
Glaucoma

Growth Differentiation Factor-15–Induced Contractile
Activity and Extracellular Matrix Production in Human
Trabecular Meshwork Cells

Arumugam Ramachandran Muralidharan,1 Rupalatha Maddala,1 Nikolai P. Skiba,1 and Ponugoti
Vasantha Rao1,2

1Department of Ophthalmology, Duke University School of Medicine, Durham, North Carolina, United States
2Department of Pharmacology and Cancer Biology, Duke University School of Medicine, Durham, North Carolina, United States

Correspondence: Ponugoti Vasantha
Rao, Duke Eye Center, 2351 Erwin
Road, Durham, NC 27710, USA;
p.rao@dm.duke.edu.

Submitted: September 2, 2016
Accepted: October 26, 2016

Citation: Muralidharan AR, Maddala R,
Skiba NP, Rao PR. Growth differentia-
tion factor-15–induced contractile ac-
tivity and extracellular matrix
production in human trabecular
meshwork cells. Invest Ophthalmol

Vis Sci. 2016;57:6482–6495. DOI:
10.1167/iovs.16-20671

PURPOSE. To determine the role and regulation of growth differentiation factor-15 (GDF-15), a
TGF-b–related cytokine in human trabecular meshwork (TM) cells in the context of aqueous
humor (AH) outflow and IOP.

METHODS. Regulation of expression by external cues, and the distribution and secretion of
GDF-15 by human TM primary cell cultures, and the effects of recombinant (r) GDF-15 on TM
cell contractile characteristics, actin cytoskeleton, cell adhesion, extracellular matrix (ECM),
a-smooth muscle actin (aSMA), SMAD signaling, and gene expression were determined by
immunoblot, immunofluorescence, mass spectrometry, cDNA microarray, and real-time
quantitative PCR (RT-qPCR) analyses.

RESULTS. Growth differentiation factor-15, a common constituent of ECM derived from the
human TM cells, was confirmed to be distributed throughout the conventional aqueous
humor outflow pathway of the human eye. Growth differentiation factor-15 protein levels
were significantly increased in human TM cells in response to TGF-b2, dexamethasone,
endothelin-1, lysophosphatidic acid, TNF-a, IL-1b treatment, and by cyclic mechanical stretch.
Stimulation of human TM cells with rGDF-15 caused a significant increase in the formation of
actin stress fibers and focal adhesions, myosin light chain phosphorylation, SMAD signaling,
gene expression, and the levels of aSMA and ECM proteins.

CONCLUSIONS. The results of this study, including a robust induction of GDF-15 expression by
several external factors known to elevate IOP, and rGDF-15–induced increase in contractility,
cell adhesion, and the levels of ECM proteins and aSMA in TM cells, collectively suggest a
potential role for GDF-15 in homeostasis and dysregulation of AH outflow and IOP in normal
and glaucomatous eyes, respectively.
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Elevated IOP due to impaired aqueous humor drainage
through the trabecular pathway is a dominant risk factor for

primary open-angle glaucoma (POAG), a leading cause of
irreversible blindness.1 Although IOP is determined by the
balance between aqueous humor (AH) secreted by ciliary
epithelium and its drainage through the trabecular and
uveoscleral pathways, it is the increased resistance to AH
drainage through the trabecular meshwork (TM) and
Schlemm’s canal (SC) that leads to elevated IOP in glaucoma
patients.2,3 Despite continued efforts, our understanding of the
molecular and cellular basis of increased resistance to AH
outflow in glaucomatous eyes is far from clear.3 The elevated
levels of TGF-b2, endothelin-1 and connective tissue growth
factor noted in the AH of glaucoma patients,3–7 when viewed
together with the impairment of AH outflow in experimental
studies involving overexpression of or perfusion with some of
these factors, argue convincingly for their definitive role in
regulation of AH outflow and IOP in normal and glaucomatous
eyes.3,8 Importantly, these observations indicate that alterations
in circulating levels and the autocrine and paracrine actions of
one or more secreted factors can impact IOP by altering the

cellular characteristics of the AH outflow pathway, including
the TM, SC, and juxtacanalicular tissue (JCT) with subsequent
effects on AH outflow resistance. A mechanistic understanding
of the homeostasis of AH outflow resistance in normal eyes and
the etiology of elevated IOP in glaucoma patients, therefore,
calls for identification and characterization of secretory
proteins and extracellular matrix (ECM) protein components
of TM cells derived from normal and glaucoma patients, as well
as exploration of the role of these proteins in AH outflow. In
ongoing proteomics analysis-based studies directed toward this
broader goal, we detected the presence of growth differenti-
ation factor-15 (GDF-15) as a common constituent of ECM
secreted by human TM cells.9

Growth differentiation factor-15 is a divergent member of
the TGF-b superfamily involved in a wide range of physiologic
and pathologic processes.10–12 In humans, the GDF-15 gene
maps to chromosome 19p13.1 and the protein is encoded by
two exons.13,14 Growth differentiation factor-15 is synthesized
as a 62 kDa pro-precursor, with the mature secreted protein
existing as a homodimer of 25 kDa.11,15 Growth differentiation
factor-15 is known to be abundantly produced by the placenta
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and expressed at low levels by a variety of tissues and cell
types.12 This pleiotropic cytokine regulates various cellular
processes with distinct early and late stage responses during
embryogenesis, ageing, and tumorigenesis.10,12 Growth differ-
entiation factor-15 also is known as a macrophage inhibitory
cytokine-1 (MIC-1), prostate-derived factor, placenta TGF-b,
and nonsteroidal anti-inflammatory drug activated gene-
1.10,12,15 The physiologic effects of GDF-15 are presumed to
be mediated through Type 1 and Type II membrane kinase
receptors of the TGF-b family.12,16 Importantly, serum levels of
GDF-15 are increased in a number of different disease states,
including cancer, tissue injury, and inflammation.10,15,17,18

Growth differentiation factor-15 expression is induced by
TNF-a, interleukins, P53, Egr-1, and macrophage colony-
stimulating factor,11,15,19–21 with the protein widely being
considered a biomarker for various diseases.11,12,16 Moreover,
this cytokine has been shown to interact with connective
tissue growth factor and regulate integrin, Rho GTPase, and
SMAD signaling activities, and participate in fibrosis and
wound healing.22–28

Therefore, although GDF-15 has been studied extensively in
several other tissues and cell types and is known to be involved
in the pathobiology of numerous diseases,10–12,15,17,29 not
much is known regarding the role and regulation of this
secreted cytokine in TM cells, AH outflow, and IOP.30 To
explore the role of GDF-15 in TM cell biology, we have, in this
initial study, investigated the regulation of GDF-15 expression
and effects of this cytokine on human TM cells in the context
of AH outflow and IOP.

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
previously.31 The use of human tissue in this study adhered to
the tenets of the declaration of Helsinki. Cells were cultured in
plastic petri-plates and six-well dishes maintained at 378C
under 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS), penicillin (100 U/ml)-
streptomycin (100 lg/ml) and glutamine (4 mM). All TM cell
culture experiments were performed using cells passaged
between 3 to 6 times and derived from two human donors
(aged 19 and 71 years). All experiments were performed using
confluent cell cultures serum starved for 24 hours unless stated
otherwise.

