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Synopsis 

Chronic obstructive pulmonary disease (COPD) is characterised by progressive 

decline in lung function that is caused by aberrant inflammatory responses, small airway 

remodelling and emphysema. The key risk factor of COPD is cigarette smoking. Current 

mainstay therapies of COPD only provide symptomatic relief and fail to limit the disease 

progression. Thus there is an urgent requirement for the development of new therapies. 

However this is hampered by the lack of understanding of the mechanisms that drive 

COPD pathogenesis. Therefore there is a need for the elucidation of the mechanisms 

that underpin the development of COPD. 

MicroRNAs (miRs) are evolutionarily conserved small noncoding RNAs that 

regulate the expression of their target genes at the post-transcriptional level. More than 

1,000 human miRNAs have been identified and are known to regulate numerous 

biological processes such as cell differentiation and pro liferation, apoptosis, and immune 

responses. Importantly, altered expression of miRs are implicated in the development of 

several cancers and inflammatory diseases including asthma. However, their role in the 

pathogenesis of COPD is limited. Thus, our studies were aimed to understand the roles 

of CS-induced dysregulated miRs and interrogate their potential for therapeutic targeting 

in experimental COPD 

Using microarray-based miR profiling technique, we identified a range of 

dysregulated miRs in CS-induced experimental mouse model of COPD. Acute and 

chronic CS-exposure chronically upregulated the expression of four miRs (miR-9, -21, -

135b and-146b) in the lungs. Using miR-specific antagomirs we inhibited the CS-induced 

miRs and demonstrated that targeting CS-induced miRs may be an effective therapy in 

COPD treatment. We showed that CS-induced miR-9 and miR-21 promote airway 

inflammation and small airway remodelling and worsened lung function in experimental 

COPD. Treatment with miR-9- and miR-21-specific antagomirs, Ant-9 and Ant-21 lead 

to reduced airway inflammation, suppressed small airway remodelling and improvement 
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in impaired lung function. Thus indicating a potential pathogenic role for the miRs in the 

development of COPD. Our studies identified increased levels of oxidative stress 

responsive transcription factor NRF2 and restored levels of cytokine signalling 

suppressor protein, SOCS5 to play important roles reducing the COPD pathologies. We 

also identified a novel miR-21-dependent pro-inflammatory pathway in COPD 

pathogenesis. We demonstrated that CS-exposure induces a miR-

21/SATB1/S100A9/NF-κB axis in the lungs and thus advances our understanding of the 

pro-inflammatory role of miR-21 in COPD pathogenesis. Our studies also demonstrated 

that CS-miR-135b promotes neutrophilic airway inflammation and showed reduced 

BMPR2 expression, a potential mediator of macrophage recruitment and may play a role 

in small airway remodelling in experimental COPD. We also demonstrated that treatment 

with Ant-135b and Ant-146b suppresses airway remodelling and emphysema-like 

alveolar enlargement. This indicates that miR-135b and miR-146b may play potentially 

overlapping roles in mediating COPD pathogenesis. We also showed that miR-135b and 

miR-146b may promote emphysema through VEGF and IRAK1 and TRAF6-dependent 

mechanisms. Furthermore our studies demonstrated for the first time that inhibition of 

combinations of CS-induced miRs, may have beneficial effects in reducing some 

features of COPD.  Further we also showed that combined inhibition of CS-induced miR-

21 and miR-146b may be more effective in suppressing key features of COPD. 

Collectively, these studies further extend our understanding of the pathogenesis 

of COPD and identifies CS-induced miRs as potential novel therapeutic strategies in the 

treatment of COPD. Therapeutic targeting of a CS-induced miR or in combination may 

be more beneficial as miRs regulate multiple pathogenic pathways. Further, exploration 

of the CS-induced miR-dependent mechanisms identified in our studies may assist in the 

development of miR-based therapeutic strategies for the treatment of COPD. 
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Chapter 1: INTRODUCTION 

 

1.1 CHRONIC OBSTRUCTIVE PULMONARY DISEASE 

Chronic obstructive pulmonary disease (COPD) is a progressive and disabling 

chronic airway condition that is characterised by irreversible, or incompletely reversible, 

airflow obstruction (1). Cigarette smoke (CS) is the key risk factor COPD (2). Previously 

it was estimated that at least 25% of continuous smokers would develop COPD (3), but 

in a recent report it is shown that nearly 50% of elderly smokers (> 45 years of age) 

developed COPD (4). However, there are several other causes of COPD such as 

inhalation of particulate matter and noxious gases present in environmental pollution 

which are generated by biomass combustion and occupational exposure, and genetic 

predisposition that are other important causes of COPD (5-7). Non-smokers account for 

between 17-39% of COPD cases worldwide with the percentage differing from developed 

to developing countries (8). In a recent study it was reported that in non-smokers COPD 

development is associated with genetic variants (9). It was also revealed that smokers 

with a set of genetic signatures are at lower risk of developing COPD than others (9). 

COPD encompasses the conditions of chronic bronchitis, small airway disease 

and emphysema which together result in airflow limitation (10-12). Importantly, these 

pathophysiological conditions persist despite smoking cessation (13, 14) and are present 

in 80-90% of all cases of COPD (15), suggesting that once COPD is induced, patient’s 

condition deteriorates. In affected individuals, lung function typically declines over time 

and results in dyspnoea (shortness of breath) and cough (16). Spirometry is used to 

measure the severity of airflow limitation and is considered as the gold standard for 

COPD diagnosis (17). However, some smokers may be symptomatic but do not have 

airflow limitation (18) and are more susceptible to exacerbations and death. 
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1.1.1 Epidemiology of COPD 

COPD is one of the World’s leading causes of morbidity and mortality. The World 

Health Organisation (WHO) currently estimates that ~65 million people have moderate-

to-severe COPD globally (19). Thus, it causes significant socioeconomic burden on the 

individual, society and healthcare facilities. In 2005, more than 3 million deaths were 

attributed to COPD (19, 20). In Australia, COPD is one of the leading causes of death 

and accounted for more than 4% of all deaths in the year 2003 (21). In the years 2008-

2009 the healthcare cost for COPD in Australia was estimated to be around $929 mi llion, 

where the highest portion of expenditure was due to hospitalisation (22) .  

 

1.1.2 Pathology of COPD 

In COPD, the major sites of chronic bronchitis are trachea and bronchi (15). CS 

causes epithelial irritation and injury that initiates inflammatory process. Repeated cycles 

of injury exaggerates inflammatory responses which lead to tissue repair resulting in 

remodelling and thickening of the airway walls (23). Chronic bronchitis is associated with 

mucous hypersecretion, difficulty in breathing and chronic productive cough (15). In 

COPD, small airway disease (i.e. in airways <2mm in diameter) plays a significant role 

in airflow obstruction due to the structural remodelling induced by degradation of airway 

elastin by proteolytic enzymes (13, 15, 24). Emphysematous lesions mainly affect the 

alveolar parenchyma and are induced by excessive inflammation and tissue destruction 

(25-27). 

 

1.1.3 Diagnosis and disease severity 

 Depending on the severity of airflow limitation, COPD is categorised into four 

stages based on the Global Initiative for Chronic Obstructive Lung Disease (GOLD) (17). 

GOLD classification is based on forced expiratory volume in one second (FEV1) and 

FEV/FVC (functional vital capacity) values. Decreased forced expiratory volume (FEV1) 

in one second is a characteristic feature of COPD (17, 28). Patients with FEV1 more than 
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80% predicted value are classified as GOLD A or mild in terms of severity. Reduced 

values of FEV1% indicates increase in COPD severity which declines with disease 

progression as shown in (Table 1.1) (28).  

 

Table 1.1: Gold Stages of COPD 

 

 

1.2 COPD pathogenesis 

Several mechanisms are implicated in the pathogenesis of COPD, including 

chronic airway inflammation, oxidative stress, apoptosis, autophagy and autoimmunity 

that lead to damage of lung tissue, and results in self-perpetuating inflammation. A large 

and increasing number of factors have been associated with these processes and are 

likely to have overlapping functions. Whilst there have been significant advances in the 

elucidation of these mechanisms, the precise roles of the vast majority of individual 

factors in COPD pathogenesis remains unclear (29, 30). 

 

1.2.1 Inflammation  

Chronic inflammation of both the large and small conducting airways, and the 

alveoli, is strongly associated with the development of COPD and disease severity(31). 

Inhalation of noxious particles, such as cigarette smoke (CS) and environmental 

pollutants, causes the influx of inflammatory cells into the airways that then release 
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various pro-inflammatory cytokines and chemokines such as tumour necrosis factor 

(TNF)α and interleukin (IL)-8 (also known as C-X-C motif ligand [CXCL] 8) (32). The 

release of these mediators in turn attracts more inflammatory cells and drives a positive-

feedback pro-inflammatory loop that results in chronic airway inflammation in COPD (33). 

Inflammatory cells also produce reactive oxygen species (ROS) and reactive nitrogen 

species (RNS) and tissue degrading enzymes that cause oxidative stress and tissue 

destruction, respectively. These processes precede the onset of emphysematous 

changes in the lungs (34). Importantly, several studies have shown that the number of 

inflammatory cells in the bronchoalveolar lavage fluid (BALF) is markedly increased in 

patients with COPD and that these levels can increase up to six fold depending on 

disease severity (35-37). Macrophages, neutrophils, T and B -lymphocytes and dendritic 

cells (DCs) have all been implicated in COPD pathogenesis (38, 39). These inflammatory 

cells initiate pro-inflammatory responses which further lead to airway remodelling, 

emphysema and self-perpetuating inflammation.  

 

1.2.1.1 Epithelial cells  

The respiratory epithelium acts as a passive barrier to inhaled particles and can 

orchestrate immune responses to infection and tissue injury (40). Significantly, CS 

exposure can compromise epithelial barrier functionality and induce the production of 

pro-inflammatory mediators such as IL-8, TNFα, interferon (IFN)-γ and IL-1β from 

epithelial cells (33). These mediators can also trigger the release of ROS, and RNS. 

Collectively, these mediators are strongly associated with the pathogenesis of COPD 

and may promote and perpetuate the inflammation and mucous hypersecretion that is 

observed in patients with COPD (41).  
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Under normal conditions, the respiratory epithelium regulates the activity of 

alveolar macrophages through the activation of the immunosuppressive cytokine, 

transforming growth factor (TGF)-β. However, exposure to CS disrupts TGF-β responses 

and promotes the release of pro-inflammatory mediators from alveolar macrophages (40, 

42). Thus, increased TGF-β signalling induces fibroblast proliferation and fibrosis in the 

airways (Figure 1.1) that result in narrowing of the airway lumen and reduced airflow in 

COPD (43). Tosi et al, has shown that epithelial cells also interact with activated 

neutrophils through the expression of the intercellular adhesion molecule (ICAM)-1 and 

increase the production of TNFα and IL-1β augmenting the airway inflammatory airway 

responses (44). Furthermore, serum ICAM-1 is elevated in COPD patients during active 

smoking compared to non-COPD patients (45). Thus, the interaction between airway 

epithelial cells and infiltrating immune cells release a number of mediators and further 

increase the pro-inflammatory responses. Collectively, these studies show that CS-

induced injury of epithelium initiates a cascade of innate immune responses in COPD. 
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Figure 1.1: Inflammatory and immune cells involved in mucous hyper secretion, 

alveolar wall destruction and small airway remodelling in COPD pathogenesis. 

Cigarette smoke and particulate matter when inhaled, stimulates epithelial cells and 

macrophages to induce various pro-inflammatory mediators such as CC‑chemokine 

ligand 2 (CCL2), CXC-chemokine ligand 1 (CXCL1) and CXCL8. CCL2 and CXCL1 and 

CXCL8 act on CC‑chemokine receptor (CCR) 2 and CXC-chemokine receptor (CXCR) 

2 receptors respectively and attract monocytes and neutrophils to lungs. Additionally, 

CXCL9, CXCL10 and CXCL11 act on the CXCR3 receptor to attract T-helper type (Th) 

1 cells and type 1 cytotoxic T (TC1) cells into lungs. These inflammatory cells and 

epithelial cells release proteases such as matrix metalloproteinase 9 (MMP9) and 

neutrophil elastase which lead to tissue destruction and mucous hypersecretion. 

Epithelial cells also induce transforming growth factor β (TGF‑β) which mediates 

fibroblast proliferation and result in small airway fibrosis. Adapted from (43).  

 

1.2.1.2 Neutrophils  

Several studies have shown that the number of neutrophils are increased in the 

airway lumen (33, 46) as well as in the interstitial tissue of the central and peripheral 

airways in patients with COPD (47, 48). Importantly, increased numbers of neutrophils 

in the sub-epithelial space is correlated with worsened airflow limitation, which highlights 

the potential importance of neutrophils in disease development, progression and severity 

(47, 49). Increased levels of neutrophils are also found in bronchial glands (50), BALF 

and sputum in COPD patients (33). 

Neutrophils are recruited to the airways by chemotactic agents like IL-8, CXCL5 

and leukotriene B4 (LTB4), which interact with CXCR2 receptors expressed on 

neutrophils. Importantly, IL-8 and LTB4 (49, 51) are secreted by epithelial cells, alveolar 

macrophages and neutrophils (33, 52, 53). TNFα, CXCL2/macrophage inflammatory 

protein (MIP)-2, and (C-C motif) ligand 7 (CCL7) are other examples of neutrophil 

chemoattractants that are increased in COPD. Thus, these neutrophil chemoattractants 
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produced from various cells induce neutrophil influx into the airways in COPD. TNFα and 

CXCL1 are increased in COPD patients (54) and CXCL2 levels are shown to be 

increased in CS-exposed mice (55), and recombinant CCL7 resulted in accumulation of 

neutrophils in the lungs of naïve mice (56). These data suggest that TNFα, CXCL1/2 and 

CCL7 produced by epithelial cells play important and potentially overlapping roles in the 

recruitment of neutrophils to the airways in COPD. Activated neutrophils also release a 

number of proteolytic enzymes, such as neutrophil elastase (NE), serine proteases and 

matrix metalloproteases (MMP), that cause extracellular matrix (ECM) destruction that 

results in emphysematous changes in COPD (13, 49). This suggests that, activated 

neutrophils and proteases together induce emphysema in COPD. 

CS-exposure induces activation of neutrophils, macrophages and epithelial cells 

also result in the secretion of pro-inflammatory mediators called S100 molecules into the 

extracellular space (57, 58). S100A8 and S100A9 represent 45% of the cytosolic content 

of neutrophils and about 1% in monocytes (59, 60). They play key roles in maintaining 

cellular homeostasis like growth, differentiation and apoptosis (59, 61). S100A8 and 

S100A9, upon secretion from activated cells or on phagocytes, form S100A8/9 

homodimers and S100A8/9 heterodimers and can function as damage associated 

molecular patterns (DAMPS) that are recognised by toll-like receptor (TLR) 4 and 

receptor for advanced glycation end products (RAGE) (62, 63). Receptor ligation results 

in NF-κB activation and induces the release of a suite of pro-inflammatory cytokines such 

as TNFα, IL-6 and IL-8 (62-64). Significantly, S100A8/9 levels are increased in the serum 

of patients with COPD and this is associated with decreased FEV1 (65) and S100A/9 

elevated levels were also found in sputum of COPD patients (65, 66). These data 

suggest that S100A8 and S100A9 play roles in mediating inflammatory responses and 

may be associated with impaired lung function in the pathogenesis of COPD. 
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1.2.1.3 Macrophages 

In the lungs, macrophages play critical roles in initiating non-specific innate 

immunity and phagocytosing  apoptotic, necrotic and infected cells (67). There are two 

major types of resident lung macrophage; alveolar macrophages and interstitial 

macrophages. Unlike alveolar macrophages that reside in alveoli, interstitial 

macrophages are derived from blood monocytes and mature following recruitment to the 

lungs (52). Significantly, macrophage numbers are increased 5-10 fold in the airways, 

lung parenchyma, BALF and sputum of patients with COPD compared to non-smokers, 

suggesting that macrophages are involved in the development of COPD (67). Several 

factors can promote the recruitment and activation of macrophages in the lungs including 

granulocyte-macrophage colony-stimulating factor (GM-CSF). It is a regulator of both 

macrophages and neutrophils (68), and is increased in the sputum of COPD patients 

(69). In vivo overexpression of GM-CSF induces increase in macrophage numbers (70) 

while neutralising CS-induced GM-CSF reduced inflammation by reducing TNFα and 

MMP12 mRNA (71). In our mouse model, airway macrophages were depleted with 

chlodronate-loaded liposomes that lead to depletion of macrophages and reduced CS-

induced airway inflammation and remodelling and emphysema-like alveolar enlargement 

resulting in improved lung function in experimental COPD (72). 

An important activator of macrophages is IFN-γ, which stimulates alveolar 

macrophages and epithelial cells by activating Janus kinases (JAK) 1 and 2 that are then 

phosphorylated and activate signal transducer and activator of transcription (STAT)1 

(73). This results in the production of the chemokines CXCL9 (Mig), CXCL10 (IP-10) and 

CXCL11 (I-TAC) which interact with CXCR3 receptors expressed on Th 1 lymphocytes 

and CD8+ T cells, attracting lymphocytes cells to the lungs. On activation these T 

lymphocytes release more IFN-γ that augments the pro-inflammatory response and 

triggers chronic inflammatory responses (43, 50, 67, 74).  Further on stimulation with CS, 

alveolar macrophages secrete the chemoattractants CCL2 (also known as monocyte 

chemo-attractant protein [MCP]1) that binds CC‑chemokine receptor 2 (CCR2) and 
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attract monocytes to airways (67). CXCL1 and IL-8 binds to CXCR2 (51) and recruit 

circulating neutrophils to the airways further increasing the pro-inflammatory responses 

(43, 74). Additionally, alveolar macrophages can also produce the anti-inflammatory 

cytokine IL-10, however, IL-10 levels are known to be suppressed in COPD patients (75, 

76). Thus, activated macrophages release a number of inflammatory mediators causing 

increased inflammatory cell influx into lungs that drive the disease development.  

Macrophages can also generate ROS such as hydrogen peroxide and cysteine 

proteases and MMPs, which are known to contribute to tissue destruction and 

development of emphysema (74, 77). In addition macrophages are known to regulate 

the expression of transforming growth factor (TGF)α, which activates epidermal growth 

factor receptors (EGFRs) inducing mucous hypersecretion in COPD (67, 74).  

Collectively, these data suggest that macrophages play key roles in perpetuating 

inflammatory responses, increase ROS and proteases production, and result in chronic 

inflammatory responses, mucous production and emphysema development in COPD. 

 

1.2.1.4 T Lymphocytes 

CD4+ and CD8+ T lymphocytes may play key roles in the pathogenesis of COPD 

as CD8+ T lymphocyte numbers (46) are strongly increased in central, as well as 

peripheral, airways and in the lung parenchyma (78, 79). These are also shown to be 

localised to airway smooth muscle bundles (80). Increased CD8+ T cell numbers in the 

small airways and alveoli has been shown to correlate with increased airflow limitation, 

suggesting a potential role in the disease development (13, 47, 50). While the 

predominant T lymphocytes in COPD are CD8+ cells, CD4+ T lymphocytes numbers are 

also markedly increased (approximately 3-fold) in the lungs of COPD patients (81). 

CD4+ T cells produce the pro-inflammatory cytokines, IFN-γ and IL-12 

contributing to the increase in IFN-γ levels which are also secreted by CD8+ T cells (43, 

77, 81-83). CD4+ and CD8+ T cells are recruited to the lungs through the interaction of 

T cell surface receptor, CXCR3 with CXCL10 (43, 84). Following activation these cells 
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produce  more IFN-γ, which results in a continuous cycle of T cell expression and their 

mobilisation to the airways enhancing the lung damage (Figure1.1) (43, 50, 84, 85). 

CD8+T cells also release proteases, granzymes and perforins and can induce apoptosis 

of alveolar epithelial and endothelial cells and contribute to parenchymal damage (33, 

86). Increased concentrations of perforins have been detected in the sputum and BALF 

of  COPD patients (10). Thus, the increased number of T lymphocytes in airway and 

parenchymal tissue play an important role in mediating COPD development. 

Also another class of effector T cells, Th17 cells, have been associated with 

COPD development. Th17 cells produce the pro-inflammatory cytokines IL-17A and IL-

17F (85, 87, 88), which have been shown to drive mucous hypersecretion through the 

induction of the mucin genes, mucin (MUC) 5AC and MUC5AB (88). A recent study 

showed that the increased expression of MUC5AC to be positively correlated with the 

severity of airflow limitation in patients with COPD (89). Moreover, IL-17 cytokines also 

stimulate airway epithelial cells to release IL-8 and MMPs further enhancing the 

inflammatory responses and mediating in tissue destruction in COPD.  

 

1.2.1.5 B lymphocytes 

B lymphocytes along with T lymphocytes play critical roles in adaptive immune 

responses. B lymphocytes are increased in small and large airways of COPD patients 

and the size of B cell-rich lymphoid follicles in COPD lungs are associated with disease 

severity (90, 91). The increase in B lymphocytes in the lungs of COPD patients are due 

to inflammatory responses and autoantibodies produced in reaction to cigarette smoke 

which further contribute to lung injury (90, 91). Studies with B lymphocyte deficient mice 

and COPD patients implicate the role of these cells in the pathogenesis of emphysema 

(92, 93).  
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1.2.1.5 Dendritic cells  

In the lung, dendritic cells (DCs) normally exist as immature antigen presenting 

cells in the sub-epithelial, interstitial and pleural compartments (94). Some studies have 

shown that cigarette smoking markedly increases DC numbers in the airway epithelium 

and alveoli of COPD patients (43, 95).  These cells are also shown to be activated in 

models of CS-exposure (96, 97), indicating their potential role in COPD. However, 

another study showed that DCs inhibit alveolar macrophage migration and prevent CS-

induced pathogenesis in the early stages of disease development, suggesting that DCs 

are protective in COPD (98). Studies investigating the role of DCs in the pathogenesis 

of COPD are limited and show conflicting roles for DCs in COPD, therefore there is a 

need to further understand the role of DC in COPD pathogenesis.  

 

1.2.2 Oxidative stress 

Oxidative stress results from an imbalance between the amount of oxidants 

generated and the capacity of body to neutralise them. This imbalance results from 

increases in oxidants such as the ROS and RNS and decreased antioxidant capacity of 

the body (99, 100). Oxidant generation is essential for cell homeostasis and oxidants are 

endogenously produced by macrophages, neutrophils and other inflammatory cells (99, 

100). CS contains approximately 6,000 chemical moieties (101, 102) and includes ROS 

and RNS such as peroxides, hydrogen peroxide, hydroxyl ions nitric oxide and nitrogen 

dioxide (29). In COPD, oxidative stress is purported to be induced by the combined 

effects of increased burden of oxidants present in CS and excessive oxidant production 

as a result of chronic inflammation (33, 102). ROS and RNS lead to damage of lung 

tissue, increasing cell death through the disruption of damage repair mechanisms (33, 

102, 103). Importantly, ROS are known to activate the pro-inflammatory transcription 

factors NF-kB and activator protein (AP)-1 that induce the expression of TNFα, IL-8, IL-

1, IL-6, MCP-1 and MMPs. ROS also activate signal transduction pathways, such as 

Mitogen-Activated Protein Kinase (MAPK) and Phosphoinositide 3-Kinase (PI3K), that 
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also induce the expression of pro-inflammatory cytokines (10, 34, 104-106). However, in 

the lungs of COPD patients, ROS also induces post-translational modification of histone 

deacetylase 2 (HDAC2)  (107, 108) leading to its reduced expression (109).  Moreover, 

HDAC2 is required in the glucocorticoid-mediated inactivation of the pro-inflammatory 

genes to suppress inflammatory processes. (34, 102, 106). Thus in COPD, ROS 

inactivates HDAC2 expression in the lungs, resulting in increased expression of pro-

inflammatory mediators such as TNFα and IL-8 leading to perpetuating the inflammatory 

responses (106, 107, 110).  

CS exposure also activates the oxidative stress responsive transcription factor, 

nuclear factor-erythroid 2 related factor 2 (NRF2). NRF2 induces the expression of 

protective antioxidant genes, including NAD (P)H: quinone oxidoreductase (NQO)-1 and 

glutathione S-transferase (GST), by binding to the promoter regions of antioxidant 

response elements (AREs) and attenuates the oxidative-stress responses (111, 112).  

Importantly, NRF2 is ubiquitously expressed in the lungs and is enriched in epithelial 

cells and macrophages (113). Significantly, NRF2 levels and activity are reduced in 

patients with COPD, and CS-exposed NRF2-deficient mice exhibit increased oxidative 

stress and develop severe emphysema (114-117). These studies suggest that NRF2 

plays an important role in inducing antioxidant responses in the pathogenesis of CS-

induced COPD 

Oxidative stress can be assessed through the nitric oxide and hydroxyl derived 

compounds such as 3-nitrotyrosine and 8-isoprostanes which are protein and lipid 

peroxidation markers (118, 119). These are widely used as surrogate markers of 

oxidative stress and are increased in COPD patients. Importantly, increased levels of 

both of these markers are associated with disease severity as determined by FEV1 (120, 

121). 
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1.2.3 Protease: Anti-protease imbalance 

Several studies have presented evidence for the role of protease: anti-protease 

imbalance in the development of COPD. This may result from persistent inflammation 

and oxidative stress that is induced by exposure to CS, which activates lung proteases 

and inactivates the anti-proteases (27, 122, 123). As discussed earlier, activated 

neutrophils secrete serine proteases such as NE, protease-3 and cathepsin G and MMPs 

such as MMP-8 and MMP-9, and activated macrophages express MMP-1, MMP-9 and 

MMP-12 which are capable of digesting elastin and causing ECM destruction (124-126). 

Consistent with this observation, numerous studies on animal models demonstrate the 

development of emphysema by the infusion of the elastolytic enzymes in the lungs (27, 

102).  NE degrades the ECM proteins, but NE is inhibited by α1-Anti trypsin (α1-AT). NE-

mediated elastin degradation and emphysema has most strongly been associated with 

α1-AT  deficiency (42). NE also activates MMP-9 which inactivating the endogenous 

MMP inhibitor tissue inhibitor of matrix metalloprotease (TIMP) and promotes epithelial 

cell death and mucous hypersecretion (27, 34, 127). Thus, MMP-9 causes elastolytic 

activity and remodelling of the tissue, increasing the inflammatory responses. It also 

degrades α1-AT, potentiating NE activity and thus enhances disease progression. 

Furthermore, both MMP-9 and MMP-12 are purported to play key roles in the early phase 

of COPD development, whereas MMP-1 predominates in severe forms of the disease 

(128). Thus, chronic inflammatory responses induce an imbalance in proteases and anti-

proteases and potentially mediate increased tissue destruction. 

 

1.2.4 Apoptosis  

Apoptosis is a mechanism of programmed cell death in infected and damaged 

immune cells (129). In smokers with COPD, there is an increase in the apoptosis of 

interstitial and inflammatory alveolar epithelial and endothelial cells (130). These findings 

are supported by several mouse studies that have shown that alveolar epithelial and 

endothelial cell apoptosis contributes to the development of emphysema (27, 52). 
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Collectively, these studies report that apoptosis of type l alveolar cells (pneumocytes) 

leads to airspace enlargement and type II alveolar cells decreases the secretion of 

surfactant that results in a similar phenotype to human emphysema (100, 129). 

