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H U M A N  G E N E T I C S

DUX4 activates common and context-specific 
intergenic transcripts and isoforms
Dongxu Zheng1, Anita van den Heuvel1, Judit Balog1, Iris M. Willemsen1, Susan Kloet1,  
Stephen J. Tapscott2,3, Ahmed Mahfouz1,4, Silvère M. van der Maarel1*

DUX4 regulates the expression of genic and nongenic elements and modulates chromatin accessibility during 
zygotic genome activation in cleavage stage embryos. Its misexpression in skeletal muscle causes facioscapulo-
humeral dystrophy (FSHD). By leveraging full-length RNA isoform sequencing with short-read RNA sequencing 
of DUX4-inducible myoblasts, we elucidate an isoform-resolved transcriptome featuring numerous unannotated 
isoforms from known loci and novel intergenic loci. While DUX4 activates similar programs in early embryos and 
FSHD muscle, the isoform usage of known DUX4 targets is notably distinct between the two contexts. DUX4 also 
activates hundreds of previously unannotated intergenic loci dominated by repetitive elements. The transcrip-
tional and epigenetic profiles of these loci in myogenic and embryonic contexts indicate that the usage of 
DUX4-binding sites at these intergenic loci is influenced by the cellular environment. These findings demon-
strate that DUX4 induces context-specific transcriptomic programs, enriching our understanding of DUX4-induced 
muscle pathology.

INTRODUCTION
DUX4, a pioneer transcription factor involved in zygotic genome 
activation (ZGA), is active during the cleavage stages in preimplan-
tation embryos (1–3). Thereafter, it becomes repressed in most so-
matic tissues, including skeletal muscle (4, 5). Incomplete repression 
of DUX4 in skeletal muscle is the primary cause of facioscapulohumer-
al dystrophy (FSHD, MIM 158900) (5) where it initiates a cascade of 
pathological events, including aberrant RNA splicing processes (6), 
inflammation (7–9), and oxidative stress (10–13), eventually leading 
to muscle cell death. Despite the consensus on the causative role of 
DUX4 in FSHD pathology, its sporadic expression pattern in myo-
nuclei confounded by a majority of nonexpressing nuclei makes it 
challenging to understand DUX4-associated transcriptomic chang-
es comprehensively (14, 15).

Several studies have used short-read (SR) RNA sequencing (RNA-
seq) to describe the transcriptional response to DUX4 in various cell 
models (16–18). Collectively, they have uncovered the transcrip-
tomic changes activated by DUX4, deepening our understanding of 
FSHD pathogenesis. A study combining DUX4 chromatin immu-
noprecipitation sequencing (ChIP-seq) with SR RNA-seq in a myo-
genic cell model with DUX4 expression revealed that DUX4 binds 
to thousands of loci in the human genome, including known genes 
and transposable elements (TEs) (18). By activating long terminal 
repeats (LTRs), DUX4 creates novel transcription start sites (TSSs), 
potentially activating nearby genes (18, 19). Other studies have also 
reported the transcriptional activation of TEs and disruption of RNA 
splicing processes as molecular hallmarks of FSHD (4,  20,  21). 
Moreover, a study using a human embryonic stem cell (hESC) mod-
el overexpressing DUX4 identified numerous new promoters in in-
tergenic regions with open chromatin state (22). These studies suggest 
that in FSHD, DUX4 induces substantial transcriptomic changes by 

creating new TSSs to activate downstream genes that are normally 
repressed in skeletal muscle and by affecting RNA processing result-
ing in the production of alternative transcripts.

Still, it remains challenging to comprehensively and precisely in-
vestigate transcriptomic changes by SR RNA-seq, especially in com-
plex splicing situations, because this technology does not span full-length 
transcripts (23). Given the extensive alterations to the transcrip-
tome inflicted by DUX4, including clear signs of affected RNA 
splicing, a full-length isoform sequencing (Iso-Seq) approach (24), 
complemented by SR RNA-seq providing additional sequencing depth, 
may better capture the “DUX4-induced transcriptome signature” and 
yield new insight into FSHD pathophysiology.

By combining PacBio Iso-Seq with SR RNA-seq on RNA harvested 
from immortalized myoblast cell lines engineered to express codon-
altered DUX4 in an inducible manner (referred to as DUX4i), we 
obtained a comprehensive isoform-resolved transcriptome specific 
to the presence of DUX4 in a myogenic context. We identified a 
much more complex transcriptome than appreciated from prior SR 
RNA-seq studies, characterized by a great diversity of novel iso-
forms and intergenic transcripts. We validated our findings in pub-
licly available RNA-seq datasets of human preimplantation embryos 
and FSHD muscle cells and found noticeable differences in isoform 
usage between DUX4-induced transcripts in preimplantation em-
bryos and skeletal muscle. Our study thus demonstrates that the 
DUX4-induced transcriptional landscape also depends on the cel-
lular context.

RESULTS
DUX4 establishes a unique and complex transcriptome 
in myoblasts
To obtain a comprehensive landscape of the full-length transcrip-
tome of DUX4-expressing myoblasts, we used doxycycline (DOX)–
inducible DUX4 (DUX4i) human myoblast cell lines (iMB-clone-5 
and iMB-clone-7). These cell lines were generated by introducing 
a DOX-inducible codon-altered DUX4 expression construct in an 
immortalized control myoblast cell line (see Materials and Methods 
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for details). Both clones showed clear activation of DUX4 expres-
sion after 8 hours of DOX treatment (fig. S1A) and showed signs of 
DUX4-induced cell death within 24 hours of DOX treatment (fig. 
S1B). To balance DUX4 induction with cell viability, we treated 
DUX4i myoblasts with DOX for 16 hours, enabling us to capture the 
cascade of DUX4-triggered effects without substantial confounding 
effects from apoptosis. We performed PacBio Iso-Seq [referred to as 
long-read (LR) RNA-seq] on iMB-clone-5 before and after DOX 
treatment (referred to as DUX4− and DUX4+) (Fig. 1A and table 
S1). To offer sufficient support of splice junctions, we also performed 
SR RNA-seq of clone 5 and clone 7 at 0 and 16 hours of DUX4 in-
duction with considerable sequencing coverage (average coverage: 
~45 million reads per sample) (Fig. 1A and table S2). LR RNA-seq 
identified 57,071 and 85,165 nonredundant full-length isoforms in 
the DUX4− and DUX4+ samples, respectively (table S1). The tran-
scriptomes from both conditions were aggregated to create a repre-
sentative profile for the DUX4i myoblast model. After filtering the 
artifacts (see Materials and Methods), isoforms mapping to auto-
somes, sex chromosomes, and the mitochondrial genome (fig. S2A) 
were classified into different structural categories according to 
their splice junction match to the human reference transcriptome 
(GENCODE v39) (table S3) (25). Eventually, 84,710 nonredundant 
full-length isoforms associated with 13,541 genes across the two 
conditions were annotated (Fig. 1B). Among them, 35.6% were 
classified as full-splice matches (FSMs: the reference transcript 
and query isoform have the same number of exons and each in-
ternal junction matching), 26.6% were novel isoforms belonging 
to the novel not-in-catalog category (referred to as NNC: isoforms 

containing at least one novel splice site), and 25% to the novel in-
catalog (referred to as NIC: isoforms containing a new combination 
of known splice sites) (Fig. 1B).

To systematically compare the transcriptomes of the DUX4− and 
DUX4+ samples, we analyzed the isoforms separately according to 
their DUX4 condition (DUX4−, n  =  45,304 isoforms; DUX4+, 
n = 58,820 isoforms; Fig. 1C, see Materials and Methods). Each con-
dition showed comparable isoform length distributions, with the 
mean length in the DUX4− transcriptome being slightly longer than 
that in the DUX4+ transcriptome (mean length, 2200 base pair (bp) 
in DUX4− and 2114 bp in DUX4+; Student’s t test, P value <0.001) 
(fig. S2B). Under the DUX4− and DUX4+ conditions, 68.7 and 67% 
of isoforms, respectively, had more than two read counts, indicating 
considerable sequencing coverage (fig. S2C). However, the DUX4+ 
transcriptome displayed increased transcript diversity, as evidenced 
by a greater number of isoforms with lower read counts and iso-
forms unique to the DUX4+ condition (fig. S2, C and D). In addi-
tion, the DUX4+ myoblasts displayed a more complex transcriptome, 
characterized by a higher proportion of NNC isoforms (28.9 versus 
15.5%), incomplete splice match isoforms (referred to as ISM: iso-
forms that match a subsection of a known transcript, 8.8 versus 
6.5%), intergenic isoforms (referred to as Intergenic: isoforms local-
ized in intergenic regions, 2.2 versus 0.1%) and a lower proportion 
of FSM isoforms (34.4 versus 51.1%) (Fig. 1C). The SR RNA-seq 
data with deeper sequencing depth provided robust support for the 
isoforms identified by the LR RNA-seq data (Fig. 1D). Different 
from FSM isoforms, fewer intergenic (94.6 versus 98.2%), antisense 
(94.7 versus 99.1%), fusion (89.3 versus 97%), and genic (91 versus 
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Fig. 1. The landscape of full-length transcriptome in DUX4i myoblasts. (A) Schematic of experimental design and full-length isoform profiling by integrating LR and 
SR RNA-seq data. Full-length isoforms in LR RNA-seq are classified into different structural categories using SQANTI3 compared with the GENCODE (v39) isoform structure. 
Color codes represent each structural category. Gray dashed lines depict the novel splice junctions and black solid lines depict the known splice junctions. The figure is 
created with Biorender.com. (h, hours). (B) Donut plot showing the percentage of the aggregated full-length transcriptome classified into each structural category. (C) Pie 
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95.3%) isoforms were supported by the SR RNA-seq data of the 
DUX4+ sample (Fig. 1D). This is possibly due to mapping issues in 
the SR RNA-seq. Moreover, fewer isoforms from the DUX4+ sample 
were supported by publicly available data of TSS [5′ Cap Analysis of 
Gene Expression (CAGE)] (26) and polyadenylation (polyA) motifs, 
suggesting the presence of novel TSS and polyA sites in the DUX4+ 
condition (Fig. 1D).