RT-PCR and Real-Time Quantitative PCR (RT-qPCR)

Total RNA was extracted from human TM tissue stored in
RNAlater (C.No AM7020; Invitrogen, Carlsbad, CA, USA) after
dissection from corneal rings obtained from eyes of donors
aged 3 and 64 years. Total RNA also was extracted, from
cultured human TM cells (control and GDF-15 treated) using
the RNeasy Mini Kit (C. No. 74104; Qiagen, Valencia, CA, USA)
as we described previously.31 RNA was quantified using
NanoDrop 2000 UV-Vis Spectrophotometer (Thermo Fisher
Scientific, Wilmington, DE, USA). Equal amounts of RNA (DNA-
free) then were reverse transcribed using the Advantage RT for
PCR Kit (C. No. 639506; Clontech Laboratories, Inc., Mountain
View, CA, USA) according to the manufacturer’s instructions.
Polymerase chain reaction amplification was performed on the
resultant reverse transcriptase–derived single stranded cDNA
using sequence-specific forward and reverse oligonucleotide
primers for the indicated genes (Table). For RT-PCR, the

amplification was performed using a C1000 Touch Thermo-
cycler (Bio-Rad Laboratories, Hercules, CA, USA) with a
standard denaturation, annealing, and extension protocol.
The resulting DNA products were separated on 1.5% agarose
gels and visualized with GelRed Nucleic Acid Stain (C. No.
41002; Biotium, Hayward, CA, USA) using a Fotodyne Trans-
illuminator (Fotodyne, Inc., Hartland, WI, USA).

Real-time qPCR was performed using a CFX 96-RealTime
System (Bio-Rad Laboratories), with the aforementioned single
stranded cDNA samples. The PCR master mix consisted of 1 lL
template cDNA, 10 lL 2 3 iQ SYBR Green supermix (C.No.
1708880; Bio-Rad Laboratories), 500 nM each of a gene-specific
oligonucleotide pair, and diethylpyrocarbonate-treated water
to make up to a total of 20 lL reaction. Briefly, PCR reactions
were performed in triplicate using the following protocol:
958C for 3 minutes followed by 39 cycles of the following
sequence: 958C for 10 seconds (denaturation), 588C for 30
seconds (annealing), and 728C for 15 seconds (extension). An
extension step was used to measure the increase in fluores-
cence and melting curves were obtained immediately after
amplification. The fold difference in expression of PRG4,
SORBS2, NCK1, ARHGEF2, ITGB6, VCAN, TJAP1, FNDC3B,
DSC2, LAYN, ATX, PARVG, SPOCK3, and IL1RL1 genes
between control and GDF-15–treated cells was calculated by
the comparative threshold (Ct) method, as described by the
manufacturer (CFX Manager; Bio-Rad Laboratories). The cDNA
content of control and treated samples for the RT-qPCR
reactions was normalized to thelyceraldehyde 3-phosphate
dehydrogenase (GAPDH) expression.

Cyclic Mechanical Stretch Studies

Primary cultures of human TM cells were plated on collagen
Type 1 BioFlex culture plates with a flexible silicone bottom
(C. No. BF-3001C, Flexcell International Corporation, Burling-
ton, NC, USA). 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 hours, using the
computer-controlled, vacuum-operated FX-3000 Flexcell Strain
Unit (Flexcell, Hillsborough, NC, USA) as we described
previously.9 Control cells were cultured under similar condi-
tions with no mechanical force applied. Conditioned media
were collected from control and stretched cells to analyze
GDF-15 protein levels, and RNA was extracted to monitor
changes in GDF-15 expression by RT-qPCR analysis.

Immunohistochemistry and Immunofluorescence
Analyses

To determine the distribution profile of GDF-15 in the
conventional AH outflow pathway, tissue sections from
formalin-fixed, paraffin-embedded human eye whole globes
(from a 90-year-old donor) were immunostained with GDF-15
antibody as we described previously.32 Briefly, 5-lm thick
tissue sections were deparaffinized and rehydrated using
xylene, absolute ethyl alcohol, and water. To unmask antigen
epitopes, heat-induced antigen retrieval was performed using
0.1 M citrate buffer pH 6.0 for 20 minutes at 1008C. The slides
then were treated with Biocare Medical’s Sniper Background
Reducer (C. No. BS966; Biocare Medical, Concord, CA, USA) to
block nonspecific interactions. Tissue sections then were
incubated overnight at 48C in a humidified chamber with a
1:200 dilution of goat polyclonal primary antibody raised
against recombinant (r) human GDF-15 (C.No. AF957, R&D
Systems, Inc., Minneapolis, MN, USA). Slides then were washed
and incubated with Alexa Fluor-488 donkey anti-goat second-
ary antibody (Invitrogen/Thermo Fisher Scientific) for 2 hours
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at room temperature. Immunostained slides then were viewed
and imaged using a Nikon Eclipse 90i confocal laser-scanning
microscope (Nikon Instruments, Melville, NY, USA) as we
described previously.9 Immunostaining analyses were done in
duplicate, and negative controls with no primary antibody
were run simultaneously.

Human TM cells grown on gelatin (2%)–coated glass
coverslips and treated with rGDF-15 were fixed with 4%
paraformaldehyde, permeabilized, blocked, and stained for F-
actin with Tetramethylrhodamine (TRITC)-phalloidin (C.No.
P1951; Sigma-Aldrich Corp., St. Louis, MO, USA), vinculin with
mouse monoclonal anti-vinculin antibody (C.No. V9131; Sigma-
Aldrich Corp.), a-smooth muscle actin (aSMA) with mouse
monoclonal antibody conjugated with Cy3 (C. No. C6198,
Sigma-Aldrich Corp.) and fibronectin with rabbit polyclonal
antibody (obtained from Herald Erickson, Duke University),
followed by the appropriate secondary antibodies conjugated
with Alexa fluorophores, as we described previously.33 The
slides were viewed and imaged using a Nikon Eclipse 90i
confocal laser-scanning microscope.

Immunoblotting Analysis

Trabecular meshwork cells subjected to various treatments
along with their respective controls were homogenized at 48C
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 lM phenylmethyl sulfonyl fluoride, 0.4 mM iodoacetamide,
and protease and phosphatase inhibitor cocktail (one tablet
each/10 ml buffer), using a probe sonicator as we described
previously.31 Protein concentration of cell lysate (800g

supernatants) and conditioned media (CM) samples was
estimated using the Bio-Rad protein assay reagent (C. No.
500-0006, Bio-Rad Laboratories). Samples containing equal
amounts of proteins (10 lg for the SDS-urea soluble ECM
fraction, cell lysates and CM) were mixed with Laemmli sample
buffer and separated using 10% to 12% SDS-PAGE and
transferred to nitrocellulose membranes as we described
previously.31 Membranes were blocked for 2 hours at room
temperature in Tris buffered saline (TBS) containing 0.1%
Tween 20 and 5% (wt/vol) nonfat dry milk and subsequently
probed with primary antibodies (at 1:1000 dilution) directed
against GDF-15, Hic-5 (mouse monoclonal, C.No. 611164; BD
Biosciences, San Jose, CA, USA), phospho-paxillin (polyclonal,

