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Abstract

Asthma is characterized by reversible airflow limitation, airway inflammation and remodeling,
which includes increased smooth muscle mass, sub-epithelial fibrosis, goblet cell metaplasia and
loss of columnar epithelial cells. Basal cells are progenitor cells of the pseudostratified airway
epithelium that undergo distinct phenotypic transitions to maintain epithelial homeostasis
following damage. We hypothesized that differentiation of epithelial basal cells is defective in
asthma, leading to impaired repair. We used three distinct in vitro models of human airway
epithelial basal cell plasticity — epithelial-mesenchymal transition (EMT), repair of mechanical
scratch wounds, and differentiation at air-liquid interface — which together provide a complete
overview of basal cell function in epithelial repair. In Chapter 3 we assessed the ability of
transforming growth factor (TGF)-B; to induce molecular reprogramming indicative of EMT and
found that basal cells from asthmatic and non-asthmatic patients undergo TGFp;-induced EMT.
However, an expanded population of basal cells in differentiated epithelial cultures from
asthmatic donors led to an increased EMT response. In Chapter 4 we found that inhibition of
ANp63a impaired restitution of scratch wounds in monolayer culture, due to decreased
proliferation. Additionally, ANp63a regulated several genes known to be involved in epithelial
repair, including B-catenin, epidermal growth factor receptor, and jaggedl. In Chapter 5 we
found that basal epithelial cells from asthmatic donors with (+) and without (-) exercise-induced
bronchoconstriction (EIB) were impaired in the transition to a ciliated but not goblet cell
phenotype in an air-liquid interface (ALI) model of mucociliary differentiation. EIB(-)
asthmatics also had an expansion of the basal cell population and shorter cilia. In Chapter 6, we

used an unbiased RNA sequencing approach to identify aberrant expression of pathways
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involved in actin cytoskeleton dynamics and cellular metabolism that were distinctly different in
EIB(-) and EIB(+) asthma during mucociliary differentiation. We also identified a miRNA-
MRNA network that regulates the epithelial transition from proliferation to differentiation. This
thesis provides compelling evidence that lineage commitment and molecular reprogramming in
basal cells are skewed in asthma to favour epithelial plasticity in response to TGFp;, rather than
mucociliary differentiation, and that epithelial remodeling is more pronounced in the EIB(-)

phenotype of asthma.



Preface

All projects and associated methods were approved by the University of British Columbia’s

Research Ethics Board [certificate # H13-02173].

Chapter 1: Introduction

| wrote chapter 1, with edits provided by Drs. Tillie-Louise Hackett, Darryl Knight and Peter

Paré. This chapter includes some aspects of two previously-published manuscripts:

e Warner SM, Knight DA. Airway modeling and remodeling in the pathogenesis of asthma.
Curr Opin Allergy Clin Immunol. 2008 Feb;8(1):44-8. | wrote the entire first draft and
contributed to final edits of the review article.

e Hackett TL, Warner SM, Stefanowicz D and Knight DA. (2011) Epithelial Cells, in
Inflammation and Allergy Drug Design (eds K. lzuhara, S. T. Holgate and M. Wills-Karp),
Wiley-Blackwell, Oxford, UK. doi: 10.1002/9781444346688.ch10. | wrote sections of this
book chapter, including development of the respiratory system, anatomy and function of the
epithelium, and epithelial remodeling in asthma. 1 also created figures for the book chapter,
which have been modified for inclusion here (as Figure 1.5 and Figure 1.6). All materials

are used with permission of publishers.

Chapter 3: Induction of Epithelial-Mesenchymal Transition in Primary Airway Epithelial
Cells from Patients with Asthma by Transforming Growth Factor-p1
I carried out approximately 30% of the experiments in the manuscript, including primary cell

culture and immunoblot experiments and assisted in the preparation of figures for the
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manuscript. A version of this chapter has been published and is reprinted here with permission of

the American Thoracic Society.

e Cite: Hackett TL, Warner SM, Stefanowicz D, Shaheen F, Pechkovsky DV, Murray LA,
Argentieri R, Kicic A, Stick SM, Bai TR, Knight DA. Induction of epithelial-mesenchymal
transition in primary airway epithelial cells from patients with asthma by transforming

growth factor-betal. Am J Respir Crit Care Med. 2009 Jul 15;180(2):122-33.

Chapter 4: Transcription Factor p63 Regulates Key Genes and Wound Repair in Human

Airway Epithelial Basal Cells

I performed all experiments, data collection and analysis, interpreted the data and wrote the

manuscript. Dr. Darryl Knight conceived of the study and contributed to the manuscript. Dr.

Tillie-Louise Hackett assisted with data analysis and manuscript preparation, and Teal Hallstrand

contributed epithelial cells and edited the manuscript. Furquan Shaheen contributed

immunohistochemistry assistance. A version of this chapter has been published and is reprinted

here with permission of the American Thoracic Society.

e Cite: Warner SM, Hackett TL, Shaheen F, Hallstrand TS, Kicic A, Stick SM, Knight DA.
Transcription Factor p63 Regulates Key Genes and Wound Repair in Human Airway

Epithelial Basal Cells. Am J Respir Cell Mol Biol. 2013 Dec;49(6):978-88.

Chapter 5: Impaired Ciliary Differentiation of Airway Epithelial Cells from Asthmatics
With and Without Exercise-Induced Bronchoconstriction
I designed the study, carried out all cell -culture experiments, assisted with

immunohistochemistry, carried out all image analyses, performed ELISA experiments, analyzed
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and interpreted the data and wrote the chapter. Dr. Tillie-Louise Hackett contributed to the study
design and data interpretation, assisted with the ELISA experiments, and contributed to writing
the chapter. Dr. Darryl Knight assisted with experimental design and contributed to editing the
chapter. Dr. Teal Hallstrand contributed to the experimental design and provided the primary
human airway epithelial cells and biopsy tissues for the study. Furquan Shaheen assisted with
immunohistochemistry (IHC) of biopsy and air-liquid interface cultures. Amrit Samra performed
all Alcian blue staining. Dorota Stefanowicz assisted with cell culture and maintained the coding
of samples during IHC work to ensure that | was blinded from sample identification. Dr. Peter
Paré contributed final edits. Human tissues were collected under approval of the University of

Washington Institutional Review Board and with written informed consent from all participants.

Chapter  6: Distinct Epithelial mRNA and miRNA Expression Profiles During
Differentiation and Between EIB(+) and EIB(-) Asthma Phenotypes

I designed and carried out all cell culture experiments (as described for chapter 5), isolated and
processed all RNA samples, performed pathway analyses, assessed the biological significance of
findings, and wrote the chapter. Dr. Tillie-Louise Hackett contributed to study design, data
interpretation, and assisted with writing and editing the chapter. Dr. Darryl Knight contributed to
study design and edited the chapter. Sequencing and data analysis were carried out at Boston
University, in collaboration with Dr. Avrum Spira of the Computational Bioinformatics group.
Dr. Gang Liu prepared the sample libraries and performed the sequencing runs. Sequencing data
was analyzed by Dr. Adam Gower, with input from Dr. Avrum Spira. Dr. Gower aligned raw
sequencing reads to the genome, created libraries of normalized data, and performed negative

binomial modeling and two-way ANOVA statistical analyses. Dr. Gower also carried out
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hierarchical clustering, created heatmaps of differential expression and performed principal
component analyses. Dr. Ma’en Obeidat provided critical input regarding statistical
methodologies and interpretation of data. Yunlong Nie created correlation matrices for candidate
gene co-expression and assisted with visualization of principal component analyses. Dr. Peter

Paré contributed to the experimental design, data interpretation and provided final chapter edits.
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Chapter 1: Introduction

1.1 Overview of thesis

Asthma is a complex disease, with both genetic and environmental components contributing to
its pathogenesis. Features of the disease generally include both immune sensitization and
structural remodeling of the airways, including alterations to the epithelial cells that line the
airways. In addition to acting as a physical barrier, the airway epithelium is known to contribute
to immune modulation and repair responses. The overarching goal of this thesis is to further our
understanding of the role that the airway epithelium plays in the pathophysiology of asthma. In
particular, we will address several aspects of epithelial cell plasticity to determine whether
aberrant differentiation may contribute to and potentiate the remodeling features that occur in the

setting of disease.

1.2 Asthma

Asthma is an inflammatory disorder of the airways characterized by reversible airflow limitation
and a variable degree of hyperresponsiveness of the airways to stimuli, manifesting as symptoms
such as shortness of breath, wheeze and cough (Lougheed, Lemiere et al. 2010). The symptoms
of asthma arise from the narrowing of the airways due to constriction of the surrounding airway
smooth muscle, compounded by bronchial edema and mucus production (Figure 1.1). The

resulting airflow limitation can be fatal.
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Figure 1.1 Schematic of airway pathology in asthmatic individuals.
Characteristic features of asthmatic airways include bronchial hyperresponsiveness leading to airway
constriction, edema of airway mucosa, and mucus plugging of airway lumen.

Asthma is not a new disease; the word itself is derived from the word “aazein,” meaning
“to exhale with open mouth, to pant” in Greek, and can be found in Homer’s lliad (Marketos and
Ballas 1982). Today there are approximately 300 million people worldwide who suffer from
asthma (Global Initiative for Asthma 2012a), with the majority in developed countries. This
includes Canada, which ranks in the top 10 countries for prevalence (Masoli, Fabian et al. 2004).
In Canada alone there were over 2.3 million persons over the age of 12 who self-reported having
the disease in 2012 — this is a striking 8.1% of the country’s population. Importantly, following
the 2004 report from the Global Initiative for Asthma, the prevalence of asthma continues to
increase and it is estimated that by 2025, there will be approximately 400 million afflicted

individuals worldwide (Masoli, Fabian et al. 2004). This increased prevalence parallels the



continuous urbanization of the global population, though the exact cause of the increase remains
elusive (Masoli, Fabian et al. 2004).

Morbidity and mortality due to asthma are significant. Disability-adjusted life years lost
per year to this disease total approximately 15 million around the world. Estimates are that
worldwide, asthma accounts for 1 death out of every 250, for a cumulative 250,000 deaths
annually (Global Initiative for Asthma 2012a). Between pharmaceutical treatments and acute
medical care in instances of exacerbations, there is also a significant economic burden. In British
Columbia alone, asthma-related health care cost $315.9 million between 2002 and 2007
(Bedouch, Marra et al. 2012). As the prevalence of the disease increases, there is an urgent need
for advancements in our understanding of asthma, from both a medical and an economic

standpoint.

1.3 Asthma diagnosis

Reversibility of airflow limitation is a defining feature of asthma. Bronchodilators, such as short-
acting B2-agonists, cause relaxation of contracted airway smooth muscle. This reduces resistance
to airflow and, in the setting of underlying smooth muscle tone, results in an increase in forced
expiratory volume in one second (FEV;). A diagnosis of asthma can be made by a post-
bronchodilator increase in FEV; of greater than or equal to 12% and 200 mL (Tepper, Wise et
al. 2012, Global Initiative for Asthma 2012b). Similarly, peak expiratory flow (PEF)
measurements that improve by 60 L/min (or > 20% of pre-bronchodilator PEF), or that vary
more than 20% between days, are indicative of asthma (Global Initiative for Asthma 2012b).

If asthma is well-controlled by therapies, the magnitude of a post-bronchodilator

improvement may be less significant. To further assess airway responsiveness, methacholine-,
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histamine- or exercise-challenge tests can be used. Methacholine is a derivative of acetylcholine
that binds to specific muscarinic receptors, triggering bronchoconstriction. The concentration of
inhaled methacholine that results in a 20% decrease in FEV; is known as the provocative
concentration (PC), value. In general, PCy values of less than 4 mg/mL can be considered a
positive test for bronchial hyperresponsiveness (BHR) (Crapo, Casaburi et al. 2000). Histamine
challenge may also be used, and can produce bronchoconstriction at approximately equal
concentrations as methacholine (Toelle, Peat et al. 1994). However, histamine can produce
significant systemic inflammatory side effects, and may provide less reproducible measurements
than methacholine (Juniper, Frith et al. 1978, Chatham, Bleecker et al. 1982, Higgins, Britton et
al. 1988). Exercise can also trigger asthma symptoms in susceptible individuals, and as such
exercise challenge can be a useful test for the diagnosis of this phenotype of asthma. Exercise
challenge can be performed on a treadmill or a cycle ergometer, and is designed such that the
patient will reach a target ventilation or heart rate for at least 4 minutes, usually over six to eight
minutes of total exercise. A 15% decrease in FEV; after exercise challenge is considered
indicative of exercise-induced bronchoconstriction (EIB) (Haby, Anderson et al. 1994, Miller,

Hankinson et al. 2005).

1.4 Inflammation in the pathogenesis of asthma

Despite its global health burden, no cure for asthma exists. Symptoms of asthma are generally
brought about by aberrant recruitment or activation of cells of the immune system, usually
through mechanisms initiated by inappropriate skewing or sensitization of the adaptive immune
system. This can lead to constriction of the airway smooth muscle surrounding the bronchi, as

well as unchecked tissue inflammation and damage (Figure 1.2).
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Figure 1.2 Immune and inflammatory cells in asthma.

Canonical Ty2 pathways are shown with black arrows, while pathways favouring other T helper cell
polarizations are shown with grey arrows. Ty2 polarization is directed by interaction of APCs with an
antigen. Ty2 cells direct B lymphocytes to begin production of specific IgE. Binding of antigen-
crosslinked IgE to cell surface Fc receptors on mast cells, basophils and eosinophils induces
degranulation and release of mediators such as histamine and tryptase from mast cells and basophils, and
production of cysteinyl leukotrienes from both mast cells and eosinophils. Histamine and CysLTs act on
bronchial smooth muscle to induce bronchoconstriction. Ty2 cytokines also induce migration and
maturation of mast cells and eosinophils. The neutrophil chemoattractant IL-8 is released from epithelial
cells activated by mast cell-derived tryptase or Ty17-derived IL-17 and directly from T41 cells.



1.4.1 Initiation of allergic sensitization

In the airways, inhaled allergens and particles encounter antigen presenting cells (APCs)
whose function is to sample the tissue microenvironment and alert the immune system to the
presence of infection. Macrophages and dendritic cells are the primary APCs of the airway.
Macrophages are phagocytes responsible for engulfing and degrading extracellular bacteria and
particles. Macrophages are often found residing in tissues at high risk of external exposure, such
as the lung. Dendritic cells reside within the airway mucosa, and may encounter antigen that has
traversed the airway epithelium, but may also extend long processes between the epithelial cells
to enable direct encounters with inhaled antigens.

Once an antigen has been internalized and processed/degraded by APCs, it is then loaded
onto major histocompatibility complex (MHC) molecules and trafficked to the APC cell surface.
Antigen-activated APCs then migrate to lymph nodes, where they can interact with either T or B
lymphocytes to induce adaptive immune responses. T-helper cells express CD4 on their surface,
and are responsible for cell-mediated immunity and the activation of B cells. Naive T helper cells
(THO) can be stimulated by different cytokines to polarize into either Tyl or Ty2 cells.
Stimulation of THO cells with IL-12 or IFNy leads to Tyl cells, which produce IL-2, TNFB and
IFNy, responsible for anti-bacterial cell-mediated immunity by maximizing the anti-microbial
functions of macrophages and by promoting proliferation of CD8" T-cells. Conversely,
polarization of Ty0 cells with T2 promoting cytokines IL-4, IL-5, or IL-13 will lead to the
production of T2 cells. Ty2 cells aid in the antibody response and B-cell mediated immunity,

including antibody class switching to favour production of antibodies such as IgE.



142 Ty2 skewing

Tw2 responses are usually stimulated in response to parasitic infections, but in the vast majority
of asthmatic patients, there is evidence of Ty2 skewing of the immune system in the absence of
such external stimuli. This leads to increased antigen-specific IgE levels in the circulation (Lloyd
and Saglani 2013), which has important implications for inflammatory cells such as mast cells
and eosinophils. Mast cells are inflammatory cells that reside in high numbers beneath the
airway epithelium. Mast cells are mainly recruited to the tissue by T2 cell-derived IL-9, and are
more abundant in the airway mucosa of asthmatic individuals (Laitinen, Laitinen et al. 1993,
Carroll, Mutavdzic et al. 2002). Mast cells contain abundant cytoplasmic granules with various
pre-formed mediators, such as histamine and tryptase. Activation of mast cells occurs when cell-
surface Fc receptors are cross-linked by the binding of antigen-crosslinked specific IgE
molecules in sensitized individuals, leading to rapid degranulation. The released mediators
trigger bronchoconstriction through activation of the histamine receptor H1 on airway smooth
muscle cells and tissue remodeling by tryptase-dependent cleavage of protease-activated
receptors, which subsequently leads to the production of pro-inflammatory cytokines such as
interleukin (IL)-8 from the epithelium (Holgate 2002). In addition, cytokines such as IL-4, IL-5
and IL-13 can also be released from mast cells, which may further promote the T2 phenotype
(Galli, Kalesnikoff et al. 2005).

Eosinophils are also prevalent in some types of Ty2-driven asthma. Eosinophilic
granules contain high levels of cationic proteins, particularly major basic protein, eosinophil
peroxidase, eosinophil cationic protein and eosinophil-derived neurotoxin, which can all lead to
tissue damage, fibrosis, and further induction of mast cell degranulation (Hogan, Rosenberg et al.

2008). In addition, eosinophils can produce pre-formed cytokines, including transforming growth
;



factor B (TGFB), which has been linked to airway remodeling (Kay, Phipps et al. 2004). In fact,
eosinophils may be functionally different in asthma, as eosinophils from asthmatic individuals
produced the pro-fibrotic factor TGFB; in response to IL-17 and IL-23, whereas eosinophils from
healthy individuals did not (Al-Muhsen, Letuve et al. 2013). Interleukin-5 (IL-5) is the primary
cytokine responsible for eosinophil recruitment from the bone marrow (Collins, Marleau et al.
1995), and can also promote growth, activation, maturation and survival of eosinophils. The
source of this IL-5 can be Ty2 lymphocytes, mast cells, eosinophils and type 2 innate lymphoid
cells (ILC2) (Halim, Krauss et al. 2012).

Basophils function similarly to mast cells, releasing histamine and other mediators upon
crosslinking of cell-surface Fc receptors with antigen-crosslinked IgE. A new and exciting role
for the basophil in airway inflammation was recently described, wherein basophils expressed IL-
4 in response to cysteine protease exposure (Motomura, Morita et al. 2014). The basophil-
released IL-4 acted on natural helper cells, a subset of ILC2 cells, to induce expression of the
Ty2 cytokines IL-5, IL-9 and IL-13, leading to allergen-induced eosinophilic airway
inflammation (Motomura, Morita et al. 2014).

Once activated, mast cells and eosinophils can also generate and release arachidonic acid
metabolites (eicosanoids) such as cysteinyl leukotrienes (Cys-LTs) (Laidlaw and Boyce 2012).
Cys-LTs are metabolized from arachidonic acid via the 5-lipoxygenase pathway to generate
leukotriene (LT)A4, which is subsequently metabolized to the cysteinyl leukotrienes LTC4, LTD,4
and LTE4. The Cys-LTs bind to their receptors Cys-LT1 and Cys-LT2 to induce contraction of
bronchial smooth muscle, increased permeability of blood vessels, mucus secretion, and the

recruitment of leukocytes, which are hallmark features of asthma exacerbations.



When considering both clinical and pathological data, Ty2-predominant asthma includes
three main clinical phenotypes (Wenzel, 2012). The most prevalent is early-onset allergic
asthma, which makes up the vast majority of asthma sufferers. Patients with this phenotype often
present in childhood with co-morbidity associated with atopy and other diseases, such as atopic
dermatitis and allergic rhinitis. These patients often exhibit specific IgE to allergens and
increased T2 cytokines. This subset of patients is likely to have genetic contributors to disease,
including a strong family history. Late-onset eosinophilic asthma is more severe and as
suggested by the name, eosinophil-predominant and often adult-onset. Finally, a subset of
asthmatic individuals experience airway hyperresponsiveness during exercise, known as
exercise-induced asthma (Hallstrand, Kippelen et al. 2013). Exercise-induced asthma appears to
be predominantly driven by aberrant mast cell activation.

There are also non-Ty2 asthma subtypes such as neutrophilic asthma, which is generally
more severe (Wenzel 2012). Neutrophils are phagocytic granulocytes that are numerous in the
circulation. They are recruited in response to IL-8 and other mediators, such as leukotriene B,
produced by other neutrophils and by macrophages, and can engulf microbes that have been
opsonized. Once this occurs, the microbes are degraded in phagosomes by reactive oxygen
species and enzymes, including myeloperoxidase and cathepsins. Neutrophilia may lead to tissue
damage and inflammation, likely promoting tissue remodeling, in some asthma patients. These
patients display notable sputum neutrophilia, increased production of the Tyl cytokine IL-8, and
activation of Tyl7 inflammatory pathways (Brusselle, Vanderstichele et al. 2013). Ty17 cell
populations are a distinct subset of CD4" immune cells (Harrington, Hatton et al. 2005, Park, Li

et al. 2005) that arise from stimulation with TGFB, IL-6, IL-21 and IL-23. They produce



cytokines such as IL-17, IL-21 and IL-23. IL-17-producing cells may also make IL-4, and

together these cytokines may recruit neutrophils to the airways (Wang, Voo et al. 2010).

1.4.3 The epithelial — immune interface

While the majority of the inflammatory and immune events seen in asthma are mediated by
hematopoietic cell lineages, there is also a notable role of resident cells, and in particular the
epithelium. As the interface with the inhaled environment, the epithelium is perfectly situated to
modulate the immune response to external stimuli such as bacteria, allergens and viruses. In
particular, there is a clear role for the epithelial cell in the T2 polarization of the immune system

(Figure 1.3).
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Figure 1.3 Important epithelial-derived mediators in asthma.

The epithelium is able to produce several immune-related cytokines and mediators. For example
phospholipase A2 group 10 (sPLA2X) and GM-CSF are able to affect eosinophil survival and function,
GM-CSF, TSLP, IL-1a and IL-33 are able to promote T2 polarization, and both IL-33 and Stem Cell
Factor (SCF) are able to recruit mast cells. Furthermore, the epithelial-derived cytokines TSLP, as well
as IL-33 and its receptor ST2 have been identified by genome-wide association studies as carrying
significant association with asthma (denoted in red).
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Many emerging pro-Ty2 cytokines are released by epithelial cells following stimulation
of their pattern recognition receptors by allergens such as house dust mite, including thymic
stromal lymphopoietin (TSLP), granulocyte/macrophage colony stimulating factor (GM-CSF),
IL-1a, and IL-33 (Hammad, Chieppa et al. 2009, Phipps, Hansbro et al. 2009, Willart, Deswarte
et al. 2012). These cytokines may also be induced in response to the Ty2 cytokines IL-4 and IL-
13, for which the receptors exist on epithelial cells, indicating a feedback regulatory mechanism
wherein the epithelial cell is centrally involved in perpetuating immune system polarization
(Kato, Favoreto et al. 2007). 1L-33 is of particular interest, as it is a member of the IL-1 innate
cytokine family (Schmitz, Owyang et al. 2005) and is known to promote T2 inflammation,
asthma and allergy (Saglani, Lui et al. 2013).

The epithelium is also able to attract and modulate several of the inflammatory cell types
involved in the asthmatic response. For example, mast cells are recruited by epithelial-derived
stem-cell factor (SCF) (Al-Muhsen, Shablovsky et al. 2004). CC-chemokine ligand 11, or
eotaxin-1, is a chemoattractant for eosinophils that is produced by the airway epithelium (Garcia-
Zepeda, Rothenberg et al. 1996). Furthermore, GM-CSF secreted by epithelial cells can prolong
eosinophil survival (Uddin, Seumois et al. 2008). The epithelium can also influence production
of eicosanoids by eosinophils via production of soluble phospholipase A, group 10 (SPLA2-X),

possibly enhancing asthma exacerbations (Hallstrand, Lai et al. 2012).

1.5 The epithelium is central to asthma susceptibility

Attempts to elucidate the reason for the predominant Ty2 skewing of the immune system in
asthma have led to what is termed the hygiene hypothesis. The predilection of the modern era is

the minimization of dirt and dust in the home. In addition, the increased populations residing in
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urban environments rather than rural, farming-type environments, decreases exposures to classic
Tyl antigens, such as bacterial lipopolysaccharide, which would have been more prevalent in
less clean environments (Strachan 1989). This has led to the hypothesis that exposure to
endotoxin may in fact have a protective effect against atopy in childhood (Braun-Fahrlander
2003). Exposure to allergens such as house dust mite, cockroach allergen, or pet dander may
also lead to allergic sensitization. However, not all individuals develop asthma in the face of
such environmental exposures, even among those who have developed allergic sensitization
(atopy), indicating that some individuals display intrinsic asthma susceptibility.

The role of recurrent early-life viral infections in asthma development has been a topic of
immense interest in recent years, particularly in the setting of patients who already have allergic
sensitization (Holt and Sly 2012). Individuals who experience recurrent lower respiratory tract
viral infections during the period when postnatal lung growth and differentiation are at their peak
may be 10 to 30-fold more likely to develop severe and persistent asthma (Oddy, de Klerk et al.
2002). In line with this, children who had experienced viral infections and who were atopic at
two years of age were significantly more likely to have persistent wheeze (Relative Risk (RR)
3.5) and asthma (RR 4.92) at 10 years (Kusel, Kebadze et al. 2012). These findings suggest that
certain individuals are more susceptible to virus-induced wheeze, as allergic sensitization can
increase the risk of viral infections leading to wheeze, but viral infection itself does not lead to
allergic sensitization (Jackson, Evans et al. 2012). Early-life persistent wheeze has also been
noted to carry with it significant features of airway remodeling even in the absence of atopy
(Turato, Barbato et al. 2008), signifying the importance of susceptibility to multitrigger

wheezing in asthma pathogenesis.
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It is clear that an individual’s genetic predisposition is an important component in the
development of asthma. However, estimates of heritability range from 35 — 90% (Ober and Yao
2011). Genome-wide association studies have further highlighted a number of polymorphisms
that are significantly associated with asthma, including filaggrin (FLG), TSLP, IL-33 and its
receptor ST2 (IL1RL1), and the gasdermin family (GSDMA/B). Interestingly, many of these
genes fall within the spectrum of the epithelium and its position at the interface between the
immune system and the environment, emphasizing the importance of the epithelial tissue
microenvironment in the initiation of asthma pathology.

Mutations in the epithelial barrier protein filaggrin have been found to carry significantly
high risk for atopic dermatitis, and also for asthma in those individuals who already have atopic
dermatitis (Palmer, Irvine et al. 2006). Filaggrin is important in epidermal differentiation and
barrier formation; its mutation disrupts the epidermis. Interestingly, despite its association with
asthma, filaggrin does not appear to be expressed in the bronchial epithelium (Ying, Meng et al.
2006). This may suggest that disruption of any epithelial barrier can lead to inappropriate
immune sensitization.

TSLP is an epithelial-derived, Ty2-promoting cytokine; polymorphisms in the TSLP
gene are significantly associated with asthma and airway hyperresponsiveness (He, Hallstrand et
al. 2009). Asthma-associated polymorphisms were also found in the Ty2-promoting cytokine IL-
33 and its receptor ST2 (IL1RL1), as well as the ORMDL3/GSDMB locus (specific to
childhood-onset disease) (Moffatt, Gut et al. 2010). Polymorphisms at this locus on chromosome
17g21were significantly associated with whole-lung expression of GSDMA (Hao, Bosse et al.
2012). In this study, the authors demonstrated GSDMA protein expression in the airway

epithelium. Interactions between genetic loci at 17921, including variants of ORMDL3 and
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GSDMB, and human rhinovirus infection have been described recently and implicated in the risk
of developing asthma (Caliskan, Bochkov et al. 2013). These findings provide further evidence
to support the idea that while both genetic and environmental factors are required for the

development of asthma in susceptible individuals, the epithelium is central to this process.

1.6 Airway wall remodeling in asthma

While inflammation is clearly involved in asthma pathogenesis, there is also significant
structural remodeling of the airways (James and Wenzel 2007). Airway remodeling in asthma
can be defined as changes in cellular and extracellular composition and organization of the
airway wall. Some of these changes include increased airway smooth muscle mass, increased
angiogenesis, an expanded population of fibroblasts, thickened basement membrane, and of the
utmost importance for the present body of work, an intrinsically altered epithelium (Figure 1.4).
Many aspects of remodeling have been found to occur in early childhood, in mild disease, and in
the absence of atopy, suggesting that remodeling may actually occur independently of excessive
and repeated airway inflammation (Barbato, Turato et al. 2003, Payne, Rogers et al. 2003, Payne,

Qiu et al. 2004, Barbato, Turato et al. 2006).

1.6.1 Increased airway smooth muscle

An increase in airway smooth muscle (ASM) mass, caused by hyperplasia or hypertrophy is an
important component of the remodeled airway wall in asthma (James 2005). Although the
precise mechanisms behind the increased mass are unknown, a shift toward a synthetic
phenotype with increased proliferation rates is believed to play a role in the development of

ASM thickening (Halayko, Tran et al. 2006, Bai, Liu et al. 2007). Longitudinal studies
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Figure 1.4 Histological features of airway remodeling in asthma.

FFPE sections of age-matched, sex-matched upper airways obtained from healthy (left) or asthmatic
(right) human donor lungs deemed unsuitable for transplant. Masson’s trichrome stain allows
visualization of collagen (blue-green), keratin and muscle (red) and cytoplasm/intercellular space (light
purple). Arrows indicate commonly remodeled components of human airways, including increased
airway smooth muscle mass, increased vascularization, more mesenchymal cells, thickening of the
basement membrane, and abnormal epithelium. There is also clear evidence of mucus plugging of the
airway lumen (centre). Scale bar is 100 um. Image courtesy of F. Shaheen and T.L. Hackett (Vancouver,
Canada).

evaluating the contribution of ASM proliferation to asthma are lacking, but it is possible that
ASM proliferation occurs very slowly in vivo or only occurs sporadically (James 2005). The
increase in ASM mass may be present very early in disease progression, as biopsies from

preschool wheezers who went on to develop asthma later in childhood were found to already
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present this feature (O'Reilly, Ullmann et al. 2013). Recent work has provided compelling
evidence that the mechanical properties of airway smooth muscle from asthmatic patients are
actually very similar to that from non-asthmatics; the only differences in function were that at
longer lengths, asthmatic ASM was stiffer, and was more resistant to the loss of force generation
that usually occurs in response to length oscillation (Chin, Bosse et al. 2012). This indicates that
the intrinsic properties of ASM may not in fact differ in asthmatic individuals, but rather that the
inflammatory milieu in which the muscle exists in vivo is the driving force behind excessive
bronchoconstriction. Increased smooth muscle mass, importantly, may lead to excessive airway

narrowing during an acute exacerbation of asthma.

1.6.2 Angiogenesis and vascularization

Angiogenesis and vascularization are also features of airway remodeling. There is a reported
increase in the number of blood vessels per unit area in asthma (Baluk, Lee et al. 2004), although
vessel size is similar when analysis is based upon the outer diameter (Green, Butt et al. 2006).
However, based on intimal thickening, asthmatic blood vessels were hypertrophic compared to
control vessels and this abnormality correlated with disease duration. Barbato and colleagues
have also reported a significant increase in vascularization in the airways of asthmatic children
(Barbato, Turato et al. 2006). This was shown as the number of vessels per square millimeter of
tissue, but was not reflected in the percentage area of the airway wall occupied by vessels.
Interestingly, this increase in the numbers of vessels in the airway wall in asthmatics was not
significantly in excess of that seen in atopy alone, suggesting that angiogenesis may in fact be

mediated by the inflammatory response.
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The factor most likely responsible for this angiogenic activity is vascular endothelial
growth factor (VEGF). Elevated VEGF protein was detected in lavage fluid from atopic
asthmatic adults compared to healthy individuals (Simcock, Kanabar et al. 2007) and in induced
sputum of acute asthmatic children compared to normal children, suggesting an early activation
of the angiogenic process (Abdel-Rahman, el-Sahrigy et al. 2006, Baren, Boudreaux et al. 2006).
A direct link between allergen exposure and angiogenesis has been reported by Capetandes and
colleagues who showed that exposure of lung epithelial cells to house dust mite allergen
increases VEGF expression and release of mediators that stimulate fibroblasts to increase VEGF
secretion (Capetandes, Zhuang et al. 2007). Increased angiogenesis and vascularization may

exacerbate airway narrowing by promoting tissue edema and infiltration of inflammatory cells.

1.6.3 Mesenchymal alterations

In asthmatic airways, there is accumulation of sub-epithelial mesenchymal cells, including
fibroblasts and myofibroblasts. Fibroblasts are spindle-shaped cells that lie directly beneath the
basement membrane and can generally be identified by expression of vimentin and EDA-
fibronectin, the intracellular variant of fibronectin. During wound repair, the fibroblast is highly
synthetic and produces the provisional collagen matrix that is required for wound healing
(McPherson 1988). When activated during wound repair, fibroblasts transition into
myofibroblasts, which express a-smooth muscle actin through de novo synthesis of stress fibres,
and which are able to remodel the extracellular matrix (ECM) (Hinz 2010). These properties are
normally utilized during wound closure to draw wound edges together. Myofibroblasts can also
secrete chemokines, cytokines, arachidonic acid metabolites and protease inhibitors, which

enable tissue remodeling and trafficking of inflammatory cells into wounded regions. Once
17



wound healing is complete, myofibroblasts disappear through apoptosis (Darby, Skalli et al.
1990).

In asthma, the source of these excess fibroblasts and why they persist is unknown (Roche,
Beasley et al. 1989). Previous data demonstrated a significant role for circulating, bone marrow-
derived (CD34%), collagen-producing cells called fibrocytes in remodeling of the lung and
airways in asthmatic humans following allergen exposure and in the ovalbumin mouse model of
allergic asthma (Schmidt, Sun et al. 2003). Similarly, proliferation and plasticity of resident
fibroblasts may contribute to the increased fibroblast population in asthma. For example,
mediators involved in allergy and inflammation, such as histamine, play a role in the induction of
airway remodeling by increasing fibroblast proliferation and connective tissue growth factor
(CTGF) expression in human fetal lung fibroblasts in vitro (Kunzmann, Schmidt-Weber et al.
2007). Recently, a role for the T2 cytokine IL-13 was described in initiating airway fibroblast
invasion in vitro through a TGFB; and MMP-dependent mechanism (Ingram, Huggins et al.
2011). The TGFpB-induced activation could be blocked by inhibitors of TGFB and MMPs, but
only in cells obtained from asthmatic donors, indicating that fibroblasts from asthmatic patients
are intrinsically altered. An important function of mesenchymal cells is the production of
extracellular matrix proteins, which are incorporated into the basement membrane and

surrounding mesenchymal stroma.

1.6.4 Thickening of the basement membrane
The basement membrane separates the underlying mesenchyme from the epithelium. It provides
attachment points for epithelial cells, binds growth factors, hormones and ions, and is important

for communications between epithelial and mesenchymal cells (Evans, Fanucchi et al. 2010).
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The basement membrane when assessed by electron microscopy is actually made up of three
distinct layers — the lamina lucida and lamina densa (that together make up the basal lamina), and
lamina reticularis. The basal lamina is directly beneath the epithelium and is primarily composed
of collagens, laminins, fibronectin, proteoglycans, stored growth factors, and glycoproteins. The
lamina reticularis (or reticular basement membrane) is the layer that can be seen with the light
microscope. It is primarily composed of collagen fibrils (primarily types I, 111 and V) crosslinked
by smaller collagen fibres, fibronectin, tenascin (Laitinen, Altraja et al. 1997), and proteoglycans
such as perlecan. This layer, and particularly perlecan, can store and modulate availability of
many growth factors.

Thickening of the reticular basement membrane (RBM) is a common feature of airway
remodeling in asthma. It occurs early in disease progression, with airways from pediatric
asthmatics showing the same extent of RBM thickening as those from adults (Payne, Rogers et
al. 2003). This thickening is common to both non-atopic and atopic confirmed wheezers,
(Saglani, Payne et al. 2007), but as there was no difference in RBM thickness between those who
did and did not develop asthma later in childhood, a thickened RBM may be a more general
feature of airway inflammatory pathology (O'Reilly, Ullmann et al. 2013).

The most likely contributor to the increased basement membrane thickness are the
fibroblasts and myofibroblasts, numbers of which correlate with the magnitude of subepithelial
thickening (Gizycki, Adelroth et al. 1997), even in steroid-naive mild asthmatics (Nihlberg,
Larsen et al. 2006). The sources of stimuli for fibroblasts to synthesize excess or altered matrix
are variable, however. In response to IL-13, fibroblasts from asthmatic patients produce
increased amounts of collagen type 1 in vitro compared to fibroblasts from non-asthmatic

patients (Firszt, Francisco et al. 2013). Allergic inflammation may also lead to increased

19



production of collagen Il by lung fibroblasts, which is mediated by nerve growth factor and
independent of TGF,, in a murine model of asthma (Kilic, Sonar et al. 2011).

There has been some debate as to the nature of this thickened basement membrane and
whether it is normal in composition or perhaps indicative of an aberrant repair response. Studies
have shown increased deposition of collagens I, Il and V, fibronectin, tenascin, lumican and
biglycan in asthmatic airways (Roche, Beasley et al. 1989, Laitinen, Altraja et al. 1997, Wilson
and Li 1997, Huang, Olivenstein et al. 1999, Karjalainen, Lindqvist et al. 2003, Fedorov, Wilson
et al. 2005). The ratio of collagen fibrils to overall matrix did not differ significantly between
asthmatic and normal patients in any age group studied (Saglani, Molyneux et al. 2006).
However, later work in infant monkeys exposed to house dust mite demonstrated a reduction in
the anchoring collagen filaments (Evans, Fanucchi et al. 2010). As techniques for observing the
structure of the basement membrane evolve, this debate may begin to be resolved. However,
what is clear is that alterations in the structure, thickness and composition of the basement
membrane may have important repercussions for the cells that lie directly adjacent to this

structure — namely the aforementioned fibroblasts and myofibroblasts, and the epithelium.

1.7 The airway epithelium

The airway epithelium forms the barrier between the inhaled environment and the body. It is a
pseudostratified, columnar epithelium composed of several types of epithelial cells, whose nuclei
do not lie in the same plane. In a healthy individual, the luminal surface of the airway epithelium
is primarily comprised of columnar epithelial cells, which are perpendicular to the basement
membrane. Of these, ciliated cells predominate (Figure 1.5). Ciliated cells each contain up to

300 cilia, which beat synchronously to catch the gel phase of the airway mucus layer and sweep
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Figure 1.5 Structure of the airway epithelium and mesenchyme.

Epithelial cells in human airways larger than approximately 0.5 mm in diameter display ciliated cells (C),
mucus-producing goblet cells (G) and basal cells (B). Some basal cells are also side population (SP)
progenitor/stem cells, as will be discussed later in this chapter. Beneath the basement membrane lie the
mesenchymal cells, which reside within the mesenchymal stroma.

trapped debris towards the esophagus. Goblet cells are unicellular paracrine glands that are
specialized for production of the airway mucus layer. Goblet cells make up approximately 9% of
cells in the trachea, but are generally not found in distal airways. Mucus also contains proteins
secreted by serous cells of submucosal glands and small airways, including compounds with
antimicrobial, anti-inflammatory, and antioxidant properties (Jeffery 1983, Basbaum, Jany et al.
1990, Finkbeiner 1999). Club (Clara) cells are tall, columnar, non-ciliated cells found in the
terminal bronchioles of humans. Club cells secrete Club cell secretory protein (CCSP), a
component of surfactant. Finally, basal cells are small, cuboidal cells defined by the parallel
orientation of their nuclei to the basement membrane. Basal cells are found within the larger
airways, where they constitute up to 30% of the total population of epithelial cells (Rock, Onaitis

et al. 2009). As the airways decrease in diameter, the epithelium becomes a simple columnar
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structure, and basal cells are found in clusters, before becoming individually distributed
(Nakajima, Kawanami et al. 1998). In the respiratory bronchioles, airways of approximately 0.5
mm in diameter, the epithelium becomes a simple cuboidal layer, and basal cells are not

observed.

1.7.1 Structural alterations of the airway epithelium in asthma

The asthmatic epithelium is far from normal, in many respects (Figure 1.6). Many studies have
provided convincing evidence of structural fragility of the epithelium of asthmatic individuals,
and this can occur even in early childhood. Biopsy samples showed a significantly higher
percentage of epithelial loss in asthmatic children than either atopic or control children (Barbato,
Turato et al. 2006). Interestingly, most often these sloughed cells were columnar epithelial cells,

and only rarely was there concurrent loss of both basal and columnar cells.
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Figure 1.6 Schematic of airway epithelial alterations in asthma.

