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Abstract

Bone morphogenetic protei(BMP) signalling is essential focorrect lung
morphogenesis. The pathway controls branching morphogenesis in the nascent lung
and is also involved in the establishment of correct epithelial cell distribution
throughout the airways. In the adult lung, BMP signalling is reactivated during
airway injuryand inflammation and there is evidence of aberrant signalling in lung
cancer and in chronic lung diseases such as asthma and fibrosis. However, little is
known about the role of BMP signalling in healthy adult airw&ysthermorehe

effect of incorrect BMP pathway expression during epithelial repair and
inflammatory and malignant lung diseaseains elusivelhe aims of this project

were to characterise BMP pathway expression in the descending airways of large
animal models and to investigate the rofeBMP signalling during adult airway

homeostasis, recovery and disease.

To investigate the role of BMP signalling in malignant lung disease we used a
heterogeneous lung cancer cell line DLKP. We explored the effect of the BMP
pathway on epitheliaglo-mesnchymal (EMT) progression and phenotypic
plasticity between the tumour subpopulations. BMPtreatment induced
mesenchymalike projections in the DLKFSQ clones and significant
morphological changes in the DLKR clones towards the stenell like colonies

of DLKP-I populations. Elevated{dadherin and Vimentin protein expression was
also evident in the clones following BM#PtreatmentBy stably transfecting an-E
cadherin gene in these-dadherinnull cells we demonstradethe distinct

phenotypic differeces between these tumour subpopulations.

viii



Healthy porcine and rhesus macaque lungs were used to characterise BMP pathway
expression throughout the airways. Active BMP signalling was present in the
descending airway epithelium and a gradient in pathwayeaditin along the
proximaktdistal axis of the lungs was observed [1]. Using a primary porcine
trachealn vitro explant model the BMP signalling gradient was investigated further
and it was found that by modulating BMP signalling, using exogenous-8MP

stimulation, the epithelial phenotype of the porcine tracheal cells was altered.

Finally, to assess the role of BMP signalling during airway inflammation and repair
an established nenuman primate model of allergic airway disease was used. A
reduction in $MAD1/5/8 expression was present in the epithelium of asthmatic
monkeys compared to healthy controls. In addition, following a period of six
months in filtered air to facilitate airway repair, there was a significant increase in
Proliferating Cell NucleaAntigen (PCNA), BMP Receptor 1a (BMPRIa) and
pSMAD1/5/8 throughout thasthmatiairways. Taken together, these dauggest

that not only is the developmental pathwayaotivated during inflammatory
airway disease but that basal BMP pathway expressiomp@tant for maintaining

healthy airways.

Overall these data highlight the prese and importance dBMP signalling
gradients in healthy adult airways and further implicate BMP signalling in the

pathogenesis of inflammatory and malignant airway disease

[1] T.M Lynn, E.L Molloy, J.C Masterson, S.F. Glynn, R.W. Costello, M.V.

Avdal ovi c, E.S Schelegl e,6 SMAD sMidneelrl,i nDg

descending airways of healthy versus asthmatic rhesus macaques highlights a
relationship betweenidlmmat i on and BMPsé6. AJRCMB,
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Introduction

1 Chapter 1

Introduction

1.1 The respiratory system development, health and disease

The lungs are r@g®nsible for oxygenation of the blood and the removal of
respiratory waste products from the body. On average, an adult human breathes
4,000 litres of air per dagNaclerio 2012) Air is inhaled through the nasal and
mouth cavities where it is warmed and filtered before reaching the trachea and
descending bronchi. Two main stem bronoisaend into the right and left lobes
where the airways become progressively narrower and terminate in alveolar
structures surrounded by a dense network of capillaries. Here, the oxygen in the air
traverses the alveolar wall and is taken up by the red loleltsdfor transport around

the body. Conversely, carbon dioxide and water vapour leave the blood and are
exhaled out of the lungs. As a result of this, the lungs are constantly exposed to
inhaled pathogens and diseaseising agents that exist in our aspbere. The
airway epithelium lining the lungs is a primary point of contact for these infectious
agents and thus the lung plays an important barrier function for protection against
infection and disease. The formation of this complex organ during embyonic
development occurs in a specific pattern which is tightly controlled by growth

factors, morphogens and signalling molec(i&®arburton et al. 2000)
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1.1.1 Lung morphogenesis

Originating from theendoderm, the pnary lung budsievelop as they invaginate
from the laryngetracheal groove into the splanchnic mesenchy8pmooner and
Wessells 1970) The four stages of lung development are known as the
pseudoglandular, canalicular, saccular and alveolar stdgegire 1.0.1).
Pseudoglandular development begins at embryaay®5 (E9.5) in the mouse and

week 717 in humangTen HaveOpbroek 1991)This stage

vonte e

Embryonic

hbY .
...........

Erpansion of pas oxthanpe o0,
m»g:swgw«

Frimive Beok
el Lurg Growth 8nd eraxision
d-Tweeks | T-17 weeks | 17-26 weeks 27-36wecksi IEWeEkS -2 eArs |- -sneemeamnaneeanaeaaas - 18years
In utero Postnatal

Birth >

Figure 1.0.1 Lung bud development and morphogenesis

The derelopment of the lung buds occurs in four main stages, beg
at embryonic week 4. Modified froKajekar 2007)
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involves multiplebranchings of the buds coupled with elongation and subdivision
of the celldining the budsThis allows the fundamental bronepalmonary tree to

be formed. The canalicular phase folloinam E16.517.5 in mice, week 126 in
humansand involves extension of the bronepolmonary tree. The saccular stage
occurs from E17.50 postnatal in mice and week-38 in humans. During this
stage, terminal sacs form on the bronchioles and the capillary network develops.
The final stag®f devebpment is called thalveolar stage where the gas exchange
function of the lungs is established. This occurs from-patdl day 428 in mice

and from week 36 of foetal development to 36 months-pakt in humans

(AlejandreAlcazar et al. 2007; Hogan 1996; Sun e2a08)

1.1.2 Proximal-distal axis

The homeobox sequence NKX2.1 is expressed in the foregut endddeued
epithelial cells ands an early instructor of lung epithelial cell fafglinoo et al.
1999; Morrisey et al. 2013pubsequent lineage differentiation is tightly controlled
by transcription factors, growth factors and signagllimolecules. Proximal
epithelial cells are under the control thie transcription facto6OX-2 whereas
distal epithelial cells are instructed by S@XGATA-6, ID-2 (Gontan et al. 2008;

Que et al. 2009; Rawlins et al. 2009; Yang et al. 2002, 2014)

Growth factors originating from the endoderm or the underlying mesoderm are
involved in complex signalling cascades to control epithelial cell differentiation
along the proximadlistal axis and direct extension of the developing lung buds into
the surrounding meslerm (Morrisey et al. 2013)A broad range of signalling
molecule families are involved in this process including Wmtatenin, BMP,

FGF, Notch, EGF and othef€ardoso 2001; Morrisey, E., Hogan 201The
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complex communication between these growth factor families ultimately leads to
the formation othe EpitheliatMesenchymallrophic Unit (EMTU)(Figurel.0.2).

The EMTU is made up of opposing layers of epithelial and mesenchymal cells
encompassing a network dbasement membrane, fibroblasts, nerves and
endothelial cells(Evans et al. 1999)The role of various growth factors and

morphogens in lung development is explored further in@edti2.3.

Figure 1.0.2 The Epithelial-Mesenchymal trophic unit (EMTU)

The fibroblast sheath consists of an epithelial cell layer ar
mesenchymal cell layer with the basnt membrane existing in 1
middle and joining the tw¢{Evans et al. 1999)
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1.1.3 Phenotypes of the epithelial cells lining the proximadistal

axis

Epithelial cells along the proximdlistal axis have different functionBhe trachea

and bronchi are lined with ciliated and secretory cells in the form of a
pseudostratigd epithelium to facilitate gbymucociliary escalator and the clearance
of inhaled pathogensThe tall columnar cells possess cilia to trap invading
pathogens. Secretory cells such as goblet cells are interspersed with the ciliated cells
(Figure 1.0.3). Goblet cells produce high molecular weight glycoproteins that
facilitate pathogen trapping by the fluid on the surface of the epithd{@irang,
Shih, and W2008) In human lungs goblet cells are present in the tracheobronchial
airways and become less frequent in the smaller, distal airways wheodiatad
secretory club cells prevail. This is very different to mouse and small rodent
airways, where club dle are the only secretory cell present in the airW@lsang

et al. 2008; Plopper et al. 1983)

Basal cellsfacilitate attachment of ciliated and roiiated columnar cells to the
basement membrane. They possess hemidesmosomes that anchor them to the
basement membraiiBreeze and Wheeldon 197Basal cells artound at a higher
frequency in the upper airwayk addition to their anchorage function, lineage
tracing experiments have demonstrated that basal cells canerself and
transdifferentiate to give rise to @ted, goblet and club cells following injury

(Boers, Ambergen, and Thunnissen 1998; Hong et al. 2004; Rock et al. 2009)
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Figure 1.0.3 Epithelial cell typesthat existalong the proximal distal axis

Descendingepithelial cell types along the trachea, bronchi and alveolar regions of
the lung. Stem cell niches are circles and numb&sliagram adapted from both
(Chang et al. 2008; Kajekar 2007)
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In the conducting airways and descending into ikealdbronchioles, goblet cells
andclub cells function largely to protect the #y@lium from invading pathogens.

Club cells produce cytochrome p450 enzymes to detoxifying any harmful
substances present in the lungs and they are also an established population of

ciliated cell progenitors in the airwagBaron et al. 1988; Plopper et al. 1992)

At the terminal end of the bronchioles, a single layer of airway epithelial cells
(AEC) type | and Il line the alveolar sacs. These cells facilitate tagdxtional
movement of gasestween the airways and the blo@hang et al. 2008AEC |

and Il express low levels of EpCAM and AEC Il are capable ofreeéwal and
differentiation to type I cells and express SFT(B@rkauskas et al. 2013; Krieken

and Litvinov 2003)

As well as the differentiated epithelial cells capable of -ibwal and
transdifferentiation that exist in the respiratory tract, different regions along the
airways contain progenitor cells capable of differentiation to restore epithelial
integrity following injury. These regions are circle in blackFigure1.0.3. In the
submucosal gland, bromodeoxyuridine (BrdU) lafehining cells remained in the
subepithelial layer following weekly intratracheal detergent or Balation
(Borthwick et al. 2001)By denuding tracheal airways of surface epithelial cells
andcarrying out xenograft transplantation, it was found that the stem cells residing
in these SMGs had the ability to migrate and regenerate the surface airway
epithelium. Pulmonary neuroendocrine cells (PNECs) and neuroepithelial bodies
(NEBSs) have also beesihown as a reservoir for progenitor cells in the lung. NEBs
are associated with club cell accumulation following epithelial infkigng et al.

2001; Reynolds et al. 20Q0)n the bronchoalveolar duct junction (BADJ), a

progenitor populatiorknown as the bronchioalveloar stem cell (BASC) reside.
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These cells can selenew and are multipotent, maintaining club and AEC
populations and mutations in these BASC result in adenocarcinoma forifiation

et al. 2005) Finally, in the alveolar region a SFTPprogenitorexists which is
capable of differentiating into both SFTPC+ AEC | and AECfbllowing

bleomycin airway injuryChapman et al. 2011)

1.1.4 The Lung epithelium

Airway epithelial cells are dependent on correct-cell contact between adjacent
cell populations and anchorage to the bz membrane zone (BMZ) at the
EMTU. The characteristics that define an epithelial cell include the ability of cells
to grow as a continuous sheet, the polarised nature of the cells displaying
distinctions between apical, lateral and basal regions amchithebile nature of the

cells in the structurgSavagner 2007)Actin is responsible for establishing
epithelal cell polarity (Angst et al, 2001)Various tyes of cell junctions exist
between neighbouring epithelial cel{Eigure 1.0.4) Tight junctions or zona
occludens (ZO) exist in the apical region of epithelial cells and consist of at least
three transmembrane proteins including occuldin, claudin, @gopt adaptors

and junctional adhesion molecul@slatter and Balda 2003)Claudinl is an
example of @ransmembrane protein which interacts in a homodimeric fashion to
form the tight junction.The interaction of these protsi results in a tight seal
forming between adjacent epithelial cells and the generation of a selectively
permeable junctio(Balda and Matter 2000; Jefferson, Leung, and Liem 2001
interact with the actin cytosketat using adaptor molecul@Sanning et al. 1998)
Z0-1, also known as Tightinction-1, and afadin are an examples of sadhptor

protein moleculs that link intercellular homodimers to the cytoskeletoB2AP
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is an intracellularscaffolding proteinalso believed to link tight junctions to the

cytoskeletor(Matter and Balda 2003)

The second type of interepithelial junction is the cell adherens junction (ADJ).
Cadherin homodimers form between adjacent epithelial cells in a calcium
dependent interaction. Epithelial-JENeuronal (N), Placental (B and Cadherin

12 are the four classic cadherin proteins involved in ADJ formation. These cadherin
complexes are linked to the internal actin cytoskeleton by adaptor molecules such
aso-, b-,U-catenin, vinculin and p12@\ngst et al. 2001)b-catenin is involved in

both regulation of the cell cycle via the Wnt signaling pathway and cell adhesion.
When localised at the membrarfecatenin proteinriteracts with the cadherin
proteinsand helpsto stabilise te complex(Figure 1.0.5) (Angst et al. 2001)
Thirdly, desmosomal junctions are formed by interactions with desmocollins and
desnogleins and the intermediate cell filaments. Desmocollin and desmoglein are
cadherin proteins. Following homodimer formation the complex interacts with
intermediate filaments in the cytoplasm via desmoplakin plakoglobin or

plakophilin. This complex is degtied inFigure 1.0.5.

Gap junctions are the fourth type of epithelial junction. These junctions connect the
cytoplasm of adjacent epithelial cells through a hydrophilic channel made up of
connexons. Gap junctiofacilitate the movement of small molecules and ions from

one cell to the next and they can exist as homotypic, heterotypic or heteromeric

complexegGoodenough and Paul 2009)

Finally, hemidesmosomes are the junctions responsible femeetix interactions
and the anchorage of epithelial cells to the BMZ. As previously mentioned, basal

cdls possess hemidesmosome junctions. Keratins, the intermediate filaments in the
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epithelial cells are linked to laminins in the E@M U bs-integrins interacting with
cellular plectin, bulbous pemphigoid (BP) BP180 and possibly BPR80radori

and Sonnenberg 199%Ithoudh not depictd infigure 1.0.4focal adhesions exist

on the basal surface of epithelial cells to anchor the cell to the BMZ. These junctions
link the actin cytoskeleton to the ECM via interactions with integrin and docking
adaptor molecules such as nalpaxillin and filamin(Van Tam et al. 2012;

Wozniak et al. 2004)
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Basal Hemidesmosomes

Figure 1.0.4 The epithelial cell junctions

Representative image of the imgpithelial junctions. Tight junctions a
adherens junctions are connected te #ctin cytoskeleton. Desmosomes
linked to the intermediate filaments via desmoplakin. Adapted {Maiter an:
Balda 2003)
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Cadherin-medialed
Call-Cel Adhasion [:

Figure 1.0.5 Adherens junctions and desmosomal junction

Classical cadherin mediated cell adhesion between cadherins posse
repeatecextracellular domains. (A) Homodimeric cadherin junctions,
yellow, form in the interepithelial space linking the internal ac
cytoplasmic networks between adjacent epithelial cells. This occur
interactions witth-catenin b) ctht eni n ( U) Neord (Nv
), Epithelial (&), Placental (B are the three main types of classit
cadherin proteins. (B) Desmosomal junctions use the desmos
cadherins desmoglein and desmocollin in yellow. Interactwatts the
intermediate filaments (IF) occur via desmosomal plaques plakog
(PG), plakophilin (PP) and desmoplakin (DP). Adapted f(Angst et al.
2001)
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1.1.5 Lung injury and repair

Due to the respiratory function of the lungs, the airway epithelium is constantly
exposed to smoke, allergens, bacteria, viruses, noxious gaseseatidus agents

that exist in our atmosphere. However, the fact that the lungs usually maintain their
function under these conditions is a testament to the highly effective barrier
activities and immune response of the lung epithelium. A principle fumati the
epithelium is the formation of a mucociliary layer which provides a physical barrier
against invading pathogens. This tighilyit seal is formed by the various cell
junctions and adherens junctions which exist between the epithelial cells, as
explained in section 1.3. The epithelium produces a diverse range of secretory
products which contribute to the mucociliary escalator of the lungs. In addition, the
production of nitric oxide and arachidonic acid further help to fight infection and

maintainairway homeostasi€rosby and Waters 2010; Knight and Holgate 2003)

However, damage to the epithelium can arise following severe or prolonged
exposure to harmful agemtMulticellular damage to the epithelium causes a
cascade of events which, in the case of normal repair processes, will lead to the
physical restitution of the denuded BMZ and the recruitment of immune cells to
eradicate the invading pathogen responditnehe damagéErjefalt et al. 1997a)

The repair of the epithelium is the primary goal of the damage response as any
breech in this protective layer can result in widespread infection and detrimental

effects to the respiratory system and indeed, the organism.

Physical damage to the epithelium has been shown to induce a mechanical response
in the cells. As the epithelium is a relatively immobile structure, loss of surface

tension in the injured regidniggers a stress respor(&lek, Dee, and Gaver 2003;

13
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Ghadiali and Gaver 2008)he cells at the edge of the wound lose contact inhibition
of locomotionand become leaky resulting in the passmovement of small
extracellular molecules in these cdllacinto, MartineArias, and Martin 2001)
Theseevents may trigger the downstream signalling cascades involved in epithelial
repair. Extensive actin cytoskeleton rearrangements occurs following physical
stress of an intact epithelium. This was shown by pulling an intact epithglium
vitro (Martin and Lewis 1992)The sequence of events involved in repairing the

damaged epithelium araitinedin Figurel1.0.6 A.

Exposure of the BMZ following an injury activates residing macrophages which in
turn recruit additional immune cells to the damaged site. The secretion of
inflammatory cytokines, matrix etalloproteases and growth factors such as FGF,
EGF, BMP and TGF from both immune cells and cells of the activated EMTU
promotes the sealing of the epithelial layer and the eradication of patl{Ggesisy

and Waters 2010Q) Fibronectin and collagen are produced by the underlying
fibroblasts in response to the influx of growth factors such@s- b to repair the
epithelial basement layeMany in vivo epithelial restitution experiments have
demonstrated that cell migration. rather than cell proliferation, is the primary event
which occurs during restoration of the damaged epithelial re@gefalt etal.
1997b; Joanne C. Masterson et al. 2011; Zahm et al. 199/putlined inFigure

1.0.6 B, cells bordering the wounded region downregulate epithelial cell markers
to assume a migratory phenotype and migvate the exposed BMResident lung
progenitors undergo squamous cell metaplasia followed by migration and

proliferation to restore epithelial integrity.
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Peptides, mucins, defensins
defense proteins, ...

Epith.elial cells Proteases (MMPs) lamina
Cytokines/Growth facturs'-‘@
- k Inflammatory cells
__@._f ibroblusts

——¢-

Endothelial cells

Figure 1.0.6 The sequence of events and signalling molecules involved in
epithelial restitution

(A) Following epithelial damage, immune cells are recruited to the site
causeincreased immune cell recruitment and the secretion of growth fac
ECM is deposited on the exposed BMZ and epithelial cell spreading, migri
proliferation and differentiation occur to restore the damaged region.

(B) Secretory molecules includingptides, mucins, proteases, cytokines
growth factors are secreted by epithelial, endothelial and fibroblast cells a
as infiltrating immune cells to induce and control the restoration ev
Modified from (Crosby and Waters 2010; Puchelle et al. 2006)
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Tightly controlled differentiation events occur following proliferation to reinstate
epithelial function(Crosby and Waters 2010; Puchelle 2000; Puchelle et al. 2006;
Warburton et al. 2008; Woolley andavtin 2000; Zahm, Chevillard, and Puchelle
1991) Experiments using adult human nasal epithelial xenografts on denuded
tracheae in nude mice showed that while exposed BMZ were partially covered by
a poorly differented epithelial layer after only threeglpgstimplantation, it took

up to five weeks for the establishment of a fully functional differentiated,
pseudostratified epithelial barri@@upuit et al. 200Q)This highlights the level of

control and regulation required for correct epithelial cell repair.

The regulation and subsequent cessation of the reparatory processesoitedo

by cells of the EMTU and infiltrating inflammatory cells. For example, eosinophils
help mediate the inflammatory process by producingiafiimmatory cytokines

IL-4 and I-:13 (Ahdieh, Vandenbos, and Youakim 2001f this process is not
correctly regulated and theparatory events are prolonged, a chronic inflammatory
environment will manifest in the airways. Extensive ECM deposition, abnormal
epithelial cell migration, uncontrolled cell proliferation and unregulated growth
factor and cytokines release ultimatelyntributes to a disease phenotype in the
lungs. Asthma, COPD, IPF, cancer and acute lung injury are disorders of the
airways which present with pathophysiologies resembling different aspects of

incorrect epithelial repair.

1.1.6 Lung Cancer

Lung cancer is the leiang cause of canceelated deaths in the USA. According to
the American Cancer Society, it is forecast that about 221,200 new cases of lung

cancer will be diagnosed in 2015 and that approximately 158,040 deaths will be
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attributed to lung cancer. Tobacamoke is the main risk factor for developing lung
cancer and at least 80% of lung cancers are linked to smoking. Genetic inheritance,
air pollution, radon and asbestos are also believed to elevate the risk of developing

lung cancefChallem 199; Ger et al. 1992)

The two main types of lung cancer are small cell lung cancer (SCLC) arshradh

cell lung cancer (NSCLC). SCLC is subdivided into the highly invasive small cell
carcinoma (SCC) and combined small cell carcinorraE€). SCC is oftetermed

foael | carcinomao as the cancer cells ar
big nuclei. SCC forms metastatic sites very quickly and are thought to originate

from PNECs(Jackman and Johnson 2005; Stovold et al. 2012, 2063)CC is

charactesed by the presence of SCC alongside another non smatlecgled

malignant tissue such as adenocarcinoma or large cell carcir{dvagser et al.

2009)

NSCLC is the most dominate form of lung cancer an@®% of all lung cancer

cases fall im this category. The three main types of NSCLC include squamous cell
carcinoma originating from epithelial cells, adencocarcinomas from secretory cells
and large cell carcinomas such as large cell neuroendocrine carcinerhas is
similarto SCQ D6 Ad d ar i a Suegical redection?s ¢hé rAain treatment for
NSCLC from stages | through to IlIA mereas combined chemotherapy and
radiation are prescribed later stage NSCLC and for SCLC patients. Drugs such as
the platinum based cisplatin and etoposide are commonly used in
chemotherapeutic treatment plans. In addition, recent advances in targeipgt the
have seen drugs such as denosumab, a monoclonal antibody against receptor

activated NFKB and crizotinib, a ROS1 and anaplastic lymphoma kinase (ALK)
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inhibitor, being approved by the FDA for treatment of specific lung cancer subtypes

(Scagliotti et al. 2012; Timm and Kolesar 2013)

Within a tumour a number of different cell subpopulations exist. As outlined in
(Hanahan and Weinberg 200@)e cancer cells adopt specific properties in order
to survive and thrive as a o@astic legion. These include théility to generate
distant metastatic sites for increased tumour invasieade apoptosis and growth
inhibitory signals,(3) developsustained angiogenic potential, act as a source of
autocrine growth factor signals and develop the capabilities of limitless replicative
processes. While this list is not exhaustive and not all tumours acquire every
characteristicthese six fundamental processes are central for cancer survival and

tumour progression.

Tumour heterogeneity defines the differences in genotype and phenotype that exist
between cancer cells in a single tumour (htin@our heterogeneity). These
variations can also occur between different tumour sites in the body and similar
tumour types occurring in different people (intemour heterogeneityBurrdl et

al. 2013) Intratumourheterogeneithas been described as a branched evolutionary
model enabling increased cancer cell survival following adoption of the six
fundamental cancer cell properties. Heterogeneity can be introduced into the
tumour popudition by genetic or nofgenetic means Genomic instability can
introduce somatic point mutations leading to impaired DNA repair processes. This
causes replication errors and atethromosomal numbersvhich propagate
between tumour subpopulatioriSpigendts play a role in nogeneticinduced
tumour heterogeneity via silencing of tumour suppressor genes. Additionally, the
tumour microenvironment affectsancer cell phenotype and different signals

determine altered cell fate. Tumour heterogeneity is alsodaced by dynamic
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phenotypic switching events between the different cancer subpopuléfemao

et al. 2015; Marusyk, Almendro, and Polyak 2012)

In normal nonneoplastic tissues a hierarchy exists whereby a stem cell gives rise
to committed progenitor cells which in turn produce lineagstricted fully
differentiated cellg¢Figure1.0.7). Progenitor cells are capable otfdifferentiating
into stem cell in certain conditions. The field of directeddd&erentiation of
committed lung epithelial cells has received much attention recently and re
programming experiments have highlighted the potential use of committed cells in

lung regeneratiofHuang et al. 2014; Tata et al. 2013)

a Normal b Cancer

ODlissuestemcell ( t D Stem cells
/ \ e
; Committed \\
D progenitors @
9 Non-stem
a g cells
@ Differentiated &
\ y, )
cells 4 O

Figure 1.0.7 Differentiation hierarchies in normal and cancer cells

(Marusyk et al. 2012)

In neoplastic tissues, similar differentiation hierarchies e@itgm cell and non
stem cell populations exist in the tumour and interconversion between the two

occurs mordrequently Figurel.0.7) (Marusyk et al. 2012)

Both SCLC and NSCLC actively form metastatic foci, particularly the more

invasive SCLQJackman and Johnson 2006ne of the central dogmas regarding
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tumour progression and metastasis formation is the clonal selection theory. This
theory is centred on the existence of a cancer stem cell in the body of a tumour that
is capable of utergoing metastasis to establish a new tumour at a distant site
(Talmadge 2007) Subsequent differentiation and expansion of the metastatic
population leads to the formation of complex heterogenous tunabtinese new
sites(Fidler 2003; McMorrow et al. 1988)Furthermore, karyotypic analysis of
multiple metastatic sites originating from a primary tumour have revealed
individual phenotypes specific to each metastatic site. This suggests that primary
tumours ca possess numerous clonal stem cell subpopulations capable of
establishing new neoplastic legions each with different characteristics and

propertieg Talmadge et al. 1984)

Another dogma regarding the development of metastatic foci is the process of
phenotypic switching. This phenomenon allows4morasve benign tumour cells

to adopt a more migratory and mesenchymal phenotype. These cells are then
capable of detaching from the primary tumour to facilitate the formation of novel
tumour sites at a different location in the b@¢dgnathan M. Lee et al. 2006; Li et

al. 2015) Phenotypic switching can be driven by environmental stresses, growth
factor signalling and transcriptional reprogramming and causes an epitbelial
mesenchymal transition (EMT) in tkeells(Ferrao et al. 2015; Kemper et al. 2014)
Recently, a zebrafismelanoma xenograft model was used to illustrate that
metastatic foci can also form due to collective cooperation between intrinsically
invasive cells and benign namvasive ells (Chapman et al. 2014)n addition,
different types of cancer cells favour metastasis formation in specific locations in
the body and tend to repeatedly migrate to these reditns, it is believed that

the microenvironment plays an important role in establishing novel metastatic sites.
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This is termed t he (FitlereGd3) EMImsdxplered futther hy pot h

in section 1.3

1.1.7 Inflammatory lung disease

Asthma is an inflammatory airway disease characterised by brancisdriction,
wheezing and shortness of breath. According to the American Academy of Allergy
Asthma and Inflammation (AAAAI), the incidence of asthma in US populdiien
risen from 1 in 14 in 2001 to 1 in every 12 in 2@Q@nter for Disease Control and
Prevention 2011) Atopy, allergens, environmental pollutants and genetic
inheritance are all risk factors for asthifknight and Holgate 2003; Saetta and

Turato 2001)

At a structural level the EMTU of an asthmatic patient is both more susceptible to
damage compared to a healthy individual and experiences impaired repair
responses following injurgKnight and Holgate 2003)The EMTU is the central

unit undergoing remodelling during asthma. Changes to the EMTU include mucus
cell hyperplasia and metaplasia causing excessive muodsigiion, basement
membrane thickening, ECM deposition, narrowing of the airway lumen, elevated
smooth muscle mass, increased fibroblast proliferation and myofibroblast
activation Figure 1.0.8). All of these chages are mediated through abnormal
growth factor signalling, inflammatory mediators, chemokines, cytokines and
secretory products such as matrix metalloprote@@aisand Knight 2005; Davies

2009; Saetta and Turato 2001)

At a cellular level, inflammation in asthma is mediated via the2 Tlesponse

involving eosinophils, basophils and mast cells. Eosinophils exert their function via
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secretion of inflammatory cytokines, eosinophil derived cationic proteins and
growth factorssuch as TGH to promote collagen depositiofGleich and
Adolphson 1993a; Gundel, Letts, and Gleich 1991; Humbles et al. .2004)
Differential eosinophilic infiltration has been reported throughout the airways in
both the upper large airways and the enabronchioles(Carroll, Cooke, and
James 1997However, due to the mucus cell metaplasia and establishment of the
Th-2 response that occed in the absence of eosinophils in a mouse GATA
double knockout, additional inflammatory cells are believed to play a significant
role in asthma pathologyHumbles et al. 2004)here is evidence that neutrophils
are also involved in asthma and the once accepted paradigm segregating COPD and
asthma based on neutrophil versus eosinophil infiltration is blurring. Ditferen
asthmatic endotypes are now accepted including allergic bronchopulmonary

mycosis and neutrophilic asthr(iatvall et al. 2011; Walford and Doherty 2014)

A novel study from Harvard School of Public Healtlas highlighted the role of
jamming and unjamming in an experimental model of asthma using human
bronchial epithelial cell§Park et al. 2015)Cell movemert in healthy cultures are
minimal and each cell is tightly compacted with its immediate neighbours.
However, in a model of bronchospasm, cell movement changes drastically and cells
move in fluidlike swirling paterns. Interestingly, using a #ex model ad shape
indexing, this jamming and unjamming has been attributed to changes in epithelial
cell shape as opposed to the expression of cell adhesion molecules. This study
contributes to our knowledge about the biological processes involves in the tissue
remodelling in asthma and adds a new mechanical dimension to the etiology of

asthmabés di sease phenotype.
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Figure 1.0.8 The asthma phenotype

(A) The changes in the asthmatic airway compared to healthy airinaag
obtained from NHLBI GOV http://www.nhlbi.nih.gov/health/heaH
topics/topics/asthméB) The structural and delar changes that occur
asthmatic airways inclué epithelial damag, BMZ thickening vi
subepithelial fibrosis, smooth muscle hyperplasia, excessive
production and inflammatory infiltratiofLeonardi et al. 2013)
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1.1.8 The DLKP cell line

The DLKP human cell line was established from a lymph node metastasis of a
primary |l ung tumour, dieastcerd bseqdu aanso uas fAcpaoroc
When grown in culture the DLKP parental population was observed to contain
morphologically heterogenous spbpulations. The DLKP line was suoneal

and three distinct clonal populations DL¥G® (squamous phenotype), DLKP
(mesnchymal phenotype) and DLKIP(intermediat®¢ were establishedFigure

1.0.9) (Law etal., 1992; Mcbridest al, 1998)This was achieved by serial dilutions

to isolate individual cell coloniesDLKP-SQ cells grow as relatively small,
squamous, cuboidal cells and form compact colonies in culture. The colonies
di spl ay a -likeapedrdne svithdngbatalistinct boundaries between
each individual cell. DLKPSQ account for approximately 70% of the original
parental population. DLK cells are smaller than DLKBQ and account for
approximately 25% of the parental population. DLK&Is also grow as colonies

but no individual cell boundaries are evident between the cells. A bright outer
boundary is present around the colony. DEMRcells are the largest of the three
DLKP clones and represent approximately 5% of the parental populBtid¢P-

M cells possess extended cytoplasmic projectanmsdo not grown in colonies.

