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CHAPTER 3

Abstract

Background

Facioscapulohumeral dystrophy (FSHD) is associated with partial chromatin relaxation
of the DUX4 retrogene containing D4Z4 macrosatellite repeats on chromosome 4, and
transcriptional derepression of DUX4 in skeletal muscle. The common form of FSHD, FSHD1,
is caused by a D474 repeat array contraction. The less common form FSHD2 is generally
caused by heterozygous variants in SMCHD1.

Methods

We employed whole exome sequencing combined with Sanger sequencing to screen
uncharacterized FSHD2 patients for extra-exonic SMCHD1 mutations. We also used CRISPR-
Cas9 genome editing to repair pathogenic intronic SMCHD1 variants from patient myoblasts.

Results

We identified intronic SMCHD1 variants in two FSHD families. In the first family an intronic
variant resulted in partial intron retention and inclusion of the distal 14 nucleotides of intron
13 into the transcript. In the second family a deep intronic variant in intron 34 resulted
in exonisation of 53 nucleotides of intron 34. In both families the aberrant transcripts are
predicted to be non-functional. Deleting the pseudo-exon by CRISPR-Cas9 mediated genome
editing in primary and immortalized myoblasts from the index case of the second family
restored wild-type SMCHD1 expression to a level that resulted in efficient suppression of
DUX4.

Conclusions

The estimated intronic mutation frequency of almost 2% in FSHD2, as exemplified by the two
novel intronic SMCHD1 variants identified here, emphasizes the importance of screening
for intronic variants in SMCHD1. Furthermore, the efficient suppression of DUX4 after
restoring SMCHD1 levels by genome editing of the mutant allele provides further guidance
for therapeutic strategies.
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Introduction

Facioscapulohumeral dystrophy (FSHD, [FSHD1; OMIM 158900 and FSHD2; 158901]) is a
common muscular dystrophy (prevalence ~1:8.500) mainly characterized by progressive
weakness and wasting of the facial, shoulder girdle, trunk and upper arm muscles.(1, 2)
With a disease onset typically in the second decade of life, there is a large variability in
onset and progression.(3) Two genetic forms have been identified, FSHD1 and FSHD2, which
are clinically indistinguishable,(4) and seem to represent a disease continuum.(5, 6) Both
forms are associated with partial chromatin relaxation of the D4Z4 macrosatellite repeat
on chromosome 4 in somatic tissue, characterized by reduced CpG methylation and loss
of repressive histone marks, as well as changes in other chromatin factors that result in a
more relaxed chromatin structure.(7-10) This chromatin relaxation results in transcriptional
derepression of the D4Z4-encoded DUX4 [MIM 606009] retrogene in skeletal muscle.
(11) The DUX4 transcription factor is normally expressed in the germ line and in cleavage
stage embryos, while being suppressed in most somatic tissues.(11-14) DUX4 causes
cell death when overexpressed in somatic cell lines or when endogenously expressed in
FSHD myotubes.(15, 16) D4Z4 chromatin relaxation must occur on a so-called permissive
chromosome 4 (4gA haplotype), which contains a polymorphic DUX4 polyadenylation
signal (PAS) distal to the D4Z4 repeat, to cause FSHD.(17, 18) This PAS is required for the
production of stable DUX4 mRNA in somatic cells. Consequently, chromatin relaxation of
the homologous D4Z4 repeats on non-permissive 4gB or 10g chromosomes does not cause
FSHD since these chromosomal backgrounds lack a somatic DUX4 PAS.(17, 19)

FSHD1, accounting for >95% of cases, is caused by contraction of the D4Z4 repeat to 1-10
units on a 4gA chromosome.(20, 21) FSHD2 is most often caused by heterozygous variants
in structural maintenance of chromosomes flexible hinge domain containing 1 (SMCHD1)
[MIM 614982] in combination with a D4Z4 repeat of 8-20 units on a 4gA chromosome.
(5, 6, 22) SMICHD1 is an atypical member of the SMC gene superfamily and was originally
identified as a regulator of epigenetic silencing.(23, 24) SMCHD1 binds to the D4Z4 repeat,
thereby repressing DUX4 in somatic cells by yet largely unknown mechanisms.(22) FSHD2
patients with a pathogenic SMCHD1 variant show reduced SMCHD1 binding to the D4Z4
repeat, resulting in D4Z4 chromatin relaxation and DUX4 (mis)expression in skeletal muscle.
(22) SMCHD1 is also a disease modifier for FSHD1 since pathogenic SMCHD1 variants have
been identified in some severely affected members of FSHD1 families.(25) The SMCHD1
mutation spectrum in FSHD2 patients includes locus-wide missense, nonsense, and splice
site variants, as well as insertions and deletions.(5, 22, 25-31) Some FSHD2 patients with
D474 hypomethylation cannot be explained by (exonic) SMCHD1 variants. In some of
these patients D4Z4 hypomethylation can be explained by SMCHD1 hemizygosity,(30)
or by heterozygous variants in DNA methyltransferase 3B (DNMT3B)[MIM 602900].(32)
Intriguingly, missense variants in the ATPase domain of SMCHD1 can also cause Bosma
arhinia microphthalmia syndrome (BAMS), an unrelated severe developmental disorder.(33,
34) There is currently no comprehensive explanation for this discordant clinical outcome
of missense variants in the ATPase domain of SMCHD1, although recent biochemical and
modelling studies have pointed towards differences in the mutation spectrum and ATPase
activity between the two conditions.(35-37)

Currently, >180 FSHD causing SMCHD1 variants have been described.(37) In this study we
describe two independent intronic SMCHD1 variants which result in aberrant SMCHD1
transcripts. One variant alters splicing by partial intron retention. The other deep intronic
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variant leads to exonisation of 53 nucleotides. We designed a genome editing strategy to
delete this deep intronic variant with the objective to restore wild-type SMCHD1 expression
and DUX4 repression in myoblasts from a patient carrying this variant.

Material and Methods

All material and methods are available as supplementary data.

Results

Clinical and genetic characterization of Rf744 and Rf1034 individuals

Index case Rf744.1 was suspected of FSHD based on physical examination with a Clinical
Severity Score (CSS)(38) of 9 at age 66. Physical examination showed asymmetric scapular
winging, right foot drop, asymmetric distribution of facial weakness, symmetric weakness
of fixator shoulder girdle muscles, weakness of the pelvic girdle muscles, humeral weakness
involving both biceps and triceps brachii, abdominal weakness with positive Beevor’s sign
and tibialis anterior weakness. Rf744.1 also has a benign myelodysplastic syndrome. D4Z4
repeat size and haplotype analysis showed that the shortest permissive D4Z4 allele of
Rf744.1 contains 14 units (Figure 1A). D4Z4 methylation analysis in Rf744.1 revealed a Fsel
methylation level of 19% (Deltal value -27%), which is well within the FSHD2 range.(5) The
unaffected sister of the proband (Rf744.4) also shows D4Z4 hypomethylation but she does
not have a permissive allele. The daughter of the proband (Rf744.3) does not show D4z4
hypomethylation and is unaffected (Figure 1A).

Index case Rf1034.5 was suspected of FSHD based on physical examination with a CSS of 3
at age 19.(38) Physical examination showed a combination of pectus excavatum, progressive
weakness of the right arm, bilateral scapular winging, facial weakness and Beevor’s sign. D4Z4
repeat analysis showed that Rf1034.5 has a 7 unit D4Z4 repeat on a permissive chromosome
and D4Z4 hypomethylation (Fsel: 10%, Deltal score: -29%), suggestive for both FSHD1
and FSHD2 (Figure 1B). The father (Rf1034.1) of the proband carries a disease permissive
7-unit D4Z4 repeat (Figure 1B), and has pectus excavatum, which is frequently observed
in FSHD.(39) He does not have muscle weakness. The unaffected mother (Rf1034.2) of the
proband shows D4Z4 hypomethylation and she has two permissive 4gA alleles of 44 and 74
units. The two sisters (Rf1034.3 and Rf1034.4) both have the 7-unit D4Z4 repeat and D474
hypomethylation, and they are also affected. Physical examination of Rf1034.3 showed a
combination of weakness of the scapular stabilizers and weakness of the right arm. Physical
examination of Rf1034.4 showed weakness of the facial muscles. This family information
strengthened the suggestion that there is a combination of FSHD1 and FSHD2 in this family.

