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Abstract

Matrix metalloproteinase-9 (MMP-9) is released by many structural cells such as 

human lung epithelial cells (LEC) and vascular smooth muscle (VSM) in conditions 

such as asthma and septic shock. Expression of MMP-9 correlates with the severity of 

these disorders. Transcriptional regulation of this enzyme, however, is poorly 

understood.

In a pilot study, rat aortic VSM cells stimulated with a cocktail containing bacterial 

LPS, IFN-y, and PMA were shown to express inducible nitric oxide synthase (iNOS) 

and matrix metalloproteinase-9 (MMP-9). L-NAME, a NOS inhibitor, exerted an 

inhibitory effect on MMP-9 mRNA levels. NO-mediated upregulation of MMP-9 was 

cGMP-dependent since ODQ, an inhibitor of sGC, blocked the increased expression 

of MMP-9, an effect reversed by 8-bromo-cGMP, a soluble analog of cGMP.

To further dissect this pathway the human MMP-9 promoter was studied. A 

phylogenetic analysis revealed a highly conserved sequence in the 5’ flanking region 

of the MMP-9 gene containing binding sites for the transcription factor Wilms tumor 

1 (WT1). We confirmed the presence of WT1 in human lung epithelial cells (LEC) 

and that treatment with TNF or a cocktail containing LPS, PMA and IFNy resulted in 

translocation of WT1 from the nucleus to the cytosol. This translocation coincided 

with increased expression of MMP-9 and could be blocked by inhibitors of the 

NO/sGC pathway. WT1 knock down using small interfering RNA upregulated MMP-
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9 expression, even in the presence of the NOS inhibitor 1400W. Using chromatin 

immunoprecipitation we confirmed WT1 binding to the MMP-9 promoter. These 

findings indicate WT1 is a repressor of MMP-9 regulated by a NO-mediated 

pathway.

NO regulates lymphocyte proliferation however the mechanism by which this 

regulation takes place is not known. Because WT1 is regulated by NO and because 

WT1 dysfunction results in proliferative aberrations it is possible that WT1 mediates 

NO-dependent regulation of lymphocyte proliferation. WT1 expression in human 

lymphocytes was confirmed. Exogenously added NO using SNOG reduced the 

expression of WT1 at the mRNA and protein levels.

The discovery that NO through the regulation of WT1 function controls MMP-9 

expression and potentially lymphocyte proliferation adds another piece to the puzzle 

in mechanisms underling inflammatory processes.
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Preface

In this thesis I present one publication (Chapter 2) and two additional works in 

progress (Chapters 3 and 4) under the general theme of inflammatory reactions. 

Inflammatory conditions involve many different cell types and mediators. The 

numerous mediators fall into several categories, including: cytokines, chemokines, 

enzymes, etc and can all play important roles. I will focus on the role that inducible 

nitric oxide synthase (iNOS) plays in the regulation of expression and activity of 

matrix metalloproteinase-9 (MMP-9).

Chapter 1 is introductory. I describe two disorders namely asthma and septic shock as 

examples of inflammatory conditions that are abundant worldwide; yet there is no 

cure. These two disorders are models for discussion of common mediators among 

which iNOS, MMP-9 and cyclooxygenase-2 (COX-2) will be emphasized. One 

important point is that these mediators are not only made by inflammatory cells 

(leukocytes) but also by resident or parenchymal cells like vascular smooth muscle 

(VSM) and lung epithelial cells (LEC). This background information is synthesized 

into a conceptual model that was used to generate the hypotheses that gave rise to the 

aims of this thesis.

In chapter 2, the first publication is presented. Using a septic shock model, rat VSM 

cells were stimulated with a cocktail of proinflammatory mediators. Upon stimulation 

these cells produced iNOS, MMP-9 and COX-2. We observed that MMP-9 

expression required nitric oxide (NO) production and from this point the mechanisms
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by which NO regulates MMP-9 became my major focus of research. In the work we 

concluded that the NO-dependent upregulation of MMP-9 was mediated through 

soluble guanylate cyclase (sGC) and cyclic GMP (cGMP).

Chapter 3 describes a major extension of this research. These studies were performed 

in human LEC, using a less aggressive and more physiologically relevant stimulus, 

TNF. We used a different cell type because these cells are also structural cells that co- 

upregulate iNOS, COX-2 and MMP-9 in inflammatory conditions. Confirmation of 

the presence of the pathways described in chapter 2 in another cell type would help 

elucidate the relevance of these mechanisms and determine if the pathways exist in 

human cells.

To elucidate downstream targets from cGMP, we hypothesised that PKG and PKA 

participated in transducing this signal and tested the role of a transcriptional repressor 

called Wilms tumor 1 (WT1). We concluded that cGMP-dependent activation of PKA 

regulated the phosphorylation and consequently the translocation of WT1 to the 

cytosol. This process resulted in de-repression of the MMP-9 promoter and its 

subsequent TNF-dependent activation.

The novel observation that WT1 participated in the regulation of MMP-9 in a NO- 

regulated pathway led us to search for WT1 expression in other cell types. In chapter 

4 we will describe our findings of the expression of WT1 in lymphocytes and how 

NO regulates WT1 levels in correlation with lymphocyte proliferation.
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In the last chapter, I summarize the major findings of these studies and provide a 

conceptual model to explain our observations. I integrate these findings with relevant 

literature, discuss their relevance and outline future research directions essential to 

advance this field.
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C hapter I: Introduction

1. Inflammatory diseases and their relevance

A. Introduction to inflammation

Many medical books define inflammation by the classic signs of pain, heat, redness 

and swelling resulting in loss of function. Further, at the cellular level inflammation 

involves a complex sequence of processes, including dilatation of arterioles, 

capillaries and venules with increased permeability and blood flow, exudation of 

fluids including plasma proteins and leukocyte migration into the injured tissue.

But what really goes on at the molecular level? Inflammation is produced by any 

injury or damage to the body such as mechanical trauma, toxins and neoplasia, and 

commonly occurs as a response to invasion of the host by foreign microbes. 

Leukocytes play a critical role in inflammatory processes and their accumulation and 

activation at the site of injury is critical in the pathogenesis of inflammatory 

conditions. Eosinophils, neutrophils, mast cells and macrophages, in response to 

chemokines migrate to sites of injury, become activated and release mediators. 

Although leukocytes are critical mediators of inflammation and are capable of 

producing iNOS, MMP-9 and COX-2, other structural cell types also contribute in a 

significant way to release of these mediators. In the following section, two 

inflammatory conditions, namely septic shock and asthma will be described. 

Although we recognize the relative importance of leukocytes in these disorders, we

1
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will focus on the pathogenic roles of VSM and LEC and emphasize the need for 

better understanding of the pathogenesis of these conditions.

B. Septic shock

Although inflammation is set in place to stop further injury and to repair damage, this 

process can in some instances overshoot and produce more damage than that 

originally inflicted by the pathogen. Inflammation-induced damage can generate more 

inflammation creating a vicious cycle where the patient can worsen quickly. Septic 

shock is a perfect example of what happens when inflammation goes too far, as there 

is substantial evidence that it occurs as a result of an exaggerated host response to 

microorganisms (Fig. 1.1).

Septic shock is characterized by hypotension and vascular collapse, resulting in 

multiple organ failure and death. The most common cause of sepsis is through the 

contamination of the blood with bacteria. Sepsis refers to the systemic responses 

induced by infection and may result in severe systemic hypotension. Septic shock is 

common and about half of the patients with sepsis may go into shock with 40-60% 

mortality. It is estimated that 215,000 deaths occur in North America every year from 

sepsis. When a patient develops shock the worsening circulatory system fails to 

provide sufficient blood and oxygen to vital organs. Symptoms include a severe fall 

in blood pressure and hyporeactivity to vasoconstrictor agents leading to dysfunction 

of major organs like the brain, liver and lungs resulting in death. There is no 

successful treatment for septic shock highlighting the need for a better understanding 

of this condition.

2
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The most common cause of septic shock is through gram-negative infections, 

however gram-positive induced septic shock is also observed. Virus, fungi and 

parasites account for a low proportion of septic shock cases. Bacterial 

lipopolysaccharide (LPS) is the major endotoxin responsible for the high morbidity 

and mortality of gram-negative septic shock. The presence of bacterial products in 

blood induces a number of cytokines such as TNF, IL-ip, IFN-y and IL-6. These 

cytokines, in combination with bacterial products induce production of mediators 

such as MMP-9, iNOS and COX-2 from VSM and other cells (Fig. 1.1).

i. Vascular smooth muscle mediators in septic shock

MMP-9 and iNOS are important mediators involved in the pathogenesis of septic 

shock. A major source of these mediators is VSM. In the following section, I will 

describe the role of VSM in health and how these mediators (MMP-9 and iNOS) 

released from VSM contribute to the pathogenesis of septic shock.

•  Vascular smooth muscle in health

The main role of smooth muscle is to perform a number of structural movements. It is 

named smooth muscle because in contrast to skeletal muscle, its fibres lack striations. 

VSM cells are arranged in helical or circular layers around larger blood vessels and in 

a single circular layer around arterioles. Smooth muscle performs housekeeping tasks 

such as moving food along the intestine, controlling pupil size, and controlling 

peripheral vascular resistance.

VSM is responsible for the distribution of blood flow throughout the body. It controls 

peripheral resistance, arterial and venous tone. The contractile mechanisms of VSM

3
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are different to those of skeletal and cardiac muscle. VSM lacks the regulatory protein 

troponin, and actin and myosin are not arranged into distinct bands. Contraction is 

initiated by electrical, chemical or mechanical stimuli. Electrical depolarization of 

VSM may result in Ca2+ influx into the cells resulting in a contractile response. 

Additionally, many chemical stimuli including norepinephrine, vasopressin, 

endothelin-1, angiotensin II and thromboxane A2 can lead to contraction of VSM. 

These chemical signals act through specific receptors and independent transduction 

pathways, but the end result is to increase Ca2+ influx from intracellular and 

extracellular storages. Free Ca2+ binds to calmodulin which then activates myosin 

light chain kinase (MLCK), the enzyme responsible for the activation of myosin light 

chain (MLC). This leads to cross-bridge formation between myosin heads and actin 

filaments resulting in VSM contraction.

There are three major mechanisms to control contraction. First, the 

phosphatidylinositol pathway can be activated by norepinephrine (via a l -  

adrenoceptors), angiotensin II (via All receptor) and endothelin I (via ETa receptors). 

These receptors activate phospholipase C (PLC) which will catalyze the formation of 

inositol triphosphate (IP3), which in turn stimulates the release of Ca2+ from the 

sarcoplasmic reticulum. PLC will also produce diacylglycerol (DAG), activating 

protein kinase C (PKC) which can mediate VSM contraction in a Ca2+-independent 

manner. Secondly, the adenylate cyclase (AC) pathway can be activated by P2- 

adrenoceptors. This receptor is activated by epinephrine resulting in the formation of 

cyclic AMP (cAMP) that can inhibit MLCK thus leading to relaxation as a result of 

MLC inactivity. The third regulatory pathway is the nitric oxide (NO) pathway.

4
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Endothelium-derived NO reaches VSM cells through diffusion and activates soluble 

guanylate cyclase (sGC). This enzyme catalyzes the formation of cyclic GMP 

(cGMP), resulting in the activation of cAMP-dependent protein kinase (PKG). PKG 

phosphorylates different ion channels and pumps, resulting in a reduction of cytosolic 

Ca2+.

•  Vascular smooth muscle in septic shock

VSM can produce reactive oxygen species (ROS) such as superoxide, hydrogen 

peroxide and reactive nitrogen species like NO and peroxynitrite (ONOO). Cell 

membrane-associated NADPH-oxidases are responsible for the production of ROS, 

whereas inducible nitric oxide synthase (iNOS) is involved in the generation of NO 

and ONOO'. Additionally, neutrophils also produce high levels of O2 ', which in 

combination with the VSM-derived O2’ reacts with NO to generate ONOO". ONOO' 

and NO are major mediators generated by VSM that result in tissue damage in shock 

conditions.

5
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Figure 1.1: Role of vascular smooth muscle (VSM) in the pathogenesis of septic 

shock. Upon infection host defence is over-amplified resulting in the production of 

cytokines that stimulate leukocyte (e.g. neutrophils) migration to tissue. Endothelial 

(En) cells and VSM are stimulated (activation) by cytokines and bacterial LPS 

resulting in the over expression of iNOS and MMP-9. High NO levels react with 

superoxide (02-) forming peroxynitrite (ONOO-). Collectively, MMP-9 and ONOO- 

contribute to tissue damage which may result in multiple organ failure and death.
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•  Inducible nitric oxide synthase role in septic shock

Cytokines and bacterial products signal the upregulation of iNOS in many tissues. 

Overexpression of iNOS and over-production of NO in septic shock are responsible 

for vasodilatation and tissue damage. Administration of the NOS inhibitor N“- 

methyl-L-arginine (L-NMMA) in septic shock patients restores blood pressure and 

reverses the hyporesponsiveness to vasoconstrictor agents (1). In rats, pretreatment 

with dexamethasone, a transcriptional inhibitor of iNOS, prevents LPS-induced iNOS 

expression and attenuates circulatory failure and hyporeactivity to vasoconstrictor 

agents (2). During shock, iNOS mRNA and protein are upregulated in a number of 

tissues including heart, pancreas, kidney, liver, aorta, VSM cells, and lung (3-5). 

Although high levels of NO may enhance body defence against infectious agents, 

excessive induction of iNOS in these tissues and in particular the vasculature may 

cause shock, leading to tissue damage and organ failure (6). Administration of anti- 

TNF prevents the onset of septic shock. Anti-TNF or TNF-receptor antagonists 

reduce pulmonary iNOS expression with similar observations with anti-IFN-y 

antibody treatment (7). The pathways by which TNF, LPS and IFN-y induce iNOS 

expression are similar to those described below for MMP-9.

In addition to vasodilatory effects of NO in shock patients, it may also contribute to 

the formation of ONOO~ or other ROS (8) leading to endothelial damage and 

increased systemic micro-vascular permeability. NO and ONOO" have a direct effect 

on VSM leading to reduced contractility through energy and Ca2+ depletion (1).

7
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•  Matrix metalloproteinase-9 role in septic shock

MMP-9 is produced constitutively at low to undetectable levels throughout the body. 

In the presence of the appropriate triggers, MMP-9 is upregulated. In vitro LPS has 

been demonstrated to induce the expression of MMP-9 in neutrophils and monocytes 

(9, 10). Injection of LPS in humans results in a significant increase of levels of MMP- 

9 in plasma (11). Additionally, MMP-9 levels are elevated in sepsis and septic shock 

patients and these levels correlated with severity and mortality (12, 13). It has been 

suggested that a selective MMP-9 inhibitor could have therapeutic value since MMP- 

9 deficiency in mice has a protective effect in an endotoxemia model (14). However, 

contrasting data has shown that MMP-9 blockade might be harmful in the treatment 

of sepsis (15).

Although determining the role of MMP-9 in sepsis and septic shock has been 

challenging it has been postulated that MMP-9 could play a role in facilitating the 

recruitment of leukocytes to the site of inflammation (16). MMP-9 has high affinity 

for degraded collagen (gelatin) and type IV collagen, both compounds present in 

basement membranes. Thus MMP-9 is thought to facilitate leukocyte transmigration 

through degradation of the extracellular matrix. Neutrophils in particular are regarded 

as an important source of MMP-9 in the early host defence against bacterial infection. 

In fact in MMP-9 deficient mice neutrophils have a reduced capacity to migrate to the 

site of infection (15). In conjunction with neutrophil-derived MMP-9 release, 

macrophages produce TNF converting enzyme (TACE) and pro-TNF (17), which 

results in the formation of TNF. TNF is important in the stimulation of MMP-9
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production by many structural cells (see later), promoting de novo production of 

MMP-9 at the site of injury.

C. Asthma

Asthma is a disorder of the airways that has intrigued researchers for decades. Over 

100 years ago, asthma was described as an abnormality of airway irritability (18). 

Today, the definition of asthma is more complex. The Canadian Asthma Consensus 

Guidelines defines it as a disorder of the airways characterized by paroxysmal or 

persistent symptoms (dyspnea, chest tightness, wheeze and cough), with variable 

airflow limitation and airway hyperresponsiveness to a variety of stimuli. Airway 

inflammation (including mast cells and eosinophils) or its consequences are important 

in the pathogenesis and persistence of asthma. Although mortality rates have fallen 

since 1990, asthma can be fatal killing about 290 Canadians and affecting more than 

2.7 million Canadians every year.

As the definition states, consistent findings in lungs from asthmatics include 

increased cells in the lamina propria (mainly eosinophils and mast cells), smooth 

muscle and mucous glands are increased in bulk, thickening of basement membrane, 

infiltration of the epithelium with inflammatory cells and shedding of the epithelium 

(19).

Epithelial shedding or desquamation is induced by eosinophil-derived substances 

such as cationic proteins and elastase. Although epithelial shedding is not specific to 

asthma, it is thought to account for asthma symptoms since inhaled corticosteroids 

result in epithelium repair before AHR improvements are seen (20). Understanding 

the role of epithelial cells in asthma is a challenging task. In the next part our current

9
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understanding of the role of the lung epithelium will be discussed with an emphasis 

on the role of epithelial cells during inflammation.

i. Lung epithelial cells and their mediators in asthma

•  Physiology o f  lung epithelial cells

Gas exchange takes place in the lungs. Due to their intrinsic exposure to the 

environment they have evolved highly sophisticated defence systems to protect 

against fungal, parasitic, bacterial and viral infections. Central to these mechanisms, 

the lung epithelium provides the first line of defence against invading pathogens, 

allergens and pollutants. The epithelium consists of numerous cell types with specific 

functions. The cellular complexity of the lungs includes over 40 cell types, of which 

at least 12 are found in the epithelium (21). The physiological role of each epithelial 

cell type is linked to their location in the airways. The three major regions of the 

airways are: cartilaginous bronchi, membranous bronchioles and gas exchange ducts 

(22) (Fig. 1.2).

The cartilaginous bronchi display ciliated, columnar epithelial cells. The cilia are 

surrounded by smaller microvilli on each cell. These cilia move the superficial liquid 

(mucous) towards the pharynx. The mucous is biphasic with an aqueous sol layer or 

periciliary layer where cilia beat, and a more apical gel layer over the tips of the cilia. 

It is thought that surface epithelial cell secretions create the sol layer, whereas 

submucosal glands release the denser gel layer.

10
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Figure 1.2: Common human lung epithelial cells and their location within the 

airways. Columnar epithelial cells (C), goblet cells (G), basal cells (B), intermediate 

cells (Int), surface serous epithelial cells (S), mucous epithelial cells (Mu), 

submucosal serous epithelial cells (Se), cuboidal epithelial cells (Cb), Clara cells (Cl), 

alveolar epithelial type I cells (ATI) and alveolar epithelial type II (ATII). ATII do 

not have cilia but display smaller microvilli. Mu and Se are present in the submucosal 

glands (SG).

The cartilaginous bronchi display submucosal (lamina propria) glands, also unique to 

this region. Within these glands we find two additional epithelial cell types, namely 

the submucosal serous epithelial cells (lie upstream as part of the channel) and 

mucous epithelial cells (found downstream). There are about 4000 glands in the
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trachea alone. These glands secrete mucins, water and electrolytes into the lumen of 

the airways. Serous discharge is aided by contractile myoepithelial cells, which form 

a basket around the gland. Although goblet cells also secrete these components, they 

are found also in lower airways disappearing towards the terminal bronchioles. We 

have approximately 6800 goblet cells per mm2 of epithelial surface, appearing in a 

ratio of about 1 goblet cell per 5 ciliated epithelial cells (23), however goblet cell 

density decreases in the membranous bronchioles. Other epithelial cells called basal 

cells are found along the basal lamina hence the name, and are thought to be 

precursor cells for other epithelial cell types. Surface epithelial serous cells are also 

found in this region. These cells are located in the epithelial surface and they are 

different from submucosal serous epithelial cells, which are found within submucosal 

glands. Brush cells are scarce and found mainly in the cartilaginous bronchi (not 

shown). Brush cells are present in the basement membrane and have characteristic 

filament bundles throughout their cytoplasm and have a dense population of 

microvilli on the luminal surface. Brush cells make only about 1% of the cells found 

in the tracheal epithelium, the site where they are most numerous (24), but their 

function is unknown. Intermediate cells, usually present above the basal cells and 

are suspected to be differentiating cells as their name implies.

The membranous bronchioles comprise the terminal bronchioles and respiratory 

bronchioles. Ciliated epithelial cells are also present but due to their smaller size are 

called cuboidal epithelial cells. In this region the epithelium is partially ciliated 

because cuboidal epithelial cells are intercalated with domed cells that lack cilia, 

called Clara cells. Clara cells are restricted to the terminal bronchioles and have
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prominent membrane bound granules and are a source of apoproteins, lipoproteins, 

and glycoproteins. During tissue injury Clara cells function as progenitor cells to 

ciliated cells.

Interestingly, the transition from the respiratory bronchioles to the gas exchange ducts 

is abrupt with the replacement of cuboidal epithelial cells with squamous epithelial 

cells lacking cilia. Fortunately, another abrupt change is the disappearance of goblet 

cells, thus minimizing mucous secretion in the unciliated epithelial region and 

preventing backflow of mucus and its stasis.

Alveolar type II (ATII) and alveolar type I epithelial cells (ATI) are the only 

epithelial cells found within the alveoli. The key role of these two cell types is to 

participate in gas exchange. Type I cells cover 96% of the peripheral lung area, 

whereas type II cells cover the remaining 4%, in total equivalent to 70 m2 (25). These 

two cell types were defined in 1952 with electron micrograph images (26). As 

recently as 1988 ATI were thought to be merely flatter cells to minimize the distance 

between the alveolar air space and the pulmonary capillaries (27). In addition to their 

morphology, the molecular phenotype can differentiate ATI and ATII cells. We now 

know that ATI can not divide and are derived from ATII cells through a tightly 

controlled process (28). Differentiated ATI cells have a turnover time of up to 120 

days. Thus a very important role of ATII cells is to function as precursors of ATI 

cells.

The proteins podoplanin (also known as T1-alpha) and aquaporin (AQP-5) are 

present in the apical membrane and are commonly used markers for ATI (27), 

whereas pro- surfactant protein C (pro-SP-C) and surfactant protein A (SP-A) (29) are
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markers for ATII cells. ATI cells are involved in modulation of immune functions, 

regulation of alveolar fluid volume, water fluxes and transcellular ion transport (27), 

functions that ATI inherit from their progenitor cells, ATII.

ATII are spherical pneumocytes of about 9 pm in diameter. They occupy only 4% of 

the peripheral epithelium, but constitute 60% of the cell number. An important 

homeostatic function of ATII cells is the synthesis and secretion of surfactant. In 

1954, Macklin was the first to argue that ATII secreted surfactant from stores in 

lamellar bodies. Surfactant consists of mostly lipids (91%) of which 81% are 

phospholipids and 10% neutral lipids. The other part consists of 7% protein and 2% 

carbohydrates. Surfactant decreases the surface tension at the air liquid interface in 

the peripheral airways, which in turn decreases work required to inflate the lung, 

stabilizing the alveoli and preventing edema (30). Disaturated phosphatidylcholine is 

responsible for the surface tension properties of surfactant. Foreign substances such 

as drugs and environmental pollutants (xenobiotics) are metabolized by ATII cells. 

Metabolism of xenobiotics results in the formation of water soluble compounds 

which can then be cleared. In ATII cytochrome P-450-dependent monooxygenase 

system catalyses the monoxygenation of a variety of lipophilic substances in the 

presence of oxygen and NADPH (31). Clara cells also exhibit p450-dependent 

monooxygenase activity. ATII cells are in close proximity to the circulation and it is 

thought that xenobiotic metabolic functions apply to soluble organic compounds in 

blood and not just inhaled substances.

ATII also play a role in transepithelial water movement. It is important for alveolar 

function that the surface be dry, because excessive fluid would increase the distance
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between the alveolar air space and the pulmonary capillary blood, thus decreasing gas 

exchange. ATII cell can also release large amounts of water and sodium across the 

plasma membrane (32).

•  Lung epithelial cells: Role in asthma

The cartilaginous bronchi and the membranous bronchioles function to maintain the 

more distal alveoli free of pollutants and pathogens. Coughing, sneezing and 

bronchoconstriction are some of the mechanisms used to protect the lungs. Secondly, 

at the air cell interface, the mucous acts as a filter. It allows for mucociliary clearance 

and is home for epithelial cell secretion products such as lactoferrin, secretory IgA 

and lysozyme. These mechanisms protect the respiratory units, allowing gas exchange. 

Surfactant also plays a role in the response to infections, enhancing bactericidal 

phagocytic activities of alveolar macrophages (33).

