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ABSTRACT 

Tovar-Vidales, Tara, Tissue Transglutaminase in Glaucoma. Doctor of Philosophy (Cell Biology 

and Genetics), August 2008; 113pp; 0 tables, 23 illustrations, 165 bibliography, 25 titles. 

Primary open-angle glaucoma (POAG) is the second leading cause of irreversible 

blindness worldwide. Elevated intraocular pressure (lOP) is the major risk factor for POAG and 

is due to resistance of aqueous humor (AH) outflow through the trabecular meshwork (TM} and 

Schlemm's canal. Transforming growth factor-beta2 (TGF-J32) is elevated in the aqueous humor 

of glaucomatous eyes compared to normal eyes. Thus, TGF-132 may play a role in regulating 

lOP. Tissue transglutaminase (TGM2) is a member of the transglutaminase family involved in 

cross-linking ECM proteins. In POAG, there are increased cross-linked extracelluar matrix 

proteins (ECM) in the TM and, therefore, may result in elevated AH outflow resistance and 

elevated lOP. 

In this study, we examined the differences in both protein expression and enzyme 

activity of TGM2 between normal and glaucomatous TM cells and tissues. The fmdings 

demonstrated the presence of TGM2 in normal and glaucomatous cultured TM cells. We also 

showed that glaucomatous cultured TM cells and tissues have elevated levels of TGM2. Thus, 

this data suggest that TGM2 may have a pathogenic role in elevated outflow resistance and 



elevated lOP. Second, we observed the induction of TGM2 by TGF-~1, ~2, and ~3 in cultured 

TM cells, suggesting TGF- ~ isoforms regulate TGM2 protein levels. Finally, we observed that 

R-Smads and P38 regulated TGM2 protein levels, suggesting TGF-~2 acts through both its 

canonical and non-canonical signaling pathway to regulate TGM2. 
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CHAPTER I 

INTRODUCTION TO THE STUDY 

Glaucoma 

Glaucoma is a group of optic neuropathies defined by damage to the optic nerve head 

(ONH), loss of retinal ganglion cells (RGC) via apoptosis and subsequent visual field defects. 

Nearly 70 million people are affected worldwide 1 and at least 3 million people have glaucoma in 

the United States (Glaucoma Research Foundation). Glaucoma can be categorized into several 

types including primary open-angle glaucoma, acute closed angle glaucoma, secondary 

glaucoma, pigmentary glaucoma, and congenital glaucoma 2
• Primary open-angle glaucoma 

(POAG) accounts for approximately 60% of all cases making it the most common form of 

glaucoma ·3• Multiple risk factors such as age, ethnicity, family history, myopia, central corneal 

thickness, long-term glucocorticoid treatment, and intraocular pressure (lOP) are associated with 

developing POAG 4
' 

5
• Distinctive features of glaucoma are loss of RGC cell bodies and their 

axons, notching and thinning of the neuroretinal rim, disc hemorrhages, and deep excavation at 

the region of the optic nerve head (ONH) due to the progressive bowing and compression of the 

lamina cribrosa 6
•
7

•
2

•
8

. Proposed mechanisms for optic nerve damage in POAG include (a) 

blockage of axonal transport resulting in a withdrawal of neurotrophic factors, (b) vascular 

insufficiency resulting in the loss of RGC due to ONH ischemia, (c) immune abnormality, 
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(d) glutamate toxicity, and (e) glia activation 4
. Ultimately, glaucomatous progression leads to 

irreversible peripheral vision loss and eventually blindness. 

Human Trabecular Meshwork 

The human trabecular meshwork {HTM) is a sieve-like structure and the major site of 

aqueous humor outflow. Aqueous humor is a translucent nutritive fluid that is responsible for 

nourishing the tissues found in the anterior chamber of the eye, including the iris, lens, and 

HTM. The HTM is comprised of four regions into which aqueous humor filters: (a) inner wall of 

Schlemm' s canal, (b) juxtacanalicular tissue, (c) comealscleral meshwork, and (d) uveal 

meshwork. Schlemm's canal, a circular channel, is located posterior to the HTM connecting to 

collector channels (episcleral and conjunctival veins) and exiting via the venous circulation 5
• 

Schlemm's canal is a vascular endothelial-lined channel containing both gap junctions and 

elliptical openings5
• Juxtacanilicular tissue, also known as the cribriform meshwork, is found at 

the outermost region of the meshwork bordering the inner wall cells of Schlemm' s canal 5
• Both 

the juxtacanilicular tissue and inner wall of Schlemm 's canal are the main source of increase 

resistance to aqueous humor outflow 5
• The juxtacanilicular region of the HTM is composed of 

connective tissue containing both irregular oriented fibrils and arranged layers of elongated 

cells 5
• The inner layer of the juxtacanilicular tissue is comprised of the comeoscleral meshwork. 

Morphologically the comeoscleral meshwork consists of trabecular beams which are perforated 

by elliptical openings 5
• These elliptical openings diminish in size from 50 J.ll11 to 5 J.lm as it 

approaches the juxtacanalicular meshwork and Schlemm's canal 5
• Covering the trabecular 

beams are a single layer of trabecular meshwork cells residing on a basal lamina 5
• The fourth 
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region of the HTM is the uveal meshwork. It is the region contiguous to the aqueous humor in 

the anterior chamber. The uveal meshwork is composed of connective tissue and consists of 

irregular openings ranging in size from 25 J.lm to 75J.lm that extend from the iris root and ciliary 

body to the peripheral cornea 5• 

Glaucoma, Exracellular Matrix, and Human Trabecular Meshwork (HTM) 

As described previously, the HTM is the major site for aqueous humor outflow. Increased 

lOP is considered the primary risk factor for the development of glaucoma, and is generated by 

the outflow pathways of the trabecular meshwork9
• In susceptible individuals, there is a decrease 

outflow of aqueous humor through the HTM that is accompanied by increased lOP. Decreased 

outflow of aqueous humor is due to increased deposition of ECM in the cribriform or 

juxtacanalicular region of the TM 10
-

12
• The juxtacanalicular tissue rather than the uveal or 

cornealscleral meshwork is where "plaque material" or thickened sheaths of elastic fibers 

accumulate 9
. The modulation of the ECM plays a vital role within the TM tissue. For example, 

the ECM acts as a supporting framework for cells and is thought to maintain the ECM normal 

outflow pathway 13
• The ECM components found in the TM include collagen, proteoglycans 

(e.g. decorin, biglycan, syndecan, versican, perlecan), adhesive glycoproteins (e.g. fibronectin, 

laminin, vitronectin), and elastin 13
. Normally, there is a delicate balance of deposition and 

degradation of the ECM in the human TM. However, in POAG, the factors that alter ECM 

metabolism may compromise the ECM to become more resistant to enzymatic degradation 

which would result in an alteration of ECM turnover and may tip the balance towards increased 

accumulation of ECM. Thus, the increased deposition of the ECM would decrease aqueous 
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humor outflow and cause increase lOP. The increase in pressure would then be displaced 

towards the back of the eye causing cupping at the optic nerve head (ONH) and damage to the 

optic nerve resulting in irreversible vision loss 14
• There are approximately I million retinal 

ganglion cell axons in the optic nerve that connect the retina with the visual system of the 

brain 15
• 

16
. The optic nerve is accountable for sending visual signals to the brain via RGC, 

eventually after a period of time, damage to the ONH results in vision loss 14
• 

Transforming Growth Factors Beta and Smad Dependent Signaling 

Transforming growth factor (TGFrJ) is a super-family consisting of many factors 

including TGFrJ, bone morphogenetic proteins (BMP), inhibins, and activins which regulate 

many cellular functions. Originally TGFrJ was named sarcoma growth factor, because of its 

ability to promote normal rat kidney fibroblasts to grow and form colonies 17
• 

18
• TGFrJ isoforms 

(TGFrJ 1-3) are structurally related and consist of a knot motif composed of six cysteine residues 

and intrachain disulfide bonds that stabilize rJ sheet bands. A free single cysteine forms one 

interchain disulfide bond with another monomeric subunit forming two 12.5 kDa TGFrJ 

dimers 19
• These extracellular growth factors are synthesized as dimeric prepropeptide 

precursors consisting of the mature active TGFrJ and the propeptide (TGFP latent associated 

protein (LAP)) and this complex is associated by two disulfides bonds to the latent TGFrJ 

binding protein (LTBP)17
• LAP assists in the proper folding of TGFrJ because without LAP, 

T<}Fp leads to accumulation of intracellular disulfide bonded aggregates 17
. LTBP assist in the 

processing and secretion of TGFrJ and without LTBP the TGFP latent form is retained within the 

cis-Golgi network and secreted slowly 17
. L TBP and its association with LAP accelerates the 
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secretion ofTGFJ3 and may target it for deposition into the ECM17
. After TGFJ3 is processed and 

secreted as dimers, TGFJ3 will bind to and activate their cell surface receptors, type I and 

type II 20
• 

21
• In vertebrates there are seven type I receptors, activin-receptor like kinase (ALK 1-

7) and five type II receptors 20
• 

21
• These receptors are commonly called TGFJ3-RI and TGFJ3-RII, 

which are serine/threonine kinases and upon ligand binding to TGFJ3-RII, a constitutive active 

receptor, activates TGFJ3-RI by its glycine-serine rich domain 20
• 

21
• This is followed by the 

activation of downstream mediators called receptor Smad proteins [Mad, mothers against dpp 

(decapentaplegic)) and C. elegan Sma] 20
• 

17
' 

21
• 

22
• The receptor Smad proteins have a conserved 

amino and carboxyl terminus referred to as the Mad homology (MHI and MH2), respectively, 

and a linker region between MHl and MH2 23
. The MH2 domain contains a conserved SXS 

motif responsible for receptor regulated phosphorylation 23
. 

Smads are classified into three major classes: pathway-specific Smads (Smads I, 2, 3, 5 

and 8), pathway-shared Smads (Smad 4), and inhibitory Smads (Smads 6 and 7). The pathway

specific Smads mediate BMP and TGFJ3 signaling. For example, Smads 2 and 3 are involved in 

TGFJ3 signaling while Smads 1, 5, and 8 are involved in BMP signaling 22
' 

24
• Pathways that 

share Smads have a common end point termed co-Smad 4 24
• Smads 6 and 7 inhibit pathway

specific Smads 24
• Inhibitory Smads may play a role in fine tuning TGFJ3 signaling through a 

negative feedback loop 24
• 

The cellular actions of TGFJ3 are negatively and positively controlled at every stage of its 

synthesis, activation, and signaling process 17
• Cellular functions for the TGFJ3 family include 

proliferation, differentiation, migration, and ECM synthesis and breakdown 17
• 

19
• TGFJ3 utilizes 
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its signaling mechanism to target genes including ECM genes via activation of Smad canonical 

or Smad independent pathways 19
• 

Smad Independent Signaling (Mitogen-Activated Protein Kinase (MAPK) Pathways) 

In addition to TGFf32 activating its canonical signaling pathway, it can also activate 

Smad independent signaling pathways including the Mitogen-activated protein kinases 25
• 

Mitogen-activated protein kinases (MAPK) belong to a family of serine/threonine kinases 26
. The 

MAPK family cascades consist of extracellular-regulating kinase (ERK.l/2), the c-jun amino

terminal kinase (JNK 1-3), p38 a/f3/o/y MAPK, and ERK5 and ERK7 27
• 

28
• 

29
• However, 

ERKl/2, p38 and JNK 1-3 are the major MAPK pathways studied thus far. ERK.l/2 respond to 

growth factors and hormones, while p38 and JNK 1-3 respond to conditions of cellular stress 30
. 

Multiple cellular functions are regulated by MAPK including cell proliferation, survival, 

motility, metabolism, transcription, and translation in order to maintain homeostasis. Thus, 

unregulated activities of the MAPK pathway are associated with pathological diseases and states 

ranging from inflammation, unregulated cell proliferation, and tissue remodeling 29
• 

31
. Signal 

transduction is initiated at the cell surface and propagates and amplifies the downstream 

signaling cascade via phosphorylation of the kinases to activate nuclear transcription factors 26
• 

Activation of the MAPK are dependent upon a five-tier kinase module. For example, the 

activation of the MAPK is initiated upon an extracellular signal followed by a signaling cascade 

of_ phosphorylation by first phosphorylation of MAPK kinase kinase (MKKK), MKKK 

phosporylates and activates MAPK kinase (MKK), and finally MKK phosporylates the threonine 

and tyrosine residues of the conserved T-X-Y motif and activates MAPK followed by 
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phosphorylation of nuclear kinases or transcription factors 25
• 

32
• Transcription factors acted upon 

include Elk-1 , Ets-2, RSK, MNK, MSK, cPLA2, CHOP, ATF-2, CREB, and MEF2C 33
•
25

•
31

. 

