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Abstract

The eutherian-specific SNORD116 family of repeated box C/D snoRNA genes is suspected to play a major role in the
Prader–Willi syndrome (PWS), yet its molecular function remains poorly understood. Here, we combined phylogenetic
and molecular analyses to identify candidate RNA targets. Based on the analysis of several eutherian orthologs, we found
evidence of extensive birth-and-death and conversion events during SNORD116 gene history. However, the consequences
for phylogenetic conservation were heterogeneous along the gene sequence. The standard snoRNA elements necessary
for RNA stability and association with dedicated core proteins were the most conserved, in agreement with the hypoth-
esis that SNORD116 generate genuine snoRNAs. In addition, one of the two antisense elements typically involved in RNA
target recognition was largely dominated by a unique sequence present in at least one subset of gene paralogs in most
species, likely the result of a selective effect. In agreement with a functional role, this ASE exhibited a hybridization
capacity with putative mRNA targets that was strongly conserved in eutherians. Moreover, transient downregulation
experiments in human cells showed that Snord116 controls the expression and splicing levels of these mRNAs. The
functions of two of them, diacylglycerol kinase kappa and Neuroligin 3, extend the description of the molecular bases of
PWS and reveal unexpected molecular links with the Fragile X syndrome and autism spectrum disorders.
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Introduction
Prader–Willi syndrome (PWS) is a neurobehavioral disorder
characterized by hypotonia, suck and feeding difficulties, and
failure to thrive in infancy followed by developmental delay,
short stature, hyperphagia that may cause morbid obesity
and behavioral and cognitive troubles (Bennett et al. 2015;
Butler et al. 2019; Muscogiuri et al. 2019). PWS is caused by
the absence of paternally expressed genes in the 15q11-13q
region. The� 2.5 Mb-long PWS locus is controlled by paren-
tal genomic imprinting, an epigenetic phenomenon where
genes are mostly or exclusively expressed from one parental
allele. The majority of PWS patients harbor large genetic
deletions on the paternal chromosome, whereas 20–30%
have maternal uniparental disomy and 1–2% have imprinting
disorders leading to the absence of expression of the paternal
genes (Ohta et al. 1999). Apart from several protein-coding
genes, the PWS locus exhibits two large tandem repeats of
C/D box snoRNA genes called SNORD116 and SNORD115,
each copy being hosted in one intron of the long noncoding
SNHG14 gene (fig. 1A). Although the genetic organization
and epigenetic control of these genes was identified early
(Cavaill�e et al. 2000; de los Santos et al. 2000; Meguro et al.
2001), their repetitive nature has made it difficult to identify
precisely their number, but accuracy increased with improve-
ments in genome sequencing. Interestingly, it is now

hypothesized that the number of SNORD115 and
SNORD116 gene copies varies among individuals, as recently
reported in mouse (Keshavarz et al. 2021). C/D box snoRNAs
represent an ancient family of small noncoding RNAs that
typically function as guides for the 20-O-methylation of ribo-
somal RNAs and small nuclear RNAs in Archaea and
Eukaryotes (fig. 1B). However, the eutherian-specific
Snord116 and Snord115 belong to the class of orphan
snoRNAs that lack apparent base complementarity with
usual RNA targets. Yet SNORD115 genes possess conserved
sequence complementarity with 5htr2c mRNA (Cavaill�e et al.
2000) that codes for a seven-transmembrane G-protein-cou-
pled receptor involved in serotonin signaling. Interestingly,
molecular studies evidenced that Snord115 snoRNAs pro-
mote alternative splicing and editing of this mRNA (Vitali
et al. 2005; Kishore and Stamm 2006), which could contribute
to the PWS phenotype (Doe et al. 2009; Morabito et al. 2010).
Conversely, no clear molecular function has emerged for
SNORD116 genes, whereas their function might be of rele-
vance for PWS: they are located in the minimal region that is
absent in PWS patients harboring microdeletions (Sahoo et al.
2008; de Smith et al. 2009; Duker et al. 2010; Tan et al. 2020)
and the knockout of the Snord116 cluster in mouse models
largely recapitulates the PWS phenotype (Skryabin et al. 2007;
Ding et al. 2008; Polex-Wolf et al. 2018; Adhikari et al. 2019).
Accordingly, efforts have been made to elucidate their
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molecular function. Transcriptome analyses of Snord116
knockout mice have revealed hundreds of differentially
expressed genes (Bochukova et al. 2018; Coulson et al. 2018;
Pace et al. 2020). In addition, transient overexpression of
Snord115 and/or Snord116 via artificial constructs influenced
the expression level of numerous genes in cell lines (Falaleeva
et al. 2015). Although these data are consistent with a com-
plex pathological condition, to date they provided little in-
formation about the molecular targets of Snord116 snoRNAs.
On the other hand, computational predictions of snoRNA
targets such as realized by SNOTARGET (Bazeley et al. 2008)
or PLEXY (Kehr et al. 2011) have proposed that Snord116 can
hybridize with multiple cellular RNAs. Of note, SNOTARGET
predictions included the Ankrd11 mRNA that encodes a
chromatin regulator essential for neural development
(Gallagher et al. 2015) and a recent study suggested that its
expression correlates with the number of Snord116 gene cop-
ies in mouse (Keshavarz et al. 2021). Another study comput-
ing snoRNA targets has predicted that Snord116 methylate
human 18S at position U1162 (Kehr et al. 2014), but an ex-
perimental validation is pending. In the last years, several
molecular studies have interrogated RNA–RNA interactions
using high-throughput methods. A comprehensive collection
of these data has been recently released, called the RISE data-
base (Gong et al. 2018), which proposes candidate interac-
tions of human Snord116 snoRNAs with several C/D and H/
ACA snoRNAs, mRNAs, and lncRNAs. However, again, no
experimental validation has been provided to date. In addi-
tion, defects in prohormone processing were suspected in
PWS after observation of decreased expression of the prohor-
mone convertase gene PCSK1 and its associated regulator
NHLH2 in patient-derived induced pluripotent stem cells
(iPSCs) and in Snord116 knockout mice (Burnett et al.
2017). Yet the existence of altered Pcsk1 expression in the
hypothalamus of Snord116 knockout mice was not confirmed
in another work (Polex-Wolf et al. 2018). The possibility of a
direct interaction with the Nhlh2 mRNA was nevertheless
proposed recently; if the theoretical interaction energy is
modest in Human and questionable in mouse, the hypothesis
was partially supported by overexpression experiments in
mouse cells (Kocher et al. 2021). Alternatively, it can be hy-
pothesized that a function of the SNORD116 cluster other
than snoRNA production is involved in the pathology. First, it
is suspected that C/D snoRNA gene clusters help elicit pa-
rental genomic imprinting at the local level in association
with their repetitive structure (Labialle and Cavaill�e 2011).
The SNORD116 cluster hosts several binding sites for the
ZNF274 protein that are important for local epigenetic regu-
lation during development (Cruvinel et al. 2014). Very inter-
estingly, a knockout of the ZNF274 gene or of the ZNF274
protein binding sites at the SNORD116 locus partially rescued
expression of the silent maternal SNORD116 alleles in neurons
derived from PWS iPSCs (Langou€et et al. 2018, 2020).
Furthermore, the SNORD116 cluster generates a set of long
noncoding RNAs (lncRNAs) including sno-lncRNAs that are
thought to sequester nuclear proteins in human pluripotent
cells (Yin et al. 2012; Wu et al. 2016), but whether these RNA
species are involved in PWS has not yet been tested.

