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Abstract 

Recently, the repertoire of human small nucleolar noncoding RNAs (snoRNAs) and their potential functions has expanded with the disco v ery 
of new snoRNAs and messenger RNA (mRNA) targets, for which snoRNA-guided modifications may influence their st abilit y, translat abilit y, 
and splicing. We previously identified snoRNAs that are abundant in healthy human muscle progenitor cells. In this study, we demonstrated 
that SNORA40 and SNORA70 loss-of-function impairs m y ogenic differentiation. Interestingly, gain-of-function can rescue impaired differentiation 
muscle progenitor cells in m y otonic dy stroph y type 1 (DM1). We identified cy clin D3 (CCND3) mRNA, which is partially located in the nucleolus, as 
a target for SNORA40 and SNORA70, which are required for its pseudouridylated status. Expression of the CCND3 protein is required for muscle 
progenitors to exit the cell-cycle when they are induced to diff erentiate. W e revealed that this switch requires SNORA40 / 70. Finally, we observed 
that DM1 cells show reduced le v els of SNORA40 / 70 and undetectable CCND3 protein. Ho w e v er, restoring normal le v els of SNORA40 / 70 
partially restored CCND3 protein expression, coinciding with impro v ed cell fusion capacity in DM1 muscle progenitors. Collectively, these data 
suggest that this effect may stem from SNORA40 / 70-dependent pseudouridylation of CCND3 mRNA, emphasizing snoRNAs as k e y pla y ers in 
normal and pathological muscle differentiation. 
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Introduction 

Myotonic dystrophy type 1 (DM1) is an autosomal dominant
disorder and the most common form of adult-onset muscu-
lar dystrophy, with an incidence of 1 in 8000 births world-
wide (OMIM 160900). Neuromuscular disease is caused by
a CTG expansion in the 3 

′ -untranslated region (UTR) of the
differentiation medium (DM) protein kinase gene [ 1 ]. Mutant
transcripts containing expanded repeats are retained in nu-
clear aggregates that sequester MBNL1 splicing factors. They
alter the activity of other RNA binding proteins, leading to
alterations in RNA metabolism, including inappropriate reg-
ulation of alternative splicing (AS) events [ 2 , 3 ]. Splicing dys-
regulation of a subset of pre-mRNAs, including the cardiac
troponin T, chloride voltage-gated channel 1, and troponin
T2 transcripts, is the major trans-dominant effect that causes
disease symptoms, such as muscle wasting, myotonia, and
cardiac conduction defects (see for review [ 4 ]). In addition,
myogenesis, the process by which precursor myoblasts (MB)
exit the cell-cycle to fuse into multinucleated myotubes (MT)
and then muscle fibers, is altered, which disrupts the ex-
pression of muscle regulatory factors (MRFs) (see for review
[ 5 ]), and other proteins involved in the differentiation pro-
cess [ 6 ]. For example, the myogenic factor MEF2A is abnor-
mally upregulated in the disease [ 6 ]. In addition, the cyclin
D3 (CCND3) protein plays a special role as a regulator of
cell-cycle exit and promoter of myotube formation [ 7 , 8 ]. Lit-
tle is known about the involvement of CCND3 in these pro-
cesses, but CCND3 may interact with and inhibit the activity
of the cyclin-dependent kinase 2 protein in vitro [ 9 ]. Further-
more, an in vivo study demonstrated that CCND3 co-localizes
in the nucleus with the MRFs myogenin and p21, whose ex-
pression levels gradually increase during the early stages of
skeletal muscle satellite cell differentiation [ 10 ]. Interestingly,
the CCND3 pathway appears to be reduced in DM1 muscle
cells [ 11 ]. 

Small nucleolar RNAs (snoRNAs) are a class of small non-
coding RNAs (sncRNAs), most of which are located within
the introns of protein-coding and noncoding genes in mam-
mals. Their production relies on the transcription of the host
gene, followed by splicing and debranching of the intron to be
processed into mature snoRNAs. 

They are localized to the nucleolus, where they mainly act
as guides for posttranscriptional RNA modification through
base-pairing with their target RNA molecule [ 11 ]. They are
classified based on structural features and sequence motifs,
known as the C / D- and H / ACA box, and define two sub-
groups. C / D (SNORD) and H / ACA (SNORA) snoRNAs each
recruit a different constitutive set of four core proteins to form
classical ribonucleoprotein (RNP) particles. Their canoni-
cal function is to guide the nonautonomous enzymes, fibril-
larin and dyskerin, to catalyze site-specific 2 

′ -O-methylation
and pseudouridylation ( �), respectively, on ribosomal RNAs
(rRNAs), which is important for ribosome biogenesis and
translation accuracy [ 12–14 ]. However, recent studies suggest
that mRNAs are also targets of snoRNA-guided RNA modi-
fications that affect their stability , translatability , or splicing
([ 15 ]; see for review [ 16 ]). Furthermore, the expression of
snoRNAs was dysregulated in human diseases, such as can-
cer (e.g . acute myeloid leukemia ([ 17 ] and colorectal cancer
[ 18 ]), or congenital heart defects [ 19 ]. In addition, few dysreg-
ulated snoRNAs act as oncogenes or tumor suppressors and
participate in disease progression, such as SNORA42, which
is upregulated in nonsmall cell lung cancer and promotes cell 
proliferation and colony formation [ 20 ]. 

Although aberrant splicing of mRNAs is a major contribu- 
tor to DM1 disease, this “splicing disease”may have a broader 
effect than just affecting protein production. We previously 
reported the splicing-dependent expression of over 50 short 
intron-derived, noncoding RNAs (SIDs), which are associated 

with the muscle differentiation of human MB [ 19 ]. This fine 
regulation through the AS of introns may be impaired in cells 
from DM1 patients [ 19 ]. 

To identify novel sncRNAs on a large scale, without a pri- 
ori knowledge of their sequence or location in the genome, we 
implemented an unbiased medium RNA sequencing (RNA- 
seq) on size-fractionated RNAs ( > 50 and < 200 nt) [ 21 ].
We examined two families of snoRNAs, namely SNORA40 

and SNORA70, which were abundant in healthy muscle pro- 
genitors. We found that their levels were markedly reduced 

in muscle progenitors from DM1 cells. Restoring normal 
levels of SNORA40 or SNORA70 rescued the differentia- 
tion defects that characterize muscle cells from DM1 pa- 
tients. This occurs through an increase in the expression of 
CCND3 protein, which is required for muscle progenitors to 

undergo myogenic differentiation. We showed that CCND3 

mRNA is partially located in the nucleolus, co-precipitates 
with SNORA40 and SNORA70, and is pseudouridylated.
Therefore, the CCND3 mRNA is likely a new target for 
pseudouridylation by SNORA40 and SNORA70, which in 

turn may increase its translatability. 

