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Abstract

Proteasome-dependent and autophagy-mediated degradation of eukaryotic cellular proteins represent the two major
proteostatic mechanisms that are critically implicated in a number of signaling pathways and cellular processes.
Deregulation of functions engaged in protein elimination frequently leads to development of morbid states and diseases. In
this context, and through the utilization of GAL4/UAS genetic tool, we herein examined the in vivo contribution of
proteasome and autophagy systems in Drosophila eye and wing morphogenesis. By exploiting the ability of GAL4-ninaE.
GMR and P{GawB}Bx""*'%%® genetic drivers to be strongly and preferentially expressed in the eye and wing discs,
respectively, we proved that proteasomal integrity and ubiquitination proficiency essentially control fly’'s eye and wing
development. Indeed, subunit- and regulator-specific patterns of severe organ dysmorphia were obtained after the RNAi-
induced downregulation of critical proteasome components (Rpn1, Rpn2, a5, B5 and B6) or distinct protein-ubiquitin
conjugators (UbcD6, but not UbcD1 and UbcD4). Proteasome deficient eyes presented with either rough phenotypes or
strongly dysmorphic shapes, while transgenic mutant wings were severely folded and carried blistered structures together
with loss of vein differentiation. Moreover, transgenic fly eyes overexpressing the UBP2-yeast deubiquitinase enzyme were
characterized by an eyeless-like phenotype. Therefore, the proteasome/ubiquitin proteolytic activities are undoubtedly
required for the normal course of eye and wing development. In contrast, the RNAi-mediated downregulation of critical Atg
(1, 4, 7, 9 and 18) autophagic proteins revealed their non-essential, or redundant, functional roles in Drosophila eye and
wing formation under physiological growth conditions, since their reduced expression levels could only marginally disturb
wing’s, but not eye’s, morphogenetic organization and architecture. However, Atg9 proved indispensable for the
maintenance of structural integrity of adult wings in aged flies. In toto, our findings clearly demonstrate the gene-specific

Funding: The authors have no support or funding to report.

* E-mail: dstravop@biol.uoa.gr

® These authors contributed equally to this work.

fundamental contribution of proteasome, but not autophagy, in invertebrate eye and wing organ development.
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Introduction

Drosophila melanogaster is a genetically powerful and biologically
invaluable animal model system, which provides all the cellular
and molecular tools to reliably examine the effects of proteasome
and autophagy -targeted- disruption in organ development. Eye
and wing morphogenesis in Drosophila are two of the most
recognized developmental processes, both playing critical roles in
fly’s patho-physiology. Drosophila compound eye is considered as
one of the most precise and highly ordered morphogenetic pattern
in the living world, as well as a favourite system of geneticists in
studies of developmental mechanisms and analysis of gene
expression [1,2]. Therefore, Drosophila eye undoubtedly represents
an ideal developmental platform for forward genetic screens and
targeted inhibition of pivotal cellular mechanisms. Drosophila wing
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development represents another classical ontogenetic model,
mostly used for studying the genetic control of tissue size, shape
and patterning [3,4].

The ubiquitin/proteasome machinery in eukaryotes regulates a
number of critical cellular processes, such as signal transduction,
cell cycle progression, transcriptional activation, inflammation and
apoptosis [5]. Proteasome particles exist in abundance, represent-
ing almost 1% of total cellular protein content, in both nucleus and
cytoplasm of all eukaryotic cells and display high levels of
specificity towards their numerous cognate substrates. Ubiquitin/
proteasome-dependent protein degradation is usually carried out
in two successive and distinct steps. Initially, selected proteins,
targeted for destruction, are tagged by covalent addition of
ubiquitin molecules, through the EI1-E3 ubiquitin-conjugation
system, and subsequently they are recognized and digested by the
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multi-functional 26S proteasome machinery [6]. The 26S
proteasome, an ATP-dependent protease complex, is structured
by two multi-subunit sub-complexes: a 20S catalytic core, which is
organized into 4 stacked rings, specified as B (“beta”) inner rings
and o (“alpha”) outer rings, and made up of 7 subunits, and two
19S proteasome activator regulatory caps [7]. 19S caps are
responsible for the recognition of ubiquitinated proteins, while
they also posses ATPase activity mainly required for unfolding and
sequential transferring of the de-ubiquitinated target proteins into
the interior of proteasome core particle. Protein degradation is
implemented by three proteolytically active B subunits per B ring,
characterized by different hydrolytic activities and substrate
specificities [8].

When poly-ubiquitinated protein aggregates accumulate in the
cells during stress, aging or disease, autophagy is often induced for
their clearance [9-11]. Autophagy is an evolutionarily conserved
physiological process that primarily acts as a cytoprotective
mechanism in order to maintain nutrient and energy homeostasis
under cellular stress. However, a function for autophagy in cell
death has been also documented and therefore autophagy is often
called “type II Programmed Cell Death (PCD)”. Autophagic cell
death plays a significant role in development, where several
morphogenetic programs require massive cell elimination. More-
over, autophagy is also involved in physiology, lifespan and a wide
range of diseases, including cancer and neurodegeneration [12]. In
mechanistic terms, the most prominent feature of autophagy is the
accumulation of double-membrane vacuoles in the cytoplasm,
widely known as autophagosomes, the formation of which depends
on proteins encoded by the Afg genes [12].

To these directions, in the present study, we examined the
developmental effects of organ-specific and genetically-mediated
disruption of proteasome or autophagy integrity in Drosophila eye
and wing morphogenesis, via a GAL4/UAS-based overexpression
of conditionally defective proteasome subunits or the UBP2 yeast
ubiquitin protease. Moreover, an RNAi-induced downregulation
of critical components controlling each protein-degradation
machinery activities was also employed in the same organs. We
found that, unlike autophagy, proteasome impairment results in
severe eye and wing dysmorphia, thus indicating proteolytic-
system’s differential contribution in fly organ development. A
subunit- and regulator-dependent mode of action was also
underscored by the distinct mutated phenotypes obtained.
Interestingly, the RNAi-mediated downregulation of Atg9 au-
tophagic protein proved to be tightly associated with an age-
dependent pathogenic phenotype of broken wings.

Materials and Methods

Drosophila Melanogaster Stocks and Culturing
Conditions

The following Drosophila melanogaster fly strains were used:
P{w[+mC] = GAL4-ninaE.GMR}12 (BL: 1104), w [1118];
P{w[+mW.hs] = GawB}Bx [MS1096] (BL: 8860), y[*] w[*];
P{w[+mC] = UAS-2xEGFP}AH2 (BL: 6874), w [1118];
P{w[+mC] = UAS-Prosbeta2 [1]}1B (BL: 6785), w [1118];
P{w[+mC] = UAS-Pros26 [1].B}2B (BL: 6786), w [1118];
P{w[+mC] = UAS-Pros26 [1].B}2B; P{UAS-Prosbeta2 [1]}1B
(BL: 6787), w[*]; P{w[+mC]=UAS-UBP2.D}2/CyO (BL:
9907), (all obtained from Bloomington Drosophila Stock Center,
Indiana University, Bloomington {BL}, Indiana, USA), UAS-
Rpnl_RNAi (TID: 25549), UAS-Rpn2_RNAi (TID: 44135),
UAS-Rpn6_RNAi (TID: 18022), UAS-alpha5_RNAi (TID:
16105), UAS-dbeta5_RNAi (Transformant ID: 38659), UAS-
betab_RNAi (TID: 34801), UAS-UbcD1_RNAi (TID: 26011),
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UAS-UbcD4_RNAi (TID: 35873), UAS-UbcD6_RNAi (TID:
23229), UAS-Atgl_RNAI (TID: 16133), UAS-Atg4_RNAi (TID:
34843), UAS-Atg7_RNAI (TID: 45558), UAS-Atg9_RNAi (TID:
10045) and UAS-Atgl8 RNAi (TID: 22643) (all obtained from
Vienna Drosophila RNAi Center {VDRC}, Vienna, Austria). Ily
stocks were maintained at 25°C and fed on standard diet. Flies
overexpressing the temperature sensitive (ts), dominant negative
B2, B6" or both B2 and B6" proteasome subunits were raised at
a temperature of 29°C.

Scanning Electron Microscopy (SEM)

The external and surface structural organization of each (single,
double or triple transgenic) adult fly eye was examined through a
Scanning Electron Microscopy (SEM) approach [13]. Preparation
of Drosophila tissue for SEM analysis was performed as following:
five to ten adult flies were pre-fixed for 2 h, at 4°C, in fresh
phosphate-buffered saline (PBS) containing 2.5% glutaraldehyde,
pH 7.4. The specimens were subsequently washed twice, for
20 min each time, in phosphate-buffered sucrose (4%). After-
wards, they were post-fixed in 2% osmium tetroxide, at 4°C, for
24 h, and washed again in PBS containing 4% sucrose. Tissue
dehydration was attained through a graded ethanol series (70%,
80%, 90%, 95% and 100%). Samples were finally subjected to a
critical point drying procedure, attached on aluminum stubs,
coated with gold in a sputter-coating apparatus (Tousimis,
Rockville, Maryland, USA), for 2 min, and visualized under a
Philips SEM 515 Scanning Electron Microscope. For each fly
double transgenic (and single or triple transgenic) line, a total of
more than 75 eye images, from at least three independent crosses,
were thoroughly examined.

