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Hox11-expressing interstitial cells contribute to adult skeletal
muscle at homeostasis
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ABSTRACT

Interstitial stromal cells play critical roles in muscle development,
regeneration and repair and we have previously reported thatHoxa11
andHoxd11 are expressed in the interstitial cells of muscles attached
to the zeugopod, and are crucial for the proper embryonic patterning
of these muscles. Hoxa11eGFP expression continues in a subset of
muscle interstitial cells through adult stages. The induction of
Hoxa11-CreERT2-mediated lineage reporting (Hoxa11iTom) at
adult stages in mouse results in lineage induction only in the
interstitial cells. However, Hoxa11iTom+ cells progressively
contribute to muscle fibers at subsequent stages. The contribution
to myofibers exceeds parallel Pax7-CreERT2-mediated lineage
labeling. Nuclear-specific lineage labeling demonstrates that
Hoxa11-expressing interstitial cells contribute nuclear contents to
myofibers. Crucially, at no point after Hoxa11iTom induction are
satellite cells lineage labeled. When examined in vitro, isolated
Hoxa11iTom+ interstitial cells are not capable of forming myotubes,
but Hoxa11iTom+ cells can contribute to differentiating myotubes,
supporting Hox-expressing interstitial cells as a new population of
muscle progenitors, but not stem cells. This work adds to a small but
growing body of evidence that supports a satellite cell-independent
source of muscle tissue in vivo.
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INTRODUCTION
Roles for Hox genes in the embryonic development of the skeletal
system are well established, with loss-of-function of Hox paralog
groups leading to dramatic homeotic transformations of the axial
vertebrae and perturbed morphogenesis of the limb skeleton. In
limb skeletal patterning, Hox paralog groups Hox9-Hox13 have
region-specific function, and loss of Hoxa11 and Hoxd11 gene
function results in dramatic mis-patterning of the radius and ulna
(Davis and Capecchi, 1996; Fromental-Ramain et al., 1996a,b;
Wellik and Capecchi, 2003). In compound Hox11 mutants, in
which three of the four Hoxa11 and Hoxd11 alleles are absent, no
skeletal phenotype results, but patterning of the zeugopod-attached

muscles and tendons is disrupted, supporting a direct role for Hox11
genes in muscle patterning (Swinehart et al., 2013).

Hoxa11 gene expression initiates broadly in the lateral plate
mesoderm of early developing limb buds, but expression quickly
localizes to the zeugopod region as it forms, and can be observed
throughout development in the stromal cells surrounding the
developing zeugopod cartilage and bone, in the tendons, and in a
continuous population of connective tissue/interstitial stroma
surrounding the zeugopod-attached myofibers (Swinehart et al.,
2013). In this report, we show that Hoxa11eGFP expression in
zeugopod-attached muscle interstitial cells continues through
postnatal and adult life.

Limb skeletal muscle progenitors derive from the embryonic
somites where muscle precursors are marked by expression of Pax3
and, later in development, Pax7 (Chal and Pourquié, 2017; Sefton
and Kardon, 2019). Pax3+ progenitors delaminate from the somites
and migrate to the limb bud. These precursors undergo additional
steps of myogenesis to generate multinucleated myocytes (Chal and
Pourquié, 2017; Nassari et al., 2017; Sefton and Kardon, 2019).
After maturation, muscles retain significant plasticity with the
ability to undergo hypertrophy with increased use and to repair in
response to injury. Repair of skeletal muscle is known to rely on
satellite cells: stem cells set aside inside of the basal lamina of multi-
nucleate muscle fibers that are self-renewing and characterized by
the expression of Pax7 (Chal and Pourquié, 2017; Lepper and Fan,
2010; Lepper et al., 2011; Pawlikowski et al., 2015; Yin et al.,
2013). Ablation of Pax7-expressing satellite cells leads to a
profound deficit in the ability of skeletal muscle to regenerate in
response to injury (Lepper et al., 2011; Sambasivan et al., 2011).
Pax7-mediated lineage studies have demonstrated that satellite cells
can contribute to adult skeletal muscles at homeostasis. However,
ablation of satellite cells at adult stages, in the absence of injury,
does not lead to early sarcopenia. Although some groups have
reported that skeletal muscle remains capable of hypertrophy after
ablation of satellite cells (Fry et al., 2015; Jackson et al., 2012;
Keefe et al., 2015; McCarthy et al., 2011), other groups have
reported that depletion of satellite cells does inhibit muscle
hypertrophy (Egner et al., 2016; Goh and Millay, 2017).

A heterogenous population of stromal cells, called interstitial cells,
lies outside and surrounds the basal lamina of muscle fibers.
Interstitial cells are crucial for embryonic muscle patterning; neither
somite-derived muscle progenitors nor satellite cells possess intrinsic
muscle patterning information (Aoyama and Asamoto, 1988;
Duprez, 2002; Lance-Jones, 1988; Mathew et al., 2011; Michaud
et al., 1997; Nassari et al., 2017). Multiple sub-populations of
interstitial cells have been defined, including pericytes, PW1+/Pax7−

interstitial progenitor cells (IPCs), fibroblasts, fibroadipogenic
progenitors (FAPs), and smooth muscle-mesenchymal cells
(SMMCs) (Giordani et al., 2019; Malecova and Puri, 2012;
Mathew et al., 2011; Mierzejewski et al., 2020a; Tedesco et al.,
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2017). How or whether these interstitial cell populations are distinct
from one another is not fully understood, although there is at least
some overlap between most of these subsets (Malecova and Puri,
2012; Tedesco et al., 2017). Previous work has shown that interstitial
stromal cells support myofiber function and regeneration at adult
stages, and can impact satellite cell quiescence, activation and
migration (Heredia et al., 2013; Joe et al., 2010; Kuswanto et al.,
2016; Murphy et al., 2011; Nassari et al., 2017; Tatsumi et al., 2009;
Thomas et al., 2015; Tidball and Villalta, 2010; Uezumi et al., 2010).
A small but growing number of publications have reported that

subsets of interstitial cells possess myogenic potential, but the in
vivo myogenic potential of these cells remains controversial
(Dellavalle et al., 2011; Doyle et al., 2011; Esteves de Lima et al.,
2021; Giordani et al., 2019; Liu et al., 2017; Mierzejewski et al.,
2020b; Mitchell et al., 2010; Qu-Petersen et al., 2002). Twist2-
directed genetic lineage labeling from an interstitial cell
subpopulation demonstrated a direct contribution to adult skeletal
muscle fibers in vivo (Liu et al., 2017). Recently, it was reported that
early lateral plate lineage cells from a Scx-Cre reporter show a
contribution to muscle fibers and some of the satellite cell
population, specifically at the myotendinous junction during
embryogenesis (Esteves de Lima et al., 2021).
In this study, we employ our previously validated Hoxa11eGFP

reporter and Hoxa11-CreERT2 in combination with ROSA26-LSL-
tdTomato and ROSA26-LSL-H2BmCherry lineage reporters to
examine Hoxa11 expression and the lineage contribution from
Hox-expressing muscle interstitial cells from embryonic to adult
stages (Blum et al., 2014; Madisen et al., 2010; Nelson et al., 2008;
Pineault et al., 2019). We demonstrate that Hoxa11eGFP expression
is restricted to a subset of zeugopod-attached muscle interstitial cells
from embryonic through adult stages. Flow cytometry and
immunofluorescent analyses show that Hoxa11-expressing cells
are a non-hematopoietic, non-endothelial, non-satellite cell stromal
population with strong overlap with Twist2 and partial overlap with
PDGFRα. Analysis from publicly available single-cell RNA-
sequencing datasets of resident skeletal muscle mononuclear cells
also demonstrate that Hoxa11 is primarily expressed within
fibroblasts where high Twist2 and PDGFRα expression is also
observed. Hoxa11-CreERT2 lineage induction from any stage
results in initiation of labeling only in interstitial cells, as expected.
Lineage induction at E12.5 results in restriction of lineage
expression only in the muscle interstitial cells throughout the
remainder of embryonic development. However, at postnatal and
adult stages, the Hoxa11-expressing interstitial cell lineage begins
showing lineage contribution to myofibers. This contribution is
progressive; lineage reporter expression increases in skeletal muscle
fibers in the weeks after induction. In parallel experiments
comparing Hoxa11-CreERT2 and Pax7-CreERT2 to induce
lineage labeling from the same ROSA26-LSL-tdTomato reporter,
Hoxa11 lineage contribution is significantly higher than Pax7-
expressing satellite cell contribution to forelimb muscles during
adult homeostasis. Intriguingly, the extent of Hoxa11-mediated
lineage labeling varies in a reproducible pattern in different muscle
groups, even thoughHoxa11-expressing interstitial cells are present
in all zeugopod-attached muscles. Contribution of Hoxa11-
expressing interstitial cell nuclei to muscle fibers was further
validated by using a Hoxa11-CreERT2; ROSA-LSL-H2BmCherry
reporter. Using this reporter, we demonstrate that Hoxa11-
expressing interstitial cells contribute labeled nuclei to myofibers.
The Hoxa11 lineage reporters do not mark Pax7-expressing satellite
cells at any time point, supporting a Hox11-expressing cell
contribution to myofibers that is independent of the satellite cell

pool. We further assessed the myogenic potential of Hoxa11-
lineage labeled cells in vitro and found that these cells are not
capable of forming myotubes alone but can contribute to
differentiating myotubes from canonical sources. Consistent with
these findings, Hoxa11-lineage labeled cells do not contribute to
newly injured myofibers, only beginning to contribute when
regenerated myofibers are present. Taken together, these data
support Hoxa11-expressing interstitial cells as a population of non-
satellite cell muscle progenitors. This report adds to the growing
evidence for non-satellite cell sources of muscle progenitors in vivo
in mammals.