Identification of an intronic variant in SMCHD1 in Rf744

SMCHD1 variant analysis of coding exons and splice regions identified an intronic
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A Rf744 B Rf1034 Figure 1: Pedigrees of
O——oO0 O—O0 families Rf744 (A) and
Rf1034.1 Rf1034.2 Rf1034  (B).  Clinically
33% |1 6% 29% A1 -26%) affected individuals are
\ 7B[17B 44A|74A indicated in  black, the
* O 6 057 yrs o[54yrs index cases are marked.by
No variant c.4347-236A>G an arrow. The following
Ri744.1 Rf744.4 information is provided:
19% [M1-27% 10% [A1 -34% the family identifier,
14A|298 14B 298 ‘ ‘/ D4Z4 methylation, Deltal
9|66 yrs 0]62yrs . score, the size and type
c.1843-15A>G ¢.1843-15A>G Rf1034.3 Rf1034.4 Rf1034.5 (A permissive, B non-
9% [A1 -30% 9%|n1-30%| | 10%[a1-29%| permissive) of 4g-linked
7A|74A 7A|74A 7A |44 D4Z4 repeats, the clinical
O 2(32yrs 1|30 yrs 3[19yrs severity .sco.re, the age
Rf7443 c.4347-236A>G| [c.4347-236A>G| [c.4347-236A>G| At examination and th.e
SMCHD1 variant. Key is
45% |1 -3% shown on the bottom right.

227|298 D N/A, not available.

0]42 yrs
No variant % D4Z4 Methylation | % Delta 1 score (A1)

D4Z4 units/haplotype 4q allele 1|D4Z4 units/haplotype 4q allele 2
Clinical severity score (CSS) [Age at examination (yrs)
SMCHD1 variant

SMCHD1 variant in peripheral blood-derived RNA from patient Rf744.1. This variant
(NG_031972.1(SMCHD1):c.1843-15A>G, g.2705677A>G) is located 15 base pairs proximal
to exon 14 and various splicing prediction tools suggest that this variant creates a 3’ splice
site and has not been reported in public variant databases (Figure 2A, online supplementary
table S1).

The variant was also identified in Rf744.4, who also shows D4Z4 hypomethylation, but not in
Rf744.3, who does not present D4Z4 hypomethylation (online supplementary figure S1A). To
investigate whether this variant leads to an altered transcript, an RT-PCR targeting SMCHD1
exon 12 through exon 14 was performed. Besides the normal PCR product of expected
size, a longer PCR product was also detected (Figure 2B). Sanger sequencing of individual
clones derived from PCR products of the target region shows that they contained the altered
transcript sequence from c.1843-14 to c.1843-1 confirming that c.1843-15A>G creates a
3’ splice site (Figure 2C and online supplementary figures S1B). The inclusion of these 14
nucleotides is predicted to disrupt the open reading frame and to result in a premature
stop codon in exon 14. Sanger sequencing also confirmed the wild-type transcript sequence
in some clones, consistent with the heterozygous expression. No RNA was available from
Rf744.3 and Rf744.4. No further material was available from index case Rf744.1 for additional
functional testing of the SMCHD1 variant, but previous studies support the possibility for
the development of FSHD from SMCHD1 haploinsufficiency.(6, 40) This is further supported
by the negative Deltal methylation scores observed exclusively in carriers of the SMCHD1
variant (Rf744.1 and Rf744.4, figure 1A), which is typical for reduced SMCHD1 activity at
D4z4.(5)
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representation of splicing
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Normal transcript
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Exon 13 "{g" S'GIAMIEN Altered transcript
14 bp

Identification of a deep intronic variant in SMCHD1 in Rf1034

SMCHD1 variant analysis of all SMCHD1 exons and splice regions or whole exome sequencing
(WES) in the proband did not identify any putative pathogenic SMCHD1 variant or pathogenic
variants elsewhere in the genome.(5) SMCHD1 transcript analysis using partially overlapping
amplicons identified a fragment of increased size suggestive for aberrant splicing. An RT-PCR
targeting SMCHD1 exon 32 through exon 35 revealed two PCR products for Rf1034.3, i.e.,
a product of expected size and a longer PCR product (Figure 3A). This larger PCR product
was also identified with an RT-PCR performed on RNA isolated from blood of Rf1034.2 and
Rf1034.4 (Figure 3A), and RNA from myoblasts of Rf1034.5 (not shown), while it was absent
in Rf1034.1 (Figure 3A). Sequencing of the larger PCR product revealed the presence of
a sequence corresponding to 53 nucleotides of intron 34, from c.-235 to c.-183 proximal
to exon 35 (online supplementary figure S2A). These 53 nucleotides are included in the
transcript as a pseudo-exon and are predicted to disrupt the open reading frame and to
lead to a premature stop codon in exon 35 (online supplementary figure S2A). To identify
the variant responsible for this pseudo-exon, we used an intronic PCR followed by Sanger
sequencing. A heterozygous deep intronic variant (NG_031972.1(SMCHD1):c.4347-236A>G,
g.2760414A>G) in SMCHD1, not reported in public databases, was identified in subjects
Rf1034.2-5, which was absent in Rf1034.1 (Figure 3B, online supplementary figure S2B).
Splicing prediction tools suggest that this variant creates a 3’splice site, while a cryptic 5’
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splice site is already predicted in the reference sequence at position c.4347-183 (online
supplementary table S1, Figure 3C). In this family the deep intronic SMCHD1 variant
segregates with D4Z4 hypomethylation. We further characterized RNA from primary
muscle cell cultures from patient Rf1034.5 using RT-gPCR for DUX4 and for the wild-type
and mutant forms of SMCHD1 (Figure 3D). The inclusion of the pseudo-exon in the mutant
mRNA allowed us to use primers targeting this exon for specific amplification of the mutant
transcript. This analysis supported the diagnosis of FSHD by the apparent expression of
DUX4, while also showing that the mutant form of SMCHD1 is readily detectible on mRNA
level (Figure 3D). The observed increased expression of SMCHDI mRNA upon myogenic
differentiation is consistent with a previous study.(41) Whether mutant SMCHD1 mRNA is
stable and leads to translation of a truncated SMCHD1 protein is unknown, but ChIP-gPCR
analysis of SMCHD1 occupancy on D4Z4 in Rf1034.5 myoblasts compared to controls and
unrelated FSHD2 myoblast samples suggests that the inclusion of this pseudo-exon creates
SMCHD1 haplo-insufficiency with consequent partial decompaction of the D4Z4 chromatin
structure in myonuclei (Figure 3E). To determine whether the mutant transcript is a target
for nonsense mediated decay (NMD), we inhibited NMD using cycloheximide (CHX) in
Rf1034.5 myotube cultures (Figure 3F). RT-gPCR analysis after CHX treatment showed a
modest (~2-fold) increase in SMCHD1 wildtype mRNA, but a ~10-fold increase in mutant
transcript. This response of the mutant SMCHD1 transcript to inhibition of NMD is similar
to the known endogenously produced NMD-sensitive isoform of SRSF2 (Figure 3F, SRSF2
intron inclusion)(42). This indicates that the SMCHD1 transcript retaining the pseudo-
exon is indeed degraded by NMD, leading to SMCHD1 haplo-insufficiency. We compared
expression of total SMCHD1 RNA in Rf1034.5 myotubes to other FSHD and control myotube
cultures (Online supplementary figure S2C). Due to endogenous variability in SMCHD1
transcript levels, it is not possible to distinguish between control and FSHD2 samples. Only
hemizygous expression of SMCHD1 significantly alters total SMCHD1 RNA levels, as reported
previously.(40) Attempts to detect a truncated SMCHD1 protein by western blotting using
an N-terminal targeting antibody (HPA039441) did not yield any detectable specific signal of
lower molecular weight when compared to unrelated samples (data not shown), consistent
with a haploinsufficiency situation and NMD-mediated degradation of the transcript for
Rf1034.5.

