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It is well documented that mutations in the MYOCILIN gene may lead to juvenile- and adult-onset primary
open-angle glaucoma. However, the functions of wild-type myocilin are still not well understood. To study the
functions of human myocilin and its two proteolytic fragments, these proteins were expressed in HEK293 cells.
Conditioned medium from myocilin-expressing cells, as well as purified myocilin, induced the formation of
stress fibers in primary cultures of human trabecular meshwork or NIH 3T3 cells. Stress fiber-inducing activity
of myocilin was blocked by antibodies against myocilin, as well as secreted inhibitors of Wnt signaling, secreted
Frizzled-related protein 1 (sFRP1) or sFRP3, and �-catenin small interfering RNA. Interaction of myocilin
with sFRP1, sFRP3, and several Frizzled receptors was confirmed by immunoprecipitation experiments and by
binding of myocilin to the surface of cells expressing cysteine-rich domains of different Frizzled and
sFRPs. Treatment of NIH 3T3 cells with myocilin and its fragments induced intracellular redistribution
of �-catenin and its accumulation on the cellular membrane but did not induce nuclear accumulation of
�-catenin. Overexpression of myocilin in the eye angle tissues of transgenic mice stimulated accumulation
of �-catenin in these tissues. Myocilin and Wnt proteins may perform redundant functions in the
mammalian eye, since myocilin modulates Wnt signaling by interacting with components of this signaling
pathway.

Glaucoma is a leading cause of blindness in the world. Pri-
mary open-angle glaucoma is the most common form of glau-
coma. It will affect more than 60 million and blind about 4.5
million people worldwide by the year 2010 (62). It is now well
established that a genetic component may contribute to
glaucoma, and several glaucoma-associated genes have been
identified. The first-identified and the most-studied gene is
MYOCILIN (MYOC), which is highly expressed in and secreted
by the trabecular meshwork (1, 19, 72, 75, 77, 78), one of the
key components of the eye aqueous humor outflow system.
Dominant mutations in MYOC may lead to juvenile open-
angle glaucoma and are found in 3 to 4% of patients with
primary open-angle glaucoma (18, 19). The encoded protein,
myocilin, belongs to a family of glycosylated proteins containing a
C-terminal olfactomedin domain (57, 90, 91). Olfactomedin do-
main was originally identified in a glycoprotein isolated from the
olfactory epithelium of frogs (71) and subsequently was found in
a group of proteins forming a family of olfactomedin domain-
containing proteins. The family of olfactomedin domain-contain-
ing proteins includes both secreted and membrane-bound pro-
teins that each exhibit a characteristic distribution in different
tissues (4, 10, 27, 30, 44, 51, 58, 78, 79). Most of the glaucoma-
causing mutations in myocilin are located in the olfactomedin
domain (1, 2, 18, 19, 24, 72).

Besides the trabecular meshwork and sclera (1, 77), high
levels of MYOC were observed in the ciliary body (1, 13, 39),

iris (89), retinal pigment epithelium/choroid (78, 88), and optic
nerve (74). Low levels of MYOC expression were detected in
several nonocular tissues (75). Myocilin, being a secreted pro-
tein, was also found in the aqueous humor, an intraocular fluid
responsible for the supply of nutrients and for removal of
metabolites from the avascular tissues of the eye anterior seg-
ment (63, 65). Some mutations in the MYOC gene lead to the
inhibition of mutated myocilin secretion. Secretion of wild-
type myocilin also can be reduced or blocked in the presence of
mutated myocilin (22, 36, 52). It has been suggested that the
intracellular accumulation of myocilin aggregates is deleteri-
ous to the trabecular meshwork cells, resulting in the deterio-
ration of their function and subsequent elevation of intraocular
pressure (IOP) (38, 49).

Although the MYOC gene has been studied for more than 10
years, the functions of myocilin protein are still not well un-
derstood (19, 75). Biochemical data indicate that myocilin may
interact with several intracellular and extracellular matrix pro-
teins (16, 37, 48, 61, 73, 78), although the biological signifi-
cance of such interactions is not clear. The absence of open-
angle glaucoma in an elderly woman homozygous for the
Arg46Stop mutation (45), as well as the absence of glaucoma
in people hemizygous for MYOC (87), suggests that the loss of
functional myocilin is not critical for the development of glau-
coma or for normal eye functioning. These observations are
supported by data in mice with targeted disruption of the Myoc
gene. Mice heterozygous and homozygous for a targeted null
mutation in Myoc do not have a detectable eye phenotype (42).
A 15-fold increase in the levels of normal myocilin in the eyes
of transgenic mice also does not lead to the elevation of IOP or
glaucoma (26). A glaucoma phenotype appears to be depen-
dent upon expression of mutated myocilin protein in the eye
tissues.
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In the present study we describe a possible mechanism of
myocilin action that may explain many of the previous exper-
imental observations. We demonstrate that myocilin can inter-
act with several Wnt receptors in the Frizzled (Fzd) family, as
well as Wnt antagonists in the secreted Frizzled-related protein
(sFRP) family and Wnt inhibitory factor 1 (WIF-1). Our data
indicate that myocilin modulates the organization of actin cy-
toskeleton, stimulating the formation of stress fibers through
components of Wnt signaling pathways. The organization of
actin cytoskeleton is critical for the contractility of the trabec-
ular meshwork and the regulation of IOP. Our data suggest
that the absence of a glaucoma phenotype resulting from a
myocilin null mutation in the eye may be explained by the
compensatory action of Wnt proteins.