RESULTS
Hoxa11eGFP expression is maintained in skeletal muscle
interstitial cells through postnatal and adult stages
During development, Hoxa11eGFP expression in muscle is
restricted to the zeugopod-attached muscles, specifically in the
non-endothelial interstitial stroma (Swinehart et al., 2013). We
examined expression at embryonic, postnatal and adult stages in
mice (Mus musculus), and observed that expression is maintained
through postnatal and adult stages in zeugopod-attached skeletal
muscle interstitial cells (Fig. 1A, Fig. S1A). A high proportion of
interstitial cells are Hoxa11eGFP+ at embryonic and early postnatal
stages. By adult stages, Hoxa11eGFP-expression is observed in a
smaller proportion of interstitial cells, a point that warrants further
future investigation. Using our previously validated Hoxa11-
CreERT2 to induce recombination of a ROSA26-Lox-STOP-Lox-
tdTomato lineage reporter (referred to as Hoxa11iTom throughout;
Madisen et al., 2010; Pineault et al., 2019), we observe that 3 days
after a single 5 mg tamoxifen dose, Hoxa11iTom+ cells are
distributed throughout the interstitial cells of all forelimb muscles
(Fig. 1B, Fig. S1B). The Hoxa11iTom lineage is induced at ∼90%
efficiency at this tamoxifen dose and overlaps with Hoxa11eGFP
live reporter expression, validating our lineage reporter in this tissue
(Fig. 1C, Fig. S2). Three days after the initiation of lineage labeling,
Hoxa11iTom expression is observed only in the interstitial cells
(Fig. 1B, Figs S1, S3).

Hoxa11eGFP-expressing cells are a non-hematopoietic, non-
endothelial and non-satellite cell sub-population of muscle
interstitial cells
Hoxa11iTom+ cells were assessed by flow cytometry, 4 days after a
single 5 mg dose of tamoxifen, to investigate how they correlate with
previously described populations of mononuclear stromal cells present
in skeletal muscle. Live mononucleated cells were enzymatically
isolated from limb muscles attached to the zeugopod and cells were
gated for CD45 and CD31 to identify hematopoietic and endothelial
cells. Hoxa11iTom cells were essentially absent from the blood lineage
and endothelial population, as reported for Hoxa11-expressing skeletal
stromal cells (Rux et al., 2016) (Fig. S4A). Of the non-hematopoietic
non-endothelial population, fewer than 8% of remaining cells were
Hoxa11iTom positive. Cells were further gated to identify FAPs and
SMMCs using the Sca1, VCAM1 and ITGA7 cell surface markers
(Giordani et al., 2019; Joe et al., 2010; Liu et al., 2013). Most
non-hematopoietic non-endothelial cells are Sca1 negative in both the
Hoxa11iTom+ (>79%) as well as the non-tdTom (75%) fraction, while
20% of Hoxa11iTom+ cells segregate as Sca1+ (Fig. 2A). Within this
Sca1+/Hoxa11iTom+ population, 52% of Hoxa11iTom+ cells are
ITGA7 negative, correlating with previously identified FAPs (CD45+/
CD31−/Sca1+/ITGA7−; Joe et al., 2010). A small fraction of the total
Hoxa11iTom+ cell population (∼5%) segregated as CD45−/CD31−/
Sca1−/ITGA7+/VCAM1−, markers that have recently been reported to
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be a sub-population of interstitial SMMCs that possess myogenic
potential (Giordani et al., 2019). To further assess the Hox11-
expressing cell population, we analyzed a publicly available dataset
(Giordani et al., 2019). For these analyses, we merged two biological
replicates from mouse hindlimb muscle (GSM3520458 and
GSM3520459), normalized this merged dataset and removed

low-quality and/or dying cells. The data were then projected by
UMAP for visualization of distinct cell populations (clusters)
(Fig. 2B). Cell-specific markers used by Giordani et al. were used
to identify the clusters (Fig. 2C and Fig. S4) (Giordani et al., 2019).
A feature plot showing the expression of Hox11 genes among
mononuclear muscle cells show a preponderance of this expression
in fibroblasts and in tenocytes (Fig. 2D). A similar profile is
observed for Twist2 and PDGFRα (Fig. 2E, Fig. S4). In contrast,
Pax7 andMyod1 are predominantly found in satellite cells, although
expression is observed in other subsets to varying degrees (Fig. 2E,F
and Fig. S4) (Giordani et al., 2019).

We further characterized Hoxa11eGFP-expressing cells in situ by
co-immunofluorescent immunohistochemistry. Hoxa11eGFP
expression is observed in interstitial cells outside the basal lamina
of myofibers and shows no overlap with satellite cells, based on
Pax7 and laminin immunostaining (Fig. 2G). The transcription
factor Twist2 is expressed in interstitial cells that possess previously
reported myogenic potential (Li et al., 2019; Liu et al., 2017); we
observe that most Hoxa11eGFP-expressing cells also express
Twist2, although the two populations are not completely
overlapping (Fig. 2H). Within the interstitial population,
Hoxa11eGFP also shows partial overlap with PDGFRα, a marker
used to identify FAPs (Joe et al., 2010;Mathew et al., 2011;Murphy
et al., 2011; Uezumi et al., 2010, 2011) (Fig. 2I). These results
corroborate and extend flow cytometry and scRNA-seq analyses,
and demonstrate that Hoxa11eGFP is expressed in a sub-population
of muscle interstitial cells.

Hoxa11 lineage in muscle tissue remains restricted to
interstitial cells during embryonic stages but begins
contributing to myofibers at postnatal stages
We next sought to examine the lineage of the Hoxa11-expressing
population. To assess embryonic lineage, pregnant dams were dosed
with tamoxifen at E12.5 and the resulting Hoxa11CreERT2/+;
ROSALSL-tdTomato/+ embryos were collected at E18.5. Hoxa11iTom
expression is observed exclusively in the interstitial and connective
tissue cells of developing muscles (Fig. 3A), similar to previously
reported Hox11eGFP expression (Swinehart et al., 2013). A recent
report identified an unexpected contribution to the myogenic
lineage from embryonic lateral plate mesoderm using both quail-
chick chimeras and a Scleraxis-Cre allele, and reported Scx-Cre-
mediated contribution to the embryonic myogenic lineage at or near
the myotendinous junction (Esteves de Lima et al., 2021). We
observe no such localization of Hoxa11iTom to myofibers at the
myotendinous junction region at embryonic stages (Fig. S5).

Postnatal lineage was examined by dosing Hoxa11CreERT2/+;
ROSALSL-tdTomato/+ animals with tamoxifen on postnatal day 3 (P3)
and collecting tissue at P7, P14 and P28 (Fig. 3B). Whole forelimb
cross-sections and higher magnification images show Hoxa11iTom
expression within tendon, bone and muscle at all time points.
Hoxa11iTom is expressed throughout the zeugopod forelimb in
muscle interstitial cells at P7. At this time point, very low levels of
tdTomato expression can be observed in a small number of
myofibers (Fig. 3C). Images of P7, P14 and P28 taken at the same
exposure show increasing number and intensity of tdTomato+

myofibers with time after induction (Fig. 3C).

Hoxa11-expressing cells make progressive contribution to
adult skeletal myofibers at homeostasis and to a greater
extent than Pax7 lineage-induced satellite cells
To assess Hoxa11 lineage behavior at adult stages,Hoxa11CreERT2/+;
ROSALSL-tdTomato/+ animals were dosed with 5 mg tamoxifen at