Genome editing designed to remove the pathologic intronic variant in Rf1034

In an attempt to suppress DUX4 in primary muscle cell cultures from individual Rf1034.5 by
restoring the wild-type SMCHD1 open reading frame at the expense of the mutant version,
we aimed to delete the SMCHD1 pseudo-exon from the genome. We performed CRISPR-
Cas9-mediated genome editing using two gRNA constructs targeting sequences upstream
and downstream of the pseudo-exon. To test whether deletion of the intronic target region
would not impair SMCHD1 protein expression from a wild-type allele, we transfected
Hela cells with plasmids encoding the two gRNAs (U/D3) and sp.Cas9-2A-GFP. Monoclonal
cultures of GFP-positive Hela cells were genotyped to screen for clones harbouring a
homozygous or heterozygous deletion of the targeted region (online supplementary figure
S3, bottom panel). We analysed SMCHD1 protein levels in all clones and compared these
with those observed in monoclonal cultures transfected with a plasmid encoding the control
gRNA X50 and sp.Cas9-2A-GFP. Although some variation in protein levels can be observed,
none of the edited clones showed loss of SMCHD1, even when homozygously edited (online
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supplementary figure S3, top panels). This indicates that deletion of the intronic region
corresponding to the location of the pseudo-exon in Rf1034 by means of CRISPR-Cas9
genome editing does not impair SMCHD1 expression in Hela cells. Thus, deleting the same
region in Rf1034 seems a feasible approach to restore SMCHD1 protein levels.

For genome editing of primary myoblast cultures of Rf1034.5, we first employed an
approach in which gRNAs were first delivered by lentiviral transduction, and Cas9 protein
was subsequently delivered by iTOP. To achieve enrichment of targeted myoblasts, a gRNA
targeting B2M was co-introduced to allow for FACS sorting of MHC class I-negative cells.
In a biological replicate experiment, PCR analysis identified genomic deletions in Rf1034.5
myoblasts treated with gRNAs U/D3, but not with control gRNA X50 (Figure 4A). Sanger
sequencing of the smaller PCR product of the edited genomic DNA showed that there is a
deletion of 407 +/-1 bp confirming that the deep intronic variant is absent in this product
(Figure 4B). Additional RT-PCR analysis indicated that there are no extra products after
treatment with Cas9 and gRNAs U/D3 besides the wild-type and mutant products (online
supplementary figure S4A-B). The aforementioned myoblasts were allowed to differentiate
to myotubes, and subsequently SMCHD1 expression levels from the wild-type and mutant
alleles were determined by using RT-gPCR. A significantly higher expression of the wild-
type SMCHDI1 transcript (p value: 0.0286, Mann-Whitney test) was observed in the
myotube samples treated with the gRNAs flanking the pseudo-exon, although we could
not detect a significant change in mutant SMCHD1 transcript expression (p value: 0.8857,
Mann-Whitney test). The increase of wild-type SMCHD1 transcript was concomitant with
reduced expression of DUX4 but not with the DUX4 target genes KHDCI1L (Figure 4C) and
ZSCAN4 (online supplementary figure S4E) (p values: 0.0286, 0.8857, 0.1143, respectively
(Mann-Whitney test)) levels suggesting that the gain of SMCHD1 restores D4Z4 chromatin
repression (Figure 4C). Expression levels of MYOG (p value: 0.0286, Mann-Whitney test)
but not MYH3 (p value: 0.2000, Mann-Whitney test) were significantly higher in Cas9-
treated cells expressing gRNAs U/D3 when compared to those expressing control gRNA X50
(Figure 4C). This outcome suggests that the myogenic differentiation process is not strongly
impaired due to genomic editing of SMCHD1.

& Figure 3: Identification of deep intronic SMCHD1 variant in Rf1034. A) RT-PCR analysis of SMCHD1 transcripts
spanning exon 32 through 35 in four members of family Rf1034. A negative control PCR (no DNA) was performed
in parallel. B) Sanger sequence track showing the deep intronic variant in SMCHD1 at position c.4347-236 in
Rf1034.5, highlighted with a rectangle C) Schematic representation of splicing of the normal transcript and the
altered transcript containing the deep intronic variant. The altered transcript shows exonisation of the 53 base pair
pseudo-exon. D) RT-qPCR analysis of primary Rf1034.5 myoblast and myotube samples. Expression of SMCHD1
(wild-type and mutant) and DUX4 are shown, normalized to GUSB expression. Error bars indicate SEM. E) ChIP-
gPCR analysis of SMCHD1 occupancy on the DUX4-Q region in D4Z4 on chromosome 4 in myoblasts of three control
individuals, three unrelated FSHD2 patients, and Rf1034.5. Input normalized enrichment is shown, subtracted for
1gG values of the corresponding sample, error bars indicate SD. F) Inhibition of NMD by cycloheximide treatment
in Rf1034.5 myotubes. RT-qPCR analysis showing that CHX treatment results in a ~10-fold increase of SMCHD1
mutant transcript, with a smaller (~2-fold) increase in WT transcript. This CHX mediated increase is similar to a
known NMD target, an isoform of SRSF2 including an intron (SRSF2 Inclusion). This increase of transcript levels is
not seen for an SRSF2 transcript excluding this intron. Expression was normalized to RPL13. CHX-: N=3, CHX+: N=4
(**: P value <0.01, ***: P value <0.001, ****: P value <0.0001 — Student’s t-test)
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While editing of primary Rf1034.5 myoblasts successfully increased SMCHD1 expression
levels and decreased expression of DUX4, we could not rule out that incomplete editing of
SMCHD1 in the polyclonal cultures obscured a more robust phenotypical change. Therefore,
we immortalized Rf1034.5 myoblasts (Rf1034.5-iMB) to allow generation of monoclonal
cultures after genome editing. After iTOP mediated editing and expansion of U/D3 transduced
cells, we confirmed genomic editing on the mutated allele, and thus restoration of the
SMCHD1 open reading frame, in 10 independent myocyte clones, of which one clone (U/
D3-4.110) was edited on both alleles (Figure 4D, lower panel). For comparison, we isolated
material from seven clones transduced with the control gRNA X50 (RNA, DNA and protein
analysis shown), as well as 18 unedited U/D3 transduced clones (RNA analysis shown)
(collectively called SMCHD1-unedited patient clones (N=25)), which still have the pseudo-
exon and contain no genomic aberrations at the U/D3 gRNA target sites, as confirmed by PCR
and Sanger sequencing (data not shown). Additional RT-PCR analysis of X50 and U/D3 treated
samples showed no mis-splicing of the SMCHD1 mRNA (online supplementary figure S4C-D).
SMCHD1 western blot analysis of a representative set of edited (N=10) and X50 SMCHD1-
unedited myotube clones (N=7) (Figure 4D, upper panel) and subsequent quantification of
SMCHD1 protein levels normalized to the housekeeping protein Actin showed a significant
increase (p value: 0.0020, Mann-Whitney test) in cellular SMCHD1 protein after genome
editing (Figure 4E). Protein quantification data corresponding to the monoclonal myotube
cultures were in agreement with the RT-qPCR data for the wild-type and variant SMCHD1
mRNA forms, in that they were significantly increased (p value: <0.0001, Mann-Whitney
test) and decreased (p value: <0.0001, Mann-Whitney test), respectively (Figure 4F). Again,
we observed a significant decrease in DUX4 expression (p value: 0.0001, Mann-Whitney
test). However, now, the decrease in DUX4 expression also correlated with decreased levels
in the amounts of the DUX4 targets KHDCIL (p value: 0.0342, Mann-Whitney test), and
ZSCAN4 (p value: 0.0039, Mann-Whitney test) (Figure 4F and online supplementary figure
S4F). This data indicates a more robust phenotypic rescue in edited myotube clones when
compared to the primary polyclonal myotube cultures (Figure 4C). Expression of myogenic
differentiation marker MYH3 (p value: 0.0008, Mann-Whitney test), but not MYOG (p value:
0.7877) was significantly higher in gRNA U/D3 edited cultures, which in combination with

