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Abstract
To better understand the role of exosomes in the trabecular meshwork (TM), the site of intraocular
pressure control, the exosome proteome from primary cultures of human TM cell monolayers was
analyzed. Exosomes were purified from urine and conditioned media from primary cultures of
human TM cell monolayers and subjected to two dimensional HPLC separation and MS/MS
analyses using the MudPIT strategy. Spectra were searched against a human protein database
using Sequest. Protein profiles were compared to each other and the Exocarta database and the
presence of specific protein markers confirmed by Western blot analyses of exosomes from
aqueous humor and human TM cell strains (n=5) that were untreated, or exposed to
dexamethasone and/or ionomycin. TM cell exosomes contained 108 of the 143 most represented
exosome proteins in ExoCarta, including previously characterized markers such as membrane
organizing and tetraspanin proteins. Several cell-specific proteins in TM exosomes were identified
including myocilin, emilin-1 and neuropilin-1. All TM exosome proteins had flotation densities on
sucrose gradients and release responses to ionomycin typical for exosomes. Taken together, TM
exosomes have a characteristic exosome protein profile plus contain unique proteins, including the
glaucoma-causing protein, myocilin; suggesting a role for exosomes in the control of intraocular
pressure.
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Introduction
The prevention of vision loss due to death of retinal ganglion cells in glaucoma, a leading
cause of irreversible blindness in the World, is dependent upon effective intraocular pressure
(IOP) control over time [1]. Elevated IOP (ocular hypertension) in glaucoma is a function of
pathology in the conventional/trabecular outflow pathway, the primary efflux route for
aqueous humor from the eye [2–4]. While the mechanisms that underlie the regulation of
IOP in the trabecular meshwork (TM) are presently unknown, the linkage of glaucoma/
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ocular hypertension to several genetic loci provides critical molecular candidates for
evaluation [5].

Mutations in the glaucoma locus GLC1A results in amino acid alterations in its protein
product, myocilin (MYOC); causing glaucoma in every population studied to date [5–7].
Ocular hypertension caused by a dysfunction in TM drainage of aqueous humor appears to
be a significant component in MYOC-associated glaucoma [8,9]. While examining the
structural, biochemical and cellular properties of MYOC in TM cells, we observed that
MYOC is not secreted in a traditional manner, but exits in association with nanovesicles,
called exosomes [10,11]. Further examination showed that release of MYOC-associated
exosomes from TM cells is enhanced in a calcium-dependent fashion, similar to that for
other exosome releasing cell types [11] and consistent with the immediate stimulated release
of MYOC recently observed by others [12]. Significantly, we also observed that MYOC-
associated exosomes are a prominent component of human aqueous humor, suggesting a
physiological importance of exosomes in the regulation of trabecular drainage and thus IOP
[13].

In addition to aqueous humor, exosomes have been found recently in a variety of other
biological fluids including urine, amniotic fluid, blood and breast milk; stimulating interest
in exosome biology due to their diagnostic and therapeutic potential [14–16]. The genesis of
exosomes results from the inward budding and scission of vesicles from endosomal
membranes (also known as intraluminal vesicles) containing cellular proteins. Intraluminal
vesicles (ILV) accumulate within the multivesiclular body (MVB) until the fusion of the
MVB with the plasma membrane elicits their extracellular release. During endosomal
maturation, ILVs sequester proteins that are important for their biogenesis, structure and
trafficking. Moreover, it appears that ILV protein content is cell-type specific, reflecting the
biological role of the parent cell. Hence depending upon the cell type, exosomes mediate
antigen presentation, cell-cell communication, RNA and protein transfer and non-classical
protein secretion [for reviews, see [17–19]].

To better understand the role of exosomes in TM biology, we purified exosomes from
conditioned media of primary cultures of human TM cell monolayers, examined and then
validated their protein expression pattern. Results were compared to exosomes purified from
two human bodily fluids, aqueous humor and urine. Using complementary biochemical
techniques, we observed that exosomes purified from TM cells and aqueous humor
contained many proteins common to exosomes from other cell types, including the vast
majority of those most frequently reported. We also observed that TM exosomes house
unique proteins, including the glaucoma-associated protein, myocilin.

