Sethi, Anirudh; TGFB2 and gremlin signaling pathways regulate extracellular matrix

changes in TM cells: Implications for glaucoma; Doctor of Philosophy (Cell Biology and

Anatomy), May 2011; 152pp; 24 figures; bibliography, 196 titles.

ABSTRACT

Purpose: Glaucoma is a leading cause of blindness worldwide. The leading risk factor is
elevated intraocular pressure (IOP) due to fibrotic changes in the trabecular meshwork (TM)
tissue. The profibrotic cytokine TGFB2 is elevated in the aqueous humor and TM of
glaucomatous eyes. TGFp2-mediated extracellular matrix (ECM) deposition in the TM appears
to be responsible for increased IOP in ex vivo and in vivo models. Bone morphogenetic proteins
(BMPs) inhibit TGFp regulation of ECM, and elevated levels of the BMP antagonist gremlin in
the glaucomatous TM restores the fibrotic response of TGFB2. Lysyl oxidase (LOX) is a
collagen and elastin polymer crosslinking enzyme, and recent genome wide association studies
showed that SNPs in LOXL1, a LOX family member, significantly increased the risk of
developing exfoliation glaucoma. The overall aim of my work is to delineate the signaling
pathways involved in TGFB2 and gremlin alteration of the TM ECM and to evaluate the

potential role of the LOX family of cross-linking enzymes in this TM ECM remodeling.

Methods: Human TM cells were cultured in the presence or absence of recombinant human
TGFpB (0.1-10 ng/ml) or mouse gremlin (100-5000 ng/ml) for 1-72 hours, and total RNA or
protein lysates and conditioned medium were harvested from the cells. Effects of gremlin
treatment on ECM gene and protein expression were assayed by gRT-PCR and western
immunoblotting, respectively. TGFB2- and gremlin-treated TM cells were also examined for

Smad2/3, p38, and JNK activation using western immunoblotting. Cells were treated with



Smada3 inhibitor SIS3 (5 uM), TGFp receptor inhibitors LY364947 and SB431542 (5 uM), JNK
inhibitor SP600125 (10 uM), and AP-1 inhibitor SR11342 (5 uM) with or without

TGFB2/gremlin, to examine the involvement of the TGFB/Smad signaling pathway.

Results: TGFB2 and gremlin induced expression of each other in TM cells. TGFB2 activated
both Smad and non-Smad pathways and strongly induced mRNA and protein expression of all 5
LOX genes. Using a novel LOX activity assay, we observed greater ECM crosslinking in TGF[-
treated cells. Gremlin elevated ECM gene and protein expression via the Smad signaling

pathway.

Conclusions: The TGFp induction of LOXs and gremlin-induction of ECM proteins highlight
the complex interplay of Smad and the non-Smad signaling in regulating the TGF[ response.
TGFB2 and gremlin are profibrotic in a feed forward loop. The TGFp response in TM cells
involves evasion of BMP inhibition by gremlin induction and also ECM crosslinking through the

LOX enzymes.
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Chapter |

INTRODUCTION

Primary Open Angle Glaucoma (POAG)

Glaucoma is a leading cause of blindness in the world and affleatgs 60-70 million people,
accounting for 1% of the world populatioh®. Glaucoma represents a group of optic
neuropathies that result in death of retinal ganglion celtirigao slow and progressive vision
loss . Primary open angle glaucoma (POAG) is the most prevalemt édrglaucoma in the
United States. The loss of vision in POAG is slow, painless and asymptomativatite of
intraocular pressure (IOP) is regarded as the most sigmifitsk factor for POAG. IOP is a
measurement of the fluid pressure inside the eye generatée lflpw of aqueous humor (AH)
in the anterior segment of the eye. The AH is secreted fhencitiary body, flows into the
anterior chamber and exits through the trabecular meshwork {fitd!)Schlemm’s canal and

episcleral veins. The flow of AH is regulated by the TM tissle

Trabecular Meshwork (TM)

The TM cells lie on the extracellular matrix (ECM) beatusd TM cells regulate their ECM
environment. Histologically, the TM can be divided into three distentrs. The outer uveal
and corneoscleral portions of the TM are highly fenestrated amdc@nposed of several
irregular layers of ECM covered by the TM cells. The tralm@cbéams become more flattened
and sheet-like in the deeper portions of this re§iofhe center or stroma of the beams exhibits

typical collagen fibrils, elastic fibers and microfibril stiederived materiaf. Between the



beams and sheets, the irregular intertrabecular spaces fbannats leading to the
juxtacanalicular (JCT) region, which lies adjacent to the emtiatHining of Schlemm's canal
(SC) ' The cells on the outer layers of the TM are actively phaigoagd are thought to act
primarily as pre-filters, removing cellular debris from the amysehumor prior to its passage
through the less porous inner JCT and SC regions. The JCT regionpesaairof an amorphous
ECM with a discontinuous scattering of several layers of Els @mbedded within the ECM.
Basement membrane proteins, type IV collagen, fibronectin and lamamic, basement

membrane proteoglycans have been identified in the JCT rédfoh

Extracellular Matrix (ECM) in the TM

A variety of ECM components have been identified within the TM. Mbshese are similar to
those found in other tissues, although a few unique isoforms have been identified asidiel. S
with electron microscopy and with general microscopic stainatifgeglycosaminoglycans
(GAGs), collagens, elastic fibrils, basement membrane and seweraspecific ECM
components®. Based on several staining techniques trabecular GAGs haveideesiiied
including hyaluronic acid, chondroitin and dermatan sulfates, keratinhaparin sulfates®.
Proteoglycans in the TM include decorin, biglycan, versican, perlecehsyndecan amongst
others™®. Several intrinsic basement membrane proteins, particularliila, type IV collagen
and perlecan, as well as integrin receptors are expressied autflow pathway and have been

localized to basement membranes of TM beam cells, SC inner wall cells Rioe IS,

One of the major TM ECM proteins is fibronectin (FN). It is foadindantly in TM beams, the
JCT region, the basement membranes of TM beam cells and then&Cwiall cells®®. T™

beams are also comprise of collagen | and Ill (COL1 and COL3)hwgrovide tensile strength



to the beamé&". Collagen IV (COL4) is present in the basement membrane awidi@scsupport
to JCT cells. Collagen V and VI are also present in both TM beatisICT region within the
collagen and elastin (ELN) rich regiof’s Non-fibrillar collagens are also associated with the
TM beams and the JCT are extremely rich in elastin (Elbi)l§ which are responsible for

elastic characteristics of this tissue. ELN is also present in the ctive M beamd® =

The TM actively regulates its ECM and the rate of the EGiMdver. Various proteinases and
their inhibitors are expressed in TM tissues and in culturedcéNs. These include matrix
metalloproteinases (MMPs), membrane type (MT) MMPs, ADAMsO&integrin-like And
Metalloproteinase), ADAMTSs (ADAM with ThromboSpondin type 1 motifslasminogen
activators (PA), tissue inhibitors of metalloproteinases (TIMPA)inhibitors (PAIs), and serine

proteinase inhibitors (serping)®

Extracellular Matrix Turnover in POAG: Role of Transforming Growth Factor Be ta 2

There are multiple reports that illustrate remodeling of EfdMhe glaucomatous TM. It is
believed that the high ECM remodeling in the TM results in incteassistance to the AH
outflow, which increases IOP and may lead to PGAS*> ECM deposition and remodeling are
the highlight of fibrotic diseases of the ECM-rich connectiveugs of the lung, heart and
kidney. ECM turnover is a highly regulated process that involves depositoss-linking, and
degradation of the various ECM componetitCellular growth factors including transforming
growth factor beta (TGF have been reported to regulate the ECM turnd¥&r There are three
known TGP isoforms: TGB1, TGH2 and TGB3. TGH2 is the most abundant TGksoform

in the eye, and elevated levels of TR2Fave been reported in the AH of glaucomatous patients

341 We and others have previously reported that fZ5E profibrotic in the TM and regulates



several stages of ECM turnover. TfgZFtreatment increases synthesis and depositionCof

proteins like fibronectirt (FN1), collager (COL), and elastin (ELN}* ***, TGH2 down
regulatesECM degradation by inducing plasminogen activatdribitor-1 (PAIL), a key player
in inhibiting MMP activation**%. More recently, TGPF2 has been reported to induce expres
of the ECM crossinking enzyme tissue transglutamin-2 (TGM2) ***° There is evidence fc
both Smad and noSmad signal transduction pathways in B regulation of ECM remodelin

in several breast, liver, colon, and lung canceemgsnormal cell line***°

Importartly, TGF32 elevates IOP in isolateperfusion cultured humaanterior eye segmen®®.
Interesingly, the eyes with elevated IOP were positivetyrelated to increased ECM prote
like FN1 and PAIT*’. Adenoviral overexpreion of TGF2 has also been reported elevate

IOP in mice and ratsThe role of TGB2 is summarized in Figure

TGFR2

v

Increased ECM deposition

M

Impedance of Aqueous Humor Outflow in TM

Increased IOP

Primary Open Angle Glaucoma

Figure 1: Elevated TGB2 induces ECM protein deposition in TM resultingeievated I10F



TGEB Signaling Pathways

In most cell types, TGF isoforms utilize the canonical Smad signaling pathway. However,
under specific pathological conditions in some cells, these cytokisesutilize non-canonical
signaling pathways including c-Jun N-terminal Kinase 1/2 (JNK1éX}racellular signal-

regulated kinases (ERK) and P38 mitogen-activated protein kinase (MARKRJFi

TG ligands bind directly to TG¥Ftype |l receptors (TGFBR2) on target cells, which leads to
the recruitment of TGF type | receptors (TGFBR1). TGFBR2 then trans-phosphorylates
TGFBR1, enabling the TGFBR1 kinase domain to act on cytoplasmieimsoand thereby
propel downstream signaling actions. Receptor regulated (R-) S{8ausl2 and Smad3) are
direct targets of the ligand-receptor complex and substratese of GFBR1. Once activated,
TGFBR1 phosphorylates R-Smads which form trimeric complexes imgotwo R-Smads and
one common (Co-) Smad, Smad4. Once formed in the cytoplasm, thessictrSmad
complexes relocate to the nucleus in order to regulate transorifjpm a wide variety of

promoters®>3

TGRFB induction of gene expression often requires the transcriptionalteofa®00; the TGB-
mediated phosphorylation of Smad3 elevates the association between&mg3®0. Smad?2 is
not believed to bind DNA directly, but rather requires a nuclear Dkaing protein of the Fast
family (Fast-1) to bind DNA, in association with Smad4, and activate tiptisorin response to
TGFp. In fibroblasts obtained from adufimad3~ and Smad3* mice, TGB1 was unable to
induce transcription irSmad3~ fibroblasts. Mice homozygous for a deletion in Smad2 die

during embryogenesis, whereas mice homozygous for a deletion of Sread8kde and fertile

54



In non-Smad signaling pathways TG known to activate P38 MAPK, ERK and/or JNK-c-
JUN pathways. There are three different mechanisms by whete tnon-Smad pathways
transmit their signals. First, the activated receptor direptigsphorylates these non-Smad
kinases and initiates parallel signaling pathways. Additionalbn-Smad signaling proteins
directly phosphorylate Smad proteins and modify the Smad activigo, Adctivated Smads
directly interact with one or more of the MAPKs modulating tlaetivity, thus transducing their

signals to non-Smad pathway’s

Emerging evidence also indicates that to regulate the expreefidarget genes, Smads
cooperate with other transcription factors implicated in fGdtgnaling. One of those
transcription factors is AP-1, a heterodimer of c-Fos and c-Juilyfanembers that binds
specific sequences in target promoters. Stimulation of AP-1-depeth@@stription can be
achieved by phosphorylation of the c-Jun transactivation domain JNiréoen of the MAPK
family. SMAD- and AP-1-binding elements are juxtaposed in thefF@Bponsive regions of
PAI-1 promoter and both have been positively implicated in PAI-1 inoludly TGFf °°.
Furthermore, a direct, T@FHnducible interaction between Smad3 and c-Jun has also been

described”.

Interestingly, TGB2 has been shown to phosphorylate and activate canonical Smad2/3 and the

non-Smad pathways JNK1/2, ERK and P38 MAPK in the*¥f>°



TGFP Ligands
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Figure 2: TGH3 signaling mechanism in TM and other cell types

Bone Morphogenetic Proteins

Bone morphogenetic proteins (BMPs) were originally identifisdsteoinductive cytokines that
promote bone and cartilage formation but are now known to control muitip&tions in a
variety of cells °®>. Knockout studies in mice indicate that BMP4 is essential arly e
morphogenesis of the eyé A heterozygous deficiency of BMP4 results in anterior segment
dysgenesis of the eye and elevated ®fPrevious work from our laboratory demonstrated that
TM cells and tissues express BMPs, BMP receptors and BMganists™®. The exact role of
BMPs in human TM cells in unknown. However, several reports indicat®MBs function as
anti-fibrotic agents®*®* Some of the anti-fibrotic effects BMPs are mediated pilynaia

inhibiting the pro-fibrotic actions of TGR ®. BMPs have been shown to antagonize FGF



signaling in fibrotic diseases in the kidney, lungs and IR%&f BMP4 and BMP7 inhibit
TGFp2-stimulated ECM synthesis and deposition in the cultured human T81*¢&> These
data suggest a functional role of BMPs in cultured human TM.ddbbwever, whether BMPs

modulate TGB2 elevation of IOP is thus far not known.
Gremlin

Several secreted BMP antagonists have been identified includiggim chordin, follistatin,
Dan, cerebus, caronte and gremlin. Gremlin is a highly conserved 184 aod protein (20.7
kDa). The human gremlin gene (GREM1) has been mapped to chromosome 15g13—-q15. Gremlin
exists in both secreted and cell-associated (e.g. membray@assd) forms. Gremlin inhibits
BMP signaling via binding to and forming heterodimers with BRJlBBMP-4, and BMP-7. The
binding of gremlin to BMPs prevents BMP ligand-receptor interacton subsequent
downstream signaling. In tissues a delicate balance exisigedoie BMP activity and its
inhibition through spatial and temporal expression of specific BMREstlae BMP inhibitors.
BMP antagonists such as gremlin, play an important role in magglenultiple cell functions
both during early development and in adult tissues. Gremlin inhibiti@Méfs is important for
the development of limb and retina. Gremlin knockout mice are negnkatihl as they lack
kidneys and have lung defects. In adults, gremlin is responsiblegidatieg cell proliferation

and stem cell differentiatiof.

