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Regeneration of skeletal muscle in response to injury occurs through
fusion of a population of stem cells, known as satellite cells, with
injured myofibers. Myomixer, a muscle-specific membrane micro-
peptide, cooperates with the transmembrane protein Myomaker
to regulate embryonic myoblast fusion and muscle formation. To
investigate the role of Myomixer in muscle regeneration, we used
CRISPR/Cas9-mediated genome editing to generate conditional
knockout Myomixer alleles in mice. We show that genetic deletion
of Myomixer in satellite cells using a tamoxifen-regulated Cre
recombinase transgene under control of the Pax7 promoter abol-
ishes satellite cell fusion and prevents muscle regeneration, result-
ing in severe muscle degeneration after injury. Satellite cells devoid
of Myomixer maintain expression of Myomaker, demonstrating
that Myomaker alone is insufficient to drive myoblast fusion. These
findings, together with prior studies demonstrating the essentiality
of Myomaker for muscle regeneration, highlight the obligatory
partnership of Myomixer and Myomaker for myofiber formation
throughout embryogenesis and adulthood.
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keletal muscle is the largest tissue in the body, accounting for

~40% of human body mass. Skeletal muscle formation in-
volves the differentiation and fusion of myoblasts to form mul-
tinucleated myofibers (1, 2). In adult skeletal muscle, resident
muscle stem cells, called satellite cells (SCs), are required for
muscle growth, maintenance, and regeneration (3-5). SCs are
characterized by their unique anatomical location between the
basal lamina and plasma membrane of myofibers (6). Under
normal conditions, SCs are quiescent, whereas in response to
injury they become activated and enter the cell cycle before their
terminal differentiation and fusion into myofibers (7, 8). SCs are
marked by the expression of the paired-box transcription factor,
Pax7, and deletion of Pax7 from SCs prevents muscle re-
generation (9).

The formation of myofibers through cell-cell fusion involves a
series of events, including cell-cell recognition and adhesion,
cytoskeletal reorganization, and, ultimately, membrane merger
(10). Although a variety of proteins have been shown to partic-
ipate in myoblast fusion (11, 12), much remains to be learned
about the underlying mechanisms and the interplay between
muscle-specific and ubiquitous components of the fusion pro-
cess. Recently, we discovered two muscle-specific membrane
proteins, Myomaker and Myomixer, which are essential for
myoblast fusion during embryogenesis (13, 14). Myomaker is a
seven-pass transmembrane protein capable of promoting fusion
of fibroblasts with myoblasts (13, 15). Myomixer, also referred to
as Myomerger (16) and Minion (17), is a micropeptide which
lacks autonomous fusogenic activity, but stimulates the fusogenic
activity of Myomaker (14, 16, 17). Moreover, coexpression of this
pair of membrane proteins is sufficient to confer fusogenic po-
tential to cell types that otherwise cannot fuse (14, 16, 17). Ge-
netic deletion of Myomaker or Myomixer abolishes myoblast
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fusion and muscle formation during embryogenesis in mice and
zebrafish (14, 16-20). Myomaker is also required for fusion of
SCs during adult muscle regeneration (21).

Myomaker and Myomixer are up-regulated in SCs during
muscle regeneration (14, 16, 17, 21). However, the perinatal
lethality of Myomixer null mice has precluded an analysis of its
potential involvement in myofiber regeneration in response to
injury (14). To directly assess the potential involvement of
Myomixer in SC-mediated muscle regeneration, we generated
mice with conditional Myomixer null alleles, which were deleted
in SCs of adult mice with a tamoxifen (TMX)-inducible Cre
recombinase controlled by the Pax7 promoter (22). We show
that Myomixer is essential for the fusion of regenerative SCs and
the formation of new myofibers after injury of adult muscle. The
absence of Myomixer in SCs results in dramatic muscle de-
generation following injury, despite the expression of Myomaker
in these cells. Thus, at every stage of vertebrate myogenesis ex-
amined thus far, Myomixer and Myomaker function in an obliga-
tory partnership to control myoblast fusion and myofiber formation.