MATERIALS AND METHODS

Reagents and DNA constructs. Recombinant sFRP-1 was purified as previ-
ously described (81). Hemagglutinin (HA)-tagged Fzd1, Fzd5, Fzd7, and Fzd10
constructs were generated by subcloning the pertinent open reading frames into
pcDNA3.1, using cDNA constructs obtained from the laboratories of Xi He,
Jeremy Nathans, and Randall Moon. Fzd5/pcDNA3.1, with an engineered opti-
mal Kozak sequence and an HA tag immediately downstream from the Fzd5
signal peptide sequence, served as the backbone plasmid. Additional Fzd con-
structs were created by excising the Fzd5 sequence downstream from the HA tag
and replacing it with the Fzd1, Fzd7, or Fzd10 open reading frame beginning
after the sequence encoding its signal peptide. Fifteen fusion constructs (10
Frizzled and 5 sFRP) containing cysteine-rich domain (CRD), a Myc epitope,
and the COOH-terminal glycosylphosphatidylinositol (GPI)-anchoring pep-
tide from decay activating factor were described (70) and kindly provided by
J. Nathans (Johns Hopkins University). Human myocilin, myocilin-�C and
myocilin-�N were cloned into the pCS2-FLAG vector. Myocilin-�C and
myocilin-�N fragments were amplified by PCR using pCS2-myocilin-FLAG
plasmid DNA (52) as a template. Primers GGCGGATCCTCTGCAATGAG
GTTCTTCTGT and CCATCGATGGTCGGGAAGCAGGAACTTC were
used for amplification of myocilin-�C fragment. Two amplification steps were
used to amplify myocilin-�N fragment: oligonucleotides GTGTGGGATGT
GGGGGCCATTTTGAAGGAGAGC and CCATCGATGGCATCTTGGA
GAGCTT were use for the first step, and oligonucleotides GGCGGATCCT
CTGCAATGAGGTTCTTCTGT and GCTCTCCTTCAAAATGGCCCCCA
CATCCCACAC were used for the second step. Purified fragments were
digested with BamHI and ClaI and ligated into the pCS2-FLAG vector. The
pAPtag-2 vector (GenHunter Cor, Nashville, TN) was used to produce myo-
cilin-alkaline phosphatase (AP) fusion construct. The primers CCAAGCTT
TCTGCAATGAGGTTCTTCTGTGCA and CCAGATCTCATCTTGGAGA
GCTT were used for amplification. Purified fragment was digested with
HindIII/BglII and ligated into the pAPtag-2 vector. The WIF-1-immunoglob-
ulin G (IgG) and WD-IgG constructs (33) were provided by J.-C. Hsieh (State
University of New York at Stony Brook). The identity of all constructs was
confirmed by sequencing.

Myocilin purification. HEK293 cells were transiently transfected with FLAG-
tagged myocilin constructs and incubated as described above. Serum-containing
medium was replaced by serum-free medium after transfection, and cells were
incubated for 48 h. Conditioned medium (CM) was collected and myocilin-
FLAG proteins were purified using anti-FLAG M2 agarose beads according to
the manufacturer’s instructions (Sigma, St. Louis, MO). For some experiments,
myocilin was further purified by ion-exchange chromatography using HiTrap-SP
FF 1-ml columns (GE Healthcare). The purity of the purified proteins was
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE).

Transfection and preparation of conditioned media. HEK293, NIH 3T3, L,
and Wnt3a-expressing L cells were maintained in Dulbecco modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum, glutamine (2
mM), penicillin (100 U/ml), streptomycin (100 �g/ml), and G418 (0.4 �g/ml).
Trabecular meshwork primary cell lines were cultivated as described previously
(80) and were kindly provided by Paul Russell (University of Wisconsin). Trans-
fections were performed with Lipofectamine 2000 (Invitrogen, Carlsbad, CA)
according to the manufacturer’s protocol, using 1 �g of DNA/well in a six-well
plate (2 � 105 cells/well). At 48 h after transfection, serum-containing DMEM
incubation medium was removed, and cells were washed three times with phos-

phate-buffered saline (PBS) and incubated in serum-free medium for additional
24 h. CM was collected and used directly or frozen at �80°C. Myocilin-depleted
CM was prepared by incubation of CM from myocilin-transfected HEK293 cells
or Wnt3a-expressing L-cells with monoclonal antibodies to human myocilin (10
�g/ml) for 60 min at room temperature. In some experiments, CM was prein-
cubated with 10 �g of sFRP1 or sFRP3 (R&D Systems, Minneapolis, MN)/ml for
1 h at 37°C before addition to NIH 3T3 cells.

Immunofluorescence. NIH 3T3 cells were seeded on the two-well glass cham-
ber slides (Nalge Nunc) in complete DMEM. The medium was removed 4 to 6 h
after plating, and cells were washed two to three times with PBS. Cells were
incubated with purified myocilin proteins or different CM for 4 h and then fixed
with freshly made 3.7% formaldehyde for 10 min at room temperature and
permeabilized with 0.1% Triton X-100 in PBS for 5 min. After blocking with 5%
of bovine serum albumin (BSA) in PBS at room temperature for 1 h, cells were
incubated with rhodamine-phalloidin (Molecular Probes, Eugene, OR) at room
temperature for 30 min. An Axioplan-2 fluorescence microscope and an Axio
camera (Carl Zeiss MicroImaging, Inc.) were used to detect fluorescence. The
images were processed with Adobe Photoshop Elements 2.0 (Adobe, Inc.). For
quantification of myocilin-induced stress fiber formation, a baseline of 10 stress
fibers per cell was used. Cells containing more than 10 stress fibers were scored
as cells with upregulated stress fiber formation. Quantification was performed by
two independent observers, yielding similar results. To suppress �-catenin syn-
thesis, cells were transfected with increasing amounts (10 to 80 nM) of �-catenin
small interfering RNA (siRNA; 5�-GGCCUGGUUUGAUACUGACCUGUA
A-3�) or control siRNA (both from Invitrogen) as described above. �-Catenin
labeling was performed with monoclonal �-catenin antibody (1:100; BD Bio-
sciences) and revealed with secondary TRITC (tetramethyl rhodamine isothio-
cyanate) anti-mouse antibody (1:200; Jackson Immunoresearch Laboratories,
Inc., West Grove, PA). Mice were anesthetized with a mixture of ketamine (100
mg/kg) and xylazine (10 mg/kg), and the eyes were fixed in 4% paraformaldehyde
in 0.1 M PBS (pH 7.4) at 4°C for 24 h before being processed for paraffin
embedding. Deparaffinized 6-�m sections were then incubated with primary
antibodies for 1 to 2 h at room temperature or overnight at 4°C. Rabbit anti-
serum against mouse myocilin (52) was affinity purified and used for immuno-
staining. Signal visualization was performed by incubating sections for 1 h at
room temperature with an appropriate secondary antibody conjugated to Cy3 or
Alexa 488 fluorophores (1:200; Molecular Probes) diluted in PBS containing
0.5% Triton X-100 and DAPI (4�,6�-diamidino-2-phenylindole; Molecular
Probes) for counterstaining.

