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NEUROSCIENCE

TDP-43 impairs sleep in Drosophila through
Ataxin-2-dependent metabolic disturbance

Alexandra E. Perlegos1’21', Jaclyn Durkin®*t, Samuel J. Belfer'3t, Anyara Rodriguez3,
Oksana Shcherbakova?, Kristen Park’, Jenny Luong3, Nancy M. Bonini'"*%*, Matthew S. Kayser

Neurodegenerative diseases such as amyotrophic lateral sclerosis and frontotemporal dementia are associated with
substantial sleep disruption, which may accelerate cognitive decline and brain degeneration. Here, we define a role
for trans-activation response element (TAR) DNA binding protein 43 (TDP-43), a protein associated with human neu-
rodegenerative disease, in regulating sleep using Drosophila. Expression of TDP-43 severely disrupts sleep, and the
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sleep deficit is rescued by Atx2 knockdown. Brain RNA sequencing revealed that Atx2 RNA interference regulates
transcripts enriched for small-molecule metabolic signaling in TDP-43 brains. Focusing on these Atx2-regulated
genes, we identified suppressors of the TDP-43 sleep phenotype enriched for metabolism pathways. Knockdown of
Atx2 or treatment with rapamycin attenuated the sleep phenotype and mitigated the disruption of small-molecule
glycogen metabolism caused by TDP-43. Our findings provide a connection between toxicity of TDP-43 and sleep
disturbances and highlight key aspects of metabolism that interplay with TDP-43 toxicity upon Atx2 rescue.

INTRODUCTION
The rate of neurodegenerative disease diagnoses is steadily increas-
ing with an aging population (I, 2). In addition to prominent cogni-
tive symptoms, sleep disturbances are a large contributor to the
decreased quality of life of patients and caregivers (3, 4). Recent work
suggests a bidirectional relationship between sleep and Alzheimer’s
disease pathology: abnormal accumulation of the pathogenic pro-
teins tau and amyloid-p (Ap) worsen sleep, while inadequate sleep
accelerates the buildup of tau and AP (5-10). Because of the close
relationship between sleep features and dementia, serial cognitive
testing is common in the workup of parasomnias and can be helpful
for early diagnosis of neurodegenerative diseases (11, 12). Sleep dis-
turbances are also beginning to be recognized in the disease course
of amyotrophic lateral sclerosis and frontotemporal dementia (ALS/
FTD). Long considered a disease that solely affected motor neurons,
recent work has linked cognitive and autonomic dysfunction to ALS/
FTD disease progression (13). Findings indicate that sleep is notably
disrupted in patients with ALS/FTD (14, 15); therefore, elucidating
cellular mechanisms that couple neurodegenerative diseases to sleep
disruption could reveal additional treatment avenues.
Neurodegenerative diseases are characterized by the aberrant ac-
cumulation of key proteins that induce toxicity to the brain. Models of
neurodegeneration for Alzheimer’s disease, ALS, and other diseases
have been established in Drosophila by directed expression of the hu-
man proteins in the fly, followed by characterization of degenerative
effects on lifespan, motor function, brain integrity, and other behav-
ioral and anatomical features that reflect the human disease (16-18).
The genetic tractability of Drosophila has enabled large-scale screens
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to identify modifiers of the human protein toxicity and associated de-
generation (16, 17, 19-25). The robust sleep behavior of flies also
makes them an excellent system to explore the concurrent relation-
ship between sleep and neurodegenerative disease (26-28). Previous
work has identified sleep deficits in Drosophila models of Alzheimer’s
disease (27, 29), tauopathy (30), ALS/FTD (31), and Parkinson’s dis-
ease (32, 33), among others. Several groups have demonstrated that
improving sleep by pharmacotherapy (29) or behavioral sleep therapy
adapted from human techniques (34) has positive outcomes in fly
models of human neurodegenerative disease, including improved
memory performance and extended lifespan.

TAR DNA binding protein 43 (TDP-43) is the protein that ac-
cumulates abnormally in nearly all cases of ALS; abnormal TDP-43
inclusions have also been implicated in neurodegenerative diseases
including frontotemporal lobar degeneration, primary lateral scle-
rosis, and progressive muscular atrophy (35-37). In addition, TDP-
43 pathology has been detected in up to ~60% of Alzheimer’s cases
where it is associated with worse brain atrophy and memory loss
(38-42). Pathological TDP-43 inclusions and consequent neuronal
death are thought to be due to a combination of both toxic gain of
function and loss of function associated with depletion of TDP-43
from the nucleus and abnormal accumulation of the protein in the
cytoplasm (43, 44). Although rare mutations in TDP-43 have been
described in ALS and FTD, most disease is associated with the ab-
normal accumulation of the normal protein (45). TDP-43 is a nucle-
ic acid binding protein that plays a critical role in many cellular
processes. During periods of stress (heat shock, oxidative stress, or
starvation), TDP-43 can shuttle to the cytoplasm and regulate
mRNAs to help promote cell survival (45-49). In disease, TDP-43
accumulates in the cytoplasm of cells in pathological aggregates that
can disrupt normal cellular functions and promote chronic stress
(46, 47). Abnormal accumulation of TDP-43 also leads to disruption
in metabolic pathways such as glucose, lipid, and mitochondrial me-
tabolism (31, 50-52). These metabolic changes further contribute to
pathological progression and disrupt energy states needed for nor-
mal function and stress resolution in neurons (50-53).

Here, we used Drosophila to assess sleep in protein expression
models of human neurodegenerative disease. We found that directed
expression of TDP-43, which is an established model for ALS/FTD
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(24, 47, 54-57), led to severe sleep deficits. Depletion of Ataxin-2
(Atx2), a modifier of TDP-43 toxicity in flies and mice (45, 58, 59),
reversed the TDP-43 sleep phenotype. We further elucidated the
interplay between these proteins using brain RNA sequencing (RNA-
seq) analysis to identify transcripts dysregulated by TDP-43 ex-
pression that were mitigated by Atx2 knockdown. On the basis of
these RNA-seq findings, a behavioral screen to define additional
downstream modifiers of TDP-43 toxicity implicated metabolic
pathways through which Atx2 rescues TDP-43 sleep phenotypes. In
TDP-43 flies, metabolic defects and a sensitized sleep phenotype
in the setting of starvation raise the possibility that baseline
TDP-43-related sleep disruptions reflect a starvation stress. Last,
both metabolic defects and the sleep response to starvation were res-
cued with rapamycin treatment. These findings uncover profound
sleep disturbances in this model of neurodegenerative disease and
suggest that metabolic dysregulation drives sleep phenotypes of
TDP-43 toxicity.