Results

Conditional Deletion of Myomixer in Mice. Germline Myomixer null
mice display perinatal lethality due to an absence of multinu-
cleated myofibers (14), precluding an analysis of Myomixer
function in adulthood. To circumvent the lethality of Myomixer
null mice, we generated mice with conditional null alleles of the
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Myomixer gene using clustered regularly interspaced short pal-
indromic repeats (CRISPR) and Cas9 endonuclease-mediated
homology-directed repair (HDR) to insert loxP sites flanking
Myomixer exons. Of note, the Myomixer gene encodes two iso-
forms: a short isoform of 84 amino acids translated from an ORF
in exon 3, and a longer isoform of 108 amino acids translated
from an extended ORF in exons 2 and 3. Through examination
of RNA-seq data of C2C12 myoblasts (23), we found that the
short isoform is the predominantly expressed isoform during
myoblast differentiation (Fig. S14). Nevertheless, to discern any
potential function of the 24-amino acid N-terminal region of the
long isoform of Myomixer, we generated two floxed Myomixer
alleles, termed Mymx'12 and Mymx'>F>*  allowing deletion of
the short and long isoforms by inserting two loxP sites flanking
exon 3 (Fig. 14) or exons 1-3 (Fig. 1E), respectively.

Mouse zygotes were injected with five components for each
targeting scheme: two single guide RNAs (sgRNAs) targeted to
sequences flanking Myomixer exons; two single-stranded oligo-
deoxynucleotide DNA (ssODNA) donors, each containing a
loxP site flanked by short arms with homology to the desired
insertion site; and Cas9 mRNA (Fig. 1 A and E). Cas9 nuclease
asymmetrically releases the cleaved DNA strand that is not
complementary to the sgRNA (the nontarget strand) (24). As
such, improved HDR efficiency was reported in the presence of
an asymmetric target-strand donor ssODNA overlapping the

Cas9 cut site with 36 base pairs (bp) on the protospacer-adjacent
motif (PAM)-distal side, and a 91-bp extension on the PAM-
proximal side of the cleavage (24). The ssODNAs of this design
were named ssODNA1-4, allowing HDR-mediated insertion of
loxP sites 14 after cutting by sgRNA1-4 (Fig. 1 A and E).
Genotyping of filial 0 (F0) Mymx'>*'* mice with two pairs of
primers flanking loxP1 (Fig. 1B) or loxP2 sites (Fig. 1C) and
another pair of primers flanking both loxP sites revealed 10%
(2 out of 20 mice) correct targeting efficiency, although large
deletions and the insertion of a single loxP site were also ob-
served. We confirmed the simultaneous insertions of the
loxP1 and loxP2 sites from two founder FO mice after cloning
and sequencing a mixture of PCR products (Fig. S1 B and C). In
parallel, a targeting efficiency of 14% (4 out of 28 mice) was
achieved for the generation of FO Mymx'®*>* mice. The simul-
taneous insertions of the loxP3 (Fig. 1F) and loxP4 (Fig. 1G)
sites from these founders were also confirmed by cloning and
sequencing of genomic PCR products (Fig. S1 E and F).
We isolated intramuscular fibroblasts from F1 Mymx
and Mymx'™F>** mice to validate the functionality of the loxP sites
in allowing Cre-mediated DNA recombination of the Myomixer
OREFs. Primary fibroblasts were infected with recombinant ade-
noviruses expressing GFP or Cre recombinase. Forty-eight hours
postviral infection, genomic DNA was extracted from these cells
and subjected to PCR amplification and sequence analysis with a
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Fig. 1. Generation of Myomixer'™® alleles. (A) Schematic of experimental design to insert loxP1 and loxP2 sites into intron 2 and the 3'-UTR region of the
Myomixer (Mymx) gene, respectively. Note that upon Cre-mediated DNA recombination, the short Myomixer isoform is removed. (B and C) PCR genotyping