There is increasing evidence to suggest that alveolar epithelial cells play important 

roles in inflammatory reactions. ATII cells can induce, amplify and modulate 

inflammatory reactions by expressing several cytokines and chemokines and other 

mediators like IL-6 , CXCL8  (IL-8 ), TNF (Fig. 1.3). Additionally, ATII cell can 

produce COX-2 (34), iNOS (35, 36) and MMP-9 (37). These mediators are involved 

in activation and recruitment of neutrophils and other cells to the site of inflammation. 

IL- 6  is released early in inflammatory responses and augments antibody production. 

IL- 8  has potent neutrophil recruitment and activating properties. TNF produced by 

ATII can stimulate further production of IL- 8  and induce the expression of ICAM1, 

essential for neutrophil recruitment. Human primary ATI and ATII cells produce 

“monocyte chemoattractant protein 1” CCL2 (MCP-1) and “regulated on activation
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normal T cell expressed and secreted” CCL5 (RANTES) (29). Both chemokines are 

upregulated by TNF and IFN-y (38, 39). CCL2 is a chemoattractant for T cells, B 

cells and NK cells. Primary ATII cells also secrete growth-related oncogene-alpha 

CXCL1 (GRO-a) a potent chemoattractant for neutrophils. Interestingly A549 cells, 

an ATII cell line, also release CCL2 in response to TNF (40).

Macrophage Mast Cell Eosinophil Neutrophil

Figure 1.3: Role of alveolar type II (ATII) cells in inflammation. Airborne 

pathogens and pollutants can be inhaled and induce ATII cells to release 

proinflammatory mediators such as granulocyte-macrophage colony stimulating- 

factor (GM-CSF), regulated on activation normal T cell expressed and secreted 

(RANTES/CCL5), interleukin- 8  (IL-8 /CXCL8 ), tumor necrosis factor (TNF), COX-2, 

iNOS and MMP-9 all of which may cause or promote tissue damage.

Many proteases released by ATII cells interact in a regulatory manner to control other 

pro-inflammatory mediators. ATII also express cathepsin D which can specifically

Allergens, air pollutants, 
viruses, bacteria ^

GM-CSF RANTES IL-8
Tissue Damj 
Epithelial De 
Neutrophilia 
Eosinophilia
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Tissue Damage 
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cleave and inactivate CCL3 (M IP-la) and CCL4 (MIP-1(3) (41). MMPs 1, 3, 9, 13 

and 14 inactivate CXCL12 (stromal cell-derived factor-l/SDFl) (42). MMP-9 also 

potentiates CXCL8  activity, degrades and inactivates CXCL1 and does not affect 

CCL5 or CCL8  (monocyte chemotactic protein-2/MCP-2) (43).

ATII derived MMP-9 can be substantial given the high number of ATII cells in the 

lungs, although there are other sources of MMP-9 in the lungs. Although the precise 

role of MMP-9 in ATII cells has not been established in humans, a study using 

knockout mice in a model of fibrosing alveolitis demonstrated that ATII cells are not 

regenerated after intratracheal bleomycin treatment in MMP-9 deficient mice (44). 

Authors suggested a model in which Clara cell migration into the site of alveolar 

injury is impaired in the absence of MMP-9. Besides the likely protective roles of 

MMP-9, overexpression of this enzyme can contribute to tissue remodeling, airway 

hyper responsiveness, leukocyte recruitment and epithelial desquamation as will be 

discussed in a later section.

Production of NO is a very important role of LEC in asthma. Epithelium-derived NO 

controls airway hyperresponsiveness (AHR), the main feature of asthma defined as an 

increase in the left shift of dose response to histamine or methacholine (45). 

Additionally, epithelium-derived NO controls ciliary beat frequency, submucosal 

gland secretion and ion channel activity (46).

•  Nitric oxide: Role in asthma

NO plays physiological and pathological roles in the airways. Low NO concentrations 

usually account for physiological roles which include bronchodilation and blood flow 

regulation, whereas at higher concentrations NO participates in cytotoxic and
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cytostatic protective roles against pathogens (47, 48) and tumors (49). Interestingly, 

NO is detected in exhaled air in asthmatic patients, intriguing researchers as to what 

the role of NO is in this condition.

Macrophages, neutrophils, vascular endothelial cells and LEC are likely sources of 

NO in asthmatic patients. Upon stimulation with pro-inflammatory mediators such as 

TNF and IFN-y these cells express iNOS, the enzyme responsible for elevated levels 

of NO production in asthma. Because NO is produced from multiple cell types in the 

lungs and because it can permeate plasma membranes reacting with a plethora of 

molecules and compounds, it is difficult to pinpoint the role of NO in asthma. 

Accumulated evidence indicates that NO might play a protective effect in asthma. 

There are three physiological pathways by which NO can induce bronchodilation. 

Impaired relaxation of the airways in allergic inflammation might result from damage 

to these pathways, leading to the exacerbation of asthma. First, the excitatory and 

inhibitory non-adrenergic non-cholinergic neural system (eNANC and iNANC) 

mediate the bronchomotor tone in the airways (50). In humans, the iNANC relaxant 

response is mediated by NO (51) and this pathway is impaired in asthma (52). 

Secondly, it has been shown that bronchoconstriction induced by methacholine is 

reduced in guinea pigs treated with inhaled NO (53). This effect is also observed in 

asthmatic patients (54), thus providing a second pathway for NO-dependent 

bronchodilation. Thirdly, NO can act via sGC-independent pathways through the 

formation of nitrosothiols. Asthmatic patients have low nitrosothiol concentrations in 

the airways (55) and since these compounds are potent bronchodilators (56, 57) it is 

likely that low levels might influence asthma.
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NO is also involved in the regulation of AHR. AHR was reduced by endogenous NO 

and potentiated in the presence of NOS inhibitors in guinea pigs (58). The relaxing 

effects of bradykinin, endothelin-1, substance P, and adenosine in intraluminal 

treatments of tracheae are NOS-dependent (59-63). Although these pathways are less 

understood in humans, it has been reported that NOS inhibitors in bradykinin-induced 

asthma potentiated the methacholine-induced AHR (64).

Interestingly, NO enhances methacholine and bradykinin-induced mucus glycoprotein 

secretions in isolated glands (65). Moreover, TNF-induced release of mucin in 

tracheal epithelial cells was inhibited in the presence of NOS inhibitors (6 6 ). Another 

function of LEC, ciliary movement, is NO-stimulated. Ciliary beat frequency is 

stimulated by TNF (67), through a mechanism that appears to involve iNOS; ciliary 

beating slows down in the presence of NOS inhibitors and restored by addition of L- 

arginine (46, 67). Finally, LEC are responsible for mucus liquid volume homeostasis. 

A number of ion channels regulate electrolyte transport and liquid volume in mucous. 

NO regulates at least two of these channels (apical anion and basolateral potassium 

channels) through a cGMP-dependent pathway (6 8 ) involving NO in the epithelium- 

mediated regulation of liquid volume.

The human lung epithelium, in response to pro-inflammatory stimuli such as TNF can 

generate NO. Another major mediator released by LEC in asthma is MMP-9. In the 

next section I will describe the roles of MMP-9 in the pathogenesis of asthma as an 

example of an inflammatory condition of the airways where MMP-9 plays a central 

role.
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•  Matrix metalloproteinase-9: Role in asthma

The roles of MMPs in the pathogenesis of lung disease such as asthma and COPD 

have been studied extensively. MMP-9 is the predominant MMP in the airways of 

asthmatic patients (69). Other MMPs have been detected such as MMP-2 and -13 but 

they are present at significantly lower levels than MMP-9 (70, 71). In the normal lung 

MMP-9 levels are low or undetectable, however following various stimuli resident 

cells such as bronchial epithelial cells (72), Clara cells (73), ATII cells (37, 74, 75), 

fibroblasts (76), smooth muscle (77) and endothelial cells (78) produce MMP-9. ATI 

and neuroendocrine and goblet cells have not been shown to produce MMP-9. 

Leukocytes are recruited to the lungs during inflammatory conditions and have also 

been shown to produce MMP-9. Macrophages (79), eosinophils (80), mast cells (81), 

and lymphocytes (82) all produce MMP-9.

Asthmatic patients have higher levels of MMP-9 than normal individuals in sputum, 

bronchoalveolar lavage fluid and cultures of alveolar macrophages (83-85) but not in 

peripheral granulocytes (85). In a study where normal controls were compared with 

moderate asthmatic patients it was reported that asthmatic patients had increased 

expression of MMP-9 and tissue inhibitor of metalloproteinase-1 (TIMP-1) in 

epithelial cells (8 6 ). In another study it was found that MMP-9 and TIMP-1 were 

upregulated from epithelial lining fluids in patients suffering from status asthmaticus 

(71). Multiple other studies have also documented the increased levels of MMP-9 in 

asthmatic patients and the correlation to severity of the condition (70, 87, 8 8 ). 

Moreover, the position of the MMP-9 at chromosome 20ql 1.1-13.1 is associated with 

bronchial hyperresponsiveness (89). All these studies have reported strong
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correlations between MMP-9 activity and expression in the lung and severity of the 

disorder.

More evidence for the role of MMP-9 in asthma comes from animal models where 

specific MMP inhibitors reduce airway inflammation induced by allergen, LPS (90) 

or toluene diisocyanate (91). Additionally, ovalbumin-sensitized and challenged 

MMP-9 knockout mice display significantly less airway inflammation than wild-type 

mice (92). Subsequent studies of MMP-9 deficiency demonstrated the role of MMP-9 

in dendritic cell (92-94), eosinophil and Th2 lymphocyte recruitment (95). 

Collectively, data from MMP-9 deficient mice and asthma patients indicate that 

MMP-9 contributes to airway inflammation and airway hyperresponsiveness.

The proposed mechanisms through which MMP-9 exerts its deleterious effects 

include the enhancement of influx of inflammatory cells into the airway mucosa, and 

activation of profibrotic factors such as TGF-(31 (96). It has also been proposed that 

MMP-9 is responsible for detachment of airway epithelial cells, chemokine released 

from ECM stores, and degradation of the basement membrane to facilitate 

extravasation of leukocytes.

2. Cyclooxygenase-2_________________________________________

Although Cyclooxygenase-2 (COX-2) was investigated as a mediator in this thesis, its 

study did not constitute a significant part of the major findings in our research.

A. The cyclooxygenase family

Over 75 years ago, prostaglandins (PG) were discovered as muscle-contracting 

components of human semen (97). Thirty years later, PGs structures were
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characterized with the identification of PGFia and PGEi; followed by the 

characterization of the two enzymes, COX-1 (98) and COX-2 (99, 100) that catalyze 

the formation of PG. Later elucidation that COX was the target for non-steroidal anti

inflammatory drugs (NSAID) (101) made COX an important focus of research. More 

recently, the existence of an alternative splice variant of COX-1 (named COX-3 or 

COX-lb) has been elucidated (102). The functional role in humans of this alternative 

form of COX-1 is still controversial (103).

B. Structure of cyclooxygenase

COX catalyses the first committed step in the synthesis of prostanoids, (PG, 

prostacyclin and thromboxanes). These enzymes (also called PGH synthases) contain 

two separate active sites that catalyze sequential reactions. The first reaction is the 

double-oxygenation of arachidonic acid (AA) which results in PGG2 formation (an 

unstable intermediate) and the peroxidase reaction that converts PGG2 to PGH2. 

PGH2 is released from COX and is converted to the various PG or thromboxane by 

their respective synthases.

COX enzymes are homodimers of 70kDa peptides and each subunit contains three 

domains namely the epidermal growth factor domain, membrane binding domain and 

the catalytic domain. There is a heme group in each subunit that is required for 

enzyme activity. The heme group is important in the activation of COX by ONOO' 

(104,105). Interestingly, PGG2 can itself activate COX once produced (106, 107). 

COX-1 is the constitutive isoform of this family and it is involved in physiological 

functions such as cytoprotection of the stomach and platelet aggregation. COX-2 is
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inducible and its upregulation takes place during acute inflammatory stimulation, 

although in some tissues like kidney, COX-2 is constitutively expressed. The two 

forms of COX carry out identical reactions, but COX-1 and COX-2 are only 60% 

identical in their amino acid sequence and as a result there are subtle differences. The 

first one is that while both isoforms are activated by ONOO', COX-2 requires tenfold 

less ONOO' than COX-1. This difference could mean that COX-2 will be 

preferentially activated in conditions of high NO and O2 ’. Moreover, COX-2 can use 

AA derivatives that COX-1 cannot catalyze such as arachidonylethanolamide (108) 

and 2-arachidonylglycerol (109).

D. Cyclooxygenase-2: role in asthma and septic shock

Inflammatory and structural cells of the lungs (e.g. LEC) are responsible for release 

of numerous mediators involved in clinical and pathological events in asthma ( 1 1 0 ). 

Among the most studied arachidonic acid metabolites we find PG (D2 , F2a, I2), 

thromboxane A2 (TXA2) and cysteinyl leukotrienes (C4 , D4, E4). PG and TXA2 are 

produced in the lungs by COX-2 in response to endotoxin and cytokine stimuli (LPS 

and TNF) (111, 112). These mediators act through their receptors to control 

bronchoconstriction, airway secretion, chemotaxis and AHR (110).

The roles of COX-2 products have also been studied in VSM. Under physiological 

conditions vascular tone is controlled by a monolayer of endothelial cells which form 

a barrier between the vessels and circulating blood. Endothelium-derived autacoids 

such as Endothelin-1, norepinephrine, angiotensin 1, thromboxane, PGI2, and NO 

control VSM contractility (see Chapter I, IB; for a detailed role of these mediators). 

In the presence of LPS however, COX-2 is upregulated in human VSM resulting in
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elevated expression of PG (113) such as PGE2 and TXA2 as described earlier. The 

role of COX-2 in health and disease has been summarized recently (114).

It is well accepted that arachidonic acid metabolites play important roles in conditions 

where platelet aggregation, vasoconstriction, relaxation, and inflammation take place. 

As discussed above in both asthma and septic shock these characteristics are observed 

and it is not surprising that COX-2 has been a major pharmacological target in the 

treatment of many inflammatory disorders.

3. Matrix metalloproteinase-9 

A. The matrix metalloproteinase family

Matrix metalloproteinases (MMP) are a family of zinc-containing endopeptidases that 

belong to the metzincin superfamily. This superfamily also contains the ADAM 

group of enzymes (a disintegrin and metalloproteinase) originally thought to be 

transmembrane proteins with metalloproteinase-like activity. Thus the MMP family 

consists of 2 2  species encoded in different genes with a high degree of homology 

among the various members. The common domains are the Zn-containing catalytic 

domain, the pro-peptide domain (keeps the enzymes in a pro-form) and a carboxy- 

terminal hemopexin-like domain (important in substrate recognition). The family is 

grouped according to substrate specificity and protein localization. Collagenases 

include MMP-1, MMP- 8  and MMP 13, capable of degrading interstitial collagen. 

Gelatinases include MMP-9 and MMP-2 which are specific for denatured collagen 

(gelatin) and collagen-IV. Stromelysins such as MMP-3, MMP-10 and MMP-11 

degrade non-collagen components such as fibronectin, laminin and vitronectin.
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Membrane-type MMP (MT-MMP) are present on cell surfaces (MMP-14, MMP-15, 

MMP-16, MMP-17 and MMP-24). Other MMP are matrilysins (MMP-7 and -MMP- 

26), metalloelastase (MMP-12) and enamelysin (MMP-20). Unlike MMPs, ADAM 

contain a disintegrin-like domain, similar to disintegrins present in snake venom 

(115). Although there is a MMP-28; MMP-4, -5, -6 , -18, -22 and -27 are not official 

MMP.

i. Regulation of matrix metalloproteinases

MMP are regulated at multiple levels including transcription (with the exception of 

MMP-2, which is produced constitutively (116), zymogen activation and inactivation 

through specific inhibitors called tissue inhibitor of metalloproteinases (TIMP). Gene 

expression is induced by cytokines, growth factors and integrin-mediated signalling 

(69). MMP are synthesized and secreted to later undergo enzymatic cleavage of their 

pro-domain to expose the catalytic domain. The pro-domain contains a cysteine that 

interacts directly with the zinc ion in the catalytic domain and proteolytic cleavage of 

the pro domain is required. Among the proteases that can activate MMP are elastase, 

other MMP, trypsin, plasmin and plasminogen activators. MMP are also regulated by 

TIMP. TIMP are a family of four polypeptides (TIMP-1 to -4) that bind to MMP and 

specifically inhibit their activity. They bind non-covalently in a 1:1 ratio. In the case 

of TIMP-1, -2 and -4 these peptides are found in soluble form, whereas TIMP-3 is 

bound to the extracellular matrix. Other proteins such as a2-macroglobulin can also 

interact with MMP and inhibit their activity in a non-specific way by preventing 

MMP from binding to their substrates (117).
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C. Matrix metalloproteinase-9 structure and regulation

i. Gene and protein structure

The MMP-9 (gelatinase B) gene is on chromosome 20ql 1.1-13.1. The gene was 

cloned in 1989 from human lung fibroblasts (118) and later found to be equivalent to 

the type IV collagenase of neutrophils (119).

MMP-9 is synthesized as a proenzyme and it is the largest MMP at 92 kDa. In 

addition to common MMP domains, MMP-9 contains a fibronectin type II-like repeat 

within the catalytic domain which results in higher binding affinity for gelatin and 

elastin (120). Additionally, MMP-9 contains a type V collagen-like domain which is 

highly glycosylated, potentially conferring resistance to degradation and substrate 

specificity.

ii. Regulation

•  Proteolytic activation

MMP-9 like other MMPs requires proteolytic cleavage of the pro-domain to expose 

the catalytic domain. Removal of the pro-domain disrupts the interactions of a pro

domain cysteine which interacts directly with the Zn metal found in the catalytic 

pocket. This method of activation is known as the cysteine switch activation (121). In 

the case of MMP-9, a number of other MMPs can perform the catalytic cysteine 

switch activation (Fig. 1.4).
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Figure 1.4: Plasmin and MMP involved in the proteolytic activation of MMP-9.

MMPs are differentially expressed according to the tissue of origin thus which MMP 

activates MMP-9 depends on the tissue or cell type in question. Because VSM and 

LEC express MMP-2 constitutively, and can also express MMP-3, and MMP-13, 

these are the most likely regulators of MMP-9 in these cells.

•  Transcriptional regulation o f  MMP-9

Although MMP-9 is regulated at multiple levels as described above, its transcriptional 

regulation is regarded as the most important mechanism dictating MMP-9 availability. 

Most of the literature regarding MMP-9 regulation is concerned with gene expression, 

however it is well documented that in the case of neutrophils, MMP-9 is stored at the 

end of neutrophil differentiation and secreted upon neutrophil activation from pre

stored tertiary granules. The MMP-9 promoter displays over 200 putative 

transcription factor sites within 1000 nucleotides of the 5’ flanking promoter region 

when evaluated with the Transcription Element Search System software. But which
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of these elements are functional cis-elements in the transcriptional regulation of 

MMP-9? In the next part we review the literature and summarize the reported 

functional components of the MMP-9 promo ter/enhancer elements of MMP-9.

MMP-9 5’ flanking region cis-eiement binding sites
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Figure 1.5: Functional transcription factor binding sites in the MMP-9 promoter.

The line represents a 1650 nucleotide long region of the MMP-9 promoter. Above the 

line, the abbreviated names of the transcription factors are shown with the vertical 

numbers indicating the binding site relative to the ATG initiation site (+1). The black 

box indicates the CA repeat region, a putative WT1 binding site.

As shown in the Fig. 1.5, there are a number of characterized binding sites with 

functional relevance. The TATA box is at position -29. This site is essential for 

transcription initiation and is found in other MMP genes like MMP-1 and MMP-3, 

but absent in MMP-2. The nuclear stimulating protein 1 (Sp-1), also called GC box is 

present at two sites in position -562 and -54. At position -54 there is also a 

retinoblastoma binding element (RBE) or GT box. A TGF-pl inhibitory element 

(TIE) is present at position -474. There are 3 different activator protein-1 (AP-1)
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binding sites (also called 12-o-tetradecanoyl-phorbol-13-acetate (TPA)-responsive 

element (TRE)). AP-1 is the site for c-Fos and c-Jun binding (Fig. 1.6). The 

polyomavirus enhancer A-binding protein-3 (PEA3) is recognised by the ETS factor 

families which are activated through the MAPK pathways and downstream of PKC 

(Fig. 1.6). There are two NF-kB binding sites at positions -600 and -328 of the p65 

and p50 subtypes respectively. A microsatellite element of CA repeats is found in 

position -131.

Upon stimulation with Ca2+ the keratinocyte element-4 relative-M9 (KRE-M9) and 

the nearby AP-1 are required for MMP-9 activation (122). The AP-1 elements are 

also important in phorbol ester and TNF induction of MMP-9, collaborating with the 

NF-kB and Spl sites (123). IL-lp acts through the activation of NF-kB and AP-1 

(124). TNF-induced upregulation of MMP-9 is increased by an enhancer element 

from -600 to -500. In general the only elements that are considered essential for 

MMP-9 expression are the AP-1 sites at -79, NF-kB and Sp-1 sites (125). The 

pathways that transduce these signals are summarized in Fig. 1.6.

In addition to regulatory elements, there are two polymorphism sites in the MMP-9 

promoter namely, the nucleotide substitution observed at position -1562 and the CA 

repetitive element found at position -131 (Fig. 1.5).

Replacement of the C by a T at position -1562 results in higher promoter activity 

(126). The CA repetitive element polymorphism is thought to alter DNA structure 

and affect transcription as it is close to the TATA box and other important regulatory 

sequences. The length of the CA repeat can vary between 14 and 27 repeats. 

Interestingly the most common lengths are 14, 21, 22 and 23 with lower tolerance for
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16, 17, 18, 19, 20, and 24-27. The functional role of the CA repeat is inconclusive. 

However, in a study of African-American women, the CA14 repeat has been 

associated with increased risk of premature rupture of fetal membranes, thus 

potentially indicating that a repressor of the MMP-9 gene binds preferentially to 

longer CA repeats. Interestingly, it has been reported that a transcription factor called 

WT1 can bind to the CA repeat (see below).

LPS TNF PMA IFNy

TNFRTLR4

MAPKKI

STAT1

(c-Jun!

Figure 1.6: Summary of regulatory pathways involved in MMP-9 gene 

expression. Lipopolysaccharide (LPS) activates the toll-like receptor-4 (TLR4) 

resulting in the activation of NF-kB and its subsequent translocation to the nucleus. 

TNF binds to its receptor (TNFR), leading to the activation of NF-kB and mitogen 

activated protein kinase (MAPK) pathways through Ras. Activation of Ras optimally 

results in the activation and nuclear translocation of c-jun, fos and ERK, which bind
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to the MMP-9 promoter at positions AP-1 and PEA3. Similarly, phorbol myristate 

acetate (PMA) also activates the Ras pathway through protein kinase C (PKC). 

Finally, IFN-y activates its receptor (IFNR) which in turn activates STAT1. STAT1 

binds to the MMP-9 promoter and also induces the expression of interferon regulatory 

factor-1 (IRF-1), also an important activator of the MMP-9 gene (125).

•  Regulation by nitric oxide andperoxynitrite

MMP-9 is regulated at multiple levels by NO; however these mechanisms result in 

opposing effects on MMP-9 production and activity. While NO by itself does not 

activate gene expression of MMP-9, LPS- or cytokine-induced MMP-9 expression is 

modulated by NO. This regulation takes place at three different levels including 

oxidation of the cysteine residue of MMP-9 pro-domain involved in the cysteine 

switch increasing activation (positive effect), reduction of the MMP-9 mRNA half- 

life (negative effect) and inhibition of NF-kB activation (negative effect).

Pro-MMP-9 chemical activation is evident in conditions present in the technique 

zymography, where both forms of MMP-9 (active and pro) degrade gelatin. 

Additionally, other classical MMP activators such as organomercurials induce 

activation of pro-MMP-9 independent of proteolysis. Thus chemical conditions in 

which the pro-domain interactions with the catalytic site are disrupted result in the 

formation of an active form of proMMP-9. Interestingly, in conditions of high NO 

levels a similar activation of pro-MMP-9 can take place, where NO activates pro- 

MMP-9 indirectly through the formation of ONOO'. This pathway is independent of 

proteolytic activation and involves oxidation of the cysteine residue that participates 

in the cysteine-switch. ONOO'-dependent oxidation of pro-MMP-9 disrupts the
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interactions of the pro-domain with the catalytic site facilitating pro-MMP-9 access to 

substrates (125) (Fig. 1.7).

Inactive

TIMP-1
inactivation

Inactive ONOO

Active

proteolytic
activation

g s h  Active

Active

Figure 1.7: Mechanisms through which NO regulates MMP-9 enzyme activity.

