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Abstract

The mechanisms involved in breast cancer initiation are not well understood. This may in part
be due to a lack of aim vitro model that faithfully recapitulates the morphology, phenotype
andin vivoarchitecture of thenormalhuman mammary gland. Mot vitromodels of hormal
breast have relied on the use of reconstituted basement membrane gels to induce luminal
epithelial cell polarity and have neglected the role of myoepithelial cells and fibroblasts in this
processThe aimof this thesis waso develop ahree dimensionain vitro culture systenof

normal breast which includetthree of the major functional cell typesf breastembedded in a
more physiologically relevant collagen | matrikwas then sought to use th&ystem to

investigate the mechanisms behind breast cancer initiation via genetic manipulation of well

known oncogenes and tumour suppressors involved in breast cancer progression.

To achieve this, goepithelial cells (Myo108®riginally isolated from breast deiction

YIEYY2LX | aG& &l YLIX S3 and fibliiastg (Bolafetland imrhofalidedftoin NBS
breast reduction mammoplasty samples collected with ethical appriovabuse) were

characterised by immunofluorescence to assess their suitalifiityowing characterisation,

these were virally transfected withurbo Green Fluorescent ProteitfEP) and dsRed protein
respectively to enable tracking. Thrakmensionalri-cultures were established in collagen

and included the nottumorigenic luminal epithkal cdl line HB2 withGFP Myo01089 cells and

dsRed fibrolasts. Cells were cultured forthrgeSS1a Ay ¢NI yagStfun OSff
Following ixation these were analysed by haematoxylin and eosin staiaimgfocal

microscopy and immunohistochemistiylorphology and immunostaining profiles were

compared to sections ainormalhumanin vivobreast tissuespecimen

Immunohistochemical characterisation using the following antibodiesadherin, epithelial
membrane antigenyimentin, laminin 5, collagelVplus luminal and basal cytokeratins,

demonstrated polarised epithelial structures with lumen formation and basement membrane

Vi



production with a similar immunostaining profile to normal breast tissue. The importance of
including myoepithelial cells arfibroblasts in maintaining these structures was

demonstrated. We esthlished this model waamenable to genetiengineering by

overexpressing HRRNd HER:h HB2 8 f f X | YR 1 Y M@oL08Yc@lls &ndzi 9 wi ™
DOCH in fibroblast cell lines usireiRNAShRNA techniqua®spectively These were included

in separate models with morphological and phenotypic effects determindthbynatoxylin

and eosin stainingmmunohistochemistryand quantification of HB2 structures formed/e

further investigated thentracellular sigalling cascades stimulated bgregulin in order to

validate our findings upon overexpression of HER2 and HER3 and to investigate the cancer

initiation potential of heregulin in the breast.

In summaryanin vitromodel of normal breastissue that includes three of the major

functional breast cell types cultured in a physiologically relettargte dimensionamatrix has
beendeveloped Themorphology and protein expression profidé the model wawalidated
againsta human breast tissugpecimenand confirnedthat it is a suitable modeof normal

breast. The model proved to be reproducible, suitable for experimentation using genetic
engineering and cell behaviour colld easily visualised using standard laboratory techniques.
Toconclude this is a robusin vitromodel of normal breast tissue offering an alternative eost

effective method of studying genesd processesnvolved in breast cancer initiation.
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1 Chapter 1: Introduction

1.1 Normal Breast

1.1.1 Anatomy

The female human breast is a complex structure with networks of ducts and glands designed
for lactation (Fig 1.1 &ig 1.2). These ducts branch out from the nipple and terminate at
functional units known as terminal ductal lobular units (TDLU). Lobules are comprised of blind
ended tubules called acini which are capable of milk secretion. Ducts and lobules are
surrounced by a fibrous tissue known as the stroma. Ducts, lobules and stroma are all
embedded within an adipose matrix. Normal breast acini are rich in epithelial cells. These
comprise two distinct cell lineages; luminal and myoepithelial cells which share aa@omm
stem/basal parentage. Each acinus contains a layer of luminal epithelial cells arranged around
a central lumen surrounded by a single layer of myoepithelial cells. These are encased by a

protein rich basement membrane and are embedded in the stromal(Ejg
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Fig 1.1 Diagrammatic representation of the gross anatomy of the adult female breast

Diagram shows branching network of ducts designed for milk delivery to the nipple. Ducts
terminate with lobule structures containing multiple acini. These surrounded by fibrous
stromal tissue (connective tissue) and adipose tissue (fatty tissue).

Adapted from http://www.my-breastcancerguide.com/whatis-breastcancer.htmil
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Fig 1.2 Representative haematoxylin & eosin stained cross section of normal adult human
breast tissue.

a) Cross section of normal human adult breast shows two breast lobules containing multiple
acini situated adjacent to the terminal ducts. These are@urded by a fibrous stroma and
adipose fat tissue. Circle highlights the acinus featured in (b).

b) Cross section of an acinus showing an internal layer of luminal epithelial cells (L). These are
surrounded by a layer of myoepithelial cells with clear plasm (M) which sit beneath a
protein-rich basement membrane shown in dark pink (BM). The acinus is embedded in a
fibrous stroma containing fibroblasts (F).

Images courtesy of Prof Andrew Hanby (Leeds Institute of Cancer and Pathology).



1.1.2 Epithelial cells of the mammary gland

Luminal epithelial and myoepithelial cells of the mammary gland have distinct functions and
protein expression profiles. The main function of luminal epithelial cells is to secrete milk

during lactation. In order to do this, lumingpighelial cells respond to a variety of hormones

such as estrogen, progesterone and prolagtj®e ! OO2 NRAy 3If &> SaGNR3ISY
[2, 3], progesterone receptor (PRY] and prolactin receptor (PrIRj] are all specific to luminal
epithelial cells. However, the expression of hormone receptors is highly dependent on the cell
environment with a loss of expression common uponitro culture. For this reason, luminal
epithelial cells are more commonly distinguished from myoepithelial cells by their expression

of cytokeratins 8, 18 and 18, 7]and epithelial membrane antigen (also known as MLU(3].

The function of myoepithelial cells dog lactation is to contract around the acinus and eject
milk into the ductgd9]. These can be distinguished by their expression of cytokeratins 5 and 14
Fa oSttt | a-a0A2Y2SlyKi AVWdzaSMARRL012DNIybepithdlidl cells also play a

role in the formation of the basement membrane that surrounds breast acini. This has been
proven by their expression of basement membrane proteins such as collagen 1V and laminin
[10, 13] Myoepithelial cells form distinct desmosomes with both themselves and with luminal
epithelia and unlike luminal epithelia, form hemidesmosomes and attach to the basement
membrane[14, 15] The adhesion properties of myoepithelial cells result in the expression of
proteins which can be used to further distinguish them from luminal epithelial cells. These
include desmosomadpecific cadherins such as desmoodiand desmoglein @6, 17]and

Ay G S3ANR Y antegridfCBKI9) & 1 n



1.1.3 Mammary stem cells

Mammary stem cells (MaSCs) give rise to the luminal and myoepithelial cell lineages described
above via a series of progenitor cell intermedigftz8]. MaSCs reside in the basal region of the
mammary glad alongside myoepithelial ce[21]. The majority of data available on MaSCs

has been sourced from studies in mice. The most widely used markers to distinguish MaSCs in
YAOS IINB LREAAGADAAY (IBANRYDEnN KAAKR SECMNBGIAd 2 y
FYR hc AyiS3I3ahllnd epdssiaddGiemn @Ibantiy@{Scal), estrogen

receptor (ER), PR, human epidermal growth factor receptor 2 (HER2) and haematopoietic cell
markers known collectively as L[2P-25]. Transplantation studies in mice have revealed that
MaSCs are capable of reforming an entire functional mammary gland from a sing@2Fell

These give rise to both luminal and myoepithelial cell lineages. MaSCs can be distinguished
from luminal epithelial cell progenitors and differentiated epithelium using CD24. CD24
expression is lower (but not lacking) in MaSCs compared with luminal cell lif@ages

However, perhaps due tdeir shared basal location, MaSCs are much more difficult to
distinguish from myoepithelial cell lineages as these both share high expression of cell surface

i M y R-integrins and gene expression profi[@s].

In human breast tissue, both bipotent and unipotent progenitor cell populations have been
identified. Bipotent progenitors typically have a CD49f high and EpCAM low expression profile
and are EMA, CD24, and CD133 tiggaUnipotent luminal epithelial progenitors are positive

for CD49f, EpCAM, EMA, CD24, and CI[27328] Through serial passaging of bipotent
progenitors, Stingl et al identified a myoepithehiadstricted progenitor populatiofi27]. More
recently, a profile for these cells has been identified which is negative for keratins 5 and 19

with low expression of claudirj29].

The signalling mechanisms that drive this stem cell hierarchy are largely unclear. Few signalling

pathways hae been identified to induce differentiation down the myoepithelial cell lineage.



However, expression of genes such as &atalf5, Notch and PML have all been implicated in

driving a luminal epithelial cell fa{@5, 28, 30, 31]

1.1.4 Stromal cells of the mammary gland

The stroma is defined as the supportive tissue of an epithelial organ consisting of connective
tissue and blood vessdl32]. In the breat, the stroma surrounds the ductldbular unit and
contains a variety of cell types. These include vascular endothelial cells lining blood vessels,
lymphocytes, macrophages and adipocyfg3]. The most abundant cell type within breast
stroma is fibroblasts. The main function of fibroblasts is to provide structural support to
epithelial structures. Fibroblasts produce a scaffold of extracellular matrix  pkdins

which include collagen[84], fibronectin, and like myoepithelial cells, collagen IV and laminin
[35]. Due to these apparent overlapping functions of myoepithelial cells and fibroblasts, there
are few immunohistochemical markers that can distinguish between these cells. Like
myoepithelial cells, fibroblasesxpress vimentin. Although fibroblaspecific proteirl has

been identified to be specific to fibroblag®6]z A G | LIJISF NA G KIF G GKAa

fibroblasts[37] and may not be applicable to normal breast.

A3



1.2 Breast cancer

1.2.1 Statistics

Breast cancer is one of the most commodigtgnosed cancers in the world with an estimated
1.38 million cases diagnosed worldwide in 2088]. In 2010, over 49,500amen were
diagnosed with breast cancer in the UK alone with approximately 80% of those aged 50 or
over. Over the last decade, the incidence of breast cancer in the UK has increased by
approximately 6% and it is now estimated that a woman has a 1 in 8fridgveloping breast
cancer in her lifetime. This disease is not limited to women however with approximately 400

men diagnosed with breast cancer in the UK in 2{38).

1.2.2 Heterogeneity

Breast cancer is a highly heterogeneous disease and is categorised into subtygabeias
morphological features. The World Health Organisation have reportatiffeBent histological

subtypes of invasive breast can¢40]. These can fall into two main categories. Those which
SEKAOAG dzyAljdzS FyR Sl aAate ARSYGAFTAFIOES Y2NLK
include invasive lobular, mucinous, tubular and medullary carcinomas. Those which do not

show any classicatorphological features and which vary considerably from ¢asease are

1y26y +ta ay2 aLISOAFf GeLsSé¢ YR O2YLINRAAS AYyTA
NST). It is the IDRST group of breast tumours that are the most common form of breast

cancer and have received the most research interest to date.

Although these morphologic features correlate with patient prognpslg, classification of

breast cancers in this way have been shown to be poorly reproducible with limited clinical
value by the National Health Service breast cancer screening programme (UK). Breast cancers
are therefore further classified based on their differentiation and mitotic activity. The current
classification system used in the UK is derived from work by Page, Elston a@@ sl is

based on three parameters. These assess tubular/acinar/glandular formation, nuclear



pleomorphism and number ahitotic bodies. Each of these is scored from one to three, a

summary of how these scores are assigned are summarised below in Table 1.1.

Score Tubule/Acinar Nuclear Mitotic Index

Formation Pleomorphism (example field
diameter of
0.6mm)

1 >75% of tumour ~ Small nuclei, litle  Xmn YA G2
exhibit tubular or  variation in size, per field of view
acinar structures  uniform chromatin

2 10-75% of tumour Open vesicular 11-20 mitotic
exhibit tubular or  nuclei, visible bodies per field of
acinar structures  nucleoli, variable siz¢ view

and shape

3 <10% of tumour  Vesicular nuclei, XHH YAdG2d(
exhibit tubular or  marked variation in  per field of view
acinar structures  size and shape, large

bizarre forms

Table 1.1 Summary of how scores are assigned ®dhading parameters outlined by the
National Health Service breast cancer screening programme for breast tumours

The scores for tubule formation, nuclear pleomorphism and mitotic index are then added

together to obtain a total score and overall grade loé tumour as outlined below:

9 Total score of & = Grade 1 tumour (low grade)
9 Total score of & = Grade 2 tumour (intermediate grade)

9 Total score of & = Grade 3 tumour (high grade)

In addition to the morphologic features discussed, heterogeneity hastalen demonstrated

at a molecular level. The earliest of these studies by Perou et al in[28Dénd Sorlie et al in
2001[44] identified five main subtypes of IEXIST based on their gene expression profiles

(Table 1.2). These subtypes are defined by the expression of the receptors HER2, ER and PR.
Sorlie ¢ al [44] found that patient outcome significantly correlated with the expression

patterns of these receptors with Basal and HER2 cancers associated with shortest patient
survival and Luminal A and B the longest survival time. This classification has enabled more

efficient pathological diagnosis of breast cancers and is still used to date.



Tumour Receptor Tumour Targeted

Subtype Expression Characteristics Therapies
Luminal A HER2 ER+ & PR+/ Low grade, non Hormone therapy
aggressive

Luminal B HER2+, ER+ & PR- Low grade, non Hormone therapy
aggressive and Trastuzumab

(worse than

Luminal A)
Basal HERZ, ER& PR High grade, None
aggressive
HER2 HER2+, ER PR High grade, Trastuzumab
aggressive
Normal Variable High Variable None
expression of basa
and adipose
markers,low

expression of
luminal markers
Table 1.2 Summary of the Perou classification of {RET based on their receptor expression
profiles and their correlation with grade and treatment

Abbreviations: Positive (+), negativg (

Recently this heterogeneity has been recognised further with breast cancer now classified into
at least 10 molecular subtypg45]. Though this heterogeneitig observed in the epithelial
component of breast cancers with the majority of breast cancers arising in the luminal

epithelium, it is becoming increasingly apparent that the surrounding stroma may contribute

to this [46].



1.3 Role of the stroma in breast cancer

As early as 1975, DeCosse et al demonstrated that an embryonic tissue microenvironment had
the capacity to cause differentiation of murine mammary carcinofd@$ The role of the

tumour stroma las since become a major focus for breast cancer research. This saw the
advent of severah vitro studies highlighting the role of stromal cells in the enhancement of
tumour growth and invasiof8, 49] Conversely, the ability of the normal breast stroma to
induce malignant cells to take on a naroplastic pheotype [50] as well as direct cells from

foreign organs into a mammary epithelial f4&l, 52] has also been reported.

Studies using human tissue have reinforced this concept. In 2008, Finak et al identified that the
surrounding stroma from different breast cancer specimens had different gene expression
signatures and proved to be a powerful predictor of patient outcgs8j. In addition, the

expression oECMrelated genes haslso been linked to patient survivgd6].

Multiple changes in the stroma have been identified and proven to facilitate tumour
progression. These include: changes in collagen density and mechanical {&dsib5]

altered levels of ECM proteins associated with wound healing such as collagens, proteoglycans
and glycosaminoglycaii@3], changes in proteolytic enzymes such as matrix
metalloproteinases (MMP$56, 57]and genetic changes such as loss of heterozygfa8ty

and somatic mutationfs9] exclusive to the stromal component. Although these indicate a
clear role f@ the stroma in the progression of breast cancer, these have largely studied the
stroma as a whole with the roles of each cell type remaining unclear. However, of central
importance is the role of the fibroblasts which is the main component of the tuminoms:.

The epithelial cell to fibroblast ratio in normal breast has been estimated at between 2:1 and
3:1[60] whereas this is altered in breast tumour stromalhwén epithelial cell to fibroblast

ratio of up to 1:5 reported61, 62]

10



1.3.1 Fibroblasts and breast cancer

Many of the changes mentioned above are due to the actions of activated fibroblasts within
the tumour stroma known as carcinoma associated fibroblasts (CAFs). There are multiple
theories as to the origin of CAFs. These are that resident fibroblasts @ratadtby paracrine
signalling from tumour cells, that mesenchymal stem cells are recruited to the tumour stroma
and differentiate into fibroblast§3], or that adipocytes revert to a fibroblalke phenotype

in response to paracrine signalling from tumour cg#. It is possible that CAFs originate

from a combination of these sources and may be dependent on the subtype of breast tumour.

/1 C& INB I KSGSNR3ISYyS2dza LJ2 Lz | -SMRayintga ¥ OSft t &
fibroblasts associated with wound healif@p] are known as myofibroblasts. Other sub

populations of CAFs include those that express fibroblast activation proteit, &hgt Desmin

[66]. Significant expression differences have also been reported in CAFsddeom different

breast tumour subtypef67].

It is now well documented that CAFs promote tumour progression. It is widely accepited th

CAFs mainly exert this influence through secretion of a variety of tumour promoting factors

which either promote epithelialnesenchymal transition (EMT) of tumour epithelial cells or

induce increased vascularisation of tumours. These include hepatgoyéh factor (HGF)

[68], transforming growth factorrecepter 6 ¢ DCi 0 | Yy R & i NRPIYIDAH) OSft t F
[69]. In addition to CAF influence via paracrine signalling, CAFs also have the capacity to induce
the changs to the ECM of tumours mentioned in section 1.3 above through production of

ECM proteins, remodelling collagen fibrils and release of MMPs.

1.3.2 The importance of myoepithelial cells in breast cancer
One key feature of progression from the nohligatory benign precursor lesion ductal
carcinoma in situ (DCIS, discussed in section 1.4.2) to invasive cancer is the loss of the

myoepithelial cell layer. This has indicated that myoepithelial cells may play a tumour

11



suppressor role. Botim vitroandin vivostudies have demonstrated that myoepithelial cells
have the capacity to inhibit tumour growth. Hu et al showed thatrgection of myoepithelial
cellswith MCFDCIS.corells in axenograft mouse model suppressed the transition of DCIS
lesions to invasive car@ma[70]. One of the hallmarks of breast cancer progression is the loss
of normal tissue architecture and polarity. Myoepithelial cells are proven to maintain normal
luminal epithelial polarisation and architecture and do so via production of larfli@in71] In
addition to their effects on cell arrangement, myoepithelial cells express a number of tumour
suppressor proteins such as maspin, structural ECM proteins such as fibronectin,agetein
inhibitors such as tissue inhibitor of metalloproteinas€TIMP1) and angiogenic inhibitors

such as thrombospondith [72, 73] The result of this is to counteract the tumour promoting
effects of the surrounding stroma, to build ECM rather than degrade it and thus have a
DY G AYYSyide STFFSOG 2y YIEAIylyld OStta sAGKA
containing breast tissue have an impaired ability to polarise luminal epithelia[¢&]land

differ in their gene expression pattefi4]. It is clear from these studies that myoepithelial

cells are a vitally important component in the prevention of tumour invasion. Surprisingly,
these cellsare largely understudied and the mechanisms leading to obliteration of the

myoepithelial cell layer during invasion is unknown.

12



1.4 Benign breast disease

The vast majority of lesions that arise in the breast are benign. The term benign breast disease
encompasses a heterogeneous group of lesions which exhibit unique morphological features.
The most frequent subgroup of benign lesions is termed fibrocystingds (FCCs). These are
detected in nearly all of the female breast reduction mammoplasty samples examined
[personal communication, Prof Andrew Hanby, Leeds Institute of Cancer and Pathology] with
the majority not incurring increased risk of breast canddrere are a variety of subtypes of

FCCs. Historically, these have been categorised apmdiferative lesions, proliferative

lesions without atypia and proliferative lesions with atyf{&]. For the purposef this thesis,

only proliferative benign lesions will be discussed.

The most common proliferative benign lesions of the breast occur in thlaajitn. The use of
GSNXYAy2f238 adzOK a GK@LISNLI I &aAlé Of 2dzRa (KS
example, usual ductal hyperplasia consists of a polyclonal benign proliferation of cells which

are not neoplastic while lobular hyperplasgpresents a monoclonal neoplastic proliferation.

For purpose of discussion here, proliferative benign lesions will therefore be categorised into
non-neoplastic and neoplastic for clarification. Example images of these lesions can be found

in Fig 1.3.