Several rare genetic conditions share features with PWS
including maternal uniparental disomy of chromosome 14,
Xq27-qter disomy, 1p36 monosomy, deletion of 6q, of 2pter,
of 3p26.3, of 10q26, duplication of Xq21, of Xq23-q25, and
fragile X syndrome (FXS), among others (Cheon 2016). The
main clinical manifestations include hypotonia, obesity, au-
tism spectrum disorders (ASD), and intellectual disability. As
the genetic basis of these disorders differs, one or several
dysregulated genes are expected to be involved in pathways
that control the development of the PWS phenotype. FXS is
caused by the expansion of a trinucleotide repeat in the FMR1
gene that codes for the FMRP protein, is characterized by
intellectual disability, ASD, and has distinctive physical fea-
tures (Hagerman et al. 2017). FMRP potentially regulates the
translation of hundreds of mRNAs, many of which are in-
volved in neuronal synaptic connections. The diacylglycerol
kinase kappa (Dgkk) mRNA was relatively recently identified
as a major effector of FMRP function (Tabet et al. 2016). The
DGKK gene controls the balance between diacylglycerol and
phosphatidic acid signaling pathways and its deficit leads to
synaptic and dendritic alterations reminiscent of FXS symp-
toms in mouse (Tabet et al. 2016). Until now, the proximity
between FXS and PWS conditions has been linked to the
genetic location of the CYFIP1 gene at the proximal border
of the PWS locus. This biallelically expressed gene codes for a
cytoplasmic protein that interacts with FMRP and mediates
its translational effects (Napoli et al. 2008; De Rubeis et al.
2013) and Cyfip1 haploinsufficiency has been reported to
provoke abnormal neurogenesis and Fragile X-like pheno-
types in mouse models (Bozdagi et al. 2012; Haan et al.
2021). In agreement, the paternal copy of CYFIP1 could be
lost, or not, in patients harboring 15q11-q13 deletions (Chai
et al. 2003). Conversely, around 10% of FXS patients harbor a
Prader–Willi phenotype (PWP-FXS) including obesity and hy-
perphagia, delayed puberty, infant hypotonia, and ASD with
no evidence of a 15q11-q13 defect (Nowicki et al. 2007;
Juriaans et al. 2021). Interestingly, one study reported a de-
crease in CYFIP1 gene expression in some PWP-FXS patients
(Nowicki et al. 2007). However, the mechanisms underlying
PWP-FXS and Prader–Willi-like disorders remain unclear.

The molecular functions of the SNORD116 genes and their
involvement in PWS are still enigmatic. Whether all or only a
certain number of SNORD116 gene copies are functional is
also unclear. The aim of the present study was thus to address
these questions using a combination of phylogenetic and
functional approaches.

Results

Phylogenetics of SNORD116 Genes
To better understand the evolutionary constraints that
shaped SNORD116 history, we conducted phylogenetic anal-
ysis of the 394 gene sequences found at PWS loci in 16 species.
The sequences are listed in supplementary table S1,
Supplementary Material online. The species were chosen
for their distribution over the eutherian tree as well as for
the reliability of the nucleotide sequences obtained from ge-
nomic and transcriptomic data. Remarkably, the number of
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paralogs varied between six in pig and 79 in mouse (fig. 2A).
The variation concerns closely related species such as Human
and chimpanzee (29 vs. 22 genes; last common ancestor
�6.65 Ma) or mouse and rat (79 vs. 18 genes; last common
ancestor �20.9 Ma), which supports the hypothesis that a
gene birth-and-death process has been extremely active, as
previously proposed (Zhang et al. 2014). The p-distance be-
tween paralog sequences ranges from very low in hedgehog
to the highest score in pig, reinforcing the hypothesis of a
complex evolutionary history that included species-specific
events. Still, paralog diversity tends to be higher in Primates
than in non-Primates (d¼ 0.186 6 0.034 vs. 0.099 6 0.066,
unpaired t-test P¼ 0.0072). Despite this, the mean p-distance
between human genes and genes from other species is glob-
ally independent of the species analyzed (d¼ 0.238 6 0.015
and 0.224 6 0.016 for Primates and non-Primates, respec-
tively; unpaired t-test P¼ 0.1541) and is therefore poorly re-
lated to evolutionary distance. To better describe this feature,
we generated an unrooted tree showing the relatedness of
the 394 homolog sequences and revealed an interlaced pat-
tern of orthologs that is prominent in Primates and Glires
(fig. 2B and supplementary fig. S1, Supplementary Material
online). In contrast, paralogs from mouse, rat, hedgehog, and
bat remain largely monophyletic, suggesting a surge of specific
gene copies in these species. To analyze the distribution of
nucleotide variation across gene sequences, we first generated
a consensus of the 394 homologs and reported the nucleotide
variability per position, that is, the percentage of occurrence
of nucleotides that differ from the main one at each position
(fig. 2C). The regions that classically contribute to snoRNA
biogenesis and stability, that is, the basal stem, the C/D boxes,
and the C0/D0 boxes are the most conserved ones, suggesting
that the SNORD116 genes form bona fide snoRNPs as already
proposed (Bortolin-Cavaill�e and Cavaill�e 2012). The variability
of sequences flanked by box C and box D0 and of those
flanked by box C0 and box D is similar (�0.18 variation per