> Figure 4: Genomic deletion of the pseudo-exon in SMCHD1 in myocytes of Rf1034 by CRISPR-Cas9-based
editing. A) Gel electrophoresis of genomic PCR on primary Rf1034.5 myoblasts treated with Cas9 and control gRNA
X50 (targeted against AAVS1) or treated with Cas9 and gRNAs U/D3, which cleave upstream and downstream of
the pseudo-exon, respectively. Gel electrophoresis image showing the wild-type PCR product, a PCR product with
a genomic deletion in intron 34 (edited PCR product), and a heteroduplex formed by hybridization of the wild-
type and edited PCR product. Samples from a biological replicate experiment are shown. B) Sanger sequencing
track of the PCR product with the deletion in intron 34 (including the deep intronic variant) after genomic editing.
The track shows that position chr18:2,760,070 is mainly repaired to chrl8:2,760,478 (upper line). The other
repaired products include position chr18:2,760,069 to chr18:2,760,478 (middle line) and position chr18:2,760,070
to chr18:2,760,477 (lower line). The vertical lines indicate the breakpoints. C) Expression of wild-type SMCHD1,
mutant SMCHD1 (i.e. pseudo-exon containing), MYOG, MYH3, DUX4 and DUX4 target gene KHDC1L by RT-gPCR in
Rf1034.5 myotubes treated with Cas9 and gRNA X50 or Cas9 and gRNAs U/D3. Two biological replicates are shown
as independent data points, each containing two technical replicate cultures. Expression was normalized to RPL13
and GUSB expression, horizontal bars indicate mean log transformed expression. D) Western blot for SMCHD1 and
Actin (top panels) and genomic analysis of intron 34 (bottom panel) of monoclonal Rf1034.5-iMB cultures, edited
in intron 34 with the U/D3 gRNA combination (Edit-A) or a representative set of SMCHD1-unedited patient clones
(X50). E) Quantification of SMCHD1 levels of the Western blot data presented in panel 4D, normalized to Actin.
Error bars: SD. F) RT-qPCR analysis of monoclonal SMCHD1-edited (N=10) or SMCHD1-unedited (N=25) Rf1034.5-
iMB myotube clones. Error bars: SEM. (*: P value <0.05, **: P value <0.01, ***: P value <0.001, ****: P value
<0.0001, NS: Not-Significant — Mann-Whitney Test)
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typical morphological changes (i.e. formation of aligned multinucleated myotubes) observed
in differentiating myotube cultures (representative examples online supplementary figure
S4G) suggests that restoration of SMCHD1 by genomic editing to physiological levels does
not negatively influence myogenic differentiation in vitro. Previously published work has
shown that DUX4 expression in FSHD patient-derived myogenic cultures correlates with
high expression of myogenic markers such as MYH3.(41) The negative correlation we
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observe here (i.e. higher MYH3 with lower DUX4 expression in SMCHD1-edited compared
to SMCHD1-unedited patient cells), strengthens our conclusion that restoration of SMCHD1
levels supresses expression of DUX4.

Loss of SMCHD1 in FSHD2 leads to decreased methylation levels of the DR1 region in
D4Z4.(43) We therefore analysed a set of four edited U/D3 clones and four SMCHD1-
unedited patient clones by bisulphite Sanger sequencing, and found no evidence that
increased SMCHD1 levels lead to increased CpG methylation at DR1 in these clones (online
supplementary figure S5).

Discussion

In this study, we identified two intronic SMCHD1 variants: one likely acting as a modifier of
disease severity in an FSHD1 family and another likely acting as a disease-causing variant in
an FSHD2 family.

In family Rf744, an intronic variant located 15 base pairs proximal to exon 14 creates a 3’
splice site. This variant results in the inclusion of the distal 14 nucleotides of intron 13 into
the transcript, which is predicted to disrupt the open reading frame to result in the presence
of a premature stop codon in exon 14. The intronic variant and the D4Z4 hypomethylation
status were also detected in the unaffected sister of the proband. She carries two non-
permissive alleles, which explains why she remained unaffected. The unaffected daughter of
the proband does not carry the variant and shows no D4Z4 hypomethylation.

In family Rf1034, no disease-causing variants were identified by exonic SMCHD1
variant analysis by Sanger sequencing or elsewhere in the exome using WES.(5) However,
in this study, a deep intronic variant was identified, which segregates with D474
hypomethylation. This SMCHD1 variant creates a 3’ splice site in intron 34 resulting in
exonisation of 53 nucleotides of intron 34. Inclusion of these 53 nucleotides in the transcript
is predicted to disrupt the open reading frame and to result in a premature stop codon in
exon 35. In family Rf1034, this SMCHD1 variant acts as a modifier of disease severity. The
proband and his two sisters all carry a permissive D4Z4 repeat of 7 units and the deep
intronic variant in SMCHD1, and are affected. The proband is more severely affected than
his sisters, indicating clinical variability, which is common in FSHD.(5) The mother (Rf1034.2)
carries the deep intronic variant in SMCHD1 and two permissive 4gA alleles of 44 and 74
units, while the median D4Z4 repeat size on chromosome 4 in controls is 23 units. The length
of the D4Z4 repeats in the mother is much longer than the median length of the shortest
permissive allele in FSHD2 patients, which is only 13 units.(44) Probably, the permissive
alleles of the mother contain too many repeat units to become severely de-repressed by
SMCHD1 loss associated with this SMCHD1 variant, explaining her FSHD2-free status. This
has also been shown in other FSHD2 families, in which SMCHD1 variant carriers are typically
only affected when they also carry a permissive D4Z4 repeat of 11-20 units.(5) The father
carries an FSHD1-sized allele of 7 units and is unaffected. However, pectus excavatum
was noticed in him, a condition often observed in FSHD.(39) Non-penetrance and mild
phenotypes are often seen in carriers FSHD1-sized alleles of 7-10 units.(45) Indeed, in 1-3%
of the control population D4Z4 repeats of 7-10 units on disease permissive chromosomes
are found, indicating the reduced penetrance of these alleles.(46, 47) Thus, in Rf1034 it
is likely that only the combination of a permissive D4Z4 repeat of 7 units with the deep
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intronic variant in SMCHD1 causes FSHD. This modifying role of SMCHD1 variants has been
described in multiple FSHD1 families with upper-sized FSHD1 D4Z4 repeats, which provides
an explanation for the clinical variability observed in these families.(6, 25, 26)

In order to restore the SMCHD1 open reading frame in primary myoblasts of
Rf1034, we aimed to remove the splice site created by the deep intronic variant by CRISPR-
Cas9-mediated genome editing. The simultaneous treatment with these gRNAs and Cas9
was expected to create a genomic deletion in intron 34 of 407 (+/- 1) base pairs on both
mutant and wild-type alleles. Since the deletion would be intronic, it was expected to
disrupt inclusion of the pseudo-exon without affecting wild-type splicing. This predicted lack
of consequences for the wild-type allele was supported by the experiments in Hela cells in
which we did not observe a loss of SMCHD1 protein after deletion of the target sequence in
intron 34.

We performed genome editing experiments using plasmid transfection, lentiviral vector
gRNA transduction combined with iTOP delivery of Cas9, or complete delivery of the gRNA-
Cas9 complex by iTOP. The iTOP transduction was previously shown to be an efficient
strategy to deliver proteins to a variety of primary cell types.(48) In this study, we show that
this strategy can also be applied in primary and immortalized myoblasts.

