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A B S T R A C T

The dysfunction of the proteasome-ubiquitin system is commonly reported in several neurodegenerative dis-
eases. Post mortem samples of brains of patients with Parkinson´s disease present cytoplasmic inclusions that are
rich in proteins such as ubiquitin, Tau, and α-synuclein. In Parkinson´s disease, a specific reduction of some of
the proteasome subunits has also been reported. However, the specific role of the different proteasome subunits
in dopaminergic neuron degeneration has not been thoroughly explored. In this work, we used the Gal4/UAS
system to test fourteen Drosophila melanogaster RNAi lines from the Bloomington Drosophila Stock Center. Each of
these lines targets a different proteasome subunit. To identify the strains that were able to induce neurode-
generation, we drove the expression of these lines to the eye and cataloged them as a function of the extent of
neurodegeneration that they induced. The targeted proteasomal subunits are conserved in mammals and
therefore may be relevant to study proteasome related diseases. The RNAi line among the regulatory subunits
with the most penetrant phenotype targeted the proteasomal subunit Rpt2 and we decided to further char-
acterize its phenotypes. Rpt2 knockdown in the Drosophila central nervous system reduced the activity of the
proteasome, augmented the amount of insoluble ubiquitinated protein, and elicited motor and non-motor
phenotypes that were similar to the ones found in Drosophila and other models for Parkinson’s disease. When
Rpt2 is silenced pan-neurally, third instar larvae have locomotion dysfunctions and die during pupation. Larval
lethality was avoided using the Gal80-Gal4 system to induce the expression of the Rpt2 RNAi to dopaminergic
neurons only after pupation. The reduction of Rpt2 in adult dopaminergic neurons causes reduced survival,
hyperactivity, neurodegeneration, and sleep loss; probably recapitulating some of the sleep disorders that
Parkinson’s disease patients have before the appearance of locomotion disorders.

1. Introduction

Parkinson´s disease (PD) is the second most common neurodegen-
erative disease, affecting 1% of the population over 65; it is char-
acterized by the loss of the dopaminergic neurons of the substantia nigra
pars compacta. 90 % of PD cases are sporadic and the risk increases with
age (Damier et al., 1999; Lang and Lozano, 1998; Moore et al., 2005).
Parkinson´s disease patients may have sleep disorders before presenting
motor problems (Ziemssen and Reichmann, 2007; Lee and Koh, 2015).
In classical Parkinson´s disease, intracellular cytoplasmic aggregates
known as Lewy bodies that contain highly ubiquitinated proteins are
found in the surviving neurons of the substantia nigra. The principal
component of these inclusions is ubiquitinated α-synuclein that maps to
the gene PARK1, the first gene to be unambiguously associated with
Parkinson´s disease (Forno, 1996; Polymeropoulos et al., 1997; Krüger

et al., 1998; Tofaris et al., 2003; Nonaka et al., 2005; Rott et al., 2014).
It has been discovered that mutations that affect the ubiquitin-protea-
some system (UPS) such as Parkin (a Ubiquitin E3 ligase) and UCHL1 (a
protein deubiquitinase) may also be the cause of familial Parkinson´s
disease (Kitada et al., 1998; Leroy et al., 1998).

Most intracellular protein degradation happens in the UPS. In the
canonical proteasome pathway, protein degradation is initiated when
the target protein is labeled by the addition of at least four ubiquitin
molecules. Ubiquitination is a highly evolutionarily conserved mole-
cular pathway that includes the ATP dependent activation of ubiquitin
by the ubiquitin-activating enzyme E1, one of several E2 enzymes or
ubiquitin-conjugating enzymes (UBCs) and one in hundreds of sub-
strate-specific ubiquitin-ligase enzymes or E3. However, experiments
where the endogenous ubiquitin is silenced and a lysine less ubiquitin
that prevents ubiquitin polymerization is expressed, have shown that
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there is an alternative pathway for monoubiquitinated protein de-
gradation that preferentially degrades smaller proteins (Glickman and
Ciechanover, 2002; Sorokin et al., 2010; Braten et al., 2016). The 26S
proteasome is a multiprotein complex that includes the 20S catalytic
core particle and the 19S regulatory particle. The 20S consist of four
heptameric rings comprised by 7 different alpha subunits and 7 dif-
ferent beta subunits in an α7β7β7α7 arrange. Three beta subunits have
proteolytic activity: β1 has caspase-like, β2 has trypsin-like and β5 has
chymotrypsin-like activity. The human and the fly 19S share 18 in-
dividual homologous proteins that are part of two different sub-com-
plexes. The base that binds both to the α-ring of the 20S and the lid; the
base consists of six subunits that are ATPases of the AAA-superfamily
(Rpt1−6) and four non-ATPases (Rpn1, Rpn2, Rpn10, and Rpn13). The
lid consists of eight different subunits that are not ATPases (Rpn3,
Rpn5−9, and Rpn11−12) (Sorokin et al., 2010). It has previously been
reported that some of the proteasomal subunits are reduced or affected
in post mortem samples of the substantia nigra of Parkinson´s patients,
where it has been demonstrated that there is a selective loss of 20S
proteasome α-subunits and a reduction in each of the three proteasomal
enzymatic activities, a reduction of the expression of SKP1A, a member
of the SCF (E3) ligase complex, in dopaminergic neurons of the sub-
stantia nigra in sporadic PD (McNaught et al., 2002; St. P. McNaught
et al., 2003; Grünblatt et al., 2004; Chu et al., 2009; Bukhatwa et al.,
2010). The physical interaction of the 26S proteasome with α-synuclein
or Parkin points to a relevant role of the proteasome in PD development
(Papaevgeniou and Chondrogianni, 2016). Drosophila melanogaster has
been extensively used to identify genetic and environmental factors
related to PD. Importantly, most human motor and non-motor pheno-
types are recapitulated in this model (Hernández-Vargas et al., 2011;
Yeh et al., 2011; Lessing and Bonini, 2009; Konsolaki, 2013; Ito et al.,
2017).

