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Abstract

C9orf72 is the most common familial gene associated with amyotrophic lateral sclerosis (ALS). Dipeptide repeats (DPRs)
encoded by an expanded nucleotide repeat sequence in the C9orf72 gene were found in the sleep-related neurons of patients,
indicating a role of DPRs in ALS-associated sleep disruptions. Poly-GA or poly-PR DPRs were expressed in male Drosophila
melanogaster to study their effect on sleep. Poly-PR expression caused sleep disruptions while poly-GA expression did not.
This study validates the use of Drosophila as an in vivo model system for exploring the roles of DPRs in perturbing the
underlying molecular mechanisms in sleep regulation.
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Figure 1. PR50 expression disrupts sleep in male flies, while GA50 expression has no effect:

Flies were treated with vehicle or RU486 for seven days and subsequently placed in the DAM tubes for three days of
data collection. These graphs are from one representative of three replicate experiments. (A-D) Sleep data collected from
male fly sleep studies testing pan-neuronal PR50 expression averaged over three days: elav(GS)/+ with RU486, n=32; PR50/+
with RU486, n=26; elav(GS)>PR50 vehicle control, n=29; elav(GS)>PR50 with RU486, n=29; over 12hr:12hr light:dark
cycles. (A) Sleep profile of flies expressing pan-neuronal PR50. (B) Total sleep duration in minutes. (C) Number of sleep
episodes. (D) Mean sleep episode duration. (E-H) Sleep data collected from male fly sleep studies testing pan-neuronal GA50
expression averaged over three days: elav(GS)/+ with RU486, n=24; GA50/+ with RU486, n=32; elav(GS)>GA50 vehicle
control, n=29; elav(GS)>GA50 with RU486, n=32; over 12hr:12hr light:dark cycles. (E) Sleep profile of flies expressing pan-
neuronal GA50. (F) Total sleep duration in minutes. (G) Number of sleep episodes. (H), Mean sleep episode duration.
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* P <0.05; ** P <0.01; *** P<0.001; **** P <0.0001.

Description

ALS is a motor neuron disease that causes patients to experience sleep problems like sleep fragmentation and excessive
daytime sleepiness (Arnulf et al., 2000; Ting & Malhotra, 2005; Lo Coco et al., 2011; Boentert, 2020; Sun et al., 2020).
Recently, post-mortem staining of human brain tissue from patients with familial ALS revealed that cells associated with
maintaining circadian rhythms, particularly pinealocytes and suprachiasmatic nucleus (SCN) neurons, showed dipeptide repeat
(DPR) pathology, indicating a potential role of these DPRs in promoting sleep abnormalities (Dedeene et al., 2019). DPRs
arise from the translation of an abnormal expansion of the G4C, hexanucleotide repeat in the C9orf72 gene (DelJesus-
Hernandez et al., 2011; Majounie et al., 2012). The translation of these hexanucleotide repeat expansions can generate five
unique dipeptide repeats (DPRs) through the process of RAN translation: poly-GA, poly-PR, poly-GR, poly-GP, and poly-PA
(Ash et al., 2013). Of the DPRs, poly-GA and poly-PR have been the focus of many studies related to familial ALS. Poly-GA
is the most abundant DPR generated in the disease (Lee et al., 2017). Poly-GA aggregates into cytoplasmic inclusions that
impair nucleocytoplasmic transport (NCT), which is an essential cellular mechanism that maintains sleep-related circadian
rhythms (Zhang et al., 2016; Khosravi et al., 2017; Vanneste et al., 2019; Patke et al., 2020). In contrast to poly-GA, poly-PR
has low expression levels in cells, but has been shown to be amongst the most toxic of the DPRs (Mackenzie et al., 2015,
Freibaum & Taylor, 2017). Poly-PR has been shown to cause cellular toxicity through several mechanisms involved in
maintaining circadian rhythms, including: nuclear localization and subsequent disruption of the transcription process, NCT
disruption due to importin sequestration via liquid liquid phase separation (LLPS), and proteasome inhibition causing
disrupted protein homeostasis (Wen et al., 2014; Boeynaems et al., 2016; Lee et al., 2016; Lin et al., 2016; Freibaum & Taylor,
2017; Gupta et al., 2017; White et al., 2019; Hayes et al., 2020; Hutten et al., 2020). Despite the evidence of DPR expression
in sleep-related brain cells, to our knowledge, no study so far has raised the question: does DPR expression affect sleep in
vivo? To answer this question, we expressed poly-PR and poly-GA DPRs in all neurons in male D. melanogaster, a well-
established model for both sleep and the neurodegenerative effects of C9orf72 DPRs (Cirelli & Bushey, 2008; Cirelli, 2009;
Mizielinska et al., 2014). In this study, we found that poly-PR expression disrupted fly sleep patterns while poly-GA did not,
suggesting multiple modes of DPR-mediated toxicity.

