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Chromosome 10g-linked FSHD identifies DUX4 as

principal disease gene
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Nicol C Voermans,” Rabi Tawil,* George W A M Padberg,” Baziel GM van Engelen,’

Silvére M van der Maarel © '

ABSTRACT

Background Facioscapulohumeral dystrophy (FSHD) is
an inherited muscular dystrophy clinically characterised
by muscle weakness starting with the facial and upper
extremity muscles. A disease model has been developed
that postulates that failure in somatic repression of

the transcription factor DUX4 embedded in the D4Z4
repeat on chromosome 4q causes FSHD. However,

due to the position of the D4Z4 repeat close to the
telomere and the complex genetic and epigenetic
aetiology of FSHD, there is ongoing debate about the
transcriptional deregulation of closely linked genes and
their involvement in FSHD.

Method Detailed genetic characterisation and gene
expression analysis of patients with clinically confirmed
FSHD and control individuals.

Results Identification of two FSHD families in which
the disease is caused by repeat contraction and DUX4
expression from chromosome 10 due to a de novo D474
repeat exchange between chromosomes 4 and 10. We
show that the genetic lesion causal to FSHD in these
families is physically separated from other candidate
genes on chromosome 4. \We demonstrate that muscle
cell cultures from affected family members exhibit the
characteristic molecular features of FSHD, including
DUX4 and DUX4 target gene expression, without
showing evidence for transcriptional deregulation of
other chromosome 4-specific candidate genes.
Conclusion This study shows that in rare situations,
FSHD can occur on chromosome 10 due to an
interchromosomal rearrangement with the FSHD locus on
chromosome 4q. These findings provide further evidence
that DUX4 derepression is the dominant disease pathway
for FSHD. Hence, therapeutic strategies should focus on
DUX4 as the primary target.

INTRODUCTION

Facioscapulohumeral  dystrophy (FSHD; MIM
158900) is a progressive muscular dystrophy which
affects approximately one in 8500 individuals.' FSHD
is clinically characterised by muscle weakness and
wasting which generally starts in the facial muscles
and then progresses to the shoulder girdle and upper
arm muscles. At later stages, the lower leg muscles
may also become involved. The disease progression
and severity is highly variable and many patients have
an asymmetric muscle involvement.” > There is no
cure for FSHD.

Many studies have suggested that FSHD is caused
by somatic derepression of the double homeobox 4
(DUX4) gene in skeletal muscle.*” DUX4 encodes
for a transcription factor that is normally expressed
in the testis and in cleavage stage embryos, where it
is involved in zygotic genome activation.>'® Inap-
propriate DUX4 expression in skeletal muscle tissue
induces, among others, stem cell and germline specific
processes eventually resulting in apoptosis.” '' Thera-
peutic strategies targeting DUX4 toxicity in skeletal
muscle are currently being pursued.'?

DUX4 derepression in FSHD is the result of a
partial chromatin relaxation of the FSHD locus,
the D4Z4 macrosatellite repeat on chromosome
4q, which harbours the DUX4 gene (figure 1)."* '*
The polymorphic D4Z4 repeat consists of 3.3kb
long repeat units and ranges in non-affected indi-
viduals generally between 8 and 100 units.” In
most autosomal-dominant FSHD cases, D474
chromatin relaxation is caused by a contraction
of the D4Z4 repeat to a size between 1 and 10
units (FSHD1).'® D4Z4 chromatin relaxation in
somatic FSHD tissues is marked by a partial loss
of repressive chromatin marks, including reduced
CpG methylation, and gain of active chromatin
marks.”” % In rare cases (FSHD2;<5%), variants
in the D4Z4-associated chromatin modifiers struc-
tural maintenance of chromosomes flexible hinge
domain containing 1 (SMCHD1), DNA methyl-
transferase 3B (DNMT3B) or ligand dependent
nuclear receptor interacting factor 1 (LRIF1) are
underlying D4Z4 chromatin relaxation, but these
mutations only cause FSHD when combined with
a medium-sized (8-20 units) D474 repeat.’’™ In
contrast to FSHD1, where D4Z4 chromatin relax-
ation is limited to the contracted allele, in FSHD2
the chromatin relaxation occurs on all chromosome
4-derived and 10-derived D4Z4 repeats, which can
be detected by an overall reduced CpG methylation
at D474+

