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The small nucleolar RNA (snoRNA) SNORD116 is a small non-coding
RNA of interest across multiple biomedical fields of research. Much of
the investigation into SNORD116 has been undertaken in the context
of the congenital disease Prader-Willi syndrome, wherein SNORD116
expression is lost. However, emerging evidence indicates wider roles in
various disease and tissue contexts such as cellular growth, metabolism and
signalling. Nevertheless, a conclusive mechanism of action for SNORD116
remains to be established. Here, we review the key findings from these
investigations, with the aim of identifying common elements from which to
elucidate potential targets and mechanisms of SNORD116. A key recurring
element identified is disruption to the insulin/IGF-1 and PI3K/mTOR
signalling pathways, contributing to many of the phenotypes associated
with SNORD116 modulation explored in this review.

1. Introduction

While 40% of the human genome is predicted to be transcribed into RNA,
only 2% of the transcriptome is translated into protein [1]. Recent advance-
ments in sequencing and bioinformatic technologies have promoted rapid
growth in the field of non-coding RNA (ncRNA), from which small nucleo-
lar RNA (snoRNA) has emerged. Research across various biomedical fields,
from cancer to cardiovascular disease, has implicated snoRNAs in disease
development and pathology [2-5].

The first snoRNAs identified—U3, U8 and Ul3—were found in the
nucleolus [6-8], hence their nomenclature. However, subsequent studies have
demonstrated snoRNAs localize to multiple different cellular and extracel-
lular regions [5,9,10]. SnoRNAs are classified according to their sequence
structure; those containing C (RUGAUGA) and D (CUGA) box sequence
motifs are referred to as box C/D snoRNAs or SNORDs, and those with H
(ANANNA) and ACA sequences are box H/ACA snoRNAs or SNORAs [11].

Canonically, SNORDs enable 2’-O-methylation of target ribosomal RNA
(rRNA), whereas SNORAs facilitate pseudouridylation of rRNA. Both classes
of snoRNAs form ribonucleoprotein complexes with distinct enzymes and
proteins to catalyse their respective chemical reactions and hybridize to
their target at specific sites within the snoRNA. Currently, there are over
2000 individual entries in the online snoRNA database snoDB [12], which
characterizes each snoRNA by type (C/D box or H/ACA box), host gene and
target (if known). However, only ~570 entries list rRNA as a target, indicating
the majority of identified snoRNAs function in a non-canonical manner. Many
snoRNAs have been found to target other types of RNA such as messenger
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RNA (mRNA) and transfer RNA (tRNA) [13], while some have demonstrated engagement in pathways such as alternative n

splicing [14,15], alternative polyadenylation [16] and direct protein-binding [17,18].

Almost 1400 of the 2000 snoRNAs listed in snoDB have no specified target and are therefore classed as ‘orphan’ snoRNAs.
These snoRNAs present an intriguing, yet challenging topic of study, as there are numerous potential targets, pathways and
mechanisms of action to be explored. Moreover, a recent study conducted using snoRNA enriched kethoxal assisted RNA-RNA
interaction sequencing (snoKARR-seq) uncovered over 1000 novel snoRNA-RNA interactions, the majority of which do not
overlap with known targeting sites [19]. In essence, this demonstrates that there is much still poorly understood regarding how
snoRNAs function.

SNORD116 (formally known as HBII-85) is an orphan snoRNA of particular interest, as it lies at the centre of multiple
complex and heterogeneous diseases. SNORD116 is most extensively studied in the context of Prader-Willi syndrome (PWS),
a congenital disease associated with loss of SNORD116 expression. However, SNORD116 has also been implicated in other
diseases including cancer [20-24], cardiovascular disease [25,26] and osteoarthritis [27]. This review summarizes the findings
discovered so far in the pursuit of identifying the target(s) and mechanism(s) of SNORD116, highlighting underlying themes
recurring across various disease and tissue contexts in which SNORD116 has been investigated.

2. Sequence, structure and transcription of SNORD116

In humans, the SNORD116 gene cluster is located on chromosome 15 at the 15q11-q13 locus. It lies within the intron of the
parentally imprinted snoRNA host gene 14 (SNHG14, also called LNCAT or UBE3A-ATS, or SNURF-SNRPN-sense/ UBE3A-anti-
sense transcription unit; figure 1) [29]. SNHG14 transcription is initiated from the U exons upstream of the imprinting control (IC)
region [30,31]. This region is imprinted, making it functionally haploid. Only the paternal allele is expressed; on the maternally
inherited copy of chromosome 15, this region is methylated and therefore silenced [32,33].

The SNORD116 gene cluster consists of several copies of individual SNORD116 box C/D snoRNAs [28,29,34]. In humans,
the cluster comprises 30 paralogues, which can be grouped according to their sequence similarity (figure 1; table 1). Histori-
cally, SNORD116 has been organized into three groups: Group I: SNORD116-1 to SNORD116-9; Group II: SNORD116-10 to
SNORD116-24 and Group III: SNORD116-25 to SNORD116-30 [29,35]. However, a recent analysis has suggested the introduc-
tion of a fourth group termed the ‘outgroup’, which contains SNORD116-10, SNORD116-11, SNORD116-13 and SNORD116-27
to SNORD116-30, due to the reduced homology and expression levels of these paralogues [28]. SNORD116 is classed as a box
C/D snoRNA due to the presence of specific conserved C and D sequence motifs [11]. Box C/D snoRNAs typically contain
two of each motif, with the second denoted with a prime symbol (C' and D’). Between these motifs are the antisense elements
(ASEs), which are unique to each snoRNA and facilitate the binding of the snoRNA to its target via base pairing as depicted in
figure 1D.

Nevertheless, no canonical or non-canonical target has been conclusively identified for SNORD116 so far, therefore confer-
ring its status as an ‘orphan’ snoRNA. Furthermore, SNORD116 is not a ‘typical” representative of the box C/D snoRNA family.
For one, the C'-box of SNORD116 snoRNAs (TGAGTG) differs considerably from the consensus (TGATGA) (see table 1) [11].
Second, the sequences of the ASEs, ASE-1 and -2, located upstream of the D'-box and D-box, respectively, vary significantly
across the three SNORD116 groups [29]. Third, canonical SNORDs are generally predicted to form a stem-loop structure with
a kink-turn and internal base pairing forming within the sequence downstream of the D’ box and upstream of the C’ box,
as figure 2 [5,37-41]. However, in SNORD116, the sequence between the D’- and C'-boxes (5'-ACAAAA-3') does not have
the ability to form a stem-loop typical in other SNORDs, which may in turn impact the functionality of the ASEs (figure 2)
[42]. However, there is strong evolutionary conservation within a subset of sequences in ASE-1, which implies its importance
[28]. Finally, although localization within an intronic region of a host gene is typical for snoRNAs, the highly repetitive gene
organization of SNORD116 (and its close neighbours SNORD115 and SNORD114) is less common and may have functional
implications. Overall, the various peculiarities of SNORD116 suggest it may not function in a canonical manner compared with
other more ‘standard’ box C/D snoRNAs.

During transcription, the SNORD116 gene cluster is transcribed into a SNORD116 primary transcript, which is further
processed to generate the SNORD116 host gene (116HG) ncRNA and individual SNORD116 snoRNAs [43] (see figure 1).
SNORD116 can also be processed into snoRNA-capped long non-coding RNAs (sno-IncRNAs), an unusual class of intron-con-
taining ncRNAs characterized by the presence of a SNORD116 sequence at both ends [44]. During exonucleolytic trimming, the
sequences between the snoRNAs are not degraded, leading to the accumulation of IncRNAs flanked by SNORD116 sequences
but lacking 5' caps and 3' poly(A) tails. Five sno-IncRNA species were identified: sno-IncRNA1 (SNORD116-6/7), sno-IncRNA2
(SNORD116-13/14), sno-IncRNA3 (SNORD116-18/19), sno-IncRNA4 (SNORD116-20/21) and sno-IncRNA5 (SNORD116-26/27)
[45]. It should be noted, however, that while sno-IncRNAs are highly expressed in human and rhesus monkeys, they were
not detected in mouse [46], indicating that these sno-IncRNAs may have evolved later to perform species-specific functions.
It was also proposed that SNORD116 might be processed to shorter RNA species called psnoRNAs [47], although convincing
experimental evidence supporting the existence of these putative psnoRNAs is missing [48].

3. Models for SNORD116

Various models have been developed to investigate the biological role of SNORD116. Many focus on the congenital disease
PWS, wherein patients do not express SNORD116. The majority of PWS patients harbour large genetic deletions on the paternal
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Figure 1. Locus, sequence and structure of SNORD116. (A) The structure of the human SNHG74 (UBE3A-ATS) host gene. The SNHG14 gene is located on chromosome
15 within the 15q11-q13 locus. A paternally expressed SNHG74 transcriptional unit is initiated from the unmethylated imprinting control (IC, depicted in green) region
and generates a long noncoding transcript which includes SNURF-SNRPN, IPW and UBE3A in the antisense orientation (therefore named UBE3A-ATS). The introns of
SNHG14 harbour several snoRNAs, including the SNORD716 and SNORDT15 gene clusters as well as SNORD107, SNORD64, SNORD108, SNORD109A and SNORD109B.
(B) A schematic of individual SNORD116 copies in humans and their classification according to Baldini ef al. [28]. (C) A schematic of the SNORD116 gene cluster,
its expression and processing. The SNORD116 gene cluster is transcribed into a primary transcript, which is further processed into 776HG (SNORD116 host gene) and
individual SNORD116 snoRNAs. 776HG is a long noncoding RNA (IncRNA) derived from the spliced exons of the SNORD116 primary transcript. (D) Secondary structure of
a canonical box (/D snoRNA (SNORD). It contains the conserved C, C; D, D’ boxes, and antisense elements (ASE-1, ASE-2) complementary to the target rRNA (ribosomal
RNA). (E) The architecture of the canonical box (/D snoRNP complex. SNORDs associate with NOP56, NOP58, SNU13 and methyltransferase Fibrillarin (FBL) which
catalyses the 2’-hydroxy methylation (2'-0-methylation) of the target rRNA. This figure was created in BioRender.com.

15q11-q13 region, whereas 20-30% have uniparental disomy of the repressed maternal chromosome, and 3% have mutations
within the IC region [33,49]. Clinical studies have identified a minimal critical region for PWS which is centred around the
SNORD116 gene cluster, implying its cruciality in the development of PWS [50,51]. Nevertheless, the mechanism of action
of SNORD116 in PWS is not yet understood. Presenting in early infancy, PWS patients experience abnormalities in a range
of biological systems from appetite control to sleep regulation. Motor, language and cognitive development are generally
delayed, and most patients suffer with growth hormone deficiency and infertility [52]. Metabolic dysfunction, increased fat
deposition and hyperphagia contribute to PWS being the leading genetic cause of obesity in children [53,54]. Respiratory failure
and cardiopulmonary disorders are common causes of death in PWS patients, and life expectancy does not generally extend
beyond the fourth decade [54]. Much of the academic interest surrounding SNORD116 focuses on its role in PWS, and this
impacts the types of models developed. Many are neurological in nature, as behaviour and cognition are key components of
the disease. However, SNORD116 exhibits widespread expression throughout the human body, and contemporary research has
seen notable development of other model systems and tissues.