with primers that amplify the regions where the loxP1 and loxP2 sites were inserted. (D) PCR amplification of genomic DNA isolated from Mymx

loxp1,2/+

fibroblasts at 48 h postadenoviral infection. (E) Schematic of experimental design to insert loxP3 and loxP4 sites into the 5'- and 3'-UTR regions of the
Myomixer gene, respectively. Note that upon Cre-mediated DNA recombination, the ORF encoding the long Myomixer isoform is removed. (F and G) PCR
genotyping with primers that amplify the regions where the loxP3 and loxP4 sites were inserted. (H) PCR amplification of genomic DNA isolated from
Mymx'34+ fibroblasts at 48 h postadenoviral infection. ssODNA, single-stranded oligodeoxynucleotide DNA. HDR, homology-directed repair.
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pair of primers flanking these loxP sites. Gel electrophoresis of
the PCR products showed DNA bands of expected sizes in the
absence and presence of genomic recombination in both
Mymx'12* and Mymx'F34™ Joci (Fig. 1 D and H). We con-
firmed the correct DNA recombination in fibroblasts isolated
from all these lines of Mymx'®* mice by cloning and sequencing
PCR products (Fig. S1 D and G).

Deletion of Myomixer in Satellite Cells. Breeding of Mymx'™"-**

and Mymx'>*3¥* mice with mice carrying a tamoxifen-regulated
satellite cell-specific Cre recombinase (Pax7<"*RT?) transgene
(22) allowed for deletion of Myomixer in SCs upon tamoxifen
treatment. In the experiments below, we named the Pax7<<ERT2/
Mymxl@PLAPLE 3 py 7CreERT2 jy JoxPI 4034 i collec-
tively as knockout (KO) mice due to the absence of any phenotypic
differences between these mice. Tamoxifen-treated littermates of
the same sex of Pax7CreERT2’ meloxPl,Z/loxPl,Z’ or Myn,LxloxPS,4/loxP3,4
mice were collectively referred to as control mice.

To induce genetic deletion of Myomixer in SCs, we injected
Myomixer KO mice with tamoxifen every 2 d over a period of
10 d before injury of skeletal muscle by cardiotoxin (CTX) in-
jection (Fig. 24). We confirmed the DNA recombination spe-
cifically in tamoxifen-treated KO mice by PCR amplification of
genomic DNA extracted from noninjured extensor digitorum
longus (EDL) muscles (Fig. 2B). The relatively low intensity of
DNA-recombination bands compared with that detected in cul-
tured fibroblasts reflects the fact that SCs account for only ~5%
of total myonuclei in intact muscle tissues (25). Our previous
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Fig. 2. Validation of Myomixer deletion in satellite cells. (A) Schematic
outlining the strategy of tamoxifen and cardiotoxin treatment of mice.
Control and Myomixer KO mice were treated with tamoxifen every 2 d over
a period of 10 d before injury of skeletal muscle by cardiotoxin injection.
Muscles were collected for analysis at 3 d postinjury. (B) PCR amplification
of genomic DNA isolated from noninjured EDL muscles of Mymx'o®!-21:2
(lane 1), Pax7<°ERT2/pfymx!O*P1:2/1.2 (Jane 2), Mymx'©P>*434 (lane 3), and
Pax7<"ERT2/\fymx'°xP3-434 (lane 4) mice treated as shown in A. (C) Quan-
tification by qPCR of Myomixer gene expression in gastrocnemius muscle
3 d postinjury. n = 3 for control (CTL) mice, n = 5 for Myomixer KO mice.
(D) Western blot analysis of Myomixer and Gapdh in gastrocnemius muscle 3 d
postinjury. *P < 0.05; ***P < 0.001. Student’s t test. Data are mean + SEM.
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results showed that Myomixer expression peaked at day (d)
3 post-CTX injection in skeletal muscles (14). To confirm that
Myomixer gene expression was abolished by Cre-mediated re-
combination, we examined Myomixer expression using a pair of
quantitative PCR (qPCR) primers from the ORF region of exon
3, which was targeted in all lines of Myomixer KO mice. Of note,
although gastrocnemius muscles from control mice showed a
robust induction of Myomixer expression 3 d postinjury, this re-
sponse was completely abolished in tamoxifen-treated KO mice
(Fig. 2C). Myomixer protein was also not detectable in injured
Myomixer KO gastrocnemius muscles, in contrast to control mice
which expressed abundant Myomixer protein in injured gas-
trocnemius muscle (Fig. 2D).

