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ABSTRACT 16 

Background: Reduced copy number of the D4Z4 macrosatellite at human chromosome 4q35 is 17 

associated with facioscapulohumeral muscular dystrophy (FSHD). A pervasive idea is that chromatin 18 

alterations at the 4q35 locus following D4Z4 repeat unit deletion lead to disease via inappropriate 19 

expression of nearby genes. Here, we sought to analyze transcription and chromatin characteristics 20 

across 4q35 and how these are affected by D4Z4 deletions and exogenous stresses.  21 

Results: We found that the 4q subtelomere is subdivided into discrete domains, each with characteristic 22 

chromatin features associated with distinct gene expression profiles. Centromere-proximal genes within 23 

4q35 (ANT1, FAT1 and FRG1) display active histone marks at their promoters. In contrast, poised or 24 
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repressed markings are present at telomere-proximal loci including FRG2, DBE-T and D4Z4. We 25 

discovered that these discrete domains undergo region-specific chromatin changes upon treatment with 26 

chromatin enzyme inhibitors or genotoxic drugs. We demonstrated that the 4q35 telomere-proximal 27 

FRG2, DBE-T and D4Z4-derived transcripts are induced upon DNA damage to levels inversely 28 

correlated with the D4Z4 repeat number, are stabilized through post-transcriptional mechanisms upon 29 

DNA damage, and are bound to chromatin. 30 

Conclusion: Our study reveals unforeseen biochemical features of RNAs from clustered transcription 31 

units within the 4q35 subtelomere. Specifically, the FRG2, DBE-T and D4Z4-derived transcripts are 32 

chromatin-associated and are stabilized post-transcriptionally after induction by genotoxic stress. 33 

Remarkably, the extent of this response is modulated by the copy number of the D4Z4 repeats, raising 34 

new hypotheses about their regulation and function in human biology and disease. 35 

Keywords: D4Z4 chromatin signature/ DNA damage/ epigenetic regulation/ FSHD/  36 

 37 

INTRODUCTION 38 

Repetitive DNA sequences occur in multiple copies and comprise over 50% of the human genome [1,2]. 39 

DNA repeats can be categorized based on their size and copy number: high-frequency repeats, also 40 

known as satellite DNA sequences, are found in various loci, including pericentromeric, subtelomeric, 41 

and interstitial regions. Satellites typically form constitutive blocks of heterochromatin, notably at 42 

telomeres, centromeres and at the short arms of acrocentric chromosomes. Although most satellites 43 

(~89.5%) are located within repressive chromatin domains, multiple studies have found that these 44 

elements have significant impacts on evolution, genetic variation and gene expression regulation [3,4]. 45 

Notably, loci proximal to telomeres are particularly prone to regulation by repetitive elements. 46 

For example, reporter genes inserted next to telomeres are silenced, a phenomenon known as telomere 47 

position effect (TPE), and silencing is further increased by upon elongation of telomeric repeats[5–7]. 48 
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Several observations indicate that telomeric and subtelomeric repeats can synergically regulate 49 

transcription of nearby genes through long-distance interactions, in a manner proportional to repeat 50 

lengths.  Alterations in these interactions have been implicated in a wide spectrum of human diseases 51 

[5,8], including Facioscapulohumeral Muscular Dystrophy (FSHD) (MIM 158900). FSHD is linked to 52 

deletions that reduce the copy number of the tandemly-arrayed D4Z4 macrosatellites at the 4q35 53 

subtelomere (25-50 kb from the telomere) [9,10] (Figure 1A).  54 

The D4Z4 repeat is extremely polymorphic in the general population [11]. Earlier studies hinted 55 

at a broad distribution of these elements, since a tandemly arrayed D4Z4 macrosatellite with 98% 56 

identity to the 4q35 array is also present at subtelomere 10q26 [12,13]. By performing comprehensive 57 

bioinformatic analyses using the T2T assembly [14,15] and a collection of 86 genome assemblies from 58 

the Human Pan-Genome project [15], we have recently defined the exact number and arrangements of 59 

D4Z4-like repeat elements in the human genome [16], detecting huge inter- and intra-individual 60 

variation. Our analyses uncovered hundreds of D4Z4-like elements, which together comprise from 0.7 61 

to 1.5 Mb of DNA, depending on the individual. We confirmed  that in addition to the tandemly-arrayed 62 

D4Z4 macrosatellites at 4q35 and 10q26, incomplete D4Z4-like (D4Z4-l) sequences annotated as Beta 63 

satellites/Sau3A DNAs (Bsat) are localized at the centromeric satellite arrays surrounding rDNA repeats 64 

on the short arms of all acrocentric chromosomes  and at the centromere of chromosome 1 [17–19]. At 65 

these loci, D4Z4-l sequences are not arrayed, and most of them are incomplete, lacking the 5’ portion 66 

of the D4Z4 repeat (1-800 nt) which contains regulatory regions [16]. The role and the transcriptional 67 

activity of these sequences remains obscure. However, we note that both rDNA repeats and centromeric 68 

satellites are spatially organized within nucleolus-associated domains (NADs) which are globally 69 

associated with repressive chromatin states, low gene density and low transcriptional activity [20–22] 70 

raising the idea that dispersed macrosatellites might also be involved in three-dimensional regulation of 71 

nuclear functions.  72 

Intriguingly, the 10q26 and the 4q35 loci are notably different in their subnuclear positioning.  The 73 

4q but not the 10q subtelomere is frequently associated with the nuclear periphery. 4q35 is thus 74 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 19, 2024. ; https://doi.org/10.1101/2024.03.18.585486doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.18.585486
http://creativecommons.org/licenses/by-nc-nd/4.0/


4 
 

categorized as a Lamin-Associated Domain (LAD), and is thus part of a major class of generally silenced 75 

heterochromatin [20,23–25]. This observation led to the hypothesis that FSHD pathogenesis might be 76 

affected by the three-dimensional localization of the 4q35 locus [26–28]. This idea was attractive 77 

because it could explain regulation by the number of D4Z4 elements present.  78 

Studies investigating D4Z4 chromatin have detected multiple repressive modifications, including 79 

DNA methylation [29–35], di/trimethylation of histone H3 at lysine 9 (H3K9me2/3) [36–38], trimethylation 80 

of histone H3 at lysine 27 (H3K27me3) [39], and association of the related chromatin proteins 81 

CBX3/HP1γ and EZH2 [39,40]. Moreover, D4Z4 recruits a multi-protein repressor complex, the D4Z4 82 

Recognition Complex (DRC), whose removal is associated with increased expression of 4q35 genes 83 

[41]. In the current patho-physiological model for FSHD [42], reduction of the D4Z4 array causes a loss 84 

of repressive histone modifications  and the ectopic expression of DUX4, a retrogene present in each 85 

D4Z4 unit  [43]. Functional, full-length DUX4 transcripts are produced from the last D4Z4 unit when they 86 

are stabilized in individuals carrying a permissive 4qA haplotype that includes a poly-adenylation signal 87 