Importantly, apoptosis plays a critical role in many disease-causing processes that are 

associated with the pathogenesis of COPD, including inflammation, protease/anti-

protease imbalance and oxidative stress (30) introducing additional layers of 

complexities that needs to be investigated. 

 

1.2.4.1 Apoptosis and Inflammation  

Apoptosis is induced as part of the normal resolution of inflammation, whereby 

damaged, inflammatory cells apoptose and are then removed by phagocytes such as 

macrophages, to contain the release of cytotoxic intracellular materials and limit tissue 

damage (123). However, in the presence of pro-inflammatory mediators activated 

neutrophils which are tolerant to apoptosis (131, 132) release NE, which cleaves the 

phosphatidylserine receptor on macrophages and results in impaired phagocytosis and 

removal of apoptotic cells (133). In COPD patients, DCs  and CD8+ T cells can also 

promote apoptosis of alveolar epithelial cells through the release of perforins, granzyme-

B and TNFα (131). These studies suggest that chronic inflammatory responses cause 

impaired apoptotic clearance as well as result in increased apoptotic cell death and 

mediate alveolar tissue destruction in the pathogenesis of COPD.  

 

1.2.4.2 Apoptosis and Protease: Anti-protease imbalance 

Apoptosis is an important mechanism which maintains cell numbers and tissue 

structure (134). Recent reports indicate the role of apoptosis and inadequate 

maintenance of alveolar tissue to promote emphysema development (30, 135). For 

example, vascular endothelial growth factor (VEGF) which is highly expressed in 

endothelial cells, if decreased leads to apoptosis of the structural cells and may result in 

emphysema (136). In COPD, the presence of elevated levels of the proteolytic enzymes 
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NE and MMPs results in increased degradation of the ECM that reduces the levels of 

growth factors from the basal membrane (134). This causes increased death of type I 

alveolar cells, resulting in increased alveolar tissue destruction and emphysema (29, 43). 

It has also been suggested that apoptosis of bronchial epithelium is modulated by 

cell:cell and cell:ECM interactions (137). In a mouse model of emphysema the authors 

have shown that apoptosis of epithelial cells causes increased elastolytic activity 

resulting in emphysematous changes in the lungs (138). This shows apoptosis-

dependent alveolar destruction may play an important role in the development of 

emphysema in COPD. 

 

1.2.4.3 Apoptosis and Oxidative Stress 

Several studies using animal models of emphysema have shown a potential role 

for oxidative stress in inducing the apoptosis of alveolar cells, which suggests that this 

association plays an important role in the development of emphysema (27, 52, 139). 

Oxidative stress has been shown to reduce the expression of vascular endothelial growth 

factor (VEGF) (139, 140). VEGF is necessary for the growth and survival of endothelial 

cells and the apoptosis of epithelial cells decreases VEGF expression (130). As a 

consequence alveolar endothelial cell death takes place, compromising the 

microcirculation and further promoting the cycle of apoptosis (Figure 1.2) (27, 30, 52). 

In human studies, VEGF is present at low levels in the sputum of COPD patients, 

suggesting that reduced VEGF and VEGF-induced responses are important in the 

development of emphysema (52). However, there are other studies which reported 

elevated levels of VEFG in the distal airways and alveoli of COPD patients (141, 142). 

These reports indicate a protective response of VEGF against emphysema development 

in COPD, thus the role of VEGF in COPD is controversial and needs to be further 

explored. Further, in a model of emphysema, oxidative stress was inhibited through the 

administration of antioxidant N-acetyl-l-cysteine which suppressed the apoptosis of 
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alveolar cells and emphysema (140). This indicates that emphysema in COPD is 

regulated by apoptosis through an oxidative stress-dependent mechanism. 

 

 

Figure 1.2: Lung epithelial cell apoptosis and development of emphysema 

mediated by decreased VEGF production. CS exposure increases epithelial cell 

apoptosis which may lead to reduced vascular endothelial growth factor (VEGF) 

expression, increased alveolar endothelial cell death and result in compromised 

microcirculation. This further promotes apoptosis of epithelial cells leading to feedback 

loop of increased digestion of elastin (elastolysis) and oxidative stress which results in 

alveolar damage. Destruction of alveolar tissue damages the basement membrane (BM) 

and extracellular matrix (ECM) attachments and further reduces growth factors. All these 

processes are implicated in emphysema development. Adapted from (129).  
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1.2.5 Autophagy 

Autophagy plays important roles in development, homeostasis and in stress 

environments such as infection, hypoxia and oxidative stress (143, 144). It is a controlled 

cellular mechanism through which damaged proteins and organelles are degraded 

through a lysosome-dependent pathway (143, 145). Increasing evidence suggests that 

autophagy is both protective and deleterious (143, 146). Several studies have shown 

roles for autophagy in COPD (147, 148), and in recent work on COPD patients, Chen et 

al., showed increased expression of autophagic markers such as microtubule-associated 

protein-1 light chain (LC)3B-II, autophagy-associated genes (Atg) Atg4, Atg5–Atg12 and 

Atg7 and increased autophagosome formation (149). Consistent with human COPD 

studies, various in-vivo and in-vitro models of CS-exposure also showed increased 

autophagy (150-153). In a model of emphysema, mice exposed to chronic CS-exposure 

showed increases in autophagosome numbers and enhanced autophagy proteins levels. 

Conversely LC3B null mice or autophagy deficient mice exposed to chronic CS were 

shown to be resistant to emphysematous changes (149). The authors also showed that 

autophagy deficient mice were resistant to the disruption of airway mucocilicary 

clearance on exposure to acute CS-exposure (149). Further in a recent study by Zhu et 

al., the authors showed negative regulation of CSE-induced LC3B protein levels and 

autophagosome formation by the NRF2 anti-oxidant responsive system (154). This 

indicates that NRF2 may play an important role in regulating autophagy in CS-exposed 

systems. However, the exact mechanism through which autophagy mediates COPD 

pathologies is unclear and needs to be elucidated with further studies. 

 

1.2.6 Autoimmunity 

Autoimmune diseases occur when the adaptive immune system losses 

immunological tolerance and is pitched against self-antigens (155). In COPD, 

autoimmunity likely plays a role in pathogenesis. It arises as a result of persistent 

inflammatory responses that continue even after smoking cessation (156). Several 



 38 

studies have shown the involvement of T and B cells in COPD development. In one 

study, lung CD4+T cells of COPD patients had Th1 phenotype and expressed cytokines 

MIG and IP-10 that mediated the upregulation of MMP-12 elastase associated with 

emphysema (157). In COPD patients, CD8+T cells are increased and induce the 

production of a range of pro-inflammatory cytokines, which indicates their involvement in 

COPD development (158, 159). However, these studies were unable to show the 

involvement of an auto-immune component of these cells in COPD pathogenesis. 

Nevertheless, recent studies of COPD patients have shown the increased presence of 

antibodies reactive to self-antigens of airway epithelial and endothelial cells, carbonyl-

modified and citrullinated proteins induced from oxidative stress and elastin (160, 161). 

Thus increasing evidence implicates roles for autoimmunity in COPD pathogenesis. 

 

1.3 COPD EXACERBATIONS 

Exacerbations of COPD are most frequently caused by bacterial and viral 

respiratory infections (162). Patients with repeated exacerbations are grouped as a 

frequent exacerbator phenotype and have severe airflow obstruction, low quality life and 

poor prognosis (163). COPD exacerbations worsen disease severity increasing the lung 

damage (164). This was demonstrated in an in vitro study that primary bronchial 

epithelial cells (pBECs) from COPD show increased susceptibility to influenza through 

the exaggerated PI3 kinase activity which promotes increased viral entry resulting in 

increased inflammatory responses (164). Thus during an exacerbation, patients with 

COPD exhibit further increases in neutrophil, T lymphocyte, and macrophage numbers 

in the airways. These effects are associated with increases in the levels of TNFα, GM-

CSF, IL-8 and other pro-inflammatory mediators in the bronchial mucosa and sputum 

(165-167). Likewise, oxidative stress is increased during COPD exacerbations and 

COPD patients with acute exacerbations show higher levels of hydrogen peroxide and 

nitric oxide levels in exhaled breath condensates and also show further decline in FEV1 

values (168, 169). 
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1.4 SYSTEMIC INFLAMMATION IN COPD 

COPD also causes many extra-pulmonary effects such as generalised 

weakness, hypoxia, and systemic oxidative stress that can predispose to cardiovascular 

complications, which are the main cause of death in patients with COPD (50). In a study 

assessing systemic levels of pro-inflammatory mediators in COPD patients, the authors 

showed inverse correlation between partial pressure of oxygen and the circulating TNFα, 

which suggests that airflow obstruction in COPD may drive systemic hypoxia that further 

increases circulating TNFα levels (170). In COPD patients with emphysematous 

changes increased TNFα levels are linked with weight loss of the patients (42). 

Therefore, high levels of leukocytes, CRP, IL-6, TNFα are considered as markers of 

systemic inflammation in COPD (171). This shows that inflammation, oxidative stress 

and emphysema changes in COPD, together mediate exaggerated inflammatory 

responses resulting in systemic inflammation. 

 

1.5 PATHOPHYSIOLOGY OF COPD 

1.5.1 Airflow obstruction 

A major pathophysiological outcome of COPD is expiratory airflow obstruction 

that results from increased airway resistance and loss of elastic recoil of the lung (172). 

In the large airways, chronic exposure to CS induces inflammatory cell influx and 

inflammatory responses in the epithelium and glands lining the large airways (173). This 

causes in increased mucous production resulting in airflow limitation (174). A recent 

study also indicate large airway remodelling and smooth muscle hypertrophy to 

contribute to airflow obstruction (175).  

The major sites of airflow obstruction in COPD are the small airways (90). Small 

airways show persistent cell infiltration causing chronic inflammatory responses leading 

to repeated cycles of injury and repair which results in airway wall thickening (176, 177). 

Thus, small airways are the major contributors to airflow obstruction which results due to 
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the narrowing of the airway lumen due to fibrosis and smooth muscle hypertrophy (176, 

177). Furthermore, elastolytic activity of proteases causes the disruption of alveolar 

attachments to the bronchioles, which predisposes the airways to early closure during 

expiration and obstructs airflow (14, 88, 178).  

 

1.5.2 Emphysema  

The cardinal feature of emphysema is the parenchymal destruction which is 

induced by excessive inflammation and tissue destruction (25-27). Parenchymal 

destruction also results in the loss of alveolar attachments to small airways and 

exaggerated inflammatory responses lead to narrowing of small airways (25-27). Thus 

the alveolar wall damage adversely affects the elastic recoil of the lung and also results 

in decreased surface area available for gas exchange (179). Emphysema is widely 

considered as an irreversible and abnormal enlargement of the air-spaces and is 

associated with breathlessness in patients with COPD (15, 29). 

 

1.5.3 Mucous hypersecretion 

Chronic cough and mucous hypersecretion in patients with COPD are potentially 

a result of epithelial disruption (25), decreased mucociliary clearance (13, 14), goblet cell 

hyperplasia, mucosal metaplasia and hypertrophy/hyperplasia of bronchial sub-mucosal 

glands. Most of the pathogenic mechanisms implicated in the development of COPD 

have deleterious effects on epithelial cells and goblet cells which induce  excessive 

mucous secretion (102, 180). Increased mucous secretion is known to contribute to 

decline in lung function in COPD (181). 

 

1.5.4 Fibrosis 

 Small airways in COPD have increased ECM and collagenous deposition around 

small airways resembling scar tissue which contract, accounting for the narrowing of  the 

airway lumen and causing air flow obstruction. TGF-β plays a major role in fibrogenesis 
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by stimulating fibroblast recruitment, converting fibroblasts into myofibroblasts, and 

facilitating the production of ECM (25). TGF-β activates Mothers against 

decapentaplegic homolog (Smad) signalling pathways, particularly Smad 3 which plays 

a key role in wound healing and fibroblast activation (88, 102). 

 

1.6 CURRENT THERAPIES 

Current therapies for COPD only address the symptoms of disease and do not 

reduce the severity and progression of the disease (182, 183). Thus, cessation of 

smoking is considered to be the effective approach which improves patients overall 

health, but few patients are able to stop smoking (13, 14). However smoking cessation 

cannot reverse the lung pathologies and does not prevent decline in lung function. 

Currently, combinatorial treatment with anti-inflammatory glucocorticoids and long acting 

β2-agonists are the mainstay therapies for COPD, but have litt le efficacy in preventing 

chronic inflammation and fail to limit the progression of disease (184-186). Several drugs 

are now being developed to limit disease progression such as LTB4 antagonists, PDE4 

inhibitors, and NE and MMP inhibitors (187, 188). However, combination therapies of 

this nature will be prohibitively expensive, a complicated course of therapy and may lead 

to enhanced side effects(189). Therefore, there is an urgent need for a new approach to 

drug therapy. Oligonucleotide therapy to suppress the activity of pivotal inflammatory 

molecules could potentially be used in the treatment of complex diseases such as COPD 

(190). One such potential oligonucleotide therapy is the manipulation of microRNAs 

(miRs)  (190). A single miR can modulate numerous target genes, increasing the 

chances of effective treatment and miR-based therapy may be developed into a One-

Drug, Multiple-Target therapy approach (191). 

 

1.7 MICRORNAS (miRs) 

miRs are small non-coding RNAs of approximately 22 nucleotides in length and 

are highly conserved between microorganisms, plants and animals. miRs are small 
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noncoding RNAs that regulate the expression of their target genes at the post-

transcriptional level (192). miRs bind to 3’ untranslated regions of mRNA and modulate 

their expression through RNA interference (RNAi) mechanisms(192). A single miR is 

known to regulate single, hundreds or thousands of downstream mRNAs, and a single 

mRNA can be simultaneously targeted by a number of miRs (193, 194). To date nearly 

1000 miRs have been identified in humans and miRs constitute up to 3% of the human 

genome and about one third of human genes are regulated by miRs (194-196). 

 

1.7.1 miR biogenesis and mechanism of action 

miRs are primarily transcribed from intronic regions of coding and non-coding 

genes and are spliced out of the corresponding gene transcript as primary-miR (pri-miR). 

Pri-miRs are several hundred nucleotides long and are processed into mature miR (197). 

RNA polymerase type II (Pol-II) mediates the transcription of the long stem-loop pri-miR 

from the genome. The stem-loop structure of pri-miRs is sliced by an RNase III 

endonucleases known as Drosha/Pasha to produce a 70 nucleotide long hair pin loop 

precursor miR the pre-miR (198-200). Pre-miRs are transported out of the nucleus into 

the cytoplasm by Ran-GTP and the receptor Exportin-5 and then cleaved by another 

RNase III endonuclease, Dicer, into 18-25 nucleotide miR duplexes in the cytoplasm 

(Figure 1.3) (198-201). These mature miR duplexes are not complementary and are 

degraded into a non-functional (passenger strand) and a functional (guide) strand. The 

guide strand associates with Argonaute (Ago) proteins and is then incorporated into the 

RNA-induced silencing complex (RISC) (195, 197, 198, 202). With the formation of miR- 

ribonucleoprotein complex (RISC), post-transcriptional gene silencing is initiated (198-

201). The miR-RISC ribonucleoprotein complex recognizes and promotes binding 

between the miR and the 3’ untranslated region (UTR) of target mRNA. Depending on 

the degree of complementarity between the miR and the target mRNA, either 

degradation or translational inhibition of the mRNA occurs. Perfect miR and target mRNA 
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complementarity results in target mRNA degradation, whereas partial complementary 

results in translational repression (198-201).  

In plants, miRs have been shown to bind perfectly to the mRNA targets and are 

cleaved by RNAi mechanisms through endonuclease activity (203). In contrast, 

mammalian miRs are mostly partially complementary to their target mRNA and result in 

inhibition of translation through deadenylation of target mRNAs (199, 200). However, in 

order to facilitate the development of miR-targeted therapies, it is important to further 

understand the mechanism through which miRs downregulate their target gene 

expression.   

 

 

Figure 1.3: microRNA (miR) biogenesis. miR expression is induced by transcription 

factors and other regulatory proteins. In the nucleus primary miR (pri-miR) are processed 

by Drosha and dsRNA binding protein Pasha (DGCR8) into precursor miR (pre-miR) 

which is transported into cytoplasm by Exportin 5. The pre-miR is processed by Dicer 

into a miR duplex; the guide strand integrates with the RNA-induced silencing complex 

(RISC) forming miR-RISC (miRISC) and the miR*/antisense strand is degraded. Guide 

strand integration into miRISC is aided by Argonaute (Ago) proteins. Importin 8 facilitates 
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the movement of miR to the target mRNA and mediates binding to the 3’UTR region and 

induces target mRNA degradation or translational repression. Adapted from (204). 

miRs regulate a wide variety of physiological processes and are essential in 

normal development, maintenance and functioning of individual cells and the organism 

as a whole. They are important in cell differentiation, inflammation and immune 

responses, apoptosis and many other normal physiological processes. Alterations in miR 

expression have been associated with the development of various diseases such as 

cancer and inflammatory, infectious, and autoimmune diseases. Thus, miRs are altered 

in chronic inflammatory diseases and as COPD has similar features of chronic 

inflammatory diseases, it is highly likely that miRs are potentially involved in COPD 

pathogenesis. (193, 205-207) . 

 

1.7.2 miRs in immunity and COPD 

Numerous clinical and experimental studies have implicated miRs and their 

altered expression in the pathogenesis of several chronic inflammatory diseases. A 

number of miRs ares involved in the regulation of immune responses and their aberrant 

expression may drive the pathogenesis of these diseases. Increasing evidence suggests 

that miRs play important roles in the development and function of the innate and adaptive 

immune system (193). TLRs are cell surface receptors that are expressed on 

macrophages, epithelial, endothelial cells and recognise microbial components called 

pathogen-associated molecular patterns (PAMPs) (208, 209). TLR ligation initiates 

downstream pro-inflammatory responses. TLR signalling is controlled by negative 

regulation in order to prevent abnormal inflammatory responses (210). Recent studies 

have shown that miRs modulate innate immune responses through negative regulation 

of the TLRs (210-212). Independent studies revealed that miR-146a, -146b, -155, -9 and 

-21 are TLR responsive miRs (211, 213-216).  

miR-146a/b are induced from LPS/TNFα/IL-1β-stimulated human monocytes and 

NF-κB is activated increasing the pro-inflammatory responses(213). However, miR-146a 
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suppresses the signalling transducers, TNF receptor–associated factor (TRAF)-6 and IL-

1 receptor associated kinase (IRAK1) of myeloid differentiation primary response protein 

(MyD)88-dependent TLR2, TLR4 and TLR5 pathways and thus negatively regulate TLR 

responses (216). Recent studies showed that miR-155 and miR-21 expression is 

induced in LPS-stimulated mouse macrophages (214, 215). TLR4 ligation induces miR-

155 and miR-21 expression and increased miR-155 expression downregulates its target 

Src homology 2 (SH2) domain-containing inositol-5ʹ-phosphatase (SHIP) 1, which is a 

negative regulator of TLR4 signalling (214). Whereas upregulated miR-21 suppresses 

its target programmed cell death (PDCD) 4 mRNA which in-turn decreases TLR4 

signalling and NF-κB activation (214, 215, 217). Thus, miR-155 increases and miR-21 

decreases TLR signalling, thus the miRs fine tune TLR signalling. Furthermore, 

stimulation of monocytes and neutrophils with LPS induces the expression of miR-9 

through a TLR4-MyD88 and NF-κB dependent mechanism (213). This study 

demonstrated that miR-9 directly targets the p50 subunit of NF-κB and downregulates 

its expression (213), which suggests that miR-9 endogenously inhibits NF-κB-dependent 

pro-inflammatory responses.  

 miRs are also known to regulate adaptive immune responses. For example, it 

was shown that the dysregulation of miR biogenesis in lymphocyte stem cells resulted in 

impaired T and B cell development (193). Another example of miR-associated regulation 

of adaptive immune responses is, miR-155-dependent differentiation of naive T cells into 

Th17 cells  (218) which are involved in the autoimmune diseases such as systemic lupus 

erythematosus (SLE) (219). Furthermore, a recent report also showed through an in vivo 

model, that miR-155 deficiency can decrease the inflammatory responses in SLE 

through the up-regulation of its target gene sphingosine-1-phosphate receptor 1 (S1PR1) 

(219). The authors also showed reduced IL-17a levels were associated with miR-155-

deficiency. Furthermore, increased expression of miR-155 and miR-21 are also shown 

to inhibit the transcription factor special AT-rich binding protein 1 (SATB1), which under 

normal conditions, suppresses effector T cell differentiation and maintains regulatory T 
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(Treg) cell function (220). Importantly, SATB1 responses facilitate Th2 cell differentiation 

and induce the production of Th2 cytokines IL-4 and IL-5 (221, 222). Aberrant expression 

of SATB1 is also associated with several cancers, including breast and lung cancers, 

where increased SATB1 responses inhibit apoptosis (223, 224) and positively correlate 

with poor prognosis (225, 226). However, in colorectal cancer and squamous cell 

carcinoma of lung, reduced levels of SATB1 correlated with disease severity. Likewise 

in a recent study on clear cell renal carcinoma, increased expression of miR-21 is 

associated with decreased SATB1 levels and was a poor prognosis of disease (227-

229). This indicates that role of miRs and their target genes are cell type and context 

dependent. Collectively, these reports show that miRs are strongly involved in regulating 

both innate and adaptive immune responses suggesting that miRs may mediate both 

innate and adaptive responses in COPD development. 

 To date several studies have strongly implicated miRs in the development of 

lung cancer, however, few have elucidated the role of miRs and their targets in the 

pathogenesis of COPD. A recent miR profiling study identified 57 upregulated, and 13 

downregulated, miRs in the lungs of smokers with COPD compared to smokers without 

COPD (230). Interestingly, the expression of several miRs was altered at various stages 

of emphysema and in different regions of the lung (231, 232), suggesting that miRs are 

differential expressed in various tissues in COPD lungs and may be involved in the 

disease developmental processes. Further, in another study, the expression of miRs has 

also been shown to be altered in serum, sputum and exhaled breath condensate of 

patients with COPD (233-235). Importantly, most of the miR-based studies in COPD 

have only profiled the expression of miRs in different parts of lung tissue of COPD 

patients. Significantly, few studies have characterised the miR-mediated mechanisms 

that underpin the development of COPD. In a study on sputum of COPD patients, let-7c 

and miR-125b expression were reduced and were associated with increased levels of 

TNF receptor II (TNFR-II) (234). Importantly, the authors showed that with let-7c 

downregulation the levels of its predicted target TNFRII were increased which is 
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associated with inflammation in COPD (236) . Similarly in a study by Sato et al., primary 

fibroblasts isolated from COPD patients stimulated with IL-1β and TNFα, showed 

reduced miR-146a expression compared with fibroblasts from smokers without COPD 

(237). Interestingly, reduced expression of miR-146a led to increased mRNA expression 

of its target cyclooxygenase (COX)-2 and increased levels of prostaglandin E2 (PGE2) 

(237). Significantly, PGE2 is a potent pro-inflammatory mediator and its levels are 

markedly elevated in the lungs of patients with COPD (237) suggesting that 

dysregulation of miR-146a in the lungs plays an important role in the chronic airway 

inflammation that is associated with COPD. Furthermore, a recent study showed that 

CS-exposed mice exhibit IL-1R1-dependent increases in the expression of miR-135b in 

the lungs (238). Increase in miR-135b expression led to the inhibition of IL-1α activation 

and, subsequently, suppressed airway inflammation (238). Thus, these studies indicate 

some of the potential roles of miRs in the pathogenesis of COPD. 

  

1.7.3 Potential miR therapeutics 

Research of miRs has gained prominence since their involvement in various 

diseases are identified. Now, less than 25 years following their discovery, research into 

miRs has reached the stage where abnormally expressed miRs are being interrogated 

as the next potential therapeutic targets for numerous diseases. Targeting miRs 

therapeutically has advantages, and may be beneficial as miRs can modulate multiple 

targets that are involved in numerous disease-causing pathways. Thus targeting a single 

miR potentially suppress several disease causing mechanisms.  

In disease associated with decreased miR expression, miR mimics or viral vector-

based approaches can be employed to boost miR expression (239, 240). Mimics are 

synthetic double-stranded miRs that can be injected intravenously or intra-tumorally 

(239, 240). The guide strand is usually synthesised to be identical to the target miR and 

is chemically modified to increase its stability (241, 242). The passenger strand is 
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cholesterol-conjugated at 3’ end to aid in uptake across the plasma membrane (241, 

242). Importantly, whilst miR mimics increase the expression of target miRs they can 

also induce TLR-dependent non-specific interferon responses at high doses (243). Thus, 

systemic delivery of miR mimics may also result in uptake by non-target tissues and, 

potentially, lead to off-target effects. Thus, an effective way of maximising the therapeutic 

potential of miR mimics would be to deliver them directly to target cells and/or tissues. 

Target miR expression can also be synthetically and stably increased by viral vector 

constructs of adeno-associated virus (AAV) or lentiviral origin (242). Viral vectors are 

more technically advantageous for exogenous overexpression of miRs as they can be 

chosen based on virus serotypes, tropism toward specific cell types and interaction with 

cellular receptors (242). In a study performed by Kota et al., in a mouse model of 

hepatocellular carcinoma, AAV miR-26a overexpression construct administration 

suppressed tumour progression, indicating that the exogenous overexpression of miRs 

may be potentially used to increase the expression of miRs in disease (244).  

A number of techniques have been developed to inhibit the expression of up-

regulated miRs, such as miR gene knock out, miR ‘sponges’, and antagomir and locked 

nucleic acid (LNA). miR gene knock-out studies are practically challenging  due to the 

difficulty in generation of genetic knockouts. miR sponges are miR inhibitors of cellular 

origin that contain multiple binding sites for a specific miR and work by sequestering 

endogenous miRs. Sponges are transgene can be delivered by a viral vector. However, 

their in vivo functions are yet to be evaluated (245, 246).  

Antagomirs, or anti-miRs, are chemically engineered 2’-O-methyl group–modified 

oligonucleotides. LNA are modified anti-miR oligonucleotides where the 2’-O-oxygen is 

bridged to the 4’ position through a methylene linker to form a stable duplex that is 

complementary to the miR (247, 248). Antagomirs are cholesterol-conjugated, single 

stranded RNA sequences oligonucleotides with partially, or completely, complementary 

sequences analogues to mature miR that are used to silence miRs and potentially 

upregulate the target genes involved (247, 249, 250). The first synthesised anti-miR, 
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developed Krutzfeldt and colleagues was miR-122-specific inhibitor antagomir (Ant)-122, 

for silencing the liver miR-122. As illustrated (Figure 1.4), with intravenous administration 

of Ant-122, miR-122 expression was silenced in mice for more than a week in liver, heart, 

skin, intestine, lung and bone with the upregulation of the predicted target genes (250). 

However, similar to miR mimics, antagomirs may potentially lead to off-target effects.  

At present there are two miR-targeted therapeutics in clinical trials. One of them 

is Miravirsen, a miR-122, an LNA-based anti-miR against chronic hepatitis C virus (HCV) 

infection and is in clinical phase IIA trial. The other one is MRX34, a miR-34 mimic 

against unresectable primary liver cancer and advanced or metastatic cancer with liver 

involvement which is in phase I clinical trials (251, 252), thus the miR-based therapeutics 

in clinical trials highlight the potential of targeting miRs in disease.  
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Figure 1.4: microRNA (miR) silencing in vivo with antagomirs. miR-122 is 

transcribed from DNA into a hairpin structure, pre-miR-122, which is processed into a 22 

nucleotide long miR duplex. The guide strand of the miR duplex integrates with the RNA-

induced silencing complex (RISC) complex to form miRSC enabling the antisense strand 

to link at the 3’ UTR region of the target mRNA and induce translational repression. Thus, 

miR-122 may inhibit the repressor gene of the cholesterol synthesis pathway resulting in 

increased cholesterol production. Importantly, Krutzfeldt and colleagues (250), prepared 

a cholesterol-conjugated, single-stranded RNA, antagomir (Ant) with perfect 

complementary to mature miR-122. Intravenous administration of Ant-122 to mice, 

resulted in suppression of miR-122 and increased the expression of repressor gene of 

the cholesterol synthesis pathway and decreased cholesterol levels. Adapted from (253). 