Myomixer Is Not Required for Activation of the Myogenic Program in
Satellite Cells. Myomixer KO mice following TMX-mediated gene
deletion showed normal body weight, muscle mass, and myofiber
architecture, based on hematoxylin and eosin (H&E) staining (Fig.
S2). To evaluate the myogenic potential of SCs after genetic de-
letion of Myomixer, we analyzed expression of two key myogenic
transcriptional regulators, Myod1 and Myogenin. These markers of
SC activation were up-regulated 3 d postinjury in Myomixer KO
mice, albeit to lower levels than in control mice (Fig. 34).

We analyzed the consequences of loss of Myomixer in gastroc-
nemius muscles 3 d postinjury. H&E staining at this time point
revealed abundant mononuclear cells, likely owing to inflammatory
infiltration, myofibroblast proliferation, and SC activation (Fig.
3B). Muscles from control and Myomixer KO mice were nearly
indistinguishable at 3 d postinjury, suggesting similar initial dam-
age, immune response, and proper activation and differentiation of
muscle precursors. We also examined the expression of terminal
differentiation markers, Myogenin and Desmin, by immunohisto-
chemistry. Cells positive for Myogenin and Desmin expression
were clearly detected in injured Myomixer KO muscle (Fig. 3C).
Additionally, as expected based on our previous results (21),
Myomaker expression was robustly induced following muscle
injury in control and Myomixer KO muscles (Fig. 34). These
results suggest that Myomixer is not required for activation of
the myogenic program in SCs, consistent with our observations
from deletion of Myomixer in cultured myoblasts and mouse
embryos (14).

Myomixer Is Essential for Skeletal Muscle Regeneration. The peak of
muscle regeneration typically occurs at 7 d postinjury (26), so we
examined the muscle regenerative capacity at this time point
(Fig. 44). We measured the weights of injured and noninjured
tibialis anterior (TA) muscles at this stage and used the ratio
between the two measurements as the recovery ratio (Fig. S3).
KO mice showed significant reductions of mass of injured TA
muscle and recovery ratios compared with control mice, al-
though the two genotypes showed similar mass measurements of
noninjured TA muscles (Fig. S3). At the histological level, H&E
staining of cross-sections of TA muscle revealed that control
mice had a robust regenerative response, indicated by large
myofibers containing centralized nuclei, a hallmark of muscle
regeneration (Fig. 4B). In contrast, we observed a dramatic ab-
sence of regenerative myofibers in Myomixer KO mice (Fig. 4B).
Instead, persistent infiltration of inflammatory cells was obvious
in Myomixer KO muscles (Fig. 4B). Immunohistochemistry with
antibodies against Myosin and Desmin on muscle at 7 d post-
injury revealed a substantial loss of muscle cells in Myomixer KO
muscle, suggesting that differentiated myoblasts die if they do
not undergo fusion (Fig. 4C).

