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ABSTRACT
The SH3 and cysteine rich domain 3 (Stac3) gene is expressed specifically in skeletal muscle and
essential for skeletal muscle contraction and postnatal life in mice. In this dissertation project, I
conducted two studies to further understand the role of STAC3 in skeletal muscle development,
growth, and contraction. In the first study, I compared the contractile responses of hindlimb
muscles of Stac3 knockout and control mice to electrical stimulation, high [K+]-induced
membrane depolarization, and caffeine and 4-chloro-m-cresol (4-CMC) activation of ryanodine
receptor (RyR). Frequent electrostimulation-, high [K+]-, 4-CMC- and caffeine-induced maximal
tensions in Stac3-deleted muscles were approximately 20%, 29%, 58% and 55% of those in
control muscles, respectively. 4-CMC- and caffeine-induced increases in intracellular calcium
were not different between Stac3-deleted and control myotubes. Myosin-ATPase and NADHtetrazolium reductase staining as well as gene expression analyses revealed that Stac3-deleted
hindlimb muscles contained more slow type-like fibers than control muscles. These data together
confirm a role of STAC3 in EC coupling but also suggest that defective EC coupling is only
partially responsible for the significantly reduced contractility in Stac3-deleted hindlimb muscles.
In the second study, I determined the potential role of STAC3 in postnatal skeletal muscle
growth, fiber composition, and contraction by disrupting Stac3 gene expression in postnatal mice
through the Flp-FRT and tamoxifen-inducible Cre-loxP systems. Postnatal Stac3 deletion

inhibited body and limb muscle mass gains. Histological staining and gene expression analyses
revealed that postnatal Stac3 deletion decreased the size of myofibers and increased the
percentage of myofibers containing centralized nuclei without affecting the total myofiber
number. Postnatal Stac3 deletion decreased limb muscle strength. Postnatal Stac3 deletion
reduced electrostimulation- but not caffeine-induced maximal force output in limb muscles.
Similarly, postnatal Stac3 deletion reduced electrostimulation- but not caffeine-induced calcium
release from the sarcoplasmic reticulum. These results demonstrate that STAC3 is important to
myofiber hypertrophy, myofiber type composition, contraction, and EC coupling in postnatal
skeletal muscle.
Keywords: Stac3, muscle contraction, EC coupling, muscle fiber type, muscle growth
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Chapter I
Literature Review
Introduction
Skeletal muscle is the most abundant tissue of the body. Skeletal muscle produces force for
locomotion, breathing and postural support, and produces heat during cold stress. Skeletal
muscle meets these functions through adaptation and the development of specialized muscle
fibers that vary in their properties and capabilities. Maintaining skeletal muscle function
throughout the lifespan is a prerequisite for health and survival. Skeletal muscle as meat is a
major source of food.
Skeletal muscle is composed of muscle fibers. Muscle fibers as a terminal differentiated
cell type cannot proliferate and differentiate. The total number of muscle fibers is determined at
the embryonic and fetal developmental stages. The increase of muscle size in postnatal animals
is mainly the result of increased size of individual muscle fibers.
Identification of novel regulators and mechanisms that control skeletal muscle
development and function has significant implications for curing myopathies and muscle injury
in humans and improving productivity in farm animals.
In this review, I will summarize recent findings in understanding skeletal muscle structure,
myogenesis, muscle fiber types, and muscle contraction, and the newly defined regulators of
these biological processes.
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Skeletal Muscle Architecture
The skeletal muscle, cardiac muscle and smooth muscle are three major types of muscle
tissue in the body. Approximately 40% of the body mass is skeletal muscle, and 10% is smooth
and cardiac muscle (30). The smooth muscle is composed of muscle cells that contain one
nucleus per cell and are spindle shaped. Both the cardiac muscle and skeletal muscle are striated
muscle. Similar to the smooth muscle cell, the cardiac muscle cell contains one nucleus and has a
spindle shape but the cardiac muscle contains a unique structure called intercalated disc which
connects two cells. Different from the cardiac or smooth muscle cell, the skeletal muscle cell is
an elongated, multi-nuclear cell which is called a muscle fiber or a myofiber (30).
Myofibers possess a unique phenotype. In skeletal muscle, myofibers are arranged in
fascicles surrounded by a connective tissue layer called the perimysium. In human skeletal
muscle, each fascicle is composed of many myofibers ranging from 10 to 80 μm in diameters
(30). Each myofiber is surrounded by a thin layer of tissue called endomysium. Each myofiber is
usually innervated by one motor neuron located near the middle of the fiber (29). Myofibers are
terminal differentiated cells. Nuclei in myofibers cannot replicate by mitosis (98). Myofibers
grow by fusing of mononuclear muscle cells. The major components of skeletal muscle are
shown in Fig.1.1.
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Fig. 1.1. Major components of skeletal muscle. Skeletal muscle consists of many myofibers.
Each myofiber consists of myofibrils and multiple nuclei. A myofibril consists of sarcomeres in
tandem. Each sarcomere is flanked by two Z-lines. Each myofibril consists of many actin and
myosin filaments.
Sarcomere and contractile proteins
Each muscle fiber contains several hundreds to thousands of myofibrils. Each myofibril
is a striated structure lining with repeated sarcomere, which is the functional unit of skeletal
muscle (64). The sarcomere contains two types of filaments: thin and thick filaments, or actin
and myosin filaments, respectively, which are large protein molecules that are responsible for
muscle contraction. The dark A-band is composed primarily of myosin filaments, whereas the
3

light I-band is composed primarily of actin filaments. Each sarcomere is flanked by two Z-lines.
Z-line is one of themost frequently affected sarcomeric components under pathological
conditions, including excessive cytoplasmic calcium accumulation and denervation (105). Z-line
streaming in myopathies may lead to the development of featureless cores in central core
syndromes. The major component of Z-line is α-actinin. α-actinin skeletal muscle isoform 3
(Actn3) is exclusively expressed in fast glycolytic muscle fibers. The deficiency of Actn3 is
beneficial for endurance athletes, and knockout of Actn3 causes improved endurance
performance in mice (16). In the center of each sarcomere, a structure called M-line, which is
formed by myomesin, M protein and creatine kinase, anchors the thick filament (108). Titin is
the third most abundant protein in skeletal muscle linking the Z-line to M-line and serves as a
scaffold for sarcomere assembly with the facilitation from calpain3. Titin is the largest protein in
the body with a molecular weight of 3,900 kDa (47). Titin and nebulin, together with M- and Zline proteins, form a complex that maintains the organization of the sarcomere during muscle
contraction and relaxation. Given the important role of titin in skeletal muscle force regulation a
three-filament (actin, myosin and titin) sarcomere model has been proposed to explain skeletal
muscle function and metabolism (47).
Thin filament: Actin, troponin, tropomyosin, and nebulin are main components of thin
filaments. One thin filament contains two helixes of strands of F actin and two strands of
tropomyosin. Troponin is a complex containing troponin C, troponin I and troponin T. Troponin
C binds to calcium ions during the process of muscle contraction. Troponin I connects actin and
tropomyosin in thin-filaments. Troponin T regulates the interaction between troponin and
tropomyosin. In skeletal muscle fibers, sarcomeric tropomodulin 1 (Tmod1), caps the thin
filament pointed ends and functionally interacts with leiomodin (Lmod) isoforms, Lmod2 and
4

Lmod1, to mediate thin filament lengths and actomyosin crossbridge formation. Knockdown of
Tmod1 in muscle fibers leads to thin filament elongation (35).
Thick filaments: A thick filament is composed of multiple myosin molecules, each
having a molecular weight of approximately 500 kDa. Each myosin molecule contains two heavy
chains, each with approximately 200 kDa and four light chains, each with approximately 20 kDa.
The myosin heavy chain head has ATPase activity and thus can cleave ATP during muscle
contraction. Thick filaments control force generation of skeletal muscle by mechanosensing .
Membrane system
Sarcolemma is the external envelope of muscle cells. Sarcolemma is composed of two
layers. The inner layer is the plasma membrane and the outer layer is the adjacent basal lamina.
A transverse-tubule (T-tubule) is an invagination of the sarcolemma. The network of Ttubules is in contact with the exterior of the cell and allows excitation to spread uniformly
throughout the fiber (3). In myofibers, a T-tubule and two terminal cisternae, a region of
sarcoplasmic reticulum (SR), form a structure called triad. In adult muscles, triads have a
transverse orientation and cover most of the T-tubule length. In embryonic muscles, triads are
less frequent and have a longitudinal orientation (28).
SR is smooth endoplasmic reticulum in skeletal muscle cells. Similar to endoplasmic
reticulum, SR has a big lumen and contains many functional proteins associated with the
membrane. Different from endoplasmic reticulum in other cell types, SR is responsible for
calcium storage at the resting stage of muscle, calcium release at the activation stage and calcium
re-uptake when muscle is ready to relax (96). In SR, calcium is stored in the terminal cisternae
(ends of the sarcoplasmic reticulum) that are in close contact with the T-tubule system.
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Sarcoplasmic reticulum Ca2+-ATPase (SERCA) and calsequestrin are two proteins that
contribute to maintaining calcium homeostasis in skeletal muscle (30).

6

Myogenesis
Myogenesis is the process of muscular tissue formation. At the cellular level, myogenesis
consists of steps including muscle cell specification, proliferation, differentiation and fusion.
The series of cellular events involved in myogenesis are controlled by well-studied
transcriptional factors, including paired-homeobox transcription factors (Pax3 and Pax7) (61, 85),
sine oculis-related homeobox transcription factors (Six1 and Six4) (87), myogenic regulatory
factors (MyoD, Myf5, MRF4 and myogenin) (8, 23, 44), by many growth factors, such as
insulin-like growth factor 1 (IGF-1) (41) and growth differentiation factor 8 (GDF-8, myostatin)
(56) and by micro-RNAs (34) (Fig. 1.2).
Myogenic specification
Basic helix-loop-helix factor, MyoD was identified by its ability to transform fibroblasts
into cells that are capable of forming myotubes (24). Overexpression of MyoD in a selection of
cell types, such as pigment, nerve, fat and liver cells, activates gene expression for muscle
specification (110). Subsequently, other basic helix-loop-helix factors, including Myf5,
myogenin and MRF4 which transform non-muscle cells into myogenic cell lineage have been
discovered (14, 86, 113). As a result of highly conserved expression in muscle lineage, MyoD,
Myf5, myogenin and MRF4 are called myogenic regulatory factors (MRFs) (32).
MRFs are important for myogenic specification. During embryonic muscle development,
Myf5 is the primary MRF that is expressed. Mice without Myf5 have delayed embryonic
myogenesis and die perinatally (13). In myoblasts involved in the formation of the early
myotome, two independent myogenic lineages expressing either Myf5 or MyoD are controlled
by different upstream regulators (40). These findings indicate the heterogeneity of myogenesis
and that Myf5 and MyoD determine the myogenic development for muscle precursor cells.
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Deficiency of MyoD in mice can be compensated by Myf5 expression which results in normal
muscle development (90). The redundancy of Myf5 and MyoD in myogenesis is also
demonstrated by skeletal muscle missing phenotypes in Myf5/MyoD double-knockout mice (91).
Pax3 and Pax7 are additional regulators of myogenesis that are evolutionarily conserved
in vertebrates (76). Pax3 and Pax7 are expressed by somatic myogenic progenitors. Loss of Pax3
causes embryonic death, whereas lack of Pax7 only leads to minor skeletal muscle defects at late
developmental stage (58). Pax3 and Pax7 can compensate for each other during myogenesis (8).
Pax3/Pax7 double-knockout mice have more severe muscle developmental defects than Pax3 or
Pax7 knockout mice (84, 85). Pax3 regulates the expression of MRFs including MyoD and
MRF4, and it is expressed in long-range migrating cells which form limb muscle during
embryonic development (8). Pax3 is essential for muscle precursor cells migration from somite
to limb buds. In adults, cell culture and electron microscopy show a complete loss of satellite
cells (muscle stem cells) in Pax7 knockout skeletal muscle (95). Pax7 in skeletal muscle-derived
stem cells induces satellite cell specification by inhibiting alternative differentiated programs
(95).
Six1 and Six4 are transcriptional factors serving as the trigger of the regulatory processes
that lead progenitors to the myogenic lineage (38). Both Six1 and Six4 contain a Six type
homeodomain that binds to DNA sequence and an amino-terminal Six domain that interacts with
transcriptional coactivators or co-repressors (87). Six1 and Six4 bind to the eye-absent homologs
Eya1 and Eya2 in the nucleus, where they coactivate and induce the expression of Pax3 and
MRFs, including MyoD, MRF4 and myogenin (38). Overexpression of Six1 and Eya2 in somite
explants up-regulates Pax3 expression, whereas Six1/Six4 or Eya1/Eya2 double-knockout mice
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do not have Pax3 expression or form skeletal muscle (37). Six proteins are also central switches
that control fast muscle development in myoblast differentiation step at fetal stage (87).
Myoblast proliferation
Myoblast proliferation is defined as the increase of cell number by mitosis. In mitosis, cell
cycle is the process resulting in final cell division. It consists of four phases, G1, S, G2 and M in
order. In the S phase, cellular DNA is replicated; in the M phase, two daughter cells are
generated from mother cell division. Quiescent or non-dividing cells stay at the G0 phase before
they are activated and enter into cell cycle.
At the embryonic developmental stage, myogenic progenitors proliferate but the number of
myonuclei and muscle cell numbers remain the same around birth (8). The muscle fiber numbers
do not change after birth. Thus, the perinatal myofiber number is an indicator of potential size of
postnatal muscle (106).
Myostatin: Myostatin is a member of the transforming growth factor-β (TGF- β)
superfamily. Since the double-muscling phenotype was reported in myostatin knockout mice,
myostatin has been identified as a negative regulator of myogenesis (39, 56). Myostatin controls
the proliferation of muscle precursors by preventing the progression of myoblasts from G1 to S
phase of cell cycle (104). In C2C12 mouse myoblasts, myostatin up-regulates p21, a CDK
inhibitor and decreases the level and activity of CDK2 protein (104). As a result, accumulation
of hypophosphorylated Rb protein leads to the arrest of C2C12 cells in G1 phase of cell cycle
(104). Knockdown of endogenous myostatin also promotes the proliferation of sheep myoblasts
(69).
Extracellular matrix (ECM): Although ECM is not unique to skeletal muscle, it is
essential for the integrity and functionality of skeletal muscle. Decorin is one of the most
9

