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DUX4 double whammy: The transcription factor that
causes a rare muscular dystrophy also kills the
precursors of the human nose
Kaoru Inoue1, Hamed Bostan2, MaKenna R. Browne1, Owen F. Bevis1, Carl D. Bortner3,
Steven A. Moore4, Aaron A. Stence5, Negin P. Martin6, Shih-Heng Chen6, Adam B. Burkholder2,
Jian-Liang Li2, Natalie D. Shaw1*

SMCHD1 mutations cause congenital arhinia (absent nose) and a muscular dystrophy called FSHD2. In FSHD2,
loss of SMCHD1 repressive activity causes expression of double homeobox 4 (DUX4) in muscle tissue, where it is
toxic. Studies of arhinia patients suggest a primary defect in nasal placode cells (human nose progenitors). Here,
we show that upon SMCHD1 ablation, DUX4 becomes derepressed in H9 human embryonic stem cells (hESCs) as
they differentiate toward a placode cell fate, triggering cell death. Arhinia and FSHD2 patient-derived induced
pluripotent stem cells (iPSCs) express DUX4 when converted to placode cells and demonstrate variable degrees
of cell death, suggesting an environmental disease modifier. HSV-1 may be one such modifier as herpesvirus
infection amplifies DUX4 expression in SMCHD1 KO hESC and patient iPSC. These studies suggest that arhinia,
like FSHD2, is due to compromised SMCHD1 repressive activity in a cell-specific context and provide evidence
for an environmental modifier.
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INTRODUCTION
Congenital arhinia (absent nose) is an extremely rare malformation
with fewer than 100 cases reported in the past century (1, 2). We
assembled an international cohort of 40 arhinia patients and 55
family members and, through exome sequencing, determined that
86% of patients had an extremely rare, heterozygous missense mu-
tation in the gene SMCHD1 (2). These findings were replicated in a
smaller, independent cohort (1). The heterogeneity of clinical phe-
notypes associated with SMCHD1 mutations—ranging from no
craniofacial phenotype, to anosmia (absent sense of smell), to
nasal hypoplasia, to complete arhinia—that we observed among un-
related individuals and within multiplex families, however, indi-
cates that there are likely to be genetic or environmental
modifiers yet to be discovered. SMCHD1 encodes amaster epigenet-
ic repressor that silences the inactive X-chromosome as well as au-
tosomal transposable elements/repeat sequences, imprinted genes,
and clustered genes (e.g., protocadherins and Hox) (3–10). The
precise mechanisms used by SMCHD1 to exact these repressive
functions are unknown, but it is believed to stabilize repressive
DNA and histone marks and long noncoding RNAs (e.g., XIST)
and to modulate three-dimensional chromosomal architecture (3,
8, 11–14).

The identification of SMCHD1 as the major genetic driver of
arhinia was unexpected because mutations in SMCHD1 were previ-
ously shown to cause facioscapulohumeral muscular dystrophy type
2 (FSHD2), a rare oligogenic disorder with no associated fronto-

nasal dysmorphia or olfactory deficits (15). In arhinia, all described
mutations have been missense and are restricted to exons 3 to 13 (of
48) (1, 2). SMCHD1 mutations identified in patients with FSHD2
have been either loss of function (nonsense, frameshift, and dele-
tions) or missense and affect all known functional domains of the
protein (16, 17). In FSHD2, loss of SMCHD1 activity is associated
with hypomethylation of a subtelomeric macrosatellite repeat array
on chromosome 4q35 called D4Z4, which encodes the double ho-
meobox 4 (DUX4) retrogene. DUX4 is normally silenced in somatic
cells, but in the presence of hypomethylation, a permissive haplo-
type (4A, which contains a poly-adenylation signal distal to the
array that is required to stabilize the DUX4 transcript), and a short-
ened or “contracted” array (defined as <28 repeats), DUX4 is ectop-
ically expressed in skeletal muscle (15). There, it acts not only as a
traditional transcription factor but also as a pioneer factor, recruit-
ing p300 and CREB (adenosine 3′,5′-monophosphate response
element–binding protein)–binding protein (CBP), two coactivators
with histone acetyltransferase (HAT) activity, to gain access to pro-
moters at H3K27Ac-depleted loci (18). DUX4 thereby induces a set
of genes involved in oxidative stress, DNA damage, innate immune
cell activation, and blockade of non–sense-mediated mRNA decay
that together trigger muscle cell apoptosis [reviewed in (19)]. In-
triguingly, DUX4 is also normally expressed at the four-cell
human embryo stage and the ortholog, Dux, is expressed in the
two-cell mouse embryo (20, 21) where it induces a cleavage-stage
transcriptional program, as well as in human embryonic stem
cells (hESCs) and in control and FSHD induced pluripotent stem
cells (iPSCs) (22).

We hypothesized that SMCHD1 missense mutations in patients
with arhinia, like mutations in FSHD2 patients, are loss of function
based on several pieces of evidence spanning clinical, translational,
and basic studies: (i) Arhinia patients demonstrate the same pattern
of D4Z4 hypomethylation in blood cells as do FSHD2 patients (i.e.,
methylation rate of <25%) (2, 23); (ii) arhinia patients who meet full
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genetic criteria for FSHD2 (i.e., permissive haplotype and contract-
ed repeat) express DUX4, albeit at low levels, in primary skin fibro-
blasts after transdifferentiation into a myogenic lineage (so-called
“fibro-myoblasts”) (24), consistent with loss of SMCHD1 repressive
activity at the D4Z4 locus; (iii) there is mutational overlap between
arhinia and FSHD2 patients at at least three amino acid positions
(107, 137, and 242) (25); and (iv) smchd1 morphant zebrafish
embryos demonstrate dose-dependent aberrations in facial cartilage
patterning and microphthalmia as well as a 45% reduction in the
length of the terminal nerve that houses gonadotropin-releasing
hormone (GnRH) type 3 neurons (2); however, findings have
been inconsistent across transgenic animal models (1, 2).

In addition to open questions surrounding the full spectrum of
SMCHD1 biological functions, questions remain regarding (i) the
role of genetic and/or environmental modifiers in the pathogenesis
of arhinia, (ii) the directional effect of SMCHD1 missense muta-
tions (loss versus gain of function), and (iii) the specific identity
of the embryonic cell population that is most vulnerable to

SMCHD1 dysfunction and whose destruction ultimately leads to
congenital arhinia. Arhinia is frequently accompanied by two co-
morbidities: ocular defects, such as an-/micro-ophthalmia, colobo-
ma, and cataracts, and hypogonadotropic hypogonadism due to
GnRH deficiency. Together, these defects define a clinical triad
named Bosma arhinia microphthalmia syndrome (26). The
unique Bosma phenotype plausibly reflects the failed morphogene-
sis of a subset of cranial placode cells and/or cranial neural crest cells
(NCCs) (27–29). Studies in the mouse and Xenopus have demon-
strated strong Smchd1 expression in these particular cell types (1).
Placode cells and NCCs are transient embryonic populations that
originate from the anterior neural plate and interact in a highly co-
ordinated fashion as they assemble the face and skull. Placodes are
focal ectodermal thickenings that give rise to the sensory organs of
the head. The lens and olfactory placodes, in particular, form the
lens vesicle (future anterior eye) and the olfactory pit, respectively.
The olfactory pit induces the formation of the nasal cartilage and
bone (30, 31) and gives rise to olfactory neurons, their support

