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ET-1-induced signaling in ECM remodeling in astrocytes

Shaoqing He, Department of Pharmacology & Neuroscience, University of North

Texas Health Science Center, Fort Worth, TX 76107

ET-1 levels are elevated under pathophysiological conditions, including
glaucoma, however, ET-1’s ocular functions are not fully documented. Therefore, ET-1-
‘ i;duced signaling and ECM remodeling in astrocytes and at the optic nerve head were
determined in this study.

Three signaling pathways, including ERK1/2, PKC, and PI3 kinase, were
involved in ET-1-mediated cell proliferation of U373MG astrocytoma cells. Blocking
one of these pathways completely abolished cell proliferation. It appeared that ERK1/2
activation was involved, but was independent of PKC and PI3 kinase activation by ET-1.
It was also determined that the ETg receptor was the dominant receptor involved in
ERK1/2 phosphorylation and cell proliferation. In addition, ERK1/2 phosphorylation was
not transactivated by the EGF receptor by ET-1. The studies also indicated that there was
no activation of ¢/nPKC, although PKC was involved in cell proliferation. In U373MG
astrocytoma cells, MAPK-ERK, PKC and PI3K pathways appear to exert their roles in
parallel without a direct, apparent “cross-talk”.

Based on the signaling pathways obtained from U373MG astrocytoma cells, the
regulation of MMPs/TIMPs and fibronectin in ET-1-activated human optic nerve head

astrocytes (hONAs) was also determined. ET-1 not only induced rapid phosphorylation

of ERK1/2 and PKC BI/BII/ but also increased the activity of MMP-2 and the expression






of TIMP-1 and 2. The activity of MMP-2 was enhanced in the presence of inhibitors of
MAPK or PKC in hONAs, whereas the expression of TIMP-1 and 2 was abolished. ET-1
increased the soluble fibronectin (FN) expression as well as FN matrix formation,
however, the expression and deposition of FN were MAPK- and PKC-independent,
whereas expression and activity of MMPs and TIMPs were MAPK- and PKC-dependent.
Therefore, ET-1 shifted the balance of MMPs/TIMPs and substrates that altered the ECM
composition and subsequently led to ECM remodeling in activated hONA cells.

' ET-1’s effects on ECM remodeling at the optic nerve head were also examined
following intravitreal administration of ET-1 in rats. The increased expression of MMP-9
and collagen VI was detected in both ETg deficient rats and wildtype Wistar rats post ET-
1 intravitreal injection for 2 and 14 days, whereas the deposition of FN and collagen IV
was unchanged. There was no significant difference in staining of MMP-9 and collagen
VI between ETg deficient rats and wildtype Wistar rats. In this study, ECM remodeling
was demonstrated in rats injected with ET-1 into the vitreous. Such changes in the ECM
seen in the current study provide additional insight into the mechanisms that might
explain the glaucomatous changes observed in ET-1-injeciton or perfusion models.

In summary, ET-1 not only activated several signaling pathways in cell
proliferation of astrocytes, but also modulated the expression of ECM molecules in vitro
and in vivo, indicating that ET-1 plays a regulatory role in ECM remodeling. These
effects coupled with observations that ET-1 levels are elevated in glaucoma patients,

suggests that ET-1 may be involved in glaucomatous optic neuropathy.
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CHAPTER 1

Introduction

Cells are living in a dynamic environment, in which cells interact with each other
and also interact with molecules in the extracellular space, extracellular matrix (ECM).
The ECM not only functions as a structural support but also is involved in signal
transduction between cells and the receptors on the cell surface. Therefore, the ECM
remodeling is essential in many biological functions and physiopathological conditions,
such as development, cell proliferation, cell differentiation, migration and disease
progression. Numerous proteolytic enzymes are shown to participate in ECM degradation
and remodeling, but one class that appears to play the pivotal role is the matrix

metalloproteinases (MMPs).

MMPs, tissue inhibitors of matrix metalloproteinases (TIMPs) and ECM
components:

MMPs are a large family of zinc-dependent enzymes that degrade the constituents
of the extracellular matrix (ECM) 2. More than 26 MMPs are identified in human.
MMPs have a great diversity in their domain structure and substrate specificity, although
they share some common features and activation mechanisms (Figure 1). They are
synthesized as the secreted or transmembrane proproteins, and processed to active
enzymes by proteolysis of an N-terminal propeptides. The propeptide inhibits the enzyme

activity by binding with the catalytic domain of the enzyme °. Disruption of this






interaction triggers the cysteine switch mechanism and results in activation of the
enzyme. There are several different domains in MMPs. A signal peptide at the N-
terminus is important for secretion of pro-MMPs, a propeptide inhibits the activity of
MMPs, a catalytic domain having a zinc binding site is important for the enzyme activity,
and a hemopexin-like domain at the C-terminus binds with the catalytic domain. There
are also some specific domains found in MMPs, such as fibronectin type I domain in
MMP-2 and MMP-9 and a transmembrane domain in MT-MMPs (membrane-type
MMPs) (structures depicted in Fig. 1) .

MMPs also display differential substrate specificity besides their structural
differences. Based on their specificity of degrading the ECM substrates, MMPs are
classified into several groups: collagenases, gelatinases, stromylisins, matrilysins,
membrane-bound MMPs and other MMPs * °. MMPs were originally named according to
their substrate specificity. Therefore, MMP-1, 8 and 13 are named as collagenases,
MMP-2 and 9 as gelatinases, MMP-3, 10, and 11 as stromelysins. However, it is now
clear that MMPs display overlapping substrate specificity. Gelatinases, MMP-2 and 9,
can degrade collagen IV, V and X beside gelatins. MMP-7 degrades gelatin and collagen
IV, and several MMPs degrade fibronectin, laminin, and elastin as well as membrane-
bound receptors > °. MMPs utilize all of ECM molecules as substrates.

ECM consists of a number of proteins that form a dynamic extracellular
environment. The major elements include collagens, fibronectin, elastin, laminin,

receptors, integrins and glycosylated-macro proteins such as glycosamineglycan.






Figure 1

MMP Structure

MMP-7, 26
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- transmembrane domain . pre-domain - catalytic domain — GPIanchor

Figure 1. Diagram of structure of MMPs: There are several different domains
in MMPs. A signal peptide, a propeptide, a catalytic domain and a zinc binding
domain are conserved in all types of MMPs. A hemopexin-like domain is found
in most of MMPs except MMP-7 and 26. There are also some specific domains
found in MMPs, such as a fibronectin type II domain in MMP-2 and MMP-9 and
a transmembrane domain in MT-MMPs (membrane-type MMPs).

(Modified from Stamenkovic, 2003)
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Among them, collagens, a class of major structural proteins, provide structural
support, protect and support the tissues and connect them. Collagens are ubiquitous
proteins responsible for maintaining the structural integrity of vertebrates and many other
organisms. Although they have the critical function, the structure of collagens is
relatively simple. Three chains of collagens wind together to triple helix.

More than 20 distinct collagens have been identified. In order to resist shear,
tensile, or pressure forces in tissue such as tendons and skin, collagens are arranged in
.ﬁBriIs. Only collagen I, I, III, V and VI assemble into fibrils. These "type I" collagen
molecules form fibrils functioned as the structural collagens ”®. These fibrils crisscross
the space between nearly every cell. Some types of collagen, including collagen IV, VIII,
and X, form the extracellular network. A typical example of such a network is the
basement membrane, which is mostly made of collagen IV. Type IV collagen has a head
and a tail end. Four collagen molecules can bind others with four heads together and four
tails projecting outside. The projecting tails bind with tails from other collagen IV
molecules. Using these two types of interactions, type IV collagen forms a network. Two
other molecules, laminin and proteoglycans, participate in interaction with collagen and
occupy the space within network. Networking collagens are associated with fibril
surfaces ®.

Fibronectin (FN), an abundantly expressed ECM protein, is broadly expressed by
multiple cell types and secreted as a soluble dimer consisting of two similar subunits

joined together at the C terminus by disulfide bonds. In plasma, fibronectin exists as a






soluble dimer, but in the ECM it exists as an insoluble multimer. In vivo, FN is abundant
in blood plasma (pFN) and in tissues where fibroblasts and other resident cells synthesize
cellular FN (cFN) and assemble it into a multimeric ECM. As a multifunctional adhesive
glycoprotein, FN is widely distributed and important for a variety of biological processes
including embryogenesis, wound healing, and oncogenic transformation. These functions
are dependent on a variety of cellular interactions of FN with the ECM and plays
important roles in cell adhesion, migration, growth and differentiation ’ FNhasa
mblecular weight of about 230-270 kD and is named type I, type II, and type III based on
the composition of homologous repeating units. These repeating modules are organized
into functional domains that mediate FN interactions with cells and other ECM proteins,
including integrins, heparin, collagen/gelatin, elastin and fibrin, to exert its diverse
biological functions. These interactions are also important for communication between
cells '°. For instance, both amino (N)- and carboxyl (C)-terminal fibrin binding regions
mediate non-covalent interactions with fibrin. These interaction sites are localized to the
N-terminal type I repeats 1-5 and the C-terminal type I repeats 10-12 ' '?

FN’s structural and functional diversity is achieved by alternative splicing of the
FN gene transcript at three sites, EIILA, EIIIB, and the variable (V) region, to generate
over 20 variants of fibronectin > ',
Integrins, the receptors of FN, are the major family of surface receptors that

mediate cell adhesion to the ECM. Integrins, located on virtually all cell types, are

heterodimers composed of one alpha (o) and one beta () subunit, which together






Fibronectin (FN) and Integrins
Mediated Signaling

Figure 2

Figure 2: Fibronectin (FN) and Integrins-mediated signaling: FN binds to
other ECM molecules, such as collagen I, collagen IV, to form the ECM
network. FN also binds to integrins and other receptors (growth factor
receptors or GPCRs (G protein-coupled receptors)) leading to formation of the
actin scaffold and mediating activation of the intracellular signaling pathways
(PTK (protein tyrosine kinase), PKC, MAPK, etc.).







determine the ligand-binding specificity of the intact receptor. For example, a.5B1 is the
major receptor for FN '*, Integrins recognize specific sequences present in ECM proteins
such as FN, and form a scaffold to propagate signaling transduction not only for FN-
integrin interaction but also for signal transduction (Figure 2) "> '°.

The expression of most MMPs is normally low in tissues and is inducible when
ECM remodeling is required. Primarily, MMP gene expression is regulated by growth
factors, cytokines and other factors like stres’s, neurotroma > '®, In addition, to be
reéulated at the transcriptional and translational level, activity of MMPs is also controlled
by zymogen activation and inhibition by endogenous tissue inhibitors of matrix
metalloproteinases (TIMPs) on the cell surface or in the extracellular space (Figure 3) 7.
There are four TIMPs (TIMP-1 to TIMP-4) identified in humans '°. Carboxyl-terminus of
TIMPs binds with active form of MMPs and inhibits their activities, whereas N-terminus
of TIMPs is considered to possess more biological activities. TIMPs bind tightly with
MMPs to inhibit the enzymatic activity at 1:1 mole ratio, and there are some preferences
in inhibitory properties in binding of MMPs and TIMPs. For example, TIMP-2 binds
tightly with latent form (zymogen) of MMP-2 (proMMP-2) forming a complex that is
important in the cell-surface activation of MMP-2, whereas TIMP-1 binds with proMMP-
9. TIMP-4 is the most recently discovered, and its function is not clear. TIMP-3 is the
inhibitor selective for MT-MMPs (membrane-type metalloproteinases). Unfortunately,
there are no studies that show the quantitative data on binding affinity and preferences ®,

TIMPs function not only to inhibit the activity of MMPs, but also to be involved in






activation of MMPs. The activation of MMPs from proMMPs is controlled by the
involvement of other MMPs and the plasmin system. For example, MMP-2 binding with
TIMP-2 can activate MMP-9; proMMP-9 binding with TIMP-1 is also involved in the
activation of MMP-3 *°.

MMPs and TIMPs are required for normal physiological and pathological
conditions including embryonic development and growth as well as in tissue remodeling
and repairs 6. An imbalance of MMPs and TIMPs can occur as a result of the abnormal
éxﬁression of MMPs or TIMPs, it may induce ECM remodeling and turnover in
development or pathological conditions. Such remodeling has been shown to cause the
pathogenesis of many diseases such as arthritis, tooth decay, cardiovascular diseases
(cardiac ’infarction, cardiac hypertrophy), tumor progression and some lung diseases
(chronic obstructive pulmonary disease) °. In the central nervous system (CNS), neurons
and glial cells both produce MMPs and TIMPs. In fact, MMPs also contribute to the
pathogenesis of several CNS diseases such as multiple sclerosis (MS), Alzheimer's
disease (AD), and malignant glioma '. Combination evidence from CNS and studies on
glaucoma, which is an optic neuropathy, indicates that an imbalance of MMPs/TIMPs is

also involved in glaucoma formation and progression.






Figure 3

Regulation of MMPs

Figure 3. Regulations of MMPs: The expression and activity of MMPs are
tightly controlled by multiple key steps. The expression of MMPs is regulated at
the transcriptional and translational levels, whereas the activity of MMPs is
controlled by zymogen activation. However, The crutial step is that the activity of
MMPs is mainly controlled by endogenous tissue inhibitors of matrix
metalloproteinases (TIMPs) on the cell surface or in the extracellular space.
(Modified from Overall, 2002)







Endothelin-1 and its receptors, ET, and ETg
Endothelin-1 (ET-1), a 21-amino acid peptide, was isolated as a potent

vasoconstrictor peptide from the pig arterial endothelial cell in 1988 2°

. Two peptides
with structural similarity, termed ET-2 and ET-3, were discovered 21 They share similar
structures with ET-1 but differ respectively with 2 and 6 amino acids compared to ET-1.
All ET family members have cysteine residues at positions 1, 3, 11, and 15. There are
two disulfide bonds formed between 1 and 15 and between 3 and 11.

. The maturation of ETs is a process of protein proteolytic cleavage. About 200-
amino acid preproendothelin is translated, and this protein is cleaved by a furin-like
endopeptidase to form the inactive intermediates, 37-41-amino acid peptides termed big
ETs. The big ETs are cleaved by membrane-bound zinc-dependent metalloproteinases, |
endothelin-converting enzyme 1 and 2 (ECE-1 and 2) to mature 21-amino-acid peptides,
the ETs ** %, In humans, the 212-amino-acid prepro-ET is encoded by the endothelin
gene, which is located in chromosome 6 with 5 exons and 4 introns 24 The big ET-1 is
cleaved at the Trp-Val position to form the active ET-1. Big ET-1 is at least 100-fold less
than ET-1 in vasoconstriction activity and affinity for its receptors *°. Therefore, the
proteolytic processing of big ET-1 by ECE-1 and 2 is important in the function of ET-1.

ET-1 concentration at basal levels is approximately 1.5-2 pg/ml in normal human
plasma and increases several folds in many pathological conditions, including myocardial

infarction, angina pectoris, acute ischemic cerebral stroke, systemic sclerosis *° as well

as glaucoma and glaucoma animal models**°. Increased ET-1 levels may also be seen in

10






local tissue with pathological changes. The evidence shows that there are many factors
that can induce the production of ET-1, including: 1) cytokines: IL-1, IL-1b, IL-6, etc.; 2)
growth factors: epidermal growth factor, fibroblast growth factor, transforming growth
factor, etc.; 3) lipids and 4) mechanical stimulation such as pressure, stress, neurotroma
3138

Diversity of action of ET-1 can be illustrated in terms of the expression of ET-1,
the existence of several receptor subtypes, the differential expression of receptors in cells
a’nd tissues, and activation of a variety of different signaling pathways. The main source
of ET-1 is endothelial cells, however it is also produced by many other types of cells,
including epithelial cells, macrophages, fibroblast, cardiomyocytes, brain neurons and
ocular cells 394!,

Initially discovered as a potent vasoactive peptide, ET-1 has vasoconstriction or
vasodilation effects that are dependent on the vessel tissue involved. The growing
evidence has shown that ET-1 is involved in development, cell differentiation, cell
proliferation, tumor metastasis, angiogenesis, electrolyte balance, matrix formation,
mitogenesis, synergism with growth factors, acute or neuropathic pain, apoptosis and
anti-apoptosis 2432333537 3947

ETa and ETp receptors have the same characteristic of G protein-coupled
receptors with seven hydrophobic transmembrane domains. Human ET, and ETp

receptors are highly conserved in amino acid sequence identity, in which there are 55%-

64% similarity in whole sequence, depending on different tissues, and 74% within the

11






putative transmembrane helices “°. Besides the transmembrane domains, there are the least
sequence similarities in the extracellular NH, terminus and the intracellular COOH-
terminal tail, whereas the sequences in intracellular loops 2 and 3 are relatively similar >
¥ The gene for the human ET4 receptor, encoding 427 amino acids, is located on
chromosome 4 *°. The gene for the human ETg receptor, encoding 442 amino acids and
having molecular weight about 50KD, is located on chromosome 13 ****!, However, the
alternative splicing of the human ETj receptors leads to a variety of mutants with

| differential amino acid sequence, including 442, 452, 274, 297, 436, 252 amino acids =
Generally in the vascular system, the ET receptors that are mainly expressed in smooth
muscle were thought to function the vasoconstriction effects, and the ETp receptors that
are mainly expressed in endothelial cells in vascular system provide the vasodilation
effects.

ET-1 and ET-2 bind the ET 4 receptor with high affinities, and ET-3 binds with

70-100-times lower affinity, whereas these three peptides bind the ETg receptor with

similar high affinities *°.

ET-1 and its signaling

G protein-coupled receptors (GPCRs), the largest superfamily of transmembrane
receptors, consist of over 1000 members and are involved in diverse responses induced
by many types of stimuli, including chemicals, biomolecules, light, odors, lipids, steroids,

peptides and stress >*. These receptors share similar primary amino acid sequences, a

12






common seven-transmembrane domain, and modulate intracellular metabolism and
signaling through the activation of heterotrimeric G proteins, which consists of Ga,, GBy
subunits. The binding of thé extracellular stimulant leads to the conformational changes
in the receptor subdomains, which transfer the signal to a trimeric G protein complex
consisting of Ga and GPBy. The activation of receptor promotes the exchange of GTP to
GDP on Ga subunit protein resulting in dissociation from Gy subunits. GPCR activates
» the heterotrimeric G proteins through activated Go. and GBy subunits, which interact with
numerous intracellular molecules to trigger the downstream signaling cascades.