(pLAM) near the most telomere-proximal D4Z4 unit [44]. For this reason, the majority of studies of 88 

epigenetic mechanisms in FSHD focus on the D4Z4 last repeat [45]. 89 

Here, we characterize dynamic regulatory events across the 4q35 locus. Different patterns of 90 

histone modifications characterize different chromatin domains, which correlate with the differential 91 

transcriptional responses to genotoxic stress. Additionally, drugs targeting histone modifying enzymes 92 

induce transcriptional derepression spanning the entire locus. In contrast, DNA damaging agents induce 93 

post-transcriptional stabilization of only the most telomere-proximal 4q35 transcripts, which are 94 

chromatin-associated. These latter properties are affected by the size of the subtelomeric D4Z4 array. 95 

Collectively, our results highlight that 4q35 constitutes a multipartite genomic locus providing distinct 96 

modes of regulation in response to external cues. The responses correlate with D4Z4 size thus providing 97 

additional elements to define the biological role of subtelomeric repeats and how they can be associated 98 

to anomalous responses leading to disease. 99 

 100 
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RESULTS 101 

Chromatin and transcription analysis of the 4q35 region reveals distinct functional domains  102 

To investigate the mechanism(s) by which the D4Z4 macrosatellite array affects the transcriptional 103 

regulation of the 4q35 locus (Figure 1A), we measured RNA levels of genes located at different 104 

distances from the D4Z4 array. We analyzed human primary myoblasts (HPMs) and trophoblast derived 105 

cells (HTCs) obtained from FSHD subjects heterozygous for a D4Z4 reduced allele (DRA) and matched 106 

controls (Figure 1B) [46]. On the centromere-proximal side of 4q35, we analyzed RNAs from these 107 

protein-coding genes (Figure 1A): ANT1 (Adenine Nucleotide Translcator1; known also as Solute carrier 108 

family 25 member 4 SLC25A4), FAT1 (FAT atypical cadherin 1), and FRG1 (FSHD region gene 1), 109 

which are are positioned at 4.9 Mb, 3.5 Mb and 127 kb from the D4Z4 array, respectively. We also 110 

analyzed telomere-proximal RNAs, including FRG2 (FSHD region gene 2; 37 kb from the array), and 111 

DBE-T (D4Z4 Binding Element-Transcript), a lncRNA transcribed from the 5’ end of the D4Z4 array. We 112 

also analyzed two additional transcripts derived from D4Z4: DUX4 exon1 (Ex1)-containing transcripts, 113 

hereafter named D4Z4-T (D4Z4-Transcript), which arise from each D4Z4 repeat, and DUX4FL (DUX4 114 

Full Length) pLAM-containing transcripts, the FSHD disease-associated mRNAs derived from the most 115 

telomere-proximal D4Z4 repeat (Fig. 1A and Supplemental_Fig_S1).  116 

Our qPCR analyses (Fig 1C-D) showed that 4q35 genes are differentially expressed depending 117 

on their chromosomal position, confirming previous evidence [27,28,41,47].  Specifically, in control cells 118 

the centromere-proximal ANT1, FAT1 and FRG1 genes displayed high levels of expression, whereas 119 

FRG2, DBE-T and D4Z4-T were barely detectable. Consistent with the expected derepression of the 120 

locus associated with reduced D4Z4 copy number, FRG2, DBE-T and D4Z4-T transcripts were 121 

significantly upregulated in FSHD1 cells (Figure 1C and D). In contrast, ANT1 and FRG1 transcripts 122 

were found at comparable levels both in control and FSHD cells. Therefore, the loss of D4Z4 satellites 123 

in the FSHD patients’ cells  correlated with an altered regulation of the telomere-proximal transcripts.  124 

We could not reliably quantify the DUX4FL transcript via qPCR with commonly used primers 125 

[48,49] due to the very low amount of the detected amplicon (Ct values over 35) and because of the 126 
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presence of multiple peaks in the melting curve analysis of the PCR products (Supplemental_Fig_S1). 127 

These observations are consistent with previous detection of DUX4FL transcripts only in a small 128 

percentage of FSHD-derived myoblasts (1 per 1000 cells) [44] and in cell lines only by using multi-step 129 

nested PCR [44,49–51].Since our aim was to conduct unbiased analyses of the physiological levels of 130 

4q35 transcripts to compare their expression and regulation, we avoided pre-amplification steps.  131 

The distinct regulation of genes located at different distances from the D4Z4 array prompted us 132 

to investigate the chromatin features of the 4q35 region. Chromatin immuno-precipitation (ChIP) 133 

experiments were performed in primary HPMs and HTCs using antibodies raised against histones tail 134 

modifications associated with transcriptional regulation: AcH3, AcH4 and H3K4me3, H3K9me3 and 135 

H3K27me3 (Figures 1E-F, values in Supplemental_Table1). We detected three classes of modification 136 

patterns. First, in both primary cell types, active chromatin marks were found at the ANT1 and FAT1 137 

promoters within the centromere-proximal region of 4q35 region, with enrichment of AcH3, AcH4, and 138 

H3K4me3, and low levels of H3K9me3 and H3K27me3. Second, at the FRG1 and FRG2 promoters, 139 

both repressing and activating marks were detected. This “bivalent” pattern of histone modification is 140 

characteristic of “poised” promoters that are inactive but able to respond to external stimuli [52–54]. 141 

Specifically, we detected the enriched levels of AcH4 and H3K9me3 at the FRG1 promoter in both cell 142 

types, at comparable levels in control and DRA-bearing cells. At the FRG2 promoter, we observed 143 

comparable levels of AcH4 in control and FSHD-derived cells, whereas H3K9me3 enrichment was 144 

significatively more elevated in FSHD-derived myoblasts compared to control cells. A poised chromatin 145 

modification pattern at the FRG2 promoter is a conserved feature in multiple cell types, as confirmed by 146 

Chromatin State Segmentation by HMM from studies by ENCODE/Broad [55] (Supplemental_Fig_S2). 147 

The third modification pattern observed occurred at the D4Z4 repeats themselves and was dominated 148 

by strong enrichment of H3K9me3 associated with low levels of the other chromatin marks analyzed 149 

(Figure 1E-F). A similar signature was also found at the gene desert region LILA5 150 

(Supplemental_Fig_S3), as expected in heterochromatic regions. Notably, all three classes of 151 

modification patterns were largely similar comparing samples from healthy individuals and from FSHD 152 
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patients with D4Z4 deleted alleles (DRAs). However, H3K9me3 levels were significantly increased at 153 

the FRG2 promoter and at D4Z4 in primary cells carrying a DRA [13,38]. This might seem to conflict 154 

with our observation that both FRG2 and D4Z4-T were derepressed in cells carrying a DRA (Fig 1B and 155 

C). However, these data are consistent with previous results cells from patients with ICF 156 

(Immunodeficiency, Centromeric region instability, Facial anomalies syndrome), in which D4Z4 157 

transcription is detected in spite of retention of H3K9me3 [56].  In sum, 4q35 contains three subdomains 158 

with euchromatic, poised, and heterochromatic features, arrayed in a centromere-to-telomere order.  159 

Figure 1. 4q35 genes expression and epigenetic profile: A) Schematic representation of the 160 

chromosome 4q35 showing physical distances between ANT1, FAT1, FRG1 and FRG2 genes and the 161 