In this study, we screened the effect of the in vivo reduction of 14
proteasome subunits using RNA interference (RNAi). Specific silencing
of the Rpt2 subunit, also named Yhs4/Yta5 in yeast, S4 in mice, and
PSMC1/P56/S4 in humans (Im and Chul Chung (2016)). The expression
of an Rpt2-RNAi in the eye, strongly induced neurodegeneration in
comparison with the effect of the reduction of the other 13 RNAi lines
tested. To date, there is only one in vivo study where the Rpt2 subunit of
the 19S proteasome regulatory particle has been knocked out and re-
capitulates several of the neuronal and motor symptoms of PD (Bedford
et al., 2008). However, little behavioral analysis has been done in this
context. Our results show that in vivo Rpt2 silencing in dopaminergic
neurons of adult Drosophila, shortens their half-life, induces hyper-
activity, sleep reduction, and neurodegeneration in most dopaminergic
neuron clusters.

2. Experimental procedures

2.1. Drosophila culture, stocks and crosses

Fly stocks and crosses were raised on standard yeast medium at 25
°C. All UAS-RNAi lines used in this work were the third chromosome
and are available at Bloomington Drosophila stock center. In experi-
ments where proteasome subunits were silenced in the dopaminergic
neurons, experimental (Tubulin-Gal80ts /+; TH-Gal4/UAS-RNAi) and
control (Tubulin-Gal80ts /+; TH-Gal4/+) animals were produced and
reared using the following protocol: Tubulin-Gal80ts/Tubulin-Gal80ts;
TH-Gal4/ TH-Gal4; females were crossed at 25 °C with either UAS-
RNAi-Rpt2 or w1118 males. Parents were removed and progeny was
incubated at 18 °C until eclosion. One day old males were then trans-
ferred to a 28 °C incubator to allow RNAi expression and aged ac-
cordingly to the experimental design. In all cases, animals were trans-
ferred to fresh standard yeast medium every 3 days.

Transgenic lines were obtained from the Bloomington Drosophila
stock center: P{Gal4-ninaE.GMR} (#1104), P{Gal4-elav.L} (#8760), P
{TH-Gal4} (#8848), P{tubP-GAL80ts} (#7019), Rpt2-RNAi (#34,795),

RNAi-Rpt3 (#34,917), RNAi-Rpt5 (#53,886), RNAi-α3 (#55,217),
RNAi-α4 (#36,063), RNAi-α5 (#34,786), RNAi-α7 (#33,660), RNAi-β1
(#34,824), RNAi-β5 (#34,810), RNAi-β6 (#34,801), RNAi-Rpn1
(#34,824), RNAi-Rpn7 (#34,787), RNAi-Rpn8 (#31,567),RNAi-Rpn10
(#34,566).

2.2. Western blot analysis

For SDS PAGE, total protein from 30 Drosophila heads were ex-
tracted in lysis buffer (250 mM sucrose, 50 mM Tris−HCl pH 7.5, 5 mM
EDTA, 25 mM KCl, 5 mM MgCl2, 100 mM PMSF and 1% SDS supple-
mented with 1X cOmpletetm Roche laboratories). 60 μg of the total
extract was subjected to 12 % SDS-PAGE in a Bio-Rad MiniPROTEAN®
Tetra Cell System. Protein was then transferred to nitrocellulose (Bio-
Rad) in a Mighty Small Transphor (Amersham Pharmacia Biotech) at
300 mA for 4 h in transfer buffer (25 mM Tris, 192 mM Glycine, 20 %
(v/v), methanol, pH = 8.3).

Native PAGE western blots were performed according to (Szlanka
et al., 2003). Briefly: total protein from 30 Drosophila heads were ex-
tracted native homogenization buffer (20 mM Tris−HCl pH 7.5, 100
mM NaCl, 5 mM MgCl2, 1 mM ATP, 1 mM DTT, 250 mM Sucrose).
Continuous 4 % poly-Acrylamide native gels (37.5:1) were prepared
with 1 X TBE supplemented with 5 mM MgCl2, 1 mM ATP and 1 mM
DTT. Protein was then transferred to a PVDF membrane(Bio-Rad) in a
Mighty Small Transphor (Amersham Pharmacia Biotech) at 300 mA for
4 h in transfer buffer (25 mM Tris, 192 mM Glycine, 20 % (v/v), me-
thanol, pH = 8.3).

Protein was quantified using Bradford Quick Start protein assay
(Bio-Rad) according to the manufacturer’s protocol.

Membranes were blocked overnight with PBST (PBS, 0.1 % Tween-
20) supplemented with 20 % instant non-fat milk (Carnation). Blots
were then incubated for 2 h at room temperature in 1:2,000 anti-Rpt2
(Abcam 21,882) or 1:1,000 anti-Ubiquitin (Santa Cruz technologies Ub
Antibody (P4D1), sc-8017) or 1:10,000 Anti-Proteasome alpha + beta
antibody (Abcam 22,673) in PBST with 5% milk, washed 3 times in
PBST 5% milk and then incubated for two hours at room temperature in
1:3000 HRP anti-mouse (Jackson Immuno Research) and washed an-
other 3 times in PBST. Signal was detected using Kodak® BioMax® MS
film and the Supersignal West Pico Chemiluminescent Kit (Thermo
Scientific) accordingly to manufacturer’s instructions. Membranes were
then stripped at 55 °C in 62 mM TRIS−HCL, pH = 6.8, 2% SDS and 0.1
M β-mercaptoethanol, and developed again using the procedure de-
scribed above with 1: 3000 anti-actin (Developmental Hybridoma
Bank). Densitometry was performed using the Gel Quantification utility
of the FIJI application (ImageJ, U. S. National Institutes of Health,
Bethesda, Maryland, USA, https://imagej.nih.gov/ij/).

2.3. Analysis of insoluble ubiquitinated protein by western blot analysis

Western blot analysis of insoluble ubiquitinated proteins was done
according to (Zhou et al., 2015). Briefly: Drosophila heads were
homogenized in homogenization buffer (25 mM Tris−HCl, pH 7.4, 150
mM NaCl, 0.1 % (w/v) SDS) containing phenylmethylsulfonyl fluoride
and protease inhibitors (Roche Applied Science) and incubated on ice
for 30 min. The homogenized tissue was then sonicated and then cen-
trifuged at 13 200 rpm for 30 min to obtain the soluble (supernatant)
and insoluble (pellet) fractions. The pellet was solubilized using 30 μL
of 4 X SDS BIO-RAD Laemmli sample buffer (Bio-Rad 161−0737,) at 4
°C overnight with continuous shaking, boiled for 5 min and loaded for
gel electrophoresis, SDS-PAGE and western blot analysis.

