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Abstract

Glaucoma, a leading cause of irreversible blindness is commonly associated with elevated 

intraocular pressure (IOP) due to impaired aqueous humor (AH) drainage through the trabecular 

meshwork (TM). Although dysregulated production and organization of extracellular matrix 

(ECM) is presumed to increase resistance to AH outflow and elevate IOP by altering TM cell 

contractile and adhesive properties, it is not known whether regulation of ECM protein 

phosphorylation via the secretory vertebrate lonesome kinase (VLK) influences TM cellular 

characteristics. Here we tested this possibility. Experiments carried out in this study reveal that the 

32 kDa protein is a prominent VLK isoform detectable in lysates and conditioned media (CM) of 

human TM cells. Increased levels of VLK were observed in CM of TM cells subjected to cyclic 

mechanical stretch, or treated with dexamethasone, TGF-β2 and TM cells expressing 

constitutively active RhoA GTPase. Downregulation of VLK expression in TM cells using siRNA 

decreased tyrosine phosphorylation (TyrP) of ECM proteins and focal adhesions, and induced 

changes in cell shape in association with reduced levels of actin stress fibers and phospho-paxillin. 

VLK was also demonstrated to regulate TGF-β2-induced TyrP of ECM proteins. Taken together, 

these results suggest that VLK secretion can be regulated by external cues, intracellular signal 

proteins and mechanical stretch, and VLK can in turn regulate TyrP of ECM proteins secreted by 

TM cells and control cell shape, actin stress fibers and focal adhesions. These observations 

indicate a potential role for VLK in homeostasis of AH outflow and IOP, and in the pathobiology 

of glaucoma.
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Introduction

Glaucoma is a leading cause of irreversible blindness worldwide. Elevated intraocular 

pressure (IOP) is a dominant risk factor for primary open angle glaucoma, the most 

prevalent form of glaucoma (Kwon et al., 2009b; Weinreb and Khaw, 2004). Importantly, 

lowering of IOP is a mainstay of treatment options to delay progressive vision loss in 

glaucoma patients (Kwon et al., 2009b; Weinreb and Khaw, 2004). IOP is determined by the 

balance between the secretion of AH by the ciliary epithelium and its drainage through the 

conventional and non-conventional outflow pathways(Bill, 1966; Kanski et al., 2011; 

Weinreb and Khaw, 2004). Five different classes of currently used topical glaucoma drugs 

including prostaglandin analogs, beta blockers, carbonic anhydrase inhibitors, 

sympathomimetics and miotics, lower IOP by either decreasing AH production or increasing 

AH drainage (Bucolo et al., 2013). In humans, most of the AH is drained via the 

conventional/trabecular pathway consisting of the trabecular meshwork (TM), 

juxtacanalicular tissue and Schlemm’s canal (Weinreb and Khaw, 2004). Blockage or 

increased resistance to AH outflow in the trabecular pathway is believed to be the main 

cause for elevated IOP in glaucoma patients (Gabelt and Kaufman, 2005; Keller et al., 

2009).

Among the various molecular and cellular mechanisms thought to be involved in increased 

resistance to AH outflow and increase in IOP, dysregulated production, organization and 

stiffness of the extracellular matrix (ECM) in response to external cues including TGF-β, 

connective tissue growth factor and glucocorticoids, is considered to be a dominant 

etiological contributor (Braunger et al., 2015; Fleenor et al., 2006; Han et al., 2011; Junglas 

et al., 2009; Li et al., 2004; Pattabiraman et al., 2014; Raghunathan et al., 2015; Sethi et al., 

2011; Tektas et al., 2010; Vranka et al., 2015; Wallace et al., 2014). While an increase in 

ECM constituents and ECM stiffness have been shown to influence the contractile and cell 

adhesive properties of TM cells and to decrease AH outflow(Gagen et al., 2014; 

Pattabiraman and Rao, 2010; Raghunathan et al., 2015; Zhang et al., 2008), matrix 

metalloproteinase (MMP)-mediated ECM degradation was found to increase AH outflow, 

confirming a definitive role for ECM turnover in regulation of AH outflow through the TM 

(Bradley et al., 1998; Gerometta et al., 2010; Keller et al., 2009). Interestingly, both ECM 

and MMPs are also shown to participate in regulation of AH outflow through the con-

conventional or uveo-scleral pathway (Gaton et al., 2001; Weinreb and Khaw, 2004). 

However, the plausible role of ectokinases or secretory kinases that catalyze 

posttranslational modifications such as phosphorylation of ECM proteins on TM cell 

properties and AH outflow has not been explored.

Based on several recent studies, it is becoming increasingly evident that ECM and other 

extracellular proteins including the MMPs are subject to phosphorylation and 

dephosphorylation mediated by various secretory kinases and phosphatases (Bordoli et al., 

2014; Tagliabracci et al., 2015; Yalak and Vogel, 2012). Protein phosphorylation has been 

studied extensively and recognized to play a fundamental role in regulation of cellular 

functions in both normal and disease states (Cohen, 2002; Fischer, 2010). Secretory kinase 

mediated phosphorylation of ECM proteins, MMPs and several other secretory proteins 

occurs on serine, threonine and tyrosine residues, and utilizes extracellular ATP resulting 
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either from cell death or through other mechanisms (Bordoli et al., 2014; Tagliabracci et al., 

2013; Tagliabracci et al., 2015; Yalak and Vogel, 2012). The secretory kinases vertebrate 

lonesome kinase (VLK) and Fam20C which phosphorylate various secretory proteins 

including the ECM proteins and MMPs, are thought to be relevant in both physiological and 

pathological conditions (Bordoli et al., 2014; Kinoshita et al., 2009; Simpson et al., 2007; 

Tagliabracci et al., 2015; Yalak and Vogel, 2015). VLK, a secretory tyrosine kinase (also 

known as Protein Kinase Domain Containing protein, Cytoplasmic-PKDCC and sgk493) has 

also been shown to regulate protein transport through the Golgi and endoplasmic reticulum, 

and formation of stroma and differentiation of chondrocytes (Bordoli et al., 2014; Imuta et 

al., 2009; Kinoshita et al., 2009). Limited knowledge is available, however, regarding the 

regulation of VLK expression and secretion and its physiological function.

Since increased resistance to AH outflow and elevated IOP in glaucoma patients is 

considered to originate partly from the dysregulation of ECM, and cell death in tissues of the 

trabecular pathway (Alvarado et al., 1984; Braunger et al., 2015; Vranka et al., 2015), we 

postulated that dysregulation of ECM phosphorylation might play a role in these etiological 

events via altered outside-in signaling, actin cytoskeletal reorganization, integrin mediated 

cell adhesion and ECM material properties. To explore this possibility, we initiated a study 

which for the first time, evaluates the expression, secretion and distribution profile of VLK 

kinase, and the effects of VLK on tyrosine phosphorylation (TyrP) of the ECM-enriched 

protein fraction in human TM cells. The results of this study reveal that TGF-β2, 

dexamethasone and cyclic mechanical stretch increase the levels of VLK in conditioned 

media derived from cultured TM cells, and VLK-dependent tyrosine phosphorylation of 

ECM and ECM-associated proteins. Our data also indicate that VLK functions to maintain 

TM cell shape and adhesive properties, and actin stress fiber formation, and taken 

collectively, suggest a role for VLK in the homeostasis of AH outflow and IOP.

