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Background: The non-ocular function(s) of myocilin, a glaucoma-associated protein, is not known.
Results: Myocilin interacts with syntrophin, a component of dystrophin-associated protein complex (DAPC) and increases
phosphorylation of several regulators of muscle size.
Conclusion:Myocilin is involved in the muscle hypertrophy pathways acting through the components of DAPC.
Significance: This is the first demonstration of myocilin functions in the skeletal muscles.

Genetic studies have linkedmyocilin to open angle glaucoma,
but the functions of the protein in the eye and other tissues have
remained elusive. The purpose of this investigation was to elu-
cidate myocilin function(s). We identified �1-syntrophin, a
component of the dystrophin-associated protein complex
(DAPC), as a myocilin-binding candidate. Myocilin interacted
with �1-syntrophin via its N-terminal domain and co-immuno-
precipitated with �1-syntrophin from C2C12 myotubes and
mouse skeletal muscle. Expression of 15-fold higher levels of
myocilin in the muscles of transgenic mice led to the elevated
association of �1-syntrophin, neuronal nitric-oxide synthase,
and �-dystroglycan with DAPC, which increased the binding of
laminin to �-dystroglycan and Akt signaling. Phosphorylation
ofAkt andForkheadboxO-class 3, key regulators ofmuscle size,
was increasedmore than 3-fold, whereas the expression ofmus-
cle-specific RING finger protein-1 and atrogin-1, muscle atro-
phy markers, was decreased by 79 and 88%, respectively, in the
muscles of transgenic mice. Consequently, the average size of
muscle fibers of the transgenic mice was increased by 36% rela-
tive to controls. We suggest that intracellular myocilin plays a
role as a regulator of muscle hypertrophy pathways, acting
through the components of DAPC.

Myocilinwas identified in a human trabecularmeshwork cell
line as a glucocorticoid-induced proteinmore than 10 years ago
(1). Subsequent experiments demonstrated that myocilin
belongs to a family of olfactomedin domain-containing pro-
teins that consists of 13 members in mammals (2). Most of the
olfactomedin domain-containing proteins, including myocilin,
are secreted glycoproteins that demonstrate specific expression
patterns. The N-terminal region of myocilin contains a leucine
zipper, which is part of two coiled-coil domains, whereas the

C-terminal region contains the olfactomedin domain.Myocilin
is able to form dimers and multimers, and the N-terminal
region of myocilin is critical for dimerization (3–6).
It is now well established that mutations in the myocilin

(MYOC) genemay lead to glaucoma and are found inmore than
10% of juvenile open angle glaucoma cases and in 3–4% of
patients with adult onset primary open angle glaucoma (7–10).
Glaucoma is one of the leading causes of irreversible blindness
in the world. It is estimated to affect more than 60 million and
blind about 4.5 million people worldwide (11). Primary open
angle glaucoma is the most common form of glaucoma. More
than 70 glaucoma-causing mutations in the MYOC gene have
been identified, and greater than 90% of them are located in the
region encoding the olfactomedin domain.Mutations causing a
severe glaucoma phenotype lead to the retention of myocilin in
the endoplasmic reticulum and prevent its secretion. More-
over, secretion ofwild-typemyocilin is impeded in the presence
ofmutatedmyocilin protein (12–15). Accumulation ofmutated
myocilin in the endoplasmic reticulum may be deleterious for
cells, making themmore sensitive to oxidative stress leading to
cell death (16–18).
TheMYOC gene is highly expressed in the trabecular mesh-

work, iris, ciliary body, sclera, and retinal pigmented epithelial
cells, with lower levels of expression observed in skeletal mus-
cle, mammary gland, thymus, and testis (5, 8, 10, 19). Available
data suggest that the presence of wild-type myocilin is not crit-
ical for normal development and survival. Mice heterozygous
and homozygous for a targeted null mutation in myocilin do
not have a detectable phenotype (20). Similarly, it has been
reported that an elderly woman homozygous for theArg46Stop
mutation in theMYOC gene do not develop identifiable pathol-
ogies (21).
The functions of wild-type myocilin are still not very clear.

One approach to the elucidation of protein functions includes
the identification of proteins interacting with the protein of
interest or the identification of protein complexes containing
the protein of interest. Recently, we demonstrated that myoci-
lin, similar to Wnt proteins, interacts with cysteine-rich
domains of several frizzled receptors and secreted frizzled-re-
lated proteins as well as withWnt inhibitory factorWIF-1 (22).
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Myocilin may modify the organization of the actin cytoskele-
ton, stimulating the formation of stress fibers, and this may be
essential for the contractility of the trabecular meshwork and
the regulation of intraocular pressure (22). We suggested that
myocilin may serve as a modulator of Wnt signaling and that
other family members orWnt proteins may compensate for an
absence of myocilin by performing its functions (22).
In the present work, we demonstrate that myocilin is part of

the dystrophin-associated protein complex (DAPC)2 in mouse
skeletalmuscle and in differentiatingC2C12 cells formingmyo-
tubes. Myocilin interacts with �1-syntrophin (�1-Syn), a cyto-
plasmic component of the DAPC, that serves as a scaffolding
adapter. Overexpression ofmyocilin in transgenicmice leads to
a redistribution of some DAPC proteins and increased phos-
phorylation of Akt, mTOR, and Forkhead box O-class 3
(FoxO3) transcription factor, the key regulators of muscle size.
Moreover, the muscle size was increased in transgenic mice
comparedwith wild-typemice.We suggest thatmyocilin is one
of the regulators of muscle hypertrophy pathways.

