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1 INTRODUCTION

More than fifteen years ago, facioscapulohumeral muscular dystrophy (FSHD) was
linked to D4Z4 repeat array contractions in the subtelomere of chromosome 4q !,
Since then, several putative candidate genes in the 4q35 region have been identified,
including ANTI, FRG1, FRG2 and DUX4 [+-81 Because of lack of consistent evidence of
transcriptional deregulation of these candidate genes in patients with FSHD %)) other
disease mechanisms have been postulated. One of these includes an epigenetic disease
mechanism, which was supported by observation of D4Z4 hypomethylation at two
CpG dinucleotides within the D4Z4 repeat array !'*). However, the existence of D474
hypomethylation in patients with an unrelated syndrome, namely the immunodeficiency,
centromeric instability and facial anomalies (ICF) syndrome "*1, and without muscle
pathology, challenged a causal role for D4Z4 hypomethylation in FSHD !"*),

In this thesis, the epigenetic disease mechanism was further scrutinized. Additional
epigenetic factors, some of which potentially discriminating between FSHD and ICF,
were identified (Chapters 2 and 3). Next, the necessity of a more open chromatin
structure at D4Z4, although alone insufficient to develop disease, was underscored
(Chapter 4). Finally, a small intervention pilot study focusing on closing the chromatin

structure at D4Z4 by folic acid and methionine supplementation was performed

(Chapter 5).

2 HYPOMETHYLATION IS RESTRICTED TO THE D474 REPEAT ARRAY IN FSHD2

To understand the epigenetic similarities between two unrelated disorders, i.e. the
muscular dystrophy FSHD and the primary immunodeficiency ICF, and to further
determine whether D474 hypomethylation is causally related to development of FSHD,
in Chapter 2 a study is presented that searched for commonalities and differences
between the two disorders. The DNA methylation level of non-D4Z4 repeat arrays !>
%1, the tendency of mitogen-stimulated lymphocytes to present with pericentromeric
abnormalities ' and the levels of the immunoglobulins IgA, IgG and IgM "7, all features
of ICF syndrome, were analyzed in several FSHD2 cases without D4Z4 contraction.
As FSHD?2 patients, unlike FSHD1 patients but similar to ICF patients, show D474
hypomethylation at both chromosome 4q alleles "), a defect in a pathway similar to that
of ICF syndrome was predicted. However, no commonalities were identified between

FSHD?2 patients and ICF patients other than the earlier reported D4Z4 hypomethylation
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I General Discussion

[15, 16,

[l While several repeat arrays including D4Z4 are hypomethylated in ICF patients
"1, in FSHD2 lower DNA methylation levels seem to be restricted to D4Z4. In addition,
no ICF-like symptoms such as low immunoglobulin levels and radial chromosome

formation upon PHA-stimulation of PBLs "] were identified in FSHD?2 patients.

3 SPECIFICLOSS OFHISTONE H3 LYSINE9 TRIMETHYLATION AND HP 1Y/ COHESIN
BINDING AT D474 REPEATS IS ASSOCIATED WITH FACIOSCAPULOHUMERAL
pystroPHY (FSHD)

In Chapter 3, loss or gain of other epigenetic factors in patients with FSHD are
described. The presence of several histone modifications at the D4Z4 repeat array
was studied by chromatin immunoprecipitation (ChIP). Four of the six histone
modifications six studied could be identified at D4Z4; trimethylation of histone H3 at
lysine 9 (H3K9me3) and lysine 27 (H3K27me3), both repressive chromatin marks "),
and dimethylation of histone H3 at lysine 4 (H3K4me2) and acetylation of histone H3
(H3Ac), both associated with a more permissive chromatin structure *. One of these
histone modifications, H3K9me3, was specifically lost at D474 in patients with FSHD,
both in FSHD1 and FSHD?2 patients. Importantly, loss of H3K9me3 was not observed
to the same extent in ICF patients. In addition, control cells treated with 5-azacytidine,
a demethylating agent, also showed high levels of H3K9me3 at D4Z4, suggesting that
H3K9me3 may be upstream of DNA methylation at D4Z4.

Also in Chapter 3, evidence is presented that heterochromatin protein 1 y (HP1y)
and cohesin binding to the D4Z4 repeat array is lost in patients with FSHD. Most
importantly, no HP1y/cohesin binding to D4Z4 was observed in lymphoblastoid cell
lines; neither in FSHD patients nor in control individuals who have high H3K9me3
levels at D4Z4. These results cells suggest that a possible tissue-specific component is
involved in the binding of HP1y/cohesin to D4Z4, as these two proteins do bind to
D474 in fibroblasts and myoblasts.

4 COMMON EPIGENETIC CHANGES OF D474 IN CONTRACTION-DEPENDENT
AND CONTRACTION-INDEPENDENT FSHD

In FSHD1 patients, loss of DNA methylation seems to be restricted to the contracted
allele. In FSHD2 patients, D4Z4 hypomethylation seems much more pronounced,
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which can be explained by loss of DNA methylation on both chromosome 4q alleles
41 We therefore hypothesized that a gene defect responsible for the occurrence of the
D474 hypomethylation is causally underlying FSHD2. In FSHD1, the contraction of
the D474 repeat array may precede the D4Z4 hypomethyation. Interestingly, patients
with FSHD1 always carry a contracted repeat array in association with the 4qA161
haplotype. Haplotype-specific sequence variations may therefore determine why only
a contracted repeat on this specific haplotype results in disease ©*'!. Alternatively, there
may be a different epigenetic response to D4Z4 contractions in the different haplotypes.
Therefore, an important question to answer was whether D4Z4 hypomethylation of
contracted repeats is restricted to the 4qA 161 haplotype. Also other important questions
on the role of D4Z4 hypomethylation in FSHD pathogenesis had remained unanswered
for some years, including the methylation levels of D4Z4 on chromosome 10q and the
exact relationship between D474 repeat length and D474 methylation.

