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Abstract 

Background Reduced copy number of the D4Z4 macrosatellite at human chromosome 4q35 is associated with faci-
oscapulohumeral muscular dystrophy (FSHD). A pervasive idea is that chromatin alterations at the 4q35 locus 
following D4Z4 repeat unit deletion lead to disease via inappropriate expression of nearby genes. Here, we sought 
to analyze transcription and chromatin characteristics at specific regions of 4q35 and how these are affected by D4Z4 
deletions and exogenous stresses.

Results We found that the 4q subtelomere is subdivided into discrete domains, each with characteristic chromatin 
features associated with distinct gene expression profiles. Centromeric genes within 4q35 (SLC25A4, FAT1 and FRG1) 
display active histone marks at their promoters. In contrast, poised or repressed markings are present at telomeric 
loci including FRG2, DBE-T and D4Z4. We discovered that these discrete domains undergo region-specific chromatin 
changes upon treatment with chromatin enzyme inhibitors or genotoxic drugs. We demonstrated that the 4q35 
telomeric FRG2, DBE-T and D4Z4-derived transcripts are induced upon DNA damage to levels inversely correlated 
with the D4Z4 repeat number, are stabilized through posttranscriptional mechanisms upon DNA damage and are 
bound to chromatin.

Conclusion Our study reveals unforeseen biochemical features of RNAs from clustered transcription units 
within the 4q35 subtelomere. Specifically, the FRG2, DBE-T and D4Z4-derived transcripts are chromatin-associated 
and are stabilized posttranscriptionally after induction by genotoxic stress. Remarkably, the extent of this response 
is modulated by the copy number of the D4Z4 repeats, raising new hypotheses about their regulation and function 
in human biology and disease.

Keywords D4Z4 chromatin signature, DNA damage, Epigenetic regulation, FSHD

*Correspondence:
Rossella Tupler
rossella.tupler@unimore.it
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13148-025-01881-5&domain=pdf


Page 2 of 17Salsi et al. Clinical Epigenetics           (2025) 17:73 

Introduction
Repetitive DNA sequences occur in multiple copies and 
comprise over 50% of the human genome [1, 2]. DNA 
repeats can be categorized based on their size and copy 
number: high-frequency repeats, also known as satel-
lite DNA sequences, are found in various loci, including 
pericentromeric, subtelomeric and interstitial regions. 
Satellites typically form constitutive blocks of hetero-
chromatin, notably at telomeres, centromeres and at the 
short arms of acrocentric chromosomes. Although most 
satellites (~ 89.5%) are located within repressive chro-
matin domains, multiple studies have found that these 
elements have significant impacts on evolution, genetic 
variation and gene expression regulation [3, 4].

FSHD had previously been correlated with reduction of 
macrosatellite D4Z4 repeats at the 4q35 subtelomere [5] 
and aberrant expression of nearby genes [6]. In 2010, a 
unifying model has been proposed to explain the molec-
ular basis of FSHD [7], stating that deletion of 4q D4Z4 
repeats must be combined with a polyadenylation poly-
morphism at the most telomeric D4Z4 copy to create a 
FSHD-predisposing signature. This configuration stabi-
lizes transcripts encoding the DUX4 transcription factor, 
driving disease-related gene expression.

Studies investigating D4Z4 chromatin have detected 
multiple repressive modifications, including DNA meth-
ylation [8–14], di/trimethylation of histone H3 at lysine 
9 (H3K9me2/3) [15–17], trimethylation of histone H3 at 
lysine 27 (H3K27me3) [18] and association of the related 
chromatin proteins CBX3/HP1γ and EZH2 [18]. Pro-
teomic analyses of proteins associated with the D4Z4 
revealed that the NuRD and CAF-1 complexes are crucial 
for maintaining DUX4 repression [19].

Moreover, D4Z4 recruits a multi-protein repressor 
complex, the D4Z4 recognition complex (DRC), whose 
removal is associated with increased expression of 4q35 
genes [6]. In the current patho-physiological model for 
FSHD [20], reduction of the D4Z4 array causes a loss of 
repressive histone modifications and the ectopic expres-
sion of DUX4, a retrogene present in each D4Z4 unit 
[21, 22]. Functional, full-length DUX4 transcripts are 
produced from the last D4Z4 unit when they are stabi-
lized in individuals carrying a permissive 4qA haplotype 
that includes a polyadenylation signal (in the pLAM 
sequence) near the most telomere-proximal D4Z4 unit 
[21]. For this reason, the majority of studies of epigenetic 
mechanisms in FSHD focus on the D4Z4 last repeat [7].

Despite the seemingly straightforward nature of this 
model for FSHD, the progressive accumulation of clinical 
and epidemiological data over the years, along with the 
advent of new technologies and new genome assemblies, 
has highlighted the limitations of this model. In particu-
lar, the unifying model fails to adequately account for the 

incomplete penetrance recorded in individuals who carry 
the 4q35 FSHD molecular signature [23–28]. It is now 
known that D4Z4-deleted alleles containing the polyade-
nylation polymorphism are present in approximately 2% 
of the human population and in 4,6% of human pange-
nomes haplotypes, akin to highly frequent polymorphism 
[29, 30]. The complexity of FSHD is also highlighted by 
genotype–phenotype correlation studies, in which sev-
eral clinical phenotypes ranging from asymptomatic car-
riers to wheelchair-bound patients are observed [23–26, 
28, 31–36]. Thus, the current model for FSHD pathogen-
esis does not capture the additional factors and mecha-
nisms playing a role in FSHD onset and development. We 
thus reasoned that exploring the transcription of selected 
4q35 genes, together with the epigenetic setting associ-
ated with it, might help fill gaps in our understanding of 
FSHD.

As in reality chromatin constitution and gene expres-
sion vary to adjust to “environmental changes” occurring 
constantly in a complex biological system, by quantifying 
RNA levels and analyzing chromatin characteristics at 
this locus, we aimed at gaining insights into the mecha-
nisms of chromatin remodeling, and how this process 
influences gene expression in both healthy and diseased 
states in response to changes. Moreover, changes of chro-
matin conformation and gene expression in response 
to external stimuli, such as exogenous stresses, help to 
explore how environmental factors can influence genetic 
predisposition and cellular responses, an approach which 
is pivotal for understanding disease progression and 
adaptation mechanisms.

Here, we characterize dynamic regulatory events at 
different loci of selected 4q35 genes. Different patterns 
of histone modifications correlate with the differential 
transcriptional responses to genotoxic stress. In particu-
lar, we found that the most telomeric 4q35 transcripts 
are chromatin-associated and their levels are increased 
upon treatments with DNA damaging agents due to 
posttranscriptional stabilization. These latter properties 
are affected by the size of the subtelomeric D4Z4 array. 
Collectively, our results highlight that 4q35 constitutes a 
multipartite genomic locus providing distinct modes of 
regulation in response to external cues. These responses 
correlate with D4Z4 size, thus providing additional ele-
ments to define the biological role of subtelomeric 
repeats and how they can be associated with anomalous 
responses, leading to disease.