Instead, DLKPM cells appear mesenchymal and moliiiebride et al. 1998)

When grown in culture, spontaneous interconversion events have been observed
between DLKPI clones and both DLKFSQ and DLKPM. No convesion between
DLKP-SQ and DLKPM cells was evident and thus DLKIRells were deemed as

a potential intermediate and stemll like population capable of switching

phenotype between the two clones.
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DLKP mixed parental population

Figure 1.0.9 DLKP lung cancer cell line

DLKP parental populationsoatained DLKRPSQ, DLKPI and DLKP-M clones
which are morphological distinct and interconvert in culture.
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1.2 Bone Morphogenetic Signalling

Bone morphogenetic pieins (BMPs) are a conserved family of signalling
molecules that were first described by Prof. Martin Urist in the 1960s. He
documented the osteoinductive capabilities of BMPs in the muscle pouches of
rabbits (Urist 1965) Since t hen, BMPs have been
mor phogenetic proteinso based on their i

structures andignalling cascades in the bo@//agner et al. 2010)

Decapentaplegic (Dpp) is the BMP homolog expressed in Drosphila embryo and is
vital for the correct dorsalentral patterning of limbs and orgafserguson and
Anderson 1992)In zebrafish and Xenopus, BMs$tgnalling is responsible for
directing ectodermal and mesodermal tissue to the correct cell fate, in a
concentration dependent manfe© 6 Connor et al . 2006; Wil s
Lander, and Nie 2007)in mice, knockout models have highlighted the vital
function of BMP signalling in the formation of bes, endoderm patterning of the

liver, lungs, gut and pancreas as well as ectodiarived organ development such

as the brain and the sk{Monteiro et al. 2008; Wang et al. 199This essential
developmental role is conserved in humans and many diseases are attributed to
incorrect BMP signalling events including neurological and ophthalmic diseases,
pulmonary aerterial hypertension (PAH), fibrodysplasia ossificans progressiva
(FOP), osteoarthritis (OA), juvenile polyposis (JP) and cancers of the lung and

colorectum(Figure1.0.10) (Wang et al. 2014)

The signals involved in the BMPathway and the molecules responsible for
regulating pathway expression are discussed in this section. In addition, the role of

BMP signalling in cancer and inflammatory diseases is highlighted.
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Neurological and ophthalmic systems
Coloboma (BMP7 LOF)
A-M (BMP4 LOF)

Adipose tissue
Obesity (BMPR-1A, BMPR-2
association)

Cardiovascular and
pulmonary systems
PAH (BMPR-2 LOF)
HHT (ALK1, Endoglin LOF)

Urinary system
CAKUT (BMP4, BMP7 LOF)
CKD (BMP7 decrease)

Gastrointestinal system
BE (BMP4 increase)

JP (Smad4, BMPR-1A LOF)
Colorectal cancer (BMP3,
BMP11,... association)

Musculoskeletal system
FOP (ActR-1A GOF)

Ol (BMP1 LOF)

OA (BMP5, BMP14 association)
Myhre syndrome (Smad4 increase)

Figure 1.0.10 Human diseases associated with aberrant BMP signalling

Mutations in BMP receptors, SMAD signalling components and BMP ligands are
associated with numerous diseases in the human p&f@yg et al. 2014)
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1.2.1 BMP signal transduction

BMPs are members of the transforming growth factor (TGF) superfamily of
signalling proteins. Other family members include #ctivin/inhibins, Mullerian
inhibiting hormones (MIH), TGb  agrmodth and differentiation factors (GDFs)
(Kingsley 1994) To date, more than twenty BMP family members have been
identified and these are subdividedféar groups based on amino acid sequence
similarity. BMP-2 and BMP4 arethebest studied family membershd@se proteins
have 83% homology and are grouped togef\arzney 1989)BMP-7 is known as
osteogenic proteit (OP-1) and together witBMP-5, -6, -8 forms a second group
known as the osteogenic protein grodmirdly, BMP-9 and-10 are classed
together while GD#b, -6 and-7 form thefinal group (Miyazono, Kamiya, and

Morikawa 2010)

BMP ligands bind to type | and type Il receptors on the cell memloaBMP-
responsive cellsBoth types of receptgpossess relatively short extracellular
domain, a single transmembrane spanning domain andracglular cytoplasmic
domain which contains a serine/threonine kinase dofaiyazono et al. 2010)
Type | receptors include BMPRIa/AlR, BMPRIb/AIk-6, ActR-1/Alk -2 and Alk1
which is specific to endothelial cells. Type |l receptors possess a constitutively
active kinase domain and includeBMPRII, ActR-lla/ACVRIla and ActR
IIb/ACVRIIb. BMP ligands bind weakly to type | receptors in the absence of type
Il receptors while type Il receptors positively enhance the binding of ligands
(Koenig et al. 1994; Rosenzweig et al. 1998)hile some overlap does exist,
generallyBMPRIa and BMPRIbare involved in BMP2, BMP-4 and BMP-7

signalling while BMPR6 preferentiallybindsto Alk-2 andBMPRIb (ten Dijke et al.
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1994) Coreceptors, such as the repulsive guidance molecule family (RGM)
members RGMy and RGMc, commonly known as Dragon and hemojuevelin,
respectively, can amplify signalling of certain BMP ligar{8sbitt et al. 2006;

Nohe et al. 2002; Samad et al. 2005; Xia et al. 2010)

A variety of SMAD-dependent an8 MAD-independent pathways can be activated

following ligandinduced receptor activatiotn canonical BMP signahg, three

groups ofSMAD proteins have been described based on theirimofmthway

activation receptofregulatedSMAD-1, -2, -3, -5, - 8 (RSMADs); common
mediatorSMAD 4 (coSMAD) and inhibitorySMAD-6, -7 (iISMADs). BMPs and

MIH activate SMAD-1, -5, and/or -8 signallingwhile TGFb | i gands act i
SMAD-2 and-3 via Alk-2, -4, -5 and-7 receptorg¢Miyazono, Maeda,rad Imamura

2005)

R-SMADs contain highly conserved-ldnd Gterminal domains known as Mothers
against decapentaplegic (Mad) homology (MHand MH2 (Figure 1.0.11). A
variable linker region joins these two domsii This linker region contains motifs
that can be phosphorylated by mitogeativated protein kinases (MAPK) and
glycogen synthase kinase (GSK) as part of the-gamonical BMP pathway
(Massague 2003) The linker also contain a Proluiolinex-Tyrosine (PPXY)
motif. This PY motif is involved in inteions with proteins containing two
conserved tryptophan residues space@2@mino acids apart (WW) such as the

SMAD-ubiquitin regulatory factors (Smurfs).
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Figure 1.0.11 SMAD molecules and the BMP signalling cascade

Depiction of RSMADs, coSMAD and iSMADmolecules including MHL
and MH2 domains with SSXS motifircle represent motif that can
phosphorylated by MAP kinases. Square represent PY nibtif@zono e
al. 2010)(B) Non canonical (left) and canonical (right) BMP signa
cascade. BMP liganthediated activation of membrane Inoureceptor
causes downstream activation 6fSRIAD and subsequent association \
COSMAD for nuclear translocation.
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The MH2 domain is present in all SMAD proteins however, in RSMADs, a
conserved phosphdatable SeiSerX-Ser (SSXS) motif is present at the C
terminal end. This motif is involved in canonical BMP signalling-SéMAD4
proteins contain a MH. domain but iISMADs do ndiMMiyazono et al. 2010)The
MH-2 domain is responsible for receptor interaction whereasl1M#cilitates
nuclear tanslocation and interaction with DNA and DNnding proteingShi et

al. 1998; Yamashita et al. 1996)

BMP ligands bind to thextracellular domain of the constituentlgtige type Il
receptorat the cell membrane and causansphosphorylation of the type |
receptor. This results in phosphorylation of 8XS motif at theC-terminalend

of R-SMADs (Huse and Chen 199 Phosphorylated BMADs (pSMAD) undergo

a conformation change which releases the complex from the receptor. This allows
pSMAD to form complexeswith SMADA4 via the MH2 domainsand translocate to

the nucleusBoth RSMADs and ceSMAD4 contain signals tfacilitate trafficking

to and from the nucleusa its nuclear localisation signal (NL&han Xiao, Latek,

and Lodish 2003; Xiao et al. 200The NLS motif is recognised by importin which
signals directly to nucleoporins to facilitate the passage of the complex across the
nuclear envelope and into the nuclé@érlich and Kutay 1999; Zhan. %0, Latek,

and Lodish 2003) Interestingly, SMAD proteins can enter the nucleus
independently of importins, by directly interacting with nucleoporins via their
conserved MH2 domaifXu et al. 2003) Here, they modulate BMBpecific gene
transcription by directly binding to SMADand BMRresponsive elements and
recruting transcriptional repressorstoepressors/activators or activating DNA
binding proteinsFigure1.0.11). (Hayashi et al. 2007; Heldin, Miyazono, and ten

Dijke 1997; Ogata et al. 1993; Shi and Massagué 2003; J. Yang et al. 2013; Ying
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et al. 2003)BMP signalling affects transcription via interaction with Runx family
which regulate bone formation amdhibitors of differentiation (Id) genes which
are involved in cell differentiation and proliferation evefitiskahiro et al. 2010;

Phimphilai et al. 2006; Zaidi et al. 2002)

Non-canonical BMP signallingccursvia MAPK, GSK andAkt/Protein kinase B
pathways(Gallea et al. 2001)In Xenopus tissue, BMP type | and liceptors
activated the mitogeactivated protein kinase (MAPK) pathway through TAK
and its ativator TAB-1 via X-IAP. In C2C12 cells, BMP2 has been shown to
activate the small RR@TPase Cdc42 mediator and PI3Kynalling during cell
migration and actinytoskeletal rearrangeme(®amell et al. 2008; Zhand)Q9).

In human umbilical vein endothelial cells, BMP stimulation induced
phosphorylation of ERK 1/2 in a doesand timedependent manner and capillary
sprout formation was dependent on BMHnduced ERK pathway activation

(Figurel1.0.11) (Zhou et al. 2007)

1.2.2 BMP pathway regulation

BMP signalling is tightly controlletboth extraand intracellularlyFigure1.0.11).
Outside the cell, several extracellular proteins act as ligand traps to prevent receptor
activation. These incled -HBRglycoprotein (Ahsg), BMP binding endothelial

cell precursoierived regulator (BMPER), Connective Tissue Growth Factor
(CTGF), dorsomorphin and members of the secreted protein families Gremlin,
Noggin, Chordin and DAN/CerberyMoser et al. 2003; Rittenberg et al. 2005)
(Moser et al. 2003; Rittenberg et al. 20Q5yands are also sequestered outside the
cells by soluble forms of type | receptor extracellular doméetsume et al.

1997) At thecell membraneBAMBI actsas gpseudorecepta@s it lacks an inteal
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serinethreonine kinase domaifOnichtchouk et al. 1999By forming dimers with
Type | receptors it prevesithe formation of functional receptor complexes thus

preventing ligand activation of downstream signalli@gichichouk et al. 1999)

Inside the cell,iSMADs are important for negatively regulating the SMAD
dependent pathway. SMADB preferentially inhibits BMHAnediated signalling
while SMAD-7 inhibits with both BMP and TA@F p a t.iSMADs physically
compete wh R-SMAD complexes at the activated type | receptor, preventing co
SMAD complexformationand interrupting gene transcriptifideldin et al. 1997)
ISMADs also act as cofactors for the targeted ubiquntatdiated degradation of
type | BMP receptors and-BMADs by recruiting Smurfl. Smurfl is an E3
protein ubiquitin ligase which induces proteosomal degradation of Type 1 BMP
receptors(Murakami et al. 2010)SMAD-7 alsobinds to Smur2 to mediate
proteosomal digestion oTGF b receptor complexegKavsak et al. 2000;
Murakami et al. 2003; Tama et al. 2003)Lefty, another intracellular antagonist of
BMP signalling, inhibis phosphorylation 8MADs and subsequent nuclear

translocation of the coSMAD compléklloa and Tabibzadeh 20Q1)

SMADS8D is a splice variant of the-BMAD, SMAD-8. SMADS8Db lacks the SXSS
motif in its MH2 domain andhis renders the protein incapable of propagating
downstream signal activation following ligand activation. Therefore, SMADS8b acts
as a dominant negative regulator of BMP signalliNgshita, Ueno, and Shibuya
1999) Using a PCR array, Nishita et al., examined coexpression of SMAD8 and
SMAD8b mRNA in human tissues and demonstrated SMAD8b expression in
placenta, kidney, heart and brain tissue. The results also highlighted thaatieebal

between SMAD8 and SMAD8b may tissspecific.
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Following nuclear translocation of the -SMAD-coSMAD4 complex,
transcriptional caepressors including8ki, SnoN and Evl are activate{Luo et
al. 1999; Moustakas, Souchelnytskyi, and Heldin 200hgse molecules ragt
histone deactelyases to downregulate target genes. In addit®ki, SnoN
compete with SMAR4 and Ewil binds to SMADB2,-3-1 to repress TGB and
BMP signalling. Fussel5 and Fuss€l8 have also been shown to inhibit
intracellular BMP by binding t&aoSMAD-4 and preventing RSMAD complex

formation(Arndt et al. 2007; Fischer et al. 2012)

1.2.3 BMP signalling and lung development

During lung development, the processes of branching and epithelial cell
differentiation are controlled by complex signalling molecule cascades. The Notch
family of signalling molecules are involved in regulating basal and ciliated cell
expansion in the airwayfRock et al. 2013; Tsao et al. 2009ynt is a key
orchestrator of proximalistal lung patterning and induces expression of other
signalling molecles from theendoderm and underlying mesodef@ohen et al.
2007) Wnt represses proximal epithelial differentiation and promotes distal
epithelial differatiation via regulation of other growth factors such as FGF an
BMP-4 in the distal branching regions of the developing Iui&iai et al. 2005)
FGF10is present in thenesenchymandacts as a chemoattractdot directional
growth of distal endodersderived lung bud¢Park et al. 1998)Targeted ablation

of FGF10 in developing mouse lungs using a dominant negative FGFR2 under the
control of SPc promoter resulted in the complete loss of alveolar cell populations
in the distal epithelium and abundance of secretory columnar epithelial cells

(Peters et al. 1994)
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BMP-4 is strongly expressed at the distal tips of the developing lung bud and
weakly expressed iproximal regions. Three main functions of BMP signalling
have been highlighted in the developing lungs. Firstly, using various gain and loss
of function systems in mice, BM® has been shown to direct distal epithelial cell
differentiation and repress tipeoximal epithelial cell programm@ellusci et al.

1996; Hyatt, Shangguan, and Shannon 2002; Lu et al. 2001; Weaver et al. 1999)
Secondly, loss of BMH using a floxed SIE promoterdriven system during
mouse lung patterning resulted in malformed, terminal cjigicsacs at the lung

tips. This highlighted the role of BMR in orchestrating correct branching
morphogenesi@Bellusci et al. 1996)Thirdly, deletion of BMPRIa using a SFTPC

Cre transgene caused reduced epithelial cell expansidmngintevels of epithelial

cell apoptosis. This demonstrated that BMP signalling is a positive regulator of

proliferation in the developing lun@blaghie et al. 2006)

Studies of mouse lungs ithe latesaccular ad alveolar developmental stages
indicatedthat BMP signalling remains active in the airways up to, and potentially
after post natal day 28ligh levels of BMP receptors,-RMADs and SMAD 1/58

were detected in whole cell protein extracted from 28 day old mouse BNGSD-

1 and 4 lochsation also modulated as development progressed with reduced
institial staining and increased epithelial expresgfdrjandreAlcazar et al. 2007)
During late lung developme®MPRII, Alk-3 and Alk6 alsobecome locaged to

the epithelium of large airways and their previous expression in alveolar septae is
greatly depletedAlejandreAlcazar et al. 2007)The role of BMP signalling in

adult healthy lungs remained largely unexplored.

36



Introduction

1.2.4 BMP signalling and cancer

BMP ligands and receptors are overexpressed in numerous cancer tissues including
BMP-2 in lung, BMR7 in breast, BMF2 and BMP4 in ovarian, BMP6, BMPRIa

and BMPRIb in prostate and BMPRIa in colorectal tumdbesley et al. 2005;
Hardwick et al. 2008; Karhu and Kuukasja 2006; Langenfeld et al. 2003; McLean
and Buckanovich 2013; Yuen et al. 2008)NSCLC tumours resected from human
patients, 98% expressed higher levels of BRMRyand compared to normal lung
tissue. Similarly, 100% of the 15 NSCLC samples expressed abnormal levels of
BMP-6 ligand(Langenfeld et al. 2005)n bone metastasis from primary colorectal
tumours, BMP6 was highly overexpressed compared to both normal prostate tissue

and primary tmours(Ye and Park 2009)

In tems of defining the definite role of BMP signalling in cancer, studies show
that the BMP effect appears to be both spatially and tempoegjlyated. Juvenile
polyposis (JP) is an autosomal dominant disorder that predisposes patients to
developing coloreetl and gastric cancer. BMPRIa and SMADnutations cause
approximately 50% of JP cases. This suggested that the loss of BMP signalling
contributes to cancer formation and that a basal level of BMP signalling is required
for health (Howe et al. 2004)Following a review of the literature Harwick et al.
(2008) suggested a dual role for BMP signallinghdamartomas, which are benign
tumours in the body, the loss of BMP signalling initiates carcinogenesis. In
adenocarcinomas the loss of BMP signalling contributes to the progression of the
tumours to carcinomas in patients with sporadic colorectal cérdaedwick et al.

2008; Kodach et al. 2008)n both cases however, decreased BMP signalling was

correlated to worsened prognosis.
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Conversely, elevated BMP signalling has bderked to increased tumour
invasiveness and reduced patients survival rates. In breast cancer, poorly
differentiated oestrogereceptor positive tumours expressed high levels of
BMPRIb. The elevated receptor expression level was correlated to high tumour
grade, cancer cell proliferation, tumour plasticity and overall, a poor patient
prognosis(Helms et al. 2005) In gastric cancer cell lines AGS and SI§B8,

BMP-2 signalling induced elevated invasiveness, motility and MM#Xpression

via the norncanonical BMP pathway. Furthermore, following analysis of 178
gastric tumour biopsg&e BMP-2 was associated with poor patient outcome and
increased metastasis formatigtang et al. 2011)in NSCLC, high serum levels of
BMP-2 was also associated with decreased patient suffeaét al. 2013)While

a comprehensive analysis of tdewnstream signalling cascades stimulated by
abberant BMP signalling has not been fully elucidated, Id genes may be responsible
for the increased tumourigenic properties seen in some cases of excessive BMP

signal activatior{Ruzinova and Benezra 2003; Sikder et al. 2003)

Taking the two opposing effects of aberrant BMP signalling in different cancer
types, it would appear that a basal level of BMP signal activation is required to
maintain homeostatic conditions in thedy. When the correct basal level of BMP
signalling is lost, tumours formation can occur as seen in JP. Conversely, when
BMP signalling is overactive, tumour formation can occur as seen in gastric and
breast cancers. Although no definitive role for aletrBMP signalling in cancer

has been globally assigned, clinicians are warned against treating patients with
BMP due to the growing number of studies suggesting associations with tumour

initiation, progression and metastasis format{@imawani et al. 2010)
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1.2.5 BMP signalling and inflammation

Inflammation is a normal physiological process which facilitates correcir iepa

the body following injury. Inflammatory mediators infiltrate the site of infection or
damage and release cytokines, chemokines and stimulate growth factor release by
the resident cells. These events culminate in tissue repair and restoration of
homeatatic conditions. However, in chronic inflammatory states, the tissues
become damaged due to prolonged exposure to inflammatory mediators and their
effector molecules. The reactivation of developmental pathways during
inflammation is a common phenomenarddurther perpetuates the inflammatory
phenotypgBeers and Morrisey 2011; Helbing et al. 2D18s BMP signalling is
important in developmental processes it is believed that this signalling pathway is
reactivated during injury and repair. The role of BMP signalling and inflammation
has received growing attention in the past number of years arRk Bislve been

implicated in the inflammatory processes in a wide range of tissues.

A recent study investigating the role of BMPs in stomach inflammation has
highlighted an antinflammatory role for BMP signalling. Mice overexpressing the
BMP inhibitor nogin controlled by a BMResponsive element displayed elevated
H. pylori-induced inflammation and epithelial cell proliferation. Stomach dysplasia
was evident alongside elevated expression of STAT3. In addition;BMRNd-

7 treatment of canine gastripithelial cells inhibited both baseline and TNF
stimulated H8 production(Takabayashi et al. 2014l)his antiinflammatory role is
supported by evidence that BMPtreatment reduces inflammation in rats exposed
to 2, 4, 6trinitrobenzene sulfonic acid a known experimental inducer of colitis.

BMP-7 treatment reduced the expression of-ftammatory cytokines It6 and
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TNF-b and fibrotic deposition mediated by TéFsignalling (Maric et al. 2003,

2012)

In kidney formation, BMP signalling via BMP specifically, facilitates correct
epithelial cells differentiation and BMP expression is present in podocytes, distal
tubules and collecting duct to maintain correct kidney function in adults. Loss of
BMP-7 expression occurs in early onset kidney fibrosis which indicates an
important protective role for BMP signalling againstdigenic renal diseas@glitu

and Hirschberg 2@) Simon et al. 2013)Furthermore, BMF7 treatment of
proximal tubule epithelial cells reduced basal and ITNF i n d wioflandmatony o
cytokine (IL-6, IL-1b) release. Again, these results support aniaflimmatory

role for BMP signalling and particularly BMP(Gould et al. 2002)These results
also highlightpotentiala divergent role between different BMP ligan8s4P-7

may be involved in the antinflammatory response and act as a negative regulator
of fibrogenic eventgMaric et al. 2003) Conversely, BMP2,-4 and6 have been
shown to contribute to primflammatory, fibrotic events in the skand joints

(Kaiser et al. 1998; Lories and Luyten 2009; Stelnicki et al. 1998)

In lung injury and inflammation, BMP giglling is reactivated. Four studies have
examined the expression of BMP signalling during allergic airway inflammation.
Rosendahl et al., reported that BMP signal activation occured following ovalbumin
(OVA)-induced airway injury in mice. Immunohistochestny of healthy
unchallenged mouse lungs did not reveal pPSMAD 1/5 activation in the bronchial
epithelium however, some alveolar and -ggithelial fibroblast cells expressed
pSMAD 1/5. Alk-2, BMPRIa and BMPRIb were expressed in the epithelium of
healthy maise airways. High expression levels of BIMPBMP-5 and moderate

BMP-4,-6 and-7 expression were also found in the healthy airways, by western
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blot. These results indicate that homeostatic BMP signalling is present in healthy

airways.

Immunohistochemicataining of inflamed bronchial epithelial cells and scattered
alveolar cells following OVA challenge revealed higher levels of pSMAD 1/5. In
addition, BMPRIa, BMPRIb and Alk2 receptor expression were elevated in the
injured airways in conjunction with ineased BMR2, -4 and -6 expression
(Rosendahl et al. 2002)interestingly, BMP7 and BMP5 expression were
decreased following OVA challenge. These results sitggedivergent role for

BMP ligands during inflammation similar to cancer.

The second study was carried out by Kariyawasam et al., and investigated BMP
signalling in healthy and mild asthmatic human patients before and after allergen
challenge(Kariyawasam et al. 2008Normal norallergic individuals expressed
BMP ligands BMP2, -4 and-7 and BMP receptors AlR, BMPRIa, BMPRIb and
BMPRII on epithelial airway cells. Whilao difference in ligand expression was
present in asthmatic patients, a significant decrease 2 ARMPRIb and BMPRII

was reported compared to noraman allergic individuals. Immunohistochemical
staining revealed that 40% of the healthy airway epahetlls expressed pSMAD

1/5 compared to 3.8% in the asthmatic airways. This difference could be attributed
to the reduced membrai@und receptor expression. Alternatively, a different
BMP ligand may be differentially expressed between healthy and asthma

airways.

