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ABSTRACT

Small nucleolar RNAs (snoRNAs) are short non-
protein-coding RNAs with a long-recognized role in
tuning ribosomal and spliceosomal function by guid-
ing ribose methylation and pseudouridylation at tar-
geted nucleotide residues of ribosomal and small
nuclear RNAs, respectively. ShnoRNAs are increas-
ingly being implicated in regulation of new types
of post-transcriptional processes, for example rRNA
acetylation, modulation of splicing patterns, con-
trol of mMRNA abundance and translational efficiency,
or they themselves are processed to shorter stable
RNA species that seem to be the principal or al-
ternative bioactive isoform. Intriguingly, some dis-
play unusual cellular localization under exogenous
stimuli, or tissue-specific distribution. Here, we dis-
cuss the new and unforeseen roles attributed to
snoRNAs, focusing on the presumed mechanisms
of action. Furthermore, we review the experimen-
tal approaches to study snoRNA function, including
high resolution RNA:protein and RNA:RNA interac-
tion mapping, techniques for analyzing modifications
on targeted RNAs, and cellular and animal models
used in snoRNA biology research.

INTRODUCTION

Small nucleolar RNAs (snoRNAs) constitute a family of
short non-protein-coding RNAs (ncRNAs) enriched in the
nucleolus and best known for guiding posttranscriptional
modifications on ribosomal (rRNAs) and small nuclear
RNAs (snRNAs). In yeast, snoRNAs are almost exclu-
sively transcribed from independent promoters, as are the
majority of plant snoRNAs. In animals (nematodes, flies,
and mammals), however, snoRNAs are mostly embedded

in introns, typically following the ‘one-gene-per-intron’ rule.
Plant snoRNA genes display predominate organization in
polycistronic clusters, a feature also observed (albeit to a
much lesser extent) in yeast and Drosophila (1). Based on
the characteristic nucleotide motifs and association with
canonical partner proteins, snoRNAs are classified into ei-
ther C/D- (SNORD) or H/ACA-box (SNORA) subfami-
lies (2-4). C/D-box snoRNAs harbor the C (RUGAUGA,
where R is a purine base) and D (CUGA) short sequence
motifs that are brought in close proximity through the
formation of terminal stem structure, ultimately forming
the kink-turn structural element (Figure 1A) (3,5). Most
C/D-box snoRNAs contain an additional pair of often
less conserved C and D boxes, denoted C' and D', re-
spectively. This class of snoRNAs base pairs with tar-
get RNAs through a short (7-21 nucleotide) antisense el-
ement (ASE; also called guide region) located upstream
of the D and/or D’ boxes (Figure 1A). The characteristic
C/D-box snoRNA fold attracts partner proteins (primarily
Snul3 (formerly called 15.5K or NHP2L1), Nop56, Nop58
and the methyltransferase fibrillarin) and positions them
within the snoRNA ribonucleoprotein complex (snoRNP).
The partner proteins protect snoRNA from degradation
by exonucleases, thereby specifying its 5'- and 3’-ends, and
are required for nucleolar localization. Fibrillarin catalyzes
the site-specific transfer of methyl group from S-adenosyl-
methionine to the target RNA ribose 2’-hydroxyl group at
the nucleotide facing the fifth base counted upstream of
the D and/or D’ box motif (Figure 1). Based on structural
studies of archaeal homologues, C/D-box snoRNPs seem
to exist either as monomer assemblies (containing a sin-
gle snoRNA along with two copies of each protein part-
ner (or the Nop56/Nop58 homologue heterodimer); Fig-
ure 1A) or dimer assemblies (containing double amount of
each subunit; Figure 1B) (6). It should be noted, though,
that in vitro, SNU13 was found to only bind to the struc-
tural motif formed by C- and D-boxes (as opposed to the
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Figure 1. Structures of canonical C/D-box and H/ACA-box snoRNPs, and the modes of target RNA recognition (adapted from (6)). The monomer as-
sembly (A) and dimer assembly forms of C/D-box s(no)RNP (B). Blurred ovals depict alternative positions of fibrillarins within the monomer architecture.
(C) Schematic depiction of H/ACA-box snoRNP. Subunit color coding according to the legends in A and C (archeal orthologes of human proteins in
parenthesis). Structural models were drawn with ViewerLite (Accelrys): Saccharolobus solfataricus C/D RNPs (A: PDB ID 5GIO (13); B: ID 3PLA (14))
and Pyrococcus furiosus H/ACA RNP (C: ID 3HAY (15)). SnoRNAs are depicted in gray with C/C’- and D/D’-boxes in dark red and orange, respectively.

C’/D’-box motif) (7), suggesting the presence of a single
SNUI13 protein within the monomeric C/D-snoRNP as-
sembly. SnoRNAs of the H/ACA-box subfamily fold into
two hairpins with internal loops connected by a hinge re-
gion harboring the H motif (ANANNA, where N denotes
any nucleotide), and contain the ACA box within a short 3’
tail (Figure 1C) (3). The H/ACA-box snoRNAs’ antisense
region composed of two short nucleotide stretches (9-16
nt combined) is located in the internal loops of 5" and/or
3’ hairpins (8). Upon base pairing with the target RNA,
the uridine residue located opposite the 14th or 15th nu-
cleotide upstream of the H and/or ACA box motifs bulges
out into the pseudouridylation pocket of partner uridine
isomerase dyskerin. As with C/D-box snoRNAs, H/ACA-
box partner proteins (dyskerin, Nhp2, Nop10 and Garl) are
essential for snoRNA biogenesis and stability, and the lo-
calization of snoRNPs. Modifications exerted by snoRNPs
on the targeted RNAs are believed to convey protection
against nucleolytic degradation as well as expand the chem-
ical space of RNA:RNA and RNA:protein interactions (9—
12), in turn affecting ribosome and spliceosome function.
A subgroup of C/D-box snoRNAs (e.g. SNORD3, -14,
-22 and -118) and SNORAT73 are transcribed from inde-
pendent promoters, and act as co-transcriptional molecu-

lar chaperones, regulating excision of rRNAs from the pre-
cursor transcript (4,16-19). In contrast to most snoRNAs,
they are essential for cell viability. Furthermore, they them-
selves are processed in a different manner compared to ‘con-
ventional’ snoRNAs; they lack terminal trimming and as-
sociate with additional or alternative partner proteins. An-
other distinct subfamily of snoRNAs, known as small Ca-
jal body (CB)-specific RNAs (scaRNAs), guide spliceoso-
mal snRNA 2’-O-ribose methylation and pseudouridyla-
tion in the subnuclear Cajal bodies, and have structural fea-
tures characteristic to either C/D- or H/ACA-box snoR-
NAs or both (9). ScaRNAs harbor additional nucleotide
motifs (CAB boxes (UGAG) or GU repeats bound by pro-
tein Wdr79) required for proper localization. Interestingly,
recent findings call for a revision of scaRNA roles as their
nuclear localization is not strictly restricted to CBs nor are
CBs required for their function (20). Furthermore, they
were found not to act exclusively on snRNAs. For a more
detailed discussion on canonical snoRNA structures and
functions, the reader is referred to past papers (2-4).

In recent years, some snoRNAs have been found to asso-
ciate with non-canonical protein partners and exhibit un-
usual cellular localization (e.g. (21-24)), strongly imply-
ing alternative or additional roles for this class of ncR-



NAs. In addition, inconsistent with their canonical role
in TRNA and snRNA modification is the notion that
many of the snoRNAs do not display significant ASE se-
quence complementarity to canonical targets (thus being
termed ‘orphan’), and are expressed in a tissue-specific man-
ner (4,25,26). Bioinformatic genome-wide searches suggest
that there might still be many snoRNA and snoRNA-like
genes currently not annotated in genomic/transcriptomic
databases (4,27-29). Some snoRNAs are expressed at lower
levels and are less evolutionarily conserved. In the following
sections, we provide an overview of unexpected functions
attributed to snoRNAs from recent studies.

EMERGING ROLES FOR SNORNA
SnoRNA-guided rRNA acetylation

RNA molecules experience a large variety of post-
transcriptional modifications (over 150 with various fre-
quencies have been described) in addition to pseudouridy-
lation and ribose methylation (30-32). However, most mod-
ifications are believed to be imposed by stand-alone en-
zymes (i.e. no guiding RNA specifying the nucleotide to be
modified via base pairing to target RNA is required). Eu-
karyotic 18S rRNA contains two N*-acetylcytidines (C1280
and C1773 in yeast), located at sites known to determine
ribosome information decoding and translation fidelity.
Sharma et al. (22) used the cross-linking and analysis of
cDNAs (CRAC; an advanced RNA immunoprecipitation
technique utilizing cross-linking RNA to proteins; see the
SnoRNA:protein interaction screening section below) to get
insights into factors guiding RNA acetylation in yeast.
RNA cytidine acetyltransferase Kre33 (an ortholog of hu-
man NATI10) chiefly cross-linked to rRNAs and tRNAs,
however, unexpected cross-linking to two orphan snoRNAs
of the C/D-box subfamily (snR4 and snR45) was also de-
tected. Detailed inspection of snR4 and snR45 sequences
revealed extensive bipartite complementarity to regions sur-
rounding the acetylated cytidines on 18S rRNA (Figure
2A). The unusual rRNA:snoRNA interactions (requiring
assistance by a Kre33 helicase domain for annealing) sug-
gests that snR4 and snR45 exploit a modus operandi similar
to that characteristic of H/ACA-box snoRNAs for bulging
out the nucleotide to be modified (Figure 2A). Experiments
with snR4 and snR45 knock-out strains and those harbor-
ing mutated snR4 and snR45 confirmed the role of these
snoRNAs in selectively guiding rRNA cytidine acetylation
as the extent of rRNA modification was significantly re-
duced, while no effects on tRNA acetylation were observed.
Of note, direct snR45:18S rRNA and snR4:18S rRNA in-
teractions were recently detected by the CLASH method
(33) in yeast, and the interaction of SNORDI13 (the ver-
tebrate orthologue of snR45) with 18S rRNA was con-
firmed by the unbiased RNA interactome probing tech-
nique PARIS (34) (Figure 2B; see the RNA: RNA interaction
mapping section below). SNORDI13 and snR45 display se-
quence conservation at the 5 regions up to the C-box, the
internal 18S rRNA binding sites, and the D-box; however,
there is poor conservation of regions immediately upstream
of the D-box, typically harboring the antisense element in
canonical C/D-box snoRNAs (Figure 2C).
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SnoRNA-guided tRINA methylation

tRNAs undergo extensive post-transcriptional modifica-
tions (36) with rich diversity especially on wobble position
34 of the anticodon and at position 37 located 3’ adja-
cent to the anticodon triplet, indicating their importance
for stabilization of tRNA:mRNA interactions during de-
coding. In archaea, C/D-box sRNPs perform 2'-O-ribose
methylation of tRNAs in addition to rRNAs (37), whereas
in eukaryotes tRNA post-transcriptional modifications are
generated by stand-alone enzymes. A recent study, how-
ever, challenges this view. Vitali and Kiss (38) have noted
that homologous human orphan snoRNAs SNORD97 and
SCARNAD97 (previously called SNORD133) display con-
siderable sequence complementarity of the D-box-adjacent
antisense element with the anticodon loop of the elongator
tRNAMet Assuming that the two orphan snoRNAs obey
‘canonical’ rules for guiding 2’-O-methylation, the wobble
cytidine 34 was predicted to be the targeted nucleotide. In-
deed, C34 is known to be methylated in vertebrates. More-
over, SNORD97 and SCARNA97 homologues have been
identified in all examined vertebrate genomes, while in-
vertebrates (i.e., insects and tunicates) and plants seem to
harbor a single SNORD97/SCARNA97 homologue, fur-
ther implying an evolutionarily highly conserved, yet un-
expected function for these snoRNAs. The authors used
a human cell line model HAPI1 to knock out either one
or both homologous snoRNA genes, and (via reintroduc-
tion of ectopically expressed snoRNAs) demonstrated that
SNORDY97 and SCARNA97 work cooperatively to methy-
late tRNAMet C34. This modification, in turn, was shown
to protect the tRNA from cleavage by angiogenin, a stress-
induced endonuclease. Notably, no proliferation deficiency
was observed in either the single or the double knock-
outs, suggesting that wobble nucleotide C34 methylation
is not essential for maintaining decoding fidelity as previ-
ously presumed, but rather prevents the release of stable
3’ tRNA fragments, important mediators of stress signal-
ing (39,40). It would be interesting to comparatively ana-
lyze tRNA fragment-dependent downstream effects of cell
stress in wild-type and SNORD97/SCARNA97 knockout
cells. Returning to the SNORD97/SCARNA97-snoRNP
activity, it remains unclear how the two RNPs accomplish
tRNAMet C34 methylation since they localize to nucleolus
and CBs, respectively. One possible explanation would be
that SNORD97/SCARNAY97 are also present in the nucle-
oplasm, albeit to a small extent, thereby gaining access to
the target tRNA (38). Such a hypothesis is corroborated by
the notion that CBs are not necessary for the function of
scaRNPs (20).

