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Abstract

The sporadic nature of DUX4 expression in FSHD muscle challenges comparative transcriptome analyses between FSHD and control
samples. A variety of DUX4 and FSHD-associated transcriptional changes have been identified, but bulk RNA-seq strategies prohibit
comprehensive analysis of their spatiotemporal relation, interdependence and role in the disease process. In this study, we used single-
nucleus RNA-sequencing of nuclei isolated from patient- and control-derived multinucleated primary myotubes to investigate the
cellular heterogeneity in FSHD. Taking advantage of the increased resolution in snRNA-sequencing of fully differentiated myotubes,
two distinct populations of DUX4-affected nuclei could be defined by their transcriptional profiles. Our data provides insights into the
differences between these two populations and suggests heterogeneity in two well-known FSHD-associated transcriptional aberrations:
increased oxidative stress and inhibition of myogenic differentiation. Additionally, we provide evidence that DUX4-affected nuclei share
transcriptome features with early embryonic cells beyond the well-described cleavage stage, progressing into the 8-cell and blastocyst
stages. Altogether, our data suggests that the FSHD transcriptional profile is defined by a mixture of individual and sometimes mutually
exclusive DUX4-induced responses and cellular state-dependent downstream effects.

Keywords: FSHD; single-nucleus RNA-sequencing; cellular heterogeneity; DUX4; muscular dystrophy

Introduction
With an estimated prevalence of 1:8 500-1:15 000 facioscapulo-
humeral dystrophy (FSHD) (OMIM: 158900) is one of the most
common inherited forms of muscular dystrophy. The disease
is characterized by progressive and often asymmetric muscle
atrophy, dystrophy and wasting of the skeletal muscles of the
face, shoulders, and upper limbs. With disease progression, other
muscles can also be affected. The molecular pathology of FSHD is
defined by misexpression of the retrogene DUX4 (OMIM: 606009)
in skeletal muscle. DUX4 encodes a germline and cleavage-stage
transcription factor of which a copy of its open reading frame
is located within every unit of the D4Z4 macrosatellite repeat
array at the distal end of chromosome 4q (4q35) [1, 2]. This
macrosatellite repeat array is normally epigenetically silenced in
most somatic tissues, while in FSHD this silencing is incomplete
resulting in the de-repression of the DUX4 locus in skeletal muscle
[2–5]. Misexpression of DUX4 in skeletal muscle leads to a wide

range of downstream events [6–18], but the exact mechanism
behind DUX4-induced toxicity (i.e. the spatiotemporal relation-
ship between these events, the order of the events, their interde-
pendency or mutual exclusivity) is still largely unknown. Besides,
DUX4 expression in FSHD muscle is likely sporadic. In tissue
culture, only 1/1000 myoblasts or 1/200 myotube nuclei in patient-
derived primary myogenic cell cultures show DUX4 protein by
immunofluorescence [19, 20]. In vivo, MRI-based imaging analyses
of muscle have shown intramuscular heterogeneity with focal
signs of disease activity [21]. RT-qPCR analysis identifies DUX4
transcripts in approximately 50% of FSHD muscle biopsies [19].
Bulk RNA sequencing analyses on FSHD muscle biopsies, however,
have only been able to detect DUX4 in a few biopsies, possibly
because of mapping issues. Therefore, for RNA-seq studies, DUX4
target gene expression is often used as signature of DUX4 activity,
which is detected in approximately 60% of all FSHD biopsies
[22, 23]. Signs of DUX4 activity (i.e. DUX4 target gene expres-
sion) are more likely to be detected in regions of active disease
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defined by increased fat fraction and STIR-positivity, which is
considered a marker for inflammation [22, 24]. Besides, a recent
proximity ligation study in a single FSHD muscle biopsy supports
the interpretation of sporadic DUX4 expression [25]. Collectively,
these observations provide evidence for sporadic bursts of DUX4
expression in FSHD muscle. This sporadic nature of DUX4 gener-
ates a characteristic large heterogeneity in the FSHD-associated
transcriptome signature, which is largely masked in bulk RNA-
sequencing by the majority of DUX4-negative muscle and non-
muscle cells in the tissue.

We and others have previously reported on single-cell RNA-
sequencing (scRNA-seq) studies in mononuclear myocytes and
myonuclei derived from myotube cultures of FSHD patients,
demonstrating the cellular heterogeneity and describing the
first modeling of transcriptional dynamics during FSHD cellular
progression [26, 27]. Though, with the limited number of myogenic
cells expressing DUX4 (and DUX4 target genes), our insights
into the transcriptional dynamics of FSHD-associated pathways
remain limited. As DUX4 expression is known to significantly
increase during myogenic differentiation (in vitro) [28], enriching
for late-myogenic multinucleated myotubes most prone to
DUX4 activation, and purifying them from the majority of
contaminating mononuclear early myoblasts and myocytes,
should significantly increase the resolution of FSHD-associated
transcriptome changes [27]. Where size restrictions exclude
multinucleated myotubes from most single-cell RNA-sequencing
technologies, single-nucleus RNA-sequencing (snRNA-seq) over-
comes this limitation by analyzing all individual nuclei within the
myotube.

A recent single-nucleus RNA-sequencing study in FSHD2
myotube cell lines revealed the presence of two distinct FSHD-
associated nuclei populations defined by a high or low level of
DUX4 target gene expression [27]. Although this study increases
the resolution on DUX4 and DUX4-induced heterogeneity, the
interpretation of the presence of two distinct nuclei populations,
e.g. whether both populations represent two different stages
in FSHD cellular progression (i.e. early and late) or represent
two distinct FSHD-induced responses, and how both responses
would relate to each other and DUX4’s role in early development,
remains a challenge.

In this study, we performed snRNA-sequencing on nuclei
from three or four days differentiated multinuclear myotubes
derived from three FSHD patients and one healthy donor
and analyzed both global and DUX4-specific transcriptional
differences in FSHD and control nuclei. Focusing specifically
on late-myogenic nuclei allowed us to detect DUX4 (-target)
gene activity in up to 8.8% of nuclei in FSHD samples. We
identify two DUX4-affected populations, both showing distinct
transcriptional profiles. Our data provides insights into the
differences between these two populations, suggesting hetero-
geneity in (and possibly mutual exclusivity for) two well-known
FSHD-associated transcriptional aberrations: increased oxidative
stress and inhibition of myogenic differentiation. Finally, using
publicly available embryonic scRNA-seq data we provide evidence
that DUX4-affected nuclei share transcriptome features with
early embryonic cells beyond the well-described cleavage stage.
This suggests that DUX4’s natural role in early embryogenesis
is re-activated in muscle, a role that may be incompatible
with myogenic differentiation, causing cytotoxicity. Overall, our
research improves the resolution of cellular heterogeneity in
FSHD and sheds light on how an early embryonic transcription
factor like DUX4 becomes toxic when re-activated in muscle
cells.