Expression analysis showed a significant increase in levels of wild-type SMCHD1
transcript upon CRISPR-Cas9-mediated pseudo-exon excision. In turn, this allowed us to
detect a consistent reduction of DUX4 expression in the edited primary and immortalized
myogenic cells. Several factors might have affected wild-type SMCHD1 levels including the
efficiency of the genome editing procedure at wild-type and variant alleles and dynamic
changes in SMCHD1 and DUX4 expression during muscle cell differentiation.(41) In Rf1034,
the mutation is likely to cause SMCHD1 haploinsufficiency, as supported by the sensitivity
of the mutant transcript to NMD, and the reduced binding of SMCHD1 to D4Z4 observed in
ChIP-gPCR experiments. Our results suggest that restoring wild-type SMCHD1 expression
levels to near-normal, bi-allelic levels is sufficient to effectively repress DUX4. Previously
we have shown that mild SMCHD1 overexpression by lentiviral transduction can also
repress DUX4 in FSHD primary muscle cell cultures.(41) Combined with this study, our data
suggest that therapeutic strategies aiming at SMCHD1 upregulation to normal or close-to-
normal levels in FSHD2 skeletal muscle cells results in efficient suppression of DUX4. This
suppression of DUX4 is not dependent on D4Z4 methylation as we did not observe an
increase in D4Z4 methylation in edited clones. This seems consistent with a recent report
showing that SMCHD1 is important for de novo methylation at the pluripotent stage, but
dispensable for methylation maintenance in somatic cells.(49)

The variants identified in this study affect splicing by introducing new 3’ splice sites
in SMCHD1 outside the consensus sequence. Previously, an intronic SMCHD1 variant with
a similar effect as the variant in Rf744 was identified in another FSHD2 patient.(5) In total,
we have identified >180 variants in SMCHD1, which affect gene function.(5, 22, 25, 29, 30,
37) This includes 3 intronic variants outside the splice consensus sequence that introduce a
3’ splice site, of which two cases are further described in the current work, and Rf1352 was
published previously.(22) This indicates that intronic variants in SMCHD1 that introduce a
new splice site are present in approximately 2% of the FSHD2 patient population. This type
of variants might explain FSHD phenotypes in patients in whom no variant has yet been
identified in the exonic regions of the SMCHD1 gene or its splice site consensus sequences.
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Since SMCHD1 is expressed in blood, RNA-seq or targeted SMCHD1 RNA analysis approaches
might be considered to identify these intronic variants, although care must be taken to avoid
false-negative results due to potential NMD of the mutant transcript.

In summary, this report expands the SMCHD1 mutation spectrum in FSHD2 by
characterizing two additional intronic variants in SMCHD1. Both variants lead to aberrant
splicing with the altered SMCHD1 transcripts leading to frameshifts generating premature
stop codons. Our study also highlights the importance of, whenever warranted, performing
additional variant screening in FSHD2 patients that are negative for exonic SMCHD1 variants.
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Supplementary information
Material and methods

Subjects

A French family (Rf744, Figure 1A) and an American family (Rf1034, Figure 1B) were studied
after informed consent and after the study protocol had been approved by the relevant
institutional review boards. Clinical assessment of disease severity was performed using the
11 point (0: unaffected — 10: wheelchair bound) standardized Clinical Severity Score (CSS).

(1)

DA4Z4 repeat sizing, haplotype analysis and methylation analysis

For genotyping, high molecular-weight genomic DNA was isolated from peripheral blood
mononuclear cells (PBMCs). The sizing of the D4Z4 repeats on chromosomes 4 and 10
was done by pulsed-field gel electrophoresis (PFGE) as described previously.(2) Haplotype
analysis was done by hybridization of PFGE blots with probes specific for the 4gA and 4qB
haplotype in combination with PCR-based SSLP analysis according to previously described
protocols.(2, 3) D424 methylation analysis in genomic DNA derived from peripheral blood
mononuclear cells was assessed using the Fsel restriction site located in the most proximal
unit of the D4Z4 arrays on chromosomes 4 and 10 as previously published.(4, 5) The Deltal
value, representing repeat size-corrected D4Z4 methylation, was calculated as described
in Lemmers et al. 2014. In immortalized myoblast clones, DNA methylation analysis was
performed by bisulfite sequencing of the DR1 region in D4Z4 as previously described.(6)
After PCR amplification, PCR products were cloned into the pCR™4-TOPO vector (Invitrogen,
Life Technologies). From each culture, a minimum of 10 independent clones were sequenced
by Sanger sequencing. CpG methylation analysis was performed using BiQ Analyzer (V2.02).

(7)

Genomic SMCHD1 variant analysis

To identify possible SMCHD1 variants in the index cases, the sequences of all coding exons
and splice regions were analysed after PCR amplification. The previously published SMCHD1
intron-specific primers target a sequence positioned at least 50 nucleotides from the splice
donor or acceptor sites.(8) For Rf1034 a PCR was performed in intron 34 to identify a deep
intronic variant using primers intron_34fwd (5’-TTGAAATACAAAACTGTCGCTTAGA-3’) and
intron_34rev (5'-AGGGGGAAGGAATTCAAAGA-3’). The PCR mixture (30 ul/reaction) was
composed of 0.5 units DreamTaq DNA polymerase (5U/ul Thermo Fisher Scientific), 1x
DreamTaq buffer (Thermo Fisher Scientific), 3 pl of dNTPs (2mM of each nucleotide) and 25
pmol of each primer. The following PCR protocol was followed: denaturation for 5 min at
95°C, followed by 35 cycles of: 95°C for 30 sec, 60°C for 30 sec, 72°C for 45 sec, with a final
elongation step of 10 min at 72°C. The PCR products were analysed by Sanger sequencing.

The SMCHD1 genomic sequence was obtained from Ensembl human assembly
GRCh37 [GRCh37:18:2655286:2805615] (Genomic Refseq: NG_031972.1, Transcript Refseq:
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NM_015295.2), exons were numbered like in NG_031972.1. The functional consequences of
SMICHD1 variants were predicted using Alamut Visual version 2.6 (Interactive Biosoftware,
Rouen, France). Information about all variants mentioned in this manuscript are publicly
available at http://www.lovd.nl/SMCHD1.

Blood RNA analysis

RNA was isolated from PAXgene Blood RNA Tubes using the PAXgene Blood RNA Kit
(PreAnalytiX, a Qiagen/BD company). cDNA was synthesized with 800 ng to 2000 ng of RNA
using random hexamer primers and the RevertAid First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific) according to the manufacturer’s recommendations. A reverse transcription
polymerase chain reaction (RT-PCR) screen on SMCHD1 mRNA was performed with partially
overlapping primer sets to identify potential mRNA changes. Additional RT-PCR for SMCHD1
exon 32 to 35, exon 32 to 36 and exon 30 to 37 were performed using primers 4098F/4406R,
3233F/Ex36R and 4062F/Ex37R, respectively (online supplementary table S2). RT-PCRs were
performed in 30 ul reactions using 0.5 units DreamTag DNA polymerase (5U/ul Thermo
Fisher Scientific), 1x DreamTaq buffer (Thermo Fisher Scientific), 3 pul of dNTPs (2mM of each
nucleotide) and 25 pmol of each primer. The RT-PCR protocol was as follows: 95°C for 5 min,
35 cycles of: 95°C for 30 sec, 60°C for 30 sec, 72°C for 30 sec, then 72°C for 10 min. RT-PCR
products were separated by size on 2% agarose gels after which PCR products were purified
from gel (NucleoSpin® Gel and PCR Clean-up, Machery Nagel). Purified PCR products were
cloned into a pCR™4-TOPO vector and transformed in DH5a heat-shock competent cells
(Subcloning Efficiency DH5a Competent Cells, Invitrogen, Life Technologies). The inserts of
multiple clones were analysed by Sanger sequencing.

Cell culture

The human primary myoblasts from Rf1034.5 originated from the University of Rochester bio
repository (http://www.urmc.rochester.edu/fields-center/). Muscle samples were obtained
after subjects consent under a protocol approved by the institutional review board at the
University of Rochester (Rochester, USA). The biopsy for patient Rf1034.5 was taken from
the vastus lateralis (quadriceps) muscle, and had a pathologic score of 2 (on a 0-12 scale).
(9) Myoblasts were cultured in F-10 Nut Mix (1x) + GlutaMax™-I (Gibco by Life Technologies,
Bleiswijk, The Netherlands) supplemented with 20% heat-inactivated fetal bovine serum
(FBS, Gibco by Life Technologies), 1% penicillin/streptomycin (Gibco by Life Technologies),
10 ng/ml rhFGF (Promega, Leiden, The Netherlands) and 1 mM dexamethasone (Sigma-
Aldrich, Zwijndrecht, The Netherlands). Myoblast fusion was induced by exposing cultures
at approximately 80% confluency to DMEM (1x) + GlutaMax™-lI media (Gibco by Life
Technologies) supplemented with 2% KnockOut serum replacement formulation (Gibco by
Life Technologies) for 48 h.