Results
Chromatin and transcription analysis of the 4q35 region 
reveals distinct epigenetic patterns
To investigate the mechanism(s) by which the D4Z4 
macrosatellite array affects the transcriptional regulation 
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of the 4q35 locus (Fig. 1A), we measured RNA levels of 
genes associated with FSHD located at different dis-
tances from the D4Z4 array. On the centromeric side 
of 4q35, we analyzed RNAs from these protein-coding 
genes (Fig.  1A): SLC25A4 (Adenine Nucleotide Trans-
lcator1; known also as Solute carrier family 25 member 
4 SLC25A4), FAT1 (FAT atypical cadherin 1) and FRG1 
(FSHD region gene 1), which are positioned at 4.9  Mb, 
3.5 Mb and 127 kb from the D4Z4 array, respectively. We 
also analyzed telomeric RNAs, including FRG2 (FSHD 
region gene 2; 37  kb from the array), and DBE-T (D4Z4 
Binding Element-Transcript), a lncRNA transcribed 
from the 5’ end of the D4Z4 array. We also analyzed two 
additional transcripts derived from D4Z4: DUX4 exon1 
(Ex1)-containing transcripts, hereafter named D4Z4-T 
(D4Z4-Transcript), which arise from each D4Z4 repeat, 
and DUX4-FL (DUX4 Full Length) pLAM-containing 

transcripts, the FSHD disease-associated mRNAs 
derived from the most telomeric D4Z4 repeat (Fig.  1A 
and Supplemental_Fig_S1). We analyzed human primary 
myoblasts (HPMs) and trophoblast-derived cells (HTCs) 
obtained from FSHD subjects heterozygous for a D4Z4 
reduced allele (DRA) and matched controls (Supple-
mental_Table_M3) [37]. We chose human trophoblast-
derived cells (HTCs) for this study because they serve as 
a relevant model for early developmental gene expres-
sion, as they are not yet committed to a specific lineage, 
which is crucial since several genes in the 4q35 locus, 
including DUX4, may be active during early embryonic 
development.

We evaluated our primer sets both by performing in 
silico PCR using the T2T-CHM13 genome assembly and 
through the amplification of genomic DNA and cDNA 
derived from human/rodent monochromosomal hybrid 

Fig. 1 4q35 genes expression and epigenetic profile. A Schematic representation of chromosome 4q35 showing physical distances 
between SLC25A4, FAT1, FRG1 and FRG2 genes and the D4Z4 macrosatellite within the AF146191-U85056 contig, based on GenBank entry 
U85056.1. The positions of primers used in ChIP experiments (red) and qPCR (blue) are shown. B–C) RT-qPCR quantification of SLC25A4, FAT1, 
FRG1, FRG2, DBE-T, D4Z4-T and DUX4-FL mRNAs in (B) human primary myoblasts (HPMs) and C human trophoblast cells (HTCs). Data were 
normalized using RPLP0 as a reference mRNA. D, E Chromatin immunoprecipitation (ChIP) analysis performed in D HPMs and E HTCs. IPs were 
performed using the indicated antibodies recognizing H3K4me3, H3K9me3, H3K27me3 and pan-acetylated Histone 3 and 4 (AcH3 and AcH4), 
or a non-specific control (IgG), followed by qPCR amplification using primers described in Fig. 1A. Data are displayed as the percent enrichment 
for each antibody over total input chromatin. The values of the CTRL samples CTRLs (n = 3) and FSHD DRA:4U (n = 2) were averaged. Experiments 
were done in triplicate and analyzed using two-way ANOVA statistical tests. Asterisks show the statistical significance of DRA cells compared 
to control cells, while plus signs show the significance of DRA 4U compared to DRA 7U for each antibody, as follows: *, + 0.05 < p-value < 0.01; **, + 
+ 0.01 < p-value < 0.001; ***, + + + 0.001 < p-value < 0.0001; ****, + + + + p-value < 0.0001
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cells (CHO) (Supplemental_Table_M1 and Supplemen-
tal_Fig_S2 and S3). Our analysis shows that in most cases 
chromosome 4 and chromosome 10 are indistinguish-
able even by using primers already tested in other pub-
lications [15, 17, 18, 38–40]. Our qPCR analyses (Fig. 1B, 
C) showed that 4q35 genes are differentially expressed 
depending on their chromosomal position, confirm-
ing previous evidence [6, 41–43]. Specifically, in control 
cells, the centromeric SLC25A4, FAT1 and FRG1 genes 
displayed high levels of expression in basal condition, 
whereas FRG2, DBE-T and D4Z4-T were barely detect-
able. Consistent with the expected derepression of the 
locus associated with reduced D4Z4 copy number, 
FRG2, DBE-T and D4Z4-T transcripts were significantly 
upregulated in FSHD1 cells (Fig. 1B and C). In contrast, 
SLC25A4 and FRG1 transcripts were found at compa-
rable levels in both control and FSHD cells. Therefore, 
the loss of D4Z4 satellites in the FSHD patients’ cells 
correlated with an altered regulation of the telomeric 
transcripts.

We could not reliably quantify the DUX4-FL transcript 
via qPCR with commonly used primers [17, 18, 38, 39] 
due to the very low amount of the detected amplicon (Ct 
values over 35) and because of the presence of multiple 
peaks in the melting curve analysis of the PCR products 
(Supplemental_Fig_S1). Indeed, it has been reported that 
DUX4-FL transcripts are detectable only in a small per-
centage of FSHD-derived myoblasts (1 per 1000 cells) 
[21] and in cell lines only by using multi-step nested PCR 
[15, 21, 44, 45]. To perform an unbiased transcriptional 
analysis of the 4q35 locus, we deliberately avoided pre-
amplification steps to quantify DUX4-FL transcripts.

The results presented above suggest that genes 
located at different distances from the D4Z4 array 
might undergo a distinct transcriptional regulation. 
To verify this possibility, we investigated the chroma-
tin features of the 4q35 region by chromatin immu-
noprecipitation (ChIP) experiments in HPMs and 
HTCs using antibodies raised against histones tail 
modifications associated with transcriptional regu-
lation: AcH3, AcH4 and H3K4me3, H3K9me3 and 
H3K27me3 (Fig. 1D, E, values in Supplemental_Table1). 
We detected three classes of modification patterns. As 
shown in Fig. 1, within the centromeric region of 4q35 
active chromatin marks were found at the SLC25A4 
and FAT1 promoter regions, in both primary cell types, 
with enrichment of AcH3, AcH4 and H3K4me3, and 
low levels of H3K9me3 and H3K27me3. At the FRG1 
and FRG2 promoters, both repressing and activating 
marks were observed. This “bivalent” pattern of histone 
modification is characteristic of “poised” promoters 
that are inactive but able to respond to external stimuli 

[46–48]. Specifically, we detected the enriched levels of 
AcH4 and H3K9me3 at the FRG1 promoter in both cell 
types, at comparable levels in control and DRA-bearing 
cells. At the FRG2 promoter, we observed compara-
ble levels of AcH4 in control and FSHD-derived cells, 
whereas H3K9me3 enrichment was significantly more 
elevated in FSHD-derived myoblasts compared to con-
trol cells. A poised chromatin modification pattern at 
the FRG2 promoter is a conserved feature in multiple 
cell types, as confirmed by chromatin state segmenta-
tion by HMM from studies by ENCODE/Broad [49] 
(Supplemental_Fig_S4).

Since the FRG2 gene is present in multiple copies 
within the human genome, and their transcriptional 
activity remains unclear, we aimed to rule out the pos-
sibility that the poised chromatin status observed could 
be due to our primers amplifying different promoters. 
These promoters might have distinct epigenetic fea-
tures reflecting their varied transcriptional states. To 
further validate the specificity of primers amplifying 
the FRG2 promoter at 4q35, we designed new oligo-
nucleotides to specifically amplify promoters of differ-
ent FRG2 paralogs. As shown in Supplemental_Fig_S5, 
FRG2A (4q35) and FRG2EP (chr20) primers indicated a 
poised promoter state in ChIP experiments on human 
control myoblasts, while primers targeting FRG2C 
(chr3) and FRG2FP (chr3) revealed the presence of an 
active and repressed promoter, respectively. These find-
ings show the distinct epigenetic patterns at the pro-
moter region of FRG2 paralogs.