important components of skeletal muscle ECM. Overexpression of decorin promoted the
proliferation of avian QM7 myoblasts by up-regulating the expression of follistatin and the
primary MRFs, down-regulating myostatin expression and decreasing the phosphorylation level
of Smad3; knockdown of decorin in cells caused opposite changes in these cells (118). Avian
myoblast proliferation is likely regulated by decorin-mediated myostatin/Smad pathway (118).
Decorin can directly bind to the growth factors of TGF-β family (62). There is a link
between decorin and myostain in rodents and avians; it can lead to a potential cure for diseases
like Muscular Dystrophy if a similar link is proved to be present in human (12, 27).
Myoblast differentiation and fusion
Myofibers are formed from differentiation and fusion of mononuclear myoblasts, and this
process occurs primarily during embryonic development. From myoblast proliferation to
myoblast differentiation, myoblasts decrease the expression of Pax7 and increase the expression
of MRFs, including MRF4 and myogenin (17). Myogenin and MRF4 are directly involved in
myoblast differentiation and trigger the expression of myotube-specific genes. Through the
interaction with Myf5, MRF4 plays a role in muscle development determination and further
differentiation (49, 115). Myogenin is essential for myoblast fusion into either new or previously
existing myotubes. Myogenin knockout mice lack fused myotubes and developed skeletal muscle
(44).
Myoblast fusion can be divided into primary fusion and secondary fusion. Primary fusion
refers to the fusion processes forming myotubes containing two to three nuclei. Secondary fusion
is defined as more myoblasts fusing into the primarily fused myotubes and generating large
multinucleate myotubes (48).
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Most of the knowledge of vertebrate myoblast fusion is obtained from the mouse (1).
Hepatocyte growth factor (HGF), platelet-derived growth factor (PDGF) and the Cxcr4/Sdf1 axis
are essential regulators of myoblast migration. Muscle-cadherin (M-cadherin) and integrins,
commonly found at the cell-cell contact site, play an important role in myoblast recognition and
adhesion (1). M-cadherin is also a key component of the signaling pathway involved in actin
dynamics after myoblast adhesion (1, 48). The transcription factors, MyoD, MRF4 and
myogenin and the calcineurin, DOCK1/Rac and Wnt signaling pathways play critical roles in
primary and secondary myoblast fusion. In the last few decades, studies in Drosophila, mouse
and other vertebrate models have identified new regulators of myoblast fusion and extended our
understanding of the mechanisms controlling myogenesis (1, 101, 102).
PLD1: PLD1 is a membrane-associated enzyme that generates the signaling lipid
phosphatidic acid (PA) by catalyzing the hydrolysis of phophatidylcholine (PC) (109). PLD1 has
a vital role in membrane fusion in different cells, such as adipocytes, pancreatic β cells and
adrenal chromaffin cells (54, 57, 109). The role of PLD1 in myoblast differentiation was initially
revealed in mouse C2C12 myoblasts, where it activates the mammalian target of rapamycin
(mTOR) and insulin-like growth factor 2 (IGF2) signaling (116). In primary mouse myoblasts,
PLD1 facilitates myoblast fusion into myotubes (103). Muscle regeneration is abolished in mice
lacking PLD1. Knockdown of PLD1 in rat myoblasts inhibits mature myotube formation (103).
BAI3: BAI3 is a protein that belongs to the cell adhesion subfamily of G-protein coupled
receptors (GPCRs) (10). In chicken embryos, BAI3 promotes myoblast fusion by interacting
with ELMO and activating downstream ELMO-DOCK1-Rac pathway (42). If the interaction
between BAI3 and ELMO is disrupted, primary myoblast fusion is impaired. Overexpression of
BAI3 in C2C12 myoblast robustly promotes myoblast fusion (42).
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Myomaker: Although many proteins, such as PLD1 and BAI3 previously found in
tissues other than muscle have been shown to play roles in myoblast fusion, myomaker is a
muscle-specific regulator of myoblast fusion (71). Myomaker is a muscle specific crossmembrane protein that directly controls the myoblast fusion process in mice and zebrafish (66,
71, 72). Gene expression of myomaker is up-regulated during embryonic myogenesis (71).
Without myomaker, myoblasts cannot fuse to form multinucleate myotubes, whereas
expressing myomaker in non-muscle cells such as fibroblasts causes them to fuse with myoblasts
(71). A robust increase in myoblast fusion after differentiation and myotube-myotube fusion are
observed in C2C12 cells overexpressing myomaker. However, expressing myomaker in
fibroblasts cannot induce two fibroblasts to fuse into a multinucleated cell which demonstrates
that other myoblast membrane proteins are required for proper fusion of the two cell membranes
(71). Actin cytoskeletal remodeling is required in myoblast fusion (1). Blocking of actin
nucleation by cytochalasin D and lantrunculin B in myomaker expressing C2C12 myoblast
abolishes myoblast fusion which demonstrates that actin dynamics are required for myomaker to
display its function as a fusogenic protein (71). In vivo study reveals that myomaker is essential
for muscle regeneration after cardiotoxin injury in adult mice. Satellite cells without myomaker
can proliferate and differentiate, but they never fuse into multinucleate myotube (72).
Myogenesis during embryonic development
Classic experiments in embryology and histology have clearly showed that trunk muscle
and limb muscle are derived from the condensation of paraxial mesoderm into epithelial shape
structures called somites (8). Somites are formed along the cranial-caudal axis of the embryo
and are distributed in dorso-ventral compartments. Myogenic progenitors migrate from somite to
limb buds to form limb muscles.
12

Embryonic myogenesis occurs primarily in two waves. The first wave of myogenesis
happens from embryonic days 11.5 (E11.5) to 14.5, during which the primary myotubes are
formed. The second wave of myogenesis appears from E14.5 to E17.5, during which the
secondary myotubes are generated and innervation is established (8, 111). There are three classes
of myoblasts, including embryonic myoblasts, fetal myoblasts and adult myoblasts, existing
during the embryonic myogenesis process. The embryonic myoblasts differentiate into primary
myotubes expressing myosin heavy chain isoforms, Myh3 and Myh7 (94). The fetal myoblasts
are the main players to form Myh8 expressing secondary myotubes surrounding the primary
myotubes.
During embryonic myogenesis, Pax3 and Pax7 are highly expressed in cells of
dermomyotome. Pax7 is highly expressed in the central domain (trunk) and Pax3 is expressed in
the dorsal and ventral lips (limbs) (61). During embryonic myogenesis, Six1 and Six4 are
important for multi-potent precursor cells (dermomyotome) becoming myogenic potent.
Mutation in Six1 and Six4 causes severe embryonic muscle development defects (92).
Adult muscle growth and regeneration
In adult animals, satellite cells, are muscle stem cells, and can proliferate, differentiate
and ultimately form multinucleated myotubes (119). Thus, satellite cells are important for muscle
regeneration after injury and muscle fiber size increase (hypertrophy) after birth (9). At the
perinatal stage, some adult myoblasts become satellite cells. Satellite cells are located between
sarcolemma and basal lamina. In adult mammals, satellite cells stay quiescent. Under normal
physiological conditions, satellite cells divide and add to the existing myofibers to support
muscle hypertrophy postnatally by fusing into adjacent muscle fibers. When muscle injury
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occurs, satellite cells are activated to form new myofibers to repair the damaged tissue (31, 72,
103).
Postnatal muscle growth is orchestrated by many growth factors including IGF-1 and
growth hormone (52). IGF-1 enhances muscle cell proliferation via the mitogen-activated protein
kinases (MAPKs) arm of the signaling pathway (22). IGF-1 also promotes protein synthesis and
muscle hypertrophy by activating the IRS-1/PI3K/AKT/mTOR pathway and inhibiting the
FoxO/Atrogin1 pathway.

Fig. 1.2. Regulatory progression of myogenesis. Transcriptional factors, hormones, growth
factors, miRNAs and other factors play important roles in different phases of myogenesis.
Adopted with modification from (8).
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Micro-RNAs
Micro-RNAs (miRNAs) are evolutionarily conserved small noncoding RNAs. Mature
miRNAs are short, single-stranded RNA molecules derived from long primary transcripts (primiRNA) through sequential processing in both the nucleus and the cytoplasm. Pri-miRNA is
processed by Drosha microprocessor to generate precursor miRNA (pre-miRNA). Exportin 5
transports pre-miRNA from the nucleus into the cytoplasm. In the cytoplasm, pre-miRNA is
processed by endoribonuclease Dicer and then loaded into Ago protein and forms RNA-induced
silencing complex (RISC). RISC binds to the 3’-untranslated region (3'-UTR) of target mRNA to
silence it through degradation or translational inhibition. The first miRNA, lin4, was discovered
in C elegans in 1993 (67). Since then, hundreds of miRNAs have been identified in various
species. There is a group of miRNAs that are almost only expressed in muscle called myomiRs.
MyomiRs control myogenic precursor fate and muscle tissue homeostasis. Examples of
myomiRs include miR-1, miR-133 and miR-206 (70). Mutation of these miRNAs during
myogenesis has been widely reported (34).
MiR-1 and miR-133: During embryonic skeletal muscle development, cells from the
somites commit to the myogenic progress by proliferation, differentiation and myofiber
formation (34). Down-regulation of Pax3 is essential to up-regulation of Myf5 and MyoD and
initiation of myogenesis. The muscle-specific miR-1 and miR-206 directly target Pax3 for its
down-regulation during somite myogenesis. Inhibition of miR-1 and miR-206 thus causes
delayed myogenesis (36).
In the myogenesis program, miR-133 increases myoblast proliferation and decreases
myoblast differentiation by targeting histone deacetylase 4, a transcriptional repressor of muscle
gene expression; miR-1 decreases myoblast proliferation and increases myoblast differentiation
15

by repressing the expression of serum response factor, a transcriptional activator of muscle gene
expression (18).
Muscle specific miR-1 also modulates muscle cell growth and differentiation by targeting
IGF-1. miR-1 and IGF-1 protein levels are inversely correlated during C2C12 muscle cell
differentiation (26). Transfection of miR-1 and miR-133a into neonatal rat cardiomyocytes
blocked IGF-1 induced hypertrophy (52). Overexpression of miR-1 and miR-133a attenuated the
hypertrophy induced by IGF-1 in vivo (52). MiR-206 regulates IGF-1 mRNA by targeting its 3'untranslated region; reducing miR-206 expression in vivo substantially increases IGF-1 mRNA
level. Expression of the IGF-1R mRNA is also regulated by miR-133. There is a conserved
binding site for miR-133 in the 3'-untranslated region of IGF-1R mRNA. Increased expression of
miR-133 in C2C12 muscle cells significantly suppresses IGF-1R protein expression (53).
MiR-31 and miR-489: In adult muscle, Myf5 plays an important role in determining
whether satellite cells enter an activation program or remain quiescent. miR-31 is present in
quiescent satellite cells and inhibits Myf5 translation (23). In activated satellite cells, expression
level of miR-31 is reduced and Myf5 protein accumulates. Nevertheless, manipulation of miR-31
levels affects satellite cell differentiation and muscle regeneration ex vivo and in vivo (23). miR489 is highly expressed in quiescent satellite cells and is rapidly down-regulated during satellite
cell activation. It induces satellite cell quiescence by suppressing expression of oncogenic
protein Dek, which promotes the proliferative expansion of myogenic progenitors (20).
MiR-27 and miR-208a: miR-27a increases muscle cell proliferation by directly
inhibiting myostatin expression (55). The expression of myostatin is also repressed by miR-208.
Myostatin protein is increased in miR-208a knockout mice and decreased in miR-208a
overexpression mice (70). Myostatin 3'-UTR contains a putative recognition sequence for miR16

27 that is conserved across a wide range of vertebrate species. Interestingly, expression of miR-1,
miR-133 and miR-206 is also significantly increased in myostatin knockout mice (56).
miRNAs and muscle regeneration: When muscle damage occurs, satellite cells are
activated, proliferate, differentiate and contribute to muscle regeneration. miRs including miR106b, miR-25, miR-29c and miR-320c are down-regulated in quiescent satellite cells compared
with their expression in proliferating satellite cells (63). miR-1, miR-133, miR-206 and miR-484
are identified to be involved in myotube formation. Combined local application of miR-1, miR133 and miR-206 directly induced the expression of MyoD, Pax7 and myogenin in a rat injury
model (74). It is not difficult to imagine that exogenously supplied specific miRs could
accelerate muscle regeneration.
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Muscle Fiber Types
Embryonic and fetal muscle fiber types
In the mouse, myogenic progenitors start to form primary muscle fibers at E11.0. Primary
fibers express both fast and slow myosin heavy chain isoforms: Myh3 (embryonic fast) and
Myh7 (slow) (111). Primary fibers expressing different myosin heavy chain isoforms in E15.0
skeletal muscle cannot be easily identified morphologically. After E16.0, secondary myogenesis
takes place. Fibers formed during secondary myogenesis express the fast myosin heavy chain
isoforms, Myh3 (embryonic) and Myh8 (perinatal) but not Myh7 (slow) (94). Fast embryonic
and perinatal myosin heavy chain isoforms are progressively replaced with three fast adult Myh
isoforms after birth (9).
Adult muscle fiber types
Based on the biochemical properties (type of myosin-ATPase) or contractile properties
(maximal force production, speed of contraction), the skeletal muscle fibers can be classified into
Type I or slow muscle fibers, and Type II or fast muscle fibers. Based on the oxidative capacity,
the muscle fibers can be classified as oxidative and glycolytic fibers. Based on the speed of ATP
degradation, the muscle fibers can be classified as Type I, Type IIa, Type IIx and Type IIb, with
Type I having the slowest speed of ATP degradation and Type IIb having the fastest speed of
ATP degradation (93). Based on the contractile properties, the muscle fiber type can be classified
as slow twitch and fast twitch fibers (94). Based on the color, skeletal muscle can be classified
into red and white muscles. Muscle fibers also differ in the isoform of myosin heavy chain (Myh)
protein. Myosin isoforms are associated with myosin-ATPase activity. Myh7 is predominantly
expressed in slow fibers, while Myh2, Myh1 and Myh4 are mainly expressed in fast fibers (81,
94).
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Type I fibers are characterized by high oxidative activity and abundance in slow myosin
heavy chain isoform (Myh7), myoglobin and mitochondria. Type IIb fibers are characterized by
high glycolytic activity, abundance in fast myosin isoform (Myh4), containing less myoglobin
and fewer mitochondria compared to Type I fibers. Type IIa and IIx fibers are intermediate in
terms of performing oxidative and glycolytic metabolism. Type IIa fibers have high expression
of Myh2, while Type IIx fibers have high expression of Myh1 (94, 106). The myosin-ATPase in
Type I or slow fibers is acidic-stable whereas that in Type II or fast fibers is alkaline-stable (94).
According to the combination of metabolic and contractile features, the three main fiber
types in adult mice are Type I/SO (slow twitch, oxidative), Type IIa, IIx/FOG (fast twitch,
oxidative and glycolytic), and Type IIb/FG (fast twitch, glycolytic). The main characteristics of
each fiber type are summarized in Table 1.1.
Adult muscle fibers can be distinguished by the cross-sectional area and ATPase activities
of fibers. The slow twitch fibers have relatively small cross-sectional area, whereas, the crosssectional areas of fast twitch fibers are bigger. For newly generated muscle fibers in adult muscle,
Myh3 (embryonic) gene is highly expressed (94, 111). In adult muscle, the expression of Six1
and Eya1 are up-regulated in fast muscle fibers. Overexpression of these two genes in the slowtype muscle leads to muscle fiber type switch from slow to fast.
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Table. 1.1. Characteristics of skeletal muscle fiber types.

Type I (SO)
Type IIa/IIx (FOG)
Type IIb (FG)
Metabolism
Oxidative
Both
Glycolytic
Color
Red
Red
White
Myoglobin
High
Variable
Low
Diameter
Small
Intermediate
Large
Lipid
High
Intermediate
Low
Glycogen
Low
Intermediate
High
Blood supply
High
Intermediate
Low
Mitochondria
High
Intermediate
Low
Myosin isoform
Slow
Variable
Fast
ATPase activity
Low
High
Highest
Specific tension
Moderate
High
High
Resistance to fatigue
High
High/moderate
Low
Speed of shortening
Low
High
Highest
Relaxation
Slow
High/moderate
Highest
SO, slow and oxidative. FOG, fast, oxidative and glycolytic. FG, fast and glycolytic (94).
Fiber type determination
In adult mice, skeletal muscle fiber type specification is regulated by the calcineurin/NFAT
signaling pathway, calmodulin-dependent kinase (CaMKs) signaling pathway and transcriptional
coactivator peroxisome proliferator-activated receptor γ coactivator 1 α (PGC-1α).
Calcineurin: Calcineurin is a cyclosporine sensitive, calcium-regulated serine/threonine
phosphatase. Due to more frequent neural stimulation, slow fibers have higher levels of
sarcoplasmic free calcium than fast fibers. Slow vs fast fiber marker gene expression is
controlled by a signaling pathway involving calcineurin. Slow fiber gene promoters are
selectively up-regulated in response to the activation of calcineurin in skeletal muscle cells (21).
In contrast, slow to fast fiber type transformation is promoted by the inhibition of calcineurin
activity. Additionally, combining with calcineurin activity, NFAT and MEF2 protein families
mediate the activation of slow fiber marker gene expression (21). Embryonic fiber type
specification and development is independent of the calcineurin regulation (78).
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Calmodulin: Calmodulin is a ubiquitous calcium-binding protein expressed in different
cell types. In mouse skeletal muscle, an increase in sarcoplasmic calcium levels results in muscle
contraction and activation of muscle specific gene expression via downstream transcriptional
pathways (4). Once calmodulin is bound by calcium, it consequently activates either
calcium/calmodulin-dependent kinases pathways or calmodulin-dependent serine/threonine
phosphatases pathways with participation of calcineurin (50). Calmodulin-dependent kinases can
promote muscle growth by regulating the transcription in the nucleus through phosphorylation,
deactivation and translocation of histone deacetylase 4 (HDAC4) from nucleus to cytoplasm. In
slow muscle fiber, calcium-dependent calmodulin kinase enhances the slow-type calcineuringenerated responses by promoting myocyte enhancer factor 2 (MEF2) transctivator functions and
increases oxidative capability by promoting mitochondria biogenesis.
PGC-1α: PGC-1α is a key integrator of neuromuscular activity in skeletal muscle.
Increasing the expression of PGC-1α in skeletal muscle leads to increased number and activity of
mitochondria (81). Skeletal muscle specific PGC-1α knockout mice had muscle fiber type
transformation from slow to fast phenotype indicating the critical role of PGC-1α in maintenance
of normal fiber type composition (43). Acting downstream of PGC-1α, hypoxia-inducible factor
2α (HIF2α) is a key regulator of programming skeletal muscle fiber type (81).
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Skeletal Muscle Contraction
Skeletal muscle is innervated by the nerves derived from alpha and gamma motor neurons,
located in the ventral horns of the gray matter in the spinal cord. One alpha motor neuron may
control many muscle fibers. One alpha motor neuron and all the extrafusal muscle fibers which it
innervates constitute a motor unit (65).

