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Abstract
Primary open-angle glaucoma is a leading cause of irreversible blindness, often asso-
ciated with increased intraocular pressure. Extracellular vesicles (EVs) carry a specific 
composition of proteins, lipids and nucleotides have been considered as essential 
mediators of cell-cell communication. Their potential impact for crosstalk between 
tissues responsible for aqueous humour production and out-flow is largely unknown. 
The study objective was to investigate the effects of EVs derived from non-pig-
mented ciliary epithelium (NPCE) primary cells on the expression of Wnt proteins in 
a human primary trabecular meshwork (TM) cells and define the mechanism underly-
ing exosome-mediated regulation that signalling pathway. Consistent with the results 
in TM cell line, EVs released by both primary NPCE cells and NPCE cell line showed 
diminished pGSK3β phosphorylation and decreased cytosolic levels of β-catenin in 
primary TM cells. At the molecular level, we showed that NPCE exosome treatment 
downregulated the expression of positive GSKβ regulator-AKT protein but increased 
the levels of GSKβ negative regulator-PP2A protein in TM cells. NPCE exosome pro-
tein analysis revealed 584 miRNAs and 182 proteins involved in the regulation of 
TM cellular processes, including WNT/β-catenin signalling pathway, cell adhesion and 
extracellular matrix deposition. We found that negative modulator of Wnt signalling 
miR-29b was abundant in NPCE exosomal samples and treatment of TM cells with 
NPCE EVs significantly decreased COL3A1 expression. Suggesting that miR-29b can 
be responsible for decreased levels of WNT/β-catenin pathway. Overall, this study 
highlights a potential role of EVs derived from NPCE cells in modulating ECM pro-
teins and TM canonical Wnt signalling.
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1  | INTRODUC TION

An estimated 8.4 million people globally are blind due to glaucoma, 
making it the second leading cause of irreversible blindness.1 This 
is projected to increase with rising life expectancy.2 The disease 
is characterized by progressive damage in the optic nerve fibres 
and characteristic visual field loss.3 Primary open-angle glaucoma 
(POAG) is the predominant form of glaucoma in Western countries. 
Intraocular pressure (IOP) is the major modifiable  risk factor for 
POAG, but other IOP-independent risk factors may be involved in 
the pathogenesis of the disease.4

The control of IOP is dependent on the dynamic balance be-
tween aqueous humour (AH) production mainly by non-pigmented 
ciliary epithelium (NPCE) and its out-flow through the conventional 
and alternative pathways.5 In humans, IOP is primarily controlled by 
the out-flow of the AH through the trabecular meshwork (TM), also 
known as the conventional out-flow pathway. The TM is a porous 
structure composed of endothelial cells embedded in a dense ex-
tracellular matrix (ECM), composed of collagen, elastic fibres, pro-
teoglycans and other macromolecules.6 Fibrotic changes or deposits 
of ECM into the TM can slow or block the out-flow which leads to 
an elevation of the IOP.7,8 Glaucoma is thus linked to TM structure 
and function where structural changes in the TM likely alter tissue 
architecture and biomechanical properties which, in turn, influence 
its resistance to AH out-flow.6,8

It has previously been proposed that crosstalk communication 
may exist between inflow tissue and out-flow tissues through po-
tential modulators in AH.9 Increasing numbers of papers describe 
the presence of many biologically active factors, signalling mol-
ecules, immune mediators and steroid hormones in the AH.10-12 
Extracellular vesicles (EVs) were identified in AH and most biolog-
ically active compounds in the AH may be EV-associated.13 Among 
EVs, exosomes are of particular interest because of their roles in 
cell-to-cell communication. Exosomes are 30-150 nm nanoparticles 
that are released from most cell types under normal and pathological 
conditions.14 Nucleic acids and proteins are embedded in the phos-
pholipid exosome membrane.15 These rich exosomal cargos have the 
potential to regulate gene expression, cell death, oxidative stress, 
cellular metabolism and signal transduction pathways.16 Once re-
leased, exosomes can be internalized by neighbouring or distal cells, 
and equip cells with the ability to influence cellular functions. The 
term extracellular vesicles will be used with agreement with the in-
ternational society for extracellular vesicles recommendation.17,18

Research on exosome and small EV function in the eye has been 
limited. Although the origin of AH EVs is presently unknown, we 
assume that their source may be from the NPCE cells, where AH 
is actively secreted. NPCE cells contain a wide range of secretory 
vesicles in their cytoplasm, ranging from 10 nm to up to 1.5 μm in 
diameter.9 Smaller-sized vesicles (10-100  nm) include translucent 
and dense-core secretory vesicles and may possibly represent EV-
like nanoparticles. Previously, we provided evidence that NPCE cells 
secrete EVs that were internalized specifically by TM cells in cul-
ture. In addition, we demonstrated that incubation of TM cells with 

NPCE-derived EVs induced a significant decrease in the expression 
of the Wnt signalling pathways proteins and genes in human NPCE 
and TM cell lines.19

The Wnt signalling pathway, one of the best-studied signalling 
cascades, has been implicated in POAG disease. While the underly-
ing mechanism is still unclear, addition of exogenous sFRP1, a spe-
cific Wnt/β-catenin signalling inhibitor, to ex vivo perfusion cultured 
eyes, decreased out-flow facility and increased the IOP.20 This active 
Wnt signalling is found to be involved in TM cell–mediated ECM ex-
pression and TM cell stiffening.21 Overall, Wnt signalling appears to 
be a key player in TM regulation, with strong evidence suggesting 
that abnormal Wnt signalling may promote IOP.

