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ARTICLE INFO ABSTRACT

Keywords: Growth control relies on extrinsic and intrinsic mechanisms that regulate and coordinate the size and pattern of
Abrupt organisms. This control is crucial for a homeostatic development and healthy physiology. The gene networks
miR-306 acting in this process are large and complex: factors involved in growth control are also important in diverse
Cyclin E biological processes and these networks include multiple regulators that interact and respond to intra- and extra-
]();?;j,ptﬁ cellular inputs that may ultimately converge in the control of the cell cycle. In this work we have studied the
Haltere function of the Drosophila abrupt gene, coding for a BTB-ZF protein and previously reported to be required for
Wing wing vein pattern, in the control of haltere and wing growth. We have found that inactivation of abrupt reduces
Drosophila the size of the wing and haltere. We also found that the microRNA miR-306 controls abrupt expression and that

miR-306 and abrupt genetically interact to control wing size. Moreover, the reduced appendage size due to abrupt
inactivation is rescued by overexpression of Cyclin-E and by inactivation of dacapo. These findings define a miR-
306-abrupt regulatory axis that controls wing and haltere size, whereby miR-306 maintains appropriate levels of
abrupt expression which, in turn, regulates the cell cycle. Thus, our results uncover a novel function of abrupt in
the regulation of the size of Drosophila appendages during development and contribute to the understanding of
the coordination between growth and pattern as well as to the understanding of abrupt oncogenic function in

flies.

1. Introduction

The organized actions of cellular processes such as growth, cell di-
vision, proliferation, apoptosis and differentiation are required to
achieve the appropriate size and shape of the tissues and organs that
constitute the organism (Lander, 2011; Lewis, 2008). Multiple signaling
pathways are currently known to direct all these processes and the in-
terplay of intrinsic factors, such as transcription factors and microRNAs,
as well as extrinsic factors, such as hormones, define the final size of an
organ (Day and Lawrence, 2000; Johnston and Gallant, 2002; Neto-
Silva et al., 2009; Pan, 2010). Yet the challenge remains to describe the
complete molecular regulatory network that eventually initiates a
particular cellular response to ensure the appropriate size that permits
healthy development and physiological fitness.

Drosophila has served as an excellent model to study growth and
pattern regulation (Mirth and Shingleton, 2012; Vollmer et al., 2017).
In particular, the proliferating larval epithelial groups of cells, known as
imaginal discs, that form the fly adult appendages such as the wing and
haltere, have been extensively studied (Beira and Paro, 2016). The wing
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and haltere imaginal discs are different in shape and size but follow the
same developmental program mediated by nearly the same molecular
pathways, including the Decapentaplegic signaling pathway (Restrepo
et al., 2014; Teleman and Cohen, 2000). Differences in size and pattern
between wing and haltere are controlled by the homeotic Ultrabithorax
(Ubx) gene (Smolik-Utlaut, 1990; de Navas et al., 2006; Roch and
Akam, 2000). Ubx is specifically expressed in the haltere disc and dif-
ferentially regulates downstream effectors of common regulatory
pathways to repress haltere growth and to avoid developing wing
morphological features such as the appearance of wing veins (named
L1-L5) and wing margin bristles (Weatherbee et al., 1998). Genes
controlling growth have been many times described to both have an
influence on and be influenced by patterning (Day and Lawrence,
2000). However, the understanding of the coordination of growth and
pattern control is far from complete. Further analysis of the genes and
mechanisms required for patterning control should lead to a more
complete understanding of growth control. Both transcription factors
and microRNAs play important functions in growth regulatory net-
works and are capable of regulating gene expression of many genes
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(Hammonds et al., 2013). In this work, we have analyzed the function
of the abrupt gene in wing and haltere growth control and its regulation
mediated by microRNAs.

The abrupt gene, encoding a BTB-ZF finger regulatory protein, was
originally reported to be required for the patterning of the L5 vein of
the wing and motoneuron morphogenesis (Cook et al., 2004; Hu et al.,
1995). Later studies have shown that abrupt is involved in a diversity of
functions during development such as neurogenesis (Hattori et al.,
2013; Li et al., 2004; Sugimura et al., 2004) and border cell migration
(Jang et al., 2009). More recently, abrupt has been reported to function
as an epithelia oncogene (Turkel et al., 2013), suggesting a role in
growth control. High levels of Abrupt in the eye imaginal discs induce
hyperplasic over-proliferation that can be transformed to neoplasic
proliferation when, in addition to high levels of Abrupt, the function of
the scribble gene is inactivated (Turkel et al., 2013). Moreover, high
levels of Abrupt in the wing imaginal discs also induce over-prolifera-
tion (Simoes da Silva et al., 2017), further suggesting a role of abrupt in
wing growth control.

How the levels of abrupt are maintained and how abrupt controls
growth is poorly understood. MicroRNAs are good candidates to par-
ticipate in networks controlling expression levels of transcription fac-
tors. In Drosophila, there exist roughly 300 microRNAs, some of them
shown to be involved in growth control (www.mirbase.org; Becam
et al., 2011; Bejarano et al., 2012; Herranz et al., 2010; Waldron and
Newbury, 2012). Previous work has identified binding sites for the
microRNA miR-306 in the 3’-UTR of the abrupt gene (Bejarano et al.,
2012), suggesting that miR-306 could be involved in the maintenance of
abrupt levels. The microRNA miR-306 is conserved across the Droso-
philids and other insects (www.mirbase.org, Ge et al., 2013;
Jagadeeswaran et al., 2010; Macedo et al., 2016; Ylla et al., 2016) and
is a member of the miR-9c, miR-9b, miR-79 cluster (Chen et al., 2014).
miR-306 has been reported to be expressed in the wing imaginal disc
(Herranz et al., 2010) and has been shown to participate in stem cell
differentiation pathway by down-regulating bag of marbles expression
thus allowing spermatid terminal differentiation (Eun et al., 2013).
Moreover, ChIP-seq analysis as well as RNA-seq analysis have revealed
that Abrupt could act as regulator of the cell cycle. Furthermore, it has
been reported that cdk2 mRNA expression is upregulated upon Abrupt
overexpression and Abrupt protein has been found to be bound to cdk2
regulatory sequences (Turkel et al., 2013). Thus, we hypothesize that
miR-306 is an upstream regulator of abrupt and, in turn, that Abrupt can
control growth by controlling the cell cycle.

Here we show that inactivation of abrupt function produces a de-
crease in the size of both the haltere and wing of the fly and that the
reduction of the wing size is related to the reduction of cell size.
Further, we report that miR-306 regulates abrupt expression and that
miR-306 genetically interacts with abrupt to regulate wing size. Based
on these results, we propose a miR-306/abrupt regulatory axis that
controls growth. Finally, we provide evidence supporting the function
of abrupt in growth control through the regulation of the cell cycle.