Results
Single-nucleus RNA-seq on multinucleated
myotubes by size exclusion filtering
We performed snRNA-seq on differentiated multinucleated
myotubes of three FSHD patient-derived (FSHD-01—FSHD-03) and
one control donor-derived (CTRL-01) primary muscle cell cultures
(See Table 1 for cell line information, Fig. 1A for experimental
design). All four cell lines show comparable differentiation
speed and myotube morphology (see Supplementary Fig. S1 for
representative microscopy images and fusion index calculations).
For all three FSHD cell lines, DUX4-positive nuclei can be
identified upon differentiation towards multinucleated myotubes.
We used size exclusion to separate the multinuclear myotubes
from mononuclear muscle cells and validated this size exclusion
filtering by performing RT-qPCR analysis for three myogenic
markers on an aliquot of the separated cell populations. The
flow-through cell suspension showed enriched expression of
the early myogenic marker MYF5, whereas cells blocked by the
filter showed increased levels of the late-myogenic markers
MYOG and MYH3 (Fig. 1B), indicating efficient separation of the
early and late myogenic cells. Next, the cell membranes of the
late myogenic cells were lysed and nuclei were purified from
large cell membrane debris by a second size exclusion filtering
step. The purity of the final nuclei samples was validated in
three ways. First, RT-qPCR analysis of the ratio of unspliced pre-
mRNA of RPL10a over its spliced mRNA showed an increased
ratio of the nuclear-enriched unspliced RPL10a mRNA in the
nuclei suspensions compared to whole cells (Fig. 1C). Second, in
the nuclear fractions RT-qPCR analysis of the nuclear-enriched
XIST RNA (in the case of female samples) showed a strong
enrichment over the non-nuclear-enriched mRNAs UBC or GUSB
(Fig. 1C). Finally, western blot analysis showed the absence of
contaminating cytoplasmic acetylated α-tubulin in the nuclei
fractions, indicating an efficient purification of nuclei from
cytoplasmic cell debris (Fig. 1D).

The purified nuclei fractions of all four samples were prepared
for snRNA-seq using the 10X Genomics Chromium platform. After
quality control and filtering (see Methods) we obtained between
1427–4698 nuclei per sample, detecting a median of 984–1599
genes per nucleus with a median unique read count of 1669–2984
reads (Table 1).

Single-nucleus RNA-seq on multinucleated
myotubes allows for increased DUX4-affected
nuclei detection in FSHD samples
To further assess the quality of our snRNA-seq data, we ana-
lyzed the expression of DUX4 and its target genes in the four
samples. Due to the low and highly sporadic nature of both
DUX4 and DUX4 target gene expression, we used the cumula-
tive read count of a set of 67 previously described DUX4 target
genes [23, 26] as biomarker for DUX4 activation (a signature
for DUX4 activity previously used in van den Heuvel et al. [26]).
DUX4-positive (DUX4pos) and DUX4 target-positive nuclei (DUX4
targetpos; defined as expressing ≥ 5 of the DUX4 target genes [23,
26]) were exclusively detected in FSHD samples (Fig. 1E, Supple-
mentary Fig. S2A and B, Table 1). In total, 41 nuclei (0.79%) from
the three FSHD samples expressed detectable levels of DUX4 (read
count ≥ 1), compared to none in the control sample. In addition,
we identified 64–137 DUX4 targetpos nuclei in each of the three
FSHD samples (totaling 311/5175 (6%) DUX4 targetpos nuclei).
Overall, 341 nuclei (3.8%–8.8% of all nuclei in the individual FSHD
samples) were considered DUX4-affected, being either DUX4pos,

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/33/3/284/7338763 by TU
 D

elft Library user on 01 February 2024

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad186#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad186#supplementary-data


286 | Zheng et al.

Ta
b

le
1.

Su
m

m
ar

y
m

et
ri

cs
.

S
am

p
le

ID
R

ep
ea

t
u

n
it

in
fo

rm
at

io
n

C
T

R
L/

FS
H

D
S

ex
N

u
cl

ei
co

u
n

t
b

ef
or

e
fi

lt
er

in
g

pe
r

sa
m

pl
e

T
h

re
sh

ol
d

s
fo

r
Q

C
fi

lt
er

in
g

N
u

cl
ei

co
u

n
t

af
te

r
fi

lt
er

in
g

pe
r

sa
m

pl
e

To
ta

l
ge

n
es

d
et

ec
te

d
pe

r
sa

m
pl

e

M
ed

ia
n

ge
n

e
co

u
n

t
pe

r
n

u
cl

eu
s

M
ed

ia
n

U
M

I
co

u
n

t
pe

r
n

u
cl

eu
s

N
u

cl
ei

co
u

n
t:

al
l

D
U

X
4-

af
fe

ct
ed

[%
of

al
ln

u
cl

ei
]

N
u

cl
ei

co
u

n
t:

D
U

X
4-

p
os

on
ly

[%
of

D
U

X
4-

af
fe

ct
ed

]

N
u

cl
ei

co
u

n
t:

D
U

X
4

&
D

U
X

4
ta

rg
et

-p
os

[%
of

D
U

X
4-

af
fe

ct
ed

]

N
u

cl
ei

co
u

n
t:

D
U

X
4

ta
rg

et
-p

os
on

ly
[%

of
D

U
X

4-
af

fe
ct

ed
]

D
U

X
4

ex
p

re
ss

io
n

>
0

A
N

D
/O

R
≥5

ta
rg

et
s

ex
p

re
ss

ed

D
U

X
4

ex
p

re
ss

io
n

>
0

D
U

X
4

ex
p

re
ss

io
n

>
0

A
N

D
≥5

ta
rg

et
s

ex
p

re
ss

ed

≥5
ta

rg
et

s
ex

p
re

ss
io

n

FS
H

D
-0

1
4q

A
(6

U
)/

4q
B

FS
H

D
1

Fe
m

al
e

19
87

20
0

≤n
Fe

at
u

re
s

≤3
50

0;
%

M
T-

ge
n

es
≤1

2;
%

R
ib

o-
ge

n
es

≤5

19
26

18
23

8
13

32
28

77
14

7
[7

.6
%

]
10

[6
.8

%
]

5
[3

.4
%

]
13

2
[8

9.
8%

]

FS
H

D
-0

2
4q

A
(3

U
)/

4q
B

FS
H

D
1

M
al

e
14

93
20

0
≤n

Fe
at

u
re

s
≤3

50
0;

%
M

T-
ge

n
es

≤1
1;

%
R

ib
o-

ge
n

es
≤5

14
27

17
32

6
12

40
27

38
12

5
[8

.8
%

]
15

[1
2.

0%
]

5
[4

.0
%

]
10

5
[8

4.
0%

]

FS
H

D
-0

3
4q

A
(3

U
)/

4q
A

(2
1

U
)

FS
H

D
1

Fe
m

al
e

21
46

20
0

≤n
Fe

at
u

re
s

≤3
50

0;
%

M
T-

ge
n

es
≤1

2;
%

R
ib

o-
ge

n
es

≤5

18
22

19
65

5
15

99
29

84
69

[3
.8

%
]

5
[7

.2
%

]
1

[1
.4

%
]

63
[9

1.
3%

]

C
T

R
L-

01
4q

A
(3

2
U

)/
4q

B
C

T
R

L
Fe

m
al

e
49

97
20

0
≤n

Fe
at

u
re

s
≤3

50
0;

%
M

T-
ge

n
es

≤1
0;

%
R

ib
o-

ge
n

es
≤5

46
98

19
39

6
98

4
16

69
0

[0
.0

%
]

0
[0

.0
%

]
0

[0
.0

%
]

0
[0

.0
%

]