C.No. 2541, Cell Signaling Technology, Danvers, MA, USA),
phospho-SMAD2/3 (polyclonal, C.No. 8828; Cell Signaling
Technology), phospho-SMAD1/5 (polyclonal, C.No. 9516; Cell
Signaling Technology), phospho-MLC (polyclonal, C.No. 3674;
Cell Signaling Technology); MLC (polyclonal, C.No. 3672; Cell
Signaling Technology), phospho-MYPT1 (polyclonal, C.No.
ABS45; Millipore, Billerica, MA, USA), aSMA (monoclonal,
A2547, Sigma-Aldrich Corp.), fibronectin (1:15000 dilution;
polyclonal C.No. ab23750; Abcam, Cambridge, MA, USA), and
GAPDH (mouse monoclonal antibody at 1:10000 dilution; C.
No. 60004-1-g, Proteintech Group, Inc. Rosemont, IL, USA), in
conjunction with horseradish peroxidase-conjugated second-
ary antibodies. Detection of immunoreactivity was based on
enhanced chemiluminescence. Densitometric analysis of the
immunoblots was performed using ImageJ software (available
in the public domain at http://imagej.nih.gov/ij/; provided in
the public domain by the National Institutes of Health (NIH),
Bethesda, MD, USA). Data were normalized to the specified
loading controls. Urea-glycerol gels were used for phospho-
MLC immunoblots, as we described previously.33

cDNA Microarray Analysis

Human TM cells from 19-year-old donor eyes (passage 4) were
cultured to confluence, serum-starved for 24 hours, and
treated with 20 ng/ml GDF-15 (prepared in sterile 4 mM
HCl) for 24 hours, along with control cells treated with an
equal volume of 4 mM HCl. Briefly, cells were shredded using
the QiaShredder (C. No. 79654; Qiagen) column and treated
with DNAse I to eliminate genomic DNA contamination. Total
RNA then was extracted using the RNeasy Mini kit (Qiagen)
according to the manufacturer’s instructions. Purified RNA was
quantitated using a Nanodrop 2000 Spectrophotometer and
subjected to cDNA microarray analysis at the Duke Microarray
Core facility (Duke National Cancer Institute and Duke
Genomic and Computational Biology shared resource facility,
Durham, NC, USA). Briefly, RNA quality was assessed using an
Agilent 2100 Bioanalyzer G2939A (Agilent Technologies, Santa
Clara, CA, USA) and Nanodrop 8000 Spectrophotometer.
Hybridization targets were prepared from total RNA using a
MessageAmp Premier RNA Amplification Kit (Applied Biosys-
tems/Ambion, Austin, TX, USA), hybridized to GeneChip
Human Genome U133 Plus 2 (Affymetrix, Santa Clara, CA,
USA) arrays in an Affymetrix GeneChip hybridization Oven

TABLE. Human Oligonucleotide Primers Used in the RT-PCR and RT-PCR Amplifications

Gene Name Forward Primer Reverse Primer Product Size, bps

GDF-15 GGTGAATGGCTCTCAGATG CACTTCTGGCGTGAGTATC 256

PRG4 GTCCATTCAGTCCACCATCTC GTCCAGTTAGTCCTCCAAATCC 204

SORBS2 TACCCTGACCCTCCAATAC CAGCCGTCATCACACTTT 215

NCK1 TGGCTGAGAGAGAGGATGAA AGATGAGCTGAATGGGTAAAGAG 260

ARHGEF2 CTATACCAATGGGCACCTCTTC CCCGGATGGTTGTCTTACTTC 248

ITGB6 ACCCTGTCTCCCAAGTAGAA GATCCGAAGCCCAGTCTAAAG 298

VCAN CATTCTCCACTGAGCCAACA CTCCAGAGCCTTCCATCATTAC 252

TJAP1 CTCTTAGCCACAGCTGGATTT GATCGGCAAACTTGTGGTTTC 219

FNDC3B CCATCATCTCCCTCCCTATCT GCTTGCTGTACTGGTCTTCT 209

SPOCK3 CCCACCAGTACAAGCAGAAA CTGGTCCAATAGCAGGTCATAG 243

DSC2 CCTGAGTGTAACCCTCCAATAC TGATGGTCTCTGCCTCTCTAT 217

LAYN GAGCTGACAACACCTGTACTT CAGATGGTGTGTTGCTTCTTTG 224

ATX GGGAGACCACGGATTTGATAAC GGTTGGCCTGAAGGTATTAGTG 214

PARVG GAGGTGACACAGTCCGAAATAG CTTCACCACGCTGAGCTTAT 363

IL1RL1 GAAGGCACACCGTAAGACTAAG GGATTTGTAGTTCCGTGGGTAG 233

ALK1 ATTACCTGGACATCGGCAAC CACACACACCACCTTCTTCA 254

GAPDH ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA 452

GDF-15 Regulation in Human TM Cells IOVS j December 2016 j Vol. 57 j No. 15 j 6484



645, washed in Affymetrix GeneChip Fluidics Station 450, and
scanned with Affymetrix GeneChip Scanner 7G according to
standard Affymetrix GeneChip hybridization, wash, and stain
protocols. Raw data were normalized and analyzed using
GeneSpring 10 (Silicon Genetics, Wilmington, DE, USA). The
genes were filtered by intensity compared to the control
channel, and a P value of � 0.05 by the paired Student’s t-test
was considered significant. A list of selected genes (Table) that
were upregulated by GDF-15 (minimum of 2-fold) based on
cDNA microarray was independently confirmed by RT-qPCR.

Extraction of ECM-Enriched Fraction

Human TM cells were plated on 100 3 20 mm Eppendorf
plastic cell culture dishes (C. No. 0030702115) in DMEM with
10% FBS. After cells reached confluence, the growth medium
was changed to serum-free medium, and cells were serum
starved for 24 hours. These cultures were treated with GDF-15
(20 ng/ml) on a daily basis for 48 hours. The ECM was
extracted as we described previously using Triton X-100,
ammonium hydroxide, and DNase-I.9 The ECM was solubilized
as described previously,34 with 200 ll of SDS buffer containing
5% SDS, 10% glycerol, 60 mM Tris-HCL, pH 6.8. The SDS-lysate
was collected into 1.7-ml microcentrifuge tubes (Axygen,
Union City, CA, USA), incubated at 958C for 5 minutes, with
gentle mixing and spun down at 16,000g for 10 minutes. The
supernatant containing SDS-soluble ECM proteins were trans-
ferred to a clear tube and placed on ice. The protein pellets
(termed SDS-insoluble fraction) were processed further by
adding urea buffer containing 8 M urea, 4% SDS, 60 mM Tris-
HCl, and 12.5 mM EDTA. The pellet was pipetted repeatedly to
facilitate resuspension and allowed to sit for 30 minutes at
room temperature to enhance complete solubilization in urea
buffer and spun down at 16,000g for 5 minutes at room
temperature. The supernatant from this step was combined
with the SDS-soluble fraction to generate a SDS/urea-soluble
fraction, which was stored at�808C until further analysis. The
protein concentration of the SDS-urea soluble ECM fraction
was measured using the Micro BCA Protein Assay Kit (C. No.
23235; Pierce Biotechnology, Rockford, IL) according to
manufacturer’s protocol.