Materials and Methods

Cell culture

Human TM primary cells were cultured from TM tissue isolated from donor corneal rings 

used for corneal transplantation at the Duke Ophthalmology Clinical Service, as we 

described earlier (Pattabiraman and Rao, 2010). TM cells passaged between 4 to 6 times, 

and derived from donor specimens ranging in age from 19 to 68 years were used in the 

experiments. Cells were cultured at 37°C under 5% CO2 in Dulbecco’s modified Eagle’s 

medium (DMEM) containing 10% FBS (fetal bovine serum), penicillin (100 U/ml)-

streptomycin (100 μg/ml) glutamine (4 mM), in Eppendorf plastic plates and six well dishes. 

Most of the experiments were performed using confluent cultures under 24 h serum 

starvation. For determining the distribution profile of VLK in TM cells, cells were plated on 

glass coverslips coated with 2% gelatin.

Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA extracted from human TM cells (passage 4) using the RNeasy Mini Kit (Qiagen, 

Valencia, CA) was quantitated using NanoDrop 2000 UV-Vis Spectrophotometer (Thermo 

Scientific, Wilmington, DE). Equal amounts of RNA (DNA free) were then reverse 
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transcribed using the Advantage RT-for-PCR kit (Clonetech, Mountain View, CA) according 

to manufacturer’s instructions. Controls lacking reverse transcriptase were included in the 

RT-PCR experiments. PCR amplification was performed on the resultant reverse 

transcriptase-derived single stranded cDNA using sequence-specific forward and reverse 

oligonucleotide primer sets specific for human VLK mRNA (NCBI: NM_138370.2) ;

set1: GGTTTCTGCGCCTCCTT/GTACACGGCCTTGGTGTAG (product size-429 

bp);

set2: CGTCCTCAACGTGCTCTTC/CCTGGTAGCAGTAGCCATAGA (product 

size-602 bp);

set3: ACGTGCTGCAGCTCTATG/GGCAGGAGGTATGTGAAGAAA (product 

size-430 bp);

set4: CGAGAAGCGGAACCTCTATAATG/CTGCTTGCCGTGGAGTT (product 

size-210 bp);

set5: AGTACCGAGTACCAGTGTATCC/GGCTCCATCCAGTCTTGAAA (product 

size-217 bp) and C1000 Touch Thermocycler (Bio-Rad, Hercules, CA). The PCR 

reactions were carried out with a denaturation step at 94°C for 5 min, primer 

annealing at 60 °C for 30 seconds and primer extension at 72 °C for 45 seconds. The 

cycle was repeated 30 times. The resulting DNA products were separated on 1.5% 

agarose gels and visualized by staining with gel green reagent (Invitrogen; C. No. 

41005), using a Fotodyne Trans-illuminator (Fotodyne Inc., Hartland, WI). PCR 

product bands were excised and sequenced to confirm identity.

siRNA transfection

Small interfering RNA (siRNA) directed against human VLK/PKDCC (C. No. sc-94454) 

and a corresponding, scrambled control siRNA (C. No. sc-169299) were purchased from 

Santa Cruz Biotechnology (Dallas, TX). Human TM cells grown in plastic 6-well plates or 

petri- dishes were transfected using 25 pmol human VLK siRNA (containing a mixture of 

three sets of interfering short RNAs) or control siRNA, the Lipofectamine RNAiMax reagent 

(C. No. 13778-075, Invitrogen/ThermoFisher, Waltham, MA) and Opti-MEM media (C. No. 

319850-70) supplemented with antibiotics per manufacturer’s instructions. Briefly, 3ml opti-

MEM media containing RNAiMax reagent and the respective siRNAs were added to cells 

grown in culture dishes and incubated for 2 h in a humidified cell culture incubator, 

following which 2 ml of 10% serum containing DMEM media was added slowly. After 72 h 

following transfection, cells were photographed using a phase contrast microscope (Zeiss 

AX10) to monitor for morphological changes. Media, cells and ECM protein fractions were 

collected from these cultures, and processed to analyze the levels of VLK and TyrP proteins 

using appropriate antibodies. The volume of transfection Opti-MEM media (containing 

RNAiMax reagent and respective siRNAs) was adjusted accordingly for cells grown on glass 

cover slips and transfections were performed as mentioned above.

Cyclic mechanical stretch

Primary cultures of human TM cells were plated on collagen Type 1 BioFlex culture plates 

with flexible silicone bottom (C. No. BF-3001C, Flexcell® International Corporation, 
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Burlington, NC). As the cells reached confluence, culture medium was switched to serum-

free phenol free DMEM, and cells were subjected to cyclic mechanical stretch (20% 

stretching, one cycle per second) for 48 h, using the computer-controlled, vacuum-operated 

FX-3000 Flexcell Strain Unit (Flexcell, Hillsborough, NC). Control cells were cultured 

under similar conditions with no mechanical force applied. Conditioned media were 

collected from both control and stretched cells to analyze the VLK protein levels.

Adenovirus-mediated gene transfection

Replication defective recombinant adenoviral vectors encoding either GFP (Green 

fluorescence protein) alone or constitutively active RhoA mutant (RhoAV14) and GFP 

provided by Patrick Casey, Department of Pharmacology and Cancer Biology, Duke 

University School of Medicine, were amplified and purified as we described earlier (Zhang 

et al., 2008). Human TM cells grown in petri dishes were infected with the respective 

adenovirus at 50 MOI (multiplicity of infection) and after 24 h (when cells exhibited >80% 

transfection, as assessed from GFP fluorescence), serum starved for 36 h and conditioned 

media were collected and cell lysates prepared to quantitate the levels of VLK protein.

Immunofluorescence analyses

Tissue sections from formalin-fixed, paraffin-embedded human eye whole globes (from 

donors over 50 years of age) were immunostained with VLK antibody as we previously 

described (Pattabiraman et al., 2015). Briefly, 5-μm-thick tissue sections were deparaffinized 

and rehydrated using xylene, absolute ethyl alcohol and water. To unmask the antigen 

epitopes, heat-induced antigen retrieval was performed using 0.1 M citrate buffer pH 6.0 

(Vector Laboratories, Burlingame, CA, USA) for 20 min at 100°C. The slides were then 

blocked for nonspecific interaction with Biocare Medical’s (Concord, CA, USA) Sniper 

Background Reducer (C. No. BS966). The tissue sections were then incubated overnight at 

4°C in a humidified chamber with rabbit polyclonal primary antibody raised against VLK 

(C. No. TA306903, Origene, Rockville, MD), at a final dilution of 1:200. Primary antibody 

dilutions were made in 1% bovine serum albumin (BSA) in Tris-buffered saline (TBS). 

After incubation with a primary antibody, the slides were washed with TBS and incubated 

with Alexa Fluor-594 goat anti-rabbit secondary antibody (Invitrogen/ThermoFisher) for 2 h 

at room temperature (RT) followed by Hoechst 33342 (Invitrogen/ThermoFisher) staining at 

1:1000 for 10 min. Slides were then washed with TBS buffer and mounted with Vecta 

Mount purchased from Vector laboratories, Burlingame, CA. Immunostaining analyses were 

carried out in quadruplicate, and negative controls were run simultaneously and incubated 

overnight with 1% BSA in TBS with no primary antibody. The immunostained slides were 

then viewed and imaged using a Nikon Eclipse 90i confocal laser-scanning microscope 

(Nikon Instruments, Melville, NY, USA).

