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Abstract

Human DUX4 and its mouse ortholog Dux are normally expressed in the early embryo—the 4-cell or 2-cell cleavage stage embryo,
respectively—and activate a portion of the first wave of zygotic gene expression. DUX4 is epigenetically suppressed in nearly all
somatic tissue, whereas facioscapulohumeral dystrophy (FSHD)-causing mutations result in its aberrant expression in skeletal muscle,
transcriptional activation of the early embryonic program and subsequent muscle pathology. Although DUX4 and Dux both activate
an early totipotent transcriptional program, divergence of their DNA binding domains limits the use of DUX4 expressed in mice as a
preclinical model for FSHD. In this study, we identify the porcine DUXC messenger ribonucleic acid expressed in early development
and show that both pig DUXC and human DUX4 robustly activate a highly similar early embryonic program in pig muscle cells. These
results support further investigation of pig preclinical models for FSHD.

Introduction
Facioscapulohumeral dystrophy (FSHD) is caused by the mis-
expression of the DUX4 transcription factor in skeletal muscle
(1–3). DUX4 is normally expressed in the early human embryo
at the 4-cell stage and induces part of the first wave of zygotic
gene expression, including genes associated with totipotency and
pluripotency (4–6). Aberrant expression of DUX4 in FSHD skeletal
muscle induces transcription of this early embryonic program and
leads to muscle pathology (7–10). These and other advances in
understanding the pathophysiology of FSHD have led to multiple
therapeutic approaches and the need for appropriate preclinical
models (11,12).

DUX4 is a primate-specific retrogene generated from the
retrotransposition of the parental DUXC gene early in the
primate lineage, whereas the mouse ortholog of human DUX4
(hDUX4), mouse Dux (mDux), is a retrogene thought to have
arisen through an independent retrotransposition of the DUXC
messenger ribonucleic acid (mRNA) in the rodent lineage (13,14).
Several mouse models expressing hDUX4 have been generated
and each has useful characteristics regarding preclinical models
for therapies that target hDUX4 and/or its transcriptional activity
(15–21). Although hDUX4 and mDux induce expression of a
similar early embryonic totipotent program when expressed in
human and mouse cells, respectively, expression of hDUX4 in
mouse cells does not robustly induce this program, in part due
to a divergence of the DNA binding regions and binding site
sequences between mouse and human (5), thereby limiting the
utility of expressing hDUX4 in mouse muscle as a model of disease
progression in FSHD. While xenotransplants of human muscle

into mice (22–25) partly circumvent this concern, these models
have limitations for disease progression as well.

Recently, we showed that hDUX4 and canine DUXC (cDUXC)
show higher conservation in their homeodomains compared to
hDUX4 and mDux (26). Consistent with this, hDUX4 expressed in
canine cells robustly induced its early embryonic transcriptional
program, suggesting that dogs, and possibly other Laurasiathe-
rians, might have some advantages over mice for preclinical
models measuring the transcriptional program and consequences
of hDUX4 in skeletal muscle. Among the Laurasiatherians, pigs
have substantial advantages as biomedical models for human
disease and preclinical therapeutic studies (27,28). Pig models of
other neuromuscular diseases have been used for studying the
pathophysiology and for evaluating therapies (29–32), including
AAV-mediated CRISPR-Cas9 gene editing in a model for Duchenne
muscular dystrophy (DMD) (33).

In the current study, we used a previously published RNA
sequencing dataset (34) to identify a porcine DUXC (pDUXC)
mRNA expressed in pre-implantation embryos at the time of
zygotic gene activation. The pDUXC protein encoded by this
mRNA maintains higher conservation of the homeodomains with
hDUX4 than mDux and maintains conservation of the DUXC-
family C-terminal domain. Expression of pDUXC in pig skeletal
muscle cells robustly induces genes that are enriched for the early
2-cell/4-cell-like totipotent gene signature, indicating that pDUXC
likely has a similar early embryonic role as hDUX4 and mDux.
Importantly, expression of hDUX4 in pig muscle cells robustly
activates a similar transcriptional program, and motif inference
indicates that hDUX4 and pDUXC maintain similar DNA binding
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Figure 1. Conservation among DUX family members. The protein sequences of the two homeodomains and C-terminal domain of DUXC family members
were aligned with ClustalWS Multiple Sequence Alignment.

motifs. Together, these findings support consideration of the pig
as a candidate preclinical model for FSHD.

