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Uspl4 down-regulation corrects
sleep and circadian dysfunction
of a Drosophila model of
Parkinson’s disease

Mariavittoria Favaro, Sofia Mauri, Greta Bernardo,
Mauro A. Zordan, Gabriella M. Mazzotta and Elena Ziviani*

Department of Biology, University of Padova, Padova, Italy

PD is a complex, multifactorial neurodegenerative disease, which occurs
sporadically in aged population, with some genetically linked cases. Patients
develop a very obvious locomotor phenotype, with symptoms such as
bradykinesia, resting tremor, muscular rigidity, and postural instability. At the
cellular level, PD pathology is characterized by the presence of intracytoplasmic
neurotoxic aggregates of misfolded proteins and dysfunctional organelles,
resulting from failure in mechanisms of proteostasis. Nonmotor symptoms, such
as constipation and olfactory deficits, are also very common in PD. They include
alteration in the circadian clock, and defects in the sleep—wake cycle, which is
controlled by the clock. These non-motor symptoms precede the onset of the
motor symptoms by many years, offering a window of therapeutic intervention
that could delay—or even prevent—the progression of the disease. The
mechanistic link between aberrant circadian rhythms and neurodegeneration
in PD is not fully understood, although proposed underlying mechanisms
include alterations in protein homeostasis (proteostasis), which can impact
protein levels of core components of the clock. Loss of proteostasis depends
on the progressive pathological decline in the proteolytic activity of two major
degradative systems, the ubiquitin-proteasome and the lysosome-autophagy
systems, which is exacerbated in age-dependent neurodegenerative conditions
like PD. Accordingly, itis known that promoting proteasome or autophagy activity
increases lifespan, and rescues the pathological phenotype of animal models
of neurodegeneration, presumably by enhancing the degradation of misfolded
proteins and dysfunctional organelles, which are known to accumulate in these
models, and to induce intracellular damage. We can enhance proteostasis
by pharmacologically inhibiting or down-regulating Uspl4, a proteasome-
associated deubiquitinating enzyme (DUB). In a previous work, we showed that
inhibition of Uspl4 enhances the activity of the ubiquitin-proteasome system
(UPS), autophagy and mitophagy, and abolishes motor symptoms of two well-
established fly models of PD that accumulate dysfunctional mitochondria. In
this work we extended the evidence on the protective effect of Uspl4 down-
regulation, and investigated the beneficial effect of down-regulating Uspl4 in
a Pinkl Drosophila model of PD that develop circadian and sleep dysfunction.
We show that down-regulation of Uspl4 ameliorates sleep disturbances and
circadian defects that are associated to Pinkl KO flies.
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1 Introduction

Parkinson’s disease (PD) is the second most common degenerative
disease of the central nervous system, which affects around 0.3% of
the population (Raza et al., 2019). The pathological hallmarks include
accumulation of filamentous, cytoplasmic inclusions consisting
mainly of a-synuclein aggregations in the form of Lewy bodies (LB)
in the substantia nigra of the brain, and the selective loss of
dopaminergic neurons with consequently depleted dopamine levels.
These deficiencies lead to motor dysfunction, with symptoms such as
bradykinesia, resting tremor, muscular rigidity, and postural instability
(Kalia and Lang, 2015).

PD is mainly a sporadic disorder of largely unknown etiology,
which in most cases affects the elderly. The disease can result from
genetic and environmental factors, although approximately 10% of all
cases have a clear genetic origin, and show early manifestation, with
currently at least 23 disease-segregating loci identified (Hernandez
et al., 2016). Genetic and sporadic forms manifest similar clinical
manifestation and indistinguishable PD hallmarks. Therefore,
sporadic PD will likely benefit from studies of the molecular pathways
which are impaired in familiar cases.

The identification and the study of these rare genetic PD forms
identified oxidative stress, mitochondrial dysfunction, and alteration
of the ubiquitin-proteasome system (UPS) and autophagy as causal
factors in the pathophysiology of PD (Kalia and Lang, 2015). Most of
the proteins encoded by PD genes (PINKI1, Parkin and DJ1 in
particular) are important for mitochondrial homeostasis and function.
Accumulation of dysfunctional mitochondria can indeed contribute
to cell demise in different ways. Defective mitochondria can enhance
oxidative stress (Blesa et al, 2015), which exacerbates protein
misfolding. They can also lead to inflammation derived from
mitochondrial release of damage associated molecular patterns
(mtDAMPs; Sliter et al., 2018), and impair calcium (Ca®*) homeostasis
(Giorgi et al., 2018). PINK1, Parkin and DJ1 play a fundamental role
in preventing damage originating from dysfunctional mitochondria.
In particular, PINK1 and Parkin operate within the same pathway to
induce the degradation of damaged mitochondria via autophagy
(Narendra et al,, 2010) and mitigate inflammation by repressing
mitochondrial antigen presentation (Matheoud et al., 2016), while DJ1
exerts neuroprotective effects by enhancing the antioxidant defense of
the cell (Kalia and Lang, 2015).