Materials and methods 

Bioinformatics analysis 

Total RNA-seq data were analyzed using RASflow_EDC 

v0.7.7 ( https:// github.com/ parisepigenetics/ RASflow _ EDC ,
adapted from RASflow [ 22 ]) with HISAT2 [ 23 ] alignment 
software on the hg38 genome and featureCounts (with -M 

-O options; [ 24 ]) for annotation using Gencode v41. The 
complete list of parameters and tool versions is available 
upon request. The workflow was run on the HPC cluster of 
iPOP-UP, hosted by RPBS and funded by the Université Paris 
Cité (IDEX). 

Medium RNA-seq was analyzed using Bowtie2 version 

2.3.4.1, Bedtools v2.27.1, and Samtools 1.9. The complete list 
of parameters used was set to default. 

Plasmid constructs 

All plasmids used in this study are presented in 

Supplementary Fig. S1 . Briefly, a 1876-nt fragment containing 
the CMV promoter, prepared from a split enhanced green 

fluorescent protein (eGFP) sequence, in which a chimeric 
intron with the sequence for SNORA40 (NR_002973.1) was 
inserted, and a polyA signal was synthesized (Eurofins Sci- 
entific SE, Luxembourg). The fragment was then subcloned 

into pcDNA3 (Thermo Fisher Scientific, Waltham, USA) 
and used as a template to generate all the other constructs 
(Addgene # 200644, #200645, and #200646) by replacing 
the SNORA40 sequence with the reference sequence of 
SNORA70 (NR_000011) or with the following random 

sequence: 5 

′ -TTTTA GTTCTGATGA GGTA CTTA GA CGG 

GAGT-TCTT AAGCATTGCGCCGTCT AGTCCGGGGCC 

CAAAAGT ACCA TA TGTACA-3 

′ (Eurofins Scientific SE,
Luxembourg). 

https://github.com/parisepigenetics/RASflow_EDC
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf232#supplementary-data
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Prism 9. 
ntibodies 

rimary antibodies were directed against α-tubulin
sc32293, Santa Cruz Biotechnology Inc., Dallas, USA),
yclin D3 (26755-1-AP, Proteintech Group Inc., Rosemont,
SA), α-tubulin (11224-1-AP, Proteintech), pseudouridine

c15200236, Diagenode, France), and Xpress-tag (sc499,
anta Cruz Biotechnology Inc.). Donkey anti-rabbit or anti-
ouse secondary antibodies coupled with the horseradish
eroxidase (AP187P and AP192P, respectively, Sigma–
ldrich, Saint-Louis, USA) were used for western blot
nalysis. Donkey anti-mouse secondary antibodies conju-
ated with Alexa Fluor 488 or Alexa Fluor 594 (Jackson
mmunoResearch Laboratories Inc., Philadelphia, USA) were
sed for immunofluorescence. 

ell culture 

e used human immortalized MB (LHCN-M2, MB) derived
rom the pectoralis major muscle of a 41-year-old male and
heir in vitro differentiated counterpart myotube (MT) cell
ines [ 21 , 25 ] (provided by V. Mouly, MyoLine Platform, My-
logy Institute, Paris, France), and a cell line (DM1 MB) ob-
ained from the gastrocnemius muscle of an 11-year-old fe-
ale patient with DM1 disease (1300 CTG in blood), which
as provided by Denis Furling (MyoLine platform, Myology

nstitute) [ 25 ]. We used cells from passages 5 to 20 maximum.
riefly, cells were cultured at 37 

◦C in growth medium (GM)
onsisting of DMEM / F12, GlutaMAX™ (Thermo Fisher Sci-
ntific, Waltham, USA) supplemented with 20% fetal bovine
erum (Dominique Dutscher SAS, France), 100 U / ml peni-
illin, and 100 μg / ml streptomycin (all from Sigma–Aldrich).
n vitro differentiation was induced for 7 days by replac-
ng the GM with the DM (DM = GM without 20% fetal
ovine serum). Primary MB from three healthy controls and
hree patients with congenital DM1 ( > 1000 CTG) were cul-
ured at 37 

◦C on dishes pre-coated with 2% gelatin in GM
upplemented with 0.5 ng / ml basic fibroblast growth factor
Merck Millipore, France), 5 ng / ml human epidermal growth
actor (Sigma–Aldrich), 5 ng / ml insulin (Sigma–Aldrich), 50
g / ml fetuin (Sigma–Aldrich), and 0.2 μg / ml dexamethasone

Sigma–Aldrich). 

NA isolation 

otal RNA was isolated using Tri Reagent ® (Sigma–Aldrich)
ccording to the manufacturer’s instructions as previously
escribed [ 25 ]. Before detection of snoRNAs by reverse
ranscription-polymerase chain reaction (RT-PCR) or north-
rn blotting, short and long RNAs were purified using
ucleospin 

® microRNA (miRNA) (Macherey-Nagel GmBH
 Co. Germany) according to the manufacturer’s instructions

nd as previously described [ 25 ]. 

RT-PCR 

NA was isolated as described above and reverse-transcribed
nto complementary DNA (cDNA) as previously described
 25 , 26 ]. The primers used for amplification are listed in
upplementary Table S1 . Quantitative PCR was done us-
ng the SensiFAST™ S YBR 

® No-R OX Kit (Bio Technofix,
rance) with the LightCycler 480 real-time PCR system
Roche, Switzerland). Each quantitative real-time reverse-
ranscription PCR (qRT-PCR) was performed on RNA iso-
ated from independent cell cultures (biological replicates;
n ≥ 4), and each RNA sample was included as a dupli-
cate (technical replicates) on the PCR plate, including a no-
template negative control. The relative expression of genes
was calculated using the comparative C T method [ 25 , 26 ], i.e.
2[(Mock sample − Mock control) − (Target sample − Tar-
get control)]. Statistical analysis was performed using a two-
way ANO VA Tukey’ s multiple comparisons test in GraphPad
Prism 9 software. 