ET4 and ETjp receptors are also GPCRs and belong to the rhodopsin family of
GPCRs. ET-mediated signaling pathways occur through ET,4 and ETp receptors coupling
with Goy, Gos, Goq and Ga12/13. In addition, other pathways are also activated via Gfy,
tyrosine kinases, transactivation of EGF receptor, PDGF receptor and regulator of G
protein signaling (RGS).

1. MAPK, PKC and PI3K are activated through ET, and ETg receptors

MAPK signaling pathway is another very important pathway in governing cell
proliferation, differentiation and cell death 46,54 Each MAPK cascade comprises three
components, MEKK (Raf), MEK (MAP kinase kinase) and MAPK, identified as a family
of protein Ser/Thr-kinases. In response to diverse stimuli, such as growth factors, stress,
etc., the MAPK cascade becomes phosphorylated and activated, consequently triggering
additional signaling ultimately resulting in gene transcription 46.55 The p44 and p42

MAP kinase/extracellular signal-regulated protein kinasel/2 (ERK1/2) is an important
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member of the MAPK family that is involved in cell growth, proliferation and
differentiation. MAPK pathways are not only involved in receptor tyrosine kinase-
induced signaling, but also involved in signaling induced through activation of GPCR **
5556 1t is well known that Gai, Gas and Gaq trigger downstream Ras, Raf to promote
the activation of MAPK.

ET-1 through ET specific receptors (ET4 and ETg), activates the MAPK pathway
by,phosphorylation of ERK1/2 in many cell types, including smooth muscle cells,

fibroblasts and astrocytes % 414657

. These studies have indicated that ET 4 receptor-
mediated mitogenic activity occurs predominantly through two pathways: protein kinase
C (PKC)- and phosphoinositide 3-kinase (PI3K)- dependent pathways, both of which
stimulate MAPK ***%, whereas activation of ETg receptor-mediated mitogenic activity
appears to utilize PKC-independent pathways ** *°> % ET-1-mediated-signals through
G-protein coupled receptor (GPCR) activate phospholipase C (PLCp) and generate
inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) by hydrolysis of
phosphatidylinositol 4,5-bisphosphate (PIP2), releasing Ca®* and activating PKC,
respectively. PKC can also act upstream of the MAPK pathway via activation of Ras and
Raf, to influence cell proliferation through a classical Ras-Raf-MEK-ERK pathway
which is also affected by the activation of growth factor receptors ** %2, The increased
intracellular Ca™ can also directly trigger the activation of Ca™ -dependent kinases

(CaMK, etc.) as well as phospholipase A2, which consequently regulates the release of

arachidonic acid »°.
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Activation of the MAPK pathway does not depend on Ga alone, but also depends
on GPy subunits. There are 5 GP and 12 Gy subunits identified in human ®. This results
in the diverse, potential combinations of GBy. The different GBy dimer implicates the

different roles in triggering downstream signaling pathways, including extracellular
signal-regulated kinase (ERK1/2), c-Jun NH,-terminal kinase (JNK) and p38 ®*® as well
as several calcium channels %%

~ Growing evidence indicates that ET-1 also activates the serine/threonine protein
kinase Akt/PKB, which plays an important role in cell survival and apoptosis. The anti-
apoptotic Bcl-2 family proteins is involved in the activation of Akt, inhibiting apoptosis
and promoting cell survival. It was reported that the By subunit of activated G proteins of
GPCRs has been identified to activate PI3K (same mechanism with interaction between
GRK2/3 and GPy due to PH domain interaction), subsequently leading to activated
PKB/Akt ** % The studies from other GPCRs have also confirmed the coupling of
GPy and GPCR to induce activation of PI3K and Akt. In addition, overexpression of
inactive, truncated GRK2, which sequestered Gy coupling from the receptors, inhibited
the phosphorylation and activation of MAPK 68 Liu et al. found that ET-1 induced NO
generation through a PI3 kinase-Akt pathway #However, when the inactive carboxyl
terminus of GRK2, which interacted with GPy and sequestered the coupling Gfy from
receptors, was overexpressed, NO generation was completely blocked and activation of

PI3 kinase and Akt was abolished. The results suggested that Gy subunits are involved

in activation of PI3 kinase and Akt through GPCRs. In general, the mechanism of Gy
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interaction with its effectors is not clear, and many effectors containing PH domains
interact with GPy. However, not all PH domain containing proteins can bind with GBy .
2. Signaling induced through tyrosine kinase proteins

Signal transduction through the activated GPCR can transactivate receptor
tyrosine kinases such as EGFR, PDGFR and nonreceptor tyrosine kinases, such as FAK
(focal adhesion kinase) and Src ’'. A variety of studies have reported that activation of
Ras-Raf-MAPK pathway by ET-1 occurs through the protein tyrosine kinases (PTK)
s;ch as FAK, c-Src, PYK2 (Proline-rich kinase 2), etc. 45,46.59,72.13 geveral GPCR
agonists stimulate EGF-R transactivation, including lysophosphatidic acid, thrombin,
ANG II, arginine vasopressin and ET-1 7*. Transactivation of EGFR by GPCR is also cell
type dependent. It has been reported that ET-1 activates ET receptors that then
transactivates EGF receptor résulting in phosphorylation of ERK1/2 through the Ras-Raf-
MAPK pathway in rat mesangial cells **, human vascular smooth muscle cells ">,
human melanocytes ’’ and human ovarian carcinoma cells ’®.

Kawanabe et al. found that ET-1 activated Ca"*-permeable nonselective cation
channels and a store-operated Ca’ channel (SOCC) in vascular smooth muscle cells to
induce Ca™" influx from the extracellular space that was blocked by application of Ca™
channel blockers "®. Blocking Ca*™" influx inhibited arachidonic acid generation and
phosphorylation of ERK 1/2. Meanwhile, application of AG1478, a specific inhibitor of

EGFR PTK, also inhibited arachidonic acid release and phosphorylation of ERK1/2

induced by ET-1. It has been demonstrated that ET-1-induced EGFR transactivation is
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Ca"" dependent, whereas arachidonic acid release and phosphorylation of ERK1/2
induced by ET-1 is EGFR tyrosine kinase dependent.

The regulator of G protein signaling (RGS) and activator of G protein signaling
and GPCR interacting proteins (GIP) are involved in ET-1-mediated signaling. The
different signaling pathways are also connected to differential downstream transcriptional
factors to exert ET’s function in gene expression. For instance, the phosphorylation of
ERK1/2 is a key step in triggering downstream signaling and potential activation of
‘tr:cmscriptional factors, such as c-Myc, Elk-1, c-Fos, etc. 79.80 pK C and PI3 kinase are
also involved in ET-1-mediated activation of transcription factors "> *!**3 It has been
suggested that some transcription factors, such Elk-1, c-Fos, AP-1, are controlled
simultaneously by MAPK-ERK and PKC 43,7984 \whereas p38 and JNK share different
transcription factors. Some other downstream kinases, including Rsk, p70S6K, are also
under control of these three pathways.

Take together, the complicated signaling induced by ETs is partially summarized

in Figure 4.
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Figure 4 Major Signaling Pathways Induced by ET-1
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Figure 4. Major Signaling Pathways Induced by ET-1: ET-1 activates phospholipase
C (PLC), phospholipase D (PLD), adenylate cyclase (AC) and gualylate cyclase (GC) to
generate the secondary messengers, such as IP3, DAG, cAMP and cGMP, to trigger the
activation of PKC, PKA and PKG. ET-1 also trigger MAPK and PKC pathways through
activation of tyrosine kinases and calcium. Such actions of ET-1 induce a number of
physiological effects, including vasoconstriction, vasodilation, anti-apoptosis,
angiogenesis, cell proliferation, cell defferentiation and ECM remodeling. (Modified
from Nelson, 2003 and Sokolovsky, 1995)
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Glaucoma and the roles of astrocytes in Optic Nerve Head (ONH)

Glaucoma is one of the leading causes of blindness throughout the world. There
are over 70 million people suffering from this disease. Glaucoma is an optic neuropathy,
characterized by cupping of the optic disc, progressive loss of retinal ganglion cells and
slow degeneration of the optic nerve, resulting in blindness 3**". It is estimated that
approximately 3 million Americans are suffering from primary open angle glaucoma,
which is a common form of this disease and comprises about 90% of all glaucoma. There
.ar'e lots of risk factors associated with glaucoma, including age, race, sex, hypertension,
etc. Among these risk factors, increased intra ocular pressure (IOP) is significantly
correlated with glaucoma, especially in primary open angle glaucoma.

The optic nerve head is one of the major pathological sites leading to glaucoma. It
is the place where retinal ganglion cell axons exit the eye through an opening called the
scleral canal. The optic nerve is composed of millions of nerve fibers that originate in the
retinal ganglion cell layer and converge at the optic nerve head. The optic nerve head is
divided into four regions based on the location: the surface nerve fiber layer, the
prelaminar region, the lamina cribrosa and retrolaminar region. Changes in
macromolecules in the optic nerve head of glaucoma not only result in ECM remodeling
at this site, but also alter the responses of the tissues and cells to the external stimuli such
as mechanic pressure, in glaucoma patients and in experimental animal models of
glaucoma, including laser-induced monkey glaucoma and in Morrision’s elevated-IOP

rats 2 * % _In human primary open-angle glaucoma, Hernandez et al demonstrated that
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there was an elevation of immunoreactivity of elastin and collagen VI detected in the
lamina cribrosa as well as increased collagen IV detected around nerve bundle *°,
suggesting ECM remodeling is an indication of glaucoma progression. Quigley et al
showed that there was structural changes in elastin, including curling of elastin and
disconnection from the other elements of the connective tissue matrix °', but not changes
in elastin fibril density in glaucomatous eyes °>. Morrison et al also suggested that there
was a deposition of several different collagens in optic nerve head and the increased
‘st;,ining of collagen IV was detected along the margins of beams in the lamina cribrosa in
experimental glaucoma primates *>. In monkeys with laser-induced glaucoma, some
preteoglycan proteins were increased with elevated IOP **, and reactivation and migration
of astrocytes were observed as well ”,

There are several possible mechanisms to interpret the progressive enlargement of
the optic disc: 1) the loss of ganglion cell axons (nerve fibers), but not astrocytes, is one
of reasons to cause cupping °°; 2) the enlargement of the scleral canal also makes the
cupping worse *®; 3) ECM remodeling at this site participates in the whole event ¥ 57
% However, in response to mechanical pressure, the optic nerve was distorted by

88, 89

abnormal ECM remodeling®® *, and the transport of axons was also occluded **'% at the

optic nerve head. Astrocytes were also proposed to participate in ECM remodeling as
well ¥

Astrocytes are the major glial cells in the optic nerve head. Astrocytes constitute

approximately 50% of the total cell number within the CNS and provide not only the
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structural support to neurons and maintenance of the extracellular milieu (including K,
glutamate, etc.), but also secretion of neurotrophic factors, regulation of apoptosis, and
even regulation of neurotransmission ¥ !, There are two types of astrocytes in the optic
nerve regions: Type la astrocytes expressing glial fibrillary acidic protein (GFAP) are
located in glial columns and the cribriform plates, and Type Ib expressing both GFAP
and neural cell adhesion molecule (NCAM) are the major cell type and located in whole
optic nerve head ** 192’ Generally, astrocytes are in a quiescent and quasi-differentiated
Ast;clte under normal conditions, and can be activated in response to exposure of mitogens,
neurotrauma. Furthermore, astrocyte activation and proliferation have been demonstrated
in several neuropathies, including ocular neuropathy and brain astrocyte tumor
progression 29,41, 103107 ' A gtrogliosis is defined as an abnormal increase in the number of
astrocytes due to the destruction of nearby neurons and is characterized by exhibiting
proliferative and hypertrophic responses ‘% '%°, Typically, astrogliosis is seen following
neurotrauma, hypoxia/ischemia, and other pathologies and is manifested by a dramatic
change in the expression of extracellular matrix profile, which in most cases results in a
glial scar *°. These cells, which are major glial cells in the optic nerve head, are essential
for axon survival and provide structural support. As the astrocytes are activated, their cell
bodies undergo hypertrophy and migrate into optic nerve bundles, and the pathological
changes may induce axon loss ** ''°, Since the axon loss is one of the characteristics of
glaucoma, the optic nerve head is considered an important pathological change site. One

of possible mechanisms is that elevated IOP induces ECM remodeling, leading to
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pathological changes at the optic nerve head that causes physical compression on optic
nerve axons. Such actions will block axoplasmic flow leading to ischemia, and also block
anterograde and retrograde transports between axons and retinal ganglion cell bodies %
89111 Regarding the regulation of ECM components in the brain and eyes, astrocytes are
a major source of MMPs and the extracellular matrix components % Reactive astrocytes,
involved in astrogliosis, may be responsible for ECM remodeling in glaucoma. We have
shown that increased IOP is strongly correlated with elevated endothelin-1 (ET-1) at the
| lO};tiC nerve with increases in ETg receptors in astrocytes and marked elevation in GFAP
% Therefore, ET-1 may be involved in ECM remodeling of optic nerve head in glaucoma

as a result of the astrogliosis and reactivation of astrocytes by ET-1.

Endothelin-1 (ET-1), ECM remodeling in optic nerve head in glaucoma:
Endothelins, a family of vasoactive peptides that include ET-1, are implicated in
numerous physiological and pathological conditions, including hypertension, cardiac
failure, brain and myocardial infarction, disseminated intravascular coagulation,
Alzheimer’s disease, and glaucoma 32,41, 112 ET-1, the predominant isoform of ET, is a
potent mitogen in many cells including smooth muscle cells, fibroblasts, and astrocytes **
108, 113-116 BT receptors, ET and ETg, are also expressed in many types of cells in the
central nervous system (CNS) with ETg as the predominant receptor in the CNS "7 The
changes in ET-1 expression and/or regulation of ET receptors appear to play an important

role in CNS astrogliosis ***’.
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ET-1 is not only known as a potent vasoactive peptide, it is also involved in many
physiological functions and pathological conditions. Abundant studies show a role of ET-
1 in tumor homeostasis. In addition to promoting cell proliferation in tumor cells through
activation of its receptors, ET-1 also inhibits apoptosis, shifts the balance of
MMPs/TIMPs to induce extracellular matrix remodeling that leads to neovascularization
in certain tumors, and increases metastasis of tumor cells as well 32,3547 In addition, the
growing evidences showed that ET-1 induces the expression of many types of MMPs and
TiMPs leading to increased degradation of collagens, laminin and fibronectin which are
deposited in the extracellular space, and that ET-1 also induced ECM protein expression,
including collagens, laminin and fibronectin in in vitro cell culture and irn vivo animal
models ''*1%2,

Interruption of the connection between retinal ganglion cells and the brain by
compression or severing their axons causes the loss of ganglion cells and optic nerve.
This may be due to blockade of anterograde and retrograde neurotrophin transport ¥ %
"1 However, animals display the different MMP expression profile in ECM as part of
remodeling of the optic nerve head in response to the different insults of the optic nerve.
In laser-induced glaucoma in primates, there is significant increase in expression of MT1-
MMP and MMP-1 in reactive astrocytes at optic nerve head due to elevation of IOP,
whereas in primates with optic nerve transection, there is increased MT1-MMP, MMP-1,

123

MMP-2, TIMP-1 and TIMP-2 expression by reactive astrocytes at the transection site .

Other investigators have shown that extensive ECM remodeling is correlated with RGC
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apoptosis and axon loss, and that the increased MMP activity may enhance ECM
degradation, including collagen degradation, to facilitate the migration of astrocytes into
optic nerve bundles. Fini’s group showed that RGC apoptosis may be significantly
correlated with the degradation of laminin from the inner membrane and directly
increased the activity of MMP-9 at the same layer'?*. Zhang also reported that following
intravitreal injection of kainic acid in mice, upregulation of MMP-9 and activation of
astrocytes were observed in the retina. The decrease in laminin immunoreactivity in the
.ga'nglion cell layer and significant loss of retinal ganglion cells were correlated with
increased activity of MMP-9 '%°. Guo et al showed that elevated-IOP-induced RGC
apoptosis was positively correlated with expression of MMP-9, TIMP-1 and collagen I,
but negatively correlated with laminin at RGC layer "1 In elevated-IOP rats, the
extensive immunostaining of collagen IV, VI and laminin was detected at the optic nerve
head by Morrison’s group '2%. This increased ECM deposition is associated with the
duration of increased IOP and increased level of IOP. Therefore, the key ECM molecules
not only provide mechanical support for cells, but also are involved in cell apoptosis and
axon loss at ONH.

It’s reported that ET-1 levels were elevated in the vitreous humor and plasma in

26.27 and some glaucoma animal models, such as ET-1 levels were 4-

glaucoma patients
fold higher in the aqueous humor than control in the dog with glaucoma, **; and in the
Morrison model of elevated IOP in Brown Norway rats, there is an increase ET-1 levels

in aqueous humor over controls *° and in rabbits®’. Our lab has shown that the increased
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ET-1 levels in aqueous humor in the Morrison rat model of elevated IOP were correlated
with the increased GFAP in astrocytes and ETB receptor immunoreactivity 2°. Morrison’s
group also demonstrated that there is a significant increase in mRNA levels of ET
receptors, TIMP-1, MMP-3, ET-2, fibronectin and GFAP tested by RT-PCR in the
elevated IOP in Brown Norway rats '2”. Furthermore, intravitreal injection or perfusion of
ET-1 into eyes in many animal models such as primates, rabbits and rats, caused optic
nerve head damage similar to that seen in glaucoma, including enlargement of disk

128-131

cupping, axon loss, astrogliosis , as well as disruption of axonal transport between

the cell body and axons ' '*%,
ET-1 is an important factor that contributes to the pathogenesis and progression of

glaucoma 40.41 However, the mechanism involved in ET-1 regulation of ECM

remodeling in optic nerve head as occurs through astrocytes is still unknown.

Hypothesis and Specific Aims:

Endothelin-1 (ET-1) is a vasoactive peptide and a potent mitogen for many cells
including smooth muscle cells, fibroblasts, and astrocytes especially when ET-1 levels
are elevated under pathophysiological conditions, including glaucoma. Previous studies
show that PKC, MAPK and PI3K-Akt are involved in signaling induced by ET-1 through
its receptors ET ,R and/or ETgR. However, ET-1-mediated signaling involved in
astrocyte proliferation and reactivation is not clear.

