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Abstract

Facioscapulohumeral dystrophy (FSHD) is one of the most prevalent muscular dystrophies. The
majority of FSHD cases are linked to a decreased copy number of D4Z4 macrosatellite repeats on
chromosome 4q (FSHD1). Less than 5% of FSHD cases have no repeat contraction (FSHD2),
most of which are associated with mutations of SMCHD1. FSHD is associated with the
transcriptional derepression of DUX4 encoded within the D4Z4 repeat, and SMCHD1 contributes
to its regulation. We previously found that the loss of heterochromatin mark (i.e., histone H3
lysine 9 trimethylation (H3K9me3)) at D4Z4 is a hallmark of both FSHD1 and FSHD2. However,
whether this loss contributes to DUX4 expression was unknown. Furthermore, additional D474
homologs exist on multiple chromosomes, but they are largely uncharacterized and their
relationship to 4q/10q D4Z4 was undetermined. We found that the suppression of H3K9me3
results in displacement of SMCHD1 at D4Z4 and increases DUX4 expression in myoblasts. The
DUX4 open reading frame (ORF) is disrupted in D4Z4 homologs and their heterochromatin is
unchanged in FSHD. The results indicate the significance of D4Z4 heterochromatin in DUX4 gene
regulation and reveal the genetic and epigenetic distinction between 4¢q/10q D4Z4 and the
non-4q/10q homologs, highlighting the special role of the 49/10q D4Z4 chromatin and the DUX4
ORF in FSHD.
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Introduction

Facioscapulohumeral dystrophy (FSHD) is an autosomal dominant muscular dystrophy
characterized by progressive wasting of facial, shoulder, and upper arm musculature [van
der Maarel and Frants, 2005]. The majority of FSHD cases (>95%) are caused by
monoallelic partial deletion of D4Z4 repeat sequences at the subtelomeric region of
chromosome (chr) 4q (4qter D4Z4) (FSHD1; MIM# 158900) [van der Maarel and Frants,
2005; van der Maarel et al., 2011]. D4Z4 is a 3.3 kb macrosatellite repeat that contains an
open reading frame (ORF) for the double-homeobox transcription factor DUX4 retrogene
(MIM# 606009) [Gabriéls et al., 1999; Snider et al., 2010; Geng et al., 2012]. There are only
1-10 D4Z4 repeats in the contracted allele in FSHD1, in contrast to 11-150 copies in the
intact allele. In the more rare form of FSHD (<5% of cases), there is no D4Z4 repeat
contraction (FSHD2) [van Overveld et al., 2003; de Greef et al., 2010]. A recent study found
that the SMCHD1 gene (MIM# 614982) is mutated in >80% of FSHD2 cases (MIM#
158901) [Lemmers et al., 2012].

FSHD occurs only in individuals with a 4gA haplotype with specific single-nucleotide
polymorphisms in the chromosomal region distal to the last D4Z4 repeat (creating a
noncanonical polyadenylation signal for the DUX4 transcript) [Lemmers et al., 2002, 2004,
2007, 2010a] with some exceptions [Scionti et al., 2012]. While multiple transcripts
encoding different parts of the DUX4 protein have been identified [Snider et al., 2009],
expression of the full-length DUX4 transcript (DUXA4fl) is most closely associated with
FSHD [Lemmers et al., 2010a; Snider et al., 2010]. Overexpression of DUX4fl caused
differentiation defects in human myoblasts and mouse C2C12 muscle cells, and FSHD-like
phenotypes in zebrafish [Bosnakovski et al., 2008; VVanderplanck et al., 2011; Mitsuhashi et
al., 2013]. Furthermore, though the DUX4fl expression can occasionally be observed in
unaffected individuals at very low levels (suggesting the presence of additional disease
modifier genes), activation of a subset of the DUX4f target genes has been observed in
patient cells in multiple studies, supporting the significance of DUX4fl in FSHD [Geng et
al., 2012; Jones et al., 2012; Rahimov et al., 2012; Broucgsault et al., 2013; Ferreboeuf et
al., 2014].

The chromatin environment plays a significant role in gene regulation in normal
development and disease [Feinberg, 2007]. Epigenetic alteration of D4Z4 chromatin was
found to be a common link between FSHD1 and FSHD2 [van Overveld et al., 2003; Zeng et
al., 2009]. D4Z4 repeats contain transcriptionally repressive heterochromatin harboring
DNA hypermethylation and histone H3 lysine 9 trimethylation (H3K9me3) together with
H3K27me3 [van Overveld et al., 2003; Zeng et al., 2009]. Using chromatin
immunoprecipitation (ChlP) analysis, we found a specific loss of H3K9me3 at the D474
repeat sequences in both FSHD1 and FSHD?2 patient proliferating cell cultures [Zeng et al.,
2009]. Importantly, this change is highly specific for FSHD; no significant change of
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H3K9me3 was observed in other muscular dystrophies, some of which share similar clinical
phenotypes [Zeng et al., 2009]. This change is seen not only in affected muscle cells, but
also in patient fibroblasts from skin biopsies and lymphoblasts from blood samples [Zeng et
al., 2009]. This indicates that the loss of H3K9me3 is not an epiphenomenon of dystrophic
muscle. Although D4Z4 DNA was also shown to be hypomethylated in FSHD, we showed
that the H3K9me3 loss is not a downstream consequence of DNA hypomethylation since
H3K9me3 is intact in the phenotypically unrelated immunodeficiency-centromeric
instability-facial anomalies syndrome, in which D4Z4 is severely DNA hypomethylated
[Zeng et al., 2009] due to mutations in the DNA methyltransferase 3B (DNMT3B) gene
[Hansen et al., 1999; Xu et al., 1999]. Nevertheless, the loss of DNA methylation and
H3K9me3 indicates the perturbation of heterochromatin structure at D474 in FSHD,
strongly suggesting that FSHD is an epigenetic abnormality disease associated with the
impairment of heterochromatin at D4Z4. We also found that the heterochromatin-binding
protein HP1y and the higher order chromatin organizer cohesin are corecruited to D474 in
an H3K9me3-dependent and cell type specific manner, and are lost in FSHD as a
consequence of the loss of H3K9me3 [Zeng et al., 2009]. FSHD-specific loss of
heterochromatin in this region is thought to contribute to the derepression of DUX4
[Lemmers et al., 2010a; Snider et al., 2010; Geng et al., 2012]. However, this hypothesis has
not been explicitly tested.