Fig. 1. SMCHD1 KO human ES cells die during differentiation toward a placodal lineage. (A) Western blots for the SMCHD1 protein inWT and SMCHD1 KO human ES
cells before differentiation. H9 refers to WT human ES cells, clones 20 and 40 are failed CRISPR-Cas9 KO clones (super controls), and clones 49 and 79 are SMCHD1 KO
human ES cells. HDAC1 is shown as a loading control. (B) Representativemicroscope images of WT human ES cells (clones H9 and 20) and SMCHD1 KO cells (clones 49 and
79) before differentiation. (C) Relative mRNA levels of pluripotency markers (OCT4 and NANOG) and placode cell markers (DLX3 and EYA1) normalized to GAPDH and
using three biological replicates. Asterisks indicate statistically significant differences determined using two-way analysis of variance (ANOVA; **P < 0.01; ***P < 0.0002;
****P < 0.0001). (D) Crystal violet–stained cells at day 11 of placode differentiation. (E) Crystal violet–stained cells at day zero (D0), D1, D2, D3, D3 and 3 hours, D3 and
6 hours, D3 and 12 hours, and D4 during placode cell differentiation and on D4 when ES cells were maintained in mTeSR medium. (F and G) Time course experiment for
LDH release (F) and cell viability (G) during placode cell differentiation in WT and SMCHD1 KO ES (clone 79) cells using three biological replicates. Asterisks indicate
statistically significant differences determined using two-way ANOVA (****P < 0.0001). RFU, relative fluorescence units. (H) Propidium iodide (PI) fluorescence in two
WT and two SMCHD1 KO at day 6 of placode differentiation. Asterisks indicate statistically significant differences determined using one-way ANOVA [not significant
(ns) > 0.999; ****P < 0.0001]. (I) Immunofluorescent images showing nuclear staining of DAPI (blue) and activated caspase-3 (red) in WT and SMCHD1 KO cells (clone
79) at baseline (day 0) and during day 6 of placode differentiation.
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cells, and GnRH neurons (32, 33). Coincident with placode devel-
opment, a stream of cranial NCCs migrates into the fronto-nasal
region to lay the foundation (mesenchyme) for the craniofacial
skeleton.

Here, we use hESC and a cranial placode differentiation protocol
to demonstrate that loss of SMCHD1 activity leads to placode cell
death. Intriguingly, akin to muscle cell death in patients with
FSHD2, placode cell death is mediated by DUX4 toxicity. We
show further that arhinia and FSHD2 patient iPSC, but not
control iPSC, express DUX4 upon differentiation to placode cells,
and that herpesvirus infection amplifies DUX4 induction in
SMCHD1 knockout (KO) hESC and arhinia and FSHD2 patient
iPSC. Thus, we provide evidence that the combination of
SMCHD1 dysfunction and environmental modifiers triggers
DUX4-dependent placode cell death and may underlie human con-
genital arhinia.

RESULTS
SMCHD1 ablation induces cell death in human cranial
placode cells but not in cranial NCC
On the basis of Smchd1 expression studies (1) and deep phenotyp-
ing studies in arhinia patients (34), we hypothesized that the
primary defect in arhinia involves the anteriormost cranial
placode cells. We therefore used CRISPR-Cas9 gene editing (fig.
S1) to knock out SMCHD1 in the H9 human embryonic cell line
(clones 49 and 79; Fig. 1A and table S1). SMCHD1KO H9 cells
did not differ from wild-type (WT) cells in morphology (Fig. 1B)
or proliferation (fig. S2). Cranial placode cells were derived from
H9 using a placode induction protocol (PIP) by Dincer et al. (35)
that has been validated in several hESC (including H9) and human
iPSC lines. All experiments were performed in H9 WT cells, two
SMCHD1 KO clones (clones 49 and 79), and two clones in which
CRISPR-Cas9 editing had failed to excise SMCHD1 (clones 20 and
40, “super controls”) unless noted otherwise. The PIP includes
timed exposure to SB-431542, a transforming growth factor–β
(TGF-β) inhibitor (days 1 to 11), and Noggin, a bone

morphogenetic protein (BMP) inhibitor (for days 1 to 3) (35). It
initially produces an anterior pre-placode cell population
(PAX6+/SIX1+/TFAP2A+ cells, which comprise the olfactory, lens,
and anterior pituitary placodes), and after PIP culture day 7, the
cells spontaneously acquire more posterior placode markers (e.g.,
PAX3). Thus, this protocol allowed us to specifically interrogate
the effect of SMCHD1 ablation in placode precursors and early to
mature placode cells.

SMCHD1 WT H9 cells subjected to the PIP recapitulated the
original findings of Dincer et al. (35). That is, pluripotency
markers, such as NANOG and OCT4, were rapidly down-regulated
and placode marker genes were up-regulated, as measured on day
11 (Fig. 1C). However, only a very small proportion of KO cells were
viable on day 11 (Fig. 1D). A major defect in cell viability unfolded
in the KO cells on days 3 and 4 of the PIP (Fig. 1, E to G), suggesting
either cell death or proliferation arrest. The increase in lactate dehy-
drogenase (LDH) release in KO cells suggested the former (Fig. 1F),
and cell death was confirmed by propidium iodide (PI) staining
(Fig. 1H). While the decrease in cell viability coincided with the
time of Noggin withdrawal on day 3, maintaining Noggin for the
full 11 days did not rescue this cellular phenotype. Cells were
viable at culture day 4 if maintained in hESCmedium (mTeSR), im-
plicating the process of cell differentiation toward a placodal lineage
in the pathogenesis of the decrease in cell viability (Fig. 1E). Placode
cells, by their (neuro-)epithelial nature, tend to organize into stacks
or clumps. However, KO cells were unable to adhere to one another
and dead cells were observed floating in the medium (fig. S3A). Im-
munohistochemical staining of the intracellular adhesion markers
E-cadherin, vinculin, and actin demonstrated alterations in cell
morphology and cell-cell adhesion in KO cells (fig. S3B). Positive
cleaved caspace-3 immunofluorescence (36) along with chromatin
condensation and nuclear fragmentation suggested that the ob-
served changes in placode cell viability are due to placode cell
death via apoptosis (Fig. 1I and fig. S4).

To determine whether the change in cell viability was specific to
SMCHD1 KO cranial placode cells, we also converted WT and
SMCHD1 KO H9 to cranial NCC using an established protocol

Fig. 2. Expression profile of DEGs. Heatmap of gene expression across all samples (DESeq2 size factor normalized) reordered by hierarchical clustering of samples and
DEGs [KO versus WT at days 3 and 3, 3h (day 3 and 3 hours)] using average linkage and Pearson correlation (A) and volcano plot of genes differentially expressed between
KO and WT at day 3 (B) and day 3, 3 hours (C) considering (|log2FC| ≥ 1 and FDR < 0.05) and illustrating up-regulated, down-regulated, nonsignificant, and DUX4 target
(Choi ‘16) genes. RNA-seq was performed in three WT and two SMCHD1 KO clones.
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(37). With this protocol, hESCs are first differentiated in suspension
to neuroectodermal spheres (“rosettes”). Upon rosette attachment,
NCCs spontaneously migrate away from the rosette clusters (37,
38). We observed no gross defects in SMCHD1 KO rosette forma-
tion, and SMCHD1 KO NCC showed normal proliferation and mi-
gration (fig. S5).

