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Chapter 1 General introduction 
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1.1 Epigenetics and Epigenome: concepts and definitions 

 

Genetic information in H. sapiens is contained and distributed 

among 23 couples of chromosomes in a variety of different 

combination between protein coding genes and regulatory 

elements; this constitutes the basic information for the 

establishment of cellular identity and the regulation of 

processes such as development, differentiation, homeostasis, 

etc. H. sapiens retains at least of 200 of morphological, 

structural and functional different cell types (phenotypes); 

although they share the same genome they all differ because of 

a different epigenome. In 1940 Conrad Waddington defined 

epigenetics as “the branch of biology which studies the causal 

interactions between genes and their products, which bring the 

phenotype into being”. Today we defined the epigenetics as 

each hereditary information not directly linked to the sequence 

of DNA, as the sum of phenotypic variations not directly 

correlated to genotypic differences (“Epigenetics” Allis C.D., 

Jenuwein T., Reinberg D. Cold Spring Harbor Laboratory Press, 

Cap3). Indeed gene expression is orchestrated in a cell specific 

manner through different levels of epigenetic regulation, that go 

beyond the canonical interplay between DNA sequences and 

transcription factors and imply DNA methylation, histone 

variants, histone modifications and chromatin remodeling, 

finally including nuclear architecture, and the presence of non 

coding, regulative RNAs with multiple functions that establish in 
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concert a specific epigenome [1-5] (Figure 1). The epigenome 

contributes to the quality, stability and heritability of cell specific 

transcriptional programs that undergo profound changes during 

development, cell differentiation and/or metabolic switches. 

Damage or perturbation of epigenetic components may lead to 

deviations from a determined cellular program, resulting in 

severe developmental disorders, tumor progression [6,7] and 

could explain human complex diseases [8]. 

 

 

 

 

 

 

 

 



 
	

	 8	

 

Figure 1. Genome is highly organized through different levels of 

epigenetic regulation. 

Epigenetic regulation consists of changes in chromatin structure 

mediated, primarily, by DNA methylation, secondarily by histone 

variants substitution into nucleosomes and posttranslational 

modification of histone tails and thirdly by higher order chromatin 

arrangement, responsible for nuclear architecture and 3D genome 

organization. To various extents, all these levels of organization 

contribute to the stability and heritability of transcription programs and 

define what is meant as the epigenomic level of gene regulation. 
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1.1.1 Genetic information is highly organized into 

chromatin, a platform for epigenetic regulation 

  

An extraordinary combination of mechanisms act on chromatin 

regulating the huge amount of information stored in the 

genome; it is possible to discriminate between three 

hierarchically interconnected levels at which epigenetic control 

of the genome takes place.  

The first level of regulatory mechanism is found on the DNA 

molecule. Specific DNA sequences mediate the targeting of 

nuclear factors that regulate the transcriptional state.  

The second regulatory level includes marks such as methylation 

of the DNA itself, covalent post-translational modifications 

(PTMs) of the core histones, histone variants and other 

chromatin-associated proteins that “read” or “write” previous 

marks, changing the functional state of chromatin in response 

to environmental challenges [9,1].  Various studies report 

somewhat different classifications of chromatin types, mostly 

depending on the parameters used in the computational 

analysis, but the general consensus is that repressive 

chromatin accounts for Polycomb-bound euchromatin, 

heterochromatin and a chromatin state that has no strong 

enrichment for any of the specific factors or marks used for 

mapping [10-12], in contrast, there are various types of active or 

open chromatin, and it has proven more difficult to rigorously 

classify them, probably because the classification depends on 
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the number of factors that are used for mapping. However, at 

least four types of open chromatin can be distinguished with 

some certainty, encompassing ‘enhancers’, ‘promoters’, 

‘transcribed regions’ and ‘regions bound by chromatin insulator 

proteins’ [13]. 

A third regulatory level is the three-dimensional (3D) 

organization of chromatin in the nucleus that reflects basic 

nuclear metabolisms [5]. As an additional and interconnected 

level, today is becoming more and more clear the regulatory 

function of non-coding transcripts both in epigenetic marks 

deposition and 3D structure organization [14-17].  

Genomes are spatially arranged at several, hierarchical levels 

in the 3D space of the cell nucleus, starting with the folding of 

the chromatin fiber into higher-order structures, the formation of 

loops over a wide range of genomic distances and the formation 

of chromosome domains, (sub-megabase topologically 

associating domains (TADs) [18-21] and multi-megabase active 

and inactive compartments [22]), culminating in their 

aggregation to form chromosome territories [23]. 

The eukaryotic genome is packaged in a highly organized 

fashion to fit within the spatial constraints of the cell nucleus 

and at the same time allow for access of regulatory factors to 

the underlying sequences for nuclear metabolisms [24]. The 

first layer of packaging involves the winding of 147 base pairs of 

DNA around an octamer of core histone proteins (H3-H4 

tetramers and two dimers of H2-H2B) to form a nucleosome 
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[25]. Core nucleosomes are linked by linker DNA [26,25] and 

H1 histones. 

A string of nucleosomes presents itself as an 11 nm fiber. The 

next layer of packaging involves the helical stacking of 

nucleosomes to form a chromatin fiber with a diameter of ~30 

nm [27]. This in turn is highly organized in loops that defined 

functional and topological domains [2,28,5,29]. 

There are four types of loops that have direct functional 

consequences for transcription [30]. 

The first type joins the 5′ end of transcribed genes with the 

transcription termination site. 

The second type of regulatory loop brings distant enhancers in 

contact with promoters. 

A third type of looped transcriptional regulation is Polycomb-

dependent repression via looping of regions containing 

Polycomb response elements to reach distal gene promoters. 

A fourth type of looping interactions involves insulator-binding 

proteins, such as CTCF, cohesin and insulator-binding proteins 

that are present in insects but not in mammals [31,23]. 

Moreover that loops display properties of being both dynamic 

and relatively static in different contexts, indicating that their 

formation can be independently regulated [32]. 

At a bigger scale discrete chromatin domains (so-called 

topological domains) are folded; the domain size depends on 

the chromosomal region, the cell type and the species, 

spanning few tens of kilobases to several megabases 
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(averaging ~100 kb in flies and ~1 Mb in humans) [33,10,11] 

[34,12,13,35]. 

Domains of active “open” and inactive “closed” chromatin 

appears to be partitioned into separate sub-nuclear domains 

[22,36]. 

Finally these discrete chromatin domains constitute 

chromosome territories [23].  

The nuclear localization also influences gene expression, 

regulating its access to specific machinery responsible for 

specific functions, such as transcription or replication [37,38].  

In addition, due to its highly dynamic nature, the genome moves 

in the nucleus driving specific genomic regions toward nuclear 

compartments defined by a high concentration of specific 

factors and substrates that facilitate more efficient biological 

reactions [39]. This constant motion plays also a role in 

coordinating the expression of coregulated genes, separated by 

longer chromosomal regions or located on different 

chromosomes [40,8]. 

Going more deeply in the 3D scenario, although individual 

chromosomes occupy distinct territories, they show substantial 

intermingling allowing for interchromosomal contacts [41,36].  In 

particular, both active and inactive domains undergo long-range 

interactions. Moreover, whereas loops lead to juxtaposition of 

genome regions on the same chromosome, functional interac-

tions between distinct chromosomes are also emerging as 

prominent functional regulators [23].  
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Indeed, with the advent of new technologies that detect a 

broader spectrum of chromatin contacts, interactions in trans 

are being increasingly appreciated, although their functions 

remain largely obscure [42,32].  

The idea that the 3D genome topology is in some way 

functional to the regulation of nuclear activities takes place and 

a lot of work is done in this direction [43]. 

Rather, a full knowledge of genome function in vivo requires 

investigation and understanding of the three-dimensional (3D) 

folding and spatial organization of chromosomes in the nucleus 

[44]. Two experimental approaches that have been extensively 

used for this purpose are DNA fluorescent in situ hybridization 

(DNA FISH) [45] and chromosome conformation capture (3C) 

and its derivatives [46]. In the past, DNA FISH was the method 

of choice for investigations of the 3D structure of the genome 

[47]. FISH is visually compelling but generally limited to looking 

at the locations of a few specific targets in a few hundred cells, 

although recent probe developments based on massively 

parallel custom oligonucleotide synthesis have expanded the 

scope and scale of sequences that can be analyzed in each 

hybridization reaction [48]. DNA FISH has nevertheless allowed 

many fundamental discoveries to be made, such as the 

existence of chromosomal territories [49] and the dynamic 

repositioning of genomic loci with respect to nuclear 

compartments (such as the nuclear periphery) during  

differentiation [50]. 
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The recent advent of 3C-based approaches (such as 

circularized chromosome conformation capture (4C), 

chromosome conformation capture carbon copy (5C), and Hi-C 

[46] has revolutionized the field of nuclear organization, 

enabling the detection of physical proximity between multiple 

genomic loci (and eventually across an entire genome) 

simultaneously [47].  First study, using 3C to explore the three-

dimensional organization of chromosomes at high resolution, 

describes intrachromosomal interactions between telomeres as 

well as interchromosomal interactions between centromeres 

and between homologous chromosomes in yeast [51]. 3C 

method was applied to analyze physical connections between 

genes and cis enhancers (mouse and human β-globin locus 

model [52-54]). Then, highly specific associations between loci 

located on separate chromosomes are described. These trans-

interactions can be between a distant enhancer with different 

target genes (olfactory receptor genes [55]). In other cases, 

trans-interactions appear to play a role in a higher level of gene 

control to coordinately regulate multiple loci with a set of both 

intrachromosomal and interchromosomal interactions (T helper 

2 cytokine locus [56]), or providing additional levels of gene 

regulation by allowing combinatorial association of genes and 

sets of regulatory elements (imprinted loci [57]). It is also 

reported that specific DNA binding sites could mediate the 

formation of this topologically complex structure (Polycomb 

Response Elements in Drosophila [58]). Finally, it is 
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demonstrated that 3D structure could also have a role in 

developmental processes (mammalian X-chromosome 

inactivation [59,60]). 
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1.2 Repetitive elements and their role in epigenetics 

 

In the last decade, thanks to the advent of high throughput next 

generation sequencing, the genomic sequences of Homo 

sapiens and several model organisms became available and it 

was surprisingly found that the number of protein-coding genes 

does not correlate with organism complexity [61]. Comparative 

genomic studies have revealed that the proportion of the 

genome occupied by genes decreases as biological complexity 

increases [62]. But more interestingly, the non-protein coding 

component of the genomic DNA, and in particular repetitive 

elements, represent a progressively larger proportion of the 

genome in organisms with increasing complexity, suggesting 

that it might significantly contribute to higher eukaryotes 

sophistication [63]. Recent estimations indicate that repetitive 

sequences could account for up to 66–69% of the human 

genome [64], while genes occupy less than 2% [65]. 

Although this, the repetitive fraction of the genome is largely 

ignored, but there is increasing evidence of the peculiar 

functions of the repeated (epi)genome [66].  

Indeed, the role of DNA repeats in chromosome structural 

organization, gene regulation, genome integrity, and evolution 

has been described [67,65,68-70]. 

DNA repeats can be also transcribed, frequently in a cell and 

tissue-specific fashion, moreover there is a large proportion of 

capped-transcripts initiating from repetitive units. It has been 
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suggested that these can provide regulatory elements to 

protein-coding genes, such as alternative promoters, exons, or 

polyadenylation sites, and ncRNAs, thus significantly expanding 

the regulatory capability of higher eukaryote genomes [71,72] 

[73,74]. Moreover, binding sites for important regulatory factors 

such as CTCF or TP53 are often associated with genomic 

repeats [71,72,75,76]. 

Repetitive elements can either mobilize or rearrange in somatic 

tissues, thus providing an unexpected dynamic dimension to 

the normal physiology of the soma, but also contributing to the 

etiopathogenesis of diseases [77,69,70].  

Repetitive elements could be classified as widely interspersed 

repeats or they can be located one next to another to form 

tandem repeats. Repeats can range in size from 1 to 2 bases to 

millions of bases and might comprise just two copies or millions 

of copies [78-82].  

 

1.2.2 Interspersed repeats 

 

Interspersed repeats, also called transposable elements (TEs), 

are the results of ancient or present activity of mobile genetic 

elements [66]. 

Intriguingly, the proportion of the genome occupied by 

transposable elements (TEs), increases as biological 

complexity increases [62] , meanings that they have a 

significant role in evolution and in generating genetic diversity 
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[83] . 

Being significant contributors to the copy number variation 

present in humans, mobile elements are also an important 

source of genetic variation [84-88]. 

TE could be divided in DNA transposons and retro-transposons, 

on the base of their transposition mechanism (Table 1). These 

elements can mediate their own mobilization respectively by a 

cut-and-paste mechanism or by a copy-and-paste process 

taking advantage of RNA as intermediate [89]. 

Approximately 3% of a typical mammalian genome is made of 

DNA transposons [65]; however, with the exception of some bat 

species, DNA transposons no longer mobilize in mammals 

[90,91]. 

In contrast, retro-transposons comprise more than 40% of a 

typical mammalian genome and are still active in most 

mammalian species [92,65,93]. 

DNA transposons generally move by a cut-and-paste 

mechanism in which the transposon is excised from one 

location and reintegrated elsewhere. Most DNA transposons 

move through a non-replicative mechanism. DNA transposons 

consist of a transposase gene that is flanked by two Terminal 

Inverted Repeats (TIRs). The transposase recognizes these 

TIRs to perform the excision of the transposon DNA body, 

which is inserted into a new genomic location. Upon insertion, 

target site DNA is duplicated, resulting in Target Site 

Duplications (TSDs), which represent a unique hallmark for 
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each DNA transposon [94]. 

Retro-transposons are named autonomous elements, when 

they contain the activities necessary for their retrotransposition, 

in particular, a reverse transcriptase (RT) activity, which 

reverse-transcribes and integrates the TE transcript into a new 

genomic location. In addition to the autonomous retro-

transposons, there are a large number of non autonomous 

retro-transposons in mammalian genomes. These elements do 

not encode any proteins. Therefore, they require activities 

encoded by other autonomous repeats for their mobility [95].  

Retro-transposons are composed of long terminal repeat (LTR) 

and non-LTR containing elements. The LTR retro-transposons 

are endogenous retroviruses (ERVs) that have lost the ability to 

go outside the host cell due to a non-functional envelope gene. 

Non-LTR retro-transposons are represented principally by long 

interspersed elements (LINEs) and short interspersed elements 

(SINEs) [66].  

LTR retro-transposons are similar to retroviruses in terms of 

their structure and mechanism of retrotransposition and are 

hence often called endogenous retroviruses (ERVs; [96]). Full 

length ERVs are flanked by LTRs that promote the transcription 

and maturation of ERV RNAs, and they also contain functional 

gag and pol genes, which encode structural proteins and 

enzymes involved in retrotransposition. However, ERVs often 

lack a functional env gene, which encodes the envelope protein 

that retroviruses typically use to exit cells [97]. Furthermore, 
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recombination between LTRs occurs frequently, deleting the 

intervening internal ERV sequence and generating only LTRs 

[98]. The mobilization of active ERVs involves an RNA 

intermediate and a copy-and-paste mechanism that is similar to 

the initial steps of retroviral infection. ERVs generally no longer 

mobilize in humans [96] [99] .  

Mammalian non-LTR retro-transposons are exemplified by long 

interspersed element class 1 (LINE-1) retro-transposons [100]. 

In humans, the most important LINE is the RNA polymerase II 

transcribed LINE-1 (L1). L1 is the only element able to encode 

the proteins required for mobilization [66].  Notably, active LINE-

1 elements encode two protein products termed open reading 

frame (ORF) 1 and ORF2 that are strictly required for LINE-1 

mobilization [101]. While ORF1 encodes an RNA binding 

protein with nucleic acid chaperone activity [102,103], ORF2 

codes for a protein with endonuclease and reverse 

transcriptase activity [104,105] . Hence, these are the only 

known autonomously active human retro-transposons [92,106] 

[93].  

LINE-1 retro-transposons make up 17% of the human genome 

and, although most are molecular fossils that have lost their 

ability to move, 80-100 copies of LINE-1 retain 

retrotransposition potential [107,84].  

L1s are also responsible for the mobilization of the non-

autonomous Alus, SVAs and processed pseudogenes (cellular 

mRNAs that become substrates of the reverse transcriptases 
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and are inserted into the genome)[66] .  

Mammalian genomes also contain numerous short interspersed 

element (SINE) non-LTR retro-transposons, exemplified by the 

RNA polymerase III transcribed Alus and SVA (SINE-VNTR-

Alu) in the human genome [65]. SINEs are non autonomous 

retro-transposons that use LINE-1 proteins in trans to mobilize 

[108-111]. Non-LTR retro-transposons also move by a copy-

and-paste mechanism, but one that is fundamentally different 

from that used by LTR retro-transposons [93] . 

LINE-1 elements are thought to mobilize during at least two 

different developmental contexts: the early embryo and the 

developing/adult brain [92] [106] [93]. By contrast, the 

expression and mobilization of TEs in other somatic cells in 

humans appears to be low. 

L1 mobilization has been associated with brain cell 

development, where the occurrence of L1 retrotransposition in 

adult cells has been suggested to contribute to neuronal 

somatic diversification [112].  

Retrotransposition, with only few exceptions such as V(D)J 

recombination [113], is an almost unique source of somatic 

genetic mosaicism, leading not only to heritable genetic 

variation but also to intra-individual variability.  

Mobile elements can display differential activity in different 

tissues of the soma, suggesting that every individual is a 

genetic mosaic variegated by the differential insertion of mobile 

elements [112,114]. This represents a revolutionary concept 
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that is changing the view of this class of repetitive elements 

[83].  

Additionally, mobilization of L1 repeats has been associated 

with both physiological and pathological processes and is 

regulated by DNA methylation [114].  

When expressed, TEs can affect developmental processes 

either via their gene products, which can influence the behavior 

of host cells, or through new insertions that cause genetic 

changes in the host genome. New TE insertions into or near 

genes can act as insertional mutagens in mammalian genomes 

and interfere with gene function [92,115,106,116,93]. 

Such insertions can, for example, introduce actively transcribing 

promoters into genes and cause transcriptional interference.  

TE promoters can drive the expression of novel transcripts that 

encompass part of the coding region. The co-option of TE-

derived sequences as gene promoters can allow a gene to be 

expressed in new cell types or contexts and can generate 

truncated or extended protein products, potentially allowing host 

genes to acquire new functions [100]. 

Indeed, LTR sequences frequently act as promoters for host 

genes [117]. ERVs are also able to drive host gene expression 

in differentiating somatic tissues. Variable epigenetic silencing 

of ERV-derived alternative promoters in somatic tissues can 

also contribute to the regulation of host genes. Thus, 

mechanisms that regulate ERV expression are able to impact 

ERV promoter-driven host gene expression and the 
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development of somatic tissues. 

SINE and LINE-1 TEs can also act as alternative promoters to 

drive the expression of host genes. 

The exaptation of TEs as alternative promoters thus appears to 

be a relatively simple way to alter the pattern or level of 

expression of host genes during development. 

In addition to acting as promoters that drive the expression of 

alternative isoforms of host genes, transcription factor-binding 

sites within TEs can act as host gene enhancers in specific 

tissues or developmental contexts [100]. 

They can also induce premature termination of transcription via 

the incorporation of TE-derived polyadenylation sites [118]. In 

addition, inefficient transcriptional elongation through the AT-

rich LINE-1 sequence can modulate gene expression levels 

[119]. TE insertions can also introduce TE-derived splice 

acceptor or donor sites that alter splicing, generating non-

functional or nonsense transcripts [120], or can be incorporated 

into mRNAs and introduce frame shifts or premature termination 

codons.  

TEs can also have an impact on mammalian development 

through their proteins becoming domesticated, i.e. performing 

functions for the host organism. The human genome contains 

around 50 genes that are probably domesticated TEs [65]. 

TEs often insert into introns or untranslated regions of genes, 

and this can sporadically result in the exonization of TEs. 

Indeed, exonized TEs can expand the mammalian 
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transcriptome and proteome but can also be used to fine-tune 

gene regulation [121]. The accumulation of TE-derived 

sequences in cellular mRNAs can lead to their differential 

regulation due to TE control mechanisms targeting these TE 

portions or structures [115,122]. Notably, several classes of 

TEs have been found inserted within mammalian RNAs 

[121,123,124] and it is likely that their presence impacts gene 

regulation and function by providing or interfering with 

regulatory elements in those RNAs. 

Another way that TEs diversify the mammalian transcriptome is 

by generating long non-coding RNAs (lncRNAs) from their 

promoters. Remarkably, almost two-thirds of all known human 

lncRNAs contain TE fragments in their sequences [125,126]. 

LncRNAs are more abundant than known genes and are 

involved in multiple biological processes including gene 

regulation, maintenance of nuclear architecture and splicing 

[127-129]. Intriguingly unexpected roles for multiple human TE-

derived lncRNAs in regulating pluripotency have also recently 

been described [130-132]. Multiple mechanisms may be 

involved, and some of these TE-derived lncRNAs represent 

transcripts originating from ERV elements acting as enhancers 

or promoters in these cells [130]. However, lncRNAs derived 

from HERV-H ERVs in human ESCs appear to act in trans via 

physical association with chromatin modifiers [131-133]. 

TEs can also influence developmental processes in trans 

through the LINE-1-dependent generation of processed 
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pseudogenes [134]. Although LINE-1-encoded proteins tend to 

bind to their encoding mRNA in cis [134,135], they occasionally 

bind to cellular host mRNAs in trans and catalyze their insertion 

into the genome as processed pseudogenes. Although most 

inserted processed pseudogenes lack a functional promoter 

upon insertion, a promoter can evolve, be captured by a new 

TE insertion, or be generated by recombination, subsequent 

diversification of key developmental regulators [100]. 

Finally, ongoing LINE-1 retrotransposition itself can generate 

new genes by a mechanism termed exon shuffling [136]. Exon 

shuffling occurs when an active LINE-1 within a gene 

retrotransposes to a new genomic location and delivers nearby 

coding sequences to the new locus. Indeed, LINE-1-mediated 

exon shuffling has probably increased the repertoire of the 

human proteome but, as a result of frequent 5′ truncation during 

retrotransposition [137,77], its overall contribution to the human 

genome remains elusive. 

In addition to their more direct roles in regulating host gene 

expression, TEs can influence the organization of mammalian 

chromosomes [100]. 

Due to their nature, mobile elements have the potential to affect 

common diseases, through structural variation, deregulated 

transcriptional activity or epigenetic effects [66]. However, it 

should be noted that many of these mechanisms can also 

potentially confer new properties and functions to a host gene 

rather than simply inactivate it [100]. 
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These data imply that there has been significant activity of TEs 

during evolution but that most of the genetic changes caused by 

TEs are not detrimental and moreover indicate their inherent 

potential to create and diversify biological processes, as 

proposed 60 years ago by McClintock, Britten and Davidson 

[138,139]. The proposal that TEs have a present-day function in 

host genomes to provide cis-regulatory elements that co-

ordinate the expression of groups of genes [139].  

Furthermore, recent findings showing that TEs mobilize much 

more frequently in development than previously anticipated 

suggest that these sequences may have additional present-day 

functions in host genomes (recently reviewed in [92,106,93]. 
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 Table 1. Major features of the most represented interspersed 

repetitive elements in the human genome. [66] 
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1.2.2 Tandem repeats 

 

Tandem repeats constitute a large portion of the human 

genome, and account for a significant amount of its copy 

number variation. Although historically relegated as "junk DNA", 

tandem repeats have taken on a new importance with the 

realization that their tandem organization provides potentially 

unique functional characteristics. 