Protein extraction and western blot analysis 

Cells were lysed using RIPA buffer [150 mM NaCl, 0.5%
sodium deoxycholate, 0.1% SDS, 50 mM Tris −HCl (pH 8),
1% NP-40] and protein concentration was measured using the
Bradford assay (Sigma–Aldrich). Equal amounts of proteins
were analyzed by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis and immunoblotting as described previously
[ 25 , 27 ]. 

Transfection of antisense oligonucleotide gapmers 

The antisense oligonucleotide (ASO) used to knock down
SNORA40 and SNORA70 were 5-10-5 RNA / DNA / RNA
chimeric oligonucleotides linked through a phosphorothioate
backbone consisting of 10 deoxyribonucleotides flanked by
five 2 

′ O-methyl ribonucleotides at both ends [ 28 ]. Not all
ASOs suppressed SNORA expression levels with the same effi-
ciency because of their position on the snoRNA sequence (hin-
drance of the 3D structure, competition with RNP proteins,
etc.); therefore, we used several ASOs to increase the knock-
down efficiency ( Supplementary Fig. S2 ) and reduce off-target
effects as observed with small interfering RNAs [ 29 ]. The se-
quences of the ASOs are listed in Supplementary Table S1 .
MB were plated at 250 000 cells per well in a six-well
plate. After 24 h, the cells were transfected with 50 nM of
ASOs using Lipofectamine RNAiMAX transfection reagent
(Thermo Fisher Scientific). Blocking ASOs, constituted of
RNA nucleosides only, were transfected as mentioned earlier
( Supplementary Table S1 ). 

Electroporation of plasmids 

Electroporation of plasmids was done using the SF Cell
Line 4D-Nucleofector™ kit and the 4D-Nucleofector X Unit
(Lonza, Switzerland) based on the manufacturer’s instruc-
tions. Briefly, 10 

6 cells per condition were resuspended in 100
μl of electroporation buffer and transferred into a Nucleocu-
vette™ vessel (Lonza). Then, 5 μg of plasmid was added and
the cells were electroporated using the pulse code CA168. Fi-
nally, 500 μl of pre-warmed GM was added, to the Nucleocu-
vette™ vessel, and the electroporated cells were seeded into a
six-well plate. 

Calculation of the fusion index 

Electroporated or transfected cells were grown on coverslips
coated with 0.1% gelatin in GM. After 24 h, GM was replaced
with DM to induce normal and DM1 myoblast differentia-
tion for 5 days. Immunofluorescence experiments were per-
formed as previously described [ 30 ] using a monoclonal anti-
α-tubulin antibody to visualize the cytoplasm. More than 800
nuclei for each replicate were counted to calculate the fusion
index ( n was ≥3–5). Statistical analysis was performed using a
one-way ANOVA Fisher-means comparison test in GraphPad

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf232#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf232#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf232#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf232#supplementary-data
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Prediction of pseudouridylation sites 

We used the webserver tool snoGPS [ 31 ] to determine putative
pseudouridylation sites that are mediated by SNORA40 and
SNORA70 in mRNAs related to muscle differentiation. We
selected as potential candidate sites those with a score > 30.
Indeed, snoGPS is a predictive tool, allowing you to test a
candidate gene and predict its potential targeting snoRNAs,
or to test a candidate snoRNA to predict its potential target
RNAs. Candidate snoRNAs and genes of interest were tested
individually. We selected a set of 10 prominent muscle-related
genes and the top 10 upregulated nonmuscle-related genes
from the total RNA-seq data and considered them as a set
of random genes ( Supplementary Fig. S3 ). 

Nucleoli isolation 

Nucleoli isolation was done as previously described [ 21 ]. A
small amount of each fraction was saved and 2 μg of total
RNA was reverse-transcribed from each. PCR assays were per-
formed using equal amounts of cDNA from each fraction. 

RNA pull-down 

The primers are listed in Supplementary Table S1 . MB was
lysed with lysis buffer 50 mM Tris, pH 7.5, 0.3 M NaCl,
10 mM MgCl 2 , 0.4% NP40), 120 U of RNase Inhibitor
(New England Biolabs, USA), and 1 × cOmplete Protease In-
hibitor Cocktail tablets (Roche). Next, 140- and 98-bp frag-
ments of the CCND3 cDNA containing the predicted sites
guided by SNORA40 and SNORA70, respectively, were am-
plified by PCR. In addition, a T7 promoter was added at
the 5 

′ end during the amplification. Both fragments were in
vitro transcribed using the T7 RiboMax large-scale produc-
tion system (Promega, Madison, WI, USA). Then, 400 pmol
of SNORA40-RNA probe or SNORA70-RNA probe was an-
nealed to 500 pmol of a biotinylated oligonucleotide com-
plementary to SNORA40-RNA probe or SNORA70-RNA,
respectively, in 50 mM KCl containing 1 U / μl RNaseOUT
(Invitrogen), for 1 h at room temperature (RT). Based on
the manufacturer’s instructions, streptavidin Dynabeads™ M-
280 (Thermo Fisher Scientific, USA) was washed twice with
0.1 M NaOH and 0.05 M NaCl and once in 0.1 M NaCl,
and then precleared with 4 mg of cellular extract from MB
in extract / clearing buffer (5% glycerol, 5 mM HEPES, pH 7,
5 mM Tris–HCl, pH 7.5, 75 mM KCl, 1 mM EDTA, 1M NaCl,
0.25% Triton X-100). The precleared beads were incubated
with the RNA / oligonucleotide complex in binding / washing
buffer (10 mM Tris–HCl, pH 7.5, 1 mM EDTA, 1 M NaCl)
for 30 min at 4 

◦C. Pre-incubated beads were washed twice in
binding / washing buffer and added to 2 mg of cell extract from
MB in RNA binding buffer (10% glycerol, 10 mM HEPES, pH
7, 150 mM KCl, 1 mM EDTA, 0.5% Triton X-100) containing
15 μg / ml yeast transfer RNA (tRNA), 1 mM DTT, and 240
U RNaseOut for 2 h at 4 

◦C. The mixture was washed three
times in RNA binding buffer, twice in lysis buffer, and once in
RNA binding buffer. Finally, the beads were resuspended in Tri
Reagent ®. We performed a native RNA pull-down (i.e. con-
ditions without Ultraviolet cross-linking), to maintain phys-
iological conditions and to avoid proximal interactions that
would not be direct. 

Immunoprecipitation of pseudouridylated RNAs 

IPs were performed as described previously, and the associated
RNA was retrieved using the Tri Reagent ® procedure [ 25 ].
Full-length CCND3 ivt + � was in vitro transcribed using the 
HighYield T7 mRNA Synthesis Kit ( �-UTP, Jena Bioscience,
Germany) before IP. 