SMCHD1 KO cranial placode cells demonstrate a DUX4
transcriptional signature
We initially took an unbiased approach in investigating the under-
lying etiology of placode cell death by performing a PIP time course
RNA sequencing (RNA-seq) experiment. On day 3 and day 3 and
3 hours, the time when we began to observe phenotypic differences
in KO versus WT cells (Fig. 1E), there were 1061 and 2676 differ-
entially expressed genes (DEGs) between WT and KO cells, respec-
tively [absolute fold change (FC) ≥ 2, Padj < 0.05; Fig. 2 and tables S2
to S5]. Ingenuity Pathway Analyses (using data from day 3 and
3 hours) indicated that the top network functions involved embry-
onic, organismal, and nervous system development, and intriguing-
ly, DUX4 was among the top activated upstream regulators
(activation z score 4.586). We therefore chose to pursue DUX4 as
our primary candidate for placode cell death. We found that the
H9 cell line is particularly well suited for this investigation
because we determined that it contains a permissive 4q35 haplotype
(4qA161-L) and a contracted (25-repeat) array. We found that
mRNA and protein levels of DUX4 were increased on days 2 to 4
of the PIP relative to day 0, and mRNA levels of many of its
known downstream targets (e.g., TRIM43 and ZSCAN4) were in-
creased on days 3 and 4 of the PIP relative to day 0 (Fig. 3 and
fig. S6). Furthermore, HOMER motif analysis [day 3, using DEGs
with false discovery rate (FDR) < 0.5 and log2FC ≥ 1] identified
DUX4 as a potential driver of these transcriptomic changes (fig.
S7), and there was significant overlap between genes up-regulated
in SMCHD1 KO placode cells on day 3 and day 3 and 3 hours
and genes previously shown to be up-regulated after DUX4 overex-
pression in immortalized human myoblasts (P < 0.0001 by hyper-
geometric test) (18). The increase in DUX4 expression was

accompanied by D4Z4 hypomethylation in KO clones (35% in
KO versus 95% in WT clones on day 2 and 37% in KO versus
96% in WT clones on day 3). However, hypomethylation cannot
explain DUX4 induction in placode cells, as D4Z4 hypomethylation
without DUX4 or DUX4 target gene expression was present at base-
line in the SMCHD1 KO H9 cells (methylation 25% in KO clone 79
versus 100% in WT; table S1). SMCHD1 KO NCC cells were also
hypomethylated (methylation 26% in KO clone 79 NCC versus
95% in WT NCC) and did not express DUX4 (fig. S5).

We next performed DUX4 chromatin immunoprecipitation se-
quencing (ChIP-seq) studies to confirm that DUX4 target genes
were directly activated by DUX4 and to potentially identify
targets unique to placode cells. We identified 5869 peaks (fig. S8
and tables S6 to S8). We compared these data with that of others
who used a more artificial system wherein DUX4 ChIP-seq was per-
formed in human iPSC (~17,000 peaks) (21) or in humanmyoblasts
(~14,000 peaks) 24 hours after treatment with doxycycline (39) to
promote DUX4 overexpression. We observed overlap among the
three independent DUX4 ChIP-seq datasets (fig. S9). Enrichment
analyses revealed “aplasia/hypoplasia of the central nervous
system,” “neurodegeneration,” and “regulation of expression of
SLITs and ROBOs” as terms unique to placode cell DUX4 targets
(table S9). SLIT-ROBO signaling is of interest because it modulates
N-cadherin protein expression and placodal adhesion (40).

Reintroduction of SMCHD1 or repression of DUX4 prevents
cell death during placode cell differentiation in SMCHD1
KO cells
To understand the relationship between SMCHD1, DUX4, and de-
creased viability in placode cells, we first reexpressed SMCHD1 in
SMCHD1 KO H9 cells. Reexpression of SMCHD1 completely abol-
ished DUX4 induction (Fig. 4A and fig. S10) at day 4 of differenti-
ation and restored cell viability (Fig. 4B and fig. S10). DUX4 target
genes (TRIM43 and ZSCAN4) were also repressed by reexpression
of SMCHD1 (Fig. 4, C and D, and fig. S10). Next, we inhibited
DUX4 induction to confirm its role in the decrease in cell viability.
We tested four short hairpin RNAs (shRNAs) targeting different

Fig. 3. DUX4 is induced during placode differentiation in SMCHD1 KO cells. (A) Western blots for SMCHD1 and DUX4 in WT human ES cells and SMCHD1 KO cells at
day 4 of placode differentiation with HDAC1 as a loading control. (B and C) Relative mRNA levels of DUX4 target genes (TRIM43 and ZSCAN4) at baseline (day 0) and
during days 3 and 4 of placode differentiation. Normalized to GAPDH. All experiments included at least three biological replicates. Asterisks indicate statistically significant
differences determined using two-way ANOVA (ns > 0.999; ****P < 0.0001).
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Fig. 4. Reexpression of SMCHD1 in SMCHD1 KO cells and DUX4 knockdown with shRNA or the ip300w inhibitor repress DUX4 induction, averting cell death. (A)
Western blots for SMCHD1 and DUX4 in SMCHD1 KO (clone 79) cells at day 4 of placode cell differentiation with (RE, reexpression) or without (NT, no treatment) SMCHD1
reexpression. HDAC1 is shown as a loading control. (B) Crystal violet–stained cells on day 11 of placode cell differentiation with (RE) and without (NT) reexpression of
SMCHD1 in SMCHD1 KO cells. (C and D) Relative mRNA levels of DUX4 target genes (TRIM43 and ZSCAN4) at baseline (D0) and at days 3 and 4 of placode cell differ-
entiation. Asterisks indicate statistically significant differences determined using two-way ANOVA (ns > 0.999; ****P < 0.0001). (E) Western blots for DUX4 in SMCHD1 KO
cells at day 4 of placode differentiation with four different short hairpin RNAs (shRNAs) targeting. HDAC1 is shown as a loading control. (F) Crystal violet–stained cells on
day 11 of placode differentiation in the presence of shRNAs targeting DUX4. (G and H) Relative mRNA levels of DUX4 target genes (TRIM43 and ZSCAN4) at day 4 of
placode differentiation in the presence of an shRNA against DUX4. Asterisks indicate statistically significant differences determined using one-way ANOVA (ns > 0.999;
**P < 0.01; ***P < 0.001; ****P < 0.0001). NI, no infection. mRNA normalized to GAPDH. n ≥ 3 biological replicates per experiment. (I) Western blots for DUX4 in SMCHD1 KO
(clone 79) cells at baseline (day 0) and day 4 of placode differentiation in the presence and absence [dimethyl sulfoxide (DMSO)] of ip300w. HDAC1 is shown as a loading
control. (J) Relative mRNA levels of DUX4 target genes (TRIM43 and ZSCAN4) at baseline (day 0) and day 4 of placode differentiation. mRNA normalized to GAPDH.
Asterisks indicate statistically significant differences determined using one-way ANOVA (ns > 0.9; ****P < 0.0001). (K) Time course experiment for LDH release and
cell viability during placode cell differentiation with ip300w (labeled ip300w) and without ip300w (labeled DMSO). Asterisks indicate statistically significant differences
determined using two-way ANOVA (****P < 0.0001). n ≥ 3 biological replicates for all experiments.
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sequences located at either the 3′ untranslated region or within the
DUX4 gene body (exon 1) to knock down DUX4. One of the
shRNAs (sh1438) completely blocked DUX4 induction, whereas
DUX4 protein was greatly diminished with a second shRNA
(sh1442; Fig. 4E and fig. S10). Both cell viability and DUX4 target
gene expression (Fig. 4, F to H, and fig. S10) were correlated with the
degree of DUX4 knockdown.

