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Abstract

Mutations in myocilin result in ocular hypertension, likely due to decreased drainage of aqueous
humor through the trabecular meshwork. Since less myocilin is found in the aqueous humor of those
with disease-causing mutations, understanding myocilin’s role in the aqueous humor is of clinical
importance. Recently, myocilin was shown to exit cultured trabecular meshwork cells in association
with shed vesicles called exosomes. To examine relevance of this finding in a physiological setting,
the present study examined three different types of ocular samples for the presence of myocilin-
associated exosomes. Using differential centrifugation steps, we found that myocilin associated with
exosomes isolated from effluent collected from human anterior segments in organ culture and
aqueous humor obtained from human cadaveric eyes or from patients undergoing excisional surgery.
Similar to results with cultured cells, myocilin appeared to predominately associate with exosomes
in fresh samples, appeared mostly soluble at later times, and had biochemical properties (density of
1.13g/mL-1.19g/mL in linear sucrose gradient) similar to those characteristic of exosomes. These
data indicate that exosomes are present and may facilitate the transport of myocilin into the
extracellular space of human ocular cells.

Glaucoma is the second leading cause of irreversible blindness in the United States (Quigley
1996). The most common form, primary-open angle glaucoma (POAG), is a group of diseases
characterized by the loss of retinal ganglion cells that is often coincident with elevated
intraocular pressure (Epstein, Allingham and Schuman 1997). Because first-order relatives of
individuals with POAG are 8 times more likely to develop POAG than the general population,
some forms are thought to have a genetic component (Miller and Paterson 1962; Tielsch et al.
1994). In fact, recent genetic linkage studies have identified 3 loci containing genes that when
mutated associate with POAG (Stone et al. 1997; Rezaie et al. 2002; Monemi et al. 2005). The
first of these loci, GLC1A, contains a gene that encodes a protein called myocilin (MYOC)
(Kubota et al. 1997; Ortego, Escribano and Coca-Prados 1997; Nguyen et al. 1998). Mutant
MYQC is responsible for 3-4% of POAG in every population examined to date (Fingert et al.
2002).

Despite eight years of intensive research, the function of MYOC remains a mystery; likely
because MYOC has a combination of several interesting properties. Myocilin is a secreted
protein that is found both in the cytosol and associated with intracellular membranes, including
the Golgi apparatus and intracellular vesicles (Lutjen-Drecoll et al. 1998; Nguyen et al.
1998; Stamer et al. 1998; Mertts et al. 1999; O’Brien, Ren and Wang 2000; Clark et al.
2001). These apparently conflicting subcellular and extracellular localizations were reconciled
with a recent report showing that MYOC exits cultured trabecular meshwork cells in
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association with vesicles, called exosomes, that are released from cells when multivesicular
bodies fuse with plasma membranes (Hardy et al. 2005).

Intracellularly, MYOC’s association with membranes appears to be mediated by its coiled-coil
domain, possibly asa member of a vesicle coat complex (Stamer et al. 2006). In the extracellular
compartment, MYQOC’s association with released exosomes appears labile. Thus, when
MYOC’s association with released exosomes was followed over time, the majority of
extracellular MYOC was associated with exosomes soon after release into the extracellular
space (Hardy et al. 2005). In contrast, MYOC was found soluble in the conditioned media at
later time points.

The present study was conducted to determine whether MY OC’s association with extracellular
membranes is physiologically relevant, or a product of the cell culture environment. We
hypothesized that MY OC associates with exosomes in human samples isolated from anterior
eye segments. To test our hypothesis we examined three different types of human ocular
samples for the presence of MY OC-associated exosomes: effluent from perfused human
anterior segments, aqueous humor from cadaveric human eyes and aqueous humor from
patients undergoing incisional eye surgery. Effluent was collected from perfused human ocular
anterior segments that had stable baseline facilities within a physiological range (Johnson
1996; Ethier et al. 2004). Collections were conducted at the end of 24 hr periods of perfusion.
Agqueous humor was collected from human cadaveric eyes within 35 hours of death or from
patients undergoing cataract or glaucoma filtering surgery by paracentesis as described
elsewhere (Knepper et al. 2002). Human samples were compared to samples of conditioned
media that were taken from stable, confluent monolayers of human trabecular meshwork cells
in culture as described previously (Hardy et al. 2005). All samples were frozen at —80°C until
time of analysis.

