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a b s t r a c t Despite the discovery of the deletion on the long arm of the chromosome 4 speciﬁc for facioscapulohumeral muscular dystrophy (FSHD), the identity of the gene responsible for the disease still remains a mystery. In this review we focus on two genes, DUX4 and DUX4c, encoded by the D4Z4 repeats present in the 4q35 locus, which is affected in the disease. Ó 2008 Elsevier B.V. All rights reserved.
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The history of science is littered with many examples where initial hypotheses or concepts were discarded and superseded by new ones. Conversely, the inverse is often true where old hypotheses are revised and rehabilitated. DNA, the principal biological molecule of the 20th century, initially was considered as a monotonous polymer devoid of any coding function, serving as a mechanical support for ‘‘true” genetic information carriers, i.e. proteins. Only thanks to the works of Chargaff [1], Avery [2], Hershey and Chase [3], were these views strongly shaken and the role of DNA as the true carrier of genetic information put forward. The last doubts ﬁnally disappearing only after the resolution of the crystal structure of DNA [4]. The history of science is full of irony. Soon after the cracking of the genetic code, the scientiﬁc community was puzzled by the fact that in complex organisms, a major part of the genome is represented by non-coding repetitive DNA that lacks any obvious function [5,6]. In 1972, this seemingly useless DNA was baptized ‘‘junk DNA” [7] and was largely disregarded by the scientiﬁc community. Subsequently, several classes of useless DNA such as introns were discovered and joined the junk DNA in the scientiﬁc boondocks reinforcing the early view of DNA as a non-coding molecule. However, again these views were soon to be revised. The ﬁrst hint that at least some types of junk DNA were labeled so prematurely, surfaced with the discovery of self-splicing introns [8]. Soon the status as junk was being reassessed for many other regions of DNA. Non-expressed intergenic regions were found to * Corresponding author. Tel.: +33 142116283; fax: +33 142115494. E-mail address: [email protected] (Y.S. Vassetzky). 0960-8966/$ - see front matter Ó 2008 Elsevier B.V. All rights reserved. doi:10.1016/j.nmd.2008.09.004



serve as attachment sites to the nuclear matrix [9,10]; satellite DNA was shown to provide binding sites for certain centromeric proteins [11] and in 1990, shortening of human telomeric DNA was shown to correlate with cellular ageing [12]. The development of high-throughput sequencing methods led to the discovery of conserved features in other representatives of junk DNA: transposable and interspersed repeats, microsatellites and intergenic regions. In 2003 one more piece of junk DNA was rehabilitated when some pseudogenes were shown to play an important role in development [13]. The assignment of functions for the rest of ‘‘meaningless” sequences became a matter of time. In 2007, yet another piece of junk DNA was assigned a function: two pseudogenes in the human 4q35 locus known to be involved in Facioscapulohumeral muscular dystrophy (FSHD). One of the most frequent myopathies, FSHD was ﬁrst described in 1874 by Landouzy and Dejerine [14] with speciﬁc clinical features including asymmetric weakness of the facial and shoulder girdle in its early stages. While FSHD is usually not lethal, it can considerably reduce the quality of life of patients in the most severe cases conﬁning them to a wheelchair in their early teens [15] due to the progressive failure of skeletal muscles spreading to the pelvic girdle and lower extremities [16]. Several pathological features of cultured FSHD myoblasts were recently described [17]. The importance of the locus 4q35 was demonstrated in 1992 when Wijmenga and collaborators who showed that a restriction fragment length polymorphism (RFLP) in the locus is associated with FSHD. The fragment of DNA lost in pathological condition was shown to hybridize to a homeobox-speciﬁc probe and the report suggested that ‘‘the cloning of the FSHD gene should be immi-



