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Abstract

Recent large-scale human genome-wide association studies (GWAS) for insomnia have
identified more than 200 significant loci. The functional relevance of these loci to the
pathogenesis of insomnia is largely unknown. GWAS signals are typically non-coding variants,
which are often arbitrarily annotated to the nearest protein-coding gene; however, due to 3D
chromatin structure, variants can interact with more distal genes driving their function. The distal
gene may, therefore, represent the true causal gene influencing the phenotype. By integrating
our high-resolution chromatin interaction maps from neural progenitor cells with phenotypic data
from a Drosophila RNAI screen, we prioritized candidate genes that we hypothesized would
have deep phylogenetic conservation of sleep function. To determine the conservation of these
candidate genes in the context of vertebrate sleep and their relevance to insomnia-like
behaviors, we performed CRISPR-Cas9 mutagenesis in larval zebrafish for six highly conserved
candidate genes and examined sleep-wake behaviors using automated video-tracking. CRISPR
mutation of zebrafish orthologs of MEIS1 and SKIV2L produced insomnia-like behaviors, while
mutation of ARFGAP2 impaired activity and development in our larval zebrafish model,
demonstrating the importance of performing functional validation of GWAS-implicated effector

genes to reveal genes influencing disease-relevant mechanisms.
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1. Introduction

Chronic sleep disruption is linked to a variety of negative health sequelae, including impaired
metabolic and cognitive function. Nearly one-third of the adult population reports chronic sleep
disturbance and symptoms of insomnia (Stranges et al., 2012). Insomnia is characterized as a
combination of difficulty initiating sleep (increased sleep latency), and/or difficulty maintaining
sleep accompanied by daytime consequences (e.g. fatigue, irritability) despite ample
opportunity for sleep (Association, 2013; Morin et al., 2015). Insomnia, along with other sleep
traits including sleep duration, napping, and daytime dozing, are heritable and extremely
polygenic (Dashti et al., 2019; Lane et al., 2017). Large-scale genome-wide association studies
(GWAS) have revealed several hundred genomic loci for insomnia and other sleep traits (Dashti
et al., 2019; Hammerschlag et al., 2017; Jansen et al., 2019; Lane et al., 2017; Watanabe et al.,
2022). Publicly available datasets for chromatin accessibility and gene expression have aided
gene mapping at these GWAS loci; however, the majority of loci are still typically positionally
mapped to the nearest gene or mapped using in silico prediction on aggregate data (Watanabe
et al., 2022). These approaches can misidentify the true causal effector gene(s) at a GWAS
locus (Claussnitzer et al.,, 2020; Forgetta et al., 2022; Fulco et al., 2019; Lappalainen and
MacArthur, 2021; Smemo et al.,, 2014; Tam et al.,, 2019), which in turn can lead to
mischaracterization of mechanisms underlying insomnia and limit the utility of human genomics
data for informing clinical care. Detailed fine-mapping of genome-wide significant loci should
ideally be carried out in a specific cell-type setting yielding disease-relevant information to
prioritize candidate effector genes (Chesi et al., 2019; Lasconi et al., 2021; Lasconi et al., 2022;
Pahl et al., 2021; Su et al., 2020), and should be subsequently validated through functional
phenotyping in model organisms to identify those with the greatest impact on disease

pathogenesis.
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Given the high conservation of sleep-wake behaviors, across species, model organisms can be
leveraged to study these behaviors by assessing changes to sleep characteristics, which
provide insight into the development of insomnia-like behaviors. High-throughput phenotyping in
model organisms can greatly speed up gene prioritization for drug discovery and therapeutic
development (Freeman et al., 2013; Hendricks et al., 2000; Tran and Prober, 2022). Zebrafish
are an established vertebrate model organism to deploy efficient CRISPR/Cas9 mutagenesis
paired with large-scale sleep phenotyping given both their genetic tractability and rapid
developmental timeline (Tran and Prober, 2022). Unlike some model organisms, including mice,
zebrafish sleep is diurnally regulated and primarily consolidated to the night similar to humans.
Additionally, zebrafish sleep is circadian-regulated, reversable, and has a heightened arousal
threshold, making them an appropriate model for assaying behavior relevant to sleep
dysfunction (Barlow and Rihel, 2017; Chiu and Prober, 2013; Rihel et al., 2010; Tran and
Prober, 2022). Moreover, genetic conservation between zebrafish and human is relatively high
(Howe et al., 2013), as they are both vertebrates, and indeed many of the genes identified to

date that regulate sleep are highly conserved (Jansen et al., 2019).

To precisely identify causal effector genes associated with human insomnia GWAS loci, we
have developed a high-resolution method for 3D genomic mapping of GWAS variants using a
disease-relevant cell type (Palermo et al., 2021; Su et al., 2021). This approach integrates RNA-
seq, assay for transposase-accessible chromatin using sequencing (ATAC-seq) data, and high-
resolution promoter-focused Capture C in order to identify physical contacts between putatively
causal variants and open promoters at candidate effector genes (Chesi et al., 2019; Pahl et al.,
2021; Su et al., 2020) in neural progenitor cells (NPCs) (Palermo et al., 2021). The identified

effector genes serve as strong candidates for functional studies in model organisms.
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100 A high-throughput screen using RNA interference (RNAI) in Drosophila was then used to identify
101 effector genes that produced a significant alteration in sleep duration (Palermo et al., 2021).
102 These studies in Drosophila produced a refined candidate gene list identifying highly conserved
103 regulators of sleep function that are relevant to human insomnia, including SKIV2L, GNBS3,
104 CBX1, MEIS1, TCF12 and ARFGAP2. Of these genes, only MEIS1 has been functionally
105 connected to a behavioral phenotype reminiscent of insomnia (Hammerschlag et al., 2017; Lane
106 etal., 2017; Thireau et al., 2017).

107

108 The current study applied CRISPR-Cas9 mutagenesis in a vertebrate model (zebrafish) (Kroll et
109 al,, 2021) to determine if the function of these implicated genes is conserved in vertebrates and
110 relevant to sleep dysfunction observed in human insomnia. Since assessment of sleep in
111  zebrafish is dependent on assessment of movement, we first determined if there was any
112  evidence of movement abnormalities before examining sleep and then proceeded to examine

113  sleep characteristics in CRISPR mutants.