RESULTS

TDP-43 expression impairs sleep in Drosophila

To investigate the relationship between neurodegeneration and
sleep, we examined sleep in a range of toxic protein expression mod-
els of human neurodegenerative disease in Drosophila. Expression
of these proteins in flies has been shown to recapitulate key aspects
of the human diseases, such as neuronal dysfunction and degenera-
tion (27, 29, 60, 61); here, we determined whether any of these de-
generation models displayed a robust sleep phenotype. To avoid
developmental effects and to ensure broad expression of the pro-
teins as in the human disease, we used the hormone-inducible
GeneSwitch driver under control of the ubiquitous daughterless pro-
moter (DaGS). We first assessed sleep during the night after 5 to
7 days of DaGS activation on RU486. Most models did not show
strong changes in sleep duration or sleep bout characteristics, per-
haps due to a later onset of disease pathology (Fig. 1A; fig. S1, A and
B; and data S1). These models included expression of human tau
(62), AR mutant (63, 64), and amyloid precursor protein (APP)/
f-site amyloid precursor protein cleaving enzyme (BACE) (65) for
Alzheimer’s disease; the G4C2 repeat expansion and human TDP-
43 for ALS/FTD (22, 66); and human o-synuclein for Parkinson’s
disease (67, 68). We also reduced expression of Presenilin of the
y-secretase complex (69). Among these models, expression of hu-
man TDP-43, associated with sporadic ALS/FTD and found in toxic
accumulations in Alzheimer’s disease, caused a significant loss of
~200 min of sleep (Fig. 1A) and a nearly threefold reduction in the
length of the average sleep bout (fig. S1, A to C).

To confirm these findings, we measured sleep across the day
and night in RU486-treated flies compared to vehicle control. A
medium-strength expression TDP-43 fly (UAS-TDP-43°"; as in
Fig. 1A) was assessed, along with an independent insertion with
stronger expression (UAS- TDP-43°%%) (58). These lines confer neu-
ral degeneration and dysfunction when expressed in the fly eye or
nervous system (24, 56, 58). Both exhibited a marked curtailment of
sleep duration during the day and night, along with sleep fragmen-
tation (more short sleep bouts; Fig. 1, B to H). Effects on sleep were
not due to the presence of RU486, as flies expressing a control pro-
tein yellow fluorescent protein (YFP) had no effect on sleep (fig. S2).
We also confirmed the sleep phenotype of DaGS>UAS-TDP-43""M
flies using a higher-spatial resolution multibeam sleep assay (fig. S3,
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A to D). In both Drosophila activity monitoring (DAM) systems
(single and multibeam), we detected no locomotor change in TDP-
43 flies (fig. S3E), indicating that these animals move normally in
the sleep assays. Nonetheless, we considered whether motor neuron
toxicity contributes to the sleep changes but found that specific ex-
pression of TDP-43 in motor neurons did not recapitulate the ob-
served sleep phenotype (fig. S4); this manipulation resulted in
impaired motor function as evidenced by reduced activity (fig. S4, D
and H) and an associated increase in measures of sleep (fig. $4, A
and E). Together, these results demonstrate a severe sleep phenotype
associated with TDP-43 expression that is independent of a role for
TDP-43 in motor neuron toxicity.

Next, we examined whether TDP-43 expression impairs sleep
homeostasis (sleep rebound following sleep deprivation) or circa-
dian rest:activity rhythms. We found that TDP-43 and YFP control
flies responded similarly to mechanical sleep deprivation during the
night with near total sleep loss. Despite a reduction in baseline sleep
during the day, TDP-43 flies showed normal rebound after sleep de-
privation (Fig. 2, A and B), suggesting intact sleep homeostatic
functions. TDP-43 expression also had no impact on locomotor
rest:activity rhythms under constant conditions (table S1). Thus,
TDP-43 does not result in broad sleep/circadian impairments but,
instead, specifically disrupts daily sleep duration and continuity. To-
gether, these data indicate that TDP-43 expression causes a robust
sleep deficit in flies that is suitable for detailed mechanistic investi-
gation and large-scale screens to define the relationship.

Dose dependence of TDP-43 sleep phenotypes

We considered that there may be a necessary TDP-43 protein “load”
that is required to induce sleep loss, below which no sleep pheno-
types would be present. To determine whether severity of the sleep
phenotype is related to TDP-43 protein level, we titrated the expres-
sion of TDP-43 by changing the dosage of RU486. We defined TDP-
43 protein levels via Western immunoblot in flies raised on different
RU concentrations (Fig. 3A). As expected, TDP-43 protein levels
exhibited a dose-dependent relationship to RU486 concentration
(Fig. 3B). We then examined sleep in DaGS>UAS-YFP control and
DaGS$>UAS-TDP-43°* flies raised on these same concentrations of
RU486 (Fig. 3C). TDP-43 flies showed increasing sleep loss as the
dosage of RU486 was increased, suggestive of a direct correlation
between protein amount and impact on sleep duration (Fig. 3, D
and G). In contrast, sleep continuity appeared more sensitive to
TDP-43 levels: even at the lowest dose of RU486, which was associ-
ated with relatively modest TDP-43 expression levels, we observed a
severe fragmentation of sleep with marked shortening of sleep bout
length and increase in bout number. Western immunoblot revealed
some minor leakiness of TDP-43 expression in the absence of RU,
and even this low level of TDP-43 was associated with truncated
sleep bout length during the day (Fig. 3, A and F). Overall, the de-
gree of sleep loss leveled off at 0.5 mM RU486, driven by effects on
sleep bout length; therefore, we used this dosage for subsequent
experiments.