Histology and Light Microscopy

Drosophila melanogaster (single, double or triple transgenic) flies
were collected, and their heads were removed and bisected with a
scalpel to allow complete fixation and infiltration of the embedding
media [14]. Adult fly heads were processed for light microscopy as
following: they were fixed, overnight, at 4°C, with 2.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer. After being
rinsed twice with sodium cacodylate, for 20 min each time, fly
heads were post-fixed, for 2 h, at 4°C, in 0.1 M sodium cacodylate
containing 1% osmium tetroxide. After two washes in sodium
cacodylate buffer, for 20 min each time, at 4°C, the specimens
were dehydrated through a graded series of ethanol concentra-
tions, infiltrated in propylene oxide and embedded in Epon-
Araldite (Fullam Inc., New York, USA). Semi-thin sections were
cut on a Sorvall MT-1 microtome, stained with 0.5% toluidine
blue and observed under a Nikon Eclipse TE-2000S microscope.
Light microscopic images of each adult fly eye were taken after
anesthetizing the flies and examining them under a BMS 74958
Stereo-microscope. Photographs of adult fly (single, double or
triple transgenic) wings were taken under visible light with a Nikon
Eclipse TE-2000S microscope. All the examined wings (at least 60
pairs from three independent crosses) were dissected from 2 or 3
days old flies and mounted directly on glass microscope slides
under suitable glass cover slips of 0.13-0.17 mm (#1) thickness
(Waldemar Knittel, Braunschweig, Germany). For conducting the
aging experiments, male P{GawB}Bx™®'"® flies were crossed
with Atg9_RNAI females and wing structures of the produced
progeny were examined every 10 days for a time period of 10 to 70
days. Flies overexpressing the EGFP reporter protein, either in the
eye disc or in the wing disc, were visualized under a Nikon
Confocal Laser Scanning Microscope (CLSM), model Digital
Eclipse C1 (Nikon, Tokyo, Japan).
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Results

Targeted Disruption of Ubiquitin/proteasome Signaling
Integrity Impairs the Architectural Structure of
Drosophila Eye in a Component-dependent Manner

Tissue-specific targeted expression of selected (mutant or
heterologous) proteins or RNAi moieties has been, herein, used
to disrupt fly’s proteasome activities in different organs. Double
transgenic flies were generated through the GAL4/UAS binary
genetic system [15], directing the strong overexpression of certain
conditionally defective proteasome determinants (or its signalling
suppressors) or selected RINAi species, and, thus, targeting the
proteasome deregulation and malfunction, preferentially in the eye
disc (for control crosses, see Fig. 1Aa). This approach provides a
powerful genetic tool to reliably investigate the  vivo requirement
of proteasome activities throughout the course of Drosophila eye
development. To this direction, a series of double (or triple)
transgenic fly strains carrying, specifically in the eye disc cells, (a)
conditionally (temperature sensitive {ts}) defective B2, B6 or B2
and B6 mutant subunits, (b) downregulated (via RNAI technology)
Rpnl, Rpn2, Rpn6, a5, B5 and B6 subunits of 26S proteasome, (c)
reduced expression (via RNAIi technology) of UbcD1, UbcD4 and
UbcD6 (E2 ubiquitin conjugating enzymes) proteasome critical
regulators and (d) an overexpressed UBP2 yeast ubiquitin
protease, were thoroughly examined for all kinds of deformity in
the architectural structure and organization of fly eye.

Drosophila eye 1s composed of approximately 750 to 800 identical
unit eyes, called ommatidia, organized in an architectonically
perfect hexagonal array (Figs. 1Ba—c). Each ommatidium consists
of approximately 20 cells. Specifically, 6 rod-like photoreceptor
cells (RI-R6) and 2 cone-like photoreceptors (R7 and R8)
structure the retina, 6 epithelial cells produce the corneal lens
and approximately 6 highly pigmented cells are shared between
ommatidia to limit light scatter and participate in chromophore
formation (Fig. 1Bd). Finally, an interommatidial mechanosensory
bristle is also present at alternating ommatidial apexes [16]. These
unique structural features are mainly responsible for the plethora
of the observed eye phenotypes arising from mutations, or
functional deregulations, of certain genetic determinants that
critically control ommatidia morphogenesis. In turn, a genotype-
phenotype correlation can be easily recognized by external
observation of the obtained eye shape and organization without
further manipulation.

We, herein, demonstrate that flies bearing, through the GAL4-
ninaE.GMR  genetic driver that is strongly and preferentially
expressed in the eye disc, downregulated Rpnl, Rpn2, a5, 5 and
B6 proteasome subunits are clearly characterized, as revealed by
SEM analysis, by gene-specific abnormal eye phenotypes, with
fused facets and disturbed bristle arrangements representing the
most prominent features (Figs. 1Be-1 and 2), compared to GAL4-
ninaE.GMR control flies (Figs. 1Ba—d). Specifically, flies with
reduced expression of Rpnl and Rpn2 19S cap proteasome
subunits present under Stereo-microscopic view with eyes lacking
large areas of orange pigment cells (Figs. 1Be and i) and under
SEM examination with rough eye phenotypes, hyperplastic areas
and loss of inter-ommatidial bristles (Figs. 1Bf, g’, j and k). In
addition, the lenses of numerous individual ommatidia are entirely
missing (Figs. 1Bg and k). Semi-thin sections reveal ommatidia
with severely altered cell morphologies, mainly characterized by
loss of pigment cells and extensive degeneration of photoreceptor
clusters (Figs. 1Bh and 1), especially in the Rpnl mutant line.
Intriguingly, the eye-specific overexpression of Rpn6 RNAI causes
embryonic lethality and therefore no adult flies can be born.
Downregulation of the a5 proteasome subunit of 20S catalytic

PLOS ONE | www.plosone.org

Developmental Role of Proteasome and Autophagy

core results in eyes exhibiting areas of black pigmentation (Fig. 2a),
rough eye phenotypes, reduced number of bristles, ommatidia
without lenses, disruption of eye structural organization (Figs. 2b
and c) and ommatidia with reduced number of photoreceptors
(Fig. 2d). The eyes developed after B5 or B6 core protcasome
subunit downregulation proved to carry necrotic foci (Fig. 2¢) and
loss of orange pigment (Fig. 21), respectively. They are character-
ized by mild rough appearance with collapsed and fused
ommatidia, loss of inter-ommatidial bristles and disturbance of
architectural integrity (Figs. 2f, g, j and k). After semi-thin sections,
ommatidia present with reduced differentiation levels and loss of
pigment cells, while the number of underlying photoreceptor cells
is strongly diminished, so that many ommatidia lose their typical
structure, and appear with severely misplaced rhabdomeres
(Fig. 2h) and empty areas likely reflecting cellular detachment
events (Fig. 21), respectively.

Temperature sensitive (ts) transgenic flies (raised at 29°C, where
B2 and B6“ proteins can obtain their respective mutant
characters), carrying non-functional either 2° or B6“, or both
B2 and P6* subunits of the 20S proteasome particle, appear to
also produce dysmorphic eyes, as revealed through SEM and
semi-thin section protocols (Fig. 3). Eye-specific overexpression of
a defective B2" core proteasome subunit leads to ommatidia that
lack orange pigmented granules (Fig. 3a), rough eye phenotypes,
ommatidia without lenses, partial loss of inter-ommatidial bristles
and disrupted ommatidial array (Figs. 3b and c). Semi-thin
sections disclosed more severe phenotypes, with the almost
complete photoreceptor and ommatidia degeneration being one
of the predominant defects (Fig. 3d). Flies bearing a non-functional
36 proteasome subunit present with mild rough eye phenotype,
due to a disrupted ommatidial array structure and partial loss or
disorganization of inter-ommatidial bristles (Figs. 3e—g). Semi-thin
sections reveal areas of ommatidia with differentiation and
morphology defects, and ommatidia with reduced number of
photoreceptors (Fig. 3h). Eyes produced by flies carrying both p2*
and P6“ defective proteasome subunits demonstrate a likely
additive and, thus, more severe mutant phenotype with areas of
black pigmentation (Fig. 3i), collapsed and fused ommatidia,
disturbance of structural integrity and partial loss of inter-
ommatidial bristles (Figs. 3j and k). Semi-thin sections revealed
serious ommatidia degeneration and major reduction in the
number of photoreceptor neurons (Fig. 3l).