nucleotide) but its distribution differs. Regular C/D snoRNAs
use stretches of nucleotides called antisense elements (ASEs)
located upstream of box D and box D0 to hybridize with their
target RNAs (fig. 1B). Generally, ASEs form 7- to 24-bp long
hybrids with their RNA target (Chen et al. 2007; Yang et al.
2016), but most of the interactions range between 10 and
17 bp. Thus, we defined the Snord116 ASEs ASE1 and ASE2 as
the 17-mer directly upstream of box D0 and box D, respec-
tively. According to this definition, ASE1 sequences are less
variable than ASE2 sequences (0.077 vs. 0.197 variations per
nucleotide, unpaired t-test P¼ 0.002), which opens the pos-
sibility that the two elements are not subject to the same
evolutionary constraints.

SNORD116 Homologs Organize in Subfamilies
The diversification of gene paralogs in subfamilies is an inter-
esting feature that could be linked to a process of pseudoge-
nization or neofunctionalization. In these cases, only a subset
of gene copies may still perform the ancestral function.
Human SNORD116 genes have been previously grouped in
subfamilies based on sequence similarity (Runte et al. 2001).
In order to test the conservation of these subfamilies, we used
pairwise sequence alignment and identity calculation of all
gene homologs. The p-distances are listed in supplementary
table S2, Supplementary Material online. First, we grouped
human genes using an inclusion threshold of d< 0.1, which
generated group I (SNORD116-1 to SNORD116-9), group II
(SNORD116-12 and SNORD116-14 to SNORD116-24), and
group III (SNORD116-25 and SNORD116-26). The remaining
gene copies constituted the outgroup. The prioritization of
grouping human genes was suggested by the fact that, as
described above, Primates exhibit a greater paralog diversity
than other clades. We then attributed each ortholog se-
quence to the closest human group using the same threshold.
Using this approach, group I harbored the highest number of
genes from the highest number of species, followed by group

A B

FIG. 1. (A) The human PWS locus contains maternally expressed (orange) and paternally expressed (blue) genes. Protein-coding genes are
represented as boxes and arrows indicate the sense of transcription. The C/D snoRNA genes are represented as thin lines. The drawing is not
to scale. (B) Representation of a box C/D snoRNA in standard interaction with RNA targets (in orange), that is, involving hybridization with the
ASEs positioned on the flanking 50 side of boxes D and D0 . The interaction usually allows modification of the target RNA(s) by the methyltransferase
fibrillarin (FBL), one of the core proteins associated with the snoRNA.
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Laurasiatheria

FIG. 2. Inter- and intraspecies phylogenetic comparison of the SNORD116 genes in 16 eutherian species. (A) The number of paralogs, within p-
distances and mean p-distance to Human are given for each species (SD, standard deviation). The dendrogram was generated by TimeTree (Kumar
et al. 2017). (B) Phylogenetic tree of the 394 gene homologs. Dotted lines indicate the presence of gene copies from different clades. (C) Consensus
sequence of the 394 gene homologs. The most frequent nucleotide is given at each position, and the graph shows the percentage occurrence of the
other nucleotides. The basal stem, the C, C0 , D, and D0 boxes are boxed and the ASE1 and ASE2 sequences are underlined.
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II (fig. 3A). Conversely, group III was found only in Primates
and likely appeared more recently (fig. 3B). Therefore, if it is
still not totally clear due to their complex evolutionary his-
tory, it is plausible that the SNORD116 genes originated from
an ancestor related to current group I. Interestingly, most
sequences in the outgroup—including those coming from
Laurasiatherias—were closer to group I than to the groups
II and III (supplementary table S2, Supplementary Material
online), this was confirmed by aligning the consensus sequen-
ces of the four groups (fig. 3C). Alignment also showed that
the main differences between groups come from the region
between box C and ASE1, dominated by a variation in the size
of an A-rich stretch, and from the region between box C0 and
ASE2. To be noted, consensus ASE1 sequences are identical in
group I and in the outgroup, whereas the consensus ASE2
sequences share the ten last nucleotides, which mainly
explains why these two groups are located close to one
another.

Genes from each group are distributed from proximal to
distal position on human chromosome 15 in a rather orderly
manner (Runte et al. 2001). A similarity-based comparison
with other primate genomes revealed that the consecutive
distribution of the gene groups is largely conserved (supple-
mentary fig. S2, Supplementary Material online), suggesting
its presence in a primate ancestor. It also suggests the con-
stitution and maintenance of the subfamilies by nearby du-
plication and/or another mode of local exchange of gene
copies. In this sense, the evolutionary history of SNORD116
genes in Primates appears to be more conservative than pre-
viously thought.