EXPERIMENTAL PROCEDURES

Cell Cultures—Mouse C2C12 myoblasts were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing 15%
fetal bovine serum, 0.1 mg/ml penicillin, and 0.1 mg/ml strep-
tomycin at 37 °C in a humidified atmosphere with 5% CO2.
When C2C12 myoblasts were grown to 80–90% confluence,
the growth medium was replaced with DMEM containing 2%
horse serum to induce myotube differentiation. Cells were cul-
tured for 4–5 days with fresh medium exchanged daily until
differentiated myotubes were observed.
Antibodies—Rabbit polyclonal antibody against mouse myo-

cilin was described previously (14). Other antibodies were pur-
chased from the following sources: anti-�1-Syn, anti-pan-syn-
trophin (1351), and anti-laminin from Abcam (Cambridge,
MA); anti-FoxO3a from Sigma; anti-heat shock cognate 70
(HSC70) and anti-�-dystroglycan (�-DG) fromSantaCruz Bio-
technology, Inc. (Santa Cruz, CA); anti-phospho-FoxO3a and
anti-�-dystroglycan (�-DG, IIH6) from Millipore (Bedford,
MA); anti-�-dystrobrevin, anti-neuronal nitric-oxide synthase
(nNOS), and anti-protein-disulfide isomerase from BD Trans-
duction Laboratories (San Diego, CA); anti-AKT1, anti-phos-
pho-AKT1, anti-mTOR, anti-phospho-mTOR, and anti-phos-
pho-p70 S6 kinase from Cell Signaling (Beverly, MA);
anti-dystrophin from Vector Laboratories (Burlingame, CA);
anti-myosin heavy chain from R&D Systems (Minneapolis,
MN); and anti-pigment epithelium-derived factor from Bio-
Products MD (Middletown, MD). Anti-pan-syntrophin was
labeled with HRP using the SureLINK HRP conjugation kit
(KPL, Gaithersburg, MD), and anti-�1-Syn was labeled with
fluorescent dye using the DyLight 594 antibody labeling kit
(Pierce) according to the manufacturer’s instructions.
Yeast Two-hybridAssay—Ayeast two-hybrid screenwas per-

formed according to the manufacturer’s instructions for

Matchmaker system 3 (Clontech) as described previously (23).
To identify the domain onmyocilin that is involved in the inter-
action with �1-Syn, we transformed AH109 cells with
pGBKT7-myocilin constructs (positions 33–504, 33–245, and
246–504 in the human myocilin sequence) or the empty
pGBKT7 vector. The AH109 cells pretransformed with the
above pGBKT7 constructs were mated with Y187 cells pre-
transformed with the pACT2-�1-Syn at 30 °C in 2� YPD
medium. The mated yeasts were spotted onto �LT and
�AHLT selective mediums.
Immunoblotting—C2C12myoblasts andmyotubes grown on

12-well plates were dissolved in 1 ml of 1� Laemmli buffer
(Invitrogen). Conditioned media were harvested and centri-
fuged at 1000� g for 10min, and the cleared supernatants were
mixed with the Laemmli buffer. Skeletal muscle samples were
weighed and homogenized in 20 volumes of sample treatment
buffer (75 mM Tris-Cl, pH 6.8, 15% SDS, 20% glycerol, 6% mer-
captoethanol, and 0.001%bromphenol blue)with a PolytronPT
2100 homogenizer (Kinematica AG, Lucerne, Switzerland).
The samples were boiled for 5 min and centrifuged at 1000 � g
for 3 min. Equal amounts of proteins were separated by
NuPAGE 4–12% gradient BisTris gel (Invitrogen) and trans-
ferred to a nitrocellulose membrane (Invitrogen). Membranes
were preincubated in a blocking buffer (5% nonfat milk, 25 mM

Tris, pH 7.4, 150 mM NaCl, and 0.05% Tween 20) and then
incubated with each antibody in blocking buffer overnight at
4 °C. Secondary antibodies (an anti-rabbit or anti-mouse HRP-
conjugated antibody, Amersham Biosciences) were diluted
1:5000 in blocking buffer and incubated for 2 h at room tem-
perature. The immunolabeled protein bands were visualized
with SuperSignal WestDura (Pierce). For quantification,
scanned images were analyzed by ImageJ software (National
Institutes of Health, Bethesda, MD).
Immunoprecipitation—Differentiated C2C12 myotubes

were rinsed with phosphate-buffered saline (PBS), scraped off
in PBS, and pelleted. The pellets were resuspended in Mg2�

lysis buffer (25 mM HEPES, pH 7.5, 150 mM NaCl, 1% Igepal
CA-630, 10 mMMgCl2, 1 mM EDTA, and 2% glycerol) contain-
ing a protease inhibitor mixture (Roche Applied Science) and
homogenized using a Polytron PT 2100 homogenizer (Kine-
matica AG). Insoluble material was removed by centrifugation,
and the protein concentration of the soluble fractions was
determined by theBradford protein assay (Bio-Rad). Equivalent
amounts of soluble fractions were incubated with anti-�1-Syn
antibody or anti-myocilin antibody for 2 h at 4 °C followed by
incubation with 30 �l of protein G-agarose beads (Roche
Applied Science) overnight at 4 °C. The bead-antibody com-
plexes were collected by centrifugation, rinsed three times in
the lysis buffer, resuspended in 1� Laemmli sample buffer,
boiled for 5min, and subjected to immunoblotting as described
above. Mouse skeletal muscles were dissected and homoge-
nized in Mg2� lysis buffer using a Polytron PT 2100 homoge-
nizer (Kinematica AG). Immunoprecipitation was performed
as described above for the myotubes. Immunoprecipitation for
dystrophin from skeletalmuscle tissuewas performed using the
Cross-link Immunoprecipitation Kit (Pierce) according to the
manufacturer’s instructions.

