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Preface 
The primary objective of this thesis is to establish the functional roles of β-catenin 
and glycogen synthase kinase-3 (GSK-3) in the pathological processes that 
underpin chronic obstructive pulmonary disease (COPD). This general introduction 
focusses first on the pathophysiology of COPD, which is characterized by 
abnormalities in the lung and specifically in airway wall structure and the 
parenchyma. Subsequently, the complexity of canonical Wingless/intregrase-1 
(WNT) signaling pathway, of which β-catenin and GSK-3 are key components, will 
be discussed. This is followed by an overview of the physiological function and 
regulation of GSK-3, independent of canonical WNT signaling. The scope of this 
thesis and the specific aims are defined in the last part of the general introduction. 
 
1. Chronic obstructive pulmonary disease 
Chronic obstructive pulmonary disease (COPD) is defined as a common 
preventable and treatable disease, which is characterized by persistent airflow 
limitation that is usually progressive and associated with an enhanced inflammatory 
response in the airways and the lung to noxious particles and gases. 
Exacerbations and co-morbidities contribute to the overall severity in individuals 
patients [1]. An individual with COPD experiences shortness of breath (dyspnea), 
has productive cough (increased secretion of mucus) and may wheeze [1-3]. 
Based on the World Health Organization (WHO) estimates, COPD ranked as 5th 
leading cause of death in 2002 and it is anticipated that tobacco-attributable 
deaths, including COPD, will further increase in the next decades [4].  
 
According to Global Initiative for Chronic Obstructive Lung Diseases (GOLD) 
criteria, the severity of COPD is classified in four different stages (table 1) [1, 3]. 
Spirometry is essential for the diagnosis of COPD and provides insight in the 
severity of pathological changes. The presence of airflow limitation is determined 
by measuring the forced expiratory volume in 1 second (FEV1) and the forced vital 
capacity (FVC); the maximum volume of air that can be exhaled during a forced 
maneuver. The FEV1 is a measurement which is influenced by factors as age, sex, 
height and ethnicity and therefore most often expressed as percentage of 
predicted. A ratio of FEV1/FVC between 70-80% is considered normal in the 
general population, whereas a value <70% indicates airflow obstruction and the 
possibility of COPD [3]. Environmental and genetic factors have been shown to 
contribute to the development of COPD and cigarette smoke is the most significant 
associated risk factor. However, other risk factors, including occupational dust and 
chemicals as well as (indoor) air pollution have to be taken into account [2, 5, 6]. 
The chronic airflow limitation is the resultant of the small airway disease together 
with parenchymal tissue destruction (emphysema), two pathological features in 
COPD of which the relative severity can vary from individual to individual. 
Furthermore, inflammation is an eminent pathological characteristic of COPD; it is 
evident in mild disease and increases with disease severity. 
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Table 1: Classification of COPD severity according to GOLD criteria 

Classification of 
COPD stage 

Spirometry measurements
and symptoms 

 
COPD stage I 
(mild COPD) 

 

 
Mild airflow limitation: 

FEV1 / FVC <70%, 
FEV1 ≥80% predicted 

Symptoms: cough and sputum* production 
may be present, but not always. 

 
COPD stage II 

(moderate COPD) 
Worsening of airflow limitation: 

FEV1 / FVC <70%, 
50% ≤ FEV1 < 80% predicted 

Symptoms: shortness of breath on exertion 
cough and sputum production 

sometimes present. 
 

COPD stage III 
(severe COPD) 

Further worsening of airflow limitation: 
FEV1 / FVC <70%, 

30% ≤ FEV1 < 50% predicted 
Symptoms: shortness of breath, 

reduced exercise capacity, 
fatigue and exacerbations 

 
COPD stage IV 

(very severe COPD) 
Severe airflow limitation: 

FEV1 / FVC <70%, 
FEV1 < 30% predicted, or FEV<50% 

with presence of chronic respiratory failure. 
Symptoms: general quality of life is impaired 
and exacerbations may be life threatening. 

 
 

* Sputum: expectorated matter, especially mucus or mucopurulent matter expectorated in                                
diseases of the respiratory tract 
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1.1 Chronic inflammation 
Pathological changes characteristic of COPD are found throughout the respiratory 
tract, including the proximal and peripheral airways, the lung parenchyma and the 
pulmonary vasculature [7]. The pathophysiology is characterized by a persistent 
chronic inflammation with an influx of various innate and adaptive immune cells in 
the different compartments of the lungs. In general, the degree of pulmonary 
inflammation correlates to the severity of airflow limitation observed in COPD [8]. 
 
Innate and adaptive immune response 
The predominant inflammatory cell types observed in the lungs of COPD patients 
include macrophages, dendritic cells and neutrophils, as well as T and B 
lymphocytes suggesting the contribution of an adaptive immune response [7, 9]. 
Macrophages and dendritic cells are important for the clearance of the lungs of 
foreign particles by phagocytosis and they secrete various cytokines and growth 
factors, which enhance the recruitment of inflammatory cells and activate structural 
cells in the airways [10]. Although the phagocytic action of alveolar macrophages 
may be impaired in COPD, they are still capable of producing pro-inflammatory 
cytokines and growth factors like interleukin-8 (IL-8, CXCL8), IL-1β, tumor necrosis 
factor (TNF-α) and transforming growth factor-β1 (TGF-β1) in response to different 
stimuli, including cigarette smoke [11-15]. Secreted cytokines, for example IL-8, act 
as potent chemo-attractants resulting in the increased influx of neutrophils to the 
respiratory tract. Subsequently, the neutrophils are activated, which results in the 
release of proteolytic enzymes and various cytokines and in oxidative stress [16]. 
The secreted proteolytic enzymes like neutrophil elastase, myeloperoxidases and 
several matrix metalloproteinases have been implicated in the development of 
emphysema by disturbing the protease/anti-protease balance resulting in increased 
breakdown of parenchymal lung tissue [16-19]. In addition, the neutrophilia 
contributes to the mucus hypersecretion, another important pathological feature in 
COPD pathogenesis [20]. In the course of COPD development, the neutrophils 
may have acquired altered cellular responses, resulting in enhanced recruitment 
and activation of these cells in response to pro-inflammatory cytokines [21]. In this 
context, also the gene expression profile of the neutrophils may have changed to a 
more pro-inflammatory profile, resulting in increased cytokine release [22]. This 
may have impact on exacerbations, which are episodes of acute worsening of 
symptoms at times accompanied by an impairment of lung function, and usually 
require additional medical attention. During an exacerbation, the inflammatory 
response is further enhanced with increased expression of pro-inflammatory 
cytokines like IL-8 and eotaxin. This may be accompanied by an increased 
recruitment of eosinophils, and in more severe exacerbations by more pronounced 
neutrophilia [23-26]. Collectively, the neutrophils play an important role in the 
pathogenesis of COPD by contributing to the development of emphysema, mucus 
hypersecretion and perpetuation of the inflammation. 
 
The innate and adaptive immune responses are amongst others linked together by 
dendritic cells, which are specialized antigen presenting cells. In the epithelium, the 
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dendritic cells are capable of sensing foreign particles and take up antigens to 
process them. In turn, the dendritic cell presents these antigens to naive T-
lymphocytes to promote CD4+ cell differentiation and CD8+ T-lymphocyte 
cytotoxicity [27, 28]. In response to cigarette smoke, the function of dendritic cells 
as well as the composition of the dendritic cell population is modulated, which may 
crucially contribute to COPD pathogenesis [27, 28]. Although both are increased in 
COPD, the CD8+ T lymphocyte population is predominant over CD4+ T 
lymphocytes in the airways and lung parenchyma [29]. The presence of CD8+ T 
lymphocytes correlates to airflow obstruction in the larger airways (determined by 
FEV1 % predicted), and this association increases in the small airways and 
parenchyma [6, 30, 31]. The activated T-lymphocytes may directly cause tissue 
injury due to their cytolytic activity (CD8+ lymphocytes) or indirectly by secreting 
pro-inflammatory cytokines and/or proteolytic enzymes [32, 33]. Indeed, activated 
CD4+ and CD8+ T-lymphocytes have been observed in COPD patients with 
emphysema, and showed enhanced production of cytokines and secreted 
proteolytic enzymes, as perforins and granzymes, which have been implicated in 
COPD pathogenesis [33-35]. In addition to T-lymphocytes, also B-lymphocytes 
have been found in lymphoid follicles present in the parenchyma and bronchial wall 
of COPD patients with emphysema [36]. The numbers of B-lymphocytes present in 
the airways increase with disease progression and correlate to airflow limitation in 
COPD [37]. The B-lymphocytes are oligoclonal in nature, indicating an antigen 
specific immune response [36]. Several antigens have been proposed to activate 
T- and B-lymphocytes, including cigarette smoke antigens, various microbial 
peptide antigens, elastin-related peptides, breakdown products of the extracellular 
matrix and (other) auto-antigens [32, 38]. However, to date the exact identity of the 
peptide antigen(s) has not yet been elucidated and consequently the (pathologic) 
role of the adaptive immune response in COPD pathogenesis is not yet fully 
established [38, 39]. Collectively, the chronic inflammation contributes to the airway 
disease and parenchymal destruction both contributing to airflow limitation COPD. 
 
It is important to note that most of the inflammatory cells present in individuals with 
COPD are also observed in smokers without airflow limitations (asymptomatic 
smokers) [40]. Strikingly, about 15-20% of smokers develop clinically relevant 
COPD, indicating that genetic predisposition and additional environmental factors 
determine susceptibility of smokers to eventually develop disease [41]. 
Interestingly, smoking cessation has beneficial effects on the progression of lung 
function decline; nevertheless it appears that quitting smoking hardly affects the 
presence of inflammatory cells in the lungs of individuals with COPD and that the 
inflammatory process persists in these individuals [42-44].  
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1.2 Structural changes in the lungs 
As mentioned, COPD is characterized by irreversible airflow limitation, due to the 
chronic inflammation causing structural changes of the airways and lung 
parenchyma. Although changes the large airway structure can be observed in 
COPD, the major alterations are present in the smaller airways, which undergo 
extensive remodeling. The parenchyma suffers from tissue destruction, resulting in 
the development of emphysema [2, 7, 37, 45]. 
 
Airway remodeling 
The small airways (<2 mm in diameter) offer little resistance in normal lungs, but 
become the major site of obstruction in COPD due to extensive remodeling [37, 
46]. There is a strong association between COPD progression and wall thickness 
of the smaller airways [37]. The remodeling process present in the bronchi and 
smaller airways encompasses abnormalities of the epithelial layer, the airway 
smooth muscle layer and the occurrence of airway wall fibrosis [37, 46]. 
 
The epithelium is an important physical barrier that protects the airways against 
inhaled pathogens and particles from the environment. In response to cigarette 
smoke, the epithelium secretes various soluble factors, as cytokines and growth 
factors, which direct and activate the immune system [47]. Chronic exposure to 
cigarette smoke damages the airway epithelium, causing epithelial remodeling and 
resulting in both squamous and mucous metaplasia [48, 49]. In squamous 
metaplasia the mucociliary clearance is impaired due to the substitution of 
columnar epithelium by squamous epithelium, whereas mucous metaplasia is the 
process in which mucous cells proliferate and mucous is overproduced in response 
to pro-inflammatory cytokines. Both processes significantly contribute to airflow 
obstruction in individuals with COPD [48, 49]. The epithelial derived growth factors 
may in turn affect the smooth muscle cells and fibroblasts lining the airway wall, 
thereby further contributing to small airway remodeling.  
 
Increased airway smooth muscle mass is an important pathological feature of 
chronic inflammatory lung diseases [50, 51]. Yet, in contrast to asthma no 
alterations in smooth muscle mass in the large airways have been reported in 
COPD [52]. Conversely, particularly in more severe stages of COPD, the smaller 
airways show a significant increase in airway smooth muscle mass, that negatively 
correlates to FEV1 [37]. In addition to an increased volume due to hypertrophy 
and/or hyperplasia, the peripheral airway smooth muscle layer of individuals with 
COPD may also display an increased contractile capacity, contributing to airflow 
obstruction by narrowing of the airway lumen [53]. Furthermore, an increased 
number of neutrophils within the smooth muscle layer has been observed in 
individuals with COPD, indicating mutual communication between structural cells of 
the airways and inflammatory cells [54]. Indeed, in addition to their contractile 
properties, the airway smooth muscle cells have an immunomodulatory function, as 
they are capable of producing a variety of cytokines, chemokines, growth factors, 
enzymes and other mediators in response to various stimuli [51, 55-57]. For 
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instance, the inflammatory cytokines IL-1β and/or TNF-α activate the airway 
smooth muscle cells to produce the neutrophil chemo-attractant IL-8, leukotactin-1 
(CCL15) and eotaxin among many other cytokines [55, 56, 58]. In addition, growth 
factors, neurotransmitters, allergic mediators and (soluble components of) cigarette 
smoke can stimulate the synthetic function of airway smooth muscle cells in a 
synergistic fashion, thereby recruiting and activating several immune cells within 
the lungs, contributing to disease pathophysiology [55-57]. Collectively, the airway 
smooth muscle cells may contribute to the development of COPD by their 
contractile as well as their synthetic function. 
 
Fibrosis of the airway wall is another key feature of small airway remodeling, which 
is primarily characterized by alterations in the extracellular matrix (ECM) deposition 
[59]. The factors driving small airway fibrosis and remodeling are currently poorly 
understood, however it is clear that fibroblasts are the primary cells regulating the 
ECM turnover in the lungs and aberrant activation of these cells may lead to tissue 
fibrosis [60]. It has been postulated that the inflammatory injury incited by cigarette 
smoke causes aberrant wound healing in the airways resulting in excessive 
connective tissue accumulation causing airway fibrosis, however the inflammatory 
response is not necessarily required [6, 61, 62]. In general, small airway 
remodeling in COPD is considered to be due to excessive fibrogenic growth factor 
release, in particular that of transforming growth factor β (TGF-β) [62, 63]. An 
emerging interest in the role of TGF-β in COPD pathogenesis has evolved, as 
single nucleotide polymorphisms (SNPs) in the TGF-β gene are associated with 
the development of COPD [64-68]. Moreover, several studies indicate an increased 
expression of this growth factor in smokers and COPD patients [64-68]. Cigarette 
smoke can directly activate latent TGF-β from lung fibroblasts and stimulate the 
secretion of various other pro-fibrotic factors from the airways [62, 69]. In 
agreement, pulmonary fibroblasts from individuals with COPD appear to be more 
responsive to cigarette exposure regarding ECM production than fibroblasts from 
individuals without COPD [70]. Members of the TGF-β superfamily activate cell 
surface serine-threonine kinase receptors, which in turn activate small phenotype 
and mothers against decapentaplegic related protein (smad) transcription factors. 
The intracellular regulation of smad signaling may be altered in COPD 
pathogenesis, indicated by reduced expression of the inhibitory smad6 and smad7 
in this disease [71, 72]. In addition to smads, other signaling pathways can be 
activated by TGF-β, and collectively initiate the differentiation of fibroblast in more 
secretory active myofibroblasts [73, 74]. Accordingly, an association between 
myofibroblast-like cells and airway obstruction was recently demonstrated in large 
airway wall biopsies from individuals with COPD [75]. To date, however, no study 
has addressed the presence of myofibroblasts in the smaller airways in relation to 
COPD pathogenesis. Taken together, pulmonary fibroblasts contribute to the small 
airway fibrosis observed in individuals with COPD.  
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Emphysema 
In the peripheral lung of individuals with COPD a variable degree of emphysema 
can be present, which may be due to pulmonary fibroblast dysfunction or the 
incapacity of the fibroblasts to inadequately repair the ongoing destructive 
response [76]. Emphysema is a major contributor to morbidity and mortality in 
individuals with COPD, and is defined by the loss of the alveolar structure due to 
chronic inflammation and tissue destruction, resulting in enlargement of the 
parenchymal airspaces [3]. The prognosis of smoking-related pulmonary 
emphysema is poor and the current possibilities of therapeutic intervention are 
sparse and frequently ineffective [77]. Several mechanisms focusing on the chronic 
injury induced by cigarette smoke have been postulated to contribute to 
emphysema, including an imbalance in proteases and anti-proteases, increased 
apoptosis of alveolar epithelial cells, ineffective phagocytosis function of 
macrophages thereby attenuating the immunological defense of the lungs, and 
increased oxidative stress due to mitochondrial dysfunction [77]. These 
mechanisms collectively contribute to the loss of functional lung tissue by 
degradation of elastic fibers and loss of alveolar attachments causing 
hyperinflation, air trapping and airflow obstruction [78]. 
 
In contrast to the exuberant fibrotic response developing in the smaller airways, 
emphysema could be considered to be a deficient repair process with impaired 
alveolar regeneration leading to failure of lung maintenance [77, 78]. In this 
context, cigarette smoke seems to impair the fibroblast function in the parenchyma 
creating an imbalance in the ECM turnover in the lungs [79-82]. Furthermore, the 
expression of fibroblast activating mediators in the airway and parenchyma may be 
different, as has recently been postulated and demonstrated in a mouse model of 
cigarette smoke-induced lung disease [83]. These findings support the concept that 
the repair mechanism in the parenchyma is impaired due to limited availability of 
growth factors and other mediators, resulting in the development of emphysema. 
Nevertheless, the contention that the expression of fibrogenic growth factors in the 
human emphysematous lung is decreased is not indisputably established [84, 85]. 
Studies assessing gene expression profiles of human lung tissue from individuals 
with (severe) emphysema are often not consistent or actually demonstrate an 
increased expression of genes encoding for various growth factors (including TGF-
β) and genes involved in extracellular matrix synthesis [84, 85]. Although the 
emphysematous lung is predominantly characterized by destruction of functional 
lung tissue, there are also indications that a remodeling process affecting the 
connective ECM occurs within the alveolar wall, resulting in increased elastin and 
collagen content [86, 87]. This suggests that a repair process is activated during 
the development of emphysema, which seems to be inadequate to fully restore the 
tissue in response to the concurrent tissue destruction. The molecular mechanisms 
contributing to parenchymal tissue repair are not well defined, but may be 
important for restoring functional lung tissue and constitute a feasible target for 
improved therapeutic intervention of COPD pathophysiology. 
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1.3 Extrapulmonary effects of COPD  
The prolonged and pervasive inflammation in COPD extends beyond the 
pulmonary system and causes extrapulmonary effects, which clarifies that COPD is 
a disease with systemic consequences [88]. Sometimes, these systemic effects are 
the major clinical problems affecting the patients. The systemic inflammation is 
responsible for the observed skeletal muscle weakness in COPD, which is 
characterized by a phenotype shift in myocytes, atrophy of specific muscle fibers 
and possibly increased apoptosis of myocytes [89, 90]. In addition to the muscular 
weakness, atherosclerotic vascular disease, depression, osteoporosis and 
disturbance of the electrolyte balance may all be part of COPD [88, 91]. 
 
1.4 Therapeutic intervention 
Smoking cessation is by far the most important preventive and therapeutic 
intervention in COPD and is recommended by the GOLD guidelines [3]. Prevention 
of exposure to tobacco smoke (active or passive smoking) prevents up to 90% of 
the development of COPD in the Western world. Quitting smoking slows down the 
accelerated rate of lung function decline even in severe COPD and improves 
survival compared to individuals with COPD who continue with smoking [92].  
 
The pharmacological treatment of COPD consists of bronchodilatory and anti-
inflammatory therapy. The β2-adrenergic receptor agonists and anticholinergics 
comprise the main groups of drugs for bronchodilation, whereas (inhaled) 
glucocorticosteroids are the main anti-inflammatory therapy used in COPD [93]. 
The therapeutic interventions are judged on their beneficial effects on lung function 
decline, frequency of exacerbations and quality of life. The widely used 
bronchodilators provide symptomatic relief to a certain extent and improve 
exacerbation frequency as well as quality of life [2, 94]. The corticosteroids also 
improve quality of life and reduce the number of exacerbations, however an effect 
of this class of drugs on the accelerated lung function decline appears to be either 
absent or only present in a small group of COPD patients [95-98]. Recently, a 
phosphodiesterase 4 (PDE4) inhibitor, a new group of anti-inflammatory drugs, has 
been registered for the treatment for COPD [99, 100]. No compelling evidence 
indicates that any of the current pharmaceutical therapies attenuates the 
progressive airflow obstruction and loss of lung function in COPD patients and the 
limitations of these therapeutic drugs underline that novel agents are required for 
the treatment of COPD.  
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2. Wingless/Integrase-1 (WNT) signaling pathway 
Age-associated changes in the structure and function of the lungs may increase 
the pathogenetic susceptibility to COPD [101]. In this context, signaling pathways 
that are activated during lung development may be of potential therapeutic 
relevance, particularly the Wingless/Integrase-1 (WNT) signaling pathway. The 
WNT signaling pathway is essential for proper lung development, as loss of the 
specific ligands activating this pathway cause complete lung agenesis [102, 103]. 
Furthermore, maternal smoking is a risk factor for developing lung disease later in 
life and in mice it was demonstrated that maternal smoking negatively influences 
gene expression of WNT pathway components in lung tissue of the offspring, which 
may cause aberrant lung development possibly contributing to the increased 
susceptibility to lung diseases [104, 105]. The expression of WNT pathway genes 
in the epithelium of asymptomatic smokers and smokers with COPD is decreased, 
contributing to the alterations of the airway epithelium observed in smoking-related 
diseases [106]. Furthermore, a recent study indicates that activation of WNT 
pathway signaling may attenuate experimental emphysema in mice [107]. 
Activation of WNT signaling is required for lung development and it contributes to 
tissue repair, whereas aberrant activation resulting in excessive WNT pathway 
signaling is associated with fibroproliferative diseases in various organs, including 
the lungs [108, 109]. 

 
2.1 Overview of canonical and non-canonical WNT signaling pathway 
The WNT signaling pathways are highly conserved amongst species, are essential 
in developmental processes, and may be reactivated during disease pathogenesis. 
A simplified and straight-lined representation of canonical (i.e. β-catenin-
dependent) WNT signaling (figure 1) is that the pathway is activated by a secreted 
extracellular WNT ligand that binds to a seven transmembrane receptor, called 
Frizzled (FZD), and/or its co-receptors the low-density lipoprotein receptor related 
proteins 5 and 6 (LRP5/6). The activated FZD receptor in turn switches on the 
intracellular signaling cascade by activating the dishevelled proteins (DVL), which 
cause disruption and thereby inactivation of a so called destruction complex 
consisting of adenomatosis polyposis coli (APC), axin, glycogen synthase kinase-3 
(GSK-3) and casein kinase-1 (CK-1) [110-113]. In the absence of WNT ligands, the 
destruction complex phosphorylates cytosolic β-catenin, the key effector of 
canonical WNT signaling, and thereby targets it for proteosomal degradation. 
However, in the presence of WNT signaling the disruption and inhibition of the 
destruction complex allows free β-catenin to accumulate in the cytosol and 
subsequently translocate into the nucleus. The transcriptional co-activator β-
catenin associates in the nucleus with the T-cell factor/lymphoid enhancer factor-1 
(TCF/LEF) family of transcription factors and induces gene transcription (figure 1).  
 
In addition to the canonical WNT signaling, also various non-canonical WNT 
signaling pathways exist, which do not depend on β-catenin as downstream 
effector, but mainly activate c-Jun-N-terminal kinase (JNK)-dependent or Ca2+-
dependent signaling pathways [110-113]. Originally, the non-canonical Wnt 
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pathway was synonymous for the planar cell polarity (PCP) pathway. The PCP 
pathway regulates tissue morphogenesis and the synchronous polarity of sheets of 
cells. This specific pathway is associated with the downstream activation of JNK 
and proteins involved in cytoskeleton rearrangement [114, 115]. On the other hand, 
the WNT/Ca2+ signaling pathway is associated with the activation of phospholipase 
C (PLC), which lead to the formation of inositol 1,4,5-triphosphate (IP3) and 1,2 
diacylglycerol (DAG) from the membrane-bound phospholipid phosphatidylinositol 
4,5-bisphosphate (PIP2). The formation of IP3 and DAG results in an increase in 
intracellular Ca2+ levels. Subsequently, Ca2+ causes the activation of calmodulin-
dependent protein kinase II (CAMKII), protein kinase C (PKC) and the nuclear 
factor of activated T cells (NFAT) transcription factor as well as a variety of other 
transcription factors [114-116]. The WNT/Ca2+ signaling pathway is in general 
important for developmental processes; however it has recently also been linked to 
cancer development and it may contribute to inflammatory responses [116]. 
 
Over the last decades WNT signaling has been extensively investigated and here 
the focus will be on the components of canonical WNT/β-catenin signaling and 
their complex regulation by a variety of molecular mechanisms (figure 2). Despite 
the complexities, the canonical WNT pathway is still far better understood than the 
non-canonical WNT pathway. 
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▲ Figure 1: Schematic representation of canonical WNT signaling.  
In the absence of extracellular WNT ligands (left): cytosolic β-catenin is recognized by the destruction 
complex, which is composed of axin, adenomatous polyposis C (APC), casein kinase-1 (CK-1) and 
glycogen synthase kinase-3 (GSK-3). The destruction complex phosphorylates β-catenin, thereby 
targeting the protein for ubiquitination and subsequent proteosomal degradation. In the presence of 
extracellular WNT ligands (right): the WNT ligands bind to the seven- transmembrane receptor Frizzled 
(FZD) and/or the low density lipoprotein receptor related proteins (LRP) 5 and 6. The activated 
receptors transduce their signal intracellularly via activation of disheveled (DVL) proteins. Activation of 
DVL in combination with the phosphorylation of LRP5/6 results in a disengaged or disrupted destruction 
complex, allowing cytosolic β-catenin to accumulate and thereafter to translocate to the nucleus. The 
transcriptional co-activator β-catenin associates with T-cell factor (TCF)/Lymphoid enhancer factor 
(LEF) family of transcription factors and induces gene transcription (see text for detailed description). 
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2.2 WNT ligands 
WNT ligand genes encode evolutionary conserved secreted glycoproteins (table 2) 
that act as signaling molecules essential for a number of fundamental processes 
like embryonic patterning and cell-fate decisions in development. The name WNT 
is a fusion of the wingless (Wg) gene and the homologous vertebrate oncogene 
intergrase-1 (int-1) [117]. The canonical WNT pathway originates from 1973, when 
a mutation in the Wg gene in Drosophila Melanogaster was identified and the loss 
of function mutations resulted in impaired haltere development and wing deficient 
flies, demonstrating the physiological relevance of Wg in the development of 
Drosophila Melanogaster [118]. The proto-oncogene int-1 was discovered in 1982, 
as an important gene in the development of mouse mammary tumor virus (MMTV)- 
induced breast cancers in mice [119]. In 1987 this gene was cloned and soon 
thereafter it was discovered that the Drosophila Melanogaster homolog of int-1 was 
identical to the Wg gene [117, 120]. It became apparent that int-1 encoded for a 
secreted glycoprotein and that this gene presented a paradigm for a group of 
related mammalian genes. Eventually in 1991 this resulted in a new nomenclature 
for Wg / int-1 and the related genes; the WNT ligand family [117, 121]. Wg still acts 
as the exemplifying protein for WNT signaling to explore fundamental principles of 
this pathway; however, extrapolation of principles that apply for Wg to other 
individual WNT ligand proteins should be done with prudence. Currently the family 
of secreted WNT-glycoproteins in human is presented by 19 different ligands (table 
2), which are historically defined by their amino-acid sequence rather than by their 
functional properties. This family of ligands share common characteristic structural 
features, which include a signal sequence required for secretion, several highly 
charged amino acids, various potential glycosylation sites and a cysteine-rich 
domain consisting of 22-25 cysteine residues [122-124]. The genes encoding for 
WNT ligands are present in both vertebrates and invertebrates, but the number of 
encoding genes varies significantly between species [123]. Nevertheless, in 
vertebrates the WNT ligand orthologs within different species share high homology, 
up to 98% identical sequences in WNT-1 (Wg) for instance [122-124].  
 
In general, WNT ligands consist of ~350 amino acids and have a corresponding 
molecular weight of ~40 kDa and the multiple cysteine residues contribute to 
proper folding of the ligand [125, 126]. Immature WNT ligands are 
posttranslationally modified in the endoplasmic reticulum (ER) by the 
oligosaccharyl transferase complex (OST) and porcupine, a multipass 
transmembrane protein. The OST complex attaches oligosaccharides to the WNT 
ligand backbone (N-glycosylation) [125]. Loss of porcupine resembles lack of 
Wg/WNT signaling, whereas overexpression results in aberrant glycosylation 
and/or palmitoylation (i.e. covalent modification by a lipid moiety) of WNT ligands 
without increasing canonical WNT signaling [124, 127]. Therefore, it appears that 
porcupine is required for the appropriate lipid modifications of WNT before they are 
secreted. The function of N-glycosylation by porcupine or the OST complex is not 
yet elucidated [125]. The secretion of WNT ligands is subsequently mediated by 
the recently identified the multipass transmembrane protein Wntless/Evenness 
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interrupted (Wls/Evi), which recognizes porcupine-mediated lipidation of specific 
amino residues within the WNT ligand [124, 125, 128]. Wls/Evi facilitates the 
cellular trafficking and alternatively controls specific modifications within the ligand 
required for secretion [125, 129, 130].  
 

Table 2: WNT signaling pathway components and modulators 

Components and 
function 

Family members

 
WNT ligands 

 

 
WNT-1 (Wg), WNT-2, WNT-2B, WNT-3, WNT-3A, 

WNT-4, WNT-5A, WNT-5B, WNT-6, WNT-7A, 
WNT-7B, WNT-8A, WNT-8B, WNT-9A, WNT-9B, 

WNT-10A, WNT-10B, WNT-11, WNT-16 
 

Alternative ligands Norrin and R-spondins 
 

Extracellular 
modulators 

Secreted Frizzled related proteins (sFRP), 
WNT-inhibitory factor (WIF-1), 

Dickkopfs (DKK) 
 

FZD receptors FZD1, FZD2, FZD3, FZD4, FZD5, 
FZD6, FZD7, FZD8, FZD9, FZD10 

 
LRP receptors Low-density lipoprotein receptor 

related proteins 5 and 6 (LRP5/6) 
 

Alternative receptors Ror2 and Ryk 
 

Signaling intermediates 
 

Dishevelleds: DVL1, DVL2, DVL3 

β-Catenin 
destruction complex 

 

Axin, adenomatosis polyposis coli (APC), 
Glycogen synthase kinase-3 (GSK-3), 

Casein kinase-1 (CK-1), 
Protein phosphatases (PP1 and PP2A) 

 
Cellular trafficking and 

distribution 
 

Cadherins, pygopus (Pygo)  
and legless (Lgs/BCL-9) 

Effector 
 

β-catenin (Armadillo) 
 

Transcription factors 
 

T-cell factor (TCF1, TCF-3, TCF-4), 
Lymphoid enhancer factor (LEF-1) 

 
Intracellular modulators Nemo-like kinase (NLK), 

Groucho / Transducin-like enhancer of split (TLE) 
inhibitor of β-catenin and TCF4 (ICAT), 

Chibby (Cby) 
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The secreted WNT ligands are lipid modified glycoproteins therefore tightly 
associated with the cell surface and the surrounding extracellular matrix promoting 
short range signaling [131]. The extracellular matrix proteins, in particular 
glycosaminoglycan (GAG)-modified proteins, like the cell-surface heparan sulfate 
containing proteoglycans perlecan, syndecan and glypican or the small leucine-rich 
repeat proteoglycan biglycan have an important in role in regulating the WNT 
ligand concentration, distribution and activity [131-133]. Likewise, the less 
conventional heparan sulfate proteoglycan collagen XVIII is able to bind WNT 
ligands controlling extracellular movement and their readiness to induce signaling 
[134]. Nevertheless, WNT ligands may also extend their range of signaling, which 
demands morphological alterations in their molecular structure and/or requires a 
carrier as the prevalent lipid modifications may negatively affect the distribution of 
WNT ligands proteins in the aqueous extracellular fluid. For instance, several 
secreted Wg proteins can form a multimer complex in which the lipid chains are 
insulated, increasing its solubility [112, 135]. In addition, WNT ligand movement 
may be regulated by proteins involved in transcytosis: a process by which 
macromolecules are normally transported across the interior of a cell. The 
transcytosis process is mediated by a cluster of proteins called the retromer 
complex, which is hypothesized to promote the assembly of WNT ligands to other 
proteins like lipoprotein particles, which in turn function as chaperones to extend 
the signaling range of the specific WNT ligand [124, 125, 136].  
 
As mentioned, WNT ligands can broadly activate two distinct signaling pathways 
subdivided in the canonical β-catenin pathway and the non-canonical pathway, in 
which the latter is further divided in the planar cell polarity pathway (PCP) and the 
WNT/Ca2+-dependent pathway. The conception of distinct WNT ligands that 
mutually exclusively induce either canonical or non-canonical WNT signaling, 
originates from studies performed in Xenopus Leavis [137]. Ectopic expression of 
WNT ligands that activate canonical β-catenin-dependent WNT signaling, resulting 
in the induction of a secondary axis in early Xenopus Leavis embryos, were 
classified as canonical WNT ligands. Other WNT ligands are not axis inducing or 
act even inhibitory when misexpressed, but these ligands modulate cell adhesion 
and cell movement in these embryos indicating non-canonical signaling [137, 138]. 
These findings are the basis of classifying WNT-1 (Wg), WNT-3A, WNT-8 and 
WNT-8B as canonical WNT signaling ligands, whereas on the other hand WNT-4, 
WNT-5A and WNT-11 were classified as non-canonical WNT ligands. 
Nevertheless, more recent evidence indicates that this strict classification of WNT 
ligands to be purely activators of either canonical or non-canonical WNT signaling 
is not justified and activation of these signaling cascades is highly dependent on 
cell type and on the specific receptors expressed by the cells [137-140]. 
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◄ Figure 2: Regulation of canonical WNT signaling.  
The activity of the (canonical) WNT signaling pathway is tightly regulated via endogenously expressed 
extracellular and intracellular modulators. Extracellular WNT pathway modulators: the secreted FZD 
related proteins (sFRPs) and members of the Dickkopf protein family (DKKs). The sFRPs affect both 
canonical as non-canonical WNT signaling via binding to WNT ligands, thereby preventing the 
interaction of the ligands with FZD receptors. WNT inhibitory factor-1 (WIF-1) is also appointed as a 
member of the sFRPs. The DKKs exclusively affect the canonical WNT signaling pathway by binding to 
the LRP receptors, hence preventing the formation of the WNT/FZD/LPR signaling complex, which is 
required for canonical WNT signaling. Nuclear translocation of β-catenin: WNT ligand-induced inhibition 
of the destruction complex allows accumulation of cytosolic β-catenin and subsequent nuclear 
translocation. β-Catenin lacks a specific nuclear translocation sequence (NLS) and the nuclear 
translocation is facilitated by TCF/LEF-1 transcription factors, pygopus (Pygo), BCL-9 (legless), or is 
achieved by direct binding of β-catenin to the nuclear pore via a process that is not yet fully elucidated. 
Nuclear export of β-catenin to the cytosol is facilitated by APC and Axin. Modulators of WNT signaling in 
the nucleus: β-catenin induces gene transcription via its interaction with TCF/LEF-1 transcription factors. 
In the absence of WNT signaling the transcriptional potency of TCF/LEF-1 is suppressed via the 
interaction with TLE (Groucho). In addition, TCF/LEF-1 can be phosphorylated by Nemo-like kinase 
(NLK) resulting in inhibition of the DNA binding. The transcriptional potential of β-catenin in is blocked 
via the interaction with chibby (Cby) or the polypeptide inhibitor of β-catenin and TCF-4 (ICAT) (see text 
for detailed description). 
 
2.3 Cell surface receptors for WNT ligands: Frizzled (FZD) and low-density 
lipoprotein receptor related proteins (LRP) receptors 
The interaction of WNT ligands with their receptors on the cellular surface is the 
first step in transducing the extracellular signal into an intracellular response. Two 
distinct receptor families are critical for (canonical) WNT signaling; the Frizzled 
family of seven transmembrane receptors (FZD receptors) and the low-density 
lipoprotein receptor related proteins 5 and 6 (LRP5/6 receptors; Arrow in 
Drosophila Melanogaster). The initial connection of WNT ligands binding to FZD 
receptors resulting in the activation of canonical WNT signaling was demonstrated 
in the mid 1990’s [141, 142]. Experiments in Drosophila Melanogaster transfected 
with the FZD2 receptor ortholog, demonstrated the interaction of the receptor with 
the ligand Wg and subsequent stabilization of Armadillo (the Drosophila 
Melanogaster ortholog of β-catenin) [142]. Additional evidence implying this 
interaction came from experiments performed in Xenopus Leavis [141]. Ectopic 
expression of the rat FZD1 receptor in this species resulted in the expression of two 
canonical WNT responsive target genes, which was enhanced by co-expression of 
WNT-8, linking the FZD receptors to the WNT signaling pathway [141].  
 
Currently, the human FZD receptor family consists of 10 distinct members (FZD1 
through FZD10; table 2) [143]. The identified FZD receptors contain common 
structural features, which include a cysteine-rich domain (CRD) in the extracellular 
amino-terminus (N-terminus), a seven transmembrane domain and a short 
cytoplasmic tail at the carboxyl-terminus (C-terminus). The highly conserved CRD 
domain (10 cysteine residues) has been implicated to be a specific binding domain 
for WNT ligands. Indeed, specific WNT ligands were demonstrated to directly bind 
to this domain and induce downstream signaling activity [144, 145]. However, 
mutated FZD receptors that lack the CRD domain may still be able to induce 
signaling activity, although frequently less efficient than their wild type counterparts 
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[146, 147]. In addition, when these mutated FZD receptors are fused with either 
another WNT ligand binding domain or directly linked to a WNT ligand, they are 
able to completely restore the WNT signaling capacity [147-149]. Collectively, 
these findings indicate that the CRD domain functions as a binding domain for 
WNT ligands but happens to be not indispensable, possibly indicating that other 
parts of the FZD receptor require the interaction with a WNT ligand for signaling 
and that the CRD domain facilitates this interaction [148, 150]. The relationship 
between FZD receptors and WNT signaling has now been established; however, 
the specificity of this interaction has still not been completely elucidated. This is 
largely due the large number of WNT ligands and FZD receptors, the potential 
multitude of WNT/FZD interactions and because of the mutual functional 
redundancies in both the ligands and the receptors [151]. 
 
The intracellular domains of FZD receptors do not have enzymatic motifs and the 
signal transduction is mediated by the recruitment of intracellular signaling 
molecules [152]. Thus, WNT-dependent activation of FZD receptors results in the 
subsequent recruitment of the downstream signaling intermediate dishevelled 
(DVL; table 2). The name dishevelled DVL or Dsh in Drosophila Melanogaster) 
originates from the phenotype of disorientated hair and body development in 
Drosophila Melanogaster [153]. Three human homologues have been identified 
(DVL1 through DVL3) and DVLs have three well conserved domains: the DIX 
(DVL/axin), PDZ (postsynaptic density 95, disc large, zona occludens-1) and DEP 
(DV, Egl-10, pleckstrin) domains [154]. WNT signaling induces rapid polymerization 
of DVL at the plasma membrane which involves the DIX and PDZ domains, the 
latter being important for the direct interaction of DVL to FZD receptors and 
downstream effectors [154]. Furthermore, WNT signaling induces 
(hyper)phosphorylation of DVLs, which suggests that this may be important for 
their function [154-156]. Several kinases have been demonstrated to be involved in 
the phosphorylation of DVL, including casein kinase(CK)-1 (i.e. CK-1ε and CK-1δ), 
CK-2 and PAR-1 (par-1 kinase or microtubule-affinity-regulating kinase; MARK) 
[154-156]. Nevertheless, it is not yet completely established what the functional 
consequence of DVL phosphorylation response to WNT signaling is. In addition, 
the members of the FZD receptor family show high resemblance with the family of 
G-protein coupled seven transmembrane receptors (GPCRs) and therefore G-
proteins have been suggested to be the link between the FZD receptor and the 
downstream activation of DVLs. Accordingly, the requirement of G-proteins in the 
activation of canonical and non-canonical WNT signaling has been shown [157-
159]. However, to date there is no evidence of the direct physical interaction of G-
proteins to any of the identified FZD receptors and further studies are required to 
substantiate the understanding of the involvement of G-proteins in WNT signaling 
as well as of the signaling events directly downstream of FZD receptors [158].  
 
Activation of DVLs is important in both canonical and non-canonical WNT signaling 
and DVLs have dynamic interactions with a wide range of downstream binding 
partners. This implies that an (additional) signal is required to discriminate between 
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both pathways. The FZD receptors can be considered as general WNT receptors, 
as these receptors are capable of activating both the canonical and the non-
canonical WNT signaling pathways [148, 160, 161]. Selectivity of canonical and 
non-canonical pathway activation by WNT ligands appears to be mainly dependent 
on the recruitment and/or activation of LRP5/6 co-receptors (figure 1 and table 2), 
which are indispensable for the canonical signaling pathway (table 2). This was 
elegantly demonstrated by the fusion of WNT-5A (generally considered to be a 
non-canonical WNT ligand) to a part of dickkopf-2 (DKK-2; a modulator of WNT 
signaling) that interacts with LRP5/6. The fusion protein activated canonical WNT 
signaling and this could be antagonized by inhibition of either the FZD or the 
LRP5/6 (co-)receptor. As anticipated, the non-mutated WNT-5A was not able to 
activate β-catenin signaling. Taken together, this implicates that FZD and LRP5/6 
can form a signaling complex together and that LRP5/6 determine the downstream 
signaling response to a WNT ligand [140]. Therefore it was suggested that non-
canonical WNT ligands (e.g. WNT-5A) are less efficient in promoting the 
association of the FZD receptor with LRP5/6, and accordingly do not activate 
canonical signaling [140]. However, the existence of receptor signaling complexes 
composed of WNT/FZD/LRP5/6 (the so-called LRP signalosomes) has not yet 
been demonstrated under physiological conditions. The requirement of LRP 
receptors in canonical WNT signaling was demonstrated in experiments in 
Drosophila Melanogaster. Complementary evidence in mammalian cells showed 
that mutations in the LRP5 or LRP6 resulting in truncated proteins lacking the 
extracellular domain, induced a constitutively active canonical WNT signal, 
whereas the lack of the intracellular domain results in dominant negative receptors 
[162-164]. Loss of LRP6 in mice (LRP6-/- mice) induces severe developmental 
defects that are perinatally lethal; LRP5-/- mice are viable but develop osteoporosis 
and metabolic disorders, and double knock out (LRP5-/- and LRP6-/-) mice die 
shortly after gastrulation [165-167]. These phenotypes are consistent with loss of 
WNT signaling and demonstrate that although LRP5 and LRP6 have overlapping 
functions, loss of LRP6 is more severe than loss of LRP5. WNT ligands bind with 
much lower affinity to LRP6 receptors when compared to the FZD receptors [163]. 
The transduction of the extracellular signal into the intracellular compartment is 
facilitated by the proposed LRP5/6 signalosomes [163, 168-170]. In the 
signalosomes LRP6 is phosphorylated at the intracellular domain. To be more 
specific, the serines/threonine in the P-P-[S/T]-P-X-S motifs (P: proline, S: serine, 
T: threonine and X: variable amino acid residue) are the targets for phosphorylation 
[170, 171]. Canonical WNT ligands induce sequential phosphorylation of LRP6 
receptors predominantly mediated by GSK-3 (Zeste-White3 or Shaggy in 
Drosophila Melanogaster) and/or casein kinase-1 (CK-1) isoforms, and this dual 
phosphorylation promotes the engagement of LRP6 with the scaffolding protein 
axin at the plasma membrane [171]. Additional kinases have been described to 
facilitate the phosphorylation of LRP receptors, including protein kinase A (PKA), 
members of the cyclin-dependent protein kinases (i.e. Pftk-1) and G protein-
coupled receptor kinases (Grk5/6) [170]. Interestingly, CK-1 and GSK-3 are both 
members of the destruction complex involved in the phosphorylation and 
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degradation of β-catenin, and it was demonstrated that it is not the cytosolic pool of 
GSK-3 that is responsible of LRP6 phosphorylation, but rather a membrane-
associated pool of the kinase [112, 171, 172]. Also constitutive (i.e. WNT signaling 
independent) phosphorylation of LRP6 has been observed, though the kinases 
involved in this process may be different from those involved in WNT mediated 
LRP6 activation [170, 171]. GSK-3 is considered to be a constitutively active kinase 
and this raises the question of why this kinase contributes to WNT-mediated 
activation rather than the possible constitutive phosphorylation of LRP6 [173, 174]. 
The explanation could be that in the absence of WNT signaling the phosphorylation 
sites in the cytoplasmic domain of LRP6 are not accessible for GSK-3. This may 
indeed be the case, as WNT signals are able to induce a conformational change in 
LRP6 resulting in activation of the signaling pathway [164]. Much remains to be 
discovered regarding the exact mechanism(s) of conventional WNT receptor 
activation and their signaling at the plasma membrane in WNT ligand receiving 
cells. 
 
2.4 Alternative ligands and receptors in WNT signaling 
In addition to WNT ligands, also other proteins may either directly or indirectly 
activate FZD or LRP5/6 receptors, resulting in increased β-catenin stability and 
thereby mimicking canonical WNT signaling activation. For example, Norrin and R-
spondins (the RSPO protein family, consisting of four members) are secreted 
proteins that are able to either directly bind to FZD receptors or to assemble a 
signaling complex containing the FZD receptor when they bind to the LGR4/5 
receptors (leucine-rich repeat containing, G-protein coupled receptors 4 and 5), 
both resulting in WNT pathway activation [175-177]. Interestingly, R-spondins may 
have synergy with canonical WNT ligands in activating β-catenin. The expression 
of R-spondins is closely related to the expression of the canonical WNT ligands 
WNT-1 and WNT-3A, indicating a possible feed forward mechanism that enhances 
canonical WNT signaling [175]. Similarly, WNT ligands also have the option of 
activating non-conventional receptors with a WNT-ligand binding domain, leading 
to other modes of WNT signaling. Alternative receptors for WNT signaling may be 
members of the single span transmembrane tyrosine kinase receptors Ror and 
Ryk. Signaling by these receptors is initiated by direct binding of a WNT ligand to 
these receptors. In the case of Ror2 the ligand can bind to the CRD domain, which 
is also present in the FZD receptors, whereas Ryk (Derailed in Drosophila 
Melanogaster) does not contain a CRD but another WNT binding sequence called 
WNT inhibitory factor (WIF) domain, which was initially identified in the N-terminus 
of the secreted WNT pathway modulator WNT inhibitory protein-1 (WIF-1) [149, 
178, 179]. Interestingly, Smoothened (Smo; another CRD-containing receptor) is 
important for sonic hedgehog (Shh) signaling, but has recently also been 
associated with WNT signaling [143, 180]. However, activation of Smo is 
considered to be independent of an extracellular ligand and therefore it is unlikely 
to be a direct receptor for WNT ligands [143, 181]. Nevertheless, the functional 
outcome of Ror2 activation shows high resemblance to WNT-5A signaling, 
implicating that this alternative receptor contributes to non-canonical WNT 
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signaling [182, 183]. On the other hand, activation of Ryk has been linked to both 
canonical and non-canonical WNT signaling [182]. The involvement of these 
alternative ligands and non-conventional receptors in the WNT signaling cascade 
and their contribution to (patho)physiological processes is still a largely unresolved 
area. 
 
2.5 Modulators of WNT signaling 
WNT signaling pathway activation is furthermore regulated via endogenously 
expressed extracellular and intracellular modulators, including secreted Frizzled 
related proteins (sFRPs), WNT inhibitory factor-1 (WIF-1), the Dickkopf protein 
family (DKK’s), Nemo-like kinase (NLK) and β-catenin binding inhibitors (table 2, 
figure 2). Although most of these proteins have been identified predominantly by 
their capability of inhibiting WNT-signaling, more recently it has become apparent 
that they may also have other physiologically relevant signaling properties.  
 
Secreted and extracellular WNT signaling modulators 
The first main class of WNT signaling modulators is the secreted Frizzled related 
proteins (sFRP) which comprise a family of 5 members in humans: sFRP-1 through 
sFRP-5, of which sFRP-3 is also known as FrzB (Frizzled motif associated with 
bone development) [184]. Since their discovery, it was established that distinct 
sFRPs directly bind to specific WNT ligands, thereby attenuating WNT signaling 
and without making a distinction between WNT ligands that activate either 
canonical or non-canonical signaling (figure 2) [185-189]. Interestingly, the sFRPs 
contain an N-terminal cysteine-rich domain (CRD), which highly resemblances the 
CRD domain in FZD receptors, being the WNT-ligand binding domain [184, 186, 
190]. However, whether WNT signaling is antagonized by sFRPs through the 
association of WNT ligands to this CRD domain is still matter of debate as also the 
C-terminal domain may be important for inhibiting WNT signaling [185, 191, 192]. 
In addition, sFRP-1 can also directly interact with FZD receptors [184]. Thus, the 
sFRPs may have a dual mechanism to antagonize WNT signaling, by either direct 
interaction with WNT ligands preventing them from binding to FZD receptors, or by 
forming a nonfunctional complex with the FZD receptors [184, 185, 191]. The 
physiological relevance of the sFRPs is even more complicated, as the expression 
of different sFRPs is associated with distinct cellular responses. This may be due 
to differences in binding affinity of distinct WNT ligands for specific sFRPs, the 
variety of WNT ligands present or may be dependent on the cellular expression of 
FZD receptors, as sFRPs may also act as chaperones guiding WNT ligands to 
cellular sites with relatively high expression of FZD receptors [185, 190, 191]. 
WNT-inhibitory factor (WIF-1), Klotho and Cerberus are also counted among the 
sFRPs class of WNT inhibitors as they are secreted proteins that directly bind 
specific WNT ligands and attenuate their activity, however with different efficiencies 
[149, 185]. In contrast to sFRPs and FZD receptors, WIF-1 does not contain the 
specific CRD domain, but is able to bind WNT ligands via a specific N-terminal 
domain (i.e. the WIF domain) [149, 178].  
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Another class of extracellular WNT signaling modulators is the Dickkopf (DKK) 
family of proteins. In 1998, Dickkopf-1 (DKK-1) was first of this class to be 
identified, as a regulator of canonical WNT signaling [193]. Shortly thereafter, three 
other members (i.e. DKK-2, DKK-3 and DKK-4) were identified, as well as a DKK-
3-related protein named Soggy [185, 193, 194]. Unlike sFRPs, the secreted 
cysteine-rich DKK proteins are able to inhibit the WNT signaling pathway without 
direct binding to the WNT ligands, with the exception of DKK-2, which has a 
stimulatory effect on canonical WNT signaling [195-199]. The inhibitory DKK’s 
specifically prevent canonical WNT signaling by binding to the LRP5/6 co-receptors 
thereby preventing the formation of WNT-FZD-LRP5/6 complex that is required for 
the activation of intracellular β-catenin signaling (figure 2) [195-198]. In addition, 
DKKs may bind with high affinity to the single transmembrane receptors Kremen 1 
and 2 (Krem1 and krem2). For instance, DKK-1 can inhibit canonical WNT 
signaling by constituting a tertiary complex that further consists of krem2 and LRP6 
[200]. This subsequently results in rapid endocytosis of the LRP6 receptor, 
decreasing the plasma-membrane expression of the receptor and thereby 
restricting the possibility of canonical WNT signaling activation [200]. Krem2-
mediated internalization of LRP6 is not a general applied mechanism of DKK-1. It 
was recently demonstrated in several mammalian cell lines, that canonical WNT 
signaling was attenuated by DKK-1 via its interaction with LRP6; however no effect 
on either the cell surface expression or degradation of LRP6 was observed [201]. 
Interestingly, DKKs may be downstream targets of canonical WNT/β-catenin 
signaling, which suggests a negative feedback mechanism to govern WNT 
signaling [202-205]. Because the DKK proteins selectively and exclusively inhibit 
the canonical WNT signaling pathway and are available as recombinant proteins, 
they are very useful as molecular tools to distinguish whether WNT ligand-induced 
cellular responses are mediated via the canonical or non-canonical signaling 
pathway. In addition to DKK’s, LRP5 and LRP6 are also the targets of several 
novel extracellular WNT signaling inhibitors/modulators including pigment 
epithelium-derived factor (PEDF), Sclerostin (SOST), Mesd, Serine proteinase 
inhibitor A3K (SERPINA3K) and Adenomatosis polyposis coli down-regulated 
protein-1 (APCDD1) [206-209]. The tight regulation of spatiotemporal expression of 
WNT ligands by the extracellularly expressed WNT modulators, like sFRPs and 
DKKs, is likely involved in the regulation of a variety of cellular functions and critical 
developmental processes by (canonical) WNT signaling. 
 
