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Abstract 

Transcription factors (TFs) play key roles in regulating differentiation and function of stem cells, including muscle 
satellite cells (MuSCs), a resident stem cell population responsible for postnatal regeneration of the skeletal muscle. 
Sox11 belongs to the Sry-related HMG-box (SOX) family of TFs that play diverse roles in stem cell behavior and tissue 
specification. Analysis of single-cell RNA-sequencing (scRNA-seq) datasets identify a specific enrichment of Sox11 
mRNA in differentiating but not quiescent MuSCs. Consistent with the scRNA-seq data, Sox11 levels increase dur-
ing differentiation of murine primary myoblasts in vitro. scRNA-seq data comparing muscle regeneration in young 
and old mice further demonstrate that Sox11 expression is reduced in aged MuSCs. Age-related decline of Sox11 
expression is associated with reduced chromatin contacts within the topologically associating domains. Unexpect-
edly,  Myod1Cre-driven deletion of Sox11 in embryonic myoblasts has no effects on muscle development and growth, 
resulting in apparently healthy muscles that regenerate normally.  Pax7CreER- or  Rosa26CreER- driven (MuSC-specific 
or global) deletion of Sox11 in adult mice similarly has no effects on MuSC differentiation or muscle regenera-
tion. These results identify Sox11 as a novel myogenic differentiation marker with reduced expression in quiescent 
and aged MuSCs, but the specific function of Sox11 in myogenesis remains to be elucidated.
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Background
Skeletal muscle makes up nearly 40% of the total body 
mass and is critical for balance, movement, and main-
taining quality of life [1]. As a surface tissue, the skeletal 
muscle is prone to various injuries. Mammalian skel-
etal muscles harbor a resident population of adult stem 
cells, known as muscle satellite cells (MuSCs), which in 
response to external stimuli, such as an injury, activate, 
proliferate, and differentiate to repair the injured muscle. 
While various infiltrating and resident cells are necessary 
for clearing debris, remodeling the extracellular matrix, 
and modulating the regenerative environment, MuSCs 
critically contribute to the repair by fusing together to 
generate new fibers to restore muscle function [2]. To 
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fully repair the muscle, MuSCs must first exit their quies-
cent state, proliferate to expand the pool, and then either 
commit to the myogenic program and differentiate or 
maintain their stem-like state and self-renew to replen-
ish the adult MuSC pool. This balance of self-renewal 
and differentiation is critical for muscle function, as dys-
regulation can lead to exhaustion of the MuSC pool and 
impair subsequent regenerative capacity under patho-
logical conditions [3–5]. While external signals in the 
environment impact the MuSC response, these signals 
must be integrated within the cell to ultimately affect cell 
identity and cell fate decisions [6]. How a cell responds 
to various cues is mediated by its transcriptional state, 
underscoring the importance of key transcriptional regu-
lators in cell identity and cell states.

Muscle stem cell activation, proliferation, and differen-
tiation during muscle repair recapitulates various aspects 
of the myogenic developmental process, and the major 
transcriptional regulators of this process are well under-
stood [6–13]. The best-known transcription factors are 
Pax3/Pax7 and the myogenic regulatory factors (MRFs, 
which include Myf5, Myf6, Myod1, and myogenin) [6–9, 
14–18]. The expression of these factors is MuSC-state 
specific, with Pax3/Pax7 primarily expressed in quies-
cent and proliferating MuSCs, while the MRFs are differ-
entially expressed along the myogenic lineage [19]. Cells 
expressing Pax7 are generally refractory to differentiation 
cues and will maintain their self-renewing state by con-
trolling transcription of quiescence-related genes, which 
is mediated by the transcriptional state of MuSCs and 
is influenced by external environmental signals [20, 21]. 
Thus, transcriptional states and integration of external 
environmental signals are relatively complex. Notch sign-
aling is one of the best characterized pathways that play 
a critical role in maintaining the balance of MuSC quies-
cence and self-renewal [20], through regulation of Hes/
Hey family transcriptional factors. During development, 
the Notch ligand Delta-like 1 (Dll1) regulates myogenic 
differentiation and maintenance of progenitors, as high 
expression of the Notch intracellular domain (NICD) 
supports their proliferation [22, 23]. Conversely, in adult 
MuSCs, high NICD expression maintains their quies-
cence, in part by targeting the expression of niche-related 
collagen genes and miR-708, which limits migration and 
further reinforces quiescence through niche interactions 

[24–26]. As MuSCs proliferate, high expression NICD 
supports Pax7 expression to promote the self-renewal 
of MuSCs [27, 28]. Interestingly, changes in the expres-
sion of Notch ligands and reduced p53 expression have 
been linked to age-related functional decline of MuSCs 
[29, 30]. In addition to the critical role of Notch signal-
ing, Wnt signaling has also been shown to mediate MuSC 
function, also through altering a transcriptional program 
mediated by β-catenin. For example, Wnt1 + cells prefer-
entially activate Myf5, while cells expressing Wnt7a pref-
erentially activate Myod [31, 32]. In response to muscle 
injury, canonical Wnt/β-catenin signaling promotes com-
mitment of myoblasts by regulating the expression of fol-
listatin [33]. Age-related increase in Wnt signaling was 
also found to mediate the conversion of MuSCs to a more 
fibrogenic-like state, leading to impaired regeneration 
[34]. Overall, these findings exemplify the role of tran-
scriptional factors in mediating external signals to regu-
late MuSC state and function.

To identify factors that regulate transcriptional states 
that may regulate or sensitize MuSC fate decisions, we 
employed published and newly generated single-cell 
RNA-sequencing data to identify Sox11 as a transcrip-
tional factor enriched in differentiating MuSCs. The SOX 
protein family is best known for their role in develop-
ment, embryonic stem cells, tissue specification, and 
sex determination [35, 36]. Among the 20 SOX pro-
teins, Sox11 is a member of the SoxC subfamily, which 
also includes Sox4 and Sox12, all of which are widely 
expressed during embryogenesis and are developmen-
tally required (Fig.  1A) [36, 37]. Although Sox4 and 
Sox11 exhibit some redundancy, they are both critical for 
cell and embryo survival. Sox11 − / − mice are born viable 
but do not survive past 24 h due to impaired organogen-
esis such as under-mineralized bones and heart malfor-
mations [38–40]. Sox11 is broadly required for survival 
of neural and mesenchymal progenitors and mediates the 
proliferation of neural progenitors in the central nervous 
system while promoting precursor differentiation in the 
peripheral nervous system [7, 38, 41–43]. These findings 
underscore the complex, cell and tissue-type specific reg-
ulatory role for Sox11 during development.

The role of Sox11 during adulthood has also been 
investigated in several disease and regeneration settings. 
High expression of Sox11 in various cancers is generally 

Fig. 1 Single-cell RNA-sequencing identified Sox11 expression in differentiating muscle stem cells. A Phylogenetic neighbor-joining tree 
for the high-mobility group (HMG) domain containing Sox factors highlighting the SoxC subfamily and their domain phylogenetic similarity 
for mammals [44]. B UMAP plot of McKellar et al., aggregated dataset (GEO accession: GSE162172), broadly classified by cell type. C UMAP-based 
gene expression plots from McKellar dataset for Pax7, Myod1, Myog, and Sox11. D UMAP projection of scRNA-seq of MuSCs sorted from non-injured, 
5 and 10 DPI muscle, colored by timepoint and cluster identity (left panel) (GEO accession: GSE150366). Violin plot of Pax7, Myog, and Sox11 
based on scRNA-seq dataset to highlight expression in different MuSCs clusters. E qRT-PCR on RNA isolated from proliferating (D0) myoblasts 
and myoblasts induced to differentiate for 1, 2, and 3 days to detect the changes in expression of Myod1, myogenin, Sox11, and Sox4 

(See figure on next page.)
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correlated with poor prognosis as it appears to sup-
port the epithelial-to-mesenchymal transition of cancer 
cells [45]. Studies on the role of Sox11 in tumorigenesis 

indicate that Sox11 regulates genes involved in Wnt sign-
aling and the Notch pathway, both of which are impera-
tive for MuSC function [27, 28, 33, 34, 46–49]. Sox11 also 

Fig. 1 (See legend on previous page.)
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regulates Tead2 expression to support the survival and 
proliferation of osteoblasts and mesenchymal cells while 
regulating Osterix and Runx2 to promote osteoblast 
and mesenchymal cell differentiation [50]. Interestingly, 
Sox11 was also shown to mediate sensory nerve regen-
eration, as knockdown of Sox11 RNA inhibited regener-
ation in  vivo in adult mice [41, 51]. Additionally, Sox11 
(and another member of the SoxC subfamily, Sox4) was 
found to reactivate embryonic developmental programs 
to support skin wound repair by inhibiting premature dif-
ferentiation [52]. However, the expression and function 
of Sox11 in MuSCs and muscle regeneration have not 
been investigated.

Several members of the Sox family of transcription 
factors have been reported to play a role in myogenesis. 
For example, Sox6 functions to repress slow-fiber type 
gene expression, while Sox8 negatively regulates MuSC 
differentiation [53–55]. Additionally, a previous study 
identified another member of the SoxC subfamily, Sox4, 
is important for differentiation of the muscle cell line, 
C2C12, by targeting the Cald1 promoter [56]. How-
ever, unlike Sox11, we found that Sox4 expression is not 
restricted to MuSCs and does not increase during pri-
mary myoblast differentiation, consistent with a previous 
study that detected increased expression of Sox11 during 
myoblast differentiation [53].

While several of the Sox family members are known 
to play a role in skeletal muscle function, the role for 
Sox11 has not been described. However, Sox11 has 
been identified as a regulator of WNT signaling path-
way components. For example, Sox11 represses WNT 
signaling in mantel cell lymphoma [57] and was shown 
to regulate the transcription of β-catenin in rat mes-
enchymal stem cells, which is consistent with previous 
reports that the SoxC family synergize with WNT sign-
aling components to stabilize signaling events during 
skeletogenesis [58, 59]. While the role for WNT sign-
aling in skeletal muscle development is well defined, 
the requirement for WNT signaling for MuSC function 
in response to muscle injury is somewhat unclear. For 
example, Wnt4a expression increased during MuSC 
differentiation, and addition of this ligand to C2C12s 
in  vitro led to increased fusion and differentiation 
[60]. In  vivo, Wnt ligands promoted muscle repair by 
antagonizing Notch signaling to support the differen-
tiation of MuSCs [34]. Nonetheless, while Wnt signal-
ing is activated during muscle repair, the necessity of 
Wnt signaling remains unclear. For example, an early 
report indicated that the loss of β-catenin minimally 
impacts muscle regeneration, while later reports sug-
gest that the Wnt/β-catenin signaling pathway is nec-
essary for MuSC differentiation [49, 61]. In addition to 

the canonical role of Wnt signaling which is primarily 
mediated through β-catenin, noncanonical Wnt sign-
aling through Wnt7a regulates MuSC self-renewal and 
in mature fibers promotes hypertrophy through Akt/
mTOR signaling [62, 63]. These studies underscore, 
necessitating a genetic approach to understand the 
potential novel regulators of the WNT pathway as well 
as other pathways that mediate MuSC function.

Given the enrichment of Sox11 in myogenic cells 
and the broad regulatory role of Sox11 in other non-
muscle tissues, we hypothesized that Sox11 may play a 
unique role in myogenesis and could potentially help us 
understand the regulation of WNT signaling in muscle 
stem cell function and repair. In the present study, we 
utilized a handful of scRNA-seq datasets from acutely 
injured skeletal muscle to identify an enriched Sox11 
expression in differentiating MuSCs. We subsequently 
investigated the requirement of Sox11 muscle progeni-
tor function using various conditional knockout mouse 
models. While these data suggest that Sox11 is dis-
pensable for normal MuSC function under the evalu-
ated conditions, it adds to our understanding of the 
potential redundancy of the SOX family members in 
myogenesis.