Apart from D4Z4 chromatin relaxation, the
chromosomal background is critically important for
disease development. Two equally common 4qter
variants exist: 4qA and 4qB. D4Z4 chromatin relax-
ation on most 4gA chromosomes causes FSHD,
while D474 chromatin relaxation on the 4gB
chromosome is not associated with disease. This is
because the DUX4 gene on 4qB is incomplete. It
lacks the 3” end encoding for its polyadenylation
signal (PAS) in skeletal muscle (figure 1).'* % An
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Genetic mechanism for FSHD1 and the most common D4Z4 haplotypes on chromosomes 4 and 10. The D4Z4 repeat array size in unaffected

individuals varies between 8—100 units on chromosome 4 and 1-100 units on chromosome 10 (no FSHD, top panel). In patients with FSHD1, the D4Z4
repeat is contracted to a size that varies between 1 and 10 units, but only on specific D424 haplotypes on chromosome 4gA. The most common haplotypes
that are permissive to FSHD are shown in the panel below and are annotated ‘FSHD' (4A161, 4A161L and 4A166H1). Also indicated are the most common
haplotypes that are not associated with FSHD when D4Z4 is contracted to 1-10 units (4B162, 4B163, 4B168, 10A166, 10A164, 10A176T and 10B161BT).
The permissivity of the hybrid haplotype 10A166H1 is explored in this study. The legend for the different haplotypes is shown in the left bottom panel. In the
right bottom panel, the complete and partial most distal D424 units and the gene structure of DUX4 in permissive 4A-S (4A161 and 4A166H1) and 4A-L

(4A161L) chromosomes are shown. DUX4 exons are indicated as grey squares.

equally copy number variable D4Z4 repeat-like structure of the
4gA-type is present on chromosome 10 (10qA) showing 98.5%
sequence homology with chromosome 4.°° *! On chromosome
10, stable somatic expression of the DUX4 paralog is also failing
when the D474 chromatin structure is relaxed because of chro-
mosome 10-specific sequence variants that distort the DUX4
PAS (online supplemental figure 1). Thus, only D474 chromatin
relaxation on most 4gA chromosomes permits the stable yet
sporadic expression of DUX4 protein in FSHD skeletal muscle
(figure 1)."* Small sequence variations between chromosome
4 and 10 also render differential sensitivity for the restriction
endonucleases Blnl and Xapl (4-type D474 units are Blnl resis-
tant and Xapl sensitive, while 10-type D4Z4 units are BlnI sensi-
tive and Xapl resistant), which facilitate their discrimination

by Southern blotting, still the most common genetic diagnosis
method for FSHD.*

Based on polymorphisms proximal and distal to the D474
repeat, a number 4qA haplotypes have been described with
haplotype 4A161 being the most frequent representing 80% of
all 4qA haplotypes in the European population.’? While all 4gA
haplotypes have a DUX4 PAS and can therefore stably express
DUX4 in skeletal muscle, one haplotype (4A166) seems to be
non-permissive for the disease for reasons that are not well
known.>* A subclass of the common FSHD 4A161 haplotype,
the European-specific 4A161L (4A-L) haplotype, encodes for
an extended DUX4 3’UTR (DUX4L), but an identical DUX4
protein (figure 1).** Another infrequent 4qA haplotype is char-
acterised by mixed arrays of Blnl-sensitive and Xapl-sensitive
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D474 units. This so-called hybrid haplotype (4A166H1) is
detected in 4% of the European and Asian control population
and is permissive to DUX4 expression.>? Previously, we have
studied the sequence of several hybrid FSHD alleles and identi-
fied for all a 4qA-type most distal D474 unit with a DUX4 PAS
(online supplemental figure 1). In contrast, the rare 10A176T
haplotype representing 5% of chromosome 10 alleles consists of
a homogeneous 4q-type repeat and is not permissive due to an
interrupting sequence variant in the DUX4 PAS (online supple-
mental figure 1).%?

Although the mechanism in which FSHD is caused by inap-
propriate expression of DUX4 is generally well accepted, there
is ongoing debate about alternative mechanisms. Specifically,
considering the proximity of the D4Z4 repeat to the telomere,
and based on several studies that have addressed the 4qter 3D
chromatin architecture, a critical involvement of other 4qter
genes has been repeatedly suggested as a consequence of their
transcriptional deregulation through telomere position effects,
or spreading and looping effects originating from the D474
1repealt.35—37

One way of addressing the importance of 4qter genes besides
DUX4 is by making use of the power of genetics. Although there
is a strong linkage of FSHD to chromosome 4q, we previously
reported one family in which FSHD appears to be associated
with a D474 contraction on chromosome 10, thereby separating
the epigenetic insult to DUX4 from other chromosome 4-specific
candidate genes.'* However, formal proof of DUX4 expression
and FSHD molecular pathology was missing from this family.
In the current study, we sought to find further evidence that
FSHD1-sized repeats on chromosome 10, when combined with
a chromosome 4qA-derived DUX4 PAS, are associated with
DUX4 expression in skeletal muscle and disease presentation.