Results 

Reduced levels of snoRNAs in DM1 cells compared 

with normal MB 

Using RNA-seq on size-fractionated RNAs ( > 50 nt and < 200 

nt) from normal MB and their differentiated counterparts 
or MT, we identified all the annotated snoRNAs (www- 
snorna.biotoul.fr) and 100 new and not yet annotated 

snoRNA candidates, including new members of the known 

snoRNA families ([GEO GSE178649] and [ 21 ]). We focused 

our study on two known families of snoRNAs, SNORA40,
and SNORA70, in which we identified new members that 
were expressed at lower levels in DM1 myoblasts (DM) com- 
pared with normal MB ([Fig. 1 ] and [GEO GSE269301]).
The selection of these two families was arbitrary but influ- 
enced by two factors: (i) SNORA40 and SNORA70 are large 
families as annotated in Rfam [ 32 ] and in snoDB, the new 

reference database for snoRNAs [ 33 ]; and (ii) new members 
of these families are still being discovered within the hu- 
man genome, like from our unbiased sequencing approach 

[ 21 ], which identified two new members for SNORA40,
i.e. located at distinct genomic positions ( Supplementary 
Table S3 ; alignment Supplementary Fig. S4 ). The slight dif- 
ferences in terms of sequence and structure are provided in 

Supplementary Fig. S5 . For the SNORA70 family, two new 

members have been annotated in both databases since the be- 
ginning of our study, but we uncovered one additional mem- 
ber ( Supplementary Table S1 ), also located at a different ge- 
nomic position ( Supplementary Fig. S6 ), with slight differ- 
ences in structure and sequence ( Supplementary Fig. S7 ). 

From the medium RNA-seq (i.e. small RNAs from 50 to 

200 nt) [ 21 ], we observed that the SNORA40 and SNORA70 

families were highly expressed in normal MB and MT, with 

a slight increase in MT compared with MB. In contrast,
they were expressed at low levels in DM cells (Fig. 1 A and 

Supplementary Table S2 ). Reads mapping of these snoRNAs 
revealed boundaries typically found for other small RNAs, in- 
dicating that they are not irrelevant splicing byproducts but 
genuine RNA species. 

From the total RNA-seq (GSE178649 and GSE227349) 
analysis, we confirmed that all genes hosting a SNORA40 / 70 

member were expressed in both MB and DM cells, which is 
a prerequisite for splicing-dependent snoRNA production, as 
SNORA expression relies on host gene expression and splic- 
ing. These data suggest that the reduced levels of snoRNAs 
result from deregulated posttranscriptional events, as previ- 
ously described [ 34 ]. Of note, the background of intron re- 
tention observed using IRFinder 2.0 [ 35 ] was slightly higher 
in DM cells compared with that in MB cells but cannot 
alone explain the reduction in snoRNA levels in DM1 MB.
Where possible, we performed a few variant PCRs (using 
specific 3 

′ -oligonucleotides) on small RNA fractionated on a 
column ( < 200 nt) and observed an overall decrease in DM 

cells compared with normal cells (Fig. 1 B and C). Impor- 
tantly, this was not because of a host gene expression defect as 
shown in Supplementary Fig. S8 . TAF1D was fully expressed 

( Supplementary Fig. S8 A) in MB as in DM1 cells. The levels of 
six out of the eight snoRNAs embedded within the introns of 
TAF1D were not affected ( Supplementary Fig. S8 B), whereas 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf232#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf232#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf232#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf232#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf232#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf232#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf232#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf232#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf232#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf232#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf232#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf232#supplementary-data
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Figure 1. Newly identified snoRNAs are expressed less in DM1 cells. ( A ) PCR on a short RNA fraction using degenerated primers to amplify all 
members of the SNORA40 and SNORA70 families. Histograms represent the relative quantitation by Quantity One software corrected with U6 ( n = 3). 
( B ) PCR on a short RNA fraction using specific primers to amplify a single member of the SNORA40 family. ( C ) PCR on a short RNA fraction using 
specific primers to amplify a single member of the SNORA70 family. MB, normal myoblast; MT, normal myotubes; DM1, patient’s MB; B, blank PCR. 
Error bars represent the standard error of the mean (SEM). *, P < .05; **, P < .01. Statistical analyses were performed using an unpaired t -test. 
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he levels of SNORD6 increased and that of SNORA40 de-
reased in MB versus DM1 cells. Hence, the six invariant
noRNAs provided ideal controls to suggest that global splic-
ng defects in DM1 do not necessarily impact all snoRNA lev-
ls and that an unknown mechanism may affect the biogenesis
f SNORA40 in DM1 cells. 

NORA40 and SNORA70 are required for myogenic
ifferentiation 

ince the family of SNORA40 is highly expressed in nor-
al muscle cells (MB and MT) and greatly reduced in DM
uscle cells, we first performed a loss-of-function analysis of

he snoRNA families in normal MB to determine their rele-
ance to myogenic differentiation. We used a combination of
ve ASO gapmers along with the consensus sequence of the
noRNA family of interest, thus not distinguishing members
ithin the same family. We successfully reduced global levels
f the entire SNORA40 family by 90% ( Supplementary Fig.
2 ). After 24 h of knockdown, we switched the cell culture
edia to differentiate MB into MT. We then measured the

xpression of myogenic and cell-cycle markers and the abil-
ty to fuse into MT over 5 days (Fig. 2 ). Knockdown of the
NORA40 family resulted in a 60% decrease in the cell fusion
ndex compared with control conditions (ASO gapmer target-
ng the luciferase mRNA; Fig. 2 A and B). In addition, whereas
he levels of CCND3 and MRF Myogenin (MYOG) mRNAs
re known to increase during normal muscle differentiation
 36 , 37 ], depletion of the SNORA40 family resulted in re-
uced levels of these muscle and cell-cycle markers compared
ith the control conditions (Fig. 2 C). In contrast, knockdown
f the SNORA40 family had little or no impact on the levels of
yclin B1 (CCNB1) and Myogenic factor 5 (MYF5) mRNAs
(Fig. 2 D), indicating that the transition between proliferating
and differentiating states of the muscle cells [ 38 ] was not af-
fected. Overall, SNORA40 family knockdown in normal mus-
cle cells causes muscle differentiation defects, which are ac-
companied by reduced expression of muscle-specific markers
and cell fusion events, whereas the commitment steps (before
the formation of MT) occur normally. 

