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Abstract. Facioscapulohumeral muscular dystrophy
(FSHD), the third most common myopathy, is an autoso-
mal dominant disease with an insidious onset and pro-
gression. Almost all FSHD patients carry deletions of an
integral number of tandem 3.3 kb repeats, termed D4Z4,
located on chromosome 4q35. In FSHD patients a dele-
tion of the integral number of D4Z4 repeats generates a
fragment that is usually smaller than 35 kb (fewer than 11
repeats), whereas in normal controls the size usually
ranges from 50 to 300 kb (between 11 and 150 units).
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D4Z4 is a repetitive element with heterochromatic fea-
tures. Recently, 4q35 genes located upstream of D4Z4
have been found to be inappropriately overexpressed
specifically in FSHD muscle. An element within D4Z4
has been shown to behave as a silencer that provides a
binding site for a transcriptional repressing complex.
These results suggest a model in which deletion of D4Z4
leads to the inappropriate transcriptional derepression of
4q35 genes, resulting in disease.
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Facioscapulohumeral muscular dystrophy:
an introduction

Facioscapulohumeral muscular dystrophy (FSHD) is one
of the most common hereditary myopathies, with an inci-
dence of 1 in 20,000 in the general population [1]. FSHD
is characterized by the progressive wasting of a highly se-
lective set of muscle groups. The onset of FSHD involves
the weakening of certain facial muscles, such that pa-
tients may not be able to close their eyes, puff up their
cheeks or smile. As the disease progresses, the muscular
weakness spreads to limb-girdle muscles, such as scapula
fixators, and deltoid muscles; as a consequence patients
are unable to lift their arms. Abdominal muscles also be-
come affected, leading to a characteristic posture in
which the patient’s stomach protrudes due to an abnormal
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inward curvature of the spine. Eventually, the disease ex-
tends to pelvic girdle muscles, thereby affecting the indi-
vidual’s ability to walk. A notable characteristic feature of
the disease is that the muscle weakness displays an asym-
metric distribution, which does not correlate with the
handedness of the individual [2]. The chronology of dis-
ease progression is unpredictable; for example, long peri-
ods of stability can be followed by sudden and dramatic
worsening. In addition, there is a wide variability in clin-
ical spectrum among patients with the disease, ranging
from subjects with very mild muscle weakness, who are
almost unaware of being affected, to patients who are
wheelchair dependent. This variability in disease pene-
trance is exemplified by a set of monozygotic male twins,
shown in figure 1, who carry the same genetic mutation
but are affected by FSHD to dramatically different ex-
tents [3]. Electromyographic and histological analysis re-
veals nonspecific myopathic changes, and therefore diag-