 

1.8 STUDY RATIONALE  

COPD is a chronic respiratory disease with aberrant inflammatory responses that 

drive structural damage of the lungs. Current treatments for COPD only suppress the 

symptoms of the disease and do not halt the disease progression. Thus, there is an 

urgent need to identify and elucidate the role of the pathogenic mediators that drive 

exaggerated inflammatory immune responses in COPD in order to develop effective 

therapeutic strategies. Increasing clinical and experimental evidence implicates the role 

of miRs in the pathogenesis of COPD. These studies show that CS exposure 

dysregulates the miR expression profile, which may concurrently alter the expression of 

miR-regulated genes and potentially induce the mechanisms that drive COPD 

pathogenesis. Targeting CS-induced miR expression may be more effective than current 

therapies as miRs regulate multiple target genes in several pathways associated with 

the development of COPD. Hence, targeting miRs represents a novel therapeutic 

approach for COPD. We thus hypothesised that cigarette smoke induces chronic 

inflammatory responses in the lungs that lead to pathogenesis of COPD. Smoking may 
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alter miRNA expression levels that regulate gene expression and induce the 

mechanisms that drive COPD pathogenesis. Modulating miRNA expression may be a 

viable and novel therapeutic approach for COPD. The studies described hereafter in this 

Thesis were designed to identify the miRs that are differentially expressed following 

exposure to cigarette smoke, their target genes, and the downstream immunological 

mechanisms that they regulate in the pathogenesis of COPD.     

Our lab recently developed a novel, nose-only CS exposure-induced mouse 

model of experimental COPD that generates many of the key features of human COPD, 

including chronic airway inflammation and remodelling, emphysema and lung function 

impairment, within 8 weeks (72). In this model, mice are exposed to 12 cigarettes twice 

per day which is equivalent to one pack of cigarettes per day in humans. The 

development of characteristic features of COPD in a relatively short time period (i.e. 

8wks) makes this model an ideal platform to elucidate the molecular mechanisms that 

underpin disease development. Although disease features are established by 8 weeks, 

further smoking for 4more weeks progressively worsens the disease (72). To identify the 

miRs potentially involved in the induction, development and progression phases of the 

disease, we used our 12 weeks smoke-exposure model to profile the CS-induced 

dysregulated miRs in experimental COPD. 

Using this model, the following novel studies were conceived and performed 

during my PhD: 

1. Characterise the lung miR expression profile at 4, 6, 8, and 12 weeks of CS-

exposure.  

2. To assess the functional impact of selected miRs with altered expression in 

COPD  

3. Interrogation of the signalling axis of selected miRs involved in COPD 

pathophysiology.  

4. To establish the therapeutic impact of specific miR antagomirs in COPD model.  
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Chapter 2: Methods 

 

2.1 Ethics statement 

This study was performed in accordance with the recommendations in the 

Australian code of practice for the care and use of animals for scientific purposes issued 

by the National Health and Medical Research Council of Australia. All protocols were 

approved by the Animal Ethics Committee of the University of Newcastle.  

 

2.2 Induction of experimental COPD 

We used an established model of CS-induced experimental COPD that was 

developed in our lab.  Female wild-type BALB/c mice were exposed to the CS of twelve 

reference cigarettes (3R4F, University of Kentucky, Lexington, KY, USA) or normal air  

via the nose only to the CS for two times a day (total 75min exposure per day), 5 times 

a week, for either 4, 6, 8 and 12 weeks, as previously described previously (72, 162, 

254-257).  

 

2.3 RNA isolation and quantification 

Total RNA was isolated from whole lung homogenates with TRIzol® and 

quantitated using a NanoDropTM, ND1000 spectrophotometer (NanoDrop TM USA) (72). 

The RNA Integrity Number (RIN) of each sample was assessed using an Agilent 2100 

Bioanalyser system (Agilent Technologies, USA) and Agilent RNA6000 Nano LabChip 

Kit (Agilent Technologies, USA) according to the manufacturer’s instructions.  In brief, 

1μL of dye concentrate was added to 65μL of column-filtered gel matrix followed by 

sequential addition of 9μL of the gel-dye mix to the two wells on the chip to prime the 

chip. Sample and ladder wells were supplemented by 5μL of nano marker (buffer) and 

then 1μL each of heat-denatured RNA samples (70°C for 2 minutes) and ladder were 

added to the appropriate wells. Before starting the run, loaded chips were vortexed 
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(240rpm for 1 minute). Four samples from each group were selected based on their (RIN; 

>8) for microarray-based miRNA profiling.  

 

2.4 Microarray-based miR expression profiling 

To profile the miRs, Agilent unrestricted Mouse miRNA (8 x 15k arrays per slide, 

AMADID Number: 021828, Sanger Version 12) microarrays (Agilent Technologies, USA) 

was used.Total total RNA samples were fluorescently labelled using an Agilent miRNA 

Complete Labelling and Hyb Kit (Agilent Technologies, USA). Fluorescently labelled 

samples were purified, and hybridised onto Agilent unrestricted Mouse miRNA 

microarray slides. Briefly, 100ng of total RNA was incubated with 2μL of calf intestinal 

alkaline phosphatase (CIP) master mix2 and 2.8μL of dimethyl sulfoxide (DMSO) was 

added and denaturation was carried at 100°C for 5 minutes. These denatured samples 

were incubated with 4.5μL of ligation master mix to label them 3’ end. These labelled 

samples were supplemented with nuclease-free water and purified from DMSO and free 

Cyanine3-pCp by elution through Micro Bio-Spin 6 columns (1000xg for 2 minutes) 

followed by drying with a vacuum concentrator for 50°C for 1 hour. Then reconstituted 

with 18μL of nuclease-free water and blocked with 4.5μL of kit-supplied 10X gene 

expression and supplied with 22.5μL of Hi-RPM hybridisation buffer. Samples were later 

heated and cooled for 5 mins at 100°C on ice and then hybridised to the microarray chips 

(55°C for 20 hours). Hybridised microarrays chips were washed with the supplied wash 

buffers and scanned with an Agilent microarray scanner. Raw microarray data was 

extracted using the scanner software’s feature extraction function in a format compatible 

for analysis using GeneSpring GX 11.3 software (Agilent Technologies, USA). 

 

2.5 Quantification of miR and gene expression through real-time quantitative PCR 

(qPCR) 

Total RNA was extracted from snap frozen whole lung tissue and blunt-dissected 

airway and parenchyma using the TRIzol Reagent (Invitrogen, Life Technologies, 
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Australia) as described previously (72, 255).  miR and mRNA expression levels were 

assessed by reverse transcribing the RNA to miR specific and gene cDNA respectively 

by Bioscript (Bioline, NSW, Australia), followed by real time quantitative polymerase 

chain reaction (qPCR) (257-259). Briefly qPCR assays were performed with SYBR 

Green Supermix (KAPA Biosystems) and ViiA7 thermo cycler (Life Technologies) using 

custom designed primers synthesised from (Integrated DNA technologies, Australia, 

Table 1). miR-9,-21,-135b and -146b expression were determined by normalising to the 

geometric mean of reference RNA’s U6 small nuclear RNA (U6) and U49 small nucleolar 

RNA (U49). mRNA expression of NRF2, NQO-1, GSTP1, GCLC, HO-1, GPX2, CXCL2, 

CCL7, GM-CSF, MMP12, MARCO PDGFRβ, SPRY1, SPRY2, PDCD4, TIMP3, RECK, 

PTEN, SATB1, S100A9, S100A8, SIRT1, BMPR2, VEGF, IRAK1, TRAF6, and CCL2 

were normalised to the house keeping gene hypoxanthineguanine phosphoribosyl 

transferase (HPRT). Custom designed primers synthesised from Integrated DNA 

technologies, Australia were used (Table 2.1) (260).
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Table 2.1: Primers used in qPCR primers sequences 
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2.6 Antagomir administration 

CS-induced miR-9,-21,135b,-146b was inhibited with specific antagomirs (Ant): 

miR-9-specific- Ant-9, miR-21-specific-Ant-21, miR-135b-specific-Ant-135b, and miR-

146b-specific-Ant-146b. The miR sequence for miR-9-21,-135b and-146b were obtained 

from miRBase (http://www.mirbase.org/) and complementary sequence/antagomirs for 

miR-9,-21-135b and-146b were designed. A scrambled (Scr) sequence RNA VIII 

matched against mouse genome was employed as a control to test the specificity of 

Ants. Ants were synthesised at Sigma Aldrich in lyophilised form and were resuspended 

with nuclease free water. BALB/c mice were anaesthetized with isoflurane and 

administered with specific Ant and scrambled intranasally (i.n.) once a week (2.5mg/Kg).  

Mice were sacrificed after 8 weeks of CS-exposure to assess the effects of the antagomir 
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on COPD pathogenesis. 

 

2.7 Ant-9 and TMC administration 

The specific NRF2 activator,2-trifluoromethyl-2'-methoxychalone (TMC), was 

initially solubilised in a co-solvent solution (4% DMSO, 4% ethanol) and diluted in PBS 

(vehicle). Groups of CS-exposed mice were treated intranasally (i.n.) with Ant-9 (2.5 

mg/Kg in) or an equivalent amount of Scr antagomir once a week under isoflurane 

anaesthesia. In other groups, TMC (10mg/kg) or vehicle were administered i.n. three 

times a week with TMC. Mice were sacrificed after 8 weeks of smoking and the cardinal 

features of such as such as inflammation, small airway fibrosis, emphysematous air-

space enlargement were COPD assessed. 

 

2.8 In situ hybridisation (ISH) 

miR-21 ISH was performed on formalin fixed paraffin embedded (FFPE) lung 

sections. All buffers were made up with nuclease free water (Invitrogen, Australia) and 

autoclaved. Lung sections slides were deparaffinised with xylene, rehydrated with 

graded ethanol washes and washed in PBS. Sections were treated with Proteinase K 

(15μg/mL) and slides washed and dehydrated with graded ethanol washes. Slides were 

pre-hybridised in a humidifying chamber with 1x ISH buffer (Exiqon) in a hybridiser 

(55⁰C). Pre-hybridisation was followed by overnight hybridisation (55⁰C) with double DIG 

(digoxigenins) labelled scrambled and miR-21 LNA Probes (Exiqon). Post hybridisation 

washes were carried out with varying concentrations of saline sodium citrate buffer and 

then blocked with 2% lamb serum in PBS-T, followed by incubation with 1:800 anti-DIG 

primary antibody conjugated to alkaline phosphatase (Roche) in 2% lamb serum. 

Sections were developed by incubating with BM purple (Roche), and 0.2mM Levimasol 

(Sigma) to inhibit endogenous alkaline phosphatase activity. On blue colour visualization 

colorimetric reactions were terminated with phosphatase stop solution and nuclei stained 

with Nuclear Fast Red counterstain (Vector Laboratories). Slides were then washed, 
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dehydrated and mounted with aqueous mounting medium (Vector Laboratories) with 

staining visualised using light microscopy (259). 

 

2.9 Airway Inflammation 

 Airway inflammation was assessed by processing brochoalveolar lavage fluid 

(BALF) collected from left lobe of the lung tying the right lobes which are snap frozen for 

RNA and protein extraction. BALF was collected twice using 0.5ml of PBS each time. 

BALF was then centrifuged (300xg for 10 min at 4oC) and supernatant was stored for 

further analysis. The pelleted cell mass was treated with red blood cell lysis buffer 

washed and spun down. Supernatant was discarded and the pellet was resuspended in 

160 µl of HBSS. Trypan Blue was used to stain the cells and total cell numbers were 

determined by hemocytometer. The stored cell suspensions were cyto-centrifuged 

(300xg, 10 min; Thermo Fisher Scientific, Norwood, Australia) and stained with May 

Grunwald-Giemsa and airway inflammation was assessed by enumeration of different 

inflammatory cell types according to morphological features of leukocytes using light 

microscopy (40x magnification) as previously described (72, 162, 254, 255). 

  

2.10 Protein Isolation 

Proteins were extracted from snap frozen whole lung tissue and blunt dissected 

airways and parenchyma using radio-immunoprecipitation assay lysis buffer (Sigma 

Aldrich) and Dulbecco’s phosphate-buffered saline (Life Technologies) respectively, as 

described previously (255). Total protein was quantified using BCA Protein assay Kit 

(Thermo, Scientific) according to the manufacturer’s instructions. 

 

2.11 Enzyme linked immunosorbent assay (ELISA) 

Proteins were extracted from frozen lung tissue as described previously (255). 

CXCL1 and TNFα protein levels were measured using anti-mouse ELISA kits (R&D 

Systems, USA) according to the manufacturer’s instructions and normalised to total 
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protein.  

 

2.12 Airway remodelling 

Small airway remodelling was assessed by staining longitudinal sections with 

Verhoff-Van Gieson stain as previously described (261). Image J software was used to 

quantify the area of fibrosis stained pink around small airways and at least four airways 

per section were measured. The area of fibrosis measured in μm2 was normalised by 

dividing the area with the perimeter of the basement membrane measured in μm of the 

airway in consideration (Small airways were defined as having a basement membrane 

perimeter of ≤1,000 μm) (261). 

 

2.13 Alveolar enlargement   

Lungs were perfused, fixed with 10% buffered formalin, paraffin-embedded and 

5µm longitudinal sections were cut and then stained with hematoxylin and eosin (H&E). 

Alveolar enlargement was assessed on 10 random images of the stained sections 

overlaid with an 11 lined counting grid. The average alveolar diameter was determined 

by counting the number of times the alveoli intercepts the lines on the grid known as the 

mean linear intercept method (72, 162, 254, 255). The percentage of destroyed space 

was also determined using the destructive index method, as described previously (262). 

 

2.14 Lung function analysis  

Mice were anaesthetised with Ketamine (100mg/kg) and Xylazine (10mg/kg) to 

determine the lung function parameters using flexiVent apparatus (SCIREQ, Canada) 

and the forced oscillatory technique (FOT)–Forced pulmonary maneuver system (Buxco, 

USA). This was carried out by tracheal cannulation of mice and trans-pulmonary 

resistance and dynamic compliance were determined through single frequency 

perturbation whereas elastance was measured by low frequency forced oscillatory 

technique using the flexiVent system. Forced vital capacity (FVC) was measured by 
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using fast flow maneuver and work of breathing (WoB) was determined through quasi-

static pressure-volume curve values. For each maneuver, three perturbations were 

performed and average was calculated as described previously (72, 162, 254, 255).    

                                                                                                                                               

2.15 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

analysis  

Sample proteins (20μg) and WesternC Standard (Bio-Rad) were loaded onto 4-

15% gradient polyacrylamide gel (Bio-Rad) and the gels were electrophoresed. Briefly, 

a wet transfer system was used to transfer the proteins from the gel to a polyvinylidene 

difluoride (Bio-Rad). The blots were then blocked with 5% bovine serum albumin (BSA) 

in Tris-buffered saline and Tween-20 (TBS-T). Blocking was followed by overnight 

incubation at 4⁰C with primary antibodies against NRF2 (Cell Signalling Technology), 

SOCS5, β-actin, TATA binding protein (TBP) (Abcam, USA), anti-SATB1 and β-actin  

(Abcam, USA) and anti-pAKT (Ser 473) and anti-AKT (Cell Signalling USA)  which were 

used according to manufacturer’s instructions. Blots were washed and incubated with 

anti-Rabbit IgG HRP (R&D Systems, USA) and anti-mouse IgG peroxidase (Sigma-

Aldrich, Australia) secondary antibodies in TBS-T. Blots were developed using West 

Femto substrate (Thermo, Scientific) and visualised by chemiluminescence (Bio-Rad, 

ChemiDoc MP System) and protein levels were assessed using Image J software. 

 

2.16 Immunoflourescence (IF) 

FFPE lung sections were deparaffinized in xylene and then rehydrated in graded 

ethanol washes, followed by a PBS wash. Antigen retrieval was performed in a steamer 

with citraconic anhydride buffer (0.05% citraconic anhydride in dH2O, pH 7.4). Slides 

were then washed in PBS-T and blocked with donkey serum (Sigma), and incubated in 

a humidifying chamber with rabbit-anti-SATB1 antibody (Abcam). The sections were 

washed in PBS-T and incubated with donkey anti-rabbit secondary antibody H&L Alexa 

Fluor 594 (abcam) for 1hr at RT. Slides were washed in PBS-T followed by incubation 
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with nuclear stain Hoechst (Thermo, Scientific), washed in PBS-T and mounted with 

Fluorsave. Fluorescence was detected with an Olympus fluorescent microscope.  

 

2.17 NF-κB activity assays  

Levels of DNA bound NF-κB (p65) subunit (active NF-κB) were measured by 

ELISA with the TransAM NF-kB family transcription factor assay (Active Motif, CA) as 

per manufacturer’s instructions (255). 

 

2.18 Combined antagomir administration 

CS-induced miR-9, -21, -135b and -146b were inhibited with miR-specific 

antagomirs (Ant-9, -21, -135b, and -146b). The sequences for these miRs were obtained 

from miRBase (http://www.mirbase.org/) and complementary sequence/antagomir for 

miR-9 (Ant-9), miR-21 (Ant-21), miR-135b (Ant-135b) and miR-146b (Ant-146b) were 

designed. A scrambled (Scr) sequence RNA VIII matched against the mouse genome 

was employed as a control to test the specificity of miR-specific antagomirs. Antagomirs 

were synthesised by Sigma Aldrich and supplied in lyophilised form. They were 

resuspended with nuclease free water. BALB/c mice were anaesthetised with isoflurane 

and cominations of two miR-specific antagomirs were administered intranasally (i.n.) on 

alternate days, once a week and throughout CS-exposure (2.5mg/Kg; Table 2.2). 

Table 2.2: Antagomir treatment regimen in experimental COPD 
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2.19 Statistics 

Statistical analysis was performed using GraphPad Prism software version 6 

(San Diego, California). Results are represented as ± standard error of the mean (SEM). 

Comparisons between two groups were made using Mann-Whitney test. With data 

involving three or more groups, Kolmogorov–Smirnov test was performed and as the 

data was normally distributed, data was analysed using One-way ANOVA with 

Uncorrected Fisher’s LSD post-test. 
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CHAPTER 3: MICROARRAY-BASED MICRORNA (miR) EXPRESSION 

PROFILING IN EXPERIMENTAL COPD 

 

3.1 INTRODUCTION 

Current COPD therapies have limited efficacy in inhibiting chronic inflammation 

and do not reverse the tissue lesions such as airway remodelling and emphysema. 

These therapies fail to limit the progression of the disease and only target disease 

symptoms and reduce exacerbations (263, 264). Thus, there is a clear and demonstrated 

need for new therapies that can prevent the induction, or inhibit the progression of 

COPD. However, this is hampered by a lack of proper understanding of the mechanisms 

that underpin the disease process. Additionally, the identification of key biomarkers that 

accurately detect disease stage and predict the course of disease will facilitate the 

development of new therapeutic strategies that may be effective in COPD treatment.  

MicroRNAs (miRs) play an integral role in the control of genes and associated 

networks through the post-transcriptional regulation of gene expression (192). A single 

miR targets multiple genes, which gives them the capacity to simultaneously regulate 

multiple physiological processes. (265). The importance of microarray platform for 

quantifying miRs expression has accelerated in recent years as microarray technologies 

simultaneously measure many miRs on a single microarray. A number of studies have 

used microarray profiling as a platform to identify the dysregulated miRs in COPD 

patients. Thus, several miRs were found to be altered at various stages of emphysema 

and in different regions of the lung (231, 232). This indicates that CS-induced 

dysregulated miRs exhibit spatiotemporal pattern in the pathogenesis of COPD, thus 

miRs may be altered in various lung tissues which may be involved in the disease 

developmental processes. 

However, the development of new therapies has been severely hampered by the 

lack of animal models that recapitulate the hallmark features of human COPD in a 

reasonable time frame. To address this, we developed a nose-only smoke exposed 
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mouse model of COPD that develops the hallmark features of disease within 8 weeks 

(72). Further our model is also steroid-resistant like human COPD, as glucocorticoid 

treatment does not prevent lung inflammation or emphysema and does not restore lung 

function (72).  

Here, we performed a microarray-based miR analysis to profile the altered miRs 

with CS-exposure and then to determine their role in COPD pathogenesis. We identified 

miRs-30c-1-3p, -122 and -133a-3p that were dysregulated in the induction phase of 

COPD and the miRs -9,-21,-132, -135b, -146b and -466g were altered from the induction 

phase and throughout the disease development. Hence these miRs may be potentially 

involved in the induction of various pathophysiological features of COPD, namely 

inflammation, airway remodelling, emphysema and reduced lung function. Thus, our 

study shows that CS-induces increases in miR expressions at various stages of COPD 

development, hence these miRs may be the potential regulators of induction and 

progression phases of COPD.  

 

3.2 RESULTS 

3.2.1 miR expression profile in lungs in response to CS exposure in experimental 

COPD 

BALB/c mice were exposed to CS or normal air, for 4, 6 8, or 12 weeks and 

microarray was performed to determine the CS-induced dysregulated miRs in lungs. 

miRs that were differentially expressed between the CS-exposed and normal air-

exposed groups by greater than 2 fold with a p-value <0.5 were considered to be 

significantly altered and pursued further. Of the 672 miRs assessed the expression of 

more than 60 miRs was differentially regulated (Table 3.1). 
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Table 3.1: microRNAs (miRs) with altered expression in the lung during CS 

exposure in experimental COPD 
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3.2.2 Validation of differentially regulated miR expression using qpCR 

The altered expression of miRs identified by microarray analysis were further 

validated by qPCR using custom designed primers (Table 3.2). Each miR selected for 

validation was analysed at individual time point of CS-exposure (4, 6, 8 and 12 weeks). 

We identified 3 miRs that exhibited increased expression prior to the onset of disease 

features (4 weeks) (a).  3 miRs that were significantly expressed only when features of 

COPD were evident (b). 6, CS-induced miRs expression were increased at all time points 

tested (4–12 weeks CS-exposure) (c) and 6 miRs were up-regulated at one or more time 

points of CS-exposure (d) 
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Figure 3.1: Altered expression of microRNAs (miRs) during cigarette smoke (CS) 

exposure in experimental COPD.  Microarray-based miR profiling was performed on 

total lung RNA from normal air and CS-exposed mice and identified miRs that were 

dysregulated with CS-exposure. miRs were validated by qPCR at each time point ( 4, 6, 

8 and 12 weeks) and miR expression was normalised to the geometric mean of the 

housekeeping controls small nuclear RNA (snRNA) U6  and small nucleolar RNA 

(snoRNA) U49. miRs that were differentially expressed (a) only at 4-6 weeks, (b) only at 

12 weeks, (c) throughout CS-exposure, and (d) at one or more time points of CS 

exposure. Data are presented as means ± s.e.m. NS; not significant, *P<0.05; **P<0.01. 

Data were analysed by two-tailed unpaired student’s t test. 
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Table 3.2: Custom-designed microRNA (miR) primers used to validate microarray 

miR data by qPCR 
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Table 3.3: Potential pathways, and associated diseases and functions linked with 

increased expression of microRNAs (miRs) and their targets (known and 

predicted) during the initiation phase of COPD and throughout CS-exposure in 

experimental COPD  

 

Potential pathways of miRs dysregulated in the initiation phase of experimental COPD 

 

 

Diseases and functions of miRs dysregulated in the initiation phase of experimental 

COPD 
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Potential pathways of miRs dysregulated throughout the CS-exposure in experimental 

COPD 
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Diseases and functions of miRs dysregulated throughout the CS-exposure in 

experimental COPD 
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3.3 DISCUSSION AND CONCEPTION OF STUDIES  

We have shown that CS exposure alters the expression of sets of miRs in the 

induction and progression phases, or throughout the time course, of experimental COPD. 

However, the mechanism by which CS exposure alters the expression of these miRs in 

the lungs is not clear. One possible explanation is that CS exposure induces epigenetic 

changes such as DNA methylation of miR encoding genes leading to miR dysregulation, 

such as the hypo-methylation of miR-9-3p encoding gene was observed in the oral 

epithelial cells of smokers (266). Thus, the altered miRs regulate the expression of their 

target genes post-transcriptionally and may potentially drive the pathogenesis of COPD. 

The potential targets of altered miRs with CS-exposure were identified by open 

source algorithms such as Target Scan (267), and miRANDA (268), which are based on 

complementarity of seed sequence with the validated and predicted targets of the miRs.  

We employed these algorithms because of their advantages, such as Target Scan 

identifies the potential targets which exhibit perfect complementarity with the seed 

sequence and miRANDA provides tissue based miR-gene prediction information (269). 

These targets were then analysed by pathway predicting algorithms such as PANTHER 

pathway to assess the potential biological and pathological roles of these miRs. These 

associations were taken into consideration in selecting the miRs for qpCR validation. 

However only 18 miRs were validated at one or more time points of CS-exposure. 

Furthermore, at 8th week of CS-exposure most of the altered miRs identified by 

microarray analysis were not validated by qPCR. Several studies have reported poor 

association between miR expression identified by microarray analysis and qPCR-based 

validation (270, 271) as qPCR assays are more specific and sensitive than microarrays. 

(272). This is due to the increased non-specific hybridisation of the probes to the smaller 

and similar sequences of mature miRs and also due to the higher sequence similarities 

of the miRs among themselves. (273, 274)  

The altered miRs with CS-exposure were qpCR validated, the miRs up-regulated 

at the initiation phase of the disease development, miR- (30c-1-3p, -122 and -133a-3p) 
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and miRs- (9, -21, -132, -135b, -146b and -466g) that were upregulated throughout the 

12 weeks of CS exposure were selected for further investigations. However, with 8 

weeks of CS exposure, the key features of COPD such as inflammation, airway 

remodelling, emphysema, are significantly increased which results in impaired lung 

function (72). This suggests that the dysregulated miRs expressed in the induction phase 

of disease development, and throughout CS exposure, may be involved in the 

pathogenesis of COPD and the miRs (upregulated at 12 weeks) may be a consequence 

of the disease process.  

