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1. Introduction 

1.1 The Facioscapulohumeral Dystrophy (FSHD) 

Facioscapulohumeral muscular dystrophy (FSHD, OMIM #158900) is the third most 

common form of hereditary myopathy with a prevalence of 1 in 20.000 [Mostacciuolo et al, 

2009]. Duchenne de Boulogne firstly reported the FSHD syndrome: in 1862 he published one 

photo of an affected patient in his Album de photographies pathologiques [Duchenne, 1862] 

and in 1869 the photos of the same patient’s family in the Revue photographique des hopitaux 

de Paris [Duchenne, 1869]. He was also first to describe the disease in his famous series of 

papers in Archives of General Medicine in 1868, often cited as the earliest reference of the 

disease [Engel and Franzini-Armstrong, 2004]. Since 1885 the disease was called “Landouzy-

Dejerine form of muscular dystrophy”, as Landouzy and Dejerine [Landouzy-Dejerine, 1885] 

presented detailed description of disease. Subsequent reports of large pedigrees suggested that 

disease is transmitted in an autosomal dominant trait [Pearson, 1933]. In 1950 Tyler and 

Stephens described a large family affected by FSHD (1248 relatives from six generations), 

identifying 159 affected individuals and reporting the neurological examination of 58 patients. 

In this report they highlighted FSHD as a progressive disorder characterized by a precocious 

and pronounced involvement of the brachioradialis muscles [Tyler and Stephens, 1950]. In 

1954 Walton and Natrass identified the clinical criteria for the diagnosis, showing the slowly 

progressive nature of the disease and its limited and asymmetric muscle weakness 

distribution. 

However, the thesis of Padberg in 1982 thoroughly reviewed the literature and 

identified the clinical features of the disease through the examination of a large cohort of 

patients. Padberg investigated a group of 107 patients, whose 73 were symptomatic. The 

facial weakness was present in 10% of cases, shoulder weakness in 82% and foot extensor 

weakness in 8%. None of his patients had pelvic girdle or calf muscle weakness [in Padberg 

G. Facioscapulohumeral disease [thesis]. University of Leiden, The Netherlands, 1982].  

1.2 Definition of diagnostic criteria for FSHD  

The International Consortium identified the clinical, genetic and laboratory criteria for 

FSHD diagnosis in 1991, in absence of an available diagnostic DNA test. Importantly, this 

work also responded to the need to select individuals that could be included in the linkage 

analysis [Padberg et al, 1991]. In fact, uniform and well-established clinical criteria were 



4 
 

considered necessary to support research activities directed towards identification of FSHD 

gene. 

1.2.1 Clinical diagnostic criteria  

Since FSHD was defined largely on clinical grounds, the following definitions were 

introduced: (i) "non-penetrance" refers to an obligate gene carrier without symptoms 

(complaints or subjective findings) or signs (objective phenomena) relating to the disease (ii) 

"pre-symptomatic" indicates that a person has no complaints (symptoms) related to the 

disease, but has muscle atrophy and weakness demonstrable by physical examination; and (iii) 

"symptomatic" refers to patients with complaints and objective findings related to the 

weakness and muscle atrophy of FSHD. It was established that presenting symptoms had to 

relate to weakness and wasting in facial or shoulder girdle muscles. Onset in pelvic girdle 

muscles was considered suggestive of alternative diagnoses, although a subsequent pelvic 

girdle involvement was common during the progression of FSHD. It was reported that the 

clinically recognizable age of onset is often very variable. The mean age of recognizable 

onset, at least by clinical examination, is in the second decade. Onset before the age of 5 years 

has been rarely reported and in these early-onset cases [Brouwer et al, 1994] the involvement 

of facial muscles are considered necessary for diagnosis of FSHD. Facial weakness is 

described affecting eye closure (orbicularis oculi) and peri-oral muscles (orbicularis oris) and 

it is reported in the vast majority of patients (Figure 1a).  

 

 

 

 

 

 

 

 

 

 

In the absence of facial weakness, a diagnosis of FSHD can be accepted only if the 

majority of affected family members show facial weakness. Facial weakness can be also 

result very mild and noticeable by asymmetry of facial expressions. The scapular fixators are 

reported as the muscles most prominently involved (Figure 1 b, c, d). Also the pectoralis 

 

 

Figure 1: Phenotypic features of FS HD patients (from the left  corner to the right corner)  : Facial weakness 

affecting eye closure; weakness of the muscles of the scapula fixators, which occurs during the abduction of 

the arms with the raising of the trapezius muscle.  
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major muscles result early affected in most cases. The deltoid muscles remain unaffected for a 

long period of time and often have a particular pattern of atrophy, i.e. partial and proximal.  

A typical feature of FSHD is considered the asymmetric muscle involvement. 

Symmetric weakness and atrophy at presentation is unusual and can necessitate caution before 

accepting the diagnosis as FSHD.  

Progression of the disease is highly variable, involving abdominal and foot extensor 

muscles at an early stage. Also, the pelvic girdle weakness and upper arm weakness may 

occur at any time after the onset of shoulder girdle weakness. Neck extensor, intrinsic hand 

and triceps surae muscle weakness is described as uncommon features of disease, but 

occasionally observed within families. However, pre-symptomatic cases are described at any 

age and appear to comprise approximately 30% of all cases in large families. In the 

symptomatic cases, the disease is progressive tough the rate of progression is variable in the 

majority of cases. Rarely, there can be long periods of apparent arrest of progression.  

1.2.2 Genetic diagnostic criteria 

The pattern of inheritance in familial cases is considered autosomal dominant. Sporadic 

cases are also reported, although their frequency is unknown. Evidences for recessive 

inheritance were not reported.  

1.2.3 Laboratory diagnostic criteria 

Blood creatine kinase (CK) levels can be normal, but are often elevated, athough rarely 

exceed five times the upper limit of normal. Electromyography (EMG) shows a myopathic 

pattern; some neurogenic features, including positive sharp waves, are present occasionally. 

Motor and sensory nerve conduction velocities are normal. Muscle biopsies may exhibit 

nonspecific myopathic changes. Cellular infiltrates are frequently observed in FSHD and can 

be extensive.  

In summary, the four main criteria were identified to define FSHD. These are: (1) onset 

of the disease in facial or shoulder girdle muscles; sparing of the extra-ocular, pharyngeal and 

lingual muscles and the myocardium; (2) facial weakness in more than 50% of the affected 

family members; (3) autosomal dominant inheritance in familial cases; and (4) evidence of 

myopathic disease in EMG and muscle biopsy in at least one affected member without biopsy 

features specific to alternative diagnoses. Clinical and laboratory features suggestive of 

alternative diagnosis are following: 
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- involvement of extra-ocular, masticatory, pharyngeal and lingual muscle; 

- regression of symptoms and signs;  

- presence of severe and diffuse contractures; 

- involvement of myocardium with presence of cardiomyopathy; 

- persistent high CK values above five times the upper limit 

1.3 A standardized clinical evaluation of patients affected by 

Facioscapulohumeral muscular dystrophy: the FSHD clinical 

score  
 

1.3.1 Italian National Registry for FSHD (INRF) 

The Italian National Registry for FSHD (INRF) was established in 2007 by the Italian 

Clinical Network for FSHD (ICNF). The ICNF is composed by two diagnostic laboratories 

and thirteen Clinical Centers with expertise in diagnosis and management of neuromusc ular 

disorders. The institution of the INRF was based on the collection of DNA samples accrued 

by the two laboratories, in Modena and Rome, which conduct molecular diagnosis of FSHD 

and are the referral centers for the whole Italian territory. The Clinical Centers participating to 

the INRF are responsible for the clinical evaluation of FSHD probands and all available and 

willing to participate family members. Dedicated specific software and a website for data 

management has been designed. The dedicated website for data management, description of 

the project and participating groups are available on- line at www.fshd.it.  

1.3.2 The FSHD score 

 To define numerically the clinical severity of the disease, the Italian Clinical Network 

for FSHD has developed a standardized protocol that allows the quantification of muscle 

weakness in FSHD patients through the functional evaluation of six muscle groups  

specifically affected in FSHD. To this purpose, we generated a new protocol, easily used in 

the medical office that examines muscle groups specifically affected in FSHD by using 

functional criteria, allowing translation of clinical severity in quantitative terms [Lamperti et 

al, 2010].  

The clinical form consists of three parts, named a, b, and c, that examine three aspects 

of the disease and have been designed to facilitate accurate study of molecularly defined 

FSHD subjects.Part a investigates the patient’s clinical history, focusing on medical 

conditions and particular habits. Part b evaluates the patient’s disability. Part c assesses 

http://www.fshd.it/
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muscle segmental involvement by using the Medical Research Council (MRC) scale. The 

evaluation procedure allows to assess the strength and the function of muscular groups 

belonging to I) face (score from 0 to 2); II) shoulder girdle (score from 0 to 3); III) upper 

limbs (score from 0 to 2); IV) distal legs (0-2); V) pelvic girdle (score from 0 to 5) VI) 

abdominal muscles (0-1). More detailed information such as asymmetry of presentation or 

any observed peculiarity can be added in the section “others”. The functional examination of 

six different groups of muscles (Figure 2), as described in part b of the clinical form 

integrated with the results of part c, generates the FSHD clinical score. The total score can 

range from 0, when no signs of muscle weakness are present, to 15, when all muscle groups 

tested are severely impaired. The FSHD clinical form and the FSHD evaluation scale form, as 

well as a visual guide, are available online at www.fshd.it.  

To date, the Italian Network for FSHD successfully use the FSHD clinical score as a 

tool in genotype/phenotype correlation and genetic counseling. This method represents an 

unique opportunity to study FSHD in standardized manner, collecting anamnestic records and 

information of impairment of selective muscle groups.  

 
 

Figure 2: Schematic representation of major involved muscles in FSHD. In dark color are shown facial 

muscles, scapular gird le muscles, abdominal muscles, pelvic girdle muscles that are most affected in FSHD. 

http://www.fshd.it/
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1.4 Identification of the molecular defect responsible for development 

of FSHD 

1.4.1 Linkage analysis 

The variability in expression, severity, age at onset and need for an accurate pre-

symptomatic test gave impetus to an active search for the localization, identification, and 

characterization of the locus responsible for FSHD development [Lunt et al, 1989]. An 

International Consortium for FSHD linkage was organized for this purpose. At the first 

meeting of the Consortium, in 1988, an initial exclusion map for FSHD was constructed 

[Sarfarazi et al, 1989; Jacobsen et al, 1990]. In 1990 the FSHD gene was assigned to 

chromosome 4 by positional mapping in 10 Dutch families [Wijmenga et al, 1990]; 

confirmation of this location was performed in other families and with add itional probes 

[Upadhyaya et al, 1990, 1991]. Wijmenga and coworkers in 1991 reported that D4S139, a 

Variable Number Tandem Repeat structure (VNTR) locus, was much more closely linked to 

FSHD. Two-point linkage analysis between FSHD and D4S139 in nine informative families 

showed a maximum combined lod score. D4S139 was mapped to chromosome 4q35-qter by 

in situ hybridization, thus firmly establishing the location of the FSHD gene in the 

subtelomeric region of chromosome 4q. In 1992, the members of the International 

Consortium for linkage analysis of the FSHD gene had pooled data for joint analyses, in an 

attempt to determine the precise location of the FSHD gene and the order of four DNA 

markers on 4q35 region. Six laboratories determined a total of 3078 genotypes in 65 families, 

consisting of a total of 504 affected subjects and 559 unaffected subjects. For each marker, a 

mean of 648 meioses were informative. D4S139 and D4S163 were identified as the closest 

linked markers to the FSHD locus. As result the assignment of the FSHD locus on region 

4q35 in a total of 65 families was definitively established. The gene responsible for FSHD 

was refined to a position distal to the D4S139 locus. The cosmid clone 13E, isolated in search 

for homebox genes, was subsequently mapped to 4q35, also dista l to D4S139 [Wijmenga et 

al, 1992]. The subclone p13E-11 resulted to detect in healthy subjects a polymorphic EcoRI 

fragment, usually larger than 28 kilobases (kb). The analysis performed by Wijmenga and 

coworkers [1992] showed that in healthy individuals the majority (72%) of EcoRI fragments 

detected by p13E-11 were larger than 28 kb, while in FSHD patients there was an 

overrepresentation of fragments smaller than 28 kb.  

In conclusion, the hybridization of restriction enzyme EcoRI digested DNA using the 

p13E-11 probe identified a 3.3 kb tandemly arrayed sequence (D4Z4) located at the 4q 
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subtelomeric region, that resulted rearranged in almost all FSHD patients.  Based on 

restriction fragment mapping and DNA sequencing, van Deutekom and coworkers [1993] 

confirmed that the rearrangements associated with FSHD result in deletion of integral number 

of repeat KpnI fragments, designated D4Z4 [van Deutekom et al, 1993].  

Approximately half of new FSHD cases arise as a consequence of a postzygotic 

rearrangement of the repeat leading to somatic mosaicism for the D4Z4 repeat contraction 

[Lemmers et al, 2004a]. 

1.4.2 Molecular test for FSHD 

The p13E-11 probe detects at least two pairs of EcoRI alleles, one derived from the 4q 

and the other from 10q. Indeed a D4Z4 repeat array 98% identical to the 4q array is present at 

the 10q subtelomere [van Deutekom et al, 1996]. 4q35 and 10q26 EcoRI clones can be 

distinguished by restriction analysis with SfiI and Styl. The accurate comparison of nucleotide 

sequences between 4q35 and non-4q35 EcoRI fragments led to the identification of restriction 

enzymes able to cut specifically in either one of the alleles; thus facilitating the interpretation 

of the p13E-11 hybridization patterns. The detection of sequence divergence between the 

KpnI tandem repeat units located at 4q and 10q showed a different distribution of restriction 

enzyme sites and that the restriction enzyme BlnI specifically cleaved the variable KpnI 

region of the 10qter p13E-11 fragments (Figure 3), leaving intact the tandem repeat units at 

4q and thus allowing the direct identification of 4q35 alleles implicated in the disease [Deidda 

et al, 1996; Upadhyaya et al, 1997].  

Therefore, a double restriction enzyme digest with the enzymes EcoRI and BlnI was 

routinely used, greatly facilitating the molecular diagnosis of FSHD (Figure 5). Despite the 

high homology between 4q35 and 10q26 regions, FSHD has been exclusively associated with 

reduction of D4Z4 repeat units on chromosome 4q [Bakker et al, 1995; van Deutekom et al, 

1996a; Matsumura et al, 2002].  

 

Figure 3: The p13E-11 probe detects at least two pairs of EcoRI alleles, one derived from the 4q and the 

other from 10q. The restriction site of enzyme BlnI specifically cleave variable KpnI region of 10qter p13E11 

fragments, leaving intact the tandem repeat units at 4q and thus allowing the identification of 4q35.  
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Normal subjects carry more than 10 D4Z4 units originating from chromosome 4q; whereas 

array of 8 D4Z4 units or shorter are present in the majority of  and familial FSHD patients 

[Upadhyaya et al, 1993; Wijmenga et al, 1994; Lunt et al, 1995a](Figure 4).  

The chromosomal context in which the D4Z4 deletions arise is considered crucial for 

development of FSHD. Indeed in families in which a de novo FSHD case appears, the de novo 

4q DRA co-segregate with the disease from the affected parent to the offspring. In 10%  

of the population, translocated 4-type repeats reside on chromosome 10q and, viceversa, 

translocated 10-type repeats on chromosome 4q are equally frequent [van Deutekom et al, 

1996a], but only D4Z4 Reduced Alleles (DRA) located at 4q are associated with FSHD.  

 

Figure 4: Deletion of a defined number of D4Z4 units on chromosome 4 in FS HD patients . Schematic 

representation of the D4Z4 repeats on chromosome 4 of a normal indiv idual and a FSHD patient. Having less 

than 11 D4Z4 units is considered pathological. 

                

Figure 5: Analysis of allele polymorphism of EcoRI restriction by Southern blot with probe p13E-11:  

A) Pulsed Field Gel Electrophoresis (PFGE) and B) Linear Gel Electrophoresis (LGE).  

The figure shows the electrophoresis of DNA samples digested with the restriction enzyme EcoRI (E) or 

EcoRI / BlnI (E / B) and hybridized with the probe p13E-11. One may observe the variability of the bands 

originated in chromosomes 4 and 10; in the lanes where samples are digested with the two enzymes 

EcoRI/BlnI only the bands originating from chromosome 4 are observed. The fragments are compared with 

the bands of the reference marker molecular weight. The fragments originated from chromosome 4 and less 

than 35 Kb are d iagnostic for FSHD. 

 

 

A

) 

B

) 
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Moreover, it is believed that at least one D4Z4 repeat at chromosome 4q is necessary to 

develop FSHD, as monosomy of the very distal 4q35 region was shown not to cause disease 

[Tupler et al, 1996]. All these observations also suggest that the D4Z4 array is highly 

recombinogenic. Consistently, de novo mutations account for a surprisingly high percentage 

of FSHD patients (10-33%) [Zatz et al, 1995] and somatic mosaicism for a rearrangement of 

D4Z4 was found in as much as 3% of the general population.  

1.4.3 The identification of specific molecular signature uniquely associated with 

FSHD expression  

Since there are individuals with reduced D4Z4 alleles that do not have clinical signs of 

FSHD, it has been proposed that additional DNA sequences flanking the D4Z4 repeat array 

are necessary for disease development.  