1.4.1 Non-neoplastic benign lesions
Usual Type Ductal Hyperplasia

As discussed, in the normal breast, ducts are lined by a single layer of secretory luminal
epithelium surrounded by a contractile layer of myoepithelium. Historically, epithelial
hyperplasia has beerefined as an increase in number of cells within the ductal space.
Aberrant proliferation of the luminal epithelium (usually in response to environmental cues
such as systemic hormones) can occur resulting in lumen filling within the ducts. When these

proliferating cells do not induce distortion of architecture of the ductal space, these are

13



denoted usual ductal hyperplasia (UDH). These can be graded as mild whereby the luminal cell
layer is three to four cells thick, moderate if the layer is more than éeils thick or florid if

the lumen is considerably distended or obliterated. Historic works have implied a neoplastic
character to these lesions; however, there is little evidence to confirm this. Typically,
immunohistochemistry for cytokeratin markers lshow a mixture of cells with both luminal

and myoepithelial phenotypg76]® ¢ KA a A& dzy OKF N} OGSNRAGAO 27F
a uniform cell population. Cytogenetic analysis of these lesions have demonstrated
abnormalities such as loss of heterozygosity and chromosomal alterations such as losses at 1p,
16p, 1§ and 22q as well as amplification in Z0G-79], some of whib are also conserved in
atypical ductal hyperplasia (ADI8P]. However, these genomic alterations are usually rare

and randomly distributed.

Columnar cell lesions

Columnar cell lesions are charadsed by dilation of the acini of TDLUs lined by columnar
epithelial cells. These can be divided into two broad subgroups: columnar cell change which is
non-neoplastic and columnar cell hyperplasia which are neoplastic (discussed in section 1.4.2).
Both these subgroups are further classified by the presence or absence of cytological atypia
[81]. Lesions classified as columnar cell change feature one or two layers of columnar epithelial
cells with ovoid nuclei orientated perpendicular to the acini basement membrane. These cells
YI & ¥FSI (dzNBlesiors gomndiindsdeatiirg/calcificatif@2]. Unlike UDH, cellof

columnar cell change are predominantly luminal in phenotype, are ER and PR positive but
negative for myoepithelial cytokeratins and HERE]. Albeit with a limited sample size, in

2006, Dabbs et al demonstrated that columnar cell change lesions show no loss of
heterozygosity83]. Patients with columnar cell change lesions are considered to have a low
risk of developing breast cancer and it is generally recommended that patients with these

lesions require no clinical interventig@4].
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1.4.2 Neoplastic benign lesions
Flat Epithelial Atypia

Flat epithelial atypia (FEA) are a type of columnar cell hyperplasia that exhibit cytological

atypia. These generally consist of mdinan two layers of columnar epithelial cells and unlike
columnar cell change lesions, lining epithelia have an increased maglegniasmic ratio with

round nuclei not orientated perpendicular to the basement membr{8g. These may form

small micropapillae and commonly form snouts with luminal secretions and calcification. Like
columnar cell change lesions, FEA lesions have luminal characteristics, express ER and PR and
do not feature cells with a myoepithelial phenotypethat express HER81]. These

commonly eature a loss of heterozygosity at chromosomes 16q, 17p and X and gains on 15q,
16p and 1958, 76] FEA lesions are reported to be associated with only a slight increase in risk
of developing breast canc@86] and thus their clinical management is still under intense

debate.

Atypical ductal hyperplasia

Unlike UDH, atypical ductal hyperplasia (ADH) usually features a uniform population of luminal
type proliferative cell§$87, 88] Like FEA, these are usually ER positive, negative for
myoepithelial markers and tenatonly occupy small ducts of <2ni89]. Women who have

ADH are four to five times more likely to develop breast canodrusually do so 10 to 15

years post diagnos[90]. This risk is ontwo times for UDH91]. In 2®@8, Xu et al

demonstrated that ADH lesions feature up to five times more chromosomal alterations than
UDH[92]. These share many of the chromosomal alterations with FEA with loss of 16q being
the most characteristic and most reported alteratipt6, 78] Chromosome 16q contains the
E-cadherin gene CDH®3] but does not always correlate with a loss ef&lherin protein

expressior[94].
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Ductal carcinoma in situ

Ductal carcinomén situ(DCIS) is defined as the proliferation of cells with features of
malignancy with no evidence of basement membrane penetrg@&h Like ADH, proliferation
of cells occurs within lumen of ducts and acini and results in the loss of a hollow lumen and
distortion in duct and acini architecture. The morphological differences between ADH and

some cases of DCIS are subtle and are oftéy distinguished by the size of the lesion.

DCIS can be categorized into seven groups based on their morphologic features: cribriform
(malignant cells oriented to leave a glandular lumen), papillary (malignant cells form large
papillations into luminalgace), micropapillary (malignant cells form smaller firigex

protrusions into luminal space) and solid (malignant cells fill the ductal space), apocrine
(consist of large cells with abundant eosinophilic cytoplasm and large nuclei), flat and other. In
the UK, these are further classified as high, intermediate or low grade based on cytonuclear
features and the presence of comedo necrosis. High grade DCIS feature highly mitotic cells
with large irregularly spaced pleomorphic nuclei cells and often coat@ias of necrosis and
calcification. Low grade DCIS are much more similar to ADH featuring uniform small and
rounded cells with small nuclei, few mitoses with little necrosis. Intermediate grade DCIS show
moderate pleomorphism of nuclei which are largeamhin low grade DCIS with a high nuclear

to cytoplasmic ratid96].

Examination of biologic features can distinguish DCIS from other benign breast lesions. These
include chromosomal imbalances with loss of heterozygosity reported in more than 70% of
high grade DCIS cases as opposed to 42% if ADH he presence of molecular markers such

as HER?2 also differentiates DCIS fAlDH. Overexpression of the HER2 protein has been
identified in up to 50% of DCIS caf®8] with no evidence of overexpression in casesbH

[98]. Diagnosis of DCIS confers a strong risk of developing breast cancer in the future.

Retrospective studies have shown that 30% of DCIS lesions will progress to breasfS&ncer
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100]. Current thinking is that cells within DCIS lesions acquire further genetic abnormalities
conducive to cell migration and invasion such as logsoaidherin[101]. These become
capable of penetrating through the basement membrane and invading into the surrounding
stroma. This process is aided by proteinases such as MMPEand is associated with a loss
of the myoepithelial cell laygd 3]. This theory is supported by the fact that greater than 95%
of breast cancers are of luminal epithelial origin. In addition, DCIS lesions have been
demonstrated to exhibit some of the heterogeneity of &Yl can often be categorised into

the Perou subtypes of breast cancer discussed in section 1.2.2.

Lobular Lesions

Unlike ductal lesions, lobular epithelial lesions are less heterogeneous exhibiting a similar
morphology and are collectively termed lobular neoplasia. Like ductal hyperplasia, epithelial
cells proliferate uncontrollably to fill luminal spaces but do stihaacini of the lobules. In

1941, Foote and Stewart defined lobular neoplasia as a monomorphic population of cells that
arise from and expand the TDLU and spread through the ductal sy$@3h Lobular

neoplasia can be subdivided into atypical lobular hyperplasia (ALH) ardrighrcinoman

situ (LCIS) (see Fig 1.3 for examples). These have very subtle differences and are generally only
distinguished by the extent of epithelial cell proliferation and distension of the lobular unit.

When less than one half of the acini of aeggi lobule are affected, the term ALH is used. When
more than half are affected, this is classed as LCIS. The cells within these lesions as mentioned
are uniform, usually small and round and have a high nudgtmplasmic ratio. They may also
contain cleavacuoleqg104]. The risk of developing breast cancer differs with these lesions as
women with ALH are four to five timesare likely to develop breast cancer whereas this

increases to eight to ten times more likely with LIZ05].
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Fig 1.3Histologyof benign lesions of the breast
Example images ¢f & Estained breast tissue specimens containing benign lesions.

(a-b) Nonrneoplasticbenignlesions include usual ductal hyperplasia and columnar cell change.
Usual ductal hyperplasia lesions (UDH, a) consist of lumens filled with small rounded cells.
Non-neoplastic columnar cell change lesions feature two layers of columnar shaped epithelial
cels with ovoid nuclei orientated perpendicular to the basement membrane (arrow, b).

(c-g) Neoplastidoenign lesions include flat epithelial atypia, atypical ductal hyperplasia and
DCIS. Iat epithelial atypia lesions feature multiple layers of epithel@lscwith rounded nuclei
not perpendicular to the basement membrane (arrow, c). Atypical ductal hyperplasia lesions
contain uniform populations of proliferative epithelial cells (d). Example of an intermediate
grade cribriform ductal carcinoma in situ (BTlesion without comedo necrosis which feature
multiple layers of epithelial cells with pleomorphic nuclei (PN, e) surrounded by spindle
shaped myoepithelial cells (M, e) and an intact basement membrane (BM, e). Example of a
high grade solid pattern DAESion with comedo necrosis which feature pink necrotic material
(necrosis, f) and multiple layers of epithelial cells which are large, irregularly spaced and highly
pleomorphic (inset, f). Lobular carcinoma in situ lesions consist of small rounded epitleds
with a high nucleacytoplasmic ratio (g).

Images courtesy of Prof Andrew Hanby (Leeds Institute of Cancer and Pathology)
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1.5 Evolution of breast cancer from preinvasive lesions

Histological and epidemiological evidence over the last century fsasteel in the proposal of

a linear model of breast cancer progression. This is that an initiating event occurs in the
luminal epithelium of normal breast and results in FEA. This therefore proposes that FEA is the
earliest stage of preinvasive ductal caarina. A growth advantage of the cells of FEA is then
thought to result in the development of ADH which then spreads and is classified as DCIS.
When these cells gain the ability to breach the basement membrane, this gigds H3C

[106]. Genomic and transcriptomic analysis of benign breast lesions largely support this
hypothesis but have also proposed that this nli@yspecific to the progression of low grade
IDC. Itis now thought that low grade IDC and high grade IDC have distinct pathways of
progression which has led to the categgation of low grade neoplasia ahigh grade

neoplasia families.

FEA, ADH and DQI&/e been reported to occur in the same breds17]. This has indicated

that these lesions are related and may represent an evolutionary continuum. This is supported

by the fact that FEA, ADkdlow grade DCIS all have overlapping morphological and
immunohistochemical featurgd.08, 109] All these lesions share an ER positive, PR positive

and HER2 negative profilel0, 111] Perhaps the most striking evidence for the existence of a

f2¢g 3ANIRS yS2L)FaAiAl aFlYAfeé KI domis&slysis. Al Ay SR
these lesions have shared genomic alterations, the most frequently reported of which are a

gainin 16p and 179 and a loss in 16q and [68p 76, 83] These alterations have been shown

to correlate with low grade IDC and coupled with the ER/PR/HERZmofjgest that FEA,

ADH and low grade DCIS are precursor lesions for low grade lumirjdB|6]

Until recently, it was thought that there was no precursor lesion to high grade DCIS. However,
it is now proposed that microglandular adenosis (MGA) may be a precursor to high grade DCIS

and IDC. These lesions often occur in association witfllIA>113] The vast majority of
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these ksions are ER, PR and HER2 negHtivg and share genetic aberrations with high

grade DCIS and IDC such as loss ofiTA] 116] High grade DCIS and IDC possess uniquely
different gene expression patterns to the low grade neoplasia family. These profiles are
associated with mitotic activityral are generally ER and PR negative and may be HER2 positive
or negativg[76, 109] Chromosomal alterations of high grade DCIS and IDC also differ from the

low grade neoplasia family with gains in 8q and 17qg and loss of 13p refd@itkd

Regardless of the specific pathway, the concept that DCIS is-altigatory precursor for IDC
is widely accepted. Nearly all breast cancers are accompanied bylRTI&nd progression of

DCIS to IDC has been demonstrated in mouse m@tEsd.

A summary of the low gradend high grade pathways to IDC is provided in Fig 1.4
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Low grade pathway involves a linear progression through the benign breast lesions flat epithelial atypia (FEA), atyibgpdyaiasia (ADH), low grade

DCIS and results in luminaptyinvasive ductal carcinoma (IDC). These are estrogen receptor (ER) and progesterone receptor (PR) positive (+ve). The high
grade pathway may initiate with microglandular adenosis (MGA) leading to high grade DCIS which if are human epidernfatgronetieptor 2 (HER?2)

positive leads to HER2 IDC but if are HER2 negata)eldéads to basal IDC. These are ER and PR negative.
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1.6 Cell of origin of breast cancer
The origin of aberrant epithelium in all these conditions is still under debate. Two theories
hawe been suggested. These are the sporadic clonal evolution model and the cancer stem cell

model.

The sporadic clonal evolution model proposes that any epithelial cell can acquire genetic
mutations and those which confer a growth advantage are selectedtowerand contribute

to tumour progressiorjl119]. Since epithelia of normal breast are known to harbour genetic
changes also, it is plausible that a random combination of these may sporadically induce

aberrant proliferation and tumogenesig120, 121]

The cancer stem cell model proposes that the-setiewal properties of stem cells and their
propensity to remain in the tissue for long periods of time means that they are more likely to
accumulate genetic and epigenetic miicktions[122, 123] It is thought that these cells
undergo asymmetric division to both sefnew and produce progenitor cells that give rise to
different breast cancer subtypg$24, 125] An alternative hypothesis is that it is the
progenitor cells that are the cell of origin for certain subtypes of breast cancer. Luminal
progenitors have been shown to have a similar genetic signature to HERR&#LBasal
breast tumourg126-128]. In thisscenario, it is thought that the mature differentiated luminal

epithelia give rise to the less aggressive luminal subtypes of breast tumours.

1.7 Preclinical in vitro models of breast cancer

The highly heterogeneous nature of breast carpeses a challenge to researchers when
attempting to model it in the laboratory, with one single experimental system unlikely to be
able to recapitulate this. As a result, a variety of models are used to fully dissect the complex
signalling pathways involden breast cancer initiation and metastasis. One of the biggest
challenges researchers face is finding a relevant model that allows manipulation of genes and

proteins in a controlled laboratory environment while accurately reflecting the characteristic

23



features of human breast tissue and tumoukkimerous models have been developed which

have aided our understanding of breast disease progression. These range from simple cell lines
grown in two dimensions used to aid discovery of cell signalling pathwagsntplexn vivo

systems, typically mouse, used for validation of drug response and metastasis studies. With

the amount of different models available for breast cancer research increasing (each with their
own advantages and disadvantages), choosing the right model to ssldpecific biological
questions becomes increasingly complex. For the purpose of this thesisn eitlp models

will be discussed. However, it is recognised thativomouse models play an integral role in

breast cancer research. A summary of theiitability to different areas of breast cancer

research can be found in our published review book chapter ctfnécal models of breast

cancer{129].

1.7.1 Two dimensional (2D) in vitro models

The simplest and most commonly useethod of investigating breast cancer biology is the
use of cell lines growim vitroin 2D on tissue culture plastic. Several different cell lines
representing the molecular subtypes of breast cancer defined by Peroy48]are available,

a selection of which are summarized in Table 1.3. i@eH representative of DCIS include
SUM225130]and MCF10DCIS.cdtB1] have enabled studies of early breast lesions. In
addition, advances have been made in the isolation of breast cancer stem cells offering
researchers good models to understand stem cell bio[&gviewed in 132]it is yet to be
established whether existing breast cancell tines can represent the heterogeneity of breast
cancer highlighted by Curtis et[db]. Cell lines have many advantages in that they are readily
availabk, easy to propagate and are amenatdegenetic manipulation. Further details on

their biology and provenance can be foundsome excellent reviewfRReviewed in 133, 134,
135] However, it is increasingly acknowledged that a major problem with 2D culture is a loss
of polarity and the lackf extracellular cues known to regulate breast tissue architeciure
vivo[136]. While convenient, 2D culture cannot recapitul@evivoconditions. Cells are highly
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sensitive to their environment and even defining the appropriate culture media to retain their
in vivophenotype remains a challenge. For this reason, more sopdisticsystems are
required to assess cell behaviour that take into account the surrounding cell

microenvironment.

Cell Line Biomarker Representative
Expression Breast Cancer
Subgroup
MCF7 ER+ HER2 Luminal A
ki67-°
ZR75 ER+,HER2+, Luminal B
ki7"
MDA-MB-468 ER,PR, HER2 Basal
, ki67"
SKBR3 ER,PR, HER2
HER2+, k6"
MDA-MB-231 ER,PR, HERZ2 Claudinlow
ki67° Claudih®,
E-Cadherit®

Table 1.3 Examples of breast cancer cell lines and their molecular classification

Abbreviations: positivé+), negative-§, high expression (Hi) and low expression (Lo)

1.7.2 Three dimensional (3D) in vitro models

As discussed, the cell microenvironment plays a pivotal role in maintaining epithelial cell
morphology and phenotype. This has led to a move towards developing methods of culturing
cells in 3D. For several decades, a simple approach has been taken wiagdbycell types
have been cultured in 3D but have proven remarkably similar to aspects of differentiated
tissueq[137, 138] The simplest form of 3 vitromodel developed takes advantage of the
fact that many cell types have theqpensity to aggregate together. This can be achieved
through various methods including rotary cell cultlit89] and hanging drop cell cultuif@40]
and typically results in cell spheroids. These can be monmuticellular depending on the
research question. Typically, these are used for modelling growth and invasion of solid
tumours[141, 142] Trese are advantageous in that they are easily applied to-thighughput

screeng143]and are thus valuable for antiancer drug screening and testifigi4]. The use of
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spheroids has also revolutionised research into mammary stem cell biology avkietasily
analysable and quantifiab[@45-147]. However, spheroid cultures lacks influence from the

surrounding ECM and may not accurately reflect tisaudva

Alternatively, cells can be cultured in 3D in the presence af aivolike ECM. Two methods

are commonly used to generate 3D adinh { S & G NHzOG dzZNBad ¢KS aSYoSR
completely embeddingm@thelial cells in an ECNEpithelial cellare preaggregated through
centrifugation or rotary culture and then suspended in liquid ECM solution and then gels left to

set or, single cells can be suspended in the ECM solution before setting permitting organisation

of the cells in 3D matrix. Once eettded, gels are layered with culture media and can either

be left fixed to the bottom of the cell culture plastic, or, be freed and allowed to float in

culture medig148] or suspended usim Transwell® inserf&49]. Arother commonly used

YSGK2R A& (GKS G20SNIlFeé¢ (SOKyAljdzS 6KSNBoe OS
be layered with culture media with diluted EGL50]. The types of ECM materealailable and

the choice of cells to include in models such as these will be discussed in Chapter 3.

There are several advantages to culturing cells in a 3D EC€hMmprehensivetudy by Kenny

et al[151] demonstrated that the culture of different breast tumour cell lines in ECM to some
extent mimicked the heterogensi of breast cancerm viva The phenotypes of these cultures
even correlated with the different sufgroups of breast cancer highlighted in Table 1.2.
Mammary luminal epithelial cells respond to ECM by forming dikimistructureg152]which
resemblein vivobreast. Changes in polarisation and disruption of these dikmistructures

are factors that can be used to distinguish between-tm@amsformed and transformed cells
which are not apparent in 2[153, 154] The use of 3l vitro cultures enables the researcher
to tightly control the condition of the surrounding microenvironment and tailor the cultures to
address specific hypotheses. By culturing tumour cells with specific ECM constitnesiis,

celkcell and celECM interactins can be represented in the laboratdiyp5]. Such studies

26



have shed light on the various cell surface molecules important fegE€NI interactions such

as Tetraspanin CD15156] y R h-lc ¥ R-Inimgrins[50]. Another benefit of culturing

cells in 3D ECM is the ability to study cell migration and locomotion in a physiologically
relevant context. 30n vitro cultures in ECM have helped elucidate novel mechanisms of cell
migration such as collective cell migratifdrb7] with ECM provig to control motile properties

of cells[158]. These have also facilitated the discovery of key cell surface signalling proteins
important for cell invasionThese include desmosomal cadheringagelherin and
carcinoembryonic antigerelated cell adhesion molecule[17]. These interactions cdre

studied in conjunction with intracellular signalling pathways to better our understanding of the
link between extracellular environment and cell transformation. Signalling molecules such as
PI3K and PTEN have been studied in this mais®i® 2 KI 6§ Q& Y2NBZI inf A1S H5
vitro cultures are amenable to genetic manipulation. These have identified novel mechanisms
of action for various tumour suppressors and oncogenes. Examples include the tumour
suppressors NM2811[160, 161] retinoblastoma[162], AZU1 [163] and dystroglycafl64]

and oncogenes such as HER&S]. 3D cultures also have the potential for genetic

manipulation via RNAI techniques facilitating further study of complex signalling pathways.
New technologies being developed are also providing platéoto study processes such as
breast cancer metastasis in a complexi@Ditrotri-culture context through the use of
microfluidics[166]. The resemblance of 3B vitro cultures to mammary acini morphology and
biology provides new opportunities to study cancer initiation mechanisms which may not have
been possible with 2D cultures. The establishment of culture systems that accurately resemble
diseasefree breast tissue architecture hotte key to investigating the subtle changes that
occur during the early stages tmimorigenesisThis is a field that is largely unexplored but has
recently been recognised internationally by panel of expert breast cancer scientists and

healthcare professnals to be of great importance to our understanding of breast cancer
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progression and the development of preventative treatmeii§7]. The current diseasiee

3Din vitromodels availablavill be further discussed in Chapter 3.