The same effects on the fusion of normal MB were ob-
served when using ASOs directed against the SNORA70
family (Fig. 2 E and F). However, the four markers, except
MYF5 mRNA levels at D0, did not vary between the con-
trol and ASO conditions (Fig. 2 G and H). Thus, the decrease
in cell fusion during the differentiation of normal MB de-
pleted of SNORA70 was not caused by impaired expression of
these markers as observed following SNORA40 knockdown.
Therefore, SNORA70 may be involved in other or later pro-
cesses, such as cell fusion. We assessed the mRNA levels of
MyoMaker and Myomixer, which are known to promote my-
oblast fusion [ 39 , 40 ]. Unfortunately, we did not observe any
variation in kinetics over 5 days ( Supplementary Fig. S9 ). This
may also result from the 5-day kinetics, which may be too
short to observe any variation (normal time is ∼10 days). 

Restoring SNORA40 or SNORA70 rescues cell 
fusion defects in DM muscle cells 

Because the SNORA40 family was markedly reduced in DM1
MB, we attempted to rescue the snoRNA levels in these cells
using a snoRNA-split-GFP expression vector. This was based
on the insertion of a chimeric intron containing a snoRNA
of interest or a random control sequence cloned into the split
coding sequence of the eGFP. DM1 MB were electroporated
with the plasmid of interest and induced to differentiate to

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf232#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf232#supplementary-data
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Figure 2. Functional studies of SNORA40 and SNORA70 in muscle cells. Immunofluorescence in normal MT with (ASO CTRL) or without (ASOs 
SNORA40 and SNORA70) the presence of ( A ) SNORA40 and ( E ) SNORA70 ( n ≥ 3). R elativ e fusion index measured at 5 days post-differentiation after 
the loss of ( B ) SNORA40 and ( F ) SNORA70 in normal muscle cells. More than 800 nuclei per replicate were counted to calculate the fusion index 
( n ≥ 3). R elativ e e xpression of the CCND3 and MYOG mRNA differentiation markers in normal muscle cells depleted in ( C ) SNORA40 and ( G ) SNORA70 
( n ≥ 3). R elativ e e xpression of the MYF5 and CCNB1 mRNA proliferation mark ers in normal muscle cells depleted in ( D ) SNORA40 and ( H ) SNORA70 
( n ≥ 3). Immunofluorescence in DM1 MT with plasmids expressing either a random sequence (Rd), ( I ) SNORA40 (SNORA40), or ( M ) SNORA70 
( n ≥ 3). R elativ e to the fusion index measured at 5 days post-differentiation after the gain of ( J ) SNORA40 and ( N ) SNORA70 in DM1 muscle cells . More 
than 800 nuclei per replicate were counted to calculate the fusion index ( n ≥ 3). Relative expression of the CCND3 and MYOG mRNA differentiation 
markers in DM1 muscle cells expressing ( K ) SNORA40 and ( O ) SNORA70 ( n ≥ 3). Relative expression of the MYF5 and CCNB1 mRNA proliferation 
markers in DM1 muscle cells expressing ( L ) SNORA40 and ( P ) SNORA70 ( n ≥ 3). A SO , gapmers; CTRL, control; Alpha-tub, alpha-tubulin; FI, fusion 
index; U6, RNU6; CCND3, Cyclin D3; MYOG, Myogenin; MYF5, Myogenic factor 5; CCNB1, Cyclin B1; d, day of differentiation. Scale bar = 10 μm. Error 
bars represent the standard error of the mean (SEM). * indicates P -value < .05. Significant differences were assessed by comparing the two conditions: 
ASO CTRL versus ASO SNORA40 at each corresponding time point. Statistical analyses were performed using a one-way ANO V A Fisher-means 
comparison test for the Fl results and a two-way ANO V A Tukey’s multiple comparisons test for the qPCR results. 

 

 

 

 

 

 

 

 

 

 

(i) estimate the percentage of electroporated cells by monitor-
ing eGFP fluorescence by microscopy, and (ii) determine the
effect of individual SNORA40 (NR_002973.1) or SNORA70
(NR_000011) members on the differentiation process in a
more native approach, because it reproduces the postsplic-
ing biogenesis of a snoRNA (lariat debranching and matu-
ration steps). Under control conditions (i.e. DM1 MB electro-
porated with a plasmid expressing a random sequence within
the context of a chimeric intron; see the “Material and meth-
ods” section), DM1 MT exhibited rare fusion events, which
were reflected by a low relative fusion index (25%, Fig. 2 I 
and J). However, DM1 cells expressing an ectopic SNORA40 

member (NR_002973.1) formed multinucleated cells with a 
twofold increase in the fusion index (Fig. 2 K and L). Of 
note, when ectopically expressing a single SNORA40 mem- 
ber, the majority of the DM1 multinucleated cells had only 
two nuclei and occasionally, three nuclei. Using the same pro- 
cedure, restoring the levels of a single SNORA70 member 
(NR_000011) in DM1 cells increased the fusion index two- 
fold compared with the control conditions, although cells with 



snoRNAs in normal and DM1 muscle differentiation 7 

t  

w  

a  

s  

t
 

n  

T  

S  

f  

t  

b  

g  

i  

e  

e  

t  

d  

e  

w  

W  

m  

e  

f  

s  

g  

3  

w  

a  

a  

p

M
c

W  

a  

t  

t  

p  

[  

S  

c  

g  

m

C
S

U  

d  

w  

w  

S  

o  

t  

s  

s  

S  

f  

(  

s  

d  

s  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

hree or more nuclei were more frequently observed compared
ith that of the SNORA40 member (NR_002973.1) (Fig. 2 M

nd N). Moreover, ectopic SNORA40 and SNORA70 expres-
ion levels in DM cells were similar to those observed in con-
rol MB ( Supplementary Fig. S10 ). 

