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Duchenne muscular dystrophy (DMD) is a fatal muscle disorder
characterized by cycles of degeneration and regeneration of
multinucleated myofibers and pathological activation of a variety
of other muscle-associated cell types. The extent to which differ-
ent nuclei within the shared cytoplasm of a myofiber may display
transcriptional diversity and whether individual nuclei within a
multinucleated myofiber might respond differentially to DMD
pathogenesis is unknown. Similarly, the potential transcriptional
diversity among nonmuscle cell types within dystrophic muscle
has not been explored. Here, we describe the creation of a mouse
model of DMD caused by deletion of exon 51 of the dystrophin
gene, which represents a prevalent disease-causing mutation in
humans. To understand the transcriptional abnormalities and het-
erogeneity associated with myofiber nuclei, as well as other
mononucleated cell types that contribute to the muscle pathology
associated with DMD, we performed single-nucleus transcriptom-
ics of skeletal muscle of mice with dystrophin exon 51 deletion.
Our results reveal distinctive and previously unrecognized myonu-
clear subtypes within dystrophic myofibers and uncover degener-
ative and regenerative transcriptional pathways underlying DMD
pathogenesis. Our findings provide insights into the molecular un-
derpinnings of DMD, controlled by the transcriptional activity of
different types of muscle and nonmuscle nuclei.
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s the largest tissue in the body, responsible for mobility and

metabolism, skeletal muscle possesses many unique and
fascinating features. Skeletal muscle is a multinucleated tissue,
containing vast numbers of nuclei sharing a common cytoplasm
as a result of fusion of mononucleated myoblasts, and it is among
the most regenerative of all tissues (1). In response to injury and
disease, resident myogenic stem cells, known as satellite cells,
become activated and fuse with each other and with existing
myofibers to regenerate the functional tissue (2, 3). While the
process of skeletal muscle regeneration has been extensively
studied, little is known of possible functional differences between
nuclei within the common cytoplasm of the myofiber, nor is it
understood how newly recruited nuclei from satellite cells might
differ transcriptionally from more mature myonuclei. Finally, the
transcriptional dynamics of the many nonmuscle cells embedded
in muscle tissue and their responses to injury or disease remain
to be understood. Elucidation of gene expression changes at the
single nucleus level offers the possibility of uncovering key reg-
ulatory pathways and possible therapeutic targets for ameliora-
tion of the many disorders that lead to muscle degeneration and
the ensuing consequences on human health.

Duchenne muscular dystrophy (DMD) is among the most
devasting monogenic disorders of muscle. Caused by mutations
in the dystrophin gene (DMD), this disease results in myofiber
degeneration followed by cycles of regeneration until the en-
dogenous satellite cell population is depleted, at which time
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muscles irreversibly degenerate with consequent loss of mobility and
eventual death of affected individuals (4). The DMD gene encodes
dystrophin, a protein of the dystrophin—glycoprotein complex (5).
DMD is the largest gene in the genome, spanning ~2.5 megabases of
DNA and containing 79 exons that are conserved in vertebrate
species. Among these exons, there are several mutational “hot spots”
in which exon deletions disrupt the continuity of the open reading
frame (ORF) between surrounding exons, resulting in the loss of
functional dystrophin protein (6). Mouse models of DMD with de-
letions of the exons most commonly deleted in DMD patients have
been invaluable for understanding DMD pathogenesis and providing
faithful animal models for therapeutic testing (7, 8).

In the present study, we created a mouse model of DMD
lacking dystrophin exon 51, representing a common mutational
hot spot in humans. Using these mice, we performed single-
nucleus RNA sequencing (snRNA-seq) on diseased myofibers
and delineated the transcriptional changes associated with
DMD progression in individual myonuclei and nonmuscle nu-
clei. Our findings reveal fascinating and previously unrecog-
nized heterogeneity of myonuclei within normal myofibers, as
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Skeletal muscle is composed of multinucleated myofibers that
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unrecognized regenerative myonuclear population associated
with dystrophic muscle.

Author contributions: F.C., ZW., N.L., R.B.-D., and E.N.O. designed research; F.C., ZW.,
H.L., and J.R.M. performed research; F.C. and Z.W. analyzed data; and F.C, ZW., N.L,,
R.B.-D., and E.N.O. wrote the paper.

Reviewers: D.J.G., University of Minnesota; and T.A.R., Stanford University School
of Medicine.

The authors declare no competing interest.

Published under the PNAS license.

See online for related content such as Commentaries.

F.C. and Z.W. contributed equally to this work.

2To whom correspondence may be addressed. Email: Eric.Olson@utsouthwestern.edu.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2018391117/-/DCSupplemental.

First published November 4, 2020.

PNAS | November 24,2020 | vol. 117 | no.47 | 29691-29701

>
(L
(=]
-
]
@
—
—
frr}
o


https://orcid.org/0000-0002-3877-527X
https://orcid.org/0000-0002-0290-4746
https://orcid.org/0000-0002-4114-8349
https://orcid.org/0000-0003-1151-8262
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2018391117&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
http://dx.doi.org/10.1073/pnas.2018391117
mailto:Eric.Olson@utsouthwestern.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2018391117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2018391117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2018391117

well as regenerative myonucleus subtypes, and uncover DMD-
associated gene regulatory networks with therapeutic relevance.