Tandemly repeated DNA is organized as multiple copies, 

arranged in a head to tail pattern to form tandem arrays, and 

thus represents a distinct type of sequence organization shared 

by all sequenced genomes [140]. 

Tandem DNA in the human genome shows a wide range of unit 

sizes, ranging from microsatellites of a few base pairs to 

megasatellites of up to several kb [141,142,140] (Table 2). 

One of the principal families of DNA tandem repeats in the 

genome is represented by the alpha satellite DNA of 

chromosome centromeres [143,144], that are critically important 

for establishing heterochromatin formation and proper 

chromosome segregation during cell division (reviewed in 

[145]).  Indeed, maintenance of the structural integrity of 

centromeres and telomeres is one of the most important 

functions of tandem repeats [146]. In the human genome, alpha 

satellite DNA repeat unit consist of 171 bp monomers, which 

are found in large highly homologous arrays of up to several 

million bp at the centromeres of all human chromosomes. 
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These tandem arrays are composed of either diverged 

monomers with no detectable higher-order structure, or as 

chromosome-specific higher order repeat units (HORs) 

characterized by distinct repeating linear arrangements of an 

integral set of 171 bp monomers [147]. This HOR structures are 

typical of this type of repeat, as they are important for 

centromere function [144]. 

The most abundant tandem repeats after alpha satellite DNA 

are satellites II and III, localized in the pericentromeric regions 

of human chromosomes 3, 4, 9, 13, 14, 15, 21, and 22 [148] 

[149]. 

Satellite III is composed primarily of the pentameric sequence 

GAATGn (or CATTCn). This family could have many large 

arrays at 5 bp and multiples thereof including some repeat units 

as large as 70 bp, forming arrays of up to ~100 kb [140].  

Satellite II is based on highly diverged arrays of GAATG, with 

23 bp or 26 bp repeat units and approximate multiples which 

are identified as HsatII [150].  

Moreover there is the beta satellite tandem repeat located on 

chromosome 9 and on the acrocentric chromosomes (13, 14, 

15, 21, and 22). This DNA repeat exists as tandem arrays of 

diverged approximately equal to 68-base-pair monomer repeat 

units. The monomer units are organized as distinct subsets, 

each characterized by a multimeric higher-order repeat unit that 

is tandemly reiterated and represents a recent unit of 

amplification [151]. 
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Another abundant type of satellite DNA is the gamma-satellite 

DNA, a tandem array of 220-bp GC-rich repeating units, usually 

forming 10- to 200-kb clusters flanked by alpha-satellite DNA 

(e.g., at 8q11.1) [152]. Gamma-satellite DNA has been 

identified in the pericentromeric regions of human 

chromosomes 8, X, and Y [152-154,149].  

However, in the human genome, the main groups of tandem 

repeats are the micro-, mini- or macro-satellites [140]. At a 

given locus, they are highly polymorphic among individuals and 

for this reason they are more commonly known as variable 

number tandem repeats (VNTRs). 

Microsatellite DNA or short tandem repeat (STR) are constitute 

of unit very short in length, approximately 1-13 bp. They present 

an high level of polymorphism and often used as genetic 

markers in genetic population studies and also for individual 

identification. 

Minisatellite DNA is represented by monomers variable in 

length from 6 to 100 bp. One of the most common repeat of this 

category is the esameric sequence TTAGGG, that is repeated 

thousands of times at chromosomes extremities, constituting 

telomeres [66]. 

Macrosatellites consist of arrays of 2–12kb repeat units, with a 

number of repeats ranging from a few to over one hundred 

[140]. They can be either chromosome specific, as DXZ4 at 

chromosome Xq23 [155] and ZAV at chromosome 9q32  [156] 

or they can be associated with two or more chromosomal 
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locations, such as D4Z4, on chromosomes 4q35 and 10q26  

[157,158]; and RS447, on 4p15 and 18p23 [159]. 

They are extremely polymorphic and have recently attracted the 

attention because of their potential structural and regulatory role 

in the human genome [66]. 

Besides their role in evolution [160,143,161], they have been 

found to be critical in several other processes, including 

heterochromatin formation, chromosome segregation, [145] and 

X- chromosome inactivation (XCI) [75]. Moreover, repeat 

instability is at the basis of a number of diseases [162]. 

Moreover they could play a role in regulating cellular 

proliferation through telomeres, that are also involved in 

senescence mechanisms and DNA damage response. Shorten 

of telomeres is observed with increasing age in proliferating 

human tissues [163]. More over telomeric complex allows cells 

to distinguish random DNA breaks and natural chromosome 

ends. Whereas broken chromosomes activate DNA damage 

checkpoints and are repaired, telomeres are not detected as 

DNA ends. [164-166]. 

Contraction of a 3.3 kb polymorphic tandem repeat array on 

chromosome band 4q35 is associated with 

facioscapulohumeral muscular dystrophy (FSHD) [167-169]. 

And the large macrosatellite array DXZ4 appears to have a 

unique function in the process of X chromosome inactivation 

[75]. Thus, tandem repeats play important functional and 

evolutionary roles in genome biology. 
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They are among the most variable loci, experiencing mutations 

in the number of repeat units that are 100 to 100,000 times 

more frequent than point mutations [170-173]. 

In eukaryotes, Tandem Repeats (TRs) located in coding regions 

and their promoters tend to occur in genes associated with 

transcriptional regulation, DNA binding, protein-protein binding, 

and developmental processes [174,175], suggesting a 

regulatory role for TRs.  

In fact, TRs are emerging as good candidates for a type of 

genomic variation that can directly alter gene expression [176] 

[177,174,175]. Because gene expression changes might 

contribute to the fundamental differences between humans and 

other species [178], it is imperative to study mechanisms that 

may permit rapid expression changes on short evolutionary 

time scales [179-182]. 

Thus, the high incidence of TRs in regulatory regions in some 

species [175,183] and their high mutability [170-173], suggests 

that it may be important to study TR variation to understand 

fundamental differences in gene expression across species and 

populations. In particular, since TRs constitute 3% of the human 

genome [65] and are dramatically enriched in promoter regions 

[174,184], clarifying their functional role may provide important 

insights for the human biology field [185]. 
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Table 2. Major features of the most represented tamdem 

repeats in the human genome. [66] 
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1.2.2.1 D4Z4 macrosatellite 

 

The D4Z4 macrosatellite maps to the subtelomeric region of the 

chromosome 4 long arm, in 4q35. Each unit is 3.3kb and 

contain an ORF sequence encoding an homeobox transcription 

factor, DUX4, and two repetitive elements:  LSau, a middle 

repetitive elemnt associated with heterochromatic regions of the 

genome [186], and hhspm3, a low-copy GC-rich repeat 

[187,188] (Figure 2). 

This monomer is present in 11 to 100–150 copies in the general 

population. Interestingly, reduction of D4Z4 copy number below 

11 units is associated with FSHD, one of the most important 

forms of muscular dystrophy [189] [190]. The D4Z4 repeat is 

not restricted to chromosome 4; D4Z4 belongs to a family of 

repeats with high sequence identity present also in human 

chromosomes 10q26, 1p12, and the p-arm of acrocentric 

chromosomes [188,158]. In particular perfect arrays of D4Z4 

units can be detected on chromosome 10q and this results in 

frequent exchanges between the 4q35 and 10q26 arrays, which 

share the highest identity [190]. Instead the others localization 

of D4Z4 are interspersed with beta satellites on many 

heterochromatic loci [158,191].  

Are reported striking differences between 4q/10q D4Z4 and the 

non-4q/10q D4Z4 homologs on other chromosomes.  

Non-4q/10q D4Z4 sequences are highly divergent and variable 

compared to 4q/10qD4Z4. 
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The homologs on chromosomes 13, 14, 15, 21, and 22 contain 

multiple sequences with different patterns and degrees of 

polymorphism, suggesting that the majority of non-4q/10q D4Z4 

homologs are susceptible to frequent mutations. 

In particular approximately 80% of the variation in D4Z4 

homologs in comparison to the 4q D4Z4 sequence are due to 

nucleotide polymorphisms with the conversion of C/G into A/T. 

More over the repeat exchanges had occurred at much higher 

frequency among non-4q/10q D4Z4 homologs than between 

these homologs and 4q/10q D4Z4 [192]. 

Finally 4q and 10q D4Z4 repeats are unusually conserved 

compared to non-4q/10q D4Z4 homologs on other 

chromosomes. In particular the 4q and 10q D4Z4 repeats are 

highly uniform, at least in the region encompassing the N-

terminus of the DUX4 ORF [193]. In contrast, the corresponding 

regions in the non-4q/10q homologs are highly heterogeneous 

with frequent interruptions of the DUX4 ORF. The observed 

hyper variability of the non-4q/10q D4Z4 homologs resulted in 

alterations of the corresponding amino acid sequence of the 

putative DUX4 ORF within the sequenced region, frequently 

introducing a nonsense codon [192].  

Genomic analysis of the gorilla locus syntenic to human 

chromosome 4q35.2 revealed clear differences in organization 

in comparison with humans. A basic block of short D4Z4 arrays 

(10–15 repeats) and 4q35.2-specific sequences (i.e. the FRG2  

gene and the 13E11 marker) spaced by LINE is repeated at 
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least twice in gorilla, whereas chimpanzee has a single D4Z4 

array linked to a 

LINE block, and humans show further remodeling involving the 

loss of the LINE block. The 4q subtelomere therefore underwent 

substantial genomic changes during evolution, and its 

remodelling essentially involved D4Z4 and LINE sequences 

[191]. 

This was a recent evolutionary event, whereas the dispersal of 

the D4Z4 array from the 4q ancestral locus of the macaque has 

an older evolutionary history, as it took place in an ancestor of 

the orangutan and preferentially involved acrocentric 

chromosomes in both chimpanzee and man [194,158,195]. 

Furthermore, 1qcen, 10qcen and 10qter are human-specific 

sequence dispersals of D4Z4 repeats. 

Both sequence types are prone to unequal homologous 

recombinations leading to the expansion/contraction of the 4q 

subtelomere, and this mechanism could account for the 

expansion of the D4Z4 array and the complete loss of the LINE 

block in man [191]. 

In gorilla and chimpanzee cells low acetylation levels were 

detected indicating the occurrence of a more condensed 

chromatin structure at 4qter, and this correlates well with their 

very low expression of FRG1 and FRG2 genes [191]. Within the 

gorilla and chimpanzee locus syntenic to human chromosome 

4q35.2, LINE may represent candidate sequences for chromatin 

condensation as the silencing of gene expression has been 
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associated with an epigenetic mechanism mediated by long and 

short interspersed repeats [196].  

Previous studies showed a considerable evolutionary 

conservation of the nuclear positioning of 4q subtelomere. It is 

consistently localised at the nuclear periphery in chimpanzee 

and gorilla fibroblast nuclei as well in human fibroblast nuclei 

[197-199]. 

Conversely, although maintaining the preferential association of 

the 4q35.2 locus with the nuclear periphery, human cells show 

less chromatin condensation and higher 4q35.2 gene 

expression [191].  

 

 

 

 

Figure 2. D4Z4 macrosatellite unit composition. 

A schematic diagram of the 4qter D4Z4 repeat region and a single 

D4Z4 repeat. The DUX4 ORF,  a GC-rich sequence homologous to 

the lowcopy repeat HHSPM3 and a middle repetitive element 

associated with heterochromatic regions of the genome LSau, are 

shown [193]. 
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1.3 Facioscapulohumeral muscular dystrophy as a 

complex epigenetic disease 

 

Facioscapulohumeral muscular dystrophy (FSHD) is the most 

common myopathy found in adults, with an overall incidence of 

more than 1:14.000. FSHD is a dominant autosomal myopathy 

that is characterized by progressive, often asymmetric 

weakness and wasting of facial (facio), shoulder, and upper arm 

(scapulohumeral) muscles [200,8], but progressing to affect 

almost all skeletal muscles [201,202].  It is classified among 

progressive muscular dystrophies, characterized by muscular 

fiber necrosis and degeneration giving rise to progressive 

muscular atrophy.  

FSHD is a genetically heterogeneous disorder and its genetic 

bases are unique and involve both genetic and epigenetic 

alterations [203]. Monozygotic twins with different penetrance of 

FSHD have been described, suggesting a strong epigenetic 

contribution to the pathology [8,204,205]. 

The vast majority of FSHD, indeed, are transmitted as an 

autosomal dominant trait with the disease locus mapping to the 

subtelomeric region of chromosome 4q, more specifically at 

4q35-qter [206-208]. This form has been termed FSHD1 and 

accounts for approximately 95% [209]. This chromosomal 

region lacked classical genes, but contains an array of repeated 

units of a 3.3 kb macrosatellite repeat ordered head to tail [210], 

called D4Z4. De novo cases accounting for around 25% of 
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patients [211,212,203]. In approximately half of the de novo 

cases, the contractions occurs somatically, most probably by an 

intrachromosomal gene conversion mechanism with or without 

cross over, and leading to somatic mosaicism for the disease 

allele [202,213]. 

However some families, with an undistinguishable clinical 

phenotype display a more complex pattern of inheritance and a 

distinct genetic defect. This second form is termed FSHD2 [203] 

and represents about 5% of patients meeting clinical criteria for 

FSHD [209,214]. This type of FSHD is caused by mutations in 

SMCHD1, a member of the condensin/cohesin family of 

chromatin compaction complexes, that binds to the D4Z4 

repeat array. In these FSHD2 families, the disease shows a 

more complex digenic inheritance because the mutation of 

SMCHD1 on chromosome 18 segregates independently from 

the FSHD-permissive chromosome 4q haplotype [214].  

Interestingly, FSHD2 patients, who phenotypically show FSHD 

though lacking D4Z4 contractions, display general D4Z4 

hypomethylation [215], indicating an important epigenetic 

condition necessary to develop or generate the disease. 

 

1.3.1 Clinics of FSHD 

1.3.1.1 Symptomatology 

 

Disease onset is usually before the second decade [203] and 

initially affects muscles of the face, shoulder girdle, and upper 
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arms (mimetic muscles, serratus anterior and rhomboid 

muscles, and biceps and triceps). Marked involvement of the 

abdominal and paraspinal musculature can occur, which can 

cause exaggerated lumbar lordosis or camptocormia (bent 

spine syndrome). The disease then progresses to involve the 

lower extremities, typically the distal musculature first (tibialis 

anterior and gastrocnemius) in a facioscapuloperoneal pattern, 

then later involving more proximal muscles (quadriceps and 

hamstrings). [209] In the most severe cases (patients with a 

more severe infantile presentation and often only 1 to 3 residual 

D4Z4 units on genetic testing), the muscular degeneration can 

extend to the pelvic girdle and foot dorsiflexor muscles, thereby 

affecting the ability of the patient to walk, just in the second 

decade. However the risk increases with the age and almost 

20% of FSHD patients become wheelchair bound after 50 years 

of age [216]. 

Restrictive respiratory involvement varies with a range of 0% to 

13% reported [217] and principally is caused by loss of 

core/trunk musculature as opposed to diaphragmatic 

involvement. In FSHD the respiratory complications typically 

follow the weakness and are more likely in patients with pelvic 

girdle weakness who are wheelchair bound or who have 

prominent paraspinal involvement or kyphoscoliosis. 

Largely asymptomatic supraventricular arrhythmias can be 

found in approximately 5% to 10% of patients [218,219]. 
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Although FSHD is considered as a skeletal muscle specific 

disease, extra muscular involvement has been reported. FSHD 

is associated with retinal vasculopathy, a blood vessel disorder 

of the retina, in 60% of cases [220,200,221,222] and 

sensorineural hearing loss in 75% of affected individuals  [222-

225]. Mental retardation and epilepsy are also present in FSHD 

patients more frequently than in healthy people [219,225-230] 

Most FSHD patients report their first symptoms during the 

second or third decade of their life; however, the age of onset 

can vary from infancy to age 50 [167,230]. 

Earlier onset is associated with more rapid progression and 

higher severity [231]. 

One of the most intriguing clinical observations in FSHD is the 

marked inter- and intrafamilial variability in disease onset, 

progression and in the clinical presentation [232]. While one-

fifth of FSHD1 patients will become wheelchair dependent, an 

equal proportion of FSHD1 mutation carriers remain 

asymptomatic through their lives [203,202].  

Interestingly, the FSHD phenotype is gender dependent. 

Typically, males are more severely affected, whereas females 

can develop a milder or asymptomatic form of the disease 

[233,234] and display later onset and a slower progression.  

The main characteristics of muscular involvement in FSHD are 

asymmetry, selectivity, and the progression profile. Muscle 

impairment in FSHD is often asymmetric: muscles on one side 
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of the body appear much more compromised than on the other 

side.  

FSHD2 patients do not seem to display a significantly different 

clinical phenotype compared to FSHD1, in terms of the pattern 

of muscular weakness and the frequency of extra muscular 

involvement except for retinal telangectasia that has never been 

described in these patients [235]. 

To date, no early onset FSHD2 patient has been reported in 

literature, besides a patient carrying both FSHD1 and FSHD2 

who began to develop symptoms in early childhood [236].  

 

1.3.1.2 Diagnosis 

 

The clinical diagnosis of FSHD is confirmed by molecular 

analysis, bypassing the need for muscle biopsy in most cases. 

Standard molecular testing for FSHD1 demonstrates the 

presence of a contraction of the D4Z4 repeated units in one 

copy of 4q35. 

The molecular diagnosis of FSHD1 is performed by a classical 

technique, consisting of a Southern blot [29,33] using the p13E-

11 probe, on linear gel electrophoresis (LGE), which recognizes 

a region proximal to the D4Z4 locus on chromosome 4, after a 

double digestion of the DNA with EcoRI and BlnI enzymes and 

yields a sensitivity of 93% and specificity of 98% [217]. Normal 

individuals usually have fragments of more than 38 kb, while 
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patients with FSHD1 have fragments between 10 kb and 38 kb 

(corresponding to an estimated 1 to 10 residual D4Z4 units). 

The use of pulse field gel electrophoresis (PFGE) is highly 

recommended, as well as 4qA and 4qB determination. In 

dubious cases, it is important to search for rearrangements 

between chromosomes 10 and 4 and proximal deletions 

including the p13E-11 probe region by using specific protocols, 

including additional restriction enzyme digestion combined or 

not with additional probes [203]. 

If these analysis result negative (ie, no contraction of D4Z4 

repeats) then determination of the presence of at least one A 

allele and very low methylation (less than 20%) confirms a 

diagnosis of FSHD2 [209].  

 

1.3.2 FSHD2 form of disease 

 

There is a less common form of FSHD, and these individuals 

diagnosed with FSHD2 (i.e. about 5% of the FSHD patients) 

display clinical features that are identical to those observed in 

FSHD1 patients, but present different molecular defect [235].  

The apparent mode of inheritance is variable; while the majority 

of cases are apparently sporadic, dominant and recessive 

patterns have also been described [235,237].  

FSHD2 patients carry smaller but normally sized D4Z4 repeat 

arrays (i.e. 8–20 units) [235], but show a strong reduction of 

D4Z4 DNA methylation on 4q35, suggesting impaired 
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epigenetic silencing of the repeat units, similar to the contracted 

D4Z4 repeat arrays in FSHD1 [214,202] (Figure 3). Therefore 

FSHD1 and FSHD2 show similar epigenetic changes at D4Z4 

and share a common disease pathway [238]. 

FSHD2 patients carry at least one somatic DUX4 

polyadenylation signal-containing chromosome 4, and, like 

FSHD1 patients, display a variegated DUX4 expression pattern 

in muscle cell cultures [239].  

In FSHD2 patients were also identified mutations in the 

Structural Maintenance of Chromosomes Hinge Domain 

Containing 1 (SMCHD1) gene [214], on chromosome 18.  

Several studies have since identified disease-causing variants 

in SMCHD1 that include splice site, insertion-deletion, missense 

and nonsense variants [240,236,241-245]. SMCHD1 mutations 

are now presumed to account for 85% of FSHD2 cases [246].  

Therefore FSHD2 show a digenic inheritance: 

haploinsufficiency of SMCHD1 and the 4qA haplotype 

[202,214]. SMCHD1 belongs to the ubiquitous SMC gene 

superfamily that form essential components of the 

cohesin/condensin protein complexes. In muscle cells SMCHD1 

has been reported to directly bind to the D4Z4 repeat array, 

suggesting that it is required to maintain a repressive chromatin 

structure in somatic cells [214,247-249]. 

In addition to its involvement in silencing of the D4Z4 repeat 

array, in mammals SMCHD1 has been implicated in several 

alternative silencing pathways. These include X-chromosome 
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inactivation, silencing of monoallelicly-expressed genes, and 

telomere silencing suggesting an important role for components 

of the repeat silencing machinery in FSHD [250-253].  

However, the precise molecular mechanism of SMCHD1 

function at D4Z4 remains to be determined.  

Intriguingly, SMCHD1 has recently also been identified as a 

modifier of disease severity, when mutated, in a growing 

number of FSHD families with moderately contracted D4Z4 

alleles (7–10 D4Z4 units) [243]. These patients are considered 

FSHD1 + 2 patients [236].  

 

1.3.3 Molecular basis of the pathology  

1.3.3.1 D4Z4 array contraction on 4q35 

 

Genetically, the disease is not caused by classical mutations in 

a protein coding gene. Rather, it is associated with reduction in 

the copy number of the 3.3 kb macrosatellite D4Z4 repeat, 

mapping to the sub-telomeric region of human chromosome 4 

long arm (4q35) on a specific FSHD-permissive haplotype of 

chromosome 4q [254]. 

In the general population, this repeat array is extremely 

polymorphic ranging from 11 to 150 copies [255,256]. Most 

patients with FSHD present a partial deletion of the D4Z4 array, 

which leaves 1–10 units on the affected allele [190] (Figure 3).   

In addition to polymorphism associated with D4Z4 repeat 

number, a recent study on single-nucleotide polymorphisms 
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localized on the D4Z4 locus allowed the identification of nine 

different haplotypes [257] in the general population. Only a few 

of them, all 4qA types, are associated with the disease. These 

variants differ for the presence of a β satellite repeat 

immediately distal to the D4Z4 array on 4qA allele [254,258]. 

The most frequent among these “permissive” haplotypes is 

4A161 [259-263]. 

D4Z4 repeat arrays are not restricted to chromosome 4q, but 

homologous sequences have been identified on many 

chromosomes [188]. 

Due to a duplication event, a highly similar and equally 

polymorphic repeat array localizes to the subtelomere of 

chromosome 10q [157]. In particular, the subtelomere of 

chromosome 10q is almost identical to the region in 4q 

containing D4Z4 repeats, containing highly homologous and 

equally polymorphic repeat arrays [264,157] and additionally 

extending to 45 kb proximal of D4Z4 array and 15–25 kb distal 

[265]. 

However, chromosomes 10 with less than 11 repeat units does 

not cause FSHD1 [266], suggesting that the chromatin 

environment associated with chromosome 4q could contribute 

to FSHD development. 

Although a linear negative correlation between repeat size, age 

of onset and clinical severity has not been observed, some 

findings indicated that patients carrying the lower number of 
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repeats result in earlier disease onset and enhanced severity 

[267-271].  

Population studies have indicated that sizes between 8 and 11 

units represent a grey zone where, depending on the epigenetic 

state of the D4Z4 repeat array, disease penetrance is 

incomplete [260,272,240] and those carriers may be 

paucisymptomatic or asymptomatic. 

Interestingly, at least one D4Z4 unit is necessary to develop 

FSHD, as monosomy of 4q does not cause the disease [273], 

suggesting a gain of function effect 
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Figure 3. Schematic of the FSHD locus. 