MATERIALS AND METHODS

Subjects

Clinical evaluation for all members of families Rf25 and Rf1253
was performed by an experienced neurologist after informed
consent. For the clinical severity, we used the age corrected
severity score (ACSS), based on the 10-scale Ricci score
(ACSS=(Ricci score/age at examination) X 1000).%%%°

Primary myocyte cultures

For immunofluorescence and DUX4 transcription analysis, we
generated primary myocyte cultures from the proband of each
family according to previously described methods (detailed
protocols at the Fields Center website (www.urmc.rochester.edu/
fields-center/). As controls, we used primary myocyte cultures
from patients with genetically confirmed FSHD1 and control
individuals, which originated from the University of Rochester
Medical Center bio repository. All cultures have at least 80%
myocytes, except for that of patient Rf1253.201, where the frac-
tion of myocytes is lower. Detailed genotype and methylation
information for all cells can be found in online supplemental
table 1).

Genetic analysis of the D4Z4 repeats
These studies were done as described previously (online supple-
mental methods).

Myocyte cultures and immunofluorescence staining
These studies were done as described previously(online supple-
mental methods).

Determination of the 4;10 breakpoint in Rf1253.201

Based on the Southern blot analysis, the 4;10 breakpoint was
roughly mapped to the most distal Blnl-Xapl restriction frag-
ment in the hybrid disease allele. Therefore, genomic DNA of
Rf1252.201 was digested using restriction enzymes Xapl and
Xma]l (isoschizomer for BInl) and two additional enzymes
Ncol and Aatll that digest outside the D4Z4 repeat and serve to
reduce genomic background. After pulsed field gel electropho-
resis (PFGE), an agarose slice around 5.7 kb was isolated from
the gel and DNA was extracted. Subsequently, the breakpoint
region was PCR-amplified using the following primers F 5°-GCA
CAG TCC GGC TGA GGT-3 and R 5’- CCC AGG AAA GAA
TGG CAG T-3’. The PCR was performed using Kapa2G robust
kit with enhancer (Merck) in a total volume of 20 uL. The PCR
conditions consisted of an initial denaturation step at 94°C for
3 min, followed by 34 cycles of denaturation at 94°C for 30s,
annealing at 60°C for 30s and extension at 72°C for 2 min and a
final extension of 5 min.

Determination of the distal D4Z4 sequence in the 10A166 and
the 10A166H1 haplotype

D4Z4-pLAM sequences for the 10A166H1 haplotypes were
obtained in individuals that carry two 4B chromosomes and
at least one 10A166H1 chromosome. We used forward primer
9406LRF 5’-AGC GTT CCA GGC GGG AGG GAA G-3’ and
reverse primer BsatLRR2A(10q) 5°- GAA ACA CAT CTG CAC
TGA TCA CCG AAG TTA TGT AAA TC-3’. These PCR reac-
tions were performed on 125-140 ng of genomic DNA, in a solu-
tion containing 3.5 uM of each primer, 0.2mM dATPE, 0.4 mM
dCTP, 0.2mM dTTP, 0.2mM dGTP and 0.2 mM 7-deaza-dGTP,
2.5U of LA-Tag DNA polymerase and supplemented with 2xGC
buffer I (TAKARA), in a total volume of 20 uL. The PCR condi-
tions consisted of an initial denaturation step at 94 °C for 5 min,
followed by 34 cycles of denaturation at 94 °C for 30s, annealing
at 68°C for 30s and extension at 72°C for 3 min and 30s. The
final extension time was 10 min at 72°C.

Transcription analysis

Total RNA was extracted using the Qiagen RNAeasy isolation kit
with Dnasel treatment. The RNA concentration was determined
on a ND-1000 spectrophotometer (Thermo Scientific, Wilmington,
USA). ¢cDNA was synthesised using oligo-dT primers (Fermentas
RevertAid Transcripase kit) from 2ug of total RNA. The reverse
transcription buffer was added after Smin at 70°C, followed by
1hour incubation at 42°C, 10min at 70°C and then placed on ice.
After the reaction, cDNA was treated with RNAseH and 75uL
water was added to an end volume of 100 uL.