Methods
Muscle injury and sample processing for single‑cell 
RNA‑sequencing
Hindlimb muscle of 3 Pax7nGFP/+ male mice at 3–4 months 
of age (young) and > 20 months of age (old) was injured via 
intramuscular injection of 50-µL 10-µM cardiotoxin.

Hindlimb muscles were dissected at 7 DPI, digested to 
release mononuclear cells, and sorted via fluorescence-
activated cell sorting to select for live, single cells as pre-
viously described [64, 65].

Single‑cell RNA‑sequencing
scRNA-sequencing was performed using the 10 × Genom-
ics 3′ v2 kit, following their protocol targeting recovery of 
10,000 cells. Libraries were constructed per the manu-
facturer’s instructions, sequenced on Illumina’s NovaSeq 
platform. Reads were aligned to the mouse genome 
mm10/Grcm38 using the CellRanger 2.1.0 software, and 
additional analysis was performed in R.

Quality control, dimensionality reduction, 
and visualization
Seurat 3.1.0 in R was used to analyze CellRanger out-
put following a broadly similar pipeline as previously 
described [66]. Both young and old samples were merged 
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and filtered for cells with less than 15% reads mapping to 
mitochondrial genes, gene counts less than 6000 per cell, 
and no more than 60,000 reads. Both Seurat’s SCTrans-
form function and log-transformation methods were 
used to normalize and scale the data and subsequently 
compare results, which yielded similar outcomes (data 
not shown) [67]. Dimensionality reduction was per-
formed through principal component analysis (PCA), 
and top principal components were selected by evalu-
ating elbow plots. Clustering and UMAP embedding 
parameters were based on the top 10 PCs and embedded 
in 2 dimensions for visualization. FindAllMarkers() func-
tion was used to identify gene enriched in each cluster, 
which were used to manually label cell types. All genes 
considered for cell-type classification had a P-value of 
less than 0.0001 using a Mann–Whitney Wilcoxon test. 
To perform the sub-clustering, we used Seurat’s subset 
function to extract the cell types of interest (MuSCs), we 
extracted the raw RNA counts for each assayed cell type 
to subset, rescaled the data using the SCTransform func-
tion, and performed dimensionality reduction, cluster-
ing, and UMAP visualization. We then compared gene 
expression based on cell sample (i.e., age). Additional 
scRNA-sequencing data is based on previously analyzed 
and published datasets [68, 69].

Gene expression analysis of RNA‑seq data
The raw reads of total RNA-seq were processed following 
the procedures described in previous publication. Briefly, 
the adapter and low-quality sequences were trimmed, 
and the reads shorter than 50  bp were discarded. The 
clean reads were mapped to mouse genome (mm9) with 
Bowtie2 (V. 2.1.1). Cuff links (V 2.2.1) were then used to 
estimate gene expression level in Fragments Per Kilobase 
per Million (FPKM). Genes were annotated as differen-
tially expressed if the change of expression level is greater 
than 2-folds between two stages/conditions.

ChIP‑seq data analysis
Raw ChIP-seq reads were processed as previously 
described [70]. Briefly, the adapter and low-quality 
sequences were trimmed from 3′ to 5′ ends by Trimmo-
matic (V 0.36), and the reads shorter than 36  bp were 
discarded. Subsequently, the preprocessed reads were 
aligned to the mouse genome (mm9) using Bowtie2 
(v2.3.3.1). The duplicate reads were removed by Picard 
(http:// broad insti tute. github. io/ picard). Peaks were then 
identified by MACS2 (V 2.2.4) with q-value equal to 0.01 
by using the IgG control sample as background.

In situ Hi‑C data processing
The in-situ Hi-C data was processed with HiC-Pro 
(v2.10.0) [71]. First, adaptor sequences and poor-quality 
reads were removed using Trimmomatic (ILLUMINA-
CLIP: TruSeq3-PE-2.fa:2:30:10; SLIDINGWINDOW: 
4:15; MINLEN:50). The filtered reads were then aligned 
to reference genome (mm9). All aligned reads were 
then merged together and assigned to restriction frag-
ment, while low-quality (MAPQ < 30) or multiple align-
ment reads were discarded. Invalid fragments including 
unpaired fragments (singleton), juxtaposed fragments 
(re-legation pairs), un-ligated fragments (dangling end), 
self-circularized fragments (self-cycle), and PCR dupli-
cates were removed from each biological replicate. The 
remaining validate pairs from all replicates of each stage 
were then merged, followed by read depth normalization 
using HOMER (http:// homer. ucsd. edu/ homer/ inter actio 
ns/ HiCpca. html) and matrix balancing using iterative 
correction and eigenvector decomposition (ICE) normal-
ization to obtain comparable interaction matrix between 
different stages.

Identification and analysis of TADs
Normalized contact matrix at 10-kb resolution of each 
time point was used for TAD identification using Top-
Dom (v. 0.0.2) [72]. In brief, for each 10-kb bin across 
the genome, a signal of the average interaction fre-
quency of all pairs of genome regions within a distinct 
window centered on this bin was calculated; thus, 
TAD boundary was identified with local minimal sig-
nal within certain window. The insulation score of the 
identified TAD border was also defined as previously 
described, which used the local maximum on the out-
side of TAD to minus the local minimum on the inside 
of TAD of each boundary bin.

In silico knockout analysis
Functional analysis of Sox11 was conducted using the R 
package of scTenifoldKnk [73]. A single-cell gene regula-
tory network (scGRN) was conducted on muscle satellite 
cells from the control samples in our previously pub-
lished scRNA-seq dataset ([69]; GSE150366). Then, the 
expression of Sox11 was set to zero from the constructed 
scGRN to build their own corresponding “pseudo-knock-
out” scGRN. Perturbed genes by this virtual knockout 
were quantified by comparison of the “pseudo-knock-
out” scGRN to the original scGRN. Those significantly 
affected genes were used for functional enrichment anal-
ysis (GO and KEGG) to show changes in biological pro-
cesses caused by in silico knockout.

http://broadinstitute.github.io/picard
http://homer.ucsd.edu/homer/interactions/HiCpca.html
http://homer.ucsd.edu/homer/interactions/HiCpca.html
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Animals
Animals used in this study were as follows:  Pax7CreERT2 
(no. 017763),  Rosa26CreER (no. 008463), and  Myod1Cre 
(#014140) were purchased from Jackson Laboratory as 
the respective stock number.  Sox11flox/flox were a gift from 
Dr. Veronique Lefebvre (Children’s Hospital of Phila-
delphia). Mouse genotypes were evaluated by genomic 
DNA isolation from the ear and determined via poly-
merase chain reaction (PCR). For mice purchased from 
Jackson Laboratory, primers and protocols published 
with each. For Sox11, genotyping for the floxed allele was 
determined via PCR as previously described [74]. DNA 
Recombination PCR was performed using primers spe-
cific for the recombined allele on DNA isolated from 
whole muscle or myoblasts treated with MeOH or 4OH, 
described in the section titled "genomic DNA isolation 
and recombination PCR" below [74]. A 3–6-month-old 
mice were used and were always age and litter matched. 
Littermate controls included both Cre-positive heterozy-
gous floxed mice and Cre-negative mice. No sex-specific 
differences were observed. All procedures and mice were 
approved and housed according to the Purdue Animal 
Care and Use Committee standards.

Tamoxifen
For Pax7CreER and Rosa26CreER mice, tamoxifen was in 
to induce recombination of the floxed allele. Tamox-
ifen (100  mg/mL) was administered via intraperito-
neal injection of 100 µL per 10  g of body weight. Mice 
were injected with tamoxifen 4 consecutive days in a 
row > 1  week prior to analysis and subsequent the day 
prior to injury injected with tamoxifen again to ensure 
recombination of the floxed allele (to total 5 injections).

Muscle injury
Skeletal muscle injury was induced via tibialis anterior 
intramuscular of 50 µL 10-µM cardiotoxin or 50 µL 
1.2% weight/volume of barium chloride  (BaCl2) using 
27-gauge needle. Mice were first anesthetized using a 
ketamine/xylazine cocktail, and intramuscular injection 
of the respective toxin was induced using a 27-gauge 
needle. Muscle samples were collected at the respec-
tive timepoints after injury and analyzed as described 
below. The contralateral muscle always served as a non-
injured control.

Cross sectioning muscle analysis
Cardiotoxin or  BaCl2-injured muscle and the respec-
tive contralateral non-injured controls were collected 
at the respective timepoints after injury, weighed and 

embedded in O.C.T. (Fisher, 4585), and flash-frozen to 
preserve muscle tissue. Samples were cross-sectioned 
at 10-µm thickness using a Leica CM1850 Cryostat set 
at − 20  °C. Muscle sections were placed on a Tek-Slide 
(IMEB Inc., cat. no. Y-9253), processed for hematoxy-
lin and eosin staining, immunofluorescence, or stored 
at − 80 °C.

Hematoxylin and eosin staining
Muscle cross-sections were first placed in hematoxy-
lin for 15  min, rinsed with gently running water for 
1–2  min, placed in eosin for 1  min, placed in ethanol 
to dehydrate samples (70%, 95%, 100%, 1 min each) and 
then xylene for 2 min, and covered using Permount and 
a glass cover slip.

Immunofluorescence staining
For slides, samples were surrounded by tissue blocker 
pen (for muscle fibers and myoblasts, samples were 
processed in 24- or 48-well plates) and fixed with 4% 
paraformaldehyde (PFA) for 10  min at room tem-
perature. Samples were washed 3 times with 1 × PBS 
(pH 7.5, 5  min per wash), incubated with 1 × glycine 
(0.375  g/50  mL dissolved in 1 × PBS) for 10  min, and 
washed again 3 times with 1 × PBS. Samples were 
blocked for 1 h at room temperature in blocking buffer 
(5% goat serum, 2% bovine serum album, 0.1% Triton 
X-100, 0.1% sodium azide prepared in 1 × PBS). Pri-
mary antibodies were diluted in blocking buffer, and 
samples were stained with the primary antibody over-
night at 4  °C. Samples were calibrated to room tem-
perature and washed with 1 × PBST (1% Tween 20 in 
1 × PBS) 3 times at room temperature (5-min incuba-
tions). Samples were incubated with secondary anti-
bodies and DAPI for 1 h at room temperature, washed 
3 × with 1 × PBST, and a drop of Permount was added 
and a coverslip placed on top to preserve fluorescence.

Primary antibodies.

Name Catalog no Host

Anti-Pax7 DSHB cat. no. 
RRID:AB_2299243

msIgG1

Anti-dystrophin Abcam cat. no. ab15277, 
RRID:AB_301813

Rabbit

Anti-myogenin DSHB cat. no. F5D, 
RRID:AB_2146602

msIgG1

Anti-type IIA DSHB cat. no. SC-71 mIgG1

Anti-type IIB DSHB cat. no. BF-F3 msIgM

Anti-type I DSHB cat. no. BA-D5 msIgG2b

Anti-MF20 (MyHC) DSHB cat. no. MF 20, 
RRID:AB_2147781
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Name Catalog no Host

Anti-Ki67 Abcam cat. no. ab15580, 
RRID:AB_443209

Rabbit

Anti-Myod Santa Cruz Biotechnol-
ogy cat. no. sc-377460, 
RRID:AB_2813894

msIgG2b

Anti-eMYHC DSHB cat. no. F1.652, 
RRID:AB_528358

msIgG1

Anti-Laminin Sigma cat. no. L9393, 
RRID:AB_477163

Rabbit

Secondary antibodies.

Name Catalog no

Alexa 568 goat anti-mouse IgG1 Invitrogen cat. no. A-21124, 
RRID:AB_2535766

Alexa 488 goat anti-mouse IgG1 Invitrogen cat. no. A-21121, 
RRID:AB_2535764

Alexa 647 goat anti-mouse IgG2b Invitrogen cat. no. A-21242, 
RRID:AB_2535811

Alexa 488 goat anti-rabbit IgG Invitrogen cat. no. A-11034, 
RRID:AB_2576217

Alexa 647 goat anti-rabbit IgG Invitrogen cat. no. A-21244, 
RRID:AB_2535812

Imaging
All H&E and immunofluorescence samples were 
captured using a 20 × or 10 × objective on the Leica 
DM6000B microscope. For each timepoint and pair, at 
least 4 images/genotypes were collected for analysis. 
Entire muscle images used for MuscleJ fiber-type analy-
sis were captured using the 10 × objective on the Echo 
Revolution.

