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Introduction Discussion

1.5 Discussion

Already 10 years have passed since FSHD was linked to D4Z4 contractions on 4q35. Since
then, many candidate genes in the 4q35 region have been identified and characterized, but yet
none of them has been proven to be causative of FSHD. Although still controversial, recent
studies have indicated that D4Z4 contractions may give rise to gene deregulation in cis and
trans.”*'** This thesis describes new developments in the molecular diagnosis of FSHD and the
identification and characterization of unusual FSHD genotypes. Extensive analysis of parents
and de novo FSHD patients resulted in the elucidation of the mechanism and timing of mitotic
D4Z4 rearrangements. The 4q35 region most probably has been subjected to several
subtelomeric duplications because many 4q35 (pseudo)genes close to D4Z4 have homologs on
subtelomeres of many other chromosomes. Furthermore, other duplications have been identified
between the subtelomeres of chromosomes 4q and 10q, and 4p and 4q. Probably, these
duplications initiated the translocation of 10-type D4Z4 repeats to chromosome 4 and vice
versa. 4;10 D4Z4 translocations are hampering the molecular diagnosis of FSHD but,
additionally, they might contribute to the refinement of the definition of the FSHD allele and
possibly the elucidation of the molecular mechanism of FSHD.

1.5.1 Molecular diagnosis FSHD

Soon after FSHD was linked to D4Z4 contractions on chromosome 4q35, a diagnostic test was
developed. This method was based on Southern blotting of EcoRI-digested genomic DNA from
mononuclear blood cells followed by hybridization with probe pl13E-11."°* In general, this
method has proven to be very reliable and has not changed in the last decade. However, soon
after this diagnostic test was developed, an almost identical D4Z4 locus was discovered on the
subtelomere of chromosome 10g26.” Initially, discrimination of 4 and 10- derived D4Z4 repeats
by Binl digestion seemed to be adequate for consistent FSHD genotyping (Figure 10a).?
However, further analyses revealed 4;10 translocations of D4Z4 that gave rise to 4-type D4Z4
repeats on chromosome 10, 10-type D4Z4 repeats on chromosome 4 and also hybrid D4Z4
repeats (Section 1.2.5). In addition, FSHD alleles have been detected in which the region
proximal to the contracted D4Z4 repeat, including probe pl13E-11, was deleted (Chapter 6).”
Finally, it was shown that the region distal to D4Z4 displays a bi-allelic polymorphism in the
population, one of which is associated with FSHD alleles (4qA) while the other (4gB) is not
(Chapters 3 and 4).”"% All these atypical conditions are complicating molecular diagnosis of
FSHD, since they do not reveal a standard short 4-type D4Z4 repeat but can cause, especially in
diagnostic settings using linear electrophoresis, false negative or false positive diagnoses. In
other cases, the FSHD allele is recognized, but the detection method fails to recognize
mosaicism for the mutation, particularly when the proportion of affected cells is greater than
40% (Chapter 8).%!
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Approximately 5% of all chromosomes 4 carry 10-type D4Z4 repeat units. These translocated
repeats on chromosome 4 are often hybrid (Section 1.2.5). When the most proximal repeat unit
of an FSHD-sized hybrid repeat array is 10-type, this repeat will emerge as a 10-type repeat
because it disappears upon double digestion with EcoRI and Blnl. Incorrectly, the patient will
get a false negative FSHD diagnosis (Figure 10c)." Alternatively, a large hybrid repeat can give
rise to a small residual EcoRI/Binl fragment when the most proximal D4Z4 units are 4-type
followed by one or more 10-type repeat units. When this residual EcoRI/Blnl fragment (with
pl13E-11) accidentally co-migrates with a small 10-type D4Z4 repeat, this can lead to a false-
positive FSHD diagnosis, because the non-pathogenic 10-type repeat appears as an FSHD allele
(Figure 10b, Section 1.4). We have demonstrated that the additional use of a Xapl digestion can
avoid mis-diagnosis for both allele constitutions (Chapter 9)."°*

Additionally, in about 5% of the Dutch population, 4-type D4Z4 repeat arrays have been
detected on chromosome 10q26. FSHD-sized translocated alleles on chromosome 10 have never
been detected and it is unknown if these alleles are pathogenic. If these alleles are non-
pathogenic, like the short 10-type repeats on chromosome 10, they could complicate the
molecular diagnosis. The determination of the chromosomal origin of D474 repeats is discussed
in section 1.4.

Sequence analysis of the region distal to D4Z4 from different DNA-sources revealed a bi-allelic
variation, 4gA and 4qB."*' Both alleles are almost equally common in the control population,
but FSHD alleles are only associated with the 4qA-type allele (Chapter 3).” Recently, we have
shown that D4Z4 contractions on 4qB-type alleles do not cause FSHD (Chapter 4).°> However,
these alleles are indistinguishable from the FSHD-causing 4qA alleles, using p13E-11 on EcoRI
and EcoRI1/Binl digested DNA, and can cause false positive DNA diagnoses (Figure 10b). This
situation might explain the observations in a family with an unrelated neuromuscular disorder,
where an FSHD-sized D4Z4 repeat was detected that did not co-segregate with the disease.’
Therefore, FSHD-sized alleles in apparently non-affected individuals need to be typed, using
HindIll digested DNA and allelotyping probes 4qA and 4gB (Section 1.4).