(a) The D4Z4 repeat (triangles) is located in the subtelomere of 

chromosome 4q and can vary between 11 and 100 copies in the 

unaffected population. This repeat structure has a closed chromatin 

structure characterized by heterochromatic histone modifications 

(dense springs), high DNA methylation levels (closed circles) and 

complex bidirectional transcriptional activity (gray arrows). Candidate 

genes DUX4, FRG2, FRG1 and ANT1 are indicated. (b) In patients 

with FSHD, the chromatin structure of D4Z4 adopts a more open 

configuration (open springs and open circles) leading to inefficient 

transcriptional repression (black arrows) of the D4Z4 repeat. (c) The 

DUX4 gene is located within each D4Z4 unit. On permissive 

chromosomes, the last copy of the DUX4 genes splices to a third 

exon located in the region immediately flanking the repeat and 

stabilizing the transcript owing to the presence of a polyadenylation 

(polyA) signal [238]. 
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1.3.3.2 Changes in chromatin structure at the FSHD locus 

 

There is a general consensus in the field in supporting the view 

that epigenetic mechanisms are important players in FSHD.  

Several FSHD clinical features, such as the variability in 

severity and rate of progression, the gender bias in penetrance, 

the asymmetric muscle wasting and the discordance of the 

disease in monozygotic twins, strongly suggest the involvement 

of epigenetic factors [63,230,238] 

Increasing evidence suggested that, in patients, chromatin 

conformation of FSHD locus is altered at multiple levels, from 

DNA methylation, through histone modifications up to higher-

order chromosome structures, resulting in perturbation of 

heterochromatic gene silencing in the 4q35.  

D4Z4 units have a high content of highly methylated GC-

dinucleotides, having characteristics of CpG islands [255], as 

well as two dispersed repeat elements (LSau and hhspm3), 

characteristic of heterochromatic, nonexpressed regions of the 

human genome [274]. Notably, the area occupied by D4Z4 

repeats in healthy subjects represents one of the largest GC-

rich regions of the human genome. [275]. 

At sizes >10 units the array adopts a repressed chromatin 

structure in somatic cells as evidenced by high levels of CpG 

methylation and the presence of repressive histone 

modifications [193,276]. D4Z4 contractions to a size between 1 

and 10 units are associated with partial relaxation of the D4Z4 
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chromatin structure in somatic cells (mostly determined by 

D4Z4 hypomethylation) [215,277]. Interestingly, FSHD2 

patients, who phenotypically show FSHD though lacking D4Z4 

contractions, display general D4Z4 hypomethylation [215], 

indicating that this is an important epigenetic condition 

necessary to develop or generate the disease.  

The D4Z4 repeat array is enriched of two repressive marks: 

trimethylation of lysine 9 or 27 of histone H3 (H3K9me3 and 

H3K27me3, resp.). The first, generally associated with 

constitutive heterochromatin, is deposited by the histone 

methyltransferase SUV39 and is responsible for HP1 repressor 

recruitment [193]. H3K27me3 is characteristic of facultative 

heterochromatin, is deposited by the PRC2 subunit EZH2, and 

in turn recruits PRC1 and PRC2 to establish transcriptionally 

repressed domains.  

Indeed, D4Z4 repeat is indicated as a novel Polycomb target 

[278] able to initiate de novo  PcG recruitment to ectopic sites 

and mediate copy number-dependent repression of gene 

expression, typical features of Drosophila PREs [279,278]. In 

fact each D4Z4 unit is extremely GC rich, containing a 

sequence nearly identical to the consensus motif of Drosophila 

PREs and several putative DNA binding sites for factors which 

are Polycomb recruiters in Drosophila, such as YY1 and GAGA 

factor [280-282,279,278]. The region is also bound by proteins 

associated to Polycomb recruitment in mammals like Jarid2 

[283-287] or homologs of PcG recruiters in Drosophila (YY1, 
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HMGB2, c-Krox/Th-POK; vertebrate fly homologs Pho, Dsp1, 

GAGA factor, respectively) [281,282,279,288,289]. Finally, the 

repeats array also shows enrichment for the Polycomb-

associated histone variant macroH2A [290].  

In addition to the complex heterochromatic features found at 

D4Z4 locus, there has been shown the presence of 

euchromatin histone marks associated with transcriptional 

activation in the first proximal D4Z4 unit of the array, such as 

acetylation of histone H4 and dimethylation of Lys 4 of histone 

H3 [291,193]. This could reflect the complexity of bidirectional 

transcriptional activity at the locus and could suggest the 

potential presence of noncoding RNA that further regulate the 

transcription. 

The mechanism proposed is that in healthy subjects, the 

presence of many D4Z4 units results in extensive PcG binding, 

DNA methylation, histone de-acetylation and chromatin 

compaction leading to a repressive chromatin organization.  

In FSHD patients, reduction of D4Z4 copy number results in a 

critical reduction of PcG binding and a reduced spreading of the 

PcG histone mark H3K27me3 on the contracted 4q35 allele 

[278]. Interestingly, also H3K9me3 is lost in FSHD patients, 

preventing the binding of D4Z4 to the heterochromatin-binding 

protein HP1γ and the sister chromatid cohesion complex, 

cohesin. Overall the reduction of both these two repressive 

histone marks lead to the de-repression of 4q35 locus 

[230,193]. 
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Moreover this creates the epigenetic environment permissive 

for the transcription of an activatory, long ncRNA, called DBE-T, 

originating proximally to and covering part of the repeat array. 

DBE-T is produced solely in FSHD patients and is required for 

opening up the 4q35 chromatin and for de-repression of 4q35 

genes. Mechanistically, we discovered that DBE-T is a 

chromatin-associated RNA that functions in cis, by directly 

recruiting and binding the TrxG protein ASH1L to the 4q35 

locus. Ash1L recruitment is associated with the accumulation of 

H3K36me2 at the FSHD locus. This leads to a structural and 

epigenetic remodeling of the FSHD locus, toward a more active 

chromatin state, which is responsible for the de-repression of 

4q35 genes [275,66,278] (Figure 4).  

However, D4Z4 array has a complex transcriptional profile that 

includes sense and antisense transcripts and RNA processing 

[292]. 
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Figure 4. Model of DBE-T mediated de-repression of 4q35 genes 

in FSHD. 

In healthy subjects, the D4Z4 repeat array carrying many units 

displays extensive binding of PcG proteins leading to repression of 

the 4q35 locus. In FSHD patients, reduction in D4Z4 copy number 

critically diminishes PcG binding and silencing, allowing for 

transcription of the lncRNA DBE-T to occur. DBE-T functions in cis to 

promote opening of chromatin structure and de-repression of 4q35 

genes through direct binding and recruitment of the TrxG protein 

Ash1L, which drives H3K36me2 at the FSHD locus [275]. 
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1.3.3.3 Nuclear localization of 4q subtelomere 

 

Finally we have to consider that epigenetic chromatin regulation 

depends also on appropriate intranuclear positioning. Indeed 

regulatory proteins are spatially clustered in specific territories 

and the position of chromosomal region in the nucleus 

influences its transcriptional activity. The 4q subtelomere is 

preferentially localized in the nuclear periphery in both controls 

and FSHD patients [198,197], and this localization is also 

evolutionary conserved [191]. Moreover it has been shown that 

the nuclear periphery localization in controls and FSHD1 cells is 

directed by different sequences, proximal or within D4Z4 repeat, 

respectively.  

More deeply a sequence 215 kb proximal to the repeat array 

shows a stronger localization to the nuclear rim than D4Z4 in 

healthy subjects, suggesting that a region proximal to D4Z4, 

and not the repeat array itself, directs the 4q telomere to the 

periphery [198]. Moreover an 80-bp sequence is identified 

within D4Z4 unit that tethers the subtelomere in the nuclear 

periphery in a CTCF and Lamin-A-dependent manner [293]. 

This property is lost upon D4Z4 multimerization. 

Thus, it appears that in healthy subjects, multiple copies of 

D4Z4 are located near the nuclear periphery due to a 4q-

specific signal proximal to D4Z4, whereas in FSHD patients the 

perinuclear location is mediated by D4Z4 [293]. 
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CTCF is a multifunctional DNA-binding protein that is important 

for transcriptional regulation, chromatin insulation, and 

chromatin organization [294]. It is also reported that the same 

80-bp D4Z4 element mediating the perinuclear positioning of 

the 4q telomere is also responsible for the CTCF and A-type 

lamin-dependent transcriptional insulator function of the repeat. 

The CTCF binding and insulation activity are lost upon 

multimerization of the repeats. As such, it has been proposed 

that FSHD patients have a CTCF gain-of-function phenotype 

that “protects” certain genes from the influence of nearby 

repressive chromatin, ultimately generating a 4q35 de-

repressed state [295]. 

 

1.3.3.4 FSHD candidate genes 

 

The 4q35 locus is a relatively gene-poor region [296,297]. 

However expression of several candidate genes proximal to 

4q35 potentially contributing to the FSHD pathogenic pathway 

were studied. Among them, the FSHD region gene 1 (FRG1), 

FSHD region gene 2 (FRG2) and adenine nucleotide 

translocator 1 (ANT1) were the most relevant candidates. Each 

of the aforementioned genes were initially found to be up-

regulated in FSHD muscle [279].  
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FRG1 

Some evidences suggest a role for FRG1 in pre-mRNA splicing 

[298-300]. FRG1 is highly conserved in both vertebrates and 

invertebrates and it has been found overexpressed in some 

FSHD samples [279,301]. Moreover, transgenic mice 

overexpressing FRG1 develop, selectively in the skeletal 

muscle, pathologies with physiological, histological, 

ultrastructural, and molecular features that mimic human FSHD 

[298].  

It has been shown that H3K27me3 and the two Polycomb 

proteins YY1 and EZH2 are bound to D4Z4 and FRG1 promoter 

in myoblasts [279,301] and are reduced during myogenic 

differentiation [301].  

Interestingly, DNA association studies, by using 3C 

technologies [51], revealed that D4Z4 physically interacts with 

FRG1 promoter and this DNA loop is reduced upon 

differentiation. These epigenetic signatures dynamics during 

myogenesis are accompanied by a gradual upregulation of 

FRG1 [301]. Conversely, in FSHD1 myoblasts the D4Z4-FRG1 

promoter interaction is reduced and FRG1 expression is 

anticipated during differentiation, suggesting an alteration of 

epigenetic signatures dynamics occurring when the 

differentiation starts. 

However, FRG1 overexpression in FSHD samples is not a 

uniform finding [291,302] and thus the contribution of the FRG1 

gene to the FSHD phenotype needs further validation. Finally 
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the mechanism of action and the role of FRG1 in FSHD onset 

and development is largely unknown. 

 

DUX4 

The most prominent feature of the D4Z4 unit is the presence of 

an open reading frame for a retrogene called DUX4 [255,303]. 

DUX4 is believed to have resulted from retrotransposition of a 

processed transcript of DUXC, a gene present in many 

mammals but lost in the primate lineage [304]. The DUX4 

retrogene encodes a 52 kDa double homeobox transcription 

factor, which is normally expressed at high levels in human 

testes and pluripotent stem cells, but epigenetically silenced in 

somatic cells [239]. 

A detailed analysis of the 4q subtelomeric region revealed that 

the DUX4 mRNA is generated by transcription of the last, most 

telomeric D4Z4 repeat. In fact D4Z4 contains only exons 1 and 

2 of DUX4, while the rest of the gene is located on the non-

repetitive region distal to the last D4Z4 repeat. This region 

includes also a sequence termed pLAM that contains a 

polyadenylation signal, necessary for DUX4 transcript 

stabilization [168] (Figure 3).  Only DUX4 transcripts originating 

from the last repeat on the 4qA chromosome can be 

polyadenylated and are stable (and can be translated into 

protein) while those expressed from 4qB or 10q chromosomes 

are rapidly degraded [214,203]. 
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Therefore only when the DUX4 transcript can make use of this 

somatic DUX4 polyadenlyation signal unique to 4qA, the D4Z4 

chromatin relaxation, characteristic of both forms of the 

disease, leads to a higher probability of DUX4 expression in 

skeletal muscle [305,193,239,259,276].  

The relatively higher presence of DUX4 in myotubes versus 

proliferating myoblasts may suggest that DUX4 transcription is 

induced upon differentiation [306]. 

DUX4 binds to a double-homeobox motif and regulates the 

expression of genes associated with stem cell and germ-line 

development. Mis-expression of DUX4 in skeletal muscle in 

FSHD patients induces a large transcriptional deregulation that 

includes up-regulation of germline genes, genes required in 

stem cell biology as well as lncRNAs, genes involved in RNA 

splicing and processing, but also of retrotransposons, 

endogenous retrovirus elements, and pericentromeric satellite 

HSATII sequences and suppression of innate immune response 

genes [307,308,239].   

More deeply eventual expression of these developmentally 

regulated genes in FSHD might be incompatible with the post-

mitotic status of skeletal muscle cells, leading to tissue 

dysfunction. 

DUX4 activation disrupts RNA metabolism (i.e. RNA splicing, 

surveillance and transport) as well as cell signaling, polarity and 

migration pathways [309,310]. 
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Moreover DUX4 binds to the long terminal repeat (LTR) 

sequence of a class of retrotransposons and approximately 

one-third of the genes regulated by DUX4 initiate transcription 

in these LTR sequences [202]. Some of these elements may 

create alternative promoters for genes causing production of 

non-physiological transcripts, long noncoding RNAs, or 

antisense transcripts. All these factors are likely to be involved 

in the downstream cascade of intracellular and extracellular 

events leading to muscle degeneration [203]. 

In addition, DUX4 expression leads to the inhibition of 

nonsense-mediated RNA decay [308,311,312] and the 

accumulation of a large number of RNA transcripts that would 

normally be de-graded.  

The DUX4 mRNA, because of the presence of the translation 

stop codon in the first exon and the polyadenylation signal in 

the third exon, represents a target of nonsense mediated decay 

(NMD) machinery, which might explain why the DUX4 mRNA is 

present at such low abundance and has been difficult to detect. 

Interestingly, DUX4 expression results in proteolytic 

degradation of the factor UPF1, an essential component of the 

nonsense-mediated decay pathway, resulting in a profound 

inhibition of NMD [312]. 

This creates a self-reinforcing loop since DUX4-mediated 

inhibition of NMD results in increased perdurance of the DUX4 

mRNA and this could represent a possible mechanism of 

positive autoregulation causing FSHD pathogenesis [312]. 
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Moreover DUX4 expression also resulted in the increased 

abundance of many coding RNA isoforms created by alternative 

splicing containing premature translation termination codons 

upstream of splice junctions [292] that are predicted substrates 

for degradation by NMD. The following accumulation of 

stabilized NMD substrates may cause direct or indirect toxic 

effects in muscle cells due to intrinsic toxicity of abnormal 

RNAs, or a stress response to the production of abnormal 

proteins with antigenic potential, contributing to an immune 

response [313].  

We could summarize that DUX4 expression in FSHD skeletal 

muscle cells could have a proapoptotic function [314] and toxic 

effect on cell growth [315], resulting at the end in cell death and 

atrophic myotube formation [316,317,314]. 

Finally the generation of transgenic mice carrying D4Z4 arrays 

from an FSHD1 allele and from a control allele recapitulates 

several genetic and epigenetic features seen in FSHD patients: 

high DUX4 expression levels in the germline, (incomplete) 

epigenetic repression in somatic tissue, and FSHD-specific 

variegated DUX4 expression in sporadic muscle nuclei 

associated with D4Z4 chromatin relaxation [318].  

However extremely low levels of DUX4 were found in FSHD 

muscles with the expression only in a small subset of nuclei, 

approximately 1 in 1000 FSHD muscle cell nuclei, probably 

representing occasional bursts of DUX4 expression [239]. 
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At the end remain some doubts on the role of this gene in 

FSHD development [8]. 
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1.4 Atrogin1 muscle specific ubiquitin ligase and the 

atrophic pathway 

 

Skeletal muscle comprises approximately 40% of the total body 

mass of an average adult human and has energy requirements 

even at rest [319]. 

Skeletal muscle is a dynamic, multicellular tissue capable of 

adaptation throughout life in response to a variety of signals, 

including neural activation, mechanical loading, hormones/ 

growth factors, cytokines, and nutritional status [320].  

Moreover, the inherent structure of skeletal muscle represents a 

substantial reservoir of proteins that can be utilized by hepatic 

tissue during times of stress. During periods of prolonged 

inactivity or disease, a substantial reduction in muscle mass is 

commonly observed, reducing total muscular energy 

requirements and, during disease, providing substrates for 

hepatic gluconeogenesis and acute phase protein production 

[321]. Despite these beneficial features, a dramatic loss of 

skeletal muscle mass can be debilitating, resulting in prolonged 

times to recovery, increased risk of subsequent injury and a 

severe burden on health care provisions [319]. 

Under many clinical conditions and chronic diseases skeletal 

muscle mass is lost, leading to muscle weakness, inactivity, 

and increased mortality. These are: starvation, limb 

immobilization, bed rest, cancer cachexia [320], diabetes [322], 

muscular dystrophies [320], renal failure [323], uremia 
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[322,324,325], sepsis [326,327], congestive heart failure [320], 

hyperthyroidism [323], Rheumatoid cachexia [328], Denervation 

[329], Spinal cord injury [328], neurodegeneration [320], nerve 

injury [330,331],mechanical ventilation [320], burn injury [332], 

HIV/AIDS, Chronic obstructive pulmonary disease [328], 

dexamethasone administration [333,334], Alcoholism [328], 

obesity [335] and aging [320].  

The loss of muscle mass, i.e., muscle atrophy, is a complex 

process that occurs as a consequence of a variety of stressors, 

including neural inactivity, mechanical unloading, inflammation, 

metabolic stress, and elevated glucocorticoids [320] and result 

primarily from activation of a common biochemical program that 

stimulates muscle proteolysis [324,325,336,337].  

Muscle atrophy occurs as the result of changes in the balance 

between anabolic and catabolic processes, with the result being 

a loss of muscle mass when protein breakdown exceeds 

protein synthesis [320].  

In eukaryotic cells, four main mechanisms are responsible for 

the majority of cellular protein degradation, mediated via the 

actions of either cysteine-dependent aspartate specific 

proteases (caspases) [338,339], cathepsins [340], calcium-

dependent calpains [341,342], or the ubiquitin proteasome 

system (UPS) [343,344].  

The primary pathway responsible for the increase in muscle 

proteolysis under these catabolic conditions and therefore  the 

principal regulator of skeletal muscle atrophy [324], was the 
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ATP-dependent, ubiquitin-proteasome pathway [345-347].  

Proteins destined for degradation by the Ub-proteasome 

pathway are first covalently linked to a chain of Ub molecules, 

which marks them for rapid breakdown to short peptides by the 

26S proteasome [348].  

The ubiquitylation process includes a series of reactions 

involving three classes of proteins: ubiquitin-activating enzymes 

(E1s), ubiquitin-conjugating enzymes [E2s; also referred to as 

ubiquitin carrier proteins (UBC)], and ubiquitinprotein ligases 

(E3s) [349].  

The process begins with the ATP-dependent activation of 

ubiquitin (Ub) by an E1, which results in a high-energy thioester 

linkage between the COOH terminus of ubiquitin and the active 

site cysteine of the E1. The activated ubiquitin is then 

transferred to an E2, again forming a thioester bond between 

Ub and a cysteine residue of the E2 enzyme.  

The final step is the transfer of the ubiquitin from the E2 to a 

substrate via an E3 ligase. 

Ubiquitin is usually conjugated to the target protein via an 

isopeptide bond between the ɛ-amino group of a lysine residue 

in the target protein and the carboxy-terminal glycine residue 76 

in Ub [350,351]. 

Ubiquitin, a 76-amino acid protein with a molecular mass of 8.5 

kDa, can be added to a protein as a single entity 

(monoubiquitin) or as a chain of variable length (polyubiquitin). 

Ubiquitin contains seven lysines (K6, K11, K27, K29, K33, K48, 
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and K63), and thus ubiquitin molecules can be linked through 

any one of these seven lysines. Ubiquitin chains can be 

comprised of a single type of linkage (homotypic) or a mixture of 

linkages (heterotypic). Furthermore, chains can be unbranched 

or branched (forked), the latter being the result of two or more 

ubiquitin molecules being attached to a single ubiquitin [352].  

However, the process is repeated until a minimum of four Ub 

monomers are covalently attached via lysine residue 48 of Ub 

to the target protein, the classical formation that is recognized 

by the 26S proteasome as a signal to degrade the target protein 

[353]. 

Individual E3s ubiquitinate specific classes of proteins; hence, 

the identity of the proteins degraded by the proteasome is 

largely determined by the complement of E3s active in 

individual cells [323]. 

Following successful ubiquitination, and only once the criterion 

for recognition by the 26S proteasome has been met, proteins 

are unfolded and fed into the proteasome in an ATP-dependent 

process [344]. The 26S proteasome consists of a 20S catalytic 

core and 19S regulatory caps. Structurally, the 20S proteasome 

consists of four heptameric rings, formed from alpha subunits 

providing structural support [354], and the beta subunits 

responsible for the chymotrypsinlike, trypsin-like and caspase-

like activities. The proteasome cleaves tagged proteins into 

short oligonucleotides, after which the activity of tripeptidyl-

peptidase II and exopeptidases result in almost complete 
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degradation of the original protein [355]. 

Indeed, even under normal physiological conditions, the UPS is 

constantly degrading damaged or malformed proteins [356], so 

as to maintain normal cell function. 

In Bodine et al. [329] two E3 ligases, MuRF1 (Trim63) and 

MAFbx (FBX032), were identified as genes that are similarly 

altered under disparate atrophy conditions. One gene was a 

RING finger protein previously identified as MuRF1 in cardiac 

tissue but not previously associated with skeletal muscle 

atrophy [357]. The other gene was novel and contained an F-

box domain, which was characteristic of a family of E3 ligases 

that function as one component of a SCF (Skp1-Cullin1-F-box 

protein) ubiquitin ligase complex [358,359,329,323]. This novel 

gene was shown to bind to both Skip and Cullin and was 

subsequently named MAFbx (muscle atrophy F-box). The E3 

ubiquitin ligase FBX032 is referred to in the literature as both 

MAFbx and Atrogin-1.  

The discovery of MuRF1 and MAFbx yielded two genes having 

characteristics of key regulators of skeletal muscle atrophy. In 

fact both genes are selectively expressed in striated muscle, 

both genes are expressed at relatively low levels in resting 

skeletal muscle, and the expression of both genes increases 

rapidly upon the onset of a variety of stressors and prior to the 

onset of muscle loss.  

Since their initial discovery, MuRF1 and MAFbx mRNA 

expression has been reported to be elevated in a wide range of 
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atrophy-inducing conditions, and thus the two genes have 

become recognized as key markers of muscle atrophy [320]. 

Moreover since they are rapidly activated it is suggested that 

they may contribute to the initiation of an atrophy program [328]. 

Atrogin1-1 presents an F-box at amino acid 228–267. This 

highly degenerate motif is found in a family of proteins, most of 

which function as one component of the SCF family of Ub-

protein ligases (E3s) [360]. 

The F-box protein functions as an adaptor that binds proteins to 

be ubiquitinated and, through the F-box, associates with the 

Skp1 protein (or a homolog) and thus with a cullin protein 

(CUL1) that acts as a scaffold, and a RING finger protein (RBX1 

or RBX2) that associates with CUL1 and recruits the ubiquitin-

charged E2s [361,362].  

In mammals, there are three classes of F-box proteins based 

on the structure of the substrate- binding domain.  

MAFbx is part of the FBX class because it lacks WD40 repeats 

and leucine-rich regions, which are common structural motifs 

found in the other two classes [320]. 

However, at its extreme carboxy terminus (amino acids 346–

355), Atrogin-1 does contain a motif known to interact with 

proteins containing class II PDZ domains. PDZ domain-

containing proteins bind to specific sequences at the extreme 

C-termini of target proteins [363,364] and may represent a new 

type of substrate-binding region in F-box proteins.  

