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Narendra et al, 2008; Ziviani et al, 2010), and oxidative phosphor-
ylation (Morais et al, 2009, 2014), with mitochondrial Ca®* overload
and increased reactive oxygen species production (Gandhi et al,
2009). Similar phenotypes are caused by altered MFN, which
prompted us to investigate whether USP8 down-regulation cor-
rected pathologically elevated MFN levels of PINK1 KO flies. Indeed,
USP8 down-regulation in vivo completely normalized increased
MFN levels of PINK1 KO (Fig 6A). Pharmacological inhibition of USP8
also led to reduced PINK1 KO MFN protein levels in flies, indicating
that the inhibitor phenocopied genetic inhibition of USP8 (Fig 6B).
Like PINK1, Parkin KO/KD also results in increased MFN protein
levels (Gegg et al, 2010; Tanaka et al, 2010; Ziviani et al, 2010). We,
therefore, assessed the effect of USP8 KD in a Parkin loss-of-
function model of pathologically elevated MFN levels. USP8 KD
corrected elevated MFN levels of Parkin KO flies (Fig 6C). It also
recovered the disorganized muscle fibers with irregular arrange-

(Fig 6D), and normalized the number of DA neurons that are de-
creased in Parkin KO background (Fig 6E). Interestingly, USP8 KD or
inhibition did not correct climbing defects in Parkin KO flies (Fig 6F),
nor in PINK1:Parkin double KO (Fig 6G).

Discussion

Interventions that decrease MFN levels in PINK1 or Parkin KO flies
can ameliorate the multiple phenotypes that are associated with
the KO backgrounds (Deng et al, 2008; Poole et al, 2008; Liu et al,
2011: Vilain et al, 2012; Celardo et al, 2016). We, therefore, conducted
an RNAi-based screening to identify DUBs that regulate MFN protein
levels. We found USP8, a DUB previously identified in the regulation
of endosomal trafficking (Mizuno et al, 2005; Row et al, 2006), CCCP-
induced mitophagy (Durcan et al, 2014) and basal autophagy

ment of myofibrils and the swollen mitochondria of Parkin flies (Jacomin et al, 2015), and which down-regulation is protective from
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Figure 6. USP8 down-regulation corrects pathologically elevated MFN levels of PINK1 and Parkin KO flies.

(A) Equal amounts of protein (70 pg), isolated from flies of the indicated phenotype were separated by SDS-PAGE and immunoblotted using the indicated antibodies.
Representative of n = 6. Graph bar shows mean + SEM of ratio between densitometric levels of MFN and those of Actin from at least six independent experiments. One-way
ANOVA, P = 0.0003 (***); Tukey's multiple comparison test; n = 6. (B) Equal amounts of protein (70 ug), isolated from flies treated with DUBs-IN-2 or DMSO for 48 h were
separated by SDS-PAGE and immunoblotted using the indicated antibodies. Representative of n = 3. Graph bar shows mean + SEM of ratio between densitometric levels of
MFN and those of Actin from at least three independent experiments. Two-way ANOVA, P < 0.000071 (****): Tukey’s multiple comparison test; n = 3. (C) Equal amounts of
protein (70 pg), isolated from flies of the indicated phenotype were separated by SDS-PAGE and immunoblotted using the indicated antibodies. Representative of n = 9.
Graph bar shows mean + SEM of ratio between densitometric levels of MFN and those of Actin from at least nine independent experiments. One-way ANOVA, P < 0.0001
(****): Tukey's multiple comparison test; n = 9. (D) TEM images of thorax muscles from flies of the indicated genotypes. Thoraces were dissected from 3-d-old adult flies and
fixed in 2% paraformaldehyde and 2.5% gluteraldehyde. The samples were rinsed, dehydrated, and embedded using Epon. Ultrathin sections were examined using TEM.
Representative of n = 3. (E) Bar graph shows the number of DA neurons in the PPL1 cluster of the brains of the indicated genotypes. One-way ANOVA, P < 0.0001 (****);
Tukey's multiple comparison test; n = 10. (F) Graph bar shows mean * SEM of the climbing performance of flies of the indicated genotype from at least three independent
experiments. One-way ANOVA, P < 0.0001 (****); n = 3.(G) Graph bar shows mean * SEM of the climbing performance of flies of the indicated genotype from at least three
independent experiments. Two-way ANOVA, P < 0.0001 (****); Tukey's multiple comparison test; n = 7.
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a-synuclein-induced locomotor deficits in flies (Alexopoulou et al,
2016). Our data show that inhibition of USP8 in vitro and in vivo
correlated with decreased mitochondrial fusion protein MFN, one
of the bona fide Parkin targets (Gegg et al, 2010; Poole et al, 2010;
Tanaka et al, 2010; Ziviani et al, 2010; Sarraf et al, 2013) (Fig 1),
ameliorated PINK1 KO phenotypes in vivo (Figs 2,3, and 5) and PINK1
KO mitochondrial dysfunction (Fig 4), and corrected MFN protein
levels, increased in PINK1 KO models (Fig 6). Interestingly, USP8 KD
also corrected MFN protein levels of Parkin KO flies, indicating that
the effect on the levels of MFN is Parkin independent. USP8 KD also
prevented Parkin KO DA neurons loss and normalized mitochon-
drial morphological defects, although it did not ameliorate Parkin
climbing performance (Fig 6).

