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Lay Summary 
 

Breast cancer can be subdivided into different types according to the microscopic 

appearance of cells; this is referred to as the histological subtype.  The two most 

common histological subtypes of breast cancer are invasive ductal carcinoma (IDC) 

and invasive lobular carcinoma (ILC), which account for approximately 80% and 

12% of cases respectively.  Owing to its relative rarity, ILC is understudied as a 

breast cancer subtype.  ILC behaves in a distinct manner from IDC, however patients 

with ILC are currently treated similarly to those with IDC.  By advancing our 

understanding of the biological mechanisms driving ILC, we may identify new 

treatments that could be particularly effective in ILC.   

 

Although we have gained valuable information from studies focussing on the genetic 

differences between ILC and IDC, genes lead to the generation of proteins and it is 

these that ultimately determine the behaviour of cells.  Many of the experiments 

described within this thesis therefore used protein-based techniques to compare 

differences in the levels of proteins between ILC and IDC.  This led to the 

identification of increased activation, or switching on, of a series of proteins referred 

to as the PI3K-Akt signalling pathway, in both mouse and human ILC.  This suggests 

that inhibition of this pathway may be an effective treatment strategy in ILC. To fully 

investigate this possibility, it was necessary to develop reliable investigative tools 

which accurately model, or mimic, the ILC subtype of breast cancer.  This included 

determining the best way to model ILC in the mouse, and also separating cancer cells 

from patient tumours shortly after surgery to perform experiments in culture.   

Generation and analysis of these tools has provided useful insight into the unique 

biology of ILC.    
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Abstract 

 

Breast cancer is a heterogeneous disease, and can be classified according to 

histological subtypes based on cellular morphology.  Invasive ductal carcinoma 

(IDC) and invasive lobular carcinoma (ILC) are the most common histological 

subtypes, accounting for approximately 80% and 12% of cases respectively.  ILC 

exhibits a number of distinct clinico-pathological features in comparison with IDC, 

and is understudied as a breast cancer subtype.  ILC tumours are typically oestrogen 

receptor positive, HER2 negative, and frequently demonstrate early loss of E-

cadherin expression, which is a hallmark of the lobular phenotype.  ILC is presently 

treated in a similar manner to IDC, with treatment generally directed against 

hormone receptors.  Upon acquisition of hormone resistance, limited secondary 

options are available; patients are rarely candidates for agents targeting HER2, and 

are recognised to be poorly responsive to chemotherapeutics.  We therefore need to 

advance our understanding of lobular tumour biology, in order to identify suitable 

biomarkers that will guide the development of targeted therapies for ILC patients.   

 

As protein expression levels determine cellular phenotype, a protein-based approach 

has the potential to provide biologically relevant insight into the mechanisms driving 

ILC.  A range of protein analysis platforms, including reverse phase protein array, 

label-free mass spectrometry and immunohistochemistry, were therefore used to 

elucidate biological mechanisms active in the ILC subtype. Such experiments led to 

the identification of activated PI3K-Akt signalling in mouse and human ILC, 

suggesting that inhibition of this pathway may be an effective treatment strategy in 

lobular breast cancer.  Preliminary evidence of differences in cytoskeletal and extra-

cellular matrix (ECM) proteins was also acquired, providing an interesting basis for 

future research.   
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A further major strand of this project was the development of in vitro and in vivo 

tools, to facilitate further interrogation of lobular biology.  This included 

determination of a representative mouse model of ILC, and generation of primary 

cancer cells and cancer-associated fibroblasts (CAFs) from patient-derived material.  

Analysis of CAFS showed differential expression of ECM-associated genes, 

consistent with proteomic analyses.  In addition, a tissue micro-array (TMA) 

comprising primary ILC and IDC tumours, with associated clinical data, was 

developed.  Immunohistochemical staining of the TMA identified a potential role for 

IGF-1 pathway signalling in ILC, with increased expression of IGF-1 ligand 

associating with increased tumour size and metastasis in ILC patients.  Taken 

together, the generation and validation of a range of useful tools in the course of this 

work has provided useful insight into the unique biology of ILC.    
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CHAPTER 1: INTRODUCTION 

 

1.1 Histological types of breast cancer 
 

Breast cancer is the most common malignancy among women worldwide, with an 

estimated 1.68 million new cases diagnosed in 2012, representing 25% of all cancers 

[1].  Despite significant advances in early detection and treatment, breast cancer 

remains the leading cause of cancer-related death worldwide for females, with over 

90% of deaths attributable to metastatic disease [1, 2].  Breast cancer is a highly 

heterogeneous disease comprising several distinct entities, which differ with respect 

to clinical presentation, pathological features, therapeutic response and outcomes, 

and can be classified in several ways, including by histological subtype [3].   

 

Histological subtype is assessed based on the cytological features and growth 

patterns of tumours.  The commonest histological type of breast cancer is invasive 

ductal carcinoma of no special type (IDC-NST), which accounts for approximately 

70-80% of cases [4].  IDC is a diagnosis of exclusion, referring to adenocarcinomas 

that lack the morphological or cytological features necessary to classify the tumour 

as a special type.  The World Health Organisation (WHO) classification 

acknowledges the existence of 17 special histological types of breast cancer, which 

account for 25% of invasive breast cancers [5].  Invasive lobular carcinoma (ILC) is 

the most common special type of breast cancer, and the second commonest 

histological type overall, accounting for 5-15% of cases [4, 6, 7].  Rarer special 

subtypes of breast cancer include tubular, medullary, metaplastic, apocrine, 

mucinous and papillary carcinomas.  Mixed breast cancers are defined as those 

comprising a specialized pattern in at least 50% of the tumour, and a non-specialized 

pattern in 10-49% of the tumour [8].    
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Owing to their relative rarity, the special subtypes of breast cancer are often 

underrepresented in clinical studies, resulting in a weaker evidence base for the 

therapeutic decisions made for these patients [9, 10].  There is therefore a need to 

develop a greater understanding of the biology driving the development and 

progression of the special histological subtypes of breast cancer.  This thesis will 

focus on the special subtype of ILC, drawing comparisons with IDC-NST (referred 

to hereafter as IDC), from which it exhibits a distinct clinico-pathological profile.  

 

 

1.2 Histopathological features of ILC 
 

1.2.1 Terminology and morphological characteristics  

 

Lobular breast cancer refers to a spectrum of disease encompassing pre-invasive 

lesions, collectively referred to as lobular neoplasia (LN), and ILC.  LN includes 

atypical lobular hyperplasia (ALH) and lobular carcinoma in situ (LCIS).  The term 

‘lobular’ is misleading and reflects the historic belief that lobular and ductal subtypes 

originated from the lobules and ducts of the mammary system, respectively.  

However, seminal work by Wellings et al demonstrated that both subtypes arise from 

the terminal duct lobular unit (TDLU) [11, 12].  It should be noted that although 

LCIS is particularly considered to be a non-obligate precursor of ILC, it is also a 

widely accepted risk factor the future development of either ILC or IDC [13, 14].   

 

ALH and LCIS represent progressive involvement of the TDLU [15].   In LCIS, a 

population of cells fills and distends the TDLU, and may migrate along the ductal 

system in a manner referred to as Pagetoid spread.  ALH resembles LCIS, but does 

not completely solidify the acini within TDLU.  LN lesions are bound by the  
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myoepithelial layer and an intact basement membrane, while ILC penetrates the 

basement membrane and invades into the surrounding stroma.  The cytological 

appearance of LN and ILC are typically similar, featuring small, monomorphic, 

discohesive cells, featuring cytoplasmic vacuoles, small rounded nuclei and absent or 

small nucleoli.  In classic ILC, cells infiltrate the surrounding stroma as single cells 

or one-layered strands of cells, referred to as trabeculae or “Indian files”, often in a 

targetoid pattern around uninvolved ducts.  ILC usually feature low mitotic activity 

and few apoptotic cells.  The histological features of ILC in comparison to IDC are 

shown in the images of haematoxylin and eosin (H&E) stained sections in Figure 

1.1.   

 

The above so-called classic form of ILC accounts for 57% of cases [16]; since the 

original description of lobular carcinoma by Foote and Stewart in 1941 [17], a 

number of ILC variants have been described, including alveolar [18], solid [19], 

tubulo-lobular [20], signet ring [21], histiocytoid [22], pleomorphic [23] and mixed 

[21] variants.  The alveolar and solid variants account for approximately 19% and 

11% of ILC cases respectively, and retain the typical cytonuclear features of ILC, but 

exhibit different growth patterns [16].  Alveolar ILC is characterised by round, 

balloon-like aggregates of 20 cells or more surrounded by thin sheets of intervening 

stroma, while solid ILC features large sheets of cells, with sparse intervening stroma.  

In contrast, the pleomorphic variant, which accounts for 10% of ILC lesions, retains 

the discohesive growth pattern of classic ILC, but is distinguished by the appearance 

of polygonal cells harbouring at least a moderate degree of nuclear pleomorphism 

and frequent mitoses [23, 24].  

 

Histological grading of breast cancer using the Nottingham system, is based upon the 

extent of tubule formation, mitotic activity and nuclear pleomorphism, and is 

recommended by the WHO as the grading system for all invasive breast cancers [25]. 

The sum of these scores stratifies breast tumours into well, moderately and poorly 

differentiated, with scores of 1 to 3, respectively.  Owing to the lack of tubule  
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formation and low mitotic rate observed in the majority of ILC cases, the 

applicability of this system to ILC has been debated among histopathologists [26-

28].  However, a large retrospective study reported that histological grade is an 

independent prognostic factor in ILC, with mitotic activity being the component 

most predictive of poor outcome [29].  Most studies are in agreement that the vast 

majority of ILC (up to 85%) are of histological grade 2 [26, 30-32].   

 

1.2.2 Immunophenotypic profile of ILC 

 

The evaluation of immunophenotypic markers permits additional classification of 

breast cancer beyond histological type, and can provide important predictive and 

prognostic information to support clinical decisions.  In comparison to IDC, ILC 

more often exhibits positive expression of hormone receptors.  Between 80-95% of 

ILC cases are oestrogen receptor (ER) positive, with rates among the variants of ILC 

found to be highest in alveolar and lowest in pleomorphic [6, 7, 30, 33-40].  

Progesterone receptor (PgR) expression is found in 65-82% and androgen receptor 

positivity in 87% of ILC cases [30, 39-41].  Overexpression of Epidermal growth 

factor receptor 2 (HER2/Neu) is not usually a feature of ILC, although it is observed 

more frequently in pleomorphic ILC, being identified in 35-81% of cases [42-46].  

EGFR expression is also infrequent in ILC [7, 32].  Similarly, the expression of p53 

is rarely seen in ILC, while positive expression is common in the pleomorphic 

variant [38, 47].  Classic ILC express luminal epithelial markers (cytokeratin (CK) 8 

and CK18), and lack expression of basal markers (CK5/6, CK14 and CK17) [48].  

 

Loss of E-cadherin membrane expression is a hallmark of the lobular phenotype, 

with this being a consistent feature in lobular neoplasia and among all variants of 

ILC [49-52].  Reported rates of E-cadherin loss in ILC range from 74% to 100% [30, 

32, 49, 51, 53], and there is evidence that E-cadherin is dysfunctional in cases 

retaining E-cadherin expression [54, 55].  Together with associated catenins (α-, β-,  
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and p120-catenin), E-cadherin forms the cadherin-catenin complex (CCC) at 

adherence junctions (AJ), and maintains the structure and polarity of epithelial cells 

(Figure 1.2).  Progressive dissociation of the CCC is observed in lobular breast 

cancer, with loss of α-catenin and β-catenin, and relocalisation of p120-catenin to the 

cytoplasm [51, 56-58].  Absent or aberrant E-cadherin membrane expression has 

diagnostic utility as a negative marker of LN and ILC, and cytoplasmic localization 

of p120-catenin serves as a useful positive immunohistochemistry marker for ILC 

[58, 59].   However, diagnosis remains chiefly based upon cytological and 

morphological criteria, and tumours should not be reclassified as ductal based upon 

the aforementioned markers [54].  Reduced cell adhesion following disruption of the 

cadherin-catenin complex (CCC) in ILC is reflected in its distinct, discohesive 

morphology.  The genomic alterations contributing to E-cadherin loss in ILC, and the 

functional implications upon cellular biology are discussed in Sections 1.5.2 and 1.6, 

respectively.  

 

1.2.3 Relation to molecular subtypes of breast cancer 

 

At the turn of the century, a molecular subtyping system based on RNA expression 

profiling defined five novel subtypes of breast cancer – Luminal A (ER+ or PgR+, 

Her2-), Luminal B (ER+ or PgR+, Her2+), Basal-like (triple negative; ER-, PgR-, 

Her2-), HER2/Neu (ER- and PgR-, Her2+) and Normal [60, 61].  This molecular 

classification was based on the transcriptomic signatures of predominantly IDC 

tumours, however subsequent gene expression profiling of histological special types 

of breast cancer indicated that the majority of ILC tumours can be considered 

Luminal A lesions, based on lack of HER2 expression and hormone receptor 

positivity [62].  Since the pleomorphic and apopcrine variants tend to be ERBB-2 

positive, these entities were classified in Luminal B or HER2 groups, depending on 

hormone receptor status [37].  
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Figure 1.1 Histological features of ILC and IDC 

A-C - Classic ILC histology comprising single file strands of loosely adherent cells, with loss 

of E-cadherin membrane expression (C).  D-F - IDC exhibits a dense, cohesive arrangement 

of cells, which retain membranous E-cadherin staining (F).  Note the comparatively higher 

stromal content of ILC in A-C.  G-I - The pleomorphic, alveolar and solid variants of ILC are 

shown in G-I, respectively.  A-F from [63], and G-I from [64]. 
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Figure 1.2 Components of the adherens junction [65] 

The cadherin-catenin complex forms the major component of adherens junctions (AJ) 

between epithelial cells. The extracellular domain of E-cadherin comprises five repeated 

domains, EC1-EC5, with homophilic binding occurring between EC1 domains.  The 

cytoplasmic domain of E-cadherin binds to p120-catenin and β-catenin/α-catenin, which 

interact with microtubules and actin filaments, respectively.  
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1.3 Clinical features of ILC 
 

1.3.1 Clinical presentation 

 

Multiple comparative studies of ILC and IDC highlight that the clinical 

characteristics of ILC and IDC are significantly different.  ILC frequently presents in 

older patients compared to IDC, which is believed to reflect the low proliferative rate 

of ILC and tendency to later presentation, owing to the diagnostic challenges 

presented by its peculiar histology [6, 7, 33, 66].  The diffuse growth pattern of ILC 

cells described above causes little disruption to normal mammary structures, leading 

to a lack of desmoplastic stromal response [21].  As a result, ILC typically presents 

with vague clinical signs, such as thickening or induration, as opposed to a discrete 

lump, making early detection by palpation or mammography challenging [67].  ILC 

are therefore not uncommonly of larger size than IDC at presentation [7, 30, 35, 44, 

68].   Although several studies suggest that rates of axillary lymph node (ALN) 

involvement are similar between ILC and IDC [7, 33, 69], grade- and/or stage-

matched studies involving substantial patient numbers suggest that ILC is associated 

with a significantly higher rate of lymph node positivity [35, 70].  Presentation with 

multifocal (multiple foci in same breast quadrant) disease is more common in ILC 

than IDC, however there are mixed reports as to whether these histological entities 

exhibit different rates of or multicentric (multiple foci in different quadrants of same 

breast) or bilateral disease at presentation [36, 71-74].  

 

1.3.2 Radiological detection 

 

As mentioned above, radiological detection of ILC poses a specific challenge.  

Mammography has a lower sensitivity in detecting ILC in comparison to IDC, with 

up to 30% of ILC tumours not visualised and 35% only apparent on one view  
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[68, 75].  This is largely owing to a lack of contrast between the lesion and normal 

breast tissue, since ILC infrequently present as high-density spiculated masses that 

can be distinguished from surrounding breast parenchyma [76].  In addition ILC 

lesions do not typically feature calcifications, which are easily detected by 

mammography [77].   Ultrasound is reported to demonstrate superior sensitivity to 

mammography, with most ILC tumours manifesting as an irregular hypoechoic mass 

with posterior acoustic shadowing [75, 78].  It is more accurate than mammography 

in estimating tumour size; however, up to 10% of ILC remain sonographically occult 

[79, 80].  In comparison to mammography and ultrasound, magnetic resonance 

imaging (MRI) demonstrates higher sensitivity for ILC, and is also an accurate 

method for the detection of synchronous ipsilateral or contralateral disease [81-83].  

Since MRI can better define the extent of disease, its use in the pre-operative setting 

may improve surgical planning, with one study reporting a change of management in 

28% of ILC cases as a result of pre-operative MRI [83].  

 

1.3.3 Patterns of metastatic spread 

 

While the overall incidence of metastasis is not reported to differ between ILC and 

IDC, these entities are recognised to exhibit distinct patterns of metastatic 

dissemination [7].  In 1984, Harris et al described a statistically significant increase 

in the incidence of bone metastases in ILC compared to IDC, while lung metastases 

were more common in IDC [84].  These trends have since been confirmed by several 

other comparative studies of ILC and IDC [6, 7, 30, 33, 85, 86].  There is also 

uniform agreement that ILC has a predilection for spread to unusual sites of 

metastasis, including the peritoneum, gastro-intestinal tract and gynaecological 

organs [6, 7, 72, 84, 85, 87-89].  Rates of liver metastasis are similar for ILC and 

IDC [7, 30, 85].  The majority of the aforementioned comparative studies pre-date 

the introduction of the breast cancer molecular subtyping system however, and there 

is a resultant lack of evidence analysing patterns of metastatic spread by intrinsic 

subtype. 
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1.3.4 Prognosis 

 

Whether a histological diagnosis of ILC confers a different prognosis to IDC has 

remained a controversial issue.  Survival outcomes of ILC are reported to be the 

same [6, 36, 68, 73, 90, 91], worse [30, 92, 93] and better [35, 66, 93] than those of 

IDC.  Many studies examining the clinical outcomes of ILC are limited by small 

patients numbers and/or short duration of follow up.  A large study undertaken by 

Arpino et al, and encompassing more than 4000 ILC patients, demonstrated similar 

5-year overall survival (OS) for ILC and IDC [7].   A study including 414 ILC 

patients with a long duration of follow up (up to 25 years) also reports similar 

survival outcomes for ILC and IDC until 10 years, however ILC was found to exhibit 

worse long-term outcomes thereafter [30].  The analysis undertaken by the 

International Breast Cancer Study Group (IBCSG), is often considered the optimum 

study for comparing ILC and IDC due to its size (767 ILC patients) and long 

duration of follow up (median 13 years) [33].  Similar to the previous study, the 

IBCSG showed that a histological diagnosis of ILC conferred an early survival 

advantage, but was associated with adverse long-term outcomes in terms of disease-

free (DFS) and OS after 6 and 10 years, respectively [33].  However, it has been 

argued that a high proportion of node positive patients were included in the IBCSG 

analysis, which is not reflective of the majority of ILC patients [94].   

 

To determine the effect of lymph node status upon the outcomes in ILC patients, 

Brouckaert et al stratified 555 ILC and 3334 IDC patients by lymph node status [94].  

DFS and disease-specific survival (DSS) of node negative ILC and IDC patients 

were similar at 5 years, while in the node positive groups, ILC patients exhibited 

inferior DFS and DSS compared to IDC.  Compared to the IBCSG study however, it 

could be contended that the duration of follow up of the Brouckaert study is too short 

to assess long-term outcomes, and the latter study could also be critiqued for 

assigning cases exhibiting lobular morphology and positive E-cadherin expression to 

the IDC cohort (see Section 1.2.2). 
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A possible factor contributing to the disparity between these studies is the inclusion 

of a range of ILC variants, which themselves are associated with different survival 

outcomes.  While the classic form of ILC appears to confer a favourable prognosis, 

the pleomorphic variant is recognised to be more aggressive, often presenting with 

distant metastasis and demonstrating poor prognostic outcomes [23, 24, 37, 45, 47, 

95, 96].  The solid and mixed non-classic variants have also been associated with 

inferior survival compared to classic ILC [37], while the tubulo-lobular variant is 

reported to confer superior survival outcomes overall [97].  In a recent study 

comprising luminal A, classic ILC cases only, ILC was found to exhibit worse long-

term outcomes in comparison to IDC [92].  

 

While the precise implication of ILC histology upon prognosis remains unclear 

based on the data presently available, it is apparent that despite demonstrating 

several good prognostic features, such as low grade, ER positivity, and HER2 

negativity, the long-term outcomes of ILC patients are not significantly better than 

those with IDC. 

 

 

1.4 Management of ILC 
 

Despite its distinct clinico-pathological profile, ILC is presently managed similarly 

to IDC.  This largely reflects the relative paucity of research relating to ILC, with 

ILC patients featuring as a minor subgroup in many large breast cancer trials only. 
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1.4.1 Surgery 

 

Consistent with all breast cancers, surgical resection is the mainstay of treatment for 

ILC.  There has historically been a bias towards treating ILC patients more 

aggressively, with lobular histology being a predictive factor for initial mastectomy 

[98, 99].  It is now generally accepted that similar rates of loco-regional control can 

be achieved by breast conservation surgery (BCS), followed by irradiation, or radical 

mastectomy in ILC [74, 100, 101].  That being said, BCS is associated with higher 

rates of re-excision and/or completion mastectomy in patients with ILC due to 

positive margins, however this does not appear to adversely impact upon survival 

[36, 68, 102, 103].  Increasing numbers of ILC patients are treated by BCS, however 

mastectomy remains a more frequent choice in comparison to IDC, particularly in 

the management of pleomorphic ILC [35, 95, 104].  As for all breast cancer 

subtypes, sentinel lymph node biopsy is routine in ILC, and if positive, axillary 

lymph node dissection may be performed, although this is presently a controversial 

subject in the breast cancer field [69, 105].  

 

1.4.2 Chemotherapy 

 

Preoperative or neoadjuvant chemotherapy (NAC) is indicated for large operable 

breast carcinomas that are not amenable to BCS, or for locally advanced inoperable 

tumours, with the aim of down-staging the tumour and permitting a higher rate of 

breast conservation.  Complete disappearance of tumour cells in the breast and 

lymph nodes after NAC is referred to as a pathological complete response (pCR).  

Multiple studies report poor responsiveness of ILC to NAC, including a meta-

analysis undertaken by Petrelli et al, which demonstrated that lobular histology was 

associated with a three-fold lower rate of pCR and two-fold lower rate of breast 

conservation [66, 106-108].  Despite this, lack of pCR following NAC in ILC is not 

linked to worse survival [66, 109].   
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A number of histological factors predictive of low response to NAC (low grade, low 

proliferative index, ER positivity and HER2 negativity) occur more frequently in 

ILC than IDC, leading some to suggest that the low chemosensitivity of ILC reflects 

its immunophenotypic profile [108].  Consistent with this postulation, Lips et al 

found that positive hormone receptor and negative HER2 expression were predictive 

of poor response to NAC, independent of histology [110].  However, pCR rates 

remained significantly lower in lobular versus ductal patients in a study restricted to 

ER-positive patients [111].   

 

NAC regimes are most commonly anthracycline-based, administered in combination 

or sequentially with taxanes, and an alternative explanation may lie in the sensitivity 

of lobular cancers to anthracyclines.  The topoisomerase-IIα (TOP2A) enzyme is a 

direct target of anthracyclines, leading to double stranded DNA breaks and cell 

death.  Amplification of the TOP2A gene is a predictive marker of response to 

anthracycline-based NAC [112], and Brunello et al demonstrated that 95% of classic 

ILC tumours lack TOP2A amplification, which may contribute to the low pCR rates 

observed in this histological subtype [113].  

 

ILC patients are also documented to derive no survival benefit from systemic 

chemotherapy administered in the adjuvant setting.  In a study encompassing 498 

non-metastatic ER-positive ILC patients, Truin et al found no difference in survival 

measures for patients treated with hormone therapy with or without adjuvant 

chemotherapy [114].  

 

Molecular pathology tests, such as the 21-gene assay Oncotype DX, are increasingly 

utilised to estimate the risk of distant recurrence and predict the benefit of 

chemotherapy in breast cancer [115].  Analysis of Oncotype DX recurrence risk 

scores by histological subtype showed that ILC tumours rarely exhibit high 

recurrence scores, however Conlon et al demonstrated that Oncotype DX testing can  
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impact upon treatment decisions in a proportion of ILC patients, in particular those 

with pleomorphic ILC [116, 117]. 

 

1.4.3 Hormonal therapy 

 

As described above the vast majority of ILC patients exhibit positive expression of 

hormone receptors.  Epidemiological studies suggest that ILC are oestrogen  

 

responsive, for example, Li et al observed that rising rates of ILC incidence 

correlated with increasing use of post-menopausal hormone replacement therapy [4].  

ILC patients are therefore considered excellent candidates for hormonal therapies, 

including the selective estrogen receptor modulator (SERM) tamoxifen, or aromatase 

inhibitors, such as letrozole and exemestane.   

 

In a randomized trial comparing the effect of 2 years tamoxifen versus no treatment 

in post-menopausal breast cancer patients, there was no difference in outcome 

between ER-positive ILC patients in treatment and control arms of the study [118].  

In contrast, tamoxifen treated ER-positive IDC patients experienced increased 

relapse-free survival in comparison to untreated controls [118].  Assessment of post-

menopausal women with ER-positive early stage breast cancer in the monotherapy 

arms of the Breast International Group (BIG) 1-98 trial, showed significant 

reductions in 8-year disease-free survival (DFS) in 324 ILC patients treated with 

letrozole versus tamoxifen [119].  In IDC patients, this effect was confined to 

Luminal B-like tumours only [119].   Results from the Austrian Breast and 

Colorectal Cancer Study Group (ABCSG) VIII trial showed improved benefit in 

terms of overall survival for ILC patients treated with tamoxifen followed by 

anastrazole, compared to tamoxifen alone [120].  In the neoadjuvant setting, Dixon et 

al reported a 81% rate of breast conservation in post-menopausal women with ER+,  



 Elucidating biological mechanisms associated with invasive lobular carcinoma of the breast   
   

 15 

 

large operable or locally advanced ILC who received neoadjuvant letrozole for at 

least 3 months [121].   

 

Taken together, these results suggest that while ILC patients appear to benefit from 

treatment with aromatase inhibitors, they exhibit a limited response to adjuvant 

tamoxifen therapy.  This is at odds with the favourable biological profile of most ILC 

patients, and implies that ILC may be intrinsically tamoxifen resistant.  Although 

extensively studied in IDC, endocrine response and resistance in ILC has not been 

widely investigated at a cell biological level.  Sikora et al observed that the ER drives 

a distinct programme of gene expression in ER-positive ILC cell lines, which 

correlated with the ability of tamoxifen to function as a growth agonist in these cells 

[122].   Just recently, large-scale genomic characterisation studies revealed ILC-

specific mutations in genes related to ER signalling modulation, and these are 

discussed further below [123, 124].  

 

1.4.4 Targeted intervention 

 
Personalised medicine is serving an increasingly important role in oncology, with the 

introduction of evidence-based, individualised, molecularly targeted therapies.  A 

pivotal development in the field of targeted therapy for breast cancer was 

trastuzumab, a monoclonal antibody against HER2 overexpressing tumours, effective 

in treating patients with HER2 positive disease [125].  HER2 is more frequently 

overexpressed in pleomorphic ILC, suggesting that this subgroup may derive benefit 

from HER2 targeted therapies, and a retrospective analysis of the HERA trial 

showed similar benefit of trastuzumab for HER2 positive ILC and IDC patients [47, 

126].  The subject of HER2 in ILC is revisited in Section 1.5.3. 
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As detailed in the ensuing sections, we are only just beginning to unravel the cellular 

mechanisms driving the development and progression of ILC.  However, emerging 

potential personalised strategies include targeting of the PI3K/Akt and RhoA/ROCK 

signalling pathways [124, 127].   

 

 

1.5 Genomic and transcriptomic landscape of ILC 
 

1.5.1 Chromosomal aberrations  

 

Array-based comparative genomic hybridization (CGH) studies demonstrate that ILC 

is associated with a lower frequency of copy number alterations in comparison to 

IDC [128, 129].  ILC consistently exhibit high incidence of loss of chromosome 

16q22, which is often accompanied by gain of 1q [130-134].  Additional recurrent 

alterations are gain of 8q and 16p, loss at 8p23-p22, 11q14-q25 and 13q, and 

amplifications at 1q32, 8p12-p11 and 11q13 [64].  Candidate genes in these regions 

include CDH1 (encoding E-cadherin) in 16q22, FGFR1 in 8p12-p11, and CCND1 in 

11q13 [131].  It is not presently clear which genes at 1q may contribute to lobular 

biology [135].  Array CGH studies comparing classic and pleomorphic ILC suggest 

that these entities derive from a similar genetic pathway [130, 134].   Recently, 

Sawyer et al analysed the single nucleotide polymorphisms (SNPs) of 6539 lobular 

breast cancers as part of the GLACIER study, a UK study of lobular breast cancer 

[136].  They found 6 SNPs that were strongly associated with ILC and LCIS, but not 

with IDC, with 7q34 showing identified a novel lobular breast cancer specific 

predisposition polymorphism at 7q34 [136] 
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1.5.2 Aberrations of the CDH1 gene  

 

As iterated above, loss of E-cadherin membrane expression is a hallmark feature of 

lobular breast cancer and is driven by genomic aberrations affecting the CDH1 gene 

located at chromosome16q22, including mutational inactivation, promoter 

hypermethylation and/or loss of heterozygosity (LOH) [137-139].  Classic and 

pleomorphic ILC are associated with the same genetic triggers of E-cadherin 

inactivation [140].  Somatic mutations are found throughout the CDH1 coding 

region, and over 90% of somatic mutations occur in combination with LOH of the 

wild type CDH1 allele [137].   CDH1 mutations and LOH are also present in LCIS, 

suggesting that loss of E-cadherin is an early event in lobular carcinogenesis [50, 

138].  Promoter hypermethylation and resultant down-regulation of CDH1 

expression is documented to occur in 41-77% of ILCs [138, 139].  There is also 

evidence that CDH1 can be silenced epigenetically in ILC via the TGF-β/SMAD2 

pathway [54].  CDH1 mutations are rarely seen in IDC [137].  

 

Somatic CDH1 mutations are also present in 40-83% of sporadic diffuse gastric 

cancers, which exhibit a similar infiltrative growth pattern to ILC [141, 142].  

Interestingly, there is a difference in mutation types between diffuse gastric cancers 

and ILC; in diffuse gastric cancer, CDH1 mutations generate exon skipping, causing 

in-frame deletions, while in ILC mutations are frameshift, and encode truncated, 

non-functional proteins [143].  Germline CDH1 mutations are associated with the 

hereditary diffuse gastric cancer syndrome (HDGS), and ILC is among the spectrum 

of tumours observed in these patients [144, 145].  Although germline CDH1 

mutations are rare in ILC without a history of HDGS, they have recently been 

detected in women with early onset, bilateral LCIS with or without ILC, and no 

family history of gastric cancer [146].   
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1.5.3 Gene expression profiling studies 

 

A number of gene expression profiling studies have been undertaken to determine 

the transcriptomic differences between ILC and IDC [147-151].  However, with the 

exception of E-cadherin loss, there is minimal overlap in the reported differences in 

gene expression between these studies.  Although a number of factors might account 

for this disparity, including variation in platforms used and differing modes of 

analysis, many of these studies did not control for confounding factors, such as 

histological grade, ER status and luminal molecular subtype, that are associated with 

distinct transcriptomic patterns themselves.  This is particularly significant in the 

context of ILC, which, as outlined above, differs from IDC with respect to the 

aforementioned parameters.  To address this, Weigelt et al used a case-control 

approach to perform transcriptomic profiling using ER-positive, grade- and 

molecular subtype- matched ILC and IDC tumours [151].  ILCs exhibited down-

regulation of genes involved in cell adhesion, actin cytoskeleton remodelling, TGF-β 

signalling, and DNA repair; and up-regulation of transcription factors, lipid 

biosynthesis genes and cell-migration associated genes.   

 

The preceding gene expression studies are limited by small sample sizes (5-21 ILC 

tumours) and a resultant lack of statistical power.  Next generation sequencing 

technologies have led to a substantial increase in the depth of interrogation of 

individual tumour genomes, which through the efforts of international consortia has 

resulted in the output of high quality data for vast numbers of tumours.  Three 

recently published studies, comprising large cohorts of primary ILC patients, have 

greatly enhanced our understanding of the genetic landscape of ILC and represent a 

significant step towards the development of targeted treatment strategies for ILC 

patients.  In the largest study to date, Desmedt et al analysed 413 ILC tumours for 

mutations, and 170 tumours for copy number aberrations [123].   The Cancer 

Genome Atlas (TCGA) consortium performed a multiplatform analysis of 127 ILC 

tumours, while the Rational Therapy for Breast Cancer (RATHER) consortium  
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integrated genomic, transcriptomic and reverse phase protein array (RPPA) data 

derived from 144 ILC patients [124, 152]. 

 

As predicted, CDH1 was the most frequently altered gene in all three studies, with 

mutations detected in 43-65% of ILCs [123, 124, 152].  Mutations in key genes 

regulating the phosphatidylinositol 3-kinase (PI3K)/Akt signalling pathway were 

also consistently noted in ILC.  Desmedt et al found that 50% of ILC tumours 

exhibited mutations in PIK3CA, PTEN and AKT1, and that each of these genes were 

more frequently mutated in ER-positive/HER2-negative ILC than in ER-

positive/HER2-negative IDC [123].  The RATHER group also identified a higher 

rate of PIK3CA and AKT1 mutations in ILC [152].  In the TCGA study, PIK3CA 

mutations occurred significantly more frequently in ILC than IDC (48% versus 

33%), and in Luminal A tumours, PTEN inactivating alterations were identified in 

14% and 3% of ILC and IDC samples, respectively [124].  Reduction of PTEN 

expression in ILC was confirmed at the protein level by RPPA, which also 

highlighted an significant increase in activated (phosphorylated) Akt [124].  These 

findings substantiate those of other studies, which also observed a higher frequency 

of PIK3CA mutations in ILC, and are strongly suggestive of a central role for the 

PI3K/Akt pathway in this breast cancer subtype [153-155].  Targeted inhibition of 

this pathway using PI3K and Akt inhibitors may be an effective treatment strategy in 

ILC.  This subject is discussed further in Chapter 3. 

 

The large-scale studies also identified genetic alterations relating to ER cofactors; 

both Desmedt et al and the TCGA group identified enrichment of FOXA1 mutations 

in ILC tumours, while GATA3 mutations were more frequently found in IDC [123, 

124].  The TCGA group showed that this corresponded to lower GATA3 expression 

at the mRNA and protein levels in ILC [124].  FOXA1 and GATA3 are key 

regulators of ER transcriptional activity, and these results imply preferential binding 

of ER to FOXA1-bound promoter sites in ILC and to GATA3-bound sites in IDC 

[156, 157].  This could cause differential ESR-1 regulated gene expression, with  
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implications on response to hormonal therapies.  These findings are particularly 

interesting in light of the improved response of ILC to aromatase inhibitors 

compared to tamoxifen described earlier, and merit further investigation.   

 

There is increasing evidence that ILC exhibit the highest incidence of ERBB2-

mutated, non-amplified tumours among all breast cancer subtypes [123, 155, 158].  It 

has only in recent years been recognised that ERBB2 mutations are oncogenic, and 

capable of inducing cellular transformation and tumour formation, independent of 

ERBB2 gene amplification [159].  These mutations are sensitive to HER2/EGFR 

tyrosine kinase inhibitors, and ILC patients harbouring ERBB2 mutations may 

therefore benefit from this targeted approach [159].  The results of phase II trials 

involving patients with ERBB2 mutated, non-amplified breast cancer are thus 

awaited with interest. 

 

The studies undertaken by the TCGA and RATHER consortia identified molecularly 

distinct subsets of ILC.  Transcriptomic data derived from Luminal A ILC tumours 

gave rise to reactive-like, immune-related and proliferative subgroups in the TCGA 

study, while the RATHER group identified immune-related and hormone-related 

subtypes [124, 152].  Further validation is necessary, however the development of 

ILC-specific classifications may enable therapeutic decisions to be guided by the 

unique biology of ILC.  Interestingly, there was a significant difference in the extent 

of lymphocytic infiltration in immune-related samples in comparison to the 

hormone-related samples in the RATHER study, thus a subset of ILC patients may 

be suitable candidates for immune-based therapies [152].  
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1.6 The role of the cadherin-catenin complex in ILC 
 

1.6.1 Basic structure of the cadherin-catenin complex 

 

Cadherins are a family of transmembrane glycoproteins that mediate calcium-

dependent, homophilic cell-cell adhesion via their extracellular domains [160].  E-

cadherin is a type I classical cadherin, which serves as a key component of cell-cell 

adherens junctions (AJ) in epithelial tissues (Figure 1.2).  Normal E-cadherin 

expression and function is essential for the maintenance of epithelial cell structure 

and polarity, and targeted knockout of the CDH1 gene encoding E-cadherin is 

embryonic lethal [161, 162].  E-cadherin links the extracellular environment to the 

cytoskeleton and several signalling pathways through interaction of their cytoplasmic 

domains with members of the catenin family, particularly α- and β- and p120-catenin 

[161].   

 

β-catenin binds to the C-terminal cytoplasmic domain of E-cadherin shortly after its 

synthesis, and transports it from the endoplasmic reticulum to the plasma membrane 

[163].  In normal cells, cytoplasmic levels of β-catenin are usually low due to rapid 

proteosomal degradation of excess β-catenin [164].  Phosphorylation of β-catenin 

can, however, result in its nuclear translocation, where it initiates Wnt pathway 

signalling [165].  β-catenin in turn binds to α-catenin, which facilitates anchorage to 

the actin cytoskeleton [166].  In contrast, p120-catenin binds to the juxta-membrane 

domain of E-cadherin, and regulates the retention of E-cadherin at the cell surface by 

inhibiting its endocytosis and degradation [167, 168].  In addition, p120-catenin 

connects E-cadherin to the microtubule network [169]. 
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1.6.2 Differential modulation of E-cadherin in ILC versus IDC 

 

E-cadherin is widely considered to be a tumour suppressor, and reduced or impaired 

E-cadherin expression is associated with higher grade, increased invasion, metastatic 

dissemination and poor prognosis in numerous types of epithelial cancer, including 

breast cancer [170-175].  In normal breast tissue, E-cadherin may be transiently 

down-regulated during mammary ductal morphogenesis and growth, however it is 

usually uniformly expressed in mature luminal epithelial cells [176].  As outlined 

earlier, the two main histological subtypes of breast cancer, IDC and ILC, exhibit 

differential E-cadherin expression patterns.  IDC cells generally co-express E-

cadherin, β-catenin, and p120-catenin at the cell membrane in AJ, although E-

cadherin inactivation may occur in advanced disease through epigenetic mechanisms 

that cause epithelial to mesenchymal transition (EMT) [177, 178].  In contrast, loss 

or inactivation of E-cadherin in ILC occurs at the initiating stages of tumour 

development, with step-wise decrease of E-cadherin, β-catenin and α-catenin 

expression observed during transition from LCIS to ILC [50, 51, 53].  E-cadherin 

inactivation in ILC, resulting from the genetic aberrations described in Section 1.5.2, 

is irreversible and leads to complete loss of membranous E-cadherin expression in 

most cases [179].   In comparison, modulation of E-cadherin expression in IDC is 

dynamic, and tends to result in partial, rather than complete, loss of membranous 

expression [180].  

 

1.6.3 Relation to epithelial-mesenchymal-transition (EMT) 

 

EMT is a process whereby cells switch phenotype, and experience loss of polarity 

and adhesion, to become increasingly migratory and invasive.  This process occurs 

during embryonic development, wound healing, and in the course tumour 

progression [181, 182].  Features of EMT in tumours included promotion of 

‘cadherin switching’ (reduced E-cadherin and activated N-cadherin expression), and  
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acquisition of expression of mesenchymal markers, such as vimentin and smooth 

muscle actin (SMA) [183].  TWIST is a transcription factor described as a master 

regulator of EMT, due to its role in driving the cadherin switching process.  

Increased levels of TWIST expression have been reported at the mRNA and protein 

levels in ILC, leading to postulation that EMT may play a role in lobular 

carcinogenesis [51, 184].  However, ILC cells remain morphologically epithelial, 

retaining expression of epithelial cytokeratins and rarely expressing markers of 

EMT, as demonstrated in a recent immunohistochemical analysis of 148 ILC 

tumours [177].  Furthermore, EMT is a reversible process, usually associated with 

advanced stages of cancer progression – loss of E-cadherin is an early and 

irreversible event in ILC, occurring irrespective of grade, stage or hormone receptor, 

HER2 and nodal status.  

 

1.6.4 Impact upon intracellular signalling pathways 

 

Further to its significant contribution to cell adhesion, members of the cadherin-

catenin complex also serve significant roles in orchestrating a range of intracellular 

signalling processes.  Loss of E-cadherin in ILC was first recognised over twenty 

years ago [49], however it is only in recent years that we have began to elucidate the 

implications of this upon signalling pathways relevant to cancer progression and 

metastasis.   