2.6 β-Catenin structure and cellular function 
The multi-functional protein β-catenin plays a crucial role both in cell adhesion, by 
being a component of cadherens based adherens junctions stabilizing cell-cell 
contacts, and in gene transcription as a transcriptional co-activator in canonical 
WNT signaling. The catenin family of proteins consists of three closely related 
members; α-catenin, β-catenin and γ-catenin [210]. Originally β-catenin and γ-
catenin, the latter also known as plakoglobin, were described in 1989 as proteins 
linked to the transmembrane cadherins located at the intracellular surface of the 
plasma membrane [211]. Cadherins directly interact with these specific catenin 
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proteins, linking them to the cytoskeleton [210, 212]. A highly regulated and 
dynamic cytosolic pool of β-catenin is responsible for the signal transduction in 
canonical WNT signaling. Whether these two cellular functions of β-catenin are 
interconnected is still a controversial issue, as disengagement of the protein from 
the cadherins complex can contribute to cytosolic β-catenin expression, but may 
also be the result of a shift in the (continuous) cellular turnover (i.e synthesis and 
degradation) of β-catenin [172, 213-215]. 
 
Structural and biochemical studies revealed that β-catenin has a flexible N- and C-
terminus domain and a characteristic central domain consisting of 12 armadillo 
repeats [216, 217]. The armadillo repeats are highly conserved and each repeat 
contains 42 amino acid residues and is arranged in three helixes. Conjointly the 
armadillo repeats form a superhelix with a positively charged groove, which is 
important for the interaction of β-catenin to other proteins [217]. The various 
binding partners of β-catenin show overlapping binding sites preventing 
simultaneous binding, implying spatial-temporal regulation of WNT signaling and 
function of the other binding proteins [216]. As do many other proteins, β-catenin 
undergoes posttranslational modifications, predominantly at the N- and/or C-
terminal domain, of which phosphorylation and ubiquitination of the protein are the 
most well-known and additionally, it can also be acetylated [216, 218, 219]. These 
posttranslational modifications regulate the cellular expression, distribution and 
function of β-catenin.  
 
The cytosolic pool of β-catenin is tightly regulated by a multi-protein complex, the 
so-called β-catenin destruction complex, and canonical WNT stimulation interferes 
with this complex resulting in increased β-catenin stability (figures 1 and 2). 
 
2.7 The β-catenin destruction complex components 
The β-catenin destruction complex plays a central role in the canonical WNT 
signaling pathway by tightly regulating cellular β-catenin expression and keeping 
the cytosolic β-catenin levels low in the absence of WNT signals. The composition 
of the destruction complex may be dynamic with proteins that form the central core 
of the complex, whereas other proteins transiently associate with the complex 
either in a WNT-dependent or independent fashion. Axin, APC, GSK-3 and CK-1 
form the core proteins of the destruction complex and their function will be briefly 
discussed [111, 112, 172]. 
 
The scaffold protein axin links the other components together and brings them in 
close proximity to each other. Axin expression is considered rate limiting for the 
assembly of the destruction complex [220-222]. However, the closely related 
protein Axin2 (alias axin-like protein or conductin) is a target of β-catenin signaling 
and is able to assemble an (alternative) destruction complex comprising a negative 
feedback mechanism for canonical WNT signaling [220-222]. Adenomatous 
polyposis coli (APC) derives its name from observations that mutations in the gene 
result in the development of familial adenomatous polyposis, an inherited condition 
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in which numerous polyps form mainly in the epithelium of the large intestine [223]. 
The function of APC in the destruction complex has not completely been 
elucidated, as some researchers propose that it causes retention of β-catenin at 
the complex, while others suggest that it promotes the release of phosphorylated 
β-catenin from the destruction complex [172, 224, 225]. In addition, APC may also 
be involved in the nuclear shuttling of β-catenin, as will be discussed further on. 
Moreover, APC was originally classified as a tumor suppressor, which is mutated in 
80% of the cancers resulting in constitutive complexes of β-catenin with 
downstream transcription factors in the nucleus [223, 226]. Taken together, the 
exact function of APC in the destruction complex is not yet fully established, but it 
is essential in the regulation of cellular β-catenin expression.  
 
The main action of the destruction complex is to target β-catenin by 
phosphorylation in order to make it recognizable for the β-transducin repeat 
containing protein-1 (β-TrRC-1), a member of the SCF (Skp1/Cullin/F-box) 
ubiquitin ligase complex [227, 228]. CK-1α and GSK-3 are the kinases associated 
with the destruction complex and are responsible for the hierarchical 
phosphorylation of the N-terminal domain of β-catenin [172, 218, 229, 230]. The 
proposed mechanism of action is that β-catenin associates with either axin or APC 
in the destruction complex, thereby bringing the N-terminal domain of β-catenin in 
close proximity to CK-1, which in turn causes the serine 45 (ser45) phosphorylation 
of β-catenin [172]. GSK-3 favors substrates that have been primed in advance by 
phosphorylation and this ser45 phosphorylation makes β-catenin a primed 
substrate [173]. Consequently, GSK-3 phosphorylates β-catenin from the C-
terminal to the N-terminal domain at threonine 41 (thr41), ser37 and ser33 in 
addition to ser45 [173, 218]. Moreover, GSK-3 also alternately phosphorylates axin 
and APC, which is required for proper handling of β-catenin within the destruction 
complex [172, 218]. The phosphorylated β-catenin leaves the destruction complex, 
a process possibly mediated by APC, to be ubiquitinated and subsequently 
degraded [218, 225]. WNT signaling reduces the N-terminal phosphorylation of β-
catenin, thereby allowing cytosolic accumulation of the protein. Although there 
seems to be a general consensus that WNT signaling inhibits the GSK-3 mediated 
phosphorylation of β-catenin, the effect on the CK-1-induced phosphorylation is still 
a point of debate [231, 232].  
 
As mentioned, the composition of the destruction complex is dynamic and the 
presence of protein phosphatases may influence the function of the destruction 
complex [172, 233, 234]. For instance, protein phosphatase 1 (PP1) regulates the 
assembly of such a functional β-catenin degradation complex. Inhibition of PP1 
results in increased association of GSK-3 to axin, due to increased phosphorylation 
of the latter [233]. Controversial results have been published concerning the role of 
protein phosphatase 2A (PP2A) in WNT signaling. This phosphatase is able to 
dephosphorylate the GSK-3-mediated phosphorylation of axin and APC, thereby 
disrupting the destruction complex and facilitating β-catenin activation. In addition, 
the phosphorylation of β-catenin can be reversed by PP2A, which furthermore 
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supports canonical WNT pathway activation. Conversely, it has been implied that 
PP2A influences GSK-3 activity by regulating the phosphorylation status of the 
kinase and thereby decreasing β-catenin activation [172, 234]. 

 
2.8 Canonical WNT ligand mediated inhibition of the β-catenin destruction 
complex 
Central in the transmission of canonical WNT signaling is the functional inhibition of 
the β-catenin destruction complex. The direct downstream events of canonical 
WNT ligand binding to the cellular surface receptors are the activation of DVL, 
which act downstream of FZD receptors, and the phosphorylation of the 
intracellular domain of LRP5/6. Therefore, how WNT signaling affects the 
destruction complex requires understanding of the function of DVL proteins and 
LRP5/6 receptors and their relation to the destruction complex.  
 
The subcellular distribution of DVLs is highly dynamic and in response to a WNT 
signal the majority of cellular expressed DVL is recruited to the plasma membrane, 
whereas a small fraction translocates to the nucleus, which correlates to the 
activation of canonical WNT signaling [154, 235]. DVLs are signaling intermediates 
that do not contain enzymatic motifs but various putative protein-protein interaction 
domains [152]. At the plasma membrane, DVL guides the clustering of the FZD 
receptor and LRP6 as well as facilitation of the phosphorylation of the latter [154, 
168, 236]. Furthermore, activated DVL causes the relocation of axin and/or GSK-3 
to the plasma membrane and inhibits their function [154, 237]. DVL proteins are 
important for the clustering of protein complexes, however, not necessarily at the 
plasma membrane as mutated DVL proteins that lack the membrane association 
domain can still activate WNT signaling [238]. The functional inhibition of GSK-3 
was proposed to be most likely due to DVL-mediated conformational changes in 
axin, thereby limiting substrate accessibility and not via direct inhibition of the 
kinase [237]. This indirect inhibitory mechanism is all the more likely, since WNT 
ligands do not seem to induce serine 9/21 phosphorylation of GSK-3, a general 
mechanism applied by other growth factors to inhibit the kinase [239-241]. In 
addition, DVL has also been implicated to facilitate the displacement of GSK-3 from 
the destruction complex, more particularly the dissociation from axin. This process 
has been proposed to be mediated by the GSK-3 binding protein (GBP) and the 
closely related protein frequently rearranged in T-cell lymphoma (FRAT-1). DVL 
binds to GBP/FRAT-1 at the N-terminal domain and this will lead to the additional 
association to GSK-3 at a domain, which is also required for binding of the kinase 
to axin [242, 243]. In addition, DVL-3 is capable of forming a complex with K-
homology splicing regulator protein (KSRP), which negatively affects the mRNA 
stability of β-catenin at basal conditions [244].This can be reversed upon WNT-3A 
stimulation, indicating that DVL can also modulate canonical WNT signaling 
independently of the destruction-complex [244]. Although extensively studied, the 
biochemical pathways leading to DVL activation and downstream signaling events 
resulting in inhibition of the destruction complex are still not completely understood. 
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Simultaneously, the LRP5/6 receptor activation contributes to WNT signaling by 
regulating the composition and activity of the destruction complex. An important 
consequence of WNT-induced activation is the recruitment of both axin and GSK-3 
to LRP5/6 at the cell-membrane [151, 163, 245]. Activation of LRP5/6 has been 
proposed to inhibit the formation of the destruction complex and/or cause 
disruption of this complex by promoting the degradation of axin [246, 247]. As 
noted, the assembly of a destruction complex is critically dependent on the 
expression of axin as it is the lowest expressed core component [222]. Therefore, 
the degradation of axin provides a vigorous mechanism for increasing β-catenin 
stability. Nevertheless, increased stabilization and accumulation of β-catenin 
precedes the degradation of axin [248, 249]. Moreover, canonical WNT signaling 
also occurs in the absence of axin degradation, suggesting an additional 
mechanism that regulates β-catenin stability [249]. An alternative could be that 
activated LRP receptors directly inhibit the destruction complex. Indeed, the 
phosphorylated cytoplasmic domain of LRP6 receptors is able to directly inhibit 
GSK-3 by acting as a (pseudo) substrate for the kinase and this has consequences 
for proper functioning of the destruction complex [250]. First of all, β-catenin is not 
directly phosphorylated anymore and secondly the alternately GSK-3-mediated 
phosphorylation of axin and APC is also prevented. Subsequently, axin can be 
dephosphorylated by PP1 resulting in the dissociation both GSK-3 and β-catenin 
from axin [218, 251]. Recently, a distinct cell-biological model was proposed by 
which WNT signaling intervenes with the destruction complex. This model 
postulates that WNT ligands induce the uptake of GSK-3 into multivesicular bodies 
(MVBs), which is mediated by LRP5/6 and axin [252, 253]. The MVBs sequester 
the enzyme away from cytosolic β-catenin, allowing the latter to accumulate [253].  
 
Collectively, the WNT signal induced recruitment of axin and GSK-3 to the LRP 
receptors may disrupt the organized structure of destruction complex, preventing 
the complex to function effectively to target β-catenin. The molecular mechanisms 
mentioned here, have been reported to contribute to canonical WNT signaling and 
disengage the destruction complex. Nevertheless much remains to be clarified 
concerning the spatiotemporal regulation of the transcriptional co-activator β-
catenin by the destruction complex. 
 
2.9 Translocation of β-catenin to the nucleus 
Accumulation of β-catenin in the cytoplasm, due to decreased proteosomal 
degradation, coincides with the translocation of β-catenin into the nucleus via 
currently not completely established mechanisms (figure 2). For instance, β-catenin 
lacks a specific nuclear localization sequence (NLS), in contrast to various other 
proteins that contain this sequence and translocate to the nucleus via the importin-
α/β receptor pathway [254, 255]. Furthermore, the nuclear translocation of solely β-
catenin does not seem to be dependent on either importin-β or Ran-mediated 
protein import systems [255-257]. Another proposed mechanism involves specific 
transcription factor-mediated nuclear translocation, as these proteins bind β-
catenin, contain a NLS sequence and therefore possibly act as chaperones guiding 
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β-catenin into the nucleus via a conventional nuclear import pathway [255, 258-
260]. Indeed, overexpression of β-catenin or TCF/LEF-1 transcription factors 
results in increased nuclear import of β-catenin in the absence of WNT signaling 
[261-263]. Accordingly, under physiological circumstances the nuclear 
translocation of β-catenin is mediated by LEF-1 which requires an additional WNT-
dependent signal, however [264]. Moreover, the TCF/LEF-1 family of transcription 
factors also inhibits nuclear export, resulting in nuclear retention of β-catenin [265-
267]. Nonetheless, specific mutations in the TCF/LEF-1 interaction regions of 
Armadillo (the Drosophila Melanogaster ortholog of β-catenin), resulted in a 
preferential nuclear expression of protein without having transcriptional activity, 
however [268, 269]. These findings indicate that there should be alternative 
mechanisms for nuclear translocation of β-catenin. Similarly to the TCF/LEF-1-
mediated mechanism, the recently discovered proteins pygopus (Pygo) and legless 
(Lgs or BCL-9 in mammals) have been shown to cooperatively regulate nuclear 
localization of β-catenin by shuttling between cytosol and the nucleus (figure 2) 
[270, 271]. In addition, in response to a WNT signal a small fraction of cellular DVL 
translocates to the nucleus, which is essential for canonical WNT signaling [235]. 
The three distinct DVL proteins all contain a NLS domain and have been found to 
be able to interact with β-catenin [235, 272, 273]. Therefore it is plausible that 
DVLs also act as a chaperone guiding β-catenin into the nucleus, however no 
direct evidence of this cellular transport mechanism has been published so far.  
 
By contrast, there is evidence indicating that β-catenin translocation can be 
independent of chaperones. Indeed, β-catenin may also bind directly to the nuclear 
pore machinery and the subsequent nuclear import requires a not yet identified 
GTPase and is analogous to that of importin-β [255, 257, 274]. These similarities in 
cellular trafficking of both these proteins are likely explained by the fact that the 
armadillo (arm) repeats in β-catenin and the HEAT repeats in importin-β are 
structurally related and compete for the same docking component in the nuclear 
pore [255, 275, 276]. Recently a study proposed that the Rac1 GTPase may be 
required for the nuclear accumulation of β-catenin in response to WNT ligand 
stimulation [277]. Yet, activation of small GTPases like Rac1 is a particular event 
observed in non-canonical (i.e β-catenin independent) WNT signaling and 
therefore future studies will be required to substantiate the involvement of Rac1 in 
this process [115, 278]. In addition to nuclear import, nuclear export is also a 
dynamic process and an important determinant in the ability of β-catenin to be 
transcriptionally active in the nucleus [257]. The first evidence of nuclear export of 
β-catenin originates from 1999 and soon thereafter the scaffold protein APC was 
implicated as an important regulator of β-catenin signaling and cellular localization 
[279-282]. APC shuttles between the nucleus and cytoplasmic compartment, 
thereby escorting β-catenin to the cytosol, where it is targeted by phosphorylation 
for ubiquitination and ultimately proteosomal degradation (figure 2) [276, 279, 283, 
284]. Axin, also a negative regulator of WNT signaling, can shuttle in and out of the 
nucleus similarly to APC, and thereby affecting β-catenin retention in the nucleus. 
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However, the physiological relevance of axin-dependent modulation of nuclear β-
catenin is not yet established [285].  
 
The associations of β-catenin with specific interaction partners determine to a large 
extend the cellular localization of the transcriptional co-activator. The association of 
β-catenin with TCF/LEF-1 predominantly mediates nuclear retention, while 
cadherins mediate retention at plasma-membrane and axin may facilitate cytosolic 
localization (figure 2) [266, 276]. Collectively, this indicates that the cellular 
localization of β-catenin is regulated by complex, dynamic processes and that 
extracellular WNT signals are important in orchestrating this process resulting in 
increased nuclear expression of the protein. 
 
2.10 Nuclear β-catenin signaling  
In the nucleus the canonical WNT signaling induces gene transcription via the 
activation of TCF/LEF-1 family of transcription factors (i.e. TCF-1, LEF-1, TCF-3 
and TCF-4), which were discovered as lymphoid specific DNA binding proteins and 
share an almost identical high mobility (HMG) domain [286-288]. In the absence of 
WNT/β-catenin, the TCF/LEF-1 transcription factors are bound to so-called WNT 
responsive elements in the DNA, but they act as active suppressors of gene 
transcription [289, 290]. This repression of WNT target genes requires transducin-
like enhancer of split (TLE), Groucho in Drosophila Melanogaster, a chromatin 
repressor that functions with histone deacetylases (HDACs) to facilitate chromatin 
compression and inhibition of transcription [291-294]. Already in the cytosol or once 
in the nucleus, β-catenin associates with the members of the TCF/LEF-1 family of 
transcription factors and forms a bipartite transcriptional complex. Importantly, the 
transmission of WNT signaling is performed by N-terminally dephosphorylated β-
catenin, which is also referred to as active β-catenin [295]. How β-catenin causes 
the molecular switch of gene suppression to active gene transcription by binding to 
these transcription factors has long been an unacquainted issue. The more so, 
since it was a general premise that β-catenin and TLE/Groucho bind to distinct 
sites of TCF/LEF-1 [289]. However, in 2005 it became clear that β-catenin directly 
replaces TLE/Groucho from TCF/LEF-1 by binding to an additional and previously 
unidentified site within the transcription factor, which overlaps with the binding site 
of suppressor [296]. The function of the TCFs are tightly regulated in the nucleus 
by a variety of mechanisms, and these posttranslational modifications include 
phosphorylation, sumoylation, ubiquitination and acetylation, which potentially 
contribute to the interaction of the transcription factors with other proteins or the 
DNA [297]. For instance, the Nemo-like kinase (NLK) antagonizes the action of 
TCF/LEF by phosphorylation of a domain distinct from the HMG-DNA binding 
domain; however, this modification does inhibit DNA binding [298]. In addition, the 
transcriptional potential of β-catenin can be blocked by Chibby (Cby), which 
interacts with the C-terminal activation domain of β-catenin and competes with 
TCF/LEF [299, 300]. Similarly, the polypeptide inhibitor of β-catenin and TCF-4 
(ICAT) prevents gene transcription by binding to β-catenin (figure 2) [301].  
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The central armadillo repeats within β-catenin are important for inducing gene 
transcription and these are required for the interaction with the transcription factors, 
in particular armadillo repeats 3-10 (R3-R10) form the core of the TCF/LEF-1 
interaction. When TCF/LEF-1 occupies these repeats, the C- and N-terminal 
domains of β-catenin will recruit additional factors that modulate the DNA 
chromatin structure and that are involved in the regulation of RNA polymerase II 
[291]. The β-catenin/TCF/LEF-1 complex recruits factors with intrinsic histone 
acetyltransferase (HAT) activity, like cAMP responsive element binding protein 
(CREB) binding protein (CREBBP or CBP) or p300 [291]. The HMG domain in the 
TCFs induces a strong bending of the DNA upon binding, bringing specific but 
distant DNA sequences together, allowing accessibility to HATs and inducing gene 
transcription [291, 302]. The list of WNT target genes is growing and over a 
hundred genes have been demonstrated to be dependent on β-catenin and to 
require the interaction with TCF/LEF-1 transcription factors [303]. The genes 
regulated by β-catenin/TCF/LEF-1 are involved in a broad range of (cellular) 
functions important in embryonic development and tissue homeostasis. The wide 
array of β-catenin-dependent target genes encompasses various transcription 
factors (e.g. members of the Sox family, c-myc, n-myc, LEF-1 and TCF), cell-cycle 
regulatory proteins (e.g. cyclin D1), growth factors (e.g. VEGF, TGF-β and FGF18), 
extracellular matrix proteins (e.g. versican and fibronectin), pro-inflammatory 
cytokines and enzymes (e.g. IL-8 and COX-2) as well as proteinases, including 
several matrix metalloproteinases (i.e. MMP-2, MMP-7, MMP-12) [303]. WNT 
signaling is an autoregulated signaling pathway, signifying that also positive and 
negative regulators of the pathway (e.g. Wg, FZD7, DKK-1 and sFRP-2) are target 
genes that are controlled by β-catenin and TCF/LEF-1 transcription factors [303]. 
Aberrant activation of canonical WNT signaling can result in development of 
cancers and contributes to various fibroproliferative diseases [111, 304].  
 
3. Glycogen synthase kinase-3 (GSK-3) signaling  
As mentioned, GSK-3 is a critical regulator of canonical WNT signaling by 
phosphorylating β-catenin, thereby making β-catenin recognizable for the ubiquitin 
ligase complex and subsequent proteosomal degradation [227, 228]. Yet, GSK-3 
was first discovered based on its ability to regulate glycogen metabolism, as the 
enzyme that phosphorylates and thereby inactivates glycogen synthase, for 
obvious reasons explaining the name of the kinase [305]. However, the name does 
not adequately describe the quantity of substrates and cellular functions attributed 
to GSK-3 [306]. The enzyme has been associated with a wide variety of cellular 
processes, including next to glycogen synthesis, insulin signaling, microtubule 
dynamics and cytoskeletal rearrangement, cell differentiation, protein synthesis, 
cell motility, intracellular vesicular transport, as well as cell proliferation and cell 
survival (figure 3) [174, 306]. GSK-3 appears to be a cellular and molecular 
processor, integrating various signaling pathways by utilizing over 50 structural 
proteins, intracellular signaling proteins and transcription factors, including β-
catenin, tau (τ), neurofilaments, components of the nuclear factor kappa B (NF-κB) 
pathway, cAMP responsive element binding protein (CREB), smads, several 
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members of the cyclin protein family, activator protein-1 (AP-1) and eukaryotic 
initiation factor 2B (eIF2B) [307].  
 
GSK-3 is a ubiquitously expressed serine/threonine kinase occurring in two closely 
related isoforms; GSK-3α (located on chromosome: 19q13.2, MW: ~51 kDa) and 
GSK-3β (chromosome 3q13.33, MW: ~46 kDa). The two isoforms share high 
homology, with up to 97-98% homology in their kinase domain [308, 309]. 
Recently, it was demonstrated that the GSK-3β gene could be alternatively spliced 
resulting in a GSK-3β variant (called GSK-3β’ or GSK-3β2), which is predominantly 
or exclusively present in the brain and neuronal tissues [310, 311]. GSK-3α and 
GSK-3β have similar substrate specificity and overlapping functions; however, they 
are not completely functionally redundant. This became unambiguously evident in 
GSK-3 knockout mice. GSK-3α-/- mice are viable and revealed increased glucose 
tolerance and insulin sensitivity compared to wild type mice, whereas deletion of 
GSK-3β (GSK-3β-/- mice) causes apoptosis of hepatocytes and results in 
embryonic lethality [312, 313]. Interestingly, the GSK-3α-/- mice do not show 
increased β-catenin stabilization or a higher prevalence of tumorigenesis [306]. 
This indicates that the loss of GSK-3α could be compensated for by GSK-3β; 
however, evidently not the other way around.  
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▲ Figure 3: Cellular processes regulated by GSK-3. Glycogen synthase kinase-3 (GSK-3) is a 
multifunctional kinase regulating cellular responses by integration of various signaling pathways 
downstream of FZD receptors, various G-protein coupled receptors (GPCRs) and receptor tyrosine 
kinases (RTKs). GSK-3 exerts its actions by phosphorylation of over 50 substrates involved in glucose 
metabolism, cell cycle progression, cytoskeletal rearrangements, apoptosis, ion transport and 
intracellular vesicular transport. Moreover, it is critically involved in canonical WNT signaling and 
regulates the potency of a wide variety of transcription factors (see text for detailed description).  
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3.1 Regulation of GSK-3 activity 
A wide variety of cellular processes is dependent on GSK-3 signaling and therefore 
it is crucial that the enzyme activity is tightly regulated. GSK-3 is an unconventional 
enzyme as it is considered to be a constitutively active kinase, that means high 
kinase activity at basal conditions, which is altered in response to a variety of 
endogenous and exogenous signals [306, 314]. As mentioned, the kinase function 
is disrupted by WNT signaling due to sequestration of the kinase away from the 
substrate, by disruption of the β-catenin destruction complex or by its interaction 
with phosphorylated LRP5/6 receptors [242, 243, 250, 252, 253]. In addition, the 
activity of GSK-3 is differentially regulated by phosphorylation, dependent on which 
specific amino acid residues are phosphorylated within the enzyme. Tyrosine (tyr) 
phosphorylation of GSK-3 (i.e. tyr279 GSK-3α and tyr216 GSK-3β) has been 
demonstrated to increase the enzymatic activity of the kinase [315]. To date, three 
tyrosine kinases have been identified that are able to induce tyrosine 
phosphorylation of the GSK-3.These are Fyn, a protein kinase member of the Src 
family, PYK2, a member of the focal adhesion kinase family, and the mitogen-
activated protein kinase kinase (MAPKK) MEK1 [315-318]. In addition to the 
modest increase in enzyme activity, the phosphorylation of GSK-3 at these specific 
tyrosine residues may be of additional physiological relevance, as these tyrosine 
residues are also important for determining the cellular localization of GSK-3 [319].  
 
On the contrary, phosphorylation of specific serine residues in the N-terminus, i.e. 
ser21 on GSK-3α and ser9 on GSK-3β, negatively influences the kinase activity 
[320, 321]. Insulin is the exemplifying hormone for inducing cellular signaling via 
GSK-3 inhibition by phosphorylation of these serine residues. Initially, it was 
demonstrated that insulin induces dephosphorylation of glycogen synthase, at 
amino acid residues targeted by GSK-3 [322]. Soon thereafter, evidence showed 
that insulin directly inhibited GSK-3 via the induction of serine phosphorylation, 
which was mediated by protein kinase B (PKB/Akt) [320]. Thus, in response to 
insulin, GSK-3 activity is attenuated resulting in decreased glycogen synthase 
phosphorylation and consequently increased glycogen synthesis. In addition to 
PKB (Akt), several other kinases including p70 S6 kinase (p70S6K), p90 ribosomal 
S6 kinase (p90 Rsk), PKA, Integrin-like kinase (ILK) as well as several PKC 
isoforms can induce the inhibitory serine phosphorylation of GSK-3 [323, 324]. The 
phosphorylation of these specific serine residues turns the N-terminal domain of 
GSK-3 into a pseudosubstrate for the kinase. The phospho-serines occupy a 
binding pocket within GSK-3, which is distinct from the kinase’s catalytic site. 
Nevertheless, the binding pocket is also the target of primed (i.e. pre-
phosphorylated) substrates and upon auto-inhibition by the phospho-serines the 
accessibility of other (primed) substrates to the catalytic domain of the kinase is 
competitively prevented [173, 314, 325]. Calpain, a protein belonging to the family 
of non-lysosomal cysteine proteases, is capable of cleaving the inhibitory N-
terminal domain of GSK-3 and thereby prevents the possibility of auto-inhibition of 
the enzyme [326]. Besides insulin, a variety of other growth factors and stimuli are 
capable of inhibiting GSK-3 by serine 9 and 21 phosphorylation, important for the 
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metabolic effects of these mediators [320, 321]. Growth factors and WNT signaling 
both induce inhibition of GSK-3; however, the mechanisms of inhibition are 
dissimilar and it appears that this may lead to differential downstream signaling and 
consequently distinct cellular responses [241, 327]. Moreover, whether growth 
factor-induced GSK-3 inhibition contributes to increased stability of β-catenin is still 
a point of debate [213, 241, 241, 327, 328].  
 
Furthermore, cellular signaling by GSK-3 is determined by substrate preference, as 
the enzyme favors substrates that have been primed in advance by 
phosphorylation at amino residues positioned four amino acids C-terminally from 
the serine (ser) of threonine (thr) residue to be targeted by GSK-3 [173, 314, 325, 
329]. For clarification, the consensus sequence for GSK-3 substrates is ser/thr-X-
X-X-ser-p/thr-p, where the first ser or thr is the target residue for GSK-3, the X 
represents variable amino acid residues, and the last ser-p/thr-p is the site of 
priming phosphorylation. The crystal structure of GSK-3 reveals that the substrate 
binding domain contains several charged residues. These charged residues permit 
interaction with the phosphate group of the primed substrate, thereby facilitating 
substrate binding and accessibility to the catalytic domain of GSK-3 [173, 330]. The 
specific priming sequence can be found for instance in glycogen synthase, CREB, 
Cyclin E, τ (tau) and β-catenin [174, 325, 329]. Accordingly, several priming 
kinases have been identified including casein kinases (i.e. CK-1 and CK-2) and 
PKA [174, 325, 329]. Although GSK-3 favors the primed substrates, priming of the 
substrate is not necessarily required.  
 
Collectively, GSK-3 contributes to an extensive array of cellular responses and the 
activity of the enzyme is tightly regulated by protein-protein interactions (WNT 
signaling), the phosphorylation status of specific amino acid residues within the 
kinase, and substrate preferentiality. The functional relevance of GSK-3 in cellular 
signaling has been extensively studied both in vitro and in vivo, using small 
molecule inhibitors of the enzyme, like lithium ions (Li+) and a wide variety of 
specific synthetic inhibitors [331-334]. 
 
3.2 GSK-3 as potential therapeutic target 
Because of the wide variety of putative substrates, GSK-3 signaling has been 
associated with several pathophysiological conditions, especially the metabolic 
disorder diabetes mellitus and the neurodegenerative Alzheimer’s disease [335]. 
As previously stated, GSK-3 is critically involved in glucose metabolism in 
response to insulin by regulating glycogen synthase activity. The expression and, 
more importantly, the activity of the GSK-3 appears to be upregulated in skeletal 
muscle of individuals with type II diabetes mellitus suggesting that the kinase could 
contribute to insulin insensitivity and hence development of diabetes mellitus [334]. 
Furthermore, in Alzheimer’s disease the neurofibrillary tangles, important in the 
neuropathology, are composed of hyperphosphorylated τ (tau, a microtubule-
associated protein), which is attributed to GSK-3 [336, 337]. Accordingly, 
differences in protein expression and kinase activity were found in specific brains 
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regions of individuals with Alzheimer’s disease post-mortem [337]. Furthermore, 
during the last decade it has become apparent that GSK-3 is possibly capable of 
regulating the activation of the NF-κB pathway or that it influences the 
transcriptional response of this pathway [312, 338]. Accordingly, several inhibitors 
of GSK-3 have been demonstrated both in vitro and in vivo to influence NF-κB 
mediated cellular responses [338]. Activation of NF-κB signaling plays an important 
role in inflammation and is associated with various chronic pathological conditions 
including cancer, arthritis, colitis and chronic inflammatory lung diseases [339-341].  
 
Ergo, GSK-3 could be a potential target for treatment of several chronic 
(inflammatory) diseases. However, a potential drawback of using GSK-3 inhibitors 
may be the increased activation of β-catenin signaling [306, 329, 338]. 
Interestingly, inhibition of GSK-3 is often, but not necessarily, the primary step in 
increasing cellular β-catenin expression. Therefore, (pharmacological) inhibition of 
GSK-3 as an independent event does not always result in increased β-catenin 
levels and/or TCF-dependent gene transcription, unless it is accompanied by an 
additional signal [332, 342, 343]. Furthermore, the degree of inhibition of kinase 
activity may be an important determinant of the cellular response. For instance, 
attenuation of GSK-3 activity up to 50% does not result in increased β-catenin but 
may have metabolic effects, whereas it requires over 70-75% reduction of GSK-3 
enzymatic activity to observe substantial differences in the expression of this 
transcriptional co-activator [344]. In general, clinically used therapeutics reduce the 
activity of proteins and kinases, rather than completely abrogating activity. The 
therapeutic concentrations of lithium, which is used as the primary treatment of 
bipolar mood disorders, are sufficient to inhibit GSK-3 in vivo [329]. Epidemiological 
evidence indicates that long-term treatment of patients with lithium does not 
increase cancer morbidity and mortality, but is rather associated with a beneficial 
effect on cancers and mortality [345]. These findings are favorable to further 
investigate the opportunity of using selective GSK-3 inhibitors for treatment of 
several (chronic) diseases. Thus, GSK-3 may be a potential target for therapeutic 
intervention and small molecule inhibitors of GSK-3 are currently investigated 
(pre)clinically for the treatment of Alzheimer’s disease and diabetes mellitus [335, 
346, 347]. Nevertheless, the role of GSK-3 and the possible effects of small 
molecule inhibitors of the enzyme on development and progression of chronic 
inflammatory lung diseases are currently to a large extent an unresolved field or 
research, in particular in relation to COPD pathogenesis.  
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4. Scope of thesis 
Collectively, β-catenin signaling and GSK-3 are often interconnected, but can also 
function independently of one another. Both proteins are importantly involved in a 
wide variety of cellular processes and aberrant regulation of both has been 
associated with several chronic diseases. COPD is a pathological condition of the 
lungs characterized by chronic inflammation as well as structural alterations in lung 
architecture. The molecular mechanisms contributing to the pathophysiology of 
COPD have not yet been fully elucidated. The primary objective of this thesis is to 
establish the functional roles of β-catenin and GSK-3 in the pathological processes 
that underpin COPD. To this aim, we performed experiments both in vitro and in 
vivo by using human airway smooth muscle cells, human pulmonary fibroblasts 
and an established guinea pig model of lipopolysaccharide (LPS)-induced COPD 
[348].  
 
As stated before, airway remodeling is a major pathological feature of COPD and 
an aberrant ECM deposition has been found in and surrounding the smooth 
muscle layer of the airways of individuals with COPD [45]. Chapter 2 describes the 
activation of β-catenin signaling in response to the profibrotic growth factor TGF-β1 

and the contribution of the transcriptional co-activator β-catenin to ECM deposition 
by human airway smooth muscle cells. The contribution of β-catenin signaling to 
cellular responses in these cells was investigated by silencing of the protein by 
specific siRNA and by pharmacological inhibition of its signaling capacity, using the 
small molecule PKF115-584. In addition, the relevance of β-catenin signaling was 
studied by expressing a transcriptionally active, non-degradable β-catenin mutant 
(S33Y-β-catenin). 
 
In addition to airway remodeling with excessive ECM deposition, COPD is 
characterized by the occurrence of emphysema with loss of parenchymal tissue 
and a possibly insufficient repair process. Fibroblasts play an important role in 
tissue repair in the lungs and fibroblast function may be altered in emphysema. In 
chapter 3 we characterized the expression of WNT pathway components in 
pulmonary fibroblasts and explored the participation of β-catenin signaling to ECM 
production and myofibroblast differentiation. Furthermore, we determined whether 
the expression of specific WNT pathway components and the activation of β-
catenin in response to TGF-β1 were different in primary human lung fibroblasts of 
individuals without or with moderate/very severe COPD. Moreover, we established 
the role of GSK-3 in the differentiation of these pulmonary fibroblasts into more 
active myofibroblasts (chapter 4). Myofibroblast differentiation was initiated by 
stimulating pulmonary fibroblasts with TGF-β1 and the role of GSK-3 was 
investigated by pharmacological inhibition of the kinase by the selective inhibitor 
SB216763. Downstream target proteins regulating TGF-β1 signaling were analyzed 
for alterations in activity status due to GSK-3 inhibition. 
 
Chronic inflammation is another hallmark feature of COPD pathogenesis and 
accumulating evidence indicates the involvement of GSK-3 in regulating 



General introduction 

 

 

 

42 

inflammation. The airway smooth muscle, due to its synthetic function, is a possible 
source of pro-inflammatory cytokines. The studies described in chapter 5 
investigate the involvement of GSK-3 in IL-8, eotaxin and vascular endothelial 
growth factor (VEGF) secretion in human airway smooth muscle. To activate the 
secretion of these cytokines and the growth factor, the airway smooth muscle cells 
were stimulated with cigarette smoke extract (CSE) or IL-1β, two stimuli relevant in 
COPD pathogenesis. The potential involvement of GSK-3 in the cytokine and 
growth factor secretion was investigated using the two distinct small molecule 
inhibitors SB216763 and CT/CHIR99021. 
 
To further elaborate the in vitro findings we investigated the possibility of GSK-3 as 
a potential therapeutic target in vivo in a guinea pig model of LPS-induced COPD 
(chapter 6). The animals were instilled intranasally with saline or LPS, twice 
weekly for 12 weeks, and pretreated with saline or the selective GSK-3 inhibitor 
SB216763. The effects of GSK-3 inhibition on LPS-induced inflammation and 
structural alterations in the lungs were investigated. 
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Abstract 
 
Chronic inflammatory airway diseases like asthma and COPD are characterized by 
airway remodeling with altered extracellular matrix (ECM) deposition. Transforming 
growth factor-β1 (TGF-β1) is upregulated in asthma and COPD, and contributes to 
tissue remodeling in the airways by driving ECM production by structural cells, 
including airway smooth muscle. In this study, we investigated the activation of β-
catenin signaling and its contribution to ECM production by airway smooth muscle 
cells in response to TGF-β1. Stimulation of airway smooth muscle cells with TGF-β1 
resulted in a time-dependent increase of total and non-phosphorylated β-catenin 
protein expression via induction of β-catenin mRNA and inhibition of GSK-3. In 
addition, the TGF-β1-induced β-catenin activated TCF/LEF-dependent gene 
transcription, as determined by the β-catenin sensitive TOP-flash luciferase 
reporter assay. Furthermore, TGF-β1 stimulation increased mRNA expression of 
collagen Iα1, fibronectin, versican and PAI-1. Pharmacological inhibition of β-
catenin by PKF115-584 or down regulation of β-catenin expression by specific 
siRNA substantially inhibited TGF-β1-induced expression of the ECM genes. 
Fibronectin protein deposition by airway smooth muscle cells in response to TGF-
β1 was also inhibited by PKF115-584 and β-catenin siRNA. Moreover, transfection 
of airway smooth muscle cells with a non-degradable β-catenin mutant (S33Y β-
catenin) was sufficient for inducing fibronectin protein expression. Collectively, 
these findings indicate that β-catenin signaling is activated in response to TGF-β1 in 
airway smooth muscle cells, which is required and sufficient for the regulation of 
ECM protein production. Targeting β-catenin-dependent gene transcription may 
therefore hold promise as a therapeutic intervention in airway remodeling in both 
asthma and COPD. 
 
Key words: Fibronectin, collagen, versican, asthma, airway remodelling 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 2 β-catenin is required for ECM production by airway smooth muscle 

 

 

61 

 2 

Introduction 
 
Chronic obstructive pulmonary disease (COPD) and asthma are obstructive airway 
diseases characterized by structural changes and thickening of the airway wall (3; 
58). These pathological features, referred to as airway remodeling, include 
increased airway smooth muscle mass and altered extracellular matrix (ECM) 
profile in the airways, which may contribute cooperatively to airway 
hyperresponsiveness and the airflow obstruction observed in both diseases (3; 26; 
38; 58). Increased airway smooth muscle mass is associated with decreased lung 
function in severe asthma and may contribute to COPD pathogenesis, particularly 
in more severe states of disease (35; 41; 55). Altered expression of ECM proteins 
within and surrounding the smooth muscle bundle has also been observed in 
asthma, which contributes to disease pathogenesis (1; 21; 57). The mechanisms 
leading to the development and progression of airway remodeling are not well 
understood, but airway smooth muscle cells may contribute to the process through 
cell proliferation and by producing and releasing various inflammatory mediators, 
growth factors and ECM proteins (39; 46; 57).  
 
The ECM is an intricate structure of macromolecules that acts as mechanical 
support for maintenance of airway function and is produced by a variety of 
mesenchymal cells in the airways, including fibroblasts and airway smooth muscle 
cells (25; 51). The matrix is a dynamic network that has the potential to influence 
cellular functions such as proliferation, migration, cytokine secretion and 
differentiation of various resident cell types in the airways (21; 22; 38). In the 
airway wall of asthmatics the ECM profile is altered with increased expression of 
specific collagens, fibronectin, tenascin, hyaluronan, versican and laminin, whereas 
deposition of other components such as decorin are decreased (1; 38). COPD 
patients exhibit increased bronchial deposition of ECM proteins, including 
fibronectin, laminin and collagens I, III and IV, and diminished decorin expression 
peribronchially which collectively contribute to deteriorated lung function and airway 
remodeling (45; 65). Growth factors play an important role in the development of 
airway remodeling and are released during the chronic airway inflammation. In 
particular, transforming growth factor-β (TGF-β) is a multifunctional cytokine, which 
is increased in airways of asthmatics and COPD patients and is stored in the ECM 
in its latent, inactive form (12; 16; 25). Cleaving of latent TGF-β results in its 
activation, thereby allowing it to stimulate various structural and inflammatory cells 
in the lung resulting in ECM production and airway remodeling (12; 25; 42; 44). 
 
 
 



β-catenin is required for ECM production by airway smooth muscle 

 

 

62 

Accumulating evidence indicates that activation of β-catenin signaling is associated 
with various fibroproliferative diseases, which implies a functional role for β-catenin 
in tissue remodeling (5; 10; 13). β-Catenin is a member of the Armadillo family of 
proteins and is associated with the cadherin/catenin complexes at adherens 
junctions where it stabilizes cell-cell contacts (13). We have previously shown that 
β-catenin regulates active tension development by airway smooth muscle by its 
capacity to stabilize these adherens junctions (37). In addition, β-catenin serves a 
role in the Wnt signaling pathway by regulating T-cell factor (TCF) / Lymphoid 
enhancer factor (LEF)-mediated gene transcription (13). Cellular β-catenin levels 
are tightly regulated by the constitutively active enzyme glycogen synthase kinase-
3 (GSK-3), which phosphorylates and thereby targets cytosolic β-catenin for 
proteosomal degradation (13; 40). Recently, various growth factors, including TGF-
β, have been demonstrated to activate β-catenin signaling through GSK-3 
inhibition, which cooperates with smad signaling to induce gene transcription (9; 
33; 53). Stabilized (non-phosphorylated) β-catenin activates several target genes, 
including matrix metalloproteinases (MMP’s), growth factors, ECM proteins as well 
as pro-inflammatory mediators and enzymes (6; 14; 17; 24; 32; 36; 49; 60; 67). 
Accordingly, we previously demonstrated a role for β-catenin in airway smooth 
muscle cell proliferation (28; 53). However, the role of β-catenin in ECM protein 
production by airway smooth muscle is still unclear. Insight in β-catenin signaling in 
airway smooth muscle may be of benefit to better understand development and 
progression of airway remodeling. Therefore, in the present study, we investigated 
the activation of β-catenin signaling and its contribution to ECM production by 
airway smooth muscle cells in response to TGF-β1. 
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Material and Methods 
 
Cell culture 
Human bronchial smooth muscle cell lines, immortalized by stable expression of 
human telomerase reverse transcriptase (hTERT), from three different donors were 
used for all experiments. The primary cultured human bronchial smooth muscle 
cells used to generate each cell line were prepared, as we have previously 
described (31), from macroscopically healthy segments of 2nd-to-4th generation 
main bronchus obtained after lung resection surgery from patients with a diagnosis 
of adenocarcinoma (Dr. H Unruh, Section of Thoracic Surgery, University of 
Manitoba, Canada). All procedures were approved by the Human Research Ethics 
Board of the University of Manitoba. As previously described in detail (31), each 
cell line was thoroughly characterized to passage 10 and higher, and was shown to 
express a number of smooth muscle (sm) contractile phenotype marker proteins 
(e.g. sm-myosin heavy chain (sm-MHC), sm-α-actin, and desmin). For all 
experiments, myocytes were grown on uncoated plastic dishes in Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with antibiotics (50 U/mL 
streptomycin, 50 µg/mL penicillin, 1.5 µg/mL amphotericin B) and 10 % (v/v) foetal 
bovine serum (FBS). Unless differently specified, cells were serum-starved for 1 
day in DMEM supplemented with antibiotics and ITS (5 µg/mL insulin, 5 µg/mL 
transferrin, and 5 ng/mL selenium). For TGF-β1 stimulation, cells were washed 
twice with warm (37°C) phosphate buffered saline (PBS; composition: 140.0 mM 
NaCl, 2.6 mM KCl, 1.4 mM KH2PO4, 8.1 mM Na2HPO4·2H2O, pH 7.4) and 
subsequently subjected to stimulation with TGF-β1 in serum-free DMEM 
supplemented with antibiotics. When applied, the pharmacological inhibitor 
PKF115-584 was added 30 minutes before the addition of TGF-β1.  
 
TOP/FOP-flash assay 
For the TOP/FOP-flash luciferase assay, cells were grown to ~95% confluence on 
100 mm dishes and then transfected with TOP-flash plasmid DNA or the negative 
control FOP-flash plasmid DNA (Upstate Biotechnology, Charlottesville, VA, USA) 
using Lipofectamine 2000TM in serum- and antibiotics-free DMEM. After 6 hours, 
medium was changed to DMEM supplemented with antibiotics and 10 % FBS, in 
which cells were grown for another 18 hours. Cells were then trypsinized and re-
plated in 96 well plate format and grown in DMEM supplemented with antibiotics 
and 10 % FBS for another 8 hours, after which cells were serum-deprived for 24 
hours. Cells were then subjected to TGF-β1 (2 ng/ml) stimulation in DMEM 
supplemented with antibiotics for 16 hours and luciferase activity was assayed 
using the Promega luciferase assay system (Madison, Wisconsin, USA). TOP-flash 
activity was normalized to FOP-flash activity. The transfection efficiencies of the 
TOP-flash plasmid and FOP-flash plasmid were similar, as determined by co-
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transfection with eGFP and subsequent measurement of eGFP positive airway 
smooth muscle cells by fluorescence microscopy (data not shown). 
 
β-Catenin siRNA transfection 
Airway smooth muscle cells were grown to ~90% confluence in 6-well cluster plates 
and transfected with a 21-bp, double-stranded siRNA targeted against the β-
catenin transcript (Qiagen, Venlo, The Netherlands). Cells were transfected in 
serum-free DMEM without any supplements using 200 pmol of siRNA in 
combination with lipofectamine 2000TM transfection reagent. Control transfections 
were performed using a non-silencing control siRNA (Qiagen, Venlo, The 
Netherlands). After 6 hours of transfection, cells were washed once with warm 
(37°C) PBS followed by a period of 48 hours in DMEM supplemented with 
antibiotics. Consecutively, medium was refreshed and cells were stimulated with 
TGF-β1 (2 ng/ml) for 24 or 48 hours. 
 
Mutant S33Y β-Catenin plasmid transfection 
Airway smooth muscle cells were grown to ~90% confluence in 6-well cluster plates 
and transfected with β-catenin-S33Y plasmid DNA (AddGene plasmid 19286, 
AddGene public repository, Cambridge, MA) (43). Cells were transfected in serum-
free DMEM without any supplements using 0.1-1 µg of plasmid in combination with 
lipofectamine 2000 transfection reagent. Control transfections were performed 
using 2 µg Green Fluorescent Protein (GFP) expression vector. After 6 hours of 
transfection, cells were washed once with warm (37°C) PBS followed by a period 
of 48 hours in DMEM supplemented with 10% FBS and antibiotics. 
 
Isolation of mRNA and real-time PCR analysis 
Total mRNA was extracted using the RNeasy mini kit (Qiagen, Venlo, the 
Netherlands). Briefly, cells were harvested in RNAlater stabilization buffer and 
homogenized by passing the lysate 10 times through a 20 gauge needle. Lysates 
were then mixed with an equal volume of 70% ethanol, and total mRNA was 
purified using RNeasy mini spin columns. The eluted mRNA was quantified using 
spectrophotometry (Nanodrop, ThermoScientific, Wilmington, USA). Equal 
amounts of total mRNA (1 μg) were then reverse transcribed and stored at -20 °C 
until further use. cDNA was subjected to real-time PCR, which was performed with 

an Illumina EcoTM Personal QPCR System (Westburg, Leusden, The Netherlands). 
In short, 5 l absolute blue QPCR SYBR green mix, containing fluorescein to 
account for well to well variation, 0.1 M of gene-specific forward and reverse 
primer (listed in Table 1) and 1 l of 1:2 diluted cDNA sample were used in a total 
volume of 10 l and added to a 48 well plate. Real-time PCR data were analyzed 
using the comparative cycle threshold (Cq: amplification cycle number) method. 
The amount of target gene was normalized to the endogenous reference gene 18S 
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ribosomal RNA (designated as ΔCq). Relative differences were determined using 
the equation 2-(Cq). Cycle parameters were: denaturation at 94°C for 30 seconds, 
annealing at 60°C for 30 seconds, and extension at 72°C for 30 seconds for 40 
cycles followed by 5 minutes at 72°C. 
 
Preparation of cell lysates 
To obtain whole cell lysates, cells were washed once with ice-cold (4°C) PBS then 
lysed in ice-cold sodiumdodecylsulphate (SDS) buffer (composition: 62.5 mM Tris, 
2 % w/v SDS, 1 mM NaF, 1 mM Na3VO4, 10 µg/ml aprotinin, 10 µg/ml leupeptin, 7 
µg/ml pepstatin A, pH 6.8). Lysates were then sonicated and protein concentration 
was determined according to Pierce protein determination according to the 
manufacturer’s instructions. Lysates were stored at -20 ºC till further use.  
 
Western blot analysis 
Equal amounts of protein (10-20 μg/lane) were subjected to electrophoresis on 
polyacrylamide gels, transferred to nitrocellulose membranes and analyzed for the 
proteins of interest using specific primary and HRP-conjugated secondary 
antibodies. By using enhanced chemiluminescence reagents, bands were recorded 
in the G:BOX iChemi gel documentation system equipped with GeneSnap image 
acquisition software (Syngene; Cambridge; UK). Band intensities were quantified 
by densitometry using GeneTools analysis software (Syngene; Cambridge; UK). 
 
Antibodies and reagents 
Horseradish peroxidase (HRP)-conjugated goat anti-mouse antibody, HRP-
conjugated goat anti-rabbit antibody and HRP-conjugated rabbit anti-goat antibody 
were purchased from Sigma (St. Louis, MO, USA). Rabbit anti-GSK-3 antibody, 
goat anti-fibronectin (C20) antibody and mouse anti-glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) antibody were obtained from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA). Rabbit anti-phospho-Ser9/21-GSK-3 antibody was from 
Cell Signaling Technology (Beverly, MA, USA). Mouse anti-total β-catenin antibody 
was from BD Biosciences (San Jose, CA, USA). Mouse anti-non-phosphorylated-
β-catenin antibody (ABC, clone 8E7) was from Millipore (Amsterdam, the 
Netherlands). GFP expressing vector was kindly provided by Dr. B. van Water and 
Dr. S.E. Le Dévédec from the division of Toxicology, Leiden Amsterdam Center for 
Drug Research (64). Lipofectamine 2000 transfection reagent was from Invitrogen 
(Paisley, UK). Recombinant human TGF-β1 was from R&D systems (Abingdon, 
UK). All other chemicals were of analytical grade. 
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Results 
 
TGF-β1 induces β-catenin expression in airway smooth muscle cells. 
 First we aimed to determine if TGF-β1 regulates β-catenin expression by airway 
smooth muscle cells. Airway smooth muscle cells were stimulated with increasing 
concentrations of TGF-β1 for 24 hours, which resulted in a concentration-
dependent increase in total β-catenin protein expression. The induced β-catenin 
expression reached a maximum using TGF-β1 between 1 and 3 ng/ml (Figure 1A). 
β-Catenin expression and localization are tightly regulated by a cytosolic 
multiprotein complex containing GSK-3, which in its unphosphorylated form targets 
free cytosolic β-catenin for intracellular breakdown (13; 40). Consistent with this 
contention, stimulation of airway smooth muscle cells for different time-points with 
TGF-β1 (2 ng/ml) induced a profound and sustained inhibitory ser9/21 
phosphorylation of GSK-3 (e.g. ser21 of GSK-3α and ser9 of GSK-3β isoform) 
(Figure 1B). In line with our previous observations (28), TGF-β1 also increased β-
catenin mRNA abundance in airway smooth muscle cells (Figure 1C). 
 