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/33/3/284/7338763 by TU
 D

elft Library user on 01 February 2024



snRNA-seq in multinucleated myogenic FSHD cells | 287

Figure 1. snRNA-seq in late myogenic cells detects increased numbers of DUX4-affected nuclei. (A) Schematic overview of the nuclei sample preparation,
including the specification of the different quality check (QC) samples collected. (B) Validation of the separation of mononuclear myoblasts/myocytes
from late multinuclear myotubes, by RT-qPCR analysis of the expression of myogenic differentiation markers (i.e. MYF5; early myogenic, MYOG;
intermediate myogenic, MYH3; late myogenic). (C) Validation of the nuclei isolation, by RT-qPCR analysis of the expression of nuclear-enriched versus
non-nuclear enriched RNA. Left panels: Comparing the unspliced pre-mRNA (nuclear-enriched) versus spliced mRNA (nuclear and cytoplasmic) of
RPL10A. Right panels: Comparing the expression of nuclear-enriched XIST RNA versus the mRNA of a housekeeping gene with no specific nuclear
localization (i.e. GUSB or UBC). XIST RNA could not be detected in FSHD-02 as XIST is only expressed in females. (D) Validation of removal of cytoplasmic
material (which would suggest whole cell instead of nuclei analysis), by western blot analysis for cytoplasmic acetylated alpha-tubulin. Nuclear histone
H3 was used as control for nuclear material. (E) DUX4 signature expression in all FSHD or control nuclei. (F) UMAP plot of the integrated dataset of
all four samples, color-coded for the final nuclei classification of DUX4-affected nuclei (expressing DUX4 and/or ≥ 5 DUX4 target genes) versus non-
affected nuclei. (G and H) Barplots depicting the top 10 most significantly upregulated (G) or downregulated (H) gene ontology (GO) terms based on gene
set enrichment analysis. The selected GO terms have respectively the highest or lowest normalized enrichment score (NES, highlighted by color-code)
and are statistically significantly affected (adjusted P value < 0.05).

DUX4 targetpos or both. The percentage of DUX4(-target)pos nuclei
is higher than previously reported [26, 27], highlighting the ben-
efit of our size exclusion-based multinucleated myotube-nuclei
enrichment prior to snRNA-seq.

To enable a systematic comparison between FSHD and control
(CTRL) nuclei, we combined all four snRNA-seq datasets into one
single integrated dataset (Fig. 1F and Supplementary Fig. S2C).
Differential gene expression (DE) analysis between all 341 DUX4-
affected nuclei and the remaining 9532 non-affected nuclei, iden-
tified 914 upregulated genes in DUX4-affected nuclei (includ-
ing 27/67 DUX4 target genes used to classify the nuclei, among

which previously described core biomarkers of DUX4 activation
(TRIM43, LEUTX and PRAMEF2)) [23] and 703 downregulated genes
(adjusted P-value < 0.05 and absolute fold change of ≥ 1.5; Sup-
plementary Fig. S2D and Supplementary Table S1). The DE gene
set significantly overlapped with our previously identified DUX4-
affected DE gene set in scRNA-seq data from primary myocytes
[26] (Supplementary Fig. S2E). Comparison with previously pub-
lished gene sets from bulk RNA-sequencing analyses showed
overlapping results (i.e. 110/570 (19.3%) genes from Rickard et al.
[29], 34/213 (15%) genes from Yao et al. [23] and 185/626 (29.6%)
genes from Jaganathan et al. [30], see Supplementary Table S1).
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Interestingly, we also identified 1242 potential novel DUX4 target
genes (593 upregulated and 649 downregulated genes), which may
be interesting targets for future research. Gene set enrichment
analysis (GSEA) of GO terms for biological processes indicated that
the upregulated genes in DUX4-affected nuclei were involved in
RNA and protein metabolism (e.g. RNA spliceosome factors, ribo-
some/ribonucleoprotein complex factors), processes that have
previously been shown to be affected in ectopic DUX4 expression
and reporter systems, as well as in previous scRNA-seq and
snRNA-seq studies (Fig. 1G and H and Supplementary Table S2)
[23, 26, 27, 29, 30]. The downregulated genes were active in muscle
development and muscle cell differentiation (e.g. MEF2C, several
myosins (MYH3/6/9), MYOD1 and MYOG), which corresponds to
DUX4’s described inhibition of myogenic differentiation [8].

As FSHD is associated with reduced PAX7 activity (captured
in the PAX7 score [24, 31, 32]), we next calculated the PAX7
score for each nucleus. We found a small but significant overall
reduction in PAX7 score in FSHD versus control nuclei (Supple-
mentary Fig. S3A). This reduction no longer reached statistical sig-
nificance when specifically comparing DUX4-pos versus DUX4-
neg (data not shown) or DUX4-affected versus DUX4-non-affected
nuclei in our data (Supplementary Fig. S3B). Furthermore, we
did not observe a (linear) negative correlation between DUX4
signature expression and PAX7 score (Supplementary Fig. S3C),
suggesting (partially) independent involvement of both factors.
Though, it is important to note that the calculated PAX7 scores
might be biased by the high sparsity of snRNA-seq and the limited
number of PAX7 target genes being detected in the data (Supple-
mentary Fig. S3D).

Altogether, these results suggest that snRNA-seq on multi-
nucleated myotube-enriched FSHD samples captures increased
numbers of nuclei with described DUX4 and/or FSHD-associated
transcriptome signatures.

Nuclei classification identifies two clusters of
DUX4-affected nuclei
Clustering and UMAP visualization of the integrated data showed
that nuclei can be separated into five major clusters (Fig. 2A).
Myogenic marker gene expression analysis showed that nuclei
clustering was largely based on myogenic state (Fig. 2B). Nuclei
in cluster-1 were marked by high levels of the early myogenic
markers MYF5 and FN1 [33] and were classified as Early Myonuclei,
possibly originating from less differentiated myotubes. This early
myogenic stage is in concordance with the closely connected
cluster-2, which showed high expression of MEGF10, a regulator
of satellite cell progression into the myogenic program [34], and
WNT5b which becomes upregulated in the early phase of muscle
regeneration [35]. We, therefore, annotated the nuclei in cluster-2
as Middle Myonuclei. In contrast, nuclei in cluster-3 were classified
as Late Myonuclei based on the upregulation of late myogenic
markers (e.g. MYH3 and MEF2C) and the upregulation of genes
involved in muscle development and muscle cell differentiation
(Fig. 2B, Supplementary Fig. S4, and Supplementary Tables S3
and S4).

Interestingly, where all three FSHD samples contributed to
each of the five nuclei clusters, CTRL-01 showed only limited
contribution to clusters 4 and 5 (Fig. 2C), suggesting that these
clusters represented FSHD-enriched conditions. Indeed, the
majority of DUX4-affected nuclei were located in clusters 4 and 5
(Fig. 1F and Fig. 2D), further validating their enrichment for FSHD-
associated conditions. Cluster-4 contained the majority of DUX4-
affected nuclei and GSEA results indicated increased activity
in RNA metabolism, including RNA production, splicing, and

localization (Supplementary Fig. S4, Supplementary Table S4).
This cluster was closest related to the Late Myonuclei cluster
(Supplementary Fig. S5) and was annotated as DUX4-affected
cluster I. Cluster-5 was closely associated with the Early/Middle
Myonuclei cluster (Supplementary Fig. S5). It had fewer DUX4-
affected nuclei than Cluster-4, but the upregulated genes in
this cluster were involved in RNA processing, translation, and
increased protein production and energy metabolism (Supple-
mentary Fig. S4, Supplementary Table S4), pathways previously
described to be affected in FSHD [11, 29, 36]. This cluster was
annotated as DUX4-affected cluster II.

DUX4-affected clusters display distinct
transcriptomes
Although various DUX4-induced responses have been described,
their spatiotemporal relation as well as their interdependence
remains largely unclear. We therefore next focused on the
cause of the separation of the DUX4-affected clusters and
characterized the difference between the two DUX4-affected
clusters.