114

115 2. Results

116 2.1 Identification of high-confidence insomnia effector genes

117 To examine the role and evolutionary conservation of genes regulating sleep, we integrated 3D
118 genomics data (Palermo et al.,, 2021; Su et al.,, 2021) with phenotypic data from a high-
119 throughput Drosophila RNAIi screen(Palermo et al., 2021). Effector genes were defined as those
120  with promoters residing in open chromatin regions, which also display high resolution chromatin
121  contacts with putative insomnia causal variants associated with significant GWAS loci (Fig. 1A)
122  in neural progenitor cells (NPCs) (Palermo et al., 2021). These genes are highly expressed in

123 NPCs and demonstrate high conservation across human, zebrafish, and Drosophila (Hu et al.,
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124  2011) (Supplementary Table 1), making them high-priority candidates for functional
125 assessment.

126

127  Our previous work performed high-throughput screening of candidate effector genes using
128 Drosophila RNAI, revealing a subset of genes producing exceptionally strong sleep phenotypes
129 (Palermo et al., 2021) (Fig. 1A, right panel), of which we chose to perform functional follow-up
130 using zebrafish to identify conservation of function within a vertebrate model organism. The
131  human orthologs of these genes were SKIV2L, GNB3, CBX1, MEIS1, TCF12, and ARFGAP2,
132 which are involved in a variety of conserved cellular processes in humans involving
133 transcriptional regulation, cellular trafficking, and signal transduction.

134

135 To determine whether these candidate effector genes exhibit strong evolutionary conservation
136  of function related to sleep, we employed CRISPR-Cas9 mutagenesis in single-cell embryos
137  followed by rapid behavioral screening of FO larval zebrafish (Kroll et al., 2021) 5 to 7 days post
138 fertilization (Fig. 1B).

139

140 2.2 Screening for gross movement phenotypes reveals ARFGAP2 ortholog as a
141  neurodevelopmental gene

142  Given that our quantification of sleep in zebrafish is dependent on activity patterns, we first
143  sought to examine gross motor behaviors and activity patterns to eliminate potential confounds
144  that could contribute to the measured sleep behaviors. To do this, we measured waking activity,
145  which is calculated as the duration of movement only during “awake” minutes (awake threshold
146  >0.5 s/min) and serves as a proxy for general movement disruptions that may indicate gross
147  motor changes following genetic manipulation. Since many sleep-wake behaviors are not
148 normally distributed, we used a Wilcoxon rank sum test to test for significance between each

149 CRISPR mutant and its own control correcting for multiple comparisons across all eleven
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150 measured sleep traits using a Hochberg step-up procedure (Hochberg, 1988; Huang and Hsu,
151 2007) (see Methods), which performs well when outcomes are correlated, as sleep traits
152  generally are. While, skiv2l, gnb3a, cbx1b, meislb, and tcf12 mutants showed no significant (P
153 > 0.05 following multiple comparisons) changes to daytime or nighttime waking activity (Fig. 2A-
154 E, G-K), Gnb3a (Fig. 2B), cbxlb (Fig. 2C), and tcfl2 (Fig. 2E) mutants showed mildly
155 increased nighttime waking activity that did not reach the threshold for significance following
156  multiple comparisons, which may represent a subtle hyperactive phenotype during the night.
157  Although we observed no difference in nighttime waking activity of arfgap2 mutants (mean
158 difference = -0.03 s/awake minute (-0.12, 0.06, P = 0.20, standardized mean difference (smd) =
159 -0.18)), we found a large reduction in daytime waking activity in arfgap2 mutants (Fig. 2L-M)
160 (mean difference (95% CIl) -0.90 s/awake minute (-1.21, -0.59), P <0.0001, smd = -1.34)
161 indicative of an impaired movement phenotype.

162

163 Genes influencing insomnia are also commonly involved in neuronal development and can
164 differentially influence behavior across developmental stages. Larval zebrafish develop an intact
165 nervous system within the first few days of development and gene mutations that disrupt
166 neurodevelopment lead to apparent changes in body morphology (Tran and Prober, 2022). We
167 observed no gross morphological changes to skiv2l, gnb3a, cbxlb, meislb, or tcf12 mutants
168 (data not shown); however, a clear and consistent morphological abnormality in arfgap2
169 mutants was apparent beginning on approximately day 3 post fertilization, whereby nearly all
170  mutants presented with a curvature in the tail (Fig. 2N). This morphological change paired with
171  the markedly reduced waking activity suggests arfgap2 is important during early development
172  for proper motor development. Given this, we cannot reliably assess sleep/wake behavior in
173  mutants with knockout of this gene.

174
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175 2.2 Diurnal activity patterns are impacted by insomnia-associated genes.

176 We next sought to describe the diurnal activity patterns in each of the mutants to determine
177  whether insomnia-associated genes influence patterns of rest and activity. Insomnia complaints
178 are often described as states of hypervigilance (Chen et al., 2014) and hyperarousal
179 (Fernandez-Mendoza et al., 2016; Kalmbach et al., 2018). To capture similar states relating to
180 hyperactivity in zebrafish, we measured activity patterns across light and dark periods. As
181 expected, activity patterns showed robust entrainment by light-dark cycles in those mutants
182  (Fig. 3A-C). Our previous work using neuron-specific RNAI resulted in significantly reduced
183 activity duration in Drosophila (Palermo et al., 2021). In zebrafish, however, we observed
184  significantly increased daytime activity duration in skiv2l mutants (mean difference (95% CI) =
185 20.56 s/h (5.61, 35.51), P = 0.005, smd = 0.43) (Fig. 3D) with no change in night activity mean
186 difference (95% CI) = 1.97 s/h (-1.53, 5.46), P = 0.28, smd = 0.18) (Fig. 3E). MEIS1 has
187 commonly been associated with insomnia (Jansen et al., 2019; Watanabe et al., 2022) and
188 restless leg syndrome (Lam et al., 2022; Salminen et al., 2017; Schulte et al., 2014; Spieler et
189 al, 2014), and knockdown in Drosophila resulted in reduced sleep with no change to
190 activity(Palermo et al., 2021). Likewise, in zebrafish, we observed no significant change to
191 daytime activity (mean difference (95% CI) = 10.93 s/h (-1.62, 23.48), P = 0.2, smd = 0.23)
192  (Fig. 3F) or nighttime activity (mean difference (95% CI) = 1.37 s/h (-2.21, 4.94), P = 0.25, smd
193 = 0.10) (Fig. 3G). While knockdown of the Drosophila ortholog of GNB3 displayed markedly
194  reduced activity(Palermo et al., 2021), CRISPR mutation of the zebrafish ortholog did not
195 present with altered activity (Supplementary Fig. 1A and B), nor did cbx1b or tcf12 mutants
196 (Supplementary Fig. 1C-F).