Fluorescence‑activated cell sorting
Muscle stem cells were purified based on a previously 
established protocol. Briefly, mice were injected with 
tamoxifen for 4 consecutive days, the hindlimb skeletal 
muscle injured via administration of BaCl, and samples 
were processed at 12 days after acute injury.

Skeletal muscles from each mouse were dissected, and 
samples were prepared for fluorescence activated cell 
sorting (FACS) as previously described [65]. After dis-
section of the skeletal muscle, muscle was rinsed with 
1 × PBS, cut into pieces, and digested in wash media 
(F-10 + 10% horse serum + 1 × pen/strep) with 2.5  mg/
mL collagenase type II (Worthington Biochemical Cor-
poration, cat. no. L5004177) for 1 h at 37 °C. The sample 
was neutralized with 40-mL wash media, centrifuged at 
500 × g for 5 min, and 40 mL of supernatant was removed 
leaving 8  mL of wash media. To this, 1  mL of 1000 U/
mL stock collagenase type II and 1 mL of 11 U/mL dis-
pase (Roche, cat. no. 04942078001) were added, and the 

samples were incubated at 37 °C for 30 min. Digested tis-
sue was run through a 20-gauge needle to further disso-
ciate cells, neutralized with 40-mL wash media and spun 
down at 500 × g for 5 min at room temperature (~ 22 °C). 
All but 10  mL of supernatant was removed, and cells 
were then resuspended, run through a 40-µm filter, 
diluted with 40-mL wash media, and subsequently spun 
down at 500 × g for 5 min at room temperature. Samples 
were resuspended in wash medium and incubated with 
FACS antibodies against CD31 (BD Biosciences, cat. no. 
553373, RRID:AB_394819), Cd45 (eBioscience, cat. no. 
12–0451-82, RRID:AB_465668), SCA1 (BioLegend, cat. 
no. 122520, RRID:AB_2143237), and VCAM1 (BioLeg-
end, cat. no. 105718, RRID:AB_1877141) at a concentra-
tion of 1:500 and incubated at 4 °C for 20 min. Cells were 
then briefly spun down, washed once with 1 × PBS and 
resuspended in wash medium for fluorescence-activated 
cell sorting (FACS) to collect CD31-/Cd45-/SCA1-/
VCAM1 + MuSCs.

Genomic DNA isolation and recombination PCR
Approximately, 100  mg of fresh tissue was finely 
chopped in 500  µl of lysis buffer containing 0.05-M 
EDTA and 10-mM Tris–HCl at pH 8.0. Subsequently, 
50  µl of 10% SDS and 2  µl of 20  mg/ml proteinase K 
were added and thoroughly mixed. The samples were 
then incubated at 65 °C for a minimum of 5 h or over-
night. Afterward, 200  µl of 6-M NaCl (prepared in 
saturated NaCl solution) was added to each sample, 
followed by vigorous vortexing for 30  s at maximum 
speed. The tubes were then centrifuged at 10,000 g for 
30  min, and the resulting supernatant was carefully 
transferred to fresh tubes. To each sample, an equal 
volume of isopropanol was added, thoroughly mixed, 
and left to incubate at room temperature for 1 h. After 
incubation, the samples were centrifuged at 10,000  g 
for 20 min at 4 °C. The resulting pellet was washed with 
70% ethanol, dried, and finally resuspended in sterile 
dH2O. For PCR amplification, 50  ng of genomic DNA 
was used, and the PCR products were analyzed on 
1% agarose gels. Primers used were: Forward primer: 
5′-AGA GAG CGA GAA ATC AAG CGA GTG -3′, reverse 
primer: 5′-CTG CCG ATG TCT TTC AGA CTT CAA -3′.

RNA isolation and qRT‑PCR
RNA for in  vitro culture experiments was isolated at 
the indicated timepoints using TRIzol per the man-
ufacturer’s instructions. RNA was resuspended in 
nuclease-free  dH2O and measured using a NanoDrop. 
For reverse transcription reactions, 1 µg of RNA/sam-
ple was diluted to a total volume of 10 µL/sample, and 
generation of complementary DNA was mediated by 
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M-MLV reverse transcriptase following the manufac-
turers’ instructions (ThermoFisher, cat. no. 28025021). 
Final samples were diluted to a volume of 200 µL prior 
to RT-PCR analysis. qRT-PCR was performed using 
FastStart Essential DNA Green Master Mix (Roche, cat. 
no. 06924204001) on a Roche LightCycler 96 in 96-well 
plates. Relative expression was measured using the  2−

DDCt method, and samples were normalized to actin 
expression.

Gene Forward Reverse

Pax7 5′-CTG GAT GAG GGC TCA GAT 
GT-3′

5′-GGT TAG CTC CTG CCT GCT 
TA-3′

Myog 5′-TGC CCA GTG AAT GCA ACT 
CC-3′

5′-TTG GGC ATG GTT TCG TCT 
GG-3′

Sox4 5′-ACA GCG ACA AGA TTC CGT 
TCA-3′

5′-CCG ACT TCA CCT TCT TTC 
GC-3′

Sox11 5′-CGA CGA CCT CAT GTT CGA 
CC-3′

5′-GAC AGG GAT AGG TTC CCC G-3′

Sox12 5′-GGA GAC GGT GGT ATC TGG 
G-3′

5′-ATC ATC TCG GTA ACC TCG 
GGG-3′

Egr3 5′-CCG GTG ACC ATG AGC AGT 
TT-3′

5′-TAA TGG GCT ACC GAG TCG 
CT-3′

Lmod2 5′-ACC TTA TCC CGA TTT GCT 
GAAG-3′

5′-ACC TTG AGC ATG TCT GCA 
ATG-3′

Myh3 5′-AAA AGG CCA TCA CTG ACG 
C-3′

5′-CAG CTC TCT GAT CCG TGT 
CTC-3′

Muscle fiber isolation and culture
For ex  vivo muscle fiber culture, extensor digitorum 
longus (EDL) was carefully dissected from each mouse 
and digested with 2 mg/mL of type I collagen in DMEM 
for 1 h at 37 °C with gentle inversions every 5 min. Indi-
vidual muscles were transferred to pre-warmed DMEM 
to stop the digestion and triturated using a glass pipette 
to dissociate individual muscle fibers. Fibers were fixed 
immediately after digestion and dissociation (0  h) or 
cultured in 20% FBS, 4 ng/mL bFGF, and 1% penicillin–
streptomycin in DMEM (Gibco) for 72 h at 37 °C with 
5%  CO2. For in  vitro analysis of Pax7CreER muscle fib-
ers, fibers were cultured for 72 h in medium containing 
4-hydroxytamoxifen (4-OH, 0.4 µM, Sigma) or metha-
nol (MeOH, 1:1000). Muscle fibers were then fixed and 
processed as described above in 48-well plate.

Primary myoblast isolation and culture
Primary myoblasts from Pax7CreER or Rosa26CreER litters 
were isolated using a modified protocol as described 
[65]. Briefly, hindlimb muscles were dissected, placed in 
cold 1 × PBS, washed 3 × with 1 × PBS to ensure all hair 
was removed, and gently cut by scraping in the direc-
tion of the muscle fiber to break up the tissue. Connec-
tive tissue and fat were removed and dissected samples 

were placed in 10-mL digestion buffer per mouse (700 
U/mL type II collagenase, 10% horse serum, 1% peni-
cillin–streptomycin in Ham’s F-10) and incubated at 
37 °C, 100 rpm for 1 h. Samples were neutralized with 
wash buffer (10% horse serum, 1% penicillin–strepto-
mycin in Ham’s F-10), centrifuged at 500 × g for 5 min, 
aspirated to leave 10-mL medium, and incubated with 
100 U/mL type II collagenase and 1U/mL dispase II at 
37  °C, 100 rpm for 30 min. Samples were run through 
an 18-gauge needle 10° to break up additional pieces of 
muscle, run through a 40-µm filter, centrifuged, super-
natant aspirated and resuspended in 2-mL myoblast 
growth medium (20% FBS, 4 ng/mL bFGF, 1% penicil-
lin–streptomycin in Ham’s F-10), and added to 10-cm 
dish/sample containing myoblast growth medium. 
Cells were cultured for 48 h to allow for myoblast pro-
liferation, collected and digested with 0.025% trypsin–
EDTA (Gibco), and pre-plated in 10-cm dish for 45 min 
to allow for fibroblasts to attached. Supernatant from 
each plate was collected and placed on rat-tail collagen-
coated plastic 10-cm dishes, cultured for 24–48 h, and 
then collected and allowed to expand on non-coated 
plates to generate highly pure myoblasts. For prolif-
eration, myoblasts were seeded on 24-well Matrigel-
coated plates in equal concentrations and evaluated 
after 24  h. To induce differentiation, myoblasts were 
seeded in equal concentrations in 24-well Matrigel-
coated plates, grown for 24 h in proliferation medium, 
switched to differentiation medium (2% horse serum, 
1% penicillin–streptomycin in DMEM), and collected 
or analyzed at the indicated timepoints. For mixed cell 
cultures, cells collected immediately after isolation 
were plated on Matrigel-coated plates in equal con-
centrations and grown in myoblast growth medium for 
24  h and then induced to differentiate via serum star-
vation (2% horse serum, 1% penicillin–streptomycin in 
DMEM) with either 4OH or MeOH. Samples + 4OH 
or + MeOH were compared for both control mice or the 
experimental. However, samples pictured and analyzed 
Pax7CreER;Sox11floxed/floxed or Rosa26CreER;Sox11floxed/

floxed cultured with MeOH or 4OH. Samples were then 
collected for RNA isolation or immunofluorescence as 
described.

Muscle fiber cross‑sectional area and image analysis
For muscle fiber cross-sectional area analysis (CSA), dys-
trophin or laminin was used to delineate fiber boundary 
(as indicated). For all quantifications, images taken on 
10 × objective were dragged into Fiji and analyzed using 
MyoSight [75]. For injured muscle, only muscle fibers 
with at least 1 centrally located nucleus were counted. 
For each pair of mice, > 3 images were analyzed spanning 
the muscle section to yield > 300 fibers/mouse analyzed. 
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The frequency distribution is the average of at least 3 
pairs of mice. For fiber-type and CSA analysis, images of 
the entire muscle section were taken, loaded into Mus-
cleJ, and run to detected type IIA and type IIB (thus, type 
IIX is inferred). Pax7 and myogenin-positive cells per 
field of view is quantified as the average of the number of 
Pax7 or myogenin-positive cells over 3–4 images/mouse 
for minimum of 3 biological replicates.

Quantification and statistical analysis
Samples were plotted using GraphPad Prism 8. For all 
samples, at least 3 pairs were used. All samples are litter, 
age, and gender matched. Unpaired t-test in Prism was 
used to analyze differences between genotypes.

Results
Identification of Sox11 expression in myogenic progenitors
To identify key regulatory factors, pathways, and mecha-
nisms that stabilize cell identity and cell fate transitions, 
we first probed our previously published scRNA-seq data-
set to determine genes that were uniquely enriched in the 
subsets of MuSCs [68]. We found that Sox11 expression is 
restricted to the MuSC population in cells profiled from 
non-injured and injured muscles at various timepoints 
throughout the regenerative process (Fig. S1A). We con-
firmed the expression on an aggregated scRNA-seq data-
set [76] and found that indeed Sox11 expression is mostly 
detected in the MuSC population (Fig. 1B, C). Additional 
analysis of published datasets [41, 51, 77] further showed 
that Sox11 expression is specifically enriched in differenti-
ating MuSCs (Fig. 1D, Fig. S1B). Quantitative qPCR analy-
sis confirmed an increased expression of Sox11 during 
primary myoblast differentiation, along with Myod and 
Myog (Fig.  1E). This specificity was unique to Sox11, as 
Sox4 expression gradually declined during differentiation 
(Fig. 1E).