Western blotting. Lysates from dissected sclera or drainage structures were
separated by 4 to 12% gradient NU-PAGE (Invitrogen). Ten micrograms of each
extract was loaded into each well. After separation and transfer to a polyvinyli-
dene difluoride membrane, the blots were incubated with a rabbit polyclonal
antibody against Myoc at 1:2,000 dilution or with monoclonal antibodies against
�-catenin (BD Bioscience, CA) at a 1: 2,000 dilution. Detection was made by
using a SuperSignal WestDura (Pierce, Rockford, IL). The amounts of loaded
protein were determined by using immunoblotting for an internal control pro-
tein, HSC70 (Santa Cruz). For digital quantification, membranes were scanned
by using Typhoon 9410 variable mode image (Amersham Pharmacia Biotech,
Piscataway, NJ) and analyzed using Image Scion alpha 4.0.3.2 (Scion Cor, Fre-
derick, MD). All experiments were repeated at least two times.

Binding to cell surface CRD-Myc-GPI. These experiments were performed
according to the described procedure (70). In brief, the CRD-Myc-GPI con-
structs were transiently transfected into HEK293 cells. Two days after transfec-
tion, the coverslips were incubated in fresh growth medium lacking bicarbonate
and containing myocilin-AP CM or AP-3Myc-Norrin CM (diluted 1:5). After
gentle rocking at 4°C for 2 h, the coverslips were washed four times with PBS
supplemented with 1 mM calcium and 1 mM magnesium (PBS/Ca/Mg); fixed in
60% acetone, 3% formaldehyde, and 20 mM HEPES buffer for 30 s; washed
twice with PBS/Ca/Mg; and heated in a hybridization chamber at 65°C for 90 min
to inactivate endogenous AP. Immobilized AP was visualized by using Gene-
Hunter AP Assay Reagent S (GeneHunter Corp., Nashville, TN).

Coimmunoprecipitation. HEK293 cells were transiently cotransfected with 4.0
�g of myocilin-FLAG and HA-Fzds, WIF-1-IgG WD-IgG, or sFRP3-Myc-
FLAG expression constructs using Lipofectamine 2000. At 48 h after transfec-
tion, cells were washed with PBS and lysed in a lysis buffer (0.5% Triton X-100,
0.5% NP-40, 0.25% gelatin, 1� Tris-buffered saline, 1 mM EDTA, 1 mM di-
thiothreitol, 1 mM Na3VO4, 5 mM NaF, protease inhibitor) for 15 min on ice.
Extracts were clarified by centrifugation at 10,000 � g for 10 min. Cleared lysates
were subjected to immunoprecipitation with anti-FLAG M2 beads (Sigma). The
beads were collected and washed three times in lysis buffer. Immunoprecipitates
were analyzed by Western blotting with the indicated antibodies. Mouse
hearts were homogenized in lysis buffer and clarified as described above.
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Cleared lysates were incubated with antiserum against mouse myocilin (52) or
control antiserum at 1:500 dilutions for 1 h at 4°C. The antigen-antibody com-
plexes were captured by using protein A-agarose. The beads were collected and
processed as described above.

Measurements of Rac1 and JNK activity. Rac1 activation assays were per-
formed by using a nonradioactive Rac activity assay kit (Upstate Biotechnology,
Lake Placid, NY). Briefly, cell lysates were immunoprecipitated with glutathione
S-transferase fusion-protein corresponding to the p21-binding domain (residues
67 to 150) of human PAK1 bound to glutathione agarose, subjected to SDS–4 to
12% PAGE, and Western blotted with monoclonal anti-Rac antibody (Upstate
Biotechnology). For the Jun N-terminal kinase (JNK) assay, the cell lysates were
immunoblotted with an antiphosphorylated JNK antibody (Sigma), which rec-
ognizes the active form and the p54 and p46 isoforms of JNKs at a 1:1,000
dilution. Peroxidase-conjugated anti-mouse antibody (GE Healthcare) was used
as the secondary antibody. Blots were analyzed using SuperSignal WestDura
reagent as described by the manufacturer (Pierce) and quantified on an Al-
phaImager 3400 (Alphainotech, San Leandre, CA).

Kd (equilibrium dissociation constant) measurements. For the binding assay,
100 �l of purified sFRP1, sFRP3, and WIF-1 (R&D Systems) at 1 �g/ml were
added in triplicate to wells of a MaxiSorp flat-bottom 96-well plate (Nunc,
Rochester, NY), followed by incubation overnight. The plate was washed with
TBS-T (Tris-HCl [pH 7.0] with 0.05% Tween 20) and incubated with 100 �l of
solution containing increasing concentrations (0 to 30 nM) of purified myocilin
or Wnt3a for 1 h at room temperature. Plates were washed and incubated with
anti-myocilin (R&D Systems) or anti-Wnt3a-biotinylated antibodies (Abcam,
Cambridge, MA). Anti-streptavidin-AP antibodies were used as secondary anti-

bodies. AP activity was measured spectrophotometrically. The binding data were
analyzed by using GraphPad Prism software.