Fig. 1. Hoxa11 expression is maintained in skeletal muscle interstitial
cells through adult stages. (A) Left: Hoxa11eGFP real-time reporter shows
expression (green) at E18.5 and P7 in cells surrounding muscle fibers
(MY32, white). Scale bars: 100 μm. n=3 for each time point. Right: at
8 weeks of age, Hoxa11eGFP (green, yellow arrows) is expressed in
interstitial cells (WGA, white). Scale bar: 50 μm. n=6 animals. (B) A whole
forelimb cross-section showing tdTomato expression (Hoxa11iTom, red) in
interstitial cells throughout forelimb muscles. The areas outlined are shown
underneath at higher magnification. Scale bars: 1000 μm and 100 μm,
respectively. n=4 animals. (C) Hoxa11iTom (red) overlaps real-time reporter
Hoxa11eGFP (green); white arrowheads indicate interstitial cells 48 h post-
tamoxifen induction of Hoxa11iTom. Scale bar: 50 μm. n=2 animals.
Positions of radius and ulna are marked by r and u, respectively.
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Fig. 2. Defining Hoxa11-expressing
interstitial cells. (A) Hoxa11iTom+ cells dotted
(red) over a contour plot of non-tdTom cells.
Flow cytometry of Hoxa11 lineage labeled cells
(Hoxa11iTom) shows that Hoxa11iTom+ cells
are 7.8% of the mononuclear cells enzymatically
isolated from zeugopod-attached muscles.
Nearly 80% of the Hoxa11iTom+ cells are
Sca1−. n=2 biological replicates. Among the
20% of Hoxa11iTom+ cells that are Sca1+,
approximately half are ITGA7−, which is a
measure of fibroadipogenic progenitors (FAPs).
Among the Sca1− population, ∼5% are ITGA7+,
which is a measure of smooth muscle
mesenchymal cells (SMMCs). (B-F) These
analyses merge two biological replicates from
publicly available single cell sequencing data
from adult mouse muscle mononuclear cells
(GEO databases GSM3520458/GSM3520459).
R studio (v 4.1.3) and Seurat (v 4.1.0) standard
workflow were used for analyses. (B) After
normalization and mitochondrial filtering (8%),
the FindVAriableFeatures function was used
before PCA (Dims=1:20) and the data were
projected in a low-dimensional space via UMAP
(resolution=0.5). (C) Two features per cluster
were selected for visualization via a heatmap, as
a secondary means of validating cluster identity
and feature specificity. (D) Visualization of the
expression of the Hox11 paralogous genes
(PGs; Hoxa11, Hoxc11 and Hoxd11) is shown.
The fibroblast and satellite cell clusters were
subsetted for higher magnification and
resolution, and feature plots for additional
interstitial cell markers (Twist2 and PDGFRα)
and satellite/myoblast markers (Pax7 and
Myod1) are shown (E,F). Immunofluorescent
immunohistochemistry for GFP (Hoxa11eGFP,
green) and for Pax7 (G, red), Twist2 (H, red) and
PDGFRα (I, red) show no overlap between
Hoxa11eGFP and Pax7, high overlap with
Twist2, and a moderate level of overlap with
PDGFRα. Scale bars: 50 μm. n=3 animals (G-I).
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8 weeks of age and analyzed at 2, 4, 7, 14 and 56 days after
tamoxifen induction (Fig. 4A). At 4 days post-induction, there is
extensive lineage labeling of muscle interstitial cells and only faint
tdTomato signal in a few muscle fibers. At continuing time points
through 8 weeks post-induction, lineage contribution to muscle
fibers progressively increases, as seen in whole forelimb cross-
sections and magnifications of three different muscles (Fig. 4B).
Continual, progressive and more-extensive lineage labeling is

observed at later stages (Fig. S6). The extent of lineage labeling in
each muscle group varies, but with high reproducibility between
animals. In Hoxa11iTom animals at 8 weeks after induction, the
extensor carpi ulnaris (ECU) shows 95.2±2.9% tdTomato-positive
fibers, the flexor digitorum profundus (FDP) shows 51.2±6.9%
tdTomato-positive muscle fibers, and the flexor digitorum sublimis
(FDS) has 20.5±4.9% tdTomato-positive fibers. Despite differential
lineage labeling into muscle groups, Hoxa11iTom-labeled
interstitial cells are observed relatively uniformly throughout
forelimb muscle tissue (Fig. 1B; Figs S1, S3). Hindlimbs from
these animals were also examined and Hoxa11iTom+ lineage
contribution is observed (high levels of contribution to the
gastrocnemius, moderate contributions to the tibialis anterior and
low contribution to the soleus; Fig. S7).

Parallel experiments were performed using Pax7CreERT2/+;
ROSALSL-tdTomato/+ mice (Pax7iTom) (Murphy et al., 2011) to
compare Hoxa11 lineage contribution to satellite cell contribution at
homeostasis. Animals were given the same tamoxifen treatment, and
this resulted in ∼90% efficient recombination in the Pax7CreERT2/+;
ROSALSL-tdTomato/+ animals (Fig. S2). The observed lineage
contribution of Pax7-expressing satellite cells was significantly less
than from Hoxa11-expressing cells (Fig. 4B-D). Of note, Pax7 lineage
contribution was more evenly distributed throughout the muscle
groups, with low but consistent increases in the amount of lineage-
labeled myofibers over time, consistent with findings reported
previously in the hindlimb (Fig. 4C) (Keefe et al., 2015;
Pawlikowski et al., 2015). In examining the same three muscle
groups, Pax7iTom contribution is 15.7±3.3% in the ECU, 21.5±3.1%
in the FDP and 16.4±2.1% in the FDS. High-magnification images
of the ECU, FDP and FDS muscle from Pax7iTom animals are
shown in Fig. S8. Comparative quantification of lineage-positive
myofibers of the FDP, ECU and FDS from both Hoxa11iTom and
Pax7iTom animals at 8 weeks after induction shows Hoxa11iTom
contribution is significantly higher in both the FDP and ECU muscles
(Fig. 4D).

Our results show many similarities to those reported for Twist2-
expressing interstitial cells (Liu et al., 2017) and, intriguingly,
Hoxa11eGFP and Twist2 expression highly overlap. We sought next
to interrogate whether this cellular lineage behavior occurs from
other populations of muscle interstitial cells. PDGFRα is a more
broadly expressed interstitial cell marker, so we used a PDGFRα-
CreERT2 and the ROSA-LSL-tdTomato reporter (PDGFRαiTom) to
investigate the lineage contribution to myofibers (Rivers et al.,
2008). Using this model, we do not observe lineage labeling into
myofibers, even 10 weeks after adult induction (Fig. 4E). Of note,
there is previously reported evidence that tdTomato mRNA can be
packaged in extracellular vesicles that enter themyofiber, resulting in
fusion-independent lineage reporter expression within muscle fibers
(Murach et al., 2020). Close examination of the PDGFRαiTom
shows a small number of myofibers (approximately five in a whole
forelimb cross-section) with low levels of red fluorescence, perhaps
indicative of this type of non-specific release and uptake of tdTomato
RNA or protein (Fig. 4E). However, the relative lack of myofiber
lineage labeling in the PDGFRαiTom animals supports that lineage
contribution in the Hoxa11iTom model does not result from leaky
expression or fusion of cytoplasmic vesicles.

Hoxa11 lineage demonstrates nuclear contribution to
myofibers
We next generated a Hoxa11-dependent nuclear lineage reporter by
crossing our Hoxa11-CreERT2 line with ROSA-LSL-H2BmCherry
(Blum et al., 2014). ResultingHoxa11CreERT2/+; ROSALSL-H2B-mCherry/+

Fig. 3. Embryonic Hoxa11 lineage-labeled cells remain exclusively
interstitial; Hoxa11 lineage begins to show contribution to myofibers at
postnatal stages. (A) After Hoxa11iTom induction at embryonic day (E)
12.5 and embryo collection at E18.5, representative cross-sections show
Hoxa11iTom visible only in interstitial cells of the muscle (My32, white;
DAPI, blue). Scale bars: 200 μm (left) and 50 μm (right). (B) At postnatal day
(P) 3, Hoxa11CreERT2/+; ROSALSL-tdTom/+ mice were given 0.25 mg tamoxifen
by intragastric injection and collected at P7, P14 and P28. (C) Full forelimb
cross-sections show Hoxa11iTom (red) expression at P7, P14 and P28 (left).
Areas outlined in the images on the left are shown at higher magnification on
the right. The inset in the top right image shows the area outlined at higher
magnification. Scale bars: 500 μm (left) and 100 μm (right). n=3 for each
time point. Radius, ulna and tendon position are marked by r, u and t,
respectively.
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(Hoxa11iH2BmCherry) animals were given 5 mg tamoxifen at
6 weeks of age and collected at 4 days and 2 weeks after induction
(Fig. 5A). H2BmCherry-labeled myonuclei are clearly observed in
muscle interstitial cells 4 days after tamoxifen induction (Fig. 5B).
By 2 weeks after lineage induction, Hoxa11iH2BmCherry+ nuclei
can be additionally visualized within myofibers under the basal
lamina (Fig. 5C). To confirm that Hoxa11iH2BmCherry+ nuclei
under the basal lamina were indeed myonuclei, we performed
dystrophin antibody staining and saw that many
Hoxa11iH2BmCherry+ nuclei were inside the dystrophin layer
and, therefore, in the myofibers (Fig. 5D). Hoxa11iH2BmCherry+

nuclei were confirmed with DAPI staining (Fig. S9). These
experiments provide support for Hoxa11-expressing interstitial
cells contributing full cellular contents, including their nuclei, to
muscle fibers in vivo.

Hoxa11 lineage contributes to all muscle fiber types
Previous publications have reported that Twist2-mediated
contribution to muscle exhibits fiber-type specificity, contributing
to only Type IIb/x myofibers (Li et al., 2019; Liu et al., 2017). Of
note, these experiments were conducted on animals that were
lineage labeled for up to 4 months. Observation of the Hoxa11iTom
lineage in the hindlimb 3 weeks after adult induction supports this
myofiber specificity, as almost no lineage labeling is observed in the
soleus, which comprises mainly type 1 myofibers, whereas fairly
extensive labeling is observed in the adjacent gastrocnemius, which
is mainly type IIb and IIx myofibers (Fig. S7) (Burkholder et al.,
1994). However, upon evaluation of myofiber type specificity in
Hoxa11iTom lineage 8 months after induction of the reporter
(10 months of age), Hoxa11 lineage contribution to all four muscle
types, types I, IIa, IIb and IIx, is observed (Fig. 6A-D).