197

198 Given the robust reduction in daytime waking activity observed in arfgap2 mutants, we
199 anticipated a reduction in total activity measured. Indeed, arfgap2 mutants displayed

200 significantly reduced daytime activity (mean difference (95% CI) = -64.92 (-83.98, -45.87), P <
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201 0.0001, smd = -1.60) (Fig. 3H) and nighttime activity (mean difference (95% CI) = -5.62 (-9.81, -
202 1.43), P = 0.004, smd = -0.62) (Fig. 3l), demonstrating mutation of arfgap2 greatly impairs
203  movement in zebrafish.

204

205 2.3 Total sleep duration and latency to sleep onset is perturbed in CRISPR mutants

206  After screening for developmental and activity phenotypes, we characterized sleep in the six
207  zebrafish mutants to determine if these insomnia-associated genes influenced sleep duration in
208 vertebrates (zebrafish) in a similar manner to invertebrates (Drosophila). We measured sleep
209 across the fourteen-hour day and the ten-hour night using a standardized criterion of inactivity
210 bouts lasting one minute or longer, as this has reliably been associated with the characteristics
211 observed in mammalian sleep (e.g. elevated arousal threshold) (Chiu and Prober, 2013; Prober
212 et al., 2006; Singh et al., 2015; Tran and Prober, 2022; Zhdanova et al., 2001). Diurnal sleep-
213  wake patterns were intact in mutant and control fish (Fig. 4A-B and Supplementary Fig. 3A).
214  Drosophila knockdown of the SKIV2L ortholog resulted in a robust increase in sleep duration
215 (Palermo et al., 2021), but loss of skiv2l in zebrafish significantly reduced daytime sleep
216  duration (mean difference (95% CI) = -5.11 minutes/hour (-7.77, -2.45) , P = 0.0001, smd = -
217 0.61) (Fig. 4C), with a modest reduction in nighttime sleep duration (mean difference (95% CI) =
218 -2.65 minutes/hour (-5.68, 0.37), P = 0.07, smd = -0.28) (Fig. 4D).

219

220 Since waking activity and development were impacted by mutation of arfgap2, we cannot
221 reliably assess sleep in these fish. Because our measurement of sleep is defined as bouts of
222  inactivity greater than one minute, calculations of sleep appear to demonstrate an increase in
223  both daytime (mean difference (95% CI) = 26.09 minutes/hour (20.52, 31.66), P < 0.0001, smd
224 = 2.16) (Supplementary Fig. 3B) and nighttime sleep duration (mean difference (95% CI) =
225  8.37 minutes/hour (4.65, 12.09), P < 0.0001, smd = 1.06) (Supplementary Fig. 3C); however,

226 this is likely an artifact caused by significantly reduced movement. These data demonstrate the
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227 importance of screening for developmental and activity phenotypes when relying on activity as a
228  metric for sleep.

229

230 Despite finding a significant reduction in total sleep duration measured in Drosophila following
231  knockdown of the MEIS1 ortholog(Palermo et al., 2021), loss of meislb in zebrafish did not
232  significantly (P > 0.05) alter total sleep duration (Fig. 4E-F). No significant changes in total sleep
233  duration were observed in gnb3a, tcf12, and cbx1b mutants (Supplementary Fig. 1G-L).

234

235 Another key feature of insomnia is difficulty initiating sleep with an increase in latency to sleep
236 onset. Since zebrafish sleep is tightly regulated by light-dark transition, a measure of sleep
237 latency at night can be used to indicate time to sleep onset following lights-off. Mutations in
238  skiv2l produced an increase in sleep latency (mean difference (95% CI) = 1.43 minutes (0.33,
239 2.52), P = 0.02, smd = 0.41) (Fig. 4G); however, this difference did not strictly meet the
240 threshold for significance following multiple comparisons (see Methods). Meislb mutants
241  showed an increased sleep latency (mean difference (95%) = 1.13 minutes (0.44, 1.82), P =
242 0.0004, smd = 0.45) (Fig. 4H), supporting the role of this gene in insomnia-like behavior.
243  Despite having reduced nighttime activity, arfgap2 mutants did not have a significantly different
244  sleep latency relative to controls (mean difference = -1.40 minutes (-2.56, -0.24), P = 0.08, smd
245 = -0.54) (Supplementary Fig. 3D). Sleep latency was not altered in gnb3a, tcf12, or cbxlb
246  mutants (Supplementary Fig. 2A-C).

247

248 2.4 Insomnia-associated genes contribute to changes in sleep continuity

249 Total sleep duration is not always impacted in patients with insomnia; rather, sleep is
250 fragmented or considered not restorative leading to excessive daytime sleepiness (Association,
251 2013). We measured sleep bout length (the average length of each sleep period) during night

252 and day as well as arousal threshold to observe changes to sleep depth across mutant lines.
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253  Furthermore, we measured sleep bout number (total number of sleep episodes) during day and
254  night as a representation of sleep fragmentation. Consistent with reduced daytime sleep in
255  skiv2l mutants, these larvae also demonstrated a reduction in sleep bout number during the day
256  (mean difference (95% CI) = -1.75 bouts/hour (-2.61, -0.89), P = 0.0001, smd = -0.65) (Fig. 5A),
257  with no change in bout number at night (mean difference (95% CI) = 0.26 bouts/hour (-0.39,
258 0.91), P = 0.52, smd = 0.13) (Fig. 5B). Although meislb mutants did not present with a
259 generalized sleep duration abnormality, they did demonstrate a significant increase in the
260 number of sleep bouts at night (mean difference (95% CI) = 1.34 (0.80, 1.87) bouts/hour, P <
261 0.001, smd = 0.67) (Fig. 5D), with no change during the day (mean difference (95% CI) = 0.08
262  bouts/hour (-0.73, 0.90), P = 0.27, smd = 0.027) (Fig. 5C), indicating nighttime-specific sleep
263 fragmentation caused by a gene that is commonly associated with RLS (El Gewely et al., 2018;
264  Schulte et al., 2014).