We first focused on the effect of poly-PR expression on D. melanogaster sleep. We induced PR50 expression in all neurons of
adult flies for seven days post-eclosion then recorded their daily activity levels for three days. The data presented here
represent one of three repetitions of sleep experiments including control and experimental genotypes performed, with
significance of the findings being identical across the repetitions. For the experimental group, elav(GS)>PR50 flies were
administered RU486 to induce pan-neuronal PR50 expression. Genetic controls for the experimental group, elav(GS)/+ and
PR50/+ flies treated with RU486, were included to control for the variance in sleep phenotypes that could arise from the
genetic background. Work from other groups have shown that RU486 exposure does not have effects on sleep in such genetic
control experiments (Wu et al., 2009; Afonso, et al., 2015). Additionally, an RU486 vehicle control, where elav(GS)>PR50
flies were exposed to ethanol, was included to control for the effects of RU486 on sleep on the experimental genotype. Sleep
data for the PR50-expressing groups were compared to all three controls to determine significant differences in sleep
parameters. While the control flies had more sleep during the nighttime, PR50-expressing flies showed an increase in daytime
sleep and decrease in nighttime sleep (Fig. 1A). This observation was explored in more detail in Figs. 1B-D. PR50-expressing
flies had significantly more total sleep duration (TSD) during the ZT0-12 phase when compared to the three controls but did
not have significantly different total sleep for ZT12-24 (Fig. 1B). Furthermore, PR50-expressing flies had an increased number
of sleep episodes (NSE) during the ZT12-24 phase (Fig. 1C). Finally, PR50-expressing flies showed a lower mean sleep
episode duration (MSED) during the ZT12-24 phase (Fig. 1D). Overall, these data suggest that PR50 expression caused sleep
pattern changes in flies.

Similar to PR50, we induced GA50 expression in all neurons of adult flies for seven days post-eclosion then recorded their
daily activity levels for three days. Three independent iterations of the sleep studies including control and experimental
genotypes were carried out, consistent with the work described above for the PR50 flies. For the experimental group,
elav(GS)>GAS5O flies were administered RU486 to induce pan-neuronal GA50 expression. To rule out compounding variables
of genetic background and RU486 treatment, we looked for significant differences between GA50-expressing flies compared
to all three controls. Sleep profiles showed GA50-expressing flies had similar sleep patterns compared across all three controls
(Fig. 1E). Furthermore, GA50-expressing flies had no significant differences in TSD, NSE, or MSED when compared across
the three controls (Fig. 1F, G, H). Overall, these data suggest that GA50 expression does not change fly sleep patterns.

The effect of PR50 expression on sleep mimics the sleep fragmentation and excessive daytime sleepiness experienced by ALS
patients (Arnulf et al., 2000; Ting & Malhotra, 2005; Lo Coco et al., 2011; Boentert, 2020; Sun et al., 2020). PR50-expressing
flies had an increase in the NSE and a decrease in the MSED in the ZT12-24 phase, indicating that flies were waking up more
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frequently and had shorter sleep duration. ALS patients also wake up frequently during the night, leading to shorter sleep
periods. Additionally, PR50-expressing flies had increased TSD during the ZT0-12 phase, indicating that the flies slept more
in the day compared to controls. ALS patients experience excessive daytime sleepiness as a result of fragmented nighttime
sleep, resulting in an increased likelihood of falling asleep during the day. Our results of the PR50 sleep experiment suggest
that PR50 may play a direct cellular role in affecting sleep.

In contrast to the PR50 expression, we noted that GA50 expression did not seem to have an effect on fly sleep parameters.
GAS50-expressing flies were compared to genetic controls and an ethanol vehicle control to account for effects of genetic
background and RU486, respectively. The GA50-expressing group must be significantly different from all three controls in
order to isolate the effect of GA50 expression on sleep parameters. Because the GA50-expressing group was not significantly
different when compared to all three controls, we conclude that GA50 expression may not have an effect on sleep. These
results suggest that, although poly-GA DPRs are the most highly expressed and have detrimental effects on brain health as
described above, poly-GA DPRs may not have a direct effect on sleep. Alternatively, poly-GA may need to accumulate over
time to cause sleep disruptions.

