenotype of mir-276a showed
more severe defects (Figure 1C) and displayed additional defects during testis muscle
development (Figure 1EF’). The expression of mir-276a in embryos and testis was con-
firmed through reverse transcription (RT)-PCR (Figures S1 and S2). Furthermore, flies
overexpressing mir-276a were not able to hatch and pharate adult lethal.

Usually, the wild-type testis possesses an elongated coiled-like structure (Figure 1D,E),
which is totally covered with a sheath of multinucleated muscles, including the tip of the
testis (Figure 1E, asterisk). The testis of mir-276a-expressing males, however, displayed a
short testis with a bulky tip (Figure 1F). Furthermore, a closer examination of the muscle
sheath revealed that muscles fail to cover the entire testis, and many holes were observed
in the testis sheath (Figure 1FF’ asterisks).
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Figure 1. The expression of UAS-mir276a causes defects during muscle formation: (A-C) lateral view
of staged 16 embryos stained with anti-33-Tubulin to visualize the muscle pattern. 20x Objective
(A) Wild-type muscle pattern of a homozygous DMef2-GAL4 embryo. The asterisk marks the lateral
transverse muscles. The arrowheads point to the dorsal muscles. (B) Embryo expressing UAS-mir276b
with DMef2-GAL4. Lateral muscles appear shorter in comparison to the lateral muscles of DMef2-
GAL4 embryos (asterisks). (C) Embryo expressing UAS-mir276a with DMef2-GAL4. Large gaps
between the dorsal muscles are seen (arrowheads). (D,E) Testis of wild-type adults showing an
elongated coiled-like testis. Scale bar D 50 um. (E) Muscles of a wild-type testis covering the whole
testis, including the tip of the testis, asterisk. Scale bar 50 um (F) Testis of a male expressing UAS-
mir276a with DMef2-GALA4. Scale bar 20 um. (F’) Testis muscles of the boxed area in (F) are shown in
a higher magnification. Holes in the musculature are marked with asterisks. Scale bar 20 pm.

3.2. Myoblasts Are Present at the Genital Disk and Express the Transcription Factors Mef2 and
Lame Duck

The failure of myotubes to cover the testis might be due to a lack of myoblast for-
mation. Mef2 expression is important for adult muscle development. Its transcription
is upregulated in whole animals 12 h after puparium formation (APF) at a time when
muscle-patterning events occur [34,35]. Mef2-positive myoblasts have been observed at the
onset of metamorphosis at the genital disc and start to proliferate during the first hours
of metamorphosis [12]. At 24 h APF, the seminal vesicles grow closer to the testes, and
the myoblasts that give rise to the testis muscles are clearly visible. To monitor myoblasts
at the genital disc, we expressed UAS-mCD8-GFP with DMef2-GAL4 in wild-type genital
discs (Figure 2A,A’) and UAS-mir276a expressing genital discs (Figure 2B,B’). To determine
the expression of Mef2, we employed the anti-Mef2 antibody (Figure 2A’,B"). The myoblast
nuclei were visualized by performing DAPi staining, and a co-localization with DAPi and
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Mef2 was expected. We observed the presence of Mef2-positive myoblasts at the prospec-
tive seminal vesicles in UAS-mCDS8-GFP expressing myoblast and in UAS-mCDS8-GFP and
UAS-mir-276a co-expressing myoblasts (Figure 2A’,B’, arrowhead). At 24 h APF, the my-
oblasts had not fused, and nascent myotubes were not visible. The presence of myoblasts
indicates that the overexpression phenotype of mir-276a during testis formation is not due
to a lack of myoblasts. The detection of the Mef2 protein further indicates that Mef2 is not a
target of mir-276a.

A DMef2; UAS-mCD8-GFP As DMef2; UAS-mCD8-GFP.
genital disc 24h APF genital disc 24h APF

v.t S
; L

DIC

[+ ..
% Cos-Gro mGD8-GFP

‘,VS'. ‘ ‘Vs'w'

B DMef2; UAS-mCD8-GFP>> B’ DMef2; UAS-mCD8-GFP>>
UAS-mir276a 24h APF UAS-mir276a 24h APF

VS

Y
mCD8-GFP

C DMef2; UAS-mCD8-GFP DMef2; UAS-mCD8-GFP
: 24h APF

VS

mCD8-GFP.