265

266  There was no significant change in sleep bout length observed for skiv2l mutants during the day
267 (mean difference (95% CI) = -0.22 minutes/bout (-0.58, 0.14), P = 0.51, smd = -0.20) or night
268 (mean difference (95% CI) = -1.22 minutes/bout (-2.39, -0.05), P = 0.20, smd = -0.33 (Fig. 5E
269 and F). Consistent with a fragmented sleep phenotype, nighttime sleep bout length was
270 significantly shortened in meislb mutants (mean difference (95% CI) = -1.49 minutes/bout (-
271 2.52,-0.46), P = 0.002, smd = -0.4) (Fig. 5H), with no changes observed during the day (mean
272  difference (95% CI) = -0.12 minutes/bout (-0.33, 0.10), P = 0.21, smd = -0.15) (Fig. 5G),
273  demonstrating depth of sleep at night is also impacted by this gene.

274

275 We measured sleep bout number and bout length in arfgap2 mutants to identify fragmented
276  activity patterns throughout the day and night. Bouts of prolonged inactivity were apparent in
277 arfgap2 mutants manifesting as an increase in the number of daytime “sleep” bouts (mean

278  difference (95% CI) = 4.11 bout/hour (2.39, 5.83), P < 0.0001, smd = 1.12) (Supplementary
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279 Fig. 3E). No change was observed for nighttime sleep bout number in arfgap2 mutants
280 (Supplementary Fig. 3F). Both day (mean difference = 2.85 minutes/bout (1.46, 4.23), P <
281 0.0001, smd = 1.04) (Supplementary Fig. 3G) and night inactivity bouts were longer (mean
282  difference (95% CI) = 3.68 minutes/bout (1.25, 6.11), P = 0.002, smd = 0.75) (Supplementary
283  Fig. 3H). These data imply that while arfgap2 mutants spend the majority of their day in an
284 immobile state, they do frequently switch between states of complete immobility and activity, as
285 marked by an increase in the number of daytime “sleep” bouts.

286

287  Despite having no changes to total sleep or activity duration, tcf12 mutants had fewer sleep
288  bouts during the night (mean difference (95% CI) = -0.98 bouts/h (-1.74, -0.22), P = 0.005, smd
289 = -0.47) (Supplementary Fig. 4F) and shorter sleep bouts during the night (mean difference
290 (95.% CI) = -1.14 minutes/bout (-2.39, 0.10, P = 0.03, smd = -0.34)) (Supplementary Fig. 4L);
291  however, these differences did not meet the strict threshold for significance following multiple
292 comparisons (see Methods). No significant changes were observed for these sleep
293  characteristics in the gnb3a or cbx1b mutants (Supplementary Fig. 5A-D and G-J). Together,
294  these data support a conserved role for meislb and skiv2l in promoting sleep-wake disruption
295  primarily through altering sleep duration and consolidation. Although, the measured sleep
296 characteristics in tcfl2 mutants did not meet the conservative threshold for significance
297  following multiple comparisons, loss of tcf12 does appear to impact nighttime sleep continuity.
298

299  Arousal threshold is increased during sleep in zebrafish (Prober et al., 2006; Zhdanova et al.,
300 2001) similar to humans, and increased nighttime arousal is a common feature of insomnia
301 (Bonnet and Arand, 2000; Mahowald and Schenck, 2005). Using mechano-acoustic stimuli of
302 different intensities (Supplementary Fig. 5B), we measured the arousal response of each
303 mutant line during the night. We measured EC50 for each mutant line and their respective

304 control. EC50 compares the half-maximal response and corresponds to the stimulus intensity
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305 which elicits a response half-way between the minimum and maximum response and represents
306 athreshold at which approximately half of the fish are aroused. While there is a slight shift to the
307 right in the response curves at lower frequencies for skiv2l (Supplementary Fig. 5C), meislb
308 (Supplementary Fig. 5D), and arfgap2 mutants (Supplementary Fig. 5E), suggesting reduced
309 arousal response at low stimuli intensities, the EC50 and maximal responses did not
310 significantly differ for any group (P > 0.05 by extra sum-of-squares F-test). There was an
311 expected step-wise increase in the fraction of responsive larvae as stimulus intensity increased
312 (Supplementary Fig. 5C-E) indicating the majority of fish were asleep pre-stimulus and had an

313 intact arousal response.

314

315 3. Discussion

316 There is an abundance of genomic data available through public repositories generated from
317 GWAS and other sequencing approaches; however, functional characterization lags in
318 validating the actual underlying genomic factors contributing to different phenotypes. Here, we
319 demonstrate a proof-of-principle approach for moving from GWAS-implicated effector genes to
320 validation in a vertebrate model organism for insomnia.

321

322 We elected to perform functional validation of top candidate genes identified using 3D genomics
323  and Drosophila sleep data (Palermo et al., 2021). The candidate genes screened in this study
324  have been mapped to insomnia GWAS-associated loci using ATAC-seq and promoter-focused
325 Capture C protocols to identify high-resolution contacts between insomnia GWAS signals and
326 effector genes (Palermo et al., 2021). Through a large-scale neuron-specific RNAi screen in
327  adult Drosophila melanogaster, loss of function of these genes was shown to produce robust
328 sleep phenotypes (Palermo et al., 2021), demonstrating their high conservation and potential

329 regulatory function in sleep. The studies reported here tested the evolutionary conservation of
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330 function related to six genes which are highly conserved at the amino acid level across species
331 and produced strong sleep phenotypes in Drosophila (MEIS1, CBX1, TCF12, ARFGAP2,
332 SKIV2L, and GNB3).