We also employed in silico scTenifoldKnk to predict 
perturbations in gene regulatory networks that would be 
caused by knockout of Sox11 [73]. Consistent with the 
expression pattern of Sox11 during MuSC differentia-
tion, the top predicted gene targets impacted by knock-
out of Sox11 are Myh3, Lmod2, Mylk4, Myh8, and Mymk, 
among others (Table S1). Many of these genes are devel-
opmentally expressed myosins and known regulators of 
newly regenerated muscle fibers [78]. Together, these 
preliminary analyses identified Sox11 as a novel marker 
and potential regulator of MuSC differentiation.

Age‑related decline of Sox11 expression is associated 
with reduced chromatin contacts surrounding the Sox11 
locus
Given that MuSC function declines with age [79–81], 
we sought to determine the cell autonomous and 

non-cell autonomous factors that are linked to age-
related functional decline. To this end, we employed the 
10 × chromium platform to garner the dynamics of tran-
scriptional profiles of all mononuclear cells from regen-
erating hindlimb muscles of young (< 4  months) and 
old (> 22 months) male mice at 7 days post injury (DPI) 
(Fig. 2A). We processed both samples together and per-
formed dimensionality reduction, clustering, and UMAP 
embedding of the two samples (Fig.  2B). This yielded 
7874 quality cells from the young muscle samples and 
6013 quality cells from the old muscles. We identified 
known muscle cell populations based on marker gene 
expression and labeled them accordingly. This included 
a fibro-adipogenic progenitor (FAP) population express-
ing Pdgfra and Postn, 3 macrophage populations express-
ing Cd68 and Mrc1, endothelial cells (ECs) enriched for 
Pecam1, smooth muscle cells (SMCs) expressing Rgs5, 
and a muscle stem cell (MuSC) population enriched for 
Pax7 (Fig. 2C, D). This recapitulated known cell popula-
tions involved in regeneration and allowed us to further 
probe any subtle differences in cell dynamics and gene 
expression that cannot be determined at the global popu-
lation level.

To determine any subtle changes in gene expression in 
young compared to old MuSCs, we focused on the MuSC 
population by subsetting on and re-culstering the MuSC 
population (Fig.  3A, B). We found that while Pax7 was 
relatively similar in young and old MuSCs, markers asso-
ciated with differentiation (Myod1 and Myog) were signif-
icantly reduced in the MuSC subset. Interestingly, Sox11 
expression was also significantly reduced. Thus, Sox11 
expression, which increases as MuSCs differentiate, may 
also be reduced as a consequence of the delayed kinetics 
associated with age-related functional decline [79].

Recent findings indicate that 3D genome reorganizes 
and underpins the transcriptome remodeling during SC 
aging [82–84]. Thus, we leveraged our recently published 
Hi-C datasets [82] to investigate the 3D organization 
around Sox11 locus. In freshly isolated MuSCs (FISCs) 
from young mice, we observed substantial chromatin 
contacts surrounding the Sox11 locus, which appeared 
reduced in the FISCs from aged MuSCs (Fig. 3C). Con-
sistently, Sox11 expression was significantly reduced in 
the bulk RNA-seq data (Fig. 3D), which is in agreement 
with our observations in scRNA-seq analysis. The above 
data indicate that the decline in Sox11 expression during 
MuSC aging is associated with 3D genome reorganiza-
tion at Sox11 locus.

Sox11 is dispensable for adult muscle stem cell function 
and muscle regeneration
To determine if the dynamic expression of Sox11 dur-
ing myogenesis and aging underlies a function of 
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Sox11 protein in adult MuSC function, we generated a 
Pax7CreER;Sox11fl/fl-inducible mouse model to specifically 
delete Sox11 in Pax7 + MuSCs and their progeny upon 
the administration of tamoxifen (Fig.  4A). To evaluate 
MuSC function upon loss of Sox11, we used a model of 
acute injury to evaluate MuSCs’ ability to activate, prolif-
erate, and differentiate in vivo [85]. To assess the impact 
that loss of Sox11 has on the ability of the MuSC pool to 
efficiency repair damaged fibers, we administered tamox-
ifen to control (Pax7CreER;Sox11fl/+ or Sox11fl/fl) and 
Pax7CreER;Sox11fl/fl (Sox11-pKO), induced acute injury 
to the tibialis anterior (TA) muscles, and analyzed mus-
cle regeneration at discrete timepoints throughout the 
regenerative process (Fig. 4A).

No significant differences in muscle mass recovery 
(weight) were observed between the two genotypes at 7, 
10, and 24 DPI, suggesting that Sox11-pKO MuSCs are 
functionally competent and can repair injured muscles 
(Fig.  4B). Normal muscle morphology was observed in 
control and Sox11-pKO mice, with no clear differences 
in regenerated myofibers between the two genotypes at 7 
and 10 DPI (Fig. 4C). By 24 DPI, both control and Sox11-
pKO injured muscle appeared nearly fully repaired 
(Fig.  4C). Additional analysis of muscle fiber cross-
sectional area (CSA) at 7, 10, and 24 DPI indicated that 
control and Sox11-pKO regenerated fiber area were com-
parable at each timepoint (Fig. S2A). While at 10 DPI, 
Sox11-pKO had significantly more fibers of 1200–2800 

Fig. 2 Single-cell RNA sequencing of young and old mononuclear cells from 7 DPI-injured muscle. A Experimental outline: mononuclear 
cells from hindlimb muscle from young (< 4 months old, n = 3) and old (> 20 months old, n = 3) male mice injured with CTX, collected at 7 DPI, 
and processed for scRNA-seq using the 10 × chromium platform. B UMAP of cells clustered together and separated based on young (left panel) 
and old (right panel) samples. C UMAP and clustering results of cells combined from both young and old mice. Colored based on clusters identified. 
D Violin plots for selected top marker genes used to label each cluster
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Fig. 3 Reduced Sox11 expression and 3D-genome alterations at Sox11 locus in muscle stem cells with age. A UMAP of all cells from young and old 
mice, MuSCs highlighted in color. B Clustering and gene expression analysis on MuSCs only, highlighted in panel (A); gene expression plots (left 
panel) and violin plots (based on age) identifies various differentiation-related transcripts are reduced with age identifies significantly reduced Sox11 
expression in MuSCs from old mice. C Comparison of Hi-C contact maps (10-kb resolution) surrounding Sox11 locus between young (top) and aged 
(bottom) FISCs. The yellow triangle indicates the interaction region harboring Sox11 locus. Bottom, genome browser tracks showing the RNA-seq 
in young and aged FISCs. D Bar graph showing the mean FPKM values of Sox11 in young and aged FISCs. n = 3 for each group
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µm2; this modest change in size distribution was resolved 
by 24 DPI (Fig. S2A).

To determine if loss of Sox11 expression alters the acti-
vation, proliferation, or differentiation status of MuSCs, 
we evaluated both Pax7 and myogenin expression via 
immunofluorescence on muscle sections from each injury 
timepoint (Fig. 4D, E). Both control and Sox11-pKO had 
comparable numbers of Pax7 + cells and Myog + cells per 
field of view (FOV) in non-injured and at 7, 10, and 24 
DPI muscle (Fig.  4F). Specifically, both genotypes had 
nearly 20 Pax7 + cells/FOV at 7 DPI, which decreased to 
10 and 5 by 10 and 24 DPI, respectively. The number of 
Myog + cells/FOV reached an average of 15 at 7 DPI for 
both genotypes and subsequently decreased to less than 
10 by 10 DPI.

Since another Sox family member, Sox6, regulates 
slow-muscle fiber genes, we evaluated fiber-type dis-
tribution of non-injured and regenerated muscle at 24 
DPI [54, 55]. However, fiber type and size distribution 
at 24 DPI were similar between control and Sox11-pKO, 
indicating that Sox11 is required for muscle fiber type 
determination after acute TA muscle injury (Fig. S2B). 
Thus, Sox11 appears dispensable for MuSCs function in 
response to acute injury.

Multiple rounds of injury can exacerbate any subtle 
differences in regenerative capacity while also assessing 
the ability of MuSCs to self-renew [86]. To determine if 
Sox11 knockout changes the proportion of self-renew-
ing and differentiating MuSCs, we performed repeti-
tive rounds of injury and analyzed muscle at 7  days 
after the 3rd injury (Fig. S3A). Sox11-pKO recovery TA 
weight was significantly greater than control, although 
gross muscle morphology and regeneration appeared 
comparable between control and Sox11-pKO (Fig. S3B, 
S3C). Interestingly, we observed significantly more 
Pax7 + cells per FOV in Sox11-pKO at 7DPI after the 
3rd injury, which was greater than 10/FOV in Sox11-
pKO compared to an average of 7.5 Pax7 + cells/FOV 
in control (Fig. S3C). We did not observe a significant 
difference in the number of Myog + cells/FOV between 
the two genotypes (Fig. S3C). Thus, loss of Sox11 may 
slightly delay the differentiation of MuSCs which is 
exacerbated by multiple rounds of injury. Nonethe-
less, Sox11 is not absolutely required for adult MuSC 

function in response to acute injury or for efficient 
regeneration after multiple rounds of injury.

Sox11 is expendable for muscle stem cell function in vitro
The observation that Sox11-pKO mice had a greater pro-
portion of Pax7 + cells per FOV after multiple rounds of 
injury (Fig. S3) prompted us to further probe if Sox11 
KO influences MuSC function cell autonomously. We 
isolated muscle fibers and their associated MuSCs from 
Sox11-pKO mice and cultured them in the presence of 
4-hydroxy tamoxifen (4-OH) to induce recombination of 
the floxed allele or MeOH (vehicle control). We fixed fib-
ers at 0 h and 72 h in culture and used immunofluores-
cence to detect Pax7 and Myod (Fig. 5A). However, there 
was no significant differences between the MeOH- or 
4OH-treated muscle fibers, with both genotypes averag-
ing approximately 8 cells/cluster (Fig. 5B).

To further evaluate MuSC proliferation and differ-
entiation, we isolated primary myoblasts from Sox11-
pKO mice and cultured them in the presence of 4OH or 
MeOH. We confirmed recombination of the floxed allele 
upon the additional of 4OH in culture (Fig. S4A) and 
subsequently evaluated proliferation and differentiation. 
Sox11-pKO myoblasts treated with MeOH or 4-OH had 
comparable numbers of Pax7 + /Ki67 + cells and compa-
rable numbers of Myog + cells (Fig. S4B) suggesting no 
overt proliferative and differentiation defects. Given that 
Sox11 was enriched during differentiation, we induced 
differentiation through serum starvation of Sox11-pKO 
myoblasts treated with 4OH or MeOH (vehicle control). 
Immunofluorescence on differentiated cells to detect 
Pax7 or Myog and MF20 suggested control (+ MeOH), 
and Sox11-null (+ 4-OH) myoblasts differentiated simi-
larly (Fig.  5C). Control and Sox11-null myoblast fusion 
indices both reached 80%, and the number of “reserve” 
Pax7 + cells, which may represent self-renewal capacity 
of myoblasts [87], was comparable with MeOH treated 
reaching near 8% and 4OH treated reaching near 7% 
Pax7 reserve cells (Fig. 5D). Gene expression analysis on 
RNA isolated from differentiated myoblasts confirmed 
that Sox11 expression was ablated, while Pax7 and Myog 
were unperturbed in the knockout cells (Fig.  5E). The 
expression of the other SoxC genes, Sox4 and Sox12, was 
unchanged between the two conditions, excluding the 

(See figure on next page.)
Fig. 4 Analysis of muscle fiber area and type for Sox11-pKO mice. A Frequency distribution pots for CSA of TA muscle fibers from non-injured, 7, 
10, and 24 DPI mice from control and Sox11-pKO mice. Measurements binned in 400 µm2 bins. B Representative immunofluorescence images 
to detect fiber type IIA, type IIB, dystrophin, and nuclei (DAPI) on non-injured muscles from control and Sox11-pKO mice (top panel), output 
from MuscleJ (bottom panel). C Frequency distribution pots for CSA of TA muscle fibers from non-injured muscle, separated by inferred fiber type 
as analyzed from MuscleJ. Measurements binned in 400 µm2 bins. D Representative immunofluorescence images to detect fiber type IIA, type IIB, 
dystrophin, and nuclei (DAPI) on 24 DPI muscles from control and Sox11-pKO mice (top panel), output from MuscleJ (bottom panel). E Frequency 
distribution pots for CSA of TA muscle fibers from 24 DPI muscle, separated by inferred fiber type as analyzed from MuscleJ. Measurements binned 
in 400 µm2 bins
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Fig. 4 (See legend on previous page.)
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possibility that a compensatory increase in expression of 
other Sox members may have accounted for the lack of 
phenotype (Fig. 5E). We also evaluated the expression of 
scTenifoldKnk Sox11-KO genes that were predicted to 
be dysregulated upon Sox11 knockout and found no sig-
nificant differences in their expression upon loss of Sox11 
(Fig. 5E). In conclusion, Sox11 is not required for MuSC 
self-renewal or differentiation in vitro.

