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Study Objectives: Sleep-wake disturbances are often reported in Prader-Willi syndrome (PWS), a rare neurodevelopmental syndrome that is associated 
with paternally-expressed genomic imprinting defects within the human chromosome region 15q11-13. One of the candidate genes, prevalently expressed in 
the brain, is the small nucleolar ribonucleic acid-116 (SNORD116). Here we conducted a translational study into the sleep abnormalities of PWS, testing the 
hypothesis that SNORD116 is responsible for sleep defects that characterize the syndrome.
Methods: We studied sleep in mutant mice that carry a deletion of Snord116 at the orthologous locus (mouse chromosome 7) of the human PWS critical 
region (PWScr ). In particular, we assessed EEG and temperature profiles, across 24-h, in PWScr m+/p− heterozygous mutants compared to wild-type 
littermates. High-resolution magnetic resonance imaging (MRI) was performed to explore morphoanatomical differences according to the genotype. 
Moreover, we complemented the mouse work by presenting two patients with a diagnosis of PWS and characterized by atypical small deletions of 
SNORD116. We compared the individual EEG parameters of patients with healthy subjects and with a cohort of obese subjects.
Results: By studying the mouse mutant line PWScr m+/p−, we observed specific rapid eye movement (REM) sleep alterations including abnormal 
electroencephalograph (EEG) theta waves. Remarkably, we observed identical sleep/EEG defects in the two PWS cases. We report brain morphological 
abnormalities that are associated with the EEG alterations. In particular, mouse mutants have a bilateral reduction of the gray matter volume in the ventral 
hippocampus and in the septum areas, which are pivotal structures for maintaining theta rhythms throughout the brain. In PWScr m+/p− mice we also observed 
increased body temperature that is coherent with REM sleep alterations in mice and human patients.
Conclusions: Our study indicates that paternally expressed Snord116 is involved in the 24-h regulation of sleep physiological measures, suggesting that it is 
a candidate gene for the sleep disturbances that most individuals with PWS experience.
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INTRODUCTION
Lack of expression of paternally imprinted alleles within the 
small nuclear ribonucleoprotein N (SNPRN) cluster of the human 
chromosome region 15q11-13 causes Prader-Willi syndrome 
(PWS),1 a rare neurodevelopmental disorder that is associated 
with growth retardation, metabolic abnormalities, hyperphagic 
behavior, cognitive deficits, and sleep abnormalities. The genetic 
defect can be quite heterogeneous across patients; it can include 
various genes and can result from uniparental disomy, deletions, 
or genomic imprinting deficits. Different patients present with 
different genetic alterations and recently it has been suggested 
that the syndrome can be associated with a disruption of the 
small nucleolar ribonucleic acid (RNA)- 116 (SNORD116, also 
called HBII-85) gene, a noncoding molecule that participates 
in the modifications of other small nuclear RNAs and is pre-
dominantly expressed in the brain.2 Indeed, a few clinical single 
cases of PWS with microdeletions within the q11.q13 domain of 
chromosome 15, including SNORD116, have been reported.3–6 
SNORD116 appears to be necessary for PWS to manifest. In fact, 
within the Prader-Willi genomic region, deletions of MKRN3, 
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Significance
In this study we identify a novel role of SNORD116/Snord116 in sleep disturbance in Prader-Willi syndrome (PWS). We observed abnormalities in REM 
sleep both in patients with PWS and in a mouse model of the syndrome, which lacks Snord116. We detected hippocampal alterations in mice that are in 
agreement with the functional deficit in sleep. PWS is caused by genomic imprinting defects; therefore our findings promote a significant new perspective 
in the investigation of sleep. This new work, along with previous evidence of parent-of-origin effects on sleep, provides support for a significant role of 
genomic imprinting in sleep regulatory mechanisms.

MAGEL2, NECDIN,7 or SNORD1158,9 or C15ORF2 and SNURF-
SNRPN7,10 do not give rise to PWS.