It is reported that astrocyte-mediated responses and changes in the extracellular
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matrix (ECM) is involved at the optic nerve head in primary open angle glaucoma
involves. The activities of ECM-remodeling enzymes, such as matrix metalloproteinases
(MMPs) and tissue inhibitor of matrix metalloproteinases (TIMPs), play an important
role and are regulated by MAPK and PKC pathways. ET-1 levels were elevated in
vitreous humor and plasma both in glaucoma patients and in animal models of glaucoma.
By altering the microenvironment of the optic nerve head through remodeling, these
reactive astrocytes induced by ET-1 may cause axonal degeneration and progressive and
.irxv'eversible pathological changes. Thus, the study of reactive astrocytes may provide
approaches to modulate or to control the deleterious changes in the glaucomatous optic

nerve head (ONH).

Hypothesis: ET-1 induces an imbalance of the activity of MMPs and TIMPs through

MAPK- and PKC-dependent pathways in optic nerve head astrocytes (ONA).

Specific Aim 1: To determine whether ET-1 induced cell proliferation through
MAPK, PKC and PI3K pathways in astrocytes. In order to complete this aim, primary
optic nerve head astrocytes (ONA) and U373MG astrocytoma cells will be used in
experiments. The function of MAPK, PKC and PI3K pathways in cell proliferation of
astrocytes will be detected. Cell proliferation will be determined by MTT-formazan assay
and *[H]-thymidine incorporation assay. Phosphorylation of ERK1/2, PKC, and PI3K

will be monitored by Western Blot (WB) assay. PKC translocation assay and PKC kinase
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assay will be employed to measure expression of PKC and PKC isoforms involved in ET-
1-induced signal transduction. Inhibitors and dominant negatives of MAPK and PKC will

be applied to block these pathways.

Specific Aim 2: To determine whether ET-1-mediated signaling is involved in ECM
remodeling of human optic nerve head astrocytes. In order to complete this aim, ET-
1’s effects in activity and expression of MMPs and TIMPs, expression and matrix
.fo.rmation of substrates will be determined in primary ONA cells. Zymography assays
will be applied to analyze the activities of MMP-2, 3 and 9. WB will be used to detect the
expression of TIMPs at different time points. WB and immunofluorescent staining will
be used to test substrate expression and deposition, including collagen IV, and
fibronectin. Introduction of siRNA into cells will be used to knock down MMP-2 or

TIMP-2 to determine the regulation of balance between MMPs and TIMPs.

Specific Aim 3: To determine whether ET-1 alters ECM remodeling at optic nerve
head in rats with intravitreal injection of ET-1. To determine in vivo effects of ET-1 in
eyes, ET-1 will be injected into the vitreous of one eye of Wistar rats and ETg-deficient
transgenic Wistar rats; the contralateral eye will serve as control. An additional set of
animals will be treated with vehicle injection to one eye. Rats will be sacrificed at
different time points. Immunostaining will be employed to detect MMPs, TIMPS,

collagen type IV, type VI, fibronectin and Glial fibrillary acidic protein (GFAP) in optic
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nerve head sections.

Significance:

In this study, we investigated the mechanisms by which ET-1 induces an
imbalance in the activity of MMPs and TIMPs and how this imbalance contributes to the
pathological changes at the ONH in glaucoma. Such studies provide insight into the
mechanisms inducing glaucoma, but also indicate the strategies of new drug designs for
‘gl'aucoma treatment.

Patients would not be diagnosed with glaucoma until they experience a loss of
vision because there is no pain in glaucoma progression. However the death of retinal
gangliop cells is irreversible at this stage. Therefore, understanding how to prevent the
further apoptosis of retinal ganglion cells and the pathological changes at the trabecular
meshwork, retina and the optic nerve head is crucial for glaucoma therapeutics.
Understanding how ET-1 levels increase and ET-1 signaling involved in ECM changes
will provide important information for early diagnosis and therapy. In the current study,
we will determine if ET-1 induces an imbalance of MMPs/TIMPs through MAPK- and
PKC-dependent pathways, resulting in ECM remodeling. Such studies could provide
insight into the molecular regulation and signaling that leads to the pathological changes
that occur at the optic nerve head. ET-1 activates astrocytes and the resultant astrogliosis,
which contributes to the progressive loss of retinal ganglion cells and axons in glaucoma.

This proposal will 1) establish a temporal regulation of ET-1 on MMPs/TIMPs, and
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establish signaling mechanisms associated with ECM molecule expression; 2) determine
if the ET-1’s effects on the pathological changes at the optic nerve head occur through an
imbalance of MMPs/TIMPs; and 3) demonstrate that the in vivo effects of ET-1 are
correlated with ET-1-receptor mediated ECM remodeling and glaucomatous optic nerve
damages.

The results from this study could suggest several strategies of new drug design for
treating glaucoma: 1) Control ET-1 levels in ocular tissues: Elevated ET-1 levels in
‘gllaucoma patients indicate the possible involvement of ET-1 in glaucoma progression,
therefore, the application of specific inhibitors of endothelin converting enzyme, the rate
limiting step in ET synthesis, may facilitate the regulation of ET-1 levels in the eyes; 2)
Development of ET4 and/or ETp antagonists: Using antagonists to block ET-1s effects is
a promising approach, for example, Bosentan, an antagonist of ET and ETg receptors,
has been used in the therapy of pulmonary hypertension; 3) Designing specific inhibitors
of MMPs could also be a potential therapeutic targets for glaucoma: Administration of
the inhibitor to control the activity of MMPs to maintain the balance at physiological
levels would prevent any abnormal changes in ECM that may occur at the optic nerve

head.
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ABSTRACT

Endothelin-1 (ET-1) is a potent mitogen for many cells especially when its levels are
elevated under pathological conditions as seen in tumor cell progression and astroglial
activation in neuropathies. While ET-1 is known to cause astroglial proliferation, in the
present study, multiple signaling pathways involved in ET-1-mediated astrocyte
proliferation were characterized. Treatment with PD98059 and U0126 (MEK inhibitors)
inhibited not only ET-1-induced cell proliferation but also ET-1-activated
bh;sphorylation of ERK1/2 in U373MG astrocytoma cells. Whereas the non-selective
PKC inhibitor chelerythrine attenuated ET-1-induced cell proliferation, it was unable to
block ET-1-induced ERK phosphorylation. However, ET-1 did not activate conventional
or novel PKCs and did not elevate intracellular calcium. In addition, U73122 (a selective
phospholipase C inhibitor), FTI-277 (an H-Ras inhibitor), as well as protein tyrosine
kinase inhibitors also did not abolish ET-1-induced ERK1/2 phosphorylation. ET-1
treatment increased the activity of total Ras but not H-Ras. The PI3 kinase pathway
appeared to be involved in signal transduction induced by ET-1, but it did not appear to
participate in crosstalk with the MAPK pathway. Activated ET receptors didn’t propagate
signals either through protein tyrosine kinases or transactivation of EGF receptor tyrosine
kinases, which typically trigger Ras-Raf-MAPK pathways. The results suggest that ET-1
stimulates cell proliferation by the activation of MAPK-, PKC- and PI3K-dependent
pathways that appear to function in a parallel manner. There is no apparent, direct “cross-

talk” between these pathways in U373MG cells.
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INTRODUCTION

Astrocyte activation and proliferation has been demonstrated in several
neuropathies, including ocular neuropathy and brain astrocyte tumor progression(1-6).
Astrogliosis is defined as an abnormal increase in the number of astrocytes due to the
destruction of nearby neurons and is characterized by exhibiting proliferative and
hypertrophic responses (7, 8). Typically, astrogliosis is seen following neurotrauma,
hypoxia/ischemia, and other pathologies and is manifested by a dramatic change in the
e;(I;ression of extracellular matrix profile, which in most cases results in a glial scar (9).

Endothelins, a family of vasoactive peptides that include endothelin-1 (ET-1), are
implicated in numerous physiological and pathological conditions, including
hypertension, cardiac failure, brain and myocardial infarctions, disseminated
intravascular coagulation, Alzheimer’s disease, and glaucoma (1, 10, 11). ET-1, the
predominant isoform of ET, is a potent mitogen in many cells including smooth muscle
cells, fibroblasts, and astrocytes (7, 12-16). ET receptors, ET 4 and ETg, are also
expressed in many types of cells in central nervous system (CNS) with ETg as the
predominant receptor in the CNS (17). The changes in ET-1 expression and/or regulation
of ET receptors appear to play an important role in CNS astrogliosis (18, 19).

The mitogen activated protein kinase (MAPK) signaling pathway is an important
pathway in governing cell proliferation, differentiation, and cell death (20, 21). In
response to diverse stimuli, such as growth factors, stresses, etc., components of the

MAPK become phosphorylated and activated, consequently triggering signaling cascades
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ultimately resulting in gene transcription (21, 22). The p44 and p42 MAP
kinase/extracellular signal-regulated protein kinase1/2 (ERK1/2) is an important member
of the MAPK family that is involved in cell growth, proliferation and differentiation (21-
23).

ET-1, through its ETA and ETg receptors, activates the MAPK pathway by
phosphorylation of ERK1/2 in many types of cells, including smooth muscle cells,
fibroblasts, and astrocytes (1, 19, 21, 24). These studies indicated that ET 4 receptor-
ﬁc;diated mitogenic activity occurred predominantly through two pathways: protein
kinase C (PKC)- and phosphoinositide 3-kinase (PI3K)- dependent pathways, both of
which stimulate MAPK (25-27), whereas activation of ETp receptor-mediated mitogenic
activity appears to utilize PKC-independent pathways (21-24). PKC can also act
upstream of the MAPK pathway via activation of Ras and Raf, to influence cell
proliferation through classical Ras-Raf-MEK-ERK pathways identified through
activation of growth factor receptors (23, 28, 29).

Previously, we have shown that ET-1 induces cell proliferation in human
U373MG astrocytoma cells and in human optic nerve head astrocytes in culture (7).
However, little is known about the ET-1-induced signaling pathways responsible for
astrocyte cell proliferation and specifically in U373MG astrocytoma cells that are
extremely invasive tumorigenic cells in the CNS. Presently, the mechanism by which ET-
1 stimulates the proliferation of human U373MG astrocytoma cells is addressed and the

hypothesis that MAPK and PKC pathways are both involved was tested. Our study
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indicated that PKC, MAPK and PI3K pathways are directly involved in astrocyte cell
proliferation induced by ET-1, and that the activation of ERK1/2 does not appear to

involve a cross-talk between ¢/nPKC (conventional and novel) and PI3K pathways.
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MATERIALS AND METHODS

Materials. Dulbecco’s modified Eagle’s medium (DMEM, catalog no. 11995-040),
penicillin- streptomycin-glutamine was obtained from Gibco (Rockville, MD, USA).
Fetal bovine serum (FBS) was obtained from Hyclone Labratoraries, Inc. (Logan, UT).
PD98059, U0126, chelerythrine, RO-31-8425, genistein, AG82, herbimycin, LY294002,
and FTI-277 were purchased from Calbiochem (La Jolla, CA, USA). Rabbit anti-ERK1/2
polyclonal antibody, rabbit anti-phospho-ERK1/2 (Thr202/Tyr 204) polyclonal antibody,
fabbit anti-phospho-pan-PKC polyclonal antibody and rabbit anti-phospho-Akt (Ser 473)
polyclonal antibody were purchased from Cell Signaling Technology (Beverly, MA); H-
Ras plasmid cDNA and H-RasS17N dominant negative cDNA were obtained from
Guthrie cDNA Resource Center (Sayre, PA); EZ-Detect-Ras activity Kit were from
Pierce Biotechnology, Inc. (Rockford, IL); Fura-2/AM was purchased from Molecular
Probes, Inc (Eugene, OR); phorbol 12-myristate 13-acetate (PMA), phorbol 12-
monomyristate (PMM), and all other chemicals were purchased from Sigma (St Louis,
MO, USA). Endothelin-1, BQ610, and BQ788 were obtained from Peninsula

Laboratories (Belmont, CA).

Cell Cultures. U373MG cells (human astrocytoma glioblastoma) obtained from the
American Type Culture Collection (ATCC, Manassas, VA) were maintained in DMEM
containing 10% fetal bovine serum supplemented with 10u/ml penicillin, 100pg/ml
streptomycin and 0.3 pg/ml glutamine under a humidified 5% CO, at 37 °C. For plasmid

cDNA transfection, cells were cultured to 80% confluence and the media were changed
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to serum-free DMEM without penicillin and streptomycin. For experiment with DNA
transfection, in each 100mm-dish cell culture, 10pug plasmid cDNA was used for
transfection with lipofectamine 2000 (Invitrogen Inc., CA, USA) according to the
instruction of manufacturer. After 8 hours, cells were washed with serum-free DMEM

and cultured for 24 hours before treatment.

Western Blot. U373MG cells were cultured in 100mm dishes to confluence; 24 hours
late;' the media were changed to serum-free DMEM, cells were pretreated with different
inhibitors/ET receptor antagonists for 30 minutes, then cells were stimulated with 100nM
ET-1 for various times described herein. The reaction was stopped by adding ice-cold
PBS. The cells were scraped and lysed in a lysis buffer (50mM Tris, pH8.0; 100mM
NaCl; ImM EGTA; 1 mM Na—Orthovanadate; 5uM ZnCly; SOmM NaF; 1mM PMSF;
10pg/ml aprotinin, leupeptin and soybean trypsin inhibitor; 1%(v/v) NP-40; 1%(v/v)
triton X-100). Total cell lysate was applied to 10% SDS-PAGE and transferred to
nitrocellulose membranes (Protran Bioscience, Keene, NH). The transferred membranes
were blocked with 5% non-fat milk in TBS/T (Tris-buffered saline (TBS), 10 mM Tris-
HC], pH 8.0, 150 mM NaCl, and 0.5% Tween 20) for 1 hr and incubated with primary
antibody for 1hr at room temperature or overnight at 4°C. A horseradish peroxidase
conjugated anti-mouse or anti-rabbit IgG antibodies (Amersham Pharmacia Biotech,
Piscataway, NJ) were used as secondary antibody and the enhanced chemiluminescence
reagents (Amersham Pharmacia Biotech, Piscataway, NJ) were used for the blotting

detection. X-ray films (Kodak, Rochester, NY) were exposed and scanned using an HP
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scanner. Density of bands was determined by the software, Scion Image (Scion
Corporation, Maryland, USA). Error bars shown in figures represent the standard

deviation of mean from the triplicate of a representative experiment.

Cell Proliferation Assays. Formazan-MTT and [methyl-’H]-thymidine incorporation
assays were used in present paper. Formazan-MTT assay (Promega, Madison, WI, USA)
was performed as previously described (2, 7). U373MG cells were seeded in 96 well-
piaf)e in DMEM containing 10% FBS at concentration of 1000 cells per well. On the
second day, the media was changed to serum-free DMEM, U373MG cells were
pretreated with drugs for 30 minutes, and then stimulated with or without 100 nM ET-1
for 24 hours. The media was aspirated, and 120 pl of a formazan mixed reagent (100 pl
pre-warmed SF-DMEM and 20Vul formazan one solution reagent) was added per well.
Cells were incubated at 37°C, 5% CO, and detected OD value at 490nm wavelength by
the plate reader (Molecular Devices, SpectraMax 340pc, Sunnyvale, CA).

A [’H]-thymidine incorporation assay was also performed as previously described (30).
Briefly, cells were seeded at 1 x 10° cells per well in 24-well plates in quadruplicate
wells. After 8 hours, the cells were placed in serum-free medium for 24 h. ET-1 was then
added at final concentration 100nM for 16 h, followed by addition of [*’H]-thymidine (1
pCi/well, Amersham Biosciences(NJ, USA)) for 8 hours. Cells were incubated with ice-
cold 5% TCA (trichloroacetic acid) for 30 minutes and later washed with ice-cold PBS.
Cells were then washed once with PBS followed by incubation with 0.5 ml of lysis

solution (0.5M NaOH/0.5% SDS). Lysis solution was transferred into a scintillation vial
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containing scintillation cocktail and vials were counted in a beta counter. For inhibitor
studies, cells were pretreated for 30 minutes followed by addition of ET-1 and [*H]-

thymidine as described above.

PKC Translocation Assay. To determine the translocation of PKC isoforms as a mean
to demonstrate PKC activation, the membrane and the cytosol fractions were isolated
from cell lysates using previously described procedures (31). U373MG astrocytoma cells
tréaied with different drugs were harvested and sonicated 15 times with 1 second
sonication and 1 second intervals in ice-cold Buffer A containing 10 mM HEPES (pH
7.4), 1 mM EDTA, 1 mM EGTA, 0.34 M sucrose, 10% glycerol, 10 ug/mL leupeptin, 10
pg/mL aprotinin, 1 mM benzamidine and 1 mM phenylmethylsulfonyl fluoride. Cell
lysates were centrifuged at 16,000xg for 5 minutes, and then the supernatant was
centrifuged at 100,000xg at 4°C for 45 minutes to separate membrane and cytosolic
fractions. The supernatant was considered the cytosolic fraction. The pellet was
resuspended with Buffer B, which is Buffer A with 1% Triton X-100 and placed on ice
for 1 hour with several times of gentle mixing. The suspension was centrifuged at
16,000xg at 4°C for 10 minutes, the supernatant contained the solublized membrane

fraction. Proteins in each fraction were analyzed by Western blot as described above.

PKC Kinase Assay. PKC activity was determined by measuring **P incorporation from
[y-?P]ATP into a synthetic PKC substrate peptide, a fragment of glycogen synthase (GS)

(Sigma, St Louis, MO, USA), according to the procedures previously described (31-33).
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Cytosolic and membrane fractions of cells were isolated by procedures described in PKC
Translocation Assay above. PKC activity was calculated as the difference between *2P
incorporated into the GS substrate peptide in the presence of CaCl,-phosphatidylserine
vs. EGTA. Results were expressed as picomoles of **P incorporated per milligram of

protein per minute (pmol.mg " .min™).