Our previous study indicated that loss of H3K9me3 occurs not only at 4q D4Z4, but also at
10g D4Z4 in FSHD1 and FSHD2 [Zeng et al., 2009]. DNA hypomethylation was observed
at both 4q and 10qg D4Z4 in FSHD2, though it appears to be restricted to the contracted 4q
allele in FSHD1 [van Overveld et al., 2003; de Greef et al., 2007, 2009]. The extent of
heterochromatin change in other regions of the FSHD genome has not been determined.
There are additional D4Z4-like sequences present in several other chromosomes [Hewitt et
al., 1994; Winokur et al., 1994; Lyle et al., 1995; Tam et al., 2004]. These D424 homologs
are largely uncharacterized, and it is unknown whether they also encode functional DUX4
genes and undergo similar chromatin changes as do 4q and 10q D4Z4. Understanding the
extent of genetic and epigenetic similarity or difference of these homologs is essential to
elucidate the disease mechanism, particularly in FSHDZ2, in which heterochromatin status
may be globally altered, and also to properly distinguish the 4g/10q D4Z4-specific events. In
this study, we report the effect of the inhibition of H3K9me3 on DUX4fl expression and
characterization of the non-4g/10q D424 homologs from seven chromosomes. We found
that decreased H3K9me3 results in the reduced SMCHD1 binding to D4Z4 and derepression
of DUXA4fl expression, demonstrating the significance of the loss of the H3K9me3
heterochromatin at D4Z4 in gene regulation. While the DUX4 ORF is highly conserved in
49/10q D4Z4 repeats, it is frequently disrupted by high degrees of nucleotide polymorphism
in the D424 homologs. Furthermore, while H3K9me3/HP1 y/cohesin heterochromatin marks
and DNA methylation are also present at these D424 homologs in normal cells, they remain
unchanged in both FSHD1 and FSHD2 patient cells. The results reveal that the preservation
of the DUX4 ORF and the unique FSHD-associated epigenetic alterations that contributes to
DUX4 expression are restricted to 4q and 10q D424, indicating their distinct role in FSHD
pathogenesis.
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Materials and Methods

Cells and DNA Mapping Panel

Antibodies

The NIGMS human/rodent somatic cell hybrid mapping panel #2, version 3 was from
Coriell Cell Repositories (Camden, NJ), in which human chrs 1, 16, 17, 20, and 21 hybrids
are from mice, whereas the others are from Chinese hamsters. Mouse somatic cell hybrids
containing human chrs 4, 10, 13, 14, 15, or 21 (catalog number GM11687, 11688, 11689,
10479, 11715, or 08854, respectively, from Coriell Cell Repositories) were grown in
DMEM medium supplemented with 10% FBS, penicillin/streptomycin, and 2 mM L-
glutamine. Normal, FSHD1 and FSHD2 myoblasts were grown in F-10 medium (Invitrogen,
Carlsbad, CA) supplemented with 20% FBS, 10 ng/ml bFGF (Invitrogen), and 20 ng/ml
dexamethasone sodium phosphate (Sigma—Aldrich, St. Louis, MO) except FSHD1
myoblasts (GM17731 and GM17940 from Coriell Cell Repositories) were grown in F-10
medium supplemented with 15% FBS. KD3 human myoblasts immortalized by the
expression of telomerase, cyclin D1, and mutated cyclin-dependent kinase 4 are grown as
previously described [Shiomi et al., 2011]. Control (NFGr) and FSHD2 (KII-11) fibroblasts
were grown in DMEM/F-12 (1:1) supplemented with 10% FBS, 2 mM GlutaMAX-I
(Invitrogen-Gibco, Carlsbad, CA), 10 mM HEPES buffer (Invitrogen-Gibco), and 1 mM
sodium pyruvate (Invitrogen-Gibco). Control and patient cells used for ChIP analysis are
shown in Supp. Table S1.

Antigen affinity-purified rabbit polyclonal antibodies specific for Rad21 and the preimmune
1gG control were published previously [Gregson et al., 2001]. Antibodies against HP1y,
H3K9me3, and H3K27me3 were purchased from EMD/Millipore (Billerica, MA). Antibody
against 5-methylcytidine (metC) was from Eurogentec North America Inc. (San Diego, CA).
SMCHDL1 antibody was from Abcam (Cambridge, MA) (ab31865).

Chaetocin, Auranofin, and H,0, Treatment

KD3 myoblasts that reached approximately 80% confluency were treated with 0.4 mM
chaetocin (Sigma-Aldrich C9492) and harvested after 24 h. Cells were also treated with the
thioredoxin reductase (TrxR) inhibitor auranofin (Sigma-Aldrich A6733) (1 uM) for 24 h or
0.5 mM H,0, for 3 h. The effects of different treatments on D424 H3K9me3 and DUXA4fl
expression were analyzed by ChIP-PCR and RT-nested set PCR as described below.

Lentiviral shRNA Transduction

Nontarget sShRNA control (Sigma-Aldrich: SHC002) and the lentiviral ShRNA against
human SUV39H1 (TRCN0000157251, Sigma-Aldrich) were transfected into 293T cells
along with lentiviral packaging plasmids, using Lipofectamine 2000 (Invitrogen).
Supernatants were collected 36 and 60 h posttransfection, passed through a 0.45 pm
nitrocellulose filter, and applied on KD3 cells in the presence of polybrene (1 pg/mL). The
next day, cells were selected with puromycin for 48 h (2 ug/ml, Sigma). Forty-eight hours
after infection, cells were transferred to 10 or 15 cm dishes and maintained 2 days before
harvesting for experimental purposes.
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DUX4 Nested RT-PCR

Total RNA was extracted using the Qiagen RNeasy Plus kit. Two to five micrograms of
RNA was used for double-stranded cDNA synthesis according to manufacturer’s protocol
(Life Technologies, Grand Island, NY) with the exception of using enzymes purchased from
New England Biolabs, Inc. (Ipswich, MA). cDNA was purified by Qiagen PCR purification
kit and eluted in 40 pl EB buffer. The nested PCR was done using the primer sets (182-183
and 1A-184) previously published [Snider et al., 2010]. The PCR cycling protocol is as
follows: 95°C 2 min, 95°C 30 sec, 62°C 30 sec, 72°C 1 min 40 sec (repeat 34 times), then
72°C 10 min. PCR enhancer system (Invitrogen 11495-017) was used for the nested PCR.
The PCR products were loaded on agarose gel and the observed bands were cut out for
sequencing to confirm the DUX4 identity. At least three independent experiments were
performed and the representative experiment was shown.