It has been shown that the knockdown of MFN is able to rescue
the mitochondrial defects and the overall phenotypes of Dro-
sophila PINK1 KO flies (Deng et al, 2008; Poole et al, 2008). More
recently, it was shown that MFN knockdown can suppress loss of DA
neurons of the PPL1 cluster and thorax deformation resulting from
crushed thoracic muscle of the PINK1 KO flies, but not the mito-
chondrial defects (Celardo et al, 2016). We found that normalizing
MFN levels of PINK1 KO flies by driving efficient whole body MFN KD
(Debattisti et al, 2014) ameliorated the disorganized muscle fibers
and mitochondria ultrastructure of PINK1 KO flies, but dopamine
content and climbing performance were only modestly recovered,
even if MFN levels of PINK1 KO flies were completely corrected (Fig
S5). This result indicates that MFN normalization deriving from USP8
KD likely contributes to the amelioration of the PINK1 phenotype
but does not explain the full recovery of the multiple phenotypes
that are associated with PINK1 loss. Indeed, our in vivo analysis
indicates that USP8 KD has a broader protective effect than MFN KD
and unlike MFN KD (Celardo et al, 2016; Vilain et al, 2012), it cor-
relates with full correction of mitochondrial respiratory defects,
complex | content and activity, and mitochondrial membrane
potential of PINK1 KO flies (Figs 4 and S2). Previous examination of
the PINK1-mutant phenotype demonstrated that although de-
creasing mitochondrial fusion rescues morphological mitochon-
drial defects of PINK1 flies, manipulation of mitochondrial fusion (or
fission) does not rescue other PINK1-related phenotypes such as
the reduced activity of complex I, loss of mitochondrial membrane
potential, ATP content, and defective neurotransmitter release
(Vilain et al, 2012; Vos et al, 2012). In light of this, we hypothesize that
the protective effect of USP8 inhibition comes from a combination
of signaling pathways, which directly or indirectly impinges on MFN
levels and mitochondrial function. In mammals, it is established
that USP8 is involved in endosomal trafficking (Clague et al, 2013),
although its activity can have opposing effects. For instance,
deubiquitination by USP8 was reported to slow the degradation of
substrates (Mizuno et al, 2005; Mukai et al, 2010), but also to fa-
cilitate endosomal trafficking and lysosomal degradation (Row et
al, 2007; Ali et al, 2013). shRNA against USP8 in SH-SY5Y neuro-
blastoma cells promotes a-synuclein degradation by the lysosome,
which exerts a protective effect in vivo in an a-synuclein fly model
of PD (Alexopoulou et al, 2016). It was also reported that USPS8 is
required for lysosomal biogenesis and productive autophagy in
Drosophila larval fat body but inhibits basal autophagy in vitro in
Hela cells (Jacomin et al, 2015). Finally, deubiquitination of Parkin
by USP8 is required for Parkin recruitment to CCCP-intoxicated
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mitochondria and to promote stress-induced mitophagy in vitro
(Durcan et al, 2014). Thus, USP8 down-regulation in this context inhibits
Parkin recruitment to mitochondria, causing a delay in mitochondria
clearance by mitophagy. In light of these seemingly opposing phe-
notypic outcomes, it is clear that USP8 has pleiotropic effects that
depends on the specific genetic repertoire of the cell/tissue, varies in
response to physiological versus pathological conditions, or might
simply operate differently in cell lines versus the whole organism.
Our model is consistent with a role of USP8 in controlling mi-
tochondrial function via Parkin-independent regulation of
pathologically elevated MFN protein levels. Yet, it does not ex-
clude MFN-unrelated pathways that nevertheless impinge on
mitochondrial function via Parkin, like the mitochondrial-derived
vesicle pathway regulating mitochondria quality control
(McLelland et al, 2014), or the endosomal-lysosomal pathway that
can also play a role in selective degradation of dysfunctional
mitochondria (Hammerling et al, 2017a, 2017b). Interestingly, it was
shown in the latter that the autophagic activity is increased when
the endosomal activity is impaired, sustaining the hypothesis that
there is crosstalk between the various degradation pathways to
ensure effective clearance. It is tempting to hypothesis an en-
hancement of autophagy deriving from USP8 KD to complement
for impaired endosomal-mediated quality control. For these
reasons, future studies need to be conducted in vivo to validate
this hypothesis and clearly dissect coordination and timing of
activation of these pathways in different tissues under physio-
logical and pathological conditions.