2 The abbreviations used are: DAPC, dystrophin-associated protein complex;
�1-Syn, �1-syntrophin; DG, dystroglycan; nNOS, neuronal nitric-oxide syn-
thase; BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-
1,3-diol; TA, tibialis anterior; WGA, wheat germ agglutinin; mTOR, mamma-
lian target of rapamycin.
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Immunofluorescent Labeling—C2C12 myoblasts were
seeded onto collagen I-coated coverslips (BD Biosciences) at
80% confluence. The myoblasts or myotubes were fixed in 4%
paraformaldehyde for 10 min. For �1-Syn staining, the cover-
slips were incubated in antigen retrieval buffer (100 mM Tris,
5% urea, pH 9.5) at 95 °C for 10 min. The fixed samples were
permeabilized with 0.5% Tween 20 for 30 min and blocked in a
solution of 1% bovine serum albumin (BSA) in PBS for 30 min.
The samples were then incubated in a solution of 1% BSA in
PBS with the primary antibody at 4 °C for 16 h. The samples
were washed twice for 10 min in PBS containing 0.01% Tween
20, followed by incubationwithAlexa 594-conjugated anti-rab-
bit secondary antibody and Alexa 488-conjugated anti-mouse
secondary antibody (Molecular Probes, Inc., Eugene,OR) for 30
min. After washing four times with PBS containing 0.01%
Tween 20, the samples were mounted in Vectashield mounting
mediumwith DAPI (Vector Laboratories) or further incubated
with DyLight 594-labeled anti-�1-Syn antibody for 3 h to stain
�1-Syn. Dissected mouse tibialis anterior (TA) muscles were
fixed in 4%paraformaldehyde for 30min. The fixed tissueswere
soaked in 30% sucrose in PBS at 4 °C overnight, embedded in
optimal cutting temperature compound, and quickly frozen
with liquid nitrogen. Transverse sections (10 �m thick) were
cut with a cryostat (Leica CM 3050, Leica Microsystems, Wet-
zlar, Germany). The sections were blocked in a solution of 2%
NGS and 0.2% Triton X-100 in PBS for 1 h and then incubated
with primary antibodies at room temperature for 3 h. Subse-
quently, the tissues were incubated with Alexa 594-labeled
anti-rabbit secondary antibody at room temperature for 1 h.
For the double-staining of myocilin and �1-Syn, the sections
were additionally incubated with DyLight 594-labeled anti-�1-
Syn antibody for 3 h. Fluorescent staining was examined by an
Axioplan-2 fluorescence microscope (Carl Zeiss, Jena, Ger-
many) or LSM 700 confocal laser-scanning microscope (Carl
Zeiss). To determine individual fiber size in each section, the
cross-sectional area wasmeasured by tracing the laminin stain-
ing using ImageJ analysis software (National Institutes of
Health).
Biochemical Analysis of DAPC Stability—Skeletalmuscle tis-

sues were homogenized in 10 volumes of digitonin buffer (50
mMTris-HCl, pH 7.5, 500mMNaCl, and 1% digitonin) contain-
ing a protease inhibitormixture (Roche Applied Science). After
centrifugation, the soluble fractions were incubated with a
wheat germ agglutinin (WGA)-agarose resin (Vector Laborato-
ries) for 2 h at 4 °C. Bound proteins were eluted with 1� Laem-
mli sample buffer and used forWestern blot analysis using anti-
bodies against dystrophin and �-DG. The intensity of each
band was quantified using ImageJ analysis software. Relative
levels of dystrophin in WGA eluates were normalized relative
to �-DG signals.
Laminin Overlay Assay—For the enrichment of �-DG from

skeletal muscle, the muscle lysates were prepared inMg2� lysis
buffer as described above for immunoprecipitation and incu-
bated withWGA-agarose resin (Vector Laboratories) for 2 h at
4 °C. The elutes from theWGA-agarose resinwere separated by
a NuPAGE 4–12% gradient BisTris gel (Invitrogen) and trans-
ferred to a nitrocellulose membrane (Invitrogen). To assess
laminin binding to �-DG, the nitrocellulose membranes were

blocked in laminin binding buffer (10 mM triethanolamine, pH
7.6, 140 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, and 5% nonfat
milk) and thenwere incubatedwith 1�g/ml Engelbreth-Holm-
Swarm laminin (BD Biosciences) in laminin binding buffer
overnight at 4 °C. Bound laminin was detected with polyclonal
laminin antibodies (Abcam) by chemiluminescence.
Real-time PCR Analysis—C2C12 myoblasts, myotubes, or

skeletal muscle were homogenized in a TRIzol reagent (Invit-
rogen) using a Polytron PT 2100 homogenizer (Kinematica
AG), and total RNA was extracted according to the manufac-
turer’s directions. cDNA was obtained by reverse transcription
of mRNA by using a SuperScript III first-strand synthesis sys-
tem (Invitrogen). Quantitative PCR was carried out on a
7900HT real-time thermocycler (ABI, Foster City, CA) using a
SYBR Green PCR master mix (ABI). The primers used were
specific formyocilin (forward, 5�-TACCCCTCTCAGGACAT-
GCT; reverse, 5�-GCCAGATGGATTTTCCTTCA), muscle-
specific RING finger protein 1 (MuRF-1; forward, 5�-TGAGG-
TGCCTACTTGCTCCT; reverse, 5�-TCACCTGGTGGCTA-
TTCTCC), atrogin-1 (forward, 5�-ATGCACACTGGTGCAG-
AGAG; reverse, 5�-TGTAAGCACACAGGCAGGTC), or
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; for-
ward, 5�-GTCTCCTGCGACTTCAAC; reverse, 5�-TCATTG-
TCATACCAGGAAATGAGC). GAPDH was used as an inter-
nal control.
Histological Analysis—Excised TA muscles were fixed in 4%

paraformaldehyde, embedded in paraffin, and sectioned at 10
�m. The prepared transverse sections were subjected to hema-
toxylin and eosin (H&E) or Masson trichrome staining, follow-
ing the standard protocols.
Statistics—Quantitative data are expressed as mean � S.E.

Statistical differences between two groups were determined by
two-tailed Student’s t test usingMicrosoft Excel 2007 software.
Values were considered significantly different if p was �0.05.