 

β-catenin is a critical component of the canonical Wnt signalling pathway, which is 

often aberrantly activated in cancer [185].  Complete loss of E-cadherin expression 

may be anticipated to raise levels of free cytoplasmic or nuclear β-catenin, resulting 

in enhanced Wnt signalling.  However, the concurrent loss of E-cadherin and β-

catenin expression in ILC reduces this possibility, and there is also evidence that Wnt 

signalling is not activated in E-cadherin negative breast cancer cell lines derived 

from either ILC and IDC [51, 53, 186].  There is presently no data suggesting that β- 
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catenin loss results from mutational inactivation in ILC, however studies using cell 

lines derived from conditional mouse models of ILC (mILC; see Section 1.7.2.2) 

suggest that it may be subjected to proteosomal degradation resulting in silencing of 

the canonical Wnt pathway [127, 137].  

 

The Hippo/Yes-associated protein (YAP) pathway is a crucial regulator of organ 

size, and dysregulation of this signalling cascade also contributes to tumorigenesis 

[187-189].  YAP enhances several processes necessary for tumour progression and 

metastasis, including proliferation, invasion and migration [187].  Through a 

physical association mediated by the 14-3-3 adaptor protein, α-catenin promotes 

cytoplasmic sequestration of YAP to prevent its dephosphorylation and activation 

[190, 191].  Upon dissociation of the AJ, YAP is activated by protein phosphatase 2, 

and translocates to the nucleus, where it drives transcriptional activation [191].  This 

suggests that α-catenin loss in ILC may trigger activation of Hippo/YAP signalling, 

and Vlug et al recently provided evidence of this in both mouse and human ILC 

[192].  Significantly higher expression of nuclear and cytosolic YAP was seen in ILC 

compared to IDC in an immunohistochemical analysis by comparing 50 ILC and 187 

IDC cases, and experiments using human breast cancer cell lines and cells derived 

from mILC, linked nuclear localisation of YAP to loss of E-cadherin expression 

[192].  Thus increased YAP activity may serve a significant role in ILC progression. 

 

In the course of tumour progression, cancer cells develop several properties that 

increase their metastatic capacity.  Crucially, they must overcome anoikis, which 

refers to the execution of apoptosis (programmed cell death) upon loss of cell-cell 

and/or cell-matrix attachments.  Upon dissociation of the AJ, ILC cells must 

therefore overcome anoikis and develop anchorage independence, in order to 

progress and metastasize.  Cancer cells employ various strategies to achieve anoikis 

resistance, one of the most common being initiation of pro-survival signalling 

pathways, including activation of the PI3K/Akt cascade [193].  Loss of the negative 

regulator of Akt, PTEN, is associated with anoikis resistance, while conversely, its  
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overexpression can trigger anoikis via suppression of Akt phosphorylation [193, 

194].  Akt regulates transcription factors that control expression of pro- and anti-

apoptotic genes, and can also directly phosphorylate pro-apoptotic proteins, such as 

Bad and procaspase-9, to inhibit their function.  As described above in Section 1.5.3, 

there is increasing evidence that PI3K/Akt signalling is activated in ILC; this may be 

a downstream consequence of E-cadherin loss, and subsequent disruption of cell-cell 

contacts, to maintain anchorage independent growth, and promote invasion and 

metastasis.  

 

Unlike α- and β-catenin, p120-catenin is retained in ILC, and undergoes translocation 

to the cytosol and nucleus [56, 127].  Additional data acquired using E-cadherin 

negative cell lines from mILC, demonstrated a role for p120-catenin in facilitating 

anchorage independent growth of ILC [127, 195].  Cytosolic translocation of p120-

catenin induced anoikis resistance by indirectly activating the Rho/Rock signalling 

pathway, by inhibition of myosin phosphatase Rho interacting protein (Mrip), an 

antagonist of Rho/Rock function [127].  The same group subsequently showed that 

nuclear p120-catenin inhibits Kaiso-mediated transcriptional repression in mILC 

cells, resulting in expression of Wnt11 - a non-canonical Wnt signal, which drives  

 

Rho-dependent anoikis resistance [195].  In support of this, immunohistochemical 

assessment of human breast cancers revealed that Kaiso expression was localised to 

the nucleus in IDC, while expression was confined to the cytoplasm in ILC cases 

[196].  Inhibition of Rho/Rock signalling may therefore represent an effective 

therapeutic strategy in ILC. 
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1.7 Existing model systems of ILC 
 

As exemplified by the description of ILC in the preceding sections, breast cancer is 

not a single disease, but rather an array of different diseases, with diverse clinico-

pathological features, genetic anomalies and clinical outcomes.  Advancing our 

understanding of this malignancy necessitates access to experimental models that 

represent the various forms of breast cancer, to ensure appropriate interpretation and 

clinical translation of investigative findings.  Existing model systems of ILC include 

breast cancer cell lines, xenografts and genetically engineered mice (GEM), and the 

strengths and limitations of each are summarised below. 

 

1.7.1 In vitro models of human ILC 

 

Cell lines are the most widely used models of breast cancer, and represent powerful 

tools of near infinite supply, that are easily propagated and amenable to genetic 

manipulation.  The use of cell lines in cancer research has greatly advanced our 

knowledge regarding the genes and signalling pathways that regulate cellular 

processes central to tumour progression, including proliferation, apoptosis, invasion 

and migration [197].  Although the molecular subtypes of breast cancer are well 

represented amidst the vast array of cell lines established to date, limited numbers are 

derived from the special histological types of breast cancer [198, 199].  Indeed, as 

highlighted in a recent review by Christgen and Derksen, only seven of over 100 

established breast cancer cell lines are histologically confirmed or suspected to 

derive from ILC [200].   

 

The cell lines suspected to originate from lobular tumours (MDA-MB-134, SUM-

44PE and BCK-4), exhibit features consistent with the classic variant of ILC, 

including loss of E-cadherin, hormone receptor positivity and HER2 negativity  
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[200].   However, without the histopathological details of the original tumour 

specimens, the possibility that loss of E-cadherin expression occurred in vitro as a 

result of EMT cannot be excluded.  These cell lines cannot, therefore, be regarded as 

reliably representative of ILC.  That being said, although the MDA-MB-134 line was 

initially documented to derive from a metastatic pleural effusion arising in a patient 

with IDC, it harbours a homozygous mutation of the CDH1 gene, loss of β-catenin 

expression and cytoplasmic localization of p120-catenin, which together are strongly 

suggestive of a lobular phenotype [201].  Furthermore, it shares similar 

characteristics with the bona fide ILC cell line, IPH-926, including a near identical 

pattern of chromosomal gains and losses [201].  The MDA-MB-134 line has 

therefore been utilised as model of ILC by some groups [122, 131].   

 

Histologically confirmed pure ILC cell lines include MDA-MB-330, HCC-2185, 

UACC-3133 and IPH-926.  With the exception of IPH-926, the histopathological 

details relating to the tumours from which these cells were derived are not 

documented, and limited characterisation has been performed in vitro.  MDA-MB-

330 cells express wild-type, but dysfunctional E-cadherin due to biallelic mutation in 

the CTNNA1 gene encoding α-catenin, however the E-cadherin status of HCC-2185 

and UACC-3133 has not been reported [202].  The basic immunophenotypic profiles 

of MDA-MB-330 and HCC-2185 cells are not typical of ILC, being hormone 

receptor negative and HER2 positive [199, 202-204].  As above, without the original 

histopathological details for comparison, it cannot be assumed that these cell lines 

remain representative of their corresponding tumour specimens.  Furthermore, since 

these cells are derived from malignant pleural effusions, rather than primary 

tumours, it is possible that receptor conversion could have occurred during metastatic 

progression [205, 206].   

 

The IPH-926 cell line is a prototypical example of the latter phenomenon.  It was 

derived from malignant ascites occurring in a patient with metastatic ILC, and 

exhibits negative ER and HER2 expression, and pleomorphic features [201, 207].   
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The corresponding primary tumour, diagnosed 16 years prior to the establishment of 

the cell line, was low grade, ER-positive ILC [201].  IPH-926 harbours a 

homozygous CDH1 frameshift mutation and lacks E-cadherin, and the same 

mutation was detected in archival tissue of the original ER-positive breast tumour, 

confirming the clonal origin of IPH-926 from ILC [201].  Although IPH-926 cells 

exhibit a triple negative profile, gene expression micro-array demonstrated that they 

retain a luminal subtype [208].  Additional features of IPH-926 consistent with the 

lobular phenotype include p120-catenin cytoplasmic translocation, chemo-resistance, 

and evidence of typical morphological features, such as single-files of cells [201, 

209, 210].  The IPH-926 cell line is therefore the only authentic in vitro model of 

ILC currently available.  It appears to be representative of the less common 

pleomorphic variant, and being derived from metastatic, rather than primary disease, 

its clinical relevance is limited to aggressive entities only.  The development of a 

representative cell line derived from a primary classic ILC tumour would thus be a 

highly valuable comparator for IPH-926. 

 

It is important to recognise the disadvantages of established/continuous cell lines, 

some have already been alluded to above and are detailed in a review by Burdall and 

colleagues [211].  Briefly, major concerns of older cell lines include the potential for 

genotypic and phenotypic drift from the original tumour, and the significant risk of 

cross-contamination resulting in false lines [211].  In addition, it is challenging to 

study the full spectrum of breast cancer progression in vitro since the majority of 

established cell lines are derived from sites of metastastic disease.  This reflects the 

fact that fast growing, high stage and poorly differentiated cancers are more likely to 

yield continuous cell lines, since the genetic changes necessary to immortalise cells 

tend to be late events in cancer progression [212].  In contrast, the development of 

cell lines from slow growing primary tumour material is an arduous and lengthy 

process, and these are consequently not widely available [211, 212].  Finally, 

absence of detailed information regarding the histopathology of tumours used to  
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produce established cell lines restricts the interpretation of data acquired in the 

course of in vitro studies.  

 

Primary cell cultures are produced by growing cells from tumour material taken 

directly from an individual, and may circumvent the disadvantages of older, 

established cell lines [211, 213, 214].  The short-term lifespan of primary cultures 

protects against the risks of genetic alteration or selective pressure encountered by 

established cell lines that are used for extended periods of time.  Primary cells 

therefore have the potential to yield more clinically relevant data, owing to retention 

of phenotypic characteristics of the original tumours, which can be verified by 

comparison with clinico-pathological details.  Finite lifespans may, however, limit 

the range of experiments that can be undertaken, and maintenance of primary cells is 

complex, challenging, costly and time consuming. This approach is discussed further 

in Chapter 5.  

 

1.7.2 In vivo models of ILC 

 

1.7.2.1 Xenograft models  

 

A common approach to modelling breast cancer in vivo is the generation of 

xenografts by inoculation of human breast cancer cell lines into immuno-

compromised mice, either by subcutaneous injection into flanks, or orthotopic 

injection into the mammary fat pad.  Whereas spontaneous metastasis to distant sites 

is rarely observed following subcutaneous transplantation, orthotopic inoculations 

more readily facilitate the study of advanced tumour progression [215].  

Homogenous cancer cell lines lack the stromal constituents normally observed in 

human cancers, and these xenograft models cannot therefore reproduce the important 

tumour-stroma interactions that occur throughout tumour progression [216].   
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Although orthotopic models are considered to be more physiologically relevant, 

there are clear differences between the stroma of human and mouse mammary tissue 

[198, 215].  Some groups have addressed this by co-injection of human cancer cells 

and fibroblasts, however there is a tendency towards replacement of human stromal 

components with murine cells [217, 218].   Intravenous tail vein, intra-cardiac, intra-

osseous and intra-peritoneal injection of human cell lines into mice, are additional 

techniques use to generate experimental models of metastasis. 

 

The IPH-926 cell line is reported to retain lobular histology following subcutaneous 

inoculation in mice, however, its use is limited by extensive in vitro doubling times, 

and as previously discussed, the characteristics of IPH-926 are not representative of 

the majority of ILC tumours [201].  Thus, the utility of traditional xenograft 

approaches for ILC research is currently limited by the lack of suitable human cell 

lines. 

 

Over recent years patient-derived xenograft (PDX) models have been increasingly 

used in translational research, to generate more clinically predictive models of 

cancer.  This approach involves subcutaneous or orthotopic transplantation of 

sections of fresh human tumour samples into immunocompromised mice.  If tumour 

engraftment is successful, xenografts can be propagated over successive generations.  

Compared to cell line xenograft models, PDXs retain more similarities to parental 

tumours, including retention of histological subtype, cellular heterogeneity and gene 

expression profiles [219].  The presence of stromal tissue within implanted tumour 

fragments suggests the human breast tumour microenvironment can be more closely 

mimicked using PDXs, however as with traditional orthotopic xenografts, 

replacement of human stroma with murine tissue has been reported [220].  A critical 

limitation of all xenograft approaches is their dependency on highly 

immunocompromised hosts.  This is an important consideration, since it now 

established that the immune system plays a significant role in tumour progression, 

and there is mounting interest in the use of immuno-modulating therapies [221, 222].   
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ILC xenograft tumours are a rare source owing to the low take rates associated with 

this breast cancer subtype [200].  As suggested by Christgen and Derksen, the 

characteristics of classic ILC do not particularly favour successful engraftment; the 

number of cancer cells within implanted fragments may be low due to the reduced 

cellularity and higher stromal content of ILC tumours, and the time required for 

tumour development could extend beyond the hosts lifespan owing to the slow 

proliferation rate of ILC [200].  Cottu et al report a 1.7% take rate for ER-positive 

ILC, with successful engraftment from only one of 59 fragments implanted in Swiss 

nude mice, which was HER2-positive and therefore not representative of most ILC 

cases [223].   

 

Welm and colleagues have developed a large collection of breast cancer xenografts 

using non-obese diabetic/severe combined immunodeficient (NOD/SCID) mice, 

including HCI-013, which is derived from E-cadherin negative, ER-positive, HER2-

negative metastatic ILC [219].  Importantly, HCI-013 retains lobular morphology 

and a stable immunophenotype in vivo, and it can be directly compared with one of 

several xenografts derived from IDC, such as HCI-005 [122, 219].  There is evidence 

of a skew towards successful engraftment with clinically aggressive breast cancer 

tumour subtypes, and it is important to note that HCI-013 is representative of 

metastastic rather than primary ILC [224].  Nonetheless, HCI-013 represents the 

most clinically relevant in vivo model of ILC currently available. 

 

1.7.2.2 Genetically engineered mouse models 

 

GEM models have evolved to become invaluable tools for the study of cancer 

pathogenesis.  Advances in genetic engineering have enabled more precise control 

over the timing of loss or gain of gene function, tissue selectivity, and targeting of 

particular cell types.  Compared to xenograft models, they allow experiments to be 

performed in the context of a fully functioning immune system, and facilitate the  
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study of all stages of tumour development, from initiation to local invasion and, in 

many cases, distant metastasis.  A wide range of GEM models of breast cancer are 

available, in which the modulation of one or more genes altered in human breast 

cancer results in the development of murine mammary tumours that resemble the 

human form at both histological and molecular levels [225].   

 

Conditional GEM tumour models are based on site-specific recombination systems, 

including the Cre-lox system, which allows conditional inactivation or activation of 

genes, and relies on lox P recognition sites to guide Cre-recombinase-mediated 

recombination [226].  To inactivate a gene, it must be flanked by lox P sites, before 

the introduction of Cre recombinase by somatic delivery using Cre-encoding viruses, 

or crossing with Cre-recombinase-bearing mice, which results in recombination 

between the two recognition sites and deletion of the gene.  Different promoter 

elements can be used to drive site-specific expression of Cre recombinase in the 

mouse mammary gland, including the mouse mammary tumour virus (MMTV), 

keratin-14 (K14) and whey acidic protein (WAP) [227]. 

 

This technology was employed in the development of conditional mouse models of 

ILC [228, 229].  In initial attempts, mice failed to develop breast cancer in models 

based on mammary-specific Cre-mediated conditional knockout of the CDH1 gene 

alone, and this finding was consistent irrespective of the mammary-specific promoter 

used [228-230].   Anticipating that a prior oncogenic hit may be necessary to induce 

tumour development, researchers next developed compound models based on 

concomitant inactivation of the tumour suppressor p53 in addition to E-cadherin, 

driven by the conditional deletion of floxed p53 and CDH1 alleles in the mammary 

gland [228, 229].  Inactivation of p53 alone resulted in non-metastatic, locally 

expansive tumours, which retained E-cadherin expression and thereby served as 

useful controls.  In contrast, dual knockout of p53 and E-cadherin induced a shift 

from expansive to invasive tumour growth, including a high proportion (54-60%) of 

tumours bearing morphological features resemblant of human ILC.  The latter model  
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was therefore referred to as “mouse ILC” (mILC) [228].  Similar outcomes were 

achieved using K14 and WAP promoters, however the WAP driven model is 

preferential due to the high frequency of skin carcinomas arising in the K14 model 

[229]. 

 

Consistent with the human phenotype, mILC cells were small, uniform, discohesive, 

and exhibited the characteristic single file and targetoid growth patterns.  They also 

lacked E-cadherin and HER2 expression, and the high incidence of multifocal mILC 

tumours was also reminiscent of human ILC.  Most ILC lesions exhibited extensive 

nuclear pleomorphism and were deemed high grade, suggesting that this model 

recapitulates pleomorphic rather than classic ILC.  An important discrepancy is that 

mammary tumors arising in mILC are ER and PR negative, whereas the vast 

majority of human ILCs are hormone receptor positive [7, 228, 229]. The lack of ER 

expression in mILC likely represents a general shortcoming of the mouse as a model 

for ER-positive human breast cancer, rather than a specific issue with this model, 

since most mammary tumors induced in mice are hormone receptor negative [231]. 

 

Approximately 74% of mice bearing primary mILC tumours developed distant 

metastasis.  Metastatic deposits were detected in a wide spectrum of sites including 

those commonly recognised sites of breast cancer metastasis (lungs, liver, bone), and 

also unusual sites more frequently associated with ILC, including the gastro-

intestinal tract and peritoneum.  Metastatic mILC tumours showed similar 

morphology and immunophenotypes to their primary counterparts. [229] 

 

The majority of tumours displayed mixed expression of CK8 and CK14, which are 

considered luminal/epithelial and basal/myoepithelial markers, respectively.  While 

this may raise concerns regarding possible EMT, mILC were morphologically 

epithelial, and were negative for the EMT markers vimentin and SMA.  That being 

said, other tumours types arising in the dual knockout models were solid carcinoma  
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and carcinosarcomas, which were largely biphasic, displaying mixed epithelial and 

mesenchymal or spindle cell morphology, and exhibited positive vimentin 

expression. These findings are evocative of an evolving EMT process, and Derksen 

et al suggest that a partial EMT may have occurred in some mILC cells. [228, 229]   

 

Prior to the development of the mILC model, it was not clear whether loss of E-

cadherin initiated ILC, influenced its progression or was simply a disease marker 

with no mechanistic relevance.  Mice deficient of both p53 and E-cadherin 

developed mammary tumors significantly faster than mice lacking p53 alone, and 

loss of E-cadherin appeared to be selected for early in tumorigenesis.  In comparison 

with the control group, mILC tumours were highly metastatic.  These findings 

suggest that E-cadherin loss may contribute to both initiation and progression of ILC. 

[200, 228, 229]  

 

Formation of mILC necessitated both E-cadherin and p53 protein loss, which may 

raise concerns since p53 mutations are not frequently reported in human ILC.  

Inactivation of p53 is, however, reported in 4-25% of human ILC [7, 232, 233], and 

there is also evidence that a proportion of human ILC tumours exhibit chromosomal 

losses containing the p53 locus [234, 235].  To clarify the status of p53 mutations in 

ILC, Ercan et al performed DNA sequencing using 41 human ILC tumours and 

found that p53 mutations were significantly more prevalent in the pleomorphic 

versus classic variant (44% versus 14%), while p53 protein accumulation did not 

differ significantly between the two subtypes [236].   

 

As indicated in Section 1.6.4, in vitro studies undertaken using cell lines isolated 

from primary mammary tumours arising in control (p53 negative, E-cadherin 

positive) and mILC (p53 negative, E-cadherin negative) models have provided 

valuable insight into the cellular mechanisms that may be important in ILC.  The 

initial basis for the earlier described studies was the discovery that mILC cells were  
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anoikis resistant and exhibited anchorage independent growth upon loss of cell-

matrix interactions [228, 229].   Orthotopic xenograft models, which are reported to 

recapitulate primary tumour growth and metastasis, can also be generated using 

mILC cell lines [229] 

 

Development of the mILC model is a major step forward in the effort to accurately 

model human cancers in mice.  It represents a highly useful tool for studying lobular 

biology, and for evaluating novel therapeutic strategies against ILC.  It is necessary 

to be mindful that this model is representative of ER-negative pleomorphic ILC, 

however.  
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1.8 Summary 
 

The special histological subtype of breast cancer ILC is a distinct entity, particularly 

with respect to its unique morphological appearance, which reflects underlying 

weakening of cell-cell adhesions owing to early loss of membranous E-cadherin 

expression.  In comparison to the more common histological subtype IDC, ILC 

exhibits a lower rate of proliferation, and is more often ER-positive and HER2-

negative - most cases therefore align with the luminal A subtype of breast cancer.  

Owing to its diffuse, infiltrative nature it can present a diagnostic challenge.  In terms 

of therapeutic response, it is poorly responsive to chemotherapy and appears to 

demonstrate intrinsic resistance to tamoxifen, although responds well to treatment 

with aromatase inhibitors.  ILC and IDC are associated with distinct genomic and 

transcriptomic profiles, and recent large-scale studies have highlighted potential 

targeted therapeutic strategies that may be effective in ILC.   However, further 

interrogation at a cell biological level is required, and this necessitates the 

availability of representative in vitro and in vivo model systems.  The mILC model 

based on the dual inactivation of E-cadherin and p53 has already provided valuable 

insight into the cellular mechanisms underpinning pleomorphic ILC, and together 

with the IPH-926 cell line and HCI-013 xenograft, these models represent the best 

currently available tools for the biological study of ILC.  Following the first 

description of the lobular phenotype over 70 years ago, it is only in recent years that 

we have started to shed light on the biological processes driving the initiation and 

progression of this unusual breast cancer subtype.   

 

 

 

 

 



 Elucidating biological mechanisms associated with invasive lobular carcinoma of the breast   
   

 37 

 

1.9 Project aims 

 

This study is centred on invasive lobular carcinoma of the breast, and addresses the 

hypothesis that differential biological mechanisms drive the development and 

progression of ILC, in comparison to IDC.  This project endeavoured to elucidate 

additional biological mechanisms active in this clinico-pathologically distinct 

subtype of breast cancer, and in doing so develop a comprehensive tool kit for the 

translational study of ILC.   

 

The specific aims of this study were: 

1. To identify the cellular signalling pathways active downstream of E-cadherin in 

ILC using a protein-based approach encompassing reverse phase protein arrays 

(RPPA), Western blotting and immunohistochemistry (IHC). 

2. To optimise a protocol for label-free mass spectrometry of whole tumour 

samples, and use this to identify additional biological mechanisms active in ILC. 

3. To develop a tissue micro-array comprising human ILC and IDC tumour 

samples, and employ this a validation tool for candidates identified through 

objectives 1 and 2, and upon literature review. 

4. To characterise in vivo models of ILC, in terms of primary tumour growth and 

metastasis, for use as a validation tool for therapeutic targets identified via 

objectives 1 to 3. 

5. To develop representative in vitro models of primary human ILC, specifically the 

generation of primary cancer cells and cancer associated fibroblasts. 
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CHAPTER 2: MATERIALS AND METHODS 

 

2.1 Materials 
 

2.1.1 Buffers and solutions  

 

The buffers and solutions used during the course of this study are listed below in 

Table 2.1.  All reagents were purchased from Sigma, unless otherwise specified. 
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Table 2.1 - List and composition of buffers and solutions used.   

 

NAME COMPOSITION 

PBS 1 PBS tablet dissolved in 100 mL dH2O 

Trypsin/PE 1 mM EDTA 0.25% (v/v) Trypsin (Gibco) in PBS 

Cell Lysis Buffer 

50 mM Tris pH 7.5 

5 mM EDTA pH 8.8 
150 mM Sodium Chloride 

10% Triton X-100 

Complete Ultra tablet (Roche) 

Phospho-stop tablet (Roche) 
In dH2O 

2X Sample Buffer 

800 µL β-mercaptoethanol 

1.3 mL 1M Tris pH 6.8 with HCl 

2.5 mL 20% SDS 

3.4 mL dH20 
2 mL Glycerol 

Running Buffer 10X Tris/Glycine/SDS buffer (Bio-Rad) in dH2O 

Blocking Buffer  

(Immunoblotting) 
5% BSA (Calbiochem) in TBS-T 

Washing Buffer (TBS-T) 10X TBS, 1 ml Tween-20, made up in dH2O 

Sodium Citrate Buffer pH 6 
10 mM Sodium Citrate Dihydrate (Fisher) 

Made up in dH2O 

Scott’s Tap Water 

3.5 g Sodium Bicarbonate 

20 g Magnesium Sulphate 
Made up to 1 L in dH20 

Agarose Gel 
1% (w/v) Agarose in TBE buffer 

Boil and upon cooling add Gel Red (Biotium) 
diluted 1:10’000, before allowing to set 
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NAME COMPOSITION 

TBE buffer 

545 g Tris (Melfords) 

275 g Boric Acid 

46.5 g EDTA 

Made up to 5 L in dH20 

Blocking Buffer 
(Immunofluorescence) 

1.1% BSA (Calbiochem) 

0.2% Triton-X100 
Made up in PBS 
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2.1.2 Antibodies 

 

The antibodies used during this project are listed in Table 2.2, along with the 

working dilutions for each application.  As over 100 antibodies were utilised for 

reverse phase protein array (RPPA), these are listed separately in Appendix 1. 
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Table 2.2 - List of antibodies, their applications and corresponding dilutions. 

 

ANTIBODY SPECIES SOURCE  APPLICATION AND 
DILUTION 

pAkt (Ser473) Rabbit CST ♯4060 WB 1:1000 

Akt Rabbit CST ♯9272 WB 1:1000 

ENPP2 Mouse Abcam AB77104 IHC 1:100 

Dendra2 Rabbit Antibodies Online 
ABIN361314 WB 1:1000 

Alpha-catenin Mouse BD Bioscience 
♯610193 WB 1:1000 

Beta-catenin Mouse BD Bioscience 
♯610153 WB 1:1000 

E-cadherin Mouse BD Bioscience 
♯610182 

WB 1:1000 

IF 1:500 

IHC 1:2000 

ERBB2/HER2 Mouse Invitrogen AH01011 
WB 1:1000 

IHC 1:100 

Estrogen receptor Rabbit Abcam AB16660 
WB 1:1000 

IHC 1:100 

Progesterone 
receptor Rabbit Abcam AB62621 

WB 1:1000 

IHC 1:100 

GAPDH Rabbit CST ♯51745 WB 1:5000 

IGFBP7 Rabbit Abcam AB74169 WB 1:1000 

Thrombospondin Mouse Abcam AB1823 WB 1:1000 

pmTOR (Ser2448) Rabbit CST ♯2971 WB 1:1000 

mTOR Rabbit CST ♯2972 WB 1:1000 
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ANTIBODY SPECIES SOURCE  APPLICATION AND 
DILUTION 

PTEN Rabbit CST ♯9552 WB 1:1000 

pGSK3β (Ser9) Rabbit CST ♯5174 WB 1:1000 

GSK3β Rabbit CST ♯9315 WB 1:1000 

pSrc (Y416) Rabbit CST ♯2105 WB 1:1000 

Src Rabbit CST ♯2109 WB 1:1000 

CAMKIID Rabbit Abcam AB181052 IHC 1:200 

IGF-1 Rabbit Abcam AB9572 
WB 1:1000 
IHC 1:1000 

Pan-cytokeratin Rabbit Abcam AB9377 IHC 1:250 

Alpha-SMA Mouse Dako MO851 IHC 1:200 

Beta-actin Rabbit CST ♯8457 WB 1:2000 

Anti-rabbit IgG Goat CST ♯7074 WB 1:10’000 

Anti-mouse IgG Horse CST ♯7076 WB 1:5’000 

Anti-rabbit Alexa 
Fluor 594 Goat Invitrogen A11012 IF 1:200 

Anti-mouse Alexa 
Fluor 594 Goat Invitrogen A11032 IF 1:200 
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2.1.3 Established cell lines 

 

A number of established breast cancer cells lines were utilised during the course of 

this study.  Details and culture conditions of the mouse cell lines used can be found 

in Table 2.3, and those of human cell lines in Table 2.4.
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Table 2.3 - Established mouse mammary cell lines used, including culture conditions.  All acquired from Professor Patrick Derksen, 

Department of Pathology, University Medical Center, Utrecht, Netherlands [228, 229]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CELL LINE 
GENOTYPE OF 
ORIGINATING            

MOUSE MODEL 

HISTOLOGICAL SUBTYPE 
OF ORIGINAL TUMOUR 

CULTURE 
CONDITIONS 

C
on

tro
l (

E
-c

ad
+)

 KP8.10 Trp53d/d-4 (5255) 

K14cre;Trp53F/F 

Mammary adenocarcinoma 

 
 
 
 

DMEM/F12 
10% FBS 

5 µg/µl Insulin 
5 ng/µl EGF 

KP6 Trp53d/d-3 (5304) 

WEP6 Trp53d/d-7 (5219) Wcre;Trp53F/F 

m
IL

C
 (E

-c
ad

-)
  

Kep1.11 mILC-1 (5256) 

K14cre;Cdh1F/F;Trp53F/F Primary mILC Kep1.12 mILC-1 (5298) 

Kep1.11 mILC-1 Dendra2 (5257) 
 

WEP2 mILC-2 (5302) Wcre;Cdh1F/F;Trp53F/F Mixed ILC/sarcomatoid 
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Table 2.4 - Established human breast cancer cell lines used, including culture conditions.  All acquired from ATCC, with the exception of 

IPH-926, which was provided by Dr Matthias Christgen, Institute of Pathology, Hannover Medical School, Germany. 

CELL LINE HISTOLOGICAL SUBTYPE OF 
ORIGINAL TUMOUR E-CADHERIN STATUS CULTURE CONDITIONS 

MCF7 Metastatic IDC Positive DMEM/F12, 10% FBS 

SKBR3 HER2+ metastatic adenocarcinoma Negative 
DMEM/F12, 10% FCS 

2 mM L-glutamine 

IPH-926 Metastastic ILC Negative DMEM/F12-Glutamax, 12% FBS 

MDA-MB-330 Metastatic ILC Positive, dysfunctional DMEM/F12, 10% FCS 
2 mM L-glutathione 

MDA-MB-134 (VI) Unconfirmed metastatic ILC Negative DMEM/F12, 10% FCS 

UACC-3133 Metastatic ILC Undetermined 

DMEM/F12, 6% FCS 
0.01 mg/ml transferrin 

5 ug/ul catalase 
0.0036 ug/ml hydrocortisone 

0.01 mg/ml insulin 
2 mM L-glutamine 
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2.1.4 Patient-derived material 

 

2.1.4.1 Approval for the use of locally available breast cancer tissue 

 

I am grateful to the NHS Lothian Tissue Governance Committee for granting 

approval for the use of breast cancer tissue for the purposes outlined in Table 2.5.  

 

Table 2.5 – Type and purpose of breast cancer tissue used during this study 

 

Material Application Approval Number 

Fresh tumour 
samples 

Generation of primary breast cancer 
cells and cancer-associated fibroblasts SR291 

Fresh frozen 
tumour samples 

Comparative total proteomics by mass 
spectrometry SR304 

Archival FFPE 
tumour blocks Construction of a tissue-microarray SR184 

 

 

2.1.4.2 Construction of a tissue micro-array 

 

Suitable archival cases of primary ILC and IDC were selected from the Edinburgh 

Breast Conservation Series – a fully-documented consecutive cohort of 1812 patients 

treated by breast conservation surgery, axillary node sampling or clearance, and 

whole breast radiotherapy between 1981 and 1998.  A consultant breast 

histopathologist reviewed haematoxylin and eosin (H&E) stained sections of breast 

cancer specimens taken at the time of primary tumour resection, and identified 

representative areas.  The TMA was then constructed using individual tissue cores 

extracted (from these designated areas in the original blocks, and re-embedded into a 

recipient paraffin block.  To take account of intra-tumoural heterogeneity, triplicate  
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cores (0.6 mm diameter) where taken from two blocks per patient.  Each set of 

triplicates were then inserted into separate recipients blocks. 

 

2.1.4.3 Patient-derived xenograft (PDX) tumour fragments 

 

The PDX tumour fragments HCI-005 and HCI-013 were acquired from the 

publically available collection of highly characterised orthotopic breast tumour 

xenografts developed by Professor Alana Welm, Oklahoma Medical Research 

Foundation, Oklahoma City, United States of America [219]. 

 

 

2.2 Methods 
 

2.2.1 Cell culture 

 

2.2.1.1 Established cell lines 

 

All cells were cultured at 37°C in a humidified atmosphere of 95% air and 5% CO2.  

Once cells reached 70% confluency, they were harvested by rinsing once in PBS and 

incubating with Trypsin/PE for 1-5 minutes at 37°C.  Trypsin was then inactivated 

by the addition of 10X the volume of cell culture media, and a single cell suspension 

formed by pipetting several times.  For experiments requiring specific cell numbers, 

a cell count was obtained by transferring 10 µL of cell suspension to a 

haemocytometer and averaging the count obtained across four of the 1 mm2 grids.  

Phase contrast images were generated using the Leica DM IL LED microscope in 

conjunction with the Q imaging Retig EXi Fast 1394 camera. 
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2.2.1.2 Primary cell culture 

 

Different approaches for the generation and maintenance of primary breast cancer 

cells and cancer-associated fibroblasts (CAFs) were attempted, and these are 

described in Chapter 5.   Tumour samples subjected to the optimised procedure were 

immediately placed in ice upon receipt from the operating theatre, and processed 

within 1 hour.  Samples were placed in a petri dish and covered with 0.5-1 ml of 

digestion media to retain hydration whilst the sample was chopped into small 

fragments using scalpel blades. The fragments were then transferred into a 10 ml 

Falcon tube containing 10 ml of digestion media and incubated horizontally on a 

shaker at 37 °C overnight.  Digestion media comprised Epicult-C human basal 

medium and proliferation supplement (Stem Cell) with addition of 300 U/ml 

collagenase, 100 U/ml hyaluronidase, penicillin/streptomycin and fungizone.  The 

following day two cell populations were isolated by differential centrifugation, based 

on the technique described by Speirs et al [213]; the suspension was centrifuged at 

100 x g for 2 minutes to collect primary breast cancer (epithelial) cells, and the 

supernatant then recentrifuged at 200 x g for 4 minutes to collect CAFs.   

 

All cells were cultured at 37°C in a humidified atmosphere of 95% air and 5% CO2.  

CAFs were maintained in DMEM-F12 medium supplemented with 10% FCS, 

penicillin/streptomycin and fungizone.  Epithelial cells were propagated using a 3T3 

fibroblast feeder cell system in combination with a Rho kinase (ROCK) inhibitor (Y-

27632), based on the technique described by Liu et al [237].  3T3 fibroblasts were 

growth-arrested by incubating with 7 µg/ml mitomycin C (Sigma) in MEF media 

(400 ml DMEM, 20 ml newborn calf serum, 2 mM L-glutamine) for 3 hours at 37°C.  

Cells were then trypsinized, pelleted and washed in MEF media to remove the drug, 

before freezing 1 million cells per vial.  The 3T3 fibroblast feeder cells were 

recovered one day prior to co-cultivation with primary epithelial cells, and then 

maintained in F medium (3:1 F-12 Nutrient Mixture (Ham)-DMEM, 5% FCS, 0.4 

µg/ml hydrocortisone (Stem Cell technology), 5 µg/ml insulin (Sigma), 8.4 ng/ml  
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cholera toxin (Sigma), 10 ng/ml EGF (Sigma), 24 µg/ml adenine (Sigma), 10 ng/ml 

β-estradiol (Sigma), penicillin/streptomycin and fungizone, with addition of 10 

µmol/L Y-27632.  Cells were split upon reaching 80-90% confluency, or by 5-7 days 

(maximum durability of growth-arrested 3T3 fibroblasts).  Differential trypsinisation 

was used to separate the feeder layer and epithelial cells; feeder cells became non-

adherent following incubation with 0.25% trypsin for 1 minute at room temperature 

(monitored by phase microscopy) and were removed by aspiration, before 

retrypsinizing at 37°C for 3-5 minutes to release primary epithelial cells. 

 

2.2.2 In vitro assays 

 

2.2.2.1 Alamar blue and SRB cell proliferation assays 

 

Cells were seeded in 96-well plates at a density of 500 cells per well. After 0, 24, 48, 

72 and 96 hours (one 96-well plate per 24 hour period), 10 µl of Alamar Blue dye 

(Invitrogen) was added to half of the test wells and incubated for 3 hours at 37°C in 

5% CO2.  Plates were read on a fluorescent plate reader at 570 nm, after which 25 µl 

of ice-cold 25% trichloroacetic acid was added to the remaining half of test wells. 

Plates were incubated overnight at 4°C and then washed with tap water. Cells were 

stained with 100 µl 0.4% sulforhodamine B (SRB) for 30 minutes at room 

temperature, and plates washed with 1% acetic acid and left to dry.  Bound SRB was 

solubilized using Tris-base solution for 1 hour at room temperature, and plates 

subsequently read at 540 nm.  

 

2.2.2.2 Cell adhesion assay 

 

Ninety-six well plates were coated with 100 µl rat-tail collagen I or fibronectin 

diluted in PBS, and incubated overnight at 4°C.  Selected wells were left uncoated  
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for background measurements or to determine a value for 100% attachment.  The 

following day, wells were rinsed with PBS and remaining binding sites blocked with 

filter sterilised 5% BSA in PBS for 30 minutes at room temperature.  Wells were 

then washed three times with PBS, before adding 50 µl of PBS followed by 50 µl of 

a 5 x 105 cells/mL cell suspension to experimental wells. To determine 100% 

attachment, aliquots corresponding to 20%, 40%, 60%, 80% and 100% of the 

experimental cell suspension were added to uncoated wells.  Plates were incubated at 

37°C for 20 minutes with the lid off.  Wells to be used for determining a 100% 

attachment value were fixed by adding 100 µl 5% (w/v) glutaraldehyde. Non-

adherent cells in the experimental wells were removed by gently washing with PBS, 

and the remaining cells then fixed with glutaraldehyde for 10 minutes at room 

temperature.  Wells were then washed three times with dH20 and stained using 100 

µl 0.1% (w/v) crystal violet solution for 1 hour at room temperature, followed by 

three further washes with dH20.  Finally, the dye was solubilised in 100 µl 10% 

acetic acid (v/v) for 5 minutes on an orbital shaker at room temperature.  Absorbance 

was measured at 570 nm on a plate reader.   Background measurements (from 

uncoated, empty wells) were subtracted from all wells, and a standard curve 

generated to determine the 100% attachment value.   The experimental data were 

then expressed as a percentage of the 100% attachment value.   

 

2.2.2.3 Inverted invasion assay 

 

Matrigel Basement Membrane Matrix (BD Biosciences) was mixed 1:1 with PBS 

and allowed to polymerize in 8-µm pore transwell inserts (GBO) for at least 1 hour at 

37°C.  Inserts were then inverted, and 2 x 104 cells were seeded directly onto the 

outside surface of the filter. Transwell inserts were finally placed in serum-free 

medium, and medium supplemented with 6% FBS, 5 µg/µl insulin and 5 ng/µl EGF 

was added on top of the Matrigel to create a chemotactic gradient.  96 hours after 

seeding, invading cells were stained with Calcein-AM (Invitrogen) for 1 hour and 

cells were visualized by confocal microscopy (FV1000).  Serial optical sections were  
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captured at 10 µm intervals.  The fluorescence intensity for each section was 

measured using an ImageJ plugin Area Calculator.  Finally, the index of invasion 

was calculated as the fluorescence intensity of cells invaded above 50 µm against the 

total fluorescence intensity of all cells within the images of sections taken. 

 

2.2.2.4 Cell migration assay 

 

Cells were grown to confluence in a 12-well plate.  Fresh serum-free medium was 

added and a sterile pipette tip used to create a wound in the monolayer.  Serial 

images were taken every 15 minutes for 24 hours at 37°C using the automated 

Olympus Scan R platform, with three independent areas captured per wound.  For 

quantification of wound closure, using T-Scratch software, the width of each wound 

at various time points was measured and expressed as a percentage of the original 

wound size.  

 

2.2.2.5 Random motility assay 

 

2 x 105 cells were seeded onto each well of a 6-well plate containing serum-free 

medium, and then imaged on the Olympus ScanR platform for a period of 14 hours.  

Analysis was performed using the M-Tracker tool on ImageJ. 

   

2.2.2.6 Akt inhibitor studies  

 

These assays were performed in the laboratory of Professor Patrick Derksen.  The 

following Akt inhibitors were used: AZD5363 (ITK Diagnostics), MK2206 

(MedChemExpress) and VIII (Santa Cruz Biotechnology).  All inhibitors were 

prepared as 10 mM stock solutions in DMSO. The final DMSO concentration did not 

exceed 0.1%.  Anoikis assays were performed as previously described [228]. In  
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short, cells were grown in suspension for 4 days, stained for apoptotic cells using 

AnnexinV-FITC (IQ products) and propidium iodide and analyzed by FACS 

(PerkinElmer).  Anchorage-dependent cell growth was assessed as described by 

Schackmann et al [127].  Briefly, cells were grown on 12-well plates incubated with 

the indicated inhibitors. When untreated cells reached confluence the cells were fixed 

using methanol and stained with 0.2% crystal violet. Image J was used to quantify 

the surface area containing cells. 

 

2.2.3 In vivo studies 

 

Studies were conducted in accordance with Animals Scientific Procedures Act 1986.  