We also examined the regenerative response of Myomixer KO
mice at 14 d postinjury, which marks the completion of muscle
regeneration (Fig. 4 D and E). Although a nearly complete re-
covery of TA muscle mass was observed for control mice (97%),
the mass of Myomixer KO-injured TA muscle was only 65% that
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Fig.3. Deletion of Myomixer in adult satellite cells does not affect the early
response to muscle injury. (A) Quantification by gPCR of gene expression in
gastrocnemius muscle 3 d postinjury. n = 3 for control (CTL) mice, n = 5 for
Myomixer KO mice. (B) H&E staining of gastrocnemius muscle cross-sections
at day 3 postinjury. (Scale bar: 50 pm.) (C) Immunohistochemistry of Laminin,
Myogenin and Desmin in gastrocnemius muscle cross-sections at day 3 post-
injury. (Scale bars: 20 pm.) *P < 0.05; **P < 0.01; ***P < 0.001. Student’s t test.
Data are mean + SEM.

of contralateral noninjured TA muscle (Fig. S3B). H&E staining
of TA muscle cross-sections revealed that muscle architecture of
control mice was fully recovered while Myomixer KO muscles
showed regions of hypocellularity and small myofibers (Fig. 4E).
Immunohistochemistry using antibodies against Myosin and
Desmin on 14-d postinjury muscle confirmed the severe loss of re-
generated myofibers containing centralized nuclei in Myomixer KO
muscle (Fig. 4F). Together, these data demonstrate that Myomixer
is essential for adult muscle regeneration.

Bi et al.

Discussion

The results of this study show the requirement of Myomixer for
skeletal muscle regeneration and underscore the obligate partner-
ship of Myomixer and Myomaker, not only for myoblast fusion in
developing muscle but also during adult skeletal muscle repair.
Here we show by genetic deletion of Myomixer in adult SCs that
Myomixer is absolutely essential for SC fusion in vivo, and its de-
letion results in a complete absence of regenerative myofibers fol-
lowing muscle injury. Of note, we did not observe any difference in
the muscle regeneration response upon deletion of the short and
long isoforms of Myomixer. This indicates that the weakly expressed
long isoform, which contains an extra 24-amino acid extension at
the N terminus, does not play an essential role in the fusogenic
function of Myomixer. Accordingly, expression of the evolutionarily
conserved short isoform in Myomixer KO myoblasts is sufficient to
rescue the myoblast fusion defects as we previously reported (18).
These findings parallel our previous study (21), which demonstrated
that the lack of Myomaker abolishes adult muscle regeneration.

Intriguingly, we noticed that deletion of Myomixer in SCs de-
creased the abundance of Desmin* and Myogenin* muscle cells as
well as the expression of muscle differentiation genes in regen-
erating muscles. These findings reinforce our previous observa-
tions in the developing muscles of Myomixer global knockout
mouse, in which Myosin* cells appeared to be less abundant than
those of wild-type mice (14). By contrast, in cultured myoblasts,
deletion of Myomixer does not affect muscle differentiation gene
expression (14). Therefore, we speculate that lack of fusion due to
deletion of Myomixer affects myocyte viability, possibly due to
feedback communications with nonmuscle cells at the peak of
muscle development and regeneration.

Cell—cell fusion is involved in numerous biological processes in
prokaryotic and eukaryotic cells (27, 28). In addition to skeletal
muscle formation, cell fusion is required for fertilization of egg
and sperm, as well as development of various organs (29). The
placenta contains giant syncytiotrophoblasts that originate from
fusion of mononuclear trophoblasts (30). Osteoclasts formed
from fusion of mononuclear precursor cells are essential for the
development and homeostasis of bone (31). Moreover, the
generation of giant cells by fusion of macrophages is an integral
part of the inflammatory response (29).

Cell fusion is a complex process that generally involves three
fundamental steps: cell recognition and adhesion, merger of the
proximal leaflets of membrane bilayers (known as hemifusion)
and finally opening and expansion of a fusion pore that allows
the exchange of cytosolic contents (28). Although these funda-
mental steps in membrane fusion are common, the molecular
mechanisms that establish the cell-type specificity of these steps
are not well understood.