D4Z4 macrosatellite within the AF146191-U85056 contig, based on GenBank entry U85056.1. The 162 

positions of oligonucleotides used in ChIP experiments (red) and qPCR (blue) are shown. B)  Table 163 

showing the sizes of the two 4q35 and 10q26 alleles in the selected human primary cells used in this 164 

paper, together with the 4q-ter (4qA) haplotype. Control human trophoblast cells (HTCs) and human 165 

primary myoblasts (HPMs) cells carry normal-sized 4q alleles (>10 D4Z4 repeat units), whereas FSHD-166 

derived HTCs and HPMs bear a reduced D4Z4 allele (DRA), i.e. < 8 D4Z4 repeat units (U=Units); C-D) 167 

RT q-PCR quantification of ANT1, FAT1, FRG1, FRG2, DBE-T, D4Z4-T and DUX4FL mRNAs in (C) 168 

human primary myoblasts (HPMs) and (D) human trophoblast cells (HTCs). Data were normalized using 169 

RPLP0 as a reference mRNA. E-F) Chromatin immunoprecipitation (ChIP) analysis performed in (E) 170 
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HPMs and (F) HTCs. IPs were performed using the indicated antibodies recognizing H3K4me3, 171 

H3K9me3, H3K27me3 and pan-acetylated Histone 3 and 4 (AcH3 and AcH4), or a non-specific control 172 

(IgG), followed by qPCR amplification using primers described in Fig.1A. Data are displayed as the 173 

percent enrichment for each antibody over total input chromatin. Experiments were done in triplicate 174 

and analyzed using two-way Anova statistical tests. Asterisks indicate the statistical significance of data 175 

obtained in DRA cells compared to control cells for each antibody, as follows: * 0.05<p-value<0.01; ** 176 

0.01<p-value<0.001; *** 0.001<p-value<0.0001; **** p-value<0.0001. 177 

 178 

The FRG2 promoter is activated by inhibition of histone acetylation or PARP1, in a manner 179 

regulated by D4Z4 repeat length 180 

The detection of FRG2 and D4Z4 transcription despite the enrichment of heterochromatin-associated 181 

histone marks at their promoters suggested complex modes of regulation. To investigate the role of 182 

chromatin modification across 4q35, we pharmacologically inhibited different classes of chromatin-183 

modifying enzymes both in HTCs and HPMs (Fig. 2) and measured the RNA levels by RT-qPCR. We 184 

treated cells with trichostatin A (TSA), an inhibitor of class I, II, IV, histone deacetylases (HDACs) [57], 185 

nicotinamide (NAM) [58], an inhibitor of class III HDACs (sirtuins), or PJ34, an inhibitor of Poly (ADP-186 

ribose) polymerase-1 (PARP-1) [59–61]. These treatments were performed either in presence or 187 

absence of 5-Aza-dC (Aza), an inhibitor of DNA methylation [57]. After these treatments, minor changes 188 

in expression of ANT1, FAT1 and FRG1 (Figure 2A-C and G-I) were observed. In contrast, strong 189 

transcriptional induction of FRG2 was observed upon TSA and PJ34 treatments (Figure 2D and J, note 190 

the y-axis scale). The effects of both these compounds were enhanced by 5-aza-dC, indicating that 191 

DNA methylation contributes to FRG2 silencing. Like the centromere-proximal genes, transcription of 192 

DBE and D4Z4-T transcripts was not induced by the selected compounds (Figure 2E-F and K-L). We 193 

conclude that the FRG2 promoter is particularly sensitive to local chromatin modifications.  194 

To determine how TSA-induced transcriptional changes correlated with altered histone 195 

modifications, we performed ChIP experiments (Supplemental_Fig_S4, data in Supplemental Table 3). 196 

Both in control and DRA-bearing cells, TSA led to a general increase of ‘open chromatin’ marks 197 
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(acetylated H3/H4 and H3K4me3) at 4q35 genes. In particular, and consistent with its transcriptional 198 

upregulation, we observed increased H3 and H4 acetylation at the poised FRG2 promoter in HPMs and 199 

HTCs bearing one DRA allele (Supplemental_Fig_S4B-C and E). Together, our data indicate that 200 

histone acetylation and D4Z4 repeat length both contribute to the robust inducibility of the FRG2 201 

promoter.  202 

 203 

Figure 2.  4q35 gene expression is affected by epigenetic drugs depending on 4q allele size. 204 

Expression data of 4q35 genes in human primary myoblasts (HPMs) (A-F) and in human trophoblasts 205 

cells (HTCs) (G-L) carrying a normal sized allele (CTRL (>10U)) or D4Z4 reduced alleles (DRA:7U and 206 

DRA:4U). Cells were treated or not treated with the indicated compounds: 5-Aza-2'-deoxycytidine (5-207 

Aza-dC), Trichostatin A (TSA), nicotinamide (NAM), PARP inhibitor (PJ34). ANT1 (A), FAT1 (B), FRG1 208 

(C), FRG2 (D), DBE-T (E) and D4Z4-T (F) RNAs were measured by RT q-PCR and normalized over the 209 

RPLP0 reference gene. Experiments were done in triplicate and the results were analyzed using two-210 

way Anova tests to perform multiple comparisons. Hashtags (#) indicate the statistical significance of 211 

data from treated samples compared to untreated samples (NT) in each group. Asterisks (*)indicate 212 

statistical significance of data from treated cells carrying DRA compared to the same treatment in control 213 
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cells. P-value ranges are as follows: *, # 0.05<p-value<0.01; **, ## 0.01<p-value<0.001; ***, ### 214 

0.001<p-value<0.0001; ****, #### p-value<0.0001. 215 

Transcription of FRG2 and D4Z4 macrosatellite sequences is induced by genotoxic agents 216 

To test whether 4q35 transcription was affected by a wider array of environmental perturbations, we 217 

analyzed the effects of genotoxic agents. We treated primary cells with Cisplatin (CIS) [62], Etoposide 218 

(ETO) [63] and Doxorubicin (DOXO) [64,65] (Figures 3 and Supplemental_FigS5). The centromere-219 

proximal genes (ANT1, FAT1 and FRG1) were mildly repressed upon genotoxic injury. In contrast, 220 

expression of FRG2, DUX4-T and DBE-T increased significantly in the presence of all these compounds 221 

both in control and FSHD-derived cells. Additionally, genotoxic agents increased the amounts of 4q35 222 

telomeric transcripts FRG2, DBE-T and D4Z4-T significantly more in HPMs and HTCs bearing a DRA 223 

in comparison with cells bearing normal sized D4Z4 alleles. We conclude that RNA levels from telomere-224 

proximal 4q35 genes are induced by genotoxic agents, and the magnitude of this effect is increased by 225 

the presence of shortened D4Z4 arrays.  226 

To investigate more deeply the chromatin changes at 4q35 in response to DNA damage, we 227 

evaluated the amounts of histone isoforms that serve as DNA damage indicators: phosphorylated H2AX 228 

(H2AX), which appears at DNA double-strand breaks, and macroH2A1.1, which is recruited to sites of 229 

DNA damage-induced PARP1 activation [65–67] (Figure 3G-H, values in Supplemental_Table2). At 230 

FRG2, we detected low levels of both these histones in the absence of DOXO treatment. At D4Z4, 231 

macroH2A.1 and 𝛄H2AX are present in basal levels untreated control cells, and these levels increased 232 

in cells carrying a 4U DRA or when DNA damage was induced by DOXO (Figure 3N). These 233 

observations suggest distinct chromatin architectures at 4q35 alleles that contain a DRA, in which the 234 

macrosatellite deletion renders the locus more accessible to DNA damaging agents and/or to DNA 235 

damage response factors. 236 

We also evaluated histone modifications at the 4q35 genes in response to exogenous stresses 237 

