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Abstract

Muscle growth and regeneration are regulated through a series of spatiotemporally dependent
signaling and transcriptional cascades. Although the transcriptional program controlling
myogenesis has been extensively investigated, the full repertoire of transcriptional regulators
involved in this process is far from defined. Various homeodomain transcription factors have been
shown to play important roles in both muscle development and muscle satellite cell-dependent
repair. Here, we show that the homeodomain factor Barx2 is a new marker for embryonic and
adult myoblasts and is required for normal postnatal muscle growth and repair. Barx2 is
coexpressed with Pax7, which is the canonical marker of satellite cells, and is upregulated in
satellite cells after muscle injury. Mice lacking the Barx2 gene show reduced postnatal muscle
growth, muscle atrophy, and defective muscle repair. Moreover, loss of Barx2 delays the
expression of genes that control proliferation and differentiation in regenerating muscle.
Consistent with the in vivo observations, satellite cell-derived myoblasts cultured from Barx2~/~
mice show decreased proliferation and ability to differentiate relative to those from wild-type or
Barx2*/~ mice. Barx2~/~ myoblasts show reduced expression of the differentiation-associated
factor myogenin as well as cell adhesion and matrix molecules. Finally, we find that mice lacking
both Barx2 and dystrophin gene expression have severe early onset myopathy. Together, these
data indicate that Barx2 is an important regulator of muscle growth and repair that acts via the
control of satellite cell proliferation and differentiation.
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Introduction

Adult mammalian muscle has the potential to regenerate by activation of undifferentiated
myogenic precursor cells called satellite cells, which are normally quiescent and situated
between the basal lamina and the myofiber plasmalemma [1-6]. On activation, satellite cells
proliferate and divide asymmetrically producing one daughter cell that proceeds to
myogenic differentiation and another that becomes quiescent and replenishes the satellite-
cell pool [7, 8].

Satellite cells are estimated to account for approximately 30% of the nuclei in mouse limb
muscle at birth; however, this pool diminishes as the cells are recruited for postnatal muscle
growth [9]. In adults, substantial muscle growth ceases and the satellite cells, which account
for less than 5% of the myonuclei, become quiescent until injury or exercise causes them to
reenter the cell cycle [2]. Recent work shows that satellite cells are indispensable for adult
skeletal muscle regeneration and cannot be compensated by other endogenous progenitor
cells [10].

Several types of transcription factors control the specification, activation, proliferation, and
differentiation of satellite cells, most prominently, members of the basic helix loop helix
(bHLH) family and the paired and homeodomain families. Four bHLH myogenic regulatory
factors (MRFs) act in a hierarchical fashion to orchestrate an embryonic muscle
developmental program that involves myoblast determination, proliferation, migration, and
differentiation [11-16]. The MRFs are also involved in various events downstream of
satellite-cell activation during postnatal muscle growth and repair [17-19]. Homeobox
transcription factors are key regulators of morphogenetic programs via activities such as the
control of cell—cell and cell-substrate adhesion. Adhesion and signaling in turn influences
cell activation, migration, and fusion [20]. Homeobox proteins play particularly important
roles in embryonic and adult myogenesis. The best-characterized homeobox proteins in
muscle development are the paired-homeodomain factors Pax3 and Pax7, which control the
specification and migration of embryonic muscle precursors [21-23]. Pax7 is also expressed
in all adult satellite cells, and Pax3 is present in a subset of muscle progenitor cells [24, 25].
Both Pax3 and Pax7 are involved in maintaining the myogenic identity of these cells and
regulate entry into the myogenic program by activation of MyoD [25-27]. Pax7 is often
considered the canonical marker for satellite cells and may promote satellite-cell survival
and self-renewal [28, 29]. Other homeobox families involved in embryonic myogenesis
include Pitx [30-32], Msx [33], Meox [34, 35], and Lbx [36, 37]. Some of these factors are
also expressed in adult satellite cells where they may influence proliferation or
differentiation [36, 38—40]. In general, however, the roles of non-paired homeodomain
proteins in adult myogenesis are less well understood than in embryonic development.
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In previous work, we showed that the antennapedia class Barx2 homeobox protein is a novel
regulator of myogenesis. Barx2 interacts directly with MyoD and serum response factor
(SRF) to regulate remodeling of the actin cytoskeleton and promote myoblast migration and
differentiation in vitro [41, 42]. Barx2 also affects the morphological plasticity of nascent
myofibres and controls expression of the cell-cycle factor cyclin-D1 [43]. Other known
targets of Barx2 include genes involved in cell and substrate adhesion such as the neural cell
adhesion molecule [44] and cadherins [45]. Moreover, the Barx2 gene promoter is activated
by MyoD and myogenin suggesting that it may be subject to muscle-specific regulatory
feedback [46].

Here, we report that Barx2 is coexpressed with Pax7 in muscle progenitor cells during
embryonic and fetal development and in the satellite cells of postnatal and adult muscles.
Mice lacking the Barx2 gene show reduced postnatal muscle growth, increased age-
associated muscle atrophy, and impaired regeneration. Activation of genes involved in
proliferation and differentiation are delayed after injury in Barx2~~ mice; this effect is
recapitulated in cultured Barx2~/~ myoblasts suggesting intrinsic impairment of myoblast
function. Moreover, interbreeding of Barx2 null mice with dystrophic mdx mice leads to a
striking exacerbation of the disease phenotype. Overall, our data indicate that Barx2 is a new
marker of satellite cells and myoblasts and is an important regulator of muscle growth,
maintenance, and regeneration.

Materials and Methods

Mice

Barx2 null mice were obtained from Dr. Geoff Rosenfeld, maintained by heterozygous
crosses and genotyped according to [47]. C57BL/10ScSn-Dmd™d%/J (mdx) mice were
obtained from Jackson Laboratories and interbred with Barx2 null mice. See supporting
information Methods for more details. All animal studies were approved by The Scripps
Research Institute and Flinders University animal welfare committees.