Because of their involvement in the regulation of important
signaling pathways, DUBs are emerging as extremely attractive
druggable candidates (Sugiura et al, 2013). In recent years, many
DUBs emerged as therapeutic targets to compensate for impaired
mitophagy in PD (Bingol et al, 2014; Cornelissen et al, 2014; Wang et
al, 2015; Chakraborty et al, 2018). Mitophagy is triggered by ubiquitin
modification of mitochondrial proteins, which is in principle
subject to suppression by deubiquitination. It is, therefore, rea-
sonable that inhibition of specific DUBs should induce mitophagy
and that it does so by deubiquitination mitochondrial proteins.
Clinical trials for specific inhibitors of the ubiquitin-proteosome
system have already been approved in cancer therapy for the
treatment of multiple myeloma (Colland, 2010). Moreover, high-
throughput screening of small chemical libraries identified non-
selective DUB inhibitors as potent inducers of apoptosis in various
cancer cells (Liu et al, 2003; Brancolini, 2008; Engels et al, 2009;
Hussain et al, 2009; Py et al, 2013). Similarly, specific DUB inhibitors
(or activators) can affect cellular response to stimuli that induce
cell death. In this respect, the identification of a specific DUB that
normalizes mitochondrial function might be instrumental to de-
velop specific isopeptidase inhibitors that can modulate the
fundamental biological process of mitochondria physiology and
fitness, supporting the potential of USP8 inhibitors as therapeutics.

Online methods

Cell culture and transfection

Drosophila S2R+ cells were cultured in Schneider's medium
(Invitrogen) supplemented with 10% heat-inactivated fetal calf
serum (Sigma-Aldrich). The cells were maintained at 25°C and

https://doi.org/10.26508/1sa.201900392 vol 2 | no 2 | €201900392 10 of 16


https://doi.org/10.26508/lsa.201900392

<4< o . o
s2ep» Life Science Alliance

passaged routinely before they reached confluence, to maintain a
logarithmic growth. The cells were transfected using TransFectin
lipid reagent (Bio-Rad) or Effectene (QIAGEN) following the man-
ufacturer's instructions. In brief, 0.6 million cells were plated in six-
well plate and transfected with 2 pyg DNA/5S ul TransFectin or 1 g
DNA/10 pl Effectene + 8 ul Enhancer, 1d after plating. The cells were
collected 24-48 h after transfection. 500 UM copper sulfate solution
was added to the cells to induce plasmid expression when
required.

