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ABSTRACT: Facioscapulohumeral muscular dystrophy
(FSHD) is most often associated with variegated expres-
sion in somatic cells of the normally repressed DUX4 gene
within the D4Z4-repeat array. The most common form,
FSHD1, is caused by a D4Z4-repeat array contraction to a
size of 1-10 units (normal range 10-100 units). The less
common form, FSHD?2, is characterized by D4Z4 CpG hy-
pomethylation and is most often caused by loss-of-function
mutations in the structural maintenance of chromosomes
hinge domain 1 (SMCHD1) gene on chromosome 18p.
The chromatin modifier SMCHD1 is necessary to main-
tain a repressed D4Z4 chromatin state. Here, we describe
two FSHD?2 families with a 1.2-Mb deletion encompass-
ing the SMCHD1 gene. Numerical aberrations of chro-
mosome 18 are relatively common and the majority of
18p deletion syndrome (18p-) cases have, such as these
FSHD?2 families, only one copy of SMCHD1. Our finding
therefore raises the possibility that 18p- cases are at risk
of developing FSHD. To address this possibility, we com-
bined genome-wide array analysis data with D4Z4 CpG
methylation and repeat array sizes in individuals with 18p-
and conclude that approximately 1:8 18p- cases might be
at risk of developing FSHD.
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Individuals with facioscapulohumeral muscular dystrophy (FSHD;
MIM #158900 [FSHD1] and MIM #158901 [FSHD2]) have pro-
gressive and often asymmetric muscle weakness affecting the face,
shoulder, and upper arms, followed by involvement of the distal
and proximal lower extremities [Padberg, 1982; Tawil and van der
Maarel, 2006]. These symptoms are associated with a higher prob-
ability of skeletal muscle expression of the DUX4 retrogene (MIM
#606009) that is normally repressed in somatic tissue [Snider et al.,
2010]. There are at least two genetically distinct causes of FSHD that
are clinically indistinguishable. The most common form, FSHD1, is
caused by a variant of the polymorphic D474 macrosatellite repeat
array on chromosome 4 that is between 1 and 10 units [Wijmenga
etal., 1992]. In unaffected individuals, this polymorphic repeat array
ranges between 11 and 100 D4Z4 units and is heavily CpG methy-
lated in somatic tissue, thereby repressing expression of the region
[van Overveld et al., 2003]. The shorter array in individuals with
FSHD1 is insufficient to maintain the repressed chromatin state nec-
essary for sustaining repression of the DUX4 retrogene expression.
Theless common form, FSHD2, is also characterized by a partial loss
of CpG methylation at D4Z4 but with repeat array sizes >10 units
and is usually caused by mutations in the structural maintenance of
chromosomes hinge domain 1 gene (SMCHDI1; MIM #614982) on
chromosome 18p [van Overveld et al., 2003; Lemmers et al., 2012;
Larsen et al., 2014]. SMCHD1 is a chromatin modifier that binds
to the D4Z4-repeat array and is necessary to maintain a repressed
D4Z4 chromatin state in somatic cells. Each of 3.3 kb large D474
units contains a copy of the double homeobox 4 (DUX4) retrogene
[Gabriels et al., 1999]. In FSHD1, with the short D4Z4-repeat array,
or in FSHD?2 with heterozygous SMCHDI mutations, either cause
leads to a partial derepression of the D4Z4-repeat array in somatic
cells. This derepression is marked by D4Z4 hypomethylation, a par-
tial loss of repressive chromatin marks and other chromatin changes
and the sporadic expression of DUX4 in a small set of muscle nuclei
[van Overveld et al., 2003; Zeng et al., 2009; Balog et al., 2012; Geng
etal., 2012].