3.1. Mouse models

Although SNORD116 orthologues have been found in multiple species within the class Mammalia [35], Mus musculus is the
most typical animal modelling system in SNORD116 research. A comprehensive summary of all existing mouse models of PWS
has been reviewed [55]. Multiple groups have tried to recapitulate PWS in the mouse by inducing a chromosomal deletion
corresponding to that occurring in humans, often resulting in postnatal lethality [56]. Later models were developed wherein
the knockout (KO) was restricted to the Snord116 cluster [57,58]. This resulted in mice that were significantly smaller than their
wild-type littermates, remaining so into adulthood (> 1 yr). Postnatal lethality was uncommon, although the mice exhibited
motor learning difficulties and increased anxiety [58]. Importantly, Snord116 KO mouse models failed to recapitulate key
phenotypes of PWS such as obesity and infertility [55]. This may be due to divergent tissue expression patterns between mice
and humans [59]. Mice exhibit lower expression of Snord116 outside the brain, for instance in gonadal tissue [60,61], which may
explain why Snord116 KO mice do not exhibit infertility as PWS patients do. Also, the mouse paralogues of Snord116 are highly
similar in sequence to the human group I SNORD116 paralogues but share less homology with the group II and III paralogues.
These latter groups may have unique functions and contribute to phenotypes that are specific to humans. For these and other
reasons, human alternatives to the mouse models have been developed.
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Figure 2. Secondary structure of SNORD116. (A) Sequence of SNORD116-1 with C, C; D and D" motifs highlighted in yellow, green, blue and pink, respectively.
Generated using SnapGene software (https://www.snapgene.com/). (B) Structure of SNORD116-1 in a canonical box (/D snoRNA form, with a central open structure
for snoRNP complex formation. (C) Minimum free energy predicted structure for SNORD116-1, calculated using the RNAfold web server [36]. RNA structures generated
using RNArtist (https://github.com/fjossinet/RNArtist).

3.2. Cell models

Loss of SNORD116 in humans has been investigated through the analysis of primary human tissue isolated from PWS patient
samples. Due to the predominant cognitive and behavioural phenotypes seen in PWS, samples are often taken from brain
tissues such as the hypothalamus [62,63]. However, other tissue types have been studied including whole blood [64], saliva [65]
and adipose tissue [66]. Primary human tissue offers invaluable biological insight but is difficult to obtain in large quantities
and is subject to variation between individuals.

As an alternative, SNORD116 expression has been investigated and manipulated in various immortalized human cell lines
such as human embryonic kidney cells [67], HeLa cells [28] and Lund human mesencephalic (LUHMES) cells [68]. Now with
the development of human induced pluripotent stem cell (hiPSC) technology, a wide variety of tissue types can be developed
in vitro with relative ease. The first PWS iPSC lines were generated in 2010 through the viral transduction of fibroblasts from
patients with PWS [69,70]. Since then, the Foundation for Prader—Willi Research have established a PWS biobank from which
hiPSC lines can be obtained (https://www.fpwr.org/ipsc-biobank). With this steadily increasing bank of resources, researchers
now have a more diverse range of cell models with which to investigate the role and target(s) of SNORD116 in the body.

4. Functional effects of SNORD116

This section will explore the different functional phenotypes that arise upon SNORD116 manipulation, summarized in table 2.

4.1. Cell proliferation, differentiation and survival

Hyperplasia (growth through cell division) is a crucial component of normal development and homeostasis in many tissues. As
cells differentiate their proliferative capacity changes, often becoming less proliferative, particularly in highly specialized cell
types such as neurones [77]. Cell turnover is also an essential process in healthy tissue biology, although increased apoptosis is
usually an indicator of stress or disease [78]. Evidence suggests that SNORD116 affects these processes in multiple systems and
tissues.

Transcriptomic analysis of four tissue samples from the hypothalamus of PWS patients exhibited downregulation of neurone
development genes and upregulation in inflammatory and apoptotic genes [62]. Several cell cycle genes were dysregulated
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Table 2. Functional phenotypes associated with dysrequlated SNORD116 expression. AD Alzheimer’s disease, CLL chronic lymphatic leukaemia, NSCLC non-small cell
lung cancer, CRC colorectal cancer, HCC hepatocellular carcinoma, AML acute myeloid leukaemia, AdMSC adipose-derived mesenchymal stem cell, WAT white adipose
tissue, iPSCinduced pluripotent stem cell, OA osteoarthritis, RER respiratory exchange ratio, KO knockout, KD knockdown.

phenotype or disease state tissue context SNORD116 expression status reference(s)
reduced proliferation, increased neuroblastoma cells 4 Ko [62]
apoptosis
R TR genera L patle L Tupregu L [7 ” ........................................................
o hypoxmghomacells ................................... Tupregu L [7 , ] ........................................................
L Tupregulated ......................................... [20] ........................................................
el l,downregulated .................................... [217374] ..............................................
Sl J,downregulated .................................... [22] ........................................................
el ¢downregulated .................................... [23] ........................................................
T J,downregulated .................................... [24] ........................................................
R prollferatl L wse iKD ........................................................ [6 ; ] ........................................................
S hypertrophymcrea TR pnmary ST iKO(PWS) ............................................. [6 6] ........................................................
apoptosis
e phy5|olog|ca | hypertrophy ......... o ep|card| e Tupregu L [2 : ] ........................................................
S phy5|olog|ca e e myo cytes ...................... Tupregu L [2 ; ] ........................................................
pathological hypertrophy
ST clatedhypertrophy ........................ pnmary o ndrocy o Tupregu L [2 ; ] ........................................................
BT T e pnmary I .LKO(PWS) ............................................. [7 . ] ........................................................
e L J,KO ........................................................ [76] ........................................................
RS gene . pressw n .......... pnmary humanadlpocy o J,KO(PWS) ............................................. [6 ; ] ........................................................

reduced mitochondrial density,
reduced oxygen consumption

including CDKN1A, CDK2 and TP53, indicating that loss of SNORD116 may impact cell cycle in hypothalamic tissue. CRISPR-
Cas9 was used to engineer a SNORD116 KO human neuroblastoma cell line to investigate how SNORD116 affects neural
development and proliferation. An EAU (5-ethynyl-2"-deoxyuridine) incorporation assay identified SNORD116 KO cells had a
reduced capacity for proliferation compared to WT, in addition to reduced viability (as measured by fluorescence-activated cell
sorting) [62]. The results of this study suggest that loss of SNORD116 may hinder the proliferation in developing neurones,
which may impact their maturation and functionality.

In another neural model, SNORD116 expression was increased fivefold during the differentiation of LUHMES cells from
embryonic neural progenitors towards polarized dopaminergic neurons [68]. Upon CRSIPR editing, SNORD116 KO did not
prevent differentiation but did cause dysregulated gene expression, with the highest number of differentially expressed genes
(> 500 DEGs) seen at the later time point (day 15). The majority of DEGs were downregulated in response to SNORD116
KO, indicating that SNORD116 expression may be required in the activation of various gene networks important in later
development. Pathway analysis indicated notable dysregulation in cell surface receptor signalling, developmental processes
and extracellular matrix cytoskeletal organization, pathways crucial to developmental signalling. Comparison of WT and KO
day 15 LUHMES cells with published datasets indicated that the SNORD116 KO expression profile shared a greater overlap
with mature neurones compared to WT [68]. Although this assessment is highly subjective, it indicates SNORD116 may have
a regulatory role in neuronal maturation. Interestingly, the WT LUHMES cells exhibited greater enrichment of cell cycle-associ-
ated genes, supporting findings from previous studies in neuroblastoma cells that loss of SNORD116 correlates negatively with
proliferation [62].

SNORD116 has also been investigated in other neural contexts. Alzheimer’s disease (AD) is a neurodegenerative disorder
involving the toxic build-up of abnormal protein deposits leading to synaptic destruction and neurone death [79]. PWS patients
have been shown to have increased brain age and early onset atrophy, with a brain age gap approximately 9 years older than
their chronological age [80]. An analysis on AD mouse models found that Snord116 KO mice exhibited an expression profile
that overlapped with AD models [81]. In a study on 23 AD patients versus 16 healthy controls, extracellular vesicles (EVs)
were isolated from patient serum and their content analysed using small RNA sequencing [71]. SNORD116 levels were elevated
approximately two-fold in the AD EVs. Although the scope of the study only proposed SNORD116 as a potential biomarker of
early AD and did not explore the mechanistic causes for this finding, the data could further support a link between SNORD116
signalling and neuronal death.

In addition to neural cells, other more proliferative cell types have also been investigated, such as adipocytes and their
progenitors. The uncontrolled weight gain characteristic in PWS has been attributed to lack of appetite control. However, even
when compared to non-PWS BMI-matched controls, PWS patients display abnormally expanded total fat mass and reduced
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muscle mass [82,83]. This indicates cellular dysfunction, possibly in cell proliferation and growth pathways causing abnormal n

fat expansion.

Transcriptomic analysis of adipose-derived mesenchymal stem cells (AdMSCs) isolated from PWS, and control samples
revealed several cell cycle-associated pathways were significantly dysregulated in PWS [66]. Furthermore, an EAU incorporation
assay indicated that the PWS AdMSCs had a greater proliferative capacity compared to controls. In agreement with these
findings, a SNORD116 knockdown performed in WT AdMSCs also caused an increase in the percentage of EdU-positive
cells [66]. As such, in contrast to neural progenitors, loss of SNORD116 appears to have had a pro-proliferative effect on
adipose mesenchymal stem cells [66]. These findings suggest that SNORD116 engages with cell proliferation machinery in a
cell-dependent manner and may interact with other signalling pathways that affect cell division.

SNORD116 is also dysregulated in multiple forms of cancer, potentiating a role in cancer proliferation and survival. In
a study on glioma cells, SNORD116-21 was upregulated 10-fold in response to hypoxic glioma exosome signalling [72].
The hypoxic exosomes also promoted growth of endothelial progenitor cells, indicating that the signalling promoted prolifera-
tion and survival alongside upregulating SNORD116. In chronic lymphocytic leukaemia (CCL), SNORD116 was upregulated
relative to healthy B Cells [20]. However, in studies investigating non-small cell lung cancer [21,73,74], colorectal cancer [22],
hepatocellular carcinoma [23] and acute myeloid leukaemia [24], SNORD116 was downregulated compared to controls. As
seen in SNORD116 KO studies, the relationship between SNORD116 and cell growth appears cell type-specific and is probably
impacted by the tissue environment.

4.2. Hypertrophy

Cellular hypertrophy and cell division are similar processes and indeed are often activated by the same signalling stimuli [84].
Hypertrophy is the process of cell growth without division, whereby the cell increases in size, volume and content but does not
enter M-phase or undergo division [85]. Both cell division and hypertrophy are important during and after development, and
cellular maturation is often characterized by a change in the balance between the two [86-88].

Normal white adipose tissue (WAT) expands more through hyperplasia than hypertrophy [89], but this process is dysregula-
ted in PWS [49,65,90]. The loss of SNORD116 caused increased hyperplasia in AAMSCs [66]. However, primary subcutaneous
WAT from non-obese PWS children and healthy age-matched controls revealed PWS adipocytes to be significantly enlarged and
fewer in number [66]. Unlike in the adipocyte progenitor cells, Ki67 immunostaining revealed no difference in mature adipocyte
proliferation between PWS and controls. However, similar to the SNORD116 KO neuroblastoma cells [62], PWS adipocytes did
exhibit increased apoptosis, which potentially accounts for the overall reduced cell number in the PWS samples [66]. Together
these results indicate SNORD116 may regulate hyperplasic growth during adipocyte development, and later hypertrophic
growth in mature adipocytes.

Another potential link between SNORD116 and hypertrophy was detected in cardiac tissue. In a mouse model of physiolog-
ical cardiac hypertrophy, SNORD116 was upregulated ~7-fold in epicardial cells [25], indicating that it may be involved in
pro-hypertrophic signalling that occurs within the epicardium. Several Forkhead box (FOX) transcription factors were also
upregulated including FOXG1, FOXA3 and FOXS1 [25]. In mouse heart tissue, immunostaining revealed exercise-induced
cardiac hypertrophy caused an increase in the percentage of FOXG1-expressing epicardial cells. Increased FOXG1 expression
correlated with increased PCNA expression, and therefore increased proliferation. Loss of Snord116 did not alter the expression
of FOXG1 in mouse epicardial cells, but loss of FOXGI did cause reduced Snord116 expression, and a reduction in epicardial
cell proliferation [25]. These results suggest that FOXG1 may regulate epicardial cell proliferation in response to physiological
hypertrophy, potentially through modulating Snord116.