Results

Generation of a Mouse Model with DMD Exon 51 Deletion. Exon 51
of the DMD gene is one of the most frequently deleted exons in
DMD patients (9). To recapitulate this human mutation in a
mouse model, we used CRISPR-Cas9 technology to generate
mice with a deletion of exon 51 (AEx51) in the Dmd gene
(Fig. 14). Zygotes of C57BL/6 mice were injected with two
single-guide RNAs (sgRNAs) that targeted the introns flanking
exon 51 and were implanted into surrogate female mice (S/
Appendix, Fig. S14). We selected an FO founder with a 1,516-
base pair (bp) deletion that eliminated exon 51 and formed a
new junction between intron 50 and intron 51, thereby disrupting
the dystrophin ORF (SI Appendix, Fig. S1 B and C). We con-
firmed deletion of exon 51 in the resulting Dmd transcript by
RT-PCR analysis and by sequencing the RT-PCR products using
primers in exons 48 and 53 (Fig. 1B and SI Appendix, Fig. S1D).
Western blot analysis of tibialis anterior (TA) muscle, dia-
phragm, and heart isolated from 4-wk-old AEx51 mice showed
that deletion of exon 51 led to a complete loss of dystrophin
protein (Fig. 1C and SI Appendix, Fig. S1E). Immunohisto-
chemistry confirmed the absence of dystrophin protein expres-
sion in all AEx51 myofibers and cardiomyocytes (Fig. 1D and S/
Appendix, Fig. S1F).

AEx51 mice exhibit histological parameters similar to mdx
mice, a dystrophin-deficient mouse line most widely used for
DMD research (10). Due to the absence of functional dystro-
phin, AEx51 muscle degenerates and is replaced by fibrotic tissue
and inflammatory infiltration (Fig. 1E and SI Appendix, Fig.
S1 G-I) as also observed in mdx muscle (11). Additionally, at 4
wk of age AEx51 muscle exhibits a high percentage of myofibers
with centralized nuclei, indicative of muscle regeneration
(Fig. 1E and SI Appendix, Figs. S1 G, H, and J). As a conse-
quence of the muscle undergoing repeated cycles of degenera-
tion and regeneration, AEx51 skeletal muscle shows an abnormal
proportion of small and large myofibers, also observed in mus-
cles of mdx mice (11) (SI Appendix, Fig. S1K). Muscle function
showed a 40% decline in forelimb grip strength in AEx51 mice
compared to wild-type (WT) mice at 4 wk of age (SI Appendix,
Fig. S1L). The muscle phenotype seen in AEx51 mice is similar
to other dystrophin-deficient DMD mouse models (12-14).
Furthermore, serum creatine kinase (CK), which serves as a
marker of muscle damage and an indicator of DMD in patients
and mouse models (15, 16), was elevated about 20-fold in AEx51
mice compared to WT littermates at 4 wk of age (SI Appendix,
Fig. S1M). Similar to mdx mice, AEx51 mice at 6 mo of age
showed no impairment in cardiac function (SI Appendix, Fig.
S1 N and O). Although we cannot exclude cardiomyopathy
manifestations at later ages (17), we did not detect a difference
in survival of AEx51 mice compared to WT mice, as measured up
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Creation and analysis of AEx51 Dmd mice. (A) CRISPR-Cas9 editing strategy used for generation of mice with dystrophin exon 51 deletion (AEx51).

Mouse oocytes were injected with SpCas9 and 2 sgRNAs flanking exon 51. Upon deletion of exon 51, exon 52 (red) becomes out of frame with exon 50. (B) RT-
PCR analysis of TA muscle to validate deletion of exon 51 (233-bp length). RT-PCR primers were in exons 48 and 53, and the amplicon size was 767 bp for WT
mice and 534 bp for AEx51 mice. RT-PCR products are schematized on the right (n = 3). (C) Western blot analysis showing loss of dystrophin expression in the
TA of AEx51 mice. Vinculin is the loading control (n = 3). (D) Dystrophin staining of the TA of WT and AEx51 mice. Dystrophin is shown in green. Nuclei are
marked by DAPI stain in blue. (Scale bar, 100 um.) (E) H&E staining of the TA of WT and AEx51 mice. Note extensive inflammatory infiltrate and centralized
myonuclei in AEx51 muscle. (Scale bar, 100 pm.) (F) Heat map showing z-score-transformed expression of the differentially expressed genes between WT and
AEx51 TA muscle (n = 3). (G) Selected top GO terms enriched in down- and up-regulated genes in AEx51 TA muscle.
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to 1y of age. In addition, AEx51 male mice and AEx51 homo-
zygous female mice are fertile.

To investigate the molecular basis of DMD pathology of
skeletal muscle, we profiled gene expression changes in TA
muscle of 4-wk-old AEx51 and WT mice by RNA sequencing
(RNA-seq). Transcriptomic profiling showed pronounced dif-
ferences in dystrophic AEx51 and WT muscles, confirming mis-
regulation of gene expression due to DMD pathology (SI
Appendix, Fig. S24). In total, we identified 1,434 genes that were
up-regulated and 231 genes that were down-regulated in dys-
trophic muscle compared to WT muscle (Fig. 1F, SI Appendix,
Fig. S2B, and Dataset S1). Gene Ontology (GO) analysis iden-
tified cytokine production, inflammatory response, and apoptotic
signaling as the most prominently altered pathways in AEx51
muscle (Fig. 1 G, Lower and Dataset S2). These data suggest
high activation of the different cell types of the immune system,
confirming the inflammatory infiltration observed in dystrophic
muscle (Fig. 1E). Genes down-regulated in AEx51 muscle were
related to growth stimulus and development of healthy skeletal
muscle (Fig. 1 G, Upper and Dataset S2).