To investigate whether the existence of SNORD116 sub-
families could be linked to functional diversification, we ana-
lyzed the level of expression of SNORD116 copies in human
tissues (supplementary fig. S3, Supplementary Material

online). High-throughput quantification of small- and
medium-size noncoding RNAs is often complicated by the
fact that sequence reads correspond to incomplete gene
annotations. This could be the result of endogenous process-
ing of full-length snoRNAs that generated stable fragments,
but also of technical biases including poor reverse transcrip-
tion efficiency due to the presence of secondary structures or
nucleotide modifications on RNA templates. Consequently,
we used recent data generated by the thermostable group II
intron reverse transcriptase (TGIRT)-seq method where only
reads that cover full-length gene annotations were considered
(Fafard-Couture et al. 2021). TGIRT reverse transcriptases ex-
hibit higher fidelity and processivity than conventional
enzymes (Nottingham et al. 2016). Moreover, the data pipe-
line included a read assignment correction (Deschamps-
Francoeur et al. 2019) that addresses the challenge of multi-
mapping issues concerning repeated sequences. The cumu-
lative expression level from seven adult tissues revealed
marked variation among SNORD116 copies (supplementary
fig. S3A, Supplementary Material online). This pattern of ex-
pression cannot be explained by a difference in RNA stability
coming from the basal stem or the C/D and C0/D0 boxes, as
these elements are strictly conserved in all human copies
except for two nucleotides in the SNORD116-12 copy.
Therefore, with the exception of the latter, whose poor ex-
pression could be due to the presence of a C instead of an A
that destabilizes the basal stem, it seems that the regulation of
expression of each gene copy may be partially independent.
Globally, the expression of genes in groups I and II dominated
in each tissue analyzed, whereas expression of the other genes
was weak or absent (supplementary fig. S3B, Supplementary
Material online). Whether the latter are robustly expressed in
a subset of tissues that has not yet been tested or are poorly
expressed in a constitutive manner remains an open

A

C

B

FIG. 3. Identification of SNORD116 gene subfamilies. (A) Number of homolog genes for each human gene copy and the number of species to which
they belong. (B) Distribution of gene groups in the species tree. (C) Alignment of the consensus sequences of group I (181 genes), group II (51
genes), group III (8 genes), and the 154 outgroup genes. ASE1 and ASE2 sequences are in bold.
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question. Interestingly, group II genes were significantly more
expressed than group I genes in prostate and liver while sim-
ilarly expressed in the other tissues. Although the data should
be interpreted with caution due to the limited number of
samples, this variable pattern of expression supports the hy-
pothesis of a process of neofunctionalization of the human
SNORD116 genes.

Microevolution of the SNORD116 Genes in Human
To gain more insights into the history of the SNORD116
genes, we analyzed the occurrence of single-nucleotide poly-
morphisms (SNPs) in human populations. We collected data
from the high-quality 1000 Genome data set that contains
121 single polymorphic sites concerning SNORD116 copies.
Of these, only four SNPs are shared by African, American, East
Asian, European, and South Asian populations, whereas there
was a high prevalence of rare variants, as 93 SNPs (77%) have a
minor allele frequency <0.001 (for more details, see supple-
mentary table S3, Supplementary Material online).
Accordingly, numerous SNPs were found to be singletons
or specific to a population (fig. 4A). If not due to sequencing
errors and according to evolutionary considerations, the pres-
ence of numerous SNPs that are infrequent could have several
causes, for example, purifying selection, selective sweep, pop-
ulation expansion or a combination of these events. As se-
lection could reduce the level of polymorphism in
functionally important regions, we then compared the SNP
density of different SNORD116 regions (fig. 4B). The basal
stem and the C/D and C0/D0 boxes harbored a low level of
polymorphism as could be expected for important structural
elements. Strikingly, SNP density was lower at ASE1 than at
ASE2 (21 vs. 42, Khi test P¼ 0.008). To better understand this
difference, we investigated the origin of the polymorphisms
by analyzing their position on an alignment of the human
gene copies. Interestingly, of the 99 events that occurred at
conserved positions, 66 corresponded to a paralogous se-
quence variant (PSV) in another copy (supplementary fig.
S4, Supplementary Material online). Considering the 46 dia-
llelic positions of the alignment, that is, positions with only
two different nucleotides on all paralogs, we found significant
overrepresentation of 31 PSVs (Fisher’s exact test P¼ 0.0016).
Likewise, the difference in the SNP load on the ASE1 and ASE2
sequences was mainly due to overaccumulation of PSVs (11
vs. 32, Khi test P¼ 0.001) but not of point mutations (8 vs. 5).
These data suggest that SNPs do not arise only by point
mutation but also via gene conversion events that transfer
them from donor to acceptor copies. Indeed, one feature of
gene conversion is the prevalence of shared nucleotides at
paralogous positions. Strikingly, the frequency of SNPs along
the consensus gene sequence correlated positively with the
level of nucleotide variation between paralogs (fig. 4C;
Pearson correlation r2¼ 0.482, P¼ 4E-7). Again, this observa-
tion fulfills the criteria of gene conversion events whose fre-
quency is likely homogeneous along the gene sequence but
whose detection depends on the level of nucleotide variation
between donor and acceptor copies.