2.4. qRT-PCR analysis

Quantitative Real-Time PCR was performed using SYBR™ Green
following the manufacturer's instructions. Total RNA was extracted
from Drosophila heads using TRizol™ Reagent. 1 μg of RNA was
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converted to cDNA using Reverse Transcriptase. Quantization of cncC
transcripts was done using the primers and conditions reported by
(Tsakiri et al., 2013). rp49 was used as an internal control of gene ex-
pression. Double delta ct were obtained and compared between groups.

2.5. Compound eye image acquisition

Eye images from flies anesthetized with CO2 were captured with a
Zeiss Stemi 2000 stereoscopic microscope with an industrial 5.1 M P
digital camera.

2.6. Larval locomotion assays

Individual third instar larvae were deposited in the center of a 14
cm petri dish with a layer of 2% agarose over a 2 mm printed grid with
a black background. Larval locomotion was video recorded for one
minute and the number of lines crossed by each larva was quantified
and expressed in mm/min. For each genotype, 40 individuals were
assayed. Significance was tested using ordinary one-way ANOVA with
Tukey’s correction for multiple comparisons

2.7. Life expectancy and survival assays

Twenty food vials with 20 males of each genotype were placed at
the beginning of the experiment. Animals were transferred to fresh vials
every 3 days and the number of dead, trapped, and escaped individuals
was registered. Differences between survival curves were analyzed
using the Log-rank test (Mantel-Cox) and plotted with GraphPad Prism
6.0.

2.8. Negative geotaxis

Negative geotaxis was assayed essentially as reported by Ali (Ali
et al., 2011). Briefly, 10 males of the same age range and genotype were
anesthetized with CO2 and deposited in a polystyrene vial with an 8 cm
mark from the bottom and were allowed to recover for one hour. Once
recovered, flies were thrown to the bottom of the vial with 3 gentle taps
and the number of individuals that were able to climb over the 8 cm
mark within 10 s was recorded. Animals were allowed to rest for 1 min
and the assay was repeated 10 times with the same population. In all
cases, N ≥ 50 individuals all assays were performed between 9 a.m.
and noon. Significance was tested using a two-sided unpaired t-test.

2.9. Spontaneous activity and sleep quantification

The Drosophila activity monitor “TriKinetics” was used accordingly to
Pfeiffenberger (Pfeiffenberger et al., 2010). For each analysis period, 32
males were individually introduced in the TriKinetics polycarbonate
tubes that had food on one side and were plugged with cotton on the
other. Measurements were performed at 28 °C in a light and dark cycle
of 12 h each. Animals were kept in the TriKinetics for a maximum of six
days. The first 24 four hours were used to allow the flies to adapt to the
environment and the 12 h light/dark cycles, activity data of the adap-
tation period was not used in the analysis. The activity was registered
every minute using the “DAMSystem3Data” software. For spontaneous
activity analysis, data for 30 min periods were analyzed and plotted. In
Drosophila, sleep/rest is defined as periods of 5 min of inactivity, data
from the monitor was analyzed and periods of 5 min or more of in-
activity were quantified (Chiu et al., 2010). Actograms were plotted
using GraphPad Prism 6.0. Significance between two populations was
tested using a two-sided unpaired t-test.

2.10. Brain dissection and immuno-fluorescence

Brains were dissected in PBS, fixed with 4% paraformaldehyde in
PBS for 15 min and washed 3 times for 15 min with PBS supplemented

with 0.2 % Triton X-100 (PBST). Brains were blocked with 4% goat
serum in PBST for 30 min and incubated overnight at 4 °C with anti-TH
(Immuno Star 22,941) 1:1000 in PBST supplemented with 4% goat
serum. After incubation, brains were washed 3 times for 15 min in PBST
and incubated with goat anti-mouse Cy3 1:1000 in 4% goat serum PBST
at 4 °C overnight. Washed 3 times for 15 min in PBST and mounted in
Citifluor (Ted Pella Inc. Redding Ca). Brains were imaged in the
Laboratory of Advanced Microscopy of the Instituto de Biotecnología
(UNAM) with an inverted Olympus FV1000 confocal microscope using
a 20X objective.

2.11. Brain dopaminergic neuronal cluster quantification

Confocal stacks were manually analyzed frame by frame using
Image J. The number of neurons in each cluster was quantified and
clusters were classified accordingly to White (White et al., 2010). In all
phenotypes N = 12 brain hemispheres. Each cluster of the corre-
sponding genotype age and treatment was compared with its corre-
sponding controls for significance using a two sided unpaired t-test.

2.12. Statistical analysis

Statistical analysis was made using GraphPad Prism 6.0. All quan-
tifications were comparisons of two different genotypes (experimental
and controls) t Student test was used to compare means. In all loco-
motion parameters (speed, geotaxis, spontaneous activity, sleep time)
and neuron number quantifications, significance was reported when p
≤ 0.05 with a confidence interval of 95 %. Significance is coded as
follows p: * ≤ 0.05; ** ≤ 0.01; *** ≤ 0.001 and **** ≤ 0.0001.

3. Results

3.1. Systematic knockdown of proteasome subunits with RNAi identified
Rpt2 as a strong inducer of eye degeneration

The Drosophila compound eye is an excellent model for the study of
neurodegeneration (Rincon-Limas et al. (2012)). We took a systematic
approach to characterize the effect of knocking-down the different
proteasome subunits. Using the eye-specific ninaE.GMR-Gal4 driver, we
tested the effect of the expression of 14 RNAis against proteasome
subunits in this tissue. Ten out of the fourteen RNAis tested had dif-
ferent neurodegeneration expressivity that ranged from depigmentation
to necrosis (sup Fig. 1). Out of the fourteen subunits tested, three were
ATPases (Rpt2, Rpt3, and Rpt5). The induction of the RNAi-Rpt3 line
with the ninaE.GMR-Gal4 had no evident phenotype; ninaE.GMR-Gal4
induction of the RNAi-Rpt5 caused slight depigmentation while the eye
expression of the RNAi-Rpt2 had the most extreme phenotype showing
depigmentation and necrosis, for this reason, we decided to further
characterize its effect in neurodegeneration (Figure 1).

