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Abstract

Elevated intraocular pressure (IOP) is causally implicated in the pathophysiology of primary open-

angle glaucoma (POAG). The molecular mechanisms responsible for elevated IOP remain elusive, 

but may involve aberrant expression and signaling of transforming growth factor (TGF)-β2 within 

the trabecular meshwork (TM). Consistent with previously published studies, we show here that 

exogenous addition of TGF-β2 to cultured porcine anterior segments significantly attenuates 

outflow facility in a time-dependent manner. By comparison, perfusing segments with a TGFβRI/

ALK-5 antagonist (SB-431542) unexpectedly elicited a significant and sustained increase in 

outflow facility, implicating a role for TM-localized constitutive expression and release of TGF-

β2. Consistent with this thesis, cultured primary or transformed (GTM3) quiescent human TM 

cells were found to constitutively express and secrete measurable amounts of biologically-active 

TGF-β2. Disrupting monomeric GTPase post-translational prenylation and activation with 

lovastatin or GGTI-298 markedly reduced constitutive TGF-β2 expression and release. 

Specifically, inhibiting the Rho subfamily of GTPases with C3 exoenzyme similarly reduced 

constitutive expression and secretion of TGF-β2. These findings suggest that Rho GTPase 

signaling, in part, regulates constitutive expression and release of biologically-active TGF-β2 from 

human TM cells. Localized constitutive expression and release of TGF-β2 by TM cells may 

promote or exacerbate elevation of IOP in POAG.
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1. Introduction

Glaucoma remains a leading cause of blindness worldwide. By the year 2020, it is projected 

that nearly 80 million people will be affected by this disorder (Quigley and Broman, 2006). 

In the United States, over 2 million individuals aged 40 years or older are currently 

diagnosed with primary open-angle glaucoma (POAG), the most prevalent form of this 

disease (Friedman et al., 2004). While the pathophysiology of POAG remains unclear, 

elevated intraocular pressure (IOP) is considered a key risk factor for the development and 

progression of POAG. The genesis of elevated IOP in POAG has been largely attributed to 

an increase in resistance to aqueous humor (AH) outflow through the trabecular meshwork 

(TM) within the conventional AH outflow pathway.

Increased outflow resistance and IOP elevation in POAG have been strongly correlated with 

aberrantly elevated levels of a variety of soluble factors within the AH. Of particular interest 

is transforming growth factor (TGF)-β2, an anti-proliferative/anti-inflammatory cytokine 

implicated in the pathogenesis of a variety of disorders, including glaucoma. Compared to 

age-matched healthy control subjects, the content of biologically-active TGF-β2 in the AH 

of POAG patients is increased approximately 60–70% (Inatani et al., 2001; Picht et al., 
2001; Min et al., 2006). A pathogenic role of TGF-β2 in POAG is further supported by early 

ex vivo studies using cultured human, monkey, or porcine anterior segments (Gottanka et al., 
2004; Bachmann et al., 2006; Fleenor et al., 2006; Bhattacharya et al., 2009). TGF-β2 was 

shown in these studies to markedly elevate IOP in a time-dependent manner, possibly by a 

mechanism involving increased production and deposition of fibrillar extracellular material 

within the TM (Gottanka et al., 2004). Moreover, manipulating the content of human TGF-

β2 protein in the AH of rodents in vivo similarly elevates IOP (Robertson et al., 2010; 
Shepard et al., 2010; McDowell et al., 2013; Swaminathan et al., 2014; Hill et al., 2015).