  

2.2.3.1 Orthotopic mammary fat pad injections and in vivo imaging 

 

Approximately 8 week-old female CD1 nude mice (Charles River) were injected 

subcutaneously with 0.05 mg/kg of the analgesic buprenorphine and anaesthetized 

using isofluorane (both Henry Schein Animal Health).  The incision site was cleaned 

with 70% ethanol and asepsis maintained throughout the procedure using a plastic 

steri-drape (Millpledge Veterinary).  A 2 cm median longitudinal incision was made 

using sterile blunt ended scissors to expose the left abdominal (4th mammary) fat pad.  

1x104 cells in 50 µl of HBSS were injected into the fat pad, and the wound closed 

using Clay Adams clips applied wit the EZ clip applier (VetTech Solutions Ltd).  

Post-operatively, animals were given a diet of SDS RM1 (E) (DBM Food Hygiene) 

soaked in water and 2.5 mg/kg of the anti-inflammatory carprofen (Henry Schein 

Animal Health) in the drinking water for 48 hours.  Animals were checked and 

weighed for 7 days following surgery, and tumours measured twice-weekly using 

calipers.  Tumour volume was calculated using the following formula: 0.5 x (long 

axis/10) x (short axis/10)2.  Once tumours reached a maximum size of 15 mm, or if 

there was evidence of ulceration, mice were culled by Schedule 1 cervical  
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dislocation.  Mammary tumours were collected for further analysis, and immediately 

fixed in 10% neutral-buffered formalin or snap-frozen in liquid nitrogen.  Additional 

organs were also collected to assess for evidence of micro-metastasis (contralateral 

mammary fat pad, ovaries, stomach, liver, omentum, lungs and bone). Animals 

injected with Dendra2-expressing cells were imaged on the Olympus OV100 

fluorescence imaging platform at the end of the study to detect fluorescent signals 

from potential metastatic sites.   

 

2.2.3.2 Pilot mastectomy study 

 

For the pilot mastectomy, orthotopic mammary fat pad injection of cells was 

performed as described above (Section 2.2.3.1).  The resulting primary tumour was 

then surgically excised (mastectomy) under general anaesthetic on reaching 10 mm.  

A lower midline abdominal incision was made and the tumour-supplying arteries 

cauterized if necessary.  The tumour was then separated from adherent tissues and 

excised.  The wound was closed the wound closed using Clay Adams clips (VetTech 

Solutions Ltd).  Fluid support was provided by subcutaneous injection of 25 ml/kg 

warmed saline (Henry Schein Animal Health).  Post-operative care was provided as 

described in Section 2.2.3.1, and the animal was also closely monitored for evidence 

of disease progression and metastasis by palpation and daily observation of their 

physical health, appearance and behaviour.  Animals were scheduled for cull by 

cervical dislocation if they developed clinical signs of distress caused by metastatic 

disease or showed no evidence of metastatic disease after 15 weeks observation.  

Tissue was collected as outlined in Section 2.2.3.1. 

 

2.2.3.3 Intra-peritoneal injections 

 

Approximately 8 week old female CD1 nude mice (Charles River) were injected 

intra-peritoneally with 5x106 cells, and then monitored for evidence of intra- 
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peritoneal tumour growth and metastasis by palpation and daily observation of the 

physical health, appearance and behaviour.  Animals were culled when they 

developed clinical signs of distress caused by advancing tumour growth or 

metastasis, such as jaundice, respiratory distress, ascites, distended abdomen, rapid 

weight gain or loss and tumours reaching 15 mm diameter.  Macroscopically overt 

tumours were excised and immediately fixed in formalin for further analysis, and 

additional organs (see Section 2.2.3.1) collected to assess for evidence of micro-

metastases. 

 

2.2.3.4 Implantation of PDX fragments 

 

Frozen tissue fragments were thawed in a 37°C water bath and removed before the 

medium completely melted.  The contents were transferred into a 50 ml Falcon tube 

containing 10 ml of DMEM/F12 medium, which was then aspirated to remove the 

DMSO-containing freezing medium.  This was repeated three times, before adding 

fresh DMEM/F12 medium and placing on ice until surgical implantation.  Pre- and 

post-operative procedures were consistent with those for orthotopic mammary fat 

pad injections described above (Section 2.2.3.1).  Following exposure of the 4th 

mammary fat pad by means of a 2 cm median longitudinal incision, a tissue fragment 

was placed inside the fat pad of 8 week old female NOD/SCID mice (Charles River) 

using an 18G trochar.  Skin was closed using Clay Adams clips (VetTech Solutions 

Ltd).  As the fragments utilised were oestrogen dependent, E2 pellets (Innovative 

Research of America) were implanted subcutaneously using a 12G trochar at the 

time of surgery, and replaced if the animal lived longer than 60 days.  As above, 

animals were culled by cervical dislocation once the tumour reached a maximum of 

15 mm, had ulcerated, or there were clinical signs of distress caused by metastasis.  

The primary tumour was excised and placed in a petri dish on ice, and then divided 

into portions for different applications.  Portions were immediately fixed in formalin  
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or snap frozen in liquid nitrogen for histological analysis and protein isolation 

respectively.  To generate fragments for future transplantation, the tumour tissue was 

cut into approximately 4 mm x 2 mm fragments and frozen in 95% FBS/5% DMSO 

in cryovials at -80°C overnight, then transferred to liquid nitrogen.   

 

2.2.4 Methods for protein analysis 

 

2.2.4.1 Immunofluorescence 

 

Cells were seeded onto glass coverslips in the bottom of 12-well plates and after 48 

hours fixed by the addition of 4% formaldehyde for 15 minutes.   Cells were 

permeabilized by incubation in 0.25% Triton X-100 for 10 minutes, and then blocked 

in 1% BSA in TBS-T for 1 hour at room temperature.  Primary antibodies were 

diluted to the appropriate concentration in blocking solution and incubated overnight 

at 4°C.  Alexa fluor secondary antibody was added with fluorescently labelled 

phalloidin (Sigma) in the dark for 1 hour at room temperature. Cells were mounted 

on glass slides using Vectashield mounting medium with DAPI (Vector 

Laboratories) and sealed with clear nail polish.  Images were acquired with the 

Olympus FV1000 confocal microscope. 

 

2.2.4.2 Immunoblotting 

 

For Western blot analysis, cells were lysed using a buffer containing 50 mM Tris pH 

7.5, 5 mM EDTA pH 8.5, 150 mM sodium chloride, 10% Triton X-100 and 50% 

dH20, supplemented with cOmplete ULTRA protease inhibitor and PhosSTOP 

phosphatase inhibitor cocktails (Roche).  The resulting lysates were centrifuged at 

13,600 rpm at 4°C for 10 minutes and the supernatant collected. Protein 

concentration was determined using a Micro BCA protein assay kit (Thermo  
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Scientific) according to the manufacturer’s instructions. Lysates containing 20 µg of 

protein were made up to a total volume of 18 µl with cell lysis buffer and 2x sample 

buffer. For experiments relating to secreted proteins, conditioned culture media were 

concentrated to approximately 60 µl using 7-ml Pierce Concentrators (Thermo 

Scientific).  Proteins were electrophoresed on a 4-15% gradient pre-cast gel (BioRad) 

for 40 minutes at 180V, 200 mA and separated proteins identified by weight by 

running Precision Plus ProteinTM Dual Color Standards (BioRad) together with 

samples.  Proteins were transferred onto a 0.2-µm nitrocellulose membrane using the 

Trans-Blot® TurboTM transfer system at 25V, 2.5 A (Bio-Rad).  Membranes were 

blocked with 5% BSA in TBS-T for 1 hour at room temperature and then incubated 

with primary antibodies overnight at 4°C.  Following three 5 minute washes with 

TBS-T, membranes were probed for 1 hour at room temperature with the appropriate 

secondary antibody.   Membranes were subjected to three further 5 minute washes in 

TBS-T and proteins then visualised using an enhanced chemiluminescence detection 

kit (BioRad).  The intensity of bands was quantified using ImageJ, and the intensity 

of the band of interest was normalised to that of the GAPDH loading control. 

 

2.2.4.3 Immunohistochemistry  

 

2.2.4.3.1 Staining procedure 

 

Formalin fixed specimens were paraffin embedded, cut at 4 µm sections and stained 

with haematoxylin and eosin by the University of Edinburgh Histology Services.  

Blank sections were requested for immunohistochemistry.  Sections were de-waxed 

in xylene and hydrated through a graded series of ethanol. Antigen retrieval was 

performed by pressure heating in 10 mM sodium citrate buffer (pH 6.0) for 10 

minutes. Sections were treated with peroxidase block for 15 minutes and total protein 

block for 2 hours (both Dako).  Sections were incubated with primary antibody 

diluted in antibody diluent (Dako) at the appropriate concentration and temperature, 

and primary antibody control sections were incubated with diluent only.  The  
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following day, sections were washed three times in PBS-T, and incubated with 

EnVision Labelled Polymer (Dako) for 1 hour at room temperature.  After three 

further PBS-T washes, sections were treated with diaminobenzadine (DAB) for 10 

minutes at room temperature.  Sections were rinsed three times in tap water, and then 

counterstained in haematoxylin and eosin (Sigma) for 1 minute, followed by 

incubation with Scott’s tap water for 1 minute.  Sections were dehydrated through a 

graded series of ethanol, incubated with xylene and then mounted with coverslips 

using DPX mounting medium.  Staining was assessed using the Olympus BX51 

microscope, with images captured using a DP73 camera with Cellware software 

(Olympus).  Selected slides were also scanned using the Hamamatsu NanoZoomer-

XR digital slide scanner, and images obtained using the corresponding software. 

Immunohistochemical staining of the TMA for ER, PR, HER2 and E-cadherin was 

performed using an automated procedure, in line with current clinical protocols, at 

NHS Lothian Histopathology Laboratories.  

 
2.2.4.3.2 Weighted histoscore (H-Score) 

 

The semi-quantitative Weighted Histoscore (H-Score) system [238] was used to 

score nuclear, cytoplasmic and/or membranous protein expression within the TMAs, 

with the exception of those stained and scored by our collaborator Professor Patrick 

Derksen, Department of Pathology, University Medical Center, Utrecht, Netherlands. 

To determine the H-Score, the intensity of the staining was assessed and graded as 

negative (0), weak (1), moderate (2) and strong (3).  The percentage of tumour cells 

within each category was then estimated and a H-Score calculated using the 

following formula: 
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      0 * X% of negative tumour cells 

+    1 * X% of weakly stained tumour cells 

+    2 * X% of moderately stained tumour cells 

+    3 * X% of strong stained tumour cells 

=    Y total histoscore 

 

The weighted histoscore ranged from zero to 300 (maximum).  

 

2.2.4.4 Reverse phase protein array (RPPA) 

 

2.2.4.4.1 RPPA procedure 
 

RPPA is a high-throughput antibody-based technique, which allows simultaneous 

measurement of protein expression levels in several biological samples, using a large 

number of antibodies.  Cells were washed with ice-cold PBS and lysed in 1% Triton 

X-100, 50 mM HEPES (pH 7.4), 150 mM sodium chloride, 1.5 mM magnesium 

chloride, 1 mM EGTA, 100 mM sodium fluoride, 10 mM sodium pyrophosphate, 1 

mM sodium orthovanadate, and 10% glycerol, supplemented with cOmplete ULTRA 

protease inhibitor and PhosSTOP phosphatase inhibitor cocktails (Roche), on ice.  

Lysates in biological triplicate were cleared by centrifugation (18,000 × g, 10 

minutes, 4°C), adjusted to 1 mg/ml concentration and then serially diluted to produce 

a dilution series comprising four serial two-fold dilutions of each sample. Sample 

dilution series were spotted onto nitrocellulose-coated slides (Grace Bio-Labs) in 

technical triplicates under conditions of constant 70% humidity using an Aushon 

2470 arrayer (Aushon Biosystems). Slides were hydrated in blocking buffer (Thermo 

Fisher Scientific) and then incubated with validated primary antibodies (Appendix 

1). Bound antibodies were detected by incubation with anti-IgG DyLight 800-

conjugated secondary antibodies (New England BioLabs). Slides were read using an  
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InnoScan 710-IR scanner (Innopsys), and images were acquired at the highest gain 

without saturation of the fluorescence signal. The relative fluorescence intensity of 

each sample spot was quantified using Mapix software (Innopsys). The linear fit of 

the dilution series of each sample was determined for each primary antibody, from 

which median relative fluorescence intensities were calculated for each technical 

replicate. Signal intensities were normalized across the panel of antibodies using 

global sample median correction [239], and mean normalized intensities were 

calculated for each biological replicate. 

 

2.2.4.4.2 Hierarchical clustering analysis 
 

Hierarchical clustering analysis of RPPA data was performed by Dr Adam Byron.  

Mean normalized intensities were standardized by Z-score transformation. 

Unsupervised hierarchical clustering analysis of standardized protein abundances for 

mouse samples was performed on the basis of Euclidean distance using Cluster 3.0 

(C Clustering Library, version 1.37) [240], computing distances using a complete-

linkage matrix. Clustering results were visualized using Java TreeView (version 

1.1.1) [241]. Differences between protein abundances or log2-transformed ratios 

(phosphoprotein/total protein) were assessed by t-tests with Benjamini–Hochberg 

post hoc correction to set the false discovery rate at 5%. 

 

2.2.4.5 Mass spectrometry (MS)  

 

2.2.4.5.1 Sample preparation and digestion – cells 

 

Cells were grown to 70-80% confluence, scraped into PBS and pellets submitted to 

Dr. Thierry Le Bihan, Centre for Synthetic and Systems Biology, University of 

Edinburgh, where they were reconstituted into 250 µl of 8 M urea, 25 µl of 1M 

ammonium bicarbonate and 25 µl of 200 mM dithiothreitol (DTT) to denature and  
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reduce the samples.   Samples were kept at room temperature for 30 minutes, before 

cysteine alkylation was performed by the addition of 25 µl of 500 mM 

iodoacetamide (IAA) for 1 hour in the dark, at room temperature.   Samples were 

then subjected to overnight tryptic digestion following the addition of 10 µg trypsin.  

The resulting peptide extracts were then cleaned on an SPE reverse-phase Bond Elut 

LMS cartridge (Agilent), and an aliquot of 10 µg dried under low pressure 

(SpeedVac; Thermo Jouan) and stored at -20°C until required.   The peptide aliquots 

were subsequently re-suspended in 5 µl of 2.5% (v/v) acetonitrile, 0.1% (v/v) formic 

acid in water, to give a final concentration of 1 µg/µl.  The samples were and then 

filtered using a Millex filter (Millipore) before being subjected to high-performance 

liquid chromatography-mass spectrometry (HPLC-MS). 

 

2.2.4.5.2 Sample preparation and digestion – tumours 

 

The development of a protocol for the preparation of whole tumour samples for total 

proteomics by mass spectrometry is described in Chapter 6.  The final optimised 

procedure involved a urea-based in-solution digestion.  A rice grain piece 

(approximately 15-20 mg) was cut from fresh frozen tumours on dry ice and placed 

in an Eppendorf containing urea lysis buffer (1 M Tris (pH 7.4), 10 M urea, and MS-

grade water, supplemented with cOmplete ULTRA protease inhibitor and PhosSTOP 

phosphatase inhibitor cocktails (Roche)).  Samples were then homogenised using a 

beadmill and sonicated for 5 minutes in a water bath, prior to centrifugation (13,600 

rpm at 4°C for 10 minutes) and transfer into low-bind Eppendorf tubes.   Protein 

concentration was measured by micro-BCA assay (Thermo Scientific) according to 

the manufacturer’s instructions.    Samples were then incubated with 100 mM DTT 

for 1 hour at room temperature, followed by 200 mM of IAA for 45 minutes in the 

dark at room temperature.   Sequencing grade modified trypsin (Promega) was added 

at 1 µg per 100 µg protein, at 37°C overnight.  The following day, acetonitrile 

(ACN) and trifluoroacetic acid (TFA) were added to 2% and 0.1% final  

 



 Elucidating biological mechanisms associated with invasive lobular carcinoma of the breast   

 62 

 

concentrations, and the samples then cleaned on stage tips.  The stage tips were made 

in-house by punching 1 mm discs out of a C18 extraction disc and placing these 

inside a 200 µl pipette tip.  30 µl wetting buffer (0.1% TFA in ACN) was then forced 

through the C18 material, followed by 30 µl loading buffer (0.1% TFA, 2% ACN), 

and then the sample.  The loaded C18 material was then washed twice using loading 

buffer.  Tips were frozen at -20°C prior to transfer to Dr. Thierry Le Bihan, Centre 

for Synthetic and Systems Biology, University of Edinburgh for HPLC-MS, label-

free quantification and protein identification. 

 

2.2.4.5.3 HPLC-MS 
 

Nano-HPLC-MS/MS analysis was performed using an online system consisting of a 

nano-pump (Dionex Ultimate 3000; Thermo Fisher Scientific) coupled to a Q-

Exactive instrument (Thermo Fisher Scientific), with a 300 µm x 5 mm pre-column 

(5 µm particle size; Acclaim PepMap; Thermo Fisher Scientific) connected to a 75 

µm x 50 cm column (3 µm particle size, Acclaim PepMap; Thermo Fisher 

Scientific).  Samples were analyzed on a 2-hour gradient using data-dependent 

analysis with one 70k-resolution survey scan followed by the top 5 MS/MS scans at 

17.5k resolution. 

 

2.2.4.5.4 Label-free quantification 
 

Progenesis (version 4.1; Nonlinear Dynamics) was used for HPLC-MS label-free 

quantification. Only MS peaks with a charge of 2+, 3+ or 4+ were included in the 

total number of features (defined as the signal at a given retention time and 

mass:charge ratio) and only the 5 most intense spectra within each feature were 

included in the analysis.  Normalization was performed based on the sum of the ion 

intensities of these sets of multi-charged ions (i.e. 2+, 3+ and 4+) and an abundance 

value for an individual protein was subsequently calculated by addition of the unique  
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peptide ion intensities for the given protein.  As this method detects a substantial 

number of low-abundance proteins, which generate near-zero intensities, log 

transformation was unsuitable for this dataset.  Therefore, abundance values were 

transformed using an ArcSinH function.  Transformed abundance values were used 

to calculate mean values, and from this the fold change for expression of individual 

proteins was determined.  P-values were calculated using one-way ANOVAs based 

on the transformed values.  Proteins were defined as demonstrating significant 

differences in expression when the following conditions were met: i) the number of 

detected peptides which were used in quantification was at least 2, ii) absolute fold 

change was at least 2, and iii) calculated pair-wise p-value was <0.05.  

 

2.2.4.5.5 Protein identification 

 

MS data were searched using MASCOT software (Version 2.4; Matrix Science) 

against both the Homo sapiens and Mus musculus subset of the NCBI protein 

database to identify the proteins from which the identified peptide sequences were 

most likely to be derived.  Features include in all searches were: i) variable 

methionine oxidation, ii) fixed cysteine carbaminomethylation, iii) precursor ion 

mass tolerance of 10 ppm, iv) product ion mass tolerance of 0.05 AMU, v) 

significance threshold (p) below 0.05 (MudPIT scoring), vi) final peptide score of at 

least 20, and vii) up to two uncleaved tryptic cleavage sites per peptide. 

 

2.2.4.5.6 Hierarchical clustering and gene ontology analysis 

 

Unsupervised hierarchical clustering analysis of normalized protein abundance 

values was performed using Cluster 3.0 (C Clustering Library, version 1.37) [240], 

by uncentred Pearson’s correlation using complete linkage. Clustering results were 

visualized using Java TreeView (version 1.1.1) [241]. Functional annotation of  
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proteins differentially expressed was performed using DAVID Bioinformatics 

Resources [242, 243].  

 

2.2.5 Gene expression analysis of CAFs 

 

Total RNA was extracted from CAFs using the RNeasy kit (Qiagen) and then 

biotinylated using the Illumina TotalPrep RNA Amplification Kit (Ambion), both 

according the manufacturer’s instructions (performed by Laura Gomez Cuadrado).  

Biotin-labelled RNA was then submitted to the Genetics Core at the Wellcome Trust 

Clinical Research Facility, Edinburgh, and quality control performed using the 

Agilent 2100 Bioanalyser.  Samples were then run on the Ilumina HumanHT-12 v4 

Expression BeadChip Array, which provides coverage for over 47’000 transcripts 

and known splice variants across the human transcriptome.  Ilumina probe profiles 

were quantile normalised using the lumi package and mapped to ensemble gene 

sequences.  Unsupervised hierarchical clustering was performed after filtering the 

dataset using detection P values, and removing probes that were undetected (P 

>0.05).  Supervised clustering was performed by rank product analysis using the 

most variable probes, as determined by percentage false prediction (pfp) <0.05 

(undertaken by Dr Andrew Sims, Edinburgh Cancer Research Centre).  Functional 

analysis of differentially expressed genes was performed using DAVID 

Bioinformatics Resources [242, 243].  

 

2.2.6 Statistics 

 

SPSS Version 20.0 (IBM SPSS, Chicago, IL, USA) was used to analyse studies 

relating to the TMA.  Unless otherwise specified above, all remaining statistical 

analyses were performed using GraphPad Prism Version 6.0 for Mac (GraphPad 

Software Inc, La Jolla, CA, USA).   A p-value of <0.05 was considered statistically 

significant. 
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Preface 

 

The studies described within the following chapter were undertaken as part of a 

collaborative project with Professor Patrick Derksen, Department of Pathology, 

University Medical Center, Utrecht, Netherlands.  Baseline characterisation studies, 

reverse phase protein array and Western blotting analyses were performed in 

Edinburgh, while immunohistochemical validation and in vitro drug studies were 

performed in Utrecht. 

 

Manuscript under revision: 

E-cadherin loss induces targetable autocrine activation of oncogenic 
growth factor signalling in metastatic lobular breast cancer 

Milou Tenhagen 1*, Katy Teo 2*, Adam Byron 2, Natalie ter Hoeve 1, Eric Strengman 1, Amit 

Mandoli3, Ana M Sotoca, Abhishek A Singh3, Joost H Martens 3, Hendrik G Stunnenberg 3, 

Matthias Christgen4, Paul J van Diest1, Valerie G Brunton2,, Patrick W B Derksen1  

1 Department of Pathology, University Medical Center Utrecht, Utrecht, The Netherlands. 
2 Edinburgh Cancer Research Centre, Institute of Genetics and Molecular Medicine, University of 

Edinburgh, Edinburgh, United Kingdom  
3 Department of Molecular Biology, Faculty of Science, Nijmegen Centre for Molecular Life Sciences, 

Radboud University, Nijmegen, The Netherlands.  
4 Institute of Pathology, Hannover Medical School, Germany. 

* Equal contribution  

 

 

 

 

 

 



 Elucidating biological mechanisms associated with invasive lobular carcinoma of the breast   

 66 

 

CHAPTER 3: THE EFFECT OF E-CADHERIN 
LOSS UPON DOWNSTREAM SIGNALLING 

PATHWAYS IN ILC 

 

3.1 Introduction 
 

Disruption of the E-cadherin complex is the hallmark feature of lobular lesions [49].    

As described in Chapter 1, E-cadherin is a calcium-dependent transmembrane 

protein that mediates cell-cell adhesions and cell polarity, by associating with the 

actin cytoskeleton via α-, β- and p120-catenin to form the adherens junction.  These 

connections maintain cellular cohesion in normal breast epithelium and the majority 

of ductal carcinomas, however approximately 74-100% of ILC completely lack 

membranous E-cadherin expression owing to CDH1 gene mutation, 

hypermethylation or loss of heterozygosity at the region of 16q22.1 [54, 55, 244].  In 

ILC, loss of E-cadherin leads to reduced expression of α- and β-catenin, while p120-

catenin undergoes cytoplasmic translocation [51, 53, 59, 127].   Dissociation of the 

cadherin-catenin complex leads to loss of cell-cell contacts, and is believed to 

account for the unusual growth pattern observed in ILC, comprising single files of 

small, rounded, discohesive cells [17].   

 

E-cadherin loss is also a central feature of epithelial-to-mesenchymal transition 

(EMT) - an extensively studied, reversible, cellular phenotype switching process 

associated with advanced stages of tumour progression [245].   Although certain 

features of EMT resonate with those of ILC, E-cadherin loss occurs at an early stage 

in lobular tumorigenesis, is usually irreversible and, as discussed in Chapter 1, there 

is no clear evidence of a role for EMT in driving the lobular phenotype [50, 51, 177].    
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Advancing technologies have enabled large-scale comparisons of ILC and IDC at the 

genomic and transcriptomic levels, which have reinforced the notion that these 

histological subtypes represent separate molecular entities [123, 124, 152].  Beyond 

such descriptive studies however, the impact of E-cadherin loss upon the 

development and progression of ILC at a biological level remains relatively 

unexplored.  This is partly due to a lack of representative model systems, with 

authentic human ILC cell lines being of particular scarcity.  The work described 

within this chapter was undertaken using the most representative tools available for 

the in vitro study of ILC at the current time. 

 

Presently, patients with ILC are treated similarly to those with grade- and stage-

matched IDC.  Yet it is becoming increasingly clear that distinct biological processes 

may govern these breast cancer subtypes, and in the era of personalized medicine, a 

drive towards the development of targeted treatments for ILC patients is necessary.  

Identification of the signalling pathways active or inactive downstream of E-cadherin 

in ILC may enhance our understanding of this peculiar breast cancer subtype, and 

highlight potential biomarkers or therapeutic targets that would benefit this patient 

group.  This chapter describes the comparison of E-cadherin positive and negative 

mouse and human cell lines using reverse phase protein array (RPPA) technology, 

and validation of selected differentially expressed proteins in a large cohort of human 

lobular breast cancers.   
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3.2 Results 
 

3.2.1 Selection of mouse and human cell lines  

 

Stable cell lines generated from mammary tumours arising in E-cadherin negative 

mouse models of ILC (mILC), and in E-cadherin positive controls, were provided by 

Professor Patrick Derksen [228, 229].  A summary of the key features pertaining to 

these cell lines can be found in Table 2.3.  E-cadherin positive (E-cad+) control cell 

lines were derived from mammary tumours arising in K14cre;Trp53F/F (5255 and 

5304) or Wcre;Trp53F/F (5219) mouse models.  These tumours all histologically 

resembled expansive, non-invasive mammary adenocarcinoma.  E-cadherin negative 

(E-cad-) mILC cell lines were derived from mammary tumours arising in 

K14cre;Cdh1F/F; Trp53F/F (5256, 5298 and 5257) or Wcre;Cdh1F/F;Trp53F/F (5302) 

mouse models.  The mammary tumour giving rise to the 5256 cell line was 

histologically designated pleomorphic ILC with classic components, and 5298 cells 

are a clone of the 5256 line.  The 5257 cell line represents the 5256 cell line 

following transfection with the photoswitchable Dendra2 probe.  The tumour from 

which 5302 cells were derived had a mixed lobular and sarcomatoid appearance.  

The difference in morphological appearance of the E-cadherin positive and negative 

mouse cell lines is apparent in the phase images presented in Figure 3.1; cell-cell 

adhesions are visible between clusters of control (E-cad+) cells, while mILC (E-cad-) 

cells appear solitary and dispersed.   

 

A number of human breast cancer cell lines were also selected for use in the 

experiments described within this chapter.  MCF-7 cells were used as a positive 

control for E-cadherin and ER expression, and as a negative control for HER2 

expression.  Conversely, SKBR3 cells were used as a positive control for HER2, and 

as a negative control for E-cadherin and ER expression.  Both MCF-7 and SKBR3 

cells originated from metastatic pleural effusions secondary to IDC of the breast.   
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The IPH-926 cell line, the only established human ILC line of certain origin [201], 

was subsequently provided as an E-cadherin negative human ILC control, in place of 

SKBR3, by Dr. Matthias Christgen, Institute of Pathology, Hannover Medical 

School, Germany.  Since both mouse and human cell lines were utilised in the 

following experiments, cross reactivity of antibodies was confirmed in advance. 

 

Mouse cell lines provided for in vitro characterisation assays at the outset of the 

project were E-cad+ (5255) and E-cad- (5256) cells, as the original tumour histology 

most closely resembled expansive, non-invasive mammary adenocarcinoma and ILC, 

respectively.  The E-cadherin status and immunophenotype of cells were confirmed 

at the outset of the project by Western blotting, immunofluorescence and 

immunohistochemistry upon an agarose-embedded cell pellet (Figure 3.2).  As 

anticipated, all three techniques demonstrated absent E-cadherin expression in E-cad- 

(5256) cells, and absent or reduced expression of β-catenin and α-catenin 

respectively was also seen upon Western blotting.  Mouse cell lines were negative 

for ER and HER2 expression when assessed by Western blotting, consistent with the 

immunophenotype of their originating tumours [228].  
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Figure 3.1 - Phase contrast images of mouse cell lines.                                                   

E-cadherin positive (E-cad+) cell lines were derived from mammary tumours arising in 

K14cre;Trp53F/F (5255 and 5304) or Wcre;Trp53F/F (5219) mouse models (controls).  These 

tumours all histologically resembled expansive, non-invasive mammary adenocarcinoma.  E-

cadherin negative (E-cad-) cell lines were derived from mammary tumours arising in 

K14cre;Cdh1F/F;Trp53F/F (5255, 5298 and 5257) or Wcre;Cdh1F/F;Trp53F/F (5302) mouse 

models.  The mammary tumour giving rise to the 5256 cell line was histologically designated 

pleomorphic ILC with classic components, and 5298 cells are a clone of the 5256 line.  The 

5257 cell line represents the 5256 cell line following transfection with the photoswitchable 

Dendra2 probe (visualisation of Dendra2 expression shown to the right of phase contrast 

image).  The tumour from which 5302 cells were derived had a mixed lobular and 

sarcomatoid appearance.  Scale bars = 30 µm.
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Figure 3.2 - Confirmation of key expression markers in mouse cell lines.                        

A - Cell lysates from mouse and human cell lines were subjected to Western blot analysis using antibodies to E-cadherin, α-catenin, β-catenin, ER and 

HER2.  β-actin was used as a loading control. B & C - E-cadherin expression of E-cad+ (5255) and E-cad- (5256) cells was also assessed by 

immunohistochemistry, using sections from an agarose-embedded cell pellet (B, top and bottom images respectively), and by immunofluorescence (C).  

All images are representative of two independent experiments.  Scale bars = 100 µm.
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3.2.2 In vitro characterisation of mouse cell lines 

 

As E-cadherin loss is understood to impact upon a number of cellular properties, 

including adhesion, cytoskeletal organisation and cell motility [246-248], we sought 

to establish the key characteristics of E-cad+ and E-cad- mouse cell lines in vitro.  It 

was anticipated that this would also guide antibody selection for subsequent pathway 

analysis profiling, and aid the interpretation of any signalling changes identified by 

RPPA.  The proliferative, adhesive, invasive and migratory capacities of E-cad+ 

(5255) and E-cad- (5256) cell lines were therefore evaluated.   

 

A dual approach was used to evaluate cellular proliferation by SRB and Alamar Blue 

(AB) assays (Figure 3.3, A & B).  The SRB assay provides an estimate of total 

protein mass and thereby cell number, whereas the AB assay gives a measure of 

viable cells by detecting levels of oxidation during cellular respiration (AB is 

converted by active cells to give a colorimetric readout).  No significant difference in 

proliferation was identified between E-cad+ (5255) and E-cad- (5256) cells, with 

SRB and AB assays yielding p-values of 0.801 and 0.707, respectively (Student’s t-

test).  Adhesion assays showed no difference in the ability of cells to adhere to plates 

coated with the extra-cellular matrix (ECM) components collagen I (p=0.190, 

Student’s t-test) or fibronectin (p=0.514, Student’s t-test), as shown in Figure 3.3, C. 

 

When cell lines were compared using an inverted invasion assay, E-cad+ (5255) cells 

appeared to have an increased capacity to invade through matrigel, from a serum-free 

environment towards complete media chemo-attractant, compared to E-cad- (5256) 

cells (Figure 3.4, A).  This trend did not, however, reach statistical significance 

(p=0.20, Student’s t-test; Figure 3.4, B).  A similar phenomenon was observed upon 

comparing these cells by wound healing assay (Figure 3.4, C & D).  The E-cad+ 

(5255) cells achieved significantly greater void repopulation at 24 hours compared to  
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E-cad- (5256), with mean percentage wound closure ± SD of 75 ± 6 and 41 ± 9, 

respectively (p= 0.03, Student’s t-test).    

     

 

Figure 3.3 – Comparison of proliferation and adhesion between mouse cell lines.                          

A & B – Proliferation of E-cad+ (5255) and E-cad- (5256) cells was measured by Alamar 

Blue (A) and SRB assay (B) at 0, 24, 48 and 72 hour time points. C - Ability of E-cad+ (5255) 

and E-cad- (5256) cells to adhere to collagen I or fibronectin was assessed.  Uncoated wells 

and those coated with 5% BSA served as positive and negative controls, respectively. 

Results represent mean ± SD from three independent experiments performed in triplicate. 
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Figure 3.4 - Comparison of invasion and migration between mouse cell lines                          

A & B - Inverted invasion assay; ability of E-cad+ (5255) and E-cad- (5256) cells to invade through matrigel from serum-free towards complete medium 

was assessed after 96 hours. Montages of representative confocal images taken at 10 µm intervals through matrigel are shown in A.  C & D - Wound 

healing assay; void repopulation by the above cell lines over 24 hours in serum-free conditions following creation of a scratch wound was measured by 

time-lapse imaging.  Results represent mean ± SD from three independent experiments performed in triplicate. *p=0.03. 
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Time-lapse imaging revealed that the E-cad+ (5255) cells moved as a tight, collective 

sheet with a distinct leading edge, while the E-cad- (5256) cells appeared solitary and 

less directional.  To further probe this difference in cell dynamics, random cell 

motility studies were conducted to quantitatively assess the movement of single cells.  

There were, however, no differences in the parameters of distance (both accumulated 

and euclidean), persistence, velocity or speed between E-cad+ (5255) and E-cad- 

(5256) cell lines (Figure 3.5). 

 

It was postulated that the differences observed in directional migration in wound 

healing assays may be linked to E-cadherin expression.  To determine whether 

absence of E-cadherin expression in E-cad- mouse cell lines was associated with 

altered invasive and migratory behaviours in vitro, additional E-cad+ and E-cad- 

mouse cell lines were obtained from the Netherlands group at this stage.   Western 

blots confirming appropriate expression of cadherin-catenin complex members by 

the additional cell lines are shown in Figure 3.7.  E-cad+ mouse cell lines (5255, 

5302 and 5219) were then compared with E-cad- mouse cell lines (5256, 5298, 5304) 

by wound healing assay.  After 24 hours, there was variable void repopulation within 

the E-cad+ and E-cad- groups, and therefore no relationship between E-cadherin 

expression and migratory behaviour was evident among the mouse cell lines (Figure 

3.6).   

 

In summary, there were no significant differences in proliferation, adhesion, invasion 

or migration between the E-cad+ and E-cad- mouse cell lines studied.  
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Figure 3.5 - Comparison of mouse cell lines by random motility assay.                       

E-cad+ (5255) and E-cad- (5256) cell lines were imaged every 15 minutes for 14 hours in 

serum-free conditions using time lapse imaging.  The M-Tracker tool on ImageJ was used to 

determine the parameters of accummulated distance, euclidean distance, persistence, 

velocity and speed.  Results represent mean ± SD from three independent experiments 

performed in triplicate wells.  A minimum of 10 cells were tracked per well. 
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Figure 3.6 - Comparison of multiple mouse cell lines by wound healing assay.   

Having observed a significant difference when E-cad+ (5255) and E-cad- (5256) cell lines 

were compared by wound healing assay (Figure 3.4), additional E-cad+ and E-cad- mouse 

cell lines were requested from our collaborator (Professor Patrick Derksen) to determine 

whether this difference correlated with E-cadherin status.  Void repopulation was determined 

24 hours following creation of a scratch wound, under serum-free conditions, using time 

lapse imaging. Results represent mean ± SD from three independent experiments performed 

in triplicate. 
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3.2.3 Comparison of mouse and human cell lines by RPPA  

 

RPPA is a quantitative, high-throughput approach enabling screening of multiple 

samples with several antibodies under the same experimental conditions.  To assess 

the effect of E-cadherin loss upon downstream signalling pathways in ILC, this 

approach was utilised to identify cancer-relevant proteins and phosphoproteins 

differing in expression between mouse and human E-cadherin positive and E-

cadherin negative cell lines.    

 

3.2.3.1 Selection of cell lines for RPPA 

 

Prior to RPPA, expression patterns of E-cadherin, α-catenin and β-catenin were 

assessed by Western blotting in all E-cad+ and E-cad- mouse cell lines, alongside 

human cell lines MCF-7 and IPH-926, derived from IDC and ILC respectively 

(Figure 3.7).  Reduced or absent expression of cadherin-catenin complex members 

(E-cadherin, α-catenin and β-catenin) was observed in E-cad- mouse and IPH-926 

cell lines relative to E-cad+ mouse and MCF-7 cell lines, as anticipated.  Within the 

E-cad+ mouse group, expression levels of these proteins were lower in 5255 relative 

to 5304 and 5319 cell lines.  To maximise the chance of detecting differences in 

signalling upon RPPA, the 5255 line was not included in this study.  All cell lines 

included in the final study were derived from independent tumours, consequently, as 

5298 cells are a clone of the E-cad- (5256) cell line, they were also excluded.   

 

3.2.3.2 Experimental workflow 

 

Three biological replicates per mouse (5302, 5219, 5256 and 5304) and human 

(MCF-7 and IPH-926) cell line were prepared.   Cell lines were grown in media 

supplemented with serum only for 24 hours prior to collection in order to standardise  
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conditions for all cell lines.  Mouse cell lines were therefore starved of insulin and 

EGF supplementation, while no change to media was required for MCF-7 and IPH-

926 cells, since routine culture conditions of these cell lines did not necessitate any 

additional supplementation (Table 2.3).  Cell lysates were submitted for RPPA 

analysis using a panel of 120 antibodies (listed in Appendix 1), and the experimental 

workflow is illustrated in Figure 3.8.    

 

 

 

Figure 3.7 - Expression of cadherin-catenin complex members in all cell lines.  

Cells lysates from E-cad+ (5255, 5304 and 5319) and E-cad- (5256, 5298 and 5302) mouse 

cell lines, in addition to human cell lines MCF7 and IPH-926, were subjected to Western 

blotting analysis using E-cadherin, α-catenin and β-catenin antibodies.  GAPDH was used as 

a loading control.  Images are representative of three independent experiments.  Cell lines 

subsequently selected and submitted for RPPA analysis are in red.  
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Figure 3.8 - Experimental workflow for RPPA.  

Experimental workflow for quantification of signaling proteins in mouse and human E-cadherin positive and E-cadherin negative cell lines by RPPA.  

Each of 16 sub-arrays (pads) per nitrocellulose slide was probed with a different validated primary antibody (Ab).  Figure designed by Dr. Adam Byron.  
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Data was analysed as described in Section 2.2.4.4.  Raw fluorescence intensity 

values were normalized, standardized as z-scores, and then subjected to hierarchical 

clustering analysis.   Normalized intensity values for phosphoproteins were further 

normalized to intensities of respective total proteins as log2-transformed ratios 

(phosphoprotein/total protein), standardized as Z-scores and subjected to hierarchical 

clustering analysis.  Data from mouse (5304, 5219, 5256, 5302) and human (MCF7, 

IPH-926) cell lines were standardized separately owing to different antibody 

affinities to proteins from different species.  Hierarchical clustering analyses were 

performed by Dr. Adam Byron.  The heat maps in Figures 3.9 and 3.10 display the 

relative enrichment of proteins or phosphoproteins, or of phosphoproteins relative to 

respective total proteins respectively (red, up-regulated; blue, down-regulated).  

Mouse cell lines did not cluster by E-cadherin status when clustering was performed 

in the dimension of the cell lines.  Human data were aligned with hierarchically 

clustered mouse data.  Dendrograms for selected protein or phosphoprotein clusters 

in Figures 3.9 and 3.10 are highlighted in black, and displayed together in Figure 

3.11.   

 

3.2.3.3 Cadherin-catenin complex members  

 

Significantly reduced expression of cadherin-catenin complex members E-cadherin, 

α-catenin and β-catenin was found following pair-wise comparison between mouse 

and human E-cadherin negative and E-cadherin positive cell lines (Figure 3.9 and 

3.11).  These results are consistent with the Western blot performed at the outset of 

the study (Figure 3.7), and therefore serve as an internal control for the RPPA.  

Levels of phospho-β-catenin (pSer33, pSer37, pThr41 and pThr41, pSer45) relative 

to total (Figure 3.10) were increased in both mouse and human E-cadherin negative 

versus positive cells.  The difference was statistically significant across all pair-wise 

comparisons, with the exception of phospho-β-catenin pThr41, pSer45 expression 

between the human cell lines. 
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Supplementary Figure 1
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Figure 3.9 - Changes in protein and phosphoprotein levels upon E-cadherin loss. 

Levels of proteins and phosphoproteins in whole cell lysates were determined by RPPA.   

Normalized intensity values were standardized as Z-scores and subjected to hierarchical 

clustering analysis.  Data from mouse (5304, 5219, 5256, 5302) and human (MCF7, IPH-

926) cell lines were standardized separately owing to different antibody affinities to proteins 

from different species. Heat maps display the relative enrichment of proteins or 

phosphoproteins (red, up-regulated; blue, down-regulated); human data were aligned with 

hierarchically clustered mouse data.  Dendrograms for protein or phosphoprotein clusters 

selected in Figure 3.11 are highlighted in black. Significantly differentially regulated proteins 

or phosphoproteins are indicated by a black bar (false discovery rate (q), 5%). 
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Figure 3.10 - Changes in relative phosphoprotein levels upon E-cadherin loss.   