Materials and Methods
Human trabecular meshwork cell cultures

Human TM cell strains were isolated and characterized by techniques developed in our
laboratory as previously described [20]. Cells were seeded onto T75 culture flasks and
maintained at confluence to differentiate for at least 14 days prior to treatment in low
glucose DMEM (Invitrogen, CA) containing penicillin (100 units/mL), streptomycin (100
mg/mL) and glutamine (0.29 mg/mL). Media was supplemented with 10% fetal bovine
serum (Gemini Bio-Products, CA) for the first week and then lowered to 1% for the second
week to facilitate differentiation. For exosome collection after differentiation, cells were fed
with 10 ml of media supplemented with 0.1% exosome-free FBS as described previously
[11] for all experiments. Blood-borne exosomes were removed from FBS by centrifugation
(100,000g for 1 hour) prior to supplementing media
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Human samples
Urine was collected in the Vanderbilt General Clinical Research Center from healthy
subjects after each provided written informed consent. All samples were collected during
vehicle (control) treatment during low dietary sodium intake (20 mmol Na+/day).
Approximately 200 mL of urine from each subject was collected into a protease cocktail,
then stored at −80ºC until preparation for exosome analysis as described below (<7 months).
Aqueous humor (~200 μl/eye) was collected from human cadaveric eyes (donor age= 60–
100 years) free of known ocular disease (except cataract) within 35 hours of death and
frozen at −80oC until analysis (<3 months). Samples were pooled from both eyes of 10
individual donors.

Exosome fractionation
Aqueous humor from cadaveric human eyes, urine collected from human patients or media
collected from human TM cells with and without treatment were centrifuged for 1 hour at
10,000g at 4ºC to remove cell debris. Exosomes were then isolated by centrifuging at
100,000g (using SW41 rotor) for 1 hour at 4ºC. Pellets were resuspended in cold PBS (10
ml) and centrifuged again at 100,000g to minimize sticking and trapping of non-exosomal
materials. Pellets were solubilized in Laemmli buffer to yield a 100X concentration of
original sample volume. For cultured cells, samples (100 μl) were taken from conditioned
media before and after each centrifugation step and combined with equal volume of 2X
Laemmli buffer to monitor purification process. All samples were boiled and stored at
−20ºC.

Sample Preparation
Lyophilized exosomes were suspended in 20 μl PBS, 3.0 μl DTT and 7.5 μl 4× lithium
dodecylsulfate (LDS) buffer (10% glycerol, 141 mM Tris base, 106 mM Tris HCl, 2% LDS,
0.51 mM EDTA, 0.22 mM SERVA® Blue G250, 0.175 mM Phenol Red, pH 8.5). The
samples were heated for 10 min at 85°C and each sample was loaded on two lanes on a
NuPAGE Novex 10% Bis Tris gel. The gels were run at a constant 180 volts for 10 minutes
and the dye front ran approximately 2.5 cm into the gel. The gel was fixed for 10 minutes
(50% methanol 10% acetic acid and 40% water), stained with Colloidal Coomassie Blue
(Invitrogen) for three hours and the background stain removed with deionized water
overnight. The entire stained protein regions were excised, chopped into 1 mm cubes, and
placed in 1.5 ml Eppendorf tubes containing 150 μl of 100 mM ammonium bicarbonate.
Samples were reduced with 10 μl 45 mM DTT for 20 min at 55°C and alkylated with 10 μl
100 mM iodoacetamide for 20 min at room temperature in the dark. Samples were destained
with 100 μL 50% acetonitrile (ACN) and 50 mM ammonium bicarbonate. The gel pieces
were then dehydrated with 100% acetonitrile, air dried for 5 min, and digested with trypsin
(10 ng/μl and a total of 220 ng) in a ratio of 1:50 overnight at 37°C. The peptides were
extracted with two rounds of 60% acetonitrile and 0.1% trifluoroacetic acid and were then
lyophilized to dryness. They were resolubilized in 40 μL of 0.1% formic acid and analyzed
by LC-MS/MS.