To assess the reliability of the DUX4i cell system in recapitulating 
FSHD pathology and the capability of Iso-Seq to capture typical 
DUX4-induced signatures, we validated three well-characterized 
hallmarks of DUX4 misexpression in muscle cells in our system. 
First, of 67 known core DUX4-target genes (27), 49 and 50 were 
detectable in LR and SR RNA-seq data of DUX4+ samples, respec-
tively (fig. S3A). A few DUX4-target genes showed low expression in 
DUX4− samples, possibly due to the leakiness of the DUX4i expres-
sion construct. Second, DUX4 is known to disrupt the nonsense-
mediated decay (NMD) pathway (17, 21, 28). The LR RNA-seq of 
the DUX4+ sample showed an increased number of NMD-targeted 
isoforms compared to the DUX4− sample (10.6 versus 5.9%; 6209 of 
58,820 versus 2695 of 45,304) (fig. S3B). Compared to the DUX4− 
condition, NMD-targeted isoforms showed higher expression levels 
in both LR and SR RNA-seq data (fig. S3, C and D). Last, DUX4 
activates transcripts from repetitive elements (REs) (2, 4, 18). Over-
all, more full-length isoforms emanating from REs were identified after 
DUX4 induction. Specifically, a higher percentage of transcripts were 
transcribed from LTRs (2.3 versus 1%) and long interspersed nucle-
ar elements (LINEs) (2.4 versus 1.6%) with significantly higher ex-
pression levels, consistent with previous studies (fig. S3, E and F) 
(4, 18). This analysis confirms the typical DUX4-dependent tran-
scriptome features observed in FSHD, validating the robustness of 
this cell model.

To assess the reproducibility and robustness of isoforms identi-
fied by LR RNA-seq, we performed a cross-dataset validation by 
analyzing isoform expression levels and presence in our SR RNA-seq 
dataset and the RNA-seq dataset of the DUX4i iMB135 myoblast 
cell line (17). A total of 87.6% (74,221 of 84,710) and 84.7% (71,728 
of 84,710) of isoforms identified by LR RNA-seq were detectable in 
our SR RNA-seq dataset and the dataset from Jagannathan et al. 
(17), respectively. Correlation analysis of rlog-normalized isoform 
expression values revealed distinct clustering of DUX4+ samples 
and controls (fig. S4A), indicating consistent transcriptional chang-
es induced by DUX4 despite differences in cell lines and sequencing 
protocols. Differential expression analysis at the isoform level iden-
tified 11,337 up-regulated and 5091 down-regulated isoforms in 
our SR RNA-seq, and 7785 up-regulated and 1586 down-regulated 
isoforms in Jagannathan et  al. (17) [adjusted P value <0.05 and 
|log2(fold change)| > 2] (fig. S4B and table S4). A substantial overlap 
of up-regulated isoforms was observed between the datasets, 
highlighting shared transcriptional responses (fig. S4C). Analysis 
of the structural categories of differentially expressed isoforms re-
vealed broadly similar proportions of FSM, ISM, NIC, and NNC 
categories across datasets (fig. S4D). However, our SR RNA-seq cap-
tured a greater number of uniquely differentially expressed isoforms 
(fig. S4E), suggesting that while novel isoforms identified by LR 
RNA-seq were present in the independent dataset, many were not 
differentially expressed likely due to differences in sequencing 
strategies (paired-end versus single-end), read length (150 versus 
100 bp), and sequencing depth (average coverage: ~45 million versus 

~20 million reads). Enrichment analysis of genes associated with the 
differentially expressed isoforms in both datasets showed a high de-
gree of overlap in significantly enriched Gene Ontology (GO) terms 
in Biological Processes (BP) (table S5), reflecting the consistency of 
BPs associated with DUX4 induction (fig. S4F). Collectively, these 
results validate the reproducibility of full-length isoforms in inde-
pendent SR RNA-seq datasets derived from different cell lines. Our 
LR RNA-seq analysis demonstrates that the expression of DUX4 
in myoblasts establishes a unique cellular environment character-
ized by a more complex transcriptome than previously anticipated.

Characteristics of novel isoforms from known loci
Full-length transcripts were categorized as known (FSM and ISM) 
or novel (NIC and NNC) isoforms based on their splice junction 
match to the reference transcriptome. ISM isoforms were excluded 
for further analysis since they are often sequencing artifacts or the 
products of degraded transcripts (29). A large proportion of FSM 
isoforms (43.6%; 13,172 of 30,193) were shared between the DUX4− 
and DUX4+ transcriptome, while 33% (9973 of 30,193) and 23.3% 
(7048 of 30,193) of FSM isoforms were unique to the DUX4− and 
DUX4+ samples, respectively (Fig. 2A). The reverse was true for the 
NIC and NNC categories: Both conditions expressed unique NIC 
and NNC transcripts (Fig. 2A), with more NIC (45 versus 38%; 9508 
of 21,150 versus 8034 of 21,150) and particularly more NNC iso-
forms (68.9 versus 24.6%; 15,498/22,499 versus 5,524 of 22,499) be-
ing identified in the DUX4+ transcriptome. This suggests a shift 
from known to novel isoforms in the presence of DUX4.

To specify the differences between the two conditions, all iso-
forms were classified into three categories: DUX4− unique, DUX4+ 
unique, or common to both conditions. FSM isoforms uniquely ex-
pressed in DUX4− or DUX4+ samples had fewer exons than FSM 
isoforms common to both conditions (fig. S5A). NNC isoforms 
unique to DUX4+ had fewer exons than NNC isoforms in the other 
two categories. They also showed a reduced transcript, CDS, and 
open reading frame (ORF) length (fig. S5A). Novel isoforms were 
prone to acquiring new TSSs and transcription termination sites 
(TTSs), especially for the DUX4+ unique NNC isoforms (Fig. 2B). 
Last, quantifying the expression in the SR RNA-seq data revealed 
that common FSM isoforms were highly expressed in the DUX4− 
samples (fig. S5B). In contrast, among all structural categories, 
condition-specific isoforms were correspondingly highly expressed 
in SR RNA-seq data. This indicates consistency between the LR and 
SR data (fig. S5B).

The usage of new TSS and TTS was associated with a greater 
probability of a premature termination codon associated with NMD.  
Compared to the commonly expressed isoforms, the uniquely ex-
pressed isoforms in both conditions were more likely to be predicted 
as NMD targets, particularly under the DUX4+ condition (fig. S6A). 
We further analyzed the NMD-targeted isoforms classified as NIC 
and NNC, with a large proportion of them coming from the DUX4+ 
sample (fig. S6B). The genes corresponding to the overlapping iso-
forms between conditions were significantly enriched in GO terms 
associated with RNA processing (fig. S6C). Genes corresponding to 
condition-specific NMD-targeted isoforms showed similar enrich-
ment patterns, primarily in RNA metabolism and translation pro-
cesses (fig. S6D and table S6), suggesting that genes involved in 
these BPs tend to produce more NMD-targeted isoforms. To further 
characterize these NMD-targeted isoforms at the protein level, we 
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and DUX4+ transcriptome. The dashed line in dark red represents the 50% to identify the ratio of known and novel events per type of ASE. (E) Stacked bar plots showing 
the percentage of commonly expressed and uniquely expressed isoforms with known or novel ASEs under each condition. Statistical significance was assessed using 
proportion test (P value <0.001). (F) Bar plots displaying GO terms [Biological Processes (BPs)] significantly enriched (adjusted P value <0.05) for genes associated with 
isoforms with novel RI, AL, and MX ASEs. (G) Stacked bar plot displaying the percentages of isoform-derived ORFs that obtained no match against the UniProt database, 
plotted by subtypes of isoforms in FSM, NIC, and NNC. (H) Stacked bar plot depicting the percentages of novel amino acid sequence identity for isoform-derived ORFs 
compared to their closest human protein isoform in the UniProt database, plotted by subtype of isoforms in FSM, NIC, and NNC. Novel ORFs show <99% identity with 
existing entries from UniProt.
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extracted their predicted ORFs and queried them in the UniProt 
database (30). While most ORFs matched existing entries, isoforms 
unique to the DUX4+ condition showed a higher proportion of novel 
ORFs (DUX4+ unique: 11.6%, DUX4− unique: 7.5%; table S7) (31). 
To validate their translational potential, we analyzed a publicly 
available dataset including Ribosome profiling sequencing (Ribo-seq) 
and RNA-seq from DUX4i myoblasts (iMB135) treated with DOX 
for varying durations (0, 4, 8, and 14 hours) (21). After filtering for 
expression threshold [transcripts per million (TPM) > 0.5], we ob-
served that both mRNA levels and ribosome footprint abundance 
of the remaining target isoforms increased significantly with DOX 
treatment duration, accompanied by enhanced translation efficiency 
(fig. S6E) (see Materials and Methods). These findings suggest that 
genes involved in RNA processing and translation pathways could 
produce numerous NMD-targeted isoforms. Furthermore, these iso-
forms may have substantial translational potential and biological 
functions at the protein level.

DUX4 increases isoform complexity by alternative splicing
The LR RNA-seq allows for accurately characterizing alternative 
splicing events (ASEs). In the DUX4− and DUX4+ LR-seq transcrip-
tomes, 32,247 and 43,494 ASEs (Fig. 2, C and D) were identified, 
respectively. While the DUX4− transcriptome showed a relatively 
balanced picture of known and novel ASEs among all classes, per-
haps somewhat biased because of the leakiness of the expression 
construct, in the DUX4+ transcriptome, the proportion of novel 
ASEs was systematically high across all classes (Fig. 2D). The mutu-
ally exclusive exon (MX: 82.4%; 1694 of 2055), retained intron (RI: 
76%; 2236 of 2941), and alternative last exon (AL: 76.5%; 4200 of 
5489) classes comprised the highest proportions of novel ASEs in 
DUX4+ myoblasts. In addition, we found that a higher proportion 
of uniquely expressed isoforms obtained ASEs. Novel ASEs were 
significantly enriched in isoforms uniquely expressed in each condi-
tion, particularly in the DUX4+ sample (73.1% in DUX4− and 83.5% 
in DUX4+; prop.test, P value <0.001) (Fig. 2E). The genes corre-
sponding to the isoforms with MX, RI, and AL were examined sepa-
rately as they were the most enriched ASEs. There was negligible 
overlap among the isoforms within these three ASE classes, with 
only 93 loci present in all categories (fig. S7A). In the LR and SR 
RNA-seq data, these isoforms displayed higher expression levels in 
the DUX4+ samples (fig. S7B). Notably, enrichment analysis re-
vealed an overrepresentation of GO BP terms related to RNA splic-
ing and RNA metabolism within these gene sets (Fig. 2F and table 
S8). This suggests that the alternative splicing of genes associated 
with RNA processing itself may play a role in the increased ASEs 
observed in DUX4-expressing cells.