In addition to the above-mentioned primary motor function
impairments, non-motor features are also frequently present in
PD. Sleep disorders in particular are found in two-thirds of PD
patients, and they include symptoms like insomnia, vivid dreaming,
increased nocturnal activity, more fragmented sleep, REM sleep
behavior disorder (RBD) and excessive daytime sleepiness (Raza et al.,
2019). Because sleep behavior is controlled by circadian rhythmicity,
sleep disorders can be a consequence of dysfunctional circadian clock
in PD patients. Indeed, although circadian disorders are not frequently
mentioned among PD symptoms, several studies in rodent PD models
have shown a correlation between PD-associated neurodegenerative
phenotype and circadian dysfunction (Simola et al., 2007; Hunt et al.,
2022; Summa et al., 2024).

Sleep-wake cycle is controlled by the circadian clock, an internal
timing system that allows adapting to and anticipating the daily
changes that occur on planet Earth. It is composed by three major
elements: a core oscillator, which generates the rhythmicity; inputs
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pathways that allow the organism to perceive the external stimuli and
synchronize the core oscillator; and output pathways (represented by
the circadian phenotypes), generated by the cyclic expression of clock-
controlled output genes (Patke et al., 2020). At the cellular level, the
circadian clock is identified by a specific subset of highly specialized
neurons, called central pacemaker, which in mammals are localized
in the suprachiasmatic nucleus (SCN) of the anterior hypothalamus.
These neurons receive inputs from daylight, which is used to
synchronize the approx. 24 h rhythm of the internal clock to the exact
24h daily rhythm of planet Earth, to optimize the performance of the
entire organism (Patke et al., 2020). At the molecular level, circadian
oscillations are generated by evolutionary conserved interlocked
transcriptional-translational feedback loops (TTFLs), which take
approximately 24 h to complete. In TTFLs, positive elements promote
the rhythmic transcription of the negative elements that inhibit in a
feedback loop the activity of the positive elements. This is a self-
sustained, cell autonomous mechanism generating the circadian
rhythm in the SCN, which in fact persists even in the absence of light
(Patke et al., 2020). In Drosophila, the circadian oscillation is based
on two main interlocked TTFLs: in the primary loop, the transcription
factors Clock (CIk) and cycle (cyc) control the rhythmic expression of
the negative elements period (per) and timeless (tim), while the
second loop results in the rhythmic expression of Clk (Hardin, 2011).

As expected, disruption of the rhythmicity can lead to the
development of diseases, such as metabolic syndromes, cancer and
cardiovascular diseases, and contribute to the onset of
neurodegenerative diseases (Xie et al., 2019). Thus, the maintenance
of proper network coordination within the clock is essential for health
and well-being.

The molecular mechanism underlying the link between disturbed
circadian rhythms and neurodegeneration is not known, but alteration
in protein homeostasis (proteostasis) seems to be a plausible
connection (Leng et al., 2019). In that respect, many studies
highlighted the relevance of clock-dependent regulation of general
proteostasis (Kang et al.,, 2009) and autophagy (Ma et al., 2011;
Ryzhikov et al., 2019), and the physiological importance of sleeping as
a mean to degrade proteotoxic compounds and insoluble aggregates
that accumulate during the active phase (Varshavsky, 2012; Xie et al.,
2013; Shokri-Kojori et al., 2018), and may induce intracellular damage.

In this study we want to exploit one well-established Drosophila
model of PD that manifest abnormal circadian rhythmicity and
disturbed sleep-wake cycle, to investigate the effect of enhancing
proteostasis in the context of circadian and sleep disturbances. We can
enhance proteostasis by down-regulating deubiquitinating enzyme
(DUB) Uspl4. Uspl4 is a DUB, belonging to ubiquitin-specific
processing (USP) family, which negatively regulate the ubiquitin-
proteasome system (UPS), autophagy and mitophagy. Hence, its
inhibition is predicted to both enhance the activity of the UPS,
autophagy and mitophagy. Previous studies have shown that genetic
down-regulation of Usp14 or its pharmacological inhibition by specific
inhibitor IU1, recovered locomotor behavior of Pink1 KO flies, and it
extended flies’ lifespan, presumably by enhancing protein and
organelle homeostasis (Chakraborty et al., 2018). With that in mind,
this work wants to test the effect of down-regulating Usp14 in PinkI
KO flies in the context of circadian rhythmicity and sleep-wake cycle.