We next tested the ability of a pharmacological DUX4 inhibitor
to rescue placode cell viability. DUX4 recruits p300 and CBP, two
transcriptional coactivators with HAT activity, to gain access to a set
of target genes at H3K27Ac-depleted regions of chromatin (18).
Bosnakovski et al. (41) recently discovered ip300w, a selective
HAT inhibitor, that blocks DUX4-mediated target gene transcrip-
tion and cytotoxicity in a number of different cell types including
immortalized human and mouse myoblasts harboring a dox-induc-
ible DUX4 transgene and primary FSHD myoblasts and in tissue
from an FSHD mouse model. Treatment of SMCHD1 KO
placode cells with the HAT inhibitor ip300w likewise diminished
DUX4 and DUX4 target gene expression and reversed the DUX4-
mediated decrease in cell viability (Fig. 4, I to K, and fig. S10). In
summary, these results demonstrate that DUX4 expression occurs
specifically because of the loss of SMCHD1 repressive activity in
placode cells and that the decrease in placode cell viability is
caused by DUX4 expression.

Arhinia and FSHD2 patient-derived cranial placode cells,
but not healthy control cells, express DUX4
To extend these observations in SMCHD1 KO placode cells to
patient-derived cells, we converted four FSHD2, four arhinia, and
two control iPSCs to cranial placode cells using the PIP (table S1).
FSHD2 and arhinia patient-derived placode cells demonstrated
DUX4 protein and/or DUX4 target gene expression (TRIM43),
while control-derived placode cells did not (Fig. 5, A and B, and
fig. S11). Among the eight patient cell lines, HT558, HT647, and
HT661 showed the greatest amount of DUX4 protein (Fig. 5B
and fig. S11) and the highest TRIM43 expression (Fig. 5A and fig.
S11), and HT661 showed the greatest decrease in cell viability
(Fig. 5A). The amount of DUX4 protein, however, was much
lower in patient cells than in placode cells derived from SMCHD1
KO H9 cells (Fig. 5C). TRIM43 gene expression was also approxi-
mately 10 times less in patient cells than in SMCHD1 KO placode
cells normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; 5 versus 0.5; Figs. 3 and 5A and fig. S11). Notably,
these data in patient-derived placode cells demonstrating variability
in DUX4 expression and cell viability are reminiscent of the incom-
plete penetrance of SMCHD1 mutations where associated pheno-
types range from congenital arhinia or severe FSHD2 to the
complete absence of craniofacial and/or neuromuscular abnormal-
ities. Together, these data demonstrate that in human placode cells,
loss of SMCHD1 activity unleashes the potent DUX4 toxin that trig-
gers apoptotic cell death and this may ultimately lead to complete or
partial agenesis of nasal and ocular sensory organs in the develop-
ing embryo.

HSV-1 infection of SMCHD1 KO hESC and arhinia and
FSHD2 patient iPSC induces DUX4
Having demonstrated that cranial placode cells derived from patient
iPSC harboring an SMCHD1mutation show variable degrees of up-
regulation of DUX4 and its downstream targets as well as cell death,

we were interested in identifying potential environmental modifiers
of DUX4 expression in these cells. It has recently been discovered
that herpesviruses induce a germline-specific transcriptional re-
sponse that is driven by DUX4 in human host cells (42). We there-
fore infected WT and SMCHD1 KO H9 cells with herpes simplex
virus 1 (HSV-1) and measured DUX4 expression. DUX4 protein
was induced by HSV-1 infection [multiplicity of infection
(MOI) = 5 at 18 hours], and the amount was greater in SMCHD1
KO cells than in WT cells (Fig. 6A and fig. S12). TRIM43 mRNA
levels were also higher in SMCHD1 KO cells than in WT cells,
and levels correlated with DUX4 protein expression (Fig. 6B and
fig. S12). We next investigated whether HSV-1 infection might
induce DUX4 expression in arhinia and FSHD2 iPSC, as observed
in SMCHD1 KO H9 cells. Infection with HSV-1 induced DUX4 in
arhinia and FSHD2 patient-derived iPSC >> control iPSC (Fig. 6, C
and D, and fig. S12). Thus, intrauterine HSV-1 infection may be an
environmental agent that augments DUX4 expression in
patient cells.

DISCUSSION
We (2) and others (1) discovered that missense mutations in
SMCHD1 are the primary genetic driver of congenital arhinia and
related nasal phenotypes. This finding was a complete surprise
because mutations in SMCHD1, some identical to those harbored
by individuals with arhinia, also cause a late-onset neuromuscular
disorder, FSHD2. In arhinia patients, mutations are entirely mis-
sense and are restricted to exons 3 to 13, which encode the extended
adenosine triphosphatase (ATPase) domain. In FSHD2 patients,
loss-of-function variants span the entire SMCHD1 coding region,
yet as in arhinia, missense variants are significantly enriched in
the exons encoding the extended ATPase domain (23). To date,
despite conducting extensive phenotyping studies in individuals
with arhinia (24, 34) and in individuals with FSHD2 (25), we
have not identified any individuals with pathognomonic features
of both conditions, suggesting the presence of distinct genetic
and/or environmental modifiers that act during early development.
In this work, we show that in arhinia, SMCHD1missense mutations
confer an overall loss of protein function in cranial placode cells,
which leads to derepression of DUX4 and placode cell death. We
also implicate herpesviruses as a potential environmental modifier
that may exacerbate DUX4 toxicity in the cranial placode cells of the
developing fetus.