2. Material and methods
2.1. Drosophila stocks and fly husbandry

The following stocks were used y1w1”8 (control), Df(])w67 C23;If/
CyO;MKRS/TM6B, ab' (Morgan et al., 1925), ab™!, Df(1)w°7?5;p
{EPgy2} ab®"°11% (Vactor et al., 1993), miR-306-79-9b KO (Chen et al.,
2014), Ubx'*°/TM6B (Kauffman, 1981), pbx'/TM6B, bx*/TM6B
(Bender et al., 1983), PBac [ab-GFP.FLAG] (referred to in the text as ab-
GFP, BDSC #38626), 3'UTR-ab-GFP (Okamura et al., 2008), ptc?YR68
(referred to in the text as ptc-DsRed) (Akimoto et al., 2005), and
hhPYR215 (referred to in the text as hh-DsRed) (Akimoto et al., 2005). For
overexpression experiments the GAL4/UAS system (Brand and
Perrimon, 1993) was used at 17 °C, 25 °C or 29 °C with the following
GAL4 lines: scalloped-Gal4 (sdG4) (Calleja, M and Morata, G.,
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unpublished), cubitus interruptus-Gal4 (ciG4), patched-Gal4 (ptcG4), ap-
terous-Gal4 (apG4), hedgehog-Gal4 (hhG4) and daughterless-Gal4 (daG4)
previously described in www.Flybase.org together with the following
UAS lines: UAS GFP-miR-306sp;UAS GFP-miR-306sp (Eun et al., 2013),
UAS GFP-miR-306*“(Eun et al., 2013), UAS miR-3067°-DsRed (this
work), UAS ab®>>(Cook et al., 2004), UAS CycE (Richardson et al., 1995),
UAS Ubx (Castelli-Gair et al., 1994), UAS DIAP1 (Hay et al., 1995), UAS
DANp53 (Dichtel-Danjoy et al., 2013), UAS GFP, UAS LacZ (previously
described in www.flybase.org), UAS dapgrna; (TRiP line #HMS01610),
UAS abgna; (TRiP line #HMS00369), UAS ab grnai (TRiP.line
#HMS29407) and UAS Ubxgna; (VDRC #37825) (Dietzl et al., 2007).

To control similar growth conditions for wing size measurements,
crosses were established in the same size vials containing the same
amount of standard fly food. Moreover, parental flies (usually about 2:1
females:males rate) were transferred to a new vial every 24 h and fe-
male progeny was selected for measurements. To select imaginal discs
at the same developmental stage from late third-instar larvae (96-120 h
old), the progeny of specific crosses were grown in food containing 5%
Bromophenol blue (Sigma-Aldrich).

2.2. Generation of the UAS-miR-306-DsRed constructs and transgenic flies

A 356-bp fragment containing the miR-306 genomic sequence was
obtained by PCR amplification of Drosophila genomic DNA using the
following primers 5-CTGGACACCTTGGCTATTTCGC-3’ and 5-GCTAA
AGCGCCAAAGCAATGGC-3’ and cloned into pGEM-T easy vector
(Promega) to generate the pGEM-miR-306 plasmid. pGEM-miR-306 was
digested with NotI and the resulting fragment was cloned into NotI-
digested pUAST-DsRed to obtain the pUAST-miR-306-DsRed construct.
PpUAST-miR-306-DsRed was sequenced to confirm the correct orienta-
tion and sequence of the microRNA. Transgenic flies were generated by
standard methods using y'w!'!® as host flies at the Drosophila
Transgenic Service (CBMSO, Madrid, Spain). Twelve independent lines
were obtained, mapped (2 on the X, 6 on the II, and 4 on the III chr.)
and the strength of the overexpression was characterized by analyzing
the wing phenotypes of flies sdG4,UAS miR-306 (lines 1-12) grown at
29 °C. The overexpression of miR-306 using the lines 1-12 resulted in
“strong”, “moderate” and “weak” wing phenotypes (both in size and
morphology). A line with an insertion on the III chr with a “moderate”
wing phenotype was used for this work.

2.3. Wing and leg size measurements, trichome quantification and statistical
analysis

For wing size measurements, the wing contours were measured and
processed using the Image J software. Photographs of the wings were
taken using the same optical conditions in a Zeiss CCD or in a Leica
DM5000 microscopes coupled to a color camera. For leg size mea-
surements, the length of the female leg femur was analyzed following a
similar method previously described (Grubbs et al., 2013), drawing a
straight line (Supplementary Fig. 2) from the most distal constriction of
the trochanter until the end of the femur segment. For quantification of
trichomes per area, the number of trichomes was manually counted in
the corresponding wing areas using Image J software.

Statistical analysis was performed using the unpaired t-test (when
comparing two groups of data sets) or one-way ANOVA analysis with
Tukey post-test (when comparing more than two groups of data sets)
using the GraphPad Prism software. Data represent the mean + SEM
(Standard Error of the Mean). Statistical significance is indicated with
asterisks corresponding to the following p-values: 0.01 < p* < 0.05,
0.001 < p** < 0.01 and ***p < 0.001.

2.4. Immuno-staining, microscopy and fluorescence quantification

Imaginal discs from third instar larvae were dissected and stained as
previously described (Simoes da Silva et al., 2017). The following
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primary antibodies were used: rabbit anti-Abrupt (1:200) (kindly pro-
vided by S. Crews, Hu et al., 1995), rabbit anti-activated Caspase-3
(1:50) (Cell Technologies), mouse anti-Ultrabithorax (1:20) (Iowa Hy-
bridoma Bank) and To-PRO3 (Invitrogen).

Secondary fluorescent antibodies were coupled to Rhodamin RedX
and FYCT (1:500) (Jackson Immuno Research). Imaginal discs were

Mechanisms of Development 158 (2019) 103555

mounted in Vectashield (Vector Laboratories) or DAKO medium (Dako
Inc.). Images were generated using a LSM510 confocal microscope
(Zeiss). Images were processed with Adobe Photoshop CS5. For 3rd
instar wing and haltere disc size quantifications, the contour of sdG4/
+; UAS GFP/+ and the contour of the wing pouch were used to de-
termine the corresponding areas. For the anterior (A) and posterior (P)
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Fig. 1. Inactivation of abrupt function causes a reduction in wing size. A) Wing y'w’?’® (used as a control), the L2-L5 veins are indicated. B) Wing ab’ homozygous.
Note the reduction of wing size and the shortening of the L5 vein (arrowhead). C) Graph representing the wing area (pixels x 10%) of flies of the indicated genotypes
(n = 20 of each genotype). D) ab’; ab-GFP/ + wing. Note the rescue of the L5 vein length and the size of the wing. E) Graph representing the wing area (pixels x 10%)
of flies of the indicated genetic backgrounds (n = 20 of each genotype). Note the rescue of ab’ wing size in the presence of the ab genomic duplication (ab-GFP). E’)
Graph representing the wing area (pixels) of flies of the indicated genotypes (n = 20 of each genotype). F) sdG4/+; UAS GFP/+ wing imaginal disc showing GFP
expression (green) indicating the expression domain of the sdG4 line, mainly in the wing pouch area of the wing disc (arrowhead). G) sdG4/+; UAS GFP/+ wing
used as a control. H) sdG4/+; UAS abruptgna/ + wing. I) Graph representing the wing area of flies of the indicated genotypes (n = 20 of each genotype). J) Wing
imaginal disc showing Abrupt expression pattern. Note that Abrupt expression is detected in the wing pouch and notum regions and in the veins primordia as
previously described (Cook et al., 2004) (asterisk indicating the L5 vein primordium). K, L) Wing area between L3 and L5. The black square identifies an example of
the areas chosen to calculate trichome density. (K) control wing (y'w'?*®). (L) ab’ homozygous wing. M) Graph representing the trichome density in control and in
homozygous ab’ wings (n = 20 of each genotype). N) Graph representing the wing area (pixels) of flies of the indicated genotypes (n = 20 of each genotype). Scale
bars represent 500 um for wings and 50um for wing discs and wings enlargements. Asterisks denote the following p values: 0.01 < *p < 0.05,