However, either mechanism, D4Z4 short repeat sizes, or SMCHD1
mutations, leading to depression of D4Z4 by themselves are not
sufficient to cause FSHD. The D4Z4-embedded DUX4 retrogene
requires a polyadenylation signal in the 3’ untranscribed region to
produce a stable transcript and hence DUX4 protein in somatic
cells [Lemmers et al., 2010a]. This DUX4 polyadenylation signal
can only be found immediately distal to the last DUX4 copy, but
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its existence is polymorphic in the population and is only found
on 4qA-type chromosomes. 4qB chromosomes, that are equally
common, or 10q chromosomes that contain a highly homologous
copy of the D4Z4-repeat array, do not have a DUX4 polyadenylation
signal [Lemmers et al., 2002; Lemmers et al., 2004; Lemmers et al.,
2010a]. Thus, digenic inheritance of a short D4Z4-repeat array in cis
with a DUX4 polyadenlylation signal in FSHDI, or a heterozygous
SMCHDI mutation and a DUX4 polyadenylation signal in FSHD2,
are both mechanisms for the development of FSHD [Lemmers et al.,
2010a, 2012].

We previously reported that the average repeat array size of the
4qA (i.e., DUX4 producing) chromosome in FSHD2 patients is
most often between 11 and 16 units, which is at the lower end of the
repeat size spectrum of 4qA chromosomes in control individuals
(Supp. Fig. S1) [de Greef et al., 2010; Lemmers et al., 2014]. We
define FSHD?2 patients by a methylation level of <25% measured by
Southern blotting at the methylation-sensitive Fsel restriction site
in D474, a threshold that has been instrumental in identifying SM-
CHDI as FSHD2 disease gene [Lemmers et al., 2012; Sacconi et al,,
2013; Lemmers et al., 2014]. In our recent SMCHDI mutation screen
in affected individuals with Fsel methylation levels <25%, we showed
that mutations that do not disrupt the open-reading frame (ORF)
are more deleterious than those that introduce a premature stop
codon [Lemmers et al., 2014]. This conclusion was based on the dif-
ference in D4Z4 hypomethylation for the two types of mutation. We
found a significant correlation between the cumulative number of all
D4ZA4-repeat units in the arrays on chromosomes 4 and 10 and the
average methylation of the D4Z4 repeats in controls and FSHD pa-
tients. This correlation allowed us to define the Deltal value, which
is the observed CpG methylation level at this site in D4Z4 minus
the predicted methylation based on control individuals. The aver-
age Deltal in controls is about zero and ranges between -13% and
17% (5th and 95th percentile, respectively), whereas in carriers of
an SMCHDI mutation this value is about -30% and ranges between
-42% and -22% (5th and 95th percentile, respectively) [Lemmers
etal., 2014]. Therefore, Deltal value represents the methylation de-
fect corrected for the size of the D4Z4-repeat array, emphasizing the
strong effect of SMCHD1 mutations on D4Z4 methylation. We also
introduced the Delta2 value, which is the observed methylation mi-
nus the predicted methylation based on SMCHDI mutation carriers
and reveals the significance of the mutation [Lemmers et al., 2014].
SMCHDI mutations that preserve the ORF most probably result in
a dominant negative type mechanism and lead to the lowest Deltal
value, and a negative Delta2 value in somatic cells. ORF-disrupting
SMCHDI mutations seem to be associated with nonsense-mediated
RNA decay suggesting a haploinsufficiency type mechanism and are
associated with lesser degrees of D4Z4 CpG hypomethylation result-
ingin positive Delta2 values. The observation that both the nature of
the SMCHDI mutation and the size of the D4Z4-repeat array deter-
mines the D4Z4 methylation and the disease severity in FSHD2, led
to a model in which haploinsufficiency causing mutations require
medium short D474 arrays (most often in the range of 11-16 units)
to cause FSHD2, whereas dominant negative SMCHD1 mutations
can also cause FSHD2 with larger 4qA array sizes (Supp. Fig. S1)
[Lemmers et al., 2014]. Thus, while establishing Fsel methylation
and Delta values are not standard operating procedures in diagnos-
tic settings, these values have contributed to our understanding of
FSHD pathogenesis.