In addition to the ability of gremlin to directly bind and inhibit BMEtion, gremlin may exert
direct effects on cell function via BMP-independent mechanisms.dboug gremlin may bind
to and act directly on endothelial cells to modulate angiogenesigding endothelial cell

migration. Recently, it was also reported that gremlin carsiplly interact with VEGF



receptor 2 to activate VEGF signalify Thus a receptor-mediated mechanism of action may
exist for gremlin. Gremlin interacts with Slit proteins armtisaas a direct negative regulator of

monocyte chemotaxis.

The involvement of gremlin in various diseases has primarily cehterdibrotic changes in the
kidney, lung, liver, and osteoarthritis. The most widely studiedtitdisease is kidney fibrosis
where neutralization of BMP7 via gremlin increased the exmmessf FN and COL3. In
addition, both gremlin and connective tissue growth factor (CTGF) aeguilpted by TGFL in
kidneys of diabetic animals. With respect to the pathophysiology o&iodideases there are
reports that elevated glucose, mechanical strain, and3d Gimulate gremlin expression in
retinal pericytes’?>. Thus the involvement of gremlin in ocular diseases such as diabetic
retinopathy (e.g. high glucose levels) and glaucoma (egateld TGB2 in aqueous humor, TM

and the optic nerve head and mechanical strain) is of great irfferest

We have reported that BMP4 selectively counteracts the actiorG&ZI on ECM-related
proteins in cultured human TM celf§. Thus, it appears that BMP4 may play a role in
maintaining the normal function of the TM by modifying the fibeactions of TGB2. Gremlin
inhibits BMP4 activity in cultured TM cells and increases outfl@sgistance in a perfusion
cultured human eye anterior segment model. Significantly, we noteddtiagremlin mRNA
and protein are increased in glaucomatous human TM cell fingge have suggested that, in
POAG, elevated gremlin expression by TM cells inhibits BMP4 antagoniSiGB$2 leading to
increased ECM deposition and elevated IOP. However, whetherigralmhe can induce pro-
fibrotic changes in the TM cells is not very well establisi#ddo, the molecular mechanism of
gremlin upregulation of ECM proteins is also not clear. The folgwshapters address these

guestions.



Lysyl Oxidase (LOX) and LOX Like (LOXL) Genes

The ECM environment of the TM and other connective tissues isdygrgmic and involves
constant ECM turnover. The ECM turnover and remodeling is highly reguktd involves
active deposition, crosslinking and degradation of the ECM components. E&gliking
involves enzyme-mediated inter-chain or intra-chain covalent bond formbetween ECM
molecules (collagen, elastin, fibronectin), thereby making them resistant to degradatidf

" Lysyl oxidase (LOX) and lysyl oxidase like 1-4 (LOXL1-4) aefamily of elastin and
collagen crosslinking enzymes. As the name suggests these snegwatently link the lysine
residues in elastin and collagen fib&tsThe crosslinking activity of these genes resides within
their C-termini which are 100% conserved amongst the five LOXsgdriee N-terminus regions
between the various LOX genes are not fully conserved, which may conddicspetivities that

are yet to be determined.

The role of LOX in the fibrosis of heart and liver has been knfmwa long time. These fibrotic
diseases are associated with extensive remodeling of edastinollagen fibers. It is likely that
these enzymes also play a crucial role in other fibrotic seseauch as glaucoma. Elastin,
fibrillins, and collagen are substrates for the LOX enzymes, inackased levels of these
molecules in glaucoma TM tissues may be due to decreased tumfotleese cross-linked
molecules. A recent report used atomic force microscopy wastoshow that TM tissues from
glaucoma eyes are significantly stiffer than the TM from-glamicoma eye&’. Greater cross-
linking of the TM ECM could lead to greater tissue stiffness. @ymession of both TGHRand
TGHB32 has been shown to increase ECM crosslinking. Other ECM aikasglienzymes like
transglutaminase 2 (TGM2) have been previously reported as downdizegets of TGE

ligands in both connective tissues and the TNF. TG induction of the 2 major classes of

10



ECM cross-linking enzymes, LOXs and TGM2, may be involved in enhanCétl deposition
and greater TM stiffness, which ultimately may be responsibtettie increased outflow

resistance and elevated IOP in POAG.

There is a confirmed genetic association of LOXL1 with exfolfatglaucoma® . Allele
frequency differences in LOXL1 SNPs significantly increttserisk for developing exfoliation
glaucoma. Interestingly, TBE has been reported to be elevated in the agueous humor of
patients with exfoliation syndrome and exfoliation glaucdfmand we have shown that TEF
enhances LOXL1 expression in the TM. Exfoliation syndrome and exdoligiaucoma are
associated with increased levels of exfoliation material iratiterior segment and elsewhere in
the body®®. This exfoliation material comprises a variety of ECM proteinsluding elastic
fibrillins, among others. It is possible that the LOXL1 proteirerfoliation glaucoma patients
has altered cross-linking activity, which may cause the foomaind deposition of exfoliation

material in the anterior segment leading to compromised aqueous outflow arecel®rR

LOX and LOXL1 enzymes are over-expressed in several typeissfe fibrosis” 84

Therefore, understanding the roles of LOX and LOXL enzymesseades like glaucoma may

have broader implications for other serious fibrotic diseases.

11



SPECIFIC AIMS:

Glaucoma is the leading cause of irreversible vision loss and blindnessngfegmbut 60 million
people worldwide"®. Among the multiple risk factors that have been identified, eled&Bds
considered as the primary causative risk factor for developmergragcession of the disease.
Increased IOP is considered to be the result of decreased oufflagqueous humor (AH)
through the TM> 8% Elevated IOP damages the retinal ganglion cell axonstirestih
eventual vision loss. Eight independent studies have reported elevatedTI&BR in the AH

of primary open angle glaucoma patients. We have previously repieteated levels of BMP
antagonist gremlin in glaucomatous TM cells and tissues. Botid @kd gremlin increase IOP
in isolated perfusion cultured human anterior eye segniénts Increased TGFand Gremlin
are classically associated with fibrotic diseases ofiuthg, liver and kidney and are associated
with heavy ECM remodelind®®® Previous studies have identified ECM remodeling in the
glaucomatous TM as well as in T@Ftreated human eye culturés®®3! QOur laboratory has
previously demonstrated that gremlin blocks BMP4 inhibition of fZfediated ECM

remodeling in cultured TM celf€*®

Lysyl oxidase (LOX) and LOX-like (LOXL) 1-4 is a familyf collagen and elastin-crosslinking
enzymes associated with fibrosis of the heart, lung and kithh&y*® Interestingly, TGB1 has
been reported to induce LOX overexpression in some fibrotic pathogeties?*® The
expression of LOXs and the role of T regulation of LOXs have not been reported

previously in TM.

Both TGH2 and gremlin have profibrotic effects on the TM. However, the rolesamdling

mechanisms employed by gremlin to upregulate the ECM g&egrateins in the TM cells are

12



not very clear. Also, to the best of our knowled@&FH32 induction of LOXs and the signalit

pathways emplogd by TGIB2 to regulate LOXs ha' not been studied in great det

We hypothesize that TGFp2 and Gremlin employ both Smad dependent and independent
signaling pathways to induce several ECM changes in the TM. The ECM changes include

induction of ECM-related proteins like FN1, COL1, PAI1 and ELN aswell asthe LOX family

of cross-linking enzymes (Fig. 3-4).

PR
i SUTIIOW qllu

et A A

A A
CDIDLGI it LU A

) :lJ

invintaA IMND

TICVALTU i

(|

. A

TGF3 Receptor i 1
7@%5%%&5 A R N N N RN BN T 5305 2030 TR LR
7)) ))}} )) )))) )))) )))) )) )))) >))> )))) >) )))) ))))T)}}J@LSJ L; J J@

Non canonical

/

Smad4 /
LOX proteins
Smad2 Smad3
D D \\ J
e

LOX gene expression

Figure 3: Hypothesis



G ted
) A

Cytopiasm

) 7J
FN COQL-1 PAlI-1 EN mRNA oene induction 4
FN,COL-1, PAlL-1, EN mMRNA gene Induction P

e —

Figure 4: Hypothesis

We propose to determirteCM crosslinking effec of LOXs in cultured human TM cells. W
propose to determine the role of TjgZFsignaling in LOXs induction. We also aim to stutig
TGHB2 signaling mechanisms employed by gremlin to ugetg ECM proteins in the TM cell

To address these goals the fallng specific aims have been design

To determine the signaling mechanism(s) of TGF #-mediated induction of L OXs

Confluent TM cells will cultured and treated withn§/ml of TGPB1-3 for 12 and 48 hours f
isolating total RNA and cellular proteins. ThdNA will be subjected to reverse transcripti
(RT) followed by quantitative re-time PCR (qRTPCR) and proteins will be subjected
western immunoblotting for analyzing LOX genes amndteins. We will also analyze TBE-3

concentration- and timdependet induction of LOXs mRNA and proteins. We will fogr
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inhibit Smad2-3, JNK and AP-1 signaling by small molecule inhibiamig sSiRNA to determine
their role in TGP induction of LOXs. Lastly, we will also analyze the alastross-linking

activity of LOX proteins in TM cells.

. Todeterminetherole of Gremlin in inducing ECM proteins

Confluent TM cells will cultured and treated withufj/ml of recombinant gremlin for 24 hours
for isolating total RNA and cellular proteins. The RNA will bébgected to RT followed by
gRT-PCR and cellular proteins will be subjected to western immuriolgildor analyzing ECM
proteins like FN, COL1, ELN and PAIl. We will also determinengie concentration- and
time-dependent induction of ECM genes mRNA and proteins. We will furthéit TGFBR1,
TGH32, Smad2-3-4, and CTGF signaling by small molecule inhibitors amslRNA to

determine their role in gremlin induction of LOXs.

Significance This will be the first study focusing on the significance T&H32/Gremlin
signaling pathways in regulating several aspects of E@Nt@ament in TM cells. This will also
be the first study aimed at understanding the role and regutdtiodXs in the TM. This study
will be useful in understanding the specific T82FKsremlin mechanisms involved in glaucoma

development that can be targeted therapeutically.
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Abstract

Purpose The profibrotic cytokine TGFis associated with glaucoma and plays an important
role in the regulation of extracellular matrix metabolism in the trabemaahwork (TM). The
purpose of this study is to determine whether expression of the ECM cross-lidkhgdnes is

regulated by TGFin the TM cells.

Methods: Expression of the 5 LOX genes (LOX, LOXL1, LOXL2, LOXL3, and LOXL4) was
examined in cultured human TM cells using RT-PCR, quantitative RT-PCR, andrnwester
immunoblotting. TM cells were treated with recombinant BGB to determine the effects on
LOX and LOXL1-4 expression. TM cells were pretreated with TGFBR inhib({tioY364947,
SB431542), inhibitors of the canonical Smad signaling pathway (SIS3 or Smad2/3/4 5iBNAsS
inhibitors of the nonSmad signaling pathways (SP600125, SR11302) to identify the signaling
pathway(s) involved in TGFinduction of LOX and LOXL gene and protein expression. A
novel LOX activity assay was used to determine the effects of LOX inhibBNBon

tropoelastin crosslinking.

Results All five LOX genes (LOX, LOXL1-4) are expressed in cultured human ENs@and
are induced by all three isoforms of TH his TGP induction of LOX and LOXL expression
was blocked by TGFR inhibitors as well as by inhibitors of the canonical Smadig(sirg

and nonSmad JNK/AP-1 signaling pathways (p<0.05).

Conclusions Both Smad and nonSmad signaling pathways are involved ift LTOK
induction, suggesting complex regulation of these important extracellulax rass-linking
enzymes. Increased LOX activity may be at least partialporesble for TGB-mediated IOP

elevation and increased aqueous humor outflow resistance.
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Introduction

Glaucoma is a leading cause of irreversible visual impairment and blindrtegsworld, with
primary open-angle glaucoma (POAG) the major form of glaucomilevated intraocular
pressure (IOP) is a major risk factor for the development and progressiencdma®*, and

this ocular hypertension is due to increased aqueous humor outflow resistancesipeibiddr
meshwork (TM) and is associated with increased deposition of extracelhitiax (ECM)

material within the TM. The profibrotic cytokine TGE has been implicated in the pathogenesis
of POAG®. Aqueous humor levels of TGE are elevated in the aqueous hufifband TM
(Tovar-Vidalez T et al. submitted for publication) of POAG patients. TM cepisess TGB
receptors, and TGR has direct effects on the TMTGFB2 has been shown to increase aqueous
outflow resistance and elevate IOP in perfusion cultured human and bovin8€yas well as

in rodent eyed®. TGRB 1 is elevated in the aqueous humor of exfoliation glaucoma patfents
suggesting that this T@Hsoform may be associated with the accumulation of exfoliation

material, including ECM proteins, in the anterior segments of patients witkytisome.