Loss of Sox11 in muscle progenitors minimally impacts 
muscle development
Although we determined that Sox11 is unnecessary for 
adult MuSC function, many of the Sox family of tran-
scription factors are highly expressed during develop-
ment and are required for proliferation and survival as 
well as differentiation of various embryonic cell types [35, 
36]. We therefore evaluated the requirement of Sox11 
for muscle progenitor function during development by 
generating Myod1Cre; Sox11fl/fl mice to specifically delete 
Sox11 in Myod1 + muscle progenitors and their prog-
eny. Control (Myod1Cre;Sox11fl/+, Sox11fl/fl, or Sox11fl/+) 
and Myod1Cre;Sox11fl/fl (Sox11-mKO) mice were born in 
Mendelian ratios and had comparable body weights (Fig. 
S5A). There were no observable differences in muscle 
morphology or CSA by 3 months of age between control 
and Sox11-mKO mice (Fig. S5B, C). Therefore, although 
Sox11 is important for tissue specification and organo-
genesis, it does not appear overtly necessary for normal 
muscle development. To further probe the impact that 
loss of Sox11 in muscle progenitors has on MuSC func-
tion, we induced acute injury via intramuscular injection 
of CTX and analyzed samples at 5.5 DPI (Fig. S5A). Con-
trol and Sox11-mKO had similar TA recovery weights 
and no obvious differences in muscle morphology and 
regeneration 5 DPI (Fig. S5B, S5C). Immunofluorescence 
on muscle sections to detect Pax7 or Myog and Laminin 
supported the lack of observable differences between 
control and Sox11-mKO, with control and Sox11-mKO 
having an average of 35 Pax7 + cells/FOV and an average 
of approximately 20 Myog + cells/FOV for both geno-
types (Fig. S5C). Thus, Sox11 is dispensable for the estab-
lishment and function of the MuSC pool.

Loss of Sox11 does not accelerate age‑related functional 
decline
Since we identified Sox11 expression to be reduced in 
old MuSCs from 7 DPI and found age-related changes 
in chromatin conformation (Fig. 3), we sought to evalu-
ate whether loss of Sox11 exacerbates any age-related 
regenerative function [34, 88]. We therefore injured the 
TA muscles of old (~ 22 months old) control and Sox11-
mKO mice and analyzed samples at 7 DPI (Fig. 6D). Both 
control and Sox11-mKO mice regenerated efficiently, 
as evidenced by immunofluorescence to detect Pax7 or 
Myog and laminin which were indistinguishable (Fig. 6E). 
Quantification of the number Pax7 + or Myog + cells per 
FOV indicated age did not lead to any obvious alterations 
in MuSC’s ability to repair damaged fibers, both having 
an average of approximately 35 Pax7 + cells/FOV and 15 
Myog + cells/FOV at 7 DPI (Fig. 6F). While measurement 
of muscle fiber CSA suggested that aged Sox11-mKO had 
significantly fewer fibers in the range of 2000–2400 µm2, 
regenerated fiber CSA was similar between control and 
Sox11-mKO (Fig. S5D). Ex vivo fiber and MuSC culture 
results were consistent with in vivo results, with no sig-
nificant differences observed in Pax7 + cells per myofiber 
or cluster size (Fig. 6G, H). Therefore, although we iden-
tified reduced Sox11 expression in MuSCs from aged 
mice, loss of Sox11 does not appear to accelerate any age-
related regenerative capacity of MuSCs.

Sox11 is globally dispensable for muscle repair after acute 
injury
A recent study specifically performed scRNA-seq on 
nuclei isolated from muscle spindles and found Sox11 
expression to be unique to the sensory bag fibers [89]. 
Furthermore, Sox11 is required for sensory neuron 
regeneration and thus may more broadly play a role in 
regeneration [41, 51]. To understand if Sox11 is globally 
required for adult muscle regeneration, we crossed Rosa-
26CreER mice with Sox11fl/fl mice to delete Sox11 in all cell 
types upon the administration of tamoxifen. We adminis-
tered tamoxifen to control (Rosa26CreER;Sox11fl/+, Sox11fl/

fl or Sox11fl/fl) and Rosa26CreER;Sox11fl/fl mice (Sox11-KO) 
and confirmed the efficiency of recombination of the 

Fig. 5 In vitro analysis of myogenic function Sox11-null myoblasts. A Representative immunofluorescence images to detect Pax7, Myod1, 
and nuclei (counterstained with dapi) of myofibers and their associated MuSCs isolated from Pax7CreER; Sox11fl/fl EDL muscle and fixed at 0 h (left 
panel) or cultured for 72 h with vehicle (MeOH) or 4-OH (right panel). B Quantification of the number of Pax7 + cells/myofiber at 0 h (left graph) 
and the number of cells/clusters at 72 h in culture (right graph), related to A. C Primary myoblasts isolated from Pax7CreER; Sox11fl/fl were cultured 
with MeOH (top panel) or 4-OH (bottom panel) plated at equal concentrations and induced to differentiate via serum starvation for 4 days 
to evaluate myogenic potential. Representative immunofluorescence images to detect Pax7, MF20, nuclei (DAPI) shown in the left panel, and Myog, 
MF20, and nuclei (DAPI) are shown in the right panel. D Quantification of the fusion indices of MeOH and 4OH-treated myoblasts, represented 
as the percent of nuclei fused into myotubes (top graph) and Pax7 “reserve” cells, counted as the total number of Pax7 + cells per field of view 
for each biological replicate (bottom graph). E Relative expression as measured by qRT-PCR for MuSC marker Pax7 and differentiation marker Myog, 
members of the SoxC subfamily (Sox4, Sox11, and Sox12), and genes predicted to be reduced by scTenifoldKnk (Egr3, Lmod2, Myh3). Scale bars: 
25 µm in A, 50 µm in C 

(See figure on next page.)
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Sox11 floxed allele in whole muscle and MuSCs purified 
by fluorescence-activated cell sorting (Fig. S6A). We then 
induced acute muscle injury with  BaCl2 and analyzed 

regeneration at 5, 7, 10, and 24 DPI (Fig. S6B). Control 
and Sox11-KO recovery TA weights were similar, sug-
gesting broadly efficient muscle regeneration between the 

Fig. 5 (See legend on previous page.)
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two genotypes (Fig. S6C). Cross-section analysis of non-
injured and injured TA muscles revealed similar morpho-
logical characteristics between control and Sox11-KO at 
each regeneration timepoint (Fig. S6D). Additional analy-
sis of TA muscle sections using immunofluorescence for 
dystrophin, Pax7, and myogenin further supported the 
relatively similar regenerative capacity of control and 
Sox11-KO (Fig. S6E, F). Quantification of the number of 
Pax7 + and Myog + cells per FOV indicated control, and 
Sox11-KO mice were indistinguishable across the time-
points assayed (Fig. S6G). We therefore concluded that 
Sox11 is globally dispensable for adult muscle regen-
eration. Thus, while Sox11 is required for a variety of 
developmental processes, its role in muscle function and 
repair response to acute injury is limited.

Discussion
The SOX family TFs play diverse roles in regulation of 
cell identity, self-renewal, and differentiation through 
their modulation of various transcriptional programs 
[90]. For example, during skeletogenesis, Sox11 was 
found to stabilize nuclear β-catenin, thereby promoting 
canonical WNT signaling to secure cell fate and shown 
to specifically regulate WNT-related pathway genes 
required for mesenchyme specification and organogen-
esis [59, 91]. During muscle development, WNT ligands 
are secreted from the neural tube to promote myogenesis 
of the adjacent somite [31, 92]. In resting adult muscle, 
the WNT signaling pathway is not active but is activated 
in response to injury and in vitro during differentiation, 
and increased WNT signaling impairs the regenerative 
potential of MuSCs [33, 34, 80, 93, 94]. Interestingly, 
β-catenin-dependent WNT signaling opposes Notch 
signaling to promote MuSC differentiation, and Sox11 
was also shown to regulate the expression of Notch-
related pathway genes [46, 48, 49, 95]. We identified 
Sox11 expression to be enriched in differentiating MuSCs 
and reduced with age, consistent with age-dependent 
changes in chromatin conformation at the Sox11 locus. 
We therefore hypothesized that Sox11 may play a role in 
the transcriptional regulation of MuSC function and fate 
decisions.

To this end, we employed a handful of genetic models 
to evaluate the requirement for Sox11 in muscle devel-
opment and regeneration. To evaluate the requirement 
for Sox11 in the adult muscle stem cell pool, we used a 
tamoxifen-inducible MuSC-specific  Pax7CreER to delete 
Sox11 in MuSCs. We sampled muscle at 7, 10, and 24 DPI 
to garner a complete picture of the regenerative process. 
The results indicated that control and Sox11-pKO exhibit 
comparable rates of regeneration. These data were cor-
roborated by ex vivo myofiber culture and in vitro differ-
entiation of myoblasts. While Sox11-pKO muscles had an 
increased number of Pax7 + MuSCs at 7 days after a 3rd 
muscle injury, muscle regeneration was relatively normal, 
with no other overt defects observed. Thus, loss of Sox11 
does not impact the ability of MuSCs to activate, prolifer-
ate, and differentiate in response to a single or multiple 
rounds of injury.

Since the Sox family of TFs are critically known for 
their development roles, we deleted Sox11 in muscle 
progenitors (driven by  Myod1Cre) but found that muscle 
developed normally and maintained regenerative capac-
ity into adulthood. As we identified age-related reduced 
Sox11 expression and changes in chromatin conforma-
tion at the Sox11 locus, we evaluated whether loss of 
Sox11 impacts regenerative capacity with age. Surpris-
ingly, we did not observe overt differences in regenerative 
capacity with age either. To outline the potential non-
cell-autonomous requirement for Sox11 in adult skeletal 
muscle regeneration, we deleted Sox11 in all adult cells 
(driven by  Rosa26CreER) and induced acute muscle injury. 
However, assessment of the muscle regeneration after 
acute injury indicated that Sox11 is globally dispensable 
for muscle regeneration.