Schematic demonstrating the pseudotratified airway epithelium and consitituent epithelial cells including
B, Basal; C, Ciliated; G, Goblet and SP, Side Population. Common features of epithelial remodeling in
asthma are outlined in yellow boxes.
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Excess mucus production is a common feature of asthmatic airways, particularly through
the hyperplasia of goblet cells (Bai and Knight 2005). There is abundant evidence that this
phenomenon is primarily dependent upon the in vivo inflammatory milieu, particularly Tn2
cytokines. In support of this, 1L-13 and the repair-mediating epidermal growth factor receptor
(EGFR) induce goblet cell hyperplasia in mouse airways (Tyner, Kim et al. 2006, Park,
Korfhagen et al. 2007). Goblet cell differentiation is driven by transcription factors; both T2
cytokines and house dust mite allergen induce the expression of SAM pointed domain-containing
ETS transcription factor (SPDEF) in club cells, which results in their differentiation into goblet
cells (Park, Korfhagen et al. 2007). This process was found to be dependent upon STAT-6,
which is a downstream signaling molecule of the T2 cytokines IL-13 or IL-4 (Park, Korfhagen
et al. 2007). SPDEF is also regulated by the FOXML1 transcription factor (Ren, Shah et al. 2013).
This finding of the dependence of goblet cell hyperplasia on inflammation has been confirmed in
in vitro studies, wherein goblet cell numbers did not differ in air-liquid interface cultures of
airway epithelial cells from asthmatic and non-asthmatic donors, despite numerous other inherent
differences in phenotype (Hackett, Singhera et al. 2011).

In addition to alterations in columnar epithelial cells, we have also described a marked
increase in the proportion of basal cells in the asthmatic epithelium (Hackett, Shaheen et al.
2008, Hackett, Warner et al. 2009). This expansion has potential implications for many aspects
of airway epithelial maintenance and repair, including adhesion to the extracellular matrix,
proliferative and progenitor potential, and susceptibility to external mediators, as will be

discussed in the following sections.
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1.7.2  Maintenance of epithelial barrier integrity

The average human adult takes 12 to 18 breaths per minute, each with an average volume of 500
mL, thus inhaling a vast quantity of air each day (Sherwood 2006). A multitude of potentially
injurious stimuli such as viruses, fungi, particles, noxious gases, allergens and other
environmental pollutants exist in the air we breathe. As the gatekeeper to the inside of the lung,
the epithelium must possess enormous capacity to withstand these insults, and to reconstitute an
appropriate barrier following injury.

The integrity of the epithelial barrier is maintained by the multiple adhesions that tether
epithelial cells to one another and to the underlying matrix (Figure 1.7). The basal cells are of
particular importance for the maintenance of structural integrity. Basal cells attach to the basal
lamina via structures known as hemidesmosomes, which are primarily composed of the integrin
dimer a6p4, which links to the extracellular matrix protein laminin 5 and intracellularly to the
intermediate filament network. Basal cells are the only epithelial cell type to exhibit this type of
attachment to the matrix. Cell-cell contacts called desmosomes provide structural attachments
between basal cells and columnar cells. Desmosomes consist of non-classical cadherins such as
desmoplakin and plakoglobins that are anchored to intermediate filaments via an “adhesion
plaque”. Basal cells thus provide concrete points of anchor for columnar cells at their lateral
surfaces. This has been demonstrated by the finding that the number of basal cells significantly
correlates with overall epithelial height, presumably through structural support of columnar cells
(Evans and Plopper 1988).

Gap junctions, made up of connexins, provide direct accessibility as portholes between
adjacent cells. Tight junctions regulate paracellular permeability and maintain apical-basal

polarity of cells. Tight junctions are made up of transmembrane proteins such as junctional
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Figure 1.7 Epithelial junctional complexes.

(A) Adherens junctions are composed of several proteins (E-cad; E-cadherin, B-cat; B-catenin, p120; p120
catenin) that attach to the actin cytoskeleton (yellow). (B) Tight junctions include proteins such as
Occludin (Occ), Claudin (Clau), Junctional Adhesion Molecule 1 (JAM-1) held together by the scaffold
Zonula Occludens-1 (ZO-1), which is tethered to the actin cytoskeleton (yellow). (C) Desmosomes attach
neighbouring cells via adhesion plaques (Adh plaque) comprised of cadherins (Cadh), desmoplakin and
desmoglein tethered to the intermediate filament cytokeratins. (D) Gap junctions are made of connexins
(Conn) that allow solute transport directly between cells. (E) Hemidesmosomes attach basal cells to the
basement membrane using a6B4 integrins, which attach intracellular cytokeratin filaments to extracellular
laminin.

adhesion molecules (JAMSs), occludins and claudins. These anchor to the cytoskeleton by zonula
occludens (Z0)-1, occludin-2, occludin-3, and cingulin. Adherens junctions mechanically

connect adjacent cells, and also mediate the initiation of proliferation and differentiation of
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epithelial cells. Adherens junctions are comprised of several proteins; transmembrane E-cadherin
anchors to the actin cytoskeleton via catenins, including B- and a-catenin. The presence of
adherens junctions provides an environment favourable for the formation of tight junctions; loss
of adherens junction stability leads to delocalization of the tight junction proteins ZO-1, occludin
and claudins (Jeffery, Wardlaw et al. 1989, Foresi, Bertorelli et al. 1990). In a healthy individual,
junctions maintain the epithelial barrier.

In asthma, the maintenance of epithelial junctions appears to be compromised. There was
a significant decrease in cadherins in biopsies from mild asthmatic donors (Trautmann, Kruger et
al. 2005, Heijink, Kies et al. 2007). Our research group demonstrated a significant reduction in
E-cadherin expression in the airway epithelium of asthmatic patients, both in vivo and when
cultured at air-liquid interface in vitro (Hackett, Singhera et al. 2011). Associated with this, novel
genes such as the adhesion molecule catenin alpha-like 1, which is linked to asthma
susceptibility, may play a role in epithelial wound repair and proliferation (Xiang, Tan et al.
2008). Loss of E-cadherin-dependent intercellular adhesion promotes Tn2 cell recruitment
through EGFR signalling, thereby further injuring the epithelium through inflammatory

mechanisms (Heijink, Kies et al. 2007).

1.7.3 Restitution of the airway epithelium

Under normal circumstances, damage or loss of single epithelial cells or even small clusters of
cells can occur without disrupting the integrity and permeability of the epithelium. In contrast,
epithelial damage occurring in response to inflammatory insults, such as allergen challenge,
causes widespread sites of epithelial damage (Erjefalt, Korsgren et al. 1997a, Erjefalt, Korsgren

et al. 1997Db). In such situations, the epithelium responds in a more robust fashion to repair and
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reconstitute a functional barrier. The process of epithelial restitution is thought to follow four
distinct steps, which were described elegantly in guinea pig studies from Erjefalt et al. (Figure
1.8). Following damage, cells surrounding the wound site de-differentiate, and then flatten and
migrate rapidly to cover the denuded area. This occurs within hours in vivo, and the migrating
cells move at a rate of several microns per minute. Proliferation then occurs to repair the
denuded area, usually peaking between 15 and 30 hours after injury. In the following days, the
cells re-differentiate so that after five days, the epithelium is populated by ciliated and secretory
cells (Erjefalt, Erjefalt et al. 1995).

In vivo, the epithelium does not exist in isolation, and many other factors are involved in
repair of mucosal tissues. Following injury, there is an accumulation of provisional matrix upon
which the repairing epithelium can migrate and adhere. This is particularly important in settings
where the basement membrane integrity has been compromised. The provisional matrix is
primarily composed of plasma-derived fibrin, fibronectin and vitronectin, and fibroblast-derived
fibronectin, collagens, proteoglycans and cytokines, but there is also production of fibronectin
and collagen IV by epithelial cells (Sacco, Silvestri et al. 2004). In order to adhere to and migrate
on this matrix, epithelial cells must repeatedly dissolve and rebuild intercellular junctional
proteins, as well as transmembrane proteins such as integrins that attach intracellularly to the
actin cytoskeleton and externally to the provisional wound repair matrix. In fact, integrin a5p1 is
rapidly upregulated following epithelial injury, and allows migration on provisional matrix
(Pilewski, Latoche et al. 1997). Cellular migration and tissue remodeling is augmented by
proteases released from the epithelium, such as matrix metalloproteinase (MMP)-7 and MMP-9,
which cleave extracellular matrix proteins, including basement membrane components, and cell-

cell junctions. MMP-7 is particularly important for airway repair, as it may lead to epithelial
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Figure 1.8 Epithelial restitution is a multi-step process.

Following damage, provisional matrix (red lines) is deposited in the injured area by plasma exudates,
mesenchymal cells, and the epithelium. Epithelial cells bordering the injured area rapidly flatten and
migrate to cover the denuded area, and neighbouring mesenchymal cells are recruited to the wound area
and induced to proliferate. The epithelial cells proliferate to repopulate the wounded area, and finally,
over a span of several days, re-differentiate to the various cell types required for normal tissue function.
During this time, the provisional matrix is remodeled by mesenchymal cells, and excess mesenchymal
cells are cleared by apoptosis to restore the tissue to its normal structure. C = Ciliated, G = Goblet, B =
Basal, M = Mesenchymal (Fibroblast/Myofibroblast), V = Vessel.
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migration by cleaving junctional proteins such as E-cadherin (Crosby and Waters 2010).

Shortly after the onset of the epithelial repair process, several factors cause mesenchymal
cell proliferation (Erjefalt, Erjefalt et al. 1995). Fibronectin, in addition to providing a matrix
attachment for epithelial migration and adherence via integrin a5p1, promotes fibroblast
proliferation and migration (Sacco, Silvestri et al. 2004). Additionally, the injured epithelium
releases several growth factors, such as TGFp,, insulin-like growth factor, basic fibroblast
growth factor, platelet-derived growth factor and endothelin-1, which together augment the
proliferation and migration of airway fibroblasts (Knight and Holgate 2003). Normally, once
repair is complete, the provisional matrix is remodeled, and these additional mesenchymal cells
undergo apoptosis. However, in settings of ongoing inflammation and injury, or if inappropriate
repair mechanisms continue, mesenchymal cells persist and produce excess matrix proteins such
as collagen, leading to airway fibrosis or remodeling. Complete epithelial restitution is required
to halt the remodeling cycle that occurs during a wound repair response. Incomplete restitution

may have multifaceted downstream effects on airway structure and function.

1.7.4 Resident epithelial progenitor cells in human airways

The mechanism of epithelial restitution requires progenitor cells with immense proliferative
potential, self-renewal capacity and the ability to differentiate into specific lineages of cells,
including basal, ciliated and goblet cells. Several airway progenitor cell types have been
proposed, both circulating and tissue-resident, though the contribution of the different
populations is likely affected by the degree and mechanism of injury. In settings of extensive
injury, bone marrow-derived progenitor cells localize to various tissues and differentiate into

tissue-specific cells. Circulating progenitor cells may express epithelial markers, for example
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cytokeratin (CK)-5 (Gomperts, Belperio et al. 2006), or CCSP (Wong, Keating et al. 2009), or
mesenchymal markers such as Flk-1 (Yan, Liu et al. 2007). Recent evidence from studies of
intestinal repair suggests that rather than being permanently incorporated, circulating
mesenchymal stem cells instead use paracrine signaling to promote resident epithelial progenitor
activity in situ (Semont, Demarquay et al. 2013).

Several distinct tissue-resident progenitor cell populations and repair mechanisms have
been identified in experimental models of airway injury. Airway progenitor cells include club
cells, epithelial basal cells, cells residing in or near submucosal glands, at bronchoalveolar duct
junctions (BADJs), and in neuroepithelial bodies (NEBs) (Breuer, Christensen et al. 1987,
Reynolds, Giangreco et al. 2000, Hong, Reynolds et al. 2001, Hong, Reynolds et al. 2004a,
Hong, Reynolds et al. 2004b). There is also some evidence that ciliated cells can contribute to
wound repair (Erjefalt, Erjefalt et al. 1995), through rapid transdifferentiation to repair
naphthalene-damaged tissue (Park, Wells et al. 2006). Turner et al. recently identified a goblet
cell precursor expressing the ciliated cell marker FOXJ1 after IL-13 treatment, supporting the
idea that ciliated cells can change phenotype in specific settings (Turner, Roger et al. 2011).

Many studies support the idea that club cells are resident progenitor cells of the murine
airway epithelium (Phelps and Floros 1991, Van Winkle, Brown et al. 2004, Van Winkle,
Fanucchi et al. 2004). In healthy or moderately injured GFP chimeric murine airways, single
randomly-distributed progenitor club cells that comprised less than 1% of epithelial cells were
able to maintain epithelial homeostasis (Giangreco, Arwert et al. 2009). Only when the airways
were severely injured did stem cell “niches” such as the NEB and BADJ cells contribute to
epithelial restitution. When club cells predominate, as they do in the majority of the murine

respiratory tract, they clearly contribute to epithelial homeostasis and repair. In human airways,
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club cells are primarily found only at the BADJ, and their reparative role is likely far less
prevalent than in mice.

The most convincing evidence to date suggests that basal cells are the primary progenitor
cells for maintenance and restitution of the pseudostratified epithelium (Engelhardt, Schlossberg
et al. 1995, Borthwick, Shahbazian et al. 2001, Schoch, Lori et al. 2004, Hong, Reynolds et al.
2004a). In humans, a pseudostratified epithelium containing basal cells extends from the trachea
to airways of approximately 0.5 mm in diameter, while in mice basal cells are only evident in the
trachea and primary bronchi. In injured mouse airways, the pseudostratified epithelium of the
trachea is largely repopulated by basal cells (Rawlins, Okubo et al. 2009). Multipotent progenitor
activity of basal cells is supported by several studies that have shown that cells from the basal
compartment have the capacity to generate a differentiated epithelium in vitro and in xenograft
models in vivo, with basal, ciliated and goblet cells (Ford and Terzaghi-Howe 1992, Engelhardt,
Schlossberg et al. 1995, Hajj, Baranek et al. 2007). However, the progenitor capacity of basal
cells in vitro declines after passage three (Gray TE et al. 1996), and until recently it was
unknown whether the basal cell population contains a subpopulation of true “stem” cells.

In 2008, our group identified a side population (SP) of airway epithelial stem cells. SP
cells are characterized by the ability to actively efflux the DNA-binding dye Hoescht 33342
through expression of the channel protein BCRP-1, which is a marker of stem cells within the
bone marrow (Hackett, Shaheen et al. 2008). As with other epithelial tissues, SP cells within the
airways are rare, making up less than 0.1% of the total epithelial cell population (Smith and
Chepko 2001, Alvi, Clayton et al. 2003, Bhattacharya, Jackson et al. 2003, Redvers, Li et al.
2006). We demonstrated that >95% of SP cells do not express markers of hematopoietic lineage

(CD45-), but do express basal cell markers tissue factor (TF1), the transcription factor p63 and
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intermediate filament protein CKS5, suggesting they are not derived from bone marrow but are a
tissue-resident population of stem cells (Hackett, Shaheen et al. 2008). Furthermore, SP cells
exhibit several key features consistent with progenitor cell function, including sustained colony
forming capacity over five passages, stable telomere length, and importantly, the ability to form
a multi-layered differentiated epithelium consisting of basal, ciliated and goblet cells (Hackett,
Shaheen et al. 2008).

We observed a 40-fold increase in the numbers of SP stem cells in airways from
asthmatic compared to non-asthmatic subjects (Hackett, Shaheen et al. 2008). This indicates an
immature epithelial phenotype with high proliferative potential. Indeed, the overall proliferative
rate appears to be increased in the epithelium of adult asthmatics after allergen challenge
(Ricciardolo, Di Stefano et al. 2003) and in adult asthmatics with severe disease (Cohen, E et al.
2007). However, more recent work has described an intrinsic defect in mitotic synchronicity in
ALI cultures from asthmatic subjects, leading to defective repair (Freishtat, Watson et al. 2011).
It appears that even when cultured at air-liquid interface in vitro, epithelial cells from asthmatic
individuals maintain intrinsic defects in differentiation to a pseudostratified epithelium. Although
the underlying reasons for these differentiation and repair defects in asthma remain elusive at this

time, there is clear evidence to support basal cell involvement.

1.7.5 The basal cell transcription factor p63

Basal cells express several markers, including the intermediate filament protein CK-5, cell
surface proteins CD151 and tissue factor, and the epithelial-restricted transcription factor p63. Of
the described markers of epithelial basal cells, p63 is of particular interest for this thesis. P63 is

the most evolutionarily ancient member of the p53 family of transcription factors and plays
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significant roles in epithelial development. Mice lacking p63 exhibit a striking epidermal
phenotype and die shortly after birth due to dehydration (Mills, Zheng et al. 1999, Yang,
Schweitzer et al. 1999). In addition, the tracheobronchial epithelium of these mice at birth
displays a highly-ordered, columnar, ciliated phenotype but completely lacks basal cells and
mucus-producing cells, indicating that p63 plays a key role in development and maintenance the
airway epithelium (Daniely, Liao et al. 2004).

In asthma, the number of cells expressing p63 in the airway epithelium is increased both
in vivo and when grown at air-liquid interface in vitro, as described in Chapter 3 of this thesis
(Hackett, Warner et al. 2009). Importantly, p63 is commonly used as an immunohistochemical
marker of unchecked, abnormal cell proliferation, as is observed in various carcinomas (Crook,
Nicholls et al. 2000, Park, Lee et al. 2000, Yamaguchi, Wu et al. 2000, Massion, Taflan et al.
2003, Nobre, Albergaria et al. 2013). Expression of p63 in the bronchi has previously been
described in basal cells of glandular structures (Di Como, Urist et al. 2002), nasal epithelium (Li,
Shi et al. 2011) and bronchial epithelium (Araya, Cambier et al. 2007). The expanded population
of p63-positive basal cells may have important implications for the epithelial abnormalities
observed in asthma. However, the specific role that p63 plays in human airway epithelial cells is
largely unknown. My contribution to the body of knowledge on p63 will form the basis of

Chapter 4 of this thesis.

1.8 Potential mechanisms underlying altered epithelial plasticity in asthma

Epithelial plasticity describes the ability of cells to reversibly change phenotype (Nieto 2013).
Epithelial plasticity contributes to normal tissue function, such as during airway development,

differentiation and repair, or may be pathological in nature, such as during tissue fibrosis. Some
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specific mechanisms of epithelial plasticity that have implications for airway remodeling in

asthma will be discussed below.

1.8.1 The developmental EMTU and its reactivation in asthma

Epithelial plasticity is an important component of embryonic lung development. Lung
development occurs via budding from the foregut endoderm early in embryogenesis, followed by
a process of branching morphogenesis (Ward 2006). The developmental process depends upon
bi-directional interactions between endoderm-derived epithelial cells and mesoderm-derived
mesenchymal cells. This is termed the epithelial - mesenchymal trophic unit, or EMTU (Minoo
and King 1994). Several families of growth factors are important for interactions within the
developmental EMTU, such as mesenchymally-expressed fibroblast growth factor (FGF)-10,
which initiates endodermal development through its endoderm-restricted receptor FGFR2
(Cardoso and Lu 2006). Mediators such as endodermally-expressed sonic hedgehog (Shh) and
bone morphogenic protein (BMP)-4, which is expressed in both the epithelium and mesenchyme
during development, are required for the formation of the airways (Abdala-Valencia, Earwood et
al. 2007). There is also recent evidence supporting a key role for the Notch family of signaling
molecules in directing epithelial progenitor cells to a secretory as opposed to ciliated lineage
during development (Rock, Gao et al. 2011).

In the nonhuman primate airway, epithelial cell differentiation occurs in a wavelike
manner that begins in the trachea and progresses toward the terminal airways (Plopper, Alley et
al. 1986). Ciliated cells differentiate first, in late gestation, followed by non-ciliated cells
containing secretory granules. Basal cells are the last cell type to appear, perhaps indicating that

during embryonic development there is an intermediate progenitor prior to the formation of
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mature basal cells. At the time of birth, the tracheal epithelium is not completely differentiated
and thus the distal airways likely contain less differentiated cells. In a CCSP-GFP reporter
mouse, secretory epithelial cells overlying cartilage rings differentiated first on the ventral side
of the trachea (Perl, Wert et al. 2005), suggesting that the proximity to and robustness of the
mesenchymal signals direct epithelial cell fate, in a dorsal-ventral-specific manner.

Many of the features of airway remodelling in asthma are reminiscent of the
developmental EMTU. An intriguing hypothesis has been proposed wherein structural changes
in the EMTU are necessary for allergen-induced Ty2 inflammation and the pathogenesis of
chronic asthma (Holgate, Davies et al. 2000, Plopper, Smiley-Jewell et al. 2007). Indeed, a series
of elegant experiments by Plopper and colleagues provided in vivo evidence for re-activation of
the EMTU in response to allergen (Plopper, Smiley-Jewell et al. 2007). In these studies,
exposure of infant rhesus monkeys to house dust mite allergen, a common household allergen,
resulted in reduced airway number, epithelial cell hyperplasia, increased number of mucous
cells, reorganization of the airway vascular system, changes to the orientation of airway smooth
muscle bundles and a substantial alteration in the composition and arrangement of the basement
membrane.

Many of the mediators of epithelial-mesenchymal crosstalk necessary for appropriate
epithelial restitution following injury may be aberrantly expressed in asthma. In differentiated
air-liquid interface cultures, airway epithelial cells from asthmatic children express more TGF,
than cells from atopic or healthy children, indicating their potential to mimic or stimulate a
wound repair response (Lopez-Guisa, Powers et al. 2012). Endobronchial biopsies from adult
asthmatics also had higher epithelial TGFp2 expression than non-asthmatic donors (Chu, Balzar

et al. 2004). Even in monolayer culture, airway epithelial cells from asthmatic children express
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greater amounts of the pro-remodeling mediators TGFB; and EGF (Kicic, Sutanto et al. 2006).
Paradoxically, EGF signalling is required for epithelial differentiation and wound repair, both of
which are impaired in asthma, indicating potential signalling defects in disease (Allahverdian,
Harada et al. 2008). Kicic et al. demonstrated that epithelial cells from asthmatic children exhibit
increased expression of plasminogen activator inhibitor-1, which may inhibit the degradation of
ECM produced by fibroblasts, enhancing a pro-mesenchymal tissue microenvironment (Stevens,
Kicic et al. 2008). Impaired fibronectin expression by epithelial cells in pediatric asthma may
prevent appropriate epithelial-mesenchymal crosstalk and inhibit the ability of the epithelial cells
to appropriately migrate following injury (Kicic, Hallstrand et al. 2010). It is evident that
EMTU-like interactions, particularly in the setting of injury and repair, are altered or reactivated

in asthma.

1.8.2 Epithelial-mesenchymal transition

Epithelial-mesenchymal transition (EMT) is a biological process whereby epithelial cells lose
apical-basal polarity and intercellular contacts and transition to a non-polarized, motile, spindle-
shaped mesenchymal phenotype (Figure 1.9). Hallmark features of EMT are the dissolution of
epithelial adhesion junctions and transcriptional repression of adhesion proteins, particularly E-
cadherin and ZO-1, and expression of mesenchymal genes and proteins, including fibronectin-
EDA, vimentin, a-smooth muscle actin and fibroblast specific protein (FSP-1, also known as
S100A4) (Kalluri 2009). The culmination of EMT is invasion of the extracellular matrix by the

motile mesenchymal cell and secretion of ECM proteins such as collagen.
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Figure 1.9 Schematic of epithelial-mesenchymal transition.

During the process of EMT, epithelial cell-cell contacts dissolve, leading to the loss of apical-basal
polarity. The subsequent transcriptional repression of epithelial genes such as E-cadherin, ZO-1 and
claudin, and the expression of mesenchymal markers such as EDA-fibronectin, vimentin and a-smooth
muscle actin promote a non-polarized, migratory, mesenchymal cell phenotype. Cells in the midst of an
epithelial-mesenchymal transition may have an intermediate phenotype that is neither fully epithelial nor
mesenchymal. Figure modified from Kalluri 20009.

EMT can occur in several biological settings. During normal development, when there is
seamless interaction between the epithelial and mesenchymal compartments, Type | EMT
contributes to mesenchymal cell populations of the heart and neural crest (Acloque, Adams et al.
2009). Conversely, genetic or epigenetic alterations in cancer cells can also lead to a pathological
manifestation called Type 11l EMT, enabling carcinoma in situ to become metastatic through the
loss of polarity and migration of tumour cells to new tissue environments (Kalluri 2009).
Epithelial plasticity is also a normal part of wound repair, as tissue reconstruction requires cell
spreading, migration, and secretion of extracellular matrix. Wound repair-associated Type 1l
EMT is induced by inflammation and tissue trauma, and is usually halted once repair is
complete. However, if the inflammatory response is not halted, ongoing EMT can contribute to
tissue remodeling or fibrosis, such as is seen in the kidney (LeBleu, Taduri et al. 2013). Type I

EMT has been postulated to account for the excess fibroblast population and deposition of
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extracellular matrix in the remodeled asthmatic airway (Hackett, Warner et al. 2009, Heijink,
Postma et al. 2009).

Induction of EMT can be caused by a wide variety of stimuli, many of which are present
in the airway tissue microenvironment in asthma. Reported inducers of EMT are the
TGFB1/SMAD pathway, growth factors and receptor tyrosine kinases, the Wnt/B-catenin
pathway, extracellular matrix proteins and inflammatory factors/NFxB (Hackett 2012, Bartis,
Mise et al. 2014). Exposure to some allergens may also contribute to EMT through degradation
of epithelial cell contacts, such as HDM serine protease Derpl (Wan, Winton et al. 2001,
Heijink, van Oosterhout et al. 2010) and pollen (Runswick, Mitchell et al. 2007), as well as
increased histamine concentrations (Zabner, Winter et al. 2003). An intriguing study by Heijink
et al. characterized the ability of HDM allergen to enhance TGFB-induced EMT in immortalized
human bronchial epithelial cells (Heijink, Postma et al. 2009). The authors suggested that TGFp;
facilitated the uncoupling of EGFR from E-cadherin in the presence of HDM proteases, leading
to prolonged EGFR signaling (Heijink, Postma et al. 2009). Further, TGF; in combination with
pro-inflammatory cytokines TNFa or IL-1f, but not IL-8, enhance EMT (Doerner and Zuraw
2009, Camara and Jarai 2010, Borthwick, Gardner et al. 2012). EMT-like responses have also
been shown to occur in transformed airway epithelial cells in response to BMP4 (Molloy, Adams
et al. 2008) and during wound repair in murine airway epithelial cells in culture (McCormack,
Molloy et al. 2013). Taken together, these studies highlight that there are a multitude of signals
present in the the airways in asthma that can induce and enhance epithelial-mesenchymal
transition.

Importantly, increased protein levels of TGFPB have been observed in asthmatic airways,

and its role in airway remodeling is well established (Holgate, Davies et al. 2003, Boxall,
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Holgate et al. 2006). Our group has shown that in air-liquid interface conditions, basal cells are
the only cell type to undergo TGFp;-induced EMT (Hackett, Warner et al. 2009). Intriguingly, in
the asthmatic epithelium, there were proportionately more basal cells and these cultures were
more susceptible to EMT compared to cultures from non-asthmatic donors. These data comprise
Chapter 3 of this thesis and support the idea that epithelial plasticity is altered in asthma.

While we did not observe EMT in human airways in vivo, there is evidence that both
mouse and human airways undergo severe remodeling events in response to extensive injury.
Features of EMT were reported in the small airways of lung transplant recipients with post-
transplant bronchiolitis obliterans syndrome (Borthwick, Parker et al. 2009). Transgenic mice
exposed to bleomycin or very high doses of TGFB; (Wu, Yang et al. 2007) or to house-dust mite
allergen (Johnson, Roos et al. 2011) also share features of EMT in their airways. These findings
provide substantial evidence for the ability of the epithelium to undergo EMT-like phenotypic

alterations in vivo.

1.8.3 MicroRNA regulation of epithelial plasticity

One endogenous mechanism controlling airway epithelial differentiation is through expression of
microRNAs (miRNA). MiRNAs are small RNA molecules 21-23 nucleotides in length that are
generally produced by transcription of non-protein-coding genes, and involved in regulation of
many cellular functions (Blahna and Hata 2013). To mediate the inhibition of the target mMRNA,
mature miRNAs usually recognize and bind to sequences in the 3 UTR of the mRNA (Figure
1.10). The translation-inhibiting activity comes about either by blocking of translation, or by
degradation of the target mRNA via the RNA-Induced Silencing Complex (RISC) (Gregory,

Chendrimada et al. 2005). In some instances, such as during cell cycle arrest or in immature
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Figure 1.10 miRNA mechanisms of action on target mRNA sequences.

Mature miRNA in the cytoplasm can affect target mRNA translation by three distinct mechanisms. (A) In
the case of perfect sequence complementarity between the miRNA and the 3° UTR of the target mRNA,
the mRNA is degraded by the RNA-Induced Silencing Complex (RISC). (B) However, if the miRNA
exhibits only partial complementarity, repression of the translational machinery can occur. (C) In some
settings, such as in quiescent cells, miRNAs may also activate translation, potentially by increasing
MRNA stability.

oocytes, miRNAs may also increase translation, possibly by increasing mRNA stability
(Vasudevan, Tong et al. 2007, Mortensen, Serra et al. 2011).

A number of miRNAs are differentially expressed in monolayer as compared to
differentiated cultures of human airway epithelial cells. One such miRNA is miR-449a, which is
upregulated by several orders of magnitude throughout the process of mucociliary differentiation
in airway epithelial cells (Lize, Herr et al. 2010). MiR-449a functions by repressing the

Delta/Notch pathway and promotes differentiation to the ciliated cell lineage (Marcet, Chevalier
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et al. 2011) (Figure 1.11). In the epidermis, miR-203 plays a pivotal role in differentiation.
MiR-203 is induced in suprabasal cells upon epidermal differentiation, and is a direct repressor
of p63 (Yi, Poy et al. 2008). Expression of miR-203 causes terminal differentiation of the
epidermis by restricting the “stemness” of p63-positive cells to the basal cell layer (Lena et al.
2008). Intriguingly, miR-203 directly represses caveolin-1 in mouse breast tissue during caloric
restriction (Orom, Lim et al. 2012). These findings are relevant to epithelial integrity. For
example, caveolin-1 is decreased in asthma, causing loss of E-cadherin in epithelial adherens

junctions and increased production of the pro-Ty2 cytokine TSLP (Hackett, de Bruin et al. 2013).
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Figure 1.11 Implications of altered epithelial miRNA expression in asthma.

In healthy epithelial cells, miR-449a and miR-203 are induced during differentiation. MiR-449a represses
the Notch pathway, promoting ciliated cell fates, while miR-203 restricts the pro-proliferative p63 to the
basal cell layer. In asthma, decreased miR-449a may promote secretory cell fate decisions, while
decreased miR-203 may allow expansion of the p63* basal cell population.
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Expression of several epithelial miRNAs is altered in asthma, including those that
regulate epithelial differentiation. In a comprehensive analysis, Solberg et al. used miRNA
microarrays to demonstrate that the miR-34/449 family is under-represented in bronchial
epithelial cells from adult asthmatics compared to controls (Solberg, Ostrin et al. 2012). These
same mMiRNAs were found to be repressed by IL-13 in cultured epithelial cells, providing
additional insight into how the inflammatory environment may lead to aberrant epithelial
differentiation and repair. In a different study comparing miRNA in bronchial epithelial cells
from adult asthmatic vs. non-asthmatic donors, 66 of the 165 detected miRNAs were
differentially expressed by at least 1.5-fold (Jardim, Dailey et al. 2012). This study found that
let-7f, miR-487b and miR-181c* were increased in cells from asthmatic donors. MiR-203 was
significantly decreased, a finding that may have implications for the expanded population of p63-
positive cells in the asthmatic epithelium (Jardim, Dailey et al. 2012). While miR-203 may play a
role in repressing p63, the authors identified a novel miR-203 target, aquaporin 4 (AQP4), which
is upregulated in asthma, indicating the complexity and possible redundancy of cellular
regulation by miRNAs.

Altered control of miRNA processing and activity are important components of disease
pathogenesis, as their normal function is as much a part of tissue maintenance and remodeling as
is canonical transcription and protein trafficking. MiRNAs are regulated at multiple levels, as
pre-miRNA sequences contain transcription factor binding sites (Piriyapongsa, Jordan et al.
2011). Furthermore, the processing of miRNAs is regulated by growth factors such as TGFB and
BMP4, leading to increased expression of mature miRNAs that may influence EMT (Davis,
Hilyard et al. 2008). Several miRNAs were implicated in TGFB-induced EMT in human

keratinocytes, including increased expression of miR-21, -32, -137 and -346, and loss of miR-
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136, -192, -210 and -211 (Zavadil, Narasimhan et al. 2007). Of these, miR-21 has been
confirmed to be responsive to TGFB (Pan, Wang et al. 2010), and was also responsible for Tyl
polarization and severity of delayed-type hypersensitivity in an ovalbumin-challenge mouse
model of asthma (Lu, Hartner et al. 2011). RNA-binding proteins influence processing of
miRNA by increasing catalytic activity of miRNA-processing enzymes, though this level of
regulation is just beginning to be understood (Apponi, Corbett et al. 2011).

While it is clear that miRNAs function in a cell-autonomous manner, they can also be
exported from cells within extracellular vesicles known as exosomes that have both functional
and diagnostic significance (Valadi, Ekstrom et al. 2007). Recently, differential miRNA content
of exosomes from bronchoalveolar lavage fluid from adult asthmatic patients as compared to
non-asthmatic adults was identified (Levanen, Bhakta et al. 2013). A subset of 16 differentially
expressed miRNAs, including decreased let-7, miR-200 and miR-34 families, were detected in
asthmatic compared to healthy individuals despite the fact that these patients had mild,
asymptomatic disease. Though several promising initial targets were identified, much remains to
be explored in the field of MRNA and miRNA regulation of airway differentiation and repair in

order to understand the molecular complexities that cause epithelial dysregulation in asthma.

1.9 Current therapeutic agents do not effectively target airway remodeling

Maintenance therapies for asthma are primarily aimed at easing airway narrowing by targeting
airway smooth muscle contraction and ongoing inflammation. Although there are many such
therapies with proven clinical benefit, evidence of their effect on features of airway remodeling

is scarce and frequently contradictory. Longitudinal studies evaluating aspects of airway
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remodeling in asthma are difficult to perform for reasons that are both ethical and practical, and
repeated sampling of airways of young asthmatics is invasive and not without risk.

Inhaled corticosteroids are widely-used and extremely effective anti-inflammatory
agents used to control long-term inflammation. In asthmatic individuals, epigenetic
modifications including histone acetylation of inflammatory-related genes render them
transcriptionally “active”. Corticosteroids function by activating histone deacetylase 2 (HDAC2),
which removes histone modifications from chromatin, thereby transcriptionally deactivating the
inflammatory genes, breaking the cycle of continuous inflammation. Although corticosteroids
were shown to suppress mucus production by decreasing the number of goblet cells in patients
with mild asthma (de Kluijver, Schrumpf et al. 2005, Rogers and Barnes 2006), a more recent
study showed no such effect (Broekema, Timens et al. 2011). Inhaled fluticasone did not reduce
basement membrane thickness in adults with mild or moderate asthma after six weeks of therapy
(Baraket, Oliver et al. 2012), a finding that contradicts a previous report by Olivieri and
colleagues (Olivieri, Chetta et al. 1997). In nasal polyposis, a syndrome with epithelial
hyperplasia and expansion of p63-expressing basal cells, treatment with the oral corticosteroid
prednisone for 10 days restored p63 expression to baseline levels (Li, Shi et al. 2011). Whether
corticosteroid treatment ameliorates epithelial basal cell hyperplasia in asthma is unknown.
Unfortunately, corticosteroids do not affect disease progression; early use of inhaled
corticosteroids before age two in children with asthma had no effect on asthma 8 years later
(Devulapalli, Lodrup Carlsen et al. 2007) and did not prevent lung function decline later in life
(Guilbert, Morgan et al. 2006). Taken together, though there is evidence that current therapeutics
improve symptoms by modulating the inflammatory response, airway remodeling and disease

pathogenesis persist.
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Development of more targeted asthma therapies will undoubtedly be aided by the
identification of novel candidate genes/miRNAs, and a greater understanding of the role of those
that have already been identified (such as GSDMA/B, I1L-33/ST2, TSLP and let-7). Experiments
using relevant tissues/cells are still necessary to confirm these genetic and epigenetic
associations, and this is an exciting avenue of discovery with great therapeutic potential. Let-7
MIRNASs decreased in the lungs of mice in response to allergen challenge-induced inflammation,
and exogenous let-7 administration reduced IL-13 expression and resolved many of the features
of airway remodeling (Kumar, Ahmad et al. 2011). Recent work has identified an E3 ubiquitin
ligase that is increased in the bronchial epithelium following house dust mite allergen exposure
in @ murine model, and inhibition of this enzyme prevented the accumulation of immune cells
and goblet cell hyperplasia (Collison, Hatchwell et al. 2013). These findings emphasize the
potential benefits that exist beyond the global anti-inflammatory action of corticosteroids, and

highlight the epithelium as an attractive target for future therapeutic efforts.

1.10 Synopsis of research questions

This introduction has presented abundant evidence that the epithelium is a crucial tissue for
overall lung function, and that it is positioned to orchestrate inflammation and repair. The basal
cell is a progenitor cell of the pseudostratified epithelium, and is able to undergo distinct
phenotypic transitions to maintain epithelial homeostasis and respond to stimuli in the tissue
microenvironment. We hypothesize that differentiation of epithelial basal cells is impaired in
asthma, leading to impaired repair.

Aim 1: Airway remodeling in asthma includes features such as subepithelial fibrosis and

increased numbers of mesenchymal cells. In Chapter 3, we hypothesized that primary human
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bronchial epithelial cells can undergo epithelial-mesenchymal transition (EMT) and contribute to
the aforementioned fibrotic components of airway remodeling. We set out to characterize the
features of TGFB;-induced EMT in primary human airway epithelial cells, and to determine
whether epithelial cells from asthmatic individuals are more or less susceptible to this process
than those from non-asthmatic donors. Outcomes: This study was the first to demonstrate that
TGFp; induces an EMT phenotype in primary human airway epithelial cells, through activation
of the SMADS signalling pathway. We observed that only basal cells underwent TGFp;-induced
EMT, and that there was an expanded population of basal cells in the epithelium of asthmatic
subjects both in vivo and in vitro. Though the expanded population of basal cells led to a greater
EMT response in vitro, we did not observe expression of mesenchymal markers in the airway
epithelim of asthmatic patients in vivo.

Aim 2: As the basal cell is central to epithelial homeostasis and repair, we next turned our
attention to a transcription factor that is specifically expressed in basal cells. In Chapter 4, we
hypothesized that p63 regulates basal cell functions such as epithelial repair and expression of
repair-related genes in primary human airway epithelial cells. Our aims were to identify which
isoforms of p63 are expressed in pHAECS, and to determine the effect of altered p63 expression
on 1) the expression of putative target genes and 2) the process of epithelial repair. Outcomes:
We described for the first time that in monolayer culture, airway epithelial basal cells from non-
asthmatic and asthmatic donors express equivalent amounts of p63, and that this was primarily
the ANp63a isoform. Furthermore, we demonstrated that loss of ANp63a resulted in decreased
expression of several genes, including EGFR, -catenin and jaggedl, and inhibition of epithelial
repair. This work highlighted the importance of ANp63a for appropriate airway epithelial basal

cell function.
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Aim 3: It is unknown whether the expanded epithelial basal cell population in asthma is
due to an aberrant and ongoing repair phenotype, or whether it arises from an inherent defect in
differentiation. In Chapter 5, we hypothesized that mucociliary differentiation would be
impaired in epithelial basal cells from asthmatic compared to non-asthmatic donors and that
there would be differences in epithelial phenotype between asthmatic donors with (+) and
without (-) the exercise-induced bronchoconstriction (EIB) disease subtype. Our specific goals
were to compare the epithelial phenotype in the disease subgroups by quantifying: 1) basal,
ciliated and goblet cell populations, 2) cilia length and 3) release of inflammatory cytokines IL-6
and IL-8 up to day 20 in ALI culture, and 4) to compare the basal and goblet cell populations in
each disease subgroup in vivo, using endobronchial biopsies. Outcome: This chapter describes
our finding of a striking lack of ciliated cells in both the EIB(-) and EIB(+) subgroups in vitro,
and that this was accompanied by shorter cilia length and an expanded basal cell population in
the EIB(-) subgroup only. We also observed phenotype-specific differences in IL-8 and IL-6
release, suggesting distinct epithelial differences in subgroups of asthmatic donors.

Aim 4: In Chapter 6, we hypothesized that transcriptional and epigenetic differences are
responsible for the aforementioned phenotypic features of the epithelium in asthma. To this end,
we carried out whole-transcriptome RNA sequencing to assess expression of mMRNA and miRNA
at days 0, 5, 11 and 20 of ALI culture of epithelial cells from EIB(+), EIB(-) and healthy control
donors. We first set out to examine expression of candidate genes that are either involved in
developmental control of epithelial differentiation or are expressed in specific epithelial cell
types, in a hypothesis-driven approach. Secondly, we used hypothesis-generating statistical
modeling to identify mRNAs, miRNAs and biological pathways that are differentially expressed

in epithelial cells from different disease subgroups. Finally, we set out to identify key miRNA
47



regulators of gene expression in our culture model. Outcome: We identified several metabolic
and signaling pathways that are differentially expressed during differentiation between healthy,
EIB(-) asthmatic and EIB(+) asthmatic donors. Aberrant expression of oxidative
phosphorylation, transcription, actin cytoskeleton, insulin signaling and MAPK signaling
pathways was distinct between the EIB (+) and EIB(-) phenotypes, but genes related to
ciliogenesis were equally downregulated in both asthmatic subgroups. We also describe a
miRNA-mRNA regulatory network that regulates the transition between proliferation and
differentiation, but found no miRNAs that were differentially-expressed between groups during
ALI culture.