nosis of FSHD has been mainly based on clinical pheno-
type [4], although a molecular diagnosis is now available
(see below).
FSHD is a genetic disorder that is transmitted in an auto-
somal dominant fashion. FSHD1, which defines the ma-
jor form of FSHD, genetically maps to chromosome 4q35
[5–8]. At least 5% of FSHD families are not linked to the
genetic locus on chromosome 4, suggesting that at least
one additional genetic locus associated with FSHD is pre-
sent in the genome [5, 9–12]. However, to date, a second
putative genetic locus has not yet been defined for the
non-4q linked form(s) of FSHD.
FSHD1 has been associated with DNA rearrangements
characterized by an allele with a shorter EcoRI fragment
as detected by Southern analysis [13]. The polymorphic
genomic region detected consists of an array of tandemly
repeated 3.3-kb segments (hereafter referred to as D4Z4
repeats), such that the variation in the size of EcoRI frag-
ments is due to variability in the number of D4Z4 repeats
[14]. The number of D4Z4 repeats varies from 11 to 150
in the general population, whereas less than 11 repeats
are present in sporadic and familial FSHD patients.
The D4Z4 unit, as outlined in figure 2, consists of several
known sequence motifs: Lsau, hhspm3 and a double
homeobox [15–17]. Lsau is a middle repetitive element
associated with heterochromatic regions of the genome
[18], and hhspm3 is a low-copy GC-rich element [19].
Homeobox sequences, which are highly conserved dur-
ing evolution [20], encode precisely defined protein do-
mains, known as homeodomains, that are characteristic
of some gene regulatory proteins, homeobox proteins,
coordinating the expression of sets of genes during de-
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velopment. The D4Z4 sequence also contains a putative
promoter with a TACAA box located 149 bp upstream of
an 1173 bp ORF (open reading frame) and is predicted to
encode a gene known as DUX4, which has two homeo-
domains [21]. However, the predicted gene has no introns
and lacks a polyadenylation site. Furthermore, no D4Z4-
specific transcript has been so far identified either in
muscles or other tissues, suggesting that DUX4 is most
likely a pseudogene. 
D4Z4 is part of a family of repetitive elements, known as
the 3.3-kb family, which are present at 1q12 and on the
short arm of acrocentric chromosomes in the human
genome [22]. Interestingly, a study on the evolutionary
distribution of 3.3-kb repeats revealed that in Old World
monkeys 4qter contains the ancestral copy of this repeat,
whereas in great apes D4Z4-like sequences become dis-
persed among chromosomes. In particular, hybridization
data suggest that the copy number and organization of 
the 3.3-kb family are similar in chimpanzee and humans
[23, 24].
These data collectively suggest that D4Z4 is a hete-
rochromatic element belonging to a family of repeats,
whose complexity and chromosomal dispersion have in-
creased during recent evolution. This phenomenon may
be related to the presence of highly repetitive DNA within
and adjacent to the D4Z4 array that may facilitate recom-
bination and translocation events, which may be linked to
a functional role of these repetitive elements. 

Figure 1. A set of monozygotic twins showing different clinical expression of FSHD. In the upper panels, remarkable differences of mus-
cle groups are visible. On the left, the more severely affected twin shows a marked reduction in muscle mass of biceps and quadriceps; his
stomach protrudes because of weakness in the abdominal muscles. In the lower panels, weakness of scapula fixators is revealed during arm
abduction by the elevation of trapezius. It is evident that the more severely affected twin, on the left, is not able to lift his arms.



Molecular diagnosis

Molecular diagnosis of FSHD1 is based on the analysis of
the D4Z4 polymorphic alleles detected by Southern
analysis using the probe p13E-11 [13]. Normal subjects
carry p13E-11 EcoRI alleles larger than 35 kb originating
from chromosome 4, whereas alleles shorter than 35 kb
are present in the majority of either de novo or familial
FSHD patients [25], as schematically depicted in figure
3. Consistently, de novo deletions transmitted from an af-
fected parent to her/his offspring cosegregate with the

disorder [26]. New mutations account for a surprisingly
high percentage of FSHD patients (10–33%) [27, 28].
This high incidence can be partly explained by the pres-
ence of parental mosaicism for 4q short alleles that has
been reported in 40% of de novo cases [26, 29–32]. 
A complication of molecular testing by Southern analysis
is caused by the presence of a similar polymorphic region
recognized by the probe p13E-11 located at the sub-
telomeric region of chromosome 10q [12, 33]. This re-
gion at 10q26 shares numerous similarities with the 4q35
subtelomeric region. The repeat element at 10q is 98%
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Figure 2. Schematic representation of an array of 3.3 tandemly repeated units (D4Z4) as reported by Hewitt et al. (1994). The position of
sequence motifs are shown. The internal repeated units vary in number, and the most proximal repeated unit is located adjacent to p13E-11.

Figure 3. A model depicting the chromosome 4q35 allele of a normal individual (top) and a FSHD patient (bottom) at the D4Z4 locus. Al-
lele sizes are detected by Southern hybridization of the probe p13E-11 on EcoR1 and EcoRI/BlnI digested genomic DNA. The number of
3.3-kb repeated elements (arrow) is critical to the disease onset. It varies between 11 and 150 units within the normal population, whereas
FSHD patients carry fewer than 11 repeats.