RESULTS

Myocilin Expression Is Up-regulated in Differentiating Mus-
cle Cells—Becausemyocilin is known to be expressed in skeletal
muscle (3, 19), we tested whether myocilin is expressed in the
mousemyoblast C2C12 cell line. The levels ofMyocmRNAand
myocilin protein were very low in myoblasts but were dramat-
ically increased in differentiating C2C12 cells forming myo-
tubes (Fig. 1, A and B). Similarly, myoblasts showed very low
myocilin and heavy myosin chain immunostaining, whereas
differentiated myotubes demonstrated a clear increase of
immunostaining for both proteins with an apparent correlation
between the level of differentiation and intensity of immuno-
staining (Fig. 1C). Inmyotubes,myocilin stainingwas dispersed
throughout the cytoplasm and was more intense at or near the
cell membrane. This pattern of staining is different from the
typical perinuclear staining pattern observed inmany cell types,
including trabecular meshwork cells.
This observation prompted us to check whether myocilin is

secreted from myotubes. Analysis of cell lysates and condi-
tioned medium demonstrated that myocilin is not efficiently
secreted frommyotubes. Other secretory proteins (e.g. pigment
epithelium-derived factor) were easily detected in the condi-
tioned medium (Fig. 1D), indicating that the general secretory
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pathway is intact in C2C12 myotubes. Altogether, these data
suggest that myocilin is an intracellular protein in muscle cells
and may interact with cytoplasmic proteins in these cells.
Myocilin Interacts with �1-Syntrophin, Cytoplasmic Compo-

nent of Dystrophin-associated Protein Complex, in Muscle
Tissues—To identify proteins interacting with myocilin, we
performed yeast two-hybrid screening using a human skeletal
muscle cDNA library and myocilin (positions 33–504) with its
signal peptide deleted as a bait (23). Among 24 selected positive
clones, one clone was identified by sequence analysis as a clone
containing partial �1-Syn sequence (GenBankTM accession
numberU40571; positions 308–505).�1-Syn is a component of
DAPC. Because it has been reported that another component of
DAPC, �-dystrobrevin, may interact with olfactomedin 1, a
protein related tomyocilin (24), we decided to study the poten-
tial interaction between myocilin and �1-Syn in more details.
To identify myocilin regions interacting with �1-Syn in yeast,
we used an �1-Syn prey construct and myocilin bait constructs
containing full-length myocilin, the N-terminal coiled-coil-
containing region (positions 33–245) and the C-terminal olfac-
tomedin domain-containing region (positions 246–504).
Growth on selective medium (�AHLT) indicates the presence
of an interaction between a bait and a prey. Full-lengthmyocilin
and the N-terminal region of myocilin constructs interacted
with �1-Syn, whereas the C-terminal myocilin construct did
not interact with �1-Syn in yeast (Fig. 2A).

DAPC complex consists of several cytoplasmic proteins, an
extracellular protein, and two transmembrane protein com-
plexes (25–27). Defects in the function and assembly of DAPC
may lead to muscular dystrophies that in many cases have cog-
nitive and neuropsychiatric components (25). Five different
syntrophins have been reported in mammals, and they were
named �1-, �1-, �2-, �1-, and �2-syntrophin (28). �1-Syn was
shown to be the predominant syntrophin type in skeletal and
cardiac muscles (29, 30), and its level dramatically increases in
differentiating C2C12myotubes (31). To confirm thatmyocilin
may interactwith syntrophins inmammalian cells in physiolog-
ical conditions, we performed co-immunoprecipitation exper-
iments using C2C12 myotubes and skeletal muscles. Antibod-
ies against myocilin immunoprecipitated syntrophins, and
antibody against pan-syntrophin immunoprecipitated myoci-
lin from lysates of C2C12myotubes and skeletalmuscles (Fig. 2,
B and C).
Intracellular localization of myocilin and �1-Syn confirmed

their possible interaction. In differentiated C2C12 myotubes,
myocilin immunostaining was preferentially observed at or
close to the cell membrane, where it overlapped with that for
�1-Syn (Fig. 3, top row). Weaker myocilin staining was also
dispersed over the cytoplasm, where it overlapped with that for
myosin heavy chain (Fig. 3, bottom row). On the basis of these
results, we concluded that myocilin can interact with a cyto-
plasmic DAPC-associated protein, �1-Syn, in skeletal muscles.

FIGURE 1. Myocilin expression in differentiating C2C12 cells. A, Western blot analysis of myocilin expression in undifferentiated myoblasts (day 0) and
differentiating myotubes (day 5). Equal amounts of lysates were probed with antibodies against myocilin (1:4000 dilution) and HSC70 (1:2000 dilution). B,
relative abundance of Myoc mRNA in mouse myoblasts (day 0) and myotubes (day 5) (n � 3 each) was evaluated on the basis of Ct values obtained by real-time
PCR. Normalization was performed using GAPDH mRNA. Error bars, S.E. **, p � 0.01. C, myoblasts (day 0) and myotubes (day 5) were stained with antibodies
against myosin heavy chain (MHC; 1:100 dilution) and myocilin (1:100 dilution) as described under “Experimental Procedures.” Scale bar, 100 �m. D, myocilin
is not efficiently secreted from myotubes. C2C12 myoblasts were differentiated for 5 days and maintained in serum-free medium for an additional 5 days. The
lysate and conditioned medium were probed with anti-myocilin antibodies (1:4000 dilution) and anti-pigment epithelium-derived factor antibodies (PEDF;
1:5000 dilution).
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Overexpression of Myocilin in Vivo Leads to Intracellular
Redistribution of DAPC Proteins—�1-Syn is a cytosolic adaptor
of DAPC involved in anchoring cell signaling molecules to the
plasma membrane and in DAPC-mediated cell signaling (32).
Myocilin interaction with the �1-Syn suggests that myocilin
may play a role in the assembly and signaling through DAPC.
To test this hypothesis, we analyzed the components of DAPC
in the skeletal muscles of myocilin-overexpressing transgenic

mice and wild-type mice. The transgenic mice were previously
produced using bacterial artificial chromosome DNA contain-
ing the full-length mouse Myoc gene and long flanking
sequences (33). Control experiments showed that the myocilin
levels increased in the skeletal muscles between 2 and 12
months of age and declined in 24-month-oldmice (supplemen-
tal Fig. 1).Most of the subsequent experiments were performed
withmales thatwere between 7 and 9months old. Similar to the

FIGURE 2. Interaction of myocilin and �1-syntrophin in yeast and mammalian cells. A, yeasts co-expressing �1-Syn and the indicated myocilin fusion
proteins were spotted on �LT medium to confirm mating and on �AHLT medium to confirm protein-protein interactions between bait and prey proteins. B
and C, lysates of C2C12 myotubes (B) or skeletal muscles (C) were immunoprecipitated with antibodies against myocilin or pan-syntrophin. Immunoprecipi-
tates were collected, separated by SDS-PAGE, and then probed with HRP-conjugated pan-syntrophin antibodies or myocilin antibodies. Rabbit or mouse IgG
was used as a control. Input lanes contained 5% of lysates used for immunoprecipitation. aa, amino acids; IP, immunoprecipitation; IB, immunoblot.