Activated Ras activity assay. Activated Ras was detected by an affinity pull-down assay
witl; GST-Raf-1 agarose (EZ-Ras-Detect kit) obtained from Pierce Co. and used
according to the manufacturer’s instructions. U373MG cells transfected with vector, H-
Ras wildtype active cDNA or H-Ras dominant negative cDNA, were exposed to ET-
1(100nM) for 5 min, or serum-starved untransfected U373MG cells exposed to ET-
1(100nM) for 2 min to 30 min. Cells were washed with 1ml ice-cold PBS and lysed in
500 pl Lysis-Binding-Wash (LBW) buffer. 500 pg fresh cell lysate were incubated with
30 pg GST-Raf-1-RBD agarose in a spin column for 1 hr at 4 °C with gentle rotation.
The agarose beads were washed 4 times with LBW buffer, and added 50 pl of sample
buffer was added and boiled for 5 min. After a brief spin, supernatants were collected and
applied to 12% SDS-PAGE. The proteins were transferred from gels to nitrocellulose
membranes and probed with monoclonal anti-Ras (1:200, provided with kit). A
horseradish peroxidase conjugated anti-mouse IgG antibody was used as secondary

antibody and the ECL reagents were used for immunoblotting detection.
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Calcium Imaging. Intracellular Ca™" ([Ca®"}; ) release was determined by calcium
imaging (by ratiometric technique using Fura-2 AM) as previously described (34).
U373MG cells were seeded on the coverslip in 35mm dish and grown for 24 hours. On
the following day, cells were washed with a modified Krebs-Ringer buffer solution
(KRB, 115 mM NaCl, 2.5 mM CaCl,, 1.2 mM MgCl,, 24 mM NaHCO3, 5 mM KCl, 5
mM glucose, and 25mM HEPES, pH 7.4) and incubated with 3 uM Fura-2/AM
(Molecular Probes) for 30 minutes at 37°C. Fura-2 fluorescence from these cells was
mon‘itored at 37 °C by the ratio technique (excitation at 340 and 380 nm, emission at 500
nm) under a Nikon Diaphot microscope using Metafluor software (Universal Imaging,
West Chester, PA). [Ca’*]; was calculated according to the formula provided by
Grynkiewicz et al. (35). Calibrations were performed in vivo, and conditions of high
[Ca’*]; were achieved by adding the Ca** ionophore 4-Bromo-A23187 (3 uM;
Calbiochem, San Diego, CA), whereas conditions of low [Ca®']; were obtained by adding
EGTA (5 pM). [Ca®"]; for each treatment was measured in at least 8 different cells and in

two coverslips.
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RESULTS:
ET-1 induced cell proliferation of U373MG astrocytoma cells and phosphorylation
of ERK1/2

Previous observations demonstrated that 100nM ET-1 treatment for 24 hours
increased U373MG astrocytoma cell proliferation using both [*H]-thymidine
incorporation and formazan MTT assays (7). In the present series of experiments, the role
of ERK1/2 in ET-1-induced cell proliferation was determined using a similar ET-1
dovsir'lg. The [’H]-thymidine incorporation assay was employed to investigate ET-1-
induced cell proliferation in the absence or presence of inhibitors of several signaling
pathways (Fig 1A.). ET-1 induced 25-30% increase in cell proliferation (n=3) whereas 10
uM U0126 (an inhibitor of MEK1/2), 2 uM chelerythrine (an inhibitor of PKC) and 25
uM LY294002 (an inhibitor of PI3 kinase) completely blocked ET-1-induced cell
proliferation, while 5 pM genistein (an inhibitor of protein tyrosine kinases) had no
effect.

A formazan MTT assay was also employed to measure cell proliferation in the
presence of inhibitors of signaling pathways. U373MG astrocytoma cells were seeded in
96-well plates and treated with 100nM U0126 (inhibitor of MEK1/2) and 5uM PD98059
(inhibitor of MEK1) with and without 100nM ET-1. Cell proliferation was stimulated by
ET-1 in U373MG significantly (p<0.05) by 170% after 24 hours treatment, and this effect
was completely blocked by U0126, even at a low concentration (100nM), whereas it was
only partially blocked by 5pM PD98059 (Fig. 1B). Although the trend of inhibition of

cell proliferation by drugs was similar in both assays, there were some differences shown

58






between them. The lower basal levels of cell proliferation in treatments with drugs than
those in control were seen in the thymidine incorporation assay, whereas the basal levels
in the drug-treated groups were almost same as those in control of the formazan-MTT
assay. In the thymidine incorporation assay the cells were treated with drugs for 24 hours,
whereas [*H]-thymidine was added 8 hours before the cells were harvested. Therefore,
the cell proliferation in the drug-treated group had been inhibited for 16 hours before
[*H]-thymidine was added. Thus, the lower uptake of thymidine into cells treated with
drugs compared to the control. Such an effect can explain the lower basal levels detected
in the thymidine incorporation assay.

Extracellular signaling regulated kinase (ERK1/2), the key element of the MAPK
pathway, was phosphorylated by 100nM ET-1 in a time-dependent manner (Fig. 1C). The
phosphorylation of ERK1/2 reached the highest level after 5-minute treatment with ET-1
and subsequently returned to basal level after 30 minutes. PD98059 at 25 uM partially
blocked the phosphorylation induced by ET-1 as well as attenuated the basal level of
ERK1/2 phosphorylation (Fig. 1D). Both basal and ET-1-induced phosphorylation of

ERK1/2 was completely blocked by 10 uM U0126 (Fig. 1E).

ET-1-induced phosphorylation of ERK1/2 occurs through ETg receptors

Although the ETp receptor is predominantly expressed in U373MG cells (36), it
was important to determine which receptor was responsible for ERK1/2 phosphorylation
induced by ET-1. To address this question, selective ET-receptor antagonists BQ610

(ET A antagonist) and BQ788 (ETg antagonist) were used. These compounds were used at
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2 pM and were administered to U373MG cells for 30 minutes before ET-1 treatment.
BQ788 (ICsp=1.2nM) completely blocked the ERK1/2 phosphorylation induced by ET-1,
whereas BQ610 (IC5;=20nM) had no effect (Fig. 2). This result is also consistent with the
binding assay results in which the ETg receptor antagonist BQ788 completely blocked
['®I]-ET-1 binding in U373MG astrocytoma cells, whereas the ET receptor antagonist

BQ610 and FR139317 did not (36).

IIiV(;lvement of PKC is necessary for proliferation of U373MG but not necessary for
phosphorylation of ERK1/2 induced by ET-1

To test the role of PKCs in ET-1-induced cell proliferation of U373MG
astrocytoma cells, 2 uM chelerythrine and 1 pM RO-31-8425, general inhibitors of
PKCs, were employed. Blockade of PKC activity by chelerythrine and RO-31-8425
inhibited ET-1-induced proliferation of U373MG cells (Fig. 1A and 3A). Both MAPK-
ERK and PKCs were found to be involved in the ET-1-induced cell proliferation of
U373MG astrocytoma cells. However it is well known that PKC activation can result in
MAPK-ERK activation, therefore the question was whether these pathways exerted their
effects in a parallel pattern or whether there was a direct interaction or “cross-talk”
between them? To address this question, the effects of PKC inhibitors on ERK1/2
phosphorylation were determined. Phorbol-12-myristate-13-acetate (PMA), the phorbol
ester known to activate PKCs, was administered (1uM) in U373MG cells for 30 minutes

and it induced a strong phosphorylation of ERK1/2 (Fig. 3B). However, the application
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of either 2 uM chelerythrine or 1 uM RO-31-8425 did not abolish the ERK1/2

phosphorylation induced by ET-1 (Fig. 3B).

ET-1 did not activate conventional and/or novel (¢/n)PKC isoforms

Our results have shown that PKCs are involved in the ET-1-induced cell
proliferation of U373MG astrocytoma, but not in ET-1-induced ERK1/2 phosphorylation.
To identify the isoforms of PKCs involved in cell proliferation, we measured the
pho;phorylation of PKC and translocation of PKC from cytosol to membranes both by
Western blot and a PKC kinase assay. In the PKC kinase assay, ET-1 treatment for 5
minutes in U373MG cells did not activate the conventional and/or novel PKCs, whereas
1 pM PMA treatment increased the activities of PKCs, which resulted in PKC
phosphorylation and translocation from cytosol to membrane (Fig. 4A and 4B).
Furthermore, the results from the kinase assay also showed that blockade of MEK1/2 by
U0126 did not affect the activation and translocation of PKCs. Therefore, MEK1/2 and
ERK1/2 did not directly activate PKCs in U373MG astrocytoma. Phosphorylation of
PKCs in cytosolic and membrane fractions was also determined by Western blot using
anti-phospho-pan-PKC antibody, which can recognize phosphorylated PKC-a., BI, BII, 3,
n, 0 and € (Fig. 4C). SDS-PAGE gels stained with coomassie blue were used as loading
controls. ET treatment of U373MG cells from 1 to 10 minutes did not alter the pattern of
phosphorylation and translocation of PKC-a, BI, BII, & and ¢ either in cytosolic or
membrane fractions (Fig. 4C). In positive controls, after a 30-minute treatment with 1

puM PMA, these phosphorylated isoforms of PKC, shown as 4 bands in the blot, were
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translocated to membrane, whereas 1 pM PMM, which is an inactive analog of PMA, did
not activate PKC. Because this anti-phospho-pan-PKC antibody can recognize both
conventional PKCs (-a, BI, BII) and novel PKCs (-8, 1, 6 and €), it was concluded that

ET-1 did not activate ¢/nPKCs.

ET-1 did not elevate the intracellular Ca” [Ca""]; mobilization and IP; generation

.~ The current data indicated that ET-1 did not activate ¢/nPKC isoforms, but we
still needed to investigate whether ET-1 treatment increases [Ca®']; levels, which could
activate cPKCs. Fura-2 calcium imaging was used to monitor the concentration of
[Ca™];. After ET-1 was applied to U373MG cells, the ratio at 340nm/380nm did not
change (Fig. 5A), whereas carbachol, an agonist of acetylcholine receptors, increased the
340/380 ratio slightly. Treatment with A23187, a calcium ionophore reagent, increased
[Ca™); rapidly. To further confirm that IP;-induced [Ca®*]; and DAG signaling were not
involved in ET-1-induced PKC activation and ERK1/2 activation, astrocytoma cells were
treated with U73122 (a phospholipase C inhibitor). U73122 did not attenuate the ERK1/2
phosphorylation induced by ET-1 (Fig. 5B). The results suggested that ET-1 did not
promote the calcium release in U373MG cells and that there was no cross-talk between
PKC and ERK1/2 pathways. These findings were also consistent with the result that ET-
1 did not activate ¢/nPKCs in U373MG cells and could activate atypical PKCs, since

chelerythrine, a PKC inhibitor, blocked ET-1-induced cell proliferation.

Inhibition of H-Ras does not block ERK1/2 phosphorylation induced by ET-1
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Ras, a member of the small GTPase family, is considered an upstream element
involved in the activation of ERK1/2 in mammalian cell types (22, 37, 38), including
COS cells (39), Jurkat T cells (40), and astrocytes (41). To identify the role of Ras in the
signaling pathway induced by ET-1, pharmacological and molecular biological
approaches were used. First, a GST pulldown assay was used to detect Ras activities after
ET treatment at different time points. Only the active GTP-bound Ras is pulled down by
the GST-Raf-1 Binding Domain (RBD) agarose. At 2 and 5 minutes post ET treatment,
thé a;ctive form of Ras increased and began to decline after 15 minutes of ET treatment
(Fig. 6A). U373MG cells were also pretreated for 30 minutes with FTI-277 (10 pM),
which is a selective inhibitor of H-Ras, a member of Ras family (42, 43), followed by an
application of 100 nM ET-1 for 5 minutes. Surprisingly, ET-1-induced phosphorylation
of ERK1/2 was not blocked by FTI-277 (Fig. 6B).

In another set of experiments both ERK1/2 phosphorylation and Ras activity were
assessed following ET-1 treatment of U373MG cells transfected with wild type, active,
and dominant negative H-Ras plasmid cDNAs. U373MG were transfected with active H-
Ras and dominant negative H-RasS17N plasmid cDNA for 36 hours, and followed by an
application of ET-1 for 5 min. Phosphorylation of ERK1/2 was greatly amplified by over
expression of active wild type H-Ras, with and without ET-1. Treatment with ET-1
enhanced this phosphorylation (Fig. 6C). However, introduction of a dominant negative
of H-Ras did not abolish the ET-1-induced phosphorylation of ERK1/2 as compared to
controls, which were transfected with the pcDNA3 vector. Activity of Ras was also

determined in U373MG transfected with H-Ras cDNA and H-Ras S17N dominant
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negative cDNA. In U373MG transfected with active wild type Ras, the activity of Ras
was increased significantly by over expression of H-Ras (Fig. 6D). This elevated activity,
a reflection of H-Ras over expression, was blocked partially by application of FTI1-277
(Fig. 6D). It is therefore likely that a Ras unlike H-Ras may be involved in ET-1-

mediated ERK1/2 phosphorylation in U373MG astrocytoma cells.

ET-1 induced phosphorylation of ERK1/2 was not blocked by inhibition of either
pl;of'ein tyrosine kinase or transactivation of receptor tyrosine kinase

Some studies reported that activation of Ras-Raf-MAPK pathway by ET-1 occurs
through the protein tyrosine kinases (PTK) such as FAK, c-Src, etc. (26, 44, 45). We also
considered that PTKs might be part of the upstream elements and play an important role
to activate a similar signaling induced by ET-1 in U373MG astrocytoma cells. Genistein
(5 pM), an inhibitor of protein tyrosine kinases, did not block either ET-1-induced cell
proliferation (Fig. 1A.) or ET-1-induced phosphorylation of ERK1/2 (Fig. 7A). To
further identify potentially other PTKs involved in the ET-1-induced signaling, the
inhibitors of intracellular tyrosine kinases, such as AG82 and herbimycin A, were used to
attenuate the kinase activity of p125FAK (focal adhesion kinase), p60 c-Src as well as
other protein tyrosine kinases. Neither the co-administration of AG82 (10 uM) and
herbimycin A (1 pM) nor administration of AG82 alone decreased ET-1-induced
phosphorylation of ERK1/2 (Fig. 7B). Although previous reports in other cell types
demonstrated that the ET-1 triggered Ras-Raf-MAPK pathway occurs through protein

tyrosine kinases such as FAK, c-Src, etc. Such a mechanism does not appear to be
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involved in ET-1-induced triggering of the Ras-Raf-MAPK in U373MG astrocytoma
cells.

However, it has also been reported that ET-1 through its ET receptors can
transactivate the EGF receptor by which ERK1/2 is phosphorylated and activated through
Ras-Raf-MAPK pathway. This was shown in rat mesangial cells (46), human vascular
smooth muscle cells (47, 48), human melanocytes (49) and human ovarian carcinoma
cells(50). Therefore AG1478, an inhibitor of the EGF receptor tyrosine kinase, was used
to. e;(amine ET-1 effects on receptor tyrosine kinases. AG14781 (1uM) inhibited EGF-
induced phosphorylation of ERK1/2 completely, but did not block ET-1-induced
phosphorylation of ERK1/2 (Fig. 7C). Additionally, EGF (10 ng/ml) was used as a
positive control and its effects on ERK1/2 were blocked by AG1478 (1 uM) (Fig 7C).
EGF induced phosphorylation of ERK1/2 by activation of the EGF receptor tyrosine
kinase was completely blocked by application AG1478, an inhibitor of the EGF receptor
tyrosine kinase. However, AG1478 did not inhibit the effects of ET-1 on activation of
MAPK or phosphorylation of ERK1/2. Therefore in U373MG astrocytoma cells, there is
no transactivation of the EGF receptor tyrosine kinase by ET-1 receptors and

consequently it does not play a role in ERK1/2 activation.

PI3K is involved in ET-1-induced cell proliferation in U373MG, but ET-1-induced
phosphorylation of ERK1/2 is independent on PKC and PI3K

The PI3K-Akt pathway has been implicated in the signaling pathways leading to

cell proliferation (51, 52). It was reported that the By subunit of activated G proteins of
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GPCRs activates PI3K and subsequently leading to activated PKB/Akt (53-55). The role
of the PI3K pathway in ET-1-induced U373MG astrocytomas cell proliferation is
unknown, therefore the effect of the PI3K on ET-1-induced cell proliferation was
examined using a formazan and [*H]-thymidine incorporation assays. Inhibition of PI3
kinase by 25 pM LY294002 completely blocked the ET-1 mitogenic effects in U373MG
cells (Fig 1A and 8A). Based on this finding, Akt activation was assessed. A 5-minute
ET-1 treatment significantly promoted the phosphorylation of Akt as well as
phoéphorylation of ERK1/2. The ET-1-induced phosphorylation of Akt was blocked
completely by LY294002, but not by chelerythrine, whereas the phosphorylation of
ERK1/2 was not blocked by either of these two compounds (Fig. 8B). Phosphorylation of
ERK1/2 by ET-1 appears to be PKC and PI3K-independent, albeit activation of PI3K and

AKT occurs.
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DISCUSSION

In the current study, several findings were made which were reflective of ET-1’s
mitogenic potential in U373MG astrocytoma cells. It was determined that three signaling
pathways, including ERK1/2, PKC, and PI3 kinase, were activated by ET-1 within a
short period of time (i.e. by 5 minutes). The combined consequence of activating these
three pathways resulted in U373MG cell proliferation. It appeared that ERK1/2 activation
was i//nvolved but independent of PKC and PI3 kinase activation by ET-1. It was also
determined that the ETjg receptor was the dominant receptor involved in ERK1/2
phosphorylation and in increased cell proiiferation. Although Ras appears to be a
signaling pathway involved in activation of the ERK-MAPK pathway by ET-1, H-Ras
was not, indicating that some other Ras members may be involved. It was also shown that
some general protein tyrosine kinases, including c-Src, FAK, etc., are not involved in ET-
1 stimulation in U373MG as has been reported in other cell types (23, 26, 44, 45, 56),. In
addition, ERK1/2 phosphorylation was not transactivated by the EGF receptor by ET-1.