SNORD116 was also elevated in a hiPSC-derived cardiomyocyte (hiPSC-CM) model of hypertrophic cardiomyopathy [26].
IPSC-CMs with the c. ACTC1%"' mutation recapitulated the phenotype of HCM through abnormal contractility and Ca*
handling, impaired oxidative phosphorylation, increased arrhythmogenesis and brain natriuretic peptide (BNP) signalling [91].
EV analysis revealed increased SNORD116 packaging in HCM iPSC-CMs in response to increased workload [26]. These results
suggest that SNORD116 signalling may play a role in cardiomyocyte hypertrophy.

Hypertrophy is also important outside of the heart, and SNORD116 has also been linked to hypertrophic signalling in
cartilage. SNORD116 was found to be elevated in cartilage samples of patients with OA [27]. Chondrocytes isolated from OA
patients had elevated expression levels of hypertrophic COL10A1 and MMP13, alongside decreased expression of chondrogenic
COL2A1. Analysis of snoRNA expression revealed that the hypertrophic chondrocytes from OA cartilage had elevated levels
of SNORD116. Furthermore, upon hypertrophic stimulation of primary human articular chondrocytes isolated from non-OA
patients, SNORD116 expression increased. Interestingly, comparison of old non-OA cartilage with young non-OA cartilage
found a decrease in SNORD116 expression, implying that the upregulation of SNORD116 in OA is associated specifically with
chondrocyte hypertrophy as opposed to non-pathological ageing processes [27]. Overall, this study further emphasizes the
potential relationship between hypertrophy and SNORD116.

Taken together, these results show that across multiple tissue types, SNORD116 expression appears elevated in response to
pro-hypertrophic signalling and may modulate hypertrophy in a cell-stage and cell type-dependent manner.
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4.3. Metabolism

Metabolism is a key component of cellular developmental biology. The metabolic state of a cell not only reflects its development
but also its health [92], as stress and disease can dysregulate metabolism and cause the cell to destabilize [93-95]. Evidence
suggests that SNORD116 may impact cells through changes in metabolism.

PWS is a disorder with multiple phenotypes including deregulated metabolism. Demonstrating this, metabolic analysis
comparing the respiration of fibroblasts derived from healthy and PWS patients found reduced mitochondrial function in the
PWS cells [96]. Further investigation has been carried out in mice, where loss of Snord116 disrupted behaviour and metabolism.
Snord116 KO mice exhibited a reduced respiratory exchange ratio (RER), indicating a metabolic shift away from carbohydrate
metabolism and towards fatty acid oxidation [76]. Mice are nocturnal and typically exhibit higher RER values during the
nighttime, and decreased RER in the day when their activity levels are lower [97,98]. During the daytime, Snord116 KO mice
had decreased RER compared to WT, indicating decreased carbohydrate metabolism. The KO mice also had a smaller body
weight, despite showing no change in food intake or activity compared to WT, indicating an underlying impediment in energy
storage or usage.

Deregulated fat deposition is a damaging phenotype in PWS [99,100]. Comparing PWS adipose tissue to healthy controls
within a specialized metabolism-regulating population of adipocytes known as ‘beige adipocytes’, the PWS cells exhibited
reduced mRNA and protein expression of key metabolic genes such as peroxisome proliferator-activated receptor alpha
(PPARa), fatty acid binding protein 3 (FABP3) and peroxisome proliferator-activated receptor gamma coactivator 1-alpha
(PGC-1) [66]. Mitochondrial density and oxygen consumption were suppressed in PWS-differentiating beige adipocytes
compared with control cells. Beige adipocyte differentiation was also impeded by SNORD116 knockdown, indicating the
metabolic impacts of SNORD116 may also affect developmental pathways (or vice versa). SNORD116 expression increased
during beige adipogenesis in WT cells, however upon knockdown the adipocytes exhibited decreased lipid content, reduced
mitochondrial density and the downregulation of beige adipocyte markers such as PPARY, the master regulator of adipogene-
sis. Furthermore, transcriptomic analysis of AAMSCs isolated from PWS and control samples revealed PPARy was notably
reduced in the PWS cells at both an mRNA and protein level [66]. Overall fatty acid metabolism was impeded by loss of
SNORD116, which may contribute to the metabolic phenotypes seen in PWS.

Further evidence of a metabolic role for SNORD116 was found in an embryonic mouse hypothalamic cell line, where
overexpression of Snord116 was achieved using a plasmid [41,67]. This caused a ~15-fold increase of Nescient Helix-Loop-Helix
2 (NHLH2), a transcription factor that, when knocked out in mice, caused adult-onset obesity and reduced physical activity
[101]. In silico RNA: RNA binding analysis software predicted a 20 bp interaction between SNORD116-3 and Nhlh2 mRNA.
SNORD116 overexpression also altered the decay rate of Nhlh2 mRNA, increasing its stability and therefore increasing the
translation of the protein. Another study found Nhlh2 mRNA was decreased in PWS iPSC-derived neurones [61], further
implicating Nhlh2 mRNA as a target of SNORD116. According to the human protein atlas [102], Nhilh2 is a transcription factor
expressed primarily in brain tissues. Regarding its metabolic role, Nh/h2-KO mice displayed phenotypes reflective of PWS
including obesity, hypogonadotropic hypogonadism and overall impaired metabolism [101,103]. Additionally, variants in the
Nhlh2 gene have been linked with obesity in humans [104], which together suggest that the reduced NHLH?2 activity due to lack
of SNORD116 in PWS may contribute to the obesity-related metabolic phenotypes seen in patients.

Evidence across multiple tissue types and model systems revealed SNORD116 to be involved in differentiation, proliferation,
hypertrophy and metabolism. These four processes are crucial to cellular developmental biology, and all contribute to the
regulation of each other during normal development in the majority of tissue types. Given this evidence, it is therefore likely
that the target(s) of SNORD116 exists in the underlying signalling pathways controlling one or all of these phenotypes, and so
these signalling pathways must be explored further.

5. Signalling pathways

Cellular functions such as proliferation and metabolism are initiated and controlled through cell signalling pathways. There are
many examples of snoRNAs participating in signalling mechanisms to affect cell behaviour [2,105-109]. SnoRNAs modulate
diverse signalling networks [3,5,110], and SNORD116 is probably no exception. Investigating the signalling pathways affected
by SNORD116 is a crucial step to understanding its role in human disease.

5.1. Insulin and insulin-like growth factor signalling

Insulin and insulin-like growth factor (IGF) signalling is the primary control mechanism of glucose homeostasis, but it is also
important in a wide variety of other functions including lipid metabolism, protein synthesis and apoptosis [111]. Activation of
the insulin receptor leads to activation of the Ras/MAPK/ERK signalling cascade, and/or phosphoinositide 3-kinase (PI3K)/Akt/
mTOR pathway activation [112]. Cell cycle and survival, glucose transport, metabolism and protein synthesis are generally
modulated via the PI3K/Akt pathway, whereas the MAPK pathway controls proliferation and transcription [113]. Studies have
shown SNORD116 ablation may alter the cell’s response to insulin, and therefore impact downstream signalling pathways.
Dysregulated insulin signalling is a consistent phenotype of PWS, attributable to growth hormone deficiency and hypoinsu-
linemia [61,114,115]. Demonstrably, a study of 13 PWS patients (versus 18 non-PWS controls) found that IGF binding protein 7
(IGFBP?) was elevated 1.75-fold [116]. PWS patient-derived iPSC neurones also exhibited elevated gene expression of IGFBP7
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[116]. Similarly, plasma and brain tissue samples from a mouse model of PWS exhibited elevated IGFBP7 levels, although [ 10 |

expression in liver and heart tissue was contrastingly decreased compared to WT [116,117].

In another study, primary fibroblasts isolated from PWS patients exhibited a reduced response to insulin compared to
controls [118]. When exposed to insulin, control fibroblasts exhibited an increase in nascent protein synthesis, whereas PWS
fibroblasts showed no change in response to insulin. Interestingly, prior to insulin exposure, the PWS fibroblasts at baseline
exhibited higher levels of nascent protein synthesis relative to controls, which may relate to the apparent lack of response when
insulin was introduced. Further analysis revealed that insulin exposure in control fibroblasts leads to increased phosphorylation
of p70S6K1, a target of mTOR (mammalian target of rapamycin) that promotes translation [119,120]. However, insulin exposure
failed to elicit this response in PWS fibroblasts [118]. The results suggest loss of SNORD116 may cause an impairment in the
cell’s response to insulin, and the snoRNA may be important in the propagation of the pathway between activation of the
insulin receptor and downstream phosphorylation events. This may explain why in some studies, loss of SNORD116 caused
an increase in apoptosis [62,66], as insulin is known to decrease oxidative stress and reduce apoptosis [121]. In the clinic, PWS
patients are consistently found to have increased insulin sensitivity compared to non-PWS patients [90,122], which further
indicates a potential defect downstream in the pathway caused by loss of SNORD116.

5.2. P13 kinase signalling

Insulin/IGF-1 signalling is an activator of the PI3K/Akt/mTOR signalling pathway; a master regulator of multiple key cellular
functions including metabolism, cell proliferation and protein synthesis [123-125]. Evidence suggests SNORD116 may alter
PI3K signalling under certain conditions.

ChIRP-seq (Chromatin Isolation by RNA purification) of WT mouse brain samples found several PI3K-related genes
enriched for binding to Snord116 including mTOR, transcriptional regulator Creb-binding protein (Crebbp) and imprinted
insulin growth factor receptor (Igf2r) [76]. Upon Snord116 KO, mouse cortex tissue showed an increase in levels of mTOR and
an increase in phosphorylated S6 ribosomal protein, suggesting SNORD116 may have a suppressive role in mTOR signalling
[76].

If SNORD116 is a negative regulator of PI3K signalling, this may account for the apparent downregulation of SNORD116 in
some forms of cancer such as AML and lung cancer (see table 2). This may also explain why PWS fibroblasts exhibited a higher
level of nascent protein synthesis compared to controls prior to insulin exposure [118], as mTOR activity is associated with
increased translation. PI3K signalling is also important in hypertrophic growth, and as discussed in this review, SNORD116
expression has been linked with hypertrophy in multiple cell types. Although interaction between SNORD116 and PI3K
signalling is speculative, investigating the relationship between them may be the key to understanding its function.

6. Mechanism of action

Understanding how SNORD116 interacts with its target is crucial to understanding the function of SNORD116 in development
and disease. Unfortunately, the mechanism of SNORD116 remains as elusive as its target. However, there is incrementing
evidence providing some insight into the mechanistic action of SNORD116.

6.1. RNA binding

A recent study used snoKARR-seq to identify novel RNA binding interactions of Snord116 expressed in the mouse brain cortex
[19]. A total of 32 interactions were identified across different targets including mRNA, IncRNA, tRNA and small nuclear
RNA (snRNA) [19]. Interestingly, some of the targets such as Malat1, Meg3 and Rny3 are associated with cancer [126-129] and
therefore may relate to the role of SNORD116 in cell turnover and/or oncogenesis. However, it is important to note that the
same study examined snoRNA-RNA interactions in multiple human cell lines such as HepG2, A549 and HEK293T and the
majority of interactions uncovered were unique to cell line [19]. This indicates that the environment and cell type in which the
snoRNA is expressed plays a significant role in target binding. This is an important consideration when finding a target for
SNORD116, and is further evidence that the role of SNORD116 may vary across different tissues.