Results
Identification of pDUXC gene
The current Sus scrofa reference genome (Sscrofa11.1) lacks
annotation of a DUXC gene (35). We identified an ∼300 kb region
in the subtelomeric region of chromosome 17 (chr17:63,201,754-
63,485 ,686) with multiple areas of homology to a DUXC-like
sequence indicating the presence of multiple repeats of a DUXC-
like gene. Several predicted transcripts in this region encoded
a DUXC-like protein that were identical with the exception of
alternative first exons and an alternative splice acceptor site in
the predicted exon 4 (Supplementary Material, Fig. S1A).

We mapped RNA sequencing reads from pre-implantation pig
embryos (34) to this region and identified expression of a DUXC
mRNA between the 2- and 8-cell stages that contained a novel first
exon and the same additional four exons of the predicted DUXC-
like genes (Supplementary Material, Fig. S1B), which we will call
pDUXC. The pDUXC protein encoded by this transcript has two
homeodomains and a C-terminal region with homology to other
members of the DUXC family (Fig. 1; Supplementary Material,
Fig. S1C). The first pDUXC homeodomain has 79% similarity
(62% identity) to hDUX4, and the second homeodomain has 88%
similarity (68% identity), whereas the comparison to mouse shows
65 and 75% similarity (39 and 63% identity), respectively.

pDUXC activates hDUX4-target genes in human
myoblasts
To determine whether pDUXC will induce transcription of hDUX4
targets in human myoblasts, we transduced human myoblasts
with a doxycycline inducible codon altered pDUXC transgene
or an inducible codon altered hDUX4 (36) and assessed expres-
sion of a set of seven genes directly regulated by hDUX4 (7).
pDUXC robustly activated this set of genes to a degree similar to
hDUX4 (Supplementary Material, Fig. S2), indicating that pDUXC
is a functional ortholog of hDUX4 and at least a portion of its DNA
binding and transcriptional specificity is conserved.

pDUXC activates an early embryonic
transcriptional program
To characterize the full transcriptional program of pDUXC and
hDUX4 in pig myoblasts, we transduced primary cultures of pig

myoblasts with doxycycline inducible pDUXC and hDUX4 trans-
genes or a GFP transgene control. Both pDUXC and hDUX4 showed
substantial cell death at 24 and 72 hours after induction com-
pared to GFP (Supplementary Material, Fig. S3). To determine the
pDUXC transcriptome, we harvested RNA following 20 hours of
induction and performed RNA sequencing.

Compared to cells with an induced GFP, pDUXC changed the
expression of 2238 genes using a standard 2-fold change thresh-
old (base mean ≥ 100, adjusted P-value < 0.05 corresponding to
H0: |log2FC| ≤ 1; Fig. 2A) with 1511 upregulated and 727 down
(Supplementary Material, Table S1). With a more stringent 4-fold
change threshold, pDUXC-induced 659 genes and decreased 51
(base mean ≥ 100, adjusted P-value < 0.05 corresponding to H0:
|log2FC| ≤ 2).

mDux and hDUX4 drive an early totipotent program that is
part of the transcriptome of the 2-cell-like (2C-like) or 4C/8C-
like state in mouse and human embryos, respectively (5,37). Of
the 284 most highly induced genes of the mouse 2C-like gene
signature (log2FC > 2) (37), 96 have an annotated porcine ortholog
(Supplementary Material, Table S2), and 48 (50%) of these were
induced by pDUXC (adjusted P-value < 0.05 corresponding to H0:
|log2FC| ≤ 1; hypergeometric P-value = 3.00e-8; Fig. 2B). In addition,
many members of the gene families induced by hDUX4 and
mDux in the early embryo, such as the MBD3L, PRAMEF, TRIM
and ZSCAN families, are not annotated in the pig genome and
thus excluded from the comparison to the mouse 2C-like tran-
scriptome analysis. However, sequence homology indicates that
many members of these families are among the unannotated
genes highly induced by pDUXC (see Fig. 2B), including MBD3L5,
PRAMEF12, TRIM43 and ZSCAN5B.