Our results show that down-regulation of Usp14 ameliorates sleep
disturbances and circadian defects that are associated to Pinkl
KO flies.
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2 Materials and methods
2.1 Fly strains and husbandry

Flies were raised under standard conditions at 23°C with a
12:12h light:dark cycle (unless differently stated), on agar,
cornmeal, yeast food. Wild type (w''"®) and driver lines (GAL4)
were obtained from Bloomington Drosophila Stock Center. Pink1%
2006;
Supplementary Table 1), and were provided by Dr. A. Whitworth.
The UAS-Usp14 RNAi line (KK-110227) was obtained from VDRC
Stock Center.

mutants have been described before (Park et al.,

2.2 RNA extraction, reverse transcription
and qPCR

For RNA extraction, whole flies were homogenized in TRI
Reagent (Zymo Research), and RNA was extracted following
manufacturer’s instruction. For each sample, 1 ug of RNA was used for
first-strand cDNA synthesis with the SensiFAST ¢cDNA Synthesis Kit
(Bioline) following manufacturer instruction. Three technical
replicates were loaded for each sample and the expression level of
RpL32 was set as an internal amplification control for normalization.
qRT-PCRs were performed using the HOT FIREPol SolisGreen qPCR
Mix (Solis Biodyne) on a QuantStudio 5 Real-Time PCR System
(Thermofisher; Uspl4_ FW AGCTCAGAAGAGGATCCCGA and
Uspl4_RV CGGCTCACCAAGTAAGTTCG; RpL32_FW: ATCGGTT
ACGGATCGAACAA and RpL32_RV: GACAATCTCCTTGCG
CTTCT).

2.3 Assessment of locomotor activity:
Drosophila activity monitoring system

2.3.1 Circadian analysis
Locomotor activity of 3-10 days old individual adult male flies was
recorded for 3days in light-dark conditions (LD) and 7days in
constant dark conditions (DD) using the Drosophila Activity
Monitoring System (TriKinetics, Inc., Waltham, MA, United States).
Data were collected every 1 min and then analyzed in 30 min bins using
the FaasX (Fly Activity Analysis Suite for MacOS) software, developed
by M. Boudinot and Francois Rouyer (Institut de Neurobiologie Alfred
Fessard, CNRS, France). Rhythmic flies were defined by chi-square
periodogram analysis with a power of >20. Values for individual flies
were pooled to obtain an average value for each independent line
analyzed. Morning Index was calculated for each fly using the following
mathematical approach (Seluzicki et al., 2014):
(X activity.3h.beforelight.on)

M .Index = -0.5
(Zactivity.6h.beforelight.on)

2.3.2 Sleep analysis

The activity data collected by the DAMS (Trikinetics,
United States) activity monitors were analyzed using custom R scripts
(Mauro Zordan_Department of Biology, University of Padova). The
scripts were designed to access the data files generated by the DAMS
activity software and prepare the data for inspection, for the generation
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of graphs (based on the ggplot2 package by Hadley Wickham) and for
statistical analysis (based on ANOVA with Tukey HSD correction for
multiple comparisons).

2.4 Statistical analysis

Statistical analysis was performed using GraphPad PRISM as
described in detail below.

2.4.1 Analysis of activity

Statistical analysis of circadian activity was performed using
GraphPad PRISM. Statistical significance was determined by
two-tailed Student’s ¢-test. Each bar of the bar charts (total activity and
period) represents mean+SEM of the indicated parameter for the
indicated genotype. Bar charts underlying binomial distributions
(rhythmicity, EA and MA) represent the percentage of flies showing
the indicated phenotype for each genotype. Standard Deviation of a
binomial distribution was calculated with the following formula:
6=SQRT(n*p*q) where: n=number of flies; p="The probability of
success (expressed in decimal); g =the probability of failure (expressed
in decimal). Significance was determined by Contingency Fisher’s
exact test. *p<0.05 **p<0.01; ***p<0.001; ***p<0.0001. “n”
indicates the number of flies analyzed per genotype.

2.4.2 Analysis of sleep

Statistical analysis of sleep behavior was performed using
GraphPad PRISM. Significance was determined by two-tailed
Student’s t-test or Tukey’s HSD multiple comparison test. For each box
plot, the median is shown with the upper and lower quartile and the
0™ and 100™ percentile; *p<0.05; **p<0.01; **p<0.001.