Wnt signalling is known to crosstalk with other signalling mecha-
nisms including Notch, NF-κB, mTOR, transforming growth factor β, 
protein kinase C and PI3K/AKT.22 Among them, PI3K/AKT has been 
shown in several investigations to act upstream of Wnt signalling, 
resulting in β-catenin stabilization via phosphorylation on Ser 9 of 
GSK-3β .23 Previous studies have supported a molecular intersec-
tion between components of the Wnt and PI3K/Akt signalling path-
ways.24 Induced IOP elevation in rats has been shown to activate the 
PI3K/Akt pathway.25

Along the cascade of the PI3K/AKT signalling pathway, an addi-
tional potential element involved in the regulation of the Wnt path-
way is protein phosphatase 2A (PP2A). PP2A has been shown to 
negatively regulate Wnt pathway.26,27 PP2A was found to be signifi-
cantly higher in AH samples from the POAG group as compared to 
a cataract group.28 After treatment with DEX, TGFβ2 alkaline phos-
phatases activity was reported to be increased in TM cells. Alkaline 
phosphatase activity was also found to be significantly higher in in-
tact TM tissues from glaucomatous patients.29

In the present study, we turned to a primary cell model and in-
vestigated the effects of EVs obtained from human NPCE primary 
cells on primary human TM cells, with emphasis on the Wnt signal-
ling pathway. Based on the findings that NPCE and TM cell lines 
establish a EV-mediated crosstalk leading to the inhibition of Wnt 
signalling in TM cells, we expected that primary NPCE EVs would 
also suppress the Wnt signalling pathway in primary TM cells. In 
addition, to gain further mechanistic insight into this phenomenon, 
we analysed whether EVs derived from NPCE cell line might alter 
expression of proteins involved in the regulation of Wnt signalling 
cascades including AKT and PP2A proteins. Finally, to better under-
stand the role of NPCE EVs in NPCE-TM communication, we also 
evaluated miRNA and proteome profile of the NPCE-derived EVs.

2  | MATERIAL S AND METHODS

2.1 | Cell culture

A human normal trabecular meshwork (TM) cell line was gener-
ously donated by Alcon Laboratories, Texas, USA. A human non-pig-
mented ciliary epithelial cell line was kindly supplied by Prof. Miguel 
Coca Prados, Yale University, MA, USA. A human retinal pigment 
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epithelium (RPE) cell line was a gift from Dr Zeev Dvashi, Kaplan 
Medical Center, Rehovot, Israel. All cell lines were cultured in high 
glucose Dulbecco's modified Eagle's medium (DMEM) with 10% FBS 
(foetal bovine serum), 2 mmol/L L-glutamine, 100 μg/mL streptomy-
cin and 100 units/mL penicillin (all from Biological Industries, Kibbutz 
Beit HaEmek, Israel) in a humidified atmosphere of 95% air and 5% 
CO2 at 37°C. Primary TM cells were kindly provided by W. Daniel 
Stamer, Duke Eye Center, Durham, North Carolina, USA. Primary 
TM cells used in these experiments originated from a 63-year- old 
individual marked as HTM138.2 (passage 2). Primary TM cells were 
cultured in low glucose DMEM containing 10% FBS, glutamine and 
antibiotics. Primary human NPCE was purchased from ScienCell 
Research Laboratories. Primary NPCE cells were maintained in epi-
thelial cell medium (EpiCM; ScienCell Research Laboratories) supple-
mented with 2% FBS, 1% epithelial cell growth supplement (EPiCGS; 
ScienCell Research Laboratories) and 1% penicillin-streptomycin so-
lution (P/S; ScienCell Research Laboratories).

2.2 | EV isolation

Dulbecco's modified Eagle's medium with EV-depleted FBS was 
prepared by ultracentrifugation of culture medium for 16 hours at 
110 000 g overnight at 4°C using a SW28 rotor followed by filtration 
through a 0.22 µm filter (Millipore Express PLUS (PES) membrane). 
EVs were isolated from conditioned media (CM) of cultured NPCE 
cell line or from CM of Primary NPCE cells using a polyethylene gly-
col (PEG) based approach as previously described.30,31 Supernatant 
was collected from cells that were grown in medium containing EV-
depleted FBS for 48 hours and was subjected to centrifugation steps 
at 300 g for 10 minutes and 2000 g for 10 minutes to remove cell 
debris and larger vesicles. The resulting supernatant was filtered 
using 0.2 µm filter and added to the filtered precipitation solution 
(50% PEG8000 (Sigma), 0.5 mol/L NaCl in PBS), to achieve final PEG 
concentration (8.3% w/v), and samples were then mixed by repeated 
inversion and incubated overnight at 4°C. EVs were precipitated by 
centrifugation at 1500 g for 30 minutes, and the supernatant was 
removed. Residual fluid centrifugation was eliminated by centrifuga-
tion at 1500 g for 5 minutes and pelleted EVs were resuspended in 
PBS for further analysis.

2.3 | Transmission electron microscopy at cryogenic 
temperature (cryo-TEM)

For cryo-TEM, 4 µL of the vesicle suspension was applied to a cop-
per grid coated with a perforated lacy carbon 300 mesh (Ted Pella 
Inc) and blotted with filter paper to form a thin liquid film of solution. 
The blotted sample was immediately plunged into liquid ethane at its 
freezing point (−183°C) in an automatic plunger (Lieca EM GP). The 
vitrified specimens were transferred into liquid nitrogen for storage. 
Sample analysis was carried out under a FEI Tecnai 12 G2 TEM, at 
120 kV with a Gatan cryo-holder maintained at −180°C. Images were 

recorded with the Digital Micrograph software package, at low-dose 
conditions, to minimize electron beam radiation damage. The meas-
urements were performed at the Ilse Katz Institute for Nanoscale 
Science and Technology Ben-Gurion University of the Negev, Beer 
Sheva, Israel.

2.4 | EV size and concentration by Tunable Resistive 
Pulse Sensing (TRPS)

Extracellular vesicle concentration was determined by qNano (Izon 
Science) instrument, using the Tunable Resistive Pulse Sensing 
(TRPS) principle. This principle enables reception of signal while a 
single particle transfers through the NP150A membrane with pores 
of 150 nm. In order to eliminate contaminating debris, EV samples 
were passed through 0.22 μm filters. The apparatus was operated 
at a voltage of 0.48  V-0.64  V and a pressure equivalent to 8  cm 
of H2O. The membrane was stretched to 45-47  mm. Polystyrene 
beads at a concentration of 1  ×  1013  beads/mL (114  nm; CPC100 
Izon Science) were used to calibrate size and concentration, follow-
ing the manufacturer's instructions. Samples were diluted 1000-fold 
with PBS buffer and measured over 10 minutes. The movement of 
the particle through the membrane was identified as change in the 
ionic stream causing voltage changes. The power of the signal is pro-
portional to the particle size. According to the amount of particles 
and their velocity at a specific time, the qNano determines the EVs’ 
concentration.