Human TM cells grown on gelatin (2%) -coated glass coverslips were washed with PBS 

(phosphate buffered saline) and fixed with 4% paraformaldehyde, permeabilized, blocked 

and immunostained for VLK, F-actin, vinculin, phospho-paxillin and phospho-tyrosine 

using TRITC-phalloidin (C. No. P195; Sigma-Aldrich), rabbit polyclonal anti-VLK, mouse 

monoclonal anti-vinculin (C. No. V9131; Sigma-Aldrich), rabbit polyclonal anti-phospho-

paxillin (C. No. 2541; Cell Signaling Tech) and rabbit monoclonal anti-phospho-tyrosine (P-
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Tyr-1000; C. No. 8954; Cell Signaling Tech) antibodies, respectively, as we described 

previously along with appropriate secondary antibodies conjugated with fluorophore 

(Pattabiraman and Rao, 2010). The slides were viewed and imaged using a Nikon Eclipse 

90i confocal laser-scanning microscope.

Immunoblotting

TM cells subjected to various treatments and the respective controls were homogenized at 4 

C in hypotonic 10 mM Tris buffer pH 7.4 containing 0.2 mM MgCl2, 5 mM N-

ethylmaleimide, 2.0 mM Na3VO4, 10 mM NaF, 60 Tm phenylmethyl sulfonyl fluoride 

(PMSF), 0.4 mM iodoacetamide and protease and phosphatase inhibitor cocktail (one 

tablet /10 ml buffer), using a probe sonicator. Homogenates were centrifuged at 800×g for 

10 min at 4°C. Protein concentration was estimated in cell lysate supernatants, conditioned 

media and AH samples using the Bio-Rad protein assay reagent (C. No. 500-0006, Bio-Rad, 

Hercules, CA, USA). Samples containing equal amounts of proteins (10 μg for both cell 

lysates and CM) were mixed with Laemmli sample buffer and separated by sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; with 10% or 12% acrylamide) and 

transferred to nitrocellulose membranes as we described earlier (Pattabiraman et al., 2014). 

AH samples also were processed as described above. Membranes were blocked for 2h at RT 

in TBS containing 0.1% Tween 20 and 5% (wt/vol) nonfat dry milk and subsequently probed 

with primary antibodies directed against VLK (rabbit polyclonal antibody;1:1000 dilution) 

and GAPDH (Glyceraldehyde-3-phosphate dehydrogenase; mouse monoclonal antibody;

1:5000 dilution; C. No. 60004-1-g, Proteintech Group, Inc. Rosemont, IL), in conjunction 

with horseradish peroxidase-conjugated secondary antibodies. Detection of 

immunoreactivity was based on enhanced chemiluminescence. Densitometric analysis of the 

immunoblots was performed using ImageJ software (http://imagej.nih.gov/ij/; provided in 

the public domain by the National Institutes of Health, Bethesda, MD, USA). Data were 

normalized to the specified loading controls.

For TyrP proteins, equal amounts (10 μg of protein) of the SDS-urea soluble ECM-enriched 

fractions derived from TM cells (Fig. 6B) subjected to various treatments and control 

conditions, were resolved on 4–20% SDS-PAGE gradient gels, transferred to nitrocellulose 

membranes and blocked with 1% BSA in PBS with 0.1% Tween 20 and probed with 

MultiMab rabbit mAb to phospho-Tyrosine (1:1000 dilution; C. No. P-Tyr-1000 from Cell 

Signaling Technology, Inc. Danvers, MA) or anti-rabbit fibronectin antibody (1:8000 

dilution; obtained from Harold Erickson, Duke University, Durham. NC). Immunoreactivity 

was detected by enhanced chemiluminescence.

Extraction of ECM-enriched fraction

A step by step protocol describing the extraction of ECM-enriched protein fraction from TM 

cells is illustrated schematically in Fig. 6B. The protocol was based on the procedure 

described by Harvey et. al.(Harvey et al., 2013) with some modifications. Protein content of 

ECM-enriched fractions was quantified using the Pierce BCA Protein Assay Kit 

(ThermoFisher Scientific, Waltham, MA).

Maddala et al. Page 6

J Cell Physiol. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://imagej.nih.gov/ij/


Silver staining of ECM proteins

After collection of conditioned media and detachment of cells using 0.25% Trypsin, the 

ECM retained on cell culture plates was incubated with 10% trichloroacid acid for 5 min, 

followed by washing with multiple changes of water. The washed ECM was then scraped 

using a cell lifter and dissolved in urea sample buffer containing 8 M urea, 20 mM Tris, 23 

mM glycine, 10 mM dithiothreitol (DTT), and saturating concentration of sucrose along 

with protease and phosphatase inhibitors, and then sonicated. Protein concentrations were 

estimated by the Bradford protein assay(Bradford, 1976). Equal amounts (5 μg) of protein 

derived from the TGF-β2 treatment and respective control were separated on a gradient 

SDS-PAGE (4–20% Criterion XT precast gels) using 1× MOPs buffer (Invitrogen). The gels 

were fixed for 30 min at RT using a fix solution containing 10% methanol and 5% acetic 

acid in deionized water. Gels were washed thoroughly with several changes of deionized 

water, and incubated in sodium thiosulfate solution (0.8mg/100 ml) for 90 seconds. After a 

through washing with deionized water, gels were stained with silver nitrate solution 

(0.18mg/100ml) for approximately 10 min. After several washes with water, gels were 

treated with developer solution (20g of potassium carbonate, 40ml of sodium thiosulfate 

solution (0.8mg/100ml) and 500μl formaldehyde in 1 liter of water) for few seconds, 

following which development was immediately stopped by incubating gels in fix solution for 

15 min. Silver stained gels were washed in deionized water prior to being imaged using a 

Fotodyne Trans illuminator.

Mass spectrometry

Sample preparation—For in-solution tryptic digestion, we employed the magnetic bead 

protocol as described by Hughes C.S. et. al.(Hughes et al., 2014). Briefly, ECM-enriched 

extracellular protein samples (25 μg protein) from both SDS-urea soluble and insoluble 

fractions (Fig. 6B) from control and TGF-β2 treatment were solubilized in 100 mM Tris-

HCl (pH 6.8) buffer containing 2% SDS and 10 mM DTT (dithiothreitol), and alkylated with 

iodoacetamide (25mM) by incubating in dark at RT for 1 h, after which the reaction was 

quenched with 50 mM DTT. Fifty μl (10 μg/ml) of premixed paramagnetic beads (equal 

amounts of Sera-Mag™ SpeedBeads™ and Sera-Mag™ Carboxylate-Modified Magnetic 

Particles; GE Pharmaceuticals) were added to the alkylated protein preparation which was 

then acidified with 0.25% formic acid (pH <3), followed by an equal volume of 100% 

acetonitrile and incubation for 10 mins at RT. A magnetic rack was used to pull the beads to 

the wall and the supernatants were discarded, then beads were rinsed with 70% ethanol 

followed by acetonitrile. Trypsin/Lys-C mix (1μg; Promega. C. No. V5072) in 50 mM 

ammonium bicarbonate pH 8, was added and incubated overnight at 37 C. The following 

day, acetonitrile was added (>95%) to samples and incubated for 10 min. Samples were 

placed on the magnetic rack and supernatants discarded. Beads were rinsed again with 

acetonitrile and dried briefly for few minutes and 20 μl of 2% dimethyl sulfoxide and 0.2% 

formic acid was added to the beads and incubated for 5min. Supernatants were collected into 

a fresh tube, while the beads were incubated with 20 μl of 0.2% formic acid and incubated 

for 5min at RT and the supernatants were collected, vacuum-dried and dissolved in 10 μl of 

0.1% trifluoroacetic acid containing 3% acetonitrile.
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Liquid chromatography-tandem mass spectrometry (LC-MS-MS)

Tryptic digests (2 μl aliquots) were analyzed by LC-MS/MS using a nanoAcquity UPLC 

system coupled to a Synapt G2 HDMS mass spectrometer (Waters Corp, Milford, MA). 