Tissue Transglutaminase (TGM2) 

The transglutaminase enzyme family consists of 8 members including keratinocyte 

transglutaminase (TGMI), tissue transglutaminase (TGM2), epidermal transglutaminase 

(TGM3), prostate transglutaminase (TGM4), TGMX (TGM5), TGM Y (TGM6), TGM Z 

(TGM7), and factor XIII-A subunit (fibrin-stabiling factor) 34
• 

35
. Members of the TGM family 

are calcium-dependent enzymes that catalyze the posttranslational modification of ECM proteins 

by cross-linking proteins, and making them more resistant to enzymatic degradation 36
. The 

enzymatic reaction occurs by forming bonds between E-(y-glutamyl)lysine or (y-

gluamyl)polyamine 36
• These enzymes also involved in incorporating amines into protein, site-

specific deamidation, isopeptidase activity, and promoting cell-matrix interactions 37
• Tissue 

transglutaminase (TGM2) acts as a classical G protein in its GTP-bound form found in rat liver 

plasma membranes 38
. Of the TGM family, TGM2 is the most ubiquitous and found in the human 

peripheral and central nervous system39
• TGM2 has been reported to be involved in numerous 

roles including apoptosis 40
, cell adhesion 41

, and cell matrix interactions resulting in crosslinking 

of ECM proteins including fibronectin 42
• It has been reported that TGM2 expression is mostly 

detected in the cytoplasm of cells 43
, but also in the plasma membrane 38 and nucleus 44

• There 

~ several reports that indicate increase TGM2 protein levels and activity in several diseases 

. 1 di Alzh . , d H . , d' d l IO 34 45 46 me u ng etmer s, an untmgton s tsease, an g aucoma · · · . 
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Transforming Growth Factor Beta/ Tissue Transglutaminase/Trabecular Meshwork 

Previous literature suggests that TGF-132 is involved in the pathogenesis of glaucoma 47
• 

For example, glaucomatous eyes have increased levels of TGF -132 in the aqueous humor 48
-
52

• 

TGF-132 can activate several pathways within the TM resulting in increased ECM deposition and 

irreversible cross-linking by TGM2. This cause and effect relationship would promote increased 

resistance of aqueous humor outflow. In addition to the initial findings of increased levels of 

TGF-132 in the aqueous humor of glaucomatous TM, TGF-132 increases ECM synthesis in vitro 10 

and in vivo within the perfused anterior organ culture model 53
. Welge-Liissen and coworkers 

(2000), reported that HTM express and synthesize TGM2 10
• In addition they also reported that 

exogenous TGFI3l and TGFI32 increased expression of fibronectin and TGM2 10
• Welge-Liissen 

and coworkers (2000) speculate TGF-131 and TGF-132 is responsible for the increase of TGM2 

resulting in an irreversible increase of cross-linking of ECM proteins, preventing drainage of 

aqueous humor and eventually leading to increased lOP 10
. 

Recent studies indicate that TGF-132 is antagonized by members of the TGF-13 family, 

bone morphogenetic proteins (BMP), in particular BMP4 54
' 

55 and BMP7 56
. However, 

antagonists proteins such as Gremlins, Smurfs, Bambi, and inhibitory SMADs can contribute to 

the delicate pathway system by blocking specific sites of either the TGF-13 and BMP signaling 

pathway at the cell membrane or downstream 54
. This is of interest because in mink lung 

epithelial cell lines (MvlLu) and mouse proosteoblastic cells (MC3T3) cell lines, TGF-13, 

B¥P2, and BMP4 regulated the TGM2 promoter through a TGF-13 response element 57
• 

However, this is a cell type specific response because in MvlLu cells TGF-13 increased the 

activity of the TGM2 promoter, however, in MC3T3 cells it was the inverse reaction. In Mv 1 Lu 
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cells TGF-J3 increased the activity of the TGM2 promoter in a dose dependent manner, however, 

when MvlLu cells were treated with exogenous BMP2 and BMP4, the TGM2 promoter was 

inhibited 57
. When both BMP4 and TGF-J3 were added simultaneously TGFJ3 could not stimulate 

TGM2 activity of the promoter 57
. 

Hypothesis 

Glaucoma is the second leading cause of blindness worldwide. A major risk factor in glaucoma 

is increased intraocular pressure (lOP) due to increased resistance to aqueous humor outflow. 

The outflow resistance is caused by an increased deposition of extracellular matrix in the 

trabecular meshwork (TM), preventing drainage of aqueous humor and resulting in increased 

lOP. At the present time the molecular mechanism responsible for increased lOP is not 

completely understood. However, increased post-translational modifications of matrix-associated 

proteins might be responsible in the abnormal function of the TM in glaucoma. TGM2 is a 

ubiquitous enzyme responsible for the cross-linking of proteins, thus resisting chemical or 

physical degradation. Preliminary studies in our laboratory, and in others, showing increased 

expression of TGM2 in glaucomatous human TM suggests a role for TGM2 in the development 

of ECM changes in glaucoma. Thus, the goal of this study is to determine the role of TGM2 

in the development of glaucoma. The present study wiD investigate TGM2 differences 

between normal and glaucomatous cells, the effects of TGF-J32 on TGM2 in the HTM, and 

id~ntify the molecular pathways utilized for TGM2. 

The canonical pathway for TGF-J3 signaling is the Smad pathway; however, TGF-J3 can 

also directly activate the MAPK signaling pathways involving p38 MAPK, C-JUN, ERK.l/2, as 
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well as via crosstalk mechanisms between TGF-J3 and MAPK signaling components. To better 

understand the molecular mechanisms for TGM2 in glaucoma, the following hypothesis is 

proposed: TGF-132 induces increased expression of tissue transglutaminase in trabecular 

meshwork cells through the Smad and/or the MAPK signaling pathways resulting in 

extracellular matrix changes in the trabecular meshwork. 

Significance: 

The proposed study will elucidate whether TGM2 expression is mediated by Smad 

phosphorylation or the MAPK pathway in the human glaucomatous trabecular meshwork, an 

important tissue associated with the pathogenesis of glaucoma. Previous data has shown that 

TGF-J32 is increased in the aqueous humor of glaucomatous patients. TGF-J32 promotes 

increased levels of ECM proteins thereby, inhibiting aqueous humor outflow, leading to elevated 

intraocular pressure in glaucomatous patients. In addition, it has been reported that TGF-J31 and 

TGF-J32 treatment increases expression of fibronectin and TGM2. Therefore, examining TGF-J3 

and TGM2 will lead to a greater understanding of the signaling regulation. And ultimately 

TGM2, Smads, or MAPK signaling proteins may be the targets of pharmacological 

manipulation. 
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Purpose. Glaucoma is a leading cause of irreversible visual impairment and blindness in the 

world. A major risk factor for glaucoma is elevated intraocular pressure due to increased 

resistance of aqueous humor outflow through the trabecular meshwork (TM). In the 

glaucomatous TM there is increased accumulation of extracellular matrix (ECM) material due to 

a disruption of the normal balance between ECM deposition and degradation. Tissue 

transglutaminase (TGM2) belongs to a family of calcium-dependent enzymes that catalyze the 

post-translational modification of the ECM by cross-linking proteins, thus making these proteins 

resistant to enzymatic and physical degradation. It is possible that the increase in ECM proteins 

seen in the glaucomatous TM is due to increased cross-linking activity ofTGM2. The purpose of 

this study was to determine if there are differences in expression and activity of TGM2 between 

normal and glaucoma TM cells and tissues. 

Methods. Normal (N=3 NTM) and glaucomatous (N=3 GTM) human TM cell lines were grown 

until confluent. Western immunoblot analysis of celllysates was used to compare TGM2 protein 

levels in NTM and GTM cells. TGM2 enzyme activity between NTM and GTM cells was 

studied using a biotin cadaverine assay. In addition, immunohistochemistry of three normal and 

three glaucomatous TM tissues was utilized to evaluate the in vivo expression of TGM2, 

fibronectin (FN) and s-(y-glutamyl) lysine (GGEL) proteins. 

Results. Western blot analysis and immunohistochemistry demonstrated the presence of TGM2 

protein in both NTM and GTM cells. There was an increase in TGM2 protein in GTM cells 

compared to NTM cells, and GTM cells also had increased in TGM2 enzyme activity compared 
.. 

to NTM cells. Immunohistochemical results demonstrated increased expression of TGM2 and 

FN in GTM tissues. FN and GGEL proteins were co-localized in GTM tissues, indicating 

significant cross-linking of FN by TGM2. 
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Conclusions. This study demonstrated that both NTM and GTM cells express TGM2. In 

addition, TGM2 protein levels and enzyme activities were elevated in GTM cells. There was also 

an increase in co-localization of FN and GGEL protein in GTM tissues. These results indicate 

that TGM2 may play an important role in the pathogenesis of glaucomatous by cross-linking 

ECM proteins such as FN and thus making the ECM more resistant to degradation. 
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INTRODUCTION 

A major cause of irreversible blindness in the world is primary open-angle glaucoma 

(POAG). Elevated intraocular pressure (lOP) is an important risk factor in the development of 

POAG 1as well as progression of glaucomatous damage 2
' 

3
• Elevated lOP is due to increased 

aqueous hwnor (AH) outflow resistance 4and appears to be associated with a number of 

morphological and biochemical changes in the trabecular meshwork (TM). In the normal human 

TM, a balance exists between extracellular matrix protein (ECM) deposition and degradation. 

However in POAG, there is increased accumulation of cross-linked ECM proteins in the TM that 

is believed to result in increased AH outflow resistance and elevated lOP 5' 
6

. 

Several studies have focused on regulators of the ECM in the TM including matrix 

metalloproteinases (MMPs ), plasminogen activators, and growth factors. Reports have indicated 

that MMPs assist in maintaining AH outflow and this effect can be blocked by synthetic MMP 

inhibitors or by activating tissue inhibitors of matrix metalloproteinases (TIMPs) 7
-
9

. 

Plasminogen activators (PA) are serine proteases involved in degrading fibrin and the ECM, 

however, the effects of PAs can be blocked by plasmin activator inhibitor-! (PAI-l) 10
' 

11
• 

The transglutaminase (TGM) enzyme family (EC 2.3.2.13) contains several members that 

are widely distributed in various tissues. Transglutaminase enzymes are encoded by a group of 

genes that are structurally and functionally related 12
• Family members include keratinocyte 

trans glutaminase (TGM 1 ), tissue trans glutaminase (TGM2), epidermal trans glutaminase 
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(TGM3), prostate transglutaminase (TGM4), TGM X (TGM5), TGM Y (TGM 6), TGM Z 

(TGM 7) and factor XIII-A subunit (fibrin-stabilizing factor) 13
• 

14
• Although identified at the 

gene level, TGM5, TGM6 and TGM7 have unknown functions 12
• Trans glutaminase enzymes 

are known to catalyze the post-translational modification of proteins via formation of isopeptide 

bonds 15 
• The enzymatic reaction occurs by forming bonds between E-(y-glutamyl) lysine or (y

glutamyl) polyamine 16
• The resultant cross-linked proteins are highly resistant to both physical 

and enzymatic degradation 16
• 

Tissue transglutaminase (TGM2) is a unique transglutaminase family member. Within 

the TGM family, TGM2 is the most ubiquitous enzyme and is found in numerous tissues 

including the human peripheral and central nervous system 17
• It has been reported that TGM2 

expression is mostly detected in the cytoplasm of cells 18
, but it is also found in the plasma 

membrane 19 and the nucleus 20
. In addition, TGM2 can be secreted into the ECM. The 

membrane bound form of TGM2 binds GTP and may function as a G protein 19
. This enzyme 

incorporates amines into proteins, regulates site-specific deamination and isopeptidase activity, 

and promotes cell-matrix interactions 21
• TGM2 is involved in apoptosis 22

, cell adhesion 23
, and 

cell matrix interactions resulting in crosslinking of ECM proteins including fibronectin 24
• TGM2 

can be upregulated and/or activated in a variety of diseases associated with enhanced 

accumulation of cross-linked proteins in the ECM, and therefore may also be involved in the 

pathophysiology of glaucoma. 
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Welge-Luf3en and colleagues reported increased mRNA expression and protein levels of 

TGM2 in cultured human TM cells after exogenous treatment with either transforming growth 

factor beta- I {TGF-f31) or transforming growth factor beta -2 {TGF-f32). In addition to TGM2 

expression, they showed that TGM2 enzymatic activity was also stimulated by TGF-f31 and 

TGF-f32 in normal cultured TM cells 25 
. TGF-f32 treatment of cultured optic nerve head (ONH) 

astrocytes also upregulated TGM2 expression 26
• Interestingly, Fuchshofer and colleagues also 

demonstrated TGF-132 induced TGM2 expression was mediated through the action of connective 

tissue growth factor. 