Sleep disturbances represent a significant problem for in-
dividuals with PWS and their caregivers; however, this aspect 
of the syndrome has been poorly investigated to date. Clinical 
studies have reported hypersomnia, fragmented sleep and 
apnea,11–14 and abnormal sleep EEG features12,13,15–18 in patients 
with PWS. More in-depth analyses revealed alterations in the 
architecture of sleep,13–15 abnormal rapid eye movement (REM) 
sleep cycles,18 sleep onset REM periods (SOREMPs) and an in-
creased number of REM episodes.12,13,15–17 In the investigations 
of sleep disturbances in PWS, the genotype of the patients has 
rarely been taken into account as a variable and, when consid-
ered, the details of the extension and type of deletion are not 
given. Nevertheless, the study of Vgontaz et al.,15 on a small 
group of patients, reported a higher prevalence of excessive 
daytime sleep (EDS) and SOREMPs in patients with PWS car-
rying deletions compared to patients with uniparental disomies.

The creation of several mouse genetic models has provided a 
valuable set of tools for understanding the genetic mechanisms 
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of the syndrome. Surprisingly, none of the PWS mouse models 
available has been assessed for the presence of sleep distur-
bances.19 Therefore, in order to dissect the genetic mechanisms 
of sleep abnormalities in patients with PWS, investigations that 
report exact genotypic defects of patients with PWS with sleep 
disturbances and gene-specific translational models of the syn-
drome are needed. Here, we present a study in which we report 
remarkable analogies between the sleep features of the mouse 
mutant model PWScrm+/p−,2 which lacks Snord116, and two pa-
tients with PWS with atypical deletions, one of them carrying 
a particularly small (372 kb) deletion, inclusive of SNORD116. 
We further studied the mouse model and we observed a major 
reduction in the size of the hippocampus of mouse mutants, 
which may account for the EEG features we report here.

METHODS

Animal Husbandry
We investigated mice carrying a deletion (Figure 1) of the PWS 
critical region (PWScr) including Snord116 and IPW exons A1/A2, 
B, and C.2 In the Istituto Italiano di Tecnologia (IIT), mice were 
bred and maintained through paternal inheritance on a C57BL/6J 
background. All experiments were conducted in their home cages, 
the environmental temperature was 23° C. Mice were 8 to 9 mo 
old when tested because the phenotype is reported to be more 
evident with age both in patients20 and in mice with a deletion 

of Snord116.21 All animal proce-
dures were approved by the ethical 
national committee in Italy, for IIT 
Genova. Mouse husbandry followed 
ARRIVE guidelines (http://www.
nc3rs.org.uk/arrive-guidelines). For 
the genotyping assay see the supple-
mental material.

In vivo EEG Recordings in Mice
Sleep and temperature profiles 
were investigated in 7 PWScrm+/p− 
mice and 7 PWScr m+/p+ littermate 
controls, all males. A wireless im-
plant, as described in the study by 
Lassi et al.,22 was used (see supple-
mental material).

However, the transmitter re-
ceiving the EEGs was implanted 
subcutaneously and contained a 
sensor that detected peripheral body 
temperature. EEG measures allow 
defining three major states of mam-
malian life: wakefulness, rapid eye 
movement (REM), and nonrapid eye 
movement (NREM) sleep (Figure 
2A). For each animal and then for 
each genotype we analyzed the 
percentage of time spent in sleep, 
NREM, and REM, and the number 
of NREM sleep episodes and REM 
sleep per hour, during 24 h, across 

light (L) and dark (D) phases (LD: 12:12). Unusual interruptions 
of wakefulness by REM sleep appeared evident while visually 
inspecting the physiological signals of PWScrm+/p− mice; we 
scored these REM sleep intrusions and quantified them. More-
over, we confirmed these wake-to-sleep transitions by video-
scoring random episodes. The spectral characteristics of the EEG 
were further analyzed. EEG power density for delta (0, 5–4 Hz) 
and theta (5–9 Hz) frequencies in NREM and REM sleep, across 
12 h of light and across 12 h of dark were calculated. Temperature 
values were collapsed in 3-h bins and compared between geno-
types. See supplemental material for further details.