In 2002 a polymorphic segment of 10 kb directly distal to D4Z4 existing in two allelic 

forms, 4qA and 4qB, was identified [van Geel et al, 2002](Figure 6). Although both alleles 

are equally common in the general population, it was reported that FSHD is solely associated 

with the 4qA allele. Lemmers and coworkers, in 2002, analyzed 80 healthy controls and 80 

unrelated individuals with FSHD for the presence of 4qA and 4qB alleles. In the controls they 

observed almost equal frequencies of 4qA and 4qB alleles (42% and 58% respectively) on 

chromosome 4, but only alleles of the 4qA type on chromosome 10. By contrast, in the 80 

unrelated individuals with FSHD (44 de novo cases and 36 unrelated familial cases) they 

detected D4Z4 reduced alleles exclusively in chromosomes 4 bearing the 4qA allele, and 

never in those with the 4qB allele [Lemmers et al, 2002]. Subsequently, [Lemmers et al, 

2004b] described three families with FSHD in which each proband of the family carried two 

FSHD-sized alleles and was heterozygous for the 4qA/4qB polymorphism. Segregation 

analysis demonstrated that FSHD-sized 4qB alleles were not associated with disease, since 

these were present in unaffected family members. Thus, the authors supposed that, in addition 

to a contraction of D4Z4, other cis-acting elements on 4qA might be necessary for the 

development of FSHD. Alternatively, they proposed that elements present at 4qB sub-

telomeres might prevent pathogenesis of FSHD. 

 
Figure 6: Schematic representation of 4qA/4qB polymorphism. 
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In 2007, the identification of additional sequence variations in a relatively stable Simple 

Sequence Length Polymorphisms (SSLP) proximal to the D4Z4 repeat was identified in the 

FSHD locus [Lemmers et al, 2007]. On the basis of the proximal SSLP, it was possible to 

distingush at least 17 genetically distinct sub-telomeric variants of chromosome 4 and 8 sub-

telomeric variants of chromosome 10. It was supposed that only D4Z4 contractions in three 

genetically almost identical chromosome 4 sub-telomeres, the common variant 4A161 and the 

rare variants 4A159 and 4A168, are responsible for developing FSHD, whereas contractions 

in other 4q sub-telomeres were not associated with the disease. The authors presented the 

pedigrees of two FSHD families in which two different D4Z4 reduced allele segregate, 

reporting that subjects carrying the D4Z4 reduce allele with non-permissive 4qA166 

haplotype did not manifest signs of disease.  

Finally, it has been suggested that FSHD patients carry specific single nucleotide 

polymorphism (SNP) ATTAAA in the chromosomal region distal to the last D4Z4 repeat in 

the pLAM sequence of the 4qA alleles, that provides a PolyAdenylation Signal (PAS) 

[Lemmers et al,  2010]. Thus, the specific molecular signature, named 4A(159,161,168)PAS, 

has been proposed to define genetic background responsible for FSHD pathogenesis (Figure 

7).  

 

 
Figure 7: Schematic representation of polymorphisms at the 4q and 10q subtelomeres.  a) The D4Z4 repeat 

array within the subtelomere of chromosomes 4q and 10q varies in size between 1 and 100 D4Z4 units (3.3–330 

kb) and is indicated with triangles. Elements that distinguish subjects include: 1) The chromosomal localizat ion 

of the D4Z4 repeat, chromosome 4q35 or 10q26. 2) The Simple Sequence Length Polymorphis m (SSLP), a  

combination of five Variable Number Tandem Repeats, an 8 bp insertion/deletion, and two SNPs localized 3.5 

kb proximal to D4Z4 and varies in length  between 159 and 180 bp. 3) Single nucleotide polymorphis m 

AT(T/C)AAA (SNP) in the pLAM reg ion. 4) A large sequence variation (termed 4qA or B) that is distal to 

D4Z4. 4q chromosomes which do not hybridize to probes for A and B are termed “null” and their sequences 

vary from case to case. b) Schematic representation of the permissive chromosomal background. The ATTAAA 

variant creates a polyadenylation signal that stabilizes the DUX4 transcript and has been postulated to be the 

critical factor causing FSHD.  

 

 

b

) 

a
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This specific background is characterized by (1) reduction of D4Z4 elements associated 

with (2) the 4qA (161/159/168) haplotype (3) and a single nucleotide polymorphism, 

ATTAAA, in the pLAM sequence.  

1.4.4 Correlation studies between the size of D4Z4 allele and clinical 
expression in FSHD 

 

Since the discovery of the FSHD molecular defect, several genotype-phenotype studies 

were conducted in order to evaluate if the size of the D4Z4 allele could be correlated with the 

clinical manifestations and to assess the impact of the molecular defect on the phenotypic 

expression.  

Lunt and coworkers in 1995 [Lunt et al, 1995b] reported the analysis performed on 14 

FSHD families and 25 clinically isolated cases, presumed to be due to new mutation, 

associated with D4Z4 reduced allele (respectively in two groups the range in EcoRI allele size 

was  19-30 and 13-24 kb). The study revealed a clear correlation between smaller fragment 

sizes and earlier age at onset. The median age at onset in sporadic cases resulted 6.9 years and 

in familial cases 18 years. Interestingly, the authors observed a difference in reported ages at 

onset between generations within families. They detected onset age appearing earlier in 

successive generations, even though it was hypothesized that this trend might be more a 

reflection of ascertainment bias than a biological anticipation. Their study revealed also 

correlation between the age of loss of ambulation and D4Z4 allele size [Lunt et al, 1995a]. 

The authors proposed that FSHD families could be divided broadly into three groups, 

necessarily with some overlap: i) new mutation cases carrying small fragment size (≤18 kb) 

with early onset and severe presentation of disease; ii) large ‘’classical’’ families with median 

onset age ranging from 8-22 years carrying alleles from 19 to 30 kb; iii) small families, often 

with a later onset presentation (median 15-23 years), or scapulohumeral presentation, in 

which a 30-38 kb D4Z4 reduced allele (DRA) segregates and non-penetrance  of disease may 

still be observed above 20 years of age.  

The subsequent study of Tawil and coworkers in 1996 [Tawil et al, 1996] confirmed the 

correlation by examining clinically and genetically well-defined 157 FSHD subjects. In 

particular, this analysis showed the presence of anticipation and that the size of the deletion 

and the disease severity were closely associated. 

Three years later, Ricci et al. [1999], on a cohort of 165 patients with FSHD (carrying 

EcoRI allele size range 10-27 kb), further reported the inverse correlation between fragment 
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size and clinical severity. The probability of developing a severe form of disease resulted 

100% in the presence of very short fragment (10-15 kb), decreased to 54% in patients 

carrying fragments from 16 to 20 kb and dropped to 21% or less in patients carrying fragment 

larger than 20 kb. The severe form of FSHD was defined when disease is expressed with 

severe weakness of pelvic and proximal leg muscle or both (strength less than 3 in at least one 

of these muscle) with inability to stand up from a chair without using support or to walk 

unaided, or wheelchair use.  

In the genotype-phenotype correlation study performed by Tonini et al. in 2004 on 238 

subjects from 106 unrelated families, it was observed that individuals with larger fragments 

showed a milder disease course while those who have the smaller ones were more severely 

affected. However, when genders are analyzed separately, this correlation was significant for 

females but not for males. 

In 2003, Butz and coworkers conducted a systematic study of 39 unrelated FSHD 

patients with borderline D4Z4 repeat numbers and 102 healthy controls, in order to identify 

the molecular diagnostic cut-off point between FSHD cases and the control population and 

describe the phenotype in patients with borderline D4Z4 repeat numbers. The study revealed 

that there was not a definite D4Z4 diagnostic cut-off criteria separating FSHD, FSHD-like 

myopathies and healthy controls, without expected correlation of D4Z4 repeat number and 

disease severity. Therefore the authors suggested the D4Z4 cut off should be 8 repeats or 35 

kb [Butz et al, 2003].   

Collectively, reported studies showed a rough inverse correlation between the number 

of D4Z4 repeats and the severity of the disease. Alleles with 1-3 D4Z4 repeats (EcoRI 

fragment <20 kb) are generally associated with a severe form of disease that presents in 

childhood, 4-7 D4Z4 repeats (EcoRI fragment 21-34kb) with the classical form of FSHD, and 

8-10 D4Z4 repeats (EcoRI fragment 35-45 kb) with a milder disease [Lunt et al, 1995a; Tawil 

et al, 1996; Ricci et al, 1999]. In addition, EcoRI alleles between 38-45 kb in size (9-11 D4Z4 

repeats) have been detected in normal individuals and myopathic affected by FSHD or by 

other muscle diseases [Butz et al, 2003]. 

1.4.5 Facioscapulohumeral muscular dystrophy in subjects carrying 

full-length D4Z4 alleles (FSHD2) 
 

The cohort of patients, termed “FSHD2” display D4Z4 alleles of normal size on both 4q 

alleles and they fulfill clinical diagnostic criteria for FSHD [Tawil et al, 2010], resulting 
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clinically indistinguishable from FSHD patients carrying D4Z4 reduced allele (also defined 

FSHD1).  

In 2010 de Greef and coworkers have performed a cross-sectional study on 33 patients 

with FSHD2 from 27 families, the largest cohort described to date. The clinical presentation 

of FSHD2 patients appeared identical to the FSHD1. Out of 33 FSHD2 patients 20 (61%) 

were male. The average age at symptom onset was 26 years (range 0–60), which is almost 10 

years later than in FSHD1. The reported initial symptom was scapular weakness in 61%, foot 

dorsiflexor weakness in 27%, facial weakness in 10%, and hip girdle weakness in 3%. A 

gender differences in disease severity in FSHD2 was not observed. Interestingly, notable 

difference between FSHD1 and FSHD2 is the mode of inheritance. In fact, the analysis 

showed that the majority (20/33, 67%) was sporadic, 11 were familial, and in 2 the 

inheritance pattern was uncertain, suggesting that the familial to sporadic ratio in FSHD2 is 

inverse to the ratio in FSHD1. Of the familial cases, 3 resulted dominant in inheritance 

(parent-child pairs) and 2 seemed recessive in inheritance (sibling pairs).  

Therefore, it has been suggested that similar epigenetic and molecular mechanisms, also 

supposed to be pathogenic in FSHD associated with D4Z4 repeat contraction, are involved. In 

particular, it was observed that, unlike FSHD1, patients with FSHD2 showed loss of DNA 

methylation on both chromosome 4q and 10q D4Z4 repeats, suggesting that a defect in 

establishing or maintaining the D4Z4 repeat chromatin structure may cause FSHD2 [de Greef 

et al, 2009]. In the study performed by de Greef and coworker in 2010, all patients with 

FSHD2 (33 subjects) carried at least 1 D4Z4 repeat on the permissive haplotype 4A161. The 

authors studied DNA methylation levels of the D4Z4 repeat at 4 methylation-sensitive 

restriction sites in patients with FSHD2 and their unaffected relatives. The analysis showed 

that at the 4 sites tested, a significant D4Z4 hypomethylation was present in patients with 

FSHD2 as well as in patients with FSHD1. In particular, patients with FSHD2 showed 

significant D4Z4 hypomethylation on chromosomes 4q and 10q, while in patients with 

FSHD1 significant loss of D4Z4 methylation is proposed to be restricted only to the 

contracted chromosome 4q. The levels of D4Z4 hypomethylation in patients with FSHD2 

were not correlated with phenotype severity. To explain the high percentage of FSHD2 

sporadic cases, it was hypothesized that FSHD2 development may result from two 

independent events: D4Z4 hypomethylation by an unknown mechanism and presence of at 

least one D4Z4 repeat on the permissive 4A161 haplotype. 
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1.5 4q35 region and models for FSHD pathogenesis 

1.5.1 D4Z4 units 

The D4Z4 units are members of a large family of 3.3 kb tandem repeat loci that are 

located on the short arm of the acrocentric chromosomes, the pericentromeric regions 

(especially on chromosome 1), and the telomeric regions of the long arms of chromosomes 4 

and 10 [Hewitt et al, 1994; Lyle et al, 1995].  

The organization of the D4Z4 repeat is rather unusual (Figure 8), in particular the 

presence of two homeobox sequences within the same open reading frame.  Homeobox genes, 

encoding homeodomain transcription factors, often play important roles in embryonic 

development. 

Because of the potential of D4Z4 to encode a protein, several groups have focused on 

searching for the transcripts from D4Z4. Although cDNAs and RT-PCR products containing 

closely related sequences have been identified, none originate from chromosome 4q35. For 

examples, several related cDNAs clones representing transcripts from acrocentric 

chromosome were isolated. However, these cDNAs contained in- frame stop codons within the 

predict homeodomains [Hewitt et al, 1994, Lyle et al, 1995]. Subsequently, clones that could 

encode such double homeodomain proteins have been identified; again these did not represent 

transcripts from D4Z4 but rather there are from other loci [Ding et al, 1998; Gabriels et al, 

1999; Beckers et al, 2001].  

Within each D4Z4 repeat, the homeoboxes are flanked by two classes of repetitive 

DNA; a GC-rich low copy repeat originally named hhspm3 [Zhang et al, 1987] and LSau 

[Agresti et al, 1987, 1989; Meneveri et al, 1993]. LSau repeats are dispersed, preferentially 

found in regions of heterochromatin and are often associated with 68bp (or β) satellite DNA 

[Meneveri et al, 1993]. On chromosome 4q35, 68 bp satellite DNA is not interspersed 

 

Figure 8: Schematic representation of the structure and the organization of the D4Z4 repeats . Each D4Z4 

unit has LSau motifs, the hhspm3 motif and two homeobox sequences. 
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between repeat units, but present as a block of about 8 kb immediately distal to D4Z4 [van 

Geel et al, 2002].  

The analysis of the interaction between D4Z4 and nuclear proteins revealed the 

presence of a 27 bp binding site (DBE, D4Z4 Binding Element) able to recruit a multi-protein 

complex in vitro and in vivo comprising of YY1, HMGB2 and nucleolin [Gabellini et al, 

2002]. The ubiquitous transcription factor Yin Yang 1 (YY1) is a recruiter of Polycomb group 

proteins (PcG), responsible for chromatin remodeling and epigenetic silencing in many 

fundamental biological processes.  The activity of YY1 is modulated by histone deacetylases 

and histone acetyltransferases [Yao et al, 2001]. Studies suggest that the Trithorax group 

protein Ash1L, associated with transcriptionally active chromatin, is recruited by a non-

coding RNA, called DBE-T (D4Z4 Binding Element Transcript) to the D4Z4 locus in FSHD 

patients in which D4Z4 deletion is associated with reduced Polycomb silencing thus 

promoting  topological reorganization of the FSHD locus leading to de-repression of 4q35 

genes [Cabianca et al, 2012].  

1.5.2 Role of D4Z4 transcription in FSHD pathogenesis 

Each D4Z4 unit contains a putative promoter and a single open redaing frame (ORF) 

encoding a putative double homeobox gene, named DUX4 [Gabriels et al, 1999; Hewitt et al, 

1994; Lyle et al, 1995] (Figure 9).    

 

Figure 9: Localization of the DUX4 gene within each D4Z4 unit. On the permissive chromosomes the last 

copy of the DUX4 gene spices to the third region immediately  flanking and stabilizing the transcript owing to 

the presence of the poly(A) signal (PAS).  

Homeodomain proteins are important for many early and late developmental processes. 

Thus, DUX4 is considered a strong candidate for FSHD pathogenesis. Initially, a putative 

promoter and the putative double homeodomain gene DUX4 were identified within each 

D4Z4 repeat unit. As D4Z4 was considered to be of heterochromatic nature, it was 

hypothesized that partial deletion of the D4Z4 repeat array resulted in destabilization of the 

D4Z4 heterochromatin and in the inappropriate upregulation of DUX4 [Hewitt et al, 1994; 

Gabriels et al, 1999]. DUX4 overexpression may induce cell death by apoptosis, induce 

caspase 3/7 activation and alter emerin distribution at the nuclear envelope [Kowaljow et al, 

2007]. In addition, DUX4 overexpression may activate PITX1 (paired-like homeodomain 
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transcription factor 1), as was determined for both a reporter gene fused to the Pitx1 promoter 

and the endogenous Pitx1 gene. Interestingly, upregulation of the PITX1 protein was also 

observed in muscle biopsies of patients with FSHD [Kowaljow et al, 2007; Dixit et al, 2007]. 

Nevertheless, for a long time, the functionality of the DUX4 gene was  questioned, because of 

lack of introns and polyadenylation signals and absence of evidence for in vivo transcription 

[Hewitt et al, 1994; Gabriels et al, 1999; Winokur et al, 2003; Osborne et al, 2007; Alexiadis 

et al, 2007]. However in the following years, D4Z4 homologues have been identified in 

several mammalian species and it was established that the DUX4 open reading frame (ORF) 

shows evolutionary conservation, disputing the non-functionality of DUX4 and suggesting a 

coding role, possibly during development. Interestingly, not only the ORF of DUX4, but also 

their organization in an array is evolutionary conserved [Clapp et al, 2007]. Importantly, this 

study provided evidence for bidirectional transcription of the mouse DUX4 array [Block et al, 

2012]. Next, expression of two different DUX4 transcripts in cells transfected with D4Z4 

elements and in FSHD myoblasts was reported. The first transcript lacks introns and is 

transcribed from internal D4Z4 repeat units, while the second transcript has two introns and is 

transcribed from the most distal D4Z4 repeat unit. Interestingly, the pLAM sequence distal to 

the second transcript may provide a polyadenylation signal [Kowaljow et al, 2007; Dixit et al, 

2007]. 