Inactive pro-MMP-9 is secreted in a complex with TIMP-1. TIMP-1 can be 

inactivated by ONOO' (1) to promote exposure of the pro-domain (2). NO may act 

directly through S-nitrosylation (3) of pro-MMP-9 or indirectly through the 

production of ONOO'. The latter can activate pro-MMP-9 directly (3) or it can
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interact with glutathione (GSH) to form glutathiolation-NC>2 (GSNO2) (4). Pro-MMP- 

9 can also be proteolytically activated by other proteases (5).

In conditions of lower NO levels, S-nitrosylation of the pro-MMP-9 cysteine residue 

might also activate pro-MMP-9 (127) potentially in a reversible manner (Fig. 1.7). An 

alternative mechanism utilises the endogenous antioxidant glutathione (GSH), a 

tripeptide composed of the amino acids glutamate, cysteine and glycine. GSH 

contains a thiol group and since it is the most abundant thiol-containing factor in the 

respiratory tract (128), it plays an important role as a scavenger of ONOO' (129). 

However, it was reported that in conditions of persistent oxidative stress thiolation of 

the pro-domain cysteine residue requires ONOO- and GSH. ONOO' and GSH react to 

form a glutathione disulfide S-oxide [S(0)S] (Fig. 1.7) (130). In inflammatory lung 

diseases like asthma and acute respiratory distress syndrome, GSH levels decrease 

significantly to concentrations lower than 100 pM (131) as a result of higher 

concentrations of ONOO'. Under these conditions pro-MMP-9 glutathiolation can 

take place. It has also been reported that ONOO' can inactivate TIMP-1 in a process 

that does not change the molecular weight of TIMP-1 (132) further substantiating the 

role of NO and ONOO' as promoters of MMP-9 activity. Interestingly NO can also 

inhibit NF-kB signalling, a process which might be part of a negative feedback loop 

to regulate the expression of iNOS (133).

33

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0>
 *  MMP-9

active

(/) p r n M M P -Q  

Q .

^  pro-MMP-9 '  v O

CO
CD
0

C

mRNA **

M M P - 9  g e n e  *

Figure 1.8: Dual role of NO in MMP-9 regulation. NO can chemically activate 

pro-MMP-9. However it can also reduce MMP-9 expression by interfering with 

MMP-9 mRNA stability and inhibiting NF-kB translocation to the nucleus. There are 

no reports of any direct effect of NO on MMP-9 gene expression (see question mark).

In contrast to the activating effects of NO described above, NO also decreases MMP- 

9 expression by reducing MMP-9 mRNA half-life (134). In addition NO also 

interferes with the NF-kB pathway, potentially inhibiting translocation of p50, thus 

preventing transcriptional initiation of MMP-9 (131) (Fig. 1.8). Although there are no 

reports on direct transcriptional roles of NO for MMP-9, it has been shown that 

MMP-1 expression in human melanoma cell lines is activated by NO through a 

MAPK-dependent pathway (135). It is thus likely that in VSM and LEC NO might
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regulate MMP-9 gene expression either directly by modulating the MAPK pathway, 

or indirectly by interacting with MMP-9 mRNA, NF-kB, and pro-MMP-9 (Fig. 1.8). 

Because NO is an important regulator of MMP-9 it is likely that in inflammatory 

conditions such as septic shock and asthma NO regulates MMP-9 in VSM and LEC. 

As described earlier, these tissues express iNOS and MMP-9 and it is likely that 

iNOS-derived NO regulates MMP-9 in these tissues. The major source of NO during 

inflammation in VSM and human LEC is through its catalytic formation by iNOS. In 

the next part the NOS family of enzymes is discussed with an emphasis on iNOS and 

its regulation.

iii. Posttranscriptional fate of MMP-9 in the lung

•  Expression and activity

During development, rabbit LEC express MMP-9 at a low level during the glandular 

and canalicular stages. MMP-9 expression increases during alveolization where 

MMP-9 is synthesized by ATII cells (136). MMP-9 preferentially degrades gelatin 

but it has been reported to degrade a number of other proteins including TNF and IL- 

la ,  summarized elsewhere (137).

•  Degradation o f  MMP-9

Other proteins reported to bind and inhibit MMP-9 activity include thrombospondins 

(138) and tissue factor protease inhibitor-2 (TFPI-2) (139). The most relevant protein 

by which MMP-9 activity is regulated is TIMP-1. Although all TIMP molecules have 

affinity for MMP-9, TIMP-1 is secreted complexed with MMP-9 (140). Moreover,
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TIMP-1 has a unique interaction with MMP-9 because in addition to its binding to the 

catalytic domain TIMP-1 also interacts with the carboxy-terminal domain (141). 

Once the pro-domain of MMP-9 is removed, the active enzyme can be trapped by a2- 

macroglobulin and this complex is later removed by scavenger receptors.

4. Inducible nitric oxide synthase

A. The nitric oxide synthase family

Much has been said and written about NO. It is synthesized from L-arginine (L-Arg) 

and plays numerous roles as a regulator of cell function and communication. Over the 

last 20 years NO has been investigated extensively and yet it is difficult to define the 

exact role of NO. This diatomic radical is involved in multiple tumoricidal and anti- 

pathogenic processes yet despite its obvious protective roles in the immune system, 

NO has been implicated in the pathogenesis of many conditions (142).

Synthesis of NO from L-Arg takes place through the oxidation of its terminal 

guanidino nitrogen. This reaction is catalyzed by the nitric oxide synthase family 

(NOS) of enzymes. There are three different NOS isoforms each located in a different 

chromosome (143). Two of these isoforms are constitutively expressed and their 

activity is regulated by Ca2+ levels. The two constitutive NOS (cNOS) are nNOS and 

eNOS (also called NOS I and NOS III), named after the cell type in which they were 

originally discovered (rat neurons and bovine endothelial cells). The third NOS was 

named inducible NOS (iNOS/NOSII) since its expression is induced by pro- 

inflammatory stimuli.
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B. Inducible nitric oxide synthase structure and regulation

i. Protein structure

All three NOS isoforms are comprised of an N-terminal oxygenase domain and a C- 

terminal reductase domain. The NOS polypeptides contain a calmodulin (CaM) 

binding site localized between the two domains and the enzyme core also binds 

tetrahydrobiopterin (BH4), heme and L-Arg. The C-terminal reductase domain binds 

to FMN, FAD and NADPH. To catalyze NO synthesis, flavins take electrons from 

NADPH and transfer them to the heme iron, allowing heme to bind oxygen (Fig. 1.9). 

In a complex series of steps a single L-Arg molecule is transformed to L-citrulline 

and in the process generates a molecule of NO. All three NOS are homodimers and 

require CaM to dimerize, explaining the Ca2+ dependence of cNOS. In the case of 

iNOS, dimerization and CaM binding occur during enzyme folding in an irreversible 

way, thus iNOS functions in a Ca2+-independent way.
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synthase family. All three NOS isoforms form dimers. The reductase domain 

contains binding sites for nicotinamide-adenine dinucleotide phosphate (NADPH), 

flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN), and calmodulin 

(CaM). The oxygenase domain binds to tetrahydrobiopterin (BH4 ), heme and L- 

arginine (L-Arg). Every L-Arg molecule generates a molecule of NO and a molecule 

of L-citrulline (L-Cit). Oxygen is not shown.

ii. Regulation

NO is an unstable radical but is a small molecule that carries no charge. iNOS derived 

NO diffuses freely across cell membranes thus not requiring a transport system. A 

number of cell types can be induced to express iNOS. This enzyme was first isolated 

from murine macrophages in 1991 (144, 145). Contrary to nNOS and eNOS, iNOS 

does not require Ca2+ thus its function is regulated mainly at the transcriptional level. 

In untreated cells iNOS expression is undetectable or very low. Among the first pro-
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inflammatory mediators that were used to stimulate iNOS expression, LPS, IL-1, 

IFN-y and TNF were found to be potent iNOS gene activators. Besides LPS and 

cytokines, other factors that can stimulate upregulation of iNOS include forskolin (a 

cAMP-upregulating chemical), phorbol 12-myristate 13-acetate, PM A (protein kinase 

C stimulating agent) and growth factors such as platelet-derived growth factor 

(PDGF). Conversely cytokines like IL-4 (146), IL- 8  (147) and IL-10 (148) are 

inhibitors of iNOS. Factors that inhibit the expression of iNOS include NF-kB 

inhibitors (diethyl dithiocarbamate and pyrphostin dithiocarbamate) (149, 150) and 

tyrosine kinase inhibitors (genistein, herbimycin A and tyrphostin) (151). 

Glucocorticoids are also inhibitors of iNOS induction (152).

C. Nitric oxide chemistry

Because of the reactive nature of the NO chemistry this free radical can undergo 

numerous reactions including those that generate reactive nitrogen oxide species 

(RNOS). Thus in an attempt to categorize the biological significance of these 

reactions, they have been divided into two groups of direct and indirect effects.

Direct effects involve the interactions of NO with iron-containing proteins. The most 

common reaction is between NO and heme-containing protein such as soluble 

guanylate cyclase (sGC). These reactions require low concentrations of NO and are 

thought to account for most biological effects of NO. In contrast indirect effects 

involve RNOS and can be further subdivided into oxidative and nitrosative stress 

depending on whether NO reacts with O2 or O2’. Oxidative stress occurs from the 

reaction of NO with superoxide (O2") and the formation of peroxynitrite (ONOO'). 

Nitrosative stress involves the reaction with NO and oxygen (O2) resulting in the
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formation of dinitrogen trioxide (N2O3). Together indirect effects of NO can result in 

DNA and protein damage, inhibition of DNA repair and thiol group nitration. Thus it 

is thought that NO production at lower than 1 pM mediate direct effects, whereas 

higher concentrations for extended periods of time can result in indirect NO effects 

(153).

Among the most widely known direct effects of NO are its biological functions as a 

neurotransmitter and vasodilator (154, 155). These reactions are induced through the 

NO-dependent activation of soluble guanylate cyclase (sGC). NO binds to sGC heme 

iron activating the enzyme to catalyze the formation of cyclic guanosine 3',5'- 

monophosphate (cGMP) from guanosine 5’-triphosphate (GTP). There are three 

known targets for cGMP which mediate the signal transduction of the NO pathway 

downstream from sGC: cGMP-dependent protein kinase (PKG) (156), cGMP- 

regulated phosphodiesterases (157) and cGMP-gated ion channels (158). Additionally, 

cGMP may also activate PKA resulting in its translocation to the nucleus. PKA 

phosphorylates many transcription factors to mediate transcriptional regulation 

summarized elsewhere (159). This mechanism could mediate the NO-dependent 

regulation of gene expression. One of PKA reported targets is a transcription factor 

called WT1 and in the next section the relevant literature will be discussed.

5. Wilms tumor 1______________________________________________

A. Wilms tumor: An introduction

Wilms tumor (WT), originally described by Dr. Max Wilms and also called 

nephroblastoma is a pediatric kidney cancer that occurs in 1 in 10 000 children. It is
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responsible for 8 % of childhood cancers (160). The locus for the WT gene in 

chromosome 11 encodes a transcription factor (161-163) that was inactivated in WT 

(164). Thus this transcription factor was suspected to be a tumor suppressor gene 

involved in the pathogenesis of WT and named WT1, Wilms tumor 1 gene. However 

it was later found that only 10 to 15% of patients develop WT as a result of mutations 

in the WT1 gene, emphasizing the relevance of other genes in the pathogenesis of 

WT (165-167). Interestingly, other syndromes involve mutations in WT1 including, 

WAGR (WT, aniridia, genitourinary, mental retardation), Beckwith-Wiedemann, 

Denus-Drash and Frasier syndromes (168). Although the role of WT1 in the 

pathogenesis of these disorders is not fully understood, WT1 is involved in 

numerous cell processes including differentiation, proliferation and apoptosis (164). 

Up to 24 WT1 iso forms can potentially be produced but unfortunately little is known 

about the properties of WT1 variants.
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B. Wilms tumor 1 structure and regulation

i. Gene and protein structure
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Figure 1.10: Wilms tumor 1 (WT1) gene structure and protein domains. The

WT1 contains 10 exons that code 4 WT1 isoform variants (A, B, C and D). They 

differ in the presence/absence of exon 5 (17 amino acids) and a 3 amino acid insert 

(KTS) between Zn-fingers 3 and 4. All WT1 variants contain the repression domain, 

activation domain and 4 Zn-fingers.

Haber et al were the first to describe alternative isoforms of WT1 (169). Additional 

WT1 iso forms have been identified over the last 20 years. These isoforms are all 

encoded from a single 10 exon gene at position l ip  13 (Fig. 1.10). The gene generates 

four isoforms A, B, C and D. The main structural differences among these four 

isoforms are the presence or absence of exon 5 (see below) and the insertion of three 

amino acids between zinc fingers 3 and 4. Thus isoforms A and C lack exon 5 and
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isoforms A and B lack the three amino acid insertion (Fig. 1.10). WT1 isoforms use 

the same reading frame and display similar domains such as the nucleic acid binding 

domain, activation domain, repression domain and self-association domain. The first 

nomenclature used for WT1 isoforms (e.g. WT1A-D) was replaced by a more 

descriptive terminology as more WT1 isoforms were identified. However GreenBack 

continues to list WT1 isoforms as WT1A, B, C and D.

Each zinc finger is encoded independently by exons 7 to 10 (Cys2-His2 type zinc 

fingers). Between exons 9 and 10 there is an alternative splice donor site that inserts 

three amino acids, lysine, threonine and serine (KTS) giving rise to two different 

WT1 isoforms named WT1 -KTS and WT1 +KTS -T7-93- (Fig. 1.10). Exon 5 can 

also be alternatively spliced resulting in the exclusion of 17 amino acids. Thus WT1 

may contain isoforms lacking both inserts known as WT1 (-/-) of 52 kDa or 

displaying both inserts WT1 (+/+) of 54 kDa as well as the combinations of lacking 

exon 5 but containing the KTS called WT1 (-/+) or the opposite WT1 (+/-).

The function of exon 5 (17 amino acids) is incompletely known. On one hand it 

appears to contain a repressor sequence, but others have found that it can work as a 

transactivation domain through factors such as prostate apoptosis response gene-4 

(Par-4) (170).
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Figure 1.11: WT1 major molecular weight (MW) alternative isoforms. (Top) 

WT1 largest MW form contains an alternative exon 1 resulting in a 62-64 kDa protein. 

(Middle) The 52-54 kDa WT1 isoform. (Bottom) Smaller MW isoform lacks exon 1 

and is 34-38 kDa. All the above forms can have or lack exon 5 and the KTS insert.

These isoforms use a common AUG initiation codon. However, there are two 

alternative initiation sites. The first one is a CUG which results in WT1 isoforms of

62-64 kDa (171). The second alternative initiation codon is an AUG within intron 1 at

nucleotide 127 that generates WT1 isoforms of 34 to 38 kDa (172, 173). The 34-38 

kDa WT1 forms lack the repression domain and may act as constitutively activated 

WT1 forms (Fig. 1.11).

WT1 can function either as a repressor or an activator. The repression domain has 

been localized to amino acids 85-124 and the activation domain to amino acids 182- 

250 (174) (Fig. 10). Since WT1 can interact with co-regulators, the underlying 

mechanisms of transcriptional regulation might be more complex (Fig. 1.12). There is 

a report that the 17 amino acid exon 5 product can also function as a repressor domain 

(175). Thus it is likely that different WT1 isoforms have different roles defined by the 

domains.
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ii. Protein-protein interactions

Identification of WT1 target genes is difficult since WT1 recognises multiple DNA 

binding sites and can also bind to other transcription factors to function as a co

regulator (Fig. 1.12). W T l’s effects on target genes are thus context and isoform 

dependent.

Injury / Stimuli

W T l
XWT1

W T l
W T lPKA

WTl
BASP1) W Tl

A m ph

B locked D N A  
.. b ind ing

W T l
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(Rbbp7) Repressor ■ A c tiva to rW T l
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WT1P

vMnphW T l

Cytosol Nucleus

Figure 1.12: W Tl regulatory mechanisms. WTl interactions are divided into three 

groups according to W T l’s effect on the target gene and the mechanisms that regulate 

WTl activity. WTl can function as a repressor [1] through interactions with co

repressors brain acid soluble protein 1 (BASP1) and WTl-interacting protein (WTIP). 

Repression in this case has been demonstrated in the genes amphiregulin (Amph) and 

retinoblastoma binding protein (Rbbp7). Alternatively, WTl can function as an 

activator [2] by either utilising Four and half LIM domain 2 protein (FHL2) as a co

activator or by acting as a co-activator itself as in the case of Mullerian inhibiting
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substance (MIS) activation. Finally, WTl DNA-binding might be impaired though 

dimerization events or by phosphorylation by PKA. In this case the effect on the 

target gene, either activation or repression, is reversed through the blockade of WTl 

DNA-binding.

A number of transcriptional co-regulators have been reported to function as trans

activators/repressors. Brain acid-soluble protein 1 (BASP1) binds to the suppression 

domain of WTl to function as a co-repressor of amphiregulin (176). Interestingly 

BASP1 is highly expressed in human adult lungs making it a potential co-repressor in 

ATII.

The WTl interacting protein (WTIP) co-precipitates with WTl from nuclear 

fractions and this interaction inhibits the activation of amphiregulin (177). In a 

podocyte injury model using puromycin aminonucleoside, WTIP shuttles from cell

cell interface to the nucleus to form a complex with WTl (178). In this model, WTIP 

acted as a co-repressor of the retinoblastoma binding protein (Rbbp7). It would be 

interesting to study the expression of WTIP in ATII cells and its changes in micro

localization in LEC injury models.

A protein called bone marrow zinc finger 2 (BMZF2) is a large, putative transcription 

factor containing 18 Zn fingers that can bind to WTl through Zn-fingers 6-10 (179). 

WTl binding to BMZF2 terminates WTl repression functions.

WTl has been co-immunoprecipitated with p53 in WT patients and the interaction 

takes place through WTl Zn finger regions (180). This interaction can enhance p53 

binding to its DNA consensus sequence and inhibits p53-mediated apoptosis (181).
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This interaction appears to transform WTl from an activator to a repressor in a 

reporter gene construct (180).

Homologues of p53, namely p73 and p63 can also bind to the Zn finger region of 

WTl, inhibiting DNA binding by W Tl, interfering with W T l’s transcriptional roles. 

WTl can self dimerize or self-associate through its N-terminal domain (182-184). 

This interaction can occur between wild type WTl and mutated allelic versions of 

WTl creating heterodimers with a dominant negative effect.

Alternatively, instead of binding to DNA or to WTl itself, WTl can interact with 

DNA-binding transcription factors and function as a co-regulator. The steroidogenic 

factor 1 (SF-1) uses WTl as a transcriptional co-activator to promote expression of 

Mullerian inhibiting substance (MIS), a hormone important in sexual development 

(185). This interaction is inhibited by direct competition of Dax-1 (dosage-sensitive 

sex reversal-adrenal hypoplasia congenita critical region on X-chromosome, gene 1) 

with WTl, which binds to SF-1 preventing WTl association (185). Additionally WTl 

can promote the regulation of Dax-1 acting through the co-activator four-and-half 

LIM-domain protein (FHL2) (186). In this molecular switch, WTl can function as an 

activator and as a co-activator (Fig. 1.12).

Sterol-responsive element-binding proteins (SREBP) are a family of at least three 

transcription factors thought to play a critical role in lipid homeostasis by 

upregulating genes such as acetyl-CoA carboxylase (ACC), fatty acid synthase (FAS) 

and stearoyl-CoA desaturase-1 (SCD-1) (187). WTl binds to SREBP to co-repress 

those genes normally activated by SREBP (188).
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WTl can induce expression of heat shock protein 70 (Hsp70) by potential interaction 

with the transcription factor heat shock factor (HSF) in rat podocytes (189). In these 

cells Hsp70 associated with WTl to form a complex but the authors could not 

determine the relevance of this interaction.

The prostate apoptosis response gene-4 (Par-4) interacts with the 17 amino acid 

region of exon 5. Par-4 has been implicated in neuronal development and 

pathogenesis together with BASP-1 and can inhibit expression of dax-1 by binding to 

WTl and acting as a repressor, in an opposing manner to that of FHL2 (Fig. 12) (190). 

Other proteins known to interact with WTl have been reviewed elsewhere (190).

iii. Protein-RNA interactions

Due to its ability to bind RNA and associate with components of the splicing 

machinery, it has been speculated that WTl may play a role in RNA processing. For 

example WTl can bind to the IGF-II mRNA through its Zn finger domain (191). 

However, the role of such binding has not been studied. Using a random RNA pool in 

an effort to identify the natural mRNA ligands for WTl it was shown that WTl has 

affinity for different mRNA sequences (192).

WTl colocalizes with interchromatin granules and splicing factor. Interestingly WTl 

+KTS localized to nuclear speckles whereas WTl -KTS has a diffuse nuclear 

distribution. In this study WTl was co-immunoprecipitated with proteins of the 

spliceosome and co-purified with nuclear Poly(A)+ ribonucleoprotein (193). 

Additionally, WTl associates directly to U2AF65 as part of the spliceosome (194). 

An RNA recognition motif is present in all WTl isoforms (195).
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iv. W Tl chemical modifications

Proteins can undergo a number of post-translational chemical modifications that may 

result in changes of activity, sub-cellular localization and degradation. Chemical 

modifications occur post-translationally thus allowing a fast response in a 

transcription-independent manner. These modifications include phosphorylation, 

nitration, nitrosylation, glycosylation, sumoylation and others.

Sumoylation is a modification thought to affect nuclear proteins resulting in 

repression of their transcription factor function. SUMO stands for small ubiquitin- 

related modifier that is involved in the covalent attachment to a target protein. This 

chemical modification is reversible though the action of isopeptidases that hydrolyze 

the isopeptide bond to remove the SUMO group. Sumoylation of WTl occurs at two 

lysine residues in the N-terminus domain of WTl (196). Although sumoylation of 

WTl was not linked to any functional role, this modification can have several effects 

on transcription factors such as stimulation of DNA-binding activity (heat shock 

factors) (197) or down regulation of their transcriptional effects (c-Myb, c-Jun, p53) 

(198,199).

WTl can be phosphorylated by protein kinase A, a modification that results in loss of 

DNA-binding by WTl and shuttling of WTl from the nucleus to the cytosol (200- 

203). WTl isoforms (+KTS and -KTS) are both translocated to the cytosol. 

Translocation is triggered by phosphorylation at Zn fingers 2 and 3 in Ser-365 and 

Ser-393 respectively. Point mutation of these sites results in retention of WTl in the 

nucleus and W T l’s binding to DNA. Ser-365 and Ser-393 mutated WTl become 

unresponsive to PKA activity. Thus PKA is a critical regulator of WTl function.
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There are three potential tyrosine residues and eight potential cysteine residues that 

can be targets for nitration and nitrosylation respectively. However, there are no 

reports for WTl nitration or nitrosylation.

v. W Tl DNA binding sites

Three different types of DNA binding site for WTl have been described in humans, 

namely a GC-rich DNA-element, a TCC repeat and a CA repeat (175, 204, 205). The 

GC and the CA repetitive elements appear throughout the human genome and 

because until recently no transcription factors had been identified that recognise these 

repeats, they were thought of as “junk DNA” (206). CA repeats are the most abundant 

and polymorphic repeat element in the human genome and when the discovery was 

made that CA repeats of greater than 13-mer could specifically interact with nuclear 

factors (207) interest to characterize this dinucleotide repeat was created. For example, 

CA repeats are important in the regulation of insulin and Nramp genes (206).

A phylogenic analysis of 10 kb spanning the human MMP-9 gene revealed a highly 

conserved CA repetitive element reported to vary between 12 and 23-mers (125). 

Thus we hypothesized that WTl could bind to this element and regulate MMP-9 gene 

expression.

vi. W Tl gene targets

With increasing understanding of the mechanisms mediating WTl activity, and 

knowledge of DNA consensus sequences recognized by WTl and transcription 

factors that use WTl as co-regulators, the list of potential target genes influenced by 

WTl has expanded dramatically. Binding site identification experiments with
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oligonucleotides, whole genomic PCR and DNase I footprint analysis have also been 

used to search for potential WTl targets. The current understanding of gene targets of 

WTl ranges from growth factors and their receptors to other transcription factors. An 

extensive compilation of potential WTl DNA binding sites has been summarized by 

Menke, A.L et al (208). A summary of some relevant sequences is shown in table. 1.1. 

Table 1-1

DNA binding site Technique Reference

CGCCCCCGC Oligonucleotides (205)

CGGTT !CAlxl5 AATACACGCACAC Whole genomic PCR (209)

ACAT 1CA1x20 ACAC Whole genomic PCR (204)

1CAU16 GTTAT Whole genomic PCR (204)

TTCTCCC rCAlx9 GC ICAlxlO A Whole genomic PCR (204)

CTGGAGCGGGGGCGGGG DNasel footprinting (2 1 0 )

Table 1.1: WTl DNA binding sites from Menke A.L. et al. A number of different 

techniques have been used to determine these sequences. Four of these sequences 

contain CA dinucleotide repeats found in the MMP-9 promoter.