(Figure 3I-N and Supplemental_Fig_S6, values in Supplemental_Table 2 and 4). Our analysis revealed 238 

that the DOXO-mediated increase of FRG2, DBE-T and D4Z4-T transcripts was not associated with 239 
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local enrichment of histone acetylation or other transcription-associated histone modifications (Figure 240 

3I-K and Supplemental Fig. S6A-B). Instead, a significant increase of H3K9me3 at D4Z4 loci (p-values 241 

<0.001 and <0.01) was observed. Furthermore, H3K9me3 levels became significantly greater in cells 242 

bearing a DRA than in control cells, both at the FRG2 promoter (p-value <0.001) and the D4Z4 array 243 

(p-value <0.05). Treatment with PARP inhibitor PJ34 also induced a robust increase in H3me3K9 (p-244 

value <0.001) at FRG2 promoter and D4Z4 in DRA cells (Figure 3L-N and Supplemental Fig  S6C-D). 245 

Therefore, the increased RNA levels observed at the 4q35 telomere-proximal genes upon genotoxic 246 

stress or PARP inhibition are paradoxically accompanied by increased H3K9 methylation. 247 
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Figure 3 .4q35 genes show different responsiveness to DNA damage depending on D4Z4 size 248 

and subtelomeric localization.  249 

Control HPMs and HPMs bearing 7U and 4U D4Z4 arrays were untreated or treated with genotoxic 250 

drugs: Doxorubicin (DOXO), Etoposide (ETO) and Cisplatin (CIS), at the reported concentrations. 251 

Expression data of ANT1 (A), FAT1 (B), FRG1 (C), FRG2 (D), DBE-T (E) and D4Z4-T (F) was evaluated 252 

24h after treatments and normalized over RPLP0 reference gene levels. Error bars represent standard 253 

deviation values for three independent replicates. Hashtags refer to statistical significance of treated 254 

samples in respect to not treated samples. Asterisks refer to statistical significance of treated cells 255 

carrying DRA in respect to the same treatment in control cells (NT) in each group. G-L) Chromatin 256 

immunoprecipitation assays (ChIP) conducted in control and DRA HPMs that were untreated or treated 257 

with Doxorubicin (G-I) or PJ34 (J-L). Antibodies directed to H3K4me3, H3K9me3, H3K27me3 and pan-258 

acetylated Histone 3 and 4 (AcH3 and AcH4) were used, followed by qPCR amplification using primers 259 

described in Fig.1A. Anova statistical test with multiple comparison was performed (*0.05<p-value<0.01; 260 

** 0.01<p-value<0.001; *** 0.001<p-value<0.0001; **** p-value<0.0001). Different symbols: * (asterisk) 261 

+ sign (plus sign) and # (hashtag) refer to different antibodies used in ChIP experiments (*=AcH4; 262 

+=AcH34me3; #=H3K9me3 to show the statistical significance of data obtained in treated cells in 263 

respect to the same in not treated cells). M-N) Chromatin Immunoprecipitation (ChIP) in HPM cells that 264 

were untreated or treated with Doxorubicin (M) or PJ34 (N) . Antibodies directed to γH2Ax and 265 

macroH2A1.1 (mH2A1.1) were used followed by qPCR amplification of 4q35 genes as indicated. Anova 266 

statistical test with multiple comparison was performed (*0.05<p value<0.01; ** 0.01<p value<0.001; *** 267 

0.001<p value<0.0001; **** P value<0.0001. * (asterisks) refer to each different antibody used in ChIP 268 

experiment to show the statistical significance of data obtained in treated cells in respect to the same in 269 

not treated cells. 270 

Transcripts from telomere-proximal 4q35 genes are post-transcriptionally stabilized upon DNA 271 

damage 272 

We observed that steady-state FRG2 transcript levels were induced by TSA, in cells with DRA alleles 273 

this was accompanied by increased histone H3/H4 acetylation (Figure 2). In contrast, the increased 274 

transcript levels of FRG2, DBE-T and D4Z4-T upon genotoxic injury were not correlated with histone 275 

modifications typical for transcriptional activation increased H3K9me3 levels (Figure 3).  276 

These observations were inconsistent with typical gene activation scenarios, but we reasoned 277 

that they could be consistent with post-transcriptional stabilization of telomeric 4q35 transcripts in 278 
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presence of genotoxic damage. To test this, we treated control or FSHD HTCs with Actinomycin D 279 

(ActD), at concentration sufficient to inhibit transcription by both RNA polymerase I and II [68] and then 280 

evaluated the stability of 4q35 transcripts over time. Experiments were performed with ActD alone or in 281 

presence of DOXO (Figure 4). Notably, the expected increase in FRG2, DBE-T and DUX4-T transcript 282 

levels in the presence of DOXO was also observed when transcription was inhibited by ActD treatment 283 

(Fig. 4D-F), supporting our idea about post-transcriptional stabilization. Also, quantification of the data 284 

detected longer half-lives for these three telomere-proximal RNA species in cells with DRA alleles (Fig. 285 

4A). We conclude that the major regulatory event for the 4q35 telomere-proximal transcripts upon 286 

genotoxic stress is post-transcriptional stabilization. 287 

Figure 4. 4q35 telomeric transcripts are stabilized upon DNA damage and transcriptional 288 

inhibition dependently on D4Z4 size reduction. 289 
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A) Table reports the half-life of 4q35 transcripts measured after Actinomycin D (ActD) treatment 290 

in Control (CTRL) and DRA-containing (4U) HPMs. B-F) Cells were treated with ActD for the indicated 291 

times (30’, 1h, 2h, 4h and 6 h) in presence or absence of DOXO, and the levels of 4q35 gene transcripts 292 

were evaluated by qPCR. The half-lifes of each RNA was calculated as the time needed to reduce the 293 

transcript level to half (50%) of its initial abundance at time 0. Data shown are means ± s.e.m. of 3 294 

replicates. 295 

Transcripts from 4q35 telomere-proximal genes are chromatin-associated 296 

The observation that FRG2, DBE-T and DUX4-T transcript levels are affected by the same stimuli raises 297 

the question whether these RNAs have additional commonalities. Since repetitive element RNAs often 298 

function as components of chromatin fibers [69] , we performed RNA fractionation experiments in 299 

primary control or FSHD-derived myoblasts (Fig. 5A-B). In both cell samples, FRG2 and D4Z4-T RNAs 300 

were enriched in the chromatin-associated fraction and behaved similarly to the previously characterized 301 

chromatin-associated transcripts lncDBE-T and TERRA [39,70]. As controls for the fractionation, we 302 

confirmed that the lncRNA NEAT1, was prevalently found in the nuclear fraction, and the protein-coding 303 

mRNA GAPDH was preferentially enriched in the cytoplasm.  304 

The chromatin association of the FRG2, DBE-T and DUX4 transcripts was confirmed by 305 

Chromatin-RNA Immuno-Precipitation (ChRIP) [71]  conducted in in primary myoblasts from control and 306 

FSHD subjects using H3K4me3, H3K9me3 and H3K27me3-specific antibodies (Fig. 5C). FRG2, DBE-307 