As a whole, this thesis identifies several alterations in epithelial basal cell plasticity that
result in aberrant mucociliary differentiation and altered susceptibility to external mediators in
asthma. These findings enhance our understanding of airway epithelial plasticity and advance the

field of research regarding the pathophysiology of airway remodeling in asthma.
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Chapter 2: General Methods

2.1 Epithelial cell isolation from human lungs

Human donor lungs deemed unsuitable for transplantation and donated for medical research were
obtained through the International Institute for the Advancement of Medicine (Edison, NJ). The
ethics committees of the involved institutions approved this study. Primary human airway
epithelial cells (pHAECSs) were isolated by protease digestion of human airways as previously
described, with minor modifications (Karp et al., 2002). Briefly, after surgical removal,
specimens were washed in Custodiol® HTK (Histidine-Tryptophan-Ketoglutarate) solution and
packed on ice for transportation. Upon arrival at the University of British Columbia, the trachea
and bronchi to the 3rd generations were blunt dissected (Figure 2.1). Segments of trachea,
primary bronchus and secondary bronchus of approximate width 3-5 mm were placed in tissue
cassettes in formalin for paraffin-embedding. Remaining airway segments were placed in PBS
without Ca®* and Mg?* (Thermo Scientific, Waltham, MA, USA). Excess tissue was removed by
blunt dissection, and the airways were equilibrated in PBS at 4°C for one hour to completely
remove blood and mucus plugs. The epithelium on intact segments of trachea and bronchi (2-
4cm long) was then dissociated with 0.11 g pronase enzyme (Roche Diagnostics, Indianapolis,
USA) per 100ml of Bronchial Epithelial Basal Media (BEBM; Lonza, Basel, Switzerland) at 4°C
for 16 hours.

After digestion the tracheal/bronchial tubes were rinsed by manual pipetting to dissociate
cells. Dissociated cell clumps were strained through a 70 um nylon mesh (Becton-Dickinson,

Franklin Lakes, NJ, USA). To neutralize pronase activity, 10% FBS (Gibco, Burlington, Canada)
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Figure 2.1 Schematic of isolation of primary airway epithelial cells from donor tissue.

Airways to the third generation bronchi were blunt dissected from intact human lungs. Tissue sections
were set aside for histological preparation from each of the areas denoted with blue circles. Airways were
equilibrated in PBS and then incubated with pronase solution overnight at 4°C. Airway epithelial cells
were dissociated by washing of the airways and straining through a 70 um nylon mesh. Cells were then
subcultured on plastic for 2-3 passages.
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was added and primary human airway epithelial cells (pHAEC) were collected by centrifugation
at room temperature. Cell pellets were resuspended in approximately 5 mL of bronchial
epithelial growth media (BEGM, Lonza) supplemented with 1x antibiotic/anti-mycotic (Gibco).
Approximately 20 x 10° epithelial cells were recovered from each donor lung. After counting,
cells were diluted such that 2 x 10° cells were seeded in each 25 cm? flask (T25; Sarstedt,
Thermo Fisher Scientific, Ottawa, ON, Canada) in 3 mL BEGM supplemented with
antibiotic/antimycotic.

Cells were cultured for 10-12 days, until they reached 80-90% confluent, and were then
sub-cultured into T25 flasks using trypsin-EDTA (0.25%; Lonza). Cells were also cryo-
preserved in Pro-Freeze (Lonza) according to manufacturer’s instructions. At passages 2 or 3,
cells were seeded into 6-well tissue culture plates (Falcon; Thermo Fisher Scientific) or air-liquid

interface conditions for experiments.

2.2 Immunoblot

Protein was extracted from cell cultures using a modified RIPA buffer containing inhibitors of
proteases (Protease Inhibitor Cocktail; Sigma-Aldrich, Oakville, ON, Canada) and phosphatases
(Phosphatase Inhibitor Cocktail 2, Sigma-Aldrich). Cells were rinsed with PBS and then overlaid
with an appropriate volume of protein extraction buffer (100-120 pL in a 6-well plate) and
scraped to collect protein. Protein lysates were stored at -80°C until used for immunoblot.
Lysates were thawed on ice and then centrifuged at 13,000 rpm for 5 minutes at 4°C to
exclude membrane lipids. Lysate supernatant was mixed with a glycerol-containing SDS loading
buffer, boiled for 5 minutes to denature proteins, cooled on ice and centrifuged briefly to collect

any condensate. Samples were loaded ont 7.5-12.5% SDS-polyacrylamide gels for SDS-PAGE.
51



A molecular weight standard ladder (SeeBlue Plus 2 Prestained Standard; Invitrogen, Carlsbad,
CA, USA) was loaded in one lane of each gel. Electrophoresis was carried out at 100 V for 10-15
minutes to align samples at the separating gel, and then at 150 V until adequate separation was
attained.

Separated proteins were transferred to nitrocellulose membranes in methanol-containing
transfer buffer, on ice, at 35 V overnight followed by 15 minutes at 100V (for detection of large
proteins, such as fibronectin-EDA) or at 100 V for 2-3 hours (small to mid-size proteins, such as
p63). Transfer efficiency was visually assessed by Ponceau staining, followed by washing in
TBS to remove Ponceau stain. Non-specific binding of antibodies was blocked using 1x
TBS/Casein Buffer (BioRad, Mississauga, ON, Canada) at room temperature for two hours.
Once blocking buffer was removed, primary antibodies were applied in TBS/Casein blocking
buffer supplemented with 0.1% Tween-20 (Fisher). Primary antibodies were generally applied
overnight at 4 °C, but on occasion four hours incubation at room temperature was substituted.
The antibodies used in each thesis chapter will be detailed in that chapter’s methods section.

Primary antibodies were removed, and membranes washed three times for ten minutes
each in TBS/0.1% Tween-20 wash buffer. Secondary antibodies were either goat anti-mouse IR-
800 (1/2500; Vector Laboratories, Burlingame, CA, USA) or goat anti-rabbit Alexa 680 (1/2500;
Invitrogen). Secondary antibodies were applied in TBS/Casein with 0.1% Tween-20 and 0.02%
SDS, at room temperature, for 45 minutes. Membranes were then washed three times for 10
minutes in TBS/0.1% Tween-20 and placed in TBS prior to imaging on the LI-COR Odyssey
system (LI-COR Biosciences, Lincoln, NE, USA). Imaging was generally carried out at an
intensity of 5.0 in both the infrared 700 and 800 channels. Densitometry was performed using the

LI-COR Odyssey software, by applying a rectangular shape around bands and determining the
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digital intensity of the signal in the appropriate channel. The same size of analysis rectangle was
used for each band within a given blot. Target protein signals were normalized to a loading

control, usually B-tubulin.

2.3 Immunohistochemistry (IHC) and immunofluorescence (1F)

Formalin-fixed paraffin-embedded (FFPE) blocks were sectioned at a thickness of 5-6 um and
placed on SuperFrost slides (Fisher Scientific). Slides were de-paraffinized in two changes of
xylene for five minutes each. Slides were rehydrated through graded ethanol solutions (100%,
95% and 70% in dH0) for three minutes each, and then placed in TBS for 3 minutes. Depending
on the primary antibody, different antigen retrieval methods were used. Heat-induced epitope
retrieval was carried out by autoclaving slides for 15 minutes at 120psi in either a 1x Citrate
Buffer or a high-pH buffer (both Dako Cytomation). Once cooled to room temperature, slides
were washed in TBS and then incubated with 3% hydrogen peroxide in dH,0 (made fresh each
time) for 10 minutes to quench endogenous peroxidase activity. Slides were washed again in
TBS for 10 minutes and non-specific binding was blocked with appropriate blocking solution
(based on the source species of the secondary antibody) for 20 minutes at room temperature.
Blocking solution was removed and primary antibody was immediately applied and allowed to
bind overnight at 4°C. Slides were washed three times for 10 minutes each in TBS. Biotinylated
secondary antibodies were applied for two hours at room temperature, washed as above to
remove unbound antibody, and a streptavidin-tagged HRP (Dako Cytomation) was applied for
20 minutes at room temperature to allow binding to the secondary antibody. Following washing,
a diaminobenzidine (DAB; Dako Cytomation) substrate was added for 10 to 20 minutes at room

temperature. Slides were then washed with TBS for 10 minutes and placed in Harris
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Hematoxylin for five seconds to counterstain nuclei, followed by washing in tap water and then
distilled water for one minute each. Slides were dehydrated through graded ethanol (70%, 95%
and 100%) for three minutes each, and then allowed to air-dry for 45 minutes prior to applying
coverslips using Cytoseal non-aqueous mounting medium. Once dried, slides were photographed
and images were analyzed as described in individual chapters.

Immunofluorescence was carried out in the same manner, except that the hydrogen
peroxidase quenching was omitted, and the secondary antibody was fluorescently-tagged rather
than biotinylated; no tertiary chemistry was required. Nuclei were counterstained with 4',6-
diamidino-2-phenylindole (DAPI; 1/5000), and then dehydration and coverslipping was carried

out as above.

2.4 Gene expression analysis

Cells were rinsed with PBS and then overlaid with buffer RLT (QIAGEN, Valencia, CA, USA).
Lysate was collected by scraping and then stored at -80°C until extraction could be performed.
RNA was extracted according to manufacturer’s instructions using the RNeasy Mini Kit
(QIAGEN), using the QiaShredder method of homogenization. One microgram total RNA was
reverse transcribed using SuperScript Il Reverse Transcriptase (Invitrogen, Ontario, CA) using
the random primer method.

Gene expression was determined by real-time quantitative polymerase chain reaction
(RT-gPCR) using the Tagman Universal PCR Master Mix (Applied Biosystems) and pre-
developed Tagman Gene Expression Assays as per manufacturer's instructions. Briefly, cDNA
was aliquotted into 384-well plates, and then a master mix of 2x Universal Master Mix without

UNG, assay-specific primers, and dNTPs was added to each well. Plates were sealed using
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Optical Adhesive Film (Applied Biosystems) and centrifuged at 1600 rpm for 5 minutes prior to
PCR. Plates were loaded into the thermocycler (ABI 7900HT or ViiA7, both from Applied
Biosystems) and cDNA amplified for up to 35 cycles. Gene expression levels were calculated as
normalized to GAPDH using the equation: expression = 10000 x 2°*¢APPH - CtGene Ay samples in
which the threshold cycle was greater than 35 cycles were considered to be negative for target

amplification.

2.5 Enzyme-linked immunosorbent assay (ELISA)

ELISA was carried out on cell culture supernatants to assess content of specific secreted proteins
such as IL-6 and IL-8. See Table 2.1 for specific reagents. Briefly, the capture antibody was
diluted to the working concentration in PBS and 100 pL of this was added to each well of a 96-
well plate and allowed to bind overnight at room temperature. The following day, capture

antibody was removed and wells were washed three times with wash buffer.

ELISA Kit

IL-6
(R&D Systems DY206)

IL-8
(R&D Systems DY208)

Capture antibody (working
concentration)
Wash buffer
Reagent diluent
(also blocking solution)
Highest standard concentration
Detection antibody
(working concentration)

Substrate solution

Stop solution

Mouse anti-human IL-6
(2.0 pg/mL)
PBS + 0.05% Tween-20

1% BSA in PBS

600 pg/mL
Biotinylated goat anti-1L-6 (50
ng/mL)

1:1 H,O, and
Tetramethylbenzidine (TMB)
2N H,SO,

Mouse anti-human IL-8
(4.0 pg/mL)

PBS + 0.05% Tween-20
0.1% BSA, 0.05% Tween-20 in
TBS
2000 pg/mL
Biotinylated goat anti-1L-8
(20 ng/mL)

1:1 H,0, and
Tetramethylbenzidine (TMB)
2N H,SO,

Table 2.1 ELISA Kits and reagents used.
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After the last wash, the plate was blotted firmly against on paper towel to remove all
traces of solution. Wells were blocked by addition of 300 pL reagent diluent for one hour at
room temperature, followed by three washes as above. Samples were diluted 1:1 in reagent
diluent by addition of 50 uL each of the supernatant and reagent diluents. Each sample was
assayed in duplicate. Serial dilutions of assay standards were also prepared in appropriate reagent
diluents, with maximum standard concentrations for each assay listed in Table 2.1, and 100 uL
was added to the plate in duplicate. Plates were sealed with parafilm and incubated at room
temperature for two hours to allow binding to capture antibody. Plates were washed three times
as above, and 100 uL of detection antibody was added to each well and incubated for two hours
at room temperature. Plates were washed again as above, and 100 uL of streptavidin-HRP was
added to each well and incubated for 20 minutes at room temperature, protected from light.
Plates were washed three times in wash buffer and finally 100 uL TMB/peroxide substrate
solution was added to each well for up to 20 minutes. Assays were stopped by addition of 50 uL
stop solution to each well, and mixed gently by tapping. Optical density was determined at 450
nm with a correction wavelength of 540 nm, using a microplate reader (Tecan Group AG,

Ménnedorf, Switzerland).
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Chapter 3: Induction of Epithelial-Mesenchymal Transition in Primary
Airway Epithelial Cells from Patients with Asthma by Transforming Growth

Factor-B,*

3.1 Introduction

A characteristic feature of the underlying pathology of asthma is airway remodeling, which
contributes to the clinical symptoms of the disease and can occur independently of inflammation
(Bai and Knight 2005, Martinez 2007). Chronic airway remodeling is characterized by structural
changes within the airway wall including smooth muscle hypertrophy, basement membrane
thickening, submucosal fibrosis, mucus cell metaplasia, epithelial shedding and angiogenesis
(Gizycki, Adelroth et al. 1997). In particular, features such as a thickened basal lamina, epithelial
damage, accumulation of smooth muscle and angiogenesis have now been shown to occur in
asthmatic children often before the diagnosis of asthma (Payne, Rogers et al. 2003, Fedorov,
Wilson et al. 2005, Barbato, Turato et al. 2006). Mechanisms underlying the expansion of the
mesenchymal cell populations and excessive deposition of extra-cellular matrix are unknown,
although expansion of the resident fibroblast population and recruitment of fibrocytes from the
circulation have both been implicated (Nihlberg, Larsen et al. 2006). Abnormal responses of the
epithelial-mesenchymal trophic unit to environmental challenges have been proposed to play a

central role in the airway pathology and physiology in asthma (Holgate, Davies et al. 2000).

A version of this chapter has been published. Reprinted with permission of the American Thoracic
Society. © 2013 American Thoracic Society. Cite: Hackett TL, Warner SM, Stefanowicz D, Shaheen F,
Pechkovsky DV, Murray LA, Argentieri R, Kicic A, Stick SM, Bai TR, Knight DA. Am J Respir Crit
Care Med. 2009 Jul 15;180(2):122-33. Official journal of the American Thoracic Society.
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Epithelial cells contribute to local fibroblast pools through a process of molecular
reprogramming called epithelial-mesenchymal transition (EMT) (Kalluri and Neilson 2003, Liu
2004).

EMT is a biological process whereby epithelial cells lose apical-basal polarity and
intercellular contacts and transition to a non-polarized, motile, spindle-shaped mesenchymal-like
cell (see Chapter 1.8.2, page 36). EMT has long been known to play a role in cellular
differentiation during development and tumor invasion (Greenburg and Hay 1982, Thiery 2002,
Nawshad, Lagamba et al. 2005). While dysregulated EMT has been linked to tumor metastasis
and progression, in other settings it is recognized as an important process in epithelial tissues in
response to stress/injury contributing to fibrosis in the kidney (Forino, Torregrossa et al. 2006),
liver (Kaimori, Potter et al. 2007) and lung (Kim, Kugler et al. 2006, Willis and Borok 2007)
both in human and animal models. However, whether EMT occurs in multilayered and
differentiated airway epithelium is unknown. Additionally, whether this process is dysregulated
in asthma remains unanswered.

Transforming growth factor-beta (TGFp;) is established as a central mediator involved in
tissue repair and the progression of fibrosis as well as inducing EMT in multiple organs (Willis
and Borok 2007). Several elegant studies have provided evidence of TGFp;-induced EMT in
experimental animal models of fibrosis and human alveolar epithelium and in these studies
phosphorylation of SMAD 2/3 was essential for the induction of multiple EMT-related processes
(Sato, Muragaki et al. 2003, Saika, Kono-Saika et al. 2004, Zavadil, Cermak et al. 2004, Kasali,
Allen et al. 2005, Valcourt, Kowanetz et al. 2005). However, we and others have shown that
TGFp; also has effects that are independent of SMAD signaling and involve activation of

MAPK-dependant pathways (Yu, Hebert et al. 2002, Pechkovsky, Scaffidi et al. 2008). For
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example, it has been demonstrated that TGF;-induced p38 MAPK and ERK1/2 activation is
involved in EMT of human keratinocytes (Davies, Robinson et al. 2005), hepatocytes (Kojima,
Takano et al. 2008) and some mammary carcinomas (Gal, Sjoblom et al. 2008). Whether TGFf3;-
induced EMT occurs in primary human airway epithelial cells and the signaling pathways
involved remain unclear.

The aim of the present study was to determine whether EMT occurs in primary cultures
of human airway epithelial cells following TGFp; exposure. We investigated the signaling
mechanisms and cell types involved using monolayer and differentiated, air-liquid interface

(ALI) cultures. Some of these data were reported in the form of an abstract (Hackett T-L 2008).

3.2 Methods and materials

3.2.1  Airway epithelial cell isolation and culture conditions

See Chapter 2.1. The clinically relevant information for each of the subjects is listed in Table
3.1. Prior to experiments monolayers were placed in bronchial epithelial basal medium (BEBM,
Cambrex) without supplements for 24 hours and then incubated with either 10 uM of the
MEK/ERK1/2 inhibitor UO126, 5 uM of the p38 MAPK inhibitor SB203580 (both Calbiochem)
or vehicle control for 1hour prior to the addition of recombinant (rh)TGFB; (10 or 50 ng/mL,
Peprotech, Rocky Hill, USA) and every 24 hours of the 48 and 72 hour experiments in a total
volume of 1 mL BEBM containing 100 U/mL penicillin and 100 pg/mL streptomycin at 37°C in

a humidified 5% CO, atmosphere.
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3.2.2 SMAD3 siRNA treatment

AEC monolayers grown to 70% confluence in six well plates were transfected with human

SMAD3-specific chimera-RNAi (SMAD3 siRNA, Abnova Corp, Taipei City, Taiwan) and non-

silencing control siRNA (Qiagen, Ontario, Canada) at a final concentration of 10 or 1 nM using

HiPerFect transfection reagent (Qiagen) as instructed by the manufacturer. AEC monolayer

cultures were then incubated with BEGM media for a further 72 hours, with or without TGFp;.

Cells were then lysed and protein expression analyzed by immunoblot as described below to

confirm protein knock-down and inhibition of EMT.

Patient Gender  Age Disease Medication Cell Source
ID (yrs)

aN1* Male 20 None None Donor Lung
aN2* Male 21 None None Donor Lung
aN3* Female 22 None None Donor Lung
aN4* Male 18 None None Donor Lung
aN5* Male 24 None None Donor Lung
pN6* Female 4 None None Donor Lung
pN7* Male 14 None None Donor Lung
pN8 Female 8 None None Bronchial Brushing
pN9 Male 12 None None Bronchial Brushing
pN10 Female 11 None None Bronchial Brushing
pAl* Female 8 Asthma Albuterol, Singulair Donor Lung
pA2* Male 11 Asthma Albuterol Donor Lung
aA3* Female 21 Asthma Albuterol, Advair Donor Lung
pA4* Female 15 Asthma Albuterol, Advair Donor Lung
pA5* Male 14 Asthma Albuterol Donor Lung
pA6 Male 6 Asthma None Bronchial Brushing
pA7 Female 13 Asthma None Bronchial Brushing
pA8 Male 8 Asthma None Bronchial Brushing

Table 3.1 Patient demographics used in chapter 3.

Patients are identified as adult (a) or pediatric (p) and by disease status denoted as either none (N) or
asthmatic (A). * denotes patients used in all experiments.
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3.2.3

SDS-PAGE and immunoblot

See general methods, Chapter 2.2. For antibodies used, see Table 3.2. The results are expressed

as a phosphorylated protein/non-phosphorylated protein density ratio or protein/p-tubulin density

ratio.
Epitope Host Catalog#  Company Uses
a-smooth muscle actin Mouse ab5694 Abcam, Cambridge, UK WB, IHC
(SMA)
. EMD Millipore Corporation,
B-tubulin Mouse 05-661 Billerica, USA WB
Cytokeratin 5 (D5/16 B4) Mouse M7237 Dako, Glostrup, Denmark IHC
Cytokeratin 18 Mouse sc-32329 SELE ClivEs EIEEENeea, DR ES IHC
USA
. . WB, IF,
E-cadherin Mouse sc-8426 Santa Cruz Biotechnology IHC
EDA-Fibronectin Mouse MAB1940 Sgt;mlcon International, Temecula, 5 |
Phospho-ERK1/2 Mouse 612358 BD Blosciences, Mississauga, WB
Canada
ERK1/2 Rabbit  06-182 EMD Millipore Corporation WB
Mucin5AC Mouse ab24070 Abcam IHC
Phospho-p38 Cell Signalling Technology,
(Thr80/Tyr182) Mouse 9216 Danvers, USA wB
p38 Rabbit 9212 Cell Signalling Technology WB
p63(4A4) Mouse sc-8341 Santa Cruz Biotechnology IHC, IF
Phospho-SMAD3 . N .
(Ser423/425) Rabbit  1880-1 Epitomics, Burlingame, CA wWB
SMAD2/3 Mouse 610843 BD Biosciences, Mississauga, WEB
Canada
Vimentin Rabbit Ab45939 Abcam WB, IHC
Z0-1 Rabbit  Ab59720 Abcam WB

Table 3.2 List of all primary antibodies used in chapter 3
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3.24  Immunofluorescent staining

AEC monolayers were grown on chamber slides (Falcon; Becton Dickson, Franklin Lakes, NJ),
incubated with or without TGF; (10 ng/mL) and fixed in 4% paraformaldehyde (Fisher) for 20
minutes. Chamber slides were then washed with phosphate buffered saline (PBS) followed by
blocking with 20% normal goat serum (Invitrogen) in PBS with 0.1% saponin for 20 minutes.
Slides were then incubated with antibodies for either EDA-fibronectin or E-cadherin (see Table
3.2) in phosphate buffered saline (PBS) with 0.1% saponin for 2 hours at room temperature.
Following washing with PBS containing 0.1% saponin and 0.1% Tween 20, slides were
incubated with secondary antibodies conjugated with either goat anti-mouse IgG Alexa Fluor
488 or goat anti-rabbit 1gG Alexa Fluor 594 (Invitrogen, Oregon, USA), were incubated for 2
hours at room temperature. Following a final wash, cells were incubated with DAPI (1 pg/mL)
and visualized with a Nikon fluorescent microscope and imaged with a C-spot camera (Nikon

Instruments, Melville, NY, USA).

3.25 RNAisolation and RT-gPCR

RNA was isolated from AEC cultures using RNeasy Plus Mini-Kits (QIAGEN, Valencia, CA).
Purified RNA was treated with DNase and reverse transcribed into cDNA using TagMan®
Reverse Transcription Reagents (Applied Biosystems, Foster City, CA). Gene expression was
determined by real-time PCR using the Tagman® Universal PCR Master Mix (Applied
Biosystems) and pre-developed Tagman Gene Expression Assays designed by Applied
Biosystems, as per manufacturer’s instructions. Fold induction of gene expression was
determined. Gene expression was calculated using Ct values for gene of interest and

housekeeping genes as described in Chapter 2.4.
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3.2.6  Confocal microscopy of ALI-AEC cultures
Following treatment with TGFp;, inhibitor, or vehicle, ALI-AEC cultures were fixed in 4%
paraformaldehyde for 1 hour on ice, and stained with antibodies for cytokeratin-5, E-cadherin,
EDA-fibronectin, or p63 (see Table 3.2) in 0.1% saponin in PBS for 2 hours at room
temperature. Following washing in PBS with 0.1% saponin and 0.1% Tween 20, ALI-AEC
cultures were incubated with fluorescently-tagged secondary antibodies Alexa Fluor® 488 goat
anti-mouse IgG and/or Alexa Fluor® 594 goat anti-rabbit 1gG for 2 hours at room temperature.
Following final washes, ALI-AEC cultures were incubated with 1 ng/mL DAPI and then the
membrane was excised and mounted on a glass slide using Secure-seal™ imaging spacers (Size
20 mm; Sigma, Oakville, ON). Confocal images of fluorescently labelled ALI-AEC cultures
were acquired with a Leica AOBS SP2 laser scanning confocal microscope (Leica, Heidelberg,
Germany) using a Leica 63X/1.4 Plan-Apochromat oil immersion objective. The acquisition
software was Leica Confocal Software TCS SP2. The laser lines used were 405 (for Hoechst),
488 (for Alexa 488) and 594 nm (for Alexa 594) and these excitation beams were produced by
UV diode, Ar and HeNe lasers (Leica AOBS SP2 module) respectively. Emission signals were
captured sequentially to minimize signal bleed-through and the confocal pinhole was set at one
Airy disk. Images (8 bit) were frame-averaged 3-4 times to minimize the noise, and the pixel
dimensions used in this image acquisition process satisfied the Nyquist sampling criteria. The
images were overlaid and the contrast enhancements were performed on the images using
Volocity software (Improvisions, Boston, USA).

Volocity Classification was used to perform comparative measurements of the number of
brightest fluorescent spots per cell in the samples stained with DAPI, EDA-fibronectin (Alexa

488-conjugated secondary) or E-cadherin (Alexa 594-conjugated secondary). A classifier was
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created by choosing a minimal “intensity” (brightness) threshold. The program uses these
thresholds to identify the pixels with these characteristics in every slice of the Z-stack processed.
A total of 250 slices within a Z-stack were taken per ALI-AEC and every 10 sequential slices
were averaged to obtain an average classifier value/10 Z-stack slices. The classifier was
validated by demonstrating the pixels counted in the 3D-rendered image and confirming that the

visible pixels were selected.

3.2.7 Immunohistochemical staining

Please see Chapter 2.3 for detailed procedures used. Antigens were retrieved by autoclaving (15
minutes at 120°C and 30 psi) for 20 minutes in citrate target retrieval solution (Dako,
Mississauga, ON). Antibodies directed against human cytokeratin-5, p63, cytokeratin-18, mucin
5AC, a-smooth muscle actin or vimentin (see Table 3.2) were added overnight at 4°C in 25%

goat serum.

3.2.8 Statistics

Data are presented as the mean + SEM of 12 or more independent experiments. Student’s
unpaired t-test was used for pair-wise comparisons and ANOVA with Dunnett’s post-test for
comparison of group data. Statistical analysis was performed using commercial statistical
software Prism Version 4.0 (GraphPad, Software Inc., San Diego, CA). P values less than 0.05

were considered statistically significant.
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3.3 Results

3.3.1 TGFp; induces EMT in primary airway epithelial cells

Monolayer cultures of pHAECs obtained from non-asthmatic donors were incubated with TGF[;
(10 and 50 ng/mL) for 48 and 72 hours. As shown in Figure 3.1A, pHAECs underwent TGFf1-
induced EMT characterized by loss of epithelial markers E-cadherin and Zonula Occludins-1
(Z20-1), with concurrent expression of mesenchymal proteins EDA-fibronectin, a-smooth muscle
actin (a-SMA) and vimentin when analyzed by immunoblot. As demonstrated by the phase
contrast images, the changes in molecular phenotype analyzed by immunoblot were also
associated with changes in morphology from a cobblestone epithelial to spindle-shaped
appearance, characteristic of mesenchymal cells (Figure 3.1B and C). As demonstrated by
immunofluorescence staining we demonstrated that changes in morphology were also associated
with loss of expression of the epithelial marker E-cadherin (red staining, Figure 3.1D and E) and
gain in expression of EDA-fibronectin (green staining, Figure 3.1F and G). We found no
differences in the ability of epithelial cells to undergo EMT whether obtained from bronchial
brushings or pronase extraction from whole airways, as demonstrated by the densitometric

analysis for a-smooth muscle actin expression (Figure 3.2, n=18).
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Figure 3.1 TGFp;-induced epithelial-mesenchymal transition (EMT) occurs in primary human airway epithelial cells (pHAECS).
TGFp;-induced epithelial-mesenchymal transition (EMT) occurs in primary human airway epithelial cells (pHAECSs). (A) pHAECs were treated
with 10 or 50 ng/mL TGFp, or vehicle for 48 and 72 hours, total cell lysates were taken for immunoblot or monolayers were fixed for
immunofluorescence analysis. Representative immunoblot demonstrates loss of E-cadherin and ZO-1 with concurrent expression of EDA-
fibronectin, a-smooth muscle actin, and vimentin in pHAECs after TGFp; treatment. Phase contrast images of (B) unstimulated cells and (C)
TGFB; (10 ng/mL) treated cells for 72 hours demonstrate characteristic EMT-associated changes in morphology. (D-G) Immunofluorescence
staining for E-cadherin (red) and EDA-fibronectin (green) with and without TGFf; treatment; nuclei are stained with64 -diamidino-2-
phenylindole (DAPI) (blue). Scale bar is equal to 100 pM.
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Figure 3.2 TGFp, induces EMT in pHAECSs obtained by bronchial brushing or by pronase
digestion from donor lungs.

pHAECs obtained from bronchial brushings (n=6) or pronase digestion of donor lungs (n=12) were
treated with 10 or 50 ng/mL TGFp, or vehicle control for 72 hours. Densitometry analysis of band
intensities for a-smooth muscle actin expression indicate no significant difference in any of the proteins
expressed between untreated cells (unfilled bars), TGFB; 10 ng/mL treated (light grey bars), or TGF; 50
ng/mL treated (dark grey bars) cells derived from bronchial brushings or pronase digestion of donor
lungs. Values given are the mean £ SEM, and all values were normalized to B-tubulin. * Indicates p<0.05
compared to untreated control by one-way ANOVA with Dunnett’s post-test.

3.3.2 TGFp; induces EMT in airway epithelial cells derived from asthmatic donors

As EMT may play an important role in the sub-epithelial remodeling observed in asthma,
epithelial cells from asthmatic patients were examined for their capacity to undergo EMT
following exposure to TGF;. Asthmatic epithelial cells exposed to TGFB; underwent identical
phenotypic changes associated with EMT as described earlier for non-asthmatic cells (Figure
3.3). Densitometric analysis of E-cadherin, ZO-1, EDA-fibronectin, and vimentin expression
following exposure to TGFp; at 10 and 50 ng/mL concentrations showed no statistical difference
in the magnitude of expression of each marker between asthmatic and normal pHAEC protein

lysates (Figure 3.4A-D, respectively, n=18).
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Figure 3.3 TGFp, induces epithelial-mesenchymal transition in asthmatic-derived pHAECsS.
(A) Representative immunoblot of total cell lysates from asthmatic-derived pHAECs treated with 10 or 50 ng/mL TGFp; or vehicle control for 48

and 72 hours and analyzed for E-cadherin, ZO-1, EDA-fibronectin, a-smooth muscle actin, and vimentin expression. B-tubulin is included as a
loading control. (B—G) Representative phase contrast images and immunofluorescence staining for E-cadherin (red) and EDA-fibronectin (green)
expression in asthmatic-derived pHAEC monolayers treated with or without 10 ng/mL TGFp, for 72 hours. Scale bar is equal to 100 uM.
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Figure 3.4 Both non-asthmatic and asthmatic pHAECs undergo EMT in monolayer culture.

(A-D) Densitometry analyses of band intensities for (A) EDA-fibronectin, (B) ZO-1, (C) vimentin, or (D)
E-cadherin for each individual in the study (n = 18), which indicated no significant difference in protein
expression at 72 hours between untreated cells (open bars), 10 ng/mL TGFp; treated (light grey bars), or
50 ng/mL TGF, treated (dark grey bars) cells derived from donors with or without asthma. Values given
are the mean + SEM, and all values were normalized to B-tubulin. * Indicates p<0.05 compared with
untreated control by one-way ANOVA with Dunnett’s post-test.

3.3.3 TGFp; induces changes in gene expression during EMT

To determine the profile of mesenchymal and extracellular matrix (ECM) genes expressed
during TGFp;-induced EMT, mRNA was isolated from pHAECS treated with TGFf; (10 ng/mL)
for 24 hours and RNA expression determined using a custom-designed RT-gPCR array for a
panel of genes. TGFp; significantly induced RNA expression of multiple mesenchymal markers

including vimentin and a-smooth muscle actin (Figure 3.5, n=18). TGFp; also up-regulated the
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expression of RNAs encoding ECM proteins collagen-1al, fibrinogen and fibronectin, as well as
growth factors connective tissue growth factor (CTGF) and TGF; itself. TGFp; also induced
expression of its receptor component TGFBRI, but not TGFBRII, and SMAD3-dependent
transcription factors Snail 1 and 2. We also observed an increase in expression of the adhesion
molecules CD44 and integrin B3 with concurrent loss of E-cadherin. There was no statistical
difference in gene expression between asthmatic- or non-asthmatic-derived pHAECs following

TGFp; treatment.
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Figure 3.5 TGFp; induces expression of mesenchymal and extracellular matrix (ECM) genes during
epithelial-mesenchymal transition.

Primary airway epithelial cells (n = 18) were stimulated with 10 ng/mL of TGFp; (solid bars) or vehicle
control (shaded bars) for 24 hours. Using a custom-designed RT-gPCR panel, expression of
mesenchymal, ECM, growth factors, signaling mechanisms, and cell migration genes previously reported
to be induced by TGFf; were evaluated. Values given are the mean + SEM of pooled samples. All values
were normalized to GAPDH. * Indicates p<0.05 for TGFp-treated compared to untreated control by
Student’s unpaired t-test.
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In addition to SMAD-mediated transcription, TGFp; activates other signaling pathways,
including ERK1/2 and p38 MAP kinase pathways during EMT (Hartsough and Mulder 1995,
Zavadil, Bitzer et al. 2001, Bakin, Rinehart et al. 2002). Accordingly, we assessed the relative
contribution of SMAD3 or MAPK including p38 and p42/p44 to TGFpi-induced EMT in
pHAECs. Addition of SMAD3-inhibiting siRNA (10 nM) blocked SMAD3 expression and
TGFp;-induced EMT as reflected by robust E-cadherin expression and a lack of EDA-fibronectin
expression even after 72 hours (Figure 3.6A). In contrast, neither the MEK/ERKZ1/2 inhibitor
U0126 (10 uM) nor the p38 inhibitor SB203580 (5 uM) had an effect on TGFp;-induced
changes in expression of EDA-fibronectin and loss of E-cadherin expression, as shown by the
mean densitometry values in Figure 3.6B (n=18). Inhibition of MEK/ERK1/2 or p38 alone did
not affect the expression of epithelial proteins (Figure 3.6C). Taken together, these data
demonstrate that SMAD3 signaling is necessary and sufficient for TGFB;-induced EMT in

pHAECs.
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Figure 3.6 TGFp;-induced phosphorylation of SMADS is essential for the expression of
mesenchymal and ECM genes during EMT.

(A) pHAECs (n=12) were transfected with human SMAD3-inhibiting chimera-RNAI, scrambled siRNA
control, or HiPerFect transfection reagent for 24 hours, or the MEK/ERK1/2 inhibitor U0126 (10 pM),
the p38 inhibitor SB203580 (5 uM), or media control for 1 hour, and then stimulated with TGFp; (10
ng/mL) or vehicle control for a further 72 hours with each relevant inhibitor being added every 24 hours.
Representative immunoblot of total cell lysates analyzed for the expression of EDA-fibronectin, a-smooth
muscle actin, E-cadherin, pPSMAD3, SMAD3, and B-tubulin protein expression. (B) Densitometric
analysis of EDA-fibronectin (open bars) and E-cadherin (solid bars) protein expression normalized to
B-tubulin after SMAD3 inhibiting siRNA, U0126, or SB203580 treatment. Data are expressed as mean +
SEM. * Indicates p< 0.05 compared with TGFf; treatment by one-way ANOVA with Dunnet’s post-test
(n=12). (C) Representative immunoblot of total cell lysates analyzed for the expression of EDA-
fibronectin, E-cadherin, pERK1/2, pP38 and their un-phosphorylated forms and B-tubulin demonstrates
that treatment with UO126 or SB203580 did not inhibit TGFf;-induced EMT in pHAECs and did not
alter the expression of EDA-fibronectin or E-cadherin (n=12).
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3.3.4 TGFp; induces EMT in ALI-AEC cultures

Air-liquid interface cultures of airway epithelial cells (ALI-AEC cultures) were used to
determine whether specific subtypes of epithelial cells undergo EMT. As demonstrated by the
representative hematoxylin and eosin (H&E)-stained section of a non-asthmatic ALI-AEC
culture incubated with TGFB; (10 ng/mL), the basal and suprabasal cells lost their cobblestone
morphology and gained a spindle-shaped mesenchymal morphology (Figure 3.7A and B). We
demonstrated that the cells that changed morphology were indeed of a basal cell phenotype by
staining for the basal cell marker cytokeratin 5 (Figure 3.7C and D). We further confirmed that
the changes in morphology observed following TGFp; stimulation were accompanied by the
presence of mesenchymal markers vimentin (Figure 3.7E and F) and a-smooth muscle actin
(Figure 3.71 and J). Further analysis revealed that the cells expressing these mesenchymal
markers and morphological changes were not ciliated or goblet cells since there was no overlap
with cytokeratin-18 (Figure 3.7G and H) or mucin 5AC (Figure 3.7K and L) staining,

respectively. These findings support the concept that basal cells are likely to undergo EMT.
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Figure 3.7 TGFp, induces EMT in ALI-AEC cultures.

ALI-AEC cultures derived from non-asthmatic pHAECs were incubated with (B, D, F, J and L) or without (A, C, E, G, I and K) TGFp; (10
ng/mL) for 72 hours and then fixed, embedded in paraffin and then sectioned for immunohistochemical analysis. ALI-AEC sections were stained
with (A, B) hematoxylin and eosin (H&E), (C, D) cytokeratin 5, (E, F) vimentin, (G, H) cytokeratin 18, (I, J) a-smooth muscle actin, and (K, L)
mucin 5AC. Scale bar is equal to 50 uM. Arrows indicate changes in morphology.
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ALI-AEC cultures were analyzed by immunoblot to identify changes in protein expression
associated with EMT, and to assess the role of SMAD3 in TGFp;-induced EMT. Robust
phosphorylation of SMAD3 was observed in ALI-AEC cultures incubated with TGFB; (10
ng/mL), coincident with increased expression of EDA-fibronectin, a-smooth muscle actin and
vimentin, and loss of E-cadherin and ZO-1 expression (Figure 3.8). The addition of SMAD3-
inhibiting siRNA in the basal ALI compartment inhibited TGFp;-induced mesenchymal markers
and maintained E-cadherin expression, supporting the role of SMAD3 in TGFp;-induced EMT in
ALI-AEC cultures. Similar findings were observed in ALI-AEC cultures derived from asthmatic
donors, although the magnitude of changes in EDA-fibronectin and E-cadherin were
significantly different compared to ALI-AEC cultures derived from non-asthmatic donors

(Figure 3.9, n=12).
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Figure 3.8 SMAD3 mediates TGFp;-induced EMT in ALI-AEC cultures.

ALI-AEC cultures derived from asthmatic and non-asthmatic pHAECs were transfected with SMAD3-
inhibiting siRNA, control scrambled siRNA, or vehicle control for 24 hours, and then incubated with or
without TGFp, (10 ng/mL) for a further 72 hours. A representative immunoblot of total ALI-AEC culture
protein lysates analyzed for EDA-fibronectin, vimentin, E-cadherin, ZO-1, SMAD3, and B-tubulin is
shown.
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Figure 3.9 TGFp; induces pronounced EMT changes in ALI-AEC cultures from asthmatic donors.
Densitometry analysis was performed on immunoblots of EDA-fibronectin (open bars) and E-cadherin
(solid bars) expression in ALI-AEC from donors with and without asthma. Data are expressed as mean +
SEM and * indicates p<0.05 compared with TGFp-treated non-asthmatic ALI-AEC cultures (n=12) by
Student’s unpaired t-test.

3.3.5 Basal epithelial cells in ALI-AEC cultures undergo TGFp;-induced EMT

To determine which subtypes of pHAECs were able to undergo EMT in asthmatic and non-
asthmatic derived ALI-AEC cultures, we used confocal microscopy to analyze entire ALI-AEC
cultures. As only one epithelial protein and one mesenchymal protein can be analyzed at the
same time with confocal microscopy, we chose to analyze changes in E-cadherin and EDA-
fibronectin expression. As shown in the 3-dimensional reconstruction of an untreated ALI-AEC
culture (Figure 3.10A) and the en face sections from the apical and basal surface of the
reconstruction (Figure 3.10B), all untreated cultures stained for E-cadherin (red), but not EDA-
fibronectin (green). Exposure of ALI-AEC cultures derived from non-asthmatic subjects to

TGEFp; (10 ng/mL) for 72 hours resulted in decreased E-cadherin (red) and increased EDA-
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Figure 3.10 TGFp,-induced EMT occurs in the expanded basal cell population of ALI-AEC
cultures from asthmatic donors.

