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ABSTRACT Structural maintenance of chromosomes flexible hinge domain-containing 1 (SMCHD1) is an architectural factor critical for
X-chromosome inactivation (XCI) and the repression of select autosomal gene clusters. In mice, homozygous nonsense mutations in
Smchd1 cause female-specific embryonic lethality due to an XCI defect. However, although human mutations in SMCHD1 are
associated with congenital arhinia and facioscapulohumeral muscular dystrophy type 2 (FSHD2), the diseases do not show a sex-
specific bias, despite the essential nature of XCI in humans. To investigate whether there is a dosage imbalance for the sex chromo-
somes, we here analyze transcriptomic data from arhinia and FSHD2 patient blood and muscle cells. We find that X-linked dosage
compensation is maintained in these patients. In mice, SMCHD1 controls not only protocadherin (Pcdh) gene clusters, but also Hox
genes critical for craniofacial development. Ablating Smchd1 results in aberrant expression of these genes, coinciding with altered
chromatin states and three-dimensional (3D) topological organization. In a subset of FSHD2 and arhinia patients, we also found
dysregulation of clustered PCDH, but not HOX genes. Overall, our study demonstrates preservation of XCI in arhinia and FSHD2, and
implicates SMCHD1 in the regulation of the 3D organization of select autosomal gene clusters.
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X-CHROMOSOMEinactivation(XCI) silencesgeneexpres-
sion on one of the two X chromosomes in female mam-

mals, thereby ensuring balanced dosage of X-linked genes
between XY males and XX females (Starmer and Magnuson
2009; Lee 2011; Wutz 2011; Disteche 2012; Mira-Bontenbal
and Gribnau 2016). Aberrant dosage of even a fraction of
X-linked genes in humans can produce an abnormal phenotype,
as exemplified by Turner (XO) and Klinefelter (XXY) syn-
dromes. In mice, perturbation of XCI in early development

has devastating consequences: deletion of Xist (X-inactive-spe-
cific transcript), the master regulator of XCI (Brockdorff et al.
1991; Brown et al. 1991), causes female-specific embryonic
lethality early in gestation around the time of normal XCI initi-
ation (Marahrens et al. 1997; Yang et al. 2016).

A mutagenesis screen in mice previously identified
Smchd1 as a locus essential for transgene silencing and fe-
male embryonic development (Blewitt et al. 2005, 2008).
Smchd1 encodes structural maintenance of chromosomes
(SMC) flexible hinge domain-containing 1 (SMCHD1), a
230-kDa protein with an N-terminal GHKL (Gyras, Hsp90,
Histidine Kinase, MutL)-type ATPase domain and a
C-terminal SMC hinge domain that mediates SMCHD1
homodimerization (Blewitt et al. 2008; Brideau et al.
2015; Chen et al. 2015, 2016). Several studies have now
demonstrated its unequivocal role in XCI (Blewitt et al.
2005, 2008; Gendrel et al. 2012, 2013; Mould et al. 2013;
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Nozawa et al. 2013; Jansz et al. 2018a,b; Sakakibara et al.
2018; Wang et al. 2018; Gdula et al. 2019). Indeed, SMCHD1
is enriched on the inactive X chromosome (Xi) (Blewitt et al.
2008), but is apparently recruited to the Xi relatively late dur-
ing XCI in an ex vivo female embryonic stem (ES) cell model
(Gendrel et al. 2012). In contrast to Xistmutants, female mice
null for Smchd1 do not perish during the peri-implantation
stage, but rather only in midgestation [by embryonic day
(E)11.5] (Blewitt et al. 2005, 2008). Thus, SMCHD1 is
thought to act later during the XCI cascade. Indeed, recent
work has shown that SMCHD1 functions in finalizing the
three-dimensional (3D) reorganization the Xi, in particular
at the level of chromosome compartments (Wang et al.
2018, 2019). During XCI, Xist recruits Polycomb Repressive
Complex 1 to fuse A/B compartments into “S1/S2” compart-
ments. SMCHD1 then binds S1/S2 structures and merges
them to create a compartment-less Xi architecture. Loss of
SMCHD1 and a failure to fuse S1/S2 leads to regional defects
in Xist spreading and erosion of heterochromatic silencing,
coinciding with derepression of 43% of Xi genes in SMCHD1-
deficient cells (Wang et al.2018). Thus, SMCHD1plays a critical
role during the progression through XCI.

Importantly, SMCHD1 shows a high degree of sequence
similarity between mice and humans (87% protein sequence
identity). SMCHD1 also associates with the Xi in both species
(Blewitt et al. 2008; Nozawa et al. 2013). Given the conserva-
tion of structure and function across species, SMCHD1 muta-
tions in humans would be expected to cause defective XCI and
possibly female-specific phenotypes. A review of the human
Genome Aggregation Database (gnomAD) of nearly 140,000
control exomes and whole genomes reveals that SMCHD1 is
strongly depleted for loss-of-function (LoF) mutations (proba-
bility of being loss of function intolerant (pLI) = 1; observed/
expected constraint metric (o/e) = 0.09), and that there is
complete absence of individuals with homozygous LoF vari-
ants. These data suggest that a complete loss of SMCHD1
activity may be incompatible with life in either sex.

Human genetic studies over the last few years have now
established a diverse phenotypic spectrum of complex disorders
associated with SMCHD1 mutations. It was previously estab-
lished that missense and LoF mutations in SMCHD1 are a nec-
essary but insufficient component of a complex oligogenic
mechanism associated with facioscapulohumeral muscular
dystrophy type 2 (FSHD2) (Lemmers et al. 2012; Sacconi
et al. 2013), a late-onset, slowly progressive muscle disease.
SMCHD1 mutations also serve as a genetic modifier of disease
severity in FSHD type 1 (Sacconi et al. 2013). Surprisingly, it has
been recently demonstrated that some of these same FSHD2
mutations, and other missense variants of SMCHD1, contribute
to a rare craniofacial malformation that involves the complete
absence of an external nose, known as congenital arhinia
(Gordon et al. 2017; Shaw et al. 2017). While FSHD2 and
arhinia-associatedmutations are only found in the heterozygous
state in humans, heterozygous mutations can be equally or
more detrimental than null mutations, either through haploin-
sufficiency or a dominant-negative mechanism (for instance,

interference with SMCHD1 homodimerization) (Wilkie 2017).
Indeed, several studies suggest that the phenotypes
associated with arhinia and FSHD2 likely arise from either
a haploinsufficiency or a dominant-negative effect (Lemmers
et al. 2012, 2015; Shaw et al. 2017; de Greef et al. 2018).

An intriguing aspect of these disorders is that none exhibits
a sex bias, despite the established role of SMCHD1 in XCI.
Could SMCHD1 dysfunction cause severe disease without
simultaneously impacting XCI? Furthermore, if the SMCHD1
mutations did affect XCI, could XCI defects contribute to the
presentation of arhinia and FSHD2? Here, we explore the
genotype–phenotype relationships by analyzing transcrip-
tomic data from human arhinia and FSHD2 patients, and
document a surprising lack of XCI defects. However, we iden-
tify a link between SMCHD1 dysfunction and misregulation
of select autosomal gene clusters that are candidate down-
stream targets for SMCHD1-related disorders.