TGFB2 regulates ECM metabolism in TM cells and tissues. This cytokine incregzed®sn

of a variety of ECM proteins, including fibronectin, collagen, elastin, and protsotdyas well

as increased levels of PAI-1 and TIMP-1, inhibitors that suppress proteolyticldggneaof the
ECM . In addition, TGB2 increased expression of the ECM cross-linking enzyme
transglutaminase-2 (TGM2) in TM ceff$ The combination of increased ECM synthesis,
increased crosslinking, and decreased degradation would cause increased E@idrdeptise
TM, which may be responsible for the TEFmediated increased resistance to aqueous humor
outflow. Similar changes occur in the TM of POAG patients, with increased levaébsarfectin

7 collagen'®, PAI-1'°, and TGM2%°.
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In addition to TGM2, there is a second important class of ECM cross-linking enzyinedysyl
oxidase (LOX) family contains 5 genes (LOX and LOXL1-4) encodingraesythat covalently
cross-link elastin and collagens via generation of aldehydes on lysine résitfu@sis cross-
linking reaction provides additional mechanical strength to the ECM and also mak&3\he
more resistant to degradation. LOX enzymes play a role in a variety ofdibiistase$™ >
Single nucleotide polymorphisms (SNPs) in LOXL1 are associated withisagntly increased
risk for developing exfoliation glaucom&?’ further suggesting potential roles for LOXs in
glaucoma pathogenesis. The purpose of the present study was to determinethi) thbd. OX
and LOXL genes and proteins are expressed in human TM cells, (2) wheffgmbGces LOX

gene expression and activity in the TM, and (3) which I &gnaling pathway(s) regulate LOX

expression in the TM.
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Methods
TM Cell Culture

Human TM cells were isolated from carefully dissected huhiMrissue explants derived from
patients with glaucoma or from normal donors and characterizede@isyslydescribed. All
donor tissues were obtained from regional eye banks and managed actotdenguidelines in
the Declaration dflelsinki for research involving human tissue. Isolated TM cellg\wgeown in
Dulbecco’smodified Eagle’s medium (DMEM,; Invitrogen-Gibco, Grasthnd, NY) containing
L-glutamine (0.292 mg/mL; Gibco BRL Life  Technologies), penicilli
(200units/ml)/streptomycin (0.1 mg/mL; Gibco BRL Life Technologies)d 10% fetal bovine

serum (Gibco BRL Life Technologies).
TM Cell Treatments

TM cells were grown to 100% confluency and then substituted to ske@mmedium for 24
hours prior to treatments to avoid effects of serum proteins otmeats. TM cells were
incubated with fresh medium containing specific signaling inhibitorsl-12 hrs. prior to the
addition of varying concentrations of recombinant human pFGF2 or 3 proteins (R&D
System, Minneapolis, MN). Small molecule inhibitors LY36494(M5 Cat. No. 2718, Tocris
biosciences, Ellisville, MO) and SB431542.(6, Prod. No. S4317, Sigma-Aldrich, St. Louis,
MO) were used to examine the effects of inhibition of PBGReceptor-1/2. Smad-3
phosphorylation inhibitor SIS3 (1, Prod. No. S0447, Sigma-Aldrich, St. Louis, MO), JNK
inhibitor SP600125 (1M, Prod. No. S5567, Sigma-Aldrich, St. Louis, MO), and AP-1 inhibitor
SR11302 (hM, Cat. No. 2476, Tocris biosciences, Ellisville, MO) were usekémine effects

of inhibition on canonical Smad, JNK, and AP-1 signaling. Varying coratgors of the LOX
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inhibitor B-aminopropionitrile (BAPN) (Prod. No. A3134, Sigma-Aldrich, St. Louis, )M@re

used for the LOX activity assay.
Small Interfering RNA and Transfection

SMARTpool siRNAs for Smad2, Smad3, Smad4, TGFBR1 and non-targetinglcsiRNAS
were purchased from Dharmacon (Lafayette, CO). TransfectioiRdfAswas performed as
described previous8?2° Three TM cell strains were grown in 12-well plates containing DMEM
with 10% FBS. In one tube, 4L of DharmaFECT 1 Transfection Reagent (T-2001-01;
Dharmacon, CO) was mixed gently with 2@ of Opti-MEM medium (Invitrogen) and
incubated for 5 min at room temperature. In separate tubes, variotentations of siRNA
were mixed gently with 20QL of Opti-MEM medium. These two tubes were combined, gently
mixed, and incubated for 20 min at room temperature. After incubatiehi;ND without FBS
and antibiotics was added to obtain a final volume of 2 mL for eath(Xd nM of test sSiRNA
and 10 nM of control siRNA). Cells were washed with sterile RB& incubated with sSiRNA
transfection solution for 24 h at 37°C. Cells were washed withesteBIS and incubated with
10% FBS containing DMEM for 24 h at 37°C. Cells were then washédseium-free DMEM
medium for 24 hours and treated with Tg2Fin serum-free DMEM medium for 48 h. Cell

lysates were analyzed for various proteins by the western immunoblotéhbg (T).
RNA isolation, RT-PCR and agarose gel electrophoresis

Total cellular RNA was prepared from cultured TM cells usiRj Reagent RT extraction (Cat.
# RL-311, MRC Inc., Cincinnati, OH), and the SuperScript VILO cD8ynthesis kit (Cat. #
11754, Invitrogen) was used for first strand cDNA synthesis wijth af total RNA. Primers for

the various LOX proteins were designed using Primer3 software
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(http://frodo.wi.mit.edu/primer3/ The primer pairs, expected product sizes, and annealing

temperatures are listed in Table 2. The PCR products were laadeglectrophoresis performed

on a 1.5% agarose gel.
Quantitative Real Time PCR

Real-time PCR was performed as described previolsBriefly, 2.5 uL (approx. 200 ng) of
cDNA was used in a reaction consisting of 1.5 units per reactiontibbdy-bound Taq enzyme
(Jump Start; Sigma-Aldrich, St. Louis, MO), 10x PCR buffer, 1.5 miCl} 200 nM dNTP
mix, 100 nM respective primers, 2.5 pL green nucleic acid dyeGien; Biotium, Hayward,
CA), as well as 30 nM passive reference dye (Rox; USB, GleselOH) per 50-pL reaction.
PCR was performed on a real-time thermal cycler (model Mx30B0atagene, La Jolla, CA),
with cycling parameters of initial denaturation at 95°C; 40 syole95°C 30 seconds, 60°C 30
seconds, and 72°C 60 seconds, and a denaturation cycle for creationssb@ation curves.
Reactions for each sample and gene of interest were run in duptigelee thresholds (Ct) were
normalized to beta-actin expression as a housekeeping gene, andatmampiantitation was
performed using MxPro ver. 4.0 software (Stratagene). Only individG& Bamples with

single-peak dissociation curves were selected for data analysis.
Protein Extraction and Western Immunoblot Analysis

Total cellular protein was extracted from the TM cells usimgmmalian protein extraction
buffer (MPER, Cat # 78501; Pierce Biotech, Rockford, IL) containing gseténhibitor (Cat. #
78415, Pierce Biotech) and phosphatase inhibitor (Cat. # 78420, Pierce Bictegtgils.
Protein concentration was determined using the Bio-Rad Dc prassay system (Cat. # 500-

0111, Bio-Rad Laboratories, Richmond, CA). The cellular proteins segyarated on denaturing
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polyacrylamide gels and then transferred to PVDF membranedebyrophoresis. Blots were
blocked with 5% Fat-free Dry Milk in tris-buffered saline tweasuffer (TBST) for 1 h and then
incubated overnight with primary antibodies (Table 1). The membrageswashed with TBST
and processed with corresponding horseradish peroxidase-conjugatetlasg antibodies
(Table 2). The proteins were then visualized in a Fluor ChemTM B88@er (Alpha Innotech,
San Leandro, CA) using ECL detection reagent SuperSignal West Martmum Sensitivity

Substrate (Cat. # 34096, Pierce Biotechnology). To ensure equal poaeingl, the same blot

was subsequently developed feactin and GAPDH expression.

Statistical Analysis

For comparing results between two groups Student’s t test wiasnped. For comparison of
results between more than two groups One-Way ANOVA was embldyata reported are

mean + standard deviation.
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Results

Expression of LOX family members in TM cells

The expression of all five members of the LOX gene familthe TM has not been previously
studied. Therefore, we determined whether LOX and LOXL mRNA andipsosee expressed
in the cultured human TM cells. Utilizing RT-PCR, we profiled ti3NA samples obtained
from eleven TM cell strains (Fig. 1A), and the protein expressias studied in six TM cell
strains (Fig. 1B). LOX and LOXL1-4 mRNA (Fig. 1A) and LOX, LQX?2,4 proteins were
expressed in multiple TM cell strains, although there appearbe differences in their basal
LOX protein expression among the TM cell strains. We could nodyst OXL3 protein

expression due to the lack of a commercially available antibody.

TGFp1-3 induce LOXs in TM cells

TM cells were treated with TBE-3 (5 ng/ml) for 12 hours followed by RNA extraction and
gRT-PCR. Each TGF isoform significantly induced LOX and LOXL1-4 mRNA (n=3,
p<0.05)(Fig. 2A). We also treated six TM cell strains with BGB (5 ng/ml of) for 48 hours,
and western immunoblotting of TM cell lysates was used to shedgffects on LOX and LOXL
protein expression. T@GHR-3 induced LOX, LOXL1, LOXL2 and LOXL4 protein expression in
all the TM cell strains tested. The blot represents data gederatwo of the six cell strains

employed for the experiment (Fig. 2B).
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TGFp1-3 induce LOXs in a concentration- and time-dependent fashion

TM cell strains (n=3) were treated with increasing concaatra of TGHB1-3 (0-10 ng/ml) for
48 hours. The mRNA and protein expression of LOX and LOXLs werendieied using gRT-
PCR and western immunoblotting respectively. BGIFigs. 3A-B), TGB2 (Figs 3C-D), and
TGHB3 (Figs. 3E-F) each induced LOX and LOXL1-4 mRNA and LOX, LOXRl,and 4
protein expression in a concentration-dependent manner. The maximuniomdoctmRNA
appeared to be around 10 ng/ml while the maximum induction of proteinsewasat around 1
ng/ml. TM cells were treated with TGE-3 for 6, 12 and 48 hours to examine whether FGF
induces LOXs mRNA in a time-dependent manner. The greatest miRN&tion of LOXs was
observed at 12 hours (p<0.05), and by 48 hours there was little or mbicsthtlifference
between untreated and T@&F3 treated groups (Figs. 4A, C, E). Similarly, TM cell isisgn=2)
were treated with TGRL-3 (5 ng/ml) for 6, 12, 24, 48 and 72 hours to evaluate effects on LOX
and LOXL protein expression. T@Higands induced LOX AND LOXL proteins as early as 24
hours and maintained the induction up to 72 hours (Fig. 4B, D, F). Ther&i induction of

LOX and LOXL gene and protein expression was both time and dose dependent.
TGFp signaling in LOX and LOXL induction

We employed various small molecule inhibitors to determine thEBTgignaling pathway(s)
involved in LOX and LOXL induction. SB431542 is a widely used selectivé-BRaL and
TGFBR2 receptor inhibitof*. LY364947 is a relatively selective inhibitor for the TGFBR2
receptor’’. We treated TM cell strains (n=3) with recombinant B&B (5 ng/ml) for 12 hours
with or without one hour pre-treatment withyM SB431542 or LY364947. Total RNA was

isolated for qRT-PCR analysis. Each TgGisoform elevated LOX and LOXL1-4 expression
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compared to untreated or inhibitor only-treated samples (p<0.0lyed&raent with either of the
two inhibitors, LY364947 (Fig. 5A) or SB431542 (Fig. 5C) blocked the [-@fdiated

induction in all the cell strains (p<0.05).

We also treated three TM cell strains (n=4) with or withoGHF1-3 (5 ng/ml) for 48 hours,
with or without a one hour pre-treatment with 5 uM SB431542 or LY364947. Thé dnd
LOXL proteins were analyzed using western immunoblotting. {3 each elevated LOX and
LOXL1, 3, 4 compared to untreated or vehicle-treated sampleh &athe two inhibitors,
LY364947 (Fig. 5B) or SB431542 (Fig. 5D), inhibited the P3fediated induction. Treatment
with the inhibitors alone did not have any effect on the LOX and L@Xpression (data not

shown).

In addition to these TGFBR1/2 inhibitors, we also used siRNA-media@€B receptor 1
(TGFBR1) knockdown to confirm the role of T@Heceptor signaling in LOX and LOXL
induction. TGPB2-treated TM cells were untransfected or transfected with a non-teyGeRNA
control, or TGFBR1 siRNA. As previously shown, TZinduced LOX and LOXL protein
expression. Control siRNAs did not affect endogenous TGFBR1 levels dndodiaffect
TGHB32-induction of LOX and LOXL expression. Consistent with the data witallsmolecule
TGFBR1 or TGFBR2 inhibition, TGFBR1 knockdown inhibited T82Fnduction of LOX and
LOXL proteins (Fig. 5E). These results strongly support f @&€eptor-dependent regulation of

LOX and LOXL protein expression.

TGFp induces LOX and LOXLs utilizing both Smad and JNK signaling pathways
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The profibrotic cytokine TGF has been shown to activate both canonical Smad and non-
canonical signaling pathways, including the mitogen-activateeiprétnase (MAPK) pathway

in various cells and tissue§®. TGFB signaling is complex because these different signal
transduction pathways can interact with each oth& We wanted to determine which of these

TGF(! signaling mechanism(s) are involved in LOX and LOXL induction in TM cells.