Expression analysis for DUX4, GUSB, DUX4 target genes, genes
proximal to D4Z4 on chromosome 4q and myogenic differenti-
ation genes in the myotubes from Rf25.201, Rf1253.201 and
chromosome 4q-linked FSHD1 or control samples was performed
in triplicate using the primer pairs shown in online supplemental
table 2. For the RT-qPCR analysis, we used in a 15uL reaction
SuL ¢cDNA, 1x Sybrgreen PCR mix (buffer and dNTP and Poly-
merase) and 0.33 uM of each primer. The PCR conditions consisted
of an initial denaturation step at 95°C for 3 min followed by 40
cycles of denaturation at 95°C for 10s and annealing/extension for
30s at 60°C. To analyse the sequence of the 4A161L-like DUX4
transcript in both patients, we used three overlapping amplicons
(online supplemental table 2). We used the following conditions:
input ¢cDNA 2pL ¢DNA, 1X Accuprime buffer II (Invitrogen),
supplemented with 0.2 mM 7-Deaza-2’-deoxyguanosine, 0.2 uM of
each primer and 0.5 uL AccuPrime Taq Polymerase in a 25 . PCR
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Figure 2 (A)—(C) Proband of family Rf25 at the age of 34. He is not
able to stand independently. (A)/(B) Maximal shoulder abduction showing
severe weakness and atrophy of the shoulder girdle muscles, upper arm
and forearm muscles and bilateral winging of scapula. He underwent

a scoliosis surgery at the age of 15. (C) Resting position, lateral view,
showing atrophy of deltoid muscle and biceps more than triceps muscle
and increased lumbar lordosis. (D,E) Proband of family Rf1253 at the age
of 44. (D) Bilateral pectoralis major atrophy and asymmetry of the mouth
when pursing the lips due to weakness of the orbicularis oris. (E) Bilateral
scapular winging on maximal arm abduction.

reaction. The PCR programme consisted of an initial denaturation
step at 95°C for 2min followed by 40 cycles of denaturation at
94°C for 30s, annealing at 58°C for 30s and extension at 68°C
for 2min and 30s. The final extension time was 10min at 72°C.
Primers for RT-qPCR and full length DUX4 RT-PCR were designed
using Primer 3 software.

RESULTS
Clinical and genetic analysis of FSHD family Rf25
The proband of our previously reported family Rf25 presented
with facial weakness and dysarthria at age 2. At age 5, severe
facial weakness, scapular winging as well as abdominal, quad-
riceps and hamstring weakness was noted. He became wheel-
chair users at the age of 7 years.*” At the age of 31, he has a
severe muscle phenotype and is unable to walk or make trans-
fers. He has mild bilateral hearing loss, a normal vision with
severe retinal telangiectasis, a severe lumbar hyperlordosis and
a decreased respiratory function without ventilatory assistance
(figure 2A—C). He lives semi-independently with assisted care
and works on a voluntary basis. The father of the proband has
right facial weakness since childhood and examination at age 37
showed facial weakness, right scapular winging with shoulder
girdle weakness, asymmetric pectoralis major atrophy and
abdominal muscle weakness.

D474 genotyping of family Rf2S has been described before.'*
Briefly, the proband inherited a 2 unit hybrid D4Z4 repeat on
chromosome 10 from his father as determined by PFGE and

Neurogenetics

fluorescence in situ hybridisation on stretched DNA (fibre
FISH). The father is gonosomal mosaic for this hybrid chromo-
some 10 repeat with approximately 50% of his blood mono-
nuclear cells carrying the FSHD-sized hybrid repeat explaining
the milder phenotype.*! The mosaicism observed in the father’s
blood is unusual as we observed mosaicism for the hybrid chro-
mosome 10 and for the 4A161L chromosome with a similar
ratio (figure 3A and online supplemental figure 2 and table 1),
suggesting that both rearrangements co-occurred. In this study,
by using the chromosome-specific endonucleases Xapl and
Blnl, we determined that the chromosome 10;4 breakpoint in
the hybrid D4Z4 repeat is in the DUX4 promoter in the most
distal complete D4Z4 unit (figure 3B and online supplemental
figure 2). Further genetic analysis and Sanger sequencing showed
that the hybrid allele has a 4A161L partial distal D4Z4 unit
(online supplemental figure 1). Molecular combing analysis**
in the proband confirmed the fiber-FISH analysis'* and showed
that the FSHD-sized D4Z4 repeat is localised on chromosome
10 (figure 3C). Based on normal D474 CpG methylation, we
excluded FSHD2 in the proband and his father (online supple-
mental table 1),* which was corroborated by the absence of
pathogenic variants in the FSHD2 genes SMCHD1, DNMT3B
and LRIF1 (online supplemental table 3). Collectively, the
genetic analysis suggests that the 2 unit hybrid repeat on chro-
mosome 10 is causal to FSHD in this family.