Histology and Myofibre Diameter Analysis

Various dissected muscles were fixed with 4% paraformaldehyde (PFA) in PBT (phosphate
buffered saline supplemented with 0.05% Tween 20) and processed for paraffin embedding.
Muscle sections (10 pm) were processed for hematoxylin and eosin (H&E), Masson’s
Trichrome (to detect collagen deposition), and alizarin red (to detect calcification) staining
at the Scripps Research Institute Histology core facility. To ensure that similar regions of
muscle were compared between individuals, serial sections were cut from the midpoint of
each fixed muscle specimen. Sections were examined using a Zeiss microscope. The
maximal diameters of myofibers were measured in transverse sections from three different
animals per genotype; approximately 400 myofibers were counted for each genotype.
Myofiber diameters in micrometers were approximated using the scale bars on the
micrographs.
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Immunohistochemistry, Fluorescence Microscopy, and Image Analysis

Embryonic limbs and postnatal and adult muscles were fixed in 4% paraformaldehyde
(PFA) washed in phosphate buffered saline (PBS) and frozen sections were prepared [48].
Sections were stained on slides with different combinations of primary antibodies: rabbit
polyclonal anti-Barx2 (M-186, Santa Cruz Biotechnologies, Santa Cruz, CA,
www.scht.com), mouse monoclonal anti-skeletal myosin (Fast; clone MY-32, Sigma, St.
Louis, http://www.sigmaaldrich.com), mouse monoclonal anti-MyoD, (clone MoAb5.8A,
BD PharMingen, San Diego, CA, http://www.bdbiosciences.com/reagents/), mouse
monoclonal anti-Myogenin (clone F5D BD Bioscience Pharmingen, San Diego, CA, http://
www.bdbiosciences.com/reagents/), mouse monoclonal anti-Pax7 (R&D Systems,
Minneapolis, MN, http://www.rndsystems.com/), goat polyclonal anti-Pax3 (Santa Cruz
Biotechnologies, Santa Cruz, CA, www.scht.com), rat anti-heparan sulfate (HS)
proteoglycan monoclonal antibody (clone A7L6, Millipore, Billerica, MA, http://
www.millipore.com/), mouse monoclonal anti-light meromyosin (clone MF20,
Developmental Studies Hybridoma Bank, lowa City, IA, http://dshb.biology.uiowa.edu/),
and rabbit polyclonal Collagen | antibody (ab292) (Abcam). Fluorescent secondary
antibodies for frozen sections were from Invitrogen (Molecular Probes, Grand Island, NY,
http://www.invitrogen.com): Alexa Fluor-488 goat anti-mouse 1gG1 (A21121), Alexa
Fluor-633 goat anti-rat IgG (H+L) (A21094), Alexa Fluor-488 donkey anti-goat 1gG (H+L)
(A11055), Alexa Fluor-488 goat anti-mouse 1gG (H+L) “highly cross-adsorbed” (A11029),
Alexa Fluor-594 donkey anti-rabbit 1gG (H+L) (A21207). For collagen staining on paraffin
sections, we used horseradish peroxidise (HRP)-conjugated goat polyclonal secondary
antibody to rabbit 19gG (ab6721) (Abcam, Cambridge, UK, www.abcam.com), and the HRP
reaction product was visualized using diaminobenzidine and counterstained with iron
hematoxylin.

Single optical sections and Z-series were obtained using a Bio-Rad (Zeiss, Thornwood, NY,
www.zeiss.com) Radiance 2100 Rainbow LSCM. The creation of three-dimensional images
and animations using IMARIS software as well as calculation of colocalization are provided
in the supporting information Methods [49].

Cardiotoxin Injection and Muscle Regeneration Analysis

Tibialis anterior (TA) muscles of anesthetized adult mice were injected with cardiotoxin or
saline as described previously [50]. A detailed procedure is given in supporting information
Methods. At various time points postinjection, muscles were harvested and either fixed with
buffered 4% paraformaldehyde or processed in RNAlater (Ambion, Grand Island, NY,
http://www.invitrogen.com) for preparation of RNA and gene expression analysis. Paraffin
or frozen sections were prepared for H&E or antibody staining as described above. For gene
expression analysis, n indicates the number of animals of each genotype, and the
significance of the result was assessed using a Student’s t test.

Preparation of Primary Myoblasts, Imaging, and Proliferation Analysis

Primary myoblast cultures were prepared using all muscles from the hind limbs of four to
five pups (pooled and minced together) as described previously [51]. Barx2~/~ and Barx2*/*
or Barx2*/~ pups were age-matched (sibs or inbred cousins), and cultures were generated
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simultaneously using identical conditions. Cells were grown on plates or chamber slides
coated with 50 pg/ml collagen type | and maintained in growth medium (1:1 Ham’s F10/
Dulbecco’s modified Eagle’s medium [DMEM], supplemented with 20% fetal bovine serum
(FBS) and 2.5 ng/ml of basic fibroblast growth factor (bFGF)). Differentiation medium was
DMEM supplemented with 2% horse serum. Proliferation was assessed on cells grown on
chamber slides using the Cell Proliferation Kit (Amersham, Scientifics) with antibodies to
Bromodeoxyuridine (BrdU) followed by Alexa-conjugated secondary antibodies
(Invitrogen) and imaging under a Leica MZ FLIII fluorescence microscope. At least five
randomly selected fields were analyzed on each of several replicate slides to determine the
average percentage of cells incorporating BrdU. Significance was assessed using the
nonparametric Wilcoxon signed-rank test. Proliferation and morphology data are shown
from one set of matched myoblast cultures (n indicates the total number of fields counted
across several slides); however, similar results were seen in replicate myoblast isolates.

RNA and Reverse-Transcriptase Polymerase Chain Reaction (RT-PCR)

RNA was prepared from cell cultures and from muscle tissue using Trizol reagent (Gibco,
Grand Island, NY, www.invitrogen.com). Cells were lysed directly in Trizol; muscle was
ground with a pestle. RNA was DNAse-treated and reverse transcribed using random
primers and MMIuV reverse transcriptase (New England Biolabs, Ipswich, MA,
www.neb.com). Quantitative RT-PCR reactions were performed on a Corbett Rotogene
machine (Qiagen, Valencia, CA, www.giagen.com) using GoTaq SYBR green reagents
(Promega, Madison, WI, www.promega.com). Data were analyzed using the AACt method
with comparison to a pool of housekeeping genes (18S ribosomal RNA, ribosomal protein
S26, and glyceraldehyde-3-phosphate dehydrogenase [GAPDH]). Primer sequences are
provided in the supporting information Methods.

Plate-Washing Assay

Results

To assess the strength of cell adherence to a substrate, Barx2*/~ and Barx2™/~ primary
myoblasts were cultured for 24 hours on 100-mm dishes that had been coated with 1 ug/ml
fibronectin (Sigma, St. Louis, http://www.sigmaaldrich.com). Plates were then rinsed gently
with PBS, covered with 7 ml of fresh PBS, and transferred to a slow-moving shaker for 15
min which allows weakly adherent cells to detach. The PBS was collected, centrifuged, and
the detached cells were resuspended and counted. The experiment was repeated with three
different myoblast isolates and all data were averaged. The significance of the results was
assessed using the non-parametric paired test [52].