Additionally, to investigate the functional roles of these CS-induced miRs, we 

performed an initial pilot study with the miRs expressed during induction phase and all 

throughout the CS-exposure (data not shown), to assess the knock-down potential of the 

miR-specific inhibitors. We then selected four CS-induced miRs (miR-9, miR-21, miR-

135b and miR-146b) to examine their functional roles in the pathogenesis of CS-induced 

experimental COPD. These miRs were selected based on the biological abundance at 8 

weeks of CS-exposure, their association with various biological and pathogenic 

mechanisms (Table 3.2 and 3.3) and the efficacy of miR-specific inhibitors. These 

studies are described in Chapters 3-6 of this Thesis. In these chapters we have 

investigated the roles of the four selected miRs with 8weeks of CS-exposure which is 

the time point associated with the development of all the key features of experimental 

COPD  (72).  Thus, the outcomes of the microarray analysis were the foundation of my 

thesis based on which the novel PhD studies described hereafter were conceived, 

planned and implemented. 
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CHAPTER 4: ROLE OF miR-9 IN THE PATHOGENESIS OF CHRONIC 

OBSTRUCTIVE PULMONARY DISEASE 

 

4.1 INTRODUCTION  

Cigarette smoke (CS) contains, and exposure induces the production of reactive 

oxygen (ROS) and nitrogen (RNS) species such as hydrogen peroxides, hydroxyl ions, 

nitric oxide, and peroxynitrite (275). These oxidants stimulate epithelial cells to secrete 

TNFα, IL-8 and IL-1β, which induces NF-kB signalling, increasing the expression of pro-

inflammatory mediators (276). This leads to recruitment of neutrophils and monocytes 

which are major additional sources of ROS (277). ROS production perpetuates 

inflammation and leads to tissue injury (278, 279). Importantly, miR-9 is potently induced 

in neutrophils and macrophages following exposure to pro-inflammatory stimuli (213) 

and these cells are known to play important roles in COPD pathogenesis (72).   

 Nuclear factor-erythroid 2 related factor-2 (NRF2) is a transcription factor that is 

activated in response to oxidative stress and is a predicted target of miR-9. In normal 

conditions NRF2 is associated with its inhibitor Kelch-like ECH-associated protein 

1(KEAP1) in the cytoplasm. Under oxidative stress, these factors dissociate and Nrf2 

trans-locates to the nucleus where it binds to anti-oxidant responsive elements (AREs) 

to induce the expression of anti-oxidant genes such as NAD(P) H:quinone 

oxidoreductase-1 (NQO-1) (112, 280, 281). In COPD, NRF2 activity is decreased in the 

lungs of patients (282), and NRF2-deficient mice are more susceptible to CS-induced 

emphysema, which develops more rapidly and is more severe (117). Pharmacological 

activators have been developed to stimulate NRF2 activity and induce the expression of 

anti-oxidant genes. These include 4,2′,5′-trihydroxy-4′-methoxychalcone (TMC) that 

potently activates NRF2 responses in mice and cultured lung epithelial cells and induces 

the expression of NQO-1, heme oxygenase (HO)-1 and other anti-oxidant genes (283). 
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Inflammation is characterised by dysregulated cytokine signalling and suppressor 

of cytokine signalling proteins (SOCS) are a family of 7 proteins which are known as 

negative regulators of cytokine activation (284, 285). One of the SOCS gene, SOCS 5 is 

a known target of miR-9 (286). Knowledge of the role of SOCS5 in COPD is limited, but 

it is known to mediate T-helper (Th) cell differentiation, inhibit IL-4R/STAT6 mediated 

immunomodulatory responses in Th1 cells and promotes the differentiation of these cells 

(287). It also regulates epidermal growth factor receptor (EGFR) (288, 289), which is 

increased in bronchial biopsies of COPD patients (290). CS-induced EGFR positively 

regulates IL-8 secretion in vitro and its stimulation augmented phosphatidylinositol 3-

kinase (PI3K) activity in COPD bronchial epithelial cells (291, 292).  

In this study we investigated the role of CS-induced miR-9 and its predicted target 

NRF2 and its known target SOCS5 (286) in the pathogenesis of experimental of COPD. 

We used our well-established mouse model, which develops the hallmark features of the 

human disease after eight weeks of nose-only CS exposure (72, 162, 254-257), and 

replicates similar exposures to human smokers (293). Chronic CS exposure induced 

increases in miR-9 that was associated with the development of disease. miR-9 

expression was depleted which lead to increases in NRF2 and SOSC5, resulting in the 

reduction of pathophysiological features of the disease such as inflammation, airway 

remodelling and impaired lung function. 

 

4.2 RESULTS 

4.2.1 CS exposure induces a persistent increase in miR-9 expression in 

experimental COPD  

BALB/c mice were exposed to CS or normal air for 2, 4, 6 or 8 weeks. To identify 

miRs potentially involved in COPD pathogenesis microarray-based miR analysis was 

performed on total RNA from lungs. miR-9 was significantly upregulated at 4 and 8 weeks 

of CS exposure compared to normal air-exposed controls (manuscript under review). 

CS-induced increases in miR-9 expression were validated by real-time quantitative PCR 
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(qPCR) performed on lung RNA collected at 4, 6 and 8 weeks of CS exposure (Figure 

4.1a). To identify tissue specific changes in miR-9 expression, levels were assessed in 

blunt-dissected airways and parenchyma tissue at 8 weeks; the time point when all the 

hallmark features of CS-induced COPD are observed. miR-9 expression was 

significantly up-regulated in parenchyma but not in airways (Figure 4.1 (b and c)).  

 

Figure 4.1: Acute and chronic cigarette smoke (CS) exposure induces increases 

in miR-9 expression in experimental chronic obstructive pulmonary disease 

(COPD). BALB/c mice were exposed to CS via the nose-only or normal air for 2, 4, 6 and 

8 weeks. a) Whole lung miR-9 expression was assessed using qPCR. miR-9 expression 

was also assessed in blunt dissested lung tissue in b) airways and c) parenchyma after 

eight weeks of chronic CS-exposure. miR-9 expression is expressed as fold change 



 78 

relative to normal air-exposed controls. n= 4-8 mice/group. Data are presented as means 

± s.e.m, NS; not significant; *P<0.05; **P<0.01. Data were analysed by two-tailed Mann 

Whitney test 

 

4.2.2 Inhibition of miR-9 suppresses pulmonary inflammation in CS-induced 

experimental COPD 

To investigate the role(s) of miR-9 in the pathogenesis of COPD, CS- or normal 

air-exposed mice were administered i.n. with Ant-9 once per week during eight weeks of 

CS exposure (Figure 4.2a), and key disease features assessed. Administration of Ant-

9 completely inhibited CS-induced increases in miR-9 expression (Smk+Ant-9) in lung 

tissue compared to scrambled antagomir-treated controls (Smk+Scr) (Figure 4.2b). The 

inhibition of miR-9, suppressed CS-induced cellular inflammation in airways (Figure 

4.2c) and pro-inflammatory mediators expression and proteins levels in lungs (Figure 

4.2 (d and e)). 

These data demonstrate that inhibiting CS-induced miR-9 expression reduces 

pulmonary inflammation in experimental COPD. 
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Figure 4.2: Cigarette smoke (CS)-induced increases in miR-9 expression are 

inhibited by antagomir-9 (Ant-9), which reduces pulmonary inflammation in 

experimental chronic obstructive pulmonary disease (COPD). a) BALB/c mice were 

exposed to CS via the nose-only, or normal air, for eight weeks and were treated with 

miR-9-specific antagomir Ant-9 or scrambled antagomir (Scr) intranasally once a week 
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during CS exposure. b) miR-9 expression was determined in whole lung tissue by qPCR, 

c) Total leukocyte, macrophage, neutrophil and lymphocyte numbers in bronchoalveolar 

lavage fluid. d) Pro-inflammatory chemokine (C-X-C motif) ligand 2 (CXCL2) and COPD 

related factors, granulocyte-macrophage colony-stimulating factor (GM-CSF), matrix 

metalloproteinase-12 (MMP-12) and macrophage receptor with collagenous structure 

(MARCO) expression in whole lung were assessed by qPCR. e) Tumour necrosis TNFα 

and CXCL1 levels in lung homogenates were quantified by ELISA. n=5-6 mice/group. 

Data are presented as means ± s.e.m. NS; not significant; *P<0.05; **P<0.01; 

***P<0.001; ****P<0.0001 compared to normal air-exposed controls. Data were analysed 

with One-way ANOVA (uncorrected Fishers LSD test). 

 

4.2.3 Depletion of CS-induced miR-9 expression inhibits airway fibrosis back to 

basal levels, causes a trend towards a decrease in emphysema and improves lung 

function in experimental COPD 

We next assessed the role(s) of miR-9 in the induction of the pathophysiological 

features of experimental COPD. Treatment with Ant-9 completely inhibited CS-induced 

collagen deposition around the airways compared to sham treated CS-exposed controls 

with levels equivalent to those in normal air exposed controls (Figure 4.3a).  Treatment 

also caused a close to statistically significant  suppression of CS-inuced emphysema-

like alveolar enlargement (Figure 4.3b). Finally treatment also attenuated CS-induced 

impairement of lung function with reductions in dynamic compliance, forced vital capacity 

(FVC) and work of breathing (Figure 4.3c).   

 These data demonstrate that inhibiting CS-induced miR-9 expression, prevents 

small airway remodelling and suppresses emphysema and impared lung function in 

experimental COPD 
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Figure 4.3: Cigarette smoke (CS)-induced increases in miR-9 expression are 

inhibited by antagomir-9 (Ant-9), suppressing small airway remodelling, 

decreasing emphysema and improving impaired lung function in experimental 

chronic obstructive pulmonary disease (COPD). BALB/c mice were exposed to CS 

via the nose-only, or normal air, for eight weeks and were treated with miR-9-specific 

antagomirAnt-9 or scrambled antagomir (Scr) intranasally once a week during CS 

exposure. a) Area of collagen deposition (μm2) per perimeter of basement membrane 

(μm) in Verhoff-Van Gieson stained (pink) lung sections, scale bar = 40 μm.  b) Mean 

alveolar diameter assessed in hematoxylin and eosin-stained lung sections using the 
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mean linear intercept technique. c) Lung function was assessed in terms of lung 

compliance (at 30cmH2O), forced vital capacity and work of breathing. n=4-6 mice/group. 

Data are presented as means ± s.e.m. NS; not significant; *P<0.05; **P<0.01; 

****P<0.0001 compared to normal air-exposed controls. Data were analysed with One-

way ANOVA (uncorrected Fishers LSD test). 

 

4.2.4 NRF2 expression and protein levels are increased with Ant-9 mediated 

inhibition of CS-induced miR-9 in experimental COPD  

We then examined the mechanisms of how miR-9 promotes the pathogenesis of 

experimental COPD and the therapeutic benefit of its inhibition. We used the online 

target prediction algorithm MIRANDA to identify putative gene targets of miR-9. The seed 

sequence of miR-9 potentially binds to 3’UTR of NRF2 and may repress the expression 

of NRF2 mRNA (Figure 4.4a). To investigate the role of NRF2 in experimental COPD, 

the expression of NRF2 was assessed. CS exposure from eight weeks with sham 

treatment did not induce significant changes in expression but treatment with Ant-9 led 

to a two-fold increase in NRF2 mRNA levels in lung tissue (Figure 4.4b). In contrast, 

CS-exposure led to a modest but significant increase in NRF2 protein and Ant-9 

treatment NRF2 levels were further enhanced. To examine site-specific changes in 

NRF2 protein within the cellular compartment we assessed NRF2 levels in cytoplasmic 

and nuclear extracts of whole lung tissues, CS exposure induced marginal trends 

towards increased in levels in the nucleus and decreases in the cytoplasm giving some 

indication of nuclear accumulation (Figure 4.4 (c and d)).  

These data show that inhibiting CS-induced miR-9 expression results in 

significant increase in NRF2 protein levels. 
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Figure 4.4: Inhibition of cigarette smoke (CS)-induced increases in miR-9 

expression by antagomir-9 (Ant-9), increases nuclear factor-erythroid 2 related 

factor2 (NRF2) expression and protein levels in experimental chronic obstructive 

pulmonary disease (COPD). a) Seed sequence of miR-9 binding to the 3’ UTR of NRF2 

transcript. BALB/c mice were exposed to CS via the nose-only or normal air, for eight 

weeks and were treated with miR-9-specific anatgomir, Ant-9 or scrambled antagomir 

(Scr) intranasally once a week during CS-exposure. b) NRF2 expression and protein 
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levels in whole lung were assessed by qPCR and immunoblot and densitometry. c) 

Cytoplsamic and  d) nuclear NRF2 protein levels in whole lung tissues were assesed by 

immunoblot and densitometry. N=4-6 mice/group. Data are presented as means ± s.e.m. 

NS; not significant; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 compared to normal 

air-exposed controls. Data in (b) and (c and d) were analysed with One-way ANOVA 

using uncorrected Fishers LSD test and two-tailed Mann Whitney test respectively. 

 

4.2.5 NRF2 expression and NFR2 induced anti-oxidant gene expression are 

increased in CS-exposed airways but not parenchyma experimental COPD. 

We next measured the expression of NRF2 and NFR2 induced anti-oxidants 

gene expression in blunt-dissected airways and parenchyma after either weeks of CS 

exposure.  CS-induced increase in NRF2 expression in airways but not in parenchyma 

(Figure 4.5a). In CS-exposed airways the expression of NQO-1, glutathione S-

transferase Pi (GSTP1), glutamate-cysteine ligase catalytic subunit (GCLC) were 

increased but HO-1 and glutathione peroxidase 2 (GPX2) were not altered (Figure 4.5b). 

In contrast, none of these anti-oxidant genes were altered in the parenchyma (Figure 

4.5c). 

These data show that chronic CS exposure induces increases NRF2 and anti-

oxidant gene expression specifically in the airways. 
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Figure 4.5: Nuclear factor-erythroid-2 related factor2 (NRF2) and NFR2-induced 

anti-oxidant gene expression in airways and parenchymal tissue in cigarette 

smoke (CS)-induced experimental chronic obstructive pulmonary disease (COPD). 

BALB/c mice were exposed to CS via the nose-only or normal air, for eight weeks. a) 

NRF2 mRNA, b) and c) NAD(P)H: quinone oxidoreductase-1 (NQO1), glutathione S-

transferase P1 (GSTP1), glutamate-cysteine ligase, catalytic subunit (GCLC), heme 

oxygenase-1 (HO-1) and glutathione peroxidase-2 (GPX2) expression in airways and 

parenchyma tissue sections of lung  were assessed by qPCR. n=5-8 mice/group. Data 

are presented as means ± s.e.m. NS; not significant; *P<0.05; **P<0.01; compared to 

normal air-exposed controls.  Data were analysed by two-tailed Mann Whitney test. 

 

4.2.6 Treatment with 10mg/kg of 2-trifluoromethyl-2'-methoxychalone (TMC) 

suppresses CS-induced acute inflammation. 

We next performed an optimisation experiment with the NRF2 activator TMC, to 

determine its optimal dose required to suppress CS-induced acute inflammation. Mice 

were exposed to CS or normal air for a week and were administered either 1mg/kg or 

10mg/kg TMC or vehicle (Veh) and CS-induced inflammation and anti-oxidant genes 

expression was assessed.   

Administration of 10mg/kg of TMC suppressed total number of inflammatory cells 

and macrophages in BALF and neutrophils and lymphocytes showed a trend towards 

reduction in (Smk+TMC) group compared with the (Smk+Veh) group. In contrast, neither 

total inflammatory cells nor individual inflammatory cell types were reduced with 1mg/kg 

of TMC treatment (Figure 4.6a). Next we assessed the expression of anti-oxidant genes, 

treatment with both the doses of TMC increased the expression of NRF2-inducible anti-

oxidant gene GpX2 compared with the (Smk+Veh) group. Higher dose of TMC was also 

associated with a trend towards increase in the expression of other anti-oxidant genes 

such as NQO-1 and GSTP1, whereas the expression of GCLC and HO-1 were not 

altered with both the doses of TMC (Figure 4.6b). 
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These data show that the NRF2 activator, TMC suppresses CS-induced acute 

inflammation in the airways and also increases anti-oxidant gene expression in the lung 

tissue. 
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Figure 4.6: Optimsation of 2-trifluoromethyl-2'-methoxychalone (TMC) treatment 

doses in the suppression of inflammation induced by acute cigarette smoke (CS)-

exposure.  BALB/c mice were exposed to CS or normal air for a week and either 1mg/kg 

or 10mg/kg TMC or vehicle were administered intranasally on alternate days of CS-

exposure. a) Total leukocyte, macrophage, neutrophil, and lymphocyte numbers in 

broncho-alveolar lavage fluid, and b) anti-oxidant gene expression of NAD(P)H: quinone 

oxidoreductase-1 (NQO1), glutathione S-transferase P1 (GSTP1), glutamate-cysteine 

ligase, catalytic subunit (GCLC), heme oxygenase-1 (HO-1), and glutathione 

peroxidase-2 (GPX2) were quantified in whole lung by qPCR.  n=4-6 mice/group. Data 

are presented as means ± s.e.m. NS; not significant; *P<0.05; **P<0.01; ***P<0.001; 

****P<0.0001 compared to normal air-exposed controls. Data were analysed with One-

way ANOVA (uncorrected Fishers LSD test). 

 

4.2.7 Ant-9 mediated inhibition of CS-induced miR-9 and TMC administration to 

activate NRF2 suppresses BALF inflammation in experimental COPD 

To further investigate the roles and relationships, an experiment was performed 

where miR-9 was depleted and NRF2 activated, to determine whether the same effects 

were observed. This was achieved by depleting CS-induced miR-9 with Ant-9 and 

activating NRF2 with TMC administration to induce NRF2 activation. CS- or normal air-

exposed mice were administered Ant-9 and TMC during eight weeks of CS exposure 

and key disease features were assessed (Figure 4.7a). Administration of Ant-9 again 

inhibited CS-induced miR-9 expression in the lungs in both Ant-9 treated groups 

(Smk+Ant-9+Veh and Smk+Ant-9+TMC) compared to the Scr-treated controls 

(Smk+Scr+Veh) (Figure 4.7b). The total number of inflammatory cells as well as 

macrophages and neutrophils in BALF were reduced with treatment with Ant-9 in both 

the Ant-9 treated groups. There were no major additional affects of TMC treatment. In 

contrast, neither total inflammatory cells nor individual inflammatory cells were reduced 

by treatment with only TMC (Smk+Scr+TMC) (Figure 4.7c). We then assessed mRNA 
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expression of CS-induced lung pro-inflammatory mediators. Ant-9 treatment reduced the 

expression of CXCL2 in (Smk+Ant-9+Veh) group compared with the (Smk+Scr+Veh) 

group. Whereas the expression of other mediators such as GM-CSF, MMP12 and 

MARCO were not altered either with Ant-9 or TMC treatments (Figure 4.7d). Next, we 

measured the effects of treatments on TNFα and CXCL1 protein levels in lung 

homogenates. Again these were generally reduced with Ant-9 treatment and TMC had 

no effect (Figure 4.7e). 

These data show that the major effects are driven through miR-9 and that in the 

continued presence of this miR, TMC treatment alone does not reduce pulmonary 

inflammation. 
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Figure 4.7: Inhibition of CS-induced miR-9 with antagomir-9 (Ant-9) and 

administration of 2-trifluoromethyl-2'-methoxychalone (TMC) reduces airway 

inflammation in experimental chronic obstructive pulmonary disease (COPD). a) 
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BALB/c mice were exposed to CS or normal air, for eight weeks and were treated with 

miR-9-specific antagomir Ant-9 or scrambled antagomir (Scr) intranasally (i.n.) once a 

week and TMC or vehicle of TMC were administered i.n. three times a week during CS-

exposure. b) miR-9 expression in the lungs was assessed by qPCR. c) Total leukocyte, 

macrophage, neutrophil and lymphocyte numbers in bronchoalveolar lavage fluid. d) 

Pro-inflammatory mediators, chemokine (C-X-C motif) ligand 2 (CXCL2) and COPD 

related factors: granulocyte-macrophage colony-stimulating factor (GM-CSF), matrix 

metalloproteinase-12 (MMP-12) and macrophage receptor with collagenous structure 

(MARCO) expression in whole lung were assessed by qPCR. e) TNFα and CXCL1 levels 

in lung homogenates were quantified by ELISA. n=5-6 mice/group. Data are presented 

as means ± s.e.m. NS; not significant; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 

compared to normal air-exposed controls. Data were analysed with One-way ANOVA 

(uncorrected Fishers LSD test). 

 

4.2.8 Ant-9 mediated inhibition of CS-induced miR-9 and TMC administration to 

activate NRF2 does not improve emphysema 

We next assessed the effect of miR-9 inhibition and NFR2 activation on small 

airways fibrosis and emphysema,. There were no significant changes in collagen 

depostion between air-exposed controls (Air+Scr+Veh and Air+TMC) and CS-exposed 

scr-treated controls (Smk+Scr+Veh) (Fig 4.8a). However, CS-exposed scr treated 

controls showed increased emhysema like alveolar changes compared with air-exposed 

controls. Treatment with Ant-9 showed a trend towards decreae in alveolar enlargement 

in (Smk+9+veh) group but TMC treatmets had no effect on alveolar enlargement (Fig 

4.8b).  

These data show that TMC administration does not affect emphysema-like 

alveolar enlargement. 
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Figure 4.8: Effects of inhibition of CS-induced miR-9 and 2-trifluoromethyl-2'-

methoxychalone (TMC) administration on airway remodelling and emphysema in 

experimental chronic obstructive pulmonary disease (COPD). BALB/c mice were 

exposed to CS or normal air for eight weeks and were treated with miR-9-specific 

antagomir Ant-9 or scrambled antagomir (Scr) intranasally (i.n.) once a week during CS-

exposure. a) Area of collagen deposition (μm2) per perimeter of basement membrane 
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(μm) in Masson-trichrome stained (blue) lung sections, scale bar = 40 μm. b) Mean 

alveolar diameter assessed in hematoxylin and eosin-stained lung sections using the 

mean linear intercept technique. n=6 mice/group. Data are presented as means ± s.e.m. 

NS; not significant; *P<0.05; **P<0.01; ***P<0.001 compared to normal air-exposed 

controls. Data were analysed with One-way ANOVA (uncorrected Fishers LSD test). 

 

4.2.9 CS-induced increases in miR-9 expression inhibits SOCS5 levels which are 

restored by inhibition of miR-9 in experimental COPD  

SOCS5 is a known target of miR-9 (286). The seed sequence of miR-9 binds to 

the 3’UTR of SOCS5 mRNA and represses its expression (Figure 4.9a). To investigate 

these potential interactions in experimental COPD, the expression of SOCS5 was 

assessed. CS-exposure did not induce significant changes but treatment with Ant-9 led 

to significant increases in SOCS5 expression. In contrast CS-exposure led to a 

significant reduction in SOSC5 protein and with Ant-9 treatment SOSC5 levels were 

restored (Figure 3.9b). To determine tissue specific changes we analysed SOCS5 

mRNA and protein levels in airways and parenchyma. In CS-exposed airways there was 

a trend to an increase in SOCS5 mRNA, which was almost significant for protein levels 

(p=0.056, Figure 4.9c). In parenchyma SOCS5 mRNA and protein levels were reduced 

(Figure 4.9d).  

These data show that CS-induced miR-9 targets SOSC5 and with inhibition of 

miR-9 SOSC5 levels are restored.  
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Figure 4.9: Cigarette smoke (CS)-induced increases in miR-9 expression inhibits 

SOCS5 levels and with the inhibition of miR-9 SOCS5 transcript and protein levels 

are increased in experimental chronic obstructive pulmonary disease (COPD). a) 

Seed sequence of miR-9 binding to the 3’ UTR of SOCS5 transcript. BALB/c mice were 

exposed to CS via the nose-only or normal air, for eight weeks and were treated with 

miR-9-specific antagomir Ant-9 or scrambled antagomir (Scr) intranasally once a week 
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during CS-exposure. b) SOCS5 expression and protein levels in whole lung and in c) 

airways and d) parenchyma tissues were assessed by qPCR and immunoblot and 

densitometry.. Data are presented as means ± s.e.m. NS; not significant; *P<0.05; 

**P<0.01; ***P<0.001 compared to normal air-exposed controls. Data in (b) and (c-d) 

were analysed with One-way ANOVA using uncorrected Fishers LSD test and two-tailed 

Mann Whitney test, respectively. 

 

4.3 DISCUSSION 

Here we examined the role(s) of CS-induced miR-9 in the pathogenesis of 

experimental COPD. Our model recapitulates the hallmark features of COPD in humans 

including chronic pulmonary inflammation, small airway remodelling, emphysema and 

impaired lung function (72, 162, 254-257). We showed that increased lung miR-9 

expression was increased in association with pathogenesis in experimental COPD. 

Using an antagomir that specifically depletes miR-9 in vivo we define a previously 

unrecognized pathway that induces experimental COPD. With the increase in miR-9 

expression the levels of its putative target NRF2 increased and the levels of its canonical 

target SOCS5 decreased. Inhibition of miR-9 increased NRF2 and restored SOSC5 

levels resulting in a decrease in pulmonary inflammation, airway remodelling and 

impaired lung function in experimental COPD. This study identifies miR-9 as novel 

therapeutic target in pathogenesis of COPD. 

 Many disease mechanisms are implicated in the pathogenesis of COPD. 

This includes miRs which are known to regulate both innate and adaptive immune 

systems and are involved in the development of several inflammatory diseases. miRs 

are important because they regulate multiple downstream transcripts, which affect many 

pathological pathways involved in disease development. For example miR-218 has 

recently been shown to have a protective role and antagonism of miR-328 increases 

anti-microbial functions of macrophages in human and experimental COPD (257, 294). 

Our findings extend our understanding of the involvement of miRs in the pathogenesis 
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of COPD. miR-9 has also been shown to play an important role in promoting steroid 

resistance in a mouse model of IFN-ɣ/LPS-induced experimental asthma (295). Further 

as our COPD model is also steroid resistant and CS-induced increase in miR-9 

expression in our model also indicates a potential role of the miR with steroid resistance 

in COPD.   

miR-9 expression was increased in the lungs from four weeks of CS exposure. 

This coincides with the “induction phase” of experimental COPD suggesting that 

exaggerated miR-9 expression promotes the development of disease. Increased 

expression after eight weeks was observed in the lung parenchyma but not in the airway 

epithelium. To interrogate the roles in COPD pathogenesis, we depleted miR-9 in vivo 

throughout CS exposure which resulted in decreased inflammatory cell numbers in BALF 

after eight weeks. TNFα and CXCL1 protein levels were increased in experimental 

COPD but were significantly reduced with the inhibition of miR-9. Treatment with Ant-9 

also reduced CS-induced increases in the mRNA expression of CXCL2, GM-CSF and 

COPD related factors MMP12 and MARCO TNFα, CXCL1, CXCL2, and MMP12 are 

known neutrophil chemo-attractants, whereas GM-CSF attracts both macrophages and 

neutrophils (68, 296-298). Thus, these results may explain the reduced macrophage and 

neutrophil infiltration in BALF.  We demonstrate that miR-9 inhibition reduced neutrophils 

in the lungs and two other studies have shown that this miR promotes neutrophil influx 

(213, 295). Collectively, this provides strong evidence that CS-induced miR-9 may 

promote neutrophilic inflammation in experimental COPD. Further MARCO acts as a 

receptor for unopsonised particles, and is mainly expressed on macrophages and 

contributes to bacterial phagocytosis (299). It is shown that disruption of both NRF2 and 

MARCO results in reduced bacterial phagocytosis (300). With increases in CS-induced 

miR-9 expression, we demonstrated increases in both macrophage numbers and 

MARCO expression. Moreover, Ant-9 treatment reduced both macrophage numbers and 

MARCO expression indicating that CS-induced miR-9 may be associated with reduced 

anti-bacterial defence. 
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Increased miR-9 expression at eight weeks was accompanied by increased 

airway remodelling. Thus, miR-9 may promote collagen deposition in the lungs in CS-

induced COPD, which was confirmed when the depletion of miR-9 completely inhibited 

small airway remodelling. This is in contrast with other recent studies showing that miR-

9 is anti-fibrotic, as it attenuated the induction of mRNA transcripts of pro-fibrotic 

transforming growth factor-beta receptor-2 (TGFBR2) and NADPH oxidase-4 (NOX4) in 

human lung fibroblasts stimulated with ROS and platelet-derived growth factor receptorβ 

(PDGFRβ) in cardiac fibroblasts of rats, indicating a complex role of miR-9 in fibrosis  

(301, 302). In our model, treatment with Ant-9 had no effect on the anti-fibrotic gene 

PDGFRβ (data not shown), however the decrease in remodelling with inhibition of miR-

9 may be due to reductions in pro-fibrotic MMP12 (303, 304). 