In vitro, TGF-β2 has been shown to markedly enhance the synthesis and secretion of 

extracellular matrix (ECM) proteins, plasminogen activator inhibitor (PAI)-1, and tissue 

transglutaminase in cultured human TM cells (Welge-Lussen et al., 2000; Fleenor et al., 
2006; Fuchshofer et al., 2007; Wordinger et al., 2007; Tovar-Vidales et al., 2011), while 

selectively attenuating activity of matrix metalloproteinase (MMP)-2 in a PAI-1 dependent 

manner (Fuchshofer et al., 2003). TGF-β2 facilitated induction of ECM synthesis and 

secretion in TM cells is largely regulated by canonical Smad3-mediated signaling 

mechanisms (Fuchshofer et al., 2009; Tovar-Vidales et al., 2011; McDowell et al., 2013). In 

contrast, TGF-β2 mediated changes in actin stress fiber organization and contractility utilize 

non-canonical small monomeric Rho GTPase/Rho kinase (ROCK) signaling pathways 

(Pattabiraman and Rao, 2010; Han et al., 2011; Von Zee et al., 2012; Pattabiraman et al., 
2014). These studies collectively raise awareness that TGF-β2 mediated increases in outflow 

resistance and IOP in POAG may involve a concerted activation of both canonical (Smad) 

and non-canonical (Rho/ROCK) signaling pathways.

Early studies utilizing healthy human anterior segments report localization of TGF-β2 to 

limbal as well as lens epithelial cells, the conjunctival stroma, and the ciliary body (Pasquale 

et al., 1993; Saika et al., 2000). Additional studies in cultured porcine (Tripathi et al., 1994a) 

and human (Cao et al., 2003; Luna et al., 2011; Tovar-Vidales et al., 2011) TM cells also 
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demonstrate TM-localized constitutive expression of TGF-β2. By comparison, there remains 

a paucity of data elucidating the mechanisms which regulate endogenous expression of this 

cytokine. In this study, constitutive expression and release of biologically-active TGF-β2 in 

human TM cells is shown to be regulated, in part, by Rho GTPase signaling. We propose 

that localized Rho GTPase-mediated constitutive expression and release of TGF-β2 by TM 

cells may promote or exacerbate elevation of IOP in POAG.

2. Methods

2.1. Anterior Segment Perfusion

Anterior segments were prepared from intact porcine globes obtained fresh from a local 

abattoir (Park Packing, Chicago, IL) and cultured within 6h using previously established 

methods (Keller et al., 2009). Briefly, globes were bisected aseptically at the equator, and the 

iris, lens, and vitreous were gently removed to minimize pigment dispersion. The prepared 

anterior segment was subsequently mounted to a custom-made organ culture chamber and 

perfused at a constant flow rate of 4.5 μl/min with pre-warmed Dulbecco’s Modified Eagle’s 

Medium (DMEM) containing 4 mM GlutaMAX-I supplemented with 2.5 μg/ml 

amphotericin B, 100 U/ml penicillin and 100 μg/ml streptomycin (Life Technologies, Grand 

Island, NY). Porcine anterior segments were cultured in a humidified tissue culture 

incubator under an atmosphere of 5% CO2/95% air at 37°C and allowed a 24h pressure 

stabilization (washout) period. Segments that did not exhibit stable outflow facilities within 

24h were discarded. Anterior segments exhibiting stable pressures ranging from 8–15 

mmHg were perfused under constant pressure with fresh DMEM containing either vehicle 

(400 nM HCl) or activated (Von Zee et al., 2012) recombinant human TGF-β2 (10 ng/ml; 

R&D Systems, Minneapolis, MN). A subgroup of anterior segments which exhibited stable 

pressures modestly exceeding 15 mmHg following an initial 24h washout period were 

perfused under constant pressure with fresh DMEM containing either vehicle (0.08% 

DMSO) or the TGFβRI/ALK-5 antagonist SB-431542 (10 μM; Sigma-Aldrich, St. Louis, 

MO). IOP was monitored in real time and recorded every 3 minutes using a PowerLab 8/35 

data acquisition system equipped with LabChart Pro software for data analysis (AD 

Instruments, Colorado Springs, CO). Outflow facility (C) was calculated using the formula 

(F/P), where F represents the flow rate (4.5 μl/min), while P represents pressure (mm Hg). 

Changes in outflow facility were calculated as (Cexperimental/Cbaseline−1) × 100.

