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The molecular mechanism of natural short sleep: A path towards
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ABSTRACT

Sleep constitutes a third of human life and it is increasingly recognized
as important for health. Over the past several decades, numerous
genes have been identified to be involved in sleep regulation in
animal models, but most of these genes when disturbed impair
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not only sleep but also health and physiological functions. Human
natural short sleepers are individuals with lifelong short sleep and
no obvious adverse outcomes associated with the lack of sleep.
These traits appear to be heritable, and thus characterization of
the genetic basis of natural short sleep provides an opportunity to
study not only the genetic mechanism of human sleep but also the
relationship between sleep and physiological function. This review
focuses on the current understanding of mutations associated with
the natural short sleep trait and the mechanisms by which they
contribute to this trait.
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conditions [6]. Therefore, appropriate quantity

I g of daily sleep is critical for health and normal

We recognize the importance of sleep from
everyday experience, but why we need to sleep
remains an enigma. Vast literature has shown that
sleep is crucial for cardiovascular functions [1],
metabolic homeostasis [2], immune reactions [3],
mental state [4] and cognition [5]. Increasing
evidence indicates that both too much and too
little sleep are associated with adverse health

physiological functions.

Genetic screens have identified many genes
that affect sleep in different organisms from
worms to rodents, indicating that the molecular
mechanisms of sleep regulation are evolutionarily
conserved [7]. However, most (if not all) of these
mutations that have been tested result in impaired
physiological function and organismal fitness,
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such as deficits in learning and memory and
reduced life span [8-12]. In contrast, human
natural short sleepers are individuals who sleep
significantly shorter than the average population
without a desire for more sleep and without any
obvious negative health consequences [13]. These
individuals feel well although they sleep only
4-6.5 h per day, which is not observed in average
sleepers. In addition, they have more flexible
timings of sleep and report no jet lag. Given that
the natural short sleep (NSS) trait is inheritable,
dissecting its genetic basis provides a unique
opportunity to study the molecular pathways
underlying the need for sleep. Here, we provide
an overview of genetic mutations identified to
be associated with NSS and how they lead to
reduced sleep.

2 DEC2

The first gene reported to be associated with
NSS is DEC2, which encodes a transcriptional
repressor that belongs to the basic helix-loop-
helix subfamily [14]. It is a negative component
of the circadian clock and represses CLOCK/
BMALIl-induced transactivation through E-box
elements [15]. In a small family, He et al. [16]
identified a rare point mutation in DEC2 via
candidate gene sequencing and found that
heterozygous carriers of this mutation had lifelong
shorter daily sleep duration (on average 6.25 h)
compared to normal individuals (on average
8.06 h). This mutation results in a proline-to-
arginine substitution at amino acid residue 384
of DEC2 (DEC2-P384R), which is a site conserved
in mammals. To confirm whether the short sleep
phenotype was indeed caused by this mutation,
He et al. generated transgenic mice using a human
bacterial artificial chromosome clone carrying
wild-type (WT) or mutant DEC2. DEC2-P384R
mice demonstrated a longer activity period with
significantly reduced non-rapid eye movement
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(NREM) sleep and rapid eye movement (REM)
sleep duration during the light phase (rest phase),
but there was no significant difference in NREM
delta or REM theta power. Analysis of sleep
architecture revealed an increased NREM sleep
bout number and decreased bout duration in
DEC2-P384R mice, suggesting more fragmented
sleep. Moreover, DEC2-P384R mice displayed
slower and incomplete NREM sleep recovery
after 6 h of sleep deprivation compared with
WT mice. The successful recapitulation of the
short sleep phenotype in mouse models strongly
suggests that the DEC2-P384R mutation leads
to NSS in humans, likely by impinging on sleep
homeostasis regulation. Further evidence for a
role of DEC2 in sleep regulation comes from a
study [17] reporting the DEC2-Y362H mutation
to be associated with reduced sleep duration
and less recovery sleep after sleep deprivation
in humans. Notably, in a pair of twins, the
DEC2-Y362H carrier had considerably shorter
total sleep duration (299.3 min) than his non-
carrier brother (364.7 min). The carrier also
exhibited less recovery sleep following sleep
deprivation and fewer performance lapses during
sleep deprivation.