Increased emphysema-like alveolar enlargement was also associated with 

increased miR-9 expression after eight weeks. With miR-9 suppression, a trending 

decrease in alveolar enlargement was observed, indicating that this miR may promote 

emphysema. This may be due to combined effect of reductions in the pro-emphysema 

factor MMP12, and pro-inflammatory mediators TNFα and CXCL1. These have all been 

associated with the development of emphysema in COPD (304-306).  

In COPD the combination of chronic pulmonary inflammation, airway remodelling 

and emphysema combine to reduce lung function. In our study, reduced airway 

inflammation, airway remodelling and emphysema with Ant-9 treatment lead to improved 

lung function with the suppression of CS-induced increases in compliance and FVC, 

which in combination reduced the work of breathing. 

Using bioinformatics approaches we identified that NRF2 mRNA possesses a 

putative binding site for miR-9 in its 3’-UTR. Since NRF2 regulates anti-oxidant enzymes 

such as NQO-1 and HO-1, we examined the association between miR-9 and NRF2 in 

experimental COPD. With increases in CS-induced miR-9, NRF2 mRNA was not altered 

but protein levels were modestly increased. However inhibition of miR-9 substantially 
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increased NRF2 mRNA and protein levels. Interestingly, most in vitro studies show that 

CS reduces NRF2 levels, and NRF2 levels are decreased in COPD patients (114, 282, 

307). However, increased levels of NRF2 have also been observed in moderate smokers 

compared with heavy smokers (308). Nevertheless, our data provide convincing 

evidence that inhibiting miR-9 increases NRF2 activity that is associated with the 

suppression of disease features. 

To address the possibility of NRF2 levels being masked by the presence of whole 

lung tissues, we measured tissue specific changes in our control groups. With the 

trending reduction of miR-9 in CS-exposed airways, NRF2 mRNA was significantly 

upregulated along with that of associated anti-oxidant genes including NQO-1, GSTP1, 

and GCLC. Others have also shown increased NRF2 and NQO-1 levels in airway 

epithelial cells exposed exposure to CS extract (154, 309). Notably, in our study the 

levels of NRF2 or anti-oxidants were not altered in the parenchyma. Significantly, 

inhibition of miR-9 increased the levels of both NRF2 mRNA and protein and suppressed 

key features of experimental COPD. Thus, NRF2 likely plays an important role in the 

airway epithelium regulating airway inflammation and the suppression of responses by 

miR-9 may contribute to COPD pathogenesis. 

Previous studies have shown that NRF2-deficient mice develop more severe 

emphysema following CS exposure compared to NRF2+/+ mice (116, 117). However, in 

our studies some emphysema-like changes were observed despite increased NRF2 

levels following miR-9 inhibition. Thus although beneficial, other factors are also likely 

involved. 

To further assess roles and interactions we inhibited miR-9 and activated NRF2 

with TMC during CS exposure. TMC was used to activate NRF2 because it has been 

shown to induce the expression of anti-oxidant genes which attenuate oxidative stress 

and suppresses inflammation (283). We first performed a dose optimisation study 

Administration of TMC at 10mg/kg reduced inflammation with decreased numbers of 

macrophages and neutrophils in the BALF after one week of CS exposure. Importantly, 
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this was associated with increased expression of GpX2, a known NRF2-inducible anti-

oxidant gene (310). Treatment also trended towards increasing the expression of NQO-

1, a surrogate maker of NRF2 activation (283), and GSTP1. Again treatment with Ant-9 

led to the suppression of miR-9 expression, which resulted in decrease in inflammation 

and disease features in both the Ant-9 treated groups. The suppressive effects of Ant-9 

were reduced in this experiment compared to the initial inhibition study, which may be 

due to the effects of the vehicle for TMC. TMC had little additional benefit on top of Ant-

9 suggesting that inhibition of miR-9 is sufficient to increase NFR2 activity to a maximum. 

TMC alone had no beneficial effects suggesting that miR-9-mediated suppression 

dominates over TMC-induced NRF2 activity. In another NRF2 activation study, mice 

administered with 50mg/kg of TMC by gavage, had increases in anti-oxidant genes 

NQO1 and GCLM expression after 24hrs in small intestine. This indicates that NRF2 

activation with TMC is dependent on dose, time and route of administration, which needs 

to be further explored in experimental COPD.  

We also assessed changes in 8-isoprostane levels with Ant-9 and TMC 

treatment, as this factor is a known biomarker of oxidative stress in COPD (120). 

Surprisingly, we did not observe significant changes in 8-isoprostane levels in BALF in 

any groups (data not shown). Few studies have shown increased 8-isoprostane levels in 

lung tissues of COPD patients (311, 312) but in a mouse model of CS-induced 

inflammation, 8-isoprostane levels were increased after 13 weeks of CS-exposure (313). 

This suggests that the elevation of 8-isoprostane is dependent on dose and time-period 

of smoke exposure. We also assessed NRF2 inducible anti-oxidants gene expression in 

lungs with Ant-9 and TMC treatment, which were also not altered with any treatment 

(data not shown). Taken together these data indicate that targeting miR-9 has greater 

effects than direct promotion of NRF2 and anti-oxidant activity in COPD.  

Since SOCS5 is a known target of miR-9 (286) and a negative regulator of 

JAK/STAT signalling which are involved in the pathogenesis of COPD, we assessed the 

levels of SOCS5 mRNA and protein in CS-induced experimental COPD. Concomitant 
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with increases in miR-9, SOCS-5 mRNA was not altered but protein levels were 

significantly reduced. With inhibition of miR-9, both mRNA and protein levels were 

restored indicating that SOCS5 is negatively regulated by miR-9 and is involved in COPD 

pathogenesis. We also assessed tissue specific changes of SOCS5 mRNA and protein 

levels in the airways and parenchyma in our control groups. With trending reduction in 

miR-9 in CS-exposed airways, both SOCS5 mRNA and protein showed trending 

increase. In parenchyma, with increases in miR-9, both SOCS5 mRNA and protein levels 

were significantly reduced indicating that SOCS5 is regulated by miR-9 and may be 

involved in the pathogenesis of experimental COPD. 

The mechanisms through which a reduction in SOCS5 mediates the 

pathogenesis of COPD is unclear but likely involves the control of cytokines/chemokines. 

A recent study showed increased phosphorylated STAT1 in lung parenchyma samples 

of COPD patients compared with smokers and non-smokers without COPD (314). 

Moreover, with CS-exposure we have shown decreased SOSC5 in lung parenchyma. 

Thus, a potential mechanism through which increases in CS-induced miR-9 and 

concurrent decreases in SOCS-5 mediates COPD pathogenesis may be through 

elevated STAT1 signalling that promotes cytokine and chemokine production that we 

observed. The inhibition of Ant-9 lead to increased SOCS5 and a suppression of 

cytokines/chemokines. However, the exact mechanisms downstream of SOCS-5 

remains to be fully elucidated. 

In summary, we demonstrate for the first time that miR-9 promotes inflammation, 

airway remodelling and emphysema that impairs lung function in experimental CS-

induced COPD. This occurs through the suppression of NRF2 and dominates over 

therapeutic activation of NRF2 and anti-oxidant responses.  We also identified SOCS5 

to be negatively regulated by miR-9 that may play an important role in disease 

pathogenesis. Inhibition of CS-induced miR-9 increased NRF2 and restored SOCS5 

levels, potentially mediating the decrease in pulmonary inflammation, small airway 

remodelling and improved lung function. This suggests that inhibiting CS-induced miR-9 
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may have beneficial effects in the treatment of COPD. However, there may be other 

mechanisms through which miR-9 promotes COPD pathogenesis and further studies are 

required. 
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CHAPTER 5: miR-21 SUPPRESSION OF SATB1 INDUCES S100A9/NF-ΚB 

AND COPD PATHOGENESIS  

 

5.1 INTRODUCTION 

miR-21-5p/miR-21 is a broadly conserved miR and is one the best characterised 

and is implicated in a variety of inflammatory diseases and cancers  (315, 316). miR-21 

expression is increased in serum of patients with mild to moderate COPD and 

asymptomatic smokers, compared to healthy controls, implicating its involvement in early 

pathogenesis (317). Increased expression of miR-21 has been associated with both 

increases and decreases in pro-inflammatory nuclear factor-kappa B (NF-κB) activity 

(215, 318). Thus, increased miR-21 expression can exert pro- or anti-inflammatory 

effects depending on the stimulus, cell type, tissue localisation, disease state, and target 

genes affected (215, 318). Notably, NF-κB activity is substantially elevated in sputum 

and bronchial biopsies of COPD patients (312, 319, 320) and is required for the 

development of cigarette smoke (CS)-induced experimental COPD in mice (255). 

Significantly, NF-κB can bind to promoter regions of miR-21 and induce its expression 

(321) suggesting that miR-21-dependent, NF-κB-mediated inflammatory responses have 

the capacity to self-perpetuate. 

The potent neutrophil chemoattractants S100A8 and S100A9 responses induce 

NF-κB signalling (63) and are also NF-κB dependent (322). Besides, substantial clinical 

and experimental evidence demonstrates that S100A8 and S100A9 are negatively 

regulated by the transcriptional repressor (323), special AT rich sequence binding protein 

(SATB) 1 (324). Additionally SATB1 is a known target of miR-21 (220). Thus, we 

hypothesized that CS exposure may induce a miR-21-dependent decrease in SATB1 

that results in S100A8 and S100A9 responses that drive the development of COPD. 

Here, we investigated the role, and potential for therapeutic targeting of miR-21 in CS-

induced experimental COPD.  
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In this study we show that CS exposure substantially and chronically increases 

lung miR-21 expression which correlates with worsened lung function in experimental 

COPD. Levels of SATB1 were reduced and S100A9 increased, respectively. Treatment 

with a miR-21-specific inhibitor, antagomir (Ant)-21, during CS exposure restored SATB1 

expression and suppressed S100A9 levels in the lung in experimental COPD. These 

effects were associated with reduced NF-κB activity resulting in decreased airway 

inflammation, and improved lung function. Thus, we define a novel miR-

21/SATB1/S100A9/NF-κB axis in the pathogenesis of COPD and highlight miR-21 as a 

potential therapeutic target. 

 

5.2 RESULTS 

5.2.1 CS exposure increases miR-21 expression in experimental COPD  

Microarray-based miR profiling was performed on total lung RNA isolated from BALB/c 

mice that were exposed to CS via the nose only, or normal air, for 2, 4, 6 or 8 weeks. 

miR-21 was the second-most highly up-regulated miR at 4, 6 and 8 weeks of CS 

exposure, compared to normal air-exposed controls (unpublished data). Increased miR-

21 expression was validated by real-time quantitative PCR (qPCR) at 2, 4, 6 and 8 weeks 

of CS exposure (Figure 5.1a). Since the hallmark features of COPD are observed at 8 

weeks of CS exposure (72, 162, 254-257) we next assessed miR-21 expression in blunt-

dissected lung airway and parenchymal tissue at this time point. CS exposure 

significantly increased miR-21 expression in both tissue compartments (Figure 5.1 (a 

and b)), compared to normal air-exposed controls.  

Thus, acute and chronic CS exposure increases miR-21 expression in lungs in 

experimental COPD. 
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Figure 5.1: Cigarette smoke (CS) exposure increases lung miR-21 expression in 

experimental chronic obstructive pulmonary disease (COPD). a) BALB/c mice were 

exposed to CS via the nose only, or normal air, for 2, 4, 6 and 8 weeks. miR-21 

expression was normalised to the geometric mean of the housekeeping controls small 

nuclear RNA U6 (SnRNA U6)and small nucleolar RNA U49 (SnoRNA U49). Lungs were 

blunt dissected to determine miR-21 expression in b) airways and c) parenchyema after 

8 weeks of CS exposure. miR-21 expression is expressed as fold change from normal 

air-exposed controls. n= 4-8 mice. Data are presented as means ± s.e.m. *P<0.05; 

**P<0.01; ***P<0.001. Data were analysed by two-tailed Mann Whitney test. 
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5.2.2 Inhibition of CS-induced miR-21 suppresses airway inflammation in 

experimental COPD 

We then assessed the role and tissue localisation of CS-induced miR-21 in 

experimental COPD. Mice were exposed to CS and treated with scrambled (Scr) control 

or miR-21-specific antagomir (Ant-21) for 8 weeks to induce experimental COPD. CS-

exposed, Scr-treated (Smk+Scr) mice had increased lung miR-21 expression compared 

to air-exposed, Scr-treated controls (Air+Scr; Figure 5.2 (a and b)) after 8 weeks. 

Treatment with Ant-21 suppressed CS-induced miR-21 expression at 8 weeks 

(Smk+Ant-21) back to baseline in air-exposed, Scr-treated controls. We then showed 

that miR-21 expression was widespread, occurring in airway epithelium and parenchyma 

of CS-exposed compared to normal air-exposed groups (Figure 5.2 (c and d)). Ant-21 

treatment decreased miR-21 expression in both of these lung compartments. We then 

assessed the role and potential for therapeutic targeting of increased miR-21 expression 

in experimental COPD. Ant-21 treatment suppressed airway inflammation by reducing 

the numbers of total leukocytes, macrophages, neutrophils and lymphocytes in 

bronchoalveolar lavage fluid (BALF) compared to Scr-treated controls (Figure 5.2 (e-h)). 

Treatment with Ant-21 also reduced mRNA expression of pro-inflammatory mediators 

CXCL2, CCL7 and COPD related factors GM-CSF and MMP12 (Figure 5.2 (i-l)). Further 

Ant-21 treatment also inhibited the production of CS-induced TNFα and CXCL1 in the 

lungs back to baseline levels in normal air-exposed controls (Figure 5.2 (m and n)).  

Collectively, these data show that CS-induced miR-21 expression in the airways 

and lungs plays an important role in promoting airway inflammation in experimental 

COPD. 
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Figure 5.2: Cigarette smoke (CS)-induced miR-21 expression induces pulmonary 

inflammation in experimental chronic obstructive pulmonary disease (COPD). a) 

BALB/c mice were exposed to CS via the nose-only, or to normal air, and treated 

intranasally with miR-21-specific antagomir (Ant-21) or scrambled (Scr) antagomir once 

a week for 8 weeks. b) miR-21 expression was normalised to the geometric mean of the 

housekeeping controls small nuclear RNA U6 (snRNA U6) and small nucleolar RNA U49 

(snoRNA U49).  miR-21 and mRNA are presented as relative abundance compared to 

normal air-exposed controls. Representative photomicrographs (40x magnification) 

showing tissue and cellular localisation of miR-21 in histological sections of mouse lungs 

collected at 8 weeks. Localisation of miR-21 was characterised using in situ hybridisation 

analyses with a miR-21-specific locked nucleic acid (LNA™) probe. miR-21-positive 

signal (blue color) is visible in c) airways and d) parenchyma. miR-21-positive signal is 

not evident when Scr LNA™ miR probe was used. Nuclear Fast Red™ was used as a 

counterstain. e) Total leukocyte, f) macrophage g) neutrophil and (h) lymphocyte 

numbers stained with May-Grunwald Giemsa were enumerated in bronchoalveolar 

lavage fluid (BALF). Pro-inflammatory chemokines i) chemokine (C-X-C motif) ligand 

2 (CXCL2), j) chemokine (C-C motif) ligand 7 (CCL7), and COPD related factors k) 

granulocyte-macrophage colony-stimulating factor (GM-CSF) and l) matrix 

metalloproteinase 12 (MMP12) mRNA expression in whole lung tissue normalised to 

hypoxanthine-guanine phosphoribosyltransferase (HPRT) m) Tumor necrosis factor-

α (TNFα) and n) CXCL1 protein levels in whole lung homogenates. n=4 and 5-6 
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mice/group for (c-d) and (b, e-n) respectively. Data are presented as means ± s.e.m. 

NS; not significant *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 compared to normal air-

exposed controls. Data were analysed with One-way ANOVA using Sidak post-test. 

 

5.2.3 Inhibition of CS-induced miR-21 reduces small airway remodelling and 

improves lung function, but not emphysema, in experimental COPD 

We next examined the role of miR-21 in the development of the key 

pathophysiological features of experimental COPD. We first assessed the effects of 

targeting miR-21 on small airway remodelling in experimental COPD (Figure 5.3a). CS-

exposed, Scr-treated (Smk+Scr) mice had markedly increased collagen deposition 

around the small airways compared to normal air-exposed controls (Air+Scr). 

Significantly, Ant-21 treatment (Smk+Ant-21) completely inhibited CS-induced small 

airway collagen deposition, which were returned to baseline levels observed in normal 

air-exposed controls. We next assessed the effects of Ant-21 treatment on CS-induced, 

emphysema-like alveolar enlargement (Figure 5.3b). CS-exposed, Scr-treated mice had 

significantly increased mean alveolar diameter compared to normal air-exposed, Scr-

treated controls. However, this was not suppressed by Ant-21 treatment. We next 

examined the effects of treatment on lung function. CS-exposed, Scr-treated mice had 

increased dynamic compliance and FVC, and decreased transpulmonary resistance and 

elastance compared to normal air-exposed, Scr-treated controls (Figure 5.3c). The 

combined effect of these changes resulted in increased work of breathing. Significantly, 

treatment with Ant-21 completely inhibited these changes and restored all of the 

parameters of lung function back to baseline levels observed in normal air-exposed 

controls. Collectively these data demonstrate that CS exposure induces small airway 

emodelling and reduces lung function in experimental COPD through a miR-21-

dependent mechanism, which can be targeted therapeutically. 
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Figure 5.3: Cigarette smoke (CS)-induced miR-21 expression induces small airway 

remodelling and impairs lung function, but not emphysema-like alveolar 

enlargement, in experimental chronic obstructive pulmonary disease (COPD). 

BALB/c mice were exposed to CS via the nose-only, or to normal air, and treated 

intranasally with miR-21-specific antagomir (Ant-21) or scrambled (Scr) antagomir once 

a week for 8 weeks. a) Representative photomicrographs (40x magnification) of Verhoff-

Van Gieson stained sections showing collagen deposition around the small airways 

(pink) and quantification of collagen deposition around the small airways per μm of 

basement membrane perimeter. b) Representative photomicrographs (40x 

magnification) of hematoxylin and eosin-stained lung sections and emphysema-like 

alveolar enlargement assessed using the mean linear intercept technique and 

destructive index. c) Lung function was assessed in terms of lung compliance (at 

30cmH2O), forced vital capacity (FVC), transpulmonary resistance, elastance, and work 

of breathing. n= 4-6 mice/group. Data are presented as means ± s.e.m. *P<0.05; 
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**P<0.01; ***P<0.001; ****P<0.0001 compared to normal air-exposed controls. Data 

were analysed with One-way ANOVA using Sidak post-test. 

 

5.2.4 Inhibition of CS-induced miR-21 selectively inhibits canonical targets in 

experimental COPD 

The expression of mRNA targets can be modulated by miRNAs through gene 

silencing. To determine the mechanistic role of CS-induced miR-21 in the pathogenesis 

of experimental COPD, changes in the mRNA expression of its targets were evaluated. 

The predicted targets of miR-21-5p were identified and their expression was assessed. 

With the increase in CS-induced miR-21-5p, the expression of SPRY1, SPRY2, PDCD4 

and RECK (Fig 5.4 a-d) were decreased and the expression of TIMP3 and PTEN (Fig 

5.4 e and f) were not affected compared with the CS-exposed scr treated controls 

(Smk+Scr). Ant-21 treatment did not increase expression of SPRY1, SPRY2 and 

PDCD4, whereas the expression TIMP3, RECK and PTEN was further decreased in 

(Smk+Ant-21) group compared with Scr treated controls. 

Thus these data demonstrate that inhibition of CS-induced miR-21 does not affect 

the expression of its target genes 
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Figure 5.4: Cigarette smoke (CS)-induced miR-21 expression selectively affects 

the expression of canonical target genes in experimental chronic obstructive 

pulmonary disease (COPD). BALB/c mice were exposed to CS via the nose-only, or to 

normal air, and treated intranasally with miR-21-specific antagomir (Ant-21) or scrambled 

(Scr) antagomir once a week for 8 weeks. (a-c) Anti-fibrotic genes sprouty homolog 1 

(SPRY1), SPRY2, programmed cell death 4 (PDCD4). (d-f) Tissue inhibitor of 

metalloproteinase (TIMP3), reversion-inducing-cysteine-rich protein with kazal motifs 

(RECK) and phosphatase tensin homolog (PTEN) mRNA expression in whole lung tissue 

was assessed by qPCR and normalised to hypoxanthine-guanine 

phosphoribosyltransferase (HPRT). mRNA are presented as relative abundance 

compared to normal air-exposed controls. n=5-6 mice/group. Data are presented as 

means ± s.e.m. NS; not significant *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 

https://en.wikipedia.org/wiki/Tissue_inhibitor_of_metalloproteinases
https://en.wikipedia.org/wiki/Tissue_inhibitor_of_metalloproteinases
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compared to normal air-exposed controls. Data were analysed with One-way ANOVA 

using Sidak post-test. 

 

5.2.5 CS-induced lung miR-21 targets SATB1 in experimental COPD 

The 3’UTR of SATB1 possesses a putative miR-21 binding site (Figure 5.5a) and 

SATB1 is a validated target of miR-21 (220). Thus, CS-induced miR-21 may exert its 

effects in experimental COPD through inhibition of SATB1. Lung SATB1 mRNA 

expression was significantly decreased in CS-exposed mice at 4 and 6 weeks compared 

with normal air-exposed mice (Figure 5.5 (b-c)), and in CS-exposed, Scr-treated mice 

(Smk+Scr) compared to normal air-exposed controls (Air+Scr) at 8 weeks (Figure 5.5d). 

Treatment with Ant-21 during CS exposure completely restored SATB1 levels back to 

baseline levels observed in normal air-exposed controls. Analysis of SATB1 protein 

revealed that levels trended towards reduction with CS-exposure in Scr treated controls 

(p=0.08), and were restored with Ant-21 treatment (Figure 5.5 (e-f)). We next assessed 

SATB1 mRNA and protein levels in the airways and parenchyma. SATB1 mRNA showed 

trends towards reduced levels in airways and SATB1 protein was significantly 

suppressed in airways in CS-exposed groups (Figure 5.5 (g-i)). SATB1 mRNA and 

protein both showed trends towards reduction in parenchyma (Figure 5.5 (i-l)). We then 

assessed SATB1 levels in whole lung sections using IF. SATB1 protein was localized 

primarily in the airway epithelium with some evidence of positive staining in the 

parenchyma (Figure 5.5 (m-n)). With CS-exposure SATB1 protein decreased in both 

airways and parenchyma in Scr-treated compared with normal air-exposed controls. Ant-

21 treatment increased SATB1 protein in both the airways and parenchyma (Smk+Ant-

21).  

These data show that concomitant with increased miR-21 expression there is a 

reduction in its target SATB1 that is reversed in both the airways and parenchyma with 

Ant-21 treatment.  
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Figure 5.5: Cigarette smoke (CS)-induced miR-21 expression reduces SATB1 

transcript and protein levels in experimental chronic obstructive pulmonary 

disease (COPD). a) Seed sequence of miR-21 binding to the 3’ UTR of SATB1. BALB/c 

mice were exposed to CS via the nose only, or normal air, for 4 and 6 weeks. (b and c) 
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SATB1 mRNA expression in whole lung was assessed by qPCR and normalised to 

hypoxanthine-guanine phosphoribosyltransferase (HPRT). BALB/c mice were exposed 

to CS via the nose-only or to normal air and treated intranasally once a week with either 

Ant-21 or scrambled (scr) control (2.5 kg/mg) for 8 weeks. d) SATB1 mRNA expression 

in whole lung tissue was assessed by qPCR and normalised to HPRT. (e and f) Whole 

lung SATB1 protein levels were evaluated by immunoblot and densitometry. ((g-i) and 

(j-k)) SATB1 mRNA expression and protein levels were assessed in airways and 

parenchyma respectively by qPCR and normalised to HPRT and by immunoblot and 

densitometry. Representative photomicrographs (40x magnification) of 

immunofluorescence detection of SATB1 in (m) airways and (n) parenchyma. n=4-8, 5-

6, 4 and 6-8 mice/group for (b and c), d) (e, f, m and n) and (g-l) respectively. Data are 

presented as means ± s.e.m. NS; not significant, *P<0.05; **P<0.01; ***P<0.001; 

****P<0.0001 compared to normal air-exposed controls.  Data (b, c, and g-l ) and (d and 

f) were analysed with two-tailed Mann Whitney test and One-way ANOVA using Sidak 

post-test respectively. 

 

5.2.6 In pulmonary tissue, airway epithelium expresses higher SATB1 mRNA than 

parenchymal tissue. 

We assessed the relative expression of SATB1 in normal air-exposed and CS-

exposed airways and parenchyma at 8 weeks of CS-exposure. SATB1 expression was 

significantly higher in both normal air-exposed and CS-exposed airway epithelium than 

normal air-exposed and CS-exposed parenchyma respectively.   

This data demonstrate that SATB1 mRNA is more abundant in airways than 

parenchyma. 
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Figure 5.6: SATB1 expression is higher in airway epithelium than parenchyma in 

both normal air and cigarette smoke (CS)-exposed groups. BALB/c mice were 

exposed to CS or normal air via the nose-only for 8 weeks. SATB1 relative expression 

was assessed in blunt dissected airways and parenchyema and normalised to 

hypoxanthine-guanine phosphoribosyltransferase (HPRT). mRNA are presented as 

relative expression compared to normal air-exposed controls. n=5-6 mice/group. Data 

are presented as means ± s.e.m. NS; not significant, **P<0.01 compared to controls. 

Data were analysed with two-tailed Mann Whitney test. 

 

5.2.7 S100A9 expression and NF-κB activity are increased in experimental COPD,  

and are suppressed by inhibiting miR-21 expression  

S100A8 and S100A9 are pro-inflammatory mediators and potent neutrophil 

chemoattractants that are involved in the pathogenesis of several chronic inflammatory 

diseases. We therefore assessed lung mRNA expression of S100A8 and S100A9 in 

experimental COPD. With CS-exposure the expression of S100A9 was significantly 

increased in Scr-treated (Smk+Scr) compared to normal air-exposed controls (Air+Scr; 

Figure 5.7a). In contrast, S100A8 expression was not altered (Figure 5.7b). Treatment 

with Ant-21 reduced both S100A8 and S100A9 expression (Smk+Ant-21). Next we 
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determined S100A9 and S100A8 expression in the airways and parenchyma. Consistent 

with the data from whole lung tissue, S100A9 mRNA was up-regulated in CS-exposed 

airways and parenchyma (Figure 5.7 (c-d)), however, S100A8 expression was not 

affected (Figure 5.7(e-f)). We next evaluated NF-κB activity. With CS-exposure, NF-κB 

activity increased in Scr-treated controls and treatment with Ant-21 completely inhibited 

NF-κB activity back to baseline levels observed in normal air-exposed controls (Figure 

5.7g).  