Hela cells were a kind gift of Prof. A.C. Vertegaal (Leiden University Medical Center,
Department of Chemical and Cell Biology) and were maintained in high glucose DMEM
Glutamax supplemented with 10% heat inactivated FBS and 1% penicillin/streptomycin. The
identity of the Hela cell line was verified by in-house STR genotyping.
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Rf1034.5 primary myoblasts were immortalized by retroviral transduction with viral particles
encoding hTERT-Hygromycin and CDK4-Neomycin.(10) Cells were selected and maintained
in media containing 400ug/ml G418 (Thermo Fischer Scientific) and 200ug/ml hygromycin
B (Thermo Fischer Scientific).

Genome editing

Two plasmids expressing gRNAs targeting SMCHD1 intron 34, D3 and U3 (collectively
called U/D3 from hereon) (online supplementary table S3), were assembled by cloning
the annealed oligonucleotide pairs D3+/D3- and U3+/U3 into the Bvel-digested lentiviral
vector constructs AO58_pLKO.1-Blast::EGFP.U6.Bvel-stuffer and AA19_ pLKO1.puro.
U6.sgRNA.Bvel-stuffer.(11) respectively. Specificity of designed guides was checked by use
of the Cas-OFFinder algorithm (online supplementary table S4).(12) The gRNA sequences
in U/D3 were confirmed by Sanger sequencing. A previously described lentiviral vector
construct (X50, online supplementary table S3) encoding a gRNA targeting the human
AAVS1 locus was taken as a control.(11) Lentiviral particles encoding the different gRNAs
were produced by transient transfection of HEK293T cells. In brief, transfection mixtures
consisting of 7.5 ug pCMV-VSVG, 11.4 pg pMDLg-RRE (gag/pol), 5.4 ug pRSV-REV and 13.7
ug of each of the gRNA-expressing lentiviral plasmid were diluted in 1 ml 150 mM NaCl and
were mixed with 114 pg PEI diluted in 1 ml 150 mM NaCl. After 10 minutes incubation at
room temperature, the transfection mixtures were added to a T175 flask containing 70%
confluent HEK293T cells (in 20 ml medium). One day after transfection, the medium was
refreshed. The lentiviral vector particles were harvested 48 and 72 hours after transfection
by collecting producer-cell supernatants. The supernatants were centrifuged (700 xg, 10
min) and subsequently filtered through a 0.45um filter (Acrodisc Syringe filter, HT Tuffryn
membrane, Pall Corporation). Lentiviral vector titers were determined with a p24 Antigen
ELISA (ZeptoMetrixCorporation). Next, the human primary myoblasts of Rf1034.5 were
seeded at a density of 300,000 cells in a 3.5 cm? dish. Five hours after seeding the myoblasts
were transduced with gRNA-expressing lentiviral vectors D3 and U3 or control gRNA-
expressing lentiviral vector X50 for 3 days at a vector particle dose of 45 ng p24 per 3.5 cm?
dish (Greiner Bio-One). After 3 days incubation at 37°C the inocula were removed and cells
transduced with the lentiviral vectors encoding for gRNA D3 and U3 were kept in growth
medium supplemented with blasticidin (20 pg/ml) and puromycin (0.75 pug/ml) for 10 days.
The parallel myoblast cultures transduced with lentivirus encoding for gRNA X50 were only
exposed to blasticidin (20 pug/ml) for 10 days.

TheCas9proteinwasdeliveredusinginducedtransductionbyosmocytosisandpropanebetaine
(iTOP).(13) For iTOP treatment Rf1034.5 myoblasts, containing the aforementioned gRNAs,
were seeded at a density of 20,000 cells per well of a 96 well plate coated with collagen.
Six hours after seeding 50 pl transduction mix, containing 25 pl 2x CRISPR supplement
(online supplementary table S4, previously described in extended experimental procedures
in D’Astolfo et al. 2015), 10 pl recombinant Cas9 protein (75 uM) (Utrecht University Gene
Editing Facility), 50 ng of a gRNA (target sequence: GAAGTTGACTTACTGAAGAA) targeting
the B2 microglobulin (B2M) gene coding for a component of MHC class | molecules was
added to each well, and incubated for 40 min at 37°C. The gRNA targeting B2M was added
to achieve selection of targeted myoblasts by FACS sorting for B2M negative cells. Five days
after iTOP treatment the cells were prepared for FACS sorting for B2M negative cells (ARIA,
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BD Biosciences). Myoblasts were trypsinized and resuspended in medium, washed with
FACS buffer (2% FBS, 0.1% NaN3, 5 mM EDTA in 1x PBS) and incubated for 20 min at 4°C with
25 wl of primary antibody anti-human HLA ABC (MHC1)-FITC (#311404, Biolegend) diluted
1:150 in FACS buffer. Next, Rf1034.5 myoblasts were washed with FACS buffer without NaN3
(2% FBS, 5 mM EDTA in 1x PBS) and incubated for 20 min at 4°C with 200 ul of secondary
antibody sheep anti-mouse Atto647N (Cy5 labeled) (Atto-Tec) diluted 1:2500 in FACS buffer
without NaN3. Rf1034.5 myoblasts were washed twice with FACS buffer without NaN3 and
pipetted through a cell strainer before FACS sorting. Since the myoblasts are eGFP* due to the
integration of the gRNA-expressing lentiviral vector, stained cells were FACS sorted for the
cells negative for Cy5 (indicating negative for B2M) and positive for eGFP in a 48 well plate.
Fourteen days after iTOP treatment, Rf1034.5 myoblasts were harvested for (genomic) DNA
extraction and seeded for fusion (differentiation) in wells of a 6 well plate (Greiner Bio-One).
Three days after this seeding (17 days after iTOP treatment), the Rf1034.5 myoblasts were
exposed to fusion medium. After an additional two days of incubation (19 days after iTOP
treatment) differentiated myocytes were harvested in Qiazol (Qiagen) for RNA extraction.

For genomic DNA extraction, cells were trypsinized, resuspended in medium and centrifuged
at 220xg for 5 min. The cell pellets were resuspended in 1 ml of nucleus lysis buffer (10
mM Tris-HCI (pH 8.2), 2 mM EDTA, 0.4 M NaCl) supplemented with 50 pl 20% SDS and
33.3 ul pronase (20 mg/mlin 10 mM NaCl/10 mM Tris-HCI (pH7.5)), and were subsequently
incubated at 37°C for 2 days. The proteins were precipitated by adding 400 pl of 5M NaCl
and subsequent centrifugation. The genomic DNA was precipitated from the supernatant
by adding 800 pl of isopropanol and, after centrifugation, was washed with 70% EtOH. The
recovered genomic DNA was suspended in 50 pl TE and the DNA was used to assess targeted
deletionsinintron 34 using primers SMCHD1_ex35-633fwd (5’-CTGCATTGAGCCGGTATTTT-3’)
and SMCHD1 c.4406rev (5’-TCCATCATAAAACCAAACTGGA-3’). PCRs were performed in 30 pl
reactions using 0.5 units DreamTag DNA polymerase (5U/ul Thermo Fisher Scientific), 1x
DreamTaq buffer (Thermo Fisher Scientific), 3 pl of dNTPs (2mM of each nucleotide) and
25 pmol of each primer. The following PCR protocol was followed: denaturation for 5 min
at 95°C, followed by 35 cycles of: 95°C for 30 sec, 60°C for 30 sec, 72°C for 45 sec, with a
final elongation step of 10 min at 72°C. PCR products were analysed on a 2% agarose gel
containing 0.001% Ethidium Bromide.(14, 15)

Single cell gene editing of immortalized Rf1034.5 myoblasts (Rf1034.5-iMB) was performed
as described above for primary cell pools, except for the following modifications. The
guide RNA (gRNA) oligos (U3, D3, X50 and B2M) were sub-cloned into the PX458 plasmid
(Addgene #48138, Teddington, UK).(16) The generated plasmids were used as template in
PCR reactions with primers containing a T7 RNA polymerase promoter sequence (online
supplementary table S3). The purified PCR products were subsequently used to generate
in vitro transcribed gRNA using T7 RNA polymerase. The transcribed gRNAs were purified
using the MEGAclear Transcription Clean-Up kit (Ambion) according to the manufacturer’s
instructions. Per condition, two wells of a 96 well plate of iMB-Rf1034.5 were transduced
using iTOP as described earlier (25ul CRISPR supplement, 10ul Cas9 protein, 10ul gRNA
(10pg total gRNA) and 5ul H,0), and were allowed to recover before single cell seeding using
an Arialll flowcytometer (100uM nozzle, 20psi) (BD-Bioscience). For detection of genome
editing outcomes, genomic DNA from single cell derived colonies was extracted with 50ul
Single Worm Lysis Buffer (SWLB) (50 mM KCI, 10 mM Tris-HCI pH 8.3, 2.5 mM MgCl,, 0.45%
NP40, 0.45% Tween-20 and 0.01% gelatin), supplemented with 0.1mg/ml proteinase K).
The lysates were digested overnight at 55°C and were heat inactivated for 10 minutes at
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95°C.(17) Next, isolated genomic DNA was subjected to PCR using primers ex35-633fwd and
c.4406rev as described earlier. Unedited and heterozygously edited clones were genotyped
by Sanger sequencing of the PCR product to identify the edited allele. Parallel cell cultures
were subsequently expanded to allow differentiation of myoblasts and harvesting of DNA,
RNA and protein from myotubes.