How do these DEC2 mutations shorten sleep
duration? Hirano et al. [18] found that the actions
of mutant DEC2 may be mediated by the wake-
promoting peptide orexin. Orexin is known
to be generated from a neuropeptide precursor
protein encoded by the hypocretin (Hcrt) gene,
which displayed upregulated expression in the
hypothalamus of DEC2-P384R and DEC2-Y362H
mice compared with DEC2-WT mice. Further
molecular characterization demonstrated that
DEC2 binds to the E-box sequence (CAGCTG) in
the promoter region of Hcrt and suppresses its
expression. However, the mutant DEC2 showed
impaired repressor activity relative to WT DEC2,
resulting in increased Hcrt expression. In addition,
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the administration of a nonselective orexin
receptor antagonist (MK-6096) could partially
rescue the short sleep phenotype in DEC2-P384R
mice. Taken together, these findings suggest
that DEC2 mutations reduce sleep by enhancing

orexin production.

3 ADRB1

Ten years after the first NSS-related mutation
was reported, ADRBI1, which encodes the 31-
adrenergic receptor, emerged as the second gene
associated with NSS [19]. The [1-adrenergic
receptor, a receptor activated by noradrenaline
and adrenaline, plays an important role in
regulating the activity of the sympathetic
[20]. Within the
noradrenaline—mainly generated by the locus

nervous system brain,
coeruleus—promotes arousal by activating al-
and [-adrenergic receptors in the medial septal
and medial preoptic areas [21]. Shi et al. [19]
identified a rare mutation in ADRB1 (ADRB1-
A187V) in a family with natural short sleepers
via whole-exome sequencing. This A187 residue
is located in the fourth transmembrane domain
of ADRB1 and is highly conserved from
invertebrates to humans. Heterozygous mutation
carriers slept 5.7 h per day on average, which
was much shorter than the sleep duration of the
non-mutation carriers (7.9 h). To validate that this
is indeed a causative mutation for NSS, Shi and
colleagues generated Adrb1-A187V knock-in mice
using the CRISPR-Cas9 strategy. Heterozygous
mutants showed significantly reduced sleep
duration during the dark (active) phase, strongly
suggesting that the ADRBI-A187V mutation
contributes to NSS in human carriers.

To explore the mechanism by which ADRBI-
A187V leads to shortened sleep, Shi et al. [19]
first demonstrated that this mutation resulted
in decreased stability of the ADRBI1 protein
and thus decreased protein levels. Next, by
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conducting calcium imaging, they found that
dorsal pons (DP) ADRB1* neurons were active
during wakefulness and REM sleep while
remaining quiescent during NREM  sleep.
Moreover, optogenetic activation of DP ADRB1*
neurons during NREM sleep elicited immediate
NREM-to-wake transitions, indicating that these
cells are primarily wake promoting. In the
mutant mice, DP ADRB1* neuronal activity was
enhanced, which was associated with increased
wakefulness and decreased sleep duration. These
findings indicate that ADRBI1 is involved in sleep
regulation, and the A187V mutation further
enhances the activity of the wake-promoting
ADRBI1* neurons, which in turn results in reduced
sleep. As a well-studied attractive drug target
[22], ADRBI’s role in sleep regulation may render
it a potential therapeutic target for the treatment
of sleep disorders.

4 NPSR1

In 2019, Xing et al. [23] reported another NSS-
associated mutation located in the NPSR1 gene,
which encodes neuropeptide S receptor 1. NPSR1
is a G-protein-coupled receptor, and its cognate
ligand, neuropeptide S (NPS), has been reported
to activate histaminergic and orexinergic neurons
in the posterior hypothalamus to promote
wakefulness [24, 25]. NPS has also been shown
to exert wake-promoting effects by depolarizing
GABAergic neurons in the ventrolateral preoptic
nucleus [26]. Using whole-exome sequencing,
Xing et al. identified a rare point mutation in
NPSR1 in a small family with natural short
sleepers [23]. This mutation causes a tyrosine to
a histidine substitution at residue 206 (Y206H),
and the two heterozygous carriers slept only
5.5 and 4.3 h per day, respectively. To confirm
that the NPSR1-Y206H mutation was causal for
the short sleep trait in the carriers, Xing et al.
generated Npsr1-Y206H knock-in mice using
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a CRISPR-Cas9 approach and assessed sleep
in these animals. Heterozygous mutant mice
exhibited reduced NREM and REM sleep,
particularly in the dark phase, supporting the
notion that the mutation results in NSS in human
individuals.