At least 4 DNA sequences containing CA repeats have been reported to bind WTl 

(204, 209). However, there are no reports in the literature concerning WTl 

involvement in the regulation of MMP-9.
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vii. W Tl expression

In humans, WTl expression in nuclei of podocytes has been seen as early as week 7 

of gestation (211). In adults WTl expression continues to be high in podocytes (211). 

WTl is also expressed in embryonic and adult uterus, Sertoli cells and the epithelium 

and granulosa cells of the ovary. WTl is also expressed in the spleen and the 

mesothelium, interestingly at a time when these tissues are switching from 

mesenchymal to epithelial, where WTl may play a role in differentiation and 

proliferation in epithelium morphogenesis. WTl is present in liver, thymus, brain and 

spinal cord. Other studies have shown WTl expression in stem cells of the bone 

marrow, during development of the retina, and the proliferating coelomic epithelium 

and in the heart (208). It has been shown that WTl is required for the formation of the 

olfactory epithelium in mice (212). Interestingly, a number of human epithelial cells 

express WTl. Adult epithelial cells including podocytes, epithelia cells of the ovaries 

(211), and breast epithelial cells (213) express W Tl, suggesting a homeostatic role in 

these tissues. Although WTl expression in adult human lungs has not been shown, 

several studies have demonstrated its expression in adult rat and mouse lung by 

Northern blot analysis (214-216), immunohistochemistry (217) and RNase protection 

assays (169).

6. Synthesis and conceptual model

In resting conditions, structural cells like VSM and LEC do not produce MMP-9. 

Stimulation of these tissues with LPS and cytokines results in the upregulation of 

iNOS and MMP-9 (Fig. 1.1 and 1.3). VSM and LEC cells express pro-inflammatory
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mediators that contribute to tissue damage and interact to amplify inflammatory 

reactions. There is evidence indicating that iNOS and MMP-9 can cross-talk to 

modulate their inflammatory roles. Among the studied pathways for NO-dependent 

regulation of MMP-9, transcriptional regulation has not been investigated (Fig. 1.8). 

To study the potential interactions and possible cross talk between iNOS, COX-2 and 

MMP-9, we will use rat aortic VSM cells (A7r5) stimulated with LPS, IFN-y, and 

phorbol 12-myristate 13-acetate (PMA); individually or a combination. These stimuli 

should be sufficient to generate a septic shock model using VSM cells.

We anticipate that NO will be an important component in the LPS/cytokine-induced 

upregulation of MMP-9 and COX-2. Thus treatment of VSM cells with the iNOS 

inhibitors L-NAME and 1400W should have an inhibitory effect on the expression of 

COX-2 and MMP-9. However, it is possible that the MMP-9 mRNA levels could be 

reduced in the presence of iNOS inhibitors, since NO reduces MMP-9 mRNA half- 

life (Fig. 1.8). In conditions such as asthma and septic shock, high NO levels correlate 

with MMP-9 and COX-2 over-expression, thus it is possible that NO will have a 

positive effect on the expression of these genes.

These experiments will also be carried out in human LEC. Human LEC, in particular 

ATII cells, express iNOS, COX-2 and MMP-9 in inflammatory conditions like 

asthma (Fig. 1.3). The A549 ATII cell line will be subjected to experiments as 

described above to induce the expression of these three enzymes. We anticipate that 

similar findings will be observed. The rationale behind testing this hypothesis in 

A549 also involves the evaluation of our hypothesis in a human cell line since A7r5 is 

a rat cell line. Testing our hypothesis in a human cell will strengthen the value of our
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findings. We anticipate that MMP-9 will be upregulated in the presence of TNF and 

that blockade of iNOS may result in a decrease of MMP-9 gene expression.

It has been demonstrated that NO can promote transcriptional upregulation of a 

variety of genes through the activation of PKG and PKA. Interestingly, the MMP-9 

promoter contains putative binding sites for potential targets of PKA activation such 

as WTl a gene repressor of Amph and Rbbp7 (Fig. 1.12).

Human LEC, like VSM, also contribute to inflammation by producing iNOS and 

MMP-9. In conditions like asthma, NO levels correlate with an increase production of 

MMP-9. It is reasonable to postulate that iNOS-derived NO can play a role in MMP-9 

transcriptional activation. The mechanisms that mediate this pathway can involve 

sGC downstream targets like PKA and PKG. The PKA-regulated transcriptional 

repressor WTl is likely to control MMP-9 gene expression downstream of NO.

Finally, WTl expression will be studied in leukocytes, in particular lymphocytes. 

Lymphocyte proliferation is regulated by macrophage-derived NO and I will test 

whether WTl levels or subcellular localization change in correlation with NO- 

dependent inhibition of lymphocyte proliferation.
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Figure 1.13: Conceptual Model.

In this conceptual model (Fig. 1.13), I hypothesize that upon stimulation, cells 

(VSM/LEC) are activated to express iNOS and MMP-9 and other pro-inflammatory 

enzymes like COX-2. Initially, MMP-9 is under the repression of WTl and the 

stimulus is insufficient to induce MMP-9 transcription. NO levels activate sGC with 

subsequent activation of PKG and PKA. These kinases phosphorylate W Tl, resulting 

in WTl translocation to the cytosol and derepression of the MMP-9 gene. At this 

point the de-repressed MMP-9 gene is activated by the appropriate stimuli.
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7. Hypothesis

iNOS-derived NO upregulates the transcription of COX-2 and MMP-9.

8. Objectives

1. To establish a septic shock model in Rat VSM by inducing co-expression of COX-

2, iNOS and MMP-9.

2. To study the role of iNOS-derived NO in the transcriptional regulation of COX-2 

and MMP-9 in rat VSM.

3. To determine if the interactions apply to human LEC.

4. To characterize WTl expression in human LEC.

5. To determine the mechanisms by which WTl regulates MMP-9 promoter.

6 . To study WTl expression in leukocytes.
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Chapter II: NO and cGMP upregulate MMP-9 in 

vascular sm ooth m uscle

This chapter was published in the Journal of Pharmacology and Experimental 

Therapeutics. Ref: The Journal of pharmacology and experimental therapeutics. 2003 

Oct;307(l):429-36. Nitric oxide and cyclic GMP increase the expression of matrix 

metalloproteinase-9 in vascular smooth muscle. Marcet-Palacios M, Graham K, Cass 

C, Befus AD, Mayers I, Radomski MW.

1. Title

Nitric Oxide and Cyclic GMP Increase the Expression of Matrix Metalloproteinase-9 

in Vascular Smooth Muscle

2. Introduction

Septic shock is characterized by severe hypotension, hyporesponsiveness to 

vasoconstrictors, and volume depletion leading to multiorgan dysfunction and death 

(1, 2). This condition is a complex endotoxin-induced systemic inflammatory 

response, which affects more than 400,000 patients per year in the United States (3). 

Cell wall endotoxins, such as bacterial lipopolysaccharide (LPS), are largely 

responsible for the pathogenesis of this disease. The endothelium and the vascular 

smooth muscle are among major cellular targets of LPS (4).

The deleterious effects of LPS are often mediated by the enzymatic activity of LPS- 

inducible proteins, such as inducible nitric-oxide synthase (iNOS), cyclooxygenase-2 

(COX-2), and matrix metalloproteinase-9 (MMP-9). Initially, these enzymes are
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induced in a highly organized fashion to compensate for the damaging effects of LPS, 

maintain homeostasis, and to contribute to the systemic inflammatory response. 

However, the overwhelming concentrations of these inducible enzymes can become 

harmful to the body, contributing to multi organ dysfunction and death. The increased 

expression of iNOS, for example, results in massive vasodilatation and hypotension (5, 

6 ). Additionally, fast reaction of NO with superoxide fPa) leads to the highly reactive 

species peroxynitrite (ONOO ) (7, 8 ). The latter is thought to be responsible for many 

deleterious effects of NO, acting as an oxidant itself, or leading to the formation of 

other reactive species (9). Moreover, COX-2 up-regulation leads to overproduction of 

thromboxane and prostaglandin E2 (PGE2), which have been implicated in the 

pathogenesis of septic shock (10-12). In the presence of LPS, cells like neutrophils 

secrete considerable amounts of latent MMPs, including MMP-9 (13). Reactive 

oxygen species produced by the same cell type lead to the chemical activation of 

MMP-9, and as a consequence, degradation of the vascular wall takes place (14). 

Other lines of evidence from mice and humans have also correlated MMP-9 levels 

with shock conditions (13, 15, 16).

Despite solid evidence that iNOS, COX-2, and MMP-9 are involved in the 

pathogenesis of cellular damage caused by LPS, the interactions (cross talk) between 

these enzymes are unclear. We found that the simultaneous induction of these 

enzymes could be triggered by IFN-T, phorbol 12-myristatel3-acetate (PMA), and 

LPS in rat vascular smooth muscle (VSM) cells, allowing us to study the hypothesis 

that these three enzymes cross talk to each other. The production of these three 

enzymes was studied at the transcriptional, protein, and enzyme activity levels. The
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results of our experiments provide evidence that iNOS up-regulates COX-2 and 

MMP-9 gene expression in VSM.

3. Materials and methods

Materials. Polyclonal antibodies against iNOS and COX-2 were obtained from BD 

Transduction Laboratories (Basingtoke, Hampshire, UK) and Santa Cruz 

Biotechnology, Inc. (Santa Cruz, CA), respectively. Monoclonal antibodies against 

MMP-9 were obtained from OncogeneScience (Cambridge, MA). RNeasy Mini Kit 

was obtained from QIAGEN (Mississauga, ON, Canada).

Cell Culture. Rat aortic VSM (A7r5) were obtained from American Type Culture 

Collection (Manassas, VA). Cells were cultured in 75-cm2 flasks in a humidified 

atmosphere with 5% CO2 at 37°C. The medium was Dulbecco's modified eagle's 

medium supplemented to contain 4.5 g/liter glucose, 1.5 g/liter sodium bicarbonate, 

10% fetal bovine serum, gentamycin sulfate (0.05 mg/ml), penicillin G (0.06 mg/ml), 

and streptomycin sulfate (0.01 mg/ml). Cells were grown until they were confluent 

and then treated for 12 h with a cocktail containing 10 ng/ml IFN-T, 1 nM PMA, and 

10 pg/ml LPS in 15 ml of 1% fetal bovine serum (activating cocktail). When treating 

with dexamethasone (Dex), cells were preincubated with this chemical for 1 h before 

induction with the activating cocktail. Dex concentrations of 1.0, 3.0, and 10 pM were 

tested. At a concentration of 1 pM, Dex did not confer inhibitory effects as detectable 

by reverse transcription-polymerase chain reaction (RT-PCR). Because 3 pM Dex 

was found to be a sufficient amount to inhibit transcription of iNOS, COX-2, and 

MMP-9, all consecutive experiments were performed using 3 pM Dex. When either 

-nitro-L-arginine methyl ester (l-NAME; 300 pM), 177-[ 1,2,4]oxadiazolo[4,3-
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a]quinoxalin-l-one (ODQ; 0.05, 0.1, 0.5, 1.0, and 5 pM), or snperoxide dismutase 

(SOD) (0.5, 1, 5, 10, 100 U/ml) were used, these compounds were included in the 

activating cocktail. Cell harvesting was conducted by scraping cells off plates in the 

presence of 1 ml of homogenizing buffer (50 mM Tris-HCl, 320 mM sucrose, 1 mM 

dithiothreitol, 1 0  pg/ml leupeptin, 1 0  pg/ml soybean trypsin inhibitor, 2  pg/ml 

aprotinin, pH 7.4).

Gelatin Zymography. This technique was used to measure pro and active MMP-2 

and MMP-9 gelatinolytic activity as previously described (17). After cell extraction, 

samples were immediately subjected to electrophoresis on 7% SDS-polyacrylamide 

gel electrophoresis copolymerized with gelatin ( 2  mg/ml) as the substrate. 

Independent experiments were performed and run on the same gel. Following 

electrophoresis, gels were washed in 0.1% Triton X-100 (3x for 20 min). The gels 

were then incubated for 72 h in the zymography buffer containing 25 mM Tris-Cl, 5 

mM CaCl2 , 142 mM NaCl, and 0.5 mM Na3N to determine the activity of secreted 

enzymes. After incubation, the gels were stained with 0.05% Coomassie Brilliant 

Blue G-250 in a mixture of methanol/acetic acid/water (2.5:1:6.5) and destained in 

4% methanol with 8 % acetic acid. The gelatinolytic activities were detected as 

transparent bands against the background of Coomassie Blue-stained gelatin. Enzyme 

activity was assayed by densitometry using a ScanJet 3c scanner and SigmaGel 

measurement software. The pro and active forms of MMP-9 were identified as bands 

at 92 and 8 8  kDa, respectively.

Inducible and Constitutive Nitric-Oxide Synthase Activity Assay (Citrulline 

Assay). Nitric-oxide synthase activity in A7r5 cell homogenate was assessed by
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measuring the formation of L-[14C]citrulline from L-[U-14C]arginine as previously 

described (18). Briefly, samples were homogenized by sonication (VibraCell, 

Danbury, CT) in 1 ml of ice-cold homogenizing buffer followed by centrifugation at 

10,000g for 20 min at 4°C. Following centrifugation, 40 pi of supernatant was 

incubated at 37°C for 20 min in assay buffer (pH 7.4) containing 50 mM KH2PO4 , 1 

mM MgCh, 0.2 mM CaCh, 1 mM L-citrulline, 20 pM L-arginine, 1.5 mM 

dithiothreitol, 1.5 mM NADPH, 10 pM tetrahydrobiopterin, 10 pM FAD, 10 pM 

FMN, and 0.5 pCi/ml l-[U-14C]arginine. The specificity of L-arginine conversion by 

NOS to L-citrulline was further confirmed using 1.2 mM iV^-nitro-L-arginine methyl 

ester, a selective inhibitor of NOS. Additionally, 1.5 mM EGTA, a calcium chelating 

agent, was used to differentiate between Ca2+-dependent and -independent isoforms of 

NOS. All enzyme activities were expressed as picomoles of product generated per 

minute per milligram of protein. The limit of detection of this method was 0.05 

pmol/min/mg of protein.

Griess Assay. Formation of NOa was measured as previously described (19). Briefly, 

50 pi of supernatant was measured by the Griess reaction. Results were expressed as 

micromolar concentration per 106 cells following incubation for 6 , 12, 24, 48, and 72 

h. Equal volumes of cell-free supernatant and Griess reagent (1% sulfanilamine, 0.1% 

A-(l-naphyl)-ethylene-diamine dihydrochloride, and 2.5% H 3PO 4) were mixed. 

NaNC>2 was used as a standard. Plates were read on a Vmax kinetic microplate reader 

(Molecular Devices Corp., Sunnyvale, CA) at 540 nm.

Live-Cell Fluorescence Determination of Intracellular NO. NO production by 

A7r5 was assayed using DAF-FM, a cell-permeable NO-sensitive fluorescent dye, as
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previously described (20). Cells were incubated for 1 h with 10 pMDAF-FM, prior to 

visualization.

Cyclooxygenase-2 Enzyme Immunoassay. The activity of COX-2 was measured 

using a prostaglandin E2 enzyme immunoassay kit (Amershamn Biosciences Inc., 

Piscataway, NJ) according to manufacturer's instructions. The amounts of PGE2 were 

expressed in picrograms per well of PGE2 with each well containing a cell 

concentration of 1 0 5.

Immunoblot Detection. The cells were harvested and homogenized in the 

homogenization buffer. The homogenates were subjected to 7% SDS-polyacrylamide 

gel electrophoresis (17), and proteins were identified using anti-MMP-9 antibodies 

(0 . 2  pg/ml; OncogeneScience), anti-COX-2 antibodies (2 pg/ml; Santa Cruz 

Biotechnology, Inc.), and anti-iNOS antibodies (0.125 pg/ml; BD Transduction 

Laboratories).

RT-PCR and Quantitative Real-Time PCR. Experiments were performed as 

previously described (21). Total RNA was isolated using the Qiagen RNeasy kit. The 

RNA was reverse-transcribed with the use of Superscript II reverse transcriptase 

(Invitrogen, Carlsbad, CA) using oligo(dT) as primers. Thereafter, PCR was 

performed in 20-pl reactions with the primer pairs (25 pM) described in Table 2.1. 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)-specific primers were run in 

all reactions as the internal positive control. The PCR products were amplified for 30 

cycles. The selected cycle number was chosen to stop the PCR reaction during its log 

phase to ensure availability of all reagents. Additional RT-PCR-related information is 

summarized in Table 2.1.
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Quantitative Real-Time PCR. Real-time PCR experiments were performed using 

the TaqMan quantitative RT-PCR reaction (Applied Biosystems, Foster City, CA) as 

previously described (22). Briefly, an oligonucleotide probe labeled with a fluorescent 

tag at the 5'-end and a quenching molecule at the 3'-end is hybridized between two 

PCR primers at the beginning of the reaction. The 5'-nucleotidase activity of Taq 

polymerase, cleaves the fluorescent dye from the probe during each PCR cycle. The 

fluorescent signal generated is monitored in real time and is proportional to the 

amount of starting template in the sample. Real-time PCR products were cloned and 

sequenced to confirm the identity of the mRNAs. The primer and probe sequences are 

summarized in Table 2.2.

Reagents. Other PCR related chemicals such as 100-bp DNA ladder, Superscript II, 

TagDNA polymerase, oligo(dT) primer, dNTP, and RNaseOut ribonuclease were 

obtained from Invitrogen. PMA, ethidium bromide, interferon-7, lipopolysaccharide, 

dexamethasone crystalline, l-NAME (Alexis Corporation, San Diego, CA), N°- 

monomethyl-L-arginine, ODQ, and superoxide dismutase were obtained from Sigma 

Diagnostics, Canada (Mississauga, ON, Canada). Mn(III)tetrakis(l-methyl-4- 

pyridyl)porphyrin pentachloride (MnTMPyP) and 8 -bromo-cGMP were obtained 

from Calbiochem (Mississauga, ON Canada). L-[U-I4 C]arginine was obtained from 

Amersham Biosciences (Oakville, ON, Canada) and AG50W-X8 resin was obtained 

from Bio-Rad (Hercules, CA).

Statistics. Results are means ± S.E. of at least three independent experiments. They 

were analyzed using one-way analysis of variance, and when significant differences
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were found, the multiple comparison Tukey-Kramer test was used (GraphPad InStat). 

Values where P  < 0.05 were considered statistically significant.

4. Results

Since the objective of this research was to investigate the interactions between COX-2, 

iNOS, and MMP-9 in VSM we have first tested various combinations of 

cytokine/inducing agents to cause simultaneous induction of these enzymes. The 

following combinations have been tested. A concentration gradient of 0.01, 0.1, 1, and 

10 pg/ml LPS did not produce a band detectable by zymography or RT-PCR for 

MMP-9, but constitutive MMP-2 activity was constant for every treatment (data not 

shown). PMA (lOOnM) produced detectable bands for MMP-9 through RT-PCR and 

zymography but did not activate iNOS mRNA as detectable by RT-PCR (data not 

shown). IFN-7 at a concentration of 1 mg/ml did not induce any of the mRNA signals 

for iNOS, COX-2, or MMP-9 (data not shown). After these preliminary experiments, 

a combination containing 0.1 ng/ml IFN-y, 10 pg/ml LPS, and 1 nM PMA was found 

to be most effective in enzyme induction and all subsequent experiments were 

performed with cells stimulated with IFN-T, LPS, and PMA. Initial experiments were 

done using this cocktail and a time course for MMP-9 activity indicated optimal 

expression by 12 hr after activation (App. 6 ).

A time course of NO2 ' formation using the Griess reaction showed that there was a 

significant increase in nitrite formation after 24 hr (13.9 ± 6.03 pM) and after 48 hr 

(37.6 ± 1 . 2  pM) of cell activation. Nitrite formation was not detected in control 

conditions or when activated cells were cotreated with either l-NAME (300 pM) or
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1400W (10 nM) (n = 3). A more sensitive fluorimetric assay using the fluorochrome 

DAF showed NO production by 12 hr after cell induction (Fig. 2.1).

Figure 2.1: Fluorescence detection of intracellular NO production. Cells were 

either serum-starved (A and B) or treated with a cocktail containing PMA, LPS, and 

IFN-y (C and D) for 12 hr then stained with DAF for 1 hr. DAF fluorescence (white 

in the figure) was analyzed with confocal analysis. Differential interference contrast 

combined with DAF (B and D) shows cellular morphology (bars = 50 pm).

To study enzyme induction at the transcriptional level, RT-PCR was used. Primers 

were developed and analyzed using the BLAST sequencing program at GenBank to
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ensure unique complementation. When A7r5 cells were exposed to the activating 

cocktail, the mRNAs for iNOS, COX-2, and MMP-9 were markedly up-regulated (Fig. 

2.2, A and B). The PCR products for all templates were identified at their predicted 

molecular weights of 241, 347, 664, and 528 bp for MMP-9, iNOS, COX-2, and 

GAPDH, respectively (Fig. 2.2A). The induction of iNOS, COX-2, and MMP-9 

mRNAs was significantly inhibited by 3 pM Dex (Fig. 2.2, B and C). The 

housekeeping gene GAPDF1 was amplified for each experiment and used as the 

internal positive control. GAPDH mRNA levels were not significantly changed by 

different treatments (Fig. 2.2B).
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Figure 2.2: Characterization of the septic shock model at the transcriptional 

level. A, A7r5 cells were treated with a cocktail of pro-inflammatory substances
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(under Materials and Methods) to induce the production of iNOS, COX-2, and MMP-

9. The 100-bp DNA ladder marker provides an estimate of the size of each PCR 

product (n = 6 ). B, RT-PCR was used to investigate the mRNA levels corresponding 

to each gene. Cells were untreated (Sham), induced with the activating cocktail 

(Activated), or incubated with dexamethasone (Dex) 1 hr before activation. GAPDH 

was used as the positive control for each experiment (n = 3). C, densitometric analysis 

for RT-PCR experiments shown in panel B (n = 3). Statistical significance: P  < 0.001

(***), ( t t t ) -

To investigate whether protein levels for these enzymes were affected by the 

treatment, Western blot experiments were conducted using the same experimental 

conditions. We found that the levels of iNOS, COX-2, and MMP-9 proteins were 

increased by the treatment with the activating cocktail, and this enhancement was 

abolished in the presence of dexamethasone (Fig. 2.3, A-C).
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Figure 2.3: Characterization of the septic shock model at the protein level. To

further investigate the expression of MMP-9, iNOS, and COX-2, we estimated 

protein expression levels using immunoblot. A7r5 cells were untreated (Sham), 

activated with a cocktail (Activated), or pre-incubated with dexamethasone 1 hr 

before activation. A, the pro and active form of MMP-9 at 92 and 8 8  kDa were 

detected. Active MMP-9 was significantly up-regulated in the activated cells. 

Pretreatment with dexamethasone significantly reduced MMP-9 induction (n = 3). B, 

iNOS appeared as a band at 130 kDa. Significant differences were found between the 

sham and activated groups. Also significant differences were obtained when iNOS 

induction was inhibited with dexamethasone (n = 3). C, similar results to those in 

panels A and B were obtained for the COX-2 protein at 74 kDa. A second band at a
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higher molecular weight also appeared only in activated conditions and was suspected 

to be due to antibody cross-reactivity (n = 3). Statistical significance: P  < 0.01 (**), 

( t f ); P < 0.001 (***),

The enzymatic activities of iNOS, COX-2, and MMP-9 were also characterized. The 

activity of Ca2+-independent NOS in unstimulated (Sham) VSM was 12.4 ± 0.6 

pmol/mg of protein/min (Fig. 2.4A). Cell induction resulted in a significant increase 

in the activity of this enzyme to 24.4 ± 2 . 6  pmol/mg of protein/min. Ca2+-dependent 

NOS activity was not detectable under these conditions, indicating that neither nNOS 

or eNOS were expressed in A7r5.
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Figure 2.4: MMP-9, iNOS, and COX-2 enzymatic activity in A7r5 cells. A7r5 

cells were untreated (Sham), activated with a cocktail (Activated), or pre-incubated 

with dexamethasone 1 h before activation. A, inducible NOS activity was measured 

using the citrulline assay. Significant changes between sham and activated conditions 

were found (P = 0.027), but for iNOS there were no significant changes between 

sham and Dex treatment. The constitutive NOS activity, also measured with this 

assay, was not detected after each treatment (n = 3). B, PGE2 formation was 

monitored using enzyme-linked immunosorbent assay. Significant changes were 

observed between sham and activated cells, as well as between activated and
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dexamethasone treatment (n = A). C, zymography was performed to measure the 

gelatinolytic activity of MMP-9. The pro and active forms of MMP-9 were detected 

at 92 and 8 8  kDa, respectively. At 72 and 62 kDa, the pro and active forms of MMP-2 

were also detected. MMP-2 is a constitutive metalloproteinase that remained 

relatively unchanged despite different treatments. Densitometric analysis for MMP-9 

and MMP-2 revealed a highly significant up-regulation in activity of MMP-9 in 

activated cells, whereas Dex inhibited this up-regulation to near control levels (n = 3). 