ChIP Analysis

The ChlIP analysis was performed based on the protocol from the Upstate ChIP assay kit
with some modification as previous described [Zeng et al., 2009]. Briefly, we cross-linked
the cells with 1% formaldehyde and used 1 x 10° cells for one histone ChIP and 3 x 10°
cells for the other ChIP assays. Protein A beads were preincubated with 1 mg/ml BSA and
0.2 mg/ml ssDNA for 20 min at 4°C. Typically, 4 ug IgG was used per assay. The mixtures
of antibody and nuclear extracts precleared with protein A beads were incubated at 4°C
overnight followed by precipitation with protein A beads. After washing,
immunoprecipitated materials were eluted with 0.1 M NaHCO3 and 1% SDS, and cross-
links were reversed at 65°C for 4-6 h. The metC ChlIP assay was performed according to the
previously published protocol [Weber et al., 2005]. Primer sequences are listed in the Supp.
Table S2 or were published previously [Zeng et al., 2009]. The endpoint gel analysis of the
ChIP-PCR products was carried out using the Luminescent Image Analyzer LAS-4000
(FujiFilm Medical Systems U.S.A., Stamford, CT). Real-time Q-PCR was performed using
the iCycler iQ real-time PCR detection system (Bio-Rad Laboratories, Inc., Hercules, CA)
with iQ SYBR Green Supermix (Bio-Rad). The ChIP-PCR signal was normalized by the
subtraction of the preimmune 1gG ChIP-PCR signal, which was further divided by input
genomic PCR (for normalization of different D424 or D4Z4 homolog repeat numbers in
different cells) minus PCR with no template as previously described [Zeng et al., 2009].
Alternatively, ChIP was normalized with pan-histone H3 antibody ChIP (Abcam ab1791)
(Fig. 1D and Supp. Fig. S4) as recently described [Thijssen et al., 2013]. Both normalization
methods yielded comparable results.

Genomic- and ChIP-PCR Cloning and Sequencing

The Q-PCR forward (Q-PCR-F) primer and the 4g-Hox reverse (4g-Hox-R) primer [Zeng et
al., 2009] were used to amplify a subdomain of the D424 homologs from the mapping panel
and somatic cell hybrid genomic DNA with an annealing temperature of 58°C. The PCR
enzyme was cloned using Pfu DNA polymerase (Stratagene, La Jolla, CA) and the blunt-end
PCR product was ligated into the pCRBIlunt vector (Invitrogen). The bacterial colonies
transformed with the clones were picked, grown in 96-well plates, and subjected to single-
pass plasmid sequencing (Agencourt, Beverly, MA). The total number of clones sequenced
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for each chromosome was 20 for chr 3, 50 for chr 4, 40 for chr 10, 37 for chr 13, 41 for chr
14, 28 for chr 15, 22 for chr 21, 16 for chr 22, and 18 for chr Y, respectively. Cloning and
sequencing analyses of 49/10q and non-4q/10q D4Z4 repeats were performed using either
genomic or H3K9me3 ChIP DNA from multiple human cells. We sequenced 32 clones from
four independent cell samples (individuals) for Q-PCR-F + 4g-Hox-R, 41 clones from five
individual cell samples for Q-PCR-F + Q-PCR-reverse, 44 clones from five individual cell
samples for Q-PCR-F + chr 3-reverse, 50 clones from five individual cell samples for chr
15-forward + 4g-Hox-R, and 136 clones for Q-PCR-F + chr 22-reverse (87 were from
genomic DNA and 49 from H3K9me3 ChIP DNA) from 14 different individual cell samples
(Supp. Table S3).

Inhibition of H3K9me3 Results in DUX4fl Expression and the Loss of SMCHD1 Binding

We previously determined that SUV39H1 histone methyltransferase (HMTase) is
responsible for H3K9me3 at D474 in HelL a cells [Zeng et al., 2009]. Based on these results,
we treated immortalized human KD3 myaoblasts with chaetocin, a SUV39 HMTase inhibitor
(Fig. 1). We confirmed that H3K9me3 is present at D4Z4 in this cell line, and found that the
chaetocin treatment indeed decreased H3K9me3 at D474 (Fig. 1A, left). Consistent with
this, chaetocin treatment resulted in transcriptional derepression of DUXA4fl (Fig. 1A, right).
The identity of the DUXA4fl-specific PCR product was confirmed by sequencing. Chaetocin
was also shown to inhibit TrxR [Tibodeau et al., 2009]. Upregulation of HMOX1 is a marker
for TrxR inhibition [Mostert et al., 2003; Trigona et al., 2006]. We found that HMOX1 is
indeed upregulated in cells treated with chaetocin similar to cells treated with auranofin, a
TrxR inhibitor, indicating that chaetocin under our condition also inhibits TrxR (Supp. Fig.
S1A). Unlike chaetocin, however, treating cells with auranofin failed to affect H3K9me3 at
D4z4 or DUXA4fl expression, indicating that the observed chaetocin effect on H3K9me3 and
DUXA4fl expression at D4Z4 is not due to TrxR inhibition (Fig. 1B). Since TrxR inhibition
leads to oxidative damage induction [Tibodeau et al., 2009], and oxidative stress has been
shown to be associated with FSHD [Turki et al., 2012], we also treated cells with H,O,.
This failed to exhibit any effect on DUXA4fl expression, indicating that the chaetocin
treatment’s effect on DUX4 expression is not the result of oxidative stress (Fig. 1B, right).
Chaetocin was also shown to affect G9a HMTase [Iwasa et al., 2010]. Under our treatment
condition, we found that H3K9me3 at the c-Myc region, which was shown to be mediated by
G9a in HeLa cells [Duan et al., 2005], was also suppressed, suggesting that G9a is also
inhibited (Supp. Fig. S1B). Thus, although G9a depletion had no effect on H3K9me3 at
D4Z4 in HeLa cells [Zeng et al., 2009], we cannot exclude the possibility that G9a may
contribute to D4Z4 heterochromatin organization in the context of myoblasts. Nevertheless,
we observed H3K9me3 reduction at D424 in SUV39H1 shRNA-transduced cells, strongly
supporting the significant role of SUV39H1 in H3K9me3 at D4Z4 in myoblasts (Fig. 1C).
Importantly, SUV39H1 depletion led to DUXA4fl induction (Fig. 1C, right). Taken together,
the results indicate that the inhibition of H3K9me3 at D4Z4 under these experimental
conditions contributes to the derepression of DUX4.
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SMCHD1 was found to bind to D4Z4 and depletion of SM-CHD1 results in transcriptional
derepression of DUX4fl [Lemmers et al., 2012]. Since SMCHD1 associates with the
H3K9me3 domains of the inactive X chromosomes to modulate chromatin compaction
[Nozawa et al., 2013], we tested whether H3K9me3 also dictates SMCHD1 association at
D4Zz4. Both chaetocin treatment and SUV39H1 shRNA depletion resulted in the significant
loss of SMCHDZ1 binding to D424 (Fig. 1D). Neither treatment affected the SMCHD1
protein level (Fig. 1D, right). Thus, the results indicate that one important downstream
effector of H3K9me3 is SMCHD1 and suggest that the loss of H3K9me3 at D474 in FSHD
contributes to decreased SMCHD1 binding to D4Z4 leading to DUXA4fl expression.