3.2. RNAi-Rpt2 is sufficient to significantly reduce the Rpt2 protein level

To demonstrate that the RNAi-Rpt2 can abate Rpt2 protein levels,
we expressed it pan-neurally using an Elav-Gal4 driver repressed by a
ubiquitous expressed thermosensitive Gal80 (tubulin-Gal80ts). In this
genotype (tubulin-Gal80ts/Elav-Gal4>UAS-RNAi-Rpt2), RNAi expres-
sion is repressed while the flies are kept at 18 °C, transferring them to
28 °C de-represses RNAi-Rpt2 and its expression becomes pan-neural.
After induction of RNAi-Rpt2 expression for 48 h, Rpt2 protein levels
became significantly reduced (t(6) = 8.01, p ≤ 0.0002) (Fig. 2 panel
A). Native PAGE analysis shows that even though there is a slight
tendency towards a reduction, the 26S/20S ratio does not change when
both types of proteasome are simultaneously detected with an anti-α
+β antibody when Rpt2 is knocked down (Fig. 2 panel B). Native page
analysis showed that the independent detection of the 26S using an
anti-Rpt2 antibody and the 20S using an anti-α+β antibody in native
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conditions there is an increase in the 26S proteasome (t(6) = 3.17, p ≤
0.02) when Rpt2 is knocked down. While there is no apparent increase
in the 20S proteasome (t(4) = 0.74, p ≤ 0.5) (Fig. 2 panel C). The
reduction of Rpt2 significantly increased (t(4) = 9.84, p ≤ 0.0006) the
amount of high molecular weight ubiquitinated proteins (Fig. 2 panel
D). To further investigate if a reduction in Rpt2 compromises protea-
some activity we analyzed if there is a change in the ratio of soluble and
insoluble ubiquitinated proteins in fly head extracts when Rpt2 is pan-
neuronally knocked down. A significant increase of ubiquitinated pro-
teins was detected in the Rpt2 knocked down in the insoluble fraction (t
(6) = 2.27, p = 0.0025), while the soluble fraction remained equal (t
(6) = 0.54, p = 0.8330) (Fig. 2 panel E, F and G). These data are
consistent with proteasome impairment and defective assembly or in-
activation.

3.3. Larval spontaneous locomotion is impaired when Rpt2 is knocked-
down

Motor dysfunction is one of the most characteristic symptoms of PD.
The control lines Elav-GAL4 or the UAS-RNAi had no significant dif-
ferences between them in larval speed (F(2, 117) = 3.3, p ≤ 0.06). The
expression of RNAi-Rpt2 in the whole larval nervous system caused a
significant reduction in larval speed when compared to both the Elav-
Gal4 line (F(2, 117) = 11.93, p ≤ 0.0001) and the UAS-RNAi line (F(2,
117) = 15.25, p ≤ 0.0001) (Fig. 3 panel A) suggesting neuronal da-
mage that eventually causes death before pupation. This larval loco-
motion defect was also reproduced when other proteasomes subunits
were independently downregulated (sup Fig. 1).

Fig. 1. Different phenotypes induced by the knockdown of three ATPases subunits of the 19S proteasome regulatory particle. In all cases eyes are from flies one day
after eclosion. A) Control only expressing Gal4 under the ninaE.GMR driver, no degeneration, or depigmentation can be observed. B) RNAi-Rpt3 expression in the eye
has no obvious phenotype. C) RNAi-Rpt5 expression in the eye has slight depigmentation and a rough eye phenotype. D) RNAi-Rpt2 in the eye induces strong
depigmentation rough eye phenotype and an area of necrotic tissue.
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3.4. Adults with reduced Rpt2 in the dopaminergic neurons have severely
reduced survival and hyperactive induced motor activity

RNAi-Rpt2 specifically expressed in the dopaminergic neurons with
a tyrosine hydroxylase driver (TH-Gal4) had a first instar larval lethal
phenotype. It has been reported that loss of tyrosine hydroxylase is
lethal during early development because it is crucial for cuticle ma-
turation (Friggi-Grelin et al., 2003a, 2003b). The reduction of Rpt2
during development probably impairs cuticle tyrosine-hydroxylase ex-
pressing cells thus explaining the larval lethal phenotype. To overcome
the cuticle phenotype, expression of the RNAi-Rpt2 was temporally
regulated using the ubiquitous expression of thermosensitive Gal80.
One day after eclosion, experimental (tubulin-Gal80ts/TH-Gal4>UAS-
RNAi-Rpt2) and control (tubulin-Gal80ts/+; TH-Gal4/+) adult flies
reared at 18 °C were transferred to 28 °C for the remainder of their lives.
Importantly, the individuals with the reduced expression of Rpt2 in the

dopaminergic neurons have a significantly shortened half-life when
compared to controls (18 vs 27 days respectively, χ2(1), N = 318 =
189.4, p ≤ 0.0001) (Fig. 3 panel B). In flies, as in most animals, motor
activity naturally declines during aging. To evaluate the induced motor
activity, climbing assays were performed at three different ages, we
found that at 2 days after eclosion, the flies expressing the RNAi ap-
parently climbed more, although not in a statistically significant
manner (t(16) = 2.02, p ≤ 0.06), this trend did not change during
aging (8 days, t(13) = 1.8, p ≤ 0.1 and 16 days post-eclosion, t(9) =
0.42, p ≤ 0.7)(Figure 3 panel C). As expected, age caused a decline in
climbing ability which is represented by the curve slope, experimental
animals had a more negative slope than control lines, suggesting a
faster motor decline, however, it was not significantly different from
controls (t(42) = 0.89, p ≤ 0.4). The basal climbing ability is re-
presented by the point of interception of the regressions with the Y-axis.
Rpt2 knockdown flies had a basal climbing ability significantly higher

