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Abstract 

Facioscapulohumeral muscular dystrophy (FSHD) is a hereditary myopathy linked to deletions of the tandemly arrayed D4Z4 macrosatellite 
at human chromosome 4q35. These deletions cause local chromatin changes and anomalous expression of nearby transcripts FRG2A, DBET, 
and D4Z4. We disco v ered that FRG2A is part of a family of long noncoding RNAs (lncRNAs) expressed in skeletal muscle cells, with levels 
varying among patients. FRG2A localizes in the nucleolus and associates with repetitive DNA at ribosomal DNA (rDNA) loci and centromeres. 
Ele v ated FR G2A e xpression in FSHD cells alters the three-dimensional arc hitecture of heteroc hromatin at the nucleolar periphery and reduces 
rDNA transcription and translation rates, resulting in decreased synthesis of skeletal muscle proteins. We also show that myoblasts from FSHD 

patients display reduced synthesis of skeletal muscle proteins during differentiation. Our results support a disease model in which nucleolar 
accumulation of D4Z4-driven lncRNA impairs protein synthesis and contributes to muscle wasting. 
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Introduction 

Two percent of the genome is composed of Tandemly Ar-
rayed Repeats of large size (TARls) commonly known as
macrosatellites. The organization, number, and arrangement
of these repeats was impossible to interrogate until the ad-
vent of long-read sequencing and the assembly of a complete
human genome from telomere to telomere (T2T) [ 1 ]. Recent
research suggests that TARls play essential roles in the mainte-
nance of genome homeostasis by altering genome architecture,
epigenome markings, and the regulation of gene expression
[ 2 ]. 

Although TARls are not sequence-related, they share sev-
eral common characteristics: they extend in tandem over hun-
dreds of kilobases, encompassing significant portions of the
genome; they are rich in CpG sites, making them often subject
to regulation by DNA methylation; they frequently express
both noncoding and coding RNAs. To date, the relationships
between TARls copy number variations and human physiol-
ogy and disease are still unclear [ 2 ]. 

The pathogenesis of facioscapulohumeral muscular dys-
trophy (FSHD) (MIM 158900), a common genetic myopa-
thy, is currently linked to deletions of complete copies of the
tandemly arrayed D4Z4 macrosatellite at the 4q35 telomere
[ 3 , 4 ]. A pathogenic threshold number of D4Z4 repeats ( ≤10)
has been established and used for FSHD diagnostics [ 5 ]. Im-
portantly, large clinical datasets based on a standardized clin-
ical classification [ 6 ] have been generated and these studies
concluded that FSHD clinical presentation varies widely [ 7 , 8 ].
A rough genotype–phenotype correlation between the number
of repeats and the severity of the disease holds well among
those who carry deleted alleles with 1–3 repeat units. How-
ever, this correlation is often broken by high levels of intrafa-
milial and interindividual clinical heterogeneity, especially in
patients with intermediate-sized alleles (4–10 repeats) [ 8 ]. Fur-
thermore, D4Z4 alleles with 10 or fewer repeats have been
detected in healthy carriers (4.6%) [ 9 ] and in individuals with
other myopathies. Therefore, D4Z4 array deletions contribute
to a complex mechanism that only in certain, still unknown,
conditions, lead to muscle wasting. 

The prevailing model for FSHD attributes the disease to
D4Z4 contraction leading to loss of repressive histone marks
and ectopic expression of the DUX4 retrogene from the last
repeat in individuals with a permissive haplotype [ 10 , 11 ].
However, accumulating clinical, epidemiological, and techno-
logical advances suggest that this hypothesis has significant
limitations in explaining the incomplete penetrance observed
in individuals carrying the FSHD molecular signature [ 12 , 13 ].
Gene regulation at the 4q35 telomere is complex. D4Z4 dele-
tions cause epigenetic changes in cis at the 4q subtelomere,
resulting in transcriptional derepression of several proximal
genes beyond DUX4 [ 14 , 15 ]. 

Consistent with this view, we recently reported that the
4q subtelomere is subdivided into discrete domains, each
with characteristic chromatin features associated with dis-
tinct gene expression profiles [ 16 ]. These discrete domains un-
dergo diverse region-specific chromatin changes upon treat-
ment with chromatin enzyme inhibitors or genotoxic drugs
[ 16 ]. Upon DNA damage, the 4q35 telomere-proximal FRG2
(hereafter named FRG2A), DBE-T, and D4Z4-derived tran-
scripts are induced to levels inversely correlated with the
D4Z4 repeat number. All these transcripts are normally barely
detectable but stabilized through post-transcriptional mecha-
nisms and bound to chromatin [ 12 ]. Among these, FRG2A 

exhibits the strongest response to external stimuli, showing 
the higher variations in its levels in respect to the other 4q35 

genes. Additionally, FRG2A transcript levels are abnormally 
elevated in FSHD muscle samples [ 14 ] and increase during 
myoblast differentiation to myotubes [ 17 ]. Several studies 
also reported that FRG2A expression during myogenic dif- 
ferentiation is regulated by long-range chromosomal interac- 
tions involving the 4q35 subtelomere [ 18 , 19 ]. However, al- 
though FRG2A expression is regulated by environmental, de- 
velopmental, and genetic stimuli, the biological features of 
FRG2A gene products are poorly understood, and no evidence 
has been provided regarding the function or localization of 
FRG2A -encoded proteins. 

Here, we demonstrate that FRG2A functions as a long non- 
coding RNA (lncRNA). To explore its role, we mapped its 
chromatin interaction sites and defined its RNA interactome.
We showed that FRG2A is functionally important for nuclear 
architecture, serving as a scaffold for heterochromatin interac- 
tions at the nucleolar periphery (NP). We also report that these 
functions are altered in FSHD cells, observing an unexpected 

impairment of nucleolar activity and muscle-specific protein 

synthesis, a feature that could contribute to muscle wasting 
and may be shared by other myopathies. 

Materials and methods 

Cell culture 

HeLa and HEK293 cells were cultured in Dulbecco’s Mod- 
ified Eagle’s Medium (DMEM), supplemented with 10% fe- 
tal bovine serum (FBS), 1% glutamine, and 1% penicillin–
streptomycin. Trypsin-EDTA 1 × in Phosphate Buffer Saline 
(PBS) was used to collect cells. Human chromosome hybrids 
(CHO / Hyb) were obtained from the Coriell Institute for Med- 
ical Research and maintained following the supplier’s instruc- 
tions: chromosome 3 / CHO hybrid (GM10253), chromo- 
some 4 / CHO hybrid (GM10115), chromosome 10 / CHO hy- 
brid (GM10926) chromosome 20 / CHO hybrid (GM13140),
and Chromosome 22 / CHO hybrid (GM10888). Control and 

FSHD-derived primary myoblasts were selected from The Ital- 
ian National Registry for FSHD [ 20 ]. Molecular and clin- 
ical features are reported in Supplementary Data S1 . cul- 
tured in DMEM, supplemented with 20% FBS, 1% glutamine,
1% penicillin–streptomycin, 2 ng / ml epidermal growth fac- 
tor (EGF), and 25 ng / ml of fibroblast growth factor (FGF).
Trypsin 2.5% in HBSS, diluted 1:10 in PBS, was used to col- 
lect primary myoblasts. Myoblasts were purified from muscu- 
lar biopsies ( Supplementary Table S1 ) as previously described 

[ 21 ]. For each FSHD individual, a healthy relative was selected 

as a control, based on both sample availability and degree of 
relatedness. This family-matched design was used to minimize 
inter-individual variability unrelated to disease status and to 

strengthen the statistical power of within-family comparisons.
The research was performed following ethical approval from 

the Comitato Etico Area Vasta Emilia Nord (approval num- 
ber: 264 / 2024 / TESS / UNIMO). 

FRG2 expression profiling with NGS 

Copy DNA (cDNA) from human primary fibroblasts 
(HPFs) and human biopsies was used to amplify FRG2- 
exon4 with adapters-containing-pan-FRG2s primer pairs 
( Supplementary Table S4 ). Polymerase Chain Reaction (PCR) 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
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roducts were purified and subjected to NGSelect Ampli-
ons service based on Illumina Platforms and provided by
urofins Genomics. Read qualities were assessed by Fastqc
Andrews, S. (2010). FastQC: A quality control tool for high
hroughput sequence data. [Online] Available at: https://www.
ioinformatics.babraham.ac.uk/ projects/ fastqc/ )[ 22 ]. Individ-
al reports were merged by MultiQC [ 23 ] and quality metrics
ere visually inspected. 
Reads were aligned to the T2T human genome assembly us-

ng Bowtie2 [ 24 ]. Sample-level alignment statistics were com-
uted by samtools idxstats [ 25 ]. To evaluate the number of
eads aligning to each paralog, we generated (i) a BED file con-
aining the genomic coordinates of the paralogs; (ii) a BED file
or each sample containing the genomic coordinates of read
lignments, defined considering a window of 600 bp down-
tream the leftmost mapping position of the SAM files. For
ach sample we then compared the two sets of coordinates
sing bedtools intersect [ 26 ] with -c option and reported the
umber of reads aligning to each paralog. 

RISPR–Cas9 editing 

diting of HeLa and HEK293T cell lines was carried out us-
ng pSpCas9(BB)-2A-GFP (PX458) plasmid, which encodes
as9 linked to 2A-EGFP and a cloning backbone for sgRNA.
RNA spacer was designed using the CHOPCHOP [ 27 ]
eb tool ( Supplementary Table S4 ). Sense and antisense
ligonucleotide carrying gRNA spacer targeting 5 

′ and 3 

′ 

nd of FRG2 were selected without paralog specificity. Sin-
le strand oligonucleotides with 40 bp homology arms were
sed as repair template to provide knock-in at FRG2 region
 Supplementary Table S4 ). Oligonucleotides were designed
IDT) with phosphodiester modification at 5 

′ and 3 

′ ends of
he molecule to impair degradation. We transfected HeLa and
EK293T at 80% of confluency with Lipofectamine ™ 2000

Invitrogen) following the supplier’s protocol. A total amount
f 2 μg of plasmid DNA was transfected in each well of a
ix-well tissue culture dish. Repair template was added to the
ransfection solution at the final concentration of 300 nM.
ells were incubated overnight with transfection medium,

hen medium was changed. Thirty-six hours after transfection,
ells were trypsinized and resuspended at 1 × 10 

6 cells / ml.
ells were sorted with a FACS ARIA III cell sorter based on ex-
ression of the EGFP tag on Cas9. Editing characterization of
he four bulk populations was carried out with NGSelect Am-
licons (Eurofins Genomics) on PCR products obtained by us-
ng adapters-containing primers set amplifying all FRG2 ’s par-
logs (pan-edited FRG2 s in Supplementary Table S4 ). Bioin-
ormatic analysis was performed as previously described for
RG2 expression profiling with NGS. Design of primers and
epair template used in each knock-in setting are displayed in
upplementary Table S4 . 