The lack of phenotypes after Sox11 deletion driven 
by three different Cre(ER) lines is surprising but can be 
explained by several possibilities. First, the SoxC group 
(Sox4/11/12) may have overlapping functions in MuSCs. 
Although Sox11 is highly enriched in MuSCs, its level is 
much lower than that of Sox4, which is broadly expressed 
in many cells. In this scenario, the loss of Sox11 may be 
compensated by Sox4. Future studies to knockout both 
Sox4 and Sox11 would address this possibility. Second, it 

(See figure on next page.)
Fig. 6 Requirement of Sox11 in muscle development and aging. A Body weight of control and Sox11-mKO mice in grams. B H&E staining 
and representative images of 10-µm TA muscle cross-sections from control (top panel) and Sox11-mKO (bottom panel) non-injured samples, 
scale bars: 50 µm. C TA muscle fiber CSA for non-injured control and Sox11-mKO mice, related to B. D Experimental outline to evaluate the impact 
loss of Sox11 has on regeneration of aged (> 20-month-old) mice. The TA muscle of control and Sox11-mKO mice were injured via intramuscular 
injection of CTX and collected at 7 DPI to evaluate regeneration. E Representative images of immunofluorescence on TA muscle sections 
to detect Pax7 or Myog, dystrophin, and nuclei (counterstained with DAPI) from control (top panel) and Sox11-mKO (bottom panel) old mice at 0 
(non-injured) and 7 DPI, scale bars: 50 µm. F Quantification of the number of Pax7 + cells/FOV (top graph) and Myog + cells/FOV (bottom graph) 
for control and Sox11-pKO mice. G Ex vivo culture of muscle fibers isolated from EDL of old control (top panel) and Sox11-mKO (bottom) mice, 
fixed at 0 h (left panel) or after 72 h in culture (right panel) and stained to detect Pax7, Myod, and nuclei (DAPI), scale bar 25 µm. H Quantification 
of the number of Pax7 + cells/myofiber at 0 h (left graph) and the number of cells/clusters at 72 h in culture (right graph), related to G 
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Fig. 6 (See legend on previous page.)
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is possible, though unlikely, that the Sox11 deletion was 
not efficient in all the models used in this study. Due to 
the lack of commercially available and highly specific 
Sox11 antibodies, we cannot exclude the possibility that 
low levels of Sox11 protein are present in the knock out 
lines. We tried to address this issue by genomic DNA 
recombination analysis (which measures truncated Sox11 
alleles). We presented data showing recombination of the 
floxed alleles in MuSCs and whole muscle of  Rosa26CreER/
Sox11flox/flox mice upon tamoxifen administration as well 
as in primary myoblasts isolated from  Pax7CreER/Sox-
11flox/flox mice cultured in the presence of 4-OH. While 
this indicated that recombination is highly efficient, we 
can not definitively state that recombination is 100%. 
Likewise, the efficiency of  Myod1Cre-driven Sox11 DNA 
recombination was not evaluated due to constraints on 
breeding. The lack of antibody validation of Sox11 pro-
tein levels and DNA recombination assays on all three 
lines used represent a limitation of the current study.

Although our data indicate that Sox11 is not required for 
normal MuSC activation, proliferation, and differentiation in 
order to repair muscle injury in response to acute injury, it 
remains to be determined if Sox11 plays a role under other 
conditions, such as nerve crush injury. Nonetheless, our data 
provide the community with knowledge about the unique 
stage-specific expression yet dispensable role of Sox11 in 
muscle development and acute muscle injury repair.

Conclusions
We used scRNA-seq and 3D chromatin conformation assays 
to demonstrate unique enrichment of Sox11 expression in 
MuSCs and its stage-/age-dependent expression dynam-
ics, associated with changes in three-dimensional genome 
organization at the Sox11 gene locus. Through a series of 
genetic assays using conditional knockout models, we found 
that Sox11 expression in myogenic and non-myogenic 
cells is dispensable for normal muscle development, MuSC 
regenerative function in response to injury in adulthood, 
and age-related muscle maintenance and regeneration in 
adulthood. Further studies to determine whether other SOX 
TFs can compensate for Sox11 may lend further insight into 
a potential regulatory role of Sox11 in myogenesis.
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Additional file 1: Table S1. scTenifoldKnk prediction of top ranked genes 
dysregulated by Sox11 knokcout in muscle satellite cells. Fig. S1. Sox11 
expression enriched in differentiating MuSCs. A. Left: UMAP of previously 
published scRNA-seq dataset on mononuclear cells from non-injured, 
0.5, 2, 3.5, 5, 10, and 21 DPI aggregated together and labeled based on 
their broad cell type (right). Right: Violin plots to how the expression of 
Pax7 and Myod1, which are specific to the MuSC subset, and Sox11 whose 
expression is also specific to MuSCs. B. Monocle pseudotime trajectory 
analysis of MuSCs and gene expression plots on pseudotime of Pax7, 
Myog and Sox11 from 5 DPI MuSCs shown in Fig. 1D. Related to Figure 1. 
Fig. S2. Analysis of muscle fiber area and type for Sox11-pKO mice. A. 
Frequency distribution pots for CSA of TA muscle fibers from non-injured, 
7, 10, and 24 DPI mice from control and Sox11-pKO mice. Measurements 
binned in 400  um2 bins. B. Representative immunofluorescence images 
to detect fiber Type IIA, Type IIB, Dystrophin and nuclei (DAPI) on non-
injured muscles from control and Sox11-pKO mice (top panel), output 
from MuscleJ (bottom panel). C. Frequency distribution pots for CSA of 
TA muscle fibers from non-injured muscle, separated by inferred fiber 
type as analyzed from MuscleJ. Measurements binned in 400  um2 bins. 
D. Representative immunofluorescence images to detect fiber Type IIA, 
Type IIB, Dystrophin and nuclei (DAPI) on 24 DPI muscles from control and 
Sox11-pKO mice (top panel), output from MuscleJ (bottom panel). E. Fre-
quency distribution pots for CSA of TA muscle fibers from 24 DPI muscle, 
separated by inferred fiber type as analyzed from MuscleJ. Measurements 
binned in 400  um2 bins. Related to Fig. 4. Fig. S3. Requirement of Sox11 
for regenerative capacity of muscle stem cells after multiple rounds of 
injury. A. Experimental outline to evaluate the requirement of Sox11 in 
MuSCs. Control and Sox11-pKO mice were injected with tamoxifen to 
induce recombination of the floxed allele. Subsequent MuSC function via 
muscle regeneration was evaluated using acute injury of the TA muscle 
with CTX 3 times (21 days between injury) and collected at 7 days post 
the  3rd injury. B. Recovery TA weight, measured as the ratio of injured/non-
injured contralateral muscle weight for 3X injured muscle. C. Representa-
tive images of immunofluorescence on TA muscle sections to detect Pax7 
or Myog, Dystrophin, and nuclei (counterstained with DAPI) from control 
(top panel) and Sox11-pKO (bottom panel) mice at 0 (non-injured), 7 
days post  3rd injury D. Quantification of the number of Pax7+ cells/FOV 
and Myog+ cells/FOV for control and Sox11-pKO mice. Scale bars: 50 µm. 
*p-value = 0.01. Related to Figure 4. Fig. S4. In vitro analysis of Sox11-null 
myoblasts. A. Genomic DNA was isolated from Pax7CreER+ myoblasts 
homozygous for the floxed allele (fl/fl) or wild-type at the Sox11 locus +/+ 
either cultured in the presence of methanol (vehicle control) or 4-hydroxy 
tamoxifen (4OH). B. Primary myoblasts isolated from Sox11-pKO hindlimb 
muscle were cultured in the presence of MeOH (vehicle control) or 4-OH 
for 48 hours. Cells were seeded at equal concentrations, allowed to pro-
liferate for 24 hours, fixed, and immunofluorescence was used to detect 
Ki67, Pax7, and nuclei (DAPI) (right panel) or Myog and nuclei (DAPI) (left 
panel). Bar graphs represent quantification of the number of Pax7+/Ki67+ 
cells per FOV or Myog+ cells per FOV. Related to Figure 5. Fig. S5. Loss 
of Sox11 in muscle progenitors in adult and old mice. A. Experimental 
outline to evaluate the requirement of Sox11 for muscle regeneration. 
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Intramuscular TA injury was induced with CTX and samples were collected 
at 5 DPI. B. Recovery TA weight, measured as the ratio of injured/non-
injured contralateral muscle weight for 5 DPI muscle. C. Representative 
images of immunofluorescence on TA muscle sections to detect Pax7 or 
Myog, Laminin and nuclei (counterstained with DAPI) from control (top 
panel) and Sox11-mKO (bottom panel) mice at 5 DPI and quantifications 
of the number of Pax7+ cells/FOV and Myog+ cells/FOV for control and 
Sox11-pKO mice based on 100X magnification FOV. Scale bars: 50 µm. 
Related to Figure 5. Fig. S6. Impact of global loss of Sox11 on muscle stem 
cell function and regeneration.  A. Genomic DNA was isolated from tibialis 
anterior (TA) muscle after 5 consecutive days of tamoxifen administration 
and subject to PCR to confirm recombination of the floxed Sox11 allele in 
whole muscle. Similarly, MuSCs were purified by fluorescence activated 
cell sorting as the  CD31-/CD45-/SCA1-/VCAM1+ fraction, genomic DNA 
was isolated and recombination of the floxed allele evaluated by PCR to 
successfully confirm recombination of the floxed allele in MuSCs. B. Sche-
matic of tamoxifen injection, muscle injury with  BaCl2 and the respective 
post-injury timepoints for muscle analysis. C. Recovery TA weight for con-
trol and Sox11-pKO mice, a measured by the ratio of injured: non-injured 
TA muscle. D. Representative images of H&E staining from cross-sections 
of non-injured, 7, 10 and 24 DPI TA muscle from control (top) and Sox11-
KO (bottom). E. Representative immunofluorescence images of cross-
sections from control (top) or Sox11-KO (bottom) stained with antibodies 
to detect Pax7, Dystrophin and nuclei (DAPI), of non-injured, 5, 7, 10 and 
24 DPI muscle. F. Representative immunofluorescence images of cross-
sections from control (top) or Sox11-KO (bottom) stained with antibodies 
to detect Myog, Dystrophin and nuclei (DAPI), of non-injured, 5, 7, and 
10 DPI muscle. F. Quantification of the number of Pax7+ cells/FOV (top 
graph) and Myog+ cells/FOV (bottom graph) for control and Sox11-KO 
mice based on 200X FOV. Scale bars: 50 µm.

Acknowledgements
We thank Dr. Veronique Lefebvre for kindly providing the Sox11-floxed mice, 
Dr. Timothy Ratliff and Dr. Gregory Cresswell for assistance with the 10× 
Genomics Platform, Dr. Phillip San Miguel and Purdue’s Genomics Core for 
RNA-sequencing, Dr. Luiz Brito for access to cluster computing, Dr. Jill Hutch-
croft and Purdue’s flow cytometry and cell separation facility for assistance 
with FACS data collection and analysis, and Jun Wu for technical support.

Authors’ contributions
S.O. and S.K. conceived of experiments. S.N.O. and N.B. performed the experi-
ments and analyzed the data. S.N.O. wrote the main manuscript text and pre-
pared the figures. S.N.O. and F.Y. collected scRNA-seq data rom young and old 
mice. S.N.O analyzed scRNA-seq data. X.C. performed in silico gene knock-out 
analysis. Q.S. and Y.Z. analyzed Hi-C, ChIP-seq and RNA-seq data and generated 
panels Fig. 3C, D. All authors reviewed the manuscript.

Funding
This work was partially supported by grants from the National Institutes 
of Health to S. O. (F31AR077424) and S. K. (R01AR078695, R01AR079235, 
R01DK132819), and by Health and Medical Research Fund (HMRF - 08190626) 
from Health Bureau of HK to H. W.

Availability of data and materials
scRNA-seq data generated in this study can be found under the GEO accession num-
ber GSE226907. Previously published and used scRNA-seq data can be found under 
the accession numbers GSE150366 (scRNA-seq of MuSCs from non-injured, 5 and 10 
DPI muscle) and GSE162172 (aggregated scRNA-seq data from skeletal muscle). Previ-
ously published in situ Hi-C and bulk RNA-seq data of young and aged MuSCs can be 
found under the accession numbers GSE189838 and GSE189839, respectively.

Declarations

Ethics approval and consent to participate
All mouse procedures were approved by the Purdue Animal Care and Use 
Committee. Unless otherwise stated, all adult mice were analyzed at 2–6 
months of age. Male and females were used, and analysis and comparisons 
were always age and gender matched.

Competing interests
The authors declare no competing interests.

