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Abstract
Glaucoma, a prevalent blinding disease is commonly associated with increased intraocular
pressure due to impaired aqueous humor (AH) drainage through the trabecular meshwork (TM).
Although increased TM tissue contraction and stiffness in association with accumulation of
extracellular matrix (ECM) are believed to be partly responsible for increased resistance to AH
outflow, the extracellular cues and intracellular mechanisms regulating TM cell contraction and
ECM production are not well defined. This study tested the hypothesis that sustained activation of
Rho GTPase signaling induced by lysophosphatidic acid (LPA), TGF-β and connective tissue
growth factor (CTGF) influences TM cell plasticity and fibrogenic activity which may eventually
impact resistance to AH outflow. Various experiments performed using human TM cells revealed
that constitutively active RhoA (RhoAV14), TGF-β2, LPA and CTGF significantly increase the
levels and expression of Fibroblast Specific Protein-1 (FSP-1), α-smooth muscle actin (αSMA),
collagen-1A1 and secretory total collagen, as determined by q-RT-PCR, immunofluorescence,
immunoblot, flow cytometry and the Sircol assay. Significantly, these changes appear to be
mediated by Serum Response Factor (SRF), myocardin-related transcription factor (MRTF-A),
Slug and Twist-1, which are transcriptional regulators known to control cell plasticity,
myofibroblast generation/activation and fibrogenic activity. Additionally, the Rho kinase
inhibitor-Y27632 and anti-fibrotic agent-pirfenidone were both found to suppress the TGF-β2-
induced expression of αSMA, FSP-1 and collagen-1A1. Taken together, these observations
demonstrate the significance of RhoA/Rho kinase signaling in regulation of TM cell plasticity,
fibrogenic activity and myofibroblast activation, events with potential implications for the
pathobiology of elevated intraocular pressure in glaucoma patients.
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INTRODUCTION
Glaucoma is a prevalent blinding disease with characteristic optic disc and visual field
changes. Elevated intraocular pressure (IOP) due to increased resistance to aqueous humor
(AH) drainage through the trabecular pathway is a definite risk factor for primary open-
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angle glaucoma, the most common form of glaucoma in the United States (Kwon et al.,
2009; Weinreb and Khaw, 2004). While there is a general agreement that increased
resistance to AH outflow through the trabecular pathway consisting of the trabecular
meshwork (TM), juxtacanalicular connective tissue (JCT) and Schlemm’s canal (SC), is the
primary cause for increased IOP in glaucoma patients, little is known about the etiology of
increased resistance to AH outflow (Gabelt and Kaufman, 2005; Keller et al., 2009; Tamm
and Fuchshofer, 2007). Previous work from our laboratory and others have demonstrated
that the Rho/Rho kinase signaling pathway plays a significant role in regulating AH outflow
via the trabecular pathway(Honjo et al., 2001; Rao et al., 2001; Rao et al., 2005; Zhang et
al., 2008). Additionally, multiple studies have identified a crucial role for various
physiological agents including bioactive lipids (LPA and sphingosine-1-phosphate),
endothelin-1, autotaxin, CTGF and TGF-β2 in regulating TM cell contractile tension, cell
adhesive interactions, extracellular matrix (ECM) synthesis and αSMA expression, and AH
outflow via activation of Rho/Rho kinase signaling and other cellular mechanisms
(Fuchshofer and Tamm, 2012; Iyer et al., 2012a; Iyer et al., 2012b; Junglas et al., 2012;
Mettu et al., 2004; Nakamura et al., 2002; Pattabiraman and Rao, 2010; Rao et al., 2005;
Wiederholt et al., 2000; Zhang et al., 2008). However, we have yet to decipher the specific
molecular mechanism(s) by which the effects of Rho GTPase activation or Rho kinase
inhibition on AH outflow facility are manifested.

Trabecular meshwork tissue from glaucomatous eyes has been reported to exhibit
accumulation of sheath-like plaque material and alterations in ECM organization,
accumulation and turnover (Keller et al., 2009; Lutjen-Drecoll et al., 1986; Tamm and
Fuchshofer, 2007; Tektas and Lutjen-Drecoll, 2009; Yue, 1996). Furthermore, it is widely
believed that changes in biomechanical properties of TM tissue such as tissue stiffness and
contraction could lead to increased resistance to AH outflow and elevated IOP (McKee et
al., 2011; Pattabiraman and Rao, 2010; Russell and Johnson, 2012). Interestingly, TM tissue
has been reported to express αSMA and contain myofibroblast-like cells (de Kater et al.,
1992; Flugel et al., 1991; Keller et al., 2009; Tamm et al., 1996). The origin and activation
of αSMA expressing and matrix producing cells in TM tissue and their role in ECM
deposition and contraction, and in AH outflow resistance, however is not clear. Based on the
known effects of activated Rho GTPase and Rho kinase inhibitors on the contractile
properties of TM cells, αSMA expression, ECM accumulation in the outflow pathway and
on AH outflow, (Mettu et al., 2004; Pattabiraman and Rao, 2010; Rao et al., 2001; Rao et
al., 2005; Zhang et al., 2008) we reasoned that sustained activation of the Rho GTPase
activity by TGF-β, LPA, Endothelin-1 and CTGF (Junglas et al., 2012; Mettu et al., 2004;
Nakamura et al., 2002; Rao et al., 2005; Rosenthal et al., 2005) might represent a key early
event in inducing transition of a proportion of TM or SC cells into matrix and αSMA
producing myofibroblast-like contractile cells. To address this possibility, we asked whether
the TM cells undergo a process similar to epithelial-to-mesenchymal transition (EMT) or
endothelial-to-mesenchymal transition (EndMT) by aberrant activation of Rho/Rho kinase
signaling leading to changes in cell contractile activity, stiffness and ECM production,
eventually influencing the resistance to AH outflow. The role of EMT and EndMT in
development and progression of fibrosis has been extensively investigated in different
tissues (Kalluri and Neilson, 2003; Kalluri and Weinberg, 2009; Zeisberg et al., 2007).
Importantly, both TGF-β and Rho GTPase have been reported to have a critical and
interdependent role in regulating both EMT and EndMT and expression of transcription
factors (e. g. Snail, Slug, MRTF and Twist) which are critical for cell plasticity and fate
transition during these processes (Bhowmick et al., 2001; Cho and Yoo, 2007; Kalluri and
Weinberg, 2009; Masszi et al., 2003; Mihira et al., 2012; Zeisberg et al., 2007; Zeisberg and
Kalluri, 2013). Additionally, Rho GTPase and TGF-β-induced cell tension and ECM rigidity
is known to influence cell plasticity and fate transition in various cell types (Arnsdorf et al.,
2009; McBeath et al., 2004).
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Based on these different observations, this study evaluated the effects of activated RhoA,
Rho kinase inhibitors, TGF-β2, LPA and CTGF on the expression profile of myofibroblast
and fibrogenic biomarkers in human TM cells, to seek insights into their mechanistic
involvement in increased resistance to AH outflow in glaucoma eyes via aberrant TM cell
plasticity and fibrogenic activity. This study provides experimental evidence for the
propensity of mesenchyme derived endothelial-like TM cells to transdifferentiate into
αSMA, FSP-1 and collagen-1 expressing myofibroblast-like cells upon sustained activation
of Rho GTPase signaling.