Indirect evidence for snoRNP involvement in eukaryotic
tRNA modification comes from earlier studies. While se-
quencing a cDNA library constructed from RNA, immuno-
precipitated with anti-GARI1 antibody, Kiss et al. (8) ob-
served a small fraction (<2%) of reads mapping to RNA
species other than H/ACA-box snoRNAs and rRNAs, in-
cluding tRNA and mRNA sequences. Of course, consid-
ering tRNA abundance, these might simply be interpreted
as non-specifically retained (background) RNAs. Interest-
ingly, tRNAs consistently cross-link to snoRNP protein
subunits in CLIP experiments ( (41); see the snoRNA:protein
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Figure 2. SnR45, snR4 and SNORD13 guide cytidine acetylation in 18S rRNA. (A) Proposed interactions of snR45, snR4 and SNORD13 with 18S rRNA
(adopted from (22) and (35)). Cytidine targeted for acetylation is shown in red. Watson-Crick base-pairs are denoted by I, G-U base-pairings are denoted
by dots. (B) Examples of hybrid reads from CLASH (33) and PARIS (34) experiments, confirming the interactions of snR45 or its human orthologue
SNORDI13 with 18S rRNA. SNORDI3 and snR45 fragments are depicted cyan and green, respectively, and 18S rRNA fragments are shown in grey.
Interacting sequences are boxed. FBL —fibrillarin, Nop1 — yeast orthologue of FBL. (C) Aligned sequences of Saccharomyces cerevisiae snR45 and human
SNORDI13 (adopted from (33)). Numbering according to yeast snR45. The conserved nucleotides are shown in red. Note the unusually long functional 5’

sequence preceding the C-box.

interaction screening section below). Last but not least, Ze-
mann et al. (42) have identified 6 potential tRNA targets
of previously uncharacterized Caenorhabditis elegans snoR -
NAs in a bioinformatic screening campaign. The snoRNAs
presumably target nucleotides at various positions within
tRNAs, including the anticodon loop, but their biological
effect warrants experimental confirmation.

Regulation of mRNA abundance by snoRNAs

The mechanisms by which snoRNAs affect mRNA abun-
dance seem to be diverse. Huang et al. (23) sequenced RNAs
associating with mRNA 3’ processing complex (a macro-
molecular complex of ~85 proteins) to identify potential
trans-acting RNAs involved in gene expression. mRNA 3’

processing can have a decisive effect on transcript turnover,
translation efficiency, and cellular mRNA trafficking (43).
Unexpectedly, the vast majority of RNAs co-purified with
the 3 mRNA processing complex were snoRNAs (23).
By using the iCLIP technique (see the snoRNA:protein in-
teraction screening section below), the snoRNA hits were
confirmed to selectively interact with FIP1, a component
of cleavage and polyadenylation specificity factor (CPSF).
One of the highly enriched snoRNAs, SNORDS50A, was
demonstrated to block FIP1 interaction with a model
polyadenylation sequence (belonging to SV40 late gene).
Furthermore, comparison of gene expression between wild-
type and SNORDS50A-depleted HeLa cells revealed sig-
nificant changes in transcript abundance and alternative
polyadenylation profiles for a subset of genes (with 1290



and 878 genes being up- and down-regulated, respectively,
by at least 2-fold, and 157 transcripts displaying changes in
polyadenylation). Notably, highly upregulated genes were
those functioning in cell stress, proliferation, and apopto-
sis. With regards to the mechanism by which snoRNAs reg-
ulate 3’ processing of a subset of mRNAs, the authors pro-
pose three possibilities that are not mutually exclusive (44):
(1) certain snoRNAs may inhibit mRNA 3’ processing (as
indeed is the case for U/A-rich SNORDS50A binding to
FIPI, thereby likely competing with U-rich sequence ad-
jacent to the mRNA polyadenylation signal of SV40 late
gene); (i1) some snoRNAs might in fact promote mRNA 3’
processing complex assembly on non-canonical polyadeny-
lation signals via RNA:RNA interactions or (iii) yet an-
other set of CPSF-associated snoRNAs might stabilize the
3’ processing complex in binding to diverse polyadenylation
sites by facilitating protein:RNA or protein:protein inter-
actions. Given that snoRNAs (including SNORDS0A) are
often deregulated in cancers (45,46), it is tempting to spec-
ulate that they play a causative role in cancer development
and progression by affecting oncogene and/or tumor sup-
pressor gene expression via mRNA processing. Looking at
bigger picture, mRNA 3’ processing dysregulation may well
promote the bicistronic transcription of downstream genes,
adding another layer of complexity to potential snoRNA
effects on gene expression (44).

Orphan brain-specific snoRNAs SNORDI15 and
SNORDI116 have attracted attention of neuroscientists
as they reside in an imprinted region of chromosome 15
whose deletion is believed to be responsible for the complex
neurodevelopmental disorder called the Prader-Willi syn-
drome (PWS; see the SnoRNAs implicated in Prader-Willi
syndrome section below). Falaleeva et al. (47) ectopically
expressed SNORDI116 ecither alone or in combination
with SNORD115 in HEK293T cells, and monitored gene
expression changes using exon junction microarrays. Over-
expression of SNORD116 affected the levels of 274 genes,
whereas coexpression of SNORDI115 affected expression
of 415 genes; most changes involved gene upregulation. Al-
though microarray analyses also suggested subtle changes
in alternative exon usage for several transcripts, none
could be validated by RT-PCR. Interestingly, only limited
overlap of gene expression changes was observed between
experiments in which SNORDI116 was overexpressed
separately or together with SNORDI115, suggesting that
SNORDI115 can modify the action of SNORDI16 on
transcript abundance. Finally, authors confirmed that
23 hits from the in vitro experiment overlapped with
genes that display dysregulated expression in brains of
PWS subjects (P = 0.00735, chi-squared test). It remains
unclear whether the snoRNAs exert the observed effects
on mRNA abundance directly or indirectly by regulating
a trans-acting factor. Assuming that SNORDI1I15 and
SNORDI116 are involved in RNA:RNA interactions simi-
larly as the canonical snoRNAs, recent methods allowing
RNA interactome mapping in live cells (see the RNA: RNA
interaction mapping section below) may provide the answer
to such questions. For example, by applying the LIGR-seq
technique on HEK293T cells, Sharma et al. (48) identified
several mRNA targets of orphan SNORDS83B (Figure 3).
When SNORDS3B was depleted by two different RNase
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H-recruiting antisense oligonucleotides (ASOs), the steady
state levels of SNORDS83B-targeted NOP14, RPS5, and
SRSF3 mRNAs were selectively increased (~1.5-2.5-fold
relatively to GAPDH mRNA). Here, the relatively high
variability of target mRNA levels, both within (i.e., biolog-
ical repeats) and among knock down experiments (using
different ASOs), likely due to differences in transfection
efficiency and ASOs’ intrinsic activities, respectively, might
be overcome by deleting the SNORDS3B gene instead of
knocking it down. As the levels of primary transcripts of
these genes were unaltered, the authors concluded that
SNORDS&3B silences targeted genes post-transcriptionally
by a yet unidentified mechanism. Importantly, however,
such studies will enable mechanistic studies of orphan
snoRNA function.

With the advent of RNA-seq technology it became clear
that many snoRNAs give rise to stable short RNA species
(termed sdRNAs for snoRNA-derived RNAs) (49-53).
Kishore et al. (41) have challenged the view that generation
of sdRNAs is a common phenomenon based on sequenc-
ing snoRNA fragments cross-linked to canonical snoRNA
protein partners. Yet, it is possible that even snoRNAs con-
sidered canonical, form additional RNPs. Common pro-
cessing patterns were observed across snoRNAs (54), and
the extent of processing is distinct for different snoRNAs
in the same cell type (53,55,56), indeed suggesting that cer-
tain secondary structures and/or specific protein binding
sites govern trimming patterns. At least some of the sdR-
NAs display microRNA (miRNA)-like features, such as de-
pendence on Dicer processing (49), and association with
argonaute (Ago) proteins (57), characteristic components
of RNA-induced silencing complex (RISC). Most impor-
tantly, gene silencing activity for a number of miRNA-like
sdRNAs was experimentally verified (50,57-59), whereas
their precursors behaved as canonical snoRNAs in terms
of being an integral part of snoRNPs. It should be stressed,
however, that there is a threshold to the extent of Ago oc-
cupation required for detectable silencing activity; Thom-
son et al. (57) have noted that many sdRNAs (as well
as short RNAs derived from precursors other than snoR-
NAs) bind Ago proteins, yet only highly bound snoRNA-
derived miRNA-like species (irrespective of their expres-
sion levels; for example specific small RNA fragments de-
rived from SNORA33 and SNORDS56) were capable of
producing measurable gene silencing effects in contrast to
highly abundant but weakly bound small RNAs derived
from tRNA, snRNA, vault, and Y-RNAs. It has been pro-
posed that canonical miRNAs are evolutionary descen-
dants of a subset of snoRNAs that have gained new func-
tions (52). Thus, the involvement of distinct snoRNAs in
post-transcriptional regulation of gene expression should
not be an utter surprise.

Ono et al. (60) noted that SNORD88 family of snoRNAs
harbors a segment of ~20 nucleotides located downstream
of the D’-box, displaying high level of complementary to
endogenous pre-mRNA sequences, which they termed the
M-box (Figure 4). SNORDS8SC was shown to be processed
into shorter stable fragments (containing the M-box) in
a cell type-specific manner, and proposed to regulate al-
ternative splicing of FGFR-3 (fibroblast growth factor re-
ceptor 3) transcript (55). Namely, ectopic expression of
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remains to be determined. Note that base pairing occurs between mRNAs and the canonical antisense elements located immediately upstream of the D-
or D’-boxes. SRSF3 — serine/arginine-rich splicing factor 3, RPS5 — small subunit ribosomal protein 5, NOP14 — nucleolar protein 14.
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(56,60)). The effect on FGFR-3 pre-mRNA (boxed) processing was verified experimentally. MEGF8 — multiple epidermal growth factor-like domains

protein 8, SMARCA4 — transcription activator BRG1, MADI1L1 — mitotic spindle assembly checkpoint protein, GRIKS

— ionotropic kainate glutamate

receptor 5, HIPPI — intraflagellar transport protein 57 homolog, FGFR-3 — fibroblast growth factor receptor 3.

FGFR3 minigene harboring the presumed SNORDS8C tar-
geting region led to increased levels of a specific splice iso-
form (A8-10 FGFR3, encoding the soluble (decoy) recep-
tor isoform (61)), likely due to sequestration of endogenous
SNORDS8C, whereas the splicing pattern did not change
upon transfecting the cells with an empty vector or when
a four nucleotide mutation was introduced to the FGFR3

minigene region complementary to the SNORDS8C guide
element. In addition, overexpression of SNORDS8C (but
not the cognate D-box mutant) resulted in depletion of A8-
10 FGFR3 splice isoform. However, knocking out endoge-
nous SNORDS8C (perhaps along with its paralogues that
harbor highly homologous M-boxes and are encoded in
separate introns of the same gene, C190rf48) or, better yet,



substituting them for SNORDS88 variants with mutated M-
boxes would provide means to rigorously interrogate the bi-
ological significance of M-boxes (if any), avoiding incom-
plete effects.

These observations inspired the design of so called
snoMEN vectors (for snoRNA modulators of gene
expression), a novel form of antisense technology in
which the wild-type M-box of intronic SNORDS8SC (or
SNORD47 (63)) is exchanged for artificial sequences di-
rected to desired RNA targets. Efficient suppression of
both, the co-transfected and endogenous protein-coding
genes (60) as well as miRNA primary transcripts (64) was
achieved with snoMEN, where knock-down efficiency was
highly dependent on base pairing between the artificial
snoRNA and target RNA (60). M-box-modified snoRNAs
concentrated in the nucleolus, whereas RNA fragments cor-
responding to M-box region were present in the nucleo-
plasm but not in the cytoplasm (56). This is consistent
with the fact that snoMEN can be targeted to introns
and intron/exon junctions of pre-mRNAs, which are not
amenable to siRNA-mediated knock-down (65). It is still
not known what the exact silencing mechanism of snoMEN
is, but knock-down activity showed dependence on fib-
rillarin (65) and C/D-box elements (60), indicating that
proper snoRNA processing was essential for the observed
effect. Interestingly, Ago2, the endonuclease component of
RISC, is required for snoMEN gene silencing, but other fac-
tors, such as the up-frameshift-1 (UPF1), a protein believed
to be essential for non-sense mediated decay (NMD), seem
to be implicated in gene knock-down activity as well (65).