Levels of phosphoproteins relative to respective total proteins in whole cell lysates from E-

cad+ and E-cad- cells were determined by RPPA.  Normalized intensity values for 

phosphoproteins were further normalized to intensities of respective total proteins as log2-

transformed ratios (phosphoprotein/total protein), standardized as Z-scores and subjected to 

hierarchical clustering analysis.  Data from mouse (5304, 5219, 5256, 5302) and human 

(MCF7, IPH926) cell lines were standardized separately owing to different antibody affinities 

to proteins from different species. Heat maps display the relative enrichment of 

phosphoproteins (red, up-regulated; blue, down-regulated); human data were aligned with 

hierarchically clustered mouse data.  Significantly differentially regulated phosphoproteins 

are indicated by a black bar (false discovery rate (q), 5%). 
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Figure 3.11 - Analysis of cell signalling changes upon loss of E-cadherin expression.  

A & B- Levels of proteins and phosphoproteins (A) and phosphoproteins relative to 

respective total proteins (B) in whole cell lysates from mouse (5304, 5219, 5256, 5302) and 

human (MCF7, IPH-926) cell lines were determined by RPPA. Normalized intensity values 

were standardized as Z-scores and subjected to hierarchical clustering analysis. Normalized 

intensity values for phosphoproteins were further normalized to intensities of respective total 

proteins prior to standardization in B. Heat maps display the relative enrichment of selected 

clusters of proteins or phosphoproteins (red, up-regulated; blue, down-regulated); human 

data were aligned with hierarchically clustered mouse data. Significantly differentially 

regulated proteins or phosphoproteins are indicated by a black bar (false discovery rate (q), 

5%).  
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3.2.3.4 PI3K-Akt signalling pathway  

 

RPPA revealed enrichment of PI3K-Akt pathway components in E-cadherin negative 

versus E-cadherin positive cell lines (pathway illustrated in Figure 3.12).  An 

increase in activated Akt (also known as protein kinase B/PKB) was present in all E-

cadherin negative relative to E-cadherin positive cells, and this was consistent for 

both Thr308 and Ser473 phospho-sites relative to total Akt expression.  This trend 

was statistically significant between human cell lines IPH-926 and MCF-7 (Figures 

3.10 and 3.11).   

 

In keeping with this, reduced total PTEN (negative regulator of Akt) levels were 

observed in all E-cadherin negative compared to positive cells (Figure 3.9).  PDK1 

also regulates Akt activation, and IPH-926 cells demonstrated enrichment of 

activated PDK1 (pSer241) compared to MCF-7 cells (Figure 3.10).   Further 

upstream, at the level of trans-membrane receptors, IPH-926 cells showed a 

significant increase in activated receptor tyrosine kinase Met (pTyr1234) and a 

significant decrease in phosphorylated epidermal growth factor receptor (EGFR) 

relative to MCF-7 cells (Figure 3.10).  These trends were not observed among the 

mouse cell lines, however.  

 

Downstream of Akt, phospho-mTOR expression was enriched among the mILC (E-

cad-) cells relative to total, with this pattern being stronger for the Ser2481 phospho-

site, and determined to be significantly different for this phospho-protein between E-

cad+ (5219) and E-cad- (5302) cells only (Figure 3.9).  The converse was seen in the 

human cell lines however, with a trend towards increased phospho to total mTOR 

expression in E-cadherin positive MCF-7 compared to E-cadherin negative IPH-926 

cells (Figure 3.10).   
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Additional pathway members found to differ in expression between E-cadherin 

negative and positive cells, upon assessment of phosphorylated to total ratios, 

included increase in phosphorylated tuberin (TSC2) and reduction of phosphorylated 

AMPKα (Figure 3.10).  The change in phosphorylated AMPKα (Thr172) was 

statistically significant when human cell lines were compared.  Levels of 

phosphorylated to total GSK-3-β, Bim, and p70 S6 kinase were also increased in 

IPH-926 versus MCF-7 cells, with p70 S6 kinase being significantly enriched in the 

former.    

 

3.2.3.5 FAK-Src, MAPK and JAK-STAT signalling pathways  

 

Levels of phospho-proteins and proteins participating in the FAK-Src, MAPK and 

JAK-STAT pathways did not associate with E-cadherin status of the mouse cell lines 

upon RPPA, however differing expression between human cell lines was identified.  

IPH-926 cells demonstrated a statistically significant increase in activated FAK 

expression, and also a trend towards enrichment of activated Src, with increased 

phospho/total ratios relating to Tyr397 and Tyr416 autophosphorylation sites, 

respectively (Figure 3.10).  IPH-926 cells additionally showed a significant increase 

in phosphorylated to total p38 MAPK and JAK1 expression, and a significant 

decrease in STAT1 and STAT6 levels (Figure 3.10). 
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Figure 3.12 – Schematic overview of the PI3K-Akt signalling pathway 

The PI3K-Akt pathway is initiated via receptor tyrosine kinases (RTK), in response to 

extracellular growth factors.  Activated phosphatidylinositol 3-kinase (PI3K) produces 

phosphatidylinositol (3, 4, 5)-triphosphate (PIP3), which binds Akt/PKB causing its 

translocation to the plasma membrane.  PIP3 activates PDK1, which initiates activation of 

Akt.  Akt regulates multiple downstream processes, including cell growth, cell survival, 

translation and metabolism, by phosphorylating a wide range of intracellular proteins.  

Phosphatase and tensin homolog (PTEN) is a negative regulator of Akt, functioning by 

dephosphorylating PIP3. Arrowheads represent stimulation, and hammerheads inhibition. 
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3.2.4 Western blot validation of RPPA findings 

 

As stated above, patterns of expression of cadherin-catenin complex members in 

mouse and human cells lines determined by Western blotting (Figure 3.7) and by 

RPPA (Figures 3.9 and 3.11) were consistent.  The most striking finding revealed by 

RPPA was enrichment of PI3K-Akt pathway components in mouse and human E-

cadherin negative cells, in particular increase in activated Akt.  Follow up validation 

studies therefore focussed on this particular signalling pathway.  

 

As indicated above, for mouse cell lines culture medium was changed from complete 

medium supplemented with insulin and EGF, to medium containing addition of 10% 

FCS only, for 24 hours prior to collection of cell lysates for RPPA.   Western blotting 

performed using lysates prepared under the same conditions showed increased 

activated Akt (Ser473) in E-cad- compared to E-cad+ mouse cells, comparable with 

RPPA (Figure 3.13, A).   Having established that E-cad- mouse cells exhibit 

increased activated Akt in serum conditions, Akt expression was next assessed 

following 24 hours serum starvation to determine basal signalling levels.  This 

revealed that E-cad- mouse cell lines maintain high levels of pAkt, even in the 

absence of serum (Figure 3.13, A).    

 

Akt expression was next assessed in serum-starved cells (24 hours) following 

treatment with IGF-1, a potent stimulator of PI3K/Akt signalling.  E-cad- cells 

continued to display increased expression of activated Akt, while IGF-1 had little 

effect upon E-cad+ cells, indicating that IGF-1 is not a major factor in serum driving 

pAkt in E-cad+ mouse cells (Figure 3.13, A).  Loss of differential Akt activation was 

observed when cells were grown in complete medium (Figure 3.13, A), suggesting 

that EGF and/or insulin may be key effectors of Akt activation in E-cad+ cells.   
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When human cell lines were compared under serum-free conditions, E-cadherin 

negative IPH-926 cells showed a significant increase in activated Akt compared to E-

cadherin positive MCF-7 cells, consistent with mouse cell line data (Figure 3.13, B 

&C).  These findings indicate that Akt is constitutively active in E-cadherin negative 

mouse and human ILC cells.  

 

Figure 3.14 shows Western blot assessment of additional members of the PI3K-Akt 

pathway – PTEN, mTOR and GSK-3β.  To further assess the constitutive activation 

of the pathway in E-cadherin negative cells, lysates were prepared under serum-free 

conditions.  Levels of total PTEN were lower in E-cadherin negative cells, with the 

difference more marked between the human cell lines.  Although multiple down-

stream targets of Akt are recognised (Figure 3.12), expression patterns of mTOR and 

GSK-3β were first examined since these are principal physiological substrates of 

Akt.  There were no striking differences in activated mTOR expression between E-

cadherin positive and negative cell lines upon Western blotting.  However, while 

phosphorylated GSK-3β expression did not correlate with E-cadherin status among 

mouse cell lines, levels were increased in IPH-926 relative to MCF-7 cells. 

 

Since FAK has been identified as a downstream substrate of Akt [249], and E-

cadherin loss has previously been associated with upregulated FAK and Src 

expression [250], expression patterns of these proteins were also validated by 

Western blotting.   The Western blots for FAK and Src shown in Figure 3.14 are 

consistent with RPPA data, showing increased phosphorylated to total expression 

levels of these proteins in the IPH-926 relative to MCF-7 cells, with no difference 

apparent among mouse cell lines. 
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Figure 3.13 - Akt is constitutively active in mouse and human ILC cell lines.   

A - Western blots comparing expression of pAkt (ser473) and total Akt in mouse cell lysates prepared under the following conditions; incubation with 

medium containing 10% FCS for 24 hours prior (as per RPPA), serum starvation for 24 hours, stimulation with 100ng/ml IGF-1 for 4 minutes, and 

incubation with complete medium.  GAPDH was used as a loading control. Blots are representative of at least 2 independent experiments.  B - Repeat 

Western blot probing for pAkt (ser473) and total Akt in mouse and human cell lysates prepared under serum-free conditions. C - Quantification of 

Western blots performed in B.  Phosphorylated and total Akt, were each normalised to GAPDH loading control, before calculating the phospho/total 

ratio.  Bars represent mean phospho/total Akt ratio +/- standard deviation for three independent experiments. *p<0.05, **p<0.01.  
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Figure 3.14 - Western blot assessment of selected PI3K/Akt pathway components.  

Western blots show phosphorylated and total expression of PTEN, mTOR, GSK-3β, FAK 

and Src in mouse and human cell lines, along with GAPDH loading controls.  Cell lysates 

were prepared following 24 hours serum-starvation.  Blots are representative of at least 2 

independent experiments. 
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3.2.5 PI3K-Akt signalling in primary human ILC tumours 

 

Having established an association between E-cadherin loss and activated Akt in cell 

lines derived from mILC and IPH-926 cells, we wished to determine whether Akt 

signalling was active in primary lobular breast cancer tumours, particularly as IPH-

926 cells represent advanced metastatic, rather than primary ILC.   To maximize 

sample size, and thereby statistical power, TMAs developed by each centre 

(Edinburgh and Utrecht) and comprising a total of 171 cases of lobular breast cancer 

were pooled.  The Edinburgh TMA contained 54 ILC cases (the development of this 

TMA is described in Chapter 4), while those developed in Utrecht comprised 57 

ILC, 38 mixed LCIS and ILC and 22 pure LCIS cases.  The combined characteristics 

of this patient cohort are shown in Table 3.1, which conveys that the majority of 

tumours exhibited features associated with classic ILC, including low grade, lack of 

E-cadherin expression, hormone receptor positivity and HER2 negativity.  

 

Immunohistochemistry for pAkt (Ser473), pmTOR (Ser2481) and total PTEN was 

performed by histology services at the Department of Pathology, Utrecht.  

Representative images are shown in Figure 3.15.  Staining for pAkt and PTEN was 

predominantly cytoplasmic and scored as 0 (none), 1+ (weak), 2+ (moderate) and 3+ 

(strong).  Staining for pmTOR was sub-membranous, and ≤5% tumour staining 

considered negative and >5% deemed positive.  Professor Patrick Derksen performed 

the scoring, and the results are summarised in Table 3.2.  Cases of pure LCIS were 

excluded from final analyses, and in mixed LCIS and ILC cases, only scores 

attributing to the ILC component are included.  Additionally there were some 

instances of lost or damaged cores.  Where more than one core was available for 

scoring per patient (up to 6 cores per patient in Edinburgh cohort), the mean score 

was calculated and used for subsequent analysis.  
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Of 117 available tumour cores, 75 (64.1%) were positive (scores 1-3) for 

cytoplasmic pAkt expression, and of 80 available tumour cores, 61 (76.3%) were low 

expressors of PTEN (scores 0-1).  For sub-membranous pmTOR, 37 (44%) of 84 

available tumour cores exhibited positive expression (>5%).   

 

These results indicate that Akt signalling is active in the majority of primary lobular 

breast cancers, echoing the findings of the RPPA study.  While the presence of 

phosphorylated Akt and reduced expression of PTEN suggests active Akt signalling 

in ILC, mTOR may not be the principal downstream target of Akt in this setting.  

There was no significant correlation between pAkt and PTEN (p=0.228), pAkt and 

pmTOR (p=0.129) or PTEN and pmTOR expression (p=0.236) when assessed using 

the Chi2 test of association.  There were also no significant correlations between 

protein expression and clinical variables.    
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Table 3.1 Characteristics of combined cohorts of lobular breast cancer patients 
 

 
 
 
 
 
 
 

Number % 

Age (years) Mean 57 

Range 32-83 

Histological grade 1 12 9.4 

2 89 52 

3 38 22.2 

Not available 28 16.4 

Lymph node status Negative 88 51.5 

Positive 65 38.0 

Not available 18 10.5 

E-cadherin Negative 109 63.7 

Positive 19 11.1 

Not available 43 25.1 

ER status  Negative 14 8.2 

Positive 125 72.5 

Not available 33 19.3 

PR status Negative 41 24.0 

Positive 93 54.4 

Not available 37 21.6 

HER2 status Negative 96 53.1 

Positive 7 4.1 

Not available 68 39.8 
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Figure 3.15 - Expression of PI3K-Akt pathway components in primary human ILC. 

Immunohistochemistry using antibodies to total PTEN, pAkt and pmTOR was performed 

using tissue micro-arrays containing 171 cases of lobular breast cancer.  Staining for pAkt 

and PTEN was predominantly cytoplasmic and scored as 0 (none), 1+ (weak), 2+ 

(moderate) and 3+ (strong).  Staining for pmTOR was sub-membranous, and ≤5% tumour 

staining considered negative and >5% deemed positive.  Scale bars represent 200 µm. 
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Table 3.2 – Expression of PI3K-Akt pathway members in primary human ILC 

 

 

 

 

 

 

 

 

 

 

 

Number % 

Age (years) Mean 57 

Range 32-83 

Histological grade 1 16 9.4 

2 89 52 

3 38 22.2 

Not available 28 16.4 

Lymph node status Negative 88 51.5 

Positive 65 38 

Not available 18 10.5 

Metastasis Negative 110 58.5 

Positive 11 6.4 

Not available 60 35.1 

E-cadherin Negative 72 42.1 

Positive 8 4.7 

Not available 91 46.8 

ER status  Negative 14 8.2 

Positive 125 72.5 

Not available 33 19.3 

PR status Negative 41 24 

Positive 93 54.4 

Not available 37 21.6 

HER2 status Negative 96 53.1 

Positive 7 4.1 

Not available 68 39.8 

Number % 

Total PTEN Low (0, 1) 61 76.3 

Normal (2, 3) 19 23.7 

pAkt Negative (0) 42 35.9 

Positive (1-3) 75 64.1 

pmTOR Negative (<5%) 47 56 

Positive (>5%) 37 44 
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3.2.6 Preliminary evaluation of Akt inhibitors in vitro 

 

As Akt appears to be active in the majority of ILC tumours, inhibition of this protein 

may be an effective treatment strategy for lobular breast cancer patients.  Preliminary 

assays evaluating the response of E-cadherin negative mouse and IPH-926 cell lines 

to Akt inhibitors in vitro were therefore undertaken by the Utrecht group (Milou 

Tenhagen).   Figure 3.16 shows the effect of three Akt inhibitors (VIII, AZD5363 

and MK2206) upon cell growth and anoikis resistance of mILC (mILC-1 = 5256 and 

mILC-2 = 5302) and IPH-926 cells.  The greatest response by all cell lines was 

observed following treatment with MK2206, with GI50 (concentration of drug 

inhibiting growth of cells by 50%) values between 0.1-0.27 µM.  IPH-926 cells were 

also responsive to VIII, with GI50 values of 0.16 and 0.25 µM for relative growth 

and relative anoikis resistance, respectively. 
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Figure 3.16 - Response of E-cadherin negative cell lines to Akt inhibitors in vitro.    
The effect of escalating doses of Akt inhibitors upon anchorage-dependent growth (Adh) and 

anoikis (Susp), for 4 and 5 days respectively, was assessed using three E-cadherin negative 

cell lines; mILC-1 (5256), mILC-2 (5302) and IPH-926.  Three Akt inhibitors were used; VIII 

(A), AZD5363 (B) and MK2206 (C).  GI50 values are for each inhibitor upon each cell line 

are listed.  Bars represent mean ±  standard deviation for three independent experiments.   
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3.3 Discussion 
 

While our knowledge of the genomic and transcriptomic landscape of ILC has 

escalated over recent years [123, 124, 152], our understanding of the cellular 

mechanisms underpinning its distinct clinical course remains poor.  By gaining 

insight into the underlying biology of ILC, novel therapeutic approaches may be 

identified leading to the development of more personalised treatments for this patient 

group.  As detailed earlier, early loss of E-cadherin expression is the hallmark feature 

of lobular breast cancer [49].  The aim of this chapter was to elucidate signalling 

pathways active downstream of E-cadherin loss in ILC.   

 

A panel of representative mouse and human cell lines was established prior to 

pathway analysis profiling by means of reverse phase protein array (RPPA).  While 

multiple cell lines derived from ductal breast cancers are widely available, only a 

limited number originate from ILC.  This is in part due to the relative rarity of ILC, 

and also consequent to uncertainty regarding the original tumour histology of some 

cell lines, as discussed in Chapter 1.  Additionally, it is only in the past decade or so 

that there has been mounting interest in studying ILC at a biological level, and a 

subsequent drive to develop improved in vitro and in vivo models of this disease.  

Through our collaboration with Professor Patrick Derksen, we were therefore 

fortunate to obtain cell lines derived from mouse models of ILC for use in this 

project, and I am also grateful to Dr Matthias Christgen for agreeing to our use of the 

IPH-926 cell line.  Details of these cell lines were provided in Chapter 1.  Briefly, 

mouse cell lines were E-cadherin positive or negative, and derived from mammary 

tumours arising in K14cre or Wcre;Trp53F/F or K14cre or Wcre;Cdh1F/F; Trp53F/F 

mouse models respectively [228, 229].  The E-cadherin negative IPH-926 cell line 

was derived from malignant ascites of a metastatic ILC [201, 208].  The well-

characterised breast cancer cell line MCF-7 was selected as a control for IPH-926 

cells, as it is an E-cadherin positive cell line derived from IDC. 
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Cell lines are used extensively in cancer research as powerful in vitro tools. They are 

often used as surrogates for the tumour of origin, and it is therefore important that 

misidentification of cell lines is avoided to prevent generation of potentially 

misleading data.  It is also necessary to be mindful of the potential for epigenetic and 

transcriptomic reprogramming in culture [251].  In attempt to evade such situations, 

expression of key markers, in particular E-cadherin, was checked regularly, and cells 

maintained in culture for a maximum of 15 passages.  

 

Changes in protein levels play crucial roles in tumour development and progression, 

and these may not be reflected by genomic and transcriptomic read-outs owing to 

post-transcriptional and post-translational modifications and degradation processes. 

A large-scale study of protein expression in E-cadherin negative and positive mouse 

and human cells was therefore performed using RPPA technology.  This is a cost-

effective, high throughput technique, providing quantitative analysis of post-

translational signalling responses across multiple samples using hundreds of pre-

validated antibodies [252].  It is based on a miniaturized dot-blot format that allows 

small quantities of samples to be printed onto a single nitro-cellulose slide, which 

can then be analysed in a similar fashion to Western blotting with primary and 

fluorescently labelled secondary antibodies.  Differential expression across all 

samples is then analysed simultaneously by comparing relative levels of fluorescence 

intensity.  For this study, 120 antibodies covering cancer-relevant pathways and 

processes were used to probe for differences in signalling between the E-cadherin 

positive and negative cell lines.   

 

Expression patterns of cadherin-catenin complex proteins upon RPPA were 

consistent with those demonstrated by Western blotting, providing confidence in the 

validity of RPPA analysis.  Hierarchical clustering analysis revealed enrichment of 

the phosphoinositide 3-kinase (PI3K)-Akt (also known as protein kinase B or PKB) 

signalling pathway in E-cadherin negative mouse and human ILC cells compared to 

E-cadherin positive controls, with increase in activated Akt, at both Ser473 and  
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Thr308 phospho-sites, and reduction in the negative regulator of Akt, PTEN.  These 

trends were also seen upon Western blotting, and levels of pAkt and total PTEN 

expression in MCF-7 cells, low and high respectively, were consistent with those 

previously reported [253, 254], providing further validation of RPPA data. 

 

The ILC cell lines described above are the most representative and robust in vitro 

tools presently available to study ILC, however one important limitation is their lack 

of ER positivity.  As the classic form of ILC is usually ER-α positive and ER-α is a 

well-recognised mediator of cellular signalling in breast cancer (reviewed in [255]), 

it was possible that the differences highlighted by RPPA did not reflect the majority 

of lobular breast cancers.  It should also be noted that the IPH-926 cell line is 

representative of advanced, metastastic ILC, rather than the primary disease.  It was 

therefore important to translate these findings to a clinical cohort of lobular breast 

cancer patients and determine whether active PI3K/Akt signalling was sustained in 

human ILC tumours. To achieve this, tissue micro-arrays generated by Edinburgh 

and Utrecht were simultaneously subjected to immunohistochemistry.  This resulted 

in a large sample of ILC tumours of which 64% were positive for activated Akt, and 

76% exhibited either loss or low expression of PTEN.   This suggests that PI3K/Akt 

signalling is commonly activated in ILC, in keeping with RPPA data.  As described 

in Chapter 1, there is mounting evidence that PI3K/Akt signalling serves a role in 

ILC, and the data presented in this chapter is supportive of this.  At the protein level, 

Ciriello et al recently showed a significant reduction in PTEN expression and 

increase in phosphorylated Akt expression in a RPPA study comprising 127 ILC 

samples [124].  In a smaller immunohistochemical study encompassing 29 ILC 

cases, pAkt (Tyr308) expression was significantly increased in ILC compared to IDC 

[256]. 

 

Prior to RPPA mouse cells were cultured in the presence of serum, and serum 

constituents, such as growth factors, have the potential to activate Akt in a paracrine 

fashion.  IGF-1 is a particularly potent stimulator of PI3K-Akt signalling, and levels  
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of pAkt (Ser473) in mouse cell lysates following stimulation with IGF-1 were 

therefore compared with those grown in complete medium (serum plus EGF and 

insulin) and serum-free conditions.  Interestingly, E-cadherin positive cells only 

exhibited pAkt levels equivalent to E-cadherin negative cells in the presence of 

complete serum, while E-cadherin negative cells continued to express high levels of 

pAkt following serum starvation.  This difference was sustained upon comparison of 

human cell lines under serum-free conditions, suggesting that Akt is constitutively 

active in the E-cadherin negative ILC cells studied here.   

 

Activating mutations of PI3K/Akt pathway members represents a potential 

mechanism that could lead to constitutive activation of Akt in ILC.  Mutations in the 

PIK3CA gene, which encodes the catalytic subunit of PI3K, are among the most 

significantly enriched mutations in ILC after the CDH1 gene, being present in 35-

48% of cases [124, 152, 153].  Homozygous loss of PTEN locus (10q23) and PTEN 

mutations are also more frequent in ILC compared to IDC, and Michaut et al 

identified enrichment of AKT1 mutations in 5% of ILC cases [124, 152].  Next 

generation sequencing will therefore be performed to determine whether activating 

mutations in these genes drive constitutive activation of Akt in the cell lines studied 

here.   

 

An alternative mechanism capable of promoting constitutive activation of PI3K/Akt 

signalling is the establishment of a growth factor/growth factor receptor-dependent 

autocrine loop.  In the context of ILC, this could relate to loss of contact-dependent 

inhibition of signalling upon disruption of adherens junctions (AJ) following E-

cadherin loss.  For example, Curto et al demonstrated curtailment of EGFR-mediated 

signalling by the maintenance of cadherin-dependent cell-cell junctions, involving a 

mechanism whereby active, cadherin-associated Merlin, which is required for AJ 

stabilisation, sequesters EGFR to prevent access to downstream targets [257].    

Interestingly, Bae et al demonstrated activation of EGFR-dependent signalling  

 



 Elucidating biological mechanisms associated with invasive lobular carcinoma of the breast   

  106 

 

towards MEK/ERK and PI3K-Akt pathways upon E-cadherin knockdown in vitro, 

and a significant increase of phosphorylated and total EGFR expression in ILC 

versus IDC was reported in the RPPA study undertaken by Ciriello et al [124, 258].  

Taken together, these studies reinforce the notion of a link between loss of contact-

dependent inhibition of intracellular signalling in E-cadherin negative ILC cells, and 

constitutive activation of Akt.  Although the mouse cell lines originate from the same 

genetic model, due to the nature of spontaneous tumour formation, other secondary 

genetic changes will have occurred, which could be contributing to effects.  To 

control for this in future experiments, and address the question of E-cadherin 

dependent activation of Akt in ILC, E-cadherin will be expressed in the E-cad- 

(5256) cell line and the effects examined.   

 

Intriguingly, interplay between PTEN and cadherin-catenin complex members at 

cell-cell junctions has also been described [259-262].  Li et al stably transfected the 

E-cadherin negative human breast cancer cell line MDA-MB-435 with E-cadherin, 

and comparison with empty vector controls demonstrated that E-cadherin increased 

PTEN protein stability by prolonging its half-life and delaying proteasome-

dependent degradation [260].  The net result of this was augmented PTEN 

expression and decreased pAkt expression in E-cadherin overexpressing cells [260].  

Such a mechanism could also be of relevance in the setting of ILC.    

 

Although our data and that of others points towards a role for Akt signalling in 

lobular breast cancer, the consequences of increased Akt activity upon cellular 

function in the ILC setting are not clear.  There are numerous downstream substrates 

of Akt, and Akt resultantly regulates multiple cellular processes, including survival 

and apoptosis, cell cycle progression, angiogenesis, migration and metabolism 

(Figure 3.12) [263].  The baseline characterisation studies presented earlier in this 

chapter did not provide any leads in this respect, with no trends in the parameters  
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measured correlating with E-cadherin status.  The majority of these experiments 

were conducted using only one pair of cell lines, however, owing to availability at 

the time.   

 

Interestingly, studies by Derksen et al utilising these cells show that mILC (E-cad-) 

cells are anoikis resistant (resistant towards apoptosis resulting from loss of cellular 

substrate attachment) [228], and anoikis resistance has been linked to loss of PTEN 

and Akt activation [193, 264], highlighting a possible outcome of activated Akt 

signalling in mILC.  Anoikis resistant cells with an activated Akt pathway also 

exhibited reduced chemo-sensitivity [264, 265], and ILC patients are recognised to 

be less responsive to chemotherapy compared to those with IDC [106, 114, 266].  

 

It follows that inhibition of PI3K-Akt signalling may be present an effective 

treatment strategy in lobular breast cancer.  Two classes of Akt inhibitor are 

currently available.  Allosteric inhibitors, such as MK-2206 and VIII, bind to the 

region that interacts with both pleckstrin homology and kinase domains, preventing 

transfer of Akt to the cell membrane and subsequent pathway activation, while 

classical ATP competitive kinase domain inhibitors, such as AZD5363, prevent 

substrate phosphorylation by Akt.  Proof-of-principle experiments were undertaken 

using E-cadherin negative mouse and human cells, to ascertain response to these 

inhibitors in vitro before embarking upon in vivo studies.  The greatest effect upon 

cell growth and anoikis resistance was observed using the allosteric Akt inhibitor 

MK-2206.  MK-2206 has been described as one of three leading candidates for Akt 

inhibition in cancer [267], and phase II clinical trials of this agent are underway in a 

variety of tumour types, including breast cancer.  The use of PI3K inhibitors 

represents an alternative approach to achieving PI3K/Akt pathway inhibition.  The 

RATHER consortium, which is tasked with identifying new drug targets for ILC and 

triple negative breast cancer, recently launched a phase II pan-European trial 

(POSEIDON) comparing the efficacy of tamoxifen treatment in combination with a  
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isoform selective PI3K inhibitor, taselisib or GDC-0032, versus tamoxifen alone, in 

ER positive, HER2 negative metastatic breast cancer patients. 

 

In addition to in vivo studies on the subject of Akt signalling in ILC, future work will 

also focus on the role of Src and FAK.  Levels of these focal adhesion proteins were 

increased in IPH-926 relative to MCF-7 cells upon RPPA and Western blotting, and 

upregulation of Src and FAK has been linked to E-cadherin loss [250].  The 

expression of these proteins is currently being assessed by immunohistochemistry 

upon the TMAs.   

 

In summary, this chapter illustrates the ability of RPPA to interrogate the proteome 

of cancer cells and identify differences in signalling cascades.  Validation studies, 

including immunohistochemical evaluation in a large cohort of lobular breast cancer 

patients, provided further evidence of a role for activated Akt signalling in ILC. 

Inhibition of this pathway represents a potential targeted therapeutic strategy in the 

lobular breast cancer setting.   
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CHAPTER 4: DEVELOPMENT OF A TISSUE 
MICRO-ARRAY FOR THE COMPARATIVE 

STUDY OF ILC AND IDC 

 

4.1 Introduction 
 

Histopathology continues to be instrumental in the field of oncology.  Therapeutic 

decisions are frequently founded upon cellular and tissue morphology, and 

immunohistochemistry (IHC) provides further information regarding the molecular 

constitution of the specimen, specifically the intensity and cellular location of 

expressed proteins.  First introduced by Kononen in 1998 [268], tissue micro-arrays 

(TMAs) are high-throughput tools for histology-based tests, including IHC.  Small 

cylindrical cores are extracted from formalin fixed paraffin-embedded tissue, and 

arranged in a recipient block, enabling rapid, simultaneous analysis of hundreds of 

samples under the same experimental conditions.  TMAs are widely employed to 

validate the findings of genomic or proteomic studies, and are highly valuable in 

translating the clinical relevance of potential biomarkers.   

 

ILC is frequently under-represented in existing breast cancer TMAs, and this chapter 

describes the generation of a TMA comprising comparable numbers of ILC and IDC 

patients.  The acquisition of clinical details also permitted the comparison of clinico-

pathological features of a defined cohort of ILC and IDC patients treated at our 

centre, and these results are presented here.   

 

At the outset of this project, interrogation of the Cancer Genome Atlas (TCGA) and 

literature review, identified potential candidate genes from transcriptomic studies  
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comparing ILC and IDC that merited validation using the TMA platform, namely 

ENPP2 and IGF1.  Zhao et al identified significant overexpression of the ENPP2 

gene in ILC and IDC, with a fold change of 2.36 [147].  ENPP2 encodes autotaxin 

(ATX), which catalyses the formation of the bioactive lipid mediator 

lysophosphatidate (LPA) from lysophosphatidylcholine (LPC).  The ATX-LPA 

signalling axis plays an important role in both normal physiology and disease 

pathogenesis including breast cancer, in which it has been associated with tumour 

growth, invasion, metastasis and therapeutic response [269].  The ATX-LPA 

signalling axis is summarised in Figure 4.1, which indicates that the PI3K/Akt 

signalling cascade is among the various pathways activated downstream of LPA 

receptors [270].  Having acquired evidence of constitutively active Akt in ILC (see 

Chapter 3), it was therefore of interest to evaluate ATX as a potential upstream 

regulator of PI3K/Akt signalling in lobular breast cancer.   

 

IGF-1 signalling is widely acknowledged to be of importance in breast cancer 

initiation and progression [271].  IGF-1 is a potent stimulator of PI3K/Akt signalling 

via the IGF-1 receptor (IGF-1R) and insulin-receptor substrate-1 (IRS-1) [272], and 

was therefore selected for assessment within the TMA on a similar basis to ATX.  

TCGA data extracted using the OncomineTM database, revealed significant 

overexpression of IGF-1 in ILC relative to IDC, with a fold change of 3.27 (Figure 

4.2).  In addition, increased IGF-1 expression has been demonstrated in a number of 

studies comparing ILC and IDC at the transcriptomic level [147, 149, 150, 273].  

Assessment of ATX and IGF-1 expression within the TMA, and correlation with 

clinico-pathological variables, is reported in the following chapter. 
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Figure 4.1 - ATX-LPA signalling axis [269] 

The ENPP2 gene encodes the secreted glycoprotein autotaxin (ATX), which catalyses the 

formation of lysophosphatidic acid (LPA), from lysophosphatidylcholine (LPC).  LPA signals 

via a number of specific G-protein coupled receptors to initiate a diverse range of cellular 

actions, including activation of the PI3K-Akt signalling pathway.  LPA is degraded by lipid 

phosphate phosphatases (LPPs) to monoacylglycerol (MAG).   
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Figure 4.2 - IGF-1 expression among breast cancer subtypes 

Gene expression data from The Cancer Genome Atlas (TCGA), accessed using the 

OncomineTM database, highlighted significant increase of IGF-1 expression in ILC relative to 

other histological subtypes of breast cancer, including IDC (p=6.40x10-9, fold change 3.27).  

Tumours comprising mixed ILC and IDC also exhibited increased IGF-1 expression.  

Number of cases analysed is given below each histological subtype. 
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4.2 Results 
 

4.2.1 Clinico-pathological characteristics of patient cohort 

 

Patients were selected from the Edinburgh Breast Conservation Series - “a fully-

documented consecutive cohort of 1812 patients treated by breast conserving surgery 

(BCS), axillary node sampling or clearance, and whole breast radiotherapy between 

1981 and 1998” [274].  The majority of patients (70.4%) received adjuvant endocrine 

therapy, and 65.1% of patients were treated with tamoxifen [274].  The remainder of 

patients received combined chemotherapy and endocrine therapy (8.4%), and 12.7% 

received no systemic treatment [274].  Fifty-four patients with primary ILC were 

identified from the series and had tumour blocks available for TMA construction.  

Re-grading of tumours was performed previously by Dr Jeremy Thomas, consultant 

breast pathologist [269].  All primary ILC tumours were grade 2, which is reflective 

of the majority of lobular breast cancers [26, 30-32].  A corresponding number of 

grade-matched IDC cases (52) were then randomly selected from the series to allow 

direct comparison of these histological subtypes.  The patient cohort therefore 

comprised a total of 106 patients, diagnosed between 1982 and 1998.  NHS Lothian 

Tissue Governance Committee granted approval for the generation of a TMA using 

formalin-fixed paraffin embedded primary tumour blocks, and for release of 

corresponding clinical data (Approval Number SR184).    

 

H&E stained sections from retrieved primary tumour blocks were reviewed by a 

consultant breast pathologist, Dr Joseph Loane, to confirm ILC or IDC histology, 

and to identify representative areas prior to coring.  As described in Chapter 2, 

individual cores from representative areas were placed into a single recipient paraffin 

block.  To take account of intra-tumoural heterogeneity, triplicate cores were taken  
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from two blocks per patient.  Each set of triplicates were then inserted into separate 

recipient blocks.  TMA sections were stained for ER, PgR, HER2 and E-cadherin at  

 

NHS Lothian Pathology Services, in accordance with standard operating procedures.  

This was necessary since diagnostic hormone receptor status was not obtainable in a 

few cases, and since patients were diagnosed prior to the introduction of HER2 

testing.  In addition, evaluation of E-cadherin expression is confined to selected cases 

as a diagnostic aid, and therefore the E-cadherin status was unknown for the majority 

of cases within the cohort.  Representative images are shown in Figure 4.3.  Scoring 

of ER, PgR and HER2 was performed in line with current clinical practice and 

guidelines, with the Allred system being used for ER and PgR [275, 276].  

Fluorescence in situ hybridisation (FISH) was not performed for tumours exhibiting 

HER2 2+ scores on IHC, and these cases were categorised as unknown.  Tumour 

cores exhibiting moderate or strong continuous membranous staining of E-cadherin 

were classified as positive, while complete loss of membranous E-cadherin 

expression was considered negative. There were very few cases of intermittent 

membranous staining, and these were classified as negative [179].  

 

Baseline characteristics of the patient cohort are summarised in Table 4.1.  For all 

patients, the median age was 55.5 years (interquartile range 49-63).  Most patients 

presented with small tumours less than 2 cm in diameter (71.7%), and 10.4% of 

patients had at least one positive lymph node at the time of primary surgery.  The 

majority of patients were hormone receptor positive, with 82.9% and 62.6% 

expressing ER and PgR respectively.  Positive HER2 expression was confined to 

9.8% of all cases, while 50.6% were negative for membranous E-cadherin 

expression.   

 

The preceding clinical variables were compared between ILC and IDC patients, 

using Pearson’s Chi2 test (Table 4.1).  There was a significant difference in E- 
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cadherin expression, with 77.1% of ILC tumours classified as negative for 

membranous E-cadherin expression, compared to 14.3% of IDC tumours (p=0.000).  

Reported rates of E-cadherin loss in ILC, upon evaluation by IHC, range from 74 to 

100%, therefore the rate of 77.1% observed within this cohort can be regarded as 

representative [32, 49, 51, 53, 55].  ILC is commonly associated with larger tumour 

size, however no significant difference was observed here, and no tumours were 

greater than 5 cm [6, 7, 33].  This most likely reflects the fact that this particular 

cohort is restricted to patients deemed suitable for BCS, since smaller tumour size is 

among the key criteria favouring BCS [277].  There was no significant difference in 

age and expression of immunophenotypic markers (ER, PgR and HER2) between 

ILC and IDC patients.  The high proportion of hormone receptor positive and HER2 

negative ILC tumours, is characteristic of the majority of ILC cases [7, 33, 66].  

There was a higher rate of axillary lymph node involvement in ILC relative to IDC 

(16.7% versus 3.8%, p=0.052).  While most studies do not report an association 

between histological subtype and lymph node status, grade- or stage-matched 

analyses comprising substantial patient numbers have demonstrated a significant 

correlation between ILC and axillary lymph node positivity [35, 70]. 

 

 

 

 

 

 

 

 

 

 

 



 Elucidating biological mechanisms associated with invasive lobular carcinoma of the breast   

  116 

 

 
Figure 4.3 - Representative images of H&E staining and immunohistochemistry for 
key expression markers within the TMA 

A & B - Representative H&E staining in an ILC and IDC tumour core, respectively.  C & D - 

Negative and positive membranous E-cadherin staining in an ILC and IDC tumour, 

respectively.  E & F – Examples of positive nuclear staining for ER and PgR, respectively.  G 

-  Example of positive membranous HER2 expression.  Scales bars represent 100µm.   
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Table 4.1 Baseline characteristics of patient cohort 

                     
*P-values derived from Pearson’s Chi2 test for all variables, except lymph             

node status, which was assessed using Fisher’s Exact Test.                                                             

 

 

 

 

    All ILC IDC p-value 

Patients (N)   106 54 52 

  

Age (years) Median 55.5 56 56 0.228 

 ≤50 (%) 26.4 31.5 21.2 

>50 (%) 73.6 68.5 78.8 

Tumour size ≤2 cm (%) 71.7 67.4 75.5 0.391 

>2 cm (%) 28.3 32.6 24.5 

ER expression Positive (%) 82.9 78.4 75.6 0.574 

  

PgR expression Positive (%) 62.6 60 65.9 0.566 

HER2 expression Positive (%) 9.8 6.4 13.3 0.262 

E-cad expression Negative (%) 50.6 77.1 14.3 0.000 

Lymph node status  Positive (%) 10.4 16.7 3.8 0.030 

P"values)derived)from)Pearson’s)Chi2)test)
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Mean patient follow up was 15.5 years (minimum follow-up 3 months and maximum 

follow up 28.7 years).  In the course of follow up, 13 patients died of breast cancer 

and a further 22 patients died from other causes.  Table 4.2 shows the rates of loco-

regional recurrence and distant metastasis in ILC compared with IDC, local 

recurrence is defined here as relapsed disease within the same breast, and regional 

recurrence as axillary lymph node metastasis.  Despite a higher proportion of lymph 

node positive cases in the ILC group at baseline, there was no significant difference 

in rates of loco-regional recurrence or distant metastasis when assessed using 

Fisher’s Exact test.  There was a higher incidence of distant metastasis in ILC 

compared to IDC (11 versus 4 cases), however this trend did not reach statistical 

significance.  Table 4.3 displays the sites of distant metastasis in ILC and IDC; ILC 

more commonly disseminated to bone (p=0.032, Fisher’s Exact Test) and abdominal 

visceral metastases (peritoneum, gastrointestinal organs excluding liver or 

gynaecological organs) occurred exclusively in ILC patients, in line with what has 

previously been reported (see Section 1.3.3 and discussion below).   