Fig. 1.3. Structure of a neuromuscular junction. Acetylcholine released from the pre-synaptic
vesicles binds to the nicotinic acetylcholine receptor (nAChR) on the sarcolemma. Influx of
sodium ions through the opened nAChR channel causes the sarcolemma to depolarize and
subsequently generate action potentials.
The motor neuron transmits the signal initiated in the brain to muscle cells through
neuromuscular junctions (Fig. 1.3). A neuromuscular junction is similar to a synapse between
22

two neurons in structure, containing a presynaptic nerve membrane, a synaptic cleft and a
postsynaptic muscle membrane. Neurotransmitter released by the motor neurons is acetylcholine
(ACh) (114). The ACh receptor on the sarcolemma is nicotinic actylcholine receptor (nAChR)
which is a ligand-gated ion channel (Fig. 1.3).
Triad is an essential structure for skeletal muscle contraction. Triad contains the functional
grouping of proteins that facilitate signal transmission and transformation, including
dihydropyridine receptor (DHPR), ryanodine receptors type 1 (RyR1), amphiphysin 2 (Bin1),
myotubularin (Mtm1) and triadin (2) (Fig. 1.4). The proper alignment of DHPR and RyR1 on Ttubule/SR side of the triad is a critical requirement for muscle contraction (100). In skeletal
muscle, DHPR is a complex of multiple subunits, including DHPR α1s, DHPRα2, DHPRβ1a,
DHPRγ, and DHPRδ. DHPRα1s is a transmembrane subunit, whereas DHPR β1a is an intracellular
subunit of DHPR. DHPRα1s is the subunit which has been identified to interact with RyR1,
controlling calcium release from the SR. The critical binding site on DHPR α1s to RyR1 is the IIIII loop (7). One of the critical functions of DHPR β1a subunit is to facilitate the DHPRα1s
targeting into the triad (99). It has also been shown that the distal C-terminal of DHPR β1a subunit
binds to a RyR1 fragment, with the participation of RyR1 residues K3495KKRR_._R3502 (19).
Currently, the relationship among DHPRα1s II-III loop, DHPRβ1a and the RyR1
K3495KKRR_._R3502 residues remain unclear (82). In skeletal muscle, Bin1isoforms are
expressed and specifically targeted to the triads close to the DHPR and RyR1 complex. Mutation
of Bin1 and Mtm1 cause defects in triads and T-tubules and the centrally localized nuclei
phenotype in mice (107). The amino acid residues from 200 to 231 in triadin skeletal isoform 95
kda (Trisk 95) are important for interaction with RyR1 and activation of RyR1 (112).
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Fig. 1.4. The skeletal muscle triad. The triad is a structure formed by a T-tubule and two
terminal cisternae of SR on each side of the T-tubule. In mouse skeletal muscle, triads are
located at the A-I band junctions of sarcomere. The triad is the anatomical basis of EC coupling
and houses proteins such as RyR, DHPR, and Triadin that play important roles in EC coupling.
Excitation-contraction (EC) coupling means that the depolarization of motor end plates
(excitation) is coupled to muscular contraction (100). EC coupling is important for transducing
the shift in membrane voltage to the increase in the cytosolic level of calcium. Skeletal muscle
contraction begins with the motor neuron action potential arriving at the neuromuscular junction
causing ACh release. The released ACh binds to the nAChR located on the sarcolemma (73,
114). The sodium channels on the sarcolemma are activated (45). Sodium influx depolarizes the
sarcolemma and causes the generation of action potential that spreads along the T-tubule (2, 3).
The DHPR on the T-tubule serves as a voltage sensor, and it physically interacts with the RyR,
which is also a calcium channel, on the lateral sacs of the sarcoplasmic reticulum (SR) (77, 79).
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In response to action potential transmitted from the T-tubule, DHPR causes the RyR channel to
open and release calcium from the SR to the sarcoplasm (15, 97). Intracellular calcium
concentration thus increases. Calcium binds to troponin C on the thin filament and causes a
conformational change that causes tropomyosin to be moved off of the myosin binding sites on
the actin filament. Myosin crossbridges bind to the binding sites on actin filament and move
towards M-line to cause fiber contraction. RyR agonists, such as 4-chloro-m-cresol (4-CMC) and
caffeine can induce calcium release from the SR and hence contraction in muscle tissue and
cultured myotubes independent of the interaction between DHPR and RyR (5, 88, 89).
In resting muscle, the myosin head associates with ATP and is ready to hydrolyze it to
obtain energy. When the myosin binding sites on the actin filament are unblocked, the myosin
head binds to the actin filament and immediately tilts the actin filament to the M-line by
expending the stored energy from hydrolysis of ATP (59). The myosin head remains attached to
actin until it binds another ATP. Binding of ATP causes the myosin head to release the actin
binding site and then ATP is hydrolyzed to form ADP and energy which sets the myosin head
again (60). If the myosin binding sites on actin are still available, the myosin head binds to actin
and repeats the contraction cycle (walk-along mechanism). During the sarcomere shortening, the
length of A-band does not change. As long as skeletal muscle receives nerve impulses, the
crossbridge cycle continues causing the shortening of sarcomere (H-zone shortening).
When the motor nerve impulse stops, the SR sequesters calcium and intracellular calcium
levels reduce. Troponin C is not able to bind calcium and conformational changes in troponin
allow tropomyosin to cover the myosin binding sites on the actin thin filament (25). And then the
sarcomere changes to resting length and muscle relaxation occurs.
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Fiber types and contractile features
Force-frequency relationship (F-FR) is classically derived by plotting the peak force
responses to electrical stimulation across a wide range of increasing frequencies. The rates of
contraction force development as well as relaxation can affect the shift of F-FR. In the cases of
defective EC coupling, the F-FR shifts rightward. Shifts in myosin heavy chain isoforms from
slow to fast can commonly lead to rightward shifts in skeletal muscle (6). The reason for
rightward shifts is called mechanical summation (46). At low electrical stimulations, each
tension spike of slow twitch muscle is added on the previous spike which is due to the slower
relaxation. The contraction force is not returned to zero before the next stimulus comes. As a
result, in the F-FR, the slow twitch muscle starts to rise earlier than fast twitch muscle (46). Fast
twitch fibers contain more actomyosin crossbridges per cross-sectional area than slow twitch
fibers.
One function of slow twitch muscles is to maintain the posture of the body. Fast twitch
muscles need to produce strong contractions for strength exercises. Because of the mechanical
summation, slow twitch muscles can be activated at the low frequency for holding the body,
whereas fast twitch muscles can be activated at the high frequency to produce more power for
heavy duty activities.
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Stac3
The Stac3 gene, which encodes a protein containing a Src homology 3 (SH3) domain
and a cysteine rich (C1) domain, is a member of the Stac gene family (68). The SH3 domain
is a classical protein-protein interaction domain. The C1 domain is conserved in signaling
proteins such as protein kinase C (PKC) and the RAF-1 kinase, and is best known as a
binding module for the secondary messenger diacylglycerol (DAG) (68). The Stac3 gene is
predominantly expressed in skeletal muscle (75, 83). Transgenic studies demonstrate that
Stac3 is essential for skeletal muscle contraction and postnatal life in mice (75, 83) and that
Stac3 plays an important role in skeletal muscle contraction in zebrafish (51). In humans, two
congenital myopathies, Native American myopathy (51) and King-Denborough syndrome
(117) have been identified to be associated with Stac3 gene mutation. In vitro studies using
primary mouse myoblasts, C2C12 cells, and bovine satellite cells suggested that Stac3 might
play a role in myoblast differentiation (11, 33, 119).
The diaphragm muscle from Stac3 knockout mice does not contract in response to
electrical stimulation but generates normal tension when stimulated by RyR agonist 4-CMC.
Based on these data, Nelson and colleagues concluded that Stac3 knockout muscle does not
contract because of defective EC coupling (75). A role of Stac3 in EC coupling is also
supported by the evidence that Zebrafish STAC3 interacts with DHPR (51) and that STAC3
localizes at T-tubules in murine skeletal muscle (75). A more recent study suggests that
STAC3 is essential for trafficking of the major subunit DHPRα 1s, Cav1.1, into cell membrane
(80) (Fig. 1.5).
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Fig. 1.5. Hypothesis for the mechanism underlying impaired contractility in Stac3
mutant muscle. Stac3 deficiency causes defective DHPR and RYR interaction, and this leads
to reduced or no calcium release from the SR and reduced or no muscle contraction.
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Objectives
Skeletal muscle is the most abundant tissue in vertebrates. The programmed development
and normal function of skeletal muscle is essential for health and survival. STAC3 is one of the
newly discovered factors that regulate muscle contraction. STAC3 also plays important role in
myoblast differentiation and muscle development.
Many questions remain to be answered as to how STAC3 affects muscle development and
contraction. Does STAC3 have the same function in different skeletal muscles? Does STAC3
have the same functions in adult skeletal muscle as in embryonic skeletal muscle? Does STAC3
mediate EC coupling by direct interaction with DHPR and RyR? The overall goal of this
dissertation project was to address some of these questions.
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Chapter II
Defective excitation-contraction coupling is partially responsible for impaired
contractility in hindlimb muscles of Stac3 knockout mice
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ABSTRACT
The SH3 and cysteine rich domain 3 (Stac3) gene was recently found to be exclusively expressed
in skeletal muscle, essential for skeletal muscle contraction, and postnatal life in mice. Data from
studying the Stac3-deleted diaphragm suggested that Stac3-deleted skeletal muscle did not
contract because of defective excitation-contraction (EC) coupling. In this study, we compared
the contractile responses of hindlimb muscles of Stac3 knockout and control (heterozygous and
wildtype) mice to electrical stimulation, high [K +]-induced membrane depolarization, and
caffeine and 4-chloro-m-cresol (4-CMC) activation of ryanodine receptor (RyR). When
stimulated by single electrostimulation, Stac3-deleted muscles did not contract. When stimulated
by frequent electrostimulation, Stac3-deleted muscles contracted, but the tension generated was
only 20% of that in control muscles. High [K+]-induced tension in Stac3-deleted muscles was
approximately 29% of that in control muscles. 4-CMC- and caffeine-induced tensions in Stac3deleted muscles were approximately 58% and 55% of those in control muscles, respectively. In
response to 4-CMC and caffeine, fewer Stac3-deleted myotubes contracted than did control
myotubes. These data confirm a role of Stac3 in EC coupling but also suggest that defective EC
coupling is only partially responsible for the significantly reduced contractility in Stac3-deleted
hindlimb muscles. 4-CMC- and caffeine-induced increases in intracellular calcium were not
different between Stac3-deleted and control myotubes. This suggests that Stac3 deletion did not
alter the function of RyR or the amount of releasable calcium from the sarcoplasmic reticulum.
Myosin-ATPase and NADH-tetrazolium reductase staining as well as gene expression analyses
revealed that Stac3-deleted hindlimb muscles contained more slow type-like fibers than control
muscles. These as well as those previously discovered structural abnormalities (centrally located
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myonuclei, streaming Z-line, disorganized myofibrils) in Stac3-deleted hindlimb muscles further
suggest that the role of STAC3 is beyond mediating EC coupling and may vary with individual
muscles.
Key words: Stac3, EC coupling, muscle contraction, muscle development, mice.
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INTRODUCTION
Skeletal muscle contraction is essential for movement, posture, heat generation, and respiration
in mammals. Skeletal muscle contraction begins with the transmission of action potentials from
the motor nerve causing the release of acetylcholine (ACh) from the pre-synaptic terminals. The
released ACh binds to its receptor (AChR) on the sarcolemma (15, 33). Sodium influx through
the AChR depolarizes the sarcolemma and subsequently causes the generation of action
potentials. Action potentials spread along the transverse tubules (T-tubules) into the muscle
fibers (1, 2). It is believed that in response to action potentials transmitted from the T-tubules, the
dihydropyridine receptors (DHPR) on the T-tubules change their conformation and cause the
calcium channel ryanodine receptors (RyR) on the sarcoplasmic reticulum (SR) to open and
release calcium into the sarcoplasm (7, 17, 20, 30). The increased sarcoplasmic calcium triggers
the myofibrils to contract, completing the process termed excitation-contraction (EC) coupling
((23).
The Stac3 gene, which encodes a protein containing a Src homology 3 (SH3) domain and a
cysteine rich (C1) domain, is a member of the Stac gene family (13). The Stac3 gene is
predominantly expressed in skeletal muscle (16, 24). Transgenic animal studies demonstrate that
STAC3 is essential for skeletal muscle contraction and postnatal life in mice (16, 24) and that
STAC3 plays an important role in skeletal muscle contraction in zebrafish (11). In humans, two
congenital myopathies, Native American myopathy (11) and King-Denborough syndrome (34),
have been associated with mutations in the Stac3 gene. In vitro studies using primary mouse
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myoblasts, C2C12 cells, and bovine satellite cells indicated that STAC3 might also play a role in
myoblast differentiation (5, 9, 35).
The diaphragm muscle from Stac3 knockout mice did not contract in response to electric
stimulation but generated normal tension when stimulated by the RyR agonist 4-CMC (16).
Based on this data, it was concluded that Stac3 knockout impaired skeletal muscle contraction by
disrupting EC coupling (16). The diaphragm muscle, however, is different from limb muscles.
For example, the diaphragm differs from the hindlimb muscles in the type of RyR expressed
(28). Two RyR isoforms, RyR1 and RyR3, are expressed in skeletal muscle, and they have
different sensitivities to the RyR agonists, 4-chloro-m-cresol (4-CMC) and caffeine (3, 8, 25, 26).
While RyR1 is the predominant RyR expressed in the hindlimb muscles, both RyR1 and RyR3
are expressed at high levels in the diaphragm (12). The diaphragm and hindlimb muscles also
differ in the type of myosin heavy chain (MHC) protein expressed. The gene encoding the major
fast MHC protein Myh4 is not expressed in the diaphragm, but it is abundantly expressed in the
hindlimb muscles (27). These and other differences between the diaphragm and hindlimb
muscles prompted us to examine the effect of Stac3 knockout on the contractility of hindlimb
skeletal muscles in mice. Our data indicate that while EC coupling is impaired, it is not the sole
cause for the markedly reduced contractility in Stac3-deleted hindlimb muscles.
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MATERIALS AND METHODS
Animals and genotyping
The generation of heterozygous Stac3 mutant mice has been described before (24). These mice
were mated to generate homozygous Stac3 mutant mice. Mice were genotyped as previously
described (24). Homozygous Stac3 mutant (Stac3-/-), heterozygous (Stac3+/-) and wild-type
(Stac3+/+) mouse fetuses at embryonic day 18.5 (E18.5) or E17.5 were used in this study. All
protocols involving mice were approved by the Virginia Tech Institutional Animal Care and Use
Committee.
Muscle contractility tests
Pregnant mice were euthanized by CO2 inhalation followed by cervical dislocation. The fetuses
were quickly dissected out of the uterus and euthanized by decapitation on ice. The right
hindlimb was skinned and separated from the body at the hip and knee joints in physiological salt
solution (PSS: 150 mM NaCl, 4 mM KCl, 2 mM CaCl 2, 1 mM MgCl2, 5 mM HEPES pH 7.4,
and 5.6 mM glucose). The muscle preparation was then incubated in a chamber of PSS between
a clamp and an arm of Dual-Mode Level Servomotor System (300B, Aurora Scientific Inc.,
Aurora, Ontario, Canada). The PSS was maintained at 30 °C and was constantly bubbled with 95%
O2 and 5% CO2 as previously described (10). The servomotor arm and stepper motor were
controlled by the Dynamic Muscle Control software (DMC Version 4.1.6, Aurora Scientific) to
obtain the tension output data.
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A pair of Stac3-/- and Stac3+/- hindlimb muscle preparations were tested at the same time. The
treatments were electric stimulation (20 v, 500 μsec; single or frequent), 80 mM KCl, 1 mM and
5 mM 4-CMC, and 25 mM caffeine. The concentrations of KCl, 4-CMC, and caffeine used in
this study were based on previous studies (16, 31). There was a 1 min interval between two
consecutive electric stimulations. There was a 5 min PSS wash out interval between two
chemical treatments. Resting tension was set at 0.5 g. At the end of each test, muscles were
gently blotted dry with Kimwipes and weighed to the nearest 0.1 mg using an A-200D electronic
analytical balance (Denver Instruments, Denver, Colorado). Twitch and tetanic tensions were
normalized to muscle mass.
Myoblast isolation and culture
This procedure was performed as previously described (21, 22). Hindlimb muscles from E18.5
mouse fetuses were minced with razors and digested in Ham’s F-10 medium (2 ml/g tissue)
supplemented with 1.5 U/ml collagenase B (Roche Diagnostics Corp., Indianapolis, Indiana), 2.4
U/ml dispase (Roche), and 2.5 mM CaCl2 at 37 °C for 2 × 10 min. The tissue slurry was gently
pipetted to release cells between the two digestions. At the end of the second 10-min digestion,
the tissue slurry was mixed with 10 volumes of Ham’s F-10 medium supplemented with 0.1%
FBS (Atlanta biologicals, Norcross, Georgia) and passed through a 40 μm nylon filter. The
filtrate was centrifuged at 350 × g for 5 min. The pelleted cells were resuspended in myoblast
culture medium consisting of Ham’s F-10 medium, 20% FBS, 5 ng/ml bFGF (Thermo Fisher
Scientific Inc., Waltham, Massachusetts), and antibiotic-antimycotic (ABAM) (Thermo Fisher
Scientific), and plated on a non-coated dish for 20 min to allow the fibroblasts to attach. The
supernatant in the dish, which contained unattached primary myoblasts, was then transferred to a
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collagen type I (Sigma-Aldrich, St. Louis, Missouri) coated dish and cultured in a 37 °C
incubator with 5% CO2 for 24 h. Subsequently, the culture medium was transferred to a 15 ml
centrifuge tube while 1 ml of PBS was added to the same dish. The dish was hit firmly against a
table top to dislodge the cells. The dish was treated this way for 5-10 min to allow all myoblasts
to disassociate from the dish. All the liquid from the dish was collected to the original 15 ml tube.
The collection was centrifuged at 350 × g for 5 min. The cell pellet was resuspended with
myoblast culture medium and plated to a new collagen-coated dish. This preplating procedure
was repeated 3 times to enrich myoblasts.
Myotube contractility analysis
Myoblasts prepared above were plated at 60% confluence on collagen coated 24-well plates and
induced to differentiate in medium composed of DMEM, 2% horse serum, and ABAM. Videos
of myotubes were taken using a CKX41 inverted microscope connected to a QColor3
OLYMPUS digital camera (Olympus Corp., Shinjuku, Tokyo, Japan). To observe spontaneous
contraction in myotubes, 1-minute videos were taken of Stac3+/- and Stac3-/- myotubes in
differentiation medium. To determine the effect of 4-CMC and caffeine on myotube contraction,
5 mM 4-CMC or 25 mM caffeine was added to the medium immediately before 1-minute videos
were taken. Contracting or non-contracting myotubes were counted by analyzing the videos.
Myotubes that detached from the plates at one end or both ends as a result of contraction were
considered as detached myotubes, and those s that remained attached to the plate at both ends
following contraction were considered as attached myotubes.
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Calcium imaging
This procedure was performed as previously described (4, 19). Briefly, myotubes formed above
were loaded with 5 µM fura-2 AM (Thermo Fisher Scientific), a fluorescent calcium indicator,
for 40 min in the dark at 37 ºC. Myotubes were then rinsed with pre-warmed DMEM twice, each
for 10 min. Myotubes were incubated in calcium-free ringer buffer (100 mM NaCl, 6 mM KCl, 2
mM NaHCO3, pH7.4) for 30 min at room temperature to allow complete de-esterification of
intracellular AM esters. Fluorescence was measured using an Eclipse Ti fluorescent microscope
system with the pre-set fura-2 channel (Nikon Corp., Chiyoda, Tokyo, Japan). At least 3
myotubes were imaged at the same time. To induce the release of calcium from the SR,
myotubes were treated with 5 mM 4-CMC or 25 mM caffeine, and the fluorescence was
recorded from 1 min before to 5 min after the treatment was added. Intracellular calcium
concentration was calculated as the ratio of fura-2 fluorescence excited by ultraviolet light at 340
nm (calcium bound) to that excited at 380 nm (calcium unbound). The 340 nm to 380 nm ratio
before the treatment was used as the resting ratio.
Myosin-ATPase and nicotinamide adenine dinucleotide-tetrazolium reductase (NADH-TR)
staining
Left hindlimbs from E18.5 mouse fetuses were immersed in optimal cutting temperature
compound (OCT) on a cork sheet and were immediately frozen in liquid nitrogen pre-cooled
isopentane. Bones were kept to help locate limb muscles. The muscle samples were left in a