NPSR1 mRNA is highly expressed in the
centromedial thalamus (CMT) [27], a region that
modulates brain-wide cortical activity during
sleep and provides dual control of sleep-wake
states [28]. Optogenetic activation of CMT
neurons reliably induces rapid awakening from
NREM sleep. Moreover, activation of CMT
neurons promotes sleep recovery following a 4 h
sleep deprivation and silencing them delays this
process. CMT neurons in Npsrl-Y206H mice
showed enhanced response to NPS treatment. In
addition, the cAMP response element-binding
protein (CREB) is believed to be a downstream
effector of NPSR1 signaling [29], and NPS
induces an increase in CREB phosphorylation in
the cortex [23]. This increase in phospho-CREB
levels elicited by NPS is also enhanced in the
mutants. This series of results suggests that the
Y206H mutation increases NPSR1 signaling and
hyperactivates CMT neurons, leading to shortened
sleep duration.

To investigate whether Npsrl-Y206H affects
cognitive performance, Xing et al. measured
contextual memory in mutant and control mice
using the contextual fear conditioning test [23,
30]. After training, Npsr1-Y206H mice exhibited
performance comparable to WT mice, indicating
that learning and memory were intact in the
mutants. However, WT mice that underwent
6 h sleep deprivation immediately after training
showed impaired memory, whereas mutant mice
did not, which suggests that contextual memory
was more resistant to sleep loss in Npsr1-Y206H
mice. Overall, Npsrl-Y206H shortened sleep
duration without impairing learning and memory
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in mice, which appears to be consistent with
what has been observed in human carriers.

5 GRM1

In a recent study of two unrelated families
with natural short sleepers [31], whole-exome
sequencing unveiled two independent rare
mutations in the GRM1 gene (GRM1b-R889W
and GRM1-5458A), which encods glutamate
metabotropic receptor 1. Group I metabotropic
glutamate receptors (mGluRs 1 and 5) are family
C G-protein-coupled receptors participating
in the modulation of synaptic transmission
and neuronal excitability [32]. Previous studies
reported mGIuR5 to be involved in sleep regulation
[33, 34], whereas it was unknown whether
mGluR1 was also involved. In one of the families
with natural short sleepers, three heterozygous
carriers of GRM1b-R889W mutation slept 6.05,
5.15, and 5.10 h per day, respectively, which was
considerably less than the non-affected family
members (on average 7.32 h) [31]. In the other
family, a heterozygous GRM1-5458A carrier slept
6.00 h per day, and his non-carrier sister slept
6.93 h per day.

Amino acid sequence analysis revealed
that the two mutations are located in different
domains, with GRM1b-R889W in the C-terminal
intracellular domain of the mGluR1b isoform and
GRM1-5458A in the large N-terminal extracellular
domain [31]. Extracellular signal-regulated kinase
(ERK) is known to be activated by mGluR [35],
and the expression of both GRM1b-R889W
and GRM1-5458A resulted in reduced ERK
phosphorylation in cell culture, indicative of
reduced activation. A previous study demonstrated
that the ERK signaling pathway regulates sleep
duration and inhibition of ERK phosphorylation
decreases sleep in mice [36], consistent with the
effects of these GRM1 mutations.
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6 Discussion and conclusion

Perhaps the most intriguing question regarding
the NSS trait is how these individuals maintain
such short sleep duration lifelong with no obvious
health or physiological consequences. The simplest
explanation is that these individuals have an
altered sleep homeostasis and thus need less
sleep. However, among these four genes (Table 1),
only the DEC2 mutation appears to result in
reduced recovery sleep following sleep deprivation
in mice [16], indicating decreased sleep need.
Neither Npsrl nor Gmrl mutations significantly
alter sleep rebound in mutant mice, but this
aspect has not been assessed in Adrbl mutant
mice [19, 23, 31]. Instead of impinging on sleep
homeostasis, most of these mutations (DEC2,
ADRBI1, and NPSRI) lead to enhanced wake-
promoting signals, suggesting that the nature of
NSS is actually increased wake period rather
than reduced sleep. This increased wake period
may not trigger accumulation of sleep debt,
and thus natural short sleepers do not appear
to experience the adverse outcomes of sleep
deprivation. Electroencephalography power

analysis and sleep deprivation experiments

169

conducted in human natural short sleepers are
needed to address this issue.