0.001 < p** < 0.01, ***p < 0.001.
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Fig. 2. Inactivation of abrupt causes a reduction in
wing disc size. A) sdG4/ +; ptc-DsRed/UAS GFP wing
disc (used as a control) showing ptc-DsRed expression
(red) and To-PRO3 (blue). B) sdG4/ + ;ptc-DsRed/ +;
UAS abgnai/ + wing disc showing ptc-DsRed expres-
sion (red) and To-PRO3 (blue). Note the reduction of
wing disc size compared to (A). C) sdG4/+; hh-
DsRed/+ wing disc (used as a control) showing hh-
DsRed expression (red) and To-PRO3 (blue). D)
sdG4/ + ;hh-DsRed/UAS abgrna; wing disc showing hh-
DsRed expression (red) and To-PRO3 (blue). Note the
reduction of wing disc size compared to (C). E)
Diagram of a wing disc indicating the domain of
sdG4 expression in the wing pouch region (grey)
used for area measurements. The graph represents

the area (pixels x10%) of the indicated genotypes
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compartments size measurements, the posterior border of ptc-DsRed
expression was used as a marker of the A/P compartment boundary.

3. Results

3.1. The inactivation of abrupt function reduces the size of both the wing
and the wing disc

We first studied wing size changes resulting from the inactivation of
abrupt function (Fig. 1) using different mutant alleles such as ab’
(Morgan et al., 1925), ab®"°112% and ab™™! (Vactor et al., 1993) as well
as the UAS abruptgyy; line that efficiently inactivates the expression of
abrupt (Supplementary Fig. 1). We found that homozygous flies ab’,
ab®Y01129 qpl flies show a significant reduction of wing size when
compared to control y'w!??® flies (Fig. 1A-C). Additionally, these mu-
tant flies show the shortening of the L5 vein previously reported
(Fig. 1B) (Cook et al., 2004; Hu et al., 1995). Depending on the abrupt
mutant allele combination, the degree of wing reduction ranged from
10 to 25%, and in all cases the reduction was statistically significant
(Fig. 1C). Importantly, the reduced wing size and L5 vein length is
rescued with a genomic duplication of the ab gene (ab-GFP, see Material
and methods) as the size of the wings from ab’; ab-GFP/+ flies is
identical to control wings (Fig. 1D, E’). This strongly suggests that the
observed wing size reduction is due to abrupt inactivation.

Moreover, when we inactivated the expression of abrupt using the
scalloped Gal4 (sdG4) line that drives the expression in the wing pouch
region (Fig. 1F) in combination with the UAS abruptrya; (UAS abrnai)
line, we found that sdG4/ +;UAS abgrnai/ + wings are also significantly
smaller than the control sdG4/ +;UAS GFP/+ wings (Fig. 1G-I). These
results indicate that lack of abrupt function affects wing growth, a
function not previously attributed to this gene. Because of the effect of
abrupt inactivation on the overall size of the wing, we analyzed abrupt
pattern of expression using anti-Abrupt antibody (Hu et al., 1995). We
found that Abrupt protein is detectable not only in the vein primordial
cells, as previously reported using RNA probes (Cook et al., 2004), but

also in the majority of the wing disc cells both in the wing pouch and
the notum (Fig. 1J).

To characterize the role of abrupt in the control of wing growth, we
analyzed whether the wing size reduction is a consequence of decreased
cell size by measuring trichome density. In the wing, each cell contains
one trichome (Robertson, 1959) and thus the analysis of the number of
trichomes per area is an indication of the cell size. We quantified tri-
chome density in wings of ab’ flies compared to the wings of control
flies (Fig. 1K, L). This comparison shows an increase in trichome density
in ab’ wings over that seen in control wings (Fig. 1M). This result in-
dicates that the size of ab’ wing cells is reduced and suggests that the
reduction of wing size is associated with reduction of wing cells size.
We then analyzed whether apoptosis was also involved in the wing size
reduction observed when abrupt function is inactivated. For that, we
inhibited apoptosis by overexpression of DIAP1 (Drosophila Inhibitor of
Apoptosis 1 (Hay et al., 1995)). We found that sdG4/+; UAS DIAP1/+;
UAS abgnai/ + wings have a larger size than sdG4/ +; UAS GFP/ +; UAS
abrnai/ + flies (Fig. 1N). Thus, both reduction of wing cells size as well
as cell death are involved in the reduction of wing size upon abrupt
inactivation.

We then investigated the induction of apoptosis during wing disc
development by monitoring activated Caspase-3 (C3) levels of expres-
sion. Neither homozygous ab? wing discs nor wing imaginal discs from
sdG4/+;UAS  abrnai/+ larvae showed expression of C3
(Supplementary Fig. 3) indicating that inactivation of abrupt function
during larval development does not activate cell death at detectable
levels. We therefore investigated whether the size reduction occurs
before or after metamorphosis by comparing the size of wing imaginal
discs.

To better visualize and compare the size and effects on disc mor-
phology, we used the markers patched-DsRed (ptc-DsRed, see Material
and methods) and hedgehog-DsRed (hh-DsRed, see Material and
methods) (Akimoto et al., 2005). Wing imaginal discs sdG4/+; ptc-
DsRed/UAS GFP (Fig. 2A) are larger than sdG4/ +; ptc-DsRed/ +; UAS
abrnai/ + wing discs (Fig. 2B). Likewise, wing discs sdG4/ +; hh-DsRed/
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+ (Fig. 2C) are larger than sdG4/+; hh-DsRed/UAS abgna; (Fig. 2D).