333

334 Increasingly, studies have shown that in addition to total sleep duration, altered sleep
335 characteristics and poor sleep quality are predictive of negative health sequelae (Fernandez-
336 Mendoza, 2017; Martin et al., 2011; Wallace et al., 2018). This includes day-to-day variability in
337 sleep duration, sleep onset and waking time, as well as sleep fragmentation and excessive
338 daytime sleepiness. Zebrafish provide a model system to observe these nuanced behaviors
339 absent of external influences. Our results indicated disruptions to sleep continuity in multiple
340 mutant lines as well as altered daytime sleep and activity, suggesting these genes play a role in
341  more complex sleep-wake maintenance.

342

343  We observed that CRISPR mutation of meislb, the strongest ortholog for human MEIS1, results
344  in significantly fragmented nighttime sleep as well as increased sleep latency after lights-off.
345 MEIS1 is highly conserved, with 95% amino acid identity between zebrafish and humans(Hu et
346 al., 2011). This gene encodes the Myeloid Ecotropic Viral Integration Site 1 protein, which acts
347 as a transcription factor (Moskow et al., 1995). The MEIS1 locus is one of the strongest
348 association signals from previous insomnia GWAS (Jansen et al., 2019; Lane et al., 2017;
349 Watanabe et al., 2022). Our variant 3D-mapping approach identified a putative causal variant in
350 strong linkage disequilibrium (LD) with the sentinel GWAS SNP at this locus, rs1519102, which
351 contacted the MEIS1 promoter residing in open chromatin within NPCs (Palermo et al., 2021).
352 rs1519102 resides within an intronic region, which suggests it is harbored in a cis-regulatory
353 element acting as a transcriptional enhancer in a cell-specific manner(Lam et al., 2022). Work
354 by Lam and colleagues (Lam et al., 2022) further identified expression quantitative trait loci

355 (eQTL) residing within this region specific to brain cell types, including within the cerebellum,
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356 one of the brain regions where MEIS1 is highly expressed. While MEIS1 has repeatedly been
357 identified as a candidate gene for insomnia (Hammerschlag et al., 2017; Jansen et al., 2019;
358 Lane et al., 2017), there is debate as to whether its role in sleep disturbance is primarily due to
359 its association with RLS (El Gewely et al., 2018; Watanabe et al., 2022). The consistent finding
360 of MEIS1 in GWAS for insomnia may represent a large proportion of undiagnosed RLS in the
361 UK Biobank sample from which these data are derived (El Gewely et al., 2018). MEIS1
362  knockouts have shown hyperactive phenotypes in mice (Salminen et al., 2017; Spieler et al.,
363 2014), but it is unclear if this phenotype translates to sleep. Our model reveals a phenotype
364 indicative of fragmented sleep that predominantly occurs at night, which is in line with the
365 potential role in RLS, and implies that MEIS1 is acting in a circadian pattern to alter arousal and
366 sleep consolidation. These mutants also had an increase in nighttime sleep latency, which is a
367 common characteristic of insomnia.

368

369 Mutation of skiv2l in zebrafish significantly reduced sleep duration and had a modest effect in
370 increasing sleep latency. In addition, these mutants showed daytime hyperactivity, suggesting a
371 state of hyperarousal consistent with an insomnia-like condition. SKIV2L encodes the
372  Superkiller Viralicilic Activity 2-Like RNA helicase and was 3D-mapped to the MICB GWAS
373  locus (sentinel SNP rs3131638) on chromosome 6 (Palermo et al., 2021). It is located within a
374  conserved region of the major histocompatibility complex (Dangel et al., 1995; Sultmann et al.,
375 2000) and is believed to play a role in antiviral activity by blocking translation of poly(A) deficient
376  mRNAs (Dangel et al., 1995). SKIV2L is fairly highly conserved between zebrafish and humans
377 with 60% overall amino acid conservation and >90% conservation of the specific sequence
378 encoding the DEAD box helicase (Hu et al., 2011), suggesting the role in RNA metabolism is
379  particularly crucial. The mechanism by which SKIV2L acts to influence sleep is unknown;

380 however, RNA metabolism is circadian-regulated and disturbed sleep has been shown to be
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381 associated with alterations in RNA metabolism (Moller-Levet et al., 2013). Loss-of-function in
382  SKIV2L produced robust sleep phenotypes in both flies (Palermo et al., 2021) and zebrafish,
383  suggesting strong conservation of function related to this gene. Interestingly, the sleep duration
384 phenotype was opposite in these two model organisms. Although the SKIV2L locus is
385 conserved, the GWAS variant (intron of MICB) is not. This suggests that while SKIV2L acts to
386 regulate sleep in both species, its interaction with regulatory factors within each species may
387  differentially modulate the behavior.

388

389 ARFGAP2 encodes the ADP Ribosylation Factor GTPase Activating Protein 2 and was 3D-
390 mapped to the NDUFS3 GWAS locus (sentinel SNP rs11605348) on chromosome 11 (Palermo
391 et al., 2021). It is 66% conserved at the amino acid level between human and zebrafish (Hu et
392 al., 2011) and is highly expressed early in development (Alliance of Genome Resources, 2020),
393 likely explaining the developmental phenotype observed in our larval model.

394

395 ARFGAP2 has not been extensively studied in the context of behavioral characteristics;
396 however, it has been associated with synaptic plasticity (Colameo et al., 2021; Zhang et al.,
397 2012) and neurocognitive disorders including depression(Nagel et al., 2018) and Alzheimer’'s
398 disease (Gouveia et al., 2022), which are both associated with disrupted sleep. The zebrafish
399 harboring mutations in arfgap2 appeared normal through early development (1-2 days post
400 fertilization); however, by the third day, approximately half of the larvae began to appear
401 abnormal with a curved tail. By 5 days post fertilization, when the sleep assay began, nearly all
402 mutant larvae appeared developmentally abnormal; however, very few died. Arfgap2 expression
403 is high during this time frame and likely serves an important role during a critical period of
404  development. Single cell RNA sequencing data show expression of ARFGAP2 in skeletal
405 myocytes (Karlsson et al., 2021), which may contribute to the morphological and movement

406 abnormalities.
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407

408 ATAC-seq and promoter-focused capture C showed proxy SNPs at the TCF12 insomnia GWAS
409 locus contacting its own promoter (Palermo et al., 2021). Human data indicate TCF12 is highly
410 expressed in oligodendrocytes and their precursors (Karlsson et al., 2021) and controls
411  oligodendroglial cell proliferation through transcriptional regulation (Wang et al., 2014), which
412  has been implicated in sleep regulation (Bellesi, 2015; Bellesi et al., 2013). Although the sleep
413  traits we measured in tcf12 mutants showed modest effects (smd 0.34-0.48) that did not meet
414  the significance threshold following multiple comparisons, their sleep was consistently abnormal
415 across multiple nighttime parameters including nighttime waking activity, sleep bout number,
416  and sleep bout length at night, indicating this transcription factor may play a role in night-specific
417  activity regulation similar to meis1.