These above reports are very insightful because a number of studies have previously 

demonstrated that glaucoma patients have elevated TGF-f32 levels in both the AH 27
-
29 and the 

ONH 30
• 

31
• This has led to the concept that elevated TGF-f32 levels may increase cross-linked 

proteins in the ECM of the glaucomatous TM and ONH. However, we are not aware of any 

studies that have compared TGM2 expression or enzyme activity in normal and glaucomatous 

TM cells and/or tissues. The purpose of this study was to expand our knowledge ofTGM2 in the 

pathophysiology of POAG by examining differences in both protein expression and enzyme 

activity of TGM2 between normal and glaucoma TM cells and tissues. 
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METHODS 

Trabecular Meshwork Dissection and Cell Culture 

Human TM cells were isolated from carefully dissected human TM tissue explants and 

characterized as previously described 32
-
34

. Isolated TM cells were grown in Dulbecco's 

Modified Eagle's Medium (low glucose) supplemented with 10% fetal bovine serum (FBS) 

(both from HyClone Labs, Logan, UT), L-glutamine (0.292 mg/ml), penicillin (100 units/ml), 

streptomycin (0.1 mglml), and amphotericin B ( 4 J..Lg/ml). Antibiotics were purchased from 

Gibco BRL, Grand Island, NY. Medium was exchanged every 2-3 days and near-confluent 

cultures were trypsinized and seeded in 25 cm2 cell culture flasks (Coming Inc, Coming, NY) 

and maintained at 37°C in 5% C02-95% air. A total of three normal (aged 2 (HTM 2), 54 

(HTM10A) and 72 (NTM115-0l) yrs.) and three glaucomatous (aged 60 (GTM75A, 72 

(GTM60A) and 87 (GTM152-99) yrs.) human TM cell lines were used in the experiments. 

Protein Extraction and Western Blot Analysis of Tissue Transglutaminase (TGM2) Protein 

Levels in Normal and Glaucomatous Trabecular Meshwork Cell Lines 

Total cellular protein was isolated from cultured cells using M-PER extraction buffer 

(#78501, Pierce Biotech, Rockford, IL.) and Protease Inhibitor Cocktail (#78415, Pierce Biotech) 

or a lysis buffer containing 10 mM Tris-HCl, 0.5% NP40, 150 mM NaCI, 0.5% sodium 
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deoxycholate, 0.1% SDS, 0.2 mM PMSF in ethanol, 1 ).l.g/ml aprotinin, 4 ).l.g/ml pepstatin, 10 

J.l.g/ml leupeptin, and 1 mM sodium orthovanadate ( 10 ).l.llml) 35
• Protein concentration was 

determined by using the Bio-Rad De Protein Assay System as described by the manufacturer's 

instructions (Bio-Rad Laboratories, Richmond, CA). A standard curve was generated using 

bovine serum albumin (BSA) and absorbance at 750nm was read within 15 minutes. 

A total of 20 ug of protein was loaded per well and separated on a SDS-P AGE denaturing 

polyacrylamide gel and then transferred by electrophoresis to PVDF membranes. The PVDF 

membranes were incubated in 5% milk in Tris Buffered Saline Tween (TBST - 20mM Tris, 

0.5M NaCl, and 0.05% Tween 20, pH 7.4) for approximately 60 minutes in order to block non

specific binding. Blots were processed using a mouse anti-TGM2 monoclonal primary antibody 

(#MS-300-Pl, Neomarkers, Fremont, CA) and the secondary consisted of goat anti-mouse 

antibody (#SC 2005, Santa Cruz Biotechnololgy, Santa Cruz, CA). The Super Signal West Dura 

Extended Duration Substrate (#34075, Pierce Biotech) was used for detection and blots were 

exposed to a Fluorchem 8900 imager (Alpha Innotech, San Leandro, CA). 

Tissue Transglutaminase Enzyme Activity 

C~ll Enzvme Activity Assay: TGM2 enzyme activity was measured using a microscopic 

assay as previously described 38
• 

39
• Briefly, TGM2 activity was assessed by exposing cells to 

1 mM biotin cadaverine, a pseudo-substrate of TGM2, for 48 hours. Cells were fixed for 30 
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minutes in 3.7% volume per volume basis (v/v) formaldehyde in PBS and permeabilized with 

0.2% (v/v) Triton X-100 in PBS for 30 minutes at room temperature. Cells were further 

incubated with an Alexa Fluor 488 streptavidin-conjugate (1: 1000, v/v) in PBS for I hour at 

room temperature, washed, and mounted. The cells were observed with an Olympus Model 

BX51 trinocular research microscope (Leeds Instruments, Irving TX). TGM 2 activity was seen 

as increased fluorescence labeling. 

Western Blot Analysis: Details of the TGM2 activity assay have been published 

previously 36 with slight modifications. N-(5-aminopentyl)biotinamide, trifluoroacetic acid salt 

(biotin cadaverine, 1 mM) (Molecular Probes, Eugene, Oregon), a pseudo-substrate for TGM2, 

was added to TM cells in serum free medium for 48 hours. Cell lysate and conditioned medium 

were collected, separated by SDS-PAGE, and transferred to PVDF membranes. TGM2 mediated 

incorporation of biotin cadaverine into proteins was detected by streptavidin-HRP using Super 

signal West Dura Extended Substrate. Following the detection of proteins, the blots were then 

stripped andre-probed with anti-fibronectin. 

Immunolocalization of Tissue Transglutaminase (TGM2), Fibronectin (FN) and E- (y

glutamyl) lysine in Normal and Glaucomatous Trabecular Meshwork Tissues 

Details of the immunocytochemistry ofTGM2 in TM tissues have been published previously 37
• 

In order to document the presence ofTGM2, FN, and cross-linked E-(y-glutamyl) lysine (GGEL) 
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isopeptide in the TM, three sets of normal and glaucomatous age-matched human eyes were used 

(e.g. normal donors of 72, 88 and 94 yrs; glaucomatous donors of 76, 87, and 92 yrs.). Briefly, 

eyes were obtained from regional eye banks within 6 hours of death and fixed in 10% formalin. 

Tissues were dehydrated and embedded in paraffin and stored until further use. TM tissues were 

deparaffinized in xylene, then treated with 0.02M glycine for 15 minutes and dehydrated twice 

with 100%, 95%, 70%, 50% ethanol for 5 minutes each. After boiling TM sections in lOmM 

citrate buffer, pH 6.0, the TM tissues were incubated with normal serum and 3% BSA in PBS for 

30 minutes. TM sections were washed and processed with primary antibodies for TGM2 (#MS-

300-P1, Neomarkers), .FN (# F-3648, Sigma Aldrich, St. Louis, MO), and GGEL (#ab424, 

Abeam, Cambridge MA). The primary antibodies were detected with appropriate secondary 

antibodies (Alexa Fluor 488, 564, and/or 633; Molecular Probes) for 45 minutes. The co-

localization of FN and GGEL protein indicates transamidation of FN by TGM2 in TM tissues. 

The visualization of cell nuclei was performed by staining tissue sections with DAPI (300 J.llll) 

for 10 minutes. Controls consisted of omission of primary antibodies. Images were captured 

using a Zeiss 410 confocal imaging system (Carl Zeiss, Thornwood, N.Y.) 

Statistics 

The average values for NTM and GTM are stated as means +/- standard deviation (SD). 

Statistical analysis was performed using Microsoft Excel software, and the data was analyzed by 

t-test (two-sample assuming unequal variances). All differences were considered statistically 
.. , 

significant at p<0.005 between NTM and GTM. 
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RESULTS 

Tissue Transglutaminase (TGM2) Protein Levels in Normal and Glaucomatous Trabecular 

Meshwork Cells 

We examined TGM2 protein expression in the lysates of 3 normal and 3 glaucomatous 

TM cell lines. TGM2 was expressed in all six cell lines as an 77 kDa protein band on the western 

blots (Figure lA). The 3 GTM cell lines appeared to have increased TGM2 protein levels 

compared to NTM cell lines. All western blots were re-pro bed for J3-actin (Figure l ), which 

served as a loading control. Relative TGM2 intensity levels were measured via densitometry 

(Figure lB). These data indicate that both NTM and GTM cell lines contain TGM2 protein, and 

that the protein levels ofTGM2 were significantly elevated (p<0.005) in the GTM cell lines. 

Immunohistochemical Localization of Tissue Transglutaminase (TGM2) Protein in Normal 

and Glaucomatous Human TM Tissue 

We next examined the protein levels of TGM2 in three normal and three glaucomatous 

TM tissues from human donors. TGM2 was present in all six human TM samples. Figure 2 is a 

representative example of one set of age-matched eyes. In agreement with TM cell lysate 

western blot data, we found that TGM2 appeared elevated in the TM of glaucomatous donor eyes 
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(Figure 2B) compared to age-matched controls (Figure 2A), and this was seen in all 3 sets of 

glaucomatous donor eyes 

. 
Tissue Transglutaminase (TGM2) Enzyme Activity in Normal and Glaucomatous 

Trabecular Meshwork Cells 

We next examined TGM2 enzyme activity in both normal and glaucomatous cultured TM 

cells. To analyze TGM2 activity, a biotin labeled cadaverine I streptavidin immunohistochemical 

staining assay was performed in NTM and GTM cells. Cells were labeled with biotin cadaverine 

for 48 hours prior to fixation and staining, and TGM2 enzyme activity was detected by the Alexa 

Fluor 488 streptavidin-conjugate. GTM cells contained higher TGM2 activity compared to 

NTM cells (Figure 3). Control experiments included incubation of both cell types in the DMSO 

carrier in the absence of biotin cadaverine. 

TGM2 activity was also assessed by western immunoblot analysis in three independent 

experiments comparing normal and glaucomatous cell lines by supplementing serum free 

medium with biotin cadaverine (lmM), a pseudo-substrate for TGM2. Samples were extracted, 

processed together, separated by SDS-PAGE, and, transferred to a PVDF membrane. TGM2 

a~tivity was detected using streptavidin-HRP. TGM2 activity was seen in the celllysates (A) and 

in the culture medium (B) of both NTM and GTM cells incubated with biotin cadaverine, 

resulting in the appearance of 220 kDa bands on western blots (Figure 4). The blots were then 
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stripped andre-probed with an anti-fibronectin antibody that detected an identical 220kDa band, 

suggesting the cross-linked product was fibronectin. 

Immunohistochemical Staining of Fibronectin and E(y-glutamly) Lysine Isopeptide in 

Normal and Glaucomatous Trabecular Meshwork Tissue 

To verify TGM2 activity in TM tissues, we examined the expression of fibronectin along 

with the cross-linked GGEL isopeptide in eyes from three normal and three glaucomatous human 

donors. Fibronectin and GGEL protein were co-localized in both NTM and GTM tissues (Figure 

5), suggesting the transamidation of FN by TGM2 in these tissues. In two of the three GTM 

tissues, fibronectin was clearly expressed at higher levels compared to NTM. Interestingly, co

localization of FN and GGEL isopeptide was increased surrounding the canal of Schlemn 

(Figure 5). 
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DISCUSSION 

Elevated lOP is a pnmary risk factor for the development and progression of 

glaucoma I-J. Glaucomatous elevated lOP is caused by increased aqueous humor outflow 

resistance 4 and is closely associated with morphological and biochemical changes in the TM. 

There is an increased accumulation ofECM proteins in the glaucomatous TM 4'
40

• The increased 

deposition of ECM proteins in the glaucomatous TM may be due to increased ECM synthesis 

and/or decreased degradation. ECM metabolism within the human TM is regulated by matrix 

metalloproteinases 7
'

41
, plasmin activator inhibitor-} 11

•
42

, and growth factors37
•
40

•
43

. Human TM 

c~lls express numerous growth factor receptors and respond to exogenous growth factors 32
. 

Growth factors within the aqueous humor also appear to be involved in regulating ECM 

metabolism in the TM and aqueous outflow pathway. 

Numerous studies have reported elevated levels of TGF-f32 in the AH of glaucomatous 

patients 27
-
29

. Members of the TGFf3 superfamily including TGF-f32 regulate ECM synthesis and 

deposition. Welge-Luf3en and colleagues have reported that TGM2 mRNA expression and 

protein levels ofTGM2 are increased in TGF-f31 or TGF-f32 treated cultured human TM cells. In 

addition to TGM2 expression, TGM2 enzymatic activity was also increased in TGF

f3 treated TM cells 25
. TGM2 can also increase the conversion of latent TGF-P to its biologically 

aCtive form 44-46, providing a potential feedback mechanism in the glaucomatous TM and leading 

to further TGM2 induction. 
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Transglutaminase enzymes catalyze the post-translational modification of proteins via 

formation of isopeptide bonds 15
• The resultant cross-linked proteins are highly resistant to both 

physical and enzymatic degradation 16
• Of the various members of the transglutaminase family of 

enzymes, TGM2 has been implicated in numerous fibrotic disorders such as pulmonary fibrosis, 

renal fibrosis, and atherosclerosis 47
•
55

. Although TGM2 can be induced by TGF-Pl and TGF-P2 

in TM cells 25
, little is known about the role for TGM2 in glaucoma pathogenesis. Therefore, the 

purpose of this study was to determine whether there are any differences in TGM2 protein levels 

and activity between NTM and GTM cells and tissues. 

Western immunoblot and immunohistochemical analyses showed that TGM2 is present 

in both NTM and GTM cells and tissues. Our results support the previous study by Welge-Lupen 

and colleagues who first reported the presence of TGM2 in cultured TM cells 25
. More 

importantly, we demonstrated significantly increased protein levels of TGM2 in cultured TM 

cells and TM tissues obtained from glaucomatous patients. We believe that this is the first report 

that TGM2 is upregulated in glaucomatous TM cells and tissues. 