FIGURE 3. Co-localization of myocilin and �1-syntrophin at the membrane of C2C12 myotubes. C2C12 myotubes were stained with antibodies against
�1-Syn and myocilin (top row) or myosin heavy chain (MHC) and myocilin (bottom row). The inset in the bottom right corner of each image shows the higher
magnification for the area surrounded by the dotted line. The yellow color in merged panels represents co-localization. Scale bar, 20 �m; scale bar in inset, 10 �m.
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eye angle tissues, both myocilin mRNA and protein levels were
15-fold higher in skeletal muscles of adult transgenic mice as
compared with wild-type littermates as judged by real-time
PCR (not shown) and Western blotting (Fig. 4A). Immuno-
staining of skeletal muscle sections also showed a dramatic
increase in the intensity of myocilin staining in the skeletal
muscle of transgenic mice versus wild-type littermates. Myoci-
lin signals were very low in the muscle of wild-type mice, but
they were clearly detected around the sarcolemma and sarco-
plasm of the transgenic line (Fig. 4B). Double immunostaining
for myocilin and syntrophin revealed their co-localization at
the sarcolemmaof skeletalmuscle of adult transgenicmice (Fig.
4C). These staining results are compatible with those of the
differentiated myotubes shown in Fig. 3.
The levels of �1-Syn were similar in the skeletal muscles of

wild-type and transgenic mice as judged by Western blotting
(Fig. 4A). However, �1-Syn was redistributed in the muscles of
transgenic mice compared with wild-type mice and was associ-
ated mainly with the sarcolemma (Fig. 4D), where it was co-lo-
calized with myocilin (Fig. 4C). Higher magnification images

clearly showed that �1-Syn concentration was higher at the
sarcolemma of transgenic mouse compared with wild-type lit-
termates (Fig. 4D). Next, we compared the levels of different
protein components of DAPC in the skeletal muscles of wild-
type and transgenic animals after lysis of muscle tissues in a
buffer containing 15% SDS. The levels of all tested DAPC com-
ponents appeared to be similar in the muscles of 8-month-old
transgenic and wild-type animals. However, the quantification
showed a minor elevation of dystrophin level in the muscles of
transgenic animals compared with wild-type littermates (Fig.
5A).
Myocilin could be precipitated from lysates of muscle tissues

with antibodies against dystrophin (Fig. 5B) or �-DG (not
shown). When mild lysis conditions were used (1% Igepal
CA-630-containing buffer), similar levels of dystrophin were
detected in the input and precipitated lanes of wild-type and
transgenic muscles (Fig. 5B). However, significantly higher
amounts ofmyocilin, �1-Syn, and nNOSwere immunoprecipi-
tated with dystrophin from transgenic as compared with wild-
type muscle tissues (Fig. 5B). Analysis of skeletal muscles of

FIGURE 4. Overexpression of myocilin in vivo induces relocalization of �1-syntrophin. A, total muscle lysates were prepared from 8-month-old wild-type
and transgenic (Tg) mice. Equal amounts of muscle lysates were probed with antibodies against myocilin (1:4000 dilution), �1-Syn (1:2000 dilution), and HSC70
(1:2000 dilution). B, myocilin immunofluorescence was performed using 10 �M frozen sections of the TA muscles from 8-month-old wild-type and transgenic
mice. C, frozen sections of TA muscle from transgenic mice was double-stained with antibodies against myocilin and �1-Syn. The merged green and red signals
indicate their co-localization at the sarcolemma. D, �1-Syn immunofluorescence was performed on frozen cross-sections as in B. Higher magnification of the
areas surrounded by dotted lines is shown to the right. Scale bar, 100 �m; scale bar in right-hand raw images in D, 20 �m.
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myocilin null mice demonstrated that the absence of myocilin
led to a moderate reduction in the amount of syntrophin asso-
ciated with dystrophin compared with wild-type littermates
(supplemental Fig. 2). These results suggested that association
of myocilin with DAPC may lead to a redistribution of some
DAPC-associated proteins.
Published data indicated that the syntrophin-dystrobrevin

complex serves as a linker between dystrophin andmembrane-
spanning complex and is important for DAPC stability (34, 35).
Because elevated levels of myocilin increased the association of
�1-Syn with dystrophin (Fig. 5B), we hypothesized that this
may increase the association of dystrophin with transmem-
brane proteins and contribute to the stabilization of the DAPC.
To prove this hypothesis, we compared the biochemical stabil-
ity of dystrophin-dystroglycan interaction using a technique
described previously (35). We assessed the levels of dystrophin
in the WGA glycoprotein-enriched elutes containing a high
concentration of dystroglycans and their associated proteins.
The dystrophin level was increased by 2.5-fold in the WGA
elutes of transgenicmouse skeletalmuscle comparedwithwild-
type littermates (Fig. 5, C and D). Increased stability of DAPC
may increase the level of functional �-DG at the sarcolemma.
To test the level of functional �-DG, we used the IIH6 antibody
that recognizes the functional glycan epitope of �-DG that is
necessary for laminin binding. The level of the active form of
�-DGwasmarkedly increased in themuscle of transgenic mice
as compared with wild-type littermates (Fig. 5E). A significant

increase of laminin-�-DG binding was also observed in the
muscle of transgenicmice compared with wild-type littermates
using a laminin overlay assay (Fig. 5E). Increased binding of
laminin to �-DG may stimulate laminin-regulated signaling
pathways.
Changes of Muscle Atrophy and Hypertrophy Pathways in

