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Abstract

Facioscapulohumeral muscular dystrophy (FSHD) is an inherited myopathy clinically characterized by weakness in the
facial, shoulder girdle and upper a muscles. FSHD is caused by chromatin relaxation of the D4Z4 macrosatellite repeat,
mostly by a repeat contraction, facilitating ectopic expression of DUX4 in skeletal muscle. Genetic diagnosis for FSHD is
generally based on the sizing and haplotyping of the D4Z4 repeat on chromosome 4 by Southern blotting (SB), molecular
combing or single-molecule optical mapping, which is usually straight forward but can be complicated by atypical
rearrangements of the D4Z4 repeat. One of these rearrangements is a D4Z4 proximally extended deletion (DPED) allele,
where not only the D4Z4 repeat is partially deleted, but also sequences immediately proximal to the repeat are lost, which
can impede accurate diagnosis in all genetic methods. Previously, we identified several DPED alleles in FSHD and estimated
the size of the proximal deletions by a complex pulsed-field gel electrophoresis and SB strategy. Here, using the
next-generation sequencing, we have defined the breakpoint junctions of these DPED alleles at the base pair resolution in
12 FSHD families and 4 control individuals facilitating a PCR-based diagnosis of these DPED alleles. Our results
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show that half of the DPED alleles are derivates of an ancient founder allele. For some DPED alleles, we found that genetic
elements are deleted such as DUX4c, FRG2, DBE-T and myogenic enhancers necessitating re-evaluation of their role in FSHD
pathogenesis.

Introduction
Facioscapulohumeral muscular dystrophy (FSHD; MIM 158900)
represents one of the most common inherited myopathies clas-
sically defined by an onset of weakness in the facial, shoul-
der girdle and upper arm muscles in the second decade. With
disease progression, which is typically slow, also other muscles
may become affected. Other clinical hallmarks of the disease are
asymmetric muscle involvement and the marked variability in
disease onset and severity, even within families (1,2).

FSHD is caused by a local and partial chromatin relaxation of
the D4Z4 macrosatellite repeat, marked by e.g. D4Z4 hypomethy-
lation, in somatic cells facilitating the expression of DUX4 in
skeletal muscle (3–7). The transcription factor DUX4 is normally
repressed in this tissue while active in testis and in cleavage
stage embryos, where it is involved in zygotic genome activa-
tion (8–10). Out of place DUX4 expression in skeletal muscle
tissue induces stem cell and germline-specific processes, as
well as other processes that disturb normal muscle homeostasis
eventually resulting in apoptosis (5,11,12).

A complete copy of the DUX4 gene is embedded in the D4Z4
repeat and adjacent sequence located on a specific genetic vari-
ant of chromosome 4q called 4qA (13,14). The D4Z4 repeat is also
present on a chromosome 4 variant that is called 4qB, which is
equally common to 4qA in the European population and has a
different sequence immediately distal to D4Z4, and in the sub-
telomere of chromosome 10q (15–17). Yet, only derepression of
the D4Z4 locus on chromosome 4qA, but not on 4qB or 10q, typ-
ically results in the production of stable DUX4 mRNA and DUX4
protein in a subset of myonuclei. This apparent discordance
between different chromosomal backgrounds can be explained
by the presence of a somatic polyadenylation signal (PAS) for
the DUX4 gene (18). This DUX4 PAS is only present in sequences
immediately distal to the D4Z4 repeat on chromosome 4qA but
not on chromosomes 4qB and 10q.

FSHD is genetically heterogeneous with two major genetic
mechanisms having been described that converge into the pres-
ence of DUX4 in skeletal muscle. In the majority of patients
(FSHD1, accounting for ∼ 95% of patients), partial D4Z4 chro-
matin relaxation is caused by a contraction of the D4Z4 repeat
to a size of 1–10 U (19). In unaffected European individuals the
repeat size varies between 8 and 100 U (20,21). A minority of
patients (FSHD2; ∼ 5%) show a digenic pattern of inheritance
having a normal-sized D4Z4 repeat, albeit in the lower normal
size range (mostly 8–20 U) (22), on a 4qA chromosome in combi-
nation with a heterozygous pathogenic variant in the structural
maintenance of chromosomes hinge domain 1 (SMCHD1) gene
or rarely in the DNA methyltransferase 3B (DNMT3B) gene, or
biallelic mutations in the ligand dependent nuclear receptor
interacting factor 1 (LRIF1) gene (23–25). All three FSHD2 genes
encode chromatin factors that are necessary to establish and/or
maintain a repressive D4Z4 chromatin structure in somatic cells.
A recent study of a French patient population suggests that
FSHD1 and FSHD2 are not separate disease entities but form a
continuum in which the combination of D4Z4 repeat size and
repressive activity of D4Z4 chromatin factors determines the
likelihood of DUX4 expression in skeletal muscle and disease
presentation (26).