Morphology Assessment: Magnetic Resonance Imaging
High-resolution morphoanatomical magnetic resonance imaging 
(MRI) was performed on brains of 12 PWScrm+/p− (32–45 w old) 
and 12 PWScrm+/p+ (30–47 w old) male mice. Intergroup dif-
ferences in local gray-matter volume were mapped using voxel-
based morphometry (VBM) as previously described.23 Gray 
matter of spatially normalized subjects was then segmented 
using a Markov random field model using a six-class segmenta-
tion of the study-based template as a prior to initialize the pro-
cess. See supplemental material for further details.

Patients with PWS
Here we present two patients with a diagnosis of PWS and 
atypical deletion that included SNORD116. The human study 

Figure 1—Human SNRPN cluster and mouse orthologous Snrpn cluster (not to scale). (A) Representation 
of the deletion of Patient 1 and Patient 2. Patient 1 carries an atypical deletion with the proximal breakpoint 
at RP11-484P15 and the distal breakpoint located in the common BP4. The size of the deletion is 6, 27 
Mb. Patient 2 exhibits a deletion with the proximal breakpoint at base 22,648,348 and the distal one 
at base 23,020,695 of chromosome 15. The size of the deletion is 372 Kb. (B) Human SNRPN cluster 
of chromosome 15 and (C) the orthologues Snrpn cluster of chromosome 7C in mice. Pink rectangles 
are maternally expressed genes, blue rectangles are paternally expressed genes; when both pink and 
blue rectangles are present, genes are expressed biallelically. Gene expression/imprinting profiles are 
reported only for the brain. C, centromere; T, telomere; note that genes are in the same order in human 
and mice chromosomes but in reverse orientation. Dashed line links homologues. (D) Representation of 
the deletion of the Prader-Willi syndrome critical region including Snord116 and IPW exons A1/A2, B, and 
C carried by the murine model PWScrm+/p− studied in this investigation.

A	 B	 C	 D
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protocol was approved by the local ethical committee of the 
IRCCS, Istituto Auxologico Italiano, Piancavallo, Verbania, 
(Italy). Written informed consent was obtained from parents 
and patients. The severity of illness was determined by Holm 
diagnostic criteria.24 Both patients underwent growth hor-
mone (GH) therapy. Because of the metabolic characteristics 
that accompany the syndrome, we compared the individual 
EEG parameters of patients with healthy subjects but also 
with a cohort of obese subjects. Then, 14 healthy individuals 
and 10 obese subjects, half males and half females, mean age: 
39.3 ± 4.1 and 41.3 ± 3.7 y, respectively, were recruited as con-
trol groups. Obese individuals matched the patients for their 

body mass index (BMI, 34 ± 3.4) and suffered from apnea 
(apnea-hypopnea index [AHI] = 16.7 ± 2.06). Healthy subjects 
had no sleep disturbances according to the Pittsburgh Sleep 
Quality Index (PSQI). For the genotyping assay and sleep as-
sessment, see the supplemental material.

Patient 1
Patient 1 is a 39-y-old man. The deletion size in Patient 1 
(Figure 1) is approximately 6,27 Mb, with a distal break-
point mapping at the common BP4 of chromosome 15 and an 
atypical proximal breakpoint located approximately 575 kb 
downstream of BP2 of chromosome 15. Therefore, MKRN3, 