A recent study (preprint by Plewka et al., doi:
10.1101/409250) showed that FUS (Fused in Sarcoma; a
protein previously implicated in the regulation of genome
maintenance, DNA repair, and RNA metabolism) neg-
atively regulates the levels of mature snoRNA subgroup
in HEK293T and HeLa cells. The authors speculate that
FUS competes with canonical snoRNP proteins to induce
snoRNA processing to sdRNAs. A group of sdRNAs
derived from orphan SNORDG68 was bioinformatically
predicted to target KCNQI0T1-001 antisense transcripts
encoded by the opposite strand of protein coding gene
KCNQI (voltage-gated potassium channel KCNQ 1),
which might indicate a role for sdARNA6S in regulation of
KCNQI gene expression at the level of transcript stability.
Indeed, a focused analysis confirmed downregulation of
KCNQI mRNA and the cognate protein product in FUS
knock-out cells (~40% normalized to GAPDH mRNA and
actin, respectively), while the opposite effect was observed
in cells overexpressing FUS (ca. 50% and 20% upregulation
for mRNA and protein levels, respectively). In both cases,
the KCNQI0T1-001 antisense transcript levels displayed
reciprocal regulation compared to the coding transcript,
being 4-fold upregulated in FUS knock-out cells, and
2-fold downregulated in FUS overexpressing cells. Again,
a SNORDG68 knock-out cell line would allow for a more
stringent verification of the proposed role for sdRNA6S,
as the capacity to regulate cellular KCNQ1 levels would be
expected to be lost in such a model system.
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SnoRNAs in regulation of alternative splicing

In search of non-canonical snoRNA functions, Falaleeva
et al. (21) monitored the distribution of snoRNAs and their
fragments in the nucleus of HeLa cells by RNA-seq. They
found that approximately one quarter of C/D-box snoR-
NAs (as opposed to very few H/ACA-box snoRNAs) were
present in a fraction that is devoid of fibrillarin, but enriched
for spliceosomes and regulatory splicing factors. Surpris-
ingly, among the identified SNORDs most were considered
canonical with well-defined roles in rRNA methylation. In
addition to canonical ASEs directed against rRNAs, how-
ever, the snoRNAs harbored an extensive segment of com-
plementarity to bioinformatically predicted pre-mRNA tar-
gets, including introns and splice sites. These targeting se-
quences were unusual as they were fairly long, located out-
side the canonical antisense elements, and often contained
C- and D-boxes. When several snoRNAs (SNORD?2, -27, -
60 and -78) were knocked-down, the splicing profile of their
presumed pre-mRNA targets changed significantly. The di-
rect interaction of SNORD27 and the alternative exon of
transcription factor E2F7 pre-mRNA (Figure 5) was con-
firmed by RNA pull-down experiment and the fact that
compensatory mutations in the targeted transcript rescued
splicing modifying activity of cognate SNORD27 mutants.
The authors speculated that this unusual group of snoR-
NAs associates with heterogeneous nuclear ribonucleopro-
teins (hnRNPs, well-established factors in splicing regula-
tion (66)) and represses inclusion of alternative exons, per-
haps by masking the cryptic splice sites. A similar mecha-
nism might be exploited by SNORDS8SC in regulation of
FGFR-3 transcript processing (55) (discussed above) and
artificial SNORD?24 analogues directed against HSPA-8
(heat shock 70 kDa protein 8) pre-mRNA developed by
Stepanov et al. (67,68). Furthermore, the dependence of
SNORDS8C-derived snoMEN vectors’ gene silencing ac-
tivity on UPF1 (65) suggests that knock-down might be (at
least in part) caused by frameshifts due to favoring alterna-
tive splice isoforms with early stop codons leading to non-
sense mediated mRNA decay.

Brain-specific SNORDI115 is perhaps the best charac-
terized snoRNA implicated in splicing regulation. It har-
bors a conserved antisense element complementary to the
alternative exon 5b of serotonin receptor 2¢ (Htr2c) pre-
mRNA (26). A computational analysis of complementar-
ity between the proposed targeted region on Htr2c pre-
mRNA and the D-box-adjacent Snord115 guide region in
12 mammalian genomes revealed that perfect 18-nucleotide
match is present only in primates and rodents (69). Al-
though functional snoRNA ASEs may tolerate G:U base
pairs and even mismatches to target RNAs, pairing of 2nd
to 11th nucleotide of guide region typically adheres to
canonical Watson—Crick rules and G:U pairing (70). Con-
versely, in many mammals (such as elephants and horses)
there are mismatches within the D-box-proximal comple-
mentary Htr2c sequence, indicating that mRNA regula-
tory function of Snord115 might have first evolved through
adaptive (compensatory) mutations in the Euarchontoglires
clade, and may not be universally operative in all mammals.
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Figure 5. SNORD?27 targets the E2F7 pre-mRNA alternative exon and the 5 splice site, and presumably competes with U1 small nuclear ribonucleoprotein,
thereby inducing exon skipping (adapted from (21)). Exons are shown as boxes and introns are indicated as thin lines (not to scale). Angled lines depict
splicing patterns. Other predicted alternative splice sites within exon 12 are not shown for clarity. In vitro assays suggest that SNORD27 regulates splicing
of multiple transcripts (interacting regions are shown as blue blocks aligned to the sequence of SNORD27). E2F7 intron is depicted in lower case letters,
while the alternative exon is presented in capital letters. 5" splice site is underlined. In addition, SNORD27 guides 2'-O-ribose methylation on adenosine
33 of 18S rRNA (denoted by red arrow). MAP4K3 — mitogen-activated protein kinase kinase kinase kinase 3, ZBTB37 — zinc finger and BTB domain
containing 37, FER - tyrosine-protein kinase Fer, ABCAS8 — ATP-binding cassette sub-family A member 8.

The targeted Htr2c sequence is also subjected to enzymatic
deamination of five closely spaced adenosines to inosines
(termed A-to-I editing), leading to alteration of encoded ge-
netic information and, in turn, amino acid sequence change
within the second intracellular loop that contacts guanine
nucleotide-binding proteins (71). Edited isoforms have di-
minished constitutive activity and potency compared to the
unedited one (72,73). There are two receptor variants re-
sulting from alternative splicing; inclusion of exon 5b leads
to production of a long isoform capable of signal transduc-
tion, whereas exon 5b skipping results in a short isoform
that is retained in the endoplasmic reticulum (ER) and se-
questers the full-length receptor, preventing it to reach the
plasma membrane (74). A-to-I editing of Htr2c pre-mRNA
was shown to promote alternative exon 5b inclusion (75,76),
enhancing production of full-length albeit less active re-
ceptor isoforms. Snord115 likely promotes production of
full-length receptor isoforms with higher potency via two
mechanisms: it blocks the silencer of splicing element (77),
and at the same time it competes with adenosine deaminase
enzymes responsible for Htr2c pre-mRNA A-to-I editing.
Thus, it seems to promote alternative exon retention with-
out the requirement for extensive A-to-I editing (78). The
function of Snord115 in post-transcriptional regulation of
Htr2c is consistent with the fact that Snord115 is expressed
in neurons but absent in choroid plexus (brain structure me-
diating production of cerebrospinal fluid), where the full-
length receptor isoform is not extensively produced (77).
Of note, a recent study in mice constitutively expressing
Snord115 in choroid plexus only identified A-to-I editing
changes in Htr2c pre-mRNA (editing was slightly less abun-
dant) but not alteration of splicing (79). Still, the associ-
ation of Snord115 with alternative exon 5b was indirectly

indicated by the observation of A-to-I edited Snord115 iso-
forms. Editing was selective for the Htr2c antisense element,
suggesting local double-stranded RNA structure required
for recognition by adenosine deaminases acting on RNA.
Lack of observed effect on splicing in this in vivo model
might be explained by absence of other factors missing in
non-neuronal cells of choroid plexus. Currently, there are
no mouse strains harboring selective deletion of Snordl 15
gene cluster (Figure 6). Comparative analysis of potential
A-to-I editing and splicing profile changes of Htr2¢ in wild-
type and animals lacking Snord115 could be performed to
clearly define the biological function of Snord115, and com-
plementation experiments would allow for its validation.
Aside from Htr2c, Snord115 was shown to affect splic-
ing patterns of several other genes in neuroblastoma cell
line Neuro-2A (Table 1) (80). As these cells do not endoge-
nously express Snord115, the biological importance of ob-
served effect might be questionable; however, in vivo results
from brains of Snord115 knock-out mice (TgPWS; see the
SnoRNAs implicated in Prader-Willi syndrome section be-
low) confirmed the dependency of alternative splicing for
this transcript set on Snord115; Snord115 promoted alter-
native exon inclusion in Dpm2 and Pbrml pre-mRNAs,
and induced alternative exon skipping in Ralgps1 and Tafl
pre-mRNAs, while for Crhrl pre-mRNA opposite trends
were detected in vitro and in vivo (attributed to likely dif-
ference in splicing regulators in Neuro-2A cells and mouse
neurons). Ectopic murine Snord115 expression in human
cell line HEK?293 led to its processing to shorter fragments.
The major processed sARNA isoform contained C and D
boxes but was devoid of the terminal stem sequence, and (in
contrast to intact Snord115) did not associate with canoni-
cal snoRNP proteins, but rather hnRNPs (80), further sup-
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Figure 6. Genetic and expression map of the PWS critical region within the 15q11-13 locus (image not to scale; adapted from refs. (83,91,117)). The
depicted genes are exclusively expressed from the paternal allele and are silenced on the maternal counterpart as a result of differential methylation of the
bipartite PWS-imprinting center (PWS IC) located within the promoter and first exon of SNURF-SNRPN. A long non-protein-coding transcript (referred
to as SNURF-SNRNP-UBE3 A AS) initiating upstream of the PWS IC extends to overlap UBE3 A in the antisense direction and silences UBE3 A4 paternal
allele by antisense-mediated mechanism. It also hosts intronic PWS snoRNAs SNORD107, SNORD64, SNORD108, SNORD109A, SNORDI109B, as
well as SNORD116 and SNORDI115 gene clusters, containing 27 and 48 snoRNA copies, respectively. Documented microdeletions of the SNORDI116
gene cluster leading to PWS phenotype are depicted above as pink boxes. sno-IncRNAs and SPAs are shown below as blue and red lines, respectively, with
vertical bars depicting terminal snoRNA structures. The preference of PWS IncRNA for interacting with distinct RNA-binding proteins (gray circles) is

portrayed by different font sizes.

porting the role of Snordl15 in the regulation of splic-
ing. Soeno et al. (24) used an antisense probe complemen-
tary to internal loop of Snord115 (intentionally avoiding
the ASE) for affinity purification of Snordl15-associated
proteins from mouse brain cell nuclei. Using mass spec-
trometry (MS), they identified 17 proteins specific for the
Snord115 snoRNP complex, previously implicated in pre-
mRNA splicing and transcriptional regulation, such as hn-
RNPs and RNA helicases. Notably, the canonical snoRNP
proteins could not be detected in the pull-down-enriched
fraction by MS (although Snordl15 was shown to co-
immunoprecipitate with fibrillarin from the same nuclear
extract).