Additional characterization of MAFbx has revealed that it 
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contains a leucine zipper domain and a leucine-charged 

residue- rich domain near its amino terminus that increases the 

number of substrates that MAFbx can potentially recognize 

[365]. 

Other features also present in the molecule include a potential 

bipartite nuclear localization sequence (amino acid 267–284) 

and a cytochrome c family heme-binding site signature (amino 

acid 317–322). 

The presence in Atrogin-1 of a putative nuclear localization 

signal is of appreciable interest. Many other F-box proteins also 

contain nuclear localization sequences [366]. The presence of 

such a sequence in Atrogin-1, along with its muscle-specific 

expression, suggests that it may function in ubiquitinating 

muscle-specific transcription factors or other nuclear proteins 

involved in muscle growth. However, Atrogin-1 may also 

function to ubiquitinate cytosolic proteins such as components 

of the myofibril, which are rapidly degraded during muscle 

atrophy [323]. 

Thus, increased expression of MuRF1 and MAFbx following an 

atrophy-inducing stressor is thought to be responsible for the 

shift in protein balance from net synthesis to net degradation, 

thus inducing a loss of muscle mass [320].  

Recent evidence has suggested that the transcriptional 

regulation of MAFbx/Atrogin-1 and MuRF1 Ub-ligases are 

intrinsically linked to both cellular metabolic status and 

inflammatory state via a coordinated pathway of signaling 
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events.  

Li and colleagues discovered that both H2O2 and the catabolic 

cytokine tumor necrosis factor-alpha (TNFα), were competent 

inducers of MAFbx/Atrogin-1 mRNA expression in skeletal 

muscle [367].  

Another example of activation of MAFbx is through myostatin, a 

member of the TGF superfamily and a negative regulator of 

muscle growth [368-375], which when elevated in vitro results in 

an increase in the expression of MAFbx [376,377]. Indeed, 

elevated myostatin has been shown to induce atrophy and 

fibrosis and impair regeneration in skeletal muscle [378-381]. 

At the end of the cascades different transcription factors explain 

their work. 

The first transcription factors shown to regulate transcription of 

MAFBX E3 ligase were the class O-type forkhead transcription 

factors (FOXO), which include FOXO1, FOXO3a, and FOXO4 

[320]. 

All of the FOXO transcription factors are expressed in skeletal 

muscle, and expression of FOXO1 and FOXO3a increases 

during certain forms of atrophy [382-384,322,385-387]. In 2004, 

two reports demonstrating the ability of the FOXO transcription 

factors to activate MAFbx were published [388,386]. In Stitt et 

al. [388], it was revealed that activated FOXO1 was necessary 

but not sufficient to increase MAFbx gene expression in 

cultured myotubes. FoxO1 does not directly increase MAFbx 

levels but instead blocks the IGF-1 inhibition of their 
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upregulation. 

In contrast, Sandri et al. [386] concentrated their investigation 

on FOXO3a and demonstrated that FoxO3a binds directly to 

the MAFbx promoter, increasing its transcription and induce 

muscle atrophy.  

The MAFbx promoter have also putative binding sites for other 

transcription factors such as the NF-κB transcription factors 

[327], CCAAT/enhancer-binding protein-β (C/EBPβ) 

transcription factor [389] and Small Mothers Against 

Decapentaplegic (Smad3) [335]. 

The two most widely acknowledged targets of MAFbx in 

skeletal muscle are MyoD, a myogenic regulatory factor, and 

eukaryotic translation initiation factor 3 subunit f (eIF3-f) 

[390,365]. eIF3-f appears to be a key effector of MAFbx as 

targeted increases and decreases in eIF3-f levels cause 

skeletal muscle hypertrophy and atrophy, respectively [390]. 

The MAFbx–MyoD interaction occurs in the nucleus. 

Overexpression of MAFbx results in the polyubiquitination of 

MyoD and an inhibition of MyoD-induced myotube 

differentiation and formation [391]. Similar to MyoD, MAFbx 

binds to myogenin resulting in its polyubiquitination and 

subsequent degradation during dexamethasone-induced 

myotube atrophy [392]. Together, these studies demonstrate 

that these myogenic transcription factors are targets of MAFbx 

and suggest a role for MAFbx in the regulation of myoblast 

differentiation [328].  
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More recently, MyHC and other sarcomeric proteins, such as 

the intermediate filament proteins vimentin and desmin, have 

been identified as potential MAFbx substrates [376,377].  

To date, both MuRF1 and MAFbx have been reported to have 

the ability to bind MyHC and other myofibrillar proteins and to 

mediate the ubiquitination of these proteins in vitro. It is 

possible that the two E3 ligases have overlapping sets of 

substrates; however, it is more likely the case that they have 

distinct sets of substrates [320]. 
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Figure 5. Regulation of muscle RING finger 1 (MuRF1) and 

muscle atrophy F-box (MAFbx) expression in skeletal muscle. 

Skeletal muscle atrophy is induced by a number of stressors, as 

illustrated here. These stressors can lead to the increase in the 

expression of a number of transcription factors. These transcriptional 

mediators can bind to the promoter regions of either the MuRF1 or 

MAFbx genes, leading to an increase in their expression levels within 

the muscle. A schematic of the putative domain structure of each 

protein is shown.  MAFbx contains 2 nuclear localization signals 

(NLS), a leucine-zipper domain (LZ), a leucinecharged residue-rich 

domain (LCD), an F-box domain (F-box), and a PDZ domain (PDZ). 

SCF, Skp1-Cullin1-F-box protein [320]. 
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Scope of the thesis 

   

Facioscapulohumeral (FSHD) dystrophy is the third most 

common myopathy, with an incidence of 1:14.000 in the general 

population; it is caused by deletion of D4Z4 units under the 

threshold of 11 or their epigenetic deregulation, on chromosome 

4q35.2 (FSHD locus), where it is organized as a tandem array 

of 11 to 100-150 copies in the general population [190,274]. 

D4Z4 belongs to a family of repeats with high sequence identity 

present also in 10q26, as a polymorphic tandem array, and 

1p12 and the p-arm of acrocentric chromosomes as 

interspersed units; also the region upstream the array is heavily 

duplicated in the human genome [191,393,188,394]. Thus, it is 

almost unfeasible to distinguish 4q-derived sequences in next 

generation sequencing (NGS) studies, and this is the reason 

why omics approaches are still lacking for FSHD.  

The model of inheritance of FSHD is autosomal dominant, with 

complete penetrance by age 20. No biochemical, histological, or 

instrumental markers are available to independently confirm a 

specific FSHD diagnosis that remains mainly clinical [395].  

We are interested in the dissection of the molecular mechanism 

at the basis of FSHD manifestation. In this regard, 

unfortunately, almost 20 years after the definition of the genetic 

defect underlying this disease, the quest for the FSHD gene(s) 

is still open. The rate of progression of the disease is often 

unpredictable, as periods of remission can be followed by 
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dramatic exacerbation with no clear correlation to specific 

events. Thus, clinical prognosis is difficult. Furthermore, the 

degree of severity is highly variable even within the same 

family, suggesting that factors such as modifier genes, gender 

and environment may also affect disease onset and severity. 

The finding of asymptomatic or minimally affected carriers of 

contracted 4q alleles [272,234,396,397], as well as the 

recognition of the various genetic and epigenetic contributors to 

the FSHD phenotype [202], highlight the complexity on the 

molecular mechanism underlying FSHD, claiming for the 

development of novel approaches to achieve a global 

comprehension of the genetic determinants at the basis of the 

disease.  

A recognized and unifying model for FSHD is that D4Z4 

derepression results in the pathogenic activation of DUX4, a 

retrogene present within the last D4Z4 repeat of the array, 

encoding a homeobox containing transcription factor [259]; in 

healthy subjects, DUX4 is expressed only in the germ line, 

while it is epigenetically silenced in somatic tissues. In FSHD, 

DUX4 is aberrantly expressed in skeletal muscle [168,239]. 

DUX4 is a transcriptional regulator that activates transcription of 

genes and retroelements specifically in FSHD muscle cells 

[307,308]. A consensus is not reached yet if the DUX4-

dependent transcriptome altered in FSHD can globally 

recapitulate the transcriptional signature for FSHD cells, as 

different models for DUX4 expression in muscle cells are 
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employed and few datasets (RNA-seq) in general are available 

[398,309,399]. Moreover, analyzing the sole RNA seq profile, it 

is not possible to distinguish between DUX4 targets, indirect 

effects or genes altered for different, still unknown, 

mechanisms. We have hypothesized that 4q D4Z4 array may 

regulate in trans the epigenetic state of a subset of coding 

and/or non-coding transcripts, interacting 3D in the genome of 

human muscle cells [301,278,400,401]. To demonstrate our 

hypothesis, we have used a combination of omics approaches 

including 4q-specific D4Z4 4C-seq, ChIP-seq (H3K27me3, 

H3K4me3, H3K4me1, H3K27ac, H3K36me3), FSHD 

transcriptome and published DUX4 dependent transcriptome 

[399]. Among the D4Z4 interactors epigenetically unpaired in 

FSHD, a subset is composed by DUX4 targets, and shows a 

chromatin switch versus a transcriptionally active state in 

myoblast cells, where DUX4 is not expressed yet; a subset is 

not targeted by DUX4, and among them we have deeply 

investigated Atrogin1-D4Z4 interaction with independent 

experimental strategies (including 3D-multicolor-FISH). 
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Summary 

3D organization of the genome, its structural and regulatory 

function of cell identity, is acquiring prominent features in 

epigenetics studies; more efforts have been done to develop 

techniques that allow studying nuclear structure. Chromosome 

Conformation Capture (3C) has been set up in 2002 from 

Dekker and from that moment great investments were in 

develop genomics variants of 3C technology (4C, 5C, Hi-C) 

providing new tools to investigate the shape of the genome in a 

more systematic and unbiased manner. 3C method allow 

scientists to fix dynamic and variable 3D interactions in nuclear 

space; consequently, to study which sequences interact, how a 

gene is regulated by different and distant enhancer or how a set 

of enhancer could regulate transcriptional units; to follow is the 

conformation that mediate regulation change in development; to 

evaluate if this fine epigenetic mechanism is impaired in 

disease condition. 

 

 

Key words: Chromosome Conformation Capture (3C), 3D 

interactions, nuclear structure, primary human cells 
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1. Introduction 

 

Structure of the cell nucleus has sparked interest from years. 

The development of chromosome conformation capture (3C) 

technology has allowed to deeply investigate genome topology 

[1-3]. 

3C approach is a biochemical method that enables to study the 

three-dimensional organization of the genome in cells. Using 

formaldehyde, physical interactions are fixed; a subsequent 

digestion leads the formation from interacting sequences of free 

ends that are in close proximity. Then a ligation reaction in 

diluted conditions disadvantage inter-molecular ligation, 

promoting intra-molecular fusions. As a result, is generated a 

collection of products that are composed of DNA fragments that 

were originally physically near together in the nuclear space. 

Using a bait primer on the region of interest and the other one 

on the supposing region of interaction, in a simple PCR it could 

be possible to visualize the band, if the interaction occurs [2]. 

First study, using 3C to explore the three-dimensional 

organization of chromosomes at high resolution, describes 

intrachromosomal interactions between telomeres as well as 

interchromosomal interactions between centromeres and 

between homologous chromosomes in yeast [2]. The idea that 

the 3D genome topology is in some way functional to the 

regulation of nuclear activities takes place and a lot of work is 

done in this direction. 3C method was applied to analyze 
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physical connections between genes and cis enhancers (mouse 

and human β-globin locus model [4-6]). Then, highly specific 

associations between loci located on separate chromosomes 

are described. These trans-interactions can be between a 

distant enhancer with different target genes (olfactory receptor 

genes [7]). In other cases, trans-interactions appear to play a 

role in a higher level of gene control to coordinately regulate 

multiple loci with a set of both intrachromosomal and 

interchromosomal interactions (T helper 2 cytokine locus [8]), or 

providing additional levels of gene regulation by allowing 

combinatorial association of genes and sets of regulatory 

elements (imprinted loci [9]). It is also reported that specific 

DNA binding sites could mediate the formation of this 

topologically complex structure (Polycomb Response Elements 

in Drosophila [10]). Finally, it is demonstrated that 3D structure 

could also have a role in developmental processes (mammalian 

X-chromosome inactivation [11,12]).  

Here, we describe the 3C technique adapted to study primary 

human cells, allowing to capture 3D chromatin interactions. 

 

 

2. Materials 

 

Prepare all solutions using ultrapure water and analytical grade 

reagents. 

Cell Lysis Buffer: 10 mM Tris-HCl pH 8.0, 10 mM NaCl, 5 mM 
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MgCl2, 100 µM EGTA. Before the use complement with 

protease inhibitors, PIC (Protease Cocktail Inhibitor) and PMSF 

(phenylmethanesulfonylfluoride). 

Crosslinking Buffer: 10 mM Tris-HCl pH 8, 50 mM NaCl, 10 mM 

MgCl2. Before the use complement with protease inhibitors, PIC 

and PMSF, and 1 mM DTT (Dithiothreitol). 

Formaldehyde Solution 36,5-38% in H2O. 

Glycine 2,5 M. 

PBS 1X (Phosphate buffered saline pH 7.4). 

Sodium dodecyl sulfate (SDS) 10%. 

Digestion Buffer: buffer of the specific restriction enzyme diluted 

at 1,5X. Before the use complement with 0.3% SDS. 

Triton X-100 100%. 

Ligation Buffer (1,15X): 57 mM Tris-HCl pH 7.5, 11 mM MgCl2, 

11 mM DTT, 1,1 mM ATP, 1% Triton X-100. Prepare at the use.  

T4 DNA Ligase 

Phenol-chloroform-isoamylalcohol 25:24:1. 

Ethanol (100% and 70%). 

3 M Sodium Acetate pH 5.2. 

Glycogen. 

Proteinase K. 

RNAse cocktail (500 U⁄ml of RNase A and 20,000 U⁄ml of 

RNase T1). 

Resuspension Buffer: 10 mM Tris-HCl pH 7.5.  

Qubit dsDNA Broad Range Assay Kit. 
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3. Methods 

 

3.1 Nuclei isolation 

1. Grow cells in appropriate culture conditions. 

2. Count cells using an automated cell counter. Consider to 

use 3,5*106 cells for each experiment. 

3. Collect cells by centrifugation at 1.000 rpm for 5 minutes 

at room temperature. 

4. Resuspend cells, pipetting up and down, in 10 ml of cold 

Cell Lysis Buffer (See Note 1). 

5. Incubate on ice for 10 minutes. 

6. Check the lysis at microscope (See Note 2). 

 

3.2 Crosslinking 

1. Collect nuclei by centrifugation at 1.350 rpm for 5 

minutes at 4°C. 

2. Resuspend nuclei in 5 ml of Crosslinking Buffer. 

3. Crosslink by the addition of 270 µl of 36,5-38% 

Formaldehyde Solution (2%) (See Note 3). 

4. Incubate for 10 minutes at room temperature on a 

shaker. 

5. Quench the reaction by the addition of 250 µl of 2,5 M 

Glycine (125 mM). 

6. Incubate for 5 minutes at room temperature on a shaker. 

7. Collect cross-linked nuclei by centrifugation at 1.350 rpm 

for 10 minutes at room temperature. 
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8. Wash twice with ice-cold PBS 1X. 

9. Collect cross-linked nuclei by centrifugation at 1.350 rpm 

for 5 minutes at 4°C. 

 

3.3 Digestion 

1. Resuspend cross-linked nuclei in 500 µl of Digestion 

Buffer. 

2. Incubate for 1 hour at 37°C with bland agitation. 

3. Add 110 µl of 100% Triton X-100 (1.8%) to sequester 

SDS. 

4. Incubate for 1 hour at 37°C with bland agitation. 

5. Collect 60 µl aliquot of the sample and label as undigested 

genomic DNA control (UND). 

6. Digest with 500 U of restriction enzyme at appropriate 

conditions overnight with bland agitation (See Note 4). 

7. Collect 60 µl aliquot of the sample and label as digested 

genomic DNA control (DIG). 

8. Inactivate the restriction enzyme by the addition of 95 µl of 

10% SDS (1.6%). 

9. Incubate for 25 minutes at 65°C with bland agitation. 

 

3.4 Ligation 

1. Transfer the reaction in a 50 ml tube. 

2. Dilute DNA to a final concentration of 2,5 ng/µl in 10 ml of 

Ligation Buffer (See Note 5). 

3. Incubate for 1 hour at 37°C with bland agitation. 
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4. Add 2.000 U of T4 DNA Ligase. 

5. Incubate for 8 hours at 16°C with bland agitation. 

6. Leave sample at room temperature for 30 minutes. 

7. Treat with 1 mg of Proteinase K. 

8. Incubate O.N. at 65°C with constant agitation to reverse 

the formaldehyde crosslinks.  

 

3.5 Purification 

1. Add 25 µl of RNAse cocktail. 

2. Incubate for 40 minutes at 37°C with bland agitation to 

remove RNA. 

3. Purify DNA, adding one volume of phenol-chloroform-

isoamylalcohol, vortexing for 2 minutes and centrifuging at 

4.000 rpm for 15 minutes at RT. 

4. Transfer the supernatant to a new tube. 

5. Dilute 1:2 in bi-distillated water. 

6. Precipitate with three volumes of 100% Ethanol, 1/10 

volume of 3 M Sodium Acetate pH 5.2 and 10 µl of 

Glycogen, leaving at -80°C for at least 1 hour. 

7. Centrifuge at 3.000 rpm for 45 minutes at 4°C. 

8. Discard the supernatant. 

9. Wash the pellet with 10 ml of 70% Ethanol. 

10. Centrifuge at 3.000 rpm for 15 minutes at 4°C. 

11. Air dry the pellet. 

12. Dissolve in 100 μl of Resuspension Buffer. 

13. Quantify DNA by Qubit dsDNA Broad Range Assay Kit. 
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3.6 Purification of Controls aliquots (UND and DIG) 

1.    Process aliquots of UND and DIG, bringing volume to 100 

        µl with Resuspension Buffer. 

2.    Treat with 100 µg of Proteinase K. 

3.   Incubate for 1 hour at 65°C with constant agitation to 

reverse the formaldehyde crosslinks. 

4.     Add 1 µl of RNAse cocktail. 

5. Incubate for 30 minutes at 37°C with bland agitation to 

remove RNA. 

6.     Purify DNA, adding one volume of phenol-chloroform-

isoamylalcohol, vortexing for 2 minutes and centrifuging at 

10.000 rpm for 4 minutes at RT. 

7. Transfer the supernatant to a new tube. 

8. Precipitate with two volumes of 100% Ethanol, 1/10 

volume of 3 M Sodium Acetate pH 5.2 and 1 µl of 

Glycogen, leaving at -80°C for at least 1 hour. 

9. Centrifuge at 14.000 rpm for 30 minutes at 4°C. 

10. Discard the supernatant. 

11. Wash the pellet with 100 µl of 70% Ethanol. 

12. Centrifuge at 14.000 rpm for 5 minutes at 4°C. 

13. Air dry the pellet. 

14. Dissolve in 20 μl of Resuspension Buffer. 

15. Quantify DNA by Qubit dsDNA Broad Range Assay Kit. 

16. Perform PCR amplification using a Taq DNA Polymerase 

with provided reagents in 50 μl of reaction, using 0,3 μM 

of primers and 10 ng of template (See Note 6). 
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3.6 PCR 

1. Design primers so that they will be in close proximity 

(proximal to 100 – 50 bp) to the restriction site for the 

regions to be amplified (See Note 7). 

2. Select BACs covering the regions that are supposed to 

interact, quantify them by Qubit dsDNA Broad Range 

Assay Kit. Digest equimolar amounts of different BACs 

with the restriction enzyme of interest, than mix and ligate 

in 50 μl; after a step of purification by phenol extraction 

and ethanol precipitation, resuspend the BAC mix in 50 μl 

of Resuspension Buffer, obtaining the BAC control. It 

represents the PCR template that contains all possible 

ligation products that are relevant for the genomic regions 

of interest, and as such is considered a positive control. 

3. Perform PCR amplification using a Taq DNA Polymerase 

with provided reagents in 50 μl of reaction, using 0,3 μM 

of primers and 25 ng of template (See Note 8). Remember 

to perform the PCR on 3C sample and BAC control in 

parallel, using for the BAC control 1/10 of the quantity 

used for 3C sample. 

4. Run PCR products on 2% agarose gels, stained with 

ethidium bromide. 

5. Quantify with the Image J (See Note 9). 
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4. Notes 

 

1. 3C method could be performed using directly intact cells 

or nuclei. It depends on the cellular type in study and also 

on the percentage of crosslinking that you use. Indeed if 

you use cells with a great cytoscheleton or you need to 

crosslink with high percentage of formaldehyde to reveal 

less frequent interactions, it could be better to performed 

3C experiment on isolated nuclei to promote next steps of 

the procedure and consequently the detection of higher 

signals of interaction. 

 

2. If the lysis was incomplete you could use a Dounce 

homogenizer, performing approximately fifteen strokes. 

 

3. Formaldehyde is used to cross-link protein-protein and 

protein-DNA interactions by means of their amino and 

imino groups. Advantages of this cross-linking agent are 

that it works over a relatively short distance (2 Å) and that 

cross-links can be reversed at higher temperatures [13-

15]. The percentage of formaldehyde used depends on 

the frequency and stability of the interactions analyzed 

and has to be set for every new 3C experiment. 

 

4. The restriction enzyme used depends on the locus to be 

analyzed. If small loci (<10–20 kb) are studied it is needed 
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to use frequently cutting restriction enzymes, while larger 

loci are investigated, six- base cutters (six-cutters) can 

also be used. It has to be considered that a high 

percentage of cross-linking could decrease digestion 

efficiency [16]. Indeed it is recommend to be sure that at 

least 60–70% of the DNA, but preferably 80% or more, be 

digested before continuing with the ligation step [17]. 

 

5. Ligation reaction has to be performed in a condition of 

diluting DNA (2,5 ng/µl), in a way that intramolecular 

ligation events between cross-linked DNA fragments are 

favoured. Moreover, independently of the restriction site 

analyzed, two types of junction are always over-

represented. The first most abundant junction is with the 

neighboring DNA sequences, resulting from incomplete 

digestion and can constitute up to 20–30% of all the 

junctions. The second most abundant junction is with the 

other end of the same restriction fragment, after 

circularization, and can account for up to 5–10% of all the 

junctions. The formation of other junctions from fragments 

that are close together in the nuclear space represents 

only 0.2–0.5% of the junctions and with increasing 

genomic site separation decrease to <0.1%. It is therefore 

clear that to accurately quantify such rare events, it is 

necessary to include many genome equivalents in a PCR 

reaction [17]. 
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6. Biological parameters, such as the heterogeneity of the 

cells, and technical parameters, as different efficiency in 

digestion and ligation step, also have to be considered. 

Therefore it is necessary to quantify the efficiency of 

digestion and ligation for each sample. It could be 

quantified by PCR or real-time PCR, amplifying fragments 

containing a restriction site of the enzyme used in UND, 

DIG and 3C samples and a region without restriction site 

as control to normalize the results of the PCR. The Ct 

values (cycle thresholds) were used to calculate the 

digestion efficiency according to the formula reported in 

Hagege et al. 2007 [18]: % restriction = 100 – 

100/2^(CtDIG- CtUND).  