Cranial placode cells are an evolutionarily ancient cell popula-
tion that give rise to the sensory organs of the head (43). The mor-
phogenesis of the olfactory placode, which gives rise to the nasal
skeleton, olfactory neurons, and GnRH neurons, is universally im-
paired in patients with arhinia, whereas that of the lens placode (an-
terior eye) is variably affected. The olfactory and lens placode
initially develop in close proximity in the anteriormost portion of
the neural folds, and both show strong Smchd1 expression in animal
models (1). While placode cell death has been implicated in other
congenital malformations due to genetic (e.g., otic placode in Bran-
chio-Oto-Renal (BOR) syndrome due to mutations in EYA1) (44)
and/or teratogenic mechanisms (e.g., hypoxia, alcohol, and hyper-
thermia), to our knowledge, arhinia represents the first example of a
craniofacial malformation caused by epigenetic derepression of a
toxic protein.
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Cranial placodes closely interact with another cell population—
cranial NCCs—during development of the head (43). The ontogeny
of these two cell types is highly interdependent due to a “chase and
run”-type behavior of attractive and repulsive signaling (45). For
example, as the olfactory and lens placodes invaginate, they repel
nearby NCC, in effect dictating the path of the NCC migratory
stream into the fronto-nasal region. Conversely, sensory neurons
that develop from the placodes follow the “channels” plowed by
NCC through the headmesenchyme.We observedDUX4-mediated
cell death that was specific to SMCHD1 KO cranial placode cells;
arhinia and FSHD2 placode cells also demonstrated increased ex-
pression of DUX4 and its downstream targets. In contrast, and
despite D4Z4 hypomethylation in SMCHD1 KO NCC, DUX4 was
not induced in SMCHD1 KONCC. Notably, a recent study of NCC
derived from one arhinia patient iPSC and one control iPSC also
failed to demonstrate DUX4 induction in arhinia NCC but suggest-
ed that there may be a very mild defect in arhinia NCC migration
related to diminished AKT signaling (46). Thus, while the primary
defect in arhinia appears to be placodal, placode cell death may
impair the proliferation and/or migration of nearby NCC such
that a combined defect prevents the development of the
human nose.

Despite carrying the same deleterious SMCHD1 mutation, not
all carriers in multiplex families manifest arhinia; the phenotypic
spectrum also includes a normal nose, hemi-arhinia, uni- or bilat-
eral nasal hypoplasia, hyposmia, and anosmia. This variable

expressivity points to the presence of genetic and/or environmental
modifiers. Our model system, for example, suggests that genetic
modifiers may contribute to DUX4 expression and/or toxicity in
placode cells or may control an individual’s overall complement
of placode cells in utero. Recent work in mouse ESC, FSHD2
iPSC, and FSHD2 myoblasts suggests that endogenous DNA
damage stimulates p53 activity, which drives DUX4 expression in
these cells (47); thus, interindividual differences in DNA damage
or p53 responsiveness may dictate DUX4 expression and ultimately
determine the fate of cranial placode cells in SMCHD1 mutation
carriers. We also suggest that herpesvirus is a relevant environmen-
tal modifier as we find that HSV-1 augments DUX4 production in
SMCHD1 KO hESC and arhinia and FSHD2 iPSC more so than in
WT hESC and control iPSC, respectively. HSV-1 may also induce
DUX4 via a DNA damage response and p53 activity (48), although
recent studies suggest a direct role for the viral immediate early pro-
teins ICP0 and ICP4 in DUX4 up-regulation (49). HSV-1 is a
common sexually transmitted disease among women of reproduc-
tive age, and it can, in rare circumstances, be transmitted to the fetus
during pregnancy with severe consequences (e.g., microcephaly and
fetal demise) (50). It is therefore conceivable that a low-grade infec-
tion in the first trimester (when the face is forming) in the context of
a genetic background of SMCHD1 dysfunction could specifically
derail olfactory and lens placodogenesis.

While we have made major strides in understanding the patho-
genesis of arhinia by identifying the relevant cell type (cranial

Fig. 5. DUX4 is induced in arhinia and FSHD2 patient-derived cells upon placode cell differentiation. (A) Top: Relative mRNA levels of DUX4-inducible gene TRIM43
at baseline (D0) and at days 3 and 4 of placode cell differentiation. Asterisks indicate statistically significant differences between groups determined using two-way
repeated-measures ANOVA (***P < 0.001). mRNA normalized to GAPDH. n ≥ 3 biological replicates per experiment. Bottom: Crystal violet–stained cells on day 11 of
placode cell differentiation for control, arhinia, and FSHD2 patient-derived cells. (B and C) Western blots for SMCHD1 and DUX4 in control, arhinia, and FSHD2
patient-derived placode cells, WT human ES cells (H9), and SMCHD1 KO ES cells (clones 49 and 79) at day 4 of differentiation. HDAC1 is shown as a loading control.
See table S1 for phenotypic and genotypic data for controls and patients.
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placode) andmechanism of cell death (DUX4), our in vitro model is
limited in that both arhinia and FSHD2 patient-derived iPSC dem-
onstrate variable degrees of cell death upon placode cell differenti-
ation; hence, our data do not answer the question of why arhinia
patients, but not FSHD2 patients, demonstrate craniofacial abnor-
malities. We suspect that there are genetic modifiers that have im-
portant effects in utero, perhaps in fine-tuning the temporospatial
expression of DUX4 or in determining the total number of placode
cells that form, but these effects, as well as those of unknown envi-
ronmental modifiers, are not captured by this model system. In-
triguingly, a permissive 4q35 haplotype does not appear to be
required for DUX4 expression in placode cells, as demonstrated
with the arhinia cell line HT647.

In summary, we propose that in patients with arhinia and related
nasal phenotypes (e.g., anosmia and nasal hypoplasia), nasal mor-
phogenesis is completely or partially arrested when SMCHD1 mis-
sense mutations unleash DUX4 toxicity in cranial placode cells,
leading to cell death. Additional genetic variants and/or environ-
mental factors, such as viral infections, appear to modulate this
process, resulting in incomplete penetrance and variable expressiv-
ity among mutation carriers. Further studies are necessary to deter-
mine the unique repertoire of transcriptional activators and
repressors that control DUX4 expression in human placode cells.

MATERIALS AND METHODS
Study design
Statistical analyses
Statistical details, including the number of biological replicates,
methods used, and P values, are reported in each figure legend, in
the text, or in the supplementary tables. All bar graphs show indi-
vidual data points as well as mean ± 1 SD.

Sample size—A sample size of two to three per group (three WT
clones, two KO clones, four FSHD2 iPSCs, and four arhinia iPSCs)

was chosen to achieve appropriate statistical power based on previ-
ous experience working with these cell types.

Data exclusions—None.
Replication—There were three biological replicates for the

control group (clones H9, 20, and 40) and two for the SMCHD1
KO ESC (clones 49 and 79).

Randomization—N/A.
Blinding—N/A.