Barx2 is Coexpressed with Pax7 in Embryonic and Adult Muscles

We previously showed that Barx2 is expressed in the ventral portion of embryonic limbs
including putative early muscle masses [53]. To better understand the functions of Barx2 in
muscle, we examined its expression pattern with respect to other muscle markers in
embryonic, fetal, and adult mice.
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Coimmunostaining of sections from E13.5 limbs with Barx2 and myosin heavy chain
(MyHC) antibodies showed that Barx2 was expressed in a subset of nuclei within primary
myofibers as well as in nuclei located between the fibers that are likely to represent
undifferentiated myoblasts (Fig. 1A; Supporting Informtion Movie 1). Coimmunostaining
with Barx2 and MyoD antibodies showed that these factors overlapped in many but not all
nuclei (Fig. 1B, 1C). Pax7 is expressed in proliferating progenitors and differentiating
myaoblasts in embryonic and fetal muscle but is downregulated in myofibers [22, 54].
Coimmunostaining of fetal (E18) muscle with Barx2 and Pax7 antibodies revealed almost
complete overlap in the expression of these two factors (Fig. 1D-1H), although Pax7-
positive cells showed varying intensities of the Barx2 label (Fig. 1H, red arrowheads).

In adult muscle, Pax7 is a marker for quiescent satellite cells as well as activated,
proliferating satellite cells during muscle regeneration [22, 55, 56]. Coimmunostaining with
Barx2 and Pax7 antibodies revealed that essentially all Pax7-positive nuclei also expressed
Barx2 (an example of coexpression is shown in Fig. 11-1L, yellow arrow). There was also
expression of Barx2 in a population of apparently Pax7-negative cells that remain to be
further characterized (Fig. 11-1L, white arrows). To confirm the interpretation that the
Barx2/Pax7-positive cells are satellite cells, we used an antibody to HS to mark the basal
lamina. Essentially all Barx2/Pax7-positive cells were situated under the basal lamina (Fig.
1M-1P, yellow arrows). Thus the data indicate that Barx2 is a new marker for adult satellite
cells.

Barx2 Knockout Mice Show Delayed Postnatal Muscle Growth and Adult Muscle Atrophy

To determine whether Barx2 is important for muscle development and growth, we examined
the phenotype of embryonic and postnatal Barx2~/~ mice. There were no obvious differences
in body size, or muscle size, or morphology between wild-type, Barx2*/~, and Barx2~/~
embryos at E12.5-18.0 (not shown) and no difference in body weight at birth (Fig. 2A).
However, by postnatal day 4, Barx2™~ mice showed a 10% reduction in body weight
relative to Barx2™* and Barx2*/* littermates (Fig. 2A) indicating a growth delay. The delay
became most pronounced at approximately 4 weeks of age when Barx2~/~ mice were
typically 20-25% smaller than their Barx2™* and wild-type littermates (Fig. 2A, 2B). The
size difference was independent of sex. There was no overt sign of feeding difficulties in
Barx2™~ mice relative to wild-type or heterozygous littermates and the stomachs of pups
were full of milk. Older Barx2~/~ mice (15-18 months) often showed musculoskeletal
abnormalities such as spinal curvature, splayed stance, and “waddling” gait that were not
apparent in wild-type or heterozygous mice at this age (Fig. 2E, supporting information Fig.
1 and supporting information Movies 2, 3).

The masses of individual limb muscles were found to be reduced in adult Barx2™~/~ mice
relative to Barx2*/~ or wild-type mice. TA and quadriceps muscles from 4-week-old
Barx2™~ mice weighed 20%—-30% less than those of their Barx2*/~ littermates (Fig. 2C),
while the soleus muscle was reduced by almost 60% in Barx2~/~ mice (Fig. 2C, 2D). The
muscles were reduced in disproportion to overall body mass and the mass of other organs
(Fig. 2C). Measurements of myofiber diameters in transverse sections of adult soleus
muscles demonstrated a change in myofibre size distribution: Barx2™~ muscles contained
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fewer large fibers and a greater number of smaller myofibres relative to Barx2*/* (Fig. 2F)
or Barx2*/~ (not shown) muscles. RT-PCR analysis revealed approximately 60% reduction
in myogenin mRNA levels in adult Barx2™~ muscles relative to Barx2*/~ muscles. (Fig.
2G).

Histological analysis of Barx2~~ and wild-type muscles at 6 and 12 months of age revealed
striking differences in muscle appearance. TA, soleus, and diaphragm muscles from
Barx2*/* and Barx2-littermates were examined by H&E staining of paraffin-embedded
serial sections. For each group, four to five mice were analyzed and representative images of
6-month-old mice are shown in Figure 3. Transverse sections of the Barx2~/~ TA revealed
narrower myofibers and greater variability in myofiber size and shape relative to the wild-
type muscle (compare Fig. 3A, 3B and 3D, 3E). Masson’s trichrome staining for collagen
expression revealed endomysial and perimysial collagen deposition suggesting fibrosis in
Barx2~/~ TA muscle (Fig. 3C, 3F).

Barx2~/~ soleus muscles exhibited narrower myofibers (Fig. 2F), more rounded myofibers,
and an increased distance between myofibers compared to the soleus muscles of wild-type
mice (Fig. 3G-3l). Variation in interstitial space may be due to changes in osmotic pressure
during dissection, although sections of Barx2~/~ soleus also showed increased staining with
collagen I antibodies suggesting perimysial fibrosis (Fig. 3J-3L). We also found groups of
angulated atrophic fibers (Fig. 31, black arrowheads). Diaphragm muscle was also
dramatically affected by loss of Barx2; diaphragms of 6-month-old Barx2~/~ mice were
substantially thinner than those of wild-type littermates (Fig. 3M-3R) and this was largely
associated with thinner myofibers. There was only mild fibrosis of the diaphragm muscle at
this age (Fig. 30, 3R). Comparison of 6- and 12-month-old Barx2~/~ muscle sections
suggested that the muscle defects worsened as animals became older (not shown).