Another important question is whether the
natural short sleepers are “completely normal
and healthy”. Although these individuals do not
display any obvious physical or mental conditions
associated with the lack of sleep, there may exist
certain some adverse effects that have not yet
been discovered. Animal studies to date have
focused mostly on sleep analysis, and systematic
assessment of other physiological indices and
behaviors will need to be performed to answer
this question. Apart from genetic factors,
environmental factors also exert major influences
on sleep [37-42]. All animal studies to date
have been conducted under baseline conditions,
whereas humans experience many stressful
their This

discrepancy may also account for the relatively

challenges throughout lifetime.
weaker sleep phenotype in mutant mice than
in the human mutation carriers in some cases.
It would be interesting to assess how NSS-
associated mutations alter sleep and other
physiological functions or behaviors under
conditions such as starvation, infection, and

social isolation.

Table 1 Gene mutations associated with the natural short sleep trait in humans.

Phenotype
Gene Function Mutation Mechanism Refs
Human Mouse
DEC2 Transcriptional DEC2-P384R | sleep + NREM and REM sleep, t orexin [16-18]
repressor slow and incomplete
NREM sleep recovery
DEC2-Y362H { sleep, t activity, V rest
V rebound sleep
ADRB1 Adrenergic receptor ADRB1-A187V I sleep { NREM and REM sleep t activity of DP [19]
(dark phase) ADRB1* neurons
NPSR1 Neuropeptide S NPSR1-Y206H | sleep ¥ NREM and REM sleep, 1 activity of CMT [23]
receptor t sleep pressure neurons
GRM1 Metabolic glutamate GRM1b-R889W I sleep { NREM sleep V' ERK activation [31]
receptor

GRM1-5458A
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Overall, our current understanding of the
molecular mechanism underlying NSS is quite
limited. More systematic and in-depth inves-
tigations need to be conducted to unveil the
intricate relationships between sleep, wakefulness,
and other physiological functions in natural
short sleepers. Identifying why natural short
sleepers do not need to sleep as long as normal
individuals may improve the understanding of
the need for sleep.

Conflict of interests

All contributing authors report no conflict of
interests in this work.

Funding

This work was supported by grants from the
Ministry of Science and Technology of China
(Grant No. 2021ZD0203202), and the Natural
Science Foundation of China (Grant Nos. 31930021
and 32022035).

References

[1] Grandner MA, Alfonso-Miller P, Fernandez-Mendoza
J, et al. Sleep: Important considerations for the pre-
vention of cardiovascular disease. Curr Opin Cardiol
2016, 31(5): 551-565.

[2] Koren D, Taveras EM. Association of sleep disturbances
with obesity, insulin resistance and the metabolic
syndrome. Metabolism 2018, 84: 67-75.

[3] Besedovsky L, Lange T, Born J. Sleep and immune
function. Pflugers Arch 2012, 483(1): 121-137.

[4] Goldstein AN, Walker MP. The role of sleep in
emotional brain function. Annu Rev Clin Psychol 2014,
10: 679-708.

[5] Spira AP, Chen-Edinboro LP, Wu MN, et al. Impact

of sleep on the risk of cognitive decline and dementia.

Curr Opin Psychiatry 2014, 27(6): 478—483.
[6] Cappuccio FP, D'Elia L, Strazzullo P, et al. Sleep
duration and all-cause mortality: a systematic review

Brain Sci. Adv.

and meta-analysis of prospective studies. Sleep 2010,
33(5): 585-592.

[7] Cirelli C. The genetic and molecular regulation of sleep:
from fruit flies to humans. Nat Rev Neurosci 2009,
10(8): 549-560.

[8] Hendricks JC, Lu S, Kume K, et al. Gender
dimorphism in the role of cycle (BMAL1) in rest, rest
regulation, and longevity in Drosophila melanogaster.
J Biol Rhythms 2003, 18(1): 12-25.

[9] Koh K, Joiner WJ, Wu MN, et al. Identification of
SLEEPLESS, a sleep-promoting factor. Science 2008,
321(5887): 372-376.