Materials and Methods

RNA-sequencing analysis

RNA-sequencing (RNA-seq) data of female/male mouse
embryonic stem (ES) cells (mESCs) (GSE54016) (Gendrel
et al. 2014), female/male mouse liver cells (GSE48109)
(Sugathan and Waxman 2013), male wild-type
(WT)/Smchd1MommeD1/MommeD1 (Smchd12/2) mouse neural
stem/progenitor cells (NPCs) (GSE65747) (Chen et al. 2015),
femaleWT/Smchd12/2mouseNPCs (GSE99991) (Wang et al.
2018), and FSHD2 patients (GSE56787) (Yao et al. 2014) were
downloaded from the Gene Expression Omnibus (GEO). Arhi-
nia patient RNA-seq data have been published (Shaw et al.
2017). Reads were aligned to mm9 or hg19 using TopHat2
(Kim et al. 2013), with PCR duplicates removed from paired-
end data sets. Strand information was resolved if the library
was constructed using strand-specific protocols. Uniquely
mapped exonic reads were counted using Homer (Heinz et al.
2010), and fragments per kilobase of transcript per mil-
lion mapped reads (FPKMs)/reads per kilobase of transcript
per million mapped reads (RPKMs) were calculated by divid-
ing the RNA-seq exonic fragment/read count of each gene by
the length of exons (kilobases) and total mapped exonic frag-
ments/reads (million). Fold changes were calculated by divid-
ing the FPKM/RPKMs of samples with SMCHD1 mutations
with those of controls. To compare the fold changes of auto-
somal and X-linked genes, only genes with FPKM/RPKM. 0.1
were included. The lists of class I SMCHD1-senstive genes and
genes subject to XCI in femalemouse NPCs have been reported
(Wang et al. 2018). To identify “facultative escapees,”we first
compiled a list of all escapees reported from previous studies
(Yang et al. 2010; Lopes et al. 2011; Splinter et al. 2011;
Calabrese et al. 2012; Li et al. 2012; Pinter et al. 2012;
Berletch et al. 2015; Marks et al. 2015) and defined facultative
escapees as reported escapees that do not belong to “constitu-
tive escapees” defined in female mouse NPCs (Wang et al.
2018). The human homologs of class I SMCHD1-senstive
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genes were identified based on a list of human–mouse homo-
logs retrieved from the Mouse Genome Informatics database.
We defined constitutive escapees (“E” or “Mostly E”), faculta-
tive escapees (“VE” or “Mostly VE”), and genes subject to XCI
(“S” or “Mostly S”) in humans based on a previous study
(Balaton et al. 2015), which comprehensively classified the
XCI status of X-linked genes by compiling several existing stud-
ies. In the FSHD RNA-seq data sets, we excluded data of a
control individual (C6) from our analyses as the library was
sequenced at a much lower depth. Cumulative distribution
plots were constructed using R and ggplot2. P-values were
computed byWilcoxon ranked sum test (unpaired, one-sided)
using R. To visualize RNA-seq coverage, we generated
fragment-per-million (fpm)-normalized bigWig files, which
were displayed using Integrative Genomics Viewer (IGV) with
scales indicated in each track.

To identify differentially expressed autosomal genes in
Smchd12/2 female mouse NPCs, we analyzed RNA-seq data
sets of two WT and two Smchd12/2 clones that carry two
X chromosomes, together with those of one WT and one
Smchd12/2 clone with XO genotypes, using the DESeq tool
(Anders and Huber 2010). The inclusion of additional clones
led to a reduced number of differentially expressed genes
than that reported previously (Wang et al. 2018), as there
was variation in gene expression between clones. Functional
annotation clustering was performed using the Database for
Annotation, Visualization and Integrative Discovery (DAVID)
(Huang da et al. 2009), with stringency set as “medium.”
Gene Ontology (GO) analysis was also performed using
DAVID (Huang da et al. 2009). For functional annotation
clustering and GO analysis, P-values corrected by the Ben-
jamini–Hochberg method were presented.

To performDESeq analyses for arhinia patients Y1 and B1,
we compared each patient with 10 controls (A2, AE2, AE3,
AE4, AH2, AH4, AH6, D2, D3, and D4). To perform DESeq
analysis for FSHD2 patient F14, we compared F14 with eight
controls (C1, C2, C3, C4, C5, C7, C8, and C9).

Chromatin immunoprecipitation-sequencing and in situ
Hi-C data analysis

H3K4me3, H3K27me3, CCCTC-binding factor (CTCF), and
RAD21 chromatin immunoprecipitation-sequencing (ChIP-
seq) and in situ Hi-C data in mouse NPCs, derived by
in vitro differentiation of WT and Smchd12/2 mESCs, were
available from the GEO (GSE99991). EZH2 ChIP-seq data in
mouse NPCs were uploaded to GSE126257. We displayed
fpm-normalized ChIP-seq coverage “comp” (compiling al-
lele-specific and nonallelic reads) tracks using IGV, with
scales indicated in each track. Replicate 1 of ChIP-seq is
shown in the figures, but replicate 2 demonstrated similar
patterns at the Pcdh and Hox loci as replicate 1. Two biolog-
ical replicates of in situ Hi-C data were pooled to increase
depth. Combined Hi-C summary files were converted to
.hic files, which were then displayed by Juicebox using
the “balanced” mode for normalization (Durand et al.
2016), with resolutions and scales indicated in each panel.

WT/Smchd12/2 maps were also computed by Juicebox. The
hic files have been uploaded to the GEO (GSE126257).

Data availability

All next-generation sequencing data are available at the
GEO with the accession numbers GSE54016, GSE48109,
GSE65747, GSE99991, GSE56787, and GSE126257. Supple-
mental material available at FigShare: https://doi.org/10.
25386/genetics.9633668.

Results

Dosage compensation is preserved in female arhinia
and FSHD2 patients

To determine if heterozygous mutations in SMCHD1 identi-
fied in patients with arhinia or FSHD2 are accompanied by
defective XCI, we analyzed published RNA-seq data sets in
lymphoblastoid cell lines (LCLs) from four female arhinia
patients, myogenic cells from two female FSHD2 patients
(Figure 1, A and B), and corresponding cell types from fe-
male controls. Arhinia patients carry heterozygous missense
SMCHD1 mutations that are clustered at the N-terminal
ATPase domain of the protein (Gordon et al. 2017; Shaw
et al. 2017), whereas FSHD2 patients harbor missense, non-
sense, and deletion mutations spanning the entire SMCHD1
locus (Figure 1, A and B) (Lemmers et al. 2012; Jansz et al.
2017; Shaw et al. 2017). The interrogation of individual
X-linked genes with this small sample size and limited num-
ber of replicates posed a challenge because defective XCI
typically leads to upregulation of any given X-linked gene
by only up to twofold (Gendrel et al. 2012; Mould et al.
2013; Yang et al. 2016; Wang et al. 2018). To overcome this
technical limitation, we compared the cumulative distribu-
tion of the fold change of X-linked genes relative to all auto-
somal genes in female patients and controls (Yang et al.
2016; Carrette et al. 2018), reasoning that even a small de-
gree of upregulation of many X-linked genes would cause a
significant deviation in the X-linked gene fold change distri-
bution compared with the distribution for autosomal genes.