Fig. 4. Hoxa11-expressing skeletal muscle
interstitial cells progressively contribute to
myofibers in the adult mouse forelimb.
(A) Hoxa11CreERT2/+; ROSALSL-TdTom/+

(Hoxa11iTom) mice were given a single
intraperitoneal injection of 5 mg tamoxifen at
8 weeks of age and collected at 2 days, 4 days,
1 week, 2 weeks and 8 weeks after tamoxifen
induction. (B) Whole forelimb cross-sections
were collected at the time points indicated.
High-magnification images of the extensor
carpi ulnaris (ECU), flexor digitorum profundus
(FDP) and flexor digitorum sublimis (FDS)
muscles show an increasing number of
tdTomato-expressing myofibers over the
indicated time points. Scale bars: 1000 μm
(top); 200 μm (bottom). n=4 (2 days, 4 days
and 8 weeks), 3 (7 days) and 9 (2 weeks)
animals per time point. (C) Full forelimb cross-
sections from Pax7CreERT2/+; ROSALSL-TdTom/+

(Pax7iTom) animals show fewer tdTomato-
positive myofibers compared with Hoxa11iTom
animals at the same time points. Scale bar:
1000 μm. (D) Quantification of the percentage
tdTomato-positive myofibers from ECU, FDS
and FDP muscles from Hoxa11iTom and
Pax7iTom animals 8 weeks post-induction. n=3
animals, two to five fields of view per muscle
group analyzed. An unpaired Student’s t-test
was used to test for significance. ns, not
significant. The white dashed line in B marks
the borders of muscles that are quantified in D;
the positions of the radius and ulna are marked
by r and u, respectively. (E) PDGFRαCreERT2/+;
ROSALSL-tdTomato/+ (PDGFRαiTom) animals
were also treated with 5 mg tamoxifen at
8 weeks of age and collected 10 weeks later.
A whole cross-section of the forelimb shows
tdTomato expression in connective tissues,
bone tissue, tendons and the muscle
interstitium. High-magnification images of
skeletal muscle show PDGFRαiTom
expression in the muscle interstitium. A few
myofibers have low tdTomato expression
(marked by an asterisk). Scale bars: 1000 μm
(left); 100 μm (right). n=5 animals.
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Satellite cells are not lineage labeled by the Hoxa11 lineage
reporters
It is crucial to determine whether Hoxa11-mediated lineage labeling
results in reporter expression in or through satellite cells. To
rigorously assess for this, we examined co-expression of Pax7 and
Hoxa11iTom in both the forelimb and the hindlimb of Hox11iTom
animals. In the forelimb, the ECU, FDP and FDS were assessed for
overlap of Hox11iTom and Pax7. We did not observe any instances
of co-expression of Pax7 and Hoxa11iTom 2 weeks after induction
out of a total of 1048 individual cells analyzed (Fig. 7A-D). We
further assessed Hoxa11iTom and Pax7 antibody staining 8 weeks
after lineage induction and again found no tdTomato+ satellite cells
from 311 cells counted (Fig. S10). In the hindlimb, we analyzed
three muscle groups, the gastrocnemius/plantaris, soleus and tibialis
anterior for possible Hoxa11iTom and Pax7 co-expression.

Fig. 5. Hoxa11-expressing interstitial cells contribute their nuclei to
myofibers. (A) Hoxa11CreERT2/+; ROSALSL-H2BmCherry/+ mice were given
5 mg of tamoxifen at 6 weeks of age and collected 4 days and 2 weeks later.
(B,C) Whole forelimb cross-sections. Areas outlined in the top left are shown
at higher magnification underneath. WGA (white) staining distinguishes
mCherry (red) labeled myonuclei from labeled interstitial nuclei. Panels to
the right of the whole forelimb cross-sections more clearly show the
distinction between labeled interstitial nuclei and myonuclei. (B) Four days
after tamoxifen treatment, the majority of labeled nuclei are interstitial; some
labeled cells are myonuclei. (C) Two weeks after tamoxifen treatment, there
are more labeled myonuclei and labeled interstitial nuclei are also visualized.
Yellow arrowheads indicate mCherry-labeled interstitial cells; white arrows
indicate mCherry-labeled myonuclei. Scale bars: 1000 μm (B,C). n=3
animals (4 day) and 2 animals (2 week). (D) Two weeks after tamoxifen
treatment, mCherry-labeled myonuclei are observed within the dystrophin
layer (white arrows), while interstitial cells are present outside the dystrophin
layer (yellow arrowheads). Scale bar: 100 μm. n=2 animals.

Fig. 6. Hoxa11iTom+ lineage shows contribution to all myofiber sub-types
after 8 months of lineage labeling. (A) Hoxa11CreERT2/+; ROSALSL-tdTom/+

mice were given 5 mg of tamoxifen at 8 weeks of age and collected at
10 months of age. (B-D) Hoxa11 lineage-labeled myofibers are identified by
tdTomato signal (Hoxa11iTom). Myofiber sub-types were identified by
immunofluorescent staining with anti-myosin (slow, Type I; B), anti-SC-71 (fast,
Type IIa; C) and anti-BF-F3 (fast, Type IIb; D). (E) Type IIx fibers were
identified by the absence of combined markers. Additional antibody details are
available in Table S1. Fibers shown are from the gastrocnemius/plantaris
muscles. White arrows indicate overlap of Hoxa11iTom and the specific
myofiber type. Scale bar: 50 μm. n=3 animals.
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Consistent with data collected for the forelimb, no overlap of
Hoxa11 lineage and Pax7 was observed in the 695 cells analyzed
(Fig. 7E-G). Using our nuclear-specific reporter (Hoxa11-
H2BmCherry), we assessed whether any Pax7+ cells were
H2BmCherry+. We observed no instances of Pax7+/mCherry+

cells 2 weeks after reporter induction (Fig. 7H) These results
indicate Hoxa11-expressing cells do not contribute to or non-
specifically label the satellite cell population.

Hoxa11 lineage-labeled interstitial cells contribute to
myotubes in vitro
To further test the myogenic potential of Hoxa11 interstitial cells,
we examined their ability to form myotubes in culture.
Hoxa11iTom+ cells were isolated from adult animals shortly after
tamoxifen treatment (between 4 and 7 days after a 5 mg dose of
tamoxifen) and sorted based on tdTomato+ fluorescence.

Pax7iTom+ cells were isolated separately and run as positive
controls. After 7 days in skeletal muscle differentiation medium
(DM), Hoxa11iTom+ cells cultured alone failed to form any
myotubes, in contrast to Pax7iTom+ cells, which show robust
myotube formation (Fig. 8A,B). These results led us to examine
whether Hoxa11iTom+ cells could contribute to existing myofibers.
To test this, we differentiated C2C12 immortalized myoblasts in
DM for 3-5 days (a point when myotube formation had initiated),
then added either freshly isolated or previously cultured
Hoxa11iTom+ cells. Extensive myotube formation was observed
in wells containing only C2C12 cells (Fig. 8C). In wells containing
both C2C12 with subsequent addition of Hoxa11iTom+ cells, we
observed a subset of myotubes that became tdTom+ (Fig. 8D). Of
note, not all myofibers became tdTomato+, supporting cellular
specificity of this contribution. Furthermore, many mononucleate
Hoxa11iTom+ interstitial cells persisted in the culture, including

Fig. 7. Pax7-expressing satellite cells are not
lineage labeled by the Hoxa11iTom lineage.
(A) Hoxa11CreERT2/+; ROSALSL-tdTom/+ mice given a
single 5 mg dose of tamoxifen by intraperitoneal
injection at 8 or 12 weeks of age were collected 2
weeks after dosing. Pax7+ satellite cells (cyan, yellow
arrows) are visualized under the basal lamina (white)
with zero incidences of Hoxa11 lineage labeling (red)
of Pax7-expressing cells in forelimb skeletal muscle at
2 weeks post-induction. (B-D) Quantification of
Hoxa11iTom+, Pax7+ and overlapping cells in the
extensor carpi ulnaris (ECU), flexor digitorum
profundus (FDP) and flexor digitorum sublimis (FDS)
is shown. n=3 animals. (E-G) Quantification of
hindlimb muscles gastrocnemius/plantaris (G/P), and
soleus (SL) and tibialis anterior (TA) muscles. There
were no cells that expressed both Hoxa11iTom and
Pax7. n=3 animals. Data are mean with individual data
points indicated. Significance was tested using an
unpaired Student’s t-test. (H) Hoxa11CreERT2/+;
ROSALSL-H2B-mCherry/+ animals were mice given a
single 5 mg dose of tamoxifen by intraperitoneal
injection at 6 weeks of age and collected 2 weeks after
tamoxifen administration. Pax7 antibody staining
shows satellite cells are not mCherry+ in zeugopod
attached muscles. n=2 animals. Yellow arrowheads
indicate Pax7-stained satellite cells. Scale bars:
25 μm.
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near myotubes that did not become tdTomato+. These results
strongly support direct contribution of the Hoxa11iTom+ cells to
myofibers (not an indirect release of tdTomato mRNA or protein or
other cytoplasmic contents into the medium and non-specific uptake
into myofibers). To further examine the possibility of non-specific
vesicle release of tdTomato, Y-27632 was added to C2C12/
Hoxa11iTom+ combined cultures to prevent formation of
extracellular vesicles (Kim et al., 2014; Tramontano et al., 2004;
Watanabe et al., 2007). This treatment had no observable impact on
tdTomato contribution to myofibers (Fig. 8E).