Received: 9 March 2023   Accepted: 24 August 2023

References
 1. Frontera WR, Ochala J. Skeletal muscle: a brief review of structure and 

function. Calcif Tissue Int. 2015;96(3):183–95.
 2. Yin H, Price F, Rudnicki MA. Satellite cells and the muscle stem cell niche. 

Physiol Rev. 2013;93(1):23–67.
 3. Heslop L, Morgan JE, Partridge TA. Evidence for a myogenic stem cell that 

is exhausted in dystrophic muscle. J Cell Sci. 2000;113(Pt 12):2299–308.
 4. Ribeiro AF Jr, Souza LS, Almeida CF, Ishiba R, Fernandes SA, Guerrieri DA, 

et al. Muscle satellite cells and impaired late stage regeneration in differ-
ent murine models for muscular dystrophies. Sci Rep. 2019;9(1):11842.

 5. Yue F, Bi P, Wang C, Li J, Liu X, Kuang S. Conditional loss of Pten in 
myogenic progenitors leads to postnatal skeletal muscle hyper-
trophy but age-dependent exhaustion of satellite cells. Cell Rep. 
2016;17(9):2340–53.

 6. Relaix F, Bencze M, Borok MJ, Der Vartanian A, Gattazzo F, Mademtzo-
glou D, et al. Perspectives on skeletal muscle stem cells. Nat Commun. 
2021;12(1):692.

 7. Wang YX, Bentzinger CF, Rudnicki MA. Molecular regulation of deter-
mination in asymmetrically dividing muscle stem cells. Cell Cycle. 
2013;12(1):3–4.

 8. Rudnicki MA, Le Grand F, McKinnell I, Kuang S. The molecular regula-
tion of muscle stem cell function. Cold Spring Harb Symp Quant Biol. 
2008;73:323–31.

 9. Charge SB, Rudnicki MA. Cellular and molecular regulation of muscle 
regeneration. Physiol Rev. 2004;84(1):209–38.

 10. Hernandez-Hernandez JM, Garcia-Gonzalez EG, Brun CE, Rudnicki MA. 
The myogenic regulatory factors, determinants of muscle development, 
cell identity and regeneration. Semin Cell Dev Biol. 2017;72:10–8.

 11. Weintraub H, Davis R, Tapscott S, Thayer M, Krause M, Benezra R, et al. The 
myoD gene family: nodal point during specification of the muscle cell 
lineage. Science. 1991;251(4995):761–6.

 12. Tapscott SJ. The circuitry of a master switch: Myod and the regulation of 
skeletal muscle gene transcription. Development. 2005;132(12):2685–95.

 13. Seale P, Sabourin LA, Girgis-Gabardo A, Mansouri A, Gruss P, Rudnicki 
MA. Pax7 is required for the specification of myogenic satellite cells. Cell. 
2000;102(6):777–86.

 14. Buckingham M, Bajard L, Chang T, Daubas P, Hadchouel J, Meilhac S, 
et al. The formation of skeletal muscle: from somite to limb. J Anat. 
2003;202(1):59–68.

 15. Buckingham M, Relaix F. PAX3 and PAX7 as upstream regulators of myo-
genesis. Semin Cell Dev Biol. 2015;44:115–25.

 16. Kablar B, Asakura A, Krastel K, Ying C, May LL, Goldhamer DJ, et al. MyoD 
and Myf-5 define the specification of musculature of distinct embryonic 
origin. Biochem Cell Biol. 1998;76(6):1079–91.

 17. Relaix F, Rocancourt D, Mansouri A, Buckingham M. A Pax3/Pax7-
dependent population of skeletal muscle progenitor cells. Nature. 
2005;435(7044):948–53.

 18. Kassar-Duchossoy L, Giacone E, Gayraud-Morel B, Jory A, Gomes D, 
Tajbakhsh S. Pax3/Pax7 mark a novel population of primitive myogenic 
cells during development. Genes Dev. 2005;19(12):1426–31.

 19. Deato MD, Marr MT, Sottero T, Inouye C, Hu P, Tjian R. MyoD targets TAF3/
TRF3 to activate myogenin transcription. Mol Cell. 2008;32(1):96–105.

 20. Kuang S, Kuroda K, Le Grand F, Rudnicki MA. Asymmetric self-renewal and 
commitment of satellite stem cells in muscle. Cell. 2007;129(5):999–1010.

 21. Crist CG, Montarras D, Buckingham M. Muscle satellite cells are primed 
for myogenesis but maintain quiescence with sequestration of Myf5 
mRNA targeted by microRNA-31 in mRNP granules. Cell Stem Cell. 
2012;11(1):118–26.

 22. Mourikis P, Gopalakrishnan S, Sambasivan R, Tajbakhsh S. Cell-autono-
mous Notch activity maintains the temporal specification potential of 
skeletal muscle stem cells. Development. 2012;139(24):4536–48.



Page 20 of 21Oprescu et al. Skeletal Muscle           (2023) 13:15 

 23. Schuster-Gossler K, Cordes R, Gossler A. Premature myogenic differentia-
tion and depletion of progenitor cells cause severe muscle hypotrophy in 
Delta1 mutants. Proc Natl Acad Sci U S A. 2007;104(2):537–42.

 24. Mourikis P, Sambasivan R, Castel D, Rocheteau P, Bizzarro V, Tajbakhsh S. A 
critical requirement for notch signaling in maintenance of the quiescent 
skeletal muscle stem cell state. Stem Cells. 2012;30(2):243–52.

 25. Baghdadi MB, Castel D, Machado L, Fukada SI, Birk DE, Relaix F, et al. 
Reciprocal signalling by Notch-collagen V-CALCR retains muscle stem 
cells in their niche. Nature. 2018;557(7707):714–8.

 26. Baghdadi MB, Firmino J, Soni K, Evano B, Di Girolamo D, Mourikis P, et al. 
Notch-induced miR-708 antagonizes satellite cell migration and main-
tains quiescence. Cell Stem Cell. 2018;23(6):859-68 e5.

 27. Wen Y, Bi P, Liu W, Asakura A, Keller C, Kuang S. Constitutive Notch activa-
tion upregulates Pax7 and promotes the self-renewal of skeletal muscle 
satellite cells. Mol Cell Biol. 2012;32(12):2300–11.

 28. Bi P, Yue F, Sato Y, Wirbisky S, Liu W, Shan T, et al. Stage-specific effects of 
Notch activation during skeletal myogenesis. Elife. 2016;5:e17355.

 29. Conboy IM, Conboy MJ, Smythe GM, Rando TA. Notch-mediated 
restoration of regenerative potential to aged muscle. Science. 
2003;302(5650):1575–7.

 30. Liu L, Charville GW, Cheung TH, Yoo B, Santos PJ, Schroeder M, 
et al. Impaired Notch signaling leads to a decrease in p53 activity 
and mitotic catastrophe in aged muscle stem cells. Cell Stem Cell. 
2018;23(4):544-56 e4.

 31. Tajbakhsh S, Borello U, Vivarelli E, Kelly R, Papkoff J, Duprez D, et al. Dif-
ferential activation of Myf5 and MyoD by different Wnts in explants of 
mouse paraxial mesoderm and the later activation of myogenesis in the 
absence of Myf5. Development. 1998;125(21):4155–62.

 32. Borello U, Berarducci B, Murphy P, Bajard L, Buffa V, Piccolo S, et al. The 
Wnt/beta-catenin pathway regulates Gli-mediated Myf5 expression dur-
ing somitogenesis. Development. 2006;133(18):3723–32.

 33. Jones AE, Price FD, Le Grand F, Soleimani VD, Dick SA, Megeney LA, et al. 
Wnt/beta-catenin controls follistatin signalling to regulate satellite cell 
myogenic potential. Skelet Muscle. 2015;5:14.

 34. Brack AS, Conboy MJ, Roy S, Lee M, Kuo CJ, Keller C, et al. Increased Wnt 
signaling during aging alters muscle stem cell fate and increases fibrosis. 
Science. 2007;317(5839):807–10.

 35. Stevanovic M, Kovacevic-Grujicic N, Mojsin M, Milivojevic M, Drakulic 
D. SOX transcription factors and glioma stem cells: choosing between 
stemness and differentiation. World J Stem Cells. 2021;13(10):1417–45.

 36. Sarkar A, Hochedlinger K. The sox family of transcription factors: 
versatile regulators of stem and progenitor cell fate. Cell Stem Cell. 
2013;12(1):15–30.

 37. Dy P, Penzo-Mendez A, Wang H, Pedraza CE, Macklin WB, Lefebvre 
V. The three SoxC proteins–Sox4, Sox11 and Sox12–exhibit overlap-
ping expression patterns and molecular properties. Nucleic Acids Res. 
2008;36(9):3101–17.

 38. Jiang Y, Ding Q, Xie X, Libby RT, Lefebvre V, Gan L. Transcription factors 
SOX4 and SOX11 function redundantly to regulate the development of 
mouse retinal ganglion cells. J Biol Chem. 2013;288(25):18429–38.

 39. Sock E, Rettig SD, Enderich J, Bosl MR, Tamm ER, Wegner M. Gene target-
ing reveals a widespread role for the high-mobility-group transcription 
factor Sox11 in tissue remodeling. Mol Cell Biol. 2004;24(15):6635–44.

 40. Hargrave M, Wright E, Kun J, Emery J, Cooper L, Koopman P. Expression of 
the Sox11 gene in mouse embryos suggests roles in neuronal maturation 
and epithelio-mesenchymal induction. Dev Dyn. 1997;210(2):79–86.

 41. Jankowski MP, McIlwrath SL, Jing X, Cornuet PK, Salerno KM, Koerber HR, 
et al. Sox11 transcription factor modulates peripheral nerve regeneration 
in adult mice. Brain Res. 2009;1256:43–54.

 42. Li Y, Struebing FL, Wang J, King R, Geisert EE. Different effect of Sox11 
in retinal ganglion cells survival and axon regeneration. Front Genet. 
2018;9:633.

 43. Perry RB, Hezroni H, Goldrich MJ, Ulitsky I. Regulation of neuroregenera-
tion by long noncoding RNAs. Mol Cell. 2018;72(3):553-67 e5.

 44. Kamachi Y, Kondoh H. Sox proteins: regulators of cell fate specification 
and differentiation. Development. 2013;140(20):4129–44.

 45. Kuo PY, Leshchenko VV, Fazzari MJ, Perumal D, Gellen T, He T, et al. High-
resolution chromatin immunoprecipitation (ChIP) sequencing reveals 
novel binding targets and prognostic role for SOX11 in mantle cell 
lymphoma. Oncogene. 2015;34(10):1231–40.

 46. Abraham ST. A role for the Wnt3a/beta-catenin signaling pathway 
in the myogenic program of C2C12 cells. In Vitro Cell Dev Biol Anim. 
2016;52(9):935–41.

 47. Zhang H, Emerson DJ, Gilgenast TG, Titus KR, Lan Y, Huang P, et al. 
Chromatin structure dynamics during the mitosis-to-G1 phase transition. 
Nature. 2019;576(7785):158–62.

 48. Brack AS, Conboy IM, Conboy MJ, Shen J, Rando TA. A temporal switch 
from notch to Wnt signaling in muscle stem cells is necessary for normal 
adult myogenesis. Cell Stem Cell. 2008;2(1):50–9.

 49. Rudolf A, Schirwis E, Giordani L, Parisi A, Lepper C, Taketo MM, et al. Beta-
catenin activation in muscle progenitor cells regulates tissue repair. Cell 
Rep. 2016;15(6):1277–90.

 50. Gadi J, Jung SH, Lee MJ, Jami A, Ruthala K, Kim KM, et al. The transcrip-
tion factor protein Sox11 enhances early osteoblast differentiation by 
facilitating proliferation and the survival of mesenchymal and osteoblast 
progenitors. J Biol Chem. 2013;288(35):25400–13.

 51. Jing X, Wang T, Huang S, Glorioso JC, Albers KM. The transcription 
factor Sox11 promotes nerve regeneration through activation of the 
regeneration-associated gene Sprr1a. Exp Neurol. 2012;233(1):221–32.