Atx2 knockdown normalizes TDP-43-associated

sleep disruptions

Concurrent up-regulation of Atx2 and TDP-43 in Drosophila wors-
ens retinal degeneration and severely truncates lifespan, beyond
that of expressing TDP-43 (or Atx2) alone (58). Moreover, genetic
reduction of Atx2 ameliorates TDP-43 toxicity in Drosophila and
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mitigates toxicity and cellular inclusions in mouse models (59). The
ability of TDP-43 to bind RNA is important for its toxicity, and the
Atx2 polyA-binding protein interacting motif (PAM) domain is
critical for its ability to enhance TDP-43 toxicity (58, 70). Given
these interactions for toxicity, we examined sleep in TDP-43-ex-
pressing animals while manipulating Atx2 levels. To assess the im-
pact on sleep of Atx2 up—re%ulation, we used the DaGS$ driver to
express both UAS-TDP-43°" and UAS-Atx2.1B; however, all flies
died within 2 days of being placed on RU486, precluding sleep anal-
ysis. We then asked whether RNA interference (RNAi)-mediated
knockdown of Atx2 ameliorates the sleep deficits observed in
DaGS>UAS-TDP-43"%. Using this approach with three distinct
RNAI lines for Atx2 knockdown, we observed a twofold increase in
total sleep time, driven by extension of sleep bout duration (Fig. 4, A

to G). The Atx2 RNAI line showing strongest knockdown (fig. S5A)
was also associated with the largest sleep increase in TDP-43 flies,
rescuing back to control levels (fig. S5B). Atx2 RNAi expression in
the absence of TDP-43 did not affect sleep, indicating a specific
interaction between Afx2 RNAi and TDP-43 for sleep recovery
(Fig. 4H). These data reveal that the sleep deficits associated with
TDP-43 expression are rescued by reduction of Atx2.

Small-molecule metabolic pathways mediate Atx2 RNAi
rescue of TDP-43 sleep disruption

To gain insight into molecular pathways by which Atx2 modulates
sleep in TDP-43-expressing animals, we performed RNA-seq analy-
sis from brains of animals expressing TDP-43 with or without Afx2
RNAj, along with corresponding control brains (Fig. 5, A and B, and

A B Da-GS>UAS-TDP-43%™
Total sleep time 100 EtOH
g - - o
g @
E 8 |
3 > RU486
3 © 0Lf -
S o Night
s
£ £ ZT0 ZT12 7724
=y -—
= % Da-GS>UAS-TDP-43%3
5
b 8 100 EtOH
—
5]
DaGS> a
+RU486
RU486
O = v
Day
ZT0 ZT12 7724
C 800 **** Hkkk D 30— A *x E 250 **E* ns
? ' -
=3 £ 2004
S 600 @ E
~ < 2 204 =
x N = £ 150
= - =] =)
N £ 4004 < c
2 £ Ea 9 100
S $ 200 @ ' 3
= [} m
o %)
0- 0-
DaGS> TDP-43"™ TDP-43%° DaGS> TDP-43¥™ TDP-43%23 DaGS> TDP-43"™ TDP-43%
RU486 - + - + RU486 - + - + RU486 - + - +
. " ordk akhr
F 800 — — G 3094 — — H 2500 — —
_ ? : -
g 5 : 'S 200-
N 3 600 5 i
5 < S 20 H E
. o € < 150
a < 5 B
= S 400+ 2 g
N € 5 2 100+
P - c(a 10 5 . .
2 200 3 el :
(=2} 41!
2 8 @ I% | |é
n
0-! 0- 0-
DaGS> TDP-43"™ TDP-43%5 DaGS> TDP-43¥™ TDP-43%2° DaGS> TDP-43"™™ TDP-43%
RU486 - + - + RU486 - + - + RU486 - + - +

Fig. 1. Expression of human TDP-43 disrupts sleep in Drosophila. (A) Screen of sleep phenotypes in gene expression models of neurodegenerative disease. DaGS on
RU486 food. Quantification of total sleep time during the dark (night) phase (from left to right, n =32, 60, 41, 7, 31, 28, 29, 29, 34, 25, 50, 30, and 44 flies). (B) Sleep traces
of TDP-43 flies on ethanol (black traces) or RU486 (green traces) after 7 days. (C to E) Quantification of day sleep duration (C), sleep bout number (D), and sleep bout length
(E) for TDP-43 flies (n > 32 flies per condition). (F to H) Quantification of night sleep duration (F), bout number (G), and bout length (H) (n > 32 flies per condition). In (C) to
(H), n=280, 77,69, and 67 from left to right. For all figures, error bars represent SEM; **P < 0.01, ***P < 0.001, and ***#P < 0.0001 by one-way analysis of variance (ANOVA)
with Dunnett’s multiple comparisons test (A) or Sidak’s multiple comparisons test [(C) to (H)].
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Fig. 2. TDP-43-expressing flies maintain the homeostatic sleep response following sleep deprivation. (A) Sleep traces of TDP-43 and control flies before, during
(indicated by orange bar), and after 12-hour sleep deprivation. Top traces are those raised on ethanol, and bottom traces are raised on RU486. (B) Quantification of the
change in total sleep time from baseline recording (first 3 hours of daytime before deprivation) to recovery sleep recording (first 3 hours of daytime after deprivation).
From left to right, n = 48, 48, 47, 45, 45, 45, 41, and 43. *P < 0.05, ***P < 0.001, and ****P < 0.0001 by three-way ANOVA with Sidak’s multiple comparisons. Significant
effects of deprivation [sleep-deprived (SD) versus nondeprived (ND), P < 0.0001] and treatment [RU486 versus ethanol (EtOH), P < 0.0001] were detected. No significant
effects of genotype nor significant interactions between factors (genotype, treatment, and deprivation) were detected.
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data S2). DaGS>UAS-TDP-43"* flies survive to ~9 to 10 days at
25°C (starting RU486 immediately after eclosion) compared to a
normal lifespan of ~60 to 70 days, validating a severe toxicity of
TDP-43 expression. RNA-seq on brain tissue was performed after
6 days on RU486 at 50% survival (Fig. 5C). Flies ubiquitously ex-
pressing TDP-43 with Atx2 RNAi had a slightly increased overall
lifespan, with a 50% survival at 8 days and total lifespan of ~11 to
12 days (Fig. 5C).

Upon TDP-43 expression, 3295 transcripts were differentially ex-
pressed within the brain, with ~50% (1657) of these up-regulated