We assumed that the restoration of a single snoRNA would
ot be sufficient to fully rescue the cell fusion defects in DM1.
herefore, we attempted to restore the RNA levels of both
NORA40 and SNORA70 in DM1 cells and rescue the cell
usion defects in DM1. The fusion index increased by a fac-
or of three, when both SNORA40 and SNORA70 mem-
ers were coexpressed (Fig. 3 A and C), suggesting a syner-
istic effect of these two snoRNAs from two different fam-
lies. As mentioned previously, the population of DM1 MT
xpressing SNORA40 and SNORA70 is similar to the one
xpressing SNORA40 alone, with the only difference being
hat more cells with two nuclei were observed (Fig. 2 ). This
ifference could be explained by a higher fusion index in cells
lectroporated with the two snoRNAs compared with those
ith SNORA40 alone, and an additive effect is speculated.
hen used in combination, SNORA40 and SNORA70 plas-
ids were co-transfected with half of the material (2.5 μg of

ach plasmid) to maintain a total amount of 5 μg of trans-
ected plasmids (5 μg). Therefore, the synergistic effect re-
ults from the action of the two snoRNAs and not from a
reater quantity of snoRNAs. Of interest, as shown in Fig.
 B, when DM cells were electroporated with SNORA70, there
ere more cells with three nuclei and greater than SNORA40

lone ( P < .05, red lines). This suggests that SNORA40
nd SNORA70 were not playing the same role on the same
athway. 

odification of pseudouridylation levels in DM1 

ompared with those in normal cells 

e quantified global pseudouridylation levels from normal
nd pathological primary cells using liquid chromatography-
andem mass spectrometry (LC-MS / MS). Although not statis-
ically significant, we found a trend toward decreased global
seudouridylation levels in DM1 patients’ versus normal cells
8.7 ± 0.4 versus 11.6 ± 2.7, respectively ( Supplementary Fig.
11 ; pseudouridine levels expressed in percentage of modifi-
ation per adenine)]. This result was far from the anecdotal
iven the number of RNAs being targeted by snoRNAs for
odification. 

CND3 mRNA was identified as a target of 
NORA40 and SNORA70 

sing snoGPS [ 31 ] as an in silico tool to predict pseu-
ouridylation ( �) sites targeted by SNORA40 or SNORA70,
e uncovered two potential sites on CCND3 mRNA,
hich is involved in muscle differentiation (CCND3, Ref-

eq NM_001760) (Fig. 4 A and B). Since these two sites
n CCND3 mRNA were predictions, we tested additional
ranscripts relevant or not to muscle differentiation using
noGPS ( Supplementary Fig. S3 ). Almost all the tested tran-
cripts scored 0 when we searched for binding sites for
NORA40 and SNORA70, except for the TGFBI transcript,
or which the prediction score for SNORA70 was 26.92
 Supplementary Fig. S3 ). When a threshold of 30 for the
noGPS score (used in the work of Schattner et al. [ 32 ] for
iscovering new snoRNAs) was applied, the TGFBI tran-
cript was not considered for subsequent analyses. There-
fore, the two predicted sites for SNORA40 (score 30.82) and
SNORA70 (score 44.34) made the CCND3 transcript a good
candidate for the rest of the study. SNORA40 targets a site
located at the 3 

′ -UTR of CCND3 mRNA, whereas the site for
SNORA70 is located in the CDS. Most human SNORAs are
composed of two stem-loops at the 5 

′ and 3 

′ ends, with an
adjacent ACA box. Hence, SNORAs are theoretically capa-
ble of guiding pseudouridylation at two different sites simul-
taneously [ 41 ]. Importantly, in contrast to other rRNAs, the
predicted � sites on CCND3 mRNA were mediated by the
5 

′ stem of SNORA40 and SNORA70 instead of the 3 

′ stem
( Supplementary Fig. S12 ). 

As the process by H / ACA snoRNAs occurs in the nucleoli,
we determined whether CCND3 mRNA was present in this
compartment [ 42 ]. Using cell fractionation, as previously de-
scribed [ 21 ], we showed that a small proportion of CCND3
mRNA was located in the nucleolar fraction (Fig. 4 C). 

To determine whether a direct interaction occurs between
SNORAs and CCND3, we used an RNA pull-down assay
with biotinylated complementary oligonucleotides [ 25 ] to pre-
cipitate CCND3 mRNA and its associated sncRNAs (see
the “Material and methods” section). Using a candidate ap-
proach, specific primers were designed to detect SNORA40
and SNORA70 in the precipitate. As shown in Fig. 4 D and
E, neither RNU6 (U6) nor SNORA36B (ACA36B) was co-
precipitated with CCND3 mRNA. In contrast, the SNORA40
(Fig. 4 D) and SNORA70 families (Fig. 4 E) were associated
with CCND3 mRNA. 

Next, we determined whether CCND3 mRNA was pseu-
douridylated by immunoprecipitation with a pseudouridine-
specific antibody [ 43 ]. As our starting material, we used a
sample enriched in polyA+ mRNA with significantly reduced
rRNA. As shown in Fig. 4 F, even the residual 18S rRNA
was successfully immunoprecipitated, which served as a posi-
tive control. The SH3 domain binding glutamate rich protein
like 3 (SH3BGRL3) mRNA was used as a negative control
because no SNORA40 and SNORA70 sites were predicted
by snoGPS in its mRNA sequence. As expected, CCND3
mRNA, but not SH3BGRL3, was efficiently immunoprecip-
itated using a � antibody, but not using an irrelevant non-
specific anti-Xpress antibody (IgG control). As an additional
control, we used in vitro -synthesized CCND3 transcripts us-
ing a T7 normal kit or a T7 � kit (which incorporates �
nucleotides into the in vitro transcript) and performed iso-
lated probe (IP)-PCR in vitro using 1 μg of in vitro tran-
script and 1 μg of antibody (input 5%). As expected, only the
� CCND3 transcript was pulled down by the anti-antibody
(Fig. 4 F). We also tried the CMCT method ( N -cyclohexyl- N ’-
(2-morpholinoethyl)carbodiimide treatment) [ 44 ] to precisely
identify nucleotides that were pseudouridylated, but without
any success. However, the results were inconclusive, which
was likely the result of the low relative abundance of CCND3
mRNA within the total mRNA population (data not shown).