T and DUX4 transcripts were selectively and significatively enriched in H3K9me3 and H3K27me3-308 

marked chromatin. As a control for the selectivity of our analysis, we confirmed that lncRNA Neat1, 309 

known to be associated with actively transcribed genes, was enriched in H3K4me3-marked but not 310 

H3K9me3 or H3K27me3-marked chromatin [72].  311 

Together, our findings reveal that the telomere-proximal 4q35 genes share important regulatory 312 

features: their transcript levels are induced by genotoxic stress via post-transcriptional stabilization, and 313 

these RNAs are all chromatin-associated (Figure 6). Furthermore, the regulation of these telomeric 314 
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transcripts is affected by the size of the D4Z4 sub-telomeric array (Figures 2 and 3). Therefore, the 315 

regulatory potentialc of this locus is expected to be variable in the human population.  316 

 317 

Figure 5. 4q35 genes regulation upon different stimuli reflects architectural and epigentic 318 

patterns. A-B) RNA fractionation experiments were conducted in CTRL (A) and DRA (B) human primary 319 

myoblasts (HPMs). Transcripts from the indicated 4q35 genes were measured by qPCR analysis of 320 

cytoplasmic, nuclear and chromatin-associated RNA fractions, and the percentage detected in each 321 

fraction over total RNA was graphed. GAPDH, TERRA and NEAT1 transcripts were also assessed as 322 

positive controls that are most enriched in cytoplasmic, chromatinic and nuclear fractions, respectively. 323 

C) ChRIP experiment performed in HPM cells. Antibodies directed to H3K4me3, H3K9me3, H3K27me3 324 

were used to precipitate RNA from control and DRA cells. Data shown are means ± s.e.m. of 3 325 

replicates. * (asterisks) refer to each different antibody used in ChRIP experiment to show the statistical 326 

significance of data obtained for each antibody over control IgG.  327 
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 328 

Figure 6.  4q35 genes regulation upon different stimuli refects architectural and epigenetic 329 

patterns. Top diagram: A topological domain (TAD, indicated by the magenta triangle) at 4q35 includes 330 

the FRG1 and FRG2 genes [73]( 190–191 Mb of Chr 4). Additional cis-interactions between D4Z4 and 331 

nearby genes have also been reported [27,74] (curved lines). Our present study indicates functional 332 

subdomains within the 4q35 subtelomere, arrayed in a gradient along the chromosome. The different 333 

chromatin configurations at each subdomain correlate with the different response of these regions to 334 

external stimuli. The centromere-proximal genes ANT1 and FRG1 display active histone marks and are 335 

constitutively expressed at high levels (Chromatin domain 1). In contrast, the FRG2 promoter displays 336 

a poised promoter (Chromatin domain 2). Finally, the telomeric genes at the D4Z4 repeats (Chromatin 337 

domain 3) display repressive chromatin marks and are transcriptionally repressed in normal individuals 338 

in the absence of genotoxic stress. Middle diagram: Drug-induced epigenetic derepression (i.e. TSA 339 

treatment) results in enrichment of active histone marks at chromatin domain 1 promoters and a switch 340 

toward active chromatin at the FRG2 promoter leading to increased RNA levels. Bottom diagram: DNA 341 

damage (i.e. DOXO treatment), globally reduces the transcriptional activity across 4q35 and mediates 342 
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a switch towards increased repressive chromatin markings at D4Z4 and the FRG2 promoter. 343 

Additionally, transcripts from Chromatin domains 2 and 3 are stabilized through a posttranscriptional 344 

event. This model applies to control and to cells carrying a reduced D4Z4 allele, but the transcriptional 345 

or post transcriptional induction/stabilization rate is inversely correlated with D4Z4 size. 346 

 347 

DISCUSSION  348 

Novel modes of regulation of telomeric 4q35 transcripts provide insights for understanding 349 

clinical variability and low penetrance in FSHD 350 

FSHD is a frequent myopathy, which has an estimated prevalence of 1 in 20,000 individuals [75]. 351 

Connecting the reduction of D4Z4 repeats with the development of FSHD is the major hurdle in 352 

understanding the molecular mechanism leading to disease. Inappropriate gene activation is considered 353 

the link between reduced copy number of the D4Z4 macrosatellite at 4q35 and the onset of FSHD, but 354 

clinical [76,77] and genetic [78] observations have challenged our understanding of the disease in 355 

finding a unifying model that fully addresses FSHD complexity. This complexity has been measured by 356 

stratification of heterozygous carriers of D4Z4 reduced alleles (DRAs) using a Comprehensive Clinical 357 

Evaluation Form (CCEF) [46,79]. This evaluation separates individuals into 4 categories following a 358 

straight-forward evaluation, from full penetrance to asymptomatic and atypical presentation, 359 

demonstrating a wide range of clinical phenotypes from people carrying similarly-sized DRAs. This 360 

phenotypic heterogeneity is also observed within families suggesting non-Mendelian factors may 361 

contribute [80–91]. Indeed, these phenotypic categorization are heterogeneous between probands and 362 

their first-degree relatives, with 50-75% of relatives remaining asymptomatic depending on the degree 363 

of kinship [80]. Interestingly in 35% of families in which a DRA with 7-8 repeat segregates only one 364 

affected individual (ie, the proband), is affected by disease, whereas the others are asymptomatic 365 

carriers; this finding holds regardless of the proband’s phenotypic category [92]. Together, these clinical 366 
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datasets demonstrate highly variable penetrance of FSHD, and suggests that complex disease 367 

cofactors yet to be identified. 368 

In the heterozygous state, a D4Z4 reduction might produce a subclinical sensitized condition 369 

that requires other epigenetic mechanisms or a contributing factor to cause overt myopathy. In some 370 

cases, it might be by the simultaneous heterozygosity for a different and recessive myopathy, as 371 

suggested by many reports in which the FSHD contractions are found in association with a second 372 

molecular defect [75,93–102]. Alternatively, as our findings are suggesting, environmental changes that 373 

affect chromatin modifications at 4q35 could generate an abnormal quantity of subtelomeric transcripts 374 

in cells with a DRA. 375 

In this respect, the chromatin changes at 4q35 in cells bearing a DRA have been investigated to test for 376 

FSHD-specific D4Z4 cis and trans interactions [27,73,74] (Figure 6). For example, the 4q35 D4Z4 array 377 

possesses a CTCF-associated insulator which defines the boundaries of a D4Z4-proximal TAD [103].  378 

(Figure 6). The D4Z4 array at 4q35 also tethers multiple telomeres to the nuclear envelope, inducing 379 

transcriptional repression of trans-associated genomic regions [25,103–105]. In this manner, a normal-380 

sized D4Z4 array can contact several regions in a peripheral nuclear domain, possibly influencing 381 

transcription at multiple genomic regions. In contrast, in FSHD patients the shortened array displays 382 

reduced trans-interactions, with consequent transcriptional up-regulation of the distant loci [28].  383 

Regarding regulation in cis, previous studies indicate that 4q telomere length regulates 4q35 genes as 384 

far as 5-Mb upstream of the D4Z4 repeats, thus reinforcing the notion of a cooperative effect between 385 

telomere length and size of the D4Z4 array [47] In sum, telomeric 4q35 genes are regulated by TAD 386 

boundaries and the length of both the D4Z4 array and telomere repeats  [5,6].  387 