2.2 Histology

At the conclusion of perfusion experiments, porcine anterior segments were immediately 

fixed in 4% phosphate-buffered paraformaldehyde for 24h at 4°C. Sample wedges from 

opposite poles of fixed anterior segments were dehydrated in increasing concentrations of 

alcohol, embedded in paraffin, and sectioned on a sliding microtome (4 μm thickness). 

Paraffin-embedded sections were rehydrated in decreasing concentrations of ethanol, and 

stained with hematoxylin and eosin. Stained sections were qualitatively observed on a Leica 

upright DM 4000B microscope and photographed at 10x magnification using Neurolucida 

software (MBF Bioscience, Williston, VT).
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2.3. Human Trabecular Meshwork Cell Culture

The use of human material in this study was approved by the Edward Hines Jr. VA Hospital 

institutional review board. Fresh corneoscleral rims were obtained (Illinois Eye Bank, 

Chicago, IL) at time of corneal transplant and primary human TM cell cultures were 

prepared using a collagenase-free procedure as we have previously described (Von Zee et al., 
2009; Von Zee et al., 2012). Primary human TM cell cultures were maintained in Eagle’s 

Minimum Essential Medium containing 2 mM L-glutamine supplemented with 5% adult 

bovine serum, 10% fetal bovine serum, 50 μg/ml gentamicin, 2.5 μg/ml amphotericin B, and 

a mixture of essential (Life Technologies) and non-essential amino acids (Sigma-Aldrich). 

Individual TM cell lines were restricted to less than 6 passages. An SV40-transformed 

human TM cell line derived from a patient with glaucoma (GTM3; Alcon Laboratories) was 

maintained in DMEM containing 4 mM GlutaMAX-I supplemented with 10% fetal bovine 

serum, 100 U/ml penicillin, and 100 μg/ml streptomycin (Life Technologies) as previously 

described (Von Zee and Stubbs, 2011). Primary and transformed human TM cell cultures 

were maintained at 37°C under a humidified atmosphere of 5% CO2/95% air.

2.4. Experimental Treatment

Prior to use in cell culture, lovastatin (Calbiochem, Billerica, MA) was chemically activated 

by alkaline hydrolysis as we have previously described (Von Zee et al., 2009). Transformed 

human TM cells were cultured to confluency and treated x 24h with vehicle (0.01% ethanol) 

or activated lovastatin (10 μM). To inhibit post-translational isoprenylation and functional 

activation of small monomeric GTPases, primary or transformed human TM cells were 

incubated x 24h in the absence (0.6% DMSO) or presence of selective inhibitors of farnesyl 

transferase (FTI-277, 20 μM) or geranylgeranyl transferase-I (GGTI-298, 20 μM; 

Calbiochem). To inhibit de novo mRNA synthesis, transformed human TM cells were pre-

treated x 1h with actinomycin D (1 μg/ml; Sigma-Aldrich) prior to incubation with 

GGTI-298 (20 μM). To determine the role of specific Rho subfamily GTPases in facilitating 

constitutive TGF-β2 expression, GTM3 cells were treated x 24h with specific inhibitors of 

Rac1 (NSC23766, 20 μM; Calbiochem), Cdc42 (ML141, 20 μM; Calbiochem), RhoA/B/C 

(C3 exoenzyme, 10 μg/ml; Cytoskeleton, Denver, CO), or p160ROCK (Y-27632, 10 μM; 

Tocris Biosciences, Minneapolis, MN).

2.5. Real-time RT-PCR

Total RNA was extracted from primary or transformed human TM cells using TRIzol 

reagent, and reverse-transcribed using Super Script III First Strand Synthesis system (Life 

Technologies) as described previously (Von Zee et al., 2009; Von Zee et al., 2012). TGF-β2, 

collagen (COL1A1), or GAPDH cDNA sequences were amplified by real-time PCR on a 

Mini-Opticon PCR detection system using iQ SYBR Green Supermix (Bio-Rad, Hercules, 

CA). The following human-specific primer pairs were used: TGF-β2 (sense, 5′-

GCCCACTTTCTACAGACCCTACTTCAG; antisense, 5′-

GGACTTTATAGTTTTCTGATCACCACTGG), COL1A1 (sense, 5′-

GATTCCCTGGACCTAAAGGTGC; antisense, 5′-AGCCTCTCCATCTTTGCCAGCA). 