Enrollment of research subjects
Written informed consent was obtained from all participants.
Ethical approval was obtained from the institutional review board
at the National Institute of Child Health and Development/National
Institutes of Health (NIH; protocols 2012-CH-0050 and 2012-CH-
0049). Under this protocol, dermal fibroblasts were collected by skin
punch biopsy from subjects with arhinia. Fibroblasts from patients
with FSHD2 were gifts from R. Tawil (Richard Fields Center for
FSHDResearch, University of RochesterMedical School, Rochester,
NY) and C. Emerson Jr. (University of Massachusetts Medical
School Wellstone Center for FSHD, Worcester, MA). iPSC lines
derived from primary fibroblasts from two deidentified female con-
trols were a gift from the laboratory of T. Archer [National Institute
of Environmental Health Sciences (NIEHS)/NIH]. Sample infor-
mation is listed in table S1.
Derivation and characterization of iPSC
Arhinia and FSHD2 iPSC were reprogrammed from primary fibro-
blasts or myoblasts using Sendai virus, as previously described (51).
The presence of pluripotency markers (NANOG, TRA-1-60) was
confirmed by fluorescence-activated cell sorting, and cells were con-
firmed to be vector-free using anti-SeV antibodies. Control iPSCs
were reprogrammed from primary fibroblasts via lentiviral trans-
duction, as previously described (52, 53). The control iPSC demon-
strated the expected expression pattern of genes associated with
pluripotency, ectoderm, mesoderm, and endoderm lineage com-
mitment (52, 54).

Fig. 6. HSV-1 infection induces greater DUX4 expression in SMCHD1 KO ES cells than in WT ES cells and in arhinia and FSHD2 patient-derived iPSC than in
control iPSC. (A) Western blots for SMCHD1 and DUX4 in WT and SMCHD1 KO ES (clone 79) cells with or without HSV-1 infection (MOI 5, 18 hours). HDAC1 is shown as a
loading control. Infected cell protein 0 (ICP0) is an HSV-1 protein confirming viral infection. (B) RelativemRNA levels of the DUX4 target gene TRIM43 with or without HSV-
1 infection normalized to GAPDH. Asterisks indicate statistically significant differences determined using two-way ANOVA (**P < 0.01; ****P < 0.0001). (C) Western blots for
SMCHD1 and DUX4 in control and patient iPSCs infected with HSV-1. (D) Graphical representation of DUX4 protein amount in control and patient iPSC after HSV-1
infection. The DUX4 protein level was quantified by measuring the intensity of protein bands and expressed relative to HDAC1. Asterisks indicate statistically significant
differences determined using one-way ANOVA (***P < 0.001, **P < 0.005). n ≥ 3 biological replicates per experiment.
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Human pluripotent cell culture
Human iPSCs or H9 hESCs (WiCell, WA09) were maintained on
Matrigel (Corning, 356235)–coated plates using mTeSR1 (STEM-
CELL Technologies, 85850) and passaged using ReLeSR (STEM-
CELL Technologies, 05872). After passaging, rock inhibitor (Y-
27632) was added to the medium and removed 24 hours after
plating. mTeSR1 was changed every day, and cells were passaged
at about 60% confluency.
Genotyping of SMCHD1 KO cell lines
For genotyping of SMCHD1 KO cell lines (49 and 79), genomic
DNA was prepared from each cell line using the DNeasy Blood
and Tissue Kit (Qiagen, 69504) following the instructions of the
manufacturer. Regular polymerase chain reaction (PCR) was per-
formed using primer sets 735 and 736 with 100 ng of genomic
DNA as a template. PCR product was run onto 1% agarose gel,
and 497 base pairs of PCR product was extracted using a QIAquick
Gel Extraction kit and cloned into pCR 2.1-TOPO TA vector using
the TOPO TA Cloning Kit (Thermo Fisher Scientific, K450001).
Picked colonies were cultured in LB with ampicillin, and plasmid
was prepared using the QIAprep Spin Miniprep Kit (Qiagen,
28704) and sequenced with primer 735. The clones containing
proper region of genomic DNA were aligned and compared with
WT sequence.
Derivation of cranial NCC and cranial placode cells
Cranial NCC and placode cells were derived from H9 cells as pre-
viously described (35, 37). NCCs migrating away from spheres were
detached from dishes by Accutase and replated in six-well plates at 1
× 106 cells per well. When cells are confluent in a well (generally, 24
to 48 after plating), a wound is made with a pipette tip and migra-
tion was observed by taking pictures every 2 to 3 hours.
Scratch wound assay
NCCs were harvested by Accutase and passed through a cell strainer
(mesh size, 40 μm) to remove spheres, and 1 × 105 cells were plated
in one well of 96-well plate. Twelve hours after plating, wound was
made using Incucyte 96-WellWoundmaker Tool (Sartorius, catalog
no. 4563), the well was washed once with phosphate-buffered saline
(PBS), and 100 μl of medium was added into each well. Cell migra-
tion was monitored by IncucyteS3 (Sartorius), and data were ana-
lyzed using Incucyte Scratch Wound Analysis Software Module
(Sartorius, catalog no. 9600-0012).
Analysis of cellular proliferation by flow cytometry
Human ES cells (WT and SMCHD1KO) were plated with 2 × 106
density in 10-cm dish, and cells are collected 3 days after plating,
fixed with 80% EtOH, and kept at −20°C until analysis. Cell prolif-
eration was measured using anti-Ki67–PE (phycoerythrin) (BD
Biosciences) according to the manufacturer ’s instructions. Ten
thousand cells were analyzed using a BD Fortessa flow cytometer
(San Jose, CA) equipped with FACSDiva software. Cells were
excited with a 561-nm laser, and PE fluorescence was detected at
585 nm. Changes in cellular proliferation were determined by ana-
lyzing single cells on an anti-Ki67–PE histogram.
Flow cytometry for PI staining to detect necrotic cells
Cells were plated with 3 × 105 density in a 6-cm dish and differen-
tiated into placode cells 24 hours after plating. At day 6 of differen-
tiation, both cells in medium (detouched) and attached cells
harvested by Accutase were collected in one tube by centrifugation
(500g × 5 min). Plasma membrane integrity was measured by
adding PI (R&D Systems) to live cells at a final concentration of 5
μg/ml immediately before flow cytometric analysis. Ten thousand

cells were analyzed using a BD Fortessa flow cytometer (San Jose,
CA) equipped with FACSDiva software. Cells were excited with a
561-nm laser, and PI fluorescence was detected at 585 nm. A gate
was drawn on a PI histogram for the control sample to determine
the percent of viable and dead experimental cells.
Cytotoxicity assay
hESCs were plated on white 96-well plates coated with Matrigel (1 ×
104 per well), and 24 hours after plating, placode cell differentiation
was started. Samples of the cell culture medium were taken every
day up to 6 days of differentiation and frozen for assay. LDH
release was measured using CytoTox96 Non-Radio Cytotoxicity
Assay (Promega, G1781) following the product’s instructions. Cell
viability was measured each day using the CellTiter-Fluor Cell Vi-
ability Assay, as described above.
Crystal violet staining to determine cell viability
hESCs (both WT and SMCHD1 KO) were differentiated into
placode cells, and at each time point, medium was removed from
the dishes or wells, and crystal violet solution (2% in 10%
ethanol) was added to cover the well. The plates or dishes sat at
room temperature for at least 1 hour. Plates or dishes were
washed four times in a stream of tap water. After washing, plates
or dishes were air-dried without their lids overnight and pictures
were taken from the bottom angle.
PCR and primer extension
For regular PCR and primer extensions, PrimeSTARMax DNA Po-
lymerase (Takara, R045B) and PfuTurboDNAPolymerase (Agilent,
600250) were used following the manufacturer ’s instructions,
respectively.
Plasmid construction
pCDH-EF1α-MCS-T2A-SMCHD1 and pCDH-EF1α-MCS-T2A-
Hygro were made from pCDH-EF1α-MCS-T2A-Puro (System Bio-
science, CD527A-1). To remove the puromycin-resistant gene from
CD527A-1, primer extension was performed with primer set 971/
972 and transformed after Dpn I treatment. Xho I site was inserted
by performing primer extension using primer set 973/974. Hygrom-
ycin-resistant gene was amplified from pCDH-UbC-MCS-EF1α-
Hygro (System Bioscience, CD615B-1) using primer set 975/976
and inserted into Xho I–digested pCDH-EF1α-MCS-T2A-Hygro
by SLIC (55). Mutations in SMCHD1 around guide RNA (gRNA)
without changing the amino acid sequence to avoid Cas9 digestion
were introduced by primer extension with two primers (828/829)
using pcDNA3.1HASMCHD1 vector as a template. gRNA-
mutated SMCHD1 was amplified with primer set 965/966 and in-
serted into pCDH-EF1α-MCS-T2A-Hygro–digested with Xba I.
pLKO.1 hygro-DUX4 shRNAs. Sets of oligos with 1436/1437,