NA extraction and real-time quantitative PCR 

RT-qPCR) 

otal cellular RNA was obtained from cell lines and HPMs by
sing PureLink RNA Mini Kit (Thermo Fisher Scientific cat
12183018A), according to the manufacturer’s instructions.
NAse digestion and cDNA synthesis were performed by us-

ng Maxima H-cDNA Synthesis Master Mix, with dsDNase
Thermo Fisher M1482). Specific mRNA expression was as-
essed by qRTPCR (iTaq Universal SYBR 

® Green Supermix,

IORAD #1725120 in a CFX connect Real Time Machine  
BIORAD) using primers listed in Supplementary Table S4 ,
normalized over RPLP0 and GAPDH housekeeping mRNAs.

Protein extraction and immunoblotting 

Protein extraction was carried out starting from 5 × 10 

5 cells
per sample. Cells were incubated in 50 μl of extraction buffer
(50 mM Tris–HCl, 400 mM NaCl, 1% NP-40, and 1 × Pro-
tease Inhibitor Cocktail) on an inverting wheel for 30 min in
a cold chamber. After centrifugation 12 470 × g for 30 min at
4 

◦C, supernatant fractions containing extracted protein were
collected. Then, immunoblotting was performed to assess the
presence of FRG2 proteins. Protein extracts were separated
on 12% SDS–PAGE gel and then electrotransferred onto a
nitrocellulose membrane, and subjected to overnight incuba-
tion with primary antibody, listed in Supplementary Table S4 .
Secondary antibodies conjugated with horseradish peroxi-
dase were used and visualized by chemiluminescence using a
ChemiDoc system (Bio-Rad). 

RNA fractionation 

RNA fractionation was performed starting from 1 × 10 

6 cells.
After collection, cells were lysed with 175 μl of cold cytoRNA
solution [50 mM Tris–HCl pH 8.0, 140 mM NaCl,1.5 mM
MgCl 2 , 0.5% NP-40, 2 mM vanadyl ribonucleoside com-
plex (VRC); Sigma] and incubated 5 min on ice. Cell suspen-
sions were centrifuged at 4 

◦C and 300 × g for 2 min and
the supernatant, corresponding to the cytoplasmic fraction,
was transferred into a new tube and stored on ice. Pelleted
nuclei were extracted with 175 μl of cold nucRNA solution
(50 mM Tris–HCl pH 8.0, 500 mM NaCl, 1.5 mM MgCl 2 ,
0.5% NP-40, and 2 mM VRC; Sigma) and incubated 5 min
on ice. The lysed nuclei were centrifuged at 4 

◦C and 16 360 ×
g for 2 min and the supernatant, corresponding to the nuclear-
soluble fraction, was transferred into a new tube and stored
in ice. The remaining pellet was collected corresponding to
the chromatin-associated fraction. Total RNA from the cyto-
plasmic and nuclear fractions was extracted by using Pure-
Link RNA MiniKit (Invitrogen) following the manufacturer’s
instructions for the RNA extraction from aqueous solutions.
The pellet containing the chromatin-associated fraction was
extracted with the standard procedure. cDNAs were obtained
as described above. 

Chromatin RNA immunoprecipitation 

Chromatin RNA immunoprecipitation (ChRIP) was per-
formed as described [ 28 ] using antibodies anti-H3K4me3,
H3K9me3, H3K27me3 or negative control IgG antibodies, as
reported in Supplementary Table S4 . A total of 3 × 10 

6 human
primary myoblasts (HPMs) were used for each IP. RNA was
extracted and real-time quantitative PCR (RT-qPCR) was per-
formed as described above. Ten percent input was used to cal-
culate the percentage of transcript bound to chromatin com-
pared to the negative control Immunoglobulin G (IgG) . 

Chromatin isolation by RNA purification 

Chromatin isolation by RNA purification (ChIRP) was per-
formed in HeLa cells by using the Magna ChIRP 

™ RNA
Interactome Kit (Sigma, cat #17-10494) strictly following
manufacturer’instructions. We designed targeted biotinylated
antisense oligonucleotide probes as shown in Supplementary 
Fig. S19 , complementary to the predicted FRG2A

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data


4 Salsi et al. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/53/13/gkaf643/8196084 by U

niversità degli studi di Verona user on 18 July 2025
mature transcript (NMNM_001286820.2) by using Stellaris
(ChIRP) Probe Designer tool, generating a custom ChIRP
probe set consisting of 10 specific antisense oligonucleotides
( Supplementary Fig. S19 ). ChIRP probes were divided in
two sets: (i) FRG2 EVEN, containing 5 out of 10 antisense
oligonucleotides (sets 2, 4, 6, 8, and 10), and (ii) FRG2 ODD,
containing the remaining five antisense oligonucleotides (sets
1, 3, 5, 7, and 9). To rule out artifacts due to direct probes
hybridization to genomic DNA, we also used two controls:
(iii) LacZ probe set, which would pull down potential con-
taminating DNA and (iv) TERC probe set, which was also
used as a positive control for the effective success of the
immunoprecipitation protocol. The isolated RNA and DNA
samples were then subjected to next-generation sequencing,
while the protein fraction was subjected to mass-spectrometry
analysis. 

ChIRP bioinformatic analysis 

ODD and EVEN sequencing data were initially analyzed
in parallel by applying the same workflow. Raw data were
trimmed by using fastp [ 29 , 30 ] (-q 20 -u 20 -l 25 -g 10 -w
15) to remove low-quality sequences. Retained high-quality
reads were mapped against the T2T human genome [ 1 ] by
using bowtie2 [ 24 ] (–no-unal –no-discordant). By using sam-
tools, the obtained SAM files were binary compressed in
BAM (view -bS) and sorted. Optical and PCR duplicates were
marked by using PICARD (Broad Institute. Picard Toolkit.
2019. GitHub Repository: https://broadinstitute.github.io/
picard/), MarkDuplicates (–REMO VE_DUPLICA TES false –
ASSUME_SORT_ORDER coordinate). Following ODD and
EVEN alignment data per each experiment, were intersected
by using the bedtools [ 31 ] function intersect (-wa) in both
direction (i.e. ODD to EVEN and EVEN to ODD). The ob-
tained bam files were sorted and merged by samtools. Finally,
merged bam files were sorted and indexed by samtools. The
average insert size is 190 bp and 205 bp for EVEN and ODD
probe sets respectively. Peaks calling was performed by using
the macs3 [ 32 ] callpeak function (-f BAMPE -g 3.05e + 9 -B
-q 0.01). Regardless of the analyzed experiment, peak call-
ing was performed by using input genomic DNA as con-
trol. Finally, the annotatePeaks.pl Perl script, belonging to
the Homer suite (HOMER Software and Data Download.
http:// homer.ucsd.edu/ homer ) [ 33 ], was used to deduce anno-
tations associated with the genomic regions in which peaks
fell. Raw data and processed files for the ChIRP sequencing
have been deposited in the NCBI Gene Expression Omnibus
under accession number: PRJNA1122505. 

NADs annotation and NAD finder overlap analyses 

Sequencing data belonging to the Bioproject PRJNA354332
[ 34 ] and regarding WGS and Nucleolus Sequencing (NS) in
untreated HeLa cells and relative replicates were retrieved
from the SRA repository by using the sratoolkit prefetch and
fastq-dump tools (–split-files –gzip). Raw data were trimmed
by using fastp [ 29 ] (-q 20 -u 20 -l 25 -g 10 -w 15) to re-
move low-quality sequences. Retained high-quality reads were
mapped against the T2T human genome [ 1 ] by using bowtie2
(–no-unal). By using samtools [ 25 ], the obtained sam files were
binary compressed (view -bS), sorted (sort), and indexed (in-
dex). NS replicates were used by the R library HMMtBroad-
Peak (binsize = 50 000, background = 25, pseudocount = 1)
to identify NADs using WGS data as control. HMMtBroad-
Peak relies on the same strategy implemented in NADfinder 
[ 35 ], but it is optimized to overcome memory leaps. In particu- 
lar, per each bin, the number of reads falling within is counted,
and bins supported by a numbered reads at least equal to the 
background parameter are retained and normalized to CPM 

(count per million). Then log 2 transform is applied to the ratio 

among NS and WGS normalized counts. 
Transformed values are finally used to define NAD peaks 

by running the Hidden Markov Model implemented in the 
R HMMt library (Devailly, GitHub repository: https://github. 
com/ gui11aume/ HMMt ). 

Overlaps between FRG2 peaks and inferred NADs were 
identified by using the bedtools intersect function (-wa -f).
In particular, an increasing value of the required overlap (1 

bp, 50% and 90% peak region) among peaks and NAD 

for reporting was applied to reduce the effect of casual co- 
localization. Moreover, in order to further evaluate the non- 
causality of peaks-NAD co-localization, 10 000 simulations 
of randomly extracted regions were produced by using bed- 
tools random and the overlaps were measured as previously 
described. Finally, the R function ppois was applied to infer 
the probability to observe a number of overlaps greater than 

the one observed between FRG2 peaks and NADs, using the 
Poisson cumulative density function. 