LC-MS/MS Analysis
The resulting peptide mixtures were analyzed via MudPIT [21]. Briefly, peptides were
loaded with a pressure cell (New Objective) onto a biphasic pre-column using an Upchurch
M-520 filter union. This 150-μm fused silica microcapillary column was packed with 4 cm
of 5-μm C18 reverse-phase resin (Jupiter, Phenomenex) followed by 4 cm of strong cation-
exchange resin (Luna SCX, Phenomenex). Once loaded, it was placed in-line with a 100 μm
× 20 cm, C18 packed emitter tip column (Jupiter C18, 3 μm, 300 Å, Phenomonex) coupled
to an LTQ ion trap mass spectrometer equipped with an Eksigent NanoLC-AS1
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Autosampler 2.08, an Eksigent NanoLC-1D plus HPLC pump, and Nanospray source.
Multidimensional separations were accomplished using 5 μl pulses of ammonium acetate in
0.1% formic acid (25, 50, 75, 100, 150, 200, 250, 300, 500, 750, 1000 mM) delivered by an
autosampler. Each salt pulse was followed by a 115 min reversed phase gradient beginning
with 0.1% formic acid in water and increasing to 40% ACN with 0.1% formic acid.

LTQ Parameters
Centroided MS/MS scans were acquired using an isolation width of 2 m/z, an activation
time of 30 ms, an activation Q of 0.250 and 30% normalized collision energy using 1
microscan and max injection 150 ms for each MS/MS scan. The tune parameters were as
follows: spray voltage of 2.43 kV, a capillary temperature of 200ºC. The MS/MS spectra of
the peptides were collected using a data-dependent scanning protocol in which one full MS
spectrum was followed by five sequential MS/MS spectra. Dynamic exclusion was enabled
with a repeat count of 1, a list length of 150 masses or 1 min, and an exclusion width of 3.5
m/z units.

Data Analysis
The custom ScanSifter algorithm read tandem mass spectra stored as centroided peak lists
from. RAW files and transcoded them to DTA files. Spectra that contained fewer than 25
peaks or that had less than 2e1 measured total ion current were not converted to DTA files.
DTA files for singly charged precursor ions were created if 90% of the total ion current
occurred below the precursor ion m/z ratio, and all other spectra were processed to form
both doubly and triply charged DTA files. DTA files were searched against the UniprotKB
(August, 2010 release) database using the TurboSEQUEST v.27 (rev. 12) algorithm
(Thermo Electron, San Jose, CA). The searches were performed allowing for the following
differential modifications: +57 on cysteine (for carboxyamidomethylation from
iodoacetamide) and +16 on methionine (oxidation). The database was concatenated with the
reverse sequences of all proteins in the database to allow determination of false-positive
rates. Sequest search result files were imported into ProteoIQ software (NuSep, Inc) for
comparative proteomics analysis. Results were filtered using the following criteria: Sequest
XCorr values: 1.5 for 1+ ions, 2.5 for 2+ ions, and 3.0 for ≥ 3+ ions, a minimum of two
peptides per protein, an overall false discovery rate maximum of 5.0, and an average of two
spectral counts per protein in each urine or TM sample.

Western blotting
Proteins in exosome preparations or whole cell lysates were separated by 10% SDS/PAGE
and transferred electrophoretically to nitrocellulose. Membranes were blocked in Tris-
buffered saline containing 2% tween (TBS-T) and 5% non-fat, dry milk for one half hour.
Immunoglobulins that specifically recognize candidate proteins were added to blocking
buffer. Polyclonal rabbit anti- myocilin IgGs (1:3000) were produced in our laboratory [22],
while the rest were purchased commercially. Antibodies against annexin-A1 (1:1000),
flotillin-1 (1:1000) and GAPDH (1:1500) were obtained from Cell Signaling. Antibodies
that recognize Annexin-5 (1:3000), CD9 (1:100), neuropilin-1 (1:1000), Syntenin-1(1:1000)
and CD81 (1:500) were from Abcam. Antibodies specific for Cyclophilin B (1:2500) were
from Alexis, Emilin-1 (1:1000) was from Santa Cruz and Annexin 2 (1:2500) from BD
transduction laboratories. After overnight incubations, membranes were washed in TBS-T (4
X 15 minutes). Horseradish peroxidase conjugated secondary antibodies (1:5000, Santa
Cruz, CA) were incubated in TBS-T with 5% nonfat dry milk for 1 hour. Membranes were
then washed in TBS-T (4 X 15 minutes), incubated with Hyglo chemiluminescence reagent
(Denville, NJ) and exposed to X-Ray film (Genesee, CA) to visualize protein/antibody
complexes. Densitometry of protein bands was performed following image capture using a
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bioimaging system (Syngene, Frederick, MD) and processed with GeneTools (Syngene).
Only captured protein bands in the linear range of the X-ray film were analyzed.