MATERIALS AND METHODS
Materials

The following reagents were obtained from the respective commercial vendors. Oleoyl-L-α-
Lysophosphatidic acid sodium salt (LPA), human recombinant transforming growth factor-
β2 (TGF-β2), mouse monoclonal antibodies against α-tubulin, α-SMA, β-actin, vimentin,
alpha-smooth muscle actin (Cy3 conjugated) and rabbit anti-β–catenin from Sigma-Aldrich
(St. Louis, MO); rabbit anti-Fibroblast Specific Protein (FSP-1) antibody from EMD
Millipore (Billerica, MA); rabbit anti-collagen-1 antibody from Abcam (Cambridge, MA);
rabbit anti-SMAD2/3 and goat anti-β-tubulin from Santa Cruz Biotechnology (Santa Cruz,
CA); CCG1423 from Cayman Chemicals (Ann Arbor, MI); Phospho-SMAD3 antibody from
Cell Signaling Technology (Danvers, MA); human recombinant CTGF from Cell Sciences
(Canton, MA); Cell permeable C3 transferase from Cytoskeleton, Inc (Denver, CO); SIS3
from Calbiochem (Gibbstown, NJ); Y-27632 and Pirfenidone from Tocris Bioscience
(Bristol, UK); Hoechst 33258 from Invitrogen (Carlsbad, CA); protease inhibitor cocktail
tablets (complete, Mini, EDTA-free) and (PhosSTOP) from Roche (Basel, Switzerland);
Alexa fluor 594 goat-anti-rabbit antibody from Invitrogen (Carlsbad, CA) and monoclonal
antibody against myc tag 9E10 from Developmental Studies Hybridoma Bank (Iowa City,
Iowa). Rabbit anti-GFP and rabbit anti-Fibronectin antibodies were provided by the
laboratories of Daniel Stamer and Harold Erickson, from Duke University, respectively.

Cell cultures
Human TM cells (HTM) were cultured from TM tissue isolated from the leftover donor
corneal rings after they had been used for corneal transplantation at the Duke
Ophthalmology clinical service as described previously by us (Pattabiraman and Rao, 2010).
HTM cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) containing
10% fetal bovine serum (FBS) and penicillin (100U/500ml)-streptomycin (100μg/500ml)-
glutamine (4mM). All experiments were conducted using confluent cultures between four
and six passages. All cell culture experiments were performed after serum starvation for at
least 24 h unless mentioned otherwise.

Adenovirus-mediated Gene Transduction
Replication defective recombinant adenoviral vectors encoding either GFP alone or
constitutively active RhoA (RhoAV14) and GFP provided by Patrick Casey, Department of
Pharmacology and Cancer Biology, Duke University School of Medicine, or short hairpin
RNA against SRF (Ad-shSRF) or the control adenovirus expressing shRNA against GFP
(Ad-shGFP) provided by Joseph Miano from University of Rochester School of Medicine,
were amplified and purified as we described earlier (Zhang et al., 2008). HTM cells grown
either on gelatin-coated glass coverslips or in plastic petri dishes were infected with
adenovirus for the various experiments at 50 MOI (multiplicity of infection). When cells
showed adequate transfection (>80%, as assessed based on GFP fluorescence) usually after
24-36 h, they were serum starved for 36 h prior to the experiments.
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Plasmid transfection
pcDNA3.1 plasmids expressing the constitutively active RhoAV14 (gift from Patrick Casey,
Duke University), EGFP-MRTF-A (gift from Christopher Mack, Department of Pathology,
UNC, Chapel Hill) or Myc-tagged Slug purchased from Adgene (Cambridge, MA) were
amplified and purified using Qiagen Plasmid Plus Maxi Kit (Qiagen, San Jose, CA). HTM
cells were transfected with respective plasmids or control EGFP-C1 plasmid using an
endothelial Nucleofector Kit (Lonza, Basel, Switzerland) as per the manufacturer’s
instructions. Transfected cells were plated either on gelatin-coated glass coverslips or in
plastic petri-plates. GFP based visualization was used to determine the transfection
efficiency and cells transfected at > 80% efficiency were used. Cell morphological changes
were recorded, after which the cells were fixed and immunostained or lysed for immunoblot
analysis for proteins of interest or processed for RNA extraction for subsequent RT-PCR
analysis.

RT-PCR and Quantitative RT-PCR (q-PCR)
Total RNA extracted from HTM cells (control and treated) 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
transcribed using the Advantage RT-for-PCR kit (Clonetech, Mountain View, CA)
according to the manufacturer’s instructions. Controls lacking reverse transcriptase (RT)
were included in the RT-PCR experiments. PCR amplification was performed on the
resultant RT-derived single stranded cDNA using sequence-specific forward and reverse
oligonucleotide primers for the indicated genes (Table 1). For semi-quantitative RT-PCR,
the amplification was performed using C1000 Touch Thermocycler (Biorad) with a
denaturation step at 94°C for 4 minutes, followed by 94°C for 1 minute, 56°C to 60°C for 60
seconds, and 72°C for 30 seconds. The cycle was repeated 25-30 times with a final step at
72°C for 7 minutes. The resulting DNA products were separated on 1% agarose gels and
visualized by staining with ethidium bromide using a Fotodyne Trans-illuminator (Fotodyne
Inc., Hartland, WI). GAPDH amplification was used to normalize the cDNA content of
control and treated samples in all the PCR reactions.

For q-PCR, the above prepared single stranded cDNA libraries were used in the PCR master
mix consisting of iQSYBR Green Supermix (Bio-Rad, Hercules, CA) and gene specific
oligo nucleotides. PCR reactions were done in triplicate using the following protocol: 95°C
for 2 min followed by 50 cycles of 95°C for 15 seconds, 60°C for 15 seconds, and 72°C for
15 seconds. An extension step was used to measure the increase in fluorescence and melting
curves obtained immediately after amplification by increasing temperature in 0.4°C
increments from 65°C for 85 cycles of 10 seconds each (iCycler software; Bio-Rad). The
fold difference in expression of Twist1, Slug, Snail, FSP-1, Col1A1, and αSMA between
control and RhoAV14 or MRTF-A expressing cells was calculated by the comparative
threshold (Ct) method, as described by the manufacturer (Prism 7700 Sequence Detection
System; Applied Biosystem, Inc).

For miRNA expression studies, total RNA was isolated using mirVana miRNA isolation kit
as described by the manufacturer (Invitrogen, Carlsbad, CA). The RNA concentration and
purity was verified by measuring UV absorbance (at A260 and A280 nm) using NanoDrop
2000 UV-Vis Spectrophotometer. Total RNA (10 ng) was reverse transcribed into cDNA
using TaqMan microRNA reverse transcription kit (TaqMan; Ambion, Austin, TX) with
specific and validated primers (TaqMan) for mature miRNA-21 (hs-mir21), miRNA-29a
(hs-mir29a) and b (hs-mir29b) and RNU26 (Applied Biosystems, Foster City, CA). q-PCR
for mature miRNA-21, miRNA-29a and b and internal control RNU26 was performed
according to the manufacturer’s instructions using TaqMan Universal MasterMix (TaqMan,
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Applied Biosystems). Relative fold changes in miRNA expression between control and
experimental groups were determined using the 2−ΔΔCt method.

Immunofluorescence staining
The HTM cells were grown on gelatin (2%)-coated glass coverslips until they attained
confluency. After appropriate treatments, cells were washed in PBS twice and then fixed,
permeabilized and immunostained for αSMA, collagen-1A1 and FSP-1 as we described
previously (Pattabiraman and Rao, 2010). The slides were viewed and imaged using a Nikon
Eclipse 90i confocal laser-scanning microscope.