In Chapter 4, the results of an extensive DNA methylation study, both on chromosomes
4q and 10q, is presented. The results clearly show that D4Z4 hypomethylation is not
4qA161-specific or FSHD-specific. Individuals carrying a contracted repeat on a non-
pathogenic 4qA166, 4qB163 or 10qA166 haplotype also presented with a significant
loss of DNA methylation at D4Z4. These results suggest that D4Z4 hypomethylation is
necessary, but not sufficient, to develop FSHD; other epigenetic factors, like H3K9me3,
may be important. Another possibility, not necessarily mutually exclusive, is that
sequence variations determine the development of FSHD, while a change in chromatin
structure, as evidenced by D4Z4 hypomethylation, facilitates the function of these
sequence variations. Next, we reported in Chapter 4 that the methylation defect in
FSHD?2 patients extends to chromosome 10q; a chromatin modifier responsible for D474
methylation on chromosomes 4q and 10q may therefore be defective in these patients.
Importantly, all FSHD2 patients carry a 4qA161-type D4Z4 repeat array, unifying
FSHD1 and FSHD?2 since all FSHD1 patients carry a contracted D4Z4 repeat array
in association with the 4qA161 haplotype *. Further, no linear relationship between
D474 repeat length and D4Z4 methylation was detected; neither on chromosome 4q
nor on chromosome 10q. However, a threshold effect was observed that may explain
the abrupt transition from pathogenic to non-pathogenic repeat arrays; below 40 kb
a significant drop in D474 methylation was observed. Finally, we showed that D474
hypomethylation is restricted to this repeat array, as similar methylation levels were

observed between controls and patients with FSHD at the proximal Smal restriction site.

128



I General Discussion

5 NO EFFECT OF FOLIC ACID AND METHIONE SUPPLEMENTATION ON D474
METHYLATION IN PATIENTS WITH FSHD

The chromatin structure of the D4Z4 repeat array is changed in FSHD patients;
loss of DNA methylation and H3K9me3 followed by loss of HP1y/cohesin binding
is observed. Therefore, we aimed at closing the chromatin structure of the D474
repeat array. A rather simple method to affect chromatin structure of D4Z4 is through
elevation of the DNA methylation levels, as DNA methylation is a reversible process ).
DNA methylation levels may be influenced by supplementation with folic acid, which
is important for the synthesis of S-adenosylmethionine (SAM), the common methyl
donor needed for DNA methylation maintenance 1**I.

In Chapter 5, data of a pilot study performed in a small group of FSHD patients, both
FSHD1 and FSHD?2, and in unaffected family members is presented. Supplementation
for three months with folic acid (5 mg, daily) and methionine (1 g, three times a
day) was performed. Outcome measures of this study were clinical severity score
determined by the Ricci score "/, DNA methylation at the D4Z4 repeat array and
total DNA methylation levels, serum folate levels, serum vitamin B12 levels and plasma
homocysteine levels. Although serum folate levels rose significantly and genome-wide
DNA methylation levels increased in most subjects, no significant change in DNA

methylation at D474 was observed, neither in controls nor in FSHD patients.

6 RECENT ADVANCES IN EPIGENETIC FSHD RESEARCH

Several other groups have also focused on a possible epigenetic role in the pathogenesis

of FSHD. I will now discuss some of the recent advances that were made in this field.

6.1 A NUCLEAR MATRIX ATTACHMENT SITE PROXIMAL TO THE D4Z4 REPEAT ARRAY

Besides DNA methylation and histone modifications, the organization of DNA into loop
domains may contribute to the chromatin structure of a region and thus may have an
effect on transcriptional regulation 1*!. These loop domains are anchored to the nuclear
matrix via specific sequences, the scaffold/matrix-associated regions (S/MAR regions)
1?1 Recently, Petrov et al reported the presence of three S/MAR sites in the vicinity
of D4Z4. One of these sites was immediately upstream of D4Z4, between the FSHD
candidate genes FRG1 and FRGZ; the other two sites were located proximal to FRGI and
distal to D4Z4. It was hypothesized that the former S/MAR site separates the FSHD
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candidate genes from the D474 repeat array into two distinct DNA loop domains.
Interestingly, in myoblasts from FSHD patients, dissociation of this S/MAR from the
nuclear matrix seems to occur. As a consequence, the upstream candidate genes and the
D474 repeat array are residing in a single loop domain in patients with FSHD ). Since
the 5’ end of the D4Z4 repeat array was reported to contain a strong transcriptional
enhancer, this may affect the transcriptional regulation of FRGI and FRG2 in patients
with FSHD ©*). However, there is still debate on the transcriptional deregulation of
FRGI and FRG2 in FSHD "I, Furthermore, part of the D4Z4 repeat array seems to
function as a transcriptional repressor; the D4Z4 binding element (DBE) that binds
the transcriptional repressor complex YY1-HMGB2-nucleolin !, In addition, when
myoblasts were transfected with an increasing number of D4Z4 repeat units preceding
the FRG2 promoter in a luciferase reporter assay, luciferase activity initially increased
with one D474 repeat unit, but subsequently decreased with the addition of extra D474
repeat units. This suggests that D474 may act as a transcriptional activator or repressor
depending on the context ", It is thus unclear what the exact effect on transcription
will be if FRGI and FRGZ2 reside in the same DNA loop. Finally, as changes in DNA
methylation seem restricted to the D4Z4 repeat array in FSHD (no hypomethylation was
observed on the proximal Smal restriction site which is located in the S/MAR sequence
in FSHD patients (Chapter 4)), it is yet unclear why the loop domain organization in
patients with FSHD is lost. The methyl-binding protein MeCP2 has been implicated in
loop domain organization **!. Although no changes in DNA methylation were observed
between controls and FSHD patients at the S/MAR site, it will be interesting to study
binding of MeCP2 and other proteins that mediate specific association of DNA with the