(Fig. 5D). Transcripts up-regulated in TDP-43 brains were enriched
for pathways such as small-molecule metabolic processing and
mitogen-activated protein kinase (MAPK) signaling, suggesting
that metabolic and stress signaling were activated in response to
TDP-43 (Fig. 5E and data S3). We analyzed gene changes in TDP-43
brains compared to TDP-43 brains with Atx2 RNAi, when sleep is
rescued. We considered that crucial pathways of toxicity up-
regulated by TDP-43 might be subsequently down-regulated
by Atx2 knockdown, prompting protection. Our analysis revealed
that 396 transcripts were up-regulated with TDP-43 but now
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Fig. 3. Dose-dependence of TDP-43 sleep phenotypes. (A) Western immunoblot of TDP-43 protein from fly heads following 6 days on different concentrations of
RU486. n = 10 heads per protein sample, 3 biological replicate blots quantified. (B) Quantification of relative band intensity for TDP-43 protein normalized to tubulin
control. (C) Sleep traces over three consecutive days for flies at 6 to 8 days on varying concentrations of RU486. (D to F) Quantification of day sleep time (D), bout number
(E), and bout length (F) for flies raised on varying RU486 concentrations (n > 32 flies per condition). (G to I) Quantification of night sleep time (G), bout number (H), and
bout length (1) for flies raised on varying RU486 concentrations. For (D) to (I), from left to right, n = 144, 138, 141, 129, 138, 141, 134, 141, 138, and 135. *P < 0.05, **P < 0.01,
##%P < 0.001, and *##*P < 0.0001 by one-way ANOVA with Tukey’s multiple comparisons test (B) or one-way ANOVA with multiple comparison Sidak’s test [(D) to (I)].
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Fig. 4. Atx2 knockdown suppresses TDP-43 sleep phenotypes. (A to C) Quantification of day sleep time (A), bout number (B), and bout length (C) for TDP-43 flies with
or without Atx2 knockdown. (D to F) Quantification of night sleep time (D), bout number (E), and bout length (F) for TDP-43 flies with or without Atx2 knockdown. From
left to right, n =22, 21,21, and 22. *P < 0.05, **P < 0.01, ***P < 0.001, and **¥#P < 0.0001; ns, not significant by one-way ANOVA with Dunnett’s multiple comparisons to
DaGS>UAS-mCherry RNAi control [(A) to (F)]. (G) Sleep traces of DaGS>UAS-TDP-43°% flies, also expressing Atx2 RNAI after 5 days on RU486. (H) Quantification of sleep
time of DaGS>Atx2 RNAI #1 flies after 5 days on RU486. n = 47 and 45 for EtOH and RU486 conditions, respectively. *P < 0.05 by unpaired t test with Welch’s correction.

down-regulated in TDP-43 brains coexpressing Atx2 RNAi (Fig. 5F);
most of these transcripts were not normally down-regulated by Atx2
RNAI alone (fig. S5, C and B). These transcripts were significantly
enriched for small-molecule metabolic processing and catabolic
processing pathways (Fig. 5G and data S3), suggesting that TDP-43
brains undergo transcriptional activation in metabolic processing
pathways that is reduced upon Atx2 RNAi. Dysregulation of meta-
bolic pathways has been implicated in the pathogenesis of both ALS
and sleep disorders (50, 71-74), and Atx2 may exert a protective ef-
fect in TDP-43 brains by regulating metabolic processing.

RNAi-based screen identifies additional metabolic sleep
modifiers of TDP-43

The above findings raised the possibility that one or more of the
genes whose expression level was normalized or down-regulated by
Atx2 RNAi may be of special importance, such that knockdown of
the gene on its own could rescue TDP-43-associated sleep loss. We
screened over 200 RNAI lines targeting genes that followed this ex-
pression pattern to determine whether knockdown of any could res-
cue the TDP-43 sleep phenotype, as observed with Atx2 knockdown
(Fig. 6, A and B). TDP-43 flies typically sleep ~500 min across the
24-hour day. Of the lines screened, 50 were able to suppress the
TDP-43 sleep phenotype to at least some extent, being associated
with >700 min of total sleep (Fig. 6C and data S4). These modifier
genes overlapped with the previous gene ontology (GO) term path-
way genes of small-molecule metabolic processing (Fig. 6C); dys-
regulation of key metabolic pathways may therefore play a crucial
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role in sleep loss of TDP-43 flies. Sleep modifiers regulating meta-
bolic processing included Myc (drives expression of genes in gly-
colysis and tricarboxylic acid cycle), InR (promotes uptake and
storage of glucose, insulin signaling), and AfgI [role in autophagy,
and interacts with adenosine monophosphate-activated protein ki-
nase (AMPK), mammalian target of rapamycin (mTOR), and glyco-
gen synthesis pathways]. These genes were all up-regulated upon
TDP-43 expression and then down-regulated upon coexpression of
Atx2 RNAI, but not affected by Atx2 RNAI at baseline (Fig. 6D).
Knockdown of each gene independently also suppressed the TDP-
43 sleep phenotype (Fig. 6, E and F). Among these, Atgl RNAi
showed the greatest rescue in overall sleep (day + night), with a total
sleep of ~800 min, comparable to Atx2 RNAi sleep recovery (~900 min)
(Fig. 6, E and E, and data S4).

TDP-43-expressing brains exhibit glycogen

metabolism dysfunction

Given the marked effect of TDP-43 on Atgl expression levels and
rescue of TDP-43 sleep phenotypes with Atgl knockdown, we next
explored these interactions in more depth. Comparing to additional
controls, we found knockdown of AtgI in TDP-43 flies rescued sleep
duration during the day and night, as well as normalizing measures
of sleep fragmentation (fig. S6, A and B). Atgl knockdown also ex-
tended survival of TDP-43-expressing flies to a similar extent as
Atx2 RNAI (Fig. 7A). Consistent with published work (75), knock-
down of Atgl alone was associated with an increase in sleep dura-
tion (fig. S6B). Knockdown of Atgl RNAI did not alter the levels of
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TDP-43 (fig. S6C). Atgl canonical function is in the autophagy
pathway, which is linked to sleep regulation (75) and can become
dysfunctional in neurodegeneration (76, 77). To explore the role of
additional autophagy-related genes in TDP-43 sleep disturbances,
we examined the impact of knocking down other autophagy path-
way transcripts. Although knockdown of these genes independent
of TDP-43 is known to increase sleep duration (75), RNAi expres-
sion in the context of TDP-43 did not rescue the sleep deficits
(fig. S6D). None of these autophagy brain transcripts were altered
upon TDP-43 expression (data S2). These findings raised the possi-
bility that the function of Atgl RNAi in mitigating TDP-43 sleep
phenotypes is not via a general autophagy pathway.