FSHD nuclei in DUX4-affected cluster II showed a strong
increase in oxidative phosphorylation (Molecular Signature
Database (MSigDB), M5936) and energy metabolism (Gene
Ontology (GO) term GO:0046034) (Fig. 3A). As FSHD has been
associated with impaired mitochondrial activity, increasing
oxidative phosphorylation may lead to increased oxidative stress
[11, 12, 36]. Indeed, the increased expression of the oxidative
phosphorylation pathway in DUX4-affected cluster II resulted
in increased expression of genes involved in reactive oxygen
species handling (MSigDB, M5938) in our data (Fig. 3B), genes
involved in oxidative stress response (MSigDB, M3223/GO:0006979,
Fig. 3C) as well as genes with antioxidant activity (MSigDB,
M15021/GO:0016209, Fig. 3D), ultimately leading to the activation
of oxidative stress-induced intrinsic apoptosis signaling (MSigDB,
M22556/GO:0008631, Fig. 3E). DUX4-affected cluster II might thus
represent a cellular state with a higher energy demand than
the FSHD cells can cope with. Interestingly, the oxidative stress
related pathways were already increased in FSHD nuclei without
any DUX4 and/or DUX4 target activation and did not strongly
correlate with increasing numbers of expressed DUX4 target
genes. This is in contrast to several direct DUX4-induced pathways
(e.g. spliceosome (MSigDB, M2044) and ribonucleoprotein complex
biogenesis (MSigDB, M16027/GO:0022613), which showed more
comparable increases in both DUX4-affected clusters and of
which the activation correlated better with DUX4 signature
activation (Supplementary Fig. S6). These direct DUX4-induced
responses seemed therefore independent of the cluster they were
located in.

Differences in DUX4-affected clusters might be
related to myogenic differentiation stage
The cause of the strong increase in oxidative phosphorylation
could be related to the switch from glycolytic to oxidative energy
metabolism during myogenic differentiation [37]. Interestingly,
only DUX4-affected cluster II showed this increased oxidative
phosphorylation, whereas DUX4-affected cluster I did not.
Jiang et al. [27] have previously also identified two distinct
DUX4-affected clusters which the authors speculated could be
partially caused by a difference in myogenic differentiation stage,
with late-stage myogenic nuclei being associated with higher
levels of FSHD-associated gene expression [27]. Indeed, DUX4-
affected cluster I, containing the most DUX4-affected nuclei
and having the highest average DUX4-target gene expression,
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Figure 2. snRNA-seq on late myogenic cells identifies two DUX4-affected nuclei clusters. (A) UMAP visualization of all 9873 nuclei in the integrated
dataset, colored by cluster identity. (B) UMAP plots as in A) colored based on the expression level of myogenic marker genes. Color scales depict the
loge-normalized expression level per 10 000 reads for each specified gene. (C) Stacked bar plot showing the proportion of nuclei in each cluster per
sample. D) Stacked bar plot showing the proportion of DUX4 targetPOS nuclei in each cluster.

was most related to the Late Myonuclei cluster, whereas
DUX4-affected cluster II was more related to Early/Middle
Myonuclei (Supplementary Fig. S5). This may suggest a role for
myogenic differentiation stages in FSHD-associated defects like
induced oxidative stress and related apoptosis.

Although DUX4-affected cluster I was most related to the Late
Myonuclei cluster (Supplementary Fig. S5), it showed a strong
reduction in myotube differentiation markers in FSHD nuclei in
the cluster, complicating further conclusions on the true myo-
genic differentiation stage of the nuclei in our data (Fig. 4A).
This reduction correlated with DUX4 signature activation, which

corresponds with previous literature describing an inhibitory role
for DUX4 in myogenic differentiation [8, 9, 12, 38]. Interestingly,
myogenic differentiation was inhibited only in the FSHD nuclei
in DUX4-affected cluster I, whereas this was not the case in
the DUX4-affected cluster II, again suggesting different FSHD-
associated changes in the different clusters.

Where the DUX4 signature score is known to gradually increase
from early to late myogenic stage, the FSHD-associated reduction
in PAX7 score showed the opposite pattern, being most clearly
reduced in early myogenic FSHD nuclei as compared to the con-
trol nuclei in this cluster (Supplementary Fig. S3E and F). This
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Figure 3. DUX4-affected cluster II shows increased levels of oxidative stress and oxidative stress-related apoptosis. (A–E) Gene set signature scores
in FSHD and control nuclei, grouped per cluster (left), grouped per DUX4-affected state (middle) or nr of DUX4-target genes expressed (right), for A)
Hallmark oxidative phosphorylation gene set, B) Hallmark reactive oxygen species pathway genes, C) GO (biological processes); response to oxidative
stress gene set, D) GO (molecular function); genes with antioxidant activity and E) GO (biological processes); intrinsic apoptosis signaling in response to
oxidative stress pathway genes.
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Figure 4. DUX4 expression results in inhibition of myogenic differentiation specifically in DUX4-affected cluster I. (A–C) Myogenic differentiation gene
set signature score in FSHD and control nuclei, A) grouped per cluster, B) grouped per DUX4-affected state or C) grouped per nr of DUX4-target genes
expressed.

reduction in PAX7 score was no longer detectable in later stages
of myogenic differentiation. In concordance, the reduced PAX7
score was detectable in DUX4-affected cluster II, which has a
closer relation to Early/Middle Myonuclei, whereas the reduced
PAX7 score was not detected in DUX4-affected cluster I, most
related to Late Myonuclei. These observations further suggest
the independence of both signatures and may reflect the fact
that PAX7 functions mostly in satellite cells and early stages of
myogenic differentiation [39, 40] and that its expression is reduced
in later stages of myogenic differentiation. Indeed also in our data
PAX7 expression itself was higher in early stages of myogenic
differentiation (Supplementary Fig. S3G and H), further suggesting
that this is the stage at which PAX7’s function can be strongest
intervened in FSHD.

Global FSHD-associated responses
Although the DUX4-affected clusters showed the strongest FSHD-
related transcriptional changes, several transcriptional changes
could also be identified in the FSHD nuclei of the other three
non-affected clusters (Early, Middle and Late Myonuclei) (Supple-
mentary Fig. S7A, Supplementary Table S5). SMCHD1, LRIF1 and
DNMT3B, three chromatin modifiers known to be repressors of
DUX4 and identified as FSHD disease genes or modifiers, were
reduced in FSHD nuclei compared to control nuclei in all clusters
[3–5]. This may provide a susceptibility for DUX4 activation in
FSHD nuclei (Supplementary Fig. S7B). Pathway analysis showed
several pathways to be affected in FSHD versus control nuclei
in the different clusters, including reduced chromosomal orga-
nization (Supplementary Fig. S7C highlighted in blue), increased
immune-related pathways (Supplementary Fig. S7C highlighted in
turquoise), increased extracellular matrix organization (Supple-
mentary Fig. S7C highlighted in green), increased mRNA process-
ing (Supplementary Fig. S7C highlighted in dark red/purple) and
protein production/localization (Supplementary Fig. S7C high-
lighted in dark blue/purple) (also complete list in Supplemen-
tary Table S6). This may suggest a more global effect beyond
the detection limit of DUX4 signature activation. However, as
also the DUX4 signature itself was already slightly increased in
the FSHD nuclei of each cluster (Supplementary Fig. S7D), we
cannot exclude that these subtle transcriptional changes are the
consequence of sporadic DUX4 expression.