Finally, gene ontology (GO) term analysis of pDUXC activated
genes revealed an enrichment of genes related to regulation of
developmental process, regulation of apoptosis and programmed
cell death and embryo development (adjusted P-value < 0.05;
Supplementary Material, Table S3). Together, these analyses indi-
cate that pDUXC activates a conserved early totipotent program
when expressed in myoblasts, consistent with its expression in pig
embryos between the 2- and 8-cell stages.

hDUX4 and pDUXC activate similar
transcriptional programs in porcine myoblasts
RNA sequencing indicated that the induced expression of hDUX4
(172.1 +/− 9.5 SD TPM) was approximately 16-fold lower than the
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Figure 2. Transcriptome analysis of pDUXC in porcine myoblasts. (A) MA plot of gene expression in porcine myoblasts expressing pDUXC compared
to GFP control. The x-axis is the log2 of the mean of normalized counts (baseMean) of each gene between two conditions (A value), and the y-axis is
the log2 fold change (M value) where positive values indicate higher expression in the pDUXC expressing condition compared to the GFP expressing
condition. Black dots represent the differentially expressed genes with adjusted P-value < 0.05 corresponding to H0: |log2FC| ≤ 1. (B) Scatter plot of gene
expression in porcine myoblasts expressing pDUXC compared to GFP, with normalized counts in the GFP condition on the x-axis and pDUXC condition
on the y-axis. Left panel shows all genes, and right panel shows mouse 2C genes with a pig ortholog.

induced expression of pDUXC (2822.0 +/− 122.8 SD TPM) in the pig
myoblasts. Despite its relatively lower level of expression at the
mRNA level, hDUX4 activated a robust transcriptional program.
Compared to an induced GFP, hDUX4 changed the expression of
1240 genes using a standard 2-fold threshold (base mean ≥ 100,
adjusted P-value < 0.05 corresponding to H0: |log2FC| ≤ 1; Fig. 3A)
with 833 upregulated and 407 down (Supplementary Material,
Table S1). With a more stringent 4-fold change threshold, hDUX4
increased 381 genes and decreased 99 (base mean ≥ 100, adjusted
P-value < 0.05 corresponding to H0: |log2FC| ≤ 2). Of the 96 mouse
2C-like genes (37) that have an annotated porcine homolog

(Supplementary Material, Table S2), 29 (30%) were upregulated by
hDUX4 (adjusted P-value < 0.05 corresponding to H0: |log2FC| ≤ 1;
hypergeometric P-value = 1.93e-8; Fig. 3B), including MBD3L5,
PRAMEF12, TRIM43 and ZSCAN5B, which are orthologs of hDUX4
targets. GO term analysis of the hDUX4-induced genes showed
an enrichment for genes related to developmental process and
embryo development (Supplementary Material, Table S3).

Finally, there was a strong correlation between the genes
induced by pDUXC and hDUX4 (Pearson R = 0.70 for genes with
a base mean expression ≥100) (Fig. 3C), although hDUX4 had
overall lower levels of induction possibly related to its lower level
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Figure 3. Transcriptome analysis of hDUX4 compared to pDUXC in porcine myoblasts. (A) MA plot of gene expression in porcine myoblasts expressing
hDUX4 compared to GFP control. The x-axis is the log2 of the mean of normalized counts (baseMean) on each gene between two conditions (A value),
and the y-axis is the log2 fold change (M value) where positive values indicate higher expression in the hDUX4 expressing condition compared to the GFP
expressing condition. Black dots represent the differentially expressed genes with adjusted P-value < 0.05 corresponding to H0: |log2FC| ≤ 1. (B) Scatter
plot of gene expression in porcine myoblasts expressing hDUX4 compared to GFP, with normalized counts in the GFP condition on the x-axis and hDUX4
condition on the y-axis. Left panel shows all genes; right panel shows mouse 2C genes with a pig ortholog. (C) Scatter plot showing the linear relationship
of the log2 fold change between the pDUXC (x-axis) and hDUX4 (y-axis) comparison models (R = 0.7, P < 0.001). The dashed line is the linear regression
y = 0.026 + 0.45x.