Hoxa11iTom contribution to regenerating myofibers after
injury is delayed until myofiber regeneration has initiated
The contribution of Hoxa11-expressing cells to regenerating
myofibers was examined by inducing the Hoxa11iTom lineage
immediately before cardiotoxin injury of ventral, adult forelimb
muscles (experimental strategy schematized in Fig. 9A).
Comparison of the injured flexor carpi radialis (FCR) to the
contralateral (uninjured) muscle from the same animals at 7 days
post injury (DPI) shows very low Hoxa11 lineage contribution in
the injured muscle whereas there are many tdTomato+ myofibers in
the contralateral muscle (Fig. 9B). By 14 DPI, more tdTomato+

myofibers are observed in the injured muscle, notably in larger
myofibers without apparent centralized nuclei, but alsowitnessed in a
few myofibers with centralized nuclei (Fig. 9B). Many myofibers
with centralized nuclei still lack tdTomato contribution at this stage.
The contralateral muscle remains highly tdTomato positive at 14 DPI.

DISCUSSION
We have previously reported that Hoxa11eGFP is expressed broadly
in embryonic interstitial cells of muscles attached to the zeugopod
and function to pattern these muscles (Swinehart et al., 2013). In
this report, we show that Hoxa11eGFP expression in muscle
interstitial cells continues through postnatal and adult stages. And
we show that lineage labeling using our previously validated
Hoxa11CreERT2 allele faithfully initiates only in interstitial cells at
all stages examined, as expected based on the expression of
Hoxa11eGFP. Lineage-labeled cells remain interstitial throughout
embryonic development, but beginning at postnatal stages, lineage
labeling into myofibers is observed. At adult stages, lineage
contribution to myofibers at homeostasis is quite robust and highly
progressive, significantly exceeding the contribution of Pax7-
mediated lineage labeling into myofibers.

Fig. 8. Hoxa11iTom interstitial cells contribute to myotubes in vitro.
Zeugopod-attached muscles from Hoxa11CreERT2/+; ROSAtdTomato/+ animals
were enzymatically digested, and mononuclear cells were sorted to isolate
Hoxa11iTom+ cells. (A) Hoxa11iTom+ cells (red) were cultured alone in
muscle differentiation media (DM) and no myotube formation was observed
after 7 days in culture. n=6 biological replicates. (B) In comparison,
Pax7iTom cells (cyan) robustly form myotubes over 7 days in DM. n=3
biological replicates. (C-E) Fixed cells stained with MY32 (green) and DAPI
(blue) shown with Hoxa11iTom (red) endogenous fluorescence overlapping
multinucleated myosin-positive cells. (C) C2C12 immortalized myoblasts
placed in DM for 9 days robustly form myotubes. (D) The contribution of
Hoxa11iTom to myotubes is observed under conditions in which C2C12
cells are cultured in DM for 3 days then Hoxa11iTom+ interstitial cells are
added for the remainder of the differentiation (+6 days). Notably, not all
myotubes show contribution of tdTomato; additionally, many single
tdTomato+ cells lie adjacent to differentiated myotubes with no red
fluorescence. (E) The addition of an extracellular vesical inhibitor (EVi),
Y-27632, at a concentration of 10 μM coincident with the addition of
Hoxa11iTom+ cells on day 4 did not result in changes in tdTomato+

contribution to myotubes. Scale bars: 200 μm.
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This report follows other reports of possible non-satellite cell, i.e.
muscle-resident cell populations with potential myogenic behavior.
‘Side population’ cells, pericyte or pericyte-like alkaline
phosphatase-expressing cells, PW1+/Pax7− interstitial cells
(PICs), CD146+ cells, Abcg2-labeled cells and ITGA7+/VCAM−

SMMCs have all been reported to have myogenic activity
(Dellavalle et al., 2011; Doyle et al., 2011; Giordani et al., 2019;
Mierzejewski et al., 2020b; Mitchell et al., 2010; Qu-Petersen et al.,
2002). These populations were intriguing, but their myogenic
activity, in most cases, was not robust and was supported by little or
no in vivo data.
A more rigorous report by Liu et al., using Twist2-directed

genetic lineage labeling of interstitial cells, showed non-satellite cell
contribution to myofibers at adult stages in vivo, highly consistent
with our findings (Li et al., 2019; Liu et al., 2017). In this article, we
show very similar lineage contribution from an independently
generated, distinct genetic locus of another transcription factor
(Hoxa11) that is expressed in a similar subset of muscle interstitial
cells. As reported for Twist2, Hoxa11eGFP is expressed in only a
subset of interstitial cells. Twist2 and Hoxa11, at qualitative levels,
are strongly overlapping; however, there are some incongruencies in
our two reports. Liu et al. reported lineage-specific contribution to
only type IIb and IIx fibers, whereas we show clear evidence of
contribution to all four myofiber types. The differences may be due
to timing: Twist2 lineage contribution to myofibers was assessed by
fiber type 4 months after lineage induction, whereas we reported

fiber sub-types 10 months after induction. Additionally,
Hoxa11eGFP and Twist2 both overlap to some degree with other
markers of interstitial cell subsets, such as PDGFRα, and this
lineage does not show myofiber contribution. Further defining
Hoxa11-expressing, Twist2-expressing and other interstitial cell
populations will be crucial in future work to begin to dissect how
myogenic potential is conferred.

The wealth of literature and decades of research on satellite cells
and their crucial role as myofiber stem cells puts an exceedingly
high burden of proof on new biology that suggests there may be an
additional progenitor pool that is important during muscle
homeostasis. As evidence has also been reported of non-specific
cytoplasmic transport of fluorescent reporter mRNAs and proteins
to other cells that refutes the results from our lineage reporters
(Murach et al., 2020), we spent significant effort in testing this
potential caveat to our results. First, we added an additional line of
genetic experiments using the ROSA-LSL-H2BmCherry lineage
reporter. Using this nuclearly localized lineage reporter, we show
initial labeling in interstitial cell nuclei, but a relatively rapid and
distinct contribution of H2BmCherry-labeled nuclei to muscle
fibers. The specificity of Hoxa11 (and Twist2) lineage contribution
to myofibers is further supported by the lack of myofiber
contribution observed with PDGFRα-CreERT2-induced lineage,
even 10 weeks after induction. Particularly given the broader
stromal expression of PDGFRα in muscle interstitial cells and
connective tissue, if a non-specific mechanism were responsible for
‘tdTomato sharing’, one would expect it to occur with this Cre.

It is perhaps our in vitro work that most strongly supports the
specificity of Hoxa11-expressing interstitial cell contribution to
myofibers. Using FACS isolation of Hoxa11iTom cells and
culturing them alone in muscle differentiation medium, we show
very little to no ability of these cells to form myotubes. However,
when we add Hoxa11iTom+ cells to differentiating myotubes from
canonical sources (C2C12 cells), we see strong red fluorescence in
some myotubes after several days of co-culturing. Crucially, not all
myotubes show red fluorescence. In fact, many myotubes lying in
close proximity to robustly red Hoxa11iTom+ mononuclear
fibroblasts that persist in this co-culture show no detectable red
fluorescence. This strongly argues against endovesicular release or
non-specific uptake of cytoplasmic contents; if myotubes gained red
fluorescence via these mechanisms, it would be more uniformly
observed. Furthermore, the addition of an inhibitor of endovesicular
release in this co-culture did not impact myofiber contribution.

An additional piece of evidence that supports the specificity and
the nature of Hoxa11-expressing interstitial cell contribution to
myofibers is our observation that little to no contribution of
Hoxa11iTom is observed at early stages (7 days) after cardiotoxin
injury. This type of injury leads to an acute disruption of cell
membranes in the injured area. If myofibers were non-specifically
labeled by released cytoplasmic contents, one certainly might
imagine this would happen when myofiber membranes are
damaged.