TGF-β1-induced β-catenin is transcriptionally active.  
We next determined whether TGF-β1-induced β-catenin was coupled to the 
activation of gene transcription. Stimulation of airway smooth muscle for up to 24 
hours with TGF-β1 (2 ng/ml) resulted in a marked, time-dependent increase in the 
expression of non-phosphorylated β-catenin (Figure 2A). This increase was linked 
with activation of TCF/LEF-dependent gene transcription, as assayed using the β-
catenin sensitive TOP-flash luciferase assay (Figure 2B). Collectively, these 
findings indicate that TGF-β1 induces β-catenin mRNA and protein expression in 
airway smooth muscle, which subsequently activates TCF/LEF-dependent gene 
transcription. 
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▲ Figure 1: Induction of β-catenin expression by TGF-β1 in airway smooth muscle cells. 
(A) Airway smooth muscle cells were stimulated with increasing concentrations of TGF-β1 (0.1 - 10 
ng/ml) for 24 hours. Expression of total β-catenin was evaluated by immunoblotting. Equal protein 
loading was verified by the analysis of β-actin. Responses of TGF-β1 (2 ng/ml) on total β-catenin 
expression were quantified by densitometry and normalized to β-actin expression, representing mean ± 
s.e.m. of 3 independent experiments. (B) Airway smooth muscle cells were stimulated with TGF-β1 (2 
ng/ml) for up to 2 hours. Induction of ser9/21 phosphorylation of GSK-3 was evaluated by 
immunoblotting using a phospho-specific antibody. Equal protein loading was verified by the analysis of 
total GSK-3. Responses of TGF-β1 on GSK-3 phosphorylation were quantified by densitometry and 
normalized to total GSK-3 expression, representing mean ± s.e.m. of 3 independent experiments. (C) 
qRT-PCR analysis of β-catenin mRNA expression after 24 hours of TGF-β1 (2 ng/ml) stimulation. 
Expression of β-catenin by TGF-β1 is expressed relative to untreated airway smooth muscle cells. Data 
represents mean ± s.e.m. of 4 independent experiments. *p<0.05, **p<0.01 and ***p<0.001 compared 
to untreated airway smooth muscle cells. Statistical significance determined by two-tailed student’s t-
test for paired observations. 
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▲ Figure 2: Induction of non-phosphorylated β-catenin in human airway smooth muscle in 
response to TGF-β1. (A) Airway smooth muscle cells were stimulated with TGF-β1 (2 ng/ml) for up to 
24 hours. Expression of non-phosphorylated β-catenin was evaluated by immunoblotting. Equal protein 
loading was verified by the analysis of GAPDH. Non-phosphorylated β-catenin expression was 
quantified by densitometry and normalized to GAPDH, representing mean ± s.e.m. of 5 independent 
experiments. *p<0.05 and ***p<0.001 compared to untreated airway smooth muscle cells. Statistical 
significance determined by one-way ANOVA followed by a Newman-Keuls multiple comparison test. (B) 
TGF-β1 (2 ng/ml; 16 hr.) induces β-catenin-dependent gene transcription, determined by the TOP-flash 
luciferase assay. TOP-flash luciferase activity was normalized to FOP-flash luciferase activity and 
expressed as a percentage of control representing mean ± s.e.m. of 4 independent experiments. 
**p<0.01 two-tailed student’s t-test for paired observations. 
 

 
Functional role of β-catenin signaling in TGF-β1-induced extracellular matrix 
expression.  
Given the importance of TGF-β1 in regulation of ECM production by airway smooth 
muscle cells, we examined the role of β-catenin in this process. Stimulation of 
airway smooth muscle cells for 24 hours with TGF-β1 (2 ng/ml) induced mRNA 
expression of the ECM proteins collagen Iα1 (collagen, type 1, alpha 1), fibronectin 
and versican (Figure 3A). In contrast, mRNA abundance of collagen III, laminin α1 
and laminin α2 did not change significantly, whereas decorin mRNA abundance 
was attenuated by TGF-β1 stimulation (Figure 3A).  
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Next, we investigated the effect of β-catenin silencing on TGF-β1-induced ECM 
gene expression. Initial experiments indicated that after transfection of the cells 
with β-catenin siRNA, optimal reduction in the expression of β-catenin was 
achieved at 48-72 hours of treatment (53). Therefore, airway smooth muscle cells 
were transfected with specific β-catenin siRNA or non-targeting siRNA with 
concomitant serum deprivation and treated with TGF-β1 (2 ng/ml) for 24 hours 
thereafter to ensure optimal β-catenin knock down during the window of TGF-β1 
treatment. In non-targeting siRNA treated airway smooth muscle cells TGF-β1 
induced the expression of collagen Iα1, fibronectin and versican (Figure 3B). 
Silencing of β-catenin by specific siRNA did not affect basal mRNA abundance of 
collagen Iα1, fibronectin and versican (Figure 3B). However, the TGF-β1-induced 
expression of collagen Iα1 and fibronectin was attenuated when β-catenin was 
down regulated (Figure 3B). Though silencing β-catenin expression appeared to 
decrease in TGF-β1-induced versican expression, differences were not statistically 
significant (Figure 3B). β-Catenin has a dual function in cellular signaling, by 
regulating TCF/LEF-dependent gene transcription and secondly it stabilizes cell-
cell contacts by being a component of cadherin-based adherens junctions (13; 37). 
Down regulation of β-catenin by siRNA disrupts cell-cell contracts and this possibly 
affects TGF-β receptor signaling. Therefore, we investigated the effect of β-catenin 
siRNA on the mRNA expression of the smad-dependent gene plasminogen 
activator inhihitor-1 (PAI-1)(15; 56). Stimulation of airway smooth muscle cells with 
TGF-β1 resulted in a 5-fold induction of PAI-1 mRNA expression. Silencing of β-
catenin expression did not affect the basal or TGF-β1-induced expression of PAI-1 
(Figure 3C). These finding implicate that the responsiveness of smooth muscle 
cells to TGF-β1 is not altered by down regulation of β-catenin expression. 
 
To further verify the functional role of β-catenin/TCF interactions in TGF-β-induced 
ECM gene expression, we pharmacologically inhibited β-catenin signaling by 
PKF115-584 a compound that disrupts the interaction of the transcriptionally active 
(non-phosphorylated) β-catenin/T-cell factor-4 (TCF-4) complex (4; 47; 52). In line 
with the findings obtained with β-catenin siRNA, PKF115-584 did not significantly 
affect basal expression of collagen Iα1 (p=0.432), fibronectin (p=0.693) or versican 
(p=0.394), but largely attenuated the TGF-β1-induced expression of the ECM 
genes (Figure 3D). Although pharmacological inhibitors may be less specific than 
siRNA, these data show that β-catenin signaling can be directly targeted using a 
small molecule. Taken together, these data indicate that β-catenin signaling 
activated by TGF-β1 regulates the expression of specific ECM genes in airway 
smooth muscle. 
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▲ Figure 3: β-Catenin signaling regulates TGF-β1-induced extracellular matrix gene expression 
in airway smooth muscle cells. (A) qRT-PCR analysis of extracellular matrix gene expression in 
airway smooth muscle cells stimulated with TGF-β1 (2 ng/ml) for 24 hours. Expression of extracellular 
matrix genes by TGF-β1 is expressed relative to untreated airway smooth muscle cells. Data represent 
mean ± s.e.m. of 4-9 independent experiments. *p<0.05, **p<0.01 and ***p<0.001 determined by two-
tailed student’s t-test for paired observations. (B-D) Contribution of β-catenin signaling to TGF-β1-
induced gene expression of extracellular matrix proteins and plasminogen activator inhibitor-1 (PAI-1). 
Airway smooth muscle cells were stimulated for 24 hours with TGF-β1 (2 ng/ml) and functional role of β-
catenin was determined by (B-C)  silencing of β-catenin expression by specific siRNA as described in 
materials and methods or (D) pharmacological inhibition by PKF115-584 (100 nM), which inhibits the 
nuclear β-catenin/TCF-4 interactions. Data represents mean ± s.e.m. of 5 independent experiments. 
*p<0.05, **p<0.01 and ***p<0.001 compared to unstimulated/basal control. ##p<0.01 and ###p<0.001 
compared to TGF-β1 stimulation. $p<0.05 compared to basal of β-catenin siRNA treated airway smooth 
muscle cells. Statistical significance determined by one-way ANOVA followed by a Newman-Keuls 
multiple comparison test. 

 

A C

B D



Chapter 2 β-catenin is required for ECM production by airway smooth muscle 

 

 

71 

 2 

 

▲ Figure 4: β-Catenin signaling required for TGF-β1-induced fibronectin protein expression by 
airway smooth muscle cells. (A) Airway smooth muscle cells were stimulated with TGF-β1 (2 ng/ml) 
for up to 24 hours. Expression of fibronectin was evaluated by immunoblotting. Equal protein loading 
was verified by the analysis of GAPDH. Fibronectin deposition was quantified by densitometry and 
normalized to GAPDH expression, representing mean ± s.e.m. of 5 independent experiments. *p<0.05 
and ***p<0.001 compared to untreated airway smooth muscle cells. Statistical significance determined 
by one-way ANOVA followed by a Newman-Keuls multiple comparison test. (B) Airway smooth muscle 
cells were transfected with a siRNA against the β-catenin transcript or a non-targeting siRNA control as 
described in the materials and methods. Subsequently, cells were stimulated with TGF-β1 (2 ng/ml) for 
48 hours. Expression of total β-catenin, non-phosphorylated β-catenin and fibronectin was evaluated by 
immunoblotting. Equal protein loading was verified by the analysis of GAPDH. A representative 
immunoblot of 3 independent experiments is shown. (C) Airway smooth muscle cells were stimulated 
with TGF-β1 (2 ng/ml) for 48 hours in the absence or presence of the pharmacological inhibitor PKF115-
584 (100 nM). Expression of fibronectin was evaluated by immunoblotting. Equal protein loading was 
verified by the analysis of GAPDH. Fibronectin expression was quantified by densitometry, representing 
mean ± s.e.m. of 4 independent experiments. *p<0.05 compared to untreated control, #p<0.05 
compared to TGF-β1 stimulation. Statistical significance determined by one-way ANOVA followed by a 
Newman-Keuls multiple comparison test. 
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To confirm the significance of β-catenin signaling in regulating ECM protein 
expression by airway smooth muscle cells, we assessed the role of β-catenin in 
TGF-β1-induced fibronectin protein expression. Stimulation of airway smooth 
muscle cells with TGF-β1 induced fibronectin protein expression in a time-
dependent manner (Figure 4A). Silencing of β-catenin markedly reduced basal and 
TGF-β1-induced expression of total and non-phosphorylated β-catenin (Figure 4B). 
Importantly, down regulation of β-catenin also attenuated TGF-β1-induced 
fibronectin protein expression in the airway smooth muscle cells (figure 4B). To 
corroborate these findings we used PKF115-584 to inhibit β-catenin signaling 
pharmacologically. In agreement with the findings using β-catenin siRNA, PKF115-
584 prevented the increased fibronectin expression induced by TGF-β1 (Figure 4B). 
Collectively, these data indicate that induction of transcriptionally active β-catenin 
by TGF-β1 is required for ECM mRNA and protein expression by airway smooth 
muscle cells. 
 
β-Catenin activation is sufficient for fibronectin expression by airway smooth 
muscle. 
Next we hypothesized that increased expression of β-catenin was sufficient to 
induce fibronectin expression by airway smooth muscle cells. To test this 
hypothesis, airway smooth muscle cells were transiently transfected with a 
constitutively active β-catenin mutant (S33Y-β-catenin). This S33Y-β-catenin 
mutant has a serine to tyrosine substitution at position 33 and is therefore 
insensitive to GSK-3 mediated phosphorylation and proteasomal degradation (43). 
Airway smooth muscle cells were transfected with increasing amounts of the S33Y-
β-catenin mutant (0.1 – 1 μg), whereas control cultures were transfected with green 
fluorescent protein (GFP) (figure 5A). The transfection with the S33Y-β-catenin 
mutant resulted in an increased expression of total β-catenin, which was optimal 
when cells were transfected with 1.0 μg of plasmid DNA (Figure 5A and 5B). The 
transfection with the constitutively active S33Y-β-catenin mutant (1 μg) also 
resulted in a strong increase in fibronectin expression by airway smooth muscle 
cells (Figure 5A and 5C), whereas the expression of the smad regulated gene PAI-
1 was not affected (data not shown). These data indicate that an increase in 
transcriptionally active β-catenin is sufficient to increase the expression of 
fibronectin by airway smooth muscle cells. 
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▲ Figure 5: Increased β-catenin expression is sufficient for stimulating fibronectin production 
by airway smooth muscle cells. (A) Airway smooth muscle cells were transiently transfected with 
increasing amounts of β-catenin-S33Y plasmid (0.1 – 1 μg) or with a GFP containing vector (2 μg), 
which was used as a control. Expression of fibronectin and total β-catenin was evaluated by 
immunoblotting. Equal protein loading was verified by the analysis of GAPDH. The effect of β-catenin-
S33Y plasmid (1 μg) on (B) total β-catenin and (C) fibronectin protein expression was quantified by 
densitometry, representing mean ± s.e.m. of 3-4 independent experiments. *p<0.05 compared to GFP 
control. Statistical significance determined by two-tailed student’s t-test for paired observations. 
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Discussion 
 
In the present study, we demonstrate that β-catenin signaling plays an important 
role in the regulation of ECM production by airway smooth muscle. We show that in 
response to TGF-β1 stimulation β-catenin protein abundance is stabilized, which 
subsequently results in increased TCF/LEF-dependent gene transcription. Down 
regulation of β-catenin expression or pharmacological inhibition of the nuclear β-
catenin/TCF-4 complex, attenuates TGF-β1-induced expression of collagen Iα1 and 
fibronectin, indicating a requirement of β-catenin signaling in this process. 
Furthermore, expression of a degradation-resistant β-catenin mutant (S33Y-β-
catenin) strongly activates the production of fibronectin, implying that increased 
expression of β-catenin is sufficient to activate ECM protein production in airway 
smooth muscle cells. Collectively, these findings indicate that β-catenin signaling is 
both required and sufficient for the regulation of ECM production by airway smooth 
muscle. 
 
Our current and previously published data indicate a key role for β-catenin in 
smooth muscle biology. In its role as an adherens junction associated protein that 
links to the actin cytoskeleton, β-catenin is important for contractile force 
generation of airway smooth muscle cells, presumably by stabilizing cell-cell 
contacts, allowing force transmission between neighboring cells (37). Moreover, 
growth factors that stimulate airway smooth muscle growth induce nuclear 
accumulation of β-catenin, which activates TCF/LEF-dependent gene transcription 
and subsequent induction of cell proliferation (28; 30; 53). Our current findings 
indicate that matrix protein expression by airway smooth muscle is also regulated 
by β-catenin dependent gene transcription. These data are consistent with findings 
in vascular smooth muscle cells, in which growth factor-induced β-catenin 
activation and subsequent induction of TCF/LEF-dependent gene transcription, 
regulates smooth muscle cell proliferation, vascular endothelial growth factor 
(VEGF) secretion and extracellular matrix protein production, including fibronectin 
and versican (14; 18; 59; 60; 62; 63). Collectively, these findings indicate a central 
role for β-catenin in many cellular responses that underpin smooth muscle 
remodeling in both the airways and the vasculature (30). 
 
Cytosolic β-catenin levels are tightly regulated by the constitutively active enzyme 
GSK-3β. A fraction of cellular GSK-3β forms a so called destruction complex with 
axin, casein kinase I (CK-I) and adenomatous polyposis coli (APC); this complex 
phosphorylates and subsequently targets cytosolic β-catenin for proteasomal 
degradation (13). This tight regulation explains the relatively low abundance of 
active (non-phosphorylated) β-catenin at baseline, even though total β-catenin 
protein expression is abundant at the plasma membrane. The activity of GSK-3β is 
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negatively regulated by serine phosphorylation, which can be induced by 
numerous stimuli, including growth factors (23; 28; 29; 53). Growth factors are 
believed to increase β-catenin stabilization in part via this inactivation of GSK-3. In 
line with this contention, we demonstrate that TGF-β1 induces a strong and 
sustained phosphorylation of GSK-3 in airway smooth muscle cells, followed by 
increased expression of active, non-phosphorylated β-catenin. Accumulation of 
stabilized β-catenin contributes to the cellular expression of total β-catenin. 
Therefore, the overall cellular expression of β-catenin is also augmented by TGF-
β1 stimulation, however this increase distinct from the rise in active β-catenin 
expression as the plasma membrane associated pool of β-catenin is not induced in 
response to TGF-β1  (28). We demonstrate that the expression of the stable S33Y-
β-catenin mutant, which has a serine to tyrosine substitution at position 33 and 
therefore is insensitive to GSK-3-mediated phosphorylation and proteosomal 
degradation, is sufficient to activate fibronectin deposition by airway smooth muscle 
cells. This demonstrates the importance of rigorous control of β-catenin expression 
by GSK-3 in regulating cellular responses of the airway smooth muscle. In addition 
to GSK-3 dependent regulation of β-catenin, we found that TGF-β1 induced an 
increased β-catenin mRNA expression, indicating that the de novo synthesis of the 
protein is also regulated by this growth factor. Indeed, we have previously shown 
that expression of a dominant negative H-RAS as well as pharmacological 
inhibition of ERK1/2 kinase (e.g. MEK) attenuates growth factor-induced β-catenin 
mRNA and protein expression (28). Taken together, these findings demonstrate 
that TGF-β1 regulates β-catenin expression in part by increasing protein stability 
and in part by ERK1/2-dependent de novo synthesis of the protein in airway 
smooth muscle cells.  
 
In the airways, TGF-β1 is sequestered in inactive complex in the ECM and upon 
activation it stimulates cell surface serine-threonine receptor kinases leading to 
phosphorylation of smad (small phenotype and mothers against decapentaplegic 
related protein) family of intracellular signaling proteins. The activated smads 
translocate to the nucleus and associate with DNA binding partners and various 
transcriptional co-activators, thereby regulating gene transcription (2; 44). Smad 
phosphorylation is critical for TGF-β1 signaling, yet simultaneously a variety of 
other pathways, including ERK1/2 and GSK-3/β-catenin signaling are activated by 
TGF-β1 that in turn support functional TGF-β1 driven responses (2; 33). 
Biochemical studies have shown that smad and β-catenin may cooperatively 
regulate TCF/LEF transcription factors, resulting in synergistic activation of gene 
transcription (14; 48). The TCF/LEF family of transcription factors are the 
downstream effectors of the canonical Wnt/β-catenin signaling pathway and 
consists of four members, i.e. TCF-1, LEF, TCF-3 and TCF-4, which all share 
homology in their DNA binding domain. Stabilized (unphosphorylated) cytosolic β-
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catenin translocates to the nucleus were it associates and activates these TCF/LEF 
transcription factors (7; 13). The experiments performed with the pharmacological 
inhibitor PKF115-584 indicate that at least TCF-4 plays an important role in the 
regulation of versican, collagen Iα1 and fibronectin expression by airway smooth 
muscle cells, as this inhibitor disrupts the interaction between nuclear β-catenin 
and TCF-4 (4; 47; 52). This fits with observations that indicate abundant expression 
of the TCF-4 transcription factor by mesenchymal cells (7; 11). Transcription 
factors of the TCF family not only activate gene transcription, but may also be 
active suppressors of specific gene transcription (7). However, silencing of β-
catenin expression by specific siRNA did not affect the decrease in decorin gene 
expression caused by TGF-β1 (data not shown), indicating that this effect is not due 
to the activation of the TCF family of transcription factors. In the present study we 
further demonstrate that ECM deposition is attenuated by silencing of β-catenin 
signaling and, more specifically, that fibronectin deposition is increased in response 
to overexpression of β-catenin. These data unambiguously demonstrate the 
involvement of β-catenin signaling in TGF-β-induced ECM deposition by airway 
smooth muscle cells. Furthermore, TGF-β1 stimulation induced the expression of 
the smad-dependent gene plasminogen activator inhibitor-1 (PAI-1), which was not 
affected by the siRNA against β-catenin. Similarly, expression of the 
transcriptionally active β-catenin mutant (S33Y-β-catenin) did not alter basal PAI-1 
expression (data not shown). Collectively, these results show that TGF-β1 signaling 
is directed to specific intracellular pathways by β-catenin. 
 
Increased airway smooth muscle mass in concert with aberrant extracellular matrix 
deposition in the airways is thought to contribute to the pathogenesis of chronic 
inflammatory lung diseases, like asthma and COPD (35; 58). The expression of 
various ECM components in the airways is altered in these chronic inflammatory 
lung diseases (1; 3; 38; 45). More specifically, in asthma the expression of 
fibronectin, hyaluronan, versican, biglycan, lumican and collagen I are increased 
within as well as surrounding the airway smooth muscle (1; 57; 61). In COPD, 
changes in airway smooth muscle mass and altered ECM deposition are less 
pronounced compared to asthma, but may become more important in more severe 
stages of disease (35). In addition to increased bronchial ECM deposition, the 
expression of laminin β2 is increased in the airway smooth muscle bundle of 
COPD patients and inversely correlates to the forced expiratory volume in 1 
second (FEV1) (45). The expression and composition of ECM in the airways of 
patients with chronic inflammatory lung diseases may also strongly influence 
airway smooth muscle function and thereby contribute to disease pathogenesis. 
For instance, fibronectin and collagen I have been demonstrated to enhance 
airway smooth muscle proliferation, migration, cell survival, and negatively affect 
the contractile capacity of airway smooth muscle cells (22; 27; 34; 54). The 
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significance of the interaction between the ECM and airway smooth muscle in vivo 
has recently been established in an animal model of chronic allergic asthma. In this 
study it was demonstrated that inhibition of the interaction between the ECM 
proteins and their integrins attenuated allergen-induced airway smooth muscle 
remodelling (20). Corticosteroids used for control of asthma and COPD symptoms, 
do not seem to have a beneficial effect on ECM production by airway smooth 
muscle, and may under certain circumstances even increase the matrix production 
(19; 39; 50). Matrix protein production can be induced by growth factors that are 
upregulated in asthma and COPD, like TGF-β1, connective tissue growth factor 
(CTGF) and VEGF (8; 12; 66). The underlying mechanisms by which these growth 
factors, in particular TGF-β1, induce matrix production is therefore of major interest. 
We demonstrate that β-catenin signaling is activated in response to TGF-β1 and 
plays an important regulatory role in ECM production by airway smooth muscle. 
This suggests that targeting β-catenin dependent gene transcription is a strategy 
worth pursuing in future studies, particularly since corticosteroids used for the 
control of asthma and COPD symptoms do not seem to have a beneficial effect on 
ECM production by airway smooth muscle (19; 39; 50). 
 
Collectively, these findings indicate that β-catenin signaling is activated in response 
to TGF-β1, which is required and sufficient for the regulation of ECM production by 
airway smooth muscle cells. The current data adds to the increasing evidence 
indicating the importance of β-catenin in airway smooth muscle function. The 
regulatory role of β-catenin in airway smooth muscle may be of importance in TGF-
β1 driven airway wall remodeling. Targeting β-catenin-dependent gene transcription 
may therefore hold promise as a therapeutic intervention. 
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Abstract 
 
Background: Chronic obstructive pulmonary disease (COPD) is characterized by 
abnormal extracellular matrix (ECM) turnover. Recently, activation of the WNT/β-
catenin pathway has been associated with abnormal ECM turnover in various 
chronic diseases. We determined WNT-pathway gene expression in pulmonary 
fibroblasts of individuals with and without COPD and disentangled the role of β-
catenin in fibroblast phenotype and function.  

Methods: We assessed the expression of WNT-pathway genes and the functional 
role of β-catenin, using MRC-5 human lung fibroblasts and primary pulmonary 
fibroblasts of individuals with and without COPD.  
 
Results: Pulmonary fibroblasts expressed mRNA of genes required for WNT 
signaling. Stimulation of fibroblasts with TGF-β1, a growth factor important in COPD 
pathogenesis, induced WNT-5B, FZD8, DVL3 and β-catenin mRNA expression. 
The induction of WNT-5B, FZD6, FZD8 and DVL3 mRNA by TGF-β1 was higher in 
fibroblasts of individuals with COPD than without COPD, whilst basal expression 
was similar. Accordingly, TGF-β1 activated β-catenin signaling, as shown by an 
increase in transcriptionally active and total β-catenin protein expression. 
Furthermore, TGF-β1 induced the expression of collagen1α1, α-sm-actin and 
fibronectin, which was attenuated by β-catenin specific siRNA and by 
pharmacological inhibition of β-catenin, whereas the TGF-β1-induced expression of 
PAI-1 was not affected. The induction of transcriptionally active β-catenin and 
subsequent fibronectin deposition induced by TGF-β1 were enhanced in pulmonary 
fibroblasts from individuals with COPD.  
 
Conclusions: β-catenin signaling contributes to ECM production by pulmonary 
fibroblasts and contributes to myofibroblasts differentiation. WNT/β-catenin 
pathway expression and activation by TGF-β1 is enhanced in pulmonary fibroblasts 
from individuals with COPD. This suggests an important role of the WNT/β-catenin 
pathway in regulating fibroblast phenotype and function in COPD. 
 
Key words: Frizzled, Extracellular matrix, Lung, Fibronectin 
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Introduction 
 
Chronic obstructive pulmonary disease (COPD) is characterized by progressive 
airflow limitation, which is associated with an abnormal inflammatory response of 
the lungs to noxious particles or gases. Long-term exposure to cigarette smoke is 
the major risk factor for the development of COPD [1, 2]. Progressive loss of lung 
function can be caused by airway wall remodeling, bronchoconstriction, occlusion 
of the airway lumen by mucus and destruction of alveolar attachments of the 
airways within the lung (emphysema) [3]. Aberrant extracellular matrix (ECM) 
turnover contributes to both airway remodeling and pulmonary emphysema. 
  
Fibroblasts play an important role in ECM turnover in the parenchyma and small 
airways by producing ECM constituents [4-6]. Transforming growth factor-β (TGF-
β) is locally upregulated in COPD and is the key mediator stimulating ECM 
production by recruiting and activating fibroblasts and initiating their differentiation 
process into myofibroblasts [5, 7-9]. Airway fibroblasts may thus contribute to small 
airways remodeling in COPD. By contrast, in the peripheral lung with pulmonary 
emphysema, there is inadequate tissue repair and associated damage, which is 
perhaps due to fibroblast dysfunction [10, 11]. This discrepancy may be explained 
by insufficient activation of fibroblast in regions affected by emphysema to 
compensate for the tissue destruction by proteases. Furthermore, lung fibroblasts 
from patients with pulmonary emphysema show an aberrant proliferation capacity 
and differences in ECM synthesis [12-14]. Cigarette smoke can also affect a 
number of fibroblast functions implicated in alveolar regeneration and repair [11, 
15]. Consequently, extrinsic and intrinsic dysregulation of fibroblast function in 
COPD along with phenotypically distinct fibroblast populations in the airways and 
parenchyma, may contribute to the development of both small airway fibrosis and 
emphysema [16, 17].  
 
Recently, it was demonstrated that activation of the canonical WNT/β-catenin 
signaling pathway is associated with fibroblast activation, fibrosis and tissue repair 
[18, 19]. β-Catenin is an essential component of canonical WNT signaling, in which 
it serves a role in activating gene transcription [20]. In the presence of WNT-
ligands, cytosolic β-catenin is stabilized, permitting it to serve as a transcriptional 
co-activator. In addition, various growth factors, including TGF-β, can activate β-
catenin signaling either directly or via autocrine WNT ligand production [19, 21, 22]. 
Stabilized (non-phosphorylated) β-catenin activates several target genes including 
matrix metalloproteinases (MMP’s), growth factors, ECM proteins and pro-
inflammatory mediators and enzymes [23-31]. The role of the WNT/β-catenin 
pathway in COPD is largely unknown. However, in support of a role in tissue repair, 
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a recent study indicates that activation of WNT/β-catenin signaling protects against 
experimental emphysema in mice [32]. 
 
In the present study, we investigated the expression of WNT-pathway genes in 
human lung fibroblasts and determined the functional role of the transcriptional co-
activator β-catenin in regulating TGF-β1-induced human lung fibroblast phenotype 
and function. Furthermore, we compared the expression of WNT pathway genes 
and activation of β-catenin in primary pulmonary fibroblasts of individuals with and 
without COPD.  
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Materials and Methods 
 
Ethics statement 
The study protocol was consistent with the Research Code of the University 
Medical Center Groningen (http://www.rug.nl/umcg/onderzoek/researchcode/index) 
and national ethical and professional guidelines (“Code of conduct; Dutch 
federation of biomedical scientific societies”; htttp://www.federa.org). 
 
Subjects 
Primary lung fibroblasts were cultured from lung tissue obtained from 18 individuals 
with and without COPD. Classification of COPD severity was based on the Global 
initiative for chronic obstructive lung disease (GOLD) criteria [1]. Fibroblasts 
obtained from these individuals, were divided into three categories: fibroblasts from 
individuals with moderate (GOLD stage II, n=5), and severe COPD (stage IV, n=6), 
and from individuals with histologically normal lungs (n=7). Emphysema was 
assessed by routine histological examination of lung tissue, which was performed 
by an experienced pulmonary pathologist (WT). Fibroblasts were isolated from 
peripheral lung tissue of which areas with no macroscopically visible airways and 
blood vessels were used. Clinical characteristics of the groups are presented in 
table 1. 
 
Tissue from the control group (median forced expiratory volume in one second 
(FEV1) 96.9% predicted) was derived from noninvolved lung tissue of patients 
undergoing surgical resection for pulmonary carcinoma. Patients had no airway 
obstruction and no chronic airway symptoms, such as cough and sputum 
production. Material was always taken as far away as possible from the tumour, or 
from a noninvolved lobe. No histopathological lesions were present.  
 
Tissue of GOLD stage II COPD patients (median FEV1 52.6 % of predicted) was 
derived from noninvolved lung tissue from patients undergoing resection surgery 
for pulmonary carcinoma. Histopathologically emphysematous lesions were 
present, however, of limited and varying severity. Moderate forms of emphysema 
can be histopathologically demonstrated by finding isolated or free-lying segments 
of viable alveolar septal tissue or isolated cross sections of pulmonary vessels. 
 
Tissue of GOLD stage IV COPD patients (median FEV1 17.1 % predicted) was 
obtained from patients with COPD undergoing surgery for lung transplantation or 
lung volume reduction. All individuals had quitted smoking for at least 1 year before 
surgery. The resected tissue showed both macroscopically and microscopically 
severe emphysematous lesions, often accompanied by bullae. Subpleural fibrous 
areas were avoided.  
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Pulmonary fibroblast cultures were established from parenchymal lung tissue by 
means of an explant technique. Absence of mycoplasma contamination in the 
fibroblast cultures was confirmed with a mycoplasma detection kit (Roche 
Diagnostics, Almere, The Netherlands). Isolated cells were characterized as 
fibroblasts by morphological appearance and expression pattern of specific 
proteins [12]. All cells exhibited a characteristic staining pattern for vimentin, 
fibronectin, and the fibroblast marker prolyl-4-hydroxylase and lacked 
immunoreactivity for keratin. Five percent or less of the cells was positive for 
desmin and α-sm-actin.  
 
Cell culture 
MRC-5 lung fibroblasts [33] (ATCC CCL 171) and primary lung fibroblasts from 
individuals with and without COPD, were cultured in Ham’s F12 medium 
supplemented with 10% (v/v) foetal bovine serum (FBS), 2 mM L-glutamine, 
100 µg/l streptomycin and 100 U/ml penicillin. Unless otherwise specified, for each 
experiment cells were grown to confluence and subsequently culture medium was 
substituted with Ham’s F12 medium supplemented with 0.5% (v/v) FBS, 2 mM L-
glutamine, 100 µg/l streptomycin and 100 U/ml penicillin for a period of 24 hours. 
Cells were stimulated for different time-points with TGF-β1 in Ham’s F12 medium 
supplemented with 0.5% FBS, L-glutamine and antibiotics. When applied, 
pharmacological inhibitors (i.e. quercetin 40 μM or PKF115-584 100 nM) were 
added 30 minutes before the addition of TGF-β1. 
 
mRNA isolation and real-time PCR analysis 
Total mRNA was extracted using the RNeasy mini kit (Qiagen, Venlo, The 
Netherlands). Briefly, cells were harvested in RNAlater stabilization buffer and 
homogenized by passing the lysate 10 times through a 20 gauge needle. Lysates 
were then mixed with an equal volume of 70% ethanol, and total mRNA was 
purified using RNeasy mini spin columns. The eluted mRNA was quantified using 
spectrophotometry (Nanodrop, ThermoScientific, Wilmington, USA). Equal 
amounts of total mRNA (1 μg) were then reverse transcribed and stored at -20 °C 
until further use. 
 
cDNA was subjected to real-time PCR, which was performed with a MyiQ Single-
Color detection system (Bio-Rad laboratories Inc. Life Science group, Hercules, 
CA, USA). In short, 12.5 l iQ SYBR Green Supermix, containing fluorescein to 
account for well to well variation, 0.1 M of gene-specific forward and reverse 
primer and 1 l of 1:5 diluted cDNA sample were used in a total volume of 25 l 
and added to a 96 well plate. The sequences of the primers used for determining 
WNT pathway components and WNT target genes are listed in the supporting 
information tables (table S1-S4). 
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Real-time PCR data were analyzed using the comparative cycle threshold (Cq: 
amplification cycle number) method. Cycle parameters were: denaturation at 94°C 
for 30 seconds, annealing at 60°C for 30 seconds, and extension at 72°C for 30 
seconds for 40 cycles followed by 5 minutes at 72°C. The amount of target gene 
was normalized to the endogenous reference gene 18S ribosomal RNA (Cqgene of 

interest – Cq18S rRNA; designated as ΔCq). Several housekeeping genes, including β2-
microglobulin (B2M; NM_00408) and phospholipase A2 (YWAHZ; NM_003406), 
were tested for the influence of the experimental procedure on the expression [34]. 
The expression of both ribosomal protein S18 (18S rRNA) and β2-microglobulin 
was stable in the tested conditions. Phospholipase A2 (YWAHZ; NM_003406) 
expression fluctuated after TGF-β stimulation, however. Ribosomal protein S18 
was chosen as most optimal household gene because gene expression was most 
stable under basal as well as stimulation conditions (figure S1). Relative 
differences in gene expression were determined using the equation 2-(Cq).  
 
siRNA transfection 
MRC-5 fibroblasts were grown to ~90% confluence in 6-well cluster plates and 
transiently transfected with a 21-bp, double-stranded siRNA targeted against the β-
catenin transcript (Qiagen, Venlo, The Netherlands). Cells were transfected in 
serum-free Ham’s F12 without any supplements using 1.5 µg/ml of siRNA in 
combination with lipofectamine 2000 transfection reagent. Control transfections 
were performed using a non-silencing control siRNA (Qiagen, Venlo, The 
Netherlands). After 6 hours of transfection, cells were washed once with warm 
(37°C) Hank’s Balanced Salt Solution (HBSS; composition [mg/l]: KCl 400, KH2PO4 

60, NaCl 8000, NaHCO3 350, Na2HPO4.1H2O 50, glucose 1000, pH: 7.4) followed 
by a period of 24 hours in Ham’s F12 supplemented with 0.5% FBS, L-glutamine 
and antibiotics. Consecutively, medium was refreshed and cells were stimulated 
with TGF-β1 (2 ng/ml) for 48 hours. 
 
Preparation of cell lysates 
To obtain whole cell lysates, cells were washed once with ice-cold (4°C) HBSS 
then lysed in ice-cold sodiumdodecylsulphate (SDS) buffer (composition: 62.5 mM 
Tris, 2 % w/v SDS, 1 mM NaF, 1 mM Na3VO4, 10 µg/ml aprotinin, 10 µg/ml 
leupeptin, 7 µg/ml pepstatin A, pH 6.8). Lysates were then sonicated and protein 
concentration was determined according to Pierce protein determination according 
to the manufacturer’s instructions. Lysates were stored at -20 ºC till further use.  
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Nuclear extracts 
Confluent MRC-5 fibroblasts were serum deprived in Ham’s F12 medium 
supplemented with 0.5% (v/v) FBS, 2 mM L-glutamine, 100 µg/l streptomycin and 
100 U/ml penicillin for a period of 24 hours. Subsequently cells were stimulated for 
24 hour with TGF-β1 (2 ng/ml) and nuclear extracts were prepared using the 
nuclear extract kit (40010, Active Motif) according to the manufacturer’s 
instructions. Protein concentration in the nuclear extracts was determined 
according to the Bradford protein assay. Nuclear extracts were stored at -80 ºC till 
further use. 
 
Western blot analysis 
Equal amounts of protein (10-20 μg/lane) were subjected to electrophoresis on 
polyacrylamide gels, transferred to nitrocellulose membranes and analyzed for the 
proteins of interest using specific primary and HRP-conjugated secondary 
antibodies. By using enhanced chemiluminescence reagents, bands were either 
subsequently visualized on film or recorded in the G:BOX iChemi gel 
documentation system equipped with GeneSnap image acquisistion software 
(Syngene; Cambridge; UK). Band intensities were quantified by densitometry using 
TotallabTM software (Nonlinear dynamics; Newcastle, UK) or GeneTools analysis 
software (Syngene; Cambridge; UK), respectively. 
 
Immunocytochemistry  
Lung fibroblasts were plated onto Lab-TekTM borosilicate chamber slides and 
treated with TGF-β1 2 ng/ml for 48 hours, fixed for 15 min at 4 oC in cytoskeletal 
(CB) buffer (10 mM MES, 150 mM NaCl, 5 mM EGTA, 5 mM MgCl2 and 5 mM 
glucose at pH 6.1) containing 3 % paraformaldehyde (PFA). Cells were then 
permeabilized by incubation for 5 min at 4oC in CB buffer containing 3% PFA and 
0.3% Triton X-100. For immunofluorescence microscopy, fixed cells were first 
blocked for 2 hours at room temperature in Cyto-TBS buffer (20 mM Tris base, 154 
mM NaCl, 2.0 mM EGTA and 2.0 mM MgCl2 at pH 7.2) containing 1% bovine 
serum albumin (BSA) and 2% normal donkey serum. Incubation with primary 
antibody (i.e unphosphorylated-β-catenin, diluted 1:200) occurred overnight at 4oC 
in Cyto-TBS containing 0.1 % Tween 20 (Cyto-TBST). Incubation with Cy3-
conjugated secondary antibody was for 2h at room temperature in Cyto-TBST. 
Filamentous actin was stained with Alexa Fluor 488 phalloidin (15 minutes at RT) 
and nuclei with Hoechst 3342. After staining, coverslips were mounted using 
ProLong Gold antifade reagent (Invitrogen) and analyzed by using an Olympus 
AX70 microscope equipped with digital image capture system (ColorView Soft 
System with Olympus U CMAD2 lens). 
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Antibodies and reagents 
Mouse anti-α-sm-actin, horseradish peroxidase (HRP)-conjugated goat anti-mouse 
antibody, HRP-conjugated goat anti-rabbit antibody and HRP-conjugated rabbit 
anti-goat antibody were purchased from Sigma (St. Louis, MO, USA). Goat anti-
MMP-2 antibody was purchased from R&D systems (Minneapolis, MN, USA). 
Rabbit anti-GSK-3 antibody, goat anti-fibronectin (C20) antibody, Mouse anti-Lamin 
A/C antibody, mouse anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
antibody and Rabbit-anti-Smad2/3 antibody were obtained from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). Rabbit anti-phospho-Ser9/21-GSK-3 
antibody and rabbit anti-phospho-432/425-smad3 antibody were from Cell 
Signaling Technology (Beverly, MA, USA). Mouse anti-total β-catenin antibody was 
from BD Biosciences (San Jose, CA, USA). Mouse anti-non-phosphorylated-β-
catenin antibody (clone 8E7) was from Millipore (Amsterdam, the Netherlands). 
Cy3 conjugated secondary antibodies were obtained from Jackson 
Immunoresearch (West Grove, PA, USA). Lipofectamine 2000 transfection reagent 
and alexa Fluor 488 phalloidin were from Invitrogen (Paisley, UK). Recombinant 
human TGF-β1 was from R&D systems (Abingdon, UK). All other chemicals were 
of analytical grade. 
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Results 
 
Expression of genes required for functional WNT signaling by fibroblasts 
We first investigated WNT pathway gene expression in MRC-5 human lung 
fibroblasts. A clear mRNA signal was observed for the majority of WNT pathway 
genes, but with considerable differences in the degree of expression (Figure 1A). 
The WNT-ligands WNT-5A, WNT-5B and WNT-16, the Frizzled (FZD) receptors 
FZD2, FZD6 and FZD8 as well as the intracellular signaling protein dishevelled 
(DVL3) and the key-effector of canonical WNT signaling, β-catenin, were 
abundantly expressed (figure 1A and 1B). This subset of specific WNT pathway 
genes was selected for further studies based on their abundant expression at 
baseline, on previous findings indicating the regulation of these genes by TGF-β1 in 
airway smooth muscle (unpublished data), and based on recent literature indicating 
the involvement of the selected WNT ligands, FZD receptors and intracellular 
signaling molecules in cellular processes relevant for fibroblasts function [35-37]. A 
role for additional WNT pathway genes in fibroblast function can, however, not be 
ruled out. To investigate if these genes were also highly expressed in primary 
human lung fibroblasts, we performed qRT-PCR analysis of these WNT pathway 
genes in fibroblasts of individuals without COPD (control) and compared them to 
the expression in MRC-5 fibroblasts, which produced similar results (figure 1B).  
  
Recently, studies have suggested that activation of WNT signaling plays an 
important role in remodeling and repair in several organs and that it may show a 
cooperative interaction with the TGF-β1/smad pathway [18, 38-42]. Smad signaling 
is key in TGF-β1 induced cellular responses and therefore we investigated first the 
phosphorylation of smad3. MRC-5 fibroblasts were stimulated with TGF-β1 (2 
ng/ml) for various time-points resulting in a time-dependent increase in ser423/425-
smad3 phosphorylation, which was most profound at the early time-points of 1-2 
hours (figure 1C).  
 
Next, we wondered if TGF-β1 would affect the expression of the selected WNT 
pathway genes in human lung fibroblasts. Stimulation of MRC-5 human lung 
fibroblasts with TGF-β1 (2 ng/ml; 4 hours) altered the expression profile of specific 
WNT-pathway genes (figure 1D). The expression of WNT-5B, FZD8 and β-catenin 
was significantly increased in TGF-β1 treated fibroblasts (fold-induction 1.92 ± 0.22, 
3.03 ± 0.57 and 1.66 ± 0.16, respectively), whereas FZD2 mRNA expression was 
significantly down-regulated to 0.63 ± 0.07-fold compared with untreated 
fibroblasts. The expression of WNT-5A, WNT-16, FZD6 and DVL3 was unaltered 
after TGF-β1 stimulation (figure 1D). Concentration-response curves with 0.5, 2 and 
5 ng/ml of TGF-β1 show that the expression of WNT-5B, FZD8 and β-catenin in 
MRC-5 fibroblasts is concentration dependent (figure 1E). 
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◄ Figure 1: Quantitative expression of specific WNT pathway genes in human lung fibroblasts. 
(A) WNT pathway gene expression in MRC5 human lung fibroblasts. Data shown are average Cq-
values corrected for 18s ribosomal RNA expression determined in triplicate by quantitative real-time 
PCR. Of note; a lower Cq-value corresponds with higher gene expression. (B) The WNT pathway genes 
WNT-5A, WNT-5B, WNT-16, FZD2, FZD6, FZD8, DVL3 and β-catenin were analyzed by quantitative 
real-time PCR in MRC-5 fibroblasts and primary human lung fibroblasts. (C) Time-dependent activation 
of smad3 in response to TGF-β1 (2 ng/ml). Phosphorylation of ser423/425-smad3 was evaluated in 
whole cell lysates by immunoblotting using specific antibodies. Equal protein loading was verified by the 
analysis of total smad2/3. Data represents mean ± s.e.m. of 6 independent experiments. *p<0.05 
compared to untreated MRC-5 fibroblasts determined by a two-tailed student’s t-test for paired 
observations. (D) qRT-PCR analysis of WNT-5A, WNT-5B, WNT-16, FZD2, FZD6, FZD8, DVL3 and β-
catenin in MRC-5 fibroblasts after 4h of TGF-β1 (2 ng/ml) stimulation. Expression of WNT pathway 
genes by TGF-β1 is corrected for 18S rRNA and expressed relative to untreated MRC-5 fibroblasts. 
Data represents mean ± s.e.m. of 5 independent experiments. *p<0.05, **p<0.01 compared to untreated 
MRC-5 fibroblasts determined by a two-tailed student’s t-test for paired observations. (E) Effect of 
increasing concentrations TGF-β1 on WNT-5B, FZD8 and β-catenin gene expression. MRC-5 fibroblasts 
were stimulated with 0.5, 2.0 and 5.0 ng/ml TGF-β1 for 24h. WNT-5B, FZD8 and β-catenin expression 
was determined by qRT-PCR analysis, corrected for 18S rRNA and expressed relative to untreated 
MRC-5 fibroblasts (control). Data represents mean ± s.e.m. of 4-7 independent experiments. p<0.05 for 
dose-dependency of WNT-5B, FZD8 and β-catenin gene expression in response to TGF-β1 determined 
by a One-way ANOVA. 
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Table 1: Clinical characteristics of the subjects involved in the studies 

                             Subject groups
Control COPD stage II COPD stage IV 

 
Number of subjects 

 
7 

 
5 

 
6 

Age (years) 
 

58  
(46-74) 

 
73  

(70-77) * 

 
55  

(52-59) 
 

Body mass index  
(Kg/m2) 

 

 
26.5 ± 2.0  

(n = 4) 

 
25.5 ± 1.5 

(n = 5) 

 
21.0 ± 0.6 # 

(n = 6) 

Sex 
Male 

Female 

 
4 
3 

 
5 
0 

 
4 
2 

Smoking status 
Ex-smoker 

Current smoker 
Non-smoker 

 
 
4 
2 
1 

 
 
4 
1 
0 

 
 
6 
0 
0 

 
Pack-years 

 
36 

 (0-70) 

 
42.5  

(17.5-55) 

 
30  

(20-38) 
   

FEV1 % predicted 96.9  
(75.9 - 118.0) 

52.6 
(38.0 – 66.9) 

 17.1 *** 
(14.0 - 18.5) 

   

FEV1 / FVC 
 

76.0  
(71.4 – 81.5) 

49.3  
(37.0 – 60.7) 

27.7 ** 
(14.0 – 62.1) 

 
 
All values are represented as median values with ranges in parentheses. Ex –smokers = not smoking 
for at least one year. FEV1 % predicted = Forced Expiratory Volume in 1 second as percentage of 
predicted value; FVC = Forced Vital Capacity. Stage means severity of COPD according to GOLD 
criteria. Statistical significance determined by a kruskall-wallis ANOVA followed by Dunn’s multiple 
comparisons test or a two-way student’s t-test for unpaired observations. *p<0.05, **p<0.01, ***p<0.001 
compared to Control group and #p<0.05 compared to individuals with COPD stage II. 
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Differential WNT pathway gene expression in primary lung fibroblasts from 
individuals with and without COPD 
To investigate if WNT pathway gene expression was altered in COPD, we 
quantified the most abundant WNT signaling pathway genes by qRT-PCR in 
primary human lung fibroblasts from individuals with and without COPD at different 
stages of disease (COPD GOLD stage II or GOLD stage IV). The clinical 
characteristics of the subject groups are represented in table 1. The individuals 
with COPD stage II were significantly older and individuals with COPD stage IV 
had a lower body mass index (BMI). The smoking history (i.e. smoking status and 
pack-years) and gender distribution was similar in all groups.  
 
WNT ligands 
First, we determined the expression profile of the ligands WNT-5A, WNT-5B and 
WNT-16. No significant differences were observed in the basal expression of WNT-
5A and WNT-5B in fibroblasts from individuals with COPD compared to individuals 
without COPD (controls), whilst WNT-16 expression was significantly higher in 
individuals with COPD stage II (figure 2A-C) In line with the MRC-5 fibroblasts, 
stimulation with TGF-β1 had no effect on mRNA expression of WNT-5A and WNT-
16, but induced mRNA expression of WNT-5B. Interestingly, WNT-5B mRNA 
expression in TGF-β1 treated fibroblasts was higher in individuals with than without 
COPD (figure 2B). The mRNA expression of WNT-5A and WNT-16 in TGF-β1 
treated fibroblasts was not different in individuals with or without COPD (figures 2A 
and 2C). 
 
Frizzled (FZD) receptors 
Basal mRNA expression of the FZD-receptors FZD2, FZD6, and FZD8 was similar 
in fibroblasts from individuals with and without COPD, independent of GOLD stage 
(figure 2D-F). In contrast to what we observed in MRC-5 cells, in fibroblasts from 
individuals without COPD, the expression of the FZD2 receptors was unaltered in 
response to TGF-β1 (figure 2D-F). Likewise, the expression of FZD2 did not differ 
after TGF-β1 stimulation in fibroblasts from individuals with COPD, independent of 
GOLD stage (Figure 2D). Conversely, FZD6 mRNA expression in fibroblasts from 
individuals with COPD was upregulated in the presence of TGF-β1. The total FZD6 
mRNA content was significantly higher (1.67 ± 0.18–fold) in fibroblasts from 
individuals with COPD than controls after TGF-β1 stimulation (figure 2E). In 
addition, TGF-β1 up regulated FZD8 mRNA expression in fibroblasts from 
individuals with as well as without COPD. Total FZD8 mRNA content in TGF-β1 
stimulated fibroblasts was higher in individuals with either COPD stage II or stage 
IV than in fibroblasts from controls (figure 2F).  
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▲Figure 2: Differential WNT pathway gene expression in primary lung fibroblasts from 
individuals with and without COPD. Primary lung fibroblasts were isolated from individuals without 
(control) and with COPD (GOLD stage II and IV) as described in the materials en methods. qRT-PCR 
analysis of WNT-5A (A), WNT-5B (B), WNT-16 (C), FZD2 (D), FZD6 (E), FZD8 (F), DVL3 (G) and β-
catenin (H) mRNA of primary lung fibroblasts treated with or without TGF-β1 (2 ng/ml) for 4h. Expression 
of WNT pathway genes is plotted relative to the mean expression in untreated fibroblasts from controls. 
Data are derived from 7 controls and 11 COPD patients (5 GOLD stage II and 6 GOLD stage IV). 
mRNA expression was determined both at baseline (open circles; ○) and after TGF-β stimulation 
(closed circles; ●). Median of each group is indicated by -----. *p<0.05, **p<0.01, ***p<0.001, two-tailed 
student’s t-test for unpaired observations or a One-way ANOVA followed by a Newman-Keuls multiple 
comparison test. 

 
DVL3 and β-catenin 
The mRNA expression at baseline of β-catenin, the key effector of WNT signaling, 
was comparable in fibroblasts from individuals with and without COPD, whereas 
the expression of the intracellular WNT signaling protein DVL3 was significantly 
higher in individuals with COPD stage II (figure 2G). However, no differences in 
DVL3 mRNA expression were observed between controls and individuals with 
COPD stage IV. TGF-β1 stimulation resulted in an upregulation of both DVL3 and 

A B C

D E F
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β-catenin mRNA in fibroblasts from individuals with and without COPD (figure 2G-
H). After TGF-β1 stimulation, total DVL3 mRNA levels in fibroblasts from COPD 
patients with GOLD stage II were significantly higher than in controls (figure 2G).  
 