homologous to D4Z4, and the size of 10q EcoRI alleles
varies between 11 and 300 kb. Moreover, 10% of these al-
leles are shorter than 35 kb [12, 31], overlapping the 4q
alleles, and clear-ly this can complicate molecular diag-
nosis of FSHD. However, the presence of a BlnI restric-
tion site within the 3.3-kb element uniquely associated
with chromosome 10q allows the discrimination between
4q and 10q alleles [33]. As a result, Southern blot hy-
bridization of EcoRI and EcoRI/BlnI digested genomic
DNA is currently used for the molecular diagnosis of
FSHD [25].
Due to the homology between the chromosome 10q and
4q repeats, these sequences are sometimes rearranged.
The presence of chromosome 10-type repeats on chro-
mosome 4 has been observed in 10% of the Dutch popu-
lation. The reverse configuration of chromosome 4-type
repeats on chromosome 10 is equally frequent [34, 35],
and hybrid repeats, consisting of both 4-type and 10-type
repeat units, have also been identified. These data demon-
strate that recombination between 4q35 and 10q26 occurs
frequently, and show the dynamic characteristics of the
4q-10q homologous domain [36, 37]. Most important,
these observations confirm that FSHD is not caused by
alteration of the specific sequence composition of the
D4Z4 repeats but rather by their structural organization in
the 4q35 region.
Recently, Lemmers and colleagues [38] described a DNA
region distal to D4Z4, and also present at 10q26, that
shows a biallelic polymorphism in the population. Inter-
estingly, they have found that one of the two alleles, 4qA,
appears to be uniquely associated with FSHD, thus point-
ing to a functional role of this allele in the causation of the
disease. This is an intriguing hypothesis that warrants fur-
ther study. Pertinent to this question will be the verifica-
tion of the clinical status of six subjects carrying D4Z4
alleles shorter than 35 kb that are equally associated with
4qA and 4qB alleles [35]. 

The FSHD region on chromosome 4q35 contains
genes and pseudogenes

Although it is well established that deletions of D4Z4 are
causally related to FSHD, it is not clear how this triggers
the disease. It has long been speculated that such deletions
may alter the expression of genes located within or nearby
the repeats. Nonetheless, the search for a FSHD candidate
gene has been quite frustrating. Bengtsson et al. [39]
demonstrated that D4Z4 lies adjacent to a subtelomeric
sequence, which is within 5–14 kb of a telomeric repeat,
and little if any DNA exists between the telomere and the
D4Z4 array [40]. No genes have been described or pre-
dicted distal to the array. Therefore the gene search has
been extended to the region proximal to the repeat.
Numerous approaches such as exon-trapping and comple-
mentary DNA (cDNA) selection have been applied to the

4q35 region with very little success [41]. Only recently a
gene named FRG1 (FSHD Region Gene 1) has been iden-
tified within this region, although it is located approxi-
mately 100 kb centromeric to the repeated units [34]. The
gene encodes a 258-amino acid protein whose function has
not yet been elucidated. Although the FRG1 protein does
not share significant overall homology to any known pro-
tein, it does contain a high proportion of charged amino
acids and a so-called fascin domain (catalogued as
CDD1776 in the protein database at www.ncbi.nlm.nih.
gov/Structure/cdd/). Interestingly, multiple FRG1-related
sequences are present in the genome, even though many
are considered pseudogenes. The copy at 4q35, however,
appears to be conserved throughout evolution, as homo-
logues have been identified in mouse [42], Fugu rubripes
and Caenorhabditis elegans [43].
Another novel gene, called FRG2, (FSHD Region Gene
2), has been mapped about 37 kb proximal to D4Z4.
FRG2 expression was observed in differentiating my-
oblasts obtained from FSHD patients, but no detectable
transcript was present in normal controls [R. R. Frants
and S. van der Maarel, personal communication]. Multi-
ple FRG2-related sequences are present in the human
genome. As with FRG1, its biological function remains
unknown.
A putative gene has been also identified that maps 80 kb
centromeric to D4Z4 on chromosome 4q35 [44]. This
gene, TUBB4Q, is part of the b-tubulin supergene family
and encodes a putative protein of 434 amino acids that
shares 87% homology with b2-tubulin. Notably,
TUBB4Q-related sequences are present on multiple chro-
mosomes. However, attempts to search for a TUBB4Q-
specific transcript(s) in muscles or other tissues have
failed, suggesting that TUBB4Q is most likely a pseudo-
gene.
The 4q35 subtelomere containing D4Z4 shows typical
features of heterochromatic regions and shares strong
similarities with other subtelomeres [45]. The distal sub-
domain on 4qter comprises 25 kb and contains repetitive
sequences typically found at many chromosome ends,
whereas the proximal domain is largely comprised of
D4Z4 repeats and its size may vary from 50 to more than
500 kb due to the D4Z4 polymorphism. This region has
proven to be a very complex region of the genome, and
sequences closely related to loci on distal 4q35 are dis-
persed throughout the human genome [15, 16, 41].
Interestingly, phylogenetic analysis demonstrates that si-
milar to humans, multiple copies of FRG1 and TUBB4Q
are present in great apes, and show a striking similarity to
the distribution of the 3.3-kb repeat family in primates
[46, 47]. This is consistent with previous observations
suggesting that this region underwent further amplifica-
tion and dispersion in the great ape lineage [23]. Dupli-
cations associated with 4q35 could be a direct result of
the close proximity to the telomere. However, the func-
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tion of the region has not yet been determined. It would
be intriguing to determine whether this phenomenon cor-
relates with the acquisition of specialized functions de-
veloped during recent evolution, such as mimicking abil-
ities or brachiation.