of expression compared to pDUXC. A lack of RNA sequencing
reads mapping back to endogenous pDUXC (<0.50 TPM) confirms
that our data were not confounded by hDUX4 activation of
endogenous pDUXC.

hDUX4 induces the expression of multiple classes of endoge-
nous retrotransposons in human cells. Similarly, mapping the
RNA-seq reads to the annotations from the UCSC Genome
Browser RepeatMasker track showed that both pDUXC- and
hDUX4-induced repetitive elements in pig myoblasts (Fig. 4A and
B; Supplementary Material, Table S4), including LTR subfamilies
similar to those activated by hDUX4 in human cells, LINE1
elements and simple repeats similar to the pericentromeric
satellite repeats activated in human cells. Although there is some

variation in the degree of activation for each repeat element,
overall there is a moderate correlation (R = 0.6) between the repeat
elements induced by pDUXC and hDUX4 in pig myoblasts (Fig. 4C).
Together, these data demonstrate that hDUX4 and pDUXC
activate similar transcriptional programs in pig myoblasts.

pDUXC target genes show enrichment for a motif
that is similar to the cDUXC and hDUX4 binding
motifs
To identify candidate binding motifs for pDUXC, we took a com-
putational approach, due to a lack of a pDUXC antibody for
ChIP-seq. We identified a 300 nucleotide segment of DNA near the
transcriptional start site (TSS) (−250 to +50 relative to the TSS
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Figure 4. Repetitive element activation and candidate DNA binding motifs for pDUXC and hDUX4 in porcine myoblasts. (A) Volcano plot of repetitive
element activation by pDUXC relative to GFP control. Green, |log2FC| > 2; blue, –log10P < 10e−6; red, both. (B) Same as A, for hDUX4. (C) Scatter plot
showing correlation of repetitive element activation by pDUXC and hDUX4 (R = 0.6, P < 2.2e-16). Red, significantly changed by pDUXC; blue, by hDUX4,
purple, by both. The dashed line is the linear regression y = 0.013 + 0.41x. (D) Candidate DNA binding motifs for pDUXC and hDUX4 expressed in porcine
myoblasts was identified through MEME computational analysis of the genomic region −250 nt to +50 nt relative to the TSS as determined by RNA
sequencing reads of the top 146 genes induced by pDUXC in pig cells or the highly overlapping top 106 genes induced by hDUX4 in pig cells. Binding site
sequences determined by ChIP-seq for hDUX4 in human cells and mDux in mouse cells and presented in a prior study (26) are shown for comparison.
PinP, pDUXC expressed in pig cells; HinP, hDUX4 expressed in pig cells; MinM, mDux expressed in mouse cells; HinH, hDUX4 expressed in human cells.
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as determined by RNA-seq reads) of the top 146 genes induced
by pDUXC (110 of which were also induced > 2-fold by hDUX4)
and used a de novo motif discovery algorithm (MEME) to identify
a candidate pDUXC binding site (Fig. 4D), which showed a strong
similarity to the binding site previously determined for hDUX4 in
human cells based on ChIP-seq (5,26). Using a similar pipeline,
we analyzed the top 106 genes induced by hDUX4 (89 of which
were also induced > 2-fold by pDUXC and 66 were in the pDUXC
analysis) and identified a candidate binding motif for hDUX4 in
pig cells (Fig. 4D).