Myocilin-transgenic Mice—Previous studies have shown that
binding of laminin to the �-DG receptor can activate Akt sig-
naling (36, 37). Phospho-Akt was clearly increased in C2C12
myotubes growing on laminin-coated plates compared with
non-coated plates, suggesting that laminin-stimulated activa-
tion of Akt signaling occurs in myotubes (Fig. 6A). A high level
of myocilin increased laminin-�-DG binding in the muscle of
transgenic mice (Fig. 5E); this could also activate Akt signaling
inmyocilin-richmuscle. Akt is a pivotalmolecule thatmediates
muscle hypertrophy and inhibits muscle atrophy (38). FoxO3a
is a transcription factor that can be phosphorylated by Akt (39,
40). In the case ofmuscle atrophy, FoxO3a is dephosphorylated
and transported into the nucleus to up-regulate atrophy-re-
lated genes (40). It has also been reported that FoxO3a may be
activated by nitric oxide that is produced by nNOS dislocated
from DAPC (41). Above, we showed that although the total
levels of nNOSwere similar, the levels of dystrophin-associated
nNOSwere clearly increased in themuscle tissues of transgenic
as compared with wild-type mice, implying that levels of disso-
ciated nNOS were reduced (Fig. 5, A and B). In addition, the
levels of phospho-Akt and phospho-FoxO3a were increased by

FIGURE 5. Overexpression of myocilin in vivo induces relocalization of DAPC components to dystrophin and the binding of �-DG to laminin. A, total
muscle lysates prepared from 8-month-old wild-type and transgenic (Tg) mice were probed with antibodies against dystrophin (1:20 dilution), �-dystrobrevin
(1:1000 dilution), �-DG (1:1000 dilution), nNOS (1:1000 dilution), and HSC70 (1:2000 dilution). Density ratios were calculated from two independent experi-
ments using the ImageJ program. B, the indicated muscle lysates were immunoprecipitated with antibodies against dystrophin. Immunoprecipitates were
probed with antibodies against dystrophin (1:20 dilution), myocilin (1:4000 dilution), �1-Syn (1:4000 dilution), and nNOS (1:1000 dilution). C, WGA elutes from
digitonin-solubilized muscle lysates were probed with antibodies against dystrophin (1:20 dilution) and �-DG (1:1000 dilution). D, quantification of the results
shown in C. Levels of dystrophin were normalized relative to �-DG levels from three independent experiments using the ImageJ program. Error bars, S.E. **, p �
0.01. E, WGA elutes were probed with �-DG (IIH6; 1:500 dilution) and further analyzed by a laminin overlay assay.
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3.2- and 3.5-fold, respectively, in the muscles of 8-month-old
transgenic mice as compared with wild-type animals (Fig. 6B).
We concluded that both increased Akt activity and reduced
levels of dissociated nNOS could contribute to increased levels
of phosphorylated FoxO in the muscles of transgenic mice.
FoxO3a induces expression of the ubiquitin ligases MuRF-1
and atrogin-1 (42). Their up-regulation can promote muscle
cell degradation through the ubiquitin proteasome pathway
during the muscle atrophy process (43). The levels of MuRF-1
and atrogin-1were decreased by 79 and 88%, respectively, in the
muscles of transgenic mice compared with wild-type animals
(Fig. 6C). We concluded that down-regulation of MuRF-1 and
atrogin-1 may contribute to the prevention of muscle atrophy
in the transgenic mice. Additionally, Akt can control the skele-
tal muscle hypertrophy pathway by regulating mTOR pathway
and its downstream target p70S6K (44). The phospho-mTOR
and p70S6K were increased in the muscle of transgenic mice
compared with wild-type littermates (Fig. 6D). Decreased lev-
els of phospho-Akt were observed in the muscle of myocilin
null mice (supplemental Fig. 2), supporting the idea that
myocilin may be involved in the regulation of Akt signaling.
Muscular atrophy and hypertrophy signaling pathways are
tightly regulated, and the changes in these pathways can
change the size of skeletal muscles (38). We hypothesized
that myocilin may be involved in the regulation of fiber size
of skeletal muscle through the hypertrophy and atrophy sig-
naling pathways.

Overexpression of Myocilin Leads to Muscle Hypertrophy in
Transgenic Mice—Examination of the skeletal muscles of wild-
type and transgenic mice after skin removal demonstrated
increased skeletal muscle mass in the legs of transgenic mice
compared with those of control mice (Fig. 7A). To quantify this
observation, we dissected and weighed one of the largest and
prominentmuscles of the hind limb, the gastrocnemiusmuscle.
The average weight of the gastrocnemius muscle increased
more than 40% in transgenic mice compared with that of wild-
type littermates (Fig. 7B). To determinewhether the increase in
skeletalmusclemass of transgenicmice resulted frommuscular
hypertrophy, we stained the cross-sections of TAmuscles with
H&E andMasson’s trichrome (Fig. 7C). Muscle fibers of trans-
genicmice had a normal polygonal shape and peripheral nuclei,
although the cross-sectional areas of entire fibers appeared to
be enlarged compared with that of wild-type mice. No patho-
logical alterations, such as central nuclei, excessive fibrous tis-
sues, and rounded fibers, were observed in themuscles of trans-
genic mice (Fig. 7C). The enlargement of muscle fibers in
transgenic mice most probably is not due to the pseudohyper-
trophicmuscular dystrophy. Staining with the antibody against
laminin, a major component of the basal lamina surrounding
muscle fibers (45), clearly showed the boundaries of muscle
fibers. Analysis of the stained cross-sections also revealed that
the muscle fiber size of transgenic mice was increased com-
pared with that of wild-type mice (Fig. 7D). The ratio of small
fibers with a size of �2000 �m2 was remarkably decreased,
whereas the ratio of large size fibers (�2000 �m2) was
increased in transgenic mice as compared with wild-type mice
(Fig. 7E). The average size of the fibers was increased by 36.4%
in transgenic mice compared with control mice (Fig. 7F).
Although we did not carefully examine the fiber size of other
muscles beyond TA muscle, we found that similar levels of
myocilin and phospho-Akt were present in three different hind
limbmuscles, TA, gastrocnemius, and quadricepmuscles (sup-
plemental Fig. 3). These results suggest thatmyocilinmay work
similarly in various parts of skeletal muscles. We concluded
that overexpression of myocilin in skeletal muscles leads to
muscle fiber hypertrophy, and this may contribute to the
increase in skeletal muscle mass of transgenic mice as com-
pared with wild-type mice.