TGF-β1 induces myofibroblast differentiation and activates β-catenin 
signaling 
We next studied activation of the WNT effector β-catenin in response to TGF-β1 
and determined its functional role in myofibroblast differentiation. Treatment of 
MRC-5 human lung fibroblasts for 48 hours with TGF-β1 (2 ng/ml) resulted in a 
significant increase in protein expression of the differentiation markers α-sm-actin, 
fibronectin and MMP-2 (figure 3A). Cytochemical staining for filamentous actin (F-
actin) indicated that TGF-β1 (48 hours) distinctively induced the formation of stress 
fibers (F-actin) in these cells, another indication of myofibroblast differentiation 
(figure 3B). Stimulation of MRC-5 fibroblasts with 0.5, 2 and 5 ng/ml of TGF- β1 for 
48 hours shows that the increase of fibronectin and α-sm-actin protein expression 
is concentration-dependent (figure 3C). Interestingly, the expression of active 
(unphosphorylated) β-catenin followed similar concentration dependence (figure 
3C). Therefore, the activation of β-catenin in response to TGF-β1 was investigated 
in more detail. 
 
Treatment of fibroblasts with TGF-β1 (2 ng/ml) resulted in a significant, time-
dependent increase in total β-catenin protein expression after 24 hours of 
stimulation compared to untreated fibroblasts (figure 4A-B). Interestingly, TGF-β1 

induced an even more pronounced increase in the expression of the 
transcriptionally active (non-phosphorylated) β-catenin, with kinetics similar to the 
induction of total β-catenin (figure 4C). Glycogen synthase kinase-3 (GSK-3) is a 
major protein kinase involved in regulating β-catenin cellular expression and is 
negatively regulated by ser9 and ser21 (ser9 of GSK-3β and ser21 of GSK-3α) 
phosphorylation [43]. Therefore, the effect of TGF-β1 on GSK-3 phosphorylation 
was also investigated. TGF-β1 induced a strong inhibitory ser9/21 phosphorylation 
of GSK-3 (figure 4A and 4D). As would be expected, expression of the 
transcriptionally active (non-phosphorylated) β-catenin distinctively increased in the 
cytosolic and nuclear compartment after TGF-β1 stimulation (figure 4E and 4F). 
Interestingly, activation of β-catenin signaling preceded myofibroblast 
differentiation (figure 4G). 
 
 
 
 

 



Chapter 3 WNT/β-catenin signaling in pulmonary fibroblasts 

 

 

99 

 3 

 
 
▲ Figure 3: TGF-β1 induces myofibroblast differentiation of MRC-5 lung fibroblasts. MRC-5 
fibroblasts were grown to confluence and treated for 24h or 48h with 2 ng/ml of TGF-β1. (A) Expression 
of the myofibroblasts markers α-sm-actin, fibronectin and MMP-2 was evaluated in whole cell lysates by 
immunoblotting using specific antibodies. Equal protein loading was verified by the analysis of GAPDH. 
Representative immunoblots of 5-8 independent experiments are shown. ***p<0.001, two-way student’s 
t-test for paired observations. (B) Evaluation of stress fiber formation in MRC-5 lung fibroblasts after 
TGF-β1 stimulation. MRC-5 lung fibroblasts were treated for 48h with TGF-β1 (2 ng/ml) and 
subsequently fixed and permeabilized. Cells were stained for filamentous actin (488 phalloidin; green) 
and nucleus (Hoechst 3342; blue). Pictures were taken at 400x magnification. (C) Effect of increasing 
concentrations TGF-β1 on myofibroblast differentiation. MRC-5 fibroblasts were stimulated with 0.5, 2.0 
and 5.0 ng/ml TGF-β1 for 48h. Expression of α-sm-actin, fibronectin and active β-catenin was evaluated 
in whole cell lysates by immunoblotting using specific antibodies. Equal protein loading was verified by 
the analysis of GAPDH. Representative immunoblots of 4 independent experiments are shown.  
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◄Figure 4: Treatment with TGF-β1 increases β-catenin signaling in MRC-5 lung fibroblasts. MRC-
5 fibroblasts were grown to confluence and treated for up to 24h with TGF-β1 (2 ng/ml). (A) Expression 
of total β-catenin, active (non-phosphorylated) β-catenin and ser9/21 phosphorylation of GSK-3 were 
evaluated by immunoblotting using specific antibodies. Equal protein loading was verified by the 
analysis of GAPDH or total GSK-3, respectively. Responses of TGF-β1 on total and active β-catenin 
expression (B and C) and ser9/21-GSK-3 phosphorylation (D) were quantified by densitometry, 
representing mean ± s.e.m. of 3 independent experiments. *p<0.05, ***p<0.001, two-tailed student’s t-
test for paired observations or repeated measures ANOVA followed by a Newman-Keuls multiple 
comparison test. (E) Evaluation of cellular localization of active (non-phosphorylated) β-catenin in MRC-
5 lung fibroblasts stimulated with TGF-β1 (2 ng/ml) for 48h. Fixed and permeabilized MRC-5 fibroblasts 
were (immuno)cytochemically stained for active (non-phosphorylated) β-catenin (Cy3; red) and stained 
for filamentous actin (488 phalloidin; green) and nucleus (Hoechst 33342; blue). Pictures were taken at 
400x magnification. (F) Increased cytosolic and nuclear expression of β-catenin in response to TGF-β1 
stimulation. MRC-5 fibroblasts were stimulated with TGF-β1 (2 ng/ml) for 24h. Subsequently cytosolic 
and nuclear extracts were prepared. Expression of total and active (non-phosphorylated) β-catenin was 
evaluated by immunoblotting. Equal protein loading was verified by the analysis of GAPDH and Lamin 
A/C, respectively. Representative immunoblots of 4 independent experiments are shown. (G) β-Catenin 
activation precedes myofibroblast differentiation. Expression of active β-catenin protein (open circles; 
○), α-sm-actin mRNA (grey triangles; ▼) and α-sm-actin protein (black triangles; ▲) in response to 
TGF-β1 (2 ng/ml) was determined by immunoblotting and quantitative real time PCR. Data represents 
mean ± s.e.m. of 3-8 independent experiments. 

 
 
Functional role for β-catenin in TGF-β1-induced myofibroblast differentiation 
To determine the functional role of β-catenin in myofibroblast differentiation, we 
used specific small interfering RNA (siRNA) to silence β-catenin protein 
expression. After siRNA treatment, total β-catenin expression was reduced to 57 ± 
7% in fibroblasts at baseline (figure 5A). TGF-β1 stimulation after siRNA 
transfection, resulted in a significant increase in β-catenin protein expression in the 
non-targeting siRNA treated fibroblasts (control) (figure 5A-B), whereas this 
induction of total and - more importantly - transcriptionally active β-catenin was 
completely abrogated in fibroblasts treated with specific siRNA against β-catenin 
(figure 5B).  
 
Next, we investigated the functional effects of β-catenin silencing on TGF-β1-
induced gene and protein expression. Non-targeting siRNA treated fibroblasts were 
stimulated with TGF-β1 for 24 and 48 hours (for mRNA and protein determination, 
respectively), resulting in increased expression of α-sm-actin (figure 5C and 5E) 
and fibronectin (figure 5D and 5F). The induction of both α-sm-actin and fibronectin 
was largely attenuated in fibroblasts treated with specific siRNA against β-catenin 
(figure 5C-E). Silencing of β-catenin expression also reduced the TGF-β1-induced 
collagen Iα1 mRNA expression, whereas the expression of plasminogen activator 
inhibitor-1 (PAI-1) was not affected (data not shown). 
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To further verify the functional role of β-catenin in lung fibroblasts we 
pharmacologically inhibited β-catenin signaling by either quercetin or PKF115-584, 
compounds that disrupt the interaction of the transcriptionally active β-catenin/T-
cell factor-4 (TCF-4) complex [44-46]. Both pharmacological inhibitors greatly 
attenuated α-sm-actin induction and fully prevented the increased fibronectin 
deposition induced by TGF-β1, without affecting basal expression of either α-sm-
actin or fibronectin (figure 6A-B). 
 
Fibroblasts of COPD patients show increased β-catenin activation and 
subsequent fibronectin deposition in response to TGF-β1 

Fibroblasts from individuals with and without COPD had similar expression of 
active β-catenin at baseline. Stimulation with TGF-β1 also resulted in a significant 
induction of active β-catenin in fibroblasts from individuals with and without COPD. 
Interestingly, the induction of active β-catenin was significantly higher in fibroblasts 
from individuals with COPD than those without COPD (figure 7A). In accordance 
with the increase in active β-catenin, fibronectin deposition was increased after 
TGF-β1 stimulation and more so in fibroblasts from individuals with COPD (figure 
7B). The expression of the myofibroblast marker α-sm-actin was also studied; 
however the fold induction of α-sm-actin by TGF-β1 treatment could not be 
computed as basal expression of α-sm-actin in fibroblasts was occasionally not 
observed. However, no significant differences were observed for the TGF-β1-
induced α-sm-actin bands (GAPDH ratio) between individuals with and without 
COPD (data not shown). Thus, β-catenin activation and subsequent fibronectin 
deposition in response to TGF-β1 is enhanced in lung fibroblasts from COPD 
patients compared to lung fibroblasts from controls. 
 
 
► Figure 5: Silencing β-catenin expression by specific siRNA attenuates TGF-β1-induced α-sm-
actin and fibronectin expression. Subconfluent MRC-5 lung fibroblast cultures were transfected with 
a siRNA against the β-catenin transcript. Control cultures were transfected with a non-targeting control 
siRNA. Transfected cells were treated with TGF-β1 (2 ng/ml) for 48h. (A-B) The efficiency of β-catenin 
silencing was evaluated by immunoblotting the expression of (A) total β-catenin and (B) active β-catenin 
and GAPDH to correct for differences in protein loading. Data represent mean ± s.e.m. of 4-6 
experiments. *p<0.05, **p<0.01 and ***p<0.001 compared to non-targeting siRNA control, ###p< 0.001 
compared to non-targeting siRNA treated with TGF-β1 determined by a one-way ANOVA followed by a 
Newman-Keuls multiple comparison test. (C-F) β-catenin siRNA attenuated TGF-β1-induced α-sm-actin 
(C and E) and fibronectin (D and F) gene and protein expression. Expression or mRNA was determined 
by real-time PCR and normalized to 18S ribosomal mRNA expression. Protein expression was 
determined by immunoblotting and equal protein loading was verified by the analysis of GAPDH. 
Responses were quantified and normalized to the expression of 18S rRNA (gene) or GAPDH (protein). 
Data represent mean ± s.e.m. of 5-6 independent experiments. *p<0.05, ***p<0.001 compared to non-
targeting siRNA control, #p<0.05, ##p<0.01 ###p< 0.001 compared to non-targeting siRNA treated with 
TGF-β1, 

††p<0.01 compared to β-catenin siRNA control, one-way ANOVA followed by a Newman-Keuls 
multiple comparison test.  
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▲Figure 6: Pharmacological inhibition of β-catenin attenuates TGF-β1-induced α-sm-actin and 
fibronectin expression. Pharmacological inhibition of β-catenin/TCF4 signaling by quercetin or 
PKF115-584. Confluent MRC-5 lung fibroblasts were treated with TGF-β1 (2 ng/ml) for 48h in the 
absence or presence of either quercetin (40 μM) or PKF115-584 (100 nM). Expression of α-sm-actin (A) 
and fibronectin (B) was evaluated by immunoblotting using a specific antibody. Responses were 
quantified by densitometry and normalized to the expression of GAPDH. Data represent mean ± s.e.m. 
of 3 independent experiments. ***p< 0.001 compared untreated MRC-5 lung fibroblasts (control), ##p< 
0.01; ###p< 0.001 to TGF-β1 treated MRC-5 lung fibroblasts determined by a one-way ANOVA followed 
by a Newman-Keuls multiple comparison test. 
 

 
 
▲Figure 7: Increased β-catenin activation and fibronectin deposition in fibroblast of individuals 
with COPD in response to TGF-β1. Primary lung fibroblasts were isolated from individuals without 
(control) and with COPD (GOLD stage II and IV) as described in the materials en methods. The 
fibroblasts were grown to confluence and treated for 48h with TGF-β1 (2 ng/ml). Expression of active β-
catenin (A) and fibronectin (B) was evaluated by immunoblotting. Equal protein loading was verified by 
the analysis of GAPDH. Responses were quantified by densitometry and normalized to the expression 
of GAPDH. Data are derived from 5 controls and 9 COPD patients (4 GOLD stage II and 5 GOLD stage 
IV). Median of each group is indicated by -----. *P<0.05. Statistical differences between control and 
COPD were determined a two-tailed Mann-whitney test.  
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Discussion 
 
Pulmonary fibroblasts play a pivotal role in COPD by regulating ECM turnover in 
the lungs [4, 11]. To our knowledge, this is the first study demonstrating that 
WNT/β-catenin signaling in pulmonary fibroblasts may play an important role in 
COPD. We show that pulmonary fibroblasts express genes required for functional 
WNT signaling, of which WNT-5B, FZD8, DVL3 and β-catenin were significantly 
induced by TGF-β1 in a concentration dependent manner in both MRC-5 and 
primary human lung fibroblasts. Interestingly, WNT-5B, FZD6 and FZD8 expression 
were significantly more upregulated in response to TGF-β1 in primary fibroblasts 
from individuals with than without COPD. Furthermore, we also show that β-
catenin, the key effector of canonical WNT signaling, regulates the induction of 
collagen1α1, α-sm-actin and fibronectin deposition by pulmonary fibroblasts in 
response to TGF-β1, whereas the expression of PAI-1 is not regulated by β-
catenin. Finally, we provide evidence that the induction of transcriptionally active β-
catenin and subsequent fibronectin deposition induced by TGF-β1 are significantly 
enhanced in lung fibroblasts from COPD patients.  
 
An active and complex remodeling process is present in the peripheral lung when 
COPD develops, resulting in small airway fibrosis and a variable degree of 
emphysema. Fibroblasts are the primary cell type responsible for the production 
and maintenance of the extracellular matrix. Alterations in fibroblast function may 
therefore play an important role in COPD. In this respect, the canonical WNT/β-
catenin signaling pathway is of particular interest, since this pathway has been 
linked to tissue repair and remodeling [20, 47]. Indeed, activation of canonical 
WNT/β-catenin signaling attenuates experimental emphysema in mice [32]. In that 
study, WNT pathway gene expression in lung tissue of COPD patients was also 
examined and, although the gene expression of specific WNT ligands and FZD 
receptors showed no notable changes in whole lung homogenate, alveolar type II 
cells had reduced β-catenin expression [32]. Our observations suggest that 
fibroblasts from the peripheral lung are more prone to TGF-β1 stimulation in 
activating WNT signaling and regulating transcription of tissue repair genes such 
as fibronectin, despite the fact that the peripheral lung is the primary site of tissue 
destruction associated with pulmonary emphysema [2]. We also demonstrate that 
WNT-16 and DVL3 expression is higher at baseline in fibroblasts of individuals with 
COPD stage II, although curiously this did not result in increased baseline 
expression of either total or active β-catenin. Of interest is that this intrinsic 
difference in WNT pathway activation was seen for fibroblasts from both GOLD 
stage II and IV COPD patients compared to fibroblasts from controls.  
 
We propose that during COPD pathogenesis, irrespective of GOLD stage, 
fibroblasts from the peripheral lung are promoted to repair tissue damage, but that 
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this repair response becomes insufficient in more advanced stages of disease. This 
can either be because of the development of intrinsic defects in the lung fibroblast 
(e.g. reduced proliferative capacity of fibroblasts in advanced stages of COPD [12] 
or altered intracellular Smad signaling [10]) or because of aberrant activation of 
fibroblasts by the locally expressed (pro-inflammatory) cytokines in the lung and / 
or the presence of cigarette smoke [5, 11, 48]. As a result, the destructive response 
in the lung may proceed and the tissue repair response by fibroblasts is deviant 
and not adequate. In line with this hypothesis the relative production of the 
proteoglycan versican as well as the expression of the pro-inflammatory enzyme 
cyclooxygenase-2 (COX-2), both direct targets of WNT/β-catenin signaling [29, 49, 
50], are higher in parenchymal fibroblasts from COPD patients than controls [15, 
17]. Furthermore, versican expression is increased in pulmonary alveolar 
parenchyma of mild to moderate emphysematous COPD patients and is negatively 
correlated with FEV1 [51]. These findings suggest that in COPD, parenchymal 
fibroblasts may have activated canonical WNT signaling, also in regions affected 
by emphysema, which regulates the subsequent synthesis of specific ECM 
components and enzymes. 
 
The smoking histories (pack-years and smoking status) of the individuals with and 
without COPD were very similar, thus excluding that the observed differences 
between COPD and controls were primarily due to differences in smoking habits. 
No separate non-smoking control group (never smokers) was included in the study 
design. Therefore, this study does not provide insight into the effect of smoking on 
WNT pathway gene expression by fibroblasts. There is a statistically significant 
difference in age between individuals with COPD stage II (older) and individuals 
with either COPD stage IV or no COPD. Since the baseline expression of WNT 
pathway genes is higher in fibroblasts from COPD stage II compared to the other 
two groups (significant for WNT-16 and DVL3), we investigated the correlation 
between WNT pathway gene expression and age in the individuals without COPD 
(figure S2). We did not observe any significant correlation between age and WNT 
pathway gene expression, implying that these differences in gene expression at 
baseline are not primarily due to age.  
 
Tissue repair by fibroblasts is a complex process involving the interplay of various 
growth factors and intracellular signaling pathways. Recently, crosstalk between 
WNT signaling pathway and growth factors in fibroblasts has been demonstrated 
[19, 52]. For instance, the WNT ligands WNT-3A and WNT-10B activate β-catenin 
signaling in NIH 3T3 fibroblasts resulting in an increased mRNA expression of 
connective tissue growth factor (CTGF, CCN2), endothelin-1 and TGF-β [53]. 
Moreover, the expression of WNT1-inducible signaling protein-1 (WISP-1), a 
member of the CCN family of secreted cysteine-rich matricellular proteins and a 
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direct target gene of WNT signaling, is increased in patients with idiopathic 
pulmonary fibrosis (IPF) and contributes to disease pathogenesis [41]. In dermal 
fibroblasts, both EGF and TGF-β increased β-catenin protein stability and induced 
β-catenin-mediated TCF-dependent transcriptional activity [19]. Current literature is 
limited concerning the signaling pathways involved in the regulation of WNT 
pathway gene expression by TGF-β. However, recently it was suggested that WNT 
gene expression may be regulated by smad proteins, as dickkopf (DKK) and 
casein kinase 1 (CSNK1A1) were predicted smad targets genes [54]. In the 
present study, we show that specific WNT genes are upregulated after 4 hours of 
TGF-β1 treatment, which corresponds with the kinetics of activation of smad3. In 
addition, other signaling pathways such as ERK1/2 may be activated by TGF-β1 
that regulate the WNT pathway gene expression as demonstrated for β-catenin in 
our recent report [55]. Clearly, future studies are required to characterize the 
regulation of WNT pathway gene expression by TGF-β1 in more detail, as we 
report that TGF-β1 induces WNT and FZD mRNA expression in human lung 
fibroblasts and activates β-catenin signaling, which contributes to the fibroblast 
phenotype and function.  
 
Our data suggest that TGF-β1 induces β-catenin expression via several intracellular 
mechanisms. β-Catenin levels are tightly regulated by the constitutively active 
enzyme GSK-3. A fraction of cellular GSK-3 forms a complex with AXIN, casein 
kinase I (CK-I) and adenomatous polyposis coli (APC); this complex 
phosphorylates and subsequently targets β-catenin for proteosomal degradation 
[20]. The activity of both GSK-3 isoforms (e.g. GSK-3α and GSK-3β) is negatively 
regulated by serine (ser9 and ser21 of GSK-3β and GSK-3α, respectively) 
phosphorylation, which can be induced by numerous stimuli, including growth 
factors [21, 43, 55, 56]. We demonstrate that TGF-β1 induces a transient time-
dependent phosphorylation of both GSK-3 isoforms in MRC-5 fibroblasts, which 
might account for the initial increase of β-catenin stability. In addition, enhanced 
secretion of canonical WNT ligands by fibroblasts in response to TGF-β1 may 
signal in an autocrine fashion, which then stabilizes β-catenin by disrupting the 
GSK-3/AXIN/CK-I/APC complex [20]. The increase in β-catenin protein expression 
after TGF-β1 stimulation progresses even when GSK-3 phosphorylation has 
returned to basal levels, supporting such an autocrine signaling loop. In addition, β-
catenin protein expression can be induced by growth factors by de novo synthesis 
of the protein [55]. The underlying mechanisms by which TGF-β1 induces β-catenin 
expression in pulmonary fibroblasts are therefore not fully understood and require 
further exploration.  
 
Surprisingly, TGF-β1 did not or only modestly affect the mRNA expression of the 
canonical WNT target genes dickkopf-1 (DKK-1), vascular endothelial growth factor 
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(VEGF), interleukin-8 (IL-8) or MMP-2, and attenuated AXIN-2 mRNA expression in 
MRC-5 fibroblasts (figure S3), even though nuclear β-catenin was clearly induced. 
Thus, β-catenin contributes to the transcriptional activity induced by TGF-β1, but 
this transcriptional activity may be different from that induced by canonical WNT 
ligands. Indeed, WNT-3A activates β-catenin signaling in fibroblasts but does not 
or very modestly activate the transcription of collagen-1 and α-sm-actin, whereas it 
potentiates the effect of TGF-β on these myofibroblasts markers [57, 58]. This 
implies that the interaction between TGF-β1/smad and WNT/β-catenin signaling 
directs transcription to specific genes, which may be different from those activated 
by canonical WNT stimulation alone. In support, it was recently demonstrated 
smad proteins and β-catenin can directly interact, thereby (synergistically) 
activating the transcription of specific genes [27, 57]. Thus, further exploration of 
crosstalk between growth factors, in particular TGF-β1, and the WNT-signaling 
pathway in lung fibroblasts is of major interest to understand tissue repair 
mechanisms. 
 
Our results further show that TGF-β1 induced collagen Iα1 and PAI-1 mRNA as 
well as α-sm-actin and fibronectin protein expression, indicative of fibroblast 
activation [59]. This activation of fibroblasts was accompanied by an increased 
expression of transcriptionally active β-catenin, which was primarily present in the 
nuclei of the fibroblasts. Silencing of β-catenin as well as pharmacological inhibition 
of β-catenin by either quercetin or PKF115-584, compounds that interrupt the β-
catenin/TCF4 interaction [44-46], greatly attenuated the TGF-β1-induced collagen 
Iα1, α-sm-actin and fibronectin expression. However, the induction of PAI-1 did not 
change, indicating that β-catenin directs TGF-β1 signaling to specific intracellular 
pathways. Further, these data indicate that the responsiveness of the fibroblasts to 
TGF-β1 was not affected by down regulation of β-catenin. Collectively, these data 
demonstrate that β-catenin signaling plays an important role in the activation 
process of pulmonary fibroblasts. This may contribute to COPD pathogenesis, 
because the activation of β-catenin signaling and subsequent fibronectin deposition 
in response to TGF-β1 is higher in lung fibroblasts from patients with than without 
COPD.  
 
In conclusion, our results indicate that the WNT/β-catenin signaling pathway is 
activated in pulmonary fibroblasts in response to the cytokine TGF-β1. In primary 
fibroblasts of COPD patients, this activation is greatly enhanced compared to 
healthy controls, as is the induction of β-catenin. This suggests that WNT/β-catenin 
signaling plays an important role in tissue repair in the lung, and that targeting β-
catenin-dependent gene transcription holds promise as a therapeutic intervention in 
COPD. 
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Supplement 
 
Table S1: Primers used for determination of WNT ligands by qRT-PCR analysis 

WNT ligand 
NCBI accession 
number Primer sequence 

WNT-1 NM_005430 Forward 5' ACC CAA TCC CTC TCC ACT CT 3' 
  Reverse 5' GAT TCA AGG AAA AGC CAC CA 3' 

WNT-2 NM_003391 Forward 5' CAA GAA CGC TGA CTG GAC AA 3' 
  Reverse 5' TGA CTG CAG AAC ACC AGG AG 3' 

WNT-2B NM_024494 Forward 5' ATT TCC CGC TCT GGA GAT TT 3' 
  Reverse 5' AAG CTG GTG CAA AGG AAA GA 3' 

WNT-3 NM_030753 Forward 5' TGT GAG GTG AAG ACC TGC TG 3' 
  Reverse 5' AAA GTT GGG GGA GTT CTC GT 3' 

WNT-3A NM_033131 Forward 5' CCA CAC CGT CAG GTA CTC CT 3' 
  Reverse 5' TGT AGC TGG ATG GAG TGC AG 3' 

WNT-4 NM_030761 Forward 5' CAG GCA AGA AGA GGG AGATG 3' 
  Reverse 5' CCG TGT GTG TGT GTG TGT GT 3' 

WNT-5A NM_003392 Forward 5' GGG TGG GAA CCA AGA AAA AT 3' 
  Reverse 5' TGG AAC CTA CCC ATC CCA TA 3' 

WNT-5B NM_030775 Forward 5' ACG CTG GAG ATC TCT GAG GA 3' 
  Reverse 5' CGA GGT TGA AGC TGA GTT CC 3' 

WNT-6 NM_006522 Forward 5' GTC ACG CAG GCC TGT TCT AT 3' 
  Reverse 5' CGT CCA TAA AGA GCC TCG AC 3' 

WNT-7A NM_004625 Forward 5' CCC ACC TTC CTG AAG ATC AA 3' 
  Reverse 5' ACA GCA CAT GAG GTC ACA GC 3' 

WNT-7B NM_058238 Forward 5' GCC TGC AGG TCC TAG AAG TG 3' 
  Reverse 5' CTC CCA AAG TGC TGG GAT TA 3' 

WNT-8A NM_058244 Forward 5' TGC AAG TTC CAG TTT GCT TG 3' 
  Reverse 5' ATC CTT TCC CCA AAT TCC AC 3' 

WNT-8B NM_003393 Forward 5' CCA TGA ACC TGC ACA ACA AC 3' 
  Reverse 5' TGA GTG CTG CGT GGT ACT TC 3' 

WNT-9A NM_003395 Forward 5' TGA GAA GAA CTG CGA GAG CA 3' 
  Reverse 5' CTG TGT GCA ATG CCT GTA CC 3' 

WNT-9B NM_003396 Forward 5' GAG GAC TCA CCC AGC TTC TG 3' 
  Reverse 5' TAG GCC TAG TGC TTG CAG GT 3' 

WNT-10A AK315081 Forward 5' AAG CTG CAC CGC TTA CAA CT 3' 
  Reverse 5' ATT CTC GCG TGG ATG TCT CT 3' 

WNT-10B NM_003394 Forward 5' AAT GCG AAT CCA CAA CAA CA 3' 
  Reverse 5' GGG TCT CGC TCA CAG AAG TC 3' 

WNT-11 NM_004626 Forward 5' ACT CTG CTC AAG GAC CCT CA 3' 
  Reverse 5' GCT TCC AAG TGA AGG CAA AG 3' 

WNT-16 NM_016087 Forward 5' GCT CCT GTG CTG TGA AAA CA 3' 
  Reverse 5' ACC CTC TGA TGT ACG GTT GC 3' 
 

Table S2: Primers used for determination of the dishevelled protein family by qRT-PCR analysis 

Dishevelled 
NCBI accession 
number Primer sequence 

DVL1 NM_000421 Forward 5' ACC CTG AAC CTC AAC AGT GG 3' 
  Reverse 5' CCC TTC ACT CTG CTG ACT CC 3' 

DVL2 NM_004422 Forward 5' CCC TTC ACT CTG CTG ACT CC 3' 
  Reverse 5' TGG AGG AGG AGG TCA CAT TC 3' 

DVL3 NM_004423 Forward 5' GAG GCT GAG GCA CAA GAA TC 3' 
  Reverse 5' GCA GGC AAG ATT GAG TCA CA 3' 
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Table S3: Primers used for determination of FZD receptors by qRT-PCR analysis 

Frizzled 
NCBI accession 
number Primer sequence 

FZD1 NM_003505 Forward 5' TCG ACT TCC TGA AGC TGG AT 3' 
  Reverse 5' AAG GTG GGA GAA GGG AGT GT 3' 

FZD2 NM_001466 Forward 5' CCC GACT TCAC GGT CTA CAT 3' 
  Reverse 5' CTG TTG GTG AGG CGA GTG TA 3' 

FZD3 NM_017412 Forward 5' TCT CTT TGG CCC TTG ACT G 3' 
  Reverse 5' ACA AAG AAA AGG CCG GAA AT 3' 

FZD4 NM_012193 Forward 5' CCA GGA TTC CTT CCA AGT CA 3' 
  Reverse 5' CCA TGT CCT TGT GGC CTA CT 3' 

FZD5 NM_003468 Forward 5' AGC TAA AAT GGC CAG AGC AA 3' 
  Reverse 5' AAT TCC CCC TGG GAA CTA TG 3' 

FZD6 NM_003506 Forward 5' TTG TTG GCA TCT CTG CTG TC 3' 
  Reverse 5' CCA TGG ATT TGG AAA TGA CC 3' 

FZD7 NM_003507 Forward 5' CGA CGC TCT TTA CCG TTC TC 3' 
  Reverse 5' GCC ATG CCG AAG AAG TAG AG 3' 

FZD8 NM_031866 Forward 5' GAC ACT TGA TGG GCT GAG GT 3' 
  Reverse 5' CAA ATC TCG GGT TCT GGA AA 3' 

FZD9 NM_003508 Forward 5' AGA CCA TCG TCA TCC TGA CC 3' 
  Reverse 5' CCA TGA GCT TCT CCA GCT TC 3' 

FZD10 NM_007197 Forward 5' CCT CCA AGA CTC TGC AGT CC 3' 
  Reverse 5' GAC TGG GCA GGG ATC TCA TA 3' 
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Table S4: Primers used for determination of LRP-coreceptors, WNT target genes and 
housekeeping genes by qRT-PCR analysis 

Gene of 
interest 

NCBI accession 
number Primer sequence 

LRP5 NM_002335 Forward 5' GCA GGA GGG GAA GCT CTA CT 3' 
  Reverse 5' GTA GAT GAA GTC CCC CAG CA 3' 
LRP6 NM_002336 Forward 5' CCC ATG CAC CTG GTT CTA CT 3' 
  Reverse 5' CCA AGC CAC AGG GAT ACA GT 3' 
β-Catenin NM_001904 Forward 5' CCC ACT AAT GTC CAG CGT TT 3' 
  Reverse 5' AAT CCA CTG GTG AAC CAA GC 3' 
Collagen1α1 NM_000088 Forward 5' AGC CAG CAG ATC GAG AAC AT 3' 
  Reverse 5' TCT TGT CCT TGG GGT TCT TG 3' 
α-sm-actin NM_001141945 Forward 5' GAC CCT GAA GTA CCC GATAGAAC 3' 
  Reverse 5' GGG CAA CAC GAA GCT CAT TG 3' 
Fibronectin NM_212482 Forward 5' TCG AGG AGG AAA TTC CAA TG 3' 
  Reverse 5' ACA CAC GTG CAC CTC AT CAT 3' 
MMP-2 NM_004530.4 Forward 5' ACA TCA AGG GCA TTC AGG AG 3' 
  Reverse 5' GCC TCG TAT ACC GCA TCA AT 3' 
VEGF NM_001171623.1 Forward 5' CTA CCT CCA CCA TGC CAA GT 3' 
  Reverse 5' TGG TGA TGT TGG ACT CCT CA 3' 
IL-8 NM_000584.3 Forward 5' TAG CAA AAT TGA GGC CAA GG 3' 
  Reverse 5' AAA CCA AGG CAC AGT GGA AC 3' 
DKK-1 NM_12242.2 Forward 5' ATG GAA CTC CCC TGT GAT TG 3' 
  Reverse 5' AAT AGG CAG TGC AGC ACC TT 3' 
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Figure S1: 18S ribosomal RNA abundance in primary fibroblasts from individuals without and 
with COPD. Primary lung fibroblast were isolated from individuals without (control) and with COPD 
(stage II and IV) as described in the methods. The lung fibroblasts were grown to confluence and 
treated for 4 hours with 2 ng/ml TGF-β1. Analysis of 18S ribosomal RNA is perfomed by qRT-PCR 
analysis with 0.025 μg of cDNA as input. (A) average 18S rRNA expression in primary human lung 
fibroblasts and (B) raw Cq-values for all the individual subjects. 18S rRNA expression at baseline is 
indicated by open circles (○) and after TGF-β1 stimulation (2 ng/ml; 4 hours) by closed circles (●). 
Median of each group is indicated by -----. 
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Figure S2: No age-dependent effects on WNT pathway gene expression in pulmonary fibroblasts 
of individuals without COPD. Expression of (A) WNT-5B, (B) DVL3 and (C) FZD8 as a function of age 
of the individual primary lung fibroblasts isolated from individuals without COPD (control) as described 
in the methods. The fibroblasts were grown to confluence and subsequently mRNA was isolated. 
Analysis of WNT pathway gene expression is performed by qRT-PCR and corrected for 18S rRNA 
expression. The uninterrupted line indicates the linear regression. 
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Figure S3: Effect of TGF-β stimulation on canonical WNT genes in human lung fibroblasts. qRT-
PCR anaylsis of α-sm-actin (positve control), AXIN2, vascular endothelial growth factor (VEGF), 
Dickkopf-1 (DKK-1), interleukin-8 (IL-8) and matrix metalloproteinase-2 (MMP-2) in MRC-5 fibroblasts 
after 24 hours of TGF-β1 (2 ng/ml) stimulation. Expression of canonical WNT target genes by TGF-β1 is 
corrected for 18S rRNA and expressed relative to untreated MRC-5 fibroblasts (control). Data 
represents mean ± s.e.m. of 5-10 independent experiments. *p<0.05, ***p<0.001 compared to untreated 
MRC5 fibroblasts (two-tailed Student’s t-test for paired observations). 
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Abstract 
 
Background: Chronic lung diseases are characterized by abnormal extracellular 
matrix (ECM) turnover. Transforming growth factor-β (TGF-β) is a key mediator in 
stimulating ECM production by recruiting and activating lung fibroblasts and 
initiating their differentiation process into myofibroblasts. Glycogen synthase 
kinase-3 (GSK-3) regulates various intracellular signaling pathways; its role in 
TGF-β1-induced myofibroblast differentiation is currently largely unknown.  
 
Purpose: To determine the contribution of GSK-3 signaling to TGF-β1-induced 
myofibroblast differentiation. 
 
Experimental approach: We used MRC5 human lung fibroblasts and primary 
pulmonary fibroblasts of individuals with and without COPD. Protein and mRNA 
expression were determined by immunoblotting and RT-PCR analysis, 
respectively.  
 
Results: Stimulation of MRC5 and primary human lung fibroblasts with TGF-β1 

resulted in a time- and dose-dependent increase of α-sm-actin, MMP-2 and 
fibronectin expression, indicative of myofibroblast differentiation. Pharmacological 
inhibition of GSK-3 by SB216763 dose-dependently attenuated TGF-β1-induced 
expression of these myofibroblasts markers. Moreover, silencing of GSK-3 by 
siRNA or pharmacological inhibition by the structural unrelated GSK-3 inhibitors 
CT/CHIR99021 or LiCl inhibited TGF-β1-induced expression of α-sm-actin and 
fibronectin. The effect of GSK-3 inhibition on α-sm-actin expression was similar in 
fibroblasts from individuals with and without COPD. Neither smad, NF-κB, nor 
ERK1/2 were involved in the inhibitory actions of GSK-3 inhibition by SB126763 on 
myofibroblast differentiation. Rather, SB216763 increased the phosphorylation of 
CREB, which in its phosphorylated form acts as a functional antagonist of TGF-
β/smad signaling.  
 
Conclusion and implication: We demonstrate that GSK-3 signaling regulates TGF-
β1-induced myofibroblast differentiation by regulating CREB phosphorylation. GSK-
3 may constitute a useful target for treatment of chronic lung diseases. 
 
Key words: cAMP (adenosine 3’5’ cyclic monophosphate) response element 
binding protein (CREB), Fibronectin, α-sm-actin, COPD, SB216763 
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Introduction 
 
Glycogen synthase kinase-3 (GSK-3) is a ubiquitously expressed and constitutively 
active serine/threonine kinase occurring in two closely related isoforms GSK-3α 
and GSK-3β. GSK-3 was first discovered based on its ability to regulate glycogen 
metabolism, as the enzyme that phosphorylates and thereby inactivates glycogen 
synthase (Embi et al., 1980; Doble & Woodgett, 2003; Jope & Johnson, 2004; 
Frame & Cohen, 2001). However, over the past few decades GSK-3 has been 
shown to contribute to various other signaling pathways that are involved in a wide 
variety of cellular functions including gene transcription, protein translation, 
apoptosis and cell cycle progression (Gosens et al., 2007; Jope & Johnson, 2004; 
Frame & Cohen, 2001). GSK-3α and GSK-3β exert their cellular functions by 
regulating a variety of signaling proteins and transcription factors, including nuclear 
factor kappa-B (NF-κB), activator protein-1 (AP-1), cyclic AMP responsive element 
binding protein (CREB), members of the smad (small phenotype and mothers 
against decapentaplegic related protein) protein family, β-catenin and T-cell factor 
(TCF), among many others (Jope & Johnson, 2004; Gotschel et al., 2008; Baarsma 
et al., 2011a; Liang & Chuang, 2006). Distinct intracellular pools of GSK-3 have 
been implicated to regulate divergent signalling pathways simultaneously within the 
same cell, and the large number of putative substrates implies that GSK-3 is 
possibly a key regulator of cellular processes in fibroblasts (Gotschel et al., 2008; 
Ding et al., 2000). However, the role of GSK-3 signaling in human lung fibroblast 
function is currently largely unknown. 
 
Fibroblasts are considered to be the primary cell type responsible for the 
extracellular matrix (ECM) maintenance in the lung and are implicated to play a 
major role in the aberrant ECM turnover seen in the pathogenesis of chronic lung 
diseases such as asthma, COPD and pulmonary fibrosis (Kranenburg et al., 2006; 
McAnulty, 2007; Lofdahl et al., 2011; Noordhoek et al., 2003; Noordhoek et al., 
2005; Togo et al., 2008). Growth factors released during the persistent chronic 
inflammation, in particular transforming growth factor-β (TGF-β), attract and 
activate pulmonary fibroblasts (Morty et al., 2009; Chung, 2001). In addition, locally 
upregulated TGF-β1 is capable of initiating the differentiation process of fibroblasts 
into more active myofibroblasts, spindle-shaped cells characterized by the 
expression of α-smooth muscle-actin containing stress fibers (Scotton & 
Chambers, 2007; Bartram & Speer, 2004). Members of the TGF-β superfamily are 
multifunctional proteins that regulate various cellular functions by binding to 
serine/threonine receptor kinases that transduce signals by intracellular smad 
proteins (Schiller et al., 2004; Derynck et al., 1998). Smad2 and smad3 are 
receptor-regulated smad proteins (R-smads), which are phosphorylated in the C-
terminus domain by the type I receptor kinase upon TGF-β1 binding. These 
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activated R-smads dissociate from the receptor and assemble a heterotrimeric 
complex, consisting of two R-smads with common smad4, which subsequently 
translocates to the nucleus where it regulates gene transcription through 
association with a variety of transcription factors together with the closely related 
co-activators p300 and/or CREB-binding protein (CBP) (Derynck et al., 1998; 
Schiller et al., 2004; Massague, 2000). In addition to smad-dependent signaling, 
smad-independent signaling cascades like mitogen activated protein kinases 
(MAPKs) and NF-κB are activated in response to TGF-β1, which collectively define 
the cellular responses (Massague, 2000; Derynck & Zhang, 2003). 
 
In the current study we assessed the contribution of GSK-3 signaling to 
myofibroblast differentiation of pulmonary fibroblasts. We report that GSK-3 
signaling is critically involved in the TGF-β1-induced myofibroblast differentiation by 
regulating CREB-dependent signaling. 
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Methods 
 
Subjects 
Primary lung fibroblasts were cultured from lung tissue obtained from 11 individuals 
with and without COPD. Classification of COPD severity was based on the Global 
initiative for Chronic Obstructive Lung disease (GOLD) criteria (Rabe et al., 2007). 
Fibroblasts obtained from these individuals, were from individuals with moderate 
(GOLD stage II, n=3) or severe COPD (stage IV, n=4), and from individuals with 
histologically normal lungs (n=4). Emphysema was assessed by routine 
histological examination of lung tissue, which was performed by an experienced 
pulmonary pathologist (WT). Fibroblasts were isolated from peripheral lung tissue 
and areas without macroscopically visible airways and blood vessels were used. 
The study protocol was consistent with the Research Code of the University 
Medical Center Groningen (http://www.rug.nl/umcg/onderzoek/researchcode/index) 
and national ethical and professional guidelines (“Code of conduct; Dutch 
federation of biomedical scientific societies”; htttp://www.federa.org).  
 
Cell culture 
MRC5 lung fibroblasts and primary lung fibroblasts from individuals with and 
without COPD were cultured in Ham’s F12 medium supplemented with 10% (v.v-1) 
foetal bovine serum (FBS), 2 mM L-glutamine, 100 µg.l-1 streptomycin and 
100 U.ml-1 penicillin. Unless otherwise specified, for each experiment cells were 
grown to confluence and subsequently culture medium was substituted with Ham’s 
F12 medium supplemented with 0.5% (v.v-1) FBS, 2 mM L-glutamine, 100 µg.l-1 
streptomycin and 100 U.ml-1 penicillin for a period of 24 hours. Cells were 
stimulated for different time-points with TGF-β1 (2 ng.ml-1) or with 0.5, 2 and 5 
ng.ml-1 of TGF-β1 for 48 hours. All experiments were performed in Ham’s F12 
medium supplemented with 0.5% FBS, L-glutamine and antibiotics. When applied, 
pharmacological inhibitors (i.e. SB216763 10 µM, CT/CHIR99021 1 µM, LiCL 10 
mM, SIS3 3 μM, U0126 μM, SC-514 10-50 µM, PS1145 10 µM) or forskolin (2 µM) 
were added 30 minutes before the addition of TGF-β1. The GSK-3 inhibitors 
(SB216763, CT/CHIR99021) had no effects on cell viability, which was verified by 
light microscopy, by analysis of total protein and by mitochondrial reduction assays 
(data not shown). 
 
GSK-3 siRNA transfection 
MRC-5 fibroblasts were grown to, 90% confluence in 6-well cluster plates and 
transiently transfected with double stranded siRNA targeted against the GSK-3 
transcript, which targets both GSK-3α and GSK-3β (Santa Cruz biotechnology, CA, 
USA). Cells were transfected in serum-free Ham’s F12 without any supplements 
using 200 pmol of siRNA in combination with lipofectamine 2000 transfection 



Myofibroblast differentiation requires GSK-3 

 

 

 

124 

reagent. Control transfections were performed using a non-silencing control siRNA 
(Qiagen, Venlo, The Netherlands). After 6 hours of transfection, cells were washed 
once with warm (37оC) Hank’s Balanced Salt Solution (HBSS; composition [mg/l]: 
KCl 400, KH2PO4 60, NaCl 8000, NaHCO3 350, Na2HPO4.1H2O 50, glucose 1000, 
pH: 7.4) followed by a period of 24 hours in Ham’s F12 supplemented with 0.5% 
FBS, L-glutamine and antibiotics. Consecutively, medium was refreshed and cells 
were stimulated with TGF-β1 (2 ng/ml) for 48 hours. The cells were lysed in ice-cold 
SDS buffer. Protein concentration was determined by Pierce protein determination 
according to the manufacturer’s instructions.  
 
mRNA isolation and real-time PCR analysis 
Total mRNA was extracted using the RNeasy mini kit (Qiagen, Venlo, The 
Netherlands). Briefly, cells were harvested in RNAlater stabilization buffer and 
homogenized by passing the lysate 10 times through a 20 gauge needle. Lysates 
were then mixed with an equal volume of 70% ethanol, and total mRNA was 
purified using RNeasy mini spin columns. The eluted mRNA was quantified using 
spectrophotometry (Nanodrop, ThermoScientific, Wilmington, USA). Equal 
amounts of total mRNA (1 μg) were then reverse transcribed and stored at -20 °C 
until further use. 
 
cDNA was subjected to real-time PCR, which was performed with a MyiQ Single-
Color detection system (Bio-Rad laboratories Inc. Life Science group, Hercules, 
CA, USA). In short, 12.5 l iQ SYBR Green Supermix, containing fluorescein to 
account for well to well variation, 0.1 M of gene-specific forward and reverse 
primer and 1 l of 1:5 diluted cDNA sample were used in a total volume of 25 l 
and added to a 96 well plate. The sequences of the primers used are listed in the 
table 1. Real-time PCR data were analyzed using the comparative cycle threshold 
(Cq: amplification cycle number) method. Cycle parameters were: denaturation at 
94°C for 30 seconds, annealing at 60°C for 30 seconds, and extension at 72°C for 
30 seconds for 40 cycles followed by 5 minutes at 72°C. The amount of target 
gene was normalized to the endogenous reference gene 18S ribosomal RNA 
(Cqgene of interest – Cq18S rRNA; designated as ΔCq). Several housekeeping genes, 
including β2-microglobulin (B2M; NM_00408) and phospholipase A2 (YWAHZ; 
NM_003406), were tested for the influence of the experimental procedure on the 
expression (Vandesompele et al., 2002). The expression of both ribosomal protein 
S18 (18S rRNA) and β2-microglobulin was stable in the tested conditions. 
Phospholipase A2 (YWAHZ; NM_003406) expression fluctuated after TGF-β1 
stimulation, however. Ribosomal protein S18 was chosen as most optimal 
household gene because gene expression was most stable under basal as well as 
stimulation conditions. Relative differences in gene expression were determined 
using the equation 2-(Cq). 
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Table 1: Primers used for determination of myofibroblasts markers by qRT-PCR analysis 

Gene of 
interest 

NCBI accession 
number                                 Primer sequence 

Fibronectin NM_212482 Forward 5' TCGAGGAGGAAATTCCAATG 3' 
  Reverse 5' ACACACGTGCACCTCATCAT 3' 
α-sm-actin NM_001141945 Forward 5' GACCCTGAAGTACCCGATAGAAC 3' 
  Reverse 5' GGGCAACACGAAGCTCATTG 3' 
18S rRNA NR_003286.2 Forward 5' CGCCGCTAGAGGTGAAATTC 3' 
  Reverse 5' TTGGCAAATGCTTTCGCTC 3' 
PAI-1 NG_013213.1 Forward 5' CGCCAGAGCAGGACGAA 3' 
  Reverse 5' GGACACATCTGCATCCTGAAGT 3' 
CTGF NM_001901 Forward 5' CCG TAC TCC CAA AAT CTC CA 3' 
  Reverse 5' GTA ATG GCA CGC ACA GGT CT 3' 
 

Preparation of cell lysates 
To obtain whole cell lysates, cells were washed once with ice-cold (4°C) HBSS 
then lysed in ice-cold sodiumdodecylsulphate (SDS) buffer (composition: 62.5 mM 
Tris, 2 % w.v-1 SDS, 1 mM NaF, 1 mM Na3VO4, 10 µg.ml-1 aprotinin, 10 µg.ml-1 
leupeptin, 7 µg.ml-1 pepstatin A, pH 6.8). Lysates were then sonicated and protein 
concentration was determined according to Pierce protein determination according 
to the manufacturer’s instructions. Lysates were stored at -20 ºC till further use.  
 
Western blot analysis 
Equal amounts of protein (10-50 μg.lane-1) were subjected to electrophoresis on 
polyacrylamide gels, transferred to nitrocellulose membranes and analyzed for the 
proteins of interest using specific primary and HRP-conjugated secondary 
antibodies. By using enhanced chemiluminescence reagents, bands were either 
subsequently visualized on film or recorded in the G:BOX iChemi gel 
documentation system equipped with GeneSnap image acquisistion software 
(Syngene; Cambridge; UK). Band intensities were quantified by densitometry using 
TotallabTM software (Nonlinear dynamics; Newcastle, UK) or GeneTools analysis 
software (Syngene; Cambridge; UK), respectively. 
 
Cytokine enzyme-linked immunosorbent assays (ELISA) 
Confluent MRC5 human lung fibroblasts were washed twice with warm (37°C) 
HBSS followed by a period of 24 hours in Ham’s F12 supplemented with 0.5% 
FBS, L-glutamine and antibiotics. Consecutively, medium was refreshed and cells 
were stimulated with TGF-β1 (2 ng.ml-1) or IL-1β (0.1 ng.ml-1) in the presence or 
absence of the selective IKK inhibitor SC514 (10 µM) or PS-1145 (10 µM) for 24 
hours (Bain et al., 2007). Cell supernatants were harvested 24 hours after 
stimulation and stored at -20 °C until assayed for interleukin-8 (IL-8; CXCL8). 
Cytokine levels were determined by specific enzyme-linked immunosorbent assays 
(ELISA) according to the manufacturers’ instructions (IL-8 kit Sanquin, Amsterdam, 
The Netherlands). 
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Cytochemistry  
MRC5 lung fibroblasts were plated onto Lab-TekTM borosilicate chamber slides and 
treated with TGF-β1 (2 ng.ml-1) for 48 hours, fixed for 15 min at 4 oC in cytoskeletal 
(CB) buffer (10 mM MES, 150 mM NaCl, 5 mM EGTA, 5 mM MgCl2 and 5 mM 
glucose at pH 6.1) containing 3 % paraformaldehyde (PFA). Cells were then 
permeabilized by incubation for 5 min at 4 oC in CB buffer containing 3 % PFA and 
0.3% Triton X-100. Filamentous actin was stained with Alexa Fluor 488 phalloidin 
(15 minutes at room temperature) and nuclei with Hoechst 33342. After staining, 
coverslips were mounted using ProLong Gold antifade reagent (Invitrogen) and 
analyzed by using an Olympus AX70 microscope equipped with digital image 
capture system (ColorView Soft System with Olympus U CMAD2 lens). 
 
Antibodies and reagents 
Mouse anti-α-sm-actin, horseradish peroxidase (HRP)-conjugated goat anti-mouse 
antibody, HRP-conjugated goat anti-rabbit antibody and HRP-conjugated rabbit 
anti-goat antibody were purchased from Sigma (St. Louis, MO, USA). Goat anti-
fibronectin (C20) antibody and mouse anti-glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) antibody were obtained from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA). Rabbit anti-phospho-ser133-CREB antibody, rabbit anti-
total CREB antibody, rabbit anti-VASP antibody, rabbit anti-phospho-Smad2 
(Ser465/467), rabbit anti-phospho-Smad3 (Ser423/425, mouse anti-phospho- 
thr202/tyr204-ERK-1/2 antibody and mouse anti-total ERK-1/2 antibody were from 
Cell Signaling Technology (Beverly, MA, USA). Forskolin and 3-(2,4-
dichlorophenyl)-4-(1-methyl-1H-indol-3-yl)-1H-pyrrole-2,5-dione (SB216763) were 
from Tocris bioscience (Bristol, UK). 6-(2-[4-(2,4-dichloro-phenyl)-5-(4-methyl-1H-
imidazol-2-yl)-pyrimidin-2-ylamino]-ethylamino)-nicotinonitrile (CT/CHIR99021) was 
from Axon Medchem (Groningen, The Netherlands). Alexa Fluor 488 phalloidin and 
Hoechst 33342 were from Invitrogen (Paisley, UK). Recombinant human TGF-β1 
was from R&D systems (Abingdon, UK). All other chemicals were of analytical 
grade. 
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Results 
 
TGF-β1 induces myofibroblast differentiation of human lung fibroblasts 
MRC5 human lung fibroblasts were stimulated with TGF-β1 (2 ng.ml-1) for different 
time-points up to 72 hours to promote myofibroblast differentiation. TGF-β1 
stimulation resulted in a time-dependent up regulation of α-sm-actin expression as 
well as increased fibronectin deposition, which are two important markers of 
myofibroblast differentiation (figure 1A, top panel). Myofibroblast differentiation was 
evident after 48 hours of treatment (figure 1A, top panel). Stimulation of the 
fibroblasts with 0.5, 2 and 5 ng.ml-1 of TGF-β1 showed a concentration dependent 
activation of the differentiation process (figure 1A, lower panel). Based on these 
initial findings, we selected the submaximal concentration of 2 ng.ml-1 TGF-β1 and 
48 hours of treatment for further experiments. 
 