Peptides were initially trapped on a 180 μm × 20 mm Symmetry C18 column (at the 5 

μl/min flow rate for 3 min in 99.9% water, 0.1% formic acid). Peptide separation was then 

performed on a 75 μm × 150 mm column filled with the 1.7 μm C18 BEH resin (Waters) 

using a 6 to 30% acetonitrile gradient with 0.1% formic acid for 2 h at the flow rate of 0.3 

μl/min at 35°C. Eluted peptides were sprayed into the ion source of Synapt G2 using the 10 

μm PicoTip emitter (Waters) at the voltage of 3.0 kV.

Duplicate data-independent analyses (HDMSE) for each sample were conducted in similar 

LC settings for simultaneous peptide quantitation and identification. For robust peak 

detection and alignment of individual peptides across all HDMSE runs, automatic alignment 

of ion chromatography peaks representing the same mass/retention time features was 

performed using Progenesis QI software. To perform peptide assignment to the features, 

PLGS 2.5.1 (Waters Inc.) was used to generate searchable files that were submitted to the 

IdentityE search engine incorporated into Progenesis QI for Proteomics. For peptide 

identification, we searched against UniProt human database (2015 release). Protein 

abundances were calculated from the sum of all unique peptide ion intensities normalized by 

the intensities of all proteins in experimental samples. Conflicting peptides for different 

proteins and their isoforms were excluded from the calculations.

Statistical analysis

Data from immunoblot quantification were analyzed by the Student’s t-test and a P<0.05 

was considered to define statistically significant differences between test and control 

samples. Values are presented as mean ± Standard error of the mean (SEM). For ECM 

quantitative proteomics, ANOVA (analysis of variance) scores were calculated according to 

the Progenesis algorithm to compare changes between control and TGF-β2 treated samples.

Results

Expression and distribution pattern of a 32 kDa VLK isoform in human trabecular 
meshwork cells

The trabecular meshwork is considered to be mesenchymal in terms of developmental origin 

(Smith et al., 2001), and VLK is known to be expressed and distributed in the E-cadherin 

absent mesenchyme (Kinoshita et al., 2009). We employed multiple approaches to determine 

the expression and distribution pattern of VLK in primary human TM cells including RT-

PCR amplification of VLK mRNA (NCBI: NM_138370.2) using VLK specific 

oligonucleotide primers (set 1: exon 1; set 2: exon 1/2; set 3: exon 1/4; set 4: exon 3/5 and 

set 5: exon 5/7), immunoblot and immunofluorescence analyses using a polyclonal antibody 

raised against a 15 amino acid peptide located mid-way in the primary amino acid sequence 

of the human VLK protein. RT-PCR analysis of RNA derived from human TM cells 

(isolated from two individual donor eyes from subjects aged 19 and 67 years) yielded 

amplification of the expected DNA products with primer sets 3, 4 and 5, but no detectable 

products with primer set 1 and 2 (Fig. 1A). The RT-PCR derived DNA products were 
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confirmed to be specific to VLK based on nucleotide sequencing. Similar results were 

observed with RNA derived from the human donor TM tissue as well (data not shown). 

Polyclonal VLK antibody detected a prominent species approximately ~32 kDa in 

conditioned media (10 μg protein) and lysates (800xg supernatants; 10 μg protein) of human 

TM cells derived from donor eyes of subjects aged 19, 23 and 69 years, as shown in Figure 

1B. Two weaker immunopositive bands of approximately ~60 kDa and ~120 kDa were also 

detected by immunoblot analysis of TM cell lysates (Fig. 1B).

Additionally, immunofluorescence analysis of human TM cells (cultured on glass coverslips 

coated with 2% gelatin) using VLK polyclonal antibody in conjunction with secondary 

antibody conjugated to Alexa flour 568 revealed a characteristic distribution pattern, with 

VLK staining enrichment at the perinuclear and Golgi/endoplasmic reticulum regions 

(indicated with arrows in Fig. 1C). The distribution profile of VLK was also examined in 

tissues of the AH outflow pathway of human donor eyes by immunofluorescence analysis. 

As shown in Figure 1D, VLK immunostaining is detectable throughout the AH outflow 

pathway including in the TM, Schlemm’s canal (SC) and juxtacanalicular tissues (JCT). In 

both TM cells (Fig. 1C) and tissue specimens (Fig.1D), nuclei were stained with Hoechst 

33342 (blue staining). Tissue sections and TM cells stained with an Alexa fluor 568 

conjugated secondary antibody alone did not exhibit detectable background or nonspecific 

immunostaining (data not shown). Since VLK is a known secreted protein (Bordoli et al., 

2014), we checked for its presence in AH samples of human (cataract patients aged 55 and 

72 years old; 15 μg protein) and porcine (10 & 50 μl, from freshly enucleated eyes obtained 

from a local slaughterhouse) origin, and detected a robust immunopositive band of 

approximately 32 kDa, similar to the results obtained by immunoblotting analysis of CM 

from human TM cells (Fig. 1E).

Regulation of VLK expression and secretion in human TM cells

To understand the regulation of VLK expression and secretion in TM cells, we explored the 

effects of dexamethasone, TGF-β2 and constitutively active RhoA, all of which have been 

shown to increase resistance to AH outflow and lead to increases in IOP (Clark et al., 1995; 

Fleenor et al., 2006; Pattabiraman et al., 2015). Treatment of confluent human TM cells with 

dexamethasone (0.5 μM) daily for 96 h under serum free condition stimulated a robust and 

significant increase in VLK protein levels (Fig. 2) in both, cell lysates (n=6; *P>0.05) and 

CM (n=6; *P<0.05%), relative to controls. Figures 2A and B depict representative 

immunoblots showing the changes in VLK protein levels in TM cell lysates (10 μg protein) 

and CM (10 μg protein), respectively, derived from dexamethasone (500 nM) treated (D1–

D3) and control (C1 & C2) cells. GAPDH was immunoblotted as a loading control. Figures 

2C and D show quantitative changes in the VLK protein levels (based on densitometric 

analysis) in TM cell lysates and CM from dexamethasone treated and control cells, 

respectively. For a loading control (Lcontrol; Fig. 2B) for the CM protein fraction, equal 

amounts of protein were separated by 10% SDS-PAGE and stained with Coomassie Brilliant 

Blue. A 55kDa protein whose levels were found to be identical based on staining between 

the treated and untreated samples was used for normalization. Values are presented as mean 

±SEM.
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Serum starved human TM cells treated for 96 h with TGF-β2 (4ng/ml), the levels of which 

have been reported to be elevated in the AH of primary open angle glaucoma (Tripathi et al., 

1994), led to a significant (*P<0.05; Fig. 2) and progressive increase in VLK protein levels 

in both cell lysates (E &F) and CM (G&H). In cell lysates, the increase in VLK protein was 

evident at 8 h post TGF- β2 addition, continuing up to 72 h and plateauing by 96 h, 

compared to untreated controls (n=6, *P<0.05). In CM, the increase in VLK protein 

continued up to 24 h and plateaued by 72 h compared to controls (n=7, *P<0.05). Figures 2E 

& F (cell lysates) and G&H (CM) depict representative immunoblotting analyses of changes 

in VLK protein levels in TGF-β2 treated and control HTM cells (C1 & C2). Figures 2I &J 

show quantitative changes in VLK protein levels (presented as percent change) in cell 

lysates and CM, respectively, in TGF-β2 treated versus control HTM cells.