Sucrose gradients
For analysis of equilibration density of marker proteins, purified exosome fractions were
resuspended in 1ml 2.6M sucrose in 20mM Tris-HCl pH 7.2. Linear gradients ranging from
2 to 0.25 M Sucrose in 20mM Tris-HCl pH 7.2 were layered on top of the exosome
preparation. Gradients were centrifuged at 100,000g for 15 hours. Equal fractions (~1ml)
were taken sequentially from the top of the gradient. Sucrose concentrations of fractions
were analyzed by refractometery and the remaining fraction samples were solubilized in 2X
Laemmli buffer and stored at 7minus;20oC.

Treatments
Cells were exposed to dexamethasone (Sigma, MO) in exosome-free media at a final
concentration of 100 nM or remained untreated as control for 5 days. Media was changed
after 48 hours and collected from the final 72 hrs of treatment. For experiments testing effect
of a calcium ionophore (Sigma), ionomycin was added to conditioned media at a final
concentration of 100 μM for final 3 hours before collection and at the end of a 5 day
dexamethasone supplementation. In a previous study, we found that preconditioning cell
monolayers with dexamethasone resulted in more consistent ionomycin responses [11].
Conditioned media was collected (10 ml) and exosomes were isolated.

Results
In order to determine whether exosomes produced by human TM cells contained proteins
typical of exosomes [23], we prepared an exosome fraction from conditioned media of
mature monolayers of primary cultures of human trabecular meshwork cells using
differential centrifugation steps and subjected purified samples to LC-MS/MS analyses. We
tested cell strains obtained from two different human donors, with one of the cell strains
tested at two different passages, giving three samples that were analyzed and compared to
exosomes that were purified from human urine as a control using identical methods. We
identified 607 proteins that were present in exosomes prepared from TM cells, compared to
999 proteins identified in urine exosomes. Direct comparison of UniProt accession numbers
revealed that 368 of these proteins were common between the two different types of
samples. When compared to an exosome protein database [ExoCarta-[23]], remarkably we
observed that 298 proteins were observed in all three datasets and that TM cell preparations
contained 108 of the most frequently observed 143 proteins found in exosomes purified
from other cell types and bodily fluids (figure 1). Note that the total protein count is slightly
lower than reported above due to redundancy in Gene Symbols, e.g. HLA-A isoforms) that
is removed in the software used for Venn diagram generation.

The fifty most abundant proteins identified in TM cell preparations are shown in Table 1,
are compared to proteins found in urine exosomes and include commonly identified
exosome proteins from other cells such as those in the lipid organizer class
(annexins-1,2,5,6), tetraspanin (syntenin-1) plus other commonly observed exosomal
markers such as GAPDH, β-actin, moesin, heat shock 70kDa protein-8, enolase and
pyruvate kinase. All proteins found in TM exosomes are shown in Supplemental Table 1.
Included in this list are additional common exosome markers including; CD-9, CD-63,
CD81, cofilin-1, 14-3-3 proteins epsilon and zeta, phosphoglycerate kinase, lactadherin,
peptidyl-prolyl cis-trans isomerase A, programmed cell death 6-interacting protein,
elongation factor 1 alpha 1, and fructose-bisphosphate aldolase A. We also identified
proteins that appeared abundantly and were TM cell specific, such as emilin-1 and myocilin.
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To validate protein candidates obtained from proteomic studies, we again prepared an
exosome fraction from conditioned media of mature TM cell monolayers and this time
subjected the samples to sedimentation gradient densitometry. We then collected gradient
fractions and separated proteins using SDS-PAGE followed by western blot analysis using
antibodies specific for several of the proteins identified by MS. Figure 2 shows that
annexin-2, annexin-5, GAPDH, emilin-1, myocilin and neuropilin-1 all equilibrate at a
density about ~1.10 g/ml, characteristic of exosomal proteins [19].