To validate the sensitivity and specificity of our analytical
pipeline for detecting dosage imbalances,we ran the analysis
on mouse cells for which a dosage imbalance has been
established. First, we examined publicly available RNA-seq
data from XX and XY mESCs (Gendrel et al. 2014). Undif-
ferentiated female mESCs have two active X chromosomes
(Xa), whereas male mESCs have one Xa. Indeed, we ob-
served a rightward shift of X-linked fold change distribution
relative to autosomes between female and male mESCs
(Figure 1C, left), indicating disproportionate upregula-
tion of X-linked genes relative to autosomes in females.
This “X–A imbalance” was absent, as expected, between
WT male and female mouse hepatocytes (Sugathan and
Waxman 2013), as these fully differentiated cells had under-
gone XCI. (Figure 1C, left center). We also observed X–A
imbalance in Smchd12/2 NPCs derived from female mESCs
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Figure 1 Dosage compensation is preserved in female arhinia and FSHD2 patients harboring SMCHD1 mutations. (A) A table listing the cohort of
female arhinia and FSHD2 patients, and their associated SMCHD1mutations included in this study. Arhinia patients harboring SMCHD1mutations often
exhibit normal levels of SMCHD1 protein (Shaw et al. 2017). In contrast, it has been reported that SMCHD1 mutations in FSHD2 patients are usually
associated with reduced SMCHD1 protein levels (Lemmers et al. 2012), although the two FSHD2 patients listed here have not been tested for SMCHD1
levels. (B) The domain structure of human SMCHD1 protein with the locations of mutations found in patients listed in (A) overlaid. Green dots, missense
mutations. Red dot, nonsense or frameshift mutations. This figure was modified from Shaw et al. (2017). (C) CDPs for fold changes of X-linked and
autosomal genes in mouse cells. Note that X–A imbalance was not seen in male Smchd12/2 mouse NPCs, indicating that X–A imbalance in Smchd12/2

females originated from the inactive X chromosome. P-values given by Wilcoxon ranked sum test (unpaired, one-sided). (D) CDPs for fold changes of
X-linked and autosomal genes in female arhinia patients vs. female controls. (E) CDPs for fold changes of X-linked and autosomal genes in female
FSHD2 patients vs. female controls. CDP, cumulative distribution plot; Chr, chromosome; ES, embryonic stem; FSHD2, facioscapulohumeral muscular
dystrophy type 2; ID, identifier; NPC, neural progenitor cell; SMC, structural maintenance of chromosomes; SMCHD1, SMC flexible hinge domain-
containing 1; GHKL, Gyras, Hsp90, Histidine Kinase, MutL; WT, wild-type.
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(Figure 1C, right center) (Wang et al. 2018) but not male
mice (Figure 1C, right) (Chen et al. 2016). These analyses
demonstrate the robustness of our analytical pipeline.

We next examined RNA-seq data from female arhinia and
FSHD2 patients. We analyzed each patient separately, rea-
soning that each female patient harbors a distinct mutation
that may affect SMCHD1 differently (Figure 1A). Indeed, re-
cent work has shown varying ATPase activity levels in distinct
SMCHD1 mutants (Gurzau et al. 2018). Examining each
patient separately, we found that none of the four female
arhinia patients with heterozygous missense mutations in
SMCHD1 demonstrated X–A imbalance (Figure 1D). Interest-
ingly, X upregulation was also not detected in either female
FSHD2 patient (Figure 1E), despite one of them (F20) har-
boring a frameshifting deletion in SMCHD1. Thus, these spe-
cific SMCHD1 mutations do not cause dosage compensation
defects, at least when examined on a global chromosomal
scale in heterozygous human patients.

Class I genes resist arhinia- and FSHD2-associated
SMCHD1 mutations

Previous studies showed that in mice, SMCHD1 is required to
silence a specific subset of genes on the Xi, referred to as class I
SMCHD1-sensitive genes (class I genes, n=126) (Wang et al.
2018). In the absence of SMCHD1, class I genes exhibited
local Xist RNA-spreading defects and erosion of heterochro-
matic silencing, while other genes on the Xi were not af-
fected. Overall, Smchd1 ablation leads to defective silencing
in # 43% of genes normally subject to XCI (Gendrel et al.
2013; Mould et al. 2013; Wang et al. 2018). Indeed, the X–A
imbalance between Smchd12/2 and WT mouse NPCs was
weaker than that between female and male mESCs (compare
Figure 1C, left and right center), indicating a partial XCI de-
fect. We reasoned that an X–A imbalance in these patients
may not be evident if only a small fraction of X-linked genes
were dysregulated. To address this possibility, we tested if a
weaker X–A imbalance could be detected in patients by fo-
cusing on the subset of genes that are known to be dependent
on SMCHD1 for silencing.

To validate the approach, we first compared the expres-
sion of “escapees,” a subset of X-linked genes resistant to
XCI, between female and male controls (Supplemental Ma-
terial, Figure S1). We focused on constitutive escapees,
which resist XCI in all cells (Berletch et al. 2011; Balaton
and Brown 2016). When examining fold change distribu-
tion upon aggregating all X-linked genes, the increased dos-
age of constitutive escapees in females led to a minimal X–A
imbalance between females and males (Figure S1A), which
was not seen between same-sex individuals (Figure S1, B
and C). Notably, when analyzing constitutive escapees (n=
49) separately from other X-linked genes, we detected upre-
gulation of these escapees in females relative to males (Fig-
ure S1D), but not between individuals of the same sex
(Figure S1, E and F). Thus, X–A imbalance can be sensitively
detected by examining select X-linked genes with increased
dosage.

We next focused analyses on human X-linked genes ho-
mologous to mouse class I genes (n = 116). Significantly,
female arhinia patients (n = 4) and FSHD2 patients (n =
2) did not demonstrate upregulation of class I genes com-
pared to female controls (Figure 2, B and C). In mice, the
unique dependence of class I genes on SMCHD1 for silenc-
ing is intriguing. Because SMCHD1 binds broadly along the
entire Xi in mice (Wang et al. 2018), the specific effect
on class I genes cannot be conferred by region-specific
SMCHD1 binding. We asked if geographic characters on
the Xi may affect regional SMCHD1 sensitivity. It has been
reported that class I genes form clusters (Gendrel et al.
2013; Wang et al. 2018). Interestingly, class I gene clusters
overlapped with regions known to be rich in facultative
escapees (r = 0.64) (Figure 3, A and B), a distinct subset
of escapees that resist XCI only in select cells or tissues
(Berletch et al. 2011; Balaton and Brown 2016) (Table
S1). Furthermore, facultative escapees were selectively
enriched in class I genes (P , 0.0001) (Figure 3C), and
nonescaping class I genes tended to be in the vicinity of
escapees (Figure 3, D and E), suggesting that regions
harboring facultative escapees may be more sensitive to
Smcdh1 dysfunction. Indeed, facultative escapees were
upregulated in Smchd12/2 female mouse NPCs (Figure
4A). Our findings in mice are in line with a study that links
genetic variants of SMCHD1 to facultative escapees in hu-
mans (Luijk et al. 2018). In spite of this, we observed no
upregulation of facultative escapees (n = 44) in female
arhinia (n = 4) or FSHD2 (n = 2) patients (Figure 4, B
and C). Collectively, these data indicate that arhinia- and
FSHD2-assocated SMCHD1mutations do not affect dosage
compensation of X-linked genes when they are in the het-
erozygous state. Thus, dosage compensation is less sensi-
tive to SMCHD1 dysfunction than are craniofacial development
and muscular function.