At the D4Z4 repeat array, we detected enrichment 
of H3K9me3 associated with low levels of the other 
chromatin marks analyzed (Fig.  1D, E). A similar epi-
genetic pattern was found at the gene desert region 
LILA5 (Supplemental_Fig_S6), as expected in hetero-
chromatic regions. These epigenetic patterns were dis-
played likewise in samples from healthy individuals and 
from FSHD patients with D4Z4-deleted alleles (DRAs) 
with the exception of H3K9me3 whose levels were sig-
nificantly increased at the FRG2 promoter and at D4Z4 
in primary cells carrying a DRA [17, 38]. This might 
seem to conflict with our observation that both FRG2 
and D4Z4-T were derepressed in cells carrying a DRA 
(Fig. 1B and Supplemental_Table_M3). However, these 
data are consistent with previous results in cells from 
patients with ICF (immunodeficiency, centromeric 
region instability, facial anomalies syndrome), in which 
D4Z4 transcription is detected in spite of retention of 
H3K9me3 [50]. In sum, 4q35 contains three subdo-
mains with euchromatic, poised and heterochromatic 
features, arrayed in a centromere-to-telomere order.
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The FRG2 promoter is activated by inhibition of histone 
acetylation or PARP1, in a manner regulated by D4Z4 
repeat length
The detection of FRG2 and D4Z4 transcription in 
FSHD-derived cells despite the enrichment of hetero-
chromatin-associated histone marks at their promoters 
suggested complex modes of regulation. The different 
epigenetic patterns observed at promoters of genes 
involved in FSHD suggest that different mechanisms 
might intervene in their differential expression. This 
possibility could have clinical relevance, as the expres-
sion levels of 4q35 genes might be regulated by specific 
stimuli or environmental factors that modulate their 
transcriptional activity. To investigate the responsive-
ness of 4q35 gene expression to chromatin modifica-
tions, we pharmacologically inhibited different classes 
of chromatin-modifying enzymes in both HTCs and 
HPMs (Fig.  2) and measured the RNA levels by RT-
qPCR. We treated cells with trichostatin A (TSA), an 
inhibitor of class I, II, IV, histone deacetylases (HDACs) 
[51], nicotinamide (NAM) [52], an inhibitor of class 
III HDACs (sirtuins), or PJ34, an inhibitor of Poly 
(ADP-ribose) polymerase-1 (PARP1) [53–55]. These 
treatments were performed either in the presence or 
absence of 5-Aza-dC (Aza), an inhibitor of DNA meth-
ylation [51]. After these treatments, minor changes in 
expression of SLC25A4, FAT1 and FRG1 (Fig.  2A–C 
and G–I) were observed.

In contrast, strong transcriptional induction of FRG2 
was observed upon TSA and PJ34 treatments (Fig. 2D 
and J, note the y-axis scale). The effects of both these 
compounds were enhanced by 5-aza-dC, indicating 
that DNA methylation contributes to FRG2 silencing. 
Like the centromere-proximal genes, transcription of 
DBE and D4Z4-T transcripts was not induced by the 
selected compounds (Fig. 2E, F and K, L). We conclude 
that the FRG2 promoter is particularly sensitive to local 
chromatin modifications.

To determine how TSA-induced transcriptional 
changes correlated with altered histone modifications, 
we performed ChIP experiments (Supplemental_Fig_
S7, data in Supplemental_Table_M3). In both control 
and DRA-bearing cells, TSA led to a general increase 
of open chromatin marks (acetylated H3/H4 and 
H3K4me3) at 4q35 genes. In particular, and consist-
ent with its transcriptional upregulation, we observed 
increased H3 and H4 acetylation at the poised FRG2 
promoter in HPMs and HTCs bearing one DRA allele 
(Supplemental_Fig_S7). Together, our data indicate that 
histone acetylation and D4Z4 repeat length both con-
tribute to the robust inducibility of the FRG2 promoter.

Transcription of FRG2 and D4Z4 macrosatellite sequences 
is induced by genotoxic agents
The treatments with epigenetic drugs revealed a differ-
ent responsiveness of 4q35 genes. In particular, we dis-
covered that PJ34, a PARP1 inhibitor, has a relevant effect 
on the expression of FRG2 which seemed to be the most 
responsive to treatments. PARP1 is a DNA-dependent 
ADP-Ribose transferase with ADP-ribosylation activity 
that is triggered by DNA breaks and non-B DNA struc-
tures to mediate their resolution and its inhibition results 
in an accumulation of unresolved R-loops which pro-
motes genomic instability. We thus asked whether 4q35 
transcription might be affected by environmental pertur-
bations causing genomic instability. To test this possibil-
ity, we treated primary cells with the genotoxic agents 
cisplatin (CIS) [56], etoposide (ETO) [57] and doxoru-
bicin (DOXO) [12, 58] (Fig. 3 and Supplemental_Fig_S8). 
As shown in Fig.  3, the centromeric genes (SLC25A4, 
FAT1 and FRG1) were mildly repressed upon genotoxic 
injury.

To further substantiate this observation, we investi-
gated the expression, upon genotoxic injury, of eight 
additional coding genes located in the 4q35 region, 
which have previously been reported to be deregu-
lated in FSHD samples [41, 59, 60]. As reported in Sup-
plemental_Fig_S8, these genes are expressed in HPMs, 
following a gradient from the most centromeric to the 
most telomeric positions. None of the genes showed sig-
nificantly a different expression between FSHD patients 
and controls, nor did they respond to doxorubicin treat-
ment. In contrast, the expression of FRG2, DUX4-T and 
DBE-T significantly increased in the presence of all these 
compounds, in both control and FSHD-derived cells. 
Additionally, upon treatment with genotoxic agents the 
amounts of 4q35 telomeric transcripts FRG2, DBE-T and 
D4Z4-T were significantly increased in HPMs and HTCs 
bearing a DRA in comparison with cells bearing normal 
sized D4Z4 alleles. Based on these results, we conclude 
that RNA levels from telomeric 4q35 genes are induced 
by genotoxic agents, and the magnitude of this effect is 
increased by the presence of shortened D4Z4 arrays.