Sequencing of Subregions of D4Z4 Homologs on Different Chromosomes

The study of D4Z4 chromatin has been difficult due to the sequence similarity found in the
D4Zz4-like homologs. Having established the significance of H3K9me3 reduction at D424,
we decided to characterize non-4q/10q D4Z4 repeats to see if they also undergo similar
epigenetic changes and contribute to DUX4 expression. We examined these repeats on
individual chromosomes separately using a DNA mapping panel and somatic cell hybrids
carrying a single human chromosome. We previously designed two pairs of PCR primers
(4g-Hox and Q-PCR) that selectively amplify 4q and 10q D4Z4 but not other D4Z4
homologs, enabling specific analysis of 4q and 10q D4Z4 in human cells (Fig. 2) [Zeng et
al., 2009]. When Q-PCR-F and 4g-Hox-R primers were used against genomic DNA from a
DNA mapping panel, PCR products were also obtained from seven other chromosomes
(chrs 3,13, 14, 15, 21, 22, and Y) (Fig. 2). Cloning and sequencing of these PCR products
revealed that they all encompass the overlapping region of D4Z4, corresponding to the 5/-
untranslated region (5-UTR) and 5’ one-third of the DUX4 ORF (Fig. 3A). These
chromosomes were previously reported to contain D4Z4 homologs, with the exception of
chr 3 [Lyle et al., 1995]. Thus, we have identified a novel D424 homolog on chr 3.
Interestingly, a D424 homolog previously shown to be on chr 1 [Lyle et al., 1995] was not
amplified by the selected primers, suggesting that the corresponding region is highly
divergent in the chr 1 homolog or that the presence of this homolog on chr 1 is variable.

Non-4qg/10q D4Z4 Homologs are Highly Divergent

We sequenced a total of 280 Q-PCR-F + 4g-Hox-R PCR products mentioned above for nine
different chromosomes in a DNA mapping panel as well as additional somatic hybrids (see
the Methods section for details). We found that the PCR products from 4q and 10q D4Z4 are
highly conserved with very little nucleotide variability (Fig. 3A and B, and Supp. Fig. S2).
The two major haplotypes of 49 D424 (4gA and 4gB) were shown to differ by one
nucleotide (nt) (a “T” instead of “C” at nt 7551 in a portion of 4gB) in this region [Lemmers
etal., 2001]. In addition, 10q D4Z4 differs from 4gA D4Z4 by two nucleotides (nts 7515
and 7551, the latter is the same as in 4qB) [Lemmers et al., 2002]. No other heterogeneity
was found in 4g and 10q D4Z4-derived clones, consistent with previous reports [Lemmers et
al., 2002]. Interestingly, however, cloned PCR products from other homologs exhibited
significant nucleotide variability both within and between chromosomes, and none were
identical to the 4q or 10q D474 sequences (Fig. 3A and Supp. Fig. S2). Nucleotide changes
are scattered relatively evenly throughout the region examined, and there is no apparent
mutation hotspot (Fig. 3A). The homologs on chrs 13, 14, 15, 21, and 22 contain multiple
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sequences with different patterns and degrees of polymorphism, suggesting that the majority
of non-49/10g D4Z4 homologs are susceptible to frequent mutations (Fig. 3B). It should be
noted that all PCR clones from chrs 3 and Y each displayed one sequence containing a
unique pattern of nucleotide changes (Fig. 3A and B). It is unlikely that this uniformity is
due to the existence of only one copy of the D4Z4 homolog on these chromosomes based on
the robust PCR signal from chr 3 comparable to that of chr 4 (Fig. 2A). Also, multiple D424
homologs exist on chr Y according to the HG19 build of the human genome reference from
the UCSC Genome Browser. Nevertheless, D4Z4 homologs on chrs 3 and Y are divergent
from each other and from 4q/10q D4Z4. Furthermore, sequence comparison of the recently
discovered single-copy DUXO gene on chr 3, which encodes DUX4c homolog [Sharon et
al., 2012], revealed that the D4Z4 homolog on chr 3 amplified by our primer set is distinct
from the DUXO gene (Supp. Fig. S3). Taken together, non-49/10q D4Z4 sequences are
highly divergent and variable compared to 49/10q D4Z4.

D4z4 Homologs are Enriched for C/G to A/T Conversions and Repeat Exchanges

Approximately 70% of the variation in D4Z4 homologs in comparison to the 4q D4Z4
sequence is a “C” or “G” alteration to “A” or “T” with another 15% corresponding to “A” or
“T” alteration to “C” or “G.” The remaining 15% variation is C-G (C to G or G to C) or A—
T (Ato T or T to A) interchanges. These alterations result in about 80% of nucleotide
polymorphisms being A or T (Fig. 3A and Supp. Fig. S2). The 4q D4Z4 repeat is a GC-rich
sequence (~73% GC), and the sequenced region also contains 68% GC. If the alterations
occurred randomly, however, the C/G to A/T alteration ratio should be 46% (Fig. 3C). Thus,
there appears to be a bias for A or T conversion in this region in D4Z4 homologs compared
to 4q D4ZA4.

Despite previous evidence for repeat exchange between 4q and 10q D4Z4 repeats [Cacurri et
al., 1998; Zhang et al., 2001; Lemmers et al., 2010a, b], we failed to detect any 4q sequences
in 10q clones (n = 48) or 10q patterns in 4q clones (n = 50). Similarly, no 4q or 10q D4Z4
sequences were found in D4Z4 homologs on other chromosomes (n = 182). In contrast, the
same nucleotide polymorphism was found in a subset (<20%) of clones from homologs on
chrs 13, 15, and 21 (Fig. 3D). In particular, the same pattern of polymorphisms was
observed in more than 10% of clones derived from chrs 13 and 15 D4Z4 homologs. Thus,
the results suggest that repeat exchanges had occurred at much higher frequency among
non-4q/10q D4Z4 homologs than between these homologs and 49/10q D4Z4.