(A) Representative three-dimensional reconstruction of an untreated ALI-AEC culture imaged using
confocal microscopy and (B) En face apical and basal sections from the reconstructed image demonstrate
E-cadherin (red) staining throughout the entire ALI-AEC but no EDA-fibronectin expression (green).
(C) Confocal images of the en face apical and basal surfaces of TGFB; (10 ng/mL) treated ALI-AEC
cultures derived from donors with and without asthma indicate EDA-fibronectin (green), E-cadherin
(red), and nuclei (blue). (D) Volocity software classification was used to perform comparative
measurements of the number of brightest fluorescent spots for 4',6-diamidino-2-phenylindole (DAPI) and
EDA-fibronectin per every 10 Z-stack slices, showing that EDA-fibronectin is expressed throughout the
entire asthmatic-derived ALI-AEC, but restricted to the basal surface in non-asthmatic-derived cultures.
Data are expressed as average number of pixels per 10 Z-stack slices + SEM. * Indicates p<0.05
compared with asthmatic-derived ALI-AEC cultures by two-way ANOVA with Bonferroni post-test.

Average number of Pixels/10 Z-stack slices
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fibronectin (green) staining in cells predominantly localized within the basal cell layer (Figure
3.10C, left). In contrast, treatment of asthmatic derived ALI-AEC cultures with TGFp; had
profound effects, with large numbers of cells spread diffusely throughout the multilayered tissue
showing intense staining for EDA-fibronectin (green) and reduced E-cadherin positivity (red)
(Figure 3.10C, right). These observations were further validated by image analysis using
Volocity classification. As demonstrated in Figure 3.10D, the mean number of pixels for EDA-
fibronectin (classified for Alexa 488, green) proportional to the number of pixels for DAPI (blue)
were constant through the entire asthmatic-derived ALI-cultures compared to non-asthmatic-
derived ALI-AEC cultures, wherein staining was restricted to the basal cell layer (p<0.05, n=5

per group). Finally, we show that the EMT marker EDA-fibronectin and the basal cell markers

cytokeratin-5 and p63 were both expressed in pHAECs undergoing EMT (Figure 3.11A and B).

EDA-fibronectin Cytokeratin-5

DAPI
DAPI EDA-fibronectin p63

Figure 3.11 Cells expressing basal cell markers CK-5 and p63 undergo TGFp;-induced EMT in
ALI-AEC cultures.

Representative en face confocal images of the basal surface of cells in ALI-AEC cultures treated with
TGFB; (10 ng/mL) for 72 hours and stained with (A) DAPI (blue), EDA-fibronectin (green, Alexa 488),
and cytokeratin-5 (red, Alexa 594); (B) DAPI (blue), EDA-fibronectin (green, Alexa 488), p63 (red,
Alexa 594); merged sections are shown far right.
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3.3.6 Expansion of the basal cell population leads to increased TGFp;-induced EMT in
ALI-AEC cultures from asthmatic donors

The number of basal cells, identified by p63 and cytokeratin-5 expression, was increased in
asthmatic compared to non-asthmatic derived ALI-AEC cultures by immunohistochemical
staining of transverse ALI-AEC sections (Figure 3.12A and B). Following exposure to TGFf;
(10 ng/mL), basally-situated cells in ALI-AEC underwent changes in morphology indicative of
EMT, marked by the arrow heads in Figure 3.12, and stained for p63 and cytokeratin-5,
consistent with a basal cell phenotype.

Using donor-matched airway sections, we demonstrate that airways from asthmatics have
increased numbers of cells expressing cytokeratin-5 and p63 in vivo, indicating that our in vitro
ALI-AEC cultures are representative of the asthmatic airway epithelium in vivo (Figure 3.13A
and B). Despite the increased numbers of cytokeratin-5 and p63 positive cells, we did not find
epithelial cells positive for mesenchymal markers a-smooth muscle actin or vimentin in

asthmatic airway epithelium in vivo (Figure 3.13A and B, n=12).
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Figure 3.12 TGFp;-induced EMT occurs to a greater degree in asthmatic-derived ALI-AEC cultures.
ALI-AEC cultures derived from (A) non-asthmatic and (B) asthmatic donors were incubated with or without TGFf, (10 ng/mL) for 72 hours and

then fixed, embedded in paraffin, sectioned and stained with H&E, cytokeratin-5 or p63. Arrows indicate changes in morphology. Scale bar is

equal to 50 uM.
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Figure 3.13 Markers of epithelial-mesenchymal transition are not present in asthmatic airways in
vivo.

(A) Airway sections were immunostained for cytokeratin-5, p63, vimentin, and a-smooth muscle actin
staining (brown) in airway epithelium of donor-matched nonasthmatic and asthmatic airways. Scale bar is
equal to 100 uM. (B) The expression of cytokeratin-5, p63, vimentin, and a-smooth muscle actin staining
within the epithelium was quantified using Image pro plus software. Data are expressed as % of positive
staining in airway epithelium £ SEM. Light grey bars indicate normal; dark grey bars indicate asthmatic.
* Indicates p<0.01 compared with non-asthmatic airways by Student’s unpaired t-test (n=12).

3.4 Discussion

In this study, we provide evidence that primary human airway epithelial cells in culture undergo
EMT in response to TGFB;. We demonstrate that TGFB;-induced EMT is SMAD3-dependent
and characterized by the transition from a typically epithelial cuboidal morphology to a spindle-

shaped cell expressing mesenchymal markers EDA-fibronectin, vimentin, and a-SMA, with a
81



coordinate loss of epithelial proteins E-cadherin and ZO-1. Importantly, we show that in
differentiated, multilayered ALI-AEC cultures derived from non-asthmatic donors, TGFp;-
induced EMT is confined to the basal cell layer. However, in ALI-AEC cultures derived from
asthmatic donors there is an increased number of cells that express basal cell markers
cytokeratin-5 and p63 and undergo TGFp;-induced EMT. We demonstrate that the number of
cells expressing basal cell markers cytokeratin-5 and p63 is increased in asthmatic airways in
vivo. Epithelial cells expressing mesenchymal markers, including vimentin and a-smooth muscle
actin, characteristic markers of EMT, were not present in vivo.

In asthma, increased deposition of collagen, fibronectin and other ECM proteins in the
basement membrane contribute to sub-epithelial fibrosis and airway hyperresponsiveness
(Davies, Wicks et al. 2003). The most likely cells responsible for the increased deposition of
ECM are fibroblasts and myofibroblasts, with the number of these cells correlating with the
magnitude of subepithelial thickening (Gizycki, Adelroth et al. 1997). The origin(s) of these
mesenchymal cells remains unknown, although the recruitment of bone marrow-derived
fibrocytes and/or the expansion of resident fibroblasts likely play important roles. Epithelial cells
undergoing EMT are involved in fibrogenesis in several tissues such as the liver and kidney,
contributing up to 36% of the interstitial fibroblast population (Forino, Torregrossa et al. 2006,
Kaimori, Potter et al. 2007). With respect to the conducting airway epithelium, few studies of
EMT have been reported. Ward and colleagues suggested that EMT occurs in the small airways
of clinically stable lung transplant recipients (Ward, Forrest et al. 2005). Molloy et al. showed
that EMT-like responses occur in the transformed epithelial cell line BEAS-2B in response to
BMP-4 (Molloy, Adams et al. 2008) and in normal airway epithelial cells during repair

(McCormack, Molloy et al. 2013). In addition, Wu et al. found evidence of EMT in a small
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subset of bronchial epithelial cells following administration of bleomycin in a-smooth muscle
actin—Cre reporter transgenic mice (Wu, Yang et al. 2007). These authors also showed an
increase in a-smooth muscle actin expression and reduction in E-cadherin expression following
exposure to very high concentrations of TGFf; (10 mg/mL) in the SV40-transformed human
epithelial cell line 16-HBE”..

In the present study, we show that primary human airway epithelial cells in vitro from
both asthmatic and non-asthmatic donors undergo EMT following exposure to 10 ng/mL of
TGFp;. This was characterized by the hallmark changes associated with EMT, including loss of
cobblestone or cuboidal morphology and a marked reduction in E-cadherin and ZO-1 expression,
particularly at the cell borders. In vitro this would facilitate the disintegration of cell-cell contacts
that normally maintain epithelial integrity and barrier function. These more fibroblast-like cells
exhibit activated molecular programs allowing the de novo synthesis of mesenchymal
cytoskeleton proteins a-smooth muscle actin, vimentin and EDA-fibronectin. Our findings are
consistent with several studies evaluating EMT in the alveolar type Il epithelial carcinoma cell
line, A549 (Kasai, Allen et al. 2005, Kim, Kugler et al. 2006, Ando, Otani et al. 2007) and
transformed airway epithelial cells (Wu, Yang et al. 2007, Molloy, Adams et al. 2008).

To exclude the possibility of contamination of primary epithelial cultures with
fibroblasts, several measures were used. Firstly the method of dissociation of the airway
epithelium yields a 98% pure epithelial population by FACS analysis. Epithelial cultures were
grown in serum free media which does not support fibroblast growth. Secondly, untreated
monolayers exhibited 100% epithelial morphology over passage, with no detectable expression

of mesenchymal markers.
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To further define the cellular phenotype and processes involved in TGFf;-induced EMT,
a large number of genes were analyzed using a custom-designed RT-gPCR panel (as shown in
Figure 3.5). Aside from vimentin and a-smooth muscle actin, TGF; induced the expression of
the ECM proteins collagen-1al, fibrinogen and fibronectin. TGFB; also upregulated the
SMAD3-dependent transcription factors snaill (SNAI1) and snail2 (SNAI2), which repress E-
cadherin transcription (Cano, Perez-Moreno et al. 2000, Carver, Jiang et al. 2001). We also
found two genes not previously associated with EMT, integrin f3 and CD44, to be upregulated
following TGFp; exposure (Figure 3.5). The B3 integrin is distributed at the polarized cell front
of migrating fibroblasts and is important for cell transmigration on fibronectin (Woods, White et
al. 2004). CD44 is a cell adhesion molecule and a receptor for both hyaluronan and fibronectin,
which are components of the provisional matrix that facilitate cell migration at wound sites
(Knox, Crooks et al. 1986, Turley 1992, Greiling and Clark 1997). CD44 expression is also
increased on damaged epithelial cells in asthma (Leir, Baker et al. 2000) and CD44 knockout
mice show enhanced inflammation and decreased fibroblast infiltration (Huebener, Abou-
Khamis et al. 2008). The upregulation of these pro-migratory factors following TGFf; treatment
supports the idea that the epithelial cells have gained a mesenchymal phenotype and are highly
motile.

We also observed that TGFp; increased gene expression of itself, CTGF and TGFBRI,
but not TGFBRII (Figure 3.5). As TGFBRI is primarily associated with SMAD signaling, we
further defined the contribution of this signaling pathway to EMT. Our data show that the
TGFps-induced expression of mesenchymal genes was accompanied by phosphorylation of
SMAD3 in a time- and dose-dependent manner. This finding is consistent with TGFp;-induced

EMT in several cell types including breast, renal and lung epithelial cells (Zavadil, Cermak et al.
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2004, Kasai, Allen et al. 2005, Valcourt, Kowanetz et al. 2005). Similarly, several in vivo models
of EMT and fibrosis have shown that SMAD3 deficiency attenuates the ability of TGFp; to
induce key transcriptional regulators of EMT (Sato, Muragaki et al. 2003, Saika, Kono-Saika et
al. 2004, Zavadil, Cermak et al. 2004). Our data further demonstrate that knockdown of SMAD3
using SMAD3-inhibiting siRNA in pHAECs maintains E-cadherin expression and prevents
expression of EDA-fibronectin. TGFf; signaling through SMAD-independent pathways such as
p38 MAPK and ERK1/2 also induce loss of E-cadherin in some models of EMT, particularly in
cancer (Ellenrieder, Hendler et al. 2001, Bates and Mercurio 2003). Furthermore, Ross and
colleagues reported that activating ERK increases SMAD3 promoter activity in epithelial and
smooth muscle cells (Ross, Corey et al. 2007). Here we demonstrate that incubation with the
MEK/ERK1/2 inhibitor U0126 or p38 MAPK inhibitor SB203580 did not inhibit TGFp;-induced
EMT in our model system.

While EMT has been shown to occur in animal lungs in vivo, evaluating this process in
human lungs in vivo is inherently more difficult. In this investigation, we generated ALI-AEC
cultures to determine whether EMT occurs in a differentiated mucociliary epithelium. We show
that in ALI-AEC cultures derived from non-asthmatic donor airways, a discrete population of
cells in the basal layer identified by specific basal cell markers cytokeratin-5 and p63 (Daniely,
Liao et al. 2004, Hajj, Lesimple et al. 2007) undergo TGFp;-induced EMT characterized by
staining for EDA-fibronectin, a-smooth muscle actin and vimentin. To our knowledge, this is the
first demonstration of EMT in a multi-layered, differentiated ALI-AEC culture. In support of our
findings, Sarrio and colleagues showed that EMT-like changes associated with tumor invasion
and metastasis occur preferentially within a basal cell subtype of carcinomas (Sarrio, Rodriguez-

Pinilla et al. 2008). Despite our finding of basal cell hyperplasia in asthma, evidence does not
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support a causal link between asthma and lung cancer susceptibility (Rosenberger, Bickeboller et
al. 2012), and allergic diseases may actually provide a protective effect against cancer (El-Zein,
Parent et al. 2014).

In the current study, TGFB; was added to the basal compartment to mimic release of the
growth factor from the sub-epithelial fibroblasts or proteolytic release and activation of TGFp;
from the ECM. The finding that only basal cells, and not ciliated or goblet cells, undergo EMT
could be due to the localized concentration of TGFB; within the basal compartment. However,
TGFp; has a molecular weight of 25 kDa and has been shown to diffuse through basal layers via
cell junctions (McDowell, Gurdon et al. 2001). Given that basal cells are tissue resident
progenitor cells, we hypothesize that EMT occurs within basal cells due to their plasticity and
differentiation potential.

We found that ALI-AEC cultures derived from asthmatic donors treated with TGFf;
completely lost E-cadherin expression throughout the entire ALI-AEC culture with concurrent
gain in expression of EDA-fibronectin, suggesting that susceptibility to EMT is increased in
asthmatic epithelia. Following a direct comparison of asthmatic derived ALI-AEC cultures and
donor-matched airway sections, we provide evidence that there is a shift toward a less
differentiated phenotype characterized by positive staining for basal cell markers cytokeratin-5
and p63 throughout the epithelium both in vivo and in vitro. This observation is in keeping with
our previous finding that epithelial cells obtained via bronchial brushings from asthmatic donors
contain a greater percentage of cytokeratin-5 positive epithelial cells compared to non-asthmatics
(Kicic, Sutanto et al. 2006). Whether this is the result of a persistent epithelial repair phenotype

or a dysregulated differentiation profile is unknown.
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Airway remodeling was traditionally considered to be a secondary phenomenon in
asthma pathogenesis, developing late in the disease process as a consequence of persistent
inflammation (Martinez 2007). However, the importance of remodeling as an early and
consistent component of childhood asthma has been emphasized in a number of studies
(Fedorov, Wilson et al. 2005, Barbato, Turato et al. 2006). A phenotypic shift in the epithelium
of asthmatic airways indicative of stress and injury in both pediatric and adult patients was
associated with increased collagen deposition in the lamina reticularis (Fedorov, Wilson et al.
2005). When patient-matched airway sections were stained for markers of EMT, we observed no
a-smooth muscle actin or vimentin staining in asthmatic or non-asthmatic airways, suggesting
that EMT was not actively occurring in vivo.

In conclusion, our data show that TGF;-induced EMT occurs in primary human airway
epithelial basal cells in vitro via a SMAD3-dependent process. In primary ALI-AEC cultures
EMT is confined to basally-situated cells expressing basal cell markers cytokeratin-5 and p63.
The number of basal cells is increased in asthmatic ALI-AEC cultures. Staining of patient-
matched airway sections demonstrated substantially increased numbers of basal cells expressing
cytokeratin-5 and p63 in asthmatics compared to non-asthmatic airway epithelium in vivo. We
were unable to observe markers of EMT such as a-smooth muscle actin or vimentin in asthmatic
airway epithelium. These data support the hypothesis that there is dysregulated differentiation
and an increased susceptibility to TGFp;-induced EMT in the asthmatic airway epithelium. How
these changes in epithelial phenotype affect the progression of asthma and airway remodeling is

still unknown.
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Chapter 4: Transcription Factor p63 Regulates Key Genes and Wound

Repair in Human Airway Epithelial Basal Cells

4.1 Introduction

Goblet cell metaplasia, loss of ciliated epithelial cells, increased susceptibility to oxidant-induced
stress, abnormal cytokine and ECM release and mitotic dyssynchrony are associated with asthma
(Bucchieri, Puddicombe et al. 2002, Kicic, Sutanto et al. 2006, Freishtat, Watson et al. 2010, Ge,
Moir et al. 2010, Kicic, Hallstrand et al. 2010). Our group described a marked expansion of the
population of basal cells expressing the transcription factor p63 in the epithelium of asthmatics
(Hackett, Shaheen et al. 2008, Hackett, Warner et al. 2009). Importantly, as described in
Chapter 3, this phenotype was conserved in air-liquid interface (ALI) culture conditions in vitro
(Hackett, Warner et al. 2009), indicating that this expansion is an intrinsic cellular response and
not solely a product of the in vivo inflammatory milieu.

The transcription factor p63 is a homologue of the p53 tumor suppressor, and is required
for the appropriate development of stratified epithelial tissues. Genetic deletion of p63 in mice
results in the absence of stratified epithelia, most notably in the epidermis (Mills, Zheng et al.
1999, Yang, Schweitzer et al. 1999). The subsequent deficiency of barrier function results in
perinatal lethality due to dehydration. The airway epithelium is the first structural barrier to the

inhaled environment and its ability to repair and regenerate following injury is crucial to

’A version of this chapter has been published. Reprinted with permission of the American Thoracic
Society. © 2013 American Thoracic Society. Cite: Warner SM, Hackett TL, Shaheen F, Hallstrand TS,
Kicic A, Stick SM, Knight DA. Transcription Factor p63 Regulates Key Genes and Wound Repair in
Human Airway Epithelial Basal Cells. Am J Respir Cell Mol Biol. 2013 Dec;49(6):978-88. Official
journal of the American Thoracic Society.
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maintain normal tissue function. The basal cells of the airway epithelium exhibit progenitor
capacity, and are able to repopulate other cell types, including ciliated and mucus-producing
cells, during cellular differentiation (Hackett, Shaheen et al. 2008, Rock, Onaitis et al. 2009) and
in response to injury (Musah, Chen et al. 2012). In contrast to the normal pseudostratified airway
epithelium consisting of basal, ciliated and mucous cells, the tracheobronchial epithelium of
newborn p63” mice displays only a single layer of columnar ciliated cells and a complete
absence of basal and mucous cells (Daniely, Liao et al. 2004). Thus, the lack of stratified
epithelium in p63-/- mice has led to two hypotheses; 1) p63 may play a role in maintaining stem
cell populations (Yang, Schweitzer et al. 1999, Pellegrini, Dellambra et al. 2001) or 2) p63 may
regulate the commitment to specific epithelial lineages (Mills, Zheng et al. 1999).

Studies of p63 have demonstrated that the gene can be expressed in at least six different
mRNA/protein isoforms (Yang, Kaghad et al. 1998). Transcription initiation at the canonical
promoter gives rise to isoforms containing the full-length transcriptional activation (TA) domain,
whereas initiation from an alternative promoter within intron 3 produces the N-terminally
truncated (AN) isoforms (Figure 1A and B). All isoforms share a common DNA-binding domain
(DBD) and oligomerization domain (OD), which are required for appropriate function (Natan
and Joerger 2012). Alternative splicing at the 3’ end produces transcripts of varying length,
termed o, B and y. The a and B splice variants are highly similar; the o variant contains only one
additional exon, which encodes a sterile alpha motif (SAM) and a transcription inhibition domain
(TID). The y variant is much shorter and contains a novel 3’ end. There have been reports of two
additional 3’ variants, ¢ and &, which function similarly to ANp63a (Mangiulli, Valletti et al.
2009), though most current work remains focused on the a, B and y variants. ANp63a is by far

the most predominant endogenous isoform in basal cells of stratified epithelial tissues such as the
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Figure 4.1 Schematic of p63 isoforms arising from the TP63 gene locus.

Two separate promoter variants (TA vs. AN), a shared DNA-binding (DBD) and oligomerization (OD)
domain, and at least three 3’ splice variants (o, B and y) lead to at least 6 possible p63 isoforms. The o
isoforms contain a sterile alpha motif (SAM). Approximate binding sites of siRNA to the AN, DBD and
o/p domains are indicated. Figure modified from Kawasaki et al. (Kawasaki, Tanioka et al. 2006).

skin (Yang, Kaghad et al. 1998), cornea (Kawasaki, Tanioka et al. 2006) and prostate (Signoretti,
Waltregny et al. 2000), and thus has been the most frequent subject of functional studies. To
date, the expression and role of specific p63 isoforms in the maintenance and repair of the human
airway epithelium has not been explored.

In this study, we hypothesized that p63 regulates basal cell functions such as epithelial
repair and expression of repair-related genes in pHAECs. Our aims were to identify which
isoforms of p63 are expressed in pHAECs, and to determine the effect of altered p63 expression

on 1) the expression of putative target genes and 2) the process of epithelial repair.
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4.2 Methods and materials

4.2.1  Cell culture conditions

This study was approved by the Research Ethics Board of the University of British Columbia.
Primary human airway epithelial cells (pHAECs) were isolated from non-asthmatic and
asthmatic donor lungs deemed unsuitable for transplant, as described in Chapter 2.1. In
addition, pHAECs were obtained by bronchial brushing of non-asthmatic and asthmatic subjects
(Hallstrand, Wurfel et al. 2010) or from commercial sources (Normal Human Bronchial
Epithelial cells (NHBE; Lonza, Basel, Switzerland)). PHAECs were maintained in bronchial
epithelial growth media (BEGM; Lonza) and supplemented with antibiotic/antimycotic (Gibco,
Burlington, ON, Canada). Experiments were conducted on pHAECSs at passage 2 or 3. Patient
demographics of pHAECs used for immunoblot of total p63 in monolayer culture are found in
Table 4.1, while those used for the epithelial gene expression array are shown in Table 4.2.

A549 human alveolar adenocarcinoma cells were cultured in DMEM (Gibco)
supplemented with 10% Fetal Bovine Serum (FBS; Gibco) and 1x penicillin/streptomycin (50 U
and 50 pg per mL, respectively; Gibco).

Minimally-immortalized HBEC6-KT bronchial epithelial cells were generously provided
by Dr. John Minna (Ramirez, Sheridan et al. 2004). HBEC6-KT cells were maintained in
keratinocyte serum-free media (KSFM; Invitrogen, Burlington, ON, Canada) supplemented with
EGF (0.4 ng/mL), bovine pituitary extract (BPE; 50 pg/mL) and 1x penicillin/streptomycin
(50U/50ug per mL, respectively; Gibco). Experiments were conducted on cells at passages 12

and 13.
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Donort  Sex  Age° Asthma Status* Sample Type Cause of Death

N1 F 26 None; PC,, > 8.0 Bronchial brushing

N2 M 20 Absent Donor Lung Head trauma
N3 F 23 None; PC,, > 8.0 Bronchial brushing

N4 F 47 Absent Donor Lung Head trauma
N5 M 29 None; PC,, > 8.0 Bronchial brushing

Al F 23 PC, =0.757 Bronchial brushing

A2 F 23 PCy =0.25 Bronchial brushing

A3 M 11 Doctor-diagnosed; age 2 Donor Lung Anoxia; asthma
A4 F 29 PC,, =0.42 Bronchial brushing

A5 M 25 Doctor-diagnosed; age 11 Donor Lung Anoxia; asthma

Table 4.1 Donor demographics of pHAEC cultures used for immunoblot of p63 isoforms.

"N = Non-asthmatic; A = Asthmatic.

° Unpaired, two-tailed t-test confirmed no significant difference in mean age between disease groups (p =
0.267).

* For cells obtained by bronchial brushing, methacholine challenge data either confirmed (provocative
concentration (PC), < 1.0 mg/mL) or excluded (PC,, > 8.0 mg/mL) asthma diagnosis.

Donor  Sex Age Sample Type Other info
1 M 20 Donor Lung Head trauma
2 F 20 Donor Lung Head trauma
3 M 21 NHBE (Lonza)
4 F 23 Bronchial Brushing
5 M 47 Donor Lung Head trauma

Table 4.2 Donor demographics of non-asthmatic pHAEC cultures used for epithelial gene
expression array.

"Airway epithelial cells were obtained from upper airways of human lungs deemed unsuitable for
transplant, from bronchial brushing or commercially available NHBEs. All donors lacked doctor-
diagnosed asthma.
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4.2.2 Modulation of p63 expression

Small interfering RNA (SiRNA) constructs with a stability-enhancing modification (Stealth
RNAI, Invitrogen) were designed using Primer 3 (http://frodo.wi.mit.edu/) to target specific
domains of p63, as shown in Figure 4.1. Constructs with the forward sequences shown in Table
4.3 were obtained. For experiments, pHAECSs at approximately 60% confluence were transfected
with 50nM siRNA using 0.5% (v/v) HiPerFect transfection reagent as per manufacturer’s
instructions (Qiagen).

Adenoviruses encoding ANp63a (King, Ponnamperuma et al. 2003), TAp63a, TAp63y
and LacZ (Sasaki, Morimoto et al. 2001) were kindly provided by Dr. Wendy Weinberg.
pHAECs were infected at 70% confluency at a multiplicity of infection (MOI) of 0.15 plaque-
forming units (pfu) per cell. A549 cells were infected at 30% confluence with an MOI of 1.0 or

3.0 pfu/cell. Samples were collected after 48 hours (RNA) or 72 hours (protein).

SiIRNA Forward Sequence Targets
AN UGCCCAGACUCAAUUUAGUGAGCCA ANp630, ANp63p and ANp63y
DBD CAGCCAUGCCCAGUAUGUAGAAGAU All p63 isoforms
o/p GGGUGAGCGUGUUAUUGAUGCUGUG ANp630, ANp63pB, TAp63a, TAp633
Scrambled CUACAGACCAGCAGUACAUGGUGAU No specific target

Table 4.3 Sequences of siRNA constructs for targeting of p63 isoforms.

4.2.3 Gene expression analysis
RNA was extracted according to manufacturer’s instructions using the RNeasy Mini Kit
(Qiagen, Valencia, CA). 1 pg total RNA was reverse transcribed using SuperScript II Reverse

Transcriptase (Invitrogen, Ontario, CA) using the random primer method. Gene expression was
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determined by real-time polymerase chain reaction (PCR) using the Tagman Universal PCR
Master Mix (Applied Biosystems) and pre-developed Tagman gene expression assays (shown in
Table 4.4) as per manufacturer's instructions (Applied Biosystems). Gene expression levels were
calculated as normalized to GAPDH using the equation: expression = 10000 x 2°¢APPH - CtGene,
For semi-quantitative PCR of the p63 isoforms, primers were designed to specific
domains of the gene to enable identification of the full-length transcripts. Primer sequences can
be found in Table 4.5. PCR was carried out for 40 cycles, with an extension time of 90 seconds

per cycle. Resulting amplicons were separated by electrophoresis on 1% agarose gel and

visualized using GelRed Nucleic Acid Gel Stain (Biotium, Hayward, USA).

Target Tagman Assay ID
TAp63 Hs00978349_ml
ANp63 Hs00978339_m1
B-Catenin Hs0355049 m1
EGFR Hs00914223_m1
Jaggedl Hs1070032_m1
GAPDH Hs9999905_m1

Table 4.4 Tagman assays used in Chapter 4.

Primer name  Symbol Primer Sequence
TA forward TA-f GAAGATGGTGCGACAAACAA
AN-forward AN-f CTGGAAAACAATGCCCAGAC
o/P reverse o/B-r GTCTCACTGGAGCCCACACT
Y reverse y-r TTTTGGAGTTTCTCTCCGGG

Table 4.5 Sequences of primers used for semi-quantitative PCR of p63 isoforms.
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4.2.4  Focused epithelial gene expression array

Reverse transcription (RT?) kits (SA Biosciences, a QIAGEN company) were utilized to
synthesize cDNA from 500 ng total RNA. Pre-loaded RT? Profiler Arrays (SA Biosciences)
containing primers for 21 different epithelial genes were custom designed to contain putative
p63-regulated genes as well as the reference gene GAPDH. Gene expression was normalized to
GAPDH as described above and values expressed as fold change vs. control conditions. Data are

expressed as mean fold change + SEM between all experiments (n=5 donors, Table 4.2).

4.2.5 Immunoblot
Please refer to Chapter 2.1 for detailed description of immunoblot protocol. Primary antibodies

used in Chapter 4 can be found in Table 4.6.

Epitope Host Catalog # Company Uses
ANp63 Rabbit 619002 BioLegend, San Diego, USA IB
p63(4A4) Mouse sc-8341 Santa Cruz Biotechnology, Santa Cruz, USA IB
B-tubulin Mouse 05-661 EMD Millipore Corporation, MA, USA IB
E-cadherin Mouse sc-8426 Santa Cruz Biotechnology, Santa Cruz, USA IB
EDA-Fibronectin ~ Mouse = MAB1940 Chemicon International, CA, USA IB

Table 4.6 List of all primary antibodies used in Chapter 4.

4.2.6  Wound repair Kinetics

HBECG6-KT cells were seeded in 4-well chamber slides and grown to 70% confluence and then
transfected with 25nM siRNA and 0.3% (v/v) hiperfect reagent. 24 hours later, cells were
scratch-wounded in a cross pattern, rinsed once with basal media and then re-transfected.

Wounds were photographed using a digital camera mounted to a phase-contrast microscope in
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the centre of the cross area immediately after wounding (time 0) and after 4, 8 and 24 hours.
ImagePro Plus software (Media Cybernetics, Rockville, MD, USA) was used to quantify the
percentage area of each image that was denuded. Wound repair is reported as a percentage of the
denuded area compared to that observed at time 0, where 100% indicates a fully reconstituted

epithelium.

4.2.7 Ki-67 immunocytochemistry

Monolayer cultures of HBEC6-KT were fixed for 20 minutes in 4% paraformaldehyde in PBS
and then stored in PBS at 4°C. Slides were blocked with normal goat serum. Primary antibody
was applied in PBS containing 0.1% saponin overnight at 4°C (rabbit anti-ki67, Abcam
ab15580). Goat anti-rabbit 1gG-biotin (1/100; Vector Labs) was applied for 2 hours at room
temperature in PBS/0.1% saponin, followed by streptavidin/HRP (Dako Cytomation) and DAB
chromogen (Dako Cytomation). All washes were carried out in PBS with 0.1% saponin. Nuclei
were counterstained using Harris-modified hematoxylin (Sigma-Aldrich, St. Louis, USA). Slides
were dehydrated through graded ethanol and allowed to dry before applying coverslips with non-
aqueous mounting media (Cytoseal 60, Thermo Fisher Scientific, Waltham, USA). Slides were
photographed on a Nikon Eclipse microscope using the SPOT Advanced software. Five images
for each treatment condition, in three replicate experiments, were manually tagged and quantified

for immunoreactivity using ImagePro Plus software.

4.2.8 Statistics
One-way ANOVA with Dunnett’s post-test was used to assess statistical significance of

treatment conditions vs. control (GraphPad Prism 5.0) when multiple conditions were present.
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When only two categories were present, a two-tailed, unpaired t-test was used. In all cases,

probability values of less than 0.05 (p<0.05) were considered statistically significant.

4.3 Results

4.3.1 ANp63a is the most abundant p63 isoform in human airway epithelial basal cells
When submerged in culture, airway epithelial cells form a relatively homogenous cuboidal
monolayer that is representative of basal cells within the airway epithelium. We have shown that
p63 is only expressed in basal cells identified by positive staining for cytokeratin-5, CD151, and
tissue factor (Hackett, Shaheen et al. 2008). Given the multiple possible isoforms of p63 (Figure
4.1), we first set out to determine the relative contribution of the AN and TA isoforms in
pHAECs. Using quantitative PCR, we observed abundant expression of ANp63 in pHAECS
whereas TAp63 expression was virtually undetectable (Figure 4.2A).

We then used semi-quantitative PCR to detect the presence of full-length mRNA
isoforms of p63 in pHAECSs (Figure 4.2C). As shown in Figure 4.1, it is not possible to design
primers that are specific for the p63f isoform, so we used primers that were specific for both the
p630/P isoforms and y isoforms. Using this strategy, we determined that the most predominant
isoforms expressed were ANp630/p, followed by ANp63y. Although TAp630/p was detected, it
was at a very low level even after 40 cycles of amplification, which is in agreement with our
quantitative PCR data for the TA isoform. However, endogenous TAp63y mRNA was not
detected. As TAp63 isoforms were expressed at such low levels, we used adenovirus-mediated
overexpression of TAp63a or TAp63y in pHAECs as positive controls and detected robust
expression, indicating that endogenous levels of TAp63 isoforms are indeed extremely low in

pHAECs.
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We used immunoblot to confirm our mRNA findings and demonstrate that the ANp63o/f3
isoform is the most abundantly expressed protein isoform in basal pHAECs (Figure 4.2C, left
panel). Adenovirus-mediated overexpression of ANp63a, TAp63a and TAp63y in HEK cells are
included as positive controls and for molecular weight comparison (Figure 4.2C, right panel),
indicating that although we detected exogenous TAp63a and TAp63y in HEK cells, the

endogenous levels were too low to detect in pHAECS.
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Figure 4.2 ANp63a is the most abundant isoform in human airway epithelial cells in vitro.

(A) RT-gqPCR for AN vs. TAp63 mRNA in cultured pHAECS indicates robust expression of the AN but
not the TA isoforms (n=7). (B) Semi-quantitative PCR for full-length p63 isoforms in cultured pHAECs
from n=3 donors indicates that ANp63a/p are the predominant mRNA isoforms. Adenoviral (AdV)
overexpression provided a positive control for TAp63a and TAp63y, which were not endogenously
detected. (C) Immunoblot for total p63 in monolayer pHAEC cultures from non-asthmatic (N) and
asthmatic (A) donors (left panel; n=5 each). Adenoviral overexpression of ANp63a, TAp63a and TAp63y
in HEK cells (right panel) included as positive controls. B-Tubulin is included as a loading control. (D)
Densitometry analysis of ANp63a protein followed by two-tailed unpaired t-test indicates that ANp63a
expression is not significantly different between disease groups (p=0.394).
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The number of epithelial cells expressing p63 is increased in asthmatic compared to non-
asthmatic donors in the airway and in air-liquid interface cultures (Hackett, Warner et al. 2009).
To determine whether the expression of p63 was altered in a homogenous basal culture system,
we compared the expression of ANp63a. protein in monolayer cultures of pHAECs derived from
non-asthmatic (N) and asthmatic (A) donors (Figure 4.3D; see Table 4.1 for patient data). In
contrast to our findings in differentiated airway epithelium, the expression of ANp63a protein
did not differ between basal pHAECs derived from asthmatic and non-asthmatic donors as
measured by densitometry (Figure 4.2E). These data suggest an expansion of the p63-expressing

basal cell population in asthma rather than increased p63 expression in individual cells.

4.3.2 Inhibition of ANp63a decreases expression of genes involved in epithelial repair
and differentiation

To understand the effects of loss of function of ANp63a in pHAECs, we designed small
interfering RNA (siRNA) constructs to target different regions of this mRNA, including the 5’
(AN), DNA-binding (DBD) and 3’ o/ domains of this isoform. Knockdown using AN, DBD or
a/P siRNA each significantly decreased total ANp63 mRNA in pHAECs (p<0.001, Figure 4.3A)
but did not significantly affect TAp63 mRNA (Figure 4.3B). We next determined the impact of
ANp63 mRNA knockdown on ANp63a protein expression by immunoblot (Figure 4.3C).
Densitometry analysis of three independent experiments showed a significant reduction in
ANp630. protein expression following transfection with each of the siRNAs (p<0.01, Figure
4.3D). Given that AN and o/P are most specific for the ANp63a isoform, we used these siRNA

constructs for our analysis of candidate target genes regulated by ANp63a.
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Figure 4.3 p63 siRNA significantly downregulates ANp63a mRNA and protein.

RT-gPCR analysis of pHAECs 48 hours after transfection with siRNA to AN, DNA Binding (DBD) or
o/p domains of p63 indicated (A) significantly decreased expression of ANp63 with each of the p63-
specific siRNAs but no change with HiPerFect transfection reagent (Hip) or scrambled siRNA construct
(Scr) and (B) no change in TAp63 mRNA with any siRNA construct. (C) Representative immunoblot of
ANp63a protein 72 hours after transfection with 50nM siRNA to AN, DBD or o/f domains of p63.
(D) Densitometry analysis of ANp63a protein expression in pHAECs (n=3) showed decreased ANp63a.
protein expression after treatment with all three p63-specific siRNAs. Values were normalized to f-
tubulin as a loading control and are shown as fold change over untreated control (denoted with dashed
line).

To determine the impact of ANp63 knockdown on genes involved in key epithelial
differentiation and repair functions, we designed an array of PCR primers for 21 genes (Table
4.7) that are regulated by p63 in other epithelial tissues and/or that contain a p63 response

element in their promoter region (according to the p53 FamTaG database (Shisa, Catalano et al.
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2007)). We found that 11 of 21 candidate target genes were significantly inhibited by siRNAs to

ANp63a with either the AN or o/p siRNA construct as compared to the scrambled control. We

found no RNAs that were increased following inhibition of ANp63a.

AN siRNA o/p siRNA
Gene Fold Change + SEM' p-value® Fold Change + SEM p-value
CTNNB1 0.71+0.04 p<0.001 0.64 +0.06 p<0.001
LAMC2 0.46 £ 0.07 p<0.001 0.68 + 0.05 p<0.01
TJP1 0.62 £0.02 p<0.001 0.62 +0.07 p<0.001
CD44 0.68 +0.05 p<0.01 0.64 +0.08 p<0.001
EGFR 0.40£0.15 p<0.01 0.50 £ 0.06 p<0.05
EP300 0.66 + 0.06 p<0.01 0.54 £ 0.07 p<0.001
F11R/JAM1 0.57 £ 0.07 p<0.01 0.56 + 0.07 p<0.001
GSK3B 0.74 £ 0.05 p<0.01 0.81 £ 0.06 p<0.01
PLEC1 0.50+0.08 p<0.05 0.50+0.10 p<0.05
CCND1 0.84 +0.06 p<0.05 0.77+0.11 p<0.01
JAG1 0.48+0.10 ns 0.39£0.09 p<0.05
CDKN1A 0.86 £ 0.07 ns 0.91+0.08 ns
CEBP 1.14+0.18 ns 0.92 +0.09 ns
KRT18 0.68 £ 0.07 ns 0.69+0.10 ns
KRT5 0.57 £ 0.07 ns 0.52+0.13 ns
CLDN1* 0.95+0.05 p<0.001 0.66 +0.08 p<0.001
NOTCH2* 0.83+0.04 p<0.001 0.75+0.06 p<0.001
BMP7 low expression low expression
EGF low expression low expression
FGFR2 low expression low expression
WNT1 low expression low expression

Table 4.7 Epithelial gene expression array overview.

" Values are expressed as fold change + SEM of gene expression in siRNA-treated cultures relative to
untreated control (n=5 donors).

° One-way ANOVA followed by Dunnett’s post-test was used to assess statistical significance vs.
scrambled siRNA construct.

* Indicates genes which were significantly altered by scrambled siRNA treatment vs. untreated control.
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As demonstrated by three of the p63-regulated genes, f-catenin (CTNNB1; Figure 4.4A),
epidermal growth factor receptor (EGFR; Figure 4.4B), and jaggedl (JAGL; Figure 4.4C), both
the AN and o/ siRNA constructs resulted in decreased target gene expression, indicating that
ANp630/p is the predominant isoform of p63 regulating these genes. These three genes were
selected for further study based on their potential contribution to epithelial differentiation and
repair in asthma. B-Catenin is a subunit of the adherens junction that anchors the actin
cytoskeleton to regulate cell growth and adhesion between cells, and can also function as a
transcriptional co-activator (Drewelus, Gopfert et al. 2010, Talos, Schulz et al. 2010). EGFR
regulates responses to the epithelial mitogen epidermal growth factor (EGF) and regulates the
process of repair in the epithelium (Puddicombe, Polosa et al. 2000, Xu, Ding et al. 2004).
Jaggedl is a ligand for the Notch family of proteins that is involved in cell fate determination in

tissue-resident progenitor cells (Wu, Rollin et al. 2012).
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Figure 4.4 Loss of p63 inhibits genes involved in epithelial function.