Asthmatic airways displayed marked upregulation of-2l&and BMPRIb at day 1
and day 7 posallergen challenge. No change in BNPor BMP4 expression

occurred whereas BMPP protein expression increased significantly in the epithelial
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cells 7days after allergen challenge. Furthermore, BRMdRaining of inflammatory

cell phenotypes revealed that eosinophils are the main source of this ligand in the
allergen challenged airways. BMPwas shown to ctocalize with Major Basic
Protein (MBP) + edsophils. Given these results, the authors concluded that BMP
signalling is present in homeostatic airways and reduced in the inflammatory airway
disease asthma. BMP signalling is reactivated in the airways following induced
airway injury and the authorypothesised a protective, aimflammatory function

of BMP signalling attributed to BM expressioifKariyawasam et al. 2008)

Thirdly, Sountoulidis et al., examined BMsignalling expression during branching
morphogenesis and lung formation using a GFP tagged BRE allele in C57/bl mice.
Moreover, they examined the expression of the fluorescent tag in airway epithelial
cells following naphthalene and bleomycin injury guli mouse lungs. The study
highlighted the role of BMP signalling in the distal lung bud tips during branching
morphogenesis and subsequent pathway activation in airway and alveolar epithelial
cells during late stage development. Following epithelial agliry using
naphthalene, which depletes club cell populations in the airways, the eGFP reporter
was localised to NEBs and regions of the terminal bronchioles where airway
epithelial cell progenitors reside. Following bleomycin injury, BRiven eGFP
expression occurred in SpC+ cuboidal epithelial cells, a progenitor population
capable of selfenewal and differentiation into both AEC | and AEC II. Overall,
the authors concluded that BMP pathway activation maintains undifferentiated
progenitor cell stateis the developing airways to prevent premature exhaustion of
the epithelial cell pool prior to the completion of lung development. Moreover, the
authors speculated that BMP signalling activation following injury is involved in

reparatory event in the aiays(Sountoulidis et al. 2012)
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Finally, a recent study in LPS treated BMP-/- mutant mouse lungs indicated that
BMP-4 plays a protective role against inflammation and bacterial infection. Mutant
mice displayed more severe lung inflammation following LP$ omeruginosa
challenge. In addition, following siRNA knockdown of BMPin human airway
epithelial cells, higher levels of-8 were produced following LPS and TNF
stimulation indicating an anthflammatory function of BMP signalling mediated
by BMP-4 expression. Conversely, BMP+/+ mutant mice displayed incorrect
reparatory processes and reduced lung function which could be attributed to
increased airway remolliiag and airway epithelial cell migratiofii et al. 2014)

This study married the positive and negataspects of BMP signalling during
inflammation whereby BMP pathway activation could act as an@ftdimmatory

mediator while also disrupting normal epithelial repair.
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1.3 Epithelial to Mesenchymal Transition

Epithelial to mesenchymaitansition {) is abiological process wherepithelial

cells undergo phenotypic changes to lose their polarised shape and many of their
epithelial characteristics, detach from the basement membrane and become
migratory, mesenchymal cell@alluri and Weinberg 2009EMT is involved in
organogenesis, wound healing and tumour progression. The types of EMT,
characteristics ad cell undergoing EMT, growth factors responsible for initiating

the procesand its involvement in phenotypic switching will be discussed here.

1.3.1 Types of EMT

EMT is involved in different biological processes and three distinct subtypes of the
EMT processhave been assignd#figure 1.0.12). The structural differences and
cellular complexities involved in each type have yet to be elucidated however each

EMT type is functionally distincfKalluri and Weinberg 2009)

Type 1 EMT occurs during embryonic development. In the very early stages of
implantation, EMT takeglace in the trophoectodermal cells of the parietal
endoderm to allow for correct penetration of the endometrium and attachment of
the placenta. This facilitates the essential nutrient and gas exchange function of the
placenta to occur and developmentlad embryo to proceddcloque et al. 2009;

Aplin et al. 1998) Type 1 EMT also occurs dag gastrulation and leads to the
characterisation of the three germ layers, ectoderm, mesoderm and endoderm,
Ectodermal cells at the edge of the developing epiblast, undergo EMT and migrate
from the edge of the primitive streak. Internalisation of therailgg cells generates

mesoderm which givesse to cardiac cells, hematopoetic ceth® urogenital
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Figure 1.0.12 Different types of EMT

Type | EMT is involvedn embryonic development and cell patterning ev
Type 2 EMT facilitates wound repair and is linked to fibrosis due to prol
inflammation, Type 3 EMT causes tumour cell metastasis formatio
invasion of cancer cells into the blood to migratadw sitesModified frorr
(Acloque et al. 2009; Kalluri and Weinberg 2009)
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tract, bones, skeletal muscle and tendons. Subsequent MET of these internalised
epiblast cells generates the digestive tract and epitheliad lof the organs. The
external ectodermal cells remain in their epithelial cell state and are involved in
neural crest EMT and the generation of cells of the nervous system, skeletal and
cartilage precursors of the head and the epidefAu®que et al. Q09; Shannon

and Hyatt 2004)Type 1 EMT is not involved in fibros@ the invasion of cells to

other regions ofhe body.

Type 2 EMT is involved in wound healing and tissue repair. Unlike type 1 EMT,

this normal reparatory process involves the recreitimof fibrogenic cells and

i nfl ammatory mediators. I f inflammati on ¢
is complete or if the primary insult is not attenuated, this type of EMT can be
sustained in the cells which results in organ fibrosis and sexgae damage. Type

2 EMT occurs mainly in normal restitution events of the lung, liver, kidney and

intestine and thus, is also linked to the onset of fibrosis in these qAydaque et

al. 2009) Both endthelial and epithelial cells can undergo EMT in these organs

(Kalluri and Weinberg 2009; Jonathan M Lee et al. 2006)

Type 3 EMT relates to cancer cell progression and metastasis formation. The
dissemination of epithelial cancer cells from the primary tumour and migration to
distant metastatic focequires distinct changes in cell phenotype. EMT is involved

in this process. EMT in the tumour cells facilitates tumour cell detachment,
intravasation and migration in the circulatory system and the establishment of a
nascent tumour site at a distantdton in the body. This process is believed to
involve a mesenchymab-epithelial (MET) process where the mesenchymal cells
revert to their epithelial phenotype to promote tumour establishment in the new

location(Kalluri and Weinberg 2009)
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1.3.2 Characteristics of EMT

During EMT extensive changes in epithelial cell phenotype occur which lead to the
adoption of mesenchymal cell features and increased cell invasivéREgge
1.0.13). Mesenchymal cells lack cell polarity, have a spirgtlaped extended
morphology, are capable of migrating and do not express thaltgmithelial cell
adherens and junctional complexXety 2005) Instead of apicabasal regions in

the epithelial cells, mesenchymal cell have verdmakal organisation with a
leading edge morphology and extending filopodialtow movement. Compared

to the rigid quasimmobility of the epithelial sheet, mesenchymal cells can migrate

individually and are capable of resisting anoikis.

A hallmark of EMT is the disassembly of theckdherin mediated cell adherens
junction. Tightjunction and desmosomal protein expression is also altered during
EMT. The loss of Ecadherin can occur through genetic and -genetic
mechanisms. Transcriptional downregulation etdélherin gene occurs via the
induction of transcription factors Snafglug, Twist, SIP/Zeb and E47. These
molecules bind to the -Eadherin promoter and repress transcriptional activity
(Bryant and Stow 2004)Posttranscriptional downregulation by dysadherin
disrupts the Ecadherin complex and promotes EMT progresgioa et al. 2002;
Nam, Hirohashi, and Wakefield 2007osttranslational mechanisms of- E
cadherin downregulation to induce EMT have also been tescrTyrosine
phosphorylation ob- and b-catenin byreceptor tyrosine kinase®RTK) causes
dissociation of the complex and induction of EMT. Phosphorylated catenins are
flagged for proteosomal degradation and this prevents them from forming junction

adhefon complexes. Liganthediated receptor activation of EGFR and HGFR
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have been implicated in this procdBsemnes et al. 2002; Shiozaki et al. 1995)
Epigenetic silencing of the-Badherin gene via hypermethylation of CpG islands

in the Ecadherin reporter has also been reported in many invasive cancer tumours
such as the larynx, bladder and colorec{@xarschab et al. 2003; Kanazawa et al.
2002; Nojima et al. 2001Finally, enzymatic cleavage thfe Ecadherin by MMPs,
stromelysinl, calpain, presenilin, ADAMO and ADAM15 all introduce
instability in the cell adherens junction and ultimately result in loosened
intracellular junctions and the induction of EMAluguenin et al. 2008; Krampert

et al. 2004; Maretzky et al. 2005; RiD®ria et al. 2003)

Mesenchymal cells express different cell markers and intracellular molecules to
account for the altered expression of desmosomal and tightgarmbteins and

the loss of Ecadherin(Chidgey and Dawson 2007; Kyuno et al. 2012)oteins

lost during EMT include Eadherin as described, Z0) occuldin and demoplakin.
Membrane bound Madherin and integrit 86 and intracellular fibroblastpecific
protein 1 (FSP1), #SMA areaoranconly upregulatedime nt i n
mesenchymal cell§Jonathan M Lee et al. 2006 N-cadherin provides much

weaker cell adhesion between cells anditro force measurements in the mouse
sarcoma cell line S180 revealed that a significantly higher force is required to
separate cells joined by-&dherin complexes compared techdrerin (Chu et al.

2004)
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Figure 1.0.13 Epithelial to mesenchymal transition

Epithelial cells express tight junctions, desmosomes, gap junctions and adherens
to maintain the rigidprotective epithelial barrier. During EMT, these adhesive comg
are down regulated and the cell adopts a motile, invasive and migratory phenotype.
expression of integrins and-&adherin occurs alongside production of MMP for m.
degradation The process of MET involves the reversal of this process. Modified

(Lamouille, Xu, and Derynck 2014)
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Moreover, Ncadherin promotes cell mobilityFigure 1.0.12) (Cavallaro and
Christofori 2004) The expressiom f b6drtegrin increases cell invasiveness
whil e maintaining the cell 6s @bmujai t vy
and Duncan 2012; Maschler et al. 2005)

Changes in actin expression also occur during EMT. Agiqusly outlined, the
actin cytoskeleton is connected to tight juans and cell adherens junctioAstin
maintains cell polarity in epithelial cells and loss of this apieeal polarised
phenotype during EMT results in a switch from cortical actirapigation to actin
stress fibre formation, as depictedrigure1.0.13 (Vallenius 2013) The generation

of filopodia and extended cytoplasmic processes facilitating cell migration also
requires extensive actin remwlling. This is orchestrated by actimyosin

contraction and extension everftdaynes et al. 2011)The appearance of peri

nuclear actin bundles is also common in cells undergoing EBA4Y et al. 2011)

Following the onset of the mesenchymal cell phenotype, the cell must excise itself
from the tightly knit epithelial cell layer and migrate through the basement
membrane and into the blood vessels. This occurs in type 2 and 3 EMT.
Mesenchymal cells must expres® thecessary membradegradingmolecules
required to carry out this function. The cells produce MMP (M2/®,9,14) and
urokinase plasminogeassociated receptor (UPAR) which cause focal damage to
laminin and type IV collagen in the basement membrane. Tduditates
intravasation, cell migration and dissemination from original epithelial cell sites
(Gupta et al. 2011; Jonathan M. Lee et al. 2006; Marudamuthu et al. 2015; Sillat et

al. 2012)

The phenomenon of partial EMT has also been describedancer This

intermediate EMT statis a hybrid metastable phenotype along the EMHT axis
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whereby the cells express both epithelial and mesenchymal cell markers such as E
cadherin, keratins, vinmtin and MMPs(Jonathan M Lee et al. 2006; Savagner

2010). Partial EMT hasbeemoi ned as fAepithel i(BMP) mesenct
and allows cancer cells to fluctuate between organised, partly polarised epithelial

cells and more mobile, individual mesenchymal cells expressing residual cadherins
proteins(Van Denderen an@hompson 2013; Pinto et al. 2013; Thompson and

Haviv 2011)

1.3.3 MET

Following EMT, the cells undergo the reversal of the process where epithelial
associated genes are upregulated and the epithelial cell phenotype is adopted once
again. This is called mesdngnal to epithelial transition (MET). MET involves the

loss of cell motility, reestablishment of cell polarity, increased expression of
cortical actin and the reacquisition ofcBdherin and other cell adhesion molecules

at the cell membrand-igure1.0.13).

The best studied examples of MET in development are kidney formation and the
developing vertebrate somites. Reciprocal communication between the developing
uteric bud epithelium and the nephrogenic mesenchgowairs during kidney
development. The nephrogenic mesenchyme condenses around the developing
uteric bud following bud branching and MET occurs to form the nephron.-BMP
wilms tumor 1 (Wtl) and paired box 2 (Pax2) are involved in this MET event
(Lipschutz 1998; Plisov et al. 2000puring somitogenesis, the presomitic
mesoderm undergoes MET to epithelialise the boundary of each somite. This
process involved the sm&ho GTPase Cdc42 and raferrerVaquer, Viotti, and

Hadjantonakis 2010)
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During epithelial ell repair, it is postulated that while EMT induces normal
epithelial cell restitution following injury, the onset of MET is an important step to
prevent prolonged EMT and the formation of fibrotic legightcCormack and

O06 De a . BMPI Bas been shown to induce MET in adult renal fibroblasts via
re-expression of Eadherin and decreasing cell motility and type 1 collagen
secretion(Zeisberg, Shah, and Kalluri 200%)GF binding to emet also reduces
TGFb signalling to restore epithelial cell phenotype and decrease the amount of

MMP-9 in tubular epithelial cellévang and Liu 2002)

MET in cancer is receiving more attention in recent years. The fact that metastatic
tumours generally resengbthe primary tumour population from which they arose
led to the notion that mesenchymal cancer cells lose their metastatic prapetties
subsequently repithelialise during the process of neoplastic colonisatiors
understood that MET is involved this process enabling the establishment and
stabilisation of novel tumour sites. In a study of primaigaherinnegative breast
cancer tumours, metastatic foci of the liver, lung and brain were found te be E
cadherin positive. The authors concluded thidite metastatic tumour
microenvironment can induce MET and the induction of epithedlated markers

to promote cancer survivfChao, Shepard, and Wells 2Q1Reepithelialisation

could also allow mitotic events to occur in the nascent tumour site which would be
advantageous for cancer growth. Studies in mice have shown that the loss of the
transcriptional cerepressors Twistl and Snaill, responsible formtegulating E
cadherin, is associated with increased cell prolifergdfi@ai and Yang 2013; Tsai

et al. 2012)

At present, it is unclear if different types of MET exist in the body, what signalling

molecules are involved in thedaction of MET and if these differ spatially and
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temporally. In addition, it is not known whether the loss of EiMdlated signals
during development, epithelial wound repair or cancer cell metastasis is sufficient
for the induction of MET or if specific ME signalling molecules exisEurther
characterisatioof the EMP phenotype may aid in elucidating MET processes in

cancer.

1.3.4 Growth factors and EMT

The Wingless (Wnt) family of signalling molecules are involved in all three types
of EMT. Wnt signals are @ansduced by the frizzled family of receptors and LDL
receptosrelated proteins 5 and 6 (LRP) coreceptors. In the absence of ligand
binding, b-catenin is associated with tlgtycogen synthase kinase 3 (G3K3
complex consisting of adenomatous polyposis @HC) and AXIN.b catenin is
phosphorylated b SK3b and this complex is actively ubiquitinated which results

in proteosomal degradation. In the nucleus, Wnt target genes are inhibited due to
interaction with the transcription factors andrepressors -Eell factor (TCF) and
Lymphoid enhancebinding protein (LEF). Otheb icatenin molecules are
associated with adherens junctional complexes, offering protection from this
degradative pathway. Following Wnt ligand binding, the recea$spciated
Dishelleveal (Dsh) protein is phosphorylated. This leads to the recruitment of AXIN

to the cytoplasmic tail of LRP5/6 and the dissociation of the GI&plex.The
activation of Ds h i nhichténin byGEK&Eewhighh o s phor
prevents degradation. Fihgl unphosphorylated-catenin accumulates in the
cytoplasm and is either recruited for the formation of adhesion junction or

translocated to the nucleus where is interacts with nuclear TCF and LEF, inhibiting
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their transcriptional repression functiggkomiya and Habas 2008; Moon et al.

2004)

Wnt signalling is essential to typeEMT and knockout studies of Wnt3 and Wnt8c
resulted in the incorrect formation of the germ layers and the primitive streak.
Exogenous introduction of Wnt8c lead to the development of numerous ectopic
primitive streakgLiu et al. 1999; Pdpperl et al. 199AVnt interacts with different
growth factor families during type 1 EMT duas the TGFb family particularly
Nodal and Vg1l. Nodal signalling is involved in controlling the invagination of cells
during gastrulatior{Varlet, Collignon, and Robtson 1997) Vg1l is involved in

primitive steak formation and interacts with Wn{&kromne and Ster2001)

FGF receptors are involved in primitive streak formation via the phosphorylation
of b-catenin andhe induction of the Eadherin transcriptional repressor, Snail.
Furthermore, FGFR doublnockout mice have shown that while primitive streak
formation begins in the absence of FGFR, its expression is vital for the normal
progression of enmgonic patterningCiruna and Rossant 200IGF b and Wnt

have also been shown to inducec&ilherin downregulation by inducing the

expression of transcriptional repress@sloque et al. 2009)

BMP signalling is essential to type | EMT events for exampMP-4 homozygote
knockout mice do not form a mesoderm and die between 6.5 and €9.6. In heart
mitral valve formation, BMP signalling mediated through Bi2lihduces EMT in
the myocardium and endocardium of the atrioventricular c@eCormack and

O6Dea 2013; Wi.nnier et al. 1995)

Similar pathways are activated in type 2 EMT. In the repair of renal tissue, Wnt

induces EMT and prolonged Wnt signalling associated with renal fibrosis
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(Galichon and Hertig 2011; Jiang et al. 201BYring tissue regeneration in the
lungs, TGFb and BMR4 have been shown to induce EMT in cultured mouse and
human airway epithelial cells to facilitate epithelial restitutidvicCormack,
Molloy, and ODea 2013; Molloy et al. 200&}onversely, BMP7 has been shown

to elicit the opposite effect on EMT progressand attenuates kidney, liver lung
and intestinal fibrosigMaric et al. 2012; Mitu and Hirschberg 2008; G. Yang et al.
2013) HGF also reduces TGsignalling to restore epithelial cell phenotype and

decrease the amount of MMPin tubule epithelial celléyang and Liu 2002)

In cancer cell progression and metastasis formation via type 3 EMT, the same
signalling molecules of organogenesis and repair are involved. Conflicting reports
exist regarding BMPs involveaemt in cancer progression and as previously
outlined, both spatial and temporal properties appear to modulate the effect the
BMP pathway. Exogenous T&r-can induce type 3 EMT in human mammary
gland epithelial cells, epidermal keratinocytes and murine mammary epithelial cells
treated(Valcourt et al. 2005)Prolonged TGFb signalling promotes type 3 EMT
tumour formation and carcinogenesis in head and neck, breast and colorectal cancer

(Derynck, Akhurst, and Balmain Q).

Other RTKs are involved in type 3 EMT to facilitate metastasis of primary tumours.
In breast tumour cells, dadherin expression in the cells prevents F@HRand
induced trafficking and the subsequent reduction in cell signalling. In the presence
of N-cadherin, FGR2 led to sustained activation of membrdimeind FGFRL

which caused upregulation of MM®, the enzyme involved in focal degradation of
the basement membrane. This signalling axis facilitated a more invasive and

migratory phenotype in ghtumour cell§Suyama et al. 2002)
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In summary, a complex interplay of growth factors is involved in mediating EMT
in cells. Growth factors facilitate epithelial and mesenchymal transition events and
facilitate correct morphogenesis ridg development and cell repair following
injury. In cases where abnormal growth factor signalling occurs due to
overstimulation of the inflammatory system or otherwise, excessive growth factor

signalling may lead to fibrosis and the development of mafignancer tissues.

1.3.5 EMT and phenotypic switching in cancer

Numerous studies have shown that the EMT process is involved in phenotypic
switching in cancerSimilar to the plasticity of the EMMET axis in the
developing embryo, the phenotypic switching iancer cells occurs readily
between subpopulationg-cadherin downregulatiois the hallmark oEMT and
occurs at theinvasive front of many solid tumour@erl et al. 1998) The
progression of EMT in the tumour cédlads to reduced cell polarity and the loss of
intercellular junctions ultimately resulting in more isuge, mesenchymal and
migratory cells The cell arecapable of detaching from the solid primary tumour
and invading the circulatory system before undergoing MET and developing

nascentumour sitegLi et al, 2015; Thiery et al, 2009; Thie3002)

1.3.6 Experimental aims

BMP signalling is involved in lung morphogenesis. This signalling pathway is also
believed to be reactivated during lung epithelium inflammation, repair and
restitution. Altered BMP signalling has been shown to occur in botigmaait and

inflammatory diseasefiowever the role of BMP signalling in these processes is

poorly understood. The main aim of this work was to gain a better insight into BMP
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pathway activation in both healthy and diseased lungs. We aimed to determine the
role of BMPs in EMTmediated phenotypic switching. We hypothesised that BMP
signalling is capable of inducing phenotypic switching limg cancercell
populations. In addition, we hypothesised that BMP signalling is active in healthy
adult airways and thatignalling is sustained to mediate homeostasis in the lung
epithelium. Finally, we hypothesised that BMP signalling is altered in inflammatory

airways diseases and during active epithelial repair.

Our lab has shown that BMP signalling can induce a migratoenotype in airway
epithelial cells during epithelial restitutiofMcCormack et al. 2013)Our first
objective aimed to determine the role of BMP signalling in EMT amehptypic
switching inlung cancer cellsWe speculated that the heterogeneous lung tumour
cell line DLKP would be a suitable model to study EMfiEdiated phenotypic
switching. We aimed to characterise the DLKP clomesre extensivelyto
determine what stagof EMT each clone represented. Subsequently the DLKP
clones were treated with recombinant BMRNd gremlin to examine the effect of
altered BMP signalling on cell morphology and the expression of epithelial and
mesenchymal markers. In addition, the rofeE-cadherin gene processing was
investigated in DLKPSQ and DLKPM clones with the aim to determine the
significance of the cadherin axis in heterogeneous cell populatieoadHerin
reporter plasmidgreviously designed by Dr. Joanne Masterson iil©theDe a L a b,
were transfected into tHBLKP clones by myself and Dr. Emer Mollaoy &xamine

the effect of Ecadherin gene overexpression in the clones.

The second objectiwwas to investigate whether a BMP signalling gradient exists
in adult airways. Foihese studiesa healthy porcine lung model was chosen as the

most readilyavailable clinically relevant large animal model. Following
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histological analysis of the porcine airways, the expression of BMP receptors, BMP
ligands, SMAD signalling molecules aB#1P antagonists was determined by PCR

and western blot in the descending left cranial pig bronchus.

Based on the resulting data, hypotheses would be developed around the role of BMP
signalling in proximal versus distal airways parcine tracheal explanmtodel was
developed to investigate the function of BMP signalling. Primary porcine tracheal
explants were treated with recombinant B¥Iih vitro to examine the effeatf

BMP signalling on epithelial cell phenotype and downstream signal activation.

Finally, we aimed to determine if BMP signalling was present and active i non
human primates and if BMP signalling was altered during allergic airway disease
and subsequently, during epithelial repair. To address this aim, we used an
established model of allegiairway disease in a rhesus macaque model. The
expression of BMP signalling components was examined by immunofluorescence

in the left cranial bronchus of healthy, asthmatic and recovering rhesus macaques.

Overall, the aim of this research was to provideel insights into the expression
patterns of BMP signalling in healthy airways and to gain further insight into the
role of BMP signalling in the pathophysiology of allergic airway disease and lung

cancer.
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Materials and methods

2 Chapter 2

Material and methods

2.1 Materials

2.1.1 Reagents

Product Company Address

1kb ladder Invitrogen Dublin, Ireland
4-20% miniprecast TGX BioRad Herts, UK

7AAD Viability stain eBioscience Hatfield, UK
Acetic acid Sigma Dublin, Ireland
Agarose Sigma Dublin, Ireland
Alcian blue Sigma Dublin, Ireland
Amicon ultra 0.5ml 10k Millipore Cork, Ireland
Antigen unmasking solution (citrate Vector Labs Peterborough, UK
Bench Top 100bp ladder Promega Madison, WI, USA
B-mercaptoethanol Sigma Dublin, Ireland
BMP-4 Immunotools Friesoythe Germany
QuickStartt! Br adf or d BioRad Herts, UK
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Bovine Serum Albumin Sigma Dublin, Ireland

cDNA synthesis kit with Thermo fisher
Loughborough, UK
Superscript® 1ll RT scientific

Chloroform Sigma Dublin, Ireland

Complete mini EDTAfree protease

Rocle West Sussex, UK
inhibitor
Faramount mounting medium DAKO Glostrup, Denmark
DAPI Sigma Dublin, Ireland
dNTPs (dATP, dCTP, dGTP, dTTP Promega Madison, WI, USA
Dimethyl sulfoxide DMSO Sigma Dublin, Ireland
DMEM Hams F12 Medium Sigma Dublin, Ireland
Dnase fotDNA synthesis Invitrogen Dublin, Ireland
DPX mounting medium Sigma Dublin, Ireland
Eosin Y Solution Sigma Dublin, Ireland
Ethanol, 200 proof Sigma Dublin, Ireland
Ethyline diamine tetracetic acid

Sigma Dublin, Ireland
EDTA
Foetal calf serum Sigma Dublin, Ireland
10% formalin, neutral buffere

Sigma Dublin, Ireland

solution
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G 418

Gentamycin

GelRed nucleic acid stain

GoTag Flexi DNA polymerase kit

Grenlin

Happy Cell ® advanced suspensi

medium

Harris Haemotoxylin Solution

Hydrochloric acid

Isopropanol

L-Glutamine

Magic Mark

Marveli nonfat dried milkd

Methanol

Sigma

Sigma

BioTium

Promega

R&D Systems

Brennan & Co.