DNA testing for FSHD is most often based on digestion of
genomic DNA isolated from peripheral blood mononuclear cells
by specific restriction endonucleases followed by Southern blot-
ting (SB) using a combination of hybridization probes that recog-
nize unique sequences immediately proximal (D4F104S1; p13E-
11) and distal (A and B) to the D4Z4 repeat, as well as the repeat
itself (D4Z4) (Fig. 1) (27). Using this combination of hybridization
probes, atypical rearrangements of the D4Z4 repeat have been
reported in the past. One of the more common atypical rear-
rangement found in FSHD1 individuals is a so-called D4F104S1
deletion (or D4Z4 proximally extended deletion, DPED) allele (28–
30). In these individuals, not only the D4Z4 repeat is partially
deleted, but also sequences immediately proximal to the repeat
are lost. Confirmation of the clinical diagnosis of FSHD can
be easily missed in these individuals because of a failure of
hybridization of probe p13E-11, which is typically used as a first-
tier strategy in FSHD DNA diagnostics to visualize the contracted
D4Z4 repeat. FSHD genetic diagnosis can also be performed
by emerging technologies such as molecular combing (MC) or
single-molecule optical mapping (SMOM) (31,32). Both methods
visualize the size of the D4Z4 repeats and bordering sequences
on chromosomes 4q and 10q. FSHD alleles that have a D4F104S1
deletion have recently also been identified using MC (33) and
theoretically SMOM should also be able recognize these alleles.

Previously, we mapped the size of the proximal deletion
for some DPED alleles by an alternative pulsed-field gel elec-
trophoresis (PFGE) and SB strategy that allows to better charac-
terize the proximal sequences that are lost in these individuals
(29). The estimated deletion size in these DPED alleles suggested
that several genetic elements previously suggested to contribute
to FSHD pathology are deleted in some DPED alleles. To test
if these findings hold true, and to obtain a better estimate of
the frequency and origin of these alleles, we decided to analyze
DPED alleles in detail. With the advent of the next-generation
sequencing, we have therefore re-explored previous identified
cases carrying a DPED allele and included a series of novel
cases and controls, and were able to characterize the breakpoint
junctions at the base pair resolution.

Results
SB-based identification of individuals with D4F104S1
deletions

We identified in our database 12 FSHD individuals from 11 fami-
lies and 4 control individuals that have a DPED allele (Table 1). For
all, the SB-based genetic analysis with PFGE revealed only three
of the expected four alleles after applying the standard diag-
nostic probe p13E-11 on EcoRI/HindIII-digested genomic DNA.
The DPED-allele only became manifest after hybridization with
SB probes D4Z4 and 4qA (Supplementary Material, Fig. S1). In
nine FSHD families, we identified a DPED allele with an FSHD1-
sized repeat. In previously reported family Rf100, we detected a
normal-sized DPED allele (15 U) in the father and unaffected son.
This allele was de novo contracted to 3 U in the oldest affected
son (30). In family Rf137 we reported a de novo partial deletion of
the D4Z4 repeat that extended into proximal sequences in the
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Figure 1. Graphical representation of the FSHD locus on chromosome 4, showing the D4Z4 repeat, the DUX4 gene, proximal genes (FRG1, TUBB4Q and FRG2) and the

hybridization probes (p13E-11, A/B and D4Z4) that are used for SB-based genetic diagnosis. The top figure shows the non-affected situation and the middle the FSHD1

situation with a contracted D4Z4 repeat. The bottom figure shows an FSHD1 allele, in which the region proximal to D4Z4 is partially deleted including hybridization

probe p13E-11.

proband (29). Unexpectedly, we also identified two affected indi-
viduals who have a repeat size larger than the FSHD1 threshold
of 10 D4Z4 units (Rf1161 [15 U] and Rf1317 [16 U]). The clinical
characteristics of these individuals are described in more detail
in the supplementary data.

Previously, we determined the size of the proximal deletion
in four samples by a SB-based strategy (28–30). In this approach,
the size of the proximal deletion is estimated by comparison
of differently digested DNA fragments in the subtelomere of
chromosome 4q after PFGE and therefore not very accurate. For
six suspected DPED-allele carriers we performed MC to confirm
the presence of such an allele. With MC, the proximal deletion
is visualized by the absence of a part of the genetic barcode
proximal to the D4Z4 repeat. MC software cannot identify the
DPED alleles automatically, rather unusual hybridization pat-
terns are collected separately after which the structure of the
allele and the size of the D4Z4 repeat size can be established
manually using the software (Fig. 2A). Generally, we found a good
concordance between the deletion size estimates of the DPED in
SB and MC. (Supplementary Material, Fig. S2).

Gene expression analysis

To confirm for these cases that FSHD is caused by derepres-
sion of DUX4 from the DPED allele, we performed DUX4 gene
expression analysis and expression analysis of established DUX4
targets. We were able to collect myocytes from patient Rf100.201
(3 U) and his unaffected father Rf100.101 (15 U) and we col-
lected fibroblasts from patients Rf137.3 (7 U) and Rf1161.1 (15 U).
We used lentivirus-mediated MyoD-forced myogenesis to study
DUX4 and target gene expression in the fibroblast samples. After
myogenic differentiation, we observed high DUX4 and target
gene expression in patients Rf100.201, Rf137.3 and Rf1161.1,
confirming FSHD (Fig. 3). We did not find DUX4 and target gene
expression in cells from the unaffected father Rf100.101.

Mapping of the breakpoint junctions

To precisely define the deletions and to understand the
mechanism that creates these proximal deletions we sequenced

the breakpoint junctions. For GM18517, the size of the proximal
deletion was estimated at 3 kb based on MC (Supplementary
Material, Fig. S1) allowing the design of several PCR primer
combinations that were predicted to span the deletion and
enabling us to amplify and sequence the breakpoint junction
(designated DPED7). For 11 of the in total 15 DPED occurrences,
we developed a method by applying Illumina short read
sequencing on genomic DNA enriched for the DEPD allele
(Fig. 2B). Genomic DNA was enriched for the D4Z4 repeat by
it using restriction endonuclease MseI, which leaves the D4Z4
repeat intact. The efficiency of the enrichment is visualized
in the agarose gel picture in Fig. 2B. After isolation and
verification of the enriched DPED DNA fragments from PFGE gel,
tagmentation was followed by a limited-cycle PCR amplification,
and the PCR-amplified DNA was size-separated for 400–600 bp
fragments, equimolarly pooled and paired-end sequenced.