1438/1439, 1440/1441, and 1442/1443 were annealed and ligated
into pLKO.1 hygro digested with Age I and Eco RI by T4 ligase
and transformed.
pNL2.1-DUX4RE-tk. Two oligos were ordered as an Ultramer

Duplex from IDT and inserted into pGL3B-tk (56) digested with
Xho I. DUX4-responsive element conjugated with tk promoter
was amplified using primer set 1454/1459 and inserted into
pNL2.1 digested with Xho I. The plasmid was sequenced, and the
one that had the insertion with the correct direction was selected.
The final product has 21 repeats of the DUX4-responsive element
(TAATCTAATCA) upstream of the tk promoter. All construct se-
quences were confirmed by Sanger sequencing (Genewiz).
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Lentivirus production
All lentiviruses, pLentiCRISPR v2-SMCHD1guideRNA3, pCDH-
EF1α-MCS-T2A-Hygro-SMCHD1, and pLKO.1 hygro with
DUX4 shRNA, were packaged in human embryonic kidney
(HEK) 293T/17 cells according to protocol (57). Briefly,
HEK293T cells were transiently transfected with pMD2G,
psPAX2, and transfer vector containing the desired gene using Lip-
ofectamine 2000 (Invitrogen). Culture medium was collected 48
hours after transfection and cleared from debris before storage.
All titers were determined by performing quantitative or digital
droplet PCR to measure the number of lentiviral particles that inte-
grated into the host genome.
Lentivirus infection
Human ES cells (H9 cells or SMCHD1 KOH9 cells) were plated at a
density of either 1 × 105 or 5 × 105 in a six-well plate. Cells were
infected with 5 or 10 MOIs for each cell density, respectively.
Medium was changed every day, and cells were split with 10×
serial dilution in 10-cm dishes. Cells were treated with puromycin
(0.25 to 0.5 μg/ml) or hygromycin (10 to 50 μg/ml) for drug selec-
tion. For SMCHD1 KO and SMCHD1 reexpression cells, surviving
colonies were picked and expanded individually. Each clone was ex-
amined for genomic DNA sequences after preparing genomic DNA
with DNAzol (Invitrogen, 10503027) or DNeasy (Qiagen, 69504)
and performing PCR using primer set 735/736 and/or Western
blotting with SMCHD1 antibody. For DUX4 knockdown cells, all
surviving cells following hygromycin treatment were mixed and
used for further experiments.
Anti-SMCHD1 antibody production
We used bacterially expressed and purified SMCHD1 24-580AA
(58) for rabbit injections using GenScript. GenScript affinity puri-
fied the antibody using an antigen column.
Human herpes virus (HSV-1) production and infection
Human ES cells or iPSCs were plated 5 × 105 per well in a six-well
plate and infected with HSV-1 at anMOI of 5 24 hours after plating.
Cells were collected 18 hours after infection, and RNA and protein
samples were prepared.
Western blotting
Cell pellets were suspended with Buffer A [10 mM Hepes (pH 7.6),
10 mM KCl, and 1.5 mM MgCl2 containing 0.3% NP-40] supple-
mented with cOmplete Mini, EDTA-free (Roche, 11836170001)
protease inhibitor and kept on ice for 10 min. Suspension was cen-
trifuged at 3000g for 5 min, and supernatant was stored as cytoplas-
mic fraction. The pellet was washed with Buffer A again, suspended
with cell lysis buffer [10 mM Hepes (pH 7.6), 0.5 mM EDTA, 100
mM NaCl, 1% Triton X-100, and 10% glycerol supplemented with
cOmplete Mini], and sonicated for 20 s with a Q500 Qsonica son-
icator using a microtip probe and a 30% amplitude setting. Protein
concentration was quantified with Pierce BCA protein assay kit
(Pierce, 23225), and protein (5 to 10 μg) was loaded onto SDS–poly-
acrylamide gel electrophoresis gel (NuPAGE 4 to 12%, bis-tris, 1.0
mM, Mini Protein Gel, 10- or 15-well; Invitrogen, NP0321BOX or
NP0321BOX). After transferring proteins onto polyvinylidene di-
fluoride membranes (Immobilon-P, Millipore, IPVH85R), mem-
branes were blocked with TBST (tris-buffered saline with 0.05%
Tween 20) containing 5% skim milk and incubated with primary
antibodies overnight at 4°C. Membranes were then incubated
with horseradish peroxidase–labeled secondary antibodies, and
signals were detected by WesternBright Sirius or WesternBright