Figure 2—Sleep profiling in PWScrm+/p− mutant mice versus controls. (A) Example of electroencephalographic traces (i.e. electroencephalography and 
electromyography) scored as wakefulness, nonrapid eye movement (NREM) sleep, rapid eye movement (REM) sleep, and REM intrusions. Fast Fourier 
transforms (FFTs) are represented for each epoch in which delta (light gray bars) and theta (black bars) are plotted. (B) Total time spent asleep per hour in 
NREM and REM sleep across the 24 h in PWScrm+/p− mice versus controls. (C) Amount of episodes of sleep, NREM and REM sleep, per hour, across the 
24 h in PWScrm+/p− mice versus controls. An episode is intended as one or more consecutive epochs of the same stage (i.e. wake [W], NREM sleep or REM 
sleep). (D) REM sleep intrusions during wakefulness in mutants versus control mice. (E) Power densities of the whole spectrum of frequencies and detailed 
histograms for delta and theta EEG frequencies (μV2) in NREM and REM sleep in mutants versus control mice in the light phase. (F) Peripheral temperature 
of PWScrm+/p− mice and controls across 24 h. Histograms show the sleep and temperature means ± standard error of the mean (SEM), in the light and dark 
phases, of the two genotypes. All graphs are presented as mean ± SEM across 24 h. Light and dark phases are indicated by the white and black strips on 
top of each graph. ZT, Zeitgeber time. Statistical significance is represented as follows: *P < 0.05; **P < 0.01; ***P < 0.001.
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MAGEL2, and NDN genes, which are usually deleted as a 
consequence of the typical PWS deletions, are preserved. The 
patient was born at term with hypogenitalism, muscle hypo-
tonia, feeding difficulties, failure to thrive, and facial features. 
Overall, he presented with a global developmental delay and 
incomplete sexual development. Hyperphagia appeared when 
the patient was 2 y with concomitant weight gain leading to 
severe obesity in adolescence. He underwent biliopancreatic 
diversion at 19 y and now weighs 86.3 kg; he is 161 cm tall 
and his BMI is 33.3 kg/m2. Polysomnography (PSG) revealed 
irregular breathing with sleep apnea events (AHI = 3.9).

Patient 2
Patient 2 is a 43-y-old woman. She carries a very small, 
372-kb deletion of the region defined by the SNRPN probe 
on chromosome 15 (Figure 1). The deletion comprises part of 
SNURF-SNRPN and the following C/D box snoRNA genes: 
SNORD107, SNORD108, SNORD109A, SNORD64 (also known 
as HBII-436, HBII-437, HBII-438A, HBII-13, respectively), the 
multiple copy cluster of SNORD116 (HBII-85), and 21 copies 
of SNORD115.

The patient was born after 42 w of gestation and exhibited 
severe muscle hypotonia and feeding difficulties. She pre-
sented with delayed motor development and failure to gain 
weight in the first years of life. Primary amenorrhea and mild 
mental retardation are present. Obesity started at the age of 6 y 
and hyperphagia appeared later. Her actual weight is 66.9 kg, 
and her height is 141.3 cm, for a BMI of 33.5 kg/m2. PSG evalu-
ation showed hypoventilation and sleep apnea (AHI = 4.1).

We elaborated the percentage of REM and NREM sleep 
over the total sleep time and the number of REM-NREM sleep 
cycles in 1 night and of REM sleep episodes per hour (REM 
sleep fragmentation) for each subject. Furthermore we com-
pared the spectral characteristics of the EEG by analyzing the 
EEG power density for delta (0, 5–4 Hz) and theta (5–9 Hz) 
frequencies in NREM and REM sleep, between patients and 
controls. Wakefulness was not assessed because human sub-
jects EEG was recorded only at night.

Statistics
The statistical tests were performed with MATLAB and 
GraphPad Prism 5.0.

Two-way mixed analyses of variance (ANOVAs) (Genotype 
× Time) were run for all sleep parameters in order to compare 
PWScrm+/p− with PWScr m+/p+ mice across light and dark phases. 
For the power spectral analysis of delta and theta frequencies 
we run paired two-tailed t-tests. Comparisons of the mean 
temperature in the light phase and the mean temperature in 
the dark phase, between genotypes, was done with paired two-
tailed t-tests. For the MRI analysis, voxelwise cross-subject 
statistic was performed using a nonparametric permutation 
test with 5,000 permutations and a cluster-based threshold of 
0.05. To compare patients with PWS with healthy controls and 
obese subjects, we run one-way repeated-measures ANOVAs 
for the power spectral analysis of delta and theta frequencies of 
NREM and REM sleep.

The following P values were considered significant differ-
ences: < 0.05, < 0.01, and < 0.001.