nuclear matrix in myoblasts of controls and patients with FSHD.

6.2 DNA METHYLATION AND CHROMATIN DNASEI SENSITIVITY; A ROLE FOR THE INSULATOR
PROTEIN CTCF ar D474

We have described that D4Z4 contraction results in significant D4Z4 hypomethylation.
This hypomethylation occurs irrespective of the chromosomal background of the
contracted repeat array and the hypomethylation is restricted to the D4Z4 repeat
array. Recently, Tsumagari et al also performed a thorough DNA methylation analysis
of the D474 repeat array using cancer tissues that normally present with high DNA
methylation throughout the D4Z4 repeat array. Additionally, they performed chromatin
DNasel sensitivity assays in and adjacent to the D4Z4 repeat array. They identified a 2
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kb region in the proximal D4Z4 repeat unit that seems resistant to DNA methylation
and shows differential DNasel accessibility compared to the remainder of the repeat
array. Therefore, they hypothesized the presence of a boundary element at the junction
of D4Z4 and the AT-rich p13E-11 region ! This boundary element may represent the
recently identified CTCF binding site at the proximal end of the D4Z4 repeat array.
CTCF may function as an insulator at this site and prevent spreading of hypomethylation
in a proximal direction. Interestingly, increased CTCEF binding at this site was observed
in patients with FSHD (G. Filippova, personal communication). Our recent results on
the methylation level of the BstBI restriction site in the p13E-11 region, located ~200
bp from the proximal D4Z4 repeat unit, support these findings. We observed high
methylation levels at the BstBl restriction site and, unlike the significant hypomethylation
in the proximal D4Z4 repeat unit in FSHD patients, no differences in DNA methylation
were observed between controls and FSHD patients (unpublished results). Thus, the
enriched binding of CTCF in patients with FSHD may indeed prevent the spreading of
the D4Z4 hypomethylation towards the p13E-11 region.

6.3 THE THREE-DIMENSIONAL STRUCTURE OF THE 4q SUBTELOMERIC REGION

To determine the spatial proximity of genes of the 4q subtelomeric region and the
D474 repeat array and thus to further explore the higher order chromatin structure of
the region, Pirozhkova et al performed chromatin conformation capture (3C) assays.
This technique evaluates the spatial proximity of two genomic fragments based upon
their tendency to become crosslinked in vivo P **1. Using this technique it was shown
that in normal myoblasts the distal part of the FRGI and FRG2 promoters interact;
this interaction was lost in myoblasts derived from a FSHD patient. Furthermore, they
showed that in normal myoblasts the inverted D474 repeat DUX4c interacts strongly
with the distal part of the FRGI promoter and that there is also an interaction, albeit
to a lower extent, with the FRG2 promoter and with the subtelomeric region proximal
to the 4qA/4qB marker. Interestingly, in FSHD myoblasts novel interactions between
both the proximal and the distal part of the FRGI promoter and the 4qA/4qB marker
and between the ANTI promoter and the 4qA/4qB marker were identified. Finally,
they showed that in normal myoblasts the D4Z4 repeat array interacts with the region
proximal to DUX4c.

In conclusion, the 4qA/4qB marker seems to have a very important role in FSHD,

as multiple novel interactions with this region were identified in myoblasts derived
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from an FSHD patient. This hypothesis is further supported by the observation that the
4qA allele contains a transcriptional enhancer **1. However, recently several additional
4q haplotypes, both of the 4qA-type and the 4qB-type, were identified 'l It will be
important to test whether non-pathogenic 4qA haplotypes and non-pathogenic 4qB
haplotypes do not act as transcriptional enhancers. Furthermore, additional 3C assays
studying myoblasts from control individuals carrying a short D4Z4 repeat array on
either a non-pathogenic 4q haplotype or on chromosome 10 will be necessary. The
experiments described in this thesis suggest that changes in chromatin structure are not
restricted to patients with FSHD; D4Z4 hypomethylation was also observed in controls
with a short repeat on a non-pathogenic haplotype (Chapter 4).