Barx2 Is an Important Regulator of Muscle Regeneration

To determine whether Barx2 expression is involved in regeneration after acute muscle
injury, we performed intramuscular injection of cardiotoxin [50] in Barx2*/~ mice and
examined Barx2 expression by immunostaining. On day 4 after injection, the number of
Barx2-expressing cells increased dramatically in the cardiotoxin-injected TA muscle but not
in the control, saline-injected muscle (Fig. 4A, 4B). RT-PCR analysis of the injected
muscles confirmed increased Barx2 mRNA expression 4 days after injury (Fig. 4C). Most
cells that expressed Barx2 in regenerating muscle also expressed Pax7, suggesting that these
are activated and proliferating satellite cells (Fig. 4D).

Barx2**, Barx2*/~, and Barx2~/~ TA muscles were examined histologically 10 days after
cardiotoxin injury. Barx2** (Fig. 4E) and Barx2*/~ (not shown) muscle showed efficient
regeneration as indicated by many new myofibers with centrally located nuclei. In contrast,
in Barx2~/~ muscle, necrosis was still evident; there were more mononucleate cells, and
regenerating myofibers were more irregular in shape and size than in Barx2*/~ muscle (Fig.
4F). Alizarin red staining, which identifies fibers with high intracellular calcium in
dystrophic muscles [57], revealed frequent calcium deposits in the regenerating muscles of
Barx2~/~ but not Barx2*/~ mice (Fig. 4E, 4F insets).
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We next examined whether loss of Barx2 altered the normal temporal pattern of gene
expression during muscle repair. The TA muscles of Barx2~/~ or control (Barx2*/* and
Barx2*/") mice were injected with cardiotoxin or saline (in the contralateral limb); muscles
were harvested at 2, 5, and 12 days after injury for isolation of RNA. At day 2 after
injection, the expression of cyclin-D1 was induced nearly 14-fold in cardiotoxin-treated
muscle relative to saline-treated muscle in Barx2*/* and Barx2*/~ mice (controls). In
contrast, Barx2~/~ mice showed less than fourfold induction of cyclin-D1 at this time. The
difference in cyclin-D1 expression between genotypes was no longer significant at day 5
(Fig. 4G). Myogenin showed nearly threefold induction by day 2 after cardiotoxin treatment
in control mice suggesting that differentiation begins while myoblast proliferation is
ongoing. This is in agreement with previous studies [58]. In contrast, there was no induction
of myogenin at day 2 in Barx2~/~ mice (Fig. 4H). Myogenin expression was induced nearly
40-fold at day 5 in control mice, and while apparently lower in Barx2~~ mice this was not
statistically significant (Fig. 4H). By day 12 after treatment, myogenin expression was
reduced to baseline in controls suggesting that the differentiation phase is complete.
However, myogenin expression remained significantly elevated in Barx2~/~ mice at this
time. This pattern suggests a temporal shift in myogenin expression after injury and is
similar to that reported previously for mice lacking the Mnf1 forkhead factor [58]. Finally,
expression of MyHC 4 (Myh4), which is a marker for myofibers, is lower in Barx2~~ mice
than control mice at day 12 after injury (Fig. 41). This is consistent with the appearance of
fewer regenerated myofibers in Barx2~/~ muscle sections (Fig. 4F).

Barx2~/~ Myoblasts Show Altered Morphology and Reduced Proliferation in Culture

We prepared cultures of satellite-cell derived myoblasts from postnatal day 4 (P4) muscles
[51]; these cultures contain primarily proliferating myoblasts expressing Pax7 and MyoD. In
line with previous report [59], we found that cultured myoblasts displayed two different
morphologies: rounded cells with smooth membranes (Fig. 5A, black arrows) and more
elongated and flattened cells with processes (Fig. 5A, red arrows). The “rounded” and
“flattened” myoblasts were examined in more detail by confocal imaging after staining with
antibodies to smooth muscle actin (SMA), which is expressed transiently in undifferentiated
myoblasts [41, 60]. The flattened morphology was associated with cell spreading,
filamentous actin redistribution, and increased numbers of cell surface protrusions (Fig. 5B—
5D). Both rounded and flattened cells expressed Pax7 (not shown), consistent with
undifferentiated myoblasts.

When we compared cultures derived from Barx2~~ muscle with cultures derived from
Barx2*/~ (Fig. 5E) or wild-type (not shown) muscle, we found that Barx2~/~ cells were more
likely to be rounded. Specifically, only 20% of cells showed the flattened morphology in
Barx2~/~ cultures whereas greater than 60% of cells had this morphology in Barx2*/~
cultures (Fig. 5E). This suggests that absence of Barx2 results in decreased spreading and
thus a reduced area of cell/substrate interaction. This result is in agreement with our
previous findings that Barx2 regulates SMA expression, cell adhesion, and cell migration
[41, 53, 61].
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It has been previously reported that rounded myoblasts proliferate more slowly than
flattened myoblasts in culture [59]. Consistent with this, analysis of BrdU incorporation
showed that Barx2~/~ myoblast cultures had decreased proliferation relative to Barx2*/~
cultures (Fig. 5F).

Barx2~/~ Myoblasts Show Delayed Differentiation and Barx2~/~ Myotubes Have Poor
Substrate Adhesion

On serum withdrawal, myoblasts in culture cease to divide and begin to express
differentiation markers [41, 62]. It has been reported that rounded myoblasts are less
differentiation-competent than flattened myoblasts [59]. We examined the expression of the
differentiation markers myogenin and heavy chain myosin in Barx2~/~ and Barx2*/~
myoblast cultures after serum withdrawal. After 6 hours of serum withdrawal, Barx2~/~
cultures contained fewer myogenin-expressing cells than Barx2*/~ cultures (Fig. 6A, 6B)
and at 24 hours Barx2~/~ cultures contained fewer fast MyHC-expressing myotubes (Fig.
6C, 6D). Thus loss of Barx2 expression impairs the response of myoblasts to terminal
differentiation signals and delays morphological differentiation.

Although Barx2~/~ myoblasts were delayed in differentiation over the first 24 hours after
serum withdrawal, by 48 hours most of Barx2~/~ myoblasts had formed short myotubes.
However, between 48 and 72 hours many nascent Barx2™~ myotubes assumed an irregular
curve shape in contrast to the uniformly straight elongated Barx2*/~ myotubes (Fig. 6E).
The irregular shape appeared to be due to partial detachment of the myotubes from the
collagen substrate.