ET-1 induces cell proliferation in many types of cells via its ET5 and ETg
receptors, and although diverse signaling pathways coupled to ET-1 receptors have been
identified, the precise mechanisms by which ET-1 stimulates cell proliferation in
astrocytes remains unclear. Our present study has shown that ET-1 is a mitogen for
U373MG astrocytoma cells similar to that seen in earlier studies in human optic nerve
head astrocytes (hONA) (7), and that the cell proliferation of U373MG cells induced by
ET-1 is MAPK-ERK-, PKC- and PI3K-dependent. Blockade of one of these three parallel

pathways will inhibit the mitogenic effects of ET-1 in U373MG astrocytoma cells. This
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may arise from activation of the key components (e.g. common and discrete transcription
factors) in the proliferation response. These key components could be downstream
kinases of these initial signaling pathways or selective transcriptional factors in which
these signaling pathways converge. The phosphorylation of ERK1/2 is a key step in
triggering downstream signalings and potential activation of transcriptional factors, such
as c-Myc, Elk-1, c-Fos, etc. (41, 57). PKC and PI3 kinase are also involved in ET-1-
mediated activation of transcription factors (58) (41, 59, 60). It has been suggested that
sdmé transcription factors, such Elk-1, c-Fos, AP-1, are controlled simultaneously by
MAPK-ERK and PKC (41, 61, 62) , whereas p38 and JNK share different transcription
factors. Some other downstream kinases, including Rsk, p70S6K, are also under control
of these three pathways. We propose that blockade of any one of the upstream pathways
will completely abolish the activation of downstream kinases or transcription factors
dependent on these signals of activation.

Mitogenic effects have been shown to be a characteristic of ET’s effects on tumor
cells. There are several reports showing that ET-1 is a survival factor for many different
blastomas including T98G glioblastoma (Takahashi et al., 2002). Naidoo et. al. (3)
showed a significant distribution of ET-1 mRNA by in situ hybridization in human brain
autopsy samples and astrocytic tumors, suggestive of ETs’ role in tumor progression. In
another report, four human glioblastoma cell lines were found to express all components
of ET-1 including endothelin converting enzyme (ECE) and ET /g receptors and that
Bosentan (an ET /g antagonist) induced apoptosis in these cell lines (5). Furthermore, in

one cell line LNZ308, Bosentan inhibited FLICE/Caspase-8 inhibitory protein (FLIP)
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promoting cell survival (5). In the same study, it was reported that ET-1 induced ERK1/2
phosphorylation but did not promote cell proliferation of LNZ308 glioblastoma cells (5).
However in the present study on U373MG cells, ET-1 did activate ERK1/2 and this
resulted in increased cell proliferation as well.

ET-1 has been shown to promote proteolytic activity in ovarian carcinomas
typically via ET, receptor activation causing an increase in both expression and activity
of MMP-Z, MMP-9, urokinase-type plasminogen activator, PAI-1, and PAI-2 (63). This
ﬁridihg suggests that multiple signaling cascades are necessary to activate various aspects
of tumor progression including proliferation, migration, and invasion. Furthermore, ET-
1-induced phosphorylation of ERK1/2 was inhibited by BQ788, a selective antagonist of
the ETg receptor, suggesting that ET-1-induced activation of the MAPK pathway
occurred tﬁrough activation of the ETg receptor. In T98G glioblastomas, treatment with
an ET4 antagonist caused significant cell death, whereas treatment with an ETg
antagonist had no such effect (4). The ETp receptor is predominant in the central nervous
system (17). In the normal rat spinal cord, there is ET, immunoreactivity in the vascular
system and afferent nerve fibers, whereas there is broad ETg immunoreactivity in gray
and white matter(19). In response to spinal cord injury the expression of ETg was
increased, resulting in hypertrophy of astrocytes. In the optic nerve crush model, there is
increased expression of GFAP and ETg, which is abolished by an application of the
ET /g inhibitor, bosentan (18). We previously reported that the ETp receptor and GFAP
expression are increased and co-localized at the optic nerve head in rats that had their

intra-ocular pressure elevated, moreover the immunoreactivity of ET-1 was also elevated
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at the same sites (6). The results from both cell culture and in vivo animal models suggest
that ET-1 and the ETg receptor may contribute an important role in astrocyte hypertrophy
resulting in astrogliosis.

One interesting finding in the current study is that there was no ET-1-induced
calcium mobilization identified in U373MG cells. This observation was further supported
by our finding that inhibition of phospholipase C didn’t abolish ET-1-induced
phosphorylation of ERK 1/2. These findings suggest that classical Ca**-linked ET 4-
médiated signaling is lacking in U373MG cells. It is generally considered that the ET
receptor is coupled to Gaq, which is associated with activation of phospholipase Cf3
(PLCB)(64, 65). In this cell line, U373MG astrocytoma, no ET receptor was detectable
by ligand binding assay (36) and by RT-PCR(66), suggesting this lack of ET receptor
responsiveness was our finding that only the ETg receptor antagonist, BQ788, blocked
ET-1-induced phosphorylation of ERK1/2 (Figure 2). Therefore, ET-1 may not induce
the activation of PKC and calcium mobilization in this cell line due to the lack of IP; and
DAG. Moreover, the application of the PLC inhibitor, U73122, didn’t block ET-1-
induced phosphorylation of ERK1/2 (Figure 5B). We also did neither see any calcium
mobilization with ET-1 treatment in this cell type (Figure 5A), nor the activation of the
conventional and novel PKC isoforms detected by PKC kinase assay and western blot.
Our results confirm that there is no ET4 receptor-mediated calcium mobilization induced
by ET-1 in this cell type. The are some reports that ET-1 activates Gaq coupling with
ETp receptor and mediates the variety of signaling pathways in different cells, including

hepatocyte (67), vascular smooth muscle cells, C6 glioma cells and Chinese hamster
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ovary cells with stable expressing endotheling receptors (68-70), and even in astrocyte
cell lines, including neuroblastoma cell line, B103 (B103 cells) (71). In contrast to what
we found in U373MG astrocytoma cells, inhibition of PLCP completely abolished ET-1-
induced ERK1/2 phosphorylation in C6 glioma cells (70), further indicating that there
could be no coupling between Goq and ETg receptor in U373MG astrocytoma cells. The
studies from other G protein-coupled receptors suggest that there are the differential G
protein coupling patterns observed in different tissue and cells. For instance, the
mefai)otropic glutamate receptors (mGluRs) are fully identified GPCRs coupling with the
different G proteins. Group I receptors are coupled to Gaq to activation phospholipase C,
whereas group II and III mGluRs are coupled to Ga; to down-regulate cyclic AMP
(cAMP) levels (72). 5-HT; s receptors interacted predominantly with Gai in the anterior
raphe, whereas they were coupled to Gao proteins in the hippocampus (73). The B3b-
adrenoceptor couples to both Gas and Gai in CHO-K1 cells, whereas the 3a-
adrenoceptor couples specifically to Gas (74). It suggests that the differential coupling
between G proteins and endothelin receptors may contribute to the variety of actions of
ET-1 in different cells and tissues. Although the lack of Gaq-mediated intracellular Ca™
mobilization was observed in U373MG astrocytoma cells, the rapid activation of MAPK-
ERK by ET-1 was still mediated by other protein tyrosine kinases in a Ca™ -independent
manner.

PKC also plays an important role in ET-1 induced signaling, and the current study
indicated that PKC was also involved in cell proliferation of U373MG. It has been

suggested that PKC can activate upstream of the MAPK pathway at Ras or/and Raf to
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influence cell proliferation through the classical Ras-Raf-MAPK pathway (23, 28, 29).
Although our results showed that activation of PKCs by PMA could induce
phosphorylation of ERK1/2, ET-1 did not activate ¢/nPKCs in U373MG cells. Moreover,
ET-1 did not elevate intracellular calcium through activation of PLC. The results
confirmed our finding that ¢/nPKCs are not involved in ET-1-signaling in U373MG cells.
In addition, the detection of phosphorylated ERK1/2 after pretreatment of PKC inhibitors
and activation of PKCs after pretreatment of with MEK1/2 inhibitors indicated that there
waé no “cross-talk” between these two pathways. Although ¢/nPKCs have been ruled out
in the signaling cascades induced by ET-1, the involvement of atypical PKC isoforms
(&/7) (29, 75, 76) might still play a role in controlling cell proliferation of U373MG cells.
This needs further investigation.

In U373MG astrocytoma cells, Ras was activated following ET-1 treatment.
These findings are in agreement with reports of ET-1 effects on other cell types, such as
cardiac myocytes (77) and myometrial cells (23). FTI-277, an inhibitor of
farnesyltransferase (FTase), increases the non-farnesylated cytoplasmic H-Ras, which
competes with active Ras and binds to Raf protein to inactivate Ras/Raf complexes (42,
43, 78, 79). Surprisingly, application of FTI-277 and introduction of the dominant
negative cDNA of H-Ras into U373MG did not inhibit the phosphorylation of ERK1/2
induced by ET-1, whereas wildtype active H-Ras significantly stimulated the
phosphorylation of ERK1/2 independent of ET-1. However in U373MG cells, H-Ras
appears not to be involved in ET-1 induced signaling. Other forms of Ras, such as K-Ras,

N-Ras, M-Ras could play an important role in this cascade (37, 80).
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In summary, the current studies indicate that ET-1-induced cell proliferation in
U373MG astrocytoma cells occurs through an apparent concurrent activation of MAPK-
ERK, PKC and PI3K pathways. ET-1 activates the Ras-Raf-1-MAPK-ERK pathway
without activation of protein tyrosine kinase. In U373MG astrocytoma cells, neither
¢/nPKCs nor PI3 kinase are involved in ET-1-induced ERK1/2 signaling. However,
MAPK-ERK, PKC and PI3K pathways appear to exert their roles in parallel without a
direct, 2pparent “cross-talk”. They do however appear to activate key components (e.g.
corﬁrrfon and discrete transcription factors) in the proliferation response, because
inhibition of any one parallel pathway blocks proliferation. This parallel signaling is not
unlikely as the proliferation response is dependent on many cellular processes that may
be activated simultaneously in tumor cell proliferation through complex signaling

systems and important transcriptional events.
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FIGURE LEGENDS

Figure 1. Cell proliferation of U373MG was blocked by inhibition of
phosphorylation of ERK1/2 induced by ET-1.

A. Cell proliferation of U373MG was determined using a [*H]-thymidine incorporation
assay 24 hrs after U373MG cells were pretreated with 10 pM U0126 (a MEK1/2
inhibitor), 2 pM chelerythrine (CHE, a PKC inhibitor), 25 uM LY294002 (LY, a PI3
kinase ighibitor), and S5 pM genistein (GE, a protein tyrosine kinase inhibitor) 30 min
befofe vtreated with 100 nM ET-1. * p<0.05 vs. ET-1 treatment alone; Oneway
ANOVA/SNK test. B. Cell proliferation of U373MG was determined by Formazan MTT
assay 24 hrs after U373MG cells were pretreated with 100nM U0126 (a MEK1/2
inhibitor) and 5 uM PD98059 (a MEK 1 inhibitor) 30 min before treated with100 nM
ET-1. * p<0.05 vs. ET-1 treatment alone; Oneway ANOVA/SNK test. C. Western blot is
employed to detect the phosphorylation of ERK1/2 induced by ET-1 over several time
points after U373MG cells were treated with 100 nM ET-1 from 2 min to 30 min. D. and
E. Western blot indicates phosphorylation of ERK1/2 induced by ET-1 after cells were
pretreated with PD98059 (25 uM) and U0126 (10 pM) for 30min followed by application
100nM ET-1 for Smin. The data shown are from a representative from 3 individual
experiments. * p<0.05 ET-1 treatment vs. relative control; Oneway ANOVA/SNK test

(for C.D. and E. ).

Figure 2. ET-1-induced phosphorylation of ERK1/2 occurred through ETg

receptors.
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Western blot shows phosphorylation of ERK1/2 induced by ET-1 after U373MG
astrocytoma cells were pretreated with BQ610 (2 uM) and BQ788 (2 uM) for 30 min
followed by an application 100nM ET-1 for 5min. The data shown are from a
representative from 3 individual experiments. * p<0.05 ET-1 treatment vs. relative

control; Oneway ANOVA/SNK test.

Figure 3 Involvement of PKC is necessary for proliferation of U373MG, however,
phosphorylation of ERK1/2 induced by ET-1 is PKC-independent.

A. Cell proliferation of U373MG was determined by Formazan MTT assay 24 hrs after
U373MGQG cells were treated with 2 uM chelerythrine (CHE, a PKC inhibitor). * p<0.05
vs. ET-1; Oneway ANOVA/SNK test. B. U373MG cells were pretreated with 1 uM
PMA, 2 uM chelerythrine and 1 uM RO-31-8425 (RO) followed application of ET-1 for
5 min. Western blot was employed to detect the phosphorylation of ERK1/2 in total cell
lysate. The data shown are from a representative from 3 individual experiments. *

p<0.05 ET-1 treatment vs. relative control; Oneway ANOVA/SNK test.

Figure 4. ET-1 did not activate conventional and novel (c/n) PKC isoforms in
U373MG.

A. B. Activities of c/n PKC were determined by kinase assay that used a PKC substrate
phosphorylated by cytosolic and membrane fraction in the presence of Ca”™ and DAG. *
p<0.05 PMA treatment vs. reiative control; Oneway ANOVA/SNK test. C.

Phosphorylation and translocation of ¢/n PKC isoforms were detected by Western blot for
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cytosolic and membrane fractions isolated from U373MG which was pretreated with 1
UM PMA (positive control), 1 uM PMM (negative control) and DMSO (vehicle, labeled
as “V?”) for 30 min followed by an application of 100 nM ET-1 for 1min to 10 min. The

data shown are from a representative from 3 individual experiments.

Figure 5. Intracellular Ca™ was not changed after U373MG was treated with
100nMMET-l and blockade of IP3 generation did not block the phosphorylation of
ERKI1/2 induced by ET-1.

A. Concentration of intracellular Ca™" in U373MG cells was monitored by Fura-2
Calcium imaging. U373MG cells cultured on coverslips were treated with 100 nM ET-1,
100 pM carbachol, AG23187 and EGTA after preincubation with Fura-2 for 30 min.
(n=8) B. U373MG cells were pretreated with 2 pM U-73122, followed by an application
of ET-1 for 5 min. Western blot was employed to detect the phosphorylation of ERK1/2
in total cell lysate.

* p<0.05 ET-1 treatment vs. relative control; Oneway ANOVA/SNK test.

Figure 6. Inhibition of H-Ras does not block the phosphorylation of ERK1/2
induced by ET-1 even though ET-1 activates Ras.

A. GST-pulldown assay was used to detect Ras activity after cells were treated with 100
nM ET-1 for different time points. B. Phosphorylation of ERK1/2 induced by ET-1 was
determined by Western blot after cells were pretreated with FT1-277 (FTI, 10 uM), an

inhibitor of Ras, for 30 min followed by an application of 100 nM ET-1 for 5 min. C.
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Western blot was employed to detect phosphorylation of ERK1/2 induced by ET-1 after
U373MG cells were transfected with 10 pg vector, wildtype H-Ras (WT) and dominant
negative H-Ras (DN) cDNA for 24 hrs followed by an application of 100 nM ET-1 for 5
min. D. GST-pulldown assay was used to detect Ras activity after U373MG cells were
transfected with 10 pg vector, wildtype H-Ras and dominant negative H-Ras cDNA for
24 hrs followed by an application of 100 nM ET-1 for 5 min. The data shown are from a
represe‘;}tati've from 2 individual experiments. * p<0.05 ET-1 treatment vs. relative

control; Oneway ANOVA/SNK test.

Figure 7. Inhibition of protein tyrosine kinases did not block the phosphorylation of
ERK1/2 induced by ET-1. Also ET-1 did not transactivate EGF receptor tyrosine
kinase. |

A. U373MQG cells were pretreated with 5 uM genistein (GENI), an inhibitor of protein
tyrosine kinase, followed by an application of ET-1 for 5 min. Western blot was
employed to detect the phosphorylation of ERK1/2 in total cell lysate. B. 10 puM AG82
(AG) and/or 1 uM herbimycin A (HER) were used to pretreat U373MG for 30 min
followed a 5 min ET-1 treatment. C. Genistein and 1 pM AG1478 (an inhibitor of EGF
receptor tyrosine kinase) were used to pretreat U373MG for 30 min followed a 5 min ET-
1 or EGF (10 ng/ml) treatment. The data shown are form a representative from 3

individual experiments. * p<0.05 ET-1 treatment vs. relative control; Oneway

ANOVA/SNK test.
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Figure 8. Inhibition of PI3 kinase by LY294002 abolished cell proliferation of
U373MG stimulated by ET-1, and ERK1/2 phosphorylation induced by ET-1 is
PKC- and PI3 Kinase-independent.

A. Cell proliferation of U373MG was determined by Formazan MTT assay 24 hrs after
U373MG cells were treated with 25 pM LY294002 (LY). * p<0.05 vs. ET-1; Oneway
ANOVA/SNK test. B. U373MG cells were pretreated with 2 uM chelerythrine (CHE)
and 25 pM LY294002 followed by an application of ET-1 for 5 min. Western blot was
emplbyéd to detect the phosphorylation of ERK1/2 and Akt in total cell lysate. The data
shown are from a representative from 3 individual experiments. * p<0.05 ET-1 treatment

vs. relative control; Oneway ANOVA/SNK test.

Figure 9. P(;ssible signaling pathways involved in ET-1-induced U373MG
astrocytoma cell proliferation. ERK-MAPK, PKC and PI3-kinase pathways are
involved in ET-1-induced cell proliferation in U373MG astrocytoma. Blockade of one of
these three pathways will completely abolish the cell proliferation induced by ET-1. No
direct crosstalks among these pathways are found in this cell type. Some of well-
identified protein tyrosine kinases including c-Src, FAK, are not involved in this event,
and transactivation of EGF receptor by ET-1 through ET /g receptors is not found in this

cell line.
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Figure 2.

ET-1
BQ610
BQ788

p-ERK1/2
t-ERK1/2

t-ERK1/2

: .

N
w»n N n W
1 L

13

[S—

(Fold Induction)

Mi?hospho/loading control

(=
W
!

(o)
|

CON-

610

610+ET

788

JI [Ll

7884J3T

92

—







Figure 3.
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Figure 6.
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Figure 8.
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Figure 9.