FSHD alleles with a deletion of probe pl3E-11 are more difficult to recognize, since these
alleles are not visible in the standard molecular diagnostic setting, using probe pI13E-11 (Figure
10c). To address this problem, new diagnostic methods were developed that were based on the
standard linear gel electrophoresis-based method. Briefly, by using HindIlI-digested DNA in
combination with distal probe 4qA, these alleles can be visualized (Chapter 6 and Section 1.4).”
Furthermore, these deletions can be detected using the Bg/Il/Blnl dosage test that determines the

number of chromosome 4- and 10-type D4Z4 repeats (Chapter 1.4).'"*
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Figure 10 Summary of the most important pitfalls in the FSHD diagnostics. Each panel shows the D474
genotyping using PFGE and the standard FSHD probe (p13E-11). Putative EcoRI/HindIIl double digestion is
depicted in lane E, EcoRI/BInl double digestions (visualizing homogeneous chromosome 4 repeats arrays) in lane B
and Xapl (visualizing homogeneous chromosome 10 repeats arrays) in lane X. In contrast to these illustrations, the
D474 repeat is highly polymorphic on chromosomes 4 and 10. The discussed D4Z4 allele in each panel is depicted
in black and the less important D474 alleles in gray. The dashed line represents the imaginary critical D474 size
for FSHD, which is positioned at 40 kb.

a) Standard genotypes of control (4-type D4Z4 > 40kb) and FSHD individuals (4-type D4Z4 < 40kb) are depicted
in the upper left panel.

b) False positive genotypes that have been observed are depicted in the bottom left panel. Based on only lane E and
B, the left genotype might be interpreted as having a hybrid FSHD allele. However, by the additional Xapl
digestion it was shown that the short D4Z4 allele is in fact a homogeneous chromosome 10 repeat, not associated
with FSHD. The residual fragment in lane B is derived from a > 40 kb hybrid repeat. The right genotype carries a
homogeneous 4 repeat. However, because it resides on a 4gB chromosome it does not cause FSHD.

c) False negative genotypes that have been observed are depicted in the right panel. The left genotype has a hybrid
FSHD allele, which could be demonstrated using the Xapl digestion: absence of homogeneous 10-type repeat in
lane B. With respect to the p13E-11 probe the hybrid FSHD allele starts with 10-type D4Z4 units (composition of
the hybrid FSHD allele is depicted below). The right genotype does not reveal an FSHD-sized repeat using linear
gel electrophoresis. PFGE and the dosage test display only three D4Z4 alleles, which is suggestive of a p13E-11
deletion (composition of the p13E-11 deletion allele is depicted below). Additional tests should be performed to
estimate the length of this D4Z4 repeat and the possible association with FSHD.
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Unfortunately, recognition of D4Z4 mosaicism in FSHD patients appears to be almost
impossible using LGE and necessitates the use of PFGE. In almost half of de novo FSHD cases,
the D4Z4 contraction occurs during embryogenesis. Generally, an FSHD phenotype is presented
when the proportion of the FSHD cells is larger than 40%, while <40% disease allele is mostly
observed in non-patient carriers. Disease-presenting mosaicism was shown to account for half of
these mitotic D4Z4 contractions.'"> Therefore, this phenomenon involves almost 25% of all de
novo FSHD patients (Chapter 8).62 The mosaic data suggest that mitotic D4Z4 contractions
causing FSHD occur in the first few cell divisions after fertilization, which results in gonosomal
mosaicism with a comparable proportion of FSHD cells in all tissues (Chapter 7).°" If
gonosomal mosaicism in FSHD patients is not recognized, the patient will be counseled as non-
mosaic (FSHD-allele in all cells). The consequences of the failure to diagnose mosaicism are an
overestimation of the recurrence risk for affected offspring and a possible underestimation of the
phenotype of the mosaic patient’s offspring, assuming similar dosage of FSHD cells in blood,
muscle and germline cells.

Uncommon FSHD alleles obviously influence the specificity and sensitivity of the DNA test. As
discussed in section 1.4, the specificity is defined as the proportion of unaffected individuals
who have a negative test result, while the sensitivity is the proportion of FSHD patients with an
FSHD allele. It is difficult to precisely estimate the occurrence of these atypical alleles and to
which extent they hamper the molecular diagnosis of FSHD. A false positive FSHD test
(specificity) can be caused by the interference of the residual EcoRI/B/nl fragment of a large
hybrid repeat array in combination with a short 10-type repeat (Figure 10b). Additionally,
FSHD-sized 4gB alleles can also mistakenly be interpreted as FSHD alleles. These two
situations have been observed in 14 (hybrids on chromosome 4 or 10) and 6 (4qB) cases (2%)
out of, in total, about 1000 genotypes.