Strong Conservation of a Subset of ASE1 Sequences
The difference in the level of sequence variation at ASE1 and
ASE2 is not only found in Human but in most species ana-
lyzed (supplementary fig. S5A, Supplementary Material on-
line, paired t-test P¼ 0.0005). To go further, we evaluated if
these sequences are conserved between species. We first per-
formed a pairwise comparison between species for each ASE.
Overall, we found greater p-distances between ASE2 than
between ASE1 elements (fig. 5A and supplementary table
S4, Supplementary Material online). Unrooted trees present-
ing the relatedness of the ASE homologs confirmed the more
disperse pattern of ASE2 sequences compared with ASE1
sequences, including the presence of several species-specific
leaves (supplementary fig. S5B, Supplementary Material on-
line). In theory, a duplicated pair of paralog genes could tol-
erate sequence variation, leading to pseudogenization or
neofunctionalization of one copy whereas the other main-
tains the ancestral function. This prompted us to investigate
whether interspecies conservation of ASE sequences exists.
On the 394 homolog genes, we found 62 and 107 unique
ASE1 and ASE2 sequences, respectively, that are highly het-
erogeneous in their distribution pattern: although 35 ASE1
and 55 ASE2 sequences occur only once, a limited number of
sequences are found in many genes and species, and only six
sequences are shared by at least four species (fig. 5B–D and
supplementary table S5, Supplementary Material online). By
far the most frequent sequence corresponds to an ASE1 ele-
ment shared by 184 genes belonging to group I or to the
outgroup, whereas the other sequences shared by at least four
species are found in Primates (plus one ASE1 sequence in
guinea pig and bat). As an example of the extreme conserva-
tion of this sequence, it was found to be present in all 79
paralogs in mouse, whereas they harbored 14 different ASE2
sequences. Overall, the sequence was present in 13 out of the
16 species studied and, in the three other species, a single-
nucleotide substitution was found in all SNORD116 copies in
hedgehog and in SNORD116-1 copy in mouse lemur, whereas
two substitutions and one deletion are present in the
SNORD116-1, SNORD116-2, SNORD116-5, and SNORD116-6
copies in pig (fig. 5D). As it is widely found in eutherian spe-
cies, we named this sequence ASE1-Euth. In conclusion, it is
likely that the ASE2 elements undergo relaxed selection com-
pared with ASE1 thereby enabling the formation of a larger
repertoire of sequences that are mainly monophyletic.
Conversely, one ASE1 sequence dominated, likely the result
of a selective effect. Taken together, the data suggest a sce-
nario where the selective maintenance of an ASE1 sequence
combined with the horizontal transfer by gene birth-and-
death and conversion events explain the fact that the reper-
toire of ASE1 sequences is drastically reduced compared with
the ASE2 repertoire, with the ASE1-Euth sequence behaving
as a stable attractor.

Conservation of ASE1–RNA Hybridization Potentials
The conservation of primary structures in noncoding RNAs
often underlies their ability to hybridize with complementary
RNAs, and not only regular C/D snoRNAs but also orphan
ones may use this strategy to affect RNA targets in various
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FIG. 4. Characterization of the 1000 Genome data set SNPs present on the SNORD116 genes. (A) SNP occurrence in five human populations. SNP
count per population (and the percentage relative to the total SNP count), SNP count specific to each population or occurring as singletons (and
the percentage relative to the specific SNP count) are given. (B) SNP density at the different snoRNA regions. The density of paralogous variants
(PSV) is shown in orange, the density of non-PSVs (de novo) is shown in gray. (C) The proportion of sequence variation between human paralogs
and SNP density is reported on the consensus sequence of human genes (with the exception of the SNORD116-10 sequence).
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FIG. 5. Conservation of ASE1 and ASE2 sequences of the SNORD116 genes. (A) P-distances between ASE1 or ASE2 sequences grouped per species.
(B) Occurrence of ASE1 or ASE2 sequences per genes and per species. The gene count includes paralog and ortholog genes. (C) List of the ASE1 and
ASE2 sequences found in at least four out of the 16 species analyzed. The reference gene is defined as the proximal one in the human SNORD116
cluster or in the species closest to Human in the gene tree. The homolog count includes paralog and ortholog genes. O, outgroup. (D) Alignment of
the ASE1-Euth sequence found in 13 species and its closest variant in hedgehog (Eeu), mouse lemur (MiM), and pig (Ssc).
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ways. As C/D snoRNA–rRNA interactions largely involve hy-
bridization between perfect or close complementary sequen-
ces, we used a simple BLAST approach to test the potential of
Snord116 ASE sequences to hybridize with cellular RNAs. We
used two high-quality RNA data sets, the Ensembl human and
mouse transcript collections. Indeed, we hypothesized that
some SNORD116 copies have similar molecular functions in
the two species, as the phenotypic consequences of
SNORD116/Snord116 deficiencies in patients and mouse mod-
els largely overlap. As a control experiment, we performed the
same analysis with Snord115 ASE elements and found only
one conserved complementarity between most ASE2 sequen-
ces and the 5htr2c mRNA, as documented previously (Cavaill�e
et al. 2000). Concerning Snord116, we found 80 and 111 RNAs
that could hybridize with the ASE1 sequences and 25 and 214
RNAs that could hybridize with the ASE2 sequences in Human
and mouse, respectively. We did not consider the ASE1 se-
quence of the human SNORD116-10 gene (50-
TTTTTTTTTTTGGAAAG-30) that exhibited low complexity
and, in consequence, association with 453 RNAs. More infor-
mation concerning these RNAs is available in supplementary
table S6, Supplementary Material online. We found three
RNAs shared by the two species: Dgkk, Neuroligin 3 (Nlgn3)
and the Round spermatid basic protein 1 like (Rsbn1l) mRNAs.
The Dgkk interaction sites are located in the middle of exon
8 at a position that could also be used to generate a circular
RNA by back splicing (circBase, hsa_circ_0140367), close to
the intron2–exon3 junction for Nlgn3 at a position that could
also be used for the production of a circular RNA (circBase,
hsa_circ_0090986), and on the last exon for Rsbn1l (fig. 6A).
Interestingly, the theoretical stability of these interactions is in
the same range as that observed in regular C/D snoRNA–
rRNA hybrids (fig. 6B). In addition, the interactions are largely
conserved: in most species, the best interaction in terms of
energy of hybridization and conservation occurs between the
ASE1-Euth sequence and the Dgkk mRNA. In hedgehog and
pig where ASE1-Euth is absent, a silent U to C substitution in
the Dgkk mRNA sequence is offset by A to G substitution in
the ASE1 sequence (for all Snord116 copies in hedgehog and
for the Snord116-1, -2, -5, and -6 in pig; fig. 6C). Concerning
Nlgn3 mRNA, the best interaction involves the ASE1 from
Group II genes, except in Glires and bat where it involves
the ASE1-Euth sequence. It should be noted that guinea pig
is the only species in which hybridization with Rsbn1l was not
found. Finally, to test whether other Snord116 regions could
have a hybridization potential, we repeated the analysis by
scanning entire snoRNA sequences. We performed Blast anal-
yses of 17-mers using a sliding window of 1 nt covering gene
sequences close to the consensus of paralog copies: the human
SNORD116-3 gene and the mouse Snord116-2 gene. However,
no region other than ASE1s displayed a hybridization potential
with ortholog RNAs from the two species (data not shown).