Inhibition of glycogen synthase kinase-3 (GSK-3) attenuates TGF-β1-induced 
α-sm-actin expression and fibronectin deposition by human lung fibroblasts 
Next, we next determined the contribution of GSK-3 signaling to TGF-β1-induced 
expression of myofibroblast differentiation markers in lung fibroblasts. 
Pharmacological inhibition of GSK-3 by the selective inhibitor SB216763 dose-
dependently prevented the induction of α-sm-actin and fibronectin protein by TGF-
β1 in human lung fibroblasts (figure 1B). DMSO did not affect myofibroblast 
differentiation (data not shown). The expression of fibronectin, α-sm-actin and 
matrix metalloproteinase-2 (MMP-2) in response to TGF-β1 stimulation and GSK-3 
inhibition by SB216763 was investigated in more detail (figure 1C-1F). TGF-β1 
significantly induced the expression of these myofibroblasts markers and 
pharmacological inhibition of GSK-3 by SB216763 (10 µM) prevented the TGF-β1-
induced α-sm-actin expression and fibronectin deposition (figure 1D and 1E). 
Though inhibition of GSK-3 appeared to attenuate TGF-β1-induced MMP-2 
expression, differences were not statistically significant (figure 1A and 1E). 
Cytochemical staining for filamentous actin in the pulmonary fibroblasts indicated 
that TGF-β1 (2 ng.ml-1, 48 h) distinctively induced the formation of stress fibers 
(filamentous actin; green) in these cells, another indication of myofibroblast 
differentiation (figure 1G). Similar to the effect on α-sm-actin and fibronectin 
expression, SB216763 (10 µM) prevented the formation of stress fibers in these 
cells. To confirm the requirement of GSK-3 in TGF-β1-induced α-sm-actin 
expression, we used two other distinct and structurally unrelated GSK-3 inhibitors, 
namely CT/CHIR99021 (1 µM) and LiCl (10 mM). Of note, the three distinct small 
molecules used for inhibition of GSK-3 have dissimilar potential off-target effects 
(Bain et al., 2007). In agreement with SB216763, CT/CHIR99021 and LiCl also 
greatly attenuated the induction of α-sm-actin by TGF-β1 in MRC5 human lung 
fibroblasts, confirming the results obtained with SB216763 (figure 1H and 1I). 
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Moreover, silencing of GSK-3 expression by specific siRNA attenuated the TGF-β1-
induced expression of fibronectin and α-sm-actin (figure 1J). Taken together, these 
data indicate that GSK-3 inhibition attenuates TGF-β1-induced responses in human 
lung fibroblasts. 
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◄ Figure 1: TGF-β1-induced myofibroblast differentiation of lung fibroblasts is attenuated by 
inhibition of GSK-3. (A) Time- and concentration dependent induction of the myofibroblasts markers α-
sm-actin and fibronectin in response to TGF-β1 stimulation. MRC5 human lung fibroblasts were 
stimulated either with 2 ng.ml-1 TGF-β1 for the indicated time-point (upper panel) or with the indicated 
concentrations of TGF-β1 for 48 hours (lower panel). Expression of the myofibroblast markers was 
evaluated in whole cell lysates by immunoblotting using specific antibodies. Equal protein loading was 
verified by the analysis of GAPDH. Representative immunoblots of 3 independent experiments are 
shown. (B) Pharmacological inhibition of GSK-3 by SB216763 dose-dependently prevents myofibroblast 
differentiation. MRC5 human lung fibroblasts were stimulated with 2 ng.ml-1 TGF-β1 for 48 hours in the 
presence or absence of the selective GSK-3 inhibitor SB216763 (0.01 – 10 µM). Expression of the 
fibronectin and α-sm-actin was evaluated in whole cell lysates by immunoblotting using specific 
antibodies. (C) Inhibition of GSK-3 by SB216763 (10 µM) prevented the induction of the myofibroblast 
markers fibronectin, α-sm-actin and matrixmetalloproteinase-2 (MMP-2) in response to TGF-β1 
stimulation. Equal protein loading was verified by the analysis of GAPDH. Representative immunoblots 
of 3-8 independent experiments are shown. These responses of TGF-β1 in the presence or absence of 
the GSK-3 inhibitor SB216763 on the expression of fibronectin (C and D), α-sm-actin (C and E) and 
MMP-2 (C and F) were quantified by densitometry. (G) Cytochemical evaluation of stress fiber formation 
in TGF-β1-induced myofibroblast differentiation. MRC5 human lung fibroblasts were treated for 48 h with 
TGF-β1 (2 ng.ml-1) in the presence or absence of SB216763 and subsequently fixed and permeabilized. 
Cells were stained for filamentous actin (488 phalloidin; green) and nucleus (Hoechst 3342; blue). 
Pictures were taken at 400x magnification. (H-I) MRC5 human lung fibroblasts were grown to 
confluence and stimulated for 48 h with TGF-β1 (2 ng.ml-1) in the presence or absence of the selective 
GSK-3 inhibitors or CT/CHIR99021 (1 µM), SB216763 (10 µM) or LiCl (10 mM). Expression of the α-sm-
actin (upper panel) in the presence or absence of CT/CHIR99021 was evaluated in whole cell lysates by 
immunoblotting using specific antibodies and responses were quantified by densitometry (lower panel) 
representing mean ± s.e.m. of 4 independent experiments. (J) Silencing of GSK-3 by specific siRNA 
attenuates TGF-β1-induced myofibroblast differentiation. Subconfluent MRC-5 lung fibroblast cultures 
were transfected with a siRNA against the GSK-3 (GSK-3α and GSK-3β) transcript and control cultures 
were transfected with a non-targeting control siRNA. Transfected cells were treated with TGF-β1 (2 
ng.ml-1) for 48h. Expression of fibronectin, α-sm-actin and total GSK-3 was evaluated by 
immunoblotting. Equal protein loading was verified by the analysis of GAPDH. *p<0.05, **p<0.01 and 
***p<0.001 compared to basal expression (control), ##p<0.01 and ###p<0.001 compared to TGF-β1 
stimulation; determined by a one-way ANOVA followed by a Newman-Keuls multiple comparison test. 
 
 
We next used primary human lung fibroblasts, both from individuals with and 
without COPD (the clinical characteristics are presented in table 2). These primary 
human lung fibroblasts were stimulated with TGF-β1 (2 ng.ml-1, 48 h) in the 
absence or presence of SB216763 (10 µM). TGF-β1 stimulation resulted in a clear 
induction of α-sm-actin in all primary human lung fibroblasts (figure 2A). The 
expression of α-sm-actin induced by TGF-β1 was similar in lung fibroblasts from 
COPD patients and from individuals without COPD (figure 2A-B). As observed in 
the MRC-5 fibroblasts, SB216763 prevented the induction of α-sm-actin by TGF-β1 
in primary human lung fibroblasts (figure 2A-B). The effect of GSK-3 inhibition on 
α-sm-actin expression was similar in fibroblasts from individuals with and without 
COPD (figure 2C-D). 
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Table 2: Clinical characteristics of the subjects involved in the studies. 

  
Control COPD 

 
Number of subjects 

 
4 

 
7 
 

59  
(52-77) 

 
 

5 
2 

 
Age (years) 

 
55  

(50-65) 
  

Sex 
Male 

Female 

 
2 
2 

 
Smoking status 

Ex-smoker 
Current smoker 

Non-smoker 

 
 
0 
3 
1 

 
 

7 
0 
0 

 
Pack-years 

 
25 

 (0 - 70) 

 
33.5 

(22 - 55) 
   

FEV1 % predicted 100.9 
(80.0 – 118.0) 

17.2 ** 
(9.8 – 78.1) 

   

 FEV1 / FVC % 
 

75.3 
(72.0 – 78.3) 

37.0 ** 
(14.0 – 64.0) 

 
All values are represented as median values with ranges in parentheses. Ex –smokers = not smoking 
for at least one year. FEV1 % predicted = Forced Expiratory Volume in 1 second as percentage of 
predicted value; FVC = Forced Vital Capacity. Statistical significance determined a two-tailed Mann-
Whitney test. **p<0.01 compared to Control group. 
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▲ Figure 2: Myofibroblast differentiation of primary human lung fibroblasts of individuals with 
and without COPD is attenuated by GSK-3 inhibition. Primary human lung fibroblasts of individuals 
with (n=7) and without COPD (n =4) were grown to confluence and stimulated for 48 h with TGF-β1 (2 
ng.ml-1) in the presence or absence of the selective GSK-3 inhibitor SB216763 (10 µM). (A-B) 
Expression of the myofibroblast marker α-sm-actin was evaluated in whole cell lysates by 
immunoblotting using a specific antibody. Equal protein loading was verified by the analysis of GAPDH. 
***p<0.001 compared to basal expression (control); determined by two-tailed student’s t-test for paired 
observations. Median α-sm-actin expression is indicated by ----. (C-D) Responses of TGF-β1 in the 
presence or absence of the GSK-3 inhibitor on the expression of α-sm-actin were quantified by 
densitometry for fibroblast of individuals (C) without and (D) with COPD. ***p<0.001 compared to basal 
expression (control), ###p<0.001 compared to TGF-β1 stimulation; determined by a One-way ANOVA 
followed by a Newman-Keuls multiple comparison test.  
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GSK-3 inhibition attenuates TGF-β1-induced α-sm-actin and fibronectin 
mRNA expression 
MRC5 human lung fibroblasts were stimulated with TGF-β1 (2 ng.ml-1) for 4 and 24 
hours in the presence or absence of SB216763 (10 µM), after which mRNA levels 
of α-sm-actin and fibronectin were determined. Previous findings indicated these 
time-points to be optimal for the induction of gene expression by TGF-β1 (Baarsma 
et al., 2011b). A clear induction of both α-sm-actin and fibronectin mRNA was 
detected after 24 hours only (figure 3A-B). Pharmacological inhibition of GSK-3 by 
SB216763 completely prevented α-sm-actin mRNA induction and greatly 
attenuated the increase of fibronectin mRNA by TGF-β1 (figure 3A-B). Inhibition of 
GSK-3 by CT99021 (1 µM) attenuated the induction of α-sm-actin and fibronectin 
mRNA to a similar extent (data not shown).  
 
 

 
 
▲ Figure 3: Inhibition of GSK-3 attenuates TGF-β1-induced α-sm-actin and fibronectin mRNA 
expression. MRC5 human lung fibroblasts were grown to confluence and stimulated for 4h and 24h 
with TGF-β1 (2 ng.ml-1) in the presence or absence of the selective GSK-3 inhibitors SB216763 (10 µM). 
Gene expression of (A) α-sm-actin and (B) fibronectin was determined by qRT-PCR analysis, corrected 
for 18S rRNA and expressed relative to untreated MRC-5 fibroblasts (control). Data represents mean ± 
s.e.m. of 4 independent experiments. *p<0.05 and **p<0.01 compared to basal expression (control), 
#p<0.05 and ###p<0.001 compared to TGF-β1 stimulation; determined by a One-way ANOVA followed by 
a Newman-Keuls multiple comparison test. 
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Activation of NF-κB signaling is not required for myofibroblast differentiation 
A variety of cellular responses initiated by TGF-β1 stimulation are mediated by the 
activation of the NF-κB signaling pathway (Arsura et al., 2003; Gingery et al., 
2008). Moreover, in a diversity of cell types GSK-3 is involved in the regulation of 
NF-κB signaling by controlling the activation or transcriptional responses of this 
pathway (Baarsma et al., 2011a; Dugo et al., 2007; Hoeflich et al., 2000). 
Therefore, we studied the activation of NF-κB signaling in response to TGF-β1 and 
its contribution to myofibroblast differentiation. Activation of the NF-κB signaling 
pathway was determined by measuring the expression of the NF-κB inhibitory 
protein Iκ-Bα. We found a 19.3 ± 3.8% decrease of Iκ-Bα expression after 1 hour of 
TGF-β1 stimulation, indicating that the pathway is activated in response to this 
growth factor (figure 4A). In line with this, the DNA binding activity of p65 NF-κB 
was modestly enhanced to 1.2-fold of basal at this time-point (data not shown). 
Next, we determined the contribution of NF-κB signaling to the myofibroblast 
differentiation. Pharmacological inhibition of IKK-2 by either PS-1145 or SC-514 did 
not affect the TGF-β1-induced expression of α-sm-actin, although these selective 
inhibitors attenuated the IL-8 release in response to TGF-β1 or IL-1β stimulation 
(figure 4B and C) (Bain et al., 2007). These findings indicate that that TGF-β1 
modestly activates the NF-κB signaling pathway in MRC5 human lung fibroblasts. 
Activation of NF-κB contributes to cytokine release by the pulmonary fibroblast in 
response to TGF-β1; however activation of the NF-κB signaling pathway is not 
required for myofibroblast differentiation, indicating that the effects of GSK-3 
inhibition require distinct signaling intermediates. 
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▲ Figure 4: Activation of NF-κB signaling by TGF-β1 is not required for myofibroblast 
differentiation. MRC5 human lung fibroblasts were grown to confluence and stimulated for various 
time-points with TGF-β1 (2 ng.ml-1). (A) Time-dependent decrease of the NF-κB-inhibitory protein Iκ-Bα. 
Expression of Iκ-Bα was evaluated by immunoblotting and responses were quantified by densitometry 
and normalized to the expression GAPDH. Data represents mean ± s.e.m. of 3 independent 
experiments. *p<0.05 compared to control (t = 0 h); determined by two-tailed student’s t-test for paired 
observations. (B) Contribution of NF-κB signaling to TGF-β1-induced myofibroblast differentiation. MRC5 
human lung fibroblasts were stimulated for 48 hours with TGF-β1 in the presence or absence of either 
PS-1145 (10 µM) or SC-514 (50 µM), two distinct inhibitors of IκB-kinases (IKK). Expression of α-sm-
actin was evaluated by immunoblotting and responses were quantified by densitometry and normalized 
to the expression GAPDH. Data represents mean ± s.e.m. of 3 independent experiments. *p<0.05, 
**p<0.01 and ***p<0.001; determined by a one-way ANOVA followed by a Newman-Keuls multiple 
comparison test. (C) Inhibition of IKK attenuates IL-8 secretion by human lung fibroblasts in response to 
TGF-β1 and IL-1β stimulation. MRC5 human lung fibroblasts were grown to confluence and stimulated 
for 24 hours with TGF-β1 (2 ng.ml-1) or IL-1β (0.1 ng.ml-1) in the presence of either PS-1145 (10 µM) or 
SC-514 (10 µM). The release of IL-8 by the fibroblasts was measured by ELISA. Responses shown 
represent mean ± s.e.m. of 3 independent experiments, each performed in duplicate.*p<0.05, and 
***p<0.001 compared to basal (control), #p<0.05 compared to TGF-β1 stimulation and †††p<0.001 
compared to IL-1β stimulation; determined by a one-way ANOVA followed by a Newman-Keuls multiple 
comparison test. 
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Smad and ERK-1/2 activation by TGF-β1 are not attenuated by GSK-3 
inhibition 

We next investigated the activation of smad and the extracellular signal-regulated 
kinases 1/2 (ERK-1/2; p42/44 MAPK). These pathways may be involved in TGF-β1-
induced myofibroblast differentiation and are possibly regulated by GSK-3 (Sebe et 
al., 2008; Ramirez et al., 2006; Piek et al., 2001; Guo et al., 2008; Millet et al., 
2009). The involvement of the smad and ERK-1/2 signaling pathway in the 
differentiation process was investigated by using the specific inhibitor of smad3 
(SIS3: 3 µM) and the selective MEK1/2 inhibitor U0126 (3 µM), respectively (Jinnin 
et al., 2006; Bain et al., 2007). Attenuation of smad signaling decreased the TGF-
β1 induced expression of a-sm-actin, indicating the requirement of smad signaling 
in the differentiation process (figure 5A). In line with these findings, stimulation with 
TGF-β1 induced ser465/467-smad2 and ser423/425-smad3 phosphorylation in a 
time-dependent manner, without affecting the expression of total smad2 or smad3 
(figure 5B). The phosphorylation of both smad2 and smad 3 was maximal after 1 
hour of TGF-β1 stimulation (figure 5B-D). However, inhibition of GSK-3 by 
SB216763 had no major effect on basal or TGF-β1-induced phosphorylation or 
cellular expression of smad2 or smad3. 
 
Pharmacological inhibition of ERK1/2 enhanced basal and TGF-β1–induced 
expression of α-sm-actin, indicative of negative regulation by this pathway. 
Although TGF-β1 activates ERK-1/2 by phosphorylation (figure 5E), inhibition of 
GSK-3 by SB216763 had no major effect on the basal or TGF-β1-induced 
phosphorylation of ERK-1/2 (figure 5E and 5F). These data suggest that smad and 
ERK1/2 signaling are activated by TGF-β and that these signaling pathways have 
opposite effects on myofibroblast differentiation. GSK-3 signaling does not regulate 
the phosphorylation of either smad2/3 or ERK-1/2 in MRC5 fibroblasts, indicating 
that the effects of GSK-3 inhibition require distinct signaling intermediates.  
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▲ Figure 5: Phosphorylation of R-smads and ERK-1/2 in response to TGF-β1 is independent of 
GSK-3. (A) Contribution of smad and ERK1/2 signaling to myofibroblast differentiation. MRC5 human 
lung fibroblasts were grown to confluence and stimulated for 48 hours with TGF-β1 (2 ng.ml-1) in the 
presence or absence of the specific inhibitor of smad3 (SIS3; 3 µM) or the MEK1/2 inhibitor U0126 (3 
µM). Expression of α-sm-actin was evaluated by immunoblotting. Equal protein loading was verified by 
the analysis of GAPDH. Representative immunoblots of 3 independent experiments are shown. (B-F) 
MRC5 human lung fibroblasts were grown to confluence and stimulated for various time-points with 
TGF-β1 (2 ng.ml-1) in the presence or absence of the selective GSK-3 inhibitors SB216763 (10 µM). (B) 
Time-dependent phosphorylation of R-smads in response to TGF-β1 (2 ng.ml-1). Expression of (C) 
phospho-ser465/467 smad2 (D) phospho-ser423/425 smad3. (E) Time-dependent phosphorylation of 
ERk1/2 in response to TGF-β1 (2 ng.ml-1). (F) Quantification of phospho-Thr202/Tyr204 ERK-1/2 
expression evaluated by immunoblotting using specific antibodies. Responses were quantified by 
densitometry and normalized to the expression total smad2/3 and total ERK-1/2, respectively. Data 
represents mean ± s.e.m. of 3-6 independent experiments. p<0.05 for time-dependent activation of 
smad2, smad3 and ERK-1/2 in response to TGF-β1 (determined by one-way ANOVA) and no significant 
effects of SB216763 on the TGF-β1-induced activation of smad2, smad3 and ERK-1/2 (determined by 
two-way ANOVA). 
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GSK-3 inhibition promotes cAMP response element binding protein (CREB) 
activation in human lung fibroblasts 
GSK-3 signaling has been demonstrated to have a modulatory effect on cyclic 
adenosine 3’5’ monophosphate (cAMP) response element binding protein (CREB) 
signaling in various cell types (Tullai et al., 2007; Grimes & Jope, 2001; Gotschel et 
al., 2008). Phosphorylated CREB can act as a functional antagonist of smad 
signaling via competition for the common transcriptional co-activator CBP (CREB 
binding partner) (Schiller et al., 2010; Ghosh et al., 2000). Interestingly, we 
observed that inhibition of GSK-3 by SB216763 (10 µM, 1.5 hours) resulted in a 
significant increase in phosphorylated CREB (i.e. phosphorylated ser133-CREB) in 
MRC5 human lung fibroblasts, whereas the expression of total CREB was not 
affected by SB216763 (figure 6A). CREB phosphorylation was also increased by 
SB216763 in the presence of TGF-β1, whereas stimulation with just TGF-β1 (2 
ng.ml-1, 1 hour) did not result in increased ser133-CREB phosphorylation (figure 
6A). In agreement with these findings, the expression of the canonical smad target 
gene PAI-1 and CTGF in response to TGF-β1 was repressed by GSK-3 inhibition 
(figure 6B and 6C). 
 
In view of these data, we further investigated the effect of CREB activation on 
myofibroblast differentiation. In order to activate CREB signaling in MRC5 human 
lung fibroblasts we used forskolin, an agent that elevates cellular cAMP levels by 
directly activating adenylyl cyclase. As expected, we found that stimulation with 
forskolin induced a strong phosphorylation of CREB on serine 133. Interestingly, 
the magnitude of this effect was similar to the phosphorylation induced by 
SB216763, which confirms that this effect of GSK-3 inhibition is robust (figure 6D). 
By using a vasodilator-stimulated phoshoprotein (VASP)-specific antibody that 
recognizes both phospho-VASP (upper band) and total VASP (lower band), we 
show that forskolin induced the ser157 phosphorylation of VASP, a protein kinase 
A (PKA) specific site (Smolenski et al., 1998). SB216763 induced the 
phosphorylation of CREB, but did not affect VASP phosphorylation, indicating the 
involvement of a mechanism distinct from PKA (figure 6B). To reinforce that CREB 
signaling may be important in the differentiation process, we demonstrate that 
myofibroblast differentiation (i.e. α-sm-actin expression) was abrogated when 
MRC5 fibroblasts were pretreated with forskolin (figure 6E). These findings imply 
that CREB signaling is capable of producing a powerful inhibitory signal for 
myofibroblast differentiation, suggesting that phosphorylation of CREB by 
SB216763 is a plausible explanation for its anti-fibrotic effects. 
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▲Figure 6: Activation of CREB due to GSK-3 inhibition attenuates myofibroblast 
differentiation.(A) Phosphorylation of ser133-CREB in response to GSK-3 inhibition. Lung fibroblasts 
were grown to confluence and stimulated for 1 hour with TGF-β1 (2 ng.ml-1) in the presence or absence 
of the selective GSK-3 inhibitors SB216763 (10 µM). Of note, the pharmacological inhibitor was added 
30 minutes prior to TGF-β1. Expression of phospho-ser133-CREB was evaluated by immunoblotting 
using a specific antibody. Responses were quantified by densitometry and normalized to the expression 
total CREB. Data represents mean ± s.e.m. of 3-4 independent experiments. **p<0.01 compared to 
basal control, ###p<0.001 compared to just TGF-β1 stimulation; determined by a one-way ANOVA 
followed by a Newman-Keuls multiple comparison test. (B-C) mRNA expression of canonical smad 
dependent genes (B) plasminogen activator inhibitor-1 (PAI-1) and (C) connective tissue growth factor 
(CTGF) in response to TGF-β (2 ng.ml-1, 24 hours) in the presence or absence of SB216763 (10 µM) 
Data represent mean ± s.e.m. of 3-8 independent experiments. ***p<0.001 compared to basal control, 
#p<0.05 and ##p<0.01 compared to TGF-β1 stimulation; determined by a one-way ANOVA followed by a 
Newman-Keuls multiple comparison test. (D) Activation of CREB signaling by forskolin attenuates 
myofibroblast differentiation. Top panel: evaluation of CREB phosphorylation in response to SB216763 
(10 µM, 1.5 h) or forskolin (2 µM, 1.5 h). Lower panel: evaluation of VASP phosphorylation in response 
to SB216763 (10 µM, 1.5 h) or forskolin (2 µM, 1.5 h). (E) Effect of forskolin on TGF-β1-induced 
myofibroblast differentiation. Lung fibroblasts were stimulated for 48 h TGF-β1 (2 ng.ml-1) in the 
presence or absence forskolin (2 µM). Expression of α-sm-actin was evaluated by immunoblotting using 
specific antibodies. Responses on α-sm-actin were quantified by densitometry and normalized to the 
expression GAPDH. Data represents mean ± s.e.m. of 3 independent experiments. ***p<0.001 
compared to basal control, ###p<0.001 compared to just TGF-β1 stimulation; determined by a one-way 
ANOVA followed by a Newman-Keuls multiple comparison test.  
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Discussion 

 
We determined the contribution of GSK-3 signaling to myofibroblast differentiation 
and showed that pulmonary fibroblasts stimulated with TGF-β1 time-dependently 
differentiate into myofibroblasts, as characterized by increased expression of α-sm-
actin, fibronectin and MMP-2. Silencing of GSK-3 by siRNA or pharmacological 
inhibition of the kinase completely prevented the TGF-β1-induced expression of 
these myofibroblasts markers at both the protein and mRNA level, implying that 
GSK-3 signaling is critically involved in the regulation of myofibroblast 
transdifferentiation induced by this growth factor. This inhibitory effect of GSK-3 
inhibition was also present in primary human lung fibroblasts. Activation of NF-κB 
was not required for myofibroblast differentiation and GSK-3 was not involved in 
the phosphorylation of smads or ERK-1/2 by TGF-β1. Rather, inhibition of GSK-3 
resulted in increased levels of phosphorylated ser133-CREB, which acts as a 
functional antagonist of smad signaling and thereby prevents myofibroblast 
differentiation. Collectively these data indicate the GSK-3 regulates myofibroblast 
differentiation presumably by repressing CREB signaling.  
 
Activation of fibroblasts is an important pathophysiological mechanism in chronic 
pulmonary diseases like idiopathic pulmonary fibrosis (IPF), characterized by 
interstitial (parenchymal) fibrosis, as well as in asthma and COPD where a variable 
degree of airway wall fibrosis is present and in COPD additionally insufficient 
parenchymal tissue repair, all contributing to disease development (Coward et al., 
2010; Hogg et al., 2004). The airway obstruction observed in COPD is partially due 
to fibrosis of the central and peripheral airways and, in line with this, an association 
between the presence of myofibroblast-like cells and airway obstruction was 
recently demonstrated in airway wall biopsies from COPD patients (Hogg et al., 
2004; Lofdahl et al., 2011). In contrast, in other areas of the lung COPD patient 
often develop emphysema, in which the fibroblast function may be inadequate or 
insufficient to restore tissue damage (Noordhoek et al., 2003; Zandvoort et al., 
2008; Togo et al., 2008; Rennard et al., 2006). We here show that the 
differentiation process of lung fibroblasts is dependent on GSK-3 in MRC5 
fibroblasts and also in primary peripheral lung fibroblasts of COPD patients and 
controls. This suggests that GSK-3 mediated ECM production is an important 
regulatory mechanism in peripheral lung fibroblasts that is still operative in COPD. 
Extrapolation of our findings in peripheral lung fibroblasts as a general applicable 
mechanism in pulmonary fibroblast function should be done with caution, however, 
since fibroblasts populations in the airways and parenchyma are phenotypically 
and functionally distinct (Zhou et al., 2011; Hallgren et al., 2010; Kotaru et al., 
2006; Noordhoek et al., 2005; Noordhoek et al., 2003).  
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TGF-β1 is a multifunctional cytokine that regulates various cellular functions by 
acting on several signaling pathways (Derynck & Zhang, 2003; de Boer et al., 
1998). Stimulation of pulmonary fibroblasts with TGF-β1 resulted in a modest 
decrease of the NF-κB-inhibitory protein Iκ-Bα, which may indicate that NF-κB 
signaling is activated to some extent. Inhibition of NF-κB signaling by two distinct 
IKK inhibitors (i.e. PS-1145 and SC-514) attenuated cytokine (e.g. IL-8) secretion 
induced by the growth factor in pulmonary fibroblasts. However, the IKK-inhibitors 
did not at all affect TGF-β1-induced α-sm-actin expression, indicating that TGF-β1 
activated NF-κB signaling is not required for myofibroblast differentiation. Likewise, 
the phosphorylation of ERK-1/2 in response to TGF-β1 was not affected by 
SB216763, showing that GSK-3 does not affect ERK-1/2 activation in pulmonary 
fibroblasts, despite reported findings that indicate modulation of ERK-1/2 signaling 
by GSK-3 (Wang et al., 2006; Takada et al., 2004). Smad phosphorylation is critical 
in canonical TGF-β1 signaling and accordingly we demonstrate that smad2 and 
smad3 are phosphorylated at specific serine residues in the C-terminus (i.e. 
ser465/467 of smad2 and ser423/425 of smad3) by TGF-β1. The C-terminus 
phosphorylation of R-smads is required for the interaction and recruitment of the 
two closely related co-activators p300 and CBP (Schiller et al., 2004; Derynck et 
al., 1998; Massague, 2000). Inhibition of GSK-3 did not affect the phosphorylation 
of R-smads, which indicates that GSK-3 does not directly intervene with smad 
activation. The significance of CBP/p300 as essential co-activators for smad driven 
gene-expression has comprehensively been studied and miscellaneous other 
transcription factors rely on their interaction with CBP/p300 resulting in signal-
induced cooperative activation or repression of gene transcription (Janknecht et al., 
1998; Pouponnot et al., 1998; Goodman & Smolik, 2000; Das et al., 2008). CBP 
and p300 were initially identified as association partners for the transcription factors 
CREB and the oncoprotein E1A and activation of these transcription factors and 
subsequent association with CBP/p300 has been demonstrated to attenuate TGF-
β1-induced cellular responses in fibroblasts (Goodman & Smolik, 2000; Ghosh et 
al., 2000; Schiller et al., 2010). Phosphorylation of CREB on serine 133 results in 
increased activity as this phosphorylation is required for recruitment of the 
transcriptional co-activators (Goodman & Smolik, 2000). Several studies in various 
cell types have shown that GSK-3 regulates the phosphorylation and transcriptional 
activity of CREB, and although there is consensus on the regulation of CREB by 
GSK-3 the functional consequences of this modification are not yet fully 
established (Johannessen & Moens, 2007; Fiol et al., 1994; Liang et al., 2008; 
Tullai et al., 2007; Martin et al., 2005; Grimes & Jope, 2001). We show that 
inhibition of GSK-3 in pulmonary fibroblasts results in increased phosphorylation of 
ser133-CREB to a similar extent as observed with the cAMP-elevating agent 
forskolin, which also attenuated TGF-β1-induced myofibroblast differentiation. 
Although this supports an inhibitory role for CREB in myofibroblast differentiation, 
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alternative mechanisms including inhibition of Rho, likely play additional roles in the 
forskolin effects (Akhmetshina et al., 2008; Vardouli et al., 2005). Forskolin induced 
the phosphorylation of VASP, indicating that PKA is activated. PKA is one of the 
main upstream activators of CREB as the kinase induces ser133-CREB 
phosphorylation (Johannessen et al., 2004; Johannessen & Moens, 2007). 
Remarkably, SB216763 induced the ser133 phosphorylation of CREB, but did not 
alter the phosphorylation status of VASP. This indicates that PKA is not involved 
and suggests an alternative mechanism by which CREB is activated in response to 
GSK-3 inhibition. Possible alternative mechanisms could be that active GSK-3 
suppresses another CREB kinase which is distinct from PKA, or that GSK-3 
signaling is required for the activation of phosphatases which are involved in the 
dephosphorylation of CREB (Johannessen et al., 2004; Johannessen & Moens, 
2007). In human dermal fibroblasts activation of CREB signaling also attenuated 
smad-dependent signaling and expression of type 1 collagen and plasminogen 
activator inhibitor 1 (PAI-1) (Schiller et al., 2010; Ghosh et al., 2000). Further, 
SB216763 reduced the expression of the canonical smad target genes CTGF and 
PAI-1 in response to TGF-β1. Collectively, this indicates that CREB signaling is 
capable of functionally antagonizing fibrotic responses, by reducing the 
transcriptional complexes of activated smads with CBP/p300. We show that 
inhibition of GSK-3 in pulmonary fibroblasts results in increased phosphorylation of 
ser133-CREB, which attenuates TGF-β1-induced myofibroblast differentiation.  
 
GSK-3 signaling contributes to many cellular responses by regulating a variety of 
transcription factors and transcriptional co-activators (Doble & Woodgett, 2003; 
Jope & Johnson, 2004). We previously demonstrated that β-catenin, one of the 
transcriptional co-activators regulated by GSK-3, is activated by TGF-β1 via GSK-3 
phosphorylation and contributes significantly to myofibroblast differentiation 
(Baarsma et al., 2011b). Active GSK-3 prevents β-catenin signaling by 
phosphorylating cytosolic β-catenin thereby targeting it for proteosomal 
degradation (Doble & Woodgett, 2003; Jope & Johnson, 2004). Consequently, 
pharmacological inhibition of GSK-3 would be expected to result in increased β-
catenin signaling and enhanced myofibroblast differentiation in response to TGF-
β1. This clearly does not occur in pulmonary fibroblasts, however, as several small 
molecule inhibitors of GSK-3 or silencing of the kinase by siRNA strongly 
attenuated myofibroblast differentiation. Compartmentalization of GSK-3 likely 
explains these differential functional effects. Only a fraction of total cellular GSK-3, 
bound in a cytosolic destruction complex with axin, casein kinase and APC 
regulates β-catenin levels, whereas other cellular pools of GSK-3 have additional, 
and even opposite functions, for example by regulating transcription factors such 
as NF-κB and CREB (Doble & Woodgett, 2003; Jope & Johnson, 2004; Voskas et 
al., 2010). Compartmentalization of GSK-3 resulting in differential downstream 
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signaling has been described for insulin-induced compared to WNT-induced GSK-3 
inhibition (Ding et al., 2000). Pharmacological inhibitors affect all pools of GSK-3 
within the cell and eliminate any selective signaling gained by the 
compartmentalization of the kinase. The resultant effects of GSK-3 inhibition are 
clearly inhibitory to myofibroblast activation, as the results of our study 
demonstrate. 
 
Pharmacological inhibition of GSK-3 in vivo prevents inflammatory and fibrotic 
responses in the lung and it was suggested that these effects GSK-3 inhibition 
were due to suppression of NF-κB activation and subsequent inhibition of the 
recruitment and activation of inflammatory cells (Bao et al., 2007; Cuzzocrea et al., 
2007; Cuzzocrea et al., 2006). However, a recent study suggested that 
pharmacological inhibition of GSK-3 after the initial inflammation induced by 
bleomycin could also prevent the fibrotic process, suggesting that GSK-3 signaling 
may regulate the onset of fibrosis in the lung by directly acting on the deposition of 
extracellular matrix (ECM) proteins (Gurrieri et al., 2010). Our previous and current 
findings suggest that GSK-3 inhibition can have direct anti-inflammatory and anti-
fibrotic effects that require distinct (i.e. NF-κB and CREB, respectively) intracellular 
signaling pathways (Baarsma et al., 2011a). This warrants further studies on the 
effectiveness of GSK-3 inhibitors in the inhibition of fibrotic responses, for example 
using animal models. 
 
Collectively, we demonstrate in the current study that various responses of 
pulmonary fibroblast functioning that include ECM production are attenuated by 
GSK-3 inhibition via activation of CREB-dependent signaling. These data imply that 
GSK-3 inhibition may be beneficial in chronic lung diseases due to the inhibitory 
effects on inflammation and ECM production, which are regulated via distinct 
signaling pathways.  
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Abstract  
 
Glycogen synthase kinase-3 (GSK-3) is a constitutively active kinase that regulates 
multiple signaling proteins and transcription factors involved in inflammation. Its 
role in inflammatory lung diseases, including chronic obstructive pulmonary 
disease (COPD), is largely unknown. We investigated the role of GSK-3 in the 
secretion of chemokines and growth factors by human airway smooth muscle cells 
after exposure to cigarette smoke extract (CSE) or interleukin-1β (IL-1β), important 
factors involved in the development of COPD. Cultured human airway smooth 
muscle cells were exposed to increasing concentrations of CSE (1-15%) and IL-1β 
(0.01-1 ng/mL), which induced the secretion of VEGF-A and IL-8, whereas eotaxin 
secretion was induced by IL-1β only. Inhibition of GSK-3 by the selective inhibitor 
SB216763 or CHIR/CT99021 attenuated the cytokine and growth factor release 
induced by CSE and/or IL-1β, without affecting their basal release. Secretion of the 
cytokines by airway smooth muscle partially depends on NF-κB signaling and 
GSK-3 has been implicated in regulating multiple steps in activating the NF-κB 
signalling pathway. IL-1β treatment induced degradation of the NF-κB inhibitory 
protein IκB-α followed by nuclear translocation and DNA binding of p65 NF-κB, 
which were unaffected by inhibition of GSK-3. However, induction of NF-κB-
dependent transcriptional activity by IL-1β and CSE was largely reduced upon 
GSK-3 inhibition by SB216763. Collectively, we demonstrate that CSE and IL-1β 
activate airway smooth muscle cells to secrete the pro-inflammatory cytokines IL-8, 
eotaxin and VEGF-A. Furthermore, we show that GSK-3 regulates the release of 
these cytokines induced by CSE and IL-1β by promoting NF-κB dependent gene 
transcription. 
 
Keywords: VEGF-A; IL-8; Eotaxin; SB216763; NF-κB 
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Introduction 
 
Chronic obstructive pulmonary disease (COPD) is characterized by progressive 
airflow limitation, which is usually associated with an abnormal inflammatory 
response of the lungs to noxious particles or gases. Cigarette smoke is considered 
the major risk factor for the development of COPD (44). In addition to its role in 
bronchoconstriction, the airway smooth muscle, an important structural cell type in 
the airway wall, is considered to contribute to the inflammatory and remodelling 
processes observed in the pathogenesis of COPD (8).  
 
The airway smooth muscle has a synthetic function by producing proteases, growth 
factors, chemokines and pro-inflammatory cytokines, including interleukin (IL)-6, IL-
8, eotaxin, matrix metalloproteinases (MMPs) and vascular endothelial growth 
factor (VEGF) (7; 8; 27; 33). Several pro-inflammatory cytokines, such as TNF-α 
and IL-1β, activate the synthetic capacity of airway smooth muscle (9). In addition, 
it has recently been demonstrated that cigarette smoke induces the secretion of a 
variety of different cytokines, chemokines and growth factors, which can be 
modulated by other pro-inflammatory mediators (3; 5; 40). For example, airway 
smooth muscle cells secrete IL-8 in response to cigarette smoke extract (CSE) 
exposure, which is strongly augmented by TNF-α or the muscarinic receptor 
agonist methacholine (21; 40). On the other hand, CSE inhibits TNF-α-induced 
eotaxin and Regulated upon Activation, Normal T-cell Expressed and Secreted 
(RANTES) release from airway smooth muscle (40). These cytokines, growth 
factors and angiogenic factors, which play an important role in the pathogenesis of 
COPD, depend on the nuclear factor (NF)-κB family of transcription factors for their 
synthesis and release from airway smooth muscle (19).  
 
Accumulating evidence indicates a role for glycogen synthase kinase-3 (GSK-3) in 
regulating inflammatory responses (18). GSK-3 is an ubiquitously expressed 
constitutively active serine/threonine kinase that regulates multiple signalling 
pathways and thereby controlling a broad spectrum of cellular responses, including 
metabolism, gene transcription, protein translation, cell cycle regulation and 
apoptosis (17; 23). A pool of intracellular GSK-3 is part of a cytosolic multiprotein 
complex, further consisting of axin, adenomatous polyposis coli (APC) and casein 
kinase-1 (CK-1), that regulates intracellular stability of β-catenin (17; 25), an 
essential component of adherens junctions that can serve a role in activating gene 
transcription, when translocated to the nucleus (10). β-Catenin dependent, 
TCF/LEF-mediated gene transcription has been associated with the production of 
pro-inflammatory cytokines, enzymes and growth factors (e.g. IL-8, 
cyclooxygenase-2 and VEGF-A) (11; 28; 34; 36; 56). Moreover, GSK-3 signalling 
has, independently of β-catenin, direct effects on NF-κB signalling. Thus, Hoeflich 
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et.al (26) have shown that GSK-3 is required for the NF-κB-mediated survival 
response after TNF-α stimulation. The NF-κB pathway also plays a critical role in 
the regulation of inflammation by activating transcription of pro-inflammatory genes. 
Under basal conditions, the NF-κB heterodimer p65/p50 is predominantly bound to 
the NF-κB inhibitory protein IκB-α. Upon a variety of stimuli, IκB-α is 
phosphorylated by protein kinases (e.g. IKK) and targeted for intracellular 
breakdown. This allows the p65/p50 NF-κB subunits to translocate to the nucleus, 
where they are phosphorylated, interact with DNA and subsequently activate gene 
transcription (24). Several studies have proposed an essential role, particularly in 
inflammation, for GSK-3 in regulating multiple steps in the activation of NF-κB 
signalling, including degradation of IκB-α, p65 nuclear translocation, p65 
phosphorylation and DNA binding (2; 15; 18; 30; 35; 41). 
 
We previously demonstrated the importance of GSK-3/β-catenin signalling in 
airway smooth muscle proliferation (20; 38). Furthermore, GSK-3 appears to be an 
important regulator of airway smooth muscle hyperplasia and hypertrophy in a 
murine model of asthma (4; 14), however its role in cytokine and growth factor 
secretion is still unknown. In the present study, we investigated the contribution of 
GSK-3 to the secretion of the pro-inflammatory, chemoattractant cytokines eotaxin 
and IL-8 and the angiogenic growth factor VEGF-A induced by CSE and IL-1β from 
airway smooth muscle and demonstrate that the GSK-3-dependent modulation of 
their secretion relies on NF-κB signalling.  
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Methods 
 
Cell culture 
Human bronchial smooth muscle cell lines, immortalized by stable expression of 
human telomerase reverse transcriptase (hTERT), were used for all experiments. 
The primary cultured human bronchial smooth muscle cells used to generate each 
cell line were prepared, as we have previously described (22), from 
macroscopically healthy segments of 2nd-to-4th generation main bronchus 
obtained after lung resection surgery from patients with a diagnosis of 
adenocarcinoma (Dr. H Unruh, Section of Thoracic Surgery, University of 
Manitoba, Canada). All procedures were approved by the Human Research Ethics 
Board of the University of Manitoba. 
 
As previously described in detail (22), each cell line was thoroughly characterized 
to passage 10 and higher, and was shown to express a number of smooth muscle 
(sm) contractile phenotype marker proteins (e.g. sm-myosin heavy chain (sm-
MHC), sm-α-actin, and desmin). For all experiments, myocytes were grown on 
uncoated plastic dishes in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with antibiotics (50 U/mL streptomycin, 50 µg/mL penicillin, 1.5 
µg/mL amphotericin B) and 10 % (v/v) foetal bovine serum (FBS). 
 
Preparation of cigarette smoke extract 
Cigarette smoke extract (CSE) was prepared by a standardized method by 
combusting two 3R4F research cigarettes (University of Kentucky, Lexington, 
USA); (filter removed) using a peristaltic pump (Watson Marlow, Falmouth 
Cornwall, England) and passing the smoke through 25 ml of FBS-free DMEM, 
supplemented with antibiotics, at a rate of one cigarette per 5 minutes. The 
obtained solution was designated 100% CSE and diluted to working concentration 
in DMEM supplemented with antibiotics. For all experiments, CSE was freshly 
prepared and used within 15 minutes after preparation. 
 
Cytokine enzyme-linked immunosorbent assays  
Cells were grown to confluence and serum-starved for 1 day in DMEM 
supplemented with antibiotics (50 U/mL streptomycin, 50 µg/mL penicillin, 1.5 
µg/mL amphotericin B) and ITS (5 µg/mL insulin, 5 µg/mL transferrin, and 5 ng/mL 
selenium) before each experiment. Cells were washed twice with warm (37°C) 
phosphate buffered saline (PBS) (composition: 140.0 mM NaCl, 2.6 mM KCl, 1.4 
mM KH2PO4, 8.1 mM Na2HPO4·2H2O, pH 7.4) and subsequently subjected for 24 
hours to different concentrations of CSE (0-15%) or IL-1β (0.01-1 ng/mL) in DMEM 
supplemented with antibiotics. When applied, pharmacological inhibitors (i.e. 
SB216763 or CHIR/CT99021) were added 30 minutes before the addition of CSE 
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or IL-1β. Cell supernatants were harvested 24 hours after stimulation and stored at 
-20 °C until assayed for vascular endothelial growth factor (VEGF-A; VEGF121 and 
VEGF165), eotaxin (CCL11) or interleukin-8 (IL-8; CXCL8). Cytokine levels were 
determined by specific enzyme-linked immunosorbent assays (ELISA) according to 
the manufacturers’ instructions (VEGF-A and eotaxin kit R&D systems Europe, 
Abingdon, UK and IL-8 kit Sanquin, Amsterdam, The Netherlands) 
 
Preparation of cell lysates 
Cells were grown to confluence and serum-starved for 1 day in DMEM 
supplemented with antibiotics and ITS before each experiment. Cells were then 
subjected to different treatments in DMEM supplemented with antibiotics. When 
applied, the pharmacological inhibitor SB216763 (10 µM) was added 30 minutes 
before the addition of CSE or IL-1β. To obtain whole cell lysates, cells were 
washed once with ice-cold PBS (4°C) and then lysed in ice-cold radio 
immunoprecipation assay (RIPA) buffer (composition: 40 mM Tris, 150 mM NaCl, 1 
% v/v Igepal CA-630, 1 % w/v deoxycholic acid, 1 mM NaF, 1 mM Na3VO4, 10 
µg/mL aprotinin, 10 µg/mL leupeptin, 7 µg/mL pepstatin A, pH 7.4). Subsequently, 
lysates were sonicated and protein concentration was determined according to 
Bradford. Lysates were stored at -20 ºC until further use. 
 
Isolation of membrane- and nuclei-enriched fractions 
Cells were grown to confluence on uncoated 100 mm dishes and serum-starved for 
1 day in DMEM supplemented with antibiotics and ITS before each experiment. 
Cells were then subjected to treatments with CSE or IL-1β in DMEM supplemented 
with antibiotics. When applied, the pharmacological inhibitor SB216763 (10 µM) 
was added 30 minutes before the addition of CSE or IL-1β. Cells were then 
washed with ice-cold PBS (4°C), and lysed for 10 minutes on ice in 
homogenization buffer (50 mM Tris (pH 7.4), supplemented with 1 mM Na3VO4, 1 
mM NaF, 10 µg/mL aprotinin, 10 µg/mL leupeptin, 7 µg/mL pepstatin A). After 20 
strokes in a Potter homogenizer, the homogenate was centrifuged for 5 minutes at 
500 x g. The resulting nuclei-enriched pellet was resuspended in homogenization 
buffer supplemented with 1 % v/v Triton X-100 to solubilize the nuclei and to 
remove the insoluble cytoskeletal fraction by centrifugation (5 min at 16,100 x g). 
The supernatant obtained in the first centrifugation step was transferred to a new 
tube and centrifuged for 30 min at 16,100 x g. The membrane pellet was 
resuspended in 200 µl RIPA buffer, sonicated and protein concentration was 
determined according to Bradford. Samples were then stored at -20 ºC. 
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Western blot analysis 
Equal amounts of protein (10-20 μg/lane) were subjected to electrophoresis on 
polyacrylamide gels, transferred to nitrocellulose membranes and analyzed for the 
proteins of interest using specific primary and HRP-conjugated secondary 
antibodies. Bands were subsequently visualized on film using enhanced 
chemiluminescence reagents. Band intensities were quantified by densitometry 
using TotallabTM software (Nonlinear dynamics; Newcastle, UK). 
 
p65 NF-κB DNA binding capacity 
Airway smooth muscle cells were grown to confluence on uncoated 100 mm dishes 
and serum-starved for 1 day in DMEM supplemented with antibiotics and ITS 
before each experiment. Cells were then subjected to treatments with IL-1β (1 
ng/ml; 1 hr) in DMEM supplemented with antibiotics. When applied, the 
pharmacological inhibitor SB216763 (10 μM) was added 30 minutes before the 
addition of IL-1β. Nuclear extracts were prepared with a nuclear extract kit (Active 
motif, Rixensart, Belgium) according to the manufacturers’ instructions. The p65 
NF-κB DNA binding capacity in 10 μg nuclear extract was assayed with the p65 
NF-κB TransAM kit (Active motif, Rixensart, Belgium) and subsequently 
absorbance was measured at 450 nM. 
 
NF-κB reporter gene assay 
NF-κB transcriptional activity in airway smooth muscle cells was measured using 
the RapidReporter® pRR-High-NF-κB Gaussia luciferase reporter system (Active 
Motif, Rixensart, Belgium). The NF-κB plasmid vector contains the NF-κB tandem 
response element upstream of the Gaussia luciferase gene, while the control 
plasmid contains a non-inducible EF1α promoter driven positive control vector. 
Cells were grown on uncoated 100 mm dishes to ~80-90% confluence and washed 
twice with warm PBS (37°C). The cells were transfected in DMEM without serum 
and antibiotics for 6 hours using a mixture of Lipofectamine 2000 with either of 
pRR-High NF-κB-vector or pRR-high EF1α vector according to the manufacturers’ 
instructions. After 6 hours, this DMEM medium was replaced by DMEM 
supplemented with antibiotics and 10 % (v/v) FBS. The next day, cells were 
replated in a 96-wells plate at a density of 30.000 cells/well and were grown for 24 
hours in DMEM supplemented with antibiotics and 10 % (v/v) FBS. Next, the cells 
were serum-starved for 1 day in DMEM supplemented with antibiotics and ITS for 
another 24 hours. Cells were then subjected to treatments with CSE (15%) or IL-1β 
(1 ng/mL) in DMEM supplemented with antibiotics. When applied, the 
pharmacological inhibitor SB216763 (10μM) was added 30 minutes before the 
addition of CSE or IL-1β. After 1-4 hours of stimulation, cells were lysed using the 
lysis buffer supplemented with the Rapid Reporter Assay kit (Active Motif, 
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Rixensart, Belgium). Luciferase activity in lysates was measured using a 
luminometer (Wallac Victor2 1420 multilabel counter) 
 
Antibodies and reagents 
Mouse monoclonal anti-β-actin antibody, HRP-conjugated rabbit anti-mouse 
antibody, interleukin-1β and HRP-conjugated rabbit anti-goat antibody were 
obtained from Sigma-Aldrich (St Louis, MO, USA). Rabbit polyclonal anti-lamin A/C 
antibody, mouse monoclonal anti-lamin A/C antibody, rabbit polyclonal anti-NF-κB 
p65 (C-20), Rabbit polyclonal anti IκB-α (C-15) and rabbit anti-caveolin-1 antibody 
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Mouse anti-
total β-catenin antibody was from BD Biosciences (San Jose, CA, USA). Mouse 
anti-unphosphorylated-β-catenin antibody (clone 8E7) was from Millipore 
(Amsterdam, the Netherlands). SB216763 was from Tocris Cookson (Bristol, UK). 
CT99021 was from Axon medchem (Groningen, The Netherlands). All other 
chemicals were of analytical grade. 
 
Data analysis 
Values reported for all data represent means ± standard error of the mean (s.e.m). 
The statistical significance of differences between means was determined by two-
tailed Student’s t-test for paired observations or a one-way ANOVA followed by a 
Newman-Keuls multiple comparison test, when appropriate. Differences were 
considered to be statistically significant when p < 0.05. 
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Results 
 
GSK-3 inhibitors dose-dependently attenuate IL-1β-induced eotaxin release 
Glycogen synthase kinase-3 (GSK-3) has been implicated in the regulation of 
multiple signalling proteins and transcription factors required for pro-inflammatory 
responses (30; 35). However, its role in regulating cytokine release by airway 
smooth muscle has not been reported. First, we assessed the effect of increasing 
concentrations of the selective GSK-3 inhibitor SB216763 on IL-1β-induced eotaxin 
release. Treatment of airway smooth muscle cells with the pro-inflammatory 
cytokine IL-1β (1 ng/mL) for 24 hours, resulted in a significant increase in eotaxin 
release. Inhibition of GSK-3 by SB216763 resulted in a dose-dependent decrease 
of eotaxin release by airway smooth muscle cells with an EC50 of 1.26 ± 0.40 μM 
(figure 1A). To confirm that the effects of SB216763 were primarily due to inhibition 
of GSK-3, we evaluated the effect of another selective and structurally unrelated 
GSK-3 inhibitor CHIR/CT99021 on IL-1β-induced eotaxin release (1). Inhibition of 
GSK-3 by CHIR/CT99021 resulted in a similar, dose-dependent attenuation of IL-
1β-induced eotaxin release with an EC50 0.68 ± 0.04 μM (figure 1B). Furthermore, 
as SB216763 is a direct ATP-competitive inhibitor of GSK-3, which does not affect 
the phosphorylation status of GSK-3 (29), we determined the effect of the 
SB216763 on β-catenin expression, a protein directly regulated by GSK-3. 
Treatment of airway smooth muscle cells with increasing concentrations of 
SB216763 resulted in an increased β-catenin expression with a corresponding 
EC50 of 4.80 ± 0.28 μM (figure 1C). Taken together, these data indicate that GSK-3 
inhibition attenuates IL-1β-induced eotaxin release airway smooth muscle cells. 
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Figure 1: The GSK-3 inhibitors SB216763 and CHIR/CT99021 dose-dependently attenuate IL-1β-
induced eotaxin release by airway smooth muscle cells. Airway smooth muscle cells were treated 
with IL-1β (1 ng/mL) for 24 hours in presence or absence of the selective GSK-3 inhibitor (A) SB216763 
or (B) CHIR/CT99021. Both GSK-3 inhibitors were applied in concentrations of 0.01-10 μM. The release 
of eotaxin was measured by ELISA. Responses shown represent means ± s.e.mean of 3 independent 
experiments, each performed in duplicate. (C) Airway smooth muscle cells were treated for 16 hours 
with SB216763 in concentrations of 0.01-10 μM. β-Catenin protein expression was determined by 
immunoblotting using β-catenin-specific antibody. Equal protein loading was verified by analysis of 
GAPDH. Responses shown represent means ± s.e.mean of 3 independent experiments. ***p<0.001 
compared to untreated airway smooth muscle cells (Basal), #p<0.05, ##p<0.01, ###p<0.001 compared to 
IL-1β treated airway smooth muscle cells. 