For gene editing of Hela cells, plasmids containing wild-type sp.Cas9 PX458(16) and the
gRNAs targeting the positions described earlier as U/D3 or X50 were used. Cells were
transfected using Polyethylenimine (PEl) (1Img/ml, pH7.4 — Ratio: 3ul PEl / 1ug DNA)
(Polysciences), and 72 hours post-transfection, GFP positive cells were single cell sorted
using an Arialll flowcytometer (BD-Bioscience). Single cells capable of forming a colony were
transferred to two 96-well plates. One plate of cells was lysed in SWLB and analyzed by PCR.
Clones showing a pattern of heterozygous or homozygous editing were cultured further on
the duplicate plate until sufficient material was available for protein analysis and secondary
verification of genotype by PCR and Sanger sequencing.

Expression analysis

RNA was isolated using the Direct-zol RNA miniprep kit (Zymo Research), according to the
manufacturer’s instructions, including the DNase | treatment. cDNA synthesis and qPCR
analysis were performed as described earlier(18) qPCR and RT-PCR primers are listed in
(online supplementary tables S2 and S6). GUSB and RPL13 transcripts were used as internal
controls for every individual sample. Statistical analysis was performed using Graphpad
Prism Version 8.

Inhibition of NMD

Primary myoblasts from patient Rf1034.5 were seeded in 6 wells plates, and were
differentiated into myotubes for 48 hours upon reaching confluency. After 42 hours of
fusion, Cycloheximide (Sigma-Aldrich, C4859-1ML) was added to cells as indicated for
6 hours. RNA was harvested and transcripts were measured using RT-qPCR as described.
SRSF2, a transcript known to produce isoforms targeted by NMD was used a positive control
for treatment (19, 20). Normalization was performed on RPL13 only, as GUSB responds
positively to CHX treatment.

Protein analysis

Levels of cellular SMCHD1 protein were analysed by Western blotting. Cells grown in 6 well
plates were lysed in Laemmli lysis buffer (2% SDS, 10% glycerol, 60 mM Tris pH6.8) and
boiled for 10 minutes at 95°C, after which total protein concentration was determined by
BCA protein quantification kit (Thermo Fischer Scientific). Equal amounts of protein were
supplemented with B-mercaptoethanol and bromophenol blue (end concentration 2%
and 0.01%, respectively), boiled for 10 minutes at 95°C and loaded on Criterion TGX 4-20%
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protein gels (Bio-Rad). After electrophoresis, gels were transferred to Immobilon-FL (Merck-
Millipore) PVDF membranes, which were afterwards blocked in Odyssey blocking buffer
(Li-Cor). Blocked membranes were subsequently probed with Rabbit-a-SMCHD1 (Abcam
176731) (1:1000), Mouse-a-Tubulin (Sigma-Aldrich T6199) (1:5000) or Goat-a-Actin (Santa-
Cruz SC-1616) (1:500) in Takara Immunobooster (Takara)(SMCHD1) or 4% Skim milk (Sigma-
Aldrich)(Tubulin and Actin). For secondary antibodies, Donkey-a-Rabbit800CW, Donkey-a-
Mouse680RD and Donkey-a-Goat800CW IRDyes (Li-Cor) were used. Immunocomplexes were
visualized and quantified using an Odyssey Classic Infrared scanner and the accompanying
software package (V3.0) (Li-Cor). Statistical analysis was performed using Graphpad Prism
Version 8.

Chromatin immunoprecipitation

Chromatin immunoprecipitation qPCR (ChIP-gPCR) for SMCHD1 was performed as
described previously.(4, 18) 30 ug sheared crosslinked chromatin was used per ChlP, using
5ug SMCHD1 antibody (Abcam ab31865) or 5ug control rabbit 1IgG (Abcam ab37415). ChIP-

gPCR primers used are listed in supp. Table S6.
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Supplementary figure S1: Identification of the SMCHD1 intronic variant in Rf744. A) Sanger sequence track from
Rf744 showing the intronic variant in SMCHD1 at position ¢.1843-15 in Rf744.1 and Rf744.4, highlighted with a
red rectangle. * indicates common SNP rs8090988 (T/A, ancestral T, minor allele frequency 0.33 (A)) B) Sanger
sequence track of a TOPO clone corresponding to a RT-PCR product containing the SMCHD1 sequence from c.1843-
14 to c.1843-1.
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Supplementary figure S3: Genomic editing of SMCHD1 intron 34 in Hela cells. Hela cells transfected with plasmids
encoding sp.Cas9 and gRNA X50 or gRNA combination U/D3 were grown as monoclonal cultures and genotyped
for editing on intron 34 by PCR (bottom panel). Unedited (N=5), heterozygous edited (N=5) and homozygous edited
(N=6) clones were analysed by western blot for SMCHD1 and the housekeeping protein Tubulin (top panels). No
Loss of SMCHD1 upon editing of SMCHD1 intron 34 was observed.
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<«Supplementary figure S4: Additional validation and measurements of Rf1034.5 cells edited by CRISPR-Cas9. A)
RT-PCR analysis of SMCHD1 transcripts spanning exon 32 through 36 in Rf1034.5 polyclonal myoblasts treated with
Cas9 and control gRNA X50 (targeted against AAVS1) or treated with Cas9 and gRNAs U/D3, which cut upstream
and downstream of the pseudo-exon, respectively. Image acquired after agarose gel electrophoresis shows the
wild-type RT-PCR product and the altered RT-PCR product including the pseudo exon. B) RT-PCR analysis of SMCHD1
transcripts spanning exon 30 through 37 in Rf1034.5 myoblasts treated with Cas9 and control gRNA X50 or treated
with Cas9 and gRNAs U/D3. Image acquired after agarose gel electrophoresis shows the wild-type RT-PCR product
and the RT-PCR product including the pseudo exon. C) RT-PCR analysis performed as in the experiments presented
in Fig. S4A, for a representative sample of monoclonal Rf1034.5-iMB cultures used in Fig. 4., either edited or
unedited on SMCHD1 intron 34. D) RT-PCR analysis performed as in the experiments presented in Fig. S4B, for a
representative sample of monoclonal Rf1034.5-iMB cultures used in Fig. 4., either edited or unedited on SMCHD1
intron 34. E) Gene expression analysis on the polyclonal edited primary Rf1034.5 myoblasts. Depicted are DUX4,
which could originate from the long or short 4A161 allele (DUAL) (22), and DUX4 target ZSCAN4. F) Gene expression
analysis on the monoclonal cultures of SMCHD1-edited and SMCHD1-unedit Rf1034.5-iMB myoblasts. As in S4E,
DUX4_DUAL and DUX4 target ZSCAN4 are shown. G) Representative images (100x magnification, scale bar 50 um)
of proliferating myoblasts cultures and differentiated myotubes. The left two panels depict the same location of
clone 10.24 before (left) and after differentiation (middle), arrowheads depict a few examples of multinucleated
myotubes. Error bars: SEM. (*: P value <0.05, **: P value <0.01, ***: P value <0.001, ****: P value <0.0001, NS:
Not-Significant — Mann-Whitney Test)
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Supplementary figure S5: Bisulphite sequencing of the DR1 region in the D424 sequence in SMCHD1-unedited
Rf1034.5-iMB clones and Rf1034.5-iMB clones edited on the mutant SMCHD1 allele. More than 10 independent
clones were sequenced to assess changes in CpG methylation. No changes were observed when comparing two
groups of four clones. (NS: Not-Significant — Mann-Whitney Test)
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Supplementary table S1
Splice site predictions in SMCHD1 using Alamut Visual, version 2.6. The different prediction
methods output range is indicated between brackets, a higher score indicates a higher

chance of splicing aberrations.