6.2. Methylation

SNORDs function canonically by guiding 2’-O-methylation of rRNAs. To catalyse this chemical reaction, SNORDs associate
with four evolutionary conserved proteins: Fibrillarin (FBL), SNU13, NOP58, and NOP56, together forming a ribonucleopro-
tein complex (snoRNP) [11,130]. While SNORDs site-directionally guide 2’-O-methylation by base-pairing (via the ASE) with
substrate RN As, the methyltransferase FBL catalyses the 2’-hydroxyl methylation of the ribose moiety [131,132].

Although SNORD116 does vary slightly in sequence homology with classic box C/D snoRNAs, it seems to be capable of
forming a snoRNP complex. Immunoprecipitation experiments of rat brain extracts showed that Snord116 is associated with
FBL and NOP58 [133]. Together with the fact that SNORD116 snoRNAs seem able to localize to the nucleolus [134], this
suggests that SNORD116 might guide 2’-O-methylation and play a role in ribosome biogenesis. RISE, a comprehensive database
of the RNA interactome from sequencing experiments, proposes candidate interactions of human SNORD116 snoRNAs with
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Figure 3. Open questions surrounding SNORD116. (A) SNORD116 is predicted to adopt the classical box (/D formation, although several unique elements within its
sequence may affect its ability to form this structure. SNORD116 may also exist as sno-IncRNAs. (B) Canonical box (/D snoRNAs target rRNA, however, there are no
known rRNA targets for SNORD116. Other possibilities include mRNA and DNA. (C) Canonical box (/D snoRNAs facilitate 2'-0-methylation; however, there is evidence
suggesting SNORD116 may affect target splicing or stability. (D) Cellular effects of SNORD116 modulation are cell-type specific but may be a result of dysregulation of
common pathways such as insulin/IGF-1and PI3K/mTOR signalling. This figure was created in BioRender.com

other snoRNAs, mRNAs, and IncRNAs [135]. However, experimental validation confirming these candidate interactions is yet
to emerge.

Interestingly, there is evidence that SNORD116 impacts DNA methylation. A study using Snord116 KO mice cortex samples
found that loss of SNORD116 disrupted methylation patterns in over 23000 CpGs [136]. Samples were taken from WT
mice at various time points during light and dark hours of the day, and there were over 4000 differentially methylated
regions exhibiting diurnal rhythmic methylation. In 97% of these regions, the methylation pattern was lost or shifted in
the KO, indicating that SNORD116 is important in diurnal methylation. In mice and humans, diurnal methylation is an
important control mechanism within the circadian rhythm which has significant metabolic consequences if disrupted [137].
Sleep disturbance and metabolic dysregulation are common symptoms in PWS patients and PWS mouse models [138,139],
which may be due to the disruption of SNORD116 as a modulator of DNA methylation. However, mechanistic evidence of this
interaction is yet to be established.

6.3. Alternative splicing

Some snoRNAs are known to act non-canonically and influence the alternative splicing of target genes [15,140]. A particularly
relevant example is the box C/D snoRNA SNORD115, located just downstream of SNORD116 on human chromosome 15.
SNORD115 regulates the expression of serotonin receptor 2C (5-HT2CR) by promoting alternative splicing of its pre-mRNA [14].
There are two alternative 5’ splice sites in exon V of 5-HT2CR pre-mRNA, resulting in two potential isoforms: exon Va and exon
Vb. Only mRNAs containing exon Vb encode a functional protein [141]. SNORD115 was shown to promote inclusion of exon
Vb by binding to and blocking a silencer located within exon Vb [14,142]. SNORD116 may function in a similar manner and
influence the alternative splicing of target genes. However, it is important to note a later study conducted using a Snord115
KO mouse demonstrated no conclusive evidence that SNORD115 can regulate 5-HT2CR alternative splicing, suggesting this
mechanism may be specific to human cells [143], which may also be the case for SNORD116.

In a study in human LUHMES cells, the analysis of pre-mRNAs showed no notable differences in alternative splicing as a
result of SNORD116 KO, indicating the snoRNA is unlikely to influence alternative splicing in this context [68]. Interestingly
though, proteomics analysis revealed differences in protein abundance relative to mRNA levels in numerous genes, demonstrat-
ing post-transcriptional changes propagated by SNORD116 KO.

A study in human embryonic stem cells found evidence of interaction between SNORD116-derived sno-IncRNAs and
the splicing factor FOX2 [44]. In addition to identifying multiple predicted binding sites within FOX2, knockdown of the
SNORD116-derived sno-IncRNAs resulted in altered alternative splicing of FOX-regulated genes. The authors hypothesize that
SNORD116-derived sno-IncRNAs act as a molecular sink controlling FOX2 localization and activity [44].

Bioinformatic analysis has corroborated the role of SNORD116 in alternative splicing. Several groups performed computa-
tional target prediction analysis to identify targets for SNORD116. Bazeley et al.[42] used snoTARGET to examine possible
targets for 27 ASE-2 sequences of human SNORD116 snoRNAs [42]. Fourteen of SNORD116 snoRNAs showed significantly
elevated guiding specificity towards exons compared to introns. Moreover, their exonic targets were within genes produc-
ing alternatively spliced mRNA isoforms such as DRF1 and GTPBP3, therefore, suggesting that SNORD116 might regulate
alternative splicing [42].

More recently, Baldini et al. [28] adapted BLAST analysis to compile a list of genes that could hybridize to either ASE-1 or
ASE-2 sequences in human and mouse SNORD116 [28,144]. Three mRNAs were shared by the two species: Dgkk, Neuroligin 3
(NIgn3) and the round spermatid basic protein 1 like (Rsbn1l). The functional analysis evaluating the capacity of SNORD116 to
affect the expression of these three candidate mRNA targets in human HeLa S3 cell line suggested that the mRNAs identified in
the interaction screen are in indeed robust candidate effectors of SNORD116 function [28]. Nevertheless, a further investigation
is necessary to validate these results and uncover the underlying mechanism of action.
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In addition to alternative splicing, SNORD116 has been speculated to modulate alternative polyadenylation. When exam- m

ining a putative interaction site between SNORD116 and Nhih2 mRNA, a poly(A) signal was identified around 100 bp
downstream [41]. The authors hypothesized SNORD116 may alter the stability of Nhlh2 mRNA via the poly(A) tail. There
is precedence for box C/D snoRNAs regulating mRNA 3' processing, as SNORD50A was found to block a subunit of the
cleavage and polyadenylation specificity factor (CPSF), thus promoting the alternative polyadenylation of several genes [16].

7. Conclusions and future perspectives

SNORD116 has been widely studied, yet no validated target or mechanism of action has been conclusively determined. Data
suggest SNORDI116 is involved in multiple pathways and appears to have differing effects depending on the cell type and
tissue context in which it is expressed. As outlined in figure 3, there are many open questions surrounding SNORD116 and
numerous possibilities regarding its target and mechanism. This review summarized evidence across diverse studies and
experimental models and evidenced a variety of different cellular phenotypes associated with SNORD116 expression. The key
signalling events underpinning these changes which become disrupted when SNORD116 is downregulated, appear within
the insulin/IGF-1 and PI3BK/mTOR pathways. However, these events may themselves be consequences of disruption to the
primary target of SNORD116, which remains elusive. Determining the function and mechanism of SNORD116 would help in
our understanding of numerous pathologies including and beyond PWS, and may reveal new targets in the development of
novel disease treatments.

Ethics. This work did not require ethical approval from a human subject or animal welfare committee.

Data accessibility. All DNA sequences were obtained from the Ensembl database; reference codes are provided in table 1.

Declaration of Al use. We have not used Al-assisted technologies in creating this article.

Authors” contributions. T.L.H.: conceptualization, visualization, writing—original draft; A.C.: visualization, writing—original draft; C.D.: writing—

review and editing; V.J.: writing—review and editing; M.].P.: writing—review and editing; ].G.W.S.: supervision, writing —review and editing.
All authors gave final approval for publication and agreed to be held accountable for the work performed therein.

Conflict of interest declaration. We declare we have no competing interests.

Funding. Funding was received from the British Heart Foundation (SP/F/22/150044,582 CRMR/21/290009, and PG/21/10545) and Animal Free

Research UK (AFR19-20293).

Acknowledgements. We appreciate the advice and support of Dr Kamini Rakkar and Dr Duc Hoang (Department of Stem Cell Biology, Biodiscovery

Institute, University of Nottingham).

References

1. ChengJ et al. 2005 Transcriptional maps of 10 human chromosomes at 5-nucleotide resolution. Science 308, 1149—1154. (doi:10.1126/science.1108625)

2. Stepanov GA, Filippova JA, Komissarov AB, Kuligina EV, Richter VA, Semenov DV. 2015 Regulatory role of small nucleolar RNAs in human diseases. BioMed Res. Int. 2015, 1-10.
(doi:10.1155/2015/206849)

3. Zhang X, Wang C, Xia S, Xiao F, Peng J, Gao Y, Yu F, Wang C, Chen X. 2023 The emerging role of snoRNAs in human disease. Genes Dis. 10, 2064—2081. (doi:10.1016/j.gendis.2022.
11.018)

4. LiangJ, Wen J, Huang Z, Chen X ping, Zhang B xiang, Chu L. 2019 Small nucleolar RNAs: insight into their function in cancer. front. Oncol. 9, 456002. (doi:10.3389/fonc.2019.00587)

5. Chabronova A, Holmes TL, Hoang DM, Denning C, James V, Smith JGW, Peffers MJ. 2024 SnoRNAs in cardiovascular development, function, and disease. Trends Mol. Med. 30, 562—
578. (d0i:10.1016/j.molmed.2024.03.004)

6. TycK, SteitzJA. 1989 U3, U8 and U13 comprise a new class of mammalian snRNPs localized in the cell nucleolus. EMB0 J. 8, 3113-3119. (doi:10.1002/j.1460-2075.1989.th08463 x)

7. KassS, TycK, Steitz JA, Sollner-Webb B. 1990 The U3 small nucleolar ribonucleoprotein functions in the first step of preribosomal RNA processing. Cell 60, 897—908. (doi:10.1016/
0092-8674(90)90338-f)

8. Balakin AG, Smith L, Fournier MJ. 1996 The RNA world of the nucleolus: two major families of small RNAs defined by different box elements with related functions. Cell 86, 823
834. (doi:10.1016/50092-8674(00)80156-7)

9. Bratkovi¢ T, Bozic J, Rogelj B. 2020 Functional diversity of small nucleolar RNAs. Nucleic Acids Res. 48, 1627—-1651. (doi:10.1093/nar/gkz1140)

10.  Rimer JM, Lee J, Holley CL, Crowder RJ, Chen DL, Hanson P, Ory DS, Schaffer JE. 2018 Long-range function of secreted small nucleolar RNAs that direct 2’-0-methylation. J. Biol.
Chem. 293, 13284—13296. (doi:10.1074/jbc.ra118.003410)

11, Kiss T. 2002 Small nucleolar RNAs: an abundant group of noncoding RNAs with diverse cellular functions. Cell 109, 145—148. (doi:10.1016/50092-8674(02)00718-3)

12. Bergeron D et al. 2023 snoDB 2.0: an enhanced interactive database, specializing in human snoRNAs. Nucleic Acids Res. 51, D291-D296. (doi:10.1093/nar/gkac835)

13.  Zhang M, Li K, Bai J, Van Damme R, Zhang W, Alba M, Stiles BL, Chen JF, Lu Z. 2023 A snoRNA—tRNA modification network governs codon-biased cellular states. Proc. Nat! Acad. Sci.
USA 120, €2312126120. (doi:10.1073/pnas.2312126120)