FSHD-affected clusters activate an
early-embryonic-like transcriptome program
DUX4 plays a critical role in embryogenesis by driving zygotic
genome activation, initiating transcription of repetitive elements,

and regulating chromatin structure. In addition, DUX4 has been
shown to reactivate an early embryonic signature in diverse cells.
For example, transient DUX4 expression in human embryonic
stem cells can induce a blastomere-like expression program [41].
In addition, in induced pluripotent stem cell cultures, the pop-
ulation of cells resembling the human embryo in early develop-
ment is usually accompanied by embryonic genome activation
regulated by DUX4 [42]. A stem cell signature and transcription
factor network typical for early embryogenesis and pluripotent
stem cells were detected upon DUX4 activation in inducible DUX4
HAP1 cells [43]. And finally, also in muscle cells, DUX4 has been
shown to activate several aspects of an embryonic transcriptome
program [44, 45]. As several of the early embryonic pathways
overlap with the pathways affected in FSHD muscle, we wondered
if the DUX4-affected clusters reflect stages of DUX4’s natural
role during embryonic development. To test this hypothesis, we
reanalyzed a publicly available embryogenic scRNA-seq dataset
[46] to define signature gene sets for the early stage of embry-
onic development, following DUX4 expression at the 4-cell cleav-
age stage (Supplementary Table S7). For this, we performed DE
analysis to identify the significantly upregulated genes, defining
representative markers of the 4-cell, 8-cell, morulae and blasto-
cyst stages. We next used these signature gene sets to calculate
their signature scores in our snRNA-seq data. Strikingly, FSHD
nuclei in DUX4-affected cluster I highly expressed the 8-cell stage
signature gene set, while DUX4-affected cluster II nuclei exhibit
higher expression of the blastocyst signature gene set (Fig. 5A).
Vice versa, marker genes of DUX4-affected cluster I displayed a
higher expression in 8-cell stage cells, and blastocysts showed
elevated expression of DUX4-affected cluster II markers (Fig. 5B).
To further investigate the similarity between the embryonic cells
and DUX4-affected nuclei, the marker genes of embryonic cells
and the DUX4-affected clusters were compared. Among them, 66
DE genes were shared between 8-cell stage cells and the DUX4-
affected I cluster, while 191 DE genes were common between blas-
tocysts and the DUX4-affected II cluster (Supplementary Fig. S8).
GSEA (GO Biological processes) of the most upregulated 8-cell
signature genes in DUX4-affected cluster I demonstrated that
these were enriched in GO terms associated with transcription
initiation (e.g. GO:0006352) and RNA processing and metabolism
(e.g. GO:0008380, GO:0006403 and GO:0022613), while the major-
ity of the representative GO terms of the blastocysts markers
expressed in DUX4-affected II were associated with protein pro-
duction (e.g GO:0006457) and energy metabolism (e.g. GO:0046034,
GO:0032981 and GO:0006119) (Supplementary Fig. S8, Supplemen-
tary Table S8).

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/33/3/284/7338763 by TU
 D

elft Library user on 01 February 2024

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad186#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad186#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad186#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad186#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad186#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad186#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad186#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad186#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad186#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad186#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad186#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad186#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad186#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad186#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad186#supplementary-data


292 | Zheng et al.

Figure 5. DUX4-affected cluster nuclei activate an embryonic-like transcriptome program. (A) Embryonic stage signature scores in FSHD and control
myotube nuclei per cluster. (B) DUX4-affected signature expression during different stages of embryonic differentiation. (C) DUXA and DNMT3L gene
module score in each of the 5 nuclei clusters. (D) Pseudotime trajectory analysis of all nuclei in DUX4-affected cluster I and II, color-coded for their
cluster identity, describing a possible relation between the nuclei in DUX4-affected cluster I and DUX4-affected cluster II. (Supervised pseudotiming
based on their cluster marker genes.) (E) Pseudotime trajectory analysis as in D), color-coded for different embryonic stage signature score activity.

Developmental dynamics from DUX4-affected I
to DUX4-affected II
Interestingly, the embryonic signature scores suggest the presence
of a transition from DUX4-affected cluster I to DUX4-affected
cluster II, corresponding to the development from 8-cell stage
to morulae and blastocysts during embryogenesis. The transcrip-
tomic dynamics from the 8-cell stage to late blastocysts can be
defined by a few gene modules [47]. We calculated the signature
score of each module in the DUX4-affected clusters. Intrigu-
ingly, in DUX4-affected cluster I, the signature score of the DUXA
module, which is critical for development from the 8-cell stage
to morulae, was increased. In DUX4-affected cluster II nuclei,
the genes in the DNMT3L module, which are activated mostly
during blastocyst development, were strongly expressed (Fig. 5C).
To further dissect the cellular dynamics, we performed super-
vised pseudotime trajectory analysis using the 8-cell and blasto-
cysts signature gene sets on the nuclei from both DUX4-affected
clusters. Nuclei showed a clear separation, with a high signa-
ture score for the 8-cell stage genes for DUX4-affected cluster
I nuclei on the left side of the pseudotime trajectory, followed
by an increasing gradient of the morulae signature score to the
right and eventually a high score for the blastocyst signature

in the DUX4-affected cluster II nuclei on the right side of the
trajectory (Fig. 5D and E). This pseudotime trajectory may thus
describe a cellular transition from DUX4-affected I to DUX4-
affected II, analogous to the progression from the 8-cell stage to
blastocysts.

DUX4 target gene expression was most associated with the
8-cell stage-like nuclei, showing increased expression mostly
towards the left side of the pseudotime trajectory, and showing
expression in the few nuclei on the right side that showed
high 8-cell stage signature expression (Supplementary Fig. S9).
Further, DUX4 expression itself was more often detected in
the left branch. In contrast, both DUX4 and DUX4 signature
expression was lower in the nuclei expressing the blastocyst-
like signature (Supplementary Fig. S9). In addition, the left branch
showed the reduced myogenic differentiation previously detected
in DUX4-affected cluster I, whereas the right branch showed
increased oxidative stress-induced apoptosis linked to DUX4-
affected cluster II. Altogether, this pseudotime analysis may thus
describe a cellular transition from the activation of early DUX4-
induced responses (e.g. DUX4 signature) in the left branch towards
late-stage disease activation (e.g. stress-induced apoptosis) in the
right branch.
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Discussion

The sporadic nature of DUX4 expression in FSHD muscle has been
a challenge in comparative transcriptome analyses between FSHD
and control samples. A variety of DUX4 and FSHD-associated
transcriptional changes have been identified, though due to bulk
RNA-seq analyses their spatiotemporal relation, interdependence
and role in the disease process remain unclear. In this study, we
used snRNA-seq of nuclei isolated from patient- and control-
derived primary multinucleated myotubes to investigate the
cellular heterogeneity in FSHD. Several parameters such as
the increased mRNA levels of late myogenic markers and
nuclear-enriched RNAs confirmed the enrichment of late stage
myotube nuclei in our snRNA-seq datasets. Taking advantage
of the increased resolution in snRNA-seq of fully differentiated
myotubes over our previous single myocyte study [26], two
populations of DUX4-affected nuclei could be identified in three
independent FSHD myotube cultures. These two populations
showed distinct transcriptional profiles, suggesting separate
FSHD-associated transcriptional states, possibly partially defined
by mutually exclusive responses to DUX4.

The transcriptional profile of the first population of nuclei,
DUX4-affected cluster I, shows high similarity with that of 8-
cell stage embryos. Genes shared between these stages were
associated with increased gene transcription and RNA processing
and metabolism (Supplementary Fig. S8), processes which are
crucial in 8-cell stage embryos [46, 48, 49]. In our snRNA-seq
myotube data, increased activation of these pathways correlated
with increased expression of the known DUX4 direct target genes,
strongly suggesting that it is DUX4 reactivation that leads to the
inappropriate activation of an early embryonic-like program in
muscle.