7 AN INTEGRATIVE MODEL FOR FSHD PATHOGENESIS

Although the D4Z4 repeat contraction in patients with FSHD was discovered more
than 15 years ago, the exact molecular mechanism causing FSHD still remains elusive.
It seems unlikely that a single candidate gene is responsible for the development of
FSHD. Probably, a complex epigenetic disease mechanism involving the deregulation
of multiple genes, both in cis and in trans, underlies its pathogenesis. One of the major
challenges for future FSHD research will be to integrate all thus far reported disease
mechanisms into a unifying model and to obtain consistent evidence supporting this
model.

[ hypothesize that the D474 repeat array and its chromatin structure will be central
in such a model, because every patient with FSHD shows genetic and/or epigenetic
changes at this repeat array. Most importantly, all FSHD patients carry a hypomethylated
4qA161-type repeat array. I propose that in control individuals the D4Z4 repeat
array is packaged in a relatively closed chromatin structure, probably as facultative
heterochromatin. In patients with FSHD, this chromatin structure is more open. As
a consequence, proteins may bind to D4Z4, influencing the regulation of candidate
genes and the interaction with the nuclear envelope (Figure 1). Sequence variations
residing within or close to the D474 repeat array may be important for binding of such
proteins and thus determine why FSHD is specifically linked to the 4qA161 haplotype
P! Alternatively, the open chromatin structure facilitates only steady state expression
levels of D474 transcripts in the presence of critical SNPs in the 4qA161 haplotype.

In FSHD1, the open chromatin structure is only reached at a certain threshold. With
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FRG1 DUX4c FRG2 p13E-11
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FSHD2
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11-100x
|&m closed chromatin structure 4 suvasHi & SUV39H1 with methyl group
m’x}f\._ open chromatin structure ® @ 5D candidate proteins = protein recruiting SUV3gH1
FiGure 1

An integrative model for FSHD pathogenesis.

A. In control individuals the D474 repeat array is organized as facultative heterochromatin. In
patients with FSHD1 only below 11 D474 repeat units, a more open chromatin structure is induced.
Below this threshold insufficient levels of a protein (complex) responsible for H3K9me3 and D474
methylation or a presently unidentified chromatin modifier (complex) may be present at D4Z4. In
patients with FSHD2, changes in chromatin structure may occur because of a et unidentified gene
defect responsible for the epigeneticmodifications in D4Z4. Therefore, a more open chromatin structure
is present in these patients even above the critical threshold of 10 D474 repeat units. Because of the
more open chromatin structure in patients with FSHD, binding of protein(s) to D474 that normally
do not bind may occur. This will most likely occur either proximal or distal to D474 or to a critical
D474 element, since the amount of repeat units with an open chromatin structure differs significantly
between FSHD1 and FSHD2 patients, while their phenotypes are highly similar. In addition, specific
SNPs discriminating between the different haplotypes may be important for the binding of these
proteins.

B.When the chromatin structure is in a more open conformation, candidate genes may be deregulated

in cis (upper panel) and the interaction with the nuclear envelope may be disturbed (lower panel).
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more than 10 D4Z4 repeat units still present the chromatin structure is kept in a
closed state, for example because of a sufficient level of binding of proteins that attract
SUV39HI, the histone methyltransferase responsible for H3K9me3 and possibly DNA
methylation at D474, or the binding of yet unidentified chromatin modifiers. When less
than 11 D4Z4 repeat units are left, the critical threshold is reached, resulting in loss of
H3K9me3 and loss of DNA methylation at D4Z4-.

In FSHD2, a presently unidentified gene defect may disturb the recruitment of
SUV39HI1 or other chromatin modifiers to D4Z4 with consequent loss of H3K9me3
and DNA methylation, thus also resulting in a more open chromatin structure at D4Z4.
Since the number of D4Z4 repeat units with an open chromatin structure differs
significantly between FSHD1 and FSHD?2 patients (1-10 repeats versus >10 repeats),
it seems unlikely that a protein that binds to each D4Z4 repeat unit, e.g. the D4Z4
repressor complex 1), plays an important role in FSHD development. If this were the
case, differences in phenotype between FSHD1 and FSHD2 were to be expected. More
likely, binding of a protein just upstream or downstream of D4Z4 or binding to a specific
D474 clement (e.g. the proximal or distal unit) seems to be critical. Interestingly, the
chromatin structure of the p13E-11 region just upstream of D4Z4 is different from
the remainder of the D4Z4 repeat array ['>*! and this open chromatin configuration
extends into the proximal D4Z4 repeat unit just distal to p13E-11 in both controls and
patients with FSHD P!, Also, this region harbors haplotype-specific SNPs that may be
critical to disease development. Apparently, there is an unusual small transition zone
from a very open to a compact chromatin structure. Changes in this transition zone may
uncover presently unidentified D474 elements essential for the pathogenesis of FSHD.
It is therefore imperative to investigate whether such a transition zone also exists at the
distal end of the repeat. In addition, a DUX4 transcript from the distal D4Z4 repeat
unit was reported recently P*!, which is provided with a polyadenylation signal by the
distally located pLAM sequence. Interestingly, the pLAM sequence is only present on
4qA alleles P* 1.