However, the presence of TGM2 protein in cells or tissues does not necessarily mean that 

the enzyme is biologically active. Therefore, the enzymatic activity of TGM2 was measured by 

the incorporation of biotin-cadaverine, a pseudo-substrate for TGM2, into cells. We looked for 

the presence of GGEL bonds in the TM, since TGM2 inserts these bonds between proteins that it 

cross-links, such as FN. This action makes ECM proteins more resistant to proteolytic 

degradation. Since FN can serve as a substrate in the TGM2 catalyzed reactions, we looked at 
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co-localization of both FN and the GGEL proteins in normal and glaucomatous cultured TM 

cells and tissues. Our immunohistochemical results indicated increased co-localization of FN 

and GGEL proteins associated with Schlemn's canal in glaucomatous human tissues. These 

results suggest that TGM2 may render the ECM resistant to proteolytic degradation at the site of 

aqueous humor outflow. 

In conclusion, our results confirm the presence of TGM2 in normal cultured human TM 

cells. In addition we demonstrated that cultured glaucomatous TM cells and glaucomatous TM 

tissues from human donors have elevated levels of TGM2 . . We also showed that TGM2 

enzymatic activity is elevated in glaucomatous cells and tissues. Lastly, there is co-localization 

of GGEL proteins with FN in the area of Schlemn' s canal. This area of the human TM is known 

to be involved in AH outflow resistance. Proteins cross-linked by TGM2 exhibit resistance to 

proteolytic degradation and thus may restrict AH outflow from the TM. The normal function of 

the TM is dependent on a balance between ECM deposition and degradation. Increased cross

linked proteins . in the TM would result in the ECM being more resistant to enzymatic 

degradation and turnover. Taken together, these findings suggest that TGM2 protein and enzyme 

activity are elevated in the glaucomatous TM and may play a pathogenic role in increased 

outflow resistance and glaucomatous ocular hypertension. 
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Figure Legends 

Figure 1. Chemiluminiscent Detection of Tissue Tranglutaminase Protein in Normal 

and Glaucomatous Human Trabecular Meshwork Cells. 

(A) Total protein was collected from 3 normal (N) and 3 glaucomatous (G) cell lines and 

electrophoresed in SDS-PAGE gels followed by western immunoblotting for tissue 

transglutaminase (77 kDa). All cell lines express tissue transglutaminase proteins. Protein levels 

of TGM2 were higher in GTM compared to NTM cell lines. P-actin was used as an internal 

loading control. (B) Densitometric readings of TGM2 normalized to P-actin for 3 NTM and 3 

GTM cell lines. * Statistical difference at the p<0.005 level(+/- SD). 

Figure 2. Immunofluorescent staining of Tissue Transglutaminase in Normal and 

Glaucomatous Trabecular Meshwork tissues. 

Six different human eyes, 3 NTM (72, 88, 94 yrs.) and 3 GTM (76, 87, 92 yrs.), were fixed, 

sectioned and stained with antibodies for TGM2. Negative controls consisted of PBS-BSA 

without primary antibody, normal lgG, and mouse ascites. TGM2 expression appeared to be 

higher in GTM tissues compared to NTM tissues: NTM (A) and GTM (B); TGM2 at 400x (A

B), (C) representative of a no primary antibody control, (D) a representative of an ascites control. 

T9M2 was localized to the cytoplasm, in agreement with previous reports. DAPI staining was 

.used for nuclear staining. 

Abbreviations: AC- anterior chamber, TM- trabecular meshwork, SC- Schlemn's Canal 
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Figure 3. Transglutaminase activity in NTM and GTM cells. The cells were incubated with 

vehicle (DMSO) control or biotin-labeled cadaverine (lmM). Transamidated and cross-linked 

cadaverine was detected by Alexa Fluor 488 streptavidin-conjugate (green). 

Figure 4. Western immunoblot ofTGM2 activity in NTM and GTM cells. 

TGM2 enzyme activity was present in cell lysate (A) and culture medium (B) ofNTM and GTM 

cells. The cells were incubated with vehicle (DMSO) control or biotin-labeled cadaverine 

(lmM). TGM2 mediated incorporation of biotin cadaverine into cells was detected by western 

immunoblotting using streptavidin-HRP conjugated secondary antibody. The blots were then 

stripped andre-probed with an anti-fibronectin antibody, corresponding to the 220 kDa band. 

Figure 5. Immunoflourescent staining to y-glutamyl-s-lysine (GGEL) and fibronectin (FN) 

in normal and glaucomatous TM tissues. 

Six different human eyes, 3 NTM (72, 88, 94 yrs.) and 3 GTM (76, 87, 92 yrs.), were fixed, 

sectioned and stained with antibodies for GGEL and FN. Negative controls consisted of PBS

BSA without primary antibody, lgG, and mouse ascites (data not shown). GTM tissues had 

increased expression of GGEL, increased FN expression, and co-localization of GGEL and FN: 

(A) NTM at IOOx, (B) GTM at lOOx, (C) NTM at 400x, (D) GTM at 400x. Both GGEL and FN 

were localized to the cytoplasm in TM tissues. 

Abbreviations: AC- anterior chamber, TM- trabecular meshwork, SC- Schlemn's Canal 
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CHAPTER III 

INTRODUCTION TO CHAPTER N 

The previous chapter focused on differences in TGM2 protein levels between normal and 

glaucomatous trabecular meshwork (TM} cells. This study demonstrated increased TGM2 

protein expression and activity in both glaucomatous TM cells and tissues. Tissue 

transglutaminase is a multifunctional protein which can catalyze several processes including (a) 

deamidation of protein substrates, (b) post-translational modification of ECM proteins by the 

formation of isopeptide bonds between the y-carboxyl group of a glutamine and the E-amino 

group of a lysine (c) and the association with integrins on the cell membrane which would 

ultimately stabilize the ECM and prevent proteolytic degradation 1
"
3

• The insertion of isopeptide 

bonds between the y-carboxyl group of a glutamine and the e-amino group of a lysine results in 

either intra or intermolecular cross-linked proteins 1
• These cross-linked proteins are stable, rigid, 

and insoluble and as a result resistant to proteolysis 1
' 

2
• This is of importance since in the 

gl~ucomatous eye there is increased deposition ofECM proteins termed "plaque material". ECM 

deposition is thought to reduce aqueous humor outflow and induce ocular hypertension 4
. The 

increased plaque material may be due to the cross-linking functions ofTGM2 that would prevent 
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degradation of the ECM proteins. Many investigators have focused on the regulation of 

ECM protein tum-over via matrix metalloproteinases, plasminogen activators, and growth 

factors. The previous study focused on the quantitative and qualitative changes of TGM2 in 

normal and glaucomatous TM cells and tissues. 

Next, the molecular mechanism utilized by TGF-132 to regulate TGM2 was studied. To 

accomplish this study it was necessary to examine both the canonical and non-canonical 

signaling pathways (e.g. Smads and MAPK signaling pathways, respectively). TGF-13 is a 

multifunctional protein regulating many cellular processes including proliferation, 

differentiation, migration, and ECM production and breakdown 5• In 50% of glaucomatous eyes 

there are elevated amounts of transforming growth factor 132 (TGF-132) in the aqueous humor 6-
10

• 

TGF-132 induces ECM proteins in TM cells such as plasminogen activator inhibitor (P AI), a.l3 

crystalline, myocilin, thrombospondin-1, fibronectin and TGM2 11
-
15

• TGF-13 is known to 

regulate gl?nes via the downstream Smad signaling pathway. In addition recent reports indicate 

that TGF-13 can regulate genes via the MAPK signaling pathway or cross-talk mechanisms may 

occur between TGF-132 and the MAPK pathways 16
' 

17
• Therefore. the purpose of the next study 

was to explore the signaling pathway and possible mediators for TGF-132 induction of TGM2 via 

both the Smad and MAPK signaling pathways. 
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Purpose: Transforming growth factor beta 2 (TGF-P2) has been reported to be elevated in the 

aqueous humor of glaucomatous patients and to be a causative factor for increased intraocular 

pressure. Exogenous TGF-Pl and TGF-~2 increase tissue transglutaminase (TGM2) protein 

levels and enzyme activity in trabecular (TM) cells. TGM2 is a calcium-dependent enzyme that 

mediates increased cross-linking of proteins, thus making them resistant to enzymatic and 

physical degradation. To date, it is unknown how TGF-P2 induces TGM2 expression and 

activity. The signaling pathway by which TGF-~2 stimulates TGM2 production in TM cells was 

investigated and as well as ifCTGF was a mediator ofTGF-~2 induction ofTGM2 in TM cells. 

Methods: Human NTM cells (N=3) and GTM cells (N=3) were grown until approximately 80% 

confluent and treated 48 hours with TGF-P2 (5nglml) in serum-free medium. Untreated cells 

acted as controls. Western blot analysis was performed to analyze proteins in various signaling 

pathways including R-Smad3, R-Smad2, p38, and ERK. Short interfering (si)RNAs were used 

to suppress the p38, R-Smad3, R-Smad2, Mekl/2 , ERKI/2, and CTGF genes. In addition, 

immunohistochemistry of 3 NTM and 3 GTM tissues were utilized to evaluate the expression 

and co-localization of TGF-~2 with TGM2. Results: Western blot analysis demonstrated the 

presence of R-Smad3, p38, and ERKl/2 in human TM cells and their activation by TGF-~2. 

Inhibition of p38, ERK.l/2 and CTGF by siRNA in human TM cells did not prevent TGF-~2 

induction of gene expression of TGM2. Inhibition of R-Smad3 via siRNA suppressed R-Smad3 

protein levels and caused a decreased in TGM2 protein expression. Immunohistochemistry 

results demonstrated increased expression and increased co-localization of TGF-~2 and TGM2 

in ·GTM tissues. Conclusions: These studies demonstrated that human TM cells express proteins 

for the canonical and non-canonical signaling pathways. Trabecular meshwork cells respond to 

exogenous TGF-~2 by the phosphorylation of downstream signaling proteins. In addition, TGF-
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P2 appears to act through the canonical Smad signaling pathway to increase TGM2 protein levels 

and enzyme activity. Selective knockdown of R-Smad2 increased R-Smad3 protein levels, thus 

compensating for the loss of R-Smad, and the reciprocal occurred with selective knockdown of 

R-Smad3. There was also increased levels and co-localization of TGF-P2 with TGM2 in the 

, glaucomatous TM cells. 
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INTRODUCTION 

Glaucoma is the second leading cause of irreversible blindness. Primary open-angle 

glaucoma (POAG) belongs to a group of heterogeneous optic neuropathies characterized by optic 

nerve head damage and visual field defects. In POAG, three ocular tissues are effected including 

the optic nerve, retina, and the trabecular meshwork (TM) which is the major aqueous humor 

outflow pathway. Impairment of aqueous humor outflow results in ocular hypertension and 

eventually cupping, excavation of the optic nerve head and vision loss. 

Extracellular matrix (ECM) remodeling plays a role in the TM tissue architecture. For 

example, the ECM acts as a supporting framework for cells and is thought to maintain the ECM 

normal outflow system 1
• The ECM proteins found in the TM include collagens, proteoglycans 

(e.g. decorin, biglycan, syndecan, versican, perlecan), adhesive glycoproteins (e.g. fibronectin, 

laminin, vitronectin}, and elastin 1
• Normally, there is a delicate balance of deposition and 

degradation of the ECM in the human TM. In POAG, there is excessive amounts of cross-linked 

ECM proteins and this is associated with the development of increased AH outflow resistance 

and elevated lOP 2• 
3

. 

Tissue transglutaminase (TGM2) may play a role in modulating the ECM protein turn

over in glaucoma 4• 
5

• TGM2 (EC 2.3.2.13) is a member of the transglutaminase enzyme family 

and is known to catalyze the posttranslational modification of proteins by inserting highly stable 

bonds between s-(y-glutamyl) lysine or (y-glutamyl) polyamine 6• This renders the ECM resistant 

to both physical and enzymatic degradation 6• 
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The exact molecular mechanism on how increased cross-linked ECM proteins occur in 

POAG is not known. Tissue transglutaminase has been referred to as having a "split personality" 

due to both its ability to cross-linking proteins and its ability to hydrolyze guanosine 5'

triphosphate and adenosine triphosphate 7
• In addition, TGM2 has been implicated in eye 

diseases including cataracts, pseudoexfoliation syndrome, and glaucoma 4• 
8

• 
9

. Several regions of 

the anterior eye segment express TGM2, including the lens, iris, sclera, ciliary muscle, ciliary 

processes, and the trabecular meshwork 4. 