We compared the transcriptomic analyses of AEx51 muscle
with the mdx/mTR muscle published previously (18) and ob-
served overlap between differentially expressed genes between
these two models (SI Appendix, Fig. S2 C and D). The different
range of up- or down-regulation of the genes most likely reflects
the different stages of DMD pathogenesis, as our analysis was
performed at 4 wk of age, whereas the mdx/mTR model was
characterized at 4 mo. Taken together, these data indicate that
lack of dystrophin in AEx51 muscle is associated with a change in
cellular composition and myonuclear activity compared to WT
muscle, ultimately resulting in compromised muscle function.

snRNA-seq Reveals Heterogeneity of Myonuclei within Normal and
Dystrophic Skeletal Muscle. To compare different cell pop-
ulations in dystrophic and WT skeletal muscles, we performed
snRNA-seq on nuclei isolated from TA muscle of AEx51 and
WT mice at 4 wk of age (Fig. 24). We selected TA muscle for
snRNA-seq analysis, as it contains both oxidative and glycolytic
myofibers (19). The integrity of nuclei was preserved during the
procedure by gentle homogenization of TA muscle. Nuclei of
myofibers (myonuclei) and of other mononucleated cells of
muscle were purified from myofibrillar debris by fluorescence-
activated cell sorting using Hoechst staining that binds nuclear
DNA (SI Appendix, Fig. S34) followed by snRNA-seq using the
10x Genomics Chromium platform. From WT TA muscle we
captured 7,013 single nuclei, and from AEx51 TA muscle we
captured 4,209 single nuclei with high integrity (S Appendix, Fig.
S3B). A median of 1,067 genes per nucleus was sequenced from
WT muscle and from AEx51 muscle there was a median of 903
genes per nucleus, for a total of 23,588 and 23,599 total genes
detected, respectively (SI Appendix, Fig. S3 B and C). Our
analysis showed an average of 36% of unique molecular identi-
fiers (UMIs) confidently mapped to introns and an average of
64% of UMIs mapped to a pre-mRNA reference transcriptome
(81 Appendix, Fig. S3B). Since snRNA-seq profiles nuclear RNA,
our gene expression profile data reflect nascent transcription, as
well as the cellular transcriptome.

To compare AEx51 and WT samples, we integrated datasets
from both preparations (total of 11,222 nuclei) for downstream
bioinformatic analysis. Nuclear transcriptomes were visualized
using a uniform manifold approximation and projection
(UMAP) plot (Fig. 2B). UMAP is a nonlinear dimensionality
reduction algorithm for the analysis of high-dimensionality data
which shows the greatest power to resolve different cell or
nuclear populations in comparison with other methods (20).
Using UMAP, we identified 14 different clusters of nuclei,
according to their transcriptional signatures (Fig. 2B). Overall,
we identified a total of 4,748 marker genes for the different
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types of skeletal muscle nuclei (Dataset S3). The identity of
each cluster was assigned based on the expression of known
cellular marker genes and the GO analysis of the marker genes
of each cluster of nuclei (Fig. 2 C and D and SI Appendix, Fig.
S4 A and B).

As seen by UMAP, several clusters of nuclei were detected
that express Ckm, a marker of mature myonuclei (Fig. 2 B and C
and SI Appendix, Fig. S4B). These Ckm™ nuclei express different
isoforms of myosin heavy chain (Myh), the classical marker for
myofiber classification (19). We identified two large clusters of
myonuclei with high levels of expression of Myh isoforms: Cluster
IIx expressed high levels of Myhl, which encodes myosin heavy
chain protein IIx (MyHC-IIx), and Cluster IIb had high levels of
expression of Myh4, encoding MyHC-IIb. Both MyHC-IIx and
MyHC-IIb are markers of fast-glycolytic myofibers, consistent
with the known fiber-type composition of TA muscle. A smaller
fraction of myonuclei (as seen in Cluster IIa) expressed Myh2,
which encodes MyHC-IIa, indicative of fast-oxidative myofibers.
Additionally, Cluster IIx_b, which highly expresses both Myhl
and Myh4 transcripts, displayed high levels of the transcripts of
fast isoforms of troponins (7nnc2 and Tnni2), myoglobin (Mb),
enzymes of cytochrome C oxidase (Cox6a2 and Coxb6c), and
adenosine 5'-triphosphate synthase complexes (AfpSe and
Atp5gl) (SI Appendix, Fig. S4C and Dataset S3). Expression of
these marker genes and the position in the UMAP suggest that
Cluster IIx_b contains myonuclei with high metabolic activity,
instead of originating from a population that is in a transitional
state between Cluster IIx and Cluster IIb.

We labeled another cluster as Cluster NMJ, since the myo-
nuclei in this cluster express transcripts associated with the
neuromuscular junction (NMJ), such as Chrne (coding for the
acetylcholine receptor subunit epsilon), Colg, Prkarla, and Co-
125al (21, 22) (Fig. 2C, SI Appendix, Fig. S4B, and Dataset S3).
Another myonuclear cluster was labeled Cluster MTJ, as the
myonuclei in this cluster selectively express Col22al, a transcript
that encodes a member of the collagen family that contributes to
the stabilization of myotendinous junctions (MTJ) and
strengthens skeletal muscle attachments during contraction (23)
(Fig. 2C and SI Appendix, Fig. S4B). On the UMAP plot, the
NM]J and MTJ clusters appeared to localize to the center of the
Ckm™ myonuclei. However, the three-dimensional (3D) UMAP
showed distinct separation from other myonuclei (SI Appendix,
Fig. S4D). Additionally, a subset of genes expressed in the NMJ
and MTJ clusters is also highly expressed in the nuclei of other
mononucleated cell types (e.g., Lama2 in fibro/adipogenic pro-
genitor [FAP] cells and tenocytes), but these genes are not
expressed in the myonuclei of Clusters IIa, IIx, or IIb, supporting
the uniqueness of Clusters NMJ and MTJ.

Especially interesting was the identification of three clusters of
nuclei related to skeletal muscle regeneration. One cluster,
Cluster MuSC, is characterized by expression of Pax7, a marker
of satellite cells. The second cluster, Cluster Myob, expresses
high levels of Megf10, a marker of skeletal myoblasts (24). The
third cluster, RegMyon, expresses Myh3 and MyhS8 transcripts
that encode embryonic and perinatal MyHC isoforms, respec-
tively, which have been shown to be distinctive to regenerative
myofibers (Fig. 2C, SI Appendix, Fig. S4B, and Dataset S3).