Additional roles of Atgl include glucose metabolism and insulin
signaling through an interaction with AMPK and glycogen break-
down (78, 79). Moreover, growing evidence in both patient and ani-
mal models suggests that dysfunctional energy metabolism plays a
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substantial role in progression of ALS, indicated by altered glucose
utilization in specific brain and spinal cord regions (51, 71, 72, 74). As
pathways regulated by Atx2 knockdown in the brain were enriched in
metabolic processing, we considered whether there was a metabolic
imbalance in TDP-43 brains that could be responsible for the sleep
defect that is normalized by Atx2 RNAi. Thus, we sought to examine
small-molecule metabolic profiles by measuring glycogen/glucose
levels in the brain. Although TDP-43 brains showed no significant
change in steady state glucose levels, TDP-43 brains had increased
glycogen storage levels compared to controls (Fig. 7B). Atx2 RNAi
and Afgl RNAi reduced glycogen levels, suggesting a more normal
utilization of glycogen stores (Fig. 7B). Thus, brains from animals ex-
pressing TDP-43 are abnormal in their overall glycogen storage, and
modifiers of the sleep phenotype correlated with reduction of glycogen
levels. These findings highlight a dysregulation of energy metabolism
with TDP-43 expression that becomes restored upon Atx2 RNAi.
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n =90, 91, and 91, **¥#*P < 0.01, log-rank test, comparable to that of Atx2 RNAI. (B) TDP-43 brains have increased glycogen levels compared to control brains, and Atx2
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We next tested additional key metabolic genes that were highly
up-regulated with TDP-43 and normalized by Atx2 RNAi, including
Myc and InR; knockdown of these genes also attenuated TDP-43
sleep disruptions (see Fig. 4). We found that knockdown of Myc and
InR, like Atx2 and Atgl, was associated with reduced glycogen levels
in TDP-43 brains (Fig. 7C). These findings further underscore that
metabolic dysfunction is associated with the sleep loss phenotype in
TDP-43 animals.

Rapamycin normalizes sleep-starvation and glycogen
metabolic phenotypes in TDP-43 flies.

TDP-43-expressing animals are markedly stress sensitive, with a
compromised ability to withstand heat stress and starvation stress
(80). Upon starvation, wild-type flies normally suppress sleep to in-
crease foraging for food (81). Given that TDP-43 flies have reduced
sleep at baseline and are starvation sensitive, we considered that
their sleep loss/fragmentation could be driven by a metabolic star-
vation condition reflected by the impaired glycogen utilization, even
in the presence of adequate food resources. Consistent with this hy-
pothesis, RNA-seq analysis indicated that key starvation-sleep-associated
transcripts such as Clk and for (81) are up-regulated in TDP-43 brains
(data S2). To test this idea further, we examined the sleep response
to starvation in TDP-43 flies, focusing on the first 12 hours of star-
vation since previous work has shown that >80% of these flies
die between 24 and 48 hours of starvation (80). While genetic
and vehicle control flies exhibited the expected sleep suppression
upon starvation, sleep loss was more severe in flies expressing
TDP-43 (Fig. 8A). These findings support the hypothesis that a
core metabolic dysregulation is critical in the sleep phenotype of
TDP-43-expressing animals.

Rapamycin is a suppressor of TDP-43 toxicity in Drosophila for
lifespan and locomotor deficits (82, 83) and inhibits the activity of
TOR, a major regulator of nutrient sensing and the insulin signaling
pathway (83). Rapamycin also increases resistance to starvation
stress (84). We therefore asked whether rapamycin could correct the
sleep and metabolic deficits in TDP-43 flies. In control brains, ra-
pamycin treatment caused an increase in glycogen levels, indicating
a disruption in glucose/glycogen homeostasis in a basal brain
(Fig. 8B). By contrast, in TDP-43 brains, rapamycin treatment de-
creased glycogen storage levels back to baseline, rescuing this meta-
bolic imbalance (Fig. 8B).

We then assessed the impact of rapamycin on sleep. Rapamycin
treatment alone of control animals resulted in a reduction in day-
time sleep, while night sleep was unaffected (Fig. 8C). Therefore, we
focused on the effect of rapamycin on nighttime sleep loss associated
with TDP-43 and found that rapamycin treatment increased night
sleep duration of TDP-43 animals (Fig. 8C). Last, we assessed
whether rapamycin rescued the exaggerated sleep response to star-
vation in TDP-43 flies. Rapamycin treatment of starved TDP-43
animals markedly mitigated the sleep loss associated with starvation
(Fig. 8D). Together, these data suggest that TDP-43 animals have a
dysfunctional metabolic state that leads to sleep deficits; Atx2 and
several other metabolic genes, as well as rapamycin treatment, can
mitigate the sleep loss of TDP-43 flies and restore glycogen balance.

DISCUSSION
Neurodegenerative diseases, such as FTD and ALS, are character-
ized by the progressive degeneration of neurons, leading to various

Perlegos et al., Sci. Adv. 10, eadj4457 (2024) 10 January 2024

cognitive impairments. Sleep disturbances are a prominent symp-
tom in neurodegenerative disease and are thought to contribute to
disease progression. In this study, we find that a fly model of ALS/
FTD expressing TDP-43 exhibits a robust sleep disturbance, en-
abling a search for genetic modifiers. We elucidate the relationship
between TDP-43 toxicity and Atx2 knockdown in disease, revealing
a reciprocal relationship in small-molecule metabolism along with
recovery of sleep. Similarly, we identify additional TDP-43 sleep
modifiers in metabolism genes regulated by Atx2 knockdown. Star-
vation is a condition that drives sleep loss in normal animals (81),
and TDP-43 animals are highly starvation stress sensitive (80). Our
data show that TDP-43 flies also exhibit notable sensitivity to
starvation-related sleep loss, and rapamycin restores glycogen me-
tabolism and attenuates sleep loss under both baseline and starved
conditions in TDP-43 flies. These data support a unifying model
where sleep disturbances associated with TDP-43 are due to small-
molecule metabolic dysregulation downstream of Atx2 and high-
light a therapeutic potential for rapamycin in targeting sleep (Fig. 9).

TDP-43-expressing flies exhibit severe sleep degradation
TDP-43 is a key protein associated with ALS pathology, and its aber-
rant mislocalization and aggregation have been implicated in neuro-
nal dysfunction and degeneration (46, 85-87). Our findings
demonstrate that the expression of TDP-43 in the adult fly leads to
severe sleep disruptions, characterized by reduced sleep duration
and sleep fragmentation during both day and night. These data are
consistent ALS patient sleep studies that show disrupted sleep (14,
15, 88). A key insight from our TDP-43 manipulation is the absence
of locomotor deficits in sleep assays, eliminating this potential con-
found and suggesting that sleep disturbances are not coupled to the
motor phenotypes. Knockdown of Atx2, a modifier of TDP-43 tox-
icity for motor dysfunction and lifespan (58, 59), also rescues the
sleep deficits induced by TDP-43 expression. These data highlight a
crucial role for Atx2 in regulating sleep disturbances associated with
TDP-43 pathology.