Genes harboring intronic snoRNAs are generally very
prone to alternative splicing that results in degradation
of transcripts via NMD, and snoRNAs are often lo-
cated in proximity of such alternative splice sites (81).
This indicates that alternative splicing might serve to reg-
ulate snoRNA and snoRNP levels. A seminal study by
Lykke-Andersen e al. (82) revealed that SNORDS6, re-
siding in an intron of the gene for snoRNP protein sub-
unit NOP56, acts in cis as a master switch for modulat-
ing NOP56 cellular concentration. Remarkably, when cel-
lular levels of NOP56 (and other snoRNP assembly fac-
tors, such as NOP58 and FBL) are high, SNORDS6 in
the context of NOP56 pre-mRNA takes on the ‘snoRNP
conformation’, thereby deactivating the upstream splice
donor and de-repressing the downstream splice donor, lead-
ing to retention of SNORDS86-containing intron. The re-

sulting NMD substrate mRNA (ns-mRNA) that contains
a premature stop codon is exported to cytoplasm and
cleaved by NMD endoribonuclease SMG6. The transcript
is protected from degradation by the 5’ snoRNP structure
(hence the name snoRD86 cytosolic snoRNA-capped and
3’ polyadenylated IncRNAs (snoRD86 cSPA)—in analogy
to structurally similar nuclear SPAs (83) (see the SnoRNAs
implicated in Prader-Willi syndrome section below)), and
presumably acts as a long-lived decoy for snoRNP assem-
bly factors, sequestering them away from nucleolus. In ab-
sence of snoRNP assembly factors, SNORDS86 assumes the
‘non-snoRNP conformation’ in which D and D’ guide se-
quences pair with each other, forming a stable stem struc-
ture. In this setting, the upstream splice donor is active
and the downstream counterpart is repressed, leading to
excision of SNORDS86-containing intron and production
of both, NOP56-encoding mRNA and functional nucleolar
SNORD&86 snoRNP. The authors have elegantly shown that
the described autoregulatory feedback loop is SNORDS86-
dependent, as neither minigene with SNORDS86 deleted, re-
placed with its reversed complementary sequence nor ex-
changed for the unrelated SNORD71 did not succumb
to modulation of alternative splicing by perturbation of
snoRNP assembly factors. Thus, the structural switching
mechanism seems to be governed by specific anatomical fea-
tures of SNORDS6. This snoRNA and its neighboring non-
protein-coding region of NOP56 gene are conserved within
Eutheria clade, implying that the same mechanism govern-
ing cellular snoRNP levels operates in all mammals. NOP56
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Table 1. SNORDI15-targted pre-mRNAs (adapted from (80)). In the third column, introns and exons are depicted in lower case and capital letters,
respectively
Gene Encoded protein | Complementarity Targeted site | Function
name
* . r -7
Htr2c serotonin pre-mRNA 5’ -..CGUAAUCCUAUUGAGCAU...-3 exon fu”_length
IIIITIITIIIIIIIIIIIT
receptor 2c SNORD115 3’ -..GCAUUAGGAUAACUCGUA..-5’ receptor
formation
Dpm2 dolichol ¢ exon/intron frameshift
pre-mRNA 5’ -..GUGAUUCU UUG guau..-3’
phosphate- II+II+II IIT I-II boundary
CAUUAGGA AAC CGUA..-5’
mannose SNORD115 3’'-.G U U
biosynthesis
regulatory
protein
Taf1 transcription A G exon unknown
pre-mRNA 5’ -..GU GUCCUGU UGAG AU..-3’
initiation factor IT +IIII+I IIII II domain
CA UAGGAUA ACUC UA..-5’
TFIID 250 kDa SNORD115 3'-.G U G
subunit
Ralgps1 Ras-specific R exon frameshift
pre-mRNA 5’-.UGU GUC GUUGAGUGU..-3’
guanine oI1 eIITIITeeI
. SNORD115 3’-.GCA UAG UAACUCGUA..-5’
nucleotide- U ea
releasing factor
RalGPS1
Pbrm1 protein au intron unknown
pre-mRNA 5’ -..uaguccuguuga gca..-3’
polybromo-1 II+ITIT-IIII III domain
AUUAGGAUAACU CGU
SNORD115 3’-..GC A.-5'
Crhri corticotropin- ¢ exon deletion of
pre-mRNA 5’/-.CGUGG CCU AUUG GCA..-3'
releasing factor IITe+ IIT IIIT IIT hormone-
SNORD115 3’-..GCAUU GGA UAAC CGU ) .
receptor 1 U A.-5 binding
domain

"not expressed in Neuro-2A cell line

expression needs to be tightly regulated as dysregulation can
lead to defects in ribosome biogenesis, ultimately provok-
ing nucleolar stress and activation of downstream cellular
responses, such as apoptosis and cell cycle arrest due to p53
tumor suppressor activation (82).

SnoRNAs implicated in Prader-Willi syndrome

In humans, several orphan snoRNAs (including 48 and
27 copies of SNORDI115 and SNORDI116, respectively)
are co-transcribed in introns of a large non-protein-coding
transcript termed SNURF-SNRNP-UBE3A AS (Figure
6). Human SNORDI116 are classified into three groups
based on genomic location and sequence homology (group
I: 116-1 to 116-9; group II: 116-10 to 116-24; and group
III: 116-25 to 116-27) (84). Deletions in paternal chromo-
some 15q11-13 harboring these genes have long been asso-
ciated with PWS, a complex multisystemic genetic disorder
characterized by infant hypotonia and failure to thrive, fol-

lowed by developmental delay, morbid obesity (if food in-
take is not strictly controlled), short stature, behavioral and
cognitive problems (85). Although some of the behavioral,
cognitive, and metabolic abnormalities may be explained by
truncating mutations in the MAGEL?2 protein coding gene
present in the Prader-Willi critical region (86,87) (Figure
6) and dysregulation of the serotonergic system (presum-
ably due to lack of SNORD115) (88), several case reports
describing microdeletions which primarily encompass the
SNORDI116 cluster pinpoint this snoRNA as the princi-
pal genetic determinant of the condition (89-92). In ad-
dition, data from cell and rodent models support a major
role for Snord116 in PWS. For example, there is evidence
that loss of SNORD116 expression negatively affects neu-
ronal differentiation of neuroblastoma cell line SH-SY5Y in
vitro (93), while in mice with paternal Snord116 deletion en-
docrine pancreas developmental defects and neuroanatom-
ical changes in brain (94), and cognitive defects (95) were
documented. Mice represent an attractive model for study-



ing PWS due to highly conserved synteny between the hu-
man PWS critical region on chromosome 15q11-13 (Figure
6) and the orthologous locus on mouse chromosome 7C
(differences include opposite orientation of the region with
regards to centromeric/telomeric end of the chromosome,
the presence of Frat3 gene and the absence of C/50ORF2 and
SNORDI108, —109A, and —109B orthologues in mice, and
the number of Snord116 and Snord115 tandem copies). Per-
haps of importance, despite considerable sequence similar-
ity between human and mouse SNORD116 (compared to
poor Snordl 16hg evolutional conservation (96,97)), mouse
Snord116 copies display lower sequence variability. They
are fairly homologous to human SNORDI116 from groups
I and/or 11, but are less similar to those belonging to group
IIT (84). As mouse Snord116 deletion models fail to fully
recapitulate the human PWS traits (98,99), it has been pro-
posed that lack of group III-like Snord116 in mice might
account for the non-overlapping phenotypes (84). A num-
ber of large paternal deletion (up to several Mb) or im-
printing center deletion models, and single gene knock-out
models were generated and thoroughly studied (reviewed in
(98,100)). Here, we focus mainly on the Snordl16(@ deletion
models, as mounting evidence implicates this region in PWS
pathophysiology. Nevertheless, lack of SNORDI116 host
gene (SNORDI116hg) expression (rather than mature snoR-
NAs) might be the primary cause of PWS (101-103). To
check this, Snordl 16 transgenic mouse lines were generated
on endogenous Snordl 16@ knock-out background (see be-
low), in which Snord116 was embedded in introns of differ-
ent host genes (104). In these animals, the PWS-reminiscent
phenotype could not be rescued, but this might also be at-
tributed to very low expression levels of Snord116 com-
pared to wild-type mice. Activation of silenced maternal
Snordl 16hg in a mouse model harboring deletion of cognate
gene on paternal chromosome, that resulted in Snord116 ex-
pression at ~7.5-fold lower levels compared to wild-type lit-
termates rescued the growth retardation, whereas the small
phenotype persisted in Snordl 16hg knock-out animals ex-
pressing Snord116 at comparable degree from introns of a
different host gene (105). Yet, the fact that Snord116 were
not expressed in the same brain areas in the two mouse
models precludes ruling out Snord116 as the non-protein-
coding-RNA primarily responsible for the developmental
condition.

Skryabin et al. (106) have deleted the Snordl16@ re-
gion via insertion of loxP sites at each side of the cluster
in murine ESCs by homologous recombination and exci-
sion with ESC-electrophorated CRE recombinase. Geneti-
cally engineered ESCs were injected into blastocyst which
was transferred to pseudopregnant recipients. Resulting
male chimeras were bred with wild-type females to ob-
tain heterozygous mice with paternal Snordl16@ deletion
(PWScr™*/P~). These mice were characterized by postna-
tal developmental retardation, reminiscent of human PWS
subjects, but in contrast, did not become obese. Growth re-
tardation persisted into adulthood. As the embryonal de-
velopment was apparently not compromised, the authors
concluded that postnatal developmental defects were likely
secondary to poor feeding, mirrored by early failure to
thrive phenotype in PWS infants. Ding et al (104) con-
structed a similar murine Snordl16@ deletion model by a
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three-step approach. First, the Snordl16@ cluster in ESCs
was flanked with loxP sites via homologous recombination,
and the modified ESCs were used for generation of male
chimeras. Heterozygous males were, in turn, mated with
transgenic females carrying the CRE recombinase gene un-
der the control of the ovary-specific Zp3 promoter. Fi-
nally, mating of doubly heterozygous (i.e. 2-loxP/+; Zp3-
Cre/+) females with wild-type males led to CRE-mediated
Snordl16@ cluster deletion in vivo. Snord116 knock-out
mice (Snordl16'9%/'%) again displayed normal embryonal
development, but showed severely compromised postnatal
growth, in line with findings of the earlier study. Mutant
mice had a defect in motor learning and increased anxi-
ety, both characteristic of PWS phenotype. Expression lev-
els of insulin-like growth factor 1 were lower in mutant
mice compared to their wild-type littermates, indicating
that dysfunctional growth hormone (GH) pathway rather
than poor feeding due to weak sucking reflex might be re-
sponsible for the developmental retardation. Similarly to
PWS, no morphological abnormalities of the pituitary or
its dysfunction were observed, suggesting that GH defi-
ciency was likely secondary to hypothalamic dysfunction.
When mice were kept on normal chow, there was no dif-
ference to the food intake between the Snordl16°%/'% and
wild-type subjects. On long term high-fat diet, however,
Snord116 knock-out males (but not females) consumed less
food, while mice of both genders gained less weight. The ap-
parent resistance to high-fat diet-induced obesity and lower
body fat content contrasts the human PWS phenotype. Yet,
fasting-induced food intake at 6 and 10 months, in con-
trast to challenge at earlier age, disclosed hyperphagia in
Snord116 knock-out mice, concomitant with higher ghrelin
levels. Confirming suspicions that Snord116 deletion causes
hypothalamic dysfunction, Qi e al. (107) have recently re-
ported that in the same mouse model feeding related path-
ways in the hypothalamus are significantly altered as judged
from gene expression analysis. Furthermore, selective dele-
tion of Snordl 16(@, only from NPY-expressing neurons per-
fectly mimicked the global deletion phenotype. Here, in-
creased levels of NPY (an orexigenic neuropeptide) mRNA
were detected, likely responsible for the hyperphagic pheno-
type. This study proposed a central role of Snordl 16@ in the
control of NPY neuronal functions which might be dysregu-
lated in PWS. In a following study (108), adeno-associated
viral reintroduction of Snord116 in mid-hypothalamus of
Snordl 16@~/~ mice resulted in lower body weight gain due
to higher energy expenditure; the effect was only seen at 6
(but not at 10) weeks of age and was specific to mid-region
of hypothalamus. Hyperphagia was also induced by selec-
tively disrupting Snordl16 expression in the mediobasal
hypothalamus of adult mice via stereotactic injections of
CRE recombinase-expressing adeno-associated virus in an-
imals harboring floxed Snordl16@ cluster (109). Another
paper (110) described the effects of global Snordl16@) dele-
tion when conferred in adult mice, again avoiding develop-
mental influences of Snordl16@ deficiency. In contrast to
the global germline and hypothalamus-specific Snordl16@,
deletion model, adult-onset global Snordl 16(@, knock-out
resulted in normal growth, reduced food intake and in-
creased adiposity without changes in body weight. Such
differences in mouse PWS models show the complexity of
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Snordl 16(@-governed mechanisms, and suggest that devel-
opmental and/or tissue factors modulate this RNA’s func-
tion. In line with this, Zhang et al. (111) have reported that
Snord116 expression in mice is regulated developmentally
(being highest in hypothalamic nuclei at weaning and young
adult stages, whereas Snord116 were expressed at lower lev-
els and more uniformly in the embryonic brain).