Thus far, DUX4 expression seems to be restricted to FSHD myoblasts  [Kowaljow et al, 

2007; Dixit et al, 2007] and testicles [Young et al, 2013]. As most homeodomain proteins 

have a function as transcriptional regulators in developmental processes, DUX4 expression 

may normally be restricted to embryogenesis [Deschamps et al, 1992]. In fact, the DUX4 

homeodomain shares high homology with the homeodomain of the proteins Pax3 and Pax7, 

which are involved in the development of skeletal muscle [Buckingham et al, 2007]. As 

FSHD is specifically linked to the 4qA161 haplotype [Lemmers et al, 2007], sequence 

variations residing within or close to the D4Z4 repeat array may play a role in the regulation 

of DUX4 transcription. More detailed analysis of DUX4 expression shows that the DUX4 

pre-mRNA can be alternatively spliced and it has been suggested that the FSHD muscle 

expresses a different splice form of DUX4 mRNA compared to control muscle [Snider et al, 

2011], however Jones and coworkers [2012] observed the DUX4 mRNA and protein 

expression in muscle biopsies and myogenic cells from genetically unaffected relatives of the 

FSHD. Recently, transgenic mouse models carrying human genomic constructs with the 

FSHD subtelomeric region permissive for somatic DUX4 expression were generated [Krom et 

al, 2013]. Data suggest that these mice maintain the transcriptional profile of the DUX4 
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retrogene as observed in FSHD patients and controls. However they do not show an obvious 

muscle pathological phenotype. Therefore the role of DUX4 in muscle disease still needs to 

be clarified. 

1.5.3 Expression of proximal genes controlled by D4Z4 

It was hypothesized that D4Z4 repeat array is involved in controlling the expression of 

genes located proximally on 4q35 [Hewitt et al, 1994]. Indeed we showed that a 27 bp 

binding element (DBE, D4Z4 Binding Element) within D4Z4 recruits a multi-protein 

complex comprising of YY1, HMGB2 and nucleolin and the reduced expression of these 

proteins leads to the anomalous derepression of genes proximal to the repeat array [Gabellini 

et al, 2002]. Recently the sequence of a non-coding RNA, called DBE-T (D4Z4 Binding 

Element Transcript), located  in a proximal region of the repeat array, has been described.  

Studies showed that myoblasts from FSHD patients express this lncRNA, DBE-T, which 

promotes the recruitment of the Trithorax group protein Ash1L, associated with 

transcriptionally active chromatin, to the D4Z4 locus thus promoting topological 

reorganization of the FSHD locus leading to de-repression of 4q35 genes [Cabianca et al, 

2012].  

Four genes have been identified within the 4q35 region (Figure 10) and are considered, 

interesting candidates for FSHD pathogenesis. 

 

Figure 10: Schematic representation of 4q35 showing physical distances between the genes  

(Gabellini et al., 2002). 

 

FSHD Region Gene 1 (FRG1) is located 100 kb proximal the D4Z4 sequences toward 

the centromere [van Deutekom et al, 1996b] (Figure 10). FRG1 has been shown to be crucial 

for muscle development in vertebrates and invertebrates [Hanel et al, 2009; Liu et al, 2010] 

and most importantly its over-expression in mice causes a dystrophic phenotype sharing 

several features with FSHD patients [Gabellini et al, 2006]. First, as in FSHD patients, FRG1 

overexpression induces a progressive myopathy in which sarcolemma is not damaged and no 

elevated creatine kinase levels are detected. Second, FRG1 over-expressing mice display a 

reduced tolerance to exercise, taking a shorter time to reach exhaustion, similarly to the 
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muscle fatigue described by FSHD patients [Gabellini et al, 2006].  Third, only selective 

muscles in FRG1-overexpressing mice are dystrophic and display altered accumulation of 

myosin heavy chain (MyHC) [D'Antona et al, 2007, Sancisi et al, 2014]. Fourth, it has been 

shown that in muscles of both FSHD patients and FRG1 transgenic mice, specific pre-

mRNAs undergo aberrant alternative splicing [Gabellini et al, 2006; Pistoni et al, 2013, 

Sancisi et al, 2014]. Finally, it has been recently shown that FRG1 overexpression impairs 

myogenic differentiation [Neguembor et al, 2013]. 

Additional genes located at 4q35 were found to be transcriptiona lly upregulated in 

FSHD muscle [Gabellini et al, 2006]. FRG2 (FSHD Region Gene 2) mapping 37 kb proximal 

to the D4Z4 repeat array (Figure 10) is a gene of unknown function, expressed only in 

myoblasts of FSHD patients and its transcript is undetectable in normal individuals. The 

interest in FRG2 has been dropped because its over-expression in muscles of transgenic mice 

did not cause myopathy [Gabellini et al, 2006], although recent studies show that FRG2 and 

DUX4 present the same expression pattern, suggesting that they reside in the same chromatin 

domain [Stadler et al, 2013].   

ANT1 (Adenine Nucleotide Traslocator 1), positioned 4.8 kb to the proximal D4Z4 

(Figure 10) encodes for a mitochondrial protein, which is the major component of the inner 

mitochondrial membrane and is involved in the response to oxidative stress. Mutations of 

ANT1 cause Progressive External Ophtalmoplegia and have been found in subjects with 

autosomal recessive mitochondrial disorder characterized by cardiomyopathy and myopathy 

[Echaniz-Laguna et al, 2012]. However, transgenic mice overexpressing ANT1 in muscle 

were normal [Gabellini et al, 2006]. 

FAT1 gene [Caruso et al, 2013] is located 3.6 Mb from the D4Z4 repeat array on 4q35 

(Figure 10). FAT1, protocadherin gene in mouse is required in migrating muscle precursors 

and altered muscle shapes caused by Fat1 mutations are predictive of early onset defects in 

muscle integrity in adult mutants. The topography of muscle abnormalities caused by Fat1 

loss-of-function resembles that of human patients with FSHD. Muscle-specific reduction of 

FAT1 expression and promoter silencing was observed in rare cases of biopsies from foetuses 

with a prenatal diagnosis of FSHD1 [Caruso et al, 2013]. 
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1.5.4 Epigenetic hypothesis: chromatin modifications in FSHD  

Each D4Z4 repeat unit harbors two classes of GC-rich sequences, hhspm3 and LSau, 

which are predominantly found in heterochromatic regions of the genome. This led to the 

hypothesis that deletion of D4Z4 repeats might modify the chromatin organization of the 4q 

subtelomeric region and alter gene expression [Winokur et al, 1994] (Figure 11).  

Many studies indicate that the D4Z4 locus displays a chromatin structure more similar 

to euchromatin [Zeng et al, 2009]. Histone H4 acetylation levels at the p13E-11 region 

immediately proximal to D4Z4 were similar to those observed in the 5’ regions of the FSHD 

candidate genes FRG1 (FSHD region gene 1) and ANT1 (adenine nucleotide translocator 1) 

and did not differ significantly between control and FSHD lymphoid cells. In conclusion, 

these results suggested that the nature of D4Z4 chromatin is that of unexpressed euchromatin 

rather than that of costitutive heterochromatin [Jiang et al, 2003]. These observations favored 

the hypothesis that this region might be more dynamic than expected. In FSHD1 and FSHD2 

patients was observed loss of marks of unexpressed heterochromatin such as histone 

H3K9me3. Interestingly, the heterochromatin binding protein HP1, which mediates 

 
Figure 11: Models for the molecular basis of FS HD. 

A) Healthy individuals carry 11–150 units of D4Z4, whereas FSHD patients have less than 11 repeats. 

B) DIRECT MECHANIS M:  reduction of D4Z4 repeat array leads to the synthesis of DUX4 transcript, 

which is normally not transcribed, through changes in D4Z4 heterochromat in and/or stabilization of 

DUX4 mRNA. 

C) INDIRECT MECHANIS M: the reduction of D4Z4 repeats leads to modifications of the spatial and 

structural organizat ion of chromatin generating changes of transcriptional control over the expression of 

candidate genes localized in cis or in trans. 
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transcriptional silencing, and the sister chromatid cohesion complex, cohesin, bind to D4Z4 in 

an H3K9me3-dependent manner and their recruitment is seriously compromised in FSHD 

[Zeng et al, 2009]. 

 Interestingly in all the proposed model epigenetic changes such as methylation or 

histone modifications are used as an additional level of complexity that might help 

interpreting the complex correlation between genotype and phenotype in FSHD.  

Considering that methylation status of CpG sites could play a critical role in chromatin 

configuration, D4Z4 methylation status was investigated. D4Z4 methylation was analyzed 

firstly at EagI sites in lymphoblastoid cell lines of patients with the ICF syndrome 

(Immunodeficiency Centromeric region instability Facial anomalies) who carry mutations in 

the DNA-methyltransferase 3B (DNMT3B) gene [Kondo et al, 2000] and healthy controls. 

That analysis showed that D4Z4 repeats are highly methylated in controls, while they resulted 

hypomethylated in ICF patients. This finding is of great interest because DNA Methyl-

Transferase 3B (DNMT3B) contributes to de novo DNA methylation in early embryogenesis 

[Lana et al, 2012]. Consequently investigators tested whether D4Z4 are hypomethylated in 

FSHD.  

The first study surveyed methylation at SmaI, MluI, SacII, and EagI methylation-

sensitive restriction sites in FSHD and normal blood and skeletal muscle samples of FSHD 

and ICF (Figure 12). D4Z4 was found highly methylated in both normal and FSHD 

lymphoblasts, as well as in somatic tissues, including skeletal muscle. Nevertheless the study 

did not discriminate methylation status of the D4Z4 repeat array at chromosome 4 and 

chromosome 10 [Tsien et al, 2001]. 

 

 

 

Figure 12: The first methylation study on D4Z4 with restriction enzymes MluI, SacII and EagI.  
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Subsequently DNA methylation was examined at two methylation-sensitive restriction 

sites, BsaAI and FseI (Figure 13), in the most proximal unit of D4Z4 array at 4q35, which 

was considered representative for the entire array [van Overveld et al, 2003].  

Through this approach the D4Z4 methylation level can be assessed on both 

chromosomes 4, excluding chromosome 10 (Figure 13). The limitation of this test is due to 

possibility to analyze D4Z4 methylation status only in individuals carrying standard allele 

constitution of 4-type repeat units on chromosome 4 and 10-type on chromosome 10 

(disomic), or on individuals carrying one array of 10-type repeat units at normal sized 

chromosome 4 (monosomic)(see Figure 14).  

van Overveled and coworkers detected normal level of methylation in the control group, 

significant hypomethylation at both methylation sensitive sites in FSHD1 patients and similar 

level of hypomethylation in their non-penetrant relatives, carrying same D4Z4 reduced allele. 

Interestingly, in FSHD2 patients level of D4Z4 methylation on both chromosomes 4 was 

strongly decreased, while it was equivalent among unrelated individuals affected with 

muscular dystrophy different from FSHD and healthy controls [van Overveld, 2003].  

Hypomethylation was pronounced in ICF patients who do not develop muscular dystrophy. 

Further investigation of the methylation status in 21 monosomic FSHD1 patients and 19 

monosomic healthy controls [van Overveld et al, 2005], performed to obtain exact level of 

methylation of single D4Z4 contracted allele and healthy allele, confirmed D4Z4 

hypomethylation in FSHD1 subjects.  

 

 

 

 

Figure 13: The two methylation-sensitive restriction sites in the proximal D4Z4 repeat on chromosome 4q; 

a) BsaAI and b) FseI. 
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De Greef and coworkers [2009] performed a detailed methylation assay at CpoI 

methylation-sensitive restriction site. This assay enables surveying the D4Z4 methylation 

status of most proximal and internal D4Z4 repeat units on chromosomes 4q and 10q 

separately. The authors confirmed previous methylation analysis at two sites in most proximal 

D4Z4 repeat unit as valid.  

Considering that BsaAI and FseI analysis permit only to quantify methylation at two 

CpG dinucleotides of the first D4Z4 repeat of the tandem array recently a new methodology 

has been proposed for studying methylation status on D4Z4 repeats. By using bisulf ite 

sequencing Hartweck and coworkers [2013] measured methylation level in three regions of 

the D4Z4 sequence (Figure 15). Interestingly bisulfite sequencing revealed that only one 

region, DR1, was hypomethylated in FSHD patients confronting to controls. This test provide 

a global survey of the average methylation level on both chromosomes 4q and both 

chromosome 10q, without permitting precise analysis of  D4Z4 methylation  on 4q allele of 

reduced size. 

 

 

 

 

 

Figure 14: The presentation of 4q-10q allelic constitution. 

 

Figure 15: Schematic presentation of three domains analyzed by bisulfate sequencing by Hartweck et al 

[2013] 
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1.6 Recent findings from different genotype-phenotype studies 

and clinical reports on FSHD patients and families revealed 

several exceptions to the general outline 

 
In pre-molecular era, the first observations performed on large families with clinical 

diagnosis of FSHD suggested an almost complete penetrance of the disease [Bailey et al, 

1986; Becker 1953; Tyler and Stevens 1950; Chung and Morton 1959]. However, since the 

molecular test for FSHD has been put in place, subjects carrying a D4Z4 Reduced Allele 

(DRA) without signs of disease have been reported [Lunt et al, 1995a; Nakagawa et al, 1997; 

Zatz et al, 1995 and 1998; Ricci et al, 1999; Tonini et al, 2004; Sakellariou et al, 2012] 

challenging the notion that exclusively reduction of integral number of D4Z4 is responsible 

for full disease penetrance.  

Two main studies regarding the FSHD penetrance were performed by Lunt and 

coworkers respectively in 1989 and 1991. The estimation of age dependent penetrance based 

on the presence of the characteristic clinical signs, was >95% by age 20, without difference 

between the families [Lunt et al 1989]. In particular, the penetrance of disease has been 

estimated  <5% for ages 0 to 4 years, 21% for ages 5 to 9, 58% for ages 10 to 14, 86% for 

ages 15 to 19, and 95% penetrance for age 20 years and over at 95% for patients aged ≥ 20 

years [Lunt et al, 1989]. The mode of inheritance was observed to be autosomal dominant.  

Lunt et al. [1995a] from analysis of 30 FSHD families (carriers of 19 to 38 kb fragment 

size), observed small families with 4q35 cosegregating fragments of 30 kb and 34 kb in which 

subjects who inherit this fragment resulted clinically unaffected above age 20 years, 

supporting a lower penetrance in these families. The authors hypothesized that in families 

with a larger fragment size, >30 Kb, penetrance of the FSHD gene was lower than previous 

estimated value of 95% above age 20 years.  

In the study of Zatz et al. [1995] on 34 Brazilian FSHD families, two unrelated 

multigenerational families with multiple affected patients were described, where the parents 

of affected patients (a female aged 46 years and a male aged 79 years) resulted asymptomatic 

carriers of FSHD allele; the author did not report the correlation with the fragment size.  

In the subsequent study of Zatz et al. [1998], the estimated penetrance for FSHD allele 

on 52 families with fragment smaller than 35 kb was 85% for patients until age 30; 

furthermore, when the authors considered the sexes separately, the estimated penetrance of 

the FSHD allele resulted significantly greater for males (95%) than for females (69 %). 

Interestingly, among 27 families with at least two clinically affected patients it was observed 
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that in 21 the pattern of inheritance was autosomal dominant (four of them with incomplete 

penetrance). Three pedigrees presented patterns of inheritance compatible with autosomal 

recessive trait, considering at least two affected sibs born from asymptomatic parents.  

Ricci et al. [1999] reported 7 subjects, age 20 to 69 years, carrying a DRA ranging in 

size between 21 and 37 kb, without symptoms or signs of FSHD, classified as non-penetrant 

carriers. In this study, unaffected individuals belonging to families where D4Z4 allele smaller 

than 20 kb segregates, were not observed. 

Tonini et al. [2004], analyzing 238 subjects carrying DRA (<35 kb) from 106 unrelated 

families, observed that about 20% of individuals, relatives of FSHD patients, carrying the 

same DRA, remained asymptomatic or was minimally affected with a significantly higher 

proportion of females than males; asymptomatic carriers were found in about 30% of the 

analyzed families. 

Lastly, the most recent work of Sakellariou and coworkers [2012] reports the clinical 

and genetic analysis of 133 individuals carrying DRA (71 probands and 62 relatives) from 71 

unrelated Greek families, revealing a high percentage (almost 50%) of asymptomatic relatives 

carrying a contracted 4q allele, older than 30 years. The percentage of unaffected carriers was 

lower among males. Notable, among 38 multiple-case families, 16 (42%) were found to have 

at least one symptom-free individual, with a greater proportion of asymptomatic minimally 

affected gene carriers concentrating in some pedigrees. Significant statistical association was 

observed concerning the gender and the clinical manifestation of the disease; the percentage 

of the symptomatic patients was found to be 66.7% among females whereas among males was 

86.6%. 

1.6.1 Cross-sectional genotype-phenotype study of FSHD families with 
D4Z4 reduced allele [Ricci et al, 2013] 

Several studies conducted on FSHD families have described a high variability in clinical 

expression among and within FSHD families, as well as asymptomatic subjects carrying 

DRA, doubting the notion of an almost full penetrance of disease.  

Thus we considered it is important to establish the penetrance of disease in FSHD 

families carrying DRA and to ascertain previously reported rough and inverse correlation 

between the size of DRA and the age at onset and severity of disease expression [Ricci et al, 

2013] (Appendix 1).   
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The selection process was conducted on 418 FSHD index cases carrying DRA with 1-8 

repeats (Figure 16). 