Divergence of pDUXC and hDUX4 in innate
immune response
GO term analysis of the pDUXC activated genes also showed
an enrichment for genes related to regulation of the immune
response (Supplementary Material, Table S3). Interestingly, this is
in contrast to prior reports that hDUX4 expressed in human
cells suppresses the immune response (8,38). Notable genes of
the innate immune response like DDX58, IFIH1 and ISG15 were
induced by pDUXC in porcine cells (Supplementary Material,
Table S1), whereas these genes were not induced by hDUX4 in
porcine cells, nor when expressed in human cells (8). These find-
ings suggest an evolutionary divergence of function between the
two DUXC proteins, with the caveat that hDUX4 was expressed at
much lower levels than pDUXC. Future studies will be necessary
to evaluate this further.

Homeodomain region confers pDUXC specificity
on a subset of genes
To determine whether the differential activity of pDUXC and
hDUX4 on a subset of genes could be attributed to divergence of
their homeodomains or C-terminal regions, we generated a doxy-
cycline inducible vector expressing a chimeric transcript encoding
the pDUXC homeodomains (HD, aa1-171) fused to the C-terminal
domain of hDUX4 (CTD, aa157-424) and transduced pig myoblasts
with the inducible pDUXC, hDUX4 and pDUXChd:hDUX4ctd
vectors. Reverse transcription–quantitative polymerase chain
reaction (RT-qPCR) with primers in a region of the transcript
common to the three transgenes showed an approximately
10-fold higher expression of the doxycycline-induced pDUXC
compared to the hDUX4, whereas the pDUXChd:DUX4ctd chimera
was induced nearly to the level of pDUXC (Fig. 5A, pCW57.1
primers). A set of genes that showed induction by both pDUXC and
hDUX4 in the prior RNA-seq analysis showed robust induction by
all three vectors (Fig. 5A), although the absolute level of induction
by hDUX4 was lower than for pDUXC or pDUXChd:hDUX4ctd
and consistent with the lower level of the hDUX4 transgene
expression. In contrast, a set of genes that showed relatively
preferential induction by pDUXC compared to hDUX4 in the prior
RNA-seq analysis were also preferentially induced by pDUXC in
this independent experiment, whereas the pDUXChd:hDUX4ctd
chimera activated these genes to approximately the same degree
as pDUXC (Fig. 5B). Therefore, the relatively inefficient induction
of these genes by hDUX4 can be partly rescued by substituting the
pig homeodomains and suggests that the homeodomain binding
site divergence likely contributes to the specificity of pDUXC for
a subset of genes.

Discussion
Currently, there are several preclinical models for FSHD, each
with specific advantages and limitations. Several groups have
generated mice that express hDUX4, either by inserting a

shortened D4Z4 repeat and surrounding sequences (19) or
inducible transgenes (15–18,21), or using AAV to deliver hDUX4
(20). Together these models have utility to test interventions
that suppress hDUX4 mRNA expression, stability, translation and
protein activity. However, because of the rapid divergence of mDux
and hDUX4 first homeodomain and binding specificity (5), these
preclinical models are limited regarding the consequences of
hDUX4 expression, specifically how the hDUX4 transcriptional
program results in disease pathophysiology and progression.
To some extent, xenografts of human FSHD muscle into mice
can partly address this limitation (22–24), but are also limited
by the degree of engraftment, functional assessment, lack of
an immune response and dynamic variables of regeneration.
Therefore, although each existing preclinical model has strong
utility for specific aspects of FSHD, none of the existing models
accurately recapitulates disease initiation and progression.

Previously we showed that cDUXC showed less divergence
from hDUX4 than mDux (26) and suggested that Laurasiathe-
rians might have advantages compared to rodents as preclin-
ical models for DUX4-induced pathology. In the current study,
we identify the pDUXC mRNA expressed in the cleavage-stage
pig embryo and show that its expression in pig muscle cells
activates the same totipotent transcriptional program as hDUX4
and mDux in human and mouse cells, respectively; the same
transcriptional program that hDUX4 induces in FSHD muscle cells
(7,9,10). Most importantly, expression of hDUX4 in pig muscle cells
robustly activates the same totipotent transcriptional program.
The conservation of the transcriptional program when hDUX4 is
expressed in pig muscle cells supports further evaluation of pigs
as a preclinical model for FSHD.