On average we generated 7 million paired-end short reads
per sample which were aligned to a custom build of the hg19
reference sequence of the 4q subtelomere. After alignment, we
obtained images alike as shown in Figure 2C, where reads imme-
diately proximal to the D4Z4 repeat are missing, but they re-
occur after a gap close to a MseI restriction site, indicating the
size of the proximal deletion. Two more detailed examples are
shown in Supplementary Material, Fig. S3. For 9/11 analyzed indi-
viduals we sequenced the breakpoint junction, whereas for the
remaining two samples NGS-based breakpoint junction determi-
nation failed. We identified six different breakpoint junctions;
DPED1–DPED6, as four individuals carried the same proximal
deletion and breakpoint junction (DPED1) meaning that they
have exactly the same breakpoint proximal to the D4Z4 repeat
and exactly the same breakpoint within the D4Z4 repeat unit
although their D4Z4 repeat sizes differ. Based on the position of
all seven breakpoint junctions (DPED1-DPED6 and DPED 7), we
designed PCR primers proximal and distal to the deletion and
confirmed the breakpoint junctions by PCR amplification and
Sanger sequencing (data not shown). Using these PCR amplicons
we analyzed the two samples that failed in the next-generation
sequencing (NGS) analysis and three other samples that were
not analyzed by the NGS-based method and identified another
four samples with DPED1 and one other with DPED7. Thus,
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DPED1, defined by a proximal deletion of 45 kb, was found in
eight families, all FSHD. These DPED1 families included families
Rf100 and Rf132 for which we previously estimated a different
proximal deletion size based on the SB approach. For the other
deletions, the size ranges from 3 to 67 kb with the breakpoint
within D4Z4 being different for the seven identified DPED alleles.
The size of all identified deletions and the composition of the
breakpoint junctions are shown in Table 1 and Figure 4.

Rearrangement mechanism

To understand the rearrangement mechanism creating these
proximal deletions, we studied the sequences flanking the
breakpoint junctions. Three of the seven deletions displayed
a de novo insertion between the donor and acceptor region,
which, upon close inspection, seemed to (partly) be derived
from the flanking DNA. For DPED2, we found that the 42 kb
proximally extended deletion was accompanied by a nine
nucleotides (GGGGCTGGG) insertion, a sequence that is found
in the deleted sequences 17 nucleotides proximal to the
distal breakpoint. For DPED4 we observed a seven nucleotides
(GTTGCCG) insertion, which was also seen four nucleotides
distal to the distal breakpoint. And for DPED5, we observed a
single nucleotide insertion (C) (Supplementary Material, Table
S2). This type of repair in DPED2, DPED4 and DPED5, called
templated insertions, are indicative for repair by polymerase
theta-mediated end-joining (TMEJ) (34). TMEJ is defined as
a pathway that repairs breaks via microhomology and the
appearance of microhomology. The remaining 4/7 breakpoint
junctions seem the result of more simple deletions where the
donor and acceptor region were joined without any insertions.
Interestingly, all these simple deletions display microhomology
at the repair junctions. For two breakpoint junctions the
microhomology is only one nucleotide (DPED6 [C] and DPED7 [G]),
whereas the other two show four nucleotides of microhomology
(DPED1 [CGTG] and DPED3 [CACA]) (Supplementary Material,
Table S2), consistent with a TMEJ repair mechanism.

Evidence for founder effects

Strikingly, 8 of 15 families have a DPED1 allele and most of
these unrelated families have a different D4Z4 repeat size on
their DPED1 allele (Fig. 4). Six of these families originate from
The Netherlands, whereas the other 2 are from Morocco and
Algeria (Table 1). This indicates that the breakpoint junction is
either a mutation hotspot or that this is a founder mutation.
To further explore this we analyzed the DNA sequence up to
4 kb proximal to the deletion. As shown in Supplementary Mate-
rial, Fig. S4, this region encompasses seven single nucleotide
polymorphisms (SNPs) with a minor allele frequency > 0.3. We
defined a haplotype based on these SNPs and found that all
samples carried the identical haplotype. This haplotype was
shown to be specific for DPED1 alleles as we could not find
this SNP combination in 10 independent, randomly selected 4qA
alleles and in 10 independent and randomly selected 4qB alleles
(Supplementary Material, Fig. S4). Likewise, DPED7 was also iden-
tified in two unrelated African control individuals from the 1000
Genome project (Yoruba individuals from Ibadan, Nigeria). SNP-
array based studies already confirmed that these individuals
are not related (personal communication with The International
Genome Sample Resource (IGSR) helpdesk, https://www.interna
tionalgenome.org/), (35) which was corroborated by the obser-
vation that they carry a DPED-allele with a different repeat size
(48 U and 13 U), suggestive for a second DPED-founder-allele.