With regards to the proposed function of SNORDI115
in regulating the serotonergic activity in the central ner-
vous system (see the SnoRNAs in regulation of alternative
splicing section above), mouse models corroborate in vitro
findings. For example, mice with paternal PWS imprint-
ing center deletion (PWS-IC*/~; hence lacking Snord115
expression along with all other PWS critical region genes)
showed changes in specific Htr2c-related behaviours (112),
in line with increased A-to-I editing believed to be a direct
consequence of Snord115 loss. Moreover, PWS-IC*/~ mice
were reported to display tolerance to preferential Htr2c
agonist WAY-161503 (113), and the blunted anorexic ef-
fect was attributed to increased proportion of Htr2c short
splice isoform in hypothalamic pro-opiomelanocortin neu-
rons. Furthermore, perturbation of alternative splicing for
Snord115-targeted transcripts shown in murine neuroblas-
toma cell line (80) was also observed in TgPWS mouse
model, harbouring a 5-Mb deletion including the entire
PWS-homologous region (114).

The PWS behavioral phenotype somewhat overlaps with
that observed in subjects with autism spectrum disorder
(ASD) (115). A recent genome-wide study (116) of human
post mortem brain samples from ASD and 15q duplica-
tion cases implicated orphan snoRNAs of the imprinted
15q11 and 14q32 loci in autism pathogenesis. The pre-
dicted snoRNA targets showed changes in splicing and
were enriched in genes displaying allele-specific expression
(i.e. preferential expression of one allele over the other)
and those carrying de novo ASD-associated risk mutations.
Notably, the asymmetric allele expression in ASD was bi-
ased towards the minor alleles. The authors suggest that
snoRNA-mediated splicing alterations of dosage-sensitive
genes (harboring de novo risk variations) might explain the
proneness to ASD.

The Chen lab published a series of papers revealing yet
another intriguing mechanism of splicing regulation by
snoRNAs, specifically by SNORD116. Analyzing RNA-
seq data of poly(A)- and rRNA-depleted RNA fraction of
200 nt and above from human embryonic stem cells (ESC),
they identified a new class of long non-protein-coding
RNAs whose ends corresponded to SNORD116 paralogues
(termed snoRNA-ended long non-coding RNAs or sno-
IncRNAs for short; Figure 6) (117). As the C- and D-
boxes of terminal SNORDI116 copies were essential for
pre-RNA processing and stability, and sno-IncRNAs co-
immunoprecipitated with canonical snoRNP proteins, the
authors concluded that terminal snoRNP assembly serves
to prevent exonucleolytic degradation of the transcript. The
sno-IncRNAs were retained in the nucleus, accumulating
near the sites of processing, but not nucleolus or CBs, and
were (in contrast to many other IncRNAs) not associated
tightly with chromatin. Instead, they exerted their func-
tion by sequestering the splicing factor FOX2 to subtly
alter splicing patterns in cells as deduced from CLIP-seq

experiments and RNA-seq data upon PWS sno-IncRNA
knock-down. Validating this mechanism of action was the
notion that many alternative exons were oppositely af-
fected by FOX2 knockdown and PWS sno-IncRNA de-
pletion. FOX2-titration supposedly restricts the effect on
splicing modulation to specific subnuclear zones rather than
directing splicing patterns universally throughout the nu-
cleus. A further study (83) identified two Prader-Willi lo-
cus IncRNAs requiring 5 snoRNP cap to protect them
from exonucleolytic degradation. The 5 snoRNA-capped
and 3’ polyadenylated IncRNAs (SPAs; Figure 6) were
highly abundant in ESCs and normal induced pluripo-
tent stem cells (iIPSCs; but not those derived from PWS
subjects), and, similarly to sno-IncRNAs, concentrated at
or near their processing site on the paternal chromosome.
SPAs interacted with well-known RNA-binding proteins
TDP-43, FOX2 and hnRNP M, involved in several as-
pects or RNA metabolism, including splicing regulation.
SPA knock-out in human ESCs led to changes in splic-
ing patterns for 348 genes; some of the changes were also
confirmed in PWS iPSCs. The sno-IncRNAs and SPAs
are not phylogenetically conserved, being observed in hu-
man but absent in mouse (83,118). It might be worth-
while to check whether ectopically expressed human sno-
IncRNAs and SPAs locally deplete splicing factors in brain
tissue of Snordl16@ knock-out mice, and analyze poten-
tial changes in global splicing profiles. Furthermore, since
their functional units do not rely on SNORD116 sequence
itself, it would be informative to examine potential splic-
ing factor sequestration by the ectopically expressed non-
protein-coding SNORDI116hg transcript lacking introns in
Snordl 16(@, knock-out animals, thus checking whether the
proposed biological role of sno-IncRNAs and SPAs can in
fact be attributed to the SNORD116 host gene.

SnoRNAs as regulators of cholesterol homeostasis

Cellular cholesterol levels are maintained at a steady level
by endogenous synthesis and uptake, which are regulated
by negative feedback loops (119). When cholesterol lev-
els decrease, transcription factors termed sterol regulatory
element-binding proteins (SREBPs) are activated to pro-
mote transcription of genes required for de novo choles-
terol synthesis and low density lipoprotein (LDL) internal-
ization. When cholesterol levels increase, SREBPs are re-
pressed, while some of the extra cholesterol is trafficked
to mitochondria, where it is oxidized to side-chain oxys-
terols. These, in turn, activate liver X receptors, nuclear re-
ceptors that promote transcription of genes responsible for
export of excess cholesterol from the cell. As cholesterol
levels decline, there is a reduction of oxysterol synthesis,
effectively repressing further cholesterol efflux. Receptor-
mediated LDL endocytosis is a major source of exoge-
nous cholesterol, and cholesterol is distributed to plasma
membrane as well as multiple organelles via endolysosomes.
When levels of cellular cholesterol are high, it is trafficked
from plasma membrane to ER independently from the en-
dolysosomal route. In ER, cholesterol inhibits SREBP pro-
cessing and activation and promotes re-esterification of
cholesterol by the acyl coenzyme A (CoA):cholesterol acyl-
transferase. Delivery of plasma membrane cholesterol to



mitochondria allows for local enzymatic production of 27-
hydroxycholesterol, which indirectly represses SREBP pro-
cessing in ER.

Evidence of an unexpected role for specific snoRNAs in
mediating intracellular cholesterol trafficking came from
2 forward genetic screen studies (120,121). In both cases
researchers used retroviral promoter trap mutagenesis to
randomly disrupt genes in CHO cells, hijacking endoge-
nous upstream promoters for expression of selection marker
bestowing resistance to neomycin. Cells that survived a
round of neomycin treatment were subsequently subjected
to cholesterol starvation, followed by treatment with am-
photericin B (a polyene antibiotic that lyses cells by form-
ing pores in cholesterol-rich membranes) and LDL to se-
lect for clones deficient in trafficking of newly plasma
membrane-incorporated exogenous cholesterol to ER. The
first study (120) recovered a mutant cell line displaying an
increased rate of de novo cholesterol synthesis, while ester-
ification of plasma membrane-derived cholesterol was de-
creased, probably as a result of cellular cholesterol level
sensing defects. Surprisingly, the underlying insertional
mutation was present in the non-protein-coding Snord60
host gene (U60snhg). Complementation of the U60snhg-
haploinsufficent cell line with the murine orthologue res-
cued the cholesterol trafficking defect, and the phenotype
was only restored when the cells were transfected with
wild-type U60snhg but not analogues with mutated D’-box
and ASE. Thus, Snord60 likely interacts with RNAs other
than or in addition to its presumed canonical target (28S
rRNA). No studies addressing the Snord60 mechanism of
action have been conducted. Snord60 expression/stability
seems to correlate with intracellular cholesterol levels both
in wild-type and mutant CHO cells, indicating possible
reciprocal regulation. Interestingly, a chromatin immuno-
precipitation (ChIP)-seq study (122) previously found that
U60snhg promoter in HepG?2 cells is occupied by transcrip-
tion factor SREBPI, the master switch of cholesterol up-
take and synthesis, suggesting a direct link between cel-
lular cholesterol regulating machinery and SNORDG60 ex-
pression at transcriptional level. More recently, a similar
phenotype was attributed to haploinsufficiency for snoR-
NAs Snora73A and Snora73B, 18S rRNA-processing chap-
erones harbored in consecutive introns of the non-protein-
coding gene Snhg3 (121). Transcriptomes of NIH 3T3
mouse fibroblasts in which Snora73 was either overex-
pressed (OE) or stably knocked down (KD) were com-
pared by using microarray analysis to identify differen-
tially expressed mRNAs, potentially representing Snora73
downstream targets. One of the few genes that were up-
regulated in KD (>4-fold (GAPDH-normalized) and ~2-
fold (HSP90-normalized) at mRNA and protein levels, re-
spectively) and downregulated in OE cells (approx. 90%
for both mRNA and protein), the hypoxia-upregulated mi-
tochondrial movement regulator (Hummr), a mitochon-
drial adaptor protein implicated in mitochondrial motil-
ity, contained a region of complementary to the highly
conserved but unusual Snora73 antisense element (termed
m1/m?2) of the 3’ internal loop (Figure 7A); direct interac-
tion of Snora73 and Hummr mRNA was later confirmed
by pull-down assay. Finally, Hummr overexpression resulted
in a phenotype identical to Snora73 KD, leading to de-
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crease in cholesterol esterification, while Hummr knock-
down phenocopied Hummr downregulation by Snora73
OE, increasing cholesterol esterification. Notably, Snora73
and Hummr display opposite expression profiles in mouse
ovaries, and are developmentally regulated to control mi-
tochondrial steroid hormone synthesis. These observations
are consistent with the model in which Hummr mitigates
esterification of plasma membrane-derived cholesterol in
ER by diverting cholesterol to mitochondria via enhanc-
ing ER-mitochondrial contacts (complexes termed MAM
(for mitochondrial associated ER membranes), well-known
sites of lipid exchange between ER and mitochondria) (Fig-
ure 7B).

SnoRNAs as regulators of metabolic and oxidative stress

At the outer mitochondrial membrane, free fatty acids are
converted to acyl carnitines by the action of carnitine acyl-
transferase I, and subsequently translocated to the matrix,
where they undergo B-oxidation. The released acetyl-CoA
enters the Krebs cycle, and is gradually oxidized; the result-
ing reducing equivalents are transferred to electron trans-
port chain for ATP synthesis. Extensive -oxidation atten-
uates further mitochondrial free fatty acid uptake via for-
mation of malonyl CoA, an inhibitor of carnitine acyl-
transferase I. However, excess free fatty acids (as well as
glucose) can cause formation of reactive oxygen species
(ROS), leading to mitochondrial dysfunction, ER stress
with Ca’* release, and cell death in a process known as
lipo(gluco)toxicity. The disruption of Ca’* regulation by
chronic oxidative stress is believed to contribute to type II
diabetes development (123).

Michel et al. (124) resorted to retroviral promoter trap
mutagenesis coupled with palmitate treatment of trans-
duced CHO cells to identify loss-of-function mutations for
resistance to oxidative stress. The causative mutation was
present in the gene Rpll3a encoding the 60S subunit ribo-
somal protein L13a. Unexpectedly, it was the haploinsuf-
ficiency for three out of four intronic C/D-box snoRNAs
(Snord32A, -33 and -35A) rather than the protein coding
portion of the gene that was responsible for the observed
phenotype. Palmitate exposure brought ~5-6-fold upregu-
lation of the Rp/I3a snoRNAs but not the mature mRNA,
whereas concomitant knockdown of Snord32A, -33 and -
35A in murine myoblasts phenocopied palmitate resistance
of the Rpli3a-deficient CHO mutant. Moreover, the re-
searchers confirmed their findings in vivo, demonstrating
that Rpll3a snoRNAs are required for propagation of ox-
idative stress in lipopolysaccharide (LPS)-challenged mice.
Under lipotoxic conditions, the Rp/l3a snoRNAs accumu-
lated in the cytoplasm of murine myoblasts (whereas their
nuclear levels were unchanged), suggesting potential non-
canonical snoRNA function in the regulation of transla-
tion. In a further study (125), the same research group cre-
ated a mouse model homozygous for deletion of Rpll3a
snoRNAs from the hosting introns. Fibroblasts isolated
from ‘Rpll3a-snoless’ mouse embryos had diminished abil-
ity to amplify ROS and were resistant to ROS stimulation
by exogenous hydrogen peroxide. The Rpll3a-snoless mice
reacted to glucose challenge by enhanced insulin secretion,
which was attributed to altered mitochondrial metabolism



1640 Nucleic Acids Research, 2020, Vol. 48, No. 4

Snora73

_—

mitochondria

plasma membrane plasma membrane

Hampry
G
ER ER

mitochondria

Figure 7. Snora73 targets Hummr mRNA to regulate cellular cholesterol trafficking (adapted from (121)). (A) Proposed interaction between Snora73
and Hummr mRNA. Conserved sequence motifs m1 and m2 within the internal loop of 3’ hairpin of Snora73 are shown in blue. Note that the antisense
element is located at the lower part of the loop in contrast to canonical H/ACA-box snoRNAs (compare with Figure 1C). Protein subunits were omitted
from snoRNP depiction for simplicity reasons. (B) Model of Snora73-Hummr cholesterol trafficking pathway. When Snora73 levels are high (left), Hummr
expression is silenced. Thus, cholesterol (C) is retained in the endoplasmic reticulum (ER) where it is esterified (CE) by acyl CoA:cholesterol acyltransferase
(ACAT), and only basal levels reach mitochondria. Conversely, when Snora73 is deficient (right), Hummr silencing is alleviated. Hummr is essential for
formation of ER-mitochondrial contacts, indirectly enabling cholesterol flux to mitochondria (diverting it from the ACAT-accessible pool in the ER),
where it is converted to 27-hydroxycholesterol (27HC) and steroid hormones (preg stands for pregnenolone, a common steroid hormone precursor).