To avoid false negative FSHD testing (Figure 10c) is even more important. Among our PFGE-
analyzed patient group we have detected about 100 different FSHD alleles of which 4 initially
were not recognized. Two of these FSHD alleles had a P13E-11 deletion and the other two were
hybrid FSHD alleles that appeared as a short 10-type repeat. As discussed previously, the
detection of mosaicism in FSHD patients presents a greater problem and requires the use of
PFGE. As much as 20% of the de novo FSHD patients are somatic mosaic for the FSHD
mutation, but in almost all of them mosaicism was not recognized using LGE (Chapter 8).°'
Many methods have been developed, also for standard diagnostic setting with LGE, to elucidate
the more complex FSHD genotypes. These methods have helped to improve both sensitivity and
specificity of the FSHD molecular diagnosis, making them overall very reliable. The many
requests to our laboratory for probes p13E-11, 4gA and 4gB, and the use of PFGE by more
diagnostic laboratories are very promising and will improve the molecular diagnosis of FSHD
worldwide.
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1.5.2 Mitotic rearrangement of D4Z4 contractions

It has been estimated that about 10-30% of all FSHD cases are caused by a de novo D4Z4
contraction. In almost half of these cases the contraction occurred during embryogenesis in
either patient or asymptomatic parent. It has been shown that mitotic D4Z4 rearrangements
occur via an intrachromosomal gene conversion mechanism that is associated with a crossover
in approximately 30% of the cases (Chapter 7).> Furthermore, the distribution of the Pvull-
RFLP on 4qA-type D4Z4 repeats suggests that rearrangements are polarized towards the distal
site of the repeat (Section 1.3.7).

Rearrangement mechanism

In general rearrangements of mini- and macrosatellite repeats occur by gene conversion without
crossover and only a few have been associated with a crossover (Section 1.3.2 and 1.3.3). In
contrast, the subtelomeric D4Z4 repeat displays an unusually high frequency of gene conversion
with crossover during early embryogenesis (Chapter 7).°> We do not have an explanation for
this phenomenon, but it might be related to the subtelomeric localization of D4Z4. It has been
shown that human subtelomeres display elevated rates of mitotic recombination compared to
interstitial chromosomal regions."” Possibly, the higher rearrangement frequency at telomeres is
also associated with an increase of crossover-associated rearrangements.

For a further understanding of the high crossover rate in D4Z4, it might be interesting to
compare the behavior of D4Z4 with other macrosatellite repeats, like DXZ4 and RS447 (Section
1.3.3). The composition and length of both repeats is very similar to D4Z4 and they also display
33,34 However, since both DXZ4 and RS447 are located interstitial on

chromosome Xq24 and chromosome 4pl6.1, respectively, they might display different

mitotic instability.
rearrangement features than D474.

Timing of the mitotic D4Z4 rearrangement

Theoretically, unequal repeat rearrangements associated with crossovers occurring before the
first zygotic cell division after fertilization will result in two cell populations of which one has a
contracted and the other an expanded repeat (Figure 6b). This is exactly what we have observed
in one of our mosaic FSHD patients. Parallel to this, gene conversion without crossover at this
stage will result in two equally present cell populations of which one carries a rearranged D474
repeat and the other the non-rearranged parental-sized repeat. This situation was observed in the
majority of the mosaic FSHD patients (Figure 6b and 7a). Based on these results, it was
hypothesized that D4Z4 rearrangements predominantly occur during first few zygotic divisions
after fertilization (Section 1.3.5, Chapter 7).%

However, since only few cells of the early embryonic cells (32 and 64 cells stage) contribute to
the embryo, the dosage of the de novo FSHD cells will also be determined by the contribution of
the progeny cells (with and without D4Z4 contraction) to the embryo. That these stochastic
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events contribute to the dosage of the FSHD cells is evident from the mosaic individuals from
family 12 and Rf120 (Figure 7b), which display the mitotically contracted D4Z4 allele in 90%
and 70% of their cells, respectively, which in theory could be maximally 50% if cell-distribution
is equal. To further identify the role of these stochastic events, the dosage of FSHD cells after a
mitotic D4Z4 rearrangement needs to be compared in different tissues of the same mosaic
individual. Recently, the distribution of the different cell populations in a mosaic FSHD patient
was compared in PBL and muscle tissue. The two different cell types displayed the FSHD allele
in 16-35% of their cells, confirming a different contribution of de novo FSHD cells in different
tissues, but otherwise cannot challenge the fact that D4Z4 contractions do indeed occur in early
embryogenesis (Tonini et al., manuscript in preparation).

1.5.3 Subtelomeric plasticity and the definition of the FSHD allele

As described for other subtelomeric loci, also the 4935 region has been subjected to multiple
telomeric duplications. All FSHD candidate genes in this region, FRGI'*, TUBB4Q"**, FRG2**
and DUX4*°, underwent several duplication events and as a consequence they all belong to
different gene families. Probably more recently, the most distal 4q35 region (D4S2463—4qter)
was completely duplicated to the telomere of chromosome 10q.'*' Because of this, an almost
identical D4Z4 repeat is found on 10g26, but contractions of this repeat have never been
associated with FSHD.