RESULTS

REM/NREM Sleep Differs in PWScrm+/p− Mice Compared with 
Controls during Light Phase
Although the total sleep time across 24 h was similar between 
genotypes, the architecture of REM and NREM sleep changed 
in the two groups of mice. During the light phase of the light-
dark schedule, when mice are mostly asleep, the amount of 
REM sleep increased (P < 0.01; Figure 2B) whereas the amount 
of NREM sleep decreased (P < 0.02) in PWScrm+/p− mutants 
compared to their littermate controls. No differences emerged 
during the dark phase for these parameters. We assessed the 
quality of sleep by looking at sleep fragmentation, measured 
as the number of either REM or NREM sleep episodes per hour. 
Indeed, the increased REM sleep amount in mutants was due 
to an increased number of REM sleep episodes per hour both 
in light (P < 0.001) and dark (P < 0.02) conditions (Figure 2C). 
Yet, mutants had significantly higher NREM sleep episodes 
(P < 0.01) compared to controls during the light phase. In addi-
tion, mutants presented REM sleep intrusions (Figure 2A and 
2D) that are rare in controls (light: P < 0.001; dark: P < 0.001). 
Finally, spectral analyses of EEG revealed that the amplitude 
of REM sleep theta power was increased in PWScrm+/p− mice 
compared to wild-type mice (P < 0.001). Interestingly, this 
alteration affected specifically theta frequencies in the light 
phase of mutants (Figure 2E; P < 0.001). No differences were 
found for the spectral power analysis of wakefulness and 
NREM sleep either in dark or light phases (Figure 2E, only 
NREM sleep in the light phase shown).

PWScrm+/p− Mice Show an Increased Peripheral Temperature 
during Light
In assessing physiological parameters during long-term re-
cording we monitored the circadian profile of peripheral body 
temperature in mice by means of subcutaneous implants (see 
Table S1, supplemental material). It emerged that PWScrm+/p− 
mice showed notable alterations of their peripheral tempera-
ture throughout 24 h. In particular, mutants presented higher 
peripheral temperature in the light phase (P < 0.001) and pre-
sented a trend to elevation of temperature in the dark phase 
(P = 0.08) of the light-dark cycle (Figure 2F).

PWS Patients with Atypical Deletions Show an Abnormal REM 
Sleep Compared with Healthy Controls
Genetic tests confirmed a small deletion in both patients em-
bracing the SNORD116. A QFQ-banded chromosome analysis 
was performed to exclude chromosomal abnormalities, and it 
showed a normal karyotype for both patients. According to 
Holm diagnostic criteria,24 8 points are needed for a diagnosis 
of PWS; patients 1 and 2 scored 11 and 10, respectively (see 
Table S1). Thus, diagnoses of PWS were confirmed genetically 
and clinically (see Figure 1 and Table S1). We compared the 
individual EEG parameters of these two case studies within 
larger and representative cohorts of obese and healthy subjects. 
Patients with PWS presented with a decreased NREM and an 
increased REM sleep compared to control subjects. The per-
centages of NREM and REM sleep in PWS patients were out-
side the lower and upper limits, respectively, of the distribution 
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of values obtained from controls (Figure 3A and 3B); patients 
were outliers for the number of REM sleep cycles and for REM 
sleep episodes during nocturnal sleep. Moreover, several REM 
sleep intrusions occurred in nocturnal sleep in patients with 

PWS, making them also outliers for this parameter. About five 
REM sleep periods occurred during a normal, nondisturbed, 
nocturnal sleep of 8 h; therefore, values higher than 1 in the 
fragmentation index (right panel of Figure 3A and 3B) indicate 

Figure 3—Sleep in patients with Prader-Willi syndrome compared to healthy and obese control groups. Boxplots of percentages of nonrapid eye movement 
(NREM) and rapid eye movement (REM) sleep, number of REM sleep cycles and REM sleep episodes for healthy controls (A) and obese subjects (B); 
colored circles indicate the outlier position of the two patients respect to the control distributions. (C) Power densities of the whole spectrum of frequencies 
and detailed histograms for delta and theta electroencephalographic frequencies (μV2) in NREM and REM sleep in patients, healthy and obese individuals. 
Graphs are presented as mean ± standard error of the mean; **P < 0.01.
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a REM sleep disruption. Patient 1 also presented REM sleep 
intrusions in wakefulness. Only theta, and not delta, power 
was significantly different, in REM sleep in the light phase 
(P < 0.001; Figure 3C). In particular, REM sleep theta power 
was higher compared to that of healthy controls (P < 0.01) and 
obese controls (P < 0.01) whereas obese subjects did not differ 
from healthy controls.