In-Gel Protein Digestion

After protein estimation, each ECM-enriched sample described
above was loaded into a 1.5 mm 4% to 20% gradient Tris-
Glycine gel (Bio-Rad Laboratories) along with a prestained
protein molecular weight ladder (Thermo Fisher Scientific).
Samples were electrophoresed at 200 V for 30 to 45 minutes
using 2-(N-morpholino) ethanesulfonic acid (MES)-SDS running
buffer (Novex Invitrogen). The gel was stained overnight with
gel code blue stain reagent (C. No. 24590; Pierce Biotechnol-
ogy) and destained using deionized water at 48C. After
destaining with deionized water, protein bands were excised
from the gel and subjected to in-gel tryptic digestion using
Trypsin/Lys-C mix 1 lg (C. No. V5072; Promega, Madison, WI,
USA) and the In-Gel Tryptic digestion kit (Pierce Biotechnol-
ogy), as per manufacturer’s instructions. This digestion process
included reduction and alkylation of protein samples.

Mass Spectrometry

Briefly, trypsin digested ECM peptides were extracted from gel
slices using 250 ll of 50% acetonitrile/1% formic acid at 388C
for 40 minutes. These peptide samples were transferred into a
new, 0.5-ml centrifuge tube, dried by SpeedVac (Thermo Fisher
Scientific) and resuspended in 10 ll of 0.1% formic acid. Three
lL aliquots of tryptic digests were analyzed by liquid

chromatography–tandem mass spectrometry (LC-MS/MS) using
a nanoAcquity UPLC system coupled to a Synapt G2 HDMS
mass spectrometer (Waters Corp., Milford, MA, USA). Peptides
were initially trapped on a 180 lm 3 20 mm Symmetry C18
column (at the 5 lL/min flow rate for 3 minutes in 99.9%
water, 0.1% formic acid). Peptide separation then was
performed on a 75 lm 3 150 mm column filled with the 1.7
lm C18 BEH resin (Waters Corp.) using the 6% to 30%
acetonitrile gradient with 0.1% formic acid for 1 hour at the
flow rate of 0.3 lL/minute at 358C. Eluted peptides were
sprayed into the ion source of Synapt G2 using the 10 lm
PicoTip emitter (Waters Corp) at the voltage of 2.5 kV.

For each sample we conducted a data-dependent analysis
(DDA) using a 0.8-second MS scan followed by MS/MS
acquisition on the top four ions with charge greater than
one. Tandem mass spectrometry scans for each ion used an
isolation window of approximately 3 Da, a maximum of 2
seconds per precursor, and dynamic exclusion for 90 seconds
within 1.2 Da. Data-dependent analysis data were converted to
searchable files using ProteinLynx Global Server 2.5.1 (Waters
Corp.) and searched against the human UniProt database
(September 2015 release), using Mascot server 2.2 with the
following parameters: maximum one missed cleavage site,
carbamidomethylation at Cys residues as fixed modification,
and Met oxidation, Asn, Gln deamidation as variable modifica-
tions. Precursor ion mass tolerance was set to 20 ppm, while
fragment mass tolerance to 0.2 Da. Mascot data were imported
into Scaffold 4.4 (Proteome Software, Inc., Portland, OR, USA)
to arrange all the data sets, identify a false discovery rate for
protein identification, group proteins, and perform spectral
counting–based protein quantification. Acceptance criteria for
protein identification required identification at least two
peptides for each protein with a confidence interval percent-
age (CI%) over 99.0%, corresponding to a false discovery rate of
1%. Complete mass spectrometry analysis was performed with
two independently obtained SDS-Urea soluble ECM prepara-
tions.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism
version 7 for Windows (GraphPad Software, La Jolla, CA,
USA). All data represent the average results of at least four
independent experiments unless otherwise mentioned. One-
way ANOVA with Bonferroni’s multiple comparisons test was
done for comparing within groups and Student’s t-test was
used for all other statistical comparison between two groups. A
P value of � 0.05 was considered statistically significant.

RESULTS

Expression and Distribution of GDF-15 in TM Cells
and Tissue

To determine the expression of GDF-15 in TM cells and tissue,
we initially performed RT-PCR analysis using total RNA
extracted from human TM primary cell cultures and tissue
and gene-specific oligonucleotide PCR primers. Figure 1A
shows amplification of a GDF-15–specific DNA product of the
expected size from primary TM cell cultures derived from
multiple human donor specimens and two independent
human TM tissue samples. The identity of the PCR product
as a GDF-15–specific DNA fragment was confirmed by
sequence analysis. Having confirmed GDF-15 gene expression
in TM cells and tissue, we then evaluated presence of GDF-15
protein product in the human TM cell ECM fraction, lysates,
and CM using a polyclonal goat antibody raised against a full
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length recombinant human GDF-15. As shown in Figure 1B, the
SDS-urea soluble TM cell ECM fraction (10 lg protein),9 TM
cell lysates, and CM (10 lg protein per sample) derived from
two independent samples (Fig. 1B, lanes 1 and 2) exhibited a
single immunopositive band of expected size (~36 kDa, based
on the antibody provider’s data sheet; R&D Systems, Inc.).
Following these observations, we also assessed the distribution
profile of GDF-15 protein in the human AH outflow pathway
by immunohistochemical analysis of paraffin-embedded human
donor eye tissue sections (from a 90-year-old donor). Figure 1C
shows the distribution of GDF-15 throughout the conventional
AH outflow pathway with high immunofluorescence staining
intensity noted in the TM relative to SC and JCT (Fig. 1C,
green). Tissue specimens stained simultaneously with Alexa
Fluor 488 conjugated secondary antibody alone did not exhibit
detectable fluorescence (data not shown).

Regulation of GDF-15 Expression in Human TM
Cells

To identify regulatory inputs controlling GDF-15 expression in
TM cells, we evaluated the effects of physiologic agents,
including TGF-b2, dexamethasone, lysophosphatidic acid
(LPA), endothelin-1, TNF-a, and IL-1b, all of which have been
demonstrated to influence IOP and AH outflow in experimental

studies.3,7,35,36 All treatments were performed using confluent
cultures of primary human TM cells derived from two different
donors (19 and 71 years old), and maintained under serum-free
conditions for 24 hours before treatment with the appropriate
recombinant protein or high grade reagent obtained from
commercial sources. Human TM cells treated with TGF-b2 (10
ng/ml, 24 hours; C.No. T2815, Sigma-Aldrich Corp.), dexameth-
asone (0.5 lM, daily for 4 days; C.No. D4902; Sigma-Aldrich
Corp.), endothelin-1 (2 lM/24 hours; C.No. E7764; Sigma-
Aldrich Corp.), LPA (5 lM/6 hours; C.No. SC-201053; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), IL-1b (10 ng/ml, 24 hours;
C.No. 554602 ; BD Biosciences), or TNF-a (10 ng/ml, 24 hours;
C.No. 210-TA; R&D Systems, Inc.) exhibited a significant
increase in GDF-15 protein levels in cell lysates as determined
by immunoblot analyses with subsequent densitometric quan-
tification (Figs. 2A, 2C, 2E, 2F). All immunoblots presented in
Figure 2 show data from two independent representative
samples per treatment, with the densitometric data being
derived from four independent samples. Values are shown as
mean 6 SEM. Glyceraldehyde-3-phosphate dehydrogenase was
immunoblotted to normalize protein loading for the cell lysate
samples. In addition to the results obtained with cell lysates, CM
from TGF-b2 and dexamethasone-treated TM cells also revealed
a significant increase in GDF-15 levels compared to control cells
(Figs. 2B, 2D). To control for protein loading of CM samples,

FIGURE 1. Expression and distribution of GDF-15 in human TM cells, tissue, and the AH outflow pathway. (A) Reverse transcription-PCR based
detection of GDF-15 expression in TM cells derived from several individual human donor eyes and TM tissue. (B) Immunoblotting-based detection of
GDF-15 protein in the SDS-urea soluble ECM fraction, cell lysates, and conditioned media from two independent primary cultures of human TM cells
(lanes 1, 2). (C) Immunofluorescence (green)–based analysis of GDF-15 distribution in the human AH outflow pathway. The panel on the right

shows a magnified image of the boxed portion in the left panel. Scale bars: Indicate image magnification.
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equal amounts of CM protein (10 lg) were separated by SDS-
PAGE and stained with gel code blue and as shown in Figure 2B,
the intensity of one of the protein bands (17 kDa) was used to
normalize protein loading between the treated and control
samples.