To investigate whether the 4q35 chromatin is 
affected by DNA damage, we evaluated the amounts of 
histone isoforms that serve as DNA damage indicators: 
phosphorylated H2AX (γH2AX), which appears at 
DNA double-strand breaks, and macroH2A1.1, which 
is recruited to sites of DNA damage-induced PARP1 
activation [58, 61, 62] (Fig.  3G, H, values in Supple-
mental_Table2). At FRG2, we detected low levels of 
both these histones in the absence of DOXO treat-
ment. At the D4Z4 locus, macroH2A.1 and γH2AX 
are present at very low levels in untreated control cells 
and significantly increase upon doxorubicin (DOXO) 
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Fig. 2 4q35 gene expression is affected by epigenetic drugs depending on 4q allele size. Expression data of 4q35 genes in human primary 
myoblasts (HPMs) (A–F) and in human trophoblasts cells (HTCs) (G-L) carry a normal sized allele (CTRL (> 10U)) or D4Z4 reduced alleles (DRA:7U 
and DRA:4U). Cells were treated or not treated with the indicated compounds: 5-Aza-2′-deoxycytidine (5-Aza-dC), trichostatin A (TSA), nicotinamide 
(NAM), PARP inhibitor (PJ34). SLC25A4 (A,G), FAT1 (B,H), FRG1 (C,I), FRG2 (D,J), DBE-T (E,K) and D4Z4-T (F,L) RNAs were measured by RT-qPCR 
and normalized over the RPLP0 reference gene. The values of the CTRL samples (n = 3) and FSHD DRA:4U (n = 2) were averaged. Experiments were 
done in triplicate, and the results were analyzed using two-way ANOVA tests to perform multiple comparisons. Hashtags (#) indicate the statistical 
significance of data from treated samples compared to untreated samples (NT) in each group. Asterisks (*) indicate statistical significance 
of data from treated cells carrying DRA compared to the same treatment in control cells. Plus signs ( +) indicate statistical significance of data 
from DRA:7U compared to DRA:4U cells. P value ranges are as follows: *, #, + 0.05 < p-value < 0.01; **, ##, + + 0.01 < p-value < 0.001; ***, ###, + + 
+ 0.001 < p-value < 0.0001; ****, ####, + + + + p-value < 0.0001
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treatment. In FSHD cells, macroH2A.1 and γH2AX 
are instead already enriched in untreated cells and 
increase further significantly following DOXO treat-
ment (Fig.  3H). These observations suggest distinct 
chromatin architectures at 4q35 alleles that contain a 
DRA, in which the macrosatellite deletion renders the 
locus more accessible to DNA damaging agents and/or 
to DNA damage response factors.

We also evaluated histone modifications at the 4q35 
genes in response to exogenous stresses (Fig. 3I–N and 
Supplemental_Fig_S9, values in Supplemental_Tables2 
and 4). Our analysis revealed that the DOXO-medi-
ated increase of FRG2, DBE-T and D4Z4-T transcripts 
was not associated with local enrichment of histone 
acetylation or other transcription-associated histone 
modifications (Fig.  3I–K and Supplemental_Fig_S9A–
B). Instead, a significant increase of H3K9me3 at 
D4Z4 loci (p-values < 0.001 and < 0.01) was observed. 
Furthermore, H3K9me3 levels became significantly 
greater in cells bearing a DRA than in control cells, 
both at the FRG2 promoter (p-value < 0.001) and the 
D4Z4 array (p-value < 0.05). Treatment with PARP 
inhibitor PJ34 also induced a robust increase in 
H3me3K9 (p-value < 0.001) at FRG2 promoter and 
D4Z4 in DRA cells (Fig. 3L–N and Supplemental_Fig_
S9C–D). Therefore, the increased RNA levels observed 
at the 4q35 telomeric genes upon genotoxic stress or 
PARP inhibition are paradoxically accompanied by 
increased H3K9 methylation.

Data from CTRL samples (n = 3) and FSHD 
DRA:4U (n = 2) were averaged. ANOVA statisti-
cal test with multiple comparison was performed 
(*0.05 < p-value < 0.01; ** 0.01 < p-value < 0.001; *** 
0.001 < p-value < 0.0001; **** p-value < 0.0001). Dif-
ferent symbols: * (asterisk), + sign (plus sign) and # 
(hashtag) refer to different antibodies used in ChIP 
experiments (* = AcH4; + = AcH3; # = H3K9me3 to 
show the statistical significance of data obtained in 
treated cells in respect to the same in not treated cells).

The 4q35 region lacks responsiveness to external noxa 
in myotubes.
It has been shown that 4q35 genes are differentially 
expressed in skeletal muscle cells undergoing differentia-
tion [39, 63–65]. To determine whether differences exist 
in the regulation of 4q35 genes in differentiated cells, we 
induced myogenic differentiation in both control and 
FSHD myoblasts. First, purity of myoblast cultures was 
evaluated by immunostaining for desmin (Supplemen-
tal_Fig_S10A–D). Then, their differentiation capacity was 
assessed eight days after the induction of differentiation 
(Supplemental_Fig_S10E-U). As shown in Supplemen-
tal_Fig_S10T,U, we observed an impairment of differen-
tiation ability in FSHD myoblasts, showing a fusion index 
percentage of 45–50%, compared with the 70% observed 
in control cells, and a differentiation index of 55–60% 
compared with the 70–75% of control cells. The analysis 
of 4q35 transcripts genes following myoblast differen-
tiation into myotubes revealed a significant increase in 
FRG1 transcript (Supplemental_Fig_S11A), along with 
the appearance of DUX4-FL transcript in FSHD myo-
tubes and a strong increase in PDLIM3 expression in 
both patients and controls confirming previous results 
(PMID: 9334352, PMID 10063829) (Supplemental_Fig_
S11F) [66, 67]. D4Z4-T and DBE-T transcripts were also 
slightly increased in FSHD myotubes while FRG2 levels 
remained unchanged, consistent with previous findings 
[68] (Supplemental_Fig_S11A). To determine whether 
the stress responsiveness of telomeric genes persists after 
cell proliferation ceases, we measured the expression 
levels of FRG1, D4Z4-T, DBE-T and FRG2 in myotubes 
treated with genotoxic agents (Supplemental_Fig_S11C–
E). Additionally, we evaluated the responsiveness of 
centromeric coding genes to DOXO (Supplemental_Fig_
S11F). Our results indicated that, compared to myoblasts, 
none of the tested regions exhibited transcriptional 
induction following DNA damage. This suggests that 
telomeric genes are responsive to stress during the pro-
liferative stage, highlighting the unique gene regulatory 
properties of myoblasts compared to myotubes. This lack 
of response in myotubes is likely due to a known reduced 

Fig. 3 4q35 genes show different responsiveness to DNA damage depending on D4Z4 size and subtelomeric localization. Control HPMs, DRA:7U 
HPMs and DRA:4U HPMs were untreated or treated with genotoxic drugs: doxorubicin (DOXO), etoposide (ETO) and cisplatin (CIS), at the reported 
concentrations. A–F Expression of SLC25A4 (A), FAT1 (B), FRG1 (C), FRG2 (D), DBE-T (E) and D4Z4-T (F) was evaluated 24 h after treatments 
and normalized over RPLP0. The values of the CTRL samples (n = 3) and FSHD DRA:4U (n = 2) were averaged. Error bars represent standard deviation 
values for three independent replicates. Hashtags refer to statistical significance of treated samples in respect to not treated samples (NT). 
Asterisks refer to statistical significance of treated cells carrying DRA in respect to the same treatment in control cells in each group. Plus signs 
refer to statistical significance of 4U DRA compared to 7U DRA. G-H) ChIP in HPMs treated or not with doxorubicin. Antibodies directed to γH2Ax 
and macroH2A1.1 (mH2A1.1) were used, followed by qPCR amplification of FRG2 (G) and D4Z4 (H). I-N) ChIP conducted in control and DRA HPMs 
that were untreated or treated with doxorubicin (I-K) or PJ34 (L-M). Antibodies directed to H3K4me3, H3K9me3, H3K27me3 and pan-acetylated 
Histone 3 and 4 (AcH3 and AcH4) were used, followed by qPCR amplification using primers described in Fig. 1A

(See figure on next page.)
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Fig. 3 (See legend on previous page.)
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efficacy of the DNA damaging drugs in differentiated cells 
[69]. We also conducted ChIP experiments in myotubes 
derived from our myoblast samples to explore potential 
differences in 4q35 genes regulation after differentiation 
(Supplemental_Fig_S12). After ChIP, we amplified eight 
different regions across the 4q35: SLC25A4 promoter, 
FAT1 promoter, FRG1 promoter, FRG2 promoter, DBE-
T (NDE region), D4Z4 (DBE region) and D4Z4 Q-PCR, 
by using primer sets detailed in Supplemental_Table_M1. 
ChIP results were normalized over Pan Histone H3-pre-
cipitated material to account for potential variability in 
histone loading caused by different stages of cell differ-
entiation. Our results confirmed the elevated levels of 
H3K9me3 histone mark in FSHD myotubes compared 
to control myotubes, as observed through the amplifica-
tion of two different regions at D4Z4 (DBE and Q-PCR) 
regions. Consistent with previously reported data [18], 
we detected the enrichment of the H3K27me3 at the 
DBE-T (NDE) region in both myoblasts and myotubes 
from control and FSHD-derived cells. Consistent with 
the expression results, the ChIP analysis conducted after 
DOXO treatment (Supplemental_Fig_S12C,D) showed a 
global loss of histone marks at the 4q35 region. Notably, 
this reduction was accompanied by a significant decrease 
in histone acetylation and H3K4me3 methylation, which 
occurred preferentially at the more centromeric genes.