3 Results

3.1 Down-regulation of Usp14 slightly
lengthens the circadian period of
Drosophila melanogaster

Uspl4 is a DUB intrinsically associated with the proteasome that
belongs to the USP family. Usp14 suppresses the degradation of its
targets by promoting the dissociation of the substrate from the
proteasome before the commitment step. Hence, inhibition of Usp14
stimulates proteasome-dependent degradation of its substrates, and it
can overall enhance protein degradation (Lee et al, 2010). In
mammals, Uspl4 appears to be also a clock-relevant DUB that
contributes to the maintenance of the circadian clock. In particular,
Uspl4 activity affects the circadian period by slowing down the
degradation of clock protein PER. Accumulation of PER generates a
time delay in the removal of the inhibition of CLOCK and BMALLI
(the mammalian counterpart of the Drosophila cyc), which is required
for the maintenance of a robust circadian clock (D'Alessandro
etal., 2017).

frontiersin.org


https://doi.org/10.3389/fnins.2024.1410139
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Favaro et al.

That considered, we first wanted to address whether Usp14 could
similarly affect the circadian clock in flies. To test this, we developed
and validated a UAS/GAL4-based RNAi approach (Hales et al., 2015)
for cell-specific down-regulation of UspI4 in specific tissues
(Supplementary Figure 1). We used four different drivers (elav, tim,
Pdf and Actin) to express Uspl14 RNAi (i.e., down-regulate Usp14) in
different target cells (Figure 1A). In all conditions, we did not record
any developmental defect when Uspl4 was down-regulated.
Locomotor activity and circadian behavior of the abovementioned
transgenic flies was recorded using the TriKinetics Drosophila Activity
Monitor (DAM; Rosato and Kyriacou, 2006; Schlichting et al., 2016;
Julienne et al., 2017).

We found that down-regulation of Usp14 in the tested tissues did
not affect total activity of the flies (Figure 1B), nor rhythmic behavior
in LD conditions (Figure 1C). A similar lack of effect was observed for
evening anticipation (EA; i.e. increased activity just before the
transition to lights-off; Figure 1D), whereas morning anticipation
(MA; i.e. increased activity just before the transition to lights-on) was
only slightly affected in flies in which Usp14 was selectively down-
regulated (Figure 1E). While Usp14 KD did not seem to significantly
affect the overall circadian behavior of flies in terms of total activity,
rhythmicity, and light switch anticipation, specific knockdown of
Uspl4 in tim +and Pdf+ cells slightly lengthened the period of flies
from 23.8h to 24.5h and from 23.7 h to 24.2 h, respectively (Figure 1F).

In summary, down-regulation of Usp14 in tim+and Pdf+ cells
slightly lengthened the circadian period of flies. This effect was specific
for tim and Pdf expressing neurons, as it was not observed in other
neuronal cells. The other circadian parameters that we tested
(rhythmicity, total activity and light switch anticipation) did not seem
to be largely affected by Usp14 down-regulation.

3.2 Drosophila Pink1 mutant (KO) flies
display reduced total activity, weakened
circadian rhythms, and altered sleep
behavior

Published works indicate that PinkI KO flies manifest abnormal
circadian rhythmicity and disrupted sleep-wake cycle, with some
discrepancies between studies (Julienne et al., 2017; Doktor et al.,
2019). Thus, we wanted to explore in depth circadian rhythmicity and
total activity of these flies, to strengthen Drosophila as animal model
for investigating non-motor symptoms of PD. To this aim, we used
Pink1® null strains, which were extensively used before to study PD
motor phenotype. In particular, PinkI® null mutant flies display
phenotypes such as abnormal wing posture, degeneration of flight
muscles, mitochondrial dysfunction and loss of dopaminergic
neurons, which are highly reproducible, and translate into climbing
and flight defects (Greene et al., 2003; Park et al., 2006). We monitored
locomotor activity of wild type and Pink1® mutant flies by using the
DAM system. Flies were kept in light/dark (LD) conditions for 3 days,
and then shifted to constant darkness (DD) for 7days to monitor
endogenous circadian locomotor activity. Wild type flies displayed
morning and evening peaks in activity, with characteristic anticipation
before lights-on (morning anticipation, MA) or lights-off (evening
anticipation, EA). They were active during the day and relatively
inactive at night (Figure 2A). They displayed a total activity of about
500 beam-recorded counts per day (Figure 2B), and maintained
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circadian rhythmicity (Figure 2C), with a period of 23.6h (Figure 2D).
Most of them displayed morning and evening anticipation
(Figures 2E,F). On the other hand, PinkI® null mutants displayed
reduced total activity (Figure 2B). In constant conditions, a higher
percentage of Pink1® flies became arrhythmic (Figure 2C). Among
those flies that remained rhythmic, we recorded a significant
lengthening of the circadian period compared to wild type flies (from
23.6h to 26.2h; Figure 2D). Also, Pink1® flies show impairment in
their ability to anticipate light transitions, and a significantly smaller
percentage of them displayed morning (Figure 2E) and evening
anticipation (Figure 2F).