Currently, I cannot explain the large clinical intra- and interfamilial variability observed
in FSHD, varying from gene carriers without symptoms to patients that eventually
become wheelchair-bound P*l. This intrafamilial variability also applies for FSHD2
families, in which a non-affected family member with significant D4Z4 hypomethylation
and a D474 repeat array on a 4qA161 haplotype was identified. However, the 4qA161-

type repeat array in this family member is relatively large in size, while most FSHD2
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patients carry a 4qA161-type repeat <100 kb. Further analysis of D4Z4 chromatin structure
in gene carriers will be essential. Second, because of the lack of the FSHD phenotype when
D474 is contracted on 10q alleles, 4qB alleles and 4qA166 alleles, it will be important to
study chromatin changes other than DNA methylation in individuals carrying such a short
repeat array > *"?1 In Chapter 4 it is already described that D4Z4 hypomethylation occurs
upon repeat contraction irrespective of the haplotype the contracted repeat array is residing
in. It will also be important to study H3K9me3 and HP1y/cohesin binding in control
individuals with a contracted repeat on non-pathogenic haplotypes. Finally, the differences
between all recently identified haplotypes need to be studied in detail as SNPs in the D4Z4
repeat array may affect binding of proteins or affect steady state expression levels of D4Z4-
derived transcripts and thus may explain the lack of FSHD development on non-4qA161

alleles 211,

8 FUTURE PERSPECTIVES

8.1 FSHD?
In <5% of patients with FSHD, no D4Z4 contraction is observed by pulsed field gel

electrophoresis (PFGE). Nevertheless, these patients do show loss of similar repressive
chromatin marks as FSHD1 patients; D4Z4 hypomethylation on chromosomes 4q (Chapter
2) " and loss of H3K9me3 with subsequent disturbed HP1y/cohesin binding to D4Z4
(Chapter 3). Furthermore, these patients show additional D4Z4 hypomethylation on
chromosomes 10q (Chapter 4). Because of the epigenetic overlap between FSHD1 and
FSHD?2, the presence of a more open chromatin structure at the D4Z4 repeat array seems
essential for FSHD pathogenesis.

At present, most FSHD2 patients identified are single cases within a family. In addition,
all FSHD2 cases with pronounced D4Z4 hypomethylation carry at least one allele of the
4qA161 haplotype, similar to all FSHD1 patients. This suggests that also the presence of a
4qA161 allele is indispensable for the development of FSHD in addition to the changes in

chromatin structure at D474.

8.1.1 GENOTYPE-PHENOTYPE STUDY IN FSHD2

The phenotype of FSHD1 patients and FSHD2 patients seems identical, although the
epigenetic defect is not completely overlapping (additional D4Z4 hypomethylation is
observed on chromosome 10q alleles in patients with FSHD2 (Chapter 4)). There is also
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a large difference in amount of D4Z4 repeat units present with an open chromatin
structure, both on chromosomes 4q and 10q, in patients with FSHD2. Hence, it will
be important to perform a thorough genotype-phenotype study with the objectives to
compare clinically FSHD1 and FSHD2 patients and to determine whether the more
pronounced and more widespread hypomethylation observed in FSHD2 has additional
effects on the phenotype. The FSHD phenotype is not restricted to the muscles;
epilepsy, mental retardation, sensorineural hearing loss and retinal vasculopathy have
been reported ***1. When performing such a genotype-phenotype study, these non-

muscular symptoms also have to be included in the examination.

8.1.2 GENomE-wIDE SNP stupies IN FSHD?2

[ anticipate that a mutation in a gene responsible for the repressive chromatin marks at
the D4Z4 repeat array underlies the pathogenesis of FSHD2. Already several candidate
genes, mainly genes involved in the establishment and/or maintenance of chromatin
structure, have been tested for FSHD2, but thus far no mutations were identified
(Chapter 2) ™)1 A reasonable alternative is to perform genome-wide SNP studies to
identify the disease locus in this small group of FSHD patients. First, it will be crucial
to determine the inheritance pattern of FSDH2. With multiple affected siblings
and unaffected parents in one family (Family 8, Chapter 4) and an affected mother-
daughter pair (Family 2, Chapter 4), it is yet difficult to rule out either a dominant or a
recessive inheritance pattern. Importantly, some unaffected family members also show
pronounced hypomethylation at the D4Z4 repeat array (Chapter 2), suggesting that
the gene defect in FSHD2 patients is not fully penetrant. Another explanation for this
observation is that these unaffected family members with D4Z4 hypomethylation are
gene carriers of the D4Z4 methylation defect but do not have a 4qA161-type repeat
array. However, this last explanation does not explain all unaffected family members
with D4Z4 hypomethylation (Individual 1.4, Chapter 2).Thus, it will be very important
to rule out the diagnosis of FSHD in these individuals.

8. 2ICF sYNDROME

The two unrelated disorders FSHD and ICF share an epigenetic hallmark, namely D474
hypomethylation ' **!. In patients with FSHD, the loss of DNA methylation at D4Z4
seems to occur as a consequence of loss of H3K9me3 at D4Z4 (Chapter 3). In most

ICF cases, the loss of DNA methylation at specific genomic loci, including D474, can
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be explained by the presence of mutations in the DNA methyltransferase 3B (DNMT3B)
gene (ICF1) 45, 461

To date, it is still unknown how mutations in DNMT3B cause ICF syndrome. It seems
unlikely thatloss of DNA methylationat D4Z4 playsanimportantrole in ICF pathogenesis,
since patients with FSHD show no symptoms of a primary immunodeficiency as
observed in ICF patients (Chapter 2). It also seems unlikely that hypomethylation of
a-satellite repeat DNA is important for ICF pathogenesis, as loss of DNA methylation
in this repetitive DNA is only observed in patients with ICF2 syndrome, thus in patients
in whom no mutation in the DNMT3B gene can be detected !"*). ICF2 patients cannot
be discriminated from ICF1 patients based on their phenotype *”). More likely, a yet
to be identified mechanism involving hypomethylation of a specific repeat array or
another locus may cause the ICF phenotype in both patient groups. Thus far, it has been
speculated that hypomethylation of the Sat2 repeat array is crucial for pathogenesis, but
evidence for this is lacking **1.