Collectively these data show that CS exposure increased S100A9 expression 

and NF-κB activity that are inhibited with Ant-21 treatment. 
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Figure 5.7: Cigarette smoke (CS)-induced miR-21 expression attenuates S100A9 

transcript and NF-κB (p65) activity in experimental chronic obstructive pulmonary 

disease (COPD). BALB/c mice were exposed to CS via the nose-only or to normal air 

and treated intranasally once a week with either Ant-21 or scrambled (scr) control (2.5 

kg/mg) for 8 weeks. S100A9 and S100A8 mRNA expression in whole lung tissue (a, b) 

or airways (c, e) and parenchyma (d, f) was assessed and by qPCR normalised to 

hypoxanthine-guanine phosphoribosyltransferase (HPRT). g) NF-κB (p65) activity in 

whole lung homoganates was quantified using DNA-binding ELISA. n=5-6, 6-8 and 4 

mice/ group for (a-b), (c-f) and g) respectively. Data are presented as means ± s.e.m. 

NS; not significant, *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 compared to normal 

air-exposed controls. Data (a-b and g) and (c-f) were analysed with One-way ANOVA 

using Sidak post-test and two-tailed Mann Whitney test respectively. 

 

5.2.8 Inhibition of CS-induced miR-21 does not affect pAKT levels in experimental 

chronic obstructive pulmonary disease (COPD). 

miR-21 also regulates NF-κB activation through its target PTEN and its 

downstream regulator AKT. To determine miR-21 and the downstream regulator pAKT 

induced activation of NF-κB, we assessed the protein levels of pAKT with Ant-21 

treatment. CS-exposed, Scr-treated (Smk+Scr) group showed reduced pAKT levels 

compared to air-exposed, Scr-treated controls. However, the levels of pAKT were not 

restored with Ant-21 treatment in (Smk+Ant-21) group (Air+Scr; Figure 5.8 (a and b)).  

Thus this data suggests that miR-21 inhibition does not affect pAKT levels in 

experimental COPD. 
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Figure 5.8: Cigarette smoke (CS) induced miR-21 reduces pAKT levels in 

experimental chronic obstructive pulmonary disease (COPD). BALB/c mice were 

exposed to CS via the nose-only or normal air and treated intranasally once a week with 

either Ant-21 or scrambled (scr) control (2.5 kg/mg) for 8 weeks. (a and b) whole lung 

pAKT protein levels were evaluated by immunoblot and densitometry. n=3-4 mice/group. 

Data are presented as means ± s.e.m. NS; not significant, *P<0.05 compared to controls. 

Data was analysed with One-way ANOVA using Sidak post-test. 
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Figure 5.9: miR-21 mediated inflammatory pathways in chronic obstructive 

pulmonary disease (COPD). Cigarette smoke exposure increases miR-21 expression. 

Increased miR-21 expression inhibits SATB1 promoting S100A9 stimulation and 

induction of NF-κB activity thereby inducing inflammation, airway remodelling, and 

impairing lung function in COPD. Inhibition of smoke induced miR-21 with Ant-21 

reverses these events by restoring SATB1 which in turn suppresses S100A9 mediated 

increases in NF-κB activity reducing inflammation and small airway remodelling and 

improving lung function in COPD. 

 

5.3 DISCUSSION 

Here we demonstrate that CS exposure induces a miR-21/SATB1/S100A9/NF-

κB axis in the lungs that promotes the cardinal features of COPD, including chronic 

airway inflammation, small airway remodelling, and impaired lung function (72, 162, 254-

257). We show that increased expression of miR-21 occurred throughout CS exposure 

in experimental COPD. We then used a highly specific and potent miR-21 inhibitor, Ant-

21, to define a previously unrecognized role for miR-21, and its downstream target 

SATB1 in experimental COPD. Ant-21 treatment restored SATB1 levels with 
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concomitant reductions in S100A9 expression and NF-κB activity resulting in decreased 

pulmonary inflammation, small airway remodelling and improved lung function in 

experimental COPD. This study advances the understanding of the pro-inflammatory 

role of miR-21 in COPD and identifies its potential for therapeutic targeting. 

Ours is the first study to identify an association between miR-21 expression in 

the lung and its potential as a therapeutic target. Increased miR-21 expression has been 

linked with several inflammatory diseases, including COPD (317). However, the role of 

miR-21 in immune responses is complex due in part to its range of potential targets as 

well as its expression in different cell types and its ability to induce both pro-inflammatory 

and anti-inflammatory effects. For instance miR-21 is associated with inflammation in 

immune cells (315), but also with senescence in endothelial cells (325). For its known 

activity, the increase in miR-21 expression in response to CS may contribute to disease 

pathogenesis by activating immune responses, increasing pro-inflammatory mediators 

(315, 326) and reducing tissue repair leading to remodelling (327). In this study we 

demonstrate persistent increase in miR-21 in the lungs of CS-exposed experimental 

model of COPD and at the late phase of disease we observed increased miR-21 

expression in both airway epithelium and parenchyma. This indicates a potential role of 

miR-21 in the pathogenesis of COPD. Our data are consistent with a study by Xie et al., 

(317), which demonstrates that CS exposure results in elevated lung miR-21 expression 

in rats as well as in the serum of COPD patients (317). However, their study was limited 

to the observation of increased miR-21 expression. Whereas we demonstrated a 

pathogenic role for miR-21 in the induction of inflammation, remodelling and impaired 

lung function in COPD, and that this occurs through the inhibition of SATBI and induction 

of S100A9 and NF-KB.  

To investigate the role of miR-21 in the pathogenesis of COPD, we inhibited CS-

induced miR-21 expression in experimental COPD with Ant-21. Through in situ 

hybridisation (ISH) we reconfirmed increase in miR-21 and also its reduction with Ant-21 

treatment, in both the airways and parenchyma. Inhibition of CS-induced miR-21 in the 
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lungs reduced airway inflammation, suggesting that miR-21 promotes inflammation in 

COPD. This was demonstrated by the decrease in inflammatory cell numbers in BALF, 

reduced expression of pro-inflammatory mediators CXCL2, chemokine (C-C motif) 

ligand 7 (CCL7), granulocyte-macrophage colony-stimulating factor (GM-CSF), and 

matrix metalloproteinase12 (MMP12) and reduced TNFα and CXCL1 levels in the lungs. 

TNFα, CXCL1 and CXCL2 are potent neutrophil attractants (296, 298). Mercer et al., 

demonstrated that CCL7 induces accumulation of neutrophils in the lungs of naïve mice 

(56). MMP12 also regulates neutrophilic inflammation in the lungs of CS-exposed mice 

(297). Thus, with the inhibition of CS-induced miR-21 in our COPD model, these 

neutrophil chemoattractants were reduced thereby decreasing neutrophil influx in BALF 

suggesting that miR-21 potentially mediates neutrophilic inflammation in COPD. 

 We observed decreased expression of some miR-21 targets in the lung 

during experimental COPD, including SPRY1, SPRY2, RECK, PDCD4 but not of others 

such as TIMP3 and PTEN However, despite the physiological effects of treatment with 

Ant-21, there was no restoration of expression of SPRY1, SPRY2, RECK, PDCD4. In 

fact, the expression of TIMP3, RECK and PTEN were further decreased by treatment. 

Similarly, in a study on rectal cancer, analysis of RNA-sequencing data did not show an 

inverse correlation of miR-21 and its targets PTEN, SPRY2 and PDCD4 (328). This is 

because miRs not only induce suppression but can also activate the expression of their 

target genes (329). Studies have shown that miR mediated suppression or activation of 

target genes is associated with effector molecules known as ribonucleoproteins (miRNP) 

(330). Kedde et al., showed that miR mediated suppression is negated due to the binding 

of dead end 1 (Dnd1) to the sites of target genes (331) and showed that binding of the 

regulator called pumilio, increased miR-mediated suppression of the target mRNAs 

(332). 

The role of miR-21 is well characterised in remodelling diseases such as 

idiopathic pulmonary small airway remodelling (327). miR-21 promotes cardiac and 

hepatic small airway remodelling by negatively regulating anti-fibrotic SPRY1 (333), 
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SPRY2 (334), and PDCD4 (335). In this study, we demonstrated that CS-induced miR-

21 expression promotes collagen deposition around small airways albeit through a 

currently unknown mechanism since Ant-21 treatment had no effect on the expression 

of these anti-fibrotic genes.  

We next assessed the effects of depleting CS-induced miR-21 on impaired lung 

function. Treatment with Ant-21 improved lung function in experimental COPD by 

decreasing lung compliance and FVC, increasing trans-pulmonary resistance and 

elastance, resulting in reduced work of breathing. This improvement of impaired lung 

function can be linked to the reduction in inflammation and small ai rway remodelling (90, 

336). However, with the suppression of miR-21, we did not observe restoration of 

parenchymal tissue destruction and improvement in emphysematous condition. 

SATB1 is a target of miR-21 (220) and gene expression microarray analysis of 

our model of experimental COPD showed that SATB1 is down regulated (2.6 fold) in CS-

exposed mice compared to normal air-exposed controls (unpublished data). With 

increased miR-21 from 4 weeks to 8 weeks of CS exposure, we also showed 

concomitant decreases in SATB1 expression suggesting that miR-21-dependent, 

SATB1-mediated effects are involved in experimental COPD. Here we show that chronic 

CS exposure decreases lung SATB1 mRNA and protein levels in both airway and 

parenchymal compartments. This is consistent with reduced SATB1 expression following 

increased miR-21 expression in other situations (328, 337). We also show that SATB1 

expression is more enriched in the airway epithelium compared with parenchyma and 

Selinger et al., have previously reported that decreased SATB1 levels are an indicator 

of poor prognosis in squamous cell carcinoma (228). SATB1 potentially regulates a large 

number of immune functions. SATB1 deficient mice exhibit de-repression of ~2% of a 

subset of genes in thymocytes, including proto-oncogenes, cytokines and cytokine 

receptor genes, and apoptosis-related genes (338). These effects are likely to be 

induced through SATB1-dependent epigenetic regulation since SATB1 can acetylate 

histone H3 (339), which is implicated in the pathogenesis of COPD and other lung 
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diseases (340). Thus, it is likely that miR-21-dependent regulation of SATB1 levels in the 

airway epithelium play important roles in the pathogenesis of COPD. 

We demonstrate that targeted inhibition of CS-induced miR-21 expression results 

in decreased airway inflammation and small airway remodelling in experimental COPD. 

Importantly, these effects were associated with a concomitant increase in lung SATB1 

levels. In a recent study, liver small airway remodelling in rats was reduced by over-

expressing SATB1 (341), suggesting that decreased SATB1 may promote pro-fibrotic 

responses. Ant-21 treatment during CS exposure did not alter the expression of anti-

fibrotic genes with putative binding sites for miR-21 but increased SATB1 expression. 

Thus, in experimental COPD, CS-induced small airway remodelling may not be induced 

by miR-21 regulated anti-fibrotic genes and is potentially mediated by decreased SATB1 

in airway epithelium. This may be due to the fact that SATB1 is a transcription factor 

regulating the expression of many genes, which can potentially mediate inflammation 

and small airway remodelling in CS-induced COPD. 

Since CS-induced miR-21 expression induces airway inflammation in 

experimental COPD, and Ant-21 treatment restores lung SATB1 levels, we interrogated 

the role of potential downstream pro-inflammatory mediators. SATB1 activity can 

negatively regulate S100A8 and S100A9 responses (324), and SATB1-null mice have 

increased S100A8 and S100A9 expression (342, 343). Significantly, S100A9 is a 

reported potential biomarker for several inflammatory diseases such as rheumatoid 

arthritis (344), severe neutrophilic asthma (345), myocardial infarction (346) and 

Alzheimer's disease (347). Thus, we next assessed lung S100A8 and S100A9 

expression during CS-induced experimental COPD. We are the first to show that CS-

induced increase in miR-21 expression is associated with a concomitant decrease in 

SATB1 and increase in S100A9 activity in experimental COPD and observe this in both 

the airways and parenchyma. Significantly, S100A9 levels are elevated in bronchial 

epithelial cells (348) and BALF of COPD patients (349), which implicates increased 

S100A9 levels in pathogenesis. In the current study CS exposure did not alter the 
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expression of S100A8, suggesting that the co-expression of S100A8 and S100A9 is not 

essential for the functioning of S100A9. A similar observation was reported by Xu and 

Geczy (350) where they showed that murine macrophages stimulated with LPS, IFN-ɣ 

or TNF did not co-induce the expression of S100A9 with S100A8. Targeted inhibition of 

lung miR-21 during CS exposure increased SATB1 levels, and decreased S100A9 

expression, back to baseline normal air-exposed control levels. These data suggest that 

S100A9 expression is negatively regulated by SATB1 responses in COPD.  

We, and others, have demonstrated that CS exposure induces NF-κB activation 

(255, 351). Interestingly, elevated S100A9 responses can induce NF-κB activation in a 

TLR4- and RAGE-dependent manner, and results in increased pro-inflammatory 

responses (63, 352, 353). NF-κB responses can also induce the expression of S100A9 

(322) and miR-21 (321), suggesting that the miR-21/SATB1/S100A9/NF-κB axis (Figure 

5.9) we have identified, has the capacity to self-perpetuate inflammatory responses. NF-

κB inhibition studies have been carried out to limit inflammatory responses. While some 

observed decrease in CS-induced inflammation (354) others used a chronic CS-exposed 

mouse model to show that inhibiting NF-κB or kB kinase-2(IKK2) has minor effects on 

CS-induced airway inflammation (355). We show that depleting CS-induced miR-21 to 

basal levels restores SATB1 expression with associated reductions in S100A9 

expression and activated NF-κB levels resulting in reduced inflammation, small airway 

remodelling and improved lung function in experimental COPD. There are other targets 

of miR-21 such as PTEN which can mediate NF-κB activation through AKT. We did not 

observe changes in the expression of PTEN in CS-exposed mice. The levels pAKT, 

which is a downstream regulator of NF-κB (318) was decreased with CS-exposure but 

there was no change in pAKT levels with Ant-21 inhibition of miR-21. Thus we show that 

S100A9 is the likely activator and effector of NF-κB mediated inflammation in CS-induced 

experimental COPD. Nonetheless there are other targets of miR-21 that could potentially 

mediate NF-κB activation and further studies should explore this.  
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In summary, our study demonstrates for the first time that CS-induced miR-21 

promotes airway inflammation and small airway remodelling and impairs lung function in 

experimental COPD. Inhibition of miR-21 to basal levels has broad therapeutic relevance 

to CS-induced COPD and may be more effective than targeting downstream mediators 

such as NF-κB. Although these findings advocate a novel mechanistic pathway in CS-

induced experimental COPD, further functional studies with recombinant SATB1 or 

siRNA against S100A9 would be interesting, to determine if similar findings will be 

observed. Additional studies have to be undertaken to translate the current prophylactic 

regime into a therapeutic regime. Thus this study identifies miR-21 as a novel potential 

therapeutic target in the treatment of CS-induced COPD. 
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CHAPTER 6: ROLE OF miR-135b AND miR-146b IN THE PATHOGENESIS 

OF EXPERIMENTAL CHRONIC OBSTRUCTIVE PULMONARY DISEASE  

 

6.1 INTRODUCTION  

We have identified miR-135b and miR-146b to be up-regulated in microarray-

based miR profiling studies in experimental COPD. The role of miR-135b in the 

pathogenesis and/or exacerbation of COPD is not completely characterised. 

Halappanavar et.al, recently demonstrated that the expression of miR-135b is increased 

in the lungs of mice exposed to CS (238) and titanium dioxide nanoparticles (356). The 

authors then used IL-1R1 knockout mice to show that miR-135b can also inhibit CS-

induced, IL-1R1-dependent, acute inflammation through a negative feedback loop (238). 

In contrast, in a study on non-small-cell lung cancer, the authors demonstrated that miR-

135b is NF-κB-regulated indicating the potential association of the miR-135b with 

inflammatory responses (357), suggesting that miR-135b may play an important role in 

COPD pathogenesis that needs further investigation. 

Importantly, some predicted mRNA targets of miR-135b, such as hypoxia 

inducible factor (HIF) 1α, are known to be involved in the pathogenesis of COPD. The 

transcription factor, HIF1α is known to regulate the expression of VEGF (358) which is 

reduced in COPD patients (359-361). Increase in HIF1α level also induces the 

expression of numerous genes reversing tissue injury (362). However, its levels are 

decreased in patients with COPD, suggesting that it may play an important role in 

protecting against COPD (358, 363). Sirtuin (SIRT) 1 is another putative target of miR-

135b. SIRT1 plays an important role in regulating the protease: anti-protease balance 

between matrix metalloproteinase (MMP)-9 and tissue inhibitor of matrix 

metalloproteinases (TIMP)1 (364). Significantly, SIRT1 levels are markedly reduced in 

patients with COPD and altered SIRT1 activity is strongly implicated in the development 

of emphysema (364, 365). miR-135b can also target transforming growth factor-beta 
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receptor (TGF-βR)2 and bone morphogenetic protein receptor (BMPR)2 (366). TGF-

β/BMP signalling regulates numerous functions relating to cell survival, apoptosis, 

immune responses and remodelling (367). Collectively, these studies show that miR-

135b is linked to several key immunomodulatory mechanisms that are involved in COPD 

and implicate its dysfunction in the pathogenesis of this disease. 

miR-146b is  associated with inflammation and negatively regulate innate 

immune responses (368) by targeting the signal transducers IL-1 receptor associated 

kinase (IRAK)1 and tumour necrosis factor receptor-associated factor (TRAF)6 (368). 

While the role of miR-146b in COPD is unknown its expression can be induced in cultured 

human lung epithelial cells (369, 370), airway smooth muscle cells (371), and endothelial 

cells (372). These miR-146b expressing cells are known to play important roles in COPD, 

which suggests a potential role for miR-146b in COPD pathogenesis.  

In this study, we investigated the roles of CS-induced miR-135b and miR-146b in 

the pathogenesis of experimental COPD. miR-135b and miR-146b expression were 

increased with acute and chronic CS-exposure and were implicated in the development 

of disease. CS-induced increases in the expression of miR-135b coincided with 

decreased expression of its target BMPR2 and in association with increased 

macrophage infiltration and collagen deposition. Targeted depletion of miR-135b during 

CS exposure decreased neutrophilic airway inflammation as well as emphysema-like 

alveolar enlargement. Inhibition of miR-146b resulted in a restoration of IRAK1 and 

TRAF6 expression and these effects were associated with decreases in small airway 

and emphysema-like alveolar enlargement, and improved lung function in experimental 

COPD.   

6.2 RESULTS 

6.2.1 CS-exposures induces persistent increase in miR-135b and miR-146b 

expression in experimental COPD  
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Based on the microarray-based miR profiling described in chapter 2, we isolated 

total lung RNA isolated from BALB/c mice exposed to CS or normal air for 2, 4, 6 or 8 

weeks. Both miR-135b and miR-146b were significantly up-regulated throughout the time 

course of CS-exposure, compared to normal air-exposed controls. Increased miR-135b 

and miR-146b expression was validated by qPCR at 2, 4, 6, and 8 weeks of CS exposure 

(Figure 6.1 (a and b)).  

Thus, acute and chronic CS exposure increases miR-135b and 146b expression 

in the lungs in experimental COPD. 

 

Figure 6.1: Cigarette smoke (CS) exposure increases lung miR-135b and miR-146b 

expression in experimental chronic obstructive pulmonary disease (COPD). 

BALB/c mice were exposed to CS via the nose-only, or normal air, for 2, 4, 6 and 8 

weeks. a)  miR-135b and b) miR-146b expression was normalised to the geometric mean 

of the housekeeping controls small nuclear RNA (SnRNA) U6 and small nucleolar RNA 

(SnoRNA) U49. miR-135b and miR-146b expression is expressed as fold change from 

normal air-exposed controls. n = 4-8 mice/group. Data are presented as means ± s.e.m, 

NS = not significant; *P<0.05; **P<0.01 compared to normal-air-exposed controls. Data 

were analysed by two-tailed Mann Whitney test. 
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6.2.2 CS-induced airway inflammation is reduced by inhibition of miR-135b, but 

not with miR-146b expression, in experimental COPD 

We next investigated the roles of miR-135b and miR-146b in experimental 

COPD. CS-exposed mice were administered Ant-135b, Ant-146b or scrambled 

antagomir (i.n.) once a week for eight weeks (Figure 6.2a), and pulmonary inflammation 

was assessed. Scr-treated (Smk+Scr) mice had increased expression of miR-135b and 

miR-146b in lungs compared to normal air-exposed, Scr-treated controls at 8 weeks 

(Figure 6.2 (b and c)). Treatment with Ant-135b and Ant-146b significantly reduced miR-

135b (Smk+Ant-135b; Figure 6.2b) and miR-146b (Smk+Ant-146b; Figure 6.2c) 

expression, respectively, compared to CS-exposed, Scr-treated (Smk+Scr) controls. 

Ant-146b treatment inhibited miR-146b expression to below baseline levels in normal air-

exposed controls. 

We then assessed the role and potential for therapeutic targeting of increased 

miR-135b and miR-146b expression in experimental COPD. Ant-135b treatment 

suppressed CS-induced airway inflammation by reducing the numbers of total 

leukocytes and neutrophils, and there was a non-statistically significant trend towards 

suppression of macrophages and lymphocyte numbers (Figure 6.2d). Treatment with 

Ant-146b had no effect on the number of inflammatory cells present in the airways in 

experimental COPD. 

Next, we assessed the expression of CS-induced lung pro-inflammatory 

mediators. CXCL2 and the COPD related factor, GM-CSF were not significantly reduced 

by treatment with Ant-135b or Ant-146b (although there were trends towards 

suppression), but both the treatments resulted in substantial attenuation of CCL7 and 

MMP-12 expression (Figure 6.2e). TNFα levels were significantly decreased with Ant-

135b treatment, but not with miR-146b inhibition. Interestingly, CXCL1 levels were not 

significantly suppressed by either treatment (Figure 6.2f).  



133 

 

Collectively, these data demonstrate that CS-induced miR-135b expression but 

not miR-146b expression in the lungs, plays an important role in promoting airway 

inflammation in experimental COPD. 

 

Figure 6.2: Cigarette smoke (CS)-induced miR-135b but not miR-146b expression 

promotes pulmonary inflammation in experimental chronic obstructive pulmonary 
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disease (COPD). a) BALB/c mice were exposed to CS via the nose-only, or normal air, 

and treated intranasally with miR-135b-specific (Ant-135b) or miR-146b-specific (Ant-

146b) antagomir or scrambled (Scr) antagomir once a week for 8 weeks. miR-135b and 

miR-146b expression was normalised to the geometric mean of the housekeeping 

controls (SnRNA) U6 and (SnoRNA) U49. miR-135b, miR-146b and mRNA are 

presented as fold change from normal air-exposed controls. b) miR-135b and c) miR-

146b expression in the lungs. d) Total leukocyte, macrophage, neutrophil and 

lymphocyte numbers in bronchoalveolar lavage fluid. e) (C-X-C motif) ligand 2 (CXCL2), 

granulocyte-macrophage colony-stimulating factor (GM-CSF), chemokine (C-C motif) 

ligand (CCL) 7 and matrix metalloproteinase (MMP) 12 expression in whole lung 

homogenates. f) Tumour necrosis factor (TNF) α and CXCL1 protein levels in lung 

homogenates. n = 5-6 mice/group. Data are presented as means ± s.e.m. NS= not 

significant; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 compared to normal air-

exposed controls. Data were analysed with One-way ANOVA (uncorrected Fishers LSD 

test) 

 

6.2.3 CS-induced miR-135b and miR-146b expression promotes small airway 

remodelling and emphysema in experimental COPD 

We next assessed the roles of miR-135b and miR-146b in the induction of the 

pathophysiological features of experimental COPD. Treatment with Ant-135b trended 

towards inducing a significant decrease in collagen deposition around the airways, 

compared to Scr-treated, CS-exposed controls (Smk+Scr). Treatment with Ant-146b 

completely suppressed CS-induced collagen deposition around the airways to close to 

baseline levels observed in normal air-exposed controls (Figure 6.3a).  

We next assessed the effects of Ant-135b and Ant-146b treatments on CS-

induced, emphysema-like alveolar enlargement. Scr-treated (Smk+Scr) mice had 

increased emphysema-like alveolar enlargement. Significantly, treatment with Ant-135b 

and Ant-146b completely inhibited CS-induced emphysema (Figure 6.3b).  
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We next examined the effects of treatment on lung function. Treatment with Ant-

135b suppressed work of breathing and treatment with Ant-146b broadly attenuated the 

impairment of lung function with reductions in total lung capacity (TLC), forced vital 

capacity (FVC) and work of breathing (Figure 6.3c).   

 Collectively, these data demonstrate that CS exposure induces small airway 

remodelling, emphysema and impaired lung function in experimental COPD through 
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miR-135b- and miR-146b-dependent mechanisms, which can be targeted 

therapeutically. 

 

 

 

 

 

Figure 6.3: Cigarette smoke (CS)-induced miR-135b and miR-146b expression 

promotes small airway remodelling, emphysema and impaired lung function in 

experimental chronic obstructive pulmonary disease (COPD). BALB/c mice were 

exposed to CS via the nose-only, or normal air, for eight weeks and were treated 

intranasally with miR-135b-specific antagomir (Ant-135b) or miR-146b-specific 

antagomir (Ant-146b) or scrambled (Scr) antagomir once a week during CS exposure. 

a) Area of collagen deposition (μm2; pink stain) per perimeter of basement membrane 

(μm) in Verhoff-Van Gieson-stained lung sections (scale bar = 40 μm). b) Emphysema-

like alveolar enlargement was assessed using mean linear intercept and destructive 

index techniques. c) Lung function was assessed in terms of total lung capacity (TLC), 

forced vital capacity (FVC) and Work of Breathing. n = 4-6 mice/group. Data are 

presented as means ± s.e.m. NS = not significant; *P<0.05; **P<0.01; ****P<0.0001 

compared to normal air-exposed controls. Data were analysed with One-way ANOVA 

(uncorrected Fishers LSD test). 
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6.2.4 Inhibition of CS-induced miR-135b and miR-146b expression selectively 

inhibits some canonical targets in experimental COPD 

miRs modulate their target gene expression post-transcriptionally through gene 

silencing. Expression of the downstream targets of miRs were assessed to identify their 

roles in the pathogenesis of CS-induced experimental COPD.  

CS exposure had no effect on the mRNA expression of SIRT1 in the lungs but 

significantly decreased the expression of bone morphogenetic protein receptor 

(BMPR)2, compared to normal air-exposed controls (Figure 6.4a). Treatment with Ant-

135b during CS exposure in fact decreased the expression of SIRT1 and had no effect 

on the expression of BMPR2. We also assessed the expression of another target VEGF, 

which is known to be regulated by the miR-135b. CS exposure trended towards 

suppressing VEGF expression in the lungs and treatment with Ant-135b trended towards 

increasing its expression in experimental COPD. 

Next, we assessed the expression of IRAK1 and TRAF6, which are inflammatory 

mediators and known targets of miR-146b. The increase in miR-146b expression in CS-

exposed controls was associated with a non-significant trend towards reduction in IRAK1 

expression and TRAF6 expression was not affected. Treatment with Ant-146b restored 

the expression of IRAK1 and TRAF6 in experimental COPD (Figure 6.4b). 