Because the circadian clock controls sleep behavior, next we wanted
to assess sleep-wake cycle in Pink1 KO flies. To this aim, we monitored
sleep behavior of flies of the indicated genotypes using the DAM
monitoring system (Rosato and Kyriacou, 2006; Julienne et al., 2017).
Sleep episodes in flies are defined as time in which flies do not change
their position for at least 5min (Schlichting et al., 2016). Recordings
from the second day were analyzed to estimate sleep performance
during the 24h period (12h of light and 12h of darkness; Figure 3A).
Wild type flies (w''"¥) exhibited characteristic sleep behavior: they
seemed to be relatively active during the day and inactive at night, with
a peak of inactivity during the day (“siesta”), 4 to 5h after light went on
(Figure 3A, blue line). On the contrary, Pink] mutants seemed to sleep
a lot more, especially during the day (Figure 3A, magenta line).

Consistent with this result, we observed a significant increase in
total sleep in Pinkl mutant flies (Figure 3B), either during the light
phase, and in the dark phase (Figures 3C,D, respectively). PinkI® flies
displayed fewer episodes of sleep (Figures 3E,F), and longer episodes of
sleep in both light and dark phases (Figures 3G,H).

Conclusively, Pink1®

mutant flies display an obvious impairment
in their circadian behavior. In LD conditions, they seem to be less
active during the day, with disrupted morning and evening
anticipation. In constant dark conditions, a smaller percentage of flies
were rhythmic, and displayed a significantly longer circadian period.
Pink1® flies seem to sleep more compared to wild type. The quality of
their sleep appeared to be significantly affected, in that in Pinkl
mutants, sleep is less fragmented compared to WT, with flies

displaying fewer but longer episodes of sleep.

3.3 Usp14 down-regulation in Pink1 mutant
(KO) flies rescues the circadian and sleep
defects of these flies

Pinkl mutant (KO) flies displayed reduced climbing and flight
ability, shorter lifespan, and degeneration of the muscle of the thorax.
The mutant genotype also develops mitochondrial dysfunction, and
loss of DA neurons in the posterior protocerebrum lateral 1 (PPL1)
cluster of the Drosophila brain. Pharmacological inhibition or genetic
down-regulation of Uspl4 activity normalizes the abovementioned
phenotypes, and lengthens Pink1 KO lifespan to control conditions
(Chakraborty et al., 2018). With that in mind, we wanted to assess
whether Uspl4 down-regulation can also effectively recover the
circadian phenotype associated to Pink1 KO flies. We down-regulated
Usp14 in the tim expressing neurons (Figure 4A), as our data presented
above indicate that Usp14 inhibition had the most readable effect in
this specific subset of circadian neurons (Figure 1). Flies of the desired
genotypes were tested with the DAM apparatus for locomotor and
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FIGURE 1
Cell-specific genetic down-regulation of Usp14 lengthens the circadian period of Drosophila melanogaster, and partially affects their Morning
Anticipation. (A) Diagram showing neurons and tissues targeted by Usp14 RNAi using elav-GAL4, tim-GAL4, Pdf-GAL4 and Act-GAL4, respectively.
(B) Bar charts showing total activity during the second day of locomotor activity recording in LD 12:12 conditions (12h of light and 12h of darkness). Bar
graph expresses mean + SEM of total activity of the indicated genotypes measured as the number of time that the fly intersected the infrared beam of
the recording apparatus in 24hrs. (C) Bar charts showing percentage of rhythmic flies. (D) Bar charts indicating the percentage of flies that show
evening anticipation (EA). EA was calculated as described in materials and methods. (E) Bar charts indicating the percentage of flies that show morning
anticipation (MA). MA was calculated as described in materials and methods. (F) Bar charts showing the length of the period of rhythmic flies for the
indicated genotype. Analysis was performed on rhythmic flies for (B), (D) and (E), and number of flies for each genotype is indicated in (F).
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FIGURE 2
Drosophila Pink1 mutant (KO) flies display aberrant circadian rhythmicity, with lower levels of activity during the day, and disrupted morning and
evening anticipation. (A) Representative education charts showing the activity of a single fly in the second day of LD 12:12 conditions (12 h of light and
12 h of darkness). Each bar represents the activity counts every 30 minutes. (B) Bar charts showing total activity during the second day of locomotor
activity recording in LD. Charts show total activity for each genotype as beam crosses per 24hrs. (C) Bar charts showing percentage of rhythmic flies.
Number of total flies (rhythmic and arrhythmic) for each genotype is indicated. (D) Bar charts showing the period of rhythmic mutant flies. (E) Bar
charts indicating the percentage of flies that show morning anticipation (MA). (F) Bar charts indicating the percentage of flies that show evening
anticipation (EA). Analysis was performed on rhythmic flies for (B), (E) and (F), and number of flies for each genotype is indicated in (D).