Interestingly, the second population of nuclei, DUX4-affected
cluster II, showed strong overlap with a later stage of embryonic
development, blastocysts, when DUX4 itself is thought to be
already repressed [2]. Indeed, our pseudotime trajectory analysis
indicates that a cellular transition from DUX4-affected cluster I
to II may continue after the dynamic burst of DUX4 (and DUX4’s
initial direct responses) has faded. This suggests that even in
postmitotic myonuclei DUX4 initiates (part of) an embryonic
program beyond its own presence, consistent with muscle cell
culture studies showing that DUX4 can have perduring effects
on chromatin structure and gene expression of its direct target
loci [50]. In addition, it may suggest that re-activation of DUX4
in muscle initiates an elaborate embryonic program beyond
the immediate effects of DUX4 in the cleavage stage. Whether
these two different responses (early/late embryonic) are indeed
consecutive or can occur in parallel, will need to be further inves-
tigated. Alternatively, DUX4 might activate specific pathways
shared between blastocyst development and FSHD pathology,
thereby mimicking the blastocyst transcriptome signature.
Biological processes included in this embryonic program included
oxidative phosphorylation-associated energy metabolism and
mitochondrial biogenesis (see also Supplementary Fig. S7),
pathways known to be increased in blastocyst formation [51, 52].

Muscle cells may be incapable of appropriately responding
to the aberrant strong increase in oxidative phosphorylation
observed in DUX4-affected cluster II, resulting in oxidative
stress and oxidative stress-induced apoptosis. Of note, with
oxidative stress being described in a positive feedback loop with
DUX4 activation (both enhancing each other) [6, 12, 53, 54],
the cause of the strong increase in oxidative phosphorylation
remains to be further investigated. Another explanation for the

increase in oxidative phosphorylation may be related to the
natural switch from glycolytic to oxidative energy metabolism
during myogenic differentiation. With the impaired mitochondrial
activity in FSHD [11, 12, 36], switching from glycolytic to oxidative
energy metabolism may lead to impaired energy production,
triggering oxidative stress and overcompensation of oxidative
phosphorylation pathway gene expression. In both situations,
oxidative stress and oxidative stress-induced apoptosis seem to
play an important role in FSHD-associated cytotoxicity in muscle.

Both DUX4-affected clusters are populated by nuclei from the
control sample, indicating that those control nuclei share tran-
scriptional features with the FSHD nuclei in the DUX4-affected
clusters, despite the fact that these control nuclei have no acti-
vated DUX4 (or DUX4 signature). One possible explanation for this
is that these control nuclei share a common cellular state, char-
acterizing the DUX4-affected clusters, independent of the DUX4-
induced responses (e.g. myogenic differentiation stage, energy
demand, or other). This would not only indicate the presence
of a specific cellular state (or cellular states) that predispose to
DUX4 activation, but it also suggests that this cellular state is
also present in normal myogenic conditions (i.e. in control muscle
cells) or may be stress-induced independent of DUX4 or FSHD in
general. Yet, only in FSHD cells, this leads to DUX4 expression,
as marked by the transcriptional differences in FSHD versus
control nuclei within each cluster. This interpretation may provide
guidance toward understanding what triggers DUX4 expression.

In this study, we identify two DUX4-affected nuclei populations,
both showing distinct transcriptional profiles, which suggests a
heterogeneous and possibly mutually exclusive mix of DUX4-
induced responses in muscle cells. The cause of this heterogeneity
remains only partially understood and may be dependent on
both the timing of DUX4 activation (e.g. the cellular state during
which DUX4 gets activated) as well as the duration of the DUX4-
induced response activation (early/late DUX4-induced responses).
Our data suggests an involvement for myogenic differentiation
in the FSHD-associated transcriptional heterogeneity. Similar to
the study from Jiang et al. [27], nuclei from both DUX4-affected
clusters originated from myotubes of different myogenic differen-
tiation stages. In addition, only one DUX4-affected cluster showed
the described DUX4-associated inhibition of myogenic differentia-
tion. Whether these differences in myogenic differentiation stage
is a cause or a consequence of DUX4 activation remains to be
studied. In addition, the myogenic differentiation stage may also
affect the degree of oxidative stress in the DUX4-affected cell.
Inhibition of myogenic regulators has been described to inhibit
mitochondrial energy metabolism and therefore oxidative phos-
phorylation [55]. In this situation, the protection from (or at least
lack of) oxidative stress in DUX4-affected cluster I is an indirect
effect of DUX4’s inhibition of terminal differentiation. Reversely,
reduced mitochondrial activity has also been described to block
myogenic differentiation [37], suggesting a reverse causal relation.

Interestingly, some of the known DUX4-direct induced
responses seemed independent of the cellular state (i.e. cluster)
they were in, but were more directly associated with DUX4
activation. This might provide insights into the earliest DUX4-
induced responses, still independent of the cellular state of the
affected cell during DUX4 activation.

It is important to note the multinuclear nature of differentiated
myotubes complicating the interpretation of this data analysis.
DUX4 nuclear protein spreading to neighboring nuclei within the
same myotube is commonly observed in multinuclear myotubes
(see also Supplementary Fig. S1). In multinuclear cells, nuclear
protein/signal propagation may cause non-affected nuclei to
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become affected by any DUX4-affected nuclei in the shared
cytoplasm, even when they do not express DUX4(−target genes)
themselves [20, 29, 56]. In addition, DUX4 expression is dynamic
and DUX4-induced cytotoxicity can be observed after DUX4 itself
has faded [29]. For example, even though oxidative stress-induced
pathway activation did not correlate with DUX4 target gene
activation directly it may be a result of DUX4 signal transduction
throughout the entire affected myotube. This complicates
functional validation of the presence of two distinct DUX4
induced responses and any further analysis of their coexistence
(or lack thereof) within one single multinucleated myotube. This
will require the identification of separatable signals, being able
to analyze the earliest DUX4-induced responses before being
affected by the signal transduction throughout the myotube. For
this, future high-resolution (subcellular resolution) RNA analyses
with retaining spatial information will be required, an analysis
field which is still in development, but for which technologies are
currently rapidly advancing.

Finally, previous studies have shown a role for sequential bursts
of DUX4 expression in the degree of DUX4-induced responses and
cytotoxicity [50]. This may be an additional explanation for the
two DUX4-affected clusters in our study, in which both clusters
may represent different stages of bursting DUX4-expression. In
this case, DUX4-affected cluster I would represent nuclei that
express a non-toxic burst of DUX4, whereas multiple bursts of
DUX4 would cause cells to develop into DUX4-affected cluster II
where cells become apoptotic.

Altogether, our data suggests that the FSHD transcriptional
profile is defined by a mixture of DUX4-induced responses and
cellular state-dependent FSHD-associated (downstream) effects.
In addition, combining this dataset with published embryonic
scRNA-seq data revealed that the DUX4-affected clusters dis-
played similarities to distinct pre-implantation embryonic cell
stages (i.e. 8-cell stage cells and blastocysts). This suggests that
misexpression of DUX4 in the muscle environment leads to the
(partial) execution of an early embryogenic program, which may
ultimately be incompatible with muscle cell development.

Materials and Methods
Cell line information
Human primary myoblast cell lines originated from the Univer-
sity of Rochester biorepository (http://www.urmc.rochester.edu/
fields-center/). Muscle samples were obtained after informed con-
sent under a protocol approved by the Institutional Review Board
at the University of Rochester. This study includes myogenic cell
cultures derived from three FSHD-patients (FSHD type 1) and one
control donor. Detailed information on the genetic background of
the included samples is included in Table 1.