 
We divided subjects in three groups: subjects carrying DRA with 1-3 D4Z4 repeats; 

subjects carrying DRA with 4-6 D4Z4 repeats; subjects carrying DRA with 7-8 D4Z4 repeats 

(Figure 17). 

The distribution of asymptomatic relatives was analyzed based on the size of DRA. 

Figure 18 shows that 9.5% (4 out of 42) of all carriers of DRA with 1-3 repeats did not 

 
Figure 16: Preliminary selection of probands/families from the Italian National Registry for FS HD 

(INRF). 

 

 

Figure 17: Selection of the cohort of probands and their relatives for genotype–phenotype correlation 

analysis. 
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display motor impairment. This percentage increases among carriers of DRA with 4-6 and 7-8 

repeats (28.6% and 39.6% respectively).  

 
In addition we calculated the distribution of asymptomatic carriers based on the age at 

examination: subjects aged between 18-30, 31-55, 56-70 years, and subjects over 70 years of 

age. As shown in Table 1 asymptomatic DRA carriers were found in all classes up to 70 

years. In particular, almost one third of carriers of DRA with 4-6 and 7-8 repeats (27.6% and 

35.9%, respectively) were asymptomatic between 56 and 70 years of age.          

Since the observed percentage of asymptomatic carriers varied among relatives carrying 

DRA of different sizes, the age-related risk of developing motor impairment was evaluated in 

correlation with D4Z4 size on the basis of data obtained and the age at onset of DRA carriers 

calculated with the Kaplan-Meier method (Kaplan and Meier, 1958). 

 

 

Figure 18: The distribution of asymptomatic DRA carriers in three groups.  

 

 

Table 1: The percentage of asymptomatic DRA carriers in the group of 1-3, 4-6 and 6-8 DRA based at the 

age at onset. 
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Among subjects carrying DRA with 1-3 units the risk of developing motor impairment 

is 64.3% by age 20, 80.1% by age 40, 96.2% by age 60. Among subjects carrying DRA with 

4-6 and 7-8 D4Z4 units these risks are 21.8% and 19.6% respectively by age 20, 44.8% and 

42.5% by age 40, 71.5% and 62.9 % by age 60. Therefore, FSHD penetrance is almost 

complete by age 60 only for carriers of DRA with 1-3 units (Figure 19).  

We tested whether the size of DRA correlates with age at onset and disease severity. 

Table 2 shows that the mean age at onset is statistically lower among subjects carrying DRA 

with 1-3 units (20.3 years) in comparison with those carrying DRA with 4-6 and 7-8 D4Z4 

repeats (respectively 29.2 and 34.6 years) (p = 0.0002).  

 
Severity is also increased among carriers of DRA with 1-3 repeats. Indeed, as shown in 

Table 3, affected relatives carrying DRA with 1-3 repeats had a mean FSHD score of 7.2.  

 

Figure 19: The age-related risk of developing motor impairment was evaluated in correlation with D4Z4 

size on the basis of data obtained and the age at onset of DRA carriers . Blue line refers to carriers of 1-3 

DRA, red line to 4-6 DRA carriers and green line to 7-8 DRA carriers. Long rank-test p value = 0.002. 

 

 

Table 2: The age at onset in the group of 1 -3, 4-6 and 7-8 DRA carriers. 
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By contrast, individuals carrying DRA with 4-6 and 7-8 D4Z4 units had mean FSHD 

score of 4.4 and 4.1 respectively. This association was statistically significant (p = 0.0006) 

 

Table 3: The mean FS HD score in the group of 1-3, 4-6 and 7-8 DRA carriers. 

 

 

 

Figure 20: The degree of motor impairment among relatives was also evaluated in association with 

D4Z4 allele size and age at examination. 
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and was obtained by using linear regression model adjusted for age at examination. 

The degree of motor impairment among relatives was also evaluated in association with 

D4Z4 allele size and age at examination. Figure 20 shows that approximately 40% of relatives 

carrying DRA with 1-3 units are severely affected (FSHD score ≥7) by age 30. In contrast, no 

relatives carrying DRA with 4-8 units had a FSHD score higher than 6 in this age window. 

Figure 17 shows that between age 31-55 and 56-70 a high percentage (ranging between 32% 

and 37%) of relatives carrying DRA with 4-8 units were asymptomatic (FSHD score equal to 

zero) or displayed minimal signs of functional motor impairment (FSHD score 1-2, ranging 

between 15% and 27%). 

Our large scale genotype-phenotype study [Ricci et al, 2013] revealed that FSHD 

penetrance in DRA carriers is not complete by age 20, as previously proposed [Tawil et al, 

2010], as asymptomatic carriers in all the classes of ages up to 70 years were found.  It was 

shown that DRAs with 4–8 repeats have no definitive prognostic value, and that other 

prognostic parameters, beside DRAs, should be considered [Ricci et al, 2013]. Instead, the 

risk of developing the motor impairment by age 50 in FSHD family members is higher (83–

93%) in subjects carrying DRA with 1–3 repeats. Instead, considering the cohort of relatives 

carrying DRA with 4–8 repeats, the risk of developing motor impairment is 48% for subjects 

with lower degree of kinship and raises to 55–63% for subjects with first degree of kinship 

with the proband. Interestingly, in our cohort, 19 of 148 FSHD families (13%) in which a 

DRA with 4–8 units segregates presented affected subjects only in one generation [Ricci et al, 

2013]. In these cases the lack of autosomal dominant inheritance should prompt us to consider 

whether the disease develops because of the presence of additional genetic defect(s).  

Collectively, the wide clinical variability among subjects carrying 4-8 D4Z4 repeats 

together with the high number of asymptomatic or minimally affected carriers suggests that 

additional factors, such as genetic, epigenetic and environmental factors, are involved in 

reaching the threshold of disease appearance and/or modifying the clinical outcome [Scionti 

et al, 2012a]. Remarkably, study shows a higher percentage of asymptomatic subjects 

between relatives with lower degree of relationship with proband, regardless age and D4Z4 

size. The degree of kinship may influence the disease outcome, as result of genetic 

background “dispersion”, suggesting a more complex mode of inheritance of FSHD.  
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2. Aims of the thesis 

Facioscapulohumeral muscular dystrophy (FSHD [MIM 158900]) is the third most 

common muscular dystrophy with an estimated prevalence of 1:20,000 [Mostacciuolo et al, 

2009].  FSHD is considered an autosomal dominant disorder [Flanigan et al, 2004] with a 

typical onset within the second decade of life [Lunt et al, 1989; Tawil et al, 2010]. The 

disease presents a remarkably wide variety of phenotypic expression, ranging from almost 

asymptomatic subjects to severe wheelchair-dependent patients [Lunt and Harper, 1991; Ricci 

et al, 2013]. The classical FSHD phenotype, firstly described as an independent nosological 

entity in 1884 by Landouzy and Dejerine [Landouzy and Dejerine, 1984], is characterized by 

progressive facial, shoulder girdle and pectoral muscle weakness and atrophy. Disease 

progression may lead to involvement of abdominal and pelvic muscles causing lumbar 

hyperlordosis and waddling gait. Weakness of anterior leg muscles results in steppage gait.  

The FSHD molecular defect does not reside in any protein-coding gene. Instead, a large 

majority of FSHD patients carry rearrangements occurring in a 3.3 kilobase (kb) tandemly 

arrayed sequence (D4Z4) located at the 4q subtelomeric region, 4q35 [Lunt et al, 1995a; 

Upadhyaya et al, 1997; Funakoshi et al, 1998; Sakellariou et al, 2012; Scionti et al, 2012]. 

The various number of D4Z4 repetitive elements result in polymorphic EcoRI alleles detected 

by the p13E-11 probe such that the size of each allele is mainly due to the number of D4Z4 

copies [van Deutekom et al, 1993]. It was established that normal subjects carry alleles 

greater than 45 kb (≥ 11 D4Z4 repeats), whereas alleles of 35 kb, corresponding to 8 D4Z4 

units, or shorter, are present in the majority of either de novo or familial FSHD patients [Lunt 

et al, 1998; Scionti et al., 2012].   

  

2.1 Detailed molecular and clinical characterization of probands and 

their relatives carrying the shortest D4Z4 reduced allele (1-3 DRA) 

 
The alleles of extremely short sizes (1-3 D4Z4 repeats) were described to be associated 

with the most severe form of disease characterized by an early onset and rapid progression of 

muscle weakness [Jardine et al, 1994; Lunt et al, 1995; Ricci et al, 1999; Ricci et al, 2013]. 

Infantile FSHD has been subsequently described as a separate entity, defined by the onset of 

facial weakness by the age of 5 years and shoulder girdle weakness by the age of 10. A 

number of reports described cases carrying very short D4Z4 alleles with 1-2 repeats 

characterized by childhood onset, rapid progression of muscle weakness and extramuscular 
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clinical features [Okinaga et al, 1997; Nakagawa et al, 1997; Miura et al, 1998; Yamanaka et 

al, 2002; Wang et al, 2012]. However several studies reported differences in clinical 

expression between subjects carrying shorter alleles, varying from very severe forms of 

disease and complex phenotypes starting in infancy [Okinaga et al, 1997; Nakagawa et al, 

1997; Miura et al, 1998; Yamanaka et al, 2002; Dorobek et al, 2004] to milder form or 

asymptomatic carriers [Sakellariou et al, 2012]. By revising the literature, we found that the 

severe cases not all had a childhood onset, or carried a D4Z4 allele of very reduced size, 

however due to the different design of these studies it is not possible to pool various 

observations to obtain a complete or more defined picture of clinical features of subjects 

carrying “very short” D4Z4 allele. Therefore, the goal of our research is to conduct a detailed 

clinical and molecular characterization of 66 index cases carrying 1-3 DRA alleles from 

Italian National Registry for FSHD. 

2.2  Analysis of D4Z4 methylation status among FSHD patients and 
healthy controls 

D4Z4 contains DNA elements characteristic of heterochromatic regions and various 

evidences indicate that the D4Z4 repeat array acts as locus control region that governs 4q35 

chromatin conformation and expression of nearby genes [Gabellini et al, 2002 ; Zeng et al, 

2009;  Cabianca et al, 2012].  It is known that chromatin conformation might be influenced by 

numerous elements, including genetic and environmental factors. It is therefore possible that 

high variability of clinical expression of FSHD in carriers of DRAs as well as in subjects 

carrying D4Z4 alleles of normal size might be due to multiple factors influencing chromatin 

conformation at the D4Z4 locus, and thus effect the expression of proximal genes, or that 

participate to molecular pathways in which 4q35 genes are involved. 

Consistent with this possibility, it has been recently shown that in a group of FSHD2 

families, affected subjects carry mutations in SMCHD1 gene, encoding a chromatin modifier, 

in association with D4Z4 hypomethylation [Lemmers et al, 2012], hence it has been suggested 

that reduced penetrance in FSHD might be explained by the presence of additional factors 

either in association with D4Z4 reduction or independently.  

On this basis, we consider that the study of epigenetic conformation at the D4Z4 locus 

in a large set of families might clarify some aspects influencing FSHD manifestation.  We 

propose to investigate the relevance of D4Z4 methylation in the large collection of well 

clinically and molecularly-characterized FSHD families accrued through the Italian National 

Registry for FSHD and in healthy controls.  
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3. Materials and methods 

3.1 Subject recruitment 

The study has been conducted on FSHD families accrued through the Italian National 

Registry for FSHD (INRF), established in 2007 by the Italian Clinical Network for FSHD 

(ICNF) (www.fshd.it) [Lamperti et al, 2010]. The ICNF includes two diagnostic laboratories 

at the University di Modena and Reggio Emilia and at the Fondazione Santa Lucia in Rome 

and fourteen clinical centers, belonging to the Italian Association of Myology 

(www.miologia.org) with long standing expertise in diagnosis and management of 

neuromuscular disorders. The fourteen clinical centers are distributed on the whole Italian 

territory, from Northern to Southern regions, including islands. Index cases diagnosed as 

having FSHD according to clinical diagnostic criteria defined by the European Expert Group 

on FSHD [Padberg et al, 1991].  

Clinical examination was extended to all available relatives of the probands. Each 

subject was evaluated in a prospective manner by trained neurologists of one of fourteen 

Italian Centers of clinical network during the time of the study (2011 - 2014). All subjects 

were clinically examined using the standardized FSHD clinical protocol with validated 

interrater reliability [Lamperti et al, 2010]. The FSHD clinical protocol has been developed by 

the ICNF in order to numerically define the clinical severity of the motor impairment, not to 

be used to diagnose FSHD. The FSHD scale quantifies muscle weakness through the 

functional evaluation of six muscle groups specifically affected in FSHD, belonging to I) face 

(score from zero to 2); II) shoulder girdle (score from zero to 3); III) upper limbs (score from 

zero to 2); IV) distal legs (score from zero to 2); V) pelvic girdle (score from zero to 5); VI) 

abdominal muscles (score from zero to 1). The FSHD score, which translates disability into a 

number, ranges from zero, when no objective evidence of muscle functional impairment is 

present, to 15, when all the muscle groups tested are severely impaired (www.fshd.it) 

[Lamperti et al, 2010]. DRA carriers who received an FSHD score equal to zero did not show 

an objective motor impairment and were considered clinically unaffected at time of 

examination. On the basis of the FSHD score, subjects were classified as affected by mild 

(FSHD score 1-2), moderate (FSHD score 3-6), or severe (FSHD score 7-15) motor 

impairment. 

Age at onset was estimated on the basis of patient’s records. Even though the perception 

of disease onset may be subjective and could depend on the specific motor skills required in 

daily activities, we considered that the timing of onset of motor impairment based on patient’s 
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complaints provides a reliable estimate of the degree of functional disability related to 

disease. 

 In order to investigate the earliest signs of disease and to rule out pre- or perinatal 

events as possible causes of delayed achieving of motor milestones, an Anamnestic Infantile 

Form (AIF) was designed (Appendix 2). All data about: 1) pregnancy, 2) birth, 3) prenatal 

period and the first months after, and 4) psychomotor and language development were 

collected in retrospective manner. Items related to each section were scored as normal/altered. 

Anamnestic reports about neurological examinations in the first year of life, together with 

clinical and instrumental data in the following years when possible. To obtain a more 

objective evaluation of the age at onset of the facial weakness, we asked specific questions, 

such as “Have your relatives ever noticed that you were sleeping with half-closed eyes?”; 

“Have you ever been able drink with a straw?”; “Have you ever notice difficulty in blowing 

out candles?”. When subjects did not complained motor impairment, but a mild muscle 

weakness was observed, we arbitrarily considered the age at examination as the age at onset,  

according to previous reports [Lunt et al, 1995b].  

Recruited healthy volunteers match the demographic origin of patients. Controls were 

selected as: randomly enrolled healthy volunteers for the genetic study. 

The study was approved by the Local Ethics Committees of all participating 

Institutions. Informed consent, according to the Declaration of Helsinki, was obtained from 

each subject enrolled in the study. 

 

3.2 Study design 

 

3.2.1 Detailed molecular and clinical characterization of probands and their 

relatives carrying the shortest D4Z4 reduced allele (1-3 DRA) 

 

We identified 114 index cases carrying DRA with 1-3 repeats and fulfilling the clinical 

diagnostic criteria defined for FSHD [Padberg et al, 1991]. Out of them, 66 index cases from 

unrelated families were recruited. Clinical and molecular analysis was extended to all 

available and willing to participate relatives.  
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Screening for 1-3 DRA was performed on 236 individuals. De novo cases were defined 

as single subjects with neither parent carrying DRA; when the DRA was detected in one of 

the parents and/or other family members (brothers and sisters for example) the subject was 

considered as familial. 44 subjects were considered not informative since it was not possible 

to examine their parents and/or other informative family members.  

3.2.2 Analysis of D4Z4 methylation status among FSHD patients and healthy 

controls 

We selected 47 FSHD families from the INRF and 43 healthy controls for the 

methylation study; 97 subjects from 47 unrelated FSHD families and 43 controls (Figure 22) 

were analyzed as they displayed a standard allele constitution of 4-type D4Z4 repeat units on 

chromosomes 4 and 10-type D4Z4 repeat units on chromosome 10 (see Figure 14). 

Clinically well-characterized FSHD families were subdivided in two groups: (1) 38 

FSHD families where 1-8 DRAs segregate (FSHD1) and (2) 9 FSHD families where 9-11 

DRAs segregates (borderline FSHD). Non-penetrant relatives (18 subjects) carrying same 

DRA as they FSHD family members, were selected in distinct group. Among healthy controls 

40 carried normal sized alleles (>11 D4Z4 repeats), while two individuals carry one of the 4q 

alleles contracted (6 and 8 DRA) and 6 have borderline DRA (9-11 DRA). 

 

Figure 21: Preliminary selection of probands/families from the Italian National Registry for 

FS HD (INRF). 
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For the in-depth methylation analysis were selected 6 FSHD patients, four carrying 

DRA with ≤ 8 D4Z4 repeats, one carrying borderline DRA (11 D4Z4) and one carrying D4Z4 

allele of normal size (12 D4Z4). 

3.3 Molecular analysis 

3.3.1 Standard molecular test for FSHD 

 Lymphocytes isolation from whole blood 

 10 ml of fresh blood are collected into a tube containing EDTA as anticoagulant.  

 Blood is diluted with an equal volume of 1X PBS.  

 20 ml of the diluted blood are carefully layered over 10 ml of Lympholyte-H in a 50 ml 

Falcon tube. 

 Samples are centrifuged at 800g for 45 minutes at room temperature in a G8 swing-out 

rotor without brake. 

 After centrifugation, it should appear a well-defined lymphocyte layer at the interface. 