Similar as suggested above for FSHD2, it will be important to perform genome-wide
SNP studies in patients with ICF2. As it is anticipated that ICF2, like ICF1, is inherited
in an autosomal recessive fashion, consanguineous families will be instrumental in such
studies. Using the method of homozygosity mapping, large regions of homozygosity
that may contain the disease gene can be readily identified in a small set of patients *].
As the number of ICF2 patients is limited (thus far ~50 ICF cases, both ICF1 and ICF2,
have been described in literature *”!), combining homozygosity mapping with genome-
wide expression studies in patients with ICF2 may facilitate the identification of the
ICF2 disease locus considerably. I expect that genes operating in a similar pathway are

affected in both types of ICF syndrome, as no prominent differences in phenotype are

observed *7,

8.3 EPIGENETIC CAUSES AND CONSEQUENCES IN FSHD

FSHD can be considered an epigenetic disorder, since loss of H3K9me3 and DNA
methylation are observed in the D474 repeat array of both FSHD1 and FSHD?2 patients
(Chapter 3) '), However, although necessary for FSHD development, the causes and
consequences of the loss of these repressive chromatin marks are unknown. I will now
discuss some possible future experiments that can be performed to obtain a more

comprehensive understanding of these causes and consequences.
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8.3.1 ADDITIONAL HISTONE MODIFICATION ANALYSES

We were unable to develop primers that specifically amplify the contracted allele in
FSHD patients for our histone modification analyses (Chapter 3). As a result, histone
modification levels at D474 were determined on both chromosomes 4 and in addition
on the homologous D474 repeat array on both chromosomes 10. It was thus surprising
that we observed such a pronounced loss of H3K9me3 in FSHD1, comparable with the
loss observed in FSHD2 where the loss of DNA methylation is much more extensive
(Chapter 4) I'"*). Therefore, we speculated that loss of H3K9me3 may also occur on the
other D474 repeat arrays in addition to the contracted repeat array. This is in contrast
with the loss of DNA methylation, which only occurs on the contracted allele in FSHD1
(Chapter 4) " Tt will be crucial to develop primers that are 10q-specific to investigate
in more detail the loss of H3K9me3. Besides, also 4qA161-specific primers should
be developed which may be used to study the contracted allele specifically in patients
in which the normal allele is of the 4gB-type and determine whether a relationship
between H3K9me3 levels and clinical severity score (CSS) exists " Furthermore,
other histone modifications may also be changed in patients with FSHD, but they may
not have been tested yet or they may have been missed if the changes are restricted to
the contracted allele.

Another unanswered question is whether loss of DNA methylation is downstream of
H3K9me3 loss or whether it occurs independently. The relationship between histone
modifications and DNA methylation seems different for other genomic loci. DNA
methylation may recruit histone deacetylases and histone methyltransferases via the
methyl-binding protein MeCP2 . On the other hand, specific histone modifications
may recruit DNA methyltransferases resulting in methylation at CpG dinucleotides °'!.
At D4Z4, I speculate that H3K9me3 is independent or upstream of DNA methylation,
as no loss of H3K9me3 was observed in ICF patients with D4Z4 hypomethylation
and this histone modification was also still present in control cells treated with the
demethylating agent 5-azacytidine. However, the occurrence of D4Z4 hypomethylation
without loss of H3K9me3 in the unaffected mother of two FSHD?2 cases argues against
this hypothesis (Chapter 3). To study this process in more detail, ChIP experiments
can be performed using antibodies against SUV39H1 and DNMT3B, the histone
methyltransterase and DNA methyltransferase responsible for the repressive chromatin
marks at D4Z4, in combination with siRNA knockdown experiments. If H3K9me3 is
indeed upstream of DNA methylation at D4Z4, no DNMT3B binding to D4Z4 and no
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D474 methylation is expected after knockdown of SUV39H1. In addition, when cells
are treated with siRNA against DNMT3B, it is expected that SUV39H1 can still bind
to D4Z4. However, it will be first necessary to determine where DNMT3B binds to
D474, as DNMT3B binding to DNA may be restricted to specific DNA sequences °*).
Finally, it will be essential to study the presence of histone modifications and DNA
methylation at those D4Z4 regions that are implicated in transcription P>l e.g.
the distal D4Z4 repeat unit and the adjacent pLAM sequence, which may contain a
polyadenylation signal **. Thus far, only a small part of the D4Z4 repeat array has been
studied for chromatin changes ! **»**_ Interestingly, although the maximum level of
DNA methylation differs between different CpG dinucleotides tested in our lab, the
percentage of reduction in DNA methylation between controls and FSDH1 patients is
~35% on each site investigated (Chapter 4). Furthermore, loss of H3K9me3 was only
studied in one region of approximately 300 bp. A limited set of data on the border of
the p13E-11 region and the first partial D474 repeat unit suggests that no H3K9me3 is
present at this region, neither in FSHD patients nor in controls (Chapter 3).