HeLa and primary cells proteomics 

After cell lysis with RIPA buffer, proteins were digested with 

trypsin and peptides were analyzed on an Ultimate 3000 

RSLC nano coupled directly to an Orbitrap Exploris 480 with 

a High-Field Asymmetric Waveform Ion Mobility Spectrom- 
etry System (FAIMS) (all Thermo Fisher Scientific). Samples 
were injected onto a reversed-phase C18 column (15 cm × 75 

μm i.d., Thermo Fisher Scientific) and eluted with a gradi- 
ent of 6%–95% mobile phase B over 41 min by applying a 
flow rate of 500 nl / min, followed by an equilibration with 

6% mobile phase B for 1 min. The acquisition time of one 
sample was 41 min and the total recording of the MS spec- 
tra was carried out in positive resolution with a high volt- 
age of 2500 V and the FAIMS interface in standard resolu- 
tion, with a CV of −45 V. The acquisition was performed 

in data-independent mode (DIA): precursor mass range was 
set between 400 and 900, isolation window of 8 m / z , win- 
dow overlap of 1 m / z , HCD collision energy of 27%, orbi- 
trap resolution of 30 000 and RF Lens at 50%. The normal- 
ized AGC target was set to 1000, the maximum injection time 
was 25 ms, and microscan was 1. For DIA data processing,
DIA-NN (version 1.8.1) was used: the identification was per- 
formed with “library-free search” and “deep learning-based 

spectra, RTs and IMs prediction” enabled. Enzyme was set to 

Trypsin / P, precursors of charge state 1–4, peptide lengths 7–
30, and precursor m / z 400–900 were considered with maxi- 
mum two missed cleavages. Carbamidomethylation on C was 
set as fixed modification and oxidation on M was set as vari- 
able modification, using a maximum of two variable mod- 
ifications per peptide. False Discovery Rate (FDR) was set 
to 1%. 

Myoblasts differentiation 

HPMs from CTRL and FSHD patients were induced to dif- 
ferentiate between passages P3 and P5. To induce differen- 
tiation, myoblasts were plated at a confluence of 15 000 

cells / cm 

2 . Twenty-four hours after seeding, growth medium 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
https://broadinstitute.github.io/picard/
http://homer.ucsd.edu/homer
https://github.com/gui11aume/HMMt
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as replaced by differentiation media composed of DMEM
upplemented with 10% FBS, 1% glutamine, and 1%
enicillin–streptomycin, without the addition of EGF and
GF. Medium was changed every 2–3 days. The resulting my-
tube cultures were used for analysis at day 8 (D8) of myo-
enic differentiation, after assessing their complete differenti-
tion as previously described [ 16 ]. 

ibo-seq data analysis 

irst, we accessed (April 2024) the RiboSeq data portal
 https:// rdp.ucc.ie/ ) to select RiboSeq experiments exploit-
ng HeLa cells (Toggles: Available in Trips-Viz,Organism:
omo sapiens, Library-Type: Ribo-Seq, Inhibitor: None).
ollowing considering the selected samples, RiboSeq profiles
or ENST00000226798 ( FRG1 gene), ENST00000504750
 FRG2 gene), ENST00000443774 ( FRG2B gene), and
NST00000308062 ( FRG2C gene) transcripts were ex-
racted as CSV files from Trips-Viz [ 67 ]. Moreover,
he RiboSeq profiles of ENST00000395240 ( ALDOA
ene) and ENST00000501122 ( NEAT1 gene) transcripts
ere also accessed as examples of protein-coding and non-

oding genes, respectively. 

NA-FISH and immunofluorescent-RNA-FISH 

immuno-RNA-FISH) 

NA-FISH experiments were performed as previously de-
cribed [ 36 ] in HeLa cells and HPMs using locked nu-
leic acid (LNA) fluorescent probes (FRG2A / B-LNATY563
nd FRG2A-LNA665), designed by Genglobe LNA designer
Qiagen). Probes sequences and localization are shown in
upplementary Fig. S19 . Where indicated, cells were treated
ith 1 μg / ml Actinomycin D (ActD) for 1–4 h. Briefly, cells
ere fixed with 3% paraformaldehyde (PFA) in PBS for 12
in at room temperature and permeabilized with 0.5% Tri-

on X-100 in PBS. As controls, RNase A or H treatments were
lso performed by incubating the slides with 1 mg / ml RNase
 / H in PBS at room temperature for 30 min. Slides were then

tored in 70% ethanol (EtOH), at −20 

◦C for at least one
ight. The next day, slides were dehydrated in 80%, 95%, and
00% EtOH, 3 min each, and left to dry. The hybridization
olution was prepared as follows: 0.2 μM LNA probe, 50%
ormamide, 2 × saline sodium citrate (SSC), 10% dextran sul-
hate, 10 mM VRC, 2 mg / ml bovine serum albumin (BSA).
he mix was denatured at 75 

◦C for 7 min. Hybridization was
erformed in a humid chamber for 35 min at 37 

◦C, protected
rom light. Coverslips were washed three times in 0.1 × SSC
eated at 60 

◦C for 5 min, rinsed in 2 × SSC, and mounted by
sing the ProLong ™ Diamond Antifade Mountant with DAPI
Invitrogen 

™, cat #P36962). 
For immunofluorescence-RNA-FISH (immuno-RNA-

ISH), slides were first subjected to IF protocol as follows.
fter fixation in PFA 3% and permeabilization with 0.5%
riton X-100 in PBS, coverslips were incubated in blocking
olution (1% BSA in PBS) for 15 min, and then with primary
ntibodies (diluted 1:100) in blocking solution for 2 h at
oom temperature. After three washes in PBS, the cells were
ncubated with the secondary antibodies, diluted 1:250 in
locking solution, for 45 min. Slides were post-fixed in 3%
FA / PBS for 10 min at room temperature, washed in 2 ×
SC, and then RNA-FISH protocol was followed as described
bove. A list of the antibodies used in this paper is provided
n Supplementary Table S4 . 
Images of RNA-FISH and immuno-RNA-FISH experi-
ments were acquired by using the Leica TCS SP8 AOBS con-
focal microscope system equipped with a ×63 oil immersion
lens. Emission wavelengths were: 405 nm for DAPI signal, 488
nm for green staining, 550 nm for red fluorescence, and 647
nm for magenta staining. 

Nucleoli isolation 

Nucleoli were isolated from HeLa cells as previously described
[ 35 ] with some variations. Briefly, 1 × 10 

8 HeLa cells were
washed three times with cold PBS. Cells were scraped and col-
lected by centrifugation at 218 × g at 4 

◦C for 5 min. Cells were
subsequently resuspended in 5 ml of cold Buffer A (10 mM
Hepes pH 7.9, 10 mM KCl, 1.5 mM MgCl 2 , 0.5 mM DTT,
EDTA-free protease inhibitors, Roche) and incubated 15 min
on ice. Cells were then dounce homogenized 20 times using a
tight pestle and centrifuged at 218 × g at 4 

◦C for 5 min. The
supernatant was collected as cytoplasmic fraction, while the
pellet, which contained nuclei, was resuspended with 3 ml of
S1 solution (0.25 M sucrose, 10 mM MgCl 2 , EDTA-free pro-
tease inhibitors). Resuspended nuclei were layered over 3 ml
of S2 solution (0.35 M sucrose, 0.5 mM MgCl 2 , EDTA-free
protease inhibitors) and centrifuged at 1430 × g at 4 

◦C for 5
min. The resulting nuclear pellet was resuspended with 3 ml
of S2 solution and sonicated with 10-s bursts (with 10-s inter-
vals between each burst) using Soniprep 150 (MSE) fine probe
sonicator set at power setting 5. The sonicated sample was lay-
ered over 3 ml of S3 solution (0.88 M sucrose, 0.5 mM MgCl 2 ,
EDTA-free protease inhibitors) and centrifuged at 3000 × g at
4 

◦C for 10 min. The supernatant was collected as the nucleo-
plasmic fraction. The pellet, which contained nucleoli, was re-
suspended in 0.5 ml of S2 solution, centrifuged at 1430 × g at
4 

◦C for 5 min, resuspended in 0.1 ml of S2 solution, and used
to assess nucleoli purity. DNA and RNA were extracted from
each fraction by using DNeasy ® Blood and Tissue Kit (QIA-
GEN, cat#69504) and Pure Link RNA Mini Kit (Invitrogen 

™

cat #12183018A), respectively. Enrichment of target DNA se-
quences and RNAs were assessed by RT-qPCR, as previously
described, using primers in Supplementary Table S4 . 

Sequence of primers and probes 

The sequences of the primers and LNA fluorescent probes
used in this study are provided in Supplementary Table S4 . 

Short-interfering RNA gene silencing 

FRG2A / B transcripts were silenced using short interfering
RNAs (siRNAs). We designed two FRG2A / B-specific siR-
NAs ( Supplementary Fig. S19 for sequences and localization)
and silencer select siRNA (Invitrogen Silencer ™ Select Pre-
Designed siRNA Catalog number: 4392420) and a scramble
siRNA was used as a control. Lipofectamine ™ RNAiMAX
Transfection Reagent (Invitrogen, cat #13778 075) was di-
luted in Opti-MEM 

™ I Reduced Serum Medium (Gibco 

™,
cat #31985062). CTRL and FRG2A / B-specific siRNAs were
diluted in Opti-MEM 

™ I Reduced Serum Medium, at 20
pM final concentration. Diluted siRNAs and Lipofectamine ™

RNAiMAX Transfection Reagent were mixed together and
incubated at room temperature for 15 min, to allow com-
plexes to form. StealthTM FRG2A / B / control siRNA -
Lipofectamine ™ RNAiMAX Transfection Reagent complexes
were added to each well containing cells and medium and in-
cubated at 37 

◦C in a humidified CO incubator for 48 h. 

https://rdp.ucc.ie/
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
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Northern blot 

Ribosomal RNA maturation pathways were evaluated by
northern blotting, as described [ 37 ]. Briefly, 4 μg of total RNA
extracted from HeLa cells and HPMs was diluted in 5 vol-
umes of Glyoxal mix (6 ml of Dimethyl sulfoxide (DMSO), 2
ml of deionized glyoxal (Fluka, cat. #50 649), 1.2 ml of 10 ×
Boric Acid / Phosphate / Tris / EDTA (BPTE), 600 μl of 80%
glycerol, 40 μl of 10 mg / ml EtBr), incubated at 55 

◦C for
1 h, and chilled on ice for 10 min. Then, an electrophore-
sis run was performed in a 1.2% agarose gel prepared in
BPTE buffer [for 10 × concentration: 30 g of 100 mM PIPES
(SIGMA, cat. #P6757), 60 g of 300 mM BIS-TRIS (SIGMA,
cat. #B9754), and 20 ml of 0.5 M EDTA pH 8.0], for 5 h
at 100 V. When migration was sufficient, the gel was rinsed
twice with H 2 O and soaked for 20 min in 75 mM NaOH
and twice in 0.5 M Tris–HCl pH 7.4, 1.5 M NaCl for 10
min. RNA was transferred to a Hybond N+ (GE) mem-
brane, O / N at room temperature. After a pre-hybridization
step with transfer-RNA (tRNA) from Esc heric hiacoli , hy-
bridization was performed by using 32 P-labeled Internal
Transcribed Spacer (ITS)1- and ITS2-specific probes, incu-
bated O / N at 42 

◦C. Membranes were washed three times
in 2 × SCC + 0.1% SDS an twice in 0.5 × SCC + 0.1%
SDS. Radioactive signals were detected by using Typhoon
Trio PhosphorImager and quantified using the MultiGauge
software. 