Potential disadvantages of 3D cultures include difficulty in tracking different cell populations in
models consisting of multiple cell types. Labelling individual cell types with tracker dyes prior
to incorporationinto 3D culture allows cells to be tracked, but many of the cell tracker
reagents available for this purpose are only stable for relatively short periods of148¢ For
longer term experiments, this can be overcome by stable transduction with proteins such as
Enhanced Green Fluomnt Protein. However, this aside, including just one or two cell types
still does not account for influences imposed by adipose cells, immune infiltrates and cues

from vascular endothelium which existsviva

One of the biggest challenges with the wge8Din vitro cultures is the subsequent analysis

and quantification of observations. Biochemical analysis is problematic due to difficulties in
separating cells from the surrounding ECIM8]. Imaging of these culturagquires

specialised and often not readily available equipment due to the necessity of an excellent
signal to noise ratio, optical sectioning ability, good spatial resolution and ample penetration
of thick specimengl69]. In addition, collagen ECM causes considerably background
fluorescence making visualisation of collagen based cultures even more challgrfiphd his
can be overcome by the use of multiphoton neiscopy|[171]or optical coherence/projection
tomography[172, 173]but can be both expensive and time consuming. However, recent
technological advances have been made and have provedr8ihaoculture models can not
only be cultured for long periods of time (up to 23 days) but can also be imaged in real time to

observe cell to cell interactiorj474].

The obvious limitation of all 3id vitromodels is the lack of a complaxvivosystem complete

with blood supply, immune infiltrates and regulation by hormonal cues. Thiis lihese
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models to the study of cell interactions and signalling pathways. In order to study tumour

progression and metastasis, animal models are required.

1.7.3 Exvivoculture

An alternativein vitroapproach developed more recently employs small fragmehtsreast
tumours embedded in collagen | and grown in[3D5]. This has allowed tamoxifesensitivity

to be determined[176] suggesting that the model could prove valuable in assessing drug
responses of individual patients. Allied to this is tissue slice moddlL77], in which we have
shown that 250um tissue slices can be maintaiimed viable native state for up to seven days
postsurgery[178]. The ability to culture intact human tissue as outlined in these two models
could provide an opportunity to validate new drugs on human tissue witlefethical
implications which are associated with animal models. One could foresee the benefits of pre
testing patient samples with a range of drug therapiesewiaivoculture enabling a more
accurate and individual treatment regime to be developed. Medeich as these could
improve current 3D models and start to bridge the gap between laboratory research and

clinical practice.

1.7.4 Summary of pre -clinical in vitro models of breast cancer

Due to the complexity and heterogeneity of breast cancer there is no single model that can
fully recapitulate all aspects of the breast microenvironment. Given this diversity, it is likely
that not only different models will be required to simulate breagnhours, but that multiple
different cell types with a variety of genetic aberrations will need to be included. While cell
lines grown in 2D have contributed much to our understanding of breast cancer biology, it is
now clear that 3D systems are more bigically relevant. However there is still a need to
refine current 30n vitromodels to encompass multiple components of the breast
microenvironment. 30N vitromodels of normal breast in particular are limited and often omit

key functional cell types aformal breast. This will be discussed further in Chapter 3.
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Hypothesis & Aims

A threedimensionaln vitro model of normal breast can be achieved in the laboratory that
includes three of the major functional cell types of breast in a physiologicallyarglaevatrix
and accurately reflects the morphology and phenotype of hormal huimasvobreast tissue.

Such a model could be used as a tool to study breast cancer initiation.

Specific aims were to:

I Optimise a three dimensional vitro breast culture system that contained normal
luminal epithelial cells, myoepithelial cells and fibroblast cell lines in the physiologically
relevant marix collagen |

1 Validate the model by comparing morphology and phenotype to a human breast
reduction mammoplasty specimen

1 Prove that the model was amenable to cancer initiation studies by genetic engineering

in both the luminal epithelium and the stromadmponents
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2 Chapter 2: Materials and Methods

This chapter details methods used throughout this projéeittare common to all or more

than one results chapter. Chapter specific methods can be found in the corresponding chapter.

2.1 Cell Culture

A list of all the cell types used throughout this project, where they were obtained, appropriate
references (if applidale) and how they were maintained and passaged are summarised in
Table 2.1. All cells were maintained af@7n humidified incubators and 95% air and 5% CO

and passaged when 780% confluent. All cells were cultured using vented cap cell culture
flasks Corning). Multiple cryovials (Nuncbrand) of cells at earliest possible passage were
frozen down as stocks in liquid nitrogen. These were frozen in 90% heat inactivated foetal calf
serum (HIFCS) with added 10% dimethyl sulphoxide (Sigma). Cells that wened beyond

20 passages from their first use were discarded and replaced with a new stock vial. All cells
were regularly tested for mycoplasma infection (Lonza mycoplasma test kit) and no cells used
in this project tested positive. With the exceptionfifroblasts isolated in house, all cell types
used were Short Tandem Repeat (STR) profiled courtesy of the in house Genomics facility
(Leeds Institutes of Molecular Medicine) to confirm identity of cell lines used and no cellular
crosscontamination was dtected. Phase contrast images were taken using an Olympus CKK41
microscope with ailympus Camedia®70 camera attachedetails of the microscope

used to take fluorescent images will be provided in appropriate results chapters.
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Cell Type Source and reference Medium Used
HB2 ECACC (Cat No. 10081201) DMEM+GlutaMAX'| (Invitrogen)
Ref:[179] + 10% HFCS
+ 10pg/mL Insulin
+ 5ug/mL Hydrocortisone

Passage Protocol |
Cells washe with DPBS (Invitrogen), 0.1% EDTA in DPBS added fi
mins. 0.5% Trypsin/EDTA (Invitrogen) added for ~8raimd cells
resuspended in medium. Cells were centrifuged at 29@ax § mins,
pellet resuspended in mediuend replated at a 1:25 dilution

HER2 and HER3 Gift of Dr Fedor Berditchevsk As per HB2
overexpressing (University of Birmingham)

As per HB2

HB2 cells Unpublished.

My01089 DATG 2F t NBF  Nutrient Mixture HAM FL2 (Sigma) 48 LISNII .nHd /Stfa NBLIIFGSR | &
(Ludwig Institute, London) + 10% HFCS Integrin coated Dynabeadsde section 2.
Ref:[149] + 5pg/mL Hydrocortisone

+ 10pg/mUnsulin
+ 10ng/mL Epidermal Growth Factor

GFP Myo1089 & Generated in house from
dsRed Myo1089 Myo01089 §ee ChapteB)

As per Myo1089

Asper Myo1089

MCF10A ATCC (Cat No. CRL 10317) Advanced DMEM F12 (Invitrogen) As per HB2. Cells replated at 1:4 dilution.
Ref:[180] + 5% Horse Serum
+ 5ug/mL Hydrocortne
+ 10pg/mL Insulin
+ 10ng/mL Epidermal Growth Factor
+ 50pg/mL Cholera Toxin
HMFU19 DAFO 2F tNBF DMEM+GlutaMAX'| (Invitrogen) Cells washed with DPBS5% Trypsin/EDTA added for ~2sand
(Ludwig Institute, London) +10% HFCS cells resuspended in mediurtells were centrifuged at 290 xfgr 3
Ref:[181] mins, pellet resuspended in mediuamd replated at a 1:10 dilution
SkBr3 ATCC (Cat No. HBB) As per HMFU19 As per HMFU1%ells replated at a 1:3 dilution
Ref:[182]
Primary and Isolated in housesgeChapter As per HMFU19 As per HMFU19. Cells replated at a 1:4 dilution

hTERT fibroblasts 3)

Table 2.1 Details of source, media conditions and maintenance of csksl throughout this study
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Table 2.1Abbreviations:HFFCSHeatinactivated foetal calf serunDPBSDulbeccos Phospho
Buffered Saline, EDTBthylenediaminetetraacetic Acid

22 0OOEAEAAOQEITT 1T £ -Ul pnyw -iteghn - # &p 1!
coated beads
Pan MousdgG Dynabeadd (5 x 16, Invitrogen) were washed in 1nsterile filtered
Dulbeccos Phospho Buffered Salin@3 Invitrogen)+0.1% bovine serum albumin$B and
pulled out of solution via a Magnarack (DRI Ltd). Wash was repeated twice Dgfiogeeads
were resuspended in OBBLDPBS+ 0.1% BSA. fAntegrinantibody 6ug/mL,Clone 3E1,
Millipore) was added to the resuspend@ynabead®efore solution was rotated for 18 hours
at 4£°C.Cells were trypsinised as p€able 21, counted using &aemocytometerand 1.5 x 10
cells centrifuged at 290 x g for 3 minSelk pellet was resuspended in 1rlIPBS+0.1% BSA.
i Antegrin coatedDynabeadsvere washed 3x with 1ImDPBS+0.1% BSA using\agnarack.
i Antegrin coatedDynabeadsvere pulled out solution andesuspended iimL ofcell
solutond / Sf f a ¢ SNB -MRdrihdacDynabeadéor 3D Kifs at % - i n
Integrin coatedDynabeadsvere pulled out of solution using a Magnarack and supernatant
containing Fntegrin negativecells was retrieved. Antegrin coatedDynabeadsvere
resuspended in 1ImDPBS+0.1% BSA and process repeated twice to separadategrin
negativeand positiveO S f f LJ2 Lidategriii dogted3ydabeadsvere resuspended in
3mLDPBS+0.1% BSA and both Fintegrinnegative(if required) and positiveell populations
centrifugedat 290 x g for 3 minCells wergesuspended in appropriate mediu(eeeTable
2.1) and plated out intovented cap cell culturéasks(Corning)efore incubation at 37C and

95% air and% ©..

2.3 3D gel culture

Rat Tail Collagen | (BD Biosciences) was diluted with DPBS to achieve a 2mg/mL collagen
concentration (previously optimisdd49]) and mixed with the followingeight parts of

collagen solutiorf2Zmg/mL)was added to one part 10x Hanks Buffered Salt SoluH&S5GS,
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Sgma) ThepH ofthe gel mixturewasneutralised by addingodium tydroxide dropwiseuntil

a pinkorange colour was achieve@ells were trypsinised as p€able 21, counted using a
haemocytometerand appropriate number of each cell type (as indicateckiavant chapters)
mixed together and centrifuged at 290 x g for 3 mins. Cell pellet was resuspended in
appropriate medium (as indicated in relevant chapters) to a volume that constituted one part
of the final gel volume. These weaelded to achieve a tal cell density of 4xf@ells /mL of
gel mixture.The gelcell mixture(200ul)was added td 2-well platecell culture insertsvith a
PET membrane with 8.0um pore s{Ealcon}and these placed within wells of a-b&:ll

culture plate (Costar, Corning In€els were left to solidify for 20 mingfore 500l of
appropriate medium(as indicated in relevant chaptgra/as added on top of each gel within
the insert and 1mL added to the bottom of each well in the cell culture plate. Gels were
culturedat 37°C am 95% air and% Cfor 21 days unless otherwise specifiwith 50% of
the medium being replaced every threklays during this time. Gels weredikin 10% Formalin
(Sigma) for fivdaours before beingrocessed in a Leica ASP 200 tissue processor (Leica
Microsystems)paraffin embedded an8um sections takensinga Leica RM223&icrotome

(Leica Microsystemsgady for analysis.

2.4 Preparation of conditioned medium

The nontumorigenic fibroblast cell line HMFLD and tumour epithelial cell line SkBr3 were
passaged (Table.2) and allowed to recover in normal growth conditions for 24 hours. Cells
were rinsed irDPB&nd incubated for 8 hours in serunfree medium. Mediunwas aspirated
and cell debris removed by centrifugatiah290 x g for 3 minsefore beingstored at-y n ¢ /

until used

2.5 Haematoxylin and Eosin (H & E) staining

Gel sections (5um) were dewaxed witflene(VWR International4 x 3 mins) and rehydrated

with 100% ethanol (4 x 3 mins) and graded ethanols of 75%, 50% and 25% diluted in water (3
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minseach). Sections were rinsed in water for 2 mins and stained with Mayers Haematoxylin
(11.4mM haematoxylin, 2mM sodium iodate, 3mM citric acid, 173mM chloral hydrate, 61mM
aluminium potassium sulphate, 2% ethanol, 12% glycerol, prepared from reagentSigom

in house courtesy of the Histopathology team, Leeds Institute of Cancer and PajHologyb

mins. Sections were rinsed in water for 2 mins and then counterstainedeadim (14mM

eosinY in distilled water, prepared from powder from BDH in houmeartesy of the

Histopathology team, Leeds Institute of Cancer and Pathdliogy2 mins. Sections were rinsed

in water for 1 min and then dehydrated in 100% ethanol (10 secs, 30 secs and 2 x 5 mins) and

xylene(3 x 3) mins before being mowed onto coverlips with DPX (CellP3th

2.6 Immunohistochemistry (IHC)

Gel sections (5um) were dewaxed with xylene and rehydrated with ethanol (as for H & E
above) before incubating in 10%® (VWR Internationalin methanol at room temperature

for 10 mins to block any elmgenous peroxidase. For proteolytic digestion antigen retrieval,
sections were incubated at 3Z for 20 mins in 20pug/mL Proteinase K (Fungal, Invitrogen) in
Phosphate Buffered Saline (PBS7mM NacCl, 2.mM KCI and 1&hM phosphate buffer
solution pH7.4, prepared from readymade tablets, Sigma)oFheatinduced antigen retrieval,
sections were placed in boiling distilled water containing 0.9% Antigen Unmasking Solution
(Vector Laboratories Indn a pressure cooker. Once full pressure was achievedesmti
retrieval was timed for 2 mins before cooling sections. Sections were placed in Sequenza
coverplates (Shandon) and rinsed with PBS .-dfmcific binding sites follasections were
blocked with 1x Casein\{ector Laboratories Inc) diluted1D in PBSof 20 mins at room
temperature. Where extra blocking steps were required, sections were rinsed twice with 2%
BSA (Sigma) in PBS before adding 100puigt@#serum (Dako) in PBS and incubating at room
temperature for 20 mins. All sections were rinsed wiBS*before the addition of 100 pl of

primary antibodies (Tabl2.2) diluted in Antibody Diluent(Invitroger). Primary antibody was
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omitted to serve as negative controBections were incubategither overnight at 4Cor for 2

hours at room temperature (se€able 2.2)rinsed twice in PBS and stained using Dako

Oy @Aarz2zy 5S0iSOGA2y {eadaSY OO2NRAyYy3 G2 YI ydz7F
in Copper Sulphate for@ins, rinsed i I G SNJ YR O2dzy G SNRGIF AYSR 64
(Sigmafor 1 min, before incubation in Scotts Tap Water Substiti@@mafor 2 mins.

Sections were subsequently dehydrated in 100% Ethanol and X@smper H & H)efore

being mountedonto coverslips with DPX (CellPgath

2.7 Image acquisition of gel and tissue sections

Throughout this study, digital images of H & E and IHC stained gel and human tissue sections
were acquired through slide scanning courtesy of the in house Virtual Pathology facility (Leeds
Institute of Cancer and Pathology). Glass slides were scanneglAisartio CS and Aperio AT
scanners (Aperio Technologies Inc) using x20 and x40 objectives producing images with a final
resolution of 0.23 and 0.43um per pixel respectively. Images were acquired using Aperio

Imagescope software version 11 (Aperio Techne®gnc).
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Antibody Against
(abbreviation)

Manufacturer

Type

Dilution

Antigen
REUEVE]
Method

Extra blocking
step used

Incubation time

Collagen IV Sigma COLB94 Mouse 1:1000 Proteolytic Yes Goat serum Overnight at 4C
(Coll IV Monoclonal Digestion
TenascinC Sigma BCG24 Mouse 1:1000 Proteolytic Yes Goat serum Overnight at 4C
(TNC) Monoclonal Digestion
Vimentin Dako Vim 3B4 Mouse 1:200 Heat No Overnight at 4C
(Vim) Monoclonal induced
Epithelial Dako E29 Mouse 1:5000 Heat No Overnight at 4C
Membrane Antigen Monoclonal induced
(EMA)
h-Smooth Muscle Dako 1A4 Mouse 1:200 Heat No Overnight at 4C
I QG Ay 6b Monoclonal induced
E-Cadherin Dako NCH38 Mouse 1:100 Heat No Overnight at 4C
(ECad) Monoclonal induced
Ki67 Dako MIB-1 Mouse 1:1000 Heat No Overnight at 4C
Monoclonal induced
M30 Roche M30 Mouse 1:50 Heat No Overnight at 4C
Monoclonal induced
Turbo GFP GFP) Pierce N/A Rabbit 1:500 Heat Yes Goat serum 2 hours room
Polyclonal induced temperature
dsRed Clontech N/A Rabbit 1:200 Heat Yes Goat serum 2 hours room
Polyclonal induced temperature

Table 2.2 Details of antibodies, their dilutions and methods used for IHC
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2.8 Isolation of primary fibroblasts from clinical specimens

Breast tissue that was surplus to histopathological diagnosis was selected from reduction
mammoplasty samples after patients provided informed consall samples were collecteda
the Leeds Breadiissue Banfollowing ethical approval (Rec: 09/H1306/108, Leeds Teaching
Hospital Trust R+D No. HTA 11 _0001). Samples were selected on the cahditjpatients had
received no prior chemotherapy and that samples were received no later thaai® after

operationwas carried out.

Primary fibroblasts were isolated using a method adapted from one used by Gomm et al
previously[183]. Tissue was minced with a scalpel before beilaggd in a vented cap cell culture
flask (Corning) with 5mL RPNI640 (Gibcoy 5% HIFCScontaining 2.5ug/mL of Fungizone and
100U/mL of Peitillin/Streptomycinantibiotics(both Invitrogen). Tissue wascubated overnight

at 37°C andd5% air and% C@in a humidified incubatarTissue was digestehe following

morning with 10mg/mL of Collagenase(Bigmawith gentle shaking and monitoring every-80
mins. If required, another 10mg/mif mllagenase |A was added to ensure thorough digestion of
sample.Once tissue was digested, sample was diluted with 2BRBSInvitrogen)and passed
through a 70uM Nylon BD Falcon cell strainer (BD Biosciences) to harvest fibréblastslast

rich solution wagsentrifuged for 3 mins a290 x gand cell pellet resuggnded in 15mL DPBS to
wash. This was repeated twice to give a total of BBB washes. Fibroblasts were plated out onto
vented cap cell culture flasks coated wbug/mL Fibronectin (Sigma) DMEMGIutaMAX™-1 +
10% HFCS2.5ug/mL Fungizone and 100U/mREricillin/Streptomycinantibiotics and incubated

at 37°C andd5 % air an®% C@in a humidified incubatarAntibiotics were removed following

one week in culture. Stocks of cells were frozen as per section 2.1 between passages 0 and 2.
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2.9 Lentiviral Transduction

Lentiviral transduction was carried out using tH& @eneration calcium phosphate method
developed by Prof Didier Trond84]. This was performed in @enetically Modified Category I cell
culture facility that was approved for viral work under permissioraaied by Dr Georgia Mavria
(Leeds Institute of Cancer and Patholpdyetails of lentiviral expression plasmids used will be

detailed in relevanthapters.

2.9.1 Production of expression and packaging plasmids

Lentiviral expression plasmids, pMD2.G envelope plasmid (gift from Dr Georgia Mavria, Fig 2.1)

and psPAX2 packaging plasmids (gift from Dr Georgia Mavria, Fig 2.2) were transformed-into XL1
Blue Suprcompetent bacterial cells (Agilent) and cultured ordgar plates (prepared using

[ SYY2E [. . NRGK AGK !'3FNI LR2SGRSNI & LISNI YI ydzF |
100pg/mL of Ampicillin (Sigma). Colonies were picked and plasmid DNA purifieQizieg

Plasmid Maxt NBLJ YAG O6vAlF3ISyo F2tt26Ay3 YI ydzFl O dzNB N

2.9.2 Production of lentiviral particles

Replicationdeficient lentviral particles containing expression shRNAonstrucs were generated
usingLentiX 293T cells for lentivirpackaging (Clontech). Leixi293T cells were maintained in
DMEMGIutaMAXM 1 Y'S RA dzY 6 L y GRAS MEEE &y 95 Yair and:5% Q04
humidified incubator. For routine passagells were washed with DPBS, 0.5% Trypsin/EDTA
added for ~2misand cells resuspended in mediu@ells were centrifuged 90 x gor 3 mins,

pellet resuspended in mediurind replated at a 1:10 dilution

LentiX 293T cellgere seeded into 15cm round cell culture dishes (Corning) with a seeding

density of 2.5 x 1@ells and left to recover for 48 hours until ~70% confludhediumwas
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replaced 2 hours prior to transfection. The following transfection solution was prepared in a 50 mL

centrifuge tube (Falcon®, Corning) with each of the components added in-order:

1 22.5pg lentiviral expression plasmid

1 7.9ug pMD2.G envelope plasmid

1 14.6pg psPAX2 packaging plasmid

1 660pl 0.1 x Tris EDTA (ImM Tris, 0.1mM EDTA, pH 8.8)

1 350ul molecular biology grade water (Calcium Phosphate Transfection kit, Sigma)

T 113pl 2.5M Calcium phospha{Calcium Phosphate Transfection kit, Sigma)

The transfection solution was mixed briefly by pipetting. 1.14f2 x Hepes Buffered Saline

(Calcium Phosphate Transfection kit, Sigma) was added dropwise under agitation by vortexing and
solution left to inwbate at room temperature for 20 mins. Transfection solution was then added
dropwise toLentiX 293Tcells and rocked gently to mix. Cells were left to incubate for 16 hours at
37°C andd5 % air an®% C®in a humidified incubator. Mediurwas then replace and cells left

to incubate for 8 hours. Medium containing lentiviral particles was then harvestadrifuged at

290 x gor 3 mins to remove cell debris and passed through a 0.45um sterile filter (Sartorius).