Analysis of Nonmuscle Nuclei by snRNA-seq. As expected, snRNA-
seq of skeletal muscle also detected clusters of nuclei from other
mononucleated cell types, such as Cluster SMC, containing nu-
clei from smooth muscle cells, as identified by expression of
Myhl11; Cluster EC, containing nuclei from endothelial cells, as
characterized by expression of the adhesive stress-response
protein Pecam-1 (25); Cluster FAP, containing nuclei from
FAP cells, as characterized by expression of Pdgfra (26); Cluster
TC, containing nuclei from tenocytes, as characterized by ex-
pression of the tenogenesis-promoting homeoprotein Mkx (27);
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Fig. 2. snRNA-seq of TA muscle from WT and AEx51 mice. (A) Schematic of the experimental design for snRNA-seq on skeletal muscle nuclei. (B) UMAP
visualization of all of the nuclei (11,222 nuclei, Left) from WT and AEx51 TA muscle colored by cluster identity. UMAPs depicting nuclei of WT TA muscle (7,013
nuclei, Center) and nuclei of AEx51 TA muscle (4,209 nuclei, Right). Percentages of nuclei in each cluster are indicated in the table. (C) Violin plots showing the
expression of selected marker genes for each cluster of nuclei. (D) Heat map showing z-score-transformed average expression of the marker genes for each
cluster of nuclei (Left). Selected top enriched GO terms of the marker genes for each cluster of nuclei (Right).

and Cluster MPH, containing nuclei from macrophages, as we identified previously uncharacterized genes enriched in
characterized by expression of Adgrel (28) (Fig. 2C and SI  specific clusters, enabling further characterization of the mo-
Appendix, Fig. S4B). In addition to identifying known markers, lecular features of each cluster (Dataset S3).
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Changes in Nuclear Abundance in AEx51 Muscle. snRNA-seq analysis
identifies the relative abundance of nuclei for each cluster in AEx51
and WT muscles. Compared to WT muscle, we observed an overall
reduction of the percentage of mature myonuclei in AExS1 TA
muscle, specifically with a decrease from 69.9 to 52.7%. In partic-
ular, Cluster IIa showed a decrease from 8.6 to 2.5% and Cluster
IIx showed a decrease from 28.7 to 18.5% (Fig. 2B). In contrast,
Cluster RegMyon showed an increase of nuclei from 0.1 to 4.6%
and Cluster MPH showed an increase of nuclei from 1.0 to 11.3%
in AEx51 dystrophic muscle. The percentage of nuclei in Cluster
FAP dramatically increased in AEx51 muscle, from 6.6 to 15.6%
(Fig. 2B). These data are consistent with the histological analysis of
AEx51 muscle showing a different composition of cell types com-
pared to WT muscle, mainly due to an increase in fibrosis, in-
flammatory infiltration, and muscle regeneration (Fig. 1E).

snRNA-seq Analysis Reveals Degenerative Pathways in DMD Muscle.
To uncover aberrant transcriptional activity in nuclei isolated

from different cell types in AEx51 muscle, we analyzed the dif-
ferentially expressed genes of each cluster. Myonuclei in Clusters
NMJ and MTJ showed a greater number of up-regulated and
down-regulated genes compared to those in Clusters Ila, IIx, IIb,
and IIx_b (Fig. 34 and Dataset S4). This indicates that these two
small clusters of specialized myonuclei are the most affected in
dystrophic muscle. Interestingly, the myonuclei in Clusters Ila,
IIx, and IIb isolated from AEx51 muscle exhibited up-regulation
of an aberrant dystrophin transcript (AEx51), most likely as a
compensatory response to the absence of functional dystrophin
protein in the myofibers (SI Appendix, Fig. S54). Furthermore,
in the AEx51 myonuclei in Clusters IIa, IIx, and IIb, we observed
a significant down-regulation of transcripts encoding titin (7tn),
nebulin (Neb), and specific Myh isoforms, suggesting a reduction
in the transcriptional activity of sarcomeric genes in dystrophic
myonuclei (SI Appendix, Fig. S54).

To define the myofiber degenerative pathways that lead to
the decline of the number of myonuclei in AEx51 muscle, we
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performed GO analysis of the AEx51 up-regulated genes of each
myonuclear cluster (Fig. 3B and Dataset S5). We identified the
protein ubiquitination pathway as enriched in almost all of
the myonuclear types isolated from AEx51 muscle, reflecting the
breakdown of myofibrillar proteins by the ubiquitin—proteasome
system (29). In the ubiquitin-proteasome system, proteins are
marked for degradation by three classes of ubiquitinating en-
zymes (E1, E2, and E3), after which the proteasome degrades
the ubiquitinated proteins. Muscle RING finger 1 (MuRF1) and
Atrogin-1 are muscle-specific E3 ubiquitin ligases that are
markers of muscle atrophy. However, it is unknown if their up-
regulation occurs in only specific myonuclear subtypes. snRNA-
seq allows the detection of expression of different genes of the
ubiquitination pathway within each cluster of myonuclei
(Fig. 3C). With the exception of the specialized Cluster IIx_b, all
AEx51 myonuclei have high expression of MuRF1 (Trimo63)
transcript. Up-regulation of Atrogin-1 (Fbxo32) was not detected
in Cluster I1a; however, we identified up-regulation of Fbxo31 in
this cluster (30). For Cluster NMJ, Fbxo40 was up-regulated
(31), indicating a redundant and complementary role of these
ubiquitin-ligases in different types of dystrophic myonuclei. The
transcript encoding the skeletal muscle-specific ubiquitin-
conjugating enzyme UBE2GI1, was among the ubiquitination
enzymes up-regulated in almost all AEx51 myonuclei (32). In-
terestingly, the dystrophic myonuclei in different clusters up-
regulate different E3 ligase enzymes. For example, the AEx51
myonuclei in Cluster IIa showed up-regulation of Ube2e2, in
Cluster IIb showed up-regulation of the E3 ligase Trip12 (33), in
Cluster NMJ showed up-regulation of Ube2k and Cul3, and in
Cluster MTJ showed up-regulation of Ube2d3 (Fig. 3C and
Dataset S4). In atrophying myofibers, the ubiquitin—proteasome
pathway is regulated by the activation of FOXO (forkhead box
O) transcription factors (34). We observed a substantial up-
regulation of Foxo3, especially in the AEx51 myonuclei in
Cluster MTJ. It was shown that Foxo3 acts on the Atrogin-1
promoter to induce atrophy of myotubes in vitro and to acti-
vate the ubiquitin-proteasomal system of protein breakdown in
skeletal muscle in vivo (30, 35, 36). Interestingly, MTJ myonuclei
are the nuclei of myofibers most susceptible to mechanical stress
(37). This revealed a previously unrecognized expression pattern
of Foxo3 that is restricted to a specific cluster of myonuclei in
dystrophic myofibers.

