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Abstract 
 
 
Chronic Obstructive Pulmonary Disease is commonly associated with cigarette smoke 

exposure in developed nations. However, research demonstrating that a minority proportion of 

smokers develop COPD alongside findings that show a stronger correlation between lung 

function and familial relation than smoke exposure demonstrates that the link between cigarette 

smoking and airway obstruction is not linear. Previous work from our lab has shown that 

airway mesenchymal cells of COPD patients produced more extracellular matrix (ECM), 

thereby contributing to small airway fibrosis. We hypothesise that the mechanisms 

underpinning increased ECM production in COPD was epigenetic. 

 

Using primary human airway smooth muscle cells, we carried out a microarray gene analysis 

to determine which ECM genes were aberrantly upregulated in COPD. We determined that 

transforming growth factor β1 (TGF-β1) stimulation lead to significantly higher induction of 

COL15A1 and TNC in COPD in vitro. Further, we carried out IHC analysis to show that 

collagen 15α1 and tenascin-C were deposed in the airway smooth muscle (ASM) layer in small 

airways of COPD patients. Upon quantifying amount of ECM protein deposed within the ASM 

layer, we determined that collagen 15α1 deposition was significantly higher in COPD airways; 

demonstrating that the ECM protein was aberrantly expressed in vivo.  

 

Investigating epigenetic modulations directed us towards studying specific acetyl-lysine 

histone modifications at the target gene promoter regions. We, for the first time, demonstrated 

that increased ECM expression in COPD is modulated by histone H4 acetylation induced upon 

stimulation with TGF-β1. Further, we found that the epigenetic reader, Brd4, plays a role in 

propagating the epigenetic mark to sustain prolonged COL15A1 and TNC expression.  
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Chapter 1 Introduction 

 

Chronic obstructive pulmonary disease (COPD) is a disease wherein patients experience 

persistent shortness of breath (airflow limitation) that worsens over time (2). It is postulated 

that worsening airflow limitation in COPD patients is the result of a heightened inflammatory 

response to inhaled noxious particles in the airways (2), but it is also probable that novel 

inflammatory mechanism are important (3). The World Health Organisation has reported 

COPD to be the third leading cause of death in the world (4). The disease affects at least 1 in 

10 Australians over the age of 40  and is the only chronic disease with ongoing increasing 

mortality (5). The direct healthcare costs attributed to COPD was $0.9 billion nationally in 

2008 and this figure was projected to increase over time (6). Inevitable disease progression 

leads to disability, preventing the patient from joining the productive workforce, and ultimately 

death. When considering this loss of human capital and productivity, the economic cost of 

COPD was reported as $8.8 billion in 2008 (6).   

 

1.1 Epidemiology 

 

In the developed world, cigarette smoking is the most common cause of COPD (2, 7) but other 

inhaled irritants such as occupational dusts, vapours, fumes and use of biomass fuels indoors 

are also important causes of COPD, especially in developing countries (2, 7-10). Gender skew 

in patients was initially towards males, with very few females being diagnosed with the disease. 

However, this is thought to have been a consequence of variance in exposure to the 

aforementioned irritants as women in the developed world traditionally did not smoke or 

perform tasks that would expose them to inhaled noxious particles in the past. This theory is 

supported by data that shows that COPD rates amongst women has now equated that of men 
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as it has become more socially acceptable for women to smoke as much as their male 

counterparts (2). Research carried out using a murine model of COPD found that female mice 

had higher levels of small airway remodelling and transforming growth factor (TGF)-β1 

activation than their male counterparts, suggesting that females are more at risk of COPD when 

exposure to irritants is controlled for (11). 

 

 

 

Figure 1.1 Rate of decline in FEV1 with age in non-smokers, ex-smokers, smokers, smoking COPD patients, smoking 

COPD patients quit at 45, smoking COPD patients quit at 65. Adapted from Fletcher & Peto (12). 

 

 

In 1977, Fletcher and Peto (12) carried out a prospective epidemiological study of the early 

stages of development of COPD. The study followed 792 men (non-smokers, ex-smokers, non-

COPD smokers, smokers with COPD) aged 30-59 over eight years. During the course of this 

time, the men attended biannual appointments wherein the following three parameters were 

assessed: mucus hypersecretion, bronchial infections, and airflow obstruction by measuring 
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forced expiratory volume in one second (FEV1). This was considered a landmark study for two 

primary reasons: firstly, the study revealed that there was a phenotype of smokers susceptible 

to rapid progressive lung functional decline (COPD), losing more than 50 mL of lung capacity 

per year compared to other smokers losing 20 mL per year. Secondly, the study demonstrated 

the effect of quitting smoking on slowing down the rapid decline in lung function during COPD 

progression. Further information that was derived from this study included the knowledge that 

smoking caused rapid and irreversible obstructive changes in COPD susceptible individuals. 

See Figure 1 for a graph adapted from aforementioned study.  

 

1.2 Heritability 

 

Studies have shown that family history of COPD is a risk factor for manifestation of the disease 

(13, 14). Similarly, siblings and first-degree relatives of asthmatics are often affected with 

lower FEV1 (15, 16). Therefore suggesting a heritability factor in both asthma and COPD. The 

absence of a correlation between findings of a causative COPD or asthma single nucleotide 

polymorphism (SNP) in genome wide associations studies (GWAS) suggests that the 

hereditary effect is likely established at the epigenomic level rather than genomic and might 

have greater impact on gene expression in cells at the site of disease (17).  

 

1.3 Symptoms 

 

The progressive nature of COPD means that there is a grace period in which symptoms of 

airflow limitation are absent and only appear after substantial lung function decline has taken 

place (18). For most smokers this means that they have lost up to 50% of their lung function 

before noticing any aberrant effects (Fig. 1). Upon experiencing significant decline in lung 
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function, patients begin to suffer from the classic triad of COPD symptoms: dyspnoea, chronic 

cough and excessive sputum production (19, 20). These symptoms will progress over time as 

the hallmark of COPD, causing extreme distress and disability to the patient and subsequent 

death from respiratory failure (12). Symptoms may worsen during exercise as a result of 

increased respiratory demands (2). This chronic disease is punctuated by acute periods of 

intense symptoms known as exacerbations. Patients may also suffer from non-specific 

respiratory symptoms such as wheezing and chest tightness as well as non-respiratory 

symptoms such as weight loss, nutritional abnormalities and skeletal muscle dysfunction. 

COPD is now considered by many to be a systemic disease. 

 

1.4 Diagnosis 

 

Symptoms alone are not enough to confirm the diagnosis of COPD. However, if a patient 

exhibits symptoms and has a history of exposure to COPD risk factors, such as exposure to the 

aforementioned noxious particles, clinical diagnosis with use of spirometry should be 

considered. Spirometry is capable of measuring a number of parameters relating to how well 

the lungs work. Those most relevant to COPD are (i) the volume of air forcibly exhaled from 

the point of maximal capacity (FVC) and (ii) the volume of air exhaled during the first second 

of this manoeuvre (FEV1) (2). Simply put, the test is a measurement of the functional size of a 

person’s lung and how fast air can travel through their airways, respectively. The two 

parameters, FVC and FEV1 are then used to calculate the FEV1/FVC ratio, which is used as a 

diagnostic figure. A FEV1/FVC ratio of <0.70 combined with the aforementioned symptoms 

and risk factors results in a diagnosis of COPD. The accuracy of using these figures to diagnose 

the extent of airway obstruction has been verified by histological analysis suggesting that the 

extent of small airway destruction (a pathological feature of COPD) correlates with the decline 
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in FEV1 and the FEV1/FVC ratio (21). Given that COPD is progressive, the Global Initiative 

for Chronic Obstructive Lung Disease (GOLD) has developed a classification of severity of 

airflow limitation in COPD by comparing the patient’s post-bronchodilator FEV1 with a 

predicted FEV1 value adjusted by height, sex, and ethnicity. The classification ranges from 

GOLD 1 (mild) to GOLD 4 (very severe) COPD (Table 1). These categories are then combined 

with results from a questionnaire to assess symptoms – either the modified MRC dyspnea scale 

(mMRC) or the COPD Assessment Test (CAT) –  and history of exacerbations in the ABCD 

assessment tool (table 1.2). The combined numerical and lettered grading represents severity 

of airflow limitation and symptom burden/exacerbation risk, respectively (1). 

 
 

 

 

Modern diagnostic methods, such as the forced oscillation technique (FOT), have been shown 

to have great clinical promise with much greater sensitivity to detect airway obstruction and 

the capacity to delineate between small airway obstruction and emphysema (22). However, 

Table 1.1 GOLD Categories 1-4. Upon showing symptoms and obtaining an FEV1/FVC ratio of <0.70, patients' FEV1 figures 

are calculated against predicted FEV1 for gender, height, weight, and ethnicity. This percentage is used to class the patient into 

GOLD groups 1-4 as outlined (1). 
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FOT currently lacks available robust reference values. Therefore, spirometry still currently 

remains the primary diagnostic tool to this date. 

 

Table 1.2 The Refined ABCD Assessment Tool. Combined assessment tool considering spirometry results with symptoms 

and exacerbation history. Numerical grading (GOLD 1-4) is based on spirometry, whilst letter grade describes symptom burden 

and risk of exacerbation. Adapted from (1). 

 

 

1.5 Pathophysiology 

 

The symptoms experienced by COPD patients are attributed to three mechanisms:  

‐ Emphysematous destruction of the alveoli 

‐ Mucus hypersecretion; and 

‐ Small airway (<2mm diameter) remodelling & destruction 
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Figure 1.2 Small airway obstruction. A) Normal small airway with lumen (A1) and width of airway wall (A2) shown. B) 

Evidence of a mucus plug (B1) in small airway. Acutely inflamed airway with mucus plug containing immune cells (C1) and 

thickened airway wall (C2). D) Thickened small airway with evidence of fibrosis (D1). Adapted from (16). 

 

In a healthy lung the alveoli are attached to the small airway walls, and interconnectivity helps 

to keep both the airways and alveoli open. Emphysematous destruction contributes to a loss of 

terminal support of small airways culminating in closure of the airway during expiration 

causing air to be trapped (23). Excess mucus produced in the airways (Fig. 2B and Fig. 2C) 

would further obstruct small airways by acting as a plug. Small airway remodelling is a term 

that is used to explain the thickening of the small airway walls (Fig. 2C) that occurs as a result 

of inflammation and structural changes (Fig. 2D) within the airway wall (23, 24). The structural 
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changes documented include increased thickness of smooth muscle layer and fibrosis of the 

basement membrane (24), therefore, resulting in a narrower airway. 

 

In order to elucidate the progression of the aforementioned features of COPD, McDonough et 

al carried out a micro-CT study comparing a number of small airways from 78 patients with 

varying degrees of COPD (25). They found that small airway destruction and remodelling 

precedes emphysematous destruction. It has also been shown that the major site of obstruction 

in COPD is found in the smaller airways (26-28). Therefore, it is argued that small airway 

remodelling is fundamental to the pathophysiology of COPD and investigating its underlying 

mechanisms would reveal a therapeutic target that would mitigate the primary pathological 

insult in COPD.  

 

1.5.1 Small airway inflammation 

 
Typically, the airways of COPD patients have been continuously exposed to noxious particles 

that trigger the patients’ innate and adaptive immune responses (2, 24). The effect of cigarette 

smoking on these host defence mechanisms has been well studied. In vivo studies carried out 

in guinea pigs and humans have shown that cigarette smoke exposure can increase epithelial 

permeability in the airway (29-31), therein initiating an inflammatory response in the airway 

wall leading to the infiltration of polymorphonuclear cells, macrophages, natural killer cells 

and mast cells into the airway wall (24). This finding correlates with another study showing an 

increased number of macrophages in the airways, bronchoalveolar lavage (BAL) fluid, and 

sputum from COPD patients (32). Thus, the level of macrophage infiltration correlates with 

the disease severity (33). The interactions between cigarette smoke exposure and macrophage 

potency have been investigated. It has been found that the macrophages from smokers had an 

extended survival rate due to the release of an anti-apoptotic protein, Bcl-XL stimulated by 
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cigarette smoke (34). Cigarette smoke exposure can also induce a more activated form of 

macrophages, with a study showing that the alveolar macrophages from COPD patients 

secreted more inflammatory proteins and exhibited enhanced proteolytic activity in response 

to the stimulation by cigarette smoke (35).  

 

The changes in eosinophil infiltration in the lungs of patients with COPD however are not as 

well understood. The analyses of bronchial biopsies and BAL fluid obtained from COPD 

patients experiencing acute exacerbations found elevated eosinophil levels (36). However, 

overall eosinophil levels tend to be much lower in COPD patients compared to those with 

asthma (32). Post-hoc analysis has shown that levels of eosinophilia may be able to predict 

which patients will respond to steroids, as patients with higher blood eosinophil counts were 

more likely to have their exacerbations controlled by inhaled corticosteroids (37). This is a new 

area in COPD research; therefore, the underlying molecular mechanisms remain to be 

elucidated. Interleukin-5 (IL-5) plays a significant role in the production and maintenance of 

eosinophils, therefore biologics targeting the IL-5 receptor subunit alpha (IL-5R) are a 

predominant area of interest. Examples of such biologics include Benralizumab and 

Mepolizumab, which have been investigated in phase 3 clinical trials (38, 39). Overall, 

although the biologics have been shown to reduce eosinophilia, their use has yet to be shown 

to contribute to functional outcomes such as reduced exacerbations (40), suggesting that COPD 

treatment options based on blood eosinophils remains to be accomplished.  

 

 
Airway epithelial cells have been shown to work in concert with lymphoid tissue (41)and 

dendritic cells (DCs) (42) in order to propagate a powerful acquired immune response (43). 

Noxious particles either act as antigens on the airway epithelial surface that are transported 

across intact epithelia in specialised transport cells known as M cells, or penetrate the epithelia 
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at the site of injury (24). DCs are the primary antigen presentation cells in the acquired immune 

response, picking up antigen at the base of epithelium (42-44) and transporting them to the 

bronchial associated lymphatic tissue (BALT) (24). As a result, a robust inflammatory event 

in the walls of the conducting airways is initiated and sustained. The evidence shows that 

COPD patients expressed elevated total number of T lymphocytes (1), CD8+ T lymphocytes, 

and inflammatory factors such as neutrophilic chemoattractant CXCL8, tumour necrosis factor 

(TNF)-α, and TGF-β, IL-4 and IL-13 (24, 33, 45-50).  Noxious particles have an oxidised 

nature and may contain LPS within them, allowing for direct activation of epithelia and other 

cells independent of antigen presentation (51).  

 

Many different mediators of inflammation are increased in the lungs of patients with COPD, 

and it is beyond the scope of this literature review to discuss all factors. However, some 

cytokines and chemokines that are important in the pathogenesis of COPD and targets for the 

pharmaceutical industry are described below.    

 

Neutrophils are consistently elevated in COPD, and their recruitment to the airway is 

principally though the chemokine, CXCL8. CXCL8 is secreted by macrophages, neutrophils, 

airway smooth muscle cells, fibroblasts, and airway epithelial cells (32, 52, 53). This 

chemokine signals through two receptors: CXCR1 and CXCR2. The former is associated with 

neutrophil chemotaxis and degranulation which is specific to CXCL8. The latter can be 

activated by the other CXC chemokines, such as GRO-alpha and ENA-78  (32).  

 

TNF-α is a major pro-inflammatory cytokine elevated in patients with COPD.  TNF-α activates 

nuclear transcription factor kappa B (NF-κB), which in turn, increases the transcription of  the 

genes for cytokine production, such as CXCL8 and IL-6, and proteases in macrophages and 
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epithelial cells (32). Furthermore, the activation of NF-κB promotes cachexia, which is a 

common feature of patients with severe COPD (54). Supporting this, a study found that serum 

TNF-α concentration and TNF-α production from stimulated peripheral blood monocytes was 

significantly higher in COPD patients experiencing characteristic  weight loss (55). 

 

TGF-β plays several roles in the immune response. This cytokine promotes isotype switching 

in B cells (56), suppresses the immune system and induces the production of extracellular 

matrix (ECM) components (57). The characterised TGF-β isoforms include: TGF-β1, TGF-β2, 

and TGF-β3 (58), all of which are expressed in the lung (59). Of these, TGF-β1 is the most 

well understood overall and in the context of lung diseases. Many cells within the lung have 

been shown to express TGF-β1, such as fibroblasts, endothelial, epithelial, ASM, and immune 

cells (58). Post-intracellular synthesis, TGF-β1 is secreted into and stored in a latent state in 

the ECM (60, 61). 

 

Other inflammatory mediators have been associated with COPD, such as the cytokine thymic 

stromal lymphopoietin (TSLP) which has been linked to the development of COPD (62) and 

shown to be elevated in COPD epithelial cells (63). It is understood that TSLP contributes to 

atopic asthma by stimulating type 2 immune cells but it’s mechanism in COPD pathogenesis 

remains to be understood (64).  

 

1.5.2 Structural changes in small airways 
 

Thickening of airway smooth muscle (ASM) layer 

 

Smooth muscle layer thickening, as shown in Figure 1C, is a characteristic feature of 

obstructive airway diseases, including asthma and COPD (21, 24). However, what sets the two 
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diseases apart is the manner by which the ASM layer expands. In asthma, it has been shown 

that the means by which ASM thickens is hypertrophy and hyperplasia (65, 66). Whereas in 

the case of COPD, recent findings have demonstrated that FEV1 directly correlates with 

increased ECM production by airway smooth muscle cells, rather than hypertrophy or 

hyperplasia (67). An in vitro study using primary human ASM cells found that there is  

significantly higher collagen VIIIα1 deposition in the cells from patients with COPD in 

comparison with the cells from non-COPD patients when treated with cigarette smoke extract 

(CSE) (68). Appropriately, we surmise that excess ECM production from ASM cells in 

response to cigarette smoke exposure is a central feature of COPD pathophysiology. 

 

Extracellular matrix (ECM) deposition 

 

The ECM provides the necessary structure for adequate function of the airway, it is a 

heterogeneous mix of proteins and within the lung the primary components are collagen, elastic 

fibres, fibronectin, and perlecan (69). Pathogenesis occurs when excessive ECM deposition 

occurs, resulting in tissue fibrosis. Excess ECM is evident in COPD (24, 70) where 50-85% of 

the total wall composition is comprised of ECM proteins. Excess ECM deposition within the 

airway wall is a rigid barrier to efficient air conduction as it envelops the lumen, decreasing its 

size and contributing to poor bronchodilator responsiveness (24).  

 

In addition to causing structural changes in the airway, the ECM molecules are also bioactive. 

An in vitro study using primary human parenchymal fibroblasts showed that cells from COPD 

patients produced fibronectin and perlecan in response to CSE, whilst those from non-COPD 

patients did not, and that this ECM then had pro-proliferative effects on the cells. Similar 

effects have also been found in human asthmatic and bovine tracheal smooth muscle cells (71, 
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72). It has been shown that the pro-proliferative signals in human ASM cells occur via the 

integrin family of transmembrane receptors (73) and are enhanced with cell contact to the 

substrata ECM components, such as fibronectin and collagen (74, 75). In addition, the ECM 

components fibronectin and perlecan augment cytokine production from human ASM cells 

(76). A study using mink lung epithelial cells found that ECM can modulate fibrotic signals by 

sequestering growth factors, such as the pro-fibrotic cytokine TGF-β1 (77). It is further 

understood that the c-terminal fragment of collagens can become cleaved and have their own 

bioactive properties, therein acting as ‘matrikines’ that further propagate fibrosis and 

inflammation (78-80). We assert that the production of ECM in COPD triggers a positive 

feedback loop that promotes proliferation of cells and subsequent further deposition of ECM 

from these cells, therein explaining the aetiology of rapid decline in lung function in patients 

with COPD. 

 

Structural airway cells of COPD patients respond to cigarette smoke differently compared to 

cells of non-COPD smokers in vitro (3, 68) and it is known that some smokers develop COPD 

whilst majority do not (12). These points have us posit that there is an intrinsic and specific 

difference in airway cells in COPD. Further, keeping in mind that there is a hereditary 

association in COPD and in light of research demonstrating cigarette smokers having unique 

epigenetic profiles (81, 82), we further posit that the underlying molecular mechanism in 

COPD can be attributed to epigenetic marks unique to COPD pathogenesis.  

 

1.5.3 TGF‐β Signalling 
 
 

There are two classes of transmembrane extracellular receptors for active TGF-β1 ligand and 

they are known as the type I and type II TGF-β receptors (58). Investigations have identified 
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that there are seven type I receptors and five type II receptors (61). See table 1.2 for a list of 

these receptors and their respective encoding genes. TGF-β1 binds to the type II receptor, 

which heterodimerizes with type I receptor through phosphorylation (83). TGF-β1 receptor 

binding initiates subsequent recruitment of TGF-β specific intracellular signal mediators, 

known as SMADs, to propagate the signal cascade (84, 85). There are eight known SMAD 

proteins (SMAD 1-8), the majority of which propagate the signal with the exception of SMADs 

6 & 7 which are known as inhibitory SMADs (86). SMADs have been shown to be 

phosphorylated by kinases outside of the SMAD pathway such as MAPKs, glycogen synthase 

kinase-3β (GSK-3β) (87), and cyclin dependant kinases (CDKs) (88).  