Chromatin immunoprecipitation 

Chromatin immunoprecipitation (ChIP) assays were per-
formed in HPMs as described earlier in using specific anti-
bodies, as listed in Supplementary Table S4 . Enrichments of
DNA sequences immunoprecipitated from at least three inde-
pendent ChIP experiments were analyzed by quantitative real-
time PCR (qPCR), as described above. Enrichment of ampli-
fied DNA sequences (primers listed in Supplementary Table 
S4 ) in immunoprecipitates was calculated as the ratio between
the DNA amount in immunoprecipitation samples and that in
the total input chromatin. 

Nascent RNA detection 

Global RNA synthesis in CTRL and FSHD HPMs was visu-
alized and quantified by using Click-iT 

™ RNA Alexa Fluor ™

488 Imaging Kit (Invitrogen 

™, cat #C10329). This technology
exploits the incorporation of the uridine analogue 5-ethynyl
uridine (EU) within nascent RNA transcripts. Then, through
a click-it chemistry, Alexa Fluor ™ 488 fluorophore was cou-
pled to the incorporated EU, to visualize the newly synthesized
transcripts. 

Briefly, the day before labeling, HPMs were plated into
multi-24 well plates (2 × 10 

5 cells per well), with 12 mm øcov-
erslips placed at the bottom. Cells were incubated 1 h with EU
at 1 mM final concentration, under normal cell culture condi-
tions. After, cells were fixed in 3.7% formaldehyde in PBS and
permeabilized with 0.5% Triton X-100 in PBS. The Click-iT 

®

reaction was carried out following the manufacturer’s instruc-
tions. Then, since the ScanR software required labeled nu-
cleoli to quantify EU nucleolar signals, immunofluorescence
with anti-fibrillarin antibody was performed, as previously

described. 
Nascent RNA capture assay 

Newly synthesized RNA in HPMs was also measured by us- 
ing the Click-iT 

™ Nascent RNA Capture Kit (Invitrogen 

™, cat 
#C10365), another technology based on EU incorporation.
Total RNA or mRNA labeled with EU is isolated and used in 

a click-it reaction, which binds a biotin azide to the incorpo- 
rated EU, creating a biotin-based handle for capturing nascent 
RNA transcripts on streptavidin magnetic beads. 

The day before labeling, HPMs were plated into a T75 

flask. The next day, cells were incubated with 0.2 mM EU for 
1 h under normal cell culture conditions. Then, total RNA 

was extracted as described above. EU-labeled RNA was bi- 
otinylated through the click-it reaction with 0.5 mM biotin 

azide, following the manufacturer’s instructions. EU-biotin- 
labeled RNA was isolated by using Dynabeads ® MyOne ™

Streptavidin T1 magnetic beads and retro-transcribed as pre- 
viously described. The cDNAs obtained were quantified by 
RT-qPCR to assess the amount of rRNAs with primers listed 

in Supplementary Table S4 . 
This experiment was performed both in CTRL and FSHD 

HPMs, as well as in FRG2A / B-silenced FSHD HPMs, treated 

with siRNAs 48 h before EU incorporation, as previously 
reported. 

Nascent protein synthesis detection 

Nascent protein synthesis was analyzed in HPMs by us- 
ing the Click-iT 

™ HPG Alexa Fluor ™ 488 Protein Synthesis 
Assay Kit (Invitrogen 

™, cat #C10428). Click-iT 

® HPG (L- 
homopropargylglycine) is an amino acid analog of methion- 
ine, which is incorporated into proteins during active protein 

synthesis. Detection of the incorporated amino acid is allowed 

by a click-it reaction with Alexa Fluor ® 488. 
The day before labeling, HPMs were plated into a multi- 

24 well plates (2 × 10 

5 cells per well), with 12 mm øcover- 
slips placed at the bottom. Cells were incubated with HPG at 
50 μM final concentration for 30 min, under normal cell cul- 
ture conditions. After, cells were fixed in 3.7% formaldehyde 
in PBS and permeabilized with 0.5% Triton X-100 in PBS.
The Click-iT 

® reaction was carried on following the manu- 
facturer’s instructions. 

High content imaging-based assay 

Stimulated Emission Depletion (STED) images were acquired 

using the Leica SP8 White Light Laser (WLL) confocal micro- 
scope, equipped with a 775 nm depletion laser. The depletion 

power was set to 30% for the ATTO647-N fluorophore and 

100% for FRG2A / B-LNATY563. 
For centromere localization analysis and quantification of 

EU and HPG incorporation, images were obtained using a 
Nikon Confocal Microscope A1 equipped with a ×60 oil im- 
mersion lens. and analyzed using the ScanR Analysis software 
(Olympus). 

To count the nucleolus-associated centromeres in HPMs,
each centromere was segmented based on Centromere Pro- 
tein B (CENP-B) signal, using an edge detection algorithm.
Following segmentation, all CENP-B foci were counted and 

those colocalizing with FBL or in which FBL was within a 
range of 140 nm were considered as nucleolus-associated 

centromeres. The analysis was performed in CTRL and FSHD 

HPMs, as well as in FSHD HPMs after FRG2A / B siRNA 

treatment. In the latter, we also measure FRG2A / B mean 

intensity within the nucleoli as the ratio between the 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
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ean fluorescence intensity inside and around the
ucleolus. 
Images from the Click-iT 

™ RNA Alexa Fluor ™ 488 Imag-
ng Kit assay and Click-iT 

™ HPG Alexa Fluor ™ 488 Protein
ynthesis Assay Kit followed a similar analysis. To quantify
U incorporation within the nucleoli as a measure of ribo-
omal RNA (rRNA) transcription, nucleoli were segmented
ased on FBL signal. EU incorporation was quantified as the
atio between the EU signal inside the nucleolus and from
he surrounding nuclear region. To quantify HPG incorpora-
ion, nuclei were segmented based on DAPI fluorescent signal.
hen, HPG mean intensity was quantified within a selected
rea surrounding the nuclei. 

Statistical significance was tested by using the Mann–
hitney test, when comparing CTRL versus FSHD HPMs and

wo-way ANOVA for siRNAs treatments. 

esults 

he T2T-CHM13 human genome assembly contains 

4 FRG2 -like sequences 

s the first step to investigate the biological role of FRG2A ,
e interrogated the T2T-CHM13 human genome assem-
ly and found 14 FRG2 paralogs ( FRG2s ; Fig. 1 A), while
nly six were annotated in the previous GRCh38 assem-
ly. In the T2T genome, we detected six complete copies
2918 bp from Transcription Start Site to polyA signal),
ocated on chromosomes 4 ( FRG2A ), 10 (FRG2B ), 20
 FRG2EP ), and 22 ( FRG2C-1 ) and in two different posi-
ions on chromosome 3 ( FRG2C centromeric and FRG2FP
elomeric). Out of the 14 FRG2 paralogs, four have pre-
icted protein coding potential ( FRG2A , FRG2B , FRG2C ,
nd FRG2C-1 ), while the others are annotated as “unpro-
essed pseudogenes” based on CAT-Liftoff gene annotation
 38 ]. Predicted proteins encoded by paralogs with coding
otential display distinct amino acid sequences and lengths
284aa FRG2C; 281aa FRG2A and B; 164 aa FRG2C-1)
 Supplementary Fig. S1 ). Notably, the various loci encoding
RG2 transcripts are predominantly positioned within hete-
ochromatic regions, including telomeres and pericentromeric
omains. 
To determine which paralog encode stable transcripts,

e performed NGS sequencing of PCR-enriched FRG2 cD-
As, comparing muscular biopsies as well as fibroblasts

rom healthy control individuals and FSHD patients from
our families ( Supplementary Table S1 ). Taking advantage
f chromosome-specific single nucleotide polymorphisms
SNPs), we identified the genomic loci encoding each FRG2
ranscript (Fig. 1 B and Supplementary Supplementary Fig. S2 ).
n the fibroblast samples FRG2C transcripts were detected al-
ost exclusively. In contrast, transcripts from many FRG2
aralogs were detected in the muscle samples, and their rel-
tive expression levels differed among individuals. These Sup-
lementary Data suggest regulation mechanisms that are both
issue-specific and subject-specific. Consistent with previous
eports [ 14 , 16 , 17 ] this analysis confirmed that FRG2A
s expressed only in muscle cells and significantly overex-
ressed in FSHD-derived samples in comparison to healthy
ontrol family members ( P = 0.042, Fig. 1 B). The other
aralogs do not exhibit significant or consistent expression
hanges across FSHD and control samples in our RNA-seq

ataset. 
We observed that five out of the nine FRG2 paralogs that
produce transcripts—namely FRG2FP, FRG2GP , FRG2HP ,
FRG2IP , and FRG2JP —lack predicted coding potential.
Most of these genes are in the pericentromeric region of chro-
mosome 16 and comprise only incomplete sequences without
an open reading frame (ORF). 

Additionally, FRG2EP and FRG2FP , despite being tran-
scribed, would encode very short proteins of just 10 and
79 amino acids, respectively, if translated. We thus con-
cluded that FRG2 paralogs can produce transcripts in pri-
mary cells and in muscle biopsies, some of them lacking coding
potential. 

FRG2 paralogs encode a family of 
heterochromatin-associated long noncoding RNAs 

Having detected both coding and noncoding FRG2 tran-
scripts, we next tested whether we could detect FRG2 -
encoded proteins. To overcome the lack of available anti-
bodies that recognize FRG2 proteins, we created four dif-
ferent edited cell lines with FLAG epitope tag sequences
in frame with FRG2 ORFs. Via CRISPR–Cas9 technology
( Supplementary Fig. S3A ), we placed a FLAG epitope se-
quence at either the N-terminus or the C-terminus of FRG2
genes, in both HeLa and HEK293 cells. By PCR from ge-
nomic DNA in bulk populations, we observed the pres-
ence of Flag-tagged-knocked-in alleles at FRG2A (4q35),
FRG2B (10q26), FRG2C (3p12), FRG2C-1 (22p11) coding-
predicted genes, and at FRG2EP (20q11) and FRG2FP (3q29)
( Supplementary Fig. S3B –E ). Specific primers for each coding-
predicted paralog were designed and tested using CHO-
monohybrid cell lines that contain a single human chromo-
some ( Supplementary Fig. S3F ). In all the edited cell lines,
both the endogenous ( Supplementary Fig. S3G ) and the Flag-
tagged FRG2 transcripts ( Supplementary Fig. S3H ) were eas-
ily detectable and, as measured by RT-PCR , their expres-
sion increased significantly after doxorubicin treatment [ 16 ]
( Supplementary Fig. S3I ). Because HeLa and HEK293 cells
are aneuploid and were edited as bulk populations, the allelic
configuration of the FLAG insertion (monoallelic versus bial-
lelic) cannot be determined. 