Next, we assessed the potential impact of novel isoforms on bio-
logical functions at the protein level. We predicted the ORFs of cod-
ing FSM, NIC, and NNC isoforms and queried them in the UniProt 
database (30) to identify the percentage of them with at least one 
match in the UniProt database. Higher proportions of NNC and 
FSM isoforms uniquely expressed in the DUX4− and DUX4+ 
conditions had no match in UniProt compared to the common 
isoforms (FSM: DUX4+ unique: 14.3%; DUX4− unique: 13.9% 
versus Common: 7.5%; NNC: DUX4+ unique: 12.6%; DUX4− unique: 
12.8% versus Common: 9.9%), while more novel ORFs (identity 
score  <  99%) (31) were observed in the uniquely expressed NIC 
(DUX4+ unique: 11.8%; DUX4− unique: 8.6%) and NNC (DUX4+ 
unique: 13.8%; DUX4− unique: 11.4%) isoforms specific to each 

condition (Fig. 2, G and H). Our analysis thus suggests that DUX4 
expression in myoblasts initiates the transcription of novel coding 
isoforms that differ from the reference transcripts. These mRNA-
level alterations may potentially result in functional dysregulation at 
the protein level.

Cellular context–specific binding patterns of DUX4 associate 
with isoform expression
Transcription factors play crucial roles in gene expression regula-
tion, with their binding patterns and regulatory functions varying 
across cellular contexts. To investigate whether DUX4 regulates iso-
forms belonging to different structural categories in distinct cellular 
states, we performed an integrative analysis of DUX4 ChIP-seq data 
from three cell lines: DUX4i myoblasts (18), DUX4i hESCs (1), and 
DUX4i induced pluripotent stem cells (iPSCs) (2). Using 2-kb win-
dows flanking the TSS, we annotated FSM, NIC, and NNC isoforms 
identified through LR RNA-seq. Pairwise comparisons revealed sig-
nificant overlaps among FSM, NIC, and NNC isoforms containing 
DUX4 peaks (Fig. 3A). While a subset of isoforms across all three 
categories exhibited DUX4 peaks common to all cell lines, we ob-
served notably higher overlap between DUX4i hESCs and DUX4i 
iPSCs across all isoform categories. This enhanced overlap might 
reflect their similar cellular states and higher number of identified 
peaks (myoblasts: 33,076, hESCs: 98,103, iPSCs: 166,514), or alter-
natively, their early embryonic state with more accessible genome-wide 
chromatin, whereas myoblasts, having established lineage commit-
ment, may retain only core cell type–specific binding sites.

Peak annotation analysis revealed that DUX4 predominantly 
binds to distal intergenic regions and introns (fig. S8A). The distri-
bution patterns of DUX4 peaks showed distinct cellular context 
specificity across isoform categories. Peaks from DUX4i myoblasts 
exhibited a more concentrated distribution pattern closer to TSS, 
while peaks from DUX4i hESCs and iPSCs were generally more dis-
tant from the TSSs of FSM and NIC isoforms. Notably, for NNC 
isoforms, peaks from all three cell lines clustered near the TTS (Fig. 
3, B and C), suggesting that DUX4-binding patterns exhibit both 
cellular context and isoform category specificity, with perhaps the 
most robust binding sites preferentially occupied in a myogenic 
context. We further categorized isoforms with DUX4 peaks into 
eight groups based on their peak overlap patterns (fig. S8B). Analy-
sis of RNA-seq data from all three cell lines revealed that isoforms 
generally showed relatively higher expression levels in cell lines 
where their DUX4 peaks were identified (fig. S8C), indicating cel-
lular context–specific transcriptional regulation by DUX4.

Isoform characterization of known loci demonstrates 
condition-specific isoform usage
Next, we investigated whether DUX4 activation influences tran-
script isoform usage of known genes by separating them into two 
main categories based on whether the gene was exclusively ex-
pressed in the DUX4+ condition. The analysis included 2016 genes 
uniquely expressed in DUX4+ and 7344 genes commonly ex-
pressed in both conditions. These categories were further divided 
into three subtypes, detailing the utilization of known (FSM) or 
novel isoforms (NIC and NNC) (Fig. 4A): Category 1 (genes 
uniquely expressed in the DUX4+ condition): (a) only known iso-
forms expressed in DUX4+ myoblasts; (b) only novel isoforms 
expressed in DUX4+ myoblasts; (c) known and novel isoforms ex-
pressed in DUX4+ myoblasts. Category 2 (genes expressed in both 
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DUX4− and DUX4+ conditions): (a) only known isoforms expressed 
in DUX4− myoblasts but known and novel isoforms expressed in 
DUX4+ myoblasts; (b) only known isoforms expressed in DUX4− 
myoblasts and only novel isoforms expressed in DUX4+ myoblasts; 
(c) known and novel isoforms expressed in DUX4− myoblasts but 
only novel isoforms expressed in DUX4+ myoblasts. Intriguingly, 
29.5% (2761 of 9360) of genes showed altered isoform usage in the 
DUX4+ myoblasts, including 59.7% (40 of 67) of the core DUX4 
target genes (tables S9 and S10). Particularly, we observed the 

highest proportions of genes falling in category 1-b (56.5%, 1139 of 
2016), 1-c (12.9%, 261 of 2016), and category 2-a (14%, 1031 of 
7344), implying that these genes exhibit distinct splicing patterns 
when DUX4 is present. Correspondingly, the ASEs are enriched for 
the isoforms in these three subcategories (category 1-b: n = 3595; 
category 1-c: n = 2010; category 2-a: n = 10,426), predominated by 
SE and A3 (fig. S9). We then quantified the expression levels of the 
isoforms in each category in the LR and SR RNA-seq datasets. As 
expected, the isoforms in category 1 exhibited high expression 
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Fig. 3. Annotation of FSM, NIC, and NNC isoforms with DUX4 peaks. (A) Venn diagrams showing the overlap of DUX4-bound isoforms across three cell lines. DUX4 
peaks from three cell lines were annotated to isoforms classified into FSM, NIC, and NNC. Numbers indicate the count of isoforms with DUX4-binding sites in each cell line 
and their intersections. Pairwise hypergeometric tests revealed significant overlaps between any two cell lines (all P values <0.0001). (B) Peak density plots illustrating the 
genomic distribution of DUX4-binding sites around TSS (±2 kb) for FSM, NIC, and NNC isoforms. Each category contains three panels representing peak distributions from 
different cell lines. Shaded areas indicate confidence intervals estimated by bootstrap method. (C) Peak density plots showing DUX4-binding patterns across scaled tran-
script bodies (from TSS to TTS) plus upstream and downstream regions (20% of transcript length) for FSM, NIC, and NNC isoforms. Each panel represents peak distributions 
from different cell lines as indicated. Confidence intervals (shaded areas) were estimated using bootstrap method.
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Fig. 4. Identification of isoform usage shift in DUX4-expressing cells. (A) Schematic of all types of isoform compositions for each known gene under each condition. 
Color codes represent the structural categories: FSM, NIC, NNC, and isoforms without expression. The figure is created with Biorender.com. (B) Box plots showing the ex-
pression levels of isoforms associated with each isoform composition usage using LR RNA-seq data and SR RNA-seq data. P values are calculated using unpaired Wilcoxon 
test. Statistical significance is denoted as follows: ****P < 0.0001, *P < 0.05, and P > 0.05 represented as “ns” (not significant). (C) Bar plots depicting the GO terms (BP) 
significantly (adjusted P value <0.05) enriched for genes with isoform in category 1 (left) and isoform in category 2 (right). (D) Heatmaps showing the expression levels of 
DUX4 core target genes from LR RNA-seq data obtained from DUX4i myoblasts (top) and four-cell stage cells (bottom). Expression at the gene level is calculated by sum-
ming up the normalized expression values of all isoforms for each gene. Color scales depict the expression level of each gene (Z score); red represents a high expression 
level; blue represents a low expression level. The number labeled in each cell represents the count of isoforms classified into each structural category for each DUX4 target 
gene. (E) Dot plot depicting the number of spliced isoforms in DUX4+ myoblasts and four-cell stage cells compared to the GENCODE transcriptome for the DUX4 target 
genes. Color codes represent each transcriptome.
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levels in DUX4+ myoblasts in the SR RNA-seq data (Fig. 4B). The 
expression levels of isoforms in each category 2 subtype also showed 
consistency between the LR and SR RNA-seq (Fig. 4B).

Furthermore, we validated the translational potential of isoforms 
from each subcategory by analyzing the Ribo-seq and correspond-
ing RNA-seq data from Campbell et al. (21). Category 1 isoforms 
showed higher expression levels, particularly at 8 and 14 hours post-
treatment (fig. S10). Ribo-seq analysis revealed that coding isoforms 
exhibited substantial ribosome occupancy compared to noncoding 
isoforms, with this association further enhanced under DUX4+ 
conditions (fig. S10). By calculating the translation efficiency score 
through the normalization of ribosome footprint abundance to 
mRNA levels, we found that coding isoforms consistently displayed 
higher translation efficiency values than noncoding isoforms (fig. 
S10). These findings collectively demonstrate that these coding iso-
forms display substantial translational potential, as evidenced by their 
robust engagement with the translational machinery.

All genes linked to isoforms within categories 1 or 2 were used 
in enrichment analysis, yielding distinct outcomes for each main 
category (table S11). Category 1 genes, exclusively expressed in the 
DUX4+ condition, were enriched for GO terms associated with de-
velopmental processes (Fig. 4C), implying their potential relevance 
to the original role of DUX4 during early embryogenesis. Converse-
ly, genes expressed in both conditions but exhibiting greater usage of 
novel isoforms in the DUX4+ condition were enriched for GO terms 
related to RNA metabolic processes, DNA damage, and apoptosis 
(Fig. 4C), suggesting potential dysfunctionality of these pathways 
due to ASEs.