Our collective data, together with our observation that
Hoxa11iTom+ contribution is observed again at 14 days post-
injury in larger more-regenerated fibers is consistent with
Hoxa11iTom+ interstitial cells being a post-embryonic
myoprogenitor pool that lacks innate stem cell activity but serves
as an important progenitor source of new myonuclei at homeostasis.
This finding suggests a need for additional myonuclei during
homeostasis. There are conflicting reports regarding the stability of
myonuclear number in the absence of injury (Egner et al., 2016; Fry
et al., 2015; Jackson et al., 2012; McCarthy et al., 2011; McLoon

Fig. 9. Hox11 lineage makes minimal contribution to regenerating
myofibers after injury. (A) Hoxa11CreERT2/+; ROSAtdTomato/+ adult animals
were given three intraperitoneal (IP) injections of 2 mg tamoxifen (TMX)
every other day in the week before cardiotoxin (CTX) injury. CTX injury was
performed by injecting a total of 50 μl of 10 μM CTX into mouse forelimb
muscles. Animals were collected 7 and 14 days post-injury (DPI). (B) The
injured flexor carpi radialis (FCR) shows a very low contribution of tdTom to
small injured myofibers with centralized nuclei compared with the
contralateral (uninjured) FCR at 7 DPI. By 14 DPI, tdTom+ contribution to
injured myofibers has increased, notably in larger myofibers without
centralized nuclei. n=2 animals (four limbs for each time point). Scale bar:
100 μm.
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and Wirtschafter, 2003; Murach et al., 2020; Pawlikowski et al.,
2015; White et al., 2010). Our data, combined with the data
from Twist2 lineage labeling, supports a model whereby turnover
may be greater within type IIb and IIx myofibers, leading to
higher homeostatic contribution in those fiber types. The issue
of myonuclear turnover and potential changes in myonuclear
number with age or under various conditions deserves rigorous
attention. Of note, it will be critical for future investigations to
account of the potential addition of myonuclei from non-satellite
cell sources.
There are many lingering questions regarding the behavior and

identity of Hoxa11-expressing cells in muscle. It will be interesting
to examine the impact of depletion of Hoxa11-expressing cells on
skeletal muscle homeostasis, growth and repair, and the degree of
stem/progenitor ability they possess during aging, exercise, and in
transplantation experiments. Perhaps the most exciting potential
related to this understudied interstitial cell population and its ability
to contribute to muscle fibers at homeostasis in vivo is the possibility
that it could lead to new therapies for those suffering from
myopathies and muscular dystrophies.

MATERIALS AND METHODS
Mouse models
Generation of mouse models Hoxa11eGFP (Nelson et al., 2008), Hoxa11-
CreERT2 (Pineault et al., 2019), Pax7-CreERT2 (Murphy et al., 2011),
PDGFRα-CreERT2 (Rivers et al., 2008) and ROSA-LSL-H2B-mCherry
(Blum et al., 2014) have been previously described. The ROSA26-CAG-
loxP-STOP-loxP-tdTomato (stock number 007909; Madisen et al., 2010)
was purchased from The Jackson Laboratory. Creation ofHoxa11iTommice
was achieved by crossing Hoxa11CreERT2/+ males with Hoxa11eGFP/+;
ROSALSL-tdTomato/LSL-tdTomato females. Generation of Pax7iTom mice was
achieved by crossing Pax7CreERT2/+males with ROSALSL-tdTomato/LSL-tdTomato

females. All mouse colonies were maintained on a mixed genetic
background. Both male and female mice were used in all experiments
(and all control and mutant pairs were sex matched). Animals used in this
study were euthanized using CO2 followed by cervical dislocation. All
procedures described were in compliance with protocols approved by the
University of Wisconsin-Madison and the University of Michigan Animal
Care and Use Committees.

Tamoxifen treatment
Adult mice were given a single intraperitoneal (IP) injection of 5 mg
tamoxifen (Sigma-Aldrich T5648) dissolved in corn oil at 8 weeks of age
and collected at indicated time points. Embryonic induction was achieved by
mating Hoxa11CreERT2/+ males to Hoxa11eGFP/+; ROSALSL-tdTomato/LSL-

tdTomato females and the presence of vaginal plugs was checked each
morning. Pregnant dams were given 2 mg tamoxifen and 0.1 mg
progesterone dissolved in corn oil via IP injection at indicated embryonic
time points (Pineault et al., 2019). Postnatal animals were given 0.25 mg
of tamoxifen dissolved in corn oil via intragastric injection on postnatal
day 3. Animals in the injury study were given three doses consisting of 2 mg
tamoxifen via IP injection the week before injury.

Tissue preparation
Left and right zeugopods were collected. Skin and soft tissues were removed
from the region and the zeugopod muscles and skeleton were isolated.
Muscles were either carefully dissected off the bone or left attached to the
bone. Dissection was carried out in phosphate-buffered saline (PBS).
Muscle groups and intact limbs were fixed in 4% paraformaldehyde (PFA,
Sigma-Aldrich) in PBS shaking at 4°C for 1-3 days. Intact limbs were
decalcified in 14% ethylenediaminetetraacetic acid (EDTA, EMD
Millipore) for 3-5 days (postnatal animals) or 6-7 days (adults) at 4°C.
Samples were cryoprotected in 30% sucrose in PBS overnight before
embedding in OCT compound (Thermo Fisher Scientific, 4585). Tissuewas
stored a −80°C. Cryosections of 10-14 µm were analyzed by IF.

Immunohistochemistry
Sections were rehydrated with PBS. In some cases, antigen retrieval was
performed by heating slides in a citrate buffer for 10-30 min. After blocking
with TNB buffer (Perkin Elmer, FP1020), sections were incubated with
primary antibodies overnight at 4°C and then incubated with secondary
antibodies for 2 h at room temperature and counterstained with DAPI for
nuclear visualization. Antibody information is provided in Table S1.
tdTomato and mCherry were visualized directly with no antibody staining.
Slides were mounted with ProLong Gold antifade reagent (Invitrogen,
cat. no. P36930). Staining using mouse monoclonal antibodies used a
mouse-on-mouse immunodetection kit (Vector Labs, cat. no. BMK-2202)
according to vendor instructions.

Imaging was performed on the Nikon eclipse Ti, Keyence BZ-X800 and
Leica SP8 3X STED confocal. Image editing was performed using ImageJ
and Photoshop, and larger images were stitched together (when necessary)
in Photoshop or by the Keyence BZ-X800 analyzer.

Quantification
For calculation of percent tdTomato+ myofibers from Hoxa11iTom and
Pax7iTom mice, multiple representative fields of view, from the ECU, FDP
and FDS muscles collected 8 weeks after Cre induction, were compiled.
A blinded participant counted the total number of myofibers in the field of
view and the total number of tdTomato+ myofibers. Percent of tdTomato+

myofibers was calculated; data were transferred to GraphPad Prism9 where
statistical analysis for significance, between Hoxa11iTom and Pax7iTom
ECU, FDP and FDS muscles, and the standard error was carried out.
To assess the overlap of Hoxa11 lineage labeled cells with Pax7, tissue from
Hoxa11iTom mice was collected at 2 weeks and 8 weeks post-induction;
sections were stained using an anti-Pax7 antibody (DSHB). Three to five
fields of view from each animal (n=3 for both forelimb and hindlimb
analyses) were used; Pax7 and Hoxa11iTom cells were identified, counted
and profiled into three groups: Hoxa11iTom+/Pax7-, Hoxa11iTom-/Pax7+
or Hoxa11iTom+/Pax7+. Statistical analyses were carried out using an
unpaired Student’s t-test (GraphPad Prism9).

Flow cytometry
To isolate mononuclear populations from muscle, we essentially followed
the protocol of Liu et al. (2017). Briefly, zeugopod-attaching muscles were
removed from the forelimb and hindlimb. Dissected muscles were chopped
into smaller pieces followed by digestion in 700 U/ml collagenase type II
(Gibco, 17101-015) at 37°C for 1 h. After wash and trituration steps,
muscles underwent a second digestion in 100 U/ml collagenase type II and
1.1 U/ml dispase (Gibco, 17105-041) for 30 min at 37°C. Cells werewashed
and triturated, and red blood cell lysis was performed with an acidic salt
solution. Cells were then filtered through a 40 μm cell strainer before being
placed in 1×PBS with 2% FBS (Gibco). Flow cytometry experiments were
carried out on the ThermoFisher Attune NxT Flow Cytometer BRYV.
Antibody information is provided in Table S1. Analysis was carried out
using FloJo.

Single cell RNA-sequencing analysis
Publicly available single cell sequencing data from adult mouse hindlimb
were obtained from the GEO database (GSM3520458/GSM3520459)
(Giordani et al., 2019). The two biological replicates were merged in R
studio (v 4.1.3), and Seurat (v 4.1.0) (Hao et al., 2021) standard workflow
was used for analysis. In brief, the data were normalized (min.cells=3,
min.features=200, percent mitochondrial filtration <8%) to remove low-
quality and dying cells. The FindVariableFeatures function was used before
PCA, for which dims=1:20. This information was then used in a clustering
algorithm (FindNeighbors, FindClusters) to project the data in a low-
dimensional space via UMAP (resolution=0.5). Cluster identity was
determined based on the list of cell-specific markers used previously
(Giordani et al., 2019).

Cell culture
Cells were prepared as described above, and then sorted by FACS on a BD
FACS Aria for tdTomato fluorescence. Both Hoxa11iTom and Pax7iTom
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cells were grown in DMEM/F-12 supplemented with 10% FBS and 1%
penicillin/streptomycin (Gibco, 11330057) to 70-80% confluence followed
by the addition of skeletal muscle differentiation media [DM; DMEM
(Gibco, 11885084) supplemented with 2% horse serum (Gibco, 26050070)
and 1% penicillin/streptomycin (Gibco, 15140122)]. Medium was changed
every other day. C2C12 cells (ATCC, validated and tested for contamination
by source) were grown in DMEM supplemented with 10% FBS and 1%
penicillin/streptomycin. Cells were grown to 70-80% confluence before
being switched over to DM. After 3 days in DM, either freshly isolated or
cultured (P1-P3) Hoxa11iTom cells were added to wells containing
differentiating C2C12 cells. Medium was changed every other day. To
inhibit formation of extracellular vesicles or micro vesicles, 10 μMof ROCK
inhibitor, Y-27632, was added to DM in cultures containing C2C12
differentiating cells upon addition of Hoxa11iTom cells and maintained
through the duration of the experiment. Differentiating cells were imaged
(phase and tdTomato fluorescence channel) every 6-12 h using the
Incucyte S3.