 

Tables 4.4, 4.5 and 4.6 display the p-values obtained upon assessing correlation 

between clinical variables for all patients (Table 4.4), ILC patients (Table 4.5) and 

IDC patients (Table 4.6).  P-values were obtained using Pearson’s Chi2 test, with the 

exception of variables resulting in cell counts within 2x2 tables of less than 5, in 

which case Fisher’s Exact test was applied.  When all patients were assessed (Table 

4.4), positive correlations were observed between ER and PgR (p=0.01), and lymph 

node positivity at time of primary surgery was associated with distant metastatic 

relapse (p=0.048).  Local recurrence significantly correlated with axillary recurrence 

(p=0.001) and distant metastasis (p=0.008), when all patients were evaluated (Table 

4.4), and this trend persisted when ILC patients were assessed independently of IDC 

patients (Table 4.5).  ER also correlated with PgR expression in ILC patients 

(p=0.03), and increased tumour size was associated with lymph node positivity in 

this group (p=0.04).  There were no significant associations between clinical 

variables when IDC patients were evaluated separately (Table 4.6).   
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Table 4.2 Rates of loco-regional recurrence and distant metastasis in ILC and IDC  

 

 

Table 4.3 Sites of distant metastasis in ILC and IDC  

 

 

 

 

 

 

 

ILC IDC p-value 

Local recurrence (N) 8 3 0.202 

Regional recurrence (N) 2 1 1.000 

Distant metastasis (N) 11 4 0.093 

P"values)derived)from)Fisher’s)Exact)test)

ILC IDC p-value 

Lung 1 0 1.00 

Bone 8* 1 0.032 

Brain 1 0 1.00 

Liver 1 2 0.064 

Visceral* 3** 0 0.243 

Unknown site 0 1 - 

P"values)derived)from)Fisher’s)Exact)test)
*peritoneum)or)intra"abdominal)organs)excluding)liver)
**3)pa?ents)developed)bone)and)visceral)metastases))
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The influence of clinical variables upon disease-free survival (DFS) and disease-

specific survival (DSS) was assessed by univariate analysis using the Kaplan-Meier 

method (Table 4.6 and Figure 4.4).  Disease-free survival was defined as time from 

primary surgery to first occurrence of relapsed disease (loco-regional recurrence 

and/or distant metastasis), and disease-specific survival as time from primary surgery 

to breast cancer related death.  Histological subtype (ILC versus IDC) did not exert a 

significant effect upon either survival outcome; hazard ratios and 95% confidence 

interval (CI) were 0.539 (0.227-1.310) and 0.494 (0.171-1.510) for DFS and DSS, 

respectively (Figure 4.4-A&B).  Thus ILC histology does not appear to impact upon 

long-term survival, within this particular cohort.  Panels C and D in Figure 4.4 show 

the association between lymph node positive disease and reduced survival.  Lymph 

node status was the only factor significantly impacting upon DFS and DSS in all 

patients, with hazard ratios of 0.197 (0.006-0.337) and 0.254 (0.018-0.464), 

respectively.   

 

Kaplan-Meier analyses were also performed separately for ILC and IDC groups, and 

p-values obtained from log-rank tests are shown in Table 4.6.  Lymph node status 

persisted as the single factor influencing DFS and DSS of IDC patients, with hazard 

ratios of 0.128 (0-0.423) and 0.06 (0-0.001), respectively.  In ILC however, there 

was a trend towards reduced DFS and DSS in lymph node positive patients only.  No 

single factor was significantly associated with DSS in ILC (Table 4.6), while tumour 

size was the only factor significantly influencing DFS in this group, with a hazard 

ratio of 0.253 (0.049-0.783).  The Kaplan-Meier curves in panels E and F of Figure 

4.4 show the influence of tumour size and lymph node status upon DFS in ILC 

patients.  Since only one factor significantly correlated with survival outcomes upon 

univariate analysis, it was not possible to progress to multivariate analysis.   

 

 



 Elucidating biological mechanisms associated with invasive lobular carcinoma of the breast 

  121 

 Table 4.4 Interrelationship between clinical variables in all patients 

                                                    
P-values derived from Pearson’s Chi2 test, except for variables marked * which were obtained using Fisher’s Exact Test 

   Histology Tumour size ER PgR HER2 E-cad Lymph node 
status* 

Local 
recurrence* 

Axillary 
recurrence* 

Distant 
metastasis*  

Age 
 0.288 0.333 0.101 0.036 0.722 0.430 0.476 0.154 1.000 0.216 

Histology 0.391 0.574 0.566 0.262 0.000 0.052 0.202 1.000 0.093 

Tumour 
size 0.388 0.719 0.688 0.664 0.069 0.683 1.000 0.282 

ER 
expression 0.010 0.687 0.050 0.685 0.685 0.685 1.000 

PgR 
expression 0.635 0.761 1.000 0.311 0.527 0.560 

HER2 
expression 0.921 0.593 1.000 1.000 0.346 

E-cad 
expression 0.275 0.520 0.616 1.000 

Lymph 
node 

status*  
1.000 1.000 0.048 

Local 
recurrence* 0.001 0.008 



 Elucidating biological mechanisms associated with invasive lobular carcinoma of the breast 

  122 

Table 4.5 Interrelationship between clinical variables in ILC patients 

                                                          
P-values derived from Pearson’s Chi2 test, except for variables marked * which were obtained using Fisher’s Exact Test  

  Tumour 
size ER PgR HER2 E-cad Lymph node 

status* 
Local 

recurrence* 
Axillary 

recurrence* 
Distant 

metastasis*  

Age 
 0.129 0.63 0.088 0.957 0.003 0.439 0.243 0.535 0.726 

Tumour size 0.543 0.318 0.896 0.050 0.040 0.309 1.000 0.089 

ER 
expression 0.030 0.384 0.409 1.000 0.176 1.000 0.684 

PgR 
expression 0.855 0.650 0.724 0.123 0.510 0.311 

HER2 
expression 0.338 1.000 1.000 1.000 1.000 

E-cad 
expression 1.000 1.000 0.410 0.206 

Lymph node 
status*  1.000 1.000 0.367 

Local 
recurrence* 0.020 0.006 
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Table 4.6 Interrelationship between clinical variables in IDC patients  

                                                          
P-values derived from Pearson’s Chi2 test, except for variables marked * which were obtained using Fisher’s Exact Test

  Tumour 
size ER PgR HER2 E-cad Lymph node 

status* 
Local 

recurrence* 
Axillary 

recurrence* 
Distant 

metastasis  

Age 
 0.711 0.864 0.192 0.586 0.324 1.000 0.518 1.000 0.518 

Tumour size 0.74 0.060 0.737 0.169 1.000 0.566 1.000 1.000 

ER 
expression 0.321 0.190 0.309 1.000 1.000 1.000 1.000 

PgR 
expression 0.434 0.882 1.000 1.000 1.000 0.539 

HER2 
expression 0.434 1.000 0.252 1.000 1.000 

E-cad 
expression 1.000 0.380 1.000 1.000 

Lymph node 
status*  1.000 1.000 0.113 

Local 
recurrence* 0.058 1.000 
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Table 4.7 Impact of clinical variables upon survival outcomes  

 

 

 

 

 

Univariate"Kaplan"Meier"analysis"of"factors"influencing"disease>specific"and"
disease>free"survival"(log>rank"test)"

Disease-specific survival 

All IDC ILC 

Age (≤50/>50) 0.48 0.911 0.3 

Histology (ILC/IDC) 0.227 - - 

Tumour size (≤2 cm/>2 cm)  0.329 0.881 0.247 

ER (+/-) 0.959 0.964 0.234 

PgR (+/-) 0.72 0.192 0.217 

HER2 (+/-) 0.22 0.487 0.352 

E-cad (+/-) 0.922 0.976 0.341 

Lymph node status (+/-) 0.003 0.001 0.072 

Disease-free survival 

All IDC ILC 

Age (≤50/>50) 0.47 0.609 0.754 

Histology (ILC/IDC) 0.177 - - 

Tumour size (≤2 cm/>2 cm)  0.176 0.36 0.021 

ER (+/-) 0.894 0.638 0.79 

PgR (+/-) 0.788 0.461 0.432 

HER2 (+/-) 0.485 0.609 0.26 

E-cad (+/-) 0.935 0.278 0.950 

Lymph node status (+/-) 0.004 0.023 0.075 

P"values)derived)from)log"rank)tests))
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Figure 4.4 - Kaplan-Meier survival analyses stratified by selected clinical variables 

A & B - There was no significant difference in disease-specific (A) or disease-free (B) 

survival when patients were stratified by histological subtype (ILC or IDC).  C & D - Positive 

lymph node status (red line) was the only clinical variable associated with poor disease-

specific (C) and disease-free (D) survival outcomes, when all patients were evaluated.  E & 

F - When ILC patients were analysed in isolation, a trend towards association between 

lymph node positivity (red line) and survival was observed (curve for disease-free survival 

shown in F), but this did not reach statistical significance.  Increased tumour size (E; red line) 

was however associated with reduced disease-free survival among ILC patients. P-values 

determined by log-rank test.  
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4.2.2 Evaluation of ATX expression within TMA 

 

Staining for ATX expression by IHC was performed as described in Chapter 2.  

Normal kidney is recognised to strongly express ATX, and was therefore selected as 

a positive control.  Figure 4.5 shows cytoplasmic ATX within a healthy kidney 

section, compared to secondary antibody only negative control.  ATX expression in 

breast tumour cells within the TMA was chiefly cytoplasmic, and ranged from weak 

to strong, as demonstrated in panels C to E in Figure 4.5.  Of the 106 tumours within 

the cohort, 82 had cores available for scoring (48 ILC and 34 IDC), with the cores 

pertaining to the remaining 24 tumours lost or damaged during the sectioning or 

staining process, which is a recognised limitation of TMA techniques [278].   

 

As outlined previously in Chapter 2, staining within the TMA was scored using the 

weighted histoscore method, which is a semi-quantitative approach taking account of 

both staining intensity and the proportion of tumour cells stained, to provide a score 

between 0 and 300 [238].  The mean histoscore was determined from up to 6 cores 

derived from the same patient tumour (minimum 1 core) and Figure 4.6 displays the 

mean histoscores for each of the 82 patients.  The median histoscore for all patients 

was 82 (IQR 30.0-154.2), while separate analysis of ILC and IDC patients revealed 

near identical histoscores of 82 (IQR 30-157.1) and 82.5 (IQR 37.5-154.2), 

respectively (Figure 4.6).  Thus there was no significant difference in ATX 

expression between histological subtypes.  Representative staining for ATX within 

ILC and IDC tumour cores is shown in panels F and G of Figure 4.5. 
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Figure 4.5 - Representative images of immunohistochemistry for ATX 

A & B - Negative (no addition of primary antibody) and positive controls are shown, with 

healthy kidney tissue sections used for each.  C-D - Images demonstrate variation in 

cytoplasmic staining intensity (weak, moderate and strong) observed within the TMA.  E & F 

- Representative cytoplasmic staining for ATX in ILC and IDC tumour cores, respectively.  

Scale bars represent 100 µm. 
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Figure 4.6 - Histoscores for ATX expression within TMA 

Staining intensity was scored using the weighted histoscore method, which provides a score 

between 0 and 300.  The mean histoscore was calculated from scores derived from up to 6 

cores extracted from the same patient tumour.  Each dot represents the mean histoscore for 

each patient.  The bars represent median and inter-quartile range from analysis of all 

patients, and from independent analyses of ILC and IDC patients.  There was no significant 

difference in ATX expression between ILC and IDC (Mann Whitney test, p=0.806). 
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Based on the overall median histoscore of 82, patients were divided into those with 

high (above the median) or low (below or equal to the median) expression of ATX.  

Pearson’s Chi2 analysis was then employed to determine whether increased protein 

expression was linked to the clinico-pathological features of patients, and the p-

values obtained are listed in Table 4.8.  Increased ATX expression was associated 

with positive PgR expression in IDC tumours, but no additional significant 

correlations were identified.  Finally, Kaplan-Meier analysis was undertaken to 

assess the influence of ATX expression upon survival outcomes.  Figure 4.7 shows 

that there was no association between ATX expression and either DFS or DSS, when 

patients were analysed together, or separately according to histological subtype. 

 

Since the TMA comprises only grade 2 tumours, which reflects over 80% of ILC 

cases, these findings suggest that ATX is not a critical player in the majority of 

lobular breast cancers.  ATX may, however, serve a role in high-grade, advanced 

disease, which it was not possible to assess using this particular patient cohort. 
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Table 4.8 Interrelationship between ATX expression and clinical variables  

                                              
P-values derived from Pearson’s Chi2 test, except for variables marked *,                      
which were obtained using Fisher’s Exact Test                                                                        
+ No test performed – no axillary recurrence in IDC cases stained for ATX  

 

 

 

 

 

 

 

 

 

All ILC IDC 

Age 0.81 1.00 0.697 

Tumour size 0.13 0.13 0.077 

ER expression 1.00 1.00 0.863 

PgR expression 0.225 0.225 0.031 

HER2 expression 0.089 0.089 0.621 

E-cad expression 0.756 0.792 0.192 

Lymph node status*  0.482 0.701 1.000 

Local recurrence* 0.312 0.245 1.000 

Axillary recurrence* 0.494 0.489 + 

Distant metastasis* 0.379 0.286 1.000 
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Figure 4.7 - Kaplan-Meier survival analyses stratified by high or low ATX expression 

Based on the overall median histoscore of 82, patients were divided into those with high 

(above the median) or low (below or equal to the median) ATX expression.  There was no 

significant difference in disease-specific or disease-free survival when all (A & B), ILC (C & 

D) or IDC (E & F) patients were stratified by high or low ATX expression and Kaplan-Meier 

analysis performed.  P-values determined by log-rank test.  

 

All"

ILC"

IDC"

A" B"

C" D"

E" F"

Cytoplasmic)ATX)expression)and)survival)

0 100 200 300 400
0

50

100

Months elapsed

D
is

ea
se

-s
pe

ci
fic

 s
ur

vi
va

l (
%

)

High expression
Low expressionp=0.415

0 100 200 300 400
0

50

100

Months elapsed

D
is

ea
se

-f
re

e 
su

rv
iv

al
 (%

)

High expression
Low expressionp=0.944

0 100 200 300 400
0

50

100

Months elapsed

D
is

ea
se

-s
pe

ci
fic

 s
ur

vi
va

l (
%

)

Low expression
High expression

p=0.241

0 100 200 300 400
0

50

100

Months elapsed

D
is

ea
se

-f
re

e 
su

rv
iv

al
 (%

)

Low expression
High expression

p=0.817

0 100 200 300 400
0

50

100

Months elapsed

D
is

ea
se

-f
re

e 
su

rv
iv

al
 (%

)

Low expression
High expression

p=0.606

0 100 200 300 400
0

50

100

Months elapsed

D
is

ea
se

-s
pe

ci
fic

 s
ur

vi
va

l (
%

)

Low expression
High expression

p=0.828



 Elucidating biological mechanisms associated with invasive lobular carcinoma of the breast 

  132 

 

4.2.3 Evaluation of IGF-1 expression within TMA 

 

Staining and scoring for IGF-1 expression was performed as described above for 

ATX.  Liver is the main source of plasma IGF-1, and was therefore selected as a 

positive control.  Figure 4.8 shows positive staining for cytoplasmic IGF-1 within a 

healthy liver section, compared to secondary antibody only negative control.  IGF-1 

expression was predominantly observed in the nucleus and cytoplasm of breast 

tumours within the TMA, and ranged from weak to strong, as demonstrated in panels 

C to E of Figure 4.8.  Of the 106 tumours within the cohort, 73 had cores suitable for 

scoring, including 45 ILC and 28 IDC tumours.  As before, cores pertaining to the 

remaining tumours were lost during the sectioning process, due to missing, folded or 

damaged cores, or during the staining process, due to staining artefacts for example.  

 

The weighted histoscore was used to independently score nuclear and cytoplasmic 

IGF-1 expression.  For all patients, the median histoscores for nuclear and 

cytoplasmic IGF-1 expression were 70 (IQR 19.4-124.6) and 115 (IQR 47.5-184.5), 

respectively (Figure 4.9).  When patients were analysed separately by histological 

subtype, ILC tumours were found to exhibit significantly higher nuclear and 

cytoplasmic expression of IGF-1, compared to IDC tumour, with p-values of 0.0008 

and 0.0408 (Mann Whitney test), respectively (Figure 4.9).  The median nuclear 

expression of IGF-1 in ILC was 90 (IQR 41.3-152.1), compared to 38.8 (IQR 2.1-

63.8) in IDC.  For cytoplasmic IGF-1 expression, the median histoscore was 140 

(IQR 59.7-205.8) in ILC, and 103.8 (IQR 16.5-131.0) in IDC.  Representative 

images in panels F and G of Figure 4.8 show increased nuclear and cytoplasmic IGF-

1 expression in ILC versus IDC. 
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Figure 4.8 - Representative images of immunohistochemistry for IGF-1 

A & B - Negative (no addition of primary antibody) and positive controls are shown, with 

healthy liver tissue sections used for each.  Positive staining was observed within the 

cytoplasm of hepatocytes (B).  C-D - Images demonstrate weak, moderate and strong 

nuclear and cytoplasmic staining intensities, respectively, within the TMA.  E & F - 

Representative staining for IGF-1 in ILC and IDC tumour cores, respectively.  Scale bars 

represent 100 µm. 
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Weak Moderate Strong 
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Figure 4.9 - Histoscores for nuclear and cytoplasmic IGF-1 expression within TMA 

Staining intensity was scored using the weighted histoscore method, which provides a score between 0 and 300.  The mean histoscore was 

calculated from scores derived up to 6 cores extracted from the same patient tumour.  Each dot represents the mean histoscore for each 

patient.  The bars represent median and inter-quartile range from analysis of all patients, and from independent analyses of ILC and IDC 

patients.  There was a significant increase in nuclear (p=0.0008) and cytoplasmic (p=0.0408) IGF-1 expression in ILC versus IDC (Mann 

Whitney test). 
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Patients were divided into those with high (above the median) or low (below or equal 

to the median) expression, according to the overall median histoscores for nuclear 

(70) and cytoplasmic (115) IGF-1 expression.  Pearson’s Chi2 analysis was then 

performed as before, to determine whether increased IGF-1 expression correlated 

with to clinico-pathological variables.  The p-values obtained are listed in Table 4.9.  

A positive correlation between nuclear and cytoplasmic IGF-1 expression was seen 

when all patients were assessed (p<0.001), and this was also the case when ILC 

patients were analysed separately (p=0.001).  There were no further correlations 

between nuclear IGF-1 expression and clinical variables.  In all patients, increased 

cytoplasmic IGF-1 expression significantly associated with increased tumour size 

(p=0.03).  When ILC and IDC patients were analysed independently, this trend held 

for ILC (p=0.024), but not for IDC.  In ILC patients, high cytoplasmic IGF-1 

expression also significantly correlated with relapse with distant metastasis (p=0.03).  

The histograms in Figure 4.10 show the positive correlations between high 

cytoplasmic IGF-1 expression in ILC, and tumour size and distant metastasis.   

 

Finally, Kaplan-Meier analysis was undertaken to ascertain whether IGF-1 

expression influenced survival outcomes.  Figures 4.11 and 4.12 shows that there 

was no association between IGF-1 expression and either DFS or DSS.  Thus despite 

the positive association between cytoplasmic IGF-1 expression and the parameters of 

tumour size and distant metastasis in ILC patients, this did not impact upon survival 

outcomes. 

 

Taken together, these findings suggest that IGF-1 may be an important contributor to 

lobular carcinogenesis and merits additional study to determine it’s precise role.  

IHC evaluation of proteins downstream of IGF-1, including IGF-1 receptor and IRS-

1, is presently underway in our laboratory. 
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Table 4.9 Interrelationship between IGF-1 expression and clinical variables 

P-values derived from Pearson’s Chi2 test, except for variables marked *, which 
were obtained using Fisher’s Exact Test.                                                                                          
** pAkt scores available for ILC cases only                                                                 
+ No test performed – no loco-regional recurrence in IDC cases stained for IGF-1  

 

 

 

 

 

 

 

All ILC IDC 

Nuclear  Cyto. Nuclear  Cyto. Nuclear  Cyto. 

Age 0.557 0.193 0.816 0.419 0.291 0.305 

Tumour size 0.725 0.030 0.975 0.024 0.520 0.484 

ER expression 0.155 0.845 0.350 0.703 0.126 0.508 

PgR expression 0.846 0.728 1.000 0.353 0.22 0.102 

HER2 expression 0.603 0.781 0.975 0.409 0.133 0.52 

E-cad expression 0.006 0.445 0.954 0.970 0.102 0.617 

Lymph node status*  0.124 0.383 0.581 0.633 1.000 1.000 

Local recurrence* 0.152 0.468 0.699 0.716 + + 

Axillary recurrence* 1.000 1.000 1.000 1.000 + + 

Distant metastasis* 0.112 0.104 0.234 0.030 1.000 0.524 

Nuclear IGF-1 <0.001 0.001 0.074 

pAkt** 0.559 0.097 
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Figure 4.10 - Correlations between cytoplasmic IGF-1 expression, tumour size and 

distant metastasis 

Histograms demonstrate significant correlation between high cytoplasmic IGF-1 expression 

and increased tumour size (p=0.024), and relapse with distant metastasis (p=0.03).  P-

values determined by Pearson’s Chi2 test (tumour size) and Fisher’s Exact Test (distant 

metastasis).  
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Figure 4.11 - Kaplan-Meier survival analyses stratified by nuclear IGF-1 expression 

Based on the overall median histoscore of 70, patients were divided into those with high 

(above the median) or low (below or equal to the median) nuclear IGF-1 expression.  There 

was no significant difference in disease-specific or disease-free survival when all (A & B), 

ILC (C & D) or IDC (E & F) patients were stratified by high or low nuclear IGF-1 expression 

and Kaplan-Meier analysis performed.  P-values determined by log-rank test.  
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Figure 4.12 - Kaplan-Meier survival analyses stratified by cytoplasmic IGF-1 

expression 

Based on the overall median histoscore of 115, patients were divided into those with high 

(above the median) or low (below or equal to the median) cytoplasmic IGF-1 expression.  

There was no significant difference in disease-specific or disease-free survival when all (A & 

B), ILC (C & D) or IDC (E & F) patients were stratified by high or low cytoplasmic IGF-1 

expression and Kaplan-Meier analysis performed.  P-values determined by log-rank test.  
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4.3 Discussion  
 

4.3.1 Comparative analysis of ILC and IDC patients   

 

In the course of establishing a TMA as a validation and translation platform, the 

acquisition of clinical details enabled the comparative analysis of the clinico-

pathological features and long-term outcomes, of a cohort of ILC and IDC patients 

diagnosed and treated at our centre.   

 

The morphological features and molecular constitution of ILC tumours were largely 

consistent with those reported by other studies.  All available ILC tumours were of 

grade 2 histology and, as indicated to earlier, this is reflective of the vast majority of 

lobular breast cancers [26, 30-32, 279].  In a study comprising 415 ILC patients, 

histological grade differed significantly between ILC and IDC patients, with 83.4% 

of ILC compared to 32.5% of IDC tumours reported as Grade 2 [30].  Since 

histological grade is an independent prognostic factor in breast cancer [280], grade-

matched IDC cases were randomly selected from the Edinburgh Breast Conservation 

Series, to prevent confounding of results due to variation in histological grade.  As 

iterated previously, early loss of E-cadherin membrane expression is a hallmark 

feature of ILC, distinguishing it from IDC, and this was represented in this cohort by 

a statistically significant difference in E-cadherin expression between ILC and IDC 

tumours.  Furthermore, the proportion of E-cadherin negative ILC tumours (77%) 

was within the range (74-100%) described by others [32, 49, 51, 53, 55].   In line 

with other studies, the majority of ILC tumours were hormone receptor positive and 

HER2 negative, however there was no difference in expression of these 

immunophenotypic markers between ILC and IDC patients [7, 33].  This may have 

resulted from restriction of this study to grade 2 cancers only, since histological 

grade often correlates with ER and HER2 expression [42, 281, 282]. 
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Owing to their diffuse infiltrative growth pattern, primary ILC tumours are 

frequently of larger size in comparison to those of IDC [33, 35, 43, 44, 283].  The 

absence of large tumours (greater than 5 cm), and the comparable tumour size of 

histological subtypes here, likely reflects the selective nature of this particular cohort 

- all patients underwent BCS, rather than mastectomy, and smaller tumour size 

features among the criteria favouring BCS [277].  Interestingly, a trend towards a 

higher rate of ALN involvement in ILC versus IDC was observed.  This parameter is 

not commonly noted to differ between ILC and IDC [7, 33, 69], however results of 

well-powered, grade-matched studies are consistent with this finding.  For example, 

Wasif et al extracted details of almost 30,000 ILC patients from the National Cancer 

Institute’s Surveillance, Epidemiology and End Results (SEER) database, and 

identified a higher rate of lymph node positivity in this group compared to grade- and 

stage- matched IDC cases [35].  Despite this, ILC patients demonstrated improved 

five-year disease-specific survival compared to those with IDC [35].   Fernandez et 

al also found an association between ILC subtype and positive lymph node status in a 

grade-matched study incorporating 426 ILC patients, but did not report on long-term 

outcomes [70].  

 

As discussed in Chapter 1, the relationship between histological subtype and survival 

remains unclear, with comparisons of ILC and IDC patients reporting similar [36, 

73], better [35, 66] and worse [30] long-term outcomes.  ILC did not differ from IDC 

with respect to DFS or DSS here.  A key strength of this patient cohort is the long 

follow up period of 15 years, and one of few studies with a similar duration of follow 

up, at 13 years, was the meta-analysis undertaken by the International Breast Cancer 

Study Group (IBCSG), comprising 767 ILC patients from 15 clinical trials [33].   

This group highlighted an early survival advantage for ILC patients, but inferior 

long-term survival compared to those with IDC.  The IBCSG study included a large 

proportion of patients with high grade disease and advanced ALN involvement, and 

various treatment protocols were employed in the incorporated trials [33].  It is 

therefore difficult to draw comparisons with the well-defined cohort of patients  
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described in this chapter, all of whom presented with grade 2 cancers, and were 

treated with BCS and radiotherapy.  The survival analysis is, however, consistent 

with evidence that lobular histology does not negatively impact upon the outcome of 

patients treated with BCS and radiotherapy, in comparison to ductal cases [34, 68, 

74, 91].  This is further supported by the overall low incidence of loco-regional 

occurrence and distant metastasis in both ILC and IDC groups. 

 

The single most important predictor of outcome in early-stage breast cancer is ALN 

status [284-286], and this was the only factor influencing long-term survival 

outcomes in this patient cohort.  When ILC and IDC patients were assessed 

separately, however, ALN status was not significantly associated with DFS or DSS 

in the ILC group, despite separation of Kaplan Meier curves.  It is probable that low 

numbers of events within subgroups has limited the statistical power of this analysis.  

Tumour size was the only factor significantly impacting upon DFS in ILC; and this 

parameter has previously been identified as an independent prognostic factor in ILC 

[7, 16, 93, 279].   

 

ILC is associated with a distinct pattern of metastatic dissemination in comparison to 

IDC, as detailed in Chapter 1, and despite low numbers of events, it was still possible 

to observe some interesting differences in the sites of metastasis between histological 

subtypes.  Firstly, there was a significantly higher incidence of bone metastasis in the 

lobular group, which is consistent with the observations of several studies comparing 

metastastic patterns of ILC and IDC [6, 30, 33, 84-86, 283].  ILC is also known to 

exhibit a predilection for spread to the peritoneum, gastro-intestinal tract and 

gynaecological organs, and abdominal visceral metastases (excluding liver) occurred 

exclusively in ILC patients in this analysis [6, 7, 85, 89].  In this study only ILC 

tumours metastasized to multiple sites, and Ferlicot et al reported a higher rate of 

wide spread metastases in ILC versus IDC in an analysis comprising 96 metastatic 

ILC cases [86].  Several studies describe a higher incidence of lung metastasis in 

IDC, however this trend was not observed in the current analysis [6, 33, 84, 85]. 
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To summarize, the characteristics of lobular patients presented here, were highly 

reflective of the majority of lobular breast cancers, particularly with respect to grade 

and expression of E-cadherin, hormone receptors and HER2.  Expansion of the 

patient cohort is planned, and the resultant increase in statistical power may enable 

trends relating to long-term outcomes to be more clearly discerned.   

 

4.3.2 Advantages and limitations of TMAs 

 

TMA construction allows rapid tumour processing under standardised conditions, 

and has been extensively validated in breast cancer [287-289].  Hundreds of 

individual tumour cores can be placed into a single recipient paraffin block, enabling 

simultaneous analysis of multiple tumours.  Processing of a few TMA sections, 

rather than numerous whole tissue sections, is highly efficient and cost-effective.  

This approach also serves to conserve limited tissue resources, and reduces technical 

variability during the staining process.  

 

A commonly raised concern regarding TMAs is that the small size of individual 

cores fails to capture intra-tumoural heterogeneity.  Strategies used to account for 

this include use of larger diameter cores, taking several cores from different regions 

within the same block, and sampling from multiple tumour blocks per patient [290].  

In the present study, three cores were taken from representative regions in two blocks 

per tumour, giving a total of six cores.   

 

As conveyed earlier, tissue loss is a significant problem associated with TMAs, and 

the resultant exclusion of cases can result in a substantial loss of statistical power 

[278, 290].  Core loss of 22-31% was experienced here, however rates as high as 55-

60% have been reported elsewhere [291, 292].  Loss can occur upon cutting TMA 

sections, and folding or damage to cores can also occur during this process.  Other 

causes of tissue loss include over-drying of sections, and harsh heating of tissue  
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sections during antigen retrieval.  Delays to and prolonged fixation of specimens 

have also been associated with core loss [293, 294].  Tissue specimens pertaining to 

this particular cohort were collected over a period of 16 years, and during this time 

would have been collected by different individuals, and subjected to different 

pathology laboratory fixation protocols.  Such inconsistencies may have contributed 

to core loss here.    

 

It may be appear that IHC scoring is a subjective process, however the weighted 

histoscore approach used has been shown to be a robust, reproducible scoring 

method, with protein expression quantified objectively by means of a continuous 

variable [238, 295].  Ideally, TMAs should be assessed and scored by a second 

independent observer, and quality and standard of inter-observer variation 

determined by inter class correlation coefficients (ICCC).  Results of double scoring 

for candidate proteins evaluated in this chapter were not available at the time of 

writing, however this process is currently underway.   

 

4.3.3 Evaluation of selected candidates within the TMA 

 

There was no difference in ATX expression between histological subtypes within the 

TMA, and it was therefore not possible to validate the findings of the transcriptomic 

study undertaken by Zhao et al, which identified overexpression of the ATX-

encoding gene ENPP2 in ILC [147].  This discrepancy may be explained by 

differences in the characteristics of patients selected for the latter analysis, compared 

to those of the TMA cohort, with over half of patients in the gene expression study 

having lymph node positive disease, compared to approximately 14% of patients in 

the present study. ATX positive patients were more often lymph node positive in an 

IHC study of 86 breast cancer patients, of whom at least 30% had ALN involvement 

[296].  The latter study did not find differential expression of ATX between ILC and 

IDC, however only 10 ILC patients were included [296].  Popnikolov et al used  
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whole tumour sections in the IHC study, and Zhao et al extracted RNA from whole 

tumour samples, thus the comparatively lower stromal content within the TMA may 

also have influenced results.  Indeed, Popnikolov et al found that strong stromal 

ATX expression correlated with lymph node positivity, large tumour size and 

advanced stage of disease [296].  An alternative explanation may lie in the low 

concordance between mRNA transcript levels and protein expression, owing to post-

transcriptional and post-translational modifications, and degradation processes [297-

299].  Further experiments are therefore necessary to ascertain whether ATX serves a 

specific role in ILC. 

 

In contrast, a significant increase in IGF-1 ligand expression was seen in ILC relative 

to IDC, in line with TCGA data and findings of additional gene expression studies 

[147, 149, 150, 273].  Recently, a comparison of ILC and IDC by IHC (40 patients 

per subtype) also identified increased expression of IGF-1 in lobular breast cancer, 

although correlative clinical data was not provided [300].  IGF-1 is a potent 

stimulator of the PI3K/Akt signalling pathway, via the IGF1R and IRS-1, and 

Nakagawa et al also demonstrated increased IGF1R expression in ILC [300].   As 

described in Chapter 3, activated Akt was present in a high proportion of ILC 

patients within the TMA, however there was no correlation between levels of IGF-1 

and Akt in ILC.  This may be explained by the alternative scoring system used to 

assess Akt by our collaborators; Akt expression was scored using a qualitative 

approach – categorizing staining intensity as 0, 1, 2 or 3, while the weight histoscore 

method applied to IGF-1 is semi-quantitative, and takes account of the heterogeneity 

of staining intensity among tumour cells, generating scores between 0 and 300 [238].   

 

The TMA has been stained for IGF1R and IRS-1, and scoring of their expression 

together with Akt using the weighted histoscore method will hopefully allow a more 

equitable assessment of these proteins.   In Chapter 3, Akt was observed to be 

constitutively active in ILC cells, and a potential driving mechanism is the autocrine 

secretion of IGF-1 [301].  IGF-1 is a recognised cell survival factor, and activates  
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Akt via IGF1R to phosphorylate and inhibit downstream pro-apoptotic proteins 

(reviewed in [272]).  Yu et al demonstrated that IGF-1 maintained Akt activity and 

phosphorylation of pro-apoptotic proteins in cells upon loss of matrix contact, and 

Sanchev et al observed enhanced anoikis upon disruption of IGF-1 receptor 

signalling in breast cancer cell lines [302].  Loss of cell-cell contacts upon E-

cadherin loss in ILC may therefore trigger activation of Akt-mediated signalling via 

IGF1R, leading to promotion of anoikis resistance and anchorage independent 

growth.   

 

Increased IGF-1 expression in ILC patients within the TMA significantly correlated 

with recurrence resulting from distant metastatic disease.   In addition to support of 

anchorage independent survival, which is a necessary step ahead of metastatic 

dissemination, IGF-1 may also promote metastasis of ILC via alterations to the 

tumour microenvironment.  Nakagawa et al demonstrated a positive association 

between IGF-1 expression in ILC and both micro-vessel and cancer-associated 

fibroblast (CAF) density [300].  The postulated dependency of ILC upon IGF-1/Akt 

signalling for growth and survival, may also explain the high rate of bone metastasis 

observed in ILC discussed above, since bone is particularly rich in IGF-1 compared 

to other sites [303, 304].  Interestingly, overexpression of IGF1R in E-cadherin 

negative MDA-MB-231 breast cancer cells was associated with a significant increase 

in bone metastasis in mice, with increased mitosis and reduced apoptosis [305].  In 

addition, cultured supernatant from resorbed bones, containing high concentrations 

of IGF-1, stimulated anchorage independent growth of MDA-MB-231 cells, which 

was inhibited by an IGF1R neutralising antibody, but not by antibodies targeting a 

range of other growth factors [306].  Further, while inhibitory antibodies against 

IGF1R did not affect primary tumour growth, they decreased the number of 

circulating tumour cells and metastatic burden in mammary tumour bearing mice 

[307].  There is also evidence that IGF1R inhibitors suppress breast cancer-induced 

bone turnover and osteolysis [308].  Targeting of the IGF-1 signalling pathway may  
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be an effective therapeutic strategy in ILC, and additional interrogation of the role 

IGF-1, particularly in metastatic ILC, should be a central focus for future research.   

 

4.3.4 Summary 

 

To summarise, the work presented in this chapter describes the identification of a 

representative group of patients with classic ILC and long duration of follow up.  

The TMA constructed using primary tumours relating to these patients, and matched 

IDC controls, proved to be an effective tool for the validation of IGF-1 

overexpression in ILC.  It is important to be mindful of any disparities in clinical 

background when comparing patterns of protein expression between different 

studies.  Future work will include the generation of additional TMAs to include a 

wider spectrum of ILC patients, and additional experimental study of IGF-1. 
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CHAPTER 5: DEVELOPMENT OF 
REPRESENTATIVE IN VIVO AND IN VITRO 

MODELS OF ILC 

 

5.1 Introduction 
 

In the era of personalised medicine, the treatment of cancer patients is evolving to 

incorporate a more individualised approach using targeted therapies.  The distinct 

clinico-pathological characteristics of ILC suggest that it is well suited for targeted 

intervention, however ILC is currently treated in a similar manner to IDC, with 

treatment generally directed against hormone receptors [30, 121].  Upon acquisition 

of hormone resistance, limited secondary options are available; patients are rarely 

candidates for agents targeting HER2, and exhibit a poor response to 

chemotherapeutics [106, 114].  We therefore need to advance our understanding of 

lobular tumour biology, in order to identify suitable biomarkers that will guide the 

development of targeted therapies for ILC patients.   

 

The achievement of this is dependent upon the availability of reliable in vivo and in 

vitro tools, which accurately represent the classic lobular phenotype.  The advantages 

and limitations of existing ILC models were detailed in Chapter 1, and also recently 

reviewed by Christgen and Derksen [200].  Briefly, while several model systems are 

available for the study of IDC, comparatively few are demonstrative of ILC.  

Existing ILC cell lines are of uncertain origin, representative of metastatic rather 

than primary disease, and/or lack immunophenotypic features of classic ILC, such as 

ER expression [200, 208].  Genetically engineered mouse (GEM) models of ILC 

(mILC), are capable of generating tumours displaying typical lobular histology with  
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a similar spectrum of metastasis, however these usually lack ER expression [228, 

229].  Patient-derived xenograft (PDX) models offer a promising alternative, 

although primary lobular tissue is reportedly challenging to propagate, which could 

reflect the sparse cellularity and slow growing nature of classic ILC [200, 309].  The 

work described within this chapter details the steps taken towards developing 

suitable in vivo and in vitro models of ILC for use in our laboratory.   
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5.2 Results 
 

5.2.1 Identification of a representative in vivo model of ILC 

 

5.2.1.1 Orthotopic mammary fat pad injection of mouse cell lines 

 

Genetically engineered mouse (GEM) models of ILC (mILC) based on mammary-

specific conditional inactivation of Trp53 and E-cadherin, and which successfully 

recapitulate primary and metastastic growth of human lobular breast cancer, were 

introduced in Chapter 1.  Characterisation of cell lines derived from mammary 

tumours arising in these models, and in E-cadherin positive controls, was described 

in Chapter 3.  The following experiments were undertaken to determine whether 

these cells could be used in vivo to generate representative models of primary and 

metastatic ILC. 

 

In the following experiments, E-cad+ (5255) cells were compared to E-cad- (5256) 

cells.  These particular cell lines were provided at the outset of this project by 

Professor Patrick Derksen (see Chapter 3), and are understood to derive from the 

most representative cases of non-invasive, non-metastatic mammary adenocarcinoma 

and invasive lobular carcinoma, arising in the original GEM models, respectively.  

The E-cad-/Dendra-2 (5257) cell line was generated from E-cad- (5256) cells 

transfected with the photoswitchable probe Dendra-2, and were utilised here due to 

their baseline green fluorescent signal, rather than their photoswitchable properties. 

 

Orthotopic injection of cancer cells at clinically relevant sites in mice enables the 

tumour microenvironment encountered in the human situation to be more closely 

mimicked, in comparison to subcutaneous models, and can successfully emulate 

tumour progression, angiogenesis and metastasis [215].  For the first experiment, E- 
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cad+ (5255), E-cad- (5256) and E-cad-/Dendra2 (5257) cells were injected into the 

4th mammary fat pad of female athymic nude mice (5 animals per group).   Tumours 

were measured twice weekly and upon reaching 15 mm, animals were sacrificed and 

then examined for evidence of metastastic spread.  Figure 5.1-A&B display the 

tumour latency period for each group, which was defined as the time from injection 

of cells to the detection of palpable tumour.  In animals injected with E-cadherin 

negative cells (5256 and 5257 cell lines), primary tumours were palpable from 

approximately 2 weeks, whereas those injected with E-cadherin positive cells (5255 

cell line) demonstrated significantly increased tumour latency, with tumours not 

palpable until approximately 6 weeks (p=0.03, log-rank test).  Final tumour volumes 

in animals injected with E-cad+ (5255) cells were less than those injected with E-

cad- (5256) or E-cad/Dendra2 (5257) cells, due to a higher rate of skin ulceration in 

the E-cad+ (5255) group, causing mice to be culled prior to tumours reaching the 

maximum permitted size of 15 mm (Figure 5.1-A).  Median survival for animals 

injected with either of the E-cadherin negative cells (5256 and 5257) was 

significantly less than those injected with E-cad+ (5255) cells, at 54 and 92 days 

respectively, with a p-value of 0.03 when groups were compared by log-rank test 

(Figure 5.1-C).   
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Figure 5.1 - Primary tumour growth and micro-metastasis following orthotopic 

injection of mouse cell lines into the mammary fat pad of athymic nude mice.                             

E-cad+ (5255), E-cad- (5256) and E-cad-/Dendra-2 (5257) cells were injected into the 4th 

mammary fat pad of athymic nude mice.  A - Growth of mammary fat pad tumours in each 

group.  Results are mean + SD, 5 animals per group.  B & C - Kaplan Meier curves 

comparing tumour latency (time from injection of cells to detection of palpable tumour), and 

overall survival between the three groups respectively.  P-values determined by log-rank 

test.  D - Number of animals found to have lung micro-metastases in each group. 
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H&E stained sections of primary mammary fat pad tumours were examined by 

consultant breast histopathologist Dr Joseph Loane, and this revealed that all primary 

tumours resembled high-grade spindle cell carcinoma (SpCC), irrespective of E-

cadherin status (Figure 5.2).  SpCC is a rare variant of breast cancer, comprising a 

biphasic tumour composed of a predominant spindle cell component together with in 

situ or infiltrating malignant carcinoma (i.e. epithelial component) [310].  As a result, 

SpCC are often positive for both epithelial and mesenchymal markers, and Figure 5.3 

demonstrates the mixed pattern of α-SMA and pan-cytokeratin expression present in 

mammary fat pad tumours from mice injected with 5255 and 5256 cells [311, 312].  