Identification of cellular context–specific isoforms of DUX4 
target genes
Earlier studies revealed that DUX4 is expressed sporadically in myo-
nuclei in vitro and in vivo (6, 7, 14, 32–34). The expression of a core 
set of 67 DUX4 target genes is considered a reliable marker for 
DUX4 pathology (27). Compared to the DUX4− sample, 38 of the 
67 core DUX4 target genes showed novel isoform expression in the 
DUX4+ condition (table S9). Given their natural expression during 
ZGA (4), we next asked whether DUX4 target gene isoform usage 
differs between cell types. We compared isoform usage in DUX4+ 
myoblasts to that observed during early embryogenesis, using a 
publicly available LR full-length transcriptome derived from human 
four-cell stage cells (35). In total, 49 and 50 of the 67 DUX4-target 
genes were detected in each transcriptome, respectively. Further, 
when considering a broader list of 146 DUX4-target genes (the 
DUX4 target genes 213 excluding DUX4 target genes 67) (27), 49 
and 56 DUX4 target genes were detected, respectively (fig. S11). 
Some DUX4-target genes showed a similar isoform composition be-
tween both cell types, often expressing several isoforms that are not 
annotated in the reference transcriptome (GENCODE v39) (Fig. 4, 
D and E). However, the isoforms that contributed most to the total 
expression were noticeably different between both cell types (Fig. 
4D). For instance, 62 isoforms of TRIM43B (12 ISM, 18 NIC, and 32 
NNC) were detected in the DUX4+ transcriptome of myoblasts. In 
comparison, only 15 TRIM43B isoforms (3 FSM, 5 ISM, 4 NIC, and 
3 NNC) were identified in the transcriptome of four-cell stage cells 
(Fig. 4D and fig. S12). In the DUX4+ myoblasts, the 32 NNC iso-
forms contributed most to the overall TRIM43B expression level. 
In contrast, the three FSM isoforms almost exclusively contributed 
to the expression from this locus in the four-cell stage cells. This 

analysis thus indicates that while DUX4 activates transcription of 
known loci, the splicing context, which is modulated by DUX4, 
results in the generation of distinct isoforms in a cellular context–
specific manner.

We showed that the isoform usage of DUX4 target genes can be 
influenced by cellular context. We therefore further explored unique 
isoform usage in each condition and compared the isoforms of 
DUX4 target genes identified from the transcriptomes of DUX4 ex-
pressing DUX4i myoblasts and from four-cell stage cells. We found 
71 and 62 isoforms (corresponding to 27 of 67 and 27 of 67 DUX4 
target genes), respectively, containing at least one entirely novel exon 
in either the myogenic or the four-cell context (table S12). To verify 
their presence in cells with endogenous DUX4 expression, we ana-
lyzed publicly available RNA-seq data from (i) primary myotubes 
derived from patients with FSHD and healthy donors’ biopsies (27) 
and (ii) human four-cell stage cells (36). The RNA-seq data of pri-
mary myotubes had considerably deep coverage (~143 million reads 
per sample). The analysis revealed that DUX4 target genes can 
produce isoforms that are specific to, or highly enriched in, a spe-
cific cellular context (Fig. 5A and fig. S13A). For example, isoform 
PB.76.171 of PRAMEF9 with a novel exon was not detected in the 
four-cell LR-RNA generated transcriptome and reference transcrip-
tome (GENCODE v39) (Fig. 5B). It was, however, highly expressed 
in FSHD primary myotubes but hardly detected in control pri-
mary myotubes and preimplantation embryos in the SR RNA-seq 
data (Fig. 5A). We also found that SLC34A2 reported as a potential 
biomarker for FSHD (37, 38), uses an isoform (PB.12232.51) with a 
novel exon (Fig. 5B). The expression of this isoform also indicated 
its specificity in the myogenic context (Fig. 5A). Similarly, we ob-
served the same phenomenon in the embryonic cleavage stage cells 
where TRIM49C uses an isoform (PB.9728.136) that includes a 
novel exon not detected in the transcriptome of DUX4i myoblasts 
and the reference transcriptome (fig. S13B).

To assess the potential clinical relevance of our findings, we ex-
amined the expression levels of the myogenic context-enriched iso-
forms using an RNA-seq dataset from muscle biopsies of patients 
with FSHD (n = 37) and healthy donors (n = 26) (39). Several of 
these isoforms exhibited elevated expression levels in FSHD samples 
(fig. S14). Notably, isoform PB.2895.37, a novel isoform of TRIM5BP, 
showed significantly higher expression levels in FSHD samples 
compared to controls (fig. S14). Although this isoform displayed 
low expression levels in four-cell stage cells, these findings validate 
the translational value of our inducible cellular model and its poten-
tial application in understanding disease mechanisms.

In summary, while DUX4 activates germline genes involved in 
ZGA and, at the gene level, the enriched GO terms or pathways related 
to early embryonic development are frequently observed in FSHD 
(34, 40, 41), our analysis suggests that the transcriptomic changes as-
sociated with alternative splicing induced by DUX4 can be different 
between cellular contexts. These findings enhance our understanding 
of the embryonic signature in FSHD skeletal muscle and may contrib-
ute to the identification of novel isoform biomarkers specific to FSHD.

Identification and classification of unannotated 
intergenic isoforms
We observed a larger number of intergenic isoforms in DUX4+ 
myoblasts compared to the DUX4− condition (DUX4+: n = 1275; 
DUX4−: n = 113) (Fig. 6A and table S13), which overall showed a 
higher expression level in the DUX4+ condition (fig. S15A). 
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While most intergenic isoforms were confirmed by SR RNA-seq 
data, a higher proportion of DUX4+ uniquely expressed inter-
genic isoforms lacked support from SR RNA-seq data (101 of 
1260 versus 2 of 98), possibly because of mapping issues (fig. 
S15B). Only the intergenic isoforms detected in the DUX4+ con-
dition (n  =  1275; corresponding to 652 loci) were retained for 
further analysis. To investigate whether DUX4 potentially drives 
the transcription of these intergenic isoforms, we mapped the 
DUX4-binding sites in the vicinity of the TSS using publicly 
available DUX4 ChIP-seq data of DUX4i myoblasts (18). Seven-
teen percent (217 of 1275) of intergenic isoforms identified in 
DUX4+ myoblasts have one or more DUX4 ChIP-seq peaks within 
a 2-kb window centered around the TSS (Fig. 6, B and C). Further 

analysis of published DUX4 ChIP-seq datasets from DUX4i 
hESCs (1) and DUX4i iPSCs (2) revealed that 30.8% (393 of 1275) 
and 42.2% (538 of 1275) of intergenic isoforms have DUX4 peaks 
near their TSSs, respectively (Fig. 6, B and C). Across the three 
ChIP-seq datasets, 85.3% (185 of 217) of intergenic loci with 
DUX4-binding sites in a myogenic condition were consistently 
detected in the other two cell systems, and, overall, 45.3% (578 of 
1275) of all intergenic loci showed evidence for DUX4 binding in 
at least one of the studied cell systems (Fig. 6D). Moreover, we 
observed a higher degree of overlap between DUX4i hESCs and 
DUX4i iPSCs (Fig. 6D).

To further investigate whether there is evidence for cellular con-
text–specific regulation of some of these intergenic loci by DUX4, 
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Fig. 5. Identification of cellular context–specific isoforms of DUX4 target genes. (A) Dot plot showing expression levels of DUX4 target isoforms, identified in DUX4+ 
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Fig. 6. Identification and classification of intergenic isoforms. (A) Venn diagram showing the overlap between intergenic isoforms from DUX4− and DUX4+ transcrip-
tomes. (B) Heatmaps depicting the signal intensities of DUX4 ChIP-seq peaks near TSS regions (±2 kb) of intergenic isoforms expressed in DUX4+ myoblasts using three 
publicly available DUX4 ChIP-seq datasets obtained from DUX4i myoblasts, DUX4i hESCs, and DUX4i iPSCs. Each row represents an individual isoform. The isoforms in 
each heatmap are independently clustered based on their binding patterns in the respective cell line. (C) Stacked bar plot displaying the percentage of intergenic isoforms 
with or without at least one DUX4-binding site or ATAC-seq peak. (D) Venn diagram showing the overlapping intergenic isoforms with DUX4 ChIP-seq peak. Color scale 
represents the count of overlapping intergenic isoforms. Pairwise hypergeometric tests revealed significant overlaps between any two cell lines (all P values <0.0001). 
(E) UCSC genome browser visualization of an example of the intergenic locus with a DUX4-binding site. Color codes indicate the data in each track: black for transcrip-
tomes of DUX4−, DUX4+, and GENCODE reference; bright red for LR RNA-seq data; blue for SR RNA-seq data; dark red for DUX4 ChIP-seq data from DUX4i myoblasts. 
(F) Box plots displaying the expression levels of intergenic isoforms with or without DUX4 ChIP-seq peak in each sample. P values are calculated using unpaired Wilcoxon 
test. Statistical significance is denoted as follows: ****P < 0.0001, *P < 0.05, and P > 0.05 represented as ns (not significant).
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we inferred the expression levels of intergenic isoforms from SR 
RNA-seq data of DUX4i myoblasts, hESCs, and iPSCs. Similar to 
the analysis performed for FSM, NIC, and NNC isoforms above, all 
DUX4-bound intergenic isoforms were classified into seven catego-
ries based on the evidence of DUX4 binding in each of the three cell 
lines, with some isoforms showing evidence of DUX4 binding in more 
than one dataset (fig. S15C). Category 8 includes all isoforms with-
out DUX4 peaks. Overall, the intergenic isoforms identified in our 
myogenic cell model were also activated in hESCs and iPSCs after 
DUX4 induction, and the intergenic isoforms without evidence for 
DUX4 binding (category 8) showed relatively low expression levels 
compared to those with evidence for DUX4 binding, consistent 
with the results in the myogenic context. In our SR RNA-seq data of 
DUX4i myoblasts, the isoforms with DUX4 peaks according to the 
DUX4 ChIP-seq data from DUX4i myoblasts (categories 1, 4, 6, and 7) 
exhibited relatively higher expression levels than those with DUX4 
peaks in the other two cell lines (fig. S15D). Consistently, the iso-
forms in categories 3, 5, and 7 enriched for DUX4 binding in iPSCs 
were highly expressed in DUX4+ iPSCs, and the isoforms in catego-
ries 2, 5, and 7 enriched for DUX4 binding in hESCs were highly 
expressed in DUX4+ hESCs (fig. S15D). Although these DUX4i cell 
lines use different strategies to activate DUX4 and have variable 
induction times, our analysis uncovered evidence of cis regulation 
between DUX4 and its target intergenic loci, with a suggestion for 
context-specific DUX4 binding for a subset of loci.