The DUX4 ORF is Frequently Disrupted in Non-4qg/10q D4Z4 Homologs

The observed hypervariability of the non-4q/10q D4Z4 homologs resulted in alterations of
the corresponding amino acid sequence of the putative DUX4 ORF within the sequenced
region. Importantly, in 90% of the D4Z4 homolog clones, the nucleotide polymorphisms
introduced nonsense codons (Fig. 4). This is in contrast to clones from 4q and 10g D4Z4, in
which the DUX4 ORF is consistently open. The 4qB haplotype- and 10qg-specific nucleotide
polymorphisms do not change the DUX4-encoded amino acid sequence. Analysis of
additional somatic cell hybrids revealed the enrichment of different patterns of mutations,
also resulting in DUX4 ORF interruption, on chrs 14, 15, and 21 (Fig. 4). Taken together,
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these results reveal that 4q and 10q D424 repeats are unusually conserved compared to
non-4q/10q D4Z4 homologs on other chromosomes.

Development and Analysis of D4Z4 Homolog-Specific PCR Primers

Sequence analysis of the D424 homologs from the DNA mapping panel and somatic cell
hybrids described above enabled us to design PCR primers specific for their unique regions
(Fig. 5A). The specificity of these primer pairs was confirmed using a DNA mapping panel
(Fig. 5B). The primer pair Q-PCR-F + chr 3-R amplified D4Z4 homologs from chrs 3 and
15, but not from others (Fig. 5B). Cross-hybridization of the chr 3-R PCR primer with D4Z4
homologs on chr 15 is expected because the same nucleotide variation in the primer-binding
region was found in 14.3% of the chr 15-derived clones (Fig. 5A). The primer pair chr 15-F
+ 4g-Hox-R specifically amplified the D424 homologs from chr 15, although a similar
deletion corresponding to the chr 15-F primer-binding site was also found in a subset (8%)
of clones from the chr 13-derived D474 homologs (Fig. 5A and B). The primer pair Q-PCR-
F + chr 22-R amplified the D424 homologs not only from chr 22, but also from chrs 13 and
21, and more weakly from chrs 14 and Y (Fig. 5B). The chr 22-specific primer corresponds
to a unique deletion found in the chr 22 homolog (Fig. 5A). A similar sequence was also
found in a subpopulation (15.4%) of clones from chr 21. Although our initial sequencing
analyses of the PCR products of the Q-PCR-F + 4g-Hox-R primers did not identify a
sequence identical to chr 22 in the chrs 13-, 14-, and Y-derived clones, the presence of the
Q-PCR-F +chr 22-R PCR products indicates that a subpopulation of the repeats on these
chromosomes contain sufficient homology that allows chr 22-specific primer binding and
amplification. The fact that the PCR signals are relatively weak for chrs 14 and Y suggests
that they may represent relatively minor copies, which may explain why we did not see this
sequence with our limited sequencing. In addition, it is possible that the 4g-HOX-R primer
may not be able to bind to some of these repeats with the chr 22-specific primer binding site
because of the sequence diversity within the 4g-HOX-R primer binding region. Importantly,
there was no amplification of 4q and 10q D4Z4 using these primer pairs, indicating that they
selectively amplify non-4q/10q D4Z4 homologs (Fig. 5B and Supp. Table S3).

Epigenetic Analysis of D4Z4 Homologs Using Specific PCR Primers

With 4qg/10q and non-49/10q D4Z4-specific primers, we examined the heterochromatin
status of the D4Z4 homologs. A significant decrease of H3K9me3, but not H3K27me3, was
observed at 4q/10q D4Z4 in six independent FSHD1 myoblast samples and one FSHD2
myoblast sample compared to four control myoblasts consistent with our previous results
[Zeng et al., 2009] (Fig. 6A). A similar decrease of H3K9me3, but not H3K27me3, was
observed in FSHD?2 fibroblasts [Zeng et al., 2009]. A parallel loss of cohesin and HP1y
binding was also confirmed (Fig. 6B and C). When we used the three sets of homolog-
specific PCR primers described above (Fig. 5), the same heterochromatin marks (H3K9me3
and H3K27me3 as well as cohesin and HP1y binding) were found in control cells, indicating
a similar chromatin organization in non-49/10q D4Z4 homologs as in 4g/10q D4Z4 (Fig. 6).
However, no significant decrease in H3K9me3, cohesion, and HP1y binding was observed at
the non-4g/10q homologs in FSHD1 and FSHD?2 cells. Although some of the non-4q/10q
ChlIP signals appeared to be somewhat weaker, the results are variable with some samples
even higher than the control. No consistent decrease in H3K9me3 was observed at
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non-4q/10g homologs in three additional FSHD2 myoblast samples tested (Supp. Fig. S4).
D4Z4 DNA is also hypermethylated in normal somatic cells and hypomethylated only at the
contracted 4q D474 allele in FSHD1 and at both the 4g and 10q alleles in FSHD2 [van
Overveld et al., 2003; de Greef et al., 2007]. Consistent with this, anti-metC ChIP confirmed
the decreased DNA methylation at D4Z4 in both FSHD1 and FSHD?2 cells, with FSHD2
more severe than FSHD1 (Fig. 6A and C). However, there was no significant decrease in
metC in the non-4g/10q D4Z4 homologs. Taken together, the results indicate that
heterochromatin marks (including H3K9me3, HP1y, and cohesin) as well as DNA
methylation do not significantly change in non-4q/10q D4Z4 homologs in both FSHD1 and
FSHD2 cells, demonstrating that the loss of heterochromatin is a restricted event associated
only with 4q and 10q D4Z4.