Cell culture
Myoblasts were cultured in DMEM/F-10 medium (#41550-021,
Life Technologies, Waltham, Massachusetts, USA), supplemented
with 20% heat-inactivated fetal bovine serum (#10270, Gibco/Life
Technologies, Waltham, Massachusetts, USA), 10 ng/ml rhFGF
(#C-60240, Bio-Connect, Huissen, Gelderlangd, The Netherlands)
and 1uM dexamethasone (#D2915, Sigma-Aldrich, St. Louis, Mis-
souri, USA).

Cells were differentiated into multinucleated myotubes for
three or four days by culturing in DMEM (#41966-029, Life
Technologies, Waltham, Massachusetts, USA) supplemented with
15% knockout serum replacer (#10828-028, Life Technologies,
Waltham, Massachusetts, USA).

Immunofluorescence staining
After 1, 2, 3, and 4 days of myogenic differentiation, the cells were
fixed in 4% paraformaldehyde for 15 min at room temperature,
permeabilized in 2% Triton for 10 min, then washed with PBS.
Immunostaining was performed overnight at 4◦C with a 1:2000
dilution of DUX4 E5.5 rabbit monoclonal antibody (ab124699,
Abcam) in PBS, a 1:250 dilution of MF20 antibody against myosin
heavy chain (MYH1E (MF20, DSHB). Cells were washed and labeled
with fluorescent-conjugated Alexa 488 or Cy3 anti-rabbit or anti-
mouse secondary antibodies for 1 h at room temperature, then
washed again. The images were acquired on a Dragonfly 500
Confocal Microscope System using an immersion lens under 60×
magnification. A fusion index was calculated for each image
with CellProfiler software (v2.1.1) using a custom made analysis
pipeline. In short, individual nuclei and larger nuclei clusters were
segmented based on Hoechst staining and were identified based
on shape and size (see Supplementary Fig. S1). Fusion index was
defined as the percentage of individual nuclei located in a nuclei
cluster of > 2 nuclei in size. A threshold of > 2 nuclei was used
to reduce the false positive labeling of multinucleated myotube
nuclei due to a possible slight oversegmentation of the individual
nuclei.

Nuclei sample preparation and RNA-sequencing
Differentiated cell cultures were trypsinized and resuspended in
DMEM (#41966-029, Life Technologies, Waltham, Massachusetts,
USA). Mononuclear myoblasts and myocytes were separated from
multinucleated myotubes by passing the cells through a 50 μm
filter (CellTrics filter, #04-004-2327, Sysmex, Kobe, Hyogo, Japan).
The collected flowthrough contained the myoblast/myocyte-
enriched fraction. The multinucleated myotube-enriched fraction
was collected by inverting the filter and flushing the filter three
times with ∼5 ml DMEM. From this step, all steps were performed
on ice. 5%–10% of each fraction was used for validation of the
multinuclear myotube enrichment on respectively RNA (Fig. 1B)
and protein (Fig. 1D) level. The remaining cells were collected by
centrifugation at 1000 rpm (table top centrifuge) for 5 min at 4◦C.
The cell membranes were lysed by incubating the cell pellets for
a maximum of 5 min on ice in 100 μl cold 1%-lysis buffer (10 mM
Tris–HCl pH 7.5, 10 mM NaCl, 3 mM MgCl2, 1% NP40 (substitute))
with 0.2 U/μl Protector RNAse-inhibitor (#3335399001, Sigma
Aldrich, Saint Louis, Missouri, USA). After this, 900 μl 0%-lysis
buffer (10 mM Tris–HCl pH 7.5, 10 mM NaCl, 3 mM MgCl2) with
0.2 U/μl Protector RNAse-inhibitor was added and samples were
transferred to (non-stick) 1.5 ml tubes, after which samples were
further lysed by pipetting up/down 50× with a 1 ml pipette tip.
Completion of lysis was checked by visual inspection of an aliquot
under the microscope (incl tryphan blue staining (#1450021,
Biorad, Hercules, California, USA)). Nuclei were purified from
large cell debris by passing the nuclei through a 20 μm filter
(CellTrics filter, #04-004-2325, Sysmex, Kobe, Hyogo, Japan). The
collected flowthrough contained the nuclei fraction. The nuclei
were centrifuged for 5 min at 500×g at 4◦C, and washed in 1 ml
cold PBS-1%BSA (w/v) (#B8894-5 ml, Sigma-Aldrich, Saint Louis,
Missouri, USA). The nuclei were counted and split into three
samples for respectively validation of nuclei isolation and purity
on RNA (Fig. 1C) and protein level (Fig. 1D) and the final snRNA-
seq procedure. For the final snRNA-seq procedure, samples were
centrifuged once more for 5 min at 500×g at 4◦C and resuspended
in an appropriate volume of PBS-1%BSA to reach approximately
1000 nuclei/μl according to 10× Genomics guidelines.

SnRNA-seq library preparation and Illumina next-generation
sequencing was next performed by the Leiden Genome
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Technology Center (Leiden University Medical Center, Leiden,
Zuid-Holland, The Netherlands). Samples were prepped for
snRNA-seq according to the Chromium™ Single Cell 3′ v2 (for
FSHD-01 and FSHD-02) or v3 (For FSHD-03 and CTRL-01) RNA
sequencing specification. The generated cDNA was used for
Illumina next-generation sequencing using a NextSeq500-v2 150
cycle kit (#FC-404-2002, Illumina, San Diego, California, USA).

Validation of multinuclear myotube enrichment
For the validation of correct multinuclear myotube separation
from mononuclear myoblasts/myocytes (Fig. 1B), QC samples col-
lected after the first size-exclusion filtering step (see above) were
centrifuged for 5 min at 500×g at 4◦C. RNA was isolated using
the miRNeasy mini kit (#217004, Qiagen, Venlo, Limburg, The
Netherlands) according to manufacturer’s instructions (includ-
ing an on-column 30 min DNAse I treatment (#79254, Qiagen,
Venlo, Limburg, The Netherlands)). cDNA was synthesized with
the RevertAID first strand cDNA synthesis kit (#K1621, Thermo
Fisher Scientific, Waltham, Massachusetts, USA) and cDNA was
used for RT-qPCR analysis using the iQ™ SYBR® Green Supermix
(#1708886, Biorad, Hercules, California, USA) with a PCR program
of; 95◦C for 6 min, followed by 40 cycles of 95◦C for 10 s and 60◦C
for 30 s in a CFX-384 or CFX-96 Real-Time PCR system (Biorad).
The following primers were used:

MYH5: Fw primer; 5’-TTCTCCCCATCCCTCTCGCT-3′, Rv primer;
5′-AGCCTGGTTGACCTTCTTCAG-3′, MYOG: Fw primer; 5’-CAGCT
CCCTCAACCAGGAG-3′, Rv primer; 5’-GCTGTGAGAGCTGCATTCG-
3′ and MYH3: Fw primer; 5’-GATTGCAGGATCTGGTGGAT-3′, Rv
primer; 5’-CCTGCTGGAGGTGAAGTCTC-3′ and the two house-
keeping genes:

GUSB: Fw primer; 5’-CTCATTTGGAATTTTGCCGATT-3′, Rv
primer; 5’-CCGAGTGAAGATCCCCTTTTTA-3′, UBC: Fw primer; 5’-
GTCCATCTTCCAGCTGTTTCCCA-3′, Rv primer; 5’-GCCCAGTGACA
CCATCGAGAAT-3′.