Counting of FSP-1 immuno-positive cells
To assess quantitative changes in the number of FSP-1 immunopositive cells, HTM cells
were analyzed by immunostaining for FSP-1 positivity. Quantitation included capturing of
images for cell counts from four fields in four quadrants of the coverslip with a minimum of
50 cells/field, based on Hoechst nuclear staining. Images were captured using a confocal
microscope with a 20× magnification objective. FSP1 immunopositive cells in each field
were manually counted to support an assessment of the effect of various treatments relative
to the respective controls.

Flow cytometry
HTM cells were seeded at 4×105 cells in 60cm2 plastic dishes and cultured as described
above. Cells were infected with adenovirus expressing either GFP or RhoAV14/GFP at 50
MOI. When cultures exhibited adequate levels of infection (>80%, assessed based on GFP
fluorescence) after 24-36 h following treatment with adenovirus, HTM cells were serum
starved for 36 h. Cell suspensions were prepared after trypsinization (0.25% trypsin-
EDTA), fixed with 1× fixation buffer (eBioscience, San Diego, CA), and permeabilized
using Permeabilization Buffer (eBioscience). To minimize non-specific binding, cells were
pre-blocked with blocking buffer containing 5% FBS in FACS buffer [FACS Buffer - 0.5%
BSA (from Sigma) in 1× PBS]. Expression of α-SMA was assessed using a mouse
monoclonal anti-α-SMA antibody conjugated to Cy3 and FSP-1 using rabbit anti-FSP-1
antibody with a secondary goat anti-rabbit Alexa Fluor 647. The specificity of staining was
confirmed using mouse or rabbit-IgG2a isotype controls at the same concentration. The
viability of cells was assessed using Fixable Viability Dye eFluor 450 (eBioscience). The
cell suspensions were stained for 45 min with the primary and secondary antibodies and
analyzed by flow cytometry (FACSCanto, Becton-Dickinson). For all the flow cytometry
analyses, at least 104 cells were assessed per sample and only cells with forward and
orthogonal light scatter characteristics similar to intact cells were included in the analysis.
Experiments were performed in replicates of four using two different HTM cell strains. As
multiple fluorochromes were used, compensation was performed to correct the spectral
overlaps. The data were analyzed using FACSDiva Software (BD Biosciences, San Jose,
CA).

Immunoblotting
Total protein cell lysates were prepared from serum-starved confluent cultures of HTM cells
derived from the various experiments described. Protein assay reagent (Bio-Rad, Hercules,
CA) was used to determine protein concentration of lysates. Samples containing equal
amounts of protein were mixed with Laemmli buffer and separated by SDS-PAGE (8 and
15% acrylamide), followed by transfer of resolved proteins onto nitrocellulose membranes.
Membranes were blocked for 2 h at room temperature in Tris-buffered saline containing
0.1% Tween 20 and 5% (wt/vol) nonfat dry milk and subsequently probed with primary
antibodies (anti-αSMA, anti-FSP-1, anti-SMAD2/3, anti-pSMAD3, anti-FN, anti-Myc
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(9E10), anti-GFP, anti-vimentin and anti-β–catenin) in conjunction with horseradish
peroxidase-conjugated secondary antibodies. Detection of immunoreactivity was performed
by enhanced chemiluminescence. Densitometry on immunoblot films was performed using
NIH Image software. Data were normalized to the specified loading controls (anti-α–
Tubulin, anti-β–Tubulin or anti-β–actin).

Sircol Assay
The amount of acid soluble collagen secreted into the medium was measured using the
Sircol™ Assay (Accurate Chemicals, Westbury, NY) following the manufacturer’s
instructions. The Sircol assay is based on use of Sirius red, an anionic dye with sulphonic
acid side chain groups that react with the side chain group of basic amino acids (imino acid
hydroxyproline) present in collagen. In brief, HTM cells under test or control conditions
were serum starved for at least 24 h prior to the experiment. Following appropriate
treatments, the medium was removed and processed for the assay. Cold collagen isolation
and concentration agent (200μl/mL of test sample) was added to cell culture media samples,
mixed and incubated overnight at 4 °C. Samples were then centrifuged at 12,000g for 10
min at room temperature, supernatants drained, and 1.0 ml of Sircol Dye Reagent added to
each pellet. Unbound dye was removed by ice-cold acid-salt wash. The collagen bound dye
was then released using Alkali reagent and 200 μl of the solution was pipetted into a 96-well
plate and absorbance was measured at 540 nm using a Spectramax M3 microplate reader
(Molecular Devices, Sunnyvale, CA). Collagen standards were run simultaneously and used
to determine the collagen content of different samples.

Statistical analyses
All data represent the average results of a minimum of three independent experiments.
Quantitative data were analyzed by the Student’s t-test, and a p < 0.05 was used to define
statistically significant differences between test and control samples.

RESULTS
Effects of constitutively active RhoA, LPA, TGF-β2 and CTGF on HTM cell fibrogenic
activity

To explore the potential influence of RhoA on the propensity of HTM cells to
transdifferentiate into myofibroblast-like cells and to induce fibrogenic response, HTM cells
were infected with adenovirus expressing either a constitutively active RhoA (RhoAV14
mutant) and GFP or GFP alone. After confirming the expression of GFP (at more than 80%
efficiency based on GFP fluorescence), cells were serum starved for 36 h and used for either
extraction of total RNA for q-PCR analysis, fixed for immunofluorescence analysis, flow
cytometry or for preparation of cell lysates for immunoblot analysis. In these different
analyses, we focused on changes in the expression profile or protein levels of three well-
recognized biomarkers of myofibroblasts including Fibroblast Specific Protein-1 (FSP-1),
αSMA and collagen-1A1. As we reported earlier, (Pattabiraman and Rao, 2010; Zhang et
al., 2008) the RhoAV14 expressing cells revealed a robust increase in rhodamine-phalloidin
stained actin stress fibers in conjunction with a stiffer or contractile cell morphology,
relative to GFP expressing controls (data not shown). Fig. 1A shows significant increases (≥
2 fold) in levels of FSP-1, αSMA and collagen-1A1 expression in the RhoAV14 expressing
HTM cells as compared to GFP expressing control cells based on q-PCR analysis. These
observations were based on the use of two independent HTM cell strains (primary cultures
derived from two different human donors aged 58 and 73 years old) and triplicate analysis of
each cell strain (n=6). The q-PCR–based observations were further validated by semi-
quantitative RT-PCR analyses as shown in Fig. 1B. For each individual gene, an appropriate
linear range RT-PCR cycles was used for semi-quantitative analyses. Consistent with the
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results of q-PCR analysis (Fig. 1A), RT-PCR analysis also confirmed an increase in levels
of expression of FSP-1, αSMA and collagen-1A1 in the RhoAV14 expressing HTM cells as
shown in Fig. 1B (two independent specimens analyzed from both control and test groups).