It is known that DUX4 plays a role in chromatin regulation 
(22). Analysis of publicly available Assay for Transposase-Accessible 
Chromatin with high-throughput sequencing (ATAC-seq) data of 
DUX4i hESCs (22) revealed that 24.5% (312 of 1275) of intergenic 
isoforms show increased chromatin accessibility in their TSS regions 
(Fig. 6C and fig. S16, A and B). Integrating these results with the 
DUX4 ChIP-seq data of DUX4i hESCs identified 55.5% (218 of 393) 
of intergenic isoforms with shared ChIP-seq and ATAC-seq peaks 
(fig. S16A). Motif enrichment analysis revealed a significant enrich-
ment of DUX4-binding motifs within these ATAC-seq peaks (fig. 
S16C), suggesting that DUX4 may activate transcription by directly 
binding to these intergenic loci and by modulating their chromatin 
state (fig. S16D). Our analysis thus indicates a direct regulatory rela-
tionship between DUX4 and the transcriptional activation of these 
intergenic loci.

Last, we used DUX4 ChIP-seq data from DUX4i myoblasts to 
annotate and categorize all intergenic isoforms. As described above, 
in a myogenic context, we identified 17.1% (217 of 1275) of inter-
genic isoforms, which condense into 205 loci upon DUX4 induc-
tion. For example, in the DUX4+ transcriptome, nine intergenic 
isoforms were identified from the locus PB.728 (chr1: 217,205,526-
217,231,944) bound by DUX4, with expression exclusively in the LR 
and SR RNA-seq data of DUX4+ samples (Fig. 6E). These intergenic 
isoforms were further classified into four categories based on their 
coding potential and direct regulation by DUX4 (fig. S17 and table 
S14; see Materials and Methods). Notably, intergenic isoforms regu-
lated by DUX4 exhibited higher expression levels than those with-
out DUX4 peaks (Fig. 6F), further affirming the direct regulation 
by DUX4.

Validation of intergenic isoforms in FSHD-related datasets
To confirm the existence of intergenic isoforms in independent sam-
ples, we reanalyzed two independent RNA-seq datasets from immor-
talized myoblast cell lines using distinct DUX4-induction strategies. 

One dataset [Young et al. (18)] included two immortalized myoblast 
cell lines (iMB135 and iMB54-1) expressing DUX4 through lentivi-
ral delivery (18), while the other [Campbell et al. (21)] used iMB135 
myoblasts with DUX4i expression through DOX treatments for 4, 
8, and 14 hours (21). In both datasets, most intergenic isoforms 
(1210 of 1275 in Young et al. and 1131 of 1275 in Campbell et al.) 
were detectable (expression in TPM > 0) (Fig. 7A). Comparing the 
expression levels of intergenic isoforms with or without DUX4-
binding sites in each sample, we observed significantly increased 
expression levels of intergenic isoforms associated with a DUX4-
binding site in DUX4+ samples from Young et al. (18) (Fig. 7B), con-
sistent with the results from our SR RNA-seq data. Analyzing the 
RNA-seq dataset from Campbell et  al. (21) revealed a significant 
increase in the expression of intergenic isoforms with prolonged 
treatment, suggesting a positive correlation between their expres-
sion levels and the presence of DUX4 (Fig. 7C).

We further validated these findings by analyzing two publicly 
available RNA-seq datasets from primary myotube cultures of eight 
patients with FSHD and six unaffected donors (27, 42). The average 
expression levels of the intergenic isoforms revealed a significant 
up-regulation in FSHD conditions compared to control conditions 
(Fig. 7D). However, substantial heterogeneity was observed among 
the samples of the Yao et al. (27) dataset, with FSHD-05 exhibiting 
higher expression of intergenic isoforms than other FSHD samples 
(fig. S18A, Heatmap). Considering the correlation between inter-
genic isoform expression and the DUX4 signature, we indeed found 
higher expression levels of DUX4 and its target genes in FSHD-05 
(fig. S18A). Two FSHD samples exhibited elevated expression levels 
of intergenic isoforms in the RNA-seq data from Banerji et al. (42) 
(fig. S18B). Notably, only one FSHD sample (FSHD-01) showed 
detectable levels of DUX4 (fig. S18B). However, FSHD-02 and 03 
showed higher expression levels of DUX4 target genes, correlating 
with elevated expression of the intergenic isoforms (fig. S18B). Al-
though the intergenic isoforms showed relatively low expression levels 
with large variability likely due to the cellular heterogeneity in FSHD 
and the sporadic nature of DUX4, they were validated in indepen-
dent DUX4i myogenic cell lines and confirmed in FSHD primary 
myotubes, confirming their existence in FSHD.

Most intergenic isoforms originate from REs
Given that more than two-thirds of the human genome consists of 
REs (43) and that DUX4-binding sites are considerably enriched in 
REs genome-wide (18), we quantified the number of REs within the 
intergenic isoforms. Intriguingly, 99.2% (1265 of 1275) of intergenic 
isoforms identified from the DUX4+ transcriptome contained at least 
one RE. Specifically, 55.5% (707 of 1275), 92% (1173 of 1275), and 
49.9% (636 of 1275) of intergenic isoforms contained at least one 
LINE, LTR, or short interspersed nuclear element (SINE), respec-
tively (table S15). LTR-containing intergenic isoforms showed 
substantial overlap with those containing LINEs or SINEs, which 
may suggest that LTRs were used as promoters by DUX4 to activate 
neighboring LINEs or SINEs to create spliced full-length mRNAs 
(Fig. 8, A and B). Further analysis showed that within the LINE fam-
ily, L1 and L2 are the predominant subfamilies. Most retroelements 
in the LTR family belonged to ERVL-MaLR, ERVL, and ERV1, con-
sistent with previous studies (18). In addition, in the SINE family, Alu 
and MIR are the subfamilies with the highest representation (Fig. 8C).

To evaluate whether DUX4 peaks were nonrandomly enriched 
in REs, we performed permutation testing (n = 1000). Our results 
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showed that 76.6% (25,331 of 33,076) of DUX4 peaks overlapped 
with REs, accounting for 64.8% of the total peak regions. This over-
lap was significantly higher than expected by chance (P value <0.001 
for both peak-count and base-pair overlap). Compared to randomly 
shuffled genomic regions of similar size and chromosomal distribu-
tion, peaks showed a 1.2-fold enrichment (25,331 of 21,487) in over-
lap number and a 1.3-fold enrichment (3,922,147/3,036,240 bp) in 

base-pair coverage, indicating a modest but statistically significant 
preference of DUX4-binding sites for REs (fig. S19A).

Given that SINE elements, particularly Alu sequences, are prefer-
entially enriched in gene-rich regions of the human genome (44), 
we further investigated the relationship between DUX4-binding 
sites and REs within genic regions. We annotated NIC and NNC 
isoforms identified under the DUX4+ condition with DUX4 peaks 
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Fig. 7. Validation of intergenic isoforms in biologically relevant datasets. (A) Heatmaps showing the expression levels of intergenic isoforms in two published RNA-
seq datasets obtained from DUX4i immortalized myoblast cell lines through different DUX4 expression induction methods. Color scale depicts the expression level nor-
malized in Z score. (h, hours). (B) Box plots displaying the expression levels of intergenic isoforms with or without the DUX4 ChIP-seq peak in each sample of RNA-seq data 
obtained from DUX4i iMB135 myoblasts. P values are calculated using unpaired Wilcoxon test. Statistical significance is denoted as follows: ****P < 0.0001, ***P < 0.001, 
**P < 0.01, *P < 0.05, and P > 0.05 represented as ns (not significant). (C) Box plot showing the average expression levels of intergenic isoforms in each condition (0-, 4-, 
8-, and 14-hour DOX treatment). P values are calculated the same as in (B). (D) Box plots showing the average expression levels of intergenic isoforms in FSHD and control 
samples [left, Yao et al. (27); right, Banerji et al. (42)]. P value is calculated the same as in (B).
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defined in DUX4i myoblasts. Among 320,177 analyzed exons, 6858 
(2.1%) showed substantial overlap with REs (overlap fraction >0.5). 
Of these RE-containing exons, 1719 (25%) had at least one DUX4 
peak within a 2-kb window upstream or downstream (table S16). 
Notably, 90% (1547 of 1719) of these repeats belonged to the LTR 
family (fig. S19B). These 1719 exons corresponded to 1475 NIC and 
NNC isoforms from 448 genes. For example, DUX4 binding to an 
LTR element upstream of CCDC30 led to the generation of novel 
isoforms incorporating this LTR as the first exon. (fig. S19C). These 
findings demonstrate that DUX4 regulates both genic and intergenic 
targets through RE activation, particularly LTR elements, thereby 
contributing to isoform diversity.

Characterization of intergenic isoforms in 
preimplantation embryos
To characterize the intergenic isoforms under natural DUX4-positive 
conditions, we analyzed datasets from human preimplantation em-
bryos and established the transcriptional and epigenetic landscape 
for these intergenic isoforms during early embryogenesis. Analyzing 
SR RNA-seq data from embryonic cells at different developmental 
stages (35) revealed that 71.5% (911 of 1275) of intergenic iso-
forms were detectable at the four-cell stage (TPM > 0), and some 
showed stage-specific expression patterns in subsequent develop-
mental stages (Fig. 9A and table S15). Moreover, predicted coding 
and noncoding intergenic isoforms with DUX4-binding sites showed 
substantially higher expression levels across all stages compared to 
those without DUX4-binding sites (fig. S20A). Analysis of public 
ATAC-seq datasets spanning early development from the four-cell 
to blastocyst stages (45) demonstrated that 10.9% (139 of 1275) of 
intergenic isoforms have ATAC-seq peaks at the four-cell stage, with 
a decreasing number of ATAC-seq peaks in subsequent stages, sug-
gesting the gain and loss of ATAC-seq peaks in different develop-
mental stages (Fig. 9B; fig. S20, B and C; and table S15). The best 
matches to the de novo motif search based on the ATAC peaks near 
the TSS of intergenic loci at the four-cell stage were related to the 
double homeobox family of transcription factors further supporting 
the regulatory relationship between these intergenic loci and DUX4 
(Fig. 9B). The matches of de novo motifs underlying the ATAC 
peaks at other developmental stages were variable, suggesting that 
additional transcription factors may regulate intergenic loci during 
early embryogenesis (Fig. 9B and fig. S20B).