Several insightful articles have appeared concerning TGM2 and TGF-f32 and their 

potential association with glaucoma 4
' 

5
• The first report indicated exogenous TGF-f31 and TGF

f32 increased mRNA expression, protein levels, and enzymatic activity of TGM2 in cultured 

human TM cells 4
. Differences in TGM2 protein levels and enzyme activity were reported 

comparing normal and glaucomatous human TM cells and tissues 10
• In addition, Fuchshofer and 

co-workers (2005) reported exogenous treatment ofTGF-f32 increased TGM2 expression in optic 

nerve head (ONH) astrocytes and this action was mediated through CTGF/CCN2 5
• TGF-P2 

regulates ECM deposition by CTGF 11
• Interestingly, Fuchshofer and co-workers (2005) also 

demonstrated that TGF-f32 induced CTGF mRNA expression and protein levels in optic nerve 

head astrocytes and HIM cells 5• 
12

. 

To date, there is no clear understanding how TGF-f32 induces TGM2 expression and 

enzyme activity. This study was an attempt to elucidate the signaling pathways that regulate 

. TGF-P2 regulation of TGM2. In addition, the involvement of CTGF was investigated to 

determine ifCTGF acts as a mediator for TGF-f32 induction ofTGM2 in TM cells. 
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METHODS 

Trabecular Meshwork Dissection and Cell Culture 

Primary human TM cells were obtained from Alcon Laboratories (Fort Worth, Texas). 

Human TM cells were grown in Dulbecco's Modified Eagle's Medium (low glucose) 

supplemented with 10% fetal bovine serum (FBS) (HyClone Labs, Logan, UT), L-glutamine 

(0.292 mg/ml), penicillin (100 units/ml), streptomycin (0.1 mg/ml), and amphotericin B (4 

mg/ml). Antibiotics were purchased from Gibco BRL, Grand Island, NY. Fresh medium was 

exchanged every 2-3 days and cells were maintained at 37°C in 5% COr95% air. 

Treatent with Exogenous TGF-(3 

Human TM cells were grown in DMEM plus 10% FBS until they were 70% to 80% 

confluent. The cells were washed with serum-free DMEM and cultured in serum-free DMEM for 

24 hours. The cells were then treated with recombinant TGF-(3 protein (R&D Systems, 

Minneapolis, MN). 

Protein Extraction and Western Blot Analysis 

Total cellular protein was isolated from cultured cells using M-PER extraction buffer 

(#78501, Pierce Biotech, Rockford, IL.) and Protease Inhibitor Cocktail (#78415, Pierce Biotech) 

or isolated using Laemm1i Sample buffer with 5% J3-mercaptoethanol. Protein concentration was 

determined by using the Bio-Rad De Protein Assay System according to manufacturer's 
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instructions (Bio-Rad Laboratories, Richmond, CA) or EZQ Protein Quantitation Kit according 

to manufacturer's instructions (#R33200, Molecular Probes). 

A total of 20 ug of protein was loaded per well and separated on a SDS-P AGE denaturing 

polyacrylamide gel and then transferred by electrophoresis to PVDF membranes. The PVDF 

membranes were incubated in 5% milk in Tris Buffered Saline Tween (TBST - 20mM Tris, 

0.5M NaCl, and 0.05% Tween 20, pH 7.4) for approximately 60 minutes in order to block non

specific binding. Blots were processed using appropriate antibodies and appropriate secondary 

antibodies. The Super Signal West Femto Maximus Sensitivity Substrate (#34095, Pierce 

Biotech) was used for detection and blots were exposed to a Fluorchem 8900 imager (Alpha 

Innotech, San Leandro, CA). 

Concentrating Conditioned Medium 

Cultured TM cells were plated with equal number of cells and equal volume of medium 

in 12-well plates. Conditioned medium was collected and concentrated by using the StrataClean 

Resin according to manufacturer's instructions (#400714, Stratagene, La Jolla, CA). 

lmmunolocalization of Tissue Transglutaminase (TGM2) and Tranforming Growth Factor 

beta2 (TGF(32) in Normal and Glaucomatous Trabecular Meshwork Tissues 

Details of the immunocytochemistry of TGM2 in TM tissues have been published 

previously10
• In order to document the presence of TGM2 and TGF-(32 in the TM, three sets of 

normal and glaucomatous age-matched human eyes were used (e.g. normal donors of 72, 88 and 
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94 yrs; glaucomatous donors of 76, 87, and 92 yrs.). Paraffin TM sections were processed with 

primary antibodies for TGM2 (#MS-300-Pl , Neomarkers) and TGF-132 (#sc-90, Santa Cruz 

Biotechnology). The primary antibodies were detected by incubation with appropriate secondary 

antibodies (Alexa Fluor 488, and 633; Molecular Probes) for 45 minutes. The visualization of 

cell nuclei was performed by staining tissue sections with DAPI (300 J.lm) for 10 minutes. 

Controls consisted of omission of primary antibodies, control IgG, and/or mouse ascites. Images 

were captured using a Zeiss 410 confocal imaging system (Carl Zeiss, Thornwood, N.Y.) 

Immunocytochemistry for Trabecular Meshwork Cells 

Cells were grown on glass coverslips in 24 well plates. At about 80% confluency, cells 

were fixed with 3.5% formaldehyde (Fisher Scientific, Pittsburgh, PA) in PBS for 20 minutes. 

Cells were treated with 0.2% Triton X-100 in 1 X PBS for 20 minutes. Incubation took take 

place for 1 hour with 5% normal blocking serum and 0.3% in PBS. Cells were then incubated 

with primary antibodies overnight at 4° C and secondary antibodies at 1 :200 and 1 %BSA in PBS 

for 1 hour at room temperature. Negative controls consisted of omission of primary antibody, 

control IgG, and/or mouse ascites. To visualize nuclei, cells were treated with 300 nM DAPI 

nuclear stain and mounted using Aqua-Mount (Lerner Laboratories, Pittsburgh, PA). Slides will 

be stored in the dark at 4°C until visualized. 
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Small Interfering RNAs (siRNA) for Smad3, Smad2, p38, and CTGF 

The siRNA mediated gene suppression experiments were conducted in TM cells using 

siGenome On-Target plus SMART pool dublex siRNAs from Dharmacon (Thermo Fisher 

Scientific., Lafayette, CO). Controls included a RISC-free siRNA (impairs uptake and 

processing ofRISC) and a non-targeted siRNA (ThermoFisher Scientific). Briefly, confluent TM 

cells were trypsinized, counted, and plated at a density of 8000 cells/well in a 12-well plate in 

DMEM media containing 10% serum. TM cells were allowed to incubate overnight at 37°C in 

5% C02-95% air. The following day selected siRNAs were transfected to TM cells using 

DharmaFECT 1 (Thermo Fisher Scientific) at the desired concentrations in OPTI-MEM media 

(Gibco, Grand Island, NY) for 24 hours. At the end of 24 hours, medium was changed to either 

TGF-P2 in serum free medium or serum free medium alone for 48 hours. 

Small Interfering RNAs (siRNA) for ERKl/2 

The siRNA mediated gene suppression experiments for p42 and p44 were conducted in 

TM cells using the Cell Signaling Kit System as described by the manufacturer's protocol (Cell 

Signaling Technology, Inc, Danvers, MA 01923), along with a non-targeted siRNA control (Cell 

Signaling). Briefly, TM cells were trypsinized, counted, and plated at a density of 8000 cells/well 

to a 12-well plate in DMEM medium containing 10% serum. The following day siRNAs were 

transfected to TM cells with the desired concentration of siRNA for 24 hours. At the end of the 

24-hours, medium was changed and wells contained TGF-P2 in serum-free medium or serum

free medium alone. 
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Image J Analysis 

Immunohistochemical staining analysis was performed on a PC computer using the 

public domain NIH Image J program (developed at the U.S. National Institutes of Health and 

available on the Internet at http://rsb.info.nih.gov/nih-image/. 

Statistical Analysis 

The statistical significance, defmed as p<0.05, was evaluated using a statistical software 

PRISM for Windows. * p<0.05 was determined by one-way ANOV A for variance analysis 

among multiple groups or a paired student's t-test (one tailed t-test). 
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RESULTS 

TGF-P Isoforms Regulate TGM2 protein levels in Human Trabecular Meshwork cells 

TGM2 protein expression was examined in the lysates of 3 normal and 3 glaucomatous 

TM cell lines. The 3 NTM and 3 GTM cell lines were treated separately with each TGF-P 

isoform (TGF-J31, J32, and J33) at 5ng/ml for a 48 hour time period. TGM2 was expressed in all 

cell lines as a 77 kDa protein band on the Western blots (Figure lA). The expression of TGM2 

was induced by all three TGF-P isoforms compared to untreated controls in both NTM and GTM 

cell lines. These data suggest that TGM2 is induced by all three isoforms and thus not isoform 

specific. Interestingly, the GTM cell lines were more responsive to TGF-P treatment than the 

NTM cell lines. After treatment with either TGF-pl, TGF-P2, and TGF-P3 the expression of 

TGM2 increased approximately 5 fold for GTM cells compared to NTM cells (Figure 1 ). 

Relative TGM2 intensity levels were normalized to J3-actin via densitometry (Figure lB). These 

data indicate that both NTM and GTM cell lines contain TGM2 and that the GTM cell lines were 

more responsive, however, this difference was not statistically significant. 

TGM2 Enzyme Activity Following Treatment with TGF-J31, J32, and J33 

Having shown that TGM2 protein is induced by all three TGF-P isoforms, the next step 

was to determine whether TGM2 enzyme activity is elevated in 3 NTM and 3 GTM cell lines 

following TGF-P treatment. TGM2 activity was analyzed utilizing a biotin labeled cadaverine-

I 

streptavidin immunohistochemical assay (Figure 2A). Figure 2 is a representative example of 
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one cell line. The enzyme activity of TGM2 with TGF-131, 132, or 133 treatment was statistically 

elevated (p<0.005) in all three TGF-13 groups compared to untreated control with cadaverine 

alone (Figure 28). Previous investigators have published that the TGF-132 is the isoform elevated 

in POAG, thus the remainder of this study focuses on TGF-132 mediated effects on TGM2. 

TGFJi--2 Protein Levels in Normal and Glaucomatous Trabecular Meshwork CeUs 

The protein expression ofTGF-132 in the lysates ofthree normal and three glaucomatous 

TM cell lines were examined. Two of 3 GTM cell lines appeared to have increased TGF-132 

protein levels compared with the NTM cell lines. One of the GTM cell lines had less protein 

loading and which may account for the low expression of TGF-132. TGF-132 was expressed at 

approximately 80 kDa protein band on the Western blot and 13-actin served as a loading control 

(Figure 3). Statistical analysis was performed in 3 NTM and 2 GTM, and these data indicate that 

the protein levels ofTGF-132 were significantly elevated (p<0.005) in the GTM cell lines (Figure 

38). 

Immunohistochemical Staining of TGF-132 and TGM2 in Normal and Glaucomatous TM 

Tissues 

Having shown the endogenous levels ofTGF-132 and TGM2 in NTM and GTM cell lines, 

co-localization was performed for TGF-132 and TGM2 in 3 normal and 3 glaucomatous TM 

tissues from human donors. hnmunostaining was performed on paraffin-embedded human TM 

65 



sections in glaucomatous donor eyes and compared results to age-matched controls. 

Immunostaining of TM tissues demonstrated that TGF-~2 and TGM2 were expressed in all six 

human TM samples. The expression of TGF-~2 was localized uniformly throughout the TM 

tissues. In two of the three GTM human tissues TGF -~2 appeared to be expressed at a higher 

level than NTM tissues. TGM2 was present in all six human TM samples. The expression of 

TGM2 was localized throughout, however, not uniformly in TM tissues. All 3 GTM human TM 

samples had elevated TGM2 expression compared to age-matched controls. TGF-~2 and TGM2 

protein were co-localized in GTM tissues (Figure 4). 

Treatment with TGF-~2 Increases TGM2 Levels in NTM and GTM Cells 

Western blot was used to analyze for 3 NTM and 3 GTM cell lines using a dose response 

for TGF-~2 at 0.5 ng/ml to 10.0 ng/ml. Western blot analysis demonstrated that NTM and GTM 

cell lines responded to TGF-~2 (Figure 5). There was not a dose dependent increase of TGM2 

protein levels, thus lower concentrations needed to be evaluated. However, GTM cell lines were 

more responsive to TGF-~2 compared to NTM (Figure 5 C and D). All Western blots were re

probed for ~-actin which served as a loading control (Figure 5). 

Phosphorylation of R-Smad3 Following TGF-(3 Treatment 

The canonical downstream signaling pathway for TGF- J3 uses intracellular R-Smad 

proteins (R-Smad2 and R-Smad3). To verify whether R-Smad3 was present in TM cells, 3 NTM 

and 3 GTM cell lines were treated in a time dependent manner with TGF- (32 (5ng/ml). Western 
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blot analysis detected phosphorylated R-Smad3 protein in celllysates for NTM cell lines (Figure 

6A) and GTM cell lines (Figure 6B). Densitometric analysis demonstrated that phosphorylation 

of R-Smad3 increased at 15 minutes, with a maximum activation at 30 and 60 minutes followed 

by a decrease at 2 hours for both NTM cell lines (Figure 6C) and GTM cell lines (Figure 6D). 