2.5 | Western blotting

Western blotting analysis was performed on primary TM cells to 
ascertain the effects of NPCE EVs on Wnt signalling. Primary TM 
cells (1 × 106 cells/well) were seeded in 6-well plates in low glucose 
DMEM, containing 10% EV-depleted FBS. After 24 hours, primary 
NPCE-derived EVs (1 × 109 particles) were added to the primary TM 
cells for 1, 2, 4, 6 and 24 hours. Untreated cells were used as nega-
tive control and EVs isolated from NPCE cell lines were used as posi-
tive control. After the indicated incubation time, primary TM cells 
were lysed with lysis buffer (20 mmol/L HEPES, 150 mmol/L NaCl, 
1 mmol/L EGTA, 1 mmol/L EDTA, 10% glycerol, 1 mmol/L MgCl2, 
1% Triton X-100) containing a protease inhibitor cocktail. Whole cell 
lysates were separated on 10% polyacrylamide-SDS gels and trans-
ferred to nitrocellulose membranes. After blocking (5% BSA, 1 hour 
at room temperature), membranes were incubated overnight at 4°C 
with phospho-GSK3β (1:1000, Cell Signaling, 9323) and β-catenin 
(1:1000, Cell Signaling, 8480). Then, membranes were incubated 
with secondary antibody solutions for 1  hour at room tempera-
ture with IgG-horseradish peroxidase (HRP)–conjugated donkey 
anti-rabbit antibody (1:5000; GE Healthcare). Antigen-antibody 
complexes were detected using ECL Western blotting detection 
reagents (Biological Industries), followed by exposure to FUJI X-ray 
film (Fuji medical X-ray film, FujiFilm). Protein load was normalized 
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by β-actin protein level measurements using mouse anti-β-actin an-
tibody (1:4000, Sigma-Aldrich) followed by exposure to horseradish 
peroxidase-conjugated goat antimouse antibody (1:20 000, Jackson 
ImmunoResearch Inc). After completion of the control experiments 
with primary cells to strengthen the findings seen in cell lines, we 
further examined whether NPCE cell line-derived EVs modulate the 
expression of key proteins involved in Wnt regulation using the TM 
cell line. Western blot analysis was performed on protein lysates 
from TM cell line (1 × 106cells/well in 6-well plates) either untreated 
(Ctrl) or treated at various time-points (1, 2, 4, 6, 8 and 24 hours) 
with NPCE cell line-derived EVs (1 × 109 particles) or RPE derived 
EV control (1 × 109 particles). The nitrocellulose membranes were 
then incubated overnight at 4°C with a primary antibody against 
one of the following proteins: Anti-PP2A (1:10 000 BD Biosciences, 
610555;) phospho-Akt Ser473 (1:1000, Cell Signaling, 4060), phos-
pho-Akt Ser308 (1:1000, Cell Signaling, 13038), phospho-PDK1 
(1:1000, Cell Signaling, C49H2) and phospho-mTOR (1:10  000, 
Santa Cruz Biotechnologies, sc-293133). Total proteins were deter-
mined using antibodies to total Akt (1:1000, Cell Signaling, 4691) and 
mTOR (1:10 000, Santa Cruz Biotechnologies, sc-293089). To evalu-
ate the effect of the NPCE EVs on collagen expression, the TM cell 
line was treated with NPCE cell line EVs for 24 hours, and 20 µg of 
protein extracted from TM cells was separated on 7.5% polyacryla-
mide-SDS gels and probed for COL3A1 Antibody (1:1000, Santa 
Cruz Biotechnologies, sc-271249).

2.6 | Sucrose density gradients

Exosome pellets were resuspended in 2ml HEPES/sucrose (2.5 mol/L 
sucrose in 20 mmol/L HEPES) and loaded onto a continuous sucrose 
gradient (0.25-2.0  mol/L in 20  mmol/L HEPES, pH 7.2) prepared 
using a Hoefer SG30 gradient maker. The gradients were centri-
fuged overnight at 210  000  g at 4°C in a SW-41 swinging bucket 
rotor. 1 mL fractions were collected from the top to bottom of each 
gradient and 50  μL aliquots were used for density determination. 
The refractive index of each fraction was measured at 22°C using 
an Abbe refractometer (Atago 1211 NAR-1T liquid) and converted 
to density using the conversion table published in the Beckman 
Coulter ultracentrifugation manual. Next, each fraction was washed 
in 20 mmol/L HEPES, ultra-centrifuged at 100 000 g for 1 hour and 
mixed with lysis buffer prior to analysis by Western blotting.

2.7 | Image stream analysis

Cellular uptake of the NPCE RNA and proteins via EVs was analysed 
using image stream. TM cells (5 × 105) were seeded in a 6-well plate 
in high glucose DMEM, containing 10% EV-depleted FBS. After 
24  hours, the TM cells were incubated for 2  hours with Exo-Red 
(EXOC300A-1, SBI, CA, USA) or Exo-Green (EXOC300A-1, SBI) 
stained EVs isolated from NPCE cells. Labelling of exosomal RNA by 
Exo-Red and proteins by Exo-Green was performed according to the 

manufacturer's protocol. 10 μL of Exo-Red or Exo-Green was added 
to 20 μg of EVs resuspended in 500 μL 1×PBS. The EV suspension 
was mixed with the stain solution and incubated for 10 minutes at 
37°C. The labelling reaction was stopped by adding ExoQuick-TC 
reagent. Labelled EVs were placed on ice for 30 minutes following 
centrifugation at 17136 g for 3  minutes. 100  μL of labelled NPCE 
EVs were co-cultured with TM cells for two hours washed and ana-
lysed on the ImageStreamX Mark II imaging cytometer equipped 
with 60× objective. Exo-Green and Exo-Red fluorescence were re-
corded using excitation with 488 nm and 642 nm lasers, respectively 
at 3 mW intensity.