In approximately 15% of the FSHD2 families, identified by phe-
notype and D4Z4 hypomethylation, we could not identify a muta-
tion in SMCHDI [Lemmers et al., 2012, 2014]. In six out of 10 of
these families, Sanger sequencing of SMCHDI in the index case did
not reveal a causal variant but showed the absence of heterozygous
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SNPs in all of the 48 exons and flanking sequences. These families
were subjected to whole-exome sequencing and genome-wide array
analysis.

The first family (Rf898) reported in this study came to our at-
tention because of classical features of FSHD, whereas FSHD1 was
excluded by D4Z4-repeat array sizing (Fig. 1A; Supp. Table S1). The
index case (898.205) was diagnosed at the age of 49 years when
he presented with difficulty lifting his arms overhead. In retro-
spect, he recalls having shoulder difficulties when he was 12 years
of age. His physical examination showed a combination of facial
weakness, scapular winging, and mild foot dorsiflexor weakness as
well as mild abdominal muscle weakness. Two additional family
members (898.202, 898.301) were moderately affected with similar
clinical features. Subject 898.202 was asymptomatic but had definite
signs of FSHD with scapular weakness, foot dorsiflexion weakness,
and mild abdominal muscle weakness when examined at the age
of 65 years. Her son (898.301) reports symptom onset at the age
of 13 years with clear signs of FSHD when examined at the age of
36 years (Supp. Table S1). All carry an 11 units D4Z4-repeat array
on a 4gA chromosome containing a DUX4 polyadenylation site.
Methylation analysis provided evidence for reduced D474 methy-
lation levels and Deltal values consistent with FSHD2 in all three
affected individuals, but also in two unaffected individuals. Subject
898.303 carries the same 11 unit 4qA allele as his affected father,
reports shoulder pain and weakness since the age of 24 years, but
shows no clear signs of weakness on examination at the age of
36 years. An EMG study, however, showed myopathic units in his
supraspinatus and cervical paraspinal muscles. Individual 898.204
is unaffected at the age of 59 years, but carries a 35 unit repeat
array on a permissive 4qA allele, which appears to be too long
to be pathogenic based on previous findings in carriers of a hap-
loinsufficiency causing SMCHDI mutation [Lemmers et al., 2014].
SMCHDI mutation analysis by Sanger sequencing failed to iden-
tify potentially damaging variants. Whole-exome sequencing on
898.301 and 898.303 failed to identify the causative gene, but ex-
tended the region of homozygosity into several SMCHDI neigh-
boring genes, suggestive of a heterozygous deletion of the SMCHD1
locus. Subsequently, we performed a genome-wide array analysis
in these subjects and identified a 1.2-Mb deletion that spans the
METTL4, NDC80, SMCHD1, EMILIN2, and LPIN2 genes (Fig. 1B).
This deletion was confirmed in subjects 898.202, 898.204, and
898.205 and this variant was submitted to the Leiden Open Variation
Database (http://databases.lovd.nl/shared/variants/SMCHD1).

In the second family (Rf929), we identified two FSHD individuals
carrying a 13 D4Z4 unit repeat array on 4qA and CpG hypomethyla-
tion at D4Z4 suggesting FSHD2 (Fig. 1C; Supp. Table S1). The index
case’s (929.201) initial complaints were difficulty with his proximal
shoulders in his late 20s but was not fully evaluated until the age
of 60 years when he presented with facial weakness, shoulder and
upper extremity weakness, and foot dorsiflexor weakness. One sister
(929.204) is also similarly affected, whereas his other sister (929.206)
is asymptomatic and clinically unaffected. By array analysis in indi-
vidual 929.201, we identified the same interstitial chromosome 18p
deletion including SMCHD]1 as was found in family Rf898 (Fig. 1D).
This 1.2 Mb deletion was confirmed in affected individual 929.204.