Detailed analysis of DPED patients with D4Z4 repeats
beyond the FSHD1 threshold

We identified two patients who have a DPED allele with a repeat
size > 10 units (Rf1161 [15 U] and Rf1317 [16 U]). Because these
repeat sizes are commonly found in FSHD2, we determined the
D4Z4 methylation in these individuals. For patient Rf1161, we
observed relatively low D4Z4 methylation (delta1–17%), which is
just above the FSHD2 threshold of −20% (36). Patient Rf1317 has
normal D4Z4 methylation (delta1 9%). To exclude other genetic
causes for the disease phenotype in these individuals and to
exclude a variant in one of the FSHD2 genes, we performed
whole exome sequencing (WES). For Rf1317, we did not find
a pathogenic variant in other muscular dystrophy genes or in
SMCHD1, DNMT3B and LRIF1. Surprisingly, in patient Rf1161,
we identified a variant in intron 10 of SMCHD1 at position
c.1342 + 3A > G, which was shown to cause an out-of-frame 137
nucleotide deletion in exon 10 due to alternative splicing (Sup-
plementary Material, Fig. S5). Despite that the D4Z4 methylation
did not reach the FSHD2 threshold, the alternative splicing sug-
gests this is a mild pathogenic SMCHD1 variant. Patient Rf1161
has two permissive alleles, the 15 U DPED1 allele and a 14 U
standard 4A161 allele. Based on a SNP (T/C) in DUX4 between
both alleles near the DUX4 transcription start site, we were
able to perform allele-specific expression analysis on MyoD-
transduced fibroblasts and found evidence for biallelic DUX4
expression (Supplementary Material, Fig. S6).

Frequency of DPED alleles in FSHD

Previously, we estimated the frequency of DPED allele at 2% in
the FSHD population. This was based on the number of cases
identified in our research lab compared with the total number
of clinically confirmed FSHD families. We anticipated that this
number might be overestimated because of a referral bias to our
lab for more detailed genetic analysis after a false negative test
by a standard diagnostic procedure. Therefore, we recalculated
the frequency of DPED alleles in FSHD based on samples that
were submitted by a few institutes which frequently send in
samples without having prior genetic testing. In this selection,
we identified four DPED allele FSHD families in 606 independent
families (all with an European background), which brings the
frequency to 0.6%. We expect this frequency to be representative
of the Caucasian control population. Intriguingly, we identified a
DPED allele in three (2xDPED7 and 1xDPED6) out of 60 unrelated
Yoruba control individuals from Ibadan (Nigeria), which were
included in the 1000 Genomes project. This might indicate that
the DPED allele frequency is population-dependent and higher
in Sub-Saharan Africa.

PCR-based testing for DPED alleles

In our study, we found that the majority of DPED-FSHD-alleles
carry DPED1. For this founder breakpoint junction, but also for
the other six breakpoint junctions, we designed a PCR detection
strategy. These PCR amplicons can also be used to identify DPED
carriers among patients with a ‘false’ negative genetic test, or
in family members from DPED carriers (PCR primers in Supple-
mentary Material, Table S1). To test this, we performed the PCR-
analysis for DPED2 on family members from patient Rf1067 for
which multiple members show FSHD features. As shown, the
PCR seamlessly identifies the DPED allele in all family members
with FSHD-like features, demonstrating the utility of this test
(Supplementary Material, Fig. S7).
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Figure 2. (A) Top: Example of MC on wild type 4qA and a DPED-FSHD allele. Bottom: Schematic overview of the position and color of the fluorescent MC probes for

both alleles in the boxed figure. The D4Z4 repeat and the highly homologous inverted unit on chromosome 4 are indicated in green. The DPED allele shows a deletion

of ∼45 kb and has three D4Z4 units. (B) Schematic overview of the DNA enrichment and short read sequencing procedure for DPED alleles. Left from molecular weight

(MW) marker: SB and agarose gel after PFGE with EcoRI/HindIII (E), EcoRI/BlnI (B) and XapI (X)-digested genomic DNA from FSHD individuals with a DPED (F1) and a

standard (F2) FSHD allele. The p13E-11 hybridized SB for individual F1 shows a normal-sized chromosome 4 band (blue rectangular box) and an FSHD allele (purple).

For individual F1, only one chromosome 4 allele (blue) is visible, the FSHD-sized DPED allele is not visible (marked with a dashed red rectangular box) as the p13E-11

recognition site is deleted. Subsequent hybridization of the same blot with probe D4Z4 reveals the DPED allele (marked with a red rectangular box) for F2. Right from

MW marker: agarose gel and SB upon digestion with MseI (M) and MseI/BlnI (MB) with indicated DPED allele (red) and the other chromosome 4 allele (blue). MseI

removes most of the genomic background as shown in the agarose gel. Guided by the SB results, the DEPD allele was isolated from gel at the expected position and

prepared for short read sequencing. (C) The isolated DPED allele DNA was subjected to short read sequencing and the sequence reads were aligned to the reference

D4Z4 sequence. The blue lines in the D4Z4 locus mark the reads for a normal chromosome 4 allele (top) and red lines mark the reads in the D4Z4 locus mark the reads

for DPED allele (bottom). The gap uncovers the deletion and reads that straddle the deletion indicate the exact proximal breakpoint (marked with bold red arrow). The

position of the restriction endonuclease MseI (M) site flanking the deletion is specified as well as the position of the p13E-11 recognition site. Indicated are the D4Z4

repeat (D4Z4), the inverted D4Z4 unit, genes proximal to D4Z4 (FRG1, TUBB4Q and FRG2), the telomere (TEL) and a scale bar.
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Figure 3. (A) Quantitative RT-PCR on myotubes from patient Rf100.201 (3 U DPED1 allele) and his unaffected father Rf100.101 (15 U DPED1 allele), genetically standard