Expression of 4q35 genes is upregulated in 
FSHD muscle

Multiple lines of evidence, such as the lack of candidate
genes and the causative association of the deletion of
repetitive elements with the disease, indicate that FSHD
is not the result of a classical mutation within a protein-
coding gene. Instead, the genomic organization of the
4q35 subtelomeric region strongly argues for its role in
control of gene expression. 
The hypothesis that genes within this region are not nor-
mally expressed laid the basis of a novel working model
which proposed that the inappropriate silencing of 4q35
genes was due to a positional effect. One immediate pre-
diction of the model was that deletions of D4Z4 would
place 4q35 genes under the control of telomeric hete-
rochromatin, thereby causing their transcriptional silenc-
ing [13, 15, 16, 48]. However, several observations did
not fit with this hypothesis. First, the 100-kb region prox-
imal to the repeat does not contain genes expressed 
in normal tissues [49]. Second, complete deletion of a
200-kb region, including the D4Z4 repeat, of one of the
two copies of chromosome 4 had no phenotypic conse-
quences, indicating that FHSD is not the result of reduced
gene transcription within 4q35 [50]. Finally, increasing
evidence indicates that it is the expansion of repeated el-
ements or long tandemly arrayed sequences – not the re-
duction of these elements – that is associated with sup-
pression of transcription [51–53].
An alternative model for the molecular basis of FSHD
proposed instead that D4Z4 deletion might induce abnor-
mal transcriptional activity of the 4q35 genes. This hy-
pothesis was fostered by several observations. First, as
described above, D4Z4 displays features common to het-
erochromatic elements, in that it has a high CG content
[15] and is hypermethylated in normal tissues [54]. Thus
one prediction is that reduction of D4Z4 elements dere-
presses gene transcription. Second, all approaches aimed
at identifying genes within the region, such as exon trap-
ping, cDNA selection or bioinformatic analysis, failed,
strongly leading to the conclusion that the 4q35 region is
either gene poor, or that genes within this region are not
expressed in most fetal and adult normal tissues and,
therefore, are under-represented in most commercial
cDNA libraries. 
To test the latter hypothesis, a differential messenger
RNA (mRNA) screen on normal and FSHD muscles was
carried out [55]. The results, although complex, have

highlighted a clear scenario in which the transcriptional
profiling of FSHD dystrophic muscle is profoundly
changed compared with that of normal muscle. Intrigu-
ingly, several transcriptional regulators were found to be
either up- or downregulated in the affected muscle tissue,
suggesting that a transcription regulation defect might be
the underlying basis of the FSHD dystrophic process.
This hypothesis has been further strengthened by recent
work showing that the expression level of known 4q35
genes such as FRG2, FRG1 and ANT1 is specifically el-
evated in FSHD dystrophic muscles [56].