To determine whether Barx2~/~ and Barx2*/~ myoblasts have reduced adhesion properties,
we seeded Barx2*/~ and Barx2~/~ myoblasts onto dishes coated with fibronectin instead of
collagen. Our experience with wild-type myoblasts indicated that fibronectin mediates only
weak attachment of myoblasts and delays myotube formation by several days relative to
collagen. It has also been recently reported by others that myoblasts plated on fibronectin
adhere weakly [63]. Cells were grown for 48 hours and then transferred to differentiation
medium for 7-8 days. Barx2*/~ cells formed myotubes after 1 week whereas Barx2™/~
myoblasts failed to form myotubes and remained rounded and poorly attached (Fig. 6G). We
also performed a plate-washing assay to determine how readily myoblasts detached from the
fibronectin coated plate. Plates were rinsed five times with PBS, the rinsates were combined,
and the numbers of cells that they contained were counted. Nearly three times more
Barx2~/~ cells were detached from the plates than Barx2*/~ cells (Fig. 6F), indicating that
their adhesion to a fibronectin substrate is substantially reduced.

To better understand the mechanism of reduced substrate adhesion in Barx2~/~ myoblast
cultures, we examined gene expression profiles of cultured wild-type and Barx2™/~
myoblasts using a PCR array focused on extracellular matrix and adhesion molecule genes
(SABiosciences). A total of 15 genes involved in regulation of cell adhesion and cell matrix
remodeling showed greater than twofold decrease in expression in Barx2~/~ myoblasts
relative to wild-type myoblasts (supporting information Table 1). This result correlates with
our previous findings that Barx2 is involved in regulation of cell adhesion in mesenchymal
progenitor cells [44, 46, 53] and that ectopic Barx2 expression could induce matrix
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metalloprotease (MMP) expression in MCF7 cells [61]. Downregulation of cell adhesion
and matrix remodeling molecules in Barx2~'~ myoblasts could contribute to impaired
substrate attachment, migration, and fusion [41], thus delaying differentiation.

Loss of Barx2 Exacerbates the Dystrophic Phenotype in mdx Mice

To better understand the role of Barx2 in muscle repair, we examined the effects of Barx2
deletion in the mdx mouse model of human Duchenne muscular dystrophy (DMD) and
Becker muscular dystrophy [64]. Mdx mice carry a loss-of-function point mutation in the X-
linked dystrophin gene. Although mdx mice display extensive necrosis of muscle fibers at 2
weeks of age, they maintain muscle integrity due to a high regenerative capacity, which
leads to hypertrophy [65-67]. Except in the diaphragm, adult mdx mice do not display the
muscle fiber loss and extensive interstitial fibrosis observed in human DMD patients.
Moreover, mdx mice display normal external appearance and only moderately reduced life
spans [68].

We crossed Barx2 mutant and mdx mice and inbred the “Barx2:mdx” double mutants for up
to nine generations to reduce genetic variability. By six generations, crosses between mice
that were both heterozygous for Barx2 and null for dystrophin (i.e., Barx2*/~:mdx) produced
litters in which Barx2~/~:mdx mice were significantly under-represented by weaning age
(supporting information Table 2). This was in contrast to Barx2™~ mice on the C57BI/6
background that retained normal mendelian ratios. It is notable that MyoD~/~:mdx double
mutant mice become nonviable around the ninth generation [69]. Our subsequent analyses
were performed on eighth to tenth generation mice.

Barx2*/*:mdx and Barx2~/~:mdx sibling pairs (all of which were null for dystrophin) were
collected and body, muscle, and organ weights were measured. Barx2™~:mdx were at
approximately 30% smaller than Barx2*/*:mdx mice at 4 weeks of age and organs such as
kidney were reduced proportionately (~ 30%), However, the TA muscle in Barx2~/~:mdx
mice weighed on average 50% less than that in Barx2*/*:mdx mice (Fig. 7A). suggesting
that muscle is specifically wasted in Barx2~~:mdx mice (Fig. 7A). This reduction in TA
weight is also more dramatic than that observed in Barx2~/~ mice that have a functional
dystrophin gene (Fig. 2).

Barx2~/~:mdx mice also developed spine deformation resembling kyphosis by 6 months of
age and became progressively weak and less ambulatory with a waddling gait. Although
similar characteristics were observed in some older Barx2™~ mice (Fig. 2), this pathology
appeared earlier and with greater penetrance in Barx2~/~:mdx mice.

Sections of TA muscles from 6-month-old Barx2~/~, Barx2*/*:mdx and Barx2~/~:mdx mice
were examined histologically and compared to those from Barx2~/~ mice (Fig. 7B-7D).
Barx2*/*:mdx muscle showed variability in myofiber size as well as many central nuclei
indicating ongoing repair of muscle damage as would be expected in mdx muscle at this age
(Fig. 7C). In contrast, the organization of Barx2~/~:mdx TA muscle appeared extremely
aberrant with greater variability in myofiber size and fewer central nuclei relative to muscle
from Barx2*/*:mdx mice suggesting less repair (Fig. 7D). Barx2~/~:mdx soleus muscles also
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showed greater variability in myofiber size and shape as well as more endomysial and
perimysial fibrosis relative to the soleus muscles of Barx2**:mdx mice (Fig. 7F-7L).

The diaphragm muscles (Fig. 7Q) of 6-month-old Barx™~:mdx mice appeared much thinner
than the diaphragms of Barx2*/*:mdx mice (Fig. 7N). In addition, diaphragms of
Barx2~/~:mdx mice showed more frequent rounded opaque fibers (dark red and glassy, black
arrows) often with clear vacuoles (compare Fig. 7M and 70). These are hypercontracted
atrophic fibers. At 12 months, diaphragms of Barx2~/~:mdx mice show a greater instance of
focal myofiber necrosis and necrotic myofibers undergoing myophagocytosis (compare Fig.
7P and 7T) as well as much more fibrosis (compare Fig. 7S and 7U), relative to Barx2*/*:
mdx mice. Alizarin red staining revealed greatly increased calcium deposits in Barx2~/~:mdx
diaphragm muscles relative to Barx2*/*:mdx mice (compare Fig. 7V, 7W and 7X, 7Y).
While some of the histological features of Barx2~/~:mdx muscles were also observed in
Barx2~/~ muscles (Fig. 3), the latter do not show the degenerative character of the mdx
model, and fibrosis and calcium deposition is less pronounced.

Discussion

Our studies identify Barx2 as an important new regulator of myogenesis that is expressed in
embryonic myoblasts as well as adult satellite cells and is required for normal muscle
growth, maintenance, and regeneration.