In addition, immunohistochemistry staining showed that all mammary fat pad 

tumours were E-cadherin negative (Figure 5.3), including those from mice injected 

with E-cad+ (5255) cells.   

 

Animals were examined for the presence of macro-metastasis (metastatic tumours 

visible to the naked eye) at the end of the study, however none were evident.  Organs 

representing potential metastatic sites of ILC, including lungs, omentum, stomach, 

liver, gastro-intestinal tract, ovary, femur and contra-lateral mammary fat pad, were 

therefore resected, and prepared for histological examination.  Evaluation of H&E 

staining identified lung micro-metastases in 30% of mice injected with E-cadherin 

negative cells; 1 in the E-cad- (5256) group and 2 in the E-cad- (5257) group) 

(Figures 5.1-D and lower panel of 5.2).  Lung micro-metastases also exhibited 

spindle cell morphology, consistent with the primary mammary tumours (Figure 

5.2).  Although there were no instances of metastatic disease in the E-cad+ (5255) 

group, these mice were culled at an earlier stage with smaller tumours owing to skin 

ulceration (Figure 5.1-A), and may have gone on to develop metastatic disease given 

more time.  
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Figure 5.2 – Representative H&E stained sections from mammary fat pad tumours and 

lung micro-metastases.  A & B – High grade spindle cell carcinoma (SpCC) in mammary 

fat pad tumours arising in animals injected with E-cad+ (5255) and E-cad- (5256) cells (A 

and B respectively).  C & D - Lung micro-metastases from an animal in the E-cad- (5256) 

group, histology is also representative of SpCC.  Magnified boxed regions in A, B and D 

highlight the similar spindle cell morphology of all tumours arising in these models. Scale 

bars represent 100 µm in A, B and D, and 200 µm in C.
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Figure 5.3 – Representative immunohistochemical staining of E-cad+ (5255) and E-cad- (5256) mammary fat pad tumours.    

Sections of mammary fat pad tumours arising in mice injected with E-cad+ (5255) and E-cad- (5256) cells, left and right panels respectively, were 

stained for pan-CK, α-SMA and E-cadherin expression markers.  Positive expression of both pan-CK and α-SMA is consistent with a biphasic tumour 

exhibiting epithelial and mesenchymal components (magnified boxed areas show expression of these markers in tumour cells).  Lower panels show E-

cadherin negativity of tumours arising from both E-cad+ (5255) and E-cad- (5256) cells, with positive staining of normal ducts serving as internal 

positive controls.  Scale bars represent 100 µm. 
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To assess the utility of a fluorescent probe in detecting micro-metastasis, mice 

injected with the E-cad-/Dendra-2 (5257) cells in the above experiment (Figure 5.4), 

were imaged on the OV100 platform at the end of the study, to detect fluorescent 

signals from potential sites of metastatic dissemination (Figure 5.4).  Western blot 

confirmation of Dendra-2 expression in the 5257 cells, and absence in 5255 and 

5256, is shown in Figure 5.4-B.  Upon imaging, a strong signal was obtained from 

the primary site in all five mice injected with 5257 cells, and additional signals were 

detected from the omentum and ovary of one animal only (Figure 5.4-A).  

Subsequent H&E evaluation of these organs showed non-specific inflammation, with 

no evidence of micro-metastases (Figure 5.4-C).   As indicated above, two mice in 

the 5257 group were found to have metastatic spread to the lung upon histological 

examination, however there were no discrete fluorescent signals from the lungs upon 

exposure of the thoracic cavity prior to imaging. 
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Figure 5.4 – Utility of the fluorescent Dendra-2 probe to detect micro-metastases.  

A - Animals injected with E-cad-/Dendra-2 (5257) cells were imaged on the OV100 platform; 

representative images of fluorescent signal from a mammary fat pad tumour at lower and 

higher magnification are shown in images A and B, respectively.  Signals within the 

omentum and right ovary of one animal are shown in C and D, respectively.  B - Expression 

of Dendra-2 in E-cad-/Dendra-2 (5257) cells was confirmed by Western blotting, β-actin was 

used as a loading control.  C - H&E staining demonstrating non-specific inflammation within 

the omentum (A) and peri-ovarian fat (B), and no micro-metastases. Scale bars represent 50 

µm.    
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5.2.1.2 Intra-peritoneal injection of mouse cell lines 

 

As detailed previously, ILC is often associated with an unusual pattern of metastasis, 

including a range of intra-abdominal, such as the peritoneum, gastro-intestinal tract 

and ovary [7].  It was therefore of interest to see whether mILC E-cad+ (5255) cells 

preferentially developed tumours at such sites compared to E-cad- (5256) cells 

following intra-peritoneal injection (3 animals per group), and thereby determine 

whether metastastic ILC could be modelled in this manner.  Mice were monitored 

closely for signs of metastatic disease, including weight loss or gain, following intra-

peritoneal injection of E-cad+ (5255) and E-cad- (5256) cells. 

 

Animals in both E-cad+ (5255) and E-cad- (5256) groups developed small, just 

palpable tumours at the site of intra-peritoneal injection at 55 and 13 days 

respectively, resulting in a significant difference in tumour latency as displayed in 

Figure 5.5-A (p-value=0.03, log-rank test).   Within 2 weeks following injection, 

mice which were administered E-cad- (5256) cells developed jaundice and rapid 

weight loss, resulting from diffuse liver necrosis following compression of the liver 

vasculature by a large omental mass (Figures 5.5-A and lower panel of Figure 5.6).  

There was also evidence of local invasion of the omental mass into the stomach and 

pancreas, and deposits were also present in peri-ovarian fat (Figure 5.6).  Mice 

injected with E-cad+ (5255) cells did not demonstrate such dramatic weight loss, but 

did eventually succumb to a similar fate as those injected with E-cad- (5256), having 

developed large omental tumours with evidence of local invasion and focal liver 

necrosis (upper panel of Figure 5.6).   Figure 5.5-C demonstrates the significant 

difference in survival between the groups, with median survival of 80 and 19 days 

for E-cad+ (5255) and E-cad- (5256) groups respectively (p=0.03, log-rank test).  In 

keeping with the orthotopic study, all injection site and intra-abdominal tumours 

were consistent with high-grade spindle cell carcinoma upon histological 

examination (Figure 5.6).   
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Figure 5.5 - Intra-peritoneal injection of mouse cells. 

A-C - Female, athymic nude mice were injected intra-peritoneally with E-cad+ (5255) and E-

cad- (5256) cells, 3 animals per group. A - Comparison of tumour latency (time from intra-

peritoneal injection to detection of a palpable injection site tumour) between the groups, p-

value determined by log-rank test.   B – Comparison of weight between E-cad+ (5255) and 

E-cad- (5256) groups.  Results are mean + standard deviation for each group, p-value 

determined by Student’s t-test.  C - Kaplan Meier curves comparing survival outcomes 

between the groups, p-value determined by log-rank test.   
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Figure 5.6 - Representative H&E stained sections from intra-peritoneal injection study 

All tumours arising following intra-peritoneal injection of E-cad+ (5255) cells (upper panel) or 

E-cad- (5256) cells (lower panel) were of SpCC histology.  Small tumours developed at 

injection sites in both groups (A and F).   Both groups developed large omental tumours (B 

and G), resulting in liver necrosis (indicated by asterisks in C and I), due to compression of 

liver vasculature.  Arrowheads in D, E, J and K indicate Invasion of surrounding organs by 

omental tumours.  There was also evidence of peri-ovarian tumours in animals injected with 

E-cad- (5256) cells (L).   Scale bars represent 100 µm in A and F, 200 µm in E and J-K, and 

500 µm in B-D, G-I, and L.  
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5.2.1.3 Patient-derived xenograft model of ILC 

 

As the preceding in vivo approaches using E-cad+ (5255) and E-cad- (5257) mouse 

cell lines resulted in tumours exhibiting SpCC rather than ILC histology, an 

alternative approach using patient-derived xenograft (PDX) models was utilised in 

attempt to more accurately recapitulate the lobular phenotype.  The original plan was 

to implant fresh fragments from patient tumours directly following surgical excision, 

however despite establishing appropriate ethical approval, no patients consented to 

use of their tissue in this manner during the time frame of this project. 

 

Instead, fragments originally established using malignant pleural effusions from IDC 

(HCI-005) and ILC (HCI-013) patients were acquired from Professor Alana Welm, 

Oklahoma University [219].  These fragments have been successfully passaged 

through NOD/SCID mice, and retain original histological features, including positive 

ER expression and positive and negative E-cadherin expression, respectively [122].  

HCI-005 and HCI-013 fragments were implanted into the 4th mammary fat pad of 

female NOD/SCID mice, and ER positivity maintained by subcutaneous insertion of 

an estradiol pellet (5 animals per group).   

 

Nine of 10 animals developed dysuria with palpable distended bladders, and were 

culled upon exhibiting these signs owing to concern for their physical well being and 

risk of ascending infection.  Animals were found to have dilated urinary bladder and 

ureters on post-mortem examination, which are recognised side effects of estradiol 

pellet implantation [313].  Figure 5.7-A shows that 4 out of 5 mice implanted with 

HCI-013 fragments had developed tumours by the time this situation arose, at a 

median of 28 days, giving a take rate of 80%.  However, there was no evidence of 

tumour growth in the HCI-005 group by the time these animals were culled at a 

median of 57 days.  Successful engraftment of PDX fragments can take several  
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months, and this group may have gone onto develop tumours had early termination 

not been required.   

 

Encouragingly, H&E staining of HCI-013 mammary tumours confirmed classic 

histological features of ILC, and furthermore these tumours were hormone receptor 

positive and E-cadherin negative (Figure 5.7-B).  Additionally, positive staining for 

pan-CK and negative staining for α-SMA confirmed the epithelial nature of these 

tumours (Figure 5.7-B).  The HCI-013 PDX model is therefore the most 

representative in vivo model of primary ILC we have identified to date.  Fragments 

from HCI-013 tumours arising in this study were frozen to provide stocks for use in 

future in vitro studies.  There was, however, no evidence of macro- or micro- 

metastatic spread within the HCI-013 group.  A repeat study using reduced estradiol 

doses or alternative methods of administration may prevent or delay the development 

of side effects, allowing more time for metastatic dissemination.  
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Figure 5.7 – Orthotopic mammary implantation of HCI-005 and HCI-013 PDX fragments 
A – HCI-005 and HCI-013 tumour fragments were orthotopically implanted into the 4th 

mammary fat pad of female NOD/SCID mice.  Each line represents tumour growth within the 

mammary fat pad of an individual animal (5 animals per group).  B – Representative H&E 

and immunohistochemical staining of HCI-013 tumours.  Scale bars represent 100 µm. 
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5.2.2!Generation!of!primary!cancer!cells!and!cancer5

associated!fibroblasts!from!ILC!and!IDC!!

 

5.2.2.1 Development of methods for maintenance of primary breast 
cancer cells and CAFs in culture 

 

At the outset of this project, a range of established cell lines believed to represent the 

ILC subtype were acquired, including commercially available cells lines, MDA-MB-

330, UACC-3133 and MDA-MB-134 (VI).  MDA-MB-330 and UACC-3133 are 

thought to derive from patients with metastatic pleural effusions secondary to ILC.  

The origin of the MDA-MB-134 (VI) cell line is uncertain, but analyses by Christgen 

et al. revealed that these cells share several similarities with confirmed human ILC 

cells and may actually originate from a misdiagnosed ILC [201].  Regardless, owing 

to limited verification of their lobular origin and extremely slow growth rates in 

culture, no further studies were undertaken using these cells. 

 

We were fortunate to obtain mouse cells lines derived from mILC and IPH-926 cells 

for experiments described in the preceding chapters, as these are the most reliable 

and representative in vitro tools available for the biological study of ILC at the 

present time.   However one important limitation is their negative ER status, which is 

not reflective of the majority of classic lobular tumours.  Additionally, the IPH-926 

line was generated from a metastatic rather than primary lesion, thereby limiting it’s 

clinical relevance to aggressive disease entities only.  A further concern relating to 

established cell lines is the potential for genotypic and phenotypic deviation from the 

original tumour. 

 

While established cell lines provide an unlimited supply of relatively well-

characterised and homogenous material, the use of primary patient-derived cells may  
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circumvent the disadvantages outlined above.  Primary cells more closely resemble 

the in vivo situation and short-term cultures lessen the potential for genetic drift.   By 

optimizing techniques for the generation and maintenance of primary breast cancer 

cells and cancer-associated fibroblasts (CAFs), we aimed to develop tools that could 

provide further insight into the underlying biology of ILC. 

 

I am grateful to the NHS Lothian Tissue Governance Committee for granting 

approval for the use of fresh breast cancer tissue to generate primary epithelial cells 

and CAFs (approval number SR291), and to patients who consented to the use of 

their tissue for such research purposes.  Samples were taken intra-operatively from 

chemo-naïve patients diagnosed with IDC or ILC on diagnostic biopsy.  Within the 

time frame of this project, 27 samples were received, including 18 from patients with 

IDC and 9 from patients with ILC.  The characteristics of these tumours are 

summarized in Table 5.1, which highlights that the majority of ILC tumours received 

displayed features typical of classic ILC (grade 2, ER positive and HER2 negative).  
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Table 5.1 – Characteristics of fresh tumour samples used to generate primary 

breast cancer cells and cancer-associated fibroblasts. 

 

 

Samples were processed within one hour of receipt from the operating theatre and 

subjected to overnight enzymatic digestion, as described in Chapter 2.  Cell growth 

failed to establish in a few cases, however for the majority of samples, cells grew out 

as a monolayer from adhered tissue fragments and were propagated for 1-2 passages, 

before developing the flattened ‘fried egg’ morphology typical of cellular 

senescence.  Figure 5.8 summarizes the initial, simple methods used in attempt to 

improve the life span of primary cells released fresh tumour samples.  A slight 

improvement in growth was observed following the introduction of commercially 

available ‘primary mammary epithelial cell’ media (Stem Cell Technologies), and 

also in cells from ER positive tumours supplemented with β-estradiol.  Cells 

originating from ER positive tumours were found to be ER negative, and thereafter 

β-estradiol supplementation was introduced in attempt to maintain ER expression.  

However, as described by Speirs et al, the ER is recognized to be phenotypically 

unstable, even in β-estradiol supplemented primary cultures [213].    

 

 

 Invasive ductal carcinoma (IDC) 

   18 cases 

Grade 1 6 

2 7 

3 4 

Unknown 1 

Size  <2cm 13 

2-5cm 0 

Unknown 5 

ER  Positive 14 

Negative 2 

Unknown 2 

HER2 Positive 3 

Negative 15 

Invasive lobular carcinoma (ILC) 
     9 cases 

Grade 1 0 

2 8 

3 0 

Unknown 1 

Size  <2cm 3 

2-5cm 2 

                            Unknown 4 

ER  Positive 7 

Negative 1 

Unknown 1 

HER2 Positive 0 

Negative 9 
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Selective trypsinisation was used to isolate CAFs from epithelial cells, and separated 

CAFs continued to replicate for approximately 10 passages – a sufficient life span in 

which to perform a range of in vitro experiments.  It was anticipated that removal of 

CAFs might allow expansion of the epithelial component, however epithelial cells 

continued to enter senescence after 1-3 passages.   

 

The basic steps taken to maintain primary epithelial cells in culture led to only a 

minimal increase in their replicative capacity, with the onset of senescence limiting 

their utilization for experimental use.   Replicative senescence is a well-recognized 

obstacle in primary cell culture, and has previously been circumvented by inducing 

immortalization using a variety of techniques [314].  Genotypic and phenotypic 

alterations are potential consequences of immortalization, however exogenous 

expression of human telomerase reverse transcriptase (hTERT) has been shown to 

prevent erosion of telomeres, and thereby senescence, while retaining genotypic and 

phenotypic stability [315].  We elected to see whether this approach could be a 

reliable means of increasing the life span of primary cells in our laboratory, using 

existing stocks of CAFs in the first instance, in order to conserve fresh patient-

derived material.  There was no significant difference in replicative life span between 

immortalized and non-immortalized CAFs however, with the number of 

propagations of some immortalized CAFs actually being less than their non-

immortalized counterparts (Figure 5.9, performed by Laura Gomez-Cuadrado).   

 

Others have found that immortalization with hTERT alone is not sufficient in certain 

cell types, and that a combination approach is necessary, such as inactivation of the 

Rb/p16 pathway [316].  Liu et al established that combination of an irradiated 

fibroblast feeder layer and the Rho kinase inhibitor (ROCKi) Y-27632, enabled 

evasion of senescence and induced indefinite proliferation, in primary cells derived 

from both healthy and cancerous tissues [237].   A similar approach was used to 

increase the replicative life span of existing stocks of early passage primary breast 

cancer epithelial cells, and subsequently applied this protocol to the processing of  
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fresh material, as detailed in Chapter 2 (Figure 5.9, performed by Laura Gomez-

Cuadrado).  Fresh samples were subjected to overnight enzymatic digestion as 

before, then differential centrifugation performed to separate CAFs from the 

epithelial component, as later separation by selective trypsinisation would no longer 

be possible since 3T3 fibroblasts would also be removed by this method.  Mitomycin 

C growth-arrested 3T3 fibroblasts in F media were used as a feeder layer, and we 

observed a substantial increase in the growth of primary epithelial cells following the 

addition of ROCKi.  This enabled stocks of early passage cells to be banked 

alongside their corresponding CAFs for future experiments  (Figure 5.10).  Detailed 

characterisation of primary ILC and IDC cells is currently underway, with the 

priority being to ascertain whether they have retained critical phenotypic expression 

markers using this approach. 
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Figure 5.8 – Schematic overview - isolation and maintenance of primary breast cancer 

cells and CAFs in culture.  Core biopsy was taken from freshly excised breast tumours, 

processed within one hour of receipt and subjected to overnight enzymatic digestion as 

described in Chapter 2.  Simple strategies used in attempt to improve replicative lifespan of 

primary epithelial cells included use of commercially available media (A) and selective 

trypsinisation to separate fibroblasts (B).  Tested primary epithelial cells derived from ER 

positive cancers showed loss of ER expression, compared to positive and negative controls 

(MCF-7 and SKBR3 cells respectively) and future ER positive samples were supplemented 

with estradiol (C).  Despite A-C, primary epithelial cells entered senescence after 1-3 

passages. Scale bars represent 60 µm in A and B, 15 µm in C, and 30 µm for phase images 

relating to senescence in the lower panel.   
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Figure 5.9 - Summary of immortalisation techniques used to improve life span of 

primary cells in culture.  A - CAFs were transfected with replication-defective retrovirus 

carrying hygromycin-resistant hTERT cDNA and successfully transduced cells selected by 

treatment with hygromycin. Equivalent (ED14) or reduced (ED2425) proliferative life spans 

were observed in both non-immortalised and hTERT immortalised CAFs.  B - Following 

overnight enzymatic digestion, differential centrifugation was performed to separate CAFs 

from epithelial component.  Epithelial cells were then co-cultured with mitomycin C growth-

arrested 3T3 fibroblasts and Rho kinase inhibitor (ROCKi; Y-27632).  Scale bars represent 

60 µm. 
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Figure 5.10 – Matched sets of primary breast cancer cells and CAFs.            

Representative phase images of primary epithelial cells derived from ILC and IDC tumours, 

grown upon 3T3 fibroblast feeder layers in the presence F medium and ROCKi.  Phase 

images of CAFs derived from the same tumour are also shown.  Images were taken 

between 5-7 days in culture.  Scale bars represent 60 µm.  Performed by Laura Gomez-

Cuadrado.   
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5.2.2.2 Initial characterisation of CAFs from ILC and IDC tumours 

 

Since less optimisation was required to successfully propagate fibroblasts in vitro, it 

was possible to initiate preliminary characterisation studies utilising these cells. 

Groups of CAFs originating from IDC and ILC breast tumours were compared to 

normal human mammary fibroblasts (HMFs), including commercially available 

HMFs (ScienCell) and HMF3 U19, which was kindly provided by Dr Robert Clarke, 

University of Manchester (Figure 5.12).  HMF3 U19 is a normal mammary fibroblast 

line generated by O’Hare et al, and immortalised using SV40 large T antigen and 

hTERT [317]. !All CAFs were separated from epithelial tumour cells by selective 

trypsinisation, with the exception of ED26, ED28 and ED29, which were separated 

using differential centrifugation.   

 

Owing to the lack of a specific marker, positive identification of fibroblasts is usually 

achieved by combination of morphological appearance, and presence or absence of 

stromal and epithelial markers, respectively.   The stromal cells separated as 

described above, were identified as fibroblasts by their characteristic spindle- or 

stellate-shaped morphology, as seen in Figure 5.11, and referred to as CAFs, since 

fibroblasts present in cancer tissue are by definition ‘cancer-associated’.  

Immunofluorescence was performed to further verify the identity of these cells 

(Figure 5.12).  All cells were negative for the epithelial marker pan-CK, and all 

exhibited positive expression of the mesenchymal marker vimentin, thereby 

confirming their stromal origin.  While HMFs were negative for α-SMA, there was 

variable expression of this marker among the CAFs (Figure 5.12).  CAFs are widely 

believed to represent activated fibroblasts, or myofibroblasts, which have acquired 

contractile stress fibres and therefore show positive expression of α-SMA.  However, 

it is becoming increasingly recognised that heterogeneity exists within the CAF 

population, and that not all CAFs are α-SMA positive [318-320].   
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Figure 5.11 - Phase images of HMFs and CAFs.  Phase images of commercially available 

human mammary fibroblasts (HMF) derived from healthy breast tissue, are shown alongside 

cancer-associated fibroblasts (CAFs) isolated from primary IDC and ILC tumours.  All CAFs 

were isolated by selective trypsinisation, with the exception of ED26, ED28 and ED29, which 

were separated using differential centrifugation.  Scale bars represent 60 µm. 
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Figure 5.12 – Characterisation of HMFs and CAFs by immunofluorescence.  
Immunofluorescence was performed upon HMFs and CAFs using antibodies to vimentin, α-

SMA and pan-CK.  Scale bars represent 30 µm. 
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The transcriptional profiles of HMFs and CAFs were next characterised by gene 

expression analysis.  As outlined earlier, whole tumour analyses of IDC and ILC 

have highlighted differential expression of genes involved in cell adhesion and 

extracellular matrix remodelling [150, 273].  Fibroblasts play a crucial role in such 

processes, and nothing is yet known about the involvement of CAFs in the biology of 

ILC.   A preliminary transcriptomics analysis was therefore undertaken to gain 

further insight into the biological mechanisms involved in lobular carcinogenesis. 

 

As described in Chapter 2, RNA was isolated from fibroblasts (those shown in 

Figure 5.11), and then reverse transcribed, biotinylated and hybridized to Human 

HT-12v4 whole-genome expression bead arrays (Illumina).  This aspect of the 

project was undertaken in collaboration with Dr. Andrew Sims (Group Leader, 

Bioinformatics of Cancer, Edinburgh Cancer Research Centre), who performed 

hierarchical clustering analyses.  Unsupervised hierarchical clustering, performed 

after filtering for undetected probes, did not separate ILC from IDC CAFs (Figure 

5.13-A).  Supervised clustering, using 293 unique probes identified as differentially 

expressed in ILC versus IDC CAFs upon rank products analysis (percent false 

positive (PFP) = 0.05), also failed to distinguish between CAFs from ILC or IDC 

tumours (Figure 5.13-B). 

 

Despite this, initial transcriptomic analysis did reveal differences in expression of 

ECM-associated genes between CAFs derived from ILC and IDC.  The expression 

patterns of selected ECM-associated genes are shown in Figure 5.13-C, and 

demonstrate a trend towards reduced expression of these genes in CAFs from ILC 

versus IDC.  Functional analysis of differentially expressed genes was performed 

using the KEGG pathway mapping tool (Table 5.2), and significantly enriched 

pathways of note included focal adhesion and ECM-receptor interaction.   
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Processing of further samples would increase statistical power, and enable these 

trends to be more clearly discerned.   It may also be necessary to distinguish between 

resting and activated CAFs in future analyses.   Validation of candidate ECM-

associated genes identified by this analysis is also planned, including Western blot 

and qPCR analysis of CAFs, and IHC using the TMA described in Chapter 4.  
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Figure 5.13 – Hierarchical clustering analyses comparing gene expression of CAFs 

isolated from IDC and ILC.  A - Unsupervised clustering analysis, after filtering for 

undetected genes.  B - Supervised clustering analysis performed by rank product analysis 

using 293 most variable probes, as determined by percentage false prediction (pfp) < 0.05.  

C - Selected differentially expressed ECM-associated genes. Red denotes higher expression 

and green lower expression.  Control HMF samples are labelled green, ILC CAFs red and 

IDC CAFs blue.   
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Table 5.2 Functional analysis of differentially expressed genes in ILC and IDC 

derived CAFs using KEGG pathway mapping tool.   

 

 

 

 

 

 

 

 

 

 

 

 

KEGG Pathway Genes p-value FDR % 

Glycolysis"/"Gluconeogenesis" ALDOA,"ALDH7A1,"ALDH1B1,"
PGAM1,"ENO2,"PGK1" 0.004" 4"

Focal"adhesion"
ACTG1,"LAMA2,"CAV2,"CDC42,"

CAV1,"COL6A3,"CRK,"COL11A1,"FN1,"
MYL9"

0.008" 8"

TGFNbeta"signaling"pathway" CDKN2B,"ID1,"SMAD7,"DCN,"ID3,"
MYC" 0.02" 17"

Renal"cell"carcinoma" CDC42,"HIF1A,"SLC2A1,"EGLN1,"CRK" 0.03" 31"

Pathways"in"cancer"
LAMA2,"CDC42,"FOS,"HIF1A,"

CDKN2B,"SLC2A1,"EGLN1,"CRK,"
MYC,"FZD7,"FN1"

0.06" 47"

ECMNreceptor"interacLon" LAMA2,"CD44,"COL6A3,"COL11A1,"
FN1" 0.06" 48"
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5.3 Discussion 
 

The overall aim of the work described in this chapter was to develop a range of in 

vivo and in vitro tools that would facilitate further interrogation of lobular biology, 

additional validation of findings reported in Chapters 3, 4 and 6, and therapeutic 

intervention studies.   

 

5.3.1 In vivo models of ILC 

 

The main aim of the animal studies described within this chapter was to establish 

suitable in vivo model systems of primary and metastatic ILC, for use in our 

laboratory.   Genetically engineered mouse (GEM) models of ILC (mILC) have been 

described in the preceding chapters, specifically those developed by Derksen et al, 

which are based on the mammary-specific dual inactivation of p53 and E-cadherin 

using either K14cre or WAPcre [228, 229].  These models are capable of inducing a 

spectrum of mammary tumours, of which 54-60% histologically resemble human 

ILC, with a similar spectrum of metastatic dissemination. In contrast, mammary-

specific inactivation of p53 alone results in non-metastatic, locally expansive 

tumours only, providing a useful E-cadherin positive comparator.  Lack of ER 

expression is an important limitation of tumours arising from these models, although 

this reflects the expression pattern of these receptors in the majority of conditional 

mouse models of breast cancer [231].   

 

Orthotopic injection of cancer cells at clinically relevant sites in mice, enables the 

tumour microenvironment encountered in the human situation to be more closely 

mimicked, in comparison to heterotopic, subcutaneous models, and can successfully 

emulate tumour progression, angiogenesis and metastasis [215].  This approach was 

therefore used in attempt to induce tumour growth and metastasis using E-cad+  
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(5255), E-cad- (5256) and E-cad- (5257) cell lines derived from the GEM models 

described above.  Although success was met in establishing primary tumour growth 

in all three groups, and lung micro-metastasis from E-cadherin negative cells, all 

tumours resembled SpCC, which is at odds with the original histology of these cells.    

 

SpCC is synonymous with carcinosarcoma, which interestingly were among the 

spectrum of tumours arising in both E-cadherin positive and negative K14cre models 

[228].  Although such tumours retained epithelial markers and lacked mesenchymal 

ones (vimentin and α-SMA), Derksen et al previously alluded that the combination 

of E-cadherin loss and spindle-shaped morphology could represent a partial EMT 

[228].  Although comprehensive staining for additional markers of EMT was not 

undertaken here, all orthotopic mammary tumours demonstrated mixed expression of 

epithelial and mesenchymal markers, being positive for both pan-CK and α-SMA.   

This represents a change from the phenotype of the original tumours, which were 

negative for α-SMA, and could be reflective of EMT [228].  It is possible that 

initiation of host-tumour interactions following orthotopic injection of cells may 

have propagated the EMT process in both E-cadherin positive and negative cells, 

resulting in histologically indistinguishable tumours.    

 

In Chapter 3, heterogeneous levels of E-cadherin expression among the E-cad+ 

mouse cell lines was described (Figure 3.7-A), with E-cad+ (5255) cells exhibiting 

the lowest expression levels.  Thus, another possibility is that a subpopulation of E-

cad+ (5255) cells lost E-cadherin expression in vitro, prior to injection.  To discern 

these findings, a time course study, assessing expression of E-cadherin and other 

EMT markers at different stages of tumour development, including a comparison 

with additional E-cad+ cell lines, would be helpful.  As E-cadherin loss appears to be 

causal to the development of ILC, as demonstrated by GEM models [228, 229], the 

mouse cell lines still represent informative in vivo tools for studies focussed on E-

cadherin biology.   
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The peritoneum is an unusual site of metastasis in breast cancer, occurring more 

frequently in ILC than IDC.  The peritoneum is a large, complex membrane 

enveloping intra-abdominal organs, and the omentum refers the largest fold of the 

peritoneum, which descends inferiorly from the stomach [321].  Peritoneal spread is 

a common mode of metastasis in ovarian and colorectal malignancies, and intra-

peritoneal injection of cancer cells in immune-deficient mice has previously been 

used as a means of modelling metastasis of these cancer types [322, 323].  Striking 

omental tumour growth with invasion of surrounding organs was observed following 

intra-peritoneal injection of both E-cad+ (5255) and E-cad- (5256) cells, and this was 

of particularly rapid onset in mice injected with E-cad- (5256) cells.   

 

In order to establish tumour growth following injection in this manner, cells must 

first resist anoikis.  The E-cad- (5256) cell line is recognised to exhibit anoikis 

resistance and anchorage independent growth in vitro, with the opposite observed for 

E-cad+ (5255) cells [228].  It follows that the E-cad- (5256) cells were therefore able 

to survive and proliferate in the abdominal cavity immediately upon injection, while 

the E-cad+ (5255) cells could only do so upon loss of E-cadherin, either by means of 

EMT or survival of an E-cadherin negative subpopulation as postulated above.   

Constitutively active Akt expression in E-cadherin negative mouse cells was 

described in Chapter 3, and as a central node in signalling pathways governing cell 

survival, association between activated Akt, anoikis resistance and anchorage 

independent growth was discussed.  Interestingly, Cai et al recently reported 

correlation between enhanced anoikis resistance and activated Src/Akt/Erk signalling 

in ovarian cancer cells passaged intra-peritoneally [324].  Genetic manipulation 

studies are currently underway in our laboratory to examine the effect of 

reintroducing E-cadherin into the E-cad- (5256) cell line upon in vivo tumour 

growth, and levels of Akt expression will also be assessed.  

 

After evading anoikis, cells must then evade clearance through peritoneal lymphatics 

by successful attachment to the peritoneal surface.  E-cadherin loss is associated with  
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peritoneal metastasis in ovarian cancer [325, 326], and findings of experiments 

performed in the ovarian cancer setting therefore provide potential mechanisms by 

which E-cadherin negative mouse cells achieve attachment following intra-peritoneal 

injection.  For example, Sawada et al demonstrated that upregulation of α5-integrin 

upon silencing of E-cadherin results in increased ability of ovarian cancer cells to 

adhere to the peritoneal surface [327].  Ovarian cancer cells also appear to exhibit 

high affinity for extra-cellular matrix components found in particular abundance in 

the peritoneum, such as collagen I and fibronectin [328].  Tumour formation 

following intra-peritoneal injection of mouse cells occurred in areas with a 

predominance of adipocytes, namely omentum and peri-ovarian fat.  Interestingly, 

provision of fatty acids by adipocytes have been found to fuel tumour growth of 

ovarian cancer cells [329].  There is a particular interest in integrin-based adhesion 

and the tumour microenvironment in our laboratory, and these findings will be 

subjected to further exploration.   

 

In the clinical setting, metastastic breast cancer is often detected months to years 

following original surgery.  To more closely mimic this, a pilot mastectomy study 

was undertaken to ascertain whether wider metastatic spread could develop given 

more time.  However, the animal injected with E-cad- (5256) cells remained healthy 

following mastectomy until the end of the study at approximately 6 months, with no 

evidence of either macro- or micro-metastases.   

 

While in vivo experiments utilising mouse cell lines generated a number of 

interesting hypotheses, it was not possible to accurately recapitulate lobular 

histology.  The IPH-926 cell line, utilised as an in vitro model of human ILC in 

Chapter 3, is reported retain lobular histology following orthotopic inoculation [201], 

but as previously discussed is ER negative and not reflective of the majority of 

classic ILCs.  This cell line does represent a useful comparator for ER negative, E-

cadherin negative mouse cells, but is limited by extensive in vitro doubling times.  
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Over recent years patient-derived xenograft (PDX) models have been increasingly 

used in translational research, to generate more clinically predictive models of cancer 

(reviewed in [330]).  In comparison to cell line xenograft models, PDXs maintain 

more similarities to parental tumours, including retention of histological subtype, 

cellular heterogeneity and gene expression signatures [219, 331].  As reviewed by 

Christgen and Derksen, limited numbers of ILC xenograft tumours have been 

described and are often associated with low tumour take rates [200].   The HCI-013  

 

PDX model, derived from human metastastic ILC, is therefore a unique resource, 

and we were able to generate tumours in non-obese diabetic/severe combined 

immunodeficient (NOD/SCID) mice by orthotopic implantation of HCI-013 

fragments acquired from Professor Alana Welm and colleagues [122, 219].    The 

resultant tumours were characteristic of lobular histology, and ER positivity was 

successfully maintained by implantation of estradiol pellets.  Administration of a 

reduced dose of estradiol, for example half pellet, or alternatively supplementation of 

drinking water with estradiol, may prevent or delay the onset of side effects 

described earlier, which led to curtailment of the study and potentially hindered 

metastatic tumour growth.     

 

In addition to high maintenance costs and lengthy engraftment times, critical 

limitations of PDX models include the dependency on highly immuno-deficient 

animals for successful engraftment and tendency for replacement of human stroma 

with murine components, leading to omission of critical features of the tumour 

microenvironment in these models [220].  There is also evidence of a skew towards 

successful engraftment with clinically aggressive breast cancer tumour subtypes 

[224], and it is important to recognise that HCI-013 is representative of metastastic 

rather than primary ILC. 
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In summary, while in vivo inoculations using cells derived from GEM models of ILC 

are a useful means of interrogating lobular biology, in particular E-cadherin 

dynamics, the HCI-013 PDX model represents a more clinically relevant model in 

which to test novel therapeutic intervention strategies targeting ILC.   

 

 

5.3.2 Maintenance of primary breast cancer cells and CAFs in 
culture  

 

Older, established cell lines have provided enormous insight into cancer biology for 

decades, yet often misrepresent the tumour of origin owing to accumulation of 

genetic aberrations with increasing passage numbers [211].  Representative cell lines 

from unusual cancer subtypes, such as ILC, are a rare source, and the few available 

are often derived from sites of metastatic disease, confining their clinical relevance 

to aggressive entities only [200].  By generating a repertoire of primary epithelial 

cells from IDC and ILC tumours, and their corresponding CAFs, we aimed to 

overcome the disadvantages associated with established cell lines, and establish 

invaluable tools to further our understanding of ILC, and strive towards the 

development of personalised treatment strategies for ILC patients.   

 

Maintenance of primary epithelial cells in culture is challenging owing to finite 

lifespans and limited proliferation capacities, as experienced here.  The optimisation 

steps described in this chapter aimed to improve population doublings and thereby 

the experimental potential of primary cells, whilst retaining phenotypic traits 

consistent with original tumours.  Vastly improved replicative capacity was observed 

using growth-arrested 3T3 fibroblast feeder layers in the presence of F medium and a 

ROCK inhibitor, based on the protocol established by Liu et al [237].  The precise 

mechanisms that permit evasion of senescence using this approach are presently 

unclear, however it is proposed that cues from F medium containing 3T3 feeder cells  
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induce hTERT expression, thereby initiating telomerase activity, while ROCKi can 

promote proliferation via cytoskeletal remodeling and/or interference with Rb/p16 

signalling [237].   

 

This protocol has enabled expansion of stocks of early passage cells, and more 

efficient processing of fresh material.  The next critical step, currently underway, 

will be comprehensive characterisation of these cells to ensure genotypic and 

phenotypic stability has been maintained using this approach.  Encouragingly, others 

have employed a similar protocol to propagate primary epithelial cells derived from 

ductal carcinoma in situ (DCIS) of the breast, and successfully propagated cells for at 

least 10 passages with retention of epithelial characteristics [332].   Interestingly, this 

group used conditioned medium from 3T3 cells in F medium rather than a feeder 

layer, to prevent confounding from murine cells, without affecting replicative 

lifespan [332].  An alternative protocol to consider is culture of primary cells in low, 

physiological rather than ambient oxygen levels.  This has been demonstrated to 

improve the lifespan of both primary epithelial cells and fibroblasts, due to reduced 

oxidative damage to telomeres and evasion of senescence due to inhibition of p16 

[333-335].  Another approach to consider is the use of three-dimensional (3D) 

culture systems using different ECM components, which are designed to more 

closely mimic the complexities of the in vivo microenvironment.  For example, Sokol 

et al describe a 3D hydrogel scaffold composed of ECM proteins and carbohydrates, 

which supports the growth of primary patient-derived cells in serum-free conditions 

[336]. 

 

In contrast to the lengthy optimisation process required for primary epithelial cells, 

derivation and propagation of CAFs from ILC and IDC tumours was relatively 

straightforward. CAFs are principal components of the tumour stroma, and are 

increasingly recognised to serve as key mediators of tumour growth, progression and 

treatment response, by regulation of ECM deposition and secretion of cytokines and 

growth factors [337].  Owing to their distinct infiltrative pattern, ILC tumours tend to  
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exhibit higher stromal content than IDCs [64], and it is possible that CAFs 

demonstrate subtype specific behaviours.  Tchou et al recently provided evidence of 

differential gene expression between CAFs derived from different breast cancer 

subtypes, with those derived from HER2+ tumours displaying transcriptomic 

signatures distinct from ER+ and triple negative groups [338].  CAFs from ILC or 

IDC did not form discrete clusters following the preliminary transcriptomic analyses 

described in this chapter, however statistical power was limited by the small number 

of samples submitted.  Nonetheless, functional analysis of differentially expressed 

genes showed enrichment of focal adhesion and ECM-receptor interaction pathways.  

This is consistent with the findings of whole tumour gene expression analyses 

comparing IDC and ILC performed in our centre and elsewhere [147, 149-151, 273].    

 

Differentially expressed ECM-associated proteins included decorin, fibronectin, type 

VI collagen and laminin, all of which trended towards under-expression in ILC 

versus IDC CAFs.  The reduction of ECM components observed likely reflects the 

lack of desmoplastic stromal reaction in ILC, which often leads to difficulties in 

clinical and mammographic evaluation [339].  Validation of expression patterns of 

these proteins will be undertaken, although a significant reduction of fibronectin 

levels in ILC compared to IDC has previously been reported [340].  

 

To gain further insight into the role of CAFs, cytokine arrays will be performed 

using collected conditioned media and cells subjected to RPPA to generate 

comprehensive signalling profiles.  To more closely reflect the complexities of the in 

vivo tumour microenvironment, co-culture experiments using primary epithelial cells 

and CAFs in three-dimensional organotypic systems are also planned.   

 

Although additional characterisation and validation is required, including 

comparison of genetic profiles of primary cells and original tumours, the collection 

of primary epithelial cells and their associated CAFs from ILC and IDC described  
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here represents a highly valuable set of tools.  Combined with the in vivo models 

described above, these will facilitate deeper probing into the biological mechanisms 

driving ILC progression, and hopefully in turn lead to the identification of suitable 

targeted interventions for ILC patients.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 Elucidating biological mechanisms associated with invasive lobular carcinoma of the breast  

  192 

 

CHAPTER 6: COMPARATIVE PROTEOMIC 
ANALYSIS OF ILC AND IDC BY LABEL-FREE 

MASS SPECTROMETRY  

 

6.1 Introduction 
 

As detailed in Chapter 1, genomic and transcriptomic studies have been instrumental 

in defining the genetic landscape of ILC.  Interrogation at the level of DNA and 

mRNA provides only a partial impression of cellular function, however.   

Concordance between mRNA transcript levels and corresponding protein expression 

is often low owing to post-transcriptional and post-translational modifications, and 

also degradation processes [298, 299].  Distinct cellular phenotypes ultimately result 

from differential protein expression, and evaluation of proteins therefore represents a 

complementary and more comprehensive approach to genetic analyses.  High 

throughput protein-based techniques, such as RPPA, have recently provided valuable 

insight into the state of key signalling transduction pathways in ILC, as presented in 

Chapter 3 and by others [124, 152].  While RPPA analyses are limited to a pre-

defined set of proteins, global proteomics approaches aim to profile as many proteins 

as possible.  Proteomics is the study of all proteins in a biological system, and the 

most sensitive proteomics methods are based on mass spectrometry (MS).  MS is a 

powerful technique, capable of identifying thousands of proteins simultaneously and 

has evolved to become an indispensable tool for proteomics research [341].  