Virus supernatant was then stored &0°Cuntil ready to use.

2.9.3 Transduction of cells with lentiviral particles

Target cells were cultured in 258wrented cap cell culture flasks (Corning) until 60% confluent.
Medium was replaced with viral supernatant either neat (pFURW expression vector), or, diluted
1:5 inDMEMGIutaMAXM x Y S RA dzY 0 L Y SROENIRPZ Expréssidn veetors) | L
containing 8ug/m Polybrene (Sigma). Cells were incubated in viral supernatant for 5 hours before
washing 3 x DPBS and medium replaced with appropriate target cell medium. Cells were left to

recover for 72 hours and growth monitored dailhe transduction efficiency watetermined by
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assessinghe percentageof fluorescentcells usingan EVOS fl microscope (Advanced Microscopy
Group) This was performed by counting the number of fluorescent cells from three separate fields
of view at 10 x magnification and expressing aat@ of the total number of cells counted from

the corresponding phase contrast fields of view at 10 x magnification. In the event that less than
~90% of the cells were fluorescent, fluoresceell populations were enriched using Fluorescence
activatedcell sorting (FAC8purtesy of the in house flow cytometry facility (Leeds Institutes of
Molecular Medicine). Uttransducedcells were used as negative controls to define the flow

cytometry gates.
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CMV Promoter

I -Globulin
Intron

i -Globulin

PolyA

\_

Fig 2.1Simplified plasmid map of pMD2.G envelope plasmid

Diagram represents key elements contained within the pMD2.G envelope plégiftiiiom Dr
Georgia Mavria, Leeds Institute of Cancer and Patholaggd for lentiviral transduction. Key
elements are as follows! @ 1 2 YS 3+ f 2 @A NHza-GlhbhlR MiteoaSoiEoproteins of = |

the vesicular stomatitis virus gene (V\GYi -Globulin polyadenylation sequence (PolyA).
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—> Promoter
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R psPAX2

I -Globulin
PolyA

Fig 2.2Simplified plasmid map of gPAX2 packagingiasmid

Diagram represents key elements contained within te® X2 packagindasmid(gift from Dr
Georgia Mavria, Leeds Institute of Cancer and Patholeggd for lentiviral transduction. Key
elements are as followsCytomegalovirus promoter (CM\Gyoup Antigen polyprotein gene
(gag), Viral Protease gene (Pro), reverse transcriptase (fol), Regulator of Expression of Virion
Protein gene (Rev), Traastivator of Transcription gene (Tat);Globulin polyadenylation
sequence (PolyApimian Vacuolating Virus 4@igin of replication (SV40 Ori) and Ampicillin
resistance gene (Amip
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2.10 Retroviral transduction

Retroviral transduction was carried out by Dr Euan Baxter, Leeds Institute Cancer and Pathology
This was performed in a Genetically Modified Category Il cell culture facility that was approved for
viral workunder permission obtaed by ProMargaret KnowlegLeeds Institute Cancer and
Pathology. Viral supernatant comprised of retroviral particles containing pBabehTERT

plasmid expression constructs in DMEUtaMAXM 1 Y SR A dzY 0 L y QRO KsBeFH Y 0
2.3 for plasmi map) was provided courtesy of Dr Julie Burns, Leeds Institute Cancer and

Pathology.

Target cells were cultured in 25éwented cap cell culture flasks (Corning) until 60% confluent.
Medium was replaced with viral supernatant diluted 1: DMEMGIutaMAXm x = Y S R A dzY
(Invitrogen) + 10% HICSontaining 1pg/mL Polybrene (Sigma). Cells were incubated in viral
supernatant overnight before washing 3 x DPBS and medium replace®MEMGlutaMAXm 1
medium (Invitrogen) + 10%4HICS containing 500ug/mL Geneti€d {8, Sigma). Cells were
maintained and passaged using this medium for 10 days before G418 was removed. Cell growth

was monitored daily thereafter.
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AmpR - ___,_-;’_’,\
’ - 4
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Ori / A EcoRl
pBabeneo-
hTERT
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~ hTERT
Neo =
SV40 IEP ;

sall
Fg 2.3 Plasmid map of pBabeeo-hTERT retroviral plasmid used to insert thd ERT gene into
primary fibroblasts

Diagram represents key elements contained within piBabeneo-hTERplasmidused for

retroviral transductionof primary fibroblasts with the hTERT geKey elements are as follows:
p-£2y 3 (S NYAVTR), ruiddtedSghagigéne @irpntated gag), human Telomerase Reverse
Transcriptase gene (hTERSinian Vacuolating Virus $@omoter (SV40 IEP),Neomycin resistance
38y S 6-hTRZofigh ofaeQlication (Ori), Ampicillin stahce gene (A and restriction

enzyme sites foEcdrl andSal.

Diagramadapted from[185].

45



2.11 Protein extraction and gquantification

Cells for protein extraction were cultured in vented cap cell culture flas60% confluency was
reachedwith any treatments performed in situ before protein extraction was carried out. Lysis
buffer used contained 1x modified RIPA buffer (300mM Na@M EDTA, 2% NP40 (Sigma) and
0.5% Na deoxycholate (Sigma)), with 1x protease inhibitor (Roche miaape cocktail tablet

made up to 1ml imucleasefree water, Ambion). Cells were washed with ice cold PBS and flask
placed on ice. Prehilled lysis buér (500ul per T25 flask) was applied and incubated on ice for 4
mins with intermittent swirling of flask. Cells were scraped with a cell scraper and lysate
transferred to a chilled eppendorf tube and left on ice for 20 minutes. Lysate was centrifugied in
microcentrifuge at 5682 x gor 15 minutes and the supernatant transferred to a new chilled

tube. Protein extracts were ideally used fresh or storeeBatC.

Protein concentration was determined using the colorimetric DC protein assay according to

mandz¥ I OG0 dzZNBNR& Ay adNHzOGA2yaA 6. A2wl ROD® - NASTf ez
0.1875mg/ml as well as 5 pl of protein samples were added to separate wells cbatfiatned

96 well microtitre plate (Corning). A solution of alkaline copperraat solution was prepared

(Reagent A + Reagent S) and 25ul added to each of the wells containing standards and samples.
CtKAd ol & F2ft26SR 0@ FRRAGAZ2Y 2F wnnxft 2F C2f ]
change was allowed to develop for 15 miesitbefore optical density was measured at 670nm

using an Opsys MRTM microplate reader (Dynex Technologies Ltd). The protein concentration was

calculated using the standard curve from BSA protein standards.
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2.12 Western Blotting

All protein samples were diluteto ensure equal concentrations using deionised water and 20l o
sample transferred to a new prehilled eppendorf tube. To each sample, 7.5ul of 4x NUPAGE® LDS
sample buffer (Life Technologies) and 2.5ul of be&rcaptoethanol (Sigma) was added to make

final volume of 30pul. Samples were denatured for 5 mins af@asing a Grant QBD2 dry block
heater, vortexed and allowed to cool on i¢&ecast NUPAGE® Novdx®% Bislris Gelsvere

used withXcell SureLoekMini-Cell system andubmerged irl x NPAGE® MOPS SDS Running
Buffer(all Invitrogen. 20 ul of the samples and [l of the BioRad Dual Color Protein Phrstein
standard BioRad were loadednto the gels and electrophoresis wasrfiemed for 1 to 1.5 hours

at 10V.

Proteins were transferred to Bolyvinylidene difluoridenembrane (Amersham). Briefly,
membrane was activated with methanol for 30 secs, and soaked in 1 x NUPAGE® Transfer buffer
diluted with distilled water and 10% methanol. Proteins were transferredandgfer buffer using

the Xcellll Blot ModuleSureLock system(Invitrogen) overnight at€ at 13v.

Membrane was blocked with 5% skimmed milk in TB8MM TrisHCI, pH 8.5, 150M NacCl,
0.1% Tweet20) for 8 hours at 2C with gentle rocking. Membrane wtwen incubated with
primary antibody diluted in blocking buffer overnight &CAwith gentle rocking. Membrane was
washed 3 x 10 mins with TBST before incubating with secondary antibody diluted in blocking
buffer for 1 hour at room temperature. Followingk3L0 min washes in TBS$iiembrane was
developed using SuperSignal West Pico Chemiluminescent Substrate (Tloexniibicy and

visualised using ChemiDoc® MP imaging system.

Primary antibodies used: ariER2 IgG (RablBiblyclonal, Cell Signalling Teolowy, dilution

1:1000, anti-HER3 IgG (Mouse monoclor@lone 2F12, Milliporalilution 1:1000, antH -actin
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IgG (Clone A5, Sigma, dilution 1:10000), amOCK4 IgG (Rabbit polyclonal, Bethyl Laboratories
Inc, dilution 1:500), anphosphceAkt Ser473gG (Rabbit monoclonal, Clone 193H12, Cell
Signalling Technology Inc, dilution 1:1000),hitdsphot [ / * v { SNMHny L3AD 06 a2 dz

Clone D25A09, Cell Signalling Technology Inc, dilution 1:1000).

Secondary antibodies usedRPconjugated polyclonalaat antirabbit antibody (Santa Cruz
Biotechnology dilution 1:1000Q, HRPconjugated polyclonal goat anatabbit antibody (Santa Cruz

Biotechnologydilution 1:10000.

2.13 Quantification of H & E stained 3D HB2 structures

The method used for quantificatiasf 3Din vitro HB2 cecultures was developed in house

courtesy of Dr Darren Treanor (Virtual Pathology facility, Leeds Institute of Cancer Pathology). Gels
were serial sectioned, H & E stained and 20x magnified digital images acquired as per sections 2.5,
2.6 and 2.7. For the purpose of optimisation, 10 serial sections encompassing a total depth of
50pum were taken. Quantification thereafter was based on sections taken from a depth between

15um and 40um (see Chapter 3 for validation).

Quantification was pdormed using Aperio Imagescope software version 11. Annotation tools

were used to outline the perimeters of the whole gel section, any holes within the gel section and
around HB2 units manually using a computer equipped with a Wacom Cintig touchscreg¢armoni
Example annotations are shown in Fig 2.4. A viable HB2 unit was defined as a cohesive cluster of
four or more cells with discernible nuclei. To ensure that units quantified were comprised of HB2
cells and not Myo1089 and fibroblast cells, IHC wasopmidd alongside H & E of the gels as per
sections 2.5 and 2.6 to confirm that the structures being annotated did not contain tGFP or dsRed
positive cells. HB2 units on the periphery of the gel section or holes were excluded as they were

not representativeof the majority of HB2 structures within the gels. Aperio Imagescope software
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calculated the area of each annotation in fiamd the number of units was based on the number

of annotations drawn. Lumen formation was defined as a space within HB2 unitsabat w

enclosed by a continuous chain of cells and was counted manually. Any HB2 units that contained
spaces with breaches in the surrounding cells were excluded. Example images of what was defined

as a viable lumen and a namable lumen are shown in Fig 2.5.

The area of the gel section was calculated by subtracting the area of holes in the gel from the total
area of the gel section. Due to the inherent variation between the size of gel sections and
therefore the number of units within each gel, the area &2Lnits were normalised by

expressing the area of the unit per fiof gel. This was calculated by taking the area of each HB2

unit and dividing by the area of the gel section Gum

For each experiment, one section from three replicate gels for eachblamieas quantified. Raw
data obtained from Aperio Imagescope was inputted into GraphPad Prism 6 software where the
mean and standard error of the mean (SEM) was calculated along with any statistical analysis was

performed.
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b)

Fig 2.4 Representative images of annotations drawn in Aperio Imagescope software used for
quantification of HB2 units in 3 vitro culture

a) Example image showing representative annotations drawn to calculate the total area of each
gel section (€l, green), any holes within gel sections (Hole, yellow) and of HB2 cell units (HB2
Unit, Red).

b) Example image at 20x magnification showing representative annotations drawn around HB2
units.
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b)

Fig 2.5 Representativimages to demonstrate what constituted a viable and a-m@ble lumen
for quantification

a) Example of a HB2 unit containing a luminal space that was considered viable for quantification.
Unit contains a luminal space (L) that is surrounded/enclosed by a continuous chain of rounded
HB2 cells (Cell chain) that contains no breaches. b) ExafglElB2 unit containing a luminal

space that was considered not viable for quantification. Unit contains a luminal space (L) that is
not fully enclosed by a chain of HB2 cells. HB2 cell layer surrounding the space is discontinuous
featuring breaches (B).
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3 Chapter 3: Optimisation of a 3D in vitro tri -culture model of

normal breast

3.1 Introduction

The basic principle of 3D vitro culture is to incorporate either single or multiple cell types into a
3D matrix in order to recapitulate dn vivotissue enviroment. Therefore, there are two main
considerationsvhen developing &Din vitromodelof normal breastchoice of an appropriate

matrix and selection of cells to include.

3.1.1 Choice of Matrix

NaturalECMmaterials isolated from murine sources are preferred3® modelsVarious
techniques using natural ECM materials have been extensively revi@®&ed 88]and under the
right conditions, support cell growth in 3Dhemost commonly use®CM material ithe
commercially available compound MatriJéIMatrigel is derived from the Engelbrettiolm-

Swarm mouse sarcomand is rich in the basement membrane protelaminin andcollagen 1Vas
well as several extracellular growth fact¢t89]. Culture of breast epithelial cells in 3D Matrigel
has seerhe formation of acirdike structureg190] with evidence of milk protein expression

[152]. However materials such ablatrigel™ should beused with caution. évels of growth factors
within Matrigel™ can varyand components such as collagen IV can differ in subunit composition
to in vivocomponentq191] potentiallyincreasing susceptibility to remodelling and proteolysis not

™ may also provide tumour cells with additional survival and

commonlyfoundin viva Matrige
proliferative signals facilitatinlumorigenesig192]. Although these caveats can be overcome by
the use of growth factor reduced Matridé| there are alternative ECM materials to Matrigel

that may be more appropriate for the culturd breast cellsn vitro.
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As demonstrated by our group in Fig 3.1 and reported by Parmar and Ci88jathe main
constituent of normabreast stromaconsists predominantlgf collagen.I The remodelling and
mechanical tension of collagen | has been proven to influence breast tucedunvasiorf{54] and
the morphology of breast cel[494, 195] An increase in collagen density has also Hdiaded to
increased risk of breast candd96, 197] It therefore seems prudent that the influence of
collagen | matrix be accounted for in 8Dvitro models of breast and may provide a more
physiologically relevant environment for culturelwkast cellsProduction of successful acimind
ductlike structures akin to those cultured in Matriféhas already been achievétos, 199]
through culture of mammary epithelial cells in collag@ethaps making collageralviableand

more appropriate choice of ECM matrix for 3D models of breast.

Fig 3.1 Sirius red staining of collagen | in normal breast tissue

Example of a normal breast tissue sample stained with Sirius Red highlighting the abundance of
collagen | fibrils inhe breast stroma (S). Image courtesy of Prof Valerie Speirs (Leeds Institute of
Cancer and Pathology).
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3.1.2 Choice of Cells

Despite the vast amount of breast cancer cell lines available, there is a scarcity of normal breast
epithelial cell lines. The MCF10&lldine has customarily been chosen as a representative of
normal luminal breast epithelium. MCF10A cells are a spontaneously immortalised mammary
epithelial cell line derived from a patient with fibrocystic change. They areturoorigenic as

R 2 y Q (it aSchokaggemdependent growth and they exhibit features of normal luminal cells

such as ultrastructural similarities to breast luminal epithelial cells and expression of breast
epithelial cytokeratins and sialomucij&80,200]. Culture in Matrigel” has yielded some

impressive acinlike structures which are polarised, contain hollow lumens and produce basement
membrane proteing154, 190] This has also been recapitulated in collagen | mgzfig]. Another

less commonly used representative for normal luminal breast epithelium is the HB2 cell line. HB2
cells are a suipopulation of the MTSVI cell line[202] which have luminal epithelial

characteristics and were originally isolated from breadknBranching 3D dudike structures

have been achieved through culture of HB2 cells in collafEdD.

While culture of these cells in 3D matrix has resulted in structures alkimvivobreast acini and

ducts which cannot be achieved through culture in @Djivobreast architecture is much more
complex including a vattg of other cell types that influence epithelial architecture. This has led to
a rise in 3D caulture with stromal cells with coulture with fibroblasts most commonly reported
[149, 195, 201and examples of combinations of fibroblasts and adipocytes also demonstrated
[203, 204] As previously discussed (Chapter 1), it has emerged that fibroblasts regulate epithelial
cell invasiorf205] secreting various growth factors such aMMs[206] which have been proven
through use of 3D coultures.Markedly,some of these effects are ondywident uponculturein
collagen [207]. As previously discussed in Chapter 1, myoepithelial cells also play a kiey role

normalin vivobreast. Given their tumour suppressive nat{ir@, 208]Jand their capacity to
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maintain luminal cell polaritj71], it seems apt to include these cells in nornmavitro models of

breast, however, to date studies incorporating these cells aldrigc

It stands to reason that luminal epithelial organisation is maintained by a delicate balance
between the opposing functions of fibroblasts and myoepithelial cells. It seems apt that both
these cell types are included in a BDvitro model of normabreast with luminal epithelial cells to
accurately reflect then vivoenvironment. Only one such {culture model has been achieved
previously by Holliday et fl49]but this used aberrant luminal epithelial cells thus representing
DCIS. A 3 vitrotri-culture model of normal last has not been achieved and could prove
valuable for cancer initiation studies and for better understanding of how different cell types

within the breast interact and communicate with each other.
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3.2 Aims

To develop a 3Ih vitromodel in physiologically relevant collagen | matrix that includes luminal
epithelial, myoepithelial and fibroblast cell lines. The model was validated by characterising and

comparing to normal breast tissue specimens. This was achieved by :

1 Stable transdction of the myoepithelial cell line Myo1089 with tGFP protein to enable
tracking in culture

1 Optimisation of culture conditions in collagen | with GFP Myo1089 and either HB2 or
MCF10A cells

1 Isolation of fibroblasts from a breast reduction mammoplasty janynsample and their
stable transduction with human Telomerase Reverse Transcriptase (WTERT) to increase
longevity in culture and with dsRed fluorescent reporter to enable tracking ircalttire
model

1 Characterising the phenotype and immunoprofile b lehd compared profile to a normal

breast tissue specimen
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3.3 Materials and Methods

3.3.1 Immunofluorescence

Cells were trypsinised as p€hapter 2 Table 2.1 and seeded onto glass coverslips (Scientific
Laboratory Supplies Ltd) which had been sterilised Wit%o ethanol in water. These were left to
recover in normal growth conditions until 60% confluency was reached. Cells were rinsed in PBS at
4°C and fixed in 4% paraformaldehyde in PBS for 10 minutes. Cells were permeabilised for 5 mins
with 0.1%Triton X100 (Sigma) in PBfnsed in PBS and processfor immunofluorescence (IF)

or stored for up to 2 weeks at 4°C. Fixed cells were rinsed in PBS and blocked with 1% BSA in PBS
for 30 mins. Cells were washed in PBS (3 x 5 mins) and then incubated with nirtilaogly

diluted in blocking solution (Table 3.y inversion on to the solution on parafilm (M Lab

supplies). Primary antibody was omitted to serve as a negative control. Following 3 x 5 mins PBS
washes, secondary antibody conjugated to a fluorescentwlgs applied and incubated in the

dark for 40 mins. Coverslips were washed and mounted on a microscope slide (VWR International)
using Vectashield harset mountant containing', 6-diamidino-2-phenylindole(DAPI) (Vector
Laboratories Inc). Slides werestd at 4C in the dark until image&luorescent images were

captured within 2 weeks ddtaining using microscopes detailed in relevant figures. Secondary
antibodies used: Goat aatouse IgG Texas Re&K®lnvitrogen, diluted 1:400), goat améibbit

IgG(H+L) Alexa Fluor® 594 (Invitrogen, diluted 1:400) and goatanise IgG FITC conjugated