Statistical significance: P < 0.05 (*), (f); P < 0.01 (**), ( |f ) ;  P  < 0.001 (***), (f f  f).

The activity of COX-2, as measured by PGE2 levels, was significantly increased 

following cell induction (Fig. 2.4B). The gelatinolytic activity of MMP-9, but not 

MMP-2, was markedly up-regulated by the activating cocktail (Fig. 2.4C). 

Dexamethasone abolished increases in iNOS, COX-2, and MMP-9 activities caused 

by cell induction (Fig. 2.4, A-C).
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Figure 2.5: Effect of L-NAME treatment on iNOS, COX-2, and MMP-9 mRNA.

A, RT-PCR was performed using both Dex and L-NAME as pharmacological tools. 

The positive control GAPDH was constant for each treatment. L-NAME had an 

inhibitory effect obvious for COX-2 and for MMP-9 (n = 3). B, real-time PCR was 

performed to validate and quantify the RT-PCR findings. MMP-9 mRNA up- 

regulation was found to be of 11.7-fold. This effect was inhibited by both 

dexamethasone and L-NAME to levels relatively close to sham (n = 3). C, COX-2 up- 

regulation during activation was found to be 2.3-fold, and this effect was inhibited to 

lower than sham levels when treating with either dexamethasone or L-NAME (n = 3). 

Statistical significance: P < 0.05 (*), (f); P < 0.01 (**), (■ft).
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Effects of l-NAME on COX-2 and MMP-9 Transcription. Inhibition of NOS with 

l-NAME (300 pM) exerted no significant effect on iNOS mRNA expression in 

activated cells (Fig. 2.5A). In contrast, COX-2 and MMP-9 transcription was down- 

regulated by this inhibitor (Fig. 2.5 A). l-NAME did not change the expression levels 

of the positive control GAPDH. To quantify the changes detected using RT-PCR, 

real-time PCR analysis was conducted for COX-2 and MMP-9 mRNAs. It was found 

that COX-2 was up-regulated by 2.3-fold (Fig. 2.5C) and that this up-regulation could 

be inhibited to lower than control levels by either Dex or l-NAME. MMP-9 mRNA 

levels were up-regulated with the activating cocktail by approximately 11.7 times, and 

they were significantly reduced in the presence of Dex or l-NAME (Fig. 2.5B).
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Figure 2.6: MMP-9 gene induction is not mediated by ONOO~. A, an SOD

concentration dependence curve was created. Cells were left untreated (Sham) or 

induced with the activating cocktail containing different concentrations of SOD. No 

significant variations were observed when comparing maximum activation (0.0 U/ml 

SOD) with activation in the presence of SOD (0.5-100 U/ml SOD) (n = 3). B, the 

SOD mimetic MnTMPyP (0-20 pM) did not exert a significant reduction of MMP-9 

mRNA relative abundance (n = 3). Statistical significance: P < 0.05 (*).
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Effects of SOD and MnTMPyP on MMP-9 mRNA. To investigate whether 

superoxide and possibly peroxynitrite (23) were involved in MMP-9 regulation by 

iNOS the scavenger of superoxide, SOD, was tested on A7r5 cells induced with the 

activating cocktail. SOD at concentrations of 100, 10, 5, 1, and 0.5 U/ml exerted no 

significant effects on MMP-9 mRNA induction (Fig. 2.6A). These concentrations of 

SOD effectively blocked superoxide generation by xanthine oxidase (24) (data not 

shown). The membrane-soluble SOD mimetic MnTMPyP did not modify 

significantly the up-regulation of these enzymes indicating that neither superoxide nor 

peroxynitrite are involved in this mechanism (Fig. 2.6B).
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Figure 2.7: Nitric oxide up-regulates MMP-9 via a soluble guanylate cyclase- 

dependent pathway. Relative abundance of MMP-9 mRNA was measured using 

real-time PCR. A, there was a significant up-regulation of the MMP-9 gene when 

inducing A7r5 cells with the activating cocktail (Activated). When cells were 

activated in the presence of ODQ (0.05-5 pM), this resulted in a significant decrease 

in the MMP-9 mRNA levels. It was shown that at a concentration of 0.5 pM ODQ the 

activating cocktail did not induce any significant changes in the MMP-9 mRNA 

levels (n = 3). B, exogenously added 8 -bromo-cGMP (0-0.5 mM) reversed the effect 

of ODQ (0.5 pM). Statistical significance: P < 0.05 (*), (f).
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Effects of ODQ and 8-bromo-cGMP on MMP-9 mRNA Regulation. To study the 

involvement of cGMP in MMP-9 mRNA regulation, ODQ, an inhibitor of soluble 

guanylate cyclase was used. ODQ effectively decreased, in a concentration-dependent 

fashion, the levels of MMP-9 mRNA (Fig. 2.7A). 8 -bromo-cGMP, a soluble analog of 

cGMP, reversed the effect of ODQ (Fig. 2.7B).

5. Discussion

We have investigated the interactions between iNOS, COX-2, and MMP-9, three pro- 

inflammatory enzymes that are induced in the vasculature during acute inflammatory 

reactions such as septicemia and septic shock (5-12, 14, 15). We have studied these 

interactions using rat smooth muscle vascular cells, which were induced by LPS, IFN- 

7, and PMA. Under the experimental conditions used, the inducing agents resulted in 

up-regulation of expression (mRNA and protein), and activity (product generation or 

substrate degradation) levels. We have further validated our model of simultaneous 

induction of iNOS, COX-2, and MMP-9 using dexamethasone, a potent 

glucocorticoid known to inhibit many pathways of inflammation. As expected, this 

drug treatment efficiently reduced the expression of iNOS, COX-2, and MMP-9 (Figs. 

2.2B and 2.3, A-C).

We then used RT-PCR to study the effects of blockade of NOS with l-NAME on 

MMP-9 and COX-2 mRNA levels. Inhibition of NOS with l-NAME down-regulated 

the expression of COX-2. This is not surprising since NO is known to stimulate the 

activity of cyclooxygenase (25) and NO stimulates COX-2 mRNA expression in rat 

mesangial cells (26). Interestingly, we have found that MMP-9 mRNA up-regulation 

was inhibited by l-NAME showing that MMP-9 induction is NO-dependent by a
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NOS-dependent mechanism. This observation was confirmed and quantified by real

time PCR experiments (Fig. 2.5A).

Initially it was thought that NO effects could potentially be mediated through either 

nitrosylation, oxidation, nitration, or a combination of these reactions, since these 

nonspecific reactions are common in inflammatory settings. Peroxynitrite is one of the 

most reactive biochemical fates of NO and in many studies has been described as a 

signaling molecule that acts through tyrosine nitration (23). For this reason, SOD and 

membrane-soluble SOD mimetic MnTMPyP were used to investigate ONOO effects 

on the MMP-9 induction pathway. The treatments did not modify the MMP-9 gene 

control mechanism suggesting that ONOO was not involved in this process (Fig. 2.6, 

A and B). A second pathway by which NO could be acting was through soluble 

guanylate cyclase. Our results indicated that in the presence of ODQ, an inhibitor of 

soluble guanylate cyclase, the MMP-9 mRNA returned to its basal levels. 

Furthermore, the effect produced by ODQ was reversed by exogenous 8 -bromo- 

cGMP, a soluble analog of cGMP (Fig. 2.7B). These data imply that the soluble 

guanylate cyclase was the main pathway for NO-dependent MMP-9 gene up- 

regulation.

Recently, in contrast to our results on enhancement of MMP-9, Eberhardt et al. (27) 

using rat mesangial cells found that endogenous or exogenously provided NO 

decreased MMP-9 gene expression. They also showed that administration of another 

inhibitor of NOS, A^-monomethyl-L-arginine increased MMP-9 mRNA expression. 

NO can reduce t\/2 life of MMP-9 mRNA (28) as well as S-nitrosylate nuclear factor-*;
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B (29), two mechanisms by which NO may modulate MMP-9 expression. By contrast 

NO has been found to increase MMP-9 activity through ̂ -nitrosylation (30). 

Interestingly, pharmacological studies using l-NAME (inhibitor of NOS) and 

AMD6221 [ruthenium(III) polyaminocarboxylate complex; NO scavenger] yielded 

contradictory data on MMP-9 activity. The administration of l-NAME to neonatal 

hyperoxic rats increased activity of MMP-9 (17), whereas NO scavenging decreased 

MMP-9 activity elevated by extracorporeal circulation (31). These complex effects of 

inhibition by NO of expression and activity of MMP-9 likely reflect the dual nature of 

NO as inflammatory-inhibitor and inflammatory-mediator (32).

The conflicting results on enhancement or inhibition of MMP-9 illustrate the 

complexity of the interactions of NO with cell-signaling cascades. Factors such as cell 

type, stimulation time, and stimulatory cocktail likely contribute to some of the 

differences observed. In our study, we examined the expression of MMP-9 mRNA 

after 12 hr of treatment using a cocktail containing LPS, IFN-7, and PM A and 

observed that serum-starved cells even in the absence of the stimulatory cocktail 

(control conditions) began to synthesize MMP-9 mRNA by 24 hr. These results were 

further validated by a time course of MMP-9 activity, using zymography, in which 12 

hr was clearly the optimal induction time as described above. It is possible that in 

settings where cells have been stimulated for 24 to 72 hr, as done in several of the 

studies outlined above (27, 28), the levels of NO are different than those we have 

observed. A time course of formation using the Griess reaction showed that there 

was a significant increase in nitrite formation after 24 and 48 h of cell activation,
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whereas nitrite formation could not be detected in control conditions or when 

activated cells were cotreated with either l-NAME or 1400W.

Thus, NO may function through alternative pathways to reduce MMP-9 levels, e.g., 

through oxidation of MMP-9 mRNA. Our findings could be interpreted in terms of 

early and late NO-mediated events, in which NO concentration and exposure time are 

critical in dictating outcomes. Future experiments must attempt to clarify the 

underlying causes of the contradictory results in the literature.

The list of genes that are up-regulated via soluble guanylate cyclase-mediated 

pathways includes only COX-2, tumor necrosis factor, PAI-1, FLT-1, MKP-1 (33), 

and now MMP-9. The exact mechanism by which cGMP exerts its transcription 

regulatory functions has not been fully elucidated. Activated soluble guanylate 

cyclase synthesizes cGMP, which in turn alters the activity of three main target 

proteins: 1) cGMP-regulated ion channels, 2) cGMP-regulated phosphodiesterases, 

and 3) cGMP-dependent protein kinases (PKG). Several lines of evidence appear to 

implicate PKG as the mediator of soluble guanylate cyclase action on the MMP-9 

gene (34-36). More recent studies have shown that PKG-mediated gene regulation 

takes place via activation of members of the mitogen-activated protein kinase protein 

family including Rafl, extracellular signal-regulated kinase 1/2, and synthesis of c- 

Jun. Interestingly, protein kinase C (PKC) has been shown to regulate transcription of 

MMP-9 gene via stimulation of extracellular signal-regulated kinase 1/2 pathway (37, 

38). This PKC-like behaviour may partially explain how increased soluble guanylate 

cyclase activity up-regulates MMP-9 gene. However, under the conditions of our 

experiments, stimulation of PKG but not PKC appears to be necessary for MMP-9
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gene induction since, despite the continuous presence of PMA a known stimulator of 

PKC (39), the blockade of soluble guanylate cyclase pathway with ODQ abolished 

MMP-9 gene transcription.

The precise mechanisms involved in soluble guanylate cyclase-mediated MMP-9 

gene induction remain to be studied. It is important to note that our current 

understanding of regulatory mechanisms of the MMP-9 promoter is very limited. 

Transcription Elements Search System (TESS) analysis of 1,300 bp of the rat MMP-9 

promoter reveals a complex picture of multiple binding sites for more than 2 0 0  

different transcription factors. We are currently investigating the relevance of a novel 

PKG/protein kinase A target, which we have identified as a possible MMP-9 

repressor.

The results of our experiments show that the NO-cGMP pathway plays a crucial role 

in MMP-9 gene regulation. The pharmacological significance of our findings remains 

to be studied.

6. Tables

Table 2.1: Summary of RT-PCR primer details.

mRNA Primer Position ( 5 'to 3') P C R  Product Size Primer Sequence (51 to 3') Annealing Temperature Accession Number

bp °C

F-M M P-9 141-164 241 gga tta cct gta ccg eta tgg tta 55 NM _031055

R-M M P-9 381-358 ttg gat cca ata ggt gat gtt atg

F-COX-2 331-354 664 cac ccc aaa cac agt aca eta cat 58 S67722

R-COX-2 994-971 gat ggt age ata cat cat cag acc

F-iNOS 227-250 347 caa get gta tgt gac tcc ate gac 55 D14051

R-iNOS 573-549 aga tga get cat cca gag tga get g

F-GAPDH 331-350 528 acc acc atg gag aag get gg 55 NM _017008

R-GAPDH 858-839 etc agt gta gcc cag gat gc
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Table 2.2: Summary of real time PCR primer and probe sequences and 

accession numbers

mRNA Primer Sequence (5' to 3') Probe Sequence (51 to 3') Accession Number

F-M M P-9 cag aec aag ggt aca gcc tgt t 6FAM -5'-ctg gtg gca gcg ca N M _031055

R-M M E-9 age gca tgg ccg aac tc

F-C O X -2 tcc age tea egg tac cag aag 6FAM -5'-tag gcc cca tgc aat S67722

R-CO X -2 gca tcc agg ctg aac tea ca

F-iNO S gga ttt tcc cag gca acc a 6FAM -5'-acg gcc ctg gtg ca D14051

R-iNOS tcc aca act ege tcc aag ate

F-GAPDH cct gga gaa acc tgc caa gta t 6FAM -5'-atg aca tea aga agg tgg N M _017008

R-GAPDH etc ggc ege ctg ctt
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Chapter III: WT1 regulates MMP-9 via nitric oxide

This chapter has been submitted for publication

1. Title

The Transcription Factor Wilms Tumor 1 Regulates Matrix Metalloproteinase-9 

through a Nitric Oxide-Mediated Pathway.

2. Introduction

Matrix metalloproteinases (MMP) degrade collagens and other extracellular matrix 

proteins and are important to normal turnover or remodeling of extracellular matrix 

proteins (1). MMP also degrade other proteinases as well as clotting factors, receptors 

and cell adhesion proteins (2 ), thereby implicating this family in a multitude of 

homeostatic and pathogenic processes.

Matrix metalloproteinase-9 (MMP-9), also called gelatinase-B, is a type IV 

collagenase present in low quantities in the healthy lung, while increased expression 

has been observed in several lung diseases including idiopathic pulmonary fibrosis, 

chronic obstructive pulmonary disease (COPD) and asthma (1). Indeed, MMP-9 

expression in the lungs correlates with lung injury as well as with epithelial cell death 

(3). Furthermore, individuals with allergic asthma have elevated levels of MMP-9,
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both in the lung and the blood (4-6) and airway allergen challenge is associated with 

increased MMP-9 levels (6 ). MMP-9 knockout mice have heightened airway 

hyperresponsiveness to methacholine and expression of Th2 cytokines in response to 

ovalbumin-induced lung inflammation (7). Several cell types within the lung express 

MMP-9, including structural and inflammatory cells (1) and in vitro studies indicate 

that it is produced by lung epithelial cells (LEC) stimulated with TNF and IFN-y or 

by bacterial products such as lipopolysaccharide (LPS) (8 , 9). MMP-9 plays a role in 

dendritic cell recruitment during allergen-induced airway inflammation ( 1 0 , 1 1 ) and 

its deficiency impairs cellular infiltration and bronchial hyperresponsiveness ( 1 2 ). 

Therefore, in addition to remodeling, MMP-9 may also be important in development 

of adaptive immune responses in the lung.

Nitric oxide (NO) is an important regulator of MMP-9 (13-17) and we have 

previously shown this appears to be through a soluble guanylate cyclase (sGC)- 

dependent pathway (18). Moreover, mice with mutant iNOS produce significantly 

less MMP-9 than wild type mice (19, 20). Despite an established role for MMP-9 in 

asthma and studies demonstrating pro-inflammatory stimuli such as cytokines, LPS 

and NO inducing its expression, transcriptional regulation of MMP-9 is still not well 

characterized.

In an effort to identify potential regulatory elements of MMP-9, we performed 

comparative genomic analysis. The most highly conserved non-coding sequence in 

more than lOkb spanning the MMP-9 gene and flanking region was within the 300 

base pairs 5 ’ of the transcription initiation site. This region contains a C A repetitive 

element that is reported to be polymorphic, ranging from 14-28 repeats within a
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Caucasian population (21). Furthermore, one study indicates that MMP-9 

transcription may be inversely associated with the length of the CA repeat (22). In 

silico analysis of the conserved MMP-9 promoter region indicated the CA repeat 

binds a transcription factor called Wilms Tumor 1 (WT1).

Although expression of WT1 has been primarily considered in relation to 

development of Wilms tumor, this transcription factor is expressed by a number of 

tissues during development as well as throughout life, suggesting it also plays a role 

in tissue homeostasis (23). While, there are no reports of WT1 expression in lung 

epithelium, both kidney epithelial and breast epithelial cells have been reported to 

express this factor (24). Interestingly, WT1 is regulated by PKA (24-26) a 

downstream mediator of sGC (27-29). PKA-mediated phosphorylation of WT1 

induces its translocation from the nucleus to the cytosol. Since WT1 has been shown 

to be a transcriptional repressor (30-32), PKA phosphorylation may result in over

expression of target genes.

Our findings indicate that in human LEC WT1 is a transcriptional repressor of MMP- 

9, mediated through a NO/sGC/PKA-dependent pathway(s). Further study is now 

needed to determine whether clinical conditions exhibiting tissue remodeling, such as 

asthma and/or COPD, demonstrate reduced levels or activities of WT-1.

3. Materials and methods

Cell culture: Primary normal human bronchial epithelial cells (PBEC) were obtained 

from Clonetics (Clonetics Corporation, Walkerville, MD) and grown in bronchial EC 

growth medium supplied by Clonetics. The human bronchial epithelial cell line HS- 

24 was generously provided by Dr. E. Spiess (Heidelberg, Germany) and cultured
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using RPMI 1640 (Life Technologies, Grand Island, NY) supplemented with 2 mM 

L-glutamine (Sigma, Oakville, ON, Canada). BEAS-2b, human bronchial epithelial 

cells transformed by adenovirus 12-SV40 were obtained from American Type 

Collection (ATCC) and cultured using BEGM Bullet Kit obtained from Clonetics 

with no additional fetal bovine serum (FBS). The human lung adenocarcinoma cell 

line CaIu-3 was obtained from ATCC and cultured with minimum essential medium 

(Eagle) with 2 mM L-glutamine and Earle's BSS adjusted to contain 1.5 g/L sodium 

bicarbonate, 0.1 mM non-essential amino acids, and 1.0 mM sodium pyruvate. The 

human lung carcinoma epithelial cell line A549 was obtained from ATCC and 

cultured in Ham’s F12K supplemented with 2 mM L-glutamine. All of the above cells 

were cultured at 37°C, 5% CO2 and 10% FBS (Hyclone, Logan, UT) unless specified. 

Materials: N{omega}-nitro-L-arginine methyl ester (L-NAME) was obtained from 

Alexis Corporation (San Diego, CA). lH-[l,2,4]oxadiazolo[4,3-a]quinoxalin-l-one 

(ODQ) was obtained from Sigma-Aldrich (Mississauga, ON, Canada), Myr- 

GRTGRRNAI-NH2 (Myr-PKA) a PKA inhibitor and DT-3, a PKG inhibitor and 

forskolin were obtain from Calbiochem. (San Diego, CA)

Gelatin zymography: This technique was performed as previously described with 

some modifications (18). MMP-9 levels in A549 were low and could not be detected 

in lysates. To detect MMP-9, media was collected (10 ml) after 12 hr of treatment and 

concentrated using Centricon centrifugal filters (Millipore, Billerica, MA) down to 

200 pi. Earlier time points were tested using concentrated media (1 ,3  and 6  hr) but 

the MMP-9 signal was undetectable or too low for densitometric analysis. Samples 

were subjected to electrophoresis on 10% zymography gels (Bio-Rad Laboratories,
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Mississauga, Ontario). Following electrophoresis, gels were washed in 0.1% Triton 

X-100 (3 times for 20 min). The gels were then incubated for 72 hr in the 

zymography buffer containing 25 mM Tris-Cl, 5 mM CaC12, 142 mM NaCl, and 0.5 

mM Na3N to determine the activity of secreted enzymes. After incubation, the gels 

were stained with 0.05% Coomassie Brilliant Blue G-250 in a mixture of 

methanol/acetic acid/water (2.5:1:6.5) and destained in 4% methanol with 8 % acetic 

acid. The gelatinolytic activities were detected as transparent bands against the 

background of Coomassie Blue-stained gelatin. Enzyme activity was assayed by 

densitometry using the Odyssey Imaging System (Li-cor Biosciences, Nebraska, 

USA) and SigmaGel obtained from Sigma-Aldrich (Mississauga, ON, Canada). 

Reverse Transcription Polymerase Chain Reaction (RT-PCR): RT-PCR was 

performed as previously described (18). WT1 primers were designed to span from 

exon 4 to exon 6 , thus detecting the presence or absence of exon 5, a known spliced 

exon that results in WT1 variants. The primer sequences used were developed based 

on the WT1 sequence of accession number NM 024426. The forward primer 

sequence was 5’ GAT GAA CTT AGG AGC CAC CTT AAA 3’ and the reverse 

primer sequence was 5’ TAT GTC TCC TTT GGT GTC TTT TGA 3’, which 

generated 412 and 361 bp long PCR products. MMP-9 primers were designed from 

the sequence of accession number NM_004994.2. The forward primer was 5’ CCT 

GCC AGT TTC CAT TCA TC 3’ and reverse 5’ CTA CGG CCA CTA CTG TGC 

CT 3’ amplified a 665bp PCR product. Beta-actin (p-actin) was used as the internal 

positive control. P-actin primers were forward 5’ GGCATC CTC ACC CTG AAG 

TA 3’ and reverse 5’ AGG GCA TAC CCC TCG TAG AT 3’ generated form the
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sequence NM_001101. These primers amplified a 325 bp PCR product. Inducible 

NOS (iNOS) primers were forward 5’ CAC TGA GCT CAT CCC CTT CT 3’ and 

reverse 5’ TGT GCT CTT TGC CTG TAT GC 3’ using accession number 

NM_153292.1 generated a 428 bp PCR product. Primers were analyzed using the 

BLAST sequencing program at Genbank to ensure unique complementation of Homo 

sapiens. PCR amplification was performed in cycles of 1 min at 94°C, 1 min at 60 C, 

and 2 min at 72°C, and a final cycle of 72°C for 10 min to complete polymerization. 

The number of cycles was optimized to be in the exponential phase of the reaction by 

performing the reaction at different cycles. Densitometric analysis of the gels was 

performed to select optimal PCR cycle numbers. MMP-9 and iNOS were run for 29 

cycles, P-actin for 25, whereas WT1 was run for 30. PCR products were analyzed on 

a 2 % agarose gel containing ethidium bromide.

Cloning and sequencing of PCR products: The amplified PCR products were 

cloned into pCR2.1 plasmid vector using the T/A cloning kit (Invitrogen Life 

Technologies, Burlington, ON, Canada) as previously described (33). Double

stranded DNA sequencing was conducted using an ABI 373A automated sequencer 

(Applied Biosystems, Foster City, CA) and sequences were tested for homology 

using the BLAST sequencing program at Genbank.

Comparative genomic analysis: Assessment of sequence conservation of MMP-9 

across multiple species was performed using the VISTA program (Mayor, C 2000 

Bioinformatics) located at www-gsd.lbl.gov/vista/.

Antibodies: Monoclonal antibodies against WT1 were obtained from Santa Cruz 

Biotechnologies, Inc. (F-6 ) (Santa Cruz, CA) and from Oncogene (Ab-1) (Oncogene
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Science, San Diego, CA). WT1 polyclonal antibody (N20) and its peptide blocker 

(N20 P) were obtained from Santa Cruz Biotechnology. Antibodies used in ChiP, 

other than N20, were normal rabbit IgG and anti—acetyl-Histone H3 (Upstate Cell 

Signaling Solutions, VA, USA). Other antibodies included: peroxidase-conjugated 

goat anti-mouse IgG (BD biosciences. San Diego, CA), donkey anti-mouse IgG, 

IRDye 800 conjugated (Rockland Immunochemicals, Inc, Gilbertsville, PA), mouse 

IgGl isotype control (R&D Systems, Minneapolis), peroxidase-conjugated affinity 

purified F(ab’)2 fragment goat anti-mouse IgG (H + L) (Jackson ImmunoResearch 

Laboratories, Inc, West Grove, PA) and Rhodamine Red-X goat anti-mouse IgG. 