Thus the increase in expression of miR135b and 146b in CS-induced 

experimental COPD was linked to the reduced expression of their targets, and this 

controls pulmonary inflammation, small airway remodelling and emphysema in 

experimental COPD. 
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Figure 6.4: Cigarette smoke (CS)-induced miR-135b and miR-146b expression 

selectively affect the expression of some putative target genes in experimental 

chronic obstructive pulmonary disease (COPD). BALB/c mice were exposed to CS 

via the nose-only, or normal air, for eight weeks and were treated intranasally with miR-

135b-specific antagomir (Ant-135b) or miR-146b-specific antagomir (Ant-146b) or 

scrambled (Scr) antagomir once a week during CS exposure. a) Lung mRNA expression 

of Sirtuin (SIRT)1, bone morphogenetic protein receptor type II (BMPR2), vascular 

endothelial growth factor (VEGF), and b) Lung mRNA expression of interleukin-1 

receptor-associated kinase (IRAK)1 and TNF receptor associated factor (TRAF)6 were 
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normalised to hypoxanthine-guanine phosphoribosyltransferase (HPRT). mRNA 

expression presented as fold change from normal air-exposed controls. n=3-6 

mice/group. Data are presented as means ± s.e.m. NS= not significant; *P<0.05; 

**P<0.01; ***P<0.001; ****P<0.0001 compared to normal air-exposed controls. Data 

were analysed with One-way ANOVA (uncorrected Fishers LSD test) 

6.3 DISCUSSION 

In this study, we assessed roles for CS-induced miR-135b and miR-146b in an 

experimental model of COPD that recapitulates the key features of human COPD. The 

disease features involved include chronic pulmonary inflammation, small airway 

remodelling, emphysema and impaired lung function (72, 162, 254-257). We show that 

increased expression of miR-135b and miR-146b in the lungs may be important in the 

development of experimental COPD. We used highly specific and potent miR-135b and 

miR-146b inhibitors, Ant-135b and Ant-146b, respectively, to assess the functional roles 

of these miRs in the development of experimental COPD. We showed that pulmonary 

inflammation, and alveolar enlargement were inhibited with Ant-135b treatment and 

airway remodelling and alveolar enlargement were suppressed with with Ant-146b 

treatment. We then identified that BMPR2, and TRAF6 are targets of miR-135b and 

miR146b in experimental COPD. Thus inhibiting these miRs may be potential therapies 

in the treatment of COPD.  

CS induced a sustained increase in the expression of miR-135b and miR-146b 

in the lungs from 2 to 8 weeks of exposure, and this effect was most pronounced at 8 

weeks. Both the miRs are over-expressed in various cancers such as lung and breast 

cancers (357, 373-375). The persistent increase of these miRs throughout the CS-

exposure suggests a potential role in COPD development. Therefore to identify their 

roles in the pathogenesis of COPD, we inhibited CS-induced miR-135b and miR-146b 

with Ant-135b and Ant-146b, respectively, in experimental COPD. Treatment with Ant-

135b decreased CS-induced neutrophilic inflammation, suggesting that this process is 
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under the control of miR-135b. Importantly, this agrees with findings published by 

Halappanavar et al., and Matsuyama et al., (376), they showed that miR-135b induces 

neutrophilic inflammation in IL-1R1 knockout mice (238). This reduction in neutrophil 

infiltration in BALF with the inhibition of miR-135b may be potentially due to decreases 

in the expression of neutrophil chemoattractants CCL7 and MMP12 and TNFα levels that 

we and others showed (56, 296, 297). Treatment with Ant-135b had no effect on the 

number of macrophages present in BALF, which may be due to the persistent expression 

of the potent macrophage chemoattractant GM-CSF (70). In a recent study the authors 

have shown that reduced BMPR2 expression induces increases in GM-CSF levels, 

resulting in increased macrophage recruitment (377). Thus, it is possible that failure to 

restore BMPR2 expression by treatment with Ant-135b may be a reason for the 

increased macrophages infiltration in experimental COPD.  

The inflammatory cell numbers in BALF were not significantly suppressed with 

the inhibition of miR-146b in our experimental COPD. Although the expression of the 

neutrophil chemoattractants CCL7 and MMP12 were reduced there was no changes in 

the expression of CXCL2 and GM-CSF, and protein levels of TNFα and CXCL1. 

Treatment with Ant-146b increased the expression of IRAK1 and TRAF6 during 

experimental COPD, however, this did not translate into significant changes to airway 

inflammation. These data suggest that CS-induced airway inflammation in our model of 

experimental COPD is not dependent on miR-146b or the regulation of its target 

transcripts IRAK1 and TRAF6. 

Treatment with Ant-135b trended towards decreasing CS-induced collagen 

deposition around airways. This disagrees with a recent report that suggests that miR-

135b may be protective in small airway remodelling. The authors demonstrated that 

fibroblasts from systemic sclerosis patients show reduced miR-135b expression. 

Through in vitro experiments they showed that reduced miR-135b expression 

upregulates  STAT6 which mediates IL-13 induced increase in fibrosis (378). They also 

showed that miR-135b expression is reduced in a bleomycin-induced model of skin 
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fibrosis. However, BMPR2, a target of miR-135b, belonging to the remodelling regulator 

family TGF-β, is reduced in our model of experimental COPD and in patients with 

moderate COPD (379). Several studies have shown that reduced BMPR2 levels are 

associated with exaggerated TGFβ signalling and have implicated BMPR2 in 

fibrogenesis in idiopathic pulmonary fibrosis and pulmonary hypertension (380-382). 

However expression of BMPR2 was not restored with Ant-135b treatment. Thus, failure 

to restore BMPR2 expression may be a reason for the deficient suppression of airway 

remodelling observed with the inhibition of miR-135b in experimental COPD.  

Several studies have implicated increased miR-146b expression in the 

development of fibrosis in various diseases (383-386). In a bleomycin-induced model of 

pulmonary fibrosis, miR-146b expression was elevated with concomitant reductions in 

the levels of forkhead box O3 (387), which has been linked with pulmonary fibrosis (388). 

Further to this, we have shown that with the inhibition of miR-146b expression, collagen 

deposition around small airways were reduced back to baseline levels, indicating that 

miR-146b promotes small airway remodelling in lungs. We also showed reduced 

expression of the pro-fibrotic factor MMP12 (303, 304) with the inhibition of miR-146b 

expression. However the exact mechanism through which miR-146b mediates small 

airway remodelling is not clear and needs to be elucidated with further studies.  

Increase in emphysema-like alveolar enlargement with CS-exposure was 

significantly reduced with both Ant-135b and Ant-146b treatments, suggesting that these 

miRs play potentially overlapping roles in the development of emphysema. The 

mechanism through which these miRs induce emphysema remains to be determined 

and may involve increased expression of the pro-emphysema factor MMP12 (304-306). 

However, simultaneous investigation of these miRs with a combination of respective 

antagomirs may be valuable in determining the functional roles of these miRs in the 

development of emphysema.  

We have also shown that CS exposure does not alter the expression of pro-

emphysema factors SIRT1 (364, 365) and VEGF (359, 361) in experimental COPD. 
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Interestingly, VEGF expression trended towards a reduction following CS exposure and 

an increase following treatment with Ant-135b, with miR-135b inhibition. Thus, increases 

in miR-135b expression may lead to reduced HIFα levels, resulting in decreased VEGF 

expression, which may be a contributing factor in the development of emphysema. 

Therefore, inhibiting CS-induced miR-135b expression may be beneficial in reducing 

emphysema-like alveolar enlargement.   

Work of breathing is the energy required to inhale oxygen or exhale carbon 

dioxide. In COPD, work of breathing is increased as more energy is required to overcome 

the resistance to airflow in  lungs (389), which is the result of the combination of 

increased inflammation, small airway remodelling and emphysema (390, 391). With the 

inhibition of miR-135b and miR-146b expression, the work of breathing was significantly 

reduced in combination with the decrease in small airway remodelling and emphysema.  

Thus, in our CS-induced experimental COPD, it is possible that the increase in 

miR-146b expression in lungs may be a part of an anti-inflammatory response to 

cigarette smoke. We have shown that chronic CS exposure trends towards reducing the 

expression of the NFκB-activated genes IRAK1 and TRAF6. Interestingly, treatment with 

Ant-146b had no effect on the infiltration of inflammatory cells in lungs but protected 

against the development of collagen deposition around the small airways and 

emphysema. Thus, these data show that the persistent increase in miR-146b expression 

in our experimental COPD may not be associated with anti-inflammatory responses but 

plays an important role in promoting airway remodelling and emphysema.  

In summary, our study demonstrates for the first time that CS-induced miR-135b 

promotes neutrophilic airway inflammation and emphysema in experimental COPD. We 

also show that CS-induced miR-146b promotes airway remodelling and emphysema that 

is associated with impaired lung function in experimental COPD. We identify BMPR2, a 

known target of miR-135b, as a potential mediator of macrophage recruitment that may 

play a role in the development of small airway remodelling and emphysema through a 

VEGF-dependent mechanism in experimental COPD. Thus, therapeutic targeting of lung 
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miR-135b and miR-146b may be an effective strategy in the treatment of COPD. Further 

exploration of the miR-dependent mechanisms identified in this study may assist in the 

development of more specific therapies that target the processes that drive the 

development of COPD.  
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CHAPTER 7: COMBINED TARGETING OF CIGARETTE SMOKE-INDUCED 

miRS IN EXPERIMENTAL COPD 

   

7.1 INTRODUCTION 

In Chapters 4-6 we showed that CS-induced miR-9, -21, -135b and -146b, play 

important roles in the pathogenesis of COPD. In chapters 4 and 5 we showed that CS-

induced miR-9 and miR-21 promote airway inflammation and small airway remodelling 

in experimental COPD. Treatment with miR-9- and miR-21-specific antagomirs, Ant-9 

and Ant-21 led to reduced airway inflammation and collagen deposition, and improved 

lung function [(Figures (4.2c) and (4.3 a and c)) and (Figures (5.2e-h) and (5.3 a and 

c))]. In chapter 6 we also showed that CS-induced miR-135b and miR-146b promote 

emphysema-like alveolar enlargement and collagen deposition around small airways in 

experimental COPD. Treatment with Ant-135b and Ant-146b during CS exposure 

resulted in reduced collagen deposition around the small airways, suppressed 

emphysema-like alveolar enlargement, and improved lung function in experimental 

COPD ((Figures 6.2d) and (6.3b and d)). The effects of inhibiting CS-induced miRs 

expression have been summarised in the table 7.1. 
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Table 7.1: Summary table showing the effects of inhibiting CS-induced increases 

in miR expression through miR-specific antagomirs 

 

In this study, we assessed the effects of treating CS-exposed mice with different 

combinations of two miR-specific antagomirs that, when administered alone, resulted in 

the suppression of key features of experimental COPD. We simultaneously targeted 

combinations of two miRs that were shown to regulate different features of COPD 

[(i.e.(miR-9 + miR-135b), (miR-9 + miR-146b), (miR-21+ miR-135b), and (miR-21+ miR-

146b)] using miR-specific antagomirs in our nose-only CS induced model of experimental 

COPD (72, 162, 254-257). Interestingly, all combined Ant-miR treatments decreased 

CS-induced airway inflammation and only combined Ant-21 and Ant-146b treatment 

suppressed CS-induced collagen deposition and decreased emphysema-like alveolar 

enlargement. These data highlight the therapeutic potential of simultaneously targeting 

miR-21 and miR-146b as a novel approach in the treatment of CS-induced COPD. 
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7.2 RESULTS 

7.2.1 Treatment with combinations of two miR-specific antagomirs simultaneously 

decreases the expression of target miRs in experimental COPD 

We first assessed the effects of combined miR-specific antagomir treatments on 

the simultaneous inhibition of targeted miRs. CS-exposed mice were treated with Ant-

9+135b, Ant-9+146b, Ant-21+135b, Ant-21+146b antagomirs and CS- or normal air-

exposed mice were treated with scrambled (Scr) antagomir once a week for eight weeks 

in experimental COPD (Figure 7.1a). Treatments with combined antagomirs lead to 

significant decreases in the expression of targeted miRs (Figure 7.1b-e). CS-induced 

miR-9 expression was reduced in both Ant-9+135b- and Ant-9+146b-treated groups 

(Figure 7.1b), compared to Scr-treated, CS-exposed controls. CS-induced miR-21 

expression was reduced back to baseline levels in both Ant-21+135b- and Ant-21+146b-

treated groups (Figure 7.1c). CS-induced miR-135b expression was decreased in both 

Ant-9+135b- and Ant-21+135b-treated groups (Figure 7.1d), compared to Scr-treated, 

CS-exposed controls. Finally, CS-induced miR-146b expression was reduced back to 

baseline levels in both Ant-9+146b- and Ant-21+146b-treated groups (Figure 7.1d), 

compared to Scr-treated, CS-exposed controls. 
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Collectively, these data demonstrate that treatment with combined miR-specific 

antagomirs effectively inhibits the CS-induced expression of target miRs in the lungs 

during experimental COPD.  
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Figure 7.1: Treatment with combinations of two miR-specific antagomirs 

simultaneously decreases the expression of target miRs in experimental chronic 

obstructive pulmonary disease (COPD). a) BALB/c mice were exposed to cigarette 

smoke (CS) via the nose-only, or normal air, for eight weeks and treated with 

combinations of miR-specific antagomirs (Ant); Ant-(9+135b), Ant-(9+146b), Ant-

(21+135b), Ant-(21+146b), or scrambled (Scr) antagomir intranasally once a week 

during CS exposure. miR expression was determined in whole lung tissue by qPCR. b) 

miR-9 expression in Ant-(9+135b)- and Ant-(9+146b)-treated groups, c) miR-21 

expression in Ant-(21+135b)- and Ant-(21+146b)-treated groups, d) miR-135b 

expression in Ant-(9+135b)- and Ant-(21+135b)-treated groups, and e) miR-146b 

expression in Ant-(9+146b)- and Ant-(21+146b)-treated groups. miR expression was 

initially normalised to the geometric mean of the housekeeping controls small nuclear 

RNA U6 (snRNA U6) and small nucleolar RNA U49 (snoRNA U49). miR expression data 

is presented as fold change compared to normal air-exposed controls. Data (n = 3-6 

mice/group) are presented as means ± S.E.M. NS: not significant; *P<0.05; **P<0.01; 

***P<0.001; ****P<0.0001 compared to normal air-exposed controls. Data were analysed 

with One-way ANOVA (uncorrected Fishers LSD test). 

 

7.2.2 Treatment with combinations of two miR-specific antagomirs reduces CS-

induced airway inflammation in experimental COPD. 

We next assessed the therapeutic potential of combined antagomir treatment in 

experimental COPD. When targeted individually, miR-9, -21, -135b and -146b were 

found to be important for CS-induced pulmonary inflammation or emphysema. 

Significantly, treatment of CS-exposed mice with all combinations of miR-specific 

antagomirs tested resulted in decreased total inflammatory cell numbers in the airways 

(macrophages, neutrophils and lymphocytes; (Figure 7.2a). 
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We then measured the lung mRNA expression of key pro-inflammatory factors 

that were identified in the previous chapters. CS exposure increased the expression of 

CXCL2, CCL2, CCL7, GM-CSF and MMP12 in scrambled (Scr) antagomir-treated mice 

(Smk+Scr) compared to Scr-treated, air-exposed controls (Figure 7.2b). In contrast, CS 

exposure decreased the expression of VEGF in the lungs (Smk+Scr) compared to 

normal air-exposed controls (Air+Scr). Ant-21+135b and Ant-21+146b treatment induced 

a non-significant decrease when compared to Scr-treated, CS-exposed controls 

(Smk+Scr). However, lung CXCL2 expression in groups treated with these antagomir 

combinations Ant-(21+135b and Ant-21+146b was not significantly increased from Scr-

treated, air-exposed control levels (Air+Scr). Treatment with Ant-9+135b had similar 

effects on the expression of CCL2 in the lung. Interestingly, treatment with Ant-9+146b 

decreased the expression of CCL2 in experimental COPD. No treatment combination 

altered the CS-induced expression of CCL7 in the lungs, however, treatment with Ant-

21+146b trended towards decreasing its expression compared to Scr-treated, CS-

exposed controls. No treatment combination had any effect on the expression of CS-

induced GM-CSF, MMP12 and VEGF in the lungs in experimental COPD.  

We next assessed the protein levels of TNFα and CXCL1 in lung homogenates. 

Only Ant-21+146b treatment significantly reduced TNFα levels, whereas both Ant-

21+135b and Ant-21+146b treatments significantly reduced CXCL1 levels, compared to 

Scr-treated, air-exposed control levels (Figure 7.2c). 

Collectively, these data demonstrate that combined inhibition of CS-induced 

miRs reduces airway inflammation. With Ant-(21+146b) treatment, the levels of lung pro-

inflammatory mediators TNFα and CXCL1 which play important roles in neutrophilic 

inflammation, were reduced, decreasing CS-induced inflammation in experimental 

COPD. 
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Figure 7.2: Treatment with combinations of two miR-specific antagomirs 

decreases cigarette smoke (CS)-induced airway inflammation in experimental 

chronic obstructive pulmonary disease (COPD). BALB/c mice were exposed to 

cigarette smoke (CS) via the nose-only, or normal air, for eight weeks and treated with 

combinations of miR-specific antagomirs (Ant); Ant-(9+135b), Ant-(9+146b), Ant-

(21+135b), Ant-(21+146b), or scrambled (Scr) antagomir intranasally once a week 

during CS exposure. a) Total leukocyte, macrophage, neutrophil and lymphocyte 

numbers in bronchoalveolar lavage fluid. b) CXCL)2, chemokine (C-C motif) ligand 

(CCL)2, CCL7, granulocyte-macrophage colony-stimulating factor (GM-CSF), matrix 

metalloproteinase (MMP)12  and vascular endothelial growth factor (VEGF) expression. 

c) Tumour necrosis factor (TNF) α and CXCL1 protein levels in lung homogenates 

quantified by ELISA. Data (n = 3-6 mice/group) are presented as means ± S.E.M. NS: 

not significant; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 compared to normal air-

exposed controls. Data were analysed with One-way ANOVA (uncorrected Fishers LSD 

test). 
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7.2.3 Combined targeting of CS-induced miR-21 and miR-146b expression 

suppresses small airway remodelling and emphysema-like alveolar enlargement 

in experimental COPD. 

We next assessed the effects of combined inhibition of CS-induced miRs on key 

disease features of experimental COPD. Significantly, treatment with Ant-9+135b and 

Ant-21+146b lead to complete suppression of CS-induced collagen deposition around 

the small airways compared to Scr-treated, CS-exposed controls (Figure 7.3a). No other 

treatment combinations affected collagen deposition around the airways Treatment with 

Ant-21+135b suppressed CS-induced emphysema-like alveolar enlargement, and 

treatment with Ant-21+146b trended towards reducing this effect (Figure 7.3b), 

compared to Scr-treated, CS-exposed controls. With CS-exposure lungs were more 

compliant  compared with the Scr treated, normal air-exposed controls (Air+Scr) and 

treatment with only Ant (21+146b) reduced lung compliance in experimental COPD 

(Figure 7.3c).  

Collectively, CS-exposed mice showed increased small airway remodelling, and 

emphysema-like alveolar enlargement and impaired lung function compared to normal 

air-exposed controls. Significantly, combined treatment with Ant-21+146b resulted in 

small airway remodelling and emphysema-like alveolar enlargement and improved lung 

function in experimental COPD. 



153 

 

 

 

 

 



154 

 

 



155 

 

Figure 7.3: Combined targeting of cigarette smoke (CS)-induced miR-21 and miR-

146b expression suppresses small airway remodelling and emphysema-like 

alveolar enlargement in experimental chronic obstructive pulmonary disease 

(COPD). BALB/c mice were exposed to cigarette smoke (CS) via the nose-only, or 

normal air, for eight weeks and treated with combinations of miR-specific antagomirs 

(Ant); Ant-(9+135b), Ant-(9+146b), Ant-(21+135b), Ant-(21+146b), or scrambled (Scr) 

antagomir intranasally once a week during CS exposure. a) Area of collagen deposition 

(μm2) per perimeter (μm) of basement membrane in Verhoff-Van Gieson-stained (pink) 

lung sections (scale bar = 40 μm). b) Alveolar size and tissue destruction was assessed 

using mean linear intercept and destructive index techniques, respectively. c) Lung 

function was assessed in terms of lung compliance (at 30cmH2O). Data (n = 3-6 

mice/group) are presented as means ± S.E.M. NS = not significant; *P<0.05; **P<0.01; 

****P<0.0001 compared to normal air-exposed controls. Data were analysed with One-

way ANOVA (uncorrected Fishers LSD test). 
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Table 7.2: Summary table showing the expected and detected effects of inhibiting 

the expression of combinations of two CS-induced miRs using miR-specific 

antagomirs. 

 

7.3 DISCUSSION 

Here we investigated the effects of simultaneously targeting combinations of two 

CS-induced miRs in our model of experimental COPD, which recapitulates the key 

features of COPD in humans (72, 162, 254-257). Using this model, we previously 

showed that CS-induced airway inflammation is induced by miR-9- and miR-21-

dependent mechanisms (Figures 4.2c and 5.2e-h). We also showed that CS-induced 

airway remodelling was induced by miR-9-, miR-21-, miR-135b- and mir-146b- 

dependent mechanisms (Figure 5.3a, 5.3a and 6.3a) and emphysema-like alveolar 

enlargement was induced by miR-135b and miR-146b-dependent mechanisms (Figures 

6.3a and b) in experimental COPD. In this study, we assessed the effects of 

simultaneous inhibition of combinations of four CS-induced miRs in the lungs that we 

previously showed to mediate airway inflammation and emphysema in experimental 

COPD. Combined inhibition of these miRs, [Ant-(9+135b), Ant-(9+146b), Ant-(21+135b) 



157 

 

and Ant-(21+146b)] led to suppression of some, but not all, key features of experimental 

COPD. Combined inhibition of CS-induced miR-21 and miR-146b substantially reduced 

airway inflammation, airway remodelling and emphysema-like alveolar enlargement in 

experimental COPD. 

Combined treatment with Ant-9 and Ant-135b suppressed CS-induced airway 

inflammation. These effects were similar to that observed with individual depletion of 

these miRs (Figures 4.2c and 6.2d). miR-9 is known to be induced in macrophages and 

neutrophils (213, 295) and with Ant-(9+135b) treatment, macrophages influx was 

completely reduced back base line levels observed in normal air-exposed mice. This is 

similar to the study (295) which shows that increased miR-9 expression in macrophages 

is associated with steroid resistant inflammation. Interestingly, combined treatment with 

Ant-9 and Ant-135b did not completely suppress CS-induced airway neutrophil and 

lymphocyte numbers back to baseline levels. miR-9 expression is rapidly induced in 

neutrophils (213) and is also known to increase the production of CD 4(+) T cells (392). 

Thus the incomplete suppression of miR-9 expression with Ant-(9+135b) treatment may 

have resulted in the persistent levels of neutrophil and lymphocyte numbers.  Additionally 

miR-135b promotes Th-17 cell differentiation (376), and these cells induce neutrophil 

chemoattractants such as CXCL1, CCL7 (393). Thus, incomplete suppression of miR-

135b expression with Ant-9+135b treatment may promote persistent production of 

neutrophil chemoattractants such as CXCL2, CCL7, TNFα and CXCL1 (68, 296-298). 

This may have inadvertently resulted in the increased neutrophil numbers observed in 

the airways.  

We next assessed the effect of Ant-9+135b treatment on airway remodelling. 

Importantly, CS-induced airway remodelling was completely suppressed by combined 

treatment with Ant-9+135b. This effect is similar to that observed with individual Ant 

treatments, Ant-9 completely suppressed airway remodelling and miR-135b inhibition 

resulted in a trend towards decreased airway remodelling (Figures 4.3a and 6.3a). miR-

9 and miR-135b are known to target the fibrosis-associated factors platelet-derived 
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growth factor receptor (PDGFR)β2 (302) and bone morphogenetic protein receptor type 

II (BMPR2) (366), however, Ant-9+135b treatment had no effect on the expression of 

these factors (data not shown). It is likely that the suppression of CS-induced airway 

remodelling following Ant-9+135b treatment resulted from the cumulative effect of both 

the miRs on other fibrosis-associated target genes such as transforming growth factor-

beta receptors, (TGFβR) 1 and 2 (301, 366). Interestingly, combined treatment did not 

suppress CS-induced alveolar enlargement. This may be due to persistent expression 

of pro-emphysema factors such as MMP12. In COPD, impaired lung function is 

associated with increased airway inflammation, airway remodelling and emphysema (72, 

79, 90, 394, 395). However, in spite of augmented pulmonary inflammation and increase 

in emphysema, concurrent depletion of these miRs lead to trending reduction in 

compliance. This decrease in compliance is probably due to reduced airway remodelling 

(90). Thus, targeting CS-induced miR-9 and miR-135b individually might be more 

effective than combined inhibition of these miRs in COPD. 

Combined treatment with Ant-9 and Ant-146b reduced CS-induced inflammatory 

cell numbers in BALF, compared to Scr-treated, CS-exposed controls. Treatment 

reduced the expression of the monocyte chemoattractant CCL2, which may explain the 

reduction in macrophage numbers observed (396, 397). The reduction in CCL2 

expression may have resulted from the inhibition of CS-induced miR-146b and this is 

similar to a previous report on human retinal pigment epithelial cells stimulated with IL-

1β that exhibited increases in the expression of miR-146a and miR-146b (398). 

Importantly, this study linked increased expression of miR-146b with increased CCL2 

expression, suggesting that miR-146b may mediate macrophage recruitment in 

experimental COPD through a CCL2-dependent mechanism. Surprisingly, combined 

treatment with Ant-9 and Ant-146b had no effect on CS-induced airway remodelling, 

alveolar enlargement or lung compliance. This shows that the combined treatment of 

Ant-9 and Ant-146b is not as effective as individual Ant treatments in experimental 

COPD. 
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The CS-induced expression of miR-21 and miR-135b was decreased by 

treatment with Ant-21+135b in experimental COPD, with the levels of miR-21 returned 

to baseline. Following treatment, CS-induced miR-135b expression remained higher 

than normal air-exposed controls and this effect was comparable to that of the individual 

miR-135b depletion study. Ant-21+135b treatment decreased inflammatory cell numbers 

in the BALF and completely suppressed macrophage numbers back to baseline levels. 

Similar to Ant-9+136b treatment, combined Ant-21+135b treatment only partially 

suppressed the numbers of neutrophils and lymphocytes in the BAL compared to air-

exposed controls. This potentially resulted from incomplete suppression of CS-induced 

miR-135b, like with Ant-9+135b treatment. Decreased expression of the neutrophil 

chemoattractants CXCL2 and CXCL1 may partly explain the suppression of airway 

inflammation following treatment. There were no changes in the expression of the miR-

21 target, special AT rich sequence binding protein (SATB)1 that we previously showed 

(Figure 5.5d) to play an important role in inducing inflammatory responses (data not 

shown). Interestingly, treatment with Ant-21+135b did not alter CS-induced collagen 

deposition around the airways and had no effects on the expression of its known targets 

SMAD7, sprouty homolog (SPRY)1, SPRY2, programmed cell death (PDCD)4 and 

BMPR2 (327, 333-335, 380). This indicates that other pro-fibrotic factors may be involved 

in promoting small airway remodelling and the persistent increase in airway remodelling 

with Ant-9+135b treatment may due to the incomplete suppression of both these miRs. 