TGFB2 activates canonical Smad and MAPK signaling in the TM &&lBhree primary TM cell
strains were treated with TGE-3 (5 ng/ml) for 15, 30, 60, 120 and 240 minutes, and total and
phosphorylated Smad2, Smad3, and JNK1/2 proteins were evaluated by nwester
immunoblotting. All three TGF ligands phosphorylated both Smad2 (Fig. 6A), Smad3 (Fig.
6B), and JNK1/2 (Fig. 6C) proteins during this time course. There werchanges in total

Smad2, Smad3, or INK1/2 levels.

Phosphorylated Smads 2 and 3 form a complex with co-Smad4 to regatesteription of their
target genes. To determine if the Smad2/3 complex transcriptiorgjlyates the LOXs, we
employed a selective small molecule inhibitor of Smad3, SIS3. Thkkecell strains were
treated with SIS3 (1QIM) six hours prior to treating with recombinant human PGB for 12 or

48 hours to study mRNA and protein expression of LOXs, respectivetyeated cells, DMSO-
treated cells, and SIS3 alone treated cells were the negatiwls. TGB-induction of LOX

and LOXL mRNA and protein expression were inhibited by SIS3 ptatesd (p<0.01) (Figs.

7A & 7B). Therefore, TGE mediated Smad2/3 signaling in TM cells induced all members of the

LOX gene family.

To confirm the role of Smad signaling in regulation of LOX expogssve employed siRNA-

mediated knockdown of Smad2, Smad3, and Smad4. Non-targeting SiRNA servécd
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negative control. Cells transfected with Smad2 (Fig. 7C), Smad37{B)), or Smad4 (Fig. 7E)
siRNAs were subsequently treated with or without F&FRUntransfected and untreated cells
served as negative controls, while untransfected cells tredted @32 served as the positive
control. TGPB2 induced expression of LOX and LOXL proteins. Control siRNAs neither
affected TGB2-induction of LOXs nor did they affect the endogenous Smad2/3/4 levels. A
expected, knockdown of Smads 2, 3, or 4 inhibited AZ5Rduction of the LOX and LOXL

proteins.

In addition to activating Smad signaling, TEIso activated the non-Smad JNK1/2 signaling
pathway (Fig. 6C). We used the selective JNK inhibitor SP600124 eéamdae whether TG
activated JNK signaling regulates LOX and LOXL induction. Thiéé cell strains were
pretreated for 6 hours with SP600125 (1) prior to incubation with or without recombinant
human TGB1-3 (5 ng/ml) for 12 and 48 hours, to study LOX and LOXL mRNA and protein
expression, respectively. Untreated cells, DMSO-treated, cafld SP600125-only treated
samples served as negative controls. SP600125 pretreatment inhibEgdn@Gction of LOX
and LOXL mRNA (p<0.05) (Fig. 8A) and protein (Fig. 8B) expression M cells. SP600125
alone did not alter endogenous LOX or LOXL mRNA (Fig. 8A) or @rotdata not shown)
expression. Taken together, these data strongly suggest that bothaBchalNK signaling

regulate LOXs in TM cells.

AP-1 regulates TGH-induction of LOXs

33



The transcription factor AP-1 is comprised of two units, c-Fos ahghc-The Jun subunit is
phosphorylated by active JNK1/2, which subsequently activates tyatimcrof AP-1 target
genes®. However, AP-1 also acts as a co-transcription factor of gftyee regulators like the
Smad2/3/4 comple¥. Our data strongly indicate that both Smad (Fig. 7) and JNKdrlsig
(Fig. 8) regulate LOX and LOXL expression, so we wanted terdene the role of AP-1 as the
transcriptional regulator of the LOXs. We treated TM cellins (n=3) with SR11302 (1), a
small molecule AP-1 inhibitof*, for twelve hours prior to treatment for 12 or 48 hours with
5ng/ml of TGB1-3. The 12 hour TGFtreatment group was analyzed for effects on mRNA and
the 48 hour treatment group for effects on LOX and LOXL proteinesgoon. Pretreatment with
the AP-1 inhibitor significantly reduced the T@IF3-induction of LOXs and LOXL mRNA
(p<0.01) (Fig. 9A) and protein (Fig. 9B) expression. These data indiwteegulation of LOX
genes by TGF involves both canonical and non-canonical signaling pathways, which may

interact by sharing common transcription factors like AP-1.

TGFp regulates LOX enzymatic activity in the cultured TM cells

Finally, we wanted to determine whether Tg3#€gulates the enzymatic activity of LOXs in TM
cells. Since LOXs catalyze elastin and collagen cross-linkivey wanted to determine the
potential role of LOXs in TGF cross-linking of elastin in the TM cells. We utilized the
irreversible LOX inhibitor B-aminopropionitrile (BAPN), to block elastin cross-linkiffg> TM
cells were treated for 48 hours with increasing concentratio®ABN, and cell lysates were
analyzed by western immunoblotting for tropoelasin, the soluble rumslorked form of elastin.

BAPN should decrease the crosslinking of elastin leading to higivetsl| of the substrate,
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tropoelastin. Indeed, we observed that increasing concentrations & BikRated tropoelastin

levels in the TM cells (Fig. 10A) (n=3).

We next examined the role of T@kduced LOXs in regulating elastin crosslinking. TM cells
were treated with increasing concentrations of f&For 48 hours, and levels of tropoelastin
were determined by western immunoblotting. Increasing PRGEoncentrations increased
tropoelastin in the TM cells (Fig. 10B). We followed these stubiesreating TM cells with
increasing concentrations of T@F along with BAPN (1 mM) for 48 hours. Cells treated with
TGH32 and BAPN showed greater tropoelastin levels, even at lowepd Gdnhcentrations (Fig.
10C). We observed similar results with T@Fand TGB3 treatment (data not shown). In
addition to inducing LOX and LOXL expression, TgZalso increased tropoelastin expression.
Since BAPN is an irreversible inhibitor of LOX, it blocks the X@nzymatic activity, and
appears to result in higher levels of the LOX substrate tropoeldsith in the absence and

presence of TGR2.

We also used the reverse strategy, treating TM cells avéingle concentration of TGE (5

ng/ml) along with increasing concentrations of BAPN. P@&Felevated tropoelastin levels.
However, cells co-treated with varying BAPN concentrations éuartincreased tropoelastin
levels (Fig. 10D). The effect of BAPN appeared to be concentrdépendent at 1-10 mM
BAPN concentration but not at 30 mM, perhaps due to BAPN toxicitypiatconcentration.

TGH32 induced both tropoelastin and LOXs, but inhibiting LOXs decreased trgpinela
crosslinking thereby increasing levels of uncrosslinked tropoela&imilar results were

observed with TGFL and TGB3 (data not shown), indicating that the three FGdigands
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increase LOX activity in TM cells. Taken together, thesa gdabw that LOXs are enzymatically

active in TM cells and that T@Hegulates LOX activity.
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Discussion

We have shown that all 5 LOX genes are expressed in multiplerhiMacell strains and that

all 3 TGH isoforms induce mRNA and protein expression of these LOX and Lgefles. We
developed a novel LOX activity assay and have shown basal LOX eragtiaiey in TM cells,
which can be further induced by T@H-inally, we demonstrated that, canonical Smad as well as
non-Smad JNK1/2 and AP-1 signaling pathways are involved in th@ Tr@kction of the LOX

and LOXL genes. Figure 11 schematically summarizes theseldstaomewhat surprising to
find that all 5 LOX genes are expressed in the TM and induced 5. TV8hy would the TM
require this redundancy in this class of enzymes? The LOX and.lebXymes may have subtle
differences in enzyme activity, secondary regulation, and/or aelhultissue localization, which

warrants further investigation.

These LOX enzymes may play a role in the pathogenesis uwédagtea. TGB2 levels are higher
in the aqueous humai® and TM (Tovar-Vidales et al. submitted for publication) of POAG
patients, and TGR also regulates ECM metabolism in the ¥ The TM of POAG
patients has increased elastic sheath derived maf&ftand increased type VI “curly” collagen
18 Elastin, fibrillins, and collagen are substrates for the LOX/mes, and increased levels of
these molecules in glaucoma TM tissues may be due to dectaasaer of these cross-linked
molecules (Fig. 11). A recent report used atomic force microsiwoplyow that TM tissues from
glaucoma eyes are significantly stiffer than the TM from-glamicoma eye&’. Greater cross-
linking of the TM ECM could lead to greater tissue stiffnessFI @duction of the 2 major
classes of ECM cross-linking enzymes, LOXs and TGM2, may beviedah enhanced ECM
deposition and greater TM stiffness, which ultimately may bporesble for the increased
outflow resistance and elevated IOP in POAG.
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There is a confirmed genetic association of LOXL1 with exfolfatglaucoma®?’. Allele
frequency differences in LOXL1 SNPs significantly incretiserisk for developing exfoliation
glaucoma. Interestingly, TGBE has been reported to be elevated in the agueous humor of
patients with exfoliation syndrome and exfoliation glaucdfhand we have shown that TEF
enhances LOXL1 expression in the TM. Exfoliation syndrome and exdéoligiaucoma are
associated with increased levels of exfoliation material iratiterior segment and elsewhere in
the body*’. This exfoliation material comprises a variety of ECM proteinsluding elastic
fibrillins, among others. It is possible that the LOXL1 gene of édioh glaucoma patients has
altered cross-linking activity, which may cause the foromaiof exfoliation material in the
anterior segment leading to compromised aqueous outflow and elevate@in®©morphologic
changes in exfoliation glaucoma may be due to flGRduced LOX crosslinking of exfoliation
material in the outflow pathway. In contrast, elevated f&Gkvels in POAG may activate
LOXs to crosslink endogenous ECM molecules in the TM. Thereforenitti surprising that the

two forms of glaucoma have differing morphologies.

TGH31 and TGB2 are profibrotic cytokines that play a pathogenic role in other fibrotiaskse
such as sclerosis, fibrosclerosis, as well as kidney, lung, andibivesis. Similar to POAG, the
fibrotic changes at the cellular and tissue level arise fimordered and exaggerated deposition
of the ECM, including collagens, elastin, and fibronectin. Fibrotic E@vhadeling also
involves cross-linking of ECM molecules. LOX and LOXL1 enzymes aver-expressed in
several types of tissue fibrogis?* “8*° Therefore, understanding the roles of LOX and LOXL

enzymes in glaucoma may have broader implications for other serious filhisatases.

The potential relationship between the LOX and LOXL genes in regglaueous outflow in

TGHB2-induced ocular hypertension, POAG, and exfoliation glaucoma waftattier studies.
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Are all 5 LOX genes functionally redundant or does each servecd#ispele in TM ECM
metabolism? Do any of these LOX genes play a direct rolef@#32-induced ocular
hypertension? Which LOX genes are more important for normal TMebstasis and are any of
these genes directly involved in glaucoma pathogenesis? Wilased expression of any of the
LOX or LOXL genes cause glaucoma-like morphological changdseimM and directly cause

IOP elevation? Our current results provide a foundation to address these issues.
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Tables

Table 1

Ab. Dilution Source

Antibody

Rabbit Ant-LOX 1:10,00(
Rabbit Anti-LOXL1 1:500
Mouse Anti-LOXL2 1:2,000
Mouse Anti-LOXL4 1:250
Mouse Anti-ACTB 1:1,000
Rabbit Anti-GAPDH 1:1,000
Rabbit Anti-TGFBR1 1:250
Rabbit Anti-SMAD2 1:1,000

Rabbit Anti-Phos-SMADZ 1:1,000
Rabbit Anti-SMAD3 1:1,000
Rabbit Anti-Phos-SMAD?2 1:1,000

Novus Biologicals (Cat. # NB1-2530
Abnova (Cat. # HO0004016-D01P)
R&D Systems (Cat. # MAB2639)
Abcam (Cat. # ab25904)
Millipore (Cat. # MAB1501)
Cell Signaling (Cat. # 2118)
Abcam (Cat. # ab67492-100)
Cell Signaling (Cat. # 3107)
Cell Signaling (Cat. # 3122)
Cell Signaling (Cat. #9532S)
Cell Signaling (Cat. # 9520S)

Rabbit Anti-SMAD4 1:1,000 Cell Signaling (Cat. # 9515)

Rabbit Anti-JNK1/2 1:1,000 Cell Signaling (Cat. # 9258)

Rabbit Anti-Phos-JNK1/2 1:1,000 Cell Signaling (Cat. # 9251S)

Mouse Anti-ELN 1:500 Millipore (Cat. # MAB2503)

Donkey anti-mouse IgG 1:10,000 Santa Cruz Biotechnology (Cat. # sc-2314)
Goat anti-rabbit IgG 1:10,000 Santa Cruz Biotechnology (Cat. # sc-2004)

Table 1: List of various antibodies used for western immunoblotting studies
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Table 2

Gene Primer (5" 2 3")
LOX Left CGACCCTTACAACCCCTACH#
Right AAGTAGCCAGTGCCGTATCC
LOXL1 Left AGAGCCTCTCTGTCCACCAG
Right GTACACCTGCCCGTTGTTGTTCT
LOXL2 Left CCTGGGGAGAGGACATACAA
Right CTCGCAGGTGACATTCTTCA
LOXL3 Left CAACGCGGCCTTCTACAG
Right GGTGTCATTGGCACGATAGA
LOXL4 Left CGACAGCCACTACTACAGGAAA
Right CTGGTGGATCCAGAAGGAGTT
ACTB Left GTCCACCTTCCAGCAGATGT
Right AAAGCCATGCCAATCTCATC

Table 2: List of the primers used for PCR studies
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Figure Legends

Figure 1. Expression of LOX and other LOX Like genes in TM (A) RT-PCR on RNA
samples from 11 TM cell strains for the five LOX genes puadttin as the housekeeping gene.
The agarose gel image represents data generated in three irahpequbriments. (B) Western
immunoblots of protein samples from 6 TM cell strains. Antibodpeiéic to LOX, LOXL1,
LOXL2 and LOXL4 were used witR-actin (ACTB) as the loading control. The blot represents

data from three independent experiments.