Signal Pathways Involved in
ET-1-Induced Astrocyte Proliferation

ET-1

RTKs |I+ ET A/ETB

N

¢/nPKCs

CELL
PROLIFERATION

99






CHAPTER 3

Endothelin-1-mediated Signaling in the Expression of
Matrix Metalloproteinases (MMPs) and

Tissue Inhibitors of Metalloproteinases (TIMPs) in Astrocytes

Shaoging He', Ganesh Prasanna" 2, Thomas Yorio'*
! Dgpmént of Pharmacology and Neuroscience, University of North Texas Health
Science Center at Fort Worth, Fort Worth, TX 76107
2 Current address: Research Pharmacology, Pfizer Global R& D, La Jolla, San Diego, CA

02121

*Corresponding author:
Dr. Thomas Yorio, Department of Pharmacology and Neuroscience, University of
North Texas Health Science Center at Fort Worth, 3500 Camp Bowie BLVD, Fort

Worth, TX 76107

Tel: +1-817-735-0258; Fax: +1-817-735-0243; Email: yoriot@hsc.unt.edu

Grants: This work is supported by National Institute of Health Grants EY11979 (to

T.Y.); a Texas Higher Education Coordination Board Advanced Technology Grant

(to T.Y.)

100






Abstract:

Purpose: Endothelin-1 (ET-1) levels are increased in aqueous and vitreous humor in
glaucoma patients and animal models of glaucoma. Whether the elevated ET-1 induces
extracellular matrix(ECM) remodeling in the optic nerve head is still unknown. In the
present study, the regulation of MMPs/TIMPs and ECM remodeling in ET-1-activated
human optic nerve head astrocytes(hONAs) was determined.

Methods: Primary hONAs were exposed to ET-1 for 1 and 4 days. Incubation media
were SU.b_] ected to zymography and western blot to detect activity and expression of
MMPs and TIMPs. Fibronectin(FN) was monitored by western blot and
immunofluorescent staining.

Results: ET-1 increased the activity of MMP-2 and the expression of TIMP-1 and 2 in -
hONAs. Thé expression of TIMP-1 and 2 induced by ET-1 was abolished by application
of inhibitors of MAPK or PKC, leading to enhanced activity of MMP-2. Knock-down of
MMP-2, using siRNA, not only decreased the activity of MMP-2 but also decreased the
expression of TIMP-1 and 2. ET-1 increased the soluble FN expression as well as FN
matrix formation. However, the accumulation sFN didn’t enhance FN matrix formation.
Unlike ET-1’s effects on MMP-2, blockade of MAPK and PKC did not alter the
expression and deposition pattern of FN in hONAs.

Conclusions: ET-1 increased the expression and activity of MMP-2 and TIMP-I, 2. The
ERK-MAPK and PKC pathways are involved in the regulation of MMP-2 and TIMP-1, 2
expression. ET-1’s effects on MMPs/TIMPs may be important not only in regulating the

expression of MMPs and TIMPs but also in influencing ECM remodeling.
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Introduction:

Glaucoma is an optic neuropathy, characterized by cupping of the optic disc,
progressive loss of retinal ganglion cells and slow degeneration of the optic nerve,
ultimately resulting in blindness 2. The optic nerve head is the major pathological site in
glaucoma. It is reported that extensive remodeling of the extracellular matrix (ECM)
occurs in the optic nerve head in glaucoma patients and in animal models of glaucoma® *.

Nurperous proteolytic enzymes participate in ECM degradation and remodeling,
however one class that appears to play a pivotal role is the matrix metalloproteinases
(MMPs)’. MMPs are a large family of zinc-dependent enzymes that degrade the
constituents of the extracellular matrix (ECM). The activity of MMPs is tightly controlled
by their tissue inhibitors of matrix metalloproteinases (TIMPs) . The balance of MMPs
and TIMPs is necessary for normal physiological and pathological conditions including
embryonic development and growth as well as tissue remodeling and repair .

It is reported that differential MMP and TIMPs expression profiles were found as
part of remodeling of the optic nerve head in response to different damage/insults to the
optic nerve. For example, in laser-induced glaucoma in primates, there was an significant
increase in expression of MT1-MMP (membrane type) and MMP-1 in reactive astrocytes
at the optic nerve head due to elevation of intra ocular pressure (IOP), whereas in a
parallel experiment in primates with optic nerve transection, there was increased
expression of MT1-MMP, MMP-1, MMP-2, TIMP-1 and TIMP-2 in reactive astrocytes
at the transection site °. Other investigators showed that extensive ECM remodeling was

correlated with RGC apoptosis and axon loss, and that the increased MMP activity might
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enhance ECM degradation, including collagen degradation, to facilitate the migration of
astrocytes into optic nerve bundles’"!. Therefore, key ECM molecules not only provide
mechanical support for cells, but also are involved in cell apoptosis and axon loss at the
optic nerve head (ONH). Reactive astrocytes involved in astro gliosis may be responsible
for ECM remodeling in glaucoma, and recently, endothelin-1 (ET-1) has been implicated
as a potential factor in reactivation of astrocytes, which leads to astrogliosis >,

ET-1 is not only known as a potent vasoactive peptide, but also involved in ECM
remodeling by shifting the balance of MMPs/TIMPs '*'7. In addition, growing evidence
from other tissues suggests that ET-1 induces the expression of many types of MMPs and
TIMPs as well as ECM protein expression, including collagens, laminin and fibronectin
in cell culture and animal models '®'°. It has been shown that ET-1 levels are elevated
not only in tﬁe aqueous humor and plasma of glaucoma patients 22 but also in
glaucoma animal models, including dogs %, rats **, and rabbits **. Qur lab has shown that
the increased ET-1 levels in aqueous humor in rats with elevated IOP are correlated with
the increased GFAP expression in astrocytes and increased ETp receptor
immunoreactivity >. Ahmed et al. also demonstrated that there was a significant increase
in retinal mRNA levels of ET receptors, TIMP-1, MMP-3, ET-2, fibronectin and GFAP
tested by RT-PCR in the elevated IOP in Brown Norway rats 23 Furthermore, intravitreal
injection or perfusion of ET-1 into eyes in many animal models such as primates, rabbits
and rats, produced the optic nerve head damage similar to that seen in glaucoma,

including optic disk cupping, axon loss, astrogliosis 26.27 Therefore, ET-1 may be

involved in ECM remodeling of the optic nerve head in glaucoma as a result of the
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astrogliosis and reactivation of astrocytes by ET-1, however, a detailed study of ET-1
effects on optic nerve ECM, activity of MMPs and TIMPs has not been delineated.

In the current study, we investigated ET-1-induced activity of MMPs and
expression of TIMPs in primary human optic nerve astrocytes (hONAs). In addition, we
also determined if ET-1-induced differential activation of MMPs/TIMPs occurred
through mitogen-activated protein kinase (MAPK)- and protein kinase C (PKC)-
dependent pathways. This imbalance of MMPs/TIMPs could contribute to the ECM
rembdéiing and the pathological changes seen at the optic nerve head (ONH) in

glaucoma.
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Materials and Methods
Materials.

Dulbecco’s modified Eagle’s medium (DMEM, catalog no. 11995-040), and
penicillin- streptomycin-glutamine were obtained from Gibco (Rockville, MD, USA).
Fetal bovine serum (FBS) was obtained from Hyclone Labratoraries, Inc. (Logan, UT).
PD98059, U0126, chelerythrine, and RO-31-8425 were purchased from Calbiochem (La
Jolla, CA, USA). Rabbit anti-ERK1/2 polyclonal antibody, Rabbit anti-phospho-ERK1/2
(Thr202}T yr 204) polyclonal antibody, rabbit anti-phospho-pan-PKC polyclonal antibody
and rabbit anti-phospho-PKC zeta polyclonal antibody were purchased from Cell
Signaling Technology (Beverly, MA); Antibody against TIMP-1 (monoclonal, from
mouse) from Chemicon Inc.; Antibody against TIMP-2 (polyclonal, from rabbit) from
Santa Cruz Eio Tech. Endothelin-1 was obtained from Peninsula Laboratories (Belmont,

CA). All other chemicals were purchased from Sigma (St Louis, MO, USA).

Cell Cultures and cell transfection.

Primary human optic nerve head astrocytes from normal donors (hONA cells,
kindly given by Dr. Abbot F. Clark (Alcon Labs, Fort Worth, TX)) were maintained in
DMEM containing 10% fetal bovine serum supplemented with 10u/ml penicillin,

100pg/ml streptomycin and 0.3 pg/ml glutamine under a humidified 5% CO, at 37 °C.

Western Blot:
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hONA cells were cultured in 100mm dishes to confluence; 24 hours later media
was changed to serum-free DMEM and cells were pretreated with different inhibitors for
30 minutes. Cells were then stimulated with 100nM ET-1 for various times described
herein. The reaction was stopped by adding ice-cold PBS. The cells were scraped and
placed in lysis buffer. Total cell lysate or concentrated supernatant of cell culture was
applied to 10% SDS-PAGE with equal amount of total proteins and transferred to
nitrocelh_llo§e membranes (Protran Bioscience, Keene, NH). The transferred membranes
were blocked with 5% non-fat milk in TBS/T (Tris-buffered saline) for 1 hour and
incubated with primary antibody for 1 hour at room temperature or overnight at 4°C. A
horseradish peroxidase conjugated anti-mouse or anti-rabbit IgG antibodies (Amersham
Pharmacia Biotech, Piscataway, NJ) were used as secondary antibody and the enhanced
chemiluminéscence reagents (Amersham Pharmacia Biotech, Piscataway, NJ) was used
for the blotting detection. X-ray films (Kodak, Rochester, NY) was exposed and scanned

using a HP scanner.

Gelatin and Casein Zymography:

In general, MMP-2 and 9 are analyzed on gelatin (Sigma, MO, USA) containing
gels (7.5% polyacrylamide gel containing 2 mg/ml gelatin), and MMP-3 on B-casein
(Sigma, MO, USA) containing gels (7.5% polyacrylamide gel containing 2mg/ml -
casein). Incubation medium samples for analysis by zymography were concentrated using
Microcon YM-10 membranes and adjusted to equal volume. Thirty-five microliters |

concentrated media was applied to 7.5% SDS-PAGE containing 2 mg/ml gelatin or
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casein. After electrophoresis, SDS was removed from the gel by washing 3 hours in 2.5%
Triton X-100 solution (50 mM Tris (pH 7.6), 1 pM ZnCl,, 5 pM CaCl,) followed by
washing for 16 hour in 1% Triton X-100 solution at 37 °C. After incubation, the gel was
stained with a solution of 0.25% Coomassie blue R250, 40% methanol and 10% acetic
acid for 1 hour at room temperature and destained with 40% methanol, 10% acetic acid
until the white bands became clear. Positive media (C1) containing MMP-2, 9, 3 and

TIMP-1, 2 was purchased from Triplepoints Biotech (OR, USA) and used in

zymography.

Immunocytofluorescent Staining:

Cells were fixed in 4% paraformaldehyde in PBS for 30 minutes at room
temperature’ followed by permeabilization with 0.1% Triton X-100 for 15 minutes. Cells
were rinsed in PBS and incubated twice in 200 mM glycine, 15 minutes per incubation.
Each coverslip was carefully inverted (cell-side facing solution) onto 200 pL of blocking
solution containing 5% BSA+5% normal goat serum in PBS for 30 minutes. The
coverslips were then incubated with mouse anti-fibronectin at room temperature for 2
hours. Coverslips were rinsed and allowed to incubate with Alexa 488—conjugated donkey
anti-rabbit (2 pg/mL) for 1 hour in the dark at room temperature. Nuclei were stained
with DAPI (300 nM; Molecular Probes) for 10 minutes. Coverslips were mounted on
glass slides in antifade medium (FluorSave; Calbiochem, La Jolla, CA) and allowed to
dry for 20 minutes in the dark. Cells were then viewed and images taken with Zeiss LSM

410 confocal microscope.
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siRNA and Transfection of siRNA

We used vector-based siRNA techniques to suppress MMP-2 and TIMP-2
expression. The vector was pGeneClip™ U1 Hairpin hMGFP Vector from Promega
Inc.(Madison, USA) The design of siRNAs was based on the assistance provided by

Promega Inc. The sequences are provided below.

MMP-2
5'-TCT’(;GAAGATGCAGAAGTTCTTTAAGTTCTCTAAAGAACTTCTGCATCTTCCT -3
5'-CTGCAGGAAGATGCAGAAGTTCTTTAGAGAACTTAAAGAACTTCTGCATCTTC -3
TIMP-2:
5-TCTCGACTCTGGAAACGACATTTAAGTTCTCTAAATGTCGTTTCCAGAGTCCT -3'
5'-CTGCAGGACTCTGGAAACGACATTTAGAGAACTTAAATGTCGTTTCCAGAGTC -3'

The fragment was inserted into the vector and identified by enzyme digestion and
sequencing. The scrambled siRNA was also constructed as a control for our experiments.

For plasmid cDNA transfection, cells were freshly seeded to 80% confluence one
day before transfection and serum-free media was used without penicillin and
streptomycin. For each well in a 6-well plate, 4 ng plasmid cDNA was used for
transfection with 10 pl lipofectamine 2000™ reagents (Invitrogen Inc., CA, USA)
according to the manufacturer’s instructions. Eight hours after transfection, cells were
washed with serum-free DMEM and were subjected to a second transfection. For the

second transfection in hONA cells, 4 pug plasmid cDNA was used for transfection with 4
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pl lipofectamine 2000 reagents. After 8 hours, cells were washed with serum-free

DMEM and incubated for another 24 hours before treatment.
Statistical Analysis

The density of bands in western blot and zymography was analyzed by NIH
Image J software. For immunocytostaining, five regions (top-left, top-right, center,
bottom-left and bottom-right) in each image was quantitated using NIH ImageJ software.
Data obtained by Image] were represented as Mean +/- SD (standard deviation of mean).

Data were analyzed using one-way analysis of variance (ANOVA) for multiple

comparisons. Statistical significance was accepted when p<0.05.
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Results:

ET-1 increased the active form of MMP-2, and expression of TIMP-1 and TIMP-2

Since primary hONAs’ growth is slow in cell culture based on our previous
experience '°, we selected 24-96 hours of ET-1 treatment for time course experiments.
The concentrated media were collected from the hONA cell culture and gelatin and
casein zymography was performed. When hONAs were treated with ET-1, there was an
increased level of total MMP-2 activity when hONA cells were treated by ET-1 during
the longer treatment of 48-96 hours, however maximal levels of the active form of MMP-
2 was increased to a greater extent than total MMP-2 (Fig 1A). Similarly an upregulation
of TIMP-1 and 2 was found with ET-1 treatment from 72 to 96 hours. MMP-3 levels
were very low in our experiments, but it was also upregulated with the longer treatment
time (data not shown). The expreséion of TIMP-2 was not detectable at the first day of
ET-1 treatment using western blot. Therefore for hONAs, a 4-day (96 hours) treatment
was used for further experiments with ET-1, unless otherwise noted. The results
suggested that ET-1 increased not only the total activity of MMP-2 but also the
conversion of active MMP-2 from the latent form.

ET-1 effects on the expression of MMPs and TIMPs were tested at different
concentrations from 1 nM to 1000nM (Fig 1B). The results showed that ET-1
concentration from 100 nM to 1000 nM induced the highest level of expression of MMP-
2, TIMP-1/2, and the highest level of active MMP-2. 1t is consistent with our previous

reports B,
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ET-1 induced the phosphorylation of ERK1/2 and PKC BI/BII and & in hONAs, but
not PKC a, € and §

Since ET-1 was shown to increase activity of MMP-2 and expression of TIMP-1
and -2 in hONAs, the signaling pathways activated by ET-1 including phosphorylation of
ERK1/2 and activation of PKC isoforms were identified. A significant increase in
phosphorylated ERK1/2 was detected in hONAs treated with 100 nM ET-1 for 5 minutes
(Fig 2A). ET-1-induced phosphorylation of ERK1/2 as well as basal phosphorylation
level of ERK1/2, was completely abolished by the application of U0126 (an inhibitor of
MEK1/2 which are the upstream kinases of ERK1/2), whereas it was not affected by
application of chelerythrine (a general inhibitor of PKC isoforms) (Fig 2B). To further
assess PKC activation by ET-1, isolated membrane fractions of hONA cells were probed
with antibodies against several phosphorylated isoforms of PKCs. There was an increase
in phosphorylation of PKC BI/BII and & in hONAs treated with ET-1 for 5 and 30
minutes, whereas no such phosphorylation was seen in PKC a, € and £ (Fig 2B).
Pretreatment with chelerythrine decreased the basal phosphorylated level of PKC

isoforms in hONAs.

Blockade of MAPK-ERK or PKC increased the activity of MMP-2 and decreased
the expression of TIMP-1 and 2

When hONAs were pretreated with U0126 (10 uM) and PD 98059 (25 uM)
(inhibitors of MEK 1/2), the activity of MMP-2, especially the active form of MMP-Z,

was even further enhanced than that seen with ET-1 alone (Fig 3A). However, the
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expression of TIMP-1 and TIMP-2 was decreased when inhibitors were applied (Fig 3A).
The application of U0126 in hONAs inhibited the basal expression of TIMP-1 and TIMP-
2. The very low level of MMP-3 was seen in casein zymography, and there was also an
increased activity of MMP-3 in inhibitor-treated groups (data not shown).

As we had seen above, there was also increased activity of total MMP-2 detected
with blockade of PKC signaling by chelerythrine (2 uM) or RO-31-8425 (1 uM) (PKC
inhibitqfs), whereas the active MMP-2 was increased much more than total MMP-2 (Fig
3B).' In addition, chelerythrine decreased the expression of TIMP-1 and TIMP-2 (Fig 3B).

The increased activity of MMP-2 and MMP-3 may be caused by the decreased
expression of TIMP-1 and TIMP-2 that are endogenous inhibitors of MMP-2 and MMP-

3. Therefore, it is likely that the balance of MMPs and TIMPs had been altered.

Knock-down of MMP-2 decreased the expression of TIMP-1 and TIMP-2

To evaluate the regulation of expression of MMPs and TIMPs and the relationship
of the sensitive balance in MMPs and TIMPs to substrate degradation, siRNA was used
to knock down MMP-2 and TIMP-2. There was a decrease in MMP-2 activity found in
treatments with either MMP-2 siRNA or TIMP-2 siRNA. The decreased expression of
TIMP-1 and 2 was also observed in hONAs transfected with MMP-2 siRNA (Fig 4).
These results were in agreement with the preliminary experiments in U373MG
astrocytoma cells, which were transfected siRNA constructs and used to test siRNA
design and knock-down efﬁéiency. The higher knock-down level of MMP-2 and TIMP-2

that was observed in U373MG cells was likely due to the higher transfection efficiency in
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this cell line. Similarly, the decreased TIMP-1 and 2 was found in treatment with MMP-2
siRNA in U373MG cells (data not shown). The introduction of TIMP-2 siRNA lowered
the activity of MMP-2 in hONA cells. It is suggested that alteration in the expression of
either MMPs or TIMPs appears to affect each other, leading to the balance of MMPs and

TIMPs reaching a new ratio.