Double transgenic flies with reduced expression levels of the
UbcD1, UbcD4 and UbcD6 proteasome critical regulators seem
to generally retain physiological structural and organizational
patterns of eye development, as examined via SEM analysis,
although mild deformities can be recognized by semi-thin section
examination. Specifically, RNAi-mediated downregulation of
UbcD1 and UbcD4 E2 ubiquitin conjugating enzymes is directly
associated with eyes of unharmed ommatidia organization
(Figs. 4a— and e-g). However, semi-thin section analysis reveals
ommatidia characterized by altered cell shapes, reduced differen-
tiation levels and partial loss of pigment cells, all major features
that significantly contribute to an unusual ommatidium structure
(Figs. 4d and h). Interestingly, the external eye morphology of flies
carrying reduced UbcD6 enzyme levels exhibits (comparatively) a
more severely defective profile of eye architecture, with a
predominant area of black pigmentation (Fig. 4i). This region,
after SEM examination, appears with collapsed or fused omma-
tidia and partial loss of inter-ommatidial bristles (Fig. 4j and k).
Staining of photoreceptor neurons demonstrates a rather wild-type
ommatidia structure, although empty areas likely reflecting cellular
detachment and/or vacuolar-type degeneration can be also
observed (Fig. 41).
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Figure 1. Downregulation of Rpn1 and Rpn2 19S cap proteasome subunits severely affects eye morphogenesis. (A) Confocal Laser
Scanning Microscopy (CLSM) images, illustrating the organ-specific and targeted overexpression of EGFP (enhanced green fluorescent protein)
reporter protein exclusively in the (a) eye disc of double transgenic flies carrying the GAL4-ninaE.GMR/UAS-2xEGFP strain genotype and (b) dorsal
wing disc of double transgenic flies characterized by the P{GawB}Bx“°'°%/UAS-2xEGFP strain genotype, and therefore reflecting the functional
reliability and efficiency of the cell type-dependent genetic scheme employed in the present study. (B) Stereo-microscopical (a, e and i), Optical (d, h
and | {semi-thin sections}) and Scanning Electron Microscopy (SEM) (b, ¢, f, g, g’, j and k) images, demonstrating Drosophila compound eye
morphology and structural organization in Rpn1 and Rpn2 functionally deficient cellular environments. (a—d) GAL4-ninaE.GMR single transgenic adult
fly compound eyes (dashed circle: ommatidium; 1-7: photoreceptor cells) (utilized as control condition; identical phenotypes are also observed for
single transgenic flies grown at 29°C, and for triple transgenic flies overexpressing the p2™ and B6" -conditional- mutant proteasome components
raised at 25°C {data not shown}). (e-h) GAL4-ninaE.GMR/UAS-Rpn1_RNAi double transgenic fly eyes, carrying reduced Rpn1 protein contents. (i-I)
GAL4-ninaE.GMR/UAS-Rpn2_RNAi double transgenic fly eyes, characterized by downregulated Rpn2 proteasome subunit expression levels. Arrows:
lesion area(s). Scale Bars: 50 um.

doi:10.1371/journal.pone.0080530.g001
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Figure 2. The structural integrity of 20S proteasome core particle is critically implicated in Drosophila eye morphogenesis. Stereo-
microscopical (a, e and i), Optical (d, h and | {semi-thin sections}) and Scanning Electron Microscopy (SEM) (b, ¢, f, g, j and k) images, revealing the
damaged architectural pattern of fly eye in 20S proteasome deficient environments (arrow). (a-d) GAL4-ninaE.GMR/UAS-alpha5_RNAi double
transgenic fly eyes, carrying reduced o5 protein levels. (e-h) GAL4-ninaE.GMR/UAS-dbeta5_RNAi double transgenic fly eyes, characterized by
downregulated B5 proteasome core protein expression levels. (i-) GAL4-ninaE.GMR/UAS-beta6_RNAi double transgenic flies, producing eyes with
decreased B6 cellular contents. Dashed circle: ommatidium. Scale Bars: 50 pm.

doi:10.1371/journal.pone.0080530.9g002

GAL4-ninaE.GMR-mediated overexpression of UBP2 -yeast-
ubiquitin protease is tightly associated with a dramatic elimination
of all ommatidia vision-units, in the double transgenic adult flies,
producing smooth and eyeless-like phenotypes (Figs. 4m-—p).
Remarkably, mutant flies present with very small, narrow and
smooth eyes characterized by complete absence of developed
ommatidia. Semi-thin sections disclose total loss of photoreceptor
neurons, which critically contributes to the generation of highly
dysmorphic eyes (Fig. 4p).

Conclusively, RNAi-mediated disruption of fly ubiquitin/
proteasome machinery induces defects in eye morphology and
architectural organization that follow gene-specific dysmorphic
profiles. Typical deformities include, among others, loss of
pigment cells, rough eye phenotypes, disruption of ommatidial
arrays, collapsed or fused ommatidia, ommatidia without lenses,
degenerated photoreceptors with small or missing rhabdomeres,
loss of photoreceptor neurons, vacuolar-type degeneration and in
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the most devastating case (UBP2 downregulation) complete
absence of ommatidia.

Ubiquitin/proteasome Downregulation Induces Severe
Morphogenetic Defects in Fly wing: a Gene-specific
Process

To investigate the functional importance of ubiquitin/protea-
some machinery in a distinct from the eye developmental system,
we overexpressed defective, or heterologous, critical proteasome
determinants or selected RNAI species, using the strongly and
preferentially expressed in the wing disc P{GawB}BxMS'*®
GAL4 genetic driver (Fig. 1Ab), and subsequently examined fly
wings for visible dysmorphic structures. The obtained phenotypes
ranged from wings with physiological morphology to wings that
were severely wrinkled and architecturally collapsed.

Insect wings are composed of only 2 cell layers, one on the
dorsal and the other on the ventral wing surface. Wing veins
comprise the most characteristic structures of the wing and are
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Figure 3. The 2 and 6 20S proteasome core subunits play essential roles in fly eye development. Stereo-microscopical (a, e and i),
Optical (d, h and | {semi-thin sections}) and Scanning Electron Microscopy (SEM) (b, ¢, f, g, j and k) images, demonstrating the critical contribution of
B2 and B6 20S proteasome core subunits in fly eye morphogenesis. (a-d) GAL4-ninaE.GMR/UAS-Prosbeta21 double transgenic fly eyes,
overexpressing the conditionally (temperature sensitive {ts}) mutant p2" proteasome core protein form. (e-h) GAL4-ninaE.GMR/UAS-Pros261 double
transgenic fly eyes, characterized by upregulated mutant 6" expression levels. (i-) GAL4-ninaE.GMR/UAS-Prosbeta21 - UAS-Pros261 triple transgenic
flies, bearing increased eye-specific contents of mutant (defective) 2% and 6" proteasome subunit forms. Dashed circle: ommatidium. Arrow: lesion

area(s). Scale Bars: 50 um.
doi:10.1371/journal.pone.0080530.g003

formed within the one or the other cell layer, though they can pass
through from one wing surface to the other [3,17]. Veins confer
structural rigidity to the wing and also enclose conducts in which
the haemolymph can circulate, while they may carry trachea and
axons [18]. They appear as longitudinal stripes of cells that
differentiate to darkly pigmented cuticle and are more packed than
intervein cells. In Drosophila, there are four longitudinal veins (L2—
L5) that typically run from the base to the apex of the wing and are
distributed in species-specific two-dimensional patterns [4,19], and
two transverse veins (anterior and posterior cross-veins) that
connect the longitudinal L3-1.4 and L4-L5 ones, respectively
(Fig. 5b). In addition, the Drosophila wing contains a marginal vein
encompassing the length of the anterior wing margin and two
incomplete longitudinal veins, one in the anterior (L.1) and one in
the posterior (I.6) compartment. In the holometabolous insects,
longitudinal veins form first, while cross-veins that connect the
longitudinal ones develop somewhat later [18,20,21]. The ordered
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contribution of cell signalling and transcriptional regulation
determine how and where vein cells appear and differentiate
[22]. Therefore, wing-vein development is an excellent model
system for illuminating epithelial-morphogenesis pathways and
characterizing novel genes that are critically implicated in
epithelial cell proliferation and differentiation.

RNAi-mediated downregulation of Rpnl, Rpn2 and Rpn6
subunits of the 198 proteasome regulatory cap is tightly associated
with highly damaged wings, therefore documenting the essential
role of 198 regulatory cap components in wing morphogenesis.
Specifically, the mutant wings are small in size and are
characterized by severely wrinkled structural patterns accompa-
nied by failure of vein cell differentiation (Figs. 5c-h). In addition,
they are mildly spoon-shaped, compared to Drosophila control fly
wings (Figs. 5a and b), suggesting the implication of Rpn-
dependent cell proliferation or viability defects.
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Figure 4. Ubiquitin homeostasis controls Drosophila eye structure in a gene-dependent manner. Stereo-microscopical (a, e, i and m),
Optical (d, h, I and p {semi-thin sections}) and Scanning Electron Microscopy (SEM) (b, ¢, f, g, j, k, n and o) images, illustrating the morphology and
architectural pattern of fly eye in cellular environments containing reduced protein contents of UbcD1, UbcD4 and UbcD6 E2 ubiquitin conjugating
enzymes (a-l), or overexpressed UBP2 (-yeast- ubiquitin protease) protein levels (m-p) (arrow: lesion areafs}). (a—-d) GAL4-ninaE.GMR/UAS-
UbcD1_RNAi double transgenic fly eyes, likely carrying reduced UbcD1 protein contents. (e-h) GAL4-ninaE.GMR/UAS-UbcD4_RNAi double transgenic
fly eyes, characterized by downregulated UbcD4 enzyme expression levels. (i-I) GAL4-ninaE.GMR/UAS-UbcD6_RNAi double transgenic flies,
containing diminished UbcD6 cellular protein amount specifically in the eye. (m-p) GAL4-ninaE.GMR/UAS-UBP2.D double transgenic fly eyes,
overexpressing the UBP2 (yeast) ubiquitin protease (note the highly dysmorphic and eyeless-like phenotype {n and 0}). Dashed circle: ommatidium.
1-7: photoreceptor cells. Scale Bars: 50 um.