Transcripts from telomeric 4q35 genes are 
posttranscriptionally stabilized upon DNA damage
We observed that FRG2 transcript levels were induced 
by TSA treatment and this induction was accompanied 
by increased histone H3/H4 acetylation in cells carry-
ing DRA alleles (Fig. 2). In contrast, the elevated levels of 
FRG2, DBE-T and D4Z4 transcripts following genotoxic 
injury were not associated with histone modifications 
typical of transcriptional activation. Instead, we observed 
an increase in H3K9me3 levels (Fig.  3). These observa-
tions, inconsistent with typical gene activation scenarios, 
prompted us to investigate whether this increase could 
be explained by posttranscriptional stabilization of telo-
meric 4q35 transcripts. To test this possibility, we treated 
control or FSHD HTCs with actinomycin D (ActD), at 
concentration sufficient to inhibit transcription by both 
RNA polymerase I and II [70] and then evaluated the sta-
bility of 4q35 transcripts over time. Experiments were 
performed with ActD alone or in the presence of DOXO 
(Fig. 4). We also amplified 5S rRNA, transcribed by RNA 
polymerase III, and observed that its levels remained 
stable, serving as a control for RNA normalization (Sup-
plemental_Fig_S13). Notably, the expected increase in 
FRG2, DBE-T and D4Z4-T transcript levels in the pres-
ence of DOXO was also observed when transcription 
was inhibited by ActD treatment (Fig. 4D–F). Following 

the hypothesis that the increased RNA levels were due 
to posttranscriptional stabilization, we quantified the 
half-lives of these three telomere-proximal RNA species 
(Fig. 4A) and found that these RNAs have extended half-
lives in cells carrying DRA alleles. We conclude that the 
major regulatory event for the 4q35 telomere-proximal 
transcripts upon genotoxic stress is posttranscriptional 
stabilization.

These findings raised the question if this phenomenon 
is characteristic of the 4q35 telomeric transcripts. To 
verify this hypothesis, we evaluated the effect of tran-
scriptional inhibition using actinomycin D (ActD) and 
doxorubicin (DOXO) also on U2 transcripts (from the 
U2 macrosatellite; CHM13/chr17:44,114,587-44,167,305) 
as shown in Supplemental_Fig_S13. Interestingly, these 
transcripts were slightly induced only by DOXO plus 
ActD, but not with DOXO alone, suggesting the presence 
of an alternative mechanism and highlighting new possi-
bilities for exploring how repetitive elements are differen-
tially regulated in response to DNA damage.

Transcripts from 4q35 telomeric genes are 
chromatin‑associated
The observation that FRG2, DBE-T and D4Z4-T tran-
script levels are affected by the same stimuli raises the 
question of whether these RNAs have additional com-
monalities. Since repetitive element RNAs often function 
as components of chromatin fibers [71], we performed 
RNA fractionation experiments in primary control or 
FSHD-derived myoblasts (Fig.  5A, B). In both cell sam-
ples, FRG2 and D4Z4-T RNAs were enriched in the 
chromatin-associated fraction and behaved similarly to 
the previously characterized chromatin-associated tran-
scripts lncDBE-T and TERRA [18, 72]. As control or the 
fractionation, we confirmed that the lncRNA NEAT1 was 
prevalently found in the nuclear fraction, and the pro-
tein-coding mRNA GAPDH was preferentially enriched 
in the cytoplasm.

The chromatin association of the FRG2, DBE-T and 
D4Z4-T transcripts was confirmed by chromatin-RNA 
immunoprecipitation (ChRIP) [73] conducted in pri-
mary myoblasts from control and FSHD subjects using 
H3K4me3, H3K9me3 and H3K27me3-specific antibod-
ies (Fig. 5C). FRG2, DBE-T and D4Z4-T transcripts were 
selectively and significatively enriched in H3K9me3 and 
H3K27me3-marked chromatin. As a control for the selec-
tivity of our analysis, we confirmed that lncRNA NEAT1, 
known to be associated with actively transcribed genes, 
was enriched in H3K4me3-marked but not H3K9me3 or 
H3K27me3-marked chromatin [74].

Together, our findings reveal that the telomere-prox-
imal 4q35 genes share important regulatory features: 
their transcript levels are induced by genotoxic stress 
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via posttranscriptional stabilization, and these RNAs 
are all chromatin-associated (Fig. 6). Furthermore, the 
regulation of these telomeric transcripts is affected by 
the size of the D4Z4 subtelomeric array (Figs.  2 and 
3). Therefore, the regulatory potential of this locus is 
expected to be variable in the human population.

Discussion
Regulation of telomeric 4q35 transcripts provides insights 
for understanding clinical variability and low penetrance 
in FSHD
Our study demonstrates that the 4q35 region is subdi-
vided into discrete domains, each with characteristic 

Fig. 4 4q35 telomeric transcripts are stabilized upon DNA damage and transcriptional inhibition dependently on D4Z4 size reduction. A Table 
reports the half-life of 4q35 transcripts measured after actinomycin D (ActD) treatment in CTRL (n = 2) and DRA:4U (n = 2) HPMs. B–F Cells were 
treated with ActD for the indicated times (30’, 1 h, 2 h, 4 h and 6 h) in the presence or absence of DOXO, and the levels of 4q35 gene transcripts 
were evaluated by qPCR. The half-life of each RNA was calculated as the time needed to reduce the transcript level to half (50%) of its initial 
abundance at time 0. Data shown are means ± s.e.m. of three replicates. The values of the CTRL samples (n = 2) and FSHD DRA:4U (n = 2) were 
averaged
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chromatin features associated with distinct gene expres-
sion profiles. These discrete domains provide specific 
properties to the encompassed genes. Further, our results 
indicate that the telomeric 4q35 genes share peculiar and 
similar properties, completely different from the rest of 
the 4q35 region. While the centromeric 4q35 genes are 
protein-coding, the telomeric transcripts, FRG2, DBE-T 
and D4Z4-T, are noncoding RNAs, which associate with 
heterochromatin. We also detected three epigenetic pat-
terns at the 4q35 locus, with centromeric genes display-
ing active promoters and telomeric genes with repressed 
chromatin histone marks, whereas FRG1 and FRG2 

are characterized by the presence of a poised chroma-
tin domain, which defines the boundaries of these two 
groups of genes at 4q35.