The precise mechanism whereby Myomixer cooperates with
Myomaker to drive myoblast fusion remains to be elucidated. Of
note, structure—function analysis of Myomixer revealed key do-
mains that are essential for its fusogenic function and conserved
across multiple jawed vertebrates: an N-terminal hydrophobic
domain, which is likely to function as a membrane anchoring
region; a C-terminal hydrophobic AxLyCxL motif; and several
charged residues in between that are required for binding
Myomaker (14). A tentative model is that Myomaker works to
position plasma membranes from two cells in close proximity to
induce hemifusion, thereby allowing the hydrophobic AxLyCxL
motif of Myomixer to function as a fusion peptide to establish
the fusion pore, thus merging the plasma membranes. This
working model closely mimics that of fusion-associated small
transmembrane (FAST) proteins encoded by the nonenveloped
fusogenic reoviruses (32). In this regard, insights into the mechanistic
basis of FAST protein-induced fusion will be informative with
respect to the mechanism of Myomaker—-Myomixer-dependent
fusion. In addition, studies to identify additional components
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Fig. 4. Myomixer is essential for skeletal muscle regeneration after injury. (A and D) Schematic outlining strategy of tamoxifen and cardiotoxin treatment. (B
and E) H&E staining of TA muscle cross-sections at (B) day 7 and (E) day 14 postinjury. (Scale bar: Top, 500 um; Bottom, 50 pm.) (C and F) Immunohisto-
chemistry of Laminin, Myosin, and Desmin on TA muscle cross-sections at (C) day 7 and (F) day 14 postinjury. (Scale bars: 20 pm.)

of the cellular fusion machinery that engage the Myomaker—
Myomixer duo to drive membrane merger are underway.
Besides acute muscle regeneration, the Myomixer conditional
alleles described here will be instrumental to investigate the full
spectrum of Myomixer functionality, especially its potential role in
long-term muscle homeostasis during aging, as well as muscle hy-
pertrophy and disease conditions like cachexia and neuromuscular
diseases. It will also be of interest to determine whether Myomixer is
required in both SCs and myofibers during the hypertrophic
response. The ability of Myomaker—Myomixer to promote fusion
of nonmyogenic cells with each other or with preexisting muscle

3868 | www.pnas.org/cgi/doi/10.1073/pnas.1800052115

fibers also suggests opportunities for delivery of cellular cargo to
target tissues in vivo through cell—cell fusion.

Materials and Methods

Generation of Mymx'>*® Mice. Animal work described in this manuscript was
approved and conducted under the oversight of the University of Texas
Southwestern Institutional Animal Care and Use Committee. Details of
the generation of Mymx'>*® mice are provided in SI Materials and
Methods.

Tamoxifen and Cardiotoxin Treatment. Details of the tamoxifen and car-
diotoxin treatment of mice are provided in S/ Materials and Methods.

Bi et al.
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Cell Cultures and Viral Infection. Primary myofibroblasts were isolated from
1-mo-old Mymx'*®'* mice and Mymx'*"*4+ mice. Briefly, skeletal muscle
tissues were dissected and minced to a slurry with scissors followed by en-
zymatic digestion containing 1.5 units/mL collagenase D (11088858001,
Sigma-Aldrich) and 2.4 units/mL dispase Il (17105041, Thermo Fisher) in
2.5 mM CaCl,. Fibroblasts were maintained in 10% FBS with 1% penicillin/
streptomycin in DMEM. Upon confluency, the fibroblasts were split and in-
fected with adenoviruses expressing GFP or Cre DNA recombinase for 2 d
before being used for genomic DNA extraction and genotyping. Cre-
mediated DNA recombination between the loxP sites was detected by PCR
with a forward primer: 5'-GGGCTCCCTTGTGATGTCC-3’ and a reverse primer:
5-TGCGTACACAAAAGTGCTCG-3'. This pair of primers is able to detect a
2,075-bp wild-type band, a 2,155-bp Mymx'<110xP2 o pfymxloxP3/loxP4 lhand,
a 924-bp recombination band upon deletion of a region containing exon 3,
and a 777-bp recombination band upon deletion of a region containing
exons 1-3. PCR genotyping products were gel purified and cloned into the
pCRII Topo vector (K460001, Thermo Fisher) and sequenced to verify the
genomic DNA recombination between loxP sites.