doi:10.1371/journal.pone.0080530.g004

Reduced expression of ab, B5 and 6 20S core proteasome (temperature sensitive) defective either $2° or B6“, or both B2

subunits induces formation of folded, self-looped and blistered and B6“ proteasome subunits strongly impairs wing development
wings, also featured by loss of wing veins and adjacent tissues and the produced wrinkled wings fail to obtain physiological wing
(Figs. 6a—f). In accordance, overexpression of conditionally vein differentiation (Figs. 6g-1).
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Figure 5. RNAi-mediated disruption of the 19S proteasome regulatory cap results in highly dysmorphic fly wings. Stereo-
microscopical (a, ¢, e and g) and Optical (b, d, f and h) images, demonstrating severely dysmorphic wing phenotypes obtained under Rpn1, 2 and 6
deficient cellular conditions. (a and b) P{GawB}BxV>'0%¢ single transgenic adult fly wings (utilized as control organ-tissues), structured by a marginal
vein encompassing the length of the anterior wing margin, four longitudinal veins (L2-L5), two incomplete longitudinal veins (L1 and L6) and two
transverse veins (cv-a {anterior cross-vein} and cv-p {posterior cross-vein}). (c and d) P{GawB}BxMS1°96/UAS-an1_RNAi double transgenic fly wings,
characterized by reduced expression of Rpn1 195 proteasome subunit. (e and f) P{GawB}Bx"*'°?/UAS-Rpn2_RNAi double transgenic fly wings,
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carrying downregulated Rpn2 protein levels. (g and h) P{GawB}Bx"*'°®/UAS-Rpn6_RNAi double transgenic flies, producing wings with decreased

Rpn6 cellular contents. Scale Bars: 200 um.
doi:10.1371/journal.pone.0080530.9005

Double transgenic flies, carrying downregulated expression
levels of UbcD1 and UbcD4 E2 ubiquitin conjugating enzymes,
prove to retain undisturbed patterns of wing morphogenesis,
without any detectable structural deformity (Figs. 7a—d). However,
functional loss of UbcD6 family member severely disrupts wing
development and the -small- ruined wings are basically charac-
terized by total lack of margin and LL1-L6 vein differentiation, and
also by absence of mechanosensory and chemosensory bristles
(Figs. 7e and f).

Finally, wing disc-targeted overexpression of the UBP2 -yeast-
ubiquitin protease results in small rudimentary wings, without
distinguishable vein differentiation (Figs. 7g and h).

Conclusively, wing disc-specific functional disruption of ubiqui-
tin/proteasome machinery by RNAi-mediated elimination of (a)
Rpnl, Rpn2 and Rpn6 198 cap proteasome subunits, (b) o5, B5
and P6 208 core proteasome subunits and (c) UbcD6 proteasome
critical regulator, together with overexpression of (d) -condition-
ally- defective either B2* or B6%, or both B2 and B6* 20S core
proteasome subunits and (¢) UBP2 -yeast- ubiquitin protease, are
strongly associated with fly wing dysmorphia, resulting in severely
folded and blistered wings with loss of vein differentiation or in
wings that are totally atrophic, therefore disclosing the essential
and component-dependent morphogenetic role of ubiquitin/
proteasome activity in physiological wing development.

Autophagy Suppression Results in Mild Morphogenetic
Defects during wing, but Not Eye, Development

Unlike disruption of proteasome activity, the RNAi-mediated
elimination of Atgl, Atg4, Atg7, Atg9 and Atgl8 critical
autophagic proteins reveals their non-essential, or redundant,
functional roles in Drosophila eye morphogenesis (Fig. 8). Eyes with
reduced Atg (1, 4, 7, 9 and 18) protein levels present with wild-type
morphology and undisturbed ommatidium array, as documented
by optical and scanning electron microscopy approaches
(Figs. 8Aa—j).

In small contrast to eye morphogenesis, RNAi-induced down-
regulation of critical proteins regulating autophagy (Atgl, 4, 7, 9
and 18) proves to harm fly wing development and architecture in
an apparently mild way. Even though the produced mutant wings
appear generally normal in size and shape, incidents characterized
by loss of vein tissue and/or ectopic vein patches can be observed
(Fig. 9). Specifically, reduced expression of Atgl protein results in
mixed fly wing phenotypes, with flies presented (at a low
frequency) with abnormal wings that lack the anterior cross-vein
and carry ectopic vein tissue in the posterior cross-vein and distal
tip of L5 vein (Figs. 9a and b). Functional elimination of Atg4
protein also causes mixed wing phenotypes to flies, with either
physiological structure or vein structural gap(s) in the anterior and
posterior cross-veins (at a low frequency) (Figs. 9c and d).
Similarly, downregulation of Atg7 autophagic protein produces,
besides wings with normal architecture, wings with loss of the
anterior cross-vein (at a low frequency) (Figs. 9¢ and f). Wing-
specific reduction of Atg9 protein expression levels is rather always
associated with ectopic vein patches formation in the posterior
cross-vein, loss of anterior cross-vein (in some cases {l.e.

Fig. 10Bb}), along with occasionally disturbed development of

the L2 and L3 longitudinal veins (Figs. 9g and h, Fig. 10B and data
not shown). Finally, downregulation of Atgl8 autophagic protein
leads (at a low frequency) to extra vein tissue growth in the
posterior cross-vein of fly wing (Figs. 91 and j).
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Atg9 Autophagic Protein Controls Fly wing Fragility in an
Age-dependent Manner

The herein presented data indicate a rather non-essential (or
redundant) role of autophagy during wing development in young
adult (2 or 3 days old) flies. Since previous reports have clearly
underscored the beneficial role of autophagy during stress and
aging (for a detailed review see [23]), we next examined wing
structure and morphology in flies carrying reduced Atg (1, 4, 7 and
9) protein levels every 10 days of lifetime for an experimental
period of 10 to 70 days. Among the Atg double (heterozygote)
transgenic lines tested, only Atg9_RINAi mutant flies proved to
obtain a pathogenic wing phenotype (compared to the normal
{control} one), mainly characterized by an age-dependent strong
fragility of the organ. The RNAi-mediated downregulation of Atg9
autophagic protein is tightly associated with loss of wing’s
structural integrity in aged flies, with their entire population
carrying severely broken wings after the 50" day of lifetime
(Figs. 10Ba—g). In contrast, 70 days-old single (homozygote)
transgenic flies bearing only the respective P{GawB}Bstw96
genetic driver present (in their vast majority) with generally
undisturbed wing morphology and structure (Fig. 10A).

Discussion

The visual system of Drosophila melanogaster is a powerful genetic
model for dissecting the molecular mechanisms underlying
neurodegenerative diseases [24,25]. On the other hand, Drosophila
wing venation is a classical developmental model for defining
genetic interactions involved in cell proliferation, cell-cell com-
munication, and cell differentiation [4,26]. In this context, and in
an effort to investigate the i vivo developmental dynamics of the
two major proteolytic mechanisms, proteasome and autophagy, in
a cell, we examined the morphogenetic role of critical proteasome
subunits, together with selected proteasome regulators and
autophagy components, in the process of Drosophila compound
eye and wing formation.

It has been reported that the GMR-GAL4 genetic driver,
besides fly eye discs, can also operate in other tissues (i.e. brain,
trachea and leg discs) and thus caution should be taken in the
interpretation of certain pathogenic phenotypes, such as lethality
and behavioral defects [27]. In contrast, for eye development
studies, it is widely used and generally accepted as an eye-specific
driver able to overexpress or downregulate (through RINAI) native
proteins of our preference [13,28,29]. Similarly, the
P{GawB}Bx*'"® driver examined here represents a valuable
genetic tool for reliably dissecting the mechanisms of wing
morphogenesis, as it has been previously shown by a number of
different groups [30-32]. To this direction, each driver’s (GAL4-
ninaE.GMR or P{GawB}BxMSlOgG) organ specificity and absence
of toxicity are herein documented by the (a) “green-fluorescent”
and physiological phenotypes obtained from the -control- UAS-
2xEGFP crosses (Figs. 1Aa and b, and data not shown), (b)
undisturbed (eye or wing) structures generated by homozygote
single transgenic lines carrying only the respective driver
(Figs. 1Ba—d, 5a and b, and 10A) and (c) production of certain
heterozygote double transgenic flies characterized by non-patho-
genic organ phenotypes (Figs. 4a—h, 7a—d and 8a-j).