Cardiotoxin injury
Before injury, animals were given 5 mg/kg carprofen (Zoetis, Rimadyl) for
pain management. Animals were anesthetized with 2-4% isoflurane. For
injury, 50 µl of 10 µM cardiotoxin (Sigma-Aldrich, 217503-1MG; dissolved
in normal saline) was injected directly into the ventral forelimb muscles of
anesthetized animals. Muscles were collected 7 and 14 days after injury.
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Chal, J. and Pourquié, O. (2017). Making muscle: skeletal myogenesis in vivo and
in vitro. Development 144, 2104-2122. doi:10.1242/dev.151035

Davis, A. P. and Capecchi, M. R. (1996). A mutational analysis of the 5′ HoxD
genes: dissection of genetic interactions during limb development in the mouse.
Development 122, 1175-1185. doi:10.1242/dev.122.4.1175

Dellavalle, A., Maroli, G., Covarello, D., Azzoni, E., Innocenzi, A., Perani, L.,
Antonini, S., Sambasivan, R., Brunelli, S., Tajbakhsh, S. et al. (2011).
Pericytes resident in postnatal skeletal muscle differentiate into muscle fibres and
generate satellite cells. Nat. Commun. 2, 499. doi:10.1038/ncomms1508

Doyle, M. J., Zhou, S., Tanaka, K. K., Pisconti, A., Farina, N. H., Sorrentino, B. P.
and Olwin, B. B. (2011). Abcg2 labels multiple cell types in skeletal muscle and
participates in muscle regeneration. J. Cell Biol. 195, 147-163. doi:10.1083/jcb.
201103159

Duprez, D. (2002). Signals regulatingmuscle formation in the limb during embryonic
development. Int. J. Dev. Biol. 46, 915-925.

Egner, I. M., Bruusgaard, J. C. and Gundersen, K. (2016). Satellite cell depletion
prevents fiber hypertrophy in skeletal muscle. Development 143, 2898-2906.
doi:10.1242/dev.134411

Esteves de Lima, J., Blavet, C., Bonnin, M.-A., Hirsinger, E., Comai, G.,
Yvernogeau, L., Delfini, M.-C., Bellenger, L., Mella, S., Nassari, S. et al.
(2021). Unexpected contribution of fibroblasts to muscle lineage as a mechanism
for limb muscle patterning. Nat. Commun. 12, 3851. doi:10.1038/s41467-021-
24157-x

Fromental-Ramain, C., Warot, X., Lakkaraju, S., Favier, B., Haack, H.,
Birling, C., Dierich, A., Dollé, P. and Chambon, P. (1996a). Specific and
redundant functions of the paralogous Hoxa-9 and Hoxd-9 genes in forelimb and
axial skeleton patterning.Development 122, 461-472. doi:10.1242/dev.122.2.461

Fromental-Ramain, C., Warot, X., Messadecq, N., LeMeur, M., Dollé, P. and
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White, R. B., Biérinx, A.-S., Gnocchi, V. F. and Zammit, P. S. (2010). Dynamics of
muscle fibre growth during postnatal mouse development. BMC Dev. Biol. 10, 21.
doi:10.1186/1471-213X-10-21

Yin, H., Price, F. and Rudnicki, M. A. (2013). Satellite cells and the muscle stem
cell niche. Physiol. Rev. 93, 23-67. doi:10.1152/physrev.00043.2011

13

RESEARCH ARTICLE Development (2023) 150, dev201026. doi:10.1242/dev.201026

D
E
V
E
LO

P
M

E
N
T

https://doi.org/10.1016/j.devcel.2019.08.002
https://doi.org/10.1016/j.devcel.2019.08.002
https://doi.org/10.1016/j.celrep.2013.05.043
https://doi.org/10.1016/j.celrep.2013.05.043
https://doi.org/10.1016/j.celrep.2013.05.043
https://doi.org/10.1016/j.celrep.2013.05.043
https://doi.org/10.1038/ncb3477
https://doi.org/10.1038/ncb3477
https://doi.org/10.1038/ncb3477
https://doi.org/10.1038/ncb3477
https://doi.org/10.1038/nn.2467
https://doi.org/10.1038/nn.2467
https://doi.org/10.1038/nn.2467
https://doi.org/10.1038/nn.2467
https://doi.org/10.4172/2157-7633.S11-004
https://doi.org/10.4172/2157-7633.S11-004
https://doi.org/10.4172/2157-7633.S11-004
https://doi.org/10.1242/dev.057463
https://doi.org/10.1242/dev.057463
https://doi.org/10.1242/dev.057463
https://doi.org/10.1242/dev.057463
https://doi.org/10.1242/dev.068858
https://doi.org/10.1242/dev.068858
https://doi.org/10.1242/dev.068858
https://doi.org/10.1242/dev.068858
https://doi.org/10.1167/iovs.02-0673
https://doi.org/10.1167/iovs.02-0673
https://doi.org/10.1167/iovs.02-0673
https://doi.org/10.1242/dev.124.8.1453
https://doi.org/10.1242/dev.124.8.1453
https://doi.org/10.1242/dev.124.8.1453
https://doi.org/10.1242/dev.124.8.1453
https://doi.org/10.1016/j.semcdb.2020.01.004
https://doi.org/10.1016/j.semcdb.2020.01.004
https://doi.org/10.1016/j.semcdb.2020.01.004
https://doi.org/10.1016/j.semcdb.2020.01.004
https://doi.org/10.1186/s13287-020-01827-z
https://doi.org/10.1186/s13287-020-01827-z
https://doi.org/10.1186/s13287-020-01827-z
https://doi.org/10.1186/s13287-020-01827-z
https://doi.org/10.1186/s13287-020-01827-z
https://doi.org/10.1038/ncb2025
https://doi.org/10.1038/ncb2025
https://doi.org/10.1038/ncb2025
https://doi.org/10.1038/ncb2025
https://doi.org/10.1093/function/zqaa009
https://doi.org/10.1093/function/zqaa009
https://doi.org/10.1093/function/zqaa009
https://doi.org/10.1093/function/zqaa009
https://doi.org/10.1242/dev.064162
https://doi.org/10.1242/dev.064162
https://doi.org/10.1242/dev.064162
https://doi.org/10.1242/dev.064162
https://doi.org/10.3389/fcell.2017.00022
https://doi.org/10.3389/fcell.2017.00022
https://doi.org/10.3389/fcell.2017.00022
https://doi.org/10.1002/dvdy.21756
https://doi.org/10.1002/dvdy.21756
https://doi.org/10.1002/dvdy.21756
https://doi.org/10.1186/s13395-015-0067-1
https://doi.org/10.1186/s13395-015-0067-1
https://doi.org/10.1186/s13395-015-0067-1
https://doi.org/10.1038/s41467-019-11100-4
https://doi.org/10.1038/s41467-019-11100-4
https://doi.org/10.1038/s41467-019-11100-4
https://doi.org/10.1038/s41467-019-11100-4
https://doi.org/10.1083/jcb.200108150
https://doi.org/10.1083/jcb.200108150
https://doi.org/10.1083/jcb.200108150
https://doi.org/10.1083/jcb.200108150
https://doi.org/10.1038/nn.2220
https://doi.org/10.1038/nn.2220
https://doi.org/10.1038/nn.2220
https://doi.org/10.1038/nn.2220
https://doi.org/10.1016/j.devcel.2016.11.008
https://doi.org/10.1016/j.devcel.2016.11.008
https://doi.org/10.1016/j.devcel.2016.11.008
https://doi.org/10.1016/j.devcel.2016.11.008
https://doi.org/10.1242/dev.067587
https://doi.org/10.1242/dev.067587
https://doi.org/10.1242/dev.067587
https://doi.org/10.1242/dev.067587
https://doi.org/10.1016/bs.ctdb.2018.12.004
https://doi.org/10.1016/bs.ctdb.2018.12.004
https://doi.org/10.1016/bs.ctdb.2018.12.004
https://doi.org/10.1242/dev.096693
https://doi.org/10.1242/dev.096693
https://doi.org/10.1242/dev.096693
https://doi.org/10.1242/dev.096693
https://doi.org/10.1152/ajpcell.00161.2009
https://doi.org/10.1152/ajpcell.00161.2009
https://doi.org/10.1152/ajpcell.00161.2009
https://doi.org/10.1152/ajpcell.00161.2009
https://doi.org/10.1152/ajpcell.00161.2009
https://doi.org/10.1007/978-1-4939-6771-1_7
https://doi.org/10.1007/978-1-4939-6771-1_7
https://doi.org/10.1007/978-1-4939-6771-1_7
https://doi.org/10.3109/03008207.2014.947369
https://doi.org/10.3109/03008207.2014.947369
https://doi.org/10.3109/03008207.2014.947369
https://doi.org/10.1152/ajpregu.00735.2009
https://doi.org/10.1152/ajpregu.00735.2009
https://doi.org/10.1152/ajpregu.00735.2009
https://doi.org/10.1016/j.bbrc.2004.05.127
https://doi.org/10.1016/j.bbrc.2004.05.127
https://doi.org/10.1016/j.bbrc.2004.05.127
https://doi.org/10.1016/j.bbrc.2004.05.127
https://doi.org/10.1038/ncb2014
https://doi.org/10.1038/ncb2014
https://doi.org/10.1038/ncb2014
https://doi.org/10.1242/jcs.086629
https://doi.org/10.1242/jcs.086629
https://doi.org/10.1242/jcs.086629
https://doi.org/10.1242/jcs.086629
https://doi.org/10.1038/nbt1310
https://doi.org/10.1038/nbt1310
https://doi.org/10.1038/nbt1310
https://doi.org/10.1038/nbt1310
https://doi.org/10.1126/science.1085672
https://doi.org/10.1126/science.1085672
https://doi.org/10.1126/science.1085672
https://doi.org/10.1186/1471-213X-10-21
https://doi.org/10.1186/1471-213X-10-21
https://doi.org/10.1186/1471-213X-10-21
https://doi.org/10.1152/physrev.00043.2011
https://doi.org/10.1152/physrev.00043.2011