Plasmids

MitoDsRed was subcloned from pDsRed2-Mito vector (Clontech)
into pAct-PPA expression plasmid. C-terminal Flag tag MFN was
obtained by amplification from cDNA clone (REO4414) and subcl-
oned into pAct-PPA expression plasmid. CG5798/USP8 was am-
plified from cDNA clone and subcloned into pMt copper-inducible
vector (Invitrogen).

Gene silencing

Drosophila dsRNA probes were prepared using MEGA script kit
(Ambion) following the manufacturer’s instructions. The fol-
lowing primers have been used to prepare the RNAi probes:
PINK1 CAATGTGACTTCTCCAGCGA and TCGTAGCGTTTCATCAGCAG;
Parkin CTGTTGCAATTTGGAGGGA and CTTTGGCACGGACTCTTTCT;
and MFN GGAACCTCTTTATTCTCTAT and GGTTTGCTTTGCCCCAA-
CAT. CG5798/USP8 dsRNA probe was acquired from the Sheffield
RNAI Screening Facility. 1.2 millions cells were plated on a six-well
plate and treated with 7 ug RNAI probe in serum-free medium. 2 h
after the probe treatment, complete medium was added to the
wells, and the cells were cultured for 2 d before being transfected
with indicated fly expression plasmids as previously described.

Immunoblotting

Western blotting was performed using standard techniques. In
brief, the cells were collected in lysis buffer (50 mM Tris—HCl, pH 8,
150 mM HCL, 1 mM MgCl,, 2 mM EGTA, 1% Triton X, 10% glycerol, 10
mM NEM, 10 uM MG132 and protease inhibitor cocktail by Roche)
and incubated on ice for 30 min before being centrifuged at
maximum speed at 4°C. Ten to twelve flies were homogenized
using a mortar and pestle in protein extraction buffer (200-300 pl,
150 mM NacCl,5 mM EDTA, pH 8.0, 50 mM Tris, pH 8.0, 1% NP-40, 0.1%
SDS 0.1, supplemented with 10 yM MG132, 10 mM NEM, and pro-
tease inhibitor cocktail). The following commercial antibodies
were used: anti-Flag (1:1,000; Cell Signaling Technology), anti-
Actin (1:10,000; Chemicon) has been described before. Anti-
Drosophila Mitofusin (1:2000) was raised in rabbit against an
N-terminal peptide, DTVDKSGPGSPLSRF. For detection, secondary
antibodies conjugated with HRP (Chemicon) were used (1:3,000),
and immunoreactivity was visualized with ECL chemiluminescence
(Amersham).

Live imaging

Cells were grown on imaging dishes (Chamber Slide Lab-Tek Il 8;
Thermo Fisher Scientific) or coverslips. After appropriate treatment,
when indicated, the cells were treated with the selective mito-
chondrial dye Mitotracker (50 nM; Molecular Probe) for 10 min,
washed three times with PBS, and imaged live in growing medium
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under ambient conditions on an Andromeda iMIC spinning disk live
cell microscope with confocal resolution (TILL Photonics, 60X ob-
jective). For confocal z-axis stacks, 40 images separated by 0.2 um
along the z-axis were acquired.

For measurements of mitochondrial membrane potential, the
cells were loaded with 25 nM tetramethylrhodamine methyl ester
(TMRM) for 30 min at room temperature, and the dye was present
during the experiment together with the multidrug resistance in-
hibitor cyclosporine H (1 uM). The cells were then observed using an
Olympus IX81 inverted microscope equipped with a cell imaging
system. Sequential images of TMRM fluorescence were acquired
every 60 s with a 40x objective (Olympus). Where indicated,
oligomycin (2.5 ug/ml; Sigma-Aldrich) or the uncoupler carbonyl
cyanide p-trifluoromethoxyphenylhydrazone (CCCP, 10 uM; Sigma-
Aldrich) was added. TMRM fluorescence analysis over the mito-
chondrial regions of interest was performed using Image). A
reduction in TMRM fluorescence represents mitochondrial mem-
brane depolarization. In the graph bars, we indicated TMRM fluo-
rescence after 30-min oligomycin administration in the cells of the
indicated genotypes. The cells were always loaded in the presence
of the multidrug resistance inhibitor cyclosporine H.