Leica CM 1800 cryostat at -20 ℃ for 20 min for thermal adaptation. Cross-sections of 8 μm thick
were cut and mounted on Fisher Superfrost Plus slides (Thermo Fisher Scientific). MyosinATPase staining was performed as described (29). Briefly, muscle sections were pre-incubated
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for 15 min in sodium barbital buffer containing 20 mM sodium barbital and 36 mM CaCl 2 at pH
10.2 and then incubated for 45 min in sodium barbital buffer containing 3.5 mM ATP, 20 mM
sodium barbital, and 18 mM CaCl2 at pH 9.4. Muscle sections were rinsed in 1% CaCl 2 for 3 × 1
min, and then immersed in 2% CoCl2 for 2 min. The sections were then stained with 1% (NH4)2S
for 20 sec followed by 5 rinses with ddH2O. Stained sections were dehydrated in 50%, 70%,
80%, 90% and 100% ethanol, cleared in xylene, and then mounted in 50% xylene and 50%
Canada balsam mixture (Thermo Fisher Scientific).
The NADH-TR staining was performed as previously described (29). Briefly, muscle sections

were incubated at 37 ℃ for 10 min and then with 1 mg/ml nitroblue tetrazolium (Sigma-Aldrich)

and 0.4 mg/ml β-NADH (Sigma-Aldrich) in 50 mM Tris-HCl buffer, pH 7.3, at 37 ℃ for 30 min.
After 5 × 5 min washes in a graded acetone series (30%, 60%, 90%, 60% and 30%), muscle
sections were washed with ddH2O and mounted in prolong gold mounting medium (Life
Technologies Corp., Carlsbad, California) and cover-slipped for imaging with an Eclipse TS100
microscope (Nikon Corp.).
Total RNA isolation and RT-qPCR
Hindlimb muscles from E17.5 mouse fetuses were homogenized in TRI reagent (Molecular
Research Center, Inc., Cincinnati, Ohio) using a TissueLyser II (Qiagen, Hilden, Germany). The
remaining steps followed the manufacturer’s instruction (Molecular Research Center).
Concentration and purity of extracted RNA were determined using a NanoDrop 2000
Spectrophotometer (Thermo Fisher Scientific). For first-strand cDNA synthesis, 0.5 µg of total
RNA and 0.5 µg random primer (Promega Corp., Madison, Wisconsin) were adjusted to 5 µl
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with DEPC-treated water and heated to 70 °C for 5 min to denature the RNA. The RNA-primer
mixture was then added with 4 μl of 5× reverse transcription reaction buffer, 4.8 μl of 25 mM
MgCl2, 3.7 μl of DEPC-treated water, 1 μl of 10 mM dNTP, 0.5 μl of RNase inhibitor and 1 µl of
ImProm-II reverse transcriptase (Promega). The reaction was incubated at 25 °C for 5 min, 42 °C
for 60 min, and then at 70 °C for 15 min. Quantitative PCR (qPCR) was performed on 1 µl of
cDNA product in a total volume of 10 µl containing 5 µl of SyberGreen PCR Master Mix (Life
Technologies Corp.) and 0.2 µM gene-specific forward and reverse primers (Table 1) under 36
cycles of 15 sec at 95 °C and 1 min at 60 °C on a CFX96 Touch Real-Time PCR Detection
System (Bio-Rad Laboratories, Inc., Hercules, California). Primers were designed using the
Primer3 software (MIT, Cambridge, Massachusetts). The specificity of all primers was verified
by 2% agarose gel electrophoresis and DNA sequencing of PCR products. The efficiency of all
primers was determined by analyzing the standard curve of serially diluted cDNA. The
amplification efficiency of the primers used in this study was from 90% to 110%. The relative
abundance of a mRNA to 18S rRNA was calculated using the ΔΔCt method (14).
Statistics
Student’s t test was used to determine the statistical significance of the differences between two
groups. ANOVA followed by Tukey’s test was used to examine the statistical significance of
differences between more than two groups. A difference was considered statistically significant
when P<0.05. All data were presented as mean ± standard error of the mean (SEM).
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RESULTS
Response of Stac3-deleted hindlimb muscles to electrostimulation
When stimulated by single electric pulses, E18.5 Stac3-/- hindlimb muscles did not contract
whereas E18.5 Stac3+/- hindlimb muscles generated twitches (Fig. 2.1A). When stimulated by
repeated electric pulses, Stac3+/- muscles demonstrated typical tetanic contraction (Fig. 2.1A).
When stimulated by repeated electric pulses, Stac3-/- muscles contracted, but the maximal tension
generated was only 20% of that in Stac3+/- muscles (Figs. 2.1A and B). One second after the
stimulation was stopped, Stac3+/- muscles completely relaxed but Stac3-/- muscles remained in
contraction (Fig. 2.1A).
Response of Stac3-deleted hindlimb muscles to RyR agonists
To determine the possibility that Stac3-deleted hindlimb muscles had defective EC coupling, we
tested the contractile responses of the muscles to high [K+]-induced depolarization and 4-CMC
and caffeine activation of RyR. Consistent with the responses to electrostimulation (Fig. 2.1), 80
mM [K+]-induced maximal tension in Stac3-/- hindlimb muscles was only 29% of that in Stac3+/muscles (Figs. 2.2A and B). In response to 5 mM 4-CMC and 25 mM caffeine (Figs. 2.2A and
B), the maximal tensions generated in Stac3-/- muscles were 58% (P=0.08) and 55% (P<0.05) of
those generated in Stac3+/- muscles, respectively (Figs. 2.2A and B). These percentages were,
however, much greater than those associated with electrostimulation (20%, Fig. 2.1) and high
[K+] (29%, Fig. 2.2). Based on these percentages, nearly 60% of the lost contractility in Stac3-/hindlimb muscles was due to defective EC coupling (from sarcolemma to SR) while the
remaining 40% was due to post EC coupling defects. The maximal tension induced by 1 mM 448

CMC in Stac3-/- muscles was not different from that in Stac3+/- muscles (Fig. 2.2). The tension
induced by 1 mM 4-CMC in Stac3+/- muscles was only 70% (P<0.05) of that induced by 5 mM
4-CMC or 50% (P<0.05) of that induced by 25 mM caffeine in the same Stac3+/- muscles (Fig.
2.2B).
Spontaneous and RyR agonists-induced contraction in Stac3-deleted myotubes
We compared the contractility of myotubes formed from E18.5 Stac3-/- and Stac3+/- myoblasts
(Fig. 2.3A). Over 30% of myotubes formed from Stac3+/- myoblasts displayed spontaneous
contraction, whereas none of those formed from Stac3-/- myoblasts was observed to contract (Fig.
2.3B). In response to 5 mM 4-CMC or 25 mM caffeine, 90% of Stac3+/- myotubes contracted,
but only 60% of Stac3-/- myotubes contracted (P=0.05) (Figs. 2.3B and D). These data further
indicated that defective EC coupling was a major reason but not the only reason that Stac3deleted myotubes could not contract. Interestingly, among the Stac3-/- myotubes that contracted
in response to 4-CMC or caffeine treatment, approximately 50% of them detached from the
plates following the contraction, whereas only 10% of Stac3+/- myotubes detached following 4CMC or caffeine-stimulated contraction (Fig. 2.3E).
RyR agonists-induced increases in intracellular calcium in Stac3-deleted myotubes
Reduced contractility in Stac3-deleted skeletal muscle could be due to reduced function of RyR
or reduced calcium storage in the SR. We determined these possibilities by comparing 4-CMCand caffeine-induced increases in intracellular calcium in Stac3+/- and Stac3-/- myotubes (Fig.
2.4A). As can be seen from Fig. 4B, neither the concentration of intracellular calcium before nor
that after stimulation by 5 mM 4-CMC or 25 mM caffeine was different between Stac3+/- and
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Stac3-/- myotubes (Fig. 2.4B). These data indicated that Stac3 knockout did not affect the
function of RyR or the amount of releasable calcium in the SR. Stac3 may play a role in calcium
sensitivity to troponin, ATP production or myofibril protein functionality which also important
for muscle contraction.
Fiber composition in Stac3-deleted hindlimb muscles
Based on myosin-ATPase and NADH-TR staining, E18.5 Stac3-/- hindlimb muscles contained
more slow fiber-like myotubes than Stac3+/+ hindlimb muscles (Figs. 2.5A and B). MyosinATPase staining also revealed that myonuclei, which did not contain myosin and hence stained
pale, were localized peripherally in Stac3+/+ myotubes but centrally in Stac3-/- myotubes (Fig.
2.5A). RT-qPCR analyses revealed that slow fiber markers, such as troponin T type 1 (Tnnt1),
myosin heavy chain 7 (Myh7), myocyte specific enhancer factor 2C (Mef2c), peroxisome
proliferator-activated receptor gamma coactivator 1 alpha (Ppargc1a), and myogenin (Myog)
were expressed at greater levels in Stac3-/- than Stac3+/+ muscles, whereas fast fiber markers
such as Tnnt3, Myh3, Myh4, Myh8, and alpha actinin 3 (Actn3) were expressed at lower levels in
Stac3-/- than Stac3+/+ muscles (Table 2.2). Overall, these histological and gene expression data
indicated that hindlimb muscles from Stac3-/- fetuses were more like slow muscles and less like
fast muscles than those from Stac3+/+ fetuses.
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DISCUSSION
Our previous study showed that the mouse Stac3 gene is specifically expressed in skeletal
muscle and that Stac3 knockout mice died at birth (24). Our present study showed that hindlimb
muscles from Stac3-deleted mouse fetuses barely contracted in response to electrostimulation or
high [K+]-induced membrane depolarization but that they contracted in response to the RyR
agonists 4-CMC and caffeine. These results demonstrate that Stac3-deleted hindlimb muscles
were defective in EC coupling, a finding consistent with that from Stac3-deleted diaphragm (16).
However, our study also showed that 4-CMC or caffeine-induced maximal tension in Stac3deleted hindlimb muscles was only 60% of that in normal hindlimb muscles. This result indicates
that although defective EC coupling was the major cause, it was not the only cause for the lost
contractibility in Stac3-deleted hindlimb muscles. In other words, both EC coupling and post EC
coupling defects, which could be troponin Ca2+ binding defects, less ATP, or defective myofibril
protein assembly or expression, contributed to the reduced contractility in Stac3-deleted
hindlimb muscles.
Discrepant from our study, a post EC coupling defect was not suggested by the response of the
Stac3-deleted diaphragm to 4-CMC (16). This discrepancy could be due to different
concentrations of 4-CMC used between the studies. In the study by Nelson et al., 1 mM 4-CMC
elicited similar contraction in Stac3-deleted and normal diaphragms (16). In the present study,
we found that while tension induced by 1 mM 4-CMC in Stac3-deleted hindlimb muscles was
not different from that induced by 5 mM 4-CMC or 25 mM caffeine, tension induced by 1 mM
4-CMC in normal muscles was only 70% of that induced by 5 mM 4-CMC or 50% of that
51