(A)-(C): RT-gPCR of candidate p63 target genes by epithelial gene expression array 48 hours following
knockdown of AN or a/p isoforms of p63 in n=5 pHAECS; (A) p-Catenin, (B) Epidermal Growth Factor
Receptor and (C) Jaggedl. Gene expression (relative to GAPDH) is shown as fold change compared to
controls (dashed line). Statistical significance was assessed by one-way ANOVA with Dunnett’s post-
test, with *p<0.05, **p<0.01, ***p<0.001 compared to scrambled siRNA.
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4.3.3 ANp63a alters expression of genes involved in epithelial function

Having shown that inhibition of ANp63a/p reduced mRNA expression of -catenin, EGFR and
jaggedl, we next investigated the effects of expressing ANp63a using adenoviral vectors (King,
Ponnamperuma et al. 2003). Infection with adenovirus encoding ANp63a but not LacZ (MOI =
0.15 pfu/cell) increased ANp63 mRNA after 48 hours (Figure 4.5A, p<0.01). Increased ANp63a
protein was also observed 72 hours after infection with ANp63a-encoding adenovirus (Figure
4.5B and C). Messenger RNA for any of the three candidate genes, B-catenin, EGFR or jaggedl,
was not significantly changed by ANp63a overexpression (Figure 4.5D-F). As endogenous
ANp63a. is highly expressed within basal pHAECS, we hypothesized that the lack of effect on
target gene expression was due to saturation of ANp63a signaling despite further exogenous
ANp63a expression. To test this hypothesis, we infected an alveolar type II cell line (A549) that
lacks endogenous ANp63a with ANp63a-encoding adenovirus. ANp63a protein (Figure 4.6B)
was induced by ANp63a adenovirus in A549s. Adenovirus-mediated expression of ANp63a
(MOI 3.0 pfu/cell) in A549s significantly increased expression of B-catenin (Figure 4.6C,
p<0.01), EGFR (Figure 4.5D, p<0.001) and jaggedl (Figure 4.5E, p<0.001) mRNA, supporting
our hypothesis that ANp63a induces these three target genes in human pulmonary epithelial

cells.
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Figure 4.5 Exogenous ANp63a does not induce target gene expression in pHAECS.

(A) RT-gPCR analysis indicated robust induction of ANp63 mRNA expression 48 hours following
transduction with adenovirus expressing ANp63a but not LacZ (MOI = 0.15 pfu/cell). (B) Representative
immunoblot of ANp63a protein 72 hours following transduction with adenovirus and (C) densitometry
analysis of ANp63a protein expression indicated significant upregulation of ANp63a protein (n=3).
Values were normalized to B-tubulin as a loading control and are shown as fold change over untreated
control (dashed line). (D)-(F): RT-gPCR of candidate downstream target genes 48 hours following
adenoviral transduction in pHAECs (n = 4) showed no significant change in expression of (D) B-Catenin,
(E) EGFR or (F) jaggedl. Dashed line represents values in untreated control samples. Statistical
significance was assessed using unpaired two-tailed t-test between LacZ and ANp63c adenovirus
treatment and ** indicates p<0.01, ***p<0.001.
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Figure 4.6 Exogenous ANp63a increases candidate gene expression in p63-null A549 cells.

(A) RT-gPCR analysis demonstrated negligible endogenous ANp63 mRNA in A549 cells but significant
upregulation following treatment with ANp63a adenovirus for 48 hours at MOI of 1.0 or 3.0 pfu/cell, as
assessed by one-way ANOVA with Dunnett’s post-test (n=6). (B) Representative immunoblot of total
p63 protein demonstrated expression of ANp63a protein only in the presence of ANp63a adenovirus. -
Tubulin is included as loading control. RT-gPCR analysis of (C) p-catenin, (D) EGFR and (E) jaggedl
demonstrated significant upregulation of target gene mRNA 48 hours following treatment of A549s with
ANp63a but not LacZ adenovirus (AdV; MOI = 3.0 pfu/cell; n = 6). Expression data were normalized to
GAPDH. Dashed line represents values in untreated control samples. Statistical significance was assessed
using unpaired two-tailed t-test between LacZ and ANp63a adenovirus treatment and ** indicates p<0.01,
***n<0.001.
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4.3.4 Loss of ANp63 impairs epithelial cell wound repair

Having shown that ANp63a regulates several genes known to affect epithelial function, we next
wanted to determine if knockdown of ANp63a/p isoforms impacts epithelial wound repair. For
these studies we used minimally-immortalized HBEC6-KT cells that, like pHAECs, express
predominantly ANp63a that is responsive to knockdown of protein expression using either the
AN or o/p siRNA constructs (Figure 4.7A). We used a scratch wound repair model and as shown
by the representative light microscopy images of HBEC6-KT cultures at time 0 and 24 hours
following wounding, ANp63 siRNA impaired wound repair (Figure 4.7B). Further, by
quantifying repair over time, we demonstrate that while control or scrambled siRNA-treated
cultures were equally able to reconstitute over 90% of the wound area within 24 hours,
knockdown of total ANp63 inhibited wound closure to only 71+5% (Figure 4.7C, p<0.01). In
contrast, specific knockdown with o/f siRNA construct did not alter wound repair. We
demonstrate that inhibition of ANp63a using either the ANp63 or o/f siRNA construct
maintained downregulation of ANp63 (Figure 4.8A), B-catenin (Figure 4.8B), and jaggedl
(Figure 4.8D) mRNA in HBEC6-KT cells 24 hours after wounding, but EGFR mRNA was not

significantly decreased (Figure 4.8C).
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Figure 4.7 Loss of ANp63 significantly impairs repair in scratch-wounded monolayer cultures of
human bronchial epithelial cells.

(A) Representative immunoblot of monolayer cultures of HBEC6-KT cells 72 hours after transfection
with 25nM p63-specific siRNA, indicating decreased ANp63a protein expression. (B) Representative
phase-contrast images of confluent monolayer cultures of HBEC6-KTs at time of scratch wounding (Oh)
and after 24 hours (24h) indicate repair progress in the presence of scrambled, AN or o/f siRNA
constructs. White lines denote the edge of the wound area. (C) Analysis of wound repair at 0, 4, 8 and 24
hours following scratch wounding showed significantly impaired repair with AN siRNA only (n = 6).
Wound repair was calculated as percentage area reconstituted compared to the initial wound area (time 0),
where horizontal dashed line indicates 100% closure. Statistical significance was assessed at each time
point using one-way ANOVA with Dunnett’s post-test, and ** indicates p<0.01 compared to scrambled
siRNA conditions.
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Figure 4.8 Suppression of ANp63, p-catenin and jaggedl was maintained during wound repair.
(D-G) RT-gPCR of target gene mRNA 24 hours after media change or scratch wounding in the presence
of Scrambled, AN or o/f siRNA indicates sustained downregulation of (A) ANp63, (B) B-catenin, (C)
EGFR and (D) jaggedl mRNA expression. Statistical significance was assessed using one-way ANOVA
with Dunnett’s post-test with * p<0.05, **p<0.01, ***p<0.001 compared to scrambled siRNA treatment.

To determine whether the impaired repair was due to effects on proliferation, we stained
cultures for the proliferation marker Ki-67 (Figure 4.9A) 24 hours after wounding. ANp63
SiRNA reduced the number of Ki-67 positive cells (Figure 4.9B, P<0.05), but use of the o/
siRNA construct did not, suggesting that p63 may exert isoform-specific effects on epithelial
proliferation. Although Ki-67 expression is generally thought to be restricted to the nucleus (grey
arrow), we observed abundant cytoplasmic staining (red arrow). We separately quantified

expression of nuclear (Figure 4.9B, grey bars) and cytoplasmic (red bars) Ki-67 expression and
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Figure 4.9 Loss of ANp63 significantly impairs epithelial proliferation in scratch wounded
monolayers of human bronchial epithelial cells.

(A) Immunocytochemistry for proliferation marker Ki-67 (brown) indicated both nuclear (grey arrow)
and cytoplasmic (red arrow) staining. Nuclei were counterstained with hematoxylin (blue staining).
Negative staining control demonstrated antibody specificity. (B) Quantification by manual point-counting
indicated significantly decreased Ki-67 cytoplasmic expression with ANp63 siRNA treatment (red bars)
but decreased nuclear expression (grey bars) following a/p siRNA treatment. Staining was performed on
five images from each of N=3 independent experiments 24 hours after wounding. Dashed lines represent
untreated control conditions. (C) Densitometry quantification of n=3 immunoblots for E-caderin protein
24 hours following media change or scratch wounding of confluent HBEC6-KT monolayers pre-treated
with AN, DBD or o/p siRNA constructs indicates significant upregulation of E-cadherin protein with the
ANp63 siRNA construct. Statistical significance was assessed using one-way ANOVA with Dunnett’s
post-test, where * indicates p<0.05, **p<0.01 compared to treatment with scrambled siRNA.

demonstrate that knockdown with the ANp63 siRNA construct primarily reduced cytoplasmic
staining compared to control (p<0.05), and this accounted for the significant loss of Ki-67. As

both proliferation and migration occur during wound repair, and are linked to cell adhesion, we
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quantified expression of the adherens junction protein E-cadherin by immunoblot (Figure 4.9C)
and found that ANp63 siRNA significantly increased E-cadherin content compared to scrambled
control (p<0.05), suggesting that ANp63 is a negative regulator of E-cadherin. We propose that,
as E-cadherin loss and redistribution are essential for cytokinesis during epithelial cell
proliferation (Guillot and Lecuit 2013) and for dissolution of adherens junctions during
migration, loss of ANp63 leads to increased expression of E-cadherin, and as a consequence a

less migratory and proliferative cell phenotype.

4.4 Discussion

Expression of the transcription factor p63 is confined to the basal cells of airway epithelium
(Daniely, Liao et al. 2004, Hackett, Shaheen et al. 2008, Rock, Onaitis et al. 2009). Here we
demonstrate that AN is the exclusive promoter used and that the a splice variant is the most
abundant, leading to expression of the ANp63a isoform in human airway epithelial basal cells.
We show that loss of function of ANp63a using targeted siRNA decreases the expression of a
number of genes involved in epithelial differentiation and repair. Further, we demonstrate a role
for ANp63 in epithelial repair through regulation of epithelial proliferation and E-cadherin
expression during wound closure in vitro. These data support our hypothesis that ANp63a. is an
important regulatory protein in the human airway epithelial basal cell.

This finding of the predominance of ANp63a in airway epithelial basal cells is supported
by previous studies demonstrating expression of ANp63a in basal cells in non-pulmonary
epithelial tissues, including skin, prostate, cornea, and breast (Yang, Schweitzer et al. 1999,
Signoretti, Waltregny et al. 2000, Kawasaki, Tanioka et al. 2006, Yalcin-Ozuysal, Fiche et al.

2010). The role of ANp63 in maintaining the basal cell population within epithelial tissues is
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supported by studies that demonstrated a striking lack of epithelial tissues and in particular the
epidermis in p63-null mice (Mills, Zheng et al. 1999, Yang, Schweitzer et al. 1999). Further,
Candi et al. found that complementation of the p63 null background with ANp63 rescued the
basal cell layer of the epidermis (Candi, Rufini et al. 2006). Finally, the recent study from
Romano et al. found that ANp63"‘ mice phenocopied the epidermal abnormalities of p63-null
mice, indicating the crucial role of ANp63 in development and maintenance of epithelial tissues
(Romano, Smalley et al. 2012). Interestingly, we demonstrated that the number of basal cells
expressing ANp63 is significantly greater in the epithelium of asthmatics in vivo (Hackett,
Warner et al. 2009), indicating a defect in the normal mechanism of epithelial restitution and/or
differentiation. We therefore wanted to determine the expression levels of each p63 isoform in
pHAECs from asthmatic and non-asthmatic donors. When cultured as a submerged monolayer
culture, pHAECSs form a cuboidal epithelium consisting of relatively undifferentiated basal cells
(Hackett, Shaykhiev et al. 2011). When we measured the expression of ANp63 isoforms we
found that ANp63a is the predominant isoform in basal pHAECs and there were no differences
in expression between asthmatic and non-asthmatic subjects. These data indicate that although
the number of basal cells expressing ANp63a is increased in asthma compared to non-asthmatics,
the ANp63a protein content in individual basal cells does not differ. Our finding that TAp63
MRNA expression is exceptionally low (approximately 2000-fold less than the AN promoter
variant, while protein expression was not detectable) is consistent with previous studies that
demonstrate that TAp63 is not expressed in non-cancerous adult epithelial basal cells (Koster,
Kim et al. 2004, Kurita, Cunha et al. 2005). Thus, ANp63a is the most abundant isoform

expressed in human airway epithelial basal cells.
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As we wanted to understand the role of p63 in airway epithelial basal cell function, we
investigated the role of ANp63a in epithelial repair by modulating its expression in pHAECS
from non-asthmatic donors. Epithelial repair is a highly integrated series of processes that
includes migration, proliferation, and differentiation. We selected 21 candidate target genes
involved in these processes based on the knowledge that they are regulated by p63 in other
epithelial tissues (King, Ponnamperuma et al. 2003, Koster, Kim et al. 2004, Carroll, Carroll et
al. 2006, King, Ponnamperuma et al. 2006, Birkaya, Ortt et al. 2007, Carroll, Brugge et al. 2007)
and/or contain p63-response elements (Shisa, Catalano et al. 2007). We found that 11 of 21
candidate genes were significantly decreased by modulation of AN or o/p p63 isoforms (Table 3;
CTNNB1, LAMC2, TJP1, CD44, EGFR, EP300, F11R/JAM1, GSK3B, PLEC1, CCND1 and
JAG1), in pHAECs. Four genes were unchanged by p63 modulation (CDKN1A, CEBPA,
KRT18 and KRT5). Of these, CDKN1A (p21"A™) is repressed by ANp63a in keratinocytes
(Westfall, Mays et al. 2003) and thus we would have expected increased expression with loss of
ANp63a. It is possible that this mechanism of regulation is not predominant in airway epithelial
cells, or may be a consequence of the pro-proliferative growth conditions. Our model is also one
of undifferentiated cells, which may partially explain why we found that four genes involved in
development (BMP7, EGF, FGFR2 and WNT1) were expressed at very low levels.

Since abnormalities in differentiation and repair are associated with asthma, we
subsequently focused our efforts on the study of three candidate genes involved in these
processes: CTNNBI1 (B-catenin), EGFR and JAG1 (jaggedl). Although B-catenin is dispensable
for repair of mouse airway epithelium following ablation of club cells (Zemke, Teisanu et al.
2009), inhibition of B-catenin in cytokeratin 14-expressing basal cells significantly delayed

normal epithelial repair processes following chemical injury, and activation of f-catenin in these
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cells increased proliferation (Giangreco, Lu et al. 2012). Expression of EGFR is increased in the
airway epithelium of asthmatics (Puddicombe, Polosa et al. 2000), suggesting an important role
for this receptor in epithelial repair. ANp63a is a direct transcriptional activator of EGFR
expression in pancreatic cancer cell lines (Danilov, Neupane et al. 2011) and keratinocytes
(Testoni, Borrelli et al. 2006). Reciprocally, p63 may also be regulated by EGFR (Matheny,
Barbieri et al. 2003), providing further rationale for its inclusion in this analysis. Jagged ligands
are involved in epithelial differentiation and repair through signaling via Notch family receptors.
Jagged1 is transcriptionally regulated by p63 in keratinocytes (Testoni, Borrelli et al. 2006).
Adenoviral-mediated expression of ANp63a in pHAECs had no effect on target gene
expression, despite a significant increase in expression of ANp63a itself. This surprising finding
led us to postulate that endogenous levels of ANp63a were constitutively high, perhaps
saturating the response elements of target genes. Infection of the alveolar type Il cell line (A549),
which lacks p63 expression, induced a significant increase in all target genes, verifying that p63
indeed regulates these targets. In support of this, King et al. demonstrated that ANp63a
maintained primary murine keratinocytes in a basal phenotype (King, Ponnamperuma et al.
2006), and the AN domain was sufficient to maintain cells in a proliferative state. These findings
highlight that endogenous levels of ANp63a in pHAECs in monolayer culture may in fact be
sufficient for target gene induction, but further increases in expression may have no additive
effect. Loss of p63 expression in pHAECs did not completely abrogate the expression of -
catenin, EGFR and jagged1, indicating either incomplete knockdown of ANp63a or the existence
of other transcriptional regulators of these genes. 3-catenin is regulated by the Wnt ligands at the
protein level and at the transcription level by the TCF4 transcription factor and by B-catenin

protein itself, as has been shown during migration of cancer cells (Bandapalli, Dihlmann et al.
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2009). EGFR is regulated by the mitogen EGF, as well as multiple other growth factors. Jaggedl
expression is regulated by Notch signaling, and interestingly is also significantly regulated by
Wnt/B-catenin/TCF signaling (Rodilla, Villanueva et al. 2009). Chromatin immunoprecipitation
(ChIP) experiments in human keratinocytes have previously demonstrated that p63 can directly
bind to the EGFR and jaggedl promoters (Testoni, Borrelli et al. 2006). In contrast, the
mechanism of action of p63 on P-catenin expression is somewhat less clear; p63 may form
protein complexes with B-catenin, suggesting that ANp63 acts as a regulator of B-catenin
signaling through non promoter binding properties (Patturajan, Nomoto et al. 2002).
Alternatively, p63 may complex with the TCF/LEF family of Wnt-related transcription factors,
to recruit transcriptional modifiers to Wnt-responsive genes, such as B-catenin, as shown in
urinary bladder carcinoma cells (Drewelus, Gopfert et al. 2010). Many factors can contribute to
the ability of a transcription factor to bind a given promoter, including epigenetic mechanisms
such as promoter methylation, histone modifications, or steric hindrance due to the presence of
other transcription factors. While the elucidation of the specific regulatory mechanisms by which
ANp63a functions in primary human airway epithelial cells is of interest, these experiments are
beyond the scope of the current study.

We found that inhibition of ANp63 significantly compromised the capacity of airway
epithelial cells to repair. In contrast, in a scratch wound model of immortalized keratinocytes,
inhibition of ANp63a by siRNA treatment increased migration, independently of proliferation
(Ichikawa, Suenaga et al. 2008), a finding that has also been reported to occur in primary
keratinocytes (Barbieri, Tang et al. 2006). However, as p63 has been shown to have distinct cell-
type specificity, we believe that ANp63a is in fact necessary for repair in airway epithelial basal

cells, primarily by regulating cellular proliferation. In contrast to the inhibition with ANp63
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SIRNA, specific targeting of the o/f isoforms did not significantly affect wound repair. There are
two potential explanations for this: Firstly, TAp63a may be induced upon wounding, and may
have an inhibitory effect on repair; as has been shown in a murine deep skin wound model
(Bamberger, Hafner et al. 2005). We did not observe any induction of TAp63 mRNA following
wounding (data not shown). The second possibility is that ANp63y may play a role in wound
repair. In mammary epithelial cells, loss of ANp63a/B allowed ANp63y to confer a more
migratory phenotype, leading to epithelial-mesenchymal transition (EMT) (Lindsay, McDade et
al. 2011). However, in human epidermal keratinocytes, over-expression of ANp63a resulted in
enhanced TGFp;-induced EMT (Oh, Kim et al. 2011). We have previously shown that airway
epithelial basal cells are highly susceptible to TGFp;-induced EMT (Hackett, Warner et al.
2009). It is possible that when p63a isoforms are inhibited, expression of ANp63y may confer a
degree of cell plasticity, enabling repair via epithelial migration or EMT-like effects. Since we
did not observe enhanced repair beyond or even to the same degree as that of the control
conditions, it is unlikely that ANp63y alone is able to compensate for the ANp63a-dependent loss
of proliferation.

We tested the effect of ANp63 knockdown on wound repair by examining expression of
Ki-67, which has been shown to be a specific marker of proliferation. Interestingly, we saw the
vast majority of Ki-67 staining within the cytoplasm, with lesser amounts in the nucleus of cells.
Cytoplasmic expression of Ki-67 has been documented previously, although the functional cause
or effect of this remains unclear. For example, cytoplasmic Ki-67 in breast cancer biopsies
correlated with worse prognosis (Faratian, Munro et al. 2009), but was a disease-independent
phenomenon in rat atrial cells undergoing postnatal remodeling (Ciulla, Acquistapace et al.

2009). Whether our finding is physiological or pathological in nature is unclear at this time, but it
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is noteworthy that we observed dramatically decreased cytoplasmic Ki-67 expression in response
to loss of ANp63, indicating that wound closure was inhibited due to decreased proliferation.

The process of wound repair requires epithelial cells to both proliferate and migrate. E-
cadherin is known to be involved in the maintenance of adherens junctions that tether the actin
cytoskeleton between adjacent cells. Loss of E-cadherin expression is required for cytokinesis
during proliferation (Bauer, Motosugi et al. 2008) and to permit cell migration (Masterson,
Molloy et al. 2011). We found that ANp63 siRNA significantly upregulated E-cadherin, but o/p
SIRNA did not. The present data support our finding that knockdown of ANp63 was able to
significantly prevent wound repair in pHAECs, which we propose could be due to enhanced E-
cadherin expression. In concordance with this idea, forced expression of E-cadherin blocked cell
migration in a lung metastatic cell melanoma cell line (Molina-Ortiz, Bartolome et al. 2009) and
inhibited both migration and proliferation in intestinal epithelial cells (Hermiston, Wong et al.
1996). Also in agreement with our present finding, we have previously shown both increased
ANp63 (Hackett, Warner et al. 2009) and decreased E-cadherin (Hackett, Singhera et al. 2011) in
the asthmatic airway epithelium in vivo and in ALI culture in vitro, indicating the potential for
negative regulation of E-cadherin by ANp63a.

In the present study, we have attempted to elucidate the roles of ANp63a in primary
human airway epithelial cells. We have focused here on the use of epithelial cells in monolayer
culture, as they represent a homogenous model of basal cells expressing p63 and cytokeratin-5
(Hackett, Shaykhiev et al. 2011). The high degree of shared domains between various p63
isoforms presents a technical challenge; targeting a specific region of the p63 molecule with
SiIRNA will impact a subset of isoforms rather than one specific isoform. Here we targeted either

the ANp63 domain, targeting all ANp63 isoforms, or a region shared by both the o and B
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isoforms, which will leave only the y isoform expressed. We chose this as a two-pronged
approach to target ANp63a, based on the abundance of this isoform in our study conditions. To
minimize ambiguity from this approach, we have described reciprocal regulatory effects using an
adenovirus expressing ANp63a, further showing that ANp63a is the primary isoform responsible
for target gene regulation.

In conclusion, we demonstrated that ANp63a is the predominant isoform of p63
expressed in pHAECs. This isoform regulates several epithelial genes, and its loss impairs
epithelial repair in basal cells in monolayer culture. Further elucidation of the role and upstream
regulation of ANp63a will have important implications for our understanding of epithelial
differentiation and regeneration and how this pertains to the pathophysiology of epithelial injury

in asthma.
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Chapter 5: Impaired Ciliary Differentiation of Airway Epithelial Cells from

Asthmatics With and Without Exercise-Induced Bronchoconstriction

5.1 Introduction

The airway epithelium, both in vivo and when cultured at air-liquid interface in vitro, is
pseudostratified, containing basal cells, columnar ciliated and mucus-producing goblet cells. In
submerged monolayer conditions, the epithelial phenotype is reminiscent of basal cells in vivo,
including expression of basal cell markers CK-5 and the transcription factor p63, and the absence
of markers of ciliated and secretory cells (Hackett, Shaykhiev et al. 2011). Basal cells have high
proliferative potential, and can act as progenitor cells to repopulate basal, ciliated, and goblet
cells through the process of mucociliary differentiation (Hackett, Shaheen et al. 2008, Rock,
Onaitis et al. 2009, Dvorak, Tilley et al. 2011).

Several in vivo and in vitro studies have demonstrated abnormal differentiation in the
epithelium of asthmatic subjects. Epithelial damage and fragility in asthmatic individuals is
evidenced by loss of columnar ciliated epithelial cells and decreased epithelial junction proteins,
such as ZO-1 and E-cadherin (de Boer, Sharma et al. 2008, Hackett, Singhera et al. 2011, Xiao,
Puddicombe et al. 2011, Hackett, de Bruin et al. 2013). An undifferentiated, immature phenotype
has also been suggested due to the increase in the proportion of p63- and CK-5-expressing basal
cells within the asthmatic epithelium (Kicic, Sutanto et al. 2006, Hackett, Warner et al. 20009,
Hackett, Singhera et al. 2011). Importantly, we and others have demonstrated that many of the

features of epithelial remodeling are maintained when cells are cultured in ALI in vitro (Hackett,
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Warner et al. 2009, Parker, Sarlang et al. 2010, Hackett, Singhera et al. 2011), although whether
these reported findings occur in sub-groups of asthmatic subjects is unknown.

There is increasing interest in obtaining a more precise understanding of the clinical and
pathological phenotypes of asthma, as complex and costly clinical trials have failed in the
general asthma population, despite their efficacy in specific sub-groups (Wenzel 2012). One such
clinical phenotype is exercise-induced bronchoconstriction (EIB), which 30 to 50% of asthmatics
experience (Cabral, Conceicao et al. 1999, Crapo, Casaburi et al. 2000, Hallstrand, Moody et al.
2005). In individuals with EIB, exercise challenge leads to a decrease in the forced expiratory
volume in one second (FEV;) of 15% or greater (Haby, Anderson et al. 1994, Miller, Hankinson
et al. 2005). Although the mechanisms underlying EIB remain elusive, the epithelium is
postulated to have a central role. Epithelial water transport is thought to be defective in EIB
patients during exercise-related hyperpnea, resulting in sustained hyperosmolality of the airway
surface liquid, and the increased production of inflammatory mediators (Anderson and Daviskas
2000). Moreover, induced sputum from EIB(+) asthmatics contains significantly more shed
columnar epithelial cells compared to EIB(-) asthmatics, providing further evidence that an
altered epithelial barrier contributes to disease pathogenesis (Hallstrand, Moody et al. 2005).

We hypothesized that in addition to an altered epithelial phenotype in asthmatic-derived
cultures, the airway epithelium from EIB(+) asthmatic donors would show distinct differences in
ciliated cells, basal cells and adherens junctions as compared to both EIB(-) and control donors.
Our aim was to comprehensively phenotype epithelial cells from EIB(+) and EIB(-) asthmatic
and healthy control donors in vivo as well as throughout the course of differentiation in vitro.

This study also forms the foundation for the RNA sequencing analysis that will be described in
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Chapter 6, the aim of which is to understand what miRNAs and mRNAs regulate both

mucociliary differentiation and the differences between EIB(+) and EIB(-) asthmatics.

5.2 Methods and materials

5.2.1 Endobronchial biopsies and brushing

Samples were collected by endobronchial biopsy and bronchial brushing of healthy control
donors and asthmatic patients with (+) and without (-) EIB as described previously (Hallstrand,
Moody et al. 2005, Hallstrand, Chi et al. 2007, Hallstrand, Debley et al. 2007, Hallstrand, Lai et
al. 2013). Control donors had no asthma history, a baseline FEV; greater than 80% predicted and
methacholine PCy less than 8 mg/mL. Asthmatic patients had been diagnosed by a physician at
least one year prior to study enrollment, and had mild to moderate disease severity. EIB(+) status
was classified as at least 15% decrease in FEV; after exercise challenge, while a change of less
than 7% was considered EIB(-). All patients were never-smokers and gave informed consent for
the study as required by the human protocol accepted by the University of Washington ethics
committee. Donor demographics for ALI cultures can be found in Table 5.1 and biopsy samples

in Table 5.2.
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FEV,/ Meth Max

Subject Age Gender Ethnicity VG PG, EIBS AUC;" Therapy®
Control 1 29 m cauc 0.88 8 -1.0 -57.3
2 58 f cauc 0.85 8 1.9 2.1
3 23 f cauc 0.91 8 4.8 104.3
4 22 f asian 0.92 8 -1.2 -65.7
5 25 f cauc 0.98 8 1.9 52.1
Mean 31.4 0.91 8 1.3 7.1
SD 15.1 0.0 0.0 2.5 72.3
Median 25
EIB(-) 1 23 f cauc 0.70 0.25 2.8 75
2 23 f cauc 0.77 0.76 1.6 -45.0 Advair
3 38 f cauc 0.83 2.64 5.3 99.8
4 25 m cauc 0.71 0.84 2.6 -83.3
5 26 m cauc 0.63 0.93 -0.5 -109.5
Mean 27 0.73 1.08 2.4 -26.1
SD 6.3 0.1 0.9 2.1 83.0
Median 25
EIB(+) 1 44 m cauc 0.61 0.06 25.8 621.4
2 24 f cauc 0.86 0.06 24.5 429.3
3 22 f cauc 0.78 0.78 20.3 490.8 Serevent
4 37 f cauc 0.77 0.12 24.7 499.5
5 21 f cauc 0.72 0.19 34.5 826.7
Mean 29.6 0.75 0.24 25.9 573.5
SD 10.3 0.1 0.3 5.2 157.7
Median 24
Statisticst
Convs. EIB(-) ns ns ns *x falakaied ns ns
Convs. EIB(+) ns ns ns * falakalel falel falel
EIB(-) vs. EIB(+) ns ns ns ns ns faiaia faiaia

Table 5.1 Patient demographics of epithelial cells used in air-liquid interface cultures.

$ Maximum EIB: Maximum % fall in FEV, after exercise challenge

# AUC30: Area under FEVi-time curve, to quantify severity of EIB over a 30-minute period after
exercise.

& Controller therapy was discontinued for 30 days prior to bronchoscopy.

T One-way ANOVA with Tukey post-test; * indicates p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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. - FEV:)/ Meth. Max. e
Subject Age  Gender Ethnicity FVC PC, EIBS AUC,#  Therapy
Control 1 22 f asian 0.92 8.00 -1.2 -65.7
2 24 f cauc 0.78 8.00 3.4 21.7
3 25 f cauc 0.98 8.00 1.9 52.1
4 50 f cauc 0.83 8.00 2.3 -26.1
Mean 30.3 0.88 8.0 1.6 -3.0
SD 6.6 0.04 0.0 1.0 26.5
Median 25
EIB(-) 1 23 f cauc 0.77 0.76 1.6 -45.0 Advair
2 24 f cauc 0.85 2.45 -11 -77.2
3 23 f cauc 0.91 0.48 7.4 36.7
4 25 m cauc 0.71 0.84 2.6 -83.3
5 26 m cauc 0.63 0.93 -0.5 -109.5
Mean 24.5 0.78 1.2 2.1 -58.3
SD 0.6 0.06 0.4 1.9 324
Median 25
EIB(+) 1 44 m cauc 0.61 0.06 2538 621.4
2 24 f cauc 0.86 0.06 245 4293
3 21 f cauc 0.84 071 187 488.5
4 21 f cauc 0.72 019 345 826.7
Mean 27.5 0.76 0.3 25.8 591.5
SD 55 0.06 0.2 3.3 88.1
Median 23
Statisticst
Convs. EIB(-) ns ns ns ns il ns ns
Con vs. EIB(+) ns ns ns ns il il il
EIB(-) vs. EIB(+) ns ns ns ns ns il il

Table 5.2 Patient demographics of endobronchial biopsy samples.
$ Maximum EIB: Maximum % fall in FEV, after exercise challenge
# AUC30: Area under FEVi-time curve, to quantify severity of EIB over a 30-minute period after

exercise.

& Controller therapy was discontinued for 30 days prior to bronchoscopy.

T One-way ANOVA with Tukey post- test; * indicates p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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5.2.2 Air-liquid interface (ALI) culture

PHAECs obtained by bronchial brushing were cultured in monolayer in Bronchial Epithelial
Growth Media (BEGM) (Lonza Inc., Basel, Switzerland). At 80% confluence, pHAECs were
trypsinized and 2 x 10° cells were seeded in 12 mm diameter/0.4 pm pore size transwell inserts
(Corning, New York), and submerged in ALI growth media supplemented with 10 ng/mL EGF
(VWR) and 30 ng/mL retinoic acid (Sigma) (Fulcher, Gabriel et al. 2005). ALI growth media
consisted of a 1:1 DMEM:BEBM mix supplemented with hydrocortisone, insulin, epinephrine,
bovine pituitary extract and transferrin (as specified by the manufacturer, Lonza), 80 uM
ethanolamine, 0.3 mM magnesium chloride, 0.4 mM magnesium sulphate, 25 pg/mL
fluconazole, 0.5 mg/mL bovine serum albumin (all Sigma) and 1x penicillin/streptomycin
(Invitrogen). Initially, 1.5 mL of ALI media was added to the basal compartment and 0.5 mL to
the apical compartment. After 24 hours, media in the basal compartment was changed. Forty-
eight hours after this (72 hours after seeding), the apical media was removed, and media in the
basal compartment was replaced with ALI growth media containing 0.5 ng/mL EGF and 30
ng/mL retinoic acid, to induce differentiation. Basal media was changed every 48 hours, and
from day 5, apical surfaces were washed twice per week with PBS to remove mucus build-up. At
days 0, 5, 11, 15 and 20, total RNA, protein, basal media, and apical washes were collected, and
cultures were formalin fixed and paraffin embedded (FFPE) for histological examination
(Figure 5.1). Additional RNA, basal media and apical wash samples were collected at days 2

and 8.
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Figure 5.1 Schematic of sample collection and experimental plan for pHAEC ALI cultures.

(A) At each timepoint, the apical surface of one ALI insert was washed with PBS to collect secretions
(Apical) and conditioned media was collected from the basal compartment (Basal). The culture was then
lysed to collect total RNA (RNA). At days 0, 5, 11, 15 and 20, a second insert was also collected. One
half was formalin-fixed and paraffin-embedded for histology (Hist) and the second half was lysed to
collect protein in the presence of phosphatase and protease inhibitors (Prot). (B) RNA collected on days 0,
5, 11 and 20 will be sequenced to identify candidate mMRNAs and miRNAs, as will be described in
Chapter 6. In future studies, candidate molecules will be confirmed by RT-gPCR, miRNA in situ
hybridization (miR-ISH), immunohistochemistry (IHC), Western Blot, or various methods to assess
soluble mediators in basal media and apical wash. Knockdown or overexpression studies will be carried
out to assess the functional role of candidate molecules in ALI cultures of pHAECs from non-asthmatic or
asthmatic donors. Expression of candidate molecules will also be assessed in an independent cohort using
FFPE sections of human donor airways from non-asthmatic and asthmatic individuals.
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5.2.3 Histology

FFPE sections were stained with either Alcian blue to visualize mucins (counterstained with 1%
neutral red), or for specific proteins by immunohistochemistry (IHC). For IHC, antigens were
retrieved by autoclaving in citrate buffer (Dako Cyomation, Burlington, ON), endogenous
peroxidase blocked in 3% H,O, and non-specific binding blocked with appropriate sera.
Expression of cytokeratin-5, p63 or E-cadherin (see Table 5.3) was visualized using DAB (Dako

Cytomation). Nuclei were counterstained with Harris hematoxylin (Sigma-Aldrich, St Louis,

MO).
Epitope Host Catalog # Company Dilution
Cytokeratin 5 (D5/16 B4)  Mouse M7237 Dako, Burlington, Canada 1/50
E-cadherin Mouse 5c-8426 Santa Cruz Biotechnology, Santa 1/50
Cruz, USA
p63(4A4) Mouse sc-8341 Santa Cruz Biotechnology, USA 1/250

Table 5.3 Antibodies used in chapter 5.

5.2.4 Image analysis

All ALI samples were blinded by random coding to ensure no observer bias was introduced to
the image analysis. For each donor, five images were captured by phase-contrast digital
microscopy (Spot Imaging Solutions, Sterling Heights, MI) and analyzed either by point
counting or by colour segmentation using Image-Pro Plus (Media Cybernetics, Rockville MD).
In Alcian blue-stained sections, cilia length was measured on up to 20 ciliated cells from each

donor.
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5.2.5 Enyzme-linked immunosorbent assay (ELISA)

Inflammatory mediators interleukin-6 (IL-6) and IL-8 were assessed by ELISA (R&D Systems,
Minneapolis, MI) in the conditioned basal media of the ALI cultures at each time point as
described in Chapter 2.5. Samples were analyzed in duplicate and expressed as pg/mL of media

per 24 hours in culture.

5.2.6 Statistics

Data are presented as median with interquartile range. Paired comparisons were analyzed with
Mann-Whitney U-test and Kruskal-Wallis with Dunn’s post-test was used for comparison
between three or more groups. All statistical analyses were done using Prism Version 5.04

(GraphPad Inc., San Diego, CA), with P values less than 0.05 considered statistically significant.

5.3 Results

5.3.1 Airway epithelial remodeling occurs in vivo

We first set out to determine whether the airway epithelium in vivo lacks features of
differentiation in EIB(+) as compared to EIB(-) asthmatic and control donors. To do this, we
obtained serial sections of endobronchial biopsies and stained sections with Alcian blue to
visualize mucins (Figure 5.2A) and performed immunohistochemistry for the basal cell markers
cytokeratin (CK)-5 (Figure 5.2B) and p63 (Figure 5.2C), and the adherens junction protein E-
cadherin (Figure 5.2D). Quantification of the various cell types in control as compared to
asthmatic donors demonstrated that there was no significant difference in goblet cell numbers in
the asthmatic epithelium (Figure 5.2E), or in individual EIB phenotypes (Figure 5.2F).

However, quantification of CK-5 demonstrated significantly more basal cells in the asthmatic
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epithelium (p<0.05; Figure 5.2E), with approximately equal increases in EIB(+) and EIB(-),
though neither was significantly different from control cultures (p=0.06; Figure 5.2F).
Interestingly, another basal cell marker, p63, was not significantly different between disease
states (Figure 5.2E). Finally, expression of E-cadherin was not significantly different between
control and asthmatic donors by percentage positive area (Figure 5.2E) or between disease

phenotypes (p=0.06 overall; Figure 5.2F).

(Next Page)

Figure 5.2 Asthmatic airways contain more CK-5" basal cells in vivo.

(A-D) Endobronchial biopsies from control (n=4), EIB(-) asthmatic (n=5) and EIB(+) asthmatic (n=4)
donors were stained with (A) Alcian blue or immunostained for (B) cytokeratin (CK)-5, (C) p63 or (D) E-
cadherin. Scale bar is 20 um. (E) Quantification by point counting of positive cells (CK-5 and p63) or
by colour segmentation of positive area (E-cadherin) was used to determine phenotypic differences
between control (white bars) and asthmatic (grey bars). Data are presented as median with interquartile
range and significance was assessed with Mann-Whitney U-test (* indicates p<0.05). For E-cadherin, one
outlier was excluded from the EIB(+) group (n=3). (F) Asthmatic groups were further separated to assess
EIB(-) (light grey bars) and EIB(+) (dark grey bars). Data are presented as median with interquartile
range, and significance was assessed by Kruskal-Wallis test. P-values are provided.
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5.3.2 Ciliated cell differentiation is altered in asthmatic-derived pHAECsS in vitro

We next wanted to determine whether pHAECs from EIB(+) and EIB(-) asthmatic donors
maintained an intrinsically altered phenotype when differentiated in ALI culture in vitro. To this
end, we grew ALI cultures of pHAECs from control donors (n=5), EIB(-) asthmatic (n=5) and
EIB(+) asthmatic (n=5) donors. To explore the differentiation profile of the ALI cultures, we
assessed markers of mucociliary differentiation over 20 days. Alcian blue stained sections were
used to visually distinguish cells at the apical surface as goblet cells (blue arrowhead), ciliated
cells (green arrowhead), or cells that lacked characteristics of either goblet or ciliated cells,
which we termed undifferentiated cells (black arrowhead) (Figure 5.3A). In ALI cultures
generated from non-asthmatic donors, we observed a significant increase in the percentage of
ciliated cells at day 20 compared to day 11 and 15 (p<0.001 and p<0.01, respectively; Figure
5.3B, green line). In contrast to the increase in ciliated cells, we observed a significant decrease
in undifferentiated apical cells in non-asthmatic cultures from day 11 to day 20 (p<0.05, black
line). While the proportion of goblet cells also increased over time, the difference between days
11 and 20 was not statistically significant (blue line). This indicates that undifferentiated cells are
able to differentiate into either goblet or ciliated cells in ALI cultures of pHAECs from non-
asthmatic donors.

In contrast, when we compared the cellular composition of the apical surface of
differentiated ALIs at day 20 between disease phenotypes, we found that there was a striking
decrease in the proportion of ciliated cells in asthmatic-derived ALIs (p<0.001; Figure 5.3C).
We observed slightly more undifferentiated apical cells in asthmatic-derived ALIs at day 20,
although this did not reach statistical significance. There was no difference in the proportion of

goblet cells between asthmatic and control cultures at day 20, although there was a trend toward
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an increase in asthma. When we further separated the asthmatic donors by EIB status, we found
that both EIB(-) and EIB(+) displayed this defect in ciliated cells compared to controls (p<0.05
for both; Figure 5.3D). There were no significant differences in the percentage of goblet or
undifferentiated cells at the apical surface in either EIB(+)or EIB(-) cultures compared to control
at day 20 (Figure 5.3D). Overall, we found that ciliated cell differentiation was similarly

defective in ALI cultures of pHAECs from both EIB(+) and EIB(-) donors.

(Next page)

Figure 5.3 Differentiation of ciliated cells is impaired in ALI cultures from asthmatic donors.