Fig. 2. Rpt2 reduction and proteasome dysfunction in Rpt2 Knockdown flies. A) Western blot of an SDS-PAGE showing that the expression of RNAi-Rpt2 in the adult
nervous system reduces total Rpt2 protein levels. The bar graph shows densitometric quantitation of Rpt2 expression (Unpaired t-test, n = 4 independent biological
replicates). B) Western blot of a native-PAGE of the 26S and 20S proteasome detected with an anti-α+β antibody under this detection conditions no significant
differences between the 26S/20S ratio can be observed (Unpaired t-test, n = 4 independent biological replicates). C) Independent detection of the 26S using an anti-
Rpt2 antibody and the 20S using an anti-α+β antibody in native conditions shows an increase in the 26S proteasome when Rpt2 is knocked down. There is no
apparent increase in the 20S proteasome. D) Western blot of an SDS-PAGE showing that the expression of RNAi-Rpt2 in the adult nervous system augments the
amount of higher molecular weight ubiquitinated proteins. The bar graph shows densitometric quantitation of high molecular weight ubiquitinated protein
(Unpaired t-test, n = 3 independent biological replicates, *** = p ≤ 0.001). Bar graph = mean with SEM (* = p ≤ 0.05, *** = p ≤ 0.001). E) Western blot of an
SDS-PAGE showing that the expression of RNAi-Rpt2 in the adult nervous system augments the amount of insoluble ubiquitinated proteins. F) Densitometric
quantitation demonstrating that the amount of soluble ubiquitinated protein does not change when the RNAi-Rpt2 is expressed. G) Densitometric quantitation
demonstrating that the ratio of insoluble/soluble ubiquitinated protein significantly changes when the RNAi-Rpt2 is expressed (Unpaired t-test, n = 3 independent
biological replicates, ** = p ≤ 0.01).

I. Fernández-Cruz, et al. IBRO Reports 9 (2020) 65–77

69



than controls (t(42) = 2.07, p ≤ 0.045) (Fig. 3 panel D).

3.5. Rpt2 reduction in dopaminergic neurons induces spontaneous
hyperactivity

Dopamine is known to be important for the initiation and modula-
tion of spontaneous activity (White et al., 2010). Spontaneous activity
of Rpt2 knocked-down flies was measured using an activity monitor
system (TriKinetics). Experimental flies and their respective controls
were allowed to mature for 24 h after eclosion at 28 °C. Then trans-
ferred to the Trikinetics instrument (n = 32) that was kept in an in-
cubator at 28 °C that had a 12 h light/dark cycle. The flies were allowed
to adapt for 24 h and their activity was measured for the next 3 days
(3–5 days after eclosion). A second and a third cohort was implemented
respectively on day 8 (8–10 days after eclosion) and at day 15 (15–17
days after eclosion) and their activity was also monitored for 3 days
after an adjustment period of 24 h. Actograms of total crosses every 30
min can be observed in Fig. 4 panels A-C. Interestingly, Rpt2 knocked-
down flies’ activity was similar to the control for days 3 and 4 (t(51) =
1.72, p ≤ 0.091), but in day 5 they became significantly hyperactive (t
(50) = 8.66, p ≤ 0.0001) (Fig. 4 panel D). Hyperactivity remained for
the rest of the period studied (days 8–10, t(55) = 3.11, p ≤ 0.003 and
for days 15–17, t(57) = 3.63, p ≤ 0.0006) (Figure 4 panel G and J).
When the light (Figure 4 panels E, H and K) and dark (Figure 4 pa-
nels F, I and L) periods were analyzed separately, hyperactivity was
most significant during the light period (days 3–4, t(50) = 0.81, p ≤
0.42; day 5, t(50) = 8.62, p ≤ 0.0001; days 8–10, t(54) = 5.15, p ≤
0.0001 and for days 15–17, t(57) = 5.27, p ≤ 0.0001); Significant
hyperactivity during the dark period was also observed in day 5 and
days 15–17 (days 3–4, t(50) = 2.41, p ≤ 0.02; day 5, t(50) = 2.35, p
≤ 0.02; days 8–10, t(54) = 1.43, p≤ 0.16 and for days 15–17, t(57) =
5.27, p ≤ 0.001).

Knockdown of the Rpt2 proteasome subunit induces sleep reduc-
tion.

Sleep disorders are a common non-motor symptoms in Parkinson´s
disease (Comella, 2007). Several research groups have found that in
Drosophila, homologous mutations in genes associated with PD such as:
LRRK2 (Sun et al., 2016), parkin (Julienne et al., 2017) and PINK1
(Julienne et al., 2017) and expression of human α-synuclein (Gajula
Balija et al., 2011) also induce sleep disorders. In Drosophila, sleep is
defined as any 5 min period without spontaneous activity (Chiu et al.,
2010). Actograms (Fig. 5 panels A-C) show how many minutes of sleep
time are accumulated in our experimental and control strains at any
given 30 min period. A reduction of Rpt2 in dopaminergic neurons
induces a reduced sleep cycle in the light/dark period in five day old
flies and in 15–17 day old flies (days 3–4, t(52) = 1.04, p ≤ 0.3; day 5,
t(52) = 7.50, p ≤ 0.0001; days 8–10, t(54) = 0.67, p ≤ 0.51; days
15–17, t(57) = 3.63, p ≤ 0.0006) (Fig. 5 panels D, G and J). Inter-
estingly, the sleep alteration also begins by the 5th day after eclosion
and most of this reduction occurs during the light cycle (days 3–4, t(52)
= 1.99, p ≤ 0.052; day 5, t(52) = 10.28, p ≤ 0.0001; days 8–10, t(54)
= 2.91, p ≤ 0.005 and for days 15–17, t(57) = 3.18, p ≤ 0.002)
(Fig. 5 panels E, H and K). During the dark period, most of sleep re-
duction can only be observed in aged flies (> 15 days) (days 3–4, t(52)
= 2.60, p ≤ 0.01; day 5, t(52) = 1.93, p ≤ 0.06; days 8–10, t(54) =
0.97, p ≤ 0.34 and for days 15–17, t(57) = 3.24, p ≤ 0.002) (Fig. 5
panels F, I and L).