induced by 25 mM caffeine in the same muscles. Our result suggests that 1 mM 4-CMC was
insufficient to reveal differences in maximal tension between Stac3-deleted and normal muscles
and hence insufficient to reveal post EC coupling defects in Stac3-deleted muscles. It remains to
be determined why it takes less 4-CMC to induce maximal tension in Stac3-deleted muscles than
in normal muscles. We speculate that either Stac3-deleted muscles are more permeable to 4CMC than normal muscles or that ryanodine receptors are more sensitive to 4-CMC in Stac3deleted muscles than in normal muscles. This latter hypothesis is, however, not supported by the
data that 4-CMC-induced increase in intracellular calcium was not different between Stac3deleted and control myofibers. Two RyR isoforms, RyR1 and RyR3, are expressed in skeletal
muscle (7). RyR3 and RyR1 differ in sensitivity to 4-CMC and caffeine (8, 25). The hindlimb
muscles express RyR1, but the diaphragm expresses RyR3 in addition to RyR1 (7, 12). Mouse
hindlimb muscles contain predominantly fast fibers instead of the mixture of slow fiber and fast
fiber in the diaphragm (28). These differences in RyR isoform and fiber type could also
contribute to the different responses of hindlimb muscles and diaphragm to 4-CMC and caffeine.
Theoretically, reduced RyR expression or function, reduced SR storage of calcium, reduced
calcium binding capacity of troponin C, reduced ATP availability, and reduced function of
contractile apparatus could each reduce the contractility of skeletal muscle. Our study showed
that in response to the RyR agonists 4-CMC and caffeine, similar amounts of calcium were
released from the SR in Stac3-deleted and control myotubes. This result does not support the
possibility that Stac3 deletion reduces muscle contractility by reducing the function of RyR or
the amount of releasable calcium stored in the SR. In this study, we found that hindlimb muscles
from Stac3-deleted mouse fetuses were more like slow muscles than control hindlimb muscles.
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This result supports the possibility that Stac3 deletion stimulated slow fiber differentiation or
inhibited fast fiber differentiation and thereby reduced muscle contractibility because fast
muscles contract with greater force than slow muscles (28). Reduced muscle activity would
stimulate fiber differentiation toward fast muscle (6, 18, 32). Thus, it is impossible that the effect
of Stac3 deletion on fiber type differentiation was secondary to that on muscle contractility.
In summary, Stac3-deleted hindlimb muscles were unable to contract in response to
electrostimulation. This effect of Stac3 deletion was due to not only defective EC coupling but
also post-EC coupling defects. Stac3 deletion stimulates slow fiber differentiation in hindlimb
muscles. This latter effect is probably independent of the role of STAC3 in EC coupling.
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Fig. 2.1. Contractile response of hindlimb muscles from E18.5 Stac3+/- and Stac3-/- mice to
electrostimulation. Hindlimb muscle preparations were stimulated by a single electric pulse or
repeated pulses of 500 µsec and 20 v, and tension was recorded with a force transducer. (A)
Representative recordings of twitch and tetanic tension. Upper trace indicates tension changes
and lower trace indicates electric stimulation. (B) Tension-frequency relationships. Maximum
tension was normalized to muscle mass. Data are presented as mean ± SEM (n=9 mice). **
P<0.01, between the genotypes at the same frequency. Tensions labeled with different letters are
different (P<0.05) within the same genotype.
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Fig. 2.2. Contractile response of himdlimb muscles from E18.5 Stac3+/- and Stac3-/- fetuses
to high [K+], 4-CMC, and caffeine. (A) Representative recordings of muscle tension. Arrows
indicate when potassium (80 mM), 4-CMC (1 or 5 mM), or caffeine (25 mM) was applied to the
muscle. (B) Maximum tension normalized to muscle mass. Data = mean ± SEM (n=4 mice per
genotype for potassium and 4-CMC; n=5 for caffeine). * P<0.05.
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Fig. 2.3. Spontaneous and 4-CMC or caffeine-stimulated contraction in Stac3+/- and Stac3-/myotubes. Myoblasts were isolated from E18.5 Stac3+/- or Stac3-/- fetuses and induced to
differentiate into myotubes. Spontaneous contraction was determined by examining 1-min videos
of unstimulated myotubes. 4-CMC or caffeine-stimulated contraction in myotubes was
determined by examining videos of myotubes 5 seconds before and 1 minute after the addition of
5 mM 4-CMC or 25 mM caffeine to the culture medium. (A) Representative photographs of
Stac3+/- and Stac3-/- myotubes. Scale bars = 200 μm. (B) Representative images of myotubes
immediately before and after 4-CMC or caffeine treatment. Arrows point to contracting
myotubes. (C) Percentage of spontaneously contracting myotubes. (D) Percentages of 4-CMC
and caffeine-induced contracting myotubes. (E) Percentages of detached and attached myotubes
that contracted in response to 4-CMC or caffeine. Data = mean ± SEM (n= 4 mice per genotype).
**P<0.01.
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Fig. 2.4. Caffeine- and 4-CMC-induced calcium release in Stac3+/- and Stac3-/- myotubes.
Myotubes were loaded with the fluorescent calcium indicator Fura-2. Fluorescence emission
activated by light at 340 nm and 380 nm was recorded by a microscope. (A) Representative
images of Stac3+/- and Stac3-/- myotubes loaded with Fura-2 at 3 seconds before and 1 second
after 5 mM 4-CMC or 25 mM caffeine treatment. (B) Resting and 4-CMC- and caffeine-induced
peak intracellular calcium concentrations. Data = mean ± SEM (n=4 mice per genotype).
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Fig. 2.5. Enzymatic staining of E18.5 Stac3+/+ and Stac3-/- hindlimb muscles. (A) MyosinATPase staining (pH 10.2). The Stac3-/- TA muscle stained lighter than Stac3+/+ TA muscle.
Scale bars = 10 μm. (B) NADH-TR staining. In this staining, Stac3-/- TA fibers stained darker
than Stac3+/+ TA fibers. Scale bars = 20 μm.
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Table 2.1. Nucleotide sequences of primers used in this study.
Gene
Actn3
Mb

Mef2c
Myog
Myh1
Myh2
Myh3
Myh4
Myh7
Myh8
Ppargc1a
Rn18s
Tnnt1
Tnnt3

Direction

Primer sequence

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

5’- ATATCGTGAACACCCCCAAA -3’
5’- TCCACTCCAACAGCTCACTG -3’
5’- ATGTGAGGGCCAGAGAAAGG -3’
5’- TCCAGGTACTTGACCGGGAT -3’
5’- AGAAGTGCAGAGGGAACGAA -3’
5’- CGCTCATCCATTATCCTCGT -3’
5’- CGGCTGCCTAAAGTGGAGAT -3’
5’- AGGCCTGTAGGCGCTCAA -3’
5’- AGTCCCAGGTCAACAAGCTG -3’
5’- CACATTTGCTCATCTTTGG -3’
5’- AGTCCCAGGTCAACAAGCTG -3’
5’- GCATGACCAAAGGTTTCACA -3’
5’- CGCAGAATCGCAAGTCAATA -3’
5’- ATATCTTCTGCCCTGCACCA -3’
5’- AGTCCCAGGTCAACAAGCTG -3’
5’- TTTCTCCTGTCACCTCTCAACA -3’
5’- AGTCCCAGGTCAACAAGCTG -3’
5’- TTCCACCTAAAGGGCTGTTC -3’
5’- AGTCCCAGGTCAACAAGCTG -3’
5’- CCTCCTGTGCTTTCCTTCAG -3’
5’- AATGCAGCGGTCTTAGCACT -3’
5’- TTTCTGTGGGTTTGGTGTGA -3’
5’- TTAAGAGGGACGGCCGGGGG -3’
5’- CTCTGGTCCGTCTTGCGCCG -3’
5’- AAACCCAGCCGTCCTGTG -3’
5’- TCATCTCCCGACCAGTCTGT -3’
5’- GCCCAAGAGGAAGAAGTCCA -3’
5’- TAGCTGCTGTAGTTGGCACC -3’

GenBank
Accession #
NM_013456
NM_001164047
NM_001170537
NM_031189
NM_030679
NM_001039545
NM_001099635
NM_010855
NM_080728
NM_177369
NM_008904
NM_003278
NM_001277903
NR_001163664

Actn3, alpha actinin 3; Mb, myoglobin; Mef2c, myocyte specific enhancer factor
2C; Myog, myogenin; Myh, myosin heavy chain; Ppargc1a, peroxisome
proliferator-activated receptor gamma coactivator 1 alpha; Rn18s, 18S ribosomal
RNA; Tnnt1, troponin T type 1; Tnnt3, troponin T type 3.
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Table 2.2. Relative expression levels of select mRNAs in E17.5 Stac3+/+ and Stac3-/- hindlimb
muscles.
Gene
Actn3
Myh1
Myh2
Myh3
Myh4
Myh8
Tnnt3
Mb
Mef2c
Myog
Myh7
Ppargc1a
Tnnt1

Fiber type
fast
fast
fast
fast
fast
fast
fast
slow
slow
slow
slow
slow
slow

Stac3+/+
1082.3 ± 167.81
521.4 ± 29.8
149.3 ± 27.7
119343.7 ± 14203.8
165.2 ± 22.3
220750.7 ± 21934.3
24999.9 ± 5187.0
1.1 ± 0.25
2571.2 ± 345.9
1324.4 ± 35.7
8061.4 ± 946.8
323.0 ± 53.3
8050.3 ± 646.1

Stac3-/104.6 ± 23.5
720.4 ± 183.0
597.7 ± 62.6
98082.6 ± 31645.7
56.9 ± 24.5
109088.1 ± 30579.6
12890.6 ± 4005.5
1.0 ± 0.21
3868.5 ± 911.1
2913.5 ± 403.5
13432.9 ± 5375.0
414.8 ± 79.0
13513.4 ± 3592.5

P-value
0.01
0.36
0.00
0.56
0.02
0.03
0.12
0.71
0.23
0.09
0.39
0.37
0.23

Data =mean ± SEM (n=4 mice). Actn3, alpha actinin 3; Myh, myosin heavy chain; Tnnt3,
troponin T type 3; Mb, myoglobin; Mef2c, myocyte specific enhancer factor 2C; Myog,
myogenin; Ppargc1a, peroxisome proliferator-activated receptor gamma coactivator 1 alpha;
Tnnt1, troponin T type 1.
1
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Chapter III
Postnatal deletion of the Stac3 gene decreased muscle growth, type II fiber percentage,
muscle strength, and excitation-contraction coupling and increased the number of
centralized nuclei in mice
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ABSTRACT
The SH3 and cysteine rich domain 3 (Stac3) gene is specifically expressed in skeletal muscle.
Stac3 knockout mice die perinatally; therefore, to determine the potential role of Stac3 in
postnatal skeletal muscle growth, fiber composition, and contraction, we disrupted the Stac3
gene in postnatal mice using the Flp-FRT and tamoxifen-inducible Cre-loxP systems. RT-qPCR
and western blotting analyses of limb muscles of target mice indicated that nearly all Stac3
mRNA and more than 70% of STAC3 protein were deleted 4 weeks after tamoxifen injection.
Postnatal Stac3 deletion inhibited body and limb muscle mass gains. Histological staining and
gene expression analyses revealed that postnatal Stac3 deletion decreased the size of myofibers
and increased the percentage of myofibers containing centralized nuclei, with no effect on the
total myofiber number. Grip strength and grip time tests indicated that postnatal Stac3 deletion
decreased limb muscle strength in mice. Muscle contractile tests revealed that postnatal Stac3
deletion reduced electrostimulation-induced but not the ryanodine receptor antagonist caffeineinduced maximal force output in limb muscles. Calcium imaging analysis of single flexor
digitorum brevis myofibers indicated that postnatal Stac3 deletion reduced electrostimulationbut not caffeine-induced calcium release from the sarcoplasmic reticulum. These results
demonstrate that STAC3 is important to myofiber hypertrophy, myofiber type composition,
contraction, and EC coupling in postnatal skeletal muscle.
Key words: skeletal muscle, hypertrophy, fiber type, EC coupling, sarcoplasmic reticulum,
ryanodine receptor
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INTRODUCTION
The Stac3 gene, which encodes a protein containing Src homology 3 and cysteine rich domains,
is expressed specifically in skeletal muscle (15). STAC3 has been recently identified as a novel
regulator of embryonic skeletal muscle development and contraction. Stac3 knockout mice die at
birth (13, 15). Most of the muscle fibers in newborn Stac3 knockout mice contain centralized
nuclei and disorganized myofibrils (15).
Skeletal muscles from Stac3-deleted mouse fetuses do not contract due to defective excitationcontraction (EC) coupling (13). A role of STAC3 in EC coupling is further supported by
immunoprecipitation data from Zebrafish that suggests STAC3 interacts with the
dihydropyridine receptors (DHPR) and the ryanodine receptors (RyR) (10), and
immunohistochemical data from mice that indicates STAC3 co-localizes with DHPR at the Ttubules (13). A more recent study in cell culture demonstrated that STAC3 is essential for
trafficking of the major subunit of DHPR, DHPRα1s (Cav1.1), into cell membranes (14). In vitro
studies suggested that STAC3 might be involved in myoblast differentiation (5, 22). Mutations in
the human Stac3 gene have been linked to two congenital myopathies, Native American
myopathy (10) and King-Denborough syndrome (4).
In this study, we determined the potential role of STAC3 in postnatal skeletal muscle growth,
fiber composition, and contractile function. We disrupted the Stac3 gene in postnatal mice
through the Flp-FRT and Cre-loxP systems (1, 9). Our study demonstrates that STAC3 is
important to fiber hypertrophy, fiber type composition, muscle contraction, and EC coupling in
postnatal skeletal muscle.
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MATERIALS AND METHODS
Generation of conditional Stac3 knockout mice
The generation of heterozygous Stac3 mutant mice (Stac3+/-) has been described (15). The mutant
Stac3 allele was inserted with a trapping cassette (SA-βgeo-pA) flanked by two Flp recombinase
target sites (FRT) between exons 1 and 2 and two Cre recombinase target sites (loxP) that
flanked exons 2 to 5 (Fig. 3.1A). Transgenic mice that expressed a Flp recombinase (Tgflp) driven
by the human beta actin promoter [B6.Cg-Tg(ACTFLPe)9205Dym/J] and transgenic mice (TgCre)
that carried a tamoxifen-inducible Cre recombinase driven by the chicken beta actin
promoter/enhancer coupled with the cytomegalovirus immediate-early enhancer [B6.CgTg(CAG-cre/Esr1*)5Amc/J] were purchased from the Jackson Laboratory (1). When purchased,
these transgenic mice had been backcrossed onto the C57BL/6J background for at least 5
generations. A Stac3+/- mouse was mated to a Tgflp mouse to generate offspring (Stac3+/fl) in
which the mutant Stac3 allele was converted to a pre-conditioned wild-type allele. Two Stac3+/fl
mice were mated to generate Stac3fl/fl mice in which both Stac3 alleles were converted to the preconditioned alleles. A Stac3fl/fl mouse was crossed with a TgCre mouse to generate Stac3+/flTgCre
mice. One Stac3+/flTgCre mouse and one Stac3fl/fl mouse were mated to generate Stac3fl/flTgCre
mice. Male Stac3fl/fl, Stac3+/flTgCre, and Stac3fl/flTgCre mice at 4 weeks of age were injected
intraperitoneally with tamoxifen (Sigma-Aldrich, St. Louis, Missouri) dissolved in corn oil at a
daily dose of 75 mg/kg body mass for 5 consecutive days to activate the transcription of Cre
transgene and hence to delete the Stac3fl allele. All mice were kept on a 12-h light/12-h dark
cycle at 23 °C. Mice had ad libitum access to food (rodent diet 2918, Harlan, Indianapolis,
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Indiana) and water. All protocols involving mice were approved by the Virginia Tech
Institutional Animals Care and Use Committee.
Genotyping
Mice were genotyped by PCR of genomic DNA isolated from ear notches followed by gel
electrophoresis. Genomic DNA was isolated using the DNeasy Blood & Tissue Kit (Qiagen,
Hilden, Germany). Initial PCR products were confirmed by DNA sequencing. The Flp and Cre
transgenes were identified using primer pairs suggested by the Jackson Laboratory. The sizes of
PCR products from these two pairs of primers were expected to be 725 bp and 100 bp,
respectively. The wild-type and trapped Stac3 alleles were identified by PCR using primers F1
and R1 (Fig. 3.1A). These two primers amplified a 317 bp product from the wild-type Stac3
allele and a 344 bp product from the trapped Stac3 allele (Fig. 3.1A). The Flp-cleaved Stac3
allele (Stac3fl) was confirmed by PCR using primers F2 and R2. These two primers were
designed to flank the trapping cassette (Fig. 3.1A) to generate a 451 bp product from the Stac3fl
allele, a 259 bp product from the wild-type Stac3 allele, and no product from the trapped Stac3
allele. The Cre-recombined Stac3fl allele (Stac3flΔ) was confirmed by PCR using primers F2 and
R1, which amplified a 2478 bp product from the Stac3fl allele, a 2259 bp product from the wildtype Stac3 allele, and a 530 bp product unique to the Stac3flΔ allele (Fig. 3.1A). Sequences of all
primers used in this study are presented in Supplemental Table 1.
Quantitative RT-qPCR
Total RNA from mouse tissue samples was extracted using the TRI reagent (Molecular Research
Center, Inc., Cincinnati, Ohio), following the manufacturer’s instructions. Concentrations of
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RNA samples were determined using a NanoDrop 2000 Spectrophotometer (Thermo Fisher
Scientific, Pittsburgh, Pennsylvania). First-strand cDNA synthesis was performed using random
primers and ImProm-II reverse transcriptase (Promega Corp., Madison, Wisconsin). Quantitative
PCR (qPCR) was performed using SyberGreen PCR Master Mix (Life Technologies Corp.,
Carlsbad, California) and gene-specific primers (Supplemental Table 1) on a CFX96 Touch RealTime PCR Detection System (Bio-Rad Laboratories, Inc., Hercules, California). Primers were