In this study, we report additional levels of regulation of 4q35 gene expression. We found that 388 

the telomere-proximal FRG2, DBE-T and D4Z4-T genes are robustly sensitive to induction by genotoxic 389 

stress. Further, we discovered that transcripts from these genes are chiefly regulated by post-390 

transcriptional stabilization, and that these regulations are affected by D4Z4-array size. We hypothesize 391 
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that that 4q35 represents a case where subtelomere/telomere dynamics and their role in chromatin 392 

structure can influence the onset of pathologies and variability in clinical manifestations. 393 

 394 

D4Z4-derived transcripts in a genomic perspective 395 

The precise basis by which over-expression of 4q35 genes results in FSHD remains to be determined.  396 

Here we report that D4Z4-derived transcripts are stabilized upon genotoxic stress, revealing an 397 

additional level of regulation involving post-transcriptional events. Consistent with this discovery are 398 

earlier hypotheses that Nonsense Mediated Decay (NMD) acts as an endogenous suppressor of 399 

DUX4FL mRNA [106], or that NMD is globally impaired in FSHD cells [107]. We note that persistent 400 

DNA damage inhibits NMD through p38α MAPK pathway activation [108], which would further link our 401 

data to the NMD hypotheses. Therefore, more investigation is required to characterize how NMD 402 

regulation by DNA damage affects RNA targets in cell-specific contexts, particularly regarding FSHD 403 

phenotypes [109].  404 

Our data confirm that D4Z4-derived RNAs display elevated levels and are stabilized in FSHD 405 

cells, raising questions about their roles during DNA damage. As components of the chromatin fiber, 406 

these RNAs could favor regulatory cis chromatin interactions at 4q35 [39], as well as trans interactions 407 

with other repetitive elements interspersed across the human genome. Furthermore, as D4Z4-like 408 

sequences are highly polymorphic and account for several hundreds of Kbs in each individual genome 409 

[16], further studies will be required to determine the extent of D4Z4 and D4Z4-like RNA molecules 410 

produced, how these differ in different individuals, and how their interaction patterns impact  genome 411 

function. Therefore, FSHD offers a valuable natural model to understand the complex interplay between 412 

tandemly arrayed repats and their function in genomic architecture and phenotypic heterogeneity. The 413 

development of long read DNA and RNA sequencing technologies offers unprecedented possibilities 414 

for in-depth molecular phenotyping and for the interpretation of results in a multidimensional perspective. 415 

 416 

A role for DNA repetitive elements in personalized medicine 417 
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One of the current challenges in molecular medicine is to understand how DNA variations in non-coding 418 

sequences translate into phenotypic variability among individuals. Repetitive DNA elements represent 419 

56% to 69% of the human genome [1,2,14,110,111]. Although macrosatellite repeats have been less 420 

well studied than many repeat classes, there is increasing evidence for a strong correlation between 421 

macrosatellite copy number, epigenetic modifications and local gene expression (references). Thus, 422 

macrosatellites provide an example of repeat-induced gene silencing as a mechanism of gene 423 

regulation in humans [112–114]. 424 

Our work demonstrates that the D4Z4 macrosatellite array alters transcriptional responses to 425 

drugs at nearby genes, and that the number of repetitive elements modulates these changes. It is thus 426 

possible that what we observe at the 4q35 D4Z4 locus may occur at other macrosatellites interspersed 427 

within the genome. These sequences are highly polymorphic between individuals and heritable. 428 

Therefore, correlations between macrosatellite composition, size and their responsiveness to drugs 429 

could facilitate the understanding of how a person’s repetitive DNA profile contributes to disease 430 

susceptibility and could increase our ability to predict the results of specific medical treatments. In this 431 

manner, better knowledge of the biological roles of repeats may offer substantial tools for personalized 432 

medicine. 433 

 434 

MATERIAL AND METHODS 435 

Cell Culture and Drugs Treatment 436 

Primary trophoblasts cell culture were established immediately and after Chorionic villus sampling 437 

(HTCs), and cells were grown in Ham’s F10 medium (Corning) plus L-glutamine, 20% FBS, and 1% 438 

Penicillin/Streptomycin. Healthy and FSHD-derived human primary myoblasts (HPMs) were cultured in 439 

DMEM, added with 20% FBS, 1% L-glutamine, 1% Penicillin/Streptomycin, 2 ng/mL epidermal growth 440 

factor (EGF) and 25 ng/mL of fibroblast growth factor (FGF). Both cell lines and primary cells were grown 441 

on T75 flasks in a humidified atmosphere at 37 ºC with 6% CO2. Cells were treated with TSA 442 
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(Sigma;T8552), PJ34 (Sigma; 528150) %-aza-cytidine (Sigma; A3656); NAM (Sigma; N0636); Doxorubicin 443 

(Sigma; D1515); Actinomycin D  1 µg/ml (Sigma; SBR00013). 444 

 445 

RNA extraction and real time quantitative RT-PCR (qRT-PCR) 446 

Total cellular RNA was obtained using a PureLink RNA Mini Kit (Thermo Fisher Scientifc cat 447 

#12183018A) according to the manufacturer’s instructions. DNAse digestion and cDNA synthesis was 448 

performed by using Maxima H- cDNA Synthesis Master Mix, with dsDNase (Thermo Fisher M1682). 449 

Specific mRNA expression was assessed by qRT-PCR (iTaq Universal SYBR® Green Supermix, 450 

BIORAD#1725120 in a CFX connect Real Time Machine BIORAD) using primers listed in Supplemental 451 

Table M1, normalized over RPLP0 housekeeping mRNA. 452 

Statistical analyses 453 

All data presented in figures were performed at least in triplicate and expressed as means ±SEM When 454 

making multiple statistical comparisons, one-way ANOVA with Tukey or Dunnett’s post-hoc tests was 455 

used for normally distributed data. All analyses were conducted using Prism software (GraphPad 456 

Software Inc.).  457 

ChIP and real time quantitative RT-PCR (qRT-PCR).  458 

Chromatin immunoprecipitation (ChIP) assays were performed both in cell lines and in primary cells as 459 

described earlier [115] using specific antibodies as listed in Supplemental Table M2. Immunoprecipitates 460 

from at least three independent cell samples were analyzed by quantitative real-time PCR (qPCR) as 461 

described above. Enrichment of amplified DNA sequences (primers listed in Supplemental Table M1) in 462 

immunoprecipitates was calculated as the ratio between the DNA amount in immunoprecipitation 463 

samples and that in the total input chromatin. 464 

RNA fractionation 465 
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Control and FSHD derived myoblasts cell pellets (1 million of cells) were lysed with 175 μl of cold 466 

cytoRNA solution (50 mM Tris HCl pH 8.0; 140 mM NaCl; 1.5 mM MgCl2; 0,5% NP-40; 2mM Vanadyl 467 

Ribonucleoside Complex; Sigma) and incubated 5′ in ice. Cell suspension was centrifuged at 4°C and 468 

300 g for 2′ and the supernatant, corresponding to the cytoplasmic fraction, was transferred into a new 469 

tube and stored in ice. The pellet containing nuclei were extracted with 175μl of cold nucRNA solution 470 

(50 mM Tris HCl pH 8.0; 500 mM NaCl; 1.5 mM MgCl2; 0,5% NP-40; 2mM Vanadyl Ribonucleoside 471 