RESULTS

Myocilin induces reorganization of actin cytoskeleton. It has
been reported that myocilin undergoes an intracellular endo-
proteolytic cleavage at the C terminus of Arg226 resulting in
two fragments of about 22 and 35 kDa (3). The latter fragment
contains the C-terminal olfactomedin domain. To study func-
tions of myocilin and its fragments, N- and C-terminal frag-
ments of human myocilin, as well as full-length human myo-
cilin, were cloned into the pCS2 vector in frame with a FLAG
epitope. N- and C-terminal myocilin constructs are referred to
as myocilin-�C and myocilin-�N, respectively, here. The myo-
cilin signal peptide was included in the myocilin-�N construct
to facilitate secretion and purification of the encoded protein
(Fig. 1A). Published data suggest that the C-terminal fragment
of myocilin is secreted (3, 23, 66), while data concerning se-
cretion of the N-terminal fragment are controversial (23, 66).
To test whether N- and C-terminal fragments of myocilin are

FIG. 1. Schematic diagram of myocilin constructs that were used in the present study (A), secretion of different myocilin isoforms (B), and
SDS-PAGE analysis of purified myocilin proteins (C). (A) A signal peptide and olfactomedin domain are shown in red and dark blue, respectively.
The FLAG epitope is shown in brown. The arrow marks the proteolytic cleavage site. Numbers at the top indicate corresponding positions in the
myocilin amino acid sequence. (B) HEK293 cells were transiently transfected with a construct encoding full-length human myocilin, and the
presence of different myocilin forms in conditioned medium (lanes 2 and 3) was analyzed 48 h after transfection by Western blotting with antibodies
to the N-terminal part of myocilin (lane 2) or FLAG epitope (lane 3). A total of 5 �g of total cell extract was stained with antibodies to the
N-terminal part of myocilin (lane 1). (C) A total of 0.5 �g of indicated purified proteins was separated by SDS–4 to 12% PAGE and stained with
Coomassie blue.
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secreted under the conditions described here, HEK293 cells
were transfected with full-length human myocilin. Both N- and
C-terminal fragments of myocilin were efficiently secreted and
detected in CM using antibody against the N-terminal part of
myocilin (52) and anti-FLAG antibodies, respectively (Fig.
1B). Full-length myocilin, myocilin-�N, and myocilin-�C pro-
teins were purified from the CM of transiently transfected
HEK293 cells using FLAG-agarose beads (Fig. 1C).

Since gliomedin, another olfactomedin-domain-containing
protein, has been shown to interact with membrane-associated
proteins through the olfactomedin domain (14, 15), we tested
possible interaction of myocilin and its proteolytic fragments
with membrane-associated proteins and effects of myocilin on
cell cytoskeleton. Treatment of primary culture of the human
trabecular meshwork that was cultivated for 3 h without serum
with 1 �g of purified proteins/ml for 3 h dramatically increased
the fraction of cells containing actin stress fibers, which were
identified by phalloidin staining (Fig. 2A). Myocilin and myo-
cilin-�C proteins possessed higher inducing activity than myo-
cilin-�N protein (Fig. 2B). To check whether myocilin is able
to induce similar changes in other cell lines that are more
accessible and suitable for biochemical experiments than tra-
becular meshwork cells, we used NIH 3T3 cells. Treatment of
NIH 3T3 cells with myocilin and its fragments also induced
formation of stress fibers similar to those observed in trabec-
ular meshwork cells (not shown).

Next, we examined the effects of CM from HEK293 cells
that were transiently transfected with cDNAs encoding myo-
cilin and its fragments on the actin cytoskeleton of NIH 3T3
cells. Treatment of NIH 3T3 cells with CM from myocilin- or
myocilin-�C-expressing cells for 3 h stimulated an induction of
actin stress fibers in more than 40% of cells, whereas CM from
myocilin-�N-expressing cells induced stress fibers in ca. 20%
of cells (Fig. 3). CM from HEK293 cells transfected with vector
DNA or Ile477Asn myocilin mutant that is not secreted in-
duced stress fiber formation in only ca. 5% of cells (Fig. 3). It
is well known that many reagents, including serum (67), trans-

forming growth factor � (56), and Wnt (67), may induce reor-
ganization of actin cytoskeleton of NIH 3T3 cells similar to
what is observed after treatment with purified myocilin or
myocilin CM. In the conditions that we used, CM from Wnt3a-
expressing L cells induced reorganization of actin cytoskeleton
in ca. 65% of cells.

To prove that changes in the actin cytoskeleton were in-
duced by myocilin and not other proteins present in CM of
transiently transfected cells, CM was treated with antibodies
raised against human myocilin before addition to cells as de-
scribed in Materials and Methods. Treatment with anti-myo-
cilin antibodies significantly reduced the fraction of NIH 3T3
cells containing stress fibers, whereas the addition of these
antibodies to the CM of Wnt3a-expressing cells did not have
any effect (Fig. 4A). We concluded that myocilin is the agent
responsible for the actin cytoskeleton reorganization in NIH
3T3 cells and trabecular meshwork cells and that myocilin-�C
plays a more prominent role in this reorganization than does
myocilin-�N.

Myocilin may modulate Wnt signaling. Our previous results
indicated that other members of the family of olfactomedin-
domain-containing proteins, olfactomedin 1 and olfactomedin
3, also known as optimedin, showed some similarities to the
action of Wnt proteins (46, 58). Therefore, we tested whether
myocilin may act through components of Wnt signaling path-
ways. First, we determined whether secreted inhibitors of Wnt
signaling—sFRP1 (17, 64) or sFRP3, also known as FrzB (31,
47, 64, 84)—are able to block stress fiber formation induced by
myocilin. Preincubation of myocilin CM with purified sFRP1
or sFRP3 (10 �g/ml) inhibited the formation of stress fibers in
NIH 3T3 cells, with sFRP3 showing a stronger inhibitory effect
(Fig. 4B). These data suggested that the reorganization of actin
cytoskeleton by myocilin may occur through components of
Wnt signaling pathways.