2.8 | Microarrays analysis

Isolation and purification of RNA from NPCE cell line EVs were car-
ried out using a miRCURY RNA isolation kit (Exiqon, Woburn, MA) 
according to the recommended procedure. RNA concentration and 
purity were determined at 260 nm by a NanoDrop2000 spectropho-
tometer (Thermo Scientific). RNA quality was assessed using an Agilent 
2100 Bioanalyzer (Agilent Technologies). miRNA expression analy-
ses were performed at the Life Sciences Core Facilities, Israel Weizmann 
Institute of Science using SurePrint G3 Human miRNA 8 × 60k micro-
arrays (Agilent Technologies) according to the manufacture's protocol. 
Hybridization signals were detected with a DNA Microarray Scanner 
(Agilent Technologies), and the intensity of each hybridization signal 
was evaluated using Agilent Feature Extraction software.

2.9 | Sample preparation and LC-MS

For mass spectrometry, initially EVs were isolated by ultracentrif-
ugation and the resulting pellet was resuspended in HPLC-grade 
water. 100 µg of the exosome sample was dried in a speedvac and 
dissolved in 7.2  mol/L urea and 100  mmol/L ammonium bicarbo-
nate. Disulphide bonds were reduced by adding 5 µL of 45 mmol/L 
1,4-dithiothreitol (DTT) for 15 minutes at 56ºC and alkylated with 
100 mmol/L iodoacetamide for 15 minutes at room temperature in 
the dark.  Subsequently, sequencing-grade trypsin (Promega) was 
added to a final 1:50 w/w trypsin-to-protein concentration and di-
gestion was performed overnight at 30°C. Proteolysis was stopped 
by adding 10 µL of ultra-pure glacial acetic acid. Resulting peptides 
were dried by speedvac to evaporation the solvent and re-dissolved 
in a 10 µL mixture of 5% acetonitrile and 0.1% formic acid. LC/MS 
analysis of digested peptides was performed using an Eksigent nano-
HPLC (model nanoLC-2D) connected to the LTQ Orbitrap XL ETD 
(Thermo Fisher Scientific). Reverse-phase chromatography of pep-
tides was performed using a homemade C-18 column (15 cm long, 
75 μm ID) packed with Jupiter C18, 300 Å, 5 μm beads (Phenomenex). 
Peptides were separated by a 70-minutes linear gradient, starting 
with 100% solvent A (5% acetonitrile, 0.1% formic acid) and ending 
with 80% solvent B (80% acetonitrile, 0.1% formic acid), at a flow 
rate of 300 mL/min. A full scan, acquired at 60 000 resolutions, was 
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followed by CID MS/MS analysis performed for the five most abun-
dant peaks, in the data-dependent mode. Fragmentation and detec-
tion of fragments were carried out in the linear ion trap. Maximum 
ion fill time settings were 500 ms for the high-resolution full scan 
in the Orbitrap analyzer and 200 ms for MS/MS analysis in the ion 
trap. The AGC settings were 5x105 and 1 × 104 (MS/MS) for Orbitrap 
and linear ion trap analyzers, respectively. Proteins were identified 
and validated using the SEQUEST and Mascot search engines oper-
ated under the Proteome Discoverer 1.4 software (Thermo Fisher 
Scientific). Mass tolerance for precursors and fragmentations was 
set to 10 ppm and 0.8 Da, respectively. Only proteins containing at 
least two peptides of high confidence (Xcore N2 or 2.5 for doubly or 
triply charged species, respectively) were chosen.

2.10 | Statistical analysis

Data are presented as the means ± SD. Data were analysed using 
two-way ANOVA followed by Bonferroni's post-test. Statistical 
analysis was performed using GraphPad Prism version 5 software 
(GraphPad Software, Inc). Differences were considered statistically 
significant at P < .05.

3  | RESULTS

3.1 | NPCE EV traffic RNA and proteins between 
NPCE and TM cells

To study whether encapsulated RNAs and proteins in NPCE EVs are 
transferred to TM cells, we stained exosomes with Exo-Red (RNA 
dye) or Exo-Green (protein dye). These were then added to the TM 
cells for 2 hours. Cell images were then collected by Image Stream 
Flow Cytometry. After 2 hours, both the Exo-Red (Figure 1A) and 
Exo-Green (Figure  1B) signals were detected in the cytoplasm of 
TM cells exposed to these labelled EVs. These results suggest that 
NPCE EVs were internalized by TM cells and effectively delivered 
their cargo into the TM cytosol.

3.2 | Characterization of exosomal proteins by LC-
MS/MS

We further performed protein analysis of NPCE EVs derived from 
culture media to identify proteins that can potentially function as 
mediators of cell-to-cell signalling. Using the LC-MS technique, the 
combination of three independent exosome preparations resulted 
in the identification of 182 proteins. The 91 proteins detected in 
all three samples are shown in Table  1. This list included proteins 
known to be involved in cell adhesion, cytoskeleton regulation, oxi-
dative stress response and others. Several of the identified proteins 
are associated with membrane trafficking and fusion processes. An 
assortment of cytosolic enzymes and various membrane transport-
ers were also present. The list of proteins identified in this study 
is broadly consistent with that of other exosome proteome studies, 
further supporting the enrichment of EVs in samples prepared from 
NPCE supernatants. Along with our hypothesis that NPCE EVs par-
ticipate in signalling within the drainage system, we also identified 
cellular signal transduction related proteins that were described pre-
viously as regulators of the Wnt signalling pathway (14-3-3 protein 
and histidine triad nucleotide-binding protein 1).32,33 In addition, our 
proteomic analysis revealed the presence of CD9 in EVs released by 
NPCE cells. CD9, a member of the tetraspanin family, has been impli-
cated in inhibition of Wnt/β-catenin signalling through the reduction 
of the cellular pool of β-catenin.34 These results suggest that EVs 
carry proteins involved in Wnt signalling regulation, and the pres-
ence of these proteins further supports the idea that EVs may fa-
cilitating crosstalk between NPCE and TM cells by transferring their 
contents to target cells.