14.  Kishore S, Stamm S. 2006 The snoRNA HBII-52 regulates alternative splicing of the serotonin receptor 2C. Science 311, 230—232. (doi:10.1126/science.1118265)

15.  Falaleeva M et al. 2016 Dual function of (/D box small nucleolar RNAs in rRNA modification and alternative pre-mRNA splicing. Proc. Nat/ Acad. Sci. USA 113, E1625-34. (doi:10.
1073/pnas.1519292113)

16.  Huang Cetal. 2017 A snoRNA modulates mRNA 3" end processing and regulates the expression of a subset of mRNAs. Nucleic Acids Res. 45, 8647—8660. (doi:10.1093/nar/gkx651)

17.  Youssef OA, Safran SA, Nakamura T, Nix DA, Hotamisligil GS, Bass BL. 2015 Potential role for snoRNAs in PKR activation during metabolic stress. Proc. Natl Acad. Sci. USA 112, 5023
5028. (doi:10.1073/pnas.1424044112)

18.  Cheng Y et al. 2024 A non-canonical role for a small nucleolar RNA in ribosome biogenesis and senescence. Cell 187, 4770—4789.(doi:10.1016/j.cell.2024.06.019)

19.  LiuBetal. 2025 snoRNA-facilitated protein secretion revealed by transcriptome-wide snoRNA target identification. Cell 188, 2024. (doi:10.1016/j.cell.2024.10.046)

LLSOVT 6L Joiguadg  qosy/feumol/Bio-Busygndizaposiefos


http://dx.doi.org/10.1126/science.1108625
http://dx.doi.org/10.1155/2015/206849
http://dx.doi.org/10.1016/j.gendis.2022.11.018
http://dx.doi.org/10.1016/j.gendis.2022.11.018
http://dx.doi.org/10.3389/fonc.2019.00587
http://dx.doi.org/10.1016/j.molmed.2024.03.004
http://dx.doi.org/10.1002/j.1460-2075.1989.tb08463.x
http://dx.doi.org/10.1016/0092-8674(90)90338-f
http://dx.doi.org/10.1016/0092-8674(90)90338-f
http://dx.doi.org/10.1016/s0092-8674(00)80156-7
http://dx.doi.org/10.1093/nar/gkz1140
http://dx.doi.org/10.1074/jbc.ra118.003410
http://dx.doi.org/10.1016/s0092-8674(02)00718-3
http://dx.doi.org/10.1093/nar/gkac835
http://dx.doi.org/10.1073/pnas.2312126120
http://dx.doi.org/10.1126/science.1118265
http://dx.doi.org/10.1073/pnas.1519292113
http://dx.doi.org/10.1073/pnas.1519292113
http://dx.doi.org/10.1093/nar/gkx651
http://dx.doi.org/10.1073/pnas.1424044112
http://dx.doi.org/10.1016/j.cell.2024.06.019
http://dx.doi.org/10.1016/j.cell.2024.10.046

Downloaded from https://royal societypublishing.org/ on 01 April 2025

20.
21.

22.

23.

24,

25.

26.

27.
28.

29.
30.
31
32.
33.
34.
35.
36.

37.

38.
39.

40.
41.

42.

43.

44,

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

Ronchetti D et al. 2013 Small nucleolar RNAs as new biomarkers in chronic lymphocytic leukemia. BMC Med. Genomics 6, 1-11. (doi:10.1186/1755-8794-6-27)

Liao J, Yu L, Mei Y, Guarnera M, Shen J, Li R, Liu Z, Jiang F. 2010 Small nucleolar RNA signatures as biomarkers for non-small-cell lung cancer. Mol. Cancer 9, 198. (doi:10.1186/
1476-4598-9-198)

Gomez-Matas J, Duran-Sanchon S, Lozano JJ, Ferrero G, Tarallo S, Pardini B, Naccarati A, Castells A, Gironella M. 2024 SnoRNA profiling in colorectal cancer and assessment of non-
invasive biomarker capacity by ddPCR in fecal samples. iScience 27, 109283. (doi:10.1016/j.isci.2024.109283)

Yang H, Lin P, Wu HY, Li HY, He Y, Dang YW, Chen G. 2018 Genomic analysis of small nucleolar RNAs identifies distinct molecular and prognostic signature in hepatocellular
carcinoma. Oncol. Rep. 40, 3346-3358. (d0i:10.3892/0r.2018.6715)

Warner WA, Spencer DH, Trissal M, White BS, Helton N, Ley TJ, Link DC. 2018 Expression profiling of snoRNAs in normal hematopoiesis and AML. Blood Adv. 2, 151-163. (doi:10.
1182/bloodadvances.2017006668)

Pilcher L, Solomon L, Dragon JA, Gupta D, Spees JL. 2024 The neural progenitor cell-associated transcription factor FoxG1 regulates cardiac epicardial cell proliferation. Stem Cells
Int. 2024, 1-13. (doi:10.1155/2024/8601360)

James V, Nizamudeen ZA, Lea D, Dottorini T, Holmes TL, Johnson BB, Arkill KP, Denning C, Smith JGW. 2021 Transcriptomic analysis of cardiomyocyte extracellular vesicles in
hypertrophic cardiomyopathy reveals differential snoRNA cargo. Stem Cells Dev. 30, 1215-1227. (doi:10.1089/5¢d.2021.0202)

Peffers MJ et al. 2020 SnoRNA signatures in cartilage ageing and osteoarthritis. Sci. Rep. 10, 10641. (doi:10.1038/541598-020-67446-2)

Baldini L, Robert A, Charpentier B, Labialle S. 2022 Phylogenetic and molecular analyses identify SNORD116 targets involved in the Prader—Willi syndrome. Mol. Biol. Evol. 39. (doi:
10.1093/molbev/msab348)

Runte M. 2001 The IC-SNURF-SNRPN transcript serves as a host for multiple small nucleolar RNA species and as an antisense RNA for UBE3A. Hum. Mol. Genet. 10, 2687—2700. (doi:
10.1093/hmg/10.23.2687)

Chamberlain SJ, Brannan CI. 2001 The Prader—Willi syndrome imprinting center activates the paternally expressed murine Ube3a antisense transcript but represses paternal Ube3a.
Genomics 73,316-322. (doi:10.1006/gen0.2001.6543)

Cavaillé J, Buiting K, Kiefmann M, Lalande M, Brannan CI, Horsthemke B, Bachellerie JP, Brosius J, Hiittenhofer A. 2000 Identification of brain-specific and imprinted small nucleolar
RNA genes exhibiting an unusual genomic organization. Proc. Nat! Acad. Sci. USA 97, 14311-14316. (doi:10.1073/pnas.250426397)

Reik W, Walter J. 2001 Genomic imprinting: parental influence on the genome. Nat. Rev. Genet. 2, 21-32. (doi:10.1038/35047554)

Ohta T et al. 1999 Imprinting-mutation mechanisms in Prader—Willi syndrome. Am. J. Hum. Genet. 64, 397—413. (doi:10.1086/302233)

Castle JC et al. 2010 Digital genome-wide ncRNA expression, including snoRNAs, across 11 human tissues using PolyA-neutral amplification. PLoS One 5, 11779. (doi:10.1371/
journal.pone.0011779)

Kocher M, Good D. 2017 Phylogenetic analysis of the SNORD116 locus. Genes 8, 358. (doi:10.3390/genes8120358)

Lorenz R, Bernhart SH, Honer zu Siederdissen C, Tafer H, Flamm C, Stadler PF, Hofacker IL. 2011 ViennaRNA package 2.0. Algorithms Mol. Biol. 6, 26. (doi:10.1186/1748-7188-6-26)
Jorjani H, Kehr S, Jedlinski DJ, Gumienny R, Hertel J, Stadler PF, Zavolan M, Gruber AR. 2016 An updated human snoRNAome. Nucleic Acids Res. 44, 5068—5082. (doi:10.1093/nar/
gkw386)

Sun X et al. 2023 Small but strong: the emerging role of small nucleolar RNA in cardiovascular diseases. Front. Cell Dev. Biol. 11,1292925. (doi:10.3389/fcell.2023.1292925)

Huang ZH, Du YP, Wen JT, Lu BF, Zhao Y. 2022 snoRNAs: functions and mechanisms in biological processes, and roles in tumor pathophysiology. Cell Death Discov. 8, 259. (doi:10.
1038/541420-022-01056-8)

Thorenoor N, Slaby 0. 2015 Small nucleolar RNAs functioning and potential roles in cancer. Tumor Biol. 36, 41-53. (doi:10.1007/513277-014-2818-8)

Kocher MA, Huang FW, Le E, Good DJ. 2021 Snord116 post-transcriptionally increases Nhlh2 mRNA stability: implications for human Prader—Willi syndrome. Hum. Mol. Genet. 30,
1101-1110. (doi:10.1093/hmg/ddab103)

Bazeley PS, Shepelev V, Talebizadeh Z, Butler MG, Fedorova L, Filatov V, Fedorov A. 2008 snoTARGET shows that human orphan snoRNA targets locate close to alternative splice
junctions. Gene 408, 172—179. (doi:10.1016/j.gene.2007.10.037)

Vitali P, Royo H, Marty V, Bortolin-Cavaillé ML, Cavaillé J. 2010 Long nuclear-retained non-coding RNAs and allele-specific higher-order chromatin organization at imprinted
snoRNA gene arrays. J. Cell Sci. 123, 70-83. (doi:10.1242/jcs.054957)

Yin QF, Yang L, Zhang Y, Xiang JF, Wu YW, Carmichael GG, Chen LL. 2012 Long noncoding RNAs with snoRNA ends. Mol. Cell 48, 219-230. (doi:10.1016/j.molcel.2012.07.033)
Cavaillé J. 2017 Box (/D small nucleolar RNA genes and the Prader—Willi syndrome: a complex interplay. Wiley Interdiscip. Rev. RNA 8, e1417. (doi:10.1002/wrna.1417)

Zhang X0, Yin QF, Wang HB, Zhang Y, Chen T, Zheng P, Lu X, Chen LL, Yang L. 2014 Species-specific alternative splicing leads to unique expression of sno-IncRNAs. BMC Genomics
15, 1-15. (doi:10.1186/1471-2164-15-287)

Shen M, Eyras E, Wu J, Khanna A, Josiah S, Rederstorff M, Zhang MQ, Stamm S. 2011 Direct cloning of double-stranded RNAs from RNase protection analysis reveals processing
patterns of (/D box snoRNAs and provides evidence for widespread antisense transcript expression. Nucleic Acids Res. 39, 9720-9730. (doi:10.1093/nar/gkr684)

Bortolin-Cavaille ML, Cavaille J. 2012 The SNORD115 (H/MBII-52) and SNORD116 (H/MBII-85) gene clusters at the imprinted Prader—Willi locus generate canonical box (/D
snoRNAs. Nucleic Acids Res. 40, 6800—6807. (doi:10.1093/nar/gks321)

G. Butler M. 2011 Prader—Willi syndrome: obesity due to genomic imprinting. Curr. Genom. 12, 204-215. (doi:10.2174/138920211795677877)

Gallagher RC, Pils B, Albalwi M, Francke U. 2002 Evidence for the role of PWCR1/HBII-85 (/D box small nucleolar RNAs in Prader—Willi syndrome. Am. J. Hum. Genet. 71, 669-678.
(doi:10.1086/342408)

Ding F, Prints Y, Dhar MS, Johnson DK, Garnacho—Montero C, Nicholls RD, Francke U. 2005 Lack of Pwcr1/MBII-85 snoRNA is critical for neonatal lethality in Prader—Willi syndrome
mouse models. Mamm. Genome 16, 424—431. (doi:10.1007/500335-005-2460-2)