Stabilization and translocation of �-catenin protein to the
nucleus is a well-established mechanism of Wnt signaling (9,
50). However, nuclear translocation of �-catenin does not ap-

FIG. 2. Myocilin-induced formation of actin stress fibers in human trabecular meshwork cells. Cells were treated with 1 �g of the indicated
myocilin proteins/ml for 1 h and then stained with rhodamine phalloidin. (B) Quantification of studies corresponding to panel A. The number of
cells evaluated is shown at the top of each bar. These experiments were performed three times. Scale bar, 10 �m.
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pear to be required for rearrangement of the actin cytoskele-
ton (12, 67). Similar to the action of Wnt5a (67), CM contain-
ing full-length myocilin, myocilin-�C or myocilin-�N proteins
did not induce nuclear accumulation of �-catenin in cell cul-
ture, although they did stimulate an accumulation of �-catenin
at the cellular membrane in more than 50% of treated cells
(Fig. 5A to D). Since NIH 3T3 cells contain a significant pool
of �-catenin, we did not observe a significant increase in the
levels of total �-catenin, as judged by Western blotting exper-
iments (data not shown). However, treatment of CHO cells,
which normally express a low level of �-catenin, with myocilin
CM led to a significant increase in �-catenin levels similar to
that observed after Wnt3a CM treatment (Fig. 5E). �-Catenin
is essential for myocilin-induced stress fiber formation, since

the reduction of �-catenin levels by siRNA treatment (Fig. 5F)
decreased the fraction of cells containing stress fibers to below
the numbers observed in control cells (Fig. 5G).

The in vivo effect of myocilin on �-catenin distribution was
tested in transgenic mice that were produced using bacterial
artificial chromosome DNA containing full-length human
MYOC gene, as well as 89 and 51 kb of the 5�- and 3�-flanking
sequences, respectively. This bacterial artificial chromosome
DNA reproduced the expression pattern of endogenous Myoc
gene (93). In the tissues of the eye angle and aqueous humor
of adult animals, the combined levels of human and mouse
myocilin proteins were �3-fold higher in transgenic animals
than the levels of mouse myocilin in nontransgenic littermates.
Elevated levels of myocilin did not induce morphological

FIG. 3. Myocilin-induced formation of actin stress fibers in NIH 3T3 cells. (A) Cells were treated with CM from HEK293 cells transiently
transfected with indicated plasmids for 4 h and then stained with rhodamine phalloidin. Representative fields are shown. (B) Quantification of a
typical experiment showing the percentage of cells containing actin stress fibers. The number of cells evaluated is shown at the top of each bar.
These experiments were performed four times. Scale bar, 10 �m.
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changes or lead to elevation of intraocular pressure in the eyes
of transgenic mice. Staining of the eye sections with antibodies
against �-catenin demonstrated that overexpression of myo-
cilin stimulated the upregulation of �-catenin in the eye angle
tissues and sclera in the eyes of transgenic mice (Fig. 6A and
B). The immunostaining results were confirmed in Western
blotting experiments (Fig. 6C and D). Transgenic mice dem-
onstrated a 	4-fold increase in �-catenin level in the angle
tissues and a 	2-fold increase in the sclera compared to their
wild-type littermates.

These data indicate that myocilin may increase �-catenin
levels and that �-catenin is essential for stress fiber formation.
However, similar to Wnt5a, stress fiber formation after myo-
cilin treatment does not require nuclear accumulation of

�-catenin, suggesting that myocilin may act through nonca-
nonical Wnt signaling pathways.

Myocilin binding to Fzd receptors and sFRPs. sFRPs block
Wnt signaling either by interacting with Wnt proteins to
prevent their binding to Fzd receptors or by forming com-
plexes with Fzd receptors, thus disrupting their interaction
with Wnt ligands (41). The available data suggest that the
CRDs of sFRPs are sufficient for these interactions (41). To
test the possible binding of myocilin to the CRDs of differ-
ent Fzd receptors and sFRPs, we used a myocilin-alkaline
phosphatase fusion protein (myocilin-AP) as a probe.
Norrin-AP (70) was used as a positive control. HEK293 cells
were transfected with plasmids encoding the CRDs of ten
known Fzd receptors and five sFRPs. These CRDs were cloned

FIG. 4. Effects of myocilin antiserum (A) and sFRPs (B) on actin stress fibers formation in NIH 3T3 cells. Myocilin antiserum at 10 �g/ml
(A) or the indicated sFRPs at 10 �g/ml (B) was preincubated with myocilin CM for 30 min before addition to NIH 3T3 cells. The number of cells
evaluated is shown at the top of each bar. These experiments were performed twice.
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in frame with the Myc epitope and GPI-anchoring peptide
(CRD-Myc-GPI) (70). Staining of transfected cells with anti-
Myc antibodies demonstrated that different CRD-Myc-GPI
proteins accumulated at the surface of transfected cells at

similar levels (not shown). CM from cells expressing myo-
cilin-AP or Norrin-AP was collected 48 h after transfection,
and the activity of the AP was measured as described in
Materials and Methods. The AP activity was �10-fold
higher for Norrin than for myocilin (results not shown). CM
was added for 2 h to cells transfected with CRD-Myc-GPI,
and the activities of AP bound to cell membranes were visu-
alized by staining using nitroblue tetrazolium/BCIP (5-bromo-4-
chloro-3-indolylphosphate) as a substrate. Norrin-AP, as ex-
pected from the published results (70), efficiently bound to
Fzd4 CRD, whereas myocilin-AP bound to Fzd1, Fzd3, Fzd4,
Fzd7, Fzd10, sFRP2, sFRP3, and sFRP5 (Fig. 7). These results
were consistent with our conclusion that sFRP3 produces a
stronger inhibitory effect on stress fiber formation than does
sFRP1 (see Fig. 4).

The interaction of myocilin with sFRP3 and several Fzds was
confirmed in coimmunoprecipitation experiments. HEK293
cells were cotransfected with sFRP3-FLAG-Myc and myocilin-
FLAG or myocilin-�C-FLAG constructs. CM was collected
48 h after transfection, and protein complexes were immuno-
precipitated with Myc antibodies. Both full-length myocilin
and myocilin-�C were detected in the complexes with sFRP3
(Fig. 8A). It is interesting that the cleavage products were also
precipitated with sFRP3 when full-length myocilin was used.
The higher intensity of sFRP3 bands in the presence of myo-
cilin (Fig. 8A, right panel) suggests that myocilin may stabilize
sFRP3 or increase its secretion. To verify that myocilin and
sFRPs are able to interact in a natural environment, we im-
munoprecipitated extracts from mouse heart tissue with anti-
bodies to mouse myocilin. Both sFRP1 and sFRP3 were coim-
munoprecipitated with myocilin from heart extracts (Fig. 8B,
C). The qualitative difference in the interaction of myocilin
with sFRP1 and sFRP3 in the myocilin-AP versus cellular
extract binding assays may be due to the use of only the CRD
in the former assay, whereas full-length sFRPs were used in the
latter assay.