(Dako, diluted 1:500).
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Antibody Against Manufacturer Clone Type Dilution

i Fntegrin Millipore 3E1 Mouse 1:25
Monoclonal

Cytokeratin 14 AbD Serotec  LL002 Mouse 1:100
Monoclonal

Cytokeratin 5/6 Dako D5/16 B4 Mouse 1.100
Monoclonal

Cytokeratin 18 Sigma CM90 Mouse 1:500
Monoclonal

h-Smooth Muscle Actin Dako 1A4 Mouse 1:100
Monoclonal

Vimentin Dako Vim 3B4 Mouse 1:200
Monoclonal

Epithelial Membrane Antigen Dako E29 Mouse 1:200
Monoclonal

Table 3.1 Details of antibodies and dilutions used for immunofluorescence

3.3.2 Lentiviral transduction for cell tracking

Lentiviral transduction was carried out as per Chapter 2. In order to produce Myo1089 cells that
stably expresed green fluorescent protein, the pGifeEP empty lentiviral expression vector was
used (see Fig 3.1, Thermo Scientific). In order to produceQSIIATERT fibroblast cells that
stably expressed dsRed fluorescent protein, the pFURW empty lentiyiralssion vector was

used (unpublished, gift from Dr Mihaela Lorger, Leeds Institute of Cancer and Pathology). This
expression construct was generated by Dr Mihaela Lorger by splicinbeoDsRed gene from
pDsReeexpressl plasmid via BamHI/Hpal restrictenzyme sites. The fragment was then blunted
and ligated into the Hpal restriction site of the pFUW vef209]. See Fig 3.2 for a plasmid map of

the pFURW vector.
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SVADari

Fig 3.2 Simplified plasmid map of pGIPZ lentiviral expression plasmid

Diagram represents key elements contained within the expression plasmid used to lentivirally
transduce cells with TurboGFP protein. Key elements are as folldwstan Cytomegalovirus

promoter (hCMV), TurboGFP gene (tGFP), internal ribosome entry site (IRES), Puromycin

resistance gene (Puf Woodchuck hepatitis virus postanscription regulatory elemerWPRE),
0@StF Ayl OGAGI Ay BSINLFREEian \GdudMaigyVirds 4aM@ENdS + G 60 Q
replication (SV40 Ori), pUC origin of replication (pUC), Ampicillin resistance geri® (BmpR,Q

LIAA LI O1F3IAy3 &aSljdzSyOS o ..0Addptgdronfed0p wSalLl2yasS 9t
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Human UbiquitinC
Promoter

dsRed WPRE

pFURW

CMV

Fig 3.3Simplified Plasmid map of pFURW lentiviral expression plasmid

Diagram represents key elements contained within the expression plasmid used to lentivirally
transduce cells with dsRed protein. Key elements are as fol@ysomegalovirus promoter

0/ axd2YyAQUSNNYAYLFE NBLSFGaA 6[ ¢wox LJAA LI O1F3IAyY!
human ubiquitinC promoter, restriction enzyme site for Hpal, dsRed §¥nedchuck hepatitis

virus posttranscription regulatory elemert 2 t w SLTRSimiaf)/acuolating Virus 406rigin of

replication (SV40 Ori), Bleomycin resistance gene {Béew Ampicillin resistance gene (Atp
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3.4 Results

3.4.1 Production and characterisation of a GFP positive myoepithelial cell line

The cell line Myo1089 (gift from Dr Mike Allen, Barts Cancer Institute, Queen Mary, University of
London) was selected as a representative myoepithelial cell line for our study. Following
NBEO2YYSYRSR LldzNiktdghn@oated yyabedrss, iny2Hiwre, these cells formed a
cobblestonelike monolayer consisting of elongated stellateaped cells characteristic of
myoepithelial cells in culturd211]. To enable the tracking of Myol1089 cells in 3D culture,
Myo01089 cells were lentivirally transduced with pGtBEP empty vector plasmid (courtesy of Dr
Georgia Mavria, Leeds Institute of Cancer and Pathology). E&@&sy of in house flow
cytometry facility (Leeds Institutes of Molecular Medicine), produced a cell population which
retained a stellateshaped morphology in which >99% of cells were GFP positive (Fig 3.4). These

were termed GFP Myo1089 cells throughthe study.

In order to assess GFP Myo01089 cell phenotype, immunofluorescence was carried out using a
panel of antibodies containing markers of luminal and myoepithelial cell populations with
representative images from three biological replicate experitagresented (Fig 3.5). While GFP
ae2mnyd OStfta adlAySR dzyAF2N¥ie& XZNSANISY YREZE L
cells were negative for the myoepithelial markers cytokeratin 14 and vimentin. Only approximately

1% of cells exhibited staing for EMA however all cells demonstrated strong cytoplasmic staining

for cytokeratin 18 which are both luminal epithelial markers. This indicates that GFP Myo1089 cells

may consist of a mixed population of cells.
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Fig 3.4 GFP Myo10&ells imaged using phase contrast and fluorescence microscopy

Phase contrast microscopy of GFP Myo1089 cells demonstrate formation of a cobblestone
monolayer (a, original magnification 4x) consisting of elongated stedladped cells (b, arrows,
originalmagnification 20x). Fluorescence microscopy shows >99% GFP positivity of GFP Myo1089
cells in green with DAPI stained nuclei in blue (c, original magnification 63x taken with a Nikon C1
confocal microscope).
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Fig 3.5Characterisation of GFP Myo1089 cells

GFP Myo01089 cells were characterised by immunofluorescence staining with a panel of antibody
markers and visualised using Texas Red (red) with nuclei visualised using DAPI (blue).
Representative images from three bigioal replicate experiments presented. Primary antibody

was omitted to serve as a negative control (a). Over 95% of GFP My01089 cells exhibited positive
a i Ay A yngrif @medntrated at cell membranes (arrows, b). Cells were negative for
cytokeratn 14 but staining artefacts were detected thought to be staining of Dynabeads following
purification (arrows, c). All cells exhibited strong cytoplasmic staining for cytokeratin 18 (d) while
approximately 1% of cells displayed epithelial membrane antigesitigity (e). Over 95% of cells
RSY2y aidNY GS Rsmoathintudcle actinstaing (f) while cells were negative for

vimentin (g). All images taken at 63x magnification with a Nikon A1R confocal microscope.
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3.4.2 Characterisation of luminal epithelial ¢  ell ine MCF10A

The MCF10A cell line was assessed for its suitability as a representative luminal epithelial cell line
for study (Fig 3.6). In 2D culture, MCF10A cells demonstrated varying cell morphologies. Sub
populations of MCF10A cells were detectedhagither an elongated spindishaped morphology

akin to myoepithelial cells as well as smaller, rounded and cohesive cells that form a cobblestone
monolayer. MCF10A cell phenotype was examined by immunofluorescence with representative
images from three loilogical replicate experiments presented. MCF10A cells largely exhibited a
myoepithelial cell phenotype with all cells displaying strong positive staining for cytokeratin 5/6
YR h{a! gAGK &a2YS LRAAGAGDS &bl AyAly%diZxald O (2
GSNB LRaAlAGBS T2N (KS YVidtedd lahdlakhSugh EMA stairid§ @ds F A O

detected in these cells, the majority of cells were negative.

3.4.3 Morphology and phenotype of 3D in vitro dual-culture models containing

MCF10A cellswith myoepithelial cells
Due to the apparent plasticity of MCF10A cells and basal nature giculdations of cells,
LJdzNA T A O dinfegriy cogtad Dyhabkans was attempted in order to separate basal and
luminal epithelial cell populations. OrigifdICF10A cells were designated MCF10A wildtype
6al/ Cmn! -irtegrin positivet MCF10A cells were designated MCF10A basal (MCF10A Basal)
|y R-integrin negative MCF10A cells were designated MCF10A luminal (MCF10A Luminal).
MCF10A WT, MCF10A Basal and M&HRLminal were cultured in 3D collagen gels for up to 14
days with GFP Myo01089 cells in a 1:1 cell ratio with a total cell density ofebilkdml of collagen
gel (Fig 3.7)Representative images from three biological replicate experiments presented.
Visualisation by H & E staining demonstrated that in the presence of GFP Myo1089 cells, all sub
types of MCF10A cells formed cohesive cell structures after 7 days in culture with the appearance

of spindleshaped cells loosely distributed throughout the cgéa gels. MCF10A WT cells
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displayed a combination of small cohesive rounded units and larger elongated units indicative of
mixed populations of MCF10A structures. MCF10A Luminal cell structures were uniformly small,
cohesive and rounded in comparison to MKDA WT structures. Surprisingly, it was MCF10A Basal
cells that formed structures most representativeinfvivobreast acini which were larger with
evidence of lumen formation unlike other MCF10A-$yiies. After 14 days in culture, regardless
of MCF10Aubtype, all cohesive structures were lost with cells loosely scattered throughout the

collagen gels.

Distribution of GFP My01089 cells was visualised by IHC usirgG&Rti(Fig 3.8). tGFP staining was
observed in cells associated around the edges of all MCF10A units and remaicieahged with
different populations of MCF10A cells. This confirmed theespid units observed by H & E

staining consisted of MCF10A cells and not GFP Myo01089 cells.

Characterisation by IHC demonstrated a mixed phenotype of MCF10A WT cells and a largely basal
phenotype of MCF10A Luminal and MCF10A Basal cells regardlesSl& skt (1 A 2 yintegga A y 3 i
coated beads (Fig 3.9 & 3.¥8presentative images from three biological replicate experiments
presented. A combination of both positive and negative staining feaftherin (ECad) was

detected in MCF10A WT units as well assainits proving positive for EMA while some were
negative. Both MCF10A Luminal and MCF10A Basal units were uniformly positi@aidaEcell

cell junctions and strong cytoplasmic EMA staining was detected in all units. M30 staining was
detected in centes of MCF10A WT and MCF10A Basal units only and was negative in MCF10A
Luminal units suggesting only MCF10A WT and MCF10A Basal cells were capable of lumen
formation. All subpopulations of MCF10A cells formed units that were positive for

basal/myoepithek | £ Y [-SNIA SnEimentin (Vim) as well as accompanying GFP Myo1089

cells. All MCF10A sygmpulations showed ability to produce basement membranes distributed on
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the outer edges of MCF10A units as demonstrated by positive staining for collagen IV)@adl
tenascinC (TNC). Therefore, despite attempts to separate a-paipulation of MCF10A cells using
I Antegrin coated beads to represent the luminal epithelium of wuvitro model of normal

breast, all sukpopulations of MCF10A cells displayexsal/myoepithelial characteristics in this
culture system deeming MCF10A cells an inadequate luminal epithelial cell line for study. This

highlighted a need to identify another luminal epithelial cell line for the model.
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Fig 3.6 Morphology and characterisation of MCF10A cells using phase contrast microscopy and
fluorescence microscopy

Phase contrast microscopy of MCF10A cells displayed a mixed population of cells consisting of
longer spindleshaped cells (SC) and cohesive rounded cells (RC) in a cobblestone monolayer (i,
original magnification 20x). MCF10A cells were characterised iymfluorescence (i) staining

with a panel of antibody markers and visualised using Texas Red (red) with nuclei visualised using
DAPI (blue)Representative images from three biological replicate experiments presetedary
antibody was omitted to seeras a negative control (a). ~30% of cells exhibited positive staining

T 2 Nihtégrin concentrated at cell membranes (arrow, b). Majority of cells displayed weak
cytoplasmic cytokeratin 14 staining (WS, c) with ~1% of cells exhibiting strong stainitjg A8S,

cells exhibited cytoplasmic staining for cytokeratin 5/6 (d) while a mixture of weak membranous
staining (WS) and strong cytoplasmic staining (SS) was detected for epithelial membrane antigen
(e). All cells displayed strong cytoplasmic stainimglfemooth muscle actin staining (f). All images
taken at 63x magnification with Zeiss AxioPlanmicroscope.
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Fig 3.7 H & Btaining of 3Dn vitro dual-culture modelsof different populations of MCF10A&ells
with myoepithelial cells

2 Xt RGELIS 6 a Gni/SIINRYO 3 Sian GA DS -iatagtingesitive (MCEXIA Y | £ 0
Basal) MCF10A cells were cultured with GFP positive myoepithelial cells (GFP Myo1089) in 3D
collagen gels for 7 and 14 days. 5um sections of gels were staineHi \&ith Representative

images from three biological replicate experiments presenfgter 7 days in culture, MCF10A WT

(a) formed a combination of compact rounded units (RU) and more elongated units (EU). Both
MCF10A Luminal cells (c) and MCF10A Bass(egformed compact rounded units but these

appeared larger with MCF10A Basal cells and demonstrated possible lumen formation (L) in their
centres. All gels featured spinddaped cells (SC) loosely distributed throughout the collagen gel.

After 14 daysall MCF10A structures were lost regardless of type of MCF10A cell (b, d & f). Original
magnification 20x, scale bars = 100um.
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Fig 3.8 Immunohistochemical labellirgf myoepithelial cells in3Din vitro dual-culture model
with different sub-populations of MCF10A cells
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Basal) MCF10A cells were cultured with GFP positive myoepithelial cells (GFP Myo3D89) in
collagen gels for 7 days. 5um sections of gels were stained withGeR by IHC to visualise
distribution of myoepithelial cells within gels. Representative images from three biological
replicate experiments presented. All gels display positive istgifor tGFP in cells distributed
around the outer edges of HB2 cell units (arrows).a0riginal magnification 20x, scale bars =

100pm.
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Fg 3.9 Immunohistochemical characterisatiaf 3Din vitro dual-culture model with different
sub-populations of MCF10A cells A

In vitroduakculture model containing GFP Myo01089 cells with MCF10A wildtype (MCF10A WT),

P AAYGSANRY yS3FGABS al Cwmn-integindosttivie MGFRLOACRIN | [ dzY A Y
(MCF10A Basal) were characterised by IHC. Representative images from three biological replicate
experiments presented?rimary antibody was omitted to serve as negative (Neg) controls (a, b, &

c). A combination of€adherin (ECad) positive MCF10A un{teve) with staining between cetkll
junctions of MCF10A cells andCfad negative MCF10A unitgg) were detected with MCF10A WT

cells (d). All units with MCF10A Luminal and MCF10A Basal displayed sG@ad@ésitivity at cell

cell junctions of MCF102ells (e & f respectively). A combination of strong staining (SS) and weak
staining (WS) for epithelial membrane antigen (EMA) was detected in units with MCF10A WT cells
(g) whereas MCF10A Luminal (h) and MCF10A Basal (i) displayed strong uniform ENA stai

across all units. M30 staining was detected both in the centre and in cells at the periphery of
MCF10A WT units (arrows, j). MCF10A Luminal units were negative for M30 (k) and MCF10A Basal
units also stained positive for M30 in the centres of unijts@riginal magnification 20x, scale bars

= 100um.
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Fig 3.10 Immunohistochemical characterisatioh3Din vitro dual-culture model with different
sub-populations of MCF10A cells

In vitroduakculture model containing GFP Myo01089 cells with MCF10A wildtype (MCF10A WT),

P AAYGSANRY yS3FGABS al Cwmn-integindosttve MGFRLOACals1 | [ dzY A Y
(MCF10A Basal) were characterised by IHC. Representative images from three bielpligedd
SELISNAYSy(Ga LINBaSyiSRe ! £t a/ Gmoothmudgehdiii 6 SNB ¢
oh{al!v la ¢Sttt a DCt apdpalationy(ap). Shiildrly, al MGELI@N NRf S & ¢
types of units were positive for vimentin (Vim) as well as #0189 cells (d). Collagen IV (Coll

IV) was found concentrated at the outer edges of all types of MCF10A units (arrows inseidg

similarly tenasci¥C (TNC) was found at outer edges of all types of MCF10A units (arrows inset, j

). Original magrfication 20x, scale bars = 100um.
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3.4.4 Characterisation of luminal epithelial cell line HB2

As mentioned, the cell line HB2 has been used by other research groups as a representative of
normal luminal breast epithelium. We therefore selected HB2 cells as an alternative to MCF10A

cells and assessed their suitability to represent the luminal efpitheein the model (Fig 3.11). In

2D culture, HB2 cells demonstrated a more uniform cell morphology than MCF10A cells consisting

of rounded and cohesive cells that formed clusters in a monolayer. When examined by
immunofluorescence, HB2 cells exhibited milial epithelial cell phenotype with cells displaying

strong staining for the luminal epithelial markers EMA and cytokeratin 18 and were negative for
0KS Y@2SLIAGKStEALFIT YFENJSNR Oeid21SNIGAY pkc YR
detected in theg cells but was considerably weaker than the staining for luminal markers tested.

Representative images from three biological replicate experiments presented.

3.4.5 Optimisation of culture media in 3D in vitro dual-culture model with

myoepithelial and HB2 lumina | cells
Though not necessary for culture using MCF10A cells due to the similarities in media requirements
of MCF10A cells and GFP Myo1089 cells, composition of culture mediadoltu® of HB2 cells
and GFP Myo01089 cells was optimised. HB2 cells wégred in 3D collagen gels for 7 days with
GFP Myo01089 cells in a 1:1 cell ratio with a total cell density of’4el8/ml of collagen gel in
different media conditions with representative images from three technical replicates presented
(Fig 3.12). Meidm 1 consisted of 100% HB2 cell specific culture medium (DMEM Glutamax + 10%
FCS, 10pg/ml insulin & 5pg/ml hydrocortisone). Medium 2 consisted of 50% HB2 cell culture
medium with 50% fibroblast conditioned medium (FCM, DMEM Glutamax + 10% FCS collected
from normal fibroblast cell line HMFLO after 48 hours in culture). Medium 3 consisted of 50%
GFP Myo01089 cell specific culture medium (HAMF12 Nutrient mixture + 10% FCS, 10ng/ml EGF,

10pg/ml insulin & 5upg/ml hydrocortisone) with 50% FCM. Visualisation b§ H staining

74



demonstrated culture in medium 1 yielded small compact cell units which were sparsely
distributed throughout the collagen gel. Addition of fibroblast conditioned medium, as
demonstrated by culture in medium 2, did not affect the morphologystofictures which had a
similar appearance to structures in medium 1. Inclusion of GFP Myo1089 specific medium in the
culture system, as demonstrated by culture in medium 3, dramatically changed the morphology of
structures formed as larger, compact and @mumerous structures were observed with evidence

of some lumen formation. Spindkhaped cells were also detected in medium 3 loosely
distributed throughout the collagen gels. Therefore, the presence of GFP Myol1089 cells specific

medium was necessary fwroduce structures more reflective of vivobreast acini.

3.4.6 Optimisation of cell ratios in 3D in vitro dual -culture model with myoepithelial

and HB2 luminal cells
In order to yield more HB2 structures with a breast altkd morphology, the ratio of GFP
Myo01089 cells to HB2 cells was altered in order to identify an appropriate number of GFP
Myo01089 cells to use in culture withepresentative images from three technical replicates
presented(Fig 3.13)HB2 cells were cultured in 3D collagen gels for lysdeith GFP Myo1089
cells in different ratios A ratio of 1 part GFP Myo1089 cells to 1 part HB2 cells (1:1) was compared
to a ratio of 3 parts GFP Myo1089 cells to 1 part HB2 cells@t ) total cell density of 4x£0
cells/ml of collagen gel in bottases. Visualisation by H & E staining demonstrated that a 1:1 ratio
produced structures that were elongated, branched and in some cases appeared discohesive.
Lumen formation was detected in a small number of these structures but was rare and therefore
not shown. An excess of myoepithelial cells in a 3:1 ratio yielded structures which were more
rounded and which consisted of more lumen formation than 1:1 ratio. In both cases, spindle

shaped cells were detected loosely distributed throughout collagen geksefore, an excess of
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myoepithelial cells produced more structures that better resemble the rounded and hollow

architecture ofin vivobreast acini.

3.4.7 Distribution of myoepithelial cells in 3D  in vitro dual-culture model with HB2

cells
Distribution of GFRIy01089 cells in duaultures with HB2 cells was visualised by IHC using anti
tGFP representative images from three technical replicates presented (Fig 3.14). tGFP staining was
observed in rounded cells attached around the edges of HB2 units under ggdicosditions.
This confirmed the spheroid units observed by H & E staining consisted of HB2 cells and not GFP

Myo01089 cells.