 

Table 1.1.3 List of known TGF-β receptors and their respective encoding gene Source:(61). 

Receptor Encoding Gene 
    Type I receptors 
ALK7 ACVR1C 
ALK5 TGFBR1 
ALK4 ACVR1B 
ALK6 BMPR1B 
ALK3 BMPR1A 
ALK1 ACVRL1 
ALK2 ACVR1 
    Type II receptors 
TGFβRII TGFBR2 
MISRII AMHR2 
BMPRII BMPR2 
ACTRII ACVR2 
ACTRIIB ACVR2B 

 

 

In vitro experiments wherein cells were treated with TGF-β with subsequent washing out of 

the ligand demonstrated a sustained TGF-β induced response demonstrating a “memory effect” 

of TGF-β stimulation that was abrogated with pre-treatment of a pharmacological inhibitor 

(89). This sustained TGF-β receptor activity is mediated via activated receptor internalization 
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through endocytosis (90, 91).  It has been established that the TGF-β receptors are 

constitutively internalized in response to – and independent of – receptor activation (92). 

Internalization is mediated by either clathrin-dependant mechanism, wherein receptors are 

endocytosed into EEA1-positive endosomes, or a caveolin-dependant lipid-raft pathway into a 

distinct endocytic compartment (61, 93, 94). It has been shown that EEA1-positive endosomes 

can anchor SMAD2 and SMAD3, allowing interaction with the activated receptor and therefore 

it is thought the clathrin-dependant pathway play a role in the “memory effect”. Conversely, it 

is thought that the caveolin dependant pathway promotes receptor degradation (95). However, 

this is likely to be an oversimplification as inhibition of the clathrin-dependant mechanism had 

a subordinate attenuating effect on TGF-β1 induced signalling compared to inhibiting 

caveolae-mediated endocytosis (96, 97).  

 

Although these two pathways have commonly been described to be distinct, investigations 

using live cell fluorescent microscopy on HeLa cells have shown that clathrin-coated and 

caveolar vesicles are fused post-internalisation (98). Post-internalisation fusion forms a 

caveolin-1 and clathrin positive hybrid vesicle, suggesting there may be crosstalk between 

these two endocytic pathways. It was further shown that these hybrid vesicles were likely 

involved in TGF-β receptor I degradation (98), indicating that a larger proportion of 

endocytosed receptors are degraded in the cytoplasm rather than recycled. Although it is 

established that TGF-β receptor endocytic trafficking plays a role in mediating the TGF-β 

ligand induced signal, the mechanisms underlying why activated receptors are shuttled towards 

one endocytic pathway over the other remains to be elucidated. 

 

Studies have found that tissue-specific overexpression of TGF-β1 in transgenic mice results in 

fibrosis in several organs, including the lungs (99). The effect of TGF-β1 on airway 



 

38 
 

remodelling has been demonstration by in vivo administration of TGF-β1 inducing increased 

ECM protein deposition within the airway wall (100). Whilst treatment with an anti-TGF-β 

antibody significantly reduced bronchiolar ECM deposition in a murine model (100). 

Investigations have determined increased expression of TGF-β1 in the airway epithelium of 

smokers, and patients with chronic bronchitis or COPD (101-104). An in vitro study using 

primary human epithelial cells showed that TGF-β1 levels positively correlated with basal 

membrane thickness (104). TGF-β1 induced ECM production in human ASM cells has been 

shown to be induced by both the canonical pathway – mediated by SMAD proteins (84, 85, 

105) – and non-canonical pathways that recruit β-catenin (106) and the wingless/integrase 1 

ligand, WNT-5A (107). The existence of multiple known induction mechanisms demonstrates 

that this cytokine contributes to ECM production in the lung in a pleiotropic manner not yet 

entirely elucidated. 

 

1.6 Epigenetics 

 

Epigenetics as a term encompasses heritable changes related to genome function that are not 

changes to the genome sequence. Epigenetic changes either repress or promote gene 

expression. These changes may occur de novo or under influence of the environment (108). 

Epigenetic changes may occur directly to the DNA, such as in the case of DNA methylation, 

or as a post-translational modification (PTM) of the histones. Histone PTMs may take the form 

of methylation, acetylation, ubiquination, and/or phosphorylation (109), some of which fall 

beyond the scope of this project. The primary focus of this project is on methylation of both 

DNA and histones and acetylation of histones. The field of epigenetics within COPD is not yet 

well understood, however research in asthma has been carried out. As a result, many examples 

available in the literature and provided in this review are from asthma studies. 
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DNA methylation 

 

DNA methylation occurs at complementary pairs of cysteine residues directly followed by 

guanine (CpG) in mammals (110). Dense CpG regions known as CpG islands were initially 

thought to be the primary site of DNA methylation, but some evidence of methylation outside 

of these areas has been shown (111). Although the effect of epigenetic marks might be cell and 

location specific, DNA methylation is commonly associated with gene repression (110). 

Methylation is carried out by various DNA methyltransferase genes (112) and the underlying 

molecular mechanisms have been studied with the aid of in vivo studies using gene knockout 

animals. Dnmt1-/- mice display a DNA hypomethylation phenotype (113). During replication, 

DNMT1 acts by converting hemi-methylated DNA into fully methylated DNA (114). DNA 

methylation was thought to be a permanent mark, however it has also been shown to be 

reversible (115). 

 

Investigations into unique epigenetic patterns in lung pathologies have been carried out. Kwon 

and colleagues (116) carried out a study that found naïve CD4+ T cells had methylated CpG 

regions in the promoter for IL-4, which initiates immunoglobulin isotype switching (117) and 

enhances cytokine secretion (118), suggesting that the transcription of IL-4 protein was 

repressed. Interestingly, after stimulation with the common allergen, house dust mite (HDM), 

T cells obtained from asthmatics became demethylated at the IL-4 promoter, whilst those from 

healthy controls did not. Microarray analysis of lung tissue showed that samples from patients 

with idiopathic pulmonary fibrosis (IPF) have unique CpG methylation patterns that differ from 

healthy control and carcinoma groups (119). Other studies have also directly linked six altered 

DNA methylation regions to the fibrotic pathogenesis of IPF (120, 121).  
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Investigations into the DNA methylation status of COPD patients have found numerous CpG 

methylation sites that are associated with both the presence and severity of COPD symptoms 

(111). A number of genes for ECM proteins were methylated in small airways of the patients 

with COPD (122). However, homogenised samples were used in those studies, thereby 

rendering the study unable to identify which cell type methylation occurred suggesting that 

further studies are necessary to elucidate cell specific methylation patterns. 

 

The association between cigarette smoke exposure and DNA methylation has been investigated 

in an epigenome-wide study. It has been found that cigarette smoke exposure alters methylation 

patterns within the epigenome and; interestingly, the cessation of tobacco smoke allows 

restoration to the methylation profile to that of the non-smokers (82). A similar study using 

small airway epithelial cells found 1260 differentially methylated CpGs related to COPD (123). 

DNA methylation status at the promoter of GATA4 measured in sputum samples has been 

associated with impaired lung function (124, 125) and health outcomes in COPD (124). 

However, a study using blood found that ex-smokers retained 10% of a smokers' epigenetic 

signature even after smoking cessation (81). This suggests that there may be a difference 

between the local and systemic effects of cigarette smoke which requires further investigation.  

Nevertheless, these findings do suggest that DNA methylation could be a causal factor in 

cigarette smoke induced COPD pathogenesis and the reason why quitting smoking slows down 

the rapid decline in lung function in patients with COPD. 
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Histone modifications 

 

Histones are structural proteins that act as ‘spools’ for DNA. Pairs of histone H2A, H2B, H3 

and H4 form an octomeric complex known as the nucleosome (126, 127). Precisely 146kbp of 

DNA is wrapped around and stored around a nucleosome and held together by histone H1 

(128). The histones can regulate transcription by either tightly coiling the DNA in an 

inaccessible “heterochromatin” state or loosely in a “euchromatin” state (129, 130). The 

heterochromatin state leads to gene repression as RNA polymerase II (RNA Pol II) and 

transcriptional activators are unable to access DNA to generate mRNA (131); whilst 

euchromatin encourages transcription by ensuring DNA is readily accessible to transcription 

factors and RNA Pol II (130). The transition between heterochromatin and euchromatin states 

is affected by PTMs (132), which can alter charge of the histones resulting in either repulsion 

or stronger attraction between histones and DNA (127, 133). PTMs are made to the N-terminal 

tail of the histone proteins by adding an acetyl or methyl group to lysine (132). Furthermore, 

PTMs can act as epitopes, by recruiting transcription factors and co-factors to the site of 

modification (134). 
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Figure 1.3 Sites of epigenetic marks on histones H2A, H2B, H3, and H4 in yeast. The N-terminal tails are denoted by the 

dashed lines where most of acetylation (orange circles) and methylation (red triangles) of histones occur  (127) 

 

Histone methylation 

 

Unlike DNA methylation, the expression pattern of methylated histones is not considered 

exclusively as gene silencing or promoting (135). Firstly, lysine residues on histone tails can 

be mono-, di-, or tri-methylated, with each status offering different functional outcomes (131, 

135). Secondly, the expression of histone methylation patterns vary widely depending on the 

location of the amino acid residue targeted (131). Therefore, elucidating the effects of 

methylation on gene expression or repression via histone methylation is a challenge. Two 

contradictory histone modifications can be bound to the same promoter, leading to 

transcriptional pause at the promoter until the inhibitory mark is removed (136). 

 

It has been shown that trimethylation of lysine 4 on histone 3 (H3K4me3) is linked to increased 

transcription of the IL-4 coding gene, IL-4 (137). Whilst dimethylation of the same histone 
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(H3K4me2) investigated in T cell studies has shown to influence asthmatic pathogenesis during 

T cell differentiation (138). These findings show that the number of methylations at the same 

lysine residue can have differing pathological outcomes, further adding to the complexity of 

epigenetic modifications. 

 

Zhu and colleagues (139) have found that trimethylation of lysine 9 on histone 4 (H4K9me3) 

is associated with overall gene repression by preventing RNA polymerase II from binding to 

the promoter (131). Vascular endothelial growth factor (VEGF) is a key angiogenic molecule, 

which is overexpressed by asthmatic human ASM cells (140). Clifford and colleagues (140) 

showed that these cells had significantly lower levels of the H4K9me3 repression complex at 

the VEGF promoter. Whilst augmented mRNA expression of DEFB1, a gene associated with 

COPD (141), has been attributed to trimethylation of H3K4 (142). The examples of differential 

mediation demonstrate altered epigenetic regulation in an airway disease.  

Chromatin immunoprecipitation (ChIP) analysis on trimethylation of lysine 27 on histone 3 

(H3K27me3) has revealed the location dependent functional effects on gene transcription 

(143). It was found that H3K27me3 inhibits gene expression when modified residues are 

located within the body of the genes, whilst H3K27me3 located at the promoter ameliorates 

transcription. However, H3K27me3 modified residues at the transcriptional start site would 

lead to transcriptional pause (143). Current research has only just begun to uncover the specific 

effects of histone methylation patterns within airway diseases whilst much remains to be 

elucidated. 

 

Histone acetylation 

The most frequently occurring PTM is the ε-N-Acetylation of lysine residue (144). Histone 

acetyltransferases (HATs) transfer the acetyl moiety from acetyl co-enzyme A (127). The 
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addition of an acetyl moiety to the lysine residue neutralises the positive charge of the ε-amino 

group (127, 130, 145). Consequently, the histone’s electrostatic attraction to negatively 

charged DNA is attenuated and the euchromatin state is induced (127, 130). In contrast to 

HATs, histone deacetylases (HDACs) remove acetyl moieties from lysine residues (127, 130). 

HATs and HDACs are enzyme families working to control cellular acetylation levels (127). 

There are four classes of enzymes within the HDAC family – class I, class II, class III, and 

class IV. The primary identified roles of class I HDACs are to regulate innate immunity, while 

class IIa HDACs predominantly regulate adaptive immune functions (146). 

Table 2: The role of HDAC isoforms in regulating immunity (adapted from (146)) 

Class HDACs Negative regulation Positive regulation 

 

I HDAC1 

TLR signalling 

Cytokine production 

T cell function 

IFN signalling 

Cytokine production 

HDAC2 
TLR signalling 

Cytokine production 

IFN signalling 

Cytokine production 

HDAC3 
TLR signalling 

Cytokine production 

IFN signalling 

Cytokine production 

 

IIa 
HDAC4 

 

-- 
T cell function 

HDAC7 T reg cell function 

TLR signalling 

Cytokine production 

T cell function 

T cell development 

HDAC9 
T reg cell development 

T reg cell function 
T cell function 

IIb HDAC6 T reg cell function 

IFN signalling 

Cytokine production 

Immune synapse formation 
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Enzymes from neither HAT nor the HDAC family (Table 2) work alone; rather, they are parts 

of large multiprotein complexes (127, 147). HDACs have been shown to be the catalytic site 

at the core of large multiprotein complexes (147). CoREST, NuRD, and Sin3 are some 

examples of these mega Dalton complexes that each form around an HDAC1 and HDAC2 

dimer core (147).  

 

HDAC is associated with repressing the production of pro-inflammatory cytokines in alveolar 

macrophages (148, 149). HDAC activity levels have been found to be significantly lower in 

immune cells and peripheral lung samples of patients with COPD when compared to normal 

controls (129, 150). There was no alteration in the level of HAT activity in COPD patients; 

however HAT activity was increased in specimens obtained from asthmatic patients (149, 150). 

HDAC2 expression in particular is attenuated in immune cell and peripheral lung samples 

obtained from COPD patients (23, 149), with smoking status being an attenuating factor (151). 

A study using alveolar macrophages showed reduced HDAC2 activity in cells from patients 

with COPD, with the reduction in HDAC2 corresponding with disease severity and resistance 

to corticosteroid therapy (152). The anti-inflammatory effects of corticosteroids are carried out 

via HDAC (148). Corticosteroids bind to the glucocorticoid receptor, which recruits HDAC to 

deacetylate histones, thereby silencing inflammatory genes (148). Therefore, the reduction of 

HDAC expression in immune cells from COPD patients can be associated with the 

corticosteroid insensitivity experienced in COPD. Further studies have shown that deletion of 

HDAC1 in T cells leads to enhanced airway inflammation (153) and broad spectrum HDAC 

inhibitors compromise host defence and exacerbate COPD (154).  

 

Further to the already noted intricacies in epigenetic modifications, cross talk between 

modified residues is another area of complexity and interest. In the study of the fungus 
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Neurospora crassa, it has been shown that methylation of histone H3 at lysine 9 is fundamental 

in establishing DNA methylation (155). The aforementioned multiprotein complex, CoREST, 

has been shown to couple histone acetylation to demethylation (156), suggesting that these 

complexes have an important role in epigenetic cross talk. Cross talk has been studied with 

regard to the transcription factor modulating development and function of T-regulatory (T reg) 

cells, FOXP3 (157). Alterations in the methylation status of FOXP3 have been shown to affect 

T reg development and activity (157, 158). Methylation of the CpG island in the promoter 

region of FOXP3 leads to repression, whilst inhibiting methylation with knockdown of Dmnt1 

or using DNMT1 inhibitor, 5-azacytidine ameliorated expression of FOXP3, whilst stimulation 

with TGF-β1 produced the same effect (157, 158). However, in order to obtain a robust, long 

term expression of FOXP3 and T reg function, DNA methylation needs to be stabilised by 

changes in histone H3 acetylation and lysine 4 methylation (158). Providing a further example 

of epigenetic marks interacting to produce a coordinated functional outcome. 

 

Epigenetic readers 

 

Epigenetic modifiers can be classed into three groups: writers (lay marks on DNA or histones 

e.g. DNMT1 or HAT), erasers (remove marks laid on DNA or histones e.g. HDAC) and readers 

(recognise epigenetic marks). The activities of writers and erasers have been described in prior 

sections; therefore, this section will focus on a reader class: bromodomain and extra-terminal 

domain (BET) proteins. BET proteins specifically recognise acetylated ε-N-lysine motifs 

(159). BET proteins contain two hydrophobic cavities containing an H-bond linking to an 

aspargine residue (160); it is these sites that recognise acetylated lysine residues (160). The 

most well understood BET protein is Brd4 (161). Brd4 can bind to acetylated histones in the 

euchromatin state (161) as well as non-histone proteins such as NF-κB (162). Thus, BET 
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proteins are classically associated with the constitutive function of recruitment of transcription 

factors and RNA polymerase II to initiate gene transcription (163). However, research has 

shown that Brd4 may also act by directly targeting specific genes to maintain acetylation at 

their respective promoter regions, therein modulating gene expression in a specific and 

discretional manner (164-167). 

 

The novel Brd4 inhibitor, JQ1, has been shown to reduce IL-1β induced inflammation in 

asthma (168), and TGF-β induced cell proliferation and cytokine release from asthmatic human 

ASM cells (169). JQ1 works by competitively binding to Brd4, displacing acetylated lysine 

residues (170). A study has demonstrated that the release of TLSP by COPD fibroblasts can be 

attenuated with the use of JQ1, suggesting the existence of a unique epigenome that may be 

manipulated for therapeutic benefit (171). Further studies showing an altered ability of the BET 

mimic JQ1 to suppress specific cytokine gene expression in COPD BAL macrophages(172) 

underpins this position. 

 

1.7 Hypothesis and aims 

 

In summary, COPD is a disease characterised by persistent and rapidly declining lung function, 

of which the primary site of obstruction is shown to be in the small airways. In the developed 

world, cigarette smoking is the primary cause of the disease. However, not all smokers 

experience the rapid decline in lung function characteristic of COPD. In those smokers with 

COPD, cessation of smoking can drastically improve prognosis and slows down loss of lung 

function. It has been established that cigarette smoking leads to an altered epigenome and that 

stopping smoking reverts the epigenome to one more resembling that of a non-smoker. 

Furthermore, altered epigenetic expression is evident in COPD and other lung diseases, such 
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as asthma and idiopathic pulmonary fibrosis. Altering epigenetic writers, erasers or readers can 

lead to positive outcomes by reducing inflammation; however the epigenetic mechanisms 

underlying fibrosis during the development of COPD remain to be elucidated. Previous studies 

in my research group have found that primary human airway cells from COPD patients have 

augmented production of ECM in response to cigarette smoke extract (CSE) stimulation 

compared to the healthy controls (3, 68). Furthermore, recent findings have shown that 

excessive ECM production by human ASM cells has a more significant role in small airway 

remodelling in the development of obstructive airway disorders than previously thought (67). 

The aetiology of excessive ECM production in COPD is currently unknown.  

 

Therefore, I hypothesise that ASM cells in the small airways in patients with COPD are 

epigenetically reprogrammed, allowing the excessive production of ECM proteins upon 

stimulation with known pro-fibrotic cytokine shown to be elevated in COPD, TGF-β1, leading 

to airway wall thickening. 

 

The overall aim of the project is to determine why COPD cells show aberrant ECM production.  

 

The specific aims are: 

 

Aim 1: Determine differentially expressed ECM genes between human ASM cells of 

COPD and non-COPD smokers in response to TGF-β1 stimulation 

 

Aim 2: Assess and contrast the potential role of modifications to histones or DNA in 

primary human ASM cells from COPD and non-COPD smokers 
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Aim 3: Confirm specific modifications at single ECM gene promoters using chromatin 

immunoprecipitation (ChIP) and/or methylated DNA immunoprecipitation (MeDIP) 
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Chapter 2 Determination of Aberrantly Expressed ECM Genes in 

COPD 

 

 

2.1 Introduction 

 

It is well established that remodelling within the small airway walls contributes to airway 

obstruction in COPD patients (21). Research has shown that increased ECM deposition within 

the ASM layer in small airways positively correlates with a loss in lung function (67). In vitro 

research carried out within our group has demonstrated that airway mesenchymal cells from 

patients with COPD deposit more ECM proteins upon stimulation, when compared to those 

cells from smokers without obstructed airways (3, 68). Further, it is established that TGF-β1 is 

a potent inducer of ECM proteins, with increased expression in COPD (101-104). 

 

This Chapter aims to investigate aberrant ECM production from primary human ASM cells 

induced by TGF-β1. In order to control for any aberrations induced by the donor’s smoking 

behaviour, all cells were obtained from explanted tissue of patients with positive smoking 

history, with written formal consent. Selecting from donors with positive smoking history 

ensured that both cohorts were matched for smoke exposure. Further, we ensured to use 

primary human ASM cells from males and females to account for any epigenetic skew that 

may be attributable to gender. This Chapter contains the results pertaining to in vitro 

investigations using primary human ASM cells, and in vivo determination of localisation of 

ECM proteins in airways using immunohistochemical techniques. We posit that the ECM gene 

aberrantly expressed by human ASM cells in response to stimulation with TGF-β1 is a 
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contributing agent to small airway disease and subsequent manifestation of patient airway 

obstruction. 
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2.2 Methods 

 

2.2.1 Ethics statement 

 

The use of human tissue was approved by the Ethics Review Committee of St Vincent’s 

Hospital Sydney and the University of Technology Sydney Human Research Ethics Committee 

(UTS HREC: ETH16-0507; St Vincent’s Hospital HREC/15/SVH/351). Written informed 

consent has been obtained from all volunteers or next of kin. 