(A) pHAECSs from control, EIB(+) asthmatic and EIB(-) asthmatic donors (n=5 each) were assessed for
mucus production by Alcian Blue at days 11, 15 and 20 of ALI culture. (B) Analysis of mucociliary
differentiation was assessed by point counting of ciliated (green arrowhead in (A), goblet (blue
arrowhead) and undifferentiated cells (black arrowhead) at the apical surface of control cultures (n=5).
Signifcance was assessed by two-way ANOVA with Bonferroni post-test to compare day 20 with day 11.
(C) Analysis of the percentage positive cells of each type in control (white bars) and asthmatic-derived
(grey bars) cultures, significance assessed by Mann-Whitney U-test. (D) Asthmatic groups were further
separated to assess percentage of goblet, ciliated and undifferentiated cells in control (white bars), EIB(-)
(light grey bars) and EIB(+) (dark grey bars) ALIs and significance was assessed by Kruskal-Wallis with
Dunn’s post-test. All data are presented as median with interquartile range, with * p<0.05, *** p<0.001.
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Following our finding of a decreased number of ciliated cells at the apical surface of
asthmatic-derived ALI cultures, we were interested to determine whether the cilia of these cells
were comparable in length to those from non-asthmatic donors. At day 20, we observed ciliated
cells at the apical surface of 5 of 5 control cultures, 4 of 5 EIB(-) cultures, and 4 of 5 EIB(+)
cultures. Of those ALI cultures that had ciliated cells, we queried whether the cilia differed in
length (Figure 5.4A). Cilia were significantly shorter in asthmatic (median 4.58 pum) compared
to control cultures (median 5.25 um; Figure 5.4B). By Mann-Whitney U-test, the EIB(-) group
had shorter cilia than control cultures, but the EIB(+) cultures did not due to the large range in
cilia length from these donors (2.36 — 6.20 um) (Figure 5.4C). This may indicate that in addition
to a defect in commitment to the ciliated cell lineage in asthma, there is also an intrinsic defect in

cilia formation in those cells that do commit to this lineage, particularly in EIB(-) asthma.
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Figure 5.4 Cilia are significantly shorter in primary human airway epithelial cells from EIB(-)
asthmatic donors.

(A) Representative image of ALI day 20 culture from control donor stained with Alcian blue to visualize
mucin. Cilia were measured as demonstrated. (B) Cilia length measurements in control (n=5) and
asthmatic (n=8) at day 20. Statistical significance was assessed by Mann-Whitney U-test. (C) Comparison
of cilia length between control (n=5), EIB(-) (n=4), and EIB(+)-derived (n=4) ALI cultures at day 20.
Statistical significance between all three groups was assessed using Kruskal-Wallis test with p-value
provided. Mann-Whitney U-test was used to assess statistical significance between control and EIB(-)
groups, with p-value provided. All data expressed as median with interquartile range.
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5.3.3 Basal cell populations are expanded in asthmatic-derived ALI cultures in vitro

We next wanted to determine if molecular markers of epithelial remodeling were still altered in
ALI culture, and whether these differed with donor disease status. ALI cultures at day 20 were
stained for basal epithelial markers CK-5 (Figure 5.5A) and p63 (Figure 5.5B), and the
adherens junction protein E-cadherin (Figure 5.5C). The percentage of CK-5+ cells was
significantly higher in cultures from asthmatic compared to non-asthmatic donors (p<0.05;
Figure 5.5D). When we separated the asthmatics by EIB status, we found that EIB(-) asthmatic
cultures alone displayed significantly more CK-5-positive cells than control cultures (p<0.05;
Figure 5.5E), whereas EIB(+) cultures did not. As with the in vivo biopsies, we found that the
proportion of p63-positive cells was not significantly higher in asthma (Figure 5.5D) or for either
asthma phenotype alone (Figure 5.5E). In contrast to the trend toward downregulation in vivo,
the percentage area of the epithelium that stained for E-cadherin was increased in asthmatic-
derived ALIs compared to controls (p<0.05; Figure 5.5D). When separated by disease
phenotype, the EIB(-) cultures had significantly greater E-cadherin immunoreactivity (p<0.05),
while EIB(+) cultures did not (Figure 5.5E). Overall, in addition to an inability to differentiate at
the apical surface, we found that there were increased numbers of CK-5-expressing basal cells in

asthmatic-derived pHAECS, particularly in EIB(-) asthma.
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Figure 5.5 ALI cultures from asthmatic donors contain more CK-5" basal cells.

(A-C) Formalin-fixed paraffin-embedded ALI cultures (20 days) of pHAECs from control, EIB(+)
asthmatic and EIB(-) asthmatic donors (n=5 each) were immunostained for (A) cytokeratin (CK)-5, (B)
p63 and (C) E-cadherin (all brown) and hematoxylin counterstain (blue). (D) Quantification by point
counting of positive cells (CK-5 and p63) or by colour segmentation of positive area (E-cadherin) was
used to determine phenotypic differences between control (white bars) and asthmatic (grey bars) by
Mann-Whitney U-test. (E) Asthmatic groups were further separated to assess EIB(-) (light grey bars) and
EIB(+) (dark grey bars) and significance was assessed by Kruskal-Wallis with Dunn’s post-test.

* Indicates p<0.05 compared to control cultures.
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534 Release of inflammatory mediators differs between disease states and during
differentiation

Inflammatory mediator responses are increased in pHAECs from asthmatic patients, potentially
mediated in part by phosphorylation of p38 (Hackett, Singhera et al. 2011). We assessed the
release of innate pro-inflammatory mediators IL-6 and IL-8 during the 20 days of ALI
differentiation. IL-8 decreased between day 0, which mimics a wound repair state with only
undifferentiated cells, and day 20, in which cultures are differentiated (p<0.0001; Figure 5.6A).
When the asthmatic subgroups were combined, IL-8 secretion was significantly different from
control cultures (p<0.0001; Figure 5.6A). This was particularly evident at day 2, when ALIs
from asthmatic donors secreted less I1L-8 than control cultures (p<0.05). IL-8 release was distinct
among the three disease phenotypes (Figure 5.6B), wherein EIB(-) cultures released the least IL-
8 and control donors released the most. At day 2, EIB(-) cultures released significantly less IL-8
than control cultures (p<0.05).

Asthmatic subgroups together produced more IL-6 than control cultures throughout
differentiation (p<0.01 by two-way ANOVA,; Figure 5.6C). IL-6 release was increased in the
asthmatic subgroups (p<0.01; Figure 5.6D). Production of IL-6 varied throughout differentiation
in EIB(+) asthmatic cultures. IL-6 release was increased at day 11 in EIB(+) cultures compared

to control (p<0.05).
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Figure 5.6 Release of inflammatory mediators differs in asthma and during differentiation.

Media from the basal compartment collected throughout differentiation was used to measure release of
inflammatory mediators (A) IL-8 and (C) IL-6 from ALI cultures from both asthmatic sub-groups
combined (blue) compared to control (black). Release of (B) IL-8 and (D) IL-6 from control (black),
EIB(-) (blue) and EIB(+) (green) donors was also compared. Two-way ANOVA was used to assess
statistical significance between donor phenotypes and over time (p-values are shown in top left corner of
each graph). Data are presented as mean £ SEM and * p<0.05 at individual timepoints by Bonferroni

post-test.
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5.4 Discussion

Airway remodeling is a defining feature of asthma, and is associated with numerous epithelial
alterations (Davies 2009). Close to half of all asthmatic patients experience EIB, but the structure
and function of the airway epithelium in this clinical subtype are largely unknown. Here we have
examined in detail the phenotype of the airway epithelium from non-asthmatic and asthmatic
donors with and without EIB, both in vivo and over the course of differentiation in vitro. We
demonstrate that the airway epithelium from EIB(+) and EIB(-) asthmatic donors exhibits
defective ciliary differentiation in vitro and that asthmatic donors had an expanded CK-5-
expressing basal cell population in vivo and in vitro. However, we did not find any differences in
mucociliary differention between EIB(+) and EIB(-) asthmatic donors.

Loss of ciliated epithelial cells in asthmatic patients has been described since 1943
(Hilding 1943). Sloughing of columnar cells, termed Creola bodies in BAL fluid, has also been
described early in the disease progression (Barbato, Turato et al. 2006). Few in vitro studies have
explored the ability of airway epithelial cells from asthmatic donors to undergo ciliary
differentiation, and to our knowledge no studies have focused on this process in EIB(+) asthma.
We found that in ALI cultures from EIB(-) and EIB(+) donors, the percentage of ciliated cells at
day 20 was approximately five-fold lower than non-asthmatic cultures, indicating a striking
defect in ciliated cell differentiation. This is in keeping with previous work showing that ALI
cultures from pediatric asthmatic donors had fewer ciliated cells at day 28 (Parker, Sarlang et al.
2010). Mucaociliary differentiation is crucial for normal development of the pseudostratified
airway epithelium, as well as for epithelial restitution following injury. Studies of mucociliary
differentiation in normal airway epithelial cells in vitro have reported the appearance of ciliated

cells as early as 14 days in ALI culture (de Jong, van Sterkenburg et al. 1994, Bernacki, Nelson
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et al. 1999, Parker, Sarlang et al. 2010), others by 18 days (Gray, Guzman et al. 1996), and some
as late as 24 days (Pohl, Hermanns et al. 2009). The number of ciliated cells has been shown to
increase drastically between days 21 and 31 of ALI culture (de Jong, van Sterkenburg et al.
1994). In line with these reported studies, we observed ciliated cells in non-asthmatic ALI
cultures by day 11, and by day 20 ciliated cells comprised approximately 25% of the apical cells
present. Though we cannot rule out the possibility that complete mucociliary differentiation
would occur at a time point after 20 days in our ALI model, it is clear that early commitment to
the ciliated cell lineage is aberrant in epithelial cells from asthmatic donors, regardless of EIB
status.

Mucus-producing goblet cells have been shown to be present in ALI cultures prior to
ciliated cells. Specifically, goblet cells exceeded ciliated cells in number at days 7 and 14 in ALI
cultures (de Jong, van Sterkenburg et al. 1994, Gray, Guzman et al. 1996, Bernacki, Nelson et al.
1999) but the two cell types were equivalent by day 21 (de Jong, van Sterkenburg et al. 1994). In
agreement with these studies, we found that goblet cells were abundant from day 11 onward.
However, in our study we found that the number of goblet cells continued to be greater than
ciliated cells up to day 20 of the ALI model. This difference in goblet cell number may have
been due to differences in coating of the ALI membrane. In our study methodology we did not
coat the ALI membrane with ECM proteins, and instead the seeded epithelial cells synthesized
and secreted their own ECM. In the de Jong et al. study (de Jong, van Sterkenburg et al. 1994),
the ALI insert was coated with collagen type I, which has been shown to promote ciliogenesis in
rat tracheal epithelial cells (Davenport and Nettesheim 1996). While these methodological

differences may have contributed to the differences in the ratios of goblet and ciliated cells

138



observed in these two studies, it does not account for the reported decrease in the number of
ciliated cells in asthmatic compared to non-asthmatic ALI cultures.

Mucus hypersecretion and goblet cell hyperplasia are well-described features of airway
remodeling in asthma (Ordonez, Khashayar et al. 2001). However, we found no differences in
the numbers of goblet cells in either EIB(-) or EIB(+) compared to non-asthmatic epithelium,
either in vivo or in vitro. In contrast, previous studies found that ALI cultures derived from
patients with asthma produced more mucins (Gras, Bourdin et al. 2012) and had increased
populations of goblet cells (Parker, Sarlang et al. 2010, Blume, Swindle et al. 2013). In
comparison with our cohort of mild to moderate asthmatics, who were free of controller
medications for at least 30 days prior to bronchoscopy, the asthmatic patients in the studies
described above required ongoing controller medications, suggestive of more severe disease
(Parker, Sarlang et al. 2010 and Gras, Bourdin et al. 2012). Further, there is mounting evidence
that goblet cell hyperplasia is a response to the allergic Ty2-predominant inflammatory milieu in
vivo, which was not recapitulated in our ALI culture system (Tyner, Kim et al. 2006, Park,
Korfhagen et al. 2007). In support of these data, we have previously shown that the number of
goblet cells was not increased in asthmatic-derived ALlIs, although in matched airway sections
from the same donors we did observe mucus cell metaplasia (Hackett, Singhera et al. 2011).
Finally, few donors in our cohort of mild to moderate asthmatic EIB(+) and EIB(-) donors
required controller therapy prior to study enrollment, suggesting that there was minimal
persistent Ty2 airway inflammation. This may indicate why we did not observe goblet cell
hyperplasia in vivo at the time of biopsy collection (Tyner, Kim et al. 2006, Park, Korfhagen et

al. 2007).
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Ciliated cells of the respiratory epithelium contain 200-300 motile cilia per cell, which
move in a concerted fashion to transport mucus and trapped particles toward the pharynx.
Defects in ciliary function can lead to mucus congestion in the airways due to impaired
mucociliary clearance, resulting in conditions such as bronchiectasis and chronic sinusitis
(Afzelius 2004). We found that, in addition to decreased numbers of ciliated cells, the median
length of cilia that were present was significantly shorter in ALI cultures derived from EIB(-)
asthmatic patients than in non-asthmatic-derived cultures. Thomas and colleagues demonstrated
that although cilia length did not differ significantly in bronchial brushings from mild, moderate,
and severe asthmatic donors compared to control subjects, ciliary function and ultrastructure was
compromised in severe asthma (Thomas, Rutman et al. 2010). Several factors, including
environmental toxicants, can affect ciliary length and function. For example, cigarette smoke
exposure leads to shortened airway cilia through histone deacetylase (HDAC)6-mediated
autophagy of cilia components (Lam, Cloonan et al. 2013). In physiological settings, free of
harmful stimuli, control of cilia structure and length is a complex and dynamic process.
Multiciliated epithelial cells require that hundreds of centrioles, termed basal bodies, are formed
and transported to the apical cell surface. Out of these basal bodies, the cilium is extended
through a process of intraflagellar trafficking (IFT) of proteins from the cytoplasm (Ishikawa and
Marshall 2011), reaching a final length of 6-7 pum for human respiratory cilia. As microtubule
subunits are continually being recycled through a process involving kinesin family members,
maintenance of cilia length requires ongoing molecular trafficking and cilia elongation (Stephens
1997, Marshall and Rosenbaum 2001, Song and Dentler 2001, Blaineau, Tessier et al. 2007). In
keeping with this concept, the kinesin gene KIF3A was recently reported as a novel candidate

asthma-associated gene, with decreased expression in uncontrolled asthma (Kovacic, Myers et al.
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2011). Although cilia are not evident until approximately two weeks in ALI culture, the
transcriptional activation and formation of ciliary components begins much earlier, between four
and ten days in culture (Ross, Dailey et al. 2007, Hoh, Stowe et al. 2012). Therefore, defects in
regulatory genes of ciliogenesis and cilia function will be assessed further as candidate genes in
the RNA sequencing analysis of these samples described in Chapter 6.

As we have identified differences in EIB(+) and EIB(-) mucociliary differentiation, it was
important to assess the progenitor basal cells present within the epithelium. In the present study
we observed an increased proportion of CK-5-expressing basal cells in the epithelium of
asthmatic donors in vivo and in vitro compared to non-asthmatic donors, and in the EIB(-)
subgroup specifically. These findings are consistent with our previous studies demonstrating
increased CK-5-expressing basal cells in the airway epithelium of asthmatics (Hackett, Shaheen
et al. 2008, Hackett, Warner et al. 2009, Hackett, Singhera et al. 2011). Interestingly, we did not
see a concurrent elevation in numbers of cells expressing p63, another basal cell marker that is
crucial for maintenance and formation of stratified epithelial tissues (Yang, Schwitzer et al. 199;
Mills, Zheng et al. 1999), and which we have previously shown to be elevated in asthmatic
subjects (Hackett, Shaheen et al. 2008, Hackett, Warner et al. 2009, Hackett, Singhera et al.
2011). As basal cells differentiate into a polarized mucociliary tissue, formation of adhesion
junctions by the transmembrane protein E-cadherin is crucial for formation of tight junctions,
and thus for an effective mucociliary barrier (Tunggal, Helfrich et al. 2005). We and others have
previously demonstrated decreased E-cadherin expression in the epithelium of asthmatic donors
(de Boer, Sharma et al. 2008, Hackett, Singhera et al. 2011, Xiao, Puddicombe et al. 2011,
Hackett, de Bruin et al. 2013). However, in the current study we did not find E-cadherin

immunoreactivity to be decreased in asthmatic biopsies or ALI cultures. Our analysis enabled
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quantification of the total percentage area of E-cadherin, but future analyses will incorporate a
measure of staining intensity to determine whether there may be aberrant E-cadherin localization
as opposed to decreased protein expression. Our observation of increased numbers of basal cells
therefore support our hypothesis of a defect in mucociliary differentiation in asthmatic subjects,
however the formation of adhesion junctions did not appear to be impaired in this mild asthmatic
cohort.

In addition to structural alterations, we also assessed the production of inflammatory
cytokines IL-6 and IL-8. IL-8 is increased in airway secretions in asthma, although this is most
evident in severe, or neutrophilic, asthma (Nocker, Schoonbrood et al. 1996, Folkard, Westwick
et al. 1997, Ordonez, Khashayar et al. 2001). The role of IL-8 in EIB is unclear, but
hyperosmolality of airway surface liquid is postulated to contribute to EIB, and exposure of
bronchial epithelial cells to hyperosmolar media induces IL-8 production (Hashimoto,
Matsumoto et al. 1999). However, we did not find that IL-8 release was specifically altered in
the EIB(+) group at any time point. Interestingly, we found that in the early stages of
differentiation, IL-8 release was attenuated in asthmatic-derived ALIs, particularly in the EIB(-)
subgroup. This is in contrast to Kicic et al, who found no difference in IL-8 release in asthmatic
monolayers of pediatric epithelial cells (Kicic, Sutanto et al. 2006). This may be due to
differences in storage versus release of IL-8 in our unstimulated cultures, as we only measured
spontaneous release, but not IL-8 RNA or protein within the cells. In line with this, our
unstimulated ALI cultures at day 20 released similar amounts of IL-8 regardless of donor disease
status, which is in agreement with previous studies of well-differentiated ALI cultures (Parker,
Sarlang et al. 2010, Hackett, Singhera et al. 2011). This may reflect the milder disease severity of

our cultures, as Gras et al. report that ALI cultures derived from patients with severe asthma
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released more IL-8 than patients with mild asthma (Gras, Bourdin et al. 2012). Although beyond
the scope of the present study, it would be of interest to assess IL-8 release following damage of
EIB(-) and EIB(+) cultures, as asthmatic-derived ALIs released more IL-8 upon damage by viral
infection, particulate matter, and mechanical wounding than control-derived cultures (Hackett,
Singhera et al. 2011).

IL-6 induces mucus hypersecretion, and inhibits Tyl polarization while favouring the
Tn2 and Tyl7 pathways, indicating a clear role for this cytokine in affecting airway function and
asthma pathogenesis (Neveu, Allard et al. 2009). Our finding that IL-6 release was consistently
higher in asthmatic-derived cultures, regardless of timepoint, is in agreement with a previous
report from Kicic et al, in which pHAECs from pediatric donors with mild asthma released
significantly more IL-6 in monolayer culture (Kicic, Sutanto et al. 2006). In a previous study we
also demonstrated enhanced IL-6 release in response to environmental exposures such as
respiratory syncytial virus (RSV), particulate matter and mechanical wounding in asthmatic
compared to non-asthmatic derived ALI cultures (Hackett, Singhera et al. 2011). Taken together,
these findings indicate that release of inflammatory cytokines is altered in the asthmatic airway
epithelium in vitro, even in unstimulated conditions.

There are some limitations to our study. Firstly, the sample size in this study was limited
by the availability of endobronchial biopsy tissue and epithelial brushings from well-phenotyped
asthmatic donors with and without EIB. Secondly, we utilized biopsies and epithelial cells
collected by bronchoscopy, whereas our previous studies took advantage of the availability of
intact airways from unusable transplant lung tissue (Hackett, Warner et al. 2009, Hackett,
Singhera et al. 2011). This may have influenced the cell populations we were able to observe, as

enzymatic digestion of entire airways yields abundant progenitor and basal cells (Hackett,
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Shaheen et al. 2008). Lastly, our previous studies on whole lung tissue provided intact whole
airways for histological examination of entire cross-sections of multiple airway generations
rather than single biopsy samples, which have been well discussed within the literature to have
artifact limitations (Labonte, Laviolette et al. 2008).

In summary, we provide here the first detailed phenotypic analysis of the airway
epithelium from both EIB(-) and EIB(+) asthmatic donors during the kinetics of differentiation in
vitro. Epithelial cells from asthmatic patients as a whole had aberrant ciliary differentiation,
increased numbers of CK-5-expressing basal cells and altered release of inflammatory mediators
IL-8 and IL-6. When separated by disease subgroup, all of the aforementioned features were
present in EIB(-) compared to control cultures, but only the defect in ciliary differentiation was
common to both EIB(-) and EIB(+) cultures, indicating a central, asthma-related mechanism.
Cell fate decisions during mucociliary differentiation are highly regulated and temporally
governed by transcription factors (Notch, Foxj1), microRNAs (miR-449a), and can be modified
by exogenous growth factors (EGF, TGFp;) and cytokines (IL-6). A detailed assessment of the
transcriptional events occurring during mucociliary differentiation will be the focus of Chapter
6, and will allow us to further elucidate the underlying cause of the epithelial abnormalities

found in EIB(-) and EIB(+) asthma.

144



Chapter 6: Distinct Epithelial mMRNA and miRNA Expression Profiles During

Differentiation and Between EIB(+) and EIB(-) Asthma Phenotypes

6.1 Introduction

In Chapter 5, we demonstrated that airway epithelial cell plasticity is abnormal in both EIB(+)
and EIB(-) asthma, with defective differentiation of ciliated cells and greater numbers of CK-5-
expressing cells in air-liquid interface (ALI) culture compared to non-asthmatic donors. We have
also previously reported increased numbers of basal and progenitor cells in the epithelium of
fatal asthmatics (Hackett, Warner et al. 2009, Hackett, Shaheen et al. 2008). Together, these
findings suggest a defect in mucociliary differentiation in asthma. However, the mechanisms
underlying this defect are thus far unknown.

Cell fate decisions in the epithelium are governed by numerous pathways and
transcription factors and within the lung several key pathways have been described. For example,
the Notch signaling pathway is centrally involved in mucociliary differentiation and is required
for basal cell differentiation to a secretory cell fate (Guseh, Bores et al. 2009, Rock, Gao et al.
2011) through the inhibition of the ciliated cell lineage (Tsao, Vasconcelos et al. 2009).
Developmental pathways such as the sox (SRY (sex determining region Y)-box) (Que, Luo et al.
2009) and alternate forkhead box (fox) transcription factors such as foxa2 are also involved in
cell fate specification during prenatal development and postnatal epithelial differentiation
(Mucenski, Nation et al. 2005). T2 cytokines, acting through transcription factors SPDEF and

STAT-6, are known to induce goblet cell differentiation (Tyner, Kim et al. 2006, Park,
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Korfhagen et al. 2007). Despite these candidate molecule analyses, very few studies have carried
out comprehensive analyses of the transcriptional events that occur throughout mucociliary
differentiation of airway epithelial cells in vitro. Studies have previously compared the
transcriptome of monolayer and differentiated epithelia from healthy donors in vitro (Hackett,
Shaykhiev et al. 2011, Martinez-Anton, Sokolowska et al. 2013), or tested the validity of
differentiated in vitro cultures by comparing ALI cultures to bronchial brushings (Dvorak, Tilley
et al. 2011, Pezzulo, Starner et al. 2011). One compelling study used microarray technology to
assess the epithelial transcriptome at 11 timepoints between days O and 28 in ALI culture of
primary human airway epithelial cells obtained by bronchial brushing from three healthy donors,
to provide a transcriptional atlas of mucociliary differentiation (Ross, Dailey et al. 2007). The
main pathways that were shown to be differentially expressed during mucociliary differentiation
were the TGFB, EGFR, and wnt/p-catenin pathways, in addition to genes regulating ciliogenesis
(Ross, Dailey et al. 2007). Although Ross et al. did not observe morphological evidence of
ciliary and mucus cell formation until day 21, the associated transcriptional events were shown
to occur prior to day 10, highlighting the importance of assessing multiple timepoints during
mucociliary differentiation.

One of the most important mechanisms of regulating mRNA expression is through the
action of endogenous short RNAs known as microRNAs (miRNAs), that can either suppress
MRNAs by targeted degradation or via translation repression, or may alternatively enhance
protein expression (Vasudevan, Tong et al. 2007). Production of mature miRNA molecules is a
coordinated, multi-step process as shown in Figure 6.1 (Filipowicz, Bhattacharyya et al. 2008),

that usually begins with de novo transcription of long primary transcripts (pri-miRNA), although
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Figure 6.1 Schematic of miRNA biogenesis.

Pre-miRNAs may arise by direct transcription of pri-miRNAs, which are then processed by
Drosha/DGCR8 (DiGeorge syndrome critical region gene 8) in the nucleus. Alternatively, pre-miRNAs
may arise directly by splicing of MRNA introns, known as “mirtrons.” Pre-miRNAs are exported to the
cytoplasm via exportin 5, where they are processed by the enzyme complex of Dicer/TRBP (TAR RNA
binding protein). The -5p and -3p miRNA strands are then separated and one or both is loaded onto AGO
(Argonaute) proteins for biological action on target mRNA, either by targeting it for degradation
(endonucleolytic cleavage), known as the RNA-Induced Silencing Complex (RISC) or translation
repression or deadenylation (by CCR4-NOT deadenylation complex). ©2013 Nature Publishing Group.
Reprinted by permission from: Filipowicz W et al. Nature Reviews Genetics 2008;9:102-114.

some miRNAs are formed by splicing of introns from existing mRNAs (Berezikov, Chung et al.
2007, Sibley, Seow et al. 2012). Pri-miRNAs are cleaved by the enzyme Drosha to liberate a

precursor (pre)-miRNA (Lee, Ahn et al. 2003, Gregory, Yan et al. 2004, Kim, Han et al. 2009)
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and following exportin 5-mediated nuclear export (Lund, Guttinger et al. 2004), the pre-miRNA
is cleaved by the Dicer enzyme into a double-stranded RNA (Hutvagner, McLachlan et al. 2001,
Ketting, Fischer et al. 2001). The 5 (-5p) and 3’ (-3p) strands are then separated into mature
miRNAs and loaded onto the Argonaute (AGO) proteins to perform the miRNA’s inhibitory
function, and both may function as active miRNAs (Yang, Phillips et al. 2011). In addition,
miRNAs may activate translation by mediating interactions between the fragile X mental
retardation-related protein 1 (FXR1), AGO proteins, and mRNA. This occurs in quiescent cells
in culture (Vasudevan, Tong et al. 2007) and in immature xenopus laevis oocytes (Mortensen,
Serra et al. 2011), and may relate to enhanced mRNA stability, although the exact mechanism
has not yet been elucidated.

Several miRNAs have been reported to be involved in cell fate decisions. One key
regulator of airway epithelial mucociliary differentiation is miR-449a, which has been shown to
be endogenously increased during differentiation of nasal epithelial cells in ALI culture (Lize,
Herr et al. 2010), and to function by inhibiting the Delta/Notch pathway, to allow induction of
ciliated cell differentiation (Marcet, Chevalier et al. 2011, Marcet, Chevalier et al. 2011).
(Williams, Larner-Svensson et al. 2009, Yick, Zwinderman et al. 2013). MiR-449a expression
was decreased in bronchial brushings from asthmatic patients (Solberg, Ostrin et al. 2012),
making it a prime candidate to explain the lack of mucociliary differentiation observed in our
asthmatic-derived ALI cultures. Furthermore, miR-203 is induced in suprabasal keratinocytes
during epidermal development, restricting p63 expression to the basal cell layer (Lena, Shalom-
Feuerstein et al. 2008, Yi, Poy et al. 2008). Jardim et al. described decreased miR-203 expression
in bronchial brushings from asthmatic donors (Jardim, Dailey et al. 2012), which may imply a

mechanism for the expanded populations of basal cells we observed in asthmatic airways. With
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regards to miRNA regulation of epithelial differentiation in asthma, previous transcriptional
comparisons between epithelial cells from healthy and asthmatic donors have been conducted on
bronchial brushings (Jardim, Dailey et al. 2012, Solberg, Ostrin et al. 2012) and bronchial
biopsies. To our knowledge no studies have yet compared the miRNA transcriptome of airway
epithelial cells from healthy and asthmatic donors throughout differentiation in ALI culture.

We hypothesized that distinct miRNA and mRNA expression profiles are responsible for
defective mucociliary differentiation of airway epithelial cells from asthmatic donors.
Furthermore, as EIB is postulated to involve defective epithelial water transport (Anderson and
Daviskas 2000) and shows features of increased epithelial fragility (Hallstrand, Moody et al.
2005), we hypothesized that there will be differences in mMRNA and miRNA expression between
asthmatic donors with and without EIB. We sequenced both large and small RNA in our ALI
cultures of airway epithelial cells from healthy control, exercise induce bronchonstriction (EIB)
(+) and EIB(-) asthmatic donors at days 0, 5, 11 and 20 of differentiation. Our aims were to first
compare expression of known developmental and cell-type specific genes and miRNAs in a
hypothesis-driven approach, followed by a non-hypothesis-driven global analysis of mRNAs and
miRNAs that are differentially-expressed between disease groups during differentiation, and to

identify important miRNA-mRNA interactions that regulate mucociliary differentiation in vitro.

6.2 Methods and materials

6.2.1 RNA sequencing
RNA extraction. Airway epithelial cells from healthy control (n=5), EIB(-) asthmatic (n=5) and
EIB(+) asthmatic (n=5) donors were cultured at air-liquid interface as described in Chapter

5.2.2. Total RNA was collected at days 0, 5, 11 and 20. Briefly, inserts were rinsed in PBS and
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incubated with 700 uL Qiazol lysis reagent for five minutes at room temperature and lysate
collected by pipetting vigorously. Samples were homogenized by vortexing for one minute and
then stored on ice, followed by storage at -80°C. MiRNEasy kits (Qiagen) were used according
to the manufacturer’s directions to isolate both small and large RNA fractions in 40 uL RNase-
free distilled water. RNA concentration was assessed with the NanoDrop 8000
spectrophotometer (Thermo Scientific). All samples had excellent RNA quality (RNA Integrity
Number (RIN) >9) as determined with the 2100 Agilent Bioanalyzer RNA6000 Nano kit
(Agilent Technologies Inc., Santa Clara, USA). Aliquots of 2 ug total RNA were set aside for
sequencing library creation.

Library preparation. As shown in Figure 6.2, sequencing libraries were created for both large
and small RNA samples isolated at days 0, 5, 11 and 20 for all subjects (total = 60 samples).
Large RNA libraries were prepared using lllumina® TruSeq® RNA Sample Preparation Kit v2.
Briefly, mRNA was isolated using magnetic beads-based poly(A) selection, fragmented, and
reverse transcription preformed using random primers, followed by second- strand synthesis to
create double-stranded cDNA fragments. These cDNA fragments were then end-repaired by
adding a single ‘A’ base, and ligated to lllumina® Paired-End sequencing adapters. The products
were then purified and PCR-amplified to create the final cDNA library. Small RNA libraries
were prepared using Hlumina® TruSeq® Small RNA Sample Preparation

Kit v2. Briefly, 3’ and 5 adapter sequences were sequentially ligated to miRNAs, and the
products were PCR-amplified and gel purified to create the final cDNA library.

Sequencing and quality control. Large and small RNA samples were multiplexed so that four or
eight samples (respectively) were added per lane of a flowcell. cDNA libraries were sequenced

on an Illumina HiSeq 2000, generating 100-base paired-end reads (for large RNA) and 36-base
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Figure 6.2 Schematic of data analysis.

Total RNA was extracted at days 0, 5, 11 and 20 of ALI cultures of primary human airway epithelial cells
from healthy control, EIB(-) and EIB(+) asthmatic donors. Sequencing libraries were prepared for large
and small RNA and the number of aligned reads per Ensembl gene and per miRBase ID was determined
as described in Section 6.2.1. Expression of 61 candidate genes was expressed as reads per kilobase of
transcript per million reads (RPKM) (see results in Section 6.3.1). Reads per million reads aligned (RPM)
were used to create z-scores for Principal Component Analysis of large and small RNA reads (see Section
6.3.2). Differential expression of large and small RNA was analyzed by two-way ANOVA of raw aligned
reads fit to a negative binomial model. Ensembl genes with a false discovery rate of less than 0.05 for the
group:time interaction term were hierarchically clustered into four groups based on similarity of
expression (see Section 6.3.3 for details of expression). KEGG pathway analysis of the four clusters of
genes was carried out using the GATHER web tool (see Section 6.3.4). Analysis of miRNA regulatory
networks was carried out using mirConnX (see Section 6.3.6).
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single-end reads (for small RNA). CASAVA version 1.8.2 was used to de-multiplex combined
samples and generate FASTQ files, which are file formats combining nucleotide sequences with
quality information. The following settings were used: the last base of each raw read was
trimmed off, and reads that failed Illumina’s chastity filter, meaning that the ratio of the brightest
intensity to the sum of the two brightest intensities was less than 0.6 for at least two of the first
25 cycles, were removed.

Large RNA data processing and alignment to genome. Large RNA reads that passed
chastity filtering were aligned to the human genome (build hg19) using TopHat2 (version 2.0.6)
(Kim, Pertea et al. 2013), by setting the estimated mean and standard deviation of the insert size
to -25 and 50 bases, respectively. A BED file (a tab-delimited text file with defined features) of
Ensembl Gene (ENSG) loci was constructed from Ensembl build 69, by merging the unique
exons from all Ensembl transcripts within each ENSG record into one metagene. This BED file
included 55,841 unique ENSG loci mapping to chromosomes 1-22, X, Y and the mitochondrial
chromosome. The BED file was used to determine the number of reads aligning to each Ensembl
Gene (metagene) locus with the coverage utility in the BEDTools software suite (version 2.17.0)
(Quinlan and Hall 2010).

Small RNA data processing and alignment to genome. Small RNA reads that passed
chastity filtering were processed using the fastx-clipper tool in the FASTX Toolkit
(http://hannonlab.cshl.edu/fastx_toolkit/) to remove the Illumina adapter sequence
(TGGAATTCTCGGGTGCCAAGG) from the 3' end of each read. Reads that Wére
nucleotides long were then aligned to hg19 using Bowtie (version 0.12.7) (Langmead, Trapnell
et al. 2009), allowing up to 10 alignments and up to three mismatches per read. Reads aligning to

the genome were then filtered to remove any alignments with more than one mismatch, and a
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BAM (Binary Sequence Alignment/Map (SAM)) file was created using SAMtools (version
0.1.18) (Li, Handsaker et al. 2009). The number of reads aligning to each miRNA was
determined using a BED file of mature miRNA loci constructed from release 19 of miRBase
(Kozomara and Griffiths-Jones 2011) and the coverage utility in the BEDTools software suite

(version 2.17.0) (Quinlan and Hall 2010).

6.2.2 Candidate gene analysis

We selected 61 candidate genes based on literature reports of cell type-specific expression (basal,
goblet or ciliated cells), a role in transcriptional regulation of cell fate decisions (ie. SOX2,
FOXAL, SPDEF), and signaling pathways involved in epithelial differentiation (notch, EGFR,
TGFp and wnt/p-catenin) (Table 6.1). All statistical analysis and visualization was performed
using the R environment for statistical computing (version 2.15.1, available online at
http://www.R-project.org/) (R Development Core Team 2011). RNA abundance was normalized
to the total length (in kilobases) of all exons corresponding to each Ensembl Gene and to the
number of aligned reads in each sample (in millions) to obtain reads per kilobase per million
reads (RPKM) values. A two-way ANOVA was performed for each candidate gene to obtain
uncorrected p-values for group, time and group:time interaction using Prism version 5.04
(GraphPad Inc., San Diego, CA). To correct for multiple comparisons, a Pearson correlation
matrix of the 61 genes across all samples was created using the R command cor.test. The
correlation matrix was analyzed using the Matrix Spectral Decomposition (matSpD) engine to
determine the effective sample size (http://gump.qimr.edu.au/general/daleN/matSpD/, based on
the methods of (Nyholt 2004)). The threshold pre-correction p-value of 0.0027 was determined

according to the estimate proposed by Li and Ji (Li and Ji 2005).
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6.2.3 Differential expression analysis

Differential expression of each transcript (Ensembl Gene IDs or mature microRNAS) was
assessed by creating negative binomial general linearized models using the glm.nb function in
the MASS package (Venables and Ripley 2002). A two-way ANOVA was performed, resulting
in p-values for group, time and group:time interaction, for each feature. Features were then
filtered by three separate criteria: 1) there must be at least one aligned read in at least one sample
from every subject; 2) the median number of aligned reads across all samples from all subjects
must be at least 20; and 3) the negative binomial model must converge for all effects in the
model (group, time, and group:time interaction). These filters reduced the number of Ensembl
genes to 21,876 and the number of mature microRNAs to 437. P-values were adjusted for
multiple comparisons using the Benjamini-Hochberg false discovery rate (FDR) (Benjamini and

Hochberg 1995). An FDR <0.05 was considered statistically significant for this analysis.

6.2.4  Principal component analysis

Raw coverage values were normalized by the total number of aligned reads in each sample to
obtain a value of aligned reads per million reads aligned (RPM), and a pseudocount of 1 was
added before log,-transformation. The resulting log2(RPM+1) values were scaled by gene to a
mean of zero and a standard deviation of one across all samples to obtain z-scores for the 21,876
Ensembl genes and 437 miRNAs. Principal Component Analysis (PCA) was performed on these

z-scores using the 'prcomp’ function in the R software.
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6.2.5 Hierarchical clustering

Z-scores were trimmed to a minimum of -2 and a maximum of +2. The 1564 Ensembl genes with
a <0.05 in the group:time interaction term were then partitioned into the four main clusters of
genes showing similar changes in gene expression during differentiation using hierarchical
clustering of the trimmed z-score values with the complete linkage method and Euclidean inter-

gene distances. A heatmap was constructed using R software to visualize these clusters.

6.2.6 Pathway analysis

To assess the biological significance of identified genes, we determined if the genes identified
were linked to specific cellular functions using the online tool GATHER (Gene Annotation Tool
to Help Explain Relationships; gather.genome.duke.edu) (Chang and Nevins 2006). We
considered a KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway or Gene Ontology

(GO) significantly enriched if it had a Bayes factor of>3 and a FDR less than 0.05.

6.2.7 miRNA-mRNA interactions

To identify significant MRNA-miRNA relationships during differentiation, the miRConnX web
server was used (Huang, Athanassiou et al. 2011) with the following settings: reads per million
reads aligned (RPM) for all mRNAs (21876 Ensembl IDs) and miRNAs (437 accession 1Ds) that
passed filtering criteria, prior network weight of 0.3, Pearson correlation, and a regulation
strength threshold of 0.95. MirConnX calculates miRNA-mRNA correlation strengths and then
fits these undirected interactions to a directed network based upon prior knowledge of
transcription factor binding, miRNA target prediction from several algorithms, the species of

interest, and evidence from the literature. Mature miRNAs, including -3p and -5p forms, and
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genomic duplicates were collapsed by mirConnX into a single hub by taking the median value of
all isoforms. Networks were downloaded in XGMML format and visualized in Cytoscape 3.0.2

(Kohl, Wiese et al. 2011).

6.3 Results

6.3.1  Analysis of candidate developmental genes

For our initial analysis of gene transcription profiles inducing mucociliary differentiation in our
ALI cultures, we selected 61 candidate genes. The candidates were selected based on literature
reports of cell type-specific expression (basal, goblet or ciliated cells), a role in transcriptional
regulation of cell fate decisions (ie. SOX2, FOXAL, SPDEF), and signaling pathways involved
in epithelial differentiation (notch, EGFR, TGFp and wnt/B-catenin) (Table 6.1). As many of
these genes are expected to be co-expressed during differentiation, a Bonferroni correction
would likely result in false negatives. To address this issue, a correlation matrix of the 61 genes
was created (Appendix A.1l) and analyzed using the Matrix Spectral Decomposition (matSpD)
engine (http://gump.qgimr.edu.au/general/ daleN/matSpD/). According to the estimate proposed
by Li and Ji (Li and Ji 2005), the effective sample size was determined to be 20, and therefore a
pre-correction p-value 0f<0.0026 was considered statistically significant for this experiment.

This value represents a corrected p-value threshold of 0.05.

(Following pages)

Table 6.1 Analysis of expression of candidate genes during mucociliary differentiation in vitro.

$ Log,(day20/day0): Log,(fold change) of reads per million (RPM) in the control group only. Log, fold
changes with a positive value indicate upregulation during differentiation, while negative values indicate
downregulation. A log, value of + 1 indicates a 2-fold change.