Ommatidial development begins during the third larval stage
within the eye imaginal disc and retinal differentiation is initiated
by hedgehog (hh) signaling, which “cross-talks” to decapentaplegic
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Figure 6. Disintegration of 20S proteasome core particle leads
to fly wing dysmoprhia. Stereo-microscopical (a, ¢, €, g, i and k) and
Optical (b, d, f, h, j and I) images, illustrating the critical roles of o- and -
based rings of the 20S proteasome catalytic core in wing morphogen-
esis. (a and b) P{GawB}Bx"*'%9%/UAS-alpha5_RNAi double transgenic fly
wings, carrying reduced cellular contents of a5 proteasome subunit. (c
and d) P{GawB}Bx"*'%%%/UAS-dbeta5_RNAi double transgenic fly wings,
characterized by downregulated B5 expression levels. (e and f)
P{GawB}Bx*1%%/UAS-beta6_RNAi double transgenic flies, producing
wings with diminished amount of 36 20S proteasome protein. (g and h)
P{GawB}Bx*1%%/UAS-Prosbeta21 double transgenic fly wings, overex-
pressing the conditionally (temperature sensitive {ts}) mutant P2
proteasome subunit. (i and j) P{GawB}Bx™*'%%/UAS-Pros261 double
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transgenic fly wings, carrying increased levels of conditionally mutant
B6™ protein specifically in the wing. (k and I) P{GawB}Bx“*'%%/UAS-
Prosbeta21 - UAS-Pros261 triple transgenic flies, bearing dysmorphic
wings due to organ-specific overexpression of defective (conditionally
mutant) B2% and B6" 20S proteasome components. Scale Bars: 200 um.
doi:10.1371/journal.pone.0080530.g006

(dpp) and wingless (wg) signaling pathways [33,34]. In our study,
the majority of transgenic flies with downregulated proteasome
determinant expression levels presented with either a rough eye
phenotype or severely dysmorphic eye structure, mainly carrying a
disrupted ommatidial array, and following a subunit- and
regulator-specific pattern of dysmorphia. Ommatidia appeared
collapsed, fused or without lenses, with degenerated photorecep-
tors and small or missing rhabdomeres. More specifically, given
that both Rpnl and Rpn2 19S proteasome subunit reduced
contents are able to induce distinct dysmorphic eye phenotypes,
they might probably recognize different groups of ubiquitinated
proteins in a rather essential, and non-redundant, manner.
Similarly, loss of the ab 20S proteasome core component cannot
be compensated by the B-type subunits and wvice versa. Moreover,
each P ring protein examined (2, 5 and 6) proved to carry
indispensable functions for fly eye development, even though 2
and B6 could share overlapping modes of action, since the
dysmorphic structure obtained by overexpressing both p2" and
B6" mutant (defective) subunits presented with comparably more
dramatic features than the B2 or B6" single respective one. To
the same direction, in contrast to UbcD6 that seemed to
significantly contribute to the process of fly eye development, a
redundant role could be assigned to UbcDI and UbcD4
proteasomal regulators. Alternatively, UbcD6 (but not UbcDI
and 4) might selectively conjugate ubiquitin moieties to certain
eye-specific protein substrates, whose targeting to proteasome for
degradation is absolutely critical for normal development. The
ability of B5 (and f6) elimination to cause stronger defects,
compared to the o5 downregulation-induced respective ones, in
eye cellular architecture dictates the subunit-dependent ability of
proteasome to counterbalance the loss of one (or more) of its
structural components.

The physiological importance of proteasome integrity during
Drosophila eye development is further supported by a previous
study in which depletion of Pros26.4 (encodes the Rpn2
orthologue in Drosophila) within the differentiating eye field resulted
in fused ommatidia and a graded loss of internal retinal tissue,
while a strong increase in cell death was also observed in the third
instar larval eye discs [35]. E3 ubiquitin ligases have been also
shown to control both the differentiating signal and the
proliferation regulation of Drosophila eye development, through
distinct F-box proteins (Slimb and Ago, respectively) [36].

Ubiquitin-specific proteases (UBPs) are classified among the
most important determinants in eye morphogenesis. Mutations in
several UBP family members in humans have been associated with
neurodegeneration, cancer and inflammatory diseases [37-39],
suggesting that UBP activities must be tightly controlled in order
to maintain the necessary levels of ubiquitination in the cell. In our
system, overexpression of the yeast UBP2 ubiquitin protease
proved to cause a dramatic elimination of all ommatidia structures
in the adult fly eye, producing an eyeless-like phenotype. Despite
its fungal evolutionary origin, it seems that UBP2 can efficiently
recognize and cleave the respective cellular substrates in the fly eye
heterologous environment, therefore revealing the conserved and
tightly regulated functional nature of ubiquitin trafficking in likely
all eukaryotic kingdoms.

In Drosophila, the most extensively studied UBP family member
1s encoded by the fat facets (faf) gene and 1is specifically required for
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Figure 7. Malfunction of ubiquitin trafficking induces gene-specific defects in Drosophila wing development. Stereo-microscopical (a,
¢, e and g) and Optical (b, d, f and h) images, revealing the gene-specific contribution of UbcD1, 4, 6, and UBP2 ubiquitin homeostasis regulators in fly
wing morphogenesis. (a and b) P{GawB}Bx*'°*®/UAS-UbcD1_RNAi double transgenic fly wings, characterized by likely reduced UbcD1 protein
contents. (c and d) P{GawB}Bx"'°°/UAS-UbcD4_RNAi double transgenic fly wings, carrying likely downregulated UbcD4 expression levels. (e and f)
P{GawB}Bx"*1%¢/UAS-UbcD6_RNAi double transgenic flies, producing highly dysmorphic wings due to organ-specific and diminished cellular
amount of UbcD6 E2 ubiquitin conjugating enzyme. (g and h) P{GawB}Bx"'*'°°°/UAS-UBP2.D double transgenic flies, overexpressing the UBP2 -yeast-
ubiquitin protease specifically in the wing. Arrow: lesion area(s). Scale Bars: 200 um.

doi:10.1371/journal.pone.0080530.g007
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Figure 8. RNAi-mediated elimination of critical autophagic proteins does not harm fly eye architectural structure. Stereo-
microscopical (a, ¢, e, g and i) and Scanning Electron Microscopy (SEM) (b, d, f, h and j) images, illustrating the surface morphology and structural
organization of Drosophila compound eye in Atg1, 4, 7, 9 and 18 deficient cellular environments. (a and b) GAL4-ninaE.GMR/UAS-Atg1_RNAi double
transgenic fly eyes, characterized by likely reduced Atg1 protein contents. (c and d) GAL4-ninaE.GMR/UAS-Atg4_RNAi double transgenic fly eyes,
carrying downregulated Atg4 expression levels. (e and f) GAL4-ninaE.GMR/UAS-Atg7_RNAi double transgenic fly eyes, likely producing diminished
amount of Atg7 autophagic protein. (g and h) GAL4-ninaE.GMR/UAS-Atg9_RNAi double transgenic fly eyes, probably containing decreased Atg9
protein levels. (i and j) GAL4-ninaE.GMR/UAS-Atg18_RNAi double transgenic fly eyes, likely developed in an Atg18 deficient cellular background. Scale
Bars: 50 um.

doi:10.1371/journal.pone.0080530.g008

eye development [40]. Drosophila faf null mutants are characterized therefore indicating that Neur and Lqf might work together to
by abnormal eye morphology, with the most prominent defect stimulate Delta endocytosis and that all three (Neur, Lqf and faf)
being the formation of more than eight photoreceptors in each proteins function in the same direction in this pathway [42]. It is
facet [41]. The role of faf protein has been also implicated in suggested that Lqf facilitates Delta endocytosis by binding to Delta
Notch signaling, where it enhances Delta endocytosis in order to after its ubiquitination by Neur [42]. Hence, UBP2 could stabilize
promote Notch signaling and ensure the correct recruitment of Lqgf, which in turn recognizes the Neur-induced ubiquitinated

photoreceptor precursors [42]. In this context, faf de-ubiquitinates form of Delta receptor, therefore promoting its (Delta) internal-
and stabilizes Liquid facets (Lqf) protein (homologue of vertebrate ization in a fly photoreceptor cellular environment. UBP64,
epsin), which in turn mediates the endocytosis of Delta receptor, a another de-ubiquitinating enzyme in Drosophila, controls cell fate in
critical process for cell patterning [42-44]. Therefore, overexpres- developing eye through stabilization of the transcriptional

sion of yeast UBP2 in Drosophila eye could -among others- reduce repressor tramtrack (T'TK). Ubp64 hypomorphic mutants dis-
the ubiquitinated Lqf cellular load, subsequently inducing Delta played a rough eye phenotype, with the defective eyes being

receptor endocytosis and Notch signaling hyper-activation, which characterized by disorganized facets and bristles [47]. Overex-
might be able to suppress photoreceptor neuron differentiation, pression in eye imaginal discs of the dUCH de-ubiquitinating
thus resulting in the eyeless-like phenotype observed. enzyme induced a rough eye phenotype in the adult fly,