Sequence Analysis of Non-4g/10q D424 Homologs in Multiple Human Cells

Based on the above results, we characterized the sequences of the endogenous non-4g/10q
homologs in human cells (Fig. 7). H3K9me3 ChlIP or genomic DNA from primary human
myoblasts, fibroblasts, and lymphoblasts as well as from the HeLa cervical cancer cell line,
all representing different individuals, were used for PCR. The PCR products were cloned
and approximately 6-10 clones from each cell sample were sequenced. Interestingly, the 4q
and 10q D4Z4 sequences were preferentially amplified from H3K9me3 ChIP DNA using
the Q-PCR-F and 4g-Hox-R primers (Fig. 7, top). This primer pair, however, also efficiently
amplified non-4g/10g homologs when individual chromosomes were separately available in
the DNA mapping panel (Fig. 2). Therefore, the amplification bias may reflect copy number
differences in the context of the whole human genome (Fig. 7, top). The Q-PCR-F and Q-
PCR-R primers that specifically amplify 4q/10q D4Z4 [Zeng et al., 2009] indeed amplified
the identical D424 sequence except for the two SNPs associated with 10g and 4gB. In
contrast, similar to the results from the mapping panel and somatic cell hybrids, significant
sequence variability was found in the PCR products obtained with the non-4q/10q D4Z4
primers in human cells (Fig. 7 and Supp. Table S3). Approximately 90% of these sequences
matched the sequence variations identified in the mapping panel and in the somatic cell
hybrids (Figs. 3A and 7, and Supp. Table S3). Chr 15-specific PCR products from five
different cell samples (five different individuals) exhibited one identical sequence (Fig. 7,
right), in contrast to the highly variable sequences of the Q-PCR-F/chr 22-R PCR products
both within and between different cell samples representing 14 different individuals (Fig. 7,
bottom). The Q-PCR-F + chr 22-R PCR products from both H3K9me3 ChlIP and genomic
DNA were highly variable compared to 4q/10qg D4Z4 (Fig. 7, bottom). This is consistent
with amplification of D4Z4 homologs from multiple chromosomes by this primer pair (Fig.
5B). Over 70% of the sequences of the Q-PCR-F/chr 22-R PCR products lack the start
codon for the DUX4 ORF. Taken together, these results reveal the high conservation of
49/10g D424 sequences as opposed to non-4g/10g homologs in human cells and confirm
that the H3K9me3 heterochromatin mark is indeed present at non-4q/10g homologs. No
significant enrichment of a specific sequence(s) in either normal or FSHD cells suggests that
H3K9me3 is widely distributed among homologs rather than restricted to a small subregion
regardless of the disease status, consistent with the ChlIP results (Fig. 6). Our results also
demonstrate that these primers are useful for distinguishing 4q/10q from the non-4q/10q
D4Z4 repeats in human cells.
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Discussion

In the current study, we demonstrated the significance of the H3K9me3 heterochromatin in
DUX4 gene regulation and SMCHD1 assembly at D4Z4. We also performed genomic and
epigenomic characterization of the DUX4 5’ region in D4Z4 homologs on multiple human
chromosomes. Despite awareness of the presence of D4Z4-like repeats scattered on different
chromosomes, the extent of their homology and epigenetic similarity with 4q and 10q D474
had not been assessed. We discovered unexpected differences between 4q/10q D424 and
other D424 homologs, highlighting the unique link between 4q/10q D424 and FSHD.

H3K9me3 Affects DUX4fl Expression and SMCHD1 Binding at D4z4

Although the loss of H3K9me3 at D4Z4 observed in both FSHD1 and FSHD2 patients was
postulated to contribute to disease-specific gene alterations [Zeng et al., 2009], this has not
been experimentally proven. We previously demonstrated that SUV39H plays a critical role
in mediating H3K9me3 at D4Z4 [Zeng et al., 2009]. Using immortalized myoblasts, we
showed that DUXA4fl expression is indeed increased when H3K9me3 is inhibited either by a
chemical inhibitor or by ShRNA against SUV39HL1. This provides important evidence that
H3K9me3 plays a role in DUX4fl repression, supporting our hypothesis that disruption of
D4z4 H3K9me3 heterochromatin affects gene expression in FSHD. While these
immortalized cells retain differentiation capability in vivo and in vitro with expression of
appropriate marker genes [Shiomi et al., 2011], further analysis is necessary to determine to
what extent loss of H3K9me3 affects expression of DUX4 and other genes in the context of
primary patient muscle cells and tissues. Furthermore, other H3K9 HMTases, such as G9a,
may contribute to H3K9me3 regulation at D424 in a myogenic context, though SUV39H1
depletion alone had a significant effect on DUX4fl expression in our study.

SMCHD1, an epigenetic gene silencer mutated in >80% of FSHD2 patients and severe cases
of FSHD1, binds to D4Z4 and its depletion results in expression of DUX4fl [Lemmers et al.,
2012; Sacconi et al., 2013]. How SMCHD1 is recruited to D4Z4 chromatin, however, was
unclear. We found that suppression of H3K9me3 affects SMCHD1 association with D474,
indicating that SMCHD1 is a component of D4Z4 H3K9me3 heterochromatin. This raises
the possibility that SMCHD1 binding to D4Z4 is already impacted by the loss of H3K9me3
in FSHD even in those FSHD1 and FSHD?2 cases in which the SMCHD1 gene is intact, and
this may be further worsened in the cases with the haploinsufficiency mutations of SM-
CHDZ1. It will be important to test whether SMCHD1 binding to D474 is indeed reduced in
primary patient myoblasts. Because SM-CHD1 was found to mediate DNA methylation
[Ashe et al., 2008; Blewitt et al., 2008; Gendrel et al., 2012], it is possible that SM-CHD1
contributes to DNA hypermethylation observed at D474, which is lost in FSHD [van
Overveld et al., 2003]. Thus, we propose that H3K9me3 contributes to the recruitment of
SMCHD1, which in turn mediates DNA methylation at D4Z4 (Fig. 8A). Although
SMCHDL1 associates with the inactive X chromosome through interaction with XIST RNA
in the chromatin domains enriched for H3K27me3 (though H3K27me3 itself is not
required), it also associates with the H3K9me3 domains via the HP1-binding protein HBiX1
[Nozawa et al., 2013]. Thus, it would be interesting to further examine the relationship
between SMCHD1 and HP1/cohesin that assembles at D424 in an H3K9me3-dependent
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manner [Zeng et al., 2009]. Taken together, our results suggest that diminished binding of
downstream effectors of H3K9me3 may be a key event leading to pathogenic alteration of
DUX4 gene expression (Fig. 8B) and possibly of additional target genes in FSHD.

Frequent Repeat Sharing among D4Z4 Homologs, but Not with 4q/10q D4Z4

Although homologous repeat exchange between 4q and 10q D4Z4 during hominoid
evolution has been reported [Lemmers et al., 2010b], we failed to detect any 4q sequence
patterns in 10q D424 clones, or vice versa, which may require sequencing of additional
DNA samples. In contrast, however, we were able to detect patterns of nucleotide
polymorphisms that are shared among non-4q/10q D4Z4 homologs on different
chromosomes distinct from 49/10q D4Z4. This suggests possible evolutionary interactions
and repeat exchanges between D4Z4 homologs. We failed to detect any 4q or 10q D4z4
sequence in the clones from non-4g/10g D4Z4 homologs or vice versa, suggesting that the
involvement of 49/10q D4Z4 repeats in repeat exchange with other D4Z4 homologs is less
frequent, consistent with recent observations [Lemmers et al., 2010b]. It should be noted that
while 4q and 10q D4Z4 clusters are both in the subtelomeric regions, other D424 homologs
are mostly located near centromeres [Lyle et al., 1995]. Furthermore, while 4q/10q D4Z4
repeats are direct repeats, homologs on acrocentric chrs 13, 14, 15, 21, and 22 were shown
to be interspersed with ribosomal DNA and /-satellite repeats [Winokur et al., 1996].
Although they are likely to be derived from genomic duplication events, it is possible that
differences in chromosomal location and repeat structure organization might have restricted
the frequency of repeat exchange and interfered with “concerted evolution” [Liao, 1999]
between 49/10g D4Z4 and non-4g/10q homologs.