3.4.8 Optimisation of time in culture of 3D in vitro dual-culture model with

myoepithelial and HB2 luminal cells
In order to determinghe maximum length of time in culture that could sustain the production of
HB2 acinlike structures under optimum media and cell ratio conditions described ahd22,
cells were cultured in 3D collagen gels for up to 35 days with GFP Myo01089 cells ik xat
7 day intervals (Fig 3.15). Representative images from three technical replicates presented.
Visualisation by H & E staining demonstrated that after 7 days, small cohesive rounded structures
were formed with no lumen formation detected. After 14ys, structures appeared larger with
evidence of some lumen formation in their centres and after 21 days in culture, wide and cleared
lumens were detected within structures surrounded by a thinner layer of epithelial cells. However,
culture for longer than21l days saw a loss in cohesive architecture of HB2 structures with
remaining structures consisting of discohesive cells and containing large breaches. Therefore, 21
days was deemed the maximum length of time for culture and yielded structures that most

resembled breasin vivobreast acini architecture.
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To summarise, the optimal conditions for-colture of HB2 cells with GFP Myo01089 cells in the 3D

in vitromodel determined through these experiments were as follews:

1 Culture medium: 50% GFP Myo01089 spkcific medium with 50% FCM
1 Cell ratios: 3 parts GFP Myo01089 cells: 1 part HB2 cells

1 Maximum length of time in culture: 21 days
3.4.9 Characterisation of 3D in vitro dual -culture model with HB2 cells

Characterisation of the 3D dualillture model culturedinder optimised conditions above was

assessed by IHC with representative images from three technical replicates presented (Fig 3.16).
Under optimal conditions, HB2 cells formed units that express€adtat celtell junctions and

EMA was concentrated ahé¢ apicallumen interface of HB2 cells. Cell apoptosis was limited to
OSYdiNIft fdzySya 2F | .u dzyAda a RSY2YyailiNIGSR oc¢
Myo01089 cells and HB2 cells remained negative. Basement membrane protein production was

evident in GFP Myo1089 cells only around the outer edges of HB2 units as demonstrated by Coll IV
and TNC staining. Overall, HB2 cells exhibited a luminal epithelial phenotype and GFP Myo1089 a

myoepithelial phenotype in 3D culture in collagen I.
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Fig3.11 Morphology and characterisation of HB2 cells using phase contrast microscopy and
fluorescence microscopy

Phase contrast microscopy of HB2 cells demonstrated formation of an adhesive cell monolayer
arranged in clusters (arrow a, original magnification 4x) consisting of rounded and cohesive cells
(b, arrows, original magnification 20x). HB2 cells were charaetby immunofluorescence

staining with a panel of antibody markers and visualised using Texas Red (red) with nuclei
visualised using DAPI (blue). Representative images from three biological replicate experiments
presented. Primary antibody was omitted $erve as a negative control (a).100% of cells stained
positive for the luminal epithelial markers EMA (d) and CK18 (e) and negative for the myoepithelial
YEN]JSNE /Ypkc O6F0 FyR h{al! 030® +*AY adlAyAy3
the luminal markers tested. All images taken at 63x magnification.
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Fig 3.12 H & Btaining of 3Din vitro dual-culture modelsof HB2cellswith myoepithelial cells in
different cell culture mediaconditions

HB2 cells were cultured with GFP positive myoepithelial cells (GFP Myo01089) in 3D collagen gels
for 7 days in Medium 1 (100% DMEM + 10% FCS, 10ug/ml Insulin & 5pug/ml Hydrocortisone),
Medium 2 (50% Medium 1: 50% fibroblast conditioned mediunfledium 3 (50% HAMF12

Nutrient mixture + 10% FCS, 10ng/ml EGF, 10pg/ml Insulin & 5ug/ml Hydrocortisone: 50%
fibroblast conditioned medium). 5um sections of gels were stained with H & E and representative
images from three technical replicates taken. Cultireither medium 1 (a) or medium 2 (b),

yielded small compact units which were sparse throughout the collagen gels. Upon culture with
medium 3 (c), much larger units were detected with evidence of some lumen formation (L) and
spindleshaped cells (SC) kely distributed throughout the collagen gel. Original magnification

20x, scale bars = 100um.
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Fig 3.13 H & Btaining of 3Din vitro dual-culture modelscomparing different cell ratios of HB2
cellswith myoepithelial cells

HB2 cells were cultured with GFP positive myoepithelial cells (GFP Myo01089) in 3D collagen gels
for 14 days in a 1:1 (1 part GFP Myo1089 cells to 1 part HB2 cells) or a 3:1 (3 parts GFP Myo1089
cells to 1 part HB2 cells) cell mtbum sections of gels were stained with H & E and representative
images from three technical replicates taken. With a 1:1 cell ratio (a), large elongated units were
observed consisting in some cases of discohesive cells (DC) with some evidence afigp(@&)chi

With a 3:1 cell ratio (b), cell units appeared more rounded with more evidence of lumen formation
(L). Spindleshaped cells (SC) were detected loosely distributed throughout the collagen gel in both
cases. Original magnification 20x, scale bar8Gufn.
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Fig 3.14 Immunohistochemical labelliraf myoepithelial cells in3Din vitro dual-culture model
with HB2 cells under optimal conditions

HB2 cells were cultured with GFP positive myoepithelial cells (GFP Myo01089) in 3D collagen gels
for 21 days. 5m sections of gels were stained with at@FP by IHC to visualise distribution of
myoepithelial cells within gels. Representative images from three technical replicates presented.
tGFP staining was detected in rounded cells distributed around the outgrsedf HB2 cell units
(arrows). Original magnification 20x, scale bars = 100um.

81



Fig 3.15 H & Btaining of 30in vitro dual-culture modelsof HB2cellswith myoepithelial cells at
different time-points in culture

HB2 cells were cultured with GFP positive myoepithelial cells (GFP Myo01089) in 3D collagen gels
for up to 5 weeks and examined at 1 week intervals. 5um sections of gels were stained with H & E
and representative images frothree technical replicates taken. Culture for 1 week (a) yielded

small cohesive rounded units (RU). After 2 weeks in culture (b), units appeared much larger with
evidence of lumen formation (L). Culture for 3 weeks (c) produced units with much widexctlear
lumens (L). After 4 (d) and 5 (e) weeks, units were less compact and consisted of discohesive cells
(DC). Spindishaped cells (SC) loosely distributed throughout the collagen gels featured at all

time points. Original magnification 20x, scale bar9épin.
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Fig 3.16 Immunohistochemical characterisatioh 3Din vitro dual-culture model with HB2 cells

In vitroduakculture model containing GFP Myo01089 cells with HB2 cells were characterised by

IHC. Representative images from three technical replicates presdptiary antibody was

omitted to serve as a negative control (Negadherin (yellow arrow, inset-Ead) staining was

detected between ceitell junctions of all HB2 units. Epitheliaémbrane antigen (yellow arrow,

inset, EMA) staining was concentrated at the apigalen interface of HB2 cells and M30 staining

gla aLISOAFAO (2 fdzYSy& Y22 GIK. v danOX Ba I ©OGRNYR &I NN
vimentin (arrow, Vim) was specific GFP Myo01089 cells. Collagen IV (arrow, Coll IV) and similarly
tenascinC (arrow, TRC) was found concentrated at the outer edges of HB2 uditigiinal

magnification 20x, scale bars = 100um. Inset images-@adand EMA magnified using to

Microsoft Wod to highlight areas of interest.
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3.4.10 Characterisation of fibroblast cell line HMFU19

As discussed, a major functional componeninofivobreast is stromal fibroblasts and inclusion of
which in our 3Din vitro model was deemed essential in accurately regreting normal breast
tissue architecture. We first considered the use of the cell line HMFU19 as a representative
fibroblast component for our study and assessed their suitability via examination of their
morphology and phenotype (Fig 3.17). In 2D cultuHMFU19 cells displayed an elongated
spindleshaped morphology and formed a discohesive monolayer. HMFU19 cell phenotype was
examined by immunofluorescence wittepresentative images from three biological replicate
experiments presentedHMFU19 cells exhibited a mixed phenotype as all cells displayed both
positive staining for epitheliadssociated cytokeratins 14 and 18 and strong staining for fibroblast
4a20AFGSR @AY® {dGNBY3 bh{al abdrAyAy3 iosbfa | fa
immunofluorescence staining it was also noted that cells exhibited a mixed morphology with some
fibroblastlike elongated spindkshaped cells and some fatter rounded cells with lamellipodia

formation. Overall, it appeared that these fibroblasts megent a myofibroblast/activated cell

population presenting a need to source a more appropriate fibroblast cell line for the model.

3.4.11 Isolation and hTERT transduction of fibroblasts from primary breast reduction

mammoplasty tissue
Following appropriate etleal approval as described in Chapter 2, a breast reduction mammaoplasty
sample was selected in order to produce a normal fibroblast cell line to include in the-3D tri
culture model of normal breast. The breast reduction mammoplasty tissue was digested and
processed as described in Chapter 2 and yielded a monolayer of dispersed cells with an elongated
spindleshaped morphology characteristic of breast fibroblasts (Fig 3.18). To produce a fibroblast
cell population that could be cultured longer term, fibrolilst passage 2 were engineered to

overexpress hTERT via retroviral transduction with pBalieRTeo vector by Dr Euan Baxter

84



(Leeds Institute of Cancer and Pathology) and designated-Q&RLhTERT fibroblasts. Both
primary and LSE083 hTERT fibroblastsere cultured for 21 days to assess their longevity in
culture. Over 21 days, primary fibroblasts underwent 5 passages. Following passage 5, primary
fibroblasts were lost demonstrated by a lack of adherent cells and the appearance of rounded
floating bodies in the culture medium. In this time, LSA83 hTERT fibroblasts underwent 12
passages and retained an elongated spirgllaped morphology and grew in characteristic

G K2NI 43¢ NBYAYAaOSyd 2F Odz GdzZNBR o NBFald FAONER:

3.4.12 Production and characterisation of a dsRed positive fibroblast cell line

To enable the tracking of LS083 hTERT fibroblasts in 3Ddrilture with GFP Myo01089 and HB2

cells, LS1083 hTERT fibroblasts were lentivirally transduced with pFdBRéd empty vector

plasmid. FACS was used dort cells and produced a 100% dsRed positive D821hTERT
fibroblast population which retained an elongated spindleaped morphologyHig3.19). These

were termed LS1-083 dsRed Fibs throughout thetudy. 100%0of LS11083 dsRed Fibs stained
uniformly for vim and were 100% negative for cytokeratin 14, cytokeratin 18 and EMA epithelial
markers. LSkthy o RawSR CAo0a ¢SNB Ffaz2 ySarFriAaAdS F2N h.
represent a myofibroblast/activated fibroblast populatioRepresentativemmunofluorescence

images from three biological replicate experiments presented.
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Fig 3.17 Morphology and characterisation of HMFU19 cells using pbas&ast microscopy and
fluorescence microscopy

Phase contrast microscopy allowed visualisation of HMFU19 cells cultured in 2D (a). HMFU19 cells
grew in a discohesive monolayer (i, original magnification 4x) consisting of elongated spindle
shaped cells (ibriginal magnification 20x). HMFU19 cells were characterised by
immunofluorescence (b) staining with a panel of antibody markers and visualised using Texas Red
(red) with nuclei visualised using DAPI (blue). Representative images from three biological
replicate experiments presented. Primary antibody was omitted to serve as a negative control
(Neg). 100% of cells stained positive for cytokeratin 14 (CK14) with over 90% of cells also positive
for cytokeratin 18 (CK18) which are both epithelial markers |&\#ii cells were positive for the
fibroblast marker for vimentin (Vim), cells with a more rounded morphology with evidence of
lamellipodia formation (RC) were detected as well as fibroHikstspindled K LISR OSf f a 6 {
aY220K YdzaOf SSMADving detecdied in A28 of élls @rid further demonstrated cell
populations with a lack of characteristic fibroblast morphology. All immunofluorescence images
taken at 63x magnification using a Nikon C1 confocal microscope.
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Fig 3.18 Morphology of primary fibroblasts compared to hTERT transduced fibroblasts

Phase contrast microscopy of primary fibroblasts shows a mono layer of dispersed cells (a, original magnification 4oq)sigtioli an
elongated spindleshaped morphology (b, original magnification 10x). Cell death of primary fibroblasts at passdgenbristrated by lack of
adhered cells and appearance of rounded floating bodies in the medium (arrow, c) whereas virally transduced hTERT &bpzssate 12
(d) are spindleshaped, adherent and grow in characteristic whorls typical of fibroblagtsiptions (original magnification of ¢ & d, 4x).
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FHg 3.19 dsRed lentiviral transduction and immunofluorescence characterisation of {0881
hTERT fibroblasts

LS11083 hTERT fibroblasts wdamtivirally transduced with dsRed protein and FACS sorted to
produce a 100% dsRed positive fibroblast population and termed-0&3 tisRed Fibs. Phase
contrast microscopy demonstrated LS083 dsRed Fibs retained an elongated spitstiape
morphology (apnd showed >99% positivity for dsRed with fluorescence microscopy (b).
Original magnification for (a) and (b) 10x. L8838 dsRed Fibs were characterised by
immunofluorescence staining with a panel of antibody markers and visualised using FITC
(green) withnuclei visualised using DAPI (blue). Representative images from three biological
replicate experiments presented. Primary antibody was omitted to serve as a negative control
(c). 100% of cells exhibited positive staining for vimentin (d) demonstratieipagated

spindleda KI LIS® ! £ f OStta ¢SNBE yS3l-sSmodSnusci2 &tinT A 6 N2
(e), for myoepithelial marker cytokeratin 14 (f) and for luminal epithelial markers cytokeratin
18 (g) and epithelial membrane antigen (h). All imagégnh at 63x magnification with a Nikon
A1R confocal microscope.
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3.4.13 Optimisation of number of fibroblasts in 3D  in vitro tri -culture model with

myoepithelial and HB2 luminal cells

In order to determine an appropriate number of LSI83 dsRed Fibs to amlture in a 3D tri
culture in collagen | which does not disrupt the adilkkeé HB2 architecture with lumen
formation, GFP Myo1089 and HB2 cells were cultured together according\impsly

optimised ratios with the addition of varying numbers of L8388 dsRed Fibs for 21 days (Fig
3.20).Representative images from three technical replicates preserdee.to the inclusion of
fibroblasts in the culture system and their propensitythoive in epithelialassociated

medium, 50% HB2 mediu@MEM Glutamax + 10% FCS, 10ug/ml insulin & 5pg/ml
hydrocortisone) to 50% GFP Myo1089 medium (HAMF12 Nutrient mixture + 10% FCS, 10ng/ml
EGF, 10pg/mlinsulin & 5pug/ml hydrocortisone) was used fotrihgulture system. FCM,
included in the duatulture system, was omitted. In all culture conditions, elongated, spindle
shaped cells were detected spread throughout collagen gels and appeared to increase with
increasing numbers of LSD83 dsRed Fibs. fure with 0.1x16 LS12083 dsRed Fibs retained
HB2 structures with lumens which consisted of cohesive cells as seen-cuttuags. Similar
results were attained upon culture with 0.25X10511083 dsRed Fibs with lumen formation
within HB2 units, howesr, units appeared less cohesive featuring discohesive cells. Culture
with 0.5x10, 1x10 and 2x16 LS11083 dsRed Fibs resulted in disorganised and discohesive
HB2 structures with little evidence of lumen formation. In addition, only culture with *lai®
2x10 LS11083 dsRed Fibs caused extensive contraction of gels in some cases leaving gels
unanalysable. Therefore, 0.1XMas considered an appropriate number of L®8B dsRed

Fibs to include in the tgulture model with which to retain achlike HBZeatures observed in

duakculture conditions.
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3.4.14 Distribution of myoepithelial cells and fibroblasts in 3D in vitro tri -culture

model
Distribution of GFP My01089 cells and L-8&82 dsRed Fibs in #tultures with HB2 cells was
visualised by IHC using at®FP and antilsRed respectively (Fig 3.21). Representative images
from three technical replicates presented. tGFP staining was observed in rounded cells
associated around the edges of HB2 units. dsRed staining was detected in long-sipamdid
cells inall HB2 gels. These were loosely distributed throughout the collagen gels and on
occasions, associated with edges of HB2 units. This confirmed units observed by H & E staining

still consisted predominantly of HB2 cells and not GFP Myo1089 cells c08%dsRed Fibs.

3.4.15 Characterisation of 3D in vitro tri -culture model and comparison to normal

breast tissue

Immunohistochemical characterisation of the 3Ddwiture model optimised above

demonstrated a phenotype strikingly similar to that of the normal brékgj 3.22 & 3.23).
Representative images from three technical replicates presented. With the addition of LS11

083 dsRed Fibs, HB2 units retained a phenotype as shown itutiale with GFP Myo1089

cells. Briefly, #ad was expressed at HB2 ©glll jurctions with EMA at apical membranes.

Mixtures of proliferative and noproliferative HB2 cells were identified via Ki67 staining, with
OStt LRLW2aAa RSGISOGSR gAGKAY OSYUuNrt fdzvSy
specific to GFP Myo01089 tslvhile basement membrane production was detected around

outer edges of HB2 units via Coll IV expression. Vim expression was detected in both GFP
Myo01089 cells and LSTB3 dsRed Fibs. Comparison of these features to normal breast
demonstrated strong sirtarities to breast acini.-Ead expression was specific to luminal

epithelium with EMA sequestered to the apit¢aien interface of acini. Apoptosis featured
GAGKAY GKS fdySya 2F oNBLad FOAYA Fa RSY2YAQ

specificto the myoepithelial layer of breast acini. Coll IV staining was detected in basement
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membranes surrounding breast acini with Vim expression seen in both myoepithelial cells and

fibroblasts within the breast tissue.
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Fig 3.20 H & Btaining of 30in vitro tri-culture modelsof HB2cellswith myoepithelial cells
and different numbers of fibroblasts

HB2 cells were cultured with GFP positive myoepithelial cells (GFP Myo01089) and dsRed
positive fibroblasts (LS1083 dsRed Fib) in 3D collagen gels for 21 days. 5um sections of gels
were stained with H & E and representative images from three technical replicates taken.
Regardless of number of LS083 dsRed Fibs, all gels featured HB2 units (HU) and spindle
shaped cells (SC) loosely distributed throughout the collagen. Culture with B11%18083

dsRed Fibs (a) yielded HB2 units with lumens (L) consisting of cohesive cells (CC). HB2 units
with 0.25x10 LS11083 dsRed Fibs (b) similarly contained lumens (L) but featured discohesive
cells (DC) compared with 0.1X10511083 dsRed Fibs. HBRits cultured with 0.5x10(c),

1x10 (d) and 2x10(e) LS1D83 dsRed Fibs all featured discohesive cells (DC) an appeared less
organised with no lumen formation. Original magnification 20x, scale bars = 100um.
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Fig 3.21mmunohistochemical labellingf myoepithelial cells and fibroblasts iBDin vitro
tri-culture model

HB2 cells were coultured in 3D collagen gels with GFP positive myoepithelial cells (GFP
Myo01089) and dsRed positive fibroblasts (-882 dsRed Fibspif 21 days. 5um sections of

gels were stained with antiGFP and antilsRed by IHC to visualise distribution of

myoepithelial cells and fibroblasts within gels. Representative images from three technical
replicates presented. Positive staining for tGFP detected in GFP Myo1089 cells distributed
around the outer edges of HB2 cell units (arrows, a). dsRed staining highlighte@d83511

dsRed Fibs loosely distributed throughout collagen gels (arrows, b). Original magnification 20x,
scale bars = 100um.
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Fig 3.22 Immunohistochemical characterisatiar 3Din vitro tri-culture model compared to
normal human breast tissué

In vitrotri-culture model containing HB2 cells, GFP Myo01089 cells andd831dsRed Fibs

were characterised by IHC and compared to normal breast tissue sections. Representative
images from three technical replicates presented. Primary antibody was omitted te asra
negative control (a & b).-adherin (ECad) was expressed by HB2 cells atamlljunctions
(arrow, c) in keeping with luminal epithelium of breast acini (arrow, d). Strong staining was
concentrated at the HB2 cdlimen interface of HB2 unityé€llow arrow, €) and was specific to
apical membranes of luminal epithelium of breast acini (arrow, f). The majority of cells within
HB2 units were positive for Ki67 (g) while few Ki67 positive cells were detected within breast
acini (arrow, h). Originahagnification for triculture model (a, c, e & g) 20x, scale bars =
100pm. Original magnification for normal tissue (b, d, f & h) 40x, scale bars = 50um.
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FHg 3.23 Immunohistochemical characterlsatlcmfl 3Din vitro tri-culture model compared to
normal human breast tissu®

In vitrotri-culture model containing HB2 cells, GFP Myo1089 cells andd831dsRed Fibs

were characterisethy IHC and compared to normal breast tissue sections. Representative
images from three technical replicates presented. M30 staining was detected within lumens of
HB2 units (arrow, a) comparable to M30 staining observed within lumens of breast acini
(arow,0 0 @YR 201K YdzaOfS | OGAy o6h{al!uv ¢l a 206aSNBSH
2dz6SNJ SRIS& 2F | .0 dzyAida OoOFNNRg>S OO0 $KAES |
cells surround luminal epithelial cells of breast acini (arrow, d). Collag&oIMV) was

concentrated around outside edges of HB2 units (yellow arrow, €) and similarly is

demonstrated encapsulating breast acini (arrow, f). Vimentin (Vim) staining was detected in
both rounded GFP Myo01089 cells (M) on outer edges of HB2 unitspamtieshaped LSt1

083 dsRed Fibs (F) in thedtlture model (g) analogous to Vim positivity in myoepithelial cells

(M) and fibroblasts (F) in normal breast tissue (h). Original magnification-farltwre model
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(a, c, e & g) 20x, scale bars = 100@mginal magnification for normal tissue (b, d, f & h) 40x,
scale bars = 50um.
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3.4.16 Optimisation of quantification methods for number and size of HB2 units

It was considered necessary to determine a method of quantifying then@tcstructures

observed in themodel in order to make it a more viable model for research, and in order to
elucidate any changes in structural features in a scientific manner. In order to determine
whether the depth of an individual gel had an effect on the number and area of HB2 units
formed and thus to determine an appropriate number of sections to use for quantification, 10
x 5pum H & E stained serial sections from a single representative-8ilittnie gel were

quantified using Aperio Imagescope software (Fig 3.24). Quantificationnolber of HB2 units
showed variation between individual serial sections but did not systematically increase or
decrease when traversing through the gel. No significant correlation between the mean
number of units to the depth of gel section was observedmcalculation of the Pearson
productmoment correlation coefficient using GraphPad Prism software (p= 0.1931). The
coefficient of variation for number of units was calculated as a running coefficient of variation
and demonstrated that quantification oine section gave a coefficient of variation from the
mean of 10 sections of 13%. As serial sections were sequentially calculated this steadily

decreased and dropped to 9.52% upon quantification of 10 serial sections.