3.3 | NPCE exosome miRNA characterization

We demonstrated from the proteomics experiments the pres-
ence of RNA related proteins in EVs isolated from NPCE cells. 
Therefore, we have been suggested that EVs could contain RNA 
and that NPCE cells shuttle RNA to TM cells via exosome trans-
fer. Total RNA derived from NPCE EVs was analysed using Agilent 

F I G U R E  1   TM cells uptake of NPCE 
EVs. NPCE EVs in which either RNAs 
were labelled with Exo-Red or proteins 
were labelled with Exo-Green dyes 
co-incubated for 2 h with TM cell line. 
EV fluorescence was captured and 
photographed using an ImageStreamTM 
high-resolution imaging flow cytometer. 
A, Representative ImageStreamTM images 
showing Exo-Red labelled NPCE EVs or B, 
Exo-Green labelled NPCE EV uptake by 
TM cells

A B
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Bioanalyzer. After filtering out signals of low intensity, we de-
tected, on average, 696 miRNAs per sample. As expected, EV 
samples contained little quantities of 18S and 28S ribosomal RNA. 
To identify potential miRNAs that regulate genes involved in the 
regulation of the Wnt pathway, the miRNAs found in the microar-
ray analysis were matched to previously published data of miRNAs 
that were reported in the AH of cataract patients.33 When com-
paring our data vs. AH data, we found that over two-thirds of the 
most overlapped AH miRNAs detected in five studies were also 
presented in the NPCE EVs. By generating a Venn diagram, we 
found 77 miRNAs which were common between NPCE EVs and 
AH miRNAs (Figure 2A,B). As shown in Figure 2C, the most abun-
dant of these 77 miRNAs identified in the NPCE EV samples was 
miR-21, followed by miR-638, let-7a, miR-100 and miR-16. Many of 
the abundant miRNAs in EVs isolated from NPCE cells have been 
reported to regulate Wnt signalling (Table  2), and other miRNAs 
such as miR-29, miR-17 and miR-21 have been related to the modu-
lation of collagen synthesis. These results suggest that EVs carry 
miRNAs that have regulatory functions and can perhaps give rise 
to proteins or perform regulation on the recipient cells.

3.4 | Characterization of EVs isolated from primary 
NPCE cells

To analyse EVs isolated from primary NPCE cells, cryo-TEM and 
TRPS were performed. Using the cryo-TEM approach, we ob-
served that primary NPCE cells generated typical round shape 
heterogeneous membrane encapsulated vesicles (Figure 3A). The 
round-shaped primary EVs were consistent with morphology 

observations made previously for NPCE cell line-derived EVs.17 
The average size of primary NPCE EVs measured by TRPS was 
comparatively smaller than that obtained for EVs derived from 
NPCE cell line (113.73  ±  10.64 vs 131.64  ±  18.83, respectively 
P  <  .01) (Figure  3B,C). EV size range was 30-150nm, similar to 
NPCE cell line (36 −174nm) (Figure 3D).

3.5 | EVs released from primary NPCE cells 
modulate Wnt signalling pathway in primary TM cells

Based on our previous findings that NPCE and TM cell lines es-
tablish an EV-mediated crosstalk leading to an inhibition of Wnt 
signalling in TM cells, we expected that primary NPCE EVs would 
also suppress Wnt signalling pathway in primary TM cells. To test 
whether this trend is observed in primary cells, primary TM cells 
were co-cultured with either EVs secreted by primary NPCE cells 
or EVs secreted by NPCE cell line, and the expression level of 
specific Wnt signalling proteins was determined by Western blot-
ting. Consistent with the results in the TM cell line, EVs released 
by both primary NPCE cells and NPCE cell line showed dimin-
ished pGSK3β phosphorylation and decreased cytosolic levels of 
β-catenin in primary TM cells. We observed a twofold decrease in 
total β-catenin protein levels after 2 hours of primary NPCE or cell 
line exosomal treatment (P <  .01, P <  .05) (Figure 4A,B) and sig-
nificantly lower protein levels of pGSK3β after 1-2 hours of treat-
ment with either NPCE primary or cell line released EVs (P < .01, 
P < .05) (Figure 4C,D). No significant changes in these protein lev-
els were seen after more than a 2-hour incubation, compared with 
untreated TM control cells.

TA B L E  1   List of proteins identified by LC-MS/MS analysis in NPCE exosomes

Adhesion CD44, CD59, CD9, integrin α, β, EDIL3

Antigen presentation β-2-microglobulin, HLA class I histocompatibility antigen

Chaperons Hsc70, Hsp71, Hsp90, T-complex protein-1 ε

Cytoskeleton Actin α, β, α-actinin, cofilin, collagen, ezrin, filamin, keratin, moesin, myosin-6,9, prelamin, profilin, talin, tropomyosin α, 
tubulin α, β, vimentin, vinculin

Enzymes ATPase NA+/K+ transporting, α-enolase, D-3-phosphoglycerate dehydrogenase, G6PD, glyceraldehyde-3-phosphate 
dehydrogenase, fructose-bisphosphate aldolase, L-lactate dehydrogenase, malate dehydrogenase, nucleoside 
diphosphate kinase, phosphoglycerate mutase, phosphoglycerate kinase, pyruvate kinase, peptidylprolyl isomerase, 
protein disulphide-isomerase, transitional endoplasmic reticulum ATPase, triosephosphate isomerase, ubiquitin 
carboxyl-terminal hydrolase isozyme, valosin-containing protein

Lectin binding Galectin-1

Vesicles trafficking & 
fusion

Annexins (1,2,5,6), clathrin heavy chain, Rab GDI, Rap 1B, WD RCP1

Others Basigin, BASP1, calmodulin, importin, histones (H1.2, H1.5, H2A, H2B, H4), transgelin, protein DJ-1, S100 protein

Oxidative stress 
response

Glutathione S-transferase, peroxiredoxin-1, superoxide dismutase

Protein synthesis Initiation factor 4A, elongation factor (1,2), ribosomal proteins (40 S, 60 S subunit)

RNA/ DNA binding Heterogeneous nuclear ribonucleoprotein, histidine triad nucleotide-binding protein 1, nucleophosmin

Signal transduction 14-3-3 (ε, η, ζ), Rac (1,2,3), G proteins

Transporters SLC3A2, chloride intracellular channel protein 4
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F I G U R E  2   A comparison of miRNAs 
detected in the NPCE samples to the 
most overlapping miRNAs families in the 
AH. A, The Venn diagram adapted from 
Hari Jayaram et al53 depicts the overlap 
of human AH miRNAs detected in five 
studies. B, Venn diagram displays the total 
number of miRNAs detected in the EV 
samples isolated from NPCE cell culture 
medium (n = 2) compared to the most 
overlapping AH miRNAs families from the 
published datay.53 C, Expression levels 
of 27 miRNAs identified in EVs derived 
by NPCE cell line overlapping with those 
observed within the AH