Previously we showed that myocilin release from TM cells and appearance in the exosomal
fraction is stimulated by dexamethasone in the long term and ionomycin in the short term
[11]. In order to test whether the appearance of the newly identified proteins also are
affected by these treatments, we subjected TM cells to dexamethasone (100 nM) for 5 days,
collecting conditioned media from the last 48 hours of treatment or dexamethsone for 5 days
plus ionomycin (100 μM) for the last 3 hours prior to collection of conditioned media. In
response to dexamethasone alone, results show a modest increase in the lipid organizing
proteins (Figure 3: annexins and flotilin-1), GAPDH (figure 4) and neuropilin-1 (Figure 5).
In contrast, the tetraspanins and myocilin levels were all elevated 5–20 fold following
dexamethasone treatment. With the exception of annexin-5 and emilin-1, the entire panel of
exosome proteins robustly increased (10–75 fold) in the exosome fraction of conditioned
media upon stimulation with ionomycin, similar to exosomal proteins from other cell types
[24].

To compare our findings with cultured human ocular cells to human biological fluids, we
next tested the expression of candidate proteins in exosome fraction prepared from TM cells
to exosomes prepared from aqueous humor and urine. In figure 6 results show that all
candidate proteins tested appeared in both TM conditioned media and aqueous humor except
for emilin-1 and syntenin-1. We did see evidence for neuropilin-1 in aqueous humor when
blots were exposed to film longer (data not shown). In urine, we detected all common
exosomal proteins that were screened. Annexin-2 and GAPDH were only seen in urine
samples concentrated 10X over data shown in figure 6 (data not shown). The TM specific
proteins, those not found in common between TM and urine with proteomic analysis, were
also not found in urine, even in 10X concentrated samples. As a positive control for urine
exosomes, we probed blots with antibodies that specifically recognize podocalyxin and
observed that this podocyte-specific protein was not present in either TM or aqueous humor
samples, but was found abundantly in urine.

Discussions
Using a proteomic approach, the present study defines for the first time the protein profile of
exosomes from TM cells. We observed that exosomes produced by TM cells have an
expression pattern typical of exosomes prepared from other sources. According to the
ExoCarta database, exosomes from TM cells contain 108 of the 143 most represented
exosomal proteins produced by other cell types or found in bodily fluids such as blood or
urine [23]. Of these, eight exosomal marker proteins were confirmed using western blot
analysis. A number of exosomal proteins present in TM samples, but not urine, were also
found by mass spectrometry and confirmed using western blot, including cyclophilin-B,
emilin-1, neuropilin-1 and the glaucoma-causing protein, myocilin.

While treatment with dexamethasone alone had relatively little effect on the majority of the
exosomal marker proteins in TM, in every case the addition of the calcium ionophore
triggered increased levels of all marker proteins. The magnitude of increase varied
considerably for a few from 2-fold to 80-fold, but the majority of proteins increased 10–20
fold. This robust and immediate increase in exosomal proteins in the extracellular space is
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consistent with exosomes that are contained in the multivesticular body awaiting a calcium-
based signal for fusion with the plasma membrane and subsequent release of their cargo of
exosomes.

The total number of spectral counts (an indirect measure of protein abundance [25]) and
consequently the total number of proteins identified was significantly lower in one of the
TM samples. This was most likely due to lower total protein harvested for analysis. Despite
this variation, 69% of TM proteins were observed in all three exosome samples and 97.4%
of TM proteins were observed in two of three samples, providing confidence in our reported
proteome profile.

A primary function of the TM is to clear cell debris from the aqueous humor before reaching
the downstream resistance generating region of the conventional outflow pathway. As such,
TM cells, like macrophages must endocytose, process and dispose of cellular components,
particularly lipids. The use of the endocytic pathway and MVB by TM cells to transform
large pieces of cellular material into manageable exosomal vesicles seems a practical and
efficient way to maintain homeostasis in the region of the eye that controls IOP. Consistent
with this idea, others have suggested that exosomal release from cells located in drainage
systems such as gut and kidney may be used for similar disposal functions (in addition to
signaling function) [17]. This is the first study to our knowledge to suggest such a
mechanism for the TM.