GAPDH (sense, 5′-TCCCTCAAGATTGTCAGCAA; antisense, 5′-

AGATCCACAACGGATACATT) primers were used as a reference control. Optimized 
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amplification steps of 94°C × 5 min followed by 94°C × 45s, annealing at optimized 

temperatures (59°C for TGF-β2, 60°C for COL1A1, 62°C for GAPDH) for 30s, and 

elongation at 72°C × 60s were used. For each sample, the specificity of the real-time 

reaction product was determined by melting curve analysis. Reaction efficiencies were 

typically >90%. The endogenous expression of GAPDH was unaltered with drug treatment. 

Data are therefore expressed as relative fold-changes in constitutive TGF-β2 mRNA content 

normalized to GAPDH.

2.6. TGF-β2 ELISA

The content of biologically-active TGF-β2 present in cell culture media was quantified using 

a commercially available human-specific ELISA kit (R&D Systems) according to 

manufacturer’s instructions. The working range for this human-specific TGF-β2 ELISA kit 

is 31–2000 pg/ml. Media from transformed or primary human TM cells cultured in 6-well 

cell culture plates were harvested, clarified by centrifugation (700g × 5min), and supernatant 

stored at −80°C until use. Thawed samples were aliquoted (100 μl) to microtiter wells pre-

coated with a monoclonal antibody against human TGF-β2. Samples were read at 450 nm 

with a 540 nm correction, and results expressed as picograms of biologically-active TGF-β2.

2.7. Statistical Analysis

Results are expressed as mean ± SEM of triplicate cultures, repeated at least one additional 

time unless otherwise specified. Parametric data were analyzed by Student’s t-test or two-

way ANOVA with a Bonferroni’s multiple comparison post-hoc analysis, as indicated. In all 

cases, p < 0.05 was considered statistically significant.

3. Results

3.1. Disrupting Endogenous TGF-β2 Signaling Enhances Outflow Facility

Consistent with previously reported findings (Gottanka et al., 2004; Bachmann et al., 2006; 
Fleenor et al., 2006; Bhattacharya et al., 2009), perfusing stabilized cultured porcine anterior 

segments with exogenous recombinant TGF-β2 elicits a marked time-dependent and 

sustained reduction in outflow facility when compared to vehicle perfused (400 nM HCl) 

paired segments. Within 8h, segments perfused with added TGF-β2 (10 ng/ml) exhibited a 

steady, significant decrease in outflow facility, corresponding to a rise in IOP that exceeded 

21 mmHg (Fig. 1A, TGF-β2). In contrast, outflow facility within pair-matched vehicle-

treated control segments remained stable for the duration of the experiment (Fig. 1A, 

Vehicle).

Whereas it is well-established that exogenous recombinant TGF-β2 significantly and 

reproducibly reduces outflow facility ex vivo, we addressed whether endogenously produced 

TGF-β2 would similarly elicit changes in outflow facility. To do so, a subgroup of porcine 

anterior segments which exhibited stable baseline IOPs modestly exceeding 15 mmHg 

following a 24h washout period was challenged with vehicle (0.08% DMSO) or SB-431542, 

a selective TGFβRI/ALK-5 antagonist. Segments with stable baseline IOPs over 15 mmHg 

perfused with vehicle showed no appreciable change in outflow facility over time (Fig. 1B, 

Vehicle). By comparison, we observed a time-dependent sustained and significant increase 
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in outflow facility within 10h following perfusion with 10 μM SB-431542 (Fig. 1B, 

SB-431542). Importantly, no appreciable changes in TM cellularity or tissue morphology 

were observed in hematoxylin and eosin stained sections of these anterior segments (Fig. 2), 

demonstrating that observed changes in outflow facility were not the result of TM cell death. 