designed using the Primer3 software (MIT, Cambridge, Massachusetts). The specificity of all
primers was verified by agarose gel electrophoresis followed by DNA sequencing. The
amplification efficiency of all primers was determined by analyzing the standard curve of
serially diluted cDNA. The amplification efficiency of the primers used in this study ranged from
90% to 110%. The relative abundance of a mRNA to 18S rRNA was calculated using the ΔΔCt
method (12).
Western blotting analysis
Mouse muscle samples were lysed in RIPA buffer consisting of 25 mM Tris-HCl, 150 mM NaCl,
1% NP-40, 1% sodium deoxycholate, 0.1% SDS, and 1% protease inhibitors (Thermo Fisher

Scientific) at 4 ℃ for 30 min. The lysates were centrifuged at 12,000 g for 15 min at 4 ℃. Protein
concentrations in the supernatants were measured using a BCA Protein Assay Kit (Thermo
Fisher Scientific). For western blotting, 30 µg of total cellular protein were resolved by 10%
SDS-PAGE followed by transfer to a 0.2 μm nitrocellulose membrane (Bio-Rad Laboratories).
The membrane was blocked with 5% non-fat milk in TBST (20 mM Tris-HCl, 500 mM NaCl
and 0.1% Tween-20) at room temperature for 1 h and then incubated with 1:1000 diluted Stac3
antibody (Proteintech Group, Chicago, Illinois) at 4 ℃ overnight. The membrane was then
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incubated with a 1:20,000 diluted IRDye secondary antibody (LI-COR Biosciences, Lincoln,
Nebraska). The membrane was imaged using the ODYSSEY CLx system (LI-COR). Following
the detection of STAC3 protein, the membrane was stripped in Restore Western Blot Stripping
Buffer (Thermo Fisher Scientific) and re-probed with the antibody for beta-tubulin (E7,
Developmental Studies Hybridoma Bank, Iowa City, Iowa).
Hematoxylin and eosin staining
The extensor digitorum longus (EDL) and soleus (SOL) muscles from the right hindlimbs of
mice were characterized. Following dissection, a 5 mm long segment was cut from the middle of
each muscle, immersed in optimal cutting temperature compound on a cork sheet, and frozen
immediately in isopentane pre-cooled in liquid nitrogen. The samples were then left in a Leica

CM 1800 cryostat at -18 ℃ for 20 min for thermal adaptation. Cross-sections of 8 μm were cut
and mounted on Fisher Superfrost Plus slides (Thermo Fisher Scientific) for subsequent assays.
Hematoxylin and eosin staining was performed as described previously (15). Stained sections
were imaged with an Eclipse TS100 microscope (Nikon Corp., Tokyo, Japan).
Myosin-ATPase and adenine dinucleotide-tetrazolium reductase (NADH-TR) staining
Myosin-ATPase and NADH-TR staining of EDL and SOL sections prepared above were
conducted as described previously (19). Briefly, for myosin-ATPase staining, muscle sections
were pre-incubated for 5 min in sodium barbital buffer containing 20 mM sodium barbital and 36
mM CaCl2 at pH 4.21 and then incubated for 55 min in sodium barbital buffer containing 3.5
mM ATP, 20 mM sodium barbital, and 18 mM CaCl 2 at pH 9.45. The sections were rinsed in 1%
CaCl2 for 3 × 1 min, and then immersed in 2% CoCl 2 for 2 min. The sections were then stained
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with 1% (NH4)2S for 20 sec followed by 5 rinses with ddH2O. Stained sections were dehydrated
in 50%, 70%, 80%, 90%, and 100% ethanol, cleared in xylene and then mounted in 50% xylene
and 50% Canada balsam (Thermo Fisher Scientific) mixture. The activity of NADH-TR in

muscle sections was determined by incubating the sections at 37 ℃ for 10 min and then with 1
mg/ml nitroblue tetrazolium and 0.4 mg/ml β-NADH (Sigma-Aldrich) in 50 mM Tris-HCl buffer,
pH 7.3, at 37 ℃ for 30 min. After 5 × 5 min washes in a graded acetone series (30%, 60%, 90%,
60% and 30%), sections were washed with ddH2O, mounted in prolong gold mounting medium
(Invitrogen), cover-slipped, and imaged with an Eclipse TS100 microscope (Nikon Corp.).
Grip strength and grip time tests
Grip strength and grip time were measured weekly at approximately 9:00 a.m. Grip strength was
tested using a digital mouse grip strength meter (AMETEK, Inc. Berwyn, Pennsylvania). The
mouse was allowed to grip a wire mesh grid with its front paws, and then was gently pulled away
by its tail until it released the grid. This was repeated three times, and the mouse was allowed to
rest for 5 minutes between two consecutive tests. The maximum force (mN) generated by each
pull was recorded by a force transducer attached to the grid, and values from 3 pulls were
averaged for each mouse. Grip time was determined using a coarse metal wire with a 2 mm
diameter. The mouse was allowed to hold the wire using its front paws. The time from initial
grip to release was recorded as grip time. Data from tests in which the mouse was unwilling to
hold the wire and dropped off consciously were discarded. Grip time test was repeated at least
three times with 5 minutes of rest between two consecutive tests. Grip time from three successful
tests was averaged for each mouse.
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Muscle contractile tests
Fast-twitch EDL and slow-twitch SOL muscles were excised from euthanized mice at 8 weeks of
age, i.e., 4 weeks after tamoxifen injection. The isolated muscles were incubated at 30 °C in an
oxygenated (95% O2 and 5% CO2) physiological salt solution (PSS) as previously described (21).
Non-absorbable braided silk suture (4-0) was tied to the distal and proximal tendons at the
myotendinous junctions. Muscles were then fixed between a clamp and the arm of a Dual-Mode
Servomotor System (300B, Aurora Scientific Inc., Aurora, Ontario, Canada) at a resting tension
of 1.0 g which was maintained by a stepper motor. One EDL muscle and one SOL muscle from
the same mouse were tested under the same treatment conditions at the same time. The
servomotor arm and stepper motor were controlled by Dynamic Muscle Control software (DMC
Version 4.1.6, Aurora Scientific) to obtain the tension output data.
The stimulated muscle protocol consisted of 3 steps. In step 1, the stimulated muscles were
subjected to three isometric twitches and tetani (150 Hz) spaced 1 minute apart. In step 2, after a
10 min quiescent period, the muscles were subjected to a force-frequency protocol at electrical
stimulation frequencies of 1, 30, 50, 80, 100, and 150 Hz. Stimulation frequencies were spaced 1
min apart, and were delivered as 200 μs square wave pulses, at 20 volts. In step 3, after 5 min of
rest, the stepper motor was turned off, the PSS-only buffer drained and fresh PSS buffer
containing 25 mM caffeine was added to the EDL and SOL muscle baths. At the end of each
experiment, after a 10 min washout with PSS, each muscle was gently blotted dry on a Kimwipe;
muscle mass was determined to the nearest 0.1 mg using an A-200D electronic analytical
balance (Denver Instruments, Denver, Colorado).
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Tension output profiles were analyzed using the Dynamic Muscle Analysis software (DMA
Version 3.2, Aurora Scientific) to determine contractile properties, including peak tension, time
to peak tension (TPT), and half-relaxation time (HRT). Muscle cross-sectional area (CSA) was
determined as previously described (7). Twitch and tetanic tensions were normalized to muscle
CSA to obtain twitch and tetanic stress (mN/mm2).
Single myofiber isolation
Flexor digitorum brevis (FDB) muscles were isolated from 8-week-old Stac3fl/fl, Stac3+/flTgCre
and Stac3fl/flTgCre mice and were digested in MEM solution containing 10% fetal bovine serum
(FBS), 1% penicillin-streptomycin, and 0.2% collagenase type 2 (Worthington Biochemical

Corp., Lakewood, New Jersey) for 4 h at 37 ℃ in a tissue culture incubator (5% CO2). After 4 h,
the muscle samples were gently triturated with plastic Pasteur pipettes into 24-wells plate with
MEM solution containing 10% FBS and 1% penicillin-streptomycin. Single muscle fibers were
obtained by trituration. Subsequently, fibers were maintained in MEM solution with 10% FBS at
37 ℃ until used for EC coupling assessment.