 
Differential effects of cigarette smoke extract and IL-1β on VEGF-A, eotaxin 
and IL-8 release 
To determine if the effect of GSK-3 inhibition on IL-1β-induced eotaxin release was 
not only cytokine or stimulus specific, we investigated the release of vascular 
endothelial growth factor-A (VEGF-A) and IL-8 in response to IL-1β and cigarette 
smoke extract (CSE), important factors in the development of COPD. Accordingly, 
we assessed the contribution of GSK-3 signaling to VEGF-A and IL-8 secretion 
induced by IL-1β and CSE. Cultured airway smooth muscle cells release small 
quantities of VEGF-A (123 ± 8.5 pg/mL), eotaxin (9.8 ± 2.9 pg/mL) and IL-8 (39.0 ± 
13.3 pg/mL) at baseline (figure 2A-C). Treatment of airway smooth muscle cells for 
24 hours with increasing concentrations of CSE resulted in concentration-
dependent increases in the release of VEGF-A (figure 2A). Only the highest 
concentration of CSE (15%) induced significant IL-8 (figure 2C) release, whereas 
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no effect of CSE was observed on eotaxin release (figure 1B). By contrast, 
treatment with IL-1β (0.01, 0.1 and 1 ng/mL) for 24 hours concentration-
dependently induced the release of both eotaxin and IL-8 (figure 3B and 3C), 
whereas VEGF-A release was induced at the highest concentration of IL-1β only 
(figure 3A).  
 
Pharmacological inhibition of GSK-3 by SB216763 (10 μM) resulted in an 
attenuation of CSE-induced cytokine and growth factor release, without affecting 
their baseline release (figure 2A-C). GSK-3 inhibition significantly reduced 5 and 
15% CSE-induced VEGF-A release, by 47 ± 18% and 47 ± 14 %, respectively, and 
15% CSE-induced IL-8 release by 33 ±17% (figure 2A and 2C). GSK-3 inhibition 
also attenuated the IL-1β-induced release of VEGF-A by 30 ± 18% and decreased 
eotaxin secretion caused by 0.1 and 1 ng/mL IL-1β by 58 ± 9% and 41 ± 8 %, 
respectively (figure 3A and 3B). Furthermore, SB216763 attenuated IL-1β-induced 
IL-8 release at the lowest concentration of IL-1β (0.01 ng/mL) applied, whereas at 
higher concentrations of IL-1β no effect of GSK-3 inhibition was observed (figure 
3C). Collectively, these data clearly indicate that both CSE and IL-1β activate 
airway smooth muscle cells to secrete pro-inflammatory cytokines and 
chemokines; however, with different efficacy. Furthermore, it shows that GSK-3 
activity is involved in the generation of a number of cytokines and growth factors in 
response to CSE or IL-1β treatment. 
  

 
 
Figure 2: Cytokine and growth factor secretion induced by cigarette smoke extract (CSE) are 
attenuated by GSK-3 inhibition. Airway smooth muscle cells were treated with cigarette smoke extract 
(CSE; 1, 5 and 15%) for 24 hours in the presence or absence of the GSK-3 inhibitor SB216763 (10 µM). 
Subsequently, the release of (A) vascular endothelial growth factor (VEGF-A), (B) eotaxin and (C) 
interleukin-8 (IL-8) was measured by ELISA. Responses shown represent means ± s.e.mean of 4-6 
independent experiments, each performed in duplicate. *p<0.05, ** p<0.01, ***p<0.001 compared to 
untreated airway smooth muscle cells, #p<0.05, ## p<0.01 compared to absence of SB216763. 
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Figure 3: Cytokine and growth factor secretion induced by IL-1β are attenuated by GSK-3 
inhibition. Airway smooth muscle cells were treated with IL-1β (0.01, 0.1 and 1 ng/mL) for 24 hours in 
presence or absence of the GSK-3 inhibitor SB216763 (10 μM). Subsequently, the release of (A) 
vascular endothelial growth factor (VEGF-A), (B) eotaxin and (C) interleukin-8 (IL-8) was measured by 
ELISA. Responses shown represent means ± s.e.mean of 4-7 independent experiments, each 
performed in duplicate. *p<0.05, **p<0.01, ***p<0.001 compared to untreated airway smooth muscle 
cells, #p<0.05, ##p<0.01, ###p<0.01 compared to absence of SB216763. 
 

 
Cigarette smoke extract and IL-1β do not activate β-catenin 
β-Catenin is an essential component of cadherin-based adherens junctions, where 
it stabilizes cell-cell-contact. In addition, it can serve a role in activating gene 
transcription and β-catenin has been demonstrated to regulate VEGF and IL-8 
synthesis and secretion by endothelial cells (36; 50). For this reason the regulation 
of β-catenin in response to CSE and IL-1β in airway smooth muscle cells was 
studied. After 24 hours of stimulation with 15 % CSE or 1 ng/mL IL-1β, we did not 
observe any differences in either the total expression of β-catenin or the nuclear 
expression of β-catenin (figure 4A). Moreover, the abundance of the 
transcriptionally active, non-phosphorylated form of β-catenin was also not altered 
by CSE (5 and 15 %) or IL-1β (0.1 and 1 ng/mL) treatment (figure 4B). As a 
positive control, treatment with 10% FBS induced the expression of total β-catenin 
by 1.8-fold and nuclear β-catenin and the abundance of transcriptionally active, 
non-phosphorylated β-catenin form by 2.8-fold (figure 4C). Collectively, these 
results demonstrate that β-catenin signalling is not activated in airway smooth 
muscle cells by either CSE or IL-1β. 
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Figure 4: Treatment with cigarette smoke extract (CSE) or IL-1β does not activate the β-catenin 
pathway in airway smooth muscle cells. (A) Airway smooth muscle cells were treated with 15% 
cigarette smoke extract (CSE) or 1 ng/mL IL-1β for 24 hours. β-Catenin expression was determined in 
whole cell lysate and in nuclear fractions by using a β-catenin-specific antibody. Equal protein loading 
was verified by analysis of β-actin (whole cell lysate) and lamin A/C (nuclear fractions). Representative 
immunoblots of 3 independent experiments are shown. (B) Expression of the transcriptionally active 
(unphosphorylated) form of β-catenin was evaluated in whole cell lysates after 24 hours of treatment 
with the indicated concentrations CSE or IL-1β, by using a non-phospho-β-catenin-specific antibody. 
Equal protein loading was verified by analysis of β-actin. Representative immunoblots of 3 independent 
experiments are shown. (C) Expression of β-catenin and the transcriptionally active (unphosphorylated) 
form of β-catenin after 24 hours of 10% FBS treatment was evaluated in whole cell lysates by using a β-
catenin-specific antibody and a non-phospho-β-catenin-specific antibody. Equal protein loading was 
verified by analysis of β-actin. 

 
 
Role of GSK-3 in NF-κB signalling 
GSK-3 signalling has been implicated in regulating multiple steps in activation of 
the NF-κB signalling pathway. Therefore, we investigated if GSK-3 signalling was 
involved in the degradation of the NF-κB inhibitory protein IκB-α in airway smooth 
muscle cells induced by IL-1β. Treatment with IL-1β (1 ng/mL) resulted in a 
significant, time-dependent decrease in IκB-α expression (figure 5A). After 30 
minutes of IL-1β stimulation a slight decrease in IκB-α abundance was observed 
(13 ± 10 %), which reached a maximum after 60 minutes (54 ± 10 %) of IL-1β 
treatment (figure 5A and 5C). Pharmacological inhibition of GSK-3 by SB216763 
did not alter the kinetics or magnitude of IL-1β-induced IκB-α degradation (figure 
5B and 5C). 
 
 
 
 
 
 

A B

C



GSK-3 regulates cytokine secretion by airway smooth muscle 

 

 

 

160 

  
 
Figure 5: IL-1β-induced IκB-α degradation is not affected by GSK-3 inhibition. (A) IL-1β induces 
time-dependent IκB-α breakdown. Airway smooth muscle cells were treated with IL-1β (1 ng/mL) for the 
indicated time points. Expression of IκB-α was determined in whole cell lysates by using an IκB-α 
specific antibody. Equal protein loading was verified by analysis of β-actin.(B) IL-1β induced IκB-α 
breakdown is not affected by GSK-3 inhibition. Airway smooth muscle cells were treated with IL-1β (1 
ng/mL) for the indicated time points in the presence or absence of the GSK-3 inhibitor SB216763 (10 
μM). Expression of IκB-α was determined in whole cell lysates by using an IκB-α specific antibody. 
Equal protein loading was verified by analysis of β-actin. Responses were quantified by densitometry 
(panel C), representing means ± s.e.mean of 4 independent experiments. ***p<0.001 compared to 
control, # p<0.05 compared to SB216763. 
 
Nuclear translocation and subsequent DNA binding of the p65/p50 NF-κB subunits 
is required for NF-κB dependent gene transcription (24) and is possibly regulated 
by GSK-3 (18). We therefore addressed whether GSK-3 is involved in the nuclear 
translocation of p65 NF-κB in airway smooth muscle cells. In line with the observed 
degradation of IκB-α, we found a significant, time-dependent increase of p65 NF-
κB expression in the nuclei induced by IL-1β (1 ng/mL) (figure 6A-C). SB216763 
did not influence IL-1β-induced p65 NF-κB nuclear translocation at any time point 
measured (figure 6A and 6B) and did not reduce the area under the curve (AUC) of 
the total time course (figure 6C). Further, we investigated whether the DNA binding 
capacity of p65 NF-κB was affected by SB216763. The DNA binding capacity of 
p65 NF-κB was significantly induced after treatment of IL-1β (1 ng/mL; 1h); 
however SB216763 did not affect the binding capacity (figure 6D). 
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Figure 6: IL-1β-induced nuclear translocation and DNA binding capacity of p65 NF-κB is 
independent of GSK-3. (A-B) Airway smooth muscle cells were treated with IL-1β (1 ng/mL) for the 
indicated time-points in the presence or absence of the GSK-3 inhibitor SB216763 (10 μM). p65 NF-κB 
expression was evaluated in nuclear fractions by using a p65 NF-κB-specific antibody. Equal protein 
loading was verified by analysis of lamin A/C. (C) Area under the curve of time-dependent, IL-1β-
induced p65 NF-κB nuclear translocation in the presence or absence of SB216763 (10 μM). Responses 
were quantified by densitometry, representing means ± s.e.mean of 5 independent experiments. 
*p<0.05, ***p<0.001 compared to basal nuclear p65 NF-κB expression. (D) Airway smooth muscle cells 
were treated with IL-1β (1 ng/mL) for 1 hour in the presence or absence of the GSK-3 inhibitor 
SB216763 (10 μM). The DNA binding capacity of p65 NF-κB was determined in 10 μg nuclear extract 
and assayed with the p65 NF-κB TransAM kit according to the manufacturers’ instructions. Responses 
were quantified by densitometry, representing means ± s.e.mean of 3 independent experiments. 
*p<0.05, **p<0.01 compared to basal nuclear p65 NF-κB binding capacity. 
 
Since GSK-3 inhibition did not alter the rate of IκB-α degradation, p65 NF-κB 
nuclear translocation or DNA binding capacity in airway smooth muscle cells, we 
next investigated a direct, functional effect of GSK-3 inhibition on NF-κB driven 
gene transcription, by using a NF-κB reporter luciferase assay. Treatment with IL-
1β (1 ng/mL) resulted in a significant 2.5 ± 1.0 fold increase in NF-κB reporter 
luciferase activity. GSK-3 inhibition did not have an effect on basal NF-κB driven 
gene-transcription, but fully inhibited IL-1β-induced luciferase activity (figure 7A). 
Similar results were obtained using 15% CSE (figure 7B). pRR-high EF1a vector 
transfected airway smooth muscle cells (control), did not respond to any of the 
treatments (data not shown). Collectively, these findings indicate that GSK-3 
inhibition attenuates NF-κB-driven gene-transcription in airway smooth muscle, 
without affecting the degradation of the NF-κB inhibitory protein IκB-α, nuclear 
translocation or DNA binding capacity of the NF-κB subunit p65. 
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Figure 7: NF-κB-dependent gene-transcription is attenuated by GSK-3 inhibition. Airway smooth 
muscle cells were transfected with a pRR-High NF-κB-vector and (A) stimulated with IL-1β (1 ng/mL) 
and (B) stimulated with CSE (15%) in the presence or absence of the GSK-3 inhibitor SB216763 (10 
μM). Responses shown represent means ± s.e.mean of 3-4 independent experiments, each performed 
in triplicate. *p< 0.05, **p<0.01. 
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Discussion 
 
In this study, the contribution of GSK-3 to a number of CSE- and IL-1β-induced 
pro-inflammatory chemoattractant cytokine and growth factor secretion by airway 
smooth muscle cells was determined. We demonstrate that in airway smooth 
muscle these stimuli, both important factors in the development of COPD, 
concentration dependently induced the release of both VEGF-A and IL-8, whereas 
eotaxin release was induced by IL-1β only. Our results further show that neither of 
the stimuli activated β-catenin signalling and that selective inhibition of GSK-3 
attenuated the secretion of IL-8, eotaxin and VEGF-A. Interestingly, the effects of 
GSK-3 inhibition were dependent on inhibition of NF-κB activity. Degradation of the 
NF-κB inhibitory protein IκB-α, nuclear translocation and DNA binding capacity of 
p65 NF-κB were, however, unaffected. Collectively, our study indicates that in 
airway smooth muscle GSK-3 signalling contributes to pro-inflammatory cytokine 
and growth factor secretion. 
 
The expression of VEGF and IL-8 in the lung is raised in the airways of both 
asymptomatic and COPD smokers (47). Local production of VEGF, especially 
VEGF-A, in the airways has been implicated to drive angiogenesis, a predominant 
feature of structural tissue remodelling that occurs in COPD (54). Furthermore, 
VEGF is implicated in the pathogenesis of both chronic bronchitis and emphysema, 
although in the former it has been shown that VEGF levels are raised, the latter 
seems to be associated with a reduced expression of this growth factor (31). IL-8, 
an important chemotactic factor for neutrophils, is produced by various cell types in 
the airways, including airway smooth muscle, in response to cigarette smoke as 
well as inflammatory mediators implicated in the development of COPD (8; 21). 
Neutrophils are considered as important inflammatory cells in the pathogenesis of 
COPD (16). Moreover, eosinophilic airway inflammation, which is usually 
considered to be a characteristic feature of asthma, has also been demonstrated in 
a small percentage of COPD patients (48). Eotaxin might also play an important 
role in the progression of COPD, as this chemokine recruits eosinophils and 
lymphocytes to the airways during acute exacerbations (6). We demonstrate that 
the pro-inflammatory cytokine IL-1β was capable of potently inducing VEGF-A, IL-8 
as well as eotaxin release from airway smooth muscle. Conversely, CSE induced 
the release of VEGF-A and IL-8, but failed to induce eotaxin release from airway 
smooth muscle. These findings are in agreement with a study showing that CSE 
did not induce eotaxin release and even attenuated TNF-α-induced eotaxin release 
from primary airway smooth muscle cells (40). This indicates that the release of 
cytokines can be differentially regulated by these pro-inflammatory stimuli. 
Consequently, insights into the mechanisms that regulate expression of these 
chemoattractant cytokines and VEGF-A are of great interest for the understanding 
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of the pathogenesis of chronic lung diseases, like COPD. Our results provide 
important new insights, as we demonstrate that the secretion of these cytokines 
and growth factors is partially dependent on GSK-3 signaling. The selective GSK-3 
inhibitor SB216763 as well as CHIR/CT99021 dose-dependently inhibited IL-1β-
induced eotaxin release by airway smooth muscle cells. The calculated EC50-
values for both SB216763 and CHIR/CT99021 are in agreement with the EC50-
values reported for both inhibitors on stimulating glycogen synthesis, indicating that 
the attenuation of cytokine release in airway smooth muscle cells by these 
inhibitors is primarily due to inhibition of GSK-3 (12; 46). Inhibition of GSK-3 may 
be strategy worth pursuing in reducing airway inflammation. Future studies are 
needed to investigate the potential beneficial effect of GSK-3 inhibition in animal 
models of chronic inflammatory lung disease. 
 
Cigarette smoke (extract) is a complex mixture composed of over 4000 different 
organic and inorganic components, making it difficult to indicate which components 
are predominantly responsible for the induction of cytokine release by airway 
smooth muscle. Nonetheless, a study by Oltmanns et al.(40), demonstrated that 
human airway smooth muscle cells that were exposed to cigarette smoke showed 
increased expression of heme-oxygenase-1, an intracellular indicator of oxidative 
stress. Pretreatment with the anti-oxidant glutathione largely inhibited the CSE-
induced IL-8 release by these cells. These findings indicate the oxidative stress 
induced by CSE is an important mechanism by which cytokine release is induced 
by airway smooth muscle cells (40). In addition, α,β-unsaturated aldehydes (i.e. 
acrolein and crotonaldehyde) present in CSE are capable of inducing the release 
of both VEGF and IL-8 from human lung fibroblasts and epithelial cells (37). Also 
endotoxins in cigarette smoke, in particular lipopolysaccharide (LPS), have been 
suggested to activate cells to produce inflammatory cytokines. LPS is, however, 
unlikely to contribute to the CSE-induced effects in our study, as LPS 
concentrations are below detection limit in the CSE we use for our studies (45). 
Collectively, although the exact chemical moiety in cigarette smoke that induces IL-
8 and VEGF release by human ASM is not known, there is likely a major role for 
α,β-unsaturated aldehydes and components that induce oxidative stress.  
 
β-Catenin-mediated gene transcription has been associated with the production of 
pro-inflammatory mediators, growth factors and cytokines (11; 36). For instance, in 
pulmonary artery smooth muscle cells (PASMC) the transforming growth factor 
(TGF)-β-induced release of VEGF-A is dependent on β-catenin signalling. In these 
cells, TGF-β inhibits GSK-3β activity resulting in increased β-catenin stability and 
subsequent TCF-dependent induction of VEGF-A (11). In addition, Clifford et al. 
(11) showed that inhibition of GSK-3 by SB216763 induced VEGF-A secretion, to a 
similar level as TGF-β. Likewise, IL-8 was identified as a transcriptional target of 
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Wnt/β-catenin signalling in endothelial cells. Thus, endothelial cells ectopically 
expressing Wnt1 or a degradation-resistant β-catenin (β-cateninS37A) produce IL-
8 (36). Although we found that CSE induced a transient inhibitory ser9/21 
phosphorylation of GSK-3, IL-1β did not (data not shown). Moreover, we show that 
neither CSE- nor IL-1β-induced β-catenin nuclear localization or the expression of 
the transcriptionally active, unphosphorylated form of β-catenin in airway smooth 
muscle cells, indicating that under these experimental conditions, β-catenin is not 
responsible for the CSE or IL-1β induced secretion of IL-8, eotaxin and VEGF-A 
from airway smooth muscle cells.  
 
We demonstrate that 15% CSE-induced IL-8 release is partially inhibited by 
SB216763, whereas the IL-8 release induced by IL-1β is inhibited at the lowest 
concentration of IL-1β only. Therefore, an additional mechanism may be activated 
at higher concentrations of IL-1β which is independent of GSK-3. A possible 
mechanism could be the induction of cyclooxygenases (COX). Recently, it was 
demonstrated that IL-1β induces COX expression in airway smooth muscle cells 
(43). COX-1 and COX-2 dependent signaling has been shown to be relevant in the 
IL-8 release by airway smooth muscle cells (42). Therefore, COX-dependent 
signaling may play a more important role in IL-1β signaling than in cigarette smoke 
extract activated signaling in airway smooth muscle cells and explain the 
discrepancy observed in the role of GSK-3 in the IL-8 release induced by these 
stimuli. 
 
A regulatory function for GSK-3 in NF-κB signalling has previously been 
demonstrated in the secretion of pro- and anti-inflammatory cytokines. The 
regulation of NF-κB by GSK-3 was shown for the first time in mice lacking the GSK-
3β isoform, which caused apoptosis of hepatocytes and resulted in embryonic 
lethality. These mice displayed a phenotype which is consistent with mice having a 
dysfunction in the NF-κB pathway (26). This finding formed the basis for the 
hypothesis that GSK-3 might play a pivotal role in the regulation of the activation of 
NF-κB and, hence, inflammatory responses. In support, both in vitro and in vivo 
pro-inflammatory responses in different models of chronic diseases with an 
inflammatory component, are potently suppressed by administration of a GSK-3 
inhibitor (2; 13; 18; 55). For instance, pro-inflammatory cytokine release induced by 
lipopolysaccharide (LPS), a component of the cell wall of gram negative bacteria, 
was effectively suppressed by administration of a GSK-3 inhibitor (35). GSK-3 has 
been demonstrated in a variety of cell types to intervene in the activation of NF-κB 
at different levels of the signalling cascade. Recently is has been demonstrated 
that activation of NF-κB pathway is essential for the upregulation of VEGF-A in the 
lung and for IL-8 and eotaxin secretion by airway smooth muscle (32; 53). Pro-
inflammatory cytokines and CSE can activate the NF-κB signaling pathway in 
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airway smooth muscle cells (39). Indeed, we observed that inhibition of NF-κB by 
the selective IκB kinase-2 (IKK-2) inhibitor SC-514, attenuated the CSE- and IL-1β-
induced eotaxin and IL-8 release in airway smooth muscle cells to a similar extent 
as observed with SB216763 (data not shown). The observed effects of the GSK-3 
inhibitors SB216763 and CHIR/CT99021 on attenuating cytokine secretion can 
therefore likely be explained by reduction of NF-κB signaling. This was confirmed in 
our subsequent studies that indicated SB216763 fully repressed NF-κB dependent 
gene transcription. 
 
In a variety of cell types it has been demonstrated that GSK-3 is involved in the 
regulation of NF-κB signaling by controlling the activation or transcriptional 
responses of this pathway. However, despite the numerous studies in various cell 
types and tissues no consensus exists on the underlying mechanisms. One of the 
first steps in the NF-κB pathway is the activation of IκB-α kinase (IKK) and 
subsequent degradation of IK-Bα. In fibroblasts derived from GSK-3β gene-deleted 
mice, activation of IKK and subsequent degradation of IκB-α in response to TNF-α 
were abolished. Accordingly, NF-κB activation by TNF-α, LPS, IL-1β and cigarette 
smoke condensate was completely suppressed in these GSK-3β-/- fibroblasts (52). 
However, and consistent with our results in airway smooth muscle, Hoeflich et al. 
(26) demonstrated that inhibition of the NF-κB pathway in these GSK-3β-/- 
fibroblasts is not via these early steps of NF-κB activation, but rather via the 
regulation of NF-κB nuclear activity (26). In hepatocytes and monocytes it was also 
found that the presence of the GSK-3 inhibitor SB216763 did not alter the rate or 
extent of LPS- and TNF-α-induced activation of IKK or the degradation of the NF-
κB inhibitory protein IκB-α (35; 49). The next steps in the activation of NF-κB 
signalling are nuclear translocation and subsequent DNA binding of the p65/p50 
NF-κB subunits (24), processes that are possibly dependent on GSK-3 signalling 
(18). We demonstrate that nuclear p65 NF-κB abundance is unaffected by 
SB216763, which is in agreement with several other studies (35; 49; 51). The role 
of GSK-3 in NF-κB phosphorylation and DNA binding, however, is controversial 
and indefinite. The GSK-3 inhibitor 4-benzyl-2-methyl-1,2,4-thiadiazolidine-3,5-
dione (TDZD-8) was demonstrated to attenuate pro-inflammatory cytokine 
production in TNF-α-stimulated human bronchial epithelial cells via inhibition of the 
NF-κB pathway. In agreement with our findings, the binding capacity of NF-κB to 
DNA was not affected by TDZD-8 in these cells (2). Further, in hepatocytes and 
monocytes, GSK-3 inhibition attenuates NF-kB driven reporter gene transcription 
without any effect on NF-κB binding activity (35; 49). On the other hand, NF-κB 
DNA binding activity was reduced in GSK-3 null murine embryonic fibroblasts and it 
was established that GSK-3β was required for efficient expression of specific NF-
κB-induced genes (51). The discrepancy between binding and transcriptional 
activity of NF-κB can be explained by several mechanisms. It was suggested that 
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GSK-3 plays a role in the phosphorylation of the NF-κB subunits. GSK-3 signaling 
may regulate phosphorylation of p65 at different locations, for instance serine 536 
(e.g. ser 536) or the COOH terminus site of p65 NF-κB (2; 49). However, in GSK-3 
null murine embryonic fibroblasts the cytokine-induced phosphorylation of the 
ser536-p65 and the phosphorylation of p105 NF-κB subunit were not altered 
compared to fibroblasts of wild type mice (51). Moreover, in the monocytes GSK-3 
inhibition did not affect the amount nor the duration of ser276 or ser536-p65 
phosphorylation (35). The effect of GSK-3 inhibition on NF-κB signaling could 
possibly be explained by a reduction in the recruitment of transcriptional co-
activators required for functional NF-κB signaling (35). Clearly, future investigations 
into the specific mechanisms that regulate the reduced NF-κB-dependent gene 
transcription by GSK-3 inhibition are required. In view of the results from our 
current work, and the available literature, the nuclear events that follow NF-κB 
binding and regulate NF-κB transcriptional activity will need to be investigated in 
more detail. 
 
In conclusion, the results from our study indicate that airway smooth muscle cells 
release IL-8, eotaxin and VEGF in response to CSE and/or IL-1β, two important 
factors in the development of COPD. Pharmacological inhibition of GSK-3 greatly 
attenuated the release of these chemoattractant cytokines and VEGF-A by 
reducing NF-κB-dependent gene transcription. These results imply a role for GSK-
3 in cigarette smoke-induced inflammation, which is of clear interest to the 
pathogenesis of airway diseases. Future studies are needed to investigate the 
potential beneficial effect of GSK-3 inhibition in animal models of chronic 
inflammatory airway diseases. 
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Abstract  
 
Glycogen synthase kinase-3 (GSK-3) is a constitutively active kinase that regulates 
multiple signaling proteins and transcription factors involved in a myriad of cellular 
processes. The kinase acts as a negative regulator in WNT/β-catenin signaling and 
is critically involved in the smad pathway. Activation of both pathways may 
contribute to the fibroproliferative features of chronic obstructive pulmonary disease 
(COPD). In the present study, we investigated the effect of the selective GSK-3 
inhibitor SB216763 (3-(2,4-dichlorophenyl)-4-(1-methyl-1H-indol-3-yl)-1H-pyrrole-
2,5-dione) on pulmonary remodelling and extrapulmonary pathology in an 
established guinea pig model of lipopolysaccharide (LPS)-induced COPD. Guinea 
pigs were instilled intranasally with LPS or saline twice weekly for 12 weeks and 
pretreated with either intranasally instilled SB216763 or corresponding vehicle prior 
to each LPS/saline challenge. Repeated LPS exposure activated β-catenin 
signaling, primarily in the airway epithelium and submucosa. LPS also induced 
tissue remodelling as indicated by increased pulmonary fibronectin expression and 
small airway collagen content. Inhibition of GSK-3 by SB216763 prevented the 
small airway remodelling and, unexpectedly, inhibited the activation of β-catenin in 
vivo. In vitro experiments supported this observation and indicated that SB216763 
inhibited TGF-β induced β-catenin activation and matrix protein expression in 
pulmonary fibroblasts. LPS or SB216763 treatment had no effect on the airway 
smooth muscle content and alveolar airspace size. However, GSK-3 inhibition 
prevented the LPS-induced extrapulmonary pathological features, including right 
ventricle hypertrophy and the tendency in skeletal muscle atrophy. In conclusion, 
our findings suggest that GSK-3 inhibition is beneficial in attenuating pulmonary 
remodelling as well as extrapulmonary pathology in a guinea pig model of COPD, 
and that locally reduced LPS-induced β-catenin activation appears in part to 
underlie this effect. Collectively, this indicates that GSK-3 may be a novel drug 
target for the treatment of COPD. 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 6 GSK-3 inhibition in a guinea pig model of LPS-induced COPD 

 

 

173 

 6 

Introduction 
 
Glycogen synthase kinase-3 (GSK-3) is a ubiquitously expressed serine/threonine 
kinase, occurring in the two closely related isoforms GSK-3α and GSK-3β which 
share high homology in their kinase domains [1-3]. Originally, GSK-3 was 
discovered for its role in glucose metabolism by regulating glycogen synthase 
activity [3, 4]. Over the years, interest in GSK-3 signaling increased as it became 
apparent that this kinase regulates various physiological pathways involved a wide 
array of processes, including protein synthesis, cell differentiation, apoptosis and 
cell survival [5, 6]. Currently, over fifty putative substrates have been identified 
including structural proteins, various intracellular signaling intermediates and 
transcription factors [6]. For instance, GSK-3 is critically involved as a negative 
regulator in the canonical WNT/β-catenin signaling pathway and it has been linked 
to the regulation of smad-dependent signaling [5, 6]. Both these pathways which 
are important in developmental processes and may be activated during 
pathological conditions in the lungs [7-10]                 .  
 
In the WNT signaling pathway, GSK-3 is the primary kinase that regulates cellular 
expression of the transcriptional co-activator β-catenin by phosphorylation, thereby 
targeting it for proteosomal degradation [11]. In pulmonary fibroblasts, we recently 
demonstrated that the pro-fibrotic mediator transforming growth factor-β (TGF-β) 
induces an inhibitory phosphorylation of GSK-3 and activates β-catenin signaling, 
which in turn contributed to myofibroblast differentiation and extracellular matrix 
deposition by these cells [12]. Interestingly, β-catenin activation and extracellular 
matrix deposition was enhanced in fibroblasts of individuals with chronic 
obstructive pulmonary disease (COPD). In addition, the fibroblast from individuals 
with COPD showed increased gene expression of WNT ligands, FZD receptors 
and β-catenin in response to TGF-β [12]. Aberrant activation of canonical WNT 
signaling is also observed in idiopathic pulmonary fibrosis (IPF), which is 
characterized by interstitial fibrosis in the lungs due to increased myofibroblast 
activation with nuclear expression of β-catenin [7-9].  
 
Despite its inhibitory role in pro-fibrogenic β-catenin signaling, GSK-3 has been 
shown to be required for bleomycin-induced lung fibrosis in mice [13]. In line with 
this, we have shown in human pulmonary fibroblasts that GSK-3 is required for 
myofibroblast differentiation and matrix protein expression (Chapter 4). 
Mechanistically, this is explained by activation of CREB signalling in response to 
GSK-3 inhibition, which can attenuate smad-dependent transcriptional responses. 
It appears therefore that GSK-3 inhibition plays a bipartite role in pathological 
tissue remodelling, although this dual role is still controversial. On the one hand, 
GSK-3 is the main negative regulator of β-catenin of which increased activation is 
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associated with fibroproliferative diseases, while on the other hand GSK-3 
inhibition may attenuate smad-dependent gene transcription and attenuate fibrotic 
responses.  
 
Therefore, in the present study, we investigated the effect of GSK-3 inhibition on β-
catenin activation, matrix protein expression and extrapulmonary pathology in an 
established guinea pig model of lipopolysaccharide (LPS)-induced COPD and in 
human lung fibroblasts, using the selective inhibitor 3-(2,4-dichlorophenyl)-4-(1-
methyl-1H-indol-3-yl)-1H-pyrrole-2,5-dione (SB216763) [14]. LPS is an endotoxin in 
the outer membrane of gram negative bacteria, that is present as a contaminant in 
environmental pollution, organic dusts and cigarette smoke, factors that have been 
associated with COPD development [15, 16]. Furthermore, bacterial endotoxins 
may contribute to COPD exacerbations, which are episodes of acute worsening of 
symptoms at times accompanied by an impairment of lung function [17]. 
Accordingly, we and others have previously demonstrated that LPS can induce 
pulmonary and extrapulmonary pathological features resembling COPD 
pathophysiology in various animal models [14, 18, 19].  
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Materials and methods 
 
Animals 
Outbred, male, specified pathogen-free Dunkin Hartley guinea pigs (Harlan, 
Heathfield, United Kingdom) were used. All protocols describes in this study were 
approved by the University of Groningen Committee for Animal Experimentation. 
  
Experimental protocol 
Thirty-six guinea pigs were randomly assigned to four experimental groups, 
composed of vehicle treated, saline challenged (n=9); vehicle treated; LPS-
challenged (n=9), SB216763 treated, saline challenged (n=9) and SB216763 
treated; LPS-challenged (n=9). Guinea pigs were treated twice weekly for 12 
consecutive weeks by intranasal instillation of 100 μL SB216763 (2 mM in 10% v/v 
DMSO in sterile saline) or vehicle (10% DMSO v/v in sterile saline). After the 
intranasally instilled solution was aspirated, the animals were kept in an upright 
position for an additional 2 minutes, to allow sufficient spreading of the fluid 
throughout the lungs. Thirty minutes after the instillations of SB216763 or vehicle, 
the animals were intranasally instilled with 100 μL LPS (10 mg/ml in sterile saline) 
or sterile saline. Twenty four hours after the last instillation, the guinea pigs were 
killed by experimental concussion, followed by rapid exsanguination. The heart, 
lungs and specific skeletal muscles of each animal were resected and kept on ice 
for immediate further processing. 
 
Tissue processing and histological analyses 
The left lung lobe was inflated and fixed with formalin at a constant pressure of 25 
cm H2O for 24 hours. The formalin fixed lungs were embedded in paraffin and 
subsequently cut in tissue-sections of 4 µm. The mean linear intercept (LMI), a 
measure for alveolar airspace size, was determined in tissue-sections stained with 
haematoxylin and eosin. The LMI was determined as described previously [14], by 
using 20-25 photo-microscopic images (magnification 200x) per animal. The LMI 
analysis was performed twice by two individuals in a blinded manner. For 
evaluation of airway collagen, the tissue-sections (4 µm) were stained with Sirius 
Red and counterstained with haematoxylin. Airways were digitally photographed 
(100-200 X magnification) and using ImageJ software, each image was split into 
RGB channels. The green channel images were used for further analysis and 
converted to binary images using the threshold function setting the threshold value 
identical for all images. The positively stained area in the airway wall, from 
adventitial border to the basement membrane, was digitally quantified in at least 2 
airways per animal. The airway collagen area was then normalized to the squared 
basement membrane length. 
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The upper right lung lobe was immediately frozen in liquid nitrogen after resection. 
Transverse frozen sections (4 µM) of the right lung lobe were used for 
immunohistochemical analysis. The smooth muscle area was identified using 
immunohistochemical staining for smooth-muscle-specific myosin heavy chain (sm-
MHC; dilution 1:100, Neomarkers, Fremont, CA, USA). For identification of 
activated β-catenin, sections were stained for non-phosphorylated β-catenin 
(dilution 1:50; Active β-catenin; ABC clone 8E7, Millipore, Amsterdam, The 
Netherlands). The specific primary antibodies were visualized by using horseradish 
peroxidase (HRP)-linked secondary antibodies, followed by a 3-amino-9-
ethylcarbazole (AEC) staining (for active β-catenin) according to the 
manufacturer’s instructions (AEC chromogen kit, Sigma, St. Louis, MO, USA) or a 
diaminobenzidine staining (0.1 mg/ml for sm-MHC). Sections were counter stained 
with haematoxylin. The airways within sections were digitally photographed (200 X 
magnification) and classified as cartilaginous or non-cartilaginous. All 
immunohistochemical analyses were performed using ImageJ software. Per 
animal, at least 2 lung sections were prepared per staining, each section 
containing 2-5 airways. The sm-MHC positively stained area was digitally 
quantified and normalized to the squared basement membrane length. 
 
Immunoblotting 
The lower right lung lobe was used for protein analysis by immunoblotting. Lung 
homogenates were prepared by pulverizing the frozen tissue under liquid nitrogen, 
after which 300 mg tissue was sonicated in 1 ml of ice-cold radio-
immunoprecipation (RIPA) buffer supplemented with protease and phosphatase 
inhibitors (composition: Tris-HCl 50.0 mM, NaCl 150.0 mM, EDTA 1.0 mM, 
Na3VO4 1.0 mM, NaF 1.0 mM, Na-deoxycholate 0.25 % and 1% Igepal (NP-40), 
supplemented with 5 mM β-glycerophosphate, 10 µg/ml leupeptin, 10 µg/ml 
aprotinin and 10 µg/ml pepstatin; at pH 7.4).  
 
Equal amounts of protein (50 µg/lane) were subjected to electrophoresis on 
polyacrylamide gels, transferred to nitrocellulose membranes and analyzed for the 
proteins of interest using specific primary and HRP-conjugated secondary 
antibodies. By using enhanced chemiluminescence reagents, bands were recorded 
in the G:BOX iChemi gel documentation system equipped with GeneSnap image 
acquisistion software (Syngene; Cambridge; UK). Band intensities were quantified 
by densitometry using GeneTools analysis software (Syngene; Cambridge; UK). 
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Measurement of skeletal muscle atrophy 
Skeletal muscles from the hind limbs were prepared free of surrounding tissue The 
plantaris, extensor digitorum longus (EDL), tibialis, soleus and gastrocnemius 
muscles were collected by standardized dissection methods and subsequently 
weighed [20]. 
 
Cell culture 
MRC-5 lung fibroblasts [21] (ATCC CCL 171) were cultured in Ham’s F12 medium 
supplemented with 10% (v/v) foetal bovine serum (FBS), 2 mM L-glutamine, 100 
mg/l streptomycin and 100 U/ml penicillin. Unless otherwise specified, for each 
experiment cells were grown to confluence and subsequently culture medium was 
substituted with Ham’s F12 medium supplemented with 0.5% (v/v) FBS, 2 mM L-
glutamine, 100 mg/l streptomycin and 100 U/ml penicillin for a period of 24 hours. 
Cells were stimulated for different time-points with TGF-β1 in Ham’s F12 medium 
supplemented with 0.5% FBS, L-glutamine and antibiotics. When applied, the 
pharmacological inhibitor SB216763 was added 30 minutes before the addition of 
TGF-β1. To obtain whole cell lysates from MRC human lung fibroblasts, cells were 
first washed after stimulation with ice-cold Hank’s Balanced Salt Solution (HBSS; 
composition [mg/l]: KCl 400, KH2PO4 60, NaCl 8000, NaHCO3 350, Na2HPO4.1H2O 
50, glucose 1000, pH: 7.4). The cells were lysed in ice-cold sodiumdodecylsulphate 
(SDS) buffer (composition: 62.5 mM Tris, 2% w/v SDS, 1 mM NaF, 1 mM Na3VO4, 
10 mg/ml aprotinin, 10 mg/ml leupeptin, 7 mg/ml pepstatin A, pH 6.8). Protein 
concentration was determined by Pierce protein determination according to the 
manufacturer’s instructions. Lung homogenates were stored at -80 оC till further 
use.  
 
siRNA transfection 
MRC-5 fibroblasts were grown to 90% confluence in 6-well cluster plates and 
transiently transfected with double stranded siRNA targeted against the GSK-3 
transcript, which targets both GSK-3α and GSK-3β (Santa Cruz biotechnology, CA, 
USA). Cells were transfected in serum-free Ham’s F12 without any supplements 
using 200 pmol of siRNA in combination with lipofectamine 2000 transfection 
reagent. Control transfections were performed using a non-silencing control siRNA 
(Qiagen, Venlo, The Netherlands). After 6 hours of transfection, cells were washed 
once with warm (37оC) HBSS followed by a period of 24 hours in Ham’s F12 
supplemented with 0.5% FBS, L-glutamine and antibiotics. Subsequently, medium 
was refreshed and cells were stimulated with TGF-β1 (2 ng/ml) for 48 hours. The 
cells were lysed in ice-cold SDS buffer. Protein concentration was determined by 
Pierce protein determination according to the manufacturer’s instructions.  
 
 



GSK-3 inhibition in a guinea pig model of LPS-induced COPD 

 

 

178 

Antibodies and reagents 
The mouse anti-smooth-muscle-specific myosin heavy chain (sm-MHC) antibody 
was from Neomarkers (Fremont, CA, USA). Horseradish peroxidase (HRP)-
conjugated goat anti-mouse antibody, HRP-conjugated goat anti-rabbit antibody, 
HRP-conjugated rabbit anti-goat antibody and lipopolysaccharides (LPS) from 
Escherichia coli (055:B5) were purchased from Sigma (St. Louis, MO, USA). 
Mouse anti-GSK-3 antibody, goat anti-fibronectin (C20) antibody and mouse anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody were obtained 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit anti-phospho-
Ser9/21-GSK-3 antibody was from Cell Signaling Technology (Beverly, MA, USA). 
Mouse anti-total β-catenin antibody was from BD Biosciences (San Jose, CA, 
USA). Mouse anti-non-phosphorylated-β-catenin antibody (clone 8E7) was from 
Millipore (Amsterdam, the Netherlands). The selective GSK-3 inhibitor 3-(2,4-
Dichlorophenyl)-4-(1-methyl-1H-indol-3-yl)-1H-pyrrole-2,5-dione (SB216763) was 
obtained from Tocris Cookson (Bristol, UK). Recombinant human TGF-β1 was from 
R&D systems (Abingdon, UK). All other chemicals were of analytical grade. 
 
Statistical analysis  
Data represent means ± S.E.M, from n separate experiments. Statistical 
significance of differences was evaluated by one-way ANOVA followed by a 
Newman-Keuls multiple comparison test. Differences were considered to be 
statistically significant when p<0.05. 
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Results 
 
Effect of repeated LPS-instillation and pharmacological inhibition of GSK-3 
on β-catenin activation 
First, we investigated the activation of β-catenin signaling in whole lung 
homogenates in response to repeated intranasal instillation of LPS. The endotoxin 
LPS clearly induced the expression of active β-catenin in whole lung homogenates 
compared to the saline treated animals (figure 1A and B). Immunohistological 
analysis revealed that LPS activated β-catenin signaling in both the large 
(cartilaginous) and smaller (non-cartilaginous) airways, particularly in the epithelial 
cells (figure 1C). The selective GSK-3 inhibitor SB216763 did not significantly 
affect the expression of the active form of β-catenin compared to that in saline 
treated animals (figure 1A and B). Unexpectedly however, selective inhibition of 
GSK-3 attenuated the LPS-induced expression of β-catenin to levels comparable 
to those in saline treated animals (figure 1A and B).  
 
GSK-3 is considered a constitutively active kinase, which is inhibited upon serine 
phosphorylation (i.e. ser9 on GSK-3β and ser21 on GSK-3α). The phospho-serines 
act as a pseudo-substrate for the kinase itself, thereby competitively preventing the 
accessibility of other substrates to the active site of the kinase [6]. LPS did not 
induce the inhibitory serine phosphorylation of GSK-3 in whole lung homogenates. 
Treatment with SB216763 had no effect on GSK-3 phosphorylation either in saline 
or LPS-exposed animals (figure 1A and 1D).  
 
Effect of GSK-3 inhibition on β-catenin expression in lung fibroblasts 
In view of the unexpected observation that LPS-induced β-catenin was attenuated 
by GSK-3 inhibition, we aimed to confirm this effect in in vitro experiments. We 
investigated the effect of the selective GSK-3 inhibitor SB216763 on TGF-β-
induced β-catenin expression in MRC-5 human lung fibroblasts. Cells were 
stimulated with TGF-β1 resulting in a time-dependent induction of both total and 
non-phosphorylated (active) β-catenin expression (figure 2A-D). Non-
phosphorylated β-catenin was already significantly induced after 24 hours of TGF-
β1 stimulation (figure 2A), whereas 48 hours of stimulation resulted in a profound 
increase in total β-catenin expression (figure 2C and 2D). Pharmacological 
inhibition of GSK-3 by SB216763 (10 µM) largely attenuated the induction of active 
and total β-catenin induced by TGF-β1 in MRC-5 fibroblasts (figure 2A-D). 
Moreover, silencing of GSK-3 expression by specific siRNA also attenuated the 
TGF-β-induced expression of active β-catenin in these cells (figure 2E). These 
findings in human lung fibroblasts corroborate the in vivo findings. 
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Figure 1: Activation of β-catenin in response to repeated intranasal LPS challenge is prevented 
by treatment with the selective GSK-3 inhibitor SB216763. (A) Expression of active β-catenin, 
phosphorylated GSK-3 (ser9/21 GSK-3) and total GSK-3 was evaluated in whole lung homogenates 24 
hours after the last challenge by immunoblotting using specific antibodies. Equal protein loading was 
verified by the analysis of GAPDH. (B) Responses of repeated LPS challenge and SB216763 treatment 
on active β-catenin expression were quantified by densitometry, representing mean ± s.e.m. of 9 
animals per group. (C) Immunohistological analysis of active β-catenin (red) in large (cartilaginous) and 
small (non-cartilaginous) airways of saline and LPS treated animals. (D) The effect of repeated LPS 
challenge and SB216763 treatment on GSK-3 phosphorylation was quantified by densitometry, 
representing mean ± s.e.m. of 9 animals per group.  *p<0.05 compared to vehicle/saline treated animals 
(control group) and #p<0.05 compared to vehicle/LPS treated animals (LPS group). 
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▲ Figure 2: Activation of β-catenin in pulmonary fibroblasts in response to TGF-β stimulation is 
prevented by treatment with the selective GSK-3 inhibitor SB216763. MRC5 human lung fibroblasts 
were stimulated for various time-points with TGF-β (2 ng/ml) in the presence or absence of the selective 
GSK-3 inhibitor SB216763 (10 µM). (A-B) Expression of active β-catenin was evaluated in whole cell 
lysates by immunoblotting using specific antibodies. Equal protein loading was verified by the analysis 
of GAPDH. Responses of 24 hours (active β-catenin) and 48 hours (total β-catenin) were quantified by 
densitometry, representing mean ± s.e.m. of 3-4 independent experiments. (C) Upper panel: Expression 
of total β-catenin was evaluated in whole cell lysates after 24 and 48 hours of TGF-β stimulation by 
immunoblotting using specific antibodies. Equal protein loading was verified by the analysis of GAPDH. 
Lower panel: Expression of total β-catenin was evaluated in whole cell lysates after 48 hours of TGF-β 
stimulation in the presence or absence of SB216763 (10 µM). Equal protein loading was verified by the 
analysis of GAPDH. (D) Responses of 48 hour stimulation were quantified by densitometry, 
representing mean ± s.e.m. of 7-11 independent experiments. (E) Subconfluent MRC-5 lung fibroblast 
cultures were transfected with a siRNA against the GSK-3α/β transcript. Control cultures were 
transfected with a non-targeting control siRNA. Transfected cells were treated with TGF-β1 (2 ng/ml) for 
48 hours. Expression of active β-catenin and GSK-3 was evaluated in whole cell lysates and equal 
protein loading was verified by the analysis of GAPDH. **p<0.01 compared to vehicle treated cells 
(control) and ##p<0.01 compared to vehicle/LPS treated animals (LPS group). 
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Effect of repeated LPS instillation and GSK-3 inhibition on extracellular 
matrix turnover in the lungs 
To evaluate the effects of repeated LPS instillation on airway fibrosis, the lungs of 
the guinea pigs were analyzed for the expression of the extracellular matrix 
proteins fibronectin and collagen. Repeated LPS instillation causes a significant 
upregulation of fibronectin expression in whole lung homogenates (figure 3A and 
B). Pulmonary fibronectin expression appeared to be upregulated by GSK-3 
inhibition; however, this was not statistically significant. Interestingly, fibronectin 
expression after repeated LPS instillation and treatment with SB216763 was similar 
to the effect of treatment with just SB216763. Statistical analysis revealed a trend 
towards a negative interaction between the effect of SB216763 and of LPS 
(p=0.052, determined by two-way ANOVA).  
 
Fibrotic changes in the lungs may be due to activation of β-catenin signaling [8, 12, 
22]. Therefore, we analyzed the correlation between active β-catenin expression 
and the amount of fibronectin in whole lung homogenate (figure 3C). A significant 
linear correlation (R= 0.552; p<0.001) exists between the presence of active β-
catenin and pulmonary fibronectin expression (for both parameters the average of 
vehicle/saline treated animals was set to 100%). 
 
Next, we determined the expression of collagen in non-cartilaginous airways by 
quantitative analysis of Sirius Red staining in these airways. Similar to the increase 
in pulmonary fibronectin expression, repeated LPS instillation increased small 
airway collagen content by 1.88 ± 0.18 fold compared to the average of the saline 
treated animals (figure 3D and E). Topical treatment of the airways with intranasally 
instilled SB216763 fully inhibited the LPS-induced increase in collagen deposition 
in the walls of the small airways, whereas the selective GSK-3 inhibitor did not 
affect the collagen content in saline treated animals (figure 3D and E).  
 
Emphysema, a pathological feature defined by the loss of the alveolar structure 
and increased parenchymal airspaces may be caused by tissue destruction in 
combination with an impaired repair process within the parenchyma [16]. To 
evaluate the effect of GSK-3 inhibition on the size of the alveolar airspaces, the 
mean linear intercept (MLI) was determined in paraffin-embedded lung sections. 
Repeated LPS instillation for 12 weeks did not significantly affect the MLI and, 
more importantly, inhibition of GSK-3 by SB216763 did not affect the size of the 
alveolar airspaces in either saline- or LPS-instilled animals (figure 3F). Collectively, 
this indicates that repeated instillation of LPS induces alterations in pulmonary 
extracellular matrix expression and that inhibition of GSK-3 is beneficial in 
attenuating small airway fibrosis without affecting alveolar airspace size. 
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▲ Figure 3: Effect of repeated intranasal LPS challenge and treatment with the selective GSK-3 
inhibitor SB216763 on extracellular matrix deposition in the lung. (A) Expression of fibronectin was 
evaluated in whole lung homogenates 24 hours after the last challenge by immunoblotting using specific 
antibodies. Equal protein loading was verified by the analysis of GAPDH. (B) Effects of repeated LPS 
challenge and SB216763 treatment on fibronectin expression were quantified by densitometry, 
representing mean ± s.e.m. of 9 animals per group. (C) Correlation between pulmonary fibronectin and 
active β-catenin expression. For both parameters the average of saline/saline treated animals is set to 
100%. (D-E) Histological staining of the extracellular matrix protein collagen using sirius red. The non-
cartilaginous airways were digitally photographed (100-200 X magnification) and analyzed by using 
ImageJ software. Effects of repeated LPS challenge and SB216763 treatment on airway collagen 
expression were quantified, representing mean ± s.e.m. of 9 animals per group. (E) The mean linear 
intercept (LMI), a measure for alveolar airspace size, was determined by staining the tissue-sections 
with haematoxylin and eosin. Data represent means ± s.e.m. of 9 animals per group. **p<0.01 
compared to vehicle/saline treated animals (control group) and #p<0.05 compared to vehicle/LPS 
treated animals (LPS group). 
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Repeated LPS instillation and GSK-3 inhibition do not affect smooth muscle 
content in vivo 
The airway smooth muscle content in cartilaginous and non-cartilaginous airways 
was determined by staining transverse frozen lung sections for the specific marker 
smooth-muscle myosin heavy chain (sm-MHC). Representative photomicrographs 
of serial lung sections containing the larger (cartilaginous) and small (non-
cartilaginous) airways are shown in figure 4A and B. Morphometric analysis 
revealed that neither repeated LPS instillation nor SB216763 treatment affected 
the smooth muscle content in either the cartilaginous or the non-cartilaginous 
airways (figure 4C and D). 
 