We observed no effect on sleep homeostasis or circadian loco-
motor rhythms with TDP-43 expression, pointing toward a specific
disruption of daily sleep duration and continuity. Previous studies
have shown ATXN2/Atx2 affects circadian rhythms and translation
control (89-91). Given the lack of a circadian phenotype with TDP-
43 expression in flies, it is unclear how the role of Atx2 in circadian
control might be linked to the TDP-43 sleep phenotype. One possi-
bility is that TDP-43-related sleep deficits are related to Atx2 effects
on translation at specific times of day, perhaps through Myc, Atgl, or
Inr. Regardless, we establish a relationship between TDP-43 expres-
sion and sleep deficits, with higher levels of TDP-43 protein leading
to increased sleep loss; notably, even low levels of TDP-43 were suf-
ficient to induce fragmented sleep patterns, with a marked reduc-
tion in the length of sleep bouts. The extreme sensitivity of sleep
continuity to TDP-43 levels raises the possibility that sleep fragmen-
tation might represent an early and sensitive marker of this degen-
erative process. Prospective sleep assessments in human populations
will be of great importance to explore this idea directly.

To gain insight into the underlying mechanisms of the sleep dis-
ruptions, we performed RNA-seq analysis on the brains of flies ex-
pressing TDP-43 with or without Atx2 knockdown. Our analysis
highlighted alterations in gene expression related to small-molecule
metabolism pathways in TDP-43-expressing flies. Notably, these
metabolic pathways were restored to near-normal levels upon Atx2
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knockdown. These data suggest an involvement of metabolic dys-
regulation in TDP-43-induced sleep disturbances. Analysis of plas-
ma metabolome after sleep restriction in humans reveals that small
molecule and amino acid metabolism are particularly perturbed
(73). In accordance with our RNA-seq analysis, we hypothesize hu-
man plasma may reveal similar metabolic signatures in patients
with ALS. Notably, Atx2 RNAi did not alter sleep levels in control
flies, indicating that Atx2 regulates sleep specifically in pathways
that are dysregulated with TDP-43.

Several other genes regulated by Afx2 RNAi also ameliorated
sleep disturbances associated with TDP-43, with Atgl RNAi show-
ing the most robust improvement in sleep duration among these
modifiers. Although AtgI is known for its role in autophagy and au-
tophagy dysregulation is implicated in both neurodegeneration and
sleep (75, 92), screening additional autophagy pathway genes
showed no effect on the TDP-43 sleep phenotype. These data point
toward an autophagy-independent role affecting TDP-43 sleep.

Metabolism in neurodegeneration and sleep

ALS pathology has been linked to dysregulation in glycogen me-
tabolism and is associated with increased oxidative stress and im-
paired cellular energy balance (50, 74, 93). Recent reports have
observed increased levels of glycogen in the lumbar spinal cord of

Increased stress sensitivity

ALS model SOD1%%*# mice (53). This impairment persists through-
out the course of disease and is due to altered levels of phosphory-
lase B or the enzyme that degrades glycogen (53). Similar results
were found in spinal cord tissue of patients with ALS, confirming
that glycogen accumulation is a feature of the human disease (52).
In our study, we observed elevated levels of glycogen in the brains of
TDP-43-expressing flies, indicating disrupted glycogen storage and
metabolism in these animals. Knockdown of Atx2 or Afgl led to a
reduction in glycogen levels, suggesting their involvement in regu-
lating glycogen metabolism in the context of TDP-43 toxicity. These
findings provide further evidence linking TDP-43 expression to gly-
cogen storage and metabolism issues in ALS and highlight the role
of Atx2 as a modifier of both the glycogen dysregulation and sleep
disturbances.

Atx2 reduction is neuroprotective for ALS across different model
systems, with current efforts focused on understanding the mecha-
nistic role in disease progression. Global proteome and metabolome
profiling of Atxn2-KO mice cerebellum and liver shows that Atxn2
depletion modulates nutrition and basal metabolism, such as
branched chain amino acid metabolism, fatty acid metabolisms, and
citric acid cycle (94). Spinocerebellar ataxia 2 patients, with elevated
levels of ATXN2, show depleted levels of subcutaneous fat storage
before motor deficits appear (95). In addition, mice with Atxn2
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Fig. 9. Model for sleep disruption and rescue in TDP-43-expressing animals. TDP-43 expression in Drosophila causes a severe sleep phenotype that is rescued by Atx2
RNAi. RNA-seq of TDP-43 brains with or without Atx2 RNAi reveals up-regulation of small-molecule metabolism pathways, and these pathways were reduced upon Atx2
knockdown. Analysis of metabolites revealed increased glycogen storage in TDP-43 brains, which was reduced with Atx2 RNAi. Metabolism transcripts revealed from GO
term analysis, such as Atg1, Myc, and InR, were up-regulated in TDP-43 brains and reduced with Atx2 RNAi. Knockdown of these transcripts also recovered sleep and gly-
cogen storage levels in TDP-43 flies. Similarly, treatment with rapamycin promoted sleep recovery in TDP-43 flies and restored glycogen levels. Rapamycin treatment re-
stored starvation induced sleep loss of TDP-43 flies. This figure was made using http://BioRender.com.
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deficiency have increased obesity and insulin resistance (96). Simi-
larly, in Drosophila, Atx2 knockdown in the larval fat body leads to
developmental death and reduced growth, due to lipid breakdown
deficiency (97). Furthermore, during periods of starvation stress,
Atx2 is activated via mTOR signaling pathway and localizes to
stress-induced cytoplasmic granules to assist in stress resolution
(98). During periods of stress, TDP-43 can also localize to stress
granules where it may interact with Atx2, and accumulation of TDP-
43 in the cytoplasm during disease progression makes the animals
severely stress and starvation sensitive (46, 47, 80). Our study indi-
cates that Atx2 depletion is beneficial for the highly stress sensitive
TDP-43 animals through the recovery of metabolism and sleep
deficits. In the brain RNA-seq analysis, Atx2 RNAi markedly nor-
malized small-molecule metabolism defects that were up-regulated
upon TDP-43 expression. Although TDP-43 animals with Atx2
RNAI still die early because of the severe toxicity of TDP-43, the
sleep disruption and brain glycogen levels are normalized. Future
work will leverage these insights to understand whether and how
brain degeneration and sleep are directly coupled, potentially exam-
ining cell type-specific regulation of TDP43 sleep disruption and
guiding sleep-based therapies for neurodegenerative disease.