The cells from the interface are removed using a sterile Pasteur pipette, without 

collecting any of the clear Ficoll layer and transferred into a new centrifuge tube.  

 The transferred cells are diluted with 1X PBS up to 30 ml.  

 Samples centrifugation at 500g for 5 minutes.  

 Cell pellet is washed twice with 10 ml of 1X PBS. 

 

 

Figure 22: Preliminary selection of families from the Italian National Registry for FS HD (INRF)  

and healthy controls for methylation study. 
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 Inclusion of cells in agarose plugs  

 Pellet is resuspended gently in 10 ml of 1X PBS.  

 Cells are counted with NucleoCounter (Chemometec, Denmark).  

 After cell count, cells are spun down and cell pellet is resuspended in PBS to a 

homogeneous concentration of 2x106 per 40μl. Avoiding formation of air bubbles is 

recommended. 

 An equal volume of 1% Low Melt Agarose in PBS (kept at 50°C) is added to the cell 

suspension. Cells are mixed gently with a pipette to ensure even dispersion through the 

agarose and then dispensed immediately into the plug molds (BioRad). Plugs are placed 

at 4°C in order to allow the agarose plugs to solidify for 20-30 minutes. Each well, in 

BioRad’s disposable plug mold, holds approximately 80 μl of samples and contains 

2x106 cells. 

 

DNA isolation in agarose blocks 

 Plugs are gently transferred into a 2 ml microfuge tube containing the extraction 

solution: 1X TE, 1% sarcosyl with EDTA 0,5M (pH 8.0) and Proteinase K (0,5 mg/ml).  

 Samples are incubated at 50°C for 48 hours.  

 After the Proteinase K treatment, plugs are put on ice for 30 minuts to allow blocks to 

set. 

 After the 30 minutes on ice, the extraction solution is removed and plugs are washed for 

5 minutes with distilled sterile water. Washing is repeated for 3 times. 

 Plugs are then transferred in a new 2 ml microfuge tube and, after addition of PMSF 

solution (40μg/ml with TE pH 8.0 – 1ml/plug), are incubated at 50°C for 30 minutes.  

 After PMSF treatment, plugs should solidify on ice for 30 minutes, allowing blocks to 

set. 

 PMSF solution is removed and plugs are washed for 5 minutes with distilled sterile 

water, and washing is repeated for 3 times.  

 Plugs are stored in a 0,5M EDTA, pH 8.0 (at least 1 ml per plug), at 4°C. 

 

 Restriction endonuclease digestion of DNA in agarose blocks  

 EDTA solution is discarded and plugs are washed for 3 times, for 5 minutes with 

distilled sterile water. 

 ½ of plug (corresponding to 1,0x106 cells) is used for each DNA digestion.  
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 Each plug slice is transferred in a 2 ml microfuge tube and equilibration mix is prepared 

(appropriate restriction buffer 1X and water). Samples are incubated for at least 1 hour 

at 37°C. 

 After equilibration, the restriction buffer is discarded and digestion mix is prepared 

(appropriate restriction buffer 1X, restriction enzyme and water):  

 EcoRI: 6U/μl (final volume: 200 μl), overnight at 37°C. 1 plug is digested. 

 BlnI: 0,25U/μl (final volume: 200 μl), 4 hours at 37°C. 1/2 plug is digested. 

 After digestion, plugs are placed on ice for 30 minutes.  

 

Pulsed Field Gel Electrophoresis (PFGE) 

 DNA is separated by PFGE on a 1% agarose gel (Megabase agarose, Biorad) . The 

electrophoresis is performed in 0,5X TBE at 14°C.  

 To detect EcoRI, interval is 10-200 kb, switch times increases from 0,74 sec to 17,33 

sec at the end of each cycle and it runs for 20 hours and 18 minutes.  

 After electrophoresis, the gel is stained with ethidium bromide and blotted to a Nylon+ 

membrane (ZetaProbe, Biorad).  

 Sizes of each chromosome are estimated according to a HMW marker (8-48 kb, Roche).   

 

Isolation of High Molecular weight DNA from frozen blood samples 

 Frozen blood in tubes containing EDTA as anticoagulant is thawed.  

 To disrupt red blood cells 5 volumes of sterile cold TE 20:5 are added to each blood 

sample and let it set on ice for 1 hour.  

 Samples are centrifuged at 3000 rpm for 10 minutes at 4°C. Supernatant is decanted. 

Cell pellet is washed with 15 ml of sterile cold TE 20:5 and spun again as previously 

described, until the buffy coat becomes white and all red cells have been removed.  

 Cell pellet is resuspended in lysis solution: 1/2 blood volume of TE 1X, Sarcosyl 1% 

and Proteinase K (final concentration 100 μg/ml). 

 Samples are incubated over night at 37°C or 2 hours at 55°C.  

 After the proteinase K treatment, the solution is transferred into a 15 ml tube. An equal 

volume of phenol equilibrated with 0,1M Tris-HCl (pH 8.0) is added and mixed by 

gentle agitation for 15 minutes, at room temperature. To separate the aqueous phase, the 

sample is centrifuged for 15 minutes at 3000 rpm. 
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 The 90% of the upper viscous aqueous phase is transferred to a clean centrifuge tube, 

carefully avoiding protein localized at the aqueous:phenol interface.  

 An equal volume of phenol:chloroform:isoamilic alcohol (24:25:1) is added to the 

aqueous phase. Samples are then mixed for 15 minutes, centrifuged for 15 minutes and 

aqueous phase is then transferred to a clean tube, as described above.  

 An equal volume of chloroform:isoamilic alcohol 25:1 is added. Samples are then 

mixed for 10 minutes, centrifuged for 10 minutes and the aqueous phase is transferred 

to a clean tube. 

 DNA is precipitated with 5M NaCl at final concentration of 200 mM and 2 volumes of 

cold ethanol absolute. 

 Dried DNA is dissolved in TE 10:1 

 

Digestion of DNA and linear gel electrophoresis (LGE) 

 14 μg of DNA are digested with EcoRI (50U) overnight. Digestion is checked on a 1% 

agarose gel. 

 DNA is precipitated with 5M NaCl at a 200 mM final concentration and 2-3 volume of 

cold absolute ethanol. 

 DNA is washed with ethanol 70% and dried DNA is dissolved in BlnI buffer.  

 Half of the DNA is transferred in a clean 1,5 ml microfuge tube and 20U of BlnI 

enzyme are added to the samples. 

 DNA samples are incubated at 37°C for 2 hours.  

 Seven micrograms of genomic DNA, digested with EcoRI, double digested with 

EcoRI/BlnI is separated on a 0,4% agarose gel. The electrophoresis is performed in 1X 

TAE buffer at 4°C for 48 hours. 

 After electrophoresis, the gel is stained with ethidium bromide, photographed under UV 

light and blotted to a Nylon membrane (ZetaProbe, Biorad).  

 Sizes of each chromosome are estimated according to a HMW marker (8-48 kb, Roche) 

and 5 kb marker (5-50 kb, Roche). 

 

Southern Blotting 

 After staining of the gel with ethidium bromide solution, DNA is nicked by agitating the 

gel in a tray containing a fair amount of 0,25 M HCl  for 10 minutes.  

 After 10 minutes, HCl solution is removed through abundance of distilled water.  
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 Gel is then soaked in 0,5M NaOH solution for 20 minutes. DNA is transferred onto 

ZetaProbe GT Nylon membrane (BioRad) using 1 liter of 0,5M NaOH, through 

capillary transfer. 

 Capillary transfer is set up as a follow, from bottom to top: 

- Pyrex glass dish, containing 1 liter of NaOH solution 

- Glass plate 

- One sheet of blotting paper (3mm) as a wick 

- Agarose gel (top side down) 

- ZetaProbe GT membrane cut to the size of the gel and prewetted with NaOH 

solution 

- Four sheets of blotting paper 

- A stack of paper towels 10 cm high 

- Glass plate 

- 1 kg of weight 

 DNA is transferred for 18 hours.  

 Paper towel and blotting papers are carefully removed.  

 Membrane is rinsed in 2X SSC solution.  

 Membrane is then dried by blotting onto 3mm paper, at 80°C, for 40 minutes and it can 

be used for hybridization. 

 

Probe labeling and hybridization 

 Membrane is incubated in pre-warmed “Myracle hybridization solution” (Stratagene) 

for 1 hour at 68°C in a roller bottle.  

 Probe p13E-11 (D4F104S1) is labeled with 32P-dATP using High Prime DNA labeling 

Kit (Roche). 

 Radio-active labeled probe is denatured by heating in a boiling water bath for 5 minutes 

and chilled quickly in ice. 

 Probe (1-2X106 cpm/ml) is added to pre-warmed “Myracle hybridization solution”.  

 Membrane with probe is incubated overnight at 68°C.  

 Hybridization solution is removed and membrane is washed quickly with solution 1 (2X 

SSC with 0,1% SDS) and then incubated for 20 minutes, at room temperature, with the 

same solution. 
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 Solution 1 is removed and the rinse solution is replaced with 50 ml of pre-warmed 

solution 2 (0,5X  SSC with 0,1% SDS). Membrane is incubated for 30 minutes at 65°C. 

 Solution 2 is removed and the rinse solution is replaced with 100 ml of pre-warmed 

solution 3 (0,1% SDS). Membrane is incubated for 30 minutes at 68°C. 

 Membrane is then removed from the bottle and covered with plastic seal wrap.  

 Membrane is placed into a cassette and exposed to X-ray film (Kodak X-Omat LS) at -

80°C with an intensifying screen to obtain an autoradiographic image.  

 

3.3.2 BsaAI and FseI methylation assay 

For the methylation analysis of the proximal D4Z4 repeats units on chromosome 4q, 

which has been shown to be representative of the entire D4Z4 array [van Overveld et al, 

2003] we applied method illustrated in Figure 13. 

 10 µg of DNA extracted from isolated lymphocytes are digested for 5 hours with 100U 

of BglII (NEB). Digestion is checked on 1% agarose gel.  

 DNA is precipitated with 3M NaOAc in a 300 mM final concentration and 2.5 volume 

of cold absolute ethanol. 

 DNA is washed with ethanol 70% and dried DNA is dissolved with CutSmart buffer 

(NEB) at 37ºC for 1 hour. 

 Dissolved DNA is subsequently digested with 40U of AvrII (NEB) at 37ºC for 2 hours.   

 Mix is divided in two (5 µg each) separate 1,5 ml microfuge tube.  

 5 µg are digested with 20U of methylation sensitive restriction enzymes BsaAI (NEB), 

and other 5 µg are digested with 14U (NEB) of  methylation sensitive restriction 

enzymes FseI (NEB). 

 5 µg DNA digested with BglII/AvrII/BsaAI and 5 µg DNA digested with 

BglII/AvrII/FseI are separated on 0,8% agarose gel. The electrophoresis is performed in 

1X TAE buffer for 24 hours. 

 After electrophoresis, the gel is stained with ethidium bromide and blotted to a Nylon 

membrane (ZetaProbe, Biorad). 

 DNA is hybridized with the radioactive- labeled probe p13E-11. 

 Digested fragments are detected by autoradiography with Typhoon Trio system (GE 

Healthcare) and the signal intensities are quantified with. 

 The intensity of the bands was acquired with Phosphor imager and percentage of 

methylation was estimated for the methylated band in comparison to unmethylated band 
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and considered as a level of methylation on the examined BsaAI/FseI site (Figure 23). 

                                  

Figure 23: Autoradiography of blotted DNA, digested with methylation-sensitive restriction enzymes, 

BsaAI and FseI and hybridized by with probe p13E-11. 

 

3.3.3 In-depth methylation assay: Bisulfite D4Z4 conversion and sequencing 

 
 Linear gel electrophoresis of EcoRI-digested DNA is used to isolate D4Z4-reduced 

allele (thanks to molecular analysis previously done and HMW used, each D4Z4 

reduced allele originated from chromosome 4 is identified).  

 DNA is extracted from agarose blocks and purified with Gel Extraction Kit (Qiagen). 

 EpiTect Bisulfite Kit (Qiagen) is used for complete bisulfite conversion of previously 

isolated DNA. Conversion and cleanup is performed following procedure described in 

EpiTect Bisulfite Handbook. 

 2 µl of bisulfite converted DNA is used in each of four separate PCR reactions 

amplifying D4Z4-region 1 (DR1), D4Z4-region 2 (DR2), D4Z4-region 3 (DR3) and 

DBE-region (DBE-R). 

 DR1, DR2 and DR3 fragments are PCR amplified with specific oligonucleotides 

previously reported by Hartweck [Hartweck et al, 2013]:  

1. DR1-F:5’-GAAGGTAGGGAGGAAAAG-3’ 

            DR1-R: 5’-ACTCAACCTAAAAATATACAATCT-3’;  

2. DR2-F: 5’-AAATATGTAGGGAAGGGTGTAAGTT-3’ 

            DR2-R: 5’-CTTAAATATACCAAACCCTCTCTCC-3’; 

3. DR3-F: 5’-GTAGAGGGGATTTTTTAATTTGTTT-3’ 

           DR3R: 5’-CAAACACCCCTTAACCCTAC-3’. 

 DBE-R is amplified with nested PCR, using newly designed oligonucleotides: 

1. DBE-R-F: 5’-GGGTTGTTTTAGGGGGGTTTAT-3’, 

2. DBE-R-R1: 5’-TAACCTCTCATTCTAAAACC-3’, 

3. DBE-R-R2: 5’-CAAATCTAAACCCTAAACTC-3’. 



44 
 

 

For each PCR 10 µl of reaction mix is prepared with: 10 µM primers (forward and 

reverse) in a final concentration of 0,125 µM; 2,5 mM dNTPs in a final concentration of 0,2 

mM; 5X buffer (GoTaq Flexi) in a final concentration 1X; 25mM MgCl2 in a final 

concentration of 1,5 mM and 0,5U of GoTaq DNA polymerase. PCR program was as follows: 

 94 ºC for 3 minutes 

 [94 ºC for 20 seconds, 53 ºC (DR1, DBR)/ 60 ºC (DR2, DR3) for 30 seconds,  

72 ºC for 40 seconds] for 35 times 

 72 ºC for 10 minutes. 

For amplification of DBE-R, 2 µl of obtained PCR product is further processed in the 

same conditions, using the same forward primer (DBE-R-F) and more internal reverse primer 

(DBE-R-R1) and amplified in the second PCR round with identical program. 

 All PCR products are run on 2% agarose gel and specific molecular size-bands are cut 

from gel in agarose blocks. 

 Specific bisulfite converted  DNA fragments are extracted from agarose blocks, purified 

with Gel Extraction Kit (Qiagen) and dissolved in 20 µl of H20. 

 2 µl of purified DR1, DR2, DR3 and DBR-DNA bisulfite converted fragments are 

subcloned into 4-TOPO vector (Invitorgen). 

 4 µl of cloning mix is used for transfection of high-competent E. Colli on selective LB 

broth medium with ampiciline, overnight at 37ºC.  

 At least 10 single colonies are randomly picked and incolutaed in 3 ml LB with 

ampicillin, overnight (14-16 hours) at 37ºC and 220 rpm. 

 Plasmids are isolated and purified with mini-prep kit (Quck lyse mini-prep, Qiagen). 

 500 ng of each isolated plasmide is digested with 10U EcoRI (EuroClone) for 1 hour at 

37ºC. 

 Digested plasmids are run on 1.5% agarose gel. Described EcoRI digestion enables 

detection of plasmids with correct molecular-size insert. Plasmids with insert of correct 

molecular size are selected for sequencing with T3 or T7 universal primers and 3.1 

BigDye kit in the standard conditions. 

 All sequences for each specific fragment are aligned and number of cytosines are 

calculated.  

 Percentage of methylation is calculated as a portion of number of cytosines in bisulfite 

converted sequences, of total number of cytosines from CpGs in original non-converted DNA 

fragment. 
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3.3.4 Statistical analysis  

For the cohorts of probands and family members, Kaplan-Meier survival analysis 

(Kaplan and Meier, 1958) as used to estimate the age-specific cumulative risk of reported age 

at onset, muscle impairment incidence and loss of independent walking between, with the 

corresponding 95% confidence interval (CI). For each individual time from birth to the 

earliest age at onset of motor impairment was estimated.  

The Spearman's rank-order correlation is the nonparametric version of the Pearson 

product-moment correlation. Spearman's correlation coefficient, (rs) measures the strength of 

association between two ranked variables.  

Student’s t test, statistical test involving confidence limits for the random variable t of a 

t distribution , is used especially in testing hypotheses about means of normal distributions 

when the standard deviations are unknown 

The Kruskal-Wallis test is most commonly used when there is one attribute variable and 

one measurement variable, and the measurement variable does not meet the assumptions of an 

anova (normality and homoscedasticity). It is the non-parametric analogue of a single-

classification anova. A single-classification anova may yield inaccurate estimates of the p-

value when the data are very far from normally distributed, or when the variances of the 

different groups are very different from each other. The Kruskal-Wallis test does not make 

assumptions about normality and homoscedasticity. Like most non-parametric tests, it is 

performed on ranked data. 

 

 

 

 

 

 

 

https://statistics.laerd.com/statistical-guides/pearson-correlation-coefficient-statistical-guide.php
https://statistics.laerd.com/statistical-guides/pearson-correlation-coefficient-statistical-guide.php
http://www.dmi.units.it/~inverniz/adir/statnormal.html
http://www.dmi.units.it/~inverniz/adir/stathomog.html
http://www.dmi.units.it/~inverniz/adir/statanovaintro.html
http://www.dmi.units.it/~inverniz/adir/statanovaintro.html
http://www.dmi.units.it/~inverniz/adir/statvartypes.html
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4.  Results 

4.1  Detailed molecular and clinical characterization of probands 

carrying the shortest D4Z4 reduced allele (1-3 DRA) and their relatives 

         Several studies suggest that carriers of 1-3 DRA develop a severe form of disease. 