Clinical and genetic analysis of FSHD family Rf1253

Next, we identified a second family showing FSHD linkage to chro-
mosome 10. The proband in this family (Rf1253) first noticed signs
of slight right shoulder girdle weakness and right shoulder pain
since the age of 25. The symptoms became more pronounced in the
2years prior to her first neurological examination at age 36. Neuro-
logical examination showed (predominantly lower) asymmetrical
facial weakness, trapezius and rhomboid muscle atrophy with
severe scapular winging, horizontal clavicles and bilateral pecto-
ralis atrophy (figure 2D,E). There was abdominal muscle weakness
with a positive Beevor’s sign and increased lumbar lordosis. Muscle
strength was normal in both her upper and lower limbs. EMG of
the trapezius muscle showed myopathic changes. The proband’s
parents were reported to be healthy.

D4Z4 genotyping in family Rf1253 revealed that the proband
has a mosaic de novo 3 units hybrid repeat on chromosome
10 (online supplemental figure 3). The patient inherited an
uncommon 23 D4Z4 units long 4B162 allele from her father and
a 16 units 4A161L allele from her mother. Both chromosome 10
alleles appear to have a different repeat sizes than the parental
alleles, and one of them is mosaic and hybrid containing either
3 (80% of cells) or 16 (20% of cells) repeat units (figure 3D and
online supplemental figure 3 and table 1). All chromosome 10
alleles in both parents are of the most common 10A166 haplo-
type. The most distal partial D4Z4 unit of the de novo hybrid
allele in the patient is of the 4gA-L type, like in Rf25. Based
on the Southern blot fragments on different hybridisations, we
estimated the position of the chromosome 10;4 breakpoint and
showed on targeted PCR and sequencing that this was close to
the DUX4 stop codon (figure 3E, online supplemental figure 4).
This implies that the DUX4 protein sequence is chromosome
10-like, as was previously found in a patient with a hybrid FSHD
allele on chromosome 4 (patient 4A166H1-F3 in online supple-
mental figure 1)."* Molecular combing analysis confirmed that
the FSHD1-sized repeat of 3 D4Z4 units is on chromosome
10 (figure 3F). The patient showed normal D4Z4 CpG meth-
ylation, which excludes FSHD2 (online supplemental table 1),
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Figure 3  Genetic analysis of FSHD families Rf25 and Rf1253. (A) Pedigree of family Rf25 in which both the index patient (indicated with arrow) and

his father carry the 2 unit hybrid D424 repeat on chromosome 10. Below each individual in the coloured boxes, the D4Z4 haplotype and repeat size of all
chromosomes 4 and 10 alleles are shown. Identical haplotypes are indicated with the same colour (eg, pink for all 10A166 alleles). The parental origin of
the alleles is also indicated (p for paternal and m for maternal). (B) Schematic representation of the hybrid FSHD-sized D474 repeat on chromosome 10.
The position of the chromosome-specific endonucleases sites Xapl and B/nl are indicated and the chromosome 4-derived and 10-derived D424 sequences
(triangles) are depicted in white and black, respectively. The distal DUX4 gene is indicated in grey. (C) Top: Schematic overview of the position and colour
of the fluorescence molecular combing probes for chromosomes 4gA, 4gB and 10qA. The D4Z4 repeat and the highly homologous inverted unit on
chromosome 4 are indicated in green. Bottom: Molecular combing on Rf25.101 confirms the genetic background for all alleles identified by Southern
blotting and shows that the contracted 2 unit D474 repeat (marked with asterisk) is on chromosome 10. (D) Pedigree of family Rf1253, in which the
sporadic patient inherited two normal-sized chromosome 4 alleles from both parents. The patient acquired two rearranged alleles on chromosome 10; one
has a de novo hybrid D424 repeat and one a de novo rearranged D474 repeat. The hybrid allele is mosaic and approximately 80% of the her cells have a
3 unit repeat due to the rearrangement. (E) Composition of the FSHD-sized hybrid allele on chromosome 10, which ends with a 4A161L-like D4Z4 unit. (F)
Molecular combing confirms that the contracted 3 unit D4Z4 repeat in the patient (marked with asterisk) is on chromosome 10.
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which was again corroborated by the absence of possible patho- and RT-qPCR. Immunofluorescence analysis for DUX4 and

genic variants in the FSHD2 genes (online supplemental table 3). myosin as differentiation marker in primary myotube cultures
showed multiple, often clustered, DUX4-positive nuclei in

Expression analysis of DUX4 and its target genes Rf25.201 and Rf1253.201 typical for FSHD (figure 4).