3.6. The reduction of the Rpt2 subunit in dopaminergic neurons induces
neurodegeneration in specific dopaminergic clusters

As mentioned above, a reduction of the Rpt2 subunit in the dopa-
minergic neurons induces hyperactivity and sleep disorders. To char-
acterize at the cellular level the effect of Rpt2 reduction, whole-mount
anti-TH immunofluorescence experiments were performed in young
and aged Drosophila adult brains (Fig. 6). The Drosophila brain has 8
different clusters of dopaminergic neurons, the ones that are best
characterized and whose number of neurons are most reproducible are

Fig. 3. Locomotion ability and survival are
affected in Rpt2 Knockdown flies. A) Larval
speed locomotion is severely affected when
Rpt2 is knocked-down, n = 40. Significance
was tested using ordinary one way ANOVA
using Tukey’s correction for multiple compar-
isons. Bar graph = mean with SEM B) Survival
curves for control (Tub-Gal80ts/+;TH-Gal4/
+, black symbols) and experimental (Tub-
Gal80ts/+;TH-Gal4/UAS-RNAi-Rpt2, red sym-
bols) flies. Animals that expressed the RNAi-
Rpt2 after eclosion had a median half-life of 18
days while controls had a median half-life of
27 days, n = 160. Significance was tested
using the Log-rank (Mantel-Cox) test. C)
Negative geotaxis (climbing ability), experi-
mental (red symbols) and control flies (black
symbols) do not present a significant difference
in climbing ability, n≥ 50 divided in groups of
ten flies per trial, significance was tested with
the unpaired t-test for each age. Bar graph =
mean with SEM. D) Linear regression analysis
of negative geotaxis. Climbing ability reduc-
tion represented by the regression was not
significant although slope was more negative
in experimental animals (red line). However,
in experimental animals Y interception of best
fit values at X = 0 is significantly different
from the control´s (Yexp=-3.792*X+91.93 vs
Ycont=-2.979*X+73.99), n ≥ 50, p = 0.045
suggesting hyperactivity. Significance was
tested using unpaired t-test analysis. (**** = P
≤ 0.0001).
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PAL, PPL1, PPL2, PPM1/2, PPM3 (Mao and Davis, 2009; White et al.,
2010; and this work). We counted neurons of each of the mentioned
clusters in brains from flies 2 and 16 days old. As expected, when RNAi-
Rpt2 is expressed under the control of TH-Gal4, three of these dopa-
minergic clusters have higher neurodegeneration in 16 day old ex-
perimental flies compared to aged paired controls (PPL1 cluster, t(22)
= 3.27, p ≤ 0.004 ; for PPL2 cluster, t(18) = 2.98, p ≤ 0.008 and the

PPM3 cluster t(21) = 4.22, p ≤ 0.0004). The dopaminergic clusters
that did not show augmented degeneration were the PAL and PPM1/2
clusters (PAL cluster, t(22) = 0.75, p ≤ 0.46 and the PPM1/2 cluster t
(21) = 1.55, p ≤ 0.14).

Fig. 4. Spontaneous locomotor activity of Rpt2 knockdown flies. Actograms are shown on top of each column; quantization of the corresponding actograms and
periods are shown in the lower panels. Panels A, B and C show actograms for days 3 to 5, 8 to 10, and 15 to 17 respectively. Hyperactivity in RNAi-Rpt2
(experimental) flies (red) begins to show only after the fifth day of aging. In every 3 day shown, experimental animals (red) accumulated significantly more activity
than controls (black). D) Comparison of accumulated activity during the light and dark periods for days 3 and 4 was not significantly different between the control
and RNAi-Rpt2, but at day 5 RNAi-Rpt2 group showed an increase in activity that is statistically different. Panels E (light period) and F (dark period) show
accumulated activity for days 3 to 5, hyperactivity in RNAi-Rpt2 (experimental) flies (red) begins to show only after the fourth day of aging. G) Accumulated activity
for days 8 to 10 quantified during the light and dark periods. Increased activity in RNAi-Rpt2 flies is significantly different from controls. Panels H (light period) and I
(dark period) show accumulated activity for days 8 to 10; RNAi-Rpt2 flies have more accumulated activity than controls only in the light period. J) Accumulated
activity for days 15 to 17 quantified during the light and dark periods. RNAi-Rpt2 flies have more accumulated activity than controls. Panels K (light period) and L
(dark period) show accumulated activity for days 15 to 17 quantified during the light and dark periods respectively; in both periods RNAi-Rpt2 has more accumulated
activity that is significantly different than controls. Significance was tested for each independent period using unpaired t-test, n≥ 23, Bar graph =mean with SEM (*
= P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001, **** = P ≤ 0.0001).
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4. Discussion

Independent evidence from several authors suggests that compo-
nents of the UPS are involved in most neurodegenerative diseases (Im
and Chul Chung (2016)). In PD there is post mortem data from sporadic
patients that shows that expression of the 26S proteasome subunits is

reduced (St. P. McNaught et al., 2003; Grünblatt et al., 2004); despite
this knowledge, little effort has been made to characterize if the re-
duction of regulatory proteasome subunits is enough to cause PD
symptoms. In this work, we characterized the Parkinson’s disease-like
phenotypes caused by a diminished amount of the Rpt2 proteasome
subunit. The expression of the RNAi against the Rpt2 subunit in the