Overlapping Functions for Barx2 and Pax7 in Muscle Progenitor Cells

Barx2 is expressed in muscle progenitor cells at embryonic, juvenile, and adult stages in a
pattern that overlaps extensively with Pax7 expression, suggesting that Barx2 is a new
marker for embryonic and fetal myoblasts and adult satellite cells. We also observed a
population of Barx2-positive/Pax7-negative mononucleate cells in adult muscle suggesting
that in addition to satellite cells, Barx2 is expressed in some interstitial cells or another
muscle progenitor type [70-73]. Studies of Barx2-expressing cell populations in muscle are
ongoing.

The Barx2 null mouse shows several parallels with the Pax7 germline null model.
Embryonic muscle development in Pax7 germline null mice is grossly normal [74];
however, postnatal muscle growth and regeneration in these mice is severely impaired [28,
74, 75]. Similarly, Barx2 null mice show apparently normal embryonic development but
moderately impaired postnatal muscle growth and maintenance, and severely impaired
regeneration. We observed no alteration of the Pax7 expression pattern in Barx2 null mice
by immunostaining (not shown), although Pax7 expression was slightly reduced in Barx2
null muscle by RT-PCR and in cultured Barx2 null myaoblasts (supporting information Fig.
2). Currently, it is unclear whether this has any role in the phenotype of Barx2 null mice;
Barx2 and Pax7 may function in parallel pathways. It was recently shown that conditional
Pax7 null mice in which Pax7 is deleted after 4 weeks of age have no defects in muscle
maintenance or regeneration after acute injury [76]. This suggests compensation by other
factors potentially working in parallel with Pax7 in adult muscle; Barx2 might be one such
factor.
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Barx2 Regulates the Proliferation and Differentiation of Satellite Cells in Culture

A previous study described populations of satellite cell-derived myoblasts with “round” and
“thick” morphologies that grow clonally on isolated myofibers [59]. The round cells were
shown to be directly descended from satellite cells and were described as having “stem cell-
like characteristics” being slow-dividing and self-renewing. The thick cells were the rapidly
dividing, differentiation competent progeny of the round cells [59]. Our satellite cell-derived
myoblast cultures (from mice of all genotypes) contained “rounded and flattened cells” that
appeared to correspond to the “round and thick” morphologies described by Hashimoto et al.
[59]. However, Barx2~~ myoblasts showed a predominantly rounded morphology in culture
and consistent with this, they were less proliferative and markedly delayed in differentiation
when compared to wild-type or heterozygous cells. These data indicate that myoblasts
lacking Barx2 tend to retain a primitive state marked by a reduced capacity for proliferation
and differentiation.

The presence of fewer flattened cells in Barx2™/~ cultures also suggests defects in cell
spreading and is consistent with our previous observations that Barx2~/~ primary myoblasts
show delayed cytoskeletal remodeling and SMA upregulation after serum withdrawal [41].
This SMA-associated remodeling is an important early step in myoblast differentiation that
facilitates the migration and alignment of myoblasts for fusion. Overall, the delay in fusion
of Barx2~/~ myoblasts in this study agrees with our previous data showing that Barx2
cooperates with MRFs and that its overexpression accelerates differentiation of C2C12
myoblasts [41, 46].

Nascent Barx2~/~ myofibers showed reduced substrate adhesion leading to a curved shape
and Barx2~/~ myoblasts had reduced expression of cell adhesion and matrix molecules,
including integrins and cell adhesion molecules (CAMs) that are known to be important for
cell spreading and differentiation in culture [77-79]. Moreover, reduced expression of
particular CAMs could compromise crosstalk between the satellite cell and the myofiber in
vivo [80, 81]. Barx2 expression is downregulated in mature myofibers [43]. Presumably,
therefore, the effect of Barx2 gene deletion would be more acute in nascent than in mature
myofibers. Consistent with this, we recently found that forcing a high level of Barx2
expression in young but not mature myofibers affects their morphological stability [43].
Overall, our data suggest that Barx2 facilitates the emergence of fast dividing,
differentiation-competent myoblasts and promotes differentiation by altering the expression
of both regulatory and mechanochemical factors.

The Role of Barx2 in Muscle Growth, Maintenance, and Regeneration

Satellite cells are required for postnatal muscle growth, are activated when the muscle is
overloaded [82], and mediate repair of muscle injury [83]. Moreover, diseases involving
accelerated muscle atrophy such as congenital myotonic dystrophy are suggested to involve
impaired satellite cell function [84]. Based on our observations that Barx2 is predominantly
expressed in satellite cells and their myoblast progeny and that lack of Barx2 delays
myoblast proliferation and differentiation in vitro, it is most likely that delayed muscle
growth in Barx2~~ pups, the atrophic phenotype of adult Barx2~/~ muscle, and lack of
repair after injury are due to satellite cell/myoblast dysfunction.
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Regarding the precise nature of this dysfunction, our muscle injury studies show
misregulation of cell cycle and myogenic genes in regenerating Barx2 null muscle. Lower
cyclin-D1 expression in Barx2~/~ mice at day 2 after cardiotoxin injury is consistent with
delay in satellite cell activation and/or reduced proliferation of their progeny myoblasts.
Delayed upregulation of myogenin at day 2 and sustained expression of this gene at day 12,
together with reduced expression of the myofibre marker Myh4 at day 12 in Barx2™~ mice,
are consistent with delayed onset and progression of differentiation. While it remains to be
determined whether these gene expression changes are a cause or consequence of impaired
proliferation and differentiation, the observation that Barx2 overexpression [43] or loss of
expression (this study) in myoblast culture also alters expression of these genes suggests that
Barx2 may be a direct effector of their regulation.

Impaired satellite cell and myoblast function in the absence of Barx2 is also likely to
underlie the phenotype of the Barx2/mdx mouse model. The muscle of homozygous mdx
mice is characterized by ongoing degeneration and regeneration of myofibers leading
eventually to accumulation of fibrous and fatty infiltrates [85]. However, muscle function is
maintained in young mdx mice, likely because repair is able to keep pace with injury. In
contrast, double mutant Barx2—/-:mdx mice display increased penetration of the disease
with phenotypic similarity to human DMD. Even young Barx2—/-:mdx mice showed
extremely aberrant repair and extensive fibrous infiltration and calcification, which are
consistent with impaired satellite cell/myoblast function. The mice also display gross
musculoskeletal abnormalities including changes in gait, the latter resembling the waddling
gait of boys with DMD due to contracture of the Achilles tendons [86]. The rapid and severe
decline in muscle integrity in Barx2~/~:mdx mice suggests that they may be useful model for
studies of DMD.