circadian behavior, as described. We monitored total activity
(Figure 4B), percentage of rhythmicity (Figure 4C), periodicity of the
rhythmic flies, MA and EA (Figures 4D-F) of Pink1 KO flies in which
Usp14 was down-regulated. We observed a rescue in the total activity
of the Pink1 KO flies (Figure 4B), and in all the circadian parameters
that we tested (Figures 4C-E), except for the period (Figure 4D),
which, as observed for wild type flies, continued to be lengthened.
Down-regulation of Uspl4 in the whole animal with the Actin
promoter (Supplementary Figure 2A) also seemed to be effective in
preventing the development of the circadian phenotype of the PinkI
KO flies, in that it rescued total activity, circadian rhythmicity, and
morning anticipation (Supplementary Figures 1B-F).

Next, we wanted to investigate whether Usp14 down-regulation
also affects the sleep behavior of Pink1 KO flies. Recordings from the
second day were analyzed, and we estimated sleep performance
during 12h of light and 12h of darkness of PinkI KO flies in which
Uspl4 was down-regulated in tim+neurons. Down-regulation of
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Uspl4 completely rescued sleep performance of Pinkl KO flies. In
particular, they almost completely phenocopied wild type flies: they
were active during the day, and rested during the night (Figure 5A).
In perfect agreement with the sleep plot described in Figure 5A,
quantification of total sleep showed that Usp14 down-regulation in
tim + neurons completely normalized sleep behavior of PinkI KO flies
(Figures 5B-D).

In summary, down-regulation of Usp14 in PinkI® flies normalizes
the circadian defects, and the sleep behavior of these flies.

4 Discussion

Parkinson’s disease (PD) is a multifactorial devastating
degenerative disease of the central nervous system, which affects
around 0.3% of the population (Raza et al., 2019). PD is characterized
by intracellular accumulation of a-synuclein aggregates that form the
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FIGURE 3 (Continued)

light/day phase of LD 12:12 conditions. (F) Number of sleep episodes in the dark/night phase of LD 12:12 conditions. (G) Length of the episodes of
sleep (in minutes) in the light/day phase of LD 12:12 conditions. (H) Length of the episodes of sleep (in minutes) in the dark/night phase of LD 12:12
conditions. Sleep analysis was performed on rhythmic flies. w' n = 137; Pink1%° n =73.

Lewy bodies (LB) in the substantia nigra of the brain, and cause the
selective loss of dopaminergic neurons with consequently depleted
dopamine levels (Dauer and Przedborski, 2003; Mullin and Schapira,
2015). Motor dysfunctions such as bradykinesia, resting tremor,
muscular rigidity, and postural instability are the main symptoms that
characterize PD (Litvan et al., 2003).

Besides motor impairments, non-motor dysfunctions are
commonly present in PD patients, and they include neuropsychiatric
symptoms (depression, cognitive dysfunctions and dementia; Biundo
et al,, 2016), autonomic symptoms (bladder disorders, orthostatic
hypotension, erectile impotence; Chaudhuri and Schapira, 2009), and
disturbances in sleep-wake cycle (Iranzo et al, 2006). These
non-motor symptoms (NMSs) have gained increasing relevance for
their impact on the quality of life of PD patients, and their contribution
to institutionalization at advanced disease. They are not only common
in early PD, but they can also manifest before the onset of the classical
motor symptoms. Circadian and sleep disturbances in particular can
precede the onset of the cognitive decline and motor symptoms by
many years, suggesting that disruption of circadian rhythm might not
simply be a consequence of PD but a pathogenic component of the
disease that can lead to or at least contribute to neurodegeneration
(Videnovic and Golombek, 2013).