Figure 2. TGFB1-3 induce LOXs in TM cells (A) Induction of LOX/LOXL mRNA in three
TM cell strains treated with TGE-3 (5 ng/ml) for 12 hours. The graph values represent the fold
induction of LOXs normalized to ACTB. Three replicates of eachpgamere employed. All 3
TGRB isoforms induced LOXs in all the three cell lines. Studentttwes used for statistical
analyses. * 0.01<p<0.05; ** 0.0001<p<0.01 and *** p<0.0001 (B) Western immunoblots of
LOX/LOXL in two TM cell strains treated with T@R-3 (5 ng/ml) for 48 hours. The TGF
isoforms induced LOX proteins as compared to ACTB. Similar esudre observed in four

additional TM cell strains. The image is representative for three indepengeninsents.

Figure 3: Concentration-dependent TGH-induction of LOXs: Dose dependent induction of
LOX and LOXL mRNA (A, C, E) and protein (B, D, F) by 0-10 ng/mGHB1 (A,B), TGH2
(C,D), and TGB3 (E,F) in cultured TM cell strains (n=3). gqRT-PCR valuesGAE) represent
TGFB fold induction compared to controls and normalized to ACTB as houselegpire.
Three replicates of each sample were employed. One-Wa@VMN\was used for statistical

analyses. * 0.01<p<0.05, ** 0.0001<p<0.01 and *** represent p<0.0001. Western immunoblots
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(B, D, F) are representative of data obtained in the three TiMtcains. 5 ng/ml of TGFL-3

showed maximum LOX/LOXL induction.

Figure 4: Time-dependent TGH-induction of LOXs: Time course induction (0-72 hours) of
LOX and LOXL mRNA (A, C, E) and protein (B, D, F) 5 ng/mIGF1 (A,B), TGH2 (C,D),

and TGB3 (E,F) in cultured TM cell strains (n=2). gRT-PCR values (AELtepresent TGF

fold induction compared to controls and normalized to ACTB as housekegeitey Three
replicates of each sample were employed. One-Way ANOVAused for statistical analyses. *
0.01<p<0.05, ** 0.0001<p<0.01 and *** represent p<0.0001. Western immunoblots (B, D, F)
are representative of data obtained in the three TM cell stfaing/ml of TGB1-3 showed

maximum LOX/LOXL induction.

Figure 5. TGFp receptor inhibition blocks TGF-induction of LOXs. : Effect of TGFBR
inhibitors LY364947 (A,B) and SB431542 (C,D) on TEF3 induction of LOX/LOXL mRNA
(A,C) and protein (B,D) expression. gRT-PCR values (A,C) repressdt gene induction
normalized to ACTB as the housekeeping gene in treated samplgsareoimto controls
(triplicates of 3 TM strains). One-Way ANOVA was used &tatistical analyses. *and #
0.01<p<0.05, ** and ## 0.0001<p<0.01, *** and ### represent p<0.0001. “*” = differences
between TGE samples vs. T@F+ inhibitor samples, while “#” = differences between BGF
treated and the untreated cells. (B,D) Western immunoblots ofdld treated with 5 ng/ml of
TGFB1-3 for 48 hours along with M of LY364947 (B) or SB431542 (D). Untreated and
DMSO-treated cells served as negative controls. GAPDH was asdoading control. Blots
shown are representative of data from 4 different TM celinstr§E) Western immunoblots of
LOX and LOXL proteins after sSIRNA mediated TGFBR1 knockdown foddwby TGPB2

treatment. TM cells were treated with TGFBR1 or control #iRféllowed by treatment with 5
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ng/ml of TGH2 for 48 hours. GAPDH was used as loading control. Blots aresesgisgive data

from 2 different TM cell strains.

Figure 6: TGFp activates both canonical and non-canonical signaling pathways inM
cells. Western immunoblots of Smad2/pSmad2 (A), Smad3/pSmad3 (B), and JNWIKA/2
(C) in 4 TM cell strains treated for 0-240 minutes with B&RB. TGHP1-3 treatment caused a

time-dependent increase in pSmad2, pSmad3, and pJNK1/2 expression.

Figure 7: Smad2/3/4 inhibition blocks TGRH-induction of LOXs. Treatment of TM cells with
Smad3 inhibitor SIS3 blocks TGE-3 induction of LOX/LOXL mRNA (A) and protein (B)
expression. (A) qRT-PCR analysis of the P&B-induction of LOXs in presence of specific
inhibitor of Smad3 (SIS3). gRT-PCR values represent fold induction of/LOXL genes
normalized to ACTB as housekeeping gene in J@&Eated samples as compared to controls
(triplicates of 3 TM cell strains). One-Way ANOVA was uded statistical analyses. *and #
0.01<p<0.05, ** and ## 0.0001<p<0.01, *** and ### p<0.0001. “*" = differences between
TGHB1-3 samples vs. TG inhibitor samples; “#” = differences between &R treated vs.
the untreated cells. (B) Western immunoblots of LOX/LOXL prieafter pretreatment with
SIS3 followed by TGE treatment. Immunoblots are representative of three diffarhcell
strains treated with 5 ng/ml of TGE-3 for 48 hours along with 10M of SIS3. GAPDH was
used as loading control. Untreated and DMSO-treated cells sasveelgative controls. (C,D,E)
Western immunoblots of LOX/LOXL proteins in TM cells pretrelateith Smad2 (C), Smad3
(D), or Smad4 (E) siRNAs followed by TGR treatment. Control cells were transfected with
non-targeting siRNA. Immunoblots are representative of residta 2 TM cell lines. Each
Smad siRNA not only knocked down its target protein, but also supgré&d§2 induction of
LOX/LOX proteins.
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Figure 8: JNK1/2 inhibition blocks TGFp-induction of LOXs. Effect of JNK1/2 inhibitor
SP600125 on T@HA-3 induction of LOX/LOXL mRNA (A) and protein (B) expression in
cultured TM cells. (A) gRT-PCR analysis values representifaldction of LOX/LOXL genes
normalized to ACTB in treated samples as compared to controls. &tiveuldata for
experiments performed in triplicate in two TM strains. One-WdyOVA was used for
statistical analyses. *and # 0.01<p<0.05, ** and ## 0.0001<p<0.01, *** and ### p<0.0001. “*”
= differences between T@FBamples vs. TGF+ inhibitor samples; “#” = differences in TGF
treated vs. the untreated cells. (B) Western immunoblots of LOXIL proteins in TM cells
pretreated with SP600125 followed by TEF3 treatment. Immunoblots are representative of
three different TM cell strains studied. GAPDH was used adirigacontrol. Untreated and
DMSO-treated cells served as negative controls. SP600125 suppressgdinbGétion of

LOX/LOXL mRNAs and proteins suggesting involvement of the JNK1/2 pathway.

Figure 9: AP-1 inhibition blocks TGFg-induction of LOXs. Effect of AP1 inhibitor SR11302

on TGH1-3 induction of LOX/LOXL mRNA (A) and protein (B) expression intauéd TM
cells. (A) gRT-PCR analysis values represent fold induction &f/LOXL genes normalized to
ACTB in treated samples as compared to controls. Cumulative data for exgerpagormed in
triplicate in two TM strains. One-Way ANOVA was used fortistecal analyses. *and #
0.01<p<0.05, ** and ## 0.0001<p<0.01, *** and ### represent p<0.0001. “*” = differences
between TGB-samples vs. TGF+ inhibitor samples; “#” = differences for T@GHreated vs. the
untreated cells. (B) Western immunoblots of LOX/LOXL proteins M dells pretreated with
SR11342 followed by TEHR.-3 treatment. Immunoblots are representative of three diffeMnt T

cell strains studied. GAPDH was used as loading control. Untrest@dODMSO-treated cells
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served as negative controls. SP600125 suppressefl in@iction of LOX/LOXL mRNAs and

proteins supporting involvement of the JNK1/2 and AP-1 signaling pathways.

Figure 10: LOX activity assay. (A) Representative western immunoblot for tropoelastin
(normalized to ACTB) in TM cells treated with increasing coniions (1, 3, 10 and 30 mM)
of LOX inhibitor B-aminopropionitrile (BAPN). There was a concentration-dependergaser
in tropoelastin levels. (B) Representative western immunoblotrépoglastin (normalized to
ACTB) in TM cells treated with increasing concentration§ @32 (0.1, 0.25, 0.5, 1, 2.5, 5 and
10 ng/ml). There was a concentration dependent increase in tropoelagtls. (C)
Representative western immunoblot for tropoelastin (normalized taBAGITTM cells treated
with 1mM of BAPN along with increasing concentrations of P&K0.1, 0.25, 0.5, 1, 2.5, 5 and
10 ng/ml). (D) TM cells were treated with 5 ng/ml of TR2Falong with increasing
concentrations of BAPN (1, 3, 10 and 30 mM) and probed for tropoelastin. |Baels of these
western blots are representative for independent experimentsnpedf in three different TM

cell strains.

Figure 11 Proposed mechanism of TGB-regulation of LOXs in TM and implications in
glaucoma TGH3 ligands bind to the TGFBR1-2 receptor heterotetramer complex ocethe
surface and activate the Smad2/Smad3 complex, which utilizes Smad#slocate to nucleus.
This complex may bind by itself or with AP-1 to the upstream prometgons of LOX genes to
regulate their transcription. TGReceptor activation also appears to phosphorylate and activate
JNK1/2, which phosphorylates the Jun component of the transcription faetar AP-1 binds

to upstream promoter region of LOXs to regulate their gene tiptisn. LOX mMRNA

transcribes to proteins and cross-links collagen and elastin fibrils in tecETM cells.
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Fig. 1B
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Fig. 2B
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Fig. 3B
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Fig. 3D
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Fig. 4A
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Fig. 4B
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Fig. 4C LoX LOXL1 LOXL2
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Fig. 4D
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Fig. 4F
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Fig. 5D
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Fig. 5E
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Fig. 6A
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Fig. 6B
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Fig. 6C
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Fig. 7A
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Fig. 7B
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Fig. 7D
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Fig. 7E
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Fig. 10A
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Fig. 10B
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Fig. 10C
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Abstract

Purpose The BMP antagonist Gremlin is elevated in glaucomatous T aad tissues and
elevates intraocular pressure (IOP). Gremlin also blocks BMPHMitiioim of TGH32 induction of
TM ECM proteins. The purpose of this study is to determine wh&hemlin regulates ECM

proteins in the cultured human TM cells.

Methods: Human TM cells were treated with recombinant gremlin torgete the effects on
ECM gene and protein expression. Expression of the ECM genes®IN,, ®AIll, and ELN
was examined in cultured human TM cells by quantitative RT-PCR] western
immunoblotting. TM cells were pretreated with TGFBR inhibitdrt¥ 364947, SB431542 or
TGFBR1/TGFB2 siRNAS), inhibitors of the Smad signaling pathw@i58 or Smad2/3/4
siRNAs) or with CTGF siRNA to identify the signaling pathysy involved in gremlin

induction of ECM gene and protein expression.

Results All ECM genes analyzed (FN, COL1, PAI1 and ELN) were induge&Gtemlin. This
gremlin induction of ECM genes and proteins expression was block&&GBBR inhibitors as

well as by inhibitors of the canonical Smad2/3/4 and CTGF signaling pathways.

Conclusions Gremlin employs canonical T@B/Smad signaling to induce ECM genes and
proteins in cultured human TM cells. Gremlin also induces bothf2&GRd CTGF, which can

act downstream of gremlin to mediate some of these ECM changes in TM cells.
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Introduction

Glaucoma is a leading cause of irreversible visual impaitraed blindness in the world, with
primary open-angle glaucoma (POAG) being the major form lafiogpma 2 Elevated
intraocular pressure (IOP) is a major risk factor for theetbgpment and progression of
glaucoma®*, and this ocular hypertension is due to increased aqueous humor oetlstarice
in the trabecular meshwork (TM) and is associated with inaledsposition of extracellular
matrix (ECM) material within the TM. TGR levels are elevated in the aqueous hurfcand
TM (Tovar-Vidales T et al. submitted for publication) of POAG eif$. Trabecular meshwork
cells express TR receptors, and TBR has several effects on the TMTGFB2 has been
shown to increase aqueous outflow resistance and elevate |IORusigercultured human and

bovine eyeS™*! as well as in rodent eyés

TGH32 modulates ECM metabolism in TM cells and tissues. This cytakareased expression

of a variety of ECM proteins, including fibronectin (FN), collage®((, elastin (ELN), and
proteoglycans as well as increased levels of plasminogen actimbibitor-1 (PAI1) and tissue
inhibitor of metalloproteinase-1 (TIMP1), inhibitors that suppress pngtealegradation of the
ECM . In addition, TGB2 increased expression of the ECM cross-linking enzymes
transglutaminase-2 (TGM2}* and lysyl oxidases (LOXs) (Sethgét. al. submitted for

publication).

We have previously reported that TM cells express several mgmbthe bone morphogenetic
(BMP) family, including BMP ligands (BMP2, BMP4, BMP5 and BMPBMP receptors
(BMPR1a, BMPR1b, BMPR?2), and the BMP antagonists gremlin, follisetd norrin®>*¢

BMPs are members of the T@Ruperfamily of proteins that control multiple functions in a
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variety of cell types’*® BMP4 and BMP7 block the T@E-induction of a variety of ECM

proteins, including fibronectin-1, collagen IV & VI, TSP-1, and PAI?’