Since the presence of DUX4 in myotube cultures is considered We showed, as expected, DUX4 expression in Rf25.201

a molecular hallmark of FSHD, to further study the pathoge- ~ and Rf1253.201 (figure SA). Sequence analysis of the full

nicity of the FSHD-sized repeats on chromosome 10 in both length transcript showed that it was identical to the tran-

families, we tested patient-derived myogenic cell cultures for script derived from the standard 4A161L FSHD alleles (data
the presence of DUX4 and its target genes.* ' Muscle biopsy- ~ not shown). MYOG and embryonic MHC (MYH3) muscle
derived myotube cultures from individuals from each family, differentiation marker expression analysis showed that all
Rf25.201 and Rf1253.201, were compared with myotube cells were adequately differentiated. We also analysed the
cultures from genetically and patients with clinically confirmed expression of three DUX4 target genes:'' MBD3L2, ZSCAN4
chromosome 4q-linked FSHD1 and control individuals (online and TRIM43 and found robust expression in myotube cultures
supplemental table 1) using immunofluorescence microscopy in both patients.
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F1

Rf25.201

Rf1253.201

DAPI DUX4 Myosin merge
Figure 4 Immunofluorescence staining of myotubes derived from the

probands of the two families described. Genetically confirmed chromosome
4q-linked FSHD1 samples F1 served as a positive control. All samples show
clustered DUX4 positive nuclei. DAPI staining is in blue, myosin in red and
DUX4 in green. Scale bar is indicated.

Expression analysis of 4qter genes

To address the possibility that D4Z4 chromatin relaxation
may indirectly affect the expression of other genes on chro-
mosome 4qter that have been implicated in FSHD pathogen-
esis, we studied the expression of 4qter genes (FRG2, FRGI1,
FAM149A, SORBS2, SLC25A4 (FAT1) and WWC2) within a
7 Mb window from D4Z4 (online supplemental figure 5). These
genes were previously shown to be transcriptionally dysreg-
ulated in FSHD muscle cells or biopsies.*® *” ** SORBS2 and
WWC2 were suggested to have a direct DNA interaction with
the D4Z4 repeat in control cells, which is lost on D474 contrac-
tion.”” FAT1 is located 4Mb from D4Z4 and was reported to
be transcriptionally downregulated in FSHD muscle biopsies*
and disrupted FAT1 functions cause a FSHD-like phenotype in
mice.*® We found all genes to be expressed and observed a slight
but significant upregulation for FAT1, SORBS2 and WWC2 in
chromosome 4q-linked, but not 10g-linked, FSHD1 samples
compared with controls. FRG2, a known DUX4 target gene,’
was also slightly but significantly upregulated in all chromosome
4g-linked and 10q-linked FSHD samples (figure 5B).

Consequences for the genetic confirmation of FSHD

In both families, the hybrid FSHD allele on chromosome 10
contains, respectively, 2 and 3 units. The hybrid composition of
the repeat can be determined by Southern blotting, but not when
using molecular combing or single-molecule optical mapping
(SMOM),*® both emerging technologies for the genetic diag-
nosis of FSHD. To determine the risk for missing FSHD-causing
alleles on chromosome 10 using these novel diagnostic methods,
we analysed the repeat size on chromosome 10gA (haplotypes
10A164, 10A166, 10A176T and 10A180T) in 724 unrelated
European control individuals, which have been described previ-
ously.** We identified 10 (0.7%) chromosome 10qA alleles with
a repeat size between 1 and 4 units (like in families Rf25 and
Rf1253), indicating that these short repeat sizes on chromosome
10 are rare (online supplemental figure 6). We determined the

Neurogenetics

sequence of the most distal D4Z4 sequence and flanking region
for all 10A166 alleles with a 1-4 units D4Z4 repeat in the
control population and observed standard chromosome 10A166
sequence lacking the DUX4 PAS (data not shown).