D4Z4 contains a transcriptional repression element
that is bound by a multi-protein repressor complex

The specific alteration of 4q35 gene expression in FSHD-
affected muscle raised the question of whether D4Z4 was
directly involved in transcriptional control of 4q35 genes.
To test this possibility, the interaction between D4Z4 and
nuclear proteins was analyzed using an electrophoretic
mobility shift assay (EMSA). This approach showed that
one region of D4Z4 supported formation of a specific
complex [56]. The binding site was further mapped to a
27-bp sequence called the D4Z4 binding element (DBE).
Biochemical studies demonstrated that the DBE binds a
multi-protein complex in vitro and in vivo comprising of
YY1, HMGB2 and nucleolin, termed the D4Z4 repress-
ing complex (DRC) [56].
These three proteins possess interesting features. YY1 is a
complex protein that is involved in repressing and activat-
ing a number of promoters. It interacts with numerous key
regulatory proteins, suggesting that these interactions are
important for determining which particular function of
YY1 is displayed at specific promoters [57]. Furthermore,
the activity of YY1 is modulated by histone deacetylases
and histone acetyltransferases [58]. These two groups of
enzymes modify histones that, in turn, alter chromatin
structure. Interestingly, the DBE contains a putative YY1
recognition sequence (CCATN [59]). EMSA experiments
indicated that YY1 has an intrinsic DBE binding activity
and suggested that YY1 is the most likely DRC compo-
nent to directly interact with the DBE [56].
HMGB2 is a member of one of the three families of 
high mobility group (HMG) proteins (for reviews, see
[60–62]). The HMGB family comprises the ubiquitous
HMGB1, HMGB2, and HMGB3 proteins, of which
HMGB1 is the most-studied member. HMGB1 binds
DNA in a non-sequence specific manner, interacting with
the minor groove of DNA and bending the DNA segment.
HMGB1 also binds with high affinity to unusual DNA
structures, such as four-way junctions and DNA bulges,
and can be recruited by a variety of sequence-specific
DNA binding proteins that facilitate the assembly of mul-
tiprotein complexes on DNA. It is therefore considered to
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have an ‘architectural’ function. HMGB2 is extremely
similar to HMGB1 (greater than 80% amino acid iden-
tity). It has been shown that HMGB1 and HMGB2 are
completely interchangeable in vitro: they both bind to
HOX proteins [63], steroid hormone receptors [64] and
RAG1 recombinase [65], and both enhance the transcrip-
tion and recombination activities of their binding part-
ners. However, knockout experiments indicate that the
two proteins have nonredundant biological functions in
vivo [66, 67]. Furthermore, a yeast two-hybrid screen
identified SP100 as an interactor of HMGB2; SP100 in
turn interacts with HP1, the cardinal heterochromatin-
binding protein, raising the possibility that HMGB2
might be involved in the organization and/or maintenance
of heterochromatic regions [68]. 
The third component of the DRC is nucleolin, which is an
abundant protein in the nucleolus. The presence of several
structural domains in nucleolin allows its interaction with
different proteins and RNA sequences. Nucleolin has been
implicated in chromatin structure, ribosomal RNA (rRNA)
transcription, rRNA maturation, ribosome assembly and
nucleo-cytoplasmic transport (for a review, see [69]). 
All three DRC proteins bear versatile activities and can
be envisioned to constitute a dynamic structure at the
4q35 locus that can control gene expression at different
levels and extents. In particular, the observation that in
FSHD muscle genes mapping at 4q35 were specifically
upregulated raised the question of whether deletion of
D4Z4 elements, such as in FSHD muscle, might induce a
reduction of DRC components at 4q35, resulting in in-
creased activity of genes in cis. To address whether the
level of the DRC components influenced transcription of
4q35 genes, antisense experiments to decrease intracellu-
lar levels of DRC components were performed. These ex-
periments showed that depletion of YY1, HMGB2 or nu-
cleolin resulted in overexpression of the 4q35 gene
FRG2, which was been shown to be silent in normal cells
and tissues [56]. These experiments might recapitulate
the molecular events observed at 4q35 in FSHD muscle,
where contraction of the D4Z4 repeat is expected to re-
duce the levels of DRC components. These observations
support a model in which deletion of D4Z4, as happens in
FSHD patients, causes inappropriate transcriptional acti-
vation of 4q35 genes in cis, resulting in disease.