EC coupling assessment in single myofibers
Single muscle fibers were loaded with Fura-4F AM for 15 min. The Fura-4F ratio was measured
in response to electrical stimulation as an index of [Ca 2+]i. Fibers loaded with Fura-4F were
placed in a stimulation chamber containing parallel electrodes and the chamber was positioned
on a Nikon TiU microscope stage. Muscle fibers were continuously perfused with a stimulating
Tyrode solution (121.0 mM NaCl, 5.0 mM KCl, 1.8 mM CaCl 2, 0.5 mM MgCl2, 0.4 mM
NaH2PO4, 24.0 mM NaHCO3, and 5.5 mM glucose) with 0.2% FBS (3). This solution was
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bubbled with 95% O2 and 5% CO2 to maintain a pH of 7.3 (3). Levels of [Ca2+]i were assessed
by the Fura-4F fluorescence ratio using an IonOptix Hyperswitch system with a dual excitation,
single emission filter set for Fura-4F (excitation 340 nm and 380 nm; emission 510 nm). Signals
were captured and analyzed using the IonWizard software (IonOptix). Global Fura-4F ratio was
measured in muscle fibers using trains of stimuli at 10, 30, 50, 70, 100, 120, and 150 Hz for 350
ms with fibers resting 1 min between frequencies. Peak Fura-4F ratios at each frequency were
determined by the average ratio in the last 100 ms of the 350 ms tetanus, when Ca 2+ Fura-4F
should be at a steady state. All single muscle fibers were evaluated at room temperature.
Statistics
Student’s t test was used to determine the statistical significance of the differences between two
groups. ANOVA followed by Tukey’s test was used to examine the statistical significance of
differences between more than two groups. A difference was considered statistically significant
when P<0.05. All data were presented as mean ± standard error of the mean (SEM).
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RESULTS
Postnatal deletion of the Stac3 gene in mice
The original mutant Stac3 allele contained two Frt sites between exons 1 and 2 and two loxP
sites that flanked exons 2 and 5 (Fig. 3.1A). By crossing Stac3+/- mice first with mice expressing
the flp recombinase (Tgflp) and then mice expressing the tamoxifen-inducible Cre recombinase
(TgCre), we generated mice with the following genotypes: Stac3fl/flTgCre, which were homozygous
for the floxed Stac3 allele and carried the Cre recombinase transgene; Stac3+/flTgCre, which were
heterozygous for the floxed Stac3 allele and carried the Cre recombinase transgene; and Stac3fl/fl,
which were homozygous for the floxed Stac3 allele but did not carry the Cre recombinase
transgene. We confirmed these genotypes by PCR of genomic DNA from these mice (Figs. 3.1A
and B).
We injected male Stac3fl/fl, Stac3+/flTgCre, and Stac3fl/flTgCre mice at 4 weeks of age with
tamoxifen for 5 consecutive days to induce the expression of Cre recombinase (Fig. 3.1A). RTqPCR analyses of hindlimb and forelimb muscles from these mice at 8 weeks of age, i.e., 4
weeks after tamoxifen injection, revealed that Stac3 mRNA was nearly absent in Stac3fl/flTgCre
mice compared to Stac3fl/fl mice (Fig. 3.2A, P < 0.05). Stac3 mRNA expression in 8-week-old
Stac3+/flTgCre mice was reduced by 50% compared to that in 8-week-old Stac3fl/fl mice, but the
difference was not statistically significant (Fig. 3.2A). Western blotting analyses revealed that
STAC3 protein expression in hindlimb and forelimb muscles was reduced by more than 70% in
8-week-old Stac3fl/flTgCre mice compared to 8-week-old Stac3fl/fl mice (Figs. 3.2B and C, P <
0.05). STAC3 protein expression in the forelimb muscles of 8-week-old Stac3+/flTgCre mice was
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reduced by approximately 50% compared to that in 8-week-old Stac3fl/fl mice (Figs. 3.2B and C,
P < 0.05). STAC3 protein expression in the hindlimb muscles was not different between 8-weekold Stac3+/flTgCre and Stac3fl/fl mice (Figs. 3.2B and C). Overall, these analyses demonstrated that
nearly all Stac3 mRNA and the majority of STAC3 protein were ablated by tamoxifen-induced
Cre recombinase in Stac3fl/flTgCre mice.
Postnatal Stac3 deletion reduced body and muscle growth
From 4 to 8 weeks of age, Stac3fl/fl TgCre mice gained approximately 2 g in body mass while
control mice (Stac3+/flTgCre and Stac3fl/fl) gained approximately 5 g (Fig. 3.3A). The masses of
the EDL, tibialis anterior (TA), and SOL muscles from 8-week-old Stac3fl/fl TgCre mice were
nearly 30% less than those from 8-week-old Stac3+/fl TgCre or Stac3fl/fl mice (Fig. 3.3B, P < 0.05).
The masses of heart and liver were not different between 8-week-old Stac3fl/fl TgCre mice and
Stac3+/flTgCre or Stac3fl/fl mice (data not shown). Neither body mass (Fig. 3.3A) nor individual
muscle masses (Fig. 3.3B) were different between 4-week-old Stac3fl/fl TgCre and Stac3+/flTgCre or
Stac3fl/fl mice. These data ruled out the possibility that differences in body and muscle masses
between these mice at 8 weeks of age were due to differences in their initial genotypes.
Postnatal Stac3 deletion decreased muscle size and increased the number of myofibers with
centralized nuclei
Decreased muscle size and presence of centralized nuclei were evident in the Stac3fl/flTgCre EDL
compared to the other genotypes (Fig. 3.4A). Total myofiber numbers of EDL muscles of 8week-old Stac3fl/fl, Stac3+/flTgCre, and Stac3fl/flTgCre mice did not differ (Fig. 3.4B). The average
CSA of EDL myofibers in 8-week-old Stac3fl/flTgCre mice was smaller than that in 8-week-old
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Stac3+/flTgCre mice, and the latter was smaller than that in 8-week-old Stac3fl/fl mice (Fig. 3.4C, P
< 0.05). The distribution of CSA of 8-week-old Stac3fl/flTgCre EDL myofibers was skewed to the
left compared to that of 8-week-old Stac3+/flTgCre or Stac3fl/fl EDL myofibers (Fig. 3.4D). The
EDL muscle in 8-week-old Stac3fl/flTgCre mice contained more myofibers with centralized nuclei
than that in Stac3+/flTgCre or Stac3fl/fl mice (Fig. 3.4E, P < 0.05). Similar differences in myofiber
CSA and number of myofibers with centralized nuclei were observed for the SOL muscles
between Stac3fl/flTgCre and Stac3fl/fl or Stac3+/flTgCre mice (Figs. 3.5A, B, C, D, and E). However,
none of these differences were observed for the EDL or SOL muscles from Stac3fl/fl,
Stac3+/flTgCre, and Stac3fl/flTgCre mice at 4 weeks of age, i.e., before tamoxifen injection
(Supplemental Figs. 3.S1 and 3.S2).
Postnatal Stac3 deletion increased the percentage of type I and oxidative myofibers
Body musculature of 8-week-old Stac3fl/fl TgCre mice appeared to be redder than those from 8week-old Stac3fl/fl mice (Fig. 3.6). Based on myosin-ATPase staining at pH4.21 (Fig. 3.7A), 8week-old Stac3fl/flTgCre EDL muscle contained a higher percentage of type I fibers and a lower
percentage of type II (IIa, b, and x) fibers than 8-week-old Stac3fl/fl or Stac3+/flTgCre EDL muscle
(Fig. 3.7B, P < 0.05). The percentage of type I or type II fibers was not different between 8week-old Stac3fl/fl and Stac3+/flTgCre EDL muscles (Fig. 3.7B). The percentage of type I or type II
myofibers was not different between 8-week-old Stac3fl/flTgCre and Stac3fl/fl or Stac3+/flTgCre SOL
muscle (Fig. 3.7C). The percentage of type I or type II fibers in the EDL or the SOL muscle was
not different between 4-week-old Stac3fl/flTgCre and Stac3fl/fl or Stac3+/flTgCre mice (Supplemental
Fig. 3.S3). Based on NADH-TR staining (Fig. 3.8A), 8-week-old Stac3fl/flTgCre EDL and SOL
muscles contained higher percentages of myofibers that stained darker, meaning greater
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oxidative capacity, than 8-week-old Stac3fl/fl or Stac3+/flTgCre EDL and SOL muscles (Fig. 3.8B,
P < 0.05). Neither NADH-TR staining of the EDL muscle nor that of the SOL muscle was
different between 4-week-old Stac3fl/flTgCre and Stac3fl/fl or Stac3+/flTgCre mice (Supplemental Fig.
3.S4).
Postnatal Stac3 deletion increased the expression of genes marking type I fibers and
developing muscle
We compared the expression levels of genes Actn3, Myh1, Myh2, Myh4, and Tnnt3 that are
markers of type II myofibers, and the expression levels of genes Mb, Mef2c, Myh7, Ppargc1a,
and Tnnt1 that are markers of type I myofibers, in the hindlimb muscles of 8-week-old
Stac3fl/flTgCre, Stac3+/flTgCre, and Stac3fl/fl mice. As shown in Table 1, 4 of the 5 type I fiber
marker genes including Myh7, which is the only myosin heavy chain gene expressed in type I
fibers, were expressed at greater levels in 8-week-old Stac3fl/fl TgCre than in 8-week-old Stac3fl/fl
or Stac3+/fl TgCre mice; 2 of the 5 type II fiber marker genes including Myh4, the predominant
myosin heavy chain expressed in type II fibers, were expressed at lower levels in 8-week-old
Stac3fl/fl TgCre than in 8-week-old Stac3fl/fl or Stac3+/fl TgCre mice. Among the 5 type II fiber
marker genes analyzed, expression of Actn3 mRNA was greater in 8-week-old Stac3fl/fl TgCre than
in 8-week-old Stac3fl/fl or Stac3+/fl TgCre mice (Table 1). The Myh3 and Myh8 genes are typically
expressed in fetal and perinatal muscle or regenerating adult muscle (8, 18). Both Myh3 and
Myh8 mRNAs were expressed at greater levels in 8-week-old Stac3fl/fl TgCre than in 8-week-old
Stac3fl/fl or Stac3+/fl TgCre muscles (Table 1).
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Postnatal Stac3 deletion reduced muscle strength
Stac3fl/fl TgCre mice had weaker grip strength than Stac3fl/fl mice at each of the 4 weeks following
tamoxifen injection (Figs. 3.9A and B, P < 0.05). Stac3+/flTgCre had weaker grip strength than
Stac3fl/fl mice at the first week after tamoxifen injection (Figs. 3.9A and B, P < 0.05). Compared
to Stac3fl/fl mice, Stac3fl/fl TgCre mice had shorter grip time at the second, third, and fourth weeks
after tamoxifen injection (Figs. 3.9C and D, P < 0.05). Stac3+/flTgCre mice had shorter grip time
than Stac3fl/fl mice at the fourth week after tamoxifen injection (Figs. 3.9A and B, P < 0.05).
Stac3fl/fl TgCre, Stac3+/flTgCre, and Stac3fl/fl mice did not differ in grip strength or grip time at 4
weeks of age, i.e., before tamoxifen injection (Figs. 3.9A, B, C, and D).
Postnatal Stac3 deletion reduced electrostimulation- but not caffeine-induced muscle
contraction
We compared the contractile properties of EDL and SOL muscles from Stac3fl/fl, Stac3+/flTgCre,
and Stac3fl/flTgCre mice at 8 weeks of age, i.e., 4 weeks after tamoxifen injection. The stressfrequency responses to electrostimulation were more than 50% smaller in Stac3fl/fl TgCre than in
Stac3fl/fl or Stac3+/fl TgCre EDL and SOL muscles (Figs. 3.10A and B, P < 0.05). However, for
both twitch and tetanic (150 Hz) stresses, neither time to peak stress (tension) (TPT) nor half
relaxation time (HRT) was different between Stac3fl/flTgCre and Stac3fl/fl or Stac3fl/fl TgCre EDL or
SOL muscles (Supplemental Table 2).
In response to 25 mM caffeine, EDL and SOL muscles from Stac3fl/fl, Stac3+/fl TgCre, and
Stac3fl/flTgCre mice all contracted (Fig. 3.11A). The caffeine-induced maximum tension in
Stac3fl/fl TgCre EDL muscle was not different from that in Stac3fl/fl EDL but was greater than that
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in Stac3+/flTgCre EDL muscle (Fig. 3.11B). The caffeine-induced maximum tension in
Stac3fl/flTgCre SOL muscle was not different from that in Stac3fl/fl or Stac3+/flTgCre SOL muscle
(Fig. 3.11B).
Postnatal Stac3 deletion reduced electrostimulation- but not caffeine-induced intracellular
increase of calcium in single myofibers
We compared electrostimulation- and caffeine-induced calcium release from the sarcoplasmic
reticulum in single FDB myofibers from 8-week-old Stac3fl/fl, Stac3+/flTgCre, and Stac3fl/flTgCre
mice. At each of the frequencies tested, electrostimulation induced a smaller increase in
intracellular calcium in Stac3fl/fl TgCre than in Stac3fl/fl or Stac3+/fl TgCre myofibers (Fig. 3.12A, P
< 0.05). Resting concentrations of intracellular calcium were not different between Stac3fl/fl TgCre
and Stac3fl/fl or Stac3+/fl TgCre myofibers (Fig. 3.12A). In contrast, 25 mM caffeine stimulated a
greater increase in intracellular calcium in Stac3fl/fl TgCre than in Stac3fl/fl or Stac3+/fl TgCre
myofibers (Fig. 3.12B, P < 0.05).
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DISCUSSION
In this study, we characterized the effects of postnatal Stac3 deletion on skeletal muscle growth,
fiber composition, and contractile responses in mice. We deleted the Stac3 gene in postnatal
mice through the Flp-FRT and tamoxifen-inducible Cre-loxP recombination systems (9, 16). At
the mRNA level, Stac3 expression in skeletal muscle was reduced to nearly none 4 weeks after
tamoxifen injection. This low expression indicates that the floxed Stac3 gene was efficiently
excised by tamoxifen-induced Cre recombinase in skeletal muscle. However, at the protein level,
STAC3 expression in skeletal muscle was reduced by 70% 4 weeks after tamoxifen injection,
which was less than that observed for Stac3 mRNA. This discrepancy was perhaps caused by
STAC3 protein being very stable or translation of Stac3 mRNA into STAC3 protein being very
efficient in mouse skeletal muscle. Nevertheless, the phenotypic changes in Stac3-deleted mice
suggest that a 70% reduction in STAC3 protein expression is sufficient to alter the functions of
this protein in mouse skeletal muscle.
Our data showed that postnatal Stac3 deletion caused several significant phenotype changes in
skeletal muscle. One change was reduced skeletal muscle growth. Histological analysis showed
that skeletal muscle of Stac3-deleted mice had a smaller CSA but a similar number of myofibers
compared to that of control mice. These data suggest that STAC3 is needed for normal myofiber
growth in postnatal mice. The second phenotype change in Stac3-deleted muscle was an
increased number of myofibers containing centralized nuclei. The histological analyses indicated
that these centrally nucleated myofibers were among the smallest fibers in a muscle. Stac3deleted skeletal muscle had increased expression of Myh3 and Myh8 mRNAs. Since these two
myosin heavy chain genes are typically expressed in fetal and neonatal muscle or regenerating
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adult muscle (8, 18), the increased myofibers with centralized nuclei in 8-week-old Stac3-deleted
mice represent either those from the fetal or neonatal stage or potentially regenerating myofibers
in adult muscle. Interestingly, embryonic Stac3 deletion caused the majority of myofibers in
newborn mice to have centralized nuclei (15). It remains to be determined if the increased
myofibers with centralized nuclei in 8-week-old Stac3-deleted mice result from retarded
myofiber growth or myofiber regeneration.
The third phenotype change caused by postnatal Stac3 deletion was a muscle fiber type switch.
Postnatal Stac3 deletion increased the percentage of type I fibers in the fast twitch EDL muscle
and the oxidative capacity in the slow twitch SOL muscle. Since Stac3 deletion did not alter the
total number of myofibers in these muscles, the increase in type I or oxidative fibers suggests
that Stac3 deletion inhibited the type I to type II transition in fast twitch muscle while stimulating
the glycolytic to oxidative fiber transition in slow twitch muscle. Such an effect of Stac3 deletion
on fiber type switch is supported by the facts that Stac3-deleted limb muscles in general had
greater expression of genes marking type I fibers and less expression of genes marking type II
fibers than control limb muscles and that Stac3-deleted muscles appeared redder and had greater
expression of myoglobin mRNA than control muscles.
The fourth phenotype change caused by postnatal Stac3 deletion in mice was reduced muscle
force production. Both grip strength and grip time tests indicated that beginning the first week
after tamoxifen injection, muscle strength was reduced in Stac3-deleted mice, and that this
reduction was not recovered 4 weeks after tamoxifen injection. One possibility is that the
reduced grip strength was due to decreased muscle mass which in part would explain the reduced
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body mass of Stac3-deleted mice. Both grip strength and grip time in Stac3-deleted mice were
still less than those in control mice after being normalized to body mass. These data suggest that
the Stac3 deletion-caused reduction in muscle grip strength was not due to reduction in muscle
size. To confirm this interpretation, muscle contractile function tests showed that
electrostimulation-induced maximum stress was smaller in Stac3-deleted compared to control
muscle. Because stress is muscle force normalized to CSA, the decreased muscle size was not
responsible for the reduced contractile forces, and therefore other mechanisms are likely
responsible. Previous studies have demonstrated a role of STAC3 in EC coupling (10, 13). The
present study also supports a role of STAC3 in EC coupling in postnatal skeletal muscle because
postnatal Stac3 deletion did not affect caffeine-induced while reducing electrostimulationinduced muscle contractions. The present study also showed that Stac3-deleted myofibers had a
greater release of calcium from the sarcoplasmic reticulum in response to the ryanodine receptor
agonist caffeine compared to control myofibers. This result suggests the attenuated muscle stress
responses in Stac3-deleted muscle were in part due to limitations in calcium release by the
ryanodine receptor during electrostimulation.
Muscle activity can affect both muscle size and fiber type (17, 23); thus, it is tempting to
speculate that Stac3 deletion-induced changes in fiber size and type be secondary to changed
muscle activity mediated by disrupted EC coupling. Increased muscle activity generally
contributes to fiber hypertrophy, whereas reduced muscle activity could result in muscle atrophy
(2, 6). As such, it is possible that Stac3 deletion-reduced EC coupling is responsible for reduced
fiber growth. However, the same mechanism may not be responsible for Stac3 deletion-caused
type II to type I fiber transformation because reduced muscle activity usually leads to the
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opposite fiber type switch through the calcium/calcineurin signaling pathway (11). The STAC3
protein contains a SH3 domain, and through this domain STAC3 could interact with and affect
the expression, location, or function of many proteins (20). Therefore, it is possible that STAC3
mediates EC coupling, fiber type switch, and fiber hypertrophy through different protein partners.
In summary, this study demonstrates that Stac3 is important to fiber growth, fiber type
composition, contractile responses, and EC coupling in postnatal skeletal muscle and that the
role of STAC3 in skeletal muscle may be beyond mediating EC coupling. Since Stac3 knockout
is embryonically lethal, the postnatal Stac3 knockout mouse generated in the present study will
be a more convenient model for understanding the role of STAC3 in skeletal muscle physiology
and disease and the underlying cellular and molecular mechanisms.
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Fig. 3.1. Generation of conditional Stac3 knockout mice. A) Schematic representation of the
process of generating conditional Stac3 knockout mice. The original mutant Stac3 allele
contained a “trapping cassette” between Stac3 exons 1 and 2 and a loxP site between exons 5 and
6. Crossing heterozygous Stac3 mutant mice with mice expressing the flp recombinase caused
the trapping cassette to be deleted at the two FRT sites and hence converted the mutant Stac3
allele to a floxed allele, i.e., a preconditional wild-type allele. Crossing mice bearing the floxed
Stac3 allele with mice expressing the Cre recombinase caused exons 2 to 5 flanked by the loxP
sites to be deleted and hence inactivated the Stac3 gene. In the Cre recombinase transgenic mice
used in this study, the Cre gene is located downstream of a tamoxifen-inducible chicken beta
actin promotor. Arrows labeled with F1, R1, F2, and R2 indicate the locations of PCR primers
for genotyping. B) Representative gel images of genotyping. Genotypes of Stac3fl/fl,
Stac3+/flTgCre, and Stac3fl/flTgCre mice before and 4 weeks after tamoxifen injection were
identified by PCR of genomic DNA followed by gel electrophoresis. Names of PCR primers or
target genes are indicated on the right of gel images, and sizes of expected PCR products on the
left of gel images.
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Fig. 3.2. Validation of Stac3 knockout. A) Analysis of Stac3 mRNA expression. Stac3 mRNA
in hindlimb and forelimb muscles of Stac3fl/fl, Stac3+/flTgCre, and Stac3fl/flTgCre mice at 8 weeks of
age, i.e., 4 weeks after tamoxifen injection, was quantified by RT-qPCR. Bars not sharing the
same letter labels are different (P < 0.05, n = 4 mice). B) Images from western blotting analyses
of STAC3 protein in hindlimb (HL) and forelimb (FL) skeletal muscles of 8-week-old Stac3fl/fl,
Stac3+/flTgCre, and Stac3fl/flTgCre mice. β-tubulin (TUBB) protein was used as a loading control. C)
Quantification of STAC3 protein band intensity. Expression level of STAC3 protein is
normalized to that of β-tubulin in the same sample. Bars not sharing the same letter labels are
different (P < 0.05, n = 3 mice).
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Fig. 3.3. Body and muscle masses of Stac3fl/fl, Stac3+/flTgCre, and Stac3fl/flTgCre mice. A) Body
mass before and after tamoxifen injection. Tamoxifen injection was initiated on the first day of
week 5 of age (indicated by a black arrow) and continued for 5 days. Body masses not sharing
the same letter labels are different at the same age (P < 0.05, n = 4 mice). B) Masses of EDL, TA,
and SOL muscles at 8 weeks of age. Bars not sharing the same letter labels are different (P <
0.05, n = 4 mice). C) Masses of EDL, TA, and SOL muscles at 4 weeks of age. The masses of
these muscles were not different between 4-week-old Stac3fl/fl, Stac3+/flTgCre, and Stac3fl/flTgCre
mice. EDL = extensor digitorum longus; TA = tibialis anterior; SOL = soleus.
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Fig. 3.4. Histological analysis of EDL muscles from 8-week-old Stac3fl/fl, Stac3+/flTgCre, and
Stac3fl/flTgCre mice. Cross sections of EDL muscles were stained with hematoxylin and eosin. A)
Representative images of stained EDL sections at 40× and 400× magnifications. Scale bars: 100
μm for 40×, and 10 μm for 400×. Arrows point to myofibers with centralized nuclei. B) Average
number of myofibers per cross section. This number was not different between genotypes. C)
Average cross sectional area (CSA) of myofibers. D) Distribution of myofiber CSA. E)
Percentage of myofibers containing centralized nuclei. Bars not sharing the same letter labels are
different (P < 0.05, n = 4 mice).
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Fig. 3.5. Histological analysis of SOL muscles from 8-week-old Stac3fl/fl, Stac3+/flTgCre, and
Stac3fl/flTgCre mice. Cross sections of SOL muscles were stained with hematoxylin and eosin. A)
Representative images of stained SOL sections at 40× and 400× magnifications. Scale bars: 100
μm for 40×, and 10 μm for 400×. Arrows point to myofibers with centrally located nuclei. B)
Average number of myofibers per cross section. This number was not different between
genotypes. C) Average CSA of myofibers. D) Distribution of CSA of myofibers. E) Percentage
of myofibers containing centralized nuclei. Bars not sharing the same letter labels are different
(P < 0.05, n = 4 mice).
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Fig. 3.6. Representative images of body and limb muscles of 8-week-old Stac3fl/fl and
Stac3fl/flTgCre mice immediately after euthanasia. Note that Stac3fl/flTgCre skeletal muscles
appeared redder.
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Fig. 3.7. Myosin-ATPase staining (pH4.21) of EDL and SOL muscle sections from 8-weekold Stac3fl/fl, Stac3+/flTgCre, and Stac3fl/flTgCre mice. A) Representative images of stained muscle
sections. Scale bars: 100 μm. B) Percentages of Type I and Type II myofibers in EDL muscle. C)
Percentages of Type I and Type II myofibers in SOL muscle. Values not sharing the same letter
labels are different (P < 0.05, n = 4 mice).
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Fig. 3.8. NADH-TR staining of EDL and SOL muscle sections from 8-week-old Stac3fl/fl,
Stac3+/flTgCre, and Stac3fl/flTgCre mice. A) Representative images of NADH-TR staining. Scale
bars: 100 μm. B) Percentages of light stained and dark stained myofibers in EDL muscles. C)
Percentages of light stained and dark stained myofibers in SOL muscles. Values not sharing the
same letter labels are different (P < 0.05, n = 4 mice).
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Fig. 3.9. Muscle strength analysis of Stac3fl/fl, Stac3+/flTgCre, and Stac3fl/flTgCre mice before
and after tamoxifen injection. Muscle strength was assessed by grip strength and grip time tests
at 4, 5, 6, 7, and 8 weeks of age. Mice received tamoxifen injection on the first 5 days of week 5
of age. A) Grip strength. B) Grip strength normalized to body mass. C) Grip time. D) Grip time
normalized to body mass. Values not sharing the same letter labels are different at the same age
(P < 0.05, n = 4 mice).
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Fig. 3.10. Electrostimulation-induced contractions in EDL and SOL muscles from
tamoxifen-injected Stac3fl/fl, Stac3+/flTgCre, and Stac3fl/flTgCre mice at 8 weeks of age. A)
Representative twitch (1 Hz) and tetanic (150 Hz) contractile responses. B) Stress-frequency
relationships. Frequencies of electrostimulation used were 1, 30, 50, 80, 100, and 150 Hz. Force
was normalized to the average cross sectional area of muscle to yield stress (mN/mm 2). Values
not sharing the same letter labels are different at the same frequency (P < 0.05, n=4 mice for
Stac3fl/fl; n=5 mice for Stac3+/flTgCre and Stac3fl/flTgCre).
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Fig. 3.11. Caffeine-induced contractions in EDL and SOL muscles obtained from
tamoxifen-injected Stac3fl/fl, Stac3+/flTgCre, and Stac3fl/flTgCre mice. The EDL and SOL muscles
from mice 4 weeks after tamoxifen injection were stimulated by 25 mM caffeine. A)
Representative contractile responses. Black arrows indicate addition of caffeine. B) Summary
stress (mN/mm2) responses. Values not sharing the same letter labels are different (P < 0.05, n=4
mice for Stac3fl/fl; n=5 mice for Stac3+/flTgCre and Stac3fl/flTgCre).
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Fig. 3.12. Electrostimulation- and caffeine-induced increases in intracellular calcium in
FDB myofibers from tamoxifen-injected Stac3fl/fl, Stac3+/fl TgCre, and Stac3fl/flTgCre mice. The
FDB myofibers from mice 4 weeks after tamoxifen injection were loaded with the fluorescent
calcium indicator Fura-4F. Fluorescence emission was recorded by a microscope. A) Frequent
electrostimulation-induced changes in intracellular calcium concentration. Values not sharing the
same letter labels are different at the same frequency (P < 0.05, n ≥ 14 fibers). B) Caffeineinduced changes in intracellular calcium concentration. Values not sharing the same letter labels
are different (P < 0.05, n ≥ 14 fibers).
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Table 3.1. Relative expression levels of selected mRNAs in left hindlimb muscles of mice 4
weeks after tamoxifen injection.
Gene
Actn3
Myh1
Myh2
Myh4
Tnnt3
Mb
Mef2c
Myh7
Ppargc1a
Tnnt1
Myh3