Determination of the permissivity of a prevalent chromosome
10 hybrid D4Z4 repeat

As discussed before, hybrid D4Z4 repeats on chromosomes 4 and
10 are frequently observed in the population and those ending
with 4-type repeats are potentially a yet underappreciated risk
factor for FSHD.! 3 This especially holds true for the hybrid
D474 repeat on chromosome 10 (10A166H1) which might
be, like the 4A166H1 hybrid repeat, permissive when having a
DUX4 PAS, which has not been explored thus far. Because of the
high frequency of this haplotype in Asia’* and thus the poten-
tial disease risk, we sequenced the distal D4Z4 region for four
Asian 10A166H1 alleles and found that their sequence was very
similar to the common 10A166 haplotypes and also lacking the
DUX4 PAS (online supplemental figure 1). Therefore, this haplo-
type is likely non-permissive.

DISCUSSION
Identification of two chromosome 10q-linked FSHD families
In this study, we describe two families in which FSHD is caused
by a D4Z4 rearrangement on chromosome 10. The chromo-
somal position of the pathogenic D4Z4 repeat was verified by
multiple independent technologies. Detailed genetic analysis of
these alleles showed that in both cases, it has an unusual hybrid
composition and, most probably, arose by a de novo exchange
between the D4Z4 repeat of chromosomes 4 (4A161L) and 10.
In family Rf25, the hybrid repeat on chromosome 10 was iden-
tified in the gonosomal mosaic father and his son. Gonosomal
mosaicism for the D4Z4 contraction is common in de novo
FSHD. It typically arises by a D4Z4 rearrangement between
sister chromatids, thus involving a single allele.* °° In the father
of the proband, however, mosaic D4Z4 repeats on chromosome
10 (13 units and 2 units) and on chromosome 4 (102 units and
23 units) were observed with similar ratio’s (40% and 60%),
which suggests that two chromosomes were involved in an inter-
chromosomal rearrangement event between chromosome 4 and
10 repeats (online supplemental figure 2). As previously reported
for mosaic carriers of an FSHD allele, the mosaic father is less
severely affected than his non-mosaic son. In family Rf1253, we
actually could show the de novo exchange between chromo-
somes 4 and 10 as both parents carry only homogeneous D474
repeats on 4q and 10q. This rearrangement probably occurred
immediately after fertilisation as the D474 repeat size of the
paternal and maternal 10q allele in the patient differ from her
parents, while the chromosome 4 alleles showed normal parental
inheritance. Furthermore, the de novo hybrid allele on chromo-
some 10 shows a mosaic D474 contraction; in one cell popula-
tion (20% of blood cells), the D4Z4 repeat is 16 units long and
in the other (80% of the cells) 3 units. Both parents are unaf-
fected, while the proband showed a classical FSHD phenotype.
Because of the different positions of the chromosome 4;10
breakpoints, the sequence in the DUX4 protein coding exon 1
is chromosome 4-derived in Rf25 and chromosome 10-derived
in Rf1253. The chromosome 4-derived predicted DUX4 protein
has an alanine-serine duplication at amino acid positions
340-343, which is absent in its chromosome 10 paralog. The
functional consequence of this sequence variation is unknown.
Previously, two myogenic enhancers for DUX4 have been
described on chromosome 4, which are located 7kb (DME1)
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(A) Quantitative RT-PCR on myotubes from the probands of the two chromosome 10g-linked FSHD families described, three patients with

genetically confirmed chromosome 4qg-linked FSHD (F1, F2 and F3) and two control individuals (C1 and C2). Expression levels of DUX4 relative to GUS are
shown in the top panel and that of the DUX4 target genes ZSCAN4, TRIM43 and MBD3L2 in the middle panel. The expression levels of the early and late
myogenic differentiation markers (MYOG and MYH3, respectively) are shown in the bottom panel. Myotubes Rf25.201 and Rf1253.201 showed DUX4
and target expression levels comparable to the positive controls. (B) RT-qPCR on the same myotubes of the chromosome 4q cis genes FRG2, FRGT, FATT,
FAM149A, SORBS2 and WW(C2. A low but significant dysregulation was observed in patients with chromosome 4q-linked FSHD1 compared with controls
for WW(C2, SORBS2 and FATT. FRGZ is significantly upregulated in patients with chromosome 4g-linked and 10g-linked FSHD compared with controls,
which corroborates previous findings showing that FRG2 is a DUX4 target gene. Analyses were done in triplicate and the graph represents mean+SEM.
Comparisons between two groups were performed using unpaired two-tailed t-tests. Significant differences between chromosome 4-linked FSHD (4F1),
chromosome 10-linked FSHD (10F1) and both groups of patients with FSHD (4F1+10F1) compared with controls are indicated by an asterisk on top of the
bracket assembling the specific FSHD groups (where p<0.05 is indicated by *, p<0.005 by ** and p<0.0005 by ***).