A B

C

miRNA Wnt-signaling target
Inhibits/activates Wnt 
signaling pathway References

miR-21 DKK2, TGFβR2, Wnt1 Activates or Inhibits 51,54,55

miR-638 FZD7 Inhibits 56

miR-100 DKK1, ZNRF3 Activates 57

miR-125 DKK3, ZNRF3, RNF43, 
APC2

Activates 57

miR-23a FZD5 Inhibits 58

miR-29a sFRP-2, DKK1 Activates 59

miR-15b Axin2 Activates 60

miR-29b TCF7L2, BCL9L, SNAI1 Inhibits 61

miR-146a ZNRF3 Activates 62

miR-20a/19b E2F1, HIPK1 Activates 63

miR-130a RUNX3 Activates 64

miR-27a-3p SFRP1 Activates 65

miR-365b Wnt5a Inhibits 66

miR-25 β-catenin Inhibits 67

miR-181a WIF1 Activates 68

TA B L E  2   Effect of MiRNA detected 
in NPCE cell line-derived EVs in the 
regulation of WNT/β-catenin signalling 
pathway
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3.6 | Effect of NPCE EVs on PDK1/Akt/mTOR 
signalling pathway in a TM cell line

Inhibitory serine-phosphorylation is the most frequently examined 
mechanism that regulates the activity of GSK3. It is well estab-
lished that AKT inhibits GSK3 kinase activity via phosphorylation 
of Ser-9 in GSK3β.35 A possible mechanism by which the NPCE 
EVs can mediate the inhibition of Wnt signalling pathway in TM 
cells is by decreasing the protein level of phosphorylated Akt pro-
tein. Akt has been shown to phosphorylate and inactivate GSK3β, 
which is required for the deactivation of β-catenin. Therefore, 
AKT protein level was measured in protein extracts derived 
from the TM samples using Western blot analysis with anti-AKT 
monoclonal antibody and anti-β-actin as control. As the full deac-
tivation of Akt requires de-phosphorylation at both Thr308 and 
Ser473,36 we examined two-site phosphorylation in TM cells fol-
lowing NPCE EV treatment at different time-points (1,2,4 hours). 
As controls, we used untreated TM cells and TM cells that were 
exposed to RPE EVs, which we had previously shown to be unable 
to reduce β-catenin levels in TM cells. When the TM cells treated 
with NPCE EVs for 2h, we observed greater than a threefold de-
crease (P <  .05) of Akt phosphorylated at Ser473 compared with 
untreated cells (Figure 5A,B). A trend of lower Akt phosphoryla-
tion levels at Thr308 was observed upon NPCE exposure, without 
reaching significance (Figure 5C,D). No differences were detected 
in the expression levels of Akt phosphorylation at both the Ser473 
and Thr308 positions upon RPE EV exposure, as compared to the 
untreated control. In the attempt to better define the molecular 
mechanism underlying the ability of EVs to modulate Akt protein 

we further investigated the phosphorylation state of proteins that 
lies upstream (PDK1) and downstream (mTORC1) of Akt in TM 
cells following EV treatment. In response to NPCE EVs at 2 hours, 
TM cells exhibited 2.5-fold (P < .05) decreased phosphorylation of 
PDK1 but pre-treatment of TM cells with RPE EVs had no effect 
on the amount of PDK1 at the respective time-point (Figure 5E,F). 
Next, we examined how the presence or absence of NPCE-derived 
EVs affects mTORC1 phosphorylation. Results revealed that no 
significant differences were detected following NPCE and RPE 
EV treatment regarding their effects on phosphorylation of the 
mTORC1 at Ser2448 (Figure 5G,H). Collectively, these results sug-
gest that NPCE EVs seem likely to play some role in phosphoryla-
tion of Akt and Pdk1 proteins. However, as EVs were unable to 
inhibit mTORC1 phosphorylation by Akt protein, and Akt was par-
tially activated by phosphorylation of T308, Akt protein in our sys-
tem cannot account for the reduced phosphorylation of p-GSK3β 
in TM cells.

3.7 | Effect of NPCE EVs on PP2A protein levels in a 
TM cell line

PP2A catalyses dephosphorylation of Akt at Ser473 to partially 
deactivate it and dephosphorylates GSK3β at Ser9 to activate 
it.37,38 Because NPCE EVs induced deactivation of Akt kinase at 
Ser473 position only, and activated GSK3β by lowering its phos-
phorylation at Ser9, we next tested whether NPCE EVs regulate 
PP2A activity in TM cells. To investigate the effect of EVs on PP2A 
levels in TM cells, the cells were grown in media with either NPCE 

F I G U R E  3   Identification and 
characterization of EVs. Condition 
medium from primary NPCE cells and 
NPCE cell line was collected. EVs were 
isolated and characterized by cryo-TEM 
and TPRS analysis. A, Representative 
cryo-TEM image of EVs from primary 
NPCE cell culture. The scale bar is 
200 nm. B, Particle size measurement 
of the primary NPCE EVs detected by 
TRPS. C, Particle size measurement of 
NPCE cell line-derived EVs detected by 
TRPS. Histograms are from more than 500 
individual EV events. D, Box plot showing 
the particle size distribution of the EVs 
derived from NPCE cell line and from 
primary NPCE cells detected by TRPS. 
Data are means ± SEM of 10 independent 
measurements (**P < .01, unpaired 
Student's test)
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EVs or RPE EVs. Untreated cells served as control. Proteins lysates 
were extracted and PP2A expression was detected by Western 
blot. Results revealed that pretreated TM cells with NPCE EVs 
resulted in a greater than a twofold (P < .001) increase in the PP2A 
protein levels as compared to control cells (Figure 6A,B). Next, we 
investigated whether the NPCE EVs are positive for PP2A protein. 
Western blot analysis of density gradient fractions confirmed the 
presence of PP2A in NPCE EVs (Figure 6C). We observed, using 
a continuous sucrose gradient, that most of the PP2A was recov-
ered in fractions 4 to 6, ranging from densities of 1.18-1.188 g/
mL, corresponding to the density range classically assigned to 
EVs.39 These results suggest that NPCE cells secrete EVs contain-
ing PP2A protein and thus may be responsible for the elevation 
levels of PP2A protein in TM cells and downregulation of Wnt 
signalling by PP2A protein delivery and activation of GSK3β in 
recipient cells.