To test possible interaction of myocilin with Fzds, HEK293
cells were cotransfected with myocilin-FLAG and various HA-
tagged Fzd constructs and lysed 48 h after transfection. Protein
complexes were immunoprecipitated with anti-FLAG-agarose.
Fzd1, Fzd7, and Fzd10 receptors were detected in the com-
plexes with myocilin, whereas Fzd5 did not form complexes
with myocilin (Fig. 8D).

To quantify the binding affinities of myocilin for sFRP1 and
sFRP3 and compare them with binding affinities of Wnt3a, we
used 96-well plates that were coated with purified sFRP1,
sFRP3, or BSA as a control. The reported binding affinities of
Wnt3a with sFRP1 and sFRP3 are 11 and 8 nM, respectively
(86). The plates were incubated with increasing concentrations
of purified FLAG-tagged myocilin (see Materials and Meth-
ods). Binding of myocilin was detected using biotinylated
anti-myocilin antibodies. Little binding was detected on
BSA-coated wells, while sFRP1- and sFRP3-coated plates
demonstrated hyperbolic binding curves (Fig. 9). Linear
Scatchard plots of binding data indicated noncooperative
interaction with Kd values of 15 
 0.5 nM and 12 
 0.7 nM
for sFRP1 and sFRP3, respectively.

On the basis of all of these results, we concluded that myo-
cilin interacts with several Fzd and sFRP proteins, that the
CRDs mediate most of these interactions, and that the binding

FIG. 5. Changes in subcellular localization of �-catenin in response
to myocilin treatment and effects of �-catenin inhibition on stress fiber
formation. NIH 3T3 cells were treated with CM from cells expressing
no myocilin (A), myocilin (B), myocilin-�C (C), or myocilin-�N for 3 h
and stained with antibodies to �-catenin. Note the membrane local-
ization of �-catenin in panels B to D. These experiments were per-
formed four times. (E) Changes in the levels of total �-catenin in CHO
cells treated with CM from Wnt3a- or myocilin-expressing cells.
(F) Changes in the levels of total �-catenin in NIH 3T3 cells treated
with �-catenin siRNA (10, 20, 40, and 80 nM) as described in Materials
and Methods. (G) Reduction of stress fiber formation in NIH 3T3 cells
after reduction of �-catenin level by 80 nM siRNA. Scale bar, 10 �m.
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affinities of myocilin to sFRP1 and sFRP3 are similar to those
of Wnt3a.

Myocilin binding to the WD domain of WIF-1 protein. There
are several structurally unrelated antagonists of Wnt signaling
that are able to interact with Wnt proteins (41). We tested
whether myocilin, similar to Wnts and olfactomedin 1 (58),
binds to WIF-1. HEK293 cells were cotransfected with con-
structs encoding myocilin-FLAG and WIF-1 or the Wnt-bind-
ing domain (WD) of WIF-1 fused to the human IgG heavy
chain (Fig. 10). Since both myocilin and WIF-1 are secreted
proteins, coimmunoprecipitation was performed from the CM
of transfected cells. Our results demonstrated that myocilin
interacts with WIF-1 and that WD domain is sufficient for such
interactions. The binding affinity of myocilin to WIF-1 was
quantified by using the same method that was used to quantify
its binding to sFRPs. Wnt3a protein was used in these exper-
iments for comparison. The calculated Kd values of WIF-1
binding to myocilin and Wnt3a were 16 
 0.9 nM and 15 
 0.2
nM, respectively (Fig. 9). We concluded that myocilin interacts
with WIF-1 with a binding affinity similar to that for Wnt3a and
that the WD domain is sufficient for this interaction.

Rac1 and JNK are activated by Myoc CM. Modification of
actin cytoskeleton by the noncanonical Wnt planar cell polarity
pathway occurs through activation of the small GTPases RhoA
or Rac. Activation of Rho involves Daam1 protein that binds
to the PDZ domain of Dishevelled (Dvl). Activation of Rac1
requires the carboxy-terminal DEP domain of Dvl and stimu-
lates JNK activity (28). Active GTP-bounds forms of RhoA
and Rac1 were measured as described in Materials and Meth-
ods. The levels of active RhoA were low in NIH 3T3 cells
treated with control or myocilin CMs for 1 h (data not shown).
The levels of active Rac1 were increased after treatment with
myocilin CM compared to control CM, with a maximal 3.7-fold
increase after about 1 h (Fig. 11A). Full-length myocilin, myo-
cilin-�C, and myocilin-�N were all able to induce Rac1 activ-
ity, with myocilin-�C demonstrating the highest stimulatory
activity (Fig. 11B). Control Western blotting experiments dem-
onstrated that similar levels of myocilin and its fragments were
present in CM (not shown). To test whether myocilin-induced
Rac1 activation involves components of Wnt signaling path-
ways, CM from myocilin-expressing cells was preincubated
with sFRP1 or sFRP3 for 20 min before addition to NIH 3T3

FIG. 6. Upregulation of �-catenin in the eyes of 20-month-old wild-type and transgenic mice. Paraffin sections of control (A) and transgenic
(B) eyes were stained with antibodies to �-catenin (1:100 dilution) and DAPI. Three pairs of animals were analyzed. A typical staining pattern is
shown. cb, ciliary body; i, iris; tm, trabecular meshwork. (C) Western blot analysis of �-catenin expression in the eye angle tissues and sclera of
wild-type and transgenic mice. (D) Quantification of the results shown in panel B. WT, wild type; AG, eye angle tissues; SL, sclera.
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cells. Such treatments reduced the levels of active Rac1 to the
level observed in control cells (Fig. 11C and D), indicating that
activation of Rac1 by myocilin treatment may occur through
components of the Wnt signaling pathway. Supporting this
conclusion, all tested myocilin constructs induced activation of
JNK in NIH 3T3 cells, with myocilin-�C producing the highest
stimulatory effect (Fig. 11E and F).