In addition to muscle atrophic markers, we also identified
apoptotic markers that were expressed in specific AEx51 myo-
nuclei (Fig. 3D). AEx51 myonuclei of Clusters Ila, IIx, IIb, and
IIx_b showed up-regulation of the apoptotic marker p63 (71p63),
whereas the proapoptotic factors Jnk (Mapk8) and p38 (Mapki4)
were up-regulated in AEx51 myonuclei of Clusters NMJ and
MT]J. Alteration of the p38 pathway has previously been dem-
onstrated in satellite cells in association with loss of muscle mass
(38). p53, which is known to mediate myonuclear apoptosis, is a
downstream target of the p38 pathway (39). Thus, up-regulation
of the p38 transcript in AEx51 myonuclei in Cluster NMJ is
consistent with enhanced transcriptional regulation by the p53
pathway in Cluster NMJ (Fig. 3B).

Among the down-regulated GO terms in AEx51 myonuclei, we
identified pathways of negative regulation of apoptosis, such as
Bcl6. Consistent with this, we observed that messenger RNA
(mRNA) metabolism pathways, which are important for myo-
fiber growth and whose down-regulation is considered a marker
of muscle atrophy, were down-regulated in AEx51 myonuclei (S/
Appendix, Fig. S5B and Dataset S5).

Genetic Determinants of the Regenerative Myonuclear Population of
DMD Muscle. In TA muscles of 4-wk-old AEx51 mice, myonuclear
degeneration is accompanied by high regenerative activity, as
indicated by the presence of centralized nuclei (Fig. 1FE). Fol-
lowing myofiber damage, satellite cells are activated and can
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differentiate into myoblasts that repair injured myofibers by
fusing at the sites of injury (4). In both WT and AEx51 muscles,
MuSC and Myob nuclei were detected, whereas we discovered a
cluster, labeled RegMyon, that exists exclusively in dystrophic
muscles (Fig. 44). To explore the specific transcriptional changes
in the MuSC and Myob clusters in WT and AEx51 muscles, we
identified marker genes for each of these clusters. We found 56
marker genes that were up-regulated and 54 that were down-
regulated in the AEx51 MuSC cluster (Dataset S4). Addition-
ally, we found 63 genes that were up-regulated and 56 that were
down-regulated in the AEx51 Myob cluster (Dataset S4). Inter-
estingly, the long noncoding RNA Meg3, which is necessary for
differentiation of satellite cells (40), was the most down-
regulated marker in both AEx51 MuSC and Myob clusters (S
Appendix, Fig. S6 A and B). These data reveal distinct alter-
ations in the transcriptional programs of muscle precursors in
AEx51 muscles.

The myonuclei in Cluster RegMyon express Myh3 and MyhS,
which encode the embryonic and perinatal MyHC isoforms, re-
spectively (Fig. 4B). Myomaker (Mymk), a muscle-specific
membrane protein required for fusion of myoblasts during re-
generation (41), is also expressed in myonuclei of Cluster
RegMyon (Fig. 4B). To infer a hierarchical trajectory among the
RegMyon, MuSC, and Myob clusters, we applied Monocle
analysis to these three nuclear populations (42). This analysis
aligned the nuclei into a one-dimensional pseudotime axis, based
on the differentially expressed genes across the three different
clusters. Labeling each nucleus according to its cluster, the
pseudotime trajectory shows an organized branched progression
from MuSC to Myob (fate B) and to RegMyon (Fig. 4C and SI
Appendix, Fig. S6 C, Upper). A subset of genes in Cluster Myob
diverts at the central node into a third branch composed of both
WT and AEx51 Myob (fate A) that do not develop into myo-
nuclei in Cluster RegMyon (Fig. 4C and SI Appendix, Fig. S6 C,
Lower). GO analysis of the differentially expressed genes be-
tween Myob of fate A and fate B displayed a higher transcrip-
tional activity and identified genes associated with myoblast
proliferation for fate A Myob (SI Appendix, Fig. S6 D, Upper and
Datasets S4 and S5). Distinctively, fate B Myob are enriched in
genes encoding proteins of muscle contractility or involved in
myotube differentiation or cell junction assembly, most likely
indicating the predisposition of these cells to fuse to form
myotubes (SI Appendix, Fig. S6 D, Lower and Datasets S4 and
S5). Next, we identified genes that are significantly branch-
dependent in the pseudotime trajectory. We plotted the 583
genes in a special type of heat map, where columns are points in
pseudotime, rows are genes, and the beginning of pseudotime is
in the middle of the heat map. This heat map shows gene ex-
pression changes along pseudotime progression in both lineages
at the same time (Fig. 4D).