 
 
Figure 4: Repeated LPS instillation and pharmacological inhibition of GSK-3 by SB216763 does 
not affect airway smooth muscle content. Immunohistological analysis of sm-MHC positive area in 
(A) large (cartilaginous) and (B) small (non-cartilaginous) airways. (C-D) Effects of repeated LPS 
challenge and SB216763 treatment on airway sm-MHC expression were quantified, representing mean 
± s.e.m. of 9 animals per group.  
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Extrapulmonary effects of repeated LPS instillation  
By definition, COPD is a disease with significant extrapulmonary pathology that 
contributes to disease severity [16]. Two well-known co-morbidities in COPD are 
the occurrence of pulmonary hypertension resulting in alterations in structure and 
function of the right ventricle of the heart and skeletal muscle weakness [23-25]. 
 
Repeated LPS challenge induced right ventricle hypertrophy in the guinea pigs as 
indicated by a significant 1.48 ± 0.13-fold increase in the ratio of right ventricle 
weight over total heart weight compared to saline treated animals (figure 5A). 
SB216763 fully prevented the LPS-induced right ventricle hypertrophy; whereas 
the selective GSK-3 inhibitor did not have an effect in saline treated animals (figure 
5A). Neither LPS nor SB216763 influenced the increase in body weight of the 
guinea pigs during the experimental procedures (figure 5B) 
 
In addition to the cardiovascular alterations, we investigated if LPS induced 
changes in skeletal muscle weight. The plantaris, extensor digitorum longus (EDL), 
tibialis, soleus and gastrocnemius muscles from the hind limbs of the animals were 
collected and independently weighed. Repeated instillation of LPS resulted in a 
modest decrease in the weight of the extensor digitorum longus (EDL), tibialis and 
the gastrocnemius muscle, although this decrease was not significant (figure 5C-
G). Pulmonary administration of the selective GSK-3 inhibitor SB216763 appeared 
to prevent the LPS-induced alterations in these skeletal muscles.  
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Figure 5: Extrapulmonary effects of repeated intranasal LPS instillation are attenuated by GSK-3 
inhibition. (A) Effect of repeated LPS instillation and GSK-3 inhibition by SB216763 on right ventricle 
hypertrophy. Effects of repeated LPS challenge and SB216763 treatment on size of right ventricle were 
quantified, representing mean ± s.e.m. of 9 animals per group. (B) Body weight of guinea pigs during 
the experimental procedures, representing mean ± s.e.m. of 9 animals per group. (C-G) Effects of 
repeated LPS instillation and GSK-3 inhibition (SB216763) on skeletal muscle weight; (C) extensor 
digitorum longus (EDL), (D) tibialis, (E) gastrocnemius, (F) soleus and (G) plantaris muscles. Results 
represent mean ± s.e.m. of 9 animals per group. **p<0.01 compared to vehicle/saline treated animals 
(control group) and ##p<0.01 compared to vehicle/LPS treated animals (LPS group). 
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Discussion 
 
In this study, we demonstrate that glycogen synthase kinase-3 (GSK-3) signaling 
significantly contributes to the development of pathological features in an animal 
model of COPD. In this animal model, repeated intranasal LPS instillation induced 
the activation of β-catenin signaling and remodelling with an increase in pulmonary 
fibronectin expression and enhanced collagen content in the smaller, non-
cartilaginous airways. Furthermore, we demonstrate that the intranasal instillation 
of LPS has extrapulmonary effects as it induces right ventricle hypertrophy and 
tends to reduce the weight of specific skeletal muscles. Unexpectedly, 
pharmacological inhibition of GSK-3 by topical administration of the small molecule 
inhibitor SB216763 prevented the LPS-induced activation of β-catenin signaling. In 
vitro studies confirmed this finding and indicated that SB216763 prevented TGF-β-
induced β-catenin signaling in pulmonary fibroblasts. Further, in vivo treatment with 
SB216763 prevented the small airway remodelling, right ventricle hypertrophy and 
skeletal muscle atrophy, and had no detrimental effect on alveolar airspace size or 
airway smooth muscle content. Collectively, these data indicate that GSK-3 plays a 
paradoxical dual role in β-catenin signaling and may be a beneficial therapeutic 
target in chronic obstructive airway diseases like COPD. 
 
Airway fibrosis is a characteristic feature of COPD, which contributes to airway wall 
thickening and airflow limitation [26]. We demonstrate that repeated LPS instillation 
resulted in increased expression of the extracellular matrix proteins fibronectin and 
collagen. The pulmonary expression of fibronectin significantly correlated to the 
protein level of activated β-catenin, which was predominantly present in the 
epithelial cells lining the airways and the submucosa. We and others have 
previously shown that pulmonary fibronectin expression is regulated by canonical 
WNT/β-catenin signaling [22, 27, 28]. Activation of β-catenin is important in normal 
wound healing, however aberrant activation of this transcriptional co-activator has 
been associated with various fibroproliferative diseases, including chronic lung 
diseases [7, 8, 29]. β-Catenin may directly be responsible for the transcription of 
fibronectin, via its interaction with T-cell-factor/lymphoid enhancer factor (TCF/LEF) 
transcription factors [30]. Furthermore, β-catenin may also increase fibronectin 
expression in an indirect manner by up regulating TGF-β expression and 
subsequent activation of smad signaling [31]. Further analysis revealed that LPS 
also induces small airway fibrosis as determined by collagen content in the non-
cartilaginous airways. Pharmacological inhibition of GSK-3 by topical administration 
of SB216763 prevented the LPS-induced collagen expression. These findings are 
consistent with those of Kneidinger and colleagues, who showed that 
intraperitoneal administration of the GSK-3 inhibitor LiCl was capable of decreasing 
pulmonary collagen expression in a murine model of elastase-induced emphysema 
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[32]. Furthermore, the selective GSK-3 inhibitor SB216763 has been demonstrated 
to attenuate pulmonary fibrosis induced by bleomycin [13]. In the same study it was 
shown that attenuation of the fibrogenic processes upon GSK-3 inhibition occurred 
independently of the inflammatory response, suggesting a direct effect of GSK-3 on 
cells regulating the fibrotic response [13, 32]. In line with this contention, we have 
previously shown that GSK-3 inhibition or silencing of the kinase by siRNA 
attenuates specific cellular responses in pulmonary fibroblasts (chapter 4). 
Pharmacological inhibition of GSK-3 by SB216763 resulted in an increase in 
ser133 cyclic adenosine 3’5’ monophosphate (cAMP) response element binding 
protein (CREB) phosphorylation in pulmonary fibroblasts, which was associated 
with inhibition of functional TGF-β signaling (chapter 4). In various cells it has been 
demonstrated that smad-dependent signaling can be functionally antagonized by 
activation of CREB, which provides an explanation for the inhibitory effects of 
SB216763 on TGF-β signaling and airway fibrosis [33-36] (chapter 4). 
Unfortunately, due to lack of availability of phospho-serine133 specific antibodies 
against guinea pig CREB, it was not possible to determine the phosphorylation 
status of CREB in our studies. Nonetheless, GSK-3 mediated regulation of CREB 
and smad-dependent signaling appears a plausible explanation for the paradoxical 
inhibition of LPS and TGF-β induced β-catenin expression and subsequent matrix 
protein production by SB216763. Growth factors, including TGF-β, regulate cellular 
β-catenin expression by smad mediated gene-transcription in addition to GSK-3 
dependent posttranslational effects on β-catenin protein stability [37, 38]. In 
support, TGF-β induced β-catenin expression could be inhibited by smad 3 
inhibition in pulmonary fibroblasts (data not shown). Collectively, the currently 
presented data indicate that in vivo activation of β-catenin signaling is associated 
with an increase in the pulmonary extracellular matrix deposition, whereas 
selective inhibition of GSK-3 prevents this LPS-induced process. The inhibition of 
β-catenin activation may occur through increased CREB signaling and subsequent 
functional antagonism of smad mediated β-catenin gene transcription, but this 
hypothesis needs further investigation in future studies. 
 
In addition to fibrosis, increased smooth muscle content in the airways may be part 
of the airway remodelling, contributing to COPD pathophysiology [39]. It is 
important to note, that alterations in airway smooth muscle content are observed in 
individuals with very severe COPD only [40]. In our guinea pig model of LPS-
induced COPD, we did not observe alterations in smooth muscle content, as 
determined by sm-MHC positive area, in either the large (cartilaginous) or smaller 
(non-cartilaginous) airways, which is in agreement with previously published 
findings in this model [14]. Of interest is that smooth muscle mass did not change 
in response to GSK-3 inhibition either. Published findings indicate that growth 
factor induced inhibition of GSK-3 promotes airway smooth muscle cell proliferation 
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and hypertrophy [41-43]. Further, airway smooth muscle growth in response to 
allergen exposure correlates with GSK-3 inactivation in airway smooth muscle in 
mice [44]. The observation that pharmacological inhibition of GSK-3 using 
SB216763 is not sufficient to promote airway smooth muscle growth is therefore 
reassuring and provides further support for the suitability of GSK-3 as a drug target 
for the treatment of COPD.  
 
COPD is a disease with significant extrapulmonary effects that contribute to 
disease severity [16]. Pulmonary hypertension causing alterations in structure and 
function of the right ventricle of the heart, and skeletal muscle weakness are well-
known co-morbidities in COPD [23-25]. Therefore, we investigated right ventricle 
size and skeletal muscle weight in response to repeated LPS instillation. LPS 
induced right ventricle hypertrophy, which was fully prevented by SB216763. This 
indicates that GSK-3 contributes to this pathological feature and therefore possibly 
to the development of pulmonary hypertension. Although investigations on the 
underlying mechanisms were not part of the design of the current study, it is well 
known that both vascular remodelling and functional changes in the vessel wall 
may lead to increased resistance in the pulmonary vasculature, causing pulmonary 
hypertension [23]. In addition, we demonstrate that LPS instillation may induce loss 
of functional skeletal muscle a process which may involve systemic inflammation 
[45]. The modest non-significant alterations in skeletal muscle weight due to LPS 
treatment were apparently prevented by SB216763 (non-significant). This may be 
due to attenuated inflammatory responses in response to GSK-3 inhibition [46-49]. 
In addition, GSK-3 signaling has been demonstrated to be directly involved in both 
basal and stimulus induced atrophy of skeletal muscle [50], suggesting that 
prevention of muscle atrophy may have been a direct effect or due to systemic 
effects of the inhibitor. Collectively, we show that GSK-3 inhibition prevents 
extrapulmonary effects induced by repeated LPS instillation.  
 
Taken together, this study demonstrates that topical application of the selective 
GSK-3 inhibitor SB216763 is capable of preventing both pulmonary remodelling 
and extrapulmonary effects in a guinea pig model of COPD. Although the exact 
mechanism(s) underlying these effects remains to be established, we provided 
evidence that the anti-remodelling properties of the drug may be related to 
attenuation of β-catenin activation. In conclusion, our findings suggest that 
inhibition of GSK-3 may provide a novel means for the treatment of chronic airway 
diseases, such as COPD. 
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Chronic obstructive pulmonary disease 
Chronic obstructive pulmonary disease (COPD) is defined and characterized by 
persistent airflow limitation that is usually progressive and associated with an 
enhanced inflammatory response in the airways and the lung to noxious particles 
and gases [1]. The persistent airflow limitation is the resultant of small airway 
disease together with parenchymal tissue destruction (emphysema), two 
pathological features in COPD of which the relative severity can vary from 
individual to individual [2, 3]. During the course of COPD development, 
inflammation is an eminent pathological feature that is evident in mild disease and 
increases with disease severity. Cigarette smoke is the main risk factor associated 
with disease development, although environmental and genetic factors contribute 
to the disease susceptibility as well [2]. The molecular mechanisms contributing to 
the pathophysiology of COPD have not yet been fully elucidated.  
 
WNT-dependent and independent cellular signaling by β-catenin and 
glycogen synthase kinase-3 (GSK-3) 
The primary objective of this thesis was to establish the functional roles of β-
catenin and glycogen synthase kinase-3 (GSK-3) in the pathological processes that 
underpin COPD. Both β-catenin and GSK-3 are critically involved in the complex 
canonical WNT signaling pathway (Chapter 1). In short, activation of this specific 
pathway is initiated by a WNT ligand (extracellular glycoprotein), which binds to two 
distinct families of cell surface receptors, namely the frizzled (FZD) receptors and 
low-density lipoprotein receptor related protein (LRP) receptors. In the absence of 
an extracellular WNT ligand, cytosolic β-catenin is targeted for degradation by a 
cytosolic multiprotein complex called the destruction complex. This complex 
consists of GSK-3, axin, adenomatous polyposis coli (APC) and casein kinase-1 
(CK-1). GSK-3 in cooperation with CK-1 is responsible for the phosphorylation of β-
catenin, which targets this specific transcriptional co-activator for proteosomal 
degradation [4-6]. Binding of a WNT ligand to the cell-surface receptors activates a 
downstream signaling cascade resulting in a disengaged destruction complex and 
consequently increased stability of cytosolic β-catenin (Chapter 1). Subsequently, 
β-catenin can translocate to the nucleus and associate with T-cell factor/Lymphoid 
enhancer factor (TCF/LEF) transcription factors to induce gene-transcription. Thus, 
GSK-3 acts in the canonical WNT signaling pathway as a negative regulator of β-
catenin [4-6]. 
 
In addition to their role in canonical WNT signaling, both proteins are involved in a 
variety of other cellular functions and signaling pathways. For instance, β-catenin 
plays an important role in stabilizing cell-cell contacts, being a component of the 
cadherens-based adherens junctions [7]. This cytoskeletal function of β-catenin is 
of physiological relevance, as it contributes for example to force generation by 
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airway smooth muscle cells as well as for the barrier function of the airway 
epithelium [7, 8]. On the other hand, GSK-3 has been demonstrated to be involved 
in a myriad of cellular processes independently of its effect on β-catenin signaling. 
The GSK-3 mediated cellular processes include insulin signaling, microtubule 
dynamics and cytoskeletal rearrangement, cell differentiation, protein synthesis, 
cell motility, intracellular vesicular transport, as well as cell proliferation and cell 
survival [9]. The kinase is an unconventional enzyme as it is considered to be a 
constitutively active kinase, which means high kinase activity at basal conditions, 
which is altered in response to a variety of endogenous and exogenous signals [9, 
10]. In addition to WNT mediated inhibition of GSK-3, phosphorylation of specific 
serines (ser9 on GSK-3β and ser21 on GSK-3α) attenuates the kinase activity [10, 
11]. GSK-3 regulates over 50 putative substrates, including structural proteins, 
signaling intermediates and transcription factors. Although both β-catenin and 
GSK-3 are implicated in various cellular responses, their contribution to chronic 
airway diseases particular in relation to COPD development and progression 
required further exploration.  
 
Involvement of β-catenin and GSK-3 signaling in airway remodeling: focus on 
the airway smooth muscle 
One of the two main pathological features in COPD is airway disease, which is 
predominantly characterized by remodeling of the wall of the peripheral airways, 
especially the small airways [12, 13]. The airway remodeling in chronic obstructive 
lung diseases, includes increased airway smooth muscle mass and altered 
extracellular matrix profile in the airways, which may contribute cooperatively to 
airway hyperresponsiveness and the airflow obstruction [14-16]. Increased airway 
smooth muscle mass is associated with decreased lung function in severe asthma 
and may contribute to COPD pathogenesis, particularly in more severe states of 
disease [12, 17]. Cigarette smoke, the main risk factor for developing COPD, can 
have direct effects on the airway wall and cause activation of remodeling 
processes. For instance, pulsatile exposure of airway smooth muscle cells with 
soluble components of cigarette smoke results in enhanced proliferation, which 
may underlie the increase in smooth muscle mass in individuals with COPD [18]. 
Furthermore, both in vitro and in vivo experiments have demonstrated that 
exposure to cigarette smoke results in increased expression of fibrogenic growth 
factors, including transforming growth factor-β (TGF-β), which very frequently 
appears to be independent of an inflammatory response [19-22]. Accordingly, the 
expression of fibrogenic growth factors, like TGF-β, is upregulated in the lung of 
individuals with COPD [23-27]. An emerging interest in the role of TGF-β in COPD 
pathogenesis has evolved, as single nucleotide polymorphisms (SNPs) in the TGF-
β gene are associated with the development of COPD [23-27]. The mechanisms 
leading to the development and progression of airway remodeling are not well 
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understood, but airway smooth muscle cells may contribute to the process through 
cell proliferation and in addition by producing and releasing various inflammatory 
mediators, growth factors, and extracellular matrix proteins in response to 
pathogenetic factors [28-32].  
 
Extracellular matrix deposition by the airway smooth muscle 
In several chronic lung diseases an altered expression and composition of 
extracellular matrix proteins within and surrounding the airway smooth muscle 
bundle has also been observed, which contributes to disease pathogenesis [31, 
33]. In COPD, changes in airway smooth muscle mass and altered extracellular 
matrix deposition are less pronounced compared to asthma, but may become of 
major importance in more severe stages of disease [12]. The expression of 
fibronectin, hyaluronan, versican, biglycan, lumican, and specific collagens are 
increased within as well as surrounding the airway smooth muscle has been 
observed in chronic airway diseases [33-35]. Accordingly, airway smooth muscle 
cells show enhanced production of extracellular matrix proteins in response to 
TGF-β stimulation, which we used as a model in our studies in which we 
investigated the role of β-catenin signaling in this process (Chapter 2). In 
particular, the expression of collagen III, fibronectin and versican were upregulated 
in airway smooth muscle cells in response to TGF-β. It was observed that the 
upregulation of these extracellular matrix proteins was preceded by the activation 
of β-catenin signaling and accompanied by a synchronous, endogenous inhibition 
of GSK-3. Pharmacological inhibition of the interaction of β-catenin with the 
transcription factor TCF-4 by the small molecule PKF115-584 prevented the TGF-
β-induced upregulation of the extracellular matrix proteins. Additional evidence that 
reinforced the involvement of β-catenin in regulating TGF-β-induced extracellular 
matrix protein expression came from studies using specific small interference RNA 
(siRNA) to selectively silence β-catenin, the results of which were in full agreement 
with the findings using PKF115-584. It appears that β-catenin directs TGF-β 
signaling to specific intracellular pathways, as the expression of the conventional 
smad-dependent gene plasminogen activator inhibitor-1 (PAI-1) is not affected by 
either PKF115-584 or the specific β-catenin siRNA treatment. Moreover, the 
studies described in Chapter 2 show that activation of β-catenin signaling is 
sufficient to activate the transcription of the extracellular matrix proteins by airway 
smooth muscle cells. This was established by expression of the transcriptionally 
active, non-degradable β-catenin mutant (S33Y-β-catenin), which induced the 
protein expression of fibronectin. Collectively, our data indicate that β-catenin 
signaling is activated in response to the fibrogenic growth factor TGF-β in airway 
smooth muscle cells. In these cells activation of β-catenin is required and sufficient 
for activation extracellular matrix production, which could be pharmacologically 
targeted by using the small molecule PKF115-584. This study contributes to the 
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understanding of molecular mechanisms that may underlie airway remodeling and 
in particular the excess of extracellular matrix proteins within and surrounding the 
smooth muscle layer. The extracellular matrix proteins do not only physically 
contribute to narrowing of the airway lumen size, but also influences cellular 
responses of structural cells lining the airway wall, including the airway smooth 
muscle layer, fibroblasts and epithelial cells [31]. These modified cellular responses 
due to alterations in extracellular matrix composition may significantly contribute to 
disease pathogenesis. Furthermore, activation of β-catenin contributes to airway 
smooth muscle cell proliferation in response to mitogens, like platelet derived 
growth factor (PDGF) and serum [11]. Because of this, β-catenin contributes once 
more to airway remodeling by increasing the airway smooth muscle mass. 
However, the in vivo contribution of β-catenin signaling to airway remodeling in 
individuals with COPD needs still to be elucidated. Nevertheless, β-catenin-
mediated extracellular matrix production by airway smooth muscle cells can be 
pharmacologically targeted and may have potential therapeutic relevance for the 
treatment of airway remodeling in COPD. 
 
The airway smooth muscle as potential source of cytokines and growth factors 
In addition to the contributing to airway remodeling by regulating the ECM 
composition, the airway smooth muscle may significantly contribute to the 
persistent inflammatory process, which is an eminent characteristic of COPD. The 
airway smooth muscle is increasingly recognized as an important cellular source of 
(pro-inflammatory) cytokines, chemokines, growth factors, enzymes and other 
mediators in response to various stimuli [32, 36-38]. As mentioned, the main risk 
factor for development of COPD is chronic pulsatile exposure of structural cells 
lining the airway and alveoli to cigarette smoke. Components of cigarette smoke, 
as well as a variety of pro-inflammatory cytokines (e.g. IL-1β) are capable of 
activating the synthetic function of airway smooth muscle cells (Chapter 5 and [28, 
32, 36-38]). Cultured airway smooth muscle cells produce and release eotaxin, 
vascular endothelial growth factor (VEGF) and interleukin-8 (IL-8) in response to 
soluble components of cigarette smoke (i.e. cigarette smoke extract: CSE) and/or 
IL-1β stimulation (Chapter 5). The secreted proteins potentially contribute to 
COPD pathogenesis, as the cytokines play an important role in recruiting and 
activating inflammatory cells, whereas VEGF may contribute to angiogenesis and 
airway remodeling [32, 39-41]. The exact chemical moiety of cigarette smoke 
extract responsible for the induction of cytokine and growth factor release by 
smooth muscle cells is not yet elucidated. Similarly, the molecular pathways 
underlying this process have also not completely been established. Activation of 
both the nuclear factor-kappa B (NF-κB) signaling pathway and of β-catenin-
dependent gene transcription has been associated with the production of these 
pro-inflammatory cytokines and growth factor [37, 42-45]. Nevertheless, cigarette 
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smoke and IL-1β did not activate β-catenin signaling on their own in the cultured 
airway smooth muscle cells (Chapter 5). Since GSK-3 differentially regulates NF-
κB pathway activation and β-catenin signaling, it could act as an important 
regulator in cigarette smoke extract- and cytokine-induced pro-inflammatory 
signaling in these cells [4, 46, 47]. Pharmacological inhibition of GSK-3 attenuated 
the production and release of the eotaxin, VEGF and IL-8 by airway smooth muscle 
cells, although cellular β-catenin expression was increased. Cigarette smoke 
extract and IL-1β stimulation caused the activation of the NF-κB pathway, as 
monitored by a decrease in the NF-κB inhibitory protein Iκ-Bα and nuclear 
translocation of the p65 subunit of NF-κB. Inhibition of GSK-3 did not affect either 
the degradation of Iκ-Bα or the nuclear translocation, but fully prevented the 
transcriptional activity of the pathway (Chapter 5). Collectively, this indicates that in 
airway smooth muscle cells GSK-3 signaling significantly contributes to the 
inflammatory response initiated by (soluble components of) cigarette smoke and 
cytokines by regulating NF-κB-mediated transcriptional activity. Therefore, 
inhibition of GSK-3 may be a strategy worth pursuing in reducing airway 
inflammation in chronic obstructive lung diseases. 
 
Remarkably, inactivation of GSK-3 caused a dose-dependent increase in β-catenin 
expression in the airway smooth muscle cells, which was not associated with the 
production and secretion of pro-inflammatory cytokines. However, upregulation of 
β-catenin expression is closely linked to the production of extracellular matrix 
proteins by these cells (Chapter 2). Therefore, the activation of β-catenin signaling 
and its corresponding consequences in airway smooth muscle cells may be a 
possible drawback for the potential therapeutic use of GSK-3 inhibitors. Moreover, 
airway smooth muscle hypertrophy and hyperplasia, two processes which may be 
responsible for the increased smooth muscle mass observed in chronic obstructive 
lung diseases, both correlate to endogenous inactivation of GSK-3 by serine 
phosphorylation in a murine model of asthma [48]. Yet, in vivo studies in animal 
models of chronic obstructive lung diseases, including COPD, in which GSK-3 is 
pharmacologically targeted by small molecule inhibitors do not mention or show 
changes in smooth muscle content and/or enhanced extracellular matrix deposition 
in the airways (Chapter 6 and [49, 50]). Rather, some of these studies 
demonstrated decreased expression of specific extracellular matrix components in 
the lungs, particularly in the airways. This can possibly be explained by the direct 
effect of attenuating GSK-3 activity in cells involved in fibrogenic responses or be 
due to the attenuation to the inflammation in response to GSK-3 inhibition 
(Chapters 4, 5 and [47, 49-53]), which will be discussed in more detail further on. 
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A new paradigm for tissue repair in the COPD affected lung: canonical 
WNT/β-catenin pathway activation and GSK-3 signaling in pulmonary 
fibroblasts 
Emphysema is another important pathological feature of COPD, which in contrast 
to airway remodeling is characterized by progressive loss of functional lung tissue. 
Emphysema is defined as a process resulting in the loss of functional lung tissue 
due to chronic inflammation and tissue destruction. Current therapeutic options for 
the treatment of smoking-related emphysema is sparse and only moderately 
effective [54]. Several mechanisms focusing on the chronic injury induced by 
cigarette smoke have been postulated to contribute to emphysema, including an 
imbalance in the expression of proteases and anti-proteases, increased apoptosis 
of epithelial cells and attenuation of the immune response in the lung [54]. Most 
studies focused on the processes that induce the chronic injury, whereas the repair 
processes in the lung are less extensively investigated, although they may not be 
of less importance. Emphysema could be considered a deficient repair process 
after initial tissue damage as a resultant of prolonged exposure to cigarette smoke. 
Pulmonary fibroblasts are important for the regeneration of tissue after it has been 
injured and although the emphysematous lung is predominantly characterized by 
destruction of functional lung tissue, there are indications that fibroblasts are 
actually active in the alveolar walls of these emphysematous lung regions [55, 56].  
 
The molecular mechanisms contributing to parenchymal tissue repair are not well 
defined, but restoring functional lung tissue may constitute a feasible target for 
therapeutic intervention in COPD. Re-activation of pathways involved in lung 
development may form a rational approach to achieve this aim. In this respect, the 
canonical WNT signaling pathway is of potential interest as it is required for proper 
normal lung development during the embryonic stages [57-59]. Several studies 
have demonstrated that activation of canonical WNT signaling may contribute to 
tissue repair and this pathway may cooperatively act with TGF-β signaling [60-63]. 
A screen for components of the WNT signaling pathway in human pulmonary 
fibroblasts showed that the majority of genes required for functional WNT signaling 
are expressed, although considerable differences in the degree of expression are 
present (Chapter 3). Particularly, the WNT ligands WNT-5A, WNT-5B and WNT-
16, the FZD receptors FZD2, FZD6 and FZD8 as well as the intracellular signaling 
protein DVL3 and the key-effector of canonical WNT signaling, β-catenin, were 
abundantly expressed. Conversely, WNT-3A, WNT-6, WNT-9A, FZD3, FZD9 and 
FZD10 were barely expressed. Stimulation of these cells with TGF-β induced the 
expression of specific WNT components, whereas others were not altered in 
response to this stimulus. Especially the expression of WNT-5B, FZD6, FZD8 and 
β-catenin was sensitive to TGF-β. Remarkably, the expression of the induced WNT 
components was enhanced in pulmonary fibroblasts of individuals with COPD. Of 
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interest is that this intrinsic difference in WNT pathway expression was seen for 
pulmonary fibroblasts from both GOLD stage II and IV COPD patients. On the 
protein level, TGF-β induced a time-dependent increase in the expression of the 
transcriptional co-activator β-catenin. More specifically, the cytosolic pool and the 
nuclear pool of β-catenin were enhanced by this growth factor. By using both 
molecular biological and pharmacological approaches, we demonstrated that 
activation of β-catenin signaling was required for full transdifferentiation of 
fibroblasts in the more active myofibroblasts in response to TGF-β. In line with 
enhanced upregulation of genes required for functional WNT signaling in 
fibroblasts from individuals with COPD, the TGF-β-induced activation of β-catenin 
on the protein level was also enhanced in these cells. Accordingly, the extracellular 
matrix protein fibronectin (a canonical WNT/β-catenin target) was significantly more 
deposited by fibroblasts from individuals with COPD compared to fibroblasts from 
individuals without COPD. Collectively, the studies described in Chapter 3 show 
that β-catenin signaling contributes to myofibroblast differentiation and that 
pulmonary fibroblasts from individuals with COPD show enhanced WNT pathway 
expression, activation of β-catenin signaling and deposition of fibronectin.  
 
These findings suggest that activation of canonical WNT signaling contributes to 
tissue repair and may be potentially beneficial to arrest emphysema progression. In 
line with this contention, a recent in vivo study demonstrated that activation of 
WNT/β-catenin signaling in experimental emphysema indeed attenuated 
parenchymal tissue destruction by increasing pulmonary repair [64]. This study 
demonstrated that lung tissue from COPD patients in general did not show major 
alterations in expression of canonical WNT pathways components or activation 
status of the pathway. However, emphysematous lung regions were characterized 
by decreased expression of β-catenin, particularly in the alveolar type II (ATII) 
epithelial cells. In the two in vivo models of elastin- or cigarette smoke-induced 
emphysema described in that study, intraperitoneal administration of LiCl (a 
relatively non-selective inhibitor that also targets GSK-3) activated β-catenin 
signaling in ATII epithelial cells, improved the lung architecture, decreased 
airspace enlargement and enhanced the dynamic lung compliance [64].  
 
In the lung, epithelial cells and pulmonary fibroblasts are in close proximity and 
capable of influencing each other’s responses. In COPD, however, communication 
between these two cell types may be dysfunctional and may contribute to disease 
development and progression. In this context the functional interaction of canonical 
and non-canonical WNT signaling may be of specific interest, as activation of 
canonical WNT signaling can be (functionally) antagonized by WNT ligands that 
activate non-canonical WNT signaling. For instance, canonical WNT signaling 
activated by WNT-3A can be dose-dependently attenuated by the non-canonical 
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WNT-5A [65]. It appears that in pulmonary fibroblasts the expression of WNT 
components that have been primarily linked to the activation of non-canonical WNT 
signaling are induced in response to TGF-β (Chapter 3). This TGF-β-induced 
response on the expression of WNT components is enhanced in pulmonary 
fibroblasts of individuals with moderate and very severe COPD (GOLD stage II and 
IV, respectively). As the alveolar epithelium requires canonical WNT signalling for 
proper regeneration and repair [66], it can be hypothesized that the balance in 
canonical and non-canonical WNT signaling between the alveolar epithelium and 
the pulmonary fibroblasts is disrupted in COPD pathogenesis via such a 
mechanism. The increased release of non-canonical WNT ligands by pulmonary 
fibroblasts might inhibit the canonical WNT signaling in epithelial cells, thereby 
attenuating their proliferative response and repair mechanisms. This imbalance in 
WNT signaling may possibly contribute to the development of emphysema, which 
is an attractive hypothesis for further studies. Also, this suggests that restoration of 
the normal balance between canonical and non-canonical WNT signalling in the 
epithelial mesenchymal trophic unit is a therapeutic strategy worth investigating.   
 
GSK-3 as a potential therapeutic target for COPD 
A note of caution is warranted for using either activators or inhibitors of the WNT 
pathway as their effects are very context dependent, and chronic activation could 
lead to a deviant repair potential and may promote a potent fibrotic response [66]. 
However, pharmacological inhibition of GSK-3 in the pulmonary fibroblasts did not 
result in enhanced myofibroblast differentiation or fibrotic responses (Chapter 4). 
Rather, inhibition or siRNA silencing of the kinase prevented TGF-β-induced 
myofibroblast differentiation. In pulmonary fibroblasts, attenuation of GSK-3 activity 
was associated with the activation of cAMP responsive element binding protein 
(CREB), which functionally antagonizes TGF-β-induced smad signaling without 
affecting the phosphorylation status of these intracellular signaling proteins. Worth 
mentioning is that myofibroblast differentiation of pulmonary fibroblasts from 
individuals with COPD is also dependent on GSK-3 signaling. This suggests that 
this kinase mediates important cellular functions in peripheral lung fibroblasts that 
are still operative in COPD. An unexpected finding was that loss of GSK-3 actually 
results in decreased expression of active β-catenin in these cells (Chapter 6). 
Growth factors, including TGF-β, regulate cellular β-catenin expression by smad 
mediated gene-transcription in addition to GSK-3 dependent posttranslational 
effects on β-catenin protein stability [67, 68]. Therefore, a plausible explanation for 
the unanticipated finding may be that in pulmonary fibroblasts the expression of β-
catenin is predominantly determined by the rate of de novo synthesis, which is 
attenuated upon GSK-3 inhibition. Collectively, this indicates that various cellular 
responses of pulmonary fibroblasts like extracellular matrix deposition and the 
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differentiation process are dependent on GSK-3 signaling, by its suppressive action 
on CREB activation. 
 
To corroborate these in vitro findings and to evaluate the therapeutic potential of 
GKS-3 as molecular target in vivo, the effect of topical administration of the 
selective GSK-3 inhibitor SB216763 on pulmonary extrapulmonary pathological 
features in an established guinea pig model of LPS-induced COPD was 
investigated (Chapter 6 and [69]). LPS is an endotoxin in the outer membrane of 
gram negative bacteria, that is present as contaminant in environmental pollution, 
organic dusts and cigarette smoke, factors that have been causally associated with 
COPD development [3, 70]. Furthermore, bacterial endotoxins may contribute to 
COPD exacerbations, which are episodes of acute worsening of symptoms at 
times accompanied by an impairment of lung function [71]. Accordingly, LPS has 
been demonstrated in various animal models to induce pulmonary and 
extrapulmonary pathological features resembling COPD pathophysiology [69, 72, 
73]. In the guinea pig, repeated LPS exposure activated β-catenin signaling and 
induced tissue remodelling indicated by increased pulmonary fibronectin 
expression and small airway collagen content; whereas the extrapulmonary 
pathology was characterized by right ventricle hypertrophy and a tendency to 
skeletal muscle atrophy (Chapter 6). Selective inhibition of GSK-3 by intranasal 
instillation of SB216763 largely prevented the LPS-induced pulmonary and 
extrapulmonary pathological features. In line with the findings in pulmonary 
fibroblasts, GSK-3 inhibition attenuated the LPS-induced activation of β-catenin 
signaling in vivo, which may in part explain the decrease of pulmonary pathological 
features due to pretreatment with SB216763 in this guinea pig model of COPD. In 
addition to the direct effect in cells that regulate fibrogenic responses, GSK-3 
inhibition may also attenuate inflammatory responses by regulating NF-κB 
signaling [47]. As mentioned, airway smooth muscle cells may contribute to the 
pulmonary inflammation by secreting several cytokines and growth factors, which 
can be attenuated by GSK-3 inhibition (Chapter 5). Accordingly, several in vitro 
and in vivo studies investigating other chronic inflammatory diseases have 
demonstrated that GSK-3 can be beneficial in decreasing inflammatory responses 
[47, 51, 74-76]. Furthermore, the observations that pharmacological inhibition of 
GSK-3 does not promote an increase in airway smooth muscle content, or affect 
the alveolar airspace size, or induce (major) adverse side effects in vivo is 
reassuring. Moreover, small molecule inhibitors of GSK-3 are currently  being 
investigated clinically for the treatment of Alzheimer’s disease and diabetes 
mellitus, while LiCl (a relative non-selective inhibitor that also targets GSK-3) is 
used clinically for over 50 years in the treatment of dipolar disorder [53, 77, 78]. 
This once more indicates that GSK-3 is may be a feasible therapeutic target for 
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chronic (inflammatory) diseases in human and provides further support for the 
suitability of GSK-3 as a drug target for the treatment of COPD.  
 
Main conclusions 
In conclusion, the studies described in this thesis revealed that: 

 In both airway smooth muscle cells and pulmonary fibroblasts, β-catenin 
signaling is activated in response to TGF-β (Chapters 2 and 3). 

 In airway smooth muscle cells the activation of β-catenin signaling is 
required and sufficient for increasing the extracellular matrix deposition. In 
particular, the expression of fibronectin, collagen III and versican is 
regulated by β-catenin signaling in these cells (Chapter 2).  

 Pulmonary fibroblasts express the majority of components required for 
functional WNT signaling. TGF-β induces gene expression of specific WNT 
pathway components, which is enhanced in pulmonary fibroblasts from 
individuals with moderate to very severe COPD (GOLD stage II and IV, 
respectively) (Chapter 3).  

 Activation of β-catenin signaling by TGF-β contributes to the full 
differentiation of pulmonary fibroblasts into myofibroblasts. The activation 
of β-catenin is enhanced in fibroblasts from individuals with moderate to 
very severe COPD (GOLD stage II and IV, respectively), which may 
underlie the enhanced fibronectin deposition by these cells in response to 
TGF-β (Chapter 3). 

 The β-catenin-mediated extracellular matrix deposition by smooth muscle 
cells or pulmonary fibroblasts can be pharmacologically inhibited by 
disruption of the interaction of β-catenin with the transcription factor TCF-4 
using the small molecule PKF115-584 or quercetin (Chapters 2 and 3). 

 GSK-3 signaling actively contributes to myofibroblast differentiation by 
suppressing CREB signaling. Inhibition or silencing of GSK-3 in pulmonary 
fibroblasts results in increased ser133-CREB phosphorylation and 
attenuated TGF-β-induced β-catenin expression. The activated CREB can 
prevent myofibroblast differentiation by functionally antagonizing TGF-β-
dependent smad signaling (Chapter 4). 

 Cigarette smoke extract (CSE) and the pro-inflammatory cytokine IL-1β 
activate the secretion of eotaxin, IL-8 and VEGF from airway smooth 
muscle cells. Pharmacological inhibition of GSK-3 attenuates the CSE- and 
IL-1β-induced cytokine and growth factor secretion by inhibiting NF-κB-
dependent gene transcription (Chapter 5).  

 GSK-3 contributes to the pulmonary and extrapulmonary pathological 
features in a guinea pig model of LPS-induced COPD. Repeated LPS 
instillation activated β-catenin signaling and induced tissue remodelling 
indicated by increased pulmonary fibronectin expression and small airway 
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collagen content. The extrapulmonary pathology consists of right ventricle 
hypertrophy and modest alterations in skeletal muscle weight. The 
pathology induced by LPS could to a large extent be prevented by topical 
administration of the selective GSK-3 inhibitor SB216763 (Chapter 6). 

 
Taken together, the described in vitro studies in airway smooth muscle cells and 
pulmonary fibroblasts demonstrate that both β-catenin and GSK-3 signaling are 
important in specific cellular processes that may contribute to COPD pathogenesis 
(figure 1). Furthermore, the in vivo study shows that topical application of the 
pharmacological GSK-3 inhibitor SB216763 is capable of preventing both 
pulmonary and extrapulmonary pathological features in a guinea pig model of 
COPD. This suggests that therapeutic intervention of GSK-3 and/or β-catenin 
signaling may provide a novel means for the treatment of chronic airway diseases, 
such as COPD. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
► Figure 1: Insight in β-catenin and GSK-3 signaling in cellular processes which potentially 
contribute to COPD pathogenesis. Chronic obstructive pulmonary disease (COPD) is primarily 
caused by smoking of cigarettes. Chronic pulsatile exposure to cigarette smoke damages the epithelium 
lining the airways and alveoli. In response to this damage, the epithelium secretes various pro-
inflammatory cytokines (e.g. IL-1β) or growth factors (.e.g. TGF-β). Moreover, soluble components of 
cigarette smoke can diffuse across the epithelial layer. In turn, these mediators activate the pulmonary 
fibroblasts and the airway smooth muscle. In the pulmonary fibroblasts, TGF-β increases cellular β-
catenin expression, which translocates to the nucleus to induce transcription of genes that contribute to 
myofibroblast differentiation. Furthermore, the gene expression of WNT pathway components is 
increased by TGF-β. In pulmonary fibroblasts from individuals with COPD, the gene expression of 
specific WNT components, the activation of β-catenin, and subsequent fibronectin deposition are 
enhanced in response to TGF-β (Chapter 3). In addition, TGF-β activates the smad signaling pathway 
in these cells which contributes to myofibroblast differentiation. Pharmacological inhibition of GSK-3 by 
SB216763 or CT99021 attenuates smad-dependent signaling via the activation of cAMP responsive 
element binding protein (CREB) (Chapter 4). In airway smooth muscle cells, TGF-β activates β-catenin 
signaling via inactivation of GSK-3 via ser9/21 phosphorylation and de novo synthesis. Nuclear β-
catenin induces gene transcription of extracellular matrix genes (Chapter 2). The soluble components 
of cigarette smoke and IL-1β activate the NF-κB pathway, which is required for the transcription and 
secretion of eotaxin, VEGF and IL-8 by airway smooth muscle cells. Pharmacological inhibition of GSK-
3 by attenuates the NF-κB-mediated transcription, without affecting Iκ-Bα degradation or p65 NF-κB 
nuclear translocation or DNA-binding (Chapter 5) 
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Future perspectives: 
The studies described in this thesis show that β-catenin and GSK-3 signaling play 
an important role in human airway smooth muscle and fibroblast biology. 
Furthermore, we demonstrate that WNT signaling may be enhanced in the 
pulmonary fibroblasts of individuals with COPD. To date it is unclear if enhanced 
WNT signaling by these cells may be beneficial or detrimental in the 
pathophysiology of COPD and this requires further investigation. Therefore, future 
studies will need to investigate the functional consequences of canonical and non-
canonical WNT signaling in the pulmonary fibroblasts to provide more insight in the 
specific cellular responses regulated by these pathways in relation to COPD 
pathogenesis. Particularly interesting would be to study the function of both WNT-
5B and FZD8 and their possible interconnectivity, as this specific WNT ligand and 
receptor are the main WNT pathway components induced by TGF-β in the 
pulmonary fibroblast. In addition, the secreted (non-canonical) WNT ligands may 
extend their effects in the lungs beyond the pulmonary fibroblasts. In this respect, a 
specific cell type that may come in focus is the alveolar type II epithelial cell, which 
shows decreased nuclear β-catenin expression in emphysematous lung regions. 
As mentioned, alveolar epithelial cells highly depend on canonical WNT signaling 
for proliferation and to repair tissue after injury. Several studies suggest that non-
canonical WNT ligands can functionally antagonize canonical WNT signaling. 
Therefore, it can be postulated that increased secretion of non-canonical WNT 
ligands by pulmonary fibroblasts disrupts the proliferative response and repair 
mechanisms by the alveolar epithelium thereby contributing to the development of 
emphysema, which is an attractive hypothesis for further studies. Furthermore, 
restoration of the normal balance between canonical and non-canonical WNT 
signalling in the epithelial mesenchymal trophic unit is a therapeutic strategy worth 
investigating. 
 
A variety of intracellular signaling pathways that use GSK-3 as a molecular 
regulator in cellular processes, have links to several human diseases. Accordingly, 
GSK-3 inhibitors arise as promising drugs for pharmacotherapy of several 
pathologies including Alzheimer’s disease, diabetes mellitus cancer, stroke, mood 
disorders and inflammatory diseases with promising results [53]. Our in vitro and in 
vivo studies show that GSK-3 inhibition is capable of preventing several 
pathological features of COPD. The current small molecule inhibitors of GSK-3 do 
not discriminate between the GSK-3α and GSK-3β isoform. The potential beneficial 
effect(s) of selectivity for one of the isoforms for treatment needs to be explored. In 
addition, for the potential treatment of patients with COPD it would be preferable to 
have a pulmonary formulation of the GSK-3 inhibitor to have a locally 
therapeutically effective concentration of the compound and to circumvent possible 
systemic adverse effects. Besides these technical issues, the clinical applicability 
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of GSK-3 inhibitors in the treatment of COPD needs additional justification. Most 
pre-clinical data concerning the effectiveness of GSK-3 inhibitors has been focused 
on preventing pathological features of diseases, rather than therapeutic 
intervention in established disease. Up to date two in vivo studies have touched 
upon the potential therapeutic relevance of GSK-3 inhibitors in established lung 
disease [50, 64]. Although GSK-3 inhibition is beneficial in preventing pathological 
features of lung disease, the small number of studies suggesting therapeutic 
benefits of inhibiting the kinase in established disease is not yet completely 
reassuring. Additional, thorough and comprehensive pre-clinical studies dealing 
with this specific issue may therefore be advisable, before testing GSK-3 inhibitors 
for the treatment of COPD in human in a clinical setting.  
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Chronisch obstructief longlijden 
Chronisch obstructief longlijden of in het Engels chronic obstructive pulmonary 
disease (COPD) is een verzamelnaam voor chronische bronchitis (ontsteking van 
de luchtwegen) en longemfyseem. COPD is een chronische aandoening aan de 
longen die ademhaling bemoeilijkt en voornamelijk veroorzaakt wordt door het 
roken van tabak. De ziekte is gekarakteriseerd door een progressieve afname van 
de longfunctie als gevolg van de aanhoudende ontsteking en structurele 
veranderingen in de longen. Het ziekteproces speelt zich voornamelijk af in de 
kleine luchtwegen en het longweefsel rond en aan het einde van de luchtwegen, 
het zogenoemde parenchym. De chronische ontsteking zorgt voor verdikking van 
de luchtwegen en een toegenomen slijmproductie, wat gezamenlijk leidt tot een 
vernauwing van de luchtwegen. Bij emfyseem treedt er in het parenchym afbraak 
op van de longblaasjes, welke noodzakelijk zijn voor de gasuitwisseling die 
plaatsvindt in de longen. Bovendien speelt het parenchym een belangrijke rol in het 
open houden van de kleine luchtwegen bij het uitademen als de druk in de 
thoraxholte toeneemt. De symptomen die een patiënt met COPD ondervindt zijn 
onder andere chronisch hoesten, slijm opgeven, kortademigheid en benauwdheid. 
De diagnose COPD kan worden gesteld door het bepalen van longfunctie, waarbij 
gekeken wordt naar de totale hoeveelheid lucht die uitgeademd kan worden (FVC; 
forced vital capacity) en de hoeveelheid lucht die in 1 seconde kan worden 
uitgeblazen, ofwel de FEV1 (forced expiratory volume in 1 second). De gemeten 
FEV1 waarde is afhankelijk van verschillende factoren zoals leeftijd, sekse, lengte 
en etniciteit van de persoon en daarom wordt FEV1 meestal weergegeven als 
percentage van de voorspelde waarde, waarbij er gecorrigeerd wordt voor deze 
factoren. Voor de algemene populatie geldt dat FEV1/FVC tussen de 0,7 en 0,8 ligt, 
waarbij een waarde kleiner dan 0,7 kan duiden op luchtwegobstructie en de 
mogelijkheid dat de persoon aan COPD lijdt. De gemeten longfunctieparameters 
geven de ernst van de ziekte weer, welke wordt ingedeeld in 4 stadia volgens de 
Global Initiative for Chronic Obstructive Lung Diseases (GOLD) criteria (tabel 1). 
 
Tabel 1: Indeling van de ernst van COPD volgens de GOLD-criteria en frequentieverdeling 
van ernststadia bij patiënten met COPD in de Nederlandse populatie* 

GOLD stadium FEV1/FVC FEV1 Frequentieverdeling 

I Licht < 0,7 >80 28% 

II Matig ernstig < 0,7 50-80 54% 

III Ernstig < 0,7 30-50 15% 
IV Zeer ernstig < 0,7 <30  3% 

 * Bron: GOLD report 2010 update, www.goldcopd.org. 

 
Patiënten met licht COPD (stadium 1) hebben weinig klachten en vaak zijn deze 
personen zich er niet van bewust dat hun longfunctie verminderd is. Daarentegen 
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hebben met name patiënten met zeer ernstig COPD (stadium 4) een dusdanig 
sterk verminderde longfunctie, dat medicamenteuze behandeling eigenlijk altijd 
nodig is en soms dagelijks toediening van extra zuurstof noodzakelijk is. Bij deze 
groep patiënten kunnen episodes van plotselinge verergering van de ziekte, 
zogenoemde exacerbaties, levensbedreigend zijn. Naast de pathologische 
veranderingen in de longen die zorgen voor een verminderde longfunctie, kunnen 
bij COPD ook andere organen aangetast worden. Deze extrapulmonale of 
systemische effecten zijn vaak het gevolg van de chronische ontsteking en enkele 
voorbeelden van aandoeningen die optreden als gevolg van COPD zijn een 
afname in gewicht en functie van skeletspieren en het ontstaan van 
atherosclerotische hart- en vaatziekten. Over het algemeen leidt COPD tot 
vroegtijdige sterfte en momenteel is COPD de vijfde doodsoorzaak door ziekte 
wereldwijd. Volgens inschattingen van de Wereldgezondheidsorganisatie (WHO) 
zal het sterftecijfer als gevolg van roken en daaraan gerelateerde ziekten de 
aankomende jaren nog sterk toenemen. 
 
Stoppen met roken is de eerste en belangrijkste stap in de behandeling van 
COPD. Door te stoppen met roken kan de progressieve afname in longfunctie 
vertraagd worden, zelfs bij zeer ernstig COPD (stadium 4). Momenteel is er geen 
medicatie beschikbaar die de ziekte kan voorkomen of genezen. De huidige 
(inhalatie)medicatie bestaat uit luchtwegverwijdende en ontstekingsremmende 
middelen die de luchtwegklachten kunnen verminderen en/of de verergering van 
de symptomen kunnen tegengaan. Voor de ontwikkeling van nieuwe 
geneesmiddelen is onderzoek nodig naar de processen die kunnen bijdragen aan 
de ontwikkeling van deze chronische ziekte. De moleculaire mechanismen die 
bijdragen aan de ontwikkeling en voortgang van COPD zijn vooralsnog grotendeels 
nog onduidelijk. De studies beschreven in dit proefschrift richten zich op de eiwitten 
β-catenine en glycogeen synthase kinase-3 (GSK-3) en hun rol in de processen 
die mogelijk ten grondslag liggen aan de pathofysiologie van COPD.  
 
WNT-afhankelijke en onafhankelijke signaaltransductie door β-catenine en 
glycogeen synthase kinase-3 (GSK-3) 
Zowel β-catenine als glycogeen synthase kinase-3 (GSK-3) maken deel uit van de 
complexe Wingless/integrase-1 (WNT) signaaltransductiecascade (figuur 1 en 
hoofdstuk 1). De WNT signaaltransductieroute vervult een belangrijke rol in 
cellulaire processen die cruciaal zijn tijdens embryonale ontwikkeling en tijdens het 
handhaven van de homeostase in volgroeide weefsels en organen. Deze 
signaalroute wordt geactiveerd doordat een WNT ligand (eiwit dat zich buiten de 
cel bevindt) bindt aan Frizzled (FZD) of de low-density lipoprotein receptor related 
proteins (LRP5/6)-receptoren die zich op het celmembraan bevinden (figuur 1). 
Binding van WNT ligand aan deze receptoren leidt tot de activatie van de 
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intracellulaire WNT signaaltransductie, wat uiteindelijk resulteert in veranderingen 
in gentranscriptie. De WNT route bestaat uit een β-catenine afhankelijke en 
onafhankelijke signaaltransductie. De rol van β-catenine in de cel is tweeledig. Ten 
eerste speelt het eiwit een belangrijke rol in cel-cel contact door zijn interactie met 
cadherines. Het maakt daarbij deel uit van zogenoemde “adherens juncties” die 
zich tussen cellen bevinden. Ten tweede functioneert β-catenine als 
transcriptionele co-activator in de WNT signaaltransductie. In de afwezigheid van 
een extracellulair WNT ligand is β-catenine gelokaliseerd aan het 
plasmamembraan door zijn interactie met cadherines. Vrij β-catenine, dat wil 
zeggen ongebonden β-catenine dat zich in het cytosol bevindt, wordt herkend en 
gefosforyleerd door het “β-catenine destructiecomplex”. Dit complex bestaat uit de 
eiwitten adenomatous polyposis coli (APC), axin en de twee kinases caseïne-
kinase-1 (CK-1) en GSK-3. Beide kinases zijn verantwoordelijk voor sequentiële 
fosforylering van β-catenine, waardoor dit eiwit gemarkeerd wordt voor afbraak 
door het proteasoom (figuur 1). Actief GSK-3 heeft dus een negatieve werking op 
vrij β-catenine. Echter, binding van een WNT ligand aan de FZD en LRP 
receptoren leidt tot signaaltransductie die resulteert in de inactivering van het 
destructiecomplex. Inactivering van het destructiecomplex is gecompliceerd en nog 
niet volledig opgehelderd, maar het proces gaat gepaard met de rekrutering en 
fosforylering van zogenoemde dishevelled (DVL) eiwitten en de fosforylering van 
de LRP5/6 receptoren. Interessant is dat de fosforylering van de LRP5/6 
receptoren gemedieerd wordt door GSK-3, waardoor er een negatieve feedback 
ontstaat (figuur 1). De inactivering van het destructiecomplex leidt tot accumulatie 
van vrij β-catenine en de daaropvolgende translocatie van deze transcriptionele co-
activator naar de celkern. Aldaar gaat β-catenine een interactie aan met de 
transcriptiefactoren T-cell factor (TCF) / Lymphoid enhancer factor (LEF) en 
induceert het gentranscriptie. Momenteel zijn meer dan 100 genen bekend die 
gereguleerd kunnen worden door de activatie van WNT/β-catenin 
signaaltransductie, waaronder diverse transcriptiefactoren (bijv. cMYC), eiwitten 
betrokken bij de regulatie van de celcyclus (bijv. cycline D1), diverse groeifactoren, 
extracellulaire matrixeiwitten, maar ook ontstekingsbevorderende cytokinen en 
enzymen (o.a. interleukine-8 en cyclo-oxygenase-2).  
  