418

419  Surprisingly, we did not observe a significant phenotype in gnb3a mutants. This gene has been
420 shown to be associated with sleep quality and diurnal preference in humans (Parsons et al.,
421 2014) and is highly conserved in vertebrates (Ritchey et al., 2010) . Single cell RNA sequencing
422  data indicate GNB3 is most highly expressed in retinal cells (Karlsson et al., 2021) and is
423  associated with congenital stationary night blindness (Vincent et al., 2016). While gnb3 may be
424  important for sensing changes to light that may influence diurnal activity regulation, zebrafish
425 larvae have other photoreceptive cells that may compensate for loss of this gene (Fernandes et
426  al., 2012).

427

428 We did not observe significant changes to sleep or activity in cbx1 mutant zebrafish. Our 3D
429 genomics data identified multiple genes at this GWAS locus on chromosome 17 contacted by
430 the insomnia-associated SNPs (Palermo et al., 2021); therefore, this gene may not act
431 independently in vertebrates to influence sleep-wake behaviors.

432
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433 4. Limitations

434  The current work was based on GWAS data primarily from individuals of European ancestry and
435 may not be generalizable across all ancestral groups.

436

437 Several of these genes exhibit differential expression across development. In these
438 experiments, we assayed larval zebrafish, while, in contrast, our previous work tested sleep in
439  adult Drosophila. Knockdown of the arfgap2 ortholog in Drosophila produced a significant
440  reduction in sleep duration, yet the CRISPR mutation in zebrafish produced abnormal wake and
441  sleep patterns paired with developmental abnormalities. The differences in phenotypes
442  observed between larval zebrafish and adult Drosophila with perturbed arfgap2 expression is
443  likely due to developmental expression differences, demonstrating the benefit of cross-species
444  and cross-development observation. Moreover, our experiments in Drosophila (Palermo et al.,
445  2021) used neuron-specific RNA-interference to knockdown gene expression in neuronal cells,
446  sparing expression elsewhere. This, too, likely contributed to the phenotypic differences
447  observed.

448

449  Using FO larvae for screening is a rapid and efficient approach for assaying sleep behavior to
450 narrow long lists of candidate genes (Kroll et al., 2021); however, it has inherent limitations.
451 While we found that extremely little mosaicism was apparent in our larvae harboring the
452 CRISPR mutations, there was a high degree of variability in behavior of both mutants and
453  controls. The variability is possibly due to trauma induced by the injections, which is why we
454  used scramble-sgRNA-injected controls for comparison. This variability likely diminishes true
455  sleep-activity phenotypes and may result in false-negative results. Given we previously
456 observed robust sleep phenotypes in Drosophila RNAI lines for these genes (Palermo et al.,
457  2021), we cannot rule out those candidate genes that demonstrated minimal phenotypes;

458 however this approach highlights those with particularly strong phenotypes in a vertebrate
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459 model. Rather, future studies assessing stable F1 mutant lines represent a promising tool to
460 assess these genes. Additionally, several of these genes are duplicated in zebrafish and one
461 ortholog may offer compensatory action over the mutated gene. We chose to focus on the
462  ortholog with strongest conservation across species as we hypothesized that this would be most
463  consistent with the Drosophila screen; however, double knockouts are warranted in the future to
464  assess behavior.

465

466 5. Conclusion

467 The genes examined in the current study were implicated as putative causal genes associated
468  with insomnia GWAS signals through 3D genomics approaches and were shown to significantly
469 impact invertebrate sleep characteristics indicating high conservation of function. We
470 demonstrate that the orthologs of SKIV2L and MEIS1 are deeply conserved and important for
471 vertebrate sleep maintenance as well. We also find that ARFGAP2 is required for proper
472  development of motor behaviors to produce normal activity rhythms. This work also
473  demonstrates the utility of employing cross-species paradigms to examine conserved behaviors,
474  as we show that not all genes have strong conservation of function across different model
475 organisms. Together, we provide rationale for the functional interrogation of GWAS-associated
476  effector genes using large-scale screening approaches in model organisms to identify promising
477  target genes for disease intervention.

478

479 6. Methods

480 6.1 Animal use

481 All experiments with zebrafish were conducted in accordance with the University of
482  Pennsylvania Institutional Animal Care and Use Committee guidelines. Breeding pairs consisted

483  of wild-type AB and TL (Tupfel Long-fin) strains. Fish were housed in standard conditions with
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484  14-hour:10-hour light:dark cycle at 28.5°C, with lights on at 9 a.m (ZTO0). and lights off at 11 p.m
485 (ZT14).