ET-1 increases the soluble fibronectin in cell culture of hONAs

Typically, two forms of fibronectin (FN) are present where the newly synthesized
dimer of fibronectin is soluble, and the polymerized fibronectin forming an fibrillar

matrix network is insoluble 2% %°

. In the current study, both forms of fibronectin were
investigated following ET-1 treatment. The soluble fibronectin (sFN) was monitored by
western blot in culture media of hONAs and insoluble network fibronectin by
immunocytostaining. The culture incubation media were collected at day 1 to day 4 and
concentrated by YM-10 filters following ET-1 treatment in hONAs with or without
pretreatment of U0126 (10 uM) or chelerythrine (2 uM) for 30 minutes. In dose-
dependent experiments, the highest expression of sFN was observed in treatments with
100 nM and 1000 nM of ET-1 after 4-day treatment of hONAs (Fig SA). The result was
consistent with ET-1’s effects on MMP-2 and TIMP-1/2 expression, which reached the
highest levels with 100 nM ET-1 treatment after 4-day treatment (Fig. 1). In a time
course experiment, sSFN accumulated with increasing time with ET-1 treatment and
reached the highest level on day 4 (Fig. 5B).

In order to investigate the effects of MAPK-ERK and PKC on sFN expression,

hONAs were pretreated with either U0126 (10 uM) or chelerythrine (2 uM). The
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application of inhibitors did not attenuate ET-1-induced sFN expression and the basal
level of sFN (Fig 5C), suggesting that the expression of FN was not under the control of
MAPK-ERK and PKC pathways. Furthermore, in hONAs, the ET-1-induced sFN
secretion was reduced following treatments with siRNA for MMP-2 but not with siRNA

for TIMP-2 (Fig 5D).

ET-1 increased the insoluble fibronectin participated to form matrix network in
hONA

The experiments above showed that there was a significant increase of soluble
fibronectin in hONAs treated with ET-1, therefore we wanted to further investigate ET-
1’s effects on insoluble fibronectin that forms a matrix network with other matrix
proteins. ET-1-treated hONAs with or without U0126 (10 pM) and chelerythrine (2 pM)
were used to probe fibronectin byrimmunoﬂuorescent staining. The immunoreactivity of
fibronectin was assessed in hONAs treated with ET-1 for 1 and 4 days (Fig 6A). The
immunoreactivity seen in the 4-day ET-1 treatment was similar to that of the 4-day ET-1
treatment. There was a significant increase in sFN in the 4-day ET-1 treatment, but it
seemed that not all of the increased sFN seen after 4 days of ET-1 treatment participated
in the formation of the insoluble FN network formation.

In order to investigate the regulatory effects of MAPK and PKC pathways on
insoluble FN deposition, the same immunostaining of FN was performed in hONA cells
in the presence of U0126 and chelerythrine (Fig 6B). The application of either U0126 or

chelerythrine did not attenuate ET-1-induced FN deposition in matrix network and this
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was in agreement with the results shown in Figure 6C, in that the application of both

inhibitors did not attenuate ET-1-induced sFN expression.
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Discussion:

In the regulation of ECM components in the brain and eyes, astrocytes are a major
source of MMPs and provide extracellular matrix components *°. Reactive astrocytes
involved in astrogliosis may be responsible for ECM remodeling in glaucoma®. In the
present study, we have shown that ET-1 not only up-regulated the activity of active
MMP-2 and the expression of TIMP-1 and 2 in hONAs, but also increased the deposition
of ﬁbronectin (FN) and formation of an ECM network in a hONA cell culture model. ET-
l-médiéted regulation of ECM remodeling in hONA cells appears to be involved in two
signaling pathways, ERK-1/2 and PKC, since the blockade of these pathways increased
the activity of MMP-2 but inhibited the expression of TIMP-1 and 2. Therefore, the
balance of MMP/TIMP was shifted towards increased MMP production and activity (Fig
7). |

ET-1 has been considered an important factor that contributes to the formation
and progression of glaucoma " *2. However, the mechanism involved in ET-1 regulation
of ECM remodeling in the optic nerve head as may occur through astrocytes is still not
fully determined. Our results showed that ET-1 upregulated the activity of the active form
of MMP-2 and 3 as well as the expression of TIMP-1 and 2 in either dose- or time-
dependent manner, suggesting that these cells reached a new balance of MMPs/TIMPs in
response to stimuli. In addition, the rapid increase of MMP-2 and 3 was observed as early
as 24 hours after ET-1 treatment in hONAs whereas upregulated TIMP-1 and 2 was
detected only between 72 to 96 hours, indicating that the upregulation of MMPs was the

early and immediate response to ET-1 followed by the late increased TIMP-1 and 2 to
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counteract MMPs and thereby reaching a new balance. Another target in this study was
MMP-9, which was considered a regulatory enzyme as compared to MMP-2. Monitoring
the changes in MMP-9 could give us more information of ET-1’s effects in ECM
remodeling, but the basal level of MMP-9 in hONAs was too low to be investigated in
the current study. In an elevated IOP model of glaucoma in rats, there were increased
levels of ET-1*, ETg receptor”> and upregulation of MMP-9, TIMP-1 and collagen I %in
retina agd collagen IV, VI at ONH 1 whereas there was a downregulation of laminin at
the RGC layer'®. In addition, apoptosis of RGCs was significantly correlated with the
upregulation of MMP-9 and reduced laminin staining in rats following the intravitreal
injection of the cytotoxic agent, kainic acid. The death of RGCs was rescued by
application of a MMP inhibitor, GM6001 **. Such observations suggest that ECM
remodeling 'may contribute to the deleterious pathological changes in the retina and optic
nerve head. It is important to distinguish that while MMP-9 may be relevant to RGC
apoptosis, activation of astrocytes may be dependent on MMP-2 and TIMP 1/2
activation. It is presently unknown whether ET-1-induced RGC apoptosis also involves
upregulation of MMP-9.

Moreover, one unexpected finding in this study was that the increased activity of
MMP-2 and 3 and the attenuated expression of TIMP-1 and 2 were observed in media
collected from hONAs, in which MAPK-ERK and PKC pathways were blocked by
application of several different inhibitors. This is the first report stating that the blockade
of MAPK or PKC pathways induced the increased activity of MMP-2 and 3 in hONAs.

Several reports have shown that these two pathways control the expression and activity of
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MMPs. Blocking one or both of them decreases the level of MMPs 4. For instance,
PMA-induced MMP-9 was inhibited by curcumin through MAPK and PKC pathways in
human astroglioma cells **, and the expression and activity of MMP-2 and 9 induced by
IL-1 were regulated by differential PKC isoforms via JNK or ERK1/2 MAPK pathways
in cardiac fibroblasts *”. However, the significantly attenuated levels of TIMP-1 and 2
observed in hONAs pretreated with inhibitors of ERK and PKC pathways indicate that
such dec;eaged endogenous inhibitors of MMPs may cause an imbalance between MMPs
and TIMPs since TIMPs bind tightly with MMPs to inhibit the enzymatic activity at 1:1
molar ratio. Consequently, the activity of MMPs was increased in hONAs as shown in
our results.

In this study, ET-1 increased the soluble fibronectin (sFN) in the incubation
media of celi cultures in a time-dependent pattern, whereas matrix-formed FN was
maximally increased at day 1 and maintained or slightly decreased on day 4 in hONAs
(Fig 5B and 6A). It suggests that cells may utilize certain amount of fibronectin network
in order to maintain their physiological state and avoid forming the excess network that
may prevent cells from migl'ating when necessary (i.e. development, injury or
neurotrauma). There are two possible explanations: 1) Cells need to balance their
extracellular matrix (ECM) in that they not only need ECM formation for mechanical
support and signal transduction, but also they must control the amount FN matrix and
limit the extent of the matrix for physiological functions including cell migration.
Evidence exists for ET-1 induced cell migration in many types of cells including human

ovarian carcinoma cell lines *® and neural stem cells *°. Therefore, matrix formation could
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be regulated to a certain extent to facilitate cell migration. In the current study, hONA
migration in response to ET-1 was not assessed but is the subject of ongoing studies. 2)
Although excess sFN was secreted by hONAs, it was unable to form an insoluble matrix
perhaps due to increased MMP-2 production. Therefore substrate synthesis and
degradation is another balance in this system. Furthermore, FN is necessary to bind with
its receptor, integrin, to induce or mediate signal transduction. Preventing FN binding
with intc;gn'n by application of an antibody against FN inhibited outgrowth of neurites in
dorsal réot ganglion neurons®’. The defective scaffold formation and a failure of normal
vascular development in the retina were also observed in mice null for orphan nuclear
receptor-tailless due to an impaired FN matrix formation*'. It suggests that FN mediates a
wide variety of cellular interactions with the ECM and plays important roles in cell
adhesion, migration, growth and differentiation **. In addition to being an important
constituent of ECM and structural support, FN exerts its diverse biological functions by
binding and interacting with integrins, heparin, collagen/gelatin, elastin and fibrin. These
interactions are also important for communication between cells *®. Thus altering the
balance of sFN to FN matrix could impact these cells significantly leading to
communication dysregulation.

In summary, ET-1 increased the activity of MMP-2 and the expression of TIMP-
1, 2 as well as the expression of soluble FN and FN matrix formation in hONA cells. In
addition, the ERK-MAPK and PKC pathways appear to be involved in the regulation of
MMP-2 activity and TIMP-1, 2 expression, but not in ET-1-mediated FN expression. A

balance of MMPs/TIMPs may be important not only to regulate the expression of MMPs

119






and TIMPs but also to influence ECM remodeling. Our current data show that ET-1
shifted the balance of MMP activity and substrates in a temporal fashion, and that this
may subsequently lead to ECM remodeling in activated hONA cells. Astrogliosis is seen
following neurotrauma, hypoxia/ischemia, and other pathologies and is manifested by a
dramatic change in the expression of extracellular matrix (ECM) profile, which in most
cases results in a glial scar **. Migration of the activated astroglia into optic nerve bundles
may indp.cq axon loss >*. Since the axon loss is one of the characteristics of glaucoma,
the 6pfic nerve head is considered to be an important site for glaucomatous pathological
changes. The putative effect of elevated IOP is thought to induce pathological changes at
the optic nerve head that causes physical compression on optic nerve axons. Such actions
‘would lead to ischemia to the optic nerve and also block axoplasmic flow, specifically
anterograde/ and retrograde transport between axons and retinal ganglion cell bodies > @
ET-1 has been shown to affect axonal transport in the optic nerve**. Therefore, the
current study provides additional insight into ECM remodeling, another critical

component of the endothelin-glial-axon interactions that may be important for genesis of

glaucoma as well as in other neuropathies.
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Figure legends

Figure 1. ET-1 increased the active form of MMP-2, TIMP-1 and TIMP-2

A. Time course studies: Gelatin zymography was used to detect the activity and
expression of MMP-2 in incubation media collected from different time points after
100nM ET-1 treatment; western blot was use to detect the expression of TIMP-1 and 2 in
incubation media collected from different time points after 100nM ET-1 treatment. 1uM
PMA tr;atment was used as positive control. There was greater activity of MMP-2 and
expfeésion of TIMP-1 and 2 with a longer treatment with ET-1. B. Dose-response
studies: Gelatin zymography was used to detect the activity of MMP-2 in incubation
media collected from hONA cells treated with different concentration of ET-1 for 4 days;
western blot was used to detect the activity of TIMP-1 and -2 in incubation media
collected ﬁom hONA cells treated with different concentration of ET-1 for 4 days. The
highest activity of MMP-2 and expression of TIMP-1 and 2 were observed in the
treatment with 100nM ET-1. MMP-3 was not detectable in western blot. * p<0.05, ET-1
treatment vs. corresponding control, one-way ANOVA. The data are from a

representative of 3 individual experiments with consistent results.

Figure 2. ET-1 induced the phosphorylation of ERKI/Z, PKCBI/BII/3, but not
PKCe/a/€ in hONAs.

A. Western Blot (WB) showed phosphorylation of ERK1/2 induced by 5-min ET-
1(100nM) treatment in hONA cells after cells were pretreated with U0126 (10 uM);

chelerythrine (2 uM, chele) or DMSO (vehicle) for 30 mins. ET-1 induced the rapid
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phosphorylation of ERK1/2, which was abolished by U0126 but not chelerythrine. B. The
phosphorylated isoforms of PKC were detected by western blot in hONA cells, which
were treated with ET-1 (100 nM) for 5 and 30 min. One set was pretreated with
chelerythrine (2 pM) for 30 mins before ET-1 treatment. Phosphorylation of
PKCBI/BII/3 was induced by ET-1 in hONAs. * p<0.05, ET-1 treatment vs.
corresponding control, one-way ANOVA. # p<0.05, inhibitor treatments vs. vehicle
conuol, one-way ANOVA. The data are from a representative of 2 individual

experiments with consistent results.

Figure 3. Blockade of MAPK-ERK and PKC increased the activity of MMP-2, 3 and
decreased the expression of TIMP-1 and 2.

A. Gelatin zymography was used to detect the activity of MMP2, 9 in incubation media
collected from hONA cells, which were pretreated with 25 pM PD98059 and 10 uM
U0126 (both are MAPK-ERK inhibitors) for 30 min followed with or without a 100nM
ET-1 treatment for 4 days. Western blot was used to detect the expression of TIMP-1 and
2 in incubation media collected from hONA cells. Application of inhibitors of MAPK
reduced the expression of TIMP-1 and 2, but increased the activity of MMP-2. B. Gelatin
zymography was used to detect the activity of MMPQ, 9 in incubation media collected
from hONA cells, which were pretreated with 2 uM chelerythrine (CHE) and 1 puM RO-
31-8425 (RO) for 30 min followed with or without a 100nM ET-1 treatment for 4 days.
Western blot was used to detect the expression of TIMP-1 and 2 in incubation media

collected from hONA cells. Application of inhibitors of PKC reduced the expression of
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TIMP-1 and 2, but increased the activity of MMP-2. * p<0.05, ET-1 treatment vs.
corresponding control, one-way ANOVA. # p<0.05, inhibitor treatments vs. vehicle
control, one-way ANOVA. The data are from a representative of 3-4 individual

experiments with consistent results.

Figure 4. The activity MMPs and the expression TIMPs were decreased in hONAs
transfected with siRNA of MMP-2.

Gelatiﬁ zymography was used to detect the activity of MMP-2 and western blot to detect
expression of TIMPs in incubation media collected from hONA cells, which were
transfected with siRNA of MMP-2 48 hours before treatment with 100nM ET-1. The
incubation media were collected 24 hours after cells were treated with ET-1. Knock-
down of MMP—Z using siRNA not only decreased the activity of MMP-2 but also
decreased the expression of TIMP-1 and 2 (SCR: scramble siRNA). * p<0.05, ET-1
treatment vs. corresponding control, one-way ANOVA. The data are from a

representative of 2 individual experiments with consistent results.

Figure 5. ET-1 increases the soluble fibronectin in cell culture of hONAs

Western blot was used to detect the soluble FN (sFN) in concentrated media collected
from hONA cell culture. A. hONAs were treated with ET-1 from 1 nM to 1000 nM for 4
days. Expression of sFN was increased in treatment of ET-1 from 10nM to 1000 nM. B.
hONAs were treated with 100 nM ET-1 for different time points from 1 day to 4 days.

Expression of sFN was accumulated with the longer treatment time of ET-1. C. hONA
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cells were pretreated with 10 uM U0126 or 2 uM chelerythrine (CHE) for 30min
followed ET-1 treatment for 24 hours. Inhibition of MAPK or PKC pathways didn’t
reduce the expression of sFN. D. hONAs were transected with siRNA two times for 48
hours followed ET-1 treatment for 24 hours. Knock-down of MMP-2 decreased the
expression of sSFN (SCR: scramble siRNA). * p<0.05, ET-1 treatment vs. corresponding
control, one-way ANOVA. The data are from a representative of 2-3 individual

experiments with consistent results.

Figure 6. ET-1 increased the deposition of fibronectin in hONA cells.

A. Immunofluorescent (IF) staining was used to detect the deposition of fibronectin in
hONA cells, which were treated with 100 nM ET-1 treatment for 1 to 4 days (Green:
fibronectin; Blue: DAPI). Treatment of ET-1 increased the FN matrix, which did not
accumulate like sFN. B. IF showed the deposition of fibronectin in hONA cells, which
were pretreated with 10 uM U0126 or 2 uM chelerythrine (CHELE) for 30 min followed
100nM ET-1 treatment for 24 hrs (Green: fibronectin; Blue: DAPI). Application of
inhibitors of MAPK or PKC did not affect the deposition of FN matrix. * p<0.05, ET-1
treatment vs. corresponding control, one-way ANOVA. The data are from a

representative of 3 individual experiments with consistent results.

Figure 7. ET-1 increased the deposition of fibronectin in hONA cells.
ET-1 activated the rapid phosphorylation of ERK1/2 and PKC BI/BII/8, which play

important roles in cell proliferation and reactivation of hONAs. ET-1 not only up-
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regulated the activity of MMP-2 and the expression of TIMP-1 and 2 in hONAs, but also
increased the deposition of fibronectin (FN) and formation of an ECM network in a
hONA cell culture model with a time-dependent manner. PKC and MAPK pathways are
not involved in the expression and deposition of FN. However, they are involved in ET-
1-mediated regulation of ECM remodeling in hONA cells, since the blockade of ERK-1/2
or PKC inhibited the expression of TIMP-1 and 2, resulting in an increase level of the
activity of MMP-2. Therefore, the balance of MMP/TIMP was shifted towards increased

MMP activity.
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Figure 2
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Figure 3
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Figure 4
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Figure 6
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Figure 7

Endothelin-1-mediated Signaling in the Expression of
MMPs and TIMPs in hONAs
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Abstract

Purpose: To determine ECM remodeling at the optic nerve head in a model of endothelin
(ET-1)-mediated optic neuropathy in rats.

Method: 2 nmol ET-1 was injected into the vitreous of wildtype wistar and ETg deficient
rats. The expression of matrix metalloproteinases (MMPs), tissue inhibitors of
metalloproteinase-2 (TIMP-2) and glial fibrillar acidic protein (GFAP) and the
accumglgtion of ECM molecules, including collagen IV, collagenV], fibronectin (FN),
were determined by immunofluorescent staining at the optic nerve head.