DISCUSSION

In the present study we describe a possible mechanism of
myocilin action. Our data demonstrate that myocilin may act as
a modulator of Wnt signaling through interactions with several
Wnt receptors in the Fzd family and antagonists of Wnt sig-
naling, sFRPs and WIF-1 (Fig. 12). Wnt signaling is critical in
developing and adult multicellular organisms and may cross
talk with other essential signaling pathways (9, 25, 32). It is
involved in cell fate determination, differentiation, cell divi-
sion, axonal growth, and cell survival. Deregulation of Wnt
signaling can lead to cancerous transformation (5). Nineteen
Wnt genes encoding secreted proteins were identified in mam-
mals (9, 60). Wnt proteins act as ligands and interact with Fzd
receptors and several coreceptors belonging to different fami-
lies of proteins (6). Ten Fzd genes were identified in mammals
(34). Wnts and their receptors show specificity of binding and
dynamic expression patterns in the course of development and

in adults. Several Wnt, Fzd, and sFRP proteins are expressed
in developing and adult mammalian eyes, and it is well
established that Wnt signaling plays an important role in
normal eye development and in several eye pathologies (11,
43). In particular, Wnt signaling pathways contribute to
retinal degeneration, cataract, exudative vitreoretinopathy,
ocular tumor, and several congenital eye disorders. Re-
cently, upregulation of sFRP1 has been demonstrated in the
trabecular meshwork of people with open-angle glaucoma
(85). Overexpression of sFRP1 in the mouse eye after in-
travitreous injection led to rapid elevation of IOP (85).

Unlike Wnt genes, the MYOC gene is expressed late in
development in both mice and humans. Therefore, the absence
of MYOC expression should not affect Wnt signaling during
embryonic eye development. Myocilin may start to compete
with Wnt proteins postnatally. Although it is difficult to eval-
uate the relative amounts of myocilin and Wnt proteins in the
adult trabecular meshwork, it appears that levels of MYOC
RNA may be higher than the levels of Wnt RNAs (77). Our
data suggest that the binding affinities of myocilin to sFRP1
and sFRP3 proteins are only slightly lower than those of the
Wnt3a protein. It is possible that in the adult trabecular mesh-
work myocilin and Wnt proteins are equal players in the reg-
ulation of Wnt signaling. In many other tissues where myocilin
is also expressed (skeletal muscle and brain, for example), its

FIG. 7. Binding of myocilin-AP to the CRDs of different Fzds and sFRPs. Myocilin-AP CM was incubated with live HEK293 cells transfected
with the indicated CRD-Myc-GPI constructs. The AP activity was visualized by staining with nitro blue tetrazolium/BCIP. AP-Norrin CM was used
as a control. These experiments were repeated three times. The results of a typical experiment are shown.

VOL. 29, 2009 MYOCILIN AND Wnt SIGNALING 2147



FIG. 8. Physical interaction of myocilin with Fzd receptors and antagonists of Wnt signaling. HEK293 cells were cotransfected with the
indicated constructs (A and D). Mouse heart extracts were used in panels B and C. CM was collected 48 h after transfection in the case of secreted
antagonists and treated with Myc antibodies (A). (B and C) Heart extracts were immunoprecipitated with antibodies to mouse myocilin. After
immunoprecipitation, proteins were eluted from the beads, separated by SDS-PAGE, and then probed with antibodies to sFRP3 (B) or sFRP1 (C).
(D) HEK293 cells were lysed, immunoprecipitated with anti-FLAG beads, and analyzed as described above with antibodies to HA for detection.
Shown are Western blots of CM (A, right) or cell lysates (B to D, lower panels) before immunoprecipitation probed with the indicated antibodies.
These experiments were repeated more than two times.
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FIG. 9. Binding of myocilin to sFRP1, sFRP3, WIF-1, and BSA (left panels). The binding of Wnt3a to WIF-1 and BSA is shown for comparison. The vertical
axis shows the increase in absorbance at 405 nm. The right panels represent Scatchard plots of the data for myocilin binding to corresponding proteins. The
vertical axis shows the ratio of bound to free myocilin; the horizontal axis shows the concentration of bound myocilin. These experiments were repeated three
times.
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relative expression might be weaker than the expression of
Wnt proteins, and myocilin may play a minor role in the reg-
ulation of Wnt signaling in these tissues.

Our data demonstrate that myocilin specifically interacts
only with some Fzd receptors and sFRPs but not with others.
Among Fzd receptors tested by two techniques, coimmunopre-
cipitation and AP staining, myocilin interacted with Fzd1,
Fzd7, and Fzd10 but not with Fzd5. Our data indicate that
myocilin may have a broader specificity of binding to different
CRDs compared to norrin and, in this respect, is more similar
to Xenopus Wnt8, which bound to Fzd4, Fzd5, Fzd7, and Fzd8
in AP staining experiments (70). At present, we do not know
whether extracellular loops between transmembrane segments
of Fzd receptors contribute to the specificity and affinity of
binding of myocilin or whether CRDs alone determine the
specificity and affinity of binding. Published data suggest that
deletion of the CRD in Drosophila did not eliminate signaling
through Fzd receptors (7). Fzd1 and Fzd7 receptors have been
reported to be expressed in the cultured trabecular meshwork
cells (85, 92). It is interesting that Fzd7 receptor, similar to
myocilin, is upregulated by glucocorticoids (35). Fzd7 is highly
conserved through evolution (82) and is able to activate both
canonical and noncanonical Wnt signaling pathways (53). Two
sites of myocilin binding to trabecular meshwork were report-
ed: a saturable site with high affinity (Kd � 4.3 nM) and a
nonsaturable site with low affinity (Kd � 23 nM). Only one site

with low affinity was observed in fibroblasts (59). It is possible
that one or more Fzd receptors contributes to these interac-
tions.