(126). When the Rpll3a-snoless mice were crossed with
diabetogenic counterparts of three different genetic back-
grounds, the Rpll3a snoRNA loss-of-function mutation
protected animals against hyperglycemic stimuli that oth-
erwise cause damage to pancreatic B cells, providing very
strong evidence for the non-canonical function attributed
to Rpl13a snoRNAs. Transcriptome comparison of Rpll3a-
snoless and wild-type islets only revealed 6 differentially
expressed genes, none of which was previously associated
with response to ROS, nor did they display any sequence
complementarity to Snord32A, -33, -34 and -35A, mak-
ing them unlikely direct targets of Rp//3a snoRNAs. Re-
cently, Elliott ez al. (127) have shown that SNORD32A (and
SNORDSI that harbors highly similar D’-box ASE) target
peroxidasin (PXDN) mRNA for 2’-O-ribose methylation
by fibrillarin at adenosine residue A3150 within the cod-
ing region (Figure 8A). The modification led to increased
mRNA stability (i.e. PXDN mRNA levels increased), but
significantly inhibited translation efficiency due to steric
blockade of interactions between rRNA and the phosphori-
bose backbone of the mRNA-tRNA minihelix. Peroxidasin
is a peroxidase consuming hydrogen peroxide to catalyze ex-
tracellular production of highly reactive hypobromous acid
(128), and thus represents an attractive candidate to explain
the mechanism behind Rpl//3a snoRNAs-induced oxidative
stress (Figure 8B). SNORD32A, and the presumed PXDN
mRNA target sequences are conserved in fly, mouse, and
human (127). It is tempting to speculate that similar epi-
transcriptomic modifications exerted by snoRNAs might
constitute a more widespread post-transcriptional gene reg-
ulating network.

Interestingly, Zhang et al (118) found evidence of
species-specific expression of sno-IncRNA flanked by
Snord33 and Snord34; due to differences in alternative
splicing, the sno-IncRNA was highly expressed in mouse
ESCs, but only slightly in rhesus ESCs and absent in human
cell lines. The relevance of this sno-IncRNA is unclear;
however, the alternative processing of Rpll3a pre-mRNA,
producing a splice isoform with an open reading frame

shift at the Rpll3a protein C-terminus in addition to
full-length protein, might indicate a role for alternative
splicing in the regulation of 60S ribosome subunit function
in a species-specific manner. Rpl13a has previously been
shown to participate in translational modulation of specific
mRNAs as a component of interferon-y -activated inhibitor
of translation (GAIT) complex (129,130). Whether the
change of intronic neighborhoods due to snoRNA
deletion affects Rpll3a splicing patterns has not been
investigated.

Proper splicing mechanisms are also essential for release
of intronic snoRNA as exemplified by the fact that loss-
of-function mutation in one of the alleles encoding SmD3,
a small nuclear ribonucleoprotein component of spliceo-
somes, protects CHO cells against lipotoxicity (131). The
Snrpd3 haploinsufficiency caused impaired basal expres-
sion and lipotoxic cytosolic accumulation of a subset of
H/ACA- and C/D-box snoRNAs, including Rp//3a snoR-
NAs, explaining the ROS-resistant phenotype.

Doxorubicin-induced oxidative stress was reported to
cause indiscriminate C/D-box snoRNA shuttling from nu-
cleus to cytosol (132). Cytosolic accumulation was also
detected for H/ACA-box snoRNAs and scaRNAs, al-
beit to lesser levels. Focusing on Rpl/l3a snoRNAs, Rimer
et al. (133) reported that LPS stimulation induced snoRNA
secretion by extracellular vesicles from cultured murine
macrophages, and that levels of Snord32/-33A/-34/-35A
increased in plasma of LPS-treated mice (~2-6-fold rela-
tive to spike-in control) and human volunteers (~2-fold),
raising the question of whether snoRNAs can function in
distant tissues. In addition to their proven non-canonical
function, Rp/i13a snoRNAs guide 18S and 28S rRNA 2'-0-
ribose methylation, as demonstrated by comparing methy-
lation levels of predicted targeted sites in macrophages iso-
lated from wild-type and Rpl/l3a-snoless mice (133). Al-
though a previous study did not detect perturbations in the
extent of rRNA methylation at Rlp/3a snoRNA-targeted
sites upon lipotoxic/oxidative stress (124), this might well
be due to insignificant snoRNA nuclear level change. To test
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Figure 8. SNORD32 and -51 regulate the expression levels of peroxidasin (PXDN) post-transcriptionally (adapted from (127)). (A) Predicted interactions
between the human SNORD32/-51 and PXDN mRNA. The nucleotide targeted for 2'-O-ribose methylation is shown in red. (B) Proposed model of PXDN
mRNA translational regulation. SNORD32/-51 target PXDN mRNA for 2'-O-ribose methylation by fibrillarin, resulting in increase in mRNA abundance
but decreased protein expression (left). In absence of SNORD32/-51 (or fibrillarin), the PXDN mRNA is not subject to 2'-O-ribose methylation, leading
to decreased mRNA stability and alleviated translational suppression (right). Fbl — fibrillarin.

the potential long-range functioning of extracellular snoR-
NAs, the authors used a very sensitive parabiosis model
in which wild-type mice were surgically joined to Rpli3a
snoRNA knock-out mice, sharing the blood circulatory sys-
tem. They found evidence of increased rRNA methylation
3 weeks after surgery in enterocytes (rapidly proliferating
cells with intense rRNA biogenesis) in knock-out para-
bionts in comparison to knock-out controls, while in hep-
atocytes (that divide much slower) no change was appar-
ent. The authors were unable to detect Rp//3a snoRNAs in
knock-out parabiont tissues by qPCR, indicating that long-
range distribution of snoRNAs is not very extensive and/or
that snoRNAs are relatively short-lived in the recipient tis-
sues in contrast to rRNA modifications they leave behind.
Nevertheless, this complex experiment demonstrated that
Rpl13a snoRNAs perform dual functions (i.e. guide rRNA
methylation along with serving as oxidative stress promot-
ers), and can exert their effect (at least the canonical one)
over long distances.

Role of snoRNAs in memory consolidation and learning

In situ hybridization analysis (134) revealed that several
orphan snoRNAs (Snord115, Snord116, Snora35 and the
rodent-specific C/D-box snoRNA MBII-48 (also termed
AF357425)) display uneven expression levels across mouse
brain structures, being especially abundant in the ven-
tral hippocampus (except for Snord116, which is equally
strongly expressed also in dorsal hippocampus, amyg-
dala and cerebral cortex). As hippocampus oversees
fundamental learning and memory processes (including
explicit/declarative memory), Rogelj ez al. (134) hypothe-
sized that this group of brain-specific snoRNAs might play
a role in higher brain functions. They designed an exper-
iment involving contextual fear conditioning (a Pavlovian
learning method that establishes association between stim-

uli (e.g. sound) and their aversive consequences (e.g. electric
shock)) and monitored hippocampal expression changes
of the four snoRNAs during memory consolidation. In-
deed, two snoRNAs, Snord115 and MBII-48, displayed
short-term up- (~40%) and downregulation (~25%), re-
spectively. The expression changes were specific for contex-
tual conditioning, as neither new environment nor audio
or shock stimuli by themselves had any significant effect
on snoRNA levels. These observations suggest a potential
role of Snord115 and MBII-48 in memory consolidation.
To support functional analyses of snoRNAs, it would be
worthwhile to examine transcriptome shifts during simple
learning tasks, taking advantage of single-cell RNA-seq ap-
proaches (considering the structural and functional com-
plexity of hippocampus (139)).

In contrast to SPAs and sno-IncRNAs (see the SnoR-
NAs implicated in Prader-Willi syndrome section above), the
recently characterized nucleolar long non-protein-coding
RNA LoNA (also called GM17382 (136)) harbors two
C/D-box snoRNA elements which are not required for
proper RNA processing or stability of its precursor, but
rather have functional roles in sequestering fibrillarin, rem-
iniscent of snoRD86 cSPA reported by Lykke-Andersen
((82); see the SnoRNAs in regulation of alternative splic-
ing section above). LoNA is highly expressed in Neuro-2A
neuroblastoma cells and mouse hippocampus, but its lev-
els rapidly drop upon neuronal stimulation in vitro and in
brains of mice subjected to behavioral tests (such as Mor-
ris water maze and object-context discrimination training).
LoNA thus seems to serve as a sensor of neuronal activity,
and its cellular concentration inversely correlates with lev-
els of pre-rRNA as well as mature rRNAs. LoNA contains
a 5 nucleolin-binding motif to sequester nucleolin activ-
ity, thereby negatively affecting the process of rDNA tran-
scription via modulation of the chromatin’s epigenetic state.
In addition, LoNA’s 3’ C/D-box elements compete with
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canonical snoRNAs for fibrillarin binding, leading to per-
turbed methylation status of rRNAs. The reduced rRNA
production results in diminished ribosome levels and, in
turn, attenuation of protein synthesis. Because the trans-
lational efficiency for several synaptic proteins (such as
AMPA receptor GluR2, NMDA receptors NR1/2A/2B,
and synaptophysin) is impaired, LoNA indirectly mod-
ulates synaptic plasticity as confirmed in mouse models.
Specifically, LONA knock-down mice outperformed con-
trol animals in behavioral tests, while mice that underwent
LoNA administration to hippocampus displayed impaired
spatial learning and memory. Remarkably, LoNA-deficient
APP/PS1 transgenic mice (an Alzheimer model harbor-
ing human amyloid precursor protein and presenilin 1 mu-
tated genes, and characterized by amyloid deposition, im-
paired learning, increased LoNA abundance and reduced
brain rRNA levels) showed rescue of learning and memory
defects. Ultimately, animal models harboring deletions of
LoNA nucleolin- and/or fibrillarin-binding motifs or the
entire LoNA gene will serve to validate this IncRNA’s pro-
posed biological role. Li et al. (136) report on identifica-
tion of a long non-protein-coding RNA in human (termed
RP11-517C16.2) which harbors the nucleolin-binding motif
and C/D-box elements, suggesting that similar rRNA mod-
ulation mechanisms affecting learning and memory pro-
cesses might operate in human as well.

METHODS OF SNORNA FUNCTIONAL ANALYSIS

SnoRNAs appear to be very heterogeneous with regards to
structure, target RNA recognition, choice of partner pro-
teins, and the mechanism of action. Functional analysis
of snoRNAs thus requires an interdisciplinary approach,
traditionally combining expression profiling, and in silico
target prediction followed by wet lab validation (e.g., di-
rectly by demonstrating the association between snoRNA
and its presumed target, or indirectly through determining
target RNA’s chemical modifications or abundance upon
snoRNA knock-down/overexpression). Recent methods of
unbiased RNA interactome profiling have proven invalu-
able for snoRNA target identification, and RNA-protein
interrogation techniques have enabled insight into (alterna-
tive) snoRNP assembly. New sophisticated approaches are
being developed for high-throughput transcriptome-wide
RNA modification analyses, indirectly revealing and vali-
dating canonical snoRNA targeted sites. In addition, ge-
netic screening campaigns have disclosed some unexpected
roles for snoRNAs. In this final section, we briefly review
the current snoRINA profiling toolbox.