Alamut Visual version 2.6: 3’splice site 5’splice site 3’ splice site

Prediction method (output) c.4347-236A>G c.4347-183 c.1843-15A>G
(Rf1034) (Rf1034) (Rf744)
Variant Cryptic site naturally | Variant

present

SpliceSiteFinder-like (0-100) 87.4 94.7 89.9

MaxEntScan (0-16) 8.9 10.8 7.4

NNSPLICE (0-1) 0.9 1 1

GeneSplicer (0-15) 5.7 0.54 5.1

Human Splicing Finder (0-100) 89.4 97.7 86.1

Supplementary table S2
RT-PCR primers used in this study.

Primer name Sequence (5’ 2> 3’)

SMCHD1 Ex12_1671F TCCTAAGAAGAGAGGGCTTGC
SMCHD1 Ex16_2105R TCATCTCCTTCAGGCCAAGT
SMCHD1 Ex14_2106R TTTATGGCGATCATGATGGA
SMCHD1 4098F AAAACCCGTTCGTCTCAATG
SMCHD1 4406R TCCATCATAAAACCAAACTGGA
SMCHD1 ex3233F GGGGTCTTTTCACTGATTTTATGA
SMCHD1-ex36R TACTGGCAACTGAGCGAACA
SMCHD1-4062F TCCAGCACCGGTACAACAT
SMCHD1-ex37R TTCACGAAGGGGAATTCAAG
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Supplementary table S3
Oligonucleotides used for gRNA assembly and corresponding target sites.

Oligonu- Target site sequence
cleotide Oligonucleotide sequence (5’ . .
gRNA >3) (5" > 3'), PAM under- Target site region
code lined
D3+ | ACCGTGTACAGGTAAGAGGAACCT | TGTACAGGTAAGAG- SMCHD1,10 nt down-
D3 ¢ oseud
D3- | AAACAGGTTCCTCTTACCTGTACA GAACCTGGG stream of pseudo exon
upa  UP3 [ ACCGATGTGGCTCATGATCCCTA GATGTGGCTCATGATC- | SMCHD1, 345 nt upstream
UP3+ | AAACTAGGGATCATGAGCCACAT CCTAGGG of pseudo exon
v50 #97 | ACCGGGGCCACTAGGGACAGGAT | GGGGCCACTAGGGACAG- VST
#98 | AAACATCCTGTCCCTAGTGGCCC GATIGG
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Supplementary table S4

Analysis output of the Cas-OFFinder algorithm for potential off-target effects of the guides

targeting SMCHD1 intron 34.

sgUP3(U3) Chr. Position DNA sequence target Type Mismatches
GATGTGGCTCATGATC- GATGTGGCTCATGATC- .

CCTANNN chrl8 2760065 CCTAGGG Intronic 0 (target)

0 potential off-targets with

1 mismatch

0 potential off-target with 2

mismatches

4 potential off-targets with

3 mismatches:

GATGTOCCTCATGATC- chrl 162238011 g:\CTSgEGGGGCTCATGAT' Intronic 3
GATGTGGCTCATGATC- GAaGTGGCTCtTGtTC- .

CCTANNN chrl0 23720874 CCTAAGG Intergenic 3
GATGTGGCTCATGATC- GATGTGGCTCtaGATC- .

CCTANNN chr10 71823286 CCaAAGG Intronic 3
GATGTGGCTCATGATC- GATGTGGCaCAgGATC- .

CCTANNN chro 81934773 CCTETGG Intergenic 3
sgDOWN3(D3)

TGTACAGGTAAGAG- TGTACAGGTAAGAG- .

GAACCTNNN chr18 2760462 GAACCTGGG Intronic 0 (target)

0 potential off-targets with

1 mismatch

1 potential off-target with 2

mismatches

8 potential off-targets with

3 mismatches:

TGTACAGGTAAGAG- TGTACAGGaAAGAG- .

GAACCTNNN chrl8 66205833 GAAaCTAGG Intergenic 2
TGTACAGGTAAGAG- aGTACAGGgAAGEG- .

GAACCTNNN chr8 125318821 GAACCTAGG lincRNA 3
TGTACAGGTAAGAG- TGgAaAGGTA- .

GAACCTNNN chr3 73018612 5GA3GAACCTAGG Intronic 3
TGTACAGGTAAGAG- TGTACAGGTAAGAG- . .

GAACCTNNN chr7 26476072 GAtCtcAGG intronic 3
TGTACAGGTAAGAG- TGTAaAGGgAAGAG- . .

GAACCTNNN chr7 97270799 CAACCTTGG intergenic 3
TGTACAGGTAAGAG- TGTACtGGTcAGAG- . .

GAACCTNNN chrl 241503116 GAALCTGGG intronic 3
TGTACAGGTAAGAG- TGTACAGGaAAGAGG- . .

GAACCTNNN chrl7 29092518 gAgCTCGG intronic 3
TGTACAGGTAAGAG- gGTcCAGGTAAGAG- . .

GAACCTNNN chré 132512990 GACCCTGGG intergenic 3
e haa IAGAG- chr14 22326132 [GIAACOBAAGIG: intronic 3
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<
Supplementary table S5
Composition of 25 ml 2x CRISPR supplement
GABA 1.04 gram
5M NacCl 3.25ml
100x Glutamine 375 ul
100x non-essential amino acids 375 ul
100x N2 supplement 375 ul
50x B27 supplement 750 pl
Optimem Up to 25 ml
50 mg/ml EGF 2 ul/ml of above buffer
100 mg/ml bFGF 2 ul/ml of above buffer

Supplementary table S6
gPCR primers used in this study.

Target Forward primer sequence (5’ = 3’) | Reverse primer sequence (5’ = 3’)
cDNA-GUSB CCGAGTGAAGATCCCCTTTTTA CTCATTTGGAATTTTGCCGATT
cDNA-RPL13 AACCTCCTCCTTTTCCAAGC GCAGTACCTGTTTAGCCACGA
cDNA-MYOG GCCAGACTATCCCCTTCCTC GGGGATGCCCTCTCCTCTAA
cDNA-MYH3 CCTGCTGGAGGTGAAGTCTC GATTGCAGGATCTGGTGGAT
cDNA-DUX4 TCCAGGAGATGTAACTCTAATCCA CCCAGGTACCAGCAGACC

cDNA-DUX4 dual CTTCCGTGAAATTCTGGCTGAATG TTTTTTTTTTTTTTTTTCTATAGGATCCACAGG
cDNA-KHDC1L TGAATCAGGTGGGAGCACAG CAATGCAGCGAAGGTACGTG
cDNA-SMCHD1 wild | GGGGTCTTTTCACTGATTTTATGA CTTTATTAGGAATTACTTTATCCCTGAAAT
type

cDNA-SMCHD1 GGGGTCTTTTCACTGATTTTATGA TCCAGAATAAACGTGCTGGAT

mutant

cDNA-ZSCAN4 TGGAAATCAAGTGGCAAAAA CTGCATGTGGACGTGGAC

SRSF2 F1R1 GTGTCCAAGAGGGAATCCAA AGGAGACCGCAGCATTTTCT

(Intron Inclusion)

SRSF2 F2R2 GTGTCCAAGAGGGAATCCAA TGCTTGCCGATACATCATTT

(Intron Exclusion)

cDNA-SMCHD1 CGACAGATTGTCCAGTTCCTC CCAATGGCCTCTTCTCTCTG

ex47-48

ChIP-DUX4-Q CCGCGTCCGTCCGTGAAA TCCGTCGCCGTCCTCGTC
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