[10] Nagy S, Maurer GW, Hentze JL, et al. AMPK signaling
linked to the schizophrenia-associated 1q21.1 deletion
is required for neuronal and sleep maintenance. PLoS
Genet 2018, 14(12): e1007623.

[11] Williams JA, Sathyanarayanan S, Hendricks JC, et al.
Interaction between sleep and the immune response
in Drosophila: a role for the NFkappaB relish. Sleep
2007, 30(4): 389-400.

[12] Bushey D, Huber R, Tononi G, et al. Drosophila
Hyperkinetic mutants have reduced sleep and impaired
memory. J Neurosci 2007, 27(20): 5384-5393.

[13] Ashbrook LH, Krystal AD, Fu YH, et al. Genetics
of the human circadian clock and sleep homeostat.
Neuropsychopharmacol 2020, 45(1): 45-54.

[14] Fujimoto K, Shen M, Noshiro M, et al. Molecular
cloning and characterization of DEC2, a new member
of basic helix-loop-helix proteins. Biochem Biophys
Res Commun 2001, 280(1): 164—171.

[15] Honma S, Kawamoto T, Takagi Y, et al. Decl and
Dec2 are regulators of the mammalian molecular
clock. Nature 2002, 419(6909): 841-844.

[16] He Y, Jones CR, Fujiki N, et al. The transcriptional
repressor DEC2 regulates sleep length in mammals.
Science 2009, 325(5942): 866-870.

[17] Pellegrino R, Kavakli TH, Goel N, et al. A novel
BHLHE41 variant is associated with short sleep and
resistance to sleep deprivation in humans. Sleep 2014,
37(8): 1327-1336.

[18] Hirano A, Hsu PK, Zhang LY, et al. DEC2 modulates
orexin expression and regulates sleep. Proc Natl
Acad Sci USA 2018, 115(13): 3434-3439.

[19] Shi GS, Xing LJ, Wu D, et al. A rare mutation of
Bi-adrenergic receptor affects sleep/wake behaviors.
Neuron 2019, 103(6): 1044-1055.¢7.

https://mc03.manuscriptcentral.com/brainsa | Brain Science Advances



Brain Sci. Adv.

[20]

[21]

[22]

[23]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

®

Brodde OE. B-1 and B-2 adrenoceptor polymorphisms:
functional importance, impact on cardiovascular
diseases and drug responses. Pharmacol Ther 2008,
117(1): 1-29.

Berridge CW, Schmeichel BE, Espafia RA.
Noradrenergic modulation of wakefulness/arousal.
Sleep Med Rev 2012, 16(2): 187-197.

Soriano-Ursua MA, Trujillo-Ferrara JG, Correa-
Basurto J, et al. Recent structural advances of f1 and
B2 adrenoceptors yield keys for ligand recognition
and drug design. J Med Chem 2013, 56(21): 8207—
8223.

Xing LJ, Shi GS, Mostovoy Y, et al. Mutant
neuropeptide S receptor reduces sleep duration with
preserved memory consolidation. Sci Trans! Med
2019, 11(514): eaax2014.

Xu YL, Reinscheid RK, Huitron-Resendiz S, et al.
Neuropeptide S: a neuropeptide promoting arousal
and anxiolytic-like effects. Neuron 2004, 43(4):
487-497.

Zhao P, Shao YF, Zhang M, et al. Neuropeptide S
promotes wakefulness through activation of the
posterior hypothalamic histaminergic and orexinergic
neurons. Neuroscience 2012, 207: 218-226.
Chauveau F, Claverie D, Lardant E, et al. Neuropeptide
S promotes wakefulness through the inhibition of
sleep-promoting ventrolateral preoptic nucleus neurons.
Sleep 2020, 43(1): zsz189.

Clark SD, Duangdao DM, Schulz S, et al. Anatomical
characterization of the neuropeptide S system
in the mouse brain by in situ hybridization and
immunohistochemistry. J Comp Neurol 2011, 519(10):
1867—-1893.

Gent TC, Bandarabadi M, Herrera CG, et al.
Thalamic dual control of sleep and wakefulness. Nat
Neurosci 2018, 21(7): 974-984.