 

2.2.2 Primary cell isolation 

 

Airways were isolated from the lung and small airways (<2 mm) of patients undergoing lung 

transplantation or lung resection for thoracic malignancies, as previously described (68). 

Primary human ASM cells were grown in a T175 flask with Dulbecco modified eagle medium 

(DMEM, Thermo Fisher Scientific, Waltham MA, USA) enriched with 10% FBS, 1% 

antibiotic/anti-mycotic (Thermo Fisher Scientific, Waltham MA, USA), and buffered with 

2.5% HEPES (Amresco, Solon OH USA). The cells were incubated at 37 °C/5% CO2. Cells 

were passaged at 80% confluence. Cells were first washed with Hanks salt solution (Sigma-

Aldrich, Castle Hill, NSW) and incubated with 3ml Trypsin (0.05% w/v, Thermo Fisher 

Scientific, Waltham MA, USA) at 37°C/5% CO2 for 3 min. Trypsin was inactivated with the 

addition of 9ml of growth medium, and the cells were centrifuged at 201 g for 5 min. Cells 

were resuspended in the growth medium and grown under required experimental conditions. 
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Patient ID Experiments used Disease Gender Age
Sample 

type

FEV% 

pred

FVC% 

Pred
FEV1/FVC Hospital Meds Smoking history

1 1, 2, 5, 6, 7

malignant 
neoplasm of upper 

lobe bronchus 
lung

F 71 Resection
86% 

(2.13L)
99% 

(2.19L)
96%

Strathfield 
private

Grisolvon, 
Temase, 

Locacortem, 
Vioform, 

Centrum, Fish Oil

5‐6/day, 30 years, quit 
2 months prior

2 1‐7 emphysema M 54 Tx (0.56L) (2.15L) ‐ StV ‐
Ex smoker, 50 pack 

years
3 3, 4, 6 COPD F 62 Tx ‐ ‐ ‐ StV ‐ Current/Ex smoker

4 1‐7 emphysema F 44 Tx
23% 

(0.59L)
95% (2.9L) 20% StV ‐ 15 pack years

5 3, 4, 6

malignant 
neoplasm of upper 

lobe bronchus 
lung

M 75 Resection
85% 

(2.15L)
79% 

(2.66L)
81%

Strathfield 
private

zocor, diabex xr, 
novasc, 

allopurino 
coversyl, serc, 

stemetil, gangfort 
0.3/5

ex smoker, 20‐30/day, 
quit 2002 (sample 

collected 2012)

6 1‐7

Adenocarcinoma, 
NOS/metastatic, 

secondary and 
unspecified 
malignant 

neoplasm of 
intrathoracic 
lymph nodes

M 61 Resection
88% 

(3.15L)
90% 

(4.26L)
73.90% RPA telmesartan 30 pack years

7 1‐7 NSSCa M 66 Resection

pre‐
BD=3.44 
(102%), 

post‐
BD=3.44 
(102%)

pre‐BD 
=4.79 

(106%) 
post‐

BD=4.97 
(110%)

FEV1/FVC 
pre=72 
(97%), 

post= 69 
(94%)

Other resp con: 
CAL

8 3, 4, 6 COPD F 52 Tx ‐ ‐ ‐ StV ‐ Current/Ex smoker

9 1‐6 NSCCa F 60 Resection
92% 

(2.24L)
94% (2.9L) 83%

Strathfield 
private

effexor 75mg, 
lipitor 20mg

ex smoker, quit 
1/8/2010, sample 

collected 31/8/2010

10 1, 2, 5, 6, 7 Emphysema F 56 Tx

0.51 
(20%)  
0.49 

(20%) post

2.03 
(69%), 
2.14 

(72%) post

StV

Prednisolone, 
Augmentin, 
Tiotropium 

bromide, aspirin, 
doxycycline, 
perindopril, 
Fluticasone ‐ 
Salmeterol

Ex‐smoker <10 yrs, 30 
pack years

11 7 Adenocarcinoma M 60 Resection ‐ ‐ ‐ RPAH ‐ Current/Ex smoker
12 6 emphysema M 59 Tx ‐ ‐ ‐ StV ‐ Current/Ex smoker
13 2, 5, 7 COPD F 60 Tx ‐ ‐ ‐ StV ‐ Current/Ex smoker
14 1, 2, 5 Emphysema M 64 Tx ‐ ‐ ‐ StV ‐ Current/Ex smoker

15 1, 2, 5, 7
Emphysema + 

adenocarcinoma, 
COPD

M 70 Resection
66% 

(3.19L)
(4.32L) ‐ RPA ‐

ex‐smoker, 20/day X 50 
years, quit 3 weeks 

prior
16 1, 2, 5, 7 Emphysema M 60 Tx (0.34L) (1.31L) ‐ StV ‐ 60 pack years

17 2, 5, 7 Adenocarcinoma F 64 Resection 2.4L 4.15L ‐ RPA ‐

ex‐smoker, 50/day * 50 
years = 100 pack years, 
stopped 6 weeks prior

18 1, 2, 5
NsCCa malignant 

neoplasm of upper 
lobe

F 65 resection

pre‐
BD=2.91 

(94%) post‐
BD=2.98 

(96%)

pre‐
BD=5.01 
(126%) 
post‐

BD=5.24 
(132%)

FEV1/FVC 
3.11/3.98 

= 
76%PRED

RPA

candesartan 16mg 
daily oral, 

celebrex 200mg 
daily oral, 
durogesic 

25mcg/hr q3rd 
day topical, 

alprazolam 1mg 
bd oral, 

omeprazole 20mg 
daily oral, 

dothiepin 75mg 
daily oral, 

pindolol 15mg 
daily oral, 

simvastatin 40mg 
nocte oral

yes current 40 pack 
years, 20/d 40yrs

19 2, 5, 7 Adenocarcinoma M 70 resection 2.14 3.84 RPA
ex‐smoker 100 pack 
years stopped 1 year 

prior

Table 2.1 Patient information. All tissue specimens were obtained with written formal consent from patients or next of kin.
Experiment key: 1 = microarray analysis; 2 = qPCR of TGF-β1 induced ECM gene expression; 3 = HAT activity assay; 4 = HDAC
activity assay; 5 = Epigenetic inhibition; 6 = ChIP-PCR experiments; 7 = JQ1 dose-response relationship with COL15A1 and TNC
mRNA. 



 

54 
 

2.2.3 Study subjects 

 

To identify aberrations specifically attributable to COPD, human ASM cells were obtained 

from bronchial airways of subjects with COPD or with no obstructive lung disease as 

determined by FEV1 values. Patient information regarding sex, diagnosis, smoking history and 

lung function were obtained. Those subjects with diagnosis of asthma, infectious diseases, or 

interstitial lung disease were excluded. Considering that smoke exposure significantly alters 

the epigenome (81, 82), all subjects were smokers to normalise the effects of cigarette smoke 

on the epigenome of our non-COPD and COPD groups. Subjects were classified as follows 

according to severity of airflow limitation. Non-COPD susceptible: n = 8, FEV1/FVC >70% 

and FEV1 % predicted >80%. 2). COPD: n = 11, FEV1/FVC < 70% and FEV1 % predicted 

<80%. All studies were carried out with a targeted 1:1 gender balance, when possible. Table 

2.1 contains full patient information. 

 

2.2.4 Cell culture 

 

Primary human ASM cells were seeded at a density of 4.2 x 104 cells/mL into 6 well plates. 

Briefly, an 80% confluent T175 flask first washed with Hanks salt solution (Sigma-Aldrich, 

Castle Hill, NSW) and incubated with 3 mL Trypsin (0.05% w/v, Thermo Fisher Scientific, 

Waltham MA, USA) at 37°C/5% CO2 for 3 minutes. Trypsin was inactivated with the addition 

of 9 ml of growth medium, and the cells were centrifuged at 201 g for 5 min. Cells were 

resuspended in the growth medium and an aliquot removed to be stained with Trypan Blue and 

loaded onto a hemocytometer for manual cell counting. Growth medium is added to cell 

suspension to obtain correct concentration of cells (4.2 x 104 cells/mL). 3 mL of cell suspension 
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was carefully added to each well of a 6 well plate and grown at 37°C/5% CO2 for 72 hours or 

until reaching 80% confluency. 

 

2.2.5 Cell stimulation  

 

Upon reaching 80% confluency, cell cycle was arrested in DMEM buffered with 2.5% Hepes 

and supplemented with 0.1% Bovine Serum Albumin (BSA), and 1% antibiotic/antimycotic at 

37°C /5% CO2 for 24 hours. Quiescent medium was removed and cells were stimulated with 

recombinant human TGF-β1 (10ng/ml; R&D Systems, Noble Park North, VIC) in quiescent 

medium at 37°C/5% CO2 for 48 hours as it was previously determined in our lab that this was 

the optimal time point for ECM mRNA expression in cells of this type (68). 

 

2.2.6 mRNA sample collection 

 

Upon treating cells as detailed in section 2.2.5, cell culture supernatant was carefully removed, 

and the cells were washed twice with ice cold sterile 1x PBS. To effectively lyse cells and 

stabilise mRNA, cell lysis buffer provided as part of the Isolate II Mini RNA Kit (BIO52073; 

Bioline, NSW Australia) was supplemented with β-mercaptoethanol (BME) (MB148; Sigma 

Aldrich, Germany) to a final concentration of 1% (v/v). 350 μL of the cell lysis buffer (BME 

1% v/v) was added to each well. Cells were manually agitated with the use of a sterile scraper 

to aid lysis and ensure all cells were removed from well bottom. Resultant RNA lysate was 

stored at -20˚C. 
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2.2.7 mRNA purification 

 

mRNA lysates collected according to section 2.2.6 were defrosted on ice and purified using a 

commercial kit (Isolate II Mini RNA Kit; BIO52073) according to manufacturer’s instructions. 

Briefly, samples were separated via centrifugation at 11,000 g for 1 min to allow for removal 

of cell fragments and protein contaminants. Nucleic acid binding conditions were adjusted with 

the addition of 350 μL of 70% EtOH (made up in RNase-free diethylpyrocarbonate (DEPC) 

treated H2O). After briefly (2 sec) vortexing the sample + 70% EtOH to ensure adequate mixing 

of the solution, it was loaded onto a column containing a silica membrane filter to which nucleic 

acids bind and centrifuged (30 sec@11,000 g). To ensure only RNA remained, it was essential 

to carry out a DNA digest. Membrane desalting preceded DNA digestion, which was carried 

out using DNase I (provided with kit). Following the DNA digest, the column filter was washed 

over numerous steps with a series of wash buffers provided as part of the kit. Total mRNA was 

eluted in 60 μL of RNase-free DEPC-treated H2O. UV-Vis Spectrophotometry was used to 

asses mRNA purity levels and concentration through use of a Nanodrop 2000 (Thermo Fisher 

Scientific, NSW, Australia). 

 

2.2.8 Reverse Transcription 

 

Complementary DNA (cDNA) to our RNA template purified in section 2.2.6 was synthesized 

using the SensiFAST cDNA Synthesis Kit (BIO-65053; Bioline, NSW, Australia) according 

to manufacturer’s instructions. Each reaction had a minimum of 50 ng purified mRNA added 

to 4 μL 5x TransAmp Buffer, 1 μL reverse transcriptase, and n μl RNase-free DEPC-treated 

H2O to make up to 20 μL total volume. An Eppendorf Mastercycler (Eppendorf, NSW, 

Australia) was used to run the PCR cycle as follows: 
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Primer annealing: 10 mins @ 25°C 

cDNA synthesis: 15 mins @ 42°C 

Inactivation: 5 mins @ 85°C 

Synthesized cDNA was stored at -20ﾟC until use in RT-qPCR. 

2.2.9 Microarray analysis 

 

Prior to our microarray analyses, cDNA as prepared in section 2.2.8 from basal and TGF-β1 

treated cells was pooled into respective non-COPD (n=7) and COPD (n=7) groups to reduce 

the effects of biological variation. Microarray analysis was carried out with Taqman® Fast 

Array Plates targeting human ECM matrix & adhesion molecules (Life Technologies, 

Carlsbad, CA) cycled on a StepOnePlus Real-Time PCR System (Applied Biosystems, 

Branchburg, NJ). The array targeted 96 genes, four of which were housekeeping genes and the 

remaining two were ECM. See Appendix B for complete list of all genes on the microarray. 

Microarray findings were confirmed with quantitative PCR. 

 

2.2.10 Reverse Transcriptase Quantitative PCR 

 

cDNA was synthesised as described in section 2.2.8. A pre-developed, specific primer set for 

COL15A1 Hs00266332_m1, COL5A1 Hs00609088_m1, ITGA1 Hs00235006_m1, or TNC 

Hs01115665_m1 with SensiFAST™ Probe Hi-ROX Master Mix (Bioline, Castle Hill, NSW), 

and the StepOnePlus Real-Time PCR System (Applied Biosystems, Branchburg, NJ) was used 

for real-time PCR (Applied Biosystems, Branchburg, NJ). A pre-developed TaqMan reagent 

human 18S rRNA (Cat. #4319413; Life Technologies) was included in each real-time RT-
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qPCR reaction as an endogenous control. Data from the reactions were analyzed using StepOne 

Software, v 2.3 (Applied Biosystems, Branchburg, NJ). 

 

2.2.11 Immunohistochemistry 

 

Airway identification and accumulation of col 15α1 and tenascin-C proteins was assessed in 

formalin fixed paraffin embedded sections using hematoxylin & eosin, col 15α1, and tenascin-

C staining (n = 4-5). For hematoxylin and eosin staining, the slides were stained with Mayer’s 

hematoxylin and eosin staining after hydration. Immunohistochemisty were performed 

according to manufacturer’s instruction with Dako Envision+ System (K400311-2, Dako, 

USA). In brief, slides were first hydrated from xylene to water in gradually decreasing 

concentrations of ethanol, followed by phosphate buffered saline. Heat-induced epitope 

retrieval was applied by microwaving on ‘high’ in citric acid buffer (pH6.0) for 15 mins.  The 

slides were then blocked with Dako peroxidase block (S202386-2, Dako, USA). The slides 

were then incubated with diluted primary antibodies for 1 hour (col 15α1 (1:500; Sigma-

Aldrich, Castle Hill, NSW); tenascin-C (1:50; Sigma-Aldrich, Castle Hill, NSW)) in antibody 

diluent (K8006, Dako, USA). Negative controls were incubated with antibody diluent only 

(K8006, Dako, USA). The slides were then incubated with secondary antibody (K400311-2, 

EnVision+/HRP Rabbit, Dako, USA) for 40 min at RT, followed and then visualised using 

liquid DAB+ (K436811-2, Dako, USA) for 8 min. Sections were subsequently counterstained 

with hematoxylin and cover slipped. Imaging was conducted using a Hamamatsu NanoZoomer 

(40x) and stain intensity quantified using Fiji Image J.  
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2.2.12 Statistical analysis 

 

The data were analysed for parametric distribution, with differences identified by either 

unpaired t-test or 2way ANOVA followed by Tukey post-hoc tests as specified. Data analysis 

was carried out using Graphpad Prism 8 software wherein a p-value < 0.05 is considered 

significant. 
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2.3 Results 

 

2.3.1 Microarray Analysis 

 

As a screening step to target aberrant ECM genes attributable to COPD status, rather than 

smoking, we treated primary human ASM cells from our cohorts identified in section 2.2.1 

with TGF-β1 (10ng/mL) for 48 hours. It is of import to note that TGF-β1 stimulation induced 

upregulation of all ECM genes in the COPD and non-COPD groups, and our primary objective 

was to determine which of those were aberrantly expressed in the COPD susceptible 

population. Microarray analyses results in Figure 2.1, expressed as TGF-β1 induced expression 

over basal expression, showed COL15A1 and COL5A1 expression upregulated in COPD. 

Whilst, other ECM genes TNC and ITGA1 were shown to have augmented expression in non-

COPD susceptible smokers. 

 

 

Figure 2.1 Microarray analysis. Primary human ASM cells from COPD (n=5) and non-COPD (n=6) susceptible smokers 

were cultured ± TGF-β1 (10ng/ml) for 48 hours. mRNA lysates were collected, and cDNA was reverse transcribed using RT-

PCR. Resultant cDNA from treated and non-treated groups was pooled and ran on a microarray targeting a panel of 92 ECM 

genes. Results are expressed as TGF-β1 induced fold change over baseline. COL15A1 & COL5A1 expression was higher in 

COPD, whilst TNC and ITGA1 expression in non-COPD smokers was shown to be higher. 
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2.3.2 RT-qPCR Determination of Target Gene Expression 

 

In section 2.3.1, four ECM gene targets were identified to be aberrantly expressed in COPD. 

As is the nature of microarrays (173), these results were based on pooled cDNA samples 

applied to numerous genes without technical replicates. Therefore, in order to grant prudent 

statistical power to our findings, we used RT-qPCR to quantitate the fold change in each 

individual patient cDNA sample in triplicate.  

 

In doing so, we found that COL15A1 expression was significantly (p=0.0155; 63.21±15.19) 

upregulated in COPD, as shown in the microarray analyses. The RT-qPCR results for COL5A1 

(p<0.9999) and ITGA1 (p=0.4555) showed no significant difference between cohorts. Whilst, 

contrary to the microarray findings, TNC (p=0.0482; 13.65±3.651) expression was shown to 

be significantly upregulated in COPD. 
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Figure 2.2 RT-qPCR Validation of TGF-β1 induced ECM gene expression. Primary human ASM cells from COPD (n=7) 

and non-COPD (n=7) smokers were stimulated ± TGF-β1 (10ng/ml) for 48 hours. At which point mRNA lysates were 

collected, and cDNA was reverse transcribed using RT-PCR. Probe-based RT-qPCR was carried out on COL5A1 (a), 

COL15A1 (b), TNC (c), and ITGA1 (d). Results were normalised to an endogenous gene (18s) and are expressed as TGF-β1 

induced expression over basal expression. Data were analysed using unpaired t-test, (*=p<0.05). COL15A1 and TNC 

expression were found to be significantly upregulated in COPD. (mean ± SEM) 

 

2.3.3 Immunohistochemical Localisation & Quantification of Collagen 15α1 and Tenascin-C 

 

The aberrantly expressed mRNA identified in section 2.3.2 includes COL15A1 and TNC. These 

genes encode for collagen type 15α1 and tenascin-C, respectively. We have shown in sections 

2.3.1 and 2.3.2 that COL15A1 and TNC mRNA is expressed in vitro, and in this section, we 

aim to demonstrate that the proteins encoded by these genes are located amongst the ASM 

layer in human small airways in vivo. To do so we stained sections cut from paraffin embedded 

COPD-diagnosed human airways with anti-collagen 15α1 and anti-tenascin-C antibody. 
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Positive DAB staining within the concentric smooth muscle layer for collagen 15α1 (Fig. 2.3a) 

and tenascin-c (Fig. 2.3b) was noted, thereby confirming that these proteins are deposed in the 

small airways of COPD patients in vivo. It is of note that the deposition of collagen 15α1 was 

exclusively localised to the ASM layer.  

 

 

Figure 2.3 Immunohistochemical Staining. Paraffin embedded human lung tissue from a COPD and non-COPD patient 

containing small airways was sectioned and stained with (A) anti-collagen 15α1 antibody and (B) anti-tenascin-C antibody. 

Red Δ denotes positive staining within the concentric airway smooth muscle layer surrounding the small airway; black bar = 

50 µm 

 

Further, upon quantifying stain intensity within the ASM layer of COPD airways versus control 

samples, we found that collagen 15α1 deposition was significantly (p=0.0242) higher in COPD 

airways (0.1969 ± 0.05643) compared to control (0.1022 ± 0.02856) (Fig 2.4a). Although the 

results for tenascin-C deposition were not statistically significant (p=0.1947), we found that 
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there was a trend of increased deposition in COPD (0.1456 ± 0.0490) compared to control 

(0.1076 ± 0.02100) (Fig. 2.4b). 

 

 

Figure 2.4 Quantification of ECM protein deposition in ASM layer. Airway section from control and COPD patients were 

stained with (a) anti-collagen 15α1 and (b) anti-tenascin-C and quantified. Collagen 15α1 deposition is significantly higher in 

COPD airways (*=p<0.05; mean ± SEM) 
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2.4 Discussion 

 

The aim of this section was to take the first step in elucidating the mechanism underpinning 

the rapid decline in lung function experienced by COPD patients. As it is known that (i) 

increased ECM deposition within the airway smooth muscle layer is the primary contributing 

factor to fibrosis, and that (ii) the extent of fibrosis positively correlates with airway obstruction 

experienced by COPD patients, we focused our experiments on isolating those ECM genes that 

may be aberrantly expressed.  

 

As expected, our microarray analyses showed an overall upregulation in each ECM gene upon 

stimulation with TGF-β1 (Fig. 2.1) in both groups. However, the genes for COL15A1 and 

COL5A1 were shown to be further upregulated in COPD. Whilst TNC and ITGA1 mRNA was 

shown to be downregulated in COPD than in non-COPD susceptible smokers. Leading into 

our microarray analyses, we pooled cDNA from each cohort to identify the characteristics of 

each cohort whilst reducing the effects of biological variation. The latter of which is quite 

prevalent when using primary cells. Therefore, we took the information from these arrays into 

the next phase of experiments wherein we repeated our model of 48-hour TGF-β1 exposure 

with a higher n number and use of quantitative PCR to ensure the sound practice of biological 

and technical replicates is fulfilled. 