However, immunoblotting using the antibody against
the Flag epitope failed to detect any FRG2 proteins
( Supplementary Fig. S4 ). The inability to detect FRG2 pro-
teins by immunoblotting raised the question whether FRG2
transcripts are translated into proteins. We thus interrogated
multiple databases for evidence of FRG2 protein expression.
First, we examined the Genome Wide Information on Protein
Synthesis (GWIPS) database [ 39 ] that catalogs translational
potential via ribosome profiling and searched within available
RiboSeq data. This database did not detect FRG2 RNA associ-
ation with ribosomes ( Supplementary Fig. S5 ) or the presence
of FRG2 -derived peptides. We also failed to detect FRG2 pep-
tides within available proteomic databases from human my-
oblasts [ 40 , 41 ]. Likewise, the Protein Atlas [ 42 ] and Uniprot
[ 43 ] databases lack FRG2 -derived proteins identified in pro-
teome samples. We also performed an untargeted proteomic
analysis in HeLa cells with cells treated with doxorubicin that
induce stabilization of FRG2 RNAs [ 16 ] . More than 6000 hu-
man proteins were identified, but FRG2s were not detected
( Supplementary Data S1 ). Collectively, these Supplementary
Data suggested that FRG2 transcripts might be rarely if ever
translated into proteins. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
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Figure 1. The human genome encodes 14 FRG2 paralogs. ( A ) Chromosome ideograms showing the location of FRG2 paralogs and percentage identity 
to FRG2A on chromosome 4. The different colors indicate FRG2 paralogs that are complete (2918 bp) with coding potential, ( FRG2A, FRG2B, FRG2C, 
and FRG2C-1 ), complete without coding potential, ( FRG2FP and FRG2EP ) or partial and noncoding, ( FRG2KP, FRG2DP, FRG2IP, FRG2GP, FRG2HP, 
FR G2JP, FR G2LP, and FRG2MP ) according to T2T-CHM13 annotation. ( B ) Genomic origin of FRG2s transcripts: NGS of PCR-enriched FRG2 cDNAs 
obtained from HPFs and human muscular biopsies (HMBs) from FSHD subjects and healthy relatives (four families). The analysis demonstrated 
muscle-specific expression of FRG2A and its overexpression in FHSD HMBs compared to controls. The statistical significance was assessed using a 
paired t -test, comparing the mean number of reads in controls ( n = 4) and FHSD ( n = 4) HMBs ( P = 0.042). ( C ) RNA fractionation in primary m y oblasts 
(HPMs) from CTRL and FSHD subjects sho w ed protein-coding FRG2 transcripts enriched in the chromatin-associated fraction of RNA. GAPDH, NEAT1 
[ 77 ], and TERRA [ 45 ] were used as positive controls for cytoplasmic, nuclear, and chromatin-associated RNA enrichment, respectively. ( D ) ChRIP in 
CTRL and FSHD HPMs sho w ed FR G2s transcripts enric hment with heteroc hromatin marks H3K9me3 and H3K27me3. NEAT1, associated with 
H3K4me3-marked euchromatin, was used as a negative control [ 77 ]. 
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We therefore focused on FRG2-derived RNAs to learn
about their potential as regulatory molecules. First, we per-
formed cell fractionation experiments using HeLa cells and
primary biopsy-derived myoblasts from control or FSHD-
affected individuals (Fig. 1 C and Supplementary Fig. S6A ),
and isolated RNAs from the cytoplasmic, nuclear, and chro-
matin fractions. In both primary myoblasts and HeLa cells,
transcripts from FRG2 paralogs were highly enriched in
the chromatin-associated fraction. To profile the types of
chromatin interacting with FRG2s transcripts, we performed
ChRIP [ 28 ], a chromatin-based RNA enrichment method
(conceptually a “pull-down” on chromatin), using antibod-
ies raised against histone marks typical of euchromatin or
heterochromatin (Fig. 1 D and Supplementary Fig. S6B ). We
found that FRG2s transcripts are enriched in H3K9me3- and
H3K27me3-marked but not in H3K4me3-marked fractions,
indicating that they are preferentially associated with hete- 
rochromatin [ 44 ]. Therefore, we concluded that FRG2A and 

its paralogs constitute a family of lncRNAs associated with 

heterochromatin. 

Trans -interactions of FRG2A / B RNAs are enriched 

at highly repetitive loci: rDNA and centromeric 

satellites 

Among FRG2 paralogs, FRG2A is the only one that has been 

linked to a human disease, FSHD. Notably, the amount of 
FRG2A transcript (hereafter referred as FRG2A-t) is elevated 

in muscle biopsies from FSHD affected subjects compared to 

healthy family members (Fig. 1 B) and inversely correlates with 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
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Figure 2. FRG2A / B are chromatin-associated RNAs preferentially enriched at rDNA and centromeric loci. ( A ) Schematic diagram of the ChIRP w orkflo w. 
( B ) Pie chart showing relative representation of various genomic regions obtained by the FRG2A / B-t ChIRP-DNA sequencing. A total of 2313 genomic 
target sites were found, with the enrichment of highly repetitive elements clustered into two main regions: the centromeric α-satellites (47.4%) and the 
ribosomal DNA arra y s (38.7%). Within rDNA arra y s, FR G2A / B-t w as f ound to be predominantly associated with the IGS region (82.8%) and the I TS2 
(17.2%), as illustrated in the schematic representation of the rDNA unit shown to the right. ( C ) Chromosome ideograms overlapped with 
FR G2A / B-t-association track displa ying the enrichment of FR G2A / B-t at the centromeres and rDNA arra y s. FR G2 genes and rDNA arra y s localization are 
indicated. ( D ) Pie-chart showing FRG2A / B-t association sites per chromosome, detected via ChIRP-DNA sequencing. Values are in bp and percentages 
are indicated in the legend. ( E ) FRG2 paralog transcripts interacting with FRG2A / B-t identified by ChIRP-RNA sequencing. Bar plot (right) shows log 2 
fold-change (ChIRP versus input) for each enriched transcript. Transcript IDs f ollo w the CAT LiftOff annotation based on the T2T-CHM13 reference 
genome, and the numeric suffix (e.g. -201) indicates specific transcript isoforms derived from alternative splicing or promoter usage. 
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he number of D4Z4 repeats at 4q35 [ 14 , 16 ]. To investi-
ate FRG2A function, we obtained a comprehensive FRG2A-
 interactome by using ChIRP (chromatin isolation by RNA
urification, i.e. a “pull-down” on RNA) analysis [ 45 , 46 ],
hich can simultaneously map RNA–RNA (ChIRP RNA-

eq), RNA–protein (ChIRP-MS), and RNA–chromatin inter-
ctions (Fig. 2 A) by oligonucleotides-mediated purification
f a target lncRNA. The experiment targeted both FRG2A
Chr4q35) and FRG2B (Chr10q26) transcripts (FRG2A / B-t)
ue to the 99.5% identity between the two genes (Fig. 1 A).
This analysis uncovered a total of 2 313 genomic target sites
for FRG2A / B-t, spanning 813 763 bp in HeLa cells (Fig. 2 B
and Supplementary Data S2 ). 

Interestingly, most of FRG2A-t-associated regions occurred
with two types of repetitive elements: 47.4% of read cover-
age was from centromeric satellites and 38.7% from ribo-
somal DNA (rDNA) arrays (Fig. 2 B). Other types of repeti-
tive regions such as telomeres or macrosatellites were not de-
tected, nor were in cis interactions with the D4Z4 macrosatel-
lite at the 4q35 and 10q26 subtelomeres. Figure 2 C illustrates

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data


10 Salsi et al. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/53/13/gkaf643/8196084 by U

niversità degli studi di Verona user on 18 July 2025
that FRG2A / B-t preferentially associating in trans with the
centromeres of all the human chromosomes, and within the
rDNA arrays on all the acrocentric chromosomes. We also ob-
served a preferential ( > 5% of the total reads) association in
trans with chromosome 17 and X centromeres and incis with
chromosome 4 and 10 centromeres (Fig. 2 D). 

Within the centromeres, the ChIRP data indicated that
the most frequent FRG2A / B-t associations occurred at tan-
dem arrays such as satellite DNA, including higher order re-
peats (HORs). HORs are multimeric structures formed from
tandemly arranged repeat units that are characteristic of al-
pha satellite DNA within centromeric regions, and represent
the sites of kinetochore assembly and CENP-A / B enrichment
at the active centromeric repeat arrays [ 47 ] (Fig. 2 B and
Supplementary Fig. S7 ). 

At rDNA loci, 82.8% of rDNA ChIRP reads mapped to
the IGS region, and 17.2% to the 5.8S 5 

′ region overlap-
ping the ITS2 region (Fig. 2 B and Supplementary Fig. S8 ).
The FRG2A / B-t associated regions within the IGS span from
IGS20 / 22 to IGS30 / 32, corresponding to CT-microsatellites
( Supplementary Fig. S8 ) [ 48 ]. 

To determine whether specific DNA motifs are enriched
among FRG2A / B-t-associated sites, we searched the ChIRP
peaks for consensus sequences, using the Geneious tool [ 49 ].
We analyzed all FRG2A / B-t-enriched loci collectively, and
specific subsets of sites: all acrocentric chromosomes, individ-
ual acrocentric chromosomes, the most enriched centromeres,
and individual centromeres from chromosomes 4, 10, 17, and
X, as shown in Supplementary Fig. S9 . 