T P-values < 0.0026 are considered to be statistically significant (bold), which equates to a corrected p-
value of less than 0.05 based on calculation of effective sample size.
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Logy(day _ Two-way ANOVA p-valuest

Gene Description 20/day0)® Group Time Group:Time
Basal cell
CD109 CD109 molecule -1.8 0.85  0.0001 0.09
ITGAG integrin, alpha 6 -1.2 0.58  0.0001 0.02
KRT5 keratin 5 -0.8 0.93  0.0001 0.14
ANp63 tumor protein p63 -1.4 042  0.0001 0.35
Goblet cell
MUC1 mucin 1, cell surface associated 1.1 0.36 0.0001 0.75
MUCSAC  Mucin5AC, Olfég%’?neg'c TVETREE 10.8 031  0.0001 0.11
MUC5B  mucin 5B, oligomeric mucus/gel-forming 11.7 1.00 0.0001 0.50
RAB27A  RAB27A, member RAS oncogene family 0.1 0.46  0.0001 0.02
TFF1 trefoil factor 1 3.0 0.21 0.001 0.32
TFF3 trefoil factor 3 7.2 0.89  0.0001 0.99
Ciliated cell
DNAH9 dynein, axonemal, heavy chain 9 11.2 0.48  0.0001 0.45
DNAI1 dynein, axonemal, intermediate chain 1 145 0.48 0.0001 0.67
FOXJ1 forkhead box J1 104 0.35 0.0001 0.43
MCIN multiciliate cell differentiation 1 4.5 0.28 0.0001 0.45
v-myb myeloblastosis viral oncogene
MYB y yhomolog (avian) g 4.0 0.73  0.0001 0.87
RFX3 reg“'atorycfggolrl >e<)'( sré';;‘;:)“ne)”ces 220 2.4 073  0.0001 0.84
SPAGS8 sperm associated antigen 8 5.5 0.26  0.0001 0.26
TEKT1 tektin 1 13.8 0.73  0.0001 0.97
Notch pathway
DLK2 delta-like 2 homolog (Drosophila) 0.8 0.24  0.0001 0.08
DLL1 delta-like 1 (Drosophila) 0.9 0.66  0.0001 0.09
JAG1 jagged 1 -2.1 0.21  0.0001 0.68
JAG2 jagged 2 0.6 0.54  0.0001 0.01
NOTCH1 notch 1 -1.9 0.98  0.0001 0.01
NOTCH2 notch 2 -0.3 0.91 0.001 0.66
NOTCH3 notch 3 -1.1 0.61  0.0001 0.20
Transcriptional regulators of cell fate
E74-like factor 3 i ipti
ELF3 tactor epi(frf;?aolr_zgglit;i”;”'pt'on 0.9 011  0.0001 0.01
FOXAL forkhead box Al 0.3 0.97 0.0001 0.68
FOXA2 forkhead box A2 -1.4 0.19  0.0001 0.56
FOXA3 forkhead box A3 7.9 0.65  0.0001 0.94
FOXM1 forkhead box M1 -2.4 0.17  0.0001 0.16
KLF5 Kruppel-like factor 5 (intestinal) 0.1 0.55  0.0001 0.35
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. Log,(day _ Two-way ANOVA p-valuest
Gene Description s 5 X
20/day0)* Group Time Group:Time
NKX2-1 NK2 homeobox 1 0.7 0.35  0.0001 0.06
SOX2 SRY (sex determining region Y)-box 2 2.9 0.15  0.0001 0.05
SOX9 SRY (sex determining region Y)-box 9 -2.1 0.69  0.0001 0.0003
SAM pointed domain containing ets
SPDEF P et g g 1.6 0.16  0.0001 0.51
signal transducer and activator of
STAT6 tran%cription 6, interleukin-4 induced 0.5 0.19 0.0001 0.001
EGFR family
AREG amphiregulin -2.70 0.10  0.0001 0.004
EGF epidermal growth factor 2.13 0.72  0.0001 0.57
EGFR epidermal growth factor receptor -2.00 0.08  0.0001 0.0015
EREG epiregulin -3.50 0.69  0.0001 0.41
HBEGF heparin-binding EGF-like growth factor -2.03 0.19  0.0001 0.014
TGEP family
BMP2 bone morphogenetic protein 2 -2.24 0.35  0.0001 0.02
BMP4 bone morphogenetic protein 4 3.00 0.89  0.0001 0.64
BMP7 bone morphogenetic protein 7 3.76 0.56  0.0001 0.63
BMPR2 bone morphogenetic pro_tein receptor, type .0.88 092  0.0001 0.003
Il (serine/threonine kinase)
INHBA inhibin, beta A -2.45 0.33  0.0001 0.15
SMAD3 SMAD family member 3 -0.79 0.45  0.0001 0.36
TGFB1 transforming growth factor, beta 1 -2.17 0.84  0.0001 0.01
TGFB2 transforming growth factor, beta 2 -0.43 0.53  0.0847 0.14
TGFBR1 transforming growth factor, beta receptor 1 -1.33 0.13  0.0001 0.0001
transforming growth factor, beta receptor
TGFBR2 g ?I (70/80KDR) P -0.57 053  0.0001 0.39
Wnt family
AXIN2 axin 2 5.35 0.26  0.0001 0.08
CTNNBL catenin (cadherinl-aisgséi%zted protein), beta -0.23 049  0.0001 0.27
DKK1 dickkopf 1 homolog (Xenopus laevis) -2.11 0.14  0.0001 0.03
DKK3 dickkopf 3 homolog (Xenopus laevis) -1.61 0.33  0.0001 0.68
frequently rearranged in advanced T-cell
FRAT1 quently Iym%homas 2.93 0.08 00001  0.001
FzZD10 frizzled family receptor 10 0.46 0.31  0.0001 0.04
GATA®b GATA binding protein 6 -1.28 0.55  0.0001 0.001
GSK3B glycogen synthase kinase 3 beta -0.81 1.00 0.0001 0.01
SFRP2 secreted frizzled-related protein 2 5.17 0.46  0.0001 0.59
WNT4 wingless-type MMTYV integration site 0.96 014  0.0001 0.07

family, member 4
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We reported a striking defect in ciliogenesis in both EIB(-) and EIB(+) cultures in
Chapter 5, and thus we queried several genes related to ciliary function and ciliogenesis. These
included structural components of the dynein motor (DNAH9, DNAIL), cytoskeletal proteins
tektin (TEKT1) and sperm associated antigen (SPAGS), as well as transcription factors involved
in ciliogenesis (FOXJ1, MCIN, MYB, RFX3). As expected, expression of all of the genes in this
category increased throughout differentiation. Although none passed the threshold p-value for
group:time interaction, the expression at day 20 of FOXJ1 (Figure 6.3A), DNAIL (Figure 6.3B),
and SPAGS8 (Figure 6.3C) were significantly correlated with the percentage of ciliated cells at
the apical surface as observed by histology in Chapter 5. These correlation values (r* <0.55)

suggest that there are additional regulators of ciliogenesis beyond these three candidate genes.
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200 & EIB(-) p=0.0027 80 40 r°=0.54
m EIB(+) L p=0.002
»"
s 150 % = 60 s % -
-
§ ] L E 3 "
S 100 g AT e o 40 o0 20 g o
D | T e 4 P Q e T e
é - /"-—“’ =z E "“‘_-‘
T 50 A e 8 2 @ 10 .
oA
[oF T 0 0 T T
0 10 20 30 10 20 30
% ciliated cells % ciliated cells % ciliated cells

Figure 6.3 Cilia-related gene expression is correlated with the percentage of ciliated cells.

Expression of (A) FOXJ1, (B) DNAIL and (C) SPAGS expressed in reads per kilobase of transcript per
million reads (RPKM) at day 20 was correlated with percentage of ciliated cells on the apical surface of
ALl cultures as determined by histology in Chapter 5. Solid lines indicate linear regression across all
samples, while dashed lines indicate 95% confidence intervals. The correlation measure r® and the p-value
are indicated for each graph. Symbols denote donor disease group; black circles — control, blue triangles —
EIB(-), green squares — EIB(+).
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While we found increased numbers of cytokeratin-5-expressing basal cells in EIB(-)
cultures by immunohistochemistry (Chapter 5), we found no difference between groups for
basal cell-restricted genes, including CD109, ANp63, CK-5 (KRT5) and integrin a6 (ITGAG)
(Dvorak, Tilley et al. 2011). Basal cell genes decreased during differentiation, as would be
expected as basal cells constitute a smaller proportion of the total cell population in differentiated
compared to monolayer cultures. As expected, the expression of goblet cell-specific genes
increased over time in ALI culture, including mucins (MUC5AC, MUC5B, MUC1), mucin-
associated secretory peptides (TFF1 and TFF3) and a GTPase involved in trafficking of secretory
granules (RAB27A) (Dvorak, Tilley et al. 2011). In line with our histology findings in Chapter
5, none of these goblet cell-specific genes were differentially expressed between disease groups
during differentiation.

Expression of transcriptional regulators of cell fate, and the notch, TGFB, EGFR and
wnt/B-catenin families changed significantly during in vitro differentiation of airway epithelial
cells from healthy donors. Several of these genes were aberrantly expressed in our asthmatic-
derived ALI cultures at discrete timepoints, with TGFBR1, EGFR and GATAG6 being
significantly downregulated in asthmatic donors at day O (Figure 6.4A), while FRATL1 and
STAT6 expression was significantly lower in asthmatic-derived ALI cultures at day 20 (Figure

6.4B).
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Figure 6.4 Developmental genes are differentially expressed between disease subgroups in ALI
cultures

(A) Expression of EGFR, TGFBR1, and GATA6 was significantly lower in asthmatic subgroups at day 0, while
(B) FRAT1 and STAT®6 were significantly decreased in asthmatic-derived ALI cultures at day 20. Data are shown as
mean + SEM of reads per kilobase of transcript per million reads (RPKM). Two-way ANOVA with Bonferroni
post-test was used to assess statistical significance of each gene during differentiation, with the following p-values:
* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

In this candidate gene analysis we were able to replicate several candidate molecules
previously described to be involved in mucociliary differentiation, and further demonstrate that
their expression is altered in asthmatic-derived epithelium. However, these analyses do not
capture the full transcriptional profile and the regulatory mechanisms underlying aberrant
differentiation in EIB(-) and EIB(+) asthmatic-derived ALI cultures. The subsequent results
therefore focus on a global analysis of gene expression to identify genes and biological pathways
that are differentially-expressed during differentiation of ALI cultures derived from controls and

EIB(-) and EIB(+) asthmatic subjects.
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6.3.2 Global analysis of RNA sequencing

Sequencing of large RNAs from ALI cultures detected reads that mapped to more than 55,000
unique genomic regions, while the sequencing of small RNAs detected reads that mapped to
1319 miRNAs. After excluding genes that displayed either very low expression (median counts
<20), zero counts in all timepoints from any one donor, and those that were unable to be fit to the
negative binomial model used for differential gene expression analysis, we detected 21,876
unique Ensembl gene identities and 437 mature miRNAs. For a global overview of the variance
throughout ALI differentiation and between donors, we performed principal components analysis
(PCA). Visualization of mMRNAs that passed filtering criteria indicated that undifferentiated ALI
(day 0, red) samples were clearly segregated from differentiated ALI samples (days 5-20) along
PC1, which together with PC2 accounted for 46% of the variance in our samples (Figure 6.5A).
This segregation is likely due to the homogeneous basal cell phenotype at day 0. At day 5,
samples appeared to group together (green), but samples at days 11 (blue) and 20 (purple) largely
overlapped, possibly owing to different rates of differentiation in individual ALI cultures. In
contrast, the PCA for miRNAs demonstrated clear segregation for each differentiation timepoint,
suggesting that distinct miRNA regulatory processes are activated throughout mucociliary
differentiation (Figure 6.5B). The PCA analysis was not able to distinguish mRNA or miRNA
expression between control (circles), EIB (-, triangles) or EIB (+, squares) asthmatic-derived

ALI cultures at any of the differentiation timepoints.
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Figure 6.5 Principal component analysis of mMRNA and miRNA in all air-liquid interface cultures.
PCA was used to assess variance of (A) mRNA and (B) miRNA between samples, using reads per million
(RPM) of all features that passed filtering criteria. Donor groups are differentiated by symbol, and
timepoints by colour. X-axes are principal component (PC) 1, y-axes PC2, and the contribution to overall
variance is given as a percentage in brackets.

6.3.3 Differential gene expression during ALI culture from asthmatic donors

To assess differential gene expression differences between groups (group), over time (time) as
well as the interaction of the two terms (group:time interaction), we used two-way ANOVA and
a Benjamini-Hochberg FDR corrected p-value (g) less than 0.05 was considered statistically
significant (Table 6.2). As expected, the majority of genes (18,527 of 21,876) changed
significantly over time over 20 days of ALI differentiation, which is reflective of the large
number of transcriptional changes that occur during mucociliary differentiation. Between groups,
2561 genes were differentially expressed regardless of time, indicating that these genes are either
unrelated to the differentiation process or are persistently different between groups. Finally, 1564

genes were differentially expressed between groups during differentiation of epithelial cells
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(group:time interaction). As we were mostly interested in the mechanisms underlying aberrant

epithelial differentiation in asthma, these 1564 genes were selected for further analysis.

Total Two-way

genes ANOVA term FDR q<0.05
mRNA 21,876 Group 2561
Time 18,527
Group:Time interaction 1564

Table 6.2 Overview of differentially-expressed genes for each analysis term.

To separate the 1564 differentially expressed genes into distinct gene expression patterns,
hierarchical clustering was performed using the complete linkage method with Euclidean
intergene distances, which separated the genes into four distinct cultures (see heatmap in Figure
6.6). To better visualize the expression Kkinetics within each cluster, the three most significant
genes by group:time FDR g-value are shown graphically in Figure 6.7. In cluster 1 (demarked in
red), all 390 RNAs decreased in expression in control cultures during differentiation and were
downregulated in EIB(-) cultures at day 0. Of the top three significant mMRNAs in this cluster,
C5orf51 is a validated protein coding gene with no known function, ITCH is an E3 ubiquitin
ligase that targets proteins for degradation, and AIDA is a scaffold protein that has a similar
structure to focal adhesion-associated proteins (Zhang and Aravind 2010), and tethers proteins,
such as those involved in the Wnt signaling cascade, to microtubules (Rui, Xu et al. 2007).
Interestingly, two genes from our candidate gene analysis, BMPR2 (bone morphogenetic protein
receptor, type 1) and TGFBR1 (transforming growth factor beta receptor, type 1) were also

present in cluster 1, and followed similar kinetics.
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Figure 6.6 Hierarchical clustering of differentially-expressed genes into four groups.

The 1564 differentially-expressed genes by group:time analysis were hierarchically clustered into four groups as
indicated by numbered boxes on the dendrogram at left. Each row of the heatmap represents one gene, while each
column represents one sample. Red indicates expression (Z-score) above the median expression for a given gene,
and blue indicates expression below the median.
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Cluster 2 (demarked in green) contained 218 genes that also decreased during
differentiation in the control group, but with lowest expression at day 11 (Figure 6.7).
Expression of cluster 2 genes was elevated at day 0 in the EIB(-) group, and followed a biphasic
expression pattern in EIB(+) cultures, with lowest expression at days 0 and 11. The two most
significant RNAs identified were the pseudogenes AC067950.1 (also known as ribosomal
protein S20 pseudogene 10; RPS20P10) and FAM207BP, while the third, DDX41, is a putative
RNA helicase with unknown function.

Of the 148 genes in cluster 3 (demarked in blue), expression of these RNAs was lowest at
day O, but increased during differentiation in EIB(-) cultures and was biphasic in expression in
EIB(+) cultures, with peaks at days 5 and 20. The most significant gene was CEACAMP3
(carcinoembryonic antigen-related cell adhesion molecule pseudogene 3), a pseudogene of the
CEACAM group, which in general encodes human glycoproteins related to immunoglobulins
(Kuespert, Pils et al. 2006). CTC-366B18.2 is a novel antisense gene with no known function,
while DNAJB14 is a validated, protein coding gene that may be enriched in ciliated cells
(McClintock, Glasser et al. 2008).

Finally, cluster 4 (demarked in pink) was the largest group, with 808 genes that followed
a biphasic expression pattern in the control group, characterized by peaks at days 5 and 20. This
expression pattern was dampened in the EIB(-) group, and was notably delayed in the EIB(+)
group. The top three genes in this pathway were the protein-coding genes SULT6EB1
(sulfotransferase family, cytosolic, 6B, member 1), ZNF428 (zinc finger protein 428), and
SRRMS5 (serine/arginine repetitive matrix 5). The latter two genes arise from overlapping loci on
chromosome 19, with ZNF428 on the reverse strand and SRRMS5 on the forward strand. Several

genes from our candidate list were also present in cluster 4, including the goblet cell-specific
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Figure 6.7 Expression kinetics of the three most significant genes in each cluster.
The top three genes in each cluster were identified by group:time FDR g-value and were plotted as fold change vs. control day 0 (shown as dashed horizontal
line). Gene symbol, gene description and the Group:Time FDR g value for the selected genes are shown at right. *Indicates gene descriptions that were obtained

from Ensembl.org.
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gene MUCS5B, the wnt family member FRATL, and ciliated cell-associated genes DNAIL,
DNAH9 and TEKT1. Additionally, several other ciliated-cell related genes were identified,
including DNAH17 (dynein, axonemal, heavy chain 17), KLC4 (kinesin light chain 4),
CROCCP3 (ciliary rootlet coiled-coil, rootletin pseudogene 3) and GAPDHS (GAPDH,
spermatogenic). Expression of these ciliary genes increased dramatically during differentiation in
control cultures, but all were significantly decreased in EIB(-) and EIB(+) cultures at day 20

(Appendix A.2).

6.3.4 Metabolic pathways are differentially expressed in asthmatic ALI cultures

To determine the biological significance of these 1564 genes, we used the web-based program
GATHER (Chang and Nevins 2006)) to identify KEGG pathways that were enriched in each
gene cluster (Table 6.3). Again to better visualize the expression kinetics of RNAs within each
cluster, all genes identified by the GATHER analysis for group:time FDR g-value are also shown
graphically in Figure 6.8.

In cluster 1 (red), the KEGG pathways involved in regulation of actin cytoskeleton, tight
junction, and focal adhesion were identified, all of which are known to be dynamically
modulated during cellular reorganization, polarization and differentiation. These genes decreased
during differentiation in control cultures, but were decreased at day O in the EIB(-) asthmatic
group.

Cluster 3 (blue) was significantly enriched for the insulin signaling and mitogen activated
protein kinase (MAPK) signaling pathways. Genes in these signaling pathways did not change

during differentiation in control cultures, but in both asthmatic groups there was decreased
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Total # #genesin  Bayes

Cluster genes KEGG Pathway Annotation pathway  factor FDR
hsa04810: Regulation of actin cytoskeleton 12 69 0.016
1 390 hsa04530: Tight junction 8 24 0.022
path:hsa04510: Focal adhesion 11 9 0.045
218 hsa00190: Oxidative phosphorylation 4 26 0.052
hsa04910: Insulin signaling pathway 6 270 0.0041
i e hsa04010: MAPK signaling pathway 6 18 0.033
hsa00190: Oxidative phosphorylation 18 1x10’  8.5x10°
4 808 hsa00240: Pyrimidine metabolism 12 9228  5.1x10°
path:hsa00230: Purine metabolism 11 14 0.025

Table 6.3 KEGG pathways enriched in each cluster of differentially-expressed genes.

expression at day 0 and a general increase in expression during differentiation (Figure 6.8). In
addition, EIB(+) cultures showed markedly biphasic gene expression.

Finally, cluster 4 (pink) was significantly enriched for three pathways, including
oxidative phosphorylation, pyrimidine metabolism and purine metabolism, which were
significantly different in expression between disease groups (Figure 6.8). Genes identified in the
oxidative phosphorylation pathway encoded protein subunits of the electron transport chain,
including cytochrome C oxidase (COX) and NADH dehydrogenase (NDUF), suggesting a robust
effect on cellular energy (ATP) production. Interestingly, the top-ranked KEGG pathway in
cluster 2 (green) was also oxidative phosphorylation and included four additional genes related
to cellular energy production, although this did not reach the statistical cutoff of FDR<0.05

(denoted with italics in Table 6.3). The altered expression of mitochondrial metabolic
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Figure 6.8 Expression kinetics of differentially-expressed KEGG pathways.
Kinetics of pathway expression in each cluster are expressed as mean fold change compared to the mean RPM in
control day O (dashed horizontal line) for control (left column), EIB(-) (middle column) and EIB(+) (right column)
groups. Genes in each pathway are listed at right.
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subunits does not appear to reflect a decreased number of mitochondria in asthma, as expression
of voltage-dependent anion channel 1 (VDAC1), a surrogate marker of mitochondrial mass, did
not differ between groups (data not shown). The pyrimidine and purine metabolism pathways in
cluster 4 contained several common genes, the majority of which encode subunits of RNA
polymerases (POLR). The genes in these three identified pathways followed remarkably similar
kinetics, however while the control group had biphasic expression, with peaks at days 5 and 20,
there was a complete lack of induction in EIB(-) cultures, and delayed induction, until day 11, in
EIB(+) cultures. Overall, the identified pathways suggest distinct metabolic and transcriptional
abnormalities in the EIB(-) and EIB(+) subgroups compared to control cultures during

mucociliary differentiation.

6.3.5 Differential expression of microRNA during mucociliary differentiation

MicroRNAs represent an important endogenous mechanism for post-transcriptional regulation of
MRNA function, and can either suppress or activate a given target (Vasudevan, Tong et al.
2007). We first queried the expression of two candidate miRNA molecules, miR-449a and miR-
203a. We found that expression of miR-449a increased during mucociliary differentiation,
(Appendix A.3A), while miR-203 expression decreased during differentiation (Appendix
A.3B). Neither miRNA differed significantly in expression between donor groups.

To identify potential mechanisms underlying the differential RNA expression in
asthmatic-derived ALI cultures, we assessed global expression of miRNAs. We again used a
negative binomial model with two-way ANOVA to assess differential gene expression between
groups (group), over time in culture (time) and the interaction of the two terms (group:time
interaction) (Table 6.4). As expected, most miRNAs (382 of 437) changed significantly over

171



time in ALI culture, and we found 62 miRNAs that were differentially expressed between
groups, regardless of time. However, we did not find any miRNAs that were significant in the

group:time interaction analysis by FDR g-value.

Total Two-way

MIiRNAS ANOVA term FDR g<0.05
miRNA 437 Group 62
Time 382
Group:Time Interaction 0

Table 6.4 Overview of differentially-expressed miRNAs for each analysis term.

6.3.6 MIRNA regulation of mucociliary differentiation in vitro

As no miRNAs were significantly different during differentiation between groups, we next
proposed to identify key miRNA regulators of mucociliary differentiation in our ALI samples.
We used the web application mirConnX (Huang, Athanassiou et al. 2011) to find correlations
between all 21,876 genes and 437 miRNAs in all samples across all timepoints. Within our data
we identified a network of 34 miRNA hubs, which demonstrated interactions with 990 genes and
20 transcription factors, for a total of 1603 interactions. In order to address the question of which
miRNAs were contributing to the process of differentiation in airway epithelial cells, we focused
our attention on those miRNAs that increased or decreased in expression®y  -fold between
days 0 and 20. Of the miRNAs that passed this cut-off we found 12 miRNA hubs that decreased
in expression (coloured blue in Figure 6.9) and 8 that increased in expression (coloured red in

Figure 6.10; see Appendix A.4 for the complete list of MIRNA hubs).
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Figure 6.9 Regulatory networks of miRNAs that decreased by >2-fold during differentiation.
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MiIRNA hubs are shown as blue squares, transcription factors as green triangles, and genes as yellow circles. Red
lines indicate negative regulation (suppression), while green lines indicate positive regulation (activation) of targets.

Targets that were enriched for specific gene ontologies are shown in dashed circles and labeled accordingly.
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To determine the biological relevance of each of these miRNA hubs, we identified gene
ontologies enriched in the target networks using the GATHER web tool (Chang and Nevins
2006). MIRNAs that were more highly expressed in monolayer culture activated targets
belonging to gene ontologies such as mitotic cell cycle (miR-25), apoptosis (miR-212),
organismal movement (miR-21), transcription (miR-155) and biological processes (miR-221 and
miR-222), but suppressed targets such as nucleic acid metabolism (miR-212 and miR-203),
homophilic cell adhesion (miR-221 and miR-222), regulation of biological process (miR-155)
and primary metabolism (miR-100) (Figure 6.9 and Appendix A.5). In contrast, miRNAs that
were more highly expressed in differentiated cultures suppressed proliferation-related gene
ontologies such as mitotic cell cycle (miR-32), cell proliferation (miR-141) and regulation of
physiological process (miR-200a), and activated targets involved in regulation of transcription
(miR-32 and miR-141) and RNA splicing (miR-190b) (Figure 6.10 and Appendix A.6). Taken
together, these findings suggest that multiple, temporally-regulated miRNAs act together to
coordinate the transition from a proliferative, submerged culture to a metabolically active,

pseudostratified epithelium.
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Figure 6.10 Regulatory networks of miRNAs that increased by >2-fold during differentiation.
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6.4 Discussion

In this study we describe the first comprehensive analysis of MRNA and miRNA expression at
multiple timepoints during mucociliary differentiation of airway epithelial cells derived from
healthy and asthmatic donors with two clinical disease phenotypes, based on exercise-induced
bronchoconstriction (EIB) status. Specifically, we identified a signature of 1564 genes that are
differentially expressed between donor groups during differentiation. Interestingly, among these
genes, oxidative phosphorylation and transcription-related metabolic pathways were strongly
induced in control cultures during ALI differentiation, but were completely absent in EIB(-)
cultures, and delayed in EIB(+) cultures. In addition, actin cytoskeleton and junction-related
pathways were notably decreased in EIB(-) cultures at day 0, as were insulin and MAPK
signaling pathways. We also identified multiple miRNA hubs that regulate gene expression
related to the transition between a proliferative, monolayer state and a metabolically active state
in the differentiated epithelium. Overall, we have identified distinct RNA expression profiles in
airway epithelial cells from two asthmatic phenotypes, which may underpin the aberrant
differentiation observed in disease.

Our finding that expression of >80% of all genes and miRNAs changed significantly
during differentiation is supported by previous studies showing clear separation of differentiated
epithelium and submerged monolayers of basal cells (Ross, Dailey et al. 2007, Hackett,
Shaykhiev et al. 2011). Basal cells are crucial for epithelial differentiation, as they act as key
progenitor cells of the airway epithelium (Hackett, Shaheen et al. 2008, Rock, Onaitis et al.
2009). The basal cell transcriptome includes multiple extracellular matrix and adhesive proteins
required for basal cells to maintain strong contacts with the basement membrane and with other

cells (Hackett, Shaykhiev et al. 2011). The ability to form adherens and tight junctions, as well as
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the ability to reorganize the actin cytoskeleton, is necessary for the polarization of epithelial cells
transitioning from a squamous phenotype to a columnar phenotype during differentiation (Mege,
Gavard et al. 2006). In asthmatic-derived epithelial cells, and in particular those from EIB(-)
donors, we found multiple actin cytoskeleton-related pathways to be downregulated in
submerged culture (day 0). Exposure of basal epithelial cells to air at the onset of mucociliary
differentiation appears to initiate transcriptional events associated with a cellular repair response
(Ross, Dailey et al. 2007), suggesting that an inability of basal cells to respond to extracellular
stressors may underlie the failure of the asthmatic epithelium to differentiate. In agreement with
this, we also found expression of genes in the insulin and MAPK signaling pathways to be
decreased in asthmatic-derived epithelial cells at day O, suggesting impaired signal transduction
in response to growth factors. Furthermore, bioinformatics analysis of several publicly-available
data sets found that the inositol signaling pathway was defective in asthma in response to
stressors such as ozone and viral infection (Agrawal, Sinha et al. 2009).

Perhaps most striking was the markedly abnormal pattern of induction of the oxidative
phosphorylation pathway, including several subunits of the mitochondrial electron transport
chain, in EIB(-) and EIB(+) cultures. Proliferative cells use the inefficient method of aerobic
glycolysis to produce ATP, whereas differentiated cells use oxidative phosphorylation for
cellular energy requirements, suggesting that induction of this pathway is necessary for
appropriate mucociliary differentiation (Warburg 1956, Vander Heiden, Cantley et al. 2009).
Mitochondria are found concentrated in the apical and basolateral domains of differentiated
airway epithelial cells and form barriers to restrict calcium-dependent signaling functions
(Ribeiro, Paradiso et al. 2003). Stem cells tend to favour glycolysis over oxidative

phosphorylation for energy production (Simsek, Kocabas et al. 2010, Stringari, Edwards et al.
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2012), which correlates with our finding of increased numbers of basal cells in asthmatic ALI
cultures in vitro (Chapter 5 and Hackett, Warner et al. 2009). In addition to inefficient energy
production, reduced oxidative phosphorylation can also lead to damaging leakage of reactive
oxygen species (Favre, Zhdanov et al. 2010). Pezzulo et al. previously reported that epithelial
cells in vitro had much higher expression of several oxidative phosphorylation genes than did
bronchial brushings, and suggested that this was an artifact of the nutrients available to the cells
(Pezzulo, Starner et al. 2011). However, the dynamic expression of these genes during
differentiation in control cultures, and the striking differences between disease groups, suggests
otherwise.

Altered expression of the oxidative phosphorylation pathway may indicate mitochondrial
dysfunction in asthma. Mitochondrial dysfunction was observed in a mouse model of allergic
asthma, as evidenced by reduced expression of cytochrome c oxidase in the bronchial
epithelium, decreased ATP levels in the lung and mitochondrial structural abnormalities
(Mabalirajan, Dinda et al. 2008). To further explore this idea, mitochondrial morphology in the
airway epithelium in asthma could be explored by transmission electron microscopy.
Additionally, metabolic imaging of the ratios of NADH to NAD+ in living cells can provide a
measure of oxidative phosphorylation versus glycolysis and may provide important functional
information (Stringari, Edwards et al. 2012). We also found that the pyrimidine and purine
metabolism pathways followed the same expression pattern as the oxidative phosphorylation
pathway. Although these pathways are important for regulating cellular ATP levels, we found
that the majority of the genes encode RNA polymerases. De novo transcription is clearly
necessary to assemble new cellular components for the formation of ciliated and goblet cells

during differentiation. As a whole, our findings suggest impaired sensing of the extracellular
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environment, aberrant intracellular signaling, and depressed metabolic activity in EIB(-) cultures
throughout differentiation, and a delayed onset of several of these pathways in EIB(+) cultures.
Importantly, this is the first description of distinct transcriptional profiles throughout mucociliary
differentiation in the specific clinical subgroups of EIB(+) and EIB(-) asthma.

Endogenous miRNAs play an important role in regulating cellular RNA abundance.
Differentiation of many epithelial cell types is regulated by miRNAs, including the gut
(Tsuchiya, Oku et al. 2009, Nguyen, Dalmasso et al. 2010) and the skin (Lena, Shalom-
Feuerstein et al. 2008, Yi, Poy et al. 2008). The conducting airway is no exception; miR-449a in
particular is induced upon mucociliary differentiation of airway epithelial cells in vitro (Lize,
Herr et al. 2010, Marcet, Chevalier et al. 2011). A recent study of epithelial cells obtained by
bronchial brushing found that the miR-34/449 family was repressed in asthma and that this could
be recapitulated by treatment of ALI cultures with IL-13 (Solberg, Ostrin et al. 2012). In our
study, members of the miR-449 family were not significantly downregulated in asthmatic-
derived cultures. This could be due to differences in asthma severity or clinical phenotype
between our two studies. However, based on the finding that miR-449 was restored in vivo after
inhaled corticosteroid treatment but was repressed following treatment of ALI cultures with IL-
13 (Solberg, Ostrin et al. 2012), we suggest that downregulation of miR-449 is a response to the
Tw2 inflammatory environment rather than an inherent feature of the epithelium in asthma.

We identified a number of miRNA regulatory networks involved in mucociliary
differentiation of airway epithelial cells. Two studies to our knowledge have compared the
miRNA signature in monolayer and differentiated cultures in healthy donors. The first was a
sequencing-based analysis of miRNA expression in nasal epithelial cells from three healthy

donors at days 0, 7, 14 and 21 of ALI culture (Marcet, Chevalier et al. 2011). The authors of that
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study identified several miRNAs whose expression increased or decreased significantly
throughout differentiation, but only characterized the role of miR-449 in the development of
multiciliated cells. Three of the miRNAs that they identified as downregulated during
differentiation were also present in our mirConnX analysis: miR-205, mR-21 and miR-210
(Marcet, Chevalier et al. 2011). However, the overall role of these miRNAs in mucociliary
differentiation is unclear, as only miR-21 had targets that were enriched for a specific function
(activating organismal movement). Martinez-Anton and colleagues recently carried out a
microarray-based analysis of mMiRNA and mRNA expression in day 0 compared to day 28 in ALI
cultures derived from one healthy donor and described several miRNAs that were up- or
downregulated during differentiation (Martinez-Anton, Sokolowska et al. 2013). However, their
study did not directly correlate expression of the miRNAs and mRNAs to identify regulatory
networks. We again identified common miRNAs that were up- (miR-200) or downregulated
(miR-100 and miR-155) during differentiation. Interestingly, Martinez-Anton et al. had
identified that several miRNAs were predicted to inhibit cell proliferation (Martinez-Anton,
Sokolowska et al. 2013), which we also found to be the case in our direct analysis of miRNA-
MRNA interactions.

Several of the miRNA regulatory hubs that we identified have been shown to be
overexpressed in bronchial brushings from asthmatic compared to non-asthmatic donors (miR-
155, -335, -100) (Jardim, Dailey et al. 2012), although the predicted targets or consequences of
this were not explored. MiR-375 was upregulated during differentiation in our ALI culture
system, and although it had few predicted targets, has been shown to regulate TSLP release from
human bronchial epithelial cells in response to environmental exposures (Bleck, Grunig et al.

2013). We had also hypothesized that miR-203 would be upregulated during differentiation, as it
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is known to be upregulated in suprabasal cells during epidermal stratification and acts to inhibit
p63 expression in those cells (Lena, Shalom-Feuerstein et al. 2008, Yi, Poy et al. 2008).
However, this was not the case, perhaps owing to the fact that the initial submerged stage of ALI
culture in fact promotes a squamous phenotype in which miR-203 has a stronger role (Hackett,
Shaykhiev et al. 2011).

We also did not identify any miRNAs that targeted the oxidative phosphorylation or
pyrimidine metabolism pathways, which may be due to the fact that we focused on those
miRNAs that changed with time only, regardless of donor group. We did not in fact find any
mMiRNAs that were significant for group:time interaction, which may be due to our sample size. It
is also possible that alternative epigenetic methods, such as DNA methylation or histone
modifications, may be responsible for the differential gene expression we observed in asthmatic-
derived ALI cultures, and would therefore require future studies to analyze these potential
transcriptional mechanisms. Additionally, the mirConnX tool has limitations as it is based on
prior knowledge of miRNA and mRNA interactions, and thus it is possible that we did not
identify all of the important miRNA hubs. Further analyses will likely focus on elucidating novel
regulatory interactions that are not informed by prior knowledge. In future, we will also aim to
identify those miRNAs with the largest magnitude of difference between donor groups at
specific stages of culture.

As global gene expression analysis may over correct and miss subtle changes in gene
expression, we additionally conducted a candidate gene analysis for all genes previously shown
to be altered during differentiation. We confirmed that basal cell genes KRTS, ANP63, CD109
and ITGAG6 decrease with time during differentiation as previously reported by Dvorak et al

(Dvorak, Tilley et al. 2011). Interestingly, we did not observe any differences in expression of
181



basal cell-related genes in our asthmatic ALI cultures, despite our observation of an expanded
population of CK-5-expressing basal cells in EIB(-) cultures (Chapter 5). This suggests that
post-transcriptional or post-translational modifications may regulate CK-5 protein expression in
these cells. In addition, the ciliated cell-related genes we identified in our global analysis of
differential expression were significantly decreased in EIB(-) and EIB(+) groups equally. This
correlation of gene expression and histological evidence further validates our finding of defective
ciliogenesis in both asthmatic subgroups.

During mucociliary differentiation, we found that expression of all members of the
EGFR, TGFp and wnt/B-catenin pathways changed in agreement with the findings of Ross and
colleagues (Ross, Dailey et al. 2007), but that a number of genes were downregulated in
asthmatic-derived ALI cultures. Increased EGFR expression and activation occurs in damaged or
repairing epithelium, and is positively correlated with asthma severity in vivo (Puddicombe,
Polosa et al. 2000, Polosa, Puddicombe et al. 2002, Hamilton, Puddicombe et al. 2005), which
appears to contradict our findings. Decreased expression of the Wnt pathway member GATAG is
consistent with the increased numbers of basal cells we observed in EIB(-) cultures, as decreased
GATAG expression in the epithelium results in impaired differentiation in the postnatal mouse
airway (Zhang, Goss et al. 2008) and colon (Beuling, Aronson et al. 2012). Our observation of
decreased STAT6 expression in asthmatic ALI cultures may have implications for epithelial
responses to Ty2 cytokines, as activation of STAT6 by the Ty2 cytokines IL-4 and IL-13 is
required for SPDEF-mediated goblet cell hyperplasia (Park, Korfhagen et al. 2007). Previous
studies have found increased STATG6 expression in the bronchial epithelium of severe asthmatics
(Mullings, Wilson et al. 2001), but no difference in the epithelium of stable asthmatics (Tomita,

Caramori et al. 2012). Overall, decreased expression of several candidate genes involved in
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growth factor and cytokine signaling may indicate an inappropriate epithelial response to
external stimuli in asthma.

As with all experimental studies, ours had both strengths and weaknesses. Most
transcriptional studies of primary human airway epithelial cells to date have used microarray
technology. Microarray studies are robust, but are limited to specific probes for previously-
identified transcripts, and probe binding affinity may lead to false negative readings (Ross,
Dailey et al. 2007). In the present study, we used RNA deep sequencing, which allows us to
identify the entire RNA transcriptional population. Previous studies have assessed mRNA and/or
MIRNA profiles either during differentiation of cells from healthy donors (Ross, Dailey et al.
2007, Lize, Herr et al. 2010) or to compare monolayer (Kicic, Hallstrand et al. 2010) or well-
differentiated cells from asthmatic and healthy donors (Jardim, Dailey et al. 2012, Solberg,
Ostrin et al. 2012). Our experimental approach was more comprehensive, as we included
epithelial cells from well-phenotyped human donors at multiple timepoints throughout ALI
differentiation. One drawback to this comprehensive approach was that we were limited to only
five donors per group. However, this sample size with multiple timepoints provides robust
results across several methods of analyzing differential expression (Soneson and Delorenzi
2013). Our use of the negative binomial distribution to model our data is the preferred method
for RNA sequencing experiments, as it enables us to more accurately accommodate the
overdispersion (increased variance) between biological replicates than does a Poisson
distribution (Oberg, Bot et al. 2012).

Although there are advanced computational approaches to sequencing data, the
technology is not without limitation. For example, sequencing-based analysis of some miRNAs

is complicated by existence of multiple precursors for a given mature miRNA. For example, let-
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7a-5p can arise from three separate precursors (let-7a-1, let-7a-2 and let-7a-3), leading to the
potential for overrepresentation of let-7a-5p in our final data. For this reason, validation of our
findings by alternate methods is still necessary. RT-gPCR has been shown to correlate well with
RNA sequencing data in diverse tissues including human airway biopsies (Yick, Zwinderman et
al. 2013), bovine muscle cells (Lee, Malik et al. 2014) and human placenta (Saben, Zhong et al.
2014). While in vitro cell culture does not completely recapitulate the in vivo environment,
several studies have shown strong correlations between ALI cultures and bronchial brushings for
both mRNA (Dvorak, Tilley et al. 2011, Pezzulo, Starner et al. 2011) and miRNA expression
(Solberg, Ostrin et al. 2012). Our use of a pure epithelial population also minimizes confusion
about the cellular origin of specific mMRNAs and miRNAs, which is an acknowledged caveat of
using bronchial brushings or biopsies (Pezzulo, Starner et al. 2011, Yick, Zwinderman et al.
2013). It is possible that our finding of decreased expression of many pathways in EIB(-)
cultures may reflect an overall decrease in transcription in this donor group. However,
comparison of RNA vyield in a fixed cell number in monolayer culture did not reveal any
differences between donor groups (Appendix A.7). In addition, RNA libraries were created
using the same amount of input material per sample. This indicates that although the pathways
we have identified were unable to be induced in EIB(-) cultures and were delayed in EIB(+)
cultures, there may in fact be as-yet-unidentified groups of RNAs that are more highly induced in
these cultures.

In summary, we describe here a novel and comprehensive analysis of the transcriptional
events associated with airway epithelial cell differentiation from asthmatic and healthy donors in
vitro. We have identified several metabolic and signaling pathways that are differentially

expressed during differentiation between healthy, EIB(-) asthmatic and EIB(+) asthmatic donors.
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While expression of the oxidative phosphorylation, transcription, actin cytoskeleton and insulin
and MAPK signaling pathways were more notably dysregulated in the EIB(-) group, genes
related to ciliogenesis were equally downregulated in both asthmatic subgroups. This suggests
that future studies of well-phenotyped asthmatic donors are necessary to expand our
understanding of disease heterogeneity and pathogenesis, and identify potential avenues for

molecular therapies.
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Chapter 7: Conclusions

Asthma is a serious global health problem with significant morbidity and mortality, and disease
prevalence continues to rise (Centers for Disease and Prevention 2011). Despite effective
symptom management in many individuals, there is no “cure” for the disease. The role of the
airway epithelium as the first point of contact with the inhaled environment, and its role in
modulating airway inflammation and remodeling is now a topic of great interest (Holgate 2007,
Kato and Schleimer 2007, Lambrecht and Hammad 2012). Multiple epithelial abnormalities
occur in asthma, including downregulation of junctional proteins E-cadherin (Trautmann, Kruger
et al. 2005, de Boer, Sharma et al. 2008, Hackett, Singhera et al. 2011) and ZO-1 (Xiao,
Puddicombe et al. 2011), dysregulated expression of repair molecules EGFR (Puddicombe,
Polosa et al. 2000), CD44 (Lackie, Baker et al. 1997), and ki-67 (Fedorov, Wilson et al. 2005,
Cohen, E et al. 2007), loss of columnar epithelial cells, and basement membrane thickening
(Barbato, Turato et al. 2006). There is also evidence that many of these alterations occur early in
disease, perhaps even prior to the onset of symptoms and diagnosis of asthma (Fedorov, Wilson
et al. 2005, Barbato, Turato et al. 2006). Therefore, understanding the molecular signatures of
mucociliary differentiation in the setting of wound repair in asthma may hold great promise for
minimizing the progression of airway remodeling leading to airflow limitation and acute

inflammatory episodes.
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7.1 Invitro models of epithelial basal cell plasticity

Maintenance and repair of the pseudostratified airway epithelium relies upon the progenitor
capacity of basal cells (Schoch, Lori et al. 2004, Hong, Reynolds et al. 2004a, Hong, Reynolds et
al. 2004b), which are capable of both self-renewal and differentiation into ciliated, serous and
goblet cells (Hackett, Shaheen et al. 2008, Rock, Onaitis et al. 2009). In this role, the basal cell is
crucial for wound repair in response to injury (Hong, Reynolds et al. 2004a, Hong, Reynolds et
al. 2004b, Rock, Onaitis et al. 2009, Hegab, Nickerson et al. 2012, Musah, Chen et al. 2012).
This function necessitates a high degree of plasticity in order for the cell to spread, migrate,
proliferate and finally differentiate to complete the restitution of a patent epithelium (Erjefalt,
Erjefalt et al. 1995). In this thesis, we have used three distinct in vitro models of human airway
epithelial basal cell plasticity — epithelial-mesenchymal transition, repair of mechanical scratch
wounds, and differentiation at air-liquid interface — which together provide a complete view of

epithelial repair and the basal cell’s role in this process.