Comparison of ILC and IDC using a proteomics approach has the potential to 

provide additional insight into the cellular mechanisms driving ILC. 

 

Briefly, MS detects, identifies and quantifies molecules based on their mass-to-

charge ratio (m/z), and mass spectrometers comprise an ion source, a mass analyser  
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and an ion detector.  Proteins are digested into tryptic peptides, which are then 

separated by gel electrophoresis or liquid chromatography (LC).  Separated peptides 

are next ionized, using matrix-assisted laser desorption/ionization (MALDI) or 

electrospray ionization (ESI), and their m/z determined by the mass spectrometer.  

Peptide ions are fragmented, in a collision cell for example, and the resulting 

fragments can then be analysed further.  This referred to as tandem mass 

spectrometry (MS/MS), with tandem mass spectrum being indicative of amino acid 

sequence.  Finally, proteins are identified by database searching.  LC-ESI-MS/MS 

was utilised for the experiments described here. 

 

The main aim of this chapter was to compare ILC and IDC using a quantitative 

proteomics approach in attempt to broaden our understanding of lobular biology.  

Mass spectrometry is inherently a qualitative procedure, providing a list of proteins 

identified in a particular sample.  However quantitative strategies have evolved to 

detect relative changes in protein abundance between samples, which include stable 

isotope labelling and label-free methodologies [342].  For the former, samples 

labelled with different stable isotopes are combined and analysed simultaneously by 

LC-MS/MS, and quantification based on intensity ratio of isotope-labelled peptide 

pairs.  In label-free proteomics, samples are subject to individual LC-MS/MS 

analysis, and quantitation is based on comparison of peak intensity of the same 

peptide or the spectral count of the same protein.  While stable isotope labelling 

methods may reduce experimental bias, limitations of this approach include 

increased sample preparation times, higher costs, restricted sample numbers and 

incomplete labelling.  Furthermore, label-free technologies have advanced 

considerably in recent years, and evaluation of global proteomic quantitation of 

breast cancer tissue revealed superiority of label-free over labelling methods, in 

terms of number of proteins identified and reproducibility [343].   

 

It was therefore elected to use a label-free approach here, to compare the signal 

intensity values of peptides between samples.  An initial study compared the total  
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proteomes of E-cad+ (5255) and E-cad- (5256) cells.  Mouse mammary tumours, 

arising in animals orthotopically injection with E-cad+ (5255) and E-cad- (5256) 

cells (detailed in Chapter 6), were used to develop a tumour sample preparation 

protocol.  Finally, patient ILC and IDC tumour samples were prepared using the 

optimised technique, and total proteomics analysis performed, before assessing the 

expression of selected candidates by immunohistochemistry using the tissue micro-

array. 
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6.2 Results 
 

6.2.1 Total proteomics analysis of mouse cell lines 

 

Total proteomics analysis was first performed using E-cad+ (5255) and E-cad- 

(5256) mouse cell lines.  Pellets representing three biological replicates of each cell 

line were subjected to trypsin digestion and submitted for total proteomic profiling 

by label-free mass spectrometry to Dr Thierry Le Bihan at the Centre for Synthetic 

and Systems Biology, University of Edinburgh.  The resultant normalized protein 

abundance values were then used for the following comparative analyses.    

 

The volcano plot in Figure 6.1 provides a global overview of the data.   A total of 

1980 different proteins were identified, and mean normalised abundances of each 

protein within E-cad- (5256) and E-cad+ (5255) groups were compared.  Those that 

met the following criteria were deemed to be significantly differentially expressed 

between E-cad+ (5255) and E-cad- (5256) cells: minimum of 2 peptides detected and 

used in quantification per protein, absolute fold change of at least 2 (+/- 1 on a log2 

scale) and p-value < 0.05.  Of 262 differentially expressed proteins, 125 were 

significantly increased and 137 significantly decreased in E-cad- (5256) compared to 

E-cad+ (5255) cells.   

 

As described and demonstrated in Chapters 1 and 3, E-cad- (5256) cells exhibit 

reduced expression of cadherin-catenin complex members relative to E-cad- (5255) 

cells.  The heatmaps in Figures 6.2 and 6.3 show that biological replicates of E-cad+ 

(5255) and E-cad- (5256) cells form discrete groups upon unsupervised hierarchical 

clustering analysis, and also demonstrate reduced expression of E-cadherin, α-

catenin, and β-catenin in E-cad- (5256) cells.  E-cadherin and α-catenin were among  
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the top proteins significantly decreased in E-cad- (5256) cells (Table 6.1), thereby 

providing relevant internal controls for this experiment.   

 

Global assessment of the data revealed differential abundance of a number of extra-

cellular matrix (ECM) and cytoskeletal proteins between the mouse cells.  

Differentially expressed ECM components included fibronectin and laminin.  

Expression of fibronectin was significantly reduced in E-cad- (5256) cells (Table 

6.1), and a striking decrease has previously been described in classic ILC relative to 

IDC [340].  A trend towards reduction in laminin subunit beta 1 was also observed in 

E-cad- (5256) cells, as indicated on the heatmap in Figure 6.2.  Interestingly, these 

patterns are consistent with gene expression data from ILC and IDC cancer-

associated fibroblasts described in Chapter 5.  In addition, expression of ECM 

scaffold protein fibulin-2 was significantly reduced in E-cad- (5256) (Figure 5.1 and 

Table 6.1), and expression of ECM glycoprotein tenascin showed a similar trend 

(Figure 6.2).  

 

Cytoskeleton-associated proteins are among the top significantly differentially 

expressed proteins listed in Table 6.1; expression of intermediate filament protein 

nestin was increased 6.7-fold, and expression of actin cross-linking protein filamin-C 

reduced 6.15-fold, in E-cad- (5256) cells.  The heatmaps in Figure 6.3 also highlight 

increased expression of actin-depolymerising factor destrin, and of actin filament-

binding protein tropomyosin-β, in E-cad- (5256) cells.  Interestingly, expression of 

intermediate filament protein vimentin was significantly increased in E-cad+ (5255) 

cells (Figure 6.2).  Vimentin is a widely used marker of epithelial to mesenchymal 

transition, and usually related to reduced E-cadherin expression [344]. 
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Figure 6.1 Volcano plot demonstrating differentially expressed proteins between E-cad+ (5255) and E-cad- (5256) cells 

Each data point represents 1 protein.  Difference in expression between cell lines was determined by fold change (5256/5255) and is 

expressed as log2(ratio) on the x-axis.  The statistical significance of this difference was calculated by one-way ANOVA, and is 

expressed as –log10(p-value) on the y-axis.  Proteins were considered significantly differentially expressed upon meeting the following 

criteria: absolute fold change of at least 2 (+/- 1 on a log2 scale), p-value < 0.05 and at least 2 peptides detected and used in 

quantification per protein. These proteins are represented in red.  E-cadherin and α-catenin were among the proteins significantly 

decreased in E-cad- (5256), serving as internal controls.
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Figure 6.2 Unsupervised hierarchical clustering analysis of E-cad+ (5255) and E-cad- 

(5256) cell lines (A)  

Normalized protein abundance values were used to perform unsupervised hierarchical 

clustering analysis of biological replicates of E-cad+ (5255) and E-cad- (5256) cells, 

clustered on the basis of uncentred Pearson’s correlation using complete linkage.  

Replicates of E-cad+ (5255) and E-cad- (5256) formed discrete clusters.  Red indicates 

increased expression and blue decreased expression.  Magnified heatmap regions, 

indicated by yellow boxes, were manually selected to highlight proteins of interest.  

*Reduced expression of E-cadherin, beta-catenin and alpha-catenin in E-cad- (5256) cells 

serving as internal controls.  **Additional proteins of interest referred to in main text.    
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Figure 6.3 Unsupervised hierarchical clustering analysis of E-cad+ (5255) and E-cad- 

(5256) cell lines (B)  

Normalized protein abundance values were used to perform unsupervised hierarchical 

clustering analysis of biological replicates of E-cad+ (5255) and E-cad- (5256) cells, by 

uncentred Pearson’s correlation using complete linkage.  Replicates of E-cad+ (5255) and E-

cad- (5256) formed discrete clusters.  Red indicates increased expression and blue 

decreased expression.  Magnified heatmap region, indicated by yellow box, was manually 

selected to highlight proteins of interest.  **Proteins of interest referred to in main text.    
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Table 6.1 Top significantly differentially expressed proteins between E-cad+ (5255 

and E-cad- (5256) cells. 

 

 

 

 

 

Protein Intensity ratio Peptide count 

Increased in E-cad- (5256) cells 

Apolipoprotein B-100 receptor 30.10 4 

Insulin-like growth factor-binding protein 7 isoform 2 28.82 3 

Cornifin-A 20.10 3 

Beta-enolase isoform 2 12.95 13 

Cystathionine gamma-lyase 10.94 3 

Protein-arginine deiminase type-2 8.34 5 

Cytoskeleton-associated protein 4  7.07 4 

Nestin 6.71 11 

Flotillin-1 6.31 3 

Glutathione S-transferase A4 5.19 3 

Guanine nucleotide-binding protein 4.79 2 

Decreased in E-cad- (5256) cells 

Keratin, type I cytoskeletal 14 16.48 10 

NAD(P) transhydrogenase, mitochondrial precursor 13.56 4 

Keratin, type I cytoskeletal 19 13.30 3 

ATPase family AAA domain-containing protein 1 7.50 2 

Sister chromatid cohesion protein PDS5 homolog A 6.67 4 

Filamin-C 6.15 6 

Cadherin-1 5.19 2 

Fibulin-2 isoform b  4.95 10 

Succinate-semialdehyde dehydrogenase 4.76 2 

Fibronectin precursor 4.22 26 

Catenin alpha-1 3.75 11 
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Functional annotation was performed to map the biological attributes of significantly 

differentially expressed proteins (using DAVID), to define clusters of proteins with 

similar functional properties (Figure 6.4).  Consistent with the observations described 

above, relating to differential expression of cytoskeletal-associated proteins, 

significantly enriched terms relating to biological processes included ‘regulation of 

actin polymerization and depolymerization’ and ‘regulation of actin filament length’ 

(Figure 6.4-A).  Furthermore, ‘actin binding’ was among the significantly enriched 

terms relating to molecular functions (Figure 6.4-C).  Notable enriched terms relating 

to cellular components included ‘cell leading edge’ and ‘cell projection’; these terms 

encompassed a number of cytoskeletal-associated proteins, including PDZ and LIM 

domain 7, ezrin, myosin, actin-filament capping protein and α-parvin.  Interestingly, 

α-parvin is a cell adhesion protein, with a recognised role in cell-ECM interactions 

[345, 346].  Additional cell adhesion proteins listed under the aforementioned 

cellular component terms included cell adhesion protein 1, E-cadherin and α-catenin.   

 

Significantly enriched terms linked to biological processes were predominantly 

related to cellular metabolism and mRNA/RNA processing  (Figure 6.4-A).  

Consistent with this, KEGG pathway analysis of significantly differentially 

expressed proteins also demonstrated enrichment of metabolic and nucleic acid 

processing pathways (Table 6.2).  Interestingly, an immunohistochemical study 

including 114 ILC cases identified differences in the metabolic activities of ILC and 

IDC [347].
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Figure 6.4 Gene ontology analysis of proteins significantly differentially expressed between mouse cell lines 

Proteins deemed to be significantly differentially expressed between E-cad+ (5255) and E-cad- (5256) cells were entered into the DAVID gene ontology 

database.  A-C show significantly enriched terms, as determined by Benjamini-corrected p-value <0.05, relating to biological processes, cellular 

compartments and molecular functions respectively.  Similar terms are manually clustered together. 
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Table 6.2 Significantly enriched KEGG pathways based on all significantly 

differentially expressed proteins between E-cad+ (5255) and E-cad- (5256) cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

KEGG Pathway Peptide 
count 

FDR (Benjamini)  
corrected p-value 

Fatty acid metabolism 11 2.7x10-6 

Valine, leucine and isoleucine degradation 10 0.00002 

Splicesome 14 0.00007 

Glycolysis/Gluconeogenesis 9 0.003 

Butanoate metabolism  7 0.003 

Propanoate metabolism 6 0.007 

Fatty acid elongation in mitochondria 4 0.008 

Aminoacyl-tRNA biosynthesis 6 0.03 
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6.2.2 Optimisation of a tumour sample preparation protocol  

 

Sample preparation is a critical step in the analysis of biological tissue by mass 

spectrometry and requires careful consideration.  To conserve clinical material, this 

process was optimised using mouse mammary tumours, and is summarised in Table 

6.3.   Mouse mammary tumours utilised were those generated following orthotopic 

injection of E-cad+ (5255) or E-cad- (5256) cells into the mammary fats pads of 

athymic nude mice, as detailed in Chapter 5.  

 

Four optimisation runs were performed in total, three of which compared two 

recognised sample preparation methods, namely filter-aided sample preparation 

(FASP) and urea in-solution digestion (ISD) [348].  On each occasion, no proteins 

were identified in samples prepared by FASP, while approximately 1000 proteins 

were identified in samples prepared by ISD.  Tissue homogenisation in the first study 

was performed using a dounce tissue grinder, however this resulted in a viscous end 

product that led to a number of clogged tips that could not be further processed.  This 

problem was overcome by use of a beadmill for subsequent tissue homogenisation, 

and this also resulted in a modest increase in protein coverage (Table 6.3).   

 

Some groups report that addition of butanol leads to a substantial increase in protein 

yield, by eliminating interference from lipid content [349], however no further 

improvement was observed when a butanol step was incorporated into our protocol.  

As the reagent RapiGest SF has enhanced the enzymatic digestion of proteins and 

protein coverage achieved in some studies [348, 350], a final optimisation run 

comparing urea ISD with a RapiGest SF protocol was undertaken.  Near identical 

protein coverage was achieved using each protocol, however strong hydrophobic 

contamination was detected in samples processed using RapiGest SF.  The number 

of proteins identified in this final optimisation run was substantially higher than 

previously, one possible contributing factor may be faster sample preparation time  
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owing to a more efficient workflow.  The final optimised protocol, based on urea 

ISD, is detailed in Chapter 2.   

 

Table 6.3 Summary of optimisation of a protocol for tumour sample preparation 

 

 

 

 

 

 

 

 

 

Source Protocol details Protein Coverage 

Mouse cell pellets Urea in-solution digest  1980 

                                      
Mouse tumours 1.  Homogenization with douce             FASP 0  

 
                                                                 ISD 
 

1017 

2. Homogenization with beadmill            FASP                                                       0 

                                                                  ISD 1126 

3. As 2, plus butanol step                       FASP 0 

                                                                  ISD 1079 

4. Homogenization with beadmill     Rapigest protocol 
      2144* 

                                     ISD 2145 

Human tumours Homogenization with beadmill and ISD (no butanol) 1512 

FASP – filter-aided sample preparation, ISD – urea insolution digestion,  *Strong hydrophobic contaminant  
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6.2.3 Total proteomics analysis of mouse tumours  

 

In vivo experiments described in Chapter 5 show that mammary tumours developing 

in mice orthotopically injected with E-cad+ (5255) or E-cad- (5256) cells all 

histologically resembled E-cadherin negative spindle cell carcinoma.  As three 

independent tumour samples from each group (E-cad+ (5255) and E-cad- (5256)) 

were submitted for the second optimisation experiment, using the final urea ISD 

protocol (Table 6.3), total proteomic data derived from these samples was analysed 

in attempt to provide insight into the apparent plasticity of E-cad+ (5255) cells in 

vivo.   This would also enable comparisons to be drawn with proteomic analysis of 

mouse cell lines (Section 6.2.1).   

 

Data analysis methods were consistent with those described above in Section 6.2.1. 

The volcano plot shown in Figure 6.5 provides an overview of the data, and reveals a 

slight skew towards overexpression in E-cad- (5256) tumours.  While proteomic data 

from E-cad+ (5255) and E-cad- (5256) cell lines formed discrete groups upon 

hierarchical clustering (Figure 6.2), tumours generated using these respective cell 

lines failed to do so (Figure 6.6-C).  This likely reflects the similar spindle cell 

histology of these tumours (see Chapter 5).  As anticipated from in vivo studies, E-

cadherin was not detected in either tumour group.  Despite this, 48 proteins were 

deemed to be significantly differentially expressed, with 11 increased in the E-cad+ 

(5255) group and 37 increased in the E-cad- (5256) group.  Pair-wise comparison of 

normalized abundance values of significantly differentially expressed proteins was 

performed to check that these changes were consistent between tumour samples in 

each group (Figure 6.7).  R2-values of >0.8 were obtained for each comparison, 

suggesting that these proteins were uniformly increased or decreased within each 

group. 
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The top significantly differentially expressed proteins are listed in Table 6.4.  The 

adhesive glycoprotein thrombospondin 1 (TSP1) was increased in E-cad- (5256) 

tumours, and raised expression of this protein has previously been reported in lobular 

breast cancer [351].  Insulin growth factor binding protein 7 (IGFBP7) was increased 

in both E-cad- (5256) cells (Table 6.1) and tumours.  To validate these findings, 

expression of TSP1 and IGFBP7 was assessed in E-cad- (5256) and E-cad+ (5255) 

cells by Western blotting (Figure 6.6-D).  This confirmed increased expression of 

these proteins in E-cad- (5256) relative to E-cad+ (5255) cells, consistent with 

proteomics data.   These changes did not correlate with E-cadherin status however, 

with variable expression observed among additional E-cad+ and E-cad- mouse cell 

lines (Figure 6.6-D).   

 

Consistent with mouse cell line data, cytoskeleton-associated proteins were also 

among those differentially expressed, including a significant reduction of actin-

stabilising proteins PDZ and LIM domain containing 1 and 3, and of α-actin, in E-

cad- (5256) cells.   

 

Significantly differentially expressed proteins were submitted to the David GO 

database to identify biological processes that might explain the in vivo behaviour of 

E-cad+ (5255) cells (Figure 6.6).  Significantly enriched terms included ‘response to 

stress’ and ‘response to external stimulus’, which encompassed a number of proteins 

associated with inflammatory response, including complement component 1, 

lymphocyte cytosolic protein 1 and high affinity IgE receptor, which were increased 

in E-cad+ (5255) relative to E-cad- (5256) tumours.   Inflammatory factors within the 

tumour microenvironment are capable of inducing EMT [352-354], and host 

inflammatory infiltrate may have promoted possible EMT of E-cad+ (5255) cells in 

vivo.   
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Figure 6.5 Volcano plot demonstrating significantly differentially expressed proteins between mouse tumours. 

Each data point represents 1 protein.  Mean normalized abundance was calculated from results for three independent tumours from 

each group, E-cad+ (5255) and E-cad- (5256). Difference in expression between tumours was determined by fold change (5256/5255) 

and expressed as log2(ratio) on the x-axis.  The statistical significance of this difference was calculated by one-way ANOVA, and 

plotted on the y-axis.  Proteins were considered significantly differentially expressed upon meeting the following criteria: absolute fold 

change of at least 2 (+/- 1 in log2 scale), p-value ≤ 0.05 and at least 2 peptides detected and used in quantification per protein.  These 

proteins are represented in red. 
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Table 6.4 Top signficantly differentially expressed proteins between mouse tumours 

Protein Intensity ratio Peptide count 

Increased in E-cad- (5256) tumours 

Pterin-4-alpha-carbinolamine dehydratase 39.74 3 

Cathepsin G 43.90 3 

Histidine-rich glycoprotein 16.58 2 

Myeloid bactenecin (F1) 15.71 11 

N(G),N(G)-dimethylarginine dimethylaminohydrolase 2 18.83 3 

Insulin-like growth factor binding protein 7 10.37 3 

Haptoglobin 13.43 7 

MCG15755 10.66 5 

Thrombospondin 1 8.32 9 

Hexokinase-2 8.12 2 

Decreased in E-cad- (5256) tumours 

PDZ$and$LIM$domain$protein$3$ 24.16$ 2 

Ac:n,$alpha$ 11.65$ 43 

SH3$and$PX$domainBcontaining$protein$2B$ 5.47$ 2 

High$affinity$Ig$epsilon$receptor$subunit$gamma$ 11.87$ 2 

Phospha:dylinositolBbinding$clathrin$assembly$protein$ 7.20$ 3 

BTB/POZ$domainBcontaining$protein$KCTD12$ 5.53$ 3 

PDZ$and$LIM$domain$protein$1$ 2.68$ 13 

Lymphocyte$cytosolic$protein$1$ 2.79$ 16 

Eukaryo:c$pep:de$chain$release$factor$ERF3A$ 2.25$
 
3 

Complement$component$1,$q$subcomponent$$ 2.01$ 3 
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Figure 6.6 Analysis and validation of total proteomic mouse tumour data 

A & B - Proteins deemed to be significantly differentially expressed between E-cad+ (5255) and E-cad- (5256) cells were entered into the 

DAVID gene ontology database.  A-B show significantly enriched terms, as determined by Benjamini-corrected p-value <0.05, relating to 

biological processes and molecular functions respectively.  C - Normalized protein abundance values were used to perform unsupervised 

hierarchical clustering on the basis of uncentred Pearson’s correlation using complete linkage.  D - Western blot validation demonstrating 

differential expression of TSP1 and IGFBP7 in E-cad+ (5255) and E-cad- (5256) cells.  Evaluation of additional E-cad+ and E-cad- mouse cell 

lines shows that expression patterns of these proteins do not correlate with those of E-cadherin expression.  GAPDH was used as loading 

control.  
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Figure 6.7 Pair-wise comparison of significantly differentially expressed proteins in E-cad+ (5255) and E-cad- (5256) mouse tumours 

Pair-wise comparison of normalized abundance values (log-scale) for significantly differentially expressed proteins in E-cad+ (5255) and E-cad- (5256) 

tumours was undertaken to check consistency between independent tumour samples within each group.  Comparisons between E-cad+ (5255) tumours 

(55A, 55B and 55C) are shown in top panel, and those between E-cad- (5256) tumours (56A, 56B and 56C) shown in the lower panel.  All comparisons 

yielded R2-value >0.8, which was selected as a threshold for defining similar expression patterns. 

4 5 6 7 8 9
0

2

4

6

8

10

Log (55A)

Lo
g 

(5
5B

)

55A v 55B
R=0.81

0 2 4 6 8 10
4

5

6

7

8

9

10

55B v 55C

Log (55B)

Lo
g 

(5
5C

)

R=0.85

5 6 7 8 9 10
4

5

6

7

8

9

55A v 55C

Log (55C)

Lo
g 

(5
5A

)

R=0.83

0 2 4 6 8 10
0

2

4

6

8

10

56A v 56B

Log (56A)

Lo
g 

(5
6B

)

R=0.84

0 2 4 6 8 10
0

5

10

15

56B v 56C

Log (56B)

Lo
g 

(5
6C

)

R=0.88

0 2 4 6 8 10
0

2

4

6

8

10

56A v 56C

Log (56C)

Lo
g 

(5
6A

)

R=0.88

R2=0.81 R2=0.85 R2=0.83 

R2=0.84 

R2=0.88 
R2=0.88 



 Elucidating biological mechanisms associated with invasive lobular carcinoma of the breast  

  217 

 

6.2.4 Total proteomics analysis of ILC and IDC tumours  

 

6.2.4.1 Label-free mass spectrometry upon ILC and IDC tumours 

 

Archival snap-frozen tumour samples derived from chemo-naïve patients with low-

grade ILC or IDC were obtained with approval from the NHS Lothian Tissue 

Governance Committee.  Table 6.5 displays the characteristics of the twelve tumour 

samples, which were prepared using the optimised urea ISD protocol described 

above and then submitted for total proteomics analysis by label-free mass 

spectrometry to Dr Thierry Le Bihan. The volcano plot in Figure 6.9 provides an 

overview of the uniformly scattered data; a total of 1512 proteins were identified, of 

which 15 were significantly differentially expressed between ILC and IDC tumours.  

The dendrogram in Figure 6.8 shows that ILC and IDC samples failed to form 

discrete clusters upon unsupervised hierarchical clustering analysis. 

 

Table 6.5 Characteristics of patient tumours submitted for total proteomics analysis 

 

 

 

Sample reference Tumour subtype  Grade ER HER2 

ILC A ILC 2 Positive Negative 

ILC B ILC 2 Positive Negative 

ILC C ILC 2 Positive Negative 

ILC D ILC 2 Positive Negative 

ILC E ILC 2 Positive Negative 

ILC F ILC  unknown unknown unknown  

IDC G IDC 2 Positive Negative 

IDC H IDC 2 Positive Negative 

IDC I IDC 1 Positive Negative 

IDC J IDC 1 Positive Negative 

IDC K IDC 1 Positive Negative 

IDC L IDC 1 Positive unknown  
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Figure 6.8 Hierarchical clustering analysis of ILC and IDC tumour samples  

Normalized protein abundance values were used to perform unsupervised hierarchical 

clustering analysis on the basis of uncentred Pearson’s correlation using complete linkage.  

Tumours did not cluster by histological subtype or grade. 

 

Within group pairwise comparisons of normalized abundance values of significantly 

differentially expressed proteins suggest that expression levels of these proteins are 

consistent among independent tumours from each histological subtype (Figures 6.10 

and 6.11).  Table 6.6 lists the proteins exhibiting significantly differential expression 

in ILC versus IDC, and consistent with mouse cell and tumour proteomic data, there 

appears to be enrichment of cytoskeleton-associated proteins among those 

differentially expressed.  Calcium/calmodulin-dependent protein kinase II delta 

(CAMKIID) was the most significantly increased protein in ILC compared to IDC 

tumours.  CAMKII is a multifunctional serine/threonine kinase, recognised to 

influence a range of intracellular processes, including regulation of the actin 

cytoskeleton [355]. ARP-related protein 2/3 complex subunit 1B (ARPC1B) and 

Drebrin were also significantly increased in ILC relative to IDC; ARPC1B is a major 

regulator of actin polymerization, and Drebrin is an actin-binding protein also 

capable of regulation actin cytoskeleton remodelling [356-358].  Owing to the low 

number of significantly differentially expressed proteins, there was no significant 

enrichment of gene ontology terms (based on Benjamini corrected p-value <0.05), 

when these proteins were entered into the David GO database (Table 6.7).  
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Figure 6.9 Volcano plot demonstrating significantly differentially expressed proteins between patient ILC and IDC tumours. 

Each data point represents 1 protein.  Mean normalized abundance was calculated from results for six independent tumours from each 

group (ILC and IDC). Difference in expression between tumours was determined by fold change (ILC/IDC) and expressed as log2(ratio) 

on the x-axis.  The statistical significance of this difference was calculated by one-way ANOVA, and plotted on the y-axis.  Proteins 

were considered significantly differentially expressed upon meeting the following criteria: absolute fold change of at least 2 (+/- 1 in log2 

scale), p-value ≤ 0.05 and at least 2 peptides detected and used in quantification per protein.  These proteins are represented in red. 
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Figure 6.10 Pair-wise comparison of significantly differentially expressed proteins in ILC tumours 

Pair-wise comparisons of normalized abundance values (log-scale) for significantly differentially expressed proteins in tumours were 

undertaken to check consistency between independent tumour samples within each group.  Results for ILC tumours are shown.  All 

comparisons yielded R2-value >0.8, which was selected as a threshold for defining similar expression patterns.  Letters A-F refer to the 

ILC sample references provided in Table 6.5 
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Figure 6.11 Pair-wise comparison of significantly differentially expressed proteins in IDC tumours 

Pair-wise comparisons of normalized abundance values (log-scale) for significantly differentially expressed proteins in tumours were 

undertaken to check consistency between independent tumour samples within each group.  Results for IDC tumours are shown.  All 

comparisons yielded R2-value >0.8, which was selected as a threshold for defining similar expression patterns.  Letters G-L refer to the 

IDC sample references provided in Table 6.5.
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Table 6.6 Significantly differentially expressed proteins between ILC and IDC 

tumour samples 

 

 

 

 

 

 

 

 

 

 

 

Protein Intensity ratio Peptide count 

Increased in ILC 

Calcium/calmodulin-dependent protein kinase II delta 3.09 2 

Drebrin 2.53 2 

m7GpppX diphosphatase 2.43 2 

Vacuolar protein sorting-associated protein 29 1.95 2 

Elongation factor 1-delta 1.73 4 

Brain acid soluble protein 1 1.72 3 

Actin-related protein 2/3 complex subunit 1B 1.59 3 

Gamma-interferon-inducible protein 16 1.58 2 

Decreased in ILC 

Transmembrane emp24 domain-containing protein 10 2.96 2 

Tubulin--tyrosine ligase-like protein 12 2.35 3 

Hydroxysteroid dehydrogenase-like protein 2 2.08 3 

Parathymosin 1.81 2 

Glycine--tRNA ligase 1.77 3 

ATP-dependent 6-phosphofructokinase, platelet type 1.73 2 

Exportin-1 1.50 3 
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Table 6.7 Gene ontology analysis of significantly differentially expressed proteins 

between ILC and IDC tumour samples 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Biological process Proteins P-value FDR (Benjamini)  
corrected p-value 

Regulated secretory pathway GARS, TMED10 0.016 0.96 

Response to virus XPO1, IFI16 0.093 1.00 

Regulation of cell cycle process CAMK2D, XPO1 0.097 1.00 

Exocytosis  GARS, TMED10 0.097 0.99 

Cellular component Protein 
count P-value FDR (Benjamini)  

corrected p-value 

Cytoplasm 13 0.002 0.10 

Intracellular part 14 0.015 0.27 

Soluble fraction 3 0.030 0.38 

Intracellular organelle 12 0.069 0.53 

Cytoplasmic membrane-bound vesicle 3 0.083 0.54 
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6.2.4.2 Validation of human total proteomic data  

 

As the top significantly increased protein in ILC versus IDC, CAMKIID was 

selected as a candidate for validation by immunohistochemistry.  This was firstly 

performed using whole tissue sections derived from the same tumours subjected to 

mass spectrometry.  CAMKIID expression in cancer cells was predominantly 

cytoplasmic, although sporadic membranous staining was observed (Figure 6.12).  

Staining was scored using the weighted histoscore method described in Chapters 2 

and 4.  The graphs in panels A and B of Figure 13 show the abundance or expression 

of CAMKIID in each ILC and IDC tumour as determined by mass spectrometry or 

IHC, respectively.  In keeping with the proteomic data, ILC tumours exhibited a 

strong trend towards increased expression of CAMKIID compared to IDC (p-value = 

0.056, Mann Whitney test).   

 

To validate this finding in a larger cohort of patients, CAMKIID expression was next 

evaluated using the TMA described in Chapter 4.   A total of 57 patient tumours 

(ILC and IDC) were available for staining and scoring of CAMKIID expression.  

The median histoscore for CAMKIID expression in all tumours, irrespective of 

histological subtype, was 11.7 (range 0-285), which was lower than that observed 

using whole tissue sections (median score 107).    Figure 6.13-C shows the 

histoscores for CAMKII expression in each ILC and IDC tumour.  There was no 

significant difference between the median histoscores for CAMKIID expression in 

ILC and IDC, with scores of 12 and 9.7 respectively (p-value = 0.79, Mann Whitney 

test).  These results are therefore at odds with the preceding analysis using whole 

tissue sections.   

 

All tumours within the TMA are histological grade 2, with this being the case for 

only two of six IDC tumours submitted for total proteomics, and it could therefore be 

postulated that differential expression of CAMKIID between ILC and ILC groups in  
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the proteomics experiment reflects histological grade rather than subtype.  However, 

all IDC cases exhibited lower levels of CAMKIID upon MS and IHC, irrespective of 

grade (Figure 6.13-A&B), and tumour samples did not cluster by grade upon 

hierarchical clustering analysis (Figure 6.8).   The reason for this discrepancy is 

presently unclear.  

 

As described in Chapter 4, patients were divided into those exhibiting high or low 

expression of CAMKIID, according to the median histoscore.  Chi2 tests of 

association were then performed to determine whether expression levels of 

CAMKIID correlated with clinical variables.  Tests were performed for all patients, 

and also separately according to tumour histology (ILC or IDC), and the resulting p-

values are shown in Table 6.8.  Of note, low expression of CAMKIID in ILC was 

significantly associated with lymph node positivity.  
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Figure 6.12 Representative images of immunohistochemistry for CAMKIID 

A & B - Negative (no addition of primary antibody) and positive controls are shown, sections 

of normal stomach used for each.  C-E - Images demonstrate variation in cytoplasmic 

staining intensity (weak, moderate and strong) observed within breast tumour sections.  F & 

G - Representative cytoplasmic staining for CAMKIID in sections of ILC and IDC tumours 

respectively, that were also analysed by mass spectrometry.  Scale bars represent 100 µm. 
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Figure 6.13 Evaluation of CAMKIID expression in ILC versus IDC 

A - Normalised abundance values for CAMKIID in ILC and IDC, as determined by label-free 

mass spectrometry upon whole tumour samples (Mann Whitney test; *p=0.0152).  Each bar 

represents in individual tumour sample.  B - Validation of A; quantification of 

immunohistochemical staining of CAMKIID performed using whole tissue sections of the ILC 

and IDC tumours analysed by mass spectrometry in A.  Bars represent weighted histoscore 

of a single ILC or IDC tumour.  No score available for one tumour in ILC group (missing bar).  

(Mann Whitney test, p=0.056).  C - Quantification of immunohistochemical staining of 

CAMKIID within TMA.  Box plots represent median with interquartile range for all ILC or IDC 

tumours stained and scored.  Staining intensity was scored using the weighted histoscore 

method, which provides a score between 0 and 300.  The mean histoscore was calculated 

from scores derived up to 6 cores extracted from the same patient tumour.  Each dot 

represents the mean histoscore for each patient.  The bars represent median and inter-

quartile range from analysis of all patients, and from There was no significant difference in 

CAMKIID expression between ILC and IDC upon comparison of histoscores by Mann 

Whitney test (p=0.79). 
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Table 6.8 P-values derived from Chi2 tests of association between CAMKIID 

expression and clinical variables 

                                                                
P-values derived from Pearson’s Chi2 test, except for variables marked *,                      
which were obtained using Fisher’s Exact Test                                                                        
+ No test performed – no axillary recurrence in IDC cases stained for CAMKIID 

 

 

 

 

 

 

 

 

 

All ILC IDC 

Age 0.149 0.331 0.279 

Tumour size 0.478 0.611 0.599 

ER expression 0.031 0.335 0.737 

PgR expression 0.027 0.065 0.213 

HER2 expression 0.014 0.063 0.099 

E-cad expression 0.977 0.942 0.795 

Lymph node status* 0.054 0.042 + 

Distant metastasis*   0.722 0.693 0.881 

Disease specific survival  0.421 0.407 0.907 

Disease-free survival  0.959 0.714 0.806 

Drebrin 

All IDC ILC 

0.759 

0.983 0.639 0.668 

0.414 0.814 0.346 

0.802 1.00 0.865 

0.849 0.136 0.278 

0.589 0.405 0.489 

0.051 0.8 0.032 

0.55 1.00 0.446 

0.501 0.168 0.107 

0.837 0.6 0.247 
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6.3 Discussion 
 

Owing to significant advancements in high-throughput proteomic technologies, such 

platforms have emerged as highly valuable tools in translational cancer research 

[359].  In this chapter, a bottom-up shotgun proteomics approach was used to 

identify peptides and obtain global protein profiles of samples, including cell lines 

obtained from mouse models of ILC and human breast cancer tissue.  The aim was to 

gain novel insights into lobular tumour biology, and in doing so identify novel 

biomarkers, or drug targets, for evaluation in follow up studies.    

 

6.3.1 Methodological issues 

 

The advantages of selecting a label-free approach were outlined in Section 5.1, and 

the first experiment comparing E-cad+ (5255) and E-cad- (5256) cells, demonstrated 

the feasibility of label-free quantitative proteomics to generate meaningful data, with 

the differential expression of cadherin-catenin complex members serving as internal 

controls.  As sample preparation is of key importance in proteomics, particularly in 

the context of complex tissue samples, a series of optimisation runs were performed 

using mouse mammary tumour samples.  Broadly, there are two main methods for 

the extraction of proteins from biological material, ‘in-gel’ or ‘in-solution’ digestion.  

In-gel approaches involve separation of proteins by electrophoresis following protein 

solubilisation with detergents; proteins are then reduced, alkylated and digested 

within collected gel slices.  While in-gel methods can protect samples from potential 

contamination within impurities, disadvantages of this approach include increased 

sample handling, reduced peptide recovery and interference of detergents in the 

analysis of mass spectra [348, 360].  In contrast, in-solution digestion (ISD) methods 

are less time-consuming and detergent-free, entailing protein extraction with 

chaotropic agents, such as urea, followed by protein precipitation and digestion, with 

minimal sample handling.  One important limitation of classic approaches to in- 



 Elucidating biological mechanisms associated with invasive lobular carcinoma of the breast  

  233 

 

solution digestion is the risk of incomplete protein solubilisation.  Filter-aided 

sample preparation (FASP) was developed as a strategy to enable the use of strong 

detergents for protein solubilisation, whilst retaining the advantages of in-solution 

digestion by ‘cleaning up’ samples prior to digestion [361, 362].  

 

The protein coverage obtained using ISD and FASP protocols were compared in the 

course of the optimisation process, however mouse mammary tumour samples 

subjected to FASP protocols repeatedly failed.  Retrospectively selected, fresh frozen 

tumour samples were processed here, and it is possible that the choice of starting 

material contributed to the lack of success with FASP.   In other cancer types 

subjected to FASP for example, prospective selection of homogenous areas of renal 

cancer immediately following resection, and laser capture micro-dissection (LCM) of 

colorectal cancer and glioblastoma cells from tissue sections, have proven to be 

effective strategies [360, 363, 364].  Nonetheless, the identification of 2145 and 1512 

proteins identified in mouse and human tumours by means of ISD respectively, was 

on par with other studies using a similar approach for whole tissue samples.  In 

studies utilising label-free LC-MS/MS in breast cancer specifically, Olsson et al 

identified 1388 proteins upon profiling 52 breast cancer tissue samples, and Groessl 

et al identified 2074 proteins from breast cancer and surrounding tissue samples 

taken from three patients [365, 366]. Furthermore, it was possible to validate the data 

generated from comparative analysis of E-cad+ (5255) and E-cad- (5256) tumours 

prepared by ISD using the mouse cell lines, with increased IGFBP7 and TSP 

expression in E-cad- (5256) relative to E-cad+ (5255) cells confirmed by Western 

blotting.   

 

While biological replicates of E-cadherin positive and negative mouse cell lines 

separated accordingly upon unsupervised hierarchical clustering, ILC and IDC 

tumours did not form discrete clusters and only 15 proteins were deemed to be 

significantly differentially expressed between these groups.  Processing of additional 

tumour samples may be required to improve the statistical power of clustering  
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analyses.  Patient tumour samples were matched as closely as possible on the basis of 

low grade (1-2), ER positivity and HER2 negativity, however perhaps absolute grade 

matching would enhance the differentiation of ILC and IDC.  In addition, although 

classic ILC or IDC histology was confirmed using original H&E specimens, the E-

cadherin expression status of these samples was not ascertained at the outset of this 

experiment, and E-cadherin was also not detected in IDC samples upon mass 

spectrometry.  Tissue sections from the tumour samples processed will therefore be 

subjected to IHC analysis for E-cadherin. Finally, as ILC tumours are recognized to 

contain higher stromal content than those of IDC histology, LCM of tissue sections 

may have facilitated analysis of comparable numbers of tumour and stromal cells 

from each tumour type.   

 

6.3.2 Relation to ILC biology 

 

Despite the limitations outlined above, pair-wise comparisons of significantly 

differentially expressed proteins demonstrated that expression levels of these 15 

proteins were similar among ILC or IDC tumours.  Differential expression of 

cytoskeleton-associated proteins was a consistent trend that emerged from the 

analysis of mouse cell line, mouse mammary tumour and patient tumour data.  The 

cytoplasmic domain of E-cadherin associates with the actin cytoskeleton via α-, β- 

and p120 catenins, and it is well recognised that a close and complex interplay exists 

between junctional and cytoskeletal dynamics [367].  Thus, it is perhaps not 

surprising that the loss of E-cadherin in mouse and human ILC could impact upon 

cytoskeletal organization, yet only one of several transcriptomic comparisons of ILC 

and IDC reports significant differences in genes relating to actin cytoskeleton 

remodelling. Weigelt et al executed a grade- and molecularly- matched study of 21 

ILC and 42 IDC cases, and found significant enrichment of actin cytoskeleton 

signalling terms upon pathway analysis, with differential expression of genes such as 

ROCK1 and ROCK2 [151].  As iterated previously, loss of E-cadherin expression in 

ILC is associated with dissociation of the cadherin-catenin complex, with loss of α-  
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and β-catenins, and re-localisation of p120 catenin to the cytoplasm [51, 58].  

Previously published experiments using the E-cadherin positive and negative mouse 

cell lines, showed that cytoplasmic translocation of p120 leads to anoikis resistance 

and anchorage independent survival, via RhoA/ROCK signalling [127].   

 

RhoA is member of the Rho family of small GTPases, which modulate Rho-

associated protein kinases (ROCK), which in turn phosphorylate a range of 

downstream proteins to promote actin-myosin-mediated contractile forces.  The 

RhoA/ROCK pathway is therefore an important regulator of cytoskeletal function 

and cell motility, and it is also recognised to serve significant roles in cancer 

invasion and metastasis [368-372].  A number of the differentially expressed 

cytoskeleton-associated proteins identified here are directly linked to RhoA/ROCK 

signalling.  CAMKIID is an upstream regulator of RhoA, while ARP2/3 complex, 

myosin, ezrin and destrin are all downstream effectors of ROCK [373-376].  