Snord116 snoRNAs Control the Expression Level of
the mRNA Targets
To test the existence of a functional effect, we used a human
HeLa S3 cell line to evaluate the capacity of Snord116
snoRNAs to affect the expression of the candidate mRNA

targets. We transiently transfected chimeric RNA–DNA anti-
sense oligonucleotides (ASO) called Gapmers to knockdown
SNORD116 expression (fig. 6D, top left). Upon interaction by
base-pair complementarity, Gapmers elicit potent RNase H-
dependent cleavage of the RNA target. We observed a�50%
decrease in Snord116 expression 24 h after transfection ex-
pression (fig. 6D, bottom left). This effect was similar for
snoRNAs produced by group I genes (SNORD116-1 to
SNORD116-9) and produced by group II genes (genes
SNORD116-14 to SNORD116-22). However, we observed no
significant alteration of the level of Snhg14 RNAs produced by
the host SNHG14 gene or of the Snord115 snoRNAs whose
gene cluster sited in the close vicinity of the SNORD116 clus-
ter, suggesting that the destabilization of Snord116 did not
affect the expression of the surrounding genes. In contrast, we
observed a significant increase in the level of Dgkk, Nlgn3, and
Rsbn1l mRNAs. We also observed a significant increase in
exon3 inclusion concerning Nlgn3 mRNA (fig. 6D, right),
whereas the inclusion of Dgkk exon 8 was not affected
(data not shown). The Snord116 interaction site at the 50

side of Nlgn3 exon 3 overlaps a predicted exon splicing en-
hancer (ESE). To confirm this status, we constructed an Nlgn3
mini-gene vector and by mutating this sequence, we observed
that it indeed promotes exon 3 inclusion (supplementary fig.
S6, Supplementary Material online). As we failed to find a cell
line that expresses the circular forms of the Dgkk and Nlgn3
RNAs, we were unable to test the effect of Snord116 on these
isoforms. In conclusion, these experiments confirmed that the
mRNAs identified in the interaction screen can be considered
as robust candidate effectors of Snord116 function.

Discussion
Today, knowledge of the molecular functions of the Snord116
snoRNAs remains poor despite the considerable attention
they have received since they were shown to belong to the
minimal region deleted in PWS patients (Gallagher et al.
2002). Our phylogenetic analysis confirmed the complex his-
tory of the SNORD116 genes dominated by birth-and-death
processes as already identified (Zhang et al. 2014), but also
provides evidence of pervasive gene conversion events. Our
analysis confirms the existence of three subfamilies in
Primates and, based on their relative conservation, it could
be hypothesized that the ancestral SNORD116 gene relates to
group I. The syntenic position of the subfamilies is largely
maintained, suggesting that events of gene conversion be-
tween highly similar copies have dominated events between
more divergent copies. Such an inverse relationship between
the rate of gene conversion and the distance between dupli-
cates has been already documented in the human genome
(Harpak et al. 2017).

Despite these events, the core snoRNA elements (i.e., basal
stem and C/D boxes) as well as a subset of ASE1 sequences
exhibit strong conservation, suggesting functionality. These
observations prompted us to test three hypotheses to identify
SNORD116 functions: 1) Snord116 use their ASEs (at least
ASE1) to hybridize with one or several RNA targets, as do
regular C/D snoRNAs or orphan snoRNAs such as Snord115,
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FIG. 6. Expression of SNORD116 affects the expression and splicing of the predicted mRNA targets. (A) Predicted Snord116-target RNA inter-
actions. The D0 box is shown in bold. On the mRNA side, the nucleotide involved in regular splicing and circularization are indicated by closed and
open arrows, respectively. The sequence corresponding to Nlgn3 intron 2 is written in lower case. (B) Theoretical hybridization energies for regular
snoRNA–rRNA interactions and for the interaction between snord116 snoRNAs and the indicated mRNAs in Human. (C) Predicted interactions
and their energy of hybridization per species. The sequences harboring nucleotide substitutions in hedgehog and pig are shown in bold. (D) Upper
left panel, position of complementarity between the central part of human SNORD116 consensus sequence and the ASO-116 Gapmer sequence
(highlighted in grey); for a complete view of the alignment and consensus, see supplementary figure S4, Supplementary Material online. Lower left
panel, RNA levels following 24 h of treatment with control ASO or ASO-116 (mean6SD of six biological replicates; *P< 0.05, **P< 0.01, two-tailed
Wilcoxon–Mann–Whitney test). Upper right panel, representation of the two Nlgn3 isoforms generated by inclusion or exclusion of exon 3. The
snord116 (in red) could hybridize with the 50 extremity of exon 3. Lower right panel, RT–qPCR assays of the Nlgn3 isoforms.
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2) variations in ASE sequences allow different Snord116 cop-
ies to target different RNAs; some interactions are hypothe-
sized to be conserved, whereas other could be species-specific,
and 3) some RNA targets are found in both Human and
mouse, as the absence of SNORD116/snord116 gene expres-
sion leads to largely overlapping phenotypes in these species.
Following these hypotheses, we indeed identified a conserved
hybridization potential with the Dgkk, Nlgn3, and Rsbn1l
mRNAs. The best interaction in terms of conservation and
hybridization energy involves the Dgkk mRNA and the highly
conserved ASE1-Euth sequence. In pig and hedgehog, this
interaction is maintained via reciprocal substitutions, suggest-
ing that a subset of ASE1 sequences has undergone adapta-
tion to the modification of the mRNA sequence. Unlike the
Dgkk and Rsbn1l mRNAs, in Primates the best interaction
potential with the Nlgn3 mRNA involves an ASE1 variant
mostly found in group II genes and only to a lesser extent
the ASE1-Euth found in group I genes. Moreover, these two
gene groups may have variable expression levels in human
tissues as suggested by the analysis of TGIRT-seq data.
Therefore, these two hallmarks of neofunctionalization
open the possibility that the effects on mRNA targets vary
depending on the SNORD116 copies that are expressed, en-
abling fine tuning. To gain in consistency, this hypothesis
merits studies to scrutinize SNORD116 functions at a subclus-
ter scale.