 52. Miao Q, Hill MC, Chen F, Mo Q, Ku AT, Ramos C, et al. SOX11 and SOX4 
drive the reactivation of an embryonic gene program during murine 
wound repair. Nat Commun. 2019;10(1):4042.

 53. Schmidt K, Glaser G, Wernig A, Wegner M, Rosorius O. Sox8 is a specific 
marker for muscle satellite cells and inhibits myogenesis. J Biol Chem. 
2003;278(32):29769–75.

 54. Hagiwara N, Yeh M, Liu A. Sox6 is required for normal fiber type differen-
tiation of fetal skeletal muscle in mice. Dev Dyn. 2007;236(8):2062–76.

 55. Jackson HE, Ono Y, Wang X, Elworthy S, Cunliffe VT, Ingham PW. The role of 
Sox6 in zebrafish muscle fiber type specification. Skelet Muscle. 2015;5(1):2.

 56. Jang SM, Kim JW, Kim CH, An JH, Johnson A, Song PI, et al. KAT5-
mediated SOX4 acetylation orchestrates chromatin remodeling during 
myoblast differentiation. Cell Death Dis. 2015;6(8):e1857.

 57. Kuo PY, Leshchenko VV, Fazzari MJ, Gellen TA, Iqbal J, Baumgartner-Wen-
nerholm S, et al. SOX11 directly represses Wnt/beta-catenin signaling and 
identifies a subgroup of mantle cell lymphoma patients with improved 
survival with intensive treatment. Blood. 2012;120(21):895.

 58. Xu L, Huang S, Hou Y, Liu Y, Ni M, Meng F, et al. Sox11-modified mesen-
chymal stem cells (MSCs) accelerate bone fracture healing: Sox11 regu-
lates differentiation and migration of MSCs. Faseb J. 2015;29(4):1143–52.

 59. Bhattaram P, Penzo-Mendez A, Kato K, Bandyopadhyay K, Gadi A, Taketo 
MM, et al. SOXC proteins amplify canonical WNT signaling to secure 
nonchondrocytic fates in skeletogenesis. J Cell Biol. 2014;207(5):657–71.

 60. Bernardi H, Gay S, Fedon Y, Vernus B, Bonnieu A, Bacou F. Wnt4 activates 
the canonical beta-catenin pathway and regulates negatively myosta-
tin: functional implication in myogenesis. Am J Physiol Cell Physiol. 
2011;300(5):C1122–38.

 61. Murphy MM, Keefe AC, Lawson JA, Flygare SD, Yandell M, Kardon G. 
Transiently active Wnt/beta-catenin signaling is not required but must 
be silenced for stem cell function during muscle regeneration. Stem Cell 
Rep. 2014;3(3):475–88.

 62. Le Grand F, Jones AE, Seale V, Scime A, Rudnicki MA. Wnt7a activates the 
planar cell polarity pathway to drive the symmetric expansion of satellite 
stem cells. Cell Stem Cell. 2009;4(6):535–47.

 63. von Maltzahn J, Bentzinger CF, Rudnicki MA. Wnt7a-Fzd7 signalling 
directly activates the Akt/mTOR anabolic growth pathway in skeletal 
muscle. Nat Cell Biol. 2011;14(2):186–91.

 64. Oprescu SN, Yue F, Kuang S. Single-cell isolation from regenerat-
ing murine muscles for RNA-sequencing analysis. STAR Protoc. 
2020;1(2):100051.

 65. Liu L, Cheung TH, Charville GW, Rando TA. Isolation of skeletal mus-
cle stem cells by fluorescence-activated cell sorting. Nat Protoc. 
2015;10(10):1612–24.

 66. Stuart T, Satija R. Integrative single-cell analysis. Nat Rev Genet. 
2019;20(5):257–72.

 67. Hafemeister C, Satija R. Normalization and variance stabilization of 
single-cell RNA-seq data using regularized negative binomial regression. 
Genome Biol. 2019;20(1):296.

 68. Oprescu SN, Yue F, Qiu J, Brito LF, Kuang S. Temporal dynamics and 
heterogeneity of cell populations during skeletal muscle regeneration. 
iScience. 2020;23(4):100993.



Page 21 of 21Oprescu et al. Skeletal Muscle           (2023) 13:15  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 69. Yue F, Oprescu SN, Qiu J, Gu L, Zhang L, Chen J, et al. Lipid drop-
let dynamics regulate adult muscle stem cell fate. Cell Rep. 
2022;38(3):110267.

 70. Peng XL, So KK, He L, Zhao Y, Zhou J, Li Y, et al. MyoD- and FoxO3-medi-
ated hotspot interaction orchestrates super-enhancer activity during 
myogenic differentiation. Nucleic Acids Res. 2017;45(15):8785–805.

 71. Servant N, Varoquaux N, Lajoie BR, Viara E, Chen CJ, Vert JP, et al. HiC-Pro: 
an optimized and flexible pipeline for Hi-C data processing. Genome Biol. 
2015;16:259.

 72. Shin H, Shi Y, Dai C, Tjong H, Gong K, Alber F, et al. TopDom: an efficient 
and deterministic method for identifying topological domains in 
genomes. Nucleic Acids Res. 2016;44(7):e70.

 73. Osorio D, Zhong Y, Li G, Xu Q, Yang Y, Tian Y, et al. scTenifoldKnk: an effi-
cient virtual knockout tool for gene function predictions via single-cell 
gene regulatory network perturbation. Patterns (N Y). 2022;3(3):100434.

 74. Bhattaram P, Penzo-Mendez A, Sock E, Colmenares C, Kaneko KJ, Vassilev 
A, et al. Organogenesis relies on SoxC transcription factors for the survival 
of neural and mesenchymal progenitors. Nat Commun. 2010;1(1):9.

 75. Babcock LW, Hanna AD, Agha NH, Hamilton SL. MyoSight-semi-auto-
mated image analysis of skeletal muscle cross sections. Skelet Muscle. 
2020;10(1):33.

 76. McKellar DW, Walter LD, Song LT, Mantri M, Wang MFZ, De Vlaminck I, 
et al. Large-scale integration of single-cell transcriptomic data captures 
transitional progenitor states in mouse skeletal muscle regeneration. 
Commun Biol. 2021;4(1):1280.

 77. Trapnell C, Cacchiarelli D, Grimsby J, Pokharel P, Li S, Morse M, et al. The 
dynamics and regulators of cell fate decisions are revealed by pseu-
dotemporal ordering of single cells. Nat Biotechnol. 2014;32(4):381–6.

 78. Schiaffino S, Rossi AC, Smerdu V, Leinwand LA, Reggiani C. Develop-
mental myosins: expression patterns and functional significance. Skelet 
Muscle. 2015;5:22.

 79. Yamakawa H, Kusumoto D, Hashimoto H, Yuasa S. Stem cell aging in 
skeletal muscle regeneration and disease. Int J Mol Sci. 2020;21(5):1830.

 80. Brack AS, Munoz-Canoves P. The ins and outs of muscle stem cell aging. 
Skelet Muscle. 2016;6:1.

 81. Palla AR, Hilgendorf KI, Yang AV, Kerr JP, Hinken AC, Demeter J, et al. 
Primary cilia on muscle stem cells are critical to maintain regenerative 
capacity and are lost during aging. Nat Commun. 2022;13(1):1439.

 82. Zhao Y, Ding Y, He L, Zhou Q, Chen X, Li Y, et al. Multiscale 3D genome 
reorganization during skeletal muscle stem cell lineage progression and 
aging. Sci Adv. 2023;9(7):eabo1360.

 83. Lazure F, Farouni R, Sahinyan K, Blackburn DM, Hernandez-Corchado A, 
Perron G, et al. Transcriptional reprogramming of skeletal muscle stem 
cells by the niche environment. Nat Commun. 2023;14(1):535.

 84. Shcherbina A, Larouche J, Fraczek P, Yang BA, Brown LA, Markworth JF, 
et al. Dissecting murine muscle stem cell aging through regeneration 
using integrative genomic analysis. Cell Rep. 2020;32(4):107964.

 85. Sicherer ST, Venkatarama RS, Grasman JM. Recent trends in injury models 
to study skeletal muscle regeneration and repair. Bioengineering (Basel). 
2020;7(3):76.

 86. Hardy D, Besnard A, Latil M, Jouvion G, Briand D, Thepenier C, et al. Com-
parative study of injury models for studying muscle regeneration in mice. 
PLoS ONE. 2016;11(1):e0147198.

 87. Abou-Khalil R, Le Grand F, Chazaud B. Human and murine skeletal muscle 
reserve cells. Methods Mol Biol. 2013;1035:165–77.

 88. Tierney MT, Stec MJ, Sacco A. Assessing muscle stem cell clonal complex-
ity during aging. Methods Mol Biol. 2019;2045:1–11.

 89. Kim M, Franke V, Brandt B, Lowenstein ED, Schowel V, Spuler S, et al. 
Single-nucleus transcriptomics reveals functional compartmentalization 
in syncytial skeletal muscle cells. Nat Commun. 2020;11(1):6375.

 90. Tsang SM, Oliemuller E, Howard BA. Regulatory roles for SOX11 in devel-
opment, stem cells and cancer. Semin Cancer Biol. 2020;67(Pt 1):3–11.

 91. Saegusa M, Hashimura M, Kuwata T. Sox4 functions as a positive regulator 
of beta-catenin signaling through upregulation of TCF4 during morular 
differentiation of endometrial carcinomas. Lab Invest. 2012;92(4):511–21.

 92. Munsterberg AE, Kitajewski J, Bumcrot DA, McMahon AP, Lassar AB. 
Combinatorial signaling by Sonic hedgehog and Wnt family members 
induces myogenic bHLH gene expression in the somite. Genes Dev. 
1995;9(23):2911–22.

 93. Hwang Y, Suk S, Shih YR, Seo T, Du B, Xie Y, et al. WNT3A promotes myo-
genesis of human embryonic stem cells and enhances in vivo engraft-
ment. Sci Rep. 2014;4:5916.

 94. Suzuki A, Pelikan RC, Iwata J. WNT/beta-catenin signaling regulates multi-
ple steps of myogenesis by regulating step-specific targets. Mol Cell Biol. 
2015;35(10):1763–76.

 95. Agley CC, Lewis FC, Jaka O, Lazarus NR, Velloso C, Francis-West P, et al. 
Active GSK3beta and an intact beta-catenin TCF complex are essential 
for the differentiation of human myogenic progenitor cells. Sci Rep. 
2017;7(1):13189.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Sox11 is enriched in myogenic progenitors but dispensable for development and regeneration of the skeletal muscle
	Abstract 
	Background
	Methods
	Muscle injury and sample processing for single-cell RNA-sequencing
	Single-cell RNA-sequencing
	Quality control, dimensionality reduction, and visualization
	Gene expression analysis of RNA-seq data
	ChIP-seq data analysis
	In situ Hi-C data processing
	Identification and analysis of TADs
	In silico knockout analysis
	Animals
	Tamoxifen
	Muscle injury
	Cross sectioning muscle analysis
	Hematoxylin and eosin staining
	Immunofluorescence staining
	Imaging
	Fluorescence-activated cell sorting
	Genomic DNA isolation and recombination PCR
	RNA isolation and qRT-PCR
	Muscle fiber isolation and culture
	Primary myoblast isolation and culture
	Muscle fiber cross-sectional area and image analysis
	Quantification and statistical analysis

	Results
	Identification of Sox11 expression in myogenic progenitors
	Age-related decline of Sox11 expression is associated with reduced chromatin contacts surrounding the Sox11 locus
	Sox11 is dispensable for adult muscle stem cell function and muscle regeneration
	Sox11 is expendable for muscle stem cell function in vitro
	Loss of Sox11 in muscle progenitors minimally impacts muscle development
	Loss of Sox11 does not accelerate age-related functional decline
	Sox11 is globally dispensable for muscle repair after acute injury

	Discussion
	Conclusions
	Anchor 37
	Acknowledgements
	References