Complex) and incubated 5′ on ice. The suspension was centrifuged at 4°C and 16360 g for 2′ and the 472 

supernatant, corresponding to the nuclear-soluble fraction, was transferred into a new tube and stored 473 

in ice. The remaining pellet was collected as the chromatin-associated fraction.Total RNA from the 474 

cytoplasmic and nuclear fractions was extracted by using PureLink RNA MiniKit (Invitrogen) following 475 

the manufacturer's instructions for the RNA extraction from aqueous solutions. The pellet containing the 476 

chromatin-associated fraction was extracted with the standard procedure described above for RNA 477 

extraction. 478 

Chromatin-RNA Precipitation (ChRIP) 479 

Chromatin RNA immunoprecipitation (ChRIP) was performed as previously described [71] using anti-480 

H3K4me3, H3K9me3 H3K27me3 antibodies as reported in TableM2.  3 × 106  HPM cells were used for 481 

each IP). RNA was extracted and qPCR performed as described above. Ten percent input was used to 482 

calculate the percentage of transcript bound to chromatin compared to the negative control IgG.  483 
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 778 

FIGURE LEGENDS 779 

Figure 1. 4q35 genes expression and epigenetic profile: A) Schematic representation of the 780 

chromosome 4q35 showing physical distances between ANT1, FAT1, FRG1 and FRG2 genes and the 781 

D4Z4 macrosatellite within the AF146191-U85056 contig, based on GenBank entry U85056.1. The 782 

positions of oligonucleotides used in ChIP experiments (red) and qPCR (blue) are shown. B)  Table 783 

showing the sizes of the two 4q35 and 10q26 alleles in the selected human primary cells used in this 784 

paper, together with the 4q-ter (4qA) haplotype. Control human trophoblast cells (HTCs) and human 785 

primary myoblasts (HPMs) cells carry normal-sized 4q alleles (>10 D4Z4 repeat units), whereas FSHD-786 

derived HTCs and HPMs bear a reduced D4Z4 allele (DRA), i.e. < 8 D4Z4 repeat units (U=Units); C-D) 787 

RT q-PCR quantification of ANT1, FAT1, FRG1, FRG2, DBE-T, D4Z4-T and DUX4FL mRNAs in (C) 788 

human primary myoblasts (HPMs) and (D) human trophoblast cells (HTCs). Data were normalized using 789 

RPLP0 as a reference mRNA. E-F) Chromatin immunoprecipitation (ChIP) analysis performed in (E) 790 

HPMs and (F) HTCs. IPs were performed using the indicated antibodies recognizing H3K4me3, 791 

H3K9me3, H3K27me3 and pan-acetylated Histone 3 and 4 (AcH3 and AcH4), or a non-specific control 792 

(IgG), followed by qPCR amplification using primers described in Fig.1A. Data are displayed as the 793 

percent enrichment for each antibody over total input chromatin. Experiments were done in triplicate 794 

and analyzed using two-way Anova statistical tests. Asterisks indicate the statistical significance of data 795 

obtained in DRA cells compared to control cells for each antibody, as follows: * 0.05<p-value<0.01; ** 796 

0.01<p-value<0.001; *** 0.001<p-value<0.0001; **** p-value<0.0001. 797 

 798 

Figure 2.  4q35 gene expression is affected by epigenetic drugs depending on 4q allele size. 799 

Expression data of 4q35 genes in human primary myoblasts (HPMs) (A-F) and in human trophoblasts 800 

cells (HTCs) (G-L) carrying a normal sized allele (CTRL (>10U)) or D4Z4 reduced alleles (DRA:7U and 801 

DRA:4U). Cells were treated or not treated with the indicated compounds: 5-Aza-2'-deoxycytidine (5-802 

Aza-dC), Trichostatin A (TSA), nicotinamide (NAM), PARP inhibitor (PJ34). ANT1 (A), FAT1 (B), FRG1 803 

(C), FRG2 (D), DBE-T (E) and D4Z4-T (F) RNAs were measured by RT q-PCR and normalized over the 804 

RPLP0 reference gene. Experiments were done in triplicate and the results were analyzed using two-805 

way Anova tests to perform multiple comparisons. Hashtags (#) indicate the statistical significance of 806 

data from treated samples compared to untreated samples (NT) in each group. Asterisks (*)indicate 807 

statistical significance of data from treated cells carrying DRA compared to the same treatment in control 808 

cells. P-value ranges are as follows: *, # 0.05<p-value<0.01; **, ## 0.01<p-value<0.001; ***, ### 809 

0.001<p-value<0.0001; ****, #### p-value<0.0001. 810 
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  811 

 812 

Figure 3 .4q35 genes show different responsiveness to DNA damage depending on D4Z4 size 813 

and subtelomeric localization.  814 

Control HPMs and HPMs bearing 7U and 4U D4Z4 arrays were untreated or treated with genotoxic 815 

drugs: Doxorubicin (DOXO), Etoposide (ETO) and Cisplatin (CIS), at the reported concentrations. 816 

Expression data of ANT1 (A), FAT1 (B), FRG1 (C), FRG2 (D), DBE-T (E) and D4Z4-T (F) was evaluated 817 

24h after treatments and normalized over RPLP0 reference gene levels. Error bars represent standard 818 

deviation values for three independent replicates. Hashtags refer to statistical significance of treated 819 

samples in respect to not treated samples. Asterisks refer to statistical significance of treated cells 820 

carrying DRA in respect to the same treatment in control cells (NT) in each group. G-L) Chromatin 821 

immunoprecipitation assays (ChIP) conducted in control and DRA HPMs that were untreated or treated 822 

with Doxorubicin (G-I) or PJ34 (J-L). Antibodies directed to H3K4me3, H3K9me3, H3K27me3 and pan-823 

acetylated Histone 3 and 4 (AcH3 and AcH4) were used, followed by qPCR amplification using primers 824 

described in Fig.1A. Anova statistical test with multiple comparison was performed (*0.05<p-value<0.01; 825 

** 0.01<p-value<0.001; *** 0.001<p-value<0.0001; **** p-value<0.0001). Different symbols: * (asterisk) 826 

+ sign (plus sign) and # (hashtag) refer to different antibodies used in ChIP experiments (*=AcH4; 827 

+=AcH34me3; #=H3K9me3 to show the statistical significance of data obtained in treated cells in 828 

respect to the same in not treated cells). M-N) Chromatin Immunoprecipitation (ChIP) in HPM cells that 829 

were untreated or treated with Doxorubicin (M) or PJ34 (N) . Antibodies directed to γH2Ax and 830 

macroH2A1.1 (mH2A1.1) were used followed by qPCR amplification of 4q35 genes as indicated. Anova 831 

statistical test with multiple comparison was performed (*0.05<p value<0.01; ** 0.01<p value<0.001; *** 832 

0.001<p value<0.0001; **** P value<0.0001. * (asterisks) refer to each different antibody used in ChIP 833 

experiment to show the statistical significance of data obtained in treated cells in respect to the same in 834 

not treated cells.  835 

 836 

Figure 4. 4q35 telomeric transcripts are stabilized upon DNA damage and transcriptional 837 

inhibition dependently on D4Z4 size reduction. 838 

A) Table reports the half-life of 4q35 transcripts measured after Actinomycin D (ActD) treatment in 839 