 

7. To assess if the interaction detected in 3C reflects a 

functional 3D contact, the frequency of random collision 

has to be determined. This is important especially for in cis 

interactions. The reason is that the flexibility of the 

chromatin fiber could cause an engagement of DNA 

segments from the same fiber in random collisions, with a 

frequency inversely proportional to the genomic distance 

between them. For this porpoise, it is necessary to design 

primers that scan the entire region that is supposed to 

interact and to evaluate if two regions interact more 

frequently with each other than with neighbouring 
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sequences. Only in this case it is possible to affirm that 

you have a specific interaction. Instead in trans 

interactions random collisions are not expected, indeed 

any interaction that is detected indicates a specific 

contact. 

 

8. The standard 3C PCR protocol uses a standard number of 

PCR cycles and a standard amount of DNA template for 

the analysis of all different ligation products. This 

approach is only semiquantitative and prone to 

inaccuracies. In fact PCR products that come to 

saturation, going outside from the linear range of the 

amplification reaction, are not suitable for differential 

analysis. To overcome this limitation, a real-time PCR 

approach using TaqMan probes, called 3C-qPCR, was 

developed [19,20]. 

 

9. Interaction frequencies are determined by dividing the 

intensity of PCR products bands obtained from 3C sample 

with that from the BAC control, for each pair of primers. 
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Figure legends 

 

Figure 1: Chromosome Conformation Capture (3C) 

procedure.  

Schematic representation of 3C steps: isolation of nuclei, 

crosslinking of 3D interactions, digestion with a specific 

restriction enzyme, creating free ends, ligation of them, 

obtaining circles of interacting sequences, purification and PCR 

amplification to evaluate the occurrence of a specific interaction. 

 

Figure 2: 3C controls.  

1) Quality check of total control materials: UND sample genomic 

band, DIG sample smear and 3C sample recovering of the 

band. 2) Quality check of control materials on specific restriction 

site: it should be a band of amplification product in UND 

sample, that decrease in DIG sample and recover in 3C 

sample. 3) Output of specific interaction, comparing with BAC 

control. 
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Figure 1: Chromosome Conformation Capture (3C) 

procedure. 

 

 

 

 

Figure 2: 3C controls. 
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Abstract 

 

The autosomal dominant genetic disease Facioscapulohumeral 

Dystrophy (FSHD) represents the most common myopathy 

found in adults. The genetic defect of FSHD does not reside in 

any protein-coding gene, but instead is linked to the contraction 

below 11 copies of the 3.3kb D4Z4 tandem repeat 

macrosatellite located on chromosome 4q35 (FSHD locus). 

Several mechanisms underlying FSHD have been described, 

however they don’t explain completely the variability of this 

complex epigenetic disease. 

With our work we aimed to elucidate the contribution of D4Z4 

repeat in mediating the 3D genomic architecture during normal 

and FSHD-associated myogenesis. We have used a 

combination of genome-wide approaches including circular 

chromosome conformation capture (4C)-seq specific for the 4q 

chromosome, ChIP-seq with chromatin state dynamics analysis 

as well as RNA-seq datasets to investigate the dynamics of 

chromatin epigenetic landscapes and folding in FSHD.  

From these analysis we retrived that genome topology of FSHD 

cells was altered as well as the epigenetic landscape. Moreover 

in FSHD we retrived number of genes not regulated by DUX4 

that instead present a deregulated interaction with 4q (lost and 

gained interactions) and showing active enhancers that are 

involved in the atrophic pathway. 

Among others, we further investigated a trans interaction with 
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the muscle atrophy marker Atrogin1 (8q24) and showed that 

contact frequency between D4Z4 and Atrogin1, genomic locus 

topology, revealed by 4C-seq, chromosome conformation 

capture (3C) and 3D-FISH assays as well as Atrogin1 

transcription, as well as epigenetic marks on the promoter, were 

deregulated during FSHD muscle cell differentiation.  

We have revealed through 4C assay that Atrogin1 3D-

interactome comprise also important players in atrophic 

pathway, differentially regulated in FSHD cells, and therefore 

contributing to the FSHD patients phenotype. 

Finally we suggest that is the impairment in the epigentic 

environment of the FSHD locus, that occurs in patients, 

responsible for the deregulation of 3D contacts, at least for 

Atrogin1. Indeed when we restore another 4q D4Z4 array we 

are able to recover Atrogin1 expression. 

Altogether our data highlight the contribution of the 

macrosatellite D4Z4 in regulating the 3D genome architecture 

during normal myogenic differentiation. We propose that the 

profound coordinated alterations of chromatin folding and 

functional states observed in FSHD may be a key trait for the 

disease. 
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Introduction 

 

Facioscapulohumeral muscular dystrophy (FSHD) is the most 

common myopathy found in adults, with an overall incidence of 

more than 1:14.000. FSHD is a dominant autosomal myopathy 

characterized by progressive, often asymmetric weakness and 

wasting of facial (facio), shoulder, and upper arm 

(scapulohumeral) muscles [1,2], but progressing to affect 

almost all skeletal muscles [3,4].  It is classified among 

progressive muscular dystrophies, characterized by muscular 

fiber necrosis and degeneration giving rise to progressive 

muscular atrophy.  

FSHD is a genetically heterogeneous disorder and its genetic 

bases are unique and involve both genetic and epigenetic 

alterations [5]. There is a general consensus in the field in 

supporting the view that epigenetic mechanisms are important 

players in FSHD.  Several FSHD clinical features, such as the 

variability in severity and rate of progression, the gender bias in 

penetrance, the asymmetric muscle wasting and the 

discordance of the disease in monozygotic twins, suggest a 

strong epigenetic contribution to the pathology [2,6-10]. 

The vast majority of FSHD are transmitted as an autosomal 

dominant trait with the disease locus mapping to the 

subtelomeric region of chromosome 4q, more specifically at 

4q35-qter [11-13], on a specific FSHD-permissive haplotype of 

chromosome 4q [14]. This form has been termed FSHD1 and 
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accounts for approximately 95% of the cases [15]. This 

chromosomal region lacks classical genes, but contains an 

array of repeated units of a 3.3 kb macrosatellite repeat ordered 

head to tail [16], called D4Z4. In the general population, this 

repeat array is extremely polymorphic ranging from 11 to 150 

copies [17,18], while FSHD1 patients present a reduction of the 

D4Z4 array, which leaves 1–10 units on the affected allele [19]. 

D4Z4 repeat arrays are not restricted to chromosome 4q, but 

homologous sequences have been identified on many 

chromosomes [20]. Due to a duplication event, a highly similar 

and equally polymorphic repeat array localizes to the 

subtelomere of chromosome 10q [21]. In particular, the 

subtelomere of chromosome 10q is almost identical to the 

region in 4q containing D4Z4 repeats, containing highly 

homologous and equally polymorphic repeat arrays [22,21] and 

sequence homology extending to 45 kb proximal of D4Z4 array 

and 15–25 kb distal [23]. 

However some families, with an undistinguishable clinical 

phenotype display a more complex pattern of inheritance and a 

distinct genetic defect. This second form is termed FSHD2 [5] 

and represents about 5% of patients meeting clinical criteria for 

FSHD [15,24]. This type of FSHD is caused by mutations in 

SMCHD1, a member of the condensin/cohesin family of 

chromatin compaction complexes, that binds to the D4Z4 

repeat array. Interestingly, FSHD2 patients, who phenotypically 

show FSHD though lacking D4Z4 contractions, display general 
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D4Z4 hypomethylation [25], similar to the contracted D4Z4 

repeat arrays in FSHD1 [24,4], indicating an important 

epigenetic condition necessary to develop or generate the 

disease. 

In healthy subjects, the D4Z4 array present extensive PcG 

binding, DNA methylation, histone de-acetylation and chromatin 

compaction leading to a repressive chromatin organization. In 

FSHD1 patients chromatin conformation of FSHD locus is 

altered at multiple levels, from DNA methylation, through 

histone modifications up to higher-order chromosome 

structures, leading to a structural and epigenetic remodeling of 

the FSHD locus, toward a more active chromatin state, which is 

responsible for the de-repression of 4q35 genes [26-28]. 

A model explaining the pathology implicates the DUX4 

retrogene encoded by D4Z4 and transcribed from the last, most 

telomeric D4Z4 repeat [29,30], including a non-repetitive region 

termed pLAM that contains a polyadenylation signal, necessary 

for DUX4 transcript stabilization [31]. 

The DUX4 retrogene encodes a double homeobox transcription 

factor, which is normally expressed at high levels in human 

testes and pluripotent stem cells, but epigenetically silenced in 

somatic cells [32]. However it has been found ectopically 

overexpressed in bursts in patients’ myotubes, leading to the 

activation of genes associated with stem cell and germ-line 

development and resulting in the induction of toxicity [33] and 

apoptosis of muscle cells [34,35]. However the role of DUX4 
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remains unclear due to the complexity of its expression pattern 

[31,32,36], low mRNA and protein abundance [32,37]. 

Moreover, DUX4 might not be sufficient to explain the wide 

variability of this complex epigenetic disease, suggesting that 

other factors are likely involved [28,38-41]. 

Recent studies pointed out other mechanisms underlying FSHD 

manifestation. Namely, the 4q-D4Z4 proximal region was 

shown to engage multiple short- and long-range chromatin 

loops within the FSHD locus thereby modifying the expression 

of proximal genes such as FRG1 and more distal ones such as 

SORBS2. In a recent study aimed at defining the chromatin 

architecture of the proximal 4q-D4Z4 array region conducted 

with targeted Hi-C, SORBS2 was shown to loose a loop 

established with FRG1 in FSHD cells presenting short 

telomeres (by a mechanism linked to so-called Telomere 

Position Effect-Over Long Distances) thereby leading to 

overexpression of the gene and candidating it as a potential 

player in FSHD deregulated myogenic differentiation [42]. 

However, to which extent 4q-D4Z4 array may engage genome-

wide contacts as well as an integrated view of FSHD-associated 

epigenome and the functional outcomes of these mechanisms 

for the disease are lacking at the moment.  

In this paper we demonstrated that 4q-D4Z4 array is not only 

able to regulate cis-genes via chromatin looping in cis [43], but 

moreover is able to mediate long range functional interactions 

with genes in trans. Therefore in patients the contraction of the 
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array is responsible not only for the FSHD locus decompaction 

[28], but more globally acts in concert with broad alterations of 

the chromatin landscape to affect 3D 4q-D4Z4 interactome. In 

this context we show the functional deregulation of a 4q-D4Z4-

mediated trans-interaction with Atrogin1, a gene codifying for a 

muscle specific ubiquitin ligase, which is over-expressed in 

muscle atrophy that is a primary symptom of FSHD.  
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Results and Discussion 

 

To address how the interplay between molecular and epigenetic 

mechanisms and three-dimensional chromatin organization 

impact normal and FSHD-associated skeletal muscle cell 

differentiation, we used an integrated multiomics approach. We 

thus specifically performed chromosome conformation capture-

seq (4C-seq) combined with chromatin segmentation 

characterization obtained from H3K4me3, H3K4me1, 

H3K27ac,H3K36me3 and H3K27me3 ChIP-seq datsets and 

integrated these datasets with published RNA-seq data (Figure 

1 A).  

Specifically, we set up a 4q-D4Z4 specific 4C-seq whose 

procedure is illustrated in Figure 1 B. The 40kb proximal region 

of the polymorphic chr4q D4Z4 array displays more than 98% of 

sequence identity with chr10q26. We thus took advantage of a 

Single Sequence Length Polymorphism (SSLP) upstream the 

D4Z4 array to design a paired-end allele-specific 4C. Mate 

reads give us the possibility to precisely assign the 

chromosome of origin (chr4 and chr10) as well as the 

contribution of chr4 alleles (4qA161, 4qB163 and 4qB168) and 

chr10 alleles (10qA166) to the interactions we retrieved. 

Pearson correlation analysis of our 4C-seq data for both 

viewpoints 4qsslp and 10qsslp showed high reproducibility 

between biological samples as well as 50-75% of reads 

mapping in cis respect to the viewpoints as described by [44,45] 
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(Figure S1 A-B). Genome browser snapshots of normalized 

4qsslp 4C (4q-4C) coverage at chr4q35 showed high 

enrichment of 4C reads around the 4qsslp viewpoint (VP) but 

also revealed long-range interactions up to around 4Mb from 

the VP both in control (grey tracks) and FSHD myoblasts (blue 

tracks). On the other hand, coverage tracks of 10qsslp 4C (10q-

4C) revealed genomic contacts around the 4q D4Z4 array 

suggesting a spatial proximity of 4q35 and 10q26 but displayed 

low coverage and absence of 4C peaks in the whole 4q35 

region (Figure 1 C and Figure S2 A-B). Genome browser 

snapshot indeed clearly show altered distribution of 4q-4C 

coverage between CN and FSHD, arguing for 4q D4Z4-

mediated alterations of contact loops in 4q35 (Figure 1 C). In 

particular 4C coverage showed notable differences between CN 

and FSHD cells at FRG1 candidate gene of the 4q35 (as 

already reported in [43]) (Figure S2 C). Moreover, CN and 

FSHD primary myoblasts cells clearly show genome-wide 

alterations, as evidenced by the circus plots presented in Figure 

1D.  

In order to characterize the epigenome of FSHD cells and to 

unveil possible epigenetic characteristics of 4q-sslp contacted 

regions, we performed ChIP-seq for H3K4me3, H3K4me1, 

H3K27ac, H3K36me3 and H3K27me3. Genome wide 

distribution of ChIP-seq signal between the two replicates of CN 

and FSHD myoblasts and myotubes showed high correlation 

between biological replicates for specific histone marks. Good 
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correlation were also observed comparing the datasets we 

generated with datasets of corresponding histone marks 

produced by ENCODE for the same cell types (Figure S3 A-B). 

Slight differences between CN and FSHD were seen at the 

genome-wide level in merged replicates as evidenced by 

pearson correlation and PCA analysis (Figure S3 C-D). We thus 

sought to use our ChIP-seq datasets to infer chromatin 

segmentation in CN and FSHD to get a better characterization 

of epigenetic alterations at the genome-wide level and within 

the differential interactions we retrieved by 4q-4C-seq. We used 

ChromHMM to define chromatin states and chose a 15 state-

model accordingly named to the Roadmap nomenclature 

(Figure 1 E). An example of the ChromHMM and ChIP-seq 

signal tracks is shown around the SORBS2 gene at 4q35, 

recently described as being positively regulated in FSHD as 

well as being involved in chromatin loops with the proximal 

region of 4q D4Z4 array [42]  (Figure 1 F).  

We next sought to characterize 4q-4C interactions enrichment 

or depletion for those chromatin states. As shown in Figure S4 

A-B, no clear enrichment/depletion for chromatin states could 

be observed in 4q common or CN-specific and FSHD-specific 

interactions. Nonetheless, common interactions were 

statistically enriched for CpG islands, whereas CN-specific and 

FSHD-specific interactions were enriched for LADs and 

lincRNAs, respectively (Figure S4 C), potentially suggesting that 

these features may be linked to the altered FSHD genomic 
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contact and may play a role in FSHD-associated molecular 

deregulations.  

Finally, we addressed the question whether CN and FSHD 

show global similarities or differences in their chromatin states. 

For this, we computed Jaccard values [46] of each chromatin 

state in pairwise comparison between cell types and this 

analysis revealed that enhancers states in general were the 

most variable feature between cells (Figure 1 G). 

4q-sslp 4C allowed us to retrieve hundreds of genomic 

interactions and the genes present within these regions. The 

venn diagrams presented in Figure 2 A display the common 

and CN- (lost in FSHD) and FSHD-specific (gained in FSHD) 

interactions as well as protein-coding genes. We next combined 

our 4q-4C data with ChromHMM data and recently published 

RNA-seq datasets to unveil a potential relationship between 

altered genomic contacts, altered epigenomes as well as 

transcriptional features of FHSD cells. A recent study by 

Jagannathan et al. [47] shed light on a robust consensus 

transcriptional signature mediated by the FSHD hallmark 

transcription factor DUX4. We thus intersected these RNA-seq 

datasets with our datasets to retrieve genes from 4C 

interactions that are lost or gained by FSHD, showing active 

enhancers in FSHD and regulated or not regulated by DUX4 

(Figure 2 B). Genes positively associated with DUX4 and 

negatively associated to DUX4 were subjected to Gene 

Ontology analysis. DUX4 dependent genes with a deregulated 
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interaction with 4q-sslp (lost and gained interactions) and 

showing active enhancers were enriched for terms associated 

to development, differentiation and RNA metabolism processes 

as described in the literature (Figure 2 C-D). DUX4 independent 

genes that instead present a deregulated interaction with 4q-

sslp (lost and gained interactions) and showing active 

enhancers were instead enriched for terms associated to 

protein metabolism and modification (Figure 2 E). Interestingly, 

these processes are involved in protein degradation pathways 

characteristic or at least associated with muscle atrophy 

phenotypes. Among the genes enriched for these pathways we 

focused on FBXO32 (Atrogin1) (Figure 2 F), a muscle specific 

ubiquitin ligase, marker of atrophy when overexpressed [48-50]. 

Because muscle atrophy is one of the primary symptom of 

FSHD, we decided to better investigate this interactor, 

hypothesizing that 4q-D4Z4-Atrogin1 could be an example of a 

functional deregulated genomic interaction thus being linked to 

disease manifestation. 

Firstly, we validated by 3C experiment D4Z4 – Atrogin1 

interaction; we used as bait primer a sequence on D4Z4 [43] as 

well as various primers encompassing the Atrogin1 locus as 

illustrated in Figure S5 A. 3C-PCR analysis revealed multiple 

interactions between D4Z4 an Atrogin1 in the 5’ and 3’UTR 

regions as well as within the gene body, thus suggesting a 

multi-looped structure. These interactions were validated both in 

CN and FSHD cells. 
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We next sought to further validate between 4q-D4Z4 proximal 

regions and Atrogin1 using a more sensitive technique, 3D 

FISH. Because D4Z4 repeat has different chromosomal 

localizations in the human genome, we performed 3D multi 

color FISH using a probe for the repeat itself (green in Figure 

S5 B) and probes for 4q (red in Figure S5 B) and 10q (pink in 

Figure S5 B) in unique regions upstream the D4Z4 array. This 

enabled us to discriminate the D4Z4 spots of 4q and 10q. 

Moreover we calculated the distance between D4Z4 spots and 

4q and 10q spots (approximately 0,5 µm) (Figure S5 C) and 

decided correct for this distance in the following experiments 

using 4q and 10q probes. 

We performed 3D multicolor FISH with probes for Atrogin1 (red 

in Figure 3 A-B), 4q (green in Figure 3 A-B) and 10q (pink in 

Figure 3 A-B), in three controls and three FSHD primary 

myoblast cell lines. In order to automate image analysis and 

specifically select Atrogin1, 4q and 10q spots, we developed a 

software relying on a novel algorithm (exemplified in Figure 3A), 

that allows us to retrieve distances between all spots and 

distances of all spots from the nuclear centroid. 

First we looked at measurements of distances of Atrogin1 to 4q 

and 10q. As a trans interaction is considered consistent when it 

is detected  in a range of 10% of the cells, we chose as a cutoff 

the lowest 10 percentile of the measurements.  

We found that Atrogin1 gene interacts both with 4q sub tel and 

10q sub tel in CN cells, confirming 4C data, whereas 4q-
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Atrogin1 interaction is reduced in FSHD cells (Figure 3 C). This 

strongly suggests that contraction of the 4q-D4Z4 array 

causative of FSHD might not only be characterized by 

alterations in cis, but might also be involved in deregulated 

trans interactions. 

Interestingly 4q and 10q loci interact each other in both CN and 

FSHD (Figure S5 D-E), validating 4C results shown in Figure 

1C and suggesting that these homolog sequences share the 

same nuclear domains probably because of their reciprocal 

interaction. 

We  next further analyzed the nuclear topology of this 

interaction. Distribution of frequency of localization from the 

centroid to the nuclear periphery showed that, although 

occupying a similar nuclear domain, Atrogin1 is statistically less 

peripheral than 4q and 10q in both controls and FSHD patients 

(Figure 3 D). 

To better characterize the nuclear topology of the interaction 

between Atrogin1 and 4q-D4Z4 proximal region, we plotted the 

distribution of distances from the nuclear centroid of the spots 

that interact from those that do not interact. This revealed that 

4q spots interacting with Atrogin1 in both controls and patients 

are less peripheral than those that do not interact (Figure 3 E). 

This observation was specific to 4q-D4Z4 proximal region-

Atrogin1 interaction as we did not observe any difference when 

we considered 10q-Atrogin1 interactions (Figure S5 F). This 

suggests that 4q-D4Z4 array could occupy different positions in 
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the nucleus, from very peripheral to less peripheral. We can 

hypothesize that the contact engaged by 4q-D4Z4 with Atrogin1 

in CN cells tends to be lost in FSHD cells, in part due or 

accompanied by a more peripheral re-localization of the 

contracted 4q-D4Z4 in FSHD cells.  

We asked if this structural 3D re-organization impacts Atrogin1 

transcriptional regulation. We performed ChIP qPCR 

experiments and detected an increased binding of RNA PolII at 

Atrogin1 promoter in FSHD respect to controls (Figure 3 F and 

S6 A), accompanied by Atrogin1 transcriptional aberrant 

upregulation during myogenic differentiation (Figure S6 B-C) in 

patients respect to controls (Figure 3 G and S6 D). This suggest 

that the decreased interaction between 4q-D4Z4 proximal 

region and Atrogin1 leads to the transcriptional deregulation of 

Atrogin1 observed in patients. 

Finally, we assessed if the FSHD hallmark transcription factor 

DUX4 is involved in the transcriptional upregulation of Atrogin1 

in FSHD cells. We transfected both control and FSHD 

myoblasts (in which DUX4 is not expressed and Atrogin1 is 

minimally expressed and not yet upregulated upon 

differentiation) with a mock plasmid and a plasmid coding for 

DUX4 and confirmed that Atrogin1 is not induced by DUX4 in 

these experimental conditions (Figure S7 A-B). 

In order to better investigate the relevance for FSHD 

manifestation of the alterations linking the 4q-D4Z4 chromatin 

topololy, FHSD-epigenome and Atrogin1, we decided to further 
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investigate the genomic interactome of Atrogin1 by performing 

the reverse 4C-seq analysis, taking the promoter of Atrogin1 as 

a viewpoint. 4C datasets showed good biological reproducibility 

and a percentage of mapped reads in cis and trans within 

accepted standards (Figure S8 A). Figure 4 A depicts genome 

browser snapshots of the  4C normalized coverage at the 

Atrogin1 locus as well as chromatin segmentation tracks. Circos 

plot representation of genome-wide interactions involving the 

promoter of Atrogin1 clearly shows alterations in FSHD respect 

to control (Figure 4 B). Indeed, we detected common but also 

CN- and FSHD-specific interactions mediated by Atrogin1 as 

well as associated protein-coding genes (Figure 4 C). In order 

to assess if genes retrieved from Atrogin1 interactome of CN 

and Atrogin1 interactome of FSHD display alteration in 

chromatin states, we performed a chromatin switch analysis 

using Chromdiff software and retrieved genes that statistically 

show differences for at least 1 of the 15 chromatin states. Pie 

charts of Figure 4D show that a small fraction of interacting 

genes, roughly 10%, display switches in chromatin states when 

comparing control and FSHD. Genes showing state switches 

were subjected to Gene Ontology analysis and enriched 

pathways are represented as clustered heatmaps according to 

the semantic similarity between ontology terms (Figure 4 E and 

S8 B). Among ontology terms enriched, both controls (Figure 

S8 B) and FSHD (Figure 4 E) Atrogin1 interactomes displayed a 

cluster of terms related to muscle differentiation, muscle 
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hypertrophy and muscle adaptation, thus suggesting that 

Atrogin1 engages genomic contacts with genes relevant for 

muscle hypertrophy/atrophy processes that are further 

associated with altered chromatin states when comparing 

control and FHSD cells.  