Reinscheid RK, Xu YL, Okamura N,
Pharmacological characterization of human and murine

et al.

neuropeptide s receptor variants. J Pharmacol Exp
Ther 2005, 315(3): 1338-1345.

Graves LA, Heller EA, Pack Al, et al. Sleep
deprivation selectively impairs memory consolidation
for contextual fear conditioning. Learn Mem 2003,
10(3): 168-176.

Shi GS, Yin C, Fan ZH, et al. Mutations in
metabotropic glutamate receptor 1 contribute to

TSINGHUA

UNIVERSITY PRESS

http://bsa.tsinghuajournals.com

[34]

[33]

[37]

[37]

[39]

[40]

[41]

[42]

171

natural short sleep trait. Curr Biol 2021, 31(1):
13-24.¢4.

Niswender CM, Conn PJ. Metabotropic glutamate
receptors: physiology, pharmacology, and disease.
Annu Rev Pharmacol Toxicol 2010, 50: 295-322.
Ahnaou A, Langlois X, Steckler T, et al. Negative
versus positive allosteric modulation of metabotropic
glutamate receptors (mGluRS5): indices for potential
pro-cognitive drug properties based on EEG network
oscillations and sleep-wake organization in rats.
Psychopharmacol 2015, 232(6): 1107-1122.

Ahnaou A, Racymaekers L, Steckler T, et al. Relevance
of the metabotropic glutamate receptor (mGluRS5)
in the regulation of NREM-REM sleep cycle and
homeostasis: evidence from mGIuR5 (-/-) mice.
Behav Brain Res 2015, 282: 218-226.

Page G, Khidir FAL, Pain S, et al. Group I metabotropic
glutamate receptors activate the p70S6 kinase via
both mammalian target of rapamycin (mTOR)
and extracellular signal-regulated kinase (ERK 1/2)
signaling pathways in rat striatal and hippocampal
synaptoneurosomes. Neurochem Int 2006, 49(4):
413-421.

Mikhail C, Vaucher A, Jimenez S, et al. ERK
signaling pathway regulates sleep duration through
activity-induced gene expression during wakefulness.
Sci Signal 2017, 10(463): eaai9219.

Hubbard J, Ruppert E, Gropp CM, et al. Non-
circadian direct effects of light on sleep and alertness:
lessons from transgenic mouse models. Sleep Med
Rev 2013, 17(6): 445-452.

Yoon H, Baek HJ. External auditory stimulation as a
non-pharmacological sleep aid. Sensors (Basel) 2022,
22(3): 1264.

Okamoto-Mizuno K, Mizuno K. Effects of thermal
environment on sleep and circadian rhythm. J Physiol
Anthropol 2012, 31: 14.

Liu LY, Deng H, Tang XP,
electromagnetic radiation in the wireless signal range

et al. Specific
increases wakefulness in mice. Proc Natl Acad Sci
USA 2021, 118(31): €2105838118.

Chaput JP. Sleep patterns, diet quality and energy
balance. Physiol Behav 2014, 134: 86-91.

Pilcher JJ, Dorsey LL, Galloway SM, et al. Social
isolation and sleep: manifestation during COVID-19
quarantines. Front Psychol 2021, 12: 810763.

®SAGE

journals.sagepub.com/home/BSA



172 Brain Sci. Adv.

Liubin Zheng received his B.S. degree at Huazhong University of Science and
Technology in 2016. He is currently a Ph.D. student in the laboratory of Dr. Luoying
Zhang. His current research project aims to uncover how sleep is regulated and
|| interact with other physiological pathways. E-mail: zIbin1993@163.com

Luoying Zhang received her B.S. degree in biological science at Peking University
and Ph.D. degree in neuroscience at Northwestern University, United States. She
then conducted postdoctoral research in the laboratories of Ying-Hui Fu and Louis
Ptacek at University of California, San Francisco. She is currently a professor at the
College of Life Science and Technology, Huazhong University of Science and

. Technology, China. Her research interest focuses on uncovering the connections
between circadian rhythm/sleep and mood regulation, as well as investigating the regulatory
mechanism and function of circadian rhythm and sleep using a system’s approach. She has
published over 30 papers in journals including EMBO ], Nature Communications and Nucleic Acids
Research. E-mail: zhangluoying@hust.edu.cn

https://mc03.manuscriptcentral.com/brainsa | Brain Science Advances