To explore the key genes that determine the RegMyon fate,
we analyzed RegMyon marker genes in the top cluster of the
pseudotime heatmap. In particular, we focused on two sets of
genes: 1) those encoding proteins involved in regulation of cy-
toskeleton organization, for their putative role in cell fusion, and
2) those encoding transcription factors, for their putative roles as
genetic regulators of regenerative myogenesis (Fig. 4E). Three of
the top markers in the Cluster RegMyon were Dclkl, Ncaml,
and Baiap2l1, which encode proteins involved in cytoskeleton
organization (Fig. 4 E, Upper). Dclkl encodes a protein that
binds and regulates microtubule polymerization and dynamics
and is involved in motility of muscle cell precursors during
forelimb muscle development (43). Ncaml encodes a cell-
surface protein with a well-established role in adult myogenesis
(44). Baiap2l1 encodes a protein that facilitates the formation of
F-actin protrusions (45). This suggests a potential role of
Baiap2l] in muscle regeneration. Among the transcription factor
markers expressed in the myonuclei of Cluster RegMyon, we
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Fig. 4. Analysis of gene expression dynamics in WT and AEx51 myonuclei. (A) Percentage of nuclei of clusters involved in the regeneration of skeletal muscle
(Clusters MuSC, Myob, and RegMyon) in WT and AEx51 TA muscles. (B) UMAPs depicting the expression of Myh3, Myh8, and Mymk in the RegMyon cluster.
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identified Runx1, Jdp2, and Mef2a (Fig. 4 E, Lower). Mef2a is a
well-documented regulator of skeletal muscle regeneration (46).
Similarly, RunxI has been reported to be necessary for myoblast
proliferation during skeletal muscle regeneration (47). Although
Jdp2 has been reported to promote muscle cell differentiation
in vitro (48), its role in muscle regeneration remains unknown.
Despite the prior implication of these transcription factors in
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muscle regeneration, it has not been previously possible to assign
their expression to specific subsets of myonuclei.

Next, we performed enrichment analysis of the transcription
factor binding sites of the marker genes of Cluster RegMyon
using iRegulon (Dataset S6). Interestingly, associated with the
most common myogenic regulatory factors (such as MyoG, Myf5,
Myf6, Msc, MyoD, and MEF2) we found that the basic-leucine
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zipper protein Jdp2 is predicted to bind the promoter regions of
a significant number of genes expressed in the Cluster RegMyon
(Fig. 4F and SI Appendix, Fig. S6E), underlying its putative role
as a regulator of regenerative myogenesis.

Discussion

By identifying and characterizing myonuclear populations of
skeletal muscle, our study provides insights into normal skeletal
muscle biology and DMD pathology. Since myofibers contain
hundreds of nuclei, it has been technically challenging to ex-
amine potential functional distinctions and transcriptional het-
erogeneity between individual myonuclei within the common
cytoplasm of the myofiber (49). Recently, high-resolution tran-
scriptional analyses were performed on isolated myofibers or
mononucleated cells in skeletal muscle, but the definition of
nuclei populations within myofibers was not possible (50-56).
In this study, we used snRNA-seq technology to unmask the
transcriptional profile of individual nuclei of muscle fibers,
providing invaluable information about the different cell type
populations and gene expression profiles in normal and dis-
eased skeletal muscle.

Using normal and dystrophic TA muscles, generated by de-
letion of exon 51 in the Dmd gene, we were able to identify 14
different populations of nuclei that we grouped into three clas-
ses: 1) myonuclei of myofibers, 2) nuclei of the regenerative
pathway, and 3) nuclei of mononucleated cells of skeletal mus-
cle. Furthermore, we quantified changes in abundance of in-
dividual nuclei in response to DMD pathogenesis and identified
marker genes for each nuclear subtype. Elucidating the tran-
scriptional responses of individual nuclei within and sur-
rounding diseased myofibers sheds light on fundamental
biological processes of skeletal muscle and offers insights into
potential strategies to target nuclei with specific functions in
dystrophic muscle.

Transcriptional Heterogeneity of Individual Myonuclei. The syncytial
nature of skeletal muscle in which hundreds of nuclei share a
common cytoplasm raises fascinating questions about the extent
to which individual nuclei may display transcriptional diversity.
We identified and characterized not only the myonuclei
expressing the typical MyHC isoforms that characterize the
myofibers of the TA muscle (Ila, IIx, and IIb) (19) but also three
specialized types of myonuclei: NMJ, MTJ, and IIx_b. NMJ and
MTJ nuclei are specialized cell-cell contact nuclei with well-
defined positions within the myofiber (37). The third cluster,
IIx_b myonuclei, coexpresses both IIx and ITb Myh isoforms and
has high levels of myoglobin (Mb) and mitochondrial enzymes.
This is consistent with previous reports showing that Mb over-
expression up-regulates mitochondrial activity (57). We antici-
pate that IIx_b myonuclei have a high metabolic activity and are
likely localized near blood vessels, but further in situ localization
experiments are needed to confirm this possibility.

Comparison of normal and AEx51 myonuclei showed unique
and common degenerative pathways associated with DMD. We
observed that, compared to other myonuclei, the NMJ and MTJ
myonuclei in dystrophic muscle express a higher number of genes
encoding proteins involved in the ubiquitin—proteasome system,
which is responsible for the breakdown of the majority of the
myofibrillar proteins during muscular atrophy. In addition, we
found genes encoding enzymes (e.g., Ube2k in NMJ myonuclei
and Ube2d3 in MTJ myonuclei) involved in muscle degeneration
to be exclusively up-regulated in specific types of dystrophic
myonuclei, offering candidates for therapeutic targets.