It is important to note that the myoblasts used in our 
study do not express DUX4-FL, in contrast to those ana-
lyzed in other reports. As a result, some of the observed 
differences may stem from intrinsic variations in the 
epigenetic regulation of the 4q35 region across differ-
ent cellular contexts. Cells expressing or not expressing 
DUX4-FL have been shown to exhibit distinct chroma-
tin landscapes at D4Z4, corresponding to permissive and 
nonpermissive transcriptional states. This distinction is 

Fig. 5 4q35 genes regulation upon different stimuli reflects architectural and epigenetic patterns. A, B RNA fractionation experiments were 
conducted in CTRL (A) (n = 2) and DRA:4U (n = 2) (B) HPMs. Transcripts from the indicated 4q35 genes were measured by qPCR analysis 
of cytoplasmic, nuclear and chromatin-associated RNA fractions, and the percentage detected in each fraction over total RNA was graphed. 
GAPDH, TERRA and NEAT1 transcripts were also assessed as positive controls that are most enriched in cytoplasmic, chromatin and nuclear 
fractions, respectively. C Chromatin-RNA Immunoprecipitation (ChRIP) experiment performed in HPMs. Antibodies directed to H3K4me3, H3K9me3, 
H3K27me3 were used to precipitate RNA from CTRL and DRA:4U cells. Data shown are means ± s.e.m. of three replicates. * (asterisks) refer to each 
different antibody used in ChRIP experiment to show the statistical significance of data obtained for each antibody over control IgG
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particularly relevant, as DUX4-FL has been implicated in 
the direct regulation of genes such as FRG1 and FRG2, 
potentially influencing broader transcriptional programs. 
This highlights the importance of considering cellular 
context when investigating 4q35 regulatory dynamics 
and suggests that multiple, context-dependent mecha-
nisms may contribute to FSHD pathogenesis.

Starting from FRG2, these telomeric transcripts are 
susceptible to different stimuli. At basal conditions, they 
are barely expressed, but they are abnormally upregu-
lated upon genotoxic treatments, in a manner inde-
pendent from an active transcriptional process. We 
discovered that this increase is due to their extended 
half-life induced by posttranscriptional events. This post-
transcriptional stabilization suggests that 4q35-derived 
telomeric transcripts could be degraded in physiological 
conditions or in the absence of a DRA. It remains unclear 
which roles they may play in cellular processes. Inter-
estingly, this responsiveness has been detected in both 
control and DRA-bearing cells, but the magnitude of 
upregulation is inversely correlated with the D4Z4 size. 
This correlation links the response to drug treatments 

with the number of D4Z4 repeats, offering an element to 
associate environmental changes (in this case DNA dam-
age) to aberrant amounts of FRG2, DBE-T and D4Z4-T 
transcripts.

While our data do not support a direct role for D4Z4 
repeat number in modulating posttranscriptional mech-
anisms, we propose that this phenomenon may result 
from a cascade effect triggered by changes in transcrip-
tional regulation. Specifically, these secondary effects 
might arise from alterations in the abundance or struc-
ture of primary transcripts, or via indirect mechanisms 
such as the activity of RNA-binding proteins or noncod-
ing RNAs that interact with these transcripts.

Intriguingly, the transcripts increase upon drug treat-
ments is not present in terminally differentiated myo-
tubes, suggesting that subtelomere responsiveness is a 
mechanism present only in proliferating cells (HPMs, 
HTCs), and thus could be influenced by or required dur-
ing active proliferative stages.

As components of the chromatin fiber, these RNAs 
could favor regulatory cis chromatin interactions at 4q35 
[18], as well as trans interactions with other repetitive 

Fig. 6 4q35 genes regulation upon different stimuli reflects architectural and epigenetic patterns. Schematic representation of the 4q35 locus 
summarizing the key characteristics of its telomeric genes reveals new insights into the functional subdomains within the 4q subtelomere. 
Our study demonstrates that these regions exhibit distinct chromatin features, which are reflected in their differential responses to external 
stimuli. Genotoxic injury leads to overexpression along a gradient starting from FRG2—where the chromatin is poised—and extending 
toward the telomere. FRG2, DBE-T and D4Z4-T transcripts share several common features. They are: (i) noncoding RNAs, (ii) stabilized 
posttranscriptionally upon exposure to genotoxic stress, and (iii) associated with heterochromatin. This transcriptional model applies to both control 
cells and cells carrying a reduced D4Z4 allele, with the induction or stabilization of these transcripts inversely correlated with the size of the D4Z4 
repeat array
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elements interspersed across the human genome. Fur-
thermore, as D4Z4-like sequences are highly polymor-
phic and account for several hundreds of Kbs in each 
individual genome [30], further studies will be required 
to determine the extent of D4Z4 and D4Z4-like RNA 
molecules produced, how these differ in different individ-
uals, and how their interaction patterns impact genome 
function. Overall, FSHD offers a valuable natural model 
to understand the complex interplay between tandemly 
arrayed repeats and their function in genomic architec-
ture and phenotypic heterogeneity. The development of 
long read DNA and RNA sequencing technologies offers 
unprecedented possibilities for in-depth molecular phe-
notyping and for the interpretation of results in a multi-
dimensional perspective.

A role for DNA repetitive elements in personalized 
medicine
Our study reports an additional element to define the 
dynamics of the FSHD locus at 4q35. The most telomeric 
part of the 4q35 region presents peculiar features that are 
influenced by the number of D4Z4 repeats. Our experi-
ments demonstrate that genotoxic treatments induce 
chromatin modifications at the 4q35 subtelomere that 
could generate an abnormal quantity of FRG2, DBE-T 
and D4Z4-T transcripts in cells with a DRA. One of the 
current challenges in molecular medicine is to under-
stand how DNA variations in noncoding sequences 
translate into phenotypic variability among individu-
als. Repetitive DNA elements represent 56–69% of the 
human genome [1, 2, 75–77]. Although macrosatellite 
repeats have been less well studied than many repeat 
classes, there is increasing evidence for a strong corre-
lation between macrosatellite copy number, epigenetic 
modifications and local gene expression [78–80]. Thus, 
macrosatellites provide an example of repeat-induced 
gene silencing as a mechanism of gene regulation in 
humans.

Our work demonstrates that the D4Z4 macrosatel-
lite array alters transcriptional responses to drugs at 
nearby genes, and that the number of repetitive elements 
modulates these changes. It is thus possible that what 
we observe at the 4q35 D4Z4 locus may occur at other 
macrosatellites interspersed within the genome. These 
sequences are highly polymorphic between individu-
als and heritable. Therefore, correlations between mac-
rosatellite composition, size and their responsiveness to 
drugs could facilitate the understanding of how a person’s 
repetitive DNA profile contributes to disease susceptibil-
ity and could increase our ability to predict the results 
of specific medical treatments. In this manner, better 
knowledge of the biological roles of repeats may offer 
substantial tools for personalized medicine.

Material and methods
Cell culture and drugs treatment
Primary trophoblast cell cultures were established imme-
diately and after chorionic villus sampling (HTCs), and 
cells were grown in Ham’s F10 medium (Corning) plus 
L-glutamine, 20% FBS and 1% penicillin/streptomycin. 
Human chromosome hybrids (CHO/Hyb) were obtained 
from the Coriell Institute for Medical Research. Cells 
were maintained following manufacturer’s instructions. 
Healthy and FSHD-derived human primary myoblasts 
(HPMs) were cultured in DMEM, added with 20% FBS, 
1% L-glutamine, 1% penicillin/streptomycin, 2  ng/mL 
epidermal growth factor (EGF) and 25  ng/mL of fibro-
blast growth factor (FGF). Both cell lines and primary 
cells were grown on T75 flasks in a humidified atmos-
phere at 37  °C with 6%  CO2. Cells were treated with 
TSA (Sigma;T8552), PJ34 (Sigma; 528,150) 5-aza-cyt-
idine (Sigma; A3656); NAM (Sigma; N0636); doxoru-
bicin (Sigma; D1515); actinomycin D 1  µg/ml (Sigma; 
SBR00013). Treatments with 1  μg/mL actinomycin D 
were performed for 1 h prior to the addition of doxoru-
bicin (DOXO). The DOXO treatment was subsequently 
applied for either 3 or 5 h, depending on the experimen-
tal condition.