 

Upon carrying out the aforementioned outlined in section 2.3.2, it was determined that 

COL15A1 (Fig. 2.2b) expression was significantly upregulated in COPD susceptible smokers. 

Whilst ITGA1 (Fig. 2.2d) and COL5A1 (Fig. 2.2a) upregulation was not validated. 

Interestingly, the results for TNC (Fig. 2.2c) upon the addition of biological and technical 

replicates contradicted the microarray analyses and it was determined that TNC mRNA was 
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significantly upregulated in COPD susceptible smokers. It is of particular importance to note 

that these were not the only genes upregulated by TGF-β1 in COPD, but rather those that 

expressed significantly higher upregulation than human ASM of non-COPD smoking patients. 

In light of our findings showing that only two of the ninety-two ECM genes on the array 

showed significantly higher expression in COPD, we assert that the underlying mechanism is 

attributable to individual gene expression rather than TGF-β1 signalling. 

 

In Figure 2.3 we demonstrate that the ECM proteins encoded by COL15A1 and TNC are 

deposed within the concentric smooth muscle layer surrounding the small airway of a COPD 

patient. ECM localised to the ASM layer affirms that in vitro modelling using primary human 

ASM cells is the best course to investigate the molecular pathophysiology underlying small 

airway fibrosis in COPD. We further demonstrated in Figure 2.4a that there is a measured 

increase in amount of collagen 15α1 deposed within the ASM layer in COPD airways 

compared to those of non-COPD patients. Demonstrating that our in vitro findings translate to 

in vivo outcomes within the COPD airway. We note that tenascin-C deposition (Fig. 2.4b) 

followed a similar increased trend in COPD, however the results did not attain statistical 

significance due to low statistical power. 

 

These findings are consistent with literature showing increased ECM mRNA expression and 

protein deposition from COPD smokers (3, 68, 174, 175) in response to stimuli. The most 

evident mechanism in which these findings underpin COPD pathophysiology would be the 

obstructive effect of increased ECM protein deposition within the airway wall, which would 

impose upon the lumen and physically impede conduction of air through the small airways. 
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Further, it is well understood that ECM proteins have inherent bioactive properties in addition 

to adding bulk to provide structural support. Tenascin-C is a glycoprotein that has been 

identified as a driver of fibrosis (176) with tenascin-C deficient mice demonstrating lower 

levels of fibrosis in models of acute lung injury (177). The ECM protein has also been shown 

to induce myofibroblast formation (178), increase cell migration (179), and ameliorate the 

production of other ECM proteins such as collagen from fibroblasts (178), demonstrating that 

tenascin-C plays an active role in sustained fibrosis.  

 

Collagen XV1 has been detected in basement membranes, and smooth and striated muscle of 

numerous organ systems (180) but is one of the lesser understood collagens. Although 

increased levels of collagen XV1 have been noted in other fibrotic diseases (181), little is 

understood of its role in COPD or other pulmonary pathologies. It is known that the C-terminal 

fragment of collagens may become cleaved and act as signalling molecules known as 

matrikines (78-80). A matrikine comprised of amino acid residue sequence Proline-Glycine-

Proline (PGP) has been described as a damage associated molecular pattern shown to 

exacerbate neutrophilic inflammation and induce protease imbalance in the lung (182, 183). 

PGP has been considered as a biomarker in COPD (184). Collagens are considered the primary 

source of PGPs as they are typically rich with PGP sequences; collagen XV 1 contains 15 

PGP sequences, most of which are located near the C-terminus (Uniprot ID: p39059). The C-

terminal fragment of collagen XV1 is known as restin. Like collagen XV1, restin is not yet 

well understood, but has been shown to inhibit migration of endothelial cell line, ECV 304, 

cells in vitro (185). High levels of restin has been detected in tumor cells of patients with in 

Hodgkin’s lymphoma (186). The paucity of information regarding collagen XV1 and its 

bioactive potential highlights a need for further investigation into this protein, particularly in 

the context of fibrosis.  
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The findings described in this section are significant as they identify aberrant ECM genes 

unique to COPD patients, rather than smokers. Further, they do so in primary human cells from 

the site of pathological insult within the small airway wall. The method of ECM gene induction 

using TGF-β1 further bolsters this work as TGF-β1 is a known pro-fibrotic cytokine that has 

been shown to be elevated in COPD. Therein ensuring that using TGF-β1 is biologically 

relevant to real-world COPD outcomes, enabling us to effectively investigate the molecular 

mechanisms underlying increased small airway fibrosis in Chapters 3 & 4. 
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Chapter 3 Investigations into Epigenetic Aberrations Underlying 

ECM Expression in COPD 

 

 

3.1 Introduction 

 
In Chapter 2, it was established that ECM genes COL15A1 and TNC are significantly 

upregulated in COPD, compared to non-COPD susceptible smokers. In this Chapter, the aim 

is to screen for any epigenetic variances between the groups.  

 

The epigenome comprises many different epigenetic marks, some of which are made directly 

onto the DNA, and others that bind to histones. The overall understanding is that the former 

directly blocks transcription factors from accessing transcriptional start sites (TSS) and 

promoter regions whilst the latter directly affects chromatin compaction to modulate promoter 

accessibility. Of those understood epigenetic mechanisms, we chose to focus on those most 

well understood and previously shown to be involved in numerous pathologies: 

 

‐ DNA Methylation 

‐ Histone Acetylation 

‐ Histone Methylation 

 

DNA methylation refers to the transfer of a methyl (CH3) group from universal methyl donor 

S-adenosyl-L-methionine (SAM) to the fifth carbon on cytosine, culminating in 5-

methylcytosine (5mC). 5mC commonly occurs on CpG sites, which are typically clustered 

together in regions dense in guanine and cytosine, known as CpG islands. CpG islands are 
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often located within or close to TSS and promoter regions of many genes, including 

housekeeping and tissue-specific genes (187). When unmethylated, CpG islands play an active 

role in transcriptional initiation by destabilising the nucleosome and therefore promoting 

chromatin decompaction (188). Upon becoming densely methylated, CpGs become silenced 

and gene expression is subsequently repressed (188).  

 

 

Figure 3.1 Maintenance of DNA Methylation by DNA Methyltransferase 1 (DNMT1). During mitosis, fully methylated 

DNA (A) undergoes replication. Post-replication, the template strand (solid line) carries on the inherent epigenetic mark whilst 

the complementary strand (dashed line) is unmethylated, resulting in hemi-methylated DNA. (B) DNMT1 transfers a methyl 

group from S-adenosyl-L-methionine (SAM) onto the complementary strand, resulting in a fully methylated daughter DNA 

strand. (C) Upon treatment with 5-azacytidine, DNMT1 is inhibited and the transient hemi-methylated mark is lost passively, 

resulting in a non-methylated daughter DNA strand. 

 

Cytosine methylation is mediated by enzymes known as DNA Methyltransferases (DNTMs). 

Among mammals, DNMT1, DNMT3A, DNMT3B, and DNMT3L have been identified (189). 

All DNMTs are essential for human development, however DNMT1 plays the predominant 

role in maintaining methylation markers to induce mitotic heritability (190) (Fig. 3.1), whilst 
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DNMT3A and DNMT3B induce de novo methylation marks (189); with this in mind, the 

DNMTs are classed as either methylation maintenance molecules or de novo methylators. To 

investigate the evidence of a methylation mark contributing to COPD pathophysiology, we 

sought to inhibit the maintenance of established epigenetic marks in our study groups to reflect 

DNA methylation patterns acquired by the patients. To do so we used a well-established 

inhibitor of DNMT1, 5-azacytidine (191).  

 

5-azacytidine – trading under brand name Vidaza – is an FDA approved drug for treatment of 

subtypes of myelodysplastic syndrome (192) and further approved for chronic 

myelomonocytic leukaemia, and acute myeloid leukaemia by the European Medicines Agency 

(EMA). Vidaza’s mechanism of action is attributed to 5-azacytidine’s DNMT1 inhibition, with 

use culminating in demethylated regions wherein methylation has contributed to pathology.  
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Histone acetylation is a post-translation modification which refers to the addition of an acetyl-

moiety to the lysine residue on a histone tail. Core histones play a significant role in 

nucleosome stability, and their inherent positive charge contributes to this function. As DNA 

is negatively charged, it is attracted to the histone ‘spools’ thus 146 bps wind tightly around 

the histone octomeric complex (comprised of histones H2A, H2B, H3, and H4) and are tethered 

by histone H1. This tightly wound nucleosomal complex is referred to as heterochromatin. Due 

to its tight coils, heterochromatin is less accessible to transcriptional mediators such as NF-κB 

and RNA Polymerase II. The acetyl moiety (C2H3O), however, is negatively charged and 

consequently, histones with acetylated lysine residues have a less positive charge (193). 

Although DNA remains wound around acetylated histones, it is no longer tightly coiled; this 

H4 H2A

H3 H2B

N‐SGRGKGGKGLGKGGAKRHRKVLRD

N‐A
RTKQTARKSTGGKAPRKQLATKAARKSAPATGGVKKP

PKKTESHHKAKGK‐N

RSSRSKSKARAKGGQKGRGS‐N

GTKAVTKYTSSK‐N

KGDKKQAKTVAKKSGKKPAPASKAPEP‐N

Figure 3.2 Schematic representation of Histone Tails. The octomeric protein complex at the centre of a nucleosome is comprised of 

duplicates of histone H2A, H2B, H3, and H4. Each of these histones has an N-terminal tail (two in the case of histones H2A and H2B) 

comprised of amino acid residues. These residues are the sites of PTMs made to histones, with lysine (K) and arginine (R) understood 

to be the most commonly modified residues. Numerical allocation of residues begins at the N-terminus. 
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loosely bound state is known as euchromatin. Euchromatin is inherently more accessible to 

transcriptional mediators allowing for transcriptional activation and initiation, therefore 

histone acetylation is strongly linked to upregulation in gene transcription. This link was first 

identified in 1964 (194) and has since been proven both in vitro and in vivo (145, 195-197). 

 

 

Figure 3.3 Histone Acetylation Mediated by HAT and HDAC. Histone acetylation occurs when acetyl moiety (red) is added 

on to the histone by a HAT enzyme, whilst deacetylation occurs when the acetyl moiety is removed by an HDAC enzyme. 

The former promotes the tightly wound heterochromatin state, whilst the latter promotes the euchromatin state.  

 

 

The addition and removal of acetyl moieties to lysine residues is modulated by enzymes histone 

acetyltransferase (HAT) and histone deacetylase, respectively. The aforementioned may also 

be referred to as lysine acetyltransferases (KATs) and lysine deacetylases (KDACs) as they 

have been shown to acetylate non-histone proteins. In the interest of clarity, we will continue 
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to use the term HATs and HDACs in this work. HATs use acetyl-CoA as the acetyl donor to 

acetylate the ε-amine of lysine residues and are classed into three families: 

‐ GNAT 

‐ MYST 

‐ P300/CBP  

 

Table 3.1 HAT Substrate Specificity. Identified histone specificity of HATs within the three well-understood classes. It is 

of import to note that factors that may affect the specificity of an enzyme include method of isolation & purification, 

biological context, and nature of histone substrate (i.e. histone peptide fragments, core histones). Source: (198-200). *yeast 

homolog 

Family/HAT name Target residue(s) 

GNAT family 
Gcn5* H3K9K14K36; H3K9K14K18K23KK27K36 
p/CAF H3K14 

MYST family 
Tip60 H4K5K8K12K16 
MOF H4K16 
Sas3 H3K14K23 
MOZ H3K14 

p300/CBP family 
p300 H2AK5; H2B; H3K4K9K14K18K27K56; 

Rtt109* H3K56K9K23 
CBP H2AK5; H2B 

 

 

Each HAT employs acetyl-CoA to act on a lysine substrate to form acetyl-lysine, however the 

difference between classes becomes evident upon examining the sequence of acetylation. 

Suggesting that each class demonstrates distinct substrate specificity and biological activity 

(198). Although, the exact pattern can vary depending on the biological context and the nature 

of the substrates (198, 200, 201). Table 3.1 outlines the identified patterns of histone acetylation 

by different HATs.  
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In our investigations, we aimed to inhibit HAT activity using a natural inhibitor derived from 

turmeric: curcumin. Curcumin’s capacity as a HAT inhibitor has been well demonstrated in 

vitro (202-204)and in vivo (202, 204); with its mechanism of action being linked to inhibition 

of p300 HAT activity (202, 204).  

 

Table 3.2 Classes & subcellular distribution of histone deacetylases (HDACs).  

Source: (205, 206) 

Family/HDAC Subcellular distribution 

Class I 
HDAC1 Nucleic 
HDAC2 Nucleic 
HDAC3 Nucleic  
HDAC8 Nucleic & cytoplasmic 
Class II  
     Class IIa 
HDAC4 Nucleic & cytoplasmic 
HDAC5 Nucleic & cytoplasmic 
HDAC7 Nucleic, cytoplasmic & mitochondrial 

HDAC9 Nucleic & cytoplasmic 
     Class IIb  
HDAC6 Cytoplasmic 
HDAC10 Cytoplasmic 
Class III 
Sirt1 Nucleic & cytoplasmic 
Sirt2 Nucleic & cytoplasmic 
Sirt3 Mitochondrial 
Sirt4 Mitochondrial 
Sirt5 Mitochondrial 
Sirt6 Nucleic & cytoplasmic 
Sirt7 Nucleic & cytoplasmic 
Class IV 
HDAC11 Nucleic & cytoplasmic 

 

 

Acetylation levels are not solely mediated by HATs, as the removal of the acetyl mark by 

enzymes known as histone deacetylases (HDACs) also plays a significant role. Like HATs, 
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HDACs are at times referred to as protein deacetylases but we will continue to refer to them as 

HDACs in this work. HDACs are classed into four families (I-IV), with table 3.2 outlining the 

members of each family. HDAC classes I, II, and IV have Zn dependent catalytic mechanisms 

(207), whilst class III HDACs, also known as Sirtuins, depend on oxidized nicotinamide 

adenine dinucleotide (NAD+) as a cofactor during catalysis (208). HDAC activity has been 

shown to correlate with transcriptional repression (209). Aberrant recruitment of HDACs has 

been mechanistically linked to numerous malignancies in vitro (210, 211), and a potent HDAC 

inhibitor suberoylanilide hydroxamic acid (SAHA), trading under the name Vorinostat, has 

been FDA approved for the treatment of cutaneous T-cell lymphoma. Studies investigating 

HDAC activity in COPD have shown that immune cells and peripheral lung tissue obtained 

from COPD patients had decreased levels of HDAC2 activity which correlate with disease 

severity (149). Further, it was shown that restoring HDAC2 activity in immune cells resulted 

in a resolution of the impaired glucocorticoid response typical of COPD (129, 148). These 

findings underpin the reemergence of interest in Theophylline as a COPD therapeutic. 

Previously used as a bronchodilator at high therapeutic concentrations, Theophylline fell out 

of favour with patients and prescribers due to its many side effects (212). However, upon 

demonstrating that Theophylline activates HDACs and thereby enhances the anti-inflammatory 

effect of corticosteroids in vitro (213, 214), the drug has been considered a likely contender for 

treatment in COPD exacerbations. Although recent evidence from a pilot clinical trial shows 

no improvement in exacerbations in severe COPD patients (215) thus far.  

 

In this Chapter, we inhibited HDAC activity with Trichostatin A (TSA). We chose TSA over 

other HDAC inhibitors, such as SAHA, due to its enhanced inhibitory activity at lower 

concentrations (216), thereby exerting less cytotoxic effects on primary human ASM cells. 

Treatment with TSA has been shown to lead to accumulation of acetylated histones in vitro 
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and in vivo (217). TSA’s mechanism is attributed to its capacity as a zinc scavenger, thereby 

effectively inhibiting the catalytic properties of HDACs within classes I, II, and IV.  

 

Histone methylation refers to a PTM wherein a methyl (CH3) group is covalently attached to 

amino acid residues on histone lysine tails. It is modulated by enzymes known as histone 

methyltransferases and demethylases, which demonstrate affinity for methylating lysine (K) 

and arginine (R) residues (218). These are known as lysine methyltransferases (KMTs) and 

protein arginine N-methyltransferases (PRMTs). Lysine demethylation is modulated by lysine 

specific demethylases (KDMs). Methylated histone tails affect gene transcription by acting as 

docking sites for transcriptional upregulators (219) and have been shown to act in concert with 

other epigenetic marks to affect chromatin structure (220). Lysine and arginine methylations 

have been shown to be involved in multiple cellular processes such as cell signalling, cell fate 

determination, X chromosome inactivation, Hox gene patterns, transcriptional regulation, RNA 

metabolism, and DNA repair (196, 221-228). 
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Table 3.3 Lysine methyltransferases (KMTs), lysine demethylases (KDMs), and protein arginine methyltransferases 

(PRMTs). Epigenetic enzymes mediating histone methylation to lysine (K) residues are classed as either KMTs or KDMs, 

whilst those methylating arginine (R) residues are PRMTs.  

KMT 
Target 
residue(s) KDM 

Target 
residue(s) PRMT Target residue(s) 

ASH1L H3K4K36 JARID1a- H3K4 CARM1 H3R17R26R42 

DOT1L H3K79 JMJD1a-c H3K9 PRMT1 H4R3; H2AR3R11 

ESET H3K9 JMJD2b,d H3K9 PRMT2 H3R8 

EZH1 H3K27 JMJD2a,c H3K9K36 PRMT5 H3R2R3R8; H2AR3 

EZH2 H3K27 JMJd3 H3K27 PRMT6 H3R2R3R42; H2AR3R29 

G9a H3K9 JMJD5 H3K36 PRMT7 H3R2 

GLP H3K9 KDM2A H3K36 PRMT7 H3R2; H4R3R17R19; H2AR3; 

MLL1-4 H3K4 KDM2B H3K36     

NSD1 H3K20K36 KIA1718 H3K9K20K27     

NSD2 H3K36 LSD1 H3K4     

NSD3 H3K36 LSD2 H3K4     

PRDM19 H3K9 NO66 H3K4K36     

PRDM3 H3K9 PHF2 H3K9     

PRDM9 H3K4 PHF8 H3K9K20K27     

RIZ H3K9 UTX H3K27     

SET1A H3K4         

SET1B H3K4         

SET2 H3K36         

SET3 H3K36         

SET7 H3K4         

SET8 H4K20         

SET9 H3K4         

SETMAR H3K4K36         

SMYD1,2 H3K4         

SUV-4-20h1 H4K20         

SUV-4-20h2 H4K20         

SUV39h1 H3K9         

SUV39h2 H3K9         

SYMD2 H3K36         
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Histone methylation marks are not as well understood as DNA methylation and histone 

acetylation as there is far more complexity in the nature of histone methylation and the resultant 

outcomes. For example, a particular residue may be mono-, di-, or tri-methylated and each 

outcome may be linked to either transcriptional upregulation or downregulation depending on 

the target residue (218, 229). Aberrancies in these enzymes have been linked to disease. For 

example, the KMT, G9a, has been shown to contribute to lung cancer metastasis in vivo (230); 

whilst increased expression of SETDB1 was shown to contribute to lung tumorigenesis (231). 

In the context of respiratory disorders, it was shown that a gene associated with COPD, DEFB1 

(232), has been attributed to trimethylation of H3K4 (233).  

 

Due to the large number of enzymes involved in histone methylation we used two small 

molecule inhibitors designed by the Structural Genomics Consortium (SGC) to investigate 

differences in lysine specific demethylation. The first, GSK-LSD1, was shown to be a potent 

inactivator of KDM, LSD1 (234). Whilst the second, UNC0642, was an inhibitor of KMTs, 

G9a and GLP(235). 
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3.2 Methods 

 

3.2.1 Ethics statement 

 

Ethics approval was obtained as previously stated in section 2.2.1 

 

3.2.2 Primary cell isolation 

 

Primary cells were collected & cultured as previously indicated in section 2.2.2 

 

3.2.3 Study subjects 

 

Study subjects were identified as previously stated in section 2.2.3 

 

3.2.4 Cell culture 

 

Primary human ASM cells were seeded as described in section 2.2.4. 

 

3.2.5 Stimulation & Epigenetic Enzyme Inhibition 

 

Cells were stimulated as previously described in section 2.2.5. 

 

HAT activity was inhibited with Curcumin (10 µM; Sigma-Aldrich, Germany) for 1 hour prior 

to stimulation with TGF-β1. HDAC activity was inhibited with Trichostatin A (TSA; 100 nM; 

Sigma-Aldrich, Germany) for 1 hour prior to stimulation with TGF-β1. LSD was inhibited with 
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GSK-LSD1 (100 nM; Sigma-Aldrich, Germany) for 1 hour prior to stimulation. DNMT1 

activity was inhibited with 5-azacytidine (10 µM) for 48 hours prior to stimulation with TGF-

β1. All inhibitors were dissolved in dimethylsulfoxide (DMSO; Sigma-Aldrich, Germany) 

vehicle.  