HTM cell cultures expressing RhoAV14 showed a significantly increased number of cells
staining positively for FSP-1 based on immunofluorescence analysis compared to GFP
expressing control cells (Fig.1C and 1E; n=4 from two different donor cell lines). RhoAV14
expressing HTM cultures exhibit a similar robust increase in the number of cells
immunostaining positively for both αSMA (Fig. 1C) and collagen-1A1 (Fig. 2A) compared
to control cells expressing the GFP gene alone. These observations were validated
independently by immunoblot analysis and flow cytometry. The levels of FSP-1 and αSMA
proteins were significantly increased in HTM cells expressing the constitutively active form
of RhoA based on quantitative immunoblot analysis (Fig. 1F and 1G; n=4). These
observations were also found to be consistent with the results of flow cytometry analysis,
which confirmed increased levels of FSP-1 (~19%) and αSMA (~30%) expression (Fig. 1H)
in the RhoAV14 expressing cells relative to GFP controls with a significant number of cells
co-expressing both FSP-1 and αSMA (~20%) under the conditions of Rho GTPase
activation (Fig. 1H). Moreover, consistent to increased collagen-1A1 protein levels in
RhoAV14 expressing HTM cells (Fig. 2A), the levels of secretory total collagen determined
by the Sircol assay based on hydroxyproline specific dye-binding method revealed
significantly elevated levels in the RhoAV14 expressing cells compared to the GFP
expressing control HTM cells (Fig. 2C). Also in RhoAV14 expressing HTM cells, the
expression status of HE4 (human epididymis protein-4), a protease inhibitor which has been
identified recently as a biomarker of activated myofibroblasts and fibrosis (LeBleu et al.,
2013) showed a robust increase (> 2 fold) as compared to respective GFP expressing control
cells based on both q-PCR and RT-PCR analyses (Fig. 1A&B suppl.).

In addition to the above described direct effects of constitutively active RhoA on the
expression pattern of myofibroblast and fibrogenic markers in HTM cells, we evaluated the
effects of LPA (5 μM), TGF-β2 (10 ng/ml) and CTGF (40 ng/ml) on expression of FSP-1,
αSMA, collagen-1A1 and secretory collagen. These physiological agents (LPA, TGF-β2 and
CTGF) have been reported to activate Rho GTPase and influence the contractile properties
of TM cells (Iyer et al., 2012b; Junglas et al., 2012; Mettu et al., 2004; Nakamura et al.,
2002; Pattabiraman and Rao, 2010). Furthermore, the levels of these physiological agents or
activity of enzymes producing some of these agents have been documented to be elevated in
AH derived from glaucoma patients (Crean et al., 2011; Iyer et al., 2012a; Tripathi et al.,
1994). Therefore, we examined the effects of LPA, TGF-β2 and CTGF on the levels of
αSMA, FSP-1 and collagen-1A1 by immunofluorescence and immunoblot analysis.
Consistent with the effects manifested upon expression of RhoAV14, treatment of serum
starved HTM cells with these three physiological agents for 24 h resulted in significant
increases in levels of FSP-1, αSMA and collagen-1A1 (Fig. 1D, E, F and G) and secretory
total collagen (Fig. 2B, C) as compared to untreated controls. The number of FSP-1
expressing cells was significantly higher as determined by FSP-1 specific
immunofluorescence of HTM cells treated with LPA, TGF-β2 or CTGF, as compared to
untreated cells (Fig. 1E).

All the HTM cell strains derived from different donor eyes used in this study were evaluated
for macrophage and microglial markers by immunofluorescence analysis using antibodies
specific to F4/80 and Iba-1. No positive staining was detected for these markers (data not
shown) in any of HTM cells used in this study.
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SRF-MRTF-A interaction is critical for the RhoA-induced changes in expression of
myofibroblast and fibrogenic markers in HTM cells

Rho GTPase has been demonstrated to enhance expression of αSMA and collagen-1A1 by
activating the serum response factor (SRF) in different cell types (Cen et al., 2004; Mack et
al., 2001; Pipes et al., 2006; Small, 2012; Wang et al., 2006). SRF-mediated transcriptional
activation depends on the interaction of SRF with the co-activator myocardin-related
transcription factor (MRTF-A and MRTF-B, also known as MAL and MKL1/2) in a G-actin
dependent manner (Medjkane et al., 2009; Morita et al., 2007; Olson and Nordheim, 2010;
Posern and Treisman, 2006). To assess the role of the SRF-MRTF interaction in HTM cell
transition to myofibroblast phenotype and fibrogenic activity, we expressed recombinant
EGFP-MRTF-A in HTM cells using plasmid based nucleofection and followed the changes
in the expression profile of FSP-1, αSMA and collagen-1A1 by q-PCR, RT-PCR and
immunofluorescence analyses. Both q-PCR and RT-PCR analyses revealed a significant
increase in the expression of profibrotic genes FSP-1, collagen-1A1 and αSMA in cells
expressing MRTF-A (Fig. 3A, B; n=6). Additionally, immunofluorescence analysis of the
MRTF-A expressing HTM cells revealed a greater number of cells exhibiting positive
staining for αSMA, FSP-1 and collagen-1A1 as compared to the control cells expressing
EGFP-C1 alone (Fig. 3C).

To further assess the importance of SRF-MRTF interaction in regulating expression of
myofibroblast and fibrogenic markers in TM cells, we took two different approaches to
disrupt this interaction: chemical inhibition with CCG 1423 (10 μM), and suppression of
SRF expression using a shRNA against SRF. Consistent to the previous observations shown
in Fig. 1, the presence of LPA (5μM) or TGF-β2 (10ng/ml) alone for 24 h was able to
increase the number of αSMA, FSP-1 and collagen-1A1 expressing cells (Fig. 3D) and
significantly increased the levels of αSMA and FSP-1 in HTM cells (Fig. 3E and F; n=4).
However, in the presence of CCG 1423, LPA and TGF-β2 failed to increase the number of
αSMA, FSP-1 and collagen-1A1 expressing cells and the levels of αSMA and FSP-1 in
HTM cells as determined by immunofluorescence and immunoblot analyses respectively
(Fig. 3D, E and F; n=4). Treatment with CCG 1423 (10 μM) alone showed no significant
effects on the basal levels of αSMA and FSP-1. Additionally, HTM cells treated with CCG
1423 for 24 h in the presence of LPA (5 μM) or TGF-β2 (10 ng/ml) did not exhibit changes
in levels of secretory total collagen as assessed by the Sircol assay compared to the controls
(Fig. 3G). On the other hand, consistent with the previous observation (Fig. 1), both LPA
and TGF-β2 significantly increased the levels of secretory total collagen in HTM cells (Fig.
3G; n=4).