DISCUSSION

Glaucoma-causing mutations in the MYOC gene were first
identifiedmore than 10 years ago (8, 10). Since then, the poten-
tial for myocilin to be used as a molecular tool to study glau-
coma has stimulated active investigation into the function(s) of
myocilin protein. However, despite these efforts, the role of
myocilin in ocular and non-ocular tissues remains elusive.
There is a growing number of cases showing that mutations in
interacting proteins may produce similar phenotypes and that
protein-protein interactions may be used to identify new can-
didate genes for diseases (46). Therefore, multiple attempts
have beenmade to identify proteins that interact with myocilin
and several candidate proteins belonging to different functional
classes (extracellular matrix, cytoskeleton, cell signaling and
metabolism, and membrane proteins) have been identified (5,
6, 23, 47). In many cases, interaction of myocilin with other

FIGURE 6. Changes in muscle hypertrophy and atrophy signaling path-
ways in myocilin expressing transgenic mouse. A, total lysates from C2C12
myotubes differentiated on the plates with or without laminin were probed
with antibodies against phospho-AKT1 (P-AKT1; 1:1000 dilution) and total
AKT1 (1:2000 dilution). B, total muscle lysates were prepared from 8-month-
old wild-type and transgenic (Tg) mice. Equivalent amounts of muscle lysates
were separated by SDS-PAGE and then probed with antibodies against phos-
pho-AKT1 (1:1000 dilution), total AKT1 (1:2000 dilution), phospho-FoxO3a
(1:1000 dilution), FoxO3a (1:1000 dilution), and HSC70 (1:2000 dilution). C,
mRNA levels of MuRF-1 and atrogin-1 in the muscles of 8-month-old wild-
type and transgenic mice (n � 3) were quantified by real-time PCR. Error bars,
S.E. *, p � 0.05; **, p � 0.01. D, total muscle lysates as in B were probed with
antibodies against phospho-mTOR (P-mTOR; 1:500 dilution), total mTOR
(1:500 dilution), phospho-p70S6K (1:500 dilution), and HSC70 (1:2000
dilution).
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proteins could not be confirmed by independent techniques
(47), and continuing work should be undertaken to confirm the
specificity of these interactions. Using independent techniques,
including a yeast two-hybrid assay and co-immunoprecipita-
tion fromcultured cells and native tissues, we demonstrate here
thatmyocilin interacts with �1-Syn. Our preliminary data indi-
cate that in other tissues,myocilinmay also interactwith�-syn-
trophin.3 At first glance, an interaction between secretory
(myocilin) and cytoplasmic (syntrophin) proteins seems
unusual. However, accumulating evidence demonstrates that
many signal peptide-containing proteins may have distinct
functions outside of the secretory pathway. For example, endo-
plasmic reticulum-resident protein calreticulin was identified
as a binding protein to the cytoplasmic �-subunits of integrin

receptors (48), the DNA-binding domain of a nuclear receptor
(49), and p21 mRNA (50) through independent studies. Alter-
native cellular localizations would provide functional diversity
from a single protein through the interaction with different
molecules that are present at the different cellular compart-
ments. Data presented here suggest that myocilin is not
secreted frommuscle cells. The absence ofmyocilin secretion is
not a unique property of muscle cells; myocilin is also not
secreted from trabecular meshwork cells growing in culture in
the presence of different concentrations of serum (51) and the
human breast adenocarcinoma MCF7 cell line (52). NIH3T3
cells transfected with myocilin constructs do not secret myoci-
lin, whereas transfected HEK293 and COS7 cells efficiently
secret myocilin in the same conditions (14). Published results
indicate that suppression of myocilin secretion does not dra-
matically affect general secretion in vivo and in vitro (14, 52, 53).3 M. K. Joe and S. I. Tomarev, unpublished observations.

FIGURE 7. Increased skeletal muscle mass in myocilin-expressing transgenic mice compared with wild-type mice. A, increased skeletal muscle mass in
legs of transgenic (Tg) mice compared with that of control mice. B, increased weight of dissected gastrocnemius muscles in transgenic mice. C, H&E and
Masson’s trichrome staining of TA muscle cross-sections (10 �m). Scale bar, 100 �m. D, laminin immunofluorescence of frozen cross-sections (10 �m) of TA
muscles from 8-month-old wild-type and transgenic littermates; scale bar, 100 �m. E, cross-sectional area of muscle fibers stained with laminin in D was
measured using ImageJ (National Institutes of Health). Size distribution of fibers was plotted as a percentage of total fiber number. F, average fiber size was
determined from five independent pairs of mice according to the same analysis as in E. Error bars, S.E. **, p � 0.01.
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Myocilin may have a distinct function in the cytoplasm that is
different from its functions in the extracellular space.
Syntrophins share a similar domain organization and func-