The mechanistic link between altered circadian rhythms and PD
is poorly understood, but proposed underlying mechanisms suggest
alterations in protein and organelle homeostasis (i.e., proteostasis;
Leng et al.,, 2019). Proteostasis is gradually lost during physiological
aging. In neurodegenerative diseases, like PD, loss of proteostasis is
exacerbated, and depends on the pathological decay in the proteolytic
activity of the ubiquitin-proteasome and the lysosome-autophagy
system, the two major degradative systems of the cell (Bennett et al.,
2005; Komatsu et al, 2006). Indeed, PD is characterized by
accumulation of misfolded proteins and dysfunctional mitochondria,
which can be at least in part ascribed to defective mechanisms of
proteostasis (Cuervo et al., 2004). Thus, promoting the activity of the
UPS or autophagy is likely to be beneficial in models of PD because
it enhances the degradation of misfolded proteins and dysfunctional
organelles, which can be sources of oxidative stress and cellular
damage (McNaught et al., 2004). In this scenario, the “proteostatic”
effect of Usp14 inhibition can be a valuable therapeutic approach, due
to its unique ability to both enhance the UPS (Hanna et al., 2006; Lee
etal, 2010, 2016), autophagy (Xu et al., 2016; Kim et al., 2018) and
mitophagy (Chakraborty et al., 2018).

We previously reported that genetic down-regulation or
pharmacological inhibition of Usp14 in PinkI and Parkin KO flies
extended flies lifespan, and rescued the locomotor phenotype
associated with these flies (Chakraborty et al., 2018), presumably by
promoting proteostasis. In the current work we wanted to extend
these findings, and address the potential beneficial effect of Usp14
inhibition in the context of circadian dysfunction in PinkI KO flies
modeling PD.

Pinkl mutants develop very obvious circadian defects. In
particular, Julienne H. and co-authors showed a decrease in total
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activity in PinkI KO flies, and a significant reduction in rhythmicity.
Among those flies that remained rhythmic, authors did not observe
a significant difference in the circadian period (Julienne et al., 2017).
A parallel study reported a trend toward a decrease in total activity
of Pinkl KO flies, while a significant decrease in total activity was
shown when Pinkl was specifically down-regulated in elav
expressing cells. In this study, Pinkl KD flies displayed increased
daytime sleep, whereas night-time sleep was not affected (Doktor
et al,, 2019). In support of these studies, we also observed defective
circadian behavior in PinkI1® mutant (Pink KO) flies. In LD
conditions, Pinkl KO flies are less active during the day, with
reduced ability to anticipate morning and evening clues. The
percentage of rhythmic flies was significantly reduced in Pink1®
mutant flies. Among those flies that remained rhythmic, the
circadian period was significantly lengthened. We also found that
Pink1® flies sleep significantly more during the night and during the
day compared to wild type. The quality of their sleep appeared to
be different compared to wild type flies. In particular, Pinkl KO
displayed fewer but longer episodes of sleep during the night and
during the day (i.e., longer “siesta”).

Our results showed that down-regulation of UspI4 completely
rescued the circadian phenotype of Pinkl KO mutants, and the sleep
defects of these flies, while Usp14 down-regulation alone in wild type
background did not seem to affect the circadian clock, with some mild
effect that was readable only in clock-relevant neurons.

The molecular mechanism by which Uspl4 ameliorates PD
circadian symptoms in flies is unknown. It may be direct, by altering
protein stability of core components of the circadian clock, or
indirect. It is known that in mammals Usp14 affects the circadian
period by slowing down the degradation of clock protein Period
(PER; D'Alessandro et al., 2017). However, the mild effect of Usp14
down-regulation on the circadian phenotype of wild type flies
suggests that protein level of core components of the clock is not
significantly affected by Uspl4 deubiquitinating activity, although
this circumstance cannot be excluded. Another possibility is that
Uspl4 rescues circadian defects of Pinkl KO flies by an indirect
mechanism, for example by promoting mechanisms of mitochondrial
quality control that relies on mitochondrial dynamics. It is known
that promotion of mitochondrial fission rescues the aberrant
phenotype and circadian defects associated with mice lacking a
functional clock (Jacobi et al., 2015), and recovers disrupted circadian
oscillation of oxidative phosphorylation and mitochondrial
dysfunction of cells with specific ablation of clock gene BMALI
(Jacobi et al,, 2015; Li et al, 2020). Intriguingly, cells lacking
mitochondrial fission do not display circadian oscillation of core
component of the circadian clock (Schmitt et al., 2018), suggesting
that dysregulation in mitochondrial dynamics likely feedbacks to the
circadian clockwork. Because Uspl4 down-regulation promotes
mitochondrial fission and mitophagy (Chakraborty et al., 2018), it is
tempting to speculate that the normalization of the circadian defects
may arise from the pro-fission effect of UspI4 down-regulation,
which is key to mitochondrial quality control.
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FIGURE 4
Tim-specific genetic down-regulation of Usp14 in Pink1 mutant flies rescues the circadian defects of Pink1 KO flies. (A) Diagram of the clock neuron
subset targeted by Usp14 RNAJ using tim-GAL4. (B) Bar chart showing total activity during the second day of locomotor activity recording in LD. Charts
shows total activity for each genotype as beam crosses per 24hrs. (C) Bar charts showing percentage of rhythmic flies. Number of total flies (rhythmic
and arrhythmic) for each genotype is indicated. (D) Bar chart showing the period of rhythmic flies with clock neurons-specific inhibition of Usp14.
(E) Bar charts indicating the percentage of flies that show morning anticipation (MA). (F) Bar charts indicating the percentage of flies that show evening
anticipation (EA). Analysis was performed on rhythmic flies for (B), (E) and (F), and number of flies for each genotype is indicated in (D).