Analysis of published reduced representation bisulfite sequenc-
ing (RRBS) DNA methylation data of early embryonic cells (46) 
showed a generally low methylation level within a 1-kb window sur-
rounding the TSS of intergenic isoforms (Fig. 9C). In contrast, 
methylation levels notably increased in postimplantation embryos 
in these regions. Analysis of RRBS data of primary myoblasts de-
rived from patients with FSHD2 and healthy donors (47) did not 
reveal significant differences in methylation levels near the TSS of 
intergenic isoforms (Fig. 9C) suggesting that these loci are develop-
mentally regulated.

We integrated publicly available ChIP-seq and CUT&RUN data 
of relevant histone modifications to construct the epigenetic land-
scape for intergenic loci during early embryogenesis (48–50), espe-
cially focusing on the H3K4me3 and H3K27ac primarily associated 
with transcriptional activation (table S15). In the four-cell stage, 
282 intergenic isoforms (250 intergenic loci) were enriched for 
H3K4me3 near their TSS (±2 kb). In contrast, at the eight-cell 
stage, 192 intergenic isoforms (180 loci) were enriched for H3K27ac. 

Notably, isoforms marked by H3K4me3 in the four-cell stage and by 
H3K27ac in the eight-cell stage displayed substantial overlap (Fig. 
9D and fig. S21A). Although 264 intergenic isoforms (253 loci) had 
H3K9me3 marks in the four-cell stage, the intersection with iso-
forms marked by H3K4me3 was limited (Fig. 9D). Isoforms with 
H3K4me3 and/or H3K27ac marks displayed elevated expression levels 
compared to those with H3K9me3 marks during the four-cell/eight-
cell stage (Fig. 9E), indicating an active transcriptional state.

Further investigation into the dynamic changes of these histone 
marks during early embryogenesis revealed that the intergenic 
isoforms marked by H3K4me3 during the four-cell stage lost this 
modification in the eight-cell stage. Conversely, the number of iso-
forms with H3K9me3 marks slightly increased with development 
(Fig. 9F). This switch in histone mark occupation correlated with a 
decrease in intergenic isoform expression during embryonic devel-
opment (fig. S21B), suggesting an association between the intergen-
ic loci and epigenetic marks of active transcription.

DISCUSSION
We present a comprehensive full-length isoform-resolved reference 
transcriptome for muscle cells expressing DUX4 and compare it to 
transcriptomes from different cell types under normal and patho-
logical conditions in which DUX4 is expressed. This analysis re-
vealed that while in all cell systems, DUX4 at first sight activates a 
largely comparable transcriptional program that also includes the 
transcriptional activation of yet unannotated intergenic loci en-
riched for REs, in detail, this program diversifies by cellular context–
specific isoform usage.

By combining LR and SR RNA-seq, we uncovered 21,150 NIC 
and 22,499 NNC isoforms, representing transcripts previously not 
annotated in the reference transcriptome. This substantially broad-
ens our knowledge of the skeletal muscle transcriptome in the pres-
ence of DUX4. Leveraging LR RNA-seq, we identified loci displaying 
preferential or unique isoform usage across different conditions. 
Genes involved in the RNA splicing process in DUX4+ myoblasts 
tend to use NIC or NNC isoforms, providing perspective for under-
standing disrupted RNA splicing as a prominent pathogenic hall-
mark of FSHD. Moreover, we observed differences in isoform usage 
of DUX4 target genes between DUX4-expressing myoblasts and 
DUX4-expressing embryonic cleavage stage cells. Considering the 
distinct cellular and epigenetic environments of somatic muscle 
cells and early embryonic cells is crucial, as complex tissue-specific 
regulatory mechanisms may contribute to differences in isoform us-
age. Current widely used transcriptome annotation files, such as 
GENCODE, often lack the level of isoform complexity highlighting 
the added value of LR sequencing to generate more accurate isoform-
resolved transcriptomes. Our analysis of novel isoforms across dif-
ferent conditions suggests that skeletal muscle–specific isoforms 
have the potential to serve as biomarkers for FSHD. However, fur-
ther validation through larger in vivo datasets, longitudinal stud-
ies, and correlation analyses with disease severity and progression 
is required.

Compared to reference transcripts, more novel isoforms tend to 
use new TSSs and TTSs. This may lead to the transcript being de-
graded as an NMD substrate. In particular, in muscle cells, DUX4 
induces proteolytic degradation of UPF1, a key component of the 
NMD pathway, further leading to NMD inhibition and wide-
spread accumulation of NMD-targeted mRNAs (28). This mechanism 
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Fig. 9. Characteristics of intergenic loci in human preimplantation embryos. (A) Heatmap showing the expression levels of intergenic isoforms in published RNA-seq 
data obtained from human preimplantation embryos. Color scale depicts the expression level normalized in Z score. (B) Density plots showing the signal intensity of ATAC-
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allows for the introduction of changes in the ORFs, potentially pro-
ducing dysfunctional proteins. It has been reported that an NMD 
isoform of SRSF3 significantly increases in expression following 
DUX4 induction in muscle cells and its truncated protein can trig-
ger cytotoxicity, leading to apoptosis (21). Our findings regarding 
novel isoforms in DUX4+ myoblasts suggest that such events could 
be widespread, potentially offering insights into the DUX4-mediated 
cytotoxicity in skeletal muscle.

It has been reported that BPs involved in embryonic development 
were observed in FSHD (34, 41). However, most of the observations 
were based on the enrichment analysis at the gene level. Here, we 
first compared the transcriptomes derived from LR RNA-seq of 
DUX4i myoblasts and cleavage embryos, especially for the DUX4 
target genes, which mostly overlap with ZGA genes. While, in gen-
eral, there is consistency in the DUX4 transcriptional network of the 
different cell types, an appreciable number of the DUX4 target gene 
isoforms show cellular context–dependent splicing junction usage. 
This suggests that, at the isoform level, the embryonic signature in 
FSHD myogenic cells differs from that of cleavage-stage embryos. 
We indeed identified isoforms of DUX4 target genes that are myo-
genic specific and verified them in primary FSHD myotube cul-
tures, highlighting the advantages of full-length Iso-seq in capturing 
rare isoforms. Integrating LR and SR RNA-seq with considerable 
sequencing depth advances the identification of isoforms specific to 
tissues or diseases.

DUX4 binds to REs, such as LTRs, in DUX4-expressing muscle 
cells, forming new promoters to activate adjacent genes (18). A study 
using nanopore direct RNA-seq in DUX4-expressing human rhab-
domyosarcoma cells further confirmed the production of LTR-fusion 
transcripts (19). In intergenic genomic regions, we provide evidence 
that DUX4 activates LTRs to form promoters, which in turn acti-
vates nearby RE families to form spliced isoforms. Our bioinformat-
ic analysis identified 716 transcribed intergenic loci (DUX4−: 85; 
DUX4+: 652) directly or indirectly regulated by DUX4 that had 
never been annotated before. The DUX4-binding patterns of these 
intergenic loci partly overlap between the cell types studied but 
also show distinct differences across cell types, indicating cellular 
context–specific functional outcomes that are likely influenced by 
cofactor availability, the epigenetic landscape, and cellular context–
specific promoters and enhancers. RE activation is pivotal in early 
embryogenesis, potentially initiating and driving ZGA (51–53), but 
a direct link with DUX4 remains to be explored.

We extensively used publicly available datasets to construct the 
transcriptional and epigenetic landscape of these unannotated inter-
genic loci during early embryogenesis. The stage-specific gene expres-
sion levels observed at these sites suggest that some intergenic loci may 
be regulated by DUX4 directly or by other factors induced by DUX4. 
This supports our previous findings, where analysis of snRNA-seq data 
from FSHD myotubes identified signals resembling those of the 
eight-cell stage and blastocysts (34). These intergenic loci are highly 
enriched for REs. During ZGA, the genome undergoes epigenetic 
reprogramming rendering REs active (54). The methylation differ-
ences between the cleavage stage and primary FSHD myoblasts may 
not play a crucial role in the transcription of these intergenic loci. The 
changes in histone marks such as H3K4me3 and H3K9me3 further 
support the active transcription of some intergenic loci in the four-
cell stage. Histone modifications are dynamically regulated during 
myogenesis and further research on histone modifications in DUX4-
expressing muscle cells will aid in understanding DUX4-mediated 

cytotoxicity, its impact on normal myogenesis, and the active expres-
sion of intergenic loci in muscle cells.

In summary, the isoform-resolved transcriptome specific to DUX4+ 
myoblasts considerably improves the annotation of isoforms 
from both known and unknown loci, contributing to a deeper 
understanding of FSHD biology and unveiling the downstream 
events associated with the presence of DUX4 in different cellu-
lar contexts. In particular, combining LR and SR RNA-seq datas-
ets shows great advantages in deciphering the transcriptomic 
changes induced by DUX4, offering new insights into DUX4-
mediated cytotoxicity.

MATERIALS AND METHODS
Generation and validation of immortalized DOX-inducible 
DUX4 myoblast cell line
The DUX4i-immortalized myoblast cell lines used in this study were 
generated similarly to the previously generated DUX4i cell line de-
scribed by Jagannathan et al. (17). In this current study, cells from a 
primary control myoblast cell line (32U 4qA/4qB, 161S haplotype) 
were first immortalized using retroviral transduction-based CDK4 
and hTERT immortalization (plasmids provided by the Tapscott 
Lab; the CDK4 plasmid is based on a pLXSH vector backbone with 
standard CDK4 cDNA inserted by BamHI-NotI cloning, and the 
hTERT plasmid is based on a pLXSN vector backbone with hTERT 
cDNA inserted). Transduced cells were selected by hygromycin 
(20 μg/ml) and neomycin (40 μg/ml) selection. The polyclonal im-
mortalized control myoblast cell line was then transduced with a 
tetracycline-inducible codon-altered DUX4 construct using lenti-
viral transduction [plasmid described by Jagannathan et  al. (17) 
and now available via Addgene as pCW57.1-DUX4-CA, Addgene 
#99281]. Individual positive clones were selected by puromycin se-
lection (1 μg/ml) and validated for DOX-induced DUX4 activation 
(8 hours, 1 μg/ml DOX) based on immunofluorescence microscopy 
imaging (fig. S1A) and DUX4-induced cell death within 24 hours 
(4 μg/ml DOX) (fig. S1B).