Despite the lower expression of hDUX4 in the pig muscle cells,
the correlation with genes induced by pDUXC was much better
than prior studies comparing the hDUX4 and mDux in mouse
muscle cells (5) and similar to the comparison of hDUX4 and
cDUXC in dog muscle cells (26). A notable exception was a set
of genes in the innate immune signaling pathways that were
induced in pig muscle by pDUXC but not by hDUX4. Our prior
studies in human muscle cells showed that although hDUX4
induces double-stranded RNA and retrotransposon expression
sufficient to result in the phosphorylation of EIF2a/PKR (39,40),
the presence of hDUX4 suppresses the induction of many genes
in the innate immune response pathways (8), such as a broad
class of interferon stimulated genes (ISGs). Our current findings
suggest the cloned version of pDUXC might not suppress these
pathways and warrants future study. Furthermore, the induction
of a subset of genes preferentially induced by pDUXC, including
some genes in the immune signaling pathways, by a chimeric
protein consisting of the pig homeodomain region and the human
C-terminal region, suggests that the preferential induction of
subsets of genes by pDUXC might be due, in part, to divergence
of the homeodomain sequence between pig and human.

Over the last decade, pigs have become an increasingly impor-
tant model for a broad spectrum of human diseases and preclin-
ical therapies (27,28,41). For example, in the neuromuscular dis-
eases, genetically engineered pigs recapitulate the disease pathol-
ogy and progression for amyotrophic lateral sclerosis caused by
a mutation in SOD1 (29) and for DMD caused by dystrophin
mutations (31,32,42). The DMD pigs have advanced studies of
disease progression (43) and, most importantly, provide a valu-
able preclinical model for systemic therapies, such as the AAV
delivery of Cas9-mediated exon excision vectors (33). Compared to
rodents, the pig immune system has some features more similar
to humans (44). These similarities of pig and human immune
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Figure 5. Homeodomain region confers pDUXC specificity on a subset of genes. Pig myoblasts were transduced with the doxycycline inducible pDUXC,
hDUX4 or pDUXChd:hDUX4ctd constructs and the indicated mRNA levels measured by RT-qPCR before (−) and after (+) treatment with doxycycline. (A)
pCW57.1 primers amplify a portion of the vector sequence contained in the mRNA transcript for each transgene and permit measurement of relative
transgene expression levels; the genes sMBD3L5, sPRAMEF12, sTRIM43 and sZSCAN5B are all genes that were induced by pDUXC and hDUX4 in the
RNA-seq. (B) Genes preferentially induced by pDUXC compared to hDUX4 in the RNA-seq data were also preferentially induced by pDUXC in this new
dataset using RT-qPCR. In contrast, the chimeric protein pDUXChd:hDUX4ctd showed target induction similar to pDUXC, indicating that part of the
target specificity of pDUXC relative to hDUX4 maps to the homeodomains.
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responses might further make the pig a good model for FSHD,
which is characterized by an immune infiltration in skeletal
muscle (45,46). In addition, similar to the human population, pre-
existing neutralizing antibodies to different AAV serotypes exist in
sampled pig populations (47) and provide an opportunity for mea-
suring their possible implications for future human studies (48);
whereas studies determining pre-existing immunity to different
Cas9 proteins remain to be investigated. Finally, the development
of mini-pig strains with breeding, growth and behavioral charac-
teristics conducive for medical research, such as the Göttingen
minipig (49), has greatly facilitated the use of these pigs for disease
models. Our findings provide the basis for evaluating the FSHD
transcriptome in future pig models of FSHD and also provide hope
that hDUX4 expression in pigs might faithfully recapitulate the
transcriptional profile and pathophysiology of FSHD.