We then analyzed whether inactivation of abrupt impacts the size of
the anterior (A) and posterior (P) wing disc compartments. For that, we
used experimental wing discs (sdG4/ +; ptc-DsRed/ +; UAS abgnai/ +)
and control wing discs (sdG4/+; ptc-DsRed/UAS GFP) where the ex-
pression of ptc-DsRed was indicative of the location of the A/P com-
partment boundary. We first found that inactivation of abrupt produces
a 35% reduction of the whole wing pouch disc size, compared to control
wing discs (Fig. 2E). Also, we found that in control wing discs (sdG4/ +;
ptc-DsRed/UAS GFP), the A compartment occupies 57% of the total area
and that the P compartment occupies the remaining 43% of the total
area. Furthermore, we found that in wing discs where abrupt was in-
activated (sdG4/+; ptc-DsRed/+; UAS abrnai/+) the A compartment
occupies 58% of the total area and the P compartment occupies 42% of
the total area (Fig. 2F). Thus, inactivation of abrupt in the whole wing
pouch influences proportionally the reduction of the A and P com-
partments.

Taken together these results show that abrupt inactivation results in
the reduction of wing and wing disc size indicating a role of abrupt in
size control.

3.2. The inactivation of abrupt function influences haltere size

While analyzing the function of abrupt in the control of wing size,
we noticed that inactivation of abrupt influenced on leg size
(Supplementary Fig. 2) as previously described (Hu et al., 1995) and
curiously on haltere size. This prompted us to study the function of
abrupt inactivation in haltere development. We first studied the pattern
of Abrupt protein expression in the haltere disc and found that it is
detected in nearly all the cells of the disc (Fig. 3A), showing a stronger
expression in the region of the haltere disc pouch that will give rise to
the capitellum (Fig. 3B). Next, we analyzed the size and morphology of
the halteres of homozygous ab’ flies and found that these display
smaller halteres (Fig. 3C) than control flies (Fig. 3B). Using the sdG4
line that drives the expression in the haltere disc pouch (Fig. 3D), we
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also found that sdG4/+;UAS abgnai/ + flies show smaller halteres
(Fig. 3E) than control sdG4/+;UAS GFP/ + flies (Fig. 3B). Haltere size
is difficult to measure due to its balloon-like morphology. However,
most cases of small halteres displayed a longitudinal indentation
(Fig. 3C, E) resembling a “heart”, a morphological feature that we
named “heart-shaped halteres” that can be visually quantified and used
as a measure of the severity of the phenotype. Using this measure
roughly 80% of the halteres of homozygous ab flies and 78% of sdG4/
+; UAS abgnai/ + flies are “heart-shaped” (Fig. 3F) and, therefore,
exhibit severely reduced size.

We next studied the size of the complete haltere disc pouch as well
as the size of the haltere disc pouch anterior (A) and posterior (P)
compartments. For this, we used the sdGal4 line (Fig. 3D) and the ptc-
DsRed (Fig. 3G) and the hh-DsRed (Fig. 3I) expression patterns as
markers of the haltere A and P compartments. We found that in-
activation of abrupt expression in the whole haltere pouch (sdG4/+;
ptc-DsRed/ +; UAS abgnai/ + (Fig. 3H) and sdG4/+; hh-DsRed/UAS
abgna; (Fig. 3J)) produces a reduction of the size of the haltere disc
compared to control haltere discs (sdG4/ +; ptc-DsRed/ + (Fig. 3G) and
sdG4/+; hh-DsRed/+ (Fig. 31)). We calculated the reduction and found
that inactivation of abrupt produces a 30% reduction of the haltere
pouch (Supplementary Fig. 4). Further, we found that both in control
(sdG4/+; ptc-DsRed/+) and mutant (sdG4/+; ptc-DsRed/+; UAS
abrnai/ +) discs, the A compartment occupies 77% of the haltere disc
area and the P compartment occupies 23% of the haltere disc area,
indicating that the reduction of the haltere size impacts the A and P
compartments equally and proportionally (Supplementary Fig. 4).
However, this reduction of the haltere disc is not related with apoptosis
induction as activation of Caspase-3 expression was not seen in sdG4/
+;UAS abgrynai/ + haltere discs (data not shown).

Taken together, these results indicate that abrupt controls haltere
size in a similar way to the way it controls wing size.
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expression is detected in almost all the haltere disc cells. B) y'w’?’® haltere used as a control (c: capitelum, p: pedicelum) containing trichomes covering the entire
haltere and the sensilla trichodea (arrow). C) Homozygous ab! haltere containing the trichomes covering the entire haltere and sensilla trichodea (arrow). Note the
reduction of size compared to (B) and the appearance of an indentation (arrowhead). D) sdG4/+; UAS GFP/+ haltere disc, used as control disc, showing the sdG4
domain of expression (GFP). E) sdG4/ +; UAS abgnai/ + haltere. Note the reduction of haltere size and the appearance of the indentation (arrowhead) that generates a
“heart-shaped” haltere. F) Graph representing the percentage of “heart-shaped” halteres of the indicated genotypes, (n = 80 for ab’, n = 50 for sdG4/ +; UAS abgnai/
+). G) sdG4/ +; ptc-DsRed/ + haltere disc showing the expression of To-PRO3 (blue) and of ptc-DsRed (red) in the anterior compartment at the A/P boundary. H)
sdG4/ +; ptc-DsRed/ +; UAS abgnai/ + haltere disc showing the expression of To-PRO3 (blue) and of ptc-DsRed (red). Note the reduction of the haltere disc size
compared to (G). I) sdG4/+; hh-DsRed/ + haltere disc showing the expression of To-PRO3 (blue) and of hh-DsRed (red) in the posterior compartment. J) sdG4/ +; hh-
DsRed/UAS abgya; haltere disc showing the expression of To-PRO3 (blue) and of hh-DsRed (red) in the posterior compartment and To-PRO3 (blue).
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3.3. Analysis of abrupt and Ultrabithorax genetic interaction Navas et al., 2006; Roch and Akam, 2000; Simon and Guerrero, 2015).
This led us to analyze the genetic interaction between abrupt and Ubx
Reduced haltere size has been previously associated with inactiva- genes. The UBX protein is detected in all haltere disc cells being

tion of the decapentaplegic (dpp) morphogen and/or overexpression of a strongly expressed in the haltere pouch (Fig. 4A, Smolik-Utlaut, 1990).
variety of factors such as the homeotic gene Ultrabithorax (Ubx) (de We analyzed UBX protein levels using different Gal4 lines such as sdG4,