DMef2; UAS-mCD8-GFP>>
UAS-mir276a 24h APF

»”

:; By . e : mCD8-GFP
b . %\,, L DAPI
\\ "y « anti-Lmd
Figure 2. Founder cells and fusion-competent myoblasts are specified: (A) Overview of a 24 h APF
genital disc expressing UAS-mCDS8-GFP with DMef2-GAL4 and stained with anti-Mef2 and DAP;i.
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(A’) Myoblasts labeled with Mef2 (red, arrowhead). (B) Overview of a 24 h APF genital disc co-
expressing UAS-mCDS8-GFP and UAS-mir276a with DMef2-GAL4 and stained with anti-Mef2 and
DAPi. (B’) Myoblasts labeled with Mef2 (red, arrowhead). (C) Overview of a 24 h APF genital
disc expressing UAS-mCD8-GFP with DMef2-GAL4 and stained with anti-Lmd and DAPi. (C") My-
oblasts labeled with Lmd (red, arrowheads). (D) Overview of a 24 h APF genital disc co-expressing
UAS-mCD8-GFP and UAS-mir276a with DMef2-GAL4 and stained with anti-Lmd and DAPi. (D) My-
oblasts labeled with Lmd (red, arrowheads). Arrows mark nascent myotubes. Scale bars 20 pum.
vs = seminal vesicles.

Next, we investigated whether fusion-competent myoblasts are specified. The Gli
transcription factor Lmd marks exclusively fusion-competent myoblasts during embryonic
muscle development and is transcribed in testes myoblasts at 24 h APF [12]. Lmd-positive
myoblasts were detected at the prospective seminal vesicles of control genital discs ex-
pressing UAS-mCD8-GFP with D-Mef2-GAL4 (Figure 2C,C” arrowheads) and in myoblasts
co-expressing UAS-mCD8-GFP and UAS-mir276a with DMef2-GAL4 (Figure 2D,D’ arrow-
heads). Moreover, we observed the formation of nascent myotubes at the prospective
seminal vesicles of co-expressing UAS-mCD8-GFP and UAS-mir276a myoblasts. These data
suggest that fusion-competent myoblasts are specified correctly when mir-276a is overex-
pressed and that the Imd mRNA is not a target of mir-276a. In addition, mir-276a-expressing
myoblasts are able to fuse (Figure 2D’, arrows).

Collectively, these data led us to conclude that the overexpression of mir-276a does
not interfere with the specification of founder cells and fusion-competent myoblasts in the
region of the prospective seminal vesicles. Moreover, nascent myotubes at the prospective
seminal vesicles imply that the overexpression phenotype of UAS-mir276a (Figure 1EF’) is
not due to a failure in myoblast fusion.

3.3. mir276a Binds to the 3 UTR of Heartless to Downregulate the Heartless mRNA

During testes formation, myoblasts fuse to form multinucleated myotubes that migrate
onto the pupal testis when the prospective seminal vesicles and testes grow towards each
other and unite. The disturbance of myotube migration results in a failure of coiled-like
testis formation [13-16]. The loss of the FGF receptor heartless (htl), its intracellular adaptor
protein stumps, and downstream of FGF (dof) are essential for proper myotube migration [13].
The expression of Htl lacking the kinase domain with DMef2-GAL4 phenocopies the bulky-
tip phenotype of DMef2-GAL4 >> UAS-mir276a (Figure 3B,C). Based on similar phenotypes,
we hypothesized that the 3'UTR of the htl transcript might be a target of mir-276a. Moreover,
htl is a predicted target of mir-276a-5p (TargetScanFly 7.2).

To investigate whether mir-276a targets the 3'UTR of htl, a GFP sensor assay was
performed. For this assay, the 3'UTR of the htl cDNA LD32130 was amplified using PCR
and cloned into the pUASt-attB-rfa-eGFP vector [29] and injected into Drosophila embryos
to establish transgenic flies. Using meiotic recombination, we establish a homozygous
DMef2-GAL >> UAS-htl-3'UTR-eGFP fly strain. If htl is a target of mir-276a, we expected
the downregulation of eGFP in animals co-expressing UAS-mir-276a with the putative
eGFP sensor. The expression of eGFP was examined in the body wall musculature of
third-instar larvae. Wild-type third-instar larvae have no eGFP expression (Figure 3D’). We
found that homozygous larvae carrying two copies of DMef2-GAL >> UAS-htl-3' UTR-eGFP
displayed a strong eGFP expression (Figure 3E’). The eGFP expression was reduced in
the third-instar larvae of DMef2-GAL >> UAS-htl-3'UTR-eGFP animals that were crossed
to wild-type animals and carried only one copy of DMef2-GAL >> UAS-htl-3'UTR-eGFP
(Figure 3F’). However, eGFP was clearly detectable in those larvae. The co-expression of mir-
276a with UAS-htl-3'UTR-eGFP caused a complete downregulation of eGFP (Figure 3G’),
confirming the notion that mir-276a targets the 3'UTR of the FGF receptor mRNA Fhtl.
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A downregulation of UAS-htl-3'UTR-eGFP was also achieved when UAS-mir276b was