Application of SB-431542 (10 μM) similarly did not elicit appreciable changes in 

filamentous actin organization or cell shape, nor in constitutive expression of collagen 

(COL1A1) mRNA, in cultured human TM cells (data not shown).

3.2. Human TM cells Express and Secrete Biologically-Active TGF-β2

Quiescent primary or transformed human TM cells expressed quantifiable levels of TGF-β2 

mRNA. Amplification using human-specific TGF-β2 primers yielded by agarose gel 

electrophoresis a single robust band migrating at the calculated amplicon size of 451 bp 

(Fig. 3A). Compared to vehicle-treated controls, TM cells cultured x 24h in the presence of 

activated lovastatin (10 μM) exhibited a marked 80% reduction in constitutive TGF-β2 

mRNA content (Fig. 3B).

To determine the functional relevance of these findings, media collected from quiescent TM 

cell cultures was assayed by ELISA for the presence of biologically-active TGF-β2 protein. 

Quiescent vehicle-treated TM cell cultures released into the cell culture media quantifiable 

amounts (~100 ng/ml) of biologically-active TGF-β2 protein (Fig. 3C). By comparison, 

media collected from lovastatin-treated cell cultures contained significantly less 

biologically-active TGF-β2 (Fig. 3C). The level of TGF-β2 in serum-containing media alone 

was below detectable levels.

3.3. Post-Translational Geranylgeranylation of Rho GTPases Regulates TGF-β2 Expression 
in Human TM Cells

The mechanisms responsible for regulating endogenous TGF-β2 expression within human 

TM was next assessed. As a direct inhibitor of HMG-CoA reductase, lovastatin disrupts 

post-translational isoprenylation and functional activation of key monomeric GTPases (Von 

Zee et al., 2009; Von Zee and Stubbs, 2011; Stubbs and Von Zee, 2012). To determine 

whether post-translational isoprenylation of GTPases regulates endogenous TGF-β2 mRNA 

expression, primary or transformed human TM cells were cultured x 24h in media 

supplemented with vehicle (0.6% DMSO), farnesyltransferase inhibitor-277 (FTI-277, 20 

μM), or geranylgeranyltransferase I inhibitor-298 (GGTI-298, 20 μM). Transformed human 

TM cells cultured in the presence of FTI-277 expressed comparable amounts of TGF-β2 

mRNA (1.7 ± 0.4, n= 3), compared to vehicle-treated controls (1.0 ± 0.1, n=9). In contrast, 

the relative content of TGF-β2 mRNA expressed in GGTI-298 treated transformed cells was 

approximately 60% less than that expressed in vehicle-treated controls (Fig. 4A). These 

findings were not unique to the transformed phenotype, as primary human TM cells cultured 

in the presence of GGTI-298 (20 μM) similarly exhibited a marked reduction in the relative 

content of TGF-β2 mRNA (Fig. 4B). Disrupting prenyltransferase activity similarly affected 

the constitutive release of TGF-β2 protein. GGTI-298, but not FTI-277, significantly 

reduced the amount of biologically-active TGF-β2 protein released into the culture media 

from transformed (Fig. 4C) or primary (Fig. 4D) human TM cells.
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By selectively disrupting post-translational geranylgeranylation of monomeric GTPases, 

GGTI-298 may have either elicited repression of TGF-β2 gene expression or facilitated 

destabilization/degradation of TGF-β2 mRNA. To distinguish between these two 

possibilities, confluent transformed human TM cells were pre-treated x 1h with actinomycin 

D (1 μg/ml) and subsequently co-cultured for an additional 24h in the absence (0.6% 

DMSO) or presence of GGTI-298 (20 μM). When assayed in this manner, the content of 

TGF-β2 mRNA expressed in transformed human TM cells was unaffected by GGTI-298 

treatment and gradually declined over the course of 24h at rate that was statistically 

indistinguishable from vehicle-treated cells (Fig. 5). These findings suggest that disrupting 

post-translational geranylgeranylation with GGTI-298 attenuates endogenous TGF-β2 

mRNA expression in human TM cells by a mechanism other than mRNA destabilization.