Several structurally distinct BMP antagonists tightly regulBMP cellular activity. BMP
antagonists like Gremlin directly bind BMP ligands and block BM#libig to their receptors”
2L We have reported that there are greater levels of gremliglalicomatous TM cells and
tissues'®. Gremlin antagonized BMP4 inhibition of T@Einduced ECM proteins like FN and
PAIL in TM cells and elevated IOP in perfusion cultured humaniansegments®. Gremlin is
a highly conserved 20.7 kDa glycoprotein that heterodimerizes with-BM#® and -7 and plays
a key role in regulating multiple cellular functions both during eddyelopment as well as

adult tissue homeostagis??

Gremlin may potentiate the profibrotic effects of P2Foy blocking the BMP4 regulation of
TGH32 activity. However, whether Gremlin alone can induce fibroses-i&tivities in cultured
TM cells is currently unknown, and the potential signaling mechemniavolved have not been
previously characterized. The purpose of the present study was to detetywmeether gremlin
induces ECM genes and proteins in cultured TM cells and (2) the signaling methamislved

in gremlin-induction of ECM genes and proteins.
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Methods
TM Cell Culture

Human TM cells were isolated from carefully dissected huhiMrissue explants derived from
patients with glaucoma or from normal donors and characterizeg@suslydescribed® *> &
2324 All donor tissues were obtained from regional eye banks and maaagedling to the
guidelines in the Declaration blelsinki for research involving human tissue. Isolated TM cells
were grown in Dulbecco’siodified Eagle’s medium (DMEM,; Invitrogen-Gibco, Gralsthnd,
NY) containing L-glutamine (0.292 mg/mL; Gibco BRL Life Technolajie penicillin
(100units/ml)/streptomycin (0.1 mg/mL); Gibco BRL Life Technolsgyieand 10% fetal bovine

serum (Gibco BRL Life Technologies).
TM Cell Treatments

TM cells were grown to 100% confluency and then kept in serum-free medium for 24 hours pri
to treatments to avoid the effect of serum proteins. TM ceadle wicubated with fresh medium
containing specific signaling inhibitors for 1-6 hrs., prior to the additadn varying
concentrations of recombinant gremlin protein (R&D System, Minnegp®MN). Small
molecule inhibitors LY364947 (BM, Cat. No. 2718, Tocris biosciences, Ellisville, MO) and
SB431542 (BM, Prod. No. S4317, Sigma-Aldrich, St. Louis, MO) were used to examine the
effects of inhibition of TGB Receptor-1/2. Smad-3 phosphorylation inhibitor SIS3{1,0Prod.

No. S0447, Sigma-Aldrich, St. Louis, MO), JNK inhibitor SP600125§1,0Prod. No. S5567,
Sigma-Aldrich, St. Louis, MO), and P-38 inhibitor SB20358QM5 Cat. No. 1202, Tocris
Biosciences, Ellisville, MO) were used to examine effecigtubition on canonical Smad, JNK,

and P-38 signaling pathways.
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Small Interfering RNA and Transfection

siRNAs for Smad2, Smad3, Smad4, TGFBR1, TGFB2, and CTGF as webratargeting
control siRNAs (SMARTpool) were purchased from Dharmacon (LakyefO). siRNA
transfection was performed as described previoti&l§ Three different TM cell strains were
grown in 12-well plates containing DMEM with 10% FBS. In one tubg, 4f DharmaFECT 1
Transfection Reagent (T-2001-01; Dharmacon, CO) was mixed gentiy20@ uL of Opti-
MEM medium (Invitrogen, Carlsbad, CA) and incubated for 5 min at roonpdeature. In
separate tubes, siRNAs were mixed gently with 20@f Opti-MEM medium. These two tubes
were combined, gently mixed, and incubated for 20 min at room tempeuratigreincubation,
DMEM without FBS and antibiotics was added to obtain a final volafri2 mL for each well
(10 nM of test and control siRNAs). Cells were washed withlst®BS and incubated with
SiRNA transfection solution for 24 h at 37°C. Cells were washé#u sterile PBS and incubated
with 10% FBS containing DMEM for 24 h at 37°C. Cells were thenhegswvith serum-free
DMEM medium for 24 hours and treated with Tg&zFin serum-free DMEM medium for an
additional 48 hrs. Cell lysates and conditioned medium were analyzedrfous proteins by the

western blotting (see Table 1 for list of antibodies used).
RNA isolation and RT-PCR

Total cellular RNA was extracted from cultured TM cell;ngsTRI Reagent RT extraction (Cat.
# RL-311, MRC Inc., Cincinnati, OH), and the SuperScript VILO cD8ynthesis kit (Cat. #
11754, Invitrogen) was used for first strand cDNA synthesis. Prifiegrshe various LOX

proteins were designed using Primer3 softwdndp(//frodo.wi.mit.edu/primer3/ The primer

pairs, expected product sizes, and annealing temperatures are listed in Table 2.
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Quantitative Real Time PCR

Real-time PCR was performed as described previdfisBriefly, 2.5 uL of cDNA was used in a
reaction consisting of 1.5 units per reaction of antibody-bound Taq en@ump Start; Sigma-
Aldrich, St. Louis, MO), 10x PCR buffer, 1.5 mM MgCR00 nM dNTP mix, 100 nM PCR
primers (Table 2), 2.5 uL green nucleic acid dye (EvaGreeniuBipHayward, CA), as well as
30 nM passive reference dye (Rox; USB, Cleveland, OH) per 50eattion. PCR was
performed on a real-time thermal cycler (model Mx3000p; SteamglLa Jolla, CA), with
cycling parameters of initial denaturation at 95°C; 40 cycle955fC 30 seconds, 60°C 30
seconds, and 72°C 60 seconds, and a denaturation cycle for creatialissb@ation curves.
Reactions for each sample were run in duplicate, cycle thresl@i)jda€re normalized to either
beta-actin or GAPDH expression as housekeeping genes, and compquainigation was
performed using MxPro ver. 4.0 software (Stratagene). Only individG& Bamples with

single-peak dissociation curves were selected for data analysis.
Protein Extraction and Western Blot Analysis

Secreted proteins ECM proteins secreted by TM cells were determined by t&ues
immunoblot analysis. Conditioned medium was collected from human T8 aér 24-hour

treatment with gremlin in serum-free medium containing 0.5 mgB8A. Proteins were

separated on a 10% denaturing polyacrylamide gel and transferedelckrpphoresis to a PVDF
membrane. Blots were blocked with 5% Fat-free Dry Milk in-widfered saline tween buffer
(TBST) for 1 h and then incubated overnight with primary antibodiablé 1). The membranes
were washed with TBST and processed with corresponding horserathisidpse-conjugated

secondary antibodies (Tablel). The proteins were then visualized luvoa TGhemTM 8900
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imager (Alpha Innotech, San Leandro, CA) using ECL detection re&goerSignal West

Femto Maximum Sensitivity Substrate (Cat. # 34096, Pierce Biotechnologydrackf)

Cell-associated proteins Total cellular protein was extracted from the TM cellsngsi
mammalian protein extraction buffer (MPER, Cat # 78501; Piercee®iablogy), containing
protease inhibitor (Cat. # 78415, Pierce Biotechnology) and phosphaidswm(Cat. # 78420,
Pierce Biotechnology) cocktails. Protein concentration was detednusing the Bio-Rad Dc
protein assay system (Cat. # 500-0111, Bio-Rad Laboratories, Richménd Tke cellular

proteins were separated on denaturing polyacrylamide gels andtréresferred to PVDF
membranes by electrophoresis. Blots were blocked with 5% éatfry Milk in TBST for 1 h

and then incubated overnight with primary antibodies (Table 1). The measbveere washed
with TBST and processed with corresponding horseradish peroxidasg&ima secondary
antibodies (Table 1). The proteins were then visualized in a FluanTWe8900 imager (Alpha
Innotech) using ECL detection reagent SuperSignal West FemtardaxiSensitivity Substrate
(Cat. # 34096, Pierce Biotechnology). To ensure equal protein loading, rttee [dat was

subsequently developed f@rActin expression.

Fibronectin ELISA

Conditioned medium of human TM cells was collected and evaluategdrdatlin effects on
fibronectin production using a commercially available Quantimattrméh Fibronectin ELISA
kit (Cat. # ECM300; Chemicon International, Billerica, MA). We poexsly demonstrated that
treatment of cultured human TM cells with TGF2 significamigreases fibronectin levels in the

culture mediunt® 8
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Statistical Analysis

For comparing results between two groups, the student’s t t&stperformed. One-way

ANOVA was employed for comparison of results between more than two groups.
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Results
Gremlin induces ECM proteins in TM cells

Gremlin has been previously reported to antagonize BMP4 inhibitiohGé$2-induction of
ECM proteins like FN and PAIL in human TM celf§ However, it is not known whether
gremlin alone can induce these ECM proteins in TM cells. Torerewe determined the effect
of gremlin on FN, COL1a, PAI1 and ELN expression in cultured humancélld. Treatment
with gremlin (1ug/ml) for 24 hours significantly induced FN, COL1a, PAI1 and ELN mRNA
expression (n=3, p<0.05) (Fig. 1A) as well as ECM protein expresa cell lysates and
conditioned medium (Fig. 1B). We also performed quantitative FN Eld8Ahe conditioned
medium samples of the four TM strains utilized for the westamunoblotting assay (Fig. 1B),
and gremlin significantly elevated the amount of secretednFRe treated TM cells compared

to controls (n<0.001) (Fig. 1C).

Gremlin induces ECM genes and proteins in a concentration- and timéependent fashion

Trabecular meshwork cell strains (n=3) were treated witreasing concentrations of gremlin
(O-5 ug/ml) for 24 hours. The mRNA and protein expression of FN, COL1, BAMLELN were
determined using gRT-PCR and western immunoblotting respectivelgml@r induced
expression of ECM mRNA (Fig. 2A), cell-associated (Fig. aBJ secreted ECM proteins (Fig.
2C) in a concentration-dependent manner. Gremlin also significaethated the amount of
secreted FN assessed by ELISA in a concentration-dependentrr(faign@D). TM cells were
treated with gremlin for 6, 12 and 24 hours to determine the time demendé ECM mRNA
induction. Gremlin significantly (p<0.01) induced FN, PAI-1, COL1, and Eb@MRNA

expression, although the time course of induction varied slightlyedmh gene (Fig. 3A).
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Similarly, TM cell strains (n=3) were treated with gram({iL ng/ml) for 3, 12, 24, 48 and 72
hours to evaluate effects on ECM protein expression. Gremlin indwtbccéll-associated and
secreted ECM proteins as early as 12 hours and maintained this induction for up to 72 hours (Fig
3B and C). Gremlin also significantly elevated the amount afesed FN in a time-dependent
manner (Fig. 3D). Therefore, gremlin induction of ECM mRNA and pmeteias both time and

dose dependent.

TGFp signaling in Gremlin induction of ECM proteins

Gremlin was previously reported to antagonize the BMP4 inhibition dff2&nduced ECM
proteins in human TM celf$, but the signaling mechanism(s) involved was not determined. We
used various small molecule inhibitors to explore the involvement of B&#fRaling pathway(s)

in gremlin-mediated ECM induction. SB431542 is a selective TGFBRIT@&KBR2 receptor
inhibitor 27, while LY364947 is a relatively selective inhibitor for the TGEBreceptor®. We
pretreated TM cell strains (n=3) for 1 hr with or withoytNd SB431542 or LY364947 followed

by treatment with recombinant Gremlin (@/ml) for 24 hours. Gremlin elevated FN, COL1,
PAI1 and ELN mRNA expression compared to untreated or inhibitor oxdyeld samples
(p<0.001). Pretreatment with either of the two inhibitors, LY364947 or SB43154|etety

blocked gremlin-mediated mRNA induction in all the cell strains (p<0.001) 4RAp

We used the same strategy to evaluate the effects of T®EBR inhibitors on gremlin
induction of ECM proteins. Gremlin elevated cell associated akasetsecreted FN, COL1,
PAI1 and ELN protein levels compared to untreated or vehicle-ttrsat@ples. Each of the two
inhibitors, LY364947 (Fig. 4B) or SB431542 (Fig. 4C), completely inhibited themGn-

mediated ECM protein induction. Treatment with the inhibitors alone dithanat any effect on
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the ECM proteins expression. We also analyzed the conditioned medmpies using FN
ELISA. Gremlin treatment significantly elevated the amountecfeted FN, which was blocked
by pretreatment with the two TGFBR inhibitors (Fig. 4D). Hi¢ ELISA data agreed with our

western immunoblotting data (Figure 4B and C).

In addition to TGFBR1/2 inhibitors, we also used siRNA-mediatedrBIREL knockdown to
confirm the role of TG receptor signaling in gremlin induction of ECM proteins. Gremlin
treated TM cells were untransfected or transfected with atargeting siRNA control or
TGFBR1 siRNA. As previously shown, Gremlin induced ECM protein exjgnes<ontrol
siRNA did not affect endogenous TGFBRL1 levels and did not affeatlm-induction of ECM
proteins expression. Consistent with the data with small moleEGEBR1 or TGFBR2

inhibition, TGFBR1 siRNA knockdown inhibited Gremlin-induction of ECM proteins (Fig. 4E).

TM cells endogenously express TE&F 2° and gremlin™ *2 proteins, and both T@2 ' * and
gremlin (Fig. 1-3) induce ECM proteins in TM cells. We wantdetermine whether Gremlin
treatment alters endogenous levels of F&FRnd vice-versa, which in turn may regulate
gremlin’s ECM induction profile. TM cell strains (n=3) wereedted with increasing
concentrations of gremlin (0-pbg/ml) or TGB2 (0-10 ng/ml) for 24 hours. The mRNA and
protein expression of T2 and gremlin were determined using gRT-PCR and western
immunoblotting, respectively. Gremlin induced TGF and TGPB2 induced Gremlin mRNA

(Fig. 5A) and protein (Fig. 5B) expression in a concentration-dependent manner.