Sigma

Sigma

Sigma

Gibco

Invitrogen

Dunnes Stores

Sigma

MicroAmp Fast 96 well reactiol Applied

plate

Mini Protean Combi 10 well

0.75mMm

Mini protean precast TGX

Mr Frosty

Biosystems

BioRad

BioRad

Nalgene
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Dublin, Ireland

Dublin, Ireland

Hayward, CA, USA

Madison, WI, USA

Minneapolis, MN, USA

Dublin, Ireland

Dublin, Ireland

Dublin, Ireland

Dublin, Ireland

Loughborough, UK

Dublin, Ireland

Dublin, Ireland

Dublin, Ireland

Carlsbad, CA, USA

Herts, UK

Herts, UK

Loughborough, UK



Materials and methods

MTS cell proliferation kit

NacCl

Nitrocellulose Transfer Kit

Nuclease free water

Oligo dT 1218 primer

Optical adhesive covers

Phosphate Buffered Saline tablets

Penicillin-Streptomycin

Periodic Acid

Polyacryl carrier

QiaShredder

Restore Western Blot stripping buff

RIPA buffer

Rnase away

RnaseOut RNAseinhibitor

RPMI 1640 media

Schiff Reagent

SeeBlue molecular weight ladder

Promega

Sigma

BioRad

Promega

Invitrogen

Applied

biosciences

Sigma

Gibco

Sigma

MRC

Qiagen

Thermdrisher

Sigma

Invitrogen

Invitrogen

Life Technologies

Sigma

Invitrogen
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Madison, WI, USA

Dublin, Ireland

Herts, UK

Madison, WI, USA

Dublin, Ireland

Carlsbad, CA, USA

Dublin, Ireland

Loughborough, UK

Dublin, Ireland

Cincinnati, OH, USA

West Sussex, UK

Carlsbad, CA, USA

Dublin, Ireland

Dublin, Ireland

Dublin, Ireland

Carlsbad, CA, USA

Dublin, Ireland

Dublin, Ireland
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Sodium Chloride (NaCl) Sigma

Superscript 11l revise transcriptase Invitrogen

SYBR greeri Jump start Tag ready Sigma

TrisT hydoxymethyl aminomethane VWR

2x Tris Glycine SDS Buffer Invitrogen

10X Tris Glycine running buffer BioRad

TriZol Reagent Invitrogen
TrypsinEDTA Sigma
Tween20 Sigma

WesternBright ECL HRP substrate Advansta

Xylene Sigma
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Dublin, Ireland

Dublin, Ireland

Dublin, Ireland

Dublin, Ireland

Dublin, Ireland

Herts UK

Dublin, Ireland

Dublin, Ireland

Dublin, Ireland

Menlo Park, CA, USA

Dublin, Ireland
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2.1.2 Instruments

Instrument Company

Accuri C6 Cytometer BD Biosciences

Centrifuge 5804 Eppendorf
Centrifuge 5817 R Eppendorf
Gel Doc Imaging system BioRad
G:BOX Chemi XT4 Syngene
GeneSys Software Syngene
GloMax multidetection platform Promega

MiniProtean 3.0 electrophoresis rig BioRad

BX61 fluorescen

Olympus
ymp Olympus

microscope

Olympus CK40 light microscope  Olympus

Olympus IX81 Fluorescer Mason
microscope technolmies
Olympus QI Click 12vbit CCLC Mason
camera technologies

Power PacE basi c BioRad

QuantityOne® Software

StepOnePl| utime PR

Thermo Scientific

systems

Thermal Cycleii PTC 100 MJ Research

TransBl ot E tur bo t BioRad

CitadelE 2000 tissue processor
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Fannin Scientific

Address

Oxford, UK
Hauppauge, NY, USA
Hauppauge, NY, USA
Herts, UK
Cambridge, UK

Cambridge, UK

Herts, UK

Melville, NY, USA

Germany

Dublin, Ireland

Dublin, Ireland

Herts, UK

Dublin, Ireland

Paisky, UK

Waltman, MA, USA

Herts, UK

Thermo Scientific Pasiley, UK
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2.1.3 Antibodies

Antibody Clone Raised In If Conc WB Conc Size Company
Catalogue
Sigma
Actin 20-33 Rabbit 1/100 1/2000 43kDA AE?OGO
TBSt
Cell
Afadin D1Y3Z Rabbit 171000 205kDA Signaling
mTBSt 13531
b-catenin | 14 Mouse 1/200 1/500 TBS | 92kDA BD Biosci
610153
BMPR-la | H60 Rabbit 1/20 1/200TBSt | 66kDA Santa Cruz
Sc20736
. 1/1000 Cell
mTBSt 2135
Cell
Claudinl | DSHID | Rabbit V1000 o0kpA | Signalling
mTBSt 13255
E-cadherin | 36 Mouse 1/200 1/2000 TBS| 120kDA BD Biosci
610182
ERK 1/2 / Rabbit 1/1000 42kDA, cell
nia abbl Signalling
44KkDA 9102
1/1000 Santa Cruz
GAPDH 6C5 Mouse 37kDA Sc32233
TBSt
N-cadherin | 32 Mouse 1/200 1/2000TBS | 130kDA BD Biosci
610920
45kda K18
52kDA K8
Pan 54kDA K13 .
11 Mouse 1/150 1/1000TBS Sigma
Cytokeratin 56kDA K10 | P2871
56kDA K6
58kDA K5
ERK 1/2 | n/ Rabbit 1/1000 42kDA, cell
P- nia anbl Signalling
44KDA 9101
. Cell
pSmad 1/5/8 41D10 Rabbit 1/50 1/1000 60kDA Signalling
D5B10
Smad-1 A4 Mouse 1/50 1/200 56kDA Santa Cruz
SG7965
Smad 1/5/8 | N18R Rabbit 1/50 1/200 52-56kDA | Santa Cruz
S¢6031
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Antibody Clone Raised In If Conc WB Conc Size Company

Catalogue

Smad5 D20 1/50 1/200 56kDA Santa Cruz
Sc7443

Smad6 H150 Rabbit 1/50 1/1000 54kDA Santa Cruz
Sc13048
Santa Cruz

Smad7 Z8-B Mouse 1/50 1/250 51kDA Sc101152

Vimentin | 13.2 Mouse 1/2000 1/1000 TBS| 53kDA Sigma
V5255

YFP Rabbit 1/3000 1/3000 TBS| 26kDA Abcam
A6556

ZO-1 D7D12 Rabbit 1/1000 200kDA cell

- abbi signalling
mTBSt 8193

U SMA |1A4 Mouse 1/3000 1/2000 42kDA Sigma

A2547
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2.1.4 Primers

Product Temp. MgCI?

Gene Sp. Sequence
P >ed (bp)

*C) (nM)
F : -ABGACCAGGGAGAAACCACA-3 6

BMPRIa Hu 105 55 15
T BOTCTATTGTCCGGCGTAGC3 6

. - ACBCAAGGCAAACCAGCAAT -3 6

BMPRIb Hu 204 58 15

: 5- GCCCGCTTTATAGTTGGAGA-3'

BMPRII Hu

R
F
R: -TC®GTTCAAGCTCTCGTCCA3 6
F

144 55 15
R

. - TOGTTCAAGCTCTCGTCCA3 6

F: 5- TCCAGATACCCGATGGATTT-3'
SMAD7 Hu 94 55 15
R: 5- GGGCCAGATAATTCGTTCC-3'

F: - @GIGGTACACCGCATAGAGG-3 0
SMADG Hu 157 55 15
R: - GC&ACTGGATCTGTCCGATT3 6

F: 5- TACATGCGGGATCTTTACCG-3'
BMP-4 Hu 132 55 15
R: 5- ATGTTCTTCGTGGTGGAAGC3

Hu/ F:5- GCAAAGTGAGCAAGGTGGAG-3

ID-1 191 1.
Ms 9 55 5

R: 5- ATCGTCGGCTGGAACACAT-3'

Hu F @ - T®BTTTGGACCGAGAATCAC-3'

N-cadherin 148 55 1.5
Mk R:. . TMACACTTGAGGGGCATTGT-3'
Hu/ F: - (@MG@CACCACCAACTGCTTAG-3'

GAPDH 487 55 1.5
Mse R: -CEAGGAAATGAGCTTGACAAA-3'
Hu/ F:5- GGCTGGACCGARGAGTT -3'

E-cadherin 350 58 1.5
Mse R:5-CTGCTTGGCCTCAAAATCC-3'
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Gene

BMPRIa

BMPRIb

BMPRII

BMP-2

BMP-4

BMP-7

SMAD-4

SMAD-6

SMAD-7

BAMBI

E_
cadherin

GAPDH

Gremlin

Sp.

Pig

Pig

Pig

Pig

Pig

Pig

Pig

Pig

Pig

Pig

Pig

Pig

Pig

Sequence

F: - AGCAAGGATTCACCGAAAG-3 6
R: -TEBOGAGACAGCCATAGAAACG-3 6
F: - AAATGTGGGCACCAAGAAAG-3 6
R: BAGAGGCATCCCAGAGTCATC-3 6
F : -B5AAGACTGTTGGGACCAGGAS3 6
R: BG&TTGCGCTCATTCTGCATA3 6

F: -ECOTGCTAGTCACTTTCGGCE3 6

Py

: BTEGATTCCAGCCCACATCACT3 &

T

. -B56CTGGAATGACTGGATTGT-3 6
. BACGTCAGTTCGGTGGGAACAG3 6
: -CHTCTCCTACCCCTACAAG3 6

© BG&AAGAACTCTTTGTCGTG3 6

. -CHATGAACGAGTTGTATCACC-3 0
: BAGCCTTCACCAACATACCTG3 6
: -BAGCCCATCTTCGTCAACTCG3 6

. BTGATGAACTGCCGGGAGTAG-3 0
1 -556GGCTTTCAGATTCCCAAG3 6

A M XV M XV M XV T T

. BSTECAAGGCAAAAGCCATTCG3 o

T

. -5ABACAGGCACGAAACCACTC-3 6
R : BI6GGAGGAAGTCAGCTCCTG3 6
F:-5 OCATCTTCAACCCAACCTCGT3 0
R: BACGCCTTCATTGGTTACTGG-3 6
F : -B50CGGTTGTGGATCTGACCT3 6
: PAGCTTGACGAAGTGGTCGTTF3 6
1 -ECATGTGACGGAGCGCAAATA3 6

A M 3D

. BGJTCAGGGCAGTTGAGTGTG3 6
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Product

(bp)

164

171

151

150

158

119

166

225

166

191

167

191

238

Temp.

°C)

58

58

58

58

58

55

55

58

58

58

58

58

55

MgClI?

(nM)

15

15

15

1.5

1.5

1.5

1.5

15

15

15

1.5

15

15
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Product Temp. MgCI?

(bp)

Gene Sp. Sequence
°C) (M)
F: 56TGGAGTAGAGECT3 6

Noggin Pig 166 58 15
R: £ATGAGCGCTTACTGAAGCA3 6

41 F : S@ATCGACTACATCTGGGAS3 8

Pig 130 58 15
(setl) R : SGAACACATGCTGTCTCTG3 6
Id-2 F : -BATCGACTACATCTGGGAG3 6

Pig 128 58 15
(set 2) R : BAACACATGCTGTCTCTGG3 6

F : -553GGTGGAAATGATTCTGAC-3 6
AQP-5  Pig 127 58 1.5
R:-5 9GAAGTAGATCCCCACAAGG3 6

F : -B5ACCTACTGGATCATCATTG3 6

EpCAM  Pig 74 58 1.5
R: STGATTACCTCCTTGAGTGG3 6
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Gene

FOXA1

ITGA6

SFTPC

K-18

ID-2

GATA-6

SOX-9

Sp.

Pig

Pig

Pig

Pig

Pig

Pig

Pig

Sequence

m X M XO” MmO M

mx T

A T

. -CAGGATGTTAGGGACTGTGR 6

: BC&ETATTCATGGTCATGTAGGR 6
. -BCECTCTCAGACTCAGTAACR 6

. BACGGAGATCAATTCTGTTAG3 6
1 -COGAGATGGTCCTAGAGATGS 0
. BAGTAGAGCCAATGGAGAAG-3 6

. -TGAAGACTATCGAGGAACTG-3 6

: BCACCGTCTCATACTTGACTG3 0
. -CGATGAGCCTGCTGTACAAG3 6

. BGdGCAGGCTGACAATAGTGGS3 6
. -BA@TGCAATGCTTGTGGACTG3 6

: BGAAGTTGGAGTCATGGGGAS 6
. -BCGAGCAAGAATAAGCCGG3 6

. BCECGGCTGGTACTTGTAATGE3 6
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Product
(bp)

160

72

85

106

173

164

240

Temp.
0

58

55

55

58

58

58

58

MgClI?
(nM)

15

15

15

1.5

15
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Methods

2.2 Tissue alture

2.2.1 Cell lines

The human DLKP cell linevaskindly provided by Prof. Martin Clynes, Dublin

City University (Mcbride et al. 1998)The cells were derived from a lymph node

met astasi s o f a pri mary tumour . The [ u
di fferentiated squamou (Lavedt &l. 1992)rTleei n o ma o
parental DLKP line was subsequently cloned to three distinct populations-DLKP

SQ, DLKP-M and DLKP-I as describedMcbride et al. 198). The cells were

routinely cultured in a 1:1 mixture of DMEM: Harkd2 medium supplemented

with 5% fetal bovine serum and 2mM-Glutamine.Cell culture medium for

DLKP-SQ Eprom, DLKP SQ Ent, DLKP-M Eprom and DLKPM Em? was
supplemented with 200 ug/ml 4&8. Cells were maintained in a humified
atmosphere at 5% GQat 37 °C. Experiments were carried out within seven

passages.

2.2.2 Sub-culture

DLKP cell lines weresubcultured when the-T5 flaskreached between 800%
confluency. The culture medium was pigeelt from the flak and the cells were
rinsed with sterile 1XPBS solution. TrypstDTA (0.5%w/v) was added to the
flask which was incubated at 37 °C until the cells had completely detached from
the flaski not exceeding 15 mins. Detachment of the cells wsualised using a

light microscope. An equal volume of 5% seraontaining medium was added to
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the flask to neutralise the trypsin enzyme. Emtire content of the flask was
transferedto a 30ml sterlin and spun at 259 x g for 5 mins in a bench tapfoge.
Following centrifugation, the supernatant was discarded and the cell pellet was
resuspended in fresh medium. The cells were then usedézdeculture flasks or

for experimental set up.

2.2.3 Cell freezing

Cells were frozen to liquid nitrogen to méain cell stocks. Freezing medium was
prepared which consisted of 8ml DMEM:F12, 1ml FBS, 1ml DMSO. This medium
was stored on ice and protected from the light. When the cells reach&®60
confluency, the flask was trypsinised as above, and the resylahet was
resuspended in 1ml freezing solution, in a dropwise fashion. The cell suspension
was transferred to a cryovile and stored in Mr. Frosty apparat8@ &€ overnight.

The Mr. Frosty apparatus contains isopropanol which slowly freezes thetcklls a
degree /minute. The cryoviles were transferred to liquid nitrogen for long term

storage.

2.2.4 Cell thawing

The freezing solution used during liquid nitrogen preparation is toxic to cells at
room temperaturé due to its dehydrating effect on the cellsoPtb the removal

of cells from liquid nitrogen, a 10% serurontaining medium was prepared and
incubated at 37 °C (1:1 DMEM/F12, 10% FBS, 2 mMslutamine). A small
beaker of dH0 was heated to 37 °C. The cryovial was removed from liquid nitrogen
and plaed on ice. Cells were thawed by placing thgovile in the heated water

and swirling gently. Once the cells had thawed, the solution was quickly transferred
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to the mediunrcontaining sterilin. The cells were centrifuged at 259 x g for 5 mins.
The supernatd was discarded and the cells were resuspended in 10% medium and
placed in a tissue culture flask. The flask was placed in a 37 °C humidified
environment with 5% C@ The culture medium was replaced betweev §ours

later to remove any residual DMS(dddead cells.

2.2.5 Cell counting

Following trypsinising, cells were suspended in 10ml medium. A glass
haemocytometer was used to carry out a cell count to determine the number of cells

per millilitre of medium. The haemocytometer was cleaned with ethanol and a
coverslip was mounted by applying pressul
were observed to ensure the correct depth between the haemocytometer and the
coverslip. Approximately 10ul of cell suspension was pipetted onto the
haemocytometer and the volumvas drawn under the coverslip by capillary action.

Cells present in each of the four corner were counted and an average cell
concentration was obtained. This number was indicative of the number of cells x

10* per ml of the original cell solution.

2.2.6 Expansion of Eprom- and En?-expressing DLKP-SQ and

DLKP -M cells

DLKP-SQ and DLKPM cells were transfected with-&dherin reported plasmids
designed by Dr. Joann &helfiratsanteisdth@emousen t he
E-cadherin promotelCAT constructsubclanedinto the plasmid vector pEYFE.

This plasmid was called Epronthe second construct contained the full length
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mouse Ecadherin gene from the pPBATEM2 construct subcloned into the plasmid

vector pEYFP1. This plasmid was called Em

Populations of DLKPSQ and DLKRM cells transfected witfEprom and Erh
plasmids wergrown in T-75 flasksby Dr. Emer Molloy Cells were trypsinised

and a cell suspension of 2 x*kells/ml was prepared dfie mixed populations of
DLKP-SQ Eprom, DLKPSQ Ent, DLKP-M Eprom and KP-M Em?. DMEM-

F12 culture medium containing 400ug/ml G418 was prepared and cells were diluted
according to the Corning ® Cell cloning by serial dilution in 96 well plate protocol.
In brief, 100ul was pipetted into all wells in a 96 well plate excep2AQul of the

cell suspension was added to Al and a serial dilution along column 1 was carried
out. A subsequent serial dilution across each row was carried out using -a multi
channel pipetteMedium was added so that each welhtaired 200ul of medium
(seeappendix Figure 8.0.1T.he plate was left to incubate overnight at 37 °C in a
humidified environment with 5% CClonal cellsgrowing as a single colony were
detected by brightfield microscopy and fluorescent microscopy was used to validate
fluorescentcolonies. Once characterised, fillorescentcolonies wereexpanded

and cells were transferred from 96 well plaie2d well plate, 6 well plate,-Z5
culture flask and finally to a-¥5 culture flask. FACS was carried outdoantify

the level of fluoresence in the DLKRSQ Eprom, DLKPSQEnN?Y, DLKP-M Eprom

and DLKRM En? cells. This work wascarried out by Dr. Emer Molloy, see

appendix Figure 8.0.1.

This clonal expansion protocol waspeatedat the beginning of this projetd
prepare a purified populan of DLKP-SQ Epromcells as the stocks of this

subclonehad expired.
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2.2.7 Spheroid cell culture

Cells were counted and suspended in 2x Happy®CkIEdium at the correct
seeding density for a chamber well slidea 24well plate.250ul of this cell
suspensiomwas added to the plate. A 1:1 mix of 2x Happy @IMedium and
DMEM-F12 medium was prepareahd supplemented with 2% FBS, 2mM L
Glutamine and 200units/ml Pestrep. 250ul of this cell medium was pipetted on
top of the cell suspension of DLK®Q, DLKP-M, DLKP-SQ Eprom, DLKPM
Eprom, DLKRSQ Ent or DLKP-M Em?. Cells grownin Happy Cell® medium

began to form 3D spheroids after 4 days in culture.

2.2.8 Acquisition of bright field images

Phase contrast images were obtained using an Olympus CK40 light microscope.

2.3 Primary porcine tracheal explant ALI culture

2.3.1 Porcine tracheal tissue preparation

Pig lungs were collected from the local abattoir and transported on ice to the lab.
Wash medium hébeen previously prepared and incubated at 37 1Cl RPMI
DMEM-F12 medium gpplemented with 200units/rpknicillin and streptomycin,
2.5ug/ml amphotericin, 50ug/ml gentamycin and 10mMllitamine. A bunsen
burner was present on the bench once the lungs were removed from tbe ice
enhance sterilityThe trachea was detached frone mouthparts and cut at the
carina. The tracheal tissue was cleaned of all adventitia, connective tissues, blood
and mucus. The trachea was cut alongtthehealis (thecartilaginous axisand
dividedinto longitudinal sections. Each tissue section sudBnerged in sterile PBS
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before being placed in wash medium. The tissue was rocked then for 5 minutes at
room temperature before being placed at 37 °C for 40 minutes. Three washes were
carried out over a period of 3 hours using fresh medium each timeesidual
connective tissue attached to the exterior to the trachea was removed following each
wash. The tracheal sections were cut into small explants, approximately 10mm x
10mm in size which consisted of cartilage, respiratory mucosa and respiratory

epithelium.

2.3.2 Sub-culture on agar plugs

Tracheal sections were removed from the wash medium and placed on 1% w/v
agarose plugs with the epithelium facing upwards. The plugs were 5mm in height
and were placed in the centre the well in anEH plate. 2ml of cultre medium

was added to the well so the plug and the basal surface of the tracheal explant were
bathed in medium. Culture medium contained all components of the wash medium
with 10mM L-Glutamine. A serum control containing 10% FBS was prepared for

all expeimentsThe primary porcine tracheal explant culture protocol was

devel oped in collaboration with Dr. Pet el

2.4 BMP Stimulation

2.4.1 Reconstitution of recombinant BMP-4

Human BMPR4 recombinant protein was purchased from Immunotools.
The protem was reconstituted in 1ml DMEMams F12 medium to yield a

concentration of 10ug/ml. This stock solution was aliquoted into sterile Eppendorfs
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and stored at20 °C. A working concentration of 100ng/ml was used in all

experiments.

2.4.2 Reconstitution of gremlin

Recombinant mouse gremlin was purchased from R&D systems. 50ug was
reconstituted in 200ul of a 4mM HCL solution to yield a 250ug/ml solution. This
stock solution was aliquoted into sterile Eppendorfs and stor2@ &C. A working

concentration of 3ug/mwas used in all experiments.

2.4.3 BMP-4 or gremlin stimulation of DLKP -SQ, DLKP-M,

DLKP -| cell lines

Cells were trypsinised, counted and seeded as above. Reskrogelcontaining
medium (0.25% FBS) was added to the cells overnightdioceethe levels cdny
residual growth factors present in the serum. Medium was replaced after 24hrs with
fresh medium(0.25% FBS)containing 100ng/ml BME or 3 ug/ml Gremlin.

Cultures were maintained at 37 °C in a humidified incubator with 5% CO

2.4.4 BMP-4 stimulation of pig tracheal explants

Serumcontaining and serufree medium supplemented with 100ng/ml BMP
was added to the wells containing the agar plugs and tracheal explants. Cultures

were maintained at 37 °C in a humidified incubator with 5%.CO
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2.5 Rhesus macaques model @fllergic airway disease

The following procedures with rhesus macaques animals and tissues were carried
out by trained staff at the California National Primate Research Centre (CNPRC)

based at the University of California, Davis, USA prior to the presedys

2.5.1 Selection of norRhuman primates

All rhesus macaques in this studgcaca mulattawere chosen from the breeding
colony at the California National Primate Research Centre at the University of
California, Davis. All housing and care of the animals wasompliance with the
provisions outlined by the Institute of Laboratory Animal Resources and followed
the regulations of the Association for Assessment and Accreditation of Laboratory
Animal Care (AAALAC). The Institute of Animal Use and Care Committee
reviewed and approved all animal experimental protocols prior to commencement.
Neonates were removed from the mothers and following 2 days of-festieng,

they were randomly assigned to groups and placed in social cohorts within chamber
nurseries for éurther 28 days. Body weights within social groups were comparable
and the animals were chosen based on negative intradermal skin test reactivity to

Dermatophagoides farinaghich is a common house dust mite allergen (HDMA)

2.5.2 Asthma model

The rhesus macags chosen for the study were moved to specially designed air
chambers. Each exposure chamber had a turnover of 30 filtered air changes per
hour. All animals were diligently checked and monitored by trained CNPRC animal

technician, care, research and vietny staff.
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The animal test groups were exposed to HDMA 3+(1>6). The HDMA was
supplied by Greer Laboratories (Lenoir NC) was used for inoculation and
aerosolization in the treatment chambers as previously descr{sathelegle,
Walby, et al. 2003)Ozone generation and supply was carried out as previously
described Schelegle, Miller, et al. 2003pver a 5 day period, {vas supplied to

the chamber for 8hr per day at 0.5ppntombination with aerosolizdd. farinae
during days 3, 4 and 5. HDMA was supplied to the chambers for 2.5hr/day at
1mg/ml. These animals had been previously sensitiz&d tarinaein alum at 14
days old via subcutaneous inoculation and intramuscajection of heakilled
Bortetella pertussisells. At 28 days old an additional dose of HDMA in alum was
provided. Following the 5 day treatment period, filtered air was supplied to the
chamber for a further 9 days. This cycle of 14 days was repeatadeklrésulting

in a 5 month exposure period.

2.5.3 Regeneration model

A separate cohort of animal was exposed to filtered air for a 6 month period
following the initial 5 month HDMA + @exposure period. This was to assess the
potential recovery of the lungsh&se monkeys were exposed to HDMA @
2hours at monthly intervals to maintain sensitivity. Each exposure animal group
(n=6) has a corresponding control animal group (n=6) housed in filtered air for the

duration of the study.

2.5.4 Necropsy and tissue prepaation

Following the period of six or twelve month treatment in HDMA #dD filtered

air, the animals were sedated by an intramuscular injection of Telazol (8mg/kg) and
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anaesthetized intravenously with Diprivan (0.2/0.2mg/kg/min). Sodium
pentobarbital wasupplied intravenously to deeply anaesthetise the already sedated
animals. Following tracheal intubation, the animal underwent exsanguination via
the systemic aorta.

Following necropsy, the left cranial lobe was fixed in 1% paraformaldehyde. After
fixation, the lobes were isotrophically oriented using an orientor and cutimta 5
slabs. A smooth fractionator was used to sample the t{€swualersenteal. 1988)

The tissue was embedded in paraffin and cut ifienSserial sections and stored at

ambient temperatungrior to deparaffinisation andhmunofluorescence.

2.6 RNA Isolation

2.6.1 RNA Harvest from cells cultured in 24 well plates

Culture mediunwasrenmoved from the well. In the fume hood, 250plzol© was
added to each well, swirled and incubated at room temperaturefoin2ites. All
Trizol© solution for each time poiwas then pipetted from well and placed in a
labelled eppendorf. Samples were stbat-20°C before phase separation and RNA

isolationwas carried out.

2.6.2 RNA Isolation

Once the homogenate was thawed, all samples and materials were moved to the
fume hood and 5ul of Polyacryl Carrieradded to every tube. This agpolymer

usedto aid vsualisation of the RNA pellet. 200ul Chloroform was added to each
tube and the samples were shaken vigorously for 15seconds before an incubation

period of 10minutes at room temperature. The tubes were centrifuged at 1,200rcf at
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4°C for 15minutes. The agoes RNA phase was transferred to new labelled tubes

(350-450l).

2.6.3 RNA Precipitation and purification

To the tube containing RNA, 500pul Isopropamneads added and the tubes were
vortexed. Following incubation at room temperature fdriOkinutes, the tubes
were centrifuged at 1,200rcf at 4°C for 15minutes. A p&li@sseen at the bottom

of each tube. The supernatant was removed into a waste bottle using a P1000. A
small volume was left and the pellet was left undisturbed. 1ml of 75% ethanol was
added to washhe pellet in each tube. The tubes were vortexed prior to
centrifugation at 7,500g at 4°C for 5minutes. The ethanol was removed and the
wash steps were then repeated twice more. Following the final centrifugation, all
traces of ethanol were removed andttii@es were left to air dry in the fume hood

for 4-5minutes.The pellet was dissolved in 40upl nucldase water. The
concentration of RNAvas determined using a NanoDrop Spectrophotometer. All

samples were stored-&0°C.

2.7 Polymerase Chain Reaction

2.7.1 DNAse treatment

RNA samples were treated with DNase to remove any DNA contamination. As an
additional control, genomic samples of each sample were prepared. These samples
did not receive cDNA synthesis reagents but received equal volumes of DEPC
water in their gace. Any amplification which occurred in the subsequent PCR was

present due to DNA contamination and amplification of genomic DNA.
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For each sample of RNA (500riglug), 1ul 10X DNase buffer and 1yl DNase
enzymewereadded. The volume of the tubsasadjusted to 10ul with DEPC water.
The samplesvere incubated at room temperature for 20minutes to allow full

degradation of the DNA.
To deactivate the DNase enzyme, 1ul EDTA was added to all samples and all

samples were heated to 65°C for 10minutes.

2.7.2 cDNA synthesis

Following heatdeactivation of DNase, 1pl oligodb1s) primers and 1pl 10mM
dNTPswere added to the samples. The genomic samples did not receive any
oligodT and dNTPs. The solution was heated to 65°C for S5minutes before being

cooled to 4°C and traferred to ice.

The cDNAmastermix was then prepared for each sample as follows:
4ul 5X FirstStrand buffer

1pl 0.1M DTT

1uIRNaseOUT Recombinant RNase Inhibitor

1pl Superscript Il Reverse Transcriptase

The reagentaeremixed by pipetting gently up anedan and 7ul of the mastermix
was added to each of the active samples. An equal volume of DERE was
added to the genomic samples. The solutvasincubated at 50°C for 60minutes
on a PCR machine. To deactivate the reaction, the tempevasimaisedo 70°C

for 15minutes.
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2.7.3 Primer design

Primers were designed using the NCBI database

http://www.ncbi.nlm.nih.gov/pubmedOnce coding sequences for the gene of

i nterest wer e cdifttvaael from tthe WhileRaad Imstituts for

Biomedical Research was used to generate specific primer sets.

http://primer3.ut.ee/ Each primer set was verified using a Basic Line Alignment

Search Tooblast.ncbi.nlm.nih.gov

Primers were reconstituted in DEPC water to give 100uM concentration. This
volume was added to DEPC water to give a working concentration @ 10ul primer
+ 56.6ul primer (1:6.66)25uM OR 10ul primer + 90ul DEPC (1:10) =10uM OR

10ul primer + 10ul DEPC (1:2)=50uM
This working stock solution was diluted by 50 when added to the PCR mastermix

(0.5ul to 25ul) giving 300nM, 200nM or 1000nM concentration respectively.