tional conservation among the isotypes. The syntrophins inter-
act with various components of the DAPC and bind to the
C-terminal region of dystrophin (26, 28, 30). �1-Syn is a cyto-
plasmic component of the DAPC that serves as a scaffolding
adapter. The PDZ domain of �1-Syn binds to several mem-
brane proteins, including nNOS, sodium channels, kinases, and
aquaporin 4 (25, 26). The PDZdomain of�1-Synmost probably
is not essential for interactions with myocilin because this
domain was absent in the yeast clone identified by an yeast
two-hybrid screen and because myocilin and the C-terminal
region of �1-Syn without the PDZ domain were co-localized
well in mammalian cells transfected with corresponding con-
structs.3 The N-terminal domain of myocilin (without the
olfactomedin domain) is essential for interaction with �1-Syn
(Fig. 2).
It has been shown that expression of �1-Syn and its binding

to the components of DAPC may be modified in myofibers
from patients with common forms of muscle dystrophies (54,
55). It has been suggested that changes in the recruitment of
�1-Syn to the sarcolemmamight lead to a disturbance of intra-
cellular signaling and affect muscle function (55). Overexpres-
sion of myocilin in the muscles of transgenic mice also led to a
redistribution of some DAPC-associated proteins, including
syntrophin, and may have affected intracellular signaling.
Oppositely, the absence ofmyocilin led to amoderate reduction
in the amount of syntrophin associated with dystrophin and
reduced levels of phospho-Akt in the muscle of myocilin null
mice compared with wild-type littermates.
We demonstrated that overexpression ofmyocilin in skeletal

muscles led to muscle hypertrophy. Skeletal muscle hypertro-
phy results from an increase in the diameter of muscle fibers
that are formed after the differentiation and fusion of myoblast
precursors. Several signaling pathways have been implicated in
muscle hypertrophy, including the insulin-like growth factor
1/phosphoinositide/Akt signaling pathway, which contributes
to regulation of skeletal muscle fiber size (56). Activation of this
cascade keeps the FoxO3 transcription factor in an inactive
(phosphorylated) state and sequesters FoxO3 in the cytosol
(40). Activation of FoxO3 stimulates transcription of a number
of genes, including atrophy-linked ubiquitin ligases astrogin-1
and MuRF-1 (40). Recent data demonstrate that transcription
factor JunB is important for the maintenance of adult muscle
size and can induce rapid hypertrophy and block atrophy (57).
However, although JunB blocks FoxO3 binding to atrogin-1
andMuRF-1 promoters, it induces hypertrophy independently
of the Akt signaling pathway (57). We found that myocilin-
induced muscle hypertrophy involves activation of the Akt sig-
naling pathway and in this respect ismore similar to insulin-like
growth factor-1-induced skeletal myotube hypertrophy (56).
Extracellular myocilin may serve as a modulator ofWnt signal-
ing (22) and possess an ability to activate the integrin-FAK-
PI3K-Akt signaling pathway (58). Because myocilin is not
secreted frommuscle cells, we believe that activation of the Akt
signaling pathway in transgenic mice occurs mainly through
the action of intracellularmyocilin. One function of DAPC is to

provide a connection between extracellular matrix and intra-
cellular signaling. An elevated level of DAPC-associated myo-
cilin leads to a redistribution of DAPC components that may
stabilize DAPC and lead to enhanced binding of extracellular
ligands, such as laminin, to DAPC (see Fig. 5). This in turn leads
to the activation of Akt and phosphorylation of FoxO3a. Extra-
cellular myocilin probably does not play a prominent role in
skeletal muscles, although we cannot completely exclude par-
ticipation of extracellular myocilin in the observed effects.
The mean cross-section area of muscle fibers was increased

by 36% in myocilin transgenic mice compared with their wild-
type littermates (Fig. 7D). This number is similar to that
observed for mouse muscle fibers overexpressing JunB for 9
days (about 40% increase) (57). It has been suggested that the
JunB increase can causemarked hypertrophy and can block the
rapid loss of musclemass in bed-ridden patients (57). Although
more research is necessary, we speculate that increasing myo-
cilin levels in skeletalmusclemay also be considered as a poten-
tial new therapeutic approach to combat themuscle loss during
certain diseases or in the elderly. Although myocilin was dis-
covered as a gene that is up-regulated in the trabecular mesh-
work as a result of glucocorticoid treatment, myocilin was not
identified among genes induced in skeletal muscles by the dex-
amethasone treatment (59–61). In skeletalmuscles, dexameth-
asone treatment changed the expression pattern of hundreds of
genes and could cause muscle atrophy (see Refs. 62 and 63 for
recent reviews). In transgenic mice, myocilin overexpression is
due to the increased copy number of theMyoc gene. Up-regu-
lation of myocilin in the absence of glucocorticoid increase
leads to changes that are opposite to those observed after glu-
cocorticoid treatment at both molecular (down-regulation of
MuRF1 and astrogin-1 versus their up-regulation) and tissue
levels (muscle hypertrophy versus atrophy).
Experiments reported in this paper were performed using

skeletal muscles because of the relative abundance of biological
material for biochemical testing.Myocilin is highly expressed in
the tissues of the eye angle, including the trabecular meshwork,
sclera, iris, and ciliary muscle (5, 64). The state of ciliary muscle
and its contractility are important for the architecture of the
conventional trabecular meshwork outflow pathway and
unconventional uveoscleral outflow pathway (65, 66). Modula-
tions of these outflow pathwaysmay lead to changes in intraoc-
ular pressure.
In summary, myocilin interacts with �1-Syn and co-immu-

noprecipitates with several DAPC components, including dys-
trophin and dystroglycan. Overexpression of myocilin in trans-
genicmice leads to redistribution of several DAPC components
and increased phosphorylation ofAkt, a key regulator ofmuscle
size. Accordingly, muscle size was increased in transgenic mice
compared with wild-type mice. We suggest that myocilin is a
regulator of muscle hypertrophy/atrophy pathways and that
the stabilization of DAPC and increased interaction with
lamininmay contribute to this regulation. Future studieswill be
aimed at elucidating the roles of myocilin and DAPC in the eye
drainage structures to determine how the elevated levels of
myocilin may change the DAPC complex in these structures
and whether overexpression of myocilin affects contractility of
the ciliary muscle.
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