and 20kb (DME2) upstream of the DUX4 MAL start codon,
respectively (online supplemental figure 5).”' The permissive
DUX4 gene in Rf25 and Rf1253 has a chromosome 10-type
sequence proximal to the D4Z4 repeat and therefore could lack
both enhancer sequences. However, DME1 and DME2 are in
a region with 99% sequence homology (99.4% DME1; 98.8%
DME2) between chromosomes 4 and 10 and therefore likely
present on both chromosomes. However, the region encom-
passing these enhancers is deleted from FSHD1 alleles in which
the partial deletion of the D474 repeat extends into proximal
sequences.’”** The frequency of proximally extended deletions
in FSHD1 is approximately 2% and therefore the relevance of
these enhancers for FSHD is unclear.

Consequences for the genetic confirmation of FSHD
The hybrid nature of FSHD-sized alleles on chromosome 10 can
be identified by PFGE but not by molecular combing or SMOM.

Because of this limitation, some FSHD cases might be missed by
this technique. Therefore, we analysed the repeat size distribu-
tion of all chromosome 10gA haplotype and observed that 1-4
unit D4Z4 repeats on chromosome 10 are rare in the population.
When using molecular combing or SMOM as first tier genetic
test, it seems worthwhile to analyse the composition of the D474
repeat by Southern blot analysis or by sequencing when such a
short repeat is found on chromosome 10. Generally, these indi-
viduals might turn out to have a standard non-permissive 10qA
allele lacking a canonical PAS sequence, as we have shown for 10
control individuals. Yet, a recent molecular combing analysis on
a large cohort of FSHD families identified two families in which
a 1-3 units repeat on chromosome 10 was the only FSHD-sized
fragment segregating with the disease without providing evidence
that this allele is disease-causing.* In these cases, testing for DUX4
expression in differentiated muscle cells, as we have done in this
study, may provide additional diagnostic evidence for FSHD.
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Determination of the permissivity of a prevalent chromosome
10 hybrid D4Z4 repeat
Previously, we showed that hybrid D474 repeats on chromo-
some 10 can be found in 0.5% of the European control popu-
lation, 3% of the African control population and almost 12%
of the Asian control population.*> However, these repeats were
identified in the haplotype 10A166H1 and did not arise by a
de novo rearrangement like in the families we describe here.
Phylogenetic analysis previously suggested that the 10A166H1
haplotype likely originates from the hybrid chromosome 4
haplotype 4A166H1 which is permissive to DUX4 expression,
and therefore this haplotype might also be permissive. Here, we
sequenced several 10A166HT1 alleles and identified a sequence
that is closest to the common 10A166 haplotype with the 10qA
SNP in the DUX4 PAS, which renders it non-permissive to FSHD.
The sporadic presence of DUX4 protein in myonuclei, the
molecular hallmark of FSHD, was confirmed in myotube
cultures of Rf25.201 and Rf1253.201. We also analysed DUX4
mRNA expression and DUX4 target gene expression in myotube
cultures. Using targeted RT-qPCR, we verified FSHD by showing
expression of DUX4 and its targets in both cultures comparable
to chromosome 4q-linked FSHD1 samples.

Expression analysis of DUX4 and of 4qter genes

Several studies have addressed the 3D architecture of the D474
repeat on chromosome 4 and tested the hypothesis that D474
contractions and chromatin changes may indirectly deregu-
late the expression of D4Z4 adjacent genes as part of FSHD
pathology. Indeed, although sometimes inconsistently, tran-
scriptional deregulation of 4qter genes has been reported in
FSHD.* %" % Our targeted RT-qPCR studies confirmed a mild
transcriptional dysregulation of three chromosome 4 genes in
the proximity of D4Z4 (WWC2, SORBS2 and FAT1) in chro-
mosome 4q-linked FSHD samples. However, the chromosome
10 translocated disease alleles as reported in these two fami-
lies displaying a classical FSHD phenotype, argue against an
important role of these genes in FSHD pathology, as in these
myotube cultures WWC2, SORBS2 and FAT1 were not differen-
tially expressed, likely because the epigenetic insult to D4Z4 is
physically separated from these FSHD candidate genes on chro-
mosome 4. Therefore, the two chromosome 10q-linked families
reported here show that DUX4 derepression is the dominant
disease pathway for FSHD and that therapeutic strategies should
focus on DUX4 as the primary target.
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