Naast hun rol in de WNT signaaltransductieroute hebben β-catenine en GSK-3 nog 
additionele functies in de cel. Zoals reeds aangegeven is β-catenine belangrijk 
voor de stabilisatie van cel-cel contacten. Deze functie van β-catenine is ook van 
fysiologisch belang, omdat het bijvoorbeeld bijdraagt aan de krachtontwikkeling 
door luchtweg gladde-spiercellen zoals recent aangetoond is in ons laboratorium. 
Evenzo is van GSK-3 bekend dat het bij een breed scala aan cellulaire processen 
betrokken is, onafhankelijk van het effect van dit kinase op β-catenine. GSK-3 
komt voor in twee specifieke isovormen, namelijk GSK-3α (molecuulgewicht: 51 
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kDa) en GSK-3β (47 kDa). Enkele cellulaire processen waarbij GSK-3 betrokken 
is, zijn insuline signaaltransductie, differentiatie van cellen, eiwitsynthese, 
celmotiliteit en celgroei. GSK-3 modificeert deze cellulaire processen door het 
reguleren van meer dan 50 specifieke substraten, waaronder diverse enzymen, 
structurele eiwitten en transcriptiefactoren. GSK-3 is een onconventioneel enzym, 
omdat het een hoge activiteit heeft onder basale condities. De activiteit van het 
kinase kan echter beïnvloed worden door diverse exogene en endogene stimuli. 
Zoals genoemd heeft WNT signaaltransductie een negatieve invloed op de GSK-3 
activiteit, maar ook fosforylering van specifieke aminozuren (serine 9 in GSK-3α en 
serine 21 in GSK-3β) heeft een remmende werking op het kinase. Zowel β-
catenine als GSK-3 zijn betrokken bij diverse cellulaire processen, echter hun 
bijdrage aan de pathologische processen die ten grondslag liggen aan de 
ontwikkeling van chronische luchtwegziekten, met name COPD, is grotendeels 
onbekend en daarom werd mede dit onderzoek opgezet. 
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Figuur 1: Schematische weergave van β-catenine-afhankelijke WNT signalering. Afwezigheid van 
een extracellulair WNT ligand (links): vrij β-catenine wordt herkend door het actieve destructiecomplex, 
bestaande uit axin, adenomatous polyposis C (APC), caseïne kinase-1 (CK-1) and glycogeen synthase 
kinase-3 (GSK-3). Het destructiecomplex is verantwoordelijk voor de fosforylering van β-catenine, 
waardoor dit eiwit gemarkeerd wordt voor afbraak door het proteasoom. Aanwezigheid van WNT 
liganden (rechts): een WNT ligand bindt aan de FZD en LRP5/6 receptoren op het plasmamembraan. 
Binding van WNT aan deze receptoren leidt tot activatie van de intracellulaire WNT 
signaaltransductiecascade via rekrutering van dishevelled (DVL) eiwitten. Activatie van DVL in 
combinatie met fosforylering van LPR5/6 leidt tot inactivatie van het destructiecomplex. Hierdoor kan β-
catenine accumuleren in het cytosol en vindt er translocatie plaats van β-catenine naar de celkern. In de 
celkern gaat de transcriptionele co-activator β-catenine een interactie aan met de transcriptiefactoren T-
cell factor (TCF)/Lymphoid enhancer factor (LEF) en induceert het gentranscriptie. 
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Bijdrage van β-catenine en GSK-3 signaaltransductie aan luchtweg-
remodelling: specifieke focus op de luchtweg-gladde spier  
Een belangrijk pathologisch verschijnsel bij chronische obstructieve longziekten is 
het optreden van structurele veranderingen in de luchtwegen, ofwel 
luchtwegremodelling. Deze structurele veranderingen manifesteren zich 
voornamelijk in de kleine luchtwegen (<2 mm diameter in doorsnee) en worden 
gekarakteriseerd door een toename van de luchtweg-gladde spiermassa en 
veranderingen in de samenstelling en hoeveelheid van extracellulaire 
matrixeiwitten. Gezamenlijk dragen deze veranderingen in belangrijke mate bij aan 
zowel de luchtweghyperreactiviteit als de luchtwegobstructie. Een toegenomen 
luchtweg-gladde spiermassa is bijvoorbeeld geassocieerd met een verminderde 
longfunctie in ernstig astma. Ook bij COPD kan een toegenomen luchtweg-gladde 
spiermassa worden waargenomen, voornamelijk in ernstig en zeer ernstig COPD 
(stadium III en IV). Tabaksrook, de belangrijkste risicofactor voor het ontstaan van 
COPD, kan een direct effect hebben op de cellen die de wand van luchtwegen 
bekleden. Hierdoor kunnen processen die betrokken zijn bij luchtwegremodelling 
geactiveerd worden. Zo kan bijvoorbeeld blootstelling van luchtweg-gladde 
spiercellen aan sigarettenrook de groei van deze cellen activeren en dit zou 
mogelijk kunnen verklaren waarom er een toegenomen luchtweg-gladde 
spiermassa wordt waargenomen bij COPD. Daarnaast hebben diverse 
experimenten in cellen (in vitro experimenten) en proefdieren (in vivo 
experimenten) aangetoond dat blootstelling van diverse organen, inclusief de 
longen, aan sigarettenrook resulteert in een verhoogde expressie van de 
groeifactor transforming growth factor-β (TGF-β). Overeenkomstig is een 
verhoogde pulmonale expressie van TGF-β waargenomen in patiënten met COPD. 
Hierbij is er tevens sprake van een sterke associatie tussen de pathofysiologie van 
COPD en bepaalde varianten (polymorfismen) van het TGF-β gen. De 
mechanismen die leiden tot de ontwikkeling en het (progressieve) verloop van 
luchtwegremodelling zijn slechts ten dele bekend, maar luchtweg-gladde 
spiercellen zouden in belangrijke mate aan dit proces kunnen bijdragen door 
toename in celgroei (hyperplasie) en/of celgrootte (hypertrofie), maar ook door 
middel van het synthetiseren en uitscheiden van diverse ontstekingsmediatoren, 
groeifactoren en extracellulair matrixeiwitten. 
 
Afzetting van extracellulaire matrix door luchtweg-gladde spiercellen 
In de luchtwegen van patiënten met chronische luchtwegziekten kan een 
toegenomen expressie van extracellulaire matrixeiwitten worden waargenomen 
rond de gladde spiercellen. Voornamelijk de expressie van fibronectine, 
hyaluronan, versican, biglycan, lumican en specifieke subtypen collageen is hierbij 
verhoogd. De veranderingen in luchtweg-gladde spiermassa en extracellulaire 
matrixafzetting zijn bij COPD in het algemeen minder uitgesproken dan bij astma, 
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doch deze veranderingen kunnen van groot belang zijn in de pathofysiologie van 
COPD en dan met name de vergevorderde stadia van de ziekte. De studies 
beschreven in hoofdstuk 2, waarin de bijdrage van β-catenine signaaltransductie 
aan de extracellulaire matrixeiwit productie onderzocht werd, tonen aan dat 
stimulatie van luchtweg-gladde spiercellen met TGF-β leidt tot een toegenomen 
expressie van de extracellulaire matrixeiwitten collageen IαI, fibronectine en 
versican. De toename in extracellulaire matrixeiwit expressie geïnduceerd door 
TGF-β werd vooraf gegaan door activering van β-catenine signaaltransductie en 
een endogene remming van GSK-3 ten gevolge van van serine fosforylering. 
Farmacologische inhibitie van de interactie tussen β-catenine en de 
transcriptiefactor TCF-4 door de verbinding PKF115-584 verhinderde de TGF-β 
geïnduceerde inductie van de extracellulaire matrixeiwitten in luchtweg-gladde 
spiercellen. De bijdrage van β-catenine aan dit proces werd nogmaals bevestigd 
door experimenten, waarbij de expressie van β-catenine verlaagd werd door 
middel van specifiek siRNA. De resultaten van deze experimenten waren volledig 
in overeenstemming met de resultaten die verkregen waren met PKF115-584. 
Opmerkelijk was dat de TGF-β geïnduceerde expressie van het conventionele 
smad-afhankelijke gen plasminogen activator inhibitor-1 (PAI-1) niet beïnvloed 
werd door PKF115-584 of het siRNA specifiek gericht tegen β-catenine. Dit 
impliceert dat niet alle TGF-β geactiveerde gentranscriptie afhankelijk is van β-
catenine en dat activatie van deze transcriptionele co-activator bijdraagt aan de 
transcriptie van specifieke genen. Bovendien tonen de studies beschreven in 
hoofdstuk 2 aan dat transcriptioneel actief β-catenine niet alleen een bijdrage 
levert aan TGF-β geïnduceerde extracellulaire matrixafzetting door luchtweg- 
gladde spiercellen, maar ook dat het zelfstandig in staat is om transcriptie van deze 
eiwitten te induceren. Dit kon worden aangetoond door de luchtweg-gladde 
spiercellen te transfecteren met een transcriptioneel-actieve en degradatie-
ongevoelige β-catenine mutant (S33Y-β-catenine). Het S33Y-β-catenine heeft een 
mutatie van het aminozuur op positie 33 waarbij een serine (S) is vervangen door 
een tyrosine (Y), waardoor GSK-3 niet meer in staat is om dit β-catenine te 
fosforyleren en te markeren voor afbraak. Transfectie met S33Y-β-catenine zorgde 
ervoor dat de luchtweg-gladde spiercellen meer fibronectine aanmaakten. 
Samengevat laten de studies beschreven in hoofdstuk 2 zien dat in luchtweg-
gladde spiercellen β-catenine signaaltransductie geactiveerd wordt door de pro-
fibrogene groeifactor TGF-β. Activatie van β-catenine als transcriptionele co-
activator leidt tot een toename in aanmaak en afzetting van extracellulaire 
matrixeiwitten in deze cellen, die geremd kon worden door farmacologische 
interventie met PKF115-584. Deze studie geeft inzicht in een moleculair 
mechanisme dat zou kunnen bijdragen aan luchtwegremodelling. De uitgescheiden 
extracellulaire matrixeiwitten dragen niet alleen fysiek bij aan vernauwing van het 
lumen van de luchtwegen, maar beïnvloeden ook in sterke mate de cellulaire 
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processen van structurele cellen in de luchtwegwand zoals de gladde spiercellen, 
fibroblasten en epitheelcellen. Veranderingen in de samenstelling en hoeveelheid 
extracellulaire matrix in de luchtwegen zijn van belang bij het ziekteproces van 
chronische obstructieve longziekten, zoals astma en COPD. Activatie van β-
catenine leidt niet alleen tot een toename in extracellulaire matrix afzetting, maar 
het draagt ook bij aan de proliferatie (het proces dat leidt tot een toename in 
celaantal) van luchtweg-gladde spiercellen na stimulatie met groeifactoren, zoals 
PDGF en serum. Ergo, activatie van β-catenine signaaltransductie zou kunnen 
bijdragen aan luchtwegremodelling via een toename in extracellulaire 
matrixafzetting, maar ook door bij te dragen aan een toename in luchtweg gladde-
spiermassa. Echter, in hoeverre β-catenine signaaltransductie verantwoordelijk is 
voor de luchtwegremodelling in patiënten met COPD is tot op heden nog niet 
duidelijk. Desalniettemin tonen wij aan dat de β-catenine-gemedieerde aanmaak 
en afzetting van extracellulaire matrixeiwitten door luchtweg-gladde spiercellen 
farmacologisch geremd kan worden, wat van therapeutische waarde zou kunnen 
zijn voor de behandeling van luchtwegremodelling bij COPD. 
 
De luchtweg-gladde spiercel als potentiële bron van cytokinen en groeifactoren 
De luchtweg-gladde spiercel wordt in toenemende mate herkend als een potentiële 
bron van (ontstekingsbevorderende) cytokinen, chemokinen, groeifactoren, 
enzymen en andere mediatoren die een rol kunnen spelen in chronische 
obstructieve longziekten. Zoals reeds genoemd, chronische en herhaaldelijke 
blootstelling van de luchtwegen en het parenchym aan sigarettenrook is de 
belangrijkste risicofactor voor het ontwikkelen van COPD. Componenten van 
sigarettenrook alsmede ontstekingsbevorderende cytokinen, bijvoorbeeld 
interleukine-1β (IL-1β) kunnen de gladde spiercellen activeren om cytokinen en 
groeifactoren uit te scheiden (hoofdstuk 5). Om blootstelling van de luchtweg 
gladde-spiercellen aan sigarettenrook werd er in de studies beschreven in 
hoofdstuk 5 gebruik gemaakt van sigarettenrookextract. Dit sigarettenrookextract 
is een mengsel van allerlei verschillende chemische componenten die zich in 
sigarettenrook bevinden en die oplosbaar zijn in het medium, waarin de cellen 
gekweekt worden. Luchtweg-gladde spiercellen produceren als reactie op 
sigarettenrookextract en/of IL-1β de cytokinen eotaxine, IL-8 en de groeifactor 
vascular endothelial growth factor (VEGF) (hoofdstuk 5). Deze uitgescheiden 
eiwitten kunnen in belangrijke mate bijdragen aan de pathogenese van COPD. Zo 
kunnen de uitgescheiden cytokinen diverse ontstekingsbevorderende cellen 
aantrekken en activeren, terwijl VEGF een belangrijke rol speelt in angiogenese 
(vorming van nieuwe bloedvaten) en luchtwegremodelling. De exacte chemische 
componenten in sigarettenrookextract die verantwoordelijk zijn voor de inductie van 
cytokine- en groeifactorafgifte door de luchtweg-gladde spiercellen zijn nog niet 
opgehelderd. De onderliggende moleculaire mechanismen die betrokken zijn bij dit 
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proces zijn eveneens nog niet volledig in kaart gebracht. Activatie van zowel de 
zogenoemde nuclear factor-kappa B (NF-κB) signaaltransductieroute als van β-
catenine-afhankelijke gentranscriptie is in verband gebracht met de productie van 
de reeds genoemde cytokinen en VEGF. Echter, sigarettenrookextract en IL-1β 
zijn op zichzelf niet in staat om β-catenine signaaltransductie te activeren in 
luchtweg-gladde spiercellen (hoofdstuk 5). Vanuit de literatuur is bekend dat GSK-
3 potentieel betrokken is bij de regulatie van de NF-κB signaaltransductieroute en 
dat het kinase fungeert als negatieve regulator van β-catenine. Daarom was onze 
hypothese dat het kinase een belangrijke rol zou kunnen vervullen in de door 
sigarettenrookextract en IL-1β geïnduceerde ontstekingsreactie in luchtweg- 
gladde spiercellen. Farmacologische remming van GSK-3 deed de afgifte van 
eotaxine, IL-8 en VEGF door luchtweg gladde-spiercellen als reactie op 
sigarettenrookextract en IL-1β afnemen, terwijl de cellulaire expressie van β-
catenine toenam als gevolg van de GSK-3 remming. Zowel sigarettenrookextract 
als IL-1β zorgde voor de afbraak van Iκ-Bα (een endogene remmer van de NF-κB 
signaaltransductieroute) en voor de translocatie van de p65-subunit van NF-κB 
naar de kern. Deze twee cellulaire processen tonen aan dat de NF-κB 
signaaltransductieroute geactiveerd werd door beide stimuli. Farmacologische 
remming van GSK-3 met SB216763 had geen effect op de afbraak van Iκ-Bα of de 
translocatie van p65 NF-κB, maar remde volledig de transcriptionele activiteit van 
de NF-κB signaaltransductieroute (hoofdstuk 5). Samengevat betekent dit dat 
GSK-3 signaaltransductie in luchtweg-gladde spiercellen bijdraagt aan de 
ontstekingsreactie geïnitieerd door (oplosbare componenten van) sigarettenrook 
en het cytokine IL-1β, via NF-κB gemedieerde gentranscriptie. Hieruit kan 
geconcludeerd worden dat remming van GSK-3 een nieuwe strategie zou kunnen 
zijn voor het verminderen van ontstekingsprocessen in de luchtwegen bij 
chronische obstructieve longziekten. Interessant is dat vermindering van de GSK-3 
activiteit gepaard gaat met een toename van β-catenine, welke niet geassocieerd 
is met de aanmaak en vrijzetting van cytokinen en groeifactoren. Een toename in 
β-catenine expressie in luchtweg-gladde spiercellen kan echter leiden tot een 
toegenomen aanmaak van extracellulaire matrixeiwitten, zoals de studies 
beschreven in hoofdstuk 2 aantonen. Een potentiële beperking van het 
therapeutisch gebruik van GSK-3 remmers zou in theorie dus kunnen zijn dat de 
extracellulaire matrixafzetting in de luchtwegen toeneemt, waardoor 
luchtwegremodelling versterkt wordt. Tevens is aangetoond in muizen dat 
hypertrofie (toename in celgrootte) en hyperplasie (toename in celaantal) van de 
luchtweg-gladde spier correleert met endogene inactivatie van GSK-3 (d.w.z. 
serine fosforylatie van beide GSK-3 isovormen). Desalniettemin vermeldt geen 
enkele in vivo studie, waarin het GSK-3 als mogelijk farmacologisch target 
onderzocht is, significante veranderingen in de hoeveelheid en grootte van de 
luchtweg-gladde spier en/of toegenomen extracellular matrixafzetting in de 
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luchtwegen (zie ook hoofdstuk 6). Deze studies tonen zelfs het tegendeel aan, 
waarbij een afname gezien wordt van specifieke extracellulaire matrixeiwitten in de 
longen, en dan voornamelijk in de luchtwegen. Deze schijnbare tegenstelling kan 
mogelijk verklaard worden door de directe effecten van GSK-3 remming in cellen 
die betrokken zijn bij fibrotische reacties, of door een verminderde 
ontstekingsreactie in vivo als gevolg van GSK-3 inhibitie (hoofdstuk 4 en 5). 
 
Een nieuw paradigma voor weefselherstel in de door COPD aangetaste long: 
WNT/β-catenine en GSK-3 signaaltransductie in longfibroblasten 
Een belangrijk pathologisch verschijnsel dat optreedt bij COPD is emfyseem, dat in 
tegenstelling tot luchtwegremodelling gekarakteriseerd wordt door progressief 
verlies van longweefsel als gevolg van de chronische ontsteking en 
weefselschade. De huidige therapeutische mogelijkheden voor de behandeling van 
aan roken gerelateerd emfyseem zijn schaars en slechts beperkt effectief. Diverse 
mechanismen dragen mogelijk bij aan de ontwikkeling van de chronische 
weefselschade, waaronder een verstoring van de balans in expressie van 
proteasen en anti-proteasen in de long, een toegenomen apoptose 
(geprogrammeerde celdood) van alveolaire epitheelcellen, alsmede een 
verminderde afweerreactie van het immuunsysteem in de longen. De meeste 
studies richten zich op de processen die betrokken zijn bij het veroorzaken van 
chronische weefselschade, terwijl de processen die betrokken bij weefselherstel 
minder onderzocht zijn. De processen die betrokken zijn bij weefselherstel zijn 
echter niet van ondergeschikt belang. Emfyseem zou kunnen worden beschouwd 
als een verminderd herstel van parenchymweefsel, als gevolg van beschadiging 
door chronische blootstelling aan sigarettenrook. Longfibroblasten zijn cellen die 
primair van belang zijn voor het herstellen van weefselschade. Alhoewel de 
emfysemateuze long primair gekarakteriseerd wordt door afname van longweefsel, 
zijn er indicaties dat fibroblasten in de longblaasjes (alveoli) nog steeds actief zijn. 
 
De moleculaire mechanismen die kunnen bijdragen aan weefselschade en -herstel 
van het longparenchym zijn nog niet goed opgehelderd. Het herstel van 
longweefsel of het tegengaan van verdere beschadiging zou een reëel doel 
kunnen zijn voor therapeutische interventie bij de behandeling van emfyseem. 
Activatie van signaaltransductieroutes die betrokken zijn bij de ontwikkeling van de 
longen vormen een rationele benadering om dit doel te bereiken. In dit opzicht is 
de WNT signaaltransductieroute van potentieel belang, omdat deze in belangrijke 
mate bijdraagt aan de longontwikkeling tijdens de verschillende embryonale fasen. 
Diverse studies hebben aangetoond dat activatie van de WNT 
signaaltransductieroute ook kan bijdragen aan weefselherstel en dat deze route 
daarin samenwerkt met de TGF-β signaaltransductie. Een screening van genen die 
noodzakelijk zijn voor functionele WNT signalering toonde aan dat het merendeel 
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van deze genen tot expressie wordt gebracht in primaire longfibroblasten. Er waren 
echter duidelijke verschillen waarneembaar in de mate waarin deze specifieke 
genen tot expressie worden gebracht (hoofdstuk 3). Vooral de WNT liganden 
WNT-5A, WNT-5B en WNT16, de FZD receptoren  FZD2, FZD6 en FZD8, alsmede 
DVL3 en β-catenine werden hoog tot expressie gebracht. Daarentegen werden 
WNT-3A, WNT-6, WNT-9A, FZD3, FZD9 en FZD10 in geringe mate tot expressie 
gebracht. 
 
Stimulatie van de longfibroblasten met de groeifactor TGF-β induceerde 
genexpressie van specifieke WNT liganden en receptoren, terwijl de expressie van 
andere WNT genen niet beïnvloed werd. Met name de expressie van WNT-5B, 
FZD6, FZD8 en β-catenine was gevoelig voor stimulatie met TGF-β. Opmerkelijk 
was dat de expressie van enkele van deze genen aanzienlijk hoger was in 
longfibroblasten van patiënten met matig of zeer ernstig COPD (respectievelijk 
stadium II en stadium IV). Naast een toegenomen genexpressie leidde stimulatie 
met TGF-β ook tot een toename in de eiwitexpressie van β-catenine. De TGF-β 
stimulatie resulteerde eveneens in een toegenomen cytosolaire en nucleaire 
expressie van transcriptioneel actief β-catenine (hoofdstuk 3). Door gebruik te 
maken van verschillende moleculair biologische en farmacologische technieken, 
toonden we aan dat activatie van β-catenine signaaltransductie bijdraagt aan het 
differentiatieproces van fibroblasten tot meer actieve myofibroblasten. TGF-β 
stimulatie leidde tot een versterkte activatie van β-catenine signaaltransductie in 
longfibroblasten van COPD patiënten in vergelijking tot fibroblasten van de controle 
groep. Hiermee overeenkomstig, resulteerde de toegenomen activatie van β-
catenine in versterkte afzetting van het extracellulaire matrixeiwit fibronectine (een 
β-catenine gereguleerd gen) door fibroblasten van COPD patiënten in vergelijking 
tot de controle groep (hoofdstuk 3). Samengevat, de studies beschreven in 
hoofdstuk 3 tonen aan dat longfibroblasten van COPD patiënten een verhoogde 
genexpressie van WNT liganden en receptoren hebben, dat activatie van β-
catenine signaaltransductie bijdraagt aan myofibroblast differentiatie en dat 
longfibroblasten van COPD patiënten een toegenomen activering van β-catenine 
signaaltransductie en dientengevolge fibronectine afzetting vertonen. De 
verhoogde WNT expressie kan aldus als een poging tot weefselherstel gezien 
worden bij patiënten met COPD. 
 
Deze bevindingen suggereren dat activatie van WNT signaaltransductie bijdraagt 
aan weefselherstel, wat implicaties heeft zou kunnen hebben voor het verminderen 
van de progressie van emfyseem. Inderdaad, recent heeft een in vivo studie 
aangetoond dat therapeutische activatie van de WNT/β-catenine 
signaaltransductie leidt tot een vermindering van emfyseem in muizen. Deze studie 
toonde verder aan dat genexpressie van specifieke componenten van de WNT 
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signaaltransductieroute, alsmede de activiteit van deze route, nagenoeg identiek 
was in longweefsel van COPD patiënten en in de controle groep. Opmerkelijk was 
echter, dat de nucleaire expressie van β-catenine verminderd was in alveolaire 
type II (AT II) epitheelcellen in gebieden die beschadigd waren als gevolg van 
emfyseem. Door gebruik te maken van twee verschillende in vivo modellen van 
sigarettenrook en elastine geïnduceerd emfyseem, toonden de auteurs van deze 
studie aan dat intraperitoneale toediening van LiCl (een relatief aselectieve remmer 
die ook GSK-3 activiteit remt) leidt tot activatie van β-catenine signaaltransductie in 
AT II cellen. Activatie van β-catenine in deze cellen resulteerde vervolgens in 
herstel van het parenchymweefsel en tot een verbeterde longfunctie. 
 
In de longen bevinden de epitheelcellen en de longfibroblasten zich in elkaars 
nabijheid en zijn ze in staat elkaars cellulaire responsen te beïnvloeden. De 
communicatie tussen deze cellen zou mogelijk verstoord kunnen zijn bij COPD en 
zodoende kunnen bijdragen aan het ziekteproces. Ook in deze context zou 
signaaltransductie via WNT erg belangrijk kunnen zijn. Sommige WNT liganden 
leiden tot cellulaire processen zonder dat ze β-catenine signaaltransductie 
activeren en worden daarom niet-canonieke WNT liganden genoemd. Deze 
specifieke WNT liganden zijn in staat om signaaltransductie aangestuurd door 
canonieke WNT liganden, die wel leiden tot stabilisatie en activatie van β-catenine, 
te antagoneren. De door WNT-3A geïnduceerde stabilisatie en activatie van β-
catenine kan bijvoorbeeld concentratie-afhankelijk worden voorkomen door cellen 
te stimuleren met WNT-5A (niet-canoniek WNT ligand). Belangrijk hierbij is dat AT 
II cellen afhankelijk zijn van de canonieke WNT signaaltransductie om te 
prolifereren en om weefsel te herstellen. Het lijkt er echter op dat longfibroblasten 
als reactie op TGF-β stimulatie met name componenten van de niet-canonieke 
WNT signaaltransductie tot expressie brengen en dat dit versterkt is in fibroblasten 
van COPD patiënten (hoofdstuk 3). Daarom zou de balans in de wederzijdse 
communicatie tussen longfibroblasten en AT II cellen via canonieke en niet-
canonieke WNT signaaltransductie verstoord kunnen zijn bij de pathofysiologie van 
COPD. De verhoogde afgifte van niet-canonieke WNT liganden door de 
longfibroblasten zorgt er met andere woorden voor dat canonieke WNT 
signaaltransductie in ATII onderdrukt wordt, wat weer tot gevolg heeft dat de 
proliferatie van ATII cellen en de capaciteit om weefsel te repareren verminderd. 
De onbalans in WNT-gemedieerde cellulaire communicatie tussen deze twee 
celtypen kan mogelijk de ontwikkeling en progressie van emfyseem verklaren en 
daarom is deze hypothese bijzonder aantrekkelijk om in de toekomst verder te 
bestuderen. Tevens suggereert dit dat het herstellen van het normale evenwicht in 
canonieke en niet-canonieke WNT signaaltransductie tussen het epitheel en het 
onderliggende mesenchymale weefsel een therapeutische strategie zou kunnen 
zijn voor de behandeling van COPD. 
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GSK-3 als potentieel therapeutisch doelwit voor de behandeling van COPD 
Uit het voorgaande blijkt dat activatie van canonieke WNT signaaltransductie zou 
kunnen bijdragen aan weefselherstel en dat GSK-3 functioneert als een negatieve 
regulator van deze signaaltransductieroute. De effecten van de WNT 
signaaltransductieroute zijn echter context-afhankelijk en langdurige activatie van 
deze specifieke route zou nadelige gevolgen kunnen hebben voor weefselfibrose. 
Remming van GSK-3 in longfibroblasten leidt echter niet tot een toegenomen 
myofibroblastdifferentiatie (hoofdstuk 4). Integendeel, farmacologische remming 
van GSK-3 of downregulatie van het kinase door middel van siRNA voorkomt de 
TGF-β geïnduceerde myofibroblastdifferentiatie. In longfibroblasten leidt een 
verminderde activiteit van GSK-3 tot een toegenomen fosforylatie en zodoende 
activatie van het zogenoemde eiwit cAMP-responsive element binding protein 
(CREB). Gefosforyleerd CREB functioneert als competitieve antagonist van TGF-
β-geïnduceerde Smad signaaltransductie, zonder dat de fosforyleringsstatus van 
de Smad-eiwitten wordt beïnvloed. Interessant is dat GSK-3 in dezelfde mate 
betrokken is bij myofibroblastdifferentiatie in primaire longfibroblasten afkomstig 
van COPD patiënten. Dit suggereert dat GSK-3 belangrijke cellulaire functies van 
longfibroblasten reguleert en dat die nog intact zijn in patiënten met COPD. Een 
onverwachte bevinding was dat vermindering van de GSK-3 activiteit in 
longfibroblasten resulteert in een afname van TGF-β geïnduceerde β-catenine 
expressie in plaats van een toename, zoals dit uit de schematische weergave in 
figuur 1 verwacht zou worden (hoofdstuk 6). De cellulaire expressie van β-
catenine wordt bepaald door de mate waarin het eiwit door de novo synthese wordt 
aangemaakt en de mate waarin β-catenine afgebroken wordt door 
posttranslationele processen. In longfibroblasten leidt stimulatie met verscheidene 
groeifactoren, waaronder TGF-β, tot een toegenomen smad-afhankelijke 
gentranscriptie van β-catenine, waardoor de cellulaire expressie van het eiwit 
toeneemt. Zoals genoemd, resulteert verminderde activiteit van GSK-3 tot een 
toegenomen CREB activatie, hetgeen de smad-afhankelijke signaaltransductie 
onderdrukt. Een plausibele verklaring voor verminderde TGF-β-geïnduceerde β-
catenine expressie na inhibitie van GSK-3 is daarom dat dit een gevolg kan zijn 
van de onderdrukking van smad-afhankelijke de novo synthese van β-catenine. 
Kortom, verscheidene cellulaire responsen van longfibroblasten, waaronder de 
afzetting van extracellulaire matrixeiwitten en myofibroblast differentiatie, zijn 
afhankelijk van GSK-3 activiteit via de onderdrukking van CREB-gemedieerde 
signaaltransductie. 
 
Om onze in vitro bevindingen te bevestigen en het therapeutische potentieel van 
GSK-3 remming verder te onderzoeken, zijn de effecten van de GSK-3 remmer 
SB216763 in een caviamodel van lipopolysaccharide (LPS)-geïnduceerd COPD 
onderzocht (hoofdstuk 6). LPS is een endotoxine dat deel uitmaakt van het 
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buitenmembraan van gram-negatieve bacteriën en is tevens onderdeel van 
sigarettenrook en andere pathogene stimuli die geassocieerd zijn met de 
ontwikkeling van COPD. In diverse diermodellen is aangetoond dat herhaaldelijke 
LPS blootstelling ziekteverschijnselen induceert die overeenkomen met de 
pathofysiologie van COPD. Dit geldt ook voor het gebruikte caviamodel, waarbij 
herhaaldelijke intranasale toediening van LPS (2x per week gedurende12 weken) 
leidde tot pulmonale en extrapulmonale ziekteverschijnselen. De pathologische 
veranderingen in de longen waren geassocieerd met activatie van β-catenine 
signaaltransductie en werden gekarakteriseerd door een toegenomen fibronectine 
expressie en een toename in collageen afzetting in de kleine luchtwegen. Tevens 
induceerde LPS cardiovasculaire remodelling, waaronder hypertrofie van het 
rechter ventrikel en er was een tendens tot skeletspieratrofie (hoofdstuk 6). 
Selectieve remming van GSK-3 door intranasale instillatie van SB216763 was in 
staat om de LPS-geïnduceerde pulmonale en extrapulmonale pathologische 
kenmerken grotendeels te voorkomen in de cavia. In overeenstemming met de 
bevindingen in de longfibroblasten, leidde GSK-3 remming in het caviamodel van 
LPS geïnduceerd COPD ook tot een verminderde activatie van β-catenine. De 
afname in actief β-catenine zou een verklaring kunnen zijn voor de afname in 
pathologische verschijnselen na farmacologische remming van GSK-3 in dit in vivo 
model van COPD. Naast een direct effect van GSK-3 remming in cellen die 
betrokken zijn bij het fibrotische proces, kan de afname in pathologische 
verschijnselen ook het gevolg zijn van een verminderde ontstekingsreactie ten 
gevolge van GSK-3 remming. Zoals aangetoond in hoofdstuk 5, leidt GSK-3 
remming in luchtweg-gladde spiercellen tot een verminderde productie van 
ontstekingsbevorderende cytokinen en groeifactoren. Tevens hebben diverse in 
vitro en in vivo studies, die model stonden voor een breed scala aan andere 
chronische aandoeningen dan COPD, aangetoond dat GSK-3 inhibitie een gunstig 
effect heeft op de ontstekingsreactie. Geruststellend is dat onze studie aantoont 
dat farmacologische remming van GSK-3 niet leidt tot luchtwegremodelling of 
andere ernstige bijwerkingen. Bovendien wordt de toepasbaarheid van GSK-3 
remmers klinisch onderzocht voor de behandeling van de ziekte van Alzheimer en 
diabetes mellitus, terwijl LiCl al meer dan 50 jaar klinisch gebruikt wordt in de 
psychiatrie voor de behandeling van manische depressiviteit. Gezamenlijk tonen 
deze bevindingen aan dat GSK-3 een therapeutisch target kan zijn voor de 
behandeling van chronische ontstekingsziekten en dat GSK-3 remmers mogelijk in 
de toekomst toepasbaar zijn voor de behandeling van COPD. 
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Conclusies 
De studies beschreven in dit proefschrift hebben het volgende aangetoond: 

 Stimulatie met TGF-β leidt in zowel luchtweg-gladde spiercellen als in 
longfibroblasten tot de activatie van β-catenine signaaltransductie 
(hoofdstukken 2 en 3) 

 Activatie van β-catenine signaaltransductie in luchtweg-gladde spiercellen 
leidt tot aanmaak en afzetting van de extracellulaire matrixeiwitten 
fibronectine, collageen IαI en versican (hoofdstuk 2) 

 Longfibroblasten brengen de genen tot expressie die noodzakelijk zijn voor 
functionele WNT signaaltransductie. Stimulatie met TGF-β leidt tot een 
toename in genexpressie van specifieke componenten van de WNT 
signaaltransductieroute en deze inductie is sterker in fibroblasten van 
patiënten met matig en zeer ernstig COPD in vergelijking tot fibroblasten 
van de controle groep (hoofdstuk 3). 

 Activatie van β-catenine signaaltransductie door TGF-β draagt bij aan het 
differentiatieproces van fibroblasten naar meer actieve myofibroblasten. In 
fibroblasten van COPD patiënten (stadium II en IV) is deze activatie van β-
catenine toegenomen en leidt dit tot een versterkte afzetting van het 
extracellulaire matrixeiwit fibronectine (hoofdstuk 3).  

 β-catenine-gemedieerde extracellulaire matrixafzetting door zowel 
luchtweg-gladde spiercellen als door longfibroblasten kan farmacologisch 
geremd worden door de interactie tussen β-catenine en de 
transcriptiefactor TCF-4 te verstoren met behulp van de farmacologische 
remmers PKF115-584 en quercetin (hoofdstukken 2 en 3). 

 GSK-3 signaaltransductie draagt bij aan het differentiatieproces van 
fibroblasten naar myofibroblasten geïnduceerd door TGF-β stimulatie. 
Farmacologische remming van GSK-3 of downregulatie van het kinase 
door middel van specifiek siRNA leidt tot een toegenomen fosforylering 
van CREB. Gefosforyleerd CREB voorkomt myofibroblast differentiatie 
door de smad signaaltransductie te antagoneren (hoofdstuk 4). 

 Stimulatie van luchtweg-gladde spiercellen met sigarettenrookextract of het 
ontstekingsbevorderende cytokine IL-1β resulteert in vrijzetting van 
eotaxine, IL-8 en VEGF door deze cellen. Farmacologische remming van 
GSK-3 vermindert de vrijzetting van deze cytokinen en groeifactor-
vrijzetting geïnduceerd door sigarettenrookextract en IL-1β door de NF-κB 
gemedieerde gentranscriptie te onderdrukken (hoofdstuk 5). 

 GSK-3 signaaltransductie draagt bij aan de pulmonale en extrapulmonale 
pathologische verschijnselen in een caviamodel van LPS geïnduceerd 
COPD. Herhaaldelijke intranasale instillatie van LPS leidt in de cavia tot 
activatie van β-catenine en remodellering van de luchtwegen. Dit laatste 
wordt gekarakteriseerd door een toename in fibronectine expressie en een 



NL Nederlandse samenvatting 

  

 

229 

 NL 

toegenomen collageen expressie in de kleine luchtwegen. Tevens leidt 
intranasale LPS toediening tot hypertrofie van het rechter ventrikel en er is 
een tendens waarneembaar voor atrofie van de skeletspieren. Deze 
pathologische verschijnselen geïnduceerd door LPS kunnen grotendeels 
voorkomen worden door intranasale toediening van de GSK-3 remmer 
SB216763 (hoofdstuk 6). 

 
De diverse in vitro studies beschreven in dit proefschrift tonen aan dat zowel β-
catenine als GSK-3 een belangrijke rol spelen in luchtweg-gladde spiercellen en 
longfibroblasten bij specifieke cellulaire processen die kunnen bijdragen aan de 
pathofysiologie van COPD. Een schematisch overzicht van de resultaten uit de in 
vitro studies is weergegeven in figuur 2. De in vivo studie beschreven in dit 
proefschrift toont aan dat pulmonale toediening van de GSK-3 remmer SB216763 
in staat is om de pulmonale en extrapulmonale ziekteverschijnselen geïnduceerd 
door intranasale LPS instillatie te voorkomen. Gezamenlijk suggereren de 
resultaten van de in vitro en in vivo studies dat farmacologische interventie in GSK-
3 en β-catenine gemedieerde signaaltransductie de pathologische processen die 
ten grondslag liggen aan de ontwikkeling en progressie van COPD kan voorkomen. 
Deze bevindingen openen nieuwe mogelijkheden voor de (toekomstige) 
ontwikkeling van nieuwe therapieën voor de behandeling van chronisch 
obstructieve longziekten, zoals COPD. 
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◄ Figuur 2: Rol van β-catenine en GSK-3 signaaltransductie in cellulaire processen die bijdragen 
aan de pathofysiologie van COPD. Chronic obstructive pulmonary disease (COPD; chronisch 
obstructief longlijden) wordt primair veroorzaakt door het roken van sigaretten of andere 
tabaksproducten. Chronische blootstelling van cellen in de luchtwegen kan leiden tot weefselschade en 
veranderingen in de structuur van de longen. Blootstelling van epitheelcellen aan sigarettenrook leidt tot 
de uitscheiding van diverse ontstekingsbevorderende cytokinen (bijv. IL-1β) en groeifactoren (bijv. TGF-
β). De uitgescheiden mediatoren kunnen de luchtweg-gladde spiercellen of de longfibroblasten 
activeren. Tevens kunnen diverse componenten van sigarettenrook diffunderen naar deze cellen die 
zich onder het epitheel bevinden. Activatie van de longfibroblasten door TGF-β leidt tot een toename in 
cellulaire β-catenine expressie. Vervolgens vindt translocatie van β-catenine naar de kern plaats, waar 
het bijdraagt aan gentranscriptie van genen die geassocieerd zijn met de differentiatie van fibroblasten 
naar myofibroblasten (hoofdstuk 3). Tevens leidt TGF-β stimulatie in deze cellen tot een verhoging van 
genen van de WNT signaaltransductieroute. In longfibroblasten van COPD patiënten is de expressie 
van genen voor de WNT signaaltransductieroute, de activatie van β-catenine alsmede de afzetting van 
fibronectine door TGF-β stimulatie toegenomen in vergelijking tot longfibroblasten van personen zonder 
COPD (hoofdstuk 3). Stimulatie van deze cellen met TGF-β leidt eveneens tot de activatie van de 
smad signaaltransductieroute dat bijdraagt aan het differentiatieproces van de fibroblasten. 
Farmacologische remming van GSK-3 door SB216763 of CT/CHIR99021 leidt tot een vermindering van 
smad gemedieerde gentranscriptie, doordat de CREB signaaltransductie wordt geactiveerd. Actief 
CREB kan smad-afhankelijke gentranscriptie antagoneren, zonder dat de fosforylering van de smad 
eiwitten beïnvloed wordt (hoofdstuk 4). In de luchtweg gladde-spiercellen leidt TGF-β stimulatie tot 
activatie van β-catenine signaaltransductie door inactivatie van GSK-3 via serine fosforylatie en de novo 
synthese van β-catenine. In deze cellen leidt de activatie van β-catenine tot gentranscriptie van 
extracellulaire matrixeiwitten (hoofdstuk 2). Behandeling van de luchtweg-gladde spiercellen met 
sigarettenrookextract of IL-1β induceert de activatie van de NF-κB signaaltransductieroute, wat 
noodzakelijk is voor de transcriptie en het vrijzetten van eotaxine, VEGF en IL-8 door deze cellen. 
Farmacologische remming van GSK-3 vermindert de NF-κB gemedieerde gentranscriptie, zonder dat 
de afbraak van Iκ-Bα of de nucleaire translocatie en DNA binding van p65 NF-κB beïnvloed wordt 
(hoofdstuk 5). 
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Promoveren doe je natuurlijk niet alleen en bij deze wil ik dan ook graag van de 
gelegenheid gebruik maken om een aantal mensen bedanken voor een hele 
plezierige tijd deze afgelopen 4 jaar en natuurlijk voor hun bijdrage aan dit 
proefschrift. 
 
Allereerst mijn promotores Prof. dr. Herman Meurs en Prof. dr. Huib A.M. 
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Beste Herman, ik weet nog goed dat ik in het begin van 2007, toch wel enigszins 
nerveus, voor de deur stond bij je kantoor om te vragen of het mogelijk was om na 
mijn afstuderen promotieonderzoek te komen doen. Helaas was er niet direct een 
project beschikbaar waarop een AIO aangesteld kon worden, maar je had toen 
goede hoop dat er in de nabije toekomst een projectvoorstel gefinancierd zou 
worden. Toch kon je me direct helpen door me een baan aan te bieden voor het 
practicum moleculaire farmacologie. In december van dat jaar kwam je met het 
nieuws dat het projectvoorstel inderdaad gefinancierd werd door het Nederlands 
Astma Fonds, waarna je de vraag stelde of ik nog steeds geïnteresseerd was. Het 
antwoord laat zich nu natuurlijk raden. Gedurende het promotietraject heb ik ook 
erg veel van je geleerd door de (kritische) vragen die je stelde tijdens de 
werkbesprekingen of ons maandelijks gezamenlijk overleg en natuurlijk van je 
punctuele correcties van de manuscripten. Herman heel erg bedankt. 
 
Beste Huib, steevast begon ons maandelijks overleg met een anekdote van jouw 
kant, voordat we begonnen met het bespreken van de wetenschap. Jouw kritische 
en frequent fundamentele vragen deden ons extra nadenken over de manier 
waarop we naar de resultaten en de uit te voeren experimenten moesten kijken. 
Regelmatig bespraken we experimenten die gepland waren of waarvan de 
resultaten nog op zich lieten wachten en dan zei je met een knipoog van “wat doe 
je hier nog, hup weer aan het werk” of “kom, werk eens wat harder”. Jou 
enthousiasme en natuurlijk je wetenschappelijke en klinische kennis hebben in 
belangrijke mate bijgedragen aan de gepubliceerde manuscripten en natuurlijk dit 
proefschrift. Ik vond het erg plezierig om met je te mogen samenwerken. 
 
Natuurlijk wil ik ook graag mijn copromotor dr. R. Gosens bedanken. Reinoud, ik 
ben ontzettend blij en dankbaar dat jij mijn directe dagelijkse begeleider bent 
geweest tijdens mijn promotieonderzoek. Nu een dikke vier jaar geleden was ik de 
eerste AIO die onder jouw hoede kwam, waardoor je nog de tijd had om met mij 
gezamenlijk de allereerste experimenten uit te voeren. Maar ook de jaren daarna, 
als ik vragen of problemen had stond je deur altijd voor me open en daar heb ik 
meer dan eens gebruik van gemaakt. Je wetenschappelijke expertise, zowel 
praktisch als theoretisch, is enorm zodat je voor iedere uitdaging een oplossing 
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wist te bedenken. Ook bewonder ik je positieve instelling en de manier waarop 
abstracts en manuscripten in een mum van tijd van correcties voorzag. Ik kijk terug 
op het promotieonderzoek als een hele fijne periode en jij hebt daar zeker in grote 
mate aan bijgedragen. Reinoud heel, heel erg bedankt voor de afgelopen vier jaar 
en ik ben er zeker van dat wij elkaar in de toekomst nog wel zullen treffen. 
 
Tevens wil ik graag de leden van de leescommissie Prof. dr. M. Königshoff, Prof. 
dr. K. Poelstra en Prof. dr. ir. A.M.W.J. Schols bedanken voor de tijd die ze hebben 
genomen om het proefschrift kritisch te lezen en te beoordelen. Melanie, I am really 
looking forward to working with you in the near future. 
 
Verder wil ik Prof. dr. M. Schmidt, Prof. dr. J. Zaagsma en dr. D. Schaafsma 
bedanken. Martina, ondanks dat je minder direct betrokken was bij mijn 
promotieonderzoek was je altijd zeer geïnteresseerd in onze resultaten en 
bevindingen en wist je altijd wel de discussie op gang te brengen. Hans en 
Dedmer, ik wilde jullie bedanken voor het overbrengen van jullie enthousiasme en 
expertise in de (moleculaire) farmacologie, wat er uiteindelijk mede toe geleid heeft 
dat ik na mijn studie een promotieonderzoek ben gaan doen. 
 
Speciale dank gaat uit naar mijn paranimfen Sophie en Mark. Sophie, we zijn ooit 
in een ver en grijs verleden niet geheel op de juiste voet begonnen, maar gelukkig 
is onze relatie gedurende de jaren alleen maar gegroeid en verbeterd. Jouw hulp is 
van grote waarde geweest voor dit proefschrift en dan met name voor de cavia 
studie. Op het lab maar ook daar buiten hebben we leuke tijden beleefd en heel 
veel gelachen. Zo ook op de ATS in New Orleans. Kun je ons bezoekje aan de 
Notch poster nog herinneren? Je kunt niet zeggen dat het geen bevlogen jonge 
onderzoeker was. Maar ook buiten het werk om zagen we elkaar regelmatig en 
was het altijd erg gezellig! Sophie, heel erg bedankt voor de je hulp en de leuke tijd 
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Abbreviations 
 
18S rRNA:   18S ribosomal RNA 
ABC:    Active (non-phosphorylated) β-catenin 
α-sm-actin:   Alpha-smooth muscle-actin 
ANOVA:   Analysis of variance 
AP-1:    Activator protein-1 
APC:    Adenomatous polyposis coli 
ASM:    Airway smooth muscle 
BMI:    Body mass index 
cAMP:    Adenosine 3’5’ cyclic monophosphate 
CBP:    CREB binding protein 
Cby:    Chibby 
CK-1:    Casein kinase-1 
COPD:    Chronic obstructive pulmonary disease 
CREB:    cAMP responsive element binding protein 
CSE:    Cigarette smoke extract 
CTGF:    Connective tissue growth factor 
DKK:    Dickkopf 
DMEM:   Dulbecco’s modified Eagle’s medium 
DMSO:    Dimethyl sulfoxide 
DNA:    Deoxyribonucleic acid 
DVL:    Dishevelled 
EC50:  Concentration of the stimulus eliciting half-maximum 

response 
ECM:    Extracellular matrix 
eGFP:    Enhanced green fluorescent protein 
ERK-1/2:   Extracellular signal-regulated kinase 1 and 2 (MAPK) 
FBS:    Foetal bovine serum 
FEV1:    Forced expiratory volume in 1 second 
FZD:    Frizzled receptor 
FVC:    Forced vital capacity 
GAG:    Glycosaminoglycan 
GAPDH:  Glyceraldehyde 3-phosphate dehydrogenase 
GSK-3:    Glycogen synthase kinase-3 
HBSS:    Hank’s balanced salt solution 
HMG:    High mobility group 
hTERT:   Human telomerase reverse transcriptase 
ICAT:   Inhibitor of β-catenin and TCF4 
IKK:    Iκ-Bα kinase 
IL:   Interleukin 
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IL-1β:    Interleukin-1beta 
IL-8:   Interleukin-8 (CXCL-8) 
IPF:    Idiopathic pulmonary fibrosis 
ITS:   Insulin, transferrin and selenium 
Iκ-Bα:   NF-κB inhibitory protein I kappa-B alpha 
JNK:    c-Jun N-terminal kinase 
LEF-1:    Lymphoid enhancer factor-1 
Lgs:   Legless 
LPS:   Lipopolysaccharide 
LRP:   Low-density lipoprotein receptor related proteins 
MAPK:   Mitogen activated protein kinase 
MEK1:    Mitogen activated protein kinase kinase (MAPKK) 
MMP:   Matrix metalloproteinase 
(m)RNA:   (messenger) Ribonucleic acid 
NAF:    Netherlands asthma foundation 
NF-κB:    Nuclear factor kappa B 
NLK:    Nemo-like kinase 
Pack-year:  20 manufactured cigarettes (one pack) smoked per day for 

one year 
PAI-1:    Plasminogen activator inhibitor-1 
PASMC:  Pulmonary artery smooth muscle cells 
PBS:    Phosphate-buffered saline 
PDE:    Phosphodiesterase  
PKA:    Protein kinase A 
PKB:    Protein kinase B (AKT) 
PKC:    Protein kinase C 
PLC:    Phospholipase C 
PP:   Protein phosphatase 
Pygo:    Pygopus 
RIPA:    Radio-immunoprecipation assay buffer 
R-smad:   Receptor regulated smad 
RT:   Room temperature 
RT-PCR:   Real time polymerase chain reaction 
S33Y β-catenin:  Degradation resistant β-catenin mutant 
SDS PAGE:   Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
sFRP:   Secreted Frizzled related protein 
siRNA:    Small interference ribonucleic acid 
Smad:  Small phenotype and mothers against decapentaplegic 

related protein 
sm-MHC:   Smooth muscle myosin heavy chain 
TBST:    Tris-buffered saline tween 
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TCF:    T-cell factor 
TGF-β:    Transforming growth factor-beta 
TLE:    Transducin-like enhancer of split 
TOP/FOP flash:  TCF reporter assay 
VASP:    Vasodilator-stimulated phoshoprotein 
VEGF:   Vascular endothelial growth factor 
Wg:    Wingless 
WIF-1:    WNT inhibitory factor-1 
Wls/Evi:   Wntless / evenness-interrupted 
WNT:    Wingless / integrase-1 
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