FSHD patients (F-1, F-2 and F-3) and control individuals (C-1, C-2 and C-3). Relative expression levels to GUS of DUX4 and the early and late myogenic differentiation

markers (MYOG and MYH3, respectively) are shown in the top panel and that of the DUX4 target genes ZSCAN4, TRIM43 and MBD3L2 in the bottom panel. Analyses were

done in triplicate and the graph represents means ± standard error of mean (SEM). Rf100.201 shows an FSHD-like expression profile and Rf100.101 an expression profile

comparable to the negative controls. (B) Quantitative RT-PCR on MyoD-transduced fibroblast of Rf137.3 (3 U DPED3 allele), Rf1161.1 (13 U DPED1 allele) and genetically

standard FSHD patients (F-4 and F-5) and control individuals (C-3 and C-4). Fibroblasts were transduced with MyoD (black bars) to induce transdifferentiation toward

myogenic lineage or with 3xFlag as a negative control (grey bars). Relative expression levels are shown identical to myotubes analysis in panel A. Rf137.3 and Rf1161.1

show an expression profile comparable to the standard FSHD patients. Analyses were done in triplicate and the graph represents mean ± SEM. Comparisons between

controls versus DPED-FSHD patients, controls versus standard FSHD patients and controls versus patients in both groups were performed using unpaired two-tailed

t-tests. Significant differences 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 ∗∗∗).
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Discussion
Partial deletions of the D4Z4 repeat to a size of 1-10 U on a
DUX4 permissive chromosome 4qA are considered diagnostic for
FSHD1. Traditionally, DNA diagnosis of FSHD is SB-based using
the probe p13E-11 as first-tier DNA diagnostic test to visualize
the contracted repeat in EcoRI and EcoRI/BlnI-digested genomic
DNA. Best practice standards have been developed for SB-based
DNA diagnosis to specify the haplotype of the alleles and to
identify more complex D4Z4 rearrangements such as DPED,
hybrid or duplication alleles (18,22). This more detailed analysis
requires high-quality DNA in agarose plugs, PFGE analysis and
a series of digestions and hybridizations with multiple probes
(p13E-11, D4Z4, A and B) recognizing sequences proximal, distal
and within the D4Z4 repeat, which makes it labor-intensive.
Therefore, in many diagnostic laboratories only probe p13E-11
and linear gel electrophoresis are primarily being used for the
routine DNA testing for FSHD. Not using the extended anal-
ysis including probe D4Z4 and PFGE runs the risk that DPED
alleles, such as those characterized in this study, are missed.
This therefore likely represents a group of underdiagnosed FSHD
individuals (29,37).

Recently, new technologies have been developed for the
genetic diagnosis of FSHD-like MC and SMOM. Both methods use
high-quality DNA in agarose plugs and are suitable to identify
the FSHD1 mutation, the A/B haplotype and repeat size of the
other D4Z4 repeats on chromosomes 4 and 10 in a diagnostic set-
ting. In addition to the repeat size and haplotype, both methods
also visualize the region proximal to the D4Z4 repeat, by either a
fluorescence barcode over a region of 60 kb (MC), or by > 100 kb
of fluorescence labels for specific DNA recognition sites in the
FSHD locus (SMOM). (31,32). This theoretically enables the identi-
fication of DPED alleles in FSHD and an estimate of the proximal
deletion size. Indeed, DPED alleles have already been identified
by MC (33), and it will be interesting to test DPED cases by SMOM
as now more diagnostic laboratories are implementing this
technology in their routine service. However, like for SB, MC and
SMOM cannot provide information at the nucleotide resolution.

Here, we have applied massive parallel sequencing to
map the breakpoint junctions in a series of eight unrelated
FSHD families and three unrelated control individuals with
DPED alleles. For 9/11 samples studied by massive parallel
sequencing on D4Z4 repeat-enriched genomic DNA, we were
able to identify the breakpoint junction, suggesting that this
sequencing approach was effective. In addition, one DPED allele
was analyzed by a direct PCR approach. Two samples that
failed in the NGS analysis and three other DPED samples were
analyzed by a PCR strategy specific for each breakpoint junction
and showed to be identical to one of the previously identified
breakpoint junctions. In total, we identified seven different
breakpoint junctions in 15 unrelated samples. The size of the
proximal-extended deletions in four of the FSHD families was
previously estimated by PFGE and SB. The precise sequence-
based mapping shows that the SB-based mapping of the deletion
size was not accurate, as two deletions that were previously
differently sized by SB (55 kb; Rf132 and 45 kb; Rf100) turn out to
be identical (both DPED1, 45 kb). Indeed, estimation of the size of
the proximal-extended deletion by PFGE is complicated by the
presence of the telomere repeat within the fragments analyzed
which varies in size between 2 and 20 kb (29).

To elucidate the possible rearrangement mechanism, we ana-
lyzed the sequence of the individual breakpoint junctions that
we identified. Based on templated insertions and on microho-
mology that we found in the regions flanking the deletions, we
suggest that the deletion products are the result of double-strand

break repair by TMEJ (34). Templated insertions were observed
for DPED2 (CGGGCTGGG), DPED4 (GTTGCCG) and DPED5 (C),
probably due to template switching during repair. To find evi-
dence of TMEJ derived human variants, Schimmel and coauthors
analyzed reported variants in the ClinVar database (https://www.
ncbi.nlm.nih.gov/clinvar/). They identified 5% (n = 3699) indels
of which 3% showed the typical TMEJ associated templated
insertions (34). Although for most of the ClinVar indel variants
the deletions are smaller than observed for the DPED alleles,
some are >1 kb up to 200 kb (not shown).