Conclusion

Based on our current studies and previous work [41, 46], we conclude that Barx2 is a key
regulator of proliferation and differentiation competence in satellite cell-derived myoblasts;
in the absence of the vital activities of Barx2, satellite cell-mediated muscle maintenance
and regeneration is grossly impaired.
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Figure 1.
Barx2 is expressed in embryonic and adult muscle. (A—C): E13.5 limb muscle. (A): Barx2

(red) is expressed in primary myofibers marked with the MF20 antibody (green) as well as
between fibers. DAPI, blue. (B, C): Barx2 (red) and MyoD (green) coexpression is shown in
a subset of muscle nuclei in the distal hind limb of E13.5 embryo. The image in (B) shows
two adjacent digits, and Barx2 expression is also seen in skin and presumptive joint region
(arrows). (C):Higher magnification of the muscle shown in (B). (D-H): E18 limb muscle;
Barx2 expression overlaps extensively with Pax7 (Barx2, red; Pax7, green; DAPI, blue).
Red arrowheads indicate Pax7-positive nuclei with low level of Barx2 expression. (I-P):
Adult muscle; (I-L): Yellow arrows indicate nuclei in which Barx2 and Pax7 are
coexpressed; White arrows indicate nuclei with weaker expression of Barx2 and no apparent
expression of Pax7. (M—P): Barx2 is coexpressed with Pax7 in nuclei situated under the
basal lamina. (M, O): Overlap of Barx2 (red) and Pax7 (green) staining is seen as yellow;
the basal lamina is labeled with antibody to HS, blue. (N): The same section shown in (M)
but labeled with Barx2 (red), Pax7 (green) and DAPI (blue), and without HS staining; nuclei
that colocalize DAPI, Barx2, and Pax7 are white. (P): The same section shown in (O) but
labeled with DAPI only (blue). Yellow arrows in (O) and (P) show nuclei expressing both
Barx2 and Pax7 in (O). Abbreviations: DAPI, 4/,6-diamidino-2-phenylindole; HS, heparan
sulfate.

Stem Cells. Author manuscript; available in PMC 2015 August 24.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Meech et al.

Page 19

62 1.01 2 ¢ —| B
g2oe
o
= ; 82— —— +l+and +/- (5505 n=50 |
P il ety Bl e ]
O 5
mg 0T 7 : ' y
€ " dayl day4 day21 day28
~ 5 P<005 n5 |
a 210 \
8. 808 ‘
SES 0.8 \
<+ 2% 0.6 i
N 23504 |
§ 302 |
o i |
[as] 2 o4
- = T'Sol TA Quad Kid Body | e

Barx2+/+

@

Myofiber size distribution

2100 MBarx2 +/+—
80 WBarx2 -/-

P<0.05; n=5

60

F Y
<)
Gene expression

(Barx2-/- over control)

N

o

©o0 o o=
04 o Nh O ®O

Number of myofib:

=)

Soleus myofiber diameter (uM

Figure 2.
Analysis of postnatal muscle growth in Barx2 mutant mice. (A): Between 1 and 28 days,

Barx2™~ pups show significant reduction in growth as indicated by total body weight
relative to Barx2*/* and Barx2*/~ littermates. The averaged weights of the wild-type and
heterozygous mice were taken as the baseline. The statistical difference was observed at p
< .05, n, number of mice per genotype. (B): Typical appearance of Barx2*/~ and Barx2™/~
mice at 28 days (wild-type and heterozygous mice are indistinguishable). (C): Sol, TA, and
Quad muscles from four pairs of 4-week old Barx2~~ and Barx2*/~ littermates were
harvested and weighed (n, number of mice). (D): Transverse sections of Sol muscle from
wild-type and Barx2~/~ mice were stained with hematoxylin and eosin. (E): Example of a
16-month-old Barx2 null mouse displaying a hunched back and splayed stance relative to a
heterozygous control mouse. (F): Histogram demonstrating the distribution of myofiber
sizes in Barx2™~ and Barx2*/* mice. Maximal myofiber diameters were measured in
transverse sections of Sol muscle from three mice for each genotype; number of myofibers.
n = 396 for Barx2*/* and 392 for Barx2™/~. (G): Expression of the muscle differentiation
marker myogenin is reduced in muscles from 4-week-old Barx2~/~ mice relative to Barx2*/~
littermates as indicated by semiquantitative RT-PCR (n, number of mice). GAPDH is used
as a reference standard. Abbreviations: GAPDH, glyceraldehyde-3-phosphate
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dehydrogenase; Kid, kidney; Quad, quadriceps; RT-PCR, reverse transcriptase polymerase
chain reaction; Sol, Soleus; TA, tibialis anterior.
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Figure 3.
Histological analysis of muscle in adult Barx2 mutant mice. (A—F): Comparison of TA

muscle in 6-month-old WT (A-C) and Barx2—/- mice (D-F). Relative to wild-type muscle,
Barx2~/~ muscle shows narrower myofibers, an increased number of nuclei between
myofibers, and increased fibrosis, as indicated by Masson’s trichrome staining (panels C and
F). (G-L): Comparison of soleus muscle in 6-month-old wild-type (G) and Barx2~/~ (H, I)
mice. Relative to wild-type muscle, Barx2™~ muscle exhibits a larger distance between
myofibers and increased collagen deposition between myofibers (as shown by collagen |
immunostaining in J-L). Myofibers in Barx2~/~ muscle were generally more rounded,
although some showed an angulated morphology with cytoplasmic vacuoles (I, black
arrowheads). (M-R): Comparison of diaphragm in 6-month-old wild-type (M-O) and
Barx2™~ (P-R) mice. The diaphragm of Barx2~/~ mice is much thinner than that of wild-
type mice and moderately fibrotic as indicated by Masson’s trichrome staining (panels O
and R). A, B, D, E, G, H, M, N, P, and Q, hematoxylin and eosin staining; (J-L), collagen |
immunostaining (brown) with iron hematoxylin counterstain; C, F, O, and R, Masson’s
trichrome staining. Abbreviations: TA, tibialis anterior; WT, wild type.
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Figure 4.
Barx2 is important for muscle regeneration. (A, B): Regenerating cardiotoxin (CTX)-