Rapamycin treatment has been shown to rescue the lifespan of
TDP-43-expressing animals (82). By inhibiting TOR, rapamycin
promotes a shift toward catabolism, autophagy, lipid breakdown,
and energy conservation—processes that are beneficial in stress
states (82, 84). Although rapamycin rescues aspects of TDP-43 tox-
icity due to activation of autophagy pathways (82), in the sleep re-
sponse, we find no role for most canonical autophagy genes and
propose that rapamycin promotes metabolic and starvation recov-
ery for TDP-43-related sleep disturbances. Rapamycin treatment
restored the night sleep deficit associated with TDP-43, although
sleep normalization was more complete with Atx2 RNAi and addi-
tional players such as Atgl, Myc, and InR RNAI. This may be due to
rapamycin treatment functioning only in part of the small-molecule
metabolism signaling cascade. With starvation, TDP-43 flies showed
enhanced suppression of sleep, likely primed by their chronic meta-
bolic dysregulation. This exaggerated suppression of sleep was also
mitigated by rapamycin. Elucidating the molecular pathways by
which rapamycin impinges upon starvation stress (84) will provide
insight into the ability of rapamycin to rescue TDP-43 toxicity. To-
gether, these findings raise the intriguing possibility that baseline
sleep disturbances related to TDP-43 might result from metabolic
impairments that mimic a starvation-like state.

MATERIALS AND METHODS

Fly strains

Iso*" and Daughterless-GS flies were obtained from A. Sehgal
(University of Pennsylvania). UAS:Ap Arctic flies were obtained
from M. Wu (Johns Hopkins). Lines were outcrossed at least 5X
into the iso>! background. Elav-Gal4 (#458) and all RNAI lines
were obtained from the Bloomington Drosophila Stock Center
(see data S1 for a full list of lines). Flies were maintained on stan-
dard yeast/cornmeal-based mediumat25°C ona12-hour:12-hour
light:dark cycle.

RU486 food preparation and lifespan assay
To prepare a 50 mM stock solution, 215 mg of RU486 (Thermo Fish-
er Scientific) was dissolved in 10 ml of 100% ethanol (EtOH). One
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hundred milliliters of standard food or sucrose agar was melted, and
1 ml of RU486 or EtOH was added and mixed once cooled. Molten
solution was poured into empty polystyrene vials (Genessee Scien-
tific) or used to fill DAM tubes (Trikinetics). For lifespan analysis,
food was prepared with either 100 pl of RU486 (4 mg/ml in 100%
ethanol; Sigma-Aldrich, M8046-1G) pipetted onto food vials and
allowed to dry for 24 hours. For lifespan analysis, adult male flies
were collected at eclosion and aged on RU486, and flies were flipped
to fresh food vials every 2 days. The number of dead/censored flies
was recorded after flipping, and flies were housed at 25°C on a 12-hour
light-dark cycle.

Rapamycin treatment

Rapamycin (LC laboratories) was prepared similar to RU486 food,
at a concentration of 400 pM. Flies were treated with rapamycin +
RU486 or RU486 alone for 6 days before metabolic testing or
sleep analysis.

Sleep analysis

Male flies were collected at 1 to 3 days old and aged in group hous-
ing. Flies were then anesthetized on CO, pads (Genesee Scientific,
catalog no. 59-114) and loaded into glass tubes containing 5% su-
crose and 2% agar and RU486/rapamycin or EtOH as described
above. All data collection began at ZTO0 at least 24 hours following
CO; anesthesia. Locomotor activity was monitored using the DAM
system (Trikinetics, Waltham, MA). Activity was measured in
1-min bins, and sleep was defined as 5 min of consolidated inactiv-
ity (99). Data were processed with a custom R script using Re-
thomics package (100). Activity index was calculated as the average
number of beam breaks per minute of wake time. For all experi-
ments, the first day of data following loading was discarded. For
starvation-induced sleep loss experiments, flies were monitored for
baseline sleep and then transferred at ZTO (lights on) into tubes
containing only 2% agar and RU486/rapamycin or EtOH. Sleep loss
for each fly was calculated as the difference between baseline sleep
duration during the first 12 hours (ZT0 to ZT12) of the day preced-
ing starvation and sleep duration during the first 12 hours immedi-
ately following transfer into tubes without food.

Sleep deprivation and homeostasis analysis

Male flies were collected, aged, and loaded onto either RU486 or
EtOH as described above. Locomotor activity was monitored using
the DAM system. Mechanical sleep deprivation was performed us-
ing a Trikinetics vortexer mounting plate. Monitors were shaken for
2 s randomly within every 20-s window for 12 hours during the
night following 7 days on RU486. Rebound sleep was calculated as
the difference between baseline sleep duration during the first
3 hours of the day (ZT0 to ZT3) preceding deprivation (7 days on
RU486) and rebound sleep during the first 3 hours of the day im-
mediately following nighttime deprivation (8 days on RU486).

Circadian rhythm analysis

Male DaGS>UAS-TDP-43 and DaGS>UAS-YFP flies were loaded
into the DAM system on RU486 or EtOH as described above and
entrained to a 12-hour:12-hour light:dark cycle for 3 days before
being transferred to constant darkness (DD). Locomotor activity
during 6 to 8 days on RU486 (days 3 to 5 in DD) was analyzed in
ClockLab software (Actimetrics, Wilmette, IL). Fast Fourier trans-
form (FFT) was performed for the locomotor activity collected
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during DD, and the maximum amplitude of the FFT was calculated
and compared across genotype and condition. FFT values of >0.01
were considered rhythmic. Period length was calculated for all
rhythmic flies (table S1).

RNA sequencing

DaGS>UAS-TDP-43* x mCherry RNAi and DaGS>UAS-TDP-
435 x Atx2 RNAi fly brains were dissected after 6 days on RU486
food. n = 4 biological replicates, 10 to 12 brains per sample. Tissue
was homogenized in 200 pl of TRIzol (Thermo Fisher Scientific,
15596026) in ribonuclease-free 1.5-ml microfuge tubes (Thermo
Fisher Scientific, AM12400). A total of 800 pul of TRIzol (Thermo
Fisher Scientific, 15596026) was added to the tube, and 200 pl of
chloroform (Thermo Fisher Scientific, AC423555000) was vigor-
ously shaken for 20 s at room temperature. Samples were left for
5 min at room temperature to form upper aqueous phase and cen-
trifuges at 4°C for 15 min at 12,000g. The upper aqueous phase was
transferred to a fresh ribonuclease-free tube. RNA samples were
then processed using the Zymo RNA clean & concentrator -5 kit
(Zymo, R1013), using their RNA clean-up from aqueous phase after
TRIzol/chloroform extraction protocol plus on column deoxyribo-
nuclease I treatment. RNA amount was measured using a nanodrop,
and integrity was validated through on an Agilent 2100 Bioanalyzer
using an RNA nanochip. Samples were sent to Admera Health and
sequenced using TruSeq stranded kit.