We transiently repressed the expression of SNORD116
genes in human cells by using chimeric RNA–DNA ASO
called Gapmers to confirm the target status of the candidate
mRNAs. Gapmers allow rapid depletion thereby favoring the
detection of direct effects and have already demonstrated
their efficiency and selectivity in several categories of small
noncoding RNAs (Liang et al. 2011) including C/D snoRNAs
such as Snord83b in a human cell line (Sharma et al. 2016)
and Snord116 in mouse (Meng et al. 2015). We selected the
cervix carcinoma HeLa S3 cell line to perform these experi-
ments because it allows high transfection efficiency and
expresses, even modestly, all the RNAs of interest. It should
be stressed that the Snord116 snoRNAs are highly and sim-
ilarly expressed in cerebral and uterine tissues in Human
(Cavaill�e et al. 2002). The alteration of mRNA levels caused
by SNORD116 downregulation needs to be confirmed using
complementary approaches that goes beyond the scope of
the present study. It will be important to identify direct RNA–
RNA interactions in tissues that are relevant for SNORD116
physiopathology, as well as to confirm a functional effect at
the organismal level, for example, in mouse models. To go
further, we invite readers to consult recent reviews that pro-
vide an extended discussion on the identification of snoRNA
functions (Bergeron et al. 2020; Bratkovi�c et al. 2020; Baldini
et al. 2021). These approaches could represent a long but
necessary effort. Indeed, it is not the first time that a candi-
date interaction has been identified between a C/D snoRNA
and an mRNA: the Snord115 snoRNAs have been proposed
to regulate splicing and/or editing of 5htr2c mRNAs based on
studies largely dependent on artificial overexpression
approaches (Vitali et al. 2005; Kishore and Stamm 2006;

Raabe et al. 2019). However, clear in vivo evidence using func-
tional invalidation approaches is pending (Hebras et al. 2020).

We also observed that Snord116 levels affect the pattern of
expression of Nlgn3 isoforms. This effect could be the result of
two processes: interaction with Nlgn3 exon 3 in the close
vicinity of the splicing site could decrease its usage if it oc-
curred on the pre-mRNA, for example, by masking an ESE
element, and/or the RNA isoforms that possess a Snord116
hybridization site (i.e., that include exon 3) may be destabi-
lized by the interaction, as is likely the case for the Dgkk and
Rsbn1l mRNAs. Both scenarios deserve further study includ-
ing dissection of the molecular mechanisms used by a
snoRNA to alter mRNA stability and splicing. It would also
be interesting to test the role played by Snord116 in the
production of circular forms of Dgkk and Nlgn3 RNAs in
appropriate biological models. Indeed, circular RNA is an
emerging class of RNA with a large set of functions (Chen
2020) whose expression is particularly enriched in the brain
(Gokool et al. 2020) and may therefore be implicated in PWS
etiology.

DGKK and NLGN3 are important genes for cerebral func-
tions whereas the RSBN1L gene has no identified function.
DGKK has been recently proposed to play a major role in FXS
as the main target of the FMRP protein (Tabet et al. 2016).
NLGN3, a member of the neuroligin family involved in the
formation of functional synapses, is a candidate gene for au-
tism (Jamain et al. 2003; Ellegood et al. 2015; Quartier et al.
2019). A Nlgn3 knockout model in mouse exhibits phenotypic
hallmarks of FXS (Baudouin et al. 2012) and it was recently
suggested that an NLGN3/CYFIP1/FMR1 pathway contributes
to ASD (Sledziowska et al. 2020). In addition, it has been
shown that loss of Nlgn3 impacts oxytocin signaling in dopa-
minergic neurons leading to altered behavioral responses to
social novelty tests in mouse (Hörnberg et al. 2020).
Interestingly, dysfunction of the oxytocin system has been
also reported in PWS patients (Kabasakalian et al. 2018)
and has been the target of recent clinical trials (Rice et al.
2018). In addition, the function of Nlgn3 splice isoforms is
starting to be evaluated and exclusion of exon 3 was recently
proposed to increase inhibitory synaptic transmission
(Uchigashima et al. 2020) that is reminiscent of the imbalance
between inhibitory and excitatory neural circuits that under-
lies some of the clinical manifestations of PWS (Ates et al.
2019) and FXS (Hagerman et al. 2017). Therefore, the data
provided here suggest that both syndromes involve deregu-
lation of a common set of mRNAs, which warrants further
analyses.

Finally, we believe that the strategy applied here could help
identify the molecular targets of other tandem repeat orphan
C/D snoRNA genes, such as the eutherian-conserved
SNORD113 and SNORD114 clusters located at the imprinted
DLK1-DIO3 locus (human chromosome 14q32). This locus is
associated with Temple syndrome (TS) and Kagami–Ogata
syndrome (Prasasya et al. 2020) and the identification of
SNORD113 and SNORD114 targets is considered a priority
for understanding these syndromes (Prasasya et al. 2020).
Moreover, another tandem repeat family found only in rat
(Cavaill�e et al. 2001) opens the possibility that other
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unsuspected clusters remain to be discovered in little-studied
genomes. Identifying their molecular functions will also be
important to understand the puzzling presence of this un-
usual feature of eutherian genomes.