A new model for FSHD

For a long time, FSHD has been a hereditary disorder in
search of a genetic defect. The recent results suggest a
novel model for the molecular basis of FSHD (figure
4A). In normal individuals, the presence of a threshold
number of D4Z4 repeats leads to repression of 4q35
genes by virtue of a DNA-bound multi-protein complex
that actively suppresses gene expression. In FSHD pa-

tients, deletion of an integral number of D4Z4 repeats re-
duces the number of bound repressor complexes and con-
sequently decreases (or abolishes) transcriptional repres-
sion of 4q35 genes. The model suggests that deletion of
repeated elements in the subtelomeric region of 4q may
act in cis on neighboring genes by derepressing their tran-
scription and thus starting a cascade of events which ulti-
mately lead to FSHD. This idea is also in agreement with
the observation that haploinsufficiency of distal 4q does
not cause FSHD [50].
The derepression model is consistent with the clinical and
genetic features of FSHD as follows: (i) gene overexpres-
sion provides a molecular explanation for the autosomal-
dominant transmission of FSHD; (ii) the observation that
4q35 gene overexpression is muscle specific can explain
the tissue specificity of the disease; (iii) D4Z4 deletion
may result in variegated expression of 4q35 genes in
FSHD muscle cells by a mechanism similar to position
effect observed in Drosophila and yeast; this stochastic
variation in gene expression in muscle cells can explain
the asymmetric involvement of muscles, the great vari-
ability of clinical expression between and within fami-
lies, and the apparent threshold effect whereby there is a
requirement for the deletion of a certain number of copies
of D4Z4; (iv) an increased reduction of D4Z4 repeats
might extend the derepression proximally down the chro-
mosome to include other genes that may also contribute
to the nonmuscle aspects of the disease, such as
retinopathies and mental retardation; (v) moreover, in ad-
dition to overexpression of 4q35 genes, factors such as al-
lelic variability of 4q35 genes, gender and environment
that might interfere with the activity of DRC can explain
the large variability in disease onset and clinical severity
observed in FSHD patients.
The proposed model might also explain the disease onset
in the 5–10% of FSHD cases that do not carry D4Z4 dele-
tions and are therefore not currently considered to be
linked to the 4q35 locus. One possibility is that mutations
in either the DBE sequence or one of the genes encoding a
DRC component might lower the activity of the repressing
complex, triggering the derepression of cis genes and even-
tually the disease (fig. 4B). Because association of FSHD
with the 4q35 locus is based solely on the detection of
D4Z4 deletions, mutations in the DBE would be unde-
tectable by current diagnostic methods and would there-
fore be inappropriately classified as non-4q35-linked
cases. Furthermore, this model can explain sporadic and
familial FSHD cases that do not carry D4Z4 deletions. It is
plausible to speculate that point mutations occurring in a
particular domain of one of the DRC components might in-
terfere with a tissue-specific activity of the protein. This
possibility can fit both dominant and recessive modes of
inheritance. Consistent with this hypothesis, sporadic cases
might be due not only to de novo dominant mutations, but
also to recessive alleles present in the parents.
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Perspectives

The derepression of 4q35 genes could lead to a dys-
trophic phenotype through different pathways depending
on the biological features of the overexpressed genes.
One can envision that the pathological effect might be

linked to overexpression of one or more genes that are
critical regulators of muscle cell biology. Gene overex-
pression in FSHD might trigger a series of events result-
ing in the profound transcriptional misregulation previ-
ously reported in the FSHD dystrophic muscle that even-
tually leads to muscle wasting. Another possibility is that
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Figure 4. A model for the molecular basis of FSHD. (A) In normal individuals, the presence of a threshold number of D4Z4 repeats leads
to repression of 4q35 genes by virtue of a DNA-bound multi-protein complex that actively suppresses gene expression. In FSHD patients,
deletion of an integral number of D4Z4 repeats reduces the number of bound repressing complexes and consequently decreases (or abol-
ishes) transcriptional repression of 4q35 genes. As a result, these genes are inappropriately overexpressed, ultimately leading to disease on-
set and progression.(B) The proposed model might also explain the disease onset in the 5–10% of FSHD cases that are currently not clas-
sified as being linked to the 4q35 locus. A possibility is that mutations in either the DBE sequence or one of the genes encoding a DRC
component might lower the activity of the repressing complex, triggering the derepression of cis genes and eventually the disease. 