The most prominent motif identified was the (TCTC) n re-
peat. This sequence is prevalent in the genome-wide align-
ment consensus of FRG2A / B-t-associated genomic regions
and was also found in the consensus binding site of each in-
dividual acrocentric chromosome. In contrast, the FRG2A / B-
t associated centromeric regions diverged more substantially
and did not share a large common consensus sequence. In-
stead, these centromeric regions are enriched for binding se-
quences for CENP-B, known as the CENP-B box [ 47 ] con-
sistent with our finding that FRG2A / B-t binds to HOR se-
quences. These observations, together with the lack of di-
rect sequence complementarity between FRG2A / B-t and its
genomic targets ( Supplementary Table S2 ) support the idea
that structural features rather than primary sequence speci-
ficity drive FRG2A / B-t association. This raises the possibility
that FRG2A / B-t interacts with higher-order chromatin con-
formations or secondary DNA structures, such as noncanon-
ical DNA motifs or specific topological states of chromatin,
which may be enriched in these repetitive regions. Alterna-
tively, it may serve as a scaffold for proteins that recognize
specific sequences and / or chromatin states. Notably, the speci-
ficity of FRG2A-t and FRG2B-t purification by ChIRP is sup-
ported by the fact that, among all FRG2 paralogs present
in the genome, only the chromatin loci corresponding to
FRG2A and FRG2B were enriched in the ChIRP-bound frac-
tion ( Supplementary Data S2 ). This indicates that the probes
selectively recovered the target RNA–chromatin complexes at
the expected loci, without detectable cross-binding to other
FRG2 paralogs. In contrast, the ChIRP-RNA fraction ob-
tained using the same oligonucleotide probes contained all
FRG2s transcripts (FRG2s-t). In particular, ChIRP-RNA anal-
ysis revealed that multiple transcripts derived from distinct
FRG2 paralogs are significantly and uniformly enriched, sug-
gesting that chromatin association is a shared feature among
these RNAs, rather than being driven by a single gene tran- 
script. These data suggest that this newly discovered lncRNA 

family may participate in a large number of multivalent chro- 
matin interactions . (Fig. 2 E and Supplementary Data S2 ). 

FRG2s RNAs localize in the nucleolus 

The ChIRP data raised the possibility that FRG2 RNAs 
could be linked to nucleolar function. We therefore as- 
sessed their localization via RNA-FISH experiments in pri- 
mary myoblasts from control and FSHD samples. We used 

two different fluorescent LNA probes: one specifically rec- 
ognizing FRG2A-t (LNA647-FRG2A) and one recognizing 
both FRG2A-t and FRG2B-t (LNATY563-FRG2A / B) (Fig.
3 C–H and Supplementary Fig. S10A –J ). Confocal imag- 
ing of LNATY563-FRG2A / B revealed that FRG2A / B-t sig- 
nal was superimposable with the nucleolus both in con- 
trol and FSHD cells (Fig. 3 C–H). To confirm the nucle- 
olar localization of FRG2A / B-t, we performed RNA-FISH 

in Hela-KYO T O cells [ 50 ], which express a nucleolin-GFP 

fusion protein to facilitate visualization of the nucleolus.
Supplementary Figure S10K –N shows the co-staining be- 
tween LNATY563-FRG2A / B and nucleolin-GFP. RNase A 

( Supplementary Fig. S10 , panels O–R) or RNase H treatment 
( Supplementary Fig. S10S –V ) abolished the signal and con- 
firmed that we were detecting FRG2A / B-t as DNA–RNA hy- 
brids [ 51 ]. We concluded that FRG2A / B-t are enriched in the 
nucleolus. 

To corroborate these findings, we isolated nucleoli from 

HeLa cells [ 35 ] (Fig. 3 A and B). DNA and RNA were ex- 
tracted from cytoplasmic, nuclear, nucleoplasmic and nucle- 
olar fractions and the qPCR analysis of the DNA and RNA 

content in the different fractions was used to validate the pu- 
rification of nucleoli (Fig. 3 A and B). Analysis of the purified 

RNAs revealed that FRG2s transcripts were enriched in the 
nucleolar-RNA fraction (Fig. 3 A). 

To evaluate the precise localization of FRG2A / B-t within 

the nucleolus we performed immuno-RNA FISH in pri- 
mary myoblasts using LNATY563-FRG2A / B and specific 
antibodies against upstream-binding factor (UBF), fibril- 
larin (FBL), and nucleolar protein Nop52 (NOP52) to vi- 
sualize the fibrillar center (FC), dense fibrillar component 
(DFC), and granular component (GC) regions, respectively 
( Supplementary Fig. S10W –V’). We also performed these ex- 
periments after actinomycin-D (ActD)-induced nucleolar seg- 
regation [ 52 ], which helps to discriminate nucleolar compart- 
ments. In ActD-treated cells, FRG2A / B-t staining was visible 
as discrete dots symmetrically organized around the nucleolus 
(Fig. 3 I–N and Supplementary Fig. S11A –L ) that were super- 
imposable with nucleolar caps, usually appearing as one or 
more dots surrounding the central GC body. 

Co-staining experiments revealed that FRG2A / B-t was not 
primarily associated with the UBF-positive FC compartment 
( Supplementary Fig. S11M –T ) and only partially colocalized 

with the NOP52-positive GC ( Supplementary Fig. S11U –B’).
Instead, the highest degree of overlap was observed between 

FRG2A / B-t and FBL ( Supplementary Fig. S11C’ –J’ ). No- 
tably, FSHD cells did not differ from control cells, display- 
ing a comparable localization of nucleolar components and 

FRG2A / B-t. 
To better characterize the spatial relationships among 

FBL, UBF, and FRG2A / B-t, we performed simultaneous im- 
munofluorescence labeling of these three nucleolar species in 
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Figure 3. FRG2A / B RNA defines a previously undescribed nucleolar domain. ( A ) RT-qPCR of RNA from HeLa cell fractionation confirmed FRG2 paralogs 
enrichment in the nucleolar fraction, while protein-coding transcripts (GAPDH and FRG1) showed no enrichment (two-way ANO V A, * P < 0.05, 
** P < 0.01, *** P < 0.001, **** P < 0.0 0 01). ( B ) RT-qPCR on DNA fractions from HeLa cell fractionation validated assay success. The nucleolar target 
(rDNA region IGS28) was enriched in the nucleolar fraction, whereas the non-nucleolar region ( FRG2A promoter) showed no enrichment (two-way 
ANO V A, * P < 0.05). ( C –N ) RNA-FISH with FRG2A / B-specific fluorescent LNA probe (red) in HPMs from CTRL and FSHD subjects. Nucleolar 
segregation was induced in HPMs (I–N) by actinomycin D (ActD, 1 μg / ml, 4 h); scale bar: 5 μm. ( O –I ’) Immuno-RNA-FISH with anti-UBF, anti-FBL, and 
FRG2A / B-specific LNA probe in FSHD-HPMs, untreated (O–U) or ActD-treated (1 μg / ml) for the indicated times ( V–I’). Panels P–U, W–B’, and D’–I’ 
show 3D renderings of respective confocal images (O, V, and C’). Dotted circles indicate nuclei, white squares highlight zoomed regions. ( J’ –M’ ) STED 

confocal images of immuno-RNA-FISH with anti-FBL (blue) and FRG2A / B LNA probe (red) in untreated CTRL and FSHD-HPMs. Panels K’ and M’ display 
3D renderings of images (J’ and L’). Circles indicate nuclei, white squares mark zoomed regions. ( N’ ) Schematic representation of nucleolar str uct ure in 
untreated and ActD-treated cells, showing FRG2A / B-t localization and Froggy2 Bodies formation. 
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untreated cells as well as after 2 and 4 h of ActD treatment.
The 3D rendering of confocal images shown in Fig. 3 O–U
demonstrates that, in untreated cells, FRG2A / B-t overlaps
and surrounds FBL and UBF foci, suggesting its localization
in both the DFC and the GC. Following nucleolar segrega-
tion (Fig. 3 V–I’), FRG2A / B-t becomes clearly visible in dis-
tinct bodies at 2 h post-treatment, which we termed “Froggy2
Bodies” (Fig. 3 V–B’). By 4 h, these structures are spatially sep-
arated from both UBF and FBL, yet they remain in close prox-
imity to FBL, maintaining a tight association with partial over-
lap (Fig. 3 C’–I’). 

This observation was validated using stimulated emis-
sion depletion (STED) microscopy with FRG2A / B-t and
FBL (Fig. 3 J’–N’). Super-resolution images confirmed that
FRG2A / B-t does not perfectly colocalize with FBL even
in untreated cells; instead, it surrounds FBL-positive struc-
tures, partially overlapping them while extending into the
GC. 

Additionally, we tested the colocalization of FRG2A / B-
t with other nuclear bodies [ 53 ], such as PML bodies
(PML), speckles (SC35), paraspeckles (SFPQ), and Cajal bod-
ies (SMN), as shown in Supplementary Fig. S12 . To perform
this analysis, we treated cells with ActD, to evaluate the possi-
bility that FRG2A / B-t interacts with these nuclear bodies after
nucleolar disruption. Our results show that FRG2A / B-t is not
present in any of these well-characterized nuclear bodies sug-
gesting that it is localized in different, previously unidentified
structures. 

To further explore the subnuclear localization of
FRG2A / B-t, we assessed its colocalization with various
nuclear bodies, including PML bodies (PML), speckles
(SC35), paraspeckles (SFPQ), and Cajal bodies (SMN), as
illustrated in Supplementary Fig. S12 . To investigate whether
FRG2A / B-t relocalizes upon nucleolar disruption, we treated
cells with actinomycin D (ActD). This analysis revealed that
FRG2A / B-t does not accumulate at these structures following
nucleolar stress, suggesting that it predominantly resides in
distinct nuclear compartments. 

Based on these observations, we concluded that FRG2A / B-
t is associated with nucleoli, with a unique localization at
the interface between the FBL-positive dense FCs and the
GC. This hypothesis is further supported by the FRG2A / B-
RNAs association profile obtained by ChIRP ( Supplementary 
Text , Supplementary Data S2 , Supplementary Table S3 , Fig.
S14 , and Supplementary Data S5 ), showing a prevalence of
noncoding-Alu containing RNAs [ 54 , 55 ] and a partial over-
lap with the 47S rRNA interactome [ 56 ]. We therefore set out
to test how FRG2A / B-t might contribute to the structure and
function of nucleoli. 