 

Figure 3.4 Effect of DMSO and TSA on cell viability. Primary human ASM cells were grown to 85% confluence and inhibited 
with TSA and DMSO at the above noted concentrations. Cell viability was assessed using an LDH assay. Results are normalised 
to non‐treated control, no significant difference between all groups (n = 4). This experiment was carried out for each inhibitor 
used in this chapter. 

 

Figure 3.5 Effect of TSA inhibition on HDAC activity over vehicle. Primary human ASM cells were grown to 85% confluence 
and inhibited with TSA at the above noted concentrations prior to stimulation. Nuclear fraction was isolated and immediately 
used in HDAC activity assay to determine HDAC activity. At 100nM, there was significantly lower HDAC activity compared to 
the equivalent volume of DMSO vehicle (n = 5, p = 0.4441). This experiment was carried out for each inhibitor used in this 
chapter. 
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3.2.6 Nuclear Extraction 

 

Cells were seeded and grown as mentioned above. Nuclear protein fractions were collected 

using a commercial nuclear extraction kit (ab113474; Abcam, UK). Briefly, cells were 

trypsinised and twice washed in sterile 1x phosphate buffered solution (PBS). Cell numbers 

were quantified by manual cell count, and cell lysis buffer – containing freshly added protease 

inhibitor cocktail (PIC) and dithiothreitol (DTT) – was added at a concentration of 100 μL per 

106 cells. Cells in cell lysis were kept on ice before being vortexed vigorously and centrifuged 

(13,400 g/1 min/4˚C). The nuclear pellet was then resuspended in nuclear lysis buffer – 

containing freshly added PIC & DTT – at a concentration of 10 μL per 106 cells and vortexed 

every 3 mins for 15 mins to facilitate nuclear protein extraction. At which point the suspension 

is centrifuged (16,300 g/10 mins/4˚C). The protein concentration of the nuclear extract was 

quantified using a bicinchoninic acid (BCA) assay (Sigma-Aldrich, St Louis, MO) against a 

bovine serum albumin (BSA; Sigma-Aldrich, St Louis, MO) standard. 

 

3.2.7 HAT activity assay 

 

Histone acetyltransferase activity was determined by a commercial kit (ab239713; Abcam, 

UK) according to the manufacturer’s instructions. Results are expressed as amount of catalytic 

byproduct (CoA-SH) per µg protein.  
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3.2.8 HDAC activity assay 

 

Histone deacetylase activity was determined with an established assay (566328; Calbiochem, 

Germany) used according to the manufacturer’s instructions. The results are expressed as 

amount of deacetylated histone substrate per µg protein.  

 

3.2.9 Quantitative PCR 

 

Cells were cultured as described above in section 3.2.4 and RT-qPCR was carried out as 

outlined in section 2.2.6 for COL15A1 and TNC. 

 

3.2.10 Statistical analysis 

 

The data were analysed for parametric distribution, with differences identified by either 

unpaired t-test or 2way ANOVA followed by Tukey post-hoc tests as specified. Data analysis 

was carried out using Graphpad Prism 8 software wherein a p-value < 0.05 is considered 

significant. 
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3.3 Results 

 

3.3.1 Effect of DNMT1 inhibition on COL15A1 and TNC expression 

 

To inhibit DNMT1, we cultured cells with 10μM 5-azacytidine prior to stimulation with TGF- 

β1. Upon measuring COL15A1 (Fig. 3.6a) and TNC (Fig. 3.6b) expression with RT-qPCR, it 

was shown that DNMT1 inhibition significantly attenuates COL15A1 expression in both 

COPD (p=0.0015) and non-COPD (p=0.0017) smokers. Whilst TNC expression showed no 

significant effect upon DNMT1 inhibition.  

 

 

Figure 3.6 Effect of DNMT1 inhibition with 5-azacytidine (10µM) on (a) COL15A1 and (b) TNC expression. Primary 

human ASM cells from COPD (n=5) and non-COPD (n=5) susceptible smokers were grown in the presence of 5-azacytidine 

for 48 hours prior to stimulation with TGF- β1 (10ng/ml). mRNA was collected after 48 hours of treatment, and cDNA was 

reverse transcribed using RT-PCR. Results are expressed as percentage of TGF- β1 induced expression to control for variations 

in TGF- β1 induction capacity demonstrated in Chapter 2. Data was analysed with 2way ANOVA and Bonferroni post-hoc 

analysis (P<0.05 = significant; mean ± SEM). 
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3.3.2 Effect of HDAC inhibition on COL15A1 and TNC expression 

 

Upon inhibiting HDAC activity with TSA (100nM), cells were stimulated with TGF- β1 for 

48 hours. Levels of COL15A1 and TNC expression were quantified with RT-qPCR. HDAC 

inhibition lead to significantly (p=0.0104) lower levels of TNC (Fig. 3.7b) being expressed by 

primary human ASM cells from non-COPD susceptible individuals, when compared to those 

cells from COPD susceptible patients. Although the results for COL15A1 (Fig. 3.7a) are not 

statistically significant, they follow a similar trend to those statistically significant results for 

TNC, suggesting that a similar underlying mechanism be in place.  

 

 

Figure 3.7 Effect of HDAC inhibition with Trichostatin A (TSA) (100nM) on (a) COL15A1 and (b) TNC expression. 

Primary human ASM cells from COPD (n=6) and non-COPD (n=7) susceptible smokers were treated with TSA for 1 hour 

prior to stimulation with TGF- β1 (10ng/ml). mRNA was collected after 48 hours of treatment, and cDNA was reverse 

transcribed using RT-PCR. Results are expressed as percentage of TGF- β1 induced expression to control for variations in 

TGF- β1 induction capacity demonstrated in Chapter 2. Data was analysed with 2way ANOVA and Bonferroni post-hoc 

analysis (P<0.05 = significant; ± SEM). 

 

 

 



 

86 
 

3.3.3 Effect of HAT inhibition on COL15A1 and TNC expression 

 

Histone acetyltransferase activity was inhibited with Curcumin prior to stimulation with TGF- 

β1. Upon quantifying COL15A1 and TNC expression with RT-qPCR, it was evident that HAT 

inhibition lead to no significant difference in TGF- β1 induced COL15A1 (Fig. 3.8a) or TNC 

(Fig. 3.8b) expression.  

 

 

 

Figure 3.8 Effect of HAT inhibition with Curcumin (10µM) on (a) COL15A1 and (b) TNC expression. Primary human 

ASM cells from COPD (n=6) and non-COPD (n=7) susceptible smokers were treated with curcumin for 1 hour prior to 

stimulation with TGF- β1 (10ng/ml). mRNA was collected after 48 hours of treatment, and cDNA was reverse transcribed 

using RT-PCR. Results are expressed as percentage of TGF- β1 induced expression to control for variations in TGF- β1 

induction capacity demonstrated in Chapter 2. Data was analysed with 2way ANOVA and Bonferroni post-hoc analysis 

(P<0.05 = significant; ± SEM). 

 

3.3.4 Effect of inhibited KTMs and KDM on COL15A1 and TNC expression 

 

To determine the effect of histone methylation on COL15A1 and TNC expression, we aimed to 

inhibit the KTMs G9a and GLP with UNC0642 and the KDM LSD1 with GSK-LSD1. 



 

87 
 

However, during our cell viability investigations it was determined that UNC0642 was 

cytotoxic to primary human ASM cells at concentrations ranging from 10 nM-10 μM.  

 

Treatment with GSK-LSD1, showed no significant effect on TGF- β1 induced COL15A1 (Fig. 

3.9a) and TNC (Fig. 3.9b) expression in human ASM cells from either COPD or non-COPD 

cohorts. 

 

 

Figure 3.9 Effect of lysine specific demethylase 1 (LSD1) inhibition with GSK-LSD1 (100nM) on (a) COL15A1 and (b) 

TNC expression. Primary human ASM cells from COPD (n=6) and non-COPD (n=7) susceptible smokers were treated with 

GSK-LSD1 for 1 hour prior to stimulation with TGF- β1 (10ng/ml). mRNA was collected after 48 hours of treatment, and 

cDNA was reverse transcribed using RT-PCR. Results are expressed as percentage of TGF- β1 induced expression to control 

for variations in TGF- β1 induction capacity demonstrated in Chapter 2. Data was analysed with 2way ANOVA and Bonferroni 

post-hoc analysis (P<0.05 = significant; ± SEM). 

 

 

3.3.5 Investigation into basal HAT activity  

 

Our investigations determined that there was no significant difference in baseline levels of 

HAT activity (Fig. 3.10) between non-COPD and COPD susceptible smokers. 
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Figure 3.10 Histone acetyltransferase activity assay. Nuclear fractions were isolated from primary human ASM cells from 

COPD (n=4) and non-COPD (n=5) susceptible individuals and used in a commercial enzyme activity assay. Results are 

expressed as amount of catalytic byproduct (CoA-SH) per μg of protein. Data was analysed with unpaired t-test (p<0.05 = 

significant; ± SEM).  

 

3.3.6 Investigation into basal HDAC activity 

 

Results expressed in Figure 3.11 found that there was no significant difference in overall basal 

level of HDAC enzyme activity between non-COPD and COPD susceptible smokers. 
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Figure 3.11 Histone deacetylase (HDAC) activity assay. Nuclear fractions were isolated from primary human ASM cells 

from COPD (n=4) and non-COPD (n=5) susceptible individuals and used in a commercial enzyme activity assay. Results are 

expressed as amount of deacetylated histone substrate per μg of protein. Data was analysed with unpaired t-test (p<0.05 = 

significant; ± SEM). 
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3.4 Discussion 

 

In this Chapter we aimed to identify epigenetic aberrations between our non-obstructed 

smokers and COPD study subjects to highlight a potential target for specific DNA or chromatin 

immunoprecipitation investigations. To screen for such differences, we chose established 

inhibitors of enzymes shown to affect DNA methylation, histone acetylation, and histone 

methylation.  

 

Our results showed that inhibiting the maintenance of DNA methylation by targeting DNMT1 

lead to a significant attenuation of COL15A1 expression whilst TNC expression remained 

unaffected. In looking at histone acetylation, our results found no effect of inhibiting HAT 

activity; whilst inhibiting HDACs lead to a differential TNC expression between human ASM 

cells from COPD and non-COPD susceptible smokers. Finally, when investigating histone 

methylation, we found that inhibiting G9a and GLP was cytotoxic at a range of concentrations, 

suggesting that these enzymes are essential in cell survival. Whilst inhibiting LSD1, thereby 

inhibiting the removal of a histone methyl mark, had no significant effect on COL15A1 or TNC 

expression from either cohort.  

 

Our results shown in Figure 3.6a show that TGF-β1 induced COL15A1 expression was 

significantly attenuated in response to pre-treatment with 5-azacytidine. The mechanism of 5-

azacytidine is to reduce DNA methylation levels. Therefore, when overall levels of DNA 

methylation had been reduced, human ASM from COPD and non-COPD susceptible smokers 

expressed less COL15A1. As discussed in section 3.1, the overall effect of DNA methylation 

is transcriptional repression, therefore our results do not suggest that there is DNA methylation 

at the COL15A1 promoter region as DNMT1 inhibition would have augmented COL15A1 
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expression rather than attenuating it. We postulate that DNMT1 inhibition lead to an alteration 

in expression of a protein involved in the transcriptional regulation of COL15A1, causing a 

decrease in gene expression. Further, it is of importance to note that this effect was not different 

between human ASM cells from non-COPD and COPD susceptible patients. Therefore, we 

conclude that the underlying mechanism revealed by DNMT1 inhibition is attributed to 

inherent COL15A1 regulation and not likely to contribute to increased ECM deposition. 

 

Our results shown in Figure 3.7b show that HDAC inhibition leads to a significant difference 

in TGF- β1 induced TNC expression when comparing human ASM cells from non-COPD and 

COPD susceptible smokers. This suggests that there is an inherent difference in acetylation 

patterns at the TNC promoter between the cohorts. Further, we find that the gene expression is 

significantly lower in non-COPD, when comparing to COPD, after HDAC inhibition. To 

summarise, this infers that when general acetylation levels increase, human ASM of non-

COPD patients express comparatively less TNC whilst those from COPD express more. We 

posit that this points to TNC gene expression in non-COPD depending on factors outside of 

acetylation whilst expression in COPD is augmented in line with accumulated acetylation. 

Although the results for COL15A1 in Figure 3.7a did not meet statistical significance, there is 

an evident trend mirroring those results in TNC, thereby suggesting that the genes may share a 

common regulatory mechanism. This is made more likely when considering that both genes 

reside on the q arm of chromosome 9. 

 

To further delineate any aberrancies that may contribute to the response to HDAC inhibition 

(Fig. 3.7), we sought to investigate the basal activity of enzymes modulating levels of histone 

acetylation, HATs and HDACs. As shown in Figures 3.10 and 3.11, there is no significant 

difference in HAT or HDAC activity in primary human ASM cells from either group. The 
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results for HDAC activity (Fig. 3.11) sit in contrast to a published study wherein HDAC 

activity detected in isolated airway macrophages and homogenised peripheral lung tissue from 

COPD patients was significantly lower than those samples obtained from non-obstructed 

patients. We believe the difference being attributed to the types of cells investigated. Based on 

the previously mentioned study (149), we can conclude that immune cells from COPD patients 

have altered HDAC activity, however the method of using peripheral lung tissue as a 

representation of mesenchymal cells within this study is not robust. In using peripheral lung 

tissue, the study does not delineate between the type of mesenchymal cell or control for 

macrophages and other immune cells residing in the peripheral tissue that may contribute to 

the result. Therefore, we assert that our findings are a more robust investigation into the 

inherent HDAC activity when comparing COPD smokers to non-COPD susceptible smokers. 

There is no evidence in the literature that sits in contrast with our results for HAT activity (Fig. 

3.10). Further, no baseline difference between HAT and HDAC activity implores us to posit 

that the aberrant results in response to HDAC inhibition with TSA (Fig. 3.7) is likely to be the 

result of a gene specific mechanism, rather than a consequence of a global disparity in 

epigenetic enzymatic activity. Based on this evidence, we surmise that the epigenetic mark 

most likely to contribute to increased expression of ECM protein genes, COL15A1 and TNC, 

is histone acetylation. 

 

However, it is of import to note that epigenetic inhibitors have many off-target effects. For 

example, curcumin has been shown to have antioxidant and anti-inflammatory effects (236, 

237). Further, enzymes HAT and HDAC have been shown to act on non-histone proteins that 

are active in gene transcription, such as NF-κB (238, 239), therefore by inhibiting the enzymes 

we may be inadvertently affecting the activity of numerous proteins involved in gene 

transcription. A separate study investigating the off-target effects of epigenetic inhibitors on 
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transcriptional activators and mediators showed that treatment with TSA alone leads to 

significantly higher levels of NF-κB p65 phosphorylation and p38 MAPK phosphorylation in 

non-COPD smokers, when compared to COPD smokers (Appendix C). These findings confirm 

that results from studies using these inhibitors cannot immediately be attributed to direct 

epigenetic modifications without further investigation. Consequently, it is imperative that any 

robust investigations into aberrations in histone acetylation would include methods directly 

assessing the incidence of an acetyl mark on the histones. The most robust of which involving 

chromatin immunoprecipitation (ChIP).  

 

We must further acknowledge and assert that in this investigation we do not conclusively 

exclude the role that other epigenetic marks may play in overall pathology. For example, when 

investigating histone methylation, we used inhibitors focused on lysine methylation but not 

arginine methylation. In a thorough investigation of DNA methylation it would be ideal to 

include PRMT inhibition with a specific inhibitor such as RM65 (240). However, considering 

the range of epigenetic enzymes outlined in tables 3.1-3.3 a thorough investigation would need 

to employ high-throughput methods. Further, the proposed study would need to be underpinned 

by further advancement in the field of epigenetic inhibitors as there is a current dearth of 

specific inhibitors for each epigenetic enzyme listed in tables 3.1-3.3. 

 

In this Chapter we used a range of established epigenetic inhibitors on primary human ASM 

cells from non-COPD and COPD patients to screen for any epigenetic aberrancies between the 

two groups. Our most promising finding was the significantly different response to HDAC 

inhibition between COPD and non-COPD human ASM cells. We are further encouraged that 

this mechanism plays a specific and targeted role in aberrant ECM gene expression as it is sits 

in concert with results showing that overall HDAC activity is not aberrant between the two 
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groups. Therefore, we resolved to pursue our investigations into aberrant COL15A1 and TNC 

expression using ChIP rather than Me-DIP. 
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Chapter 4 Chromatin Targeted Investigation of Histone Acetylation 

 

 

4.1 Introduction 

 

In Chapters 2 & 3 we have demonstrated that primary human ASM cells from COPD patients 

show aberrant expression of the ECM genes COL15A1 and TNC, with a likely aberrant 

epigenetic response attributed to histone acetylation. In this Chapter, we aim to use the gold 

standard of techniques to confirm or abolish the notion of an acetyl mark associated with the 

promoter regions for COL15A1 and TNC: ChIP-PCR. We also include the use of a more 

specific epigenetic inhibitor – JQ1(+) – to investigate the link between an acetyl mark and 

ECM gene expression.  

 

In section 3.1, we discussed how histone acetylation contributes to an increase in gene 

expression by altering histone charge, thereby promoting a loosely bound euchromatin state. 

However, there is also a secondary mechanism through which acetylated histones contribute 

to gene transcription: through the recruitment of proteins from the bromo- and extra-terminal 

domain (BET) family.  

 

The mammalian BET family of proteins includes Brd2, Brd3, Brd4, and BrdT (241); each of 

which contains two bromodomains known as BD1 and BD2 and an extra terminal (ET) domain 

(242). Brd4 is the most well understood of the BET protein family. The BD1 and BD2 domains 

in Brd4 have been shown to recognise and bind to acetylated lysine residues on histones H4 

and H3, allowing for the BET protein to dock on the histone tail (243, 244). Considering that 
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Brd4 does not contain a DNA binding domain (162), histone acetylation is essential in 

recruiting Brd4 to the gene promoter region. 

 

It is common in metazoan genes that are transcribed by RNA Pol II to experience 

transcriptional pause. This refers to RNA Pol II being paused immediately after transcription 

initiation (245) through association with negative elongation factor (NELF) and DRB-

sensitivity-inducing factor (DSIF) (246). During transcriptional pause, mRNA synthesis is 

transiently halted, but RNA Pol II remains bound to the DNA template and nascent RNA 

template already transcribed (246). Brd4 acts to reinitiate transcription through recognition of 

acetylation marks on histone tails bound to such paused regions. Upon “reading” the acetylated 

histone mark, Brd4 recruits positive transcription elongation factor (pTEFb) (247, 248), which 

inhibits DSIF and NELF (249) and subsequently releases promoter-proximal pausing of RNA 

polymerase II (250, 251); therein initiating gene transcription. Brd4 further contributes to the 

first stages of transcriptional elongation while remaining bound to the pTEFb/RNA Pol II 

transcriptional complex until productive elongation >36 nucleotides occurs (252). A study into 

direct interactions of Brd4 with transcription factors via protein: protein screening found that 

Brd4 does not directly interact with RNA Pol II (253). The study further demonstrated that 

Brd4 only directly interacts with the following specific subset of transcription factors: p53, 

YY1, c-Jun, AP2, C/EBPα, C/EBPβ, and Myc/Max (253). These findings confirm that 

transcriptional elongation aided by Brd4 must be part of a “triad” wherein Brd4 associates with 

one of the aforementioned transcription factors already bound to RNA Pol II. It is by acting as 

a docking site for Brd4, and Brd4’s subsequent activities in transcriptional elongation, which 

acetylated lysine residues on histone tails further promote transcriptional upregulation. Therein 

encapsulating a secondary mechanism of promoting transcriptional upregulation in addition to 

the primary mechanism of promoting chromatin decompaction to the euchromatin state. 
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Figure 4.1 Schematic Representation of Transcriptional Triad. (A) Without an acetylated histone tail to dock on, Brd4 is 

unable to associate with chromatin to recruit pTEFb to inhibit DSIF (black) and NELF (yellow) and relieve promoter-proximal 

pause. (B) Brd4 can “read” acetylated lysine residue (red), thereby docking on chromatin and subsequently recruiting pTEFb 

(blue) to relieve RNA Pol II pause at the promoter region. Allowing for transcriptional elongation to continue. This is a 

constitutive function of Brd4. However, Brd4 has been shown to associate with other proteins aside from pTEFb in a more 

selective manner (253). 

 

Further, Brd4 also plays a role in transmitting epigenetic memory. During mitosis, it is common 

for majority of transcription factors to become displaced from the chromosome. In high 

eukaryotes, this correlates with a marked hypoacetylation of histone tails and overall 

transcriptional silence typical of cells undergoing mitosis (254-256). However, studies have 

shown that Brd4 – previously known as mitotic chromosome-associated protein (MCAP) – 

remains bound to acetylated lysine residues on histones H3 and H4 via BD1 and BD2 during 

mitosis and remains bound during interphase (242, 257). Whilst being bound during interphase, 

it is proposed that Brd4 acts as a ‘mitotic bookmark’ to transmit epigenetic memory to cell 

progeny (242, 257). Further, it was shown that post-mitotic chromatin decompaction and 

transcriptional kinetics were accelerated by Brd4 propagating the epigenetic mark (258). Thus, 

demonstrating the duality of Brd4 in its capacity to act in functional epigenetic memory as well 

as transcriptional initiation and elongation.  
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JQ1 is a molecule designed by the structural genomics consortium as a selective and potent 

Brd4 inhibitor. Although JQ1 has been shown to bind to other members of the BET family, 

such as Brd3, it has highest affinity for the acetyl-lysine recognition sites of Brd4 (170). JQ1 

does not associate with bromodomain containing proteins outside of the BET family (170). 