gPCR. Total RNA was extracted from mouse tissues with TRIzol (Invitrogen).
cDNA was synthesized using iScript Reverse Transcription Supermix (1708841)
using 1 pg RNA. Gene expression was assessed using standard qPCR ap-
proaches with KAPA SYBR FAST qPCR Master Mix (KK4605). Analysis was
performed on a StepOnePlus Real-Time PCR System (Applied Biosystems)
with the Sybr primers provided in SI Materials and Methods. The 244
method was used to analyze the relative changes in gene expression nor-
malized against Gapdh expression.

Western Blot Analysis. Protein was isolated from muscle tissues using RIPA
buffer. Protein concentrations were determined using BCA Protein Assay
Reagent (23225, Thermo Fisher Scientific) followed by measurement with
NanoDrop. Protein samples were mixed with 4x Laemmli sample buffer (161-
0747, Bio-Rad) and 20-40 pg protein was loaded and separated by Mini-
PROTEAN TGX Precast Gels and transferred to a polyvinylidene fluoride
(PVDF) membrane (Millipore), blocked in 5% fat-free milk for 1 h at room
temperature, and then incubated with the following primary antibodies
diluted in 5% milk overnight at 4 °C: Gapdh (MA5-15738, Thermo Fisher)
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and Myomixer (AF4580, R&D Systems). The HRP-conjugated secondary an-
tibodies were as follows: donkey anti-sheep 19G-HRP (sc-2473, Santa Cruz
Biotechnology) and goat anti-mouse 1gG (H+L)-HRP conjugate (170-6516,
Bio-Rad) were diluted at 1:5,000 in 5% milk. Immunodetection was
performed using Western Blotting Luminol Reagent (sc2048, Santa Cruz
Biotechnology).

H&E and Immunohistochemistry. For cryosections, skeletal muscle was dis-
sected and embedded in tissue-freezing medium (TFM-5, General Data
Healthcare) and frozen in 2-methylbutane cooled on dry ice. Transverse
sections were cut at 10 pm and stained with H&E. For paraffin sections,
skeletal muscles were fixed in 4% PFA/PBS for 24 h at room temperature,
dehydrated, cleared, and wax infiltrated. Specimens were embedded
transverse to myofiber long axis in Paraplast Plus (39602004, Leica) and
sectioned at 5 pm to a depth containing regions of CTX injury or equivalent
depths in contralateral control muscle. Resulting sections were deparaffi-
nized, subjected to antigen retrieval, and immunostained with combinations
of rabbit anti-laminin (L9393, 1:30; Sigma-Aldrich) and either mouse anti-
myosin MY32 (M1570, 1:100; Sigma-Aldrich), mouse anti-myogenin F5D
(5C52903, 1:50; Santa Cruz Biotechnology), or mouse anti-desmin DEU10
(D1033, 1:40; Sigma-Aldrich). Pronase E digestion was used to reveal anti-
genic epitopes for laminin/myosin, and pH 6.0 citra heat was used for laminin/
desmin and laminin/myogenin, respectively. Mouse-on-mouse (BMK2202,
Vector) blocking and detection reagents were used in conjunction with
FITC-avidin-DCS (A2011, Vector) to localize myosin-, myogenin-, and desmin-
tagged epitopes, and Cy3-conjugated goat anti-rabbit secondary antibody
(111-165-144, Jackson Immunoresearch) to localize laminin. All preps were
coverslipped with Vectashield and imaged on a Zeiss Meta 510C confocal
microscope.
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