2.7.4 Reverse Transcriptase PCR

Firstly, 500ul micrecentrifuge tubes werkabelled appropriately. A mastatrix
was prepared on ice as outlined below. The reagest® multiplied for the

necessary sample number.

Volume Reagent Final Concentration
(ki)

5 5X Green GoTaq Flexi buffer 1x

1-2.25 25mM MgCh solution 1-2.25mM

4 1.25mM dNTP 200pM each nucleotide
0.5 10-15puM Upstream primer 200-300nM

0.5 10-15uM Downstream primer 200-300nM

0.125 (5U/ pl) GoTag DNA Polymerase 0.025U/pl
To 25 DEPC
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A total of 24.5ul of the master miwasadded to each tube to which 0.5ul of the
cDNA sampleswvas added. Theubeswere placed in the PCR machine atite
appropriate programme wastiated Initial denaturation for 2minutes at 95°C was
followed by denaturation at 95°C for 1minute. The temperature was brought to 42
60°C for annealing of the primers. Extensiondaléd at 72°C for 1min/kb and
final extension at the same temperature for 5 minutes. Followk8p&fcles, the

samples were incubated at 4°C.
For the primer$ Electrophoresis

The PCR products were separated by agarose gel electrophoresis. A 1X TAE buffer
(40 mM Tris, 0.35 % v/v Acetic Acid, 0.5 mM EDTA) was poured into the
electrophoresis apparatus A 1.5% w/v agarose gel was prepared with 100ml 1X
TAE and 1.5g agarose powder. The solution was heated to dissolve and 10ul
GelRed is added for DNA visualisatioA volume of 20ul of the PCR sample was
added to each well and gel electrophoresis was carried out at 95V for 45minutes. A
100bp or 1Kb DNA ladder was ran on the gel simultaneously to verify product size.
Visualisation was carried out under UV light usm@iorad GelDoc System. PCR

product was quantified using QuantityOne densitometry software.

2.7.5 Real Time Quantitative PCR

Quantitative PCR was carried out using the Applied Biosystems, StepOne
Thermocycler. A mastermix containing 1 pl of cDNA, 5 ul SYBRagrdumpStart

Tag and primers at 400nMhe 10 pl SYBR mix was added to 96well plate and An
initial denaturation step of 10 min at 95 °C was carried out, followed by 40 cycles

of 95°C for 45 sec, annealing at 58°C for 45 sec and extension for 1 min af72°C.

85



Materials and methods

final extension of 72°C for 5 minutes was carried out on the final cycle. The samples

were then cooled to 4°C.

The relative quantity of amplified PCR product was calculated usingtkep p C t
method. Each samptpCt camapared to its GAPDH control, to generate the fold

difference in PCR producAll samples and GAPDH controls were ran in duplicate.

GAPDH was chosen as a good housekeeping gene baseevamup experiments

in the I (Dr. Emer Molloy, PhD thesishn addition, actimmndb-tubulinhave been
shown to be changed during EMT and as a GAPDH is an enzyme involved in
glycolysis we believed it to be a more suitable housekeeping gene for experiments

involving BMP-induced EMTlike processes.

2.8 Immunofluorescence

2.8.1 Methanol fixation

This method of preservation was used on cell cultures growing in chamberwell
slides prior to immunofluorescent staining. Medium was removed from each well
and icecold PBS was used to rinse the celleétimes. Methanol stored-20°C

was gently pipetted down the well wall to fix the cells. The samples were incubated
at-20°C for five minutes. Methanol was blotted off and the samples were covered

in parafilm and stored a20°C if not used immediately.

2.8.2 Formaldehyde fixation

This method of preservation was used ongigraysprior to immunofluorescent
staining and histology. The samples were submerged in 10% formalin, neutral
buffered solution for 24hrs at room temperature. The samples were theniplaced
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plastic cassettes and |l oaded into the T
processor for overnight fixation. A series of dehydration steps in alcohol solutions
and xylene were carried out over an 8 hour period. Once the final dehydration step

was canplete, the sample were incubated in molten paraffin wax.

Al cassettes were removed from the Thel
processor and placed in molten paraffin wax baths prior to embedding. The baths

has been heated to 65°C. Small plasticis®15mm x 15mm were used to embed

the samples in paraffin wax. The well of the moulds was filled with wax before
submerging the sample in the wax. A new plastic cassette was placed on top of the

mould. The samples were labelled and allowed to cool. Gaiened, the plastic

moulds were removed and the samples embedded in wax and fixed to the cassettes

were stored at 4 °C.

A manual microtome was used to cut the paraffin embedded samples. All samples
were cut at 5SuM. Each section was mounted on positiyged glass slides and
incubated at 65 °C for one hourdoy the samples to the slide. Slides were stored

in cases at room temperature.

2.8.3 Indirect immunofluorescence on cells

Cells were removed fror20°C and allowed to come to room temperature. 1 x Tris
buffered saline (TBS).01M-Tris, 0.15MNacl, pH 7.5was added to each well for

5 minutes to equilibrate the cells. The TBS was removed by blatidd6 bovine
serumTris solution was added. The cells were incubated at room temperature for
30 minutes.This blocked nosspecific binding sites such as Fc receptors on the

surface of the cells.
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Primary antibodies were prepared in TBS as per table. The primary antibody was
pipetted onto each well and the chamberslides/plates were incubated at 4°C
overnight.Moist tissue was used as an incubating chamber to ensure the samples
remained humidified during incubation. When overnight incubation was complete,
primary antibody was blotted off the cells and the cells were washedithesein

0.1% v/v TBSTween20 shution. The cells were placed on a rocker at room

temperature during each 5 minute wash.

Secondgy antibodies were prepared ifolblocking solution at a 1/200 dilution.
Cells were incubated for 30 minutes at room temperature in the dark. Cells were
washed three times prior to secondary antibody incubation. Cells were
counterstained with DAPI at 1/10000 for 5 minutes in the dark at room temperature.
DAPI was blotted off and the cells were mounted with a coverslip using DAKO®
Faramount aqueous mounting mediu@ells were viewed using an inverted
Olympus IX81 fluorescent microscope. All software settiwgre kept consistent
throughout imaging of controls and samples. Controls were prepared for all
antibodies. Antibody controls were prepared where the primatipoaly was
omitted from the staining protocol. This controlled for remecific fluorescent
antibody staining. Isotype controls were prepared where an irrelevant IgG was

used. This controlled for nespecific primary antibody staining.

2.8.4 Indirect immunof luorescence on tissue

Paraffinrembedded samples on glass slides wengadeed in xylene for 10 minutes
(2 x 15minutes) in a chemical fume hood. The sections were rehydrated using a
gradient of ethanol solutions. The slides were placed in 90% ethanahiouges,

75% ethanol, for 2 minutes, 75% ethanol for 2 minutes an@ i 2 minutes. The
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slides were then placed in a citrate based antigen retrieval solution (pH 6.0). The
sections were boiled for 15 minutes (3 x 5 minutes). Sections were cooled in
runnng tap water for 8 minutes. Once the slides had dried on the bench, an
ImmEdge wax pen was used to encircle the tissue sections. The wax pen border was
placed as close to the samples as possible to minimise the volume of antibody
required. Blocking andantibody incubations were carried out as previously
described. Briefly, the tisgusections were incubated in% bovine serum solution

to block nonspecific receptors. Primary antibodies were incubated overnight at 4
°C in TBS. Sections were subsequentiyashed in 0.1% v/v TBS/TweeD.
Secondary antibodies were made up in the blocking solution and sections were
incubated for 30 minutes in the dark at room temperature. Following a TBSMween
20 wash, the cells were counterstained with DAPI. The slides wevated with

coverslips using DAKO faramount mounting medium.

2.9 Histology

2.9.1 H&E staining

Following formaldehyde fixation and paraffin embedding, the slides were moved
to the chemical fume hood and-dexed in xylene for 10 minutes (2 x 5minutes).
The samplesvere rehydrated in 100% ethanol for 5 minutes, 95% ethanol for 2
minutes, 80% ethanol for 2 minutes anc@ibr 2 minutes. The slides were then
placed in Harris haemotoxylin solution for 3 minutes and then rinsed in tap water
for 40 seconds. The slidesre submerged in 1% acid alcohol (Iml HCL, 69.3ml
Isopropanol, 1ml dk0) for 5 minutes and rinsed in tap water for 5 minutes. The

slides were then placed in Eosin Y solution (1g eosin powder, 1.6g Potassium
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dichromate made up to 100ml gy for 3 minutes ad rinsed in tap water for 40
seconds. The slides were rehydrated in 80% ethanol for 5 minutes, 95% ethanol for
5 minutes and 100% ethanol for 5 minutes. The slides were mounted with a
coverslip using DPX mounting medium and viewed using a Olympus CXHD lig

microscope.

2.9.2 PAS staining

Following formaldehyde fixation and paraffin embedding, the slides were moved
to the chemical fume hood and-dexed in xylene for 10 minutes (2 x 5minutes).

The samples were rehydrated in 100% ethanol for 5 minutes, 95% ethiagol
minutes, 80% ethanol for 2 minutes anc@ifor 2 minutes. The slides were placed

in 1% Alcian Blue in agueous acetic acid solution for 15 minutes and then rinsed in
tap water for 2 minutes. The slides were rinsed isDddé¢fore being placed in 0.5%
Periodic Acid for 5 minutes. Following a rinse in fiHhe slides were place in
Schiffés reagent for 10 minutes and rins.
were counter stained with Harris haematoxylin solution for 1 minute and rinsed in
tap waterfor 2 minutes. Finally the slides were placed in 1% Acid alcohol for 20
seconds before a 5 minute wash in tap water. The slides were rehydrated in 80%
ethanol for 5 minutes, 95% ethanol for 5 minutes and 100% ethanol for 5 minutes.
The slides were mountedth a coverslip using DPX mounting medium and viewed

using a Olympus CX40 light microscope.

90



Materials and methods

2.10Western Blotting

2.10.1Protein harvest

Cells in T25 flasks, 24 well plates or 12 well inserts were washed 4ooide
phosphate buffered saline (PEB)scraped witla cell scraper or a pipette tip. The
cells were centrifuged at 259 x g for 5 minutes at 4°C. The cell pellet was
resuspended in chilled lysis buffer. Lysis buffer contained RIPA buffer (150 mM
NaCl, 1.0% IGEPAL® CA630, 0.5% sodium deoxycholate, 0.1% SBS mM

Tris, pH 8.0) supplemented with 1x Complete Mibtease inhibitor cocktail. The
samples were rocked for 15 minutes at 4°C before being centrifuged at 12,000 x g

for 5 minutes at 4°C. The supernatant was collected and stoBf@t

For pig traheal explants, the samples were cut into small segments and
homogenized in lysis buffer for one minute on ice. The samples were rocked for 15
minutes at 4°C before being centrifuged at 12,000 x g for 5 minutes at 4°C. The

supernatant was collected andrstbat-80°C.

2.10.2 Bradford Quantification

Protein was quantified using a BioRad Bradford assay. A standard curve was
prepared using bovine serum albumin ranging from 0 mg/ml to 1.4 mg/ml. Samples
were diluted 1/10 and all samples and standards were prepateglicate in a 96

well plate. Bradford reagent was added to the samples in a 1/50 dilution and the
samples were incubated for 5 minutes. Absorbance was read at 620nm. The quantity

of protein in the samples was calculated using the standard curve.
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2.10.3 Sanple preparation

Following quantification of the samples, the samples were prepared for gel

el ectrophoresis. A | oadi n-geradptoethanadand i st i nc
2x loading buffer (Tris base, HCI, acrylamide, bisacrylamide, TEMED, APS, and

highly purified water) was prepared. 15ug of protein was added to an equal volume

of loading dye and the samples were boiled for 5 minutes at 95°C. This process
denatures the protein and allows protein separation during gel electrophoresis. The

samples werelaced on ice following the boiling step.

2.10.4 Sodium Dodecyl Sulphate Polyacrylamide Gel

Electrophoresis (SDSPAGE)

BioRad 420% miniprecast TGX gels were routinely used for gel electrophoresis.

The gels were loaded into the cassettes and the chambéififadasith 1X Tris-

Glycine-SDS buffer (25 mM Tris, 192 mM glycine and 0.1% SDS, pH approx. 8.6).

A chemiluminescent protein standard, Ma g
track the molecular weight of the proteins (125 mM -Hf{SI (pH 6.8), 10 mM

DTT, 174% Glycerol, 3% SDS, and 0.025% Bromophenol Blue). A colorimetric
SeeBlue® ladder was added in the final lane to track correct protein separation and
transfer (TrisHCI, Formamide, SDS, and Phenol Red). Samples were loaded into

the wells and the gel waseetrophoresed at 200V for 45 minutes.

2.10.5 Semkdry transfer

In the final five minutes of electrophoresis, two stacks of blotting paper and a

nitrocellulose membrane were cut to size and equilibrated in 1x Transfer Buffer.
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One stack of blotting paper was gdal onto the tray of the BioRad TraBet®

TurboE System. The nitrocellul ose membra
paper stack. Once electrophoresis was complete, the gel was removed from the
running chamber and placed onto the membidoging par stack. The final

blotting paper stack was placed on top of the gel and a roller was pressed across the
sample to remove any air bubbles. The lid of the tray was replaced and the tray was
inserted into the machine. The Traddd ot E Tur bo E afmerfor nut es

mixed molecular weights was carried out at 2.5A constant.

2.10.6lmmunoblotting

Following transfer, the gels were removed from the stack and placed in InstantBlue
(Solubilisers, Coomassie Brilliant Blue, Phosphoric Acid, Ethanol) which stained
any resilual proteins present on the gel. This provided an additional control for
correct transfer. The bottom right hand corner of the nitrocellulose membrane was
scored for orientation and placed inladking solution of 20% BSA or drieditk
powderin TBS0.1 % Tween20 (5mM Tris, 150mM NaCl) depending on the
primary antibody of choice. Blocking was carried out for 1hr at room temperature
with gentle rocking. Phosphorylated antibodies were always blocked in BSA
solution as casein present in milk would induceessove background staining.
Primary antibodies were incubated for 1hr at room temperature or overnight at 4°C.
Once incubation was complete, the blot was washed for 15 minutes (3 x 5 minutes)
in 0.1% TBSTween20 on the rocker. Secondary antibodies coufgddtbrseradish
perioxidasdabelled (HRP labelled) were added for 1hr at room temperature. All

secondary antibodies were made up in the blocking solution. Following secondary
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incubation, the blot was washed for 15 minutes (3 x 5minutes) in 0.1%d W8

20 on the rocker. The blot was placed in TBS solution before being developed.

2.10.7 Chemiluminescence

The blot was placed on cling film and the enhanced chemiluminescence (ECL)
western blotting detection reagents WesternBrite were added for 2 minutes.
Excessie solution was poured off the blot and the cling film was folded down on
top of the blot. Visualisation of the proteins was carried out using a Syngeoe G
Visualiser and the Genesys image acquisition software. The primate western blots

were visualisedsing a Cell Biosciences FluorChem E.

2.11Flow Cytometry

2.11.1Sample preparation

Cells growing in flasks or wells were rinsed with 1ml PBS before trypsinisation, as
outlined above. Following 10minutes at 37 °C, the appropriate volume of FBS was
added to neutralis¢he reaction. Cells were transferred to FACS tubes and
centrifuged at 259*g for 5Sminutes at 4 °C. The supernatant was discarded and the
cells were resuspended in PBS. Centrifugation at 259*g for 5 minutes at 4 °C was
repeated. The final cell pellet wasuspended in a small volume of PBS to be read

on the Accuri FACS machine.

2.11.27AAD staining of pig tracheal explants

Tracheal explants were removed from the culture medium and the epithelium was

microdissected from the underlying cartilage and connectiueetidhe epithelium
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was placed in trypsin for 3 minutes at 37 °C. Following digestion, 1ml of FBS was
added to neutralise the reaction. The cells were rinsed through a 70uM nylon mesh
using a 10ml syringe pump. The cell suspension was centrifuged at 30039 f
minutes and the supernatant was discarded. The pellet was resuspended in PBS to
rinse. This washing step was repeated two times. Following final resuspension in
60ul PBS, 3ul of 7AAD was added to the suspension and the Eppendorf was
incubated for 15 nutes at 4 °C. 100ul of FACS buffer (1x PBS + 2% FBS) was
added to the tube and the cells were spun at 300*g for 5 minutes at 4 °C. The
supernatant was discarded and the cell pellet was resuspended in 100uL FACS
buffer to be read on the Accuri FACS maahiAn unstained control was prepared

for all timepoints and treatments. Thaowed accurate gating of tistainedcell

population.

2.12 Stereology

2.12.1Sample preparation

Tissue mounted onto glass slides was processed for immunofluorescence as

outlines in abovén section0

2.12.2Generation of DIC superimage

A superimage of the entire epithelial surface on the slide was generated by
determining the perimter coordinates of the sectioithis supeiimage consisted

of betwveen 9 and 16 images stitched together by the software. A region of interest
(ROI) was determined on the superage by tracing around the epithelium and

basal lamina using the marker tool in Stereology toolbox ®. This ROl was then
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randomly sampled by theorphometric software, generating approximately 25
sample images per section. A DIC and a fluorescent image was captured for each
sample image to facilitate stereologic quantification. Stereology toolbox

versionl.1, Morphometrix, Davis, CA was used.

2.12.3Quantification of surface epithelial staining

Using point and intercept counting on a cycloid grid, the volume of fluorescently
labelled cells per unit basal lamina was quantified. This has previously been
described in detai{Coppens et al. 2009)n brief, by counting the vame of
positive cells per unit volume of interstitial epithelium (Vv) on the fluorescent
image and the surface length of basal lamina per unit volume of the interstitial
epithelium (Sv) on the corresponding DIC image, the number of positive cells per
unit length of basal lamina was calculated (Vs). The following equation was used
where P= number of points countedi intersections, bl=basal lamina,
epi=epithelium, I/p = length per point which was calculate86asn, txred= Alexa

568 positive stain).

Volume per volume Vv Calculation: VV txrediepi= Pixred/ (Pepi + Pixred)
Surface per volume Sv Calculation: SVoirepi = (P *I161)/2) 1 ((I/p)*Pepi)
Volume per surface Vs Calculation: V'S txredibl = VV txrediepi/ SVblrepi

All exposure settings were maimeaid at constant milliseconds based on the
negative secondary IgG control. The calculations were corrected for the grid size
used. Statistical analysis was calculated usingWWag ANOVA tests and paired

2-tailed t-test in Prism Version 5.00. palues lesgshan 0.05 were considered
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significant. Immunofluorescent images and DIC images were captured on an

Olympus BX61 and Metamorph software.
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E-cadherin gene processing in DLKP

3 Chapter 3

The effect of BMP-related signalling

on the lung cancer cell line DLKP

3.1 Introduction

Tumour heterogensi defines the differences that exist between cancer cells in a
tumour (intratumour heterogeneity)Burrell et al. 2013) Tumourheterogeneity

can arse bygenetic or nofgeneticomeansTumour heterogeneity is also introduced
by dynamic phenotypic switching events between the different cancer

subpopulationgFerrao et al. 2015; Marusyk et al. 2012)

Phenotypic switching involves chaggyincellular and molecular signalling events

to adop a more advantageous phenotype in a given environment. This can occur in
heterogeneous tumour cells to facilitate evasion of chemotherapeutic stresses or to
increase the survival of the cancer by forming metastatic tun{Sherma et al.

2010) EMT has been implicated in the process of phenotyyitching in cancer

and tumour progression. EMT makes tumour cells more invasive and causes them
to be released into the circulation and establish distant metastati(lekest al,

2006; Pierre Savagne2p07; Talmadge, 2007)EMT involves changing from an
organised, polarised, adherent epithelial cell to an invasive, elongated mesenchymal

cell. The process involves downregulation of the tunsugpressor and adherens
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junction protein Ecadherin and otlecell adhesion proteins in conjunction with

upregulation of matrix degrading enzyn{&slluri and Wenberg 2009)

The DLKP lung cancer cell lines contains three distinct clonal subpopulations
designated DLKFSQ, DLKPM and DLKPI. DLKP-SQ cells grow in small
squamousshaped colonies. DLKM cells are larger and more mesenchymal with
extended neuritéke processes. DLKPcells are the smallest of the three clones
and grow in tightly packed colonies with a distinct outer boundary. Interestingly,
when the parental population are grown in culture, interconversion events are
evident between DLKSQ, DLKRM and DLKRI clones(Mcbride et al. 1998)
These interconversion events resemble phenotypic switching in this heterogenous
tumour populationln order to determine the role of EMT in phenotype switching
between these two clonal populations, we investigated the effect of modulating the

BMP signaling pathway.

Previous literature has shown that EMT is a critical process involved in
embryogenesis and correct organ formation. During wound healing and normal
reparative processes, epithelial cells downregulate adherens junction proteins and
undergo EMTto migrate onto the damaged area and restore epithelial integrity.
EMT is also linked to tumour progression and the formation metadtéatsri

and Weinberg 20090ur lab has previously demonstrated a relationship between
EMT and the BMP pathway, reviewed (nMc Cor mac k an.dBMBG6 De a
mediated signalling can induce a mesemchlyand migratory phenotype in the
normal bronchial epithelial cell line Beas2b and also in normal primary airway
epithelial cells (AECs). Furthermore, BMPs increase the rate of cell migration of
AECs during epithelial restitutiofMcCormack et al. 2013; Molloy et al. 2008)

this study we invaggated the role of the BMP signalling in the induction of EMT
100
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and the control of the phenotypic switching events that occur between the clonal

subpopulations of the DLKP cell line.

Given the distinct morphological differences thatsexietween the DLKPl@nes

and the spontaneous interconversion events that occparental DLKP cell

culture we hypothesise that the DLKFQ and DLKPM clonesmay be an ideal

model for investigatingphenotypic switching between heterogeneous tumour
populations We proposeitat DLKPPSQ cel | s ar e dikeoianale fAepi t

population that represent normal cells more closely than DIKdRlls.

We hypothesise that by agonising and antagonising the BMP pathway we could
induce phenotypic switching between these clopapultions Figure 3.1)
Following BMP-4 stimulation we hypothesise that DL cells would undergo
EMT and resemble DLK# clones. Conversely, we speculate that DEMRells
treated with gremlin would undergo MET, or partial MET and convert to BLKP
SQ or OLKP-I cells. We hypothesise that there would be no change in EMKP
cells treated with BMP as they already represent a mesenchymal, migratory
clonal population. Finallygiven the spontaneous interconversion events which
occurred between DLKBQ and DLKPM cells in culture we hypothesised that
DLKP-I cells represented a stem elile clone capable of readily undergoing
phenotypic switching event®Ve hypothesise that DLkPwould convert to the
more mesenchymal DLKM cells following BMR4 stimulation ad DLKP-SQ

cells following gremlin stimulation.

DLKP -I

+ BMP-4
— +gremlin

DLKP-SO P DLKP -M

Figure 3.0.1 I:|ypothesis of BMP-mediated phenotypic switching in DLKP
clones
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3.1.1 Expression oftight junction proteins in DLKP -SQ, DLKP -

M and DLKP-I clones

Given the morphological differences thatstxXbetween the DLKISQ, DLKRM
and DLKRI clones, we hypothesised that the DL-KB) cbnes represent a more
epitheliatlike cell population. We hypothesised that DL have undergone
phenotypic changes to become a more mesenchymal cell populatioighf\s t
junction proteins(TJP) are expressed irepithelial cels, we examined the

expressia levels of TJP in the DLKP clones by western blot.

Significant differences in the expression of TJP was observed betweenBSQKP
DLKP-I and DLKR-M clones. DLKRSQ and DLKPI cells expressfadin, ZO1
and claudin-1 while DLKP-M cells do not. CD2AP wadé only tight junction
protein examined that was expresseallrDLKP cell lines Figure3.0.2). These
results supportethe hypothesis thddLKP-SQ represented more differentiated,

epitheliatlike cell populaton compared to DLKMM cells.

GAPDH was chosen as a suitableubekeeping gene as proteaxpression
remained unchanged between experiments irrespective of treatments and
stimulations. GAPDH was a more suitable than other common housekeeper genes
such as a@m or tubulin as their expression can change following BMPReatment

and during EMT.
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Figure 3.0.2 Western blot of tight junction proteins in DLKP -SQ, DLKP -M

and DLKP-I cells
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3.1.2 Gene expression analysis of DLKFSQ, DLKP-M, DLKP -

Gene expression analysis was carried out on the DLKP clones to examine BMP
receptor and ligand expressidrhis was carried out by our collaborators in DCU
(Dr Helena Joyce). DLKFSQ expressed the highest level of BMPRIa protein.
DLKP-M expressed the highest level of BMPRAhalysis of endogenous BMP
MRNA revealed that DLKFSQ cells expressed higher levefstlis BMP ligand
compared to DLKH. Unfortunately no information was available for DLKP

cells, but we hypothessa similar level of expression to DLKRcells. In addition,
DLKP-M and DLKPR| expressed higher levels of CRMP, -intéhrinV and scatter

factor expression compared to DL¥F® (Figure3.0.3, Appendix).
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Figure 3.0.3 Gene expressioranalysis of DLKP clones
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3.1.3 BMP pathway activation in DLKP -SQ following BMP-4

stimulation

To assess whether DLKEQ clones respond to BMP stimulation, the cells were
cultured in the presence of 100 ng/ml BMPfor 24 hrs.Serial dilutionand
timecourse x per i ments previously carried out
concentration of BMP ligand was optimal (Dr. Natasha McCormack)e level

of activation andocalised expression of various SMAD signalling molecules were
investigated by immunofluorescence. DLIG®) cells were also grown in the
presence of 100 ng/ml BMP for 2hr, 4hr and 24hr to assess1DSMAD-6 and

SMAD-7 mRNA expression.

The expression of BAD-1 and SMADS5 did not appear altered in response to
BMP-4 treatment at 24 hr&igure3.0.4). SMAD-1 and SMADS5 were localised in

the cytoplasm of the DLKISQ cells which remained unchanged following BMP

4 treatment. SMAD4 was evident in the cytoplasm in untreated DEB® cells.
Following 24 hrs, SMAP4 was localised in the nucleu§&igure 3.0.4 i-l).
Similarly, elevated nuclear expression of pPSMAD 1/5/8 occurred in DERRcells
treated with BMP4 compared to control cells. There was some evidence of nuclear
pSMAD 1/5/8 localisation in the untreated DLKI®) cells(Figure 3.0.4 m-p).

Larger images are presented in the appendgu(E 8.0.11).

SMAD-6 expression was localised in the cytoplasm in the untreated £ eells
whereas increased nuclear protein expression was present in cells stimulated for 24
hrs Figure3.0.4 g-t). SMAD-7 prdein localisation was altered from the cytoplasm

to the nucleus following BMR stimulation for 24 hrs, as indicated by the white

arrows Figure3.0.4 u-x).
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The expression of IE1, SMAD-6 and SMAD7 mRNA was exanmed by itPCR.
ID-1 expression increased in a thdependent manner following BM#®P
stimulation. There was no significant change in SM&Rnd SMAD7 mRNA

expression occurs following BM treatmentKigure3.0.5).