18



P. Dmitriev et al. / Neuromuscular Disorders 19 (2009) 17–20



nent” [18]. Later, it was shown that the pathological deletion reduced the copy number in a series of 3.3 kb repetitive units [19]. Sequencing of the 4q35 region revealed that each of the 4q35-speciﬁc 3.3 kb repeats (coined D4Z4) contains an open reading frame (ORF) encoding a putative transcription factor with two homeoboxes [20,21]. This could be the prospective ‘‘FSHD-gene”. However, although the D4Z4 ORFs lay downstream of a functional promoter [22,23], the lack of introns and polyadenylation signals strongly suggested that this putative ‘‘double homeobox 4” (DUX4) gene was not functional. As expected for a pseudogene, expression of DUX4 could not be detected despite the efforts of several groups using various methods including screening of cDNA libraries [21,24] RT-PCR [24], microarray [25,26] and RNA– polymerase II ChIP [27]. Thus, the initial hypothesis was modiﬁed by assigning a regulatory role to the D4Z4 repeats. Being enhancers, repressors, or insulators, D4Z4 repeats could affect expression of some other ‘‘true” FSHD-gene located in the proximity of the shortened array of D4Z4 repeats. The identity of an ‘‘FSHD-gene” was also challenged by transcriptome and proteome approaches. Analysis of FSHD myoblasts and skeletal muscle biopsies revealed that a large number of genes were deregulated. It was demonstrated that affected muscles have some apoptotic features [28], are susceptible to oxidative stress [25,29] and have defects in the mitochondrial respiratory chain [30] as well as in the muscle differentiation program [25,31,32]. Not unexpectedly changes in the expression of the 4q35 genes (Fig. 1) FRG1 (FSHD Region Gene 1) [33,34], FRG2 (FSHD Region Gene 2) [33,35] and ANT1 (Adenine Nucleotide Translocator 1) [36] were observed. Aberrant expression of FRG1, which may encode an RNA splicing regulator [34,37], could explain simultaneous changes in expression of many genes. In addition, overexpression of FRG1 in skeletal muscles of transgenic mice caused a severe myopathy, supporting an important role for balanced FRG1 expression in muscle homeostasis [34]. ANT1 is another attractive candidate as it is known to been important regulator of the oxidative phosphorylation system, as well as a constituent of the mitochondrial permeability transition pore (PTP) involved in the early stages of apoptosis. ANT1 facilitates transport of ATP and ADP across the inner mitochondrial membrane [38]. Deregulation of ANT1 gene could explain several pathological features of FSHD muscles, i.e. mitochondrial involvement [30] and increased apoptosis [28]. Nevertheless, conclusive evidence that either of these factors can cause FSHD is absent with some reports even arguing against their upregulation in FSHD muscles [25,26,32,39,40]. Thus, for the moment neither proteomic nor transcriptome approaches have been able to reliably identify a single FSHD-gene suggesting that FSHD is a multifactorial disease (reviewed in [16]). Surprisingly, further analysis of the 4q35 locus revitalized the original hypothesis that the ‘FHSD-gene’ is located in the region deleted in affected myoblasts. The ﬁrst indication that D4Z4 ORF (DUX4) is not junk was provided by Jane Hewitt’s group who demonstrated synteny between human and mouse as well as elephants, suggesting its fundamental role in development. This group also demonstrated the expression of mouse DUX4 genes [41]. Subsequently, the groups of Alberto L. Rosa, Alexandra Belayew and Yi-Wen Chen demonstrated that the DUX4 ORF present in the human D4Z4 are transcribed and produce a functional protein [40,42]. Additionally, the sequence immediately distal to the D4Z4 repeat array, that is known to be speciﬁc but not sufﬁcient for the disease (haplotype 4qA; [43]), was shown to provide an intron and a polyadenylation signal for the DUX4 mRNA transcribed from the last D4Z4 element in the array [40], explaining the apparent lack of polyadenylation signals in D4Z4 elements. Interestingly, the array of D4Z4 repeats is not the only source of expression of double homeobox transcription factors at 4q35. An-