According to these observations, the FSHD allele was defined as a 4-type D4Z4 repeat of 1-10
D474 units located on chromosome 4. However, further research resulted in the identification of
FSHD alleles with translocated homogeneous 10-type repeats and hybrid repeats.'>!'®
Additional analyses have shown that all pathogenic alleles harbor a D474 repeat of 1-10 units of
which at least one unit is 4-type (Xapl sensitive and B/nl resistant), while pathogenic
homogeneous 10-type repeats on chromosome 10 have not been identified in FSHD.*®

Region distal to D4Z4

The region distal to D4Z4 appears to be important in the pathogenesis of FSHD, because only
D4Z4 contractions on 4qA-type alleles, and not on 4qB-type alleles, are associated with the
disease. Up to now we have no explanation for this observation, but telomeric sequencing and
protein binding studies of this region are in progress (Section 1.6). About 15 kb of the region
distal to D4Z4 has now been sequenced, and the main differences identified thus far between
4qA- and 4gqB-type alleles are the 260 bp pLAM sequence directly distal to D4Z4 and the 6.2
kb-sized B-satellite repeat that are both present only on 4qA and 10q. There is some debate
about the length of the region distal to D4Z4. Based upon digestions with Nozl, we estimate this
to be about 60 kb on both 4gA- and 4qB-type alleles, leaving 45 kb still to be analyzed.”®

In the Dutch population many hybrid repeats have been detected on chromosome 4 (manuscript
in preparation). In general, half of these hybrid repeats start with a 4- and end with a 10-type
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repeat array in distal direction, while the other half starts with a 10- and have a 4-type repeat
array at their distal end. In the latter group, distal to the 4-type D4Z4 repeats, either an A- or a
B-type telomeric variation was detected. Most probably, the A-type hybrid alleles carry a 4qA,
and not a 10qA, telomeric region distal to D4Z4 but until now we do not have experimental
evidence for this. To date, only a few hybrid FSHD alleles have been reported.'> ' It is
important to further analyze the composition of these pathogenic hybrid alleles. If hybrid FSHD
alleles with both 4qA and 10qA distal regions can be detected then this region is most probably
identical on both chromosomes or not essential in FSHD pathogenesis. However, if only hybrid
DA4Z4 repeat alleles with a 4qA polymorphism are associated with FSHD, then a specific
sequence in the 4qA distal region, different from 4gB and 10q, possibly must underly the 4qA-
specific pathogenicity.
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1.6 Future perspectives

Genetic research in the last decade has helped to increase our knowledge of the etiology of
FSHD, the rearrangement mechanism, and has especially improved the molecular diagnostics
for FSHD.

Analysis of mosaic individuals for the D4Z4 methylation of ancestral and contracted repeats,
and the distribution of FSHD cells in different tissues, might support the observation that mitotic
D474 contractions occur during first few zygotic divisions after fertilization.

The PEV model as potential molecular mechanism was called into question based on the lack of
evidence for a 4q35-specific transcriptional upregulation, and the lack of evidence for a gradient
of hypoacetylated histone H4.**'** These observations promoted a whole-genome search for
FSHD candidate genes, focusing on gene transcription but also on translation and metabolism,
between well-defined FSHD patients, healthy controls and other myopathies.

The 4gA sequence distal to D4Z4 might play a role in the pathogenesis of FSHD. Consequently,
it is important to completely elucidate the 4qA, 4qB and 10gA telomeric sequences to determine
the differences between these sequences. Furthermore, the binding of specific proteins to the
(sub)telomeric region of FSHD alleles has to be studied to elucidate their role in the localization
to the nuclear periphery and the pathogenesis of FSHD.

1.6.1 Timing D4Z4 rearrangement

Analysis of mosaicism in gonadal cells

Analysis of 11 mosaic FSHD patients suggested that mitotic D4Z4 contractions often occur
during the first zygotic divisions after fertilization. If the early timing of mitotic D4Z4
rearrangements applies for all mosaic persons, then all different tissues in the mosaic person will
have approximately the same dosage of FSHD cells, when not considering the potential
contribution of stochastic events and selection (Section 1.5.2, Chapter 7). Previously, mosaicism
for the D474 contraction was observed in PBL, muscle tissue and fibroblasts of a mosaic FSHD
patient (Deidda et al., unpublished results; Tonini ef al., manuscript in preparation). When an
equal dosage of FSHD cells is observed in gonadal tissue and blood, the risk of affected
offspring can be roughly estimated based on the proportion of the FSHD allele in the patient’s
blood. To compare D4Z4 mosaicism in gonadal tissue and blood, PFGE analyses have to be
performed on high quality DNA from both sperm and blood of mosaic FSHD patients and
carriers.