Finally, because 4q-D4Z4 array interaction with Atrogin1 is lost 

in FSHD condition leading to transcriptional deregulation of this 

gene and the activation of the atrophic pathway, we addressed 

if Atrogin1 trancriptional deregulation could be the direct 

consequence of the D4Z4 derepression. For this purpose we 

used two different experimental approaches. First we performed 

3D multicolor FISH with Atrogin1 and 4q probes in FSHD2 cell 

lines (Figure 4 F). FSHD2 form of the disease is in fact not 

related to the contraction of 4q-D4Z4 array but instead shows 

epigenetic decompaction (DNA hypomethylation) of array [51]. 

Furthermore, 3D FISH analysis showed that interactions 

between Atrogin1 and 4q-D4Z4 proximal region is decreased in 

FSHD2 myoblasts, similar to FSHD1 (Figure 4 G) suggesting 

that the epigenetic switch of the 4q-D4Z4 array per se is 

responsible for the decreased interaction with Atrogin1. RT-

qPCR experiments showed that Atrogin1 is aberrantly 

upregulated in FSHD2 cells upon differentiation as in FSHD1 

cells (Figure S6 D). 

To test if the 4q-D4Z4 array could mediate the transcriptional 

regulation of Atrogin1, we transfected CN and FSHD primary 

myoblasts with a BAC (CH16-291A23) containing 4q at least 15 
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D4Z4 repeats (Bodega, unpublished). This BAC is already 

reported to acquire epigenetic features of the repressed 4q-

D4Z4 array when transfected [28]. After checking BAC 

transfection and the absence of differentiation induction (Figure 

S8 C, left), we assessed Atrogin1 expression by RT-qPCR and 

observed that Atrogin1 expression is reduced when 4q D4Z4 

array BAC is introduced respect to a control BAC with unrelated 

sequences in both controls and FSHD cells (Figure 4H). The 

repression of Atrogin1 in CH16-291A23 transfected myoblasts 

was not accompanied by a repression of FOXO3, activator of 

Atrogin1 (Figure S8 C, right), thus suggesting a direct role of 

4q-D4Z4 in modulating Atrogin1 expression. 
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Experimental procedures 

 

Cell cultures 

Human primary myoblasts from healthy donors and FSHD 

patients were obtained from the Telethon BioBank of the C. 

Besta Neurological Institute, Milano, Italy and the Fields Center 

for FSHD of the Rochester Medical Center Dept. of Neurology, 

New York, USA (see Supplementary table 1). 

Human primary immortalized myoblasts from healty donors and 

FSHD patients were obtained from the University of 

Massachusetts Medical School Wellstone center for FSH 

Muscular Dystrophy Research, Wellstone Program & Dept. of 

Cell & Developmental Biology, Worcester, MA USA (see 

Supplementary table 1). 

The cell lines from the Telethon BioBank were cultured in 

Dulbecco's modified Eagle medium (DMEM) supplemented with 

20% fetal bovine serum (FBS), 2 mM L-glutamine, 10 µg/ml 

insulin, 25 ng/ml human fibroblast growth factor (hFGF), 10 

ng/ml human epidermal growth factor (hEGF) (proliferating 

medium), and then induced to differentiate by means of DMEM 

supplemented with 5% horse serum and 100 µg/ml human 

insulin (differentiating medium).  

The cell lines from the Fields Center for FSHD were cultured in 

F10 Nutrient Mixture supplemented with 20% FBS, 2 mM L-

glutamine, 10 ng/ml hFGF, 0,4 µg/ml dexamethasone 

(proliferating medium), and then induced to differentiate by 
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means of DMEM supplemented with 2% horse serum, 10 μg/ml 

human insulin, 4,5 g/L D-Glucose and 0,11 g/L sodium pyruvate 

(differentiating medium). 

The immortalized cell lines were grown in plates coated with 

0,1% gelatin and cultured in Media X (4:1 DMEM/Medium 199 

plus 0,88 mg/L sodium pyruvate and 3,4 g/L sodium 

bicarbonate), supplemented with 15% FBS, 10 ng/ml hFGF, 2,5 

ng/ml human hepatocyte growth factor (hHGF), 0,055 µg/ml 

dexamethasone, 0.03 µg/ml zinc sulfate, 1,4 µg/ml vitamin B12, 

0,02 M HEPES (proliferating medium), and then induced to 

differentiate by means of Media X (4:1 DMEM/Medium 199) 

supplemented with 2% horse serum, 2 mM L-glutamine, 1mM 

sodium pyruvate, 20 mM HEPES (differentiating medium). 

All of the patients satisfied the accepted clinical criteria for 

FSHD. They had undergone DNA diagnosis and were identified 

as carriers of small (<38 kb, <11 repeats) 4q35-located D4Z4 

repeat arrays, as determined by p13E-11 hybridization to 

EcoRI-digested and EcoRI/ BlnI-digested genomic DNA. The 

details of the cell lines are shown in Additional file.  

 

4C procedure 

4C procedure followed the procedure described in [44] with 

some modifications. Control and FSHD myoblasts were grown 

in three 150 mm culture plates per sample. Cells were retrieved 

by trypsinisation, washed in PBS, resuspended in cold lysis 

buffer (50nM Tris-HCl pH 7.5, 150mM NaCl, 5mM EDTA, 0.5% 
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NP40, 1% TX-100 and protease inhibitors) and incubated at 4° 

for 1h. Efficient lysis was assessed by staining with Trypan blue 

and visualization under the microscope. Obtained nuclei were 

pelleted and resuspended in 5ml of crosslinking buffer (10 mM 

Tris pH 8, 10 mM MgCl2, 50 mM NaCl, 1mM DTT and protease 

inhibitors) and crosslinked with formaldehyde (2% final) for 10 

min at room temperature under gentle agitation. Crosslinking 

was quenched by incubation with glycin (0.125M final) for 5 min 

at room temperature and nuclei were washed 2 times with cold 

PBS, and pelleted at 1400 rpm for 5 min at 4°C. 

Nuclei were then resuspended in 450 µl of H2O Milli-Q, 60 µl of 

10X restriction buffer were added and tube were placed at 

37°C. 15 µl 10% SDS were immediately added and samples 

were incubated in a Thermomixer for 1 hour at 37 °C (900 rpm). 

100 µl of 10% TX-100 were added and samples were incubated 

for 1 hour at 37°C (900 rpm).  

The first enzymatic digestion was performed with 3 pulses of 

200U HindIII (NEB), for 4 hours, overnight and further 4 hours 

at 37°C while shaking (900 rpm). The enzymatic digestion was 

stopped by incubating the samples at 37°C for 20 min. Each 

sample was then transferred into a 50 ml tube and 5.7 ml of 

H2O Milli-Q were added.  

Ligation was performed by adding 700 µl 10X Ligase buffer 

(660mM Tris HCl pH 7.5, 50mM MgCl2, 10mM DTT, 10mM 

ATP) and 100U T4 DNA Ligase, overnight at 16°C under gentle 

agitation and further 30 min at room temperature.  
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Crosslinking was reversed by addition of 30 µl Prot K (10 

mg/ml) and incubation overnight at 65°C. Then 30 µl RNase A 

(10 mg/ml, Roche) were added and samples were incubated 45 

min at 37°C. 7 ml of Phenol–Chloroform were added to the 

samples. Samples were centrifuged 15 min, 3270 g at RT and 

the aqueous phase was collected in a fresh 50 ml tube. Ligated 

DNA was precipitated by addition of 7 ml Milli-Q, 1.5 ml 2M 

NaAC pH 5.6, 7µl glycogen (20 mg/ml) and 35 ml 100% 

ethanol. Samples were left to precipitate at -80°C for 3 hours 

and centrifuged 45 min, 4000 rpm at 4°C. DNA pellet was 

washed with 70% cold ethanol and pellet was resuspended in 

150 µl 10mM Tris–HCl pH 7.5. 

The second enzymatic digestion digestion was performed by 

adding 50U DpnII (NEB) followed by incubation overnight at 

37°C. Digestion was inactivated by incubation at 65°C for 25 

min. Digested 4C products were extracted with 500 µl Phenol–

Chloroform-alcohol isoamyl and precipitated at -80°C for 3 

hours by addition of 50 µl 3 M NaAc pH 5.2 and 950 µl 100% 

ethanol. Pelleted 4C products were washed with 70% cold 

ethanol and resuspended in 200 µl 10mM Tris–HCl pH7.5. 

Samples were transferred to a fresh 50 ml tube and the second 

ligation was performed in presence of 12.1 ml Milli-Q, 1.4 ml 

10X Ligation buffer and 200 U T4 DNA Ligase overnight at 16°C 

under gentle agitation. 4C products were then precipitated with 

0.7 ml 3M NaAC pH 5.2, 7 µl glycogen (20 mg/ml) and 35 ml 

100% ethanol at -80°C for 3 hours. The resulting pellet was 
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washed with 70% cold ethanol and resuspended in 200 µl 

10mM Tris–HCl pH 7.5. 

4C templates were purified using 2 PureLink columns per 

sample and eluted in 15 µl per column. Eluates were combined 

and quantified using the Qubit dsDNA HS assay Reagent Kit 

(Thermo Fisher Scientific) and a Qubit Fluorometer (Thermo 

Fisher Scientific).  

4C templates were amplified in 25 µl PCR reactions (12.5ng per 

reaction, 200ng of 4C template total) using bait specific primers 

(see Supplementary table 3 and 4) and Phusion Taq 

Polymerase (Thermo Fisher Scientific). PCR program consisted 

of 98°C for 3 min, 98°C for 30 sec, 55°C for 1 min, 72°C for 

2min and 72°C for 7 min for a total of 29 cycles. PCR products 

were then purified on PureLink columns (4 columns per sample) 

and eluted in 10 µl elution buffer per column (40 µl total). 

Samples were quantified using the Qubit dsDNA BR assay 

Reagent Kit (Thermo Fisher Scientific) and a Qubit Fluorometer 

(Thermo Fisher Scientific). 4C sequencing libraries were 

prepared on 500 ng of 4C template using the NEBNext Ultra 

DNA Library Prep Kit for Illumina (NEB, E7370) according to the 

manufacturer’s protocol without size selection and 5 cycles of 

PCR. Finally, libraries with cleaned with AMPure XP beads and 

eluted in 31 µl of TE. Libraries were sequenced on a NextSeq 

500 (Illumina). 
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4C-Seq analysis of 4qSSLP 

A 4q/10q specific strategy 4C-sequencing was used for 

studying 4q D4Z4 array- and 10q D4Z4 array-mediated 

interactions. Briefly, for 4q/10q specific paired-end 4C 

sequencing, primers were designed such that one of the 

selected primers reads in the single sequence length 

polymorphism (SSLP) sequences located in the proximal 4q 

and 10q D4Z4 arrays. The second 4C primer reads into the 

captured sequence ligated to the ‘bait’ fragment in the 4C 

procedure. This allows us to identify genomic regions 

interacting with 4q SSLP and 10q SSLP based on the prior 

knowledge of SSLP sequences of our samples (see 

Supplementary table 2). 

All 4C-seq reads were demultiplexed based on the 4C reading 

primer that included the restriction site sequence where one 

mismatch was allowed for the reading primer and no 

mismatches were allowed for the restriction site sequence. All 

reads were then trimmed for read primer excluding restriction 

site sequence. Reads were then trimmed for low quality using 

trimmomatic v0.32 [52] and unpaired reads were removed. 

Read pairs were then categorized for the chromosomes and 

allele based on the SSLP sequence in accordance with the 

SSLP identified experimentally for each sample. Sequencing 

runs with at least 10,000 reads in each category were 

considered for further analysis (see Supplementary table 3). 

Reads reading into the captured sequence ligated to bait from 
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the technical and biological replicates were then pooled and 

mapped to a reduced genome derived from hg19 consisting of 

all unique 75nt-long regions surrounding HindIII sites. Reads 

were mapped with Bowtie2 [53] and parameters -N = 0 and −5 

6 was used to trim the read sequences. To assess the 

reproducibility of 4C signal between the biological replicates, 

number of reads in each fragend was counted and Pearson’s 

correlation was calculated. To find chromosome-wide 

interacting domains, 4C-ker [54] was used. 4C-ker uses a 3 

state HMM to define regions of high-interaction using an input of 

window counts corrected for the effect of linear distance from 

the bait. High interacting domains were defined across the 

entire bait chromosome and other chromosomes. 4C-ker 

parameter of k = 10 for cis, k = 4 for nearbait and k = 19 for 

trans was used. Normalized 4C coverage tracks were 

generated for display in UCSC Genome Browser and Circos 

software [55] was used to visualize genome-wide 4C 

interactions. 

 

4C-Seq Analysis of Atrogin1 

All 4C-seq reads were demultiplexed based on the 4C reading 

primer that included the restriction site sequence where one 

mismatch was allowed for the reading primer and no 

mismatches were allowed for the restriction site sequence. All 

reads were then trimmed for read primer excluding restriction 

site sequence. Reads were then trimmed for low quality using 



	 202	

trimmomatic v0.32 [52] and unpaired reads were removed. 

Sequencing runs with at least 500,000 reads were considered 

for further analysis (see Supplementary table 4). Reads reading 

into the captured sequence ligated to bait from the technical 

replicates were then pooled and mapped to a reduced genome 

derived from hg19 consisting of all unique 75nt-long regions 

surrounding HindIII sites. Reads were mapped with Bowtie2 

[53] and paramteres -N = 0 and −5 6 was used to trim the read 

sequences. To assess the reproducibility of 4C signal between 

the biological replicates, number of reads in each fragend was 

counted and Pearson’s correlation was calculated. To find 

chromosome-wide interacting domains, 4C-ker [54] was used. 

4C-ker uses a 3 state HMM to define regions of high-interaction 

using an input of window counts corrected for the effect of linear 

distance from the bait. High interacting domains were defined 

across the entire bait chromosome and other chromosomes. 

4C-ker parameter of k = 10 for cis, k = 4 for nearbait and k = 19 

for trans was used. Normalized 4C coverage tracks were 

generated for display in UCSC Genome Browser and Circos 

software [55] was used to visualize genome-wide 4C 

interactions. 

 

ChIP assay and sequencing 

Human primary myoblasts were seeded in 3-4 100 mm dishes. 

When cells reached the desired confluence 10 ml of growth 

medium was leaved and 1 ml of formaldehyde solution was 
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added (HEPES-KOH 50 mM pH 7.5, NaCl 100 mM, EDTA 

1mM, EGTA 0,5 mM and formaldehyde 11%) in a way that cells 

were fixed in 1% formaldehyde for 12 min at room temperature. 

After formaldehyde quenching with 125 mM Glycine for 5 min, 

cells were washed two times in cold PBS with gentle swirl. Cells 

were harvested by using a scraper and cold PBS. Collected 

cells were lysed in 8 ml of LB1 solution (50 mM HEPES-KOH 

pH 7.5, 10 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP40, 

0.25% Triton X-100 and protease inhibitors) and incubated for 

1h at 4°C. Cells were collected and washed in 8 ml of LB2 

solution (10 mM Tris-HCl pH 8.0, 200 mM NaCl, 1 mM EDTA, 

0.5 mM EGTA and protease inhibitors) with gentle swirl 10 min 

at room temperature. Cells were collected and lysed in 600-800 

µl of LB3 (10 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM EDTA, 

0.5 mM EGTA, 0.1% Na-Deoxycholate, 0.5% N-laurylsarcosine) 

for 30 min on ice. Lysates were sonicated with Brenson A250 

for 45 sec (25% amplitude 0,5 sec on 0,5 sec off) 4-6 times. An 

aliquot (10 µl) of the sonicated material was collected to 

determine the quality of the chromatin; control sample was 

incubated over night at 65°C for cross-link reversal, treated with 

proteinase K (SIGMA) and 0,5% SDS 1h at 55°C for protein 

digestion, purified by phenol–chloroform extraction and ethanol 

precipitation, resuspended in 10 mM Tris-HCl pH 7.5 and finally 

treated with RNAse (Thermo Fisher Scientific) for 15 min at 

37°C. Control sample was loaded on 1% agarose gel for 

electrophoresis. We considered good a chromatin enriched in 
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fragments of 500 bp. The samples were quantified with 

Nanodrop spectrophotometer to determine the concentration of 

chromatin and clarified.  

Chromatin was immunoprecipitated on a rotating wheel 

overnight at 4°C with anti-H3K4me3 (Millipore, 07-473), anti-

H3K4me1 (Millipore, 07-436), anti-H3K27ac (Millipore, 07-360), 

anti-H3K27me3 (Millipore, 07-449) and anti-H3K36me3 

(Abcam, 9050) and RNAPolII (Abcam, 5408) in 300 µl LB3 and 

1% Triton X-100. Recovery of the immunocomplexes was 

obtained by the addition of 40 µl of Dynabeads protein G 

(Thermo Fisher Scientific) and incubation for 2-3 h at 4°C. Next, 

beads-antibody-chromatin complexes were washed one time in 

wash buffer low salt (0,1% SDS, 2 mM EDTA, 1% Triton X-100, 

20 mM Tris-HCl pH 8.0 and 150 mM NaCl) for 5 min at 4°C, one 

time in wash buffer high salt (0,1% SDS, 2 mM EDTA, 1% 

Triton X-100, 20 mM Tris-HCl pH 8.0 and 500 mM NaCl) for 5 

min at 4°C, one time in wash buffer low salt. Followed a brief 

wash in Tris-EDTA 50 mM NaCl. Immunocomplexes were 

eluted with elution buffer (50 mM Tris-HCl pH 8.0, 10 mM 

EDTA, 1% SDS) and cross-linking was reversed by overnight 

incubation at 65°C. Samples were treated with RNAse (Thermo 

Fisher Scientific) for 1h at 37°C and with proteinase K (SIGMA) 

for 1h at 55 °C, purified by phenol–chloroform extraction and 

ethanol precipitation, and resuspended in 20 µl of 10 mM Tris-

HCl pH 7.5.  

DNA was quantified using the Qubit dsDNA HS assay Reagent 
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Kit (Thermo Fisher Scientific) and a Qubit Fluorometer (Thermo 

Fisher Scientific).  

For ChIP-seq experiment we used two biological replicates of 

primary myoblasts and 4 days-differentiate myotubes for control 

(CN) and FSHD cells.  Sequencing libraries were prepared from 

or 5 ng of DNA using the NEBNext Ultra DNA Library Prep Kit 

for Illumina (NEB, E7370) according to the manufacturer’s 

protocol without size selection and 12 cycles of PCR. Finally, 

libraries were cleaned with AMPure XP beads and eluted in 31 

µl of 10mM Tris-HCl pH 8.0. Libraries were sequenced on a 

NextSeq 500 (Illumina). 

Instead for RNAPolII ChIP we used two biological replicates of 

only primary myoblasts.  Input was diluted 1:100 μl and 0,5 µl of 

each sample was used in qRT-PCR. Considering the highly 

representation of D4Z4 repeats present in human samples, for 

DBE amplification samples were diluted 1:20 and 0,5 µl of each 

sample was used in qRT-PCR (see Supplementary table 6). All 

experiments were repeated at least three times. 

Quantitative RT-PCR (qRT-PCR) analysis was performed on an 

Step One Plus real time PCR detection system (Applied 

Biosystem), using the power SYBR Green q-PCR master mix 

(Thermo Fisher Scientific). The relative enrichment obtained by 

using RNA PolII antibody was quantified after normalization for 

input chromatin.  
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ChIP-seq data processing and analysis 

The following already published ChIP-seq datasets from 

ENCODE were used: H3K4me1 of human skeletal muscle 

myoblast (ENCSR000ANI), H3K27ac of human skeletal muscle 

myoblast (ENCSR000ANF), H3K4me1 of human skeletal 

muscle myotubes (ENCSR000ANX) and H3K27ac of human 

skeletal muscle myotubes (ENCSR000ANV). H3K4me3, 

H3K4me1, H3K27ac, H3K27me3 and H3K36me3 reads were 

mapped on GRCh37/hg19 using bowtie2 with default 

parameters [53] and duplicate reads were filtered with 

samtools. For normalization, we used the deepTools2 package 

[56]. Aligned read files were corrected for sequencing depth and 

normalized to the respective input (bamCoverage and 

bamCompare modules). Reproducibility between replicate 

samples and already published datasets was assessed  using 

the deepTools2 package. Pearson’s coefficient correlation was 

calculated and represented as heatmaps using the 

multiBamSummary and plotCorrelation modules. PCA graphs 

were obtained with the plotPCA module. 

Normalized signal tracks of fold-enrichment were generated 

using MACS2 v2.1.0 [57] with –m FE option. We used 

respective input for signal normalization of ChIP-seq histone 

marks coverage.  

 

Chromatin state analysis 

Chromatin states of control and FSHD myoblasts and myotubes 
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were defined with ChromHMM [58] with default parameters. We 

used the 5 histone marks H3K4me3, H3K4me1, H3K27ac, 

H3K36me3 and H3K27me3 as well as the respective input files 

to test different numbers of defined chromatin states. We chose 

15 states as the optimal number according to the maximal 

informative annotated genomic features and minimal 

redundancy. Chromatin states of this 15-state model were 

named and color-coded for visualization according to the 

Roadmap nomenclature. The 15-state model was used to 

compute state enrichment on different genomic features 

represented as heatmaps in Figure 1. Calculation of pairwise 

Jaccard value presented in Figure 1 was performed with 

Bedtools v2.2.4 [59]. 

Active enhancers were assigned to their closest protein-coding 

genes (Gencode v19) using Bedtools v2.2.4 intersect and 

closest functions.  

For chromatin state switch analysis between control cells and 

FSHD cells, we used the Chromdiff software [60]. Briefly, 

Chromdiff performs an intersection between chromatin states 

and any type of annotation file, performs a summarization of 

chromatin states on given coordinates and statistically tests 

chromatin state differences between two conditions. We thus 

used chromatin state bed files of control and FHSD myoblasts 

as well as Gencode v19 protein-coding genes coordinates as 

input for Chromdiff. We retrieved protein-coding genes showing 

statistically significant differences in their major states or any 
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other chromatin state between control and FSHD. 

To determine in 4qSSLP contacted regions obtained by 

4qSSLP 4C were associated with a particular chromatin state, 

we used GAT [61]. Briefly, chromatin states were grouped to 

define the functional subgroups “active TSS” (chromatin state 

1_TssA), “transcription” (chromatin state 5_Tx + 6_TxWk), 

“genic enhancers” (chromatin state 7_EnhG1 + 8_EnhG2), 

“active enhancers” (9_EnhA1 + 10_EnhA2), “inactive 

enhancers” (11_EnhWk), “bivalent TSS” (12_TssBiv) and 

“Polycomb” (14_ReprPC). GAT was then used to evaluate the 

observed enrichment of those chromatin states in 4C interacting 

regions, expressed observed fold change over expected. 

Enrichment were considered statistically significant for a FDR-

corrected p value <0.05. 

 

Gene Ontology analysis 

Protein-coding genes retrieved from intersection between 4C 

datasets, published RNA-seq datasets and chromatin state 

analysis were used as input in the Cytoscape v3.2.0 [62] plug-in 

ClueGO v2.1.5 [63]. Satistically enriched Biological Processes 

(update on 04/18/2016) were then visualized as heatmaps 

using Euclidian hierarchical clustering on k-score GO terms 

similarity. Heatmaps were generated in R. 