other ORF, DUX4c (Double homeobox 4 centromeric), is present 42 kb proximal to the D4Z4 repeat array [44]. The DUX4c protein is identical to DUX4 over the double homeobox region but diverges in the carboxyl-terminal region known to be involved in transcriptional activation [45] (Fig. 1). Recently DUX4c was also shown to be expressed in vivo, moreover, its expression was increased at the mRNA and protein levels in FSHD versus control muscle biopsies [46]. DUX4 and DUX4c have been shown to directly upregulate the transcription factor Pitx1 which is involved in the control of development. A speciﬁc 10–25-fold upregulation of PITX1 RNAs was found in non-affected as well as affected muscles of patients with FSHD as compared to 11 other neuromuscular disorders [40]. In addition, DUX4c overexpression was shown to correlate with upregulation of the Myf5 transcription factor, a known inhibitor of myoblast differentiation [46,47]. This effect could contribute to the previously observed defects of differentiation in FSHD myoblasts. Finally, overexpression of D4Z4-encoded DUX4 was shown to induce apoptosis [42]. The hallmarks of apoptosis were also found previously in the affected muscles. Are DUX4 and DUX4c the ‘‘true” FSHD-genes? Nobody has the answer to this question yet. Moreover, the role of DUX4c is questioned by the existence of some cases of FSHD where the region proximal to D4Z4 that includes DUX4c gene is deleted [48–50]. What is the mechanism of DUX4 and DUX4c upregulation? The answer to this question lies in further analysis of the 4q35 region. One of the tempting possibilities is that changes in the chromatin structure of 4q35 region following partial deletion of the D4Z4 repeat array can explain the activation of the DUX4 gene(s) in the residual D4Z4 element(s) and of the DUX4c gene. Several groups have found strong evidence that the D4Z4 repeats are equipped with different sorts of regulatory elements and might play the role of an LCR (Locus Control Region) (Fig. 1). While a region inside D4Z4 was shown to bind a repressor complex [33], the whole D4Z4 was shown to be a potent enhancer [35,51] (one report showed a very slight positive impact on promoter activity [24]). The enhancer region inside D4Z4 was recently mapped [52]. A nuclear scaffold/matrix attachment region (S/ MAR) that can function as an enhancer blocking insulator was discovered close to the D4Z4 array [53,54]. Analysis of the chromatin loop structure of the 4q35 region showed that the D4Z4 repeat array formed a distinct loop that probably precludes D4Z4 enhancers or repressors from acting on the other genes of the 4q35 locus. Interestingly, this chromatin structure was altered in FSHD myoblasts where the D4Z4 S/MAR was weakened, bringing the D4Z4 enhancers into the same loop as the FRG1, FRG2 and DUX4c genes suggesting that in this case the D4Z4 enhancers can activate the target genes in the locus 4q35 [53]. Why this S/MAR is less efﬁcient in FSHD cells is unclear, it may be that the decrease in D4Z4 copy number that changes the length of the loop introduces mechanical constraints. Alternatively the presence of a newly discovered SSLP (Simple Sequence Length Polymorphism) overlapping the S/MAR region may affect the efﬁciency of nuclear matrix attachment [55]. Another interesting possibility is that changes occur in the methylation status of the D4Z4: the 4q35 deletions were shown to be linked to hypomethylation of the D4Z4 array [56,57] while the methylation status of adjacent sequences may also change. This is the subject of the ongoing research. Changes in methylation status in the proximal region (if any) may provide an unexpected explanation for the mechanism of non-4q35 linked cases FSHD that are known to decrease the methylation of D4Z4 repeats [57,58]. It is known that some proteins that mediate speciﬁc association of DNA with the nuclear matrix, e.g. MECP2, only interact with methylated DNA [59,60]. Thus, their interaction with the hypomethylated S/MAR may be lost in FSHD patients. Within the frame of this model, it is possible that D4Z4 repeats not only could emit activation/repression signals but could them-
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Fig. 1. Detailed structure of 4q35 region, located at the long arm of chromosome 4. The most frequent pathological haplotype 4qA 161 is shown [55]. The locus comprises several polymorphic regions: SSLP-161 (Simple Sequence Length Polymorphism) [55], D4Z4 repeat copy number polymorphism (n < 11 in FSHD and 11 < n < 100 in healthy cells), and 4qA/4qB polymorphism represented in FHSD cell almost exclusively by 4qA allele [43]. The known regulatory elements present in D4Z4 include. E: an enhancer [52], R: a repressor [33], P: a promoter [23] similar to the promoter of DUX4c [46]. H1 and H2 denote two homeoboxes present in DUX4 and DUX4c ORFs. D4Z4: an incomplete inverted truncated copy of D4Z4-repeat. S/MAR: the site of attachment to the nuclear matrix [54]. Other genes and pseudogenes located in the 4q35 region and their putative functions are also shown.



selves be the targets of enhancers present in the neighboring loops. For example, the region close to the FRG1 gene contains several putative conserved enhancers (unpublished observations of our group) that could act upon the DUX4 promoter. Changes in the chromatin loop structure caused by the loss of D4Z4 repeats might provide a necessary context for such interactions. These hypotheses as well as the involvement of DUX4 and DUX4c in FSHD certainly remain to be tested and conﬁrmed. But one thing is clear: whether DUX4 and DUX4c are FSHD-genes or not, they are anything but junk. Symbolically, the rescue of DUX4/4c pseudogenes from the junk status coincided with the general rehabilitation of junk DNA. In the ofﬁcial press release of National Human Genome Research Institute (NIH) (13 June 2007; http://genome.gov/25521554) it was suggested that the term ‘‘junk DNA” be removed from scientiﬁc publications and no longer recognized as a scientiﬁc term. While this paper was under revision another paper that rehabilitated one more piece of the junk DNA was published. The group of authors identiﬁed the loss of the HBII-85 cluster of snoRNA in the intronic sequence of the SNRPN gene as the cause of Prader–Willi syndrome [60]. Acknowledgments We thank Drs. Alexandra Belayew and Frédérique Coppée for fruitful discussion and sharing of unpublished results, and Drs. Thomas Voit and Nikita Vassetzky for critical reading of the paper. The work in the laboratory was supported by the Association Française contre les Myopathies and the Fondation de France. References [1] Chargaff E, Lipshitz R, Green C, Hodes ME. The composition of the deoxyribonucleic acid of salmon sperm. J Biol Chem 1951;192:223–30. [2] Avery OT, MacLeod CM, McCarty M. Studies on the Chemical Nature of the Substance Inducing Transformation of Pneumococcal Types: Induction of Transformation by A Desoxyribonucleic Acid Fraction Isolated from Pneumococcus Type III. J Exp Med 1944;79:137–58. [3] Hershey AD, Chase M. Independent functions of viral protein and nucleic acid in growth of bacteriophage. J Gen Physiol 1952;36:39–56. [4] Watson JD, Crick FH. Molecular structure of nucleic acids; a structure for deoxyribose nucleic acid. Nature 1953;171:737–8. [5] Nei M. Gene duplication and nucleotide substitution in evolution. Nature 1969;221:40–2. [6] Walker PMB. How different are the DNAs from related animals? Nature 1968;219:228–32.
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