Immunoprecipitation: Following stimulation (see below), cells were harvested (107 

cells) and washed twice in cold PBS and spun at 400g for 10 min. Cells were then 

resuspended in lysis buffer (10 mM Hepes, 2 mM MgCl2 , 15 mM KC1, 0.1 mM 

EDTA, and 0.15% Nonidet P-40, containing a protease inhibitor cocktail (Roche 

Molecular Biochemicals, Mannheim, Germany) and precleared with 50 pi of Protein 

A/G beads (Pierce Biotechnology, Inc, Rockford, IL). Ten pg of antibody were added 

to lysate and incubated for 1 hr. Then 50 pi of Protein A/G beads were incubated for 

1 hr at 4°C. Collected beads were then used for Western blot analysis or 2- 

dimensional electrophoresis (2-D electrophoresis). Cells were stimulated for 10 min 

with a cocktail containing 10 pg/ml bacterial lipopolysaccharide (LPS), 1 ng/ml 

interferon-gamma (IFN-y), and 1 nM phorbol 12-myristate 13-acetate (PMA) or with 

only 10 ng/ml human recombinant tumor necrosis factor (TNF) (Sigma Oakville, ON, 

Canada).
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Isolation of WT1 using its DNA binding site: Streptavidin coated paramagnetic 

particles (PMP) (Promega Corporate, Madison, WI) were incubated for 3 hr with a 

dsDNA oligo, corresponding to the WT1 binding site (tgctg CCACA CAC AC 

ACACA CACAC ACACA CACAC ACACA CACACA CACACA Ccctga) (34). 

Five additional nucleotides beyond the WT1 recognition site were included in the 5’ 

and 3’ ends of the sequence, shown above in small letters. The oligos were 5’ 

biotinylated to ensure strong binding to PMP (hrvitrogen Life Technologies, 

Burlington, ON, Canada). PMP-DNA complex was then collected and washed 3 

times in 4°C PBS using a magnet to precipitate the beads to wash unbound DNA. 

Total cell lysate was then added to the clean PMP-DNA pellet and incubated for 1 hr 

at 37°C. PMP-DNA-protein complex was then collected using a magnet and 

consequently washed 3 times in 4°C PBS. The supernatant was discarded and the 

pellet was desalted using the ReadyPrep 2-D cleanup kit (Bio-Rad Laboratories, 

Hercules, CA). The protein pellet was then resuspended in rehydration sample buffer. 

Western blot analysis and 2-D electrophoresis: Cells were harvested and 

homogenized with lysis buffer (10 mM Hepes, 2 mM MgCE, 15 mM KC1, 0.1 mM 

EDTA, and 0.15% Nonidet P-40, containing a protease inhibitor cocktail (Roche 

Molecular Biochemicals, Mannheim, Germany). Samples were subjected to 7% SDS- 

polyacrylamide gel electrophoresis followed by blotting and immunodetection with 

antibodies. In some experiments 2-D electrophoresis was conducted by loading 200 

pi of sample onto 7 cm IPG Strips pH 3-10 and electrofocused using the Protean IEF 

Cell (Bio-Rad Laboratories, Hercules, CA). Strips were then loaded onto Tris-HCl 4— 

15% gels and separated by electrophoresis. Gels were then analyzed by western blot
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(18) or silver staining using the Amersham silver staining kit (Amersham Biosciences, 

Piscataway, NJ).

Molecular weight and isoelectric point estimation: To estimate molecular weights 

of spots detected by anti-WTl antibodies from Western blot analysis of 2-D gels, we 

used the Odyssey Imaging System (Li-cor Biosciences, Nebraska, USA). 2-D 

electrophoresis was run with samples generated from either immunoprecipitation or 

DNA precipitation. Using molecular weight standards, the software estimates the 

molecular weight of a given spot. Using isoelectric point (pi) standards from Bio-Rad 

specific to our IPG strips an isoelectric point scale was designed as shown in Fig. 

3.1C. The pi values for WT1 were estimated using this scale and also using the IgG 

heavy chain pi as a reference. Using molecular weight and pi data, mean ± standard 

error values were estimated (n = 3-4).

Subcellular fractionation: Subcellular fractionation was performed according to 

(35). Briefly, following stimulation A549 cells were harvested (15xl06 cells), washed 

with cold PBS and resuspended in lysis buffer, subjected once to a freeze-thaw 

procedure, and kept on ice for 15 min. The supernatant was centrifuged at 14,000 g 

for 20 min and stored as cytoplasmic extract. The pellet was washed with lysis buffer, 

and nuclei were resuspended in 100 pi of extraction buffer (20 mM Hepes, 1.5 mM 

MgCb, 0.4 M NaCl, 20% glycerol, 0.2 mM EDTA, and 0.15% Nonidet P-40, with 

protease and phosphatase inhibitors) and left on ice for 30 min. The nuclear extract 

was recovered by centrifugation at 14,000 g for 20 min and stored in aliquots at -  

80°C for use in Western blot analyses. The nuclear extracts were tested for purity by
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Western blot using antibody to the cytoskeleton protein a-tubulin and nuclear protein 

Oct-1 .

Immunohistochemistry analysis: Histopathological material including sections of 

healthy adult lungs (n = 3) were obtained from the University of Alberta Hospital, 

Edmonton, Alberta, Canada. The study was approved by the Health Research Ethics 

Board, University of Alberta. Sample block preparation was performed by the 

University of Alberta Hospital, Department of Laboratory Medicine and Pathology. 

After fixation in 10% buffered formalin, lung tissue samples were embedded in 

paraffin and sections cut at 4 pm.

All steps were performed at room temperature (-20° C) in a humidified container to 

prevent dehydration of tissues. Sections were deparaffinized and rehydrated to water. 

Endogenous peroxidase was blocked with 30% hydrogen peroxide-methanol (1:4) for 

10 min. Sections were covered with a 1/5 dilution of normal goat serum or normal 

horse serum (Vector Lab, Burlingame, CA) for 15 min to block non-specific binding 

sites. Serum solution was removed by gentle tapping of the slides and a previously 

optimized concentration (13 pg/ml for polyclonal and 26 pg/ml for monoclonal 

antibody) of primary antibody in antibody diluent (Dako, Via Real Carpinteria, CA) 

was immediately applied to the sections and incubated for 45 min. Unbound antibody 

was removed by three washes with PBS. Biotinylated anti-goat IgG (H+L) or 

biotinylated anti-mouse IgG (H+L) (Vector) secondary antibody was applied to each 

section for 30 min, followed by 20 min incubation with R.T.U. Horseradish 

Peroxidase Streptavidin (Vector). Slides were washed three times for 2 min with PBS 

and stained with 3,3’-diaminobenzidine chromogene (DAB) (BioGenex, San Ramon,
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CA) for 5 min. After washing in water, samples were counterstained in Harris 

Hematoxylin (Sigma) for 2 min, dehydrated through an alcohol series and xylene and 

mounted in Cytoseal XYL medium (Richard-Allan Scientific, Kalamazoo, MI). 

Antibody localization was detected microscopically by brown staining. As negative 

controls we used two methods. For isotype controls we incubated sections with the 

same dilution of purified mouse IgG (Cedarlane, Hornby, ON, Canada) as primary 

antibody followed by incubation with corresponding secondary antibody for 30 min. 

For a second negative control we pre-incubated anti-WTl goat antibody with an 

excess of specific blocking peptide (Santa Cruz), (1: 5) for 24 hr. The antibody- 

peptide mixture was applied to a set of sections instead of primary antibody and 

incubated for 45 min, followed by 30 min incubation with secondary antibody. To 

evaluate distribution of WT1, examination was performed by three independent 

observers using different magnifications: X I00, X200, X400, X I000 and finally by a 

pathologist who was blinded to source of tissue and also to previous examinations. 

Nitric oxide detection: The NO dye DAF-FM was used to assess NO formation. 

A549 cells 105 were cultured overnight in 96 well black plates (Coming Incorporated, 

Coming, NY). After stimulation with 10 ng/ml TNF and the NOS inhibitors L- 

NAME, L-NMMA and 1400W (see Fig. 3.1 for concentrations) (Cayman Chemical, 

Ontario, Canada), cells were incubated with 10 pM DAF-FM for 30 min and washed 

twice with fresh media. Cells were then allowed to rest for 30 min and fluorescence 

was measured using fluorescence plate-reader FLx800i (Biotech Instruments, Inc, 

Winooski, Vt) with excitation wavelength at 485 nm and detection at 516 nm.
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WTl-small interfering RNA transfection: Small interfering RNA was used as 

previously described (36) with some modifications. WT1 mRNA was targeted using 

the sequence 5’ AAGGACUGUGAACGAAGGUUU 3’ in exon 8 . The control 

sequence was generated by inverting two 4 nucleotide-long regions, shown in small 

letters 5’ AAGG gtca TGAA aagc GGTTT 3’. A549 cells were transfected with 

siRNA using Lipofectamine 2000 (Invitrogen Life Technologies) according to the 

manufacturer’s instructions. Briefly, 106 cells/flask in a 75 cm2 flask were transfected 

with 3 pg of WT1-siRNA or control siRNA diluted in 10 ml of OPTI-MEM (GIBCO, 

Invitrogen) and 25 pg/ml of Lipofectamine 2000. After a 4 hr incubation of cells with 

siRNA-lipofectamine 2000 complexes, medium was replaced with Dulbecco’s 

Modified Eagle Medium (Invitrogen Life Technologies, Burlington, ON, Canada), 

and cells were maintained for a total of 24 hr. Harvested cells were used for RNA or 

protein extraction. In some experiments, cells were treated with 10 ng/ml of TNF 

during the last 12 hr of culture, and supernatants and media were frozen at -80°C for 

WT1 and MMP-9 detection respectively. Sham treatments contained 25 pg/ml 

lipofectamine.

Chromatin immunoprecipitation (ChiP): The technique was modified from Lueche 

and Yamamoto (37). The human LEC line A549 was grown to 90% confluence and 

treated for 10 min with 10 ng/ml TNF. Nine x 106 cells were used in 75 cm2 flasks. 

Cross-linking was performed by adding freshly prepared buffer A (50 mM HEPES- 

KOH pH 8 , 1 mM EDTA, 0.5 mM EGTA, 100 mM NaCl, 11% formaldehyde). 

Formaldehyde was then quenched with 125 mM glycine for 5 min at 4°C. Cells were 

gently washed in PBS once, to remove glycine. Cells were scraped and collected with
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10 ml PBS and harvested by centrifugation at 600g, 4°C for 10 min. Lysis was 

performed by incubating at 4°C for 10 min in 10 ml Lysis Buffer (50 mM HEPES- 

KOH at pH 7.4, 1 mM EDTA, 0.5 mM EGTA, 140 mM NaCl, 10% Glycerol, 0.5% 

NP-40 and 0.25% Triton X-100). The buffer was supplemented with 1 mM PMSF 

and 1 pg/ml protease inhibitor cocktail (Upstate Cell Signaling Solutions, VA, USA). 

Nuclei are collected by centrifugation at 600g for 5 min and washed in 8  ml of 

Washing Buffer (10 M Tris-HCl pH 8 , 1 mM EDTA, 0.5 mM EGTA, 200 mM NaCl), 

supplemented with 1 mg/ml of protease inhibitor cocktail, for 1 0  min at room 

temperature. Samples were collected at 600g for 10 min and resuspended in 1.5 ml 

RIPA Buffer (10 mM Tris-HCl pH 8 , 1 mM EDTA, 0.5 mM EGTA, 140mM NaCl, 

5% Glycerol, 0.1% Sodium Deoxycolate, 0.1% Sodium dodecyl sulfate (SDS), 1% 

Triton X-100) supplemented with protease inhibitors. Samples were sonicated (F60, 

Fisher Scientific, Ottawa, ON, Canada) in nine 10 sec intervals, at 20% maximum 

output, keeping the tube on ice at all times with 1 min intervals between each 

sonication. This sonication procedure yielded DNA average fragment sizes of 500pb. 

Lysates were then cleared by centrifugation at 16 OOOg for 15 min at 4°C. Twenty pi 

of samples were saved as input. Thus input samples were used as a positive control in 

these experiments. Immunoprecipitation was performed using the ChiP assay kit 

(Upstate Cell Signaling Solutions, VA, USA). MMP-9 PCR primers were 5’ 

CTGCGGGTCTGGGGTCTTGC 3’ and 5’ CGCTCCTGTGACCCCACCCC 3’ with 

expected amplicon size of 197 bp. IL-13 was used as a control for WT1 binding. IL- 

13 primers were 5’ CTC TTT CCT TTA TGC GAC ACT GG 3’ and 5’ CAT AGG
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CTG GGT GGC TTG TGG 3’ with expected amplicon size of 151 bp. PCR 

conditions were 63°C for annealing temperatures and 30 cycles.

Confocal microscopy: Cells were grown on glass coverslips overnight at 37°C. Cells 

were stimulated with TNF (10 ng/ml), washed with PBS and fixed with 4% 

paraformaldehyde at room temperature. After permeabilization with 0.2% Triton 

X I00, nonspecific binding was blocked with 10% FBS plus 3% BSA. Cells were 

incubated overnight at 4°C with monoclonal antibodies diluted 1:50 in blocking 

buffer, washed three times with PBS and incubated with Rhodamine Red-X - 

conjugated secondary antibody (1:50) for 2 hr at room temperature. DAPI was used 

as a nuclear marker. Coverslips were mounted on glass slides and cells were 

examined with a confocal microscope (Olympus Fluoview, FV 1000).

Transcription factor-DNA interaction in silico analysis: The MMP-9 promoter 

was studied using in silico tools: Transcription Element Search System (TESS; 

http://www.cbil. upenn.edu/tess/) and Matlnspector (http://www.genomatix.de/). 

These softwares were also used to study the mucin genes MUC2, MUC5AC and 

MUC5B.

Statistics: Results are means ± S.E. of at least three independent experiments. They 

were analyzed using one-way analysis of variance, and when significant differences 

were found, the multiple comparison Tukey-Kramer test was used (GraphPad InStat). 

Values where P  <0.05 were considered statistically significant. The n values in figure 

legends represent independent experiments.

4. Results

TNF induces iNOS-mediated MMP-9 expression and enzyme activity.
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Since we previously observed that NO mediates MMP-9 gene expression in rat 

vascular smooth muscle cells (18), we tested whether NO-mediated regulation of 

MMP-9 also occurs in human LEC. A549 cells were stimulated with TNF (10 ng/ml) 

and NO production, iNOS and MMP-9 expression were investigated. TNF induced 

significant production of NO after 12 (p < 0.05) and 24 hr (p < 0.01) as detected by 4- 

amino-5-methylamino-2',7'-difluorofluorescein (DAF-FM) (Fig. 3.1 A). This effect 

was blocked by the NOS inhibitors 1400W (100 pM), L-NAME (300 pM) and L- 

NMMA (300 pM) (Fig. 3.1A). Time course for MMP-9 expression indicated a 

significant upregulation after 12 hr TNF treatment (Fig. 3.IB). Protein and mRNA 

iNOS expression was studied at 10 min, 6 , 12, 24 and 48 hr after TNF treatment (Fig. 

3.IB). From these data 12 hr was selected as the optimum point for MMP-9 activity 

using gelatin zymography. Following optimization of PCR reactions for the log phase 

of amplification (see methods) we found that MMP-9 and iNOS mRNA levels were 

undetectable (30 cycles) in resting (sham) A549 cells (Fig. 3.1C). After 10 min of 

TNF stimulation, iNOS and MMP-9 mRNA signals were significantly upregulated 

(Fig. 3.1C, 0 pM 1400W). Furthermore, 1400W blocked TNF-induced MMP-9 gene 

expression in a concentration dependent manner (0, 2 and 20 pM), but did not block 

iNOS mRNA expression. These data show that 1400W blocks iNOS activity, but not 

iNOS expression itself. Thus iNOS activity is required for MMP-9 gene expression.

To investigate the role of iNOS activity in the induction of MMP-9 enzyme activity, 

gelatin zymography analysis of the media (without FBS) used to grow A549, was 

performed. We detected low levels of MMP-9 activity in resting (sham) A549 media. 

These levels were significantly upregulated (4.5 fold) after 12 hr of TNF treatment
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(Fig. 3.IF, H). The NOS inhibitors L-NAME and 1400W significantly reduced 

MMP-9 activity in a concentration dependent manner (Fig. 3.IE, G). These data 

suggest that NO is an important upregulator of MMP-9 gene expression and activity 

in human LEC.
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Figure 3.1: NO regulates MMP-9 gene expression in human LEC A549. (A)

A549 cells were stimulated with TNF in the presence of the NOS inhibitors 1400W, 

L-NAME and L-NMMA. NO release was measured using the NO specific dye DAF- 

FM (n ~ 4). (B) TNF Time-course shows iNOS expression from 10 min to 48 hr after 

treatment and MMP-9 activity. (C) RT-PCR was used to study MMP-9, iNOS and P- 

actin gene expression (n -  3). (D) Densitometric analysis of (C) plotted as an MMP- 

9/p-actin ratio representing MMP-9 expression in arbitrary units (aU). (E, G) MMP-9 

protein expression and activity was studied using gelatin zymography (n = 4). (F, H) 

Densitometric analysis was performed and the ratio MMP-9/MMP-2 plotted as % of 

control of MMP-9 activity. Statistical significance: p < 0.05 (*); p < 0.01 (**).

PKA and sGC are involved in MMP-9 gene regulation

Using rat vascular smooth muscle cells we previously showed that NO regulates 

MMP-9 through a sGC and cGMP-dependent pathway (18). To assess this pathway in 

human LEC, we used A°-monomethyl-L-arginine (ODQ) a sGC inhibitor. ODQ 

significantly downregulated MMP-9 activity at 0.5 and 5 pM (Fig. 3.2 A and B), 

consistent with our findings in rat smooth muscle (18). Thus we studied downstream 

targets of sGC that could be involved in this signaling pathway.

Active sGC produces cGMP and the latter can mediate gene regulation through the 

activation of cGMP-dependent protein kinase (PKG) and cAMP-dependent protein 

kinase (PKA) (27-29). To test the role of PKG and PKA in the signal transduction of 

this pathway we used the membrane soluble PKG and PKA specific inhibitors AD-3 

and myrPKA respectively. The PKG inhibitor AD-3 did not affect TNF-induced
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MMP-9 upregulation (Fig. 3.2C). The PKA inhibitor myrPKA however significantly 

reduced p<0.01) the MMP-9 activity in a concentration dependent way (Fig. 3.2D).
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Figure 3.2: MMP-9 gene expression is regulated by sGC and PKA. (A) A549 

were stimulated with TNF in the presence of the sGC inhibitor ODQ (n = 3). 

Densitometric analysis of the zymography gels was performed (B). The effect of 

PKG (AD-3) and PKA (myrPKA) inhibitors on the TNF-dependent upregulation of 

MMP-9 was studied through zymography. (E) A549 cells were stimulated with TNF 

in the presence of ODQ. The effect of increasing concentrations of Forskolin was 

studied under these conditions. (F) Densitometric analysis of (E). (G) A PKA 

inhibitor (myrPKA) and a PKG inhibitor (AD-3) were used to study the role of PKA 

and PKG downstream of sGC. (H) Densitometric analysis of (G). Statistical 

significance: p < 0.05 (*); p < 0.01 (**); p < 0.001.

To investigate further the role of PKA in the regulation of MMP-9 production we 

used the adenylate cyclase agonist forskolin to activate PKA. In this case we would 

expect forskolin to reverse the ODQ-induced inhibition of MMP-9 activity. We found 

that the ODQ-dependent reduction of MMP-9 activity was prevented in a 

concentration dependent manner by forskolin (Fig. 3.2E). Moreover, recovery of 

MMP-9 activity was blocked by a PKA inhibitor (myrPKA) but not a PKG inhibitor 

(Fig. 3.2G). These data supported the hypothesis that PKA mediates the NO- 

dependent regulation of MMP-9, perhaps through PKA translocation to the nucleus 

and phosphorylation of transcription factors that regulate gene expression.

Comparative genomic analysis o f  MMP-9

Comparative genomic analysis is a powerful method for identifying sequence 

conservation over evolution and as such putative regulatory elements (38). Figure
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3.3A represents a comparative analysis of the MMP-9 gene across several 

mammalian species and demonstrates significant conservation of the 5’ region. 

Indeed, -321/-21 (relative to the ATG) was highly identical from human to cow (75%, 

upper), rat (72%, middle) and mouse (67%, lower). Figure 3.3B demonstrates 

sequence alignment of these species and reveals the presence of a CA repetitive 

element. While in silico analysis using Transcription Element Search System (TESS; 

http://www.cbil.upenn.edu/tess/) and Matlnspector (http://www.genomatix.de/) 

revealed the presence of numerous putative transcription factor binding sites, the most 

highly conserved sequence was the [CA]21 repeat, which was predicted to contain 

multiple binding sites for a transcriptional repressor called WT1. These results 

indicated WT1 may be an important transcriptional regulator of MMP-9.
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Figure 3.3: Conservation of MMP-9 across multiple species. (A) Comparative 

analysis of MMP-9 using VISTA software ('http://pipeline.lbl.gov/cgi-bin/gatewav2I 

demonstrates the profile of conservation across the MMP-9 gene from human to cow 

(top plot), rat (middle plot) and mouse (lower plot). Peaks correspond to highly
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conserved sequences. Black shading corresponds to peaks in coding sequences and 

light shading corresponds to peaks in non-coding sequences. (B) Multiple sequence 

alignment demonstrates conservation of a CA(2 i) repetitive element (over-lined)

WT1 is expressed in human lung epithelial cells.

Given that WT1 may participate in transcriptional regulation of MMP-9 and the fact 

that LEC are a major source of MMP-9, we investigated whether these cells express 

WT1. Using RT-PCR analysis, we found that human LEC lines A549, HS-24, BEAS- 

2b, as well as cultures of primary normal human bronchial epithelial cells (PBEC) 

expressed WT1 mRNA (Fig. 3.4A). Because cell type-specific expression of exon 5 

of WT1 has been reported (39), we studied positive and negative iso forms of WT1 in 

LEC. Primers binding to exon 4 and 6  were designed to detect differential expression 

of exon 5. The isoform lacking exon 5 is 51 bp shorter (see materials and methods). 

All LEC described above co-expressed WT1 isoforms with and without exon 5. The 

two RT-PCR bands of 412 and 361 bp (Fig. 3.4A) were cloned and the sequence 

identity was confirmed to be 100% homologous to WT1 splice variants with and 

without exon 5.

To study WT1 protein expression, A549, HS-24 and BEAS-2b cell lysates were 

analyzed by Western blot using the monoclonal antibody Ab-1 (Fig. 3.4B). A single 

band at 54 kDa was detected in all three cell lines. WT1 was immunoprecipitated 

from A549 cell lysate with the monoclonal antibody F-6 , separated by 2-D 

electrophoresis and analyzed by Western blot using Ab-1 (Fig. 3.4C). A single spot 

was detected at the expected molecular weight of 54 kDa (Fig. 3.4C i). Three
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additional spots were also detected and confirmed to be IgG heavy chain by mass 

spectrometry sequence analysis (Fig. 3.4C ii).
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Figure 3.4: Human lung epithelial cells express WT1. (A) RT-PCR analysis of 

three lung epithelium derived carcinoma cell lines (A549, HS-24 and Calu-3), a 

human bronchial epithelial cell transformed by adenovirus 12-SV40 (BEAS-2b) and
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primary bronchial epithelial cells (PBEC) express two WT1 mRNA variants with and 

without exon 5. A Wilms’ tumor positive control (WmT) was also examined (n = 4).

(B) Cell lysates from A549, HS-24 and BEAS-2b were analyzed by Western blot (n = 

3-6). (C) Left blot corresponds to A549 cell lysate immunoprecipitated with the 

monoclonal antibody F-6 , separated by 2-D electrophoresis and analyzed by Western 

blot with the monoclonal antibody Ab-1 (n = 5). Molecular weight markers at 75, 50 

and 37 kDa are shown. A pi bar (pH 3 to 10) was added for reference purposes. (C i) 

WT1 was detected at 54 kDa and pi 6.5. (C ii) IgG heavy chain originated from F- 6  

was detected at pi 7 and 52 kDa. (C Hi) Right blot corresponds to precipitation of 

WT1 using its DNA binding site (see methods), separation by 2-D electrophoresis 

and later detected by Western blot using Ab-1 (n = 4).

To determine if WT1 is also expressed in normal LEC, immunohistochemical 

analysis of sections of human lung biopsies was examined. Immuno-reactivity for 

WT1 was associated with the epithelial cells using two different antibodies (Fig. 3.5). 