Materials and Methods
Primary myoblast isolation from porcine skeletal
muscle and cell culture
The semimembranosus (SM) muscle was dissected from a 1-year-
old wild-type male Göttingen pig at Marshall BioResources (North
Rose, NY), rinsed with 1× PBS + 0.5× antibiotic-antimycotic (ABM)
and shipped overnight to the Jones Lab (UNR, Reno, NV) in a
moistened container on a cold pack for live cell isolation. The SM
muscle (∼5 g) was rinsed with cold ePBS (25 mM glucose, 14 mM
sucrose, 0.5× ABM in 1× PBS), manually minced with sterilized
scissors in ePBS and centrifuged at 800 x g for 1 minute, and
the tissue pellet was resuspended with 15 mL digestion buffer
(0.025% Trypsin–EDTA, 0.01% DNaseI, 0.2% Collagenase type IA
in HBSS, Ca2+, Mg2+-free) and digested at room temperature for
30 minutes with gentle stirring at 100 RPM. The tissue lysate was
neutralized with an equal volume of 10% FBS/DMEM, diluted to
50 mL with DMEM and then sequentially filtered through a 500-
μm mesh and then a 100-μm mesh to remove muscle fiber debris.
Cells were pelleted at 800× g for 2 minutes, resuspended in 1×
PBS and processed for removal of red blood cells by the standard
protocol. Remaining cells were plated on 10% Matrigel-coated
cell culture plates and cultured with HMP (20% FBS, 1x chicken
embryonic extract, 1x ABM in Ham’s F-10) with 10 ng/mL bFGF for
2–3 days. Once cell number was >1 × 106, myogenic cells were iso-
lated using MACS sorting with human CD56-conjugated magnetic
beads per manufacturer’s instruction. The CD56-positive cells
(>95%) were plated on 10% Matrigel-coated plate and expanded
in HMP + 10 ng/mL bFGF media. Myogenic differentiation was
confirmed by culturing in DMEM with 1% heat-inactivated horse
serum, 10μg/mL insulin and 10μg/mL transferrin. These primary
porcine myoblasts were cultured in F-10 media supplemented
with 15% fetal bovine serum, 1× Gibco Antibiotic-Antimycotic and
1% chicken embryo extract for further experiments. Immortalized
human myoblasts (MB135) were cultured in F-10 media supple-
mented with 10% fetal bovine serum, 1% penicillin/streptomycin,
10 ng/mL rhFGF and 1uM dexamethasone.

Expression of pDUXC, hDUX4,
pDUXChd:hDUX4ctd and GFP
The pDUXC transgene was cloned into the pCW57.1 lentiviral
vector, which has a doxycycline-inducible promoter. pDUXC was
codon altered (ca) to enhance transgene expression. Primary
porcine myoblasts were transduced with pCW57.1-pDUXCca,
followed by puromycin selection. Stable cell lines expressing
hDUX4ca (36) pDUXChd:hdDUX4ctd and 3xFLAG-NLS-GFP were
generated in a similar manner.

Reverse transcription-quantitative PCR
Inducible pDUXCca, hDUX4ca, pDUXChd:hDUX4ctd and GFP cells
were treated, in triplicate, with 1ug/mL doxycycline for 20 hours
and harvested for RNA with the NucleoSpin RNA Kit (Takara)
according to the manufacturer’s protocol. RNA quality was veri-
fied by NanoDrop 2000 (Thermo Scientific). RNA was treated with
DNaseI, Amplification Grade (Invitrogen). Reverse transcription
was performed in a 20 μL reaction: 500 ng whole RNA, 1uL dNTP
(10 mM), 1uL oligo dT primer (10 mM), 4 μL 5× SSIV Buffer, 1 μL
DTT (100 mM), 1 μL RNaseOUT and 1 μL SSIV RT enzyme. Thermal
cycling conditions for reverse transcription were as follows: 50◦C
for 40 minutes, 55◦C for 30 minutes and 80◦C for 10 minutes.
Complementary DNA (cDNA) was treated with 1uL of RNaseH and
incubated at 37◦C for 20 minutes, then diluted 1:5 with 80 μL of
RNase-free H2O. Quantitative real-time PCR (qPCR) was performed
on the QuantStudio™ 7 Flex Real-Time PCR System in a 10uL
reaction: 2 μL cDNA (∼10 ng), 5 μL 2x iTaq Universal SYBR Green
Supermix, 0.3 μL forward and reverse primer (10 μM) and 2.4 μL
H2O. qPCR primers were synthesized by Integrated DNA Technolo-
gies (IDT) and are listed below. Thermal cycling conditions for
qPCR were as follows: 50◦C for 2 minutes and 95◦C for 10 minutes;
40 cycles of 95◦C for 15 seconds and 60◦C for 60 seconds. qPCR
reactions were run in technical triplicates, including RT controls.
Median CT values of the technical triplicates were used for anal-
ysis. Gene expression was normalized to the housekeeping gene
RPL4 (ribosomal protein L4).