Results: An increase in expression of MMP-9 and collagen VI was detected in both ETp
deficient rats and wildtype wistar rats 2 and 14 days post intravitreal ET-1 injection,
whereas the deposition of FN was not changed. There was no significant difference
MMP-9 ana collagen VI immunoreactivity between ETg deficient rats and wildtype
wistar rats.

Conclusions: Changes in ECM expression was demonstrated following intravitreal ET-1
injection. Such ECM remodeling could contribute to the optic nerve changes seen
following ET-1 administration and provides additional insight into potentially cellular

mechanisms that may contribute to ET-1 induced optic neuropathy.
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Introduction

Glaucoma is an optic neuropathy, characterized by cupping of the optic disc,
progressive loss of retinal ganglion cells and slow degeneration of optic nerve, resulting
in blindness "2 It is estimated that there are over 70 million people suffering from this
disease °. The optic nerve head is one of the major sites showing pathological changes in
glaucoma. It is reported that the extensive remodeling of the extracellular matrix (ECM)
occurs in the optic nerve head in glaucoma patients and animal models e,

o nIt is reported that different MMP and TIMPs expression profiles could contribute
to remodeling of the optic nerve head in response to different damages/insults to the optic
nerve. For example, in laser-induced glaucoma in primates, there was the increased
expression of membrane-type-1 MMP (MT1-MMP) and MMP-1 in reactive astrocytes at
the optic nérve head due to elevation of intra ocular pressure (IOP), whereas in a parallel
experiment in primates with optic nerve transection, there was increased expression of
MT1-MMP, MMP-1, MMP-2, TIMP-1 and TIMP-2 in reactive astrocytes at the
transection site °. Other investigators have shown that extensive ECM remodeling was
correlated with RGC apoptosis and axon loss, and that the increased MMP activity might
enhance ECM degradation, including collagen degradation, as a mechanism to facilitate
the migration of astrocytes into optic nerve bundles” ' !, Astrocytes are the major glial
cells in the central nervous system, and they also play an important role in the regulation
of extracellular matrix (ECM) components in the brain and eyes as they are a major

source of matrix metalloproteinases (MMPs). Recently, endothelin-1 (ET-1) has been
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implicated as a potential factor in reactivation of astrocytes, which leads to the induction
of astrogliosis >,

ET-1 is not only known as a potent vasoactive peptide, but it is also involved in
ECM remodeling by shifting the balance of MMPs/TIMPs '>'7. In addition, growing
evidence from other tissues has shown that ET-1 induces the expression of many types of
MMPs and TIMPs as well as ECM protein expression, including collagens, laminin and
ﬁbronectin in cell culture and animal models '*% It has been shown that ET-1 levels
were ‘ei’evated not only in the aqueous humor and plasma of glaucoma patients *** but
also in glaucoma animal models, including dogs ** and rats *°. Our lab has shown that the
increased ET-1 levels in aqueous humor in rats with elevated IOP are correlated with
increased GFAP expression in astrocytes and increased ETp receptor immunoreactivity
26 Ahmed ét al. also demonstrated that there was a significant increase in retinal mRNA
levels of ET receptors, TIMP-1, MMP-3, ET-2, fibronectin and GFAP tested by gene
microarray analysis and RT-PCR in the elevated IOP in Brown Norway rats >’.
Furthermore, intravitreal injection or perfusion of ET-1 into eyes in many animal models
such as primates, rabbits and rats, caused optic nerve head damage similar to that seen in
glaucoma, including optic disk cupping, axon loss and astrogliosis ***°. Based upon these
observations, it’s possible that ET-1 is involved in ECM remodeling of the optic nerve
head in glaucoma as a result of the astrogliosis and reactivation of astrocytes by ET-1,

however, a detailed study of the activity of MMPs and TIMPs by ET-1 has not been

delineated.

143






In the current study, we investigated ET-1-induced ECM remodeling at the optic
nerve head of rats, which were intravitreally injected ET-1 into eyes. ECM remodeling
was determined by immunoreactivity of collagen IV, collagen VI, fibronectin, MMP-2,

MMP-9, TIMP-2 and GFAP.

144






Materials and Methods:

Animals:

The wildtype Wistar Kyoto rats (Rattus sp.) (aged from 5 months-12 months, 200-300 g;
Charles River, Wilmington, MA, USA) and ETp transgenic ETg sl/sl rats Wistar Kyoto
rats ( kindly provided by Dr. Yanagisawa) were used in experiments. All procedures
complied with the ARVO statement on the Use of Animals in Research and with the

guidelines of the UNTHSC Committee on Animal Welfare.
Intravitreal injection procedure:

The rats were anesthetized for surgery by intraperitoneal injection using a standard rat
cocktail (1 mg/ml) consisting of a solution of 5 ml ketamine (100 mg/ml), 2.5 ml
xylazine (20 mg/ml), 1.0 ml of acepromazine (10 mg/kg), and 0.5 ml sterile water.

Topical proparacaine (0.1%) were also administered.

Nine ETp deficient rats and twelve wildtype rats were used in experiments (Table 1 and
2.). The animals were anesthetized with an ip injection of a standard rat cocktail

(1 mlkg™). 4 pl of 500 uM ET-1 (H-6995, Peninsula Laboratories, San Carlos, CA,
USA) in HEPES or 4 ul of HEPES (sham control) were injected into vitreous of left eyes

of rats. The right eyes without any treatment were served as contralateral controls.

Rats were killed by an overdose of pentobarbital into the heart and their eyes enucleated
immediately at 2 and 14 days post-endothelin-1 injection. Four incisions were made on

the cornea to facilitate influx of fixation solution. The eyes were fixed in 4%
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paraformaldehyde in phosphate buffered saline (PBS) for 6 hours and later embedded in

paraffin wax. Five-micron saggital sections of optic nerve head were used in this study.
Immunoflourescent staining:

Slides were de-paraffinized in xylene, re-hydrated using ethanol washes and washed in
PBS. After permeabilization using sodium citrate (0.1%) and 0.1% Triton-X, the sections
were washed with PBS and non-specific binding was blocked by 5% BSA in PBS for 1
hour. The sections were incubated with combinations of primary antibodies ( monoclonal
anti-mouse and polyclonal anti-rabbit) for 2 hours at room temperature. The primary
antibodies were rabbit anti-MMP-2 (2 pg/ml; Santa Cruz, CA), rabbit anti-MMP-9

(2 pg/ml; Santa Cruz, CA), rabbit anti-collagen IV (2 pg/ml; Santa Cruz, CA), rabbit
anti-collagen VI (2 pg/ml; Chemicon) and mouse mono-anti-GFAP (3 mg/ml;
Neomarkers, Fremont, CA), mouse anti-TIMP-2 (2 pg/ml; Santa Cruz, CA), mouse anti-
fibronectin (2 pg/ml; Sigma, Saint Louis). Control sections were incubated with only
secondary antibodies. Slides were rinsed and allowed to incubate with Alexa 488—
conjugated donkey anti-mouse antibody (2 pg/ml) and Alexa 633—conjugated donkey
anti-rabbit antibody (2 pg/ml) for 1 hour in the dark at room temperature. Coverslips
were mounted on slides in antifade medium (FluorSave; Calbiochem, La Jolla, CA) and

allowed to dry for 20 minutes in the dark.

Images and Data Analysis:
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Slides were viewed and images taken on a Zeiss LSM 410 confocal microscope. Five
regions at relative same sites of the optic nerve head in each image was quantitated using
NIH Imagel software. Data obtained by ImageJ were represented as Mean +/- SD
(standard deviation of mean). Data were analyzed using one-way analysis of variance
(ANOVA) for multiple comparisons. Paired analysis between two groups was performed

using Student’s ¢-test. Statistical significance was accepted when p<0.05.
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Results:

No change of fibronectin and collagen IV expression was observed in rats post ET-1
injection

Previously, we found that ET-1 increased the soluble FN expression and FN matrix
formation in cultured primary human optic nerve head astrocytes. Astrocytes are the
major glial cells at the optic nerve head, therefore, it’s important to detect if ET-1’s effect
in _FN"exf)ression is also through astrocytes in vivo. FN expression was monitored by the
immunofluorescent staining. The strong staining of FN was observed at sclera, veins and
arteries at optic nerve heads, whereas staining of FN at ONH was relatively weak
comparing with staining at sclera. Moreover, there was no increase of FN observed in
treatment groups (Fig 1.) including 2- and 14-day treatments except the one eye that the
lens was hit by a needle when the eye was injected and acquired a hemorrhage. In this
eye, the significant increase in FN, collagen IV was detected and was served as a positive
staining control (Fig 2A and 2B). There was very low staining in the negative control
without the incubation of primary antibodies (Fig 2C). The immunoreactivity of collagen
IV was very slightly increased in some treatment eyes, but remained unchanged in most

treated eyes (Fig 1.).

MMP-9 was increased in ET-1-injected rats

Out of 5 eyes of ETg deficient rats following 2 days post injection of ET-1, there was
increased MMP-9 detected in four eyes and unchanged in one eye. Out of four eyes of
wildtype (wt) rats 2 days post injection of ET-1, there was increased MMP-9 detected in
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three eyes and unchanged in one eye (Table 3). After the images were quantitated by
using NIH ImageJ software, the result showed that there was a 50-60% increase in the
treated eye compared to the contralateral eyes (p<0.05, n=5 in ETg deficient rats, n=4 in
wildtype rats) (Fig. 3.). No significant difference was observed from staining in eyes of
ETg deficient and wildtype rats (p>0.05). No difference was found in HEPES-treated eye
compared to the contralateral control.

An increased MMP-9 level was detected in three eyes of ETg sl/sl rats and two eyes of
wiIdt’ybe 14 days post ET-1 injection (Table 3.). One eye of the wildtype rats got a

hemorrhage and served as a positive control.

Collage VI was increased in ET-1-injected rats

Out of ﬁvé eyes of ETp deficient rats following 2 days post injection of ET-1, there was
increased collagen VI detected in four eyes and unchanged in 1 eye. Out of four eyes of
wildtype (wt) rats 2 days post injection of ET-1, there was increased collagen VI detected
in three eyes and unchanged in one eye (Table 3). A 50-70% increase in collagen VI
staining was detected in treated eyes of ETg deficient rats and wildtype rats (p<0.05, n=5
in ETg deficient rats, n=4 in wildtype rats). There was significant difference compared to
contralateral eyes, whereas no difference between two rat types was seen (Fig 4).

Two out of three eyes from ETg deficient rats and two out of three eyes from wildtype
following 14 days post injection of ET-1, increased collagen VI was detected (Table 3).
Unchanged collagen VI was detected in one eye from ETg deficient rat. One eye of

wildtype rat got a hemorrhage.
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GFAP expression was increased in some treated eyes, but its basal level varied

There were five sl/sl and four wt rats in the 2-day ET-1 injection group excluding the rat
with ONH region lost in sections. GFAP immunoreactivity was increased in three out of
five ETp deficient and two out of four wt rats, but unchanged in two of ETp deficient and
two of wt (Table 3). GFAP staining was only seen in ONH region, indicating astrocyte
distributioq was limited in ONH (Fig. 5.). Another interesting finding was that staining of

GFAP greatly varied from rat to rat, indicating the basal level of GFAP was different.

Protein expression varies in different regions of the optic nerve

The immunoreactivity of MMP-9, collagen VI and collagen IV displayed the differential
intensity ﬁc;m the anterior of ONH and the posterior region of ONH. The weak staining
was observed at the anterior region of ONH, and strong staining at the posterior region
(transition zone), which was the corresponding region of the laminar cribrosa in human
eye (Fig 6.). However, the staining of FN was unchanged from the anterior to the
posterior. The significant staining of MMP-9, collagen VI and collagen IV was along the
optic nerve but not sclera and other tissue around the optic nerve. The staining of GFAP
displayed the different patterns. In some eyes, there was strong staining of GFAP at
anterior regions of ONH (Fig 6.), but the stronger staining observed at posterior regions
(data not shown). It may suggest that there are differential stages of astrocyte migration

from the anterior region to the posterior region of optic nerve.
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Discussion:

Mechanisms leading to apoptosis of RGCs, cupping of optic nerve head and slow
degeneration of optic nerve seen in glaucoma can be examined in experimental animal
models. Since ET-1 is a very potent vasoconstrictor and there is an elevation of ET-1
levels found in aqueous humor and vitreous of glaucoma patients and glaucoma animal
models, a glaucomatous animal model of ischemia has been established using intravitreal
ET-1 injection or perfusion in rat, rabbit and primate 2*>%**** In addition to ET-1-

reduced blood flow at optic nerve head of treated eyes in rabbit and primate 2*2% % th

e
significant RGC apoptosis, cupping of the optic nerve head, loss of axons, a reduction of
neurofilament, blockade of the retrograde and anterograde transport and activation of
astrocytes were reported in these models 2% 223437 However, the mechanism of optic
nerve cupping and ECM remodeling remains unclear.

Astrocytes are a major source of MMPs and provide extracellular matrix
components in term of the regulation of ECM components in the brain and eye, °.
Reactive astrocytes involved in astrogliosis may be responsible for ECM remodeling in
glaucoma. Increased IOP is strongly correlated with elevated endothelin-1 (ET-1) as well
as the increase in ETp receptor expression in astrocytes with marked elevation in GFAP,
a marker for astrogliosis *°. Sprague-Dawley rats intravitreally injected with ET-1 for 14
days® showed a significant increase of GFAP in retina. In the current study, the increased
GFAP staining in retina as well as optic nerve head was observed in about half of treated

eyes of wistar rats. As these were saggital section, the nerve fiber layer of the retina, in

which astrocytes are located, was relative thin. It was difficult to observe the intensity of
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GFAP staining from this angle, therefore the minor change of intensity was difficult to
analyze. It was also reported that GFAP staining at the optic nerve head was attenuated
one week after elevated IOP was achieved in rats with hypertonic saline injection, and it
was restored 33 days after continuous elevation of IOP in rats®®. This restored GFAP
staining may be due to reactivation of astrocytes in response to increased ET-1 observed
in elevated-1OP rats. Therefore, the results in the current study might represent the
differential responses of astrocytes, which were in different activation level.

" An increase in expression of MMPs and accumulation of ECM molecules
including collagen IV, collagen VI, elastin was reported in the elevated-IOP model and in
the optic nerve transection model ”**'!. The immunoreactivity of collagen VI was
increased at the optic nerve head of ET-1-injected eyes in current study, this result was
consistent with the report from elevated-IOP model *%. In human primary open-angle
glaucoma, Hernandez et al demonstrated that there was an elevation of immunoreactivity
of elastin and collagen VI detected in the lamina cribrosa as well as increased collagen IV
detected around nerve bundle °, suggesting ECM remodeling occurs during glaucoma
progression. The anatomy structure of the optic nerve head in rat is somewhat different
than that of human, there is no the lamina cribrosa instead of a transition zone containing
the myelinated connective tissue. In our study, the stronger immunostaining was also
observed in the transition zone rather than the anterior head region (Fig. 7). However, the
similar astrocyte distribution and migration at the optic nerve head were illustrated at

untrastructural level between human and rat 5.
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MMP-9 is a regulatory MMP that increases in response to a number of stimuli
including the elevated IOP, and appears to play a crucial role in inducing apoptosis of
RGCs. For example, Fini’s group showed that RGC apoptosis may be significantly
correlated with the degradation of laminin from the inner membrane and directly related
to the increased activity of MMP-9 at the same layer '°. Zhang also reported that
intravitreal injection of kainic acid in mice caused MMP-9 upregulation in the retina as
well as activation of astrocytes. The decrease in laminin immunoreactivity in the
ga'nglion cell layer and significant loss of retinal ganglion cells were correlated with
increased activity of MMP-9 *°. Guo et al showed that the elevated-IOP-induced RGC
apoptosis was positively correlated with the expression of MMP-9, TIMP-1 and collagen
I, but negatively correlated with laminin at the RGC layer ''. Such observations suggest
that ECM‘ remodeling may contribute to the deleterious pathological changes in the retina
and the optic nerve head. However, the alteration of MMP-9 activity at the optic nerve
head was seldom reported. In the current study, an increase of MMP-9 expression was
detected at the optic nerve head of ET-1-induced eyes. The immunoreactivity of MMP-9
was even stronger in the transition zone of optic nerve, indicating that the higher
expression of MMP-9 may be in response to the greater accumulation of ECM molecules
including collagen IV, collagen VI and elastin. In addition, in agreement with other
glaucomatous animal models, there was intensive staining of MMP-9 in RGC layer of the
retina and this staining was increased in ET-1-treated eyes (data not shown). The
increased MMP-9 in the retina was similar to the response of MMP-9 at the optic nerve

head, suggesting that ET-1 appears to upregulate the expression of MMP-9.
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An interesting finding in this study is that no differences in MMP expression and
accumulation of ECM molecules were found in ET-1-treated eyes of ETg deficient rats
and wildtype rats. The possible explanations are that there are many factors that exert
their effects simultaneously in the in vivo animal experiments. For example, ET-1, TGF-
f, connective tissue growth factor, and neurotrophins, which are all involved in
regulation of ECM remodeling, are expressed at optic nerve head * ''. How these factors
exert their function and regulate each other is not clear. Perhaps the one-time intravitreal
administration of ET-1 is not sufficient to be a predominant factor than other factors in
the induction of ECM remodeling. In addition, whether ET4 has the same functions with
ETpg at optic nerve head is not clear. If so, ET s could take the role of ETg in ETg-
deficient rats. In future study, the expression of ET at optic nerve head will be
monitoredv. Furthermore, co-administration of ET-1 with ETA/ETp antagonist, bosentan,
or ETp antagonist, BQ788, into vitreous may provide more information about functions
of ET-1 and its receptors in ECM remodeling at optic nerve head.

In this study, ECM remodeling has been shown in the model of ET-1-induced
optic neuropathy in rats injected with ET-1 into the vitreous. The upregulated expression
of MMP-9 and collagen VI was detected in both ETy deficient rats and wildtype wistar
rats, whereas the deposition of FN and collagen IV was not changed. ET-1-induced
changes in MMPs and ECM expression could lead to turnover of ECM and contribute to

the remodeling often seen in neurodegeneration diseases, such as glaucoma.
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