Quantification of area of HB2 units r3.25) demonstrated no significant correlation between
the mean area of units to the depth of gel section upon calculation of the Pearson product
moment correlation coefficient using GraphPad Prism software (p=0.0779). The coefficient of
variation for aea of units was calculated as a running coefficient of variation and
demonstrated that quantification of one section gave a coefficient of variation from the mean
of 10 sections of 11.6%. As serial sections were sequentially calculated this steadilygel@crea
and dropped to 9.36% upon quantification of 8 serial sections but then rose to 17.2% upon
quantification of 10 serial sections. This suggests sections taken from greater than 40um

contains units with areas that are not representative of the mean pdmuiaThe running
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mean area of HB2 units plotted against the number of units counted demonstrated that the
mean area taken from 80 measurements or upwards gave a good representation of the mean
taken from all 10 serial sections. Quantification of the numdsieunits showed that the mean
number of units per section was between 62 and 90 units which indicated that to get a good
representation of the mean area of HB2 units from 10 serial sections, one section could be

quantified.

Taken together, it was reasodéhat by taking one section from the gel at a depth between
15um and 40um would give a sufficient representation of the mean area of HB2 units from 10
serial sections and would give a count of number of units with an error of 13% and an area of
units withan error of 11.6%. Therefore, quantifying one section taken from an appropriate
depth of a gel was reasoned to be a satisfactory method of quantifying area and number of

HB2 units.
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Fig3.24 Quantification of number of HB2 units in 3D-tiulture gels from 10 H&E stained
serial sections

10 x 5um serial sections of one representative 3Ruture gel were stained with H&E.

Number and area (uf) of HB2 units from each serial section werentified with Aperio

Image scope and analysed with Graph Pad Prism 6 software. (a) The total mean number of HB2
units from all 10 sections was calculated and is denoted by the dashed line. While the number
of HB2 units did vary between sections, the rhers did not systematically increase or

decrease when traversing through the gel as demonstrated by quantification of serial sections.
Correlation analysis for number and depth of gel demonstrated no significant trend when
traversing through the gel (p=M®31, Pearsons produchoment correlation coefficient). (b)

The running coefficient of variation demonstrated that taking one section gives an error of

13% to the total mean across 10 serial sections. This error falls to 9.52% upon quantification of
10 seral sections.
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Fg 3.25 Quantification of area of HB2 units in 3D-tnilture gels from 10 H & E stained serial
sections

10 x 5um serial sections of 1 representative 3Rzatture gel were stained with H & Erea of
HB2 units (urf) from each serial section were quantified with Aperio Image scope and
analysed with Microsoft Excel and Graph Pad Prism 6 software. The total mean area of HB2
units from all 10 sections was calculated and is denoted by the daskesd (&) The running
mean area of units demonstrated that size of units did not significantly increase or decrease
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when traversing through the gel as demonstrated by quantification of serial sections.
Correlation analysis for area and depth of gel demonstiano significant trend when

traversing through the gel (p=0.0779, Pearsons prodogiment correlation coefficient). (b)

The running coefficient of variation demonstrated that taking 1 section gives an error of 11.6%
to the total mean across 10 serial sieas. This error falls to 9.36% upon quantification of 8
serial sections. mean of all measurements of HB2 unit area taken across all 10 sections was
calculated to determine an appropriate sample size for quantification. This demonstrated that
the mean aea of HB2 units calculated from approximately 80 units and upwards gives a good
estimate of the mean for the whole population from 10 serial sections. (c) The running mean
of all measurements of HB2 unit area taken across all 10 sections was calculdé&tdrtaine

an appropriate sample size for quantification. This demonstrated that the mean area of HB2
units calculated from approximately 80 units and upwards gives a good estimate of the mean
for the whole population from 10 serial sections.
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3.5 Discussion

Traditionally, breast cancer studies have focussed on the transition of luminal epithelial cells
from a preinvasive to an invasive state while less emphasis has been put on investigating the
earlier stages of breast cancer initiation and carcinogenasder to address this, an
appropriate 3D model of normal breast tissue would be required that incorporates all three of
the major cell types of breast and that is representativénofivobreast tissue. Research

groups striving to elucidate the mechamis behind luminal epithelial transformation have

relied on the use of MCF10A cells in 3D basement membrane preparations with either
fibroblasts or fibroblasts with endothelial cells or adipocyf&31, 204, 212]While these

models provide a more sophisticated 3D environment in which cells can propagate, breast
tissue consists predominantly of collagen | and thus would be a nppeariate matrix for an

in vitromodel of breast. In addition, myoepithelial cells have largely been neglected in these
studies despite their presence in normialvivobreast tissue, their loss in the transition from
DCIS to invasive cand@d 3] anddespite evidence of their tumour suppressive nat{ifg,

214]. While Holliday et al produced a such a model of DCIS, analysis was costly and laborious

and involved the use of cell tracker dyes which limited culture to 7 Ha&.

Therefore, in this series of experiments we endeavoured to dgvellmnger term and easily
analysable 3In vitro model that included both myoepithelial cells and fibroblasts with luminal
epithelial cells in the physiologically relevant matrix of collagen I. By validating against normal
breast reduction mammoplastysisue during model development, we aimed to validate that

the model recapitulated the features and phenotypemtivobreast acini.

To produce such a model, the gold standard would have been to use individual cell populations
isolated from primary breagissue. However, in order to optimise a model without wasting
valuable material and without introducing complications such as donor variability,

representative luminal and myoepithelial cell lines were used to optimise aalliaire model
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in the first irstance. Both the commonly used cell line MCF10A and less commonly used cell
line HB2 were used to represent luminal epithelium. The cell line Myo1089 was used to

represent the myoepithelium.

One of the first hurdles to overcome in developing this modes diatinguishing between

luminal epithelial and myoepithelial cells in culture due to their similarities in cell morphology.
Lentiviral vectors are a widely used tool to deliver exogenous genes int¢2id]s These

genes can be advantageous in that they can assign a specific characteristic to a cell such as
fluorescence which can be used to traeKls in culturd216]. We applied this concept to track
Myo01089 cells in culture via stable transduction with turbo green fluorescent protein (tGFP)
using pGIPZ lentiviral g®r. Production of GFP Myo1089 cells and identification of a suitable
tGFP antibody for IHC allowed us to distinguish between GFP Myo1089 cells and either

MCF10A cells or HB2 cells during longer term culture of these cells in 3D.

3.5.1 Choice of representative normal luminal epithelial cell for the model

{AyO0S (KS dzasS 2F a/Cmn! OStfta Fa I NBLINBaSyi
documented, we attempted to incorporate these cells in our 3Ezgbure model with GFP

Myo01089 cells in collagen I. It wéirst noted that MCF10A cells were plastic in culture with a

mixture of luminal and basalike cell morphologies observed as a 2D monolayer. This was
confirmed through immunofluorescence characterisation which demonstrated expression of
luminal marker&€EMA and cytokeratin 18 as well as basal/myoepithelial markers cytokeratin
MNZAY@HSINRY YR h{al® ¢KS dza$ 2F AYYdzy2Yl 3y$
of breast epithelial cells has been previously descrii®€8, 2171 { A yhe@in is a

transmembrane receptor which is specific to basal/myoepithelial cells of the biEglstand

was expressed by a stdet of our MCF10A cells, we attempted to isolate-populations of

basaflike MCF10A cells from lumirlA { S a / C m n-IntegdrScbated Dy@sbdad i n
separation. The two separate sild2 LJdzf | G A2y & ¢ SNB RSaAidghlinG SR a/
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yS3tGA@SO | yR -irdeyri@ positive) ankl thesd along with MCF10A wildtype cells
were cocultured with GFP Myo1089 cells in collagen | in three separate @iDdo dual

culture models and compared. Since fibroblasts are proven loeinte arrangement and

growth of mammary epithelial cel[218]and conditioned media has been validated to serve

as a substitute for ung fibroblast cells in cultur19], MCF10A and GFP Myo1089 cells were
cultured in 50% MCF10A specific medium and 50% HMFU19 fibroblast conditioned medium.
Examination of MCF10A wildtype structures by H & E staining and IHC demonstrated variation
in morphology and a mixed phenotymvith only some structures positive for@&&d and EMA
reminiscent of the plasticity of these cells in 2D culture. MCF10A Luminal and MCF10A Basal
were uniformly positive for these two markers. However, regardless of population of MCF10A
cells,allstructtl 5a8 ¢SNBE LRAAGAGS FT2NJ ol arfkY@2SLIAGKSE
of basement membrane production was seen in all structures. The propensity of MCF10A cells
to adopt a basal phenotype has been described by several research ¢i@@p220]jand are
reported to be highly sensitive to changes in culture conditi@24]. The inability of these

cells to maintain expression of luminal epithelial markers in our culture system suggested they
may not be arappropriate representative of luminal epithelium for our model. In addition,
despite the successful culture of MCF10A spheroids for up to 26 days in other $a2#ips
MCF10A structures could not be maintained in our culture system beyond 7 days despite the
presence of fibroblast conditioned medium, preventing any long term experimentation with

this model. This highlighted a need to identify another cell line todsettpresent the luminal

epithelium in our model in order to investigate cancer initiation mechanisms.

HB2 cells were selected as an alternative representative of luminal epithelium due to their
proven ability to form branching dudike structures in cédgen | and for their luminal
epithelial characteristicEL99]. In concordnce with this,mmunofluorescence characterisation
of these cells as a 2D monolaylEmonstrated a luminal epithelial cell phenotype with

positive staining for cytokeratin 18 and EMA luminal markers and no staining for the
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myoepithelial markers cytokerafi pkc | yR h{a! ® tKSaS 6SNBE (K¢

a luminal epithelial representative for our study.

It was recognised that eoulturing different cell types together each with their own specific
media requirements would require optimisation ofltre media conditions to ensure survival

and to maintain phenotype of both GFP Myo 1089 and HB2 cells. Since luminal epithelial cells
are susceptible to adopting a more basal phenot{z#3]which could have been induced by

using GFP Myo01089 spécifmedium on HB2 cells, 100% HB2 specific medium was used

initially when ceculturing HB2 and GFP My01089 cells in 3D collagemmination of HB2
structures by H & E staining demonstrated small, compact and sparse structures using HB2
specific medium wih no evidence of cells with a myoepithellide spindleshaped

morphology. Addition of fibroblast conditioned medium had no effect on the morphology of
these structures. However, the use of 50% GFP Myo01089 cell specific medium with 50% FCM
produced mucHarger structures which were more abundant, showed evidence of lumen
formation with appearance of cells with a myoepitheligke spindleshaped morphology

distributed throughout the collagen gel. This suggested that the presence of GFP Myo1089 cell
specifc medium was necessary to retain GFP Myo1089 cell survival and that these cells
influenced HB2 cell arrangement. We confirmed that these features were mediated by the
presence of GFP Myo01089 cells in the culture system and not just through the inflfeBE€® 0
Myo01089 cell specific medium through culturing HB2 cells alone in either 50% HB2 cell specific
medium: 50% FCM or 50% GFP Myo01089 cells specific medium : 50% FCM. This proved that
HB2 cells are unable to form large units with lumens without the presef GFP Myo1089

cells regardless of the GFP Myo01089 cell specific medium being present.

The importance of GFP Myo1089 cells in HB2 cell arrangement was further demonstrated by
increasing the number of GFP Myo1089 cells. An excess of GFP Myo108®datdsgpHB2

units which were more cohesive, rounded, contained lumens and thus more representative of
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in vivobreast acini. Immunohistochemical analysis of these structures usingG# antibody
demonstrated GFP Myo1089 cell distribution around outeyesdof HB2 units making physical
contacts with HB2 cells reminiscentinfvivobreast acini. This indicated that HB2 cells and

GFP Myo01089 cells could be-mdtured together in 3D collagen | and produce structures that

were comparable tan vivobreast aini. Furthermore, the quality of these structures were
NEGFAYSR yR S@Sy SyKIFIyOSR y2GSR o0& LINBRdzOUGA
prolonged culture for up to three weeks allowing this model to be used for longer term

experimentation.

It has been peviously reported that inclusion of myoepithelial cells with luminal epithelial cells
in 3D collagen | matrix can abrogate the need for basement membrane preparations such as

IT M

Matrigel™ [71] due to their ability to produce proteins required for basement membrane
formation[72]. Immunohistochemical characterisation of our duaalture model of HB2 and

GFP Myo01089 cells demonstrated such basemesrtnbrane deposition around the outer

edges of HB2 units through coll IV andTNxpression. All HB2 cell units display«tbd

expression between HB2 cell junctions indicating these cells did not undergo EMT and all units
were polarised with EMA situated the apicalluminal interface of HB2 cells. Furthermore,

unlike MCF10A dudd dzf G dzNBa> | . H OStfta NBGFAYSR | f dzYA)
vim staining restricted to GFP Myo01089 cells. Lumen formation was evidenced through
apoptosis in the cemes of HB2 units. The morphology and phenotype of these structures
provided confidence that, under the right conditions, HB2 cells ioutture with GFP

Myo1089 in 3D collagen | were a better representative of breast acini than MCF10A cells and

could be altured for up to three weeks providing a better platform for experimentation of

cancer initiation events.
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3.5.2 Developing a tri -culture model by incorporation of fibroblasts

Having successfully established a heterotypiér8itro duakculture model of normbhuman
breast, we endeavoured to introduce a stromal fibroblast component to the model to better

represent thein vivobreast microenvironment.

Collagen | is a major synthetic product of fibroblasts thus fibroblasts form the structural
framework for themajority of connective tissues and serve to maintain the ECM environment
through secretion of factors such as MMR66]. Quiescent fibroblasts have the capacity to

0S02YS Gl OGAQlI GSRé RdzZNARYy3 g2dzy R[2KFahdf Ay 3 | YR
OKI N OGSNRAGAOItt& I Ol dza NB O[228)iFNidolasdt influénced G N
on breast epithelial architecture is well document@®5, 226, 227and is specifically

enhanced by culture in 3D in response to an ECM environ{2és.

HMFU19 cells are a breast fibroblast cell line originally isolated from breast reduction
mammoplasty samplegd81]. While these were originally considered for use as the fibroblast
component of our trculture model, characterisation of these cells by immunofluorescence
RSY2yalGNIGSR | t2aa 2F | ay2NNIft¢ FAONROEI &
suggestive of a myofibroblast phenotype and expression of epitkedisdciated cytokeratins

14 and 18These cells were therefore deemed an inadequate representative of normal

fibroblasts and presented a need to obtain a new normal fibroblast cell line.

Due to lack of commercially available normal fibroblast cell lines, we isolated fibroblasts from
breastreduction mammoplasty samples to produce a normal primary fibroblast cell
population. This was based on a technique by Holliday [@4&8] whereby digestion of primary
tissue with collagenase | yielded a fibrobtash supernatant fraction from which adherence
and outgrowth of a celpopulation with an elongated spind&haped morphology was

achieved. These grew in whorl patterns characteristic of fibroblast monolayer cultures.
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However, primary cell cultures have a finite life sf229] limiting use of these cells to short

term experiments and presenting issues with reproducibihfyERT is the catalytic subunit of

the telomerase enzyme and catalysbe addition of nucleotides to chromosome telomeres.

This prevents degradation of chromosome ends and allows multiple rounds of DNA replication
and thus proliferation and immortalisation of ce]J&30, 231] It was reasoned that this

technique could be applied to our primary fibroblasts to prajdheir culture life span

sufficiently for use throughout our study. Primary fibroblasts were retrovirally transduced with
pBABEhTERTeo vector and compared to netnansduced cells. Previous cultures of primary
fibroblasts in our laboratory have provea senesce and apoptose following five passages (Dr
Deborah Holliday, personal communication). It was therefore deemed unnecessary to select
hTERT transduced fibroblasts with geneticin as if hnTERT transduction was not successful; hTERT
transduced fibroblasgt would also have a finite life span in culture with little cell survival past
five passages. As expected;twnsduced primary fibroblasts did not survive more than five
passages over three weeks while hTERT transduced fibroblasts underwent 12 pastages
same time while retaining an elongated spindleaped morphology. These also did not show
evidence of becoming larger and fatter which are phenotypic changes associated with
fibroblast senescenci232]. All subsequent experiments using these fibroblasts were done so
with hTERT transduced fibroblasts between passages 12 and 20. hTERT transduced fibroblast
morphology did not chage upon 20 passages suggesting these cells may be immortalised but
would require further experimentation to confirm this. Satisfied with a representative

fibroblast population that could be cultured in excess of three weeks and therefore sufficient
for our experiments, LS1283 hTERT fibroblasts were lentivirally transduced with pFURW
dsRed vector to allow tracking in 3D-¢rilture. Following FACS, these retained constitutive
expression of dsRed protein in 100% of the cells with an elongated sysimajel morphology

and were termed LS1083 dsRed Fibs. Furthermore, characterisation of {08BldsRed Fibs

by immunofluorescence demonstrated a normal fibroblast phenotype with 100% positivity for
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vim and lack of luminal and myoepithelial cell markers inedlé cThese were also confirmed
tobenont OGA @I SR G KNRdJzZAK f | -08B dsRédl Fibs{waré thefefoleINS & & A 2
considered a robust, traceable cell population to represent the normal fibroblast component in

our model.

Due to the propensity of fibroblasts to dominate primary cultuj233], their basic media
requirements to thrive and their ability to maain their fibroblast phenotype regardless of
culture in epithelial specific media, we anticipated that L-883 dsRed Fibs would flourish in
both HB2 and GFP My01089 medium in @tdture model. The introduction of LSD83

dsRed Fibs into the tdulture model negated the need for fibroblast conditioned medium in
the culture system as previously optimised with HB2 and GFP Myo108@uuak. Since we
were conscious of inducing a lumimaloepithelial transition of HB2 cells by using an excess of
GFP M01089 cell specific medium and had also proved 50% GFP Myo1089 cell specific
medium was sufficient for GFP Myo1089 cell survival, 50% HB2 cell specific medium: 50% GFP
Myo01089 cell specific medium was used for thectriture model. Varying numbers of 1IS1

083 dsRed Fibs were incorporated into the culture system with the previously optimised ratio
of HB2 to GFP Myo01089 cells and assessed through visualisation with H & E. An optimal
number of 0.1x18ml of LS11083 dsRed Fibs was identified that successfeflained the

acinilike structures seen in the duallture system with hollow HB2 units, GFP Myo1089 cells
associated around outside edges and -:883 dsRed Fibs loosely distributed throughout the
collagen gel. These structures were examined by a damgbreast pathologist (Dr Rebecca
Millican-Slater) who confirmed that the proportion of each of these three cell types and the
structures they formed were a good representation of norinalivobreast. In these

conditions, a maximum culture period dfree weeks was established through time course

experiments with structural degradation noted after weeks four, five and six.
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Immunohistochemical analysis of the-tulture model phenotype under optimised culture
conditions revealed a strikingly similaasting pattern to breast acini providing confidence

that this is a robust model of normal breast tissue. Through culture of HB2 cells in the
presence of both a myoepithelial and a fibroblast component, we have demonstrated the
production of a basement memane through coll IV and TN expression, the polarisation of
HB2 cells through EMA anetkd expression and the presence of lumens cleared via apoptosis
through M30 expression without the need for MatrifélIn addition, we have proved that

each individal cell type retains a phenotype representative of their corresponding cell type in
normal breast tissue with vimentin expression detected in GFP Myo1089 and)83 titRed

Choa OStfa IyR h{a! F2dzyR Ay DCt aéz2zmnydg OS¢
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3.5.3 Quantification Technique

Having established a model that we were confident was representative of normal breast
tissue, we reasoned that this model could be a useful tool for cancer initiation studies through
manipulation of individual cells prior to culture. In order to analyse iatetpret differences in
structure formation/architecture scientifically upon cell manipulation in future experiments,

we deemed it necessary to determine a technique of quantifying our observations obtained
from histological methods. Through collaboratieith the Leeds Digital Pathology Team, a
method of quantifying size and number of HB2 units was developed by annotating digitally
scanned H & E stained slides using Aperio Image Scope software. Due to the 3D nature of the
model, it was anticipated that #ndepth of gel may affect the size and number of HB2 units.
With this in mind, 10 x 5um serial sections from onetiture gel were taken, H & E stained,
digitally scanned, annotated and size and number of HB2 units compared. We found that the
number ofHB2 units did not systematically increase or decrease when traversing through the
gel suggesting that HB2 units were evenly distributed throughout the gel. We demonstrated
that quantifying one section gave a good estimate of the mean number of HB2 units

throughout the whole population from 10 sections with an error of 13%.