8.3.2 HP1y/cOHESIN BINDING TO D474

D474 contraction, D4Z4 hypomethylation and loss of H3K9me3 at D4Z4 can be
observed in different cell types. Thus far, lymphoblastoid cells, fibroblasts and myoblasts
were tested. The observation that HP1y/cohesin binding may be tissue-specific, as it
could not be detected at D4Z4 in lymphoblastoid cells of control and FSHD individuals
(Chapter 3), is very intriguing and may perhaps partly explain why FSHD patients
mainly present with muscular symptoms. However, binding of these two proteins in
additional primary cell lines has to be tested. Especially since lymphoblastoid cell lines
are obtained by infection of PBLs with Epstein-Barr virus (EBV). Such treatment may
have an effect on mechanisms like histone modifications and DNA methylation. If indeed
no HP1y/ cohesin binding to D4Z4 is observed in several additional cell types, it will be
crucial to determine the function and consequences of HP1y/ cohesin binding to D4Z4.
For some years, it has been speculated that FSHD may be regarded as a nuclear
envelopathy. The observation that the subtelomere of chromosome 4q localizes to the
nuclear periphery * > but also the overlap in expression profiles between patients
with FSHD and Emery-Dreifuss muscular dystrophy (EDMD) P have fueled this
hypothesis. Our data deliver additional evidence for a possible link between FSHD

pathogenesis and the nuclear envelope, because HP1 is known for its interaction with
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the lamin B receptor (LBR) in the nuclear lamina "), As a result of loss of HP1y binding
to D4Z4 in patients with FSHD, this interaction with the nuclear lamina may be lost.
An initial experiment to study this hypothesis is to perform a ChIP study using an
antibody against LBR in cells of controls and FSHD patients followed by (quantitative)
PCR with D4Z4-specific primers. Another method is to knock down HP1y by siRNA
and determine the binding of LBR to D4Z4 by ChIP. If indeed this interaction with the
nuclear lamina is lost, other interactions, for example via the DNA binding protein
barrier to autointegration factor (BAF), may also be lost. All these interactions can be
studied in more detail using ChIP and treating control cells with siRNA against different
proteins in the nuclear lamina.

Another important experiment will be to determine whether the nuclear peripheral
organization of the subtelomere of chromosome 4q is lost in FSHD, e.g. using 3D-FISH.
Previously, two studies could not observe a significant change in peripheral organization
in FSHD patient cells, although one of these studies observed a small non-significant
detachment from the nuclear periphery >, This indicates that the changes may be
very subtle; thus, larger groups of patients and controls have to be studied. Treatment
of control cells with siRNA against HP1y may increase the differences in peripheral
organization. Finally, as HP1y binding to D4Z4 may be tissue-specific, it may be
interesting to study peripheral organization of 4qter in different cell types. Thus far, the
peripheral localization of the subtelomere of chromosome 4q was studied in a limited
amount of lymphoblastoid, fibroblast and myoblast cell lines. In these studies, D4Z4
was located in the nuclear periphery in all tested cell types ****1. Therefore, it seems
unlikely that HP1y has a major role in D4Z4 tethering to the nuclear periphery, but still
HP1y loss may greatly influence the interactions between D474 and the nuclear lamina.
The protein cohesin is mainly known for its role during mitosis where it holds the sister
chromatids together **1. Recently, an additional function of cohesin together with the
insulator protein CTCF was reported 1. Importantly, four different CTCF binding
sites were identified in the D474 repeat array. CTCF binding to these sites is enriched in
patients with FSHD (G. Filippova, personal communication) *’. As CTCF and cohesin
proteins may compete for similar binding sites (1, the loss of cohesin binding to D474
in FSHD patients may explain the increased binding of CTCF. To study this in more
detail, a cohesin ChIP using primers that specifically amplify the four CTCF binding

sites may be performed.
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8.4 HAPLOTYPE-SPECIFIC SEQUENCE VARIATIONS;

THE EFFECT ON TRANSCRIPTION AND PROTEIN BINDING

We observed that D474 contraction results in a more open chromatin structure
irrespective of the haplotype of the contracted allele (Chapter 4). Therefore, it seems
crucial to study the effect of haplotype-specific sequence changes and particularly
4qA161-specific, thus FSHD-specific, sequence variations. First, transcription of FSHD
candidate genes, like DUX4, FRG1 and FRG2, may be affected. Second, binding of certain
proteins may vary between the different haplotypes because of sequence variations.