Snord116 Deletion Leads to Brain Morphological Changes
To investigate whether the physiological abnormalities that 
we observed in mice and humans carrying the Snord116 de-
letion are linked to specific brain morphological changes, we 
investigated MRI changes in mice. This was done by using 
VBM (see supplemental material). VBM highlighted bilat-
eral foci of reduced gray-matter volume in ventral hippo-
campal areas and in regions of the septum and diagonal band 
of PWScrm+/p− mice, with respect to controls (Figure 4). The 
effect was significant both at the voxel level (P < 0.01, TFCE 
corrected) and in terms of anatomical regions of interest 
(P < 0.05). In particular, we observed a major reduction in 
the size of the hippocampus (Figure 4). The hippocampal 
involvement appeared to be specific with lack of gray-matter 

alterations in its dorsal or more 
posterior portions.

DISCUSSION
In our study we report, for the first 
time, evidence that genetic deletion 
within the SNORD116/Snord116 
region affects sleep physiology. 
The dysregulation of REM sleep, 
which is proved by its increased 
amount, fragmentation and mis-
placement emerged in both the 
PWScrm+/p− mice and the patients 
with PWS, suggesting common 
regulatory mechanisms between 
human and mouse REM sleep. Re-
markably, in both species we ob-
served spectral defects of the theta 
power of the EEG despite cortical 
differences such as thickness and 
gyrification.25

In mammals the REM/theta trait 
is organized and maintained within 
specific brain circuits that involve 
the hippocampus and the septum 
diagonal band complex.26,27 Many 
studies in rodents have shown 
that the hippocampus is the main 
generator of theta, which through 
the septum distributes the rhythm 
across the brain.28–30 Thus, the 
electrophysiological defects, due 
to Snord116 deletion, are coherent 
with the bilateral alterations of 
septum and hippocampus that we 
identified in PWScrm+/p− mice.

Human and rodent REM sleep changes are also influenced 
by metabolic variations such as those induced by the thermo-
regulatory demand.31 The drop of body temperature during 
sleep is linked to heat dissipation, which produces an increase 
of skin temperature. Warm skin promotes the heat dissipation 
from the core to the environment.32 We reasoned that, although 
both body and proximal skin temperature decrease while 
sleeping and exhibit a similar circadian phase, the mutants’ 
gradient of core-to-peripheral temperature might be increased. 
The fact that REM sleep is particularly vulnerable to thermo-
regulatory demands33–35 would explain our observation of an 
alteration of REM sleep.

Our previous work on the imprinted gene Gnas revealed a 
reduction of REM sleep following core temperature increase 
in mice.22 Therefore, the temperature and sleep phenotypes of 
PWScrm+/p− mice reinforce the idea that REM sleep and body 
temperature share common metabolic mechanisms depending 
on genomic imprinting.

Nevertheless, we cannot exclude that brain temperature also 
may be altered and have an effect on REM sleep. Deboer and 
Tobler36 have shown in the Djungarian hamster that, by lowering 
the cortical temperature, the frequency of REM sleep episodes 

Figure 4—Magnetic resonance imaging analyses in PWScrm+/p− mice compared to wild-type littermate 
controls. Representative coronal (A–C), horizontal (D), and sagittal (E) slice reconstruction of the areas 
showing a statistically significant decrease in gray-matter volume (GMV) in PWScrm+/p− mice compared 
with control littermates. Decrease of gray-matter volume was evident in the vHPC, DG (A,B), vDB 
(C) and MS (D,E). The statistical significance is indicated by blue color coding (P < 0.05).The arrows 
indicate the placement of region of interest for post hoc analyses in the vHPC, MS, and vDB areas. Bar 
graphs (F) illustrate the mean and standard deviation of GMV of dHPC, vHPC, MS, and vDB plotted as a 
function of genotype. vHPC, ventral hippocampus; dHPC, dorsal hippocampus; MS, medial septal nuclei; 
vDB, ventral nuclei of the diagonal band; GMV, gray matter volume. Statistical significance is represented 
as *P < 0.05.