We also targeted SRF expression using shRNA against SRF and assessing its effect on the
expression profile of myofibroblast and fibrogenic markers in HTM cells. Adenovirus-
mediated expression of shRNA against SRF (shSRF) significantly knocked down SRF
protein (by >80%) as we have reported earlier (data not shown) compared to the shGFP-
transduced control (Pattabiraman and Rao, 2010). Treatment of HTM cells transduced with
shGFP control with LPA (5μM) or TGF-β2 (10ng/ml) alone for 24 h yielded an increase in
the number of αSMA, collagen-1A1 and FSP-1 expressing cells based on
immunofluorescence analysis (Fig. 4A). However, in cells expressing shRNA against SRF,
LPA or TGF-β2 failed to elicit an increase in expression of αSMA, collagen-1A1 and FSP-1
(Fig. 4A) as compared to the shGFP controls. LPA (5μM) or TGF-β2 (10ng/ml)-induced
increases in secretory total collagen was also suppressed upon shRNA-mediated
downregulation of SRF expression (Fig. 4B; n=4) indicating the importance of SRF in
regulation of expression of collagen in HTM cells.
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RhoA and MRTF regulate expression of transcriptional suppressors involved in regulation
of cell plasticity and transdifferentiation in HTM cells

To explore whether RhoA and MRTF exert transcriptional influence on TM cell plasticity or
fate transition in the context of myofibroblast generation, we evaluated the expression
profile of transcriptional repressors involved in regulating the transition of epithelial or
endothelial cells to myofibroblast-like cells (EMT or EndMT) including Slug, Snail and
Twist-1 in HTM cells (Kalluri and Weinberg, 2009; Zeisberg and Neilson, 2009). HTM
cells (derived from both 58 and 73 year-old donors) infected with RhoAV14 expressing
adenovirus (for a period of 36 h) or transfected with plasmids expressing MRTF-A,
exhibited significant increases in expression of Slug and Twist-1 based on q-PCR and RT-
PCR analyses as compared to the GFP expressing controls (Fig. 5A, B; n=6). Under similar
conditions however, expression of Snail was found to be significantly downregulated upon
the expression of recombinant RhoAV14 or MRTF-A as compared to GFP controls (Fig.
5A, B; n=6).

We then examined the effects of expressing recombinant Slug on the expression profile of
myofibroblast biomarkers and regulators of cell-cell interactions in HTM cells. To address
this objective, a full length version of Slug (Slug-Myc tagged) was expressed in HTM cells
together with an EGFP-C1 control. Expression of the Myc-Slug and EGFP-C1 was
confirmed by immunofluorescence staining for Myc-tagged Slug and GFP fluorescence (not
shown) and by Myc and GFP immunoblot analysis (Fig. 5C). HTM cells expressing
recombinant Slug showed a significant increase in the levels of αSMA and fibronectin and
an increase in intermediate filament vimentin based on immunoblot analysis (Fig. 5C, D;
n=3). On the other hand, the levels of β-catenin were decreased significantly in Slug
expressing HTM cells as compared to the control cells expressing GFP. Additionally, cell
shape of HTM cells expressing recombinant Slug appeared longer with more pronounced
cell-cell separation as compared to the controls (Fig.2 Suppl).

Effects of RhoA and TGF-β2 on the expression profile of miRNA29 in HTM cells
MicroRNAs, which are small non-coding RNA molecules, have been recognized as critical
regulators of gene expression. To determine the influence of RhoA, MRTF-A and TGF-β2
on the expression profile of miRNA29 and miRNA21 which are known to regulate
expression of certain ECM molecules involved in fibrosis (Chau et al., 2012; Cushing et al.,
2011; Kumarswamy et al., 2012; Pandit et al., 2011; van Rooij et al., 2008), HTM cells
expressing recombinant RhoAV14, MRTF-A or treated with TGF-β2 (10ng/ml) for 24 h,
were subjected to q-PCR analysis to quantify the levels of miRNA29a, miRNA29b and
miRNA21. These analyses revealed that while the expression of miRNA29b and miRNA21
was unaltered, miRNA29a levels were significantly increased in HTM cells expressing
RhoAV14, MRTF-A or cells treated with TGF-β2 as compared to the respective controls
(Fig. 6). These observations were based on the use of two independent donor HTM cell
strains with each one with triplicate analyses. U26 small nucleolar RNA (RNU26) was used
to normalize the amount of DNA used in q-PCR analysis.

Role of RhoA and SMAD3 in TGF-β2-induced αSMA expression in HTM cells
To determine the involvement of SMADs and RhoA in mediating the effects of TGF-β2 on
αSMA expression in TM cells, we employed the SMAD2/3 inhibitor SIS3 (10 μM for 6 h)
and RhoA inhibitor (C3 toxin; 1μg/ml for 6 h) alone or along with the stimulation of TGF-
β2 (10 ng/ml for 6 h). The levels of SMAD2/3, phospho-SMAD3 and αSMA were probed
by immunoblotting. A significant increase occurred in SMAD3 phosphorylation in TGF-β2
stimulated HTM cells, with no significant change in the levels of total SMAD2 and SMAD3
(Fig. 7A & B). In contrast, the TGF-β2 induced SMAD3 phosphorylation was decreased
significantly in cells pretreated with SIS3 (Fig. 7A & B). Pretreatment of cells with SIS3 led
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to a partial but significant dampening of the TGF-β2 mediated increase in αSMA expression
relative to the TGF-β2 treated controls (Fig. 7A & B). On the other hand, pretreatment of
HTM cells with RhoA inhibitor-C3 toxin significantly and completely decreased the
induction of αSMA by TGF-β2, but was without effect on TGF-β2-induced SMAD3
phosphorylation (Fig. 7A & B). These observations were based on four independent
analyses.

Rho kinase inhibitor-Y27632 and anti-fibrotic agent-Pirfenidone inhibit TGF-β2-induced
fibrogenic activity in HTM cells

Based on above described observations on the role of RhoA and TGF-β2 signaling in TM
cell fibrogenic activity, we tested the effects of Rho kinase inhibition on the expression
profile of fibrogenic and myofibroblast markers induced by TGF-β2 in HTM cells.
Additionally, we compared the effects of Rho kinase inhibition with the effects of a known
anti-fibrotic agent Pirfenidone on the expression of fibrogenic and myofibroblast markers.
Serum starved HTM cells treated with TGF-β2 (10 ng/ml) along with the presence of Rho
kinase inhibitor-Y27632 (10 μM) or Pirfenidone (2.5 mM) for 24 h showed a marked
decrease in the expression of αSMA, FSP-1 and collagen-1A1 compared to cells treated
with TGF-β2 alone, based on immunofluorescence analysis (Fig. 8A). Treatment of HTM
cells with either Y-27632 or Pirfenidone alone could suppress the expression of αSMA,
FSP-1 and collagen-1A1 as compared to untreated controls based on immunofluorescence
analysis as shown in Fig. 8A. In addition to immunofluorescence analysis, immunoblot
analysis was performed to confirm these observations. Consistent with the results obtained
from immunofluorescence analysis, treatment of HTM cells with Rho kinase inhibitor
(Y-27632) or Pirfenidone led to significant decreases in the levels of TGF-β2-induced
expression of αSMA and FSP-1 (Fig. 8B, 8C). Additionally, the TGF-β2-induced increase in
levels of secretory total collagen was significantly decreased by Y-27632 and Pirfenidone
compared to cells treated with TGF-β2 alone (Fig. 8D). These results were based on 4
independent analyses.

DISCUSSION
To explore the hypothesis that dysregulated contractile mechanotransduction associated with
activated Rho GTPase signaling induces aberrant fibrogenic activity in TM cells, we
systematically evaluated the effects of constitutively active Rho GTPase and physiological
activators of Rho GTPase signaling on the propensity of HTM cells to transdifferentiate into
myofibroblast-like cells expressing fibrogenic and fibroblast-like markers. These cell-based
experiments revealed augmented expression of various biomarkers of myofibroblast and
fibrogenic activity in HTM cells under the conditions of activation of Rho GTPase
signaling. Importantly, these changes were found to be mediated by the SRF-MRTF
transcriptional axis and Slug and Twist, which are transcriptional suppressors of cell
adhesive proteins and control cell plasticity. Moreover, Rho GTPase/Rho kinase signaling
appears to play a significant role in TGF-β2 induced fibrogenic activity in HTM cells, and
inhibition of Rho kinase activity suppressed the expression of both fibrogenic and
myofibroblast specific markers induced by TGF-β2 in HTM cells.