Similarly, no significant differences were seen between sections two to eight from the mean
area of HB2 units from the whole population. Since the quantification of area of approximately
80 HB2 units gave a good representation of the mean from the whole population and the
mean number of units per section was between 62 and 90 units, we reasoned that quantifying
one section, providing it was taken from a depth of between 15 to 40um, was@ptable

method of quantification of area and number of HB2 units.

Conscious of the fact that there may be variation in diameter and therefore sections between

gel replicates or gels cultured in different conditions that could influence the numbesiaed
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of HB2 units, we reasoned that area and number of HB2 units would be expressed as a ratio of

the total area of the gel section in future experiments.

3.5.4 Summary

Current available 3n vitromodels of breast typically incorporate one or two cell types, such
as MCF10A cells and fibroblagt49, 195, 201]Presented here for the first time is a 8D

vitro model of normal breadtissue that not only incorporated luminal epithelial cells and
fibroblasts, but also included myoepithelial cells which are often neglected from othier 3D
vitro cultures of breast. In addition, unlike other &Dvitro models of breast which are often
cultured in basement membrane preparations such as MatH&90], this model was

cultured in the more physiologically relevant matrix of collagen I. Using cells engineered to
express red and green fluorescent proteins we proved individual cell populations could be co
cultured and tracked in 3D. Cultuire this manner yielded polarised structures with lumens
that mimic breast acini and that produced basement membrane proteins at their periphery,
replicating features achieved with other availableiBvitro models of breast in the literature
[154, 190] However, unlike other models, this was achieved by incorporating myoepithelial
cells and without the need for Matrigél and also made the model more representative of
normalin vivobreast tissue than other available models. This was proven by comparing
morphology and phenotype to normad vivobreast. This demonstrated that each individual
cell type retained atin vivophenotype and, that combined, shared morphology and

phenotype wth normal breast acini.

Therefore this model is robust and a good representative model of normal human breast
tissue. Furthermore, while mimicking features of aginvivoand replicating key features of

other available 3D models, our model offers thgportunity to study the role of myoepithelial
cells in 3D luminal epithelial architecture and theagmeration of these with fibroblasts in this

process which have not been possible before.
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However, it is recognised that although our model may be a gepresentation of normal
breast acini, it does lack the complete cellular heterogeneity found uivobreast tissue.

Other stromal components such as endothelial deiB#-236], immune cell$237, 238Jand
adipocyteq239] all play key roles in breast cancer progression through release of tumour
promoting cytokines and growth factors. 3D-calture models have been achieved which
include endothelial cellR40] or adipocyted204, 212)with epithelial cells and fibroblasts but
neglect the myoepithelial cell component of breast. In order to provideragrehensive

model of human breast tissue, cells such as these would need to be incorporated into our
model. However, tracking cells in a multicellular model such as this may prove challenging.
This could perhaps be overcome to certain degree by usellaf@editioned media but

applications of the model would be limited.

Nevertheless, since our model provided an adequate stromal component, could be analysed
through standard laboratory techniques and was quantifiable, we feel it has the potential to be
used as a tool for cancer initiation studies and could be built uptimeifiuture to include

other aspects oin vivobreast architecture.

115



4 Chapter 4: Assessing the suitability of the model for cancer

initiation studies via overexpression of HER proteins

4.1 Introduction

Having produced a 30D vitro tri-culture model that accurately recapitulates the normal breast
environment, we then sought to determine if the model could be used as a tool to study
cancer initiation processes. By genetic manipulation of the luminal epithelium in the model
which as éscussed in Chapter 1 are the source for the majority of breast cancers, we aimed to
disrupt the normal architecture of the model to produce a morphology and phenotype akin to
early stages of breast cancers. To do this we selected HER proteins as atedndida

overexpress in HB2 cells.

4.1.1 HER2

Human epidermal growth factor recept@ (HER2/Neu,-erbB2) is a member of a family of
receptor tyrosine kinases (RTKs) known as HERs/ErbBs. The HER family contains three other
members, epidermal growth factor recept@ER1/ErbB1/EGFR), HER3 (ErbB3) and HER4
(ErbB4). Like other RTKs, HER proteins are transmembrane spanning receptors usually
consisting of a cysteine rich extracellular domain designed for ligand binding, and an
intracellular kinase domain rich in tyrosimutophosphorylation site41]. HER receptors

exist in a monomeric form until stimulation from ligand binding where dimerization occurs
forming homodiners or heterodimers with other HER recept{42]. Heterodimerisation is

the key to the signal amplification and diversification of HER receptors and is summarised in
Fig 4.1. Investigation into the extracellular and intracellular domains of HER receptors has
revealed that HER2 protes are incapable of binding ligani@3]while HER3 receptors have
weaker intrinsic tyrosine kinase agty in comparison to other HER receptf?d4]. Without
heterodimerisation with other receptors, these HER members remain inactive. Since HER2

exists in an open coinfmation [245], it is the preferred heterodimerisation partner for other
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HER family members. HER2 reducesdissociation rate of its heterologous ligarj@46] and

can prevent internalisation and thus dowegulation of its binthg partnerqd247]. This results

in prolonged and more potent signalling, making HER2 containing heterodimers the most
catalytic heterodimer combinations of the HER family. Due to the ability of HER3 to bind
multiple PI3K protein substrates at a tirf#18] and the ability of HER2 to sustain ligad&R3
interactions, the HERRBIERS3 heterodimer is the most potent and mitogenic heterodimer of the
HER family. The potential of the HER2R3 heterodimer to activate PIE49]the ability of

HER?2 to activate the MAPK pathwa$0, 251]Jand Stat transcription factof52, 253Jmakes
HER2 a key regulator of a variety of cell responses such as proliferation, apoptosis and
differentiation. It could therefore be expected that HER2 would play a role in normal

mammary develoment and maintenance of normal breast physiology.
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Fig 4.1 Diagrammatic representation of HER dimerization combinations and their
corresponding ligands

Betacellulin
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Ligand binding to HER receptors induces formation of homodimers (HER1 and HER4 only) or
heterodimers é¢ading to activation and phosphorylation (P) of tyrosine residues within the
intracellular domains. HER ligands belong to the epidermal growth factor family (EGF) and over
16 different ligands have been identified, selections of which are displayed. Thed®

grouped into three main categories. HER1 binding ligands such as EGF, amphiregulin and
OGN YyAT2NY¥AY3 INBgGK FFEOG2NI P 6¢DChOI | 9wm Y
heparinbinding EGF (HBGF) and epiregulin, and, the heregulin famiR@l. HRG1 and HRG2
bind HERHER3, HER2ER4 and HER4ER4 dimers while HRG3 and HRG4 are HERA4 binding
ligands. The ability of HER receptors to heterodimerize allows the activation of a variety of
different as well as overlapping downstream signalling patys from the same the ligand

making the HER signalling network diverse and complex.
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However, perhaps due to the variety of signalling pathways that HER2 regulates coupled with
the lethality of knocking out the HER2 gene in mouse models, the role HER2 plays in mammary
development remains unclear. Due to overlapping functions of all fo& téEeptors, and the

fact that more than one HER receptor has the capacity to respond to the same ligand
[reviewed in 254] clarifying the role of individual receptors in mammary development is
challenging. Furthermore, research on this topic to date has been limited to studies with
murine models which may not be conseniachumans due to physiological differences

between mice and humar{255]. However, studies in mice and rats have demonstrated a

need for HER2 in several stages of mammary development. HER2 has proven necessary for
terminal end bud formation256], for lactation at partuition [257]and plays a role in

hormonally controlled pubertal developmef@58]. The roles of HERZ2 in these processes are
largely linked to epithelial cell proliferation and invasion which are key everieast
tumorigenesis. Therefore it is logical that this receptor would have oncogenic potential and

could play a key part in breast cancer progression.

4.1.2 HER2 and breast cancer

With this in mind, it is not surprising that HER2 gene amplification andiproterexpression

is found in approximately 16% of breast cand@&9]with breast cancer cells demonstrating

as many as 50 copies of the HER2 266]. Overexpression of HER2 is associated with a poor
prognosis and survival in breast cancer patients and correlates with more invasive tumours
[261]. The fact that HER2 overexpression also occurs in up to 50% dPbjGLR)gests a role

for HER2 in early events of cancer initiation and tumorigenesis. Studies in mice have shown
HER2 overexpression amis sufficient to induce transformation of mammary epithelium in a
single sted262, 263Jdemonstrating the potency of HER2 as an oncogene. In addition to its
mitogenic properties, HER2 has been linked to an increase in cancer stem cell populations in
breast[264] suggesting this receptor may initiate breast tumour formation through a variety of
mechanisms.
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The meclanism behind how HER2 can promote cancer initiation still remains unbleatro

studies using cell lines has provided some insight into the effect HER2 signalling has on already
established tumorigenic breast cancer cells. Earlyitro studies demonsate a decrease in
apoptosig265], anincrease in proliferatiofi266] as well as an increase in migrati@67-269]

and invasion[270]in breast cancer cell lines in responseHBR2. However, this does not

address the transforming ability of HER2. Limited studies usingumarigenic breast

epithelial cell lines in more sophisticated 3D models have given clues as to how this may occur.
Studies using the netumorigenic breast délines HB2 in 3D collagen matrix have

demonstrated increased branchifg71l]and MCF10A in 3D Matrigel have demonstrated
disrupted and invasive structures in response to HER2 overexpression. This suggests a role for
HER?2 in incresing normal mammary epithelial cell migration and inducing an EMT phenotype.

In addition, increased cell proliferation in luminal spaces of 3D MCF10A acini structures in
response to HER2 overexpression suggests HER2 may promotel&égh&notypd165].

Although promising, theein vitromodels do not take into account the influence of

surrounding stromal cells on these processes. A more representative model of normal breast
tissue is needed to investigate the effects of HER2 on normal mammary epithelial cell
phenotype in the pesence of stromal signals to get a more accurate picture of how HER2

functionsin vivobreast.
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4.2 Aims

The aim of this series of experiments was to investigate the ability of HER2 and HER3 both
alone and combined to induce changes in phenotype and morgiyadd normal luminal breast
epithelial cells in a physiologically relevant 3Bctriturein vitromodel of normal breast tissue
described in Chapter 3. In parallel to this we sought to validate the appropriateness of using

our 3Din vitromodel for breastancer initiation studies. This was addressed-by :

i Comparing the phenotype of HER2, HER3 and both HER2 and HER3 overexpressing
HB2 cells to wildtype HB2 cells in a 3D collagen rooftoire model

1 Investigating the effect of adding either myoepithelialls@r fibroblasts to wildtype
and HER overexpressing HB2 cells in a 3D collagesudtiak model

T Investigating the effect of adding a combination of myoepithelial cells and fibroblasts
on wildtype and HER overexpressing HB2 cells in a-8Ditire malel

1 Quantifying differences in morphology of HB2 units by measuring area, number and
lumen formation from sections of 3D gels stained with H & E

1 Characterising the phenotype by IHC
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4.3 Materials and Methods

HB2 cells that overexpressed HER2 and HER&8ipsatere a gift courtesy of Dr Fedor
Berditchevsky (University of Birmingham) and were maintained as per Table 2.1 Chapter 2. To
generate HER2 overexpressing (HB2 HER20OE) and HERS3 overexpressing HB2 cells (HB2
HER3OE), HB2 wildtype cells (HB2 WT) wereuviedlly transduced with HER2 and HER3 using

two separate pS\VVRBeo plasmids containing HER2 and HERS3 genes as previously described
[272]and FACS was performed to isolate cell populations which vwa&G&o>positive for either

HER2 or HER3. To generate both HER2 and HERS3 overexpressing HB2 cells (HB2 HER2/30E),
HB2 HER2OE cells were retrovirally transduced with a-p&¥plasmid containing the HER3

gene and doublestaining flow cytometry was performed tsolate cell populations which

were >95% positive for both transgenes.

4.4 Results

4.4.1 Confirmation of the overexpression of HER2 and HER3 in HB2 cell lines

HER2 and HERS3 protein expression was assessed in HB2 WT, HB2 HER2OE, HB2 HER3OE and
HB2 HER2/30E using wars blotting. Fig 4.2 represents results from three biological

replicates and showed that HER2 protein expression was increased in HB2 HER20OE and HB2
HER2/30E cells and HER3 protein expression was increased in HB2 HER30OE and HB2 HER2/30l
cells. Quantificaon data is presented as expression fold difference to HB2 WT for both

proteins and confirmed a 4fbld increase in HER2 expression in HB2 HER2OE cells and a 13

fold increase in HB2 HER2/30E cells. HER3 was increasefbhyit(tHB2 HER3OE cells and

by 17-fold in HB2 HER2/3OE cells. This confirmed that HB2 cells retained the overexpressed of

HER2 and HER3 proteins as expected.
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Fig 4.2 Western blot for HER2 ahdER3 in HB2 cells transduced with HER2, HER3 or both
HER2 and HER3 expression plasmids in comparison to HB2 wildtype cells.

a) AnttHER?2 1gG was used to detect total HER2 protein in HB2 wildtype cells (HB2 WT), HB2

cells overexpressing HER2 (HB2 HERBBR)cells overexpressing HER3 (HB2 HER3OE) and

HB2 cells overexpressing both HER2 and HER3 (HB2 HER2/30E). Bands of ~185kDa were
observed in HB2 HER20OE and HB2 HER2/3OE cells with HB2 HER2OE displaying a more intense
band than HB2 HER2/30E. No bands weteaed in HB2 WT and HB2 HER3OE cells. Anti

HER3 IgG was used to detect total HER3 protein for which bands of ~185kDa were observed in
HB2 HER3OE and HB2 HER2/30E cells with HB2 HER2/30OE displaying a more intense band than
HB2 HER3OE. No bands were detdé¢h HB2 WT and HB2 HER2OE cellsi Axttin IgG was

used as a loading control for which bands were observed in all samples at ~42kDa.

b) Histograms show quantification of HER2 and HER3 expression following densitometry

analysis using BioRad Image Babsoftware. Expression was calculated as fold difference to

Il . H 2¢ | FiSNI yARtiINIOrehch dell typa. Bafs déndte rhean from three

biological replicates and error bars the standard error of the mean (SEM).
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4.4.2 The effect of HER protein overex pression on the morphology and phenotype

of 3D in vitro tri -culture model of normal breast
In order to determine the effect of HER protein overexpression in HB2 cells in our model,
morphology of morphology of HB2 WT, HB2 HER2OE, HB2 HER3OE and HB2 #HER2/30E
cultures with LS1-D83 dsRed Fibs and GFP Myo1089 cells was assessed by H & E. These were
analysed following 21 days in culture as it was demonstrated in Chapter 3 that 21 days was the
optimal culture period for production of representative aélifie structures in our HB2 WT
control cells. Results presented are representative images from three technical replicates (Fig
4.3). This demonstrated that as in Chapter 3, HB2 WT cells formed small rounded units with
clear lumen formation with spindishapedcells loosely distributed throughout the collagen
gel. Upon HERZ2 overexpression, HB2 cells appeared to form much larger, elongated units
which featured distorted lumens and appearance of protrusions from outer edges of units.
HERS3 overexpressing cellsoadgppeared to form larger units containing distorted lumens but
these remained more rounded. HB2 cells overexpressing both HER2 and HER3 appeared to
form a combination of smaller rounded units and larger elongated units that were larger than
HB2 WT and atsfeatured distorted lumens. Quantification of these structures (Fig 4.4)
supported these observations. A significant increase in size of HB2 units was demonstrated
upon HER2 and both HER2 and HER3 overexpression compared to HB2 WT units (p=<0.05,
unpairedt-test). Only overexpression of HER3 alone induced a difference in number of units
formed showing a significant decrease (p=0.0442, unpaitedt}. Overexpression of HER2,
HERS3 and a combination of HER2 and HER3 caused a decrease in lumen formatwacomp

to HB2 WT (p=<0.05, unpairedest).

Distribution of GFP My01089 cells and L-882 dsRed Fibs in{cultures with HER
overexpressing HB2 cells was visualised by IHC usiAg&Riand aniisRed respectively
with representative images from three¢hnical replicates presented (Fig 4.5). As per Chapter

3, GFP Myo01089 cells were observed around outer edges of all HB2 units, a8 8tRed
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Fibs were detected loosely distributed throughout all collagen gels and remainredanyed

upon overexpressen of HER2 and HERS3. Association of 083XsRed Fibs with edges of HB2
HER3OE units was also noted. This confirmed units observed and quantified by H & E staining
still consisted predominantly of HB2 cells and not GFP Myo1089 cells c08FBtitRed Fib

regardless of HER protein overexpression.

Characterisation of phenotype of HB2 WT, HB2 HER2OE, HB2 HER3OE and HB2 HER2/30E 3D
tri-cultures by IHC with representative images from three technical replicates presented (Fig

4.6 & 4.7) demonstrated that irhe presence of both GFP My01089 and @33 dsRed Fibs,

E-Cad expression was observed at-cell junctions within all HB2 units regardless of HER2 or
HER3 overexpression. However, this staining did appear weaker in HB2 HER2/30E units. Strong
EMA stainig was detected in the single monolayer of cells surrounding a central lumen in HB2
WT units, and across the entirety of HB2 HER20E and HB2 HER3OE units. EMA staining
appeared weaker in HB2 HER2/30E units but distributed at théuosdin interface. Strong

Ki67 expression was observed largely across the entirety of all HB2 units, however, areas of
Ki67 negativity were detected within central luminal spaces of HB2 HER2/30OE units. No M30
expression was detected within HB2 WT units but weak staining was détiectells loosely
distributed throughout collagen gel. HB2 HER2OE units contained no M30 expression while

HB2 HER3OE and HB2 HER2/30E showed speckles of M30 expression within centre of HB2
units. Strong coll IV expression was detected neatly distributedral the edges of HB2 units

regardless of HER2 or HER3 overexpression.

4.4.3 HER?2 overexpressing HB2 tri -cultures resemble DCIS in vivo

In order to validate whether our HER2 overexpressinguliure models were representative
of in vivoDCIS, we compared&lE stained sections of HB2 HER2QOEuttures with a cross
section of a humam vivo breast tissue specimen that contained areas of both DCIS and

normal adjacent acini to compare to our HB2 WT controls (Fig 4.8). As per Chapter 3, HB2 WT
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units were sma) rounded and contained clear lumens and were therefore strikingly similar to
normal breast acinin viva Areas of DCI8 vivofeatured large elongated ducts and contained
distorted lumens with necrotic tissue. These also featured enlarged and discelvetis. HB2
HER2OE units similarly were elongated in shape and contained discohesive cells and distorted
luminal spaces thought to be a product of necrosis. This not only confirmed that the normal
tri-culture model was robust and retained features of mad breast acini, but this also

confirmed that we could accurately recapitulate features of DCIS through overexpression of

HER2 in our model.
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Fig 4.3H & Estaining of 30in vitro tri-culture models containindHER overexpressingB2
cells

Wildtype (HB2 WT), HER2 overexpressing (HB2 HER20E), HER3 overexpressing (HB2 HER3OE)
and both HER2 and HE&&:rexpressing (HB2 HER2/30E) HB2 cells wereltoed in 3D

collagen gels with GFP positive myoepithelial cells (GFP Myo01089) and dsRed positive

fibroblast cells (LS1083 dsRed Fib) for 21 days. 5pm sections of gels were stained with H & E

and represetative images from three technical replicates are presented. HB2 WT cells (a & b)
formed cohesive rounded units (RU) with lumens (L) and gels featured spindle shaped cells (SC)
loosely distributed throughout collagen matrix. HB2 HER2OE cells (c & d) formebdarger

more elongated units (EU) with distorted lumens (DL) and featured protrusions (PRO) at edges.
HB2 HER3OE cells (e & f) formed larger rounded units with distorted lumens. HB2 HER2/30E
cells (g & h) formed a combination of large rounded anagéded units with distorted lumens
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