SnoRNA expression profiling

Having an intermediate size (60-300 nt), snoRNAs are
long enough to be accurately quantified by conventional
gPCR after being reverse transcribed (RT) by random
priming (e.g. (78,137)). Alternatively, target-specific stem
loop primers introducing a universal 5 cDNA sequence
have been used for RT (133), allowing specific detection
of mature snoRNAs but not snoRNA sequences on ge-
nomic DNA or pre-mRNA templates. Another option is
to polyadenylate (sno)RNAs in vitro and perform RT with

an oligo(dT) primer carrying a 5 universal adapter (138).
RNA-seq has transformed the field of (sno)RNA biology,
enabling unprecedented expression profiling (e.g., modest
changes in expression levels can be addressed owing to ex-
tremely high sensitivity) as well as a detailed look into
intricate RNA processing (4,55,83,117). A common ap-
proach for RNA-seq library construction is based on liga-
tion of universal adaptors to RNA molecules for RT and
cDNA amplification. One should consider, however, that
RNA quantification (including snoRNAs) can be severely
affected by differences in adapter ligation efficiencies, as
well as complex RNA structures, post-transcriptional mod-
ifications, and differences in G/C-content, that are all po-
tential sources of bias (139). Conventional methods, such as
the semi-quantitative northern blotting and RNase protec-
tion assay (RPA) are therefore still used extensively for vali-
dation purposes. In RPA, an in vitro-transcribed uniformly
32P_labeled single-stranded antisense probe is hybridized to
target RNA, protecting it from subsequent degradation by
single strand-cleaving RNases A and/or T1. Finally, high
resolution electrophoresis is performed, followed by sensi-
tive autoradiography to reveal the presence, size, and rela-
tive levels of probe-protected RNA. For example, RPA has
been used for confirming snoRNA processing patterns of
Snord115 first detected by cloning and sequencing of frag-
ments (80).

Bioinformatic target prediction

A number of bioinformatic tools, such as snoTARGET
(140), RNAsnoop (141) and PLEXY (142), have been de-
veloped for identifying RNA targets of snoRINAs. However,
these large input sequence-scanning programs are typically
based on the assumption that snoRNAs adhere to canoni-
cal folding patterns, and snoRNA:target RNA interactions
are scanned considering constraints observed for validated
snoRNA:rRNA pairs, which might not be the case for all
members of the family. Furthermore, C/D-box snoRNAs
harbor relatively short antisense elements that tolerate a
number of mismatches (70), while antisense elements of
H/ACA-box snoRNAs are bipartite in addition to being
short, making target identification relatively unreliable. In-
deed, Kishore ef al. (80) had to test over a hundred com-
putationally predicted phylogenetically conserved targets of
Snord115 experimentally to identify 5 transcripts (Table 1)
whose splicing showed dependence on this snoRNA. In ad-
dition, in some C/D-box snoRNAs, segments other than
the canonical ASE 5 to D/D’-box were observed to en-
hance cognate snoRNP’s methylation activity (143).

Exogenous modulation of snoRNA levels

Blocking the activity of an endogenous snoRNA is a use-
ful approach of screening for its functions (e.g. coupled
with phenotypical or comparative transcriptome analyses)
or verifying its presumed targets. As snoRNAs are primar-
ily nuclear residents, RNA interference (a well-established
experimental gene silencing technology), is ineffective for
snoRNA knock-down. Instead, synthetic chimeric anti-
sense oligonucleotides (ASOs) enable efficient and selec-
tive snoRNA depletion both in vitro and in vivo (144,145).



These ASOs are typically 20 nt long, contain phosphoroth-
ioate linkages, and are comprised of 10 central deoxynu-
cleotides with 5 terminal 2’-O-methoxyribonucleotides at
each side; the modifications protect them from degrada-
tion by exonucleases. Upon base paring with target nuclear
(sno)RNA, the heteroduplex is recognized by RNase H,
cleaving the RNA. ASOs are delivered to cells by nucleo-
fection. Conversely, snoRNAs can be ectopically expressed
in host cells, and often vectors encoding snoRNAs in their
native intronic environment are used to ensure proper bio-
genesis of mature snoRNAs. However, one needs to con-
sider cell-type-specific splicing patterns. For example, brain-
specific Snord116 could only be efficiently expressed in a
non-neuronal cell line upon mutating the wild-type 5’ splice
site to the mammalian consensus motif (47,146). On the
other hand, lack of (neuron-specific) splice factors alone
cannot account for improper snoRNA biogenesis; for ex-
ample, Snord116 and Snord115 were shown to be efficiently
processed (although to a lesser extent) in numerous mouse
non-neuronal tissues (e.g. lungs, heart, liver, spleen, kidney,
muscle, testis and glial cells) upon induction of otherwise
silenced host gene from maternal chromosome by knock-in
of 5 HPRT-LoxP-Neo® cassette upstream of the Snordl 16
cluster (105).

In general, very few snoRNAs are essential for
cell/organism viability, making it possible to resort to
knock-out experiments, which are typically superior to
studies based on knock-down approaches, as the latter may
lead to incomplete or off-target effects. Due to its simplicity
and convenience, CRISPR/Cas9 genome editing is being
increasingly applied in snoRNA biology. For example,
Vitali and Kiss (38) have used the technology to precisely
delete the internal fragments of EIF4G2 and LARP4 gene
introns harboring the SNORD97 and SCARNAY97 genes,
respectively, in order to support in vivo loss-of-function
study in a near-haploid human cell line HAP1. In another
example, Bochukova et al. (93) have used CRISPR/Cas9
genome editing to delete the 57.4 kb SNORDI116 gene
cluster from SH-SYSY human neuroblastoma cells, thereby
mimicking the PWS genotype. SH-SYS5Y is a common cell
model in neuroscience because it can easily be differentiated
into mature neuron-like cells. Neuronal differentiation of
SNORDI116-deficient SH-SYSY cells was reported to be
impaired with cells displaying reduced initial proliferation
and survival compared to wild-type cells, reminiscent of
compromised brain development in Snord116 knock-out
mice (94).

RNA modification analysis approaches

One of the earliest experimental methods for detecting
canonical modifications (i.e. 2'-O-ribose methylation and
pseudouridylation) exerted by snoRNPs on defined posi-
tions of presumed RNA targets was the primer extension
assay (PEA). In PEA, reverse transcription is performed
in the presence of increasing dNTP concentrations using
a labeled primer annealing to the sequence downstream
from the target site guided by a snoRNA. At low dNTP
concentrations RNA modifications sterically hinder reverse
transcriptase, causing it to stall, resulting in cDNA termi-
nated at the nucleotide immediately before the modified
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site, whereas high dNTP concentrations rescue the RT
processivity. Subjecting products of RT to high-resolution
electrophoresis allows for identification of the modified
site, and qPCR analysis of resulting cDNA can be used
for quantifying the modification levels (127,133). Whereas
ribose 2'-O-methylation efficiently slows down RT (147),
pseudouridines can only be detected by first labeling
(pseudo)uridine and guanidine residues with N-cyclohexyl-
N’-beta-(4-methylmorpholinium)ethylcarbodiimide p-
tosylate (CMC), followed by alkaline removal of all CMC
groups except those linked to the N3 of pseudouridine
(148).

Similar principles can be exploited for high-throughput
RNA modification analysis. Coupling CMC-treatment of
RNA followed by selective alkaline adduct hydrolysis with
RNA-seq provides means of transcriptome-wide quantita-
tive mapping of pseudouridines (termed W-seq) (149). Only
some of the pseudouridylations are snoRNA-guided and
catalyzed by dyskerin as judged from differential modifica-
tions observed in dyskerin knock-down/snoRNA knock-
out and control yeast and mammalian cells. Interestingly,
such modifications are not limited to rRNAs and snRNAs,
and are also found in mRNAs and snoRNAs (149). RimSeq
(4) is an unbiased high-throughput 2’-O-ribose methylation
profiling technique based on compromised RT processiv-
ity at 2’-O-methylated sites at minute dNTP concentrations,
and sequencing of prematurely terminated cDNAs. Inspect-
ing 3’ ends of reads thus provides information on down-
stream methylation at single nucleotide resolution. Com-
bining RimSeq with computational prediction of modified
sites and literature data, Jorjani et al. (4) have proposed sev-
eral previously undescribed snoRNA:rRNA /snRNA inter-
actions, leaving only a small fraction of C/D-box snoR-
NAs orphan. Another approach, termed RiboMethSeq
(150,151), relies on the fact that phosphodiester bond, lo-
cated 3’ to a 2’-O-methylated residue, is protected from al-
kaline hydrolysis. Thus, partial fragmentation by random
alkaline hydrolysis results in RNA segments beginning and
ending at all sites, except at the nucleotide positioned di-
rectly downstream of the 2’-O-methyl carrying residue. Fol-
lowing RNA alkaline hydrolysis, deep sequencing is per-
formed, and modified sites are called by 5’ /3" fragment end
position counting. RiboMethSeq has been used to vali-
date C/D-box snoRNA:target RNA interactions detected
by CLIP (152) (see the RNA: RNA interaction mapping sec-
tion below).

In addition to sequencing methods, mass spectrometry-
based approaches for addressing RNA modifications have
been reported, even for the ‘mass-silent’ pseudouridine
(e.g. (153,154)). Although the latter are not considered high-
throughput, they allow for identification of modifications
inaccessible by sequencing, such as those found at the 3’
of RNA (leaving no room for reverse transcription primer
binding in conventional methods) and the ones masked by
adjacent modified residues. Furthermore, the indirect deter-
mination of modification sites in RNA is not immune to
artefacts and the results should be treated with caution. In
this regard, mass spectrometry approaches can be consid-
ered superior to indirect mapping of RNA modifications.
For example, using the primer extension assay, Lacoux et
al. (155) have reported that mouse BC1 RNA, a small non-
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protein-coding RNA operating in the control of gene ex-
pression, is 2’-O-methylated at 5'-hairpin that is involved
in mRNA translational regulation. On the other hand, tar-
geted LC/MS analysis of native BC1 RNA found no base
or sugar backbone modifications (156).

SnoRNA:protein interaction screening

SnoRNP dissection can provide clues as to snoRNA
function. For example, identification of unexpected pro-
tein partners (considered components of non-canonical
snoRNPs) strongly suggests an alternative role for that
particular snoRNA, and this information can be used for
subsequent mechanistic studies. On the other hand, a de-
tailed analysis of (canonical) partner protein-associated
snoRNAs can provide a glimpse into snoRNA biogenesis.
snoRNA:protein interaction screening is typically based on
targeted pull-down of snoRNPs, either using antibodies di-
rected against specific proteins (i.e. RNA immunoprecipi-
tation, RIP) or labeled antisense probes pairing to a cer-
tain segment of snoRNA (i.e. RNA antisense purification,
RAP). Transient or weak direct protein:RNA interactions
can be stabilized by ultraviolet (UVC) cross-linking in live
cells, allowing for stringent purification conditions and en-
suring that biologically relevant complexes are detected. Fi-
nally, proteins are identified by using mass spectrometry,
and RNAs are subjected to sequencing.

RAP-MS (157,158) is especially appropriate for long
RNAs as it relies on long (120 nt) biotinylated DNA anti-
sense probes tiled along the length of entire targeted RNA.
snoRNAs, on the other hand, are much shorter and, at least
in canonical snoRNPs, heavily shielded by partner proteins.
Targeting exposed snoRNA antisense elements might not
be very efficient due to endogenous target RNA competi-
tion and inherently short length. Nevertheless, two groups
report on successful snoRNP RAP experiments (24,80).
In both cases, Snord115 was shown to interact with non-
canonical protein partners, while interaction with fibrillarin
could not be detected by MS. There was considerable over-
lap of the identified alternative protein partners, although
distinct proteins were also detected in each study, which
might be explained by employment of different probes (di-
rected either against the ASE or the apical loop) and exper-
imental conditions.