We employed siRNA-mediated TGFB2 knockdown to confirm the rol@ @32 in gremlin
induction of ECM proteins. Gremlin-treated TM cells were eitngransfected or transfected

with a non-targeting siRNA control or TGFB2 siRNA. Gremlin ineldidoth ECM proteins and
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TGHB32. Control siRNA did not affect endogenous TGFB2 levels and did nat gréenlin-
induction of ECM proteins expression. However, TGFB2 knockdown blocked Gremlin
induction of ECM proteins (Fig. 5C). Taken together, our results (Figad 5) strongly support

the roles of TGB2 and TGFBR in gremlin induction of ECM protein expression.

Role of Connective tissue growth factor (CTGF) in Gremlin induction oECM proteins

CTGF regulates several ECM proteins in cultured human TM eelts mediates TGR
induction of FN, collagens I, Il, IV and integrifs We wanted to determine whether CTGF is
involved in gremlin induction of ECM proteins in TM cells. Gremlieated TM cells were
either untransfected or transfected with a non-targeting siBdyol or CTGF siRNA. Gremlin
induced both ECM proteins and CTGF. Control siRNA did not affect endog€&ibG§& levels
and did not affect gremlin-induction of ECM proteins expression. How&€/EGF knockdown
blocked Gremlin-induction of cell-associated and secreted ECMipsoEN and COL1 but not

ELN or PAI1 (Fig. 6).

Gremlin induces ECM proteins utilizing Smad signaling pathway

The profibrotic cytokine TG2 can activate both canonical Smad and non-canonical signaling
pathways, including the mitogen-activated protein kinase (MAPK)wmt in various cells and
tissues®3%. TGH signaling is complex because these different signal transdyzithways can
interact with each othéP® We wanted to determine whether gremlin treatment activatesfany
the TGP signaling pathways and whether any of the FGignaling mechanism(s) are involved

in gremlin-induction of ECM proteins in TM cells.
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A previous study showed that T@&Factivates both canonical Smad and MAPK signaling in TM
cells®’. We treated 4 primary TM cell strains with TEF(5 ng/ml) or gremlin (Jug/ml) for 15,

30, 60, 120 and 240 minutes, and total and phosphorylated Smad2 and Smad3,as38elhds P
JNK1/2 MAPK proteins were evaluated by western immunoblotting. fRGbhosphorylated
both canonical (Smad2 and Smad3) as well as non-canonical (P38 an@)Jpdthivays (Fig.
7A-B). In contrast, Gremlin activated only the Smad pathway (Fig. BlA not the P38 or
JNK1/2 pathways (Fig. 7B). There were no changes in total Smad#j35m38, and JNK1/2

levels.

Phosphorylated Smads 2 and 3 together or individually form a comyptaxco-Smad4 to
regulate transcription of their target geA&%. To determine if Smad3 transcriptionally regulates
the ECM proteins, we employed a selective small molecule iohibitSmad3, SIS3. Three TM
cell strains were treated with SIS3 (IBI) six hours prior to treating with recombinant gremlin
for an additional 24 hours to study mRNA and protein expression of FN1J@AI1 and ELN.
Untreated cells and SIS3 alone treated cells served as negatitrels. Gremlin-induction of
ECM mRNA and cell-associated protein expression was inhibit&l®§ pretreatment (p<0.01)
(Figs. 8A & 8B). SIS3 treatment also blocked gremlin induction tfassociated and secreted
ECM proteins as well as soluble FN in conditioned medium analyzedwestern
immunoblotting (Fig. 8B) and ELISA (Fig. 8C), respectively. Thessuilts concurred with our
MRNA results (Fig. 8A). Therefore, gremlin induction of ECM N#Rand proteins is mediated

by Smad3 signaling.

To confirm the role of Smad signaling in gremlin regulation of E@Mtein expression, we

employed siRNA-mediated knockdown of Smad2, Smad3, and Smad4. Non-targ&thhA
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served as the negative control. Cells transfected with Smag38PB), Smad2 (Fig. 8E), or
Smad4 (Fig. 8F) siRNAs were followed by treatment with ohaut gremlin. Untransfected and
untreated cells served as negative controls, while untransfedietreated with gremlin served
as the positive control. Gremlin increased the expression of ECMimsotControl siRNAs

neither affected gremlin-induction of ECM proteins nor did they caffitne endogenous
Smad?2/3/4 levels. As expected, knockdown of Smad3 completely inhibitedirgreduction of

the cell-associated and secreted ECM proteins (Fig. 8D). SrmatiSrmad4 knockdown also
completely inhibited gremlin-induction of the cell-associated ancessd FN and PAI1 proteins.
However, Smad2 or Smad4 knockdown did not consistently inhibit gremlin-indwaftiGOL1

and ELN even though levels of each Smad were sufficiently rdd(fig. 8E and F). This
variable effect was seen within the same cell strain els a8 between different cell strains.
Taken together, these results (Fig. 8) strongly support Smad8e#ageregulation of gremlin

induction of all ECM protein expression.
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Discussion

Interactive TGB/BMP signaling plays an important role in ECM homeostasis, artdrpation

in the balance of this signaling is associated with fibrotieadiss, including glaucoma. TEF
plays an important role in glaucoma pathogenésifqueous humor levels of TGE are
significantly elevated in POAG patients, and TGB2 is also elevated in glaucomatous TM
cells and tissues (Tovar-Vidales, submitted for publication).fPGRcreases the expression of a
number of ECM proteins in the TM, and also elevates IOP in perfugsitinred anterior
segments (B) and rodent ey®s Trabecular meshwork cells and tissues express BMPs, BMP
receptors and BMP antagonists, and BMP4 and BMP7 inhibiZ@&teuction of ECM proteins
1819 |nhibition of BMP signaling exacerbates the TP2Feffect on the TM ECM. Gremlin
protein levels are higher in GTM cells, and gremlin blocks BMppeession of TGR2 mediated
effects on the TM ECM?®. In addition, Gremlin treatment alone elevates IOP in perfusion
cultured anterior segment§ suggesting that perturbation of normal PRBMP homeostasis

can play a role in ocular hypertension.

To directly test this latter hypothesis, we examined thectfté gremlin on TM ECM
expression. We found that gremlin increased ECM mRNA and protpiession. However, in
contrast to TGB2 that activates both the Smad and nonSmad MAPK signaling pathways,
gremlin only activated the canonical Smad 2/3 pathway. Inhibition @&dSsignaling, but not
nonSmad signaling, blocked the gremlin effect on TM ECM expressionndctive tissue
growth factor is induced by TBE and acts as a downstream mediator of fGignaling,
regulating the induction of multiple ECM proteins including FN, cdtatypes I, II, IV, and VI

3L Interestingly, our results show that gremlin induces CTGF, taacthe gremlin induction of

FN and COL1 is dependent on CTGF. In contrast, gremlin induction of &&dIELN was not
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dependent on CTGF. Others have also reported that CTGF does not indicexpission in
human TM cell$™. We did not examine if CTGF can also induce gremlin in a ferdafrd loop
and if gremlin can act also as a mediator of CTGF signalihgse experiments are currently

under investigation.

Most studies focusing on gremlin have been focused on its role in dewsibpmin several
fibrotic diseases. It is not uncommon to find developmental genespressed in several
diseased conditions including several kinds of cancer. However, theteamee more studies

that need to be designed to address such hypothesis.

It also appears that Gremlin and Tg2Fare involved in a “feed forward” pathogenic pathway.
We have shown that gremlin increases P&Fexpression, and TGE increases gremlin
expression in TM cells. This process would further exacerbate B€pdsition within the TM,
potentially leading to increased aqueous humor outflow resistanc®&nelevation. Levels of
both TGHB2 and Gremlin are elevated in the anterior segment in glaucoma, but the pauosey c

of increased expression of these signaling molecules in glaumasnayes is currently unknown.
Mechanical stress (i.e. cyclic stretch) and substrate @tgdtave been shown to increase PGF
expression in the TM®*. The effects of these perturbations on gremlin expression have not
been evaluated. It is plausible to hypothesize that elevatdd Evgremlin in glaucoma patients

may lead to higher TGR levels in the TM.

TGFB and gremlin also play a role in other fibrotic diseasesminehas been associated with

43-44

several fibrotic diseases of lunffs kidneys**** and in osteoarthriti&®. Gremlin was shown to

induce expression of FR and several types of collagefisGremlin has also been reported as a
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downstream mediator of T@E fibrotic effects in the kidney*. Several growth factors like

CTGF have been reported to induce ECM proteins likefPGit several kinds of celf.

The potential relationship between the ECM proteins in regulatingpaguitflow in gremlin-
induced ocular hypertension and POAG warrants further studies. Daf émyse ECM proteins
play a direct role in gremlin-induced ocular hypertension? Whi€iM Boroteins are more
important for normal TM homeostasis and are any of these proteiestlyiinvolved in
glaucoma pathogenesis? Do different gremlin signaling mechanisgulate glaucoma-like
changes in the TM and directly cause IOP elevation? Ouverduresults provide a foundation to

address these issues in future studies.
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Figure Legends

Figure 1. Gremlin induces ECM mRNA and proteins in TM cells (A) Induction of FN,
COL1a, PAI1 and ELN mRNA in three TM cell strains treatgth Gremlin (1ug/ml) for 24
hours. The graph values represent the fold induction of ECM genes izatntd GAPDH.
Three replicates of each sample were employed. Gremlinisamtify induced ECM genes in all
the three cell lines. ** 0.0001<p<0.01 and *** p<0.0001 (B) Western immunoblot®lbf c
associated and secreted ECM proteins in two TM cell straaget with Gremlin (ug/ml) for
24 hours. Gremlin induced cell-associated ECM proteins were norohadigecompared to
ACTB, while equal volumes of conditioned medium. Similar resulteevabserved in two
additional TM cell strains. These western blot images are sepiaive of three independent
experiments. (C) Induction of secreted FN in four TM cell sgaieated with Gremlin (kg/ml)
for 24 hours. FN ELISA values represent the ng/ml of FN. Trepkcates of each sample were

employed. *** p<0.0001.

Figure 2. Concentration-dependent Gremlin-induction of ECM mRNA and proteins.
Concentration dependent induction of ECM genes mRNA (A), cell-assdgmotein (B), and
secreted proteins (C) by Og®y/mL Gremlin in cultured TM cell strains (n=3). gRT-PCR values
(A) represent fold Gremlin induction compared to controls and norrdalige ACTB as
housekeeping gene. Three replicates of each sample were ethpl&gncentration dependent
induction of cell associated (B) and secreted FN proteins (C,yD)-B ug/mL Gremlin in
cultured TM cell strains (n=3). Western immunoblots (B, and C)repeesentative of data

obtained in the three TM cell strains. Three replicates of saciple were employed for the FN
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ELISA (D). One-Way ANOVA was used for statistical arsgy. * 0.01<p<0.05, **

0.0001<p<0.01 and *** p<0.0001.

Figure 3. Time-dependent Gremlin-induction of ECM proteins. Time course induction (0-72
hours) of ECM mRNA (A), cell-associated proteins (B), secreted ECM prdt@)nand secreted
FN proteins (D) after treatment of cultured TM cell strai Gremlin (1ug/mL) (n=3). gRT-
PCR values (A) represent fold Gremlin induction compared to condmuds normalized to
ACTB. Three replicates of each sample were employed for fBR-(A) and FN ELISA (D).
Western immunoblots (B and C) are representative of data obtainiee three TM cell strains.
One-Way ANOVA was used for statistical analyses. * 0.01<p<0.05, ** 0.00@L&p<and ***

p<0.0001.

Figure 4: TGFB receptor inhibition blocks Gremlin-induction of ECM mRNA and
proteins. Effect of TGFBR inhibitors LY364947 and SB431542 on Gremlin induction of ECM
MRNA (A) and protein expression (B-D). qRT-PCR values (Apresent fold induction
normalized to ACTB in treated samples compared to controls ¢aips of 3 TM strains). Cell
associated and secreted proteins were analyzed with westetmahlotting (B, C) and with FN
ELISA (D). (B, C) Western immunoblots of TM cells treatedhwit ug/ml of Gremlin for 24
hours along with uM of LY364947 (B) or SB431542 (C). Untreated and inhibitor-treated cells
served as negative controls. ACTB was used as loading control.dBlois are representative
of data from 3 different TM cell strains. (D) FN ELISA of camahied medium. (E) Western
immunoblots of ECM proteins after SIRNA mediated TGFBR1 knockdown feltblay Gremlin
treatment. TM cells were treated with TGFBR1 or control #iRféllowed by treatment with 1
ug/ml of Gremlin for 24 hours. ACTB was used as loading control. Bl@gepresentative data

from 3 different TM cell strains. One-Way ANOVA was used for statibanalyses (A,D). *and
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# 0.01<p<0.05, ** and ## 0.0001<p<0.01, *** and ### represent p<0.0001. “#” = differences
between Gremlin samples vs. Gremlin + inhibitor samples, while="differences between

Gremlin treated and the untreated cells.

Figure 5: TGFB2 knockdown inhibits Gremlin induction of ECM proteins. TGFb2 and
Gremlin reciprocally induce the expression of each other's miAAand protein (B). TGB2
treatment induced expression of Gremlin mRNA (A) and protein XBjession, while Gremlin
treatment induced TGR mRNA (A) and protein (B) expression. Three replicates chea
sample were employed. One-way ANOVA was used for staligtieyses. ** 0.0001<p<0.01;
*** n<0.0001. (C) Western immunoblots of ECM proteins after siRNA medial&H32
knockdown followed by Gremlin treatment. TM cells were treateth WiGH32 or control
siRNA, followed by treatment with ig/ml of Gremlin for 24 hours. ACTB was used as loading

control. Blots are representative data from 3 different TM cell strains.