3.8 | NPCE EV effect on collagens protein levels in 
TM cells

Trabecular meshwork tissue consists of various extracellular matrix 
(ECM) proteins, including collagen (types I, III, IV and V), proteogly-
cans and laminin.40 Changes in ECM are thought to have a role in the 
increased out-flow resistance of the TM in POAG.41 Activation of the 
Wnt signalling pathway in humans has been shown to promote fibro-
sis of various organs.42 We have been suggested that down-regula-
tion of Wnt/β-catenin signalling pathway by NPCE EVs would reduce 
collagen protein expression in TM cells. The effect of NPCE-derived 
EVs on the levels of collagen IIIA (Col3A) in TM cells was investigated 
by Western blotting analysis with anti-Col3a monoclonal Ab. As 
shown in Figure 7A,B, treatment with NPCE EVs clearly decreased 
the collagen III expression in TM cells after 24 hours incubation of 
these cells with NPCE EVs. When normalized to the loading control, 

F I G U R E  4   Effect of EVs isolated from 
primary NPCE cells and NPCE cell line on 
β-catenin and GSK3β protein expression 
in primary TM cells. Primary TM cells 
were treated with NPCE primary or cell 
line-derived EVs and the effect of EVs 
on protein level of β-catenin and pGSK3β 
in TM cells was detected by Western 
blotting at the indicated time-points. A, 
Representative Western blots showing the 
levels of β-catenin or (C) pGSK3β protein, 
phosphorylated at Ser9 in primary TM 
cells following EV treatment. B, The graph 
shows the densitometry quantification 
for the expression of β-catenin or (D) 
the expression of pGSK3β in primary TM 
cells. Data presented as mean ± SEM of 
three independent experiments. Asterisks 
indicate statistically significant differences 
from untreated control (*P < .05, **P < .01 
in two-way ANOVA with Bonferroni's 
test)

*
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expression of collagens in TM cells were approximately threefold 
(P < .01) lower than untreated control or RPE EV-treated cells.

4  | DISCUSSION

In the present study, we explore the idea that NPCE-derived EVs 
act as intercellular communicators to facilitate direct transfer of bio-
logical active cargo carried by NPCE EVs to TM cells. We aimed to 
gain a better understanding on how the NPCE EVs influence the TM 
Wnt signalling pathway. We focused on investigating the effect of 
NPCE EVs on expression of Akt and PP2A proteins, which control 
the Wnt pathway, by regulation of GSK3β phosphorylation state. 
Currently, there is no information about the production of EVs by 
NPCE cells, and no evaluation of NPCE-derived exosome content 
has been performed. We characterized protein and miRNA content 
of EVs released by NPCE cells to shed more light on their molecular 
components that may be involved in Wnt regulation.

Our present findings demonstrate that EVs derived from NPCE cell 
line can modulate the Wnt signalling in TM cell line, having the same 
trend and power as primary NPCE cells’ EVs. When we treated pri-
mary TM cells with NPCE EVs (from primary or cell line) a similar Wnt 
signalling attenuation was found. TM cells treated with the NPCE EVs 
displayed decreased Akt473 phosphorylation with no apparent change 
at Thr308. Full activation requires both sites to be phosphorylated, 
whereas singly phosphorylated Akt is partially active, suggesting that 

NPCE EVs may regulate GSK3β serine 9 phosphorylation site by PP2A 
phosphatase. Consistent with this possibility, we have found that NPCE 
EVs increase PP2A expression in TM cells. Furthermore, we showed 
that NPCE EVs carry PP2A phosphatase. Proteomic exploration of the 
NPCE EVs revealed that many previously identified AH proteins were 
found to be enriched in NPCE EV samples, including proteins related 
to adhesion (CD44, CD59), antigen presentation (β-2-microglobulin), 
cytoskeleton (actin, actinin, tropomyosin α), oxidative stress response 
(glutathione S-transferase, peroxiredoxin-1, SOD), protein synthesis 
regulation, signal transduction proteins and enzymes. The resulting 
miRNAs’ profiles of NPCE-derived EVs demonstrated the presence of 
numerous miRNAs, which were previously shown to be involved in reg-
ulation of TM cellular processes. For example, in TM cells, introduction 
of mir-29, resulted in down-regulation of multiple ECM components, 
including collagens and genes involved in ECM deposition.43 We found 
that members of 29-miRNA family were abundant in NPCE exosomal 
samples and that treatment of TM cells with NPCE EVs significantly 
decreased the expression of the COL3A1. In addition, fifteen miRNAs 
were found to be either potent activators or inhibitors of Wnt signalling.

Taken together, these data indicate that EVs released by NPCE 
cells may regulate Wnt signalling in TM tissue. Regarding the Wnt 
signalling pathway attenuation in TM cells by NPCE-derived EVs, the 
cell lines used are relevant as they match primary cells. The exact 
mechanism that underlies the inhibition of Wnt signalling following 
NPCE exosome treatment in TM cells remains incompletely under-
stood. We propose that one potential mechanism for the observed 