Since the TA muscle is a frequently used model system in
muscular dystrophy research, in this study we focused our at-
tention on the myonuclei of TA skeletal muscle that are com-
posed of both fast-glycolytic and fast-oxidative myofiber types. It
will be of interest to analyze the myonuclear transcriptional
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activity of other muscle groups in order to gain information
about myonuclei of slow-twitch myofibers and compare the
specialized nuclei in slow and fast myofibers. From a clinical
point of view, analyzing the transcriptional activity of the
myonuclei of the respiratory muscle fibers of the diaphragm
(58) could provide insights into respiratory insufficiency in
DMD patients. In addition, future snRNA-seq analysis on
DMD hearts could identify the physiological changes leading to
dystrophic heart failure (59).

Transcriptional Heterogeneity of Nuclei Involved in Muscle Regeneration.
Our findings uncover and characterize populations of regen-
erative nuclei that express known and previously unknown
regulators of muscle regeneration. Interestingly, among the
three regenerative populations of myonuclei, classified as
MuSC, Myob, and RegMyon clusters, we recognized two dif-
ferent trajectories for MuSCs that define the cell state transi-
tions: one leading to definitive Myob (fate A) and another
leading to Myob (fate B) that can advance to RegMyon. Fate A
Myob express markers of proliferation of muscle cells, such as
Ppard (60) or Sirtl (61), whereas the fate B Myob express
characteristic markers of myotube differentiation, such as
Rbm24 (62) and Stac3 (63). The cluster of RegMyon nuclei is
particularly interesting as it is specific to dystrophic muscle.
Among the known markers of this cluster of nuclei, we detected
the embryonic and perinatal MyHC isoforms Myh3 and MyhS8
and the fusogenic factor Myomaker, which is required for re-
generative fusion (64). In addition, we identified putative reg-
ulators of muscle regeneration acting as transcription factors or
involved in myoblast fusion. Particularly interesting, the tran-
scription factor Jdp2 is expressed only in RegMyon and appears
to regulate the expression of many genes contained in the
RegMyon cluster.

The DMD mouse model AEx51 will serve as another animal
model to study DMD pathogenesis. As mouse DMD models
show different phases of the disease (65), snRNA-seq can be
used to investigate the populations of regenerative myonuclei
during disease progression.

Transcriptional Diversity of Nonmuscle Nuclei during DMD Pathogenesis.
As expected from the histological analysis, compared to nor-
mal samples AEx51 skeletal muscle contained fewer myonu-
clei, and consequently a higher percentage of nuclei are from
mononucleated cells. In particular, we detected an increase in
macrophage nuclei that determine the high inflammatory re-
sponse of dystrophic muscle and an increase in FAPs, which
are responsible for fibrotic and fat deposition of dystrophic
muscle (66). In contrast, in AEx51 muscle we detected fewer
endothelial cells and smooth muscle cells, both components of
blood vessels, indicating a decrease in vascularity of DMD
muscles (67).

Concluding Remarks

Our work represents a step toward the decoding of distinct
transcriptional programs characteristic of different myonuclei
populations in normal and dystrophic muscles. This atlas of
transcriptome landscapes of normal and DMD muscle at single-
nucleus resolution provides an in-depth view of the different
types of nuclei within and surrounding myofibers, identifying
specific markers that define each population. How genes re-
spond to positional information within different myonuclei of the
multinucleated muscle tissue represents an interesting question
for the future. In addition, snATAC-seq will allow the analysis of
chromatin accessibility of the single myonucleus, providing a
deeper understanding of gene regulatory mechanisms (68).

A major limitation of snRNA-seq technology is that it does not
provide information about the spatial location of the myonuclei
in the muscle. New technologies for spatial transcriptomics are
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emerging to capture in situ polyadenylated RNA transcripts, but
these techniques are still under optimization and have low res-
olution and sensitivity (69-71). It will be interesting to apply this
approach to skeletal muscle tissue to reveal the spatial positions
of each type of myonuclei within the myofiber to better define
the volume of cytoplasm or “myonuclear domain” governed by a
given myonucleus (72, 73).

Due to the massive amount of new information generated by
snRNA-seq analysis, it is reasonable to assume that this tech-
nology will be increasingly applied in the field of muscle biology
to better characterize skeletal muscle myonuclei in response to
exercise, development, aging, and in different myopathies.
Intriguingly, snRNA-seq of skeletal muscle can provide a de-
tailed understanding of the transcriptional changes of diseased
myonuclei after pharmacological treatments or gene editing
therapies.

Materials and Methods

Mice. Animal work described in this manuscript has been approved and
conducted under the oversight of the University of Texas Southwestern In-
stitutional Animal Care and Use Committee. Mice were housed in a barrier
facility and maintained on standard chow. AEx51 mice were generated using
the CRISPR-Cas9 system in C57/BL6N mice. The two sgRNAs specific to the
intronic regions surrounding exon 51 of the mouse Dmd locus were syn-
thetized by Synthego. Injection of Cas9 protein and sgRNAs into zygotes was
performed as described (74). AEx51 mice and WT littermates were geno-
typed using primers encompassing the targeted region as indicated in S/
Appendix, Fig. S1A as described (13).

RT-PCR. RNA was purified using TRIzol (Thermo Fisher Scientific) and com-
plementary DNA was synthesized using the iScript Reverse Transcription
Supermix (Bio-Rad Laboratories) according to the manufacturer’s protocols.
RT-PCR was performed using primers in Dmd exons 48 and 53: (forward, 5'-
AGGTTCACTTAAAAGATTTTAGGCAG -3’; reverse, 5-TAACATTTCATTCAA
CTGTTGTCTCC -3').

Dystrophin Western Blot Analysis. Preparation of protein lysates and Western
blot analysis were performed as described (14). Dystrophin was detected
using mouse anti-dystrophin antibody (MANDYS8, D8168; Sigma-Aldrich).
The loading control was determined by blotting with mouse anti-vinculin
antibody (V9131; Sigma-Aldrich).