Mitochondria morphology analysis

Quantification of mitochondria length was performed by using
Image) software. To measure mitochondrial length, we created
maximum-intensity projections of z-series with 0.2-um increments.
Quantification was then performed by using “Squassh” (Segmen-
tation and QUAntification of Subcellular SHapes), a plugin com-
patible with the image processing software Image) or Fiji, freely
available from http://mosaic.mpi-cbg.de/?q=downloads/image).
Squassh is a segmentation method that enables both colocaliza-
tion and shape analyses of subcellular structures in fluorescence
microscopy images (Rizk et al, 2014). For our analysis, segmentation
was performed with the minimum intensity threshold set to 0.15
and the regularization weight to 0.015.

The mitochondria morphology score was assigned as in Pogson
et al (2014). Briefly, a morpho score is assigned to each imaged cell
according to the morphology of its mitochondrial network. Num-
bers represent the designated “morphology score”: 0 = cell with a
full complement of mitochondria; 1= cell with a full complement of
mitochondria and some clumped mitochondria; 2 = cell with a
reduced mitochondrial network and some clumped mitochondria;
3 = cell with a clumped mitochondrial network; and 4 = cell with a
complete clumped mitochondrial network.

Total RNA extraction and qRT-PCR

Total RNA was extracted from Drosophila S2R+ cells using TRI
Reagent (Sigma-Aldrich) according to the manufacturer's in-
structions. The RNA pellet was dissolved in 5-10 ul RNAase-free
water. Total RNA was extracted from approximately 10 flies using
Trizol (Life Technologies) and further purified by precipitation with
LiCl 8M. RNA samples were checked for integrity by capillary
electrophoresis (RNA 6000Nano LabChip; Agilent Technologies). For
each sample, 1 pug of RNA was used for first-strand cDNA synthesis,
using 10 uM deoxynucleotides, 10 uM oligo-dT, and SuperScript Il
(Life Technologies). qRT-PCRs were performed in triplicate in a 7500
Real-Time PCR System (Life Technologies) using SYBR Green
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chemistry (Promega). The 2722 (RQ, relative quantification) method
implemented in the 7500 Real-Time PCR System software was used to
calculate the relative expression ratio (ref.). The USP8 oligonucleo-
tides primer used were USP8_F (CACCCATTCAAATTGTCGAG) and
USP8_R (TCGATGGTCTCAATGTCGTT). Rp49 was used as endogenous
control and the oligonucleotides used were Rp49 F (ATCGGTTACG-
GATCGAACAA) and R (GACAATCTCCTTGCGCTTCT).

Drosophila stocks and procedures

Drosophila were raised under standard conditions at 25°C unless
differently stated on agar, cornmeal, yeast food. park? mutants
and UAS-Parkin have been described before (Greene et al, 2003).
PINK18® mutants (Park et al, 2006) were provided by Dr. ) Chung
(KAIST). w'"™® and Act-GAL4 strains were obtained from the
Bloomington Drosophila Stock Center. UAS-USP8 RNAi and UAS-
Marf RNAi lines were obtained from the VDRC Stock Center.
Usp8~/* and UAS-Usp8 (uspy) lines were kindly provided by S
Goto (Mukai et al, 2010).

Climbing assays

Climbing assays were performed as previously described (Greene et
al, 2003). For the climbing assay upon drug treatment, groups of 10
flies were collected and placed into an empty vial (12 x 5 cm) with a
line drawn at 6 cm from the bottom of the tube. The flies were gently
tapped to the bottom of the tube, and the number of flies that
successfully climbed above the 6-cm mark after 10 s was noted.
Fifteen separate and consecutive trials were performed for each
experiment, and the results were averaged. At least 40 flies were
tested for each genotype or condition. Data collection and analysis
were performed blind to the conditions of the experiments unless
otherwise indicated.