apG4/+;UAS ab,, /+

RNAT

sdG4/+;UAS GFP/+;UAS Ubx ., /+ sdG4/+;UAS Ubx

RNAI

/UAS ab

RNAT RNAi

Fig. 4. Analysis of abrupt and Ultrabithorax genetic interaction. A) Control y’w'?8 haltere disc showing the expression of UBX (green). B) apG4/UAS GFP haltere disc
showing the apG4 domain of expression (grey) in the dorsal compartment of the disc. C-C”) apG4/+; UAS abgrnai/ + haltere disc showing the expression of (C)
Abrupt (AB, green), (C’) UBX (red) and (C”) merged image. Note that Abrupt expression disappears in the dorsal compartment (C, asterisk) while UBX expression (C")
is not altered. D-D”) hhG4/ +; UAS ab®°/ + haltere disc showing (D) AB expression (green), (D) UBX expression (red) and (D’) merged image. Note the overgrowths
and that high levels of AB do not modify UBX levels. Also note that the endogenous levels of AB are weak due to the focus on the overgrowths. E) Haltere bx”/Ubx"*’
showing the transformation of the anterior compartment towards wing. The posterior compartment (arrowhead) is not affected. F) Haltere ab’;bx>/Ubx"° showing
the transformation of the anterior compartment towards wing. The posterior compartment (arrowhead) is not affected. The dotted lines represent the “unfolded”
transformed wing area which covers a smaller area in (F) than (E) due to the presence of ab’. G) Haltere pbxl/ Ubx!'30 showing the transformation of the posterior
compartment towards wing. The anterior compartment (arrowhead) is not affected. H) Haltere ab’;pbx’/Ubx"*° showing the transformation of the posterior com-
partment towards wing. The posterior compartment (arrowhead) is not affected. Note that the posterior transformed compartment in (H) is smaller than the
corresponding one in (G) due to the presence of ab’. I) Haltere sdG4/ +; UAS GFP/+; UAS Ubxgyai/ + showing a transformation of both the A and P compartments
towards wing. J) Haltere sdG4/ +; UAS Ubxgnai/UAS abgna; showing the transformation of both the A and P compartments towards wing. Note that the size of (J) is
smaller than (I) due to abrupt inactivation. Scale bars represent 50 um for wing discs and halteres.
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hhG4 and apG4 and the UAS abruptryy; line. The apG4 line directs
transgene expression in the haltere disc dorsal cells (Fig. 4B). We ob-
served that the inactivation of abrupt in apG4/+; UAS abgnai/ + haltere
discs efficiently reduces Abrupt expression in the dorsal cells (Fig. 4C)
but does not affect UBX levels (Fig. 4C’, C”), indicating that abrupt does
not regulate the expression of Ubx. We next analyzed whether abrupt
could negatively regulate the expression of Ubx by analyzing the effect
of high levels of Abrupt on UBX levels. Haltere imaginal discs sdG4/
+;UAS ab>®/+ showed overgrowths (Fig. 4D) similar to the reported
effect of high levels of Abrupt in wing imaginal cells (Turkel et al.,
2013) but they did not show an effect on UBX levels of expression
(Fig. 4D-D”). Moreover, overexpression of UBX in ciG4/UAS Ubx; tub
Gal80®/+ in the wing imaginal discs did not influence the levels of
Abrupt (Supplementary Fig. 5). Thus, these results suggest that Abrupt
does not control Ubx expression and that UBX does not control abrupt
expression.

We then studied the genetic interaction between abrupt and Ubx
using the bx® and pbx’ mutations of the Ubx gene that specifically and
respectively inactivate Ubx expression in the anterior (A) and posterior
(P) compartments. We also used the UAS Ubxgny; line in combination
with sdG4. As previously reported, the inactivation of Ubx in the A
compartment of the haltere disc (bx®/Ubx"3%) produced flies with the A
compartment of the haltere transformed towards the A compartment of
the wing (Fig. 4E) (Bender et al., 1983; Casanova et al., 1985). More-
over, inactivation of Ubx in the haltere disc P compartment (pbx’/
Ubx™?%) produced flies with the P compartment of the haltere trans-
formed towards the P compartment of the wing (Fig. 4G) (Bender et al.,
1983; Casanova et al., 1985). We then analyzed these homeotic trans-
formations in the absence of abrupt. Flies ab’; bx®/Ubx'3° (Fig. 4F) as
well as flies ab’; pbx’ /Ubx130 (Fig. 4H) show the corresponding
homeotic transformation. Notably, the size of the transformed A com-
partment in ab’; bx®/Ubx"%° was smaller than the transformed A com-
partment in bx®/Ubx"%° flies (compare the extent of the dotted lines in
Fig. 4E versus Fig. 4F). Furthermore, the transformed P compartment
was smaller in ab’; pbx’/Ubx%° flies than the transformed P compart-
ment of pbx’/Ubx"?° flies (compare the P compartments in Fig. 4G and
H). Similar differences in the sizes of the transformed wings were also
observed comparing wings expressing abrupt (sdG4/-+;UAS GFP/+;
UAS Ubxgnai/ + ) to wings not expressing abrupt (sdG4/ + ;UAS Ubxgnai/
UAS abRNAi’ Flg 41—.])

Thus, the results from this analysis of the genetic interaction be-
tween abrupt and Ubx indicates that Abrupt does not regulate Ubx ex-
pression nor does UBX regulates abrupt expression. However, these re-
sults do support the proposition that abrupt is required for growth.

3.4. The microRNA miR-306 regulates abrupt expression to control wing
and haltere size

To investigate the regulatory pathway through which abrupt con-
trols growth we searched for upstream regulators of abrupt as well as for
downstream abrupt effectors. The analysis of the abrupt gene 3’-UTR
identified the existence of a miR-306 binding site (Fig. 5A) (http://
www.targetscan.org/fly), suggesting that abrupt is directly regulated by
miR-306. We first checked whether the 3’-UTR-abrupt-GFP (3’-UTR-ab-
GFP sensor construct (Okamura et al., 2008)) was responsive to high
levels of miR-306. For that, we generated UAS miR-306-DsRed con-
structs and the corresponding transgenic lines to analyze the expression
of 3’-UTR-ab-GFP in wing imaginal discs expressing high levels of miR-
306. Wing imaginal discs containing the 3’-UTR-ab-GFP showed ubi-
quitous GFP expression (Fig. 5B). However, ptcG4/3’UTR ab-GFP;UAS
miR-3062°-DsRed/+ wing imaginal discs where miR-306 is over-
expressed under the control of ptcG4 showed repression of GFP ex-
pression throughout the ptcG4 domain (Fig. 5C-C”), indicating that
miR-306 acts on abrupt 3’-UTR to repress its expression. Next, we
checked whether Abrupt protein levels were changed in wing imaginal
discs containing high levels of miR-306. Abrupt is expressed in nearly
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all the cells of the wing pouch in wild type wing imaginal discs
(Fig. 5D). In hhG4/UAS miR-306°°-DsRed wing imaginal discs, the levels
of Abrupt are diminished in the posterior compartment cells corre-
sponding to the hhG4 domain when compared to Abrupt levels in the
anterior compartment cells (Fig. S5SE-E”). These results further suggest
that miR-306 directly regulates abrupt expression levels.

To investigate whether miR-306 functions together with abrupt in
the control of the wing and haltere growth, we studied the phenotypic
effect of overexpression of miR-306 in the wing and haltere as well as
the genetic interaction between abrupt and miR-306. Overexpression of
miR-306 in larvae grown at 25 °C using the sdG4 line (sdG4/+; UAS
miR-306°-DsRed/ +) resulted in flies with wings of smaller size
(Fig. 5F) than control wings (sdG4/+; UAS GFP/+, Fig. 5H) and no-
tably, with L5 of a shorter length than controls (Fig. 5F). Each of these
phenotypes is associated with the inactivation of abrupt as shown in
Fig. 1B and H. Moreover, the overexpression of miR-306 in larvae
grown at 29°C (sdG4/+; UAS miR-306°-DsRed/ +) resulted in flies
with small halteres (Fig. 5G) a phenotype similar to that seen with the
inactivation of abrupt (Fig. 3C, E). Thus, miR-306 overexpression pro-
duces flies with wing and haltere phenotypes similar to flies where the
function of abrupt is inactivated, supporting a role for miR-306 in the
negative regulation of abrupt expression.