co-expressed with DMef2-GALA4.

wild-type

DMef2-GAL4>>
UAS-htl-3'UTR-eGFP

2
N

1
e
1
|

DMef2-GAL4>>
UAS-htl-3'UTR-eGFP/+

".9..‘.-,."“‘-, LR
~

DMef2-GAL4>>
UAS-htl-3'UTR-eGFP/
UAS-mir276a

3

wild-type

DMef2-GAL4>>
UAS-htl-3'UTR-eGFP

DMef2-GAL4>>
UAS-htl-3'UTR-eGFP/+

DMef2-GAL4>>
UAS-htl-3'UTR-eGFP/
UAS-mir276a

Figure 3. GFP sensor assay to show that heartless is an in vivo target of mir-276a: (A—C) Analysis of
adult testes dissected from Drosophila males. The framed areas show how far testis muscles colonize
the testis. The asterisk marks the tip of the testis. (A) Wild type. (B) Dominant-negative UAS-ht!
expressed with DMef2-GAL4. (C) Expression of UAS-mir276a with D-Mef2-GAL4 and stained with
Phalloidin-TRITC. (D-G) GFP sensor assay. (D,D’) Wild-type, third-instar larvae express no eGFP.
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(E,E’) Recombinant third-instar larvae carrying two copies of DMef2-GAL4 >> UAS-htl-3' UTR-eGFP
with a strong eGFP expression. (F,F) Recombinant third-instar larvae carrying one copy of DMef2-
GAL4 >> UAS-htl-3'UTR-eGFP with detectable eGFP expression. (G,G’) Recombinant third-instar
larva carrying one copy of DMef2-GAL4 >> UAS-htl-3'UTR-eGFP and one copy of UAS-mir276a
express no eGFP.

3.4. mir-276a Overexpressing Indirect Flight Muscles Show Severe Defects

The finding that flies expressing mir-276a with DMef2-GAL4 are pharate lethal and
unable to hatch prompted us to investigate whether adult muscle formation is defective in
these flies. To assess whether myogenesis proceeds properly in these flies, we performed a
histological analysis of the major thoracic indirect flight muscles, the DLMs (Figure 4A).
Confocal images (Figure 4B) and longitudinal sections (Figure 4C,D) first suggested that
UAS-mir-276a-expressing flies exhibit a template splitting defect. To verify these findings,
we performed transverse sections (Figure 4E,F). In wild-type flies, six pairs of DLMs are
visible on each side of the thorax (Figure 4E, asterisks). However, DLMs in UAS-mir-
276a-overexpressing flies are less organized in comparison to wild-type flies, and the
number of DLMs is reduced (Figure 4F, asterisks). DMef2-GAL4 drives the expression of
UAS-mir-276a during embryonic and adult development. To determine whether mir-276a
specifically affects adult myogenesis, we used the 1151-GAL4 driver line that is active
in adult myoblasts 18 h before pupal formation [17,36]. Flies expressing UAS-mir276a
with 1151-GAL4 showed DLMs, but as with DMef2-GAL4, we observed a reduction in the
number of DLMs. Altogether, we found four to six DLMs. Overall, these observations
indicate that larval template muscles and myoblasts are normally specified.