We then assessed the effects of mechanical stretch on GDF-
15 protein levels since TM is a well characterized mechano-
sensing tissue.37,38 To this end, confluent human TM cells
cultured on collagen Type I BioFlex culture plates with a
flexible silicone bottom were maintained under serum-free
conditions for 24 hours and then subjected to 20% cyclic
mechanical stretch for 48 hours. The CM derived from these
samples was analyzed by immunoblotting to determine
changes in the level of GDF-15 protein, while RNA was
extracted to monitor for changes in GDF-15 gene expression
by RT-qPCR analysis. As shown in Figure 3, GDF-15 expression
in TM cells underwent a robust and significant increase at the
translational (Figs. 3A, 3B) and transcriptional levels (Fig. 3C),
in response to cyclic mechanical stretch. In Figure 3A, data
from three independent representative samples were shown
along with a loading control. The quantitative data shown in
Figures 3B and 3C is based on six and three independent
analyses, respectively.

GDF-15–Induced Changes in TM Cell Gene
Expression

To seek broader insight into the role of GDF-15 in TM cells, we
evaluated initially the effects of human rGDF-15 (C.No. 957-
GD-025/CF; R&D Systems, Inc.) on gene expression by cDNA
microarray analysis. The Affymetrix GeneChip Human Genome
U133 Plus 2 array, which represents 38,500 well-induced
changes, characterized human genes, and is comprised of more
than 54,000 probe sets, was used for this purpose. Trabecular
meshwork cells (passage 4) derived from a 19-year-old human
donor eye were grown to confluence in Eppendorf plastic
petri-plates, serum starved for 24 hours, and treated with rGDF-
15 (20 ng) for 24 hours. Total RNA extracted from the control
and rGDF-15 treated samples was subjected to cDNA micro-
array analysis as described in the Methods section. In this pilot
experiment, based on a single sample of cDNA microarray
analysis, we detected a minimum of a 2-fold increase in the
expression level of a total of 475 individual genes in GDF-15–
treated cells relative to control cells (Supplementary Table S1).
In contrast to the large number of genes which exhibited
upregulated expression, a smaller number (<70 genes)
revealed a decrease in expression level (maximum of a 2-fold
decrease) in GDF-15–stimulated cells relative to corresponding

FIGURE 2. Regulation of GDF-15 protein levels in human TM cells. (A, C, E–H). Confluent serum-starved TM cells treated with TGFb2 (10 ng/ml, 24
hours), dexamethasone (500 nM/4 days), endothelin-1 (2 lM/24 hours), LPA (5 lM/6 hours), TNFa (10 ng/ml, 24 hours), and IL-1b (10 ng/ml, 24
hours) showed a significant increase in GDF-15 protein levels in cell lysates compared to control cells (CTL) based on immunoblot analysis. (B, D)
Similarly, conditioned media derived from the TGF-b2 and dexamethasone treated TM cells showed a significant increase in GDF-15 protein levels
compared to control cells. Histograms depict the fold change in GDF-15 protein levels in the above described samples compared to controls based
on densitometric analysis. Glyceraldehyde-3-phosphate dehydrogenase was immunoblotted as a loading control for the cell lysates. Protein loading
was normalized for conditioned media samples by subjecting the equal amounts of protein to SDS-PAGE analysis and staining with gel code blue.
Staining intensity of the indicated protein band (17 kDa) was used for normalization. Values represent the mean 6 SEM of 4 independent
determinations. *P � 0.05; **P � 0.01; ***P � 0.001.
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controls (Supplementary Table S2). Ingenuity Platform Path-
way analysis (IPA; Qiagen) indicates that of the genes
exhibiting GDF-15–dependent upregulation in expression,
several encode ECM, chaperones, intracellular signaling
proteins, and those involved in cell survival, death, connective
tissue development and function, morphology, adhesion, cell
junctions, Rho GTPase signaling, and cytoskeletal organization
(Supplementary Table S1).

To confirm the results of cDNA microarray analysis by an
independent approach, we used RT-qPCR to evaluate expres-
sion of selected representative genes whose levels were
upregulated between 2- and 20-fold relative to controls.
Trabecular meshwork cells derived from 19- and 71-year-old
human donors were used for this experiment, and treated with
rGDF-15 (20 ng/ml) for 24 hours as described above, before
RNA extraction (triplicate samples from two independent TM
cell strains) and RT-qPCR analysis. Figure 4 shows the
significant increase in expression levels for most genes
evaluated (see Figs. 4A–C), in GDF-15–treated cells. This
subset of genes included sorbin and SH3 domain containing
2 (SORBS2), proteoglycan 4 (PRG4), NCK-associated protein 1
(NCK1), versican (VCAN), tight junction–associated protein 1
(TJAP1), fibronectin type III domain containing 3B (FNDC3B),
desmocollin 2 (DSC2), Sparc/osteonectin, cwcv and kazal-like
domains proteoglycan 3 (SPOCK3), layilin (LAYN), autotaxin

FIGURE 3. Effect of cyclic mechanical stretch on regulation of GDF-15
expression in human TM cells. (A) Conditioned media derived from
human TM cells subjected to cyclic mechanical stretch (20% stretch, 1
cycle/sec for 48 hours) under serum-free conditions exhibited a
significant increase in the GDF-15 protein levels compared to controls
based on immunoblot analysis. (B) Histograms depict the fold change
in GDF-15 protein levels in stretched TM cells relative to controls based
on densitometric analysis. For loading control, conditioned media
samples were subjected to SDS-PAGE and gel code blue staining,
followed by the use of staining intensity of indicated protein bands for
normalization. Values are mean 6 SEM of six independent analyses. (C)
RNA derived from TM cells subjected to cyclic mechanical stretch
along with their respective controls as described above was analyzed
for changes in GDF-15 expression by RT-qPCR. The stretched cells
revealed a significant increase in GDF-15 expression compared to
control cells. Values (mean 6 SEM) are based on three independent
analyses. **P � 0.01, ***P � 0.001.