Myocilin was a prominent component of aqueous humor and TM exosomes but not
detectible in urine exosomes. Compared to the cellular responsibilities of non-ocular tissues
that express robust amounts of myocilin (i.e.: skeletal muscle and heart), the filtering
function and associated lipid processing appears uniquely important for the conventional
outflow tissues. Such a distinction may explain why mutations in myocilin, a ubiquitously
expressed protein, result in focal disease; limited to the development of ocular hypertension
and glaucoma [8,26]. For instance, myocilin mutations may interfere with its role in the
exosomal pathway, limiting the ability of TM cells to effectively process cell debris,
resulting in increased outflow resistance and elevated IOP. The mutation-specific patient
phenotypes that associate with significantly different age of POAG diagnosis and maximum
IOP [8] may relate to the degree with which a specific mutation interferes with myocilin
function in the exosome pathway and the capacity of the outflow system over time.

In addition to the presence of myocilin in TM exosomes, we identified other proteins that
were richly present in TM but not urine exosomes or in the ExoCarta database, including
emilin-1 and neuropilin-1. Elastin microfibril interface-located protein-1 (EMILIN-1) is an
extracellular matrix protein, localized at the interface between microfibrils and elastin and
secreted by endothelial cells. Deficiency in emilin-1 results in functional defects in the
vascular system [27,28]. Interestingly, one hallmark of ocular hypertension in glaucoma is
accumulation of elastin plaque-like material in the TM, near Schlemm’s canal [29].
Neuropilin-1 (NRP-1) is present on the cell surface of endothelial cells, or as a soluble
truncated variant. Membrane NRP-1 is proposed to enhance angiogenesis by promoting the
formation of a VEGF-heparin sulfate signaling complex, whereas the soluble NRP-1 is
thought to act as an antagonist of signaling complex formation [30]. Both VEGF and heparin
sulfate are present in the conventional outflow pathway, likely functioning in mediating
tissue homeostasis with respect to ECM turnover; a function integral to IOP regulation [31].
Interestingly, while myocilin was found abundantly in aqueous humor exosomes, neither
emilin-1 nor neuropilin-1 was present. Since TM cells contribute little to exosome content in
aqueous humor, it is likely that emilin-1 and neuropilin-1 are TM cell-specific.
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Conclusions
This is the first study to define the proteome of exosomes produced from TM cells and for
that matter any ocular cell type/tissue to our knowledge. Significantly, we validate proteins
found in cultured TM cells in human samples of aqueous humor, a bodily fluid that may be
used in the future as a source of ocular disease biomarkers. Moreover, the prominence of
myocilin, a protein that when mutated causes glaucoma, in exosomes takes a step forward to
resolve the controversy as to how myocilin exits TM cells and enters the extracellular space
[6]. The present study provides strong evidence that myocilin exits cells via exosomes and
not using traditional secretory machinery. Since the trabecular meshwork is the diseased
tissue responsible for ocular hypertension and that myocilin is found uniquely and in
abundance on exosomes, we hypothesize that a functional exosomal pathway is critical for
proper intraocular pressure regulation over time. Future research directed at understanding
how the exosomal pathway functions in IOP control will likely reveal novel therapeutic
targets for the treatment of ocular hypertension; an endpoint that when controlled effectively
halts vision loss in those with glaucoma.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Venn Diagrams showing protein profile overlap between TM and urine exosomes and
ExoCarta database
Panel A compares TM (blue) and urine (yellow) proteins identified by Sequest/ProteoIQ
analysis using UniProt accession numbers. Panel B compares the TM (blue) and urine
(yellow) proteins to those in the entire ExoCarta database (green) using Gene Symbols.
Panel C compares the 143 most commonly observed exosomal proteins in ExoCarta
database with expression profile observed for TM and urine exosome proteome. Total TM
and urine proteins that met the search criteria were compared to the ExoCarta database using
the Venn diagram generator found at: http://bioinfogp.cnb.csic.es/tools/venny/index.html
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Figure 2. Analysis of exosomal marker proteins in extracellular membranes prepared from