RIP (followed by microarray analysis or sequenc-
ing) is performed under native conditions, preserving
RNA-protein association at the expense of specificity
(159). Furthermore, it is incapable of capturing tran-
sient RNA:protein interactions. Thus, UV cross-linking
and immunoprecipitation (CLIP) (160,161) and the closely
related cross-linking and analysis of cDNAs (CRAC)
(162,163) have become the methods of choice for identify-
ing RNAs directly interacting with RNA-binding proteins
(RBPs). Here, intact tissue or cells are irradiated with UVC
light inducing covalent linkages between the RNAs and the
closely associated proteins. In CLIP, cells are lysed, RNAs
are partially fragmented by dilute RNase treatment, and
the resulting fragments (protected by the partner protein)
are co-immunoprecipitated with highly-specific antibodies
under stringent purification conditions. A derivative tech-
nique called PAR-CLIP (photoactivatable ribonucleoside-

enhanced CLIP (164)) exploits photoreactive nucleotide
analogues incorporated in RNA during transcription to
achieve more efficient cross-linking. CRAC differs from
CLIP in that it uses an ectopically expressed RBP, termi-
nally tagged with hexahistidine sequence, a protease cleav-
age site and protein A immunoglobulin binding domains.
This allows for tandem RNP enrichment by first capturing
RBP-RNA complexes on IgG beads under high salt con-
ditions, and (following site-specific protease cleavage to re-
lease the complex) subsequent purification on Ni-NTA ma-
trix under denaturing conditions. RNA pool linked to the
RBP is labeled radioactively or with a fluorophore (via lig-
ation of 5" and 3’ adapters, respectively), subjected to SDS-
PAGE, and transferred to nitrocellulose membrane in or-
der to remove free RNA. Finally, piece of membrane with
adsorbed complexes is cut out, RNA is released by pro-
teinase K treatment, converted to cDNA and sequenced.
Such methods have provided valuable insights into the ar-
chitecture of canonical snoRNPs (163), and biogenesis and
processing of snoRNAs (41). Fibrillarin RIP-seq screen was
used to discover the SPAs and sno-IncRNAs of the PWS
critical region (Figure 6) (83,117), and CLIP/CRAC-seq
identified snoRNAs associating with unexpected protein
partners (22,165).

A further improvement of the CLIP technique, the in-
dividual nucleotide-resolution UV cross-linking and im-
munoprecipitation (iCLIP) (166), is based on the fact that
peptide/amino acid residue remaining cross-linked to RNA
after proteinase K treatment will block RT. Thus, the cross-
linking site is identified at the nucleotide +1 downstream to
the cDNA terminus. RNA-seq library construction requires
a modified approach, being based on ligating a 3’ universal
adapter, serving as the RT primer annealing site, to RNA
fragments, and then circularizing the resulting cDNA by us-
ing the single-stranded DNA ligase CircLigase to append a
second universal sequence to the 3’ end for library PCR am-
plification.

RNA:RNA interaction mapping

RNA:RNA interaction mapping techniques are increas-
ingly used for identifying targets of non-protein-coding
RNAs. The approaches can be classified as focused, tar-
geting one of the RNA partners or a specific RBP for en-
richment of associated RNAs, or unbiased, allowing inter-
rogation of the entire RNA interactome. The focused ap-
proaches are RAP-seq, CLIP, CLASH and hiCLIP, while
the more recently developed unbiased methods include
PARIS, SPLASH, LIGR-seq and COMRADES.
RAP-seq, similarly to RAP-MS discussed above, is based
on tiled biotin-labeled antisense probes for selective pull-
down of target RNA and its interacting partners. Once
more, the size and compact structure of snoRNAs likely
prohibits efficient RAP-seq. Engreitz et al. (167) described
two variations of the method; in one direct RNA:RNA
interactions are captured by a water-soluble photoreac-
tive psoralen derivative 4-aminomethyltrioxsalen (AMT)
covalently cross-linking RNAs engaged in base pairing,
while in the other indirect interactions mediated by proteins
are stabilized via formaldehyde cross-linking. Conversely,
specific protein components of RNPs can also be used



for RNA co-immunoprecipitation after UVC cross-linking
and proximity ligation of interacting fragment RNA arms.
Interestingly, even in sequencing data from conventional
CLIP experiments, there have been reports of occasional
hybrid reads, likely resulting from proximity ligation of
two RNA fragments by endogenous ligases (127,152,168).
To improve the ligation efficiency, RNA fragments cross-
linked to a RBP can be specifically proximity ligated by
T4 RNA ligase prior to library construction. Such tech-
niques are CLASH (cross-linking, ligation, and sequencing
of hybrids (33,169,170)) and hiCLIP (RNA hybrid and
individual-nucleotide resolution ultraviolet cross-linking
and immunoprecipitation (171,172)). HiCLIP differs from
CLASH in that it uses an adapter that enables control over
ligation of the two RNA arms comprising the RNA duplex,
thereby overcoming the potential physical constraints of the
ligation reaction. Importantly, it also enables each arm of
the duplex to be unambiguously identified during bioinfor-
matic analysis of sequencing data, ensuring that both intra-
and intermolecular RNA-RNA interactions are precisely
defined on transcripts. Fibrillarin/Nop56/Nop58-CLASH
has been extensively used for validation of snoRINA targets
in yeast (33,169).

Whereas CLASH and (hi)CLIP are limited by the choice
of RBP for purifying RNA:RNA duplexes as well as by
the likely underrepresentation of transient RNA:RNA in-
teractions in the final sequencing library, recent state-of-
the-art methods of RNA interactome profiling allow for un-
biased transcriptome-wide RNA:RNA interaction identifi-
cation. All are similar in that they rely on psoralen deriva-
tives to stabilize cellular RNA:RNA interactions, but dif-
fer in the way the cross-linked RNA duplexes are enriched
prior to hybrid RNA library construction. In LIGR-seq
(ligation of interacting RNA followed by high-throughput
sequencing (48)) cells are incubated with AMT and irradi-
ated by UVA light, and RNA is Trizol-extracted. Next, sam-
ple is treated with S1 nuclease which cleaves single-stranded
but not double-stranded RNA, and heat-denatured. Cross-
linked RNA fragments are proximity ligated, and treated
with RNase R, a 3’— 5 exoribonuclease that degrades es-
sentially all linear RNAs but does not digest lariat or circu-
lar RNA structures, effectively enriching hybrids. In PARIS
(psoralen analysis of RNA interactions and structures
(34,173)) S1 nuclease/RNase I11-fragmented AMT-cross-
linked RNA is subjected to 2D electrophoresis. Initially,
RNA is separated on native polyacrylamide gel and size-
selected according to presumed double-stranded structure
(e.g. 25-150 bp). Gel slices from the first dimension are
then embedded perpendicularly on a high-resolution dena-
turing polyacrylamide gel, and run at high voltage to in-
duce heat. Upon gel staining, denatured cross-linked RNA
emerges above the main diagonal, and can be extracted
for subsequent proximity ligation. SPLASH (sequencing of
psoralen-crosslinked, ligated, and selected hybrids (174))
employs a biotinylated psoralen for RNA cross-linking, fol-
lowed by capture of Mg?*-fragmented cross-linked RNA
segments on streptavidin beads, and proximity ligation. Bi-
otinylated psoralen entry into cells is very inefficient, and
cells need to be incubated with a detergent (0.01% digi-
tonin) to improve intracellular delivery. However, any ad-
ditional stress exerted to cells during the lengthy cross-
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linking step might perturb the RNA interactome. In this re-
gard, COMRADES (cross-linking of matched RNAs and
deep sequencing (175)) is a markedly improved technique,
based on cross-linking RNA with a cell-permeable azide-
modified psoralen derivative (psoralen-triethylene glycol
azide). Trizol-extracted RNase III-fragmented RNA is re-
acted with an alkyne-containing click reagent carrying a bi-
otin moiety for quantitative labeling of cross-linked RNA
fragments, allowing streptavidin capture. Following prox-
imity ligation, psoralene-induced cross-links are easily re-
versed by irradiation with UVC light, and hybrid RNA se-
quencing libraries can be generated using standard meth-
ods. Methods for RNA:RNA interaction mapping have
been used to confirm presumed targets of snoRNAs as well
as identify new non-canonical ones (34,48,152,173,174).

Induced pluripotent stem cell models in snoRNA functional
analysis

Knock-down and knock-out technologies are vital tools
for comparative transcriptome and phenotype analyses (rel-
ative to wild-type cells and animals), however, cell mod-
els based on actual patient genotypes are often prefer-
able. The ability to dedifferentiate any somatic cell to
the level of pluripotency has opened a new and exciting
field in the study of genetic diseases, including those di-
rectly or indirectly linked to snoRNAs. Reprogramming
of patient-derived cells, usually fibroblasts obtained from
skin biopsy, involves transfection or transduction with a
handful of embryonic transcription factors and/or miR-
NAs (176,177). Resulting induced pluripotent stem cells
(iPSC) can propagate indefinitely and can be differentiated
to various disease-relevant cell types in vitro. With rele-
vance to snoRNA biology, iPSC from PWS subjects (178-
180) and patients with X-linked form of dyskeratosis con-
genita (X-DC; caused by mutation in the dyskerin gene)
(181,182) have been generated. DC is a congenital bone
marrow failure syndrome, further clinically characterized
by reticular skin pigmentation, nail dystrophy, and mu-
cosal leukoplakia. Indicating that iPSCs provide relevant
disease models are the notions that PWS iPSC-derived neu-
rons retain the molecular signature of PWS (i.e. maternal
genes from the PWS remained silenced in iPSCs and typ-
ical DNA methylation patterns persisted all through neu-
ronal differentiation (178)), and that X-DC iPSCs show no-
ticeable reduction in telomerase activity, progressively af-
fecting iPSC self-renewal (182). The latter can be attributed
to the vital role of dyskerin in telomerase RNP assembly
and localization (183), as the telomerase RNA component
(TERC) contains a 3’ terminal domain resembling H/ACA-
box snoRNA.

CONCLUSIONS AND OUTLOOK

RNAs, despite being structurally fairly simple molecules,
display extraordinary functional flexibility, which seems to
be true also for snoRNAs. In addition to well-defined roles
in guiding 2’-O ribose methylation and pseudouridylation
on rRNA and snRNA targets, individual snoRNAs were
implicated in governing mRNA abundance by what seem to
be complex mechanisms, regulation of RNA splicing, and
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directing an unexpected type of post-transcriptional modifi-
cation (i.e., cytosine N* acetylation). With regards to snoR-
NAs’ modes of action, it may well be that we have only been
picking the low-hanging fruit. Indeed, given the pace of field
development, it is likely that the list of unexpected snoRNA
roles will further expand. New state-of-the-art methods en-
abling insights into alternative snoRNP composition, direct
target identification, and detection of RNA modifications
at a transcriptome-wide level provide a snoRNA biology
research toolbox of unprecedented power. Yet, functional
characterization of snoRNA might be hampered by sev-
eral factors, such as technical limitations of analytical meth-
ods, intrinsic snoRNA properties, potential dual (multiple?)
functionalities of snoRNAs, and functional heterogeneity
of snoRNA-expressing tissues. For example, compact fold-
ing, protection by partner proteins, small size and compe-
tition with endogenous target RNAs decrease efficiency of
antisense-based snoRNPs purification, especially if their ex-
pression levels are low. Furthermore, structural complexity
may limit the efficiency of reverse transcription reactions
for subsets of RNAs (or RNA hybrids) prior to construc-
tion of RNA-seq library, skewing the transcriptome/RNA
interactome profiling. Novel protocols based on the ro-
bust thermostable group II intron reverse transcriptases
(TGIRTs) are being developed to overcome the issue of
limited RT processivity and to increase coverage in RNA-
seq experiments (e.g. (184)). Another exciting field in RNA
biology is single-cell RNA-seq (185), a rapidly expanding
technology allowing the dissection of gene expression at
single-cell resolution. This approach is especially appeal-
ing in characterization of heterogencous tissues, such as
brain, where bulk sequencing might mask intricate cell-
type differences. Given the limited expression profiles of
certain orphan snoRNAs (e.g. (111,134)), we expect that
single-cell RNA-seq will play a major role in snoRNA func-
tional analyses in the future. Current single-cell RNA-seq
approaches already support a wide variety of applications;
among others identification of cell subpopulations, detec-
tion of rare cell states, differential gene expression analysis,
analysis of splicing and RNA editing, and developmental
trajectories reconstruction (185,186). Although currently
single-cell RNA-seq data are more complex and ‘noisier’
compared to conventional bulk RNA-seq data, experimen-
tal protocols allowing transcriptome capture with higher
sensitivity are continuously being designed, and improved
computational platforms are being developed to cope with
data analysis (reviewed in (187)). Modern single-cell omic
technologies take a step further, and attempt to address
different aspects of gene expression (e.g. transcriptome
and proteome analysis) simultaneously. One such example,
termed CITE-seq (cellular indexing of transcriptomes and
epitopes by sequencing (188)) takes advantage of oligonu-
cleotide barcode-tagged antibodies specific for cell surface
proteins to measure protein abundance via sequencing (the
barcode frequency reflects the relative protein concentra-
tion) at single-cell resolution concomitantly with transcrip-
tome profiling. On the other hand, bioinformatic plat-
forms integrating transcriptome-wide RNA structural anal-
ysis with post-transcriptional modification profiling (collec-
tively termed RNA epistructurome (189)) from the same set

of NGS-based data are being developed to help users tackle
the problem of RNA functional characterization (190).
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