As reported before by others, we found MYOC in whole samples of aqueous humor (cadaveric),
effluent from perfused human anterior segments and conditioned media from human trabecular
meshwork cells in culture (figure 1, Pre-spin) (Nguyen et al. 1998;Rao, Allingham and Epstein
2000). After removal of cellular debris by centrifugation at 10,0009, exosomes were isolated
from samples by collecting membrane pellets after two sequential centrifugation steps at
100,000qg as described previously (Hardy et al. 2005). In all three samples, MYOC was found
in the exosome fraction in different amounts. In contrast, a control protein, a soluble fragment
of CD44 (sCD44 or CD44 ectodomain), was detected in all fractions except exosomes in
preparations from aqueous humor and effluent. Soluble CD44 is present in body fluids
including blood and aqueous humor as a result of cleavage from full-length CD44 protein from
cell surfaces (Knepper et al. 2002). Interestingly, we were able to detect full-length CD44 in
trabecular meshwork cells (not shown), but not SCD44 in any fraction prepared from
conditioned media of human trabecular meshwork cells; possibly due to lack of a stimulus to
initiate liberation from full-length CD44.

When comparing MYOC content in the exosome fraction to MYOC that remained soluble in
the supernatant (Sol. prot.) after centrifugation at 100,000g, MYOC in human samples and
conditioned media shown in figure 1 was found predominantly soluble in supernatant, similar
to results reported previously (Hardy et al. 2005). To test the hypothesis that MYOC’s
association with exosomes is labile over time in physiologically relevant samples, we analyzed
aqueous humor obtained fresh from patients undergoing cataract (normal) or filtering surgery
(glaucoma). Characteristics of aqueous humor donors are shown in supplemental table 1.
Significantly, figure 2 shows that the majority of MYOC associates with exosomes in both
normal and glaucomatous samples compared to the soluble fractions; indicating that the
majority of MYOC in aqueous humor from live humans is associated with exosomes and not
free in solution. Notice that for volume equivalent samples between normal and glaucoma
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patients (at the same exposure time to film), more MYOC signal was observed in glaucoma
samples, likely due to protein concentration that occurs in glaucoma patients on aqueous
suppressants. Since only 3-4% of glaucoma patients have mutations in MYOC and pooled
patient samples were tested in the present study, it was not surprising that the relative amount
of MYOC between fractions was not different in aqueous humor from normal and
glaucomatous eyes. Thus, there was a small probability (1/1000) that one of the three samples
in each pool tested was from a patient having a mutation in MYOC. Unfortunately, none of
the glaucoma patients were screened for MYOC mutations. As with cadaveric aqueous humor
samples, we tested all aqueous humor samples obtained from living patients for the presence
of SCD44. Due to the dilutions necessary for the fractionation procedure and the small amount
of starting material (i.e.:<500ng/lane), we were unable to detect SCD44 in any of the patient
samples (not shown).

To determine whether MY OC-associated extracellular membranes, isolated from human
ocular samples, have biochemical properties characteristic of exosomes, we analyzed the
density of exosome preparations in sucrose gradients as described previously (Hardy et al.
2005). Washed exosome pellets were placed at the bottom of tubes and floated upward into
sucrose gradients (2M-0.25M) under a centripetal force of 100,000xg for 18 hrs. Fractions
were collected, proteins in fractions were separated by SDS-PAGE and MYOC was identified
by western blot using affinity purified antibodies (Stamer et al. 1998). Results in figure 3 show
that MYOC-associated exosomes in all samples equilibrate at a density characteristic of
exosomes (1.13-1.19 g/ml) (Raposo et al. 1996; Escola et al. 1998; Wubbolts et al. 2003).
Shown in panel A are MYOC blots for individual gradients. Panel B shows a comparative
summary of blots shown in panel A that accounts for differences in density between fractions
of individual experiments. Mean densities for MY OC-associated exosomes in aqueous humor
samples was 1.13 g/ml (n=2), effluent was 1.17 g/ml (n=3) and conditioned medium was 1.14
g/ml (n=3). Thus, buoyant properties of exosomes from three different human ocular sources
were remarkably similar and within characteristic range.