RNA-seq analysis

Raw paired-end fastqs were processed with TrimGalore (v.0.6.6)
(https://github.com/FelixKrueger/TrimGalore) with default settings
to remove Illumina adapters and mapped using STAR 2.7.3a (101)
to the Drosophila melanogaster genome annotation dmé6. Unmapped
and improperly paired reads were filtered out of aligned bam files.
Reads per gene in the FlyBase release 2019_05 were computed using
an R script using GenomicRanges (v.1.44.0) (102) summarizeOver-
laps that counts the number of reads overlapping with the exons of
each gene in the default “union” mode. Differential expression anal-
ysis was performed using DESeq2 (v.1.32.0) (103), with count files
produced by summarizeOverlaps as input. Principal components
analysis (PCA) plots were made using the plotPCA function in
DESeq_2, with variance stabilized counts as the input. MA plots were
constructed from the adjusted P values and baseMean values output
from DESeq2, and volcano plots were constructed from adjusted P
values and fold changes reported by DESeq2. Normalized counts
produced by DESeq2 were used to show expression levels. Differen-
tially expressed genes were considered to be any gene with an ad-
justed P values of <0.05.

GO and pathway analysis

GO analysis for differentially expressed genes was conducted using
FlyMine (v.53) (104). The test correction was set to Holm-Bonferroni
with a maximum P value of 0.05. Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis was done using the “enrich-
KEGG” function from ClusterProfiler (v.4.0.5) package in R (105).
A list of all genes with detectable expression was used as background
for both GO and pathway analysis (see data S3).

RNAi-based screen of hits from RNA-seq
To understand the mechanisms through which Atx2 suppresses the
TDP-43 sleep phenotype, we focused on genes that were significantly
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up-regulated with TDP-43 expression and down-regulated with Atx2
knockdown. We selected RNAI lines available from the Bloomington
Drosophila Stock Center Transgenic RNAi Project (TRiP) library in a
VALIUM20 or greater background. Virgins collected from the
DaGS$>UAS-TDP-43"% fly stock were crossed to males of RNAi fly
stocks we selected. For controls, we used DaGS>UAS-TDP-43°% x
UAS-Luciferase TRiP library control line (BDSC #35788). Male flies
were collected, aged, and loaded into RU486 DAM tubes, and sleep
assays were performed as described. Total sleep was compared be-
tween RNAI lines and control lines to identify genes of interest.

Enzyme-linked immunosorbent assays glucose/glycogen
Glycogen-Glo Assay kit (Promega, CS1823B01) was used to mea-
sure glycogen plus glucose levels from Drosophila brains using kit
protocol. Kit protocol was followed for the assay; briefly, brains were
dissected in phosphate-buffered saline and placed in 96-well plates;
and luminescence was recorded using CLARIOstar Plus micro-
plate reader.

Western blotting

Brain or head samples were homogenized in sample buffer of 1x
Laemmli sample Buffer (Bio-Rad, 1610737), 50 pl f-mercaptoethanol
(Sigma-Aldrich, M6250), 1X protease inhibitor (Roche, 11836170001),
and 1 mM phenylmethylsulfonyl fluoride (Sigma-Aldrich, P7626).
Five microliters of sample buffer is added per brain, 7.5 pl is added
per head, and 40 pl is added per whole fly. Samples are boiled at
98°C for 3 min and then centrifuged at 1500 rpm for 3 min at room
temperature. Sample was loaded onto 15-well 1.0-mm 4 to 12% bis-
tris NuPAGE gels (Thermo Fisher Scientific, WG1401) with prestained
protein ladder (Thermo Fisher Scientific, 22619). One brain, one
head, or 8% of whole fly tissue is loaded on each lane per experi-
ment. Gel electrophoresis was performed using Xcell Surelock
Mini-Cell Electrophoresis System at 140 V and transferred over-
night onto a nitrocellulose membrane of 0.45 pM (Bio-Rad, 1620115),
using a Bio-Rad mini transblot cell at 90 A for 16 hours. Membranes
were stained in Ponceau S (Sigma-Aldrich, P7170-1L), washed in
deionized water, and imaged with Amersham Imager 600. Ponceu S
was washed off 3 for 5 min in tris-buffered saline with 0.1% Tween
20 (TBST). Membrane was blocked in 5% nonfat dry milk (LabSci-
entific, M08410) in TBST for 1 hour and incubated with primary
antibodies with blocking buffer overnight at 4°C. After washing 3x
for 5 min in TBST, membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies at 1:5000 for 1 hour at
room temperature in blocking solution. Membranes were washed
3x for 5 min in TBST, and the signal was develop days using ECL
prime (Cytivia, RPN2232) and detected using an Amersham Imager
600. Primary antibodies used the following: antitubulin (1:5000;
Developmental Studies Hybridoma Bank, #AA4.3; Lot.5/31/18
to 44 pg/ml) and anti-TDP-43 (1:5000; ProteinTech, #10782-2-AP).
Secondary antibodies used the following: goat anti-mouse (1:5000;
Jackson ImmunoResearch, #115-035-146, Lot.153978) and goat
anti-rabbit (1:5000: Jackson ImmunoResearch, #111-035-144,
Lot.138306).

Statistical analysis and data reproducibility

Statistical tests used were performed on GraphPad Prism (v.8 and
v.9) and are indicated in the figure legend. P values of <0.05 were
considered significant. Unpaired two-tailed ¢ tests were used when
comparing two groups; one-way analysis of variance (ANOVA) was
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used when comparing multiple groups, followed by Tukey’s posttest
when each group was compared against every other group, Sidak’s
posttest when predefined groups were compared to each other, or
Dunnett’s test when comparing to a defined control sample. Two-
way ANOVA was used when there were two factors in the analysis.
One-sided hypergeometric test was used to compare Venn diagram
overlaps. Each experiment was generated from a minimum of three
independent biological replicates. Samples were allocated on the ba-
sis of genotype or experimental manipulation and statistics per-
formed on aggregated data.

Supplementary Materials
This PDF file includes:

Table S1

Figs. S1to S6

Legends for data S1 to S4

Other Supplementary Material for this manuscript includes the following:
Data S1to S4
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