ECL (Advansta, K-12043 or K-12045) using C-DiGit (LI-COR) or
ChemiDoc Imaging system (Bio-Rad).
Quantitative PCR with reverse transcription
RNA was isolated using TRIzol extraction. All RNA samples were
treated with deoxyribonuclease (DNase) on RNeasy columns and
eluted. Reverse transcription was performed with High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scientific,
4368814), and quantitative PCR (qPCR; see table S7 for qPCR
primers and probes) was performed with Universal PCR Master
Mix (Thermo Fisher Scientific, 4304437) using a Bio-Rad qPCR
CFX. Experiments were performed in biological replicates as indi-
cated in figure legends. GAPDH or 18S ribosomal RNA (rRNA) was
used to normalize data.
Immunofluorescence of cultured cells
Immunofluorescence was performed according to the protocol de-
scribed by Kuragano et al. (59). Briefly, cells were cultured on Ma-
trigel-coated cover glass and fixed in 3.7% formaldehyde in PBS at
room temperature for 10 min and washed with PBS. Cells were per-
meabilized using 0.1% Triton X-100 in PBS at room temperature for
10 min and blocked using 3% bovine serum albumin (BSA) in PBS
at room temperature for 30min. Primary antibodies (see table S7 for
dilution range) were diluted in PBS with 3% BSA and incubated at
room temperature for 1 hour or overnight at 4°C, washed three
times in PBS and incubated with secondary antibodies (table S7)
diluted in PBS with 3% BSA, and incubated for 1 hour at room tem-
perature. Samples were washed three times with PBS, briefly rinsed
in water, and mounted with ProLong Gold Anti-fade reagent and
DAPI (4′,6-diamidino-2-phenylindole) mounting medium (Fisher
Scientific, P-36935).
Definition of biological replicate
Biological replicates are samples analyzed from distinct samples
and, when possible, are different independent clones (for
example, KO clones isolated separately to control for clonal-deriva-
tion technical variation).
Mycoplasma testing
Cells were routinely tested for mycoplasma using the method de-
scribed previously (60), and the results were negative.
FSHD diagnostic testing
All testing was performed at the University of Iowa Molecular Pa-
thology Laboratory using standard methods for the clinical diagno-
sis of FSHD (61). (i) Determination of haplotype, 4q35, and 10q26
D4Z4 repeat sizes (62): Cultured stem cells were extracted using the
Specimen Preparation Fresh Cells DNA Isolation Protocol
(Bionano Genomics, San Diego, CA; catalog no. 80030). Genomic
DNA was quantitated by using a Qubit dsDNA BR assay kit in a
Qubit 4.0 fluorometer (Thermo Fisher Scientific, Waltham, MA).
Genomic DNA was fluorescently tagged by using the Direct Label
and Stain DLS DNA Kit (Bionano Genomics, catalog no. 80005).
Labeled and stained DNA was quantitated using the Qubit
dsDNAHS assay kit in a Qubit 4.0 fluorometer. Labeled DNAmol-
ecules were electrophoresed through low-voltage nanochannel
arrays on a Saphyr chip (Bionano Genomics, catalog no. 20366)
to linearize the DNA. High-throughput sequential imaging of the
nanochannels was performed by using the Saphyr Genome
Imaging Instrument to produce thousands of high-resolution
images from which the molecule maps could be derived. Data
were processed with Bionano Solve software version 3.5 to first
align labeled molecules against the reference sequence predicted
label pattern; the hg38 reference carries both the 4qA and 4qB
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D4Z4 haplotypes. Molecules aligned to the reference chromosome
4q35 or 10q26 regions were further collected to generate represen-
tative allelic profiles of structural variation to interpret FSHD geno-
types by using the custom EnFocus FSHD analysis (version 1.0;
Bionano Genomics). (ii) Determination of D4Z4 methylation
status: DNA was isolated from cultured cells and digested with
the restriction enzymes Eco RI and Bgl II, followed by a second di-
gestion with the methylation-sensitive enzyme Fse I. After linear gel
electrophoresis, the blots were hybridized with the probe p13E-11.
The relative amounts of methylated and hypomethylated DNAwere
quantitated using Image Lab software.

Next generation sequencing and analysis
Samples and library preparation
DNA sequencing. Rare sequence variants in SMCHD1 were iden-

tified by exome sequencing and/or targeted (Sanger) sequencing, as
previously described (2).
RNA sequencing. For RNA-seq of hESCs, RNA was extracted

using TRIzol and prepared using DNeasy with deoxyribonuclease
treatment, and concentration was measured with Qubit using
Qubit RNA HS Assay Kit. Libraries were generated using TruSeq
RNA Library Prep Kit v2 (Illumina, RS-122-2001) according to
the manufacturer’s instructions. Purified libraries were quantified
on the Agilent Technologies 2100 Bioanalyzer with the Agilent
High Sensitivity DNA Kit.
DUX4 ChIP-seq. SMCHD1 KO human ES (H9) cells (clones 79

and 49) were differentiated into placode cells in 10-cm dishes. On
day 3, cells were cross-linked following the instructions from Active
Motif (www.activemotif.com/documents/1848.pdf). Briefly, 1 ml of
freshly prepared formaldehyde solution [11% formaldehyde
(Sigma-Aldrich, F-8775), 0.1 M NaCl, 1 mM EDTA (pH 8.0), and
50 mMHepes (H7.9)] was added into 10 ml of cell culture medium
in a 10-cm dish. The dish was agitated for 15 min at room temper-
ature. Fixation was stopped by adding 0.55 ml of 2.5 M glycine.
After incubating at room temperature for 5 min, cells were collected
and washed with chilled PBS containing 0.5% IGEPAL CA-630
(Sigma-Aldrich, I-8896) two times. After collecting the cells by cen-
trifugation, the supernatant was completely removed by aspiration.
Cells were then frozen on dry ice and shipped to Active Motif for
further analysis. Abcam monoclonal anti-DUX4 antibody [E5-5]
(Abcam, ab124699) was used for ChIP.
Reads processing. All next generation sequencing (NGS) reads

were subjected to FASTQC (www.bioinformatics.babraham.ac.uk/
projects/fastqc/) and FASTQ-SCREEN (www.bioinformatics.
babraham.ac.uk/projects/fastq_screen/) for sequence quality verifi-
cation and contamination screening. Sequences were then fed into
TrimGalore (www.bioinformatics.babraham.ac.uk/projects/trim:
galore/) for adapter sequence trimming and low-quality reads filter-
ing (--cores 7 --fastqc). Pair-end reads were fed to TrimGalore se-
lecting the pair-end mode (--paired), and only proper pair reads
were retained. Cleaned high-quality reads from each dataset were
used for the downstream analysis.

All the alignments are based on the reference human genome
hg38 and the GENCODE gene model prediction. STAR (63) was
used for RNA-seq read alignment to the reference genome consid-
ering the following parameters (--runMode alignReads --outFilter-
Type BySJout --outSAMtype BAM SortedByCoordinate; table S8).
BOWTIE2 (64, 65) was used for aligning the ChIP-seq reads to the
reference genome using single-end mode and --phred33 -p 21

parameters (table S9). GATK v4.1.9.0 was used to add appropriate
read groups to each sample, remove PCR duplicates, sort and index,
and write them in BAM format as analysis read ready for down-
stream analysis.
RNA-seq DEG analysis. featureCounts (66) was used to quantify

reads uniquely intersecting exons of hg38 GENCODE gene models
in each RNA-seq sample. The raw read count matrix was then
loaded into R where size factors were determined from the complete
dataset and then applied to each sample during each separately an-
alyzed pairwise comparison (see tables S2 to S4; |log2FC| ≥ 1 and
FDR < 0.05) using the DESeq2 package available on R Bioconductor
(67). The size factor normalized read counts and DEGs from each
pairwise comparison were then generated using the standard
DESeq2 workflow.
ChIP-seq peak calling, annotation, and motif identification. Call-

peak module from MACS2 (68) was run to call peaks (table S5).
Peaks were then annotated using annotatePeaks module imple-
mented in HOMER (69) cross checking the peaks with the
GENCODE v32 reference human gene prediction and annotation.
Module findMotif from HOMER was then used on the annotated
peaks to identify known and de novo active motifs for each set
(table S10).
Functional enrichment analysis. Enrichment analysis was carried

out using gprofiler2 (70), an R package for gene list functional en-
richment analysis and namespace conversion toolset g: Profiler
(table S6).

Supplementary Materials
This PDF file includes:
Figs. S1 to S12
Legends for tables S1 to S10

Other Supplementary Material for this
manuscript includes the following:
Tables S1 to S10
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