Control (CTRL) and DRA-containing (4U) HPMs. B-F) Cells were treated with ActD for the indicated 840 

times (30’, 1h, 2h, 4h and 6 h) in presence or absence of DOXO, and the levels of 4q35 gene transcripts 841 

were evaluated by qPCR. The half-lifes of each RNA was calculated as the time needed to reduce the 842 
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transcript level to half (50%) of its initial abundance at time 0. Data shown are means ± s.e.m. of 3 843 

replicates.  844 

 845 

Figure 5. 4q35 genes regulation upon different stimuli reflects architectural and epigentic 846 

patterns. A-B) RNA fractionation experiments were conducted in CTRL (A) and DRA (B) human primary 847 

myoblasts (HPMs). Transcripts from the indicated 4q35 genes were measured by qPCR analysis of 848 

cytoplasmic, nuclear and chromatin-associated RNA fractions, and the percentage detected in each 849 

fraction over total RNA was graphed. GAPDH, TERRA and NEAT1 transcripts were also assessed as 850 

positive controls that are most enriched in cytoplasmic, chromatinic and nuclear fractions, respectively. 851 

C) ChRIP experiment performed in HPM cells. Antibodies directed to H3K4me3, H3K9me3, H3K27me3 852 

were used to precipitate RNA from control and DRA cells. Data shown are means ± s.e.m. of 3 853 

replicates. * (asterisks) refer to each different antibody used in ChRIP experiment to show the statistical 854 

significance of data obtained for each antibody over control IgG.  855 

 856 

Figure 6.  4q35 genes regulation upon different stimuli refects architectural and epigenetic 857 

patterns. Top diagram: A topological domain (TAD, indicated by the magenta triangle) at 4q35 includes 858 

the FRG1 and FRG2 genes [73]( 190–191 Mb of Chr 4). Additional cis-interactions between D4Z4 and 859 

nearby genes have also been reported [27,74] (curved lines). Our present study indicates functional 860 

subdomains within the 4q35 subtelomere, arrayed in a gradient along the chromosome. The different 861 

chromatin configurations at each subdomain correlate with the different response of these regions to 862 

external stimuli. The centromere-proximal genes ANT1 and FRG1 display active histone marks and are 863 

constitutively expressed at high levels (Chromatin domain 1). In contrast, the FRG2 promoter displays 864 

a poised promoter (Chromatin domain 2). Finally, the telomeric genes at the D4Z4 repeats (Chromatin 865 

domain 3) display repressive chromatin marks and are transcriptionally repressed in normal individuals 866 

in the absence of genotoxic stress. Middle diagram: Drug-induced epigenetic derepression (i.e. TSA 867 

treatment) results in enrichment of active histone marks at chromatin domain 1 promoters and a switch 868 

toward active chromatin at the FRG2 promoter leading to increased RNA levels. Bottom diagram: DNA 869 

damage (i.e. DOXO treatment), globally reduces the transcriptional activity across 4q35 and mediates 870 

a switch towards increased repressive chromatin markings at D4Z4 and the FRG2 promoter. 871 

Additionally, transcripts from Chromatin domains 2 and 3 are stabilized through a posttranscriptional 872 

event. This model applies to control and to cells carrying a reduced D4Z4 allele, but the transcriptional 873 

or post transcriptional induction/stabilization rate is inversely correlated with D4Z4 size.  874 
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 875 

SUPPLEMENTAL FIGURES: 876 

SF1 Expression analysis of DUX4-T and DUX4FL. A) Schematic representation of the last D4Z4 unit, 877 

the adjacent pLAM region and the distal exons. The DUX4 ORF is contained in the first exon in each 878 

repeat. The pLAM sequence is only present in the DUX4-FL transcript. Primers used in for qPCR are 879 

indicated in different colors. B-D) qPCR reports of DUX-T and DUX-FL amplification by using the 880 

indicated primer pairs, melting cure graphs are visible in the upper part of each graph, melting curve 881 

and quantification cycle (Cq) reports are indicated in the table below for human primary myoblasts 882 

(HPMs) and human primary trophoblast cells (here HPFs). For DUX-FL we used two different primer 883 

sets (pLAM1, purple and pLAM2 blue) used in previous works [48,49].  884 

SF2 Chromatin State Segmentation by HMM from ENCODE/Broad; Hg19chr4:190,793,373-885 

191,038,972. 886 

SF3 Epigenetic status of 4q35-associated gene desert region. Chromatin immunoprecipitation assays 887 

(ChIP) conducted in (A) HPMs and HTCs (B) carrying a normal sized (control) and reduced (DRA) D4Z4 888 

alleles. Antibodies directed to H3K4me3, H3K9me3, H3K27me3 and pan-acetylated Histone 3 and 4 889 

(AcH3 and AcH4) were used, followed by qPCR amplification using primers described in Fig1.A. 890 

SF4. G-H) Chromatin immunoprecipitation assays (ChIP) conducted in HPMs (A-C) and  HTCs (D-E) 891 

carrying a normal sized (control) and reduced (DRA) D4Z4 alleles (B,C,E) and treated or not with TSA. 892 

Antibodies directed to H3K4me3, H3K9me3, H3K27me3 and pan-acetylated Histone 3 and 4 (AcH3 and 893 

AcH4) were used, followed by qPCR amplification using primers described in Fig1.A. Anova statistical 894 

test with multiple comparison was performed (*0.05<p value<0.01; ** 0.01<p value<0.001; *** 0.001<p 895 

value<0.0001; **** P value<0.0001): $ (dollar symbol), and * (asterisk). Dollar symbols and asterisks 896 

indicate the statistical significance of data obtained in TSA treated cells in respect to the same antibody 897 

enrichment in not treated cells. 4q35 regions amplified in qPCR following ChIP  are indicated in the 898 

upper part of each graph. 899 

SF5 Control HTCs and HTCs bearing 6U D4Z4 array were untreated or treated with genotoxic drugs: 900 

Doxorubicin (DOXO), Etoposide (ETO) and Cisplatin (CIS), at the reported concentrations. Expression 901 

data of ANT1 (A), FAT1 (B), FRG1 (C), FRG2 (D), DBE-T (E) and D4Z4-T (F) was evaluated 24h after 902 

treatments and normalized over RPLP0 reference gene levels. Error bars represent standard deviation 903 

values for three independent replicates. 904 

SF6 A-D)Chromatin immunoprecipitation assays (ChIP) conducted in control and DRA HTCs treated or 905 

not with Doxorubicin (A,B) or PJ34 (C,D). Antibodies directed to H3K4me3, H3K9me3, H3K27me3 and 906 
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pan-acetylated Histone 3 and 4 (AcH3 and AcH4) were used, followed by qPCR amplification using 907 

primers described in Fig1.A. Anova statistical test with multiple comparison was performed (*0.05<p 908 

value<0.01; ** 0.01<p value<0.001; *** 0.001<p value<0.0001; **** P value<0.0001). Different symbols: 909 

* (asterisk) and # (hashtag) refer to different antibodies used in ChIP experiments (*=AcH4; #=H3K9me3 910 

to show the statistical significance of data obtained in treated cells in respect to the same in not treated 911 

cells). . Error bars represent standard deviation values for three independent replicates. 912 
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