A	 D

B	 E

C	 F
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increased. The REM sleep alteration we report here could also 
be affected by the temperature of the hypothalamus; the latter 
affects also REM sleep occurrence37 and sleep propensity.38

In our study the sleep phenotype is accounted for by both 
brain morphological differences and metabolic temperature 
variations. Thermoregulation instability in patients with PWS 
has been reported but, as often happens for this syndrome, the 
complexity of genetic causes corresponds to variable symptoms 
severity: from high fever39 and sudden death40 to no obvious is-
sues. Temperature problems are considered supportive findings 
among the criteria for a diagnosis of PWS (based on consensus 
criteria24); they are not scored but they increase the certainty of 
a diagnosis of PWS. Nevertheless, no systematic study on body 
temperature, PWS, and sleep has been conducted so far.

Skryabin et al.,2 when engineering the PWScrm+/p− mouse, 
investigated the expression of different targets of the Snrpn 
cluster in the brain, in particular whether the Snord116 dele-
tion affected Necdin, Magel2, Mkrn3, Frat3, other snoRNAs, 
and Ipw exons. The authors confirmed the complete absence of 
MBII-85 snoRNA though all other genes and snoRNAs of the 
locus were unaffected except for a slight decrease in the expres-
sion of exons F and G of Ipw. To the purpose of our study this is 
particularly important for refining the role of specific gene reg-
ulatory processes in mediating circadian clock and sleep. Al-
though the circadian clock is organized by self-sustained ~24-h 
cycles of transcriptional and translational positive/negative 
feedback loops,41 sleep is subjected to an independent homeo-
static control.42 Consistent evidence has shown that at a genetic 
level circadian clock and sleep homeostasis are linked and often 
are both compromised in diseases.43 The Prader-Willi genomic 
region appears to contain genetic regulatory mechanisms that 
account for both circadian clock and sleep. Indeed, of the pa-
ternally expressed protein-coding genes of the Prader-Willi re-
gion, Magel2 was found to modulate circadian rhythms.44 In 
our PWScrm+/p− mouse model circadian rhythms were normally 
regulated as this model presents intact Magel2 expression.2 The 
experimental isolation of the role of MBII-85 snoRNA indi-
cates that abnormal sleep is an endophenotype of this deletion. 
It is improbable that the Ipw exons are directly responsible for 
the sleep phenotype as it was shown that lack of Ipw transcripts 
do not lead to PWS phenotypes both in humans8 and mice.45 
However, a recent study on parthenogenesis and PWS induced 
pluripotent stem cells (iPSCs) has demonstrated a role of non-
coding RNA IPW in upregulating maternally expressed genes 
in the imprinted DLK1-DIO3 cluster on chromosome 1446; the 
latter has been reported to play a role in thermogenesis.1 Thus, 
although Ipw deletion may not give rise to the full sleep phe-
notype in our PWScrm+/p− mouse model, it may indirectly con-
tribute to thermoregulatory processes that influence sleep.

Our data further advocate a role of genomic imprinting in 
sleep-wake regulatory processes, consistently with other clin-
ical observations, such as Angelman syndrome,47–49 and with 
animal studies, such as studies in Ube3am−/p+,50 +/Ex1a mice,22 
and hybrids that show parent-of-origin sleep regulation.51 To 
date, accumulating evidence assigns a primary role of genomic 
imprinting in the regulation of REM sleep. REM sleep is mainly 
present in mammals and characterizes the phylogenetic transi-
tion from the reptile lineage to the monotremes line.52

Interestingly, both in the PWScrm+/p− mice and in the previ-
ously studied +/Ex1a model,22 we have found sleep and tempera-
ture alterations. REM sleep is the predominant form of sleep 
among mammals early in development,53 and genomic im-
printing exerts a fundamental role in brain developmental func-
tions.1 The concomitant effects that imprinting genes exert on 
REM sleep and thermoregulations suggests that this epigenetic 
mechanism, which controls allelic-specific expression mainly in 
developing brain, may then affect sleep structure in adulthood.

In conclusion, in our study we annotate REM/NREM 
sleep abnormalities as direct and indirect endophenotypes of 
Snord116 and Ipw A-C deletion within the Prader-Willi ge-
nomic region. This report adds translational validity of the 
PWScrm+/p− murine model to the investigation of PWS.
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