injected muscle (B) shows a dramatic increase in Barx2-expressing nuclei (red) when
compared to saline-injected muscle (A). (C): RT-PCR shows that Barx2 expression is
upregulated in regenerating CTX-injected muscle relative to saline-injected muscle. A
representative result is shown; similar upregulation was seen in replicate experiments. (D):
Barx2-expressing cells also express Pax7 (green). (E): Hematoxylin-eosin-stained paraffin
sections of Barx2*/~ TA muscles harvested 10 days after CTX injection show efficient
muscle regeneration indicated by centrally located nuclei in almost all myotubes. (F): In
contrast, sections of Barx2™~ muscle harvested 10 days after injection show disorganized
morphology with necrotic fibers, myotubes of different sizes, and undifferentiated
myoblasts. Alizarin red staining also reveals calcium deposits in Barx2~~ muscle (insets).
(G, H, I): Quantitative RT-PCR analysis of cyclin-D1 (G), myogenin (H), and myosin
heavy chain (I) expression at 2, 5, and 12 days after CTX injection in the TA muscle. Gene
expression data from the cardiotoxin-treated limb was normalized to that from the saline
(vehicle)-treated contralateral limb and to a pool of housekeeping genes. Three mice of each
genotype were used per time point. Abbreviations: DAPI, 4/,6-diamidino-2-phenylindole;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; RT-PCR, reverse transcriptase
polymerase chain reaction; TA, tibialis anterior.
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Figure 5.
Primary myoblast cultures from Barx2~/~ muscle show altered morphology and reduced

proliferation. (A): Myaoblast cultures maintained in growth media contain a mixture of two
types of cells: relatively rounded cells with smooth membranes (violet arrows) and slightly
elongated cells with more processes (red arrows). (B-D): Confocal microscopy and serial
3D reconstruction performed using IMARIS software show that these two populations
correspond to rounded (Rn.c; white arrows) (B, D) or elongated/flattened cells (Fl.c; yellow
arrows) as is most apparent in transverse optical sections (C, D). Green, smooth muscle actin
antibody staining; blue, DAPI. (E): Cells displaying rounded or flattened morphologies were
counted in confocal microscopy images, revealing that cells with the flattened morphology
predominate in Barx2*/~ cultures, whereas cells with rounded morphology predominate in
Barx2~/~ cultures. (F): Reduced proliferation in Barx2™/~ cultures relative to Barx2*/~
cultures as measured by BrdU incorporation. In panels (E) and (F), n indicates number of
fields per genotype used for quantification. Replicate experiments with independent
myoblast isolates gave similar results. Abbreviation: BrdU, Bromodeoxyuridine.
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Figure 6.
Primary myoblasts from Barx2~/~ muscle have poor adhesion and show delayed

differentiation. (A-D): Differentiation was induced in myoblast cultures by serum
withdrawal, and gene expression was examined after 6 (A, B) and 24 (C, D) hours. At 6
hours after serum withdrawal, Barx2™/~ cultures show almost twofold reduction in the
number of myogenin-expressing cells relative to Barx2*/~ cultures suggesting a delay in the
onset of differentiation (A, B); green, myogenin; blue, DAPI. At 24 hours after serum
withdrawal, Barx2™/~ cultures show fewer myotubes and reduced expression of MyHC
relative to Barx2*/~ cultures (C, D); green, MyHC;: blue, DAPI. In panels (B) and (D), n
indicates number of fields per genotype used for quantification. Replicate experiments with
independent myoblast isolates gave similar results. (E): At 72 hours after serum withdrawal,
myotubes in Barx2™/~ cultures begin to detach from the plate. Red, F-actin, blue, DAPI. (F):
Barx2~/~ cells plated on fibronectin detach more readily than Barx2*/~ cells in a plate-
washing assay (n, number of independent experiments). (G): Barx2*/~ myoblasts plated on
fibronectin form myotubes in approximately 72 hours whereas Barx2~/~ myoblasts do not.
Abbreviations: DAPI, 4’,6-diamidino-2-phenylindole; MyHC, myosin heavy chain.
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Figure 7.
Phenotype of Barx2/mdx double null mice. (A): Comparison of total body, heart, Kidn, and

TA weights in Barx2~~:mdx (shown as a ratio of Barx2~/~:mdx over Barx2**:mdx weights).
TA muscle shows a dramatic reduction in weight relative to other organs. Tissues were
harvested and weighed from 4-week-old Barx2*/*:mdx and Barx2~/~:mdx sibling pairs (n,
number of pairs studied). (B-D): Hematoxylin-eosin (H&E)-stained paraffin sections of TA
muscles obtained from 6-month-old Barx2~/~, Barx2*/*:mdx, and Barx2~/~:mdx mice.
Double knockout TA muscle shows variability of fiber size suggesting presence of atrophy
and hypertrophy of myofibers (D). (E-L): Soleus muscle of Barx2~/~:mdx mice (G, K, H&E
staining; H, L, trichrome staining) shows greater variability in myofiber size and shape and
marked endomysial and perimysial fibrosis relative to soleus muscle of Barx2*/*:mdx mice
(E, I, H&E staining; F, J, trichrome staining). (M—-U): Diaphragm muscles of 6-month-old
(M-Q) and 12-month-old (P-U) Barx2*/*:mdx (M, P, H&E staining; N, S, trichrome
staining) and Barx2~/~:mdx (O, T, H&E staining; Q, U, trichrome staining) mice.
Diaphragms of 6-month-old Barx~~:mdx mice appear much thinner than diaphragms of
Barx2**:mdx mice (compare N and Q). In addition, diaphragms of 6-month-old
Barx2~/~:mdx mice show frequent rounded atrophic fibers (black arrows). Atrophic fibers
are dark red and glassy (they represent hypercontracted fibers). Trichrome staining shows
more extensive fibrosis in six Barx2~/~:mdx diaphragms relative to Barx2*/*:mdx
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diaphragms (compare N and Q). The diaphragms of 12-month-old Barx2~/~:mdx mice show
extensive fibrosis and greater instance of focal myofiber fibrosis (compare S and U), and
necrotic myofibers undergoing myophagocytosis (T, white arrowheads) relative to
Barx2*/*:mdx mice (P, white arrowhead). (V-Y): Alizarin red staining reveals increased
calcium deposits in the Barx2—/-:mdx diaphragm muscle (X, Y) relative to Barx2*/*:mdx
muscle (V, W). Abbreviations: Kidn, kidney; TA, tibialis anterior.
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