Taken together, data of the present study indicate that MY OC-exosomes are present in human
ocular samples. MYOC was found associated with exosomes in effluent from perfused anterior
segments and in aqueous humor from human cadaveric and living eyes. These findings were
consistent with our discovery of MYQOC-associated exosomes in conditioned medium from
cultured human trabecular meshwork cells. In fact, similar to results found in cultured cells,
MYOC in human ocular samples appears to disassociate from exosomes over time. For
example, the majority of MYOC was found in the exosomal fraction of aqueous humor from
living patients, while the minority of MYOC was found in exosome fraction in aqueous humor
isolated from cadaveric eyes (25-35 hours post mortem) or in effluent collected after 24 hours
of perfusion. These data indicate that MYOC’s appearance extracellularly may be facilitated
by exosome release. Interestingly, when these three sources of MYOC-associated exosomes
were compared, ten times more conditioned media and 3 times more effluent was required to
detect MY OC-associated exosomes on a volume and cell equivalent basis (supplementary
figure 1). MYOC-associated exosomes appear more prominently in human samples and thus
are likely physiologically relevant, and not an artifact of the cell culture environment.

It is intriguing to speculate how exosomes function in the conventional drainage pathway of
humans; and how MYOC may contribute to and how mutations in MYOC may inhibit exosome
function. Exosomes are known to have two main roles, antigen presentation and cell-cell
communication (Stoorvogel et al. 2002; Fevrier and Raposo 2004). Because of their lipid
nature, exosomes travel short distances in a paracrine fashion to deliver ligands or antigens to
cell neighbors. Since disease-causing mutations disrupt MY OC transport out of cells (Jacobson
et al. 2001), it is possible that ocular hypertension in MYOC-related POAG may result from
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a disruption in cell to cell communication in the conventional drainage pathway. These are
interesting ideas that need to be tested in future studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Analysis of human aqueous humor, effluent from perfused human anterior segments and
conditioned media from human trabecular meshwork cells for the presence of MYOC-associated
exosomes

A. Whole aqueous humor, effluent and conditioned media (Pre-spin) were subjected to
differential centrifugation steps, to first pellet cellular debris and then to pellet extracellular
membranes (Exosomes). The resulting supernatant was considered to contain only soluble
proteins (Sol. Prot.). Fractions were analyzed by SDS-PAGE/western blotting using affinity
purified antibodies that recognize myocilin (Stamer et al. 1998) or sCD44 (BU52). Shown is
one representative experiment of 4 total experiments for cadaveric aqueous humor and effluent
and of 12 total experiments for conditioned media.
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Figure 2. Comparison of myocilin-associated exosomes in aqueous humor samples from normal
and glaucoma patients

Due to the limited quantity of aqueous humor per sample (~70uL), three samples were
combined for a total of ~200uL (Pre-spin) and subjected to differential centrifugation steps; to
first pellet cellular debris and then to pellet extracellular membranes (Exosomes). The resulting
supernatant was considered to contain only soluble proteins (Sol. Prot.). Fractions were
analyzed by SDS-PAGE/western blotting using affinity purified antibodies that recognize
myocilin. Shown is one representative experiment of four total independent experiments.
Aqueous samples were obtained from normal or glaucoma patients who were undergoing
cataract or filtration surgery, respectively as previously described (Knepper et al. 2002).
Patients provided informed consent in accordance with the tenets of the Declaration of Helsinki
and procurement protocols were approved by the Duke University’s Institutional Review
Board.
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Figure 3. Myocilin-associated extracellular membranes prepared from cadaveric aqueous humor,
effluent and media from trabecular meshwork cells equilibrate at a density characteristic of
ex0somes

A. Extracellular membranes were isolated from human samples by differential centrifugation
and floated upward into linear sucrose gradients. Fractions were collected, analyzed by SDS-
PAGE and probed with anti-myocilin 1gGs. B. Analysis of myocilin content (triangle=effluent;
square=aqueous humor; circle=conditioned media) in gradient fractions by densitometric
analysis of western blots and linearity of gradients by refractometry (example shown in inset).
Shown are representative experiments of two total experiments for aqueous humor and three
for effluent and conditioned media. Yellow shaded area indicates the reported density range
of exosomes (1.13g/mL-1.19g/mL).
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