conditioned media taken from human trabecular meshwork cell monolayers
Membranes isolated by differential centrifugation were floated into linear sucrose gradients,
fractions were collected and proteins were analyzed by SDS-PAGE/Western blotting (panel
A). Shown are representative blots from one TM cell strain of three that were tested. Protein
content of fractions was determined by probing with antibodies specific to Annexin-2,
Annexin-5, GAPDH, Emilin-1, Myocilin and Neuropilin-1. Relative protein distributions
across fractions were quantified by densitometry and graphed as percent of total abundance
for each protein across gradient (panel B). Linearity of gradients was verified by
refractometry (inset, panel B).
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Figure 3. Effect of dexamethasone or dexamethasone plus ionomycin on release of exosomes
from trabecular meshwork cell monolayers
Exosome release was monitored by abundance of exosomal marker proteins in the lipid
organizing class (annexin-1, -2, -5 and flotilin-1) in exosomal fraction by SDS-PAGE/
Western blotting (panel A). Marker protein content was compared to samples of total cell
lysate (CL) prepared from human trabecular meshwork cell monolayers. Effects of drug
treatments on protein abundance in exosome fraction were determined using densitometry
(panel B). Thus, dexamethasone (dex; 100 nM for 5 days) and dex plus ionomycin (iono;
100 μM for 3 hours) treatments were compared to untreated controls (con). Shown are
combined data from a total of 5 independent experiments testing 5 different TM cell strains.
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Figure 4. Effect of treatments on abundance of marker proteins in exosomes prepared from
trabecular meshwork cell monolayers
Exosome release was monitored by abundance of exosomal marker proteins in the
tetraspanin category (CD-9, CD-81 and syntenin-1) plus GAPDH in exosomal fraction by
SDS-PAGE/Western blotting (panel A). Marker protein content was also monitored in total
cell lysates (CL) prepared from human trabecular meshwork cell monolayers. Effects of
drug treatments on protein abundance in exosome fraction were determined using
densitometry (panel B). Thus, dexamethasone (iono; 100 nM for 5 days) and dex plus
ionomycin (iono; 100 μM for 3 hours) treatments were compared to untreated controls (con).
Shown are combined data from a total of 3–5 independent experiments testing 3–5 different
TM cell strains.
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Figure 5. Effect of treatments on appearance of TM-specific markers in exosomes prepared from
trabecular meshwork cell monolayers
In response to treatment with dexamethasone (dex) or dexamethasone plus ionomycin
(iono), abundance of TM-specific proteins (cyclophilin-B, emilin-1, myocilin and
neuropilin-1) in exosomes was monitored by SDS-PAGE/Western blotting (panel A).
Marker protein content was also monitored in total cell lysates (CL) prepared from human
trabecular meshwork cell monolayers. Effects of drug treatments on protein abundance in
exosome fraction were determined using densitometry (panel B). Thus, dexamethasone (100
nM for 5 days) and dex plus ionomycin (100 μM for 3 hours) treatments were compared to
untreated controls (con). Shown are combined data from a total of 5 independent
experiments testing 5 different TM cell strains.

Stamer et al. Page 14

J Proteomics. Author manuscript; available in PMC 2012 May 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Comparison of exosomal proteins present in human TM exosomes to those prepared
from human urine and aqueous humor
Exosomes from TM conditioned media, aqueous humor (AH) and urine (UR) were prepared
by differential centrifugation and analyzed by SDS-PAGE/Western blotting. Panel A shows
comparison of lipid organizing protein content (annexin-1, -2 and -5 and flotillin-1); panel B
shows comparison of tetraspanin proteins (CD-9, CD-81 and syntenin-1) and GAPDH
content; while panel C shows TM-specific (cyclophilin-B, emilin-1, myocilin, neuropilin-1)
versus urine-specific (podocalyxin) protein profile. Data shown are representative examples
of exosomal samples that were prepared from 5 different TM cell strains. Urine samples and
aqueous humor samples were pooled from several different donors before exosomal
preparation and analysis. During preparation of samples, purified exosomes from each cell
strain/bodily fluid were concentrated to 100X original volume before loading onto gels.
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Table 1