qPCR primer sequences
Target Forward primer Reverse primer

sRPL4 (50) AGGAGGCTGTTCTGCTTCTG TCCAGGGATGTTTCTGAAGG

sMBD3L5 CATCATCGTCTGGAGAAGCTCA CCAGGATGAGCAGTTGTCTTTG

sTRIM43 TCAGGAATTGGGAGGATTATGTG TCTTTGCTCTCCTCGTCTAGT

sPRAMEF12 AGATGCTCAGGTGCCTGGAT AGGAGCTCAGGGCTAAACTT

sZSCAN5B AAGGGTCCTGAGACAGAAGA CCTTCTTGGGAAGTGAGACTG

sZSCAN26 AGACAGCCCCTCTGAAAGCA ATCTTGGTCTCCTTACCCTTCTCT

sZNF106 AGAGGGATCTGCTGTGTGAAG CCGCATGTGTTCATCCATCTC

sGSC GAGGAGAAAGTGGAGGTCTGGT CGTCTTGTTCCATTTCTCGGC

sCXCL2 ACCAAACGGAAGTCATAGCCA CATCAGTTGGCACTGCTCTTG

sDDX58 ATAAGAATGGTGGAGAAATGCCA TCTTTGGTTTGGGGTGCAGT

sIFIH1 GCTGTGAAAGCAATGCAGAATC AGACTTGGCTGATCTGTGGC

sISG15 ACGGCCATGGGTAGGGA ATCTGCTGCTTCAGGTCCG

hRPL27 GCAAGAAGAAGATCGCCAAG TCCAAGGGGATATCCACAGA

h3.Y GGACCTGCGCTTCCAGAG CATGTCTCGGGGCATAATTG

hKHDC1L TGAATCAGGTGGGAGCACAG CAATGCAGCGAAGGTACGTG

hLEUTX AAGGAGGAGACTCCCTCAGC AAAGAGAGTGGAGGCCCAAG

hMBD3L2 GACGCAGAAAAGGGGACGAG CTGTCCAGAGATTCACCGGC

hPRAMEF12 TCACCTCTCAGTTCCTCAAGC CAGGCATTCGGTCATTACG

hTRIM43 ACCCATCACTGGACTGGTGT CACATCCTCAAAGAGCCTGA

hZSCAN4 TGGAAATCAAGTGGCAAAAA CTGCATGTGGACGTGGAC

pCW57.1 TGACTGGATATGTTGTGTTTTAC CAACCCCGGATCCTTAGTG

RNA sequencing
RNA samples were submitted in biological triplicates for bulk
RNA sequencing (100-bp single ended sequencing on NextSeq
2000, about 50 million reads per sample). Reads were aligned
to the reference genome RefSeq Sscrofa 11.1 (Accession #
GCF_000003025.6) using Rsubread, and differential expression
was called using DESeq2 using GFP samples as reference levels.
TSS of pDUXC and hDUX4-activated genes were identified
through the RNA sequencing tracks, and de novo motif analysis
was performed with MEME software with a 300-bp sequence
(−250 bp to +50 bp of TSS). Repetitive element annotation from
the UCSC Genome Browser RepeatMasker track was used to
identify RNA-seq reads mapping to repetitive elements (51–55).
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