The canonical Wnt signaling pathway relies on the stabili-
zation of �-catenin and its translocation to the nucleus, where
it drives transcription of target genes. Although myocilin does
not stimulate the activity of the TOPFLASH reporter in trans-
fected HEK293 cells (unpublished observations) and its addi-
tion to NIH 3T3 cells does not lead to nuclear accumulation of
�-catenin (see Fig. 5), we cannot exclude the possibility that
myocilin may modulate canonical Wnt signaling when appro-
priate receptors and coreceptors are present. Some Wnt pro-
teins, e.g., Wnt5a, may act as an activator or inhibitor of tran-
scription depending upon the repertoire of receptors and
coreceptors present (54). We are currently testing the ability of
Fzd1, Fzd7, and known Wnt coreceptors to affect �-catenin-
dependent transcription in the presence of myocilin.

It has been suggested that sFRP1, sFRP2, and sFRP5 com-
prise a subfamily that has distinct characteristics in comparison
to sFRP3 and sFRP4, probably due to the specificity of binding
to Wnt ligands (21, 68). According to the myocilin-AP binding
assays, myocilin interacts with sFRPs from both subfamilies. In
this assay, myocilin did not interact with the CRD of sFRP1
but interacted well with the CRD of sFRP3. However, when
full-length sFRP was used, myocilin was able to interact with
both sFRP1 and sFRP3.

It appears that sFRP1 and sFRP3 are not highly expressed in
the human trabecular meshwork, retinal pigmented epithelial
cells and iris, the sites of myocilin expression (77, 88). As noted
above, elevated expression of sFRP1 in the trabecular mesh-
work has been associated with increased IOP and glaucoma
(85). The mechanism of sFRP1 action might involve the inhi-
bition of both Wnt and myocilin signaling.

Our data indicate that myocilin affects noncanonical Wnt
signaling and reorganization of the actin cytoskeleton. The
addition of extracellular myocilin to human trabecular mesh-
work cells or mouse NIH 3T3 cells induced the formation of
stress fibers. Surprisingly, myocilin-�C protein that occurs nat-
urally and does not have the olfactomedin domain is as effi-
cient as full-length myocilin in the induction of stress fibers.
Currently, we do not know whether full-length myocilin and
myocilin-�C perform different biological functions. It has been
reported that different forms of olfactomedin 1, with or with-
out the olfactomedin domain, may have distinct roles in neu-
ronal differentiation (55, 58).

Our findings vary from the results described by Shen et al.
(69), who reported that overexpression of myocilin in trans-
fected human trabecular meshwork cells induced a loss of
stress fibers and focal adhesion. These differences may be due
to differences in the level of myocilin expression, the time of
cell exposure to myocilin (days versus hours), the sites of myo-
cilin application (intracellular versus extracellular), and the
conditions in which the cells were cultivated (serum-containing
medium versus serum-free medium).

Reorganization of actin cytoskeleton involves activation of
Rac1 and JNK. It has been reported that Rac1 may stabilize
the cadherin–�-catenin complex (20). Our data also suggest
that myocilin-induced activation of Rac1 is accompanied by
the stabilization of �-catenin and its accumulation at the cel-
lular membrane (see Fig. 5). Similarly, others have observed an

FIG. 10. Physical interaction of myocilin and WIF-1. HEK293 cells
were cotransfected with the indicated constructs. CM was collected
48 h after transfection, and protein complexes were precipitated with
FLAG antibody beads. Proteins eluted from the beads were separated
by SDS-PAGE and probed with peroxidase-conjugated antibodies to
human IgG (upper panel). The lower panel shows a Western blot of
the CM before immunoprecipitation probed with anti-FLAG antibod-
ies. These experiments were repeated two times.
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increase in dephosphorylated and total �-catenin at the plasma
membrane after activation of Wnt signaling (29). Much evi-
dence indicates that the state of the actin cytoskeleton of
trabecular meshwork cells is important in determining aqueous
humor resistance. Increased aqueous humor resistance may
lead to elevation of IOP, which is the main risk factor in
glaucoma. Cytochalasin B or D and misakinolide A, drugs that
disrupt the actin cytoskeleton, decrease outflow resistance in
living monkey and organ-cultured human eyes (40, 76, 83).
Treatment of human ocular anterior segment with dexameth-
asone promoted formation of cross-linked actin network and
was accompanied by elevation of IOP (8). The actin cytoskel-
eton is essential for establishing proper cell contacts with ex-
tracellular matrix and with each other through interactions

with the components of focal adhesions and adherens junc-
tions. Modulation of Wnt signaling by myocilin may provide a
useful tool in the reorganization of cytoskeleton of trabecular
meshwork cells and regulation of intraocular pressure. How-
ever, our results do not exclude the possibility that myocilin
may regulate other pathways in addition to Wnt signaling.

In conclusion, myocilin may be a new modulator of Wnt
signaling. It appeared relatively late in evolution, since defin-
itive myocilin orthologs have not been identified in lower ver-
tebrates. Myocilin and Wnt proteins may have redundant func-
tions in the postnatal mammalian eye. Redundancy of function
is common for biologically important processes, and myocilin
may provide another example of this phenomenon. When myo-
cilin is deleted, Wnt proteins or other members of the family of

FIG. 11. Myocilin activates Rac1 and JNK. The indicated myocilin CMs were added to NIH 3T3 cells for 30 min, and the levels of activated
Rac1 (A) and JNK (E) were measured. The ratio between activated and total Rac1 was about 1:100 for myocilin-�C. Preincubation of CM with
sFRP1 or sFRP3 eliminated activation of Rac1 by myocilin (C). Panels B, D, and F represent quantification of the results shown in panels A, C,
and E, respectively. These experiments were repeated at least twice.
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olfactomedin domain-containing proteins may play a compen-
satory role and mask the potentially deleterious effects of myo-
cilin deletion.
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