Previously, a long noncoding transcript (DBE-T) was iden-
tified in the FSHD locus, which transcription starts proximal
to the D4Z4 repeat, within D4F104S1 and p13E-11 (38). This
DBE-T was shown to be specifically upregulated in FSHD and
demonstrated to recruit the Trithorax group protein ASH1L to
the D4Z4 repeat to de-repress DUX4. Sequence analysis of the
DPED alleles identified in controls and FSHD individuals showed
that the 726 nucleotide 5′ end of the DBE-T transcript was deleted
in all cases. In addition, two myogenic enhancers for DUX4 have
been identified in at 4,8 kb (DME1) and 18,0 kb (DME2) proximal
to D4Z4, respectively (39). Consequently, the DME1 and DME2
enhancers are deleted in DPED1, DPED2 and DPED4 and DME1
in DPED3. Because all carriers of a DPED-FSHD1 allele (DPED1-
DPED4) present a classical FSHD phenotype, despite the lack
of the complete DBE-T transcript or one or two of the myo-
genic enhancers, this observation challenges the need for these
elements in the development of FSHD.

Similarly, in some affected DPED carriers the proximal
genes FRG2 and DUX4c (located within the inverted copy of
the D4Z4 repeat) are lost. Both genes were previously reported
to be transcriptionally dysregulated in FSHD myotubes and to
possibly contribute to FSHD pathogenesis. DUX4c was suggested
to promote DUX4 toxicity by facilitating nuclear clustering
(40), whereas the function of FRG2 is unknown (41). The
transcriptional dysregulation of DUX4c is believed to occur in
cis as an indirect result of the D4Z4 repeat contraction and is,
in light of this study, therefore unlikely to be essential for FSHD
pathogenesis. FRG2 is, however, a DUX4 target gene (42) and
therefore its dysregulation is still possible from FRG2 copies
other than the one deleted from the DPED allele.

We showed that 8 (DPED1) out of 11 unrelated FSHD indi-
viduals and 2 (DPED7) of the 3 unrelated African controls from
the 1000 Genome project have an identical breakpoint junc-
tion, whereas their D4Z4 repeat sizes are different. Because the
presence of an identical breakpoint junction suggests a founder
effect, we analyzed SNPs closely proximal to DPED1 and were
able to confirm that all these patients carry the same haplotype,
which was not commonly found among standard European 4qA
and 4qB haplotypes, strongly supporting the hypothesis that this
represents a founder allele. The DPED1 allele was also found
in two FSHD patients with a North-African genetic background
suggesting that this allele originates from Africa and might be
a relatively old founder allele. Indeed, the de novo contraction
observed in family Rf100 suggests that the DPED1 allele is a pre-
existing condition in the population that upon contraction to a
FSHD-sized D4Z4 repeat results in DUX4 expression and disease
presentation.

Strikingly, 2/8 FSHD patients with a DEPD1-allele carry a
repeat size that exceeds the FSHD1 range. Clinical re-evaluation
confirmed that both have classical FSHD (supplementary
information). For patient Rf1161, we found D4Z4 methylation
almost reaching the FSHD2 threshold, which can be explained
by an intronic SMCHD1 variant that results in out-of-frame
alternative splicing of intron 10. Possibly, the methylation
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Figure 4. Detailed overview of the deleted region (in kb) proximal and within D4Z4 for all identified breakpoint junctions in 11 FSHD families (including two unaffected

family members in family Rf100 with normal sized repeats on a DPED1 allele) and in four control individuals. The breakpoint junctions are sorted by the size of the

deleted region proximal to D4Z4 and if they are identified in FSHD or control individuals. The family ID or 1000 Genomes ID and the D4Z4 repeat size (in units) is

indicated on the right and individuals with an African genetic background are underlined. Indicated are the D4Z4 repeat (D4Z4, triangles), the complete DUX4 gene at

the distal end of the repeat and the partial DUX4 copy (dashed light gray in the first D4Z4 unit). We also show the inverted D4Z4 unit, the telomere (TEL) as well as the

genes proximal to D4Z4 (FRG1, TUBB4Q and FRG2). To visualize the different breakpoints within D4Z4, this part of the sequence is magnified five times in the light grey

area. The size marker for both magnifications is indicated.

reduction in Rf1161 did not reach the FSHD2 threshold as the
intronic variant is at the less conserved third position of the
splice site consensus and therefore might only moderately affect
the splicing. He carries two permissive alleles with medium-
sized D4Z4 arrays, and we showed biallelic DUX4 expression,
as we have reported before in affected SMCHD1 mutation
carriers with two permissive alleles and further supporting
the clinical diagnosis of FSHD (43). For patient Rf1317, we did
not find reduced methylation and did not find a pathogenic
variant by WES analysis. Although mildly affected, we currently
have no conclusive genetic explanation for this patient, and
unfortunately, DUX4 expression studies are not possible in the
absence of additional patient material.

To conclude, we estimate the frequency of DEPD alleles in
FSHD at ∼0.6%, which is comparable to the number found by
others (33). The identification of DPED alleles using the standard
genetic diagnosis can be challenging, but awareness and apply-
ing methods specific for long DNA molecules such as MC, SMOM
or PFGE with SB will improve this. For segregation analysis of a
characterized familial DEPD allele, we advise to use the specific
PCR amplicons that we designed. This PCR-based method is cost-
effective and quick and does not require high-quality DNA. In
family Rf1067 with DPED2, we showed that the PCR amplicon
can identify DPED allele carriers even for low-quality and low-
concentration DNA samples. Especially, the DPED1 amplicon
seems suitable as this breakpoint junction seems to cover nearly
70% of all FSHD DEPD alleles.