Both families reside in the same state in the US and although these
two families are not known to be related, the observation that they
carry the same interstitial 18p deletion suggest otherwise. Detailed
SNP analysis on chromosome 18 showed that the SNP difference
between nephews 898.301 and 898.303 is 1.8% and the difference
between 898.301 (or 898.303) and 929.201 is 4.9%, whereas the
average difference at chromosome 18 between unrelated individu-
als is usually >15% (CAL Ruivenkamp, personal communication),
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Figure 1. A: Pedigree of family Rf898, showing three affected individuals (898.202, 898.205, and 898.301) all carrying an 11 unit D4Z4-repeat array
on chromosome 4gA (11A) and a partial loss of D4Z4 CpG methylation. The index case (arrow) and the individuals that have been analyzed on the
SNP array (asterisk) are indicated. The key indicates the individual D, the different methylation values (measured methylation; OM, Delta1; §1 and
Delta2; §2) and the D4Z4-repeat array type and sizes in units on both chromosomes 4 (4-1 and 4-2). B: Array plots of chromosome 18. A 1.2-Mb
deletion in 18p11.32p11.31 was detected in patients 898.301 and 898.303 (arr[hg19] 18p11.32p11.31[1829674-30391861x1). The deletion is marked by
four panels showing from top to bottom: the Copy Number State, the Weighted Log2 Ratio, the Allele Peaks and the genes. C: Pedigree of family
Rf929, showing two affected individuals (929.201 and 929.204) both carrying a 13 unit D4Z4-repeat array on chromosome 4gA and a loss of D4Z4
CpG methylation. D: Array analysis of patient 929.201 presenting a 1.2-Mb deletion in 18p11.32p11.31 (arr[hg19] 18p11.32p11.31[1844188-3039186]x1).

strongly suggesting that both families are related. Array analysis in
the remaining four FSHD2 families that showed the absence of het-
erozygous SNPs in all 48 SMCHDI exons and flanking sequences
did not reveal evidence for a deletion in the SMCHDI1 locus.

Although one third of all identified SMCHDI mutations in
FSHD2 most probably lead to haploinsufficiency, SMCHDI was
not known as a dosage sensitive gene. Our current study emphasizes
that monosomy of SMCHDI can cause familial FSHD2, although we
cannot rule out that genetic variants in other (currently unknown)
epigenetic modifiers of D4Z4 are shared between both families. We
identified two families with five affected family members who all
carry the same 1.2 Mb 18p microdeletion in combination with a
D4ZA4-repeat array with 11 or 13 units on a 4qA chromosome. This
finding also corroborates our previous study in which we show that
haploinsufficiency causing SMCHDI mutations in general result
in positive Delta2 values, suggestive of a less deleterious outcome
[Lemmers et al., 2014]. The Delta2 value in the seven carriers of the
SMCHDI deletion varied between 1% and 7%.

None of the other genes within the microdeletion have been re-
ported to be sensitive to hemizygosity. Homozygous mutations in
lipin 2 (LPIN2) have been associated with Majeed syndrome, char-
acterized by chronic recurrent multifocal osteomyelitis and con-
genital dyserythropoietic anemia [Ferguson et al., 2005]. METTL4
(methyltransferase-like 4) encodes for a putative methyltransferase
of unknown function, whereas NDC80 encodes a central com-
ponent of the kinetochore protein complex necessary for proper
chromosome segregation and spindle checkpoint signaling [Martin-
Lluesma et al., 2002].

Structural and numerical aberrations of the short arm of chromo-
some 18 are relatively common among the chromosomal rearrange-
ment syndromes. The incidence of monosomy 18p is estimated at
about 1:50,000 newborns worldwide, and although the dysmorphic
features in 18p deletion syndrome (18p-) individuals is not very uni-
form, muscular dystrophy has not been reported [Turleau, 2008].
Given the association of SMCHDI mutations with FSHD and the
identification of two families carrying a deletion of SMCHDI, it
raises the question whether individuals with 18p- are at increased
risk of developing FSHD when also carrying a chromosome 4q that
contains a DUX4 polyadenylation signal.