Hypervariability of D4Z4 Homologs within the DUX4 Coding Region

Sequence comparison between 49/10qg D474 and other homologs revealed striking
differences in the frequency of nucleotide polymorphisms. This was observed not only in the
somatic cell hybrids, but also in multiple human cell samples. Many polymorphisms found
in non-4g/10g D4Z4 homologs resulted in stop codons in the DUX4 ORF. The biased C/G to
AJ/T changes in non-4q/10q D4Z4 homologs when compared to 4g9/10g D4Z4 sequence may
be related to the high frequency of methyl-C to T mutations [Rideout et al., 1990; Mugal and
Ellegren, 2011; Xia et al., 2012]. The reason why 49/10q D4Z4, in particular the DUX4
OREF, is free from similar mutational changes is currently unclear. Chromosomal location
(subtelomeres vs. peri-centromeres) or repeat organization (see above) may contribute to
this difference. However, it is likely that there is specific selection pressure to preserve the
primary sequence and/or the coding capacity of the DUX4 ORF in 4q and 10q D4Z4. The
DUX4 gene is conserved in primates and is relatively abundantly expressed in human testis
[Clapp et al., 2007; Snider et al., 2010], suggestive of its conserved role in development.
While D4Z4 transgenic mice failed to exhibit any dystrophic phenotype [Krom et al., 2013],
DUXA4fl and its target gene expression in muscles were nevertheless shown to highly
correlate with FSHD in humans [Dixit et al., 2007; Lemmers et al., 2010a; Snider et al.,
2010; Geng et al., 2012; Jones et al., 2012; Rahimov et al., 2012; Broucgsault et al., 2013;
Ferreboeuf et al., 2014]. Taken together, the results strongly suggest the biological
significance of the preservation of the DUX4 ORF, and support the notion that its
misregulation contributes significantly to FSHD.
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The Loss of H3K9me3/HP1y/Cohesin and DNA Methylation at 4q and 10q D4Z4 is Not
Transmitted to Other D4Z4 Homologs in FSHD

Using specific PCR primers, we were able for the first time to analyze the epigenetic marks
on the non-4q/10q D4Z4 homologs. Although heterochromatin marks similar to those
associated with 4g/10g D424 were found on these homologs in control myoblasts/
fibroblasts, they are retained in both FSHD1 and FSHD2 cells, suggesting regulatory
differences between the heterochromatin of 4g9/10q D474 and that of the non-4q/10q D4Z4
homologs in FSHD. In particular, this establishes that even FSHD2, which does not carry
any genetic alteration at the 4q D4Z4 locus, exhibits a region-restricted epigenetic change,
further emphasizing the specificity and significance of D424 chromatin change in FSHD.
Our results indicate that the heterochromatin loss can contribute to derepression of DUX4
transcription. It is attractive to speculate that this derepression is meaningful, and is
therefore associated with the disease, because the DUX4 ORF on 4q/10q is open. Although
we found that the DUX4 ORF is mostly interrupted in non-4q/10q D4Z4 homologs due to
mutations, the 4q D4Z4 region was shown to express the DUX4 C-terminal short transcript
[Snider et al., 2010] and additional noncoding RNA transcripts [Snider et al., 2009], which
may still be expressed from the non-4g/10g D4Z4 homologs. The lack of any significant
epigenetic change suggests, however, that the expression of these transcripts, if any, from
the non-4¢q/10q D4Z4 homologs is most likely unaffected in FSHD.

Conclusions

Our results indicate that the decrease in H3K9me3, the epigenetic change that signifies
FSHD, results in derepression of DUX4fl in myoblasts. Our study has revealed a striking
difference between 49/10q D4Z4 and the non-4q/10g D4Z4 homologs on other
chromosomes. The 4q and 10q D4Z4 repeats are highly uniform and conserved, at least in
the region encompassing the N-terminus of the DUX4 ORF, and are epigenetically
coregulated in FSHD [Zeng et al., 2009]. In contrast, the corresponding regions in the
non-4g/10g homologs are highly heterogeneous with frequent interruptions of the DUX4
ORF and do not undergo epigenetic alteration in FSHD. Thus, our results reveal the unique
characteristics of 4q and 10q D4Z4 among the related repeats, linking the epigenetic
alteration and DUX4 expression in FSHD. The homolog-specific nucleotide polymorphism
information reported here should also facilitate further D4Z4 repeat analysis in the FSHD
field.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Inhibition of H3K9me3 results in DUXA4fl upregulation. A: The effect of chaetocin on
H3K9me3 at D4Z4 and DUX4 expression in KD3 human myoblasts. Left: H3K9me3 ChlIP-
PCR analysis of D4Z4 and rDNA regions in DMSO and chaetocin-treated cells. Right: RT-
PCR analysis of DUXA4fl expression. Nested set RT-PCR analysis of DUXA4fl expression as
described [Snider et al., 2010] in cells treated with DMSO only or chaetocin as indicated at
the top. The PCR products were sequenced to confirm their identity. GAPDH RT-PCR
serves as a control. B: Comparison of the effects of chaetocin and auranofin treatments on
D4Z4 H3K9me3 and DUX4 expression. Left: H3K9me3 ChIP-PCR analysis of the D424
region in auranofin- and chaetocin-treated cells. Right: DUX4fl and GAPDH RT-PCR
analyses as in (A). Untreated control, H,O,, DMSO-treated, auranofin, or cheatocin-treated
cells were compared. C: The effect of SUV39H1 depletion on D424 H3K9me3 and DUX4
expression. Lentiviral ShRNA against SUV39H1 was used for depletion. Left: RT-qgPCR
analysis of SUV39H1 depletion in control and SUV39H1 shRNA-treated cells. Middle:
ChIP-PCR analysis of H3K9me3 at D424 in control and SUV39H1 shRNA-treated cells.
Right: Top, DUXA4fl and GAPDH RT-PCR as in (A); Bottom, Western blot analysis of
control and SUV39H1-depleted cells with antibodies specific for H3K9me3 and H2A. D:
ChIP-PCR analysis of SMCHD1 binding at D4Z4 in chaetocin and SUV39H1 shRNA-
treated cells. Y-axis: (SMCHD21 ChlIP—preimmune IgG)/input, which was further normalized
by histone H3 ChIP. Right: Western blot analysis of cheatocin (top) or SUV39H1 shRNA
(bottom) treated cells compared to DMSO (control) or control shRNA-treated cells,
respectively, using antibodies indicated. Histone H2A (top) and actin (bottom) served as a
loading control.
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1kb