Myoblasts differentiation
Human primary myoblasts (HPMs) from CTRL and 
FSHD patients were induced to differentiate between 
passages P3 and P5. To induce differentiation, myoblasts 
were plated at a confluence of 15 000 cells/cm2 and, 24 h 
after seeding, growth medium was replaced by differen-
tiation media composed by DMEM supplemented with 
10% FBS, 1% glutamine and 1% penicillin–streptomy-
cin, without the addition of EGF and FGF. Medium was 
changed every 2–3 days. The resulting myotube cultures 
were used for analysis at day 8 (D8) of myogenic differ-
entiation, after assessing their complete differentiation 
by calculating the fusion index (number of nuclei inside 
myotubes positive for sarcomeric myosin-staining con-
taining at least three nuclei/total number of nuclei) and 
differentiation index (number of nuclei inside myotubes 
positive for sarcomeric myosin-staining/total number of 
nuclei; and by RT-qPCR amplification of muscle-specific 
molecular markers (MyoD and Myogenin).

Immunofluorescence
Immunofluorescence assays were performed to assess 
the presence of muscular cells and myogenic differen-
tiation. Briefly, human primary myoblasts (HPMs) and 
myotubes were fixed with 3% paraformaldehyde (PFA) in 
PBS, for 12 min at room temperature, and permeabilized 
with 0.5% Triton X-100 in PBS. Slides were incubated 



Page 14 of 17Salsi et al. Clinical Epigenetics           (2025) 17:73 

in blocking solution (1% BSA in PBS) for 15  min, and 
then with primary antibodies (anti-Desmin (Dako 
M0760) diluted 1:50 and myosin heavy chain (MF20, 
DSHB#AB_2147781) diluted 1:100) in blocking solution 
over night at 4°. After washes in PBS, cells were incubated 
with the secondary antibody (Invitrogen A11001, diluted 
1:100) in blocking solution, for 1 h at room temperature. 
Slides were mounted by using the ProLong™ Glass Anti-
fade Mountant with NucBlue (Invitrogen™, cat #P36981). 
Images were acquired by using the EVOS M5000 micro-
scope equipped with a 10X or 20X lens.

RNA extraction and real‑time quantitative RT‑PCR 
(qRT‑PCR)
Total cellular RNA was obtained using a PureLink RNA 
Mini Kit (Thermo Fisher Scientifc cat #12183018A) 
according to the manufacturer’s instructions. DNAse 
digestion and cDNA synthesis was performed by using 
Maxima H-cDNA Synthesis Master Mix, with dsDNase 
(Thermo Fisher M1682). Specific mRNA expression was 
assessed by qRT-PCR (iTaq Universal SYBR® Green 
Supermix, BIORAD#1725120 in a CFX connect Real-
Time Machine BIORAD) using primers listed in Supple-
mental_Table_M1, normalized over RPLP0 housekeeping 
mRNA.

Statistical analyses
All data presented in figures were performed at least in 
triplicate and expressed as means ± SEM. When mak-
ing multiple statistical comparisons, one-way ANOVA 
with Tukey or Dunnett’s post hoc tests was used for nor-
mally distributed data. All analyses were conducted using 
Prism software (GraphPad Software Inc.).

ChIP and real‑time quantitative RT‑PCR (qRT‑PCR).
Chromatin immunoprecipitation (ChIP) assays were 
performed both in cell lines and in primary cells as 
described earlier [81] using specific antibodies as listed 
in Supplemental_Table_M2. Immunoprecipitates from 
at least three independent cell samples were analyzed by 
quantitative real-time PCR (qPCR) as described above. 
Enrichment of amplified DNA sequences (primers listed 
in Supplemental_Table_M1) in immunoprecipitates 
was calculated as the ratio between the DNA amount in 
immunoprecipitation samples and that in the total input 
chromatin.

RNA fractionation
Control and FSHD-derived myoblasts cell pellets (1 mil-
lion of cells) were lysed with 175  μl of cold cytoRNA 
solution (50 mM Tris HCl pH 8.0; 140 mM NaCl; 1.5 mM 
 MgCl2; 0,5% NP-40; 2 mM Vanadyl Ribonucleoside Com-
plex; Sigma) and incubated 5′ in ice. Cell suspension was 

centrifuged at 4 °C and 300 g for 2′ and the supernatant, 
corresponding to the cytoplasmic fraction, was trans-
ferred into a new tube and stored in ice. The pellet con-
taining nuclei were extracted with 175 μl of cold nucRNA 
solution (50 mM Tris HCl pH 8.0; 500 mM NaCl; 1.5 mM 
 MgCl2; 0,5% NP-40; 2 mM Vanadyl Ribonucleoside Com-
plex) and incubated 5′ on ice. The suspension was cen-
trifuged at 4 °C and 16,360 g for 2′ and the supernatant, 
corresponding to the nuclear-soluble fraction, was trans-
ferred into a new tube and stored in ice. The remaining 
pellet was collected as the chromatin-associated fraction. 
Total RNA from the cytoplasmic and nuclear fractions 
was extracted by using PureLink RNA MiniKit (Invit-
rogen) following the manufacturer’s instructions for the 
RNA extraction from aqueous solutions. The pellet con-
taining the chromatin-associated fraction was extracted 
with the standard procedure described above for RNA 
extraction.

Chromatin‑RNA precipitation (ChRIP)
Chromatin-RNA immunoprecipitation (ChRIP) was 
performed as previously described [73] using anti-
H3K4me3, H3K9me3 H3K27me3 antibodies as reported 
in Supplemental_Table_M2. 3 ×  106 HPM cells were used 
for each IP. RNA was extracted and qPCR performed as 
described above. Ten percent input was used to calculate 
the percentage of transcript bound to chromatin com-
pared to the negative control IgG.
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The online version contains supplementary material available at https:// doi. 
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Supplementary file 1 SF1 Expression analysis of DUX4-T and DUX4-FL. A) 
Schematic representation of the last D4Z4 unit, the adjacent pLAM region 
and the distal exons. The first exon of the DUX4 ORF is contained in each 
repeat. The pLAM sequence is only present in the DUX4-FL transcript. 
Primers used for qPCR are indicated in different colors. B–E) qPCR reports 
of D4Z4-T and DUX4-FL amplification by using the indicated primer 
pairs, melting curve graphs are visible in the upper part of each graph, 
melting curve and quantification cycle  (Cq) reports are indicated in the 
table below for human primary myoblasts (HPMs) and human primary 
fibroblast cells (here HPFs). For DUX4-FL, we used three different primer 
sets (DUX4-FL1 in purple, DUX4-FL2 in blue and DUX4-FL3 in green) used 
in previous works [15,39,40].

Supplementary file 2 SF2 4q35 primers validation and expression analysis 
in human chromosome hybrids (CHO/Hyb). A–F) 4q35 primer specific-
ity was validated in CHO/hybrids-derived genomic DNA. FRG2 (A), DBE-T 
(B), DUX4-Ex1 (C) primer sets amplified both chromosomes 4 and 10; 
DUX4-FL1 (D) and 2 (E) did not amplify anything, and DUX4-FL3 primers 
were not specific (F). G-L) Primer specificity was also tested in CHO/hybrid-
derived cDNA.