We next studied the genetic interaction between miR-306 and abrupt
in a double heterozygous assay. We used the ab’ mutant allele and the
genomic deletion miR-306-79-9b-KO that removes miR-306 and the
miR-79 and miR-9b loci (Chen et al., 2014). Of note, the reduction of
wing size observed when miR-306 is overexpressed (sdG4/+; UAS miR-
306°°-DsRed/ +) (Fig. 5F) is modulated in homozygous miR-306-79-9b-
KO flies (sdG4/+; miR-306-79-9b-KO; UAS miR-306°°-DsRed/+, Sup-
plementary Fig. 6) supporting the function of miR-306 in wing size
control.

Flies ab® heterozygous (ab’, miR-306""/ab"', miR-306"") presented
wings of normal size (not shown) while flies ab’ homozygous (ab’, miR-
306"/ab’, miR-306"") presented wings of reduced size (Fig. 1C).
Moreover, flies miR-306-79-9b-KO heterozygous (ab"’, miR-306-79-9b-
KO/ab*", miR-306"") showed wings of normal size (data not shown)
while flies miR-306-79-9b-KO homozygous (ab"’, miR-306-79-9b-KO/
ab"™, miR-306-79-9b-KO0) flies presented wings of reduced size (Sup-
plementary Fig. 7). We analyzed the size of wings from flies double
heterozygous for ab’ and miR-306-79-9b-KO (ab’, miR-306""/ab"", miR-
306-79-9b-K0) and found that they are of similar size as wings from
flies ab’ homozygous (ab’, miR-306"'/ab’, miR-306"") (Fig. 5J). This
result indicates a genetic interaction between miR-306 and abrupt to
control wing size.

Thus, the analyses of miR-306 function in the regulation of abrupt
suggest that miR-306 regulates the expression of abrupt and that miR-
306 and abrupt collaborate to control the size of both wing and haltere.

3.5. Cyclin E and dacapo collaborate with abrupt to regulate wing and
haltere size

Previous transcriptome analysis results from eye-imaginal discs
containing high levels of Abrupt indicate that Abrupt regulates the
expression of genes essential for cell cycle progression (Turkel et al.,
2013). Because of this, we chose to investigate whether Cyclin E and
dacapo contribute to the wing and haltere size control mediated by
abrupt. Cyclin E functions together with the cdk2 kinase to promote the
G1-S transition (Richardson et al., 1995). However, Dacapo inhibits cell
cycle progression by binding to the CycE-cdk2 complex and impeding
the G1-S transition (de Nooij et al., 1996; Lane et al., 1996).

To study the epistatic relationships between Cyclin E and dacapo
with abrupt in the control of wing size, we analyzed the effect of
overexpression of Cyclin E as well as the inactivation of dacapo on the
wing size produced by abrupt inactivation. The concomitant over-
expression of Cyclin E and inactivation of abrupt (sdG4/ +;UAS Cyclin E/
+,;UAS abgrnai/ +) produced flies with wings of larger size than those of
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flies where only abrupt expression was inactivated (sdG4/ +;UAS GFP/
+; UAS abrnai/ +) (Fig. 6A-C). This result indicates that high levels of
Cyclin E rescues the wing size reduction associated with the inactivation
of abrupt, thereby suggesting that Cyclin E functions together with
abrupt to control wing size. Interestingly, the shortening of the L5 vein
associated with abrupt inactivation was also rescued in the presence of

(caption on next page)

high levels of Cyclin E (Fig. 6B, F) supporting the results showing that
Cyclin E and abrupt contribute together to control wing size.

We next investigated the effect of dacapo inactivation on the wing
size produced by abrupt inactivation. The concomitant inactivation of
dacapo and abrupt (sdG4/ +;UAS abgnai/UAS dapgna;) (Fig. 6D) resulted
in flies with wings of larger size than wings from flies where only abrupt
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Fig. 5. The microRNA miR-306 regulates abrupt expression to control wing and haltere size.
A) Abrupt is a predicted target of miR-306. Scheme of the ab 3'UTR (1671 bp) showing the seed sequence of miR-306 (at position 320-326) that has complementarity
with the ab 3’'UTR (http://www.targetscan.org/fly). B) Wing disc 3'UTR-ab-GFP showing GFP (green) expression. C-C”) Wing disc ptcG4/3’UTR ab-GFP; UAS miR-

306%°-DsRed/ + showing GFP expression (green) (C) and DsRed expression (red) (C’). (C”) Merge image of (C) and (C’). D) Wing pouch region of a control (y'w

1118)

wing disc showing Abrupt expression (red) in the cells of the vein primordial as well as the wing pouch cells. E-E”) Wing pouch region of a hhG4/UAS miR-306°-
DsRed wing disc showing the expression of DsRed (E, red) and Abrupt (E’, green). Note the decreased Abrupt expression (green) (asterisk). (E”) Merge image of (E)
and (E"). F) Wing sdG4/+; UAS miR-306%°-DsRed/ + grown at 25 °C. Note the decrease in size compared to Fig. 1A Graph representing and the L5 shortening. G)
sdG4/ +; UAS miR-306°°-DsRed/ + haltere grown at 25 °C. Note the decrease in size compared to Fig. 3B. H) Graph representing the wing area (pixels x 10*) of the
indicated genotypes (n = 20 of each genotype). I) Wing ab’/miR-306-79-9b-KO. J) Graph representing the wing area of the indicated genotypes (n = 20 for each
genotype). Note that there are no significant differences in the size of the wing in both genotypes. Scale bars represent 50 um for wing discs and halteres and 500 pm

for wings. n.s. - not significant, *** p < 0.001.

expression is inactivated (sdG4/+;UAS GFP/+;UAS abrnai/+)
(Fig. 6E) indicating that low levels of dacapo rescues the wing size re-
duction associated with abrupt inactivation. Also in this case, the L5
vein shortening associated with abrupt inactivation was rescued in the
absence of dacapo expression (Fig. 6A, F). Taken together, these results
suggest that abrupt regulates wing size in collaboration with Cyclin E
and dacapo.