Figure S1. Hoxa11 expression in muscle interstitial cells is observed in aged mice and Hoxa11 lineage labeling of 
interstitial cells is observed in all forelimb muscles. (A) High magnification confocal microscopy shows Hoxa11eGFP-
positive cells (green, yellow arrowheads) are observed in the muscle interstitium, defined by WGA, in animals 7 month of 
age - 1year old. Scale bar = 75 µm; N = 3 animals. (B) Expression of Hoxa11 in interstitial cells of individual forelimb 
muscles collected from Hoxa11CreERT2/+ ; ROSALSL-tdTomato/+ animals 3 days after tamoxifen treatment. High magnification 
images of Extensor Carpi Radialis Brevis (ECRB), Extensor Carpi Radialis Longus (ECRL), Extensor Carpi Ulnaris 
(ECU), Extensor Digiti Quinti (EDQuin), Extensor Pollicis (EP), Extensor Indicis Proprius (EIP), Extensor Digiti Quarti 
(EDQuar), Flexor Digitorum Sublimis (FDS), Flexor Digitorum Profundus (FDP), Extensor Digitorum Communis (EDC), 
Flexor Carpi Radialis (FCR), Flexor Carpi Ulnaris (FCU), Pronator Quadratus (PQ), Supinator (S), Palmaris Longus (PL), 
and Pronator Teres (PT). Scale bar = 100 µm; N = 4 animals.
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Fig. S2. Both Hoxa11-CreERT2 and Pax7-CreERT2 show approximately 90% efficiency with lineage reporter ROSA-LSL-
tdTomato. (A) Images show Pax7 IF staining (blue) overlaps with tdTomato (red) in Pax7 lineage reporter animals (Pax7iTom) 4 days 
after tamoxifen treatment. Scale Bar = 50 μm. (B) Quantification of Pax7-CreERT2 efficiency was assessed by counting the number of 
Pax7 antibody-stained cells and tdTomato labeled cells at 48hrs (n= 2 animals) and 4 days (n= 2 animals) after Tamoxifen treatment. 
(C) Quantification of Hoxa11-CreERT2-induced recombination of ROSA-LSL-tdTomato with a single 5mg bolus of tamoxifen was 
assessed by counting the number of Hoxa11eGFP and tdTomato labeled cells at 48hrs (n=2 animals) and 7 days (n=2 animals) after 
tamoxifen administration. Both Cres resulted in approximately 90% efficiency.
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Fig. S3. Hoxa11 expressing cells are only in the interstitium of zeugopod-attached muscles after initial recombination. Hoxa11 
lineage labeling (Hoxa11iTom, red) is observed 3 days following tamoxifen administration. (A-C) Hoxa11 lineage-labeled cells are only 
seen in the interstitium (yellow arrows) of the Extensor Carpi Ulnaris (ECU), Flexor Digitorum Profundus (FDP) and Flexor Digitorum 
Sublimis (FDS) as shown by laminin (white). Scale bar = 100 μm. N = 4 animals. 
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Fig. S4. Further flow cytometry and Sing-cell RNA-sequencing analyses. (A) Hoxa11iTom+ cells 
dotted (red) over contour plot of non-tdTom cells. The mononuclear subsets analyzed by flow cytometry 
were first gated to exclude hematopoietic and endothelial cells; Hoxa11iTom+ cells are non-hematopoietic 
and no-endothelial. (B) Plotting single gene expressions onto a UMAP projection show Twist2 and 
PDGFRα predominantly in fibroblasts, and Pax7 and MyoD predominantly found in satellite cells though low 
representations of each of these four genes are found in other clusters, highlighting the imprecision of 
statistical clustering with limited representation of expressed gene sets that is characteristic of single cell 
sequencing. (C) Additional feature plots for additional markers used to define subsets.
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Fig. S5. Hoxa11 lineage shows no preferential contribution to myofibers near the myotendinous junctions during 
embryogenesis or homeostasis. (A,B) Sections of embryonic forelimb muscles were analyzed for myofiber lineage 
contribution at E18.5. N = 3 animals. (C-E) Images of the Flexor Digitorum Sublimis (FDS) and Flexor Carpi
Ulnaris (FCU) muscles at the myotendinous junction show no Hoxa11iTom (red) overlap with My32 (white), consistent with 
lineage labeling throughout the rest of the muscle body. Sections from adult Hoxa11iTom muscle of the Flexor Digitorum 
Profundus (FDP), Flexor Digitorum Sublimis (FDS), and Extensor Carpi Ulnaris were analyzed for Hox11
lineage contribution at the myotendinous junction 8 weeks after the induction of lineage reporting. High magnification images 
show similar lineage labeling near the myotendinous junction of the FDP (C), FDS (D), or ECU (E) as in the mid-body of the 
muscle (Figure 4). N = 5 animals. Scale bars = 100 μm. Tendons are outlined with dashed line and marked by t.
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Fig. S6. Hoxa11 lineage 24 weeks after reporter induction. Hoxa11CreERT2/+; ROSALSL-tdTomato/+ mice were given 5mg tamoxifen at 8 
weeks of age and collected 24 weeks (6 months) later. A full cross-section with and without background (green) show many 
Hoxa11iTom+ (red) muscle fibers. Close-ups with and without background depict high levels of tdTomato within muscle fibers. Scale 
bars = 1000 μm and 500 μm, respectively. N = 2 animals. 

Development: doi:10.1242/dev.201026: Supplementary information

D
ev

el
o

pm
en

t •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n



Fig. S7. Hoxa11 lineage differentially contributes to hindlimb muscles. (A) Hindlimb muscles taken from Hoxa11iTom animals 2 
weeks after tamoxifen treatment show different levels of lineage contribution in the Gastrocnemius/Plantaris (G/P), Tibialis Anterior (TA), 
and Soleus (SL). Scale bar = 200 μm. N = 4 animals. (B) A whole hindlimb cross-section from an animal 3 weeks after the start of 
lineage labeling shows variable tdTom expression in muscles of the hindlimb. T and F mark the tibia and fibula, respectively. Scale bar = 
1000 μm. N = 1 animal. Muscles shown in A are outlined and labeled in B.
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Fig. S8. Pax7iTom lineage in the forelimb muscles. Pax7CreERT2; ROSALSL-TdTomato (Pax7iTom) mice were given a 
single intraperitoneal injection of 5 mg tamoxifen at 8 weeks of age and collected at 2 days, 4 days, 1 week, 2 weeks, and 8 
weeks after tamoxifen induction. Images of the Extensor Carpi Ulnaris (ECU), Flexor Digitorum Profundus (FDP) and Flexor 
Digitorum Sublimis (FDS) muscles show tdtom+ myofibers as well as tdTom+ satellite cells. N = 3 (2d, 4d, 7d, 2wk) and 4 (8wk) 
animals per timepoint. Scale bar = 200 μm.
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Fig. S9. Hoxa11iH2BmCherry-labeled nuclei overlap with nuclear stain. H2BmCherry expression in nuclei shown in Fig. 5 
was confirmed with DAPI nuclear stain in images 4 days (A), 2 weeks (B) post tamoxifen, and dystrophin stain (C). Muscle fiber 
outer membranes were stained with WGA (A,B). Scale bars = 100 μm. N = 3 animals (4 day) and 2 animals (2 weeks). 

Fig. S10. Hoxa11 lineage does not label satellite cells 8 weeks post-induction of lineage reporter. (A) Forelimb muscle sections 
from animals 8 weeks (dosing at 8 weeks of age, collection at 16 weeks of age) after the start of lineage labeling were stained for Pax7 
(cyan, yellow arrows) and analyzed for overlap of Hoxa11itom (red, arrowheads) and Pax7. (B) Quantification shows no Hoxa11iTom+/
Pax7+ cells were observed through forelimb muscles. Scale bar = 100 μm. N = 3 animals.
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Table S1. Antibodies
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