Myoblast fusion is a prerequisite for the splitting of template muscles. DLMs are
large multinucleated cells that contain thousands of nuclei. To quantify whether mir-276a
contains fewer nuclei, we first established a method to analyze the number of nuclei
within the six DLMs in wild-type pupae. For the quantification of nuclei, we dissected
40 h APF pupae as described by Weitkunat and Schnorrer [32]. Pupae that expressed
UAS-mCD8-eGFP with DMef2-GAL4 were stained with Phalloidin and DAPi. DLMs were
imaged using a Leica Sp8 confocal microscope (Figure 5A,B) and analyzed using the Imaris
Image Analysis software 9.3 (Figure 5C,D, Video 1). With the help of the Imaris “Surface
module”, the individual DLMs were segmented by manually outlining each individual
muscle (Figure 5C). Next, the “spots module” was used to count the nuclei automatically
(Figure 5E). Figure 5D shows how the nuclei are identified and replaced by the software.
Each nucleus is replaced by a yellow square (see also Video 1). This approach revealed that
the first DLM muscle is the smallest, with approximately 735 nuclei. The second muscle
contains around 1010, the third 1163, the fourth 1653, the fifth 1471, and the six 1179 nuclei
(Figure 5E).

Next, we attempted to determine the nuclei number of DLMs from UAS-mir-276a
expressing animals. But, since DLMs are disorganized (Figure 4F), the preparation of DLMs
was very difficult, as the muscle easily disintegrated during preparation, and in most
cases, we only obtained three DLMs, as shown in Figure 4B,D. For this reason, we failed
to determine the number of nuclei in UAS-mir276a-expressing flies. Since we identified
heartless as a target of mir-276a during testis muscle migration, we asked the question of
whether heartless plays a role in indirect flight muscle formation. To characterize the role of
heartless in DLM formation, we used an RNAi-mediated approach and analyzed whether
the loss of heartless phenocopies the mir-276a phenotype.
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DMef2-GAlEE
UAS-mir-276a

E @ F
DMef2-GAL DMef2-GAL4>> 1151-GAL4>>

UAS-mir-276a UAS-mir-276a

Figure 4. The number of indirect flight muscles is reduced in UAS-mir-276a-expressing animals:
(A) Longitudinal view. Scheme of the six indirect flight muscles in the Drosophila adult. (B) Confocal
image of mir-276a overexpressing DLMs stained with Phalloidin and DAPi. Only three DLMs are
seen. Scale bar 60 um. (C) Longitudinal paraffin section of an adult wild-type fly stained with

hematoxylin and eosin. Six DLM muscles are visible (asterisks). Scale bar 100 pm. (D) Longitudinal
paraffin section of an adult fly expressing UAS-mir-276a in myoblasts with DMef2-GAL4. Three DLMs
are detectable (asterisks). Scale bar 150 pm. (E-G) Transverse sections of indirect flight muscles of
adult flies stained with hematoxylin. 10x Objective. (E) DMef2-GAL4 fly with a normal number of
indirect flight muscles (asterisks) on each site of the thorax. (F) Adult fly expressing UAS-mir276a in
myoblasts, showing an abnormal size and the number of indirect flight muscles (asterisks). (G) Adult
fly expressing UAS-mir276a only in adult myoblasts with 1151-GAL4, showing an abnormal size and
a number of indirect flight muscles (asterisks). On the right side only four DLMs are detectable.
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Figure 5. Determination of nuclei for each DLM muscle: (A) Three-dimensional view of the six
DLM muscles (asterisks) marked with UAS-mCDS8-GFP, DAPi, and Phalloidin. Scale bar 30 um.
(B) Cross-section of the flight muscles that are highlighted by the yellow line and the asterisks in (A).
Scale bar 20 pm. (C) Illustration of the individual work steps for quantifying the cell nuclei of the
six DLMs marked by asterisks. Scale bar 30 um. (D) Illustration of the accuracy of the Imaris 9.3
software in the counting of nuclei. Higher magnification of the area marked in (C). Scale bar 10 um.
(E) Quantification of the nuclei in the DLMS.

3.5. The Loss of the Heartless Pathway Reduces DLM Size, but the Number of DLM Muscles Is
Not Reduced

To determine whether the knockdown of Heartless leads to similar defects like mir-
276a, we expressed UAS-RNAI lines of the FGF receptor heartless and its intracellular
adaptor stumps in muscles using DMef2-GAL4 (Figure 6A—C). Thereafter, we compared the
phenotypes of these animals with only UAS-mCDS8-GFP-expressing flies. To quantify the
number of nuclei in the DLMs, we used the Imaris software, as shown in Figure 5. The total
number of nuclei was clearly reduced in UAS-htl-RNAi and UAS-stumps-RNAi-expressing
adult flies (Figure 6D). A reduction in the number of nuclei was further confirmed when
we compared the individual DLM muscles with each other (Figure 6E). However, in the
transversal section, the arrangement of DLM muscles was comparable to UAS-mCD8-GFP-
expressing adults. A severe reduction in the number of DLM muscles, as observed in
mir-276a expressing flies (Figure 4F,G), was not observed.
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Taken together, these data confirm that heartless is required to increase the size of
DLMs through myoblast fusion. Nonetheless, the splitting of muscles is not as severely
impaired as in mir-276a overexpressing adults, suggesting that the heartless mRNA is not a
predominant target of mir-276a during flight muscle development.