Cassidy SB, Schwartz S, Miller JL, Driscoll DJ. 2012 Prader—Willi syndrome. Genet. Med. 14, 10-26. (doi:10.1038/gim.0b013e31822bead0)

Faroogi IS, 0'Rahilly S. 2005 Monogenic obesity in humans. Annu. Rev. Med. 56, 443—458. (doi:10.1146/annurev.med.56.062904.144924)

Butler MG, Manzardo AM, Heinemann J, Loker C, Loker J. 2017 Causes of death in Prader-Willi syndrome: Prader—Willi syndrome association (USA) 40-year mortality survey. Genet.
Med. 19, 635-642. (doi:10.1038/gim.2016.178)

Resnick JL, Nicholls RD, Wevrick R. 2013 Recommendations for the investigation of animal models of Prader—Willi syndrome. Mamm. Genome 24, 165—178. (doi:10.1007/500335-
013-9454-2)

Yang T, Adamson TE, Resnick JL, Leff S, Wevrick R, Francke U, Jenkins NA, Copeland NG, Brannan Cl. 1998 A mouse model for Prader—Willi syndrome imprinting-centre mutations.
Nat. Genet. 19, 25-31. (doi:10.1038/ng0598-25)

Skryabin BV, Gubar LV, Seeger B, Pfeiffer J, Handel S, Robeck T, Karpova E, Rozhdestvensky TS, Brosius J. 2007 Deletion of the MBII-85 snoRNA gene cluster in mice results in
postnatal growth retardation. PLoS Genet. 3, €235. (doi:10.1371/journal.pgen.0030235)

L/E0VC SL Joig uadbw q051/|eum0[/6106mq5||qnd/(1a|)05|9/(01 E


http://dx.doi.org/10.1186/1755-8794-6-27
http://dx.doi.org/10.1186/1476-4598-9-198
http://dx.doi.org/10.1186/1476-4598-9-198
http://dx.doi.org/10.1016/j.isci.2024.109283
http://dx.doi.org/10.3892/or.2018.6715
http://dx.doi.org/10.1182/bloodadvances.2017006668
http://dx.doi.org/10.1182/bloodadvances.2017006668
http://dx.doi.org/10.1155/2024/8601360
http://dx.doi.org/10.1089/scd.2021.0202
http://dx.doi.org/10.1038/s41598-020-67446-z
http://dx.doi.org/10.1093/molbev/msab348
http://dx.doi.org/10.1093/hmg/10.23.2687
http://dx.doi.org/10.1006/geno.2001.6543
http://dx.doi.org/10.1073/pnas.250426397
http://dx.doi.org/10.1038/35047554
http://dx.doi.org/10.1086/302233
http://dx.doi.org/10.1371/journal.pone.0011779
http://dx.doi.org/10.1371/journal.pone.0011779
http://dx.doi.org/10.3390/genes8120358
http://dx.doi.org/10.1186/1748-7188-6-26
http://dx.doi.org/10.1093/nar/gkw386
http://dx.doi.org/10.1093/nar/gkw386
http://dx.doi.org/10.3389/fcell.2023.1292925
http://dx.doi.org/10.1038/s41420-022-01056-8
http://dx.doi.org/10.1038/s41420-022-01056-8
http://dx.doi.org/10.1007/s13277-014-2818-8
http://dx.doi.org/10.1093/hmg/ddab103
http://dx.doi.org/10.1016/j.gene.2007.10.037
http://dx.doi.org/10.1242/jcs.054957
http://dx.doi.org/10.1016/j.molcel.2012.07.033
http://dx.doi.org/10.1002/wrna.1417
http://dx.doi.org/10.1186/1471-2164-15-287
http://dx.doi.org/10.1093/nar/gkr684
http://dx.doi.org/10.1093/nar/gks321
http://dx.doi.org/10.2174/138920211795677877
http://dx.doi.org/10.1086/342408
http://dx.doi.org/10.1007/s00335-005-2460-2
http://dx.doi.org/10.1038/gim.0b013e31822bead0
http://dx.doi.org/10.1146/annurev.med.56.062904.144924
http://dx.doi.org/10.1038/gim.2016.178
http://dx.doi.org/10.1007/s00335-013-9454-2
http://dx.doi.org/10.1007/s00335-013-9454-2
http://dx.doi.org/10.1038/ng0598-25
http://dx.doi.org/10.1371/journal.pgen.0030235

Downloaded from https://royal societypublishing.org/ on 01 April 2025

58.

59.

60.

61.
62.

63.

64.
65.

66.

67.

68.

69.

70.

7.

72.

73.

74.
75.

76.

7.

78.

79.

80.

81.

82.

83.

84.
85.

86.

87.

88.
89.

90.

91.

92.

93.
94.

Ding F, Li HH, Zhang S, Solomon NM, Camper SA, Cohen P, Francke U. 2008 SnoRNA Snord116 (Pwcr1/MBII-85) deletion causes growth deficiency and hyperphagia in mice. PLoS m

One 3, €1709. (doi:10.1371/journal.pone.0001709)

Burnett LC, Hubner G, LeDuc CA, Morabito MV, Carli JFM, Leibel RL. 2017 Loss of the imprinted, non-coding Snord116 gene cluster in the interval deleted in the Prader—Willi
syndrome results in murine neuronal and endocrine pancreatic developmental phenotypes. Hum. Mol. Genet. 26, 4606—4616. (doi:10.1093/hmg/ddx342)

Galiveti CR, Raabe CA, Konthur Z, Rozhdestvensky TS. 2014 Differential regulation of non-protein coding RNAs from Prader—Willi syndrome locus. Sci. Rep. 4, 6445. (doi:10.1038/
srep06445)

Burnett LC et al. 2017 Deficiency in prohormone convertase PC1 impairs prohormone processing in Prader—Willi syndrome. J. Clin. Invest. 127, 293-305. (doi:10.1172/JCI88648)
Bochukova EG et al. 2018 A transcriptomic signature of the hypothalamic response to fasting and BDNF deficiency in Prader—Willi syndrome. Cell Rep. 22, 3401-3408. (doi:10.
1016/j.celrep.2018.03.018)

Fronczek R, Lammers GJ, Balesar R, Unmehopa UA, Swaab DF. 2005 The number of hypothalamic hypocretin (orexin) neurons is not affected in Prader-Willi syndrome. J. Clin.
Endocrinol. Metab. 90, 5466—5470. (doi:10.1210/jc.2005-0296)

Sun JRet al. 2023 Using sno-IncRNAs as potential markers for Prader—Willi syndrome diagnosis. RNA Biol. 20, 419—430. (doi:10.1080/15476286.2023.2230406)

Hirsch HJ, Gross I, Pollak Y, Eldar-Geva T, Gross-Tsur V. 2015 Irisin and the metabolic phenotype of adults with Prader—Willi syndrome. PLoS One 10, e0136864. (doi:10.1371/
journal.pone.0136864)

Chao Y et al. 2022 Dysregulated adipose tissue expansion and impaired adipogenesis in Prader—Willi syndrome children before obesity-onset. Metabolism 136, 155295. (doi:10.
1016/j.metabol.2022.155295)

Falaleeva M, Surface J, Shen M, de la Grange P, Stamm S. 2015 SNORD116 and SNORD115 change expression of multiple genes and modify each other’s activity. Gene 572, 266—
273. (doi:10.1016/j.gene.2015.07.023)

Helwak A, Turowski T, Spanos C, Tollervey D. 2024 Roles of SNORD115 and SNORD116 ncRNA clusters during neuronal differentiation. Nat. Commun. 15, 10427. (doi:10.1038/
s41467-024-54573-8)

Yang J et al. 2010 Induced pluripotent stem cells can be used to model the genomic imprinting disorder Prader—Willi syndrome. J. Biol. Chem. 285, 40303—40311. (doi:10.1074/jbc.
m110.183392)

Chamberlain SJ, Chen PF, Ng KY, Bourgois-Rocha F, Lemtiri-Chlieh F, Levine ES, Lalande M. 2010 Induced pluripotent stem cell models of the genomic imprinting disorders
Angelman and Prader—Willi syndromes. Proc. Nat! Acad. Sci. USA 107, 17668—17673. (doi:10.1073/pnas.1004487107)

Fitz NF, Wang J, Kamboh MI, Koldamova R, Lefterov I. 2021 Small nucleolar RNAs in plasma extracellular vesicles and their discriminatory power as diagnostic biomarkers of
Alzheimer’s disease. Neurobiol. Dis. 159, 105481. (doi:10.1016/j.nbd.2021.105481)

Kore RA, Edmondson JL, Jenkins SV, Jamshidi-Parsian A, Dings RPM, Reyna NS, Griffin RJ. 2018 Hypoxia-derived exosomes induce putative altered pathways in biosynthesis and ion
regulatory channels in glioblastoma cells. Biochem. Biophys. Rep. 14, 104—113. (doi:10.1016/j.bbrep.2018.03.008)

Gao L, Ma J, Mannoor K, Guarnera MA, Shetty A, Zhan M, Xing L, Stass SA, Jiang F. 2015 Genome-wide small nucleolar RNA expression analysis of lung cancer by next-generation
deep sequencing. Int. J. Cancer 136, E623-9. (doi:10.1002/ijc.29169)

Mannoor K, Shen J, Liao J, Liu Z, Jiang F. 2014 Small nucleolar RNA signatures of lung tumor-initiating cells. Mol. Cancer 13, 104. (doi:10.1186/1476-4598-13-104)

Butler MG, Hossain WA, Tessman R, Krishnamurthy PC. 2018 Preliminary observations of mitochondrial dysfunction in Prader—Willi syndrome. Am. J. Med. Genet. Part 176, 2587.
(doi:10.1002/ajmg.a.40526)

Powell WT, Coulson RL, Crary FK, Wong SS, Ach RA, Tsang P, Alice Yamada N, Yasui DH, LaSalle JM. 2013 A Prader—Willi locus IncRNA cloud modulates diurnal genes and energy
expenditure. Hum. Mol. Genet. 22, 4318—4328. (doi:10.1093/hmg/ddt281)

Vitali P, Royo H, Marty V, Bortolin-Cavaillé ML, Cavaillé J. 2000 Cell proliferation in development and differentiation. J. Cell. Sci 123, 70-83. (doi:10.1242/jcs.054957)

Zhivotovsky B, Orrenius S. 2010 Cell cycle and cell death in disease: past, present and future. J. Intern. Med. 268, 395—409. (doi:10.1111/j.1365-2796.2010.02282.x)

Masters CL, Bateman R, Blennow K, Rowe CC, Sperling RA, Cummings JL. 2015 Alzheimer’s disease. Nat. Rev. Dis. Primers 1, 15056. (doi:10.1038/nrdp.2015.56)

Azor AM, Cole JH, Holland AJ, Dumba M, Patel MC, Sadlon A, Goldstone AP, Manning KE. 2019 Increased brain age in adults with Prader—Willi syndrome. Neurolmage 21, 101664.
(doi:10.1016/j.nicl.2019.101664)

Gammie SC, Messing A, Hill MA, Kelm-Nelson CA, Hagemann TL. 2024 Large-scale gene expression changes in APP/PSENT and GFAP mutation models exhibit high congruence with
Alzheimer’s disease. PLoS One 19, 0291995. (doi:10.1371/journal.pone.0291995)

Bedogni G, Grugni G, Cicolini S, Caroli D, Tamini S, Sartorio A. 2020 Changes of body weight and body composition in obese patients with Prader—Willi syndrome at 3 and 6 years of
follow-up: a retrospective cohort study. J. Clin. Med. 9, 3596. (doi:10.3390/jcm9113596)

Theodoro MF, Talebizadeh Z, Butler MG. 2006 Body composition and fatness patterns in Prader—Willi syndrome: comparison with simple obesity. Obesity 14, 1685—1690. (doi:10.
1038/0by.2006.193)