Specific Inhibitor of Smad3 (SIS3) Reduces TGM2 Protein Levels 

Specific inhibitor ofR-Smad3 (SIS3) is an inhibitor ofTGF- J3 signaling via inhibition of 

R-Smad3 phosphorylation. To determine if SIS3 could reduce or inhibit TGM2 protein levels 

following TGF- J32 treatment was examined in 3 TM cell lines (Figure 7). Treatments included 

control, TGF-J32 (5ng/ml), and or SIS3 (lOuM, 15J.LM, 25J.LM, and 50J.LM) with TGF-(32. 

Variability was noted between cell lines on SIS3 effects on TGM2. Densitometric analysis 

revealed a reduction for TGM2 levels, however, statistical analysis demonstrated no statistical 

difference between groups (Figure 7B). 

Suppression of R-Smad3 with siRNA Treatment 

R-Smad3 siRNA mediated gene suppression experiments were conducted in 3 NTM 

(Figure 8A) and 3 GTM (Figure 8B) cell lines. Controls consisted of cells in serum-free medium 

(Sf._M), TGFJ32 treatment, an siRNA control that impairs RISC uptake (Co#l) with TGF-J32, and 

a non-targeting siRNA (Co#2) with TGF-J32. In all NTM and GTM cell lines, R-Smad3 siRNA 

at O.lnm, lO.Onm, and 20.0nm significantly reduced R-Smad3 (p<0.05, one tailed t-test as 
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compared to siRNA Co#l) (Figure 8C). All blots were re-probed for R-Smad2 to determine 

potential effects of R-Smad3 suppression on R-Smad2 expression. There was a significant 

induction of R-Smad2 with R-Smad3 siRNA treatment (p<0.05, one tailed t-test as compared to 

siRNA Co#l) (Figure 8C). Next, R-Smad3 siRNA decreased TGM2 protein levels at all siRNA 

concentrations. There was a modest decrease of TGM2 protein levels at l 0.0 nm and 20.0 nm 

siRNA in both the NTM and GTM cell lines. J3-actin served as a loading control for all the 

Western blots. In addition, the conditioned medium was collected for both NTM and GTM cells. 

The medium was concentrated and proteins analyzed by Western blots. Interestingly, a reduction 

of R-Smad3 gene expression resulted in reduced TGM2 protein levels in all cell lines tested 

(Figure 8). 

Immunostaining of R-Smad3 and TGM2 with Smad3 siRNA Treatment 

A previous study showed that R-Smad3 siRNA treatment resulted in down-regulation of 

R-Smad3 and reduced levels of TGM2 protein levels. In order to expand on this observation, 3 

TM cell lines were used for immunostaining. Controls consisted of cells in serum-free medium 

(SFM), TGF-J32 treatment, a siRNA control that impairs RISC uptake (Co#l) with TGF-J32, and 

a non-targeting siRNA (Co#2) with TGF-J32. Receptor Smad3 treatments at l.OnM, lO.OnM, and 

20.0nM were used to down-regulate R-Smad3. In all 3 cell lines, R-Smad3 siRNA at l.OnM, 

lO.OnM, and 20.0nM down-regulated R-Smad3 expression and reduced TGM2 expression 

(Figure 9). 
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Suppression of R-Smad2 with siRNA Treatment 

The Smad2 siRNA mediated gene suppression experiments were conducted in 2 NTM 

(Figure lOA) and 2 GTM (Figure lOB) cell lines. Controls consisted of cells in serum-free 

medium (SFM), TGF-f32 treatment, a siRNA control that impairs RISC uptake (Co#l) with 

TGF-f32, and a non-tarageting siRNA (Co#2) with TGF-f32. In all NTM and GTM cell lines, R

Smad2 siRNA at O.lnM, l.OnM, lO.OnM, and 20.0nM significantly reduced total Smad2 

(p<0.05, one tail t-test) (Figure IOC). All blots were re-probed for R-Smad3 to determine the 

effects of R-Smad2 siRNA on R-Smad3. There was a significant induction in R-Smad3 protein 

levels in the R-Smad2 siRNA treatment at siRNA concentrations of l.OnM, lO.OnM, and 20.0nM 

(Figure lOA). In GTM cell lines there was an increased in R-Smad3 protein levels in the R

Smad2 siRNA treatments at siRNA concentrations of lO.OnM and 20.0nM (Figure lOB). Next, 

R-Smad2 siRNA suppression of TGM2 protein levels was determined in TM cells. There 

appeared to be variability between cell lines on R-Smad2 siRNA effects on TGM2. Some cell 

lines appeared to have a modest decrease in TGM2 protein levels, while others had no apparent 

effect of TGM2 protein levels. Densitometric analysis with the combination of both NTM and 

GTM cell lines revealed a statistical decrease for R-Smad2 siRNA and a statistical increase for 

R-Smad3 effects compared to siRNA Co#l (p<0.05, one tailed t-test as compared to siRNA 

Co#l) (Figure lOC). f3-actin served as a loading control for all the Western blots (Figure 10). 
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Suppression of CTGF with siRNA Treatment 

Having shown reduced TGM2 protein levels with R-Smad3 and R-Smad2 siRNA 

treatment, CTGF, a downstream regulator of TGFJ32, was examined to determine its role as a 

mediator to regulate TGM2 levels in 3 NTM (Figure llA) and 3 GTM (Figure llB) cell lines. 

· Controls consisted of cells in serum-free medium (SFM), TGF-J32 treatment, a siRNA control 

that impairs RISC uptake (Co#1) with TGF-J32, and a non-targeting siRNA (Co#2) with TGF-J32. 

Human TM cell lines were treated with CTGF siRNA at O.lnM, l.OnM, lO.OnM, and 20.0nM. 

In all cell lines, upon siRNA treatment at l.OnM, 1 O.OnM, and 20.0nM CTGF was significantly 

reduced (p<0.05, one tailed t-test as compared to siRNA Co#1) (Figure llC). All Western blots 

were re-probed to determine CTGF siRNA effects on TGM2. There was no apparent effect of 

CTGF suppression on TGM2. J3-actin was used as a loading control (Figure 11 ). 

Phosphorylation of p38 MAP Kinase Following TGF-J32 Treatment 

The non-canonical signaling pathway for TGF-J32 includes the MAP kinase signaling 

pathway. Therefore, the determination of TGF- J3 2 (5ng/ml) phosphorylation of p38 in 2 NTM 

and 2 GTM cell lines in a time dependent manner was examined in TM cells. Western blot 

analysis detected phosphorylated p38 protein in celllysates for NTM cell lines (Figure 12A) and 

GTM cell lines (Figure 12B). Phosphorylation of the 42 kDa band of p38 MAP Kinase was 

detectable at 15 minutes, reached a maximum at 30 minutes, was down-regulated at 60 minutes, 

but increased at 2 hours in NTM cells (Figure 12A). In GTM cell lines, the 42 kDa band ofp38 

MAP Kinase was slightly phosphorylated at 15 minutes, reached a maximum at 30 minutes, was 
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down-regulated at 60 minutes, but slightly increased at 2 hours (Figure 12B). Densitometric 

analysis demonstrated no statistical significance for TGF-132 effects on p38 (data not shown). 

Suppression of p38 MAP Kinase with siRNA Treatment 

The p38 siRNA mediated gene suppression experiments were conducted in one NTM 

(Figure 13A) and 2 GTM (Figure 13B) cell lines. Controls consisted of cells in serum-free 

medium (SFM), TGF-132 treatment, a siRNA control that impairs RISC uptake (Co#l) with 

TGF-132, and a non-targeting siRNA (Co#2) with TGF-132. In all NTM and GTM cell lines, p38 

siRNA at O.lnM, l.OnM, lO.OnM, and 20.0nM reduced p38. All Western blots were re-probed to 

determine p38 siRNA effects on TGM2. There was an increase in TGM2 protein levels, with a 

statistical significance between p38 siRNA at l.OnM and 20nM compared to siRNA Co#l 

treatment (p< 0.05, one tailed t-test as compared to siRNA Co#l) (Figure 13C). 13-actin was used 

as a loading control (Figure 13 ). 

Phosphorylation of ERK 1/2 MAP Kinase 

TGF-132 phosphorylation of the ERK.l/2 MAP kinase signaling pathway was examined 

in TM cells. Therefore, 2 NTM and 2 GTM cell lines were treated in a time dependent manner 

with TGF-132 (5nglml). Western blot analysis detected phosphorylated ERK.l/2 protein in cell 
._, 

lysates for NTM cell lines (Figure 14A) and GTM cell lines (Figure 14B). Densitometric 

analysis demonstrated that phosphorylation ofERKl/2 increased at 15 minutes with a maximum 

activation at 30 minutes, and decreased at 60 minutes for NTM cell lines (Figure 14C). In GTM 
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cell lines ERK.l/2 increased at 5 minutes with a maximum activation at 15minutes and remained 

phosphorylated up to 2 hours (Figure 14D). 

ERK 1/2 Inhibition with PD98059 and U0126 

Two upstream inhibitors for ERK.l/2 are PD98059 and U0126 which inhibit MEK1 and 

MEKI/2, respectively. Inhibition ofPD98059 and U0126 on the ERK.l/2 signaling pathway in 2 

NTM (Figure 15A) and 1 GTM (Figure 15B) cell lines were examined. All 3 cell lines were 

under conditions either in serum-free, TGF-J32, PD98059 (lOJ.LM, 20J.1M, and 30J.1M) and U0126 

(10J.1M, 20J.1M, and 30J.1M) with TGF-J32. Densitometric analysis revealed a non-significant 

reduction of ERK.1/2 with PD98059 and U0126 treatment (Figure 15C). Western blots were re

probed for TGM2 to determine if PD98059 and/or U0126 had effects for TGM2 protein levels. 

Thus, densitometric analysis revealed a modest, but no significant effects in TGM2 protein levels 

(Figure 15C). 

Suppression ofMEK 1 and MEK2 with siRNA Treatment 

Having shown there was a decrease in TGM2 levels with the PD98059 and U0126 

inhibitor, although not statistical significant, experiments in 2 NTM and 1 GTM cell lines for 

MEKI and/or MEK2 siRNA (Figure 16) was examined. Controls consisted of cells in serum

free medium (SFM), TGFJ32 treatment, and a non-targeting siRNA control (siCO) with TGF-J32. 

Figure 16 is a representative cell line for MEK1 siRNA (Figure 16A) and MEK2 siRNA (Figure 

l6B). For MEKl siRNA experiments, total protein for MEKl was suppressed, however, there 
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was an increase in MEK2 siRNA samples. For MEK2 siRNA experiments, total protein for 

MEK2 was suppressed and no effects on MEKl siRNA samples for MEK2 (Figure 16B). Next, 

MEKl and/or MEK2 siRNA had no effect on TGM2 protein levels. P-actin was used as a 

loading control. Densitometric analysis revealed no statistical significance for MEKl, MEK2, 

and TGM2 protein levels (Figure 16C). 

Suppression of ERK 112 (p44/p42) MAP Kinase with siRNA Treatment 

To determine if ERKl/2 siRNA has any effects on TGM2 protein levels, experiments 

were conducted in 2 NTM and 2 GTM cell lines. Figure 17 is one representative cell line. 

Controls consisted of cells in serum-free medium (SFM), TGFP2 treatment, and a non-targeting 

siRNA control (siCO) with TGF-p2. ERKl siRNA treatment suppressed total ERKl protein 

levels, however, there were suppressive effects on ERK2 and the reciprocal was true for ERK2 

siRNA (Figure 17). There was no apparent effect of ERKl or ERK2 siRNA on TGM2 protein 

levels. P-actin was used as a loading control. Densitometric analysis revealed statistical decrease 

for ERK2 (p42) at lOnm and 20nm (p< 0.05, one tailed t-test as compared to siCo) (Figure 17B). 
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DISSCUSSION 

A major risk factor for the development of glaucoma is elevated lOP 13
"
15

• Elevated IOP 

is due to the increased AH outflow resistance and as a result is associated with morphologic and 

biochemical changes in the TM 16
• Within the glaucomatous TM there is an increased 

accumulation of ECM proteins 16
• 

17 which may be as a result of abnormal turnover of ECM 

proteins that is regulated by MMPs 18
• 

19
, PAI-l 20

• 
21

, and growth factors 17
• 

22
• 

23
• Human TM 

cells express many growth factors and their receptors in vitro 24
. Growth factors present in the 

TM and AH are believed to maintain homeostasis and altered growth factor expression may 

result in deleterious consequences to the TM and/or regulation of AH outflow pathways. 

TGF-~2 influences many aspects of cellular behavior including proliferation, 

differentiation, migration, and ECM synthesis and breakdown 25
' 

26
. With respect to glaucoma, a 

number of research studies have reported elevated amounts of TGF-~2 in the AH of 

glaucomatous eyes compared to normal eyes 27
-
31

• The perfusion of TGF-~2 decreases the 

outflow facility in ex-vivo anterior segment organ culture models 32
. Fleenor and co-workers, 

recently reported the perfusion of TGF-~2 in ex-vivo anterior segment organ culture models 

elevated IOP in a time dependent manner and also increased of fibronectin and PAI-l levels in 

the elutes of organ culture models 21
• Thus, it is reasonable to suspect TGF-~2 may have a direct 

role in ECM deposition and accumulation and elevated lOP in glaucoma. 