To address this possibility, analysis of CGH array data from 83
individuals with 18p- showed that SMCHDI was hemizygous in all
but one case [Sebold et al., 2015]. Subsequent CpG methylation
analysis of the cases with SMCHDI deletion confirmed a reduced
methylation at D474 in 72/82 cases (Fig. 2A and B), suggesting that
individuals with 18p- have a similar degree of D4Z4 chromatin re-
laxation as individuals with FSHD2. Previously, we showed that 4qA
chromosomes (containing a DUX4 polyadenylation signal) and 4qB
chromosomes (without DUX4 polyadenylation signal) are almost
equally common in the Caucasian and Asian populations, whereas
4qA is the most common chromosome 4 variant in the African
population [Lemmers et al., 2010b]. This suggests that about 25%
of 18p- individuals carry two 4qB chromosomes and are therefore
not at risk for developing FSHD. In two recent studies, we analyzed
the D4Z4-repeat array size and haplotype distribution in control
individuals [Schaap et al., 2013; Lemmers et al., 2014]. These results
showed that 20 out of 159 independent 4A161 chromosomes, the
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Figure 2. A:Chromosome content of individuals with 18p-. The black box around the chromosome ideogram across the top of the figure indicates
the region of the chromosome shown below. The study number of each participant is aligned to the left of their data. The intact region of the
chromosome is shown as individual gray bars. The breakpoint region is shown in darker gray and regions of duplication are shown as black. The
vertical line indicates the location of the SMCHD1 gene. B: The methylation value measured at D4Z4 for control individuals (disomic 18p), individuals
that carry an SMCHD1 mutation (FSHD2) and 18p- individuals that have a deletion of the SMCHD1 gene (18p-). The box extends from the 25th to
75th percentiles, and the line in the middle of the box is plotted at the median, the whiskers are at the 2.5th and 97.5th percentiles. C: Distribution of
D4Z4-repeat array sizes on 159 independent 4A161 chromosomes in European control individuals [Schaap et al., 2013; Lemmers et al., 2014].

most common risk allele for FSHD in the Caucasian population
accounting for 79% of all 4gA alleles [Lemmers et al., 2010b], had
repeat arrays of <16 units, which gives an estimated incidence of
12.6% (Fig. 2C). Because half of the chromosomes 4 are of the 4qB
variant, about 12.6% (one in eight) of individuals in the Caucasian
population with 18p- carry a medium-short 4gA array and might
therefore be at risk for FSHD. To investigate this possibility, we per-
formed accurate D4Z4-repeat array sizing in 19 individuals with
18p- that were selected on the basis that they carried a 4A161 allele
and had D4Z4 hypomethylation and we found that two individuals
carried an array <16 units and may have an increased risk of de-
veloping FSHD (Supp. Fig. S2; Supp. Table S2). Individual 18p-14
carries a 13 unit repeat array and is 27 years old, whereas 18p-37
carries a 15 unit repeat and is 24 years old. At this time, we do
not have information about these individuals’ clinical status. Con-
tractions on other 4qA alleles, such as 4A159, 4A168, and 4A166H,
may also confer a risk to FSHD [Lemmers et al., 2010a]. However,
these alleles are much less common than the 4A161 allele [Lemmers
etal., 2010b], and therefore only increase the FSHD risk in the 18p-
patient population by approximately 1.5%.

Conclusion

We report heterozygous deletions of SMCHDI in two distantly re-
lated FSHD2 families and therefore 18p- deletions may constitute a
risk factor for FSHD. While other genetic and epigenetic risk factors
are likely to contribute to disease penetrance, in order to be at an
increased risk of developing FSHD2, two other factors also must
be present. First, the presence of a chromosome 4qA containing
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a DUX4 polyadenylation signal and second, the size of the D4Z4-
repeat array with array sizes at the lower end of the normal repeat
size spectrum being more sensitive to SMCHDI hemizygosity than
longer arrays.
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