In about 60% of the new FSHD cases, the D4Z4 mutation is thought to occur meiotically,
because both parents do not display contracted D4Z4 alleles in their PBL. These parents are
proposed to have a low recurrence risk because it is assumed that only one of their gonadal cells
carries the FSHD mutation. On the other hand, three cases have been described in which one of
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the parents seems to display FSHD mosaicism restricted to the germline.**'** These carriers
have more than one affected child with an identical FSHD allele suggesting a substantial
proportion of FSHD gonadal cells. Apparently, in these individuals a mitotic D4Z4
rearrangement occurred in the germline leading to a significant recurrence risk. From two of
these cases, Southern analyses were performed on the parents PBL-DNA. However, both the
quality of DNA and blotting/hybridization are to some extent hampering the accurate analysis of
these cases. Mitotic rearrangements that give rise to germline mosaicism have occurred after the
blastocyst stage, while all D4Z4 rearrangements described in chapter 7 most likely took place
before the blastocyst stage.

Possibly, germline mosaicism for the D4Z4 contraction occurs, but this phenomenon deserves
further attention. Nowadays, families with more than three children are unusual in the
Netherlands, making the recognition of this phenomenon rather difficult. For further elucidation
of germline mosaicism, sperm DNA of fathers of non-mosaic de novo FSHD children needs to
be analyzed and, if possible, previous cases that were suspected of germline mosaicism need to
be reanalyzed.

D4Z4 methylation analysis

The CpG-methylation of the D474 repeat has been studied using a Southern-based methylation
assay that was focused on two sites in the most proximal unit of chromosome 4 D4Z4 repeats by
using methylation-sensitive enzymes.'?” It was shown that FSHD-sized D4Z4 repeats display a
significant lower methylation compared to normal sized D4Z4 repeats. In addition, a strong
hypomethylation was observed in normal sized alleles of phenotypic FSHD patients, suggesting
a possible role for D4Z4 methylation in the etiology of FSHD (Chapter 2).'?’

Strong hypomethylation of D4Z4 was first reported in ICF syndrome, an autosomal recessive
disorder characterized by immunodeficiency, facial dysmorphologies and subtle developmental
delay.” ICF is a very rare disorder and is caused by mutations in the DNMT3B gene, reducing

its DNA methyltransferase activity.'*’

ICF patients were shown to have even lower D474
methylation than individuals with FSHD. Furthermore, hypomethylation was not restricted to
the FSHD allele but was detected on D4Z4 repeats of both chromosome 4 and 10 (Chapter 2).'%’
In contrast to FSHD, strong D4Z4 hypomethylation in ICF does not cause a myopathic
phenotype even in relatively old patients with an unusually mild ICF phenotype.

Active DNA methylation (methylation reprogramming) has been described to occur in the
blastocyst stage (Figure 7a).***® Mitotic D4Z4 rearrangement in mosaic FSHD patients and
carriers are supposed to occur during the first few zygotic divisions after fertilization (Section
1.3.5). Consequently, the timing of the mitotic D4Z4 rearrangement can be confirmed by
analyzing the methylation state of alleles that have been involved in mitotic rearrangements; we
expect to observe a clear methylation difference between the mitotically contracted FSHD allele

and the ancestral (normal sized) or expanded allele. Furthermore, D4Z4-hypomethylation of a

85



Chapter 1

mitotic contracted FSHD allele is supported by the fact that individuals that carry these alleles in
more than 40% of their cells usually display an FSHD phenotype (Chapter 8).61

The CpG-methylation of D4Z4 alleles that were involved in mitotic rearrangements can only be
analyzed after the alleles have been separated by PFGE. Unfortunately, the isolation of DNA
from individual D4Z4 alleles does not permit isolation of the large amounts of DNA needed for
the Southern-based methylation analysis. Alternatively, CpG-methylation of single D4Z4 alleles
can be analyzed using bisulfite sequencing. Bisulfite sequencing is a PCR-based method that
enables the identification of methylated cytosines in genomic DNA after sodium bisulfite
treatment.*® Sodium bisulfite treatment converts all nonmethylated cytosines into thymines,
while methylated cytosines remain unchanged. This method requires small amounts of genomic
DNA and because there is no need to digest the DNA, every nucleotide of the genome is
inspected. Therefore, bisulfite sequencing allows the comparative methylation analysis of
mosaic parental and contracted alleles. Furthermore, it allows the examination of individual
CpG-sites in hypomethylated ICF and FSHD alleles, which might explain the lack of a
myopathic phenotype in ICF patients.

1.6.2 Interacting proteins

It was shown that 4qter localizes to the nuclear periphery and that lamin A/C is required for this
localization (Section 1.1.4).”* The nuclear envelope proteins lamin A/C, LAP2B and BAF have
been shown to anchor chromatin to the inner nuclear envelope.* Furthermore, mutations in
nuclear envelope proteins lamin A/C and emerin have been shown to disrupt the peripheral
chromatin organization and cause other neuromuscular diseases, such as Emery-Dreifuss
muscular dystrophy, Limb Girdle muscular dystrophy 1B and dilated cardiomyopathy
diseases.'*™ It was suggested that FSHD arises from improper interactions with transcription
factors or chromatin modifiers at the nuclear envelope.’”” Together this makes the (sub)telomeric
region an interesting target for binding studies with nuclear binding proteins. The D4S139
region (about 200 kb proximal to D4Z4) was shown to localize closer to the nuclear envelope
than D4Z4, and is possibly involved in the association to the nuclear periphery.”?