By inhibiting post-translational geranylgeranylation, GGTI-298 may affect the functional 

activation of multiple monomeric GTPases, including Rho, Rac, Cdc42 and RalA GTPases 

(Langert et al., 2013; Langert et al., 2014). To identify which subfamily of 

geranylgeranylated GTPases promotes TGF-β2 mRNA expression, transformed human TM 

cells were cultured x 24h in the absence or presence of NSC23766 (Rac1 inhibitor; 20 μM), 

ML141 (Cdc42 inhibitor; 20 μM), C3 exoenzyme (Rho subfamily inhibitor; 10 μg/ml), or 

Y-27632 (p160 ROCK inhibitor; 10 μM). Cells cultured in the presence of NSC23766, 

ML141 or Y-27632 expressed and released TGF-β2 in a manner that was indistinguishable 

from vehicle-treated control cells (data not shown). In contrast, transformed human TM cells 

cultured in the presence of C3 exoenzyme exhibited a marked 90% reduction in TGF-β2 

mRNA content (Fig. 6A). Similarly, the content of biologically-active TGF-β2 released into 

the culture media by C3-treated cells was significantly reduced by 40% (Fig. 6B). By 

comparison, expression of collagen (COL1A1) mRNA in C3-treated cells (1.19 ± 0.31) was 

unchanged compared to cells treated with vehicle (1.00 ± 0.19). These findings strongly 

implicate a role for the Rho subfamily (RhoA/B/C) of GTPases in selectively promoting 

TGF-β2 gene expression and release in human TM cells.

4. Discussion

Experimental studies strongly support a pathophysiologic role of TGF-β2 at aberrantly 

elevating IOP. Despite these advancements, however, there remains a paucity of data 

elucidating the mechanisms regulating constitutive TGF-β2 expression and release. Using an 

established porcine anterior segment perfusion assay, we replicate in this study previously-

reported findings demonstrating marked attenuation of outflow facility in response to 

exogenously-applied recombinant human TGF-β2. Perfusing anterior segments with a 

TGFβRI/ALK-5 antagonist (SB-431542), however, unexpectedly elicited a marked increase 

in outflow facility without markedly altering TM tissue cellularity or morphology. Primary 

and transformed human trabecular meshwork (TM) cells were found to express, in a Rho 

GTPase dependent manner, measurable quantities of TGF-β2 mRNA while constitutively 

releasing into the culture medium quantifiable amounts of biologically-active TGF-β2 

protein. These findings show for the first time that endogenous expression and release of 

biologically-active TGF-β2 in human TM cells is regulated by constitutive Rho GTPase 

signaling. Localized Rho GTPase-mediated expression and release of TGF-β2 by TM cells 

may promote or exacerbate elevation of IOP in POAG.
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As a therapeutic strategy to minimize scarring following glaucoma filtration surgery, early 

neutralization studies targeted biologically-active TGF-β2 protein (Cordeiro et al., 2003; 
Mead et al., 2003). Regrettably, long-term clinical trials proved this strategy to be less than 

feasible (Khaw et al., 2007). More recently, investigators have turned to targeting TGF-β2 

receptors as a means to minimize subconjuctival scarring (Xiao et al., 2009; Sapitro et al., 
2010). To our knowledge, disruption of TGF-β2 receptor signaling as a means of enhancing 

conventional outflow facility, and thus lowering IOP, in ocular hypertensive or POAG 

patients remains to be experimentally evaluated.