SMCHD1 controls the epigenetic state and 3D
organization of the mouse Pcdh cluster

It is believed that SMCHD1 mutations, in conjunction
with a shortened permissive D4Z4 array, cause FSHD2 via
derepression of the leading FSHD candidate gene, Double
Homeobox 4 (DUX4) (Lemmers et al. 2012), but other un-
known genetic (or) environmental factors may also be con-
tributory (Jones et al. 2012). The molecular basis of arhinia
remains unclear, but our previous transcriptome studies
suggested DOK7, TGIF1, KDM6A, and ICK to be dysregu-
lated in arhinia patients (Shaw et al. 2017). To gain insight
into the pathogenesis of arhinia and FSHD2, we investi-
gated the effect of SMCHD1 dysfunction on autosomal gene
expression. We began with an examination of autosomal
genes dysregulated in Smchd12/2 mouse cells, reasoning
that the stronger effect of homozygous mutations may
allow a more targeted approach in analyzing the patient
data, where heterozygous mutations may only yield subtle
changes in gene expression.

SMCHD1, Arhinia, FSHD2, and X Inactivation 689



It is known that Smchd12/2 mice exhibit upregulation
and CpG hypomethylation of the clustered protocadherin
(Pcdh) genes (Gendrel et al. 2012; Mould et al. 2013; Chen
et al. 2015;Wang et al. 2018). These genes encode a subgroup
of cadherin proteins critical for neuronal diversity
and neural circuit formation (Zipursky and Sanes 2010;
Chen and Maniatis 2013; Yagi 2013; Mountoufaris et al.
2017). The Pcdh genes are arranged into three closely
linked clusters—a, b, and g—with dysregulation of the
Pcdha cluster in the Smchd12/2 background being most
consistently observed. Each Pcdha mRNA contains one of
the 14 tandemly arranged “variable exons,” with each car-
rying a promoter, and three “constant exons” shared by all
Pcdha isoforms (Figure 5A). Through stochastic promoter
choice, Pcdha isoforms carrying the 12 “alternate” exons

exhibit combinatorial and monoallelic expression in neu-
ronal lineages, whereas isoforms carrying the two “C-type”
exons are expressed biallelically and constitutively (Wu
and Maniatis 1999; Wu et al. 2001; Tasic et al. 2002;
Wang et al. 2002; Esumi et al. 2005). To probe deeper into
how the Pcdh genes are aberrantly regulated in the absence
of SMCHD1, we reanalyzed published RNA-seq data in WT
(n= 3) and Smchd12/2 (n= 3) female mouse NPC clones,
which were derived from in vitro differentiation of WT and
Smchd12/2 mESCs (Wang et al. 2018). In all three
Smchd12/2 clones, we observed upregulation of all 14 -
Pcdha isoforms (Figure 5B, left), whereas the expression
of Pcdhb (Figure 5B, right) and Pcdhg clusters (Figure S2A)
was similar between WT and Smchd12/2 clones. Strand-
specific RNA-seq coverage profiles (Figure 5A, “+” strand)

Figure 2 Human homologs of class I SMCHD1-sensitive Xi genes resist upregulation in heterozygous female patients. (A) CDPs comparing class I
SMCHD1-sensitive genes (class I genes), other X-linked genes, and autosomal genes in mouse cells. P-values: class I genes vs. autosomal genes
(black); class I genes vs. other X-linked genes (blue). P-values given by Wilcoxon ranked sum test (unpaired, one-sided). (B) CDPs comparing human
homologs of class I SMCHD1-sensitive genes (class I genes), other X-linked genes, and autosomal genes in female arhinia patients vs. female
controls. (C) CDPs comparing human homologs of class I SMCHD1-sensitive genes (class I genes), other X-linked genes, and autosomal genes in
female FSHD2 patients vs. female controls. CDP, cumulative distribution plot; ES, embryonic stem; FSHD2, facioscapulohumeral muscular dystrophy
type 2; NPC, neural progenitor cell; SMCHD1, structural maintenance of chromosomes flexible hinge domain-containing 1; WT, wild-type; Xi,
inactive X chromosome.
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Figure 3 Inactivation of facultative escapees is sensitive to Smchd1 ablation in mice. (A) Location of facultative escapees relative to various X-linked
gene classes. Gray-shaded areas are regions with facultative escapees. (B) Pearson correlation analysis of the occurrence of facultative escapees relative
to various X-linked gene classes on the X. (C) Testing the random likelihood of having 41 class I genes as facultative escapees. Random samplings of
126 genes from 355 genes subject to XCI in which 58 are facultative escapees were simulated 10,000 times. A probability density plot was generated
for the number of facultative escapees sampled. (D) Representative examples of class I genes that either overlap with or are adjacent to reported
escapees. Top track: all reported (constitutive and facultative) escapees (purple bars). Middle track: silent genes (black bars), constitutive escapees (pink
bars), class I genes (red bars), unclassified genes (gray bars), and class III genes (blue bars). Bottom track: RefSeq genes. (E) Nearest neighbor analysis: box
plots showing distribution of distances of class I and class III genes from each other, and to escapees. e.g., the left panel shows the distance distribution
from a class I gene to the nearest escapee (pink), class I (red), or class III (blue) gene. For this analysis, the 41 facultative escapees are removed from the
class I list (class I*). P-values were determined by Wilcoxon ranked sum test. NS, not significant (P . 0.05). a, P = 3.3033 1024. b, P = 3.2213 1026. c,
P = 6.14 3 10212. d, P = 8.556 3 10215. XCI, X-chromosome inactivation.
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confirmed Pcdha upregulation. Interestingly, we also ob-
served increased antisense transcription at regions harbor-
ing alternate exons in Smchd12/2 cells (Figure 5A and
Figure S2B, “2” strand).

We then investigated changes at the Pcdh locus at the
level of chromatin using published epigenomic profiling
data (Wang et al. 2018). In the WT clone, only one alternate
(Pcdha12) and two C-type exons (Pcdhac1 and Pcdhac2) were
marked by the active H3K4me3 histone mark (Figure 5A)
[note that in WT clones shown in Figure 5B, Pcdha12,
Pcdhac1, and Pcdhac3 did not show greater expression
(FPKM) than other isoforms, as reads mapped to the constant
exons were counted for all Pcdhas]. In Smchd12/2 cells, all
variable exons became H3K4me3-enriched, coinciding with
depletion of the repressive H3K27me3 histone mark and ab-
errant expression of all Pcdha isoforms (Figure 5, A and B),
consistent with a previous report (Chen et al. 2015).