FIGURE 4. Real-time qPCR–based confirmation of GDF-15–induced
gene expression in human TM cells. An RT-qPCR–based approach was
undertaken to independently validate the data obtained from cDNA
microarray analyses of the effects of GDF-15 on gene expression in TM
cells. A portion of the RNA submitted for cDNA microarray analysis was
reverse transcribed and used for the RT-qPCR experiment along with
another biologic replicate of TM cells derived from a 71-year-old donor.
The selected genes were categorized based on their Gene Ontology
terms and clustered into three different groups namely; (A) Cytoskel-
etal organization (NCK1, ARHGEF2, SORBS2, and TJAP1), (B) Cell
adhesion (DSC2, ITGB6, PARVG, IL1RL1, and LAYN), and (C) ECM-
related genes (FNDC3B, PRG4, ATX, SPOCK3, and VCAN). Real-time
quantification of the expression of selected genes was normalized to
the cycle values of GAPDH. Fold changes were calculated based on the
values from triplicate analyses of two individual samples (n¼ 6, mean
6 SEM). The selected genes showed a significant increase (in fold
change) in expression upon GDF-15 treatment as compared to
corresponding controls. *P � 0.05; **P � 0.01; ***P � 0.001.
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(ATX), IL-1 receptor-like 1 (IL1RL1), integrin b6 (ITGB6), Rho
guanine exchange factor (ARHGEF2), and gamma parvin
(PARVG). Thus, the RT-qPCR–based results were consistent
with data from cDNA microarray analysis, as described above.

Regulation of TM Cell Contractile and Adhesive

Characteristics by GDF-15

The ability of GDF-15 to increase expression of genes encoding
proteins involved in cytoskeletal and cell adhesion changes,
together with the known effects of contractile and cell
adhesive properties of TM cells on AH outflow and IOP,7,39

led us to test a possible role for GDF-15 in TM cell actin
cytoskeletal organization and focal adhesion formation. Serum-
starved quiescent TM cells treated with rGDF-15 (20 ng/ml)
exhibited a progressive and time-dependent increase in
formation of actin stress fibers and focal adhesions, relative
to control cells (Fig. 5A). We then examined the effects of
rGDF-15 on phosphorylation of MLC and myosin phosphatase
target subunit 1 (MYPT1) in TM cells, given that these proteins
are key regulators of actomyosin interactions and contractile
properties of cells.40 Immunoblotting followed by quantitative
densitometric analyses of serum-starved confluent human TM
cells treated with rGDF-15 (20 ng/ml) revealed significant

increases in levels of pMLC by 3 hours post addition with no
changes in total MLC. This increase was sustained even at 24
hours relative to untreated control TM cells (Figs. 5B, 5E). A
significant increase also was noted in the levels of pMYPT1,
but only after 24 hours of stimulation of TM cells with rGDF-15
(Figs. 5C, 5F). Under these conditions, the levels of phosphor-
ylated paxillin, a key regulator of cell adhesion and Hic-5,
another well characterized paxillin-related cell adhesion
protein41 also were significantly increased by 3 hours of
rGDF-15 treatment (Fig. 5D). However, while the levels of
phosphorylated paxillin remained elevated at 24 hours, no
changes were noted in Hic-5 levels between rGDF-15–treated
cells and control cells (Figs. 5G, 5H). These observations taken
together revealed that GDF-15 regulates TM cell contractile and
cell adhesive properties.

Cell contractile and adhesive properties are known to
influence expression of aSMA and ECM encoding genes
especially in the endothelial and mesenchymal cells.31,42 In
light of the knowledge that GDF-15 has been shown to induce
fibrotic activity,27,28,43 we then examined the effects of rGDF-
15 on protein levels of aSMA and fibronectin in human TM
cells, using immunofluorescence and immunoblot analyses.
Serum-starved TM cells treated with rGDF-15 (20 ng/ml) for 3
and 24 hours showed a robust and progressive increase in
immunostaining for aSMA and fibronectin compared to

FIGURE 5. Growth differentiation factor-15 induces actin stress fibers and focal adhesion and alters contractile properties of human TM cells. (A)
Human TM cells cultured on 2% gelatin-coated glass cover slips and serum-starved for 24 hours were treated with GDF-15 (20 ng/ml for 3 and 24
hours) before staining for F-actin and focal adhesion protein- vinculin with TRITC-phalloidin and vinculin antibody in conjunction with Alexa fluor-
488 conjugated secondary antibody, respectively. Representative confocal images of stained cells revealed a time dependent increase in actin stress
fibers (red) and focal adhesions (green, arrows) with GDF-15 treatment. Trabecular meshwork cells treated with GDF-15 exhibited a significant
increase in the levels of phosphorylated-MLC (B), MYPT1 (C), and paxillin, and Hic-5 (D) relative to CTL based on immunoblot analysis. The
immunoblot data were normalized to total MLC (for pMLC) and GAPDH (for p-paxillin, Hic-5, and pMYPT1). Histograms (E–H) depict the fold
change in the levels of indicated proteins based on densitometric analysis. Values represent mean 6 SEM. n¼ 4, *P � 0.05; ***P � 0.001.
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control cells (Fig. 6A). Consistent with these observations,

immunoblotting analysis for aSMA and fibronectin confirmed

a significant and time-dependent increase in protein levels at

3 and 24 hours of treatment with rGDF-15 treatment (Figs.

6B–D).

Role for SMAD and Rho Kinase in GDF-15–Induced

Myosin Light Chain Phosphorylation in TM Cells

To identify the intracellular signaling pathways mediating the

effects of GDF-15 on MLC phosphorylation in TM cells (Fig. 5),

we used inhibitors of Rho kinase and SMAD3. Since GDF-15 is a

TGF-b–related cytokine, and the fibrogenic activity of TGF-b is
linked to its known effects on cell contractile activity and MLC
phosphorylatyion,31 we compared the relative effects of GDF-
15 and TGF-b2 on MLC phosphorylation in TM cells. Treatment
of serum-starved TM cells treated with 10 ng/ml of GDF-15 or
TGF-b2 for 24 hours significantly increased MLC phosphory-
lation, with TGF-b2 stimulating a significantly stronger
response than GDF-15, as shown in Figures 7A and 7C. Total
MLC was probed as a loading control, the levels of which were
not affected either by GDF-15 or TGF-b2 treatment. Although
GDF-15– and TGF-b2–treated samples were analyzed on the
same gel (Fig. 7A) for purposes of evaluating changes in pMLC,
other samples treated with different concentrations of GDF-15

FIGURE 6. Growth differentiation factor-15 increases the levels of aSMA and fibronectin in human TM cells. (A) Human TM cells were grown on 2%
gelatin-coated glass cover slips, serum-starved for 24 hours and treated with GDF-15 (20 ng/ml for 3 and 24 hours). Following fixation, cells were
immunostained for a-SMA (red) and fibronectin (green). Representative confocal images of stained cells show a progressive increase in a-SMA and
fibronectin specific immunofluorescence upon GDF-15 treatment compared to control cells. (B). Immunoblot analysis confirmed that GDF-15–
treated human TM cells exhibit increased levels of a-SMA and fibronectin compared to CTL. The immunoblot data were normalized to GAPDH. (C,
D). Histograms depict the fold change in the levels of aSMA and fibronectin in TM cells treated with GDF-15 treatment, based on densitometric
analysis. Values are mean 6 SEM. n¼ 4, *P � 0.05; ***P � 0.001.
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were run between sample sets treated with 10 ng of either the
GDF-15 or TGF-b2. This necessitated cropping of blots to
support a side-by-side analysis of pMLC levels in cells treated
with 10 ng of GDF-15 or TGF-b2.