In addition to the effects of external cues described above, we also examined the effects of a 

constitutively activated RhoA GTPase on VLK expression in TM cells. Sustained activation 

of Rho GTPase in the AH outflow pathway has been reported to increase resistance to AH 

outflow and IOP in association with altered ECM production and TM contraction 

(Pattabiraman et al., 2015; Zhang et al., 2008). Expression of a constitutively active mutant 

of RhoA GTPase (adenovirally encoded RhoAV14) in human TM cells as described earlier 

(Zhang et al., 2008) revealed no significant changes in VLK protein levels in cell lysates at 

36 h post transfection under serum free conditions (Figs. 3A & 3C). However, under these 

conditions, there was a significant (n=7, *P<0.05) increase in VLK protein levels in the CM 

of RhoAV14 expressing cells compared to GFP expressing control cells (Figs. 3B & 3D). 

Figures 3A & 3B depict representative VLK immunoblots of cell lysates and CM, 

respectively, derived from RhoAV14/GFP and GFP expressing TM cells. Figures 3C & 3D 

show quantitative changes in the VLK protein levels in RhoAV14/GFP expressing human 

TM cells (percent change based on densitometric analysis) relative to GFP expressing 

controls.

TM tissue is sensitive to mechanical stretch resulting from elevated IOP. Changes in 

mechanical stretch are known to elicit alterations in gene expression and secretion of various 

factors, by the TM cells and thought to play a role in maintenance of a steady state IOP and 

AH outflow (Borras, 2003; Luna et al., 2009; Vittal et al., 2005). Therefore, to determine the 

potential influence of cyclic mechanical stretch on VLK secretion by TM cells, human TM 

cells grown on type I collagen-coated flexible silicone sheets were subjected to cyclic 

mechanical stretch (20% stretch, cycle per second) for 48 h under serum free conditions. TM 

cells subjected to cyclic mechanical stretch exhibited a robust and significant (n=6, *P<0.05) 

increase in VLK protein levels in the CM as compared to untreated cells maintained under 

similar culture conditions (Fig.3). Figure 3E shows a representative immunoblot of VLK in 

CM derived from human TM cells subjected to cyclic mechanical stretch and control cells. 

Figure 3F shows quantitative changes in VLK protein levels (expressed as percent change 

based on densitometric analysis) in the CM of TM cells subjected to cyclic stretch relative to 

control cells.
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Role of VLK in maintenance of TM cell shape, and formation of actin stress fibers and focal 
adhesions

To explore the role of VLK in TM cells, we studied the effects of VLK deficiency using an 

siRNA-based approach to suppress VLK gene expression. Human TM cells transfected with 

the siRNA pool containing three sets of VLK-specific small interfering RNAs, together with 

a scrambled siRNA control and cultured in 6 well plates for 72 h showed a nearly 60–70% 

decrease (n=12) in VLK protein levels in cell lysates (Figs. 4A & 4C) and CM (Figs. 4B & 

4D) based on immunoblot analysis with subsequent quantification by densitometric analysis. 

Interestingly, suppression of VLK expression in TM cells maintained under 4% serum (for 

72 h) was accompanied by a dramatic change in cell shape as shown in Figure 4E. Unlike 

cells treated with scrambled siRNA, the VLK siRNA treated cells exhibited a relaxed and 

retractile morphology (Fig. 4E). Consistent with these morphological changes, the VLK 

deficient cells also showed a dramatic decrease in actin stress fibers and focal adhesions 

based on rhodamine-phalloidin fluorescence (red) and vinculin immunofluorescence 

staining (green), respectively (Fig. 4F). Moreover, the VLK siRNA treated cells exhibited a 

marked reduction in immunofluorescence staining for phospho-tyrosine and phopsho-

paxillin antibodies relative to scrambled siRNA treated controls, indicating a disruption in 

cell adhesive interactions under VLK deficiency (Fig. 4F). Cell nuclei (blue staining) were 

stained with Hoechst 33342 in the siRNA treated cells.

VLK deficiency decreases Tyrosine phosphorylation (TyrP) of ECM proteins derived from 
TM cells

To explore a role of VLK in TyrP of ECM proteins secreted by human TM cells, cells were 

first transfected with VLK siRNA and after 72 h; the ECM protein fraction was isolated as 

described in the Methods section. To rule out cellular contamination during the ECM 

extraction process, we always examined the ECM fraction attached to the cell culture plates 

under phase contrast microscopy following cell detachment (data not shown). Cells treated 

with scrambled siRNA served as controls. Equal amounts (10 μg) of ECM protein (SDS-

urea soluble) derived from the VLK and scrambled siRNA treatments were separated on 

SDS-PAGE (4–20% gradient) and immunoblotted for TyrP proteins using MultiMab 

phospho-Tyrosine rabbit mAb (P-Tyr-1000) and blots were developed by 

chemiluminescence. As shown in Figure 5A, VLK siRNA treated samples showed a 

dramatic decrease (by ~80%) in TyrP of different ECM proteins with molecular mass 

ranging from 50 to >250 kDa, compared to scrambled siRNA treated cells. Lanes 1 to 4 in 

Figure 5A represent four independent samples from both control and VLK siRNA 

treatments. For loading controls, we used staining intensity of a 250 kDa protein from the 

ECM protein fraction (C; based on SDS-PAGE and Coomassie Brilliant Blue staining), and 

that for fibronectin immunoblotting (D). Figure 5B shows quantitative changes in the levels 

of TyrP proteins derived from the VLK siRNA and scrambled siRNA treated TM cells with 

a significant decrease in the VLK siRNA treated samples (n=8, *P<0.05), based on 

densitometric analysis (presented as percent change from controls).
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Identification of TGF-β2 induced ECM proteins in human TM cells by proteomics analysis

Elevated levels of TGF-β2 are a consistent observation in the AH derived from glaucoma 

patients (Braunger et al., 2015; Tripathi et al., 1994), and elevated TGF-β2 was 

demonstrated to induce ocular hypertension in association with accumulation of ECM 

proteins in various experimental models (Braunger et al., 2015; Fleenor et al., 2006). 

However, there exists no comprehensive data on the effects of TGF-β2 at the level of 

expression profiles of ECM and ECM-associated proteins of TM cells. Therefore we 

determined the influence of TGF-β2 on the ECM protein profile of human TM cells by 

proteomics analysis. Prior to quantitative proteomics analysis, we evaluated TGF-β2-

induced changes in the profile of ECM and ECM-associated proteins in HTM cells using 

SDS-PAGE and silver staining analysis. For this, human TM cells grown to confluence in 

plastic cell culture plates were serum starved for 24 h and treated with TGF-β2 (4 ng/ml) for 

96 h. Following this, the ECM-enriched protein fraction was extracted from both controls 

and TGF-β2 treated cells as described in the Methods section under silver staining of ECM. 