Fig. 5. Sleep behavior of Rpt2 knockdown flies. Actograms are shown on top of each column; quantization of the corresponding actograms and periods are shown in
the lower panels. Panels A, B, and C show overall accumulated sleep-time during light and dark periods for days 3 to 5, 8 to 10, and 15 to 17 respectively. Sleep-time
in RNAi-Rpt2 (experimental) flies (red) is reduced only after the fourth day of aging. In every 3 day period shown, RNAi-Rpt2 animals (red) accumulated significantly
less sleep-time than controls (black). D) Comparison of accumulated sleep-time during the light and dark periods for days 3 and 4, and day 5 (black control, red RNAi-
Rpt2 experimental) show that at day 5, RNAi-Rpt2 flies have significantly reduced sleep-time accumulation compared to controls. Panels E (light period) and F (dark
period) show accumulated sleep-time for days 3 to 5, a significant sleep-time decrease in RNAi-Rpt2 flies (red) can only be observed after the fourth day of aging and
only in the light period. G) Accumulated sleep-time for days 8 to 10 quantified during the light and dark period. No significant differences were found in this period in
accumulated sleep-time between RNAi-Rpt2 and control. Panels H (light period) and I (dark period) show accumulated sleep-time for days 8 to 10. A significant
decrease in sleep-time accumulation was observed only during the light period in RNAi-Rpt2 animals. J) Accumulated sleep-time for days 15 to 17 quantified during
the light and dark period showed a significant decrease in sleep-time in RNAi-Rpt2 flies. Panels K (light period) and L (dark period) show accumulated sleep-time for
days 15 to 17. In both periods RNAi-Rpt2 flies had a significant decrease in sleep-time accumulation. Significance was tested for each independent period using
unpaired t-test, n ≥23, Bar graph = mean with SEM (* = P<0.05, ** = P<0.01, *** = P<0.001, **** = P<0.0001).
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Fig. 6. Neuronal degeneration induced by the Rpt2 knockdown in dopaminergic neurons. Panels A (2 days after eclosion) and B (16 days after eclosion) show
representative anti-TH immunofluorescence maximum intensity z-projections of confocal images of control adult Drosophila brains. Panels C (2 days after eclosion)
and D (16 days after eclosion) show representative anti-TH immunofluorescence maximum intensity z-projections of confocal images of experimental (Rpt2
knockdown) Drosophila brains. Panels E and F show quantization of the different dopaminergic neuron clusters revealed by anti-TH immunofluorescence.
Dopaminergic neuron degeneration can be observed in all clusters but PAL and PPM1/2. Dopaminergic neurons were quantified from each hemisphere in-
dependently. n = 12 hemispheres, * = P<0.05, ** = P<0.01, *** = P<0.001, **** = P<0.0001, Bar graph = mean with SEM. Significance was tested using
unpaired t-test. Inlay between confocal images is a map of the stereotypical dopaminergic neuron clusters (modified from Kasture et al., 2018).
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Drosophila eye causes strong neurodegeneration in comparison with the
induction of the expression RNAis against Rpt3 or Rpt5. Therefore we
decided to further characterize RNAi-Rpt2 line. When Rpt2 is knocked-
down in the dopaminergic neurons after pupation, it generates hyper-
activity, sleep disorders, a reduction in survival, and dopaminergic
neuron loss.

Rpt2, Rpt3, and Rpt5 are part of the 19S proteasome. Rpt2 and Rpt5
are the subunits that activate the proteasome to induce protein de-
gradation by the interaction of their C-termini with the N-termini of the
α subunits of the 20S proteasome and by inducing the opening of the
proteasome pore (Smith et al., 2007). Cell culture experiments with
knocked-out Rpt5 found that loss of this subunit induced protein in-
clusions but not cell dead (Droggiti et al., 2011). Rpt2 knock-out mice
have extensive neurodegeneration and Lewy-like inclusion bodies
(Bedford et al., 2008). It is known that this subunit is important for the
26S proteasome assembly. Variations of the Rpt3 gene are associated
with PD, and some Parkinson´s disease patients have reduced Rpt3
transcript levels (Kumar et al. (2010); Wahl et al., 2008; Molochnikov
et al., 2012). In a post mortem brain study of patients with schizophrenia
a significant reduction of all 19S regulatory Rpt subunits was found, but
not in any of the subunits of the catalytic 20S proteasome, suggesting
that a variety of abnormal brain functions are related with a decrease in
regulatory proteasome subunits (Scott and Meador-Woodruf (2019)).
Our results show that the knockdown of the triple-A ATPase Rpt2 has a
strong neurodegenerative phenotype in the eye. This phenotype is
probably caused by hypoactivation of the proteasome that leads to a
toxic accumulation of ubiquitinated proteins.

Third instar larvae with pan-neural reduction of the Rpt2 subunit
using an Elav-Gal4 driver were less motile than controls. Similar results
were obtained in larvae that express either wt or mutant A53 T α-sy-
nuclein pan-neurally (Varga et al., 2014). In adults, we show that the
expression of RNAi-Rpt2 in the permissive conditions reduces the ab-
solute amount of Rpt2 in the brain. Native gel electrophoresis and
western blot analysis using an anti-α+β antibody that simultaneously
detects the 26S and 20S proteasomes shows that their ratio (26S/20S)
does not change significantly. The independent detection of the 26S
using an anti-Rpt2 antibody and the 20S using an anti-α+β antibody
showed that there is a relative increase in the 26S that contains Rpt2
when Rpt2 is knocked down; while there is no apparent increase in the
amount of the 20S proteasome. These results correlate with an increase
of insoluble and high molecular weight ubiquitinated proteins sug-
gesting proteasome dysfunction. The knockdown of Rpt2 likely causes
an alteration of proteasome assembly by changing subunit stoichio-
metry thus leading to an increase in the amount of defective protea-
somes (Fig. 2). A similar phenomenon has already been described in
Drosophila when Rpn10 is depleted. In the Rpn10 depletion experi-
ments, an increase in 26S and 20S was observed as a consequence of a
feedback circuit (Szlanka et al., 2003). In mammals, when the protea-
some is inhibited, the proteasome upregulation elements NRF1 and
NRF2 become activated thus inducing overexpression of the protea-
some subunits (Rousseau and Bertolotti, 2018). It has been shown that
in some conditions loss of proteasome activity in Drosophila somatic
tissues and gonads also induce upregulation of the proteasome subunits
through the Nrf2 stress response element (Tsakiri et al., 2013). We did
explore the possibility that this pathway is also activated with reduced
levels of Rpt2 but we were unable to find any evidence of induction or
reduction of the Drosophila Nrf2 orthologue (cnc/Nrf2) in these condi-
tions (Sup Fig. 2). The increased expression of the 26S proteasome
containing Rpt2 does not implicate its correct assembly, conversely, the
lack of Rpt2 may favor the accumulation of defective 26S particles as
our data and as Szlanka’s suggests (Szlanka et al., 2003). The resulting
sustained induction of proteasome subunits and defective assembly may
be energetically costly to the cell thus causing constant stress that could
lead to neuronal malfunction and death (Rousseau and Bertolotti,
2018). It could also be of interest to characterize if the reduction of
Rpt2 affects differentially any of the three proteasome protease

activities as it has been shown that they have differential sensitivities to
different chemical challenges (Zhou and Lim, 2009). This would allow
us to monitor the exact proteasome functions affected under Rpt2 knock
down, however, at this moment this is beyond the scope of this work.