We further analyzed the epistatic relationships between Cyclin E and
dacapo with abrupt in the control of haltere size. To analyze haltere size,
we used two parameters: percentage of the “heart-shaped” halteres and
the expression of the ptc-DsRed and hh-DsRed reporters in the halteres
(Fig. 6G-H) whose patterns of expression were not affected by either
overexpression of Cyclin E or by inactivation of dacapo (Supplementary
Fig. 8). Overexpression of Cyclin E (sdG4/+;UAS Cyclin E/+;UAS
abrnai/ +) rescued the expression of ptc-DsRed and hh-DsRed when
compared with (sdG4/+;UAS GFP/+;UAS abryai/+) (Fig. 6I-L).
However, and -curiously, although sdG4/+;UAS Cyclin E/+;UAS
abrnai/ + halteres were significantly larger than control halteres, the
percentage of heart-shaped halteres was not affected. Finally, in-
activation of dacapo (sdG4/+ ;ptc-DsRed/ +;UAS abrnai/UAS daprnai)
reduced the percentage of heart-shaped halteres (Fig. 6M) and rescued
the expression of hh-DsRed when compared with (sdG4/+;UAS GFP/
+,;UAS abgrnai/+) (Fig. 6N). Thus, these results indicate that abrupt
controls haltere size in collaboration with cell cycle regulators such as
Cyclin E and dacapo.

4. Discussion

Understanding how an organ initiates growth and then stops
growing when its final size and shape is achieved is a fundamental
question in developmental biology. Despite the extensive knowledge
concerning the cellular, mechanical and molecular mechanisms reg-
ulating growth, how the growth and patterning of developing organs
are controlled and coordinated is still a standing question. Cross-species
conservation of the molecular pathways makes Drosophila an excellent
model system for the analysis of growth control. In particular, the use of
the wing and haltere imaginal discs - that give rise to the adult wings
and halteres - have served to reveal fundamental aspects of growth and
development (Day and Lawrence, 2000; Mirth and Shingleton, 2012;
Restrepo et al., 2014; Teleman and Cohen, 2000).

In this work, we have analyzed the function of abrupt (ab) in the
control of wing and haltere size. We have discovered that the abrupt
gene is required in both the wing and the haltere to achieve their
normal size (Figs. 1 and 2). This novel function of abrupt adds to the
previously described abrupt functions in the determination of the L5
wing vein, in motoneuronal branching, border cell migration as well as
leg development (Cook et al., 2004; Hu et al., 1995; Jang et al., 2009;
Hattori et al., 2013; Li et al., 2004; Sugimura et al., 2004). We found
that Abrupt, in addition to the previously reported expression in the
primordial cells of the L5 vein (Cook et al., 2004), is expressed in nearly
all cells of both wing (Fig. 1J) and haltere imaginal discs (Fig. 3A),
supporting our proposal that abrupt controls the overall size of these
appendages. The amount of wing size reduction observed in ab mutants
or when ab is inactivated ranges from 7 to 22% of total (Fig. 1C, I). This

reduction may seem small but is statistically significant and, moreover,
is rescued with a duplication of the abrupt gene (Fig. 1D-E’), and
modulated in several genetic backgrounds (Fig. 6B, D). The quantifi-
cation of wing trichomes (Fig. 1M) indicates that the reduction of wing
size is related to the reduction of cell size. Also, the reduction of wing
size may be due to apoptosis during pupal development (Fig. 1N).
Curiously, this apoptosis does not occur during larval development
(Supplementary Fig. 3).

Whether, in addition to control cell size abrupt is also controlling
cell numbers and cell proliferation is still to be determined.
Interestingly, the size reduction due to inactivation of abrupt is already
detected in the wing imaginal discs (Fig. 2) and impacts equally the
anterior and the posterior compartments, indicating that abrupt controls
the overall size of the wing rather than the size of a specific compart-
ment. This function of abrupt is novel and in addition to contributing to
the understanding of growth control, contributes to our understanding
of the coordination of growth and pattern, i.e. how the overall growth
of the wing might also control the growth of region specific patterns
such as veins.

Interestingly, the role of abrupt in growth control is not restricted to
wing development but also influences haltere development. Our results
show that inactivation of abrupt produces halteres of smaller size than
control halteres (Fig. 3C, E, F) and that this reduction is already de-
tected in the haltere imaginal disc (Fig. 3H, J). The analysis of ptc-DsRed
and hh-DsRed reporters during the development of the haltere indicates
that, as in the wing, abrupt controls the size of the entire haltere rather
than controlling the size of either the anterior or the posterior com-
partments (Fig. 3G-J, Supplementary Fig. 4), supporting a role for
abrupt in the global control of growth. Also, the fact that both reporters
can be detected in the haltere (Fig. 6G-H) may be useful to more ac-
curately and spatially fate map the position of specific bristles and
sensillas to haltere compartments (Gonzalez-Gaitan et al., 1990). Fi-
nally, we do not understand the cause of the indentation seen in hal-
teres expressing low levels of abrupt. Further investigation is needed to
understand the origin of this phenotype and how it relates haltere
morphogenesis.

Data from other laboratories have suggested a genetic interaction
between abrupt and Ubx genes (Choo et al., 2011; Pavlopoulos and
Akam, 2011). It has been found that the UBX protein binds to abrupt
regulatory sequences (Choo et al., 2011) and that abrupt expression is
up-regulated when UBX is overexpressed in pre-pupa and pupa stages
(Pavlopoulos and Akam, 2011). The Ubx gene controls the size of the
haltere by repressing the expression of Dpp and its downstream effector
genes. Indeed, either high levels of UBX or inactivation of Dpp function
in the haltere produce the reduction of its size (de Navas et al., 2006).
Our work shows that high levels of UBX do not alter the expression of
Abrupt in the wing and haltere imaginal discs (Supplementary Fig. 5)
nor do low (Fig. 4C) or high (Fig. 4D) levels of Abrupt alter UBX ex-
pression. Thus, abrupt and Ubx do not seem to interact during larval
development. Perhaps the interaction takes place during pupal devel-
opment (Pavlopoulos and Akam, 2011). Nevertheless, our analysis of
the genetic interactions between Ubx and abrupt supports a role for
abrupt in growth (Fig. 4E-J).

A number of microRNAs have been found to influence wing size


http://www.targetscan.org/fly

C.J. Simoes da Silva, et al. Mechanisms of Development 158 (2019) 103555

2 dG4/+; UAS GFP/+; UAS aby, /+
=100 B sdG4/+; UAS CycE/+; UAS abgy, /+
2 & E=1sdG4/+: UAS GFP/UAS CycE
©
R
& 60
S 40
—
<
an 20
R=!
=
E £ 100 * E [EIsdG4/+; UAS GFP/+; UAS abm/+
= s4x ‘(’gi// * LL’;;Z sz [ %iﬁfabm# [EE15dG4/+; UAS CycE/+; UAS aby,
+; abg, ,/ ap ..,
~ RNA{ RNA on
o e= E=1sdG4/+: UAS GFP/+: UAS dap,,/+ | . 50 [sdGar+: UAS aby,,,/UAS dﬂpm
2 6o 260
& 3
< 40 % 40
L ["e)
< —
&0 20. o 20
sdG4/+;UAS ab,, /UAS dapRNA, §

sdG4/+; ptc -DsRed/+ sdG4/+ hh-DsRed/+ sdG4/+; ptc-DsRed/+;UAS ab, sdG4/+ hh-DsRed/UAS ab, /+