For immunofluorescence imaging, the cells were fixed by 2% 
formaldehyde cross-linking for 15 min, permeabilized with 1% 
Triton X-100 for 10 min, and stained for DUX4 (1:2000, ab124699, 
Abcam) and Hoechst33528 (1:1000, H3569, Thermo Fisher Sci-
entific, Nuclei staining) using immunofluorescent staining. The 
immunofluorescence signal was imaged using a Nikon Eclipse 
Ti microscope.

Cell culture, DOX-induced DUX4 activation and RNA harvest
Myoblasts were cultured in Ham’s F-10 Nutrient Mix with GlutaMAX 
Supplement (# 41550-021, Life Technologies, Waltham, Massachusetts, 
USA), supplemented with 20% heat-inactivated fetal bovine serum 
(#10270, Gibco/Life Technologies, Waltham, Massachusetts, USA), 1% 
penicillin-streptomycin (#15140122, Gibco/Life Technologies, 
Waltham, Massachusetts, USA), rhFGF (10 ng/ml; #C-60240, Bio- 
Connect, Huissen, Gelderland, the Netherlands), and 1 μM dexa-
methasone (#D2915, Sigma-Aldrich, St. Louis, Missouri, USA). On 
day 0 of DOX treatment, three million cells were plated in a 10-cm 
petri dish. On day 1, the cells were treated with DOX (2 μg/ml) for 
16 hours. RNA was harvested by removing the cell culture medium 
and lysing the cells in 2 ml of Qiazol lysis reagent (Qiagen, catalog no. 
79306). The lysed samples were split into two 1-ml aliquots and 
stored at −80°C.
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SMRT-seq library construction and sequencing
One 1-ml aliquot of each Qiazol lysate (see above) was used for RNA 
isolation using the miRNeasy mini RNA isolation kit (Qiagen, cata-
log no. 217004), following the manufacturer’s protocol, including a 
30-min on-column deoxyribonuclease I (DNAse I) treatment (Qia-
gen, catalog no. 79256). RNA quality was assessed using an Agilent 
BioAnalyzer RNA Nano 6000 chip (catalog no. 5067-1511), with all 
samples having RNA integrity numbers (RINs) ranging from 9.2 to 
9.5. The total RNA was used to generate the full-length cDNA using 
the NEBNext Single Cell/Low Input cDNA Synthesis & Ampli-
fication Module and Iso-Seq Express Oligo Kit, following the 
manufacturer’s instructions (protocol version, PN 101-763-800 
version 02). The cDNA was used as input for SMRTbell library 
construction using the SMRTbell Express Template Preparation Kit 
v2.0 following the manufacturer (Pacific Biosciences). Sequencing 
was performed on Sequel-II using sequencing primer V4 and Bind-
ing kit 2.1 with a 24-hour movie time.

SR RNA-seq library construction and sequencing
One 1-ml aliquot of each Qiazol lysate (see above) was used for RNA 
isolation using the miRNeasy mini RNA isolation kit (Qiagen, cata-
log no. 217004), following the manufacturer’s protocol, including a 
30-min on-column DNAse I treatment (Qiagen, catalog no. 79256). 
RNA quality was assessed using an Agilent BioAnalyzer RNA Nano 
6000 chip (catalog no. 5067-1511), with all samples having RIN/
RNA quality numbers ranging from 9.2 to 10. The RNA-seq libraries 
of all samples were generated with the NEBNext Ultra II Directional 
RNA Library Prep Kit for Illumina (NEB #E7760S/L) according to 
the manufacturer’s protocol. Briefly, mRNA was isolated from total 
RNA using the oligo-dT magnetic beads. After the fragmentation of 
the mRNA, cDNA synthesis was performed followed by ligation 
with the sequencing adapters and PCR amplification of the resulting 
product. The quality and yield after sample preparation were mea-
sured using the Fragment Analyzer. Clustering and cDNA sequencing 
using the NovaSeq6000 were performed according to the manufac-
turer’s protocols. Image analysis, base calling, and quality check 
were performed with the Illumina data analysis pipeline RTA3.4.4 
and Bcl2fastq v2.20. Quality-filtered sequence tags are exported as 
the final fastq files for the downstream analysis.

LR RNA-seq data processing
The PacBio Iso-Seq3 pipeline (version 3.4.0) was used for processing the 
raw sequencing data obtained from each sample, leading to the genera-
tion of full-length non-concatemer (FLNC) reads. Initially, subreads 
underwent intramolecular error correction and polishing using the Cir-
cular Consensus Sequencing (CCS) algorithm (version 6.0.0). This step 
resulted in highly accurate CCS reads, with a minimum predicted 
accuracy exceeding 0.99, each requiring a minimum of three complete 
polymerase passes. Subsequently, the polished CCS reads were pro-
cessed using the lima tool (version 2.2.0), which facilitated the removal 
of SMART-Seq primers and template-switching oligo sequences. In ad-
dition, the lima tool ensured the proper orientation of isoforms in the 5′ 
to 3′ direction. The refine and cluster modules from Iso-Seq3 were then 
applied to eliminate polyA tails and concatemers of each read and hier-
archically cluster sequences, yielding FLNC reads ready for downstream 
analysis. These FLNC reads were subsequently mapped to the GRCh38 
genome assembly to facilitate cross-validation with previous DUX4-
related RNA-seq datasets (GRCh38.p13-v39-GENCODE) using the 
splice-aware aligner minimap2 (version 2.17-r941) (55) with specific 

parameters (minimap2 -ax splice -uf --secondary = no -C5 -06,24 B4). 
Following mapping, the Cupcake tool (version 28.0.0) was used to col-
lapse isoforms supported by at least two FLNC reads into nonredun-
dant forms and filter out 5′ degraded isoforms. This process resulted 
in the creation of two distinct transcriptomes corresponding to the 
DUX4− and DUX4+ conditions. After calling abundance from the 
processed isoforms using Cupcake, the DUX4− and DUX4+ transcrip-
tomes were merged into a unified, comprehensive transcriptome 
specific to DUX4i myoblasts.

SR RNA-seq data processing
The raw fastq files of paired-end RNA-seq data for each sample under-
went adapter trimming using Trim Galore (v0.6.7). Subsequently, a 
quality control (QC) check was performed using FastQC (v0.11.9) 
to assess the overall data quality. The trimmed RNA-seq data 
were then analyzed with SQANTI3 for isoform annotation and QC 
(see below).

Isoform annotation and QC
QC assessment and filtering were conducted using the SQANTI3 
toolkit (v5.1.1) (56) with default settings for the full-length tran-
scriptome and a publicly available full-length transcriptome of hu-
man four-cell stage cells (35). The references for QC involved the 
human genome and comprehensive gene annotation data down-
loaded from GENCODE v39. To complete this process, we used ref-
erence files for CAGE Peak data and polyA motif lists provided by 
SQANTI3. In addition, we supplied SQANTI3 with SR RNA-seq 
data to apply stringent filtering criteria, ensuring the credibility of 
full-length isoforms. Each isoform underwent evaluation against 
the GENCODE v39 reference, considering splicing patterns and 
splice junction support derived from SR RNA-seq data. This evalua-
tion led to the categorization of isoforms into structural types, in-
cluding FSM, ISM, NIC, NNC, genic, intron, antisense, fusion, and 
intergenic. Transcript-level and gene-level expression, measured 
in TPM, were calculated using Kallisto (v0.48.0) (57) for SR 
RNA-seq data, based on the transcriptome generated from long-read 
RNA-seq data.

Quantification of gene and isoform expression levels from 
SR RNA-seq data
Expression of isoforms and genes in the aggregated transcriptome 
derived from LR RNA-seq data was quantified using Kallisto (v0.48.0) 
from our SR RNA-seq data of DUX4i myoblast samples and pub-
licly available data from the following studies: SR RNA-seq data of 
DUX4i myoblasts using lentivirus construction [Young et  al. (18), 
Gene Expression Omnibus (GEO) database-ID GSE45883], SR RNA-
seq data of DUX4i myoblasts with time-series DOX-treatment 
[Campbell et  al. (21), GEO-ID GSE178761], SR RNA-seq data of 
primary myotubes derived from patients with FSHD and healthy 
donors [Yao et al. (27), GEO-ID GSE56787], SR RNA-seq data of 
primary myotubes from patients with FSHD-1 and healthy do-
nors [Banerji et al. (42), GEO-ID GSE153523], SR RNA-seq data 
of human preimplantation embryos [Torre et  al. (35), GEO-ID 
GSE190544], SR RNA-seq data of DUX4i hESCs (Yoshihara et al. 
(58), ArrayExpress database ID E-MTAB-10569), SR RNA-seq data 
of DUX4i iPSCs [Hendrickson et al. (2), GEO-ID GSE95516], and 
single-cell RNA-seq data of human preimplantation embryos 
[Yan et al. (36), GEO-ID GSE36552]. In summary, the raw Sequence 
Read Archive (SRA) data of each sample was retrieved from the 
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GEO database and converted into fastq files using fasterq-dump 
(v2.11.0). Subsequently, raw fastq files underwent adapter trimming 
using Trim Galore (v0.6.7) with specific parameters based on the 
data being single-end or paired-end sequencing. Trimmed reads for 
each sample were input into Kallisto for the quantification of expres-
sion levels normalized in TPM for each full-length isoform. Gene-
level expression within the transcriptome was assessed using the R 
package tximport (59), based on the results obtained from Kallisto. 
The trimmed reads were aligned to the GRCh38 reference genome 
(GENCODE v39) using STAR (60) in two-pass mapping mode. The 
gene-level expression of SR RNA-seq data was quantified using 
featureCounts (61), supplied with the GENCODE gene transfer for-
mat (GTF) annotation file of the GRCh38 reference genome. Big-
Wig files displaying LR and SR RNA-Seq pileup were generated 
from the bam files using bamCoverage from deepTools (62), nor-
malized in counts per million (CPM).