Isolation of mitochondria

Mitochondria were extracted from whole flies by differential cen-
trifugation. Each sample was homogenized using a Dounce
glass—glass potter and a loose-fitting pestle in a mannitol-sucrose
buffer (225 mM mannitol, 75 mM sucrose, 5 mM Hepes, and 0.1 mM
EGTA, pH 7.4) supplemented with 2% BSA. The samples were then
centrifuged at 1,500 g at 4°C for 6 min. The pellet was discarded by
filtering the sample through a fine mesh, and the supernatant was
centrifuged at 7,000 g at 4°C for 6 min. The resulting pellet was
resuspended in mannitol-sucrose buffer without BSA before being
centrifuged at 7,000 g under the same conditions as above and
resuspended in a small volume of mannitol-sucrose buffer. Protein
concentration was measured using the biuret test.

Mitochondrial respiration

Rates of mitochondrial respiration were measured using the
Oxytherm System (Hansatech) with magnetic stirring and ther-
mostatic control maintained at 25°C. Isolated Drosophila mito-
chondria (1 mg/ml) were incubated in 120 mM KCl, 5 mM P;-Tris,
3 mM Hepes, 1 mM EGTA, and 1 mM MgCl,, pH 7.2, and additions were
made as indicated in the figure legends. O, consumption was
calculated according to the slope of the registered graph and
plotted as ng atoms: O, x min™' x mg™". RCR (ADP-stimulated res-
piration over basal respiration) was calculated.
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Immunostaining of whole-mounted brains

Brains of 15-d-old male control or mutant flies were dissected in
ice-cold PBS and fixed in 4% PFA at room temperature for 20 min.
Samples were washed six times for 10 min with PBS + 0.3% Triton
X-100, permeabilized with PBS + 1% Triton X-100 for 10 min, and
blocked with PBS + 0.3% Triton X-100 containing 1% BSA overnight at
4°C. For immunostaining of DA neurons, rabbit anti-TH antibody
(Millipore) diluted 1:100 in PBS + 0.3% Triton X-100 containing 0.3%
BSA was added and incubated over three nights at 4°C. Brains were
washed and blocked again as described above, despite the blocking
this time being carried out at RT for 1 h. The immunoreaction was
revealed with Cy3-conjugated anti-rabbit 1gG (Jackson Immuno-
Research) at a working dilution of 1:500 in PBS + 0.3% Triton X-100
containing 0.3% BSA overnight at 4°C. After another six washing
steps, whole brains were mounted with Vectashield (Vector Lab-
oratories). Z-stack images were obtained by a Zeiss LSM700 con-
focal microscope.

Drug treatment

The specific USP8 inhibitor DUBs-IN-2 (ChemScene LLC) was ad-
ministered to flies in the food. DUBs-IN-2 (or DMSO) was diluted in
water to the desired concentration and used to reconstitute dry
Formula 4-24 Instant Drosophila Medium (Carolina Biological
Supply). 1-d-old male mutant or control flies in groups of 10 were
fed on the supplemented food for 48 h and subsequently climbing
assay was performed. In the case of DA neuron staining and
measurement of dopamine levels, mutant and control flies were
aged for 15 d on the supplemented food that was exchanged every 2
d adding fresh drug or vehicle. The use of non-harmful food col-
oring demonstrated food uptake and excluded the possibility that
smell or taste of the drug prevented the latter. Toxic concentrations
were excluded beforehand by performing dose-dependent viability
curves on control flies.

Drosophila head dopamine amount measurement (HPLC)
Drosophila heads of 15-d-old male flies were dissected out and
collected separately in 10 ul of ice-cold 0.2 N perchloric acid. The
tissue was homogenized by sonication for 15s and kept on ice for 20
min, then centrifuged at 12,000 g for 10 min, and the supernatant
was collected. The samples were further diluted and 5 ul was in-
jected into a HPLC system equipped with a rheodyne injector and a
guard cell, set to +350 mV (E; = +150 mV, E, = -350 mV, s: 2 nA). A Cig
ion-pair, reverse phase analytical column (4.6 x 250 mm; 5 ym
particle size; Agilent Technologies) was used for the separation of
biogenic amines with a flow rate of 0.8 ml/min. Composition of the
mobile phase was 75 mM sodium phosphate monobasic mono-
hydrate, 6% acetonitrile, 1.7 mM 1-octane sulfonic acid, and 25 uM
EDTA (pH 3 + 0.01). Dopamine values were determined by comparing
with the standard peak value.