Rho GTPase activation in TM cells has been found to stimulate robust increases in cellular
contraction in association with increased myosin II phosphorylation, actin stress fibers, and
induce expression of genes encoding αSMA, TGF-β2, CTGF, IL-1 and various ECM
proteins in a Rho kinase dependent manner (Iyer et al., 2012b; Pattabiraman and Rao, 2010;
Zhang et al., 2008). Moreover, ECM proteins have been shown to activate Rho GTPase
signaling and contraction in TM cells through a feed forward loop mechanism (Zhang et al.,
2008). Along with these changes, significantly, expression of constitutively active RhoA in
the AH outflow pathway and perfusion of enucleated eyes with LPA, a potent activator of
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Rho GTPase signaling, both have been found to increase resistance to AH outflow (Mettu et
al., 2004; Zhang et al., 2008). Since Rho GTPase induced changes in cell shape, actomyosin
interaction and contractile-mechanotransduction are known to influence cell plasticity, fate
transition and fibrogenic activity (Arnsdorf et al., 2009; Berndt et al., 2008; Ingber, 2003;
McBeath et al., 2004; Small et al., 2010; Zhou et al., 2013), we attempted to further
delineate the role of Rho GTPase signaling in modulating TM cell characteristics in the
context of AH outflow. To this end, we tested the effects of Rho GTPase activation on the
phenotypic acquisition of TM cells to myofibroblast-like cells by following the expression
pattern of myofibroblast markers. Developmentally, TM cells are derived from neural crest-
derived periocular mesenchymal cells and possess endothelial-like characteristics (Alvarado
et al., 2004; Liu and Johnson, 2010). Constitutively active RhoA (RhoAV14), LPA, TGF-β2
and CTGF, which have been demonstrated to activate Rho GTPase and induce actin stress
fiber formation in TM cells (Junglas et al., 2012; Mettu et al., 2004; Nakamura et al., 2002;
Pattabiraman and Rao, 2010), were found to increase both the expression and protein levels
of myofibroblast markers FSP-1, αSMA and collagen-1A1 in HTM cells (Kalluri and
Neilson, 2003; Zeisberg and Neilson, 2009). Additionally, the levels of total secretory
collagen were also significantly increased under the above described conditions. RhoAV14
also stimulated increased expression of HE4, a newly characterized biomarker of
myofibroblasts and fibrosis, in HTM cells (LeBleu et al., 2013). Collectively these initial
observations encouraged us to hypothesize that Rho activation status might influence TM
cell plasticity and fibrogenic activity.

Consistent with observations described above, our previous studies using HTM cells
documented the ability of RhoAV14, LPA and TGF-β2 to elicit increases in not only αSMA
and fibronectin but SRF as well (Pattabiraman and Rao, 2010). SRF is a well-characterized
transcription factor that interacts with the serum response element of various immediate-
early genes to regulate gene expression, development and various other cellular processes
(Medjkane et al., 2009; Posern and Treisman, 2006). Moreover, the transcriptional activity
of SRF has been demonstrated to be regulated by Rho GTPase signaling and actin
cytoskeletal organization (Posern and Treisman, 2006). Significantly, expression of both
αSMA and collagen-1A1 is known to be regulated by SRF (Pattabiraman and Rao, 2010;
Pipes et al., 2006; Small, 2012; Wang et al., 2006; Zhao et al., 2007). SRF transcriptional
activity is closely linked to that of its co-activator myocardin-related transcription factor
(MRTF), in a G-actin dependent manner (Olson and Nordheim, 2010; Posern and Treisman,
2006; Small et al., 2010). Therefore, we evaluated the role of both MRTF-A and SRF on
TGF-β2 and LPA induced expression of fibrogenic and myofibroblast markers in HTM
cells. Expression of recombinant MRTF-A per se induced expression of FSP-1, αSMA and
collagen-1A1 revealing the direct influence of MRTF-A on cell plasticity and
transdifferentiation of TM cells into FSP-1 and αSMA expressing myofibroblast like cells.
Significantly, inhibition of the interaction of MRTF-A with SRF via use of CCG1423 or
suppression of SRF expression by shRNA, led to a marked decrease in expression of LPA-
and TGF-β2-induced expression of FSP-1, αSMA and collagen-1A1 in HTM cells.
Collectively, these observations demonstrated a definitive role for the Rho GTPase regulated
actin-SRF-MRTF axis transcriptional activity in mediating the TM cell fibrogenic activity
and acquisition of myofibroblast-like phenotype.

In addition to SRF and MRTF, the Snail family of zinc finger transcription factors including
Snail and Slug, have been shown to regulate mesoderm formation and cell fate transition
(Kalluri and Weinberg, 2009; Kokudo et al., 2008; Medici et al., 2011; Morita et al., 2007;
Shields et al., 2012). Both Snail and Slug and related proteins from this family act as
transcriptional suppressors to control the expression of cell-cell junctional proteins such as
E-cadherin and thereby influence cell fate transition (Alves et al., 2009; Kalluri and
Weinberg, 2009; Peinado et al., 2007). Moreover, Rho GTPase, TGF-β and SRF/MRTF are
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known to influence the expression of Snail, Slug and Twist-1 in different cell types during
EMT and EndMT processes (Mihira et al., 2012; Morita et al., 2007; Ridley and Hall, 2004;
Shields et al., 2012). In experiments designed to determine the potential role of RhoA and
MRTF-A in regulating the expression profile of transcriptional suppressors in TM cells, we
found that RhoAV14 and MRTF-A each supported significant increases in expression of
both Slug and Twist-1 in HTM cells. Moreover, expression of recombinant Slug in HTM
cells led to a significant increase in the levels of αSMA, fibronectin and vimentin. In
contrast, the levels of adherens junction-interacting β-catenin were decreased in HTM cells
under similar conditions, consistent with the observed phenotypic changes in HTM cell
morphology and cell-cell separation in Slug expressing cells. These observations suggest the
participation of different transcriptional suppressors in regulation of cell-cell adhesive
interactions during TM cell fate transition, and a critical role for Rho GTPase and SRF/
MRTF in regulation of Slug and Twist-1 expression in TM cells. To additionally explore the
possible involvement of miRNAs in RhoAV14 and TGF-β2 stimulated TM cells, we
examined the changes in levels of well characterized miRNAs including miRNA29a,
miRNA29b and miRNA21 involved in regulation of fibrogenic activity in different cell
types (Chau et al., 2012; Cushing et al., 2011; van Rooij et al., 2008). Intriguingly, while
decreased levels of miRNA29 are commonly noted to be associated with increased levels of
ECM during fibrosis, (Cushing et al., 2011; van Rooij et al., 2008) HTM cells expressing
RhoAV14, MRTF-A or treated with TGF-β2 exhibited elevated levels of miRNA29a in
association with increased levels of collagen-1A1 and total collagen with no changes in
miRNA29b and miRNA21. Further studies are necessary to understand the increased levels
of miRNA29a under activation of Rho GTPase and TGF-β2 in TM cells.