In this study, we presented a Drosophila model of ALS PR50 pathology that features sleep phenotypes similar to sleep
problems experienced by ALS patients. Furthermore, we showed that GA50 expression did not affect Drosophila sleep. Our
findings open the possibilities to future studies focused on determining the molecular basis of the effects of PR50 on sleep, as
well as determining how other DPRs may contribute to sleep disruption.

Methods
Fly Husbandry

Drosophila stocks and experimental crosses were maintained on standard Drosophila media at either 18°C or 25°C. The
elav(GS)-GAL4 driver was used to induce expression of GA50 and PR50 in progeny. Mifepristone (RU486, Sigma Aldrich)
was added to standard media for a final concentration of 20 pg/mL. RU486 stocks were prepared in ethanol, aliquoted, and
stored at -20°C. Adult male progeny from the experimental cross and genetic controls were collected 0-2 days post-eclosion
then placed on RU486-containing media for 7 days. A vehicle control for the experimental cross was also performed using an
equal amount of ethanol-containing media for 7 days. All progeny were entrained on a 12h:12h light:dark cycle prior to sleep
experiments. All experimental work was carried out at 25°C in free-standing incubators.

Drosophila Activity Monitoring and Sleep Analysis

Male flies of the genetic and experimental groups were tested for sleep analysis using Drosophila Activity Monitors (DAMs,
Trikinetics, Inc.) After 7-day RU486 or EtOH exposure, flies were placed individually into 65 mm glass tubes with 5%
sucrose, 1% agarose (w/v) food medium then immediately moved into a 25°C incubator with 12h:12h light:dark conditions
for 3-5 days of activity monitoring. Activity data were collected for each trial using the Trikinetics DAMSystem3 program
(https://www.trikinetics.com/). Data for each trial were analyzed using the Vecsey Sleep and Circadian Analysis MATLAB
Program (SCAMP). Graphs were produced using Excel and GraphPad Prism. Three repetitions of the sleep experiments were
carried out to validate the results. One-way ANOVA was performed with Dunnett’s post-hoc when data had a normal
distribution, otherwise a Kruskal-Wallis was performed with Dunn’s post-hoc test.

Statistical Analysis Results

Statistical analysis results for sleep experiments

Figure Panel Time Frame Statistical Test P Value
B 24hr Kruskal-Wallis 0.0041
B ZT0-12 ANOVA <0.0001
B ZT12-24 Kruskal-Wallis 0.0150
C 24hr ANOVA <0.0001
C ZT0-12 ANOVA <0.0001
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C 7T12-24 Kruskal-Wallis <0.0001
D 24hr Kruskal-Wallis 0.0001
D ZT0-12 Kruskal-Wallis <0.0001
D ZT12-24 Kruskal-Wallis <0.0001
F 24hr ANOVA <0.0001
F ZT0-12 ANOVA <0.0001
F 7T12-24 Kruskal-Wallis 0.0049
G 24hr ANOVA <0.0001
G ZT0-12 Kruskal-Wallis 0.0108
G 7T12-24 ANOVA 0.0029
H 24hr ANOVA <0.0001
H 7ZT0-12 Kruskal-Wallis <0.0001
H 7T12-24 Kruskal-Wallis 0.0648
Reagents

Drosophila melanogaster stocks used in experiments

Fly Lines Genotype Source Identifier

gélfl-)FLAG-PRBO- poly-PR50.UAS.Tag:FLAG,EGFP! Gift from Udai Pandey FBtp0116650

gggpF LAG-GAS0- poly-GA50.UAS.Tag:FLAG,EGFP! Gift from Udai Pandey FBp0116648
y[1] w[*]; P{w[+mC]=elav- Bloomington Drosophila Stock

elav(GS)-GAL4 Switch.0}GSG301 Center FBst0043642

Bloomington Drosophila Stock

1118
w wli1118] Center

FBst0005905

1Genotypes as reported in Flybase: https://flybase.org/reports/FBrf0228084

Reagents used

Reagents Source
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Mifepristone (RU486) Sigma Aldrich
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