Transcription of Pcdha genes is regulated by hypersensitivity
site 5-1 (HS5-1), an enhancer element located downstream of
the last constant exon (Figure 5A) (Ribich et al. 2006;
Kehayova et al. 2011). HS5-1 interacts with Pcdha pro-
moters via long-range DNA looping mediated by two archi-
tectural factors, CTCF and cohesin (Guo et al. 2012;
Monahan et al. 2012). We found that in Smchd12/2 mouse
NPCs, activation of Pcdha1-11 was associated with in-
creased binding of not only CTCF [as previously reported
(Chen et al. 2015)] but also RAD21, a cohesin subunit, to
their respective promoters (Figure 5A and Figure S2B). We
then examined in situ Hi-C data sets in WT and Smchd12/2

mouse cells (Wang et al. 2018) to determine if enhanced
CTCF/cohesin binding is accompanied by altered 3D topo-
logical organization of this locus. Strikingly, chromatin in-
teractions between Pcdha1-12 promoters and the HS5-1
enhancer became more frequent in Smchd12/2 than those

Figure 4 Behavior of facultative escapees in female arhinia and FSHD2 patients. (A) CDPs comparing facultative escapees, genes subject to XCI, and
autosomal genes in mouse cells. P-values: facultative escapees vs. autosomal genes (black); facultative escapees vs. genes subject to XCI (blue). P-values
given by Wilcoxon ranked sum test (unpaired, one-sided). (B) CDPs comparing facultative escapees, genes subject to XCI, and autosomal genes in
female arhinia patients vs. female controls. (C) CDPs comparing facultative escapees, genes subject to XCI, and autosomal genes in female FSHD2
patients vs. female controls. CDP, cumulative distribution plot; ES, embryonic stem; FSHD2, facioscapulohumeral muscular dystrophy type 2; NPC, neural
progenitor cell; WT, wild-type; XCI, X-chromosome inactivation.

692 C.-Y. Wang et al.



in WT cells (Figure 5C, dashed rectangles), although the
limited resolution of the Hi-C data sets did not allow us
to pinpoint contacts between HS5-1 and each individual
Pcdha1-12 promoter. Moreover, increased CTCF/cohesin
binding at the Pcdha5 promoter in Smchd12/2 cells coincided

with a strengthened border that appeared to separate Pcdha1-
12 into two small interacting domains (Figure 5C, arrows).
Thus, our analyses revealed that SMCHD1 regulates not only
the expression, but also the chromatin states and 3D organi-
zation, of the Pcdha gene cluster in mice.

Figure 5 Smchd1 ablation alters the
expression, chromatin states, and
three-dimensional organization of
the Pcdha gene cluster in mice. (A)
RNA-seq, H3K4me3, H3K27me3,
CTCF, and RAD21 ChIP-seq
(GSE99991) tracks at the Pcdha clus-
ter in WT (clone1) and Smchd12/2

(clone1) female mouse NPCs, with
scales indicated in each track. +, the
plus strand. 2, the minus strand. (B)
Dot plots showing the FPKMs of the
14 Pcdha and 22 Pcdhb genes in WT
(n = 3) and Smcdh12/2 (n = 3) mouse
NPC clones. (C) Hi-C contact maps at
10-kb resolution at the Pcdha cluster
in WT (clone1, bottom) and
Smchd12/2 (clone1, top) female
mouse NPCs (GSE99991). Also
shown are CTCF ChIP-seq tracks in
WT (black) and Smchd12/2 (red) fe-
male mouse NPCs. ChIP-seq, chroma-
tin immunoprecipitation-sequencing;
Chr, chromosome; CTCF, CCCTC-
binding factor; FPKM, fragments per
kilobase of transcript per million
mapped reads; NPC, neural progeni-
tor cell; RNA-seq, RNA-sequencing;
WT, wild-type.
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Aberrant expression of PCDHA genes in arhinia and
FSHD2 patients

Given effects on the mouse Pcdha locus, we asked if human
PCDH clusters are affected by the arhinia and FSHD2-associated
SMCHD1 mutations. While the PCDH genes are predomi-
nantly expressed in the nervous system, clustered Pcdh/
PCDH upregulation has been detected in nonneuronal line-
ages, such as in Smchd12/2whole-mouse embryos (Gendrel
et al. 2013; Mould et al. 2013), Smchd12/2 mouse embryonic
fibroblasts (Leong et al. 2013), and FSHD2 human myogenic
cells (Yao et al. 2014;Mason et al. 2017).With this inmind,we
examined PCDH expression in RNA-seq data of LCLs from four
females (Figure 1A) and six males (Figure S3A) with arhinia,
with 10 unaffected individuals serving as controls. Interest-
ingly, we observed upregulation of PCDHA genes in two arhi-
nia patients (B1 and Y1) (Figure 6A and Table S2), but not in
any of the controls. On the other hand, the PCDHB cluster was
not expressed in LCLs even in normal cells (FPKM, 0.1), and
the PCDHG cluster was not differentially expressed in patient
vs. normal cells (Figure S3B).

Therefore, we focused on PCDHA and inspected strand-
specific RNA-seq coverage tracks. We observed distinct pat-
terns of PCDHA derepression in these two arhinia patients. In
patient B1, most RNA-seq reads of the PCDHA genes origi-
nated from variable exons, but many reads were mapped to
the intronic regions between alternate exons (Figure 6B, “+”

strand) [note that in Figure 6A, B1 did not appear to be
upregulated as strongly as what was shown in Figure 6B
because only exonic reads were counted in the FPKM analy-
sis). Furthermore, PCDHA derepression in B1 was associated
with enhanced antisense transcription (Figure 6B, “2”

strand), reminiscent of the pattern seen in Smchd12/2mouse
NPCs (Figure 5A). This distinct profile was detected in B1,
but not in any other arhinia patients (n= 9) or controls (n=
10) (Figure 6B). Notably, the intronic and antisense PCDHA
reads did not stem from artifacts of library construction and/
or sequencing, as the RNA-seq of patient B1 at other loci
exhibited characteristic exonic enrichment in the sense ori-
entation (Figure S3C), andwere sequenced to a depth similar
to other patients/controls.

In patient Y1, PCDHA RNA-seq reads originated predom-
inantly from the last constant exon (Figure 6B). All PCDHA
isoforms were therefore counted as upregulated in the FPKM
analysis (Figure 6A). We noted that patient A1, who carried
the same missense mutation (p.Asn139His) as Y1, did not
exhibit PCDHA upregulation (Figure 6B). These data imply
that this SMCHD1 mutation is not sufficient to cause misex-
pression of the PCDHA cluster; there are likely modifier genes
that aid suppression of PCDHA in the presence of the
SMCHD1 missense mutation.

We also examined clustered PCDH expression in four
FSHD2 patients carrying SMCHD1 mutations using RNA-
seq data of their muscle biopsies (Yao et al. 2014). Eight
healthy individuals (controls), nine FSHD1 patients, and
two FSHD2 patients without SMCHD1 mutations were also

analyzed (Yao et al. 2014). Expression of all three PCDH
clusters was detected in muscle biopsies. In one FSHD2 pa-
tient (F14), we found upregulation of all PCDHA and three
PCDHB isoforms (Figure 6C, Figure S4A, and Table S2), but
not the PCDHG genes (Figure S4B). RNA-seq coverage pro-
files also revealed increased read density at the PCDHA loci in
F14 (Figure 6D); however, we could not evaluate antisense
transcription as the libraries were constructed using a non-
strand-specific protocol. PCDHA upregulation was not de-
tected in other FSHD1 and FSHD2 patients, suggesting an
effect specific to this SMCHD1mutation and/or other factors
unique to F14. In vitro-cultured myotubes from F14 also
exhibited PCDHA upregulation (Figure S5), although there
was considerable variation in the expression levels of PCDHA
in control myotubes. Taken together, our observation of
PCDHA upregulation in several arhinia and FSHD2 patients
suggests that SMCHD1 may regulate this gene cluster in hu-
mans, as in mice. Genetic background and modifier loci can
clearly also influence PCDHA expression when SMCHD1 ac-
tivity is aberrant.