Materials and Methods
Subjects

This study was approved by the Medical Ethical Committees
from the participating institutions. All individuals carrying a
DPED allele have been participating in our ongoing effort to
genotype in detail individuals suspected of having FSHD over
the past 30 years. FSHD individuals were mostly included after

testing false negative by the standard SB-based genetic analysis
using linear gel electrophoresis of liquid genomic DNA. Three of
the control samples are from the Yoruba population in the 1000
Genomes Project. Clinical evaluation of all FSHD cases was per-
formed 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) × 1000] (44,45). The clinical characteristics of
three FSHD individuals who carry a DPED allele with D4Z4 repeat
> 10 U and for four affected members of family Rf1064 (9 U DPED-
FSHD allele) is provided in more detail in the supplementary
information.

Gene expression analysis

For gene expression analysis, we generated myocytes or
fibroblast cultures from the indicated individuals according
to previously described methods (detailed protocols at the
Fields Center website, www.urmc.rochester.edu/fields-center/).
Primary myocytes and fibroblast cell cultures from genetically
confirmed FSHD1 individuals and non-affected individuals
served as controls and originated from the University of
Rochester Medical Center biorepository. Fibroblast was trans-
duced into myocytes using MyoD as described previously
(46). Differentiation into myotubes was induced by serum
reduction at 80–100% confluency. Expression analysis for DUX4,
GUSB, DUX4 target genes (MBD3L2, ZSCAN4 and TRIM43) and
myogenic differentiation genes was performed in triplicate
by previously described PCR conditions and primer pairs (47).
Detailed genotype and D4Z4 methylation information for all cell
cultures can be found in Supplementary Material, Table S3. The
primers and size of the amplicons are shown in Supplementary
Material, Table S1.

Biallelic DUX4 expression analysis for Rf1161 was performed
after a full-length DUX4 RT-PCR with forward primer 5′-TGG CTG
GCT GTC CGG GCA GGC-3′ and reverse primer 5′-GAT CCA CAG
GGA GGG GGC ATT TTA-3′. cDNA from patient Rf100.201 served
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as a control for the DPED1 allele DUX4 sequence. In a 20 μL
PCR reaction we used 5-microliter cDNA in a solution containing
0.2 μM of each primer, 0.2 mM dATP, 0.4 mM dCTP, 0.2 mM dTTP,
0.2 mM dGTP and 0.2 mM 7-deaza-dGTP and 2.5 U of LA-Taq DNA
polymerase (Takara) supplemented with 2xGC buffer. The PCR
conditions consisted of an initial denaturation step at 94◦C for
5 min., followed by 39 cycles of denaturation at 94◦C for 30 s,
annealing at 60◦C for 30 s, and extension at 72◦C for 2 min. The
final extension time was 10 min at 72◦C. For Sanger sequencing
of the PCR fragment, primer 5′-GAG GGT GCT GTC CGA GGG TG-3′

was used.

Genetic analysis of the D4Z4 repeats and methylation
analysis

These studies were done as described previously (47,48). Briefly,
genomic DNA embedded in agarose plugs were digested with
EcoRI/HindIII, EcoRI/BlnI and XapI for D4Z4 repeat sizing
and HindIII for determining the haplotype and separated
by PFGE. After separation, DNA was transferred to charged
nylon membranes (Hybond-XL, Amersham) and serially probed
with radioactively labeled probes p13E-11, D4Z4, 4qA and 4qB.
Hybridizing fragments were visualized by phosphor imaging on
a Typhoon scanner (Amersham). Key individuals having a DPED
allele were also analyzed by MC as described previously (22).
Briefly, DNA was combed on a glass slide, which was hybridized
with antibody-labeled FSHD-specific probes and scanned by the
Fibervision HeliXScan. D4Z4 alleles were selected and counted
using the general procedure by Fiberstudio 0.9.12 software. SB-
based methylation analysis was done using the methylation-
sensitive restriction endonuclease FseI as described and delta1
methylation values were calculated as before.

Fragment isolation, library preparation and sequencing

Short read sequencing of the breakpoint junctions in the
DPED alleles first required an enrichment for the locus of
interest. For this, genomic DNA was digested with the restriction
endonuclease MseI (recognition site TTAA), which is absent in
the D4Z4 repeat but is very common in the rest of the human
genome and generates fragments that are generally < 500 base
pairs. The D4Z4 repeats can be visualized after PFGE and SB
of MseI-digested genomic DNA and hybridization with probe
D4Z4. Based on the position of the D4Z4 hybridization signals on
the MseI-digested SB, we determined the position of the DPED
alleles in the agarose gel for each sample (Fig. 2). A new agarose
gel with MseI-digested genomic DNA was rerun under the same
conditions, after which the agarose fragment at the expected
position of the DPED-allele was cut from gel and DNA was
extracted. The DNA was simultaneously fragmented and tagged
by Nextera XT, followed by a limited-cycle PCR amplification.
The PCR-amplified DNA of the different DPED carriers was run
on an agarose gel and fragments ranging from 400 to 600 bp
(insert size 250–450 bp) were extracted from the gel. Finally,
tagged fragments from 11 samples were equimolar pooled and
paired-end sequenced (2 × 125 bp, ∼ 7 million reads per sample)
on an Illumina HiSeq 2500.