50 most abundant proteins in trabecular meshwork exosomes

Gene Symbol uniProt Id Sequence Name TM Normalized SC Urine Normalized SC

FN1 P02751 Fibronectin 2447.53 31.75

HSPG2 P98160 Basement membrane-specific heparan sulfate proteoglycan
core protein

420.76 56.74

COL12A1 Q99715 Collagen alpha-1(XII) chain 308.47 1.69

MFGE8 Q08431 Lactadherin 244.3 4.72

A2M P01023 Alpha-2-macroglobulin 267.99 19.23

ANXA2 P07355 Annexin A2 103.57 80.76

COL1A2 P08123 Collagen alpha-2(I) chain 96.4 1.7

EMILIN1 Q9Y6C2 EMILIN-1 98.39 0

ANXA6 P08133 Annexin A6 78.22 43.23

PKM2 P14618 Pyruvate kinase isozymes M1/M2 72.22 90.29

MVP Q14764 Major vault protein 77.37 11.93

ALB P02768 Serum albumin 77.78 107.67

LGALS3BP Q08380 Galectin-3-binding protein 79 48.18

ANXA5 P08758 Annexin A5 70.18 53.52

FLNA P21333 Filamin-A 68.79 1.16

ANXA1 P04083 Annexin A1 63.82 75.94

EDIL3 O43854 EGF-like repeat and discoidin I-like domain- containing
protein 3

63.97 0.33

MYOC Q99972 Myocilin 67.6 0.33

MYH9 P35579 Myosin-9 58.92 38

GAPDH P04406 Glyceraldehyde-3-phosphate dehydrogenase 54.58 110.8

MYOF Q9NZM1 Myoferlin 51.48 18.71

THBS1 P07996 Thrombospondin-1 56.9 11.96

LAMA4 Q16363 Laminin subunit alpha-4 56.17 0

NT5E P21589 5′-nucleotidase 50.81 1.98

CLTC Q00610 Clathrin heavy chain 1 47.1 30.14

ENO1 P06733 Alpha-enolase 45.46 178.5

LTBP2 Q14767 Latent-transforming growth factor beta-binding protein 2 55.15 1.34

GSN P06396 Gelsolin 51.28 35.33

DYNC1H1 Q14204 Cytoplasmic dynein 1 heavy chain 1 38.79 24.07

ACTB P60709 Actin, cytoplasmic 1 40.53 199.77

ACTN1 P12814 Alpha-actinin-1 38.62 22.95

TLN1 Q9Y490 Talin-1 38.98 16.51

LAMB1 P07942 Laminin subunit beta-1 41.24 1

HRNR Q86YZ3 Hornerin 40.49 6.04

TGFBI Q15582 Transforming growth factor-beta-induced protein ig-h3 39.46 0.34

ACTN4 O43707 Alpha-actinin-4 33.22 40.47

PCOLCE Q15113 Procollagen C-endopeptidase enhancer 1 42.53 0

SDCBP O00560 Syntenin-1 34.83 194.57
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Gene Symbol uniProt Id Sequence Name TM Normalized SC Urine Normalized SC

MYO1C O00159 Myosin-Ic 31.36 100.42

C3 P01024 Complement C3 31.51 60.21

PZP P20742 Pregnancy zone protein 38.39 5.28

MSN P26038 Moesin 30.81 192.15

ACTC1 P68032 Actin, alpha cardiac muscle 1 30.31 101.39

LAMC1 P11047 Laminin subunit gamma-1 34.16 4.18

TUBB P07437 Tubulin beta chain 29.97 32.3

VIM P08670 Vimentin 31.28 0

DPP4 P27487 Dipeptidyl peptidase 4 27.4 293.23

HSPA8 P11142 Heat shock cognate 71 kDa protein 30.03 92.71

ACTA1 P68133 Actin, alpha skeletal muscle 27.68 101.39

STOM P27105 Erythrocyte band 7 integral membrane protein 27.4 45.19
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