Smchd1 ablation causes aberrant regulation of Hox
genes in mice

To identify additional classes of autosomal genes controlled
by SMCHD1, we performed functional annotation clustering
on autosomal genes differentially expressed in Smchd12/2

mouse NPCs (Tables S3 and S4) (Wang et al. 2018). Strik-
ingly, among the upregulated autosomal genes (n=251), we
found homeobox genes, a group of transcription factors that
control early embryonic development, to be one of the most
highly enriched functional clusters (enrichment score = 5.4;
P = 2.6 3 10211), second only to the protocadherin genes
(enrichment score = 6.39; P = 3.9 3 1027) (Table S5). In
contrast, no functional clusters in downregulated genes (n=
82) achieved statistical significance (Table S6).

Around 67% (10/15) of the homeobox genes derepressed
in Smchd12/2 mouse NPCs are members of the Hox gene
family, which controls the body plans in metazoans (Lewis
1978; Izpisúa-Belmonte et al. 1991; Duboule 2007). Hox
genes, like the Pcdh genes, are clustered. There are four
Hox clusters in vertebrates: HoxA, HoxB, HoxC, and HoxD
(Duboule and Dolle 1989; Graham et al. 1989). The ordering
of Hox genes within each cluster matches their unique spa-
tiotemporal expression pattern during embryonic develop-
ment, with genes at the 39 end of the cluster being
activated earlier and along the length of the animal (“anterior
Hox genes”), and genes at the 59 end being expressed later
and in posterior structures (“posterior Hox genes”) (Lewis
1978; Izpisúa-Belmonte et al. 1991; Duboule 2007). In three
WT mouse NPC clones, we observed the same pattern of Hox
expression, with only the anterior portion of HoxA (Hoxa1-7)
being activated and the others remaining repressed (Figure
7A, black and gray bars), indicative of the rostral identity of
these cells. While Hoxa1-7 remained active in the absence of
SMCHD1, all three Smchd12/2 clones exhibited aberrantHox
derepression (Figure 7A). Interestingly, in contrast to the
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Figure 6 Dysregulation of the PCDHA gene cluster in arhinia and FSHD2 patients. (A) Dot plots showing the FPKMs of the 15 PCDHA genes in LCLs of 10 arhinia
patients (red) and 10 controls (black). See Table S2 for the results of DESeq analyses, which similarly showed upregulation of PCDHA genes in patient Y1 and B1.
(B) Strand-resolved RNA-seq coverage tracks at the PCDHA gene cluster of three arhinia patients (B1,Y1, and A1) and one control (D2). +, the plus strand. 2,
the minus strand. (C) Dot plots showing the FPKMs of the 14 PCDHA genes in muscle biopsies of nine FSHD1 patients (blue), four FSHD2 patients carrying
SMCHD1 mutations (red), two FSHD2 patients without SMCHD1 mutations (green), and eight controls (black). See Table S2 for the results of DESeq analyses,
which similarly showed upregulation of PCDHA genes in patient F14. (D) RNA-seq coverage tracks at the PCDHA gene cluster of one FSHD2 patients (F14) and one
control (C7). +, the plus strand.2, the minus strand. FPKM, fragments per kilobase of transcript per million mapped reads; FSHD2, facioscapulohumeral muscular
dystrophy type 2; LCL; lymphoblastoid cell line; RNA-seq, RNA-sequencing; SMCHD1, structural maintenance of chromosomes flexible hinge domain-containing 1.
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uniform upregulation of the Pcdha cluster (Figure 5B), de-
repression of Hox genes was heterogeneous. Aberrant Hox
activation appeared in all four paralogous clusters, but the
number of activated genes varied not only between Hox clus-
ters but also between different NPC clones (Figure 7A). Fur-
thermore, we detected derepression not only of members
of the Hoxa1-7 paralogy groups, but also posterior Hox
genes such as Hox9-10, indicative of caudal/posterior
transformation.

Hox genes are regulated by Polycomb group proteins, a
set of repressive histone-modifying complexes that control
developmental genes (Schwartz and Pirrotta 2007;
Soshnikova and Duboule 2009; Surface et al. 2010). Indeed,
the derepressed Hox loci were accompanied by decreased
occupancy of EZH2, the catalytic subunit of Polycomb
Repressive Complex 2 (PRC2), and its catalytic product, the
H3K27me3 histone mark, in all four Hox clusters (Figure 7B,
HoxB; Figure S6, HoxA and HoxD; and Figure S7A, HoxC).
These derepressed genes were instead enriched by
H3K4me3. Ablating Smchd1 is known to influence the bind-
ing of CTCF and cohesin (Chen et al. 2015; Wang et al. 2018;
Gdula et al. 2019), as exemplified by the clustered Pcdha
locus (Figure 5A). Indeed, altered binding intensity of CTCF
and RAD21 at theHox loci was occasionally observed at some
sites (Figure 7B, and Figures S6 and S7A), but globally they
did not bind more strongly compared to what was observed
at the Pcdha1-11 region (Figure 5A). This difference might
reflect different regulatory mechanisms at play at these loci
and also varying degrees of derepression in Smchd12/2 cells.

The Hox clusters reside at the borders between topologi-
cally associated domains (TADs), megabase-sized chromatin
structures that insulate interactions between loci from differ-
ent domains (Dixon et al. 2012; Nora et al. 2012) or subme-
gabase-scale TAD-like structures (subTADs). This unique
positioning at TAD/subTAD boundaries contributes to se-
quential Hox activation (Dixon et al. 2012; Andrey et al.
2013; Berlivet et al. 2013; Darbellay and Duboule 2016).
For instance, the HoxB cluster lies between two subTADs
on mouse chromosome 11 (Figure 7C, dashed lines), with
the boundary at the region between Hoxb9 and Hoxb13. In-
triguingly, we examined in situ Hi-C data sets in Smchd12/2

NPCs (Wang et al. 2018) and found altered 3D organization
at this subTAD boundary. The inter-subTAD interactions be-
came decreased when Smchd1 was ablated (Figure 7C). To
better visualize altered chromatin structures, we generated
a differential Hi-C interaction map by dividing the WT by
the Smchd12/2 map, which revealed more frequent inter-
subTAD interactions inWT cells than in Smchd12/2 cells (Figure
7D, arrows). Altered inter-subTAD interactions were also ob-
served for the boundary housing the HoxC cluster (between
Hoxc9 and Hoxc13) (Figure S7, B and C, arrows), but not for
the boundary downstream to HoxC (Figure S7, B and C,
arrow heads), indicating an effect specific to Hox-associated
boundaries. As Polycomb complexes are known to promote
formation of self-interacting domains of compacted chroma-
tin (“Polycomb domains”) (Eskeland et al. 2010; Bantignies

et al. 2011; Schoenfelder et al. 2015; Kundu et al. 2017), the
attenuated inter-subTAD interactions might be attributable
to weakening of Polycomb domains that normally span
TAD/subTAD boundaries and/or from altered CTCF/cohe-
sin binding near these borders.

Taken together, these data demonstrate that SMCHD1
plays a critical role in the proper regulation of the Hox clus-
ters in mice. Overall, the negative effects of Smchd1 abla-
tion on Polycomb recruitment and the positive effects on
H3K4me3, CTCF, and cohesin enrichment mirror what have
been observed on the Xi (Jansz et al. 2018a; Sakakibara et al.
2018; Wang et al. 2018; Gdula et al. 2019). The accompany-
ing changes in Hox domain topology are also consistent with
a role for SMCHD1 in organizing 3D chromosomal structures.
Thus, SMCHD1 plays a vital role on the X chromosome and
select loci on autosomes in the mouse.