Another interesting target for protein binding studies is the -satellite repeat, which is one of the
most prominent differences between the telomeres of 4qA and 4gB, and is often associated with
heterochromatin and telomeres. Intriguingly, the highly conserved nucleotide sequence
GATCAGTGC within the B-satellite repeat unit that may serve as a protein-binding site is
conserved on 4qA and 10q."' Binding of specific proteins to this sequence might explain the
4gA-specificity of the disease.

It has been suggested that a D474 recognition complex (DRC), consisting of YY1, HMGB2 and
nucleolin, binds to D4Z4 and represses 4q35-gene expression in healthy individuals.”’
Presumably, the DRC binds to D4Z4 repeat units at a 27 bp sequence, the D4Z4 binding
element (DBE). The DBE contains a putative YY1 recognition sequence and YY1 (transcription
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factor, involved in repressing and activating a number of promoters) is most probably the DRC
component that directly binds to the DBE (Section 1.1.4). However, these binding experiments
cannot explain the association of FSHD with D4Z4 contractions on only 4qA-type alleles and
not on 4gB alleles, because the DBE is identical in 4qA- and 4qB-derived D474 repeats
(unpublished results).

Specific protein binding can be modulated by CpG-methylation of the binding site and
consequently the significant hypomethylation observed for FSHD-causing D474 repeats might
alter the binding potential of putative protein-binding sites (Chapter 2).'"” As discussed in
section 1.6.1, the analyses of specific protein-binding sites require the use of the PCR-based
methylation analysis. The putative YYI-binding site in D4Z4 contains a single CpG
dinucleotide. /n vitro experiments for the imprinted Peg3 mouse gene have shown that YY1
cannot bind to the YY1 binding site when a CpG in its bindingsite is methylated.”® Possibly,
CpG-methylation of the putative YY1 binding site in D4Z4 could interrupt the binding of DRC
and influence the pathogenicy of a D474 repeat.”’

Another interesting sequence for binding and methylation analysis of D4Z4 is the putative
CTCF-binding site that is located about 2 kb upstream of the DUX4 sequence (Winokur,
personal communication). The CCCTC-binding factor CTCF can mediate many different
processes like gene activation, gene repression, gene silencing and chromatin insulation.*
Possibly, CTCF binding to D4Z4 could play a role in the disease mechanism and make the
CTCF binding site an interesting target in protein-binding studies. The binding of CTCF might
be methylation sensitive as has been shown for the CTCF binding site in the imprinted locus of
the Igf2 and H19 genes.” Consequently, specific hypomethylation of D4Z4 in FSHD alleles
might influence the binding of CTCF to D4Z4, which could influence the expression of nearby

genes or alter the chromatin structure by the recruiting of histone deacetylases.”

1.6.3 Transcription analysis D4Z4

The difference in homogeneity of translocated repeats on 4 and 10 (Section 1.2.5) can be
explained by 1) for unknown reasons, 10-type D4Z4 repeats on chromosome 4 alleles are more
susceptible to interchromosomal rearrangements with the 4-type D4Z4 repeat on the
homologous chromosome 4, than the opposite allele constitution, i.e. translocated 4-type repeat
on chromosome 10 with the 10-type repeat on the homologous chromosome 10. 2)
Translocations of 10-type repeats to chromosome 4 have occurred much earlier in the evolution
of D4Z4 than 4 to 10 translocations, allowing more time for interchromosomal rearrangements
on the 4;10 translocated chromosome. 3) Possibly, all 4;10 and 10;4 translocated alleles
originate from a few translocation founder alleles and the founder translocation breakpoint on
chromosome 4 occurred within the D4Z4 repeat while on chromosome 10 it occurred within the
homologous region proximal to the D4Z4 repeat. In this model, subsequent rearrangements of
translocated D4Z4 repeats, like the non-translocated repeats, generally occur between sister-
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chromatids and not between homologous chromosomes (Chapter 7).°* 4) Finally, the difference
in homogeneity can be explained if the absence of 4-type D4Z4 units on chromosome 4 is for
unknown reasons not compatible with life.

As long as transcriptional activity from the D4Z4 repeat has not been excluded it remains
essential to identify specific sequence differences between D474 units derived from 4qA, 4qB
and 10q repeats. Possibly specific polymorphisms in D4Z4 can explain that FSHD-sized
homogeneous 4qB and 10-type repeat arrays on chromosome 10 are non-pathogenic.