DNA-seq analysis

Quality assessment of the raw reads was done using FastQC
v 0.11.9 (https://www.bioinformatics.babraham.ac.uk/projects/
fastqc/). Quality filtering was done with Trim Galore v 0.6.5
(https://www.bioinformatics.babraham.ac.uk/projects/trim_ga

lore) using default parameters for paired-end Illumina reads.
The remaining reads were mapped to the human genome
(build hg19) using BWA-MEM with the following parameters
‘—no-mixed —very-sensitive—X 15000’ (49). The duplicates
were removed using Picard Tools v2.25 (http://broadinstitute.
github.io/picard/). The reads were filtered based on their insert
size to identify only the pairs with an insert size >500 bps in
the genomic regions close to D4Z4. This filtering was done
using SAMtools (50). The remaining reads were used for the
identification of the breakpoint junctions, this identification
was done using Pindel v 0.2.5b9 and with a manually search
in the D4Z4 locus on chromosome 4 using integrative genomics
viewer v 2.9.2 (51,52). The genome browser tracks were generated
with bamCoverage, a tool included in deepTools package version
3.5.1 (53).

PCR confirmation of breakpoint junctions

For each of the different DPED alleles a PCR amplicon was
designed that spans the deletion. PCR amplifications were per-
formed on 125 ng of genomic DNA in a solution containing
3.5 μM of each primer, 0.2 mM dATP, 0.2 mM dCTP, 0.2 mM dTTP,
0.2 mM dGTP and 0.2 mM 7-deaza-dGTP, 2.5 U of Accuprime HiFi
DNA polymerase and Accuprime HiFi buffer II (both Thermo
Fisher Scientific), in a total volume of 20 μL. The PCR conditions
consisted of an initial denaturation step at 94◦C for 2 min, fol-
lowed by 34 cycles of denaturation at 94◦C for 30 s, annealing at
60◦C for 30 s, and extension at 68◦C for 1 min. The final extension
time was 10 min at 68◦C. The primers and size of the amplicons
are shown in Supplementary Material, Table S1.

SNP analysis DPED1 alleles and common 4q haplotypes

For the analysis of SNPs (rs1882893; rs1882894; rs6820491;
rs11944561; rs4863031; rs4863307 and rs10005853) proximal to
DPED1 in carriers of this DPED allele, we used a forward primer
that was located 5.5 kb proximal to the deletion 5′-GCT TTA
TTC AGC TGG GAT CAT CCG CAG ACT CAT G-3′ and a reverse
primer in D4Z4 5′-GAG TCT CTC ACC GGG CCT AGA CCT AG-
3′. For this long-range PCR we used 150 ng genomic DNA with
2 μL dNTPs (2 mM), 0.2 U of PrimeSTAR GXL DNA Polymerase
and GXL buffer (both Takara) in a total volume of 20 μL. The
PCR conditions consisted of an initial denaturation step at 98◦C
for 3 min, followed by a touchdown PCR with initial 10 cycles
of 98◦C for 30 s, 74◦C for 30 s (−1◦C every cycle) and 68◦C for
8 min, followed by 30 cycles of 94◦C denaturation for 30 s, 64◦C
annealing for 30 s, and 68◦C extension for 8 min. Followed by
a final extension step at 68◦C extension for 10 min. For the
same variants on standard 4qA and 4qB alleles we used two
shorter overlapping PCR amplicons. The forward primer 5′-GGG
ATC ATC CGC AGA CTC ATG-3′ for the most proximal amplicon
(1009 nt) overlaps with the long-range primer and was used in
combination with reverse primer 5′-CGT GCG GAA AAG TGG
GAG TA-3′ and for the distal amplicon (578 nt) we used primers
5′-TAC TCC CAC TTT TCC GCA CG-3′ and 5′-ATT TTG GAT TCC
TCG CCG CC-3′ (Supplementary Material, Table S1). These PCR
reactions were performed on 150 ng of genomic DNA with 2 μL
dNTPs (2 mM), 0.2 U of Phusion DNA polymerase and GC buffer
in a total volume of 20 μL. The PCR conditions consisted of an
initial denaturation step at 98◦C for 3 min., followed by 35 cycles
of denaturation at 98◦C for 30 s, annealing at 60◦C for 30 s, and
extension at 72◦C for 1 min. Followed by a final extension step
at 72◦C extension for 5 min.
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Whole exome sequencing

Whole exome sequencing was performed by GenomeScan
BV (Leiden, The Netherlands). Briefly, 200 ng genomic DNA
was fragmented into 200 to 500 bp fragments. Exomes were
captured using the Agilent SureSelectXT human all exon v7
capture library (5191-4006) accompanied by illumina paired-
end sequencing on the NovaSeq6000 (Illumina, San Diego, USA)
according to manufacturer’s protocols. NovaSeq control software
NCS v1.7 was used, and image analysis, base calling and quality
check were performed with the Illumina data analysis pipeline
RTA3.4.4 and Bcl2fastq v2.20. The exome sequencing protocol
was validated for clinical use according to ISO 15189. Variant
calling and filtering was essentially done as described previously
(54). LOVDplus (Leiden Genome Technology Center, Leiden,
The Netherlands) was used for the interpretation of variants.
First, a gene panel for muscle disorders (https://www.lumc.nl/
sub/4080/att/1768852) was analyzed as well as the FSHD2 genes
SMCHD1, DNMT3B and LRIF1. If these genes did not reveal any
likely pathogenic variant, a full exome analysis was performed.

Supplementary Material
Supplementary Material is available at HMG online.
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