Equal amounts (5 μg) of protein were separated by SDS-PAGE (4–20% gradient gel) and 

silver stained. Figure 6A shows a representative image of the ECM protein profile of TM 

cells (from two independent samples). As can be seen from the photograph, there was a 

detectable increase in protein staining intensity in TGF-β2 treated samples compared to the 

controls.

Following these preliminary observations, we repeated these studies and performed 

quantitative proteomics using label free protein quantification based on peptide intensities. 

To this end, we used a protocol described schematically in Fig. 6B to extract the ECM-

enriched protein fraction. Supplemental Tables S1 and S2 list all the proteins identified in 

the ECM protein fraction derived from the SDS-urea soluble and insoluble fractions of TM 

cells, respectively (maintained under serum free conditions for 96 h), based on mass 

spectrometry analysis. Identification of proteins listed in these tables was based on a 

minimum of 2 peptides with > 99.9 confidence. Gene Ontology based on Panther protein 

category analysis identified ECM, receptor, defense/immunity and cytoskeletal proteins as 

some of the predominant constituents in both SDS-urea soluble and insoluble fractions 

(Supplemental Fig. S1).

Tables 1 and 2 list the ECM proteins whose levels were elevated by a minimum of 1.5 and 2-

fold in the SDS urea soluble and urea insoluble fractions, respectively in the TGF-β2 treated 

human TM cells compared to controls. The results were based on three independent 

experiments. Importantly, as shown in Tables 1 and 2, the levels of several different ECM 

proteins and ECM-associated proteins including collagen, fibulins, fibronectin, laminin, 

elastin, lysyl oxidase, latent TGFβ binding protein 1, EGF-containing fibulin-like ECM 

proteins, matrix Gla protein, Tenascin, galactin-3-binding protein, clusterin, TGF-β induced 

bigh3, periostin and other proteins were significantly elevated in the TGF-β2 treated cells.

Role of VLK in the TGF-β2 induced TyrP of ECM proteins derived from TM cells

To understand whether TGF-β2 has additional effects on ECM proteins, we then evaluated 

the TyrP status of human TM cell ECM proteins. Human TM cells serum starved for 24 h 

and treated with TGF-β2 (4 ng/ml) for 48 h showed a significant increase (by ~70%; n=4, 
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*P<0.05) in the levels of TyrP of ECM proteins compared to control cells based on 

immunoblotting analysis (Fig. 7A; lanes 1 & 2 are two independent samples; arrows point to 

prominent differences) and densitometric quantification (Fig. 7B). We then proceeded to 

determine the effects of siRNA-mediated VLK deficiency on the TGF-β2 induced TyrP of 

ECM proteins of TM cells. For this, human TM cells were first treated with VLK siRNA or 

scrambled siRNA as described earlier, followed by addition of TGF-β2 (4ng/ml) after a 24 h 

period. Forty eight hours following the addition of TGF-β2, the ECM protein fraction was 

extracted and analyzed for TyrP levels by immunoblot analysis. As shown previously in 

Figure 5, suppression of VLK caused a dramatic reduction in TyrP of ECM proteins derived 

from the TM cells relative to controls treated with scrambled siRNA (Fig. 7C). Moreover, 

VLK deficiency also significantly decreased the TGF-β2-induced increase in levels of TyrP 

of ECM proteins relative to the corresponding controls (TM cells treated with TGF-β2 and 

scrambled siRNA). Duplicate representative samples are shown in Figure 7C for each 

treatment. Figure 7D shows quantitative changes in the levels of TyrP of ECM proteins in 

the various tests and control samples described above (n=8; *P<0.05). Panel E in Figure 7 

shows a loading control based on SDS-PAGE gel staining of the ECM protein fraction with 

Coomassie Brilliant Blue staining. It should be noted that the effects of TGF-β2 on TyrP 

status of ECM proteins in the siRNA experiments is not as robust as those observed in serum 

starved cells (Fig. 7A) since the TM cells in the siRNA studies were maintained in 4% 

serum.

Discussion

Our primary goal in this study was to determine whether ECM and ECM-associated 

secretory proteins of TM cells are phosphorylated by VLK, to gauge the effects of VLK on 

TM cell behavior, and seek insights into the regulation of VLK expression and secretion in 

the context of homeostasis and dysregulation of AH outflow and IOP. Our results derived 

from cell culture studies demonstrate that human TM cells secrete a 32 kDa isoform of 

VLK, the expression of which is upregulated by TGF-β2, dexamethasone, RhoA and cyclic 

mechanical stretch. Most significantly, decreased TyrP of human TM cell ECM proteins 

under conditions of VLK deficiency was associated with a dramatic change in cell shape in 

conjunction with decreased formation of actin stress fibers and focal adhesions. These 

observations offer important molecular insights into the potential role of VLK-mediated 

TyrP of ECM and other secretory proteins in regulation of the contractile and adhesive 

properties of TM cells, which are recognized to influence AH outflow and IOP. To the best 

of our knowledge this is the first report on the role of VLK in regulating TyrP of ECM and 

ECM-associated proteins in TM cells, and on cellular events known to underlie ECM 

organization and AH outflow.

ECM production, turnover and compliance in tissues of the AH outflow pathway has been 

demonstrated to influence AH outflow and IOP by regulating the adhesive interactions, 

contractile and mechanical properties of TM cells (Oh et al., 2013; Pattabiraman and Rao, 

2010; Raghunathan et al., 2013; Russell and Johnson, 2012; Vranka et al., 2015; Zhou et al., 

2012). To investigate our hypothesis regarding the possible influence of ECM protein 

phosphorylation on regulating TM cell behavior, we focused in this study on VLK, a 

secretory atypical kinase which has been demonstrated to regulate TyrP of ECM, MMPs and 
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other secretory proteins (Bordoli et al., 2014). VLK, an N-glycosylated protein with a 

conserved signal sequence at the N-terminal region and a putative kinase domain spanning 

the C-terminal half of the molecule, is composed of 493 amino acids and an expected 

molecular mass of ~53–56 kDa (Bordoli et al., 2014; Kinoshita et al., 2009). Interestingly 

however, the polyclonal antibody used in this study consistently detected a prominent 

immunopositive band at around 32 kDa in both TM cell lysates and CM. This antibody has 

been shown to recognize two prominent species resolved by SDS-PAGE, with molecular 

mass of approximately 56 kDa and 32 kDa in human lung tissue (Origene, antibody data 

sheet). In the human liver hepatoma HepG2 cell line the same antibody detects 

predominantly a 56 kDa protein (Bordoli et al., 2014). Therefore, it is possible that the 

alternatively spliced 32 kDa species is the prominent isoform of VLK expressed in human 

TM cells. Consistent with the results from immunoblot analysis, RT-PCR analysis of VLK 

expression in human TM cells and tissue using primer sets 3, 4 and 5 spanning sequences 

between exon 1 to 7 yielded DNA products of expected size. This was not the case with 

primer sets 1 and 2, which were intended to cover the coding region of VLK starting from 

nucleotide 210 to 638 (exon 1) and 240 to 840 (exon 1/ 2), since these primer sets did not 

generate detectable RT-PCR product. Moreover, the siRNA–based suppression of VLK 

expression significantly reduced levels of the 32 kDa protein recognized by the anti-VLK 

polyclonal antibody in both cell lysates and CM, and as expected, VLK localization in TM 

cells was found to be abundantly distributed to the Golgi and endoplasmic reticulum 

(Bordoli et al., 2014). Based on these different observations, we conclude that human TM 

cells and tissue predominantly express a 32 kDa VLK isoform protein.