Further, it has been determined using co-crystal structure analysis that JQ1 binds to the 

acetylated lysine recognition sites of Brd4 (170), demonstrating that JQ1’s mechanism is 

through competitive inhibition of the acetyl lysine recognition motif.  

 

As of August 2019 there are seven clinical trials investigating inhibitors of BET proteins in the 

treatment of multiple myeloma (NCT03068351; phase I), advanced solid tumors 

(NCT02259114; phase Ib; NCT02157636; phase I), progressive lymphoma (NCT01949883; 

phase I), peripheral nerve sheath tumours (NCT02986919; phase II), acute myeloid leukemia 

(NCT02698189; phase I; NCT02308791; phase I), and myelodysplastic syndrome 

(NCT02308761; phase I). JQ1 has been shown to exhibit therapeutic effects in the treatment 

of acute myeloid leukemia (259) and Myc- mediated human malignancies (260, 261). Studies 

using primary human ASM from asthmatic patients showed pre-treatment with JQ1 prior to 

stimulation with TGF-β1 reduced Brd4 binding to the IL6 and CXCL8 promoters, which 

correlated with a decrease in IL6 and CXCL8 protein expression (262). Demonstrating the 

efficacy of this inhibitor in mediating inflammation primary ASM cells.  
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4.2 Methods 

 

4.2.1 Ethics statement 

 

Ethics approval was obtained as previously stated in section 2.2.1 

 

4.2.2 Primary cell isolation  

 

Primary cells were isolated & cultured as previously indicated in section 2.2.2 (is 6 well plate 

mentioned). 

 

4.2.3 Study subjects 

 

Study subjects were identified as previously stated in section 2.2.3 

 

4.2.4 Cell culture 

 

Primary human ASM cells were seeded as described in section 2.2.4. 

 

4.2.5 Stimulation & Brd4 Inhibition 

 

Cells were stimulated as previously described in section 2.2.5. 

 

Brd4 inhibition was carried out with JQ1(+) (1 nM, 10 nM, 100 nM, 1 µM; Sigma-Aldrich, 

Germany) for 1 hour prior to stimulation with TGF-β1 (10 ng/ml). JQ1 was made up in 
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dimethylsulfoxide (DMSO; Sigma-Aldrich, Germany); none of the working concentrations 

used impacted cell viability. The negative enantiomer JQ1(-) showed no effect in any of the 

experiments. 

 

4.2.6 mRNA sample collection 

 

Upon treating cells as detailed in section 4.2.5, mRNA samples were collected as detailed in 

section 2.2.6. 

 

4.2.7 mRNA purification 

 

mRNA lysates collected according to section 4.2.6 were purified as outlined in section 2.2.7.  

 

4.2.8 Reverse Transcription 

 

Complementary DNA (cDNA) to our RNA template purified in section 4.2.6 was synthesized 

as outlined in section 2.2.7. 

 

4.2.9 Quantitative PCR (cDNA) 

 

qPCR was carried out as described in section 2.2.6 for COL15A1 and TNC. 
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4.2.10 ChIP Sample Collection 

 

Cells were treated as outlined in section 4.2.4. Prior to collection, 37% formaldehyde was 

added to the well to a final concentration of 1% (v/v) to cross-link histones to DNA. After 10 

mins of fixation, formaldehyde was quenched by adding glycine to a final concentration of 0.2 

M. Freshly prepared, filtered, ice-cold PBS containing PIC was added to each well and manual 

scraping was used to remove cells from well bottom. To ensure enough chromatin was 

collected for ChiP, all 6 wells of a 6 well plate was dedicated to each treatment (i.e. 6 wells of 

DMEM only, 6 wells of TGF-β1 stimulated, etc.), and thusly were aggregated into one tube 

per treatment. This cell extract was spun at 800 g@4ﾟC for five mins. The supernatant was 

removed, and the cell pellet was snap frozen in liquid nitrogen until sonication. 

 

4.2.11 Chromatin Sonication 

 

Cell pellets containing cross linked protein-DNA complexes prepared as detailed in section 

4.2.8 were defrosted on ice and resuspended in 200 μL cell lysis buffer with freshly added PIC. 

These were incubated on ice for fifteen mins, whilst vortexed briefly (3 sec) every five mins. 

The cell suspension was spun at 800 g@4°C for five mins to separate the nuclear fraction, and 

the supernatant carefully removed. The nuclear pellet was resuspended in 200 μL nuclear lysis 

buffer with freshly added PIC and vigorously pipetted up and down to promote nuclear release. 

The nuclear lysates were sonicated using a high throughput Bioruptor Plus (Diagenode, Zurich) 

with an in-built cooling system, allowing for uniform processing to yield high quality samples. 

Ideal sonication settings were optimized wherein an equivalent amount of primary human ASM 

cells suspended in 200 μL nuclear lysis buffer were sonicated for 0, 10, 20, 30, 40, and 50 x 

30-second cycles on high and visualized on a 2% agarose gel. The optimal size of sheared 
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chromatin fragments for ChIP is 200-800 bps. For our samples, the majority of chromatin 

fragments fell in this range after 50 30-second cycles on high. A small quantity of DNA was 

obtained from each sample post-sonication to ensure chromatin fragments were the correct size 

before carrying out a ChIP Assay. See Figure 4.1 for a representative image of sonicated 

chromatin. BCA Assay (Sigma-Aldrich, St Louis, MO) against a BSA standard was used to 

verify presence of protein.  

 

 

Figure 4.2 Chromatin Fragments Post-Sonication. 2% Agarose gel visualisation of chromatin fragments after being 

sonicated for 50 x 30-second cycles on high. Lane 1 contains a 100 bp standard ladder (1000 bp top, 100 bp bottom), whilst 2 

& 3 contain representative samples of sonicated chromatin. 

 

4.2.12 Chromatin Immunoprecipitation Assay 

 
Chromatin Immunoprecipitation (ChIP) assay was carried out as previously described (263) 

using a commercial kit (EZ-ChIP; Millipore, Bayswater, VIC) according to the manufacturer’s 

protocol. Briefly, 50 µL of sheared chromatin prepared as described in section 4.2.9 was placed 

in a tube with 450 µL dilution buffer (containing freshly added PIC) and mixed gently. 5 µL 

of this mixture was removed as sample “input” to normalize for amount of chromatin at 

beginning of assay. To complete our IP Mix, we added 20 µL of well mixed magnetic protein 
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A/G bead slurry and x µg of antibody of interest. For each sample we carried out four 

immunoprecipitations as outlined in table 4.1.  

 

Table 4.1 Immunoprecipitations (IPs) Per Sample. Four immunoprecipitations were carried out for each sample. Wherein 

IPs 1 & 2 for our antibodies of interest and IPs 3 & 4 were our positive and negative control. Our antibodies of interest were 

rabbit polyclonal and their immunogen properties are as follows: acetylated H3 (H3ac): anti-H3K9acK14ac. Acetylated H4 

(H4ac): anti-H4K5acK8acK12acK16ac.  

 
IP 1 IP 2 IP 3 IP 4 

Experimental 

purpose 
Ab of interest Ab of interest Positive Control 

Negative 

Control 

Ab  Anti-H3ac Anti-H4ac Anti-RNA Pol II Rabbit IgG 

Amount used 5µg 4µg 4µg 4µg 

 

 

We used pre-validated purified rabbit polyclonal antibodies to target anti-H3K9acK14ac (5 µg) 

and anti-H4K5acK8acK12acK16ac (4 µg) antibodies (Millipore, Bayswater, VIC). Each 

antibody used was pre-validated by the supplier (Millipore, Bayswater, VIC) to work with the 

kit being used, however preliminary antibody titrations were carried out to confirm the 

recommend amount against our cell type. We found the suppliers recommended amounts gave 

the best results and therefore did not deviate from manufacturer’s recommendations.  

 

The IP was carried out by incubating the IP Mix at 4°C overnight with rotation. After which, 

the magnetic bead + ab + protein/chromatin complexes were magnetically separated using a 

MagnaGrIP Rack (20-400; Millipore, Bayswater, Vic) and washed thoroughly with ice-cold 

buffers supplied with the kit. Finally, the chromatin/protein complexes were eluted and proteins 

digested by adding 100 µL elution buffer containing 10 µg proteinase K to washed beads and 
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incubating at 62˚C for two hours with shaking on an Eppendorf ThermoMixer (Eppendorf, 

NSW, Australia) and finally at 95˚C for ten mins to deactivate the proteinase K.  

 

 

 

After each IP, eluted chromatin samples were purified using a Nucleospin gDNA Cleanup Kit 

(740230; Macherey-Nagel, Germany) and analysed via PCR against housekeeping gene 

GAPDH for positive detection of human gDNA (Fig. 4.2). The primer sequence for GAPDH 

was: 

Forward: TAC TAG CGG TTT TAC GGG CG 

Reverse: TCG AAC AGG AGG AGC AGA GAG  

 

Figure 4.3 Detection of gDNA via PCR against GAPDH. PCR of immunoprecipitated samples was carried out against

human GAPDH for positive detection of human gDNA and visualised on a 2% agarose SYBR safe stained gel via

electrophoresis. Gel denoted “h3” refers to samples immunoprecipitated with anti-H3ac, whilst “h4” refers to anti-H4ac. 

Lane 1 & 14 contain a 100 bp standard ladder (1000 bp top, 100 bp bottom), whilst 2 - 13 represents different patients’

immunoprecipitated chromatin sample. 
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Quantification of COL15A1 and TNC was carried out by real time qPCR using SYBR Green 

on a StepOnePlus Real-Time PCR System (Applied Biosystems). Data is presented as fold 

enrichment adjusted for input sample (2-(Ct(input)-Ct(ChIP))) compared with the IgG negative 

control.  

 

4.2.13 Primer Design 

 

Primers against immunoprecipitated genomic DNA (gDNA) were designed with the aid of the 

National Centre of Biotechnology Information’s (NCBI) Genome Data Viewer (GDV).  Using 

the aforementioned, a search for chromosomal location and sequence for COL15A1 and TNC 

was carried out within assembly GRCh37.p13. This was used in concert with the Ensembl 

Genome Browser which provided additional information pertaining to promoter location. To 

ensure our primers target gDNA and not mRNA transcripts, we designed each primer to 

straddle at least one intron-exon junction.  Keeping in mind that our chromatin was sheared to 

200-800 bp fragments, we set 200 bp as the maximal product size. We used the NCBI primer 

BLAST on selected intron-exon spanning regions with the following parameters:  

 

Minimum product size: 100 bp 

Maximum product size: 200 bp 

Optimal Tm: 60°C 

Minimal GC Clamp: 3 

Maximum GC in primer 3’ end: 4 
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Table 4.2 List of COL15A1 and TNC transcription variants. Within the known H. sapien genome (GRCh38.p12), there are 

five discovered transcripts of COL15A1 and fourteen of TNC.  

Name Transcript ID bp Protein Biotype CCDS UniProt RefSeq Match

COL15A1‐201 ENST00000375001.8 5223 1388aa  Protein coding CCDS35081 P39059 NM_001855.5
COL15A1‐205 ENST00000610452.1 5422 1374aa  Protein coding ‐ A0A087X0K0 ‐

COL15A1‐203 ENST00000471477.1 1412 No protein  Retained intron ‐ ‐ ‐

COL15A1‐204 ENST00000496686.1 771 No protein  Retained intron ‐ ‐ ‐

COL15A1‐202 ENST00000467052.1 276 No protein  lncRNA ‐ ‐ ‐

TNC‐202 ENST00000350763.9 8500 2201aa  Protein coding CCDS6811 P24821 NM_002160.4
TNC‐210 ENST00000535648.5 7508 1838aa  Protein coding ‐ F5H7V9 ‐

TNC‐201 ENST00000341037.8 6786 2019aa  Protein coding ‐ J3QSU6 ‐

TNC‐203 ENST00000423613.6 6281 1928aa  Protein coding ‐ E9PC84 ‐

TNC‐212 ENST00000542877.5 5517 1838aa  Protein coding ‐ F5H7V9 ‐

TNC‐211 ENST00000537320.5 4946 1564aa  Protein coding ‐ P24821 ‐

TNC‐213 ENST00000544972.1 1844 615aa  Protein coding ‐ H0YGZ3 ‐

TNC‐209 ENST00000534839.1 734 92aa  Protein coding ‐ F5H5D6 ‐

TNC‐214 ENST00000635336.1 69 23aa  Protein coding ‐ A0A0U1RR80‐
TNC‐207 ENST00000481475.1 823 No protein  lncRNA ‐ ‐ ‐

TNC‐206 ENST00000476680.1 696 No protein  lncRNA ‐ ‐ ‐

TNC‐204 ENST00000460345.1 651 No protein  lncRNA ‐ ‐ ‐

TNC‐208 ENST00000498724.5 566 No protein  lncRNA ‐ ‐ ‐

TNC‐205 ENST00000473855.1 386 No protein  lncRNA ‐ ‐ ‐  

 

We avoided primers with nucleotide runs >5, high self-complementarity scores, and those 

forward and reverse sets with large Tm discrepancy. Further, we ensured that the selected 

genomic region encoded for proteins and was conserved across all transcript variants. See table 

4.2 for list of known transcript variants. Based on the aforementioned parameters, we selected 

two of the best primer sets for COL15A1 and TNC for optimization of primer conditions. 

Selected primer sets were ordered from and manufactured by Integrated DNA Technologies 

(Coralville, Iowa) and provided as 100 µM concentration in pH 8.0 lab-ready solution. 

 
 
 
 
 
 
 



 

107 
 

4.2.14 Polymerase Chain Reaction  

 

cDNA amplification was carried out using a Taqman DNA Polymerase Kit (BIO-21105; 

Bioline, NSW, Australia). Briefly, in each reaction 1µl of cDNA was added to 2.1 µL 5x 

MyTaq Reaction buffer, 0.5 µL each of 10 µM forward and reverse primers, 0.2 µl MyTaq 

DNA Polymerase, and DEPC-treated H2O to make up 10 µl volume. The reaction mix was 

cycled in an Eppendorf Mastercycler (Eppendorf, NSW, Australia) for 32 cycles at optimal Tm 

determined in section 4.2.13 and visualized via SYBR safe (Bioline, NSW, Australia) stained 

2% agarose gel electrophoresis. Images were captured under UV light exposure with a Gel Doc 

EZ Imager (Bioline, NSW, Australia).  

 

4.2.15 Optimisation of PCR Primer Conditions 

 

A 1:10 dilution of provided primers in DEPC-treated H2O was made to obtain a 10 µM 

working solution. Primer sets were optimized for Tm to determine which primer set would 

produce the best product – determined by clearest band with minimal non-specific binding – 

closest to 60°C to facilitate in SYBR qPCR. PCR was carried out in an Eppendorf Mastercycler 

gradient thermal cycler (Eppendorf, NSW, Australia) at temperatures ranging from 55°C to 

65°C. DNA bands were visualized using 2% agarose Gel electrophoresis (Fig. 4.4) using recipe 

in table 4.3. 

 

Table 4.3 2% Agarose Gel Recipe for Electrophoresis 

Reagent Amount 

Agarose gel 4.0 g 

1x TBE 200 mL 
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Figure 4.4 Temperature Optimisation for COL15A1 primer set. Forward and reverse primer sets designed as outlined in 

section 4.2.11 were PCR cycled at temperatures ranging over 55-65°C to determine the optimal PCR temperature for each 

primer set. Lane 6 (59°C) produced the brightest product, whilst lane 7 (62°C) produced the clearest product, therefore we 

deemed this a suitable primer to use at 60°C. Lanes 1 & 10 contain 100 bp standard ladder. Products were visualised on a 2% 

agarose SYBR safe stained gel via electrophoresis.  

 

Upon completion of optimization the decided primer pairs sequences for COL15A1 and TNC 

were as follows:  

COL15A1 forward: 5’-TCTTTGGTGTGTCACAGGGG-3’; 

 COL15A1 reverse: 5’-GGAACAGAATGATCGCAGCC-3’;  

TNC forward: 5’-TATGTCCACAGC CCGAAGGC-3’; and  

TNC reverse: 5’- CTGTCATTATTCAGAACAAGCCCC-3’. 

 

4.2.16 Optimisation of SYBR qPCR conditions 

 

To determine the optimal concentration of our primers designed in section 4.2.11 for SYBR 

qPCR, we ran each primer with pooled gDNA at concentrations ranging from 100 nM – 500 

nM primer. qPCR was carried out using StepOnePlus Real-Time PCR System (Applied 

Biosystems), followed by a subsequent melt curve analysis to validate sequence specificity. It 

was determined that 300 nM was the optimal concentration when considering both 

1  2  3  4  5 6  7  8  9  10 
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amplification and melt curve efficiency. Amplified PCR product was run on a 2% agarose 

SYBR safe (Bioline, NSW, Australia) gel to validate amplification of a single product of the 

correct size.  

 

4.2.17 Quantitative PCR (gDNA) 

 

Table 4.4 SYBR qPCR Reaction Setup. COL15A1 and TNC templates in ChIP eluted gDNA were quantified using SYBR 

qPCR set up as outlined below. 

Reagent Volume 

KiCqStart SYBR Green qPCR 

ReadyMix (2X) 

5µl 

Forward primer (10µM) 0.3µl 

Reverse primer (10µM) 0.3µl 

DEPC-treated H2O 8.6µl 

gDNA template 3µl 

Final Volume 10µl 

 

 

Quantification of all gDNA products post-ChIP as outlined in section 4.2.10 were carried out 

using the intercalating dye system, KiCqStart SYBR Green qPCR Readymix (2x) with ROX 

(KCQS02; Merck, Germany). Reactions were set up as denoted in table 4.4 and cycled on a 

StepOnePlus Real-Time PCR System (Applied Biosystems) according to the following 

protocol: 
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Initial denaturation: 95°C, 20 seconds 

PCR cycling (40 cycles): 95°C, 3 seconds 

Post-extension data collection: 60°C, 30 seconds 

 

With the addition of a continuous post-run melting analysis for sequence verification as 

follows: 

 

Disassociation ramp: 95°C, 15 seconds 

Reanneal ramp: 60°C, 1 min 

Dissociation ramp: 95°C, 15 seconds 

 

4.2.18 Statistical analysis 

 

The data were analysed for parametric distribution, with differences identified by 2-way 

ANOVA followed by Bonferroni post-hoc tests as specified. Data analysis was carried out 

using Graphpad Prism 8 software wherein a p-value < 0.05 is considered significant. 

 

4.2.19 In silico genomic analysis  

 

Information pertaining to chromosomal location, genomic sequence, and transcript variants 

was obtained with use of National Center for Biotechnology Information (NCBI) Genome Data 

Viewer (GDV) (Bethesda MD, USA) and the Ensembl Genome Browser (Cambridge, UK). 

Chromosomal Ideograms representing target genes were generated by overlaying tracks 

downloaded from the NCBI GDV and Ensembl to the NCBI Genome Decoration Page 

(Bethesda MD, USA). 
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4.3 Results 

 

4.3.1 Quantification of TNC template bound to acetylated histone H3 

 

We carried out ChIP-PCR using an anti-H3ac antibody to determine if the promoter region for 

TNC was associated with acetylated histone H3. After IP pull down and subsequent gene 

amplification using SYBR, it is evident (Fig. 4.4) that there is no significant difference 

(p=0.8469) in the basal levels of H3ac associated with the TNC promoter region between 

COPD (5.436 ± 1.715) and non-COPD (2.687 ± 1.124) smokers. Similarly, stimulation with 

TGF-β1 (p=0.8400) did not induce a significant increase in H3ac levels associated with the 

TNC promoter in COPD (6.615 ± 0.310) or non-COPD (9.432 ± 7.100) smokers.  
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Figure 4.5 TNC bound to acetylated H3 determined via ChIP-PCR. Sonicated chromatin collected from primary human 

ASM cultured in DMEM ± TGF-β1 (10ng/ml) for 48 hours was immunoprecipitated against anti-H3ac antibody using ChIP 

assay and TNC template was subsequently quantified using SYBR qPCR. It is evident that there is no significant difference 

between levels of TNC bound to acetylated H3 in either group basally or in response to stimulation. Results are expressed as 

fold change over negative IgG control (mean ± SEM) and analysed by 2way ANOVA followed by Bonferroni post-hoc 

analysis. 

 

4.3.2 Quantification of COL15A1 template bound to acetylated histone H3 

 

We carried out ChIP-PCR using an anti-H3ac antibody to determine if the promoter region for 

COL15A1 was associated with acetylated histone H3. After IP pull down and subsequent gene 

amplification using SYBR, it is evident (Fig. 4.5) that there is no significant difference (p = 

0.9957) in the basal levels of H3ac associated with the TNC promoter region between COPD 

(13.760 ± 9.161) and non-COPD (6.423 ± 3.481) smokers. Similarly, stimulation with TGF-
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β1 (p=0.7841) did not induce a significant increase in H3ac levels associated with the TNC 

promoter in COPD (11.209 ± 8.585) or non-COPD (6.089 ± 3.439) smokers.  