While elevated levels of TGF-β2 protein have been well-described in the AH of POAG 

patients (Tripathi et al., 1994b; Inatani et al., 2001; Picht et al., 2001; Ochiai and Ochiai, 

2002; Ozcan et al., 2004; Yamamoto et al., 2005; Min et al., 2006), possibly due to enhanced 

synthesis and secretion by human TM cells (Cao et al., 2003; Luna et al., 2011; Tovar-

Vidales et al., 2011), the mechanisms regulating constitutive TM-localized expression of this 

pathogenic cytokine remained largely undefined. Previously, it has been reported that 

endogenous TGF-β2 mRNA and protein expression in TM cells is modestly regulated by 

miR-29b (Luna et al., 2011). By comparison, we report here that activation of the Rho 

GTPase subfamily regulates TGF-β2 mRNA expression and release of biologically-active 

TGF-β2 protein from human TM cells. To date, the role of miR-29 in regulating RhoA/B/C 

GTPase expression or signaling is not known, though the miR-29 family is known to 

negatively regulate Cdc42 mRNA expression in other cell types (Park et al., 2009; 
Franceschetti et al., 2013).

The human LDS4 gene that encodes for the TGF-β2 protein is regulated by multiple 

promoter-region specific AP-1, AP-2, SP-1, and ATF-2 transcription factor binding 

elements, as well as a TATA box and a cAMP response element activated by ATF-1 (Roberts 

et al., 1991; Kingsley-Kallesen et al., 1999). Whereas induction of TGF-β2 expression by 

TGF-β1 or all-trans retinoic acid involves direct activation of RhoA/ROCK signaling in 

other cell types (Shimada et al., 2011; Namachivayam et al., 2015), a growing body of 

evidence further suggests that Rho GTPases may indirectly affect gene expression by 

facilitating serum response factor-mediated transcription of c-fos (Hill et al., 1995) or 

phosphorylation and activation of p38 MAP kinases (Charron et al., 2001; Marinissen et al., 
2001). Consistent with these findings, we and others have previously reported a critical role 

for Rho GTPase signaling in facilitating TGF-β2 mediated induction of endothelin-1 (Von 

Zee et al., 2012), SPARC (Villarreal et al., 2014), and variety of extracellular matrix-

associated genes (Pattabiraman and Rao, 2010; Pattabiraman et al., 2014). Interestingly, 

pharmacological inhibition of ROCK1 did not alter TGF-β2 mRNA expression and release 

from TM cells in our study, strongly implicating a role for alternative Rho GTPase signaling 

mediators, including mDia or LIM Kinase, in facilitating endogenous transcription of TGF-

β2. The intermediate pathways activated by Rho GTPases which regulate expression and 

constitutive release of TGF-β2 protein from TM cells, while evident, remain to be 

elucidated.

The functional significance of our in vitro findings is underscored by the observed ocular 

hypotensive effect of SB-431542 in the absence of any observable cellular or morphological 

effects on the conventional outflow pathway, including changes in cytoskeletal organization 
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or ECM deposition in cultured human TM cells (data not shown). TGF-β2, acting through 

enhancement of PAI-1 expression, is known to inhibit MMP-2 activity in TM cells 

(Fuchshofer et al., 2003). As a TGFβRI/ALK-5 antagonist, we speculate that SB-431542 

enhances outflow facility in these segments by disrupting endogenous TGF-β2 signaling, 

including TGF-β2 mediated repression of MMP-2 activity, initiated by localized expression 

and release by TM cells.

Previously, anterior segment perfusion studies utilizing porcine segments have demonstrated 

an ocular hypotensive effect of lovastatin or a geranylgeranyl transferase-I inhibitor (Song et 
al., 2005; Rao et al., 2008). As indirect inhibitors of Rho GTPase subcellular distribution 

and activation, these studies suggest that lovastatin and geranylgeranyl transferase-I 

inhibitors enhance outflow through cultured anterior segments by disrupting organization of 

contractile F-actin stress fibers. Our data build on and expand these findings by suggesting 

that inhibition of constitutive Rho GTPase signaling may further enhance outflow facility by 

attenuating endogenous TGF-β2 expression and release.