Fiber type
Stac3fl/fl
Stac3+/-TgCre
Stac3fl/flTgCre
1a
b
II
799.4 ± 232.6
6040.1 ± 1281.6
22679.4 ± 4486.4c
II
569.0 ± 126.4a
747.1 ± 129.2ab
1472.3 ± 146.5b
II
769.9 ± 188.9
1124.7 ± 163.5
1373.4 ± 140.1
a
ab
II
17463.2 ± 976.8
11812.9 ± 1427.3
8553.5 ± 1702.5b
a
b
II
104459.0 ± 32168.1
42788.0 ± 7435.6
29655.8 ± 4040.2b
a
ab
I
6.8 ± 0.8
8.3 ± 0.6
10.2 ± 0.4b
I
1531.8 ± 336.6a
501.6 ± 129.1b
898.8 ± 69.1a
a
a
I
35.6 ± 2.6
42.1 ± 9.0
85.6 ± 9.9b
I
50.5 ± 7.7a
136.8 ± 35.2b
118.1 ± 16.6b
a
a
I
52.2 ± 3.9
70.5 ± 21.0
155.3 ± 16.1b
Fetal or
1.3 ± 0.5a
0.7 ± 0.1a
39.1 ± 10.8b
regenerating
Myh8
Perinatal or
5.2 ± 1.0a
4.0 ± 0.6a
12.2 ± 2.6b
regenerating
1
Actn3, alpha actinin 3; Myh, myosin heavy chain; Tnnt3, troponin T type 3; Mb, myoglobin;
Mef2c, myocyte specific enhancer factor 2C; Ppargc1a, peroxisome proliferator-activated
receptor gamma coactivator 1 alpha; Tnnt1, troponin T type 1. Data =mean ± SEM (n=4 or 5
mice). Values not sharing the same letter labels are different for the same gene (P < 0.05).
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Supplemental Fig. 3.S1. Histological analysis of EDL muscles from 4-week-old Stac3fl/fl,
Stac3+/flTgCre, and Stac3fl/flTgCre mice. Cross sections of EDL muscles were stained with
hematoxylin and eosin. A) Representative images of stained EDL sections at 40× and 400×
magnifications. Scale bars: 100 μm for 40×, and 10 μm for 400×. Arrows point to myofibers with
centralized nuclei. B) Average number of myofibers per cross section. This number was not
different between genotypes. C) Average cross sectional area (CSA) of myofibers. D)
Distribution of CSA of myofibers. E) Percentage of myofibers containing centralized nuclei.
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Supplemental Fig. 3.S2. Histological analysis of SOL muscles from 4-week-old Stac3fl/fl,
Stac3+/flTgCre, and Stac3fl/flTgCre mice. Cross sections of SOL muscles were stained with
hematoxylin and eosin. A) Representative images of stained SOL sections at 40× and 400×
magnifications. Scale bars: 100 μm for 40×, and 10 μm for 400×. Arrows point to myofibers with
centrally located nuclei. B) Average number of myofibers per cross section. This number was not
different between genotypes. C) Average cross sectional area (CSA) of myofibers. D)
Distribution of CSA of myofibers. E) Percentage of myofibers containing centralized nuclei.
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Supplemental Fig. 3.S3. Myosin-ATPase staining (pH4.21) of cross sections of EDL and
SOL muscles from 4-week-old Stac3fl/fl, Stac3+/flTgCre, and Stac3fl/flTgCre mice before
tamoxifen injection. A) Representative images of stained muscle sections. Scale bars: 100 μm.
B) Percentages of Type I and Type II myofibers in EDL muscles. C) Percentages of Type I and
Type II myofibers in SOL muscles. None of the percentages are different between genotypes (n
= 4 mice).
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Supplemental Fig. 3.S4. NADH-TR staining of cross sections of EDL and SOL muscles
from 4-week-old Stac3fl/fl, Stac3+/flTgCre, and Stac3fl/flTgCre mice before tamoxifen injection.
A) Representative images of NADH-TR staining. Scale bars: 100 μm. B) Percentages of light
stained and dark stained myofibers in EDL muscles. C) Percentages of light stained and dark
stained myofibers in SOL muscles. None of the percentages are different between genotypes (n =
4 mice).
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Supplemental Table 3.S1. Nucleotide sequences of primers used in this study.
Gene
Actn3
Cre
Flp
Mb

Mef2c
Myog
Myh1
Myh2
Myh3
Myh4
Myh7
Myh8
Ppargc1a
Rn18s
Stac3
Stac3
Tnnt1
Tnnt3

Direction

Primer sequence

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
F1
R1
F2
R2
Forward
Reverse
Forward
Reverse

5’- ATATCGTGAACACCCCCAAA -3’
5’- TCCACTCCAACAGCTCACTG -3’
5’- GCGGTCTGCAGTAAAAACTATC -3’
5’- GTGAAACAGCATTGCTGTCACTT -3’
5’- CACTGATATTGTAAGTAGTTTGC -3’
5’- CTAGTGCGAAGTAGTGATCAGG -3’
5’- ATGTGAGGGCCAGAGAAAGG -3’
5’- TCCAGGTACTTGACCGGGAT -3’
5’- AGAAGTGCAGAGGGAACGAA -3’
5’- CGCTCATCCATTATCCTCGT -3’
5’- CGGCTGCCTAAAGTGGAGAT -3’
5’- AGGCCTGTAGGCGCTCAA -3’
5’- AGTCCCAGGTCAACAAGCTG -3’
5’- CACATTTGCTCATCTTTGG -3’
5’- AGTCCCAGGTCAACAAGCTG -3’
5’- GCATGACCAAAGGTTTCACA -3’
5’- CGCAGAATCGCAAGTCAATA -3’
5’- ATATCTTCTGCCCTGCACCA -3’
5’- AGTCCCAGGTCAACAAGCTG -3’
5’- TTTCTCCTGTCACCTCTCAACA -3’
5’- AGTCCCAGGTCAACAAGCTG -3’
5’- TTCCACCTAAAGGGCTGTTC -3’
5’- AGTCCCAGGTCAACAAGCTG -3’
5’- CCTCCTGTGCTTTCCTTCAG -3’
5’- AATGCAGCGGTCTTAGCACT -3’
5’- TTTCTGTGGGTTTGGTGTGA -3’
5’- TTAAGAGGGACGGCCGGGGG -3’
5’- CTCTGGTCCGTCTTGCGCCG -3’
5’- CTCCATAGCTCTACCGCAGTC -3’
5’- CTCTGCCTTGTGAGTGTGGA -3’
5’- GAATGGAGGGGTAAGGGAAG -3’
5’- ACCCACAGGTTGAGAACAGC -3’
5’- AAACCCAGCCGTCCTGTG -3’
5’- TCATCTCCCGACCAGTCTGT -3’
5’- GCCCAAGAGGAAGAAGTCCA -3’
5’- TAGCTGCTGTAGTTGGCACC -3’

GenBank
Accession #
NM_013456

NM_001164047
NM_001170537
NM_031189
NM_030679
NM_001039545
NM_001099635
NM_010855
NM_080728
NM_177369
NM_008904
NM_003278
JN959041.1
JN959041.1
NM_001277903
NR_001163664

Actn3, alpha actinin 3; Cre, Cre recombinase coding gene; Flp, Flp recombinase coding gene;
Mb, myoglobin; Mef2c, myocyte specific enhancer factor 2C; Myog, myogenin; Myh, myosin
heavy chain; Ppargc1a, peroxisome proliferator-activated receptor gamma coactivator 1 alpha;
Rn18s, 18S ribosomal RNA; Tnnt1, troponin T type 1; Tnnt3, troponin T type 3.
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Supplemental Table 3.S2. Contractile properties of EDL and SOL muscles from 8-week-old
control and Stac3 knockout mice.
Animals

Stac3fl/fl
(n=4)
0.71 ± 0.02

Stac3+/flTgCre
(n=5)
0.60 ± 0.04

Stac3fl/flTgCre
(n=5)
0.53 ± 0.07

EDL-CSA (mm2)
Twitch
Stress (mN/mm2)
52.61 ± 8.12a
55.69 ± 9.06a
26.49 ± 2.37b
TPT (ms)
19.95 ± 0.38
18.72 ± 0.41
18.60 ± 0.94
HRT (ms)
17.10 ± 1.69
18.26 ± 1.18
15.68 ± 2.10
Tetanus
Stress (mN/mm2)
303.82 ± 24.73a
284.25 ± 38.21a
124.34 ± 13.61b
ab
a
TPT (ms)
320.00 ± 77.12
241.80 ± 26.10
512.00 ± 81.83b
HRT (ms)
556.00 ± 107.92
583.40 ± 40.29
325.40 ± 75.35
SOL-CSA (mm2)
0.92 ± 0.06a
0.55 ± 0.03b
0.56 ± 0.04b
Twitch
Stress (mN/mm2)
22.99 ± 2.81a
43.24 ± 2.23b
12.17 ± 2.63c
TPT (ms)
29.55 ± 0.67
29.50 ± 0.67
22.12 ± 0.99
HRT (ms)
34.35 ± 5.43
32.92 ± 2.33
23.76 ± 2.07
Tetanus
Stress (mN/mm2)
163.82 ± 17.00a
293.08 ± 24.72b
86.26 ± 15.06c
TPT (ms)
637.00 ± 24.64
740.80 ± 60.67
765.88 ± 68.39
HRT (ms)
200.25 ± 51.84
158.80 ± 65.27
104.04 ± 44.43
CSA, cross-sectional area. Stress, force/CSA. TPT, time to peak tension. HRT, half relaxation
time. Values not sharing the same superscript letters are different (P<0.05).
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