Supplementary file 3 SF3 Primer specificity for the telomeric 4q35 
region was evaluated by using CHO/hybrid-derived genomic DNA. FRG2 
promoter CHIP2 (A), DBE-T CHIP (NDE) (B) and D4Z4 CHIP (C) primer sets 
specifically amplified chromosomes 4 and 10.

Supplementary file 4 SF4 chromatin state segmentation by HMM from 
ENCODE/Broad; Hg19chr4:190,793,373-191,038,972.
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Supplementary file 5 SF5 Validation of FRG2 paralog-specific primer 
sets. A) Primer sets amplifying promoters of different FRG2 paralogs 
were tested in CHO/hybrid-derived genomic DNA. B) Chromatin 
immunoprecipitation assay (ChIP) performed in HPMs shows the pres-
ence of a poised promoter at FRG2A (chr4) and FRG2EP (chr20), and 
an active and repressed promoter at FRG2C (chr3) and FRG2FP (chr3), 
respectively.

Supplementary file 6 SF6 Epigenetic status of 4q35-associated 
gene desert region. Chromatin immunoprecipitation assays (ChIP) 
conducted in (A) HPMs and HTCs (B) carrying a normal sized (CTRL) 
and reduced (DRA) D4Z4 alleles. Antibodies directed to H3K4me3, 
H3K9me3, H3K27me3 and pan-acetylated Histone 3 and 4 (AcH3 
and AcH4) were used, followed by qPCR amplification using primers 
described in Supplemental_Table_M1.

Supplementary file 7 SF7. Chromatin immunoprecipitation assays 
(ChIP) conducted in HTCs carrying a normal sized (CTRL) (A) and 
reduced (DRA) (B) D4Z4 alleles treated or not with TSA. Antibodies 
directed to H3K4me3, H3K9me3, H3K27me3 and pan-acetylated 
Histone 3 and 4 (AcH3 and AcH4) were used, followed by qPCR ampli-
fication using primers described in Fig1.A. ANOVA statistical test with 
multiple comparison was performed (*0.05<p value<0.01; ** 0.01<p 
value<0.001; *** 0.001<p value<0.0001; **** P value<0.0001): $ (dollar 
symbol), and * (asterisk). Dollar symbols and asterisks indicate the statis-
tical significance of data obtained in TSA treated cells in respect to the 
same antibody enrichment in not treated cells. 4q35 regions amplified 
in qPCR following ChIP are indicated in the upper part of each graph.

Supplementary file 8 SF8 Control HTCs and HTCs bearing 6U D4Z4 array 
were untreated or treated with genotoxic drugs: doxorubicin (DOXO), 
etoposide (ETO) and cisplatin (CIS), at the reported concentrations. 
Expression data of SLC25A4 (A), FAT1 (B), FRG1 (C), FRG2 (D), DBE-T (E) and 
D4Z4-T (F) were evaluated 24h after treatments and normalized over 
RPLP0 reference gene levels. Error bars represent standard deviation 
values for three independent replicates. G) Evaluation of the expression 
of the centromeric 4q35 genes in HPMs from CTRL and DRA:4U, treated 
or untreated with doxorubicin (DOXO). The values from CTRL samples 
(n=2) and DRA:4U samples (n=2) were averaged and normalized over 
RPLP0 reference gene. Error bars represent standard deviation values for 
three independent replicates.

Supplementary file 9 SF9 A–D) Chromatin immunoprecipitation assays 
(ChIP) conducted in control and DRA HTCs treated or not with doxo-
rubicin (A,B) or PJ34 (C,D). Antibodies directed to H3K4me3, H3K9me3, 
H3K27me3 and pan-acetylated Histone 3 and 4 (AcH3 and AcH4) 
were used, followed by qPCR amplification using primers described in 
Fig1A. ANOVA statistical test with multiple comparison was performed 
(*0.05<p value<0.01; ** 0.01<p value<0.001; *** 0.001<p value<0.0001; 
**** P value<0.0001). Different symbols: * (asterisk) and # (hashtag) refer 
to different antibodies used in ChIP experiments (*=AcH4; #=H3K9me3 
to show the statistical significance of data obtained in treated cells in 
respect to the same in not treated cells). Error bars represent standard 
deviation values for three independent replicates.

Supplementary file 10 SF10 Differentiation of human primary 
myoblasts (HPMs) into myotubes. A–D) IF staining with anti-desmin 
antibody performed in HPMs from CTRLs (A,B) and FSHD patients (C,D). 
E–J) Visual inspection of differentiating CTRL and FSHD-derived human 
primary myoblasts by phase contrast microscopy. Human primary myo-
blasts (E,H) were plated between passages P3 and P5. Cell morphology 
and cell fusion were evaluated at D4 (F,I) and D8 (G,J) of myogenic 
differentiation. Images were taken at 10X magnification. K–N). Immu-
nostaining for desmin was performed in differentiated myotubes 
from CTRLs (K,L) and FSHD patients (M,N). O–R) Immunostaining for 
sarcomeric myosin heavy chain (MF20) performed after differentiation 
in both CTRLs and DRA samples, confirming the presence of fused 
differentiated myotubes. S) Myogenic differentiation was also evaluated 
by RT-qPCR amplifying muscle-specific markers MyoD and Myogenin. 
T–U) Fusion Index (T), calculated as the number of nuclei inside MHC-
positive syncytia containing at least three nuclei/total nuclei, and the 
differentiation index (U), calculated as the number of nuclei inside 

MHC-positive myotubes/total nuclei, revealed an impairment of myogenic 
differentiation in FSHD cells compared to CTRLs. Statistical significance 
was tested by using the unpaired t test (p value***= <0.001).

Supplementary file 11 SF11 A) Basal expression levels of 4q35 genes in 
human primary myoblasts and myotubes from CTRL (n=2) and FSHD 
carrying a 4U DRA (n=2). B–E) Evaluation of 4q35 genes expression upon 
genotoxic treatments, in myoblasts and in myotubes. F) Expression levels 
of centromeric 4q35 genes in myotubes, treated or not with genotoxic 
agent doxorubicin (DOXO). The values from CTRL samples (n=2) and 
DRA:4U samples (n=2) were averaged and normalized over RPLP0 
reference gene. Error bars represent standard deviation values for three 
independent replicates.

Supplementary file 12 SF12 A–B) Chromatin Immunoprecipitation (ChIP) 
assays performed in human primary myoblasts (A) and myotubes (B). 
Antibodies directed to H3K4me3, H3K9me3, H3K27me3 and pan-acety-
lated Histone 3 (AcH3) were used, followed by qPCR amplification using 
primers described in Fig1A. Results are reported as a percentage over total 
histone H3 quantity. ANOVA statistical test with multiple comparison was 
performed (*0.05<p value<0.01). C–D) Chromatin Immunoprecipitation 
(ChIP) assays performed in CTRL (C) and DRA-carrier patient (D) myotubes, 
treated or not with genotoxic agent doxorubicin. Antibodies directed to 
H3K4me3, H3K9me3, H3K27me3 and pan-acetylated Histone 3 (AcH3) 
were used, followed by qPCR amplification using primers described in 
Fig1A. ANOVA statistical test with multiple comparison was performed 
(**** p value<0.0001). The values from CTRL samples (n=2) and DRA:4U 
samples (n=2) were averaged.

Supplementary file 13 SF13 Expression of 5s rRNA and U2 macrosatellite-
derived transcripts, at basal levels and upon genotoxic agents. U2 and 
5srRNA expression was evaluated by RT-qPCR in HPMs

Supplementary file 14
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