486

487 6.2 CRISPR/Cas9 mutagenesis

488 Single guide RNAs (sgRNAs) were designed using the online tool Crispor
489  (http://crispor.tefor.net/) with the reference genome set to “NCBI GRCz11” and the protospacer
490 adjacent motif (PAM) set to “20bp-NGG-Sp Cas9, SpCas9-HF, eSpCas9 1.1.” sgRNAs were
491  prioritized by specificity score (>95%) with O predicted off-targets with up to 3 mismatches. The
492  zebrafish sequence was obtained using Ensembl (https://useast.ensembl.org/) with GRCz11 as
493 the reference genome. Sequence was aligned to the human amino acid sequence using
494  MARRVEL (http://marrvel.org/) to identify the region with highest conservation, and each sgRNA
495 was designed targeting this conserved exonic region (Supplementary Table 2). AB/TL
496 breeding pairs were set up overnight and embryos collected in embryonic growth media (E3
497  medium; 5mM NacCl, 0.17 mM KCI, 0.33 mM CaCl2, 0.33 mM MgSO04) the following morning
498 shortly after lights-on. Pre-formed ribonuclear protein (RNP) complexes containing the sgRNA
499 and Cas9 enzyme were injected at the single-cell stage alternating between the gene group and
500 scramble-injected negative control group. Embryos were left unperturbed for one day before
501 being transported to fresh E3 media in petri dishes (approximately 50 per dish). All embryos and
502 larvae were housed in an incubator at 28.5°C, with lights on at 9 a.m. (ZT0) and lights off at 11
503 p.m (ZT14). Dead embryos and chorion membranes were removed daily until day 5 post
504 fertilization. On day 5, CRISPR mutants and scramble-injected controls were pipetted into
505 individual wells of a 96-well plate and placed into a zebrabox (Viewpoint Life Sciences) for
506 automated video monitoring. Genotypes were placed into alternating rows to minimize location
507  bias within the plate. Each zebrabox is sound-attenuating and contains circulating water held at

508 a temperature of 28.5°C with automated lights cycling on the same 14-hour:10-hour light/dark
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509 cycle. Sleep-wake behaviors were measured through automated video-tracking, as described
510 previously (Kroll et al., 2021; Palermo et al., 2021; Rihel et al., 2010).

511

512 6.3 DNA extraction and PCR for genotyping

513 DNA extraction was performed per the manufacturer's protocol (Quanta bio, Beverly, MA)
514 immediately following completion of the sleep assay, as described previously(Palermo et al.,
515 2021). Larvae were euthanized by rapid cooling on a mixture of ice and water between 2-4°C for
516 a minimum of 30 minutes after complete cessation of movement was observed. Genotyping was
517 performed on individual fish at the conclusion of each sleep assay. Either restriction digest or
518 headloop PCR methods were used to validate mutations (Kroll et al., 2021; Palermo et al.,
519 2021; Rand et al.,, 2005). Primers for genotyping are listed in Supplementary Table 3. All
520 primers were run on a 2% agarose gel and sequence verified using Sanger sequencing to verify
521 the target region.

522

523 6.4 Data collection and analysis for sleep phenotyping

524  Activity data were captured using automated video tracking (Viewpoint Life Sciences) software
525 in quantization mode (Palermo et al., 2021). As described previously (Chen et al., 2017),
526 threshold for detection was set as the following: detection threshold: 20; burst: 29; freeze: 3; bin
527 size: 60 seconds. Data were processed using custom MATLAB scripts (Lee et al., 2022) to
528 calculate the following parameters for both day and night separately: sleep duration
529 (minutes/hour), activity duration (seconds/hour), waking activity (seconds/awake minute/hour),
530 sleep bout length (minutes/bout), sleep bout number (number/hour) and nighttime sleep latency
531 (minutes). All animals were allowed to acclimate to the zebrabox for approximately 24 hours
532  before beginning continuous data collection for 48 hours starting at lights-on.

533

534 6.5 Arousal Threshold Assay
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535 A mechano-acoustic stimulus was used to determine arousal threshold using a protocol adapted
536 from previous work (Reichert et al., 2019; Singh et al., 2015). Individual fish were placed into
537 alternating columns of a 96-well plate (Supplementary Fig. 5A) to avoid location bias. Ten
538 different vibration frequencies were applied, which consistently produced a step-wise increase
539 in arousability. Frequencies were pseudo-randomly assigned to prevent acclimation to any
540 given stimulus frequency throughout the trials. Frequency steps of 40Hz were ordered as
541 follows: 560Hz, 400Hz, 520Hz, 720Hz, 440Hz, 680Hz, 480Hz, 760Hz, 600Hz, 640Hz. These ten
542  frequencies were each presented ten times for 5 seconds every 3 minutes (5 seconds on, 2
543  mins 55 seconds off) beginning at 1 a.m. (ZT16) and ending at 6 a.m. (ZT21) (Supplementary
544  Fig. 5B). Lower frequencies produced larger changes in movement and an increase in the
545 fraction of responsive larvae. Therefore, analyses were presented as highest-to-lowest
546  frequency representing lowest-to-highest intensity of stimulation (i.e. 760Hz, 720Hz, 680Hz,
547  640Hz, 600Hz, 560Hz, 520Hz, 480Hz, 440Hz, 400Hz). The response to stimuli was measured
548 by automated video tracking and analyzed using Matlab (Mathworks) and Excel (Microsoft). The
549 response fraction represents the percentage of larvae considered to be asleep during the 5
550 second pre-stimulus baseline (activity <0.01s/5sec, determined empirically using average
551 movement prestimulus) and whose activity increased over baseline during the stimulus
552  presentation. Curve-fit and statistical analyses were carried out in Prism V9 (Graphpad) using
553 non-linear regression (Agonist vs Response--Variable slope (four parameters)) with extra sum-
554  of-squares F-test used to compare EC50 (half-maximal response) and top (maximal response)
555 as described previously (Singh et al., 2015).

556

557 6.6 Statistical analysis and control for multiple comparisons across sleep traits

558 Continuous data are summarized using means and 95% confidence intervals (Cl). Effect sizes
559 are described as standardized mean difference (smd). Phenotypes of interest included a total of

560 eleven measurements related to sleep and activity, including day and night sleep duration,
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561 activity, waking activity, sleep bout length, and sleep bout number, as well as nocturnal sleep
562 latency. Analyses compared these traits between scramble-injected and CRIPSR mutant fish for
563 six different candidate genes — skiv2l, meislb, gnb3a, chxlb, tcfl2, and arfgap2. Primary
564  comparisons between mutant and scramble-injected fish were performed using non-parametric
565  Wilcoxon rank-sum tests to mitigate any potential impact of non-normality of the endpoints. A
566  Hochberg step-up procedure (Hochberg, 1988; Huang and Hsu, 2007) was applied to the
567 analysis of each gene to maintain gene-specific type | error at the desired level of 0.05 across
568 the tested hypotheses. Briefly, to implement the Hochberg method the p-values for the set of
569 eleven null hypotheses are ordered from largest to smallest, and each p-value is compared to a
570 sequentially decreasing alpha-level to determine whether the associated null hypothesis (and
571 subsequent hypotheses) should be rejected. Symbolically, for the set of p-values {pi1, ... pii},
572 ordered from largest to smallest and testing the corresponding set of null hypotheses {H,1, ...