 

 

Figure 4.6 COL15A1 bound to acetylated H3 determined via ChIP-PCR. Sonicated chromatin collected from primary 

human ASM cultured in DMEM ± TGF-β1 (10ng/ml) for 48 hours was immunoprecipitated against anti-H3ac antibody using 

ChIP assay and COL15A1 template was subsequently quantified using SYBR qPCR. Results are expressed as fold change 

over negative IgG control. It is evident that there is no significant difference between levels of COL15A1 bound to acetylated 

H3 in either group basally or in response to stimulation. Results are expressed as fold change over negative IgG control (mean 

± SEM) and analysed by 2way ANOVA followed by Bonferroni post-hoc analysis. 
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4.3.3 Quantification of TNC template bound to acetylated histone H4 

 

We carried out ChIP-PCR using an anti-H4ac antibody to determine if the promoter region for 

TNC was associated with acetylated histone H4. After IP pull down and subsequent gene 

amplification using SYBR, it is evident (Fig. 4.6) that there is no significant difference (p > 

0.9999) in the basal levels of H4ac associated with the TNC promoter region between COPD 

(49.393 ± 6.482) and non-COPD (40.811 ± 10.988) smokers. Interestingly, stimulation with 

TGF-β1 lead to a significant induction of acetylation of histone H4 at the TNC promoter in 

COPD only (p = 0.0339). Causing a significant difference (p=0.0074) in levels of H4 

acetylation in response to TGF-β1 stimulation when comparing primary human ASM cells 

from COPD (152.378 ± 42.788) to those from non-COPD (31.830 ± 16.211).  
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Figure 4.7 TNC bound to acetylated H4 determined via ChIP-PCR. Sonicated chromatin collected from primary human 

ASM cultured in DMEM ± TGF-β1 (10ng/ml) for 48 hours was immunoprecipitated against anti-H4ac antibody using ChIP 

assay and TNC template was subsequently quantified using SYBR qPCR. It is evident that there is no significant difference 

between levels of TNC bound to acetylated H4 in either group basally whilst TGF-β1 stimulation induced histone H4 

acetylation at the TNC promoter in COPD only. Results are expressed as fold change over negative IgG control (mean ± SEM) 

and analysed by 2way ANOVA followed by Bonferroni post-hoc analysis (*p≤0.05; **p≤0.01). 
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4.3.4 Quantification of COL15A1 template bound to acetylated histone H4 

 

We carried out ChIP-PCR using an anti-H4ac antibody to determine if the promoter region for 

COL15A1 was associated with acetylated histone H4. After IP pull down and subsequent gene 

amplification using SYBR, it is evident (Fig. 4.7) that there is no significant difference (p > 

0.9999) in the basal levels of H4ac associated with the COL15A1 promoter region between 

COPD (3.725 ± 1.494) and non-COPD (14.688 ± 12.235) smokers. Interestingly, stimulation 

with TGF-β1 lead to a significant induction of acetylation of histone H4 at the COL15A1 

promoter in COPD only (p=0.0326). Causing a significant difference (p=0.0355) in levels of 

H4 acetylation in response to TGF-β1 stimulation when comparing primary human ASM cells 

from COPD (79.584 ± 26.523) to those from non-COPD (21.297 ± 6.819).  
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Figure 4.8 COL15A1 bound to acetylated H4 determined via ChIP-PCR. Sonicated chromatin collected from primary 

human ASM cultured in DMEM ± TGF-β1 (10ng/ml) for 48 hours was immunoprecipitated against anti-H4ac antibody using 

ChIP assay and COL15A1 template was subsequently quantified using SYBR qPCR. It is evident that there is no significant 

difference between levels of COL15A1 bound to acetylated H4 in either group basally whilst TGF-β1 stimulation induced 

histone H4 acetylation at the COL15A1 promoter in COPD only. Results are expressed as fold change over negative IgG 

control (mean ± SEM) and analysed by 2way ANOVA followed by Bonferroni post-hoc analysis (*p≤0.05). 

 

4.3.5 Vehicle test 

 

Cells were treated with equivalent amounts of DMSO to those used in the JQ1 treatments and 

analysed alongside the samples in all equivalent assays. We found no significant effect 

attributed to DMSO only treatment when compared to basal expression (data not shown). 

Statistical analysis was carried out on Graphpad Prism 8 with differences assessed by unpaired 

t-tests (p ≤ 0.05 deemed significant). 
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4.3.6 Dose-response relationship between Brd4 inhibition and TNC expression 

 

In this section, we used JQ1 to competitively inhibit Brd4’s acetyl lysine recognition site. 

Inhibiting Brd4 acetyl-lysine recognition allows us to determine if acetylated lysine residues 

play a role in the expression of TNC mRNA. JQ1 treatment had no effect on TNC mRNA 

expression at 1nM (p > 0.9999) and 10nM (p > 0.9999); whilst pre-treatment with 100 nM 

(p≤0.0001; 1.208 ± 0.375) and 1 µM (p≤0.0001; 0.552 ± 0.083) demonstrated robust 

attenuation of TGF-β1 induced TNC mRNA expression in primary human ASM cells of COPD 

smokers. It should be noted that the suppression of TGF-β1 induced TNC mRNA expression 

in non-COPD susceptible smokers was not significantly abrogated at any of the JQ1 

concentrations noted in Figure 4.8, although a trend of decreased TNC mRNA expression with 

increased JQ1 concentration expression is evident.  
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Figure 4.9 Dose response of TNC mRNA expression post-Brd4 inhibition. Primary human ASM cells were stimulated with 

TGF-β1 (10ng/ml) ± 1-hour JQ1 pre-treatment (1 nM, 10 nM, 100 nM, 1 µM). RNA lysates were collected at 48 hours and 

cDNA synthesized via RT-PCR. TNC template was quantified using probe-based PCR. All results were normalised against 

endogenous housekeeping gene 18s and are expressed as TGF-β1 induced fold change over basal expression. Data is expressed 

as mean ± SEM and analysed by 2way ANOVA followed by Bonferroni post-hoc analysis (****p ≤ 0.0001). 

 
 

4.3.7 Dose-response relationship between Brd4 inhibition and COL15A1 expression 

 

In this section, we used JQ1 to competitively inhibit Brd4’s acetyl lysine recognition site. 

Inhibiting Brd4 acetyl-lysine recognition allows us to determine if acetyl lysine residues play 

a role in the expression of COL15A1 mRNA. JQ1 treatment had no effect on COL15A1 mRNA 

expression at 1 nM (p > 0.9999) and 10 nM (p > 0.9999); whilst pre-treatment with 100 nM (p 

= 0.0009; 3.557 ± 1.528) and 1 µM (p = 0.0003; 0.309 ± 0.102) demonstrated robust attenuation 

of TGF-β1 induced COL15A1 mRNA expression in primary human ASM cells of COPD 
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smokers. It should be noted that the suppression of TGF-β1 induced TNC mRNA expression 

in non-COPD susceptible smokers was not significantly abrogated at any of the JQ1 

concentrations noted in Figure 4.9, although a trend of decreased COL15A1 mRNA expression 

with increased JQ1 concentration is evident.  

 

 

Figure 4.10 Dose response of COL15A1 mRNA expression post-Brd4 inhibition. Primary human ASM cells were 

stimulated with TGF-β1 (10ng/ml) ± 1-hour JQ1 pre-treatment (1 nM, 10 nM, 100 nM, 1 µM). RNA lysates were collected at 

48 hours and cDNA synthesized via RT-PCR. COL15A1 template was quantified using probe-based PCR. All results were 

normalised against endogenous housekeeping gene 18s and are expressed as TGF-β1 induced fold change over basal 

expression. Data is expressed as mean ± SEM and analysed by 2way ANOVA followed by Bonferroni post-hoc analysis 

(***p≤0.001). 
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4.3.8 Quantification of TNC template bound to acetylated histone H4 post Brd4 inhibition 

 

We established that pre-treatment with 100 nM and 1 µM of JQ1 significantly abrogates TGF-

β1 induced TNC mRNA expression. To determine whether this effect was isolated to Brd4’s 

recognition of acetyl lysine residues and subsequent transcriptional initiation, we carried out 

ChIP against acetylated histone H4 on primary human ASM cells that had been pre-treated 

with JQ1 at the effective concentrations (100 nM and 1 µM). Results displayed in figure 4.10 

demonstrate that JQ1 pre-treatment lead to a significant abrogation of the TGF-β1 induced 

acetyl lysine mark on histone H4 associated with the TNC promoter in COPD smokers at both 

100 nM (p = 0.0018; 33.950 ± 22.507) and 1 µM (p = 0.0002; 6.984 ± 3.246). Just as with 

mRNA expression in Figure 4.8, there is a trend of decreased H4 acetylation in response to 

JQ1 treatment in primary human ASM cells of non-COPD susceptible smokers, however 

statistical significance was not achieved.  
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Figure 4.11 TNC bound to acetylated H4 post-Brd4 inhibition determined via ChIP-PCR. Sonicated chromatin collected 

from primary human ASM cultured in DMEM ± TGF-β1 (10ng/ml) for 48 hours ± pre-treatment with JQ1 (100 nM & 1 µM) 

was immunoprecipitated against anti-H4ac antibody using ChIP assay. TNC template was subsequently quantified using SYBR 

qPCR. Pre-treatment with JQ1 at 100 nM and 1 µM significantly abrogates histone H4 acetylation at the TNC promoter. 

Results are expressed as fold change over negative IgG control (mean ± SEM) and analysed by 2way ANOVA followed by 

Bonferroni post-hoc analysis (**p≤0.01; ***p≤0.001). 
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4.3.9 Quantification of COL15A1 template bound to acetylated histone H4 post Brd4 inhibition 

 

Further, it was established that pre-treatment with 100nM and 1µM of JQ1 significantly 

abrogates TGF-β1 induced COL15A1 mRNA expression. To determine whether this effect was 

isolated to Brd4’s recognition of acetyl lysine residues and subsequent transcriptional 

initiation, we carried out ChIP against acetylated histone H4 on primary human ASM cells that 

had been pre-treated with JQ1 at the effective concentrations (100 nM and 1 µM). Results 

displayed in Figure 4.10 demonstrate that JQ1 pre-treatment lead to a significant abrogation of 

the TGF-β1 induced acetyl lysine mark on histone H4 associated with the COL15A1 promoter 

in COPD smokers at both 100 nM (p = 0.0017; 6.797 ± 2.636) and 1 µM (p = 0.0008; 1.337 ± 

0.271). Those cells from non-COPD susceptible smokers did not respond to 100 nM treatment 

with JQ1, whilst 1 µM induced a non-significant decrease in histone H4 acetylation bound to 

the COL15A1 promoter in non-COPD susceptible smokers. These findings suggest that the 

level of acetylation that exists at a constant in non-COPD human ASM cells is less dependent 

on Brd4 to maintain the mark.  
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Figure 4.12 COL15A1 bound to acetylated H4 post-Brd4 inhibition determined via ChIP-PCR. Sonicated chromatin 

collected from primary human ASM cultured in DMEM ± TGF-β1 (10 ng/ml) for 48 hours ± pre-treatment with JQ1 (100 nM 

& 1 µM) was immunoprecipitated against anti-H4ac antibody using ChIP assay. COL15A1 template was subsequently 

quantified using SYBR qPCR. Pre-treatment with JQ1 at 100 nM and 1 µM significantly abrogates histone H4 acetylation at 

the COL15A1 promoter. Results are expressed as fold change over negative IgG control (mean ± SEM) and analysed by 2way 

ANOVA followed by Bonferroni post-hoc analysis (**p ≤ 0.01; ***p ≤ 0.001). 

 

4.3.10 Chromosomal location of ECM target genes in microarray analysis 

 

Upon investigating the chromosomal location of each ECM gene in the microarray analysis we 

determined that COL15A1 and TNC were both located on q arm of chromosome 9 with the 

former encoded by region bp 98,930,652 – 99,083,532, and the latter bp 115,009,706 – 

115,128,124. Of all 92 genes assessed by ECM microarray Analysis only four were located on 

chromosome 9, all of which on the q arm (Fig. 4.9). See Appendix B for complete list of 

chromosomal location of each ECM gene assessed via microarray Analyses in Chapter 2.  



 

125 
 

 

Figure 4.13 Chromosome 9. Depiction of chromosomal location of (a) all ECM genes residing on chromosome 9 that were 

included in our ECM microarray analyses in Chapter 2 (orange); and (b) the genes shown to be aberrantly expressed in COPD 

smokers in response to stimulation with TGF-ß1 (10ng/ml) (red); Chromosomal ideogram was obtained from NCBI’s GDP 

with tracks overlayed from NCBI’s GDV and Ensembl Genome Browser (Genome assembly: GRCh38.p12). 
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4.4 Discussion 

 

In this Chapter, we have used ChIP-PCR to detect whether acetylated histones H3 and H4 are 

bound to the promoter region of genes of TNC and COL15A1. ChIP-PCR is considered the 

gold-standard technique used to characterize histone modifications within a defined region of 

the genome (264). We selected these genes of interest based on evidence presented in Chapter 

2, where it was shown that TNC and COL15A1 expression was significantly higher in response 

to stimulation with TGF-β1. Our choice to focus on the epigenetic mechanism of histone 

acetylation was based on our findings presented in Chapter 3, where it was shown that HDAC 

inhibition lead to differential expression of TGF-β1 induced TNC mRNA when comparing 

primary human ASM cells from COPD to non-COPD susceptible smokers.  

 

We have shown that neither histone H3 nor H4 demonstrate differential baseline acetylation 

levels at the COL15A1 or TNC promoter between cohorts (Fig. 4.4-4.7). These results indicate 

that the difference in gene expression measured between COPD and non-COPD cohorts is not 

attributable to a basal difference in acetylation of histone H3 or H4 bound to the promoter 

region for COL15A1 or TNC. The absence of a basal difference in acetyl-lysine marks 

corresponds with the absence of aberrant ECM mRNA expression at baseline shown in Chapter 

2. However, what should be noted is that although there is no significant difference in basal 

acetylated histones H3 and H4 bound to the COL15A1 and TNC promoter, there is fold 

enrichment against the IgG control in all instances, suggesting that a proportion of cells do 

express acetylation at the COL15A1 and TNC promoters at any given time in COPD and non-

COPD. 
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Upon treating cells with TGF-β1, ChIP-PCR detected no significant induction of histone H3 

acetylation bound to the COL15A1 (Fig. 4.5) or TNC (Fig. 4.4) promoter region. When 

immunoprecipitating against anti-acetyl H4, however, it was shown that TGF-β1 stimulation 

significantly augmented levels of histone H4 acetylation associated with the promoter region 

for COL15A1 (Fig. 4.7) and TNC (Fig. 4.6) in COPD only. The differential acetylation patterns 

established demonstrate a differential response in COPD that follows the pattern of increased 

expression of COL15A1 and TNC mRNA demonstrated in Chapter 2. These results are induced 

by TGF-β1 stimulation, rather than during basal expression, suggesting that the differences in 

response to this cytokine is where the mechanism underlying aberrant ECM expression resides. 

Using TGF-β1 to stimulate the response is relevant to COPD as levels have been shown to be 

elevated in COPD (67-70 via koenigshoff). Therefore, studying TGF-β1’s effect on COPD is 

especially pertinent. We propose that SMAD2 and SMAD3 may be involved in the induction 

of histone acetylation as they have been shown to recruit histone acetyl transferases p300 and 

CBP to gene promoter regions (265, 266), however we assert that the aberrancy does not lie in 

overall TGF-β1 signalling as we did not see aberrant expression of all TGF-β1 induced ECM 

proteins in COPD. 

 

To elucidate whether this acetyl mark directly contributed to the expression of COL15A1 and 

TNC, we used a competitive inhibitor (JQ1) of the acetyl-lysine binding pockets of Brd4. In 

doing so we demonstrated that pre-treatment with both 100 nM or 1 µM significantly attenuated 

expression of COL15A1 and TNC, whilst lower concentrations (10 nM and 1 nM) did not. 

These findings confirm that Brd4 recognition of acetyl-lysine residues plays a direct role in the 

transcriptional expression of COL15A1 (Fig. 4.8) and TNC (Fig. 4.9) and subsequently, directly 

linking histone H4 acetylation at the COL15A1 and TNC promoter to the increased expression 

of these ECM genes in COPD. It should be noted that although only the COPD group showed 
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statistically significant attenuation of COL15A1 and TNC mRNA expression, there was a trend 

of reduced expression in non-COPD. These results are compatible with those shown in Figures 

4.4-4.7 where basal expression of TNC and COL15A1 was not at zero, indicating that there was 

a level of histone acetylation associated with the promoter region of these genes at baseline in 

both groups. Therefore, we posit that the trend of decreased ECM gene expression in non-

COPD human ASM cells in response to JQ1 stimulation is via inhibiting recognition of 

baseline acetylation. 

 

Considering the duality of Brd4’s epigenomic function – with a role in epigenetic memory in 

addition to transcriptional regulation – we decided to investigate the effect of Brd4 inhibition 

on histone H4 acetylation. Upon performing anti-acetyl H4 ChIP-PCR on cells treated with the 

effective concentrations of JQ1 (100 nM and 1 µM), we demonstrated a significant ablation of 

the TGF-β1 induced acetyl-lysine mark on histone H4 associated with COL15A1 (Fig. 4.11) 

and TNC (Fig. 4.10). The loss of acetylated marks post-inhibition with JQ1 demonstrates that 

Brd4 plays a role in propagating epigenetic memory to underpin aberrant expression of 

COL15A1 and TNC in COPD. Interestingly, the efficacy in doing so is less potent in cells from 

non-COPD susceptible smokers in terms of COL15A1 expression (Fig. 4.11) where it is evident 

that 100 nM JQ1 pre-treatment had no effect on COL15A1 mRNA expression. Based on these 

results we posit that the acetyl histone H4 marks bound to the COL15A1 promoter detected in 

the non-COPD susceptible cohort are de novo PTMs and not propagated through mitosis after 

treatment with TGF-β1; whilst the significantly higher levels of TGF-β1 induced histone H4 

acetylation in cells from COPD patients is maintained by Brd4 activity. Based on these 

findings, we infer that cells from COPD patients demonstrate aberrant COL15A1 and TNC 

expression due to TGF-β1 induced histone H4 acetylation that is dependent on Brd4 to maintain 

and propagate acetyl H4 marks to cell progeny.  
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To delineate why certain genes were responding this way to TGF-β1 stimulation without an 

established inherent difference in acetylation at baseline we considered the chromosomal 

location of each ECM gene on our microarrays used in investigations detailed in Chapter 2. 

Upon doing so we determined that our two target genes resided on the same arm (q) of 

chromosome 9 (Fig. 4.12). Two other genes from the ECM array included on Chr9 included 

ADAMTS13, which encodes for a protease involved in blood clotting by cleaving von 

Willebrand factor (267), and COL5A1, which was initially picked up by our microarray 

analyses but did not meet statistical significance. It should be noted that our target genes were 

proximal to one another.  

 

Late research that has shown Brd4 to demonstrate inherent histone acetyltransferase capacities 

(199) suggests that our findings may be explained by this phenomenon. However, we posit that 

Brd4 acting as a HAT  is an unlikely explanation of our findings as any aberrations in histone 

acetyltransferase capacity of the COPD ASM cells would have been revealed in our HAT 

activity assays 

 

In summary, this Chapter demonstrates that TGF-β1 stimulation of primary human ASM cells 

from COPD patients induces histone H4 acetylation at the promoter region for COL15A1 and 

TNC. We demonstrate that competitive inhibition of acetyl-lysine recognition by Brd4 

significantly attenuates COL15A1 and TNC mRNA expression and leads to a loss of the acetyl-

lysine mark on histone H4. These results suggest that Brd4 plays a role in transcriptional 

regulation and epigenetic memory in specific and targeted manner in COPD. Apart from the 

data presented in this thesis, no other reports have examined the interaction between TGF-β1 

stimulation and acetylation of promoter regions associated with ECM genes in COPD.  

  



 

130 
 

Chapter 5 Summary, Future Directions, and Conclusion 

 

5.1 Introduction 

 

COPD is a disease characterised by persistent loss of lung function, manifesting in persistent 

shortness of breath. COPD is a progressive disease with no current cure, leaving transplantation 

the only medical intervention available to patients wanting to avoid significant disability and 

inevitable mortality. Although the disease is characterised by two primary phenotypes: small 

airways disease prominent and emphysematous destruction prominent, it has been established 

that small airways disease precedes emphysematous destruction. Thorough investigations into 

pathophysiological changes underpinning small airways disease have shown that the primary 

cause of airway obstruction in COPD is increased ECM deposition. It has further been shown 

that ECM deposition within the ASM layer contributes to small airway obstruction, and the 

degree of which inversely correlates with FEV1. The relationship between ECM, the ASM and 

FEV1 demonstrates the role ASM plays in small airway fibrosis and subsequent obstruction. In 

vitro investigations have shown that primary mesenchymal cells from COPD patients deposit 

more ECM in response to stimuli than those cells from non-COPD patients, independent of 

differences in transcription factor activity (68). Considering the aforementioned alongside 

established epidemiological evidence highlighting a hereditary link in COPD and statistics 

demonstrating that only a small proportion of smokers develop COPD, we hypothesized that 

there is an underlying epigenetic mechanism modulating small airway fibrosis in COPD and 

therein bestowing a “COPD susceptible” population.  