Welge-Ltissen and co-workers first reported TGM2 induction by TGF-~1 and ~2 in 

cultured HTM cells at both the mRNA and protein levels. Of interest, TGM2 can convert the 

latent TGF-~ form to its active form. Thus, it is reasonable to suspect in the glaucomatous TM, 
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TGF-P2 induces TGM2, and the induction ofTGM2 increases the conversion of latent TGF-P to 

its biological active form, consequently providing a further induction ofTGM2. Despite the fact 

that TGF-P 1 and P2 induce TGM2 and are elevated in GTM cells, the exact role or molecular 

mechanism for TGM2 in the pathogenesis of glaucoma is not understood. Therefore, the 

purpose of this study was two-fold: (a) to examine the induction of TGM2 by TGF-P isoforms, 

and (b) to identify the signaling pathway utilized by TGF-P2 to regulated TGM2 in cultured TM 

cells. 

Western blot analysis showed that TGM2 was induced by TGF-fll, -f32, or -P3 in both 

NTM and GTM cells and that GTM cells were more responsive to treatment with all TGF-P 

isoforms in comparison to NTM cell lines. These results support the previous study by Welge

Lussen and co-workers 4
, who first reported the presence ofTGM2 induction by TGF-Pl and P2 

in cultured TM cells. These results also demonstrate that TGF-P3 can also increase TGM2 

protein levels in cultured TM cells. Next, the induction ofTGM2 enzyme activity by TGF-fll,

f32, or -P3 in cultured TM cells was examined. Enzyme activity was measured by the 

incorporation of biotin-cadaverine, a pseudosubstrate for TGM2. These results demonstrated 

significantly increased enzymatic activity levels of TGM2 in cultured TM cells following 

exogenous treatment by all three TGF-P isoforms. These results demonstrate that the TGM2 

enzyme is biologically active and is induced by all TGF-P isoforms. 

The endogenous expression of TGF-P2 in NTM and GTM cell lines and tissues 

significantly increased protein levels of TGF-P2 in GTM cells in comparison to NTM cells. To 

verify ifTGF-P2 .is also increased in vivo, 3 NTM and 3 GTM tissues were evaluated for TGF-
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~2 and TGM2 with immunohistochemical staining. These immunohistochemical results 

indicated increased expression and increased co-localization for both TGF-~2 and TGM2 in 

GTM tissues in comparison to NTM tissues. These results suggest a direct role of TGM2 

induction by TGF-~2 in glaucomatous eyes. 

Within the glaucomatous eye, TGF-~2 has been reported to be as high as 2.7ng/ml 

compared to l.48ng/ml in normal eyes. For our NTM and GTM cell cultures we wanted to 

perform a dose response for TGF -~2 at concentrations of 0.5ng/ml - 1 O.Ong/ml. Our data did not 

show a dose dependent increase with TGF-~2. We observed a slight induction of TGF-~2 at all 

concentrations used in comparison to untreated controls in NTM cell cultures. However, in the 

GTM cell cultures TGF-~2 stimulated a greater response as high as one fold in comparison to 

NTM for TGM2 protein levels. 

As a first step to evaluate TGF-~2 regulation of TGM2, it was necessary to determine if 

TM cells express the proteins for the canonical signaling pathway of TGF-~2. Isolated TM cells 

expressed and phosphorylated R-Smad3 of the canonical TGF-~2 signaling pathway and was 

activated in response to TGF-~2 in a time dependent manner. These data demonstrate that both 

NTM and GTM cells express the phosphorylated R-Smad3 and respond to exogenous TGF-~2 

with increased activation of R-Smad3 signaling. SIS3, a inhibitor of the phosphorylation of R

Smad3, down-regulatd TGM2 protein levels. In addition, R-Smad3 was knock-down with R

Smad3 siRNA. The silencing of R-Smad3 gene expression decreased TGM2 protein levels. 

These finding demonstrated a reduction of TGM2 protein levels by Western blots and 

immunocytochemistry for R-Smad3 siRNA. For Western blots a modest reduction of TGM2 at 

the concentration of lO.OnM and 20.0nM ofR-Smad3 siRNA was observed. Western blots were 
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re-probed to determine if R-Smad3 siRNA has an effect on R-Smad2 protein levels. 

Interestingly, R-Smad3 siRNA resulted in an increase in R-Smad2 protein levels. These results 

suggest R-Smad2 was compensating for the loss of R-Smad3 and may explain why only small 

decreases in TGM2 protein levels were noted. 

Because of the effect of R-Smad3 siRNA on R-Smad2 expression, the effects of R

Smad2 siRNA on R-Smad3 and TGM2 protein levels was investigated. R-Smad2 knock-down 

with R-Smad2 siRNA was observed. These findings demonstrated a modest decrease in TGM2 

protein levels, however, there was an increase with respect to R-Smad3 protein levels. Again, 

suggesting R-Smad3 was compensating for the loss of R-Smad2 and explaining small decreases 

in TGM2 protein levels were detected. 

The effects ofTGF-~2 on ECM tum over has been reported to be mediated by CTGF II. 

Fuchshofer and co-workers demonstrated that TGF-~2 induces TGM2 mRNA and protein 

expression and this action was mediated via CTGF in optic nerve head astrocytes 5
• In addition, 

Fuchshofer-and co-workers demonstrated that TGF-~2 induces CTGF in TM cell cultures. These 

results are in agreement with Fuchshofer and co-workers (2007) in that there was an induction of 

CTGF with TGF-~2. The upregulation of TGM2 by TGF-~2 mediated by CTGF was examined 

in both NTM and GTM cell lines. CTGF was knock-down with CTGF siRNA, however, there 

was no effect on TGM2 levels, which suggests that CTGF does not mediate the induction of 

TGM2 in TM cells by TGF-~2. 

TGF-~2 has been reported to activate the MAPK (p38, ERKl/2, and JNK) pathways in 

various cell types 33
. Thus, the next approach was to evaluate if TGF-~2 stimulates the p38 

signaling pathway and to determine ifp38 regulated TGM2 in TM .cells. The data demonstrated 
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that both NTM and GTM cells expresses p38 and that p38 responds to exogenous TGF-~2 with 

increased activation of p38 signaling. P38 silencing in TM cells with p38 siRNA would 

determine if the silencing of p38 would lead to a reduction of TGM2 protein levels in TM cells. 

Unexpectantly, the data demonstrated an increase ofTGM2 protein levels with p38 siRNA. 

In a review by Ross and Hill (2008), post-translational sites of all R-Smad protein are 

present. For example, the R-Smad signaling proteins contain phosphorylation sites at their linker 

region and R-Smad2 contains phosphorylation sites at both its linker region and MHl domain for 

MAPK 33
• In addition, the linker region ofR-Smad2 and R-Smad3 may be phosphorylated by an 

upstream activator of p38 and by JNK, respectively 33
. This may explain why p38 silencing 

increase TGM2 protein levels, p38 may be regulating TGF-~2 by phosphorylation at the MHl 

domain or linker regions ofR-Smads to regulate TGM2 protein levels. 

In addition to the p38 signaling pathway, the presence of another MAPK signaling 

pathway in TM cells was examined. TGF-~2 has been reported to stimulate ERKl/2 in a cell 

type specific manner 33
• This study, demonstrated NTM and GTM cells expressed ERK.l/2 and 

ERK.l/2 respond to exogenous TGF- ~2 with increased activation of ERK.l/2 signaling. Two 

upstream inhibitors, PD98059 and U0126, which inhibit MEKl and MEKl/2, respectively were 

examined in TM cells. The results demonstrated no significant decrease of TGM2 protein levels 

with PD98059 and U0126 inhibitors. Next, MEKl and MEK2 siRNA effects on MEKl, MEK2, 

and TGM2 were examined in TM cells. MEK2 silencing effected MEK 1 levels by increasing 

total protein levels, suggesting MEKl compensated for the loss of MEK2, however, the opposite 

was not true with MEKl silencing. With respect to TGM2 expression, no apparent change in 

protein levels was detected following the use of siRNA. To expand this study and examine 
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further down-stream ERK.l and 2 was knock-down with ERK. 1 and 2 siRNA, however, there 

was no effect on TGM2 protein levels by in TM cells. 

In conclusion, the results of this study demonstrated that cultured glaucomatous TM cells 

and tissues from human donors have elevated levels ofTGF-J32. NTM and GTM cells expressed 

TGM2 and that TGM2 is stimulated by all three TGF-J3 isoforms. In addition, the canonical and 

non-canonical signaling pathways were stimulated by TGF- J32 in NTM and GTM cells. R

Smad2 and R-Smad3 siRNA and SIS3 down-regulated TGM2 protein levels. Unexpectantly, the 

silencing of p38 up-regulated TGM2 protein levels, possible through the phosphorylation of R

Smads, and ERK.l/2 had no apparent role in regulating TGM2 protein levels. 
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Figure Legends 

Figure 1. Western blot analysis of TGM2 in NTM and GTM cells after treatment with 

TGF-(31, (32, or (33. 

(A) Three NTM and 3 GTM cell lines were treated with either TGF -f31, -f32, or -f33 (5 nglml). 

Cell lysates were collected and electrophoresed in SDS-PAGE gels followed by Western blots 

for TGM2 (77 kDa). All cell lines expressed TGM2 proteins. Protein levels of TGM2 were 

higher in GTM compared to NTM cell lines. (B) Densitometric readings of TGM2 normalized 

to f3-actin for 3 NTM and 3 GTM cell lines. 

Figure 2. TGM2 Enzyme Activity via Biotinlated Cadaverine Assay Following Treatment 

with TGF-fU, (32, or f33 

(A) A representative TM cell staining incubated with vehicle (DMSO) control, biotin-labeled 

cadaverine (lmM), and biotin-labeled cadaverine with either TGF -f31, -f32, or -f33 (5nglml). 

Transamidated and cross-linked cadaverine was detected by Alexa Fluor 488 streptavidin

conjugate (green). TGM2 induction was observed with all three TGF- f3 isotypes. (B) Image 

J Analysis was performed to quantitate the intensity levels, * statistical difference at the 

p<0.05 level(+/- SEM). 
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Figure 3. Western blot ofTGF- ~2 in NTM and GTM cells 

(A) Up-regulation of TGF- ~2 in glaucomatous cells compared to normal TM cells. Six different 

trabecular meshwork cell lines, 3 normal (NTM) and 3 glaucomatous (GTM) cell lines were 

grown in DMEM-containing serum. Cells were rinsed with PBS and collected with cell lysis 

buffer. Cell lysate were subjected to 10% SDS-PAGE and Western blot analysis using anti

TGF~2 antibody. The molecular weight for the monomer is 12.5 kDa, the dimer is 25kDa, and 

the unprocessed precursor form is 48kDa. Western blot analysis shows a molecular weight at 

approximately 80 kDa. ~-actin was used as a loading control. (B) Densitometric reading of 

TGF-~2 normalized to ~-actin for 3NTM and 2 GTM cell lines. * Statistical difference at the 

p<0.005 level(+/- SEM). 

Figure 4. Immunocytochemical staining for TGF -~2 and TGM2 in NTM and GTM tissues. 

Age-matched tissues NTM (88 yrs.) and GTM (87 yrs.), were fixed, sectioned and stained with 

antibodies for TGF-~2 and TGM2. Negative controls consisted of PBS-BSA without primary 

antibody, control IgG, and mouse ascites (data not shown). GTM tisues showed an increased 

expression of co-localization of TGM2 and TGF- ~2. (A) NTM (lOX), (B) NTM (40X), (C) 

GTM (lOX), and (D) GTM (40X) 

abbreviations: AC- anterior chamber, TM- trabecular meshwork, SC- Schlemn's Canal 
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Figure 5. Dose Response for TGF-J32 Induction ofTGM2 

A representative Western blot of one (A) NTM and one (B) GTM cell line treated with TGF-J32 

at 0.5ng/ml, 1.25ng/ml, 2.5ng/ml, 5.0ng/ml, and lO.Ong/ml. Densitometric analysis demonstrated 

(D) GTM cell lines had a greater response for TGF-J32 compared to (C) NTM. 

Figure 6. Western Blot analysis of phosphorylated R-Smad3 in TGF-J32 treated NTM and 

GTM cells. 

Western blot analysis for phosphorylated R-Smad3 (p-Smad3) in (A) NTM and (B) GTM cells 

treated with exogenous TGF-J32 (5ng/ml) for 0 minutes, 5 minutes, 15 minutes, 30 minutes, 60 

minutes, and 2 hours. Blots were stripped, washed thoroughly andre-probed for total R-Smad3. 

Phosphorylated R-Smad3 was measured by Western blot and analyzed by densitometry for (C) 

NTM (n=3) and (D) GTM (n=3) cell lines. 