Figure 6: CTGF knockdown inhibits Gremlin induction of ECM proteins. Western
immunoblots of ECM proteins after siRNA mediated CTGF knockdown feitblsy Gremlin
treatment. TM cells were treated with CTGF or control siRfoNowed by treatment with 1
ug/ml of Gremlin for 24 hours. ACTB was used as loading control. Blagepresentative data
from 3 different TM cell strains. CTGF knockdown blocked Gremlin induction of FN and COL1,

but had no effect on Gremlin induction of PAI1 and ELN.

Figure 7: TGFB2 but not Gremlin activates both canonical and non-canonical sigting
pathways in TM cells. Representative western immunoblots of canonical Smad2/pSmad2 and
Smad3/pSmads3 signaling (A), as well as noncanonical INK1/2/pJNK1R34pdP38 signaling

(B) in 4 TM cell strains treated for 0-240 minutes with P&Rnd Gremlin. TGB2 and Gremlin
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treatment caused a time-dependent increase in pSmad2 and pSmaeSsiexprTGB2
treatment caused a time-dependent increase in pJNK1/2 and pP38ierpisie Gremlin did

not affect pJNK1/2 or pP38 levels.

Figure 8 Smad2/3/4 inhibition blocks Gremlin-induction of ECM proteins. Treatment of
TM cells with Smad3 inhibitor SIS3 blocks Gremlin induction of ECM MdR(A), cell-
associated protein (B), and secreted protein expression (B, C)gRAPCR analysis of the
Gremlin-induction of ECM genes mRNA in presence of specifichitdii of Smad3 (SIS3).
gRT-PCR values represent fold induction of ECM mRNA normalized @B\ in Gremlin
treated samples compared to controls (triplicates of 3 TMstralins). One-Way ANOVA was
used for statistical analyses of qRT-PCR (A) and FN EL[EA results. “#" = differences
between Gremlin samples vs. Gremlin + inhibitor samples; “*”fledinces between Gremlin
treated vs. the untreated cells; *and # 0.01<p<0.05, ** and ## 0.0001<p<0.01, *** and ###
p<0.0001. (B) Western immunoblots of cell-associated and secretddl @Gteins after
pretreatment with SIS3 (10/M) followed by Gremlin (1ug/ml) treatment for 24 hrs.
Immunoblots are representative of three different TM cellnstraACTB was used as a loading
control. Untreated and SIS3 only-treated cells served as negatils. (C) FN ELISA of
secreted FN from Gremlin +/- SIS3 treated TM cells (n=%irs$). (D, E, F) Western
immunoblots of ECM proteins in TM cells pretreated with Smad3 $)ad2 (E), or Smad4 (F)
siRNAs followed by Gremlin treatment. Control cells werensfacted with non-targeting
siRNA. Immunoblots are representative of results from 3 TM loe#ls. Each Smad siRNA
knocked down its target protein. SIS3 siRNA suppressed the Gremliniordwoctall 4 ECM
proteins. Smad2 and Smad4 siRNAs consistently suppressed GremlitionaddN and PAIL,

but variably suppressed Gremlin induction of ELC and COL1 proteins.
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Tables

Table 1
Antibody Ab. Dilution Source
Rabbit Ani-FN 1:100( Chemicon (Cat. # NB1(-2530
Rabbit Anti-PAIL 1:500 Novus Biologicals (Cat. # NBP1-19773)
Rabbit Anti-COL1 1:500 Abcam (Cat. # ab6308)
Mouse Anti-ELN 1:250 Abcam (Cat. # ab21605)
Mouse Anti-ACTB 1:1000 Millipore (Cat. # MAB1501)
Rabbit Anti-TGPB2 1:500 Santa Cruz Biotechnology (Cat. # sc-90)
Rabbit Anti-Gremlin 1:250 Abcam (Cat. # ab22138)
Rabbit Anti-TGFBR1 1:250 Abcam (Cat. # ab67492-100)
Rabbit Anti-CTGF 1:500 Novus Biologicals (Cat. # NB100-724)
Rabbit Anti-SMAD2 1:1000 Cell Signaling (Cat. # 3107)

Rabbit Anti-Phos-SMADZ 1:1000
Rabbit Anti-SMAD3 1:1000
Rabbit Anti-Phos-SMADZ2 1:1000
Rabbit Anti-JNK1/2 1:1000
Rabbit Anti-Phos-JNK1/2 1:1000

Rabbit Anti-SMAD4 1:1000
Rabbit Anti-P38 MAPK 1:1000
Rabbit Anti-Phos-P38 1:1000
Donkey anti-mouse IgG 1:10,000
Goat anti-rabbit IgG 1:10,000

Cell Signaling (Cat. # 3122)
Cell Signaling (Cat. #9532S)
Cell Signaling (Cat. # 9520S)
Cell Signaling (Cat. # 9258)
Cell Signaling (Cat. # 9251S)
Cell Signaling (Cat. # 9515)
Cell Signaling (Cat. # 9212)
Cell Signaling (Cat. # 9211)
Santa Cruz Biotechnology (Cat. # sc-2314)
Santa Cruz Biotechnology (Cat. # sc-2004)

Table 1: List of various antibodies used for western immunoblotting studies
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Table 2

Gene Primer (5’ 2 3)
FN Left AGCGGACCTACCTAGGCAAT
Right GGTTTGCGATGGTACAGCTT
COLla Left GGAATGAAGGGACACAGAGG
Right TAGCACCATCATTTCCACGA
PAI1 Left CCACTTCTTCAGGCTGTTCC
Right CCGTTGAAGTAGAGGGCATT
ELN Left AGCCAAGTATGGAGCTGCTG
Right GCTGCTTCTGGTGACACAAC
TGFB2 Left CCGGAGGTGATTTCCATCTA
Right CTCCATTGCTGAGACGTCAA
GREM1 Left AAGCGAGACTGGTGCAAAAC
Right CTTGCAGAAGGAGCAGGACT
ACTB Left GTCCACCTTCCAGCAGATGT
Right AAAGCCATGCCAATCTCATC

Table 2: List of the primers used for PCR studies
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Fig. 1B
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Fig. 1C
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Fig. 2B
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Fig. 2C
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Fig. 2D
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Fig. 3B
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Fig. 3D
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Fig 4B
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Fig 4C
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Fig 4D
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Fig 5C
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Fig 6
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Fig. 7A
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Fig 8B
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Fig 8E
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Fig 8F
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Chapter IV

CONCLUSIONS

The results from the present studies support our hypothesis th@ili33Rduced the expression
of LOX and LOXL genes and proteins in cultured human TM cellsals@ observed that TGF
utilizes both canonical Smad and the non canonical JNK signalingltmanLOXs. We also
report that the BMP antagonist gremlin strongly induces the EGMsgand proteins FN, ELN,
COL1 and PAIl. However, unlike TBE that activates both Smad and MAPK signaling,
gremlin only activates Smad signaling in TM cells. Gremgiies mainly on Smad signaling to

regulate induction of ECM genes and proteins.

In the first set of studies (Chapter 1l) we report that alldX genes are expressed across
multiple human TM cell strains. We also report that all 3 F@&®forms induce mRNA and
protein expression of these LOX and LOXL genes. f@Euces LOXs in both a concentration-
and time-dependent fashion. We developed a novel LOX activity asshjave shown basal
LOX enzyme activity in TM cells, which can be further inaesé by TGB. We showed that
TGHB1-3 phosphorylate and activate Smad2/3 and JNK1/2 signaling in humanlisM-cwlly,
we demonstrated that inhibitng canonical Smad signaling eithesniail molecule Smad
inhibitor SIS3 or via siRNA mediated knock down of Smad2,3,4 blockspTi@&uction of
LOXs. Similarly, JNK1/2 inhibitor, SP600125 and the AP-1 inhibitor SR11302nadted
TGHB1-3 induction of LOX genes and proteins in TM cells. Taken togethere tresilts
highlight the importance of both Smad and nonSmad pathways i ir@Ection of LOXs in

human TM cells.
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In the second set of experiments (Chapter 1ll) we show thatligremnificantly upregulates the
ECM proteins FN, COL1, PAI1 and ELN in cultured human TM cells. G¥served a
concentration- and time-dependent gremlin induction of these ECM protaiesestingly,
blocking TGEB receptors by either small molecule inhibitors (SB431542 or LY36494By or
siRNA-mediated knock down of TGFBR1 blocked the gremlin induction of ECMeims.
SIRNA knockdown of TGB2 also blocked gremlin induction of ECM proteins. However, CTGF
knockdown inhibited gremlin induction of FN and COL1 but not ELN and PAI1 atitig that
different downstream signaling molecules regulate specific poiai TM cells. While TGB2
activated both Smad and nonSmad signaling pathways, gremlin only phossorgtad
activates Smad2/3 proteins but failed to phosphoryate JNK1/2 and P38 éins in TM
cells. Interestingly, Smad3 knockdown blocked gremlin induction of all p@Nkins tested. In
contrast, Smad2 or Smad4 knockdown failed to consistently inhibit grendurction of all
ECM proteins. These data point to the importance of specificlgigraues that direct important

functions of TM cells such as ECM turnover.

Significantly, these observations confirm that both F&R&nd gremlin play important roles in
glaucoma pathogenesis in the TM. Elevated f&&nd gremlin levels in glaucoma induce ECM
remodeling that may increase AH outflow resistance and ele@&te TGPB2 signaling is also
complex involving both canonical Smad and the non-Smad signaling ineli§) interestingly,
gremlin selectively activates Smad signaling to bring abdditcéll fibrosis. Our experiments
with gremlin suggest CTGF as a potential mediator of TM fikstodie also reveal that LOX
enzymes are present in TM cells and are regulated byB.TK&6re importantly, we report that

LOXs are enzymatically active in TM cells and TgzF modulates their activity. Thus,
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modulation of LOXs might provide a novel therapeutic target to prée€M remodeling and

IOP elevation in glaucoma.
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Figure 1: TGB2 and Gremlin induce expression of different ECM proteins in glaucomatous TM

148



Chapter V

UNRESOLVED QUESTIONS/ISSUES AND FUTURE DIRECTIONS

Our studies elucidate the importance of PGRduction of LOXs and gremlin’s profibrotic
effects in TM cells. These data highlight some important gaffeeidata and raise very pertinent
guestions for future experiments. The role of LOXs in F&knhduction of IOP arises as the
most important question. Also, the role of JNK vs Smad signalinggalating IOP remains
unanswered. We also did not determine if gremlin also regulatess L Obe role of Smad
signaling in regulating gremlin induction of IOP is also a vergortant question that warrants
further investigation. The following are some of the experimeessggned to address some of the

concerns and questions that we raised.

1. Ex-vivoexamination of the role of LOXs in regulating IOP.

e Effect of TGB2 induction of IOP will be examined using perfusion cultured
anterior bovine eye segments. The anterior eye segments willfosguewith 5
ng/ml recombinant human T@E and pressure will be monitored for 7 days. To
study TGIB2 induction of LOX genes and proteins in the bovine TM gRT-PCR
and western immunoblotting will be employed.

e Next, effect of LOX and LOXL1 on regulating IOP will be exaed by
adenoviral LOX and LOXL1 transduction of the TM. IOP will be monitored
constantly and elastin crosslinking in TM will be studied with LtEX activity
assay.

e Finally, the role of LOX and LOXL1 in TGR2 induction of IOP will be studied.

Eyes will be transduced with adenoviral LOX and LOXL1 shRNAoaple of
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days before continuous perfusion with 5 ng/ml recombinant humaZ.Gfhe
pressure will be monitored for 9 days. Knockdown of LOXs will baneixed

with western immunoblotting.

2. In-vivo examination of the role of LOXs in regulating IOP in mice

The effects of LOX and LOXL1 on regulating IOP will be exandinkey
intravitreal injection of adenoviral LOX and LOXL1. IOP will beonitored
constantly and LOX overexpression in TM will be examined withstem
immunoblotting. Elastin crosslinking in TM will be studied with th@X activity
assay

Next the role of LOX and LOXL1 in TGR induction of IOP will be studied.
Adenoviral LOX and LOXL1 shRNA will be injected in the eyes iwitr@aly for
a couple of days before adenoviral injection of P&FThe pressure will be

monitored. Knockdown of LOXs will be examined with western immunoblotting.

3. Role of BMP4 and gremlin in regulating T@Finduction of LOXs

Since BMP4 has been reported to inhibit P&knduction of ECM proteins the
effects of BMP4 on TG induction of LOXs will be studied by treating
cultured human TM cells simultaneously with BMP4 and F&FRNe will also
evaluate the effect of gremlin in blocking BMP4 inhibition of Paknduction of
LOXs.

We will also evaluate whether gremlin alone can increaseessipn of LOXs in
cultured human TM cells. We will also determine the gremlin aigg

mechanisms involved in LOXs induction.
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4. Ex-vivoexamination of the role of Smad3 in regulating IOP.

The role of Smad signaling on regulating I0P will be examinedfusing 10
uM of a small molecule inhibitor of Smad3, SIS3. After two daysSt$3
infusion, we will perfuse the anterior bovine segments with recombgnantlin.
IOP will be monitored constantly and TM will be studied for any SIS3 toxicity.
Finally, the role of Smad signaling in gremlin induction of IOP Wwé studied.
Adenoviral Smad3 shRNA will be injected in the eyes a couple of tajore
continuous perfusion with recombinant gremlin. The pressure will be onedit

for 9 days. Knockdown of Smad3 will be examined with western immunoblotting.
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