 

3C Assay 

The 3C assay was performed accordingly to Cortesi et al. [64] 
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with minor adaptations. A total of 3,5 × 106 cells were 

resuspended in 10 ml of cold cell lysis buffer (10 mM Tris, pH 

8.0, 10 mM NaCl, 5mM MgCl2, 100μM EGTA and protease 

inhibitors) and incubated for 10 min at 4°C; nuclei were pelleted 

and resuspended in 5 ml of crosslinking buffer (10 mM Tris-Cl, 

pH 8, 10 mM MgCl2, 50 mM NaCl and 1 mM dithiothreitol and 

protease inhibitors) and crosslinked with 2% formaldehyde for 

10 min at room temperature. The reaction was quenched by the 

addition of 0.125 M glycine for 5 min. The crosslinked nuclei 

were washed with PBS and resuspended in 500 μl of restriction 

enzyme buffer (NEB) and, after the addition of 0.3% sodium 

dodecyl sulfate (SDS), incubated at 37°C for 1 h. SDS was 

sequestered by the addition of 1,8% Triton X-100 and 

incubation at 37°C for 1 h. Digestion was performed using 500 

U of PvuII (NEB) at 37°C overnight with constant agitation. 

Enzyme was inactivated by the addition of 1.6% SDS and 

incubation at 65°C for 25 min. The reaction was diluted to a 

final concentration of 2.5 ng/μl in a ligation reaction buffer (57 

mM Tris-HCl pH 7.5, 11 mM MgCl2, 11 mM DTT, 1,1 mM ATP, 

1% Triton X-100) and incubated at 37°C for 1 h to allow SDS 

sequestration by Triton X-100. Ligation was performed adding 

2,000 U of T4 DNA ligase (NEB). The ligations were incubated 

at 16°C for 8 h. The samples were treated with proteinase K 

(SIGMA) and incubated overnight at 65°C to reverse the 

formaldehyde crosslinks. The samples were treated with 

RNAse cocktail (500 U⁄ml of RNase A and 20,000 U⁄ml of 



	 210	

RNase T1)(Thermo Fisher Scientific) and incubated at 37°C for 

40 min. DNA fragments were purified by phenol–chloroform 

extraction and ethanol precipitation and then resuspended in 10 

mM Tris-HCl pH 7.5. A reference template was generated by 

digesting, mixing and ligating bacterial artificial chromosomes 

spanning the genomic regions of interest: Atrogin1 region and 

the D4Z4 array. 3C templates and the reference template were 

used to perform semiquantitative PCR with DreamTaq DNA 

Polymerase (Thermo Fisher Scientific). Primers flanked the 

PvuII restriction sites scanned Atrogin1 region, instead the bait 

primer is located inside D4Z4 repeat (see Supplementary table 

5). The PCR products were quantified using the ImageJ 

software. Data are presented as the ratio of amplification 

obtained with 3C templates and with the reference template.  

 

Three-dimensional DNA FISH assay 

BAC (BACPAC Resources Program, CHORI) DNA (CH16-

77M12 for D4Z4 repeat, RP11-279K24 for 4q35.1, RP11-

288G11 for 10q26.3 and RP11-174I12 for Atrogin1), 1-3 µg, 

was labeled with bio-dUTP (Thermo Fisher Scientific), dig-dUTP 

(ROCHE) and cy3-dUTP (Thermo Fisher Scientific) with nick 

translation in 50 µl of labeling mix buffer (0,02 mM dNTPs C-G-

A, 0,01 mM dTTP, 0,01 mM labeled dUTP, 50 mM Tris-Hcl pH 

7.8, 5 mM MgCl2, 10 mM β-mercaptoethanol, 10 ng/µl BSA, 

0,05 U/µl DNA PolII (Thermo Fisher Scientific), 0,004 U/µl 

DNase I (SIGMA)) for 2h at 16°C. Dimensions of probes were 
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checked on 2% agarose gel till are around 50 bp. Probes were 

precipitated with ethanol and resuspended in Tris-HCl 10 mM 

pH 7.5. For each experiment 100 ng of each probe was used, 

precipitating with 3,5 µg of Cot-1 DNA (Thermo Fisher 

Scientific) and 20 µg of unlabeled salmon sperm DNA (SIGMA). 

Probes were resuspended in 6 μl  50% formamide/2xSSC/10% 

dextran sulfate as follows: the pellet were resolved in the 

appropriate amount of 100% formamide (shake at 40°C, can 

take up to a few hours) and then were added the equal volume 

of 4xSSC/20% dextran sulfate. Cells were plated directly on 

coverslips and when reached a confluence of approximately 

60% they were fixed with 4% paraformaldehyde in PBS 

1X+Tween 0,1% (PBS-T) for 10 min at room temperature. 

During the last minute few drops of 0.5% TritonX-100/PBS were 

added, followed by three 3-min washes in PBS with 0.01% 

TritonX-100  at room temperature. Cells were first permeabilized 

in 0.5% TritonX-100/PBS for 10 min at room temperature. A 

step of RNAse (Thermo Fisher Scientific) treatment was 

performed for 1h at 37°C. Cells were subjected to others 

passages of permeabilization in 20% Glycerol in PBS over night 

at room temperature, followed by freeze and thaw steps 

interleaved by soak in 20% Glycerol/PBS for 4 times. Three 10-

min washes in at room temperature were performed. Cells were 

then incubated with 0.1M HCl for 5 minutes at room 

temperature, followed by a rinse in 2xSSC and then incubated 

in  50% formamide (pH = 7.0)/2xSSC (at least 30 minutes at 
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room temperature). Slides were equilibrate in 2xSSC for 2 min 

at room temperature, PBS for 3 min and then treated with 0.01 

N HCl/0.0025% pepsin for 3-4 min to eliminate cyotoscheleton. 

Pepsin was inactivated with two 5-min washes in PBS/MgCl2 

50 mM. Nuclei were post-fixed in 1% PFA in PBS for 1 

min,  washed for 5 min in PBS and two times in 2XSSC, and 

then back to 50%FA/2xSSC for at least 30 min.  Hybridization 

solution was loaded on a clean microscopic slide, coverslip with 

nuclei was turned upside down on the drop of hybridization 

mixture and sealed with rubber cement. Samples were 

denatured at 75°C for 4 min and leaved to hybridize at 37°C in 

a metallic box floating in a 37°C water bath over night. Followed 

three 5-min washes in 2xSSC at 37°C, three 5-min washes in 

0.1xSSC at 60°C, a rinse in 4xSSC/0.2%Tween and blocking in 

4xSSC/0.2%Tween + 4% BSA for 20 min at 37°C. Samples 

were then incubated with the appropriate concentration of 

streptavidin (Thermo Fisher Scientific)  (1:1.000) or 

antidigoxygenin (ROCHE) (1:100) diluted in 4xSSC/0.2%Tween 

+ 4% BSA 35 min in a dark and wet chamber at 37°C. Followed 

three 3-min washes in 4xSSC/0.2%Tween at 37°C. nuclei were 

equilibrated in PBS and post-fixed in 2% formaldehyde/PBS for 

10 min at room temperature. Followed three 5-min washes in 

PBS. The 3D-fixed nuclei were counterstained for 10 min with 

DAPI at room temperature. Followed two 5-min washes in PBS. 

Coverslips were mounted. An Eclipse Ti-E (Nikon Instruments, 

Florence, Italy) was used to scan the nuclei, with an axial 
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distance of between 2-2.5 micron consecutive sections 

 

3D multicolour FISH analysis tool 

In order to automatically analyse 3D multicolour FISH in 

fluorescence cell image z-stacks we developed a tool in 

MATLAB. The tool is capable to detect and localize fluorescent 

3D spots by performing the 2D segmentation of cell nuclei and 

the detection of spots for each slice of the stack followed by the 

3D reconstruction and identification of nuclei and spots. It then 

measures the relative positioning of spots in the nucleus and 

inter-spot distances which greatly enrich our understanding of 

the 3D spatial organization of the spots within cell nucleus. The 

tool implements the following algorithm: 

for each slice n of the stack 

nuclein = nuclei_seg(Idapi,n) %Performs 2D nuclei segmentation 

for each fluorescent field f=Atrogin1,4q,10q 

spotf,n = detect_spot(If) %Performs 2D spot detection 

 spot_volf(:,:,n) = spotf,n(:,:) 

endfor 

nuclei_vol(:,:,n) = nuclein(:,:) 

endfor 

nuclei_CC = bwconncomp(nuclei_vol) 

nuclei_L = labelmatrix(nuclei_CC) 

compute volume for each nucleus object in nuclei_CC 

exclude nuclei whose volume is less than 10% of mean 

volumes 
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{NCL}M <- identified 3D nuclei 

for each nucleus m in {NCL}M 

for each fluorescent field f=Atrogin1,4q,10q 

NCLm.spotf <- detected spots within the 3D nucleus NCLm 

spot_CCf = bwconncomp(NCLm.spotf) 

compute volume for each spot object in spot_CCf 

exclude spots whose volume is below the SD of the volumes 

{SPTf}nf <- identified 3D spots 

endfor 

if number of identified spots nf = 2 for each f=Atrogin1,4q,10q 

nucleus m is deemed suitable for analysis 

compute distances of any spot from any other spot 

compute distances of any spot from the nuclear periphery 

compute distances of any spot from the nuclear centroid 

compute distance from nuclear periphery to nuclear centroid 

endif 

endfor 

 

The function nuclei_seg performs a partition of cell image in 

nuclei regions and background implementing a region based 

segmentation algorithm. The function detect_spot has four 

major steps. It first filters the image If applying the Laplacian of 

Gaussian (LoG) operator (fspecial MATLAB function) of size 13 

and standard deviation 7. This enhances the signal in the areas 

where objects are present. Then the function applies the h-

dome transformation [65] that extracts bright structures by 
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cutting off the intensity of height h from the top, around local 

intensity maxima. We used h=0.5 with a neighborhood size of 

19x19. We decided to not use a global operator after having 

observed that a spot in one part of the image could be lighter or 

darker than the background in another part. This is due to the 

facts that spots have inhomogeneous intensity distribution over 

the image and that the image may have an uneven background. 

In the third step, the function performs a thresholding on h-

domes image that excludes pixels whose intensity values are 

below a threshold. The threshold is 1.96 standard deviations 

above the mean of domes intensity values. We therefore 

assumed that spot areas have significant intensity disparity with 

respect to other bright areas present in cell nucleus. Lastly, the 

function applies a thresholding operation based on the surface 

areas of the spots, in order to discard too small objects which 

are probably just noise. It filters out spots smaller than a surface 

area of 25. detect_spot produces an accurate set of spots. 

spot_volf and nuclei_vol are 3D arrays that contain the positions 

of the detected spots and nuclei from all slices. 

3D reconstructions of nuclei are obtained through the 

connected components algorithm (bwconncomp MATLAB 

function, using a connectivity of 26). 3D nuclei are then labeled 

by applying the labelmatrix MATLAB function so they can easily 

separated each from the others. 

The tool compute volume of each 3D reconstruction, discarding 

objects whose volume is less than 10% of mean volumes which 
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are just noise. 

3D reconstructions of spots are obtained through the connected 

components algorithm (bwconncomp MATLAB function, using a 

connectivity of 26). Then a threshold operation is performed on 

the 3D spots to obtain the more significant ones: it keeps in all 

the spots whose volume is above the threshold the standard 

deviation of the volumes. 

For each nucleus, the tool checks the number of identified spots 

for each fluorescent field. If there are exactly 2 spots for each 

fluorescent field that nucleus is deemed suitable for the 

analysis: the tool computes the distances of any spot from any 

other spot, the distances of any spot from the nuclear periphery 

and the nuclear centroid and the distance from the nuclear 

periphery to the nuclear centroid. 

 

Total RNA extraction and cDNA production 

Total RNA extraction was performed using the RNeasy Mini Kit 

(Qiagen), and the purified RNA was treated with RNase-free 

DNase (Qiagen) to remove any residual DNA, following the 

manufacturer's instructions. RNA was retrotranscribed using the 

SuperScript III First-Strand Synthesis SuperMix (Thermo Fisher 

Scientific) following the suggested conditions. cDNA was  finally 

diluted 1:3 for the following use and 1 ng for each reaction was 

used in qRT-PCR. 

Quantitative RT-PCR (qRT-PCR) analysis was performed on an 

Step One Plus real time PCR detection system (Applied 
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Biosystem), using the power SYBR Green q-PCR master mix 

(Thermo Fisher Scientific). The relative expression of the 

investigated genes was quantified after normalization against 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and 

then reported as absolute or normalized on myoblasts.  

The primer pairs used for real time amplifications are shown in 

Supplementary table 6. 

 

Transfection 

For DUX4 transfection human primary cells from controls and 

patients were plated in a 6-well dish containing a glass 

coverslip at 5 × 105 cells/well in growth medium without 

antibiotics. Cells were leaved to adhere for 4-5 h. After that 4 μg 

of plasmid DNA (pCMV-Myc or pCMV-DUX4, a gently gift of 

Gabellini’s lab)) were diluted in room-temperature Opti-MEM®  

(Thermo Fisher Scientific) to a final volume of 250 μl. 10 μl of 

Lipofectamine® 2000 Reagent (Thermo Fisher Scientific) were 

diluted with Opti-MEM to a final volume of 250 μl to achieve a 

ratio of DNA weight to Lipofectamine volume that is 1:2.5. The 

Lipofectamine and plasmid DNA preparations in Opti-MEM 

were gently mixed and incubated for 20 min at room 

temperature. During this time medium were replaced with 2 ml 

of fresh medium. Transfection complexes were then added to 

the cell cultures, and the cultures were incubated at 37°C in 5% 

CO2. The following day samples were processed for the RNA 

extraction. 
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For 4q D4Z4 array transfection immortalized human primary 

cells from controls and patients were plated in a 12-well dish at 

6 × 104 cells/well in growth medium without antibiotics. The 

following day, 2 μg of BAC DNA (RP11-2A16 for control or 

CH16-291A23 fo 4q D4Z4 repeat array) were diluted in room-

temperature Opti-MEM®  (Thermo Fisher Scientific) to a final 

volume of 50 μl with the addition of 4 μl of P3000TM Reagent 

(Thermo Fisher Scientific). 4 μl of Lipofectamine® 3000 

Reagent (Thermo Fisher Scientific) were diluted with Opti-MEM 

to a final volume of 50 μl to achieve a ratio of DNA weight to 

Lipofectamine volume that is 1:2. The Lipofectamine and BAC 

DNA (plus P3000) preparations in Opti-MEM were gently mixed 

and incubated for 20 min at room temperature. During this time 

medium were replaced with 600 μl of fresh medium. 

Transfection complexes were then added to the cell cultures, 

and the cultures were incubated at 37°C in 5% CO2. The day 

after the transfection medium was replaced with growth medium 

and the cells were maintained under standard conditions until 

the following day for the next DNA and RNA extraction. 

The primer pairs used for PCR or real time amplifications are 

shown in Supplementary table 6. 

 

Immunofluorescence 

For immunofluorescence staining of DUX4 cells transfected with 

plasmids containing or not DUX4 ORF were fixed in 4% 

paraformaldehyde in PBS-T for 15 minutes at room temperature 
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and then washed twice with PBS. Cells were permeabilized with 

0,5% Triton X-100 in PBS for 10 minutes at room temperature 

with gentle rocking and then washed three times with PBS. In 

order to prevent the nonspecific binding of the antibodies, 

before using antibodies to detect proteins, all epitopes on cells 

should be blocked in 4% BSA in PBS-T for 30 minutes at room 

temperature with gentle rocking. 

Cells were incubated for 3 h at room temperature with gentle 

rocking with the primary rabbit-DUX4 antibody directed against 

the C-terminal region of DUX4 (E5-5; 1:200, Abcam, 

ab124699), diluted in 4% BSA in PBS-T. 

After washing three times in PBS-T, followed an incubation with 

diluted Alexa 488 conjugated donkey anti-rabbit  

(A21206, 1:1000, Thermo Fisher Scientific) for one hour, gently 

rocking in the dark. Next, cells were washed three times with 

PBS-T and counterstained for 10 min with DAPI diluted in PBS-

T at room temperature. Followed two washes in PBS-T and two 

in PBS, coverslips were mounted. A  Eclipse Ti-E (Nikon 

Instruments, Florence, Italy) was used to scan the cells. 

 

DNA extraction 

Total DNA extraction from transfected cells was performed in 

200 µl of DNA extraction Buffer (Tris-HCl 20 mM, EDTA 5 mM, 

150 mM NaCl) with the addition of 0,5 % SDS and 80 µg of 

proteinase K (SIGMA) at 37°C overnight with bland agitation. 

The day after DNA fragments were purified by phenol–
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chloroform and phenol-chloroform-isoamyl alcohol extraction 

and ethanol precipitation and then resuspended in 10 mM Tris-

HCl pH 7.5. DNA templates were used to perform qualitative 

PCR with DreamTaq DNA Polymerase (Thermo Fisher 

Scientific). Primers used recognized a sequence specific of the 

BAC vector and common to both BAC used in the experiment. 

The PCR products confirming the presence of BAC in 

transfected cells DNA preparations were shown. 

The primer pairs used for the real time amplifications are shown 

Supplementary table 6. 

 

 

Statistics 

For all graphs, mean value and standard error of the mean are 

presented with the number of replicates indicated in the figure 

legends. p values and applied statistical tests are indicated in 

the figure legends. 
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Figure legends 

 

Figure 1. Definition of 4q specific D4Z4 interactome that is 

epigentically deregulated in FSHD 

(A) Integrated “omics” approach to decipher chromatin structure 

alterations in FSHD. To probe genome/chromatin remodeling in 

FSHD we sought to develop a chr4q specific 4C-seq approach. 

ChIP-seq datasets for classical histone marks were used to 

define the chromatin states with ChromHMM and RNA-seq 

published datasets [47] to get insights in the transcriptional 

deregulations of the structurally deregulated loci.  

(B) Scheme of the 4q-allele-specific 4C-seq. The 40kb proximal 

region of the polymorphic chr4q D4Z4 array displays more than 

98% of sequence identity with chr10q26. We took advantage of 

a Single Sequence Length Polymorphism (SSLP) upstream the 

D4Z4 array to design a paired-end allele-specific 4C. Mate 

reads give us the possibility to precisely assign the 

chromosome of origin (chr4 and chr10) as well as the 

contribution of chr4 alleles (4qA161, 4qB163 and 4qB168) and 

chr10 alleles (10qA166) to the interactions we retrieved.  

(C) Genome browser snapshot of the FSHD locus (4q35) 

depicting 4C normalized coverage tracks for 4q and 10q 

viewpoints in CN and FSHD.  

(D) Circus plots depicting all the interactions mediated by the 

D4Z4 proximal region sslp on chr4q in control (CN) and patients 

(FSHD). Cis interaction are depicted in red, trans interactions 
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between sslp and chr8 (see later) in yellow and chr10 in green. 

Other trans interactions are depicted in grey.  

(E) ChromHMM 15-state model of CN and FSHD myoblasts 

(MB) and myotubes (MT) obtained with ChIP-seq datasets we 

generated for H3K4me1, H3K4me3, H3K27ac, H3K27me3 and 

H3K36me3 (left, emission parameters, right, transition 

parameters). Integrations of our ChIP-seq datasets enabled us 

to define 15 chromatine states, according to the nomenclature 

of Roadmap. 

(F) Genome browser snapshot of SORBS2 gene region with the 

ChromHMM and ChIP-seq signal tracks in CN and FSHD 

myoblasts and myotubes with 4q- and 10q-4C coverage. 

(G) Jaccard values of each chromatin state between CN and 

FSHD (myoblasts and myotubes togheter). Each dot shows one 

pairwise comparison (lines indicate medians). 

 

Figure 2. FSHD deregulated interactions show genes 

enriched for active enhancers that are also DUX4 

indipendent 

(A) Venn diagrams of chr4q sslp interacting regions and 

associated protein-coding genes in CN and FSHD. 

(B) Venn diagrams depicting the intersection of genes that we 

found in interactions that are lost (up) or gained (bottom) by 

FSHD, genes that showed active enhancers in FSHD as well as 

genes transcriptionally regulated or not regulated by DUX4 [47]. 

(C-E) Gene ontology analysis of genes found in deregulated 
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interactions (lost or gained) with active enhancer expressed and 

DUX4 dependent (n=433, 220+213) or indipendent (n=1637, 

859+778). Significant enriched terms were clustered according 

to semantic similarity and represented as heatmaps.  

(D-F) Snapshots of an enlarged view of gene DUX4 dependent 

or independent  present in enriched terms of gene ontology 

shown in C-E respectively, showing ChromHMM and ChIP-seq 

signal tracks. 

 

Figure 3. Insight a functional trans interaction relevant for 

the atrophic phenotype 

(A) Algorithm workflow exemplified: image datasets are 

processed first segmenting nuclei in 2D and detecting spots in 

each slice, then spots are 3D reconstructed within nucleus and 

all the measurements are done. 

(B) Representative nuclei of 3D DNA multicolor FISH in CN (up) 

and FSHD (bottom). Nuclei are counterstained in DAPI (blue), 

Atrogin1 locus (red), 4q35.1 region (green) and 10q26.3 region 

(pink). The scale bar is indicated. 

(C) Bar plot show the percentage of interprobe distances below 

the specified cutoff, set at the distance that included the sum of 

lowest ten percentile of measurements for the interactions and 

distance between Atrogin1 from 4q35.1 and 10q26.3 probes in 

CN and FSHD. n=3. Approximately measurements derived from 

200-300 nuclei for each condition are used. Fisher one-tailed 

test p<0.05. 
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(D) Frequency distributions from the nuclear centroid of 

Atrogin1 (red), 4q35.1 (green) and 10q26.3 (pink) spots in CN 

(left) and FSHD (right). n=3. Approximately measurements 

derived from 200-300 nuclei for each condition are used. 

Atrogin1/4q35.1 and Atrogin1/10q26.3 Wilcoxon two-tailed test 

p<0.001 in both CN and FSHD. 

(E) Frequency distributions from the nuclear centroid of 4q35.1 

interacting with Atrogin1 (light green) and 4q35.1 not interacting 

(dark green) in CN (left) and FSHD (right). n=3. Approximately 

measurements derived from 200-300 nuclei for each condition 

are used. 4q35.1 interacting/not interacting Man U two-tailed 

test p<0.05 in both CN and FSHD. 

(F) Bar plots showing enrichment of RNA Pol II at Atrogin1 

promoter (left) and in an internal region (right) assessed by 

ChIP-PCR experiment in both CN and FSHD. n=3. S.e.m. is 

indicated. 

(G) Bar plot showing expression levels of Atrogin1 gene during 

CN and FSHD differentiation (MB, myoblasts, MT2, myotubes 

day 2, MT4, myotubes day 4, MT6, myotubes day 6). Data were 

normalized on Gapdh expression. n=3. S.e.m. is indicated. MT2 

FSHD/CN Two-way ANOVA and Bonferroni post-tests p<0.01; 

MT4 FSHD/CN Two-way ANOVA and Bonferroni post-tests 

p<0.05. 
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Figure 4. From bottom to top: Atrogin1 interactome 

deregulation in FSHD and recovery of Atrogin1 expression 

through a new 4q D4Z4 array 

(A) Genome browser snapshot of the Atrogin1 locus depicting 

4C normalized coverage tracks in CN and FSHD as well as 

chromatin segmentation tracks.   

(B) Circus plots depicting all the interactions mediated by the 

Atrogin1 promoter region in CN and FSHD. Cis interaction are 

depicted in yellow, trans interactions between Atrogin1 and chr4 

in red and chr10 in green. Other trans interactions are depicted 

in grey.  

(C) Venn diagrams of Atrogin1 interacting regions and 

associated protein-coding genes in CN and FSHD. 

(D) Pie charts showing percentages of genes from control 

Atrogin1 interactome and FSHD Atrogin1 interactome that 

present or not statistically significant chromatin switches as 

assessed with chromDiff software.  

(E) Gene ontology analysis of genes of FSHD Atrogin1 

interactome that shows chromatin state switch. Significant 

enriched terms were clustered according to semantic similarity 

and represented as heatmaps.  