Individual Kpnl units of D4Z4 repeats from chromosomes 4 and 10 have been sequenced from
different individuals. Some of these sequences can be found in the Genbank-database and have
been compared using the multiple sequence alignment program CLUSTALW. This alignment
confirms that the 3.3 kb D4Z4 sequences from chromosomes 4 and 10 are 98% identical. Some
typical differences can be found between D4Z4 sequences from chromosomes 4 and 10, e.g.
Xapl on 4 and B/nl on 10. As described in chapter 7, we have identified a Pvull polymorphism
in D4Z4. Surprisingly, this polymorphic Pvull-site was detected in approximately 30% of the
most proximal unit of D4Z4 repeats on 4gB alleles, while it was almost completely absent in the
proximal D4Z4 unit of 4qA alleles. Conversely, internal D4Z4 units of D4Z4 repeat arrays on
4gA and 4qB chromosomes were shown to be either Pvull-sensitive or Pvull-resistant
independent of their chromosomal origin, which is suggestive that internal units are mixtures of
4gA- and 4qB-type D4Z4 units.® This finding indicates that the most proximal D4Z4 unit is the
only region of the D4Z4 repeat array in which other allele specific differences between 4qA and
4gB chromosomes can be found.

As described in section 1.1.4, a putative gene was identified in D4Z4 comprising a 424 amino
acid ORF for the double homeodomain protein DUX4. Sequence differences between
chromosomes 4 and 10, were largely detected in the putative promotor of DUX4; the ORF of
DUX4 on both chromosomes 4- and 10-derived D4Z4 repeats remains intact. The DUX4
sequence is not present on commercially available micro-arrays.'** In addition, the detection of
DUX4-transcription by RT-PCR is complicated due to a high background. This background is
mainly caused by the fact that DUX4 has no introns and is tandemly repeated. Consequently,
discrimination cannot be made between processed DUX4-RNA and the abundantly present
DUX4-DNA in the D474 repeats. Also the homology to other members of the DUX-gene family
complicates transcriptional analysis. Possibly due to these difficulties, in vivo DUX4
d. 344 However, the fact that the DUX4 protein was
possibly detected in a myoblast extract from an FSHD patient and not in that of a control

transcription has not been demonstrate

individual '*, is suggestive of an FSHD-specific DUX4 transcription in myoblasts.

Initial transcriptional analysis of DUX4 can be focused on monochromosomal cell hybrids
containing single human chromosomes 4 or 10 or transgenic human D4Z4 mice, to minimize
interference with homologous sequences. In these experiments, DUX4 transcription from human
chromosomes with different D4Z4 length, type and origin can be tested. Since pathogenic D4Z4
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repeats display a significantly lower CpG-methylation than control alleles, in vitro
demethylation of D4Z4 might induce DUX4-expression.127 It has been shown in vitro that
certain hypermethylated cancer genes can be transcriptionally reactivated by the DNA
demethylating agent 5-aza-2'deozycytidine. Furthermore, a synergic upregulation of
transcription was shown by DNA demethylation in combination with the histone deacetylation
inhibition agent, trichostatin A.'® Possibly, DNA demethylation combined with histone
acetylation might induce DUX4 transcription. In this perspective it is interesting that
hypomethylation of the DUX4 promotor has been detected in cultured human cancer cells in
which two major DNA methyltransferases, DNMTI and DNMT3b, were mutated.’’

1.6.4 Completing sequence 4qter and 10qter

As discussed in section 1.5.3, the 4qA region distal to D4Z4 might encompass a sequence that is
important in the etiology of FSHD. Possibly this sequence is not present or mutated in the distal
4gB region and the 10gA region. Sequencing of all these telomeric regions might explain why
FSHD is only associated with 4qA-type alleles. Therefore, it is important that the complete
sequences of the telomeric regions of chromosomes 4qA, 4qB and 10q are elucidated. The
region distal to D4Z4 on chromosome 4 has been estimated to be approximately 60 kb
(unpublished results) of which only 15 kb has been sequenced.'*!

Additional sequencing projects will be focused on alleles that have a deletion of the region
proximal to D4Z4 (Chapter 6)* and 4;10 and 10;4 translocated alleles (Section 1.2.5). These
studies should reveal the deletion and translocation breakpoints, and possibly the mechanism by
which these rearrangements occurred. Furthermore, these analyses will exactly determine the
size of proximal deletions and might confirm that equally composed translocated alleles with
different D474 repeat numbers are derived from a single translocation founder allele, when they
display identical breakpoints.

1.6.5 Phenotype-genotype study
The inter- and intrafamilial phenotypic variability observed in FSHD is an interesting
phenomenon. Some patients are almost asymptomatic while others develop a more severe

12
Several

phenotype despite the fact that they carry equal-sized, or even identical FSHD-alleles.
explanations can be given for this phenomenon. The inter- and intrafamilial variability might
just be a common difference in strength, also observed in the control population. In addition,
some reports have suggested a role for anticipation in FSHD, which is defined as an earlier
onset of the disease with increase in severity in subsequent generations.'®'** Possibly, some
cases that were initially suspected of anticipation can now be explained by mosaicism for the
FSHD allele (Chapter 8).°" Other cases of anticipation might be explained by ascertainment
bias, the overrepresentation of relatively mildly affected mothers with affected offspring

(Padberg, personal communication).
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Further elucidation of the clinical variability requires large phenotype-genotype studies
including different aspects, like the role of D4Z4 methylation (Chapter 2 and Section 1.6.2)'*
and the homologous chromosome. We have shown that FSHD patients with two FSHD-sized
alleles display a more severe phenotype than individuals with only one of these alleles (Chapter
5).* Also, RNA, protein and metabolic profiling need to be included to explain the phenotypic
differences (Section 1.6.6). Most interesting are large FSHD families that harbor asymptomatic

as well as severely affected patients.