Electron microscopy

Thoraces were prepared from 3-d-old adult flies and fixed over-
night in 2% paraformaldehyde and 25% gluteraldehyde. After
rinsing in 0.1 M cacodylate buffer with 1% tannic acid, the samples
were postfixed in 1:12% 0sQO, and 0.2 M cacodylate buffer for 1h. The
samples were rinsed, dehydrated in an ethanol series, and
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embedded using Epon. Ultrathin sections were examined using a
transmission electron microscope.

Life span analysis

Male flies of the indicated genotypes were collected during 12 h
after hatching and grouped into 20 flies per food vial. At least 100
flies were used for the analysis (exact numbers are indicated in the
figure legends). The flies were transferred to fresh food (and fresh
drug for the inhibitor treatment) every 2 d, and dead flies were
counted in the same interval.

Measurement of food uptake

Dry Formula 4-24 Instant Drosophila Medium (Carolina Biological
Supply) was reconstituted with a mix of water and food-coloring
patent blue V (E131) (1:1) previously supplemented with DMSO or the
desired DUBs-IN-2 concentration. Three groups of 10 male 1-3-d-
old w1118 flies were kept in the food vials for 48 h. Afterward, the
flies were weighed and homogenized in 20 volumes of PBS with an
electric potter. The homogenate was centrifuged for 10 min at
15.000 g and absorbance of the supernatant was measured at
640 nm.

BN PAGE

Pellets of mitochondria isolated from adult male flies of the in-
dicated genotypes were suspended at 10 mg x ml ™" in 1x native PAGE
sample buffer (Invitrogen) supplemented with protease inhibitor
mixture (Sigma-Aldrich), solubilized with 2% (wt/vol) digitonin and
immediately centrifuged at 100,000 g for 25 min at 4°C. The
supernatants were supplemented with native PAGE 5% G-250
sample additive (Invitrogen) and quickly loaded onto a blue native
polyacrylamide 3-12% gradient gel (Invitrogen). After electropho-
resis, the gels were fixed in 50% methanol + 10% acetic acid for 20
min at RT, stained in 0,025% Coomassie + 10% acetic acid overnight
at RT and destained with 10% acetic acid.

Sperm content and reproductive apparatus viability assay

The anatomy of male reproductive apparatus was analyzed on 10
males per group. To this aim, the reproductive apparatus was re-
moved, placed on a slide with few drops of Drosophila Ringer's
solution (182 mM KCl, 46 mM NaCl, 3 mM CaCl, 2H,0, and 10 mM
Tris—HCl, pH 7.2) and freshly examined under a light microscope. To
verify the presence of sperm inside the seminal vesicles, these were
then removed from the whole apparatus and gently punctured with
a needle to let the sperm pouring out. Five more intact apparatuses
per group were stained with a dead/alive cell viability kit (Molecular
Probes) that allows differentiation between live green cells, per-
meable to green SYBR 14 nucleic acid stain, and red dead cells,
permeable to propidium iodide nucleic acid stain, which penetrates
through compromised membranes.

Statistical analysis

Where multiple groups were compared, statistical significance was
calculated by one-way or two-way ANOVA with a post hoc Tukey or
Dunett correction. All statistical significance was calculated at P =
0.05, using GraphPad Prism 8. For all the analysis, the samples were
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collected and processed simultaneously and, therefore, no ran-
domization was appropriate (GraphPad Prism. ****P < 0.0001, ***P <
0.001, **P < 0.01, and *P < 0.05). Please refer to the enclosed
document for detailed statistical tests.

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
201900392.
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