Tamori Y, Deng WM. 2014 Compensatory cellular hypertrophy: the other strategy for tissue homeostasis. Trends Cell Biol. 24, 230-237. (doi:10.1016/j.tch.2013.10.005)

Tamamori M, Ito H, Hiroe M, Terada Y, Marumo F, Ikeda MA. 1998 Essential roles for G1 cyclin-dependent kinase activity in development of cardiomyocyte hypertrophy. Am. J.
Physiol. Heart Circ. Physiol 275, H2036—-H2040. (doi:10.1152/ajpheart.1998.275.6.h2036)

Poolman RA, Brooks G. 1998 Expressions and activities of cell cycle regulatory molecules during the transition from myocyte hyperplasia to hypertrophy. J. Mol. Cell. Cardiol. 30,
2121-2135. (doi:10.1006/jmcc.1998.0808)

Jo J, Gavrilova 0, Pack S, Jou W, Mullen S, Sumner AE, Cushman SW, Periwal V. 2009 Hypertrophy and/or hyperplasia: dynamics of adipose tissue growth. PLoS Comput. Biol. 5,
€1000324. (doi:10.1371/journal.pchi.1000324)

Sun MMG, Beier F. 2014 Chondrocyte hypertrophy in skeletal development, growth, and disease. Birth Defects Res. C Embryo Today 102, 74—82. (doi:10.1002/bdrc.21062)

Wang QA, Tao C, Gupta RK, Scherer PE. 2013 Tracking adipogenesis during white adipose tissue development, expansion and regeneration. Nat. Med. 19, 1338—1344. (doi:10.1038/
nm.3324)

Talebizadeh Z, Butler M. 2005 Insulin resistance and obesity-related factors in Prader—Willi syndrome: comparison with obese subjects. Clin. Genet. 67, 230-239. (doi:10.1111/j.
1399-0004.2004.00392.x)

Smith JGW et al. 2018 Isogenic pairs of hiPSC-CMs with hypertrophic cardiomyopathy/LVNC-associated ACTC1 E99K mutation unveil differential functional deficits. Stem Cell Rep.
11, 1226-1243. (doi:10.1016/j.stemcr.2018.10.006)

Agathocleous M, Harris WA. 2013 Metabolism in physiological cell proliferation and differentiation. Trends Cell Biol. 23, 484-492. (doi:10.1016/j.tcb.2013.05.004)

DeBerardinis RJ, Thompson (B. 2012 Cellular metabolism and disease: what do metabolic outliers teach us? Cell 148, 1132—1144. (doi:10.1016/j.cell.2012.02.032)

Adrain C. 2021 Systemic and cellular metabolism: the cause of and remedy for disease? FEBS J. 288, 3624-3627. (doi:10.1111/febs.16033)

L/E0VC SL Joig uadbw q051/|eum0[/6106mq5||qnd/(1a|)05|9/(01


http://dx.doi.org/10.1371/journal.pone.0001709
http://dx.doi.org/10.1093/hmg/ddx342
http://dx.doi.org/10.1038/srep06445
http://dx.doi.org/10.1038/srep06445
http://dx.doi.org/10.1172/JCI88648
http://dx.doi.org/10.1016/j.celrep.2018.03.018
http://dx.doi.org/10.1016/j.celrep.2018.03.018
http://dx.doi.org/10.1210/jc.2005-0296
http://dx.doi.org/10.1080/15476286.2023.2230406
http://dx.doi.org/10.1371/journal.pone.0136864
http://dx.doi.org/10.1371/journal.pone.0136864
http://dx.doi.org/10.1016/j.metabol.2022.155295
http://dx.doi.org/10.1016/j.metabol.2022.155295
http://dx.doi.org/10.1016/j.gene.2015.07.023
http://dx.doi.org/10.1038/s41467-024-54573-8
http://dx.doi.org/10.1038/s41467-024-54573-8
http://dx.doi.org/10.1074/jbc.m110.183392
http://dx.doi.org/10.1074/jbc.m110.183392
http://dx.doi.org/10.1073/pnas.1004487107
http://dx.doi.org/10.1016/j.nbd.2021.105481
http://dx.doi.org/10.1016/j.bbrep.2018.03.008
http://dx.doi.org/10.1002/ijc.29169
http://dx.doi.org/10.1186/1476-4598-13-104
http://dx.doi.org/10.1002/ajmg.a.40526
http://dx.doi.org/10.1093/hmg/ddt281
http://dx.doi.org/10.1242/jcs.054957
http://dx.doi.org/10.1111/j.1365-2796.2010.02282.x
http://dx.doi.org/10.1038/nrdp.2015.56
http://dx.doi.org/10.1016/j.nicl.2019.101664
http://dx.doi.org/10.1371/journal.pone.0291995
http://dx.doi.org/10.3390/jcm9113596
http://dx.doi.org/10.1038/oby.2006.193
http://dx.doi.org/10.1038/oby.2006.193
http://dx.doi.org/10.1016/j.tcb.2013.10.005
http://dx.doi.org/10.1152/ajpheart.1998.275.6.h2036
http://dx.doi.org/10.1006/jmcc.1998.0808
http://dx.doi.org/10.1371/journal.pcbi.1000324
http://dx.doi.org/10.1002/bdrc.21062
http://dx.doi.org/10.1038/nm.3324
http://dx.doi.org/10.1038/nm.3324
http://dx.doi.org/10.1111/j.1399-0004.2004.00392.x
http://dx.doi.org/10.1111/j.1399-0004.2004.00392.x
http://dx.doi.org/10.1016/j.stemcr.2018.10.006
http://dx.doi.org/10.1016/j.tcb.2013.05.004
http://dx.doi.org/10.1016/j.cell.2012.02.032
http://dx.doi.org/10.1111/febs.16033

Downloaded from https://royal societypublishing.org/ on 01 April 2025

9.

96.
97.

98.

99.

100.
101.

102.
103.

104.

105.
106.

107.
108.
109.
110.

m.
12.

113.
14.

115.

116.
17.

118.

19.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.
131.

132.

133.

Lopaschuk GD, Ussher JR, Folmes CDL, Jaswal JS, Stanley WC. 2010 Myocardial fatty acid metabolism in health and disease. Physiol. Rev. 90, 207—-258. (doi:10.1152/physrev.00015. m

2009)

Butler MG, Hossain WA, Tessman R, Krishnamurthy PC. 2018 Preliminary observations of mitochondrial dysfunction in Prader—Willi syndrome. Am J Med Genet 176, 2587.

Mia S, Sonkar R, Williams L, Latimer MN, Frayne Robillard I, Diwan A, Frank SJ, Des Rosiers C, Young ME. 2021 Impact of obesity on day—night differences in cardiac metabolism.
FASEB J. 35. (doi:10.1096/1j.2020017061T)

Duivenvoorde LPM, van Schothorst EM, Swarts HIM, Keijer J. 2015 Assessment of metabolic flexibility of old and adult mice using three noninvasive, indirect calorimetry-based
treatments. J. Gerontol. 70, 282—293. (doi:10.1093/gerona/glu027)

Lacroix D et al. 2015 Metabolic and adipose tissue signatures in adults with Prader—Willi syndrome: a model of extreme adiposity. J. (lin. Endocrinol. Metab. 100, 850—859. (doi:10.
1210/jc.2014-3127)

(Cadoudal T et al. 2014 Impairment of adipose tissue in Prader—Willi syndrome rescued by growth hormone treatment. Int. J. Obes. 38, 1234—1240. (doi:10.1038/ij0.2014.3)

Coyle CA, Jing E, Hosmer T, Powers JB, Wade G, Good DJ. 2002 Reduced voluntary activity precedes adult-onset obesity in Nhih2 knockout mice. Physiol. Behav. 77, 387—-402. (doi:
10.1016/50031-9384(02)00885-5)

Uhlén M et al. 2015 Tissue-based map of the human proteome. Science 347, 1260419. (doi:10.1126/science.1260419)

Cogliati T, Delgado-Romero P, Norwitz ER, Guduric-Fuchs J, Kaiser UB, Wray S, Kirsch IR. 2007 Pubertal impairment in Nhih2 null mice is associated with hypothalamic and pituitary
deficiencies. Mol. Endocrinol. 21, 3013-3027. (doi:10.1210/me.2005-0337)

Topaloglu AK et al. 2022 Inactivating NHLH2 variants cause idiopathic hypogonadotropic hypogonadism and obesity in humans. Hum. Genet. 141, 295-304. (doi:10.1007/500439-
021-02422-9)

Verbeek MWG, Erkeland SJ, van der Velden VHJ. 2022 Dysregulation of small nucleolar RNAs in B-cell malignancies. Biomedicines 10, 1229. (doi:10.3390/biomedicines10061229)
Dubey G, Singh M, Singh H, Agarwal M, Chandel SS, Mishra A, Singh RP, Kukreti N. 2024 Emerging roles of snoRNAs in the pathogenesis and treatment of autoimmune disorders.
Pathol. Res. Pract. 253, 154952. (doi:10.1016/j.prp.2023.154952)

Baldini L, Charpentier B, Labialle S. 2021 Emerging data on the diversity of molecular mechanisms involving (/D snoRNAs. Noncoding RNA 7, 30. (doi:10.3390/ncrna7020030)
Chauhan W, Kafle S, Zennadi R. 2024 SnoRNAs: exploring their implication in human diseases. Int. J. Mol. Sci. 25, 7202. (doi:10.3390/ijms25137202)

Wajahat M, Bracken CP, Orang A. 2021 Emerging functions for snoRNAs and snoRNA-derived fragments. Int. J. Mol. Sci. 22, 10193. (doi:10.3390/ijms221910193)

Huang Z hao, Du Y ping, Wen J tao, Lu B feng, Zhao Y. 2022 SnoRNAs: functions and mechanisms in biological processes, and roles in tumor pathophysiology. Cell Death Discov. 8,
1-10. (doi:10.1038/541420-022-01056-8)

De Meyts P. 2016 The insulin receptor and its signal transduction network. Endotext. See https://www.ncbi.nlm.nih.gov/books/NBK378978/.