DMef2-GAL4>>UAS- DMef2-GAL4>>UAS- DMef2-GAL4>>UAS-
mCD8-GFP mCD8-GFP ht/™NA mCD8-GFP stumpsA_
D Total numer of nuclei E Number of nuclei within each muscle
® DMef2>>UAS-mCD8-GFP
10000+ u DMef2>>UAS-mCD8-GFP htiRNAi
DMef2>>UAS-mCD8-GFP stumpsRNA
° —_ 2500
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e (%]
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) | o .
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0ol et E @ ¢ | . 13
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z

DLM muscle packages

Figure 6. RNAi-mediated knockdown of heartless and stumps in DLMs: Three-dimensional view of
(A) wild-type DLMs expressing UAS-mCDS8-GFP with DMef2-GAL4, (B) UAS-htl-RNAi expressing
DLMs with DMef2-GAL4, and (C) UAS-stumps-RNAi expressing DLMs with DMef2-GAL4. (D) Total
number of nuclei in DLMs from Dmef2 >> UAS-mCD8-eGFP, Dmef2 >> UAS-htl-RNAi, and DMef2 >>
UAS-stumps-RNAI flies. (E) Number of nuclei within each DLM muscle for the six DLM muscles of
DMef2 >> UAS-mCD8-eGFP, DMef2? >> UAS-htI-RNAi, and DMef2 >> UAS-stumps-RNAi. (F,G) Trans-
verse sections of DLMs. (F) Wild type. (G) DMef2-GAL4 >> UAS-htl-RNAi. Scale bars in A—C 30 pm,
scale bars in F and G 100 um.
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4. Discussion

The impairment of muscle formation and function has a dramatic impact on the quality
of life. Accordingly, muscle formation, muscle growth, and repair must be strictly regulated.
Mature miRNAs are associated with Argonaute (AGO) proteins, which facilitate their
function in gene silencing at the post-transcriptional level [37]. Comparable to transcription
factors, microRNAs can affect the transcript and protein levels of hundreds of targets in
animals and, therefore, form complex regulatory networks [38]. Thus, the diversity of
miRNAs and their ability to modulate gene expression make them powerful agents of
fine-tuning control in various cellular functions.

In this study, we show for the first time that mir-276a is required for muscle devel-
opment and identified the FGF receptor heartless as a target for mir-276a. So far, mir-276a
has been identified as an abundant miRNA in fly heads, where it regulates the clock gene
timeless [39]. Furthermore, it is rhythmically oscillating in the heads of wild-type flies
and downregulates neuropeptide F receptor 1 (npfrl) [40]. mir-276a expression has been
detected in mushroom bodies, the pars intercerebralis, lateral dorsal neurons, and the sub-
pharyngeal ganglion [40]. mir-276a is further required for long-term memory by controlling
Dopamine receptor expression (Dop1R1 and DopI1R2) [41]. In larval sensory neurons, mir-276a
functions together with the Fragile X mental retardation protein (FMR1) in space-filling
dendrite morphogenesis by regulating the transcription of the H3K18 acetyltransferase
enzyme nejire [42]. Although mir276a has important neuronal functions, it is not conserved
in mammals. Nevertheless, it is conserved in insects and forms a family together with
mir-276b. The family members mir-276a-5p and mir-276a3p are both expressed in 0-24 h
embryos in third-instar larvae and pupae [43]. Using RT-PCR, we could confirm the ex-
pression of mir-276a in embryos and detected mir-276a in RNAs isolated from testes and
thorax muscles.

We found that the muscle-specific overexpression of mir-276a causes defects in differ-
ent aspects of muscle development. During embryonic muscle development, we observed
missing larval body wall muscles. But, the overexpression of mir-276a has an additional
impact on adult myogenesis. In indirect flight muscle development, the six dorsal longitu-
dinal muscles (DLMs) at the thorax are displaced, and their number is reduced, suggesting
that template muscle splitting is impaired. During adult testis muscle development, the
overexpressing of mir-276a in nascent myotubes impairs myotube migration, which results
in testis shaping defects.