Epithelial-mesenchymal transition (EMT) in response to TGFf;

TGFp; expression is increased in asthmatic airways, and it has been suggested that plasticity
between the epithelial and mesenchymal compartments may contribute to airway remodeling
(Holgate, Davies et al. 2003, Boxall, Holgate et al. 2006). In this direction, in Chapter 3 we
exposed epithelial cells to the pro-fibrotic mediator TGFf1, which led to dissolution of epithelial
contacts, loss of cell polarity and the acquisition of mesenchymal characteristics including
expression of EDA-fibronectin and synthesis of extracellular matrix proteins. This phenotypic

shift mimics the initial stages of wound repair.
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In both monolayer culture, which represents the basal cell phenotype, as well as in
differentiated cultures at air-liquid interface, which mimics the in vivo structure of the
epithelium, we described the basal cells as the exclusive cell type that undergoes TGFp;-induced
EMT (Hackett, Warner et al. 2009). This suggests that basal cells are intrinsically plastic and
able to differentiate into multiple cell types including a migratory and matrix secretory cell type
indicative of a mesenchymal cell. Interestingly, the EMT response was more pronounced in ALI
cultures from asthmatic donors, primarily owing to an expanded population of p63- and CK-5-
expressing basal cells. These findings have distinct implications for airway remodeling. First,
inflammatory mediators released in the airways (ie. TGFp) have true repercussions for epithelial
basal cell function, including loss of polarity and adhesion junctions. Secondly, decreased
expression of junctional proteins such as E-cadherin and ZO-1 in vivo may in fact demonstrate
that epithelial plasticity is active in asthma (Hackett, Singhera et al. 2011, Xiao, Puddicombe et

al. 2011).

Wound repair

Following damage, cuboidal basal epithelial cells spread, migrate and proliferate to cover the
wound site. Monolayer cultures model cuboidal basal airway epithelial cells (Hackett, Shaykhiev
et al. 2011), and using a scratch wound assay in monolayer cultures we assessed the ability of
basal cells to migrate and proliferate to restore a mechanical wound. Specifically, we assessed
the role of the transcription factor ANp63a, which is known to be absolutely critical for
differentiation of epithelial tissues including the conducting airways (Mills, Zheng et al. 1999,
Yang, Schweitzer et al. 1999, Daniely, Liao et al. 2004). In Chapter 4 we found that inhibition

of ANp63a impaired restitution of scratch wounds in monolayer culture, which we attributed
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primarily to decreased proliferation (Warner, Hackett et al. 2013). Despite our demonstration of
increased numbers of p63-expressing basal cells in the asthmatic epithelium, delayed onset of
epithelial restitution has been demonstrated both in differentiated ALI (Hackett, Singhera et al.
2011) and monolayer cultures (Stevens, Kicic et al. 2008) derived from asthmatic donors. These
findings suggest that p63 expression is necessary, but not sufficient, for the early stages of
epithelial wound repair involving proliferation and migration. Importantly, while we previously
described increased numbers of p63-expressing basal cells in the airways of asthmatic subjects,
in this chapter we demonstrated that protein expression within basal cells derived from asthmatic
and non-asthmatic donors is not different. This finding indicates that rather than a per-cell
increase in p63 expression, there is a defect in the ability of epithelial basal cells to undergo

normal mucociliary differentiation in asthma.

Differentiation in air-liquid interface (ALI) culture

Air-liquid interface culture is a system in which airway epithelial basal cells are first cultured
submerged to promote proliferation, and then exposed to air at the apical surface to initiate
differentiation. This process recapitulates in vivo wound repair from the post-migratory phase
onward. In Chapter 5 we found that basal cells from healthy donors were able to self-renew and
give rise to both ciliated and goblet cells. However, basal epithelial cells from asthmatic donors
were impaired in the transition to a ciliated but not goblet cell phenotype, which manifested as an
expansion of the basal cell population. These findings suggest that basal cell differentiation, also
termed the “resolution phase” of epithelial repair, is intrinsically defective in asthma, leading to
the maintenance of excessive numbers of basal cells and the formation of fewer ciliated cells. In

combination with our observation of shorter cilia in asthmatic-derived ALI cultures, our findings
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suggest impaired mucociliary clearance in asthma due to ciliary defects (Afzelius 2004) which is
supported by previous literature (O'Riordan, Zwang et al. 1992, Daviskas, Anderson et al. 2005).
This may leave the epithelium more susceptible to inhaled particulate matter, viruses,

aeroallergens and subsequent damage.

Molecular regulation of basal cell plasticity

To understand the molecular determinants of basal cell differentiation, in Chapter 4 we focused
on the basal cell transcription factor p63 as a candidate gene, as it has previously been
demonstrated to regulate several genes involved in repair, adhesion, proliferation and
cytoskeletal structure in other epithelial tissues. We demonstrated that in human airway epithelial
cells, the ANp63a isoform positively regulates the expression of EGFR, B-catenin and jagged1,
which have well documented roles in epithelial repair (Warner, Hackett et al. 2013). Inhibition of
ANp630. expression within airway basal cells resulted in reduced proliferation and migration
(Warner, Hackett et al. 2013). The essential role of ANp63a in airway epithelial differentiation
was later demonstrated by Arason et al., as inhibition of ANp63a expression resulted in loss of
the ability of basal cells to differentiate in ALI culture (Arason, Jonsdottir et al. 2014).

While candidate gene approaches allow for rapid phenotyping of cellular responses to
gene manipulation, this method relies on prior knowledge and does not take into account the
modulation of gene networks that occurs during highly specialized and integrated cellular
responses. Thus in Chapter 6, we used an unbiased RNA sequencing approach to provide a
comprehensive analysis of mRNA and miRNA expression during differentiation of airway

epithelial cells from asthmatic and non-asthmatic donors.
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We identified that the most significant differentially-expressed pathways between
asthmatic and non-asthmatic donor groups were responsible for cellular energy production and
RNA transcription. The strong induction of these pathways in cells from healthy donors suggests
peaking energy requirements as the cells initiate cell-type specific functions such as ciliogenesis.
Indeed, transcription of cilia components occurs early in differentiation, between days 4-10
(Ross, Dailey et al. 2007). Therefore the inability to initiate metabolic processes early is a likely
contributor to the epithelial phenotype we have observed in asthma. In line with this idea,
mitochondria are concentrated in the apical domains of differentiated epithelial cells to provide
energy for cellular functions (Ribeiro, Paradiso et al. 2003). Mitochondrial dysfunction in asthma
has been suggested in several studies (Mabalirajan, Dinda et al. 2008, Perez, Hill et al. 2010, Xu
2010, Dranka, Benavides et al. 2011), and a very recent study found several asthma-associated
polymorphisms in mitochondrial genes encoding subunits of the electron transport chain
(Flaquer, Heinzmann et al. 2014). If metabolism is dampened in the airway epithelium in asthma,
or the switch from glycolysis to oxidative phosphorylation cannot be made, the epithelium may
be metabolically unable to sustain cell types with high energy requirements. This may contribute
to the observed deficiency in differentiation of basal cells into ciliated cells in asthma.

We found several actin-related pathways to be decreased prior to the onset of
differentiation in asthmatic-derived ALI cultures. This is in line with findings of decreased
expression of several adhesion molecules in the asthmatic epithelium, including tight junction
protein ZO-1 (Xiao, Puddicombe et al. 2011) and adherens junction protein E-cadherin (Hackett,
Singhera et al. 2011, Hiejink, Kies et al. 2007, Trautmann, Kruger et al. 2005). The suppressed
ability to form intercellular adhesions or reorganize the actin cytoskeleton also impacts the

ability to initiate and maintain apical-basal polarity and undergo subsequent differentiation (Shin,
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Fogg et al. 2006, Herder, Swiercz et al. 2013). The actin cytoskeleton is also intimately involved
in signal transduction (Rodriguez-Boulan, Kreitzer et al. 2005). We identified numerous growth
factor receptors and signaling pathways that were differentially regulated between donor groups,
including EGFR, TGFp, Wnt/B-catenin, and insulin signaling. MAPK signaling, which lies
downstream of several growth factor receptors, was also affected. This suggests that epithelial
cells from asthmatic donors may be unable to respond to pro-differentiation cues in vitro due to
the combined detrimental effects of impaired polarization, junction formation and growth factor
signaling.

Overall, our findings suggest that lineage commitment and molecular reprogramming in
basal cells are skewed in asthma to favour epithelial plasticity in response to fibrotic stimuli such
as TGFp,, rather than mucociliary differentiation, as shown in Figure 7.1. This may be a result
of several regulatory mechanisms, including the inability to form junctions and rearrange the
cytoskeleton, impaired growth factor sensing and signaling, and the high energy requirements of
differentiating into more specialized epithelial cell types, which likely act together to result in the
observed phenotypic differences in disease. However, whether there is a single overarching
reason for this, or if it is the result of multiple shifts in the epithelial response that culminate in
an inability to differentiate, remains unknown.

MiIRNAs are attractive as potential regulators of epithelial differentiation, as they are
known to regulate mRNA stability and translation. As noted in Chapter 6, principal component
analyses demonstrated that miRNAs segregated clearly by time during ALI differentiation,
suggesting that they are tightly regulated during differentiation. In this thesis, we have taken the
comprehensive approach of assessing both miRNA and mRNA expression temporally to

elucidate a putative regulatory network within our bronchial epithelial cultures that regulates the
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Figure 7.1 Regulation of epithelial basal cell plasticity is altered in asthma.

Using three distinct models of epithelial plasticity in vitro, we have identified numerous alterations in the airway
epithelial basal cell in asthma. In response to TGFpB;, basal cells undergo molecular reprogramming, losing
expression of epithelial characteristics and gaining mesenchymal characteristics. We identified an expanded
population of basal cells expressing cytokeratin (CK)-5 and p63 in the epithelium in asthma, which leads to an
overall increase in the response to TGFpB;. In monolayer culture, ANp63a. is required for wound repair, and also
regulates expression of several repair-related genes, including epidermal growth factor receptor, p-catenin and
jaggedl. During differentiation, air-liquid interface cultures from EIB(+) and EIB(-) asthmatic donors have fewer
ciliated cells and increased production of IL-6, and EIB(-) donors additionally had shorter cilia and retained
increased numbers of basal cells. In addition, both phenotypes demonstrated dysregulation of RNA in pathways
involved in actin dynamics and cellular adhesion, metabolism, and growth factor signaling. Overall, epithelial
plasticity was notably altered in asthma.

transition between proliferation and differentiation. Although several groups have now identified
distinct miRNA profiles in bronchial brushings (Jardim, Dailey et al. 2012, Solberg, Ostrin et al.
2012) and biopsies (Yick, Zwinderman et al. 2013) from asthmatic compared to healthy donors,
in this study we did not identify any miRNAs that were significantly different in our group:time
statistical analysis. This may suggest that other factors, such as epigenetic or genetic regulation,
may underlie aberrant basal cell differentiation in asthma.

Several studies have demonstrated epithelial abnormalities in children with asthma,

suggesting that genetic or epigenetic predisposition may contribute to disease pathogenesis
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(Barbato, Turato et al. 2006, Stevens, Kicic et al. 2008, Kicic, Hallstrand et al. 2010, Parker,
Sarlang et al. 2010, Lopez-Guisa, Powers et al. 2012, Stefanowicz, Hackett et al. 2012).
Stefanowicz et al. showed differential methylation of several genes in asthmatic compared to
healthy or atopic pediatric donors (Stefanowicz, Hackett et al. 2012). In addition, many asthma-
susceptibility single nucleotide polymorphisms (SNPs) have been identified that have
implications for the epithelium (Palmer, Irvine et al. 2006, He, Hallstrand et al. 2009, Moffatt,
Gut et al. 2010). Whether epigenetic alterations or SNPs have direct implications on airway

differentiation is unknown at this time but is an exciting avenue of future study.

7.2 The airway epithelial phenotype in EIB(+) asthma

While we showed that ALI cultures from EIB(+) and EIB(-) asthmatics were both markedly
deficient in ciliated cells, our findings provide clear evidence of distinct epithelial differences
between EIB(-) and EIB(+) asthmatics. The EIB(+) phenotype demonstrated less severe
remodeling and were able, although delayed, to induce metabolic pathways during
differentiation. For several reasons, we had hypothesized that EIB(+) asthmatics would have
marked epithelial dysregulation and damage. Firstly, the mechanism of EIB is postulated to
involve defective epithelial water transport (Anderson and Daviskas 2000). Secondly, EIB(+)
asthmatics have increased epithelial fragility as evidenced by higher numbers of columnar
epithelial cells in induced sputum (Hallstrand, Moody et al. 2005). Together, these findings
suggest that EIB(+) asthmatics would have a fragile epithelium with defective solute transport.
Recent evidence has identified increased numbers of intraepithelial mast cells in EIB(+)
asthma, which may suggest a role for epithelial-derived mast cell chemokines in EIB

pathogenesis (Lai, Altemeier et al. 2014). Interestingly, the mast cells were described to express
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markers that have been associated with the “Ty2 high” phenotype of asthma (Woodruff, Boushey
et al. 2007, Dougherty, Sidhu et al. 2010, Lai, Altemeier et al. 2014), which is more amenable to
the action of inhaled corticosteroids than the non-Ty2 high phenotype (Woodruff, Boushey et al.
2007). This may suggest that airway inflammation in EIB(+) patients is more effectively
controlled by corticosteroid therapy than in EIB(-) patients, which could result in the lesser
degree of airway remodeling we have observed. Related to this idea, there may also be
differences in the extent of tissue damage caused by exacerbations in EIB(+) and EIB(-)
individuals. In  one study of asthmatic patients, exercise- and allergen-induced
bronchoconstriction resulted in a similar initial decrease in ggyv1, but only the allergen-exposed
group showed an increase in airway responsiveness and epithelial loss 48 hours after challenge
(Tateishi, Motojima et al. 1996), suggesting that EIB leads to a transient inflammatory response
rather than excessive and long lasting airway damage and associated remodeling. However, two
previous studies had demonstrated that 30-50% of patients who have EIB experience a second
fall in FEV; in the first eight hours after exercise challenge (Boulet, Legris et al. 1987, Chhabra
and Ojha 1998). Although it is possible that our study was simply underpowered to detect
moderate morphological changes, the robust transcriptional differences identified in Chapter 6
suggest that there may indeed be a less severe defect in differentiation in EIB(+) asthmatics.
Future inquiries of the epithelial phenotype in EIB(+) asthmatic patients are necessary to better

understand the contribution of the epithelium to disease pathogenesis.

7.3 Strengths and limitations of our experimental models

The models described in this thesis relied on the use of airway epithelial cells isolated from

human donors. We feel that this is a great strength of our work. Immortalized cell lines are
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robust models to answer many specific questions, but in order to query the inherent disease
processes it is essential to characterize human cellular and tissue responses. We utilized
monolayer cell culture as a model of epithelial basal cells (Hackett, Shaykhiev et al. 2011),
which has the caveat that it lacks other cell types that participate in epithelial repair and
remodeling, such as infiltrating cells from the vasculature and matrix-secreting fibroblasts. In
order to fully understand the differences in epithelial plasticity in health and disease, we utilized
airway epithelial cells obtained from well-phenotyped human donors that were collected at
multiple timepoints throughout mucociliary differentiation. While this limited the number of
donors to five per donor group, this experimental protocol was more comprehensive than
previous transcriptional analyses that utilized cultures derived from one (Dvorak, Tilley et al.
2011) or three (Ross, Dailey et al. 2007, Marcet, Chevalier et al. 2011) independent donors.
Another caveat of the in vitro ALI model is that some in vivo features of the asthmatic airway,
such as mucous metaplasia, are not observed in vitro and rather appear to be a response to EGFR
activation by its ligands or by Tn2 cytokines such as IL-13 (Shim, Dabbagh et al. 2001).
However, our approach has nevertheless identified specific defects in epithelial differentiation
and lineage commitment in asthma, and our use of an isolated culture system gives confidence
that our findings truly represent the transcriptional events that occur in the epithelium.
Experimental animal models of allergic airways disease, such as house dust mite or
ovalbumin exposure murine models, are able to provide important insight into disease
mechanisms, but are known to lack key features that are relevant to the present study (Bates,
Rincon et al. 2009, Holmes, Solari et al. 2011). Firstly, the murine respiratory system does not
fully represent human airway biology, particularly because the pseudostratified airway

epithelium is restricted to the mouse trachea rather than extending to the distal airways
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(illustrated in (Rackley and Stripp 2012)). In addition, there is currently no murine model that is
able to fully recapitulate the complexity and individual variability of human asthma (Hirota,
Hackett et al. 2011), including the existence of multiple different subphenotypes of disease and
the contribution of genetic susceptibility. As the basis of the experiments presented in this thesis
was to understand whether inherent epithelial alterations may underlie asthma pathogenesis, our
experimental approach has generated important findings concerning the role of the epithelial

basal cell in asthma, which has direct clinical relevance to human disease.

7.4 Therapeutic implications of basal cell plasticity

We have identified an undifferentiated epithelial phenotype in asthma, identified by increased
numbers of basal cells that are less able to differentiate into ciliated cells, potentially due to
impaired energy production and mRNA transcription. This phenotype suggests a number of
therapeutic avenues. As the basal cell is responsible for the restitution and maintenance of the
airway epithelium, mechanisms to restore its ability to differentiate may prove beneficial for
patient health. This could be attempted using targeted gene therapy to re-introduce expression of
genes that are downregulated in asthma, such as those necessary for formation of cell-cell
junctions and epithelial polarization (ie. E-cadherin), differentiation of ciliated cells (ie. foxj1,
dyneins), or cellular metabolism (ie. NADH dehydrogenase, RNA polymerase). The difficulty
with this approach is the identification of a single target gene, as we have demonstrated several
pathways that are critically dysregulated in epithelial cells from diseased individuals. EGF has
been suggested as a mechanism to restore epithelial barrier integrity in asthma (Swindle, Collins
et al. 2009), as it has shown to be effective in the treatment of intestinal barrier defects in

inflammatory bowel disease (Sinha, Nightingale et al. 2003). However there is an obvious need
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to carefully balance proliferative potential with differentiation to allow a rapid and complete
repair response but avoid risks such as metaplasia or progenitor exhaustion by inducing terminal
differentiation.

MicroRNAs have already been identified as promising therapeutic candidates. For
example, the let-7 miRNA family has been identified as a therapeutic candidate in both cancer
and bronchial hyperresponsiveness (Kumar, Ahmad et al. 2011, Levanen, Bhakta et al. 2013).
Although we identified several miRNA regulatory networks that appear to regulate basal cell
transition between proliferation and differentiation, we were as yet unable to discern striking
differences between healthy and asthmatic donors. However, evidence from the literature has
identified a number of miRNAs that are differentially expressed in asthmatic bronchial brushings
(Jardim, Dailey et al. 2012), in exosomes from bronchoalveolar lavage fluid (Levanen, Bhakta et
al. 2013), and in bronchial biopsies (Yick, Zwinderman et al. 2013). Further exploration into the
miRNA expression patterns in the airway epithelium will assist our understanding of
abnormalities in asthma and provide exciting therapeutic targets. If individual targets were
identified, a pertinent direction would be to create therapeutic complementary short RNAs
(antagomirs) or miRNA mimics that could be delivered by inhalation. Our RNA sequencing data
set also provides the potential to identify novel long non-coding (Inc) RNAs. Some IncRNAs,
such as terminal differentiation-induced ncRNA (TINCR), have already been shown to aid in
stabilization of differentiation-related mRNAs (Kretz, Siprashvili et al. 2013). Exogenous
administration or knockdown of such IncRNAs may enable the epithelium to be reprogrammed
to allow differentiation in response to damage and/or ALI culture conditions.

Antioxidant therapy is an intriguing concept for treatment of asthma. Inflammation in

asthma leads to production of reactive oxygen species and reactive nitrogen species, resulting in
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oxidative damage (Rahman 2002). Additionally, antioxidant defenses may be compromised in
individuals with asthma (Bucchieri, Puddicombe et al. 2002, Fitzpatrick, Baena-Cagnani et al.
2012, Piacentini, Polimanti et al. 2013). Our findings of altered expression of oxidative
phosphorylation enzymes also support this concept. Several potential antioxidant therapies have
been proposed, including ascorbic acid (Mickleborough 2008, Fanucchi, Bracher et al. 2012). A
systematic review of the therapeutic effect of ascorbic acid on asthma and EIB was unable to
show any clinical benefit of therapy, though there may have been some improvement in EIB
(Milan, Hart et al. 2013). Cysteine donors such as N-acetylcysteine have also shown benefit,
reducing RSV-induced ciliary defects in human bronchial epithelial cells in vitro (Mata, Sarrion
et al. 2012), as well as showing efficacy in vivo in EIB (Baumann, Rundell et al. 2005), and
settings of pulmonary inflammation (Meyer, Buhl et al. 1994, Behr, Maier et al. 1997,
Antonicelli, Parmentier et al. 2002, Blesa, Cortijo et al. 2003). Treatment with low-dose
doxycycline has also proven useful for reducing cellular oxidative stress (Muroya, Chang et al.
2012, Parvu, Alb et al. 2013, Antonio, Ceron et al. 2014). To restore cellular energy production,
mitochondrial transfer may also be an exciting avenue of study. Mitochondria transfer from
induced pluripotent mesenchymal stem cells to epithelial cells, with preservation of ATP, was
found to occur in vitro via formation of tunneling nanotubes (Li, Zhang et al. 2014). Assessing
the potential of antioxidants and therapies to redirect epithelial differentiation would be of great
interest moving forward.

An obvious difficulty with the aformentioned concepts is that early treatment is optimal.
A thirteen year follow-up study of adult patients with mild asthma who were randomized to early
or delayed-onset inhaled corticosteroid (budesonide) therapy found that the patients that had

delayed onset of therapy had more airway inflammation and less optimal disease control
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(Haahtela, Tamminen et al. 2009). The truth remains that until we can identify susceptible
individuals early in life and provide treatments that minimize or halt disease progression, asthma
will remain a significant global health burden. In the coming years, it is our hope that
dysregulated epithelial differentiation will be addressed as an early biomarker and a potential

therapeutic avenue in asthma management.

7.5 Summary

In conclusion, this thesis has provided evidence of altered plasticity of epithelial basal cells in
asthma, which has implications for the reparative potential of the epithelium. We have
demonstrated that the asthmatic epithelium is more able to differentiate to a mesenchymal-like
cell through the actions of TGFp;. In contrast, asthmatic-derived airway epithelial basal cells
were impaired in the ability to undergo ciliated cell differentiation and demonstrated altered
regulation of several pathways involved in barrier formation and cellular metabolism.
Furthermore, we identified distinct phenotypic and transcriptional differences between
asthmatics with and without exercise-induced bronchoconstriction, which may suggest more
prominent epithelial dysregulation in the EIB(-) phenotype. Our findings contribute to the
growing body of evidence that epithelial repair is aberrant in asthma and provide mechanistic

insight as to potential therapeutic targets for future work.

7.6 Suggested future directions

As with most scientific studies, we are left with a number of interesting questions that could be

addressed in future studies.
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1. Confirm expression and function of differentially expressed pathways

We identified several pathways that were differentially expressed in ALI cultures from healthy
control, EIB(-) and EIB(+) asthmatic donors. In future, we must first confirm our findings at the
RNA level using an alternate method such as RT-gPCR. Additionally, we would assess
expression at the protein level in formalin-fixed paraffin-embedded sections or protein lysates for
cellular components, or in apical washes or basal media for secreted proteins. To explore the
functional significance of genes, miRNAs, or pathways identified, we would then aim to disrupt
or reintroduce expression of these candidate molecules to assess whether this would enable
asthmatic-derived pHAECSs to undergo appropriate mucociliary differentiation. To confirm that
our findings hold true in a separate population of asthmatic individuals, we would also analyze
expression of these various molecules in biobanked human donor airway tissue and epithelial
cells.

The identification of the oxidative phosphorylation pathway as aberrantly expressed in
asthma is particularly intriguing. A novel mechanism to study bioenergetics in airway epithelial
cells at air-liquid interface was recently described, in which cells were cultured on an in-house
engineered insert for the Seahorse Extracellular Flux (XF24) Analyzer (Seahorse Bioscience Inc.
North Billerica, MA) (Xu, Janocha et al. 2014). This technology enables measurements of
oxygen consumption rate and extracellular acidification rate as indicators of cellular respiration
and glycolysis, respectively (Xu, Janocha et al. 2014). This system would be of great interest to
compare the metabolic regulation in differentiating epithelial cell cultures from asthmatic and

healthy donors.
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It is possible that the pathways we have identified are regulated by common transcription
factors or epigenetic mechanisms. To identify such master regulators, we could utilize the
Encyclopedia of DNA Elements (ENCODE) database, which uses data from chromatin
immunoprecipitation (ChIP)-DNA sequencing experiments to identify transcription factors that
are likely to regulate the genes in the user’s input list (Consortium, Bernstein et al. 2012). In our

case, we would search for regulators of specific pathways or clusters of genes.

2. Assess cilia function in EIB(+) and EIB(-) ALI cultures.

In addition to our findings here, other groups have also reported observations consistent with
aberrant ciliated cell differentiation in asthma, including fewer ciliated cells in ALI cultures from
pediatric donors (Parker, Sarlang et al. 2010) and ciliary dysfunction and structural abnormalities
in ex vivo epithelial strips collected by brushing of severe asthmatics (Thomas, Rutman et al.
2010). We would aim to determine cilia beat frequency by microscopy, cilia ultrastructure by
transmission electron microscopy, and expression at the protein level of cilia components using

immunoblot and immunohistochemistry.

3. Explore phenotype-specific epithelial differences in ALI culture.

As described above, we observed more pronounced features of airway remodeling and
transcriptional dysregulation in EIB(-) as compared to EIB(+) asthmatic epithelial cells, despite
increased epithelial fragility as evidenced by increased numbers of columnar epithelial cells in
induced sputum (Hallstrand, Moody et al. 2005). Furthermore, increased numbers of

intraepithelial mast cells have been demonstrated in the airways of EIB(+) individuals (Lai,
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Altemeier et al. 2014). Future studies will aim to elucidate mechanisms underlying these

differences by assessing:

a) Baseline production of immunomodulatory factors such chemokines and growth factors,
including known mast cell chemoattractants such as stem cell factor (SCF) (Al-Muhsen,
Shablovsky et al. 2004), IL-33 and TSLP (Lai, Altemeier et al. 2014);

b) Expression of epithelial junction proteins relating to increased loss of airway epithelial cells
and impaired transepithelial water transport from EIB(+) donors; and

c) Expression of aquaporins and solute transporters to assess the flux of solvents/solutes in
EIB(+) epithelial cells in ALI culture, in the absence of exercise-induced drying of the airway
surface liquid. Initial studies could focus on gene expression using the RNA sequencing data
and RT-gPCR of RNA samples from ALI cultures, followed by analysis of protein expression

by immunoblot of cell lysates and immunohistochemistry of FFPE tissue of ALI cultures.
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Appendices

Appendix A Supplemental data for chapter 6: Distinct mMRNA and miRNA profiles in

EIB(-) and EIB(+) asthma during mucociliary differentiation
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NOTCH3

A.l  Co-expression plot of 61 candidate genes.
The 61 candidate genes described in Chapter 6.3.1 are listed on both axes. Red indicates positive correlation and
blue indicates negative correlation of expression between genes across all samples.
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A2 Ciliogenesis-related genes in cluster 4 are significantly decreased in asthma.

(A) DNAH17 (dynein, axonemal, heavy chain 17), (B) KLC4 (kinesin light chain 4), (C) CROCCP3 (ciliary rootlet
coiled-coil, rootletin pseudogene 3) and (D) GAPDHS (GAPDH, spermatogenic). Values are shown as mean + SEM
reads per million reads (RPM) for each gene. Statistical significance was assessed by two-way ANOVA with
Bonferroni post-test (* p<0.05, ** p<0.01 vs. control; # p<0.05 vs. EIB(+)).
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A3 Candidate miRNAs do not differ in asthma.
Expression of (A) miR-449a and (B) miR-203a are shown as the mean + SEM reads per million reads (RPM).

Expression of both miR-449a and miR-203a changed significantly over time as determined by two-way ANOVA,
with p-values provided in the top right corner of each graph.
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Log, (day20/day0)$

Two-way ANOVA FDR g-valuet

mlrﬁjﬁnx Mature miRNA(s)# Control  EIB(-) EIB(+) group time group:time

miR-375 hsa-miR-375 6.10 6.83 6.78 3.6E-02 0.0E+00 1.0E+00
miR-190 hsa-miR-190b 5.22 4.44 4.79 2.0E-01 0.0E+00 1.0E+00
miR-187 hsa-miR-187-3p 4.01 3.80 3.97 3.1E-02 0.0E+00 1.0E+00
miR-223 hsa-miR-223-3p 2.76 2.03 255 3.7E-01  6.1E-13 1.0E+00
hsa-miR-223-5p 0.83 0.64 0.78 15E-01 6.6E-07 1.0E+00

miR-200a hsa-miR-200a-3p 2.11 2.05 2.16 1.0E+00 0.0E+00 1.0E+00
hsa-miR—ZOOa—Sp 0.23 0.36 -0.04 2 7E-01 3.5E-02 1.0E+00

miR-141 hsa-miR-141-3p 2.07 1.76 2.60 6.1E-01 0.0E+00 1.0E+00
hsa-miR-141-5p -0.24 -0.12 -0.45 46E-01 8.4E-03 1.0E+00

miR-32 hsa-miR-32-5p 1.37 1.02 1.57 6.0E-01 6.4E-14 1.0E+00

hsa-miR-32-3p 0.07 0.25 -0.27 6.0E-01 1.2E-01 1.0E+00

miR-328 hsa-miR-328 1.34 1.00 1.21 8.5E-02  0.0E+00 1.0E+00
miR-152 hsa-miR-152 0.66 0.89 0.90 3.7E-01 25E-13 1.0E+00
miR-22 hsa-miR-22-5p 0.50 0.78 0.82 2.2E-02 1.6E-06 1.0E+00

hsa-miR-22-3p -0.26 -0.13 -0.32 45E-02 1.4E-01 1.0E+00

miR-96 hsa-miR-96-5p 0.38 0.39 0.54 29E-01 9.7E-05 1.0E+00

miR-182 hsa-miR-182-3p 0.26 0.23 -0.07 9.4E-01 4.7E-01 1.0E+00
hsa-miR-182-5p 0.02 0.17 0.14 1.3E-01 1.4E-02 1.0E+00

miR-192 hsa-miR-192-5p 0.13 0.38 0.27 9.7E-01 7.6E-03 1.0E+00
miR-107 hsa-miR-107 0.09 -0.11 0.08 9.7E-01 1.3E-01 1.0E+00
mMiR-93 hsa-miR-93-5p 0.07 0.11 -0.09 9.2E-01 1.7E-04 1.0E+00

has-miR-93-3p -0.74 -0.29 -0.71 15E-01 2.8E-04 1.0E+00

miRr-195 hsa-miR-195-5p -0.04 0.26 0.35 79E-01 4.9E-01 1.0E+00
miR-186 hsa-miR-186-5p -0.07 -0.20 -0.13 9.4E-01 5.0E-02 1.0E+00
miR-149 hsa-miR-149-5p -0.34 -0.07 -0.61 47E-01 4.2E-03 1.0E+00
miR-132 hsa-miR-132-5p -0.26 -0.04 -0.78 1.2E-02 8.8E-02 1.0E+00
hsa-miR-132-3p -0.38 -0.04 -0.17 3.3E-02 4.1E-01 1.0E+00

miR-183 hsa-miR-183-5p -0.30 -0.31 -0.11 3.4E-01 6.2E-02 1.0E+00
hsa-miR-183-3p -0.68 -0.51 -0.85 3.7E-01  3.6E-09 1.0E+00

miR-185 hsa-miR-185-5p -0.43 -0.22 -0.49 1.3E-02 3.1E-04 1.0E+00
hsa-miR-185-3p -0.91 -0.43 -0.87 2.2E-01 1.4E-03 1.0E+00

miR-31 hsa-miR-31-3p -0.84 -0.75 -0.91 4.0E-01 1.4E-07 1.0E+00

hsa-miR-31-5p -0.92 -0.88 -1.05 46E-01 2.6E-12 1.0E+00

miR-21 hsa-miR-21-3p -1.12 -0.85 -1.07 6.4E-02 1.4E-15 1.0E+00

hsa-miR-21-5p -0.57 -0.26 -0.47 15E-01 2.1E-05 1.0E+00

miR-212 hsa-miR-212-3p -1.18 -0.53 -0.84 19E-03 4.3E-04 1.0E+00
hsa-miR-212-5p -1.02 -0.38 -0.86 24E-02 1.4E-03 1.0E+00
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Log, (day20/day0)$

Two-way ANOVA FDR g-valuet

mlrr(ij)l;mx Mature miRNA(s)# Control  EIB(-) EIB(+) group time group:time
miR-25  Nsa-miR-25-5p 164  -153  -1.50 6.2E-01 6.0E-15  1.0E+00
hsa-miR-25-3p -0.30 -0.16 -0.31 2.3E-01 5.1E-04 1.0E+00
miR-205  hsa-miR-205-3p 178 203 -2.25 8.0E-02 9.2E-16  1.0E+00
miR-203  hsa-miR-203a 191 -0.83  -052 6.3E-01 1.3E-03  1.0E+00
miR-221 hsa-miR-221-5p -1.92 -1.50 -1.88 6.0E-01 0.0E+00 1.0E+00
hsa-miR-221-3p -0.67 -0.68 -0.75 3.2E-01 1.1E-06 1.0E+00
miRr.335  hsa-miR-335-3p -218  -1.86  -2.27 29E-04 0.0E+00  1.0E+00
hsa-miR-335-5p -0.04 -0.28 -0.38 1.9E-02 6.1E-01 1.0E+00
miR-126 hsa-miR-126-5p -2.33 -2.19 -2.51 7.0E-02 0.0E+00 1.0E+00
hsa-miR-126-3p -1.88 -2.00 -2.28 2.1E-01 9.2E-16 1.0E+00
miR-222  hsa-miR-222-3p 160 -142  -1.65 53E-01 0.0E+00  1.0E+00
hsa-miR-222-5p -3.42 -3.10 -3.32 6.5E-01 0.0E+00 1.0E+00
mir-155  hsa-miR-155-5p -389 372 -4.23 43E-01 0.0E+00  1.0E+00
mir-100  hsa-miR-100-5p 406 -446  -461 9.0E-01 0.0E+00  1.0E+00
hsa-miR-100-3p -4.37 -4.38 -5.02 8.6E-01 0.0E+00 1.0E+00

A4 MiRNA hubs identified by mirConnX analysis.

# Mature miRNAs that correspond to a given mirConnX hub.
$ Fold change in expression at day 20 vs. day O for each of the three donor groups are given as log, values. Red
indicates upregulation by >2-fold, while blue indicates downregulation by >2 -fold.
t FDR g-values are provided for the overall analysis of differential expression for each mature miRNA. Bold face
indicates miRNAs with g<0.05.
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) Activated Suppressed
mirConnX »
hub i i
targets Gene Ontology Genes in pathway targets Gene Ontology Genes in pathway
. ) FGFR3 HOXA1l
miR-100 4 None 8 Sr?m%%ﬁg’g tgg]lism HS3ST3B1 ICMT MTMR3
SMARCAS5 TRIB2
miR-126 1 None 0 None
CEBPB FGF7 HBP1
GO:(I)O(_)GSS? [7]: BACH1 BRD1 G0:0050789 [2]: HDAC4 MECP2 MYB
MiR-155 30 regu at_loq 0 CHD7 ELL2 ETS1 37 regulation of biological NFATS5 NR4A3 PKIA
transcription, DNA- HIF1A HIVEP2 rOCESS SATB1 SOCS1 SOCS6
dependent SMARCA4 P SOX6 SP3 TLE4 TRPS1
ZNF238
AHR ARNTL CITED2
. ) FMR1 HOXA1 ISL1
Sﬁiggge?slegiﬂéoside MECP2 MEF2C
miR-203 37 None 58 nucleotide ;:md nucleic’ MORF4L1 NLK NMNAT?2
acid metabolism NR4A3 PDE4D PRPS2
RARB SFRS1 TARDBP
XRN2 ZMYND11 ZNF265
miR-205 24 None 40 None
miR-21 24  GO:0050879 [4]: RP2 TGFBI TIMP3 22 None
organismal movement
miR-210 2 None 0 None
ARHGEF11 BRCAL1
G0:0006139 [5]: Fslla_FlAl\i-I;g:PDZP\I\I(EIIZB FMR1
miR-212 15 G0:0042981 [6]: DEDD PEA15 40 nucleobase, nucleoside, NMNAT2 NRAA?
regulation of apoptosis YWHAG nucleotide and nucleic

acid metabolism

PAPOLA PHF20L1 PTBP2
SIRT1 SOX5 WHSC1L1
ZNF238 ZNF644
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Activated Suppressed

mirConnX " "
hub i i
targets Gene Ontology Genes in pathway targets Gene Ontology Genes in pathway
ARID1A CDKN1C PCDHA1 PCDHA10
G0:0050789 [2]: ETS1 GNAI2 HTLF G0:0007156 [6]: PCDHA12 PCDHA13
miR-221 17 regulation of MAP3K10 PAIP1 39 homophilic cell PCDHA4 PCDHAS
biological process PBX3 TIMP3 adhesion PCDHAG6 PCDHA7
YWHAG PCDHAC1 PCDHAC?2
ARID1A CDKN1C PCDHA1 PCDHA10
G0:0050789 [2]: ETS1 GNAI2 HTLF G0:0007156 [6]: PCDHA12 PCDHA13
miR-222 20 regulation of MAP3K10 PAIP1 42 homophilic cell PCDHA4 PCDHAS
biological process PBX3 TIMP3 adhesion PCDHAG6 PCDHA7
YWHAG PCDHAC1 PCDHAC?2
. G0:0000278 [6]: CCNE2 LATS2
IlIRES 31 mitotic cell cycle POLS RAD21 = LS
miR-335 18 None 26 None

A5  Gene ontologies targeted by miRNAs that decrease during differentiation.

246



Activated Suppressed
mirConnX 4
hub i i
targets Gene Ontology Genes in pathway targets Gene Ontology Genes in pathway
G0:0006355 [7]: A AVTES COINIE2 GDIEE
. e o G0:0008283 [4]: cell E2F3 IRS2 MTSS1 MYH10
miR-141 53 regulation of transcription, HTATSF1 LHX6 RARB 64 . -
proliferation NRP1 PBEF1 PPP2CA
DNA-dependent RUNX1 SIM2 SOX5 TOPL YWHAG
STAT4 STAT5A ZNF238
miR-187 2 None 0 None
G0:0000375 [8]: RNA
. splicing, via
miR-190 20 transesterification MYEF2 SFRS1 TNRC6A 13 None
reactions
G0:0050791 [3]:
miR-200a 2 None 4 regulation of 5%'51':1 TCERGI WHSC1
physiological process
miR-223 29 None 18 None
ARID1B BAZ2B CEBPA
G0:0006355 [7]: CREM EGR2 ESRRG i o CCNE2 CDK6 CDKN1C
miR-32 61  regulation of transcription, KLF2 NFIA NLK NR4A3 59 feﬂ'goggﬂs [6]- mitotic | "ATs7 poLS RAD21
DNA-dependent NRF1 PER2 SIM2 SMAD6 Y STAG2
TFDP2
miR-328 12 None 12 None
miR-375 2 None 2 None

A.6  Gene ontologies targeted by miRNAs that increase during differentiation.
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A7  Total RNA yield per cell does not differ between donor groups.

After trypsinization of airway epithelial cells from 25cm? flasks for seeding in ALI inserts, total RNA was isolated
from 2x10° cells and quantified using the Nanodrop spectophotometer. The RNA vyield was calculated based on
volume of eluate and was not found to differ between donor groups by Kruskal-Wallis with Dunn’s post-test. Data

are shown as median RNA yield in pg with interquartile range.
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