In particular, in FSHD the age at onset has been considered the clinical feature discriminating 

different phenotypic entities [Brouwer et al, 1994] and thus has been used as the prognostic 

parameter for phenotype severity [Lunt et al, 1995b]. Consistently, previously we found that 

FSHD onset occurs earlier in families in which 1-3 DRA segregate [Ricci et al, 2013]. 

Therefore, we extended our analysis to all probands carrying 1-3 DRA, subdivided in two 

groups, de novo and familial. De novo cases were defined as single subjects with neither 

parent carrying DRA; when the DRA was detected in one of the parents and/or other family 

members (brothers and sisters for example) the subject was considered as familial. 

In 66 unrelated index cases carrying 1-3 DRA we extended molecular characterization to 

parents and/or other relatives. To this purpose we analyzed 236 subjects clinically and 

molecularly. We found that 26 probands were familial (39.4%) index cases and 40 probands 

were de novo (60.6%)(Figure 24). 

Figure 24: Distribution of de novo and familial index cases, carriers of 1-3 DRA. 

 

Interestingly, the mean age at onset observed among de novo probands was 8.1 yrs; 

whereas it was 13.1 yrs among familial index cases. Thus muscle weakness appears 

significantly earlier in de novo cases than in familial (Long-rank p test value=0.020). The 

difference in the onset of disease between two groups was calculated with non-parametric 

Kruskal-Wallis test.  
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Table 4: Age at onset among de novo and familial index cases, carriers of 1-3 DRA. 

 

Subsequently, we subdivided these two groups of patients on the basis of the age at 

onset, from 0 to 10 years and over 10 years (Table 4).  For the two cohorts of probands, 

Kaplan-Meier survival analysis (Kaplan and Meier, 1958) was used to estimate the age-

specific cumulative motor impairment incidence. For each individual time from birth to the 

earliest age at onset of motor impairment was estimated.  

                            
Figure 25:  Age-specific cumulative risk of reported age at onset between de novo and familial index cases, 

carriers of 1-3 DRA. Blue line refers to de novo index cases carriers of 1-3 DRA, red line refers to familial 

index cases carriers of 1-3 DRA.  Long-rank test p value=0.026.  

 

 

Figure 25 compares FSHD penetrance between carriers of de novo or familial 1-3 DRA 

calculated with the Kaplan-Meier method. Among subjects carrying a de novo 1-3 DRA the 

risk of developing motor impairment is 65% by age 10, 88% by age 15 and 98% by age 20.  

Among subjects carrying a familial 1-3 DRA the risk is 38% by age 10, 77% by age 15 and 

88% by age 20. Therefore the risk of developing FSHD in childhood, before age 10, is 

significantly higher in subjects carrying a de novo 1-3 DRA.  
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It has been reported that alleles of extremely short dimension (1-3 D4Z4 repeats) are 

associated with most severe form of disease [Jardine et al, 1994; Lunt et al, 1995; Ricci et al, 

1999; Ricci et al, 2013]. 

Considering the observed differences in age at onset between de novo and familial 1-3 

DRA carriers, we tested whether the disease expression is more severe in de novo index cases. 

To this aim, we measured the motor disability by the FSHD score [Lamperti et al, 2010] in de 

novo and familial index cases. Statistical evaluation failed to detect any significant difference 

in mean FSHD score between the two groups (de novo vs familial index cases, 9.7 vs 11.1; 

Long-rank p test value=0.145). 

In eight families we were able to extend molecular analysis to three generations, and we 

noticed that in six families the molecular defect appeared de novo and was transmitted to the 

infant. Three carriers of de novo mutation were recruited as probands. Other three carriers of 

de novo mutation were included in study as relatives of probands. Interestingly, two of them 

were asymptomatic at the moment of examination (45 and 41 years) and one has a mild form 

of FSHD (FSHD score 3 at 38 years of age), showing the presence of a wide degree of clinical 

variability also among 1-3 DRA carriers. 

Statistical evaluation failed to detect any significant difference in mean FSHD score  

adjusted by sex and age, between the two groups (de novo vs familial index cases, 9.7 vs 11.1; 

Long-rank p test value=0.145). 

 

Figure 26: FS HD score in correlation to the age at examination. Red spots refer to de novo index cases 

carriers of 1-3 DRA, green spots refer to familial index cases carriers of 1-3 DRA. 

 

By using the Kaplan-Meier method (Figure 26) we further evaluated the relative risk of 

loss of independent walking, considered as an important feature of motor disability, in carriers 

of de novo rearrangement and familial index cases. Our analysis showed that the cohort of de 
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novo carriers has a higher risk of loss of independent walking versus the familial index cases, 

even though this difference did not reach a statistically significant value. 

 

 
Figure 27: Age-specific cumulative risk of reported loss of independent walking between novo and familial  

index cases, carriers of 1-3 DRA.Blue line refers to de novo index cases carriers of 1-3 DRA, red line refers to 

familial index cases carriers of 1-3 DRA. Long-rank test p value=0.062. 

 

In familial cases analysis was also extended to 42 relatives carrying a DRA. We 

compared the age of the disease onset detected in the group of probands with that recorded in 

the group of relatives. This comparison displayed that affected relatives present a later onset 

of FSHD than the probands (relatives versus probands, 17.6 yrs vs 13.1 yrs. Long-rank p test 

value=0.019). We also compared the degree of motor impairment, recorded as FSHD score, 

detected in the two groups. The mean FSHD score received by relatives was significantly 

lower than that recorded in probands (6.1 vs 10.5, Long rank test p value<0.0001). Four 

relatives (6.1%), respectively aged 33, 42, 47, 50, did not present any muscle weakness.   

                

 

 

 

 

 

 

  

 

Figure 28: The distribution of probands and their relatives by the reported age at onset.  
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To systematically obtain information about the perinatal period and the appearance of 

the first signs and/or symptoms of disease we designed the Infantile Anamnestic 

Questionnaire (Appendix 2) and gathered anamnestic data about pregnancy, delivery and 

birth.  

Retrospective data were collected from 76 carriers of 1-3 DRA (31 de novo cases, 13 familial 

index cases and 20 relatives, 10 sporadic index cases and 2 mosaic cases). Table 5 shows that 

no significant alteration in pregnancy, delivery and birth were reported. We had no accounts 

of any floppy infant at birth. Out of 76 examined subjects patients, psychomotor development 

milestones were reached regularly in 72 (94%). Seven cases (4 de novo, 3 familial) (9.2%) 

reported reduced sucking, which is defined as a difficulty creating sufficient vacuum without 

swallowing abnormalities.  Notably, all these subjects presented a severe form of disease 

(FSHD score ranging from 9 to 15 before age 30); six of them suffered loss of independent 

walking in third decade of life (22-30 yrs). Interestingly, only three of them referred an early 

age at onset (≤ 10 yrs). Three subjects reported difficulty in pronouncing some phonemes at 

age of 3-4 years, possibly suggestive of facial muscle weakness. 

 

Table 5: Collected anamnestic records of 70 subjects, carriers of 1-3 DRA, referring to prenatal period,  

 delivery, birth, perinatal period and psychomotor development. 
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Overall this in-depth genotype-phenotype correlation study on 1-3 DRA carriers reveals 

that very short D4Z4 alleles do not always associate with a severe phenotype, being relatives 

less severely affected that probands, including healthy DRA carriers. Moreover our study 

shows that infantile inset was found in half of the probands carrying 1-3 DRA. Therefore 

additional factors must influence the disease outcome.  

4.2  Analysis of D4Z4 methylation status among FSHD patients and 

healthy controls 

In the recent years it was proposed that an epigenetic mechanism plays a role in the 

pathogenesis of FSHD. C-5 methylation of cytosine, the most common epigenetic  

modification of mammalian DNA, is known to be involved in development, X-chromosome 

inactivation, imprinting, and gene silencing [Robertson and Wolffe, 2000]. CpG methylation 

can affect occupancy of specific genomic regions since several transcription factors and 

chromatin-binding proteins, such as CTCF and YY1, are sensitive to it [Hark et al, 2000; Kim 

et al, 2003].  Each D4Z4 repeat unit harbors two classes of GC-rich sequences, namely the 

low copy-repeats hhspm3 and LSau. On these bases DNA methylation has been considered a 

marker of epigenetic changes at the D4Z4 locus. Indeed various methylation assay on D4Z4 

were used by different groups to estimate the level of methylation on two different sites in 

D4Z4 repeat on chromosome 4q35 and revealed D4Z4 hypomethylation in both FSHD1 and 

FSHD2 patients.  

 Based on these studies we tested this model in our cohort of Italian patients. We 

selected 47 FSHD families from the INRF and 43 healthy controls; 97 subjects from 47 

unrelated FSHD families and 43 controls were analyzed as they displayed a standard allele 

constitution of 4-type D4Z4 repeat units on chromosomes 4 and 10-type D4Z4 repeat units on 

chromosome 10 (see Figure 14).  

Clinically well-characterized FSHD families were subdivided in two groups: (1) 38 

FSHD families in which a 1-8 DRA segregates (FSHD1) and (2) 9 FSHD families in which 9-

11 DRAs segregates (‘’borderline’’ FSHD). The asymptomatic family members of FSHD 

patients carrying the same DRA were considered as non-penetrant and grouped separately (18 

subjects). Among healthy controls 40 carried normal sized alleles (>11 D4Z4 repeats), while 

two individuals carry one of the 4q alleles contracted (6 and 8 DRA) and 6 have borderline 

DRA (9-11 DRA). 
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4.2.1 The correlation of the level of methylation and the total number of D4Z4 

repeats on 4q in FSHD patients and healthy controls  

 

Previous studies demonstrated that both FSHD1 and FSHD2 patients presented a 

hypomethylation on chromosomes 4q, thus we  tested if the methylation level at 

chromosomes 4q correlates with the presence of the disease in our cohort of patients. We 

firstly tested whether the level of methylation measured on two analyzed CpGs correlates to a 

total number of D4Z4 on both chromosomes 4q in the FSHD patients and healthy controls. 

Secondly we tested weather there is a differences in methylation status between the FSHD 

patients and their non-penetrant relatives, carrying the same DRA. 

Figure 29 is representing the mean percentage of methylation on two D4Z4 CpG 

dinucleotides  in correlation to a total number of  D4Z4 repeats  on both chromosomes 4q in 3 

groups: (1) FSHD patients carrying 1-8 DRA; (2) FSHD patients carrying borderline DRA (9-

11 DRA) and  (3) healthy controls.  

 

 

Figure 29: The correlation of measured D4Z4 level of methylation with the total number of D4Z4 repeats 

on both chromosomes 4q. 

 

A Spearman's correlation was run to determine the relationship between the percentage 

of methylation and the total number of D4Z4 repeats on both chromosomes 4q in: 1) FSHD 

patients (1-11 DRA) and 2) healthy controls. Statistical analysis revealed a strong, positive 

monotonic correlation between the percentage of methylation and the total number of D4Z4 

repeats in healthy controls (rs = 0.014, Spearman’s test p-value < 0.001), while we failed to 
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observe any correlation between the number of D4Z4 units and the D4Z4 methylation degree  

in FSHD patients (rs =0.073, Spearman’s test p-value > 0.001). 

  

4.2.2 The methylation status in FSHD patients and their non-penetrant relatives, 

carriers of the same DRA 

 

Although the penetrance of FSHD is considered complete by age 20 [Lunt, 1998; Tawil 

et al, 2010], healthy relatives carrying a D4Z4 reduced allele (DRA) as well as non-

concordant monozygotic twins,  have been described [Griggs et al, 1995; Tupler et al, 1998; 

Ricci et al, 1999; Tonini et al, 2004; Ricci et al, 2014]. 

 It was proposed that in order to have FSHD DRA at 4q35 must be combined with a 

permissive haplotype, namely 4A(159/161/168)DUX4-polyadenylation signal (PAS), which 

provides the possibility of expressing the most distal copy of the DUX4 gene [Lemmers et al, 

2010]. However, our recent observation that 1,3% of healthy individuals from the general 

population carry reduced D4Z4 allele associated with 4A161PAS haplotype [Scionti et al, 

2012b] points at the possibility that in the heterozygous state a D4Z4 reduction might produce 

a subclinical sensitized condition that requires other epigenetic mechanisms or a contributing 

factor to cause the development of disease.  

This possibility is supported by our most recent observations [Ricci et al, 2013]: 1) 

among relatives carrying DRA degree of motor impairment is lower than in FSHD probands; 

2) in FSHD families the percentage of non-manifesting carriers is higher among second- 

through fifth-degree relatives in comparison with first-degree family members; 3) in 13% of 

families in which D4Z4 alleles with 4-8 repeats segregate, the diagnosis of FSHD was 

reported only in one generation. 

Thus we focus our attention on the FSHD families where DRA segregate and were the 

reduced penetrance in family is present, and we tested possibility that differential clinical 

expression might lay in a differet degree of D4Z4 methylation between FSHD patients and 

their non-penetrant relatives carrying the same DRA (1-11 D4Z4 units). We analyzed the 

methylation level of the proximal D4Z4 repeat at chromosomes 4q in 67 FSHD patients and 

18 familial non-penetrant DRA carriers, who received an FSHD score equal to 0, at the time 

of examination (age range 25-80 years).  
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Figure 29: The correlation of measured D4Z4 level of methylation with the total number of D4Z4 repeats 

on both chromosomes 4q between FS HD patients and their non-penetrant relatives carrying the same 

DRA. 

Comparing the D4Z4 methylation status in non-penetrant DRA carriers with the level of 

D4Z4 methylation assessed in the FSHD affected relatives, we failed to observe a significant 

difference of methylation status between the two groups (Student’s T test p-value = 0.193).  

We also tested the correlation between the methylation status and a total number of 

D4Z4 repeats at 4q in 43 healthy controls and 18 non-penetrant DRA carriers, relatives of 

FSHD patients. To this purpose we merged the methylation data obtained from both groups. 

Interestingly, Spearman test revealed a strong positive monotonic correlation between the 

percentage of methylation and the total number of D4Z4 repeats on the 4q (rs = 0.000, 

Spearman’s test p-value < 0.001). This observation seems to indicate that the methylation 

status detected by using methylation-sensitive restriction enzymes depend on the total number 

of D4Z4 units carried by each individual. By contrast data obtained from the analysis of 

FSHD patients show a lack of correlation that might indicate the complexity of the molecular 

mechanisms underlying FSHD pathogenesis.  

4.2.3 The inter-familial phenotypic variability does not correlates with the 

methylation status in a FSHD family members  

 

The observed phenotypic variability in the FSHD families and the presence of 

asymptomatic subjects carrying the same DRA as their FSHD re latives, prone us to study the 

intra- familial methylation status. Here we present FSHD family 197 (Figure 31) from the 
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INRF, where the DRA with 4 D4Z4 repeats was found in 11 subjects. Six of them received an 

FSHD score equal to 0, at the time of examination (age range 25-65 years). The 5 family 

members have the FSHD phenotype.  

 

Figure 31: The pedigree of the FS HD family 197, showing with the reduced penetrance of the disease. 

We analyzed the methylation status on two distinct methylation-sensitive restriction 

sites (BsaAI and FseI) and revealed that assessed methylation status does not correlate with 

the disease (Figure 32 and 33). The level of methylation measured in each family member is 

presented in the Table 6.  

 
Figure 32: The Southern blot of DNA digested with methylation-sensitive restriction enzyme BsaAI, 

hybridizied with p13E-11 probe. The upper line corresponds to the methylated CpG sites in D4Z repeat in 4q  

array and the line bellow corresponds to the unmethylated Cp G sites in D4Z4 repeats in 4q array.  

 
Figure 33: The Southern blot of DNA digested with methylation-sensitive restriction enzyme FseI, 

hybridizied with p13E-11 probe. The upper line corresponds to the methylated CpG site in D4Z repeats in 4q 

array and the line bellow corresponds to the unmethylated CpG sites in D4Z4 repeats in 4q array.  
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Table 6: The detailed presentation of methylation status in each member of FS HD family 197 and their 

FS HD score received at the time of examination.  

 
As shown in Table 6, we found a higher percentage of methylation in subjects III.1, 

III.2, II.2 affected by FSHD in comparison with their asymptomatic relatives. The degree of 

methylation assessed in other family members was   approximately 30% regardless the 

presence of disease. 

4.2.4 The methylation status in the autosomal recessive family  

Through the analysis of families collected in the INRF we identified a family in which 

two sisters show clinical features of severe FSHD, while  neither the parents nor the other 

three siblings display myopathic signs (Figure 34). The family history is negative for the 

presence of neuromuscular diseases and no other distant relative show signs of muscle 

weakness. Instead three sibs, II.5, II.8 and II.11 died before age 5 because of beta-thalassemia. 

The single daughter of one of the FSHD probands is healthy. The family is from a small 

village in inner Sardinia, Italy. Molecular analysis of the FSHD locus at 4q35 fa iled to detect 

alleles with a reduced number of D4Z4 repeats.  
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 Figure 34: The pedigree of the family M indicating autosomal recessive transmission of disease. 

Under the hypothesis that in this family FSHD occurs as an autosomal recessive trait,  

we decided to identify if the D4Z4 methylation, proposed as the epigenetic factor which 

contributes to the pathophysiology of FSHD also in the subjects carrying D4Z4 repeats of the 

normal size [de Greef et al, 2010], we decided to analyze the methylation status of the 4q 

alleles in the family members. 