HOX gene regulation is preserved in LCLs of arhinia
patients and muscle biopsies in FSHD2 patients

A role for SMCHD1 in controlling the mouse Hox genes is
intriguing. Congenital arhinia often meets the diagnostic cri-
teria of Bosma arhinia microphthalmia syndrome (Bosma
et al. 1981) and is accompanied by other craniofacial abnor-
malities, such as cleft lip/palate, low-set ears, anophthalmia
or microophthalmia, uveal colomoma, and hypogonado-
tropic hypogonadism. These phenotypes likely represent a
developmental defect in cranial placodes and/or neural crest
cells (NCCs) (Gordon et al. 2017; Shaw et al. 2017). In light
of the critical role of Hox genes in regulating the specification
and migration of cranial NCCs during development
[reviewed in Parker et al. (2018)], our finding suggests that
SMCHD1 mutations might cause arhinia and its associated
craniofacial defects via dysregulation of the Hox genes. For
instance, cranial NCCs derived from the anterior-most region
of the neural tube, which normally lack Hox expression
(Krumlauf 1993), may be susceptible to ectopic Hox expres-
sion when SMCHD1 is dysfunctional. The posterior transfor-
mation observed in Smchd12/2 mouse NPCs also supports
speculation that rostral structures, such as derivatives of cra-
nial NCCs, might be susceptible to phenotypic alteration as-
sociated with SMCHD1 dysfunction. With this in mind, we
investigated HOX gene expression in the RNA-seq data of
arhinia patients, noting that the data were from LCLs and
not NCCs. We detected expression of HOXB2-4, HOXB7,
and HOXC4 in the LCLs of control individuals (n = 10) (Fig-
ure 8A, black dots). However, this expression pattern was
unchanged in LCLs of arhinia patients (n = 10) (Figure 8A,
red dots).

We then investigated HOX expression in FSHD2 patients
using RNA-seq data from muscle biopsies (n = 3). The HOX
expression pattern was the same in controls and FSHD2 pa-
tients (Figure 8B, red dots). Muscle biopsies from FSHD1
patients (Figure 8B, blue dots) and FSHD2 patients without
SMCHD1 mutations (Figure 8B, green dots) also exhibited
similar HOX patterns. Together, we conclude that SMCHD1
mutations in the heterozygous state do not alter HOX
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Figure 7 Smchd1 ablation alters the expression, chromatin states, and three-dimensional organization of the HoxB gene cluster in mice. (A) Bar plots
showing the FPKMs of all four clusters of Hox genes in WT (n = 3) and Smcdh12/2 (n = 3) mouse NPC clones. (B) RNA-seq, H3K4me3, H3K27me3, EZH2,
CTCF, and RAD21 ChIP-seq (GSE99991) tracks at the HoxB cluster in WT (clone1) and Smchd12/2 (clone1) female mouse NPCs, with scales indicated in
each track. +, the plus strand. 2, the minus strand. (C) Hi-C contact maps at 25-kb resolution at the HoxB cluster in WT (clone1, bottom) and
Smchd12/2 (clone1, top) female mouse NPCs (GSE99991). Also shown are H3K4me3 and H3K27me3 ChIP-seq tracks in WT and Smchd12/2 female
mouse NPCs. (D) Differential Hi-C contact maps generated by dividing the WT with the Smchd12/2 contact map at 25-kb resolution at the HoxB cluster
(GSE99991). ChIP-seq, chromatin immunoprecipitation-sequencing; CTCF, CCCTC-binding factor; FPKM, fragments per kilobase of transcript per
million mapped reads; NPC, neural progenitor cell; RNA-seq, RNA-sequencing; WT, wild-type.
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Figure 8 HOX genes are not dysregulated in LCLs of arhinia patients and muscle biopsies of FSHD2 patients. (A) Dot plots showing the FPKMs of the
four clusters of HOX genes in LCLs of 10 arhinia patients (red) and 10 controls (black). (B) Dot plots showing the FPKMs of the four clusters of HOX genes
in muscle biopsies of nine FSHD1 patients (blue), four FSHD2 patients carrying SMCHD1 mutations (red), two FSHD2 patients without SMCHD1
mutations (green), and eight controls (black).(C) A table listing other homeobox genes upregulated in Smchd12/2 mouse NPCs. (D) The top 20 list
of the GO analysis of the 230 upregulated genes in Smchd12/2 mouse NPCs. GO terms that were not enriched with statistical significance were labeled
with lighter colors. FPKM, fragments per kilobase of transcript per million mapped reads; FSHD2, facioscapulohumeral muscular dystrophy type 2; GO,
gene ontology; ID, identifier; LCL; lymphoblastoid cell line; NPC, neural progenitor cell; SMCHD1, structural maintenance of chromosomes flexible hinge
domain-containing 1.
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expression in LCLs of arhinia patients and muscle biopsies of
FSHD2 patients.

Derepression of genes involved in craniofacial
development in Smchd12/2 mouse NPCs

Because it is not possible to study ahomozygousSMCHD1null
in humans (see the Introduction), we turned again to the
mouse to gain more insight into how the transcriptional pro-
gram affected by SMCHD1 dysfunction might contribute to
arhinia. We examined the function of other SMCHD1-regu-
lated autosomal genes in mice. In addition to the Hox genes,
Smchd1 ablation led to upregulation of five non-Hox homeo-
box genes (Figure 8C). Among them was Distal-less
homeobox (Dlx) 2, a family member of the Dlx gene family
that plays a crucial role in the development of cranial NCCs
and surface ectoderm derivatives, such as olfactory and otic
placodes (Panganiban and Rubenstein 2002). Mice carrying
homozygous mutations of Dlx2 exhibit craniofacial defects,
such as cleft palate (Qiu et al. 1995). Also identified was
Ventral anterior homeobox 2 (Vax2), a critical regulator of
eye development, with its inactivation in mice being associ-
ated with incomplete closure of the optic fissure and eye
coloboma (Barbieri et al. 2002). Thus, dysfunction of
SMCHD1-regulated developmental regulators causes anom-
alies overlapping with arhinia-associated malformations.
Consistent with these observations, GO analyses of SMCHD1-
repressed autosomal genes revealed the enrichment for GO
terms associated with embryonic development, pattern specifi-
cation, and morphogenesis (Figure 8D) (Table S7). On the
other hand, a GO analysis of downregulated autosomal genes
inSmchd12/2mouseNPCs did not reveal statistically significant
enrichment of any GO terms (Table S8). We conclude that
SMCHD1 deficiency in mouse NPCs leads to a dysregulated
transcriptional program, where genes critical for craniofacial
development become aberrantly expressed. These findings are
consistent with the possibility that SMCHD1 may contribute
to the pathogenesis of the craniofacial anomalies in arhinia
through the dysregulation of homeobox genes.