—

QPCR-F +\4qux-R

DUX4 ORF

== (PCR products)

QPCR 4 biox

Amplification of the D4Z4 homolog subdomain from chromosomes other than 4q and 10g.
A: The combination of the Q-PCR forward primer and 4q-Hox reverse primer was used to
amplify the D4Z4 homologs on chromosomes 3, 13, 14, 15, 21, 22, and Y from the mapping
panel (top panel). The PCR results of the 4g-Hox primer pair and the Q-PCR primer pair,
both of which only amplify 4q and 10qg D4Z4, are also shown (two middle panels). PCR
amplification of mouse f~minor globin or hamster ribosomal DNA repeats serves as an input
control (bottom panel). B: A schematic diagram of the regions covered by the PCR products
as indicated by black bars. The location of the DUX4 ORF is also shown to demonstrate the

relative locations of these PCR products.
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Figure 3.
The sequence results of the D424 homologs on other chromosomes. A: A heat map of the

nucleotide variation across sequenced clones. Gray indicates no change, whereas red and
green indicate a shift to A/T and C/G, respectively. Black indicates insertion and deletion
(indel). The nucleotide numbers are based on the 4q D4Z4 repeat sequence with the
accession number AF117653 in the NCBI database. B: The occurrence frequency of the
D4z4 homologs with different numbers of nucleotide variants from each individual
chromosome. The frequency is indicated by the diameter of the dots used in the plot. C: The
expected and actual frequency of C/G to A/T alteration, A/T to C/G alteration, and C-G or
A-T interchanges on the other D4Z4 homologs in comparison to 4q D4Z4. The expected
frequency is calculated based on the nucleotide composition of the sequenced 4q D4Z4
subdomain and the probability of alteration to the other three nucleotides is considered as
random. D: The percentage of the same sequence present in D424 homologs from different
chromosomes. For example, the percentage of “chr 15 versus chr 13” is 17.9%, which
means that 17.9% of sequenced clones in chr 15 have sequence(s) that is also present in chr
13.
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Figure 4.

The DUX4 ORF is closed in D4Z4 homologs. A: Schematic diagrams of ORFs. The location
of the stop codon is marked by a vertical white dashed line and the read-through ratio of the
reading frames is demonstrated with different color codes. For the D424 homologs with the
same stop codon in all the sequenced clones, the stop codon is indicated by a vertical solid
white line with an asterisk. Two different somatic cell hybrid DNA sources were used for
the analysis of chrs 13, 14, 15, and 21, and the results are shown separately. The 4q and 10q
DUX4 ORFs continue beyond the sequenced area. B: Amino acid sequence comparison of
the PCR-amplified N-terminal regions of 49/10g DUX4 and corresponding regions derived
from chrs 3, 15, and Y. Only one sequence each was found in chrs 3 and Y, while a
sequence representing approximately 25% of chr 15-2 from (A) is shown.
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Designing primers specifically covering other D4Z4 homologs. A: PCR primers used to

amplify D4Z4 homologs on chrs 3, 15, and 22 are indicated by the arrows. B: The

Figure5.

specificity of the primer pairs was assessed on the mapping panel. Neither 4q nor 10q D4Z4

is amplified with these primer pairs. The positive signals are not restricted to chrs 3 or 22

because some of the non-4g/10g D4Z4 homologs contain the same sequence covered by the

primers.
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Cohesin/HP1y binding, H3K9me3, and DNA methylation are intact on non-4q/10q D4Z4
homologs in FSHD1 and FSHD2 cells. A: ChIP-gPCR analysis using antibodies specific for
H3K9me3, H3K27me3, and methylcytidine (metC) using 4q/10qg-specific (49/10g-Q-PCR)
and non-4q/10g-specific (Q-PCR-F + chr 3-R, chr 15-F + 4g-Hox-R, Q-PCR-F + chr 22-R)
PCR primers as indicated at the top. Four normal control (white bars), six FSHD1 (grey
bars), and one FSHD2 (black bar) myoblast samples were analyzed. The quantitative real-
time PCR was normalized with input DNA and preimmune controls as indicated. P-values
for significant differences between normal and FSHD samples are indicated. B: ChIP-qPCR
analysis of cohesin and HP1y in control and FSHD1 myoblasts. C: ChIP-gPCR analysis of
normal control and FSHD2 fibroblasts using antibodies specific for H3K9me3, H3K27me3,
cohesin, HP1y, and met-C as indicated.
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Sequencing analysis of hon-4g/10q D4Z4 homologs in human cells. H3K9me3 ChIP and
genomic DNA from the indicated human cell samples were used for PCR analysis using 4q/
10g-specific (Q-PCR-F + Q-PCR-R) and non-4g/10q homolog-specific (Q-PCR-F + chr 3-
R, chr 15-F + 4g-Hox-R, Q-PCR-F + chr 22-R) primers. Sequencing results using Q-PCR
and 4g-Hox-R as used in Figure 3A are shown at the top. Nucleotide numbers are indicated.
A heat map of the nucleotide variation was made similar to Figure 3A. Gray indicates no
change, whereas red and green indicate a shift to A/T and C/G, respectively. Black indicates
insertion and deletion (indel). The results are also summarized in the Supp. Table S3. The
bracket for each cell line is proportional to the number of clones analyzed.

Hum Mutat. Author manuscript; available in PMC 2015 July 02.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zeng et al.

Page 25

A
SMCHD1 ?

\0£

H3K9me3
B H3K27me3
ﬁ DUX4
» pLAM
H3K9me3 H3K27me3 FSHD

Figure8.
Schematic models of H3K9me3 heterochromatin at D4Z4. A: The heterochromatin domain

of D4Z4 is marked by DNA hypermethylation, H3K9me3, and K27me3. HP1yand cohesin
are recruited to this region in a mutually dependent manner, which requires H3K9me3
mediated primarily by SUV39H. SMCHDL1 is also recruited to this domain in an H3K9me3-
dependent manner, and may contribute to DNA methylation. Possible interaction between
SMCHD1 and HP1yis shown with a question mark. B: The H3K9me3 heterochromatin
assembled at D424 is specifically lost in FSHD, contributing to DUXA4fl expression.
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