Neuralized (Neur), an E3 ubiquitin ligase, is also required for specifically impairing R7 photoreceptor cell differentiation, by
Delta internalization in wing and eye discs [45,46]. Neur adult eye downregulating the MAPK signaling pathway [48]. To this
mutant phenotype resembles the one of faf and Lgf™”’ mutants, direction, UBP2 overexpression could result -among others- in
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Figure 9. Downregulation of autophagy is associated with mild Drosophila wing lesions. Stereo-microscopical (a, ¢, €, g and i) and Optical
(b, d, f, h and j) images, demonstrating that, attenuation of autophagy can induce only marginally pathological phenotypes of fly wing formation (a—j)
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(arrows). (a and b) P{GawB}Bx“*'°°®/UAS-Atg1_RNAi double transgenic fly wings, characterized by reduced Atgl protein contents. (c and d)
P{GawB}Bx*1%%/UAS-Atg4_RNAi double transgenic fly wings, produced in Atg4 deficient cellular environments. (e and f) P{GawB}Bx*'%9/UAS-
Atg7_RNAi double transgenic fly wings, carrying downregulated Atg7 expression levels. (g and h) P{GawB}Bx“'°°%/UAS-Atg9_RNAi double
transgenic fly wings, developed under cellular conditions of attenuated Atg9 autophagic protein synthesis. (i and j) P{GawB}Bx"*'%?¢/UAS-
Atg18_RNAi double transgenic fly wings, bearing decreased amount of Atg18 protein. Asterisks (b {Atg1}, d {Atg4}, f {Atg7} and j {Atg18}): double
(heterozygote) transgenic fly populations, containing both wild-type and mutant (at a low frequency) wing phenotypes. Scale Bars: 200 um.
doi:10.1371/journal.pone.0080530.g009
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Figure 10. RNAi-mediated reduction of Atg9 protein levels is tightly associated with loss of wing’s structural integrity in aged
Drosophila flies. (A) Wings from 70 days-old single (homozygote) transgenic (both male and female) flies carrying only the P{GawB}Bx"°'%9
genetic driver present (in their vast majority) with a generally physiological morphology and structure. (B) Optical images (a-g) of double
(heterozygote) transgenic wings, carefully isolated from 10 to 70 days-old female flies that were produced by Atg9_RNAi homozygote females
crossed with P{GawB}Bx"*'°%® homozygote males, clearly demonstrate the age-dependent structural fragility of the organ (broken wings). Arrows:
wing dysmorphic features. Scale Bars: 200 um.

doi:10.1371/journal.pone.0080530.g010
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MAPK signaling repression, which might subsequently inhibit R7
development, thus critically contributing to the severe fly eye
dysmorphia observed. It seems that the balance between
ubiquitination and de-ubiquitination of several cellular proteins
essentially controls Drosophila eye morphogenesis, while its
deregulation results in highly dysmorphic ommatidium structures.

Similarly to Drosophila eye morphogenesis, the main drivers of
wing development are the hedgehog (hh), Notch, wingless (wg) and
decapentaplegic (dpp) signaling pathways [4]. Activation of hh-
and wg-dependent signaling leads to increased stability of the
transcription factors Cubitus interruptus (Ci) and Armadillo (Arm),
respectively. Both hh and wg signaling functions are negatively
regulated by the slimb gene, which encodes a conserved I-box/
WD40-repeat protein that acts by targeting Ci and Arm
transcription factors for ubiquitination and proteolysis in the
proteasome [49]. Ci protein stability, and therefore hh signaling
potency, can be also downregulated by the dUba3 and dUbcl2
genes, each belonging to functionally distinct (E1 and E2) UPS
(ubiquitin/proteasome system) component group [50]. Reduced
expression of dUba3 enzyme by RNAi-based technology in the
wing discs at restrictive temperature resulted in lethality at the
pupal stage, while at permissive temperature some flies survived
into the adulthood but were characterized by folded and damaged
wing blades [50]. It has been also reported that Ci stability can be
regulated by a number of distinct E3 ligases able to target the
protein to proteasome [51]. Similarly, UbcD6 E2 enzyme could
promote Ci ubiquitination, while its (UbcD6) RNAi-mediated
elimination -among others- could induce Ci protein stabilization
and hh signaling hyper-activation, likely causing the severe fly
wing dysmorphia observed. The putative ability of UbcD1 and
UbcD4 family members to ubiquitinate substrates of similar
cellular functions, or even the very same substrates, might be
tightly associated with the normal phenotypes obtained upon their
(UbcD1 and 4) wing-specific downregulation. However, an
alternative scenario of tissue-dependent transcriptional repression
of UbeDI and UbcD4 genes specifically in the fly wing cannot be
excluded.

Regarding dpp signals, they emanate from activated cell surface
receptors and are transduced by intracellular Smad proteins, with
MAD being the founding member of the family [52]. The dpp
signaling pathway can be specifically inhibited by dSmurf protein,
a Drosophila E3 ligase that targets phosphorylated MAD transcrip-
tion factor to proteasome-mediated degradation. Targeted over-
expression of dSmurf in wing disc causes disruption of dpp-
dependent patterning of the organ, while pharate adult flies
removed from the pupal case show rudimentary wings [52].

Therefore, any structural disintegration of either 19S cap
(through Rpnl, Rpn2 or Rpn6 downregulation) or 20S core
(through a5, B2, B5 or f6 downregulation) fly proteasome particle
likely increases ubiquitinated Ci, Arm and MAD protein cellular
loads, and deregulates signaling activities of the respective
pathways, ultimately resulting in the development of dysmorphic
wing structures. Given that the RNAi-mediated functional
knockout of a5, B5 or B6 proteasome subunits is associated with
more dramatically malformed wing phenotypes compared to the
ones evolved by B2, B6" or 2" and B6“ overexpression, it proves
that, during wing morphogenesis, proteasome can more efficiently
tolerate a mutant and defective component than a loss of subunit
committed to assemble the 20S core particle.

Zhang et al., by employing the C96-GAL4 driver, which confers
a relatively lower but restricted expression of RNAi transgenes
along the presumptive wing margin, identified four potential de-
ubiquitinase (DUB) regulators of Notch signaling. The knockdown
of each one of them through RNAi technology resulted in
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significantly altered adult wing margin formation and/or excessive
bristle development, likely attributed to the reduced activity of
Notch pathway mediators, therefore suggesting a positive role of
DUB enzymes in Notch signaling and Drosophila wing patterning
[53]. To this direction, the UBP2 protein overexpression in fly
wing -among others- could severely derail Notch signaling function
(hyper-activation), through an evolutionarily conserved mecha-
nism of pathway transducer de-ubiquitination, which might
ultimately lead to dramatic wing hypoplasia and dysmorphia.

As already known, while the proteasome is a critical regulator of
protein degradation, the destruction of organelles, RNA and long-
lived proteins occurs via another cellular mechanism, called
autophagy. Since not only autophagy, as an assembled machinery,
but also Atg genes and their regulators are conserved from yeast to
mammals, Drosophila represents a powerful model system to study
autophagy i vivo [54]. Autophagy is essential in normal cell
homeostasis and development, while its deregulation has been
causally linked to a variety of human pathogenic states including
cancer, neurodegenerative diseases and muscular disorders [55].
The protective role of autophagy against these maladies is mainly
implemented through clearance of toxic cellular aggregates
[56,57]. In the present study, all transgenic fly eyes carrying
reduced Atg (1, 4, 7, 9 and 18) protein contents presented with
wild-type eye morphology and physiological ommatidium array,
therefore indicating their (Atg) non-essential, or redundant,
functional role during Drosophila eye development. Hence,
autophagy might play a compensatory role, mainly as a protective
mechanism, in fly eye homeostasis, only when other protein
elimination systems, such as the proteasome particle, are inhibited,
as previously reported in distinct biological settings [11,58-60]. In
Drosophila, it has been shown that induction of autophagy by
overexpression of Atgl largely suppresses Rheb-induced photore-
ceptor cell death as well as photoreceptor neural degeneration in
models of Huntington’s disease [61]. Atg3 upregulation can also
repress the rough eye phenotype caused by Dcp-1 overexpression
[62]. Similarly, Atg7, when overexpressed, is able to fully rescue
the rough eye phenotype developed by Hsp27 knockdown [63].
Our findings demonstrate that the RNAi-mediated disruption of
autophagy-related gene expression produces flies with physiolog-
ical eyes, therefore rendering autophagy a second line process
likely controlling eye development only under stress conditions and
not during its normal course. However, a redundant function of
each Atg protein analyzed in autophagosome biogenesis, during
fly eye formation, cannot be excluded.

Furthermore, we reveal that targeted downregulation of the
same autophagy-related proteins (Atgl, 4, 7, 9 and 18) results in
wings with -generally- physiological shape and size, even though
loss of anterior cross-vein (cv-a) and/or ectopic vein tissue
formation can be observed in all double transgenic fly populations
examined. At the last step of wing metamorphosis in Drosophila, the
wing epidermal cells are removed by programmed cell death
during the wing spreading behavior after eclosion. Transmission
electron microscopy reveals the association of this cell death type
with extensive vacuole formation, thus indicating autophagy
engagement [64]. The dying cells are detached from the wing
cuticle and are absorbed into the thoracic cavity through wing
veins. In flies that ectopically express p35 (an anti-apoptotic
determinant) or a dominant-negative form of PKA (protein kinase
A), cell death is inhibited, and adhesion of the dorsal and ventral
cuticle is prevented, frequently causing blistered wings. Thus, the
precise regulation of cell death is essential for morphogenesis of
functional wings [64].

During fly wing development, Notch signaling activity is
absolutely important for margin formation and also controls the

November 2013 | Volume 8 | Issue 11 | e80530



refinement of broad proteins into the narrower veins observed in
adults [26]. Loss of dAtg4 function enhances the phenotypes of
Notch pathway mutants, indicating that downregulation of
autophagy critically modulates Notch signaling capacity in
Drosophila [65]. To this direction, the loss of anterior cross-vein
and/or the ectopic vein formation in fly wings carrying reduced
Atg (1, 4, 7, 9 and 18) protein contents, and thus compromised
autophagy activity, could be tightly associated with a cell type-
specific and position-dependent deregulation of Notch signaling
function.