Some of the novel observations made in this study include the finding that VLK expression 

in TM cells is regulated by TGF-β2, dexamethasone, RhoA and cyclic mechanical stretch. 

Although VLK deficiency has been found to cause embryonic lethality in mice, indicating 

the requirement of this kinase for morphogenesis and survival (Imuta et al., 2009; Kinoshita 

et al., 2009), little is known about the regulation of VLK expression. In this study, we were 

particularly interested in understanding the expression of VLK in TM cells by agents that 

have been confirmed to influence AH outflow and IOP via effects on ECM homeostasis. The 

agents tested in this study including TGF-β2, dexamethasone, constitutively active RhoA 

and mechanical stretch which increased the levels of VLK protein in the CM of TM cells, 

have been shown to modulate AH outflow indicating a possible involvement of VLK in AH 

outflow and IOP changes in both normal and glaucomatous eyes. In the case of human TM 

cells treated with TGF-β2 and dexamethasone, VLK protein levels were significantly 

increased in cell lysates as well, indicating an upregulation of VLK expression. Intriguingly, 

a similar response was not observed in RhoAV14 expressing TM cells suggesting the 

increased levels of VLK in the CM of TM cells expressing RhoAV14 might be the result of 

actin cytosketal reorganization and the subsequent influence of this event on the secretory 

pathway (Wang and Thurmond, 2009; Zhang et al., 2008). Further studies are required, 

however, to monitor time-dependent changes in VLK expression and secretion under 

conditions involving sustained activation of RhoA. It is also not known whether the observed 

increase in the levels of VLK in CM from TM cells subjected to mechanical stretch is due to 

increased expression, since we did not evaluate the levels of VLK protein in lysates from 

these cells. We have also not tested whether the different agents used in this study also 
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regulate VLK phosphorylation, which is required for the secretion of this kinase (Bordoli et 

al., 2014). However, our results reveal that VLK expression and secretion can be regulated 

by both, various external cues and intracellular signaling proteins. In a broader context, this 

information is significant since our knowledge in general regarding the regulation and role 

of ectokinases including VLK is only in its infancy (Bordoli et al., 2014; Tagliabracci et al., 

2013).

By far the most important observation from this study concerns the dramatic effects of 

siRNA-induced deficiency of VLK protein in TM cells on cell shape in association with 

decreased levels of actin stress fibers and focal adhesions, and the correlation of these 

changes with decreased TyrP of ECM and ECM-associated proteins. TM cells plated on the 

ECM protein coated glass coverslips or stimulated with TGF-β2 and dexamethasone have 

been demonstrated to exhibit changes in contractile activity, actin cytoskeletal crosslinking, 

actin stress fiber and focal adhesion formation, cell stiffness and paracellular permeability 

(Clark et al., 2005; Gagen et al., 2014; Li et al., 2004; Pattabiraman and Rao, 2010; 

Raghunathan et al., 2015; Tian et al., 2000; Zhang et al., 2008). These changes are presumed 

to directly modulate AH outflow and IOP (Gagen et al., 2014; Rao et al., 2001; Tian et al., 

2000). What is not entirely understood is the regulation of instructive signaling mechanisms 

harnessed by the ECM to modulate TM cell function and behavior. Therefore, our data on 

the effects of VLK deficiency on TyrP of ECM proteins of TM cells, and subsequent 

changes in cell shape and decreased actin stress fibers and focal adhesions mimic those of 

Rho kinase inhibitors and actin depolymerizing agents such as latrunculin and cytochalasin-

D which are known to lower IOP via increasing AH outflow(Rao et al., 2001; Tian et al., 

2000), and suggest that VLK inhibition may very well increase AH outflow and lower IOP 

by regulating ECM TyrP. Importantly, these observations also offer novel molecular insights 

into the role of ECM phosphorylation in homeostasis of AH outflow and IOP and open up 

the possibility that posttranslational modification of ECM proteins via TyrP represents an 

additional level of regulation in this process. In addition to regulating integrin-mediated 

outside-in signaling in TM cells, TyrP of ECM, MMPs and matricellular proteins may also 

influence ECM organization, stiffness, turnover and bioavailability of growth factors such as 

TGF-β. Therefore, small molecular compounds that selectively inhibit VLK might possess 

IOP lowering activity with potential for therapeutic use in glaucoma patients. Importantly, 

such novel VLK inhibitors may lower IOP by increasing AH outflow through both the 

conventional as well as uveo-scleral pathways. It is noteworthy that in Xenopus, 

PKDCC/VLK has been shown to regulate Wnt/PCP signaling which influences actin 

cytoskeletal organization and cell adhesion (Vitorino et al., 2015). Involvement of Wnt 

signaling in regulation of actin cytoskeletal organization, cell adhesion, AH outflow and IOP 

is well recognized (Kwon et al., 2009a; Wang et al., 2008; Yuan et al., 2013), suggesting a 

possible functional interaction between VLK and Wnt in the AH outflow pathway.

Finally, our results also demonstrate that TGF-β2 stimulates the accumulation and TyrP of 

various ECM proteins in TM cells. Importantly, VLK deficiency significantly reduced TGF-

β2 induced TyrP of ECM and ECM –associated proteins in TM cells. These observations, 

together with the effects of TGF-β2 on VLK expression, further support a role for VLK in 

growth factor mediated, ECM-induced effects on TM cell behavior. Although we have not 

tested the possibility, it is reasonable to speculate that TGF-β2-mediated increases in VLK 
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expression and secretion could be partly responsible for increased TyrP of ECM proteins of 

TM cells by TGF-β2. Since an elevated level of TGF-β2 is a common finding in the AH of 

human glaucoma patients (Braunger et al., 2015; Tripathi et al., 1994), it is possible that 

TGF-β2-mediated dysregulation of VLK expression is part of the pathogenic cascade 

leading to impairment of outflow and elevated IOP. We anticipate that future studies to 

isolate TyrP ECM and ECM-associated proteins through affinity pulldown assays and 

identification of individual ECM proteins by mass spectrometry can lead to a mechanistic 

understanding of the role of different TyrP extracellular proteins, including the ECM, 

matricellular proteins and MMPs, and of VLK in TM cell biology and homeostasis of AH 

outflow. Moreover, it would be also interesting to explore whether any of the currently used 

IOP lowering drugs act partly by modulating VLK activity.

Based on the VLK data from our studies, it is conceivable that Fam20C might also play a 

role in the AH outflow pathway. Fam20C is another well characterized ectokinase which 

regulates serine phosphorylation of various ECM and other extracellular proteins, and has 

been shown to play a crucial role(s) in both physiological and pathological processes (Cui et 

al., 2015; Tagliabracci et al., 2012; Tagliabracci et al., 2013; Tagliabracci et al., 2015; Yalak 

and Vogel, 2012; Yalak and Vogel, 2015). TM cells are confirmed to express Fam20A, 20B 

and 20C based on RT-PCR analyses (our unpublished data) which coordinately regulate 

serine phosphorylation of different extracellular proteins (Cui et al., 2015). Collectively, the 

results of this study on regulation of VLK expression in TM cells and its role in controlling 

TyrP of ECM proteins, and associated effects on cell behavior expand our knowledge of the 

potential physiological and pathological importance of ectokinases and ectophosphatases in 

ECM biology and support the case for further exploration of the physiological role of these 

enzymes.
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Refer to Web version on PubMed Central for supplementary material.
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JCT Juxtacanalicular tissue

RT-PCR Reverse transcriptase polymerase chain reaction

-RT minus reverse transcriptase

SC Schlemm’s canal

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

SEM Standard error of the mean

siRNA Small interfering RNA

TM Trabecular meshwork

TyrP Tyrosine phosphorylation

VLK Vertebrate lonesome kinase

AH Aqueous Humor
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Figure 1. 
Expression and distribution of VLK in human TM cells, tissue and aqueous humor. 