Furthermore, qPCR was performed, which showed no
difference in CCND3 mRNA levels between the control
conditions and the conditions in which SNORA40 and / or
SNORA70 were electroporated ( Supplementary Fig. S13 ). We
also performed a western blot analysis (Fig. 5 A) to compare
the expression of CCND3 protein between MB and DM my-
oblasts and confirm that DM cells did not express CCND3
as previously shown [ 45 ]. When DM1 was electroporated
with plasmids containing the split-GFP and SNORA40 and
SNORA70, we restored CCND3 protein expression levels

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf232#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf232#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf232#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf232#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf232#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf232#supplementary-data
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Figure 3. Synergic effect of a gain-of-function for both SNORA40 and SNORA70 during muscle differentiation. ( A ) R elativ e to the fusion index measured 
at 5 da y s post-differentiation (data corresponding to the condition Rd, A40, and A70 are identical to those in Fig. 2 ) . More than 800 nuclei per replicate 
were counted to calculate the fusion index ( n ≥ 3). ( B ) Percentage of cells displaying multinucleated cells with two nuclei (2n), three nuclei (3n), or more 
than three nuclei (4n+) ( n ≥ 3). ( C ) Immunofluorescence in normal MT with plasmids expressing either a random sequence (Rd), SNORA40 (SNORA40, 
A40), SNORA70 (SNORA70, A70), or both SNORA40 and SNORA70 (A40 + A70) ( n ≥ 3). Alpha-tub, alpha-tubulin; FI, fusion index; U6, RNU6; CCND3. 
Scale bar = 10 μm. Error bars represent the standard error of the mean (SEM). * indicates P -value < .05. Statistical analyses were performed using 
a one-w a y ANO V A Fisher-means comparison test and an unpaired t -test for panel (B). 

 

 

 

 

 

 

 

 

 

 

 

 

(Fig. 5 A and Supplementary Fig. S13 ), suggesting a role of
SNORA40 and / or SNORA70 in the stability / translation of
CCND3 mRNA. 

We then decided to block pseudouridylation using ASOs
that obstruct the � sites of CCND3. Briefly, we used the
ASOs listed in Supplementary Table S1 in normal MB, to
compete with SNORA40 or SNORA70 binding without af-
fecting CCND3 mRNA stability. Whereas ASOs can pro-
mote RNA degradation, as is the case for the one against
the SNORA70 � site, we found that the one directed against
the SNORA40 � site did not affect CCND3 mRNA levels
( Supplementary Fig. S13 B). Interestingly, western blot analy-
sis of proteins extracted from normal MB treated with this
ASO showed marked effects on CCND3 protein levels com- 
pared to cells treated with the control ASO (Fig. 5 C). 

Taken together, our data strongly suggest a model in which 

restoring SNORA40 / 70 levels in DM1 MB restores their 
differentiation capacity, to some extent, through the pseu- 
douridylation of CCND3 mRNA and increased levels of the 
protein, which is required for cell-cycle exit before commit- 
ment to differentiation. 

Discussion 

In this study, we identified snoRNA members of 
the SNORA40 and SNORA70 families that were specifically 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf232#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf232#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf232#supplementary-data
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Figure 4. Interaction of CCND3 with SNORA70 and SNORA40. ( A and B ) Ph y sical interaction of CCND3 with SNORA40 and SNORA70, respectively, as 
predicted with snoGPS software. Scores are indicated in bold. ( C ) The accumulation of CCND3 in the nucleoli. Isolation of nucleoli by sucrose cushion 
centrifugation was performed as described in [ 36 ]. The total RNA from each fraction was extracted and the localization of CCND3 mRNA was assessed 
b y R T-PCR ( n = 2). To confirm the correct isolation of the nucleoli, MALAT1 RNA and SNORD16 w ere used as nuclear (negativ e control) and nucleolar 
(positive control) markers, respectively. cDNA (50 ng of equivalent RNA) was used for each PCR reaction. ( D and E ) Direct interaction of CCND3 with 
SNORA40 and SNORA70, respectively. U6 and ACA36B were used as negative controls ( n = 2). ( F ) Immunoprecipitation (1 μg of RNA) of Psi in 
mRNA-enriched populations f ollo w ed b y R T-PCR. Fiv e percent of the input w as used. In vitro transcribed CCND3 RNA with and without pseudouridines 
were used as positive and negative controls, respectively ( n = 3). �, Psi; T, total fraction; C, cytoplasmic fraction; N, nuclear fraction; Np, nucleoplasmic 
fraction; Nuc, nucleolar fraction; Blk, moc k PCR; RNA PD , RNA pull-down; IP, Immunoprecipitation; Ig, immunoglobulin; 1 8S, rRNA 1 8S; SH3BGRL3, SH3 
domain binding glutamic acid-rich-like protein 3. 
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ownregulated in muscle progenitor cells from patients with
M1 ( Supplementary Table S2 ). Importantly, restoring their
ormal levels by gain-of-function experiments was sufficient
o counteract, at least partially, the impaired differentiation
hat characterizes cells from DM1 patients. From a mechanis-
ic point of view, we showed that SNORA40 / 70 operate at
 posttranscriptional level, through the pseudouridylation of
CND3 mRNA, with a striking impact on the production of

he CCND3 protein, which is required for the commitment of
B toward muscle differentiation. Thus, our work provides

ew lines of research whereby snoRNAs can be leveraged to
orrect, at least partially, the disease phenotypes in splicing
iseases. 
Our previous medium RNA-seq data [ 21 ] revealed that

NORA40 and SNORA70 family levels increased during nor-
al muscle differentiation but were markedly reduced in cells

rom patients with DM1. Although DM1 is caused by splic-
ng defects, snoRNA level variations did not correlate with
hanges in host gene expression or AS, suggesting a defective
osttranscriptional regulatory mechanism in snoRNA biogen-
esis [ 34 ]. Overall, our results align with those previously pub-
lished in the literature showing that snoRNA levels are dy-
namic and undergo a certain degree of regulation depending
on the state of the cell, notably during cell differentiation [ 17 ,
46 ]. For example, certain snoRNAs are crucial for normal B-
cell differentiation in humans [ 47 ]. In mice, a dozen H / ACA
snoRNAs have been observed to be regulated during mus-
cle differentiation [ 46 ]. Thus, snoRNA deregulation in DM1
could represent a new biomarker class, similar to miRNAs
[ 48 ], and may extend to other human diseases involving splic-
ing defects [ 49–52 ]. 