Conclusively, by applying the RNAi-based genetic technology
to functionally eliminate numerous components and regulators of
the two major proteolytic systems in a cell, proteasome and
autophagy, we prove the fundamental role of proteasomal integrity
and ubiquitin trafficking, and homeostasis, in fly eye and wing
development. In contrast, autophagy presented to maintain a
rather non-essential contribution in organ formation under
physiological growth conditions. Of course, one cannot rule out
a scenario of Atg protein redundancy that allows the uninterrupted
biogenesis of autophagosomes, since the absence of one autoph-
agic component could be successfully compensated by another.
However, it is likely that upon exposure to stress autophagy may
be activated, in an effort to detoxify the affected cells from
poisonous proteins and organelles. Aging causes progressive
damage of organs and tissues, and enhances their vulnerability
to stress, while it also decreases the level of autophagic activity
[23,66]. Similarly, it has proved that pharmacological or genetic
inhibition of autophagy induces degenerative changes in mam-
malian tissues that resemble those associated with aging [23,67].
On the contrary, increased autophagy delays aging and even
mmproves the cellular resistance to stress by enhancing the
metabolic buffering capacity of cells and therefore expands
lifespan (for detailed reviews see [23,66]). In Drosophila, the
expression of several autophagy-related genes is compromised by
aging, while downregulation of autophagic genes results in the
reduction of fly’s lifespan [68,69]. In contrast, pharmacological or
genetic induction of autophagy is able to significantly extend the
lifespan of fruit fly [69-71]. Atg9 is a highly conserved multi-
spanning membrane protein and is ubiquitously expressed in
multi-cellular organisms. The cycling of Atg9 protein is essential
for autophagosome formation [72,73] and is also necessary for
starvation-induced autophagy [74]. In this context and since
increased metabolic demands and exercise activities (i.e. flying)
have been shown to physiologically induce autophagy [75], it
seems that downregulation of Atg9 renders aged wings vulnerable

References

1. Freeman M (1997) Cell determination strategies in the Drosophila eye.
Development 124: 261-270.

2. Desplan C (1997) Eye development: governed by a dictator or a junta? Cell 91:
861-864.

3. Comstock JH (1918) The Wings of Insects. Ithaca, N.Y.: The Comstock
Publishing Company.

4. De Celis JF (2003) Pattern formation in the Drosophila wing: The development
of the veins. Bioessays 25: 443-451.

5. Hershko A, Ciechanover A (1998) The ubiquitin system. Annu Rev Biochem 67:
425-479.

6. Pickart CM (2001) Mechanisms underlying ubiquitination. Annu Rev Biochem
70: 503-533.

7. DeMartino GN, Proske R], Moomaw CR, Strong AA, Song X, et al. (1996)
Identification, purification, and characterization of a PA700-dependent activator
of the proteasome. J Biol Chem 271: 3112-3118.

8. Jung T, Catalgol B, Grune T (2009) The proteasomal system. Mol Aspects Med
30: 191-296.

9. Lamark T, Johansen T (2012) Aggrephagy: selective disposal of protein

aggregates by macroautophagy. Int J Cell Biol 2012: 736905.
. Choi AM, Ryter SW, Levine B (2013) Autophagy in human health and disease.
N Engl ] Med 368: 651-662.

PLOS ONE | www.plosone.org

16

Developmental Role of Proteasome and Autophagy

to the flying-induced metabolic and mechanical stress, therefore
promoting the loss of wing’s -structural- integrity and resulting in
strong organ’s fragility (broken wings). Given that autophagy is
required for flying activity and is also compromised by aging, we
herein prove that Atg9 represents an indispensable autophagic
component of wing architecture and flying machinery in stressful
environments, just like the ones developed by aging. Interestingly,
ubiquitin/proteasome system (UPS) determinants seem to gener-
ally operate in a non-redundant fashion (possibly excluding the
UbcD1 and 4 enzymes), as clearly demonstrated by the gene-
specific dysmorphic phenotypes developed after their (UPS genes)
RNAi-mediated downregulation in fly eye and wing discs.

By comparing the obtained B6_RNAi and B6“ dysmorphic
phenotypes, in both eye and wing organs, it proves that loss of a
subunit is baneful for proteasome, whereas presence of a defective
mutant component can be partly compensated by the whole
assembly, thus implying a small degree of functional redundancy
mside the proteasome particle. The more severe dysmorphic
features developed in B2° and P6“ triple transgenic eyes,
compared to B2% or B6" double respective ones, strongly indicate
that subunits of -at least- the same ring (i.e. “f”) carry not only
distinct but also redundant activities, in an effort to ensure efficient
proteasome function even in harsh cellular environments.

Further exploration of the importance of proteasome and
autophagy integrity in developing cells undergoing stress will
illuminate the “cross-talk” of the two major proteolytic machin-
eries and allow the discovery of novel signaling mediators that
critically control invertebrate eye and wing organ patho-physiol-

ogy.

Acknowledgments

The authors wish to thank Bloomington Stock Center (Indiana, USA) and
Vienna Drosophila RNAi Center (VDRC) (Vienna, Austria) for fly stocks.
They would also like to express their gratitude to the graduate student Mrs.
Ralou Selimou and the undergraduate students Mrs. Georgia Tzafa and
Mrs. Maria Tsioka (Department of Cell Biology and Biophysics, Faculty of
Biology, University of Athens, Athens, Greece) for their valuable technical
assistance.

Author Contributions

Conceived and designed the experiments: PDV ADV VEM DJS.
Performed the experiments: PDV ADV ADP. Analyzed the data: PDV
ADV VEM ISP DJS. Contributed reagents/materials/analysis tools: CGZ
ISP DJS. Wrote the paper: PDV ADV VEM DJS.

. Velentzas PD, Velentzas AD, Mpakou VE, Antonelou MH, Margaritis LH, et
al. (2013) Detrimental effects of proteasome inhibition activity in Drosophila
melanogaster: implication of ER stress, autophagy, and apoptosis. Cell Biol
Toxicol 29: 13-37.

. Yang Z, Klionsky DJ (2010) Eaten alive: a history of macroautophagy. Nat Cell
Biol 12: 814-822.

. Leulier F, Ribeiro PS, Palmer E, Tenev T, Takahashi K, et al. (2006) Systematic
in vivo RNAi analysis of putative components of the Drosophila cell death
machinery. Cell Death Differ 13: 1663-1674.

. Hess MW, Pfaller K, Hampolz B, Longato S, Teis D, et al. (2006) Microscopy of
the Drosophila facet eye: vademecum for standardized fixation, embedding, and
sectioning. Microsc Res Tech 69: 93-98.

. Brand AH, Perrimon N (1993) Targeted gene expression as a means of altering
cell fates and generating dominant phenotypes. Development 118: 401-415.

. Kumar JP (2012) Building an ommatidium one cell at a time. Dev Dyn 241:
136-149.

. Stark J, Bonacum J, Remsen J, DeSalle R (1999) The evolution and

development of dipteran wing veins: a systematic approach. Annu Rev Entomol
44: 97-129.

Waddington CH (1940) The genetic control of wing development in Drosophila.

J Genetics: 75-139.

18.

November 2013 | Volume 8 | Issue 11 | e80530



20.

21.

22.

23.

24.

26.

27.

28.

30.

31.

32.

34.

37.

38.

39.

40.

41.

42,

43.

44.

46.

47.

. Bier E (2000) Drawing lines in the Drosophila wing: initiation of wing vein

development. Curr Opin Genet Dev 10: 393-398.

Sturtevant MA, Bier E (1995) Analysis of the genetic hierarchy guiding wing vein
development in Drosophila. Development 121: 785-801.

Sturtevant MA, Biehs B, Marin E, Bier E (1997) The spalt gene links the A/P
compartment boundary to a linear adult structure in the Drosophila wing.
Development 124: 21-32.

Arnone MI, Davidson EH (1997) The hardwiring of development: organization
and function of genomic regulatory systems. Development 124: 1851-1864.
Rubinsztein DC, Marino G, Kroemer G (2011) Autophagy and aging. Cell 146:
682-695.

Bilen J, Bonini NM (2005) Drosophila as a model for human neurodegenerative
disease. Annu Rev Genet 39: 153-171.

. Wang T, Montell C (2007) Phototransduction and retinal degeneration in

Drosophila. Pflugers Arch 454: 821-847.

Blair SS (2007) Wing vein patterning in Drosophila and the analysis of
intercellular signaling. Annu Rev Cell Dev Biol 23: 293-319.

Li WZ, Li SL, Zheng HY, Zhang SP, Xue L (2012) A broad expression profile of
the GMR-GAL4 driver in Drosophila melanogaster. Genet Mol Res 11: 1997
2002.

Kanao T, Sawada T, Davies SA, Ichinose H, Hasegawa K, et al. (2012) The
nitric oxide-cyclic GMP pathway regulates FoxO and alters dopaminergic
neuron survival in Drosophila. PLoS One 7: €30958.

. Tonoki A, Kuranaga E, Tomioka T, Hamazaki J, Murata S, et al. (2009)

Genetic evidence linking age-dependent attenuation of the 26S proteasome with
the aging process. Mol Cell Biol 29: 1095-1106.