WT1 displayed both, nuclear and perinuclear subcellular localization (Fig. 3.5C).
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Figure 3.5: WT1 is expressed in the nuclei of human lung epithelial cells. (A)

Immunohistochemistry analysis was performed in normal tissue from adult human 

lung biopsies. The tissue was stained with the anti-WTl polyclonal antibody N20. (B) 

N20 was pre-incubated with its peptide blocker N20-P prior to staining tissue samples.

(C) The anti-WTl monoclonal antibody F- 6  and its IgGi isotype control (D) were 

also used to study WT1 expression and its distribution. Arrow points to a nucleus 

displaying perinuclear WT1 localization. The majority of nuclei showed positive 

granular staining to WT1 (arrowhead).
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WT1 binds to the MMP-9 promoter in vitro

Given our observation that there is a WT1 binding site on the MMP-9 promoter, we 

designed a DNA-paramagnetic particle (PMP) construct with the MMP-9 promoter 

sequence containing the putative WT1 site (-142 to -84) to isolate WT1 (see 

methods). Following incubation of the DNA-PMP with A549 cell lysate, WT1-DNA- 

PMP complex was precipitated using a magnet and resolved by 2-D electrophoresis. 

Western blot analysis using the monoclonal antibody Ab-1 detected a spot of 54 kDa 

(Fig. 3.4C Hi). A total of four gels using immunoprecipitation to isolate WT1 and 

three gels using the DNA-PMP approach were used as independent experiments to 

estimate the Mr of WT1 from LEC (see methods). These two groups gave similar Mr 

for WT1 (53.2+4.0 kDa and 56±0.1 kDa respectively, p>0.05). The molecular weight 

mean for both groups was 54.7±3.4 kDa, consistent with the WT1 reported molecular 

weight of 54 kDa. The pi values for these groups were estimated to be 6.410.1 for 

samples obtained through immunoprecipitation and 6.510.2 through DNA isolation. 

The combined pi of both groups was 6.510.1. These data demonstrate the presence of 

a WT1 isoform of 54 kDa and pi 6.5 in human LEC and that this protein can be 

precipitated with the sequence of -142 to -84 of the MMP-9 promoter. Collectively, 

these results indicate that WT1 is expressed in LEC and at least in vitro, WT1 binds 

to the MMP-9 promoter.
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Figure 3.6: TNF does not affect WT1 mRNA and protein expression. (A) RT-

PCR analysis shows WT1 mRNA expression in human LEC A549, HS-24 and 

BEAS-2b following 10 ng/ml TNF treatment from 10 min to 24 hr. p-actin was used 

as the internal positive control. A no template control (no temp) was also loaded. (B) 

Cell lysate from A549 was extracted after treating cells with TNF for 10 min to 24 hr 

(n = 3). The loading control a-tubulin (a-tub) was used. (C) Densitometric analysis
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of (B) was performed and a WT1/ a-tubulin ratio was used to calculate % of control 

and plotted as WT1 expression.

WT1 subcellular localization is regulated by NO

We next examined whether upregulation of MMP-9 expression in response to 

proinflammatory stimuli such as TNF could be associated with altered WT1 

expression. RT-PCR using cDNA extracted from A549, HS-24 and BEAS-2b 

stimulated with TNF (10 ng/ml) revealed that WT1 mRNA levels did not change at 

time points from 10 min to 24 hr (3. 6 A). Similar results were obtained using a more 

potent proinflammatory stimulus consisting of PMA, IFNy and LPS (see methods) 

that we previously showed induces expression of iNOS, cyclo-oxygenase-2 (COX-2) 

and MMP-9 (18) (data not shown). Furthermore, WT1 protein levels did not change 

under similar conditions (Fig 3.6C).
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Figure 3.7: TNF induces WT1 translocation from the nucleus to the cytosol. (A)

Confocal microscopy of A549 cells was performed using the anti-WTl antibody Ab- 

1 (red). Nuclei were stained with DAPI (green). Co-localization was observed by
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merging the green and the red channels (yellow). The iso type control (iso) is shown 

for the sham treatment. Bars indicate 10 pm (n = 5). (B) A549 cells were treated as 

described in the text followed by purification of the nuclear fraction and Western blot 

analysis (n = 3). The nuclear specific loading control histone HI was used to perform 

the densitometric analysis. The nuclear localization control a-tubulin (a-tub) was 

measured. (C) A ratio WT1/H1 was used to calculate WT1 nuclear expression in 

arbitrary units (aU). Statistical significance: p < 0.05 (*).

Since there was no apparent change in relative abundance of WT1, we assessed the 

possibility that intracellular localization of WT1 may change upon stimulation. A549 

cells were treated with TNF and analyzed using confocal microscopy using a 

monoclonal antibody (Fig. 3.7). In sham treated cells (sham) the nuclear stain DAPI 

co-localized with WT1 signal (merge). After 10 min of TNF (10 ng/ml) treatment, the 

WT1 signal (red) was detected only in the perinuclear region (Fig 3.7A). Since NO 

and PKA can regulate MMP-9 expression and WT1 has been shown to be regulated 

by targets downstream of NO, such as PKA, we examined whether the apparent 

translocation of WT1 following TNF treatment was NO-dependent. Indeed, pre

incubating the cells with the iNOS inhibitor 1400W (100 pM) prior to TNF 

stimulation blocked the alteration in the apparent location of WT1 at 10 min (Fig 

3.7A), as well as at 1, 3 and 6 hr (data not shown).

Additionally, evidence confirming loss of WT1 from the nuclear milieu is provided 

by Western blot (Fig. 3.7B). As indicated by the confocal data (Fig 3.7A), nuclear 

WT1 signal was significantly lower in TNF-treated cells and when cells were pre-
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treated with the NO synthase inhibitor 1400W, WT1 remained in the nucleus (Fig. 

3.7A). Together these results provide strong evidence that the levels of nuclear 

detectable WT1 drop in response to TNF in a NO-dependent mechanism.
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Figure 3.8: WT1 functions as a MMP-9 repressor. (A) A549 cells were treated 

with siRNA targeted to WT1 and WT1 protein expression was detected by Western
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blot. Sham treated cells were incubated with lipofectamine (sham). Controls treated 

with TNF or TNF plus 1400W but no siRNA were included (lane 3 and 4). The 

siRNA control sequence was also included (siRNAc). The loading control a-tubulin 

(a-tub) was measured (n = 5). MMP-9 protein expression and activity was studied 

using gelatin zymography. (B) Densitometric analysis of (A) was carried out and used 

to estimate the WTl/a-tubulin ratio and plotted as % of control of WT1 expression (n 

= 4). (C) Densitometric analysis for zymograms was performed and the ratio MMP- 

9/MMP-2 plotted as % of control of MMP-9 activity (n = 5). (D) Chromatin 

immunoprecipitation analysis was performed (n = 3). Input DNA was used as the 

positive control. Immunoprecipitation was performed using an anti-histone-3 (aH3) 

or anti-WTl (aW Tl) and their respective isotype controls (H3 iso) and (WT1 iso). 

PCR primers were used to detect MMP-9 (upper gel) and IL-13 (lower gel). (E) 

Densitometric analysis of (D) was carried out and the aH3/aW Tl ratio was plotted as 

in vivo DNA-bound WT1. (G) Oct-1 binding was measured as a constitutive promoter 

control. Statistical significance: p < 0.05 (*); p < 0.01 (**); p < 0.001 (***).

WT1 depletion increases MMP-9 expression.

WT1 is a transcription factor that can act as a gene repressor (30-32). As such, we 

reasoned that under conditions where WT1 is shuttled to the cytosol, it cannot fulfill 

its repressor functions resulting in upregulation of MMP-9. To test this postulate, 

A549 cells were depleted of WT1 using siRNA and cells were treated with TNF in 

the presence or absence of 1400W. Figures 3.8A and B represent western blot 

analysis of A549 cell lysate and demonstrate the significant reduction of WT1 levels
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in cells treated with siRNA for WT1 (39%) compared to sham treated cells or those 

treated with an oligonucleotide containing two inverted sequences of four nucleotides 

(siRNAc, lane 5). Furthermore, Figure 3.8C shows that the NO-mediated increase in 

MMP-9 activity observed following TNF treatment is WT1 dependent. Indeed in cells 

depleted of WT1, treatment with TNF and 1400W resulted in MMP-9 activity similar 

to that observed for WT1 expressing cells following TNF stimulation. In the absence 

of 1400W, siRNA treatment alone did not increase MMP-9 enzyme activity (data not 

shown).

WT1 binds to the MMP-9 promoter in vivo and binding is regulated by TNF

To confirm in vivo binding of WT1 to the MMP-9 promoter, we performed chromatin 

immunoprecipitation (ChiP) analysis of A549 cells. Immunoprecipitation was 

performed with antibodies against histone H3 (aH3), WT1 F-16 (aW Tl) and the 

appropriate isotype controls. Primers designed to amplify the MMP-9 promoter 

generated a product from sonicated DNA prior to immunoprecipitation (input) as well 

as sham- or TNF-treated cells immunoprecipitated with oH3. However, the product 

generated with DNA immunoprecipitated with aWT-1 following TNF-treatment 

appears to be reduced compared to sham-treatment, when corrected against aH3 (n = 

3, Fig. 3.8D and E). No bands were amplified with primers for the IL-13 promoter 

which lacks a WT1 binding site. The constitutive promoter of the gene thioredoxin 

reductase 1 (40) was used to detect binding of the constitutive factor Oct-1. Although 

the input control for Oct-1 was lower in TNF treated (Fig. 3.8G) the relative to input 

Oct-1 signal was not reduced. These findings support our hypothesis of WT1 as a 

transcriptional repressor of MMP-9.
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5. Discussion

NO is an important second messenger that is produced at high concentrations in 

conditions such as asthma and COPD. We have identified WT1 as a novel target by 

which NO exerts regulation of MMP-9 gene expression.

Human LEC express MMP-9 in resting conditions and this expression was shown to 

be significantly upregulated with TNF treatment. We showed that TNF-induced 

upregulation of MMP-9 was NO-dependent in A549. Although detectable NO 

production after 10 min is not significantly different than at time 0 using the DAF 

assay (Fig. 3.1 A), intracellular iNOS blockade using the specific iNOS inhibitor 

1400W reduced MMP-9 mRNA expression but not iNOS (Fig. 3.1C). Further more 

1400W also blocked the TNF-induced translocation event of WT1 (Fig. 3.7). 

Interestingly 1400W at 20 pM but not L-NAME at 100 pM significantly reduced 

MMP-9 activity (Fig. 3.IE, G) suggesting that the TNF-induced NO production is 

iNOS dependent and not from basal sources. Collectively, these data indicates that 

within 10 min of TNF activation iNOS activity is sufficient to induce WT1 

translocation to the cytosol an event that promote the formation of MMP-9, which 

accumulates in the media to measurable levels after 12 hr (Fig. 3. IB).

Downstream of NO, sGC was shown to mediate this pathway through activation of 

PKA (Fig. 3.2). In this study we have extended our observations in rat vascular 

smooth muscle cells (18) into a new human cell compartment, the lung epithelium. In 

addition we have identified PKA as an important target of NO in the regulation of 

MMP-9 mRNA expression and enzymatic activity. Recently PKA has been shown to 

activate MMP-9 in human ovarian epithelium (41) and we have confirmed this
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findings in human LEC. WT1 has been shown to be regulated by PICA through 

phosphorylation of its serine residues (26, 34,42) in agreement with our findings.

WT1 expression was not restricted to carcinoma cell lines such as A549, HS-24 and 

Calu-3, but also present in primary cell cultures (PBEC) and in BEAS-2b, a virus 

immortalized human LEC line. Additional evidence supporting the expression of 

WT1 in human LEC was obtained from immunohistochemical analysis of normal 

adult lung (Fig. 3.5). In addition to demonstrating the expression of WT1 in human 

tissue these data indicate that WT1 may change its subcellular micro-localization in 

vivo.

A number of different WT1 splice variants have been described in the literature. Exon 

1, exon 5 and exon 10 are either spliced or modified before a mature mRNA is 

generated (39). By designing our RT-PCR primers to recognize exon 4 and exon 6, 

we were able to amplify PCR products with and without exon 5. Different cell types 

may alternatively express WT1 iso forms with or without exon 5, whereas other cell 

types may co-express both isoforms (39). It has been reported that exon 5 might play 

a role in repressor functions of WT1 (43). Our results indicate that the isoform variant 

containing exon 5 is more abundant at the mRNA level (Fig. 3.4A), however both 

isoform mRNA types are co-expressed in all LEC tested. In our studies we were able 

to identify only one WT1 isoform at the protein level. The 54 kDa isoform is 

generated from the full size transcript encoding all 10 exons, which was the most 

abundant isoform detected by PCR. We were able to detect only one band at 54 kDa 

using western blot and only one spot using 2-D electrophoresis. Thus the 54 kDa
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WT1 isoform seems to be the major WT1 variant in LEC and the isoform that 

undergoes changes in cellular micro-localization.

Stimulation of A549, HS-24 and BEAS-2b with 10 ng/ml TNF for 10 min to 24 hr 

did not change WT1 mRNA expression levels or protein levels (Fig. 3.6). However, 

this treatment induced a change in localization of WT1 indicating potential 

translocation of WT1 from the nucleus to the perinuclear area (Fig. 3.7). Interestingly, 

this response to TNF was blocked with the NOS inhibitor 1400W, suggesting that NO 

mediates TNF effects in this pathway.

To test whether NO regulates MMP-9 gene through WT1, siRNA was used to 

knockdown WT1 (Fig. 3.8). We found that WT1 levels were significantly reduced 

with the siRNA treatment and that WT1 knockdown resulted in MMP-9 upregulation 

(Fig. 3.8) even in the presence of 1400W, indicating that NO was controlling the 

MMP-9 gene activity through regulation of WT1 micro-localization. Thus we have 

shown with carefully optimized, semi-quantitative RT-PCR, in combination with 

western blot analysis and with MMP-9 enzyme activity, that MMP-9 is regulated by 

WT1. The evidence we provide clearly supports the model in which WT1 acts as a 

MMP-9 gene repressor, regulated by PKA.

A powerful technique that studies in vivo binding of transcription factors to their 

specific DNA binding sites, ChiP, was used. We found that TNF treatment 

significantly reduces the amount of WT1 that binds to the MMP-9 promoter (Fig. 

3.8). To confirm the specificity of WT1 binding to the MMP-9 promoter, we used 

primers for the IL-13 promoter that is known to lack WT1 binding sites (Fig. 3.8D). 

Collectively these data indicate that WT1 is a repressor of the MMP-9 gene in human
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LEC and in conditions of high NO, WT1 translocates to the perinuclear region thus 

de-repressing the MMP-9 gene.

Our findings add the MMP-9 gene to a growing number of growth related genes that 

have been reported to be repressed by WT1, including platelet-derived growth factor 

(PDGF A-chain), insulin-like growth factor II (IGF II) and early growth response 1 

(EGR-1) (30-32).

In contrast to our results, using rat embryo fibroblasts and a transient transfection 

approach, Himelstein et al found that deletion of the WT1 binding site in the MMP-9 

promoter inhibited MMP-9 promoter activity (44). In this study the authors created a 

promoter sequence lacking the WT1 binding site. The WT1 binding site is 42 

nucleotides long and it is located near the TATA box at position -131 bp. It is 

possible that deletion of 42 bases in this region would result in a frame shift that 

would interfere with the functionality of the promoter, thus explaining contrasting 

results found by the authors. Additionally, the approach that they used with transient 

transfection has a number of limitations e.g., uncontrolled plasmid copy number and 

no genomic integration. By contrast, in human LEC BEAS-2B, Wu. T. et al. found 

that the same sequence had inhibitory properties in the cytosolic phospholipase A2 

gene (45), raising the possibility that there is differential expression of WT1 in 

different cell types. Interestingly, we have found that human lymphocytes express 

WT1 and that NO reduces WT1 levels rather than changing WT1 subcellular 

localization. These findings support the view that NO can regulate WT1 at multiple 

levels (e.g. expression and localization) and that these mechanisms are cell specific 

(in progress).
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Using a novel homologous recombination technique Yan C.H. et al reported that the 

MMP-9 gene was potentially controlled by a gene repressor and that this phenomenon 

was not apparent through transient transfection (46), explaining contradictory results 

found by Himelstein et al. Our findings confirm this proposal and provide new insight 

into the regulation of the MMP-9 gene.

The WT1 gene is located at llp l3 . At position l ip  15 the mucin family of genes 

MUC2, MUC5AC, MUC5B and MUC6 are found. These glycoproteins are the major 

macromolecular component of mucus and are also known to be regulated by PKA 

(47). Mucin gene expression varies with differentiation, inflammation and 

carcinogenesis (48), processes known to affect WT1 gene expression or subcellular 

localization. Recent observations have shown increased expression of MUC2, 

MUC5AC and MUC5B in association with secretory cell hyperplasia and metaplasia 

in the airways and fostered our interest in the processes controlling mucin secretion. 

Genomic proximity and detection of binding sites of WT1 in the promoter of mucins 

(detected by TESS, see methods), make these genes attractive targets to assess for 

WT1 de-repression.

Most of the literature regarding the transcription factor WT1 has focused on its role in 

cancer as WT1 is overexpressed in numerous solid tumors. It would be interesting to 

determine the role of NO in relation to WT1 function and oncogenesis. Our data 

provides new directions for research in cancer, inflammation and allergy and the role 

of NO in the expression of several genes.
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Chapter IV: WT1 m ediates nitric oxide-dependent 

repression of lymphocyte proliferation

1. Title

Human lymphocytes express the transcriptional regulator Wilms tumor 1 and it 

mediates nitric oxide-dependent repression of lymphocyte proliferation

2. Introduction

Nitric oxide (NO) functions as a powerful inhibitor of T-cell immunity both in vitro 

(1, 2) and in vivo (3, 4), in part by acting as an inhibitor of lymphocyte proliferation
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(5, 6) through an apoptosis-independent mechanism (7). Interestingly, soluble 

guanylate cyclase (sGC) activity is critical (8) in these pathways. However the 

mechanisms involved have not been fully identified.

We have recently identified a critical downstream target of NO and sGC called 

Wilms tumor 1 (WT1). WT1 is a transcription factor that plays a critical role in 

differentiation and embryogenesis (9). In recent years WT1 has been identified in a 

number of adult epithelial tissues such as lung, uterine, testicular, breast, olfactory 

and renal epithelial cells (10). Additionally WT1 expression has been identified in 

leukocyte progenitors in bone marrow, indicating that WT1 may be critical in adult 

cells undergoing differentiation and proliferation.

Because WT1 is expressed by cells undergoing proliferation and it is regulated by NO 

and sGC, we postulated that human peripheral blood lymphocytes express WT1 and 

that WT1 activity is regulated by NO. In this study we report that adult human 

lymphocytes express WT1 mRNA and protein. We studied the localization and 

protein levels of WT1 in lymphocytes and identified that the NO-dependent inhibition 

of lymphocyte proliferation is associated with decreased expression of WT1.

3. Materials and methods

Antibodies: Monoclonal antibody against WT1 was obtained from Santa Cruz 

Biotechnologies, Inc. (F-6) (Santa Cruz, CA). Other antibodies included: peroxidase- 

conjugated goat anti-mouse IgG (BD Biosciences. Mississauga, ON Canada), donkey 

anti-mouse IgG, IRDye 800 conjugated (Rockland Immunochemicals, Inc, 

Gilbertsville, PA), mouse IgGl isotype control (R&D Systems, Minneapolis),
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peroxidase-conjugated affinity purified F(ab’)2 fragment goat anti-mouse IgG (H + 

L) (Jackson ImmunoResearch Laboratories, Inc, West Grove, PA) and Rhodamine 

Red-X goat anti-mouse IgG.

T cell isolation: One hundred ml of blood was collected from peripheral vein of 

healthy donors in 10 ml heparinised collection tubes (Vacutainer™, BD Canada, 

Oakville, ON, Canada) and layered on Ficoll-Paque™ (Amersham Bioscience, 

Uppsala, Sweden). The mononuclear cell fraction was collected and incubated for 2 

hr in RPMI 1640 supplemented with 10% FBS (Invitrogen Canada Inc., Burlington, 

Ontario, Canada) to allow adhesion of monocytes. Non-adhering cells where 

recovered and added to a nylon wool column (ZeptoMetrix Corp, Buffalo, NY, USA) 

to allow B cell adhesion. After elution of the column with RPMI 1640, the T cell 

enriched fraction was recovered. Using flow cytometry with anti-human-CD3- 

PERCP monoclonal antibody (BD Bioscience, Mississauga, ON. Canada) 85-90% of 

the cells were identified as T cells. The T cell enriched fraction was then incubated in 

RPMI 1640 supplemented with 10% FBS and phytohemagglutinin (PHA) for 72 hr to 

induce T cell proliferation. Cells were subsequently harvested for detection of WT1 

and flow cytometry.

Flow cytometry: For the detection of intracellular WT1, 10 ml of whole blood was 

drawn from healthy donors in heparinised collection tubes (Vacutainer™, BD 

Canada). Blood was mixed with 6% dextran to allow sedimentation of red blood cells. 

The leukocyte fraction was collected and cells were fixed using 4% 

paraformaldehyde (PBS, 0.54% sucrose) and permeabilised with saponin 0.5%/PBS.
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Non-specific binding was blocked by pretreatment with normal goat serum. After 

blocking, anti-human WT1 (2pg/ml) or mouse IgG isotype control (R&D Systems, 

Minneapolis) were added to the cell suspension and detection was done using an anti

mouse IgG labelled with R-Phycoerythrin (BD Bioscience). Detection of WT1 was 

done using BD FACSCalibur™ Flow Cytometer (BD Bioscience).

Reverse Transcription Polymerase Chain Reaction (RT-PCR): The technique was 

performed as previously described (11). WT1 primers were designed to span from 

exon 4 to exon 6, thus detecting the presence or absence of exon 5. The primer 

sequences used were developed based on the WT1 sequence of accession number 

NM 024426. The forward primer sequence was 5’ GAT GAA CTT AGG AGC CAC 

CTT AAA 3’ and the reverse primer sequence was 5’ TAT GTC TCC TTT GGT 

GTC TTT TGA 3’, which generated 412 (with exon 5) and 361 bp (without exon 5) 

long PCR products. Beta-actin ((3-actin) was used as the internal positive control, P- 

actin primers were forward 5’ GGCATC CTC ACC CTG AAG TA 3’ and reverse 5’ 

AGG GCA TAC CCC TCG TAG AT 3’ generated from the sequence NM_001101. 

These primers amplified a 325 bp PCR product. Primers were analyzed using the 

BLAST sequencing program at Genbank to ensure unique complementation of Homo 

sapiens. PCR amplification was performed in cycles of 1 min at 94°C, 1 min at 60°C, 

and 2 min at 72°C, and a final cycle of 72°C for 10 min to complete polymerization. 

The number of cycles was optimized to be in the exponential phase of the reaction by 

performing the reaction at different cycles. Densitometric analysis of the gels was 

performed to select optimal PCR cycle numbers. WT1 and P-actin were amplified for
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30 and 25 cycles respectively. PCR products were analyzed on a 2% agarose gel 

containing ethidium bromide and visualized under UV light.

The amplified PCR products were cloned into pCR2.1 plasmid vector using the T/A 

cloning kit (Invitrogen Life Technologies) as previously described (12). Double

stranded DNA sequencing was conducted using an ABI 3 73A automated sequencer 

(Applied Biosystems, Foster City, CA) and sequences were tested for homology 

using the BLAST sequencing program at Genbank.

Western blot: Cells (2xl06) were harvested and homogenized with 0.5 ml lysis 

buffer (10 mM Hepes, 2 mM MgCl2, 15 mM KC1, 0.1 mM EDTA, and 0.15% 

Nonidet P-40, containing a protease inhibitor cocktail (Roche Molecular 

Biochemicals, Mannheim, Germany) to a final concentration of 1 pg/ml. Samples 

were subjected to 7% SDS-polyacrylamide gel electrophoresis followed by blotting 

and immunodetection with antibodies using the Odyssey Imaging System (Li-cor 

Biosciences, Nebraska, USA).

Confocal microscopy: T cells were grown and treated as stated above. Cells were 

spun onto slides using the cytospin method as previously described (13). After 

permeabilization with 0.2% Triton X100, nonspecific binding was blocked with 10% 

FBS plus 3% BSA. Cells were incubated overnight at 4°C with monoclonal 

antibodies diluted 1 pg/ml in 50 pi of blocking buffer, washed three times with PBS 

and incubated with Rhodamine Red-X -conjugated secondary antibody for 2 hr at 

room temperature. DAPI was used as a nuclear marker. Coverslips were mounted on 

glass slides and cells were examined with a confocal microscope (Olympus Fluoview, 

FV1000, Olympus America Inc, Flauppauge, NY).
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Statistics: Results are means ± S.E. of at least three independent experiments. They 

were analyzed using one-way analysis of variance, and when significant differences 

were found, the multiple comparison Tukey-Kramer test was used (GraphPad InStat). 