Validation of nuclei isolation purification
For the validation of nuclei isolation and purification based on
RNA content (Fig. 1C), QC samples collected after the second size-
exclusion filtering step (see above) were centrifuged for 5 min
at 500×g at 4◦C. RNA was isolated, cDNA was synthesized and
RT-qPCR was performed as described above (for the validation of
multinuclear myotube enrichment). For this specific RT-qPCR the
following primers were used:

RPL10Aunspliced: Fw primer; 5’-TCTCTCGCGACACCCTGT-3′, Rv
primer; 5′-AGAGAGGAGGGGGGTTAAG-3’

RPL10Aspliced: Fw primer; 5′- TCTCTCGCGACACCCTGT-3′, Rv
primer; 5’-TTAGCCTCGTCACAGTGCTG-3’

XIST: Fw primer; 5’-TGGCTTCGTCATTGTCCTTC-3′, Rv primer;
5’-CTGCATTTCACATCAGTTCACAAG-3′ and the two housekeeping
genes as above:

GUSB: Fw primer; 5’-CTCATTTGGAATTTTGCCGATT-3′, Rv
primer; 5’-CCGAGTGAAGATCCCCTTTTTA-3′, UBC: Fw primer; 5’-
GTCCATCTTCCAGCTGTTTCCCA-3′, Rv primer; 5’-GCCCAGTGACA
CCATCGAGAAT-3′.

For the validation of nuclei isolation and purification based on
protein content (Fig. 1C), QC samples collected after the second
size-exclusion filtering step (see above) were centrifuged for
5 min at 500×g at 4◦C. The pellets were lysed for 30 min on
ice in 50 μl RIPA buffer (20 mM Tris-HCl pH 7.5, 5 mM EDTA,
150 mM NaCl, 0.1% (w/v) SDS, 1% (v/v) NP40, 0.5% (w/v) sodium
deoxycholate) with 1× cOmplete™, EDTA-free Protease Inhibitor
Cocktail (#11873580001, Roche, Basel, Switzerland). Protein
concentration was determined with the Pierce™ BCA Protein

Assay Kit (#23227, Thermo Fisher Scientific, Waltham, Mas-
sachusetts, USA) after which samples were supplemented 2% β-
mercaptoethanol or 100 mM DTT and bromophenol blue. Directly
prior to loading of samples on protein gels, samples were boiled
at 95◦C for 5 min. Protein from each sample was separated using
a 7.5% acrylamide/bisacrylamide gel (Biorad) and the proteins
were next transferred to an Immobilon-FL PVDF membrane
(#IPFL00010, EMB Millipore, Burlington, Massachusetts, USA).
Membranes were blocked in 5% skim milk (#70166-500G, Sigma
Aldrich, Saint Louis, Missouri, USA) in PBS, followed by three
10 min PBS washes. Membranes were next probed with the
following primary antibodies in 1% skim milk in PBS at 4◦C
overnight: Rabbit-anti-Histone H3 (#Ab1791, Abcam, Cambridge,
UK, 1:5000 dilution) and Mouse-anti-acetylated-α-tubulin (#T6199
(clone DM1A), Sigma Aldrich, Saint Louis, Missouri, USA, 1:2000
dilution). After washing three times 10 min with PBS/0.05%
Tween-20, the membranes were incubated with the secondary
antibodies in 1% skim milk in PBS: Donkey-anti-Rabbit-IRDye-
800CW (#926-32 213, Li-cor, Miami, USA, 1:10 000 dilution) and
Donkey-anti-Mouse-IRDye-680RD (#926-68072, Li-cor, Miami,
USA, 1:10 000 dilution). After washing the membranes (2×
10 min with PBS/0.05% Tween-20 and 1× 10 min with PBS), the
membranes were scanned on an Odyssey Classic infrared imaging
system (LI-COR) using the manufacturers application software
(V3.0) and further analyzed using Image Studio Lite v5.2.

Single-nucleus RNA-sequencing data processing
Sequence fastq files were processed with Cell Ranger 3.0.1 and
mapped to a pre-mRNA reference generated from Genome Refer-
ence Build 38 (refdata-cellranger-GRCh38-3.0.0) by manufacturer’s
instructions. The reads count matrix of each sample were
imported into the Seurat R package (Version 3.2.2) [57] for quality
control analysis. Each sample was filtered according to its own
thresholds including nFeatures, percentage of mitochondrial gene
content and percentage of ribosome gene content (Table 1), then
scaled by library size (resulting in a final “counts per 10 000
reads”) and log-transformed. Highly variable genes (HVGs) for
each library were extracted using the Scater R package (Version
1.16.2) [58]. The HVGs of each sample were used to perform a
principal component analysis (PCA). A K-nearest-neighbor graph
was constructed based on the Euclidean distance in PCA space
(k = 20 and top 20 PCs) using the “FindNeighbors” function and
Louvain algorithm was applied to group nuclei together by the
“FindClusters” function with the resolution parameter set to 0.4.
We visualized the data using Uniform Manifold Approximation
and Projection (UMAP).

To integrate nuclei from different samples we used the overlap-
ping HVGs from Scater and Seurat to find anchors via the “FindIn-
tegrationAnchors” and “IntegrateData” functions in Seurat. Data
were normalized according to “SCTransform” method. The top 30
PCs were used for UMAP construction and unsupervised clus-
tering (resolution = 0.4) in the integrated data. The correlation of
clusters were determined by the “BuildClusterTree” function in
Seurat and subclusters were merged based on the parent clusters.
The merged count matrix in “RNA assay” was normalized and
used to identify specific markers in each cluster by the “FindAll-
Marker” function in R package Seurat (version 4.1.0). All clusters
were assigned an annotation based on significant biomarkers and
representative GO terms as described in the Results section.

Differential gene expression analysis and gene
set enrichment analysis
Differentially expressed genes between different groups were
determined by the “FindAllMarkers” function in R package Seurat.
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The thresholds for significant differentially expressed gene were
|avg_log2(FC)| > log2(1.5) and adjusted P-value < 0.05. Gene ontol-
ogy enrichment analysis was performed by using clusterProfiler R
package (version 3.16.1) [59]. Gene set enrichment analyses (GSEA)
[60] were carried out by using the “gseGO” function in R package
clusterProfiler focusing on the biological process gene sets from
MSigDB database (from msigdbr_7.4.1) [61, 62] and utilizing the
default parameters and adjusted P-value < 0.05.

Pseudo-time trajectory analysis on
FSHD-affected nuclei
All nuclei in FSHD-affected clusters were organized in pseudo-
time using Monocle2 (Version 2.16.0) [63]. The representative
genes of FSHD-affected clusters were identified by using the
“FindMarkers” function from the Seurat package. The marker
genes were then used for ordering cells by DDRTree method and
reverse graph embedding.

Signature scoring analysis
For gene scoring analysis, gene sets were obtained from the
MSigDB database. The “AddModuleScore” function in the Seurat
R package was then used to calculate the signature score of each
gene set in each nucleus.

DUXA and DNMT3L module signature scores were generated
based on the module gene lists from Meistermann et al. (567 genes
for the DUXA module and 261 genes for the DNMT3L module) [47].
Module score were calculated as described above.

The marker genes of all cell types during early embryogenesis
were determined by the function “FindAllMarkers” in R pack-
age Seurat. Only up-regulated genes were selected as significant
marker genes according to the thresholds: avg_log2(FC) > log2(1.5)
and adjusted P-value < 0.05. Embryonic stage signatures scores
were calculated based on the marker genes of each cell type
during early embryogenesis as described above.
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