 
Figure 35: The methylation status on BsaAI methylation-sensitive restriction site in members of autosomal  

recessive FS HD family M . 
 

The performed D4Z4 methylation assay in this family showed the decreased level of 

methylation in the affected sisters II.6 and II.10, but interestingly  significant demethylation 

was present also in other family members I.1, II.1 II.9 and III.5 which do not have any sign 

and/or symptom of the disease (Figure 35). 
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Figure 36: The methylation status on FseI methylation-sensitive restriction site in members of autosomal  

recessive FS HD family M. 

 
The same analysis we performed on the other methylation-sensitive restriction site 

(restricted site of FseI) (Figure 36), positioned more distally in proximal D4Z4 repeat and we 

observed the different result. Affected sisters, II.6 and II.10 had significant demethylation on 

this site, but the demethylation was detected in the healthy father I.1.  

The obtained results from both methylation-sensitive restriction site assays does not 

attribute a pathogenic significance to D4Z4 hypomethylation since it was found in both 

patients but also in healthy relatives. In addition, Next-Generation Sequencing (NGS) did not 

reveal any mutation in SMCHD1, a candidate gene for FSHD2. All these observations 

highlight the genetic heterogeneity of FSHD and its genetic complexity, either in association 

with D4Z4 reduction or independently. On these bases we conclude that family M represent a 

novel nosologic FSHD entity, distinct from FSHD1 and FSHD2. 

4.2.5 In-depth methylation analysis 

As we did not observe a strict correlation between the level of D4Z4 rmethylation and 

the presence of the FSHD, we decided to study in more detail methylation pattern of CpG rich 

D4Z4 repeat array to define the significance of D4Z4 methylation status in FSHD patients. 

As described (see Figure 14) the methylation status of the D4Z4 repeat array cannot be 

assessed in all FSHD patients by using methylation-sensitive restriction enzymes. In addition 

this assay quantifies methylation only on two CpG dinucleotides. To obtain more detailed 

information about methylation of D4Z4 sequence Hartweck and colleagues [2013] performed 

bisulfite sequencing of three domains within the D4Z4 repeat. Treatment of DNA with 

bisulfite converts cytosine residues to uracil, but leaves 5-methylcytosine residues unaffected. 

http://en.wikipedia.org/wiki/Bisulfite
http://en.wikipedia.org/wiki/Cytosine
http://en.wikipedia.org/wiki/Uracil
http://en.wikipedia.org/wiki/5-methylcytosine
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The bisulfite conversion depends on the presence of individual methyl-cytosine, yielding 

single-nucleotide resolution information about the methylation status of DNA segment of 

interest.  

By bisulfite sequencing Hartweck and coworkers [2013] assessed the methylation 

status in three distinct regions of D4Z4 in FSHD patients and controls. This approach allowed 

them to screen globally level of methylation on both chromosome 4q and both chromosome 

10q, without providing a specific information on the methylation status of the D4Z4 reduced 

allele at 4q. 

  To overcome this limitation, we developed a novel technique, which allows the 

specific analysis of the methylation status of a single 4q D4Z4 alleles. In order to distinguish 

between chromosome 4q and chromosome 10q sequences, we performed a comparison 

between virtually bisulfite-converted D4Z4 sequences belonging to 4q and 10q. This 

comparison allowed us to identify single nucleotide polymorphism (SNP), located 

downstream of the D4Z4 binding element (DBE), T at chromosome 4q and G at chromosome 

10q (Figure 37). 

  

Figure 37: Alignment of bisulfite-converted sequences of a D4Z4 fragment on chromosome 4 q and 

chromosome 10q. DBE position is highlighted in red. The polymorphism used to distinguish chromosome 

4 from chromosome 10 is circled.  

 

To perform in-depth methylation screening of high number of CpG dinucleotides inside 

each D4Z4 repeat on chromosome 4q we analyzed four different regions encompassing total   

1.2 kb DNA sequence on D4Z4 and 113 CpG dinucleotides (see Appendix 3). Bisulfite 

converted DNA extracted from a band corresponding to a single 4q allele (described in 

Material and Methods, chapter 3.3.3) was amplified in 4 different DNA fragments DR1, 

DBE-R, DR2 and DR3. Amplified fragments were cloned and single plasmids were 

sequenced. Percentage of methylation was estimated as the number of cytosines from a total 

number of CpGs in non-bisulfite converted DNA sequence. DBE-R region containing a SNP 
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(T at chromosome 4 and G at chromosome 10, see Figure 37) permitted us to verify that 

analyzed sequences originate from 4q. 

Our analysis revealed a reduced level of CpG methylation in regions DR1 and DBE-R 

in all 6 analyzed 4q arrays (mean level of methylation, 11.5% and 8.4% respectively); D4Z4 

region 2 (DR2) displayed a variable level of CpG methylation in the samples analyzed 

(13.5%-52%, mean 31.5%), while DR3 was methylated (57.8%) in the majority of D4Z4 

arrays 4q-alleles as described in Figures 38-39 and Table 7. 

                  

 

Figure 38: The mean percentage of methylation measured in 4 distinct domains of D4Z4 repeat on 

chromosome 4q. 

 

      DR1                                                        DBE-R                                                DR3 

 

Figure 39: The example of methylation status of each CpG dinucleotide for DR1 (12% ), DBE-R (6% ) and 

DR3 (62.3% ) in patient FS HD 722. 
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Table 7: Presentation of FS HD score, size of D4Z4 allele and the percentages of measured methylation 

level in DR1, DR2, DBE-R and DR3, for each analyzed patient. 

 

The D4Z4 region 1 (DR1) and D4Z4 binding element-region (DBE-R) were selected for 

the in-depth CpG methylation screening because of the presence of the binding sites of the 

transcription modifiers  CCCTC-binding factor (CCTF) and Ying-Yang 1(YY1).  

DR1 is juxtaposed to the binding site of CTCF [Ottaviani et al, 2009], a known insulator 

protein [Bell et al, 1999]. CTCF functions as the enhancer blocking boundary [Hark et al, 

2000]. The binding of CTCF is methylation sensitive [Bell and Felsenfeld 2000; Hark et al, 

2000] and its enharcer blocker function is hampered by the methylation of its binding site.  

DBE is involved in the recruitment of the D4Z4 repressor complex (DRC) as the putative 

binding site of the YY1, a PcG protein, was found to be positioned inside of the DBE region 

[Gabellini et al, 2002].  YY1 binding site encompasses the CpG (CGCCATnTT) and was 

reported to be inaccessible to YY1 when this CpG dinucleotide is methylated [Do Kim et al, 

2006; Sekimata et al, 2011]. Our analysis revealed that in all the DBE-R sequences from the 

analyzed 4q alleles this CpG was unmethylated in all analyzed sequences.                          

 

Figure 40:  Methylated CpG of the putative binding site in the DBE region.  
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D4Z4 region 2 (DR2) was selected for the CpG screening because of the presence of the 

BsaAI methylation-sensitive restriction site.  

 

Table 8: The level of methylation obtained by bisulfate sequencing of DBE-R and by use ofmethylation-

sensitive restriction enzyme BsaAI. Methylation-sensitive restriction site inside the DBE-R domain allows to 

compare the degree of methylation obtained by two different methylation tests. 

 

As shown in table 8, comparison of the methylation data obtained by two different 

D4Z4 methylation test allowed us to estimate the reliability of the methylation-sensitive site 

assay.  We can conclude that assessed degree of methylation with both assays is not always 

comparable, considering the lack of correspondence of the methylation data attained from the 

patients FSHD 1808 and FSHD 1960. 

D4Z4 region 3 (DR3) is domain positioned inside the ORF of DUX4, thus it was from a 

specific importance to screen the methylation status of 36 CpGs present in this region. We 

found this region methylated in the majority of 4q arrays. This observation might have 

implications on understanding expression of DUX4.  
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5. Discussion  

FSHD has been classified as an autosomal dominant myopathy associated to 

rearrangements occurring in a 3.3 kb tandemly repeated sequence (D4Z4) located at the 4q 

subtelomeric region [Wijmenga et al, 1992]. It was established that normal subjects carry 

p13E-11 EcoRI alleles greater than 45 kb (≥ 11 D4Z4 repeats) originating from chromosome 

4q, whereas alleles of 35 kb, corresponding to 8 D4Z4 units, or shorter, are present in the 

majority of de novo and  familial FSHD patients [Upadhayaya et al, 1996]. Age-dependent 

penetrance based on the presence of the characteristic clinical signs was estimated >95% by 

age 20, without inter- familial differences [Lunt et al, 1989].  Therefore, in the last 20 years, 

for the diagnosis of FSHD has been used molecular test considered highly sensitive and 

specific for the disease [Tawil et al, 2010].  

Genotype-phenotype correlation studies showed a rough and inverse correlation 

between the number of D4Z4 repeats and the severity of FSHD. Alleles with 1-3 D4Z4 

repeats (EcoRI fragment <20 kb) are generally associated with a severe form of disease that 

presents in childhood, 4-7 D4Z4 repeats (EcoRI fragment 21-34kb) with the classical form of 

FSHD, and 8-10 D4Z4 repeats (EcoRI fragment 35-45 kb) with a milder disease [Lunt et al, 

1995a; Tawil et al, 1996; Ricci et al, 1999]. In addition, EcoRI alleles between 38-45 kb in 

size (9-11 D4Z4 repeats) have been detected in healthy subjects and individuals affected by 

FSHD or other myopathies [Butz et al, 2003; Vitelli et al, 1999].  Nevertheless, since the 

advent of molecular diagnosis for FSHD, several studies have reported FSHD families with 

subjects carrying D4Z4 reduce alleles and no signs of the disease, defined as non-penetrant 

carriers  [Zatz et al, 1998; Ricci et al, 1999; Tonini et al, 2004; Scionti et al, 2012a, 

Sakellariou et al, 2012]. Moreover, a growing number of evidences have emerged to 

complicate the evaluation of patients, reporting a wide and unexpected variability of FSHD 

clinical outcomes, also among subjects carrying the same D4Z4 allele, even within the same 

family [Fitzsimons, 1999; Galluzzi et al., 1999; Felice et al., 2000]. For some non-penetrant 

cases with the D4Z4 reduced allele, it has been proposed that the reduction of D4Z4 repeats 

on chromosome 4q35 could be pathogenic only in certain chromosomal backgrounds, as 

“permissive” specific haplotypes [Lemmers et al, 2002; Lemmers et al, 2004b; Lemmers et al, 

2010), namely (1) reduction of D4Z4 elements, (2) presence of the 4A(159/161/168) 

haplotype, and of (3) a single nucleotide polymorphism which provides a polyadenilation 

signal (PAS) for the DUX4 transcript [Lemmers et al, 2010]. However, our most recent 

studies establish that, although the majority of FSHD patients (70%) carry D4Z4 alleles with 

4-8 units, this size range is also present in 3% of healthy subjects from the general population. 
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Additionally, there is little predictive value of the 4qA161PAS haplotype in the absence of 

family history since our recent study found “permissive” haplotype in 1.3% of healthy 

subjects. Thus the FSHD molecular signature has the frequency of a common polymorphism 

rather than a rare mutation. All these observations strengthened the notion that is important to 

re-evaluate clinical phenotype and systematically analyze a large cohort of FSHD families, in 

order to establish the predictive value of DNA test and potentially identify other modifying 

factors as prognostic tools in clinical practice and genetic counseling. Our studies fall in this 

contest. 

5.1 Are the 4q alleles with 1-3 D4Z4 repeats always predictive for a 

severe form of FSHD? 

Our most recent genotype-phenotype study [Ricci et al, 2013] performed on FSHD 

families showed that FSHD display almost full penetrance in families in which 1-3 DRA 

segregates, with a more severe phenotype and reduced clinical variability, in comparison with 

carriers of DRA with 4-8 units. However, all de novo index cases were excluded from the 

study because of its design.  Therefore we considered that analysis of all index cases carrying 

of DRA with 1-3 repeats might offer more precise information about this group of patients. In 

particular, we aimed at verifying whether this subjects present FSHD with infantile onset and 

whether detection of a 1-3 DRA is always predictive of a severe phenotype.  

First, our analysis showed that the majority of carriers of 1-3 DRA (60.6%) are de novo. 

Notably, this percentage is higher than that previously described in the whole FSHD 

population [Padberg 1982; Padberg et al, 1995; Zatz et al, 1995 ; Tawil et al, 1996;  Zatz et al 

1998; Lunt, 1998; van der Maarel et al, 2000]. We verified the percentage of de novo cases 

among 4-8 DRA probands from the INRF and surprisingly identified only 14 (5.7%) out 246 

index cases, carrying 4-8 DRA.  Thus we concluded that among probands from the INRF, 

carriers of de novo rearrangements are significantly more frequent in the cohort of subjects 

carrying 1-3 DRA, than in the cohort of 4-8 DRA carriers. This data, associated with the 

observation that 1-3 DRAs previously have never been detected in general population [Scionti 

et al, 2012b], support the idea that the D4Z4 repeat array is highly recombinogenic and 

therefore prone to high mutation rate. Second, we found that the majority of cases presenting 

disease onset before age 10, are isolated and carry a de novo rearranged DRA (Table 4); while 

the majority of familial cases develops FSHD around the second decade of life. Interestingly, 

among the 66 carriers of 1-3 D4Z4 alleles 6.1% were asymptomatic (Figure 28). However, 

even though there is a trend towards a more severe progression among de novo cases in 
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comparison with familial probands (Figure 25 and 27) and infantile disease onset is more 

common among de novo carriers of 1-3 DRA (Table 4), we failed to observe a significant 

difference in disease outcome between the two groups (mean FSHD score in de novo versus 

familial index cases, 9.7 vs 11.1).  In addition it is important to emphasize that in this cohort 

of subjects carrying the shortest D4Z4 allele, not all presented an infantile onset. Indeed 

45.5% of index cases reported age at onset after 10 years of age, moreover our Anamnestic 

Infantile Form revealed no presence of the congenital form of the FSHD. Therefore our study 

establishes that the group of 1-3 DRA carriers does not present a distinct “Infantile FSHD” as 

it was reported in the past.  

Collectively, our genotype-phenotype study on the large cohort of subjects carrying 

the shortest allele, revealed that: 1) first signs and/or symptoms were not detected in pre- and 

peri-natal period; 2) half of the subjects carrying 1-3 DRA develop FSHD in infantile period 

(1-10 years); 3) not all subjects carrying 1-3 DRA display more severe form of disease, 

regardless infantile onset; 4) asymptomatic individuals were found to carry 1-3 DRA. These 

observations suggest that additional factors might contribute to complex FSHD pathogenesis.  

5.2 How to explain the phenotypic variability in FSHD? 

In the recent years it was proposed that an epigenetic mechanism plays a role in the 

pathogenesis of FSHD. C-5 methylation of cytosine, the most common epigenetic  

modification of mammalian DNA [Robertson and Wolffe, 2000]. CpG methylation can affect 

occupancy of specific genomic regions since several transcription factors and chromatin-

binding proteins, such as CTCF and YY1, are sensitive to it [Hark et al, 2000; Kim et al, 

2003].  Each D4Z4 repeat unit harbors two classes of GC-rich sequences, namely the low 

copy-repeats hhspm3 and LSau. On these bases DNA methylation has been considered a 

marker of epigenetic changes at the D4Z4 locus. Indeed various methylation assays on D4Z4 

used by different groups to estimate the level of methylation on two different sites in D4Z4 

repeat on chromosome 4q35 found D4Z4 hypomethylation in both FSHD1 and FSHD2 

patients. The idea that additional epigenetic factors could be responsible for the FSHD was 

supported by the observation that in FSHD2 patients, who carry D4Z4 alleles with more than 

11 repeats, DNA is hypomethylated at the D4Z4 locus. Consistent with this possibility, it has 

been recently shown that in a group of FSHD2 families, affected subjects carry mutations in 

SMCHD1 gene, encoding a chromatin modifier,  in association with D4Z4 hypomethylation.   

In addition a hypomethylation of D4Z4 repeat units has been observed in FSHD patients [de 
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Greef et al, 2010]. Therefore it has been suggested that reduced penetrance observed in 

FSHD, might be explained by the presence of additional factors either in association with 

D4Z4 reduction or independently, contributing to the inter- and intra- familial phenotypic 

variability observed in FSHD population [Sacconi et al, 2013].  

Thus we tested this possibility in FSHD families where segregate 1-8 DRAs and FSHD 

families where “borderline” 9-11 D4Z4 4q allele segregate. It has to be considered that in 

10% of the population, subtelomeric exchanges between the D4Z4 repeats on 4qter and 10qter 

have been observed [van Deutekom et al, 1997]. These subtelomeric exchanges result in the 

formation of hybrid alleles containing a mixture of 4-type and 10-type D4Z4 repeat units 

[Lemmers et al, 1998], which interfere with the Southern blot-based methylation analysis, 

therefore D4Z4 repeat composition was selective for the study. We investigated the 

methylation level at two sites on proximal D4Z4 repeat units on chromosome 4q in 140 

clinically well characterized subjects, carrying the standard allele 4q-10q constitution (see 

Figure 14). Using this test we found a strong correlation between the percentage of 

methylation and total number of D4Z4 in healthy controls (rs = 0.075, Spearman’s test p-value 

< 0.001), while we failed to observe any correlation in FSHD patients (rs = 0.014, Spearman’s 

test p-value > 0.001) carrying a 4q allele with 1-11 D4Z4 repeats.  This observation seems to 

indicate that the methylation status detected by using methylation-sensitive restriction 

enzymes depend on the total number of D4Z4 units carried by each individual. Comparing the 

D4Z4 methylation status in non-penetrant  DRA carriers with the level of D4Z4 methylation 

assessed in their FSHD affected relatives, we failed to observe a significant difference of 

methylation status between the two groups (Student’s T test p-value = 0.193). Thus, data 

obtained from FSHD patients show a lack of correlation between the methylation status of 

D4Z4 4q arrays and the presence of the disease. By contrast, we detected that degree of D4Z4 

methylation correlates with the total number of D4Z4 repeats in healthy individuals.  