FRG2A / B-t promote centromere–nucleolar 
associations in FSHD cells 

The genomic association profile of FRG2A / B-t revealed fre-
quent associations with rDNA arrays and with the cen-
tromeric regions of all chromosomes (Fig. 2 ). In mammalian
cells, these repetitive, heterochromatic regions are enriched
around the periphery of nucleoli, as part of a subset of the
genome known as nucleolus-associated domains (NADs) [ 57–
59 ]. This prompted us to investigate the interaction between
FRG2A / B-t and NADs. We first analyzed existing NADs map-
ping data [ 34 ] from HeLa cells by using the NAD finder tool
[ 35 ] and the T2T-CHM13 genome assembly. Graphing the
NADs ( Supplementary Data S3 , Fig. 4, and Supplementary 
Fig. S13 ) together with the genomic association profile of 
FRG2A / B-t obtained by ChIRP (Fig. 2 C) revealed a significant 
( Supplementary Fig. S13 ) extensive overlap between these two 

features (Fig. 4 A and B). Quantifying these data, we found 

that 86.3% of FRG2A / B-t- associated regions overlap with 

NADs in HeLa cells (Fig. 4 A). The overlap included NADs on 

the rDNA-containing acrocentric chromosome arms (50.4%) 
and centromeric regions (49.6%) (Fig. 4 A and B). 

To address these issues, we investigated the localization of 
centromeres and nucleoli by immunofluorescence, using an- 
tibodies raised against kinetochore protein CENP-B and the 
nucleolar protein FBL, in HPMs (Fig. 4 C–J). We measured the 
distance between CENP-B foci and nucleoli (FBL staining for 
DFC), and we detected a significant increase in the number 
of centromeres present at the NP in FSHD samples (Fig. 4 K).
To confirm that this difference results from FRG2A overex- 
pression rather than any other difference in genotype, we per- 
formed siRNA-mediated depletion of FRG2A / B-t in FSHD 

cells ( Supplementary Fig. S15 ), which reduced the frequency 
of centromere-nucleolus associations (Fig. 4 L–G’). Together,
these experiments indicate that FRG2A / B-t contributes to the 
clustering of centromeres at nucleoli and indicates that this is 
a dynamic process. 

To better visualize these interactions, we performed 

immuno-RNA FISH experiments on isolated nucleoli from 

HeLa cells (Fig. 4 H’–M’). The purified nucleoli clearly dis- 
played FRG2A / B-t enrichment that was highly overlap- 
ping with FBL, and surrounded by foci of centromeric 
CENP-B. 

Together, our ChIRP and microscopy data indicated that 
FRG2A / B-t associates with rDNA repeats and centromeres,
two main components of NADs. Furthermore, FRG2A / B-t 
promotes association of centromeres with the NP demonstrat- 
ing an unforeseen contribution to nuclear compartmentaliza- 
tion. In this scenario, the increase in nucleoli-centromere con- 
tacts in FSHD cells could alter the structure of the perinucleo- 
lar chromatin, with FRG2A / B-t potentially acting as a molec- 
ular linker that drives changes in the epigenetic or transcrip- 
tional state of the associated loci. 

The increased levels of FRG2A / B-t in FSHD cells 

impair nucleolar function 

The localization of FRG2A / B-t within the DFC region of the 
nucleolus suggested functional role(s) in rRNA transcription 

or processing [ 60 ]. To test this possibility, we first examined 

processing of rRNA transcripts in FSHD cells, but no defects 
were observed ( Supplementary Fig. S16 ), suggesting that post- 
transcriptional processing of rRNAs is not a regulatory target 
of FRG2 RNAs [ 60 ]. This is consistent with the observation 

that FRG2A / B is associated with the rDNA arrays (Fig. 2 C),
but not with any rRNA species ( Supplementary Data S2 ). 

We therefore turned our attention to the potential roles of 
FRG2A / B-t in the regulation of rDNA transcription. Each re- 
peat unit of rDNA contains a 13 kb region that is transcribed 

to produce the 45S rRNA precursor RNA (45S pre-rRNA),
which is processed into mature 18S, 5.8S, and 28S rRNAs.
Between each 45S gene, rDNA repeats also contain a 30kb- 
long intergenic spacers (IGS), which include short repetitive 
sequences [ 48 ] ( Supplementary Fig. S8 ). 

Several lncRNAs regulate rDNA transcription and help 

to maintain nucleolar structures and functions [ 61–63 ]. We 
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Figure 4. FRG2A / B-t mediates centromere association with the NP in FSHD cells. ( A ) Pie chart quantifying FRG2A / B-t-associated regions overlapping 
with NADs in HeLa cells (from existing data). Statistical analysis in Supplementary Fig. S13 . ( B ) The plot shows the total number of base pairs (bp) 
associated with FRG2A / B-t across each chromosome, along with the subset o v erlapping with NADs (FRG2A / B-NADs). ( C–J ) Immunofluorescence with 
anti-FBL (magenta) and anti-CENP-B (green) in CTRL and FSHD HPMs sho w ed increased nucleolar-centromere association in FSHD. ( K ) Quantification of 
nucleolus-associated centromeres per cell (from C to J), defined as CENP-B foci colocalizing with FBL or within 140 nm from FBL. Two families (CTRL 
and FSHD) were analyzed using ScanR software. Mann–Whitney test (* P < 0.05, ** P < 0.01, *** P < 0.0 01, **** P < 0.0 0 01). ( L–E’ ) Immuno-RNA-FISH 

with anti-FBL (magenta), anti-CENP-B (green), and FRG2A / B probe (red) in FSHD HPMs after FRG2A / B siRNA silencing (siFRG2A / B#1, #2, or both). 
Scrambled siRNA (siCTRL) was used as control. FRG2A / B signal was reduced (R, W, B’), and centromere localization was restored (T, Y, D’). ( F’ ) 
FRG2A / B mean intensity quantification (from L to E’) confirmed signal reduction (tw o-w a y ANO V A, * P < 0.05, *** P < 0.0 01, **** P < 0.0 0 01). ( G’ ) 
Quantification of nucleolus-associated centromeres in FRG2A / B-silenced cells showed a significant reduction (two-way ANO V A, * P < 0.05, 
*** P < 0.001, **** P < 0.0001). ( H’–M’ ) Immuno-RNA-FISH with anti-FBL (magenta) and anti-CENP-B (green), and with FRG2A / B-specific probe (red), in 
nucleoli purified from HeLa cells. Panels I’–L’ show 3D rendering of (H’ and J’), and (M’) shows a rotated 3D view. 
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thus reasoned that the association of FRG2A / B-t with IGS
regions might have a similar role. To explore this possibility,
we measured the levels of 45S pre-rRNA transcript in muscle
samples and fibroblasts from FSHD affected patients and un-
affected siblings. As shown in Fig. 5 A and Supplementary Fig.
S17A , we observed significantly lower levels of 45S pre-rRNA
transcripts in FSHD myoblasts but not in fibroblasts. 

This reduction in pre-rRNA levels in FSHD patients’
cells was accompanied by a significant increase of
heterochromatin-associated histone mark H3-K9me3 in
FSHD cells in comparison with control cells (Fig. 5 B). These
elevations were observed within the transcribed region
and the IGS, including at the rDNA promoter (IGS42.9,
Supplementary Fig. S8 ). These findings suggest a double-
negative regulatory pathway, whereby the reduction in D4Z4
chromatin leads to increased expression of a regulatory
lncRNA, which in turn suppresses nascent rRNA transcrip-
tion. To clarify for the reader, this double-negative logic
means that a decrease in D4Z4 repeats paradoxically results
in reduced rRNA synthesis, due to the intermediate upregu-
lation of a repressive lncRNA. This counterintuitive mech-
anism is schematized as ↓ D4Z4 → ↑ lncRNA → ↓ nascent
rRNA. 

To test the functional contribution of FRG2A / B-t to the
regulation of rDNA transcription, we examined the effects of
their siRNA-mediated depletion. We observed increased levels
of 45S pre-rRNA transcripts after silencing both in HeLa cells
and in HPMs derived from FSHD patient biopsies (Fig. 5 C and
Supplementary Fig. S17B ). 

To bolster the previous steady-state measurements, we
pulse-labeled living cells with EU followed by “click-it chem-
istry” [ 64 ] to label and capture newly synthesized RNAs. Nu-
cleolar incorporation of the EU was quantified as the ratio
of nucleolar EU / nuclear EU (Fig. 5 D and Supplementary 
Fig. S18A –H ). Via biotinylation of EU-labeled-newly syn-
thesized RNAs, we performed a nascent RNA capture as-
say and quantified specific transcripts by RT-qPCR (Fig.
5 E). These experiments detected significantly lower levels of
nascent 45S pre-rRNA in FSHD samples compared to control
samples. 

Paralleling the steady state readout, the nascent 45S pre-
rRNA levels were increased in FSHD cells upon silencing
of FRG2A / B (Fig. 5 F). Furthermore, these assays confirmed
that FRG2A / B are actively transcribed in myoblasts derived
from FSHD patients but not in myoblasts from healthy fam-
ily members (Fig. 5 E). Together, these results establish a pre-
viously unanticipated regulatory role in rRNA synthesis for
these lncRNAs. Interestingly, in addition to the transcriptional
changes, we observed that FSHD cells display a significant in-
crease in the average number of nucleoli per cell, and a reduc-
tion of the total area occupied by nucleoli per cell (Fig. 5 G and
H, Supplementary Data S6 , and Supplementary Fig. S10 U’–
X’). This is consistent with previous data indicating that the
size of the nucleolus positively correlates with rRNA synthe-
sis and that the downregulation of rRNA gene transcription
leads to a reduction in nucleolar size [ 65 ]. 

We hypothesized that these altered nucleolar characteris-
tics would correlate with changes in protein synthesis capac-
ity. To test this, we measured HPG incorporation as a label for
newly synthesized proteins. Indeed, we found that the global
rate of protein synthesis in FSHD cells was reduced compared
with that of cells from their healthy relatives (Fig. 6 A). The
involvement of FRG2A / B-t in this process was confirmed be-
cause siRNA-mediated depletion of the transcript reversed the 
protein synthesis defects (Fig. 6 B) Based on these findings, we 
conclude that the negative regulation of rRNA transcription 

imposed by excessive levels of FRG2A / B-t results in the im- 
pairment of protein synthesis in FSHD cells. 

A compensatory ribosomal protein response in 

FSHD cells disrupting muscle protein synthesis 

Our Supplementary Data show a significant decline in pre- 
rRNA levels and total protein synthesis in FSHD cells, a phe- 
notype mediated by FRG2A / B-t. These findings prompted us 
to employ mass spectrometry to comprehensively profile the 
proteomic alterations underlying these defects. 