Differential expression analysis and correlation analysis of 
SR RNA-seq data
To quantify isoform expression, raw count values were obtained us-
ing Kallisto based on our full-length transcriptome derived from LR 
RNA-seq. We imported the raw count matrix into DESeq2, retain-
ing isoforms with nonzero expression in at least one sample for sub-
sequent analysis. After TMM normalization, differential expression 
analysis was performed at the isoform level. Significantly differen-
tially expressed isoforms were identified using thresholds of |log2 
fold change|  >  2 and adjusted P value <0.05. To assess sample 
similarity, rlog-transformed data were used for Spearman correla-
tion analysis.

Analysis of Ribo-seq data
Publicly available Ribo-seq data [Campbell et  al. (21), GEO-ID 
GSE178760] was downloaded from the SRA database. The adapter 
in the fastq files was removed by cutadapt (v1.18). The trimmed 
reads were aligned against rRNA, snoRNA, and miRNA using Bow-
tie2 (v2.2.5). The reads aligned to these genomes were deleted, and 
the remaining reads were mapped to the GRCh38 reference genome 
(GENCODE v39) using STAR (v2.7.9a) in two-pass mode. After re-
moving the duplicated reads using Samtools (v1.9), only the unique-
ly mapped reads were retained for the downstream analysis. The 
selected reads for each sample were imported into Kallisto (v0.48.0) 
for the quantification of expression levels normalized in TPM for 
each isoform within the full-length transcriptome. Translation effi-
ciency was calculated as the ratio of ribosome-protected fragment 
abundance to corresponding mRNA levels. We first filtered out iso-
forms with low mRNA expression levels (TPM < 0.5) to avoid tech-
nical artifacts. Translation efficiency values were then computed by 
dividing normalized ribosome footprint counts by normalized mRNA 
expression levels for each isoform, providing a quantitative measure 
of translational potential.

Repeat annotation of the full-length transcriptome of 
DUX4i myoblasts
The nucleotide sequence of each isoform from the merged tran-
scriptome was scanned for the presence of REs using RepeatMasker 
(v4.1.4) (63) with default parameters. The merged transcriptome was 
split into two transcriptomes according to the presence of isoforms 
under each condition. The percentage of REs was calculated in each 
transcriptome to assess the repeat content. The abundance of each 

TE in LR and SR RNA-seq data was assessed using TEtranscripts 
(v2.2.3) (64).

ASE analysis
The full-length transcriptome underwent comprehensive alternative 
splicing analysis using SUPPA2 (v2.3) (65) to identify ASEs includ-
ing A3/A5 (alternative 3′ and 5′ splice sites), AF/AL (alternative first 
and last exons), SE (skipping exon), RI (retained intron), and MX 
(mutually exclusive exon). Specifically, the generateEvent command 
from SUPPA2 was used to detect ASEs from GTF files containing 
FSM, NIC, and NNC isoforms expressed in DUX4− and DUX4+ 
samples, respectively. This command produced ioe output files, de-
lineating local ASEs found in the GTF files. Novel splicing events 
were identified if all transcripts containing the events were novel 
isoforms (NIC or NNC), while events found in at least one known 
isoform (FSM) were categorized as known. GO terms (BP) enrich-
ment analysis was performed on the genes associated with isoforms 
with novel ASEs for the DUX4+ sample using the R package Clus-
terprofiler (v4.2.2) (66).

Protein-level functional analysis of full-length isoform
The ORF nucleotide sequence for each coding FSM, NIC, NNC, 
and intergenic isoform was translated into its corresponding ami-
no acid sequence using SQANTI3, with internal utilization of the 
software GeneMarkS-T. Subsequently, local alignment was per-
formed through the blastp module of Diamond (v0.9.21) (67) 
against the human reference proteome to identify homologs in the 
UniProt database (30). ORFs with an identity score exceeding 99% 
were considered known, while those scoring below 99% were cate-
gorized as novel (31). In addition, for the ORFs of coding inter-
genic isoforms, PFAM domains were predicted (Protein families 
database). This prediction was executed using the hmmscan tool 
from hmmer (v.3.2.1) with default parameters. The selection of a 
single best ORF for each coding intergenic transcript was based on 
significant sequence homology and domain conservation to refer-
ence proteins.

Identification of cellular context–specific exons of DUX4 
target genes
All the genomic coordinates of each exon of DUX4 target genes’ iso-
forms (only FSM, NIC, and NNC) were extracted from the tran-
scriptomes of DUX4i myoblasts and four-cell stage cells to generate 
bed files. We used bedtools (v2.30.0) to identify the exon with no 
overlap with others using the subtract function with parameter -A.

Analysis of publicly available ChIP-seq, ATAC-seq, and 
CUT&RUN data
Publicly available DUX4 ChIP-seq data from DUX4i myoblasts 
[Geng et al. (4), GEO-ID GSE33838], DUX4i hESCs [De laco et al. 
(1), GEO-ID GSE94322], and DUX4i iPSCs [Hendrickson et al. (2), 
GEO-ID GSE95515], along with ATAC-seq data from DUX4i hESCs 
[Vuoristo et al. (22), GEO-ID GSE171803] and preimplantation em-
bryos [Liu et al. (45), SRP163205], were obtained from the SRA da-
tabase. Following converting SRA data to fastq files, Trim Galore was 
applied to preprocess raw reads by trimming low-quality reads and 
removing adapters, using specific parameters based on single-end or 
paired-end sequencing data.

For DUX4 ChIP-seq data, processed reads were aligned to the 
GRCh38 reference genome (GENCODE v39) using Bowtie2 (v2.2.5) 
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(68), and duplicated reads were subsequently removed using Sam-
tools (v1.9) (69). Peak calling was performed using MACS2 (v2.2.6) 
(70) with parameters -f BAMPE -g hs --bdg -q 0.05 for paired-end 
sequencing data and -f BAM -g hs --bdg -q 0.05 for single-end 
sequencing data. We noted that the DUX4 ChIP-seq data of three 
cell lines showed varying coverage and used different strategies 
for library construction. We first calculated the read coverage 
genome-wide with bin size  =  10 kb for each sample using the 
function multiBamSummary of Deeptools (v2.5.7). Then, we per-
formed Spearman correlation analysis using the function plotCor-
relation of Deeptools to show the similarity between samples. The 
result revealed a good correlation between hESCs and iPSCs with 
DUX4 induction, while all myogenic cells were clustered together 
(fig. S22A). Then, we down-sampled the samples of DUX4i hESCs 
and iPSCs by randomly extracting 50% of reads in each sample so 
that they had a comparable number of reads to the myoblast data. 
The Spearman correlation analysis showed highly conserved results 
compared to the results using original data (fig. S22B). Last, we only 
used the forward reads of ChIP-seq data of DUX4i hESCs and iPSCs 
and kept the first 49 bp of each read since the average length of reads 
in ChIP-seq data of DUX4i myoblasts is 49 bp. The retained fastq 
files were considered single-end sequencing data. We used the same 
pipeline to trim the data and mapped them to the human genome. 
The overall mapping rates of these single-end samples were com-
parable to those of the paired-end samples. After removing the 
duplicated reads, we counted the read coverage and performed the 
Spearman correlation analysis. The results were still comparable to 
the original data (fig. S22C).

For the ATAC-seq data, trimmed reads were mapped to the 
GRCh38 reference genome (GENCODE v39) using STAR in two-
pass mode. ATAC-seq peaks were called using MACS2 with param-
eters -f BAM -g hs -B -q 0.01 --nomodel --nolambda --extsize 250, 
pooling replicates. Bigwig files were generated from filtered bam files 
using the bamCoverage command of Deeptools (normalized in CPM) 
to visualize peak signal intensity.

The liftover from UCSC utilities and CrossMap (0.7.0) (71) were 
used to convert bed and bigwig file coordinates from hg19 to hg38 
for publicly available CUT&RUN datasets of human preimplantation 
embryos [Xia et al. (48), GEO-ID GSE124718]. The original results of 
H3K9me3 ChIP-seq data [Yu et al. (49), GEO-ID GSE176016] from 
human early embryonic cells, aligned to the hg38 reference genome, 
were directly used.

The identified peaks from ChIP-seq, ATAC-seq, and CUT&RUN 
datasets were used to annotate intergenic isoforms using the R pack-
age ChIPseeker (v1.30.3) (72). The ATAC-seq peaks within ±2 kb of 
the TSSs of intergenic isoforms were used as target sequences. The 
enrichment of known and de novo motifs was determined by find-
MotifsGenome.pl from HOMER (v4.11.1). The heatmaps showing 
the intensity of peaks were generated using the EnrichedHeatmap R 
package (v.1.16.0) (73).

Analysis of publicly available RRBS data
Publicly available RRBS data of human preimplantation embryos 
[Guo et al. (46), GEO-ID GSE49828] was downloaded from the SRA 
database. The RRBS data of primary myoblasts derived from patients 
with FSHD2 and healthy donors [Mason et al. (47)] was shared by 
the Tapscott Lab. Trim Galore (v0.6.7) was used to trim the adapter 
in the raw reads with the following parameters: -q 20 --phred33 
--stringency 3 -j 4 --length 35 -e 0.1 --rrbs. Bismark (v0.24.1) (74) was 

used to align the trimmed reads to the GRCh38 reference genome 
(GENCODE v39). The methylation extractor module from Bismark 
was applied to generate a genome-wide report of cytosine methyla-
tion in the CpG context with the default setting. DNA methylation 
within the regions ±500 bp of TSSs of intergenic isoforms was calcu-
lated by the R package methylKit (v1.20.0) (75). For each region, the 
percentage of DNA methylation was defined by dividing the number 
of identified Cs (methylated reads) by the total number of identified 
Cs and Ts (unmethylated reads) within the region.

Statistical analysis
The statistical analyses were performed using R software (version 
4.1.3). Statistical significance was determined using the Student’s t 
test (two-tailed) or unpaired Wilcoxon test. Statistical significance 
was defined as ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, 
and P > 0.05 was represented as ns (not significant). All Hypergeo-
metric tests were performed to assess the significance of overlaps 
between datasets using R software (version 4.1.3), with the corre-
sponding background set sizes.

Supplementary Materials
The PDF file includes:
Figs. S1 to S22
Tables S1 to S3, S7 and S9
Legends for tables S4 to S6, S8 and S10 to S16

Other Supplementary Material for this manuscript includes the following:
Tables S4 to S6, S8 and S10 to S16
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