Clinical diagnosis of PD is mainly based on the presence of motor
symptoms, which usually appear when more than 50% of
dopaminergic neurons have already been lost. Since the diagnosis
occurs too late for neuroprotective treatments to work, it is important
to find a way to diagnose the disease before the appearance of motor
symptoms, and implement a therapy at the premotor phase to prevent
or delay the development and progression of disease (Kalia and Lang,
2015). In this respect, sleep disturbances, as well as non-motor
symptoms in general, may offer a pre-symptomatic window for the
treatment of this disease, allowing earlier intervention (Julienne et al.,
2017). In this premotor phase, the pathogenic process of PD is
presumed to be underway, involving regions of the peripheral and
central nervous system that are distinct from the dopaminergic
neurons of the substantia nigra pars compacta (SNpc). At present
we do not know whether improving sleep and circadian behavior early
on in PD patients may delay or even prevent the progression of the
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diseases. Circadian and locomotor dysfunction appears early in PinkI
KO flies, and they are tested when flies are relatively young (3 to
6days). In this respect, the fly model does not fully recapitulate the
progression of the disease in human patients, where, particularly in
the sporadic forms, there is a time gap between the appearance of the
locomotor and the circadian-related symptoms. Thus, we cannot
address this relevant hypothesis in flies, but it could be in principle
addressed in mice. There are at least two murine models, the
6-hydroxydopamine (6-OHDA) model (Simola et al., 2007) and the
MitoPark mouse (Galter et al., 2010), where circadian rhythm and
sleep behavior have been fully characterized. Both models show a
reduction of locomotor activity, accompanied by a severe disruption
of circadian rhythm in constant darkness, which are indicative of
parallel sleep dysfunctions (Fifel and Cooper, 2014; Masini etal., 2017).

Importantly, highly specific and potent small-molecule
inhibitors of Usp14 are available, which are orally bioavailable, can
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FIGURE 5
Tim-specific genetic down-regulation of Usp14 in Pink1 mutant flies rescues sleep defects of Pink1 KO flies. (A) Average daily sleep profile of the
indicated genotypes from the second day of LD 12:12. (B) Total sleep amount (in minutes) during the day of LD 12:12 conditions. (C) Sleep amount (in
minutes) in the light/day phase of LD 12:12 conditions. (D) Sleep amount (in minutes) in the dark/night phase of LD 12:12 conditions. Sleep analysis was
performed on rhythmic flies. Tim-GAL4/+ n = 26; tim-GAL4 > USP14 RNAi n = 29; Pink1%; tim-GAL4/+ n = 53; Pink1%; tim-GAL4 > USP14 RNAi n = 40.

cross the blood-brain barrier (BBB), and are well-tolerated in
murine models. Usp14 inhibitors (IU1 and IU1-47) were originally
developed some years ago (Lee et al., 2010; Boselli et al., 2017),
and continue to be optimized from the original backbone. Given
their high specificity (Wang et al., 2018), the development of
therapeutic approaches targeting Uspl4 seems to be a feasible
therapeutic avenue.

In summary, in this work we strengthened Drosophila as
animal model for investigating sleep and circadian symptoms of
PD, and extended the evidences on the protective effect of Usp14
down-regulation in the context of circadian and sleep disturbances.
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used to perform quantitative RT-PCR. Bar graph indicates Usp14 mRNA levels
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activity during the second day of locomotor activity recording in LD. Chart
shows total activity for each genotype as beam crosses, per 24hrs. (C) Bar
chart showing percentage of rhythmic flies. Number of total flies (rhythmic
and arrhythmic) for each genotype is indicated. (D) Bar chart showing the
period of rhythmic flies upon down-regulation of Uspl4. (E) Bar chart
indicating the percentage of flies that shows morning anticipation (MA). (F) Bar
chart indicating the percentage of flies that shows evening anticipation (EA).
Analysis was performed on rhythmic flies for (B), (E) and (F), and number of
flies for each genotype is indicated in (D).
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