R’\\

R’\\

sdG4/+;UAS CycE/+; hh-DsRed/UAS ab, sdG4/+;ptc-DsRed/+; UAS dapy,,, /UAS ab,,,.

sdG4/+;ptc-DsRed/UAS CycE;UAS ab,,, /+

RNAi

N
g 804 [ sdG4/+: UAS GFP/+: UAS ab,,
2 [1sdG4/+; UAS ab,, /JUAS dapmm
ER
=]
[
S 40-
=
VI)
5 20
]
T
e

Fig. 6. Cyclin E and dacapo collaborate with abrupt to regulate wing and haltere size. A) Wing sdG4/ +; UAS GFP/ +;UAS abgnai/ + . Note the short L5 (arrowhead). B)
sdG4/+; UAS CycE/+; UAS abgnai/ + wing. Note the rescue of the L5 length (arrowhead) and the rescue of the wing size. C) Graph representing wing area of the
indicated genotypes (n = 20 of each genotype). Note that the size of the wing when abrupt is inactivated is modulated in the presence of high levels of Cyclin E. D)
Wing sdG4/ +; UAS abrnai/ UAS daprnai- Note the rescue of the L5 length (arrowhead) compared to (A). E) Graph representing wing area of the indicated genotypes
(n = 20 of each genotype). Note the size of the wing in conditions of abrupt inactivation is rescued when dacapo is also inactivated. F) Graph representing the
percentage of wings showing short L5 vein of the indicated genotypes (n = 20 of each genotype). G) sdG4/ +; ptc-DsRed/ + haltere showing the expression pattern of
ptc-DsRed (red) in the anterior compartment of the haltere. H) sdG4/ +; hh-DsRed/ + haltere showing the expression pattern of the hh-DsRed reporter (red) that marks
the posterior compartment occupying about 30% of the haltere. I) sdG4/+; ptc-DsRed/+; UAS abgrnai/ + haltere showing the expression of the ptc-DsRed (red)
reporter. J) sdG4/ +; hh-DsRed/UAS abgrna; haltere showing the expression pattern of the hh-DsRed reporter. K) Haltere sdG4/ +; ptc-DsRed/UAS CycE; UAS abrnai/ +
showing ptc-DsRed (red) expression. Compare with (G). L) Haltere sdG4/ +;UAS CycE/ +; hh-DsRed/UAS abgna; showing hh-DsRed (red) expression. Compare with
(H). M) Haltere sdG4/ +;ptc-DsRed/ +;UAS abgrnai/UAS daprna; showing ptc-DsRed (red) expression. Compare with (I). N) Graph representing the percentage of
heart-shaped halteres of the indicated genotypes (n = 90 for sdG4/+; UAS GFP/+; UAS abgrnai/ + and n = 105 for sdG4/+; UAS abgrnai/UAS dapgrnai). Scale bars
represent 500 um for wing and 50 pm for halteres. 0.01 < *p < 0.05, ***p < 0.001.

when overexpressed or when inactivated (Bejarano et al., 2012; bag of marbles (Bam) in male germ line stem cells (Eun et al., 2013). The
Schertel et al., 2012; Szuplewski et al., 2012). However, the analysis of abrupt 3’-UTR contains a highly conserved seed match for miR-306
their mRNA targets in the control of growth has not been always clear. (Fig. 5A, http://www.targetscan.org/fly) and it appears that the abrupt
miR-306 and miR-275 share binding site sequences and the function of gene is targeted by multiple miRNAs (Bejarano et al., 2012; Okamura
these miRNAs has been previously described to limit the expression of et al., 2008). Our work shows that miR-306 regulates abrupt expression
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(Fig. 5) and that both miR-306 and abrupt interact to control wing size
(Fig. 5J), thus defining a regulatory miR-306/abrupt axis. The over-
expression of miR-275 has also been found to eliminate the L5 vein of
the wing (Bejarano et al., 2012). It would be interesting to determine if
miR-275 also contributes to the regulation of wing size through the
regulation of abrupt expression.

Increased levels of Abrupt seem to influence the growth of the wing
disc as overexpression of Abrupt leads to the development of tumor-like
imaginal discs(Turkel et al., 2013; Simoes da Silva et al.,, 2017)
(Fig. 4D-D”). It has been shown that high levels of Abrupt produce
hyperplasia in the eye and wing imaginal discs, emphasizing the im-
portance of microRNAs in the control of abrupt transcription levels to
mediate abrupt oncogenic activity. RNA-seq expression profile analyses
in conditions of Abrupt overexpression, have detected elevated levels of
cell cycle regulators such as cdk2. Furthermore, ChIP-seq experiments
indicate that the Abrupt protein binds to regulatory sequences of the
cdk2 gene (Turkel et al., 2013). cdk2 is involved in the regulation of the
G1-S transition together with the Cyclin E. Our results show that over-
expression of Cyclin E and inactivation of dacapo rescue both the
shortening of the L5 vein and the reduction of wing size that are as-
sociated with the inactivation of abrupt (Fig. 6B, D). Moreover, the size
of the haltere is also rescued when Cyclin E is overexpressed (Fig. 6K-L)
or when dacapo is inactivated (Fig. 6M-N).

Additionally, although the overexpression of Cyclin E rescues the
decreased size of wing and haltere associated with the inactivation of
abrupt (sdG4/ +; UAS Cyclin E/ +;UAS abgnai/ +) as well as the size of
the haltere compartments, the “heart-shape” haltere phenotype is not
rescued (compare Fig. 6I-J with K-L). It will be interesting to analyze
the gene network involved in the generation of the indentation and the
temporal window during which the indentation is formed to further
understand the mechanisms through which abrupt controls growth.
Furthermore, the results from our experiments do not allow us to dis-
tinguish whether Abrupt regulates directly or indirectly the expression
of Cyclin E or dacapo indicating a collaborative function in the regula-
tion of wing size or whether the observed rescue (Fig. 6) is a con-
sequence of an additive effect when concomitantly increasing Cyclin E
levels and lowering Abrupt levels. Moreover, the rescue observed could
be due to the increase of proliferation, which is a consequence of for-
cing G1-S progression when manipulating Cyclin E and dacapo. How-
ever, further analyses are required to understand the functional re-
lationship between these factors in the control of size of the
appendages.

In conclusion, our results identify a novel role for abrupt in con-
trolling the size of the wing and haltere and define a regulatory axis that
involves the microRNA miR-306, the transcription factor Abrupt and
cell cycle regulators. This regulatory axis may be of relevance to the
control of the abrupt levels of transcription and therefore, the control of
oncogenic activity associated with elevated Abrupt levels (Turkel et al.,
2013) (Simoes da Silva et al., 2017). Interestingly, this function of
abrupt in the control of size seems to be conserved in the beetle (Linz
et al., 2016) and thus our results may serve to understand the evolu-
tionarily function of abrupt in insects and mammals.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.mo0d.2019.103555.
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