Boucher J, Kleinridders A, Kahn CR. 2014 Insulin receptor signaling in normal and insulin-resistant states. Cold Spring Harb. Perspect. Biol. 6, 2009191-a009191. (doi:10.1101/
cshperspect.a009191)

Haeusler RA, McGraw TE, Accili D. 2018 Biochemical and cellular properties of insulin receptor signalling. Nat. Rev. Mol. Cell Biol. 19, 31-44. (d0i:10.1038/nrm.2017.89)

Muscogiuri G, Formoso G, Pugliese G, Ruggeri RM, Scarano E, Colao A. 2019 Prader—Willi syndrome: an uptodate on endocrine and metabolic complications. Rev. Endocr. Metab.
Disord. 20, 239-250. (doi:10.1007/511154-019-09502-2)

Koppes EA et al. 2023 Insulin secretion deficits in a Prader-Willi syndrome B-cell model are associated with a concerted downregulation of multiple endoplasmic reticulum
chaperones. PLoS Genet. 19, €1010710. (doi:10.1371/journal.pgen.1010710)

Eddiry S et al. 2021 SNORD116 and growth hormone therapy impact IGFBP7 in Prader—Willi syndrome. Genet. Med. 23, 1664—1672. (doi:10.1038/s41436-021-01185-y)
Kummerfeld DM, Skryabin BV, Brosius J, Vakhrushev SY, Rozhdestvensky TS. 2022 Reference genes across nine brain areas of wild type and Prader-Willi syndrome mice: assessing
differences in lgfbp7, Pcsk1, Nhih2 and Nign3 expression. Int. J. Mol. Sci. 23, 8729. (doi:10.3390/ijms23158729)

Meneghello C, Segat D, Fortunati E. 2015 Insulin-driven translational capacity is impaired in primary fibroblasts of Prader Willi. Intractable Rare Dis. Res. 5, 17-24. (doi:10.5582/
irdr.2015.01041)

Dennis MD, Jefferson LS, Kimball SR. 2012 Role of p70S6K1-mediated phosphorylation of elF4B and PDCD4 proteins in the regulation of protein synthesis. J. Biol. Chem. 287,
42890-42899. (doi:10.1074/jbc.m112.404822)

Goodman CA. 2019 Role of mTORC1 in mechanically induced increases in translation and skeletal muscle mass. J. Appl. Physiol. 127, 581-590. (doi:10.1152/japplphysiol.01011.
2018)

Kang S, Song J, Kang H, Kim S, Lee Y, Park D. 2003 Insulin can block apoptosis by decreasing oxidative stress via phosphatidylinositol 3-kinase- and extracellular signal-regulated
protein kinase-dependent signaling pathways in HepG2 cells. Eur. J. Endocrinol. 148, 147-155. (doi:10.1530/eje.0.1480147)

Haqq AM, Muehlbauer MJ, Newgard (B, Grambow S, Freemark M. 2011 The metabolic phenotype of Prader-Willi syndrome (PWS) in childhood: heightened insulin sensitivity
relative to body mass index. J. Clin. Endocrinol. Metab. 96, E225—E232. (doi:10.1210/jc.2010-1733)

Foster FM, Traer CJ, Abraham SM, Fry MJ. 2003 The phosphoinositide (P1) 3-kinase family. J. Cell. Sci. 116, 3037—3040. (doi:10.1242/jcs.00609)

Downward J. 2004 P1 3-kinase, Akt and cell survival. Semin. Cell Dev. Biol. 15, 177-182. (doi:10.1016/j.semcdb.2004.01.002)

Cantrell DA. 2001 Phosphoinositide 3-kinase signalling pathways. J. Cell Sci. 114, 1439-1445. (doi:10.1242/jcs.114.8.1439)

Gutschner T, Himmerle M, Diederichs S. 2013 MALAT1—a paradigm for long noncoding RNA function in cancer. J. Mol. Med. 91, 791-801. (doi:10.1007/500109-013-1028-y)

Zhou 'Y, Zhang X, Klibanski A. 2012 MEG3 noncoding RNA: a tumor suppressor. J. Mol. Endocrinol. 48, R45—R53. (doi:10.1530/jme-12-0008)

Tolkach Y, Stahl AF, Niehoff EM, Zhao C, Kristiansen G, Miiller SC, Ellinger J. 2017 YRNA expression predicts survival in bladder cancer patients. BMC Cancer 17, 7. (doi:10.1186/
$12885-017-3746-y)

Estravis M, Garcia-Sanchez A, Martin MJ, Pérez-Pazos J, Isidoro-Garcia M, Dévila |, Sanz C. 2023 RNY3 modulates cell proliferation and IL13 mRNA levels in a T lymphocyte model: a
possible new epigenetic mechanism of IL-13 regulation. J. Physiol. Biochem. 79, 59-69. (doi:10.1007/513105-022-00920-6)

Ojha S, Malla'S, Lyons SM. 2020 snoRNPs: functions in ribosome biogenesis. Biomolecules 10, 783. (doi:10.3390/biom10050783)

Tollervey D, Lehtonen H, Jansen R, Kern H, Hurt EC. 1993 Temperature-sensitive mutations demonstrate roles for yeast fibrillarin in pre-rRNA processing, pre-rRNA methylation, and
ribosome assembly. Cell 72, 443—457. (doi:10.1016/0092-8674(93)90120-f)

Kiss-LaszI6 Z, Henry Y, Bachellerie JP, Caizergues-Ferrer M, Kiss T. 1996 Site-specific ribose methylation of preribosomal RNA: a novel function for small nucleolar RNAs. Cell 85,
1077-1088. (doi:10.1016/50092-8674(00)81308-2)

Vitali P, Basyuk E, Le Meur E, Bertrand E, Muscatelli F, Cavaillé J, Huttenhofer A. 2005 ADAR2-mediated editing of RNA substrates in the nucleolus is inhibited by (/D small nucleolar
RNAs. J. Cell Biol. 169, 745-753. (doi:10.1083/jch.200411129)

LLSOVT 6L Joiguadg  qosy/feumol/Bio-Busygndizaposiefos


http://dx.doi.org/10.1152/physrev.00015.2009
http://dx.doi.org/10.1152/physrev.00015.2009
http://dx.doi.org/10.1096/fj.202001706rr
http://dx.doi.org/10.1093/gerona/glu027
http://dx.doi.org/10.1210/jc.2014-3127
http://dx.doi.org/10.1210/jc.2014-3127
http://dx.doi.org/10.1038/ijo.2014.3
http://dx.doi.org/10.1016/s0031-9384(02)00885-5
http://dx.doi.org/10.1126/science.1260419
http://dx.doi.org/10.1210/me.2005-0337
http://dx.doi.org/10.1007/s00439-021-02422-9
http://dx.doi.org/10.1007/s00439-021-02422-9
http://dx.doi.org/10.3390/biomedicines10061229
http://dx.doi.org/10.1016/j.prp.2023.154952
http://dx.doi.org/10.3390/ncrna7020030
http://dx.doi.org/10.3390/ijms25137202
http://dx.doi.org/10.3390/ijms221910193
http://dx.doi.org/10.1038/s41420-022-01056-8
https://www.ncbi.nlm.nih.gov/books/NBK378978/
http://dx.doi.org/10.1101/cshperspect.a009191
http://dx.doi.org/10.1101/cshperspect.a009191
http://dx.doi.org/10.1038/nrm.2017.89
http://dx.doi.org/10.1007/s11154-019-09502-2
http://dx.doi.org/10.1371/journal.pgen.1010710
http://dx.doi.org/10.1038/s41436-021-01185-y
http://dx.doi.org/10.3390/ijms23158729
http://dx.doi.org/10.5582/irdr.2015.01041
http://dx.doi.org/10.5582/irdr.2015.01041
http://dx.doi.org/10.1074/jbc.m112.404822
http://dx.doi.org/10.1152/japplphysiol.01011.2018
http://dx.doi.org/10.1152/japplphysiol.01011.2018
http://dx.doi.org/10.1530/eje.0.1480147
http://dx.doi.org/10.1210/jc.2010-1733
http://dx.doi.org/10.1242/jcs.00609
http://dx.doi.org/10.1016/j.semcdb.2004.01.002
http://dx.doi.org/10.1242/jcs.114.8.1439
http://dx.doi.org/10.1007/s00109-013-1028-y
http://dx.doi.org/10.1530/jme-12-0008
http://dx.doi.org/10.1186/s12885-017-3746-y
http://dx.doi.org/10.1186/s12885-017-3746-y
http://dx.doi.org/10.1007/s13105-022-00920-6
http://dx.doi.org/10.3390/biom10050783
http://dx.doi.org/10.1016/0092-8674(93)90120-f
http://dx.doi.org/10.1016/s0092-8674(00)81308-2
http://dx.doi.org/10.1083/jcb.200411129

Downloaded from https://royal societypublishing.org/ on 01 April 2025

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Leung KN, Vallero RO, DuBose AJ, Resnick JL, LaSalle JM. 2009 Imprinting regulates mammalian snoRNA-encoding chromatin decondensation and neuronal nucleolar size. Hum.
Mol. Genet. 18, 4227-4238. (doi:10.1093/hmg/ddp373)

Gong J, Shao D, Xu K, Lu Z, Lu ZJ, Yang YT, Zhang QC. 2018 RISE: a database of RNA interactome from sequencing experiments. Nucleic Acids Res. 46, D194-D201. (doi:10.1093/nar/
gkx864)

Coulson RL, Yasui DH, Dunaway KW, Laufer BI, Vogel Ciernia A, Zhu Y, Mordaunt CE, Totah TS, LaSalle JM. 2018 Snord116-dependent diurnal rhythm of DNA methylation in mouse
cortex. Nat. Commun. 9. (doi:10.1038/541467-018-03676-0)

Cedernaes J, Osler ME, Voisin S, Broman JE, Vogel H, Dickson SL, Zierath JR, Schioth HB, Benedict C. 2015 Acute sleep loss induces tissue-specific epigenetic and transcriptional
alterations to circadian clock genes in men. J. Clin. Endocrinol. Metab. 100, E1255—E1261. (doi:10.1210/jc.2015-2284)

Lassi G et al. 2016 Deletion of the Snord116/SNORD116 alters sleep in mice and patients with Prader-Willi syndrome. Sleep 39, 637-644. (doi:10.5665/sleep.5542)

Eshensen AJ, Schwichtenberg AJ. 2016 Sleep in neurodevelopmental disorders. Int. Rev. Res. Dev. Disabil. 51, 153—-191. (doi:10.1016/bs.irrdd.2016.07.005)

Scott MS, Ono M, Yamada K, Endo A, Barton GJ, Lamond Al. 2012 Human box (/D snoRNA processing conservation across multiple cell types. Nucleic Acids Res. 40, 3676—3688. (doi:
10.1093/nar/gkr1233)

Wang Q, 0'Brien PJ, Chen CX, Cho DS, Murray JM, Nishikura K. 2000 Altered G protein-coupling functions of RNA editing isoform and splicing variant serotonin 2C receptors. J.
Neurochem. 74, 1290—1300. (doi:10.1046/j.1471-4159.2000.741290.x)

Wang Z, Rolish ME, Yeo G, Tung V, Mawson M, Burge (B. 2004 Systematic identification and analysis of exonic splicing silencers. Cell 119, 831-845. (doi:10.1016/j.cell.2004.11.
010)

Hebras ) et al. 2020 Re-assessment of the involvement of Snord115 in the serotonin 2C receptor pathway in a genetically relevant mouse model. eLife 9, 1-34. (doi:10.7554/eLife.
62018)

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990 Basic local alignment search tool. J. Mol. Biol. 215, 403—410. (doi:10.1016/50022-2836(05)80360-2)

LLE0VT 5L Joiguadp  qosyjeumolBoSunsiqndiaposieior |


http://dx.doi.org/10.1093/hmg/ddp373
http://dx.doi.org/10.1093/nar/gkx864
http://dx.doi.org/10.1093/nar/gkx864
http://dx.doi.org/10.1038/s41467-018-03676-0
http://dx.doi.org/10.1210/jc.2015-2284
http://dx.doi.org/10.5665/sleep.5542
http://dx.doi.org/10.1016/bs.irrdd.2016.07.005
http://dx.doi.org/10.1093/nar/gkr1233
http://dx.doi.org/10.1046/j.1471-4159.2000.741290.x
http://dx.doi.org/10.1016/j.cell.2004.11.010
http://dx.doi.org/10.1016/j.cell.2004.11.010
http://dx.doi.org/10.7554/eLife.62018
http://dx.doi.org/10.7554/eLife.62018
http://dx.doi.org/10.1016/s0022-2836(05)80360-2

	Footprints in the Sno: investigating the cellular and molecular mechanisms of SNORD116
	1. Introduction
	2. Sequence, structure and transcription of SNORD116
	3. Models for SNORD116
	3.1. Mouse models
	3.2. Cell models

	4. Functional effects of SNORD116
	4.1. Cell proliferation, differentiation and survival
	4.2. Hypertrophy
	4.3. Metabolism

	5. Signalling pathways
	5.1. Insulin and insulin-like growth factor signalling
	5.2. PI3 kinase signalling

	6. Mechanism of action
	6.1. RNA binding
	6.2. Methylation
	6.3. Alternative splicing

	7. Conclusions and future perspectives