In conclusion, findings from this study demonstrate Rho GTPase-dependent expression and 

constitutive release of biologically-active TGF-β2 by human TM cells. We speculate that 

localized expression and release of TGF-β2 by TM cells may promote or exacerbate 

elevation of IOP in POAG.
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Highlights

• Inhibiting constitutive TGF-β2 expression enhances outflow facility in porcine 

anterior segments

• Cultured human TM cells constitutively express and release active TGF-β2 in a 

Rho GTPase-dependent manner
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Figure 1. Disrupting endogenous TGF-β2 signaling enhances outflow facility in cultured porcine 
anterior segments
(A) Stabilized porcine anterior segments were perfused with either vehicle (400 nM HCl) or 

TGF-β2 (10 ng/ml), as indicated. Data shown are the pooled means ± SEM from two 

separate experiments (n=5 per group) and expressed as percent change in stabilized outflow 

facility. (B) Stabilized porcine anterior segments were perfused with either vehicle (0.08% 

DMSO) or SB-431542 (10 μM), as indicated. Data shown are the means ± SEM of two 

separate experiments (n = 5–6 per group) and expressed as percent change in stabilized 

outflow facility. In each case, * p < 0.05; two-way ANOVA with Bonferroni’s post-hoc 

analysis.
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Figure 2. Disrupting endogenous TGF-β2 signaling does not affect TM integrity
Representative light photomicrographs of porcine TM tissue perfused x24h with (A) vehicle 

(0.08% DMSO) or (B) SB-431542 (10 μM) and stained with hematoxylin and eosin. Results 

shown are representative of 2 individual eyes per condition. Bar: 100 μm
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Figure 3. Lovastatin attenuates TGF-β2 mRNA expression and protein secretion
(A) TGF-β2 mRNA expressed in vehicle-treated transformed human TM cell cultures was 

amplified by RT-PCR using human-specific primers with a calculated amplicon size of 451 

bp. Data shown are products from three separate cultures resolved on an ethidium bromide-

impregnated agarose mini-gel. (B, C) Confluent transformed human TM cells were 

incubated x 24h in the absence (vehicle, 0.01% ethanol) or presence (10 μM) of chemically-

activated lovastatin. Data shown are the means ± SEM of (B) GAPDH-normalized TGF-β2 

mRNA content (n=9) or (C) biologically-active TGF-β2 protein (n=6) present in media 

collected from cells treated as indicated. *, p < 0.001, Student’s t-test.
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Figure 4. Inhibition of geranylgeranyltransferase I attenuates TGF-β2 expression and secretion
Confluent transformed (A, C) or primary (B, D) human TM cells were incubated x 24h in 

the absence (Vehicle, 0.6% DMSO) or presence of GGTI-298 (20 μM) as indicated. Data 

shown are the means ± SEM of (A, B) GAPDH-normalized TGF-β2 mRNA content (n=7–

11) or (C, D) biologically-active TGF-β2 protein (n=3–6) present in media collected from 

cells treated as indicated. *, p < 0.01, Student’s t-test.
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Figure 5. Inhibition of geranylgeranyltransferase I does not alter TGF-β2 mRNA stability
Confluent transformed human TM cells were pre-treated x 1h with actinomycin D (1 μg/ml) 

and subsequently incubated in the absence (Vehicle; 0.6% DMSO) or presence of GGTI-298 

(20 μM). Data shown are the means ± SEM of GAPDH-normalized TGF-β2 mRNA content 

expressed in cells treated as indicated from a single experiment (n=3 per group), 

representative of 2–3 separate experiments.
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Figure 6. Rho GTPases facilitate TGF-β2 expression and secretion
Confluent transformed human TM cells were incubated x 24h in the absence (PBS) or 

presence of C3 exoenzyme (10 μg/ml). Data shown are the means ± SEM (n=6) of (A) 
GAPDH-normalized TGF-β2 mRNA content or (B) biologically-active TGF-β2 protein 

present in media collected from cells treated as indicated. *, p < 0.05, Student’s t-test.
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