573  Hou1}, the procedure is implemented as:

574 Step 1: Evaluate whether p; < 0.05. If yes, reject Hyy and all subsequent null hypotheses
575 {Hoz, ... Ho11}. Else, do not reject Hy; and go to Step 2.

576 Step 2: Evaluate whether p, < 0.05/2. If yes, reject Ho, and all subsequent null hypotheses
577 {Hoz, ... Ho11}. Else, do not reject Hy, and go to Step 3.

578 [...]

579 Step 11: Evaluate whether py < 0.05/11. If yes, reject Ho11. Else, none of the null hypotheses
580 {Ho1, ... Ho11} are rejected and stop.

581 Comparisons may be significant by the rank sum analysis but not reach the threshold for
582 significance following multiple comparisons using the Hochberg approach described. In this
583 case, results should be interpreted with caution.

584
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Fig. 1. Identification of insomnia candidate genes from GWAS signals. A. To identify putative
causal genes, insomnia GWAS variants were mapped to target effector gene in neural progenitor
cells using 3D genomics, then candidate effector genes were screened using Drosophila RNA
interference to identify those producing significant sleep phenotypes (adapted from Palermo et. al.).
B. Single cell embryos were injected with preformed CRISPR-Cas9 complexes to create mutations in
candidate effector genes. FO larvae were tested for sleep characteristics beginning on 5 days post
fertilization (dpf) and phenotyped for sleep-wake behaviors from day 6-7 using automated video
tracking. Figure created in BioRender.
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Fig. 2. Waking activity and development is disrupted by mutation of arfgap2. A-F. Nighttime
waking activity displayed as mean + 95% CI for all mutants. G-L. Daytime waking activity displayed
as mean * 95% CI for all mutants. M. Waking activity graph for arfgap2 mutants displayed as mean
(line) and SEM (shaded). Gray shaded regions represent lights-off period. N. Representative image of
arfgap2 mutants and controls. Notable tail curvature (white arrow) is apparent in nearly all arfgap2
mutants. ****p<0.0001 determined by Wilcoxon rank sum test and Hochberg step-up procedure for
multiple comparisons (see Methods). T indicates significant (p < 0.05) before multiple comparisons.
(n =77 neg. control, 80 skiv2l); (n = 64 neg. control, 67 gnb3a); (n = 83 neg. control, 102 cbx1b); (n =100
control, 111 meisl1b); (n = 49 neg. control, 73 tcf12); (n = 42 control, 32 arfgap?2).
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Fig. 3. Activity duration is altered by skiv2l and arfgap2 mutations. A-C. Rest-activity graphs for
CRISPR mutants represented as mean (line) + SEM (shaded) for activity duration (s/h). Shaded
regions represent lights-off period. D-E. Mean + 95% CI for day (D) and night (E) activity duration in
skiv2l mutants (n = 77 neg control, 80 skiv2l). F-G. Mean + 95% CI for day (F) and night (G) activity
duration in meislb mutants (n = 100 control, 111 meislb). H-1. Mean * 95% CI for day (H) and night
(I) activity duration in arfgap2 mutants (n = 42 control, 32 arfgap2). Significance determined by
Wilcoxon rank sum test followed by Hochberg step-up procedure for multiple comparisons (see
Methods). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.


https://doi.org/10.1101/2022.10.05.511011
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.05.511011; this version posted November 28, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A B
5o/ — neg control 50" — neg control
< — skiv2| = meislb
c T ~
= E 40 i
£ 40+ |
\; 1 I' | £ | |
c |
2 30- ' o 301 ,' |
4+ ——_—
[ = i |
— I it
> | I |
T 207 3 ': 3 207 .
& 9 o
3 | ©
— 107 D 10
« »
0 T T T 1 0 T T T
14 24 38 48 14 24 38 48
Zeitgeber time (h) Zeitgeber time (h)
60— -
= 00 60— 60
o *kkk c c
® o 9 c
= 8 . B 8 9
[a) — 40 ‘5 40 *g E
< ° (el —_ S
EJ-E ¢ oS o< o<
» E # B $c 2=
o~ § O 20 n& LE
S o o 7))
E £ o %
z 2 = =4
o) z > 2
0- (a)
\
0(\“0 5\&\\]1\
G 307 H 30-
5y _t >
PC:‘ 0 S Fokk
© ° =
o 20 = 204
3c o gz .
5 € o E
E 104 &% E 104
5 : 5
z P4
O-\—
o 2 \
otV s‘(\\\'?’ 00““0“\6\5&‘0

Fig. 4. Total sleep duration in skiv2l and meislb CRISPR mutants. Rest-activity graphs for skiv2|
(A) and meislb (B) mutants represented as mean (line) + SEM (shaded) for sleep duration (min/h).
Shaded regions represent lights-off period. Mean = 95% CI for day (C) and night (D) sleep duration in
skiv2l mutants (n = 77 neg. control, 80 skiv2l). Mean £ 95% CI for day (E) and night (F) sleep duration
in meislb mutants (n = 100 neg. control, 111 meislb). Mean * 95% CI for nighttime sleep latency in
skiv2l (G) and meislb (H) mutants. Significance determined by Wilcoxon rank sum test followed by
Hochberg step-up procedure for multiple comparisons (see Methods). *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001. T indicates significant (p < 0.05) before multiple comparisons.
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Fig. 5. Sleep characteristics are significantly altered by CRISPR mutation of skiv2l and meislb.
Mean + 95% CI for day and night sleep bout number in skiv2l (A-B) and meislb (C-D) mutants. Mean
+ 95% CI for day and night sleep bout length for skiv2l (E-F) and meislb (G-H) mutants. Significance
determined by Wilcoxon rank sum test followed by Hochberg step-up procedure for multiple
comparisons (see Methods). *p<0.05, *p<0.01, **p<0.001, ****p<0.0001. (n = 77 neg. control, 80
skiv2l); (n = 100 control, 111 meislb).
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