Therefore our study demonstrates that degree of methylation assessed with methylation- 

sensitive site assay, has no specific role in the complexity of the molecular mechanisms 

underlying FSHD pathogenesis.  

Since the analysis of methylation-sensitive restriction sites does not allow the precise 

definition of the methylation status of the D4Z4 reduced allele associated with the disease, we 

decided to analyze the precise methylation of CpGs within the D4Z4 sequence of the DRA. 

To overcome the technical challenge represented by 98% of homology between D4Z4 repeats 

on 4q and 10q allele, we develop a method to analyze a single 4q allele. This approach 

enables us to assess the specific information of D4Z4 methylation status on 4q, in contrast to  
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the previous study which analyzed global level of methylation on both chromosomes 4q and 

10q.  

To perform in-depth methylation screening of high number of CpG dinucleotides inside 

each D4Z4 repeat on chromosome 4q we choose to analyze four different regions 

encompassing total   1.2 kb DNA sequence on D4Z4 and 113 CpGs (see Figure 38). For this 

study we selected 4q alleles with 3-12 D4Z4 units from 6 unrelated FSHD patients. This 

approach revealed unexpected data. We found the D4Z4 region 1 (DR1) and D4Z4 binding 

element region (DBE-R) hypomethylated in all 6 alleles. Interestingly a binding site for 

CTCF, a zing finger protein, is positioned just proximally to DR1 [Ottaviani et al, 2009]. This 

methylation-sensitive transcription factor [Amy et al, 2000] was implicated to function as 

enhancer-blocker for controlling allele specific expression of H19 and Igf2 [Schoenherr et al, 

2003, Fedoriw et al, 2004]. The fact that DR1, the region juxtaposed to the CTCF binding 

site, was hypomethylated in all 4q alleles indicate that binding of CTCF to D4Z4 is possible, 

enabling transcriptional repression of a nearby genes (Figure 41).  Moreover, we also found 

that the CpG dinucleotide inside the putative binding site of YY1 (Ying-Yang 1) positioned at 

DBE region (Figure 40) was demethylated in all analyzed sequences.  

Studies show that the YY1 binding to the putative motif (CGCCATnTT) is 

epigenetically modulated hence the YY1 binding capability is abolished when site is 

methylated [Do Kim et al, 2006; Sekimata et al, 2011].  Our methylation studies are consistent 

with previous findings showing that YY1 binds DBE and consequently recruit HMGB2 and 

nucleolin [Gabellini et al, 2002], thus promoting topological repression of D4Z4 region. 

Overall these results indicate that in D4Z4 reduced allele from FSHD patients the D4Z4 

element retains the capability of binding proteins that involved in maintenance epigenetic 

silencing.  

Our study also shows that the DR3, region including the ORF of DUX4, is methylated 

in the majority of analyzed D4Z4 arrays. This observation might be of particular significance 

for the possibility of expressing DUX4.  

The discovered differences in the methylation status between the proximal, more 

centromeric, (DR1 and DBE-R) and telomeric DR3 domain in 4q alleles of FSHD patients 

open new questions. Hypomethylated regions might allow accessibility of epigenetic 

imprinting- involved modifiers CTCF and YY1, which could maintain the expression of 

DUX4 silenced. These notions are in concordance with observation that ORF of DUX is 

methylated in D4Z4 4q alleles of analyzed FSHD patients. By contrast the rmethylation of 
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D4Z4 region positioned within the DUX4 ORF might explain the very low level of its 

expression. 

 

 

Figure 41: Schematic presentation of a possible epigenetic events in  a differentially  methylated sequences 

of D4Z4 repeat. 

 

Altogether our studies confirm the epigenetic control of the D4Z4 region. However the 

significance of the high methylation level of DR3 should be unraveled in view of the present 

model for FSHD pathogenesis, which envisions the DUX4 expression as a key event for 

FSHD pathogenesis. 
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6. Conclusions 

 

The practice of medical genetics requires a clear, definite evaluation of the 

significance of mutations/variations of DNA sequences for diagnosis to provide prognostic 

information and genetic counseling. This is particularly important for a progressive disease 

with unpredictable onset and a high variability of clinical expression such as FSHD.  

The extensive use over the past 20 years of DNA analysis for studying Mendelian 

disorders has revealed many complex mechanisms in addition to single mutant genes that 

cause disease.  Identical phenotypes may be produced by mutations in different genes  

[Casanovas et al, 2008], the same mutation can cause different phenotypes [Takashi et al, 

1998], and distinct mutations in the same gene may result in different disorders that segregate 

with diverse Mendelian or even multifactorial patterns [Kanagawa et al, 2006]. In addition the 

incomplete penetrance of certain mutations argues for the importance of modifying loci or 

epigenetic mechanisms influencing the clinical expression in many Mendelian disorders  

[Chahwan et al, 2011]. Thus, establishing the value of mutational events underlying genetic 

diseases may be complex even when there are simple patterns of inheritance in diseases with a 

well-characterized pathologic course.  

FSHD seems to fall in this complex pattern even though it is currently considered a 

fully penetrant disease with a wide variability in clinical spectrum, ranging from subjects with 

very mild muscle weakness to wheelchair bound patients [Tawil et al, 2010; Lunt et al, 1995a] 

The molecular test initially used for FSHD diagnosis was based on the observation that 95% 

of FSHD patients carry a reduction of integral numbers of D4Z4 repeats at 4q35 with full 

penetrance [van Deutekom et al, 1996a]. However the wide use of this test revealed several 

exceptions to the original model. Through the years the threshold size of D4Z4 alleles has 

been increased from the original 28 kb (6 repeats) [Wijmenga et al, 1992] to 35 kb (8 repeats) 

[van Deutekom, 1996a], with FSHD cases carrying D4Z4 alleles of 38-41 kb (9-11 repeats) 

considered borderline alleles [Butz et al, 2003; Vitelli et al, 1999] .  Additional genotype-

phenotype studies led to the identification of subjects carrying D4Z4 reduced alleles with no 

sign of muscle weakness in FSHD families [Ricci et al, 1999; Tonini et al, 2004] as well as in 

normal controls [van Overveld et al, 2000; Weiffenbach et al, 1992].  Finally FSHD affected 

subjects who do not carry D4Z4 reduced allele, have been described. In those cases D4Z4 

hypomethylation associated with SMCHD1 mutation have been considered at the basis of 

disease. 
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Our systematic clinical and molecular analysis of FSHD patients from the Italian 

National Registry for FSHD as well as a large number of healthy controls display that no 

simple model can be used to describe FSHD pathophysiology.  

Remarkably, our data establish that no general rule can be applied to diagnose FSHD.  

Although the majority of FSHD patients (70%) carry D4Z4 alleles with 4-8 units, this size 

range is carried by 3% of healthy subjects from the general population.  By extending clinical 

analysis to a large number of subjects carrying 1-3 DRA we observed a wide range of clinical 

expression also in this category, which does not fit with the knowledge of a rough inverse 

correlation with the size of D4Z4 alleles. In addition the methylation status of the D4Z4 

region does not strictly correlate with the presence of a clinical phenotype. Besides we 

observed no correlation between the D4Z4 methylation degree and the length of the D4Z4 

array among FSHD patients.  Finally we identified a family without DRA and mutation in 

SMCHD1 in which FSHD segregates as autosomal recessive trait. 

In summary, our study indicates that a profound re-thinking of the genetic disease 

mechanism and modes of inheritance of FSHD are now required and entirely new models and 

approaches are needed. Our results indicate that other candidate factors are involved. Indeed, 

our data point at the possibility that a complex mechanism beyond current understanding is at 

the basis of this complex disease. At our present understanding it is probably necessary to 

envision different pathogenic models. It is possible that in the heterozygous state a D4Z4 

reduction might produce a subclinical sensitized condition that requires other epigenetic 

mechanisms or a contributing factor to cause overt myopathy. In some rare cases, that could 

be by becoming homozygous [Scionti et al, 2012a] and doubling the dose of a dominant factor 

such as DUX4. In others, it might be by the simultaneous heterozygosity for a different and 

recessive myopathy, as suggested by many reports in which the FSHD contractions are found 

in association with a second molecular defect [Lecky et al, 1991; Tonini et al, 2002; Reilich et 

al, 2010]. In other cases FSHD might be the result of homozygous mutations in yet-to-

discover genes causing an autosomal recessive form of disease. Finally it is also plausible that 

drugs or toxic agents might contribute to the disease onset and clinical variability.  

It is hoped that broadening the scope of investigations including next generation deep 

sequencing in particular in families with unusual segregation of FSHD may finally lead to an 

understanding of the molecular pathogenesis of this complex disease. These findings have 

important clinical implications for genetic counseling of patients and families with FSHD 

with particular regard to the interpretation of data in prenatal diagnosis.  
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GGTACCAGCAGGTGGGCCGCCTACTGCGCACGCGCGGGTTTGCGGGCAGCCGCCTGGGCTGTGGGAGCAGCCCGG

GCAGAGCTCTCCTGCCTCTCCACCAGCCCACCCCGCCGCCTGACCGCCCCCTCCCCACCCCCACCCCCCACCCCC

GGAAAACGCGTCGTCCCCTGGGCTGGGTGGAGACCCCCGTCCCGCGAAACACCGGGCCCCGCGCAGCGTCCGGGC

CTGACACCGCTCCGGCGGCTCGCCTCCTCTGCGCCCCCGCGCCACCGTCGCCCGCCCGCCCGGGCCCCTGCAGCC

GCCCAGGTGCCAGCACGGAGCGCCTGGCGGCGGAACGCAGACCCCAGGCCCGGCGCACACCGGGGACGCTGAGCG

TTCCAGGCGGGAGGGAAGGCGGGCAGAGATGGAGAGAGGAACGGGAGACCTAGAGGGGCGGAAGGACGGGCGGAG

GGACGTTAGGAGGGAGGGAGGGAGGCAGGGAGGCAGGGAGGAACGGAGGGAAAGACAGAGCGACGCAGGGACTGG

GGGCGGGCGGGAGGGAGCCGGGGACGGACGGGGGGAGGAAGGCAGGGAGGAAAAGCGGTCCTCGGCCTCCGGGAG

TAGCGGGACCCCCGCCCTCCGGGAAAACGGTCAGCGTCCGGCGCGGGCTGAGGGCTGGGCCCACAGCCGCCGCGC

CGGCCGGCGCGGCACCCATTCGCCCCGGTTCCGTGGCCCAGGGAGTGGGCGGTTTCCTCCGGGACAAAAGACCGG

GACTCGGGTTGCCGTCGGGTTTTCACCCGCGCGGTTCACAGACCGCACATCCCCAGGCTGAGCCCTGCAACGCGG

CGCGAGGCCGACAGCCCCGGCCACGGAGGAGCCACACGCAGGACGACGGAGGCGTGATTTTGGTTTCCGCGTGGC

TTTGCCCTCCGCAAGGCGGCCTGTTGCTCACGTCTCTCCGGCCCCCGAAAGGCTGGCCATGCCGACTGTTTGCTC

CCGGAGCTCTGCGGGCACCCGGAAACATGCAGGGAAGGGTGCAAGCCCGGCATGGTGCCTTCGCTCTCCTTGCCA

GGTTCCAAACCGGCCACACTGCAGACTCCCCACGTTGCCGCACGCGGGAATCCATCGTCAGGCCATCACGCCGGG

GAGGCATCTCCTCTCTGGGGTCTCGCTCTGGTCTTCTACGTGGAAATGAACGAGAGCCACACGCCTGCGTGTGCG

AGACCGTCCCGGCAACGGCGACGCCCACAGGCATTGCCTCCTTCACGGAGAGAGGGCCTGGCACACTCAAGACTC

CCACGGAGGTTCAGTTCCACACTCCCCTCCACCCTCCCAGGCTGGTTTCTCCCTGCTGCCGACGCGTGGGAGCCC

AGAGAGCGGCTTCCCGTTCCCGCGGGATCCCTGGAGAGGTCCGGAGAGCCGGCCCCCGAAACGCGCCCCCCTCCC

CCCTCCCCCCTCTCCCCGTTCCTCTTCGTCTCTCCGGCCCCACCACCACCACCGCCACCACGCCCTCCCCCACCA

CCCCCCCCCCCCCCACCACCACCACCACCACCCCGCCGGCCGGCCCCAGGCCTCGACGCCCTGGGTCCCTTCCGG

GGTGGGGCGGGCTGTCCCAGGGGGGCTCACCGCCATTCATGAAGGGGTGGAGCCTGCCTGCCTGTGGGCCTTTAC

AAGGGCGGCTGGCTGGGTGGCTGGCTGTCCGGGCAGGCCCCCTGGCTGCACCTGCCGCAGTGCACAGTCCGGCTG

AGGTGCACGGGAGCCCGCCGGCCTCTCTCTGCCCGCGTCCGTCCGTGAAATTCCGGCCGGGGCTCACCGCGATGG

CCCTCCCGACACCCTCGGACAGCACCCTCCCCGCGGAAGCCCGGGGACGAGGACGGCGACGGAGACTCGTTTGGA

CCCCGAGCCAAAGCGAGGCCCTGCGAGCCTGCTTTGAGCGGAACCCGTACCCGGGCATCGCCACCAGAGAACGGC

TGGCCCAGGCCATCGGCATTCCGGAGCCCAGGGTCCAGATTTGGTTTCAGAATGAGAGGTCACGCCAGCTGAGGC

AGCACCGGCGGGAATCTCGGCCCTGGCCCGGGAGACGCGGCCCGCCAGAAGGCCGGCGAAAGCGGACCGCCGTCA

CCGGATCCCAGACCGCCCTGCTCCTCCGAGCCTTTGAGAAGGATCGCTTTCCAGGCATCGCCGCCCGGGAGGAGC

TGGCCAGAGAGACGGGCCTCCCGGAGTCCAGGATTCAGATCTGGTTTCAGAATCGAAGGGCCAGGCACCCGGGAC

AGGGTGGCAGGGCGCCCGCGCAGGCAGGCGGCCTGTGCAGCGCGGCCCCCGGCGGGGGTCACCCTGCTCCCTCGT

GGGTCGCCTTCGCCCACACCGGCGCGTGGGGAACGGGGCTTCCCGCACCCCACGTGCCCTGCGCGCCTGGGGCTC

TCCCACAGGGGGCTTTCGTGAGCCAGGCAGCGAGGGCCGCCCCCGCGCTGCAGCCCAGCCAGGCCGCGCCGGCAG

AGGGGATCTCCCAACCTGCCCCGGCGCGCGGGGATTTGGCCTACGCCGCCCCGGCTCCTCCGGACGGGGCGCTCT

CCCACCCTCAGGCTCCTCGGTGGCCTCCGCACCCGGGCAAAAGCCGGGAGGACCGGGACCCGCAGCGCGACGGCC

TGCCGGGCCCCTGCGCGGTGGCACAGCCTGGGCCCGCTCAAGCGGGGCCGCAGGGCCAAGGGGTGCTTGCGCCAC

CCACGTCCCAGGGGAGTCCGTGGTGGGGCTGGGGCCGGGGTCCCCAGGTCGCCGGGGCGGCGTGGGAACCCCAAG

CCGGGGCAGCTCCACCTCCCCAGCCCGCGCCCCCGGACGCCTCCGCCTCCGCGCGGCAGGGGCAGATGCAAGGCA

TCCCGGCGCCCTCCCAGGCGCTCCAGGAGCCGGCGCCCTGGTCTGCACTCCCCTGCGGCCTGCTGCTGGATGAGC

TCCTGGCGAGCCCGGAGTTTCTGCAGCAGGCGCAACCTCTCCTAGAAACGGAGGCCCCGGGGGAGCTGGAGGCCT

CGGAAGAGGCCGCCTCGCTGGAAGCACCCCTCAGCGAGGAAGAATACCGGGCTCTGCTGGAGGAGCTTTAGGACG

CGGGGTTGGGACGGGGTCGGGTGGTTCGGGGCAGGGCGGTGGCCTCTCTTTCGCGGGGAACACCTGGCTGGCTAC

GGAGGGGCGTGTCTCCGCCCCGCCCCCTCCACCGGGCTGACCGGCCTGGGATTCCTGCCTTCTAGGTCTAGGCCC

GGTGAGAGACTCCACACCGCGGAGAACTGCCATTCTTTCCTGGGCATCCCGGGGATCCCAGAGCCGGCCCAGGTA

CC 
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ANALYZED SEQUENCES OF D4Z4 REPEAT 

 

AGATCT= BglII 

GGCCGGCC = FseI (methylation sensitive) 

TACGTG = BsaAI (methylation sensitive) 

GGTACC = KpnI  

CGGCCG = EagI (methylation sensitive) 

CCATTCATGAAGGGGTGGAGCCTGCCT = DBE  

 

Yellow: PRIMERS DR1 

Blue: PRIMERS DR2 

Dark green: PRIMERS DR3 

Underlined: DBE-R 
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