Values where P  <0.05 were considered statistically significant. The n values referred 

in figure legends represent independent experiments of the same cell culture.

4. Results

Blood mononuclear cells but not granulocytes express WT1.

Intracellular detection of WT1 in different human blood leukocyte populations was 

assessed by flow cytometry (Fig. 4.1). We observed that lymphocytes (Fig. 4. IB) and 

monocytes (Fig. 4.1C) expressed detectable levels of intracellular WT1 protein. 

However, granulocytes (Fig. 4. ID) showed little WT1.
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Figure 4.1: Flow cytometry of peripheral blood leucocytes showed expression of 

WT1 in lymphocytes and monocytes but not in granulocytes. Dot-Plot A depicts 

Side Scatter and Forward Scatter characteristics of whole blood allowing 

discrimination between lymphocytes, monocytes and granulocytes. Specific staining 

for WT1 was demonstrated by a shift to the right of fluorescence intensity detected in 

the FL2 fluorescence channel (575nm) detected in histogram B, C and D for different 

leukocytes populations.
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Activated T Lymphocytes express increased levels of WT1.

Although B cells do not express WT1 (14), T cells express WT1 at least at the mRNA 

level (15). Proliferation of nylon wool enriched human T lymphocytes was induced 

by PHA for 72 hr. WT1 mRNA levels were significantly upregulated in PHA treated 

cells as compared with sham-treated cells (Fig. 4.2A). These treatments did not 

change levels of the internal loading control (3-actin. The human LEC line A549 was 

used as a positive control for WT1 mRNA expression. WT1 mRNA levels in 

untreated A549 were significantly higher than in resting T lymphocytes, but not 

significantly different from PHA-treated cells. Equivalent cell numbers (2 x 106) were 

used to extract total RNA and prior to PCR, cDNA concentrations were adjusted to 

50 ng/pl. WT1 expression significantly increases in T cells after 72 hr proliferation 

(Fig. 4.2B). The mean fluorescence intensity (MFI) of intracellular WT1 increased 

2.4 fold after 72 hr of PHA stimulation (p < 0.01, n = 3). The increased expression of 

WT1 in proliferating T cells was also reflected by an increase of WT1 positive cells 

from 22±2% to 50±5% following PHA treated cells (figure 4.2D, p < 0.01, n = 3) 

compared to untreated T cells.
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Figure 4.2: PHA-stimulated proliferating T cells express increased levels of WT1.

(A) RT-PCR analysis of WT1 mRNA expression in human lung epithelial cells 

(A549), no template control (no temp), sham-treated lymphocytes (lymph) and PHA- 

treated (72 hr) lymphocytes (lymph+PHA). The loading control p-actin (P-act) was 

included. Equivalent number of cells was used to extract total RNA (2xl06). DNA 

concentrations were adjusted to 50 ng/pl, prior to PCR. (B) Typical flow cytometry 

histogram depicting specific staining for WT1 demonstrated by a shift to the right of 

fluorescence intensity detected in the FL2 fluorescence channel (575nm) of PHA
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treated T cells compared to untreated T cells and IgG isotype control. (C) Mean 

fluorescence intensity shift (AMFI) of WTI staining increase between PHA treated 

and untreated (n = 3, p < 0.01). D; Percentage of WTI positive T cells increased after 

PHA treatment (n = 3). Statistical significance: p < 0.05 (*).

PHA-induced WTI upregulation is repressed by NO.

WTI protein expression in T cells was significantly upregulated by PHA treatment 

(72 hr) (Fig. 4.3A and 4.3B). Moreover, PHA-induced WTI upregulation was 

inhibited in a concentration dependent manner with the NO donor SNOG. Confocal 

microscopy revealed that WTI colocalized to the nucleus of PHA-treated T cells (Fig. 

4.3C). Co-treatment with 300 pM SNOG for 72 hr did not change WTI subcellular 

localization however, SNOG significantly reduced WTI expression.
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Figure 4.3: NO inhibits PHA-induced upregulation of WTI. (A) Western blot 

analysis for WTI expression in human lung epithelial cells (A549), Wilms tumor 

positive control (Wilms+), untreated lymphocytes (lymph) and PHA-treated
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lymphocytes stimulated with 0-600pM SNOG for 72 hr. (B) densitometric analysis of 

3 independent experiments such as the representative experiment showed in A. (C) 

Confocal microscopy analysis demonstrating WTI expression and localization in 

untreated lymphocytes (Sham), stimulated with PHA (PHA), and co-treated with 300 

pM SNOG (n = 3). Statistical significance: p < 0.01 (**); p < 0.001 (***).

5. Discussion

We provide evidence that human T cells express WTI mRNA and protein. NO has 

been shown to inhibit T cell proliferation and treatment with SNOG correlated with a 

decrease of WTI levels, indicating a potential role for WTI in the regulation of T cell 

biology.

WTI expression has been extensively studied in many cell types both during 

development and in adult tissue. In agreement with our findings it has been reported 

that granulocytes differentiated in vitro from CD34+ progenitor cells do not express 

WTI. However, the same study reported that undifferentiated CD34+ cells express 

WTI and the expression levels are downregulated in later stages of differentiation 

(16). However, very little is known about WTI expression in T cells. Mitsuya et al, 

reported using RT-PCR WTI expression in normal T lymphocytes (15) however this 

findings were not confirmed at the protein expression level. Interestingly, B cells do 

not express WTI (14) suggesting that WTI could be a NO-specific target in T cells. 

Our results confirm this observation and provide additional understanding in how 

WTI might be regulated in T cells. This novel NO-dependent downregulation of 

WTI expression in T cells might be a critical mechanism by which macrophage- 

derived NO regulates T cell proliferation by controlling the expression of
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transcription factors like WTI. Our findings provide evidence for the WTI-mediated 

regulatory roles of NO in lymphocyte biology. It will be critical to determine whether 

WTI targets selected gene regulation in association with modulation of T cell 

proliferation cycle.
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Chapter V: General Discussion and Conclusions

1. Summary o f major findings

We generated a septic shock model to study potential cross-talks between COX-2, 

iNOS and MMP-9 in rat VSM. Using a cocktail comprising LPS, IFNy and PMA we 

induced co-expression of these three enzymes thus facilitating the study of their 

cross-talk. We found that iNOS inhibitors such as L-NAME and 1400W had a 

negative effect on MMP-9 upregulation when rat VSM cells were treated prior to 

stimulation with this cocktail. This observation led us to investigate this pathway to 

dissect the mechanism behind this cross-talk.

In subsequent experiments we determined that this pathway was not sensitive to 

SOD-mimetic compounds thus independent of the production of O2’ and ONOO'. 

However, this pathway was sensitive to the sGC inhibitor ODQ. Moreover, a 

membrane soluble cGMP analogue, recovered the cocktail-induced MMP-9 

expression in the presence of ODQ, in rat VSM.

The sGC role in this pathway was also confirmed in human LEC. These cells were 

treated with TNF to stimulate the expression of iNOS and MMP-9. Like rat VSM, 

human LEC also exhibit a decrease of MMP-9 expression at the mRNA and enzyme 

levels when co-stimulated with ODQ. PKA and not PKG inhibitors blocked the TNF-

182

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



dependent upregulation of MMP-9. This observation led us to investigate the 5’ 

flanking region of MMP-9 and propose WT1 as a potential PKA target involved in 

MMP-9 regulation.

Among other cell types, WT1 is expressed in adult mammary and kidney epithelial 

cells. Using a collection of molecular biology techniques we concluded that human 

LEC also express WT1. In resting conditions subcellular localization of WT1 is 

nuclear, however upon TNF stimulation WT1 translocates to the cytosol. TNF- 

dependent translocation of WT1 is iNOS-dependent since 1400W blocks this effect. 

Interestingly, WT1 knockdown results in a TNF-dependent induction of MMP-9 that 

loses its dependence on NO. This observation consolidated the model where NO de

represses the MMP-9 gene through a pathway involving WT1. Additionally, in vivo 

analysis of WT1 binding to the MMP-9 promoter shows a decrease of bound WT1 

upon TNF treatment.
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2. Conceptual model

The MMP-9 promoter is repressed by WT1 in resting conditions. When LEC are 

exposed to cytokines or bacterial LPS, iNOS is upregulated resulting in increased 

levels of NO. A major NO target in human LEC is sGC. NO-dependent activation of 

sGC leads to production of cGMP, which among other mediators activates PKA. 

Activated PKA translocates to the nucleus and phosphorylates WT1. Phosphorylated 

WT1 will lose its DNA binding efficiency and translocate to the cytosol. Thus WT1- 

dependent repression of the MMP-9 gene is removed. At this point MMP-9 promoter
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elements successfully induce the formation of the initiation complex and the MMP-9 

gene is transcribed.

3. Results and their relation to original aims/questions

1. To establish a septic shock model in rat VSM by inducing co-expression of COX-2, 

iNOS and MMP-9.

The primary aim of this work was to study the nature of the cross-talk among the 

proinflammatory mediators COX-2, MMP-9 and iNOS. Rat VSM cells were used to 

establish a septic shock model in which COX-2, MMP-9 and iNOS were co

expressed. We achieved this objective with a rat VSM cell line A7r5 stimulated with 

LPS, IFN-y, and PMA. Although this cocktail of pro-inflammatory mediators was 

very aggressive, it effectively engaged pathways to stimulate production of COX-2, 

iNOS and MMP-9 (Fig. 1.6).

2. To study the interactions between MMP-9, iNOS and COX-2 in rat VSM.

NO was a strong candidate to participate in the regulation of MMP-9 in rat VSM and 

human LEC. As described in chapter 1, there was substantial evidence supporting this 

proposal, but there was no evidence suggesting a role of NO in the transcriptional 

regulation of MMP-9.

In the pilot study described in chapter 2, we concluded that NO was a major regulator 

of MMP-9 transcription and the pathway was found to function through the activation 

of sGC. The latter is one of the most studied mediators of NO biology stimulating the 

conversion of GTP to cGMP.

3. To determine if the interactions apply to human LEC.
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The pathway described in rat VSM cells was also present in human LEC. The 

observation provides more evidence on the relevance of NO functions as a regulator 

of MMP-9 gene expression. These findings also gave us the means to further dissect 

this pathway in a human-based system. In addition to findings in VSM, we 

determined that TNF-dependent upregulation of MMP-9 is mediated by PKA by 

downstream of sGC. In silico analysis of the MMP-9 promoter indicated that a PKA 

target and also a transcriptional repressor, WT1 could be a potential regulator of the 

MMP-9 gene in this pathway.

4. To characterize WT1 expression in human LEC.

Although WT1 expression in the lung had been demonstrated in rat and mouse, there 

was no report that human LEC could express this protein. Using a number of 

molecular biology approaches we concluded that at least 2 different WT1 transcripts 

are produced by LEC at the mRNA level and that a 54 kDa protein is expressed. 

Immunohistochemistry analysis of normal lungs demonstrated that WT1 was 

expressed in human ciliated LEC in particular within the nuclei. WT1 localization to 

the nucleus of human LEC in resting conditions was confirmed by confocal 

microscopy.

5. To determine the mechanisms by which WT1 regulates MMP-9 promoter.

WT1 expression was not changed by TNF treatment; however WT1 subcellular 

localization was altered in the presence of TNF. TNF induced WT1 translocation 

from the nucleus to the cytosol. Translocation was blocked by the iNOS inhibitor 

1400W, indication that WT1 translocation was regulated by NO.
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Using two independent molecular biology approaches (e.g. DNA-pulldown and ChiP) 

we demonstrated that WT1 binds to the MMP-9 promoter in vivo, at the predicted 

WT1 binding site (CA repeat). Binding was reduced in the presence of TNF in 

correlation with MMP-9 upregulation. WT1 knockdown by siRNA resulted in 

upregulation of MMP-9 protein/activity, even in the presence of the iNOS inhibitor 

1400W.

WT1 expression and its regulation by NO have not been previously reported. Binding 

of WT1 to the CA repeat present in the MMP-9 promoter is also a novel finding. 

Although others have reported that PKA phosphorylates WT1 and this modification 

results in translocation of WT1 to the cytosol, the impact of such process on MMP-9 

expression had not been studied. Validation of the role that PKA played was 

performed using the PKA inhibitor myr-PKA.

6 . To study WT1 expression in leukocytes.

In light of the finding that WT1 function was regulated by NO we tested the 

hypothesis that WT1 would be a potential target of NO in lymphocytes. We 

confirmed that T cells are WT1 positive and that treatment with PHA induced 

proliferation in correlation with an increase of WT1 levels. The PHA-induced 

upregulation of WT1 was blocked in a concentration dependent manner by the NO 

donor SNOG. These data suggest that WT1 may be an important regulator of T cell 

proliferation and that the NO-dependent suppression of T cell proliferation could be 

mediated by WT1.

In chapter 3, we discovered that NO regulates WT1 subcellular localization through 

the activation of PKA and subsequent phosphorylation of WT1 in LEC. It is possible
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that in lymphocytes NO-dependent down regulation of WT1 is due to an alternative 

pathway in which NO can affect WT1 mRNA half-life.

4. Results and their relation to the literature

NO-dependent upregulation of MMP-9 appears to be in contrast to the data reported 

by other laboratories. The cell type, stimuli and time of activation are some of the 

potential reasons for the contrasting data in the literature. The dual nature of NO is 

present in many systems, where NO concentrations may determine whether the effect 

is physiological or pathological. Given the multitude of pathways that are modulated 

by NO it is not surprising that it has so many effects on MMP-9. At higher 

concentrations NO and ONOO’ might activate MMP-9 and reduce its mRNA half-life, 

whereas at lower concentrations it might inhibit NF-kB activation and also de-repress 

the MMP-9 gene by controlling WT1 function. In both cases, in high and in low 

concentrations, NO performs seemingly opposing effects. Thus NO duality is not 

explained by its concentration levels alone. Cell type is another important factor as 

exemplified by our own finding with NO affecting WT1 localization in LEC and 

protein levels in lymphocytes. Type of stimulation and treatment time are other 

important factors that might affect NO function.

WT1 is a resent mediator found to be regulated by NO. WT1 expression in human 

LEC is not surprising given the fact that WT1 had been identified in multiple other 

epithelial cells and found in rat and mouse lung. Additionally, we found WT1 

expression in human lymphocytes. Similarly to epithelial cells, lymphocytes 

proliferate in response to stimuli like PHA. Although there is no conclusive 

mechanism by which WT1 is involved in cell cycle, WT1 overexpression in a number
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of tumors and in morphogenesis hints towards a role in proliferation. As discussed in 

chapter 4, WT1 level reduction correlated with NO-dependent repression of 

lymphocyte proliferation offering a potential explanation for how high WT1 levels 

might cause or enhance tumorigenic processes.

Interestingly, in LEC NO regulates WT1 through a different pathway. In this sGC- 

mediated pathway, we found that PKA, not PKG was responsible for the signal 

transduction downstream of sGC. A number of reports have described this 

observation in the literature and it is thought that cGMP can also activate PKA (1-3). 

PKA activity is increased through the activation of AC (4). AC produces cAMP that 

is responsible for the activation of PKA. However, our findings and the reports 

referenced above, indicate that cGMP can also activate PKA. Pathways that activate 

adenylate cyclase and PKA such as adenosine (through adenosine receptors) and 

isoproterenol, epinephrine and norepinephrine (through adrenergic receptors) may 

also promote WT1 phosphorylation and enhance production of MMP-9 in the 

presence of appropriate stimuli such as TNF.

An alternative pathway supporting our observations involves the enzyme that 

regulates cAMP levels, phosphodiesterase (PDE). Levels of cAMP are regulated by 

degradation through hydrolysis of the PDE bond of 3'-5'-cyclic AMP to inactive 5'- 

AMP. In particular PDE3A is known to degrade cAMP, however PDE3A is inhibited 

by cGMP thus in conditions of high cGMP, cAMP levels increase. This cross-talk is 

responsible for the control of platelet activation (5). And it explains the sGC and PKA 

dependent observations described above.
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5. Relevance/significance of findings

To our knowledge we are the first to report WT1 expression in human LEC. The 

exciting finding that NO is an important regulator of WT1 function may affect many 

other genes that also have a WT1 binding site such as nNOS, Syk, CFTR and the 

mucin family. Because NO and MMP-9 are over produced in many cancer types it 

would be interesting to determine the role of WT1 in these systems. WT1 itself is 

overexpressed in multiple cancers and it is possible that high NO levels signal to 

maintain the MMP-9 gene de-repressed.

MMP-9 is an aggressive enzyme and it is believed that its overexpression in the lungs 

results in tissue injury. Understanding the mechanism that provokes MMP-9 

upregulation could lead to new opportunities for pharmacological intervention. 

Collectively our results reflect the importance of structural tissues in inflammatory 

conditions. It is interesting to see that LEC-derived NO has important autocrine 

functions such as the upregulation and enzyme activation of other inflammatory 

mediators such as MMP-9.

More than two decades of research since the discovery of NO have provided us with 

significant insight into the mechanism underlining NO roles. Regulation of MMP-9 

gene expression by NO adds MMP-9 to a growing list of genes regulated by NO. 

Although NO is still viewed as a potential pharmaceutical target for the treatment of 

asthma and septic shock, it is also important to realize that NO is involved in the 

regulation of many genes and undesirable effects are likely to arise as a consequence 

of NO multifaceted nature.
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6. Future directions

It would be valuable to purify and sequence WT1 from human LEC. This data would 

conclusively demonstrate WT1 expression in LEC but also would provide the means 

to determining potential posttranscriptional modifications in WT1 such as 

sumoylation, phosphorylation and nitration/nitrosylation. Additionally, this method 

would provide sequence-based information of the different isoforms that could be co

expressed.

It would also be important to test our findings in human primary LEC. Although WT1 

expression was tested in a number of LEC types including BEAS-2b (viral- 

immortalized) and primary LEC, the major findings presented in this thesis were 

tested in the ATII cell line A549, a tumor cell.

More detailed studies of the WT1-DNA binding also need to be carried out. ChiP is a 

powerful technique to study in vivo binding of putative transcription factors to their 

binding site and in conjugation with real time PCR this technique could provide more 

quantitative information with regards to WT1 binding. With this technique in place, 

the role of sGC, PKA and iNOS inhibitors could be studied in terms of WT1 binding 

to the MMP-9 promoter.

We have performed preliminary experiments to further evaluate the role of PKA in 

the phosphorylation of WT1 Ser-residues. To this end we used an anti-serine antibody 

rabbit polyclonal to phosphoserine (ab9334) from Abeam Cambridge, MA; and 

measured WT1-phosphorylation levels upon stimulation of A549 with TNF. We also 

measured the effect of 1400W to determine the NO dependency of the 

phosphorylation levels. We found that TNF induced a significant upregulation of
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WT1 phosphorylation and incubation with 1400W prevented this upregulation (App. 

5).

WT1 has been reported to bind mRNA potentially participating in post-transcriptional 

regulation. Interestingly, we have observed that the WT1 mRNA binding site (6 ) is 

present in the MMP-9 mRNA (App. 3) indicating that WT1 may regulate MMP-9 

expression at multiple levels. It would be interesting to test this hypothesis which 

would enhance our understanding of the mechanisms used by WT1 to regulate protein 

expression.
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Appendix 1

ODQ biological activity measured by its effect on platelet aggregation. ODQ 

stimulates platelet aggregation in a concentration dependent manner. These 

experiments were perform to confirm ODQ biological activity.
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Appendix 2

The Griess reaction was used to measure indirectly the NO released from VSM cells 

stimulated with the cocktail.
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Appendix 3

SOD activity was tested using a superoxide generator, xanthine oxidase and the O2 ’ 

levels were monitored by chemiluminescence (Fig 5-B) [25], SOD was effective in 

reducing the levels of O2 ' to almost control levels at the concentration of 15 Units/ml, 

but the upregulation of MMP-9 mRNA was independent of ONOO\ SOD was shown to 

effectively scavenge superoxide ion using a luminescence approach (n = 6). Statistical significance: 

P<0.05 (*), (#); PO.OOl (***), (###).
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Appendix 4

WTl RNA recognition motif is found in the MMP-9 mRNA at positions 1002-1021. 

This motif is shown in red.

agacaccucugcccucaccaugagccucuggcagccccugguccuggugcuccuggugcugggcugcugcuu

ugcugcccccagacagcgccaguccacccuugugcucuucccuggagaccugagaaccaaucucaccgacaggc

agcuggcagaggaauaccuguaccgcuaugguuacacucggguggcagagaugcguggagagucgaaaucuc

uggggccugcgcugcugcuucuccagaagcaacugucccugcccgagaccggugagcuggauagcgccacgcu

gaaggccaugcgaaccccacggugcggggucccagaccugggcagauuccaaaccuuugagggcgaccucaag

uggcaccaccacaacaucaccuauuggauccaaaacuacucggaagacuugccgcgggcggugauugacgacg

ccuuugcccgcgccuucgcacuguggagcgcggugacgccgcucaccuucacucgcguguacagccgggacgc

agacaucgucauccaguuuggugucgcggagcacggagacggguaucccuucgacgggaaggacgggcuccu

ggcacacgccuuuccuccuggccccggcauucagggagacgcccauuucgacgaugacgaguuguggucccug

ggcaagggcgucgugguuccaacucgguuuggaaacgcagauggcgcggccugccacuuccccuucaucuuc

gagggccgcuccuacucugccugcaccaccgacggucgcuccgacggcuugcccuggugcaguaccacggcca

acuacgacaccgacgaccgguuuggcuucugccccagcgagagacucuacacccaggacggcaaugcugaugg

gaaacccugccaguuuccauucaucuuccaaggccaauccuacuccgccugcaccacggacggucgcuccgacg

gcuaccgcuggugcgccaccaccgccaacuacgaccgggacaagcucuucggcuuciigcccgacccgagcuga

cucgacggugauggggggcaacucggcgggggagcugugcgucuuccccuucacuuuccuggguaaggagua

cucgaccuguaccagcgagggccgcggagaugggcgccucuggugcgcuaccaccucgaacuuugacagcgac

aagaaguggggcuucugcccggaccaaggauacaguuuguuccucguggcggcgcaugaguucggccacgcg

cugggcuuagaucauuccucagugccggaggcgcucauguacccuauguaccgcuucacugaggggccccccu

ugcauaaggacgacgugaauggcauccggcaccucuaugguccucgcccugaaccugagccacggccuccaac

caccaccacaccgcagcccacggcucccccgacggucugccccaccggaccccccacuguccaccccucagagcg
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ccccacagcuggccccacagguccccccucagcuggccccacagguccccccacugcuggcccuucuacggcca

cuacugugccuuugaguccgguggacgaugccugcaacgugaacaucuucgacgccaucgcggagauuggga

accagcuguauuuguucaaggaugggaaguacuggcgauucucugagggcagggggagccggccgcagggcc

ccuuccuuaucgccgacaaguggcccgcgcugccccgcaagcuggacucggucuuugaggagcggcucuccaa

gaagcuuuucuucuucucugggcgccagguguggguguacacaggcgcgucggugcugggcccgaggcguc

uggacaagcugggccugggagccgacguggcccaggugaccggggcccuccggaguggcagggggaagaugc

ugcuguucagcgggcggcgccucuggagguucgacgugaaggcgcagaugguggauccccggagcgccagcg

agguggaccggauguuccccggggugccuuuggacacgcacgacgucuuccaguaccgagagaaagccuauu

ucugccaggaccgcuucuacuggcgcgugaguucccggagugaguugaaccagguggaccaagugggcuacg

ugaccuaugacauccugcagugcccugaggacuagggcucccguccugcuuuggcagugccauguaaaucccc

acugggaccaacccuggggaaggagccaguuugccggauacaaacugguauucuguucuggaggaaagggag

gaguggaggugggcugggcccucucuucucaccuuuguuuuuuguuggaguguuucuaauaaacuuggauu

cucuaaccuuuaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa
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Appendix 5

WTl phosphorylation is NO-dependent. LEC line A549 was stimulated and 

immunoprecipitated with the anti-WTl monoclonal antibody F6  (see chapter 3 for 

this methodology). Following immunoprecipitation the samples were analysed by 

western blot using an anti-Ser antibody (left panel). A positive control (human brain) 

was used to detect phosphorylation. TNF significantly induced WTl Ser- 

phosphorylation (right panel) and this effect was blocked by the iNOS inhibitor 

1400W.
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Appendix 6

MMP-9 production from A7r5 cells was measured at 3, 6 , 12, 24 and 48 hr after 

stimulation with a cocktail containing PMA, LPS and IFN-y. The best time to study 

MMP-9 production was 12 hr. Loading controls (LC) are shown.
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