107



E-cadherin gene processing in DLKP

Control + BMP4

SMAD-4 SMAD-5 SMAD-1

pPSMAD 1/5/8

SMAD-6

SMAD-7

Figure 3.0.4 Immunofluorescence of intracelluar SMAD signalling in
DLKP -SQ cells following BMR4 stimulation

Representativenicrographs of SMABEL (ad), SMAD-4 (eh) , SMAD-5 (i-l) ,
pSMAD-1/5/8 (mp), SMAD-6 (¢-t) and SMAD7 (ux) localisationin DLKP-
SQ-cultured with 100ng/ml BMP! for 24 hrs. Thex is little evidence of alter
SMAD-1 (ad) and SMADS5 (i-k) signalling following 24 hr BMP4 treatmen
Nuclear translocation of SMAR (eh) and pSMAD 1/5/8 (ap) from the
cytoplasm was evident following BM® treatment, as indicated by the arrc
iISMADs SMAD-6 (¢t) and SMAD7 ( ux) were expressed in theucleu:
following BMP-4 treatment. All scale bars represent 50uM, white arrows in

relative cytoplasmic or nuclear staining n#2lditional images are included
the appendix.
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Figure 3.0.5 mRNA expression of ID1, SMAD-6 and SMAD-7 following
BMP-4 stimulation in DLKP -SQ cells
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3.1.4 BMP pathway activation in DLKP -M following BMP -4

stimulation

To assess whether DLKH clones are responsive to BMP signal activation, the
cells were cultured in the presence of 100 ng/ml BMier 24 hrs. The level of
activation and localisedxpression of various SMAD signalling molecules were
investigated. DLKPM cells were also grown in the presence of 100 ng/ml BMP
for 2hr, 4hr and 24hr to assess the level ofLIIBMAD-6 and SMAD7 mRNA

expression.

SMAD-1 and SMAD5 were detected in theytoplasm and pemuclear region in
both untreated and treated DLWWP cells (Figure 3.0.6 ah). Examination of
SMAD-4 localisation showed increased nuclear translocation of SMAD
following 24 hr stimulation with100 ng/ml BMP4, as indicated by the white
arrows Eigure3.0.6 i-l). Similarly, bright nuclear pPSMAD 1/5/8 expression was
apparent in DLKPM cells following 24 hr BMP4 treatmentKigure 3.0.6 m-p).

This increase in nuclear localisation of pSMAD 1/5/8 is highlighted by the white
arrows. Similar to DLKPSQ cells, endogenous nuclear pSMAD 1/5/8 was present
in untreated DLKPFM cells. Elevated cytoplasmic and nuclear SMAB&ining

was present in BMR treated DLKPM cells Figure3.0.6 g-t). Similarly, SMAD-

7 was localised in the cytoplasm in untreated DtMRells. Increased nuclear
localisation of SMADB7 occurred following BMP4 stmulation(Figure3.0.6 u-x).

Larger images are presented in the appendix (Figure 8.0.12).

The expression of 11, SMAD-6 and SMAD7 mRNA was examined by-RCR.

ID-1 expression increased in a thwdependent mannefollowing BMP-4
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stimulation. There was no significant change in SM&Rnd SMAD7 mRNA

expression occurs following BM treatmen{Figure3.0.7).
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Figure 3.0.6 Immunofluorescence of intracellular SMAD signalling in DLKP-
M cells following BMP-4 stimulation

Representative milcdagr &pAEe o f -BIMN
SMAD/ 5/-8) ,( mSoMADy and7 SMMADI ocal i s-H

el l's cul tured -4wiftohr 12040 Ahgriveals IBNEARL
toplasm and around the nud) eush
change i n-nudleeawea&ndpeaytopl a5
owi ng-ht)r. e Btorm-dhn &5MRADp SMAD 1/ 5/ ¢

S~ ~3>5="35000T
TS Tcoox

I

clear foll owi-h ¢()iex pEvsaDr er & s iBaiP
e cytoplasm with i ncr 3s AAdZMn v
ansl ocated from the cytopl asm
ite arrows indicate relative cy

112



E-cadherin gene processing in DLKP

-]
1

Fold mRNA expression
£y

=
2hr 4hr 24hr

+100ng/ml BMP4

B SMAD-6

5_

£ 41

£

& 34

-

=

=

Z 21

; ------

1 e
0- T T

Jhr 4hr 24hr

+ 100ng/ml BNIP4

C SMAD-7

Fold mRNA expression

shr 24hr
+ 100ng/ml BMP4

Figure 3.0.7 mRNA expression of ID1, SMAD-6 and SMAD-7 following BMP-
4 stimulation in DLKP-M cells
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3.1.5 BMP pathway activation in DLKP -1 following BMP -4

stimulation

To assess whether DLKIPcells BMP signals, the cells were cultured in the
presence of 100 ng/ml BM® for 24 hrs. The level of activation and localised
expression of various SMAD signalling molecules were investigated. BlldeRs

were also grown irhie presence of 100 ng/ml BM®Pfor 2hr, 4hr and 24hr to assess

the level of IBD1, SMAD-6 and SMAD7 mRNA expression.

Similar to both DLKRPSQ and DLKPM cells, SMAD-1 and SMAD5 expression
in DLKP-1 remained unchanged following 24 hr BMPtreatment. SMAEL and
SMAD-5 were detected in the cytoplasm andjpeiclear straining could be seen
in the untreated and treated ce#lBke (Figure 3.0.8 ah). Increased nuclear
localisation of SMAD4 was detected following BMR stimulation(Figure3.0.8
i-1). Similarly, an elevated level of nuclear pSMAD 1/5/8 was present in -BMP
treatedcells Figure3.0.8 m-p). Elevated levels of both iISMADs &ve evident in
the cytoplasm and nucleus following BMPtreatnent (Figure 3.0.8 g-x). Larger

images are presented in the appendix (Figure 8.0.13).

The expression of 11, SMAD-6 and SMAD7 mRNA was examined by-RCR.
ID-1 expression increased in a thwdependent manner following BMP
stimulation. There was no significant change in SMARNd SMAD7 mRNA

expression occurs following BMR treatment of DLKH cells Figure3.0.9).
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Figure 3.0.8 Immunofluorescence of intracellular SMAD signalling in DLKP-
| cells falowing BMP-4 stimulation
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Figure 3.0.9 mRNA expression of ID1, SMAD-6 and SMAD-7 following BMP-
4 stimulation in DLKP -I cells
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3.1.6 Morphological changes inDLKP -SQ following BMP-4 and

gremlin stimulation

Given the previous results that demonstrated DIS( cells are responsive to
BMP-4 stimulation, we wantetb determine if BMP4 induced EMTmediated
phenotypic switchig in this squamous, epithekigte population. Changes in
morphology were assessed over 5 days (day 1, day 3 and day5) following
stimulation with 100 ng/ml BMR} or 3 ng/ml gremlin. The cells were grown in
0.25% seruntontaining medium as seruffee medim was suboptimal for

growing DLKP clonegMcbride et al. 1998)

DLKP-SQ treated with 100 ng/ml BMR adopted a mesenchymal phenotype after
one day in culture. Theeatedcells displayed reduced caléll contact compared

to control cells and neuriiike extended cytoplasmic processes begaiotm, as
highlighted by the white arrow iRigure 3.0.10 A. This mesenchymal transition
was maintained to day 5 pesimulation. BMP4 has a halfife of approximately
48-72 hr suggesting autocrine BMPactivity may be present at day 5. The DLKP
SQ cells adopted a mesenchyikd phenotype by day 5. Untreated DLIG®)
growing in 0.25% medium grew in tightly packed colonies with characteristic
icobbl est ones 0-célloontath No eviderce o EMT waeettdd

in the untreated cell populations at day 1, day 3 and @gig&re3.0.10).

DLKP-SQ cells treated with gremlin displayed similar morphology to untreated
cells(Figure3.0.10B). Ti ght | y p a c k dike cdionies lgrew ie Isotho n e 0
treated and untreated cell populations. No apparent loss of cell contact was evident

in gremlintreated cells and no EMT was present.
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Figure 3.0.10 BMP-4 and gremlin treatment induced morphological change
in DLKP -SQ cells
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3.1.7 Morphological changes in DLKP-M following BM P-4 and

gremlin stimulation

Previous results here demonstrated that DiNKells are responsive to BM#®P
induced SMAD signalling and downstream target activation. To assess the role of
BMP-4 in EMT-mediated phenotypic switching, changes in DEKMRnorpholog

were assessed over 5 days (day 1, day 3 and day5) followstgngnt with 100
ng/ml BMP-4 or3 ng/ml gremlin. The cells were grown in 0.25% sefzontaining
medium as seruffree medium had previously been deemed suboptimal for

growing DLKP clonegMcbride et al. 1998)

Untreated DLKPM cells grew as large, mesenchyniide cells with extended
neuritelike processes in reduced serum conditions. Following B\Minulation a
striking change in cell morphology was detected. DEMRells began to join
together and lose their individual cell morpdgy by day 1. On day 3, large
colonies of DLKRM cells had formed with bright, distinct outer boundaries. The
individual cell membranes were no longer distinguishable and the colony appeared
as one mass of cells. On day 5, the colonies of DMKRFad undegone extensive
morphological changes and the bulbous structure indicated that cell piling and
aggregation had taken place. A distinct cell boundary was evident around the colony

(Figure3.0.11A).

Morphological clanges in DLKPM cells following treatment with 3 ng/ml gremlin
for 1, 3 and 5 days were examined by brightfield microscopy. An increase in cell
contact between gremlin treated DL#Pcells was detected at day 5 and smaller,

tightly packed colonieemergedFigure3.0.11 B).
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Figure 3.0.11 BMP-4 and gemlin treatment induced morphological change
in DLKP -M cells

Representative micrographs of DLKWat day 1, day 3 and day 5 in 0.25% se
containing mediumvith 200ng/ml BMPR4 and 3ng/ml gemlin. (A) Untreated cel
had a mesenchymdike pherotype with extended processesac]. BMP-4
treatment caused the cells to form colonies with distinct outer boundaries.
5, a mass had formed withbright outer boundary 9. (B) Untreated DLKPM
cellsweremesenchymal with extended neuwlitee processes (). DLKP-M cells
following gremlin treatment for 1,3 and 5 days become more isolated frc
surrounding cells with shorter cell processéds. (Pll scales bars represent 50t
n=3
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3.1.8 Morphological changes in DLKP-| following BMP -4 and

gremlin stimulation

Previous results presented here established that E)LéGHs are responsive to
BMP-4 induced SMAD signalling. To assethe role of BMP4 in EMT-mediated
phenotypic switching, changes in DLKPnorphology were assessed over 5 days
(day 1, day 3 and day5) followingettment with 100 ng/ml BM® or 3 ng/ml
Gremlin. The cells were grown in 0.25% seraontaining medium asesumfree

medium was deemed suboptimal for growing DLKP clgivsbride et al. 1998)

DLKP-I cells grew in small tightly packed colonies that displayed indistinct
boundaries between individual cells but a bright, wefined border between
colonies. Cells treated with BM#formed larger coldaswith defined boundaries.

The cells resembled DLKMI cells treated with BMP (Figure3.0.12 A).

Growing DLKP| cells in the presence of 3 ng/ml Gremlin for up to five days

induced a significant change in mogbbgy. DLKP-I displayed increased cetkll

contact and formed small, tightly packed

morphology of DLKRSQ cells Figure3.0.12B).
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Figure 3.0.12 BMP-4 and gemlin treatment induced morphological change
in DLKP -I cells

Representative nli catogday hls, odayLX
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l')y. All scales bars represent 50u

122



E-cadherin gene processing in DLKP

3.1.9 Expression of EMT markers in DLKP-SQ following BMP-4

stimulation

Following the observation that BM#Ptreatment caused morphological changes in
DLKP-SQ towards a more mesenchymal cell phenotype that resembled the DLKP
M clone, we investigated if the expression and localisation of EdfAted
structural proteins were altered in this process. Immunofluorescence performed at
day 1, day 3 and day 5 and targets included vimebkirsmooth muscle actin

(SMA), b-catenin, Ncadherin, Ecadherin and actin.

Untreated DLKPSQ cells displayed weak cytoplasmic vimentin staining at day 1,

3 and 5 however, following BMR stinulation, elevated vimentin protein
expression was detected alt tahe points Figure 3.0.13-15 ad). Vimentin was
localised at the extended processes of the DBEKPcells treated with BMR
ligand. The increase in vimentin expression following BMIRreatment was
examined by wstern blot. Increased vimentin expression was detected at all time
points and significantly higher protein expression was confirmed at day 3 and day

5 by densitometryRigure3.0.16).

Weak cytoplasmic staining dd i SMA was detected in the DLKBQ untreated
populations at all time points. FollowingBM® st i mul ati on, sl ight
T SMA protein expression were detected by immunofluorescéngere3.0.13-15

c-h).

No change irb-catenin, Ncadherin or Ecadherin was detected at any of the time
points following BMR4 stimulation Figure 3.0.13-15 i-l, m-p, ¢t). Weak
cytoplasmic staining of the three epitheli&k cell markes was evident in both

treated and untreated cell.
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Localisation of the cytoskeletal marker actin was investigated by
immunofluorescence. Evidence of patclear actin staining was detected in
DLKP-SQ cells treated with BMR at all time points compared tytoplasmic

staining in untreated cell&igure3.0.13-15 u-x).
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Control + BMP4

a-SMA Yimentin

B -catenin

E-cadherin N-cadherin

Actin

Figure 3.0.13BMP-4 treatmentinduced changes in EMT marker localisatiol
in DLKP -SQ cells at day 1
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Control + BMP4

a-SMA YVimentin

[ -catenin

E-cadherin N-cadherin

Actin

Figure 3.0.14 BMP-4 treatment induced changes in EMT marker localisatiol
in DLKP -SQ cells at day 3
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Control + BMP4

oa-SMA Yimentin

[ -catenin

E-cadherin N-cadherin

Actin

Figure 3.0.15 BMP-4 treatmentinduced changes in EMT marker localisatiol
in DLKP -SQcells at day 5
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Figure 3.0.16 BMP-4 treatment induced elevated vimentin expression in
DLKP-SQ
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3.1.1Expression of EMT markers in DLKP-M following BMP -4

stimulation

Following the observation that BM#®treatment caused morphoica changes in
DLKP-M, we investigated if the expression and localisation of Helated
structural proteins were altered. Immunofluorescence was performed at day 1, day
3 and day 5 and targets included vimentillSSMA, b-catenin, Ncadherin, E

cadherin ad actin.

Elevated cytoplasmic vimentin expression was detected in BKRI|s following
BMP-4 stimulation at day 1, day 3 and day 5, by immunofluorescence. Vimentin
was present at the extended processéseoDLKP-M cells and at the boundary of

the nevly formed coloniesKigure3.0.17-19 ad). The level of increased vimentin
expression was determined by western blot and quantified by densitometry.

Vimentin expression was significantly increased at dayigu¢e3.0.20).

Perinuclear and cytoplasmic staining@SMA was detected in DLK® cells at
all time points Figure3.0.17-19 eh). b-cateninwas localised at the cell membean
as a i c h-ike pagemwn unteeated and treated DL-KPcells (Figure
3.0.17-19 i-l). NeitherU-SMA or b-cateninlocalisation was altered following BMP
4 treatment. Western blotting revealed a signifiagaotease irb-cateninprotein
expression in DLKRM cells stimulated with BMP} at day 3 and day F-igure

3.0.21).

N-cadherin was localised at the cell membrane of DIMKEBells Figure3.0.17 m-
p). Following BMR4 treatment, no change ind&dherin localisation was detected.
A significant increase in Madherin expression at day 3 was determined by western

blot and densitometr{Figure3.0.22).
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Weak cytoplasmic expression ofdadherin was detected in untreated DEMIP
cells. No change infadherin localisation or expression occurred in DEMIeells

following BMP-4 treatmentKigure3.0.17-19 g-t).

Finally, actin localisation was investigated by immunofluorescence. Cytoplasmic
and pernuclear actin expression was present in untreated and treated-RLKP

cells at day 1, day3 and dayFEdure3.0.17 u-v).
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Control + BMP-4

Vimentin
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B -catenin

E-cadherin N-cadherin

Actin

Figure 3.0.17 BMP-4 treatment induced changes in EMT marker localisatiol
in DLKP -M cells at day 1
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Control + BMP-4
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Actin

Figure 3.0.18 BMP-4 treatment induced changes in EMT marker localisatiol
in DLKP -M cells at day 3
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Control + BMP-4

Vimentin
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Actin

Figure 3.0.19 BMP-4 treatment induced changes in EMTmarker localisation
in DLKP -M cells at day 5
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Figure 3.0.20 BMP-4 treatment induced elevated vimentin expression
DLKP -M
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Figure 3.0.21 BMP-4 treatment induced elevatedb -catenin expression il
DLKP -M cells
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Figure 3.0.22 BMP-4 treatment induced elevated Ncadherin expression
in DLKP -M cells
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3.1.11Expression of EMT markers in DLKP-I following BMP -4

stimulation

Although BMR4 treatment of DLKH cells did not induce extensive
morphological changes compared to gremlin treatment, we wanted to investigate if
the expresgsn and localisation of EMTelated structural proteins were altered in
response to the treatment. Immunofluorescence was performed at day 1, day 3 and
day 5 and targets included vimentihSMA, b-catenin, Ncadherin, Ecadherin and

actin.

Vimentin was tcalised at the extensions of the membrane and along the border of
the DLKP-I colonies. Increased vimentin expression was evident in
immunofluorescence images at all time poinEBggre 3.0.23-25 ad). This
observéion was supported by western blotting and densitometry. A significant
increase in vimentin protein expression in cells treated with BMRs detected at

day 5 Figure3.0.26).

We a kSMA expression was detected in the cytoplasm of untreated BId€Rs
and there was evidence of particlear staining following BMP treatment at day
1, day 3 and day F-{gure3.0.23-25 ef). b-catenin ad N-cadherirwere localised
at the cell membrane of untreated DLKIells (Figure 3.0.23-25 i, j, m, n).
Following BMP-4 treatment, both-catenin and Ncadherinremained localised at
the cell membraneF{gure 3.0.23-25 k, |, o ,p). Western blotting revealed a
significant increase ib-catenin protein expression following BMPtreatment at
day 1 and day 5Figure3.0.27). No difference in Ncadherin protein expression

was revealed by western blétigure3.0.28).
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Similar to DLKPR-SQ and DLKPM cells no change in Eadherin expression or

localisation occurred in DLK# clones following BMP4 treatment

Cytoplasmic actin staining was detected in untreated DLE&Is Figure3.0.23
25 u, v). There was evidence of nuclear translocation anenpefear staining at

day 1 and day 3 following BM® treatnent Figure3.0.23-25w,X).
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Figure 3.0.23 BMP-4 treatment induced charges in EMT marker localisatior
in DLKP -I cells at day 1
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Figure 3.0.24 BMP-4 treatment induced changes in EMT marker localisaibn
in DLKP -I cells at day 3
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Figure 3.0.25BMP-4 treatment induced changes in EMT marker localisatio
in DLKP -l cells at day 5
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Figure 3.0.26 BMP-4 treatment induced increased vimetin expression ir
DLKP -I cells
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Figure 3.0.27 BMP-4 treatment induced an increasén b -catenin expression i
DLKP-I cells

(A) Representative blots df-catenin at dayl, day3 and day5 in DLKRells
treated with 100ng/ml BMH. Elevated protein expression was seen
Densitometry revealed a statistically significant increase in expression at de
day 5, * = x0.05, n=3
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Figure 3.0.28 BMP-4 treatment did not induce an increase in Ncadherin
expression in DLKP- cells

(A) Representative blots di-cadherinat dayl, day3 and day5 in DLKIRcells
treated with 100ng/ml BMR. (B) Densitometry revealedo change in prote
expression following treatment = p<0.05, n=3
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3.1.1ZExpression of EMT marker in DLKP -SQ, DLKP-M and

DLKP -I following Gremlin stimulation

The results presented here have shown that BMRn induce morphological
changes and cause the upregulation of EMT markers in DLKP cell populations.
Gremlin is also capable of inducing morphological changes in BDMKBnd
DLKP-I populations. Next, we investigated the effect of gremlin stimulation on the

expression of EMJrelatedstructural proteins.

N-cadherin and vimentirexpression were reduced in DLKW and DLKRI
following gremlin treatment. DLKFSQ expressed low levels bicatenin andlid
not express Madherin. Nachange in expression was detectef-icatenin or N

cadhenn (Figure3.0.29).
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Figure 3.0.29 Gremlin treatment altered EMT -related structural protein
expression in DLKP clones
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3.2 Discussion

Our research group is interested in the mechanisms underlying the regulation of cell
phenotypes in the airwayBhenotypic switching and trawlfferentiation can be
controlledby the EMTFMET process. EMT is classified into three main types in the
body and result in very different biological consequer{gadluri and Weinberg
2009) Our lab has previously demonstrated the relationship between EMT and the
BMP pathway. In this study we investigated the role of the BMP signalling and type
Il EMT between heterogeneous clonal plapions of the DLKP cell line. The
results indicate that DLKIS Q c e | | represent a more Anor:t
compared to mesenchyrddie DLKP-M cells. In addition, DLKP clonal
populations were responsive to BMifediated signalling. BMP pathway aettion
induced EMT in this adult cancer model and abrogation of the BMP signalling
pathway altered cell morphology, in a process resembling MET. Our results
highlight the dyamic role of BMP signalling otthe induction of phenotypic

switching in this celmodel.

We hypothesised that the DLKPQ c | onal popul atairwmay r es e mb
epithelial cells more closely than DLKR cells. In cultures of theparental cell

line, spontaneous interconversion events occur between EBEFDLKP-M and

the intermedige DLKP-I clonal population. The cells are morphologically distinct

and the changes between the small, cuboidal, tightly packed {3(XPells to the

larger, extended mesenchyrtidk DLKP-M cells appear to resemblepaocess
morphologically similar ttEMT (Mcbride et al. 1998)DLKP-I cells resenble a

small stem cellike colonies capable of interconverting to either DLR® or

DLKP-M. Gene expression data showed tB&MP-1 , -int€hrinV and scatter
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factor expressionvere higher in DLKP and DLKRM compared to DLKPSQ
cells. This highlighted agn that DLKRSQ were more associated to normal

epithelial cells than the other two clon&sgure3.0.3).

Furthermore, we examined the expression of tight junction proteins by western
blotting. These proteins arevolved in epithelial cell polarity, mediating the
impermeable intercellular junctions between adjacent cells and ensuring that the
integrity of the epithelial barrier is upheldcharya et al. 2004; Balda and Matter
2000; Hervé 2008; Tang and Brieher 2018)addtion, the loss of tight junction
proteins is associated with increased cell invasiveness in cancer and the adoption of
a more mesenchymal, migratory cell phenotype in breast cancer tuf@astello

et al. 2010; Ikenouchi et al. 2003)DLKP-SQ and DLKPI expressed afadin,
claudinl and ZG1 wheeas all three TIP were absent from DEKPclonal
populations(Figure 3.0.2). The finding that CD2AP is present in DLKBQ,
DLKP-M and DLKPI clones highlighted that some maintenance of actin
cytoskeletal interaatn with cell adherens junctions is requiiadDLKP-M cells
despite their evident loss of epithelralated structural protein§JP could be
downregulated in DLKPM cells by the transcriptional e®pressor Snail which

was show to bind directly to thegmoter region of occuldin and claudin genes in
epithelial cells, Eph4 and CSGL1. Sraidluced downregulation of TJP caused the
cells to adopt mesenchymal, mobile cell characterigienouchi et al. 2003)n
summary, these preliminary findings indicated that DEB® represent a more
epitheliatlike cell population compared to DLKM cells. In addition, DLKHM
cellsmayrepresent an EMP cell phenotype as they still possess eptiedditad

tight junction proteins but also express mesenchyikaimarkers.
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We believethat BMR2, -4 and-7 are key regulators of airway epithelial cell
differentiation and phenotype in both health and diseasethis study, we
investigated if DLKP clones are responsive to BMBdiated signallingBMP
signaltransduction occurs via phosphlation of the RSMAD complex at either
SMAD-1, SMAD-5 or SMAD-8. This occurs following ligand binding and is the
hallmark of active BMP signalling. 8MADs and ceSMAD both contain a
nuclear localisation signal (NLS) and a nuclear export signal (NE8x€eT$ignals
facilitate nucleocytoplasmic shuttling and allow SMAD interactions with DNA
transcription factors in the nucleus to occur and the activation/repression of BMP
specific genes to proce¢dhan Xiao et al. 2003; Xiao et al. 2001) experiments
carried out by our collaborator in DClgene expression analysievealed
endogenous expression of the type | and type 1l Bdteptors in the DLKP clones.
This indicated that the cells are responsive to BMP ligands. SildAaBd SMAD

5 were detected in the cytoplasm of untreated DIS(, -M and il cells. In
addition, nuclealocalisation ofpSMAD 1/5/8 occurred independent of SMAD
nuclear localisation in untreated DLKFQ, DLKRM and DLKPI cells. We
speculate that nuclear translocation occurs via the NLS of tBMRD protein.

This demonstrates that activatedSRIADs could play a role in regulating
homeostatic gene expressiomllbwing BMP-4 stimulation, elevated nuclear
expression of pSMAD 1/5/8 and SMADwas detected in the cells. We propose
that the nuclear localisation of both of these signalling molecules in tandem in the
DLKP cell lines maintains BMP pathway activatianiléwing BMP-4 treatment.
Early studies have also highlighted this phenomenon in BMP signalling whereby
nuclear translocation of activatedSMADs does not require SMAB in colon

carcinoma cells(Hoodless et al. 1999; Liu et dl997) Similar signalling events
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occurs in human Bedb cells treated with BMR and BMP4 ligands (E. L

Mol |l oy, Shirley O6Dea | ab).

ISMAD localisation was examined by immunofluorescence following 24 hr
stimulation with BMP4 in DLKP-SQ, DLKRM and DLKRI. In resting state cells,
SMAD-6 was localised in the nucléiower levels of SM\D-7 protein were found

in the nuclei. While little is known about theLS and NES of $MADs this
difference in protein localisation could be attributed to the altered rate of nuclear
trafficking in the cells. Followig BMP-4 stimulation, elevatedSMAD protein
expression was present in the cytoplasm and nucleus of all three cell lines. The
expression of SMAEY in the clones could indicate the presence of -TGF

signalling as SMADBY regulates both BMP and TGF signalling pathways.

The presence of nuclear iISMADs at 24 hrstpBMP-4 stimulation indicates
sustained pathway regulation in these cells. This suggests the establishment
negative feedback mechanigmthe cells. While HPCR data demonstrated a time
dependent induction of b mRNA expression in DLKP cells, no significant
difference in SMAD6 or SMAD-7 expression was found following BMP
treatment. However, as described, immunofluorescence shoardeshin protein
localisation. This indicated that endogenous control of BMP signalling may be
present in DLKP cells and that following BMPtreatment iISMADs alter their

localisation to regulate the pathway.

In summary, the DLKP cell lines are respondiv8MP-4 mediated signallingnd
induce the nuclear translocation 6BMAD 1/5/8 and SMADR4 for the activation
of BMP responsive genes. Our results indicate thaibgenous BMP pathway

regulationoccursin thesecells and is mediated througBMADs.
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We hypothesised that by agonising and antagonising the BMP pathway we could
induce EMT-mediatedphenotypic switching between these clonal populations.
EMT involves altered cell morphology, loss of cell polarity and upregulation of
mesenchymaassociatedrotdns. Firstly, we hypothesised that DLKEQ cells

would undergo EMT following BMP treatment and adopt a morphology similar to
DLKP-M cells. Conversely, we hypothesised that DLHSR) cells treated with
gremlin would remain unchangeld. these experiment®LKP-SQ cells lost their
cuboidal shape and no | onger-likggpromesi n t i gh
following BMP-4 stimulation A ventral lateral polarity was established and the cell
membrane became stretched with cytoplasmic extensidrescellsexpresse@n
elevatedlevel of vimentin proteinwhich waslocalised at the newly formed
extended mesenchymal processes. This cell phenotype resembledND KB
(Figure 3.0.10). Perinuclear staining of actin wadso evident following BMP4
treatment at day 1, day 3 and day 5. Both elevated vimentin expression and this
actin staining pattern are associated with changes in cell architecture that occur
during EMT (Gay et al. 2011)This indiated tha BMP-4 stimulation induced

EMT-like changesn DLKP-SQ cells.