In these studies, we also determined the relative importance of Rho GTPase signaling and
the canonical signaling pathway mediated by SMADs in TGF-β2 induced fibrogenic activity
in TM cells. These mechanistic studies however, revealed a much stronger influence of
RhoA in the TGF-β2 induced αSMA expression in HTM cells relative to SMAD2/3. This
observation is consistent with previous reports on the significance of Rho GTPase signaling
in TGF-β induced αSMA expression, transdifferentiation and fibrogenic activity in different
cell types (Bhowmick et al., 2001; Cho and Yoo, 2007; Masszi et al., 2003; Nakamura et al.,
2002; Small, 2012). Further evidence for the participation of Rho GTPase and Rho kinase
signaling in TM cell fibrogenic activity was deduced from the significant decrease in the
TGF-β2-induced expression of αSMA, FSP-1 and collagen-1A1 in the presence of Rho
kinase inhibitor (Y-27632) in HTM cells. Additionally, a well-characterized anti-fibrotic
agent Pirfenidone (Carter, 2011; Iyer et al., 1999) also suppressed the fibrogenic response
induced by TGF-β2 in HTM cells.

Collectively, based on these different and consistent observations, it is reasonable to
conclude that activation of Rho GTPase signaling in the TM cells and other cell types of the
AH outflow pathway can lead to changes in cell plasticity, myofibroblast generation/
activation and fibrogenic activity via heightened contractile mechanosensitive signaling and
transcriptional activity. These changes are expected to ultimately influence the
biomechanical properties and stiffness of TM cells and AH outflow facility due to
dysregulated accumulation of ECM proteins. In contrast, the Rho kinase inhibitors appear to
prevent or suppress the fibrogenic activity perhaps by decreased cell tension and thereby
enhance AH outflow facility and possess ocular hypotensive activity. Studies are underway
to explore and validate the potential role(s) of fibrogenic mechanisms in the RhoAV14
induced ocular hypertension rat model and human glaucoma subjects.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Constitutively active RhoA (RhoAV14)-induced expression of fibrogenic and myofibroblast
markers in HTM cells.
A. Analysis of total RNA from serum starved HTM cells (derived from 58 and 73 years old
donor eyes) expressing recombinant RhoAV14/GFP by q-PCR revealed a significant
increase in expression of FSP-1, collagen-1A1 (Col1A1) and αSMA as compared to GFP
expressing control cells. Values represent mean ± SD of two independent experiments
performed in triplicate. * P<0.05. B. Semi-quantitative RT-PCR analysis of the same
samples described in panel A shows the relative increase in expression of FSP-1,
collagen-1A1 (Col1A1) and αSMA in the RhoAV14 expressing HTM cells compared to
GFP expressing controls. Expression of GAPDH was used as a normalizing control. –RT
represents a sample of RT-PCR reaction performed in the absence of reverse transcriptase.
C. Representative images depicting increased immunofluorescence staining for αSMA and
FSP1 in serum starved HTM cells infected with adenovirus expressing recombinant
RhoAV14/GFP, relative to GFP expressing controls. Scale bar: 50μm. D. Treatment of
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serum starved HTM cells with LPA (5μM), TGF-β2 (10 ng/ml) and CTGF (40 ng/ml) for 24
h induces expression of αSMA and FSP1 as evaluated by immunofluorescence analysis.
Scale bar: 50μm. E. Quantitative changes in number of FSP-1 immunopositive cells under
the above described treatments based on manual counting. Values represent Mean± SD
(n=4). * P<0.05. F and G show significantly increased levels of αSMA and FSP-1,
respectively in the RhoAV14 expressing and LPA, TGF-β2 and CTGF treated HTM cells
based on immunoblot analysis with subsequent densitometric analysis. β-Tubulin was
immunoblotted as a loading control (n=4, Mean± SD) * P<0.05. H shows significantly
increased expression of αSMA and FSP-1 in RhoAV14 expressing HTM cells relative to
GFP expressing controls based on Flow cytometry analysis. Results are expressed as relative
percent of cells immunostained positively for the respective proteins, based on 4
independent analyses. Lower panel depicts the significantly higher relative percent values of
RhoAV14 cells exhibiting co-distribution of αSMA and FSP-1 relative to GFP expressing
controls.
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Figure 2.
Increased production of Collagen by RhoAV14 expressing, and TGF-β2, LPA and CTGF
treated HTM cells.
A. Serum starved RhoAV14/GFP expressing cells exhibit a relatively higher number of cells
immunopositive for collagen as compared to cells expressing the GFP alone. Panels on right
show higher magnification images revealing increased accumulation of collagen-1A1 in the
RhoAV14 expressing cells. Scale bar: 50μm. B. Serum starved HTM cells treated with LPA
(5μM), TGF-β2 (10ng/ml) or CTGF (40ng/ml) for 24 h exhibit relatively higher numbers of
cells staining positive for Col1A1 based on immunofluorescence staining. Scale bar: 50μm.
C. Panel C shows significantly higher levels of secretory total collagen in the RhoAV14
expressing, and LPA, TGF-β2 and CTGF treated HTM cells as compared to their respective
controls determined by the Sircol assay. Values represent Mean± SD of 4 individual
analyses. * P<0.05.
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Figure 3.
Effects of MRTF-A, a transcriptional co-activator of serum response factor (SRF) and
inhibitor of MRTF-A (CCG1423) on HTM cell fibrogenic activity.
A. Total RNA derived from serum starved HTM cells (derived from two different human
donors; age 58 and 73 year-old) expressing recombinant MRTF-A was subjected to q-PCR
to detect changes in gene expression levels for FSP-1, collagen-1A1 and αSMA. Expression
of all three genes was significantly elevated in MRTF-A expressing cells compared to GFP
expressing control cells. GAPDH expression was used to normalize the cDNA content of
test samples. Data represent values from two independent experiments performed in
triplicates (n=6, Mean± SD) * P<0.05. B. Analysis of the same cDNAs described above (A)
by semi-quantitative RT-PCR analysis revealed that the expression of FSP-1, collagen-1A1
(Col1A1) and αSMA was relatively higher in the MRTF-A expressing HTM cells as
compared to the control cells. C. Serum starved HTM cells expressing recombinant MRTF-
A exhibited a relatively higher number of cells staining positive for αSMA, FSP-1 and
collagen-1A1 based on immunofluorescence analysis, and compared to control cells
transfected with GFP. Scale bar: 50μm. D. Serum starved HTM cells treated with CCG 1423
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(10μM) alone or in combination with LPA (5μM) or TGF-β2 (10 ng/ml) for 24 h showed a
markedly reduced staining for αSMA, Col 1A1 and FSP-1 as compared to LPA and TGF-β2
treated HTM cells based on immunofluorescence analysis. Representative images from 4
independent analyses are shown. Scale bar: 50μm. E and F. Under similar conditions as
mentioned above, changes in the levels of αSMA and FSP-1 were assessed by immunoblot
analysis, and consistent with the changes noted above, there was a significant increase in the
levels αSMA and FSP-1 in response to treatment with LPA and TGF-β2. However, the
levels of both αSMA and FSP-1 were reduced significantly in the presence of CCG1423, in
LPA and TGF-β2 treated cells. Histograms depict the relative changes in the levels of
αSMA and FSP-1 based on densitometric analysis. Values represent Mean± SD of 4
independent experiments. * P<0.05. β-Tubulin was immunoblotted as a loading control. G.
CCG1423 causes significant decreases in the levels of secreted collagen induced by LPA
and TGF-β2 treatment of HTM cells, as compared to the respective controls, based on the
Sircol assay. Values represent Mean± SD of 4 independent experiments. * P<0.05.