In a separate experiment we tested the effects of SMAD 3
inhibitor SIS3 and Rho kinase inhibitor Y-27632 in the presence
and absence of GDF-15 on MLC phosphorylation in TM cells, to
determine whether SMAD3 or Rho kinase or both involved in
GDF-15–induced contractile activity. As shown in Figures 7B
and 7D, serum-starved TM cells treated with 10 lM SIS3 or
Y27632 for 6 hours significantly decreased the levels of pMLC
compared to the controls. On the other hand, addition of GDF-
15 (20 ng/ml for 24 hours) following pretreatment with either
SIS3 or Y-27632 for 6 hours (10 lM), rescued partially the
inhibition of MLC phosphorylation induced by SIS3 and Y-
27632 but not completely (Fig. 7B). The levels of pMLC in the
TM cells treated either with SMAD3 inhibitor or Rho kinase
inhibitor in the presence of GDF-15 were significantly lower
than the levels observed with GDF-15 alone, indicating a
putative role of SMAD3 and Rho kinase in GDF-15–induced TM
cell contractile activity (Figs. 7B, 7D).

Activation of SMAD Signaling by GDF-15 in TM
Cells

Since the GDF-15–induced MLC phosphorylation in TM cells
was dependent on SMAD signaling (Fig. 7B), we asked whether
GDF-15 activated SMAD signaling in TM cells. For this, serum-

starved TM cells were challenged with rGDF-15 (20 ng/ml) for
3 and 24 hours before analysis of changes in the levels of
phosphorylated SMAD 2/3 and SMAD 1/5 by immunoblot
analysis, using the appropriate phospho-specific antibodies.
Phosphorylation of SMAD2 was significantly induced by 3
hours of stimulation and this increase was sustained up to 24
hours following rGDF-15 addition to TM cells. While SMAD3
phosphorylation also was significantly increased in response to
GDF-15, the magnitude of increase was at a much lower level
relative to activation of SMAD2 (Fig. 8). Under the above-
described conditions, SMAD 1/5 phosphorylation was robustly
induced in TM cells stimulated with GDF-15 for 24 hours (Figs.
8D, 8E). These results revealed activation of SMAD signaling
pathway,s including the SMAD 2/3 and SMAD1/5 pathways, by
GDF-15 in TM cells. Although the mechanism of action of GDF-
15 at the receptor level is not completely understood, the
activation of SMAD1/5 observed in TM cells suggests that GDF-
15 may engage the activin receptor-like kinase 1 (ALK1).
Reverse transcription-PCR analysis using ALK1 specific primers
(Table) confirmed expression of this receptor protein in
multiple human TM cell strains (Fig. 8F).

GDF-15–Induced Increases in ECM and ECM-
Associated Proteins in TM Cells

Having confirmed that GDF-15 induces SMAD signaling,
contractile activity, increased levels of aSMA, and fibronectin
protein in TM cells, we further probed a possible role for GDF-

FIGURE 7. Comparison of the effects of GDF-15 and TGF-b2 and inhibitors of SMAD3 and Rho kinase on MLC phosphorylation in TM cells. (A)
Serum starved human TM cells were treated either with GDF-15 or with TGF-b2 (10 ng/ml for 24 hours) and analyzed for changes in the level of MLC
phosphorylation in a comparative manner along with their respective controls. The quantitative immunoblot data revealed that while GDF-15 and
TGF-b2 significantly increased MLC phosphorylation, the magnitude of response with TGF-b2 was relatively much stronger than that triggered by
GDF-15 (C). (B, D) Serum-starved TM cells treated with GDF-15 (20 ng/ml for 24 hours) alone or in the presence of SMAD3 inhibitor-SIS3 or Rho
kinase inhibitor- Y27632 (10 lM for 6-hour pretreatment) or with inhibitors alone showed a dramatic and significant decrease in MLC
phosphorylation in samples treated with inhibitors (SIS3 or Y-27632) alone and this response was partially rescued by GDF-15 but significantly less
than GDF-15 alone based on immunoblot with subsequent densitometry based quantification. Total MLC was immunoblotted as a loading control.
Values are shown as mean 6 SEM. n¼ 4. *P � 0.05; **P � 0.01; ***P � 0.001.
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15 in ECM synthesis by TM cells. To this end, we used
quantitative proteomics analysis to evaluate the effects of
rGDF-15 on levels of ECM and ECM-associated proteins. As
described in the Methods section, SDS and urea soluble
fractions of ECM derived from human TM cells treated daily
with rGDF-15 (20 ng/ml) for a period of 48 hours were
subjected to mass spectrometry analysis. Based on data derived
from two independent samples (using TM cells derived from
19- and 71-year-old donors), the levels of several different ECM
and ECM-associated proteins were found increased in TM cells
treated with rGDF-15, relative to untreated control cells.
Supplementary Table S3 lists the proteins whose levels were
increased by a minimum of 1.5-fold in GDF-15–treated TM
cells. As expected, ECM-enriched fractions of TM cells
contained not only several ECM proteins but also some
cytoskeletal and cell adhesion proteins and proteases. Some
notable ECM proteins whose levels were increased by rGDF-15
include elastin, versican, laminins, galectin-7, various collagen
sub types, nidogen, fibulin-1, thombospondin, periostin,
thrombospondin type1-domain containing protein, TIMP3,
latent TGF-b binding proteins 1 and 2, plasminogen activation
inhibitor-1and protein-glutamine c-glutamyltransferase 2.

These results revealed that GDF-15 can influence ECM
production and organization in TM cells.

DISCUSSION

Toward our long-term goal of understanding regulation of TM
cell fibrogenic activity and the role of this cellular event in AH
outflow dynamics and IOP, our recent efforts to perform
comprehensive proteomics analysis of the ECM of TM cells
revealed that GDF-15 is a common constituent of ECM secreted
by the primary cultures of human TM cells.9 This serendipitous
observation motivated us to investigate the role of GDF-15 in
TM cells, since it has been shown to be involved in various
physiologic and pathologic processes, including fibro-
sis.10–12,27,43 In this study, we reported not only that GDF-15
is expressed and secreted by TM cells, but also that expression
of this growth factor is robustly induced by various external
factors, including agents involved in glaucoma pathobiology.
Our studies also revealed that GDF-15 regulates the contractile
and adhesive properties of, and ECM production by TM cells.
Taken together, this study suggested a potential role for GDF-15

FIGURE 8. Growth differentiation factor-15 induced SMAD signaling in TM cells. Human TM cells were grown to confluence, serum-starved for 24
hours and treated with GDF-15 (20 ng/ml for 3 and 24 hours), followed by immunoblotting analysis of cell lysates to determine changes in SMAD
phosphorylation. The GDF-15–treated TM cells showed a significant increase in the levels of phospho-SMAD 2/3 (A) and SMAD 1/5 (D) relative to
control cells. Glyceraldehyde-3-phosphate dehydrogenase was used to normalize for loading. (B, C, E). Histograms depict the fold change in p-
SMADs in GDF-15–treated cells compared to controls based on densitometric analysis. (F) Reverse transcription PCR–based detection of expression
of ALK1 in human TM cells derived from different donors. Values are mean 6 SEM. n ¼ 4, **P � 0.01; ***P � 0.001.
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in modulation of AH outflow and IOP in normal and
glaucomatous eyes.