To specifically study the effect of Rpt2 reduction in adult dopami-
nergic neurons, Rpt2-RNAi was expressed using the tyrosine hydro-
xylase Gal4 driver (TH-Gal4) controlled with the thermosensitive Gal4
repressor, Gal80ts. Adults with a reduced amount of Rpt2 in the dopa-
minergic neurons have a very significant reduction of their half-life (18
days vs 27 days in controls). Importantly, a similar effect has been
found using the same TH-Gal4 driver to reduce Parkin expression using
an RNAi against Parkin or by overexpression of human α-synuclein in
adults (Srivastav et al., 2015; Hernández-Vargas et al., 2011). Unlike
the other phenotypes measured in this work, negative geotaxis decays
similarly both in the experimental and control lines; however, it has
been reported that induced locomotion is mostly controlled by the PAM
dopaminergic cluster which incidentally, is where the expression of the
TH-Gal4 driver is weakest (Friggi-Grelin et al., 2003a, 2003b). Inter-
estingly, spontaneous locomotion and sleep were disrupted in knocked-
down Rpt2 adult flies. Spontaneous locomotion and sleep were eval-
uated in young (3–5 days after eclosion), middle-aged (8–10 days after
eclosion), and old flies (15–17 days after eclosion). Rpt2 knocked-down
individuals became hyperactive after the 5th day. The hyperactivity
remained during aging; and as flies aged (5–17 days old), their spon-
taneous hyperactivity during the light period was almost constant,
while during the dark period, hyperactivity increased in a significant
manner. It has been shown that in Drosophila, an increase in dopamine
pools and release correlates with hyperactivity (Wang et al., 2011). An
explanation for this hyperactivity could be that tyrosine hydroxylase is
rapidly degraded, and impaired proteasome would not able to degrade
it as efficiently and it could probably accumulate with other proteins
inducing neuronal dysfunction and thus increasing anomalous dopa-
mine liberation; there is at least one report that shows that proteasome
inhibition increases dopaminergic neuron firing frequencies
(Nakashima et al., 2018; Subramaniam et al., 2014; Rinetti and
Schweizer, 2010; Subramaniam et al., 2014). The increase in dopamine
and its degradation products could also contribute to neurodegenera-
tion (Bazzini et al., 2008). Alternatively, the reduction of Rpt2 could
impair the ability of the proteasome to degrade aged and misfolded
proteins, which could, in turn, alter membrane permeability promoting
calcium liberation from the mitochondrion or the endoplasmic re-
ticulum thus inducing exacerbated dopamine liberation and neurode-
generation (Wu et al., 2009).

Sleep disorders in Parkinson´s patients are an early and very
common non-movement symptom (Lee and Koh, 2015). These disorders
affect 88 percent of patients and include insomnia, REM behavior dis-
order, sleep apnea, Restless Legs syndrome, vivid dreaming, excessive
daytime sleepiness, and sleep attacks (Menza et al., 2010; Chahine
et al., 2017). Relevantly, the study of the sleep-like state in flies and
other insects has shown that these organisms share key features of
vertebrate sleep: such as homeostatic rebound and circadian regulation,
the similarities are also conserved at the molecular level as the key
circadian clock system was discovered in Drosophila and shown to be
conserved in mammals. Sleep in Drosophila is operationally defined as
periods of locomotor inactivity of 5 min or longer and it is normal for
wt Drosophila to sleep or rest during between two peaks of activity, one
before the light period and the other before the dark period begins
(Sitaraman et al., 2015; De Lazzari et al., 2018; Dubowy and Sehgal,
2017). Interestingly, Rpt2 knockdown individuals have a significant
reduction in sleep during light hours, even when relatively young.
During the dark period, the reduction is only observed in aged organ-
isms. Our results show that significant neuronal degeneration occurs in
the PPL1 and PPM3 dopaminergic neuronal clusters, these two clusters
have been previously involved in sleep modulation (Kasture et al.,
2018). Furthermore, a very similar sleep reduction pattern has been
reported in flies that express oligomeric α-synuclein; and in a Drosophila
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PD model that has mutations in parkin and pink1 (Gajula Balija et al.,
2011; Valadas et al., 2018). Our behavioral and neurodegeneration data
seems to be analogous to sleep abnormalities observed in other PD
models such as mice, and to what happens in humans as it has been
reported that these abnormalities may appear years before the onset of
Parkinson’s motor symptoms. (De Lazzari et al., 2018). The mechanism
behind sleep dysregulation in PD, is still unknown but downregulation
Rpt2 may be one of the pathways that should be explored in other
animal models of the disease.

Pharmacological proteasome activation has been proposed as a
therapy for many neurodegenerative diseases (Chondrogianni et al.,
2015). Overexpression of Rpn11 in flies is sufficient to increase half-life,
while its loss of function reduces it and cause neurodegenerative eye
phenotype (Tonoki et al., 2009), our work shows that the reduction of
Rpt2 in neuronal tissues causes similar phenotypes to the ones observed
in Rpn11 loss of function. It has been demonstrated in in vitro and in
animal models that overexpression of other proteasomal subunits may
ameliorate the symptoms of several neurodegenerative diseases
(Njomen and Tepe, 2019), and future studies should explore if the
overexpression of Rpt2 could also have similar effects.

Human and Drosophila data suggest that protein accumulation and
misfolding promotes early neuronal dysfunction and premature cell
death. Our results appear to be analogous to the ones observed in post
mortem brain tissue from patients with sporadic PD that have a reduc-
tion of several proteasome subunits. We also show that Rpt2 subunit
reduction causes Parkinson’s disease-like symptoms in Drosophila.
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