The aim of this study was to carefully identify study subjects based on known lung function 

measurements and smoking history. In doing so, we carefully selected a cohort of smokers with 

and without airway obstruction, which we labelled “COPD susceptible smokers” and “non-
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COPD susceptible smokers”, respectively. We used primary ASM cells from these cohorts in 

all of the investigations in this study.  

 

5.2 Determination of aberrantly expressed ECM genes in COPD 

 

To investigate an aberrant ECM gene response, we aimed to use a stimulus that was proven 

capable to induce ECM expression that was relevant to COPD. We decided upon the cytokine 

TGF-β1 as it fulfilled the aforementioned criteria. It has been well established in numerous 

studies in our lab and labs of others that TGF-β1 is an appropriate stimulus to generate an ECM 

induction response from our cell type. Prior temporal analyses of ECM upregulation 

demonstrated that the 48-hour time point coincided with peak ECM gene expression in our cell 

type. Upon carrying out a microarray analysis targeting 92 ECM genes in DMEM only and 

TGF-β1 stimulated samples, it was shown that four genes (TNC, COL15A1, COL5A1, and 

ITGA1) were differently expressed in response to TGF-β1 stimulation in pooled cDNA samples 

from COPD susceptible smokers when compared to those sampled from non-COPD 

susceptible smokers. Further qPCR validation confirmed that TNC and COL15A1 were 

significantly upregulated in response to TGF-β1 stimulation in COPD susceptible smokers. 

 

To demonstrate that the ECM proteins encoded for by these genes were deposed within the 

ASM layer in vivo, we carried out IHC staining against anti-collagen 15α1 and anti-tenascin-c 

on paraffin embedded sections of small airway from COPD explant tissue. We noted positive 

staining for collagen 15α1 and tenascin-c within the airway wall. Interestingly, collagen 15α1 

deposition appeared predominantly localised to the ASM layer, suggesting that ASM cells are 

the primary source of collagen 15α1 deposition in the small airway. We further showed that 
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collagen 15α1 deposition was significantly higher in in vivo thereby demonstrating that this 

protein is a primary contributor to increased ECM deposition in COPD airways. 

 

It is of import to note that not every ECM gene induced by TGF-β1 had aberrant expression in 

COPD, with significantly higher upregulation being unique to COL15A1 and TNC, thereby 

indicating that the aberrance is gene specific rather than an overall enhanced TGF-β1 response 

in COPD. We posit that if our results were reflecting the former, many more ECM genes 

induced by TGF-β1 would be aberrantly expressed. 

 

5.3 Investigations into epigenetic aberrations underlying ECM expression in COPD 

 

To identify epigenetic aberrations between COPD and non-COPD susceptible peoples’ ASM 

cells, we used established inhibitors of well understood epigenetic modifications – DNA 

methylation, histone acetylation, and histone methylation. We used the ECM genes identified 

to be aberrantly expressed in COPD in Chapter 2 as a target and cultured primary human ASM 

cells with and without aforementioned inhibitors to screen for different outcomes in target gene 

expression between our cohorts.  Pre-treatment with inhibitors for LSD and HAT showed no 

significant difference in TGF-β1 induced COL15A1 or TNC expression in cells from either 

cohort. Whilst DNMT1 inhibition lead to significant abrogation of COL15A1 expression from 

each cohort, with no significant difference in expression level between them. HDAC inhibition 

lead to significantly different expression of TNC when comparing non-COPD to COPD 

susceptible smokers. Although pre-treatment did not lead to significant changes from baseline, 

the differential response between the two cohorts suggested that histone acetylation mediated 

transcriptional regulation at the promoter regions for TNC differ. Although the differential 

results for COL15A1 expression by non-COPD and COPD human ASM cells post-HDAC 
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inhibition did not attain statistical significance, they followed the same trend as TNC which 

suggested that the underlying mechanisms in expression of our target genes may be shared. 

 

To elucidate whether this was an effect in overall HAT or HDAC activity, we obtained nuclear 

lysates from human ASM cells of our study groups and carried out enzyme activity assays. Our 

results found no significant difference in HAT or HDAC activity between non-COPD and 

COPD susceptible smokers. These findings assert that the mechanism underlying increased 

COL15A1 and TNC expression isn’t a consequence a global dysregulation of histone modifying 

enzymes and further underpin our earlier supposition that the aberrancy in TNC and COL15A1 

expression by COPD human ASM cells is at the gene specific level.  

 

Our results from the HDAC activity assay sit in contrast with a study on immune cells and 

peripheral lung tissue from COPD patients wherein it was shown that those samples from 

COPD patients had significantly lower levels of HDAC activity. It was further shown that 

HDAC2 expression was lower in these samples and other studies demonstrated that restoring 

HDAC2 expression enhanced the glucocorticoid response in COPD. It is well established that 

different epigenetic modifications dictate cell fate lineage, therefore different cell types will 

exhibit different epigenetic modifications. Further, immune cells have been shown to be 

demonstrate enhanced phenotypic plasticity and therefore are more susceptible to variations in 

epigenetic enzymes as these variations underpin their role in the innate immune system. Apart 

from the data presented in this thesis, no other reports have examined epigenetic modulation 

of small airway fibrosis in COPD.  
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5.4 Chromatin targeted investigation of histone acetylation 

 

To directly assess the level of acetylated histones H3 and H4 we performed ChIP-PCR on TGF-

β1 stimulated human ASM cells of our selected cohorts. We found that there was no significant 

difference in basal H3 and H4 acetylation levels bound to the promoter for COL15A1 nor TNC. 

However, we did note that there was positive fold change in basally treated human ASM cells 

of either cohort bound to each target gene’s promoter. This finding demonstrates that a 

proportion of lysine residues are acetylated at baseline.  

 

Upon stimulating with TGF-β1, we measured a significant upregulation in histone H4 acetyl-

lysine residues bound to the promoter regions for both TNC and COL15A1. Whilst there was 

no significant difference in histone H3 acetylation bound to the target gene promoter regions. 

This is the first study demonstrating a direct induction of an aberrant epigenetic mark 

associated with an ECM gene in COPD. Our results showing increased histone acetylation in 

COPD human ASM whilst global HAT activity remains unaltered between cohorts determines 

that these findings cannot be attributed to a global shift in enzymatic activity. This correlates 

with in vivo experiments showing cigarette smoke induced histone H3 & H4 acetylation at 

specific lysine residues independent of global HAT upregulation in a murine model (268, 269). 

These findings are further corroborated in lungs of non-COPD and COPD susceptible smokers 

(270). Demonstrating that acetylation can be induced in a targeted and specific manner. 

 

To demonstrate that histone H4 acetylation played a role in the expression of TNC and 

COL15A1, we performed dose-response experiments using an inhibitor of the epigenetic reader 

Brd4: JQ1. JQ1 competitively and selectively binds to the acetyl-lysine recognition motif on 

Brd4. We showed that pre-treatment with 100 nM of JQ1 was enough to significantly attenuate 
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both COL15A1 and TNC mRNA expression and the attenuation persisted at a pre-treatment 

concentration of 1 µM. These findings demonstrate that the recognition of acetylated lysine 

residues by Brd4 is essential in the transcriptional elongation of COL15A1 and TNC.  Brd4’s 

role in relieving transcriptional pause and conferring mRNA elongation has been described to 

be constitutive. Therefore, the aberrancy would not lie in Brd4’s transcriptional capacity and 

the epigenetic reader’s role in pathology would be limited to the expression of an aberrant 

acetyl lysine mark. However, given that Brd4 does not directly interact with DNA or RNA Pol 

II and subsequently relies on an “interacting partner” (253), the known panel of transcriptional 

regulators capable of recruiting and interacting with Brd4 should be investigated to delineate 

any aberrancies in their activity levels in COPD.  A detailed protein interaction analysis showed 

Brd4 capable of interacting with p53, YYi, AP2, c-June, C-Myc/Max, C/EBPα, C/EBPβ, Acf1, 

and G9a (253). The aforementioned study was the first to identify two conserved regions in 

Brd4 separate to the acetyl binding residues BD1 and BD2. These were referred to as basic 

residue-enriched interaction domain (BID) and phosphorylation dependent interaction domain 

(PDID). It was further shown that the regulatory domain of p53 interacts with Brd4 via PDID 

to selectively regulate transcription at the gene specific level. The identification of these 

domains reveal how a transcriptional triad through an interacting partner would work to confer 

gene specificity to an otherwise constitutive function of Brd4. 

   

 

Further, Brd4 has been described to have dual roles with its second being that of an epigenetic 

bookmark to carry acetyl-lysine marks through mitosis. This function has been described to be 

more gene specific and gives Brd4 the capacity to conservatively propagate specific acetyl-

lysine marks to cell progeny. To investigate whether Brd4 was acting in this capacity we carried 

out ChIP-PCR on cells pre-treated with the effective concentrations of JQ1. Interestingly, JQ1 
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pre-treatment lead to a complete abrogation of TGF-β1induced histone H4 acetylation at the 

COL15A1 and TNC promoter region. This finding demonstrates that Brd4 plays a role in 

maintaining histone H4 acetylation in COPD. Based on this evidence, we posit that the 

augmented histone H4 acetylation at the promoter region for COL15A1 and TNC is maintained 

by Brd4’s capacity as an epigenetic bookmark.  

 

Figures 5.1, 5.2, and 5.3 summarise the major findings of the preceding Chapters, in addition 

to established literature about ECM production and epigenetic modulation in COPD.  
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Figure 5.1 ASM cells produce more ECM in COPD in vitro and in vivo. Text in black indicates previously known effects. 

Text in blue indicates new findings presented in this thesis. 
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Figure 5.2 Summary of Aim 2 Findings. In this screening step, we found that HDAC inhibition showed a significantly 

different response in COPD whilst overall activity levels of histone acetyl modifying enzymes did not differ. Therefore, we 

surmised to investigate targeted chromatin modifications using ChIP-PCR. Text in black indicates previously known effects. 

Text in blue indicates new findings presented in this thesis. 
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Figure 5.3 TGF-β1 induces Brd4 mediated H4ac in COPD. Text in black indicates previously known effects. Text in blue 

indicates new findings presented in this thesis. 
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5.5 Future Directions 

 

This is the first report on epigenetic modulation of ECM expression in primary human ASM 

cells. Therefore, our findings can be considered the first step in delineating the intricate 

epigenetic mechanisms underlying small airway fibrosis in COPD. In Chapter 2, we identify 

two ECM genes with augmented expression in COPD. It is known that increased ECM 

deposition contributes to ASM bulk within the airway wall. What remains to be elucidated is 

the specific bioactive effect of increased COL15A1 and TNC on ASM and other surrounding 

cells in the airway wall. Therefore, our first recommendation is for future studies to thoroughly 

investigate the propensity of these ECM proteins to initiate a positive feedback cascade that 

would accelerate further fibrosis, inflammation, and subsequent airway obstruction. 

Experiments would focus on cell migration, cytokine production, and ECM deposition from 

cells cultured on collagen 15α1 and tenascin-C substrates. Given the progressive nature of 

small airway fibrosis and COPD pathogenesis overall, it is likely that such a cascade is 

contributing to disease progression.  

 

In Chapter 3 we carried out epigenetic screening experiments. The extent of our investigation 

as a screening step between two cohorts was particular to this study, however we assert that 

they do not conclusively exclude the role other epigenetic marks may play in overall pathology. 

It is well established that epigenetic marks have been shown to interact with one another. In 

vitro experiments have shown DNMT1 interacting with G9a to induce DNA methylation (271) 

and DNA methylation outcomes being dictated by H3K9 methylation (272). Therefore, we 

recommend ongoing investigation into other epigenetic marks that may interact with the 

increased histone H4 acetylation mark induced by TGF-β1. 
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Our findings demonstrate an increase in H4 histone acetylation at the promoter region for 

COL15A1 and TNC in response to TGF-β1 treatment unique to COPD susceptible smokers. 

Through use of competitive inhibitor JQ1, it was further shown that Brd4 played a significant 

role in transcription of TNC and COL15A1. Most interestingly, Brd4 inhibition lead to a loss 

of TGF-β1 induced histone H4 acetylation demonstrating that Brd4 plays a role in epigenetic 

memory of TGF-β1induced histone H4 acetylation. Another route of inquiry should surround 

proteins upstream from Brd4 recruitment to the promoter region. It has been shown that Brd4 

cannot directly interact with RNA Pol II, but does bind with p53, YY1, c-Jun, AP2, C/EBPα, 

C/EBPβ, and Myc/Max (253). These findings underpin the theory that Brd4 dependant gene 

expression depends on a “triad” of factors at the promoter region (i) RNA Pol II in a state of 

transcriptional pause; (ii) a transcription factor capable of interacting with Brd4 (“interacting 

partner”); and (iii) subsequent recruitment of Brd4 by the interacting partner to relieve 

transcriptional pause and commence elongation. Therefore, it would be beneficial for future 

investigations to use ChIP-PCR using antibodies for the aforementioned proteins to determine 

if there is a discrepancy between the levels of these transcription factors bound to the promoter 

region of our target genes when comparing non-COPD to COPD susceptible smokers. In order 

to build upon our findings and further delineate specific mechanisms contributing to increased 

ECM gene expression it is imperative for future reports to investigate the levels of Brd4 

interacting molecules in COPD. Future investigations would consider the chromatin targeting 

specificity of each interacting partner and subsequent recruitment of JQ1.  

 

We established that our target genes share a chromosomal location, highlighting a possible 

mechanism underlying the mirrored response by the two ECM genes in our investigations.  To 

widen the scope of our investigation outside of those genes on the microarray we identified all 

known genes nearby COL15A1 and TNC and their established function. We found that 



 

142 
 

TGFBR1 which encodes for the type I TGF-β1 receptor AKL5 (table 1.2) resides between 

COL15A1 and TNC. Furthermore, it is of import to note that TGFBR1 is directly downstream 

from COL15A1. See Appendix D for a GDV screen excerpt of gene proximity.  

 

Investigations into TGFBR1 fell out of the scope of this study, however a study using peripheral 

lung tissue from non-smokers, non-COPD smokers, and COPD susceptible smokers found no 

significant difference in TGFBR1 expression between non-COPD and COPD susceptible 

smokers (273). It should be noted that these results are of homogenized tissue samples and 

therefore are only indicative of baseline differences, which do not occur in our target genes. 

Given that an established mechanism of TGF-β1 signal modulation is internalization and 

subsequent degradation of activated TGF-β1 receptors, we posit that stimulating our primary 

human ASM may have triggered TGF-β1 receptor endocytic trafficking, leading to eventual 

degradation of expressed receptors. Ergo, necessitating receptor replenishment which is likely 

fulfilled via epigenetic activation of TGFBR1. Considering that evidence of transgenic 

acetylation patterns across a chromosomal region has been established (274, 275), this may be 

one possible mechanism contributing to TGF-β1 induced acetylation at the promoter region for 

our target genes COL15A1 and TNC. However, it is to be noted that due to the paucity of 

investigations into the effect of TGF-β1 on TGFBR1 expression and the mechanism underlying 

TGF-β receptor trafficking, this position is based on indirect evidence and is merely a 

hypothesis. We infer that this is a promising field of investigation in further elucidating 

epigenetic mechanisms contributing to COPD.  
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5.6 Conclusion 

 

The overall aim of this investigation was to determine why ASM cells from COPD patients 

produce more ECM in response to fibrotic stimulus. Our hypothesis was that the aberrancy was 

epigenetic, which is best described by Riggs (276) as “mitotically or meiotically heritable 

changes in gene function” not attributable to changes in DNA sequence. What lies at the crux 

of every epigenetic investigation is the question: which came first, the epigenetic modification 

or the disease? Investigating a disease that commonly presents in smoking populations, we 

aimed to address this question by ensuring we were making comparisons between two 

populations of smokers to control for the confounding effect of cigarette smoke induced 

epigenetic change. To delineate the epigenetic effect, we identified a pathophysiological 

mechanism that contributed to small airway fibrosis and subsequent obstruction – ECM 

deposition within the ASM layer – and modeled our epigenetic investigations around this 

pathology. We, for the first time, showed that the underlying mechanism of increased ECM 

gene expression in COPD is induction of histone H4 acetylation at the promoter region for 

COL15A1 and TNC. Further, we demonstrated that Brd4 plays a role in maintaining histone 

H4 acetylation, thereby unveiling the molecular mechanism underpinning the mitotic 

heritability of TGF-β1 induced histone H4 acetylation and a possible therapeutic target for 

small airway fibrosis in COPD. These findings are bolstered by our model using human 

mesenchymal cells from the primary site of pathological insult in COPD. The data presented 

in this thesis are novel in the field of respiratory cell and molecular biology, as no other reports 

have examined the epigenetic mechanisms modulating small airway fibrosis in COPD.  
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Appendix A – Publications Included as an Adjunct to This Work 
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Appendix B – Genes Located on ECM Microarray 
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ECM Gene  
Chromosomal 

location 

VCAM1  Chr1p 
COL11A1  Chr1p 
COL16A1  Chr1p 

ECM1  Chr1q 
LAMB3   Chr1q 
LAMC1   Chr1q 

SELE  Chr1q 
SELL  Chr1q 
SELP  Chr1q 

THBS3  Chr1q 
FN1  Chr2q 

ITGA4  Chr2q 
ITGA6  Chr2q 
ITGAV  Chr2q 

COL7A1  Chr3p 
CLEC3B  Chr3p 
COL8A1  Chr3q 
CTNNB1  Chr3q 

ITGB5  Chr3q 
SPP1  Chr4q 

CTNND2  Chr5p 
VCAN  Chr5q 

CTNNA1  Chr5q 
ITGA1  Chr5q 
ITGA2  Chr5q 
SPARC  Chr5q 

TBP  Chr6q 
COL12A1  Chr6q 

CTGF aka CCN2  Chr6q 
LAMA2   Chr6q 
THBS2  Chr6q 
ACTB  Chr7p 
PPIA  Chr7p 

LAMB1   Chr7q 
SGCE  Chr7q 

COL14A1  Chr8q 
MMP16   Chr8q 

ADAMTS13  Chr9q 
COL15A1  Chr9q 
COL5A1  Chr9q 

TNC  Chr9q 
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ITGA8  Chr10p 
ITGB1  Chr10p 
CD44  Chr11p 
HMBS  Chr11q 

ADAMTS8  Chr11q 
CTNND1  Chr11q 
MMP1   Chr11q 

MMP10   Chr11q 
MMP12   Chr11q 
MMP13   Chr11q 
MMP3  Chr11q 
MMP7  Chr11q 
MMP8  Chr11q 
NCAM1  Chr11q 
RPLP0  Chr12q 
UBC  Chr12q 

CNTN1  Chr12q 
ITGA5  Chr12q 
ITGA7  Chr12q 

COL4A2  Chr13q 
MMP14  Chr14q 

B2M  Chr15q 
THBS1  Chr15q 
ITGAL  Chr16p 
ITGAM  Chr16p 
CDH1  Chr16q 

MMP15   Chr16q 
MMP2  Chr16q 
SPG7  Chr16q 

COL1A1  Chr17q 
ITGA3  CHr17q 
ITGB3  Chr17q 
ITGB4  Chr17q 

PECAM1  Chr17q 
TIMP2  Chr17q 

VTN  Chr17q 
LAMA1   Chr18p 
LAMA3   Chr18q 
ICAM1  Chr19p 
HAS1   Chr19q 
TGFBI  Chr19q 
MMP9  Chr20q 
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ADAMTS1  Chr21q 
COL6A1  Chr21q 
COL6A2  Chr21q 
ITGB2  Chr21q 

MMP11   Chr22q 
TIMP3  Chr22q 

KAL1 aka 
ANOS1  ChrXp 
TIMP1  ChrXp 
PGK1  ChrXq 

 
– End Table –  

 
  



 

200 
 

Appendix C – Data from Study into Off-target Effects of Epigenetic 
Inhibitors 
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The following data was generated by Karosham Reddy (2018) under the supervision of A/Prof 
Brian Oliver and Razia Zakarya. Reproduced with permission. 
 

 

 

 

 

 
 
 
 
 
 
 
 
Primary human ASM cells from non-COPD and COPD smokers were stimulated with TSA 
alone for 24 hours. Western blot analyses of protein abundance and phosphorylation showed 
that TSA treatment lead to significant increase in NF-κB p65 subunit and p38 MAPK 
phosphorylation in non-COPD cells only. These findings demonstrate off target effects of TSA 
treatment for HDAC inhibition. 
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Appendix D – Genome Data Viewer: Chromosomal Proximity of 
COL15A1 and TGFBR1 
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COL15A1 highlighted in blue whilst TGFBR1 highlighted in green. With <30 kbp between 
them, it is evident that COL15A1 and TGFBR1 are proximal genes, allowing for factors 
mediating the transcription of one to affect the other.  
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