1.6.6 Genome-wide high throughput studies

For a long time the identification of the causative FSHD gene(s) was focused on genes in the
4q35 region, close to D4Z4. Recent genome-wide transcription analysis on muscle biopsies
from FSHD patients and controls, showed a more prominent differential expression of trans-
genes than on chromosome 4q35."** These experiments support a genome-wide candidate-gene
approach. Up to now, global differential gene expression analyses were performed on RNA
using microarrays and Northern blotting. Alternatively, FSHD may be associated with
alterations in protein and metabolite levels.

Genome-wide analyses of protein and metabolite levels in tissue, blood and urine samples can
be performed using for example liquid chromatography-tandem mass spectrometry (LC-
TMS).'® Using this method, many samples can rapidly be analyzed for numerous different
proteins and metabolites. LC-TMS generates proteomic and metabolic patterns from different
samples and enables the comparison of these patterns from, for example, healthy and affected
individuals.'”® To perform LC-TMS for FSHD, blood plasma, urine and possibly muscle
biopsies need to be collected from FSHD patients, healthy controls and patients suffering from
other muscular dystrophies.

Apart from the FSHD candidate gene approach, these analyses might identify FSHD-specific
RNA, protein or metabolite profiles. The use of these profiles would further automate, simplify
and speed-up FSHD diagnostics. Possibly, these analyses would enable the identification of
phenotypic FSHD patients without an FSHD-sized D474 allele, if the RNA, protein or
metabolite profiles of these patients display sufficient resemblance to the profiles of regular
FSHD patients.

In general, analyses of differential expression require the use of a matched patient group, in
order to reduce the background of individual variability. Unfortunately, even in a well-matched
patient group, inter-individual non-FSHD-related expression differences might still disturb the
analyses. Furthermore, a significant inter-individual variability can also be expected in the
control groups. To tackle this problem, the use of affected and non-affected cell populations
might be considered from mosaic individuals (Chapter 7).** These cell-populations are isogenic;
FSHD and control cells only differ in the length of the D4Z4 repeat, making them perfect for
expression studies. The different cell populations can be separated either by in vitro clonal
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expansion or by cell sorting experiments. Clonal expansion requires the use of cells that can
undergo multiple duplication steps. Therefore, probably only immortalized PBLs can be used
for these experiments. For the cell sorting experiments we can use fluorescence-activated cell-
sorting (FACS), which can be used on various single cell suspensions. However, this method
requires an FSHD-specific marker.

Most suitable for these cloning experiments are PBL from mosaic individuals that display
almost an equal proportion of affected and non-affected cells. Moreover, some D4Z4 mosaic
individuals even display three cell populations enabling the study of expression differences
caused by three different D474 repeat lengths (Chapter 7).%
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1.7 Summary of major findings

-FSHD alleles are associated with D4Z4 hypomethylation, which is suggestive of a (local)
chromatin alteration on 4q35 in FSHD patients

-The subtelomeric variants of chromosome 4, 4qA and 4qB-type, are almost equally present in
control individuals

-D47Z4 contractions on 4qA chromosomes are associated with FSHD, those on 4qB
chromosomes are not

-Compound heterozygosity for two FSHD-sized D4Z4 repeats on 4qA alleles is not lethal, but
may cause a phenotypic dosage effect

-D47Z4 contractions leading to FSHD occur almost equally frequently during meiosis and
mitosis

-Mitotic D4Z4 rearrangements generally occur intrachromosomally via a gene conversion
mechanism that is associated with crossovers in about 25% of the cases

-Mitotic D4Z4 rearrangements most likely occur in the first few zygotic divisions after
fertilization, causing gonasomal mosaicism

-A marked linkage disequilibrium is present between the distal 4qA/4qB polymorphism and the
most proximal D4Z4 unit of the D4Z4 repeat

-LGE 1is not appropriate for the detection of mosaicism for the D4Z4 contraction in FSHD
patients, which comprises about 25% of all de novo FSHD cases

-The 55 kb region proximal to D4Z4 on chromosome 4q35, including p13E-11 and the genes
FRG2 and DUX4c, probably does not play a role in FSHD because it is deleted in several

independent FSHD patients with a normal disease spectrum.

-At least 3% of the FSHD alleles carry a deletion of probe p13E-11and will not be detected in
the regular DNA diagnostic for FSHD

-The triple DNA analysis with EcoRI, EcoRI/Binl and Xapl is essential for the recognition of
hybrid D474 alleles, which can cause false positive or negative FSHD testing
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