F I G U R E  5   Effect of NPCE cell line 
EVs on activity of AKT, PDK1 and 
mTOR proteins. Experimental conditions 
included untreated TM cells and TM 
cells treated with either control (RPE 
EVs) or NPCE EVs for the indicated 
times. Total cell lysates were prepared 
from TM cells and subjected to the 
western blot analyses with p-AKT, t-AKT, 
p-PDK1, p-mTORC1 and t-mTORC1 
antibodies. Actin was used to verify 
equal loading. Representative western 
blots demonstrate (A) pAKT 473, (c) 
pAKT 308, (E) p-PDK1 (Ser 241) and (G) 
p-mTORC1 (Ser 2448) protein levels. 
Densitometric evaluation of (B) p-AKT 
473, (D) p-AKT 308, (F) p-PDK1 and (H) 
t-mTORC1 protein expression. For all 
graphs, data are means ± SEM of at least 
three independent experiments. (*P < .05, 
**P < .01 and ***P < .001 in two-way 
ANOVA with Bonferroni's test)
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inhibition of GSK3β is through transfer of PP2A phosphatase to TM 
cells. Phospho-GSK3β is a substrate for PP2A, and dephosphoryla-
tion of GSK3β by PP2A may lead to a reduction in β-catenin accu-
mulation and a decrease in Wnt signalling pathway activity. Another 
possible mechanism involved in mediating exosome Wnt inhibition 
effect could be via the exosome delivery of miRNAs. The presence 
of 89% identified AH miRNAs in NPCE EVs suggests that NPCE tis-
sue may be the pivotal source of miRNAs found in AH. Our under-
standing is that exosome miRNAs may target genes in TM cells and 
contribute to the ocular drainage system homeostasis by modulat-
ing levels of β-catenin and levels of several ECM proteins such as 
collagen. We believe that exosomal cargo may vary in response to 
different physiological or pathological conditions, and AH out-flow 
system may utilize multiple miRNAs, creating a sophisticated  bal-
ance between activation and repression of Wnt signalling.

Accumulating evidence suggests that the Wnt pathway is a 
major signalling pathway contributing to the TM AH drainage re-
sistance.44,45 It was shown that Wnt antagonist increases out-flow 
facility in perfused human anterior segments.20 Wnt signalling com-
ponents were found in different ocular drainage tissues, among 

them sFRP-1, an antagonist of the Wnt signalling pathway. Inhibition 
of the Wnt pathway using sFRP1 increases IOP in vivo in mice an-
imal models.46 Wnt signalling pathway has a complex relation with 
the ECM. It intersects with TGF-beta pathway to regulate ECM gene 
expression in multiple cell types, and plays a role in ECM assembly.47 
Evidence from open-angle glaucoma studies suggests a link between 
Wnt inhibition and increased TM cell stiffness.48 It is therefore pos-
sible that dysregulation of Wnt signalling pathway may cause ECM 
abnormalities in the TM. Our results showed reduction in the main 
fibrous ECM protein and proteins related to the Wnt pathway fol-
lowing treatment with NPCE EVs isolated under normal condition. 
However, the role of EVs produced under stress condition that might 
mimic elevated ocular pressure needs to be further investigated.

Recent studies have suggested that miRNAs participate in reg-
ulating Wnt pathway by targeting multiple Wnt signalling pathway 
components.49 Among the top 27 most abundant miRNAs detected 
in NPCE exosome samples and AH, most have important function 
in Wnt signalling pathway regulation. For example, NPCE-derived 
EVs contain significant amounts of miR-638, which was linked to 
the down-regulation of the Wnt/β-catenin signalling pathway.14 In 
addition, miR-21 was detected in NPCE cells derived EVs at high 
concentration compared with other miRNAs detected. miR-21 is 
indeed involved in the Wnt/β-catenin signalling pathway through 
its upstream target genes and positive regulation of Wnt, thereby 
activating the Wnt/β-catenin signalling pathway and causing β-cat-
enin expression to increase.50 miR-21 could negatively modulate the 
activity of Wnt/β-catenin signalling via targeting Wnt-1, which likely 
accounts for the Wnt/β-catenin cascade activation.51 Furthermore, 
miR-21 was shown to target TIMP3, a tissue inhibitor of MMPs, 
promoting MMP activity, leading to degradation of ECM.52 Another 

F I G U R E  6   Expression of PP2A in TM cells and NPCE EVs. 
Western blot showing increased PP2A protein levels in the TM 
cells after NPCE EV exposure. A, Western blot representative 
images. B, Quantification of PP2A in TM cells exposed to NPCE 
or RPE EVs or untreated cells. Results are representative of three 
independent experiments (*P < .05; ***P < .001 in two-way ANOVA 
with Bonferroni's test). C, NPCE EVs were floated into a linear 
sucrose gradient (0.25-2.5 mol/L) and then subjected to overnight 
centrifugation. Gradient fractions were collected and analysed by 
Western blot analysis using PP2A antibody

***
***
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*
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F I G U R E  7   Expression of type III collagen in TM cells following 
exposure to NPCE cell line-derived EVs. A, Representative Western 
blot showing collagen 3A1 expression in TM cells exposed to NPCE 
or RPE EVs or untreated cells. B, Quantitative analysis of collagen 
levels relative to β-actin in response to NPCE and RPE EVs. Results 
are representative of three independent experiments. (**P < .01 in 
one-way ANOVA with post-Tukey's test)
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recent study on human tissues suggests that miR-21 promotes ECM 
degradation through inhibiting autophagy via the PTEN/Akt/mTOR 
signalling pathway.53

Along the cascade of PI3K/AKT signalling pathway, potential el-
ements involved in the regulation of WNT pathway is PP2A. PP2A 
was found to be significantly higher in AH samples from the POAG 
group as compared to a cataract group.28 After treatment with DEX, 
TGFβ2 alkaline phosphatases activity was reported to be increased in 
TM cells. Alkaline phosphatases activity was also found to be signifi-
cantly higher in the intact TM tissues from glaucomatous patients.29 
PP2A has been shown to negatively regulate signalling networks 
such as the Wnt pathway. Yokoyama et al revealed that knockdown 
of the PP2Ac catalytic subunit led to increases in phosphorylat-
ed-GSK3β.27 Mitra et al confirmed this finding and show that PP2A-
mediated dephosphorylation of GSK3β occurs through recruitment 
of two heat shock proteins. These results support a potential role 
of PP2A in dephosphorylating, and thereby activating, GSK3β with 
resultant phosphorylation of β-catenin leading to its destruction.26

In conclusion, our findings propose exosome-mediated crosstalk 
between NPCE cells and TM cells that affect the behaviour of target 
TM cells through modulation of Wnt signalling pathway and ECM 
remodelling, probably, by the transfer of proteins and RNA cargo. 
Exploration of the precise physiological roles of NPCE EVs may allow 
the development of novel therapeutic approaches, with minimally 
invasive procedures.
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