Figure 7. Western Blot analysis of R-Smad3 Following SIS3 Treatment 

(A) Western blot analysis in TM cells for R-Smad3. TM cells were pre-treated with SIS3 (an 

inhibitor of R-Smad3) at various concentrations (IOJ.LM, 15J.LM, 25J.LM, 50J.LM) for 1 hour and 

then treated with TGF- J32 for 12 hours. Untreated TM cells served as controls. J3-actin was used 

as a loading control. (B) Densitometric Analysis demonstrated decreased levels of TGM2. 
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Figure 8. Effects of R-Smad3 siRNA Treatment in NTM and GTM Cells 

Western blot analysis of R-Smad3, R-Smad2, and TGM2 with treatment of R-Smad3 siRNA 

followed by TGF-132 (5ng/ml) for 48 hours. Representative blots are shown from one (A) NTM 

and one (B) GTtv.f cell line. Blots were stripped, washed thoroughly andre-probed for each of the 

following antibodies: R-Smad2, TGM2, and 13-actin. Conditioned medium (CM) was collected 

from samples with same volume and cell numbers and run on a Western blot. (C) Densitometric 

analysis was performed for R-Smad3, R-Smad2, and TGM2 normalized to 13-actin. * Statistical 

difference at the p<0.05 level (one tailed t-test, compared to Co#l). 

Figure 9. Immunohistochemical Staining of NTM and GTM Cells after R-Smad3 siRNA 

A representative immunostaining for TM cells transfected with R-Smad3 siRNA (l.OnM, 

lO.OnM, and 20.0nM) and then treated with TGF-132 for 48 hours. Human TM cells were fixed 

and stained with antibodies for R-Smad3 (red), TGM2 (green), and co-localization (merged) 

expressiOn. 

Figure 10. Effects of R-Smad2 siRNA Treatment in NTM and GTM Cells 

Western blot analysis of R-Smad2, R-Smad3, and TGM2 with treatment of R-Smad2 siRNA 

followed by TGF-132 for 48 hours. Representative blots are shown from one (A) NTM and one 

(B) GTM cell line. Blots were stripped, washed thoroughly and re-probed for each of the 

following antibodies, R-Smad3, TGM2, and 13-actin. 13-actin served as a loading control. (C) 
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Densitometric analysis was performed for R-Smad2, R-Smad3, and TGM2 normalized to 13-

actin. * Statistical difference at the p<0.05 level (one tailed t-test, compared to Co#l). 

Figure 11. Effects of CTGF siRNA Treatment in NTM and GTM Cells 

Western blot analysis ofCTGF and TGM2 with treatment ofCTGF siRNA followed by TGF-132 

(5ng/mL) for 48 hours. Representative blots are shown from one (A) NTM and one (B) GTM 

cell line. Blots were stripped, washed thoroughly and re-probed for TGM2 and J3-actin. 13-actin 

served as a loading control. (C) Densitometric analysis was done for CTGF and TGM2 

normalized to 13-actin. * Statistical difference at the p<0.05 level (one tailed t-test, compared to 

Co#l). 

Figure 12. Western Blot analysis of phosphorylated p38 in TGF -132 treated NTM and 

GTM cells 

Western blot analysis of phosphorylated p38 (p-p38) in (A) NTM and (B) GTM cells following 

treatment with exogenous TGF-132 (5ng/ml) for various times (0 minutes, 5 minutes, 15 minutes, 

30 minutes, 60 minutes, and 2 hours). Blots were stripped, washed thoroughly andre-probed by 

antibodies to total p38 and 13-actin. 
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Figure 13. Effects of p38 siRNA Treatment in NTM and GTM Cells 

Western blot analysis of p38 and TGM2 with treatment of p38 siRNA followed by TGF-r32 

(5ng/mL) for 48 hours. Representative blots is shown from one (A) NTM and one (B) GTM cell 

line. Blots were stripped, washed thoroughly andre-probed for p38, TGM2, and 13-actin. 13-actin 

served as a loading control. (C) Densitometric analysis was performed for p38 and TGM2 

normalized to 13-actin. * Statistical difference at the p<0.05 level (one tailed t-test, compared to 

Co# I). 

Figure 14. Western Blot analysis of phosphorylated ERKl/2 in TGF-J32 treated NTM and 

GTM cells 

Western blot analysis of phosphorylated ERKl/2 (pERKI/2) in (A) NTM and (B) GTM cells 

were treated with exogenous TGF-J32 (5ng/mL) for various times (0 minutes, 5 minutes, 15 

minutes, 30 minutes, 60 minutes, and 2 hours). Blots were stripped, washed thoroughly andre

probed with total ERKl/2. Phosphorylated ERKl/2 was measured by Western blot and analyzed 

by densitometry for (C) NTM and (D) GTM cell lines. 

Figure 15. Effects of PD98059 and U0126 on TGM2 Protein Levels 

W~.stern blot analysis of ERK 112 in (A) NTM and (B) GTM cell lines, pre-treated for 1 hour 

with PD98059 or U0126 and then treated with TGF-J32 for I hour, or TGF-J32 alone. Untreated 

TM cells served as controls. Cellular lysate was collected, separated by SDS-PAGE, transferred 
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to PVDF membranes and blotted with ERKl/2. Blots were stripped, washed thoroughly and re

probed with TGM2 antibody. ~actin served as a loading control. Densitometric analysis was 

done for ERKl/2 and TGM2 normalized to 13-actin. 

Figure 16. Effects of MEK 1 and 2 siRNA Treatment in NTM and GTM Cells 

Western blot analysis ofMEK1 and 2, and TGM2 treatment with MEK1 or 2 siRNA followed by 

TGF-132 (5ng/mL) for 48 hours. Representative blots are shown from one (A) NTM and one (B) 

GTM cell line. Blots were stripped, washed thoroughly and re-probed for each of the following 

antibodies, TGM2 and 13-actin. 13-actin served as a loading control. (C) Densitometric analysis 

was done for MEKl and 2 and TGM2 normalized to 13-actin. 

Figure 17. Effects ofERK1 and 2 siRNA Treatment in NTM and GTM Cells 

Western blot analysis ofERK 1 and 2 and TGM2 with treatment of either ERK 1 and 2 siRNA. 

(A) A representative blot is shown for one TM cell line for ERKl and 2 siRNA treatment. Blots 

were stripped, washed thoroughly and re-probed for TGM2 and 13-actin. 13-actin served as a 

loading control. (C) Densitometric analysis was done for ERK 1 and 2 and TGM normalized to 

13-actin. *Statistical difference at the p<0.05 level (one tailed t-test, compared to siCo). 
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CHAPTERV 

SUMMARY 

The trabecular meshwork {TM) is an active avascular tissue composed of trabecular 

beams covered with TM cells whose functions include contraction, relaxation, phagocytosis, and 

synthesis of growth factors and extracellular matrix protein t-J. The primary function of the TM 

is to allow aqueous humor outflow into the canal of Schlemm for regulation of lOP. The 

trabecular meshwork plays a major role in regulating aqueous humor (AH) outflow and lOP. 

Trabecular meshwork cells are in constant contact with the AH that contains many growth 

factors. Transforming growth factor beta2 is elevated in the AH of glaucomatous eyes and TM 

cells respond to TGF-132 by increasing the synthesis ofECM components. 

According to Welge-Liissen and co-workers (2000), there is increased expression of 

tissue transglutaminase {TGM2) after exogenous treatment of TM cells with TGF-131 and TGF-

132 4
• This suggests that higher levels of TGF-132 in the AH of glaucomatous eyes may result in 

increased expression and activation of endogenous TGM2 in TM cells. The goal of the first study 

(Chapter II) was to better understand the role of TGM2 in glaucoma. To fulfill this goal, NTM 

and GTM cells/tissues were evaluated for (a) protein expression and enzyme activity of TGM2, 

and (b) protein and enzymatic differences of TGM2 between GTM and NTM 
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cells/tissues. Protein analysis was performed by Western blot and immunohistochemistry, which 

demonstrated the presence of TGM2 in both NTM and GTM cells/tissues. Enzyme activity was 

biologically active in both NTM and GTM cells/tissues as measured by the incorporation of 

biotin-cadaverine, a pseudosubstrate for TGM2. In addition, both protein and enzyme activity 

levels were induced in GTM compared to NTM cells/tissues. Increased cross-linking of 

fibronectin by TGM2 was observed utilizing E-(y-glutamyl) lysine isopeptide (GGEL) in GTM 

tissues compared to NTM tissues. Taken together these results suggest that TGM2 is involved in 

the pathophysiology of glaucoma. 

The upregulation of TGM2 expression and activation via TGF-J32 could occur through 

the canonical TGF-J3 signaling pathway (Smads) or via another pathway such as the MAPK 

signaling pathway. The goal of the second study (Chapter IV), was to (a) examine the induction 

ofTGM2 by TGF-J3 isoforms, and (b) to identify the signaling pathway(s) utilized by TGF-J32 to 

regulate TGM2 expression. Western blot analysis revealed that all TGF-J3 isoforms increased 

TGM2 protein levels. All TGF-J3 isoforms elevated TGM2 enzymatic levels measured by the 

incorporation of biotin-cadaverine. However, since the TGF-J32 isoform has been directly linked 

to glaucoma the remainder of the studies focused on TGF-J32. Since exogenous TGF-J32 

regulates TGM2, the endogenous levels for TGF-J32 were examined in NTM and GTM cell lines 

and tissues. The levels for TGF-J32 were elevated in GTM cells and tissues compared to NTM 

cells and tissues. This suggests that TGF-J32 may upregulate TGM2 via canonical or non

canonical signaling pathways, resulting in increased expression and activation of TGM2. The 

canonical downstream signaling pathway for TGF-J32 uses intracellular R-Smad proteins 2/3. 

Densitometric analysis revealed TGF-J32 activated phosphorylated R-Smad3 at 15 minutes, with 
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maximum activation at 30 minutes. Next, SIS3 was examined to determine its effect to reduce or 

inhibit TGM2 protein levels in TM cell lines. Densitometric analysis revealed a reduction of 

TGM2 protein levels. Then, R-Smad2 and 3 siRNA were examined in both NTM and GTM cell 

lines. There were significant reductions of R-Smad2 and 3 and a modest decrease of TGM2 

protein levels. The effects of TGF-P2 on ECM turnover has been reported to be mediated by 

connective tissue growth factor (CTGF). Fuchshofer and co-workers (2007), demonstrated that 

TGF-P2 induces CTGF in TM cell cultures5
. And Fuchshofer and co-workers (2005), 

demonstrated that TGF-P2 induces TGM2 mRNA and protein expression and this action was 

mediated via CTGF in ONH astrocytes6
• Thus, NTM and GTM cells were treated with CTGF 

siRNA, however, TM cells did not show the same inhibitory effects on TGM2 as was reported 

for ONH astrocytes. Next, the non-canonical signaling pathways, such as p38 and ERIG/2 were 

evaluated to determine if exogenous TGF-P2 would activate their signaling pathways. Both p38 

and ERK.l/2 responded to TGF-J32, however, p38 and ERK.l/2 siRNA did not decrease TGM2 

protein levels. Thus, the results suggest, for the first time, that TGM2 is up-regulated in 

glaucomatous TM cells and tissues and is regulated primarily by R-Smads and the canonical 

TGF-P signaling pathway. 

Based upon the results of this study a schematic model of potential TGF-P2 signaling has 

been developed (Figure 1). Increased TGF-P2 stimulates its canonical signaling pathway by 

initiation of ligand binding to TGF-P2 receptors II, transphosphorylation of receptor I, followed 

by the subsequent phosphorylation R-Smad2/3, which recruit R-Smad4. The entire complex 

trans locates into the nucleus and regulates gene expression. Excessive TGF -P2 signaling has 

been implicated in the induction of TGM2 and the over abundance of ECM proteins, such as 
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fibronectin. It is possible that within the TM, TGF-J32 induces TGM2 via activation of its 

canonical signaling pathway, R-Smad2/3. Thus, TGM is involved in cross-linking ECM proteins 

resulting in increased outflow resistance followed by elevated lOP and eventually glaucoma 

(Figure 1). 

Future experiments to further elucidate the role of TGM2 in the trabecular meshwork, 

may include the following: (a) simultaneous siRNA studies for Smad2 and Smad3 to determine 

if both Smads or one preferentially knocks down TGM2 expression in TM cells; (b) siRNA 

knockdown of TGM2 to determine if TGM2 siRNA can block TGF-J32 effects on ECM 

synthesis; (c) over-expression of TGM2 using an adenovirus in the ex-vivo perfused human 

ocular anterior segments to determine the effects of TGM2 on the lOP; (d) collection of the 

perfused media of the anterior segments to determine ECM changes in the perfused TM utilizing 

Western blot and ELISA assays; (e) process the anterior segment TM tissue from the ex-vivo 

human ocular anterior segments for both light microscopy and electron microscopy to determine 

ECM build up and/or morphology changes; and (f) determine the role of BMP2 and/or BMP4 

and their respective effects on the TGM2 expression and activity. 
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Figure 1. 
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