Pattabiraman et al. Page 22

J Cell Physiol. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Silencing of SRF expression decreases the expression of αSMA, collagen-1A1 and FSP-1,
and levels of secretory total collagen in HTM cells.
A. HTM cells expressing the shRNA against SRF were found to exhibit a dramatic reduction
in the LPA-(5μM) and TGF-β2 (10 ng/ml)-induced expression of αSMA, Col 1A1 and
FSP-1 as compared to respective LPA and TGF-β2 treated cells. shRNA targeted SRF
expression per se in HTM cells also showed a reduction in the number of cells exhibiting
positive staining for αSMA, FSP-1 and collagen-1A1 as compared to GFP expressing
control cells. Representative images from 4 individual analyses were shown. Scale bar:
50μm. B. Under similar conditions as described in panel A, levels of secretory total collagen
were reduced significantly in HTM cells with decreased expression of SRF, both in the
presence and absence of LPA and TGF-β2, and as compared to the respective controls.
Values represent Mean± SD of 4 independent samples. * P<0.05.
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Figure. 5.
Regulation of expression of transcriptional suppressors-Slug, Snail and Twist-1 in HTM
cells and effects of Slug on HTM cell plasticity and fibrogenic activity.
A. Total RNA derived from serum starved HTM cells (derived from two different human
donors: 58 and 73 year-old) expressing either RhoAV14 or recombinant MRTF-A were
subjected to q-PCR analysis to detect relative changes in gene expression for Snail, Slug and
Twist-1. Cells expressing either RhoAV14 or MRTF-A exhibit a significant increase in the
expression of Slug and Twist-1 as compared to the respective controls. Interestingly, under
similar conditions, the levels of Snail expression were reduced significantly. Data represent
two independent experiments in triplicates (n=6, Mean± SD) * P<0.05. B. The q-PCR based
observations described in panel A were further validated using a semi-quantitative RT-PCR
analysis using the same specimens. –RT represents a sample of RT-PCR reaction performed
in the absence of reverse transcriptase. C and D. To determine the effects of Slug on TM cell
plasticity and fibrogenic activity, HTM cells expressing the recombinant myc-tagged Slug
were examined for changes in the levels of αSMA, fibronectin, vimentin and β-catenin.
EGFP expressing cells were used as controls. Serum starved HTM cells expressing
recombinant Slug showed a significant increase in the levels of αSMA and fibronectin and
an increase in vimentin as compared to EGFP expressing controls based on immunoblot
analysis. Myc was probed to confirm the expression of recombinant Slug in the HTM cells
and GFP was probed for transfection efficiency. In contrast to fibronectin, vimentin and
αSMA, the levels of β-catenin were reduced significantly in the Slug expressing HTM cells.
Values are based on n=3 and represent mean ±SD.

Pattabiraman et al. Page 24

J Cell Physiol. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Influence of RhoA, MRTF-A and TGF-β2 on the expression profile of miRNA29a, b and
miRNA21 in HTM cells.
RNA derived from the serum starved HTM cells expressing either the recombinant
RhoAV14, MRTF-A or treated with TGF-β2 (10ng/ml) for 24 h was subjected to q-PCR to
detect the relative changes in expression of miRNA29a, miRNA29b (A) and miRNA21 (B).
While the levels of miRNA29b and miRNA21 were unaltered, there was a significant
increase in miRNA29a expression in the cells expressing RhoAV14 and MRTF-A, or treated
with TGF-β2 as compared to respective controls. RNA samples were normalized to the
expression of U26 small nucleolar RNA (RNU26). Data represent values from two
independent experiments in triplicates (n=6, Mean± SD) * P<0.05.
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Figure 7.
Relative involvement of Rho GTPase and SMAD3 in TGF-β2 induced expression of αSMA
in HTM cells.
A. Serum starved HTM cells were treated with TGF-β2 (10ng/ml) alone or in the presence
of RhoA inhibitor-C3 (1μg/ml for 6 h) or inhibitor of SMAD3 phosphorylation-SIS3 (10μM
for 6 h) and examined for changes in the levels of phospho-SMAD3, total SMAD3/SMAD2
and αSMA by immunoblot analysis using the respective antibodies. For loading controls, α-
tubulin was immunoblotted. As shown in panels A and B, TGF-β2 induced SMAD3
phosphorylation as expected in HTM cells, and this response was reduced significantly in
the presence of SIS3. On the other hand, in the presence of C3 (RhoA inhibitor), the levels
of phospho-SMAD3 were still significantly elevated in the TGF-β2 treated cells, but the
levels of αSMA which were increased significantly in response to TGF-β2, decreased to
normal levels in the presence of C3. Although the levels of αSMA were reduced in cells
treated with SIS3, they were still significantly higher as compared to untreated controls. The
levels of total SMAD2/3 were not affected by any of the treatments described above.
Histograms in panel B indicate the densitometry-based values from an average (Mean± SD)
of 4 independent experiments. * P<0.05.
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Figure 8.
Rho kinase inhibitor-Y27632 and anti-fibrotic agent-Pirfenidone suppress the fibrogenic
activity induced by TGF-β2 in HTM cells.
A. Serum starved HTM cells treated with TGF-β2 (10 ng/ml for 24 h) exhibited increased
expression of αSMA, collagen-1A1 and FSP-1 based on immunofluorescence analysis. This
response was suppressed when the cells were treated along with Y-27632 (10 μM) or
Pirfenidone (2.5 mM) and TGF-β2. Representative images of 4 independent analyses were
shown. Scale bar: 50μm. B and C. Under similar conditions as described above, the levels of
αSMA and FSP-1 which were increased significantly in the presence of TGF-β2 showed no
change from the untreated cells in the presence of Y-27632 or Pirfenidone, as determined by
immunoblot analysis. Histograms represent the densitometry-based values from an average
(Mean± SD) of 4 independent experiments. * P<0.05. β-Tubulin was immunoblotted as
loading control. D. Consistent with above described effects of Y-27632 and Pirfenidone on
TGF-β2 induced changes in αSMA and FSP-1, the levels of secretory total collagen
determined by the Sircol assay were found to be unaltered in the presence of Y-27632 and
Pirfenidone in the TGF-β2 treated cells. On the other hand, TGF-β2 by itself significantly
increased the levels of secretory collagen in HTM cells as compared to untreated control
cells. Both Pirfenidone and Y27632 also caused some reduction (not significant) in the basal
levels of secretory collagen compared to the control. (n=4, Mean± SD) * P<0.05.
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TABLE 1
Oligonucleotide primers used in the RT-PCR and q-PCR amplifications

Gene
Name

Forward primer Reverse Primer Product
size (bps)

FSP1 GAGAAGGCCCTGGATGTGAT CCTCGTTGTCCCTGTTGCTG 192

SMA CTGTTCCAGCCATCCTTCAT CCGTGATCTCCTTCTGCATT 175

Col1A1 GAGAGCATGACCGATGGATT CCTTCTTGAGGTTGCCAGTC 185

SNAIL GGCTCCTTCGTCCTTCTCCTCTAC CTGGAGATCCTTGGCCTCAGAGAG 124

SLUG CATGCCTGTCATACCACAAC GGTGTCAGATGGAGGAGGG 169

TWIST CGGGAGTCCGCAGTCTTA TGAATCTTGCTCAGCTTGTC 150

HE4 GTTCGGCTTCACCCTAGTC CACCTTCCCACAGCCATT 295

GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG 90
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