Gremlin is a welstudied antagonist of the BMP pathway and binds to BMP ligands
outside the cell to prevent receptoediated signal activation. No significant
change in cell phenotgpwas detected following gremlin stimulation of DLIS®)

cells for five days and no change in vimentin expression was evident by western
blot. This indicated that DLKFSQ cellsnaynat produce endogenous BMP ligands
(BMP-2, BMP-4 or BMP-7) to maintain cellphenotype as gremlin elicited no
change in cell morphologyHowever @dogenous BMF mRNA expression was

highe in DLKP-SQ compared to DLK{® (Figure3.0.3) A recent study irhuman
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kidney tubule cells and HER93 @lls showed thagremlin preferentially binglto

BMP-2 and BMP4 over BMR7 (Church et al. 2015) Thus, we speculate that
DLKP-SQcellsmayproduce endogenousVB-7 as opposed to BMR or BMR-2

thus there was no significant phenotypic alteration following gremlin treatmgnt. A

shown in a mous model of chronic renal injurBMP-7 has the ability to reverse

epithelial to mesenchymal transitienn d el i ciotr mal morce |l Ain phen
(Zeisberg et al. 2003)This supports our hypothesis that DLIS®) could be

producing BMP7 to maintain a squamolike phenotype which is unaltered

following gremlin treatment.Future eyperiments investigating endogenous
expression of BMP ligands using PCR and western blotting would be an important

step to begin elucidating this hypothesis.

To conclude, these results indicate that DEB® undergo EMT in response to
BMP-4 treatment and thaBMP-7 mediated signalling may be involved in

maintaining DLKRSQ cell phenotype.

Secondly, we hypothesised that DLHP cells would be unchanged following
BMP-4 treatment and exposure to gremlin would induce MET and promote a
DLKP-SQlike phenotype. Condry to our original hypothesis, DLKM cells
treated with BMP4 underwent extensive morphological chandé cells formed
large cell clusters anti¢ extended neuriéke processes in the DLKMI cells were

no longer observedndlividual celloutline wa no longer visible in the large colony
and te outer border of these colonies were very distinct and resembled-DLKP
cells at day 3 following BMP treatmentfurthermore, the cells expressed elevated
levels of vimentin ad N-cadherin, both common markanpregulated during EMT
(Figure3.0.20-21). Vimentin staining was localised along the distinct cell border of

the newly formed DLKH-like colonies as seen by immunofluoresceificeatenin
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was also elevated in DLIM cells treated with BMP! at day 1, day 3 and day 5.
Due to the lack of Eadherin in these cells, we speculate that the elevated level of
b-catenin is related to the increase irc&tlherin expressiof-catenin attaches to

the cell adherens molecule-dddherin at the cell adherens junction, linking the

c o mp | ecatentn and Bubsequently to the cell cytoskeleton.

At day 5, the cells had developed from DLKRke colonies into a large fibrotic
mass(Figure 3.0.11). Cell piling and aggregation were evident and long neurite
like processes were observed. BMIPas a haffife of between 248 hrs thus we
speculate that endogenous BMmroduction may be occurring at day 5 in these
DLKP-M cell masses which couldtablish a feedorward mechanism and results

in further morphological changes and cell aggregation. DMKRells also
expressed the highest level of BMPIRompared to DLKPSQ and DLKPI cells
which coul d ac c o u-mesponkivemess ttohBdP stimulatios 6 hype
(Figure 3.0.3). Given the mesenchymal nature of the cells and change in
morphology following BMP4 treatment we hypothesise thttis fibrotic mass
could be induced by excessive EMT in these canekds, avhereby these already
mesenchymal cells begin to form colonies and pile on top of one another to form a
tumourlike mass. BMP mediated EMT has been shown in primary airway
epithelial cells and these results support the hypothesis that excessivanEME a

lack of MET could lead to tissue fibrosis. In this case, excessive EMT results in the
formation of a tumour cell mass witvhat appears to lexcessive cell proliferation

and piling (McCormack et al. 2013Juture experiments should address this cell

processes to elucidate the cellular events that occur following-8&atment.

When DLKRM cells were treated with gremlin for up to five days, downregulation

of vimertin, N-cadherin and b-catenin occurred in conjunction with a
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morphological change that resembled DLRR cells. Increased caikll contact
was evident and the larger DLKW® cell shape was replaced by tightly packed,
smaller cells in some regions of the culture. These changesated an MET
process in DLKFM cells mediated through removal of BMP ligands. We speculate
that DLKP-M cells produce endogenous BMP ligands which maintain their

mesenchymal cell phenotype.

In conclusion, these results showed that modulating B\Miedated signalling in
DLKP-M cells greatly alters cell morphology along the EiXis. BMPR4
mediated signalling can induce a fibrelike cell phenotype due to excessive signal

activation and the potential establishment of an autocrine feed forward loop.

Finally, wehypothesised that DLKIPcells represerd an intermediate phenotype
Given the spontaneous interconversion events which occurred betweenr$QKP
and DLKRPM cells in culture we hypothesised that DLIPEells represented a stem
cell-like clone @pable of phenotypic switchingVe postulated that DLKIPcells
would undergo EMT when treated with BMPto adopt DLKPM like phenotype
and an MET process following gremlin treatment to adopt DS like
phenotypeFollowing BMP-4 treatment, DLKPM-like cellswere observed the in
DLKP-I cell culture. Cells began to form colonies that resembled DMKEklIs
treated with BMP4. The individual cell membranes became indistinguishable
within the largecolonies Figure3.0.12). We speculatehat these colonies would
have developed into large fibrotic masses similar to DINKells treated with

BMP-4 if the time points were increased.

Following gremlin treatment the celtell contact between DLKP colonies

increaseandindividual cells became more distinChe cells adopted a squamous,
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icobbl-kke mapmaogy andesembled DLKPSQ clones(Figure 3.0.12).
Decreased expression of vimentinscBldherin andb-catenin protein xgression
occurred in tk DLKP-I cells following gremlin treatment which indicated an MET
process. We postulate that the los$-afateninwas related to disassembly of the
ADJ, as DLKRSQ cells do nbexpression Ncadherin or Ecadherin at the
membrane. 1 addition, the fact that gremlin treatment elicited a change in
morphology indicted that DLK® clones may produce endogenous BMP ligands
which maintain their cell phenotype, specifically BMRr BMP-4 as opposed to
BMP-7. Thus, BMP ligands could be awi in an autocrine fashion and could
dictate the morphology of the cells in the intermediate DiLKBlonies. A BMP
ligand gradient may exist in culture and cells further away from DLKRsters
may be exposed to lowered BMPor BMPR-2 mediated signallignand this causes
phenotypic switchingfor example, to DLKPSQ cells. Higher levels of BMR
induce a DLKPM phenotypeThis speculation is confounded by the low level of
nuclear localisation of SMAE and pSMAD 1/5/8 in untreated DLKIRcells. We
postulde this potential autocrine activity may be also be partly controlled via non
canonical BMP, noitsMAD pathways or by other factors involved in controlling

cell morphology.

We propose that DLK#® have progressed along the EMT axis and committed to
a mesencymalcell fate rather than the EMHike status of DLKPI cells. This
would account for the DLK# interconversion events that occur readily in parental

cell culture.

Taken together these results depict a dynamic model of-ERdiated phenotypic
switchingwhich can be controlled by BMP agonists and inhibitors. We highlight a

potential divergent role between BMPand BMR7 ligands in these cells. Our
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resuts also indicate that differenstates of EMT are represented by the
heterogeneous DLKP clonal poputais. We propose thatDLKP-SQ cells
represent an early stage of EMT, DLKPells represent an intermediate ENilke

cell and DLKRM cells possess a mesenchy#ilad cell which has progress further
along the EMT axisBy increasing BMPpathwayactivation inthese different
clonal subpopulations via BMP stimulation, it was possible to direct DLKFQ
towards a DLKPM-like mesenchymal phenotype. Likewise, inhibiting BMP
pathway activation by administering gremlin led to DL-K&nversion to DLKP

SQ clones. DKP-M cells represented a mesenchymal population which were
capable of excessive cell aggregation and formation of a fibrotic mass following
BMP-4 stimulation. Conversely, DLK® cells adopted a DLKFSQ phenotype

following gremlin treatment.

Following on flom our original hypothesis (Figure 3.1), wepose that a BMP
gradient is rgsonsible for phenotypic switching between the DLKP clofégufe
3.0.30). Based on the results presented here we speculate that\ethdeBMP

7 and low BMP4 expression in DLKESQ maintain the squamous, epitheliké

cell phenotype. On the other hand, we postulate that endogenougt BMBMP

2 mediated signalling in DLK#Pand DLKP-M cells maintain their respective cell
phenotypeslt is unknown if an intermediate cell phenotype exists between BLKP
SQ and DLKPM but we propose that DLKIP cells represent an EMlike cell
phenotype which expresses both epithelial and mesenchymal propedasent

of DLKP-I or DLKP-M cells with he BMP antagonist gremlin results in the loss of
this endogenous signalling cascade and the cells convert to-SCKKRe clones.
We propose that DLK® cells are the most mesenchymal and invasive cell

population of the three.
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Further experiments shouldilige BMP-2 and BMP7 to investigate the effect of

these ligands on motility and EMT. In addition the role of TiGRkas not been
explore in DLKP cells lines. Firstly, the level of expression of endogenhGisb

ligands and receptors would be investigated in DLKP cell lines. In addition,
targeted inhibition of TGFb / BMP signalling using siRNA or neutralising
antibodes would provide a greater insight into the role of BMP and -BGF
signalling in EMT. By silencing BMP signalling in DLKRM! cells, their
mesenchymal metastatic properties may be reversed. These experiments could also

elucidate the role of BMP signalling \Wwiproliferation in DLKP cell populations.

Future experiments investigating BMP signalling and EMT should be carried out.
Treatment experiments involving DLKK clones and BMR could lead to
important findings regarding growth factor induced EMT and filstoBhe role of
BMP signallingin vivo during tissue fibrosis would be of particular interest and

could highlight BMP as a potential therapeutic target.

In conclusion our results have highlighted a roleB®iP signalling in the induction

of phenotypic swiching between the clonal subpopulations begerogenouking
tumour. Furthermore, we have demonstrated the potential importance of BMP
gradients in driving carcinogenic tumour properties and identified BMi8 an

important target for cancer therapesti
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Chapter 4

Investigation of E-cadherin gene
processing Iin the heterogeneous

lung cancer cell line DLKP

4.1 Introduction

We have provided evidence that DLKFSQ cells represent more finormab
epithelial cell populationcompared to the invasy mesenchymal counterpart
DLKP-M. We have demonstrated that DLKP%@d DLKRM are on the EMT

axis and thaBMP-4 inducel EMT-mediated phenotypic switching evebetween
DLKP-SQ and DLKPM cells. E-cadherin downregulation and -&&dherin
upregulation is awell characterised hallmark of EM{Gravdal et al. 2007)
Interestingly, neither DLKFSQ nor DLKRM cells express membrane bound E
cadherin thus, we hypothesise that this heterogeneous cell population re@esents

very suitable model to investigate cadherin switching.

TwoEcadherin reporter plasmids have previ
by Dr. Joanne MastersgRhD,Masterson 2008)The first contaiedthe mouse E

cadherin promoterconstructsubcloed into the plasmid vector pEYHAP This

plasmid was called Eprom and transfection into MIZEand MAECSs resulted in

YFP protein expressian the cytoplasmEprom served as a control t&icadherin
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promoter efficacy. Té second construct containeauseE-cadherin cDNAfrom

the pBATEM2 construct subcloned into the plasmid vector peYFFhis plasmid

was called Erh Transfection of Efinto Beas2b cells resulted indadherinY FP

fusion piotein expression at the cell membrane. Expression of the fusion protein at
the membrane indicated that the cells contain the necessary machinery to facilitate
correct Ecadherin mRNA translation and subsequent trafficking to the plasma

membrane.

Transfedon of both Eprom and Efinto DLKP-SQ and DLKPM cells was
originally carried out by Dr. Emer Mollagnd stable clones were genergigkirley

O 6 D e a Prelimibary.analysis of the subclor®sDr. Emer Molloyrevealed no
significant differene in prolferation or migration of DLKFSQ Eprom, DLKPSQ

En?, DLKP-M Eprom or DLKRM En¥. Dr. Emer Molloyexamined the DLKP

SQ subclones further and a changaadtin localisatiorwasevidentin DLKP-SQ

En? cells compared to DLKPSQ and DLKPSQ Eprom cellsThe sime stable
subclones prepared by Dr. Emer Molloy were used for this project except for
DLKP-SQ Eprom subclones. Amditional subcloning and expansierperment
protocol wascarried outfor DLKP-SQ Eprom cells as the stock of this subclone
had expiredA mixed populatiorof DLKP-SQ Epromwere subcloned by limiting
dilutions in 96 well plates. Single fluorescent cells were identified and expanded in
G418containing medium to generate DLKIQ Epronsubclonal populations (see

Appendix).

Giventhe preliminarydata demonstrating evidence of altered cell phendiypao
change in cell proliferatiofollowing E-cadherin gene transfection, we hypothesise
thata cadherin switch is possible mechanisimvolved in phenotypic switching

eventsbetween these two DLKRanal populations. As neither cell line expresses

161



E-cadherin gene processing in DLKP

endogenous f€adherinprotein we postulate that satroduction of the Ecadherin
gene would result in MET in DLKBQ and DLKPM cells. We hypothesise that
DLKP-M cells have undergone phenotypicpm®granming to become a more
invasive and mesenchymal populatioRurthermore, we hypothesise that
transfection of the Eadherin gene to DLKP-M cells will cause conversion to

DLKP-SQ cells.
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4.1.1 Endogenous Ecadherin mRNA expression in DLKRSQ

and DLKP-M

The Ecadherin to Ncadherin switch is a hallmark of EMT and phenotypic
switching events. We wanted to elucidate the phenotypic reprogramming events
that have occurred in the DLKP clones and investigate if overexpression ef an E
cadherin gene in the cells indudd&T. Firstly, endogenous-Eadherin mRNA
expression in DLKFSQ and DLKPM cells was determined by sempuantitative
rt-PCR. Ecadherin mRNA expression was inconsistent and irregular in both

DLKP-SQ and DLKPM cells (Figure4.0.1).

+

DLKP -SQ DLKP -M

Figure 4.0.1 Endogenous Ecadherin expression in DLKRSQ and DLKP-M
cells

Representative image of endogenousaBliherin expression in DLKBQ and
DLKP-M clones grown in 5% serweontaining medium. f£adherin mRNA
expression was inconsistent in tlenes. A549 was the positive control, GAP
was used as a loading control.
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4.1.2 Generation of DLKP -SQ and DLKP-M cell lines stably

expressing Eprom and Emreporter plasmids

All plasmid design and cloning was carried out by Dr. Joanna Masterson in the
O 06 De aln brefpthe Ecadherin promoteconstructwas sub-cloned into the
PEYFR1 plasmid, upstream of the YFP gene. This reporter plasmid is termed
AEpromo her eaf t ercadhefMYFP gonsirect, the mouse-tEke E
cadherin gene from pBATEM#vas inserted into the pEYFR plasmid. This
generated the -Eadhein-fluorescent fusion protein under the control of the E
cadherin promotei termed Em, hereafter Figure 4.0.2) (Behrens et al. 1991;

Nose, Nagafuchi, and Takeichi 198Bbllowing clonal expansion and selection of
fluorescence clonef;ACS was carried out to analyse the expression of YFP
fluorescent protein in the subclonal populatioftsis was carried out by Dr. Emer

Molloy (see Appendix).
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Figure 4.0.2 The Eprom and Em2 reporter plasmids

The Eprom plasmid contained the mousealherin promoteronstructsubclone
into the pEYFPL plasnd. When transfected into cells and followigrrec
transcription and translatiothe Eprom plasmid generated fluorescent YFP.
En? plasmid contained the mousecEdherin gene from the pBATEM2 consti
subcloned intdhe pEYFP1 plasmid. When transfected into cells and follov
correct transgption and translationthe Ent reporter construcgenerated £
cadherin protein tagged with fluorescent YFP. These constructs were desig
constructed by Joanne Ma st Ee sandfectio
experiments were carried outby Brmer Mol | oy ( Shi r | €
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4.1.3 3D culture of DLKP-SQ and DLKP-M clones

We utilised HappyCell® advanced suspension medmimvestigate the effect of
E-cadherinexpressioron cell growth patterngs a more biologically relevant 3D
environment. Happy Cell ® is an optimised suspension DMiagked media which
facilitates 3D spheroid culture of cells. Both normal and neoplastichaatis been
shown to grow as spheroids in suspension medRIiKP-SQ cells did not grow
complete spheroids in HappyGelbut instead formed small cell clusters. These
cell aggregates had irregular shapes and formations. A similar growth pattern was
evident h DLKP-SQ Epromcell (Figure4.0.3 A). These cells were fluorescent
indicating the presence of YFP protein. In contrast to both DEKPand DLKP

SQ Eprom, DLKPSQ Entformed distinct, discrete spheroid bodies vaittefined,
smooth and regular boundary when cultured in Happy Cell ® medium. These

spheroids were also fluorescehiqure4.0.3 A).

DLKP-M, DLKP-M Eprom and DLKPM En?cells grew as distinct spheroids in
the HappCell® advanced suspension mediufigure403 B). The DMKP

spheroids possessed the sameher eI RAT ,

S

I

En? spheroids however, DLKM spheroids possesseeilx t ended i keur it e

p rce s SeesDLKP-M Eprom spheroids were fluorescent in contrast to the

DLKP- M Env spheroidsKigure4.0.3 B).
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Figure 4.0.3 3D culture of DLKP-SQ and DLKP-M subclones

Representative micrographs of DLKF®Q, DLKRSQ Eprom, DLKPSQ Emand DLKR

M, DLKP-M Eprom, DLKPRM Em’ grown in HappyCell® medium for nine days.
DLKP-SQ and DLKPSQ Eprom grew in aggregated cell clusters but did not

spheroids. DLKPSQ Eprom aggregates were fluorescent. DLK® Em formec
fluorescent discrete and compact spheroids with a defined outer boundary. (B)ND,

DLKP-M Eprom and DLKPM Em' cells formed distinct discrete spheroids in HappyC
culture. The DLKPM Eprom spleroids were fluorescent and the DLKPEN? were les
fluorescent.The DLKP-M spheroids possessed extended process and were larg

the DLKP-SQ Em structures. Brightfield and fluorescent images were taken of dif
fields of view.
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4.1.4 Expressionof epithelial markers in DLKP-SQ clones grown

in 3D culture

Given the evidence psented here thaDLKP-SQ and DLKPSQ Eprom
populationsformed aggregated cell clusters in Happy Cell ® suspension medium
while DLKP-SQ Entformed discrete compact spheroid with smooth, regular and
defined outer boundariese wantedo investigatevhatcdl adherens proteins were
involved in the formation of the spheroidhe cells were growon chambewell
slides for ninedays in HappyCell® beforeimmunofluorescence was carried out.

The cells were stained for YFP-dadherin and Madherin.

DLKP-SQ cdl clustersdid not express membraihecalised E-cadherin or N
cadherinwhen grown in Happy Cell ® suspension mediurrcadherin and N
cadherin were expressed weakly in the cytoplasm. DBKPcells did not express
YFP (Figure4.0.4). Similar to DLKRSQ cell aggregates, DLKBQ Eprom cell
clusters expressed-&adherin and Madherin weakly in the cytoplasm. YFP
protein was present in the cytoplasm of DI-RR Eprom, by immunofluorescence

(Figure4.0.5).

As previously noted, DLKRSQ Enfdeveloped large spheroid bodies in Happy Cell

® culture with a distinct, regular boundary. When protein localisation patterns were
examined by immunofluorescenceci&dherinYFP fusion protein w&s expressed

at the cell membrane. The spheroids did not expresadNerin at the cell
membrane Kigure 4.0.6). This indicatedthat Ecadherin protein expressiamas

involved in spheroid formation in Happy Cells®ispension culture.

168



E-cadherin gene processing in DLKP
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Figure 4.0.4 Immunofluorescence of DLKR-SQ spheroids
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DLKP -SQ Eprom
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Figure 4.0.5 Immunofluorescence of DLKRSQ Eprom spheroids
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DLKP-SQ Em’

Figure 4.0.6 Immunofluorescence of DLKRSQ EM? spheroid
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4.1.5 Expressionof epithelial markers in DLKP -M clones grown

in 3D culture

Given the evidence presented here thatof the DLKP-M sulclonesgrew as
spheroids in HappyCell® medium, we wanted to investigatet whia adhesion
molecules were involved in DLKM spheroid formationThe cells were grown on
chambeiwell slides for six days in Happgell® beforeimmunofluorescence was

carried out. The cells were stained for YFRcdelherin and Madherin.

Immunofluorescencefdhe DLKP-M cells showedthat the cells expressed low

levels of cytoplasmic fadherin DLKP-M spheroidgdid not express YFP protein
(Figure 4. 0.8). N-cadherin protein was expressed at the membrane of the DLKP
Mspheroid in a cWaraot pat s-admernfp®thiimc k a n
localisation was evident in DLKRI Eprom and DLKPM Em? cell spheroids.

DLKP-M Eprom population expressed bright cytoplasmic YFP protein and dull
cytoplasmic Ecadherin similato DLKP-M spheroids Figure 4.0.9). DLKP-M

En? expressed dull cytoplasmic YFP protein and no membrane bogadHerin,

in striking contrast to DLKRSQ Enf (Figure4. 0.10). Theseresults indicated that
N-cadherin was involved in spheroid formation in DL-KR DLKP-M Eprom and

DLKP-M Emfcells.
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DLKP -M Eprom
20x 40x
m -. ..

Figure 4.0.9 Immunofluorescence of DLKRM Eprom spheroids
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DLKP-M Em’
20x 40x

Figure 4. 0.10 Immunofluorescence of DLKP -M Em2 spheroids
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4.1.6 Expression ofepithelial markers in DLKP -SQ, DLKP-SQ

Eprom and DLKP-SQ En¥in 2D culture

We hypothesised that DLKBQ cells transfected with the-dadherinreporter
plasmid Em would express Eadherin at theell membrangundergo METand

that the expressionf @ther epiheliatrelated markers would increase as a result.
Immunofluorescenceand western blotting werearried out to examine the
localisation patternand expression levets E-cadherin YFP, actinp-catenin and
cytokeratinin the subclonal populationsn these experiments, monoclonal
antibody generated against theegtminal end of the full length-Eadherin protein
(735/883) was used. The expected molecular weight was 120kDA. A polyclonal
antibodyagainst full length GFP was used. This antibody is reactive to YFP. The

expected molecular weight was 27kDA.

Immunofluorescence showed thatc&dherin pratin was localised at the cell
membrane of the DLKFSQ Enfcells Figure40.12 . The chara<cteri st
wi reo | i kecadheria atthé aelgmembdraneeformed a distinct boundary
between each cell. Cyttasmic Ecadherin protein was visible in DLKBQ and
DLKP-SQ Eprom cells and no membrane bourdaBherin was presenfEigure
40.12). E-cadherin protein expression was examined by western blotting, using
both anE-cadherin antibody and an YFP antibodycd&tlherin expression was
absent in DLKPSQ and DLKPSQ Eprom. In DLKPSQ Ent cells a band was
present at approx. 150kDA when whole cell protein was probed with either
antibody Figure4. 0.13). This 150kDA size band is approximately equal to the
molecular weights of fadherin and YFP combined. This indicated that the E

cadherin gene tagged with YFP was successfully transfected and that gene

178



E-cadherin gene processing in DLKP

incorporation, transcription, tnalation and processing to the membrane took place

in DLKP-SQ Enfcells.

DLKP-SQ cells did not express YFP. Immunofluorescence showed that YFP was
present in the cytoplasm of DLKEQ Eprom subclones and localised at the cell
membrane of DLKPSQ Ent subclaes Figure4.0.12). Western blots probed with

a YFP antibody revealed a 27kDA band in the whole cell protein extracted from
DLKP-SQ Eprom cellsRigure4. 0.13). DLKP-SQ En?expressed a 150kDA size
band, indicative of thed€adheriaYFP fusion protein. These results confirmed that
the Ecadherin promoter was successfully driving both YFP awddherinY FP
transcription and subsequent protein production in DISQ@ Eprom andLKP-

SQ Ent respectively.

Because membras®ound Ecadherin protein was present in DL Enf, the
expression of other proteins associated with the epithelial phenotype and EMT
progression such as actimcatenin and cytokeratins were investigated.irhot-
polarisation was evident in DLKBQ Enft cells (Figure 4.0.12). Compared to
DLKP-SQ or DLKRSQ Eprom cells, actin was localised at the cell membrane in
DLKP-SQ Enft as indicated by the white arrows. In the DL-EP and DLKPSQ

Eprom cells, actin was dispersed throughout the cytoplasm, as indicated by the
white arrows. This result supported previous experiments carried out by Dr. Emer
Mol |l oy (O6Dea | ab). The | evel of Ilhctin ex
protein extracted from the cells. Higher levels of actin protein were evident in
DLKP-SQ Enfcompared to DLKPSQ and DLKPSQ Eprom cells. This result was

confirmed by densitometry{gure4. 0.13).
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Immunofluoresence revealed-catenin localisation at the cell membrane in
DLKP-SQ En? subclones The white arrows highlight regions expressing
membrane bouné-catenin Figure 4.0.12). Low levels of membrane bourfs
catenin was evident in [INP-SQ and DLKPSQ Eprom cells. A lowevel of b-
cateninexpression was also presenthese cells by western bldtigure4. 0.13).
Conversely, DLKPSQ En¥ displayed a significantly higher level &kcatenin

protan expression by western blot. This result was confirmed by densitometry.

Finally, cytokeratin expression was investigated. A pan cytokeratin antibody
detecting K 4, 5, 6, 8, 10 and 13 was used. There was evidence of cytokeratin re
organisation at the delmembrane in DLKPSQ En? cells following
immunofluorescencdLKP-SQ and DLKPSQ Eprom cells displayed cytoplasmic
cytokeratin expression with some rRoniform expression at the cell membrane
(Figure4.0.12). No detectable change of cytokeratin protein was found by western

blot (Figure4.0.13).
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Figure 4.0.12 DLKP -SQ subclones display alters adhesion junctions and
cytoskeletal organisation
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4.1.7 Expressionof epithelial markers in DLKP-M, DLKP -M

Eprom and DLKP-M Em?

We hypothesised that DLKM cells, like DLKP-SQ, would incorporate the-E
cadherin gene and thatdadherin protein would be present at the cell membrane.
This would cause DLK®M cells to undergo MET and result in a more stable cell
phenotype, reducing the mesenchymal argtatory propertiesfahe cells. DLKRP

M subclonal 3D culture data (presented in section 3.1.5) indicated that this was not
the case. DLKRM and DLKRPM subclones were grown in 2D cultures and
immunofluorescence was carried out to investigate the localisation of epithelial cell
markers. Western blotting was used to quantify any possible changes in protein

expression.

When examined by immunofluorescent using an-Brdadherin antibodyweak
cytoplasmic staining of fadherin proteirwas observeih DLKP-M, DLKP-M
Eprom and DLKPM Em?. There was nevidence of membrane bounetEdherin

YFP fusion protein in DLKPVM Em? subclones Kigure 4. 0.14). This was
unexpected as the DLKR Envcells previously displayed high levels fluorescence
by FACS which indicating the presence of YFP pro{siee Appendix)The level

of E-cadherin protein expression was investigated by western blot. Both an E
cadherin and YFP antibody were used to probe all three cells lines. -D1.KP
DLKP-M Eprom and DLKPM Em? showed no detectable levels ofdadherin

(Figure4.0.15).