Histological Analysis of Muscles. Muscles from WT and AEx51 mice were
cryoembedded for hematoxylin/eosin (H&E) staining according to estab-
lished staining protocols (75). Dystrophin immunohistochemistry was per-
formed using MANDYS8 monoclonal antibody (D8168; Sigma-Aldrich) with
modifications to the manufacturer’s instructions as previously described (14).
Image analyses were performed using ImagelJ software (76) on at least three
muscles for each condition. Myofiber diameter was calculated as minimal
Feret's diameter, a geometrical parameter that allows reliable measurement
of cross-sectional size (11).

Grip Strength Test. Muscle strength was assessed by a grip strength meter
(Columbus Instruments). Each measurement was repeated five or six times.

Serum CK Measurement. Blood was collected and serum CK levels were
measured by the Metabolic Phenotyping Core at the University of Texas
Southwestern Medical Center using VITROS MicroSlide technology.

Cardiac Function. Cardiac function was determined by two-dimensional
echocardiography using a Visual Sonics Vevo 2100 Ultrasound on conscious
6-mo-old mice as previously described (77).

RNA-seq. RNA-seq was performed as previously described (78), with minor
modifications. TA muscles were mechanically homogenized in TRIzol
(Thermo Fisher Scientific) before RNA purification. Stranded mRNA-seq li-
braries were generated using KAPA mRNA HyperPrep Kit (KK8580; Roche)
following the manufacturer’s protocol. Sequencing was performed on an
Illumina NextSeq 500 system, using the 75-bp high-output sequencing kit
(Illumina) for single-end sequencing.
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snRNA-seq. snRNA-seq was performed as previously described (79), with
modifications. snRNA-seq libraries were generated using Chromium Next
GEM Single Cell 3" Gene Expression v3.1 kit (10x Genomics) according to the
manufacturer’s protocol. Sequencing was performed on an Illumina NextSeq
500 system with the pair-end sequencing settings Read1 - 28 bp, i7 index - 8
bp, and Read2 - 122 bp.

snRNA-seq Data Preprocessing. We used CellRanger Software Suite (10x
Genomics, v3.1.0) for data demultiplexing, transcriptome alignment, and
UMI counting. Raw base call files were demultiplexed using cellranger
mkfastq. A custom “pre-mRNA” mm10 reference package was generated
and was used as reference for read alignments and gene counting with
cellranger count, as described in ref. 79. Ambient RNA background was
evaluated for each library and removed using R package SoupX (80).

Data Processing, Clustering, Dimensional Reduction, and Differential
Expression Analysis. Downstream analysis was performed using R package
Seurat (v3.1.5) (68, 81). For each sample, single-nucleus transcriptomes with
fewer than 200 or more than 4,000 genes or with more than 15,000 UMIs
were further filtered out from the analysis. Subsequently, data were log-
normalized and scaled, and principle component analysis was performed
using the top 2,000 genes that showed highly variable expression in the
integrated dataset. Cell clusters were called using the first 15 principle
components under a clustering resolution of 0.6. Dimensional reduction was
performed by UMAP using the first 15 principle components. Marker genes
were unbiasedly analyzed using Seurat function FindAllMarkers. Next,
cluster identities were annotated based on differentially expressed genes, as
well as expression of known marker genes for different cell types as de-
scribed in the manuscript. lla, NMJ, and MTJ clusters were further sub-
clustered based on known marker gene expression. After cluster annotation,
marker genes for each nuclei cluster were analyzed using the FindAllMarkers
function. Three-dimensional UMAP was generated by plot3d function from
R package rgl. Differential expression analysis was performed using the
FindMarkers function with absolute log (fold change) >0.25 and adjusted P
value < 0.01 considered as significant.

Pseudotime Analysis. R package Monocle2 was used to align MuSC, Myob and
RegMyon clusters into pseudotime trajectories (42). The top 1,000 differ-
entially expressed genes were used to order cells in the pseudotime tra-
jectories, determined using the Monocle2 function differentialGeneTest.
Branched expression analysis modeling was performed using BEAM to
analyze genes whose expression changed along different pseudotime
trajectories.

Pathway and Transcription Factor Analysis. Pathway analysis was performed
using Metascape (82). Upstream regulator analysis for RegMyon marker genes
was performed using iRegulon (v1.3) (83). MyoD target genes were defined
based on previous MyoD chromatin immunoprecipitation-sequencing data
(Gene Expression Omnibus accession numbers: GSM915165, GSM915183,
GSM915185, and GSM915186) generated by the ENCODE consortium.

RNA-seq Data Analysis. Quality control of RNA-seq data were performed
using FastQC Tool (Version 0.11.4). Sequencing reads were aligned to mouse
GRCmM38 (mm10) reference genome using HiSTAT2 (v2.0.4) with default
settings and-rna-strandness F (84). Aligned reads were counted using fea-
ture count (v1.6.0) per gene ID (85). Differential gene expression analysis
was performed with the R package edgeR (v3.30.1) using the generalized
linear model approach (86). Cutoff values of absolute fold change greater
than 2.0 and false discovery rate less than 0.01 were used to define differ-
entially expressed genes. Normalized gene cpm (counts per million reads
mapped) values were used to calculate RPKM (reads per kilobase per million
mapped reads) values, which were then used for heat-map plotting.

Statistics and Data Availability. Statistical analyses were performed using
GraphPad Prism 8 using a two-tailed unpaired t test, with P value < 0.05
considered significant. All data are displayed as mean + SEM unless other-
wise indicated. All sequencing data have been deposited in the Gene Ex-
pression Omnibus (https:/www.ncbi.nlm.nih.gov/geo/) under accession
number GSE156498.
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