To study the first option, transfection studies with D4Z4 elements representing the
different haplotypes and/or haplotype-specific SNPs may be informative. Both RNA and
protein levels of the DUX4 candidate gene could be determined. Using a similar system,
DUX4 expression was measured for the first time two years ago. Both an intronless
transcript from each D4Z4 repeat unit ! and a transcript with two introns which
is transcribed from the most distal D4Z4 repeat unit ** were identified. In addition,
several new sense and antisense transcripts originating from D4Z4 were recognized
very recently. All identified transcripts seem to be generated from the DUX4 transcript
from the distal D4Z4 repeat unit and not only novel mRNAs but also mi/siRNA-sized
RNA fragments were identified [*). Another possibility is to use luciferase reporter
assay that determine the effect of specific SNPs and/or haplotypes on the promoter
activity of the FSHD candidate genes. Previously, this method was successfully applied
to determine the effect of one or multiple D4Z4 repeat units on FRG2 promoter
activity "l However, it is still unclear which transcript(s) is(are) responsible for FSHD
pathogenesis; it has been hypothesized that a combinatorial action of candidate genes
may underlie this disease. Therefore, a third possibility is to quantitatively compare
RNA isolated from cells transfected with the different haplotypes on a genome-wide
scale using either expression arrays covering the whole genome or performing genome-
wide deep sequencing of (mi)RNA transcripts. This way, not only the expression of
thus far identified FSHD candidate genes is determined. Instead, genome-wide
expression differences between the different haplotypes of chromosomes 4q and 10q
are determined. Preferably, all studies should be performed in human muscle cells.

Second, the haplotype-specific SNPs may affect the binding of certain proteins to the
D474 region. Examples of proteins that bind to the D4Z4 repeat array are YY1 and
indirectly HMGB2 and nucleolin ). Thus far, no difference in binding of this repressor

complex in FSHD patients and control individuals has been observed. However, FSHD
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research is complicated by the presence of homologous D4Z4-like sequences on many
chromosomes, including the highly homologous repeat array on chromosome 10q >
¢ Therefore, it will be very important to develop haplotype-specific primers that can
be used in ChIP experiments to specifically study the binding of proteins to the different
haplotypes. Alternatively, one could focus on the identification of additional proteins
that bind to the D4Z4 repeat array. Using the sequences of the different haplotypes
and software programs that specifically identify protein binding sites, proteins that
bind haplotype-specific may be identified. Next, these protein binding sites may be
confirmed by electrophoretic mobility shift assay (EMSA) and ChIP; techniques that
study protein binding to DNA in vitro or in vivo, respectively. Also the recently developed
PICh (proteomics of isolated chromatin segments) technique that identifies the proteins
bound to a specific genomic region by combining ChIP and mass spectrometric analysis

may be suitable for this type of experiments [*.

8.5 TREATMENT OF PATIENTS wiTH FSHD

As described in Chapter 5, supplementation with folic acid and methionine did not
significantly increase the methylation level at the D4Z4 repeat array, neither in FSHD
patients nor in control individuals. It is unclear whether the intervention was sufficient
to remethylate D474 and whether the D4Z4 locus is susceptible to DNA remethylation.
Therefore, different conditions can be tested by in vitro treatment of myoblasts of FSHD
patients with different concentrations of folic acid for different time periods. Further,
the addition of vitamin B12 as a supplement may increase the remethylation of D474
significantly, since vitamin B12 is an important co-regulatory enzyme in the folate cycle
[23]

A more specific method to remethylate D4Z4 may be by the use of short methylated
oligonucleotides which induce DNA methylation at specific loci. When such
oligonucleotides were applied to the proximal promoter region of the human oncogene
Bcl-2, gene silencing of the gene occurred ). However, Bcl-2 is a single-copy gene,
while D4Z4-like sequences can be found on many chromosomes 1’1 In addition,
to apply this method in FSHD patients more information on transcription from the
D474 region is needed, as the oligonucleotides have to be directed towards the regions
responsible for FSHD pathogenesis. Finally, we observed that DNA methylation may be
downstream of H3K9me3 at D4Z4 (Chapter 3); thus, the lack of results in the initial
pilot study with folic acid and methionine may partly be explained by this. The addition
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of the two supplements may not have resulted in higher methylation levels at D474
because H3K9me3 levels were still low. Probably, higher levels of H3K9me3 have to be
present at D474 to recruit DNMT3B and thus to remethylate D4Z4. However, since
DNMT3B is considered a de novo DNA methyltransferase that mainly functions during
embryogenesis [*!, this treatment may not be effective.

A better idea might be to perform an experiment to determine whether addition of
the histone methyltransferase SUV39H1 has an effect on H3K9me3 levels at D474
and consequently on D4Z4 methylation levels. An initial experiment studying the
effect of transfection of FSHD myoblasts with a construct containing the SUV39H1
sequence may be performed. Such a SUV39H1 construct has already been successfully
used to transfect human cells . Readouts of a SUV39H1 overexpression experiment
will be the determination of H3K9me3 levels at D474 by ChIP, the D4Z4 methylation
levels by methylation-sensitive Southern blot analysis and the expression levels of
FSHD candidate genes by RT-PCR. Also, control cells may be transfected with the
construct to determine the side-effects of the treatment. A disadvantage of this method
is that SUV39H1 not only targets the D4Z4 repeat array but also additional genomic
regions. However, SUV39H1 mainly localizes to pericentromeric heterochromatin
and telomeres, because of its main function in heterochromatic gene silencing !,
Probably, most histone H3 proteins associated with these genomic regions will already
be completely methylated. Nevertheless, the risk exists that regions that are normally
unmethylated become methylated and a consequence is that genes that are normally
expressed may be silenced. This is especially dangerous when SUV39H1 overexpression
affects tumor suppressor genes. Therefore, it will be better to design a construct that
is only recruited to the genomic region that has to be treated. The design of such a
construct will be hindered by the presence of D4Z4 repeats not only on chromosomes

4q and 10gq, but also on all acrocentric chromosomes [¢* ¢+ ¢71,
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