When examined by immunofluorescence using a YFP antibody ENIKRIIs did
not display YFP stainingjgure4. 0.14). In contrast DLKPM Eprom displayed

cytoplasmic YFP expression indicating that thecdflherin promoter was
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functioning correctly and driving YFP transcription and downstream protein
expression successfully. Western blotting supported this result an) stiFP
protein expression was detected in DI-KPEprom cells Figure4. 0.15). DLKP-
M Em? cells stained for YFP displayed very dull cytoplasmic protein expression
(Figure4. 0.14). However, this YFP protein was not detected by western blot of

DLKP-M Em?cells Figure4. 0.15).

The expression of other proteins associated with the epithelial phenotype and EMT
progression such as agtib-catenin and cytokeratins were investigated in the
DLKP-M subclonal populations. Immunofluorescence and western blotting for all
three proteins in DLKMM Eprom and DIKP-M Env subclones did not indicate any
change compared to DLKM clones Figure 4. 0.14). Actin expression was
dispersed throughout the cytoplasm with no evidence -pbl&risation and no
increase in protein expression by western bHtagyre 4. 0.15). b-catenin protein
expression was localised throughout the cytoplasm with some weak membrane
localisation Figure4. 0.14). There was no change [acatenin expression levels
between the subclones by western bkagre4. 0.15). Similarly with cytokeratin,

no difference in protein localisation was evident by immunofluorescence and no
increased in protein expression was present by western blot betweerNdblKE
Eprom and Erh subclones. Cytokeratin protein expression was dispersed
throughout the cytoplasm. No distinct pattern was discernible in the membrane

staining Figure4. 0.14, Figure4. 0.15).
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Figure 4.0.14 DLKP -M subclones do not display altered adhesion junction
proteins and cytoskeletal organisation
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4.1.8 Expression oftight junction proteins in DLKP -SQ and

DLKP -M clonesand subclones

Tight junction protein expression is indicative of the epithelial cell phenotype. We
examined if any changes in TJP expression occurred following transfettiba

E-cadherin gene in DLKSQ and DLKPM cells.

Significant differences in the expression of TJP was observed between8QKP
and DLKRM clones, as previously stated (chapter 3). The DS cells
expressed claudih, afadin and Z&l while DLKP-M cells do not.No change in
TJP expression was observed followingimgoduction of the Ecadherin gene.
CD2AP was the only tight junctioprotein examined that was expressed in both

DLKP-M and DLKRSQ cell lines Figure3.0.2).
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4.1.9 E-cadherin cleavage enzyme expression in DLKBQ and

DLKP -M clones

The results presented here indicated that DIS@ and DLKPM clones
transfected wittEm? resulted in very different processing eventsagherinY FP
fusion protein was fcessfully translated and processed to the cell membrane in
DLKP-SQ En? subclones. In contrast, immunofluorescence showed that the
DLKP-M Em? subclones did not express-cEdherinYFP fusion at the cell
membrane and only weagytoplasmic E-cadherin and YFPRexpression was
detected by immunofluorescendedure4. 0.14). However,flow cytometrydata
demonstrated that DLKRI En? subclonesverefluorescent indicating that correct

gene processing and translation of YFBdsurring in these cells¢e Appendix

Assuming that the YHE-cadheirn construct was still functioning correctly in the
cells, we postulated that the-&adherinYFP genewas correctly translated in
DLKP-M En? subcloneshowever, a possible cleavage ewvenay be occurring
intracellularly which prevents-Eadherin trafficking to the membrane in these cells.
This would account for the low level of-é&adherin and YFP staining by
immunofluorescence and the presence of fluorescence by FACSgdie
expressia of E-cadherin cleavageenzymes calpain and preseniliwere
investigaed by our collaborators in Dublin City University (Dr. Helena Joyce).
Subsequent analysis of the results indicated a significant increase in both calpain

and presenilin enzymes in DLK compared to DLKFSQ Figure4.0.17).
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4.2 Discussion

In multicellular organisms, phenotypic plasticity enables normal developmental
processes and cellular functions to occur. This dynamic process is sustained
cancer and contributes to the formation of heterogeneous tumour populations
(Scheel and Weinberg 2011 this study, we investigated the cadheswitch in
EMT-mediated phenotypic switching in a heterogeneous lung cancer cell line,

DLKP.

Both of the DLKP clonesstudied here, DLKFSQ and DLKPM, were Ecadherin

null and by using Eadherin reporter plasmids we demonstrated thasethe
subcloned poglations differentially regulate the expression of anc&dherin
transgene. In contrast to DLK cells, DLKP-SQ displayed similar morphology

to epithelial cells, lacked -Eadherin processing enzymes and contained the
machinery required to correctly prosgheexogenou&-cadherin gene and express
E-cadherin protein at the cell merabe. The expression of membrdaoealised E
cadherin protein in transfected DLKFQ cells enabled spheroid formation in 3D
culture and increased the expression of epithedlated structural proteins. DLKP

SQ maintained tight junction expressionldaling E-cadherin transfection. iN
change in TJP expression occurred in DEMPsubclones. DLKPAM cells
expressed Madherin at the cell membrane which facilitated spheroid formation
This suggests that the DLKEQ clones represemt different stagef the EMT
process and that DLKM cells have undergone phenotypicp®gramming to
adopt a more invasive mesenchymal phenotype capable of resisting MET via a
switch to Ncadherin expressn. Our results suggest that a cadherin switch is

involved in EMT-mediated phenotypic switching in this model of lung cancer.
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The loss of Ecadherin expression or function causes tumour progression and
increased tumour invasiveness in head and neckstbieag and liver cancer. As

a result, Ecadherin is known as a tumour suppressor pré¢temet al. 2002; Mao

et al. 2008; Wang et al. 2011As described 1.1.4, f€adherinis involved in
homodimeric interepithelial ADJ complexes which maintains tight epahedl|
contact and the quasnmobility of the epithelial sheath.-&dherin acts as a
negative regulator of cell motility in this way. In addition, the loss-ctBherin at

the cell membrane is a hallmark of EMT and the adoption of motile, invasive cell
properties.Previous experiments in the lab usingc&iherin reporter plasmids
(Eprom andEn¥) transfected into DLKPSQ and DLKPM cells showed that £
cadherin introduction did not have any effect on cell proliferation. Following six
days in culture, priferation rates remained unchanged between DISKE DLKP

M and the subcl onal popul aunpublished d@gjd r .
Additional experiments highlighted that despite not altering cell proliferation,
introduction of the Ecadherin gene csed actin rgolarisation at the cell
membrane of DLKPSQ cells. This is a common characteristic of epithelial cells
indicating that Ecadherin restoration could promote a switch in cell phenotype

toward a more epithelidike cell.

Given that Ecadheriris a tumour suppressor protein, downregulation-chéherin

is involved in the induction of EMmediated tumour progression and the
preliminary data from the lab regarding altered structural protein expression
following E-cadherin restoration, we use@ tsame reporter plasmids to investigate
the role of EMT as a mechanism of phenotypic switching between ER®RNd
DLKP-M cells. Thefunctionalityof the reporter plasmids was determined by FACS

following transfection andsub-cloning of DLKP-SQ and DLKPM clones to
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generate DLKPSQ Eprom, DLKPSQEnY, DLKP-M Eprom and DLKPM Env.
A significant increase in fluorescence was present intrdnesfectedsubclones
compared to DLKFSQ or DLKRM cells. It is worth noting that reduced
fluorescence was evident in tBe¥ subclones compared to Eprom subcloffdse
exact reason for this is unknown but weesulate that the reduced MFI colid

attributed to the larger gene sinethese cells compared to YFP.

Spheroid culture represents a more physiologically relesalire environment

and we hypothesised that the cells would form spherdd&P-M and the
subclones DLKPM Eprom and DLKPM Env formed spheroids in 3D culture.
However, further investigation into the cell adhesion molecules responsible for
spheroid formtaon in DLKP-M cells demonstrated that the mesenchymal cell
marker Ncadherin was involved={gure4. 0.10). ThisADJ protein was localised

at the membrane of the DLKI En¥ cells by immunofluorescence. In additjon

the spheroids possessed extended cytoplasmic processes and appeared to be larger
than the DLKPSQEn? spheroids. Ncadherin expression was absent from DEKP

SQ and DLKPSQ subclones. DLKSQ En? subclones formed discrete, distinct
spheroids with smooth gelar boundaries with membrataxalised Ecadherin

YFP fusion protein expressigrigure4.0.3). The expressionf N-cadherin by the
DLKP-M clones support the hypothesis that these cells have progressed further
along the EMT axis to become more invasive and mégenal compared to £
cadherin. The switch between-dadherin and Madherin expression is a
characterised and wetharacterised event during EMT and tumour progression

(Gravdal et al. 2007; Hazan et al. 2004)

As DLKP-SQ cellsare E and Ncadherin null, the fact that no large spheroids form

in the DLKR-SQ and DLKPSQ Eprom suggests that interactions between cell
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adherens molecules are required for the formation of sphenviggro. The
presence of either-Eadherin in the casof DLKP-SQ Enft cells or Ncadherin in
DLKP-M, DLKP-M Eprom and DLKPM Em? cells appeared to mediate spheroid
formation. Previous studies of the mouse mammary epithelial cell lines EpH4 and
SCP2 also highlighted the role of the cell adherens junctioripsih spheroid

formation(Somasiri et al., 2000)

Both normal and neoplastic tissues/e been shown to form spheroids in different
3D culture techniques and our results indicate that thegémgopulations DLKP

SQ and DLKPM can both form spheroids, albéy the presence different cell
adhesion molecules. The formation of spheraid®LKP-SQ Enf cells can be
viewed as anormal process driven by the epithelial cell adhesion molecule E
cadherin. Due to the size and nature of the DINKBpheroids, we hypothesise that
these structures represent mesenchymal spheroids whose formatediased by
N-cadherinWe conclude that these findings supportediyygothesis thabLKP-

SQ cells represent a more epitheliké cell phenotype and that DLKM have
undergone phenotypic {q@ogramming to downregulate tight junction protein
expressionexpress mesenchymal cell markers and form large spheroid structures

with extended neuritBke processes.

We hypothesised that-&dherin introduction into DLKFSQ cells would result in
E-cadherin expression at the membrane and the subsequent indudigi of&
cadherin protein tagged withiFP waslocalised at the cell membrane in both 3D
and 2D cell cultures.£ adher i n was pr es echitkenaireo t he
pattern Figure4.0.6, Figure4.0.12). To support this result, western blotting using
both an Ecadherin and YFP antibody detected a 150kDA band, indicative of the E

cadherinYFP fusion protein. These results show that theaéherin null DLKP
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SQclonalcells have retained the machinery required to process-tiagllkerin gene
and correct transcription and translation results nrembranéoound protein

expression of the4¥€adherin protein.

MET is the reverse proces$ EMT. MET results in a more epithekak®ciated

cell phenotype characterised by expression-caéherin at the cell membrane and
the loss of invasive mesenchymal properties. The process of MET and re
expression of Eadherin has been observed in metastatic foci present in lung, liver
and brairof primary Ecadherin negative breast cancer tum@Gisao et al. 2010)

In addition, metastasis formiMdgDA -MB-231mesenchymal cells underwent MET
and reexpressed fadherin following injection ito the fat pad of micéChao et

al. 2010). In our study, overexpression of thec&dherin transgene in DLK8Q

cells appeared to induce MET and causetteased epitheligdpecific protein
expreson and reorganisation of theytoskeletal architectureAlongside the
expression of Eadherin, actin repolarisation and increased expression of
membrane localisefolcateninwas evident by immunofluorescenéegure4.0.12).
Elevatedlevels of actin andb-catenin expression were also demonstrated by
western blot and confirmed by densitometry. We postulate that the introduction of
the Ecadherin gene stimulated increased actintaoateninproduction in the cells
during the onset of MET. This enabled increased exocytosis of the cell adherens
junction and increased stabilisation of the complex. High levels of actirb-and
catenin facilitated association of the structural proteins witkcdelherin and

recruitment to théDJ to cause repithelialisation of DLKPSQ cells.

We conclude that £adherin gene introduction and subsequectdherinYFP
fusion proteinexpression at the cell membrane induced a more epithikbatell

phenotype in the DLKFSQ cells.This MET-like process caused by acquisition of
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membranebound Ecadherinincreasectell polarityby elevated actin expression
stimulated increasedb-catenin expression and ferganised cytoskeletal
architectureAlthough the DLKRSQ clones do not express endogencasd@herin
protein and thus have developed a carcinogenic phenotype, the cells have
maintained the ability to procei¥e E-cadheringenewhich links the EMT process

with tumour progression in this clonal population.

Transfection of the adherin gene tagged with YFRArDLKP-M cells didnot

result in a similar proces®LKP-M En¥ cells did not expresthe E-cadherinY FP

fusion proteinat the cell membrane and no detectableaiherin proteiror YFP

protein was detectedby western blot Figure 4. 0.15). This is in contrast to the
obvious EcadherinYFP fusion protein expression in DLK®Q Ent cells.
However, the presence of detectable fluorescence by FACS and the expression of
weak cytoplasmic YFP protein by immunofluorescence in DEMPEN? cells

suggested that YFP was being produced in these cells, if only at a low level.

The Enft reporter construccontained the full length mouse-dadherin gene
subdoned into the pEYFR plasmid(Masterson 2008)The stop codon sequence

of the Ecadherin gene was mutated to a glycine residue using site directed
mutagenesis. This resulted production ofan EcadherirYFP fusion protein by
transfected cells when correct transcription and translation occurred. As the YFP
gene was downstream of thecRdherin sequence and the&dherin gene lacked

a functioning stop codon the production dfF protein in the cells was dependent

on Ecadherin protein production and vice versa. Analysis ofltleeescent data
generated by DLKMM Eprom cells demonstrated that thec&ilherin gene
promoter was functioning correctly. These cells contained thenEponstruct in

which the mouse {adherin promoter was driving YFP gene transcription. YFP
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was localised in the cytoplasm of these cells by immunofluorescence and YFP
protein was detected by western blot. This excluded any problems with

transcriptionof the Ecadherin promoten the DLKR-M Em?cells.

While DLKP-M En¥ cells displayed weak-Eadherin expression in the cytoplasm
by immunofluorescence, we postulated that thisaBtherin is not functional as it
has not been processed correctly and exportatidganembrane to form ADJ.
Further evidence that no functionakcBdherin protein was produced in the DLKP
M Em? was provided by examining epithehadlated structural proteins by
immunofluorescencd~{gure4. 0.14). Actin expression remained cytoplasmic and
no repolarisation was evident in the DLHWP Em? subclones. This was in direct
contrast to DLKPSQ Ent cells where cortical actin was localised at the cell
membrane and levels of actin protein were increasegaed to DLKPSQ cells
(Figure4.0.13). The level ob-cateninprotein expression arfdcatenin localisation
also remained unchanged between DEMPDLKP-M Eprom and DLKPM En?.

Again, this was the opposite of what was observed in the BERFENT subclone.

We originally hypothesised that DLKM would underg MET following E
cadherin gene rmtroduction and resend DLKP-SQ cells more closely.
Assuming the reported plasmid was still expressed correctly in these cells, w
conclude that DLKRM did not process the -Eadherin gene as hypothesised.
Overexpressionf E-cadherin in DLKPM cells did not cause MET and there was
no change irE-cadherinexpression at the cell membrane, epithedsdociated
protein expressioar tight junction protein expression. We conclude that DEMP

cells have undergone a cadhermitsh to express the mesenchymal marker N
cadherinand may have lost or supressed the ability to correctly process the

epitheliatrelated Ecadherin gene.
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Given the results thus far, we hypothesised that tbhadbBerinYFP fusion protein

was being produceth the DLKR-M En¥ but that subsequent pesanslational
modifications prevented correct downstream processing offusien protein
Assuming that the FACS analysis was robust and thatEth@plasmid was
functioning correctlyye speculated that pestanslational cytoplasmic cleavage of

the EcadherinYFP fusion protein was taking place. This would cause degradation
of the Ecadherin protein and would account for the low level of betta@herin

and YFP expressiodetectedin the cytoplasm by immunofluescence anthe
fluorescenceevident in the DLKPM Em? subclonal population by FACS. Pest
translational control of fadherin occurs through a variety of different processes
and these changes have been linked to neoplastic transformation and cancer
progression, as reviewed i(Masterson and Dea 200®&)Vhile cleavage of pr&-
cadherin by the subtilisiike proprotein convertase is essential focdtherin
activation and trafficking to the cell mémane, additional cleavage events have
been shown to disrupt&adherin mediated cell adhesi¢tirohashi 1998)Nascent
E-cadherin is traffickd from the transSolgi network with catenins for
incorporation as cell adherens junctions. In our cell model, it appears that E
cadherin is cleaved before exocytosis to the cell membrane occurs. We hypothesise
that enzymes such as calpain or presensil{RS1) could be involvedn this

intracellular cleavage event.

E-cadherin cleavage by calpain occurs upstream obttand U-catenin binding
domains on the cytoplasmic tail ofdadherin. The calpain cleavage stbetween
residues 78287 which are masent in the full length €adherin gene used in this
construciRios-Doria et al. 2003)This cleavage event wouldease the full length

YFP protein into the cytoplasnihe Ecadherin antibody used in these experirment
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detects the @erminal tail of the Ecadherin protein betweersidues 35883 We
postulate that a segment of the cleaverhBherin Gterminal tail isdetected in the
cytoplasm by this antibody following immunofluoresceriEegure 4. 0.14). The
protein expression wasossiblytoo weak to be detected by western blot. It is
common for antibodies to detect shortdeaved products and this-dadherin
antibody can detect the cleaved products such as 24kDA, 29kDA, 35kDA fragments
which occur in MDCK cells following the addition of staurosporiSeeinhusen et

al. 2001) We detectedveakcytoplasmicstaining ofYFP by immundluorescence

in 2D cultureusing an antibody reactive to the full length YHAMis YFP protein

was not detected by western blot. This could be because the YFP signal was too
weak in DLKRM En¥ cells or perhaps the remainingt€minal residues attached

to the YFP protein following calpain cleavage resulted in protein degradation or

masking of antibody epitopes.

The cytoplasmic processing and cleavage afdgherinYFP fusion protein could
also be due to R$. This enzyme has been shown to cleaxaaéherinbetween
residues Leu731 and Arg732 at the interface with the cell membrane. These
residuesare present in th&n? E-cadherinreported construct used in these
experiments. Cleavage by RSisassembles the-éadherincatenin complex and
prevents expressiarf the correct ADJ at the cell membra#e. previously stated
the Ecadherin antibody used in these experiment detects-teen@inal tail of the
E-cadherin protein betweenesidues 735883, which would be unsturbed
following presenilinmediated cleavag This accounts for the dull cytoplasmic
staining of Ecadherin found in the DLK® En? cells as this hypothesis would
cause cytoplasmic accumulation of the cleavecaéherin fragmen(Figure 4.

0.14).
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Our hypohesis regarding calpaior presenilinmediated cleavage of intercellular
E-cadherin in DLKPM Envis supported bgene expressicanalysis of the DLKP
clones.This workwas carried out by our colleagues in Dublin City University and
the results showed &sificantly higher level of calpain and presenilin expression
in DLKP-M cells compared to DLKFQ cells Figure 4.0.17). This result also
supports the hypothesis that DLIF®) cells are a more epithelassociatedell

population as they do not express a high level of tkiadherin cleavage enzyme.

Alternatively, theEm? plasmid may have stopped functioning correctly in these
cells. An mportant future experiment to address this question would be to isolate
RNA from the DLKRSQ En¥ and DLKRM En?¥ cells and carry out #2CR to
confirm that the YFP message was still present. In addition, F@ksisshould

be repeatedo ensure that the same level of fluorescence was present in the cell
populationand thattransent loss of the plasmid had not occurred over time.
Additional clonal expansion experiments of the mixed populations of fluorescent
DLKP-SQ and DLKPM subclones would ensure that no discrepancies or errors

have been introduced over the course of this ptoje

To conclude, the DLKMM cell line appear to havdevelopeda mechanism to
suppress the expression ofc&dherin at the cell membraftteus preventing any
EMT-mediated phenotypic switchingssuming that the plasmids are functioning
correctly, we specuaite that DLKPM cells could us&-cadherin cleavage enzymes
to prevent normal fadherin membrane localisatiofhe ability to repress £
cadherin proteirafficking to the membranprevented the cells from undergoing
a MET-like process similar to DLKFSQ En¥ cells. These results alsmpported

the hypothesis that I{P-M clonesrepreseha more invasive tumour grade that
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have progressed along the EMT axis and easta mesenchymal, invasive

population

In summary, wehave shown thaDLKP-SQ and DLKPM cells represent two
different populations along the EMT axis. Theoges that occur during EMT can
inducephenotypic switching both in normal and neoplastic development and here,
we have shown #t a switch to Ncadherin expression during EMT is an important
process involved in phenotypic switching between two heterogeneous
subpopulations of a lung cancer cell lifae definition of arepithelial cell is one

that possesses tight junctions, cell polarity between apical and lateral domains,
maintains cell intections with neighbouring cells and displays a pseudo
immobility between itself and the microenvironmé8avager 2007) Based on
these definitionsour results indicatthat DLKP-SQ, as opposed to DLKM cells,
possess more epithehassociated traits. The ability of DLKPQ cells to
successfully process the transfectedddherin transgene to induceckdherin

protein expression at the cell membrane further supports this hypothesis.

Further characterisation of these clones would be beneficial and provide further
insights into the r@orogramming events that have occurred to give rise to the
different cell phengfpes. This would provide important information regarding

potential therapeutic targets for cancer treatments.

Future experiments in this project should investigate the effect of-taallkerin
reporter plasmids in DLK{ clones. These cells expresschidhein, similar to
DLKP-M but lack Ecadherin. They represent an EMP population between DLKP
SQ and DLKPM on the EMT axis. Transfection of DLKPcells would further

elucidate where on the cadherin axis
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experimeis should also address the potential cleavage events and downregulation
of the Ecadherin protein which occurs in DLK cells following Ecadherin

overexpression.

The DLKP cell line was harvested from a primary lymph node metastasis of a
primary poorly dfferentiated lung cell carcinom@aw et al. 1992)This finding

itself demonstrates that the cells of the DLKP paigopulation must possetbe
ability to undergo EMT and disseminate from the primary lung tumour. These cells
were capable of migrating through the body and interacting with extracellular
matrix proteins to undergeome form oMET and establish a metasic site at a

new location, the lymph node in this instantle results presented here and in
chapter 3 demonstrate that th&é KP subpopulations are a unique and dynamic
model of studying EMImediated phenotypic switching heterogeneous lung
cancer ck line (Figure 40.18). Understanding the mechanisms controlling this
process is important for the development of more clinically relevant cancer

therapeutics directed agaitgterogeneousimours.
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EMT effectors: growth factors, ECM, cytokines

Characteristics Characteristics
Cobblestone Elongated
Norr-motile Motile
Nortinvasive Invasive

— —s OO0
M arkers . . Markers
E-cadherin Epithelial cell Mesenchymal N-cadherin
Claudin Vimentin
Desmoglein Fibronectin
Z0-1 Snail1/2

Smooth muscle actin

DLKP-SQ

mo r e i rpleenomygel EMP-like phenotype mesenchymalike phenotype

Figure 4.0.18 DLKP clones represent different stages of EMT

DLKP-SQ cell s present a more #fno
stages of EMImediated phenotypic switching. DLKIRcells represent ¢
EMP-like phenotype with a hybrid of epithelial and mesench
characteristics. DLKMM cells represent latstage EMT and posse:
mesenchymalike markers and an elongated, motile phenotype. Mot
from Springerimages.
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Chapter 5

Mapping the BMP Pathway in
healthy porcine airways and
Investigating the role of a BMP
signhalling gradient in the lung

epithelium

5.1 Introduction

The development of the lungs from an amniotic ffiliéd sac in the embryo to a

complex arborized respiaty system responsible for oxygenation of the blood is a

finely tuned andcomplicatedprocess. Growth factors and morphogens such as
Fibroblast Growth Factor (FGF), Whtc at eni n, Notch and Bone
Proteins (BMP) produced by the underlying mesoderm and developing endoderm

form a complex signalling network @wdinating this develpmental processes.

BMP signalling, specifically, orchestrates the branching events in the nascent lung

and the correct epithelial cell distribution along the proxithsial axigAlejandre

Alcazar et al. 2007; Weaver et al. 1999; Weaver, Dunn, and Hogan 2000)

While BMP signalling in the developing lung has been extensively studied, BMP

pathway expression in healthy airvgagemains largely waddressedA study by



BMP signalling in porcine airways

Kariyawasam et al. 2008monstrated the presence of BMP ligands and receptors
in the lung epithelium of healthy human subjects. Similar expression of BMP
ligands, BMPRIb and BMPRII was found in the bronchial epithelium of healthy
mice (Rosemlahl et al. 2002)This is in contrast to studies of the mouse lung
epithelium which showed a BREGFP reporter was barely detectable and pSMAD
1/5/8 expression was absent in the airways of healthy adult(®oetoulidis et

al. 2012) In inflammatory and fibrotic lung diseases, there is growing evidence that
the BMP pathway becomesactivated and is involved in the repair of the damaged
epithelium and/or perpetuating the disease phendipieet al. 2006; Masterson

et al. 2011; Mccormack et al. 2013; Rosendahl et al. 2@¥Xpite the importance

of BMP signalling during epithelium repair and disease, BMP signalling during
adult arway homeostasis and the concept of BMP signalling gradients existing

along the respiratorydct remains largely unexplored.

We hypothesise that the BMP signalling pathway is active during adult lung
homeostasisVe set out to map the expression of BMfahds, SMAD signalling
molecules and antagonists of the BMP pathway in the descending lung epithelium
of a large animal model. In addition, we aim to investigate the functi@ivit
signalling gradient the lung epithelium and explore the role of BMgnhalling

in differentiated lung epithelium.

To address our aim in a large animal model, we used porcine lungs due to the
comparative lung size, physiology, anatomy and biochemistry between adult human

and pig lunggJudge et al. 2014; Rogers et al. 2008)

208



BMP signalling in porcine airways

5.1.1 Examination of lung architecture and histologyin the large

porcine airways

Porcine lungs were used in this study due to the robust compdraiybiology

between pigs and humans. The porcine lung shares similar morphological structure
and architecture to the human lung with similar bronchial generations and an
inverse relationship between airway diameter and length and bronchial tree

bifurcatiors (Dondelinger et al. 1998; Maina and van Gils 2001)

Porcine lungs were obtaidefrom wo local abattoir at Rosderra Irish Meats,
Edenderry, Co. Meaténd Coogan Meats, Trim, Co. Meallhe porcine lungaere
harvested frompigs weighing 70 kgreared in the Irish countryside prior to
slaughter. The lungs were removed from theyfghown pigs and transported on

ice to the lab in Maynooth University, Maynooth, Co. Kildare, Ireland. Once in the
lab, the lungs were submerged inqararmed medium, each lobe was dissected and
sterile water was used to flush out any residual mugqysroximately five pig lungs

were obtained to learn and improve the dissection technique and carry out the H&E

and PAS staining and-€adherin immunofluorescence.

The large porcine airways were dissected as per the map designe@ia théaka
previously by Dr. Bin JudggFigure5.0.1) (Judge et al. 2014This standardised
classification of the porcine airways did not exist prior to the present study.
Therefore, alternatelassificdions of the lung bronchi and bronchioles were
assigned for the purpose of this study. The right lung consists of four lobes so the
right bronchus was classified numerically according to each lobe 4RBB1 was
described as cranial and caudal branchbs. RB4 was separated to superior and

inferior sections because of its length. Similar classifications were assigned for LB1
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and LB2.Large airway dissections were carried antl subsequent H&E, PAS and

immunofluorescence of the sections was performed.

Figure 5.0.1 Map of the large airways in porcine lungs

The four bronchi in the right porcine lobe are divided. TThe two bronchi in the
left porcine lobe are dividedZ. Each section is assigned a number freid for
ease of section identificatiom.hi s map was designed
by Dr. Eoin Judge.

RB= right bronchus, LB= left bronchus, cr=cranial, cd = caudal, sup=superi
= inferior
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