gene overexpression causes a toxic effect due to protein
overloading, or that one of the genes involved alters some
component of structural organization of the muscle cell.
To address these fundamental questions two critical
points need to be clarified. First, although gene activation
observed in FSHD dystrophic muscle involves a set of
genes located at 4q35, it is not yet clear which gene(s) 
are primarily involved in FSHD pathogenesis. Human
genome sequence analysis has uncovered only a limited
number of bona fide and predicted genes within 4q35.
These data are consistent with the hypothesized hete-
rochromatic nature of this chromosomal region and
might have hampered the identification of novel genes or
expressed sequence tags (ESTs). Therefore, it will be of
primary interest to reexamine the 4q35 region for possi-
ble candidate genes that may have been missed by tradi-
tional approaches.
Second, as has been already discussed, the natural history
of FSHD is elusive. The pathology of muscle tissue af-
fected by FSHD is nonspecific, sharing similarities with
other muscular dystrophies. Diagnosis for FSHD is now
mainly supported by the molecular analysis of DNA. The
very interesting aspect of FSHD is the peculiar involve-
ment of specific muscle groups. This observation sug-
gests that the molecular defect underlying FSHD might
affect diverse muscles to different extents. 
Is this related to the fiber type composition of each mus-
cle? Is this due to the different physiology of each mus-
cle group? Is this linked to muscle embryonic origin or
development? How important are environmental factors
in determining muscle sufferance in FSHD? Animal
models reproducing certain features of FSHD will be a
valuable and abundant source of biological material to
study the biological effects of 4q35 gene overexpression
in muscle. 
Altered control of gene expression is an intriguing fea-
ture of the pathogenic mechanism causing FSHD. Gene
activation appears to be muscle specific, and involves
only a subset of genes located at 4q35 [R. Tupler, un-
published observations]. Several factors or molecular
mechanisms may contribute either independently or co-
operatively to this phenomenon. For example, the com-
ponents of the DRC might have a specific level of activ-
ity only in muscle cells; therefore, muscle cells may be
particularly sensitive to the loss of repressor function.
Alternatively, other regulatory proteins could confer tis-
sue-specific activity to the DRC. It is also plausible that
tissue-specific transcription factors could promote the
expression of 4q35 genes in muscle tissue; as a conse-
quence, in the absence of a functional repressor, these
genes would be expressed. 
D4Z4 deletions might also affect 4q35 gene expression
through modification of higher-order chromatin struc-
ture. Patterns of gene expression that are established and
maintained during cellular differentiation not only result

from the targeting of stage-specific transcription factors,
but can also be influenced by the long-range organization
of chromatin, which establishes ‘open’ or ‘closed’ con-
formations that are permissive or refractory to transcrip-
tion. It is possible that the DRC mediates a ‘closed’
higher-order chromatin structure. Consistent with this
possibility, the DRC contains a structural chromatin fac-
tor, HMGB2, and is bound to the DNA via a sequence-
specific DNA-binding factor, YY1, which is, as expected,
implicated in both transcriptional activation and repres-
sion, depending on the context. Moreover, multiple YY1
binding sites are present in repetitive DNA. These fea-
tures of the DRC fulfill the criteria proposed by Gasser
[70] to define heterochromatin-type repression. There-
fore, FSHD can be considered a model for studying con-
trol of tissue-specific gene expression in humans. 
In conclusion, FSHD pathogenesis provides a new para-
digm for dominantly inherited genetic diseases by
demonstrating that repetitive elements, which represent a
large portion of the human genome, can play an impor-
tant role in gene regulation. FSHD can be a useful model
for studying muscle cell biology and also offers the pos-
sibility of studying the role of chromatin conformation
and nuclear position in control of muscle-specific gene
expression.
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