Materials and Methods

Identification of SNORD116 Gene Sequences
We selected 16 eutherians species: Human (Homo sapiens,
Hsa), chimpanzee (Pan troglodytes, Ptr), rhesus macaque
(Macaca mulatta, Mml), marmoset (Callithrix jacchus, Cja),
mouse lemur (Microcebus murinus, MiM), greater galago
(Otolemur garnettii, Oga), northern treeshrew (Tupaia belan-
geri, Tbe), mouse (Mus musculus, Mmu), rat (Rattus norvegi-
cus, Rno), kangaroo rat (Dipodomys ordii, Dor), squirrel
(Spermophilus tridecemlineatus, Str), guinea pig (Cavia porcel-
lus, Cpo), Rabbit (Oryctolagus cuniculus, Ocu), pig (Sus scrofa,
Ssc), brown bat (Myotis lucifugus, Mlu), and hedgehog
(Erinaceus europeus, Eeu). To obtain SNORD116 gene sequen-
ces, we combined data from whole-genome annotations us-
ing the UCSC (genome.ucsc.edu) and Ensembl (www.
ensembl.org/index.html) genome browsers and from the
snoRNA databases snoRNA-LBME-db (Lestrade and Weber
2006) and snOPY (Yoshihama et al. 2013). We only collected
sequences from SNRPN-UBE3A loci. The genome assemblies
used were GRCh38.p13 for Human, Pan_tro_3.0 for chimpan-
zee, Mmul_10 for rhesus macaque, ASM275486v1 for mar-
moset, Mmur_2.0 for mouse lemur, OtoGar3 for greater
galago, TupBel1 for northern treeshrew, GRCm38 for mouse,
Rnor_6.0 for rat, DipOrd1 for kangaroo rat, SpeTri2.0 for
squirrel, Cavpor3 for guinea pig, OryCun2.0 for Rabbit,
Sscrofa11.1 for pig, Myoluc2.0 for brown bat, and EriEur2
for hedgehog. For each species, we checked the accuracy of
the annotations and identified gene copies that could have
been omitted in data sets using the BLAT/BLAST option of
the UCSC and Ensembl browsers. We also performed manual
curation to remove obvious pseudogenes. When the accuracy
of the genomic data allowed it, SNORD116 gene copies were
numbered from the proximal to the distal position on the
tandem repeat. On rare occasions, we removed short 50 and/
or 30 extensions from transcripts or gene annotations to avoid
distortion in gene sequence comparisons. The SNORD116
gene sequences are listed in supplementary table S1,
Supplementary Material online.

Phylogenetic Analyses
The sequences were aligned using the MUSCLE application in
EMBL-EBI (Madeira et al. 2019) with default parameters. The
number of base substitutions per site was estimated using
the MEGA X software by averaging between sequence
groups or overall sequence pairs in each group (Kumar
et al. 2018) using the Kimura 2-parameter model. The p-
distance corresponds to the proportion (p) of nucleotide
sites at which two sequences being compared differ and is
obtained by dividing the number of nucleotide differences by
the total number of nucleotides being compared. All ambig-
uous positions were removed for each sequence pair (pair-
wise deletion option). Variance was estimated using the

bootstrap method and 1,000 replicates. The phylogenetic
network was constructed with the SIMPLE application in
EMBL-EBI using a neighbor-joining clustering method and
the phylogenetic trees were generated using the iTOL tool
(Letunic and Bork 2019). Consensus sequences were gener-
ated from sequence alignments and the percentage of nu-
cleotide variation was calculated as 100�Nt/(Nt�Nm),
where Nt is the total nucleotide count and Nm is the major
nucleotide count at a given position in the alignment. For the
sake of clarity, nucleotide positions where gaps were equal to
or exceeded 75% of NT were removed. The proportion of
each nucleotide in the alignment is shown in supplementary
table S7, Supplementary Material online.

Prediction of SNORD116–RNA Interactions
We used the Ensembl interface to perform a BLASTN (ensem-
bl.org/Multi/Tools/Blast) search with distant homologies
(maximum hits: 5,000; maximal E-value: 10,000; word size
for seeding alignment: 5; match/mismatch: 1, �1; gap penal-
ties: opening: 0, extension: 2) testing human and mouse ASE
sequences against human and mouse cDNA (transcripts/
splice variants) collections, respectively.

Theoretical Energy of Hybridization
The energy of hybridization between RNA sequences was
calculated using the IntaRNA application (Mann et al.
2017). Bona fide interactions between human C/D
snoRNAs and 18S or 5.8S rRNAs were obtained at the
snoRNA-LBME-db.

Identification of Exon Splicing Enhancers/Silencers
and Circular RNA Splicing Sites
The presence of ESE and exon splicing silencers was estimated
using the ACESCAN2 web server (Yeo et al. 2005) and human
Splicing Finder software (Desmet et al. 2009). The sequence of
human circular RNAs was found using circBase (Gla�zar et al.
2014).

Cell Culture
Human cervix carcinoma HeLa S3 and embryonic kidney
Hek293 cells were grown in Dulbecco’s-modified Eagle’s
medium-high glucose (Sigma–Aldrich) supplemented with
10% fetal bovine serum (Dutscher), 1% penicillin/streptomy-
cin (Sigma–Aldrich) and 1% L-glutamine (Sigma–Aldrich).

Gapmer Transfection
A total of 200, 000 HeLa S3 cells were seeded per well in six-
well plates 24 h before transfection by Gapmer oligonucleo-
tides targeting human Snord116 RNAs (sequence 50-
TCACTCATTTTGTTCA-30) or control Gapmers (QIAGEN).
Transfection was performed using Lipofectamine 2000
(Invitrogen) at a final Gapmer concentration of 16 nM.
Samples were collected 24 h posttransfection for total RNA
extraction.

Total RNA Extraction and RT–qPCR
Total RNAs were collected using the miRNeasy mini kit
(QIAGEN) and extracted following the manufacturer’s
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recommendations. The extracted RNAs were quantified using
nanodrop 2000. After a DNase step, RNAs were reverse tran-
scribed using the Superscript III kit (Thermo Fisher Scientific)
following the manufacturer’s recommendations, using a mix
of oligo d(T), random hexanucleotides, and oligonucleotides
specific for Dgkk and Nlgn3 as primers. RNA expression level
was quantified by real-time quantitative PCR (RT–qPCR) us-
ing the iTaq Universal SYBR Green Supermix (Bio-Rad) and
StepOne Real-Time PCR system (Applied Biosystems). The
RT–qPCR primers used in this study are listed in supplemen-
tary table S8, Supplementary Material online.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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