But how does the overexpression of mir-276a regulate all these different aspects of
muscle formation? mir-276a-3p, mir-276a-5p, and mir-276b-5p have been shown to be
ecdysone-responsive miRNAs [44,45]. In a recent study, ecdysone was demonstrated to pro-
mote the fusion of embryonic myoblasts by activating the transcription of antisocial/rolling
pebbles [46]. Antisocial/Rolling pebbles is a founder cell-specific adaptor that binds to the
cell adhesion protein Dumbfounded to transduce the fusion signal from the myoblast mem-
brane into a cellular response. In this study, embryos carrying defects in genes encoding
enzymes required for ecdysone biogenesis displayed unfused myoblasts [46]. Myoblast
fusion is a highly dynamic process in which multiple fusion-competent myoblasts can
fuse with a single growing myotube. This circumstance requires the precise regulation of
fusion proteins during the fusion of fusion-competent myoblasts with growing myotubes.
The overexpression of mir-276a during embryonic development does not phenocopy the
myoblast fusion phenotype of homozygous heatless loss-of-function mutants. However,
as shown in neurons, mir-276a can affect many transcripts. It is, therefore, conceivable
that mir-276a silences additional targets besides heartless during myoblast fusion. It is also
possible that mir-276a modulates histone modifications together with other RNA-binding
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proteins, such as FMR1 [42]. In situ hybridizations have detected the FMR1 transcript in
somatic muscles during embryonic stage 12 at the onset of myoblast fusion [47].

The overexpression of mir-276a also affects dorsal longitudinal muscle formation. The
number of DLMs was reduced when mir-276a expression was driven with DMef2- and 1151-
GALA4. These findings indicate that the overexpression of mir-276a inhibits the splitting
of the larval longitudinal muscles (LOMs) that escape histolysis during metamorphosis.
Recently, it was shown that mir-276a is upregulated during larval-to-pupae transition [44].
The overexpression of mir-276a in the larval fat body leads to a decrease in the larval body
weight, a reduction in wing cell size, and a suppression of cell proliferation [45]. This might
lead to a proliferation defect of the AMP pool and, thus, to a reduced number of myoblasts,
leading to LOM splitting defects in DMef2-GAL4 >> UAS-mir-276a-overexpressing flies. A
reduced myoblast pool size has also been demonstrated in the absence of FGF signaling [22].
We could confirm that DMef2-GAL4 >> UAS-htIRN4i_expressing flies possess a reduced
number of nuclei in DLMs. However, we did not observe any LOM splitting defects.
The formation of the post-mitotic myoblast pool during DLM formation takes place in
two phases. The first proliferation phase is initiated 24 to 48 h after egg lay (AEL) by
Notch and Serrate signaling. The second proliferation phase takes place 72 h AEL through
the activation of the Wnt-p3-Catenin signaling pathway [17,21]. Heartless appears to be
involved in the second phase by activating (-catenin [22]. The different phenotypes
between mir-276a and heartless during flight muscle development may indicate that mir-
276a is important during the first phase of proliferation, while heartless is required for the
second phase.

We further observed that the overexpression of mir-276a with DMef2-GAL4 causes
testis shaping defects. The expression of Mef2 in adult myoblasts depends on ecdysone and
the ecdysone-induced Borad Complex (BR-C) [36]. Since the transcriptional activation of
mir-276a involves the ecdysone receptor EcR and BR-C, we have investigated the expression
of Mef2 in myoblasts at the prospective seminal vesicles. However, Mef2 continues to be
expressed in myoblasts after overexpression of mir-276a, as does the fusion-competent
transcription factor Lame duck. The heartless 3'UTR is a predicted target for the less
conserved family of mir-276a-5p. By using an in vivo GFP sensor assay, we demonstrate
that mir-276a silences GFP expression by binding to the 3'UTR of heartless. Heartless is like
mir-276a, which is required for the migration of nascent myotubes and displays a similar
phenotype [13]. The collective migration of myotubes from the genital disc onto the testis
has been shown to be crucial for testis shaping [13-15]. In particular, the heartless-RNAi-
mediated knockdown or the expression of dominant-negative heartless leads to a partial
cover of the testis with muscles and to the loss of the coiled testis shape [13]. Thus, nascent
myotube migration and testis shaping are impaired by the mir-276a-dependent silencing
of heartless.
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