To the best of our knowledge, this study is the first to show
that the SNORA40 and SNORA70 families are essential for
muscle differentiation. Notably, they appear to act synergisti-
cally, as ectopic expression of both families more effectively
restores cell fusion defects in DM1 cells. Few studies have
demonstrated the direct effect of snoRNAs on cell differen-
tiation. For instance, SNORD126 promotes adipocyte differ-
entiation by activating the PI3K-AKT pathway in rats [ 53 ].
Further research is needed to clarify the precise impact of

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf232#supplementary-data
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Figure 5. CCND3 expression in MB. ( A ) Expression of CCND3 in normal 
versus pathological MB ( n = 2). Thirty μg of protein extract was used. ( B ) 
Expression of CCND3 in DM1 electroporated with a random sequence or 
with SNORA40 / SNORA70 ( n = 2). One hundred μg of protein extract 
was used. ( C ) Expression of CCND3 with or without blocking ASOs; 100 
μg of protein extract was used ( n = 2). α-tub, alpha-tubulin; CCND3, MB, 
normal m y oblast; DM1, m y oblast from DM1 patient; DM1 rd, DM1 
electroporated with the random plasmid; DM1 40 / 70, DM1 
electroporated with the SNORA40 and SNORA70 plasmids. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SNORA40 and SNORA70 on muscle differentiation and the
transcriptome of differentiating cells, as these snoRNAs influ-
ence muscle differentiation–related gene expression and my-
otube formation differently. However, the commitment steps
preceding pathological myotube formation likely remain in-
tact, given that mRNA levels of proliferating myoblast mark-
ers (MYF5 and CCNB1) remained unchanged during differ-
entiation (Fig. 2 ). Overall, our findings highlight snoRNAs’
potential to counteract differentiation defects in DM1. SnoR-
NAs have already shown promise in correcting abnormal phe-
notypes in splicing diseases. For example, the human snoRNA
Jouvence, which promotes cell proliferation and epithelial–
mesenchymal transition, is a promising cancer therapy target
[ 54 ]. Thus, snoRNAs represent a new class of therapeutic tar-
gets, particularly in diseases where RNA splicing (essential for
snoRNA production) is impaired [ 54–57 ]. 

SnoRNAs primarily function as guides for RNA posttran-
scriptional modifications, particularly on rRNA, although a
few mRNA targets have been identified [ 58 ]. Given that
SNORAs, a snoRNA subgroup, guide pseudouridylation, we
used snoGPS [ 31 ] to predict � sites on mRNAs encoding
known muscle differentiation markers. Our analysis identi-
fied CCND3 mRNA as a potential target, with one predicted
� site for each SNORA40 and SNORA70. This finding was
notable, as CCND3 promotes cell-cycle exit, a crucial step in
muscle differentiation. However, CCND3 may not be the pri-
mary target of these snoRNAs. Several observations support
this notion: (i) the percentage reduction in snoRNAs when
treated with ASO gapmers was not directly correlated with
the equivalent phenotype observed; (ii) loss-of-function and
gain-of-function experiments produced different marker re-
sponses under normal and pathological conditions; (iii) the
fusion phenotype associated with SNORA70 gain-of-function
resulted in an increased nuclei count, which would not be ex-
pected if the same targets were affected, so CCND3 was un-
likely the main target for both snoRNAs; and (iv) the observed
synergistic effects are difficult to reconcile with an identical 
target for the two snoRNAs unless both � sites are required 

for function. Overall, these findings suggest that SNORA40 

and SNORA70 contribute to the phenotype through distinct 
pathways. Additionally, differences in ASO-mediated block- 
ing mechanisms, i.e. one preventing pseudouridylation and 

the other destabilizing RNA, further complicate interpreta- 
tion. Although the phenotypic outcomes appear similar, they 
may not arise from the same molecular pathway. 

It remains unclear whether the � modification on CCND3 

mRNA is stoichiometric or substoichiometric. However, we 
observed that only a subset of CCND3 mRNAs localized to 

the nucleolus, where snoRNA-mediated modifications occur 
(Fig. 4 C). This localization may represent a transient stage 
in which the mRNAs are modified before transport to the 
cytoplasm for translation or other processes. However, from 

the present study, we established the following: (i) CCND3 

mRNA levels are comparable between normal and patho- 
logical cells; (ii) when SNORA40 and / or SNORA70 are ex- 
pressed (ectopically or physiologically), CCND3 protein is de- 
tectable; and (iii) under the same conditions, CCND3 mRNAs 
(or a subset) are pseudouridylated. Together, these findings 
suggest that at least a subset of CCND3 mRNAs undergoes 
pseudouridylation when CCND3 protein is present. 

We attempted to use the CMCT method [ 44 ] to pre- 
cisely identify pseudouridylated nucleotides and quantify 
pseudouridylated mRNA proportions. However, these efforts 
were unsuccessful, likely due to the low relative abundance of 
CCND3 mRNA within the total mRNA population. To date,
only one study has successfully applied CMCT to human mR- 
NAs [ 44 ]. 

Notably, � modifications have been identified in mRNAs 
[ 15 ], but their functional significance remains debated (for a 
review, refer to [ 16 , 59 ]). It is unclear whether pseudouridy- 
lation stabilizes mRNAs [ 60 ] or promotes their degradation 

[ 61 ]. As pseudouridines are distributed throughout mRNAs 
[ 15 , 62 ], several studies have examined their role in trans- 
lation. Pseudouridines can enhance protein output, although 

the underlying mechanism remains unknown [ 60 , 63 ]. How- 
ever, pseudouridylation within a codon may alter translation 

speed or mRNA decoding, ultimately affecting protein yield 

[ 64 , 65 ]. Thus, the effects of pseudouridylation on mRNA 

likely depend on its location within the sequence and the spe- 
cific codon affected. In the present study, SNORA70 guided 

pseudouridylation on a methionine codon at position 36 of 
CCND3 mRNA, whereas SNORA40 targeted the 3 UTR. Fur- 
ther research is needed to determine how these modifications 
influence CCND3 mRNA stability and translation. Overall,
the reduced snoRNA levels and splicing defects observed in 

DM1 cells may lead to abnormal mRNA modifications, po- 
tentially disrupting translatability and ultimately altering cell 
fate. 

In conclusion, our study provides new insights into the po- 
tential of snoRNA during myogenic differentiation and its al- 
teration in DM1 disease. Furthermore, we demonstrated that 
at least two families of snoRNAs participate in the myogenic 
differentiation process, and their deregulation contributes to 

the cell fusion defects observed in DM1 muscle cells. Based on 

our findings and existing literature, these data pave the way 
for snoRNAs to be considered as new therapeutic targets for 
various pathologies, including cancer [ 57 ]. On a more spe- 
cific and mechanistic side, our data identified SNORA40 / 70 

families as regulators of CCND3 expression, a key factor of 
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uscle differentiation. This work provides, to our knowledge,
he first indication of a link between snoRNAs and muscle
hysiology through posttranscriptional mRNA modification.
lthough preliminary, our results represent a step forward in
xploring the role of snoRNAs in muscle cells and their in-
olvement in gene expression regulation. 
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