(F) Representative nuclei of a 3D DNA multicolor FISH in two 

FSHD2 cell lines, FSHD2-1 (up) and FSHD-2 (bottom). Nuclei 

are counterstained in DAPI (blue), Atrogin1 locus (red) and 

4q35.1 region (green). The scale bar is indicated. 

(G) Bar plot show the percentage of interprobe distances below 
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the specified cutoff, set at the distance that included the sum of 

lowest ten percentile of measurements for the interactions and 

distance between Atrogin1 from 4q35.1 probes in CN, FSHD1 

and FSHD2. n=3. Approximately measurements derived from 

100-200 nuclei for each condition are used. FSHD1/CN Fisher 

one-tailed test p<0.05; FSHD2/CN Fisher one-tailed test 

p<0.05. 

(H) Bar plots showing expression levels of Atrogin1 gene in CN 

and FSHD MB after transfection with a control BAC (Ctrl BAC) 

and BAC containing a piece of 4q D4Z4 array (BAC D4Z4n). 

Data were normalized on Gapdh expression. n=at least 3. 

S.e.m. is indicated. CN MB Ctrl BAC/BAC D4Z4n Paired one-

tailed t test p<0.05; FSHD MB Ctrl BAC/BAC Paired one-tailed t 

test D4Z4n p<0.01. 
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Supplementary figures legend 

 

Supplementary Figure S1. 

(A) Scatter plots of Pearson’s correlation coefficient of samples 

for the 4q-D4Z4 4C showing reproducibility between biological 

samples of CN (C5 and C6) (left) and FSHD (F5 and F6) (right) 

and bar plots showing percentage of mapped reads in cis and 

in trans for the 4q-D4Z4 viewpoint.  

(B) Scatter plots of Pearson’s correlation coefficient of samples 

for the 10q-D4Z4 4C showing reproducibility between biological 

samples of CN (C5 and C6) (left) and FSHD (F5 and F6) (right) 

and bar plots showing percentage of mapped reads in cis and 

in trans for the 10q-D4Z4 viewpoint. 

 

Supplementary Figure S2. 

(A) Genome browser snapshot of whole chr4 with the 

ChromHMM tracks in CN and FSHD myoblasts and myotubes 

with 4q- and 10q-4C coverage. 

(B) Genome browser snapshot of whole chr10 with the 

ChromHMM tracks in CN and FSHD myoblasts and myotubes 

with 4q- and 10q-4C coverage. 

(C) Genome browser snapshot of FRG1 gene region with the 

ChromHMM tracks in CN and FSHD myoblasts and myotubes 

with 4q- and 10q-4C coverage. 
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Supplementary Figure S3. 

(A) Clustered heatmap of genome-wide enrichment signal of all 

the chip-seq datasets in myoblasts we generated and used for 

each replicate (left). Samples were clustered according to 

Pearson correlation coefficient. Clustered heatmap of genome-

wide enrichment signal of the chip-seq datasets we generated 

and corresponding datasets from ENCODE (right).  

(B) Clustered heatmap of genome-wide enrichment signal of all 

the chip-seq datasets in myotubes we generated and used for 

each replicate (left). Samples were clustered according to 

Pearson correlation coefficient. Clustered heatmap of genome-

wide enrichment signal of the chip-seq datasets we generated 

and corresponding datasets from ENCODE (right).  

(C) Clustered heatmap of genome-wide enrichment signal of all 

the chip-seq datasets we generated and used, depicting 

merged biological replicates for each histone mark and 

myoblasts (left) and myotubes (right).  

(D) PCA representation of genome-wide enrichment signals for 

all the histone marks we analyzed in myoblasts (left) and 

myotubes (right). 

 

Supplementary Figure S4. 

(A) Scheme of the approach used to detect overlap between 

genomic regions interacting with 4q sslp as detected by 4C-seq 

and several features such as chromatin states, CpG islands, 

genes and Lamin-Associated Domains (LADs). GAT (Genomic 
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Association Tester) [61] was used to perform 10,000 random 

permutations and compute the significance of overlap between 

4C interacting regions and above-mentioned features/intervals. 

Results of significant overlap between features is given as Fold 

Enrichment of observed versus Expected overlap corrected for 

FDR empirical p value. 

(B) Overlap enrichment of selected chromatin states and 

common interacting regions (Common), CN-specific regions 

(CN) and FSHD-specific regions (FSHD) of 4q sslp 4C.  

(C) Overlap enrichment of CpG islands, Refseg protein coding 

genes, lincRNAs and LADs and common interacting regions 

(Common), CN-specific regions (CN) and FSHD-specific 

regions (FSHD) of 4q sslp 4C. 

 

Supplementary Figure S5. 

(A) Diagram of the genomic region analyzed in the chromosome 

conformation capture (3C) experiments, indicating the PvuII 

restriction sites (thin vertical lines); the arrowheads indicate the 

primer positions, the numerical series in Atrogin1 locus and * in 

the D4Z4 repeats; crosslinking frequency is expressed as the 

ratio of polymerase chain reaction (PCR) performed on 3C 

samples relative to bacterial artificial chromosome (BAC) 

controls between the fixed PvuII fragment * (D4Z4 repeats) and 

the Atrogin1 locus.  

n=3. S.e.m. is indicated. CN MB One-way ANOVA p<0.001; 

FSHD MB One-way ANOVA p<0.001.  
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(B) Representative nucleus of a 3D DNA multicolor FISH in CN. 

Nuclei are counterstained in DAPI (blue), D4Z4 repeat (green), 

4q35.1 region (red) and 10q26.3 region (pink). The scale bar is 

indicated. 

(C) Box & whiskers plot showing the distribution of distances of 

4q and 10q D4Z4 spots from 4q35.1 and 10q36.3 regions. 

(D) Representative nuclei of 3D DNA multicolor FISH in CN and 

FSHD. Nuclei are counterstained in DAPI (blue), 4q35.1 region 

(green) and 10q26.3 region (pink). The scale bar is indicated. 

(E) Bar plot show the percentage of interprobe distances below 

the specified cutoff, set at the distance that included the sum of 

lowest ten percentile of measurements for the interactions and 

distance between 4q35.1 from 10q26.3 probes in CN and 

FSHD. n=3. Approximately measurements derived from 200-

300 nuclei for each condition are used.  

(F) Frequency distributions from the nuclear centroid of 10q26.3 

interacting with Atrogin1 (light pink) and 10q26.3 not interacting 

(dark pink) in CN (left) and FSHD (right). n=3. Approximately 

measurements derived from 200-300 nuclei for each condition 

are used.  

(G) Frequency distributions from the nuclear centroid of 

Atrogin1 interacting with 4q35.1 (light red) or 10q26.3 (orange) 

and Atrogin1 not interacting (dark red) in CN (left) and FSHD 

(right). n=3. Approximately measurements derived from 200-

300 nuclei for each condition are used.  
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Supplementary Figure S6. 

(A) Bar plots showing percentage of input enrichment of RNA 

Pol II at DBE and two regions for positive and negative binding 

of RNA PolII through ChIP experiment in both CN and FSHD. 

n=3. S.e.m. is indicated. For PolII Ctrl + FSHD/CN p<0.05. 

(B) Bar plots showing expression levels of DBE-T, DUX4-fl, 

MyoD, MYHC2, Myogenin genes during CN and FSHD1 

differentiation (MB, myoblasts, MT2, myotubes day 2, MT4, 

myotubes day 4, MT6, myotubes day 6). Data were normalized 

on Gapdh expression. n=3. S.e.m. is indicated. For DBE-T MT6 

FSHD/CN Two-way ANOVA and Bonferroni post-tests p<0.05; 

for DUX4-fl MT4 FSHD/CN Two-way ANOVA and Bonferroni 

post-tests p<0.05. 

(C) Bar plots showing expression levels of DBE-T, DUX4-fl, 

MyoD, MYHC2, Myogenin genes during CN and FSHD2 

differentiation (MB, myoblasts, MT2, myotubes day 2, MT4, 

myotubes day 4, MT6, myotubes day 6). Data were normalized 

on Gapdh expression. n=3. S.e.m. is indicated. For DBE-T MT6 

FSHD/CN Two-way ANOVA and Bonferroni post-tests p<0.05; 

for DUX4-fl MT4 FSHD/CN Two-way ANOVA and Bonferroni 

post-tests p<0.05. 

(D) Bar plots showing expression levels of Atrogin1 gene during 

CN, FSHD6 (an FSHD1 cell line) (left) and FSHD2 (right) 

differentiation (MB, myoblasts, MT2, myotubes day 2, MT4, 

myotubes day 4, MT6, myotubes day 6). Data were normalized 

on Gapdh expression. n=3. S.e.m. is indicated. For FSHD6 
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MT2 and MT4 FSHD/CN Two-way ANOVA and Bonferroni post-

tests p<0.001; MT6 FSHD/CN Two-way ANOVA and Bonferroni 

post-tests p<0.01; For FSHD2 MT4 FSHD/CN Two-way ANOVA 

and Bonferroni post-tests p<0.001; MT6 FSHD/CN Two-way 

ANOVA and Bonferroni post-tests p<0.05; 

 

Supplementary Figure S7. 

(A) Representative field of an immunofluorescence in CN and 

FSHD transfected with plasmid containing DUX4 (left). Nuclei 

are counterstained in DAPI (blue) and DUX4 protein (green). 

The scale bar is indicated. Bar plot showing the percentage of 

transfected cells in CN and FSHD. n=3. S.e.m. is indicated. 

(B) Bar plots showing expression levels of Atrogin1, MYHC2, 

Myogenin, DUX4-ORF, DUX4 Ctrl + (gene positively regulated 

by DUX4) and DUX4 Ctrl – (gene not regulate dby DUX4) 

genes in CN and FSHD MB after transfection with a control 

plasmid (Mock) and a plasmid containing DUX4 (DUX4). Data 

were normalized on Gapdh expression. n=3. S.e.m. is 

indicated. 

 

Supplementary Figure S8. 

(A) Scatter plots showing reproducibility between biological 

samples of CN (C5 and C6) and FSHD (F5 and F6)(left) and 

bar plots showing percentage of mapped reads in cis and in 

trans for all the samples with Atrogin1 viewpoint.  

(B) Gene ontology analysis of genes of CN Atrogin1 
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interactome that shows chromatin state switch. Significant 

enriched terms were clustered according to semantic similarity 

and represented as heatmaps.  

(C) Gel electrophoresis showing PCR products. DNA extracting 

from control and transfected CN and FSHD cells were amplified 

using primers that recognize portions of BAC vector to validate 

transfection. 

(D) Bar plots showing expression levels of Myogenin and 

FOXO3 genes in CN and FSHD MB after transfection with a 

control BAC (Ctrl BAC) and BAC containing a piece of 4q D4Z4 

array (BAC D4Z4n). Data were normalized on Gapdh 

expression. n=at least 3. S.e.m. is indicated. 
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Figure 1. Definition of 4q specific D4Z4 interactome that is 

epigentically deregulated in FSHD 
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Figure 2. FSHD deregulated interactions show genes 

enriched for active enhancers that are also DUX4 

indipendent 
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Figure 3. Insight a functional trans interaction relevant for 

the atrophic phenotype 
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Figure 4. From bottom to top: Atrogin1 interactome 

deregulation in FSHD and recovery of Atrogin1 expression 

through a new 4q D4Z4 array 
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Supplementary Figure S1. 
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 Supplementary Figure S2. 

Scale
chr10:

50 Mb hg19

50,000,000 100,000,000

Scale
chr4:

50 Mb hg19

50,000,000 100,000,000 150,000,000

4q-4C.CN
1500 -

0 _

4q-4C.FSHD

1500 -

0 _

10q-4C.CN

1500 -

0 _

10q-4C.FSHD

1500 -

0 _
CN MB_15_states_

FSHD MB_15_states_
CN MT_15_states_

FSHD MT_15_states_

N
orm

alized 4C
 coverage

4q-4C.CN
1500 -

0 _

4q-4C.FSHD

1500 -

0 _

10q-4C.CN

1500 -

0 _

10q-4C.FSHD

1500 -

0 _
CN MB_15_states_

FSHD MB_15_states_
CN MT_15_states_

FSHD MT_15_states_

Scale
chr4:

100 kb hg19

190,800,000 190,850,000 190,900,000 190,950,000
AF146191.4

RP11-463J17.1
FRG1
FRG1

RNA5SP174
RNA5SP175

FRG2
FRG2

U85056.4

N
orm

alized 4C
 coverage

4q-4C.CN
7000 -

0 _

4q-4C.FSHD

7000 -

0 _

10q-4C.CN

7000 -

0 _

10q-4C.FSHD

7000 -

0 _
CN MB_15_states_

FSHD MB_15_states_
CN MT_15_states_

FSHD MT_15_states_

N
orm

alized 4C
 coverage

A

B

C



	 240	

 

Supplementary Figure S3. 
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Supplementary Figure S4. 
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Supplementary Figure S5. 
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Supplementary Figure S6. 
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Supplementary Figure S7. 

DUX4 positive cells
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Supplementary Figure S8. 
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Chapter 4 Summary, conclusions and future  
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Despite human genome composition could estimate for up to 

66-69% of repetitive DNA [1], the functions of this fraction is still 

largely ignored. The development of highly sophisticated next 

generation sequencing (NGS) approaches allow to go deeper in 

repetitive elements functions understanding. 

Indeed, over the past five years lots of reports showed that DNA 

repeats are a source of genetic variation [2] and evolution of 

fine epigenetic mechanisms of transcriptional regulation, 

suggesting that it's therefore becoming essential to look also at 

non-coding, repetitive portion of the genome, to understand 

both healthy and pathological phenotypes. In particular, it is 

recently reported intriguing evidences for a role for repeated 

genome in nuclear architecture, providing first suggestions of 

their potential role in higher-order chromatin packaging, linked 

to transcriptional regulation [3,4].  

Nevertheless, there are emerging evidences of the peculiar role 

of repeats in regulating the epigenome. For instance, DNA 

repeats have been involved in chromosome structural 

organization, gene regulation, genome integrity, and evolution 

[5-10]. 

FSHD is an important human disease caused by alteration of 

repetitive sequences. The mechanisms through which repeat 

contraction at the D4Z4 locus on chromosome 4 leads to 

muscular dystrophy in specific muscles are still poorly 

understood. Despite it is demonstrated that FSHD arises as 

alteration of an epigenetic mechanism, none of the genes 
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reported accounts for all aspects of FSHD, and additional 

players are still actively sought. Indeed, it is increasingly evident 

that D4Z4 deletion or DUX4 overexpression are not sufficient 

per se to cause FSHD [11-13], suggesting that factors such as 

modifier genes, gender and environment may affect disease 

onset and severity. 

All the above observations strongly claim for the development 

of novel approaches to achieve a global comprehension of the 

molecular determinants at the basis of FSHD manifestation, 

considering that until the cascade of molecular events following 

D4Z4 contraction will not be clear, the development of an 

efficacious therapy for FSHD patients will be delayed. Our goal 

was to dissect the epigenetic role of DNA repeats in 

myogenesis and FSHD muscular dystrophy, providing new tools 

for preclinical studies. 

Our work hypothesized that the D4Z4 locus might play a critical 

role in establishing chromatin organization within the cell and 

that contraction of the D4Z4 locus might change the chromatin 

conformation and affect relevant functional characteristics of 

muscle cells.  

We therefore assessed the role of D4Z4 tandem repeat located 

at 4q35 region in the coordination of transcriptional programs, 

through tridimensional interactions between non-contiguous 

elements in the genome of human primary muscle cells. The 

contraction of the array and the concomitant hypomethylation of 

the FSHD locus led to the deregulation of genome-wide 
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chromatin landscapes as well as to an altered 4q-D4Z4-

mediated genomic interactome resulting in the induction of an 

atrophic signature in FSHD primary skeletal muscle cells. 

Moreover this peculiar mechanism of transcriptional regulation 

could explain the extreme phenotypic variability that patients 

exert, even belonging to the same family. We produced new 

insight into the molecular basis of FSHD. 

A modified version of the 4C technology allowed us to identifiy 

the genomic regions that interact with the D4Z4 locus on 

chromosome 4 (while excluding those that interact with the 

D4Z4 on chromosome 10) in FSHD patients.  Moreover the 

production of different ChIP-seq datasets enabled us decipher 

FSHD-associated chromatin landscapes using chromatin 

segmentation analysis tools such as ChromHMM and Chrom-

diff. These analyses uncovered active enhancers as major 

variable states between controls and FSHD. The intersection of 

ChIP-seq datasets we generated with transcriptome datasets 

available for FSHD allowed us to discriminate DUX4-dependent 

and independent genes associated with active enhancers inside 

the deregulated interactions uncovered by 4qsslp4C in FSHD. 

Interestingly the first group (DUX4-dependent) showed 

processes associated to development, differentiation and RNA 

metabolism processes as described in the literature, instead the 

second group (DUX4-independent) unveiled novel possible 

target genes that included those related to the atrophic 

phenotype, characteristics of the pathology. 
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One of these is the atrophic marker Atrogin1. We provided 

evidences for the functional relevance of the trans interaction 

between Atrogin1 and 4q-D4Z4 proximal region. We indeed 

showed that Atrogin1 interaction was lost in FSHD leading to its 

transcriptional deregulation during muscle cell differentiation. 

In this frame it is very interestingly to note that a “wild type” 4q-

D4Z4 array containing at least 15 D4Z4 repeats reintroduced in 

FSHD cells led to an impaired upregulation of Atrogin1. 

This suggests that 4q-D4Z4 array, after acquiring its epigenetic 

features is able to modify the genome structure, at least for the 

Atrogin1 locus, and somehow revert the FSHD phenotype to a 

“control-like” situation.  

Finally, examining in parallel a 4C-seq analysis using the 

Atrogin-1 gene as a viewpoint, we showed that this locus 

displayed altered interacting partners in FSHD cells respect to 

control cells. This provides greater support for a 4q-D4Z4-

dependent re-organization of chromatin higher order structure 

and in FSHD.  

Surprisingly enough, the Atrogin1 interacting genes were 

indeed related to the atrophy and related pathways in which the 

protein is involved. This suggests at least in part a link between 

alteration of the chromatin structure and deregulated myogenic 

functions observed in the pathology. 

We thus provide significant advance in understanding the 

mechanisms linking 3D genome organization and DNA repeats 

to dynamic programming of chromatin states in development 
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and disease. In particular, we provide a deeper understanding 

of the role of DNA repetitive elements in human myogenesis 

and disease manifestation. 

Moreover, our work strongly outlines the relevance of 

epigenetics and repetitive elements in regulating genetic 

information and susceptibility to diseases.  

Indeed, to date, most FSHD treatments involve attempts to 

physically improve functional impairment, with surgery used to 

alleviate both scapular fixation and ‘foot drop’ in patients [14].  

However it is possible to perform surgery for winged scapula, 

although this technique is still controversial [15]. 

Also the role of exercise in maintaining or improving muscular 

force and/ or functional ability is still in doubt, because of the 

lack of controlled studies and because vigorous exercise could 

theoretically worsen muscular weakness inducing 

rhabdomyolysis [15]. However recent studies have shown that 

both strength training and aerobic exercise in FSHD have at 

least a short-term beneficial effect [16,17]. Moreover also 

neuromuscular electrical stimulation strength training seems to 

be effective [18]. 

Future randomized controlled studies are necessary to better 

define and broaden these recommendations. 

An increasing knowledge of at least some of the molecular 

aspects of the pathology however led to more directed FSHD 

therapies. 

A number of cell therapy-based and pharmacological strategies 



	 272	

have been tested in order to slow down or stop disease 

progression and treat secondary manifestations [15].  

Transplantation of cultured myoblasts by intramuscular injection 

has been considered for a number of dystrophies. Because 

FSHD is characterized by selective muscle involvement, it is 

suggested that myoblasts derived from histologically unaffected 

FSHD muscles could be used for autologous cell therapy in 

FSHD, eliminating the need of immunosuppression [19]. 

However therapeutic trial, exploring the feasibility and efficacy 

of this approach is still ongoing. 

Mesangioblast, another type of myogenic mesodermal stem 

cell, has been also considered for future autologous therapeutic 

trials. Mesangioblasts were shown to improve muscle 

morphology and function when injected intra-arterially in animal 

models of dystrophy. They can be delivered to whole body 

muscles through the circulation, while myoblasts have to be 

injected locally, and as such may represent a more effective 

alternative for autologous cell therapy. 

The correct management of symptoms and of secondary 

manifestations is essential to slow down disease progression in 

order to conserve as long as possible functional autonomy and 

adequate quality of life.  

In this frame different therapeutical approaches has been 

considered, unfortunately without significant effectiveness. 

Among these we could mention corticosteroids, since around 

40% of FSHD muscle biopsies show T cell inflammatory 
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infiltrates [20-22]; β2 agonists because of their anabolic effect 

[23,24]; methionine and folic acid, which are supposed to 

increase methylation, since D4Z4 array shows hypomethylation 

in FSHD patients [25]; an antibody (MYO-029) against 

myostatin, that negatively controls satellite cell proliferation and 

differentiation [26,27]; stimulation of the oxidative stress 

response pathway, since oxidative stress plays an important 

role in determining DUX4 toxicity [28]. 

Other disease-specific therapies targeting FSHD molecular 

signatures have been developed. Indeed, the alterations in 

chromatin structure at the FSHD locus cause a gain of function 

mutation, and a logical therapeutic approach is thus to employ 

antisense strategies against specifically activated target genes. 

[29]. Most of them are focused on developing gene therapy. 

Among these suppression of DUX4 gene expression has been 

tried by using siRNA or RNA-like antisense oligonucleotides 

(AONs) interfering with DUX4 mRNA processing and stability, 

or alter the splicing of the DUX4 transcript to reduce the amount 

of DUX4-fl, with the reported decrease in DUX4 expression 

found to normalize several FSHD deregulated genes [15,29]. A 

major issue in strategies targeting the DUX4 gene is the 

reported very low abundance of DUX4 expressing cells in 

culture (1/1,000 myoblasts) [30], however the DUX4 protein 

expressed from a single nucleus could spread in the cytoplasm 

of a fiber and reach neighboring nuclei, deregulating their gene 

expression. Thus, targeting DUX4 could block the spreading of 
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the deregulation cascade. 

Moreover RNA interference strategies were designed to target 

the other FSHD candidate gene FRG1 [31,32], by using FRG1 -

specific miRNAs and shRNAs in the myopathy mouse model 

overexpressing the FRG1 protein. This strategy resulted in a 

significant improvement of muscle histology, with increased 

muscle mass, reduced fat deposition and fibrosis, a decline in 

myofibre degeneration, and an overall improvement of muscle 

function and strength. 

In addition to these current therapeutical strategies, our work 

adds a new layer a potential therapeutic intervention by 

highlighting unpredictable candidates (i.e. promoters, 

genes/non-coding RNAs, etc) derived among D4Z4 interacting 

regions. Our integrated multi-omics approach enabled us to 

uncover potential new candidates which could contribute to 

FSHD pathogenesis and provide novel biomarkers or 

therapeutic targets such as Atrogin1. 

However the practice of medical genetics requires a clear, 

definite evaluation of the significance of genetic variations in 

patients, to provide prognostic information and genetic 

counseling. Here, we propose to tackle this issue from a novel 

and unbiased perspective.  

Our work also raises the possibility to perform a gene-like 

therapy not acting on the recovery or direct regulation of a 

“diseased-gene” function but instead using a repetitive element 

portion of the genome with the ultimate goal to act on and 
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regulate the genomic structure mediated by this repeat. 

This is a very interesting perspective that has to be further 

investigated in order to open a new era of therapeutic strategies 

targeting deregulated epigenomes in a third layer of  

complexity: 3D nuclear architecture. 
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