We compared FSHD and control samples from family #2 

(CTRL#2 and #3 and FSHD #2 and #3), first using un- 
differentiated myoblasts. Gene Ontology (GO) [ 66 ] analy- 
sis of differentially expressed proteins (DEPs) in FSHD my- 
oblasts revealed a marked decrease in protein levels from 

pathways linked to ribosome biogenesis, translation, protein 

transport, and chromatin remodeling, coupled with a signifi- 
cant increase in levels of splicing-related factors (Fig. 6 C and 

Supplementary Data S4 ). 
To investigate how these alterations are affected during dif- 

ferentiation, we next compared protein levels in cells derived 

from healthy and FSHD patients that were differentiated from 

myoblasts towards a myotube state. Myoblasts were trans- 
ferred to differentiation medium and analyzed 8 days after 
induction. We next identified the proteins that were expressed 

differently during the transition from myoblast to myotube in 

FSHD versus controls. We observed that differentiation trig- 
gered upregulation of ribosomal proteins and rRNA process- 
ing factors in FSHD samples. This suggests that differentiating 
FSHD myoblast cells attempt to counteract their translation 

deficits by enhancing ribosome assembly. 
However, despite this compensatory response, many 

muscle-specific proteins, particularly those involved in sar- 
comere organization, contraction, and other high-demand 

translational processes, remained underrepresented in FSHD 

myotubes (Fig. 6 D). This selective deficit suggests that 
the translational machinery in FSHD cells is unable to 

fully support the synthesis of functionally important muscle 
proteins. 

Our findings indicate that the initial ribosomal impairment 
in FSHD myoblasts leads to an attempted rescue during dif- 
ferentiation, but this compensation is incomplete and may re- 
sult in the production of non-standard ribosomal complexes.
We hypothesize that in FSHD cells, the reduced availability 
of rRNA could result in excess, unassembled ribosomal pro- 
teins, or could promote formation of noncanonical, “special- 
ized” ribosomes with altered composition and function [ 67 ].
In this manner, FSHD might share some characteristics with 

ribosomopathies, in which defects in ribosome function dis- 
proportionately affect specific protein classes [ 68 ]. In FSHD,
this appears to selectively impact muscle proteins, providing a 
mechanistic link between the ribosomal dysfunction and the 
muscle pathology observed in the disease (Fig. 6 E). 

Discussion 

Here, we discover a previously unrecognized family of regula- 
tory lncRNAs. These FRG2 family members are localized to 

nucleoli. We show that the FRG2A / B-t RNAs are upregulated 
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Figure 5. FRG2A / B-t inhibits rDNA transcription in FSHD myoblasts. ( A ) RT-qPCR of HPMs cDNA of CTRL and FSHD subjects. Statistical significance 
was tested by two-way ANO V A analysis. P -value (* P < 0.05, ** P < 0.01, *** P < 0.0 01, **** P < 0.0 0 01). ( B ) Chromatin-immunoprecipit ation (ChIP) 
performed in CTRL and FSHD-derived HPMs showing H3K9me3 enrichment at IGS and rDNA promoter. Data from two CTRLs and two FSHD patients 
w ere a v eraged ( n = 2). FR G2A / B-associated loci are indicated b y the pink bo x (see Supplement ary Fig . S8 ). St atistical significance was tested via 
tw o-w a y ANO V A analy sis. ( C ) R T-qPCR of FSHD HPMs cDNA upon FR G2A / B siRNA-mediated silencing . St atistical significance w as tested b y using the 
tw o-w a y ANO V A analy sis. P -v alue (* P < 0.05, ** P < 0.01, *** P < 0.0 01, **** P < 0.0 0 01). ( D ) Via EU incorporation, rRNA transcription was quantified as 
the ratio between nucleolar / nuclear EU fluorescent signals. Statistical significance was tested by using the Mann–Whitney test. ( E and F ) RT-qPCR of 
nascent RNAs captured by EU incorporation in CTRL and FSHD HPMs (E), and upon siFRG2A / B treatments of FSHD-HPMs (F). Statistical analysis was 
perf ormed b y using the tw o-w a y ANO V A test. ( G and H ) T he number of nucleoli per cell and the total nucleolar area per cell w ere measured in FSHD 

and CTRL HPMs. Statistical significance was tested by using the Mann–Whitney test. Each FSHD sample was compared to a healthy control selected 
from a related family member (matched control), chosen based on a v ailability and degree of relatedness. This family-based design ensures consistency 
across comparisons. 
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n FSHD patients and repress rDNA transcription, thereby
iminishing translational capacity. This regulatory cascade
ollows a double-negative logic: loss of D4Z4 repression leads
o increased expression of FRG2 lncRNAs, which associate
ith chromatin at rDNA and centromeric regions, and are

inked to reduced nascent rRNA synthesis. 
Protein synthesis is a key molecular process for skele-

al muscle maintenance and growth and requires ribosome
iogenesis. However, ribosome biogenesis is reduced under
atabolic states, in particular during decreased skeletal mus-
le contractile activity [ 69 ]. This suggests that maintenance
bove a certain threshold has the potential to reduce or
revent muscle atrophy during disuse, aging and disease
 69 , 70 ]. 
In the case of FSHD, the association of FRG2A / B-t with ri-
bosomal DNA and its impact on protein synthesis suggests
a link between nucleolar dysfunction and the development
of FSHD pathology. We have demonstrated that FRG2A-t is
expressed in muscle cells and overexpressed in cells derived
from FSHD patients. Therefore, conditions that increase lev-
els of FRG2A / B-t are expected to impair ribosome biogenesis
and protein synthesis, with negative effects on muscle func-
tions eventually leading to disease. Supporting this prediction,
genotoxic agents and DNA damage are known to contribute
to muscle wasting and aging when they persist over time [ 71 ,
72 ]. 

While the primary function of the nucleolus is ribo-
some biogenesis [ 73 ], additional biological processes occur in

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf643#supplementary-data
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Figure 6. Mass spectrometry re v ealed impaired synthesis of ribosomal and muscle-specific proteins in FSHD. ( A and B ) Quantification of nascent 
proteins in CTRL and FSHD HPMs at basal conditions (A) and after FRG2A / B silencing in FSHD-HPMs (B). HPG incorportion in newly translated proteins 
was quantified as cytoplasmic HPG mean intensity. Statistical significance was tested with the Mann–Whitney test ** P < 0.01, *** P < 0.001, 
**** P < 0.0 0 01). ( C and D ) Mass spectrometry analysis in CTRL and FSHD HPMs and myotubes. Histograms show the most significant misregulated 
GO molecular function terms ( −log 10 P -value > 5, by using D A VID annotation [ 49 ]). Upregulated and downregulated proteins in FSHD are in purple and 
pink, respectively. ( C ) Volcano plot comparing FSHD versus CTRL HPMs. ( D ) Volcano plot of the longitudinal analysis: DEPs identified in 
m y oblast-to-m y otube transition in FSHD and controls were used to compare conditions by calculating the delta log 2 FC. ( E ) A hypothesis for the 
contribution of FRG2 lncRNAs to FSHD pathogenesis. In individuals carrying a normal-sized D4Z4 allele at 4q35, FRG2A is expressed at low levels, and 
has no effects on genome architecture or rDNA arra y s, allo wing normal muscle gro wth and function. In subjects carrying a reduced D4Z4 allele ( ≤10 
repeats), FRG2A is overexpressed, altering nucleolar chromatin interactions and impairing rDNA transcription, reducing protein synthesis and potentially 
contributing to muscle atrophy over time. 
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ucleoli, for example the processing of the signal recognition
article (SRP) [ 74 ]. It is also clear that the NP is an impor-
ant hub for organizing the large heterochromatin subset of
he genome known as NADs [ 34 , 59 , 57 ]. Our studies show
hat FRG2 lncRNAs regulate interactions at the NP promot-
ng centromere clustering and rDNA transcription. Similarly,
nother lncRNA that contributes to chromosome anchoring
o the NP is Firre, which is required for the inactivation of
hromosome X (Xi) [ 75 ]. How lncRNAs regulate both nu-
lear architecture and gene expression are major questions for
uclear cell biology. 
The discovery of the FRG2 lncRNA family is a founda-

ional step towards a new paradigm in which repetitive ele-
ents exert trans -functions via lncRNAs. 
This raises the intriguing possibility that distinct FRG2

aralog RNAs could co-associate with the same trans -acting
egulatory complexes, potentially acting in different combi-
ations to influence chromatin states or transcriptional ac-
ivity at other genomic loci. While this remains speculative,
t aligns with emerging evidence that lncRNAs can func-
ion as scaffolds or guides in multi-component regulatory
ssemblies. 

Given that FRG2A lncRNA predominantly localizes to the
nterior of nucleoli, while the chromatin changes are ob-
erved at the NP, we cannot exclude the possibility that these
ffects are indirect. Such changes may be mediated by in-
ermediate RNA-binding proteins or alterations in nucleo-
ar organization that impact perinucleolar heterochromatin
tructure. 

An open question raised by our findings concerns the
olecular composition and function of the Froggy2 bodies.
hile our data clearly show the accumulation of FRG2A / B t

NAs in these structures, it remains to be determined which
olecular partners they associate with. Future work will be
eeded to identify their constituents and to define whether
hese bodies represent functional hubs for chromatin regula-
ion, RNA processing, or nuclear organization 

Noting that one contributing factor to FSHD disease is the
eletion of D4Z4 macrosatellites near the FRG2A locus, we
peculate that FRG2A represents just one example of repeat-
egulated lncRNAs interacting in trans with many genomic
oci and representing architectural and regulatory hubs in the
ammalian cell nucleus. 
Other lncRNAs play key roles in the formation of
embrane-less nuclear bodies through liquid–liquid phase

eparation, serving as a scaffold to anchor proteins and mR-
As [ 76 , 77 ], but in the previously studied cases there is
 single locus encoding the lncRNAs. When encoded or
egulated by repetitive loci, the potential for complexity
scalates. 

In this scenario, we speculate that the effects of FRG2A ex-
ression on translation might be affected not only by copy
umber variations of D4Z4 but also by the variable number
f rDNA repeats. That is, the effects of FRG2 lncRNAs on
DNA or other TARls targets could depend on the ratio of the
umbers of each element. Indeed, we propose that the FRG2
ncRNAs not only contribute to FSHD disease phenotypes but
lso provide a measure of the intra- and inter-familiar pheno-
ypic variability associated with this disease. These ideas may
ropel the discovery of new roles for repetitive elements in
ell biology and provide robust systems to test the effects of
ARls Copy number variations (CNVs) in shaping cell func-
ions and their response to external stimuli. 
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