Marygold SJ, Walker C, Orme M, Leevers S (2011) Genetic characterization of
ebi reveals its critical role in Drosophila wing growth. Fly (Austin) 5: 291-303.
Egoz-Matia N, Nachman A, Halachmi N, Toder M, Klein Y, et al. (2011)
Spatial regulation of cell adhesion in the Drosophila wing is mediated by Delilah,
a potent activator of betaPS integrin expression. Dev Biol 351: 99-109.
Hwang S, Song S, Hong YK, Choi G, Suh YS, et al. (2013) Drosophila DJ-1
decreases neural sensitivity to stress by negatively regulating Daxx-like protein
through dFOXO. PLoS Genet 9: ¢1003412.

Dominguez M, Hafen E (1997) Hedgehog directly controls initiation and
propagation of retinal differentiation in the Drosophila eye. Genes Dev 11:
3254-3264.

Firth LC, Baker NE (2009) Retinal determination genes as targets and possible
effectors of extracellular signals. Dev Biol 327: 366-375.

. Muller D, Nagel AC, Maier D, Preiss A (2006) A molecular link A molecular link

between Hairless and Pros26.4, a member of the AAA-ATPase subunits of the
proteasome 19S regulatory particle in Drosophila. J Cell Sci 119: 250-258.

5. Ou CY, Pi H, Chien CT (2003) Control of protein degradation by E3 ubiquitin

ligases in Drosophila eye development. Trends Genet 19: 382-389.

Hussain S, Zhang Y, Galardy PJ (2009) DUBs and cancer: the role of
deubiquitinating enzymes as oncogenes, non-oncogenes and tumor suppressors.
Cell Cycle 8: 1688-1697.

Singhal S, Taylor MC, Baker RT (2008) Deubiquitylating enzymes and disease.
BMC Biochem 9 Suppl 1: S3.

Nijman SM, Luna-Vargas MP, Velds A, Brummelkamp TR, Dirac AM, et al.
(2005) A genomic and functional inventory of deubiquitinating enzymes. Cell
123: 773-786.

Huang Y, Baker RT, Fischer-Vize JA (1995) Control of cell fate by a
deubiquitinating enzyme encoded by the fat facets gene. Science 270: 1828—
1831.

Fischer-Vize JA, Rubin GM, Lehmann R (1992) The fat facets gene is required
for Drosophila eye and embryo development. Development 116: 985-1000.
Overstreet E, Fitch E, Fischer JA (2004) Fat facets and Liquid facets promote
Delta endocytosis and Delta signaling in the signaling cells. Development 131:
5355-5366.

Chen X, Zhang B, Fischer JA (2002) A specific protein substrate for a
deubiquitinating enzyme: Liquid facets is the substrate of Fat facets. Genes Dev
16: 289-294.

Cadavid AL, Ginzel A, Fischer JA (2000) The function of the Drosophila fat
facets deubiquitinating enzyme in limiting photoreceptor cell number is
intimately associated with endocytosis. Development 127: 1727-1736.

. Lai EC, Deblandre GA, Kintner C, Rubin GM (2001) Drosophila neuralized is

a ubiquitin ligase that promotes the internalization and degradation of delta.
Dev Cell 1: 783-794.

Pavlopoulos E, Pitsouli C, Klueg KM, Muskavitch MA, Moschonas NK, et al.
(2001) neuralized Encodes a peripheral membrane protein involved in delta
signaling and endocytosis. Dev Cell 1: 807-816.

Bajpe PK, van der Knaap JA, Demmers JA, Bezstarosti K, Bassett A, et al.
(2008) Deubiquitylating enzyme UBP64 controls cell fate through stabilization of
the transcriptional repressor tramtrack. Mol Cell Biol 28: 1606-1615.

PLOS ONE | www.plosone.org

17

48.

49.

50.

51.

52.

53.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Developmental Role of Proteasome and Autophagy

Thao DT, An PN, Yamaguchi M, LinhThuoc T (2012) Overexpression of
ubiquitin carboxyl terminal hydrolase impairs multiple pathways during eye
development in Drosophila melanogaster. Cell Tissue Res 348: 453-463.
Jiang J, Struhl G (1998) Regulation of the Hedgehog and Wingless signalling
pathways by the F-box/WD40-repeat protein Slimb. Nature 391: 493-496.
Du J, Zhang J, Su Y, Liu M, Ospina JK, et al. (2011) In vivo RNAi screen
reveals neddylation genes as novel regulators of Hedgehog signaling. PLoS One
6: €24168.

Jiang J (2006) Regulation of Hh/Gli signaling by dual ubiquitin pathways. Cell
Cycle 5: 2457-2463.

Liang YY, Lin X, Liang M, Brunicardi FC, ten Dijke P, et al. (2003) dSmurf
selectively degrades decapentaplegic-activated MAD, and its overexpression
disrupts imaginal disc development. J Biol Chem 278: 26307-26310.

Zhang J, Liu M, Su Y, Du J, Zhu AJ (2012) A targeted in vivo RNAi screen
reveals deubiquitinases as new regulators of Notch signaling. G3 (Bethesda) 2:
1563-1575.

. McPhee CK, Baechrecke EH (2009) Autophagy in Drosophila melanogaster.

Biochim Biophys Acta 1793: 1452-1460.
Shintani T, Klionsky DJ (2004) Autophagy in health and disease: a double-edged
sword. Science 306: 990-995.

. Ravikumar B, Duden R, Rubinsztein DC (2002) Aggregate-prone proteins with

polyglutamine and polyalanine expansions are degraded by autophagy. Hum
Mol Genet 11: 1107-1117.

Rubinsztein DC, Gestwicki JE, Murphy LO, Klionsky DJ (2007) Potential
therapeutic applications of autophagy. Nat Rev Drug Discov 6: 304-312.
Korolchuk VI, Menzies FM, Rubinsztein DC (2010) Mechanisms of cross-talk
between the ubiquitin-proteasome and autophagy-lysosome systems. FEBS Lett
584: 1393-1398.

Lilienbaum A (2013) Relationship between the proteasomal system and
autophagy. Int J Biochem Mol Biol 4: 1-26.

Rubinsztein DC (2007) Autophagy induction rescues toxicity mediated by
proteasome inhibition. Neuron 54: 854-856.

Wang T, Lao U, Edgar BA (2009) TOR-mediated autophagy regulates cell
death in Drosophila neurodegenerative disease. J Cell Biol 186: 703-711.

Kim YI, Ryu T, Lee J, Heo YS, Ahnn J, et al. (2010) A genetic screen for
modifiers of Drosophila caspase Dcp-1 reveals caspase involvement in autophagy
and novel caspase-related genes. BMC Cell Biol 11: 9.

Chen SF, Kang ML, Chen YC, Tang HW, Huang CW, et al. (2012)
Autophagy-related gene 7 is downstream of heat shock protein 27 in the
regulation of eye morphology, polyglutamine toxicity, and lifespan in
Drosophila. J Biomed Sci 19: 52.

Kimura K, Kodama A, Hayasaka Y, Ohta T (2004) Activation of the cAMP/
PKA signaling pathway is required for post-ecdysial cell death in wing epidermal
cells of Drosophila melanogaster. Development 131: 1597-1606.

. Thumm M, Kadowaki T (2001) The loss of Drosophila APG4/AUT2 function

modifies the phenotypes of cut and Notch signaling pathway mutants. Mol
Genet Genomics 266: 657-663.

Yamaguchi O, Otsu K (2012) Role of autophagy in aging. J Cardiovasc
Pharmacol 60: 242-247.

Madeo F, Tavernarakis N, Kroemer G (2010) Can autophagy promote
longevity? Nat Cell Biol 12: 842-846.

Juhasz G, Neufeld TP (2008) Drosophila Atg7: required for stress resistance,
longevity and neuronal homeostasis, but not for metamorphosis. Autophagy 4:
357-358.

Simonsen A, Cumming RC, Brech A, Isakson P, Schubert DR, et al. (2008)
Promoting basal levels of autophagy in the nervous system enhances longevity
and oxidant resistance in adult Drosophila. Autophagy 4: 176-184.

Bjedov I, Toivonen JM, Kerr F, Slack C, Jacobson J, et al. (2010) Mechanisms of
life span extension by rapamycin in the fruit fly Drosophila melanogaster. Cell
Metab 11: 35-46.

Eisenberg T, Knauer H, Schauer A, Buttner S, Ruckenstuhl C, et al. (2009)
Induction of autophagy by spermidine promotes longevity. Nat Cell Biol 11:
1305-1314.

Reggiori I, Tooze SA (2012) Autophagy regulation through Atg9 traffic. J Cell
Biol 198: 151-153.

Yamamoto H, Kakuta S, Watanabe TM, Kitamura A, Sekito T, et al. (2012)
Atg9 vesicles are an important membrane source during early steps of
autophagosome formation. J Cell Biol 198: 219-233.

Tang HW, Chen GC (2011) Unraveling the role of myosin in forming
autophagosomes. Autophagy 7: 778-779.

. He C, Sumpter R Jr, Levine B (2012) Exercise induces autophagy in peripheral

tissues and in the brain. Autophagy 8: 1548-1551.

November 2013 | Volume 8 | Issue 11 | e80530