While it now is widely recognized that the autocrine and
paracrine actions of factors secreted by the TM and SC cells
influence their cellular characteristics with subsequent impact
on AH outflow and IOP,30,44–46 we lack comprehensive
understanding of the identity of such factors. In this study,
we showed that human TM cells express and secrete GDF-15.
This multifunctional cytokine, which belongs to the TGF-b
superfamily has a critical role in growth, differentiation and cell
survival, and inflammation and apoptosis.10,12,16,47 Initially
identified in studies aimed at cloning genes of activated
macrophages, GDF-15 was named MIC-1, since it suppresses
the secretion of inflammatory cytokines, including TNF-a
produced by macrophages.14 Growth differentiation factor-15
levels are elevated under various pathologic conditions and
this growth factor, therefore, is considered to be a prognostic
marker for many diseases,15–18 indicating that GDF-15 has a
role in physiologic and pathologic processes similar to other
members of the TGF-b family of cytokines.48 Indeed, a
common characteristic in glaucoma is the finding of increased
levels of TGF-b2 in the AH.49 This finding together with the
demonstrated role of TGF-b in regulation of AH outflow and
IOP, suggested the possibility that other cytokines of the TGF-b
family, including GDF-15, also may have a role in homeostasis
and dysregulation of AH outflow and IOP.3,8,49

Although the mature secreted form of GDF-15 is a
homodimer with an expected molecular mass of 25 kDa, the
latent secreted precursor form of GDF-15 has been reported to
exhibit a varying molecular mass ranging from 30 to 40 kDa in
different human specimens.12 Growth differentiation factor-15
secreted from cultured human TM cells used in our study was
found to exhibit a mass of approximately 36 kDa. Interestingly,
GDF-15 in TM lysates and TM cell ECM fractions also exhibited
the same molecular mass of approximately 36 kDa and was the
predominant form recognized by a polyclonal antibody raised
against full length recombinant human GDF-15 and by mass
spectrometry analysis. It is possible that the precursor form of
GDF-15, which is known to bind to ECM, may be the
predominant form present in TM cells. Moreover, the precursor
form is reported to be secreted faster than the mature form.11

Extensive literature exists regarding the ability of various
inflammatory cytokines, tissue injury and other stressors to
induce GDF-15 expression in target cells.11,19,20,50,51 In TM
cells, GDF-15 expression is robustly induced in response not
only to TNF-a and IL-1b, but also to TGF-b2, dexamethasone,
LPA, endothelin-1, and mechanical stretch as well. It is
noteworthy that many of the extracellular factors tested in
our studies for their effects on GDF-15 expression and
secretion have been shown to regulate AH outflow and IOP,
and that an increase in levels of several of these factors in the
AH are correlated with increased IOP.8,35,52,53 Therefore, it is
plausible that GDF-15 participates in modulation of AH outflow
resistance and IOP. This conclusion is supported further in part
by the effects of GDF-15 on gene expression in TM cells,
particularly genes encoding proteins known to participate in
fibrosis and connective tissue development/function and
morphology and in cell death and survival.

Furthermore, the ability of rGDF-15 to induce increases in
actin stress fibers and focal adhesions in association with
increased phosphorylation of MLC and paxillin and levels of
Hic-5 in TM cells demonstrates a role for this protein in
regulation of cellular contractile and adhesive interactions
which are recognized to influence AH outflow and IOP.7,39,54

Interestingly, GDF-15 also has been shown to regulate the
contractile and relaxation characteristics of the vascular
endothelium by interacting with nitric oxide signaling.29,55

Changes induced in cell morphology also have been found to

alter the levels of GDF-15 protein.56 Additionally, data from this
study reveal that the GDF-15–induced increase in MLC
phosphorylation is regulated in part via SMAD3 and Rho
kinase–dependent intracellular signaling mechanisms in TM
cells, similar to what is understood regarding the effects of
TGF-b in TM and other cell types.31,33,57,58 Thus, in future
studies it would be interesting to explore the potential role of
GDF-15 in integrin and Rho GTPase signaling in TM cells, since
this factor has been shown to modulate cell adhesion and actin
cytoskeletal organization via activation of focal adhesion kinase
and Rho GTPase signaling in other cell types.25 Moreover, in
TM cells, GDF-15 stimulated an increase in the levels of aSMA,
fibronectin, and several other ECM proteins, suggesting that it
may have a physiologically relevant role in ECM homeostasis.
Therefore, it is conceivable that increased levels of GDF-15 in
the AH might lead to changes in cell plasticity and augment
fibrogenic activity in TM cells, as is known to occur in other
tissues.43

Intriguingly, most of the responses of TM cells to GDF-15
noted in this study are similar to those invoked by TGF-b2,
including the effects of the latter on TM cell contractile activity,
ECM synthesis, SMAD signaling and aSMA expression.3,8

However, unlike TGF-b, which has been studied extensively
in TM cells and is known to mediate its effects via engaging
Type I and Type II membrane kinase receptors in various cell
types,59 the identity of receptor(s) and means of activation
used by GDF-15 at the membrane receptor level are not clear.12

Whether GDF-15 acts through the Type 1 and Type II TGF-b
receptors or engages a unique ligand-specific receptor in TM
cells must be explored. Recently, GDF-15 has been shown to
interact with the ALK1 and to activate SMAD1 in epithelial cell
type.60 While ALK5 and TGFbRII are known to be involved in
GDF-15–mediated biologic responses and activation of SMAD2/
3 in different cell types,26,29,61 activated ALK1 and TGFbRII
also are known to induce expression of GDF-15 in endothelial
cells.62,63 In this study, we confirmed expression of ALK1 and
activation of SMAD1/5, SMAD2, and SMAD3 by GDF-15 in
human TM cells.

Additional support for our observations in this study on
GDF-15 derives from a recent preliminary study from the Apte
laboratory (Ban et al. IOVS 2016;57:ARVO E-Abstract 6020) at
Washington University (St. Louis, MO, USA) reporting signifi-
cantly increased levels of GDF-15 in the AH of glaucoma
patients compared to control subjects, leading to the proposal
that GDF-15 in AH may serve as a novel biomarker for
glaucoma progression. On the other hand, it also is interesting
to note that GDF-15 expression in näıve SC cells is increased in
response to treatment with conditioned media derived from
human SC cells subjected to selective laser trabeculoplasty
(SLT) irradiation.30 Although SLT treatment is known to lower
IOP,64 the functional significance of increased GDF-15 expres-
sion by SC cells subjected to this procedure is yet to be
unraveled. The most puzzling aspect of GDF-15 biology is that
it is known to participate in various cellular activities during
early development and aging, and to elicit responses that are
context- and tissue-specific. Growth differentiation factor-15 is
not essential for early development with GDF-15 null mice
reported to exhibit normal growth and fertility.50 On the other
hand, GDF-15 levels are elevated in numerous disease
conditions suggesting a role for this factor in pathologic
processes.10,15,16,65 Moreover, increased levels of GDF-15 have
been shown to induce inflammation, ER stress-induced
apoptosis, mitochondrial dysfunction, senescence, and fibrosis
in addition to have a role in the etiology of cancer, cardiac and
several age-related chronic diseases.15–18,23,25,43,60,66,67 There-
fore, in future studies to investigate the role of GDF-15 in
regulation of AH outflow and IOP, we plan to undertake
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detailed assessment of the involvement of this cytokine in
ocular hypertension and etiology of glaucoma.
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