Significantly, combined treatment reduced alveolar enlargement and tissue destruction 

compared to both CS-exposed and normal air-exposed controls. We show that Ant-

21+135b treatment trended toward increased VEGF expression (359, 361) which is an 

important pro-emphysema factor, but the expression of another pro-emphysema factor 

MMP12 (304-306) was not altered. Treatment with Ant-21+135b only partially 

suppressed pulmonary inflammation and was associated with no change in lung 

compliance. 
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Complete inhibition of miR-21 and miR-146b expression with Ant-21+146b 

treatment led to complete suppression of macrophage and neutrophil numbers in the 

airways back to baseline levels observed in normal air-exposed controls. Since miR-21 

is important in inducing neutrophilic inflammation (259) , and we showed suppressed 

levels of TNFα and CXCL1 with Ant-(21+146b) treatment. It is likely that CS-induced, 

miR-21- and miR-146b-mediated regulation of SATB1 induces neutrophilic inflammation 

through a SATB1/S100A9/NF-κB-dependent mechanism as shown previously with the 

inhibition of miR-21 by itself (chapter 5). Similar to the inhibition of miR-21 and miR-

146b individually (figure 5.4a and 6.3a), CS-induced airway remodelling was completely 

reduced. Interestingly, like with Ant-21 treatment, the expression of the aforementioned 

anti-fibrotic gene targets of miR-21 were not altered. These data suggest that the 

reduction in CS-induced airway remodelling following combined treatment with Ant-

(21+146b) may not be dependent on the suppression of these miR-21 targets and the 

mechanism by which the CS-induced miR-21and miR-146b promotes airway 

remodelling needs to be characterised. Moreover Ant-(21+146b) treatment trended 

towards suppressing CS-induced emphysema-like alveolar enlargement. Significantly, 

Ant-(21+146b) treatment suppressed pulmonary inflammation and airway remodelling 

also showed trending decrease in emphysema-like alveolar enlargement,  and were 

associated with complete reduction in lung compliance (72, 79, 90, 394, 395).  

We thus demonstrated that in suppressing features of COPD, the combined 

inhibition of miRs was not as effective as individual miR depletion. A summary of the 

predicted and detected effects of inhibiting CS-induced combined miRs in repressing 

various aspects of COPD are listed in table 7.2. Nonetheless, we have shown that 

inhibiting CS-induced miR-21 and miR-146b together may be more beneficial in COPD. 

However, before the selection of miRs for combined inhibition, it is important to better 

understand the role of individual miRs and their target genes in disease development 

and progression. Further studies may be required to investigate the interactions between 

the various miR-related signalling pathways. Importantly, it would also be necessary to 
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assess any potential detrimental effects of the various miRs considered for combined 

inhibition. 

In summary, we demonstrate for the first time that inhibition of specific 

combinations of CS-induced miRs are effective for suppressing some features of 

experimental COPD. Combinatorial treatments exerted different effects on features of 

disease when compared to inhibition of each miR on its own. This may have resulted 

from off-target effects induced by simultaneous inhibition of different miRs. Significantly, 

all combinatorial treatments tested decreased CS-induced airway inflammation. 

However, treatments had varied effects on the expression of key pro-inflammatory 

mediators in the lung in experimental COPD. Combined inhibition of CS-induced miR-21 

and miR-146b expression partially reduced pulmonary inflammation, suppressed airway 

remodelling, decreased alveolar enlargement and improved lung function, suggesting 

that targeting these miRs together may be the most effective of the combinations tested 

for the treatment of COPD. Additional studies are required to fully characterise the 

precise mechanisms that are controlled by CS-induced miRs-21 and -146b to promote 

the development of COPD.  
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CHAPTER 8: GENERAL DISCUSSION AND CONCLUSION 

 

8.1 Significance of research 

Chronic obstructive pulmonary disease (COPD) is a progressive and disabling 

chronic airway disease that is characterised by irreversible, or incompletely reversible, 

airflow obstruction (10, 11). COPD is a leading cause of global morbidity and mortality 

(399) and cigarette smoke (CS) is the key risk factor among others such as burning of 

wood and combustion of coal (2). Importantly, current therapies only target the symptoms 

of disease and do not prevent disease progression irrespective of smoking cessation 

(182, 183). Thus, there is an urgent requirement for the development of new therapies. 

Significantly, development has been hampered by the lack of understanding of the 

mechanisms that underpin the development of COPD. 

MicroRNAs (miRs) have been identified to play crucial roles in many biological 

processes such as cell differentiation, growth and apoptosis (192). miRs potently inhibit 

gene expression at the post-transcriptional level (192) and can regulate approximately 

60% of all protein-coding genes in humans (400). Increasing evidence now shows that 

miRs play important roles in regulating immune responses (200). Importantly, 

deregulation of miR expression is implicated in the development of several diseases 

such as cancers and chronic inflammatory diseases (315, 316). However, the 

understanding of their relative contributions to the pathogenesis of COPD is limited. We 

sought to identify the key CS-induced miRs and miR-dependent mechanisms, and 

assess their potential for therapeutic targeting, in the development of experimental 

COPD.  

We used our nose-only smoke exposure mouse model of COPD to investigate 

the mechanisms that are involved in COPD development. In this model, mice were 

exposed to the smoke of 12 cigarettes twice per day delivered as tightly controlled puffs 

interspersed with short rest periods (72). This CS exposure regimen is equivalent to 
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smoking one packet of cigarettes per day for humans. Eight weeks of CS exposure in 

mice induces many of the characteristic features of human COPD, including chronic 

pulmonary inflammation, small airway remodelling, emphysema, and impaired lung 

function (72, 162, 254-257). Most of the animal models described in the literature to date 

are acute, subacute or whole body CS exposure models that induce acute inflammatory 

responses but not the features of chronic inflammation and airway remodeling. 

Moreover, chronic models (401, 402) may take over more than 6 months to develop the 

key features of the disease. Whereas our model, recapitulates the cardinal features of 

human COPD in a shorter time frame. The shorter models improves the turnaround time 

for investigating potential mechanisms that underpin the disease pathogenesis. Thus our 

model enables to better understand and identify the mechanisms involved in COPD 

development. 

Here we show that CS alters the expression of miRs and our studies suggest that 

CS-induced miRs are involved in the pathogenesis of COPD. These studies further the 

understanding of the roles of CS-induced expression of miR-9,-21,-135b, and -146b in 

the lungs in disease development and highlight the therapeutic potential of targeting 

these miRs in experimental COPD. 

 

8.2 Microarray-based miR expression profiling in experimental COPD 

In order to examine the miR-dependent mechanisms that may drive the 

development of experimental COPD we used the microarray-based miR profiling as a 

screening platform to identify miRs that are dysregulated by CS exposure at different 

stages of experimental COPD (i.e. in disease initiation, development and progression). 

We identified more than 60 miRs that exhibit altered expression following CS exposure 

in experimental COPD. Notably, we validated the expression of four CS-induced miRs 

(miR-9, miR-21, miR-135b and miR-146b) that are upregulated throughout the time 

course of smoke exposure. However, at the 8th week of CS exposure, altered expression 

of many of the miRs identified by microarray analysis were not validated by qPCR. The 
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reduced overlap of results between the two techniques is not uncommon (270, 271). This 

may have resulted from inadvertent, non-specific hybridisation of miR probes to similar 

miR sequences and because of higher specificity and sensitivity of qPCR assays over 

microarrays (273, 274). Recent advances in high-throughput profiling technologies and 

the introduction of next generation sequencing (NGS) approaches, such as RNA-Seq, 

can overcome the limitations of microarray-based profiling techniques (403). NGS-based 

methods can detect and identify known and novel miRs, and have the sensitivity to 

identify miRs that differ by a single nucleotide(404). However, these techniques are often 

prohibitively expensive and require significant computational support and infrastructure 

for data analysis (403). Importantly, to meet the requirements for small scale research 

platforms, affordable NGS approaches are also now becoming available and these are 

not limited by a library of known probes and thus novel miRs can be identified (405). 

Such approaches may be more suitable for profiling differentially dysregulated miRs with 

improved accuracy and sensitivity in various disease models. Therefore, to identify novel 

miRs in disease models, affordable NSG approaches may be an attractive strategy.  

Collectively, this study shows that CS-exposure indeed dysregulates a range of 

miRs in the lungs in experimental COPD.  

In the following chapters (3, 4, 5 and 6) using miR-specific antagomirs (Ant), we 

investigated the roles of CS-induced miRs- 9, -21, -135b and -146b in COPD 

development. 

 

8.3 Role of miR-9 in the pathogenesis of COPD  

Here, we examined the role of CS-induced miR-9 in the pathogenesis of 

experimental COPD. We performed miR-9 inhibition studies and identified a pathogenic 

role for miR-9 highlighting the therapeutic potential of targeting this miR in CS-induced 

experimental COPD. miR-9 expression is rapidly induced in neutrophils and 

macrophages following exposure to pro-inflammatory cytokines, such as TNFα and IL-

1β, or upon stimulation with lipopolysaccharides (LPS) through a MyD88 and NF-κB-
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dependent mechanisms (213). However, miR-9 directly targets the p50 subunit of NF-

κB and downregulates its expression (213), suggesting a feedback control of innate 

immune responses by miR-9.  Likewise, we showed that inhibition of CS-induced miR-9 

suppressed neutrophil numbers in the airways, decreasing lung CXCL1 levels and thus 

reduced airway inflammation.  Notably, in a study on osteoarthritic (OA) chondrocytes 

(406), Makki et al., showed that monocyte chemotactic protein induced protein (MCPIP) 

1 directly binds to IL-6 mRNA and reduces IL-6 expression (406). In this study, IL-1β-

stimulated OA chondrocytes exhibited increased miR-9 expression, which suppressed 

the expression of anti-inflammatory factor MCPIP1. This led to increased IL-6 expression 

and resulted in exaggerated inflammatory responses. Another study on human OA 

cartilage and bone tissue demonstrated (407), increased miR-9 expression in human 

primary chondrocytes, which resulted in decreased TNFα production through IL-1β-

dependent mechanism. Furthermore, increased miR-9 expression was shown to inhibit 

the secretion of matrix metalloproteinase (MMP) 13 suggesting that miR-9 may play a 

protective role in OA tissue. Collectively, these data show that miR-9 plays diverse and 

both anti- and pro-inflammatory roles in OA tissue whereas in lungs with exposure to CS, 

miR-9 expression was increased and showed a pro-inflammatory role in our CS-induced 

experimental COPD.  

miR-9 is  known to play a critical role in neurogenesis and neural differentiation 

(408) and is differentially expressed in brain tumours. Its expression is increased in 

glioblastoma (409) and reduced in medulloblastoma (410). miR-9 exerts both oncogenic 

and tumour suppressive effects and its expression is increased in cancers such as 

breast, colon and non-small cell lung cancers (411-413). However, reduced expression 

of miR-9 is observed in colorectal cancer and in leukemia (414, 415). Thus, aberrant 

expression of miR-9 in various cancerous tissues suggests that miR-9 dysregulation is 

associated with oncogenic processes.  

 In this study, we demonstrated for the first time that CS exposure increases lung 

miR-9 expression. Inhibition of miR-9 expression, resulted in increased expression of its 
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putative target NRF2 and the expression of its known target SOCS5 (286) restored. This 

resulted in decreased pulmonary inflammation, small airway remodelling and 

improvement in impaired lung function in experimental COPD (Figure 8.1). This study 

thus identifies CS-induced miR-9 as novel therapeutic target in COPD. However, further 

studies are required to improve the understanding of the role of miR-9 in COPD.  

In our experimental COPD model, we showed CS-induced increase in miR-9 

expression in lung parenchyma and with the inhibition of the miR, a trend toward 

decrease in alveolar enlargement was observed. Therefore, it may be important to 

examine the cellular source and expression pattern of miR-9 through in situ hybridisation 

(ISH) to determine if the expression of miR-9 is increased in lung parenchyma. 

Furthermore, it may be important to elucidate the mechanisms that lead to increased 

lung NRF2 levels observed following inhibition of miR-9 expression. This may be 

examined using in vitro reporter assays such as luciferase assays (416), which may 

provide insights into the miR-9-dependent, NRF2-mediated regulation of oxidative stress 

responses in experimental COPD. miR-9 inhibition, increased NRF2 levels but the levels 

of a known oxidative stress biomarker, 8-isoprostane, were not altered. 8-isoprostane is 

produced by the oxidation of phospholipids and assessment of its levels may indicate 

the level of oxidative stress in the tissue. However, with the increase in anti-oxidant 

responsive transcription factor NRF2 levels, we did not observe changes in 8-

isoprostane levels. Therefore, further interrogation is required to assess if the increased 

NRF2 levels signify increased NRF2 activity. Additionally oxidative stress levels can be 

measured with indicators of nitrogen free radicals such as nitrotyrosine, which is protein 

nitration marker (118), or 4-hydroxy-2-nonenal (4-HNE)/HNE (119), which is a stable lipid 

peroxidation marker. Importantly, we showed that CS-induced increase in miR-9 

expression resulted in suppressed lung parenchyma SOCS5 levels which is a known 

target of miR-9 (286). Furthermore, we also demonstrated that treatment with Ant-9 

restored SOCS5 levels in whole lung samples potentially decreasing cytokine signalling 

through the inhibition of JAK/STAT pathway in experimental COPD (417). A recent study 
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showed increased levels of phosphorylated STAT1 in lung parenchyma samples of 

COPD patients compared with smokers and non-smokers without COPD, suggesting of 

a miR-9-dependent SOCS5- mediated regulation of STAT1 in COPD pathogenesis 

(314). Thus, further studies are required to investigate the levels of STAT1 and miR-9 

induced STAT1 responses in our experimental COPD. 

 

8.4 miR-21-mediated suppression of SATB1 induces S100A9/NF-κB and COPD 

pathogenesis 

Here we identified a previously unrecognised role for miR-21 in COPD 

pathogenesis. We demonstrate that CS exposure induces a miR-21/SATB1/S100A9/NF-

κB axis in the lungs that promotes the cardinal features of COPD, including chronic 

airway inflammation, small airway remodelling, and impaired lung function. miR-21 is 

expressed in numerous cell types (418) and its expression is increased in cancers and 

inflammatory diseases (315, 316). miR-21 is the most highly expressed miR in a range 

of human cancers such as glioblastoma, lung cancers, and breast, liver and cervical 

cancers (419-424). miR-21 is considered as a bona fide onco-miR as it induces cellular 

proliferation, reduces apoptosis and increases migration and invasion of cancer cells 

(425).  

miR-21 plays a pleotropic role in inflammatory responses and is involved in both 

anti- and pro-inflammatory responses (215, 318). In this study we showed that CS 

exposure chronically increases lung miR-21 expression in experimental COPD. We also 

showed that increased miR-21 expression correlates with worsened lung function in 

current smokers, COPD patients and in CS-induced experimental COPD. We 

demonstrated a novel miR-21-dependent pro-inflammatory pathway in CS-induced 

experimental COPD, which agrees with many studies showing the pro-inflammatory role 

of miR-21 such as psoriasis, colitis and cardiovascular diseases (426-428). However, in 

peritonitis and cerebrovascular diseases, miR-21 is shown to induce anti-inflammatory 

responses and overexpression of miR-21 in LPS stimulated macrophages, attenuated 
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TNFα and IL-6 levels reducing the pro-inflammatory responses (429, 430). Thus, 

increased miR-21 expression can exert pro- or anti-inflammatory effects depending on 

the stimulus, cell type, tissue localisation, disease state, and target genes affected. 

In our study, we show that increased expression of miR-21 is associated with the 

suppression of its known target SATB1 (220) which is a transcription factor with 

repressive functions (323). We show that decreased SATB1 levels induces simultaneous 

increases in the expression of the pro-inflammatory mediator, S100A9, and levels of NF-

κB activation. Inhibition of CS-induced miR-21 expression with Ant-21 restored SATB1 

expression which was associated with a concomitant reduction in S100A9 expression 

and NF-κB activity. This reduced the lung levels of the pro-inflammatory mediators TNFα 

and CXCL1 and resulted in the suppression of key features of COPD. Thus, we 

demonstrate that CS induces a miR-21/SATB1/S100A9/NF-κB axis (Figure 8.1) which 

promotes the characteristic features of COPD and highlights the importance of 

therapeutically targeting miR-21. We thus show a novel mechanistic pathway in CS-

induced COPD development and identify miR-21 as a novel potential therapeutic target 

in the treatment of COPD. 

miR-21 is known to promote pro-inflammatory, fibrotic responses through the 

regulation of its target genes, including SPRY1 and 2, PDCD4, and PTEN (259, 333-

335). However, in our study, despite the physiological effects of the inhibition of CS-

induced miR-21 expression there was no restoration of the expression of these known 

miR-21 targets. Importantly, these factors are also known to modulate inflammatory and 

fibrotic responses that are strongly involved in the development of COPD. Thus, it is not 

clear if the changes in the expression of these target genes were identified accurately in 

our experimental COPD. Therefore, it would be interesting to examine the functional 

levels of these targets in the lungs. Our findings warrant further exploration of the specific 

roles of miR-21 targets such as SPRY1 and 2, PDCD4, and PTEN in the development 

of COPD. Also additional functional studies with recombinant SATB1 or siRNA against 

S100A9 are needed, to determine if similar findings as that of miR-21 inhibition will be 
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observed. Further, it is also important to confirm that SATB1 directly regulates S100A9 

through electrophoretic mobility shift or chromatin immunoprecipitation assays to show 

protein-DNA interactions between SATB1 and S100A9. We also showed increased 

S100A9 expression with miR-21 inhibition, however, it will be important to confirm 

whether this change occurs at the protein level.  

 

8.5 Role of miR-135b and miR-146b in the pathogenesis of experimental COPD  

Here we demonstrated that CS-induced miR-135b promotes neutrophilic airway 

inflammation and emphysema.  We also showed that CS-induced miR-146b promotes 

airway fibrosis and emphysema that are associated with impaired lung function in 

experimental COPD. miR-135b is also a known onco-miR and is implicated in the 

pathogenesis of several cancers such as breast and lung cancers (357, 431, 432). 

Increased expression of miR-135b is also associated with poor lung cancer prognosis 

(357). Increased miR-135b expression in cancers suppresses the tumour suppressor 

proteins such as TGFβR2, BMPR2, and thus play a crucial role in tumour cell 

differentiation invasion and metastasis (366, 432). Importantly, miR-135b is also an NF-

κB-induced gene (357). In a model of CS-induced lung inflammation, miR-135b 

expression was shown to decrease the pro-inflammatory responses through a feedback 

loop mediated by IL-1R1 dependent mechanism (238). However, in anaplastic large cell 

lymphoma, STAT3 activation elevated miR-135b expression and attenuation of miR-

135b was shown to decrease IL-17 induced inflammatory responses (376). This 

suggests that the overexpression of miR-135b may be important in mediating pro-

inflammatory responses. 

The miR-146 family of miRs are implicated in the regulation of immune signalling 

pathways (368). miR-146b is known to fine tune TLR-dependent IRAK1 and TRAF6 

signalling and thus regulates innate immune responses (368). Importantly, increased 

miR-146b expression induces both oncogenic and tumour suppressor effects. In a study 

on breast cancer patients, increased miR-146b expression positively correlated with 
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patient survival (433). Xiang et al., also showed that in normal mammary cells, miR-146b 

expression is rapidly induced in a STAT3-dependent manner. This increase in miR-146b 

expression was shown to inhibit NF-κB-dependent IL-6 production, thereby decreasing 

STAT3 activation which led to cancer suppression. But in breast cancer cells, induction 

of miR-146b was impaired, leading to increased NF-κB-dependent IL-6 signalling and 

increase in oncogenic properties of the cells such as invasion and metastasis (433). In 

contrast, in papillary thyroid carcinoma (PTC), miR-146b overexpression was an 

indicator of poor prognosis in PTC patients (434). In these patients, increased miR-146b 

expression was associated with cell metastasis and invasion. Collectively, these reports 

suggest that in STAT3 activated cancers, increase in miR-146b expression promotes 

tumour suppressor effects and in PTC, increase in miR-146b expression is associated 

with augmented oncogenic properties. Thus miR-146b plays varied roles which are 

dependent on context such as stimulus, and tissue localisation. 

In this study, we showed that inhibition of CS-induced miR-135b and miR-146b 

suppressed key disease features of experimental COPD. We demonstrated that 

inhibition of CS-induced miR-135b expression, suppressed neutrophils numbers 

reducing neutrophil chemo-attractants CCL7 (56) expression and TNFα (296) levels 

resulting in reduced airway inflammation. This is similar to the findings published by 

Halappanavar et al., (238) and Matsuyama et al., (376) where they showed that miR-

135b induces neutrophilic inflammation. Increase in miR-135b expression has been 

shown to inhibit tumour suppressor BMPR2 levels which in turn increases the oncogenic 

properties (432). BMPR2 is known to induce macrophage production and is also an anti-

fibrotic factor (380-382). Importantly, we showed that increase in CS-induced miR-135b 

suppressed BMPR2 expression and may thus promote increased macrophage infiltration 

in airways and airway remodelling in experimental COPD. We also showed that CS-

induced increase in miR-135b may promote emphysema-like alveolar enlargement 

through a VEGF-HIF1α dependent mechanism (358). We also showed that CS-induced 

increase in miR-146b, expression promotes the key features of experimental COPD. 
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Inhibition of CS-induced miR-146b expression restores IRAK1 and TRAF6 expression, 

which are known to regulate the innate immune responses (368) and thus may mediate 

reduced airway remodelling and emphysema in our CS-induced experimental COPD. 

Thus, this study identifies the therapeutic potential of targeting lung miR-135b and miR-

146b in the treatment of COPD (Figure 8.1).  

Further studies are required to elucidate the mechanism through which CS-

induced miR-135b and miR-146b promote the development of experimental COPD. 

Inhibition of both miR-135b and miR-146b, suppressed alveolar enlargement in 

experimental COPD. Therefore it would be interesting to assess the expression pattern 

of these miRs in parenchyma to determine if the miRs are increased in lung parenchyma 

in experimental COPD. Further interrogation in in vitro systems using siRNA against 

BMPR2 may be needed to determine if cells deficient in BMPR2, when exposed to 

cigarette smoke extract, induce increase in macrophage numbers. Additional 

experiments to examine the lung levels of BMPR2, HIF1α and VEGF are required. 

Additionally, in vivo experiments with recombinant BMPR2 and VEGF may be interesting 

to determine if similar findings as that of miR-135b inhibition will be observed. Further 

studies are also required to elucidate the downstream mechanisms through which CS-

induced miR-146b promotes the key features of experimental COPD. 
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Figure 8.1 The effects of Ants -9, -21, -135b and -146b on various pathways in 

chronic obstructive pulmonary disease (COPD) 

Cigarette smoke exposure increases miRs -9,-21-135b and -146b expression. Inhibition 

of CS-induced miR-9 with Ant-9 increases NRF2 and SOCS5 which suppresses 

inflammation, fibrosis and restores lung function in COPD. Inhibition of CS-induced miR-

21 with Ant-21 restores SATB1 which in turn suppresses S100A9 mediated increases in 

NF-κB activity reducing inflammation and fibrosis and improves lung function in COPD. 

CS-induced miR-135b and miR-146b potentially play overlapping roles in the 

development of emphysema as their inhibition with Ant-135b and146b suppresses 

MMP12 which in-turn reduces fibrosis and emphysema.  
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8.6 Combined targeting of CS-induced miRs in experimental COPD 

Here, we investigated the effects of simultaneously targeting pair-wise 

combinations of four CS-induced miRs (miR-9, -21, -135b and -146b) that when inhibited 

on their own (Chapter 3, 4 and 5) reduced key features of experimental COPD. We 

demonstrate that inhibition of specific combinations of these miRs only suppressed some 

features of experimental COPD. Combined inhibition of CS-induced miR-9 and miR-

135b partially decreased airway inflammation and suppressed airway remodelling. 

Treatment had no effect on CS-induced emphysema and impaired lung function. 

Simultaneous inhibition of miR-9 and miR-146b, also partially reduced airway 

inflammation and did not show reduction in any other key features of COPD. Combined 

inhibition of miR-21 and miR-135b partially reduced CS-induced airway inflammation and 

completely suppressed emphysema-like alveolar enlargement. Notably, combined 

inhibition of CS-induced miR-21 and miR-146b expression reduced airway inflammation, 

suppressed airway remodelling, partially suppressed emphysema and improved lung 

function, suggesting that targeting these miRs together may be the most effective of the 

combinations tested for the treatment of COPD. Likewise recent studies have 

demonstrated that inhibiting a miR in combination with other drugs may be an effective 

strategy in treatment of cancer (435, 436). These studies showed that such combinatorial 

treatments may reduce cancer metastasis and invasion through synergistic action of miR 

inhibition and the drug. However, additional studies are required to fully characterise the 

mechanisms through which CS-induced miR-21 and -146b promote the development of 

COPD. 

8.7 Future directions  

We have effectively shown the knockdown of CS-induced increase in miRs in the 

whole lung, however our study suggests that there may be differences in the expression 

of miRs across different cell types or tissues (airways and parenchyma) of lung. 

Therefore, further experiments are required to inhibit the expression of miRs specifically 
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across various cell types or tissues to determine miR-induced cell type/tissue specific 

roles in COPD development. Although in our studies CS-induced increases in miR 

expression was suppressed we were unable to show the restoration of mRNA expression 

of some of the predicted targets. This could be explained by examining the functional 

levels of these targets or luciferase reporter assays could be employed to show miRNA-

mRNA interactions or pull down assays could be performed to isolate miRNA-mRNA 

complexes. Furthermore, we successfully demonstrated a correlation between miRs and 

their target genes and also showed miR-regulated mechanistic pathways mediating 

COPD development. However, to conclusively determine the role of miRs in mediating 

COPD pathogenesis, additional in vivo studies with recombinant proteins for the 

predicted target or siRNA against the down-stream target genes are required.   

 

8.8 Conclusion 

In conclusion, our studies have identified the functional and pathogenic roles of 

four CS-induced miRs that are chronically upregulated in the lung in experimental COPD. 

Using our established mouse model of CS-induced experimental COPD and miR-

specific inhibitors we showed that CS-induced miRs promote airway inflammation and 

remodelling, emphysema-like alveolar enlargement and impaired lung function. Inhibition 

of CS-induced miR-9 and miR-21 suppresses airway inflammation and remodelling, 

indicating a potential pathogenic role for the miRs in the development of COPD. Our 

studies have demonstrated the importance of NRF2 and SOCS5 in mediating the lung 

pathologies in COPD. We have also identified a novel miR-21/SATB1/S100A9/NF-κB-

dependent inflammatory signalling axis that plays an important role in the pathogenesis 

of experimental COPD, suggesting that miR-21 plays a pro-inflammatory role in COPD 

development. We also showed that inhibition of CS-induced miR-135b and miR-146b, 

suppresses airway remodelling and emphysema-like alveolar enlargement. This 

indicates that miR-135b and miR-146b play potentially overlapping roles in mediating 

COPD pathogenesis. We also identified miR-135b and miR-146b targets, BMPR2, 
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VEGF, IRAK1 and TRAF6 associated with CS-induced airway remodelling and 

emphysema-like alveolar enlargement. Furthermore, we showed that the combined 

inhibition of CS-induced miR-21 and miR-146b reduces the key features of the disease, 

suggesting that inhibiting CS-induced miR-21 and miR-146b together may be more 

beneficial than inhibiting these miRs individually in COPD.  

Thus, targeting CS-induced miRs, either alone or in combination, may be a novel 

and promising therapeutic strategy, as miRs simultaneously modulate numerous target 

genes that are involved in several pivotal molecular pathways in the development of 

COPD, increasing the chances of effective treatment.  
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