Confirmation of VLK expression in human TM cells (derived from two different donor eyes-

lanes 1 & 2) by RT-PCR amplification (A). While VLK specific DNA products of the 

expected size were amplified with primer sets (P) 3, 4 & 5, no DNA product was detected 

using set 1 and 2 primers. Lane M depicts nucleotide bp markers; –RT; sample derived from 

the absence of reverse transcriptase. B. Immunoblotting analysis of VLK protein in TM cell 

lysates and conditioned media (CM) derived from three different samples (lanes 1–3) using 

VLK polyclonal antibody identified a prominent immunopositive species of approximately 

32 kDa in both lysates and CM. C. Distribution of VLK (red) in TM cells by 

immunofluorescence shows a Golgi/endoplasmic reticulum specific localization (white 

arrows). D. Immunofluorescence-based analysis of VLK distribution in the human AH 

outflow pathway (paraffin sections) shows positive staining in the TM, and the Schlemm’s 

canal (SC) and juxtacanalicular area (JCT). In panels C & D, the nuclei were stained with 

Hoechst 33342 (blue) and bars indicate image magnification. E. Detection of VLK in the 

AH of human and porcine by immunoblot analysis.
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Figure 2. 
Dexamethasone and TGF-β2 increase VLK protein levels in human TM cell lysates and 

conditioned media. Serum starved TM cells (derived from different donors; D1–D3) treated 

with dexamethasone (500 nM) consecutively for 96 h showed a significant increase in VLK 

protein levels in both cell lysates (A &C) and in CM (B&D), compared to control cells (C1–

C2) based on immunoblotting analysis with subsequent densitometric quantification. N=6; 

*P<0.05. Serum starved TM cells treated with TGF-β2 (4 ng/ml) for 96 h showed a 

significant increase in VLK protein levels based on immunoblotting and densitometric 

quantification, starting from 8 h continuing until 72 h post-treatment, plateauing thereafter 

by 96 h in cell lysates (E, F & I; n=6; *P<0.05), and plateauing after 24 h in CM samples (G, 

H & J; n=7; *P<0.05) compared to control cells. Staining of 55 kDa (Panel B) and 36 kDa 

(Panel G&H) proteins based on SDS-PAGE and Coomassie blue present in the CM protein 
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samples was used as loading controls (L Control). GAPDH served as a loading control for 

cell lysate samples (A, E & F). Values are mean ±SEM.
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Figure 3. 
RhoA activation and cyclic mechanical stretch increase VLK protein levels in human TM 

cell conditioned media. TM cells expressing a constitutively active RhoA (RhoAV14 

mutant) for 36 h under serum free conditions exhibited significantly increased levels of VLK 

protein in the CM based on immunoblot analysis and densitometric quantification as 

compared to GFP expressing control cells (B&D). N=7, *P<0.05. VLK protein levels in TM 

cell lysates however, were found to be unaltered in cells expressing RhoAV14 (A&C; n=7). 

Lower panels in A & B show the loading controls. E& F. Subjecting TM cells (lanes 1–3 

represent three independent samples) grown on type 1 collagen-coated silicone sheets to 

cyclic mechanical stretch (20% stretching, one cycle per second) for 48 h significantly 

increased VLK protein levels in the CM compared to control cells based on immunoblotting 

and densitometric analyses. N=6, *P<0.05. Loading control is shown in the lower panel of 

E. Values are mean ± SEM.
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Figure 4. 
VLK deficiency in human TM cells induces changes in cell shape and decreases in actin 

stress fibers and focal adhesions. TM cells (lanes 1–3 represent 3 individual samples) treated 

with siRNA specific to VLK for 72 h showed a significant decrease in VLK protein levels in 

both cell lysates (A & C) and media (B & D) compared to the control cells treated with 

scrambled siRNA, based on immunoblotting and densitometric analyses. Values are mean ± 

SEM of 12 independent analyses. *P<0.05. Lower panels in A & B show the loading 

controls. E. TM cells treated with VLK siRNA for 72 h reveal changes in cell shape by 

phase contrast microscopy compared to the control cells treated with scrambled siRNA. F. 

TM cells treated with VLK siRNA exhibit a decrease in actin stress fibers (Rhodamine-

phallodine staining), focal adhesions (vinculin staining) and in phospho-tyrosine and 

phospho-paxillin immunofluorescence compared to control cells treated with scrambled 

siRNA. Bars in E & F show image magnification.
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Figure 5. 
VLK deficiency suppresses TyrP of ECM proteins secreted by human TM cells. A. The 

ECM-enriched extracellular protein fraction (SDS-urea soluble) derived from TM cells 

(lanes 1–4 represent 4 independent samples) treated with scrambled siRNA (S siRNA) for 

72 h showed an intense immunostaining for TyrP proteins with molecular mass ranging from 

50 to >250 kDa in immunoblots developed using MultiMab phospho-Tyrosine rabbit mAb. 

In contrast to the scrambled siRNA treated cells, TM cells treated with VLK-specific siRNA 

(V siRNA) demonstrated a dramatic and significant decrease in the levels of TyrP ECM 

proteins based on immunoblot quantification (A&B). Panels C and D show loading controls. 

Values are mean ±SEM of 8 independent samples. *P<0.05.
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Figure 6. 
TGF-β2 induced ECM accumulation in human TM cells and a schematic illustration of 

ECM extraction protocol. A. Serum starved human TM cells (two independent samples) 

treated with TGF-β2 (4 ng/ml) for 96 h showed increased production and accumulation of 

ECM-enriched proteins as detected by silver staining of the ECM-enriched fraction 

separated on a gradient SDS-polyacrylamide gel in comparison with controls cells. B. A 

schematic flow chart of the extraction procedure used to prepare the TM cell ECM-enriched 

protein fractions.
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Figure 7. 
Suppression of TGF-β2 induced TyrP of ECM proteins by VLK deficiency in TM cells. A. 

TGF-β2 induced TyrP of ECM proteins (SDS-urea soluble fraction) derived from the human 

TM cell cultures. Serum starved TM cells were treated with TGF-β2 (4 ng/ml) for 48 h and 

ECM enriched fraction was isolated as described in Fig. 6B. ECM enriched fractions were 

analyzed for changes in TyrP by immunoblotting and densitometric analysis. TGF-β2 treated 

samples (10 μg) showed a significant increase in the levels of TyrP of ECM proteins 

(prominent species indicated by arrows in panel A) as compared to control cells (B). Values 

represent the mean ±SEM of 4 independent analyses. C & D. Compared to TM cells treated 

with scrambled siRNA alone or together with TGF-β2, cells treated with VLK siRNA in the 

absence or presence of TGF-β2 showed a significant decrease in the levels of TyrP ECM 

proteins. Panel E shows a loading control. Values are mean ±SEM of 8 independent 

analyses. *P<0.05.
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