Discussion

Here, we have integrated RNA-seq and epigenomic profiling
data of Smchd12/2 mouse cells to understand the molecular
pathogenesis of two human disorders associated with
SMCHD1 mutations: arhinia and FSHD2. Analysis of tran-
scriptomic data from arhinia and FSHD2 patients demon-
strate that the Xi chromosome remains dosage compensated
in females. This finding is consistent with the absence of a sex
bias in disease incidence or in clinical severity in patients with
arhinia (Shaw et al. 2017 and N. Shaw, unpublished results).
In fact, in FSHD multiplex families, females are more likely to
be entirely asymptomatic or less symptomatic than male rela-
tives (Zatz et al. 1995; Ricci et al. 1999, 2013; Tonini et al.
2004; Park et al. 2015) [however, this comparison may be
confounded by the proposed protective effect of estrogen in
FSHD, reviewed in Mul et al. (2018)]. Therefore, we conclude

that XCI is not a contributor to the overall disease presentation
and progression.

The absence of an effect on XCI may be somewhat surpris-
ing, but there are at least three possible explanations. First, all
patients carry heterozygous mutations of SMCHD1 and thus
have some amount of functional protein. While the residual
SMCHD1 activity may be insufficient to support proper cra-
niofacial development (arhinia) and maintenance of muscle
health (FSHD2), subtotal reduction of SMCHD1 function
does not appear to impact XCI. This differential sensitivity
may be due to the fact that, as shown by both immunofluo-
rescence and epigenomic analysis of SMCHD1-binding sites,
SMCHD1 is more concentrated on the Xi than anywhere else
in the genome (Blewitt et al. 2008; Wang et al. 2018). The
Xi’s affinity for SMCHD1, as well as the multiple repressive
mechanisms that synergize on the Xi, may render it less sus-
ceptible to subtotal reduction of normal SMCHD1 levels.
Second, the missense SMCHD1 mutations associated with
arhinia may be hypomorphs rather than null mutations. In-
deed, SMCHD1 abundance does not appear to be affected in
cells (Shaw et al. 2017). If they are hypomorphic mutations
or if the missense affects a region of SMCHD1 that is not
critical for XCI, dosage compensation in females could be
preserved. Finally, given that the patients have different ge-
netic backgrounds, there could be modifier genes that ame-
liorate the effect of SMCHD1 dysfunction. It is also possible
that there is a transient X–A imbalance in human females
during a very early developmental window, as transient
X-linked CpG hypomethylation has been observed in female
Smchd1MommeD1/+ mice at E8.5–10.5 (Blewitt et al. 2005,
2008). The patients could therefore represent survivors of
delayed dosage compensation.

The resilience of X-linked genes to these mutations sug-
gests that the necessity of intact SMCHD1 in silencing the Xi
is different from susceptible loci on autosomes, such as DUX4
(Lemmers et al. 2012). Our study demonstrates clear effects
of SMCHD1 deficiency on a subset of autosomal gene clus-
ters. SMCHD1 participates in establishing not only the
expression pattern, but also the epigenetic states and
chromatin architectures of five autosomal gene clusters—
Pcdha (Figure 5) and all four clusters of Hox genes (Figure
7, Figures S6, and S7)—in mice. Our finding is consistent
with a SMCHD1 ChIP-seq study showing association of
SMCHD1 with the Pcdh and Hox clusters in mouse neural
stem cells (Chen et al. 2015), and a concurrent study im-
plicating SMCHD1 in Hox regulation (Jansz et al. 2018a).
At the chromatin level, Smchd1 ablation leads to enhanced
binding of not only CTCF (Chen et al. 2015), but also cohe-
sin at the Pcdha loci, coinciding with frequent enhancer–
promoter contacts to facilitate transcription. At the Hox clus-
ters, we observed erosion ofH3K27me3 domains and decreased
inter-subTAD interactions. These observations reinforce conclu-
sions of previouswork inwhich SMCHD1was shown toweaken
chromatin structures (TADs and compartments), enhance Poly-
comb recruitment, and repel the binding of canonical architec-
tural proteins (Wang et al. 2018).
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In support of a conserved role of human SMCHD1 in
regulating PCDH and HOX, a previous study identified all
three PCDH clusters, as well as the HOXB and HOXD clusters,
to be CpG hypomethylated in peripheral blood mononuclear
cells of non-FSHD-presenting female SMCHD1 mutation car-
riers. This study also reported slight upregulation (�1.3–3-
fold) of four PCDHB isoforms and one HOX gene in FSHD2
myoblast/myotube cultures, although the changes in PCDHB
were also observed in FSHD1 cultures (Mason et al. 2017).
Instead of PCDHB, we detected PCDHA dysregulation in the
LCLs of two arhinia and the muscle biopsy of one FSHD2
patients. To our knowledge, PCDHA upregulation has not
been reported in arhinia patients. Previous analysis of the
same FSHD data sets reported PCDHB2 as an FSHD2-specific
upregulated gene (Yao et al. 2014), whereas our analysis
suggests that PCDHA/B derepression may be more specific
to one FSHD2 patient. While these data support a link be-
tween SMCHD1 dysfunction and PCDHA misregulation, not
all arhinia/FSHD2 patients exhibit PCDHA upregulation,
even when carrying an identical SMCHD1 mutation (Figure
6B). The patterns of aberrant PCDHA upregulation observed
in patients are also heterogeneous, sometimes accompanied
by increased antisense transcription (Figure 6B). Together,
these results suggest that regulation of the clustered PCDH
genes is complex and may involve genetic or epigenetic mod-
ifiers that interact with SMCHD1. As the PCDHA cluster is a
highly polymorphic region (Noonan et al. 2003) that is sus-
ceptible and tolerant to gene conversions (Miki et al. 2005)
and deletions (Noonan et al. 2003) in humans, altered
PCDHA expression may be related not to a change in
SMCHD1 activity, but to one or more polymorphic SNPs in
the PCDHA cluster in these patients. Another limitation of our
study is that clustered PCDHs are lowly expressed in LCLs and
myogenic cells, from which the patient RNA-seq data were
generated, which likely explains why their upregulation does
not reach statistical significance in DESeq analyses (Table
S2). In light of the link between aberrant regulation of clus-
tered PCDH genes and brain disorders (El Hajj et al. 2017), it
may be relevant to examine PCDH expression in pertinent
cell types (such as induced pluripotent stem cell-derived
neurons) of these patients, and to evaluate potential neuro-
logical and psychiatric comorbidities (ClinialTrials.gov ID:
NCT02032979).

However, we did not detect HOX gene dysregulation in
arhinia and FSHD2 patients. While HOX genes may be more
resilient to SMCHD1 dysfunction, it is also possible that
SMCHD1mutations are associated with ectopic or precocious
HOX expression in other cell types, such as NCCs, or during
an earlier developmental window. Indeed, although Hox
genes remain repressed in Smchd12/2 neural stem cells de-
rived from the forebrain of mouse embryos (Chen et al.
2015), posterior homeotic transformation of the axial skeleton
has recently been reported for these animals (Jansz et al.
2018a). Furthermore, premature or delayed Hox expression
also causes phenotypes, even when the final expression pat-
tern is normal (Gérard et al. 1997; Zakany et al. 1997; Kondo

and Duboule 1999; Juan and Ruddle 2003). In addition to
Hox, Smchd1 ablation also leads to dysregulation of other ho-
meobox genes critical for craniofacial development (Figure
8C). Additional work will be necessary to determine if these
genes are dysregulated in the relevant cell types from patients,
and their contribution to the pathogenesis of arhinia and
FSHD2.
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