CAMKIID was the most significantly increased protein in ILC versus IDC tumours, 

followed by the actin-binding protein drebrin, which is involved in regulation of 

actin filament organization and influences cell shape and motility [358, 377, 378].  

CAMKIID was therefore selected for evaluation by IHC.  The proteomics data was 

validated by IHC using whole tissue sections taken from the same tumours submitted 

for analysis for mass spectrometry, with CAMKIID expression also increased in ILC 

versus IDC using this approach.  Differential expression was not observed using the 

TMA, however.  As stated earlier, the reason for this discrepancy is not apparent, and 

concordance rates between whole tissue sections and TMA cores are generally high 

[290].  Additional clinical details relating to tumour samples analysed by MS have 

been requested, including E-cadherin and lymph node status.  IHC will also be 

performed using whole tissue sections and the TMA for drebrin and ARP2/3. 

 

Another trend emerging from comparative analysis of mouse cell lines was 

differential expression of ECM-related proteins.  As alluded to earlier, this is 

consistent with the gene expression data obtained from CAFs, and described in  
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Chapter 6, and with the findings of whole tumour transcriptomic comparisons [147, 

149-151, 273].  Reduced expression of ECM components fibronectin and laminin 

was observed in E-cad- (5256) relative to E-cad (5255) cells, and this was also seen, 

at the transcriptomic level, in CAFs isolated from ILC relative to those isolated from 

IDC (Chapter 6).  In addition, decreased fibronectin expression has previously been 

observed in ILC, and expression of genes encoding laminin subunits were among 

those reduced in ILC compared to IDC [151, 340, 379].  Interestingly, a recent 

integrated molecular analysis of 144 ILC patients defined two subtypes of ILC, 

hormone- or immune-related, and identified higher fibronectin expression in tumours 

assigned to the hormone-related group [152].   

 

Taken together, the use of a label-free proteomics approach has highlighted 

additional biological mechanisms that may be of importance in driving lobular 

carcinogenesis, in particular modulations of the actin cytoskeleton and ECM.  

Further validation of the data is required, and alternative approaches could be 

considered for future proteomic experiments utilising tissue samples.  Nonetheless, 

the data generated by total proteomics here provide an intriguing basis for future 

follow-up studies.  While mass spectrometry-based proteomics can be considered 

high throughput owing to its ability to simultaneously characterise thousands of 

analytes in a single sample, an important limitation of this approach is the 

complexity of sample preparation, particularly in the context of tissue, which is time 

consuming and can restrict total sample numbers processed.  Advances in 

technology, such as automated sample preparation, are anticipated to enable total 

proteomics analysis of large numbers of tumour samples, comparable with the large-

scale integrated genomic, transcriptomic and RPPA studies described earlier [124, 

152]. 



 Elucidating biological mechanisms associated with invasive lobular carcinoma of the breast  

 237 

 

CHAPTER 7: DISCUSSION, FUTURE      
STUDIES AND CONCLUSIONS 

 

Using the range of tools and techniques described in this thesis, it was possible to 

identify a number of biological mechanisms that may be of importance in lobular 

carcinogenesis.   Firstly, the data presented here substantiate increasing evidence of a 

role for PI3K/Akt signalling in ILC.  Together with our collaborators at Utrecht 

University, we observed activation of PI3K/Akt signalling in a high proportion of 

human ILC tumours, which is consistent with the findings of recently published, 

large-scale comparative studies of ILC and IDC [123, 124, 152].  Using E-cadherin 

negative mouse and human ILC cell lines we were able to obtain insight into the 

activation of this pathway in ILC, and established that Akt is constitutively active in 

these cells.  This may be a direct consequence of loss of E-cadherin-mediated 

contact-dependent inhibition of PI3K/Akt signalling, resulting in anoikis resistance 

and promotion of anchorage independent growth, which are recognised 

characteristics of mILC cells [127, 195, 228].  This hypothesis is supported by 

reduced anoikis resistance of these cells upon inhibition of Akt in vitro, and 

additional experiments are underway to corroborate this.   

 

We are also undertaking experiments to determine whether constitutive activation of 

Akt in ILC cell lines is driven by mutations in PI3K/Akt signalling pathway 

members and/or by an autocrine-signalling loop.  IGF-1 is a potent stimulator of 

PI3K/Akt signalling via IGF-1R, and comparison of grade-matched ILC and IDC 

patients demonstrated a statistically significant increase in IGF-1 expression in ILC.  

An IGF-1/IGF-1R autocrine loop is a potential mechanism underpinning constitutive 

activation of Akt in ILC, and it would therefore be interesting to observe the 

response of ILC cell lines to neutralising anti-IGF-1 and IGF-1R antibodies [380].  

Further follow-up studies will include evaluation of IGF-1R and its adaptor protein  
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IRS-1 within the TMA.  Taken together, these findings suggest that ILC patients may 

be suitable candidates for treatment with agents targeted against the IGF-

1R/PI3K/Akt pathway.   

 

Multiple inhibitors of the PI3K/Akt pathway are in preclinical development or 

already in clinical trials, with inhibitors of the Akt substrate mTOR being the most 

extensively investigated in breast cancer (reviewed in [381]).  Clinical efficacy of 

everolimus, an mTOR inhibitor, has been demonstrated in ER positive, HER2 

negative breast cancer, however compounds inhibiting PI3K and Akt have frequently 

failed to progress beyond the stage of early phase trials [382].  One factor 

contributing to this is a lack of predictive biomarkers to guide selection of patients 

who will benefit from targeted therapies.  The data presented in this thesis provide 

additional rationale for the use of targeted therapies against the PI3K/Akt pathway in 

ILC patients.  ILC patients have historically featured as minor subgroups in clinical 

trials, which are often too small to draw any firm conclusions.  However, as outlined 

earlier a key aim of the RATHER consortium is to identify targeted therapeutic 

approaches for this particular patient group, and the consortium is currently 

evaluating the efficacy of a PI3K inhibitor within the POSEIDON trial 

(www.clinicaltrials.gov identifier NCT02285179).    

 

Development of resistance owing to activation of compensatory signalling pathways 

is a further factor contributing to the low success rate of targeted agents in clinical 

trials.  For example, autocrine feedback loops involving IGF-1R are implicated in 

resistance to mTOR inhibition, and compensatory activation of other growth 

receptors, such as insulin receptor or EGFR, can decrease responsiveness to IGF-1R 

inhibitors [383, 384].  To overcome this, combinatorial regimes are now being tested, 

including a phase II study of combination treatment with an mTOR inhibitor 

(temsirolimus) and an anti-IGF-1 receptor antibody (cixutumumab), in locally 

recurrent or metastastic breast cancer patients (NCT00699491).  Such an approach 

may be worthy of consideration in the lobular setting.  Another key question is when  
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to optimally administer these agents to ILC patients.  Since activated Akt signalling 

is well documented to play a central role in the development of endocrine resistance, 

inhibitors of this pathway may provide particular benefit in the context of hormone 

refractory ILC [385].   

 

Utilisation of a novel total proteomics approach identified enrichment of proteins 

related to actin cytoskeleton modulation in mouse and human ILC, and many of 

these proteins were linked to the RhoA/ROCK signalling pathway.  As alluded to 

previously, these findings are in line with the results of in vitro studies undertaken by 

our collaborators, which showed that anoikis resistance of E-cadherin negative 

mouse cell lines was mediated by the RhoA/ROCK axis [127, 195].  This pathway 

may represent an additional mechanism of importance to ILC progression and is 

amenable to targeted intervention, however further work is required to substantiate 

these findings in human tumour samples.  Inhibitors of RhoA/ROCK signalling have 

demonstrated efficacy in preclinical studies of human cancers, however none have 

been evaluated in human trials to date [386].  

 

One of the most intriguing aspects of ILC biology is its distinct pattern of metastatic 

spread in comparison with IDC, with a greater tendency for dissemination to the 

bone, and to rather unusual sites, including the peritoneum, gastro-intestinal tract and 

gynaecological organs.  Developing an understanding of the factors that attract and 

promote the growth of ILC cells at these sites is central to developing therapeutic 

strategies capable of preventing progression from the primary site.  This is 

particularly important since the vast majority of breast cancer-related deaths are 

attributable to the effects of metastatic disease [1, 2].  Postulations resulting from the 

findings presented in this thesis provide an interesting basis for future studies 

focussing on metastatic ILC.  For example, high expression levels of IGF-1 in 

primary ILC correlated with distant metastasis, and a dependency of ILC cells upon 

IGF-1 for growth and survival may explain the particular attraction of ILC to bone, 

which is a metastatic niche rich in IGF-1.  Preliminary gene expression profiling of  
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CAFs and proteomics analysis of mILC cells, suggest that differences in stromal 

constituents could also influence organ-specific metastasis in ILC.   It will be 

possible to probe these hypotheses using the pre-clinical models described here, most 

of which derive from metastatic ILC, however robust characterisation of metastatic 

human ILC represents a particular challenge, since biopsies are not routinely 

performed at the time of disease recurrence.  As exemplified by the IPH-926 cell 

line, comparison of the primary tumour with corresponding metastases can have 

important therapeutic implications, since the immunophenotype can alter 

significantly during the course of disease progression [201, 207].  Recently, 

circulating tumour cells and cell-free plasma DNA have provided alternative 

approaches for the study of the metastatic process, and these may represent useful 

surrogates of metastatic ILC [387]. 

 

We were fortunate to acquire the most representative tools available for the 

biological study of ILC in the course of this project.  Cell lines derived from mILC 

models and IPH-926 cells generated data that translated to the clinical setting, and 

the HCI-013 PDX model accurately recapitulates classic ILC with regard to cellular 

morphology, E-cadherin, ER and HER2 expression patterns.  The development of 

primary cancer cells and CAFs derived from human ILC would greatly complement 

these existing model systems.  This thesis demonstrates the challenges associated 

with such an approach, and refinement of protocols alongside characterisation 

studies to validate the authenticity of these cells is ongoing.  Finally, the TMA 

constructed using grade-matched ILC and IDC tumours serves as a useful tool for the 

translational study of this unique breast cancer subtype. 

 

It is encouraging that ILC is becoming increasingly recognised as a clinically, 

pathologically and molecularly distinct breast cancer entity, with a rising interest in 

the development of personalized approaches for the treatment of ILC patients.  The 

work presented in this thesis provides further insight into the biological mechanisms  
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underpinning lobular tumorigenesis, and has generated a number of hypotheses that 

merit consideration in the course of future studies.  

 

In conclusion: 

• In vitro models of ILC exhibit constitutively active Akt, and a high 

proportion of primary ILC tumours show activated PI3K/Akt signalling. 

• IGF-1 expression is increased in primary ILC versus IDC, and high IGF-1 

expression in ILC is associated with tumour size and distant metastasis. 

• Differential modulation of the actin cytoskeleton and ECM may represent 

additional mechanisms of importance in ILC progression. 

• Primary patient-derived cancer cells and CAFs are an important addition to 

the existing panel of in vitro models of ILC, although further validation is 

required. 

• The construction of a TMA provides a useful tool for the translational study 

of ILC. 
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List of antibodies used in RPPA analysis 
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Target protein (residue) Species Catalogue 
Number Supplier Dilution 

factor 
Akt Rabbit 9272 CST 500 

Phospho-Akt (pSer473) Rabbit 4060 CST 500 
Phospho-Akt (pThr308) Rabbit 2965 CST 500 

α-Catenin Mouse 610193 BD Biosciences 500 
AMPKα Rabbit 2532 CST 250 

Phospho-AMPKα (pThr172) Rabbit 2535 CST 500 
Phospho-Bad (pSer112) Rabbit 9291 CST 500 
Phospho-Bad (pSer136) Rabbit 9295 CST 250 

Bak Rabbit ab32371 abcam 250 
Bax Rabbit ab32503 abcam 1000 

Bcl-2 Rabbit ab32124 abcam 500 
Bcl-XL Rabbit ab32370 abcam 1000 
β-Actin Rabbit 4970 CST 1000 
β-Catenin Rabbit 9562 CST 500 

Phospho-β-catenin 
(pSer33,pSer37,pThr41) Rabbit 9561 CST 1000 

Phospho-β-catenin 
(pThr41,pSer45) Rabbit 9565 CST 250 

β-Tubulin Rabbit ab6046 abcam 5000 
Bid Rabbit ab32060 abcam 500 
Bim Rabbit ab32158 abcam 250 

Phospho-Bim (pSer69) Rabbit 4585 CST 500 
BRCA1 Rabbit 9010 CST 250 
c-Jun Rabbit ab32137 abcam 250 

Phospho-c-Jun (pSer73) Rabbit 9164 CST 1000 
c-Myc Rabbit 5605 CST 500 

Phospho-c-Myc (pThr58,pSer62) Rabbit ab32029 abcam 250 
Calpain 2 (large subunit) Rabbit 2539 CST 500 

Calpastatin Rabbit 4146 CST 500 
Caspase 3 Rabbit 9662 CST 500 

Phospho-CDK1 (pTyr15) Rabbit 9111 CST 250 
CDK2 Rabbit ab32147 abcam 250 

Phospho-Chk1 (pSer345) Rabbit 2348 CST 500 
Phospho-Chk2 (pThr68) Rabbit 2661 CST 250 

Cleaved caspase 3 (Asp175) Rabbit 9664 CST 500 
Cyclin D1 Mouse 2926 CST 500 

Phospho-cyclin D1 (pThr286) Rabbit 3300 CST 500 
E-cadherin Rabbit 3195 CST 250 

Phospho-EGFR (pTyr1086) Rabbit 36-9700 Life 
Technologies 2000 

Phospho-EGFR (pTyr1173) Rabbit 4407 CST 1000 
EGFR Rabbit 2232 CST 1000 

HER2 Rabbit A0485 
Agilent 

Technologies 
(Dako) 

500 

Phospho-HER2/EGFR 
(pTyr1248/Tyr1173) Rabbit 2244 CST 250 

HER3 Rabbit 4754 CST 500 
Phospho-HER3 (pTyr1289) Rabbit 4791 CST 500 

FAK1 Rabbit 3285 CST 500 
Phospho-FAK1 (pTyr397) Rabbit 3283 CST 500 

GAPDH Mouse ab9484 abcam 2000 
Phospho-GSK-3α/β 

(pSer21/Ser9) Rabbit 9331 CST 500 

GSK-3β Rabbit 9315 CST 500 
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Phospho-GSK-3β (pSer9) Rabbit 9336 CST 500 

Phospho-IGF-1Rβ 
(pTyr1162,pTyr1163) Rabbit 44-804G Life 

Technologies 500 

JAK1 Rabbit 3332 CST 500 
Phospho-JAK1 

(pTyr1022,pThr1023) Rabbit 44-422G Life 
Technologies 5000 

Phospho-M-CSF receptor 
(pTyr723) Rabbit 3155 CST 500 

MAPKAPK-2 Rabbit ab32567 abcam 500 
Phospho-MAPKAPK-2 

(pThr334) Rabbit 3041 CST 500 

MEK1/2 Rabbit 9122 CST 1000 
Phospho-MEK1/2 
(pSer217/Ser221) Rabbit 9154 CST 1000 

Met Rabbit 4560 CST 500 

Phospho-Met (pTyr1234) Rabbit 11227 Signalway 
Antibody 1000 

Phospho-Met (pTyr1349) Rabbit 11238 Signalway 
Antibody 1000 

Phospho-Mnk1 
(pThr197,pThr202) Rabbit 2111 CST 500 

Phospho-MSK1 (pSer376) Rabbit 9591 CST 250 
mTOR Rabbit 2972 CST 250 

Phospho-mTOR (pSer2448) Rabbit 2971 CST 250 
Phospho-mTOR (pSer2481) Rabbit 09-343 Merck Millipore 1000 

NF-κB p105/p50 Rabbit GTX110585 GeneTex 1000 
Phospho-NF-κB p65 (pSer536) Rabbit 3033 CST 250 

p120 catenin Mouse  CST 500 
p38 MAPK Rabbit 9212 CST 500 

Phospho-p38 MAPK 
(pThr180,pTyr182) Rabbit 9211 CST 500 

p44/42 MAPK (ERK1/2) Rabbit 9102 CST 500 
p53 Rabbit 9282 CST 10000 

Phospho-p53 (pSer15) Rabbit 9284 CST 500 
p70 S6 kinase Rabbit 9202 CST 250 

Phospho-p70 S6 kinase 
(pThr389) Rabbit ab32359 abcam 500 

Phospho-p70 S6 kinase 
(pThr421,pSer424) Rabbit 9204 CST 1000 

p90 S6 kinase Rabbit sc-231 Santa Cruz 
Biotechnology 5000 

Phospho-p90 S6 kinase 
(pThr359,pSer363) Rabbit 9344 CST 250 

Phospho-PDGFRβ (pTyr1021) Rabbit 2227 CST 250 
Phospho-PDGFRβ (pTyr751) Rabbit 4549 CST 250 

PDK1 Rabbit 3062 CST 500 
Phospho-PDK1 (pSer241) Rabbit 3061 CST 250 

PI3K p110α Rabbit 4249 CST 500 
Phospho-PKC (pan) (pSer660 

(βII)) Rabbit 9371 CST 1000 

Phospho-PKC substrate 
((Arg/Lys)(Und)pSer(Hyd)(Arg/L

ys))b 
Rabbit 2261 CST 1000 

PKCα Mouse 610108 BD Biosciences 2000 
Phospho-PKCα (pThr638) Rabbit ab32502 abcam 1000 
Phospho-PKCγ (pThr514) Rabbit GTX25778 GeneTex 250 

PKCζ Rabbit 9372 CST 250 
Phospho-PKCζ/λ Rabbit 9378 CST 250 
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(pThr410/Thr403) 

Prohibitin Rabbit sc-28259 Santa Cruz 
Biotechnology 5000 

PTEN Rabbit 9552 CST 500 
Phospho-PTEN 

(pSer380,pThr382,pThr383) Rabbit 9554 CST 250 

Phospho-Raf-1 (pSer259) Rabbit 9421 CST 500 
Phospho-Raf-1 (pSer338) Rabbit 9427 CST 500 

Raf-1 Rabbit sc-133 Santa Cruz 
Biotechnology 1000 

Ras Mouse 610001 BD Biosciences 1000 
ROCK-I Rabbit 04-1121 Merck Millipore 500 

S6 ribosomal protein Rabbit 2217 CST 250 
Phospho-S6 ribosomal protein 

(pSer235,pSer236) Rabbit 2211 CST 1000 

Phospho-S6 ribosomal protein 
(pSer240,pSer244) Rabbit 2215 CST 250 

Src Rabbit 2109 CST 500 
Phospho-Src (family) (pTyr416) Rabbit 2101 CST 500 

Stat1 Mouse 9176 CST 500 

Phospho-Stat1 (pSer727) Rabbit 44-382G Life 
Technologies 5000 

Phospho-Stat1 (pTyr701) Rabbit 9171c CST 500 
Stat3 Rabbit 9132c CST 500 

Phospho-Stat3 (pTyr705) Mouse 9138 CST 1000 

Stat5 Rabbit 44-368G Life 
Technologies 5000 

Phospho-Stat5 (pTyr694) Rabbit 9351 CST 500 
Stat6 Rabbit 9362 CST 500 

Phospho-Stat6 (pTyr641) Rabbit 9361 CST 250 
Survivin Rabbit 2808 CST 250 
Tuberin Rabbit 3612 CST 1000 

Phospho-Tuberin (pThr1462) Rabbit 3617 CST 500 
Phospho-VEGFR2 (pTyr1059) Rabbit 3817 CST 500 
Phospho-VEGFR2 (pTyr1175) Rabbit 2478 CST 1000 
Phospho-VEGFR2 (pTyr951) Rabbit 4991 CST 500 

Wnt-1 Rabbit  Abcam 500 
YAP Rabbit SAB4500095 Sigma-Aldrich 500 

CST – Cell Signalling Technologies 
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REVIEW ARTICLE
The role and therapeutic potential of the autotaxin–lysophosphatidate
signalling axis in breast cancer
Katy TEO* and Valerie G. BRUNTON*1

*Edinburgh Cancer Research Centre, Institute of Genetics and Molecular Medicine, University of Edinburgh, Crewe Road South, Edinburgh EH4 2XR, U.K.

ATX (autotaxin) is a secreted lysophospholipase capable of
catalysing the formation of the bioactive lipid mediator LPA
(lysophosphatidate) from LPC (lysophosphatidylcholine). The
ATX–LPA signalling axis plays an important role in both normal
physiology and disease pathogenesis, including cancer. In a
number of different human cancers, expression of ATX and
the G-protein-coupled LPARs (lysophosphatidic acid receptors)
have been shown to be elevated and their activation regulates
many processes central to tumorigenesis, including proliferation,

invasion, migration and angiogenesis. The present review
provides an overview of the ATX–LPA signalling axis and collates
current knowledge regarding its specific role in breast cancer. The
potential manipulation of this pathway to facilitate diagnosis and
treatment is also discussed.

Key words: autotaxin, breast cancer, lysophosphatidic acid,
metastasis, therapy.

INTRODUCTION

Breast cancer is the most common malignancy among women
worldwide, with an estimated 1.7 million new cases diagnosed
in 2012 [1]. Despite significant advances in early diagnosis
and treatment, it remains the globally leading cause of cancer-
related mortality, with over 90 % of deaths attributable to the
complications of metastatic disease [1,2]. There is therefore a
pressing need to delineate the biological mechanisms driving the
metastatic dissemination of breast cancer, in order to identify
novel therapeutic targets that will lead to the development of
effective treatment strategies for this patient group. One such
pathway that has received considerable interest over recent years
is the ATX (autotaxin)–LPA (lysophosphatidate) signalling axis
[3,4] owing to its recognized roles in numerous processes central
to tumour formation and progression [5–7]. Furthermore, there is
growing evidence that the ATX–LPA pathway is a key mediator
of metastatic progression and it has also been implicated in the
development of chemoresistance [8–10]. Such findings have led to
a mounting interest in the use of ATX and LPAR (lysophosphatidic
acid receptor) inhibitors as adjuvants to chemotherapy and
surgery in cancer management [11,12]. In the present review we
discuss our current understanding of the impact of the ATX–LPA
signalling axis in breast cancer and the potential use of small
molecule inhibitors of the pathway.

THE ATX–LPA SIGNALLING AXIS

LPA (1- or 2-acyl-sn-glycero-3-phosphate) is a bioactive
phospholipid recognized to function as an intercellular lipid
mediator, exerting multiple actions via specific GPCRs (G-
protein-coupled receptors) [13]. LPA is produced by two main
routes; from either lysophospholipids or phosphatidic acid,

which requires the action of lysoPLD (lysophospholipase D)
and PLA1 (phospholipase A1)/PLA2, or PLD (phospholipase
D) with PLA1/PLA2 respectively [14,15]. Just a decade ago
the ecto-enzyme ATX, also known as ENPP2 (ecto-nucleotide
pyrophosphatase/phosphodiesterase 2), was discovered to be
functionally identical to lysoPLD and capable of catalysing the
formation of LPA from LPC (lysophosphatidylcholine) [6,16].
Work undertaken by van Meeteren et al. [17] and Tanaka et al.
[18] revealed that ATX heterozygote knockout mice have a 50%
reduction in circulating LPA levels compared with wild-type mice,
and studies examining the effect of ATX inhibitors in vivo have
reported an almost 100% reduction in plasma LPA levels [19],
suggesting that ATX is the major enzyme responsible for LPA
production.

ATX is a secreted 125-kDa glycoprotein encoded by the
ENPP2 gene on chromosome 8 at position 8q24.1, and alternative
splicing leads to the generation of five different isoforms [20–22].
The expression of the ENPP2 gene is up-regulated by the
transcription factors v-Jun and STAT3 (signal transducer and
activator of transcription 3), and is also induced by a variety
of growth factors, including retinoic acid and Wnt-1 [23–25]. In
contrast, the cytokines interleukin-1, interleukin-4 and interferon-
γ appear to suppress ENPP2 expression [26,27]. ATX also
hydrolyses SPC (sphingosylphosphorylcholine) to generate S1P
(sphingosine 1-phosphate), the latter being a structurally related
bioactive lipid of LPA [28]. The physiological significance of
the latter reaction is debatable, however, as ATX inhibition
does not achieve reduction in plasma S1P concentrations, and
knockout studies of sphingosine kinase-1 and -2 suggest that
these enzymes, rather than ATX, are critical for maintenance of
S1P concentrations [29,30]. LPA has a short half-life in vivo, and
plasma concentrations depend on the balance of ATX activity
and that of LPPs (lipid phosphate phosphatases), which degrade

Abbreviations: ATX, autotaxin; BrP-LPA, bromomethylene phosphonate-lysophosphatidate; cPA, cyclic phosphatidic acid; ENPP2, ecto-nucleotide
pyrophosphatase/phosphodiesterase 2; GPCR, G-protein-coupled receptor; IDC, invasive ductal carcinoma; LPA, lysophosphatidate; LPAR,
lysophosphatidic acid receptor; LPC, lysophosphatidylcholine; LPP, lipid phosphate phosphatase; lysoPLD, lysophospholipase D; MAPK, mitogen-
activated protein kinase; NIRF, near-infrared fluorescent; PI3K, phosphoinositide 3-kinase; PLA, phospholipase A; S1P, sphingosine 1-phosphate; STAT,
signal transducer and activator of transcription; TRPV1, transient receptor potential vanilloid.

1 To whom correspondence should be addressed (email v.brunton@ed.ac.uk).
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Figure 1 Overview of the ATX–LPA signalling axis

The ENPP2 gene encodes the secreted glycoprotein ATX, which catalyses the formation of LPA from LPC. LPA signals via a number of specific GPCRs to initiate a diverse range of cellular actions.
LPA is degraded by LPPs to monoacylglycerol (MAG).

extracellular LPA [31–33]. Both products of ATX catalytic
activity, S1P and LPA, are potent inhibitors of ATX activity
in vitro, suggesting that negative feedback loops enable these
lipid mediators to regulate their own biosynthesis [34].

LPA signals via specific GPCRs to initiate a diverse range
of cellular actions, which influence a variety of developmental,
physiological and pathophysiological processes. LPA binds to and
activates at least six GPCRs referred to as LPA1–LPA6, which
in turn couple with and activate three G-protein subfamilies;
Gαq/11, Gi/o and Gα12/13 [35]. The classic receptors, LPA1–LPA3,
belong to the EDG subfamily of GPCRs, whereas LPA4–LPA6

are structurally more similar to P2Y nucleotide receptors [36].
Although the LPARs exhibit distinct tissue distribution patterns,
they are associated with both common and divergent downstream
signalling pathways. Figure 1 illustrates the downstream G-
protein-linked pathways activated by LPARs, these include
Gαq-mediated stimulation of phospholipase C, Gαi-mediated
activation of the Ras-MAPK (mitogen-activated protein kinase)
and PI3K (phosphoinositide 3-kinase) pathways; and Gα12/13-
mediated activation of RhoA [35,37].

ATX–LPA SIGNALLING IN BREAST CANCER

Aberrant ATX–LPA signalling has been associated with
several disease entities, including idiopathic pulmonary fibrosis,
rheumatoid arthritis, neuropathic pain, multiple sclerosis and
primary open angle glaucoma [38–42]. Overexpression of
ATX and LPARs has also been observed in numerous

human malignancies, ranging from neuroblastoma, hepatocellular
carcinoma and non-small cell lung cancer, to prostate, ovarian
and breast cancers [43–48]. LPA was first implicated in breast
carcinogenesis almost two decades ago, when Xu et al. [49]
reported the stimulatory effect of LPA upon the proliferation of
various breast and ovarian cancer cell lines in association with
activation of MAPK signalling. Since that time, studies have
revealed the ATX–LPA signalling axis to be capable of influencing
growth, invasion, metastasis and even the therapeutic response of
breast cancer.

In vitro studies

ATX was first identified as an ‘autocrine motility factor’ in
human melanoma A2058 cells [50,51] and in breast cancer cell
lines it has also been shown to regulate migration and invasion.
There is variable ATX expression among established breast
cancer cell lines and initial studies showed that the degree of
ATX expression correlated with invasive capacity and motility,
with high ATX-expressing cells showing greater motility and
invasiveness than low ATX-expressing cells [50,51]. Furthermore,
overexpression of exogenous ATX in cell lines such as MCF-
7 and MDA-B02 is sufficient to increase both their motile and
invasive capacity [51,52]. Consistent with levels of ATX playing
an important role in cell migration, activation of the gp130/JAK
(Janus kinase)/STAT3 pathway has been linked to increased
expression of ATX and increased migration in breast cancer cell
lines, with ATX emerging as a putative STAT3 target gene in
breast cancer [24].
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The classic LPARs, LPA1–LPA3, are the most extensively
characterized in breast cancer to date. The expression patterns
of LPA1–LPA3 appear to vary between breast cancer cell lines,
however, levels of LPAR1 mRNA are generally greater than
those of LPAR2, and LPA1 levels appear to be more critical
for cell migration in vitro [53–56]. Mechanistically a number of
pathways have been linked to the invasive and migratory potential
of breast cancer cell lines following activation of the LPARs
downstream of the ATX–LPA signalling axis. In MDA-MB-231
breast cancer cells, LPA stimulates cell migration via a pathway
involving PI3K, PAK1 (p21-activated kinase 1) and MAPK, which
may be mediated by LPA-induced stimulation of the secreted
glycoprotein progranulin [57,58]. Furthermore β-arrestin and the
Ras GTPase Ral have also been implicated in LPA-induced
migration of MDA-MB-231 cells [55]. Additionally, LPA1

stimulates migration of breast cancer cells via phosphorylation
of NMII (non-muscle myosin II) via ROCK (Rho-kinase) [56].

Delineation of the crystal structure of ATX revealed the
presence of N-terminal SMB (somatomedin B-like) domains,
which facilitate binding of ATX to cell-surface integrins [59,60].
The integrin family of cell-adhesion receptors are recognized to
regulate several cellular functions central to tumour development
and progression [61], and there is growing evidence that ATX–
integrin binding is crucial for cell migratory activities. In
MDA-MB-231 breast cancer cells, integrin-mediated cell sur-
face recruitment of ATX was found to strongly stimulate cell
migration, with increases in migration velocity and persistent
directionality [62]. Expression of integrin α6β4 also led to
up-regulation of ATX expression and enhanced chemotaxis in
MDA-MB-435 cells [63]; however, the origin of this particular
cell line remains a highly contested issue. Having been used
extensively as a breast cancer model since 1982, expression
profiling, karyotyping and comparative genomic hybridization
revealed that the MDA-MB-435 cell line is identical to the M14
melanoma cell line [64,65]; however, the belief that existing cell
stocks represent the M14 line has been challenged [66–68]. The
relative importance of these signalling pathways in mediating the
pro-migratory/invasive function of LPA in breast cancer remains
to be determined and will undoubtedly be dependent on relative
expression of the different LPARs and other contributing factors
such as integrin expression in addition to interactions with the
surrounding tumour microenvironment.

In vivo studies

The importance of ATX and LPARs to breast cancer initiation
and progression was highlighted by Liu et al. [69] following
the demonstration that overexpression of either ATX or one
of the LPARs, LPA1–LPA3, in transgenic mice under control of
the MMTV (murine mammary tumour virus)-LTR (long terminal
repeat) promoter leads to the development of invasive and
metastatic mammary carcinoma. The late onset and stochastic
nature of tumorigenesis in these transgenic mice suggest that
other contributing oncogenic events are required to instigate
tumorigenesis. Furthermore, although the different LPARs have
been shown to mediate diverse cellular functions, the similarity of
the phenotypes of the individual LPA1–LPA3 and ATX transgenic
lines indicates that the functional downstream activation of
this pathway through the EDG subfamily of receptors may be
conserved during mammary tumour development. As outlined
above, pathways activated downstream of LPARs include the
PI3K/Akt and MAPK signalling pathways. These pathways
are commonly up-regulated in breast cancer, and reverse-phase
protein array analysis provided evidence that these pathways are

also active in mammary glands from the transgenic mouse models
[69–71].

Although the transgenic models recapitulated metastasis to
regional lymph nodes and lung, overexpression of LPA1 in
MDA-BO2 breast cancer cells enhanced growth of subcutaneous
tumour xenografts and also promoted osteolytic bone metastases
[72,73]. This group also observed an increase in osteolytic bone
metastasis following intravenous injection of exogenous ATX
expressing MDA-B02 cells [52]. Intriguingly, LPA at sites of bone
metastases was found to originate from platelets in the tumour
microenvironment, rather than from metastatic MDA-BO2 cells.
The platelet-derived LPA stimulated release of interleukin-6 and
-8, which mediated bone resorption. Both introduction of a platelet
antagonist and silencing of LPA1 slowed the progression of bone
metastasis [72,73].

Clinical correlation

Expression of ATX and LPA1–LPA3 is seen in normal breast
epithelium and stroma; however, in human breast cancer, levels
of ATX expression are enhanced at the mRNA and protein
level [51,74–76]. Increased ATX expression is observed in breast
tumour epithelium and stromal fibroblasts, and is associated with
increased tumour size, advanced disease stage and a peritumoral
desmoplastic reaction [74]. Correspondingly, levels of LPA1 and
LPA2 expression are also increased in advanced breast cancer [55].
Increased LPA1 in primary breast tumours correlates with positive
lymph node status, but is independent of other prognostic factors,
including tumour size, histological grade and hormone receptor
status. IDC (invasive ductal carcinoma) is the most common
histological subtype of breast cancer and upon comparison of
LPA1–LPA3 expression in IDC with adjacent normal breast tissue,
Kitayama et al. [77] observed a significant increase in LPA2

expression in IDC, but no difference in LPA1 or LPA3 expression.
In contrast, evaluation of LPA3 expression by Popnikolov et
al. [74] showed increased expression of LPA3 in breast cancer
tissues, which was associated with increased tumour grade,
positive HER2 status and the presence of lymph node metastases.
Interestingly, following the overexpression of LPA1–LPA3 in
transgenic mice, the highest rate of metastasis was observed in
those cells overexpressing LPA3 [69]. Further work is required
to fully elucidate the precise contribution of each of the classic
LPARs to breast cancer progression, and it will also be of interest
to ascertain the role of the non-classic receptors.

In breast cancer, reduction in expression of the metastasis
suppressor gene Nm23-H1 is associated with aggressive tumour
behaviour [79] and Nm23-H1 has been shown to transcriptionally
regulate LPA1 expression [80]. Consistent with this, an inverse
correlation between LPA1 expression and that of Nm23-H1
has been observed in breast cancer by immunohistochemistry.
Furthermore, in mouse mammary metastatic models, LPA1

expression overcomes metastasis suppression by Nm23-H1 [54].
ENPP2 was identified as a novel STAT3-regulated gene in

a breast cancer gene expression profiling study, and a positive
correlation between phosphorylated STAT3 and ATX expression
in primary breast tumours and metastatic lymph nodes was also
observed using a tissue microarray [24]. Interestingly, evaluation
of STAT3 levels in cell lines corresponded to previously observed
ATX expression patterns, with high and low expression in MDA-
MB-435 and MCF7 cells respectively, and reduction of STAT3
decreased ATX levels and inhibited cell migration in vitro (see
above for comments regarding the MDA-MB-435 cell line) [24].
An increase in phosphorylated STAT3 was also seen in a subset
of the transgenic mammary tumours [69].
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Table 1 Summary of ATX and LPAR inhibitors evaluated in preclinical models of breast cancer

Compound Authors, year Class Target(s) Effect on primary tumour growth Effect on metastasis

Ki16425 Boucharaba et al. (2006) [66] Non-lipid LPA1, LPA3 Not assessed Reduced bone metastasis
BrP-LPA Zhang et al. (2009) [80] Lipid ATX, LPA1-5 Reduction, inhibited angiogenesis Not stated
Debio0719 David et al. (2012) [84] Non-lipid LPA1, LPA3 None Reduced lung and bone metastasis

Marshall et al. (2012) [85] None Reduced liver and lung metastasis
ONO-8430506 Benesch et al. (2014) [87] Non-lipid ATX Reduction Reduced lung metastasis

ATX–LPA signalling and chemoresistance in breast cancer

Over recent years, a role for the ATX–LPA pathway in
chemoresistance has also emerged. Taxol is a microtubule-
stabilizing agent, which interferes with spindle microtubule
dynamics leading to cell cycle arrest and apoptosis. It is widely
employed as a chemotherapeutic agent in breast cancer; however,
development of resistance occurs in 25–69 % of patients. Samadi
et al. [8,81] demonstrated that LPA induces resistance to taxol
in breast cancer and melanoma cells by displacing taxol from
polymerized tubulin, enabling cells to escape mitotic arrest
and evade cell death. This effect was overcome by inhibition
of LPA1/LPA3 [81], and the adjunctive use of ATX or LPAR
inhibitors may therefore represent an effective strategy against
the development of taxol resistance in breast cancer.

LPA3 has also been implicated in drug resistance; expression
of LPA3 in mouse mammary tumour cells enhanced survival rates
following treatment with doxorubicin and cisplatin, two standard
chemotherapeutic agents employed in breast cancer treatment
[82]. Interestingly, resistance to these drugs in LPA3-expressing
cells was found to correlate with expression of the multi-drug
resistance gene Mdr1a. The product of Mdr1a is P-glycoprotein,
which is an ATP-binding efflux pump capable of binding to drugs
and releasing them back into the extracellular space, which is
one of the most fully characterized mechanisms of multi-drug
resistance in vitro [83].

ATX AND LPAR INHIBITORS AS NOVEL THERAPEUTIC AGENTS IN
BREAST CANCER

Approaches to targeting ATX–LPA signalling

The emergence of the ATX–LPA signalling axis as a substantial
contributor to multiple aspects of tumorigenesis has led to a rising
interest in the development of ATX and LPAR inhibitors [11]. The
accessibility of ATX and LPAR as extracellular and membrane-
bound proteins respectively makes them highly druggable targets,
which further increases their attractiveness. Existing inhibitors of
ATX–LPA signalling can be broadly classed as either competitive
lipid mimetics or non-lipid small-molecule inhibitors.

Direct approaches to ATX inhibition initially focused on
the development of competitive lipid analogues, following the
discovery of feedback inhibition of ATX by LPA and S1P [34]. For
example, cPA (cyclic phosphatidic acid) is a naturally occurring
analogue of LPA, capable of inhibiting ATX with similar potency
to LPA [84,85]. cPA analogues reduced ATX-mediated invasion
of melanoma cells in vitro, and also inhibited development of lung
metastases in vivo, however, their use is limited by the retention of
weak agonistic effects upon LPAR [86]. The benzyl phosphonic
acid derivative S32826 was the first nanomolar inhibitor of ATX,
and demonstrated excellent in vitro and ex vivo attenuation of ATX
activity; however, its suitability for in vivo use was limited by poor
bioavailabilty and solubility [12]. BrP-LPA (α-bromomethylene
phosphonate-LPA) is a further lipid-based nanomolar inhibitor

of ATX activity, with additional activity against multiple LPARs,
and has demonstrated efficacy in vivo (outlined below) [87,88].

The subsequent development of non-lipid small-molecule
inhibitors of ATX has yielded more promising results. In contrast
with lipid analogues, compounds such as HA130 and PF-8380
have better bioavailability and can modulate LPA levels in vitro
and in vivo at nanomolar concentrations [19,33]. The PF-8380
compound is capable of reducing inflammatory hyperalgaesia
in rats with a similar efficacy to standard non-steroidal anti-
inflammatory drugs, and it also enhanced radiosensitivity
in glioblastoma [19,89]. Screening of low-molecular-mass
compound libraries has also led to the identification of direct
LPAR inhibitors, such as the isoxazole derivatives Ki16425 and
Debio07179, which antagonize LPA1 and LPA3 [90].

Pre-clinical evaluation of ATX and LAPR inhibitors in breast cancer

A number of lipid and non-lipid ATX and LPAR inhibitors
have been evaluated in the context of breast cancer (Table 1).
Ki16425 is a non-lipid competitive inhibitor of LPA1 and LPA3

[72,90] that has been shown to inhibit the progression of bone
metastases in an experimental metastasis model [73]. This is
associated with reduced recruitment and activation of osteoclasts
and the subsequent development of osteolytic bone lesions
through a mechanism involving reduced LPA-mediated secretion
of cytokines that activate osteoclast-mediated bone destruction
[73]. Debio0719 is the R-stereoisomer of Ki16425 and has been
found to exhibit greater potency [91]. Treatment with Debio0719
following orthotopic injection of murine mouse mammary tumour
4T1 cells into the mouse mammary fat pad reduced metastatic
dissemination to lung and bone, but did not inhibit primary tumour
growth or angiogenesis. This suggests that LPA1 and LPA3 may
influence overall metastatic capacity by predominantly regulating
migratory rather than proliferative behaviours [91].

These findings were reinforced by Marshall et al. [92], who also
assessed Debio0719 using the 4T1 model, and found a significant
reduction in liver and lung metastases, with no effect upon
primary tumour growth. Furthermore, these trends persisted when
similar experiments were performed utilizing the human breast
cancer cell line, MDA-MB-231, in immuno-compromised mice.
Although there was no significant difference in expression of
proliferative markers between Debio0719-treated and -untreated
primary tumours, lesions from metastatic sites in Debio0719-
treated mice showed significantly reduced expression of Ki67, an
effect which was found to be reversible, and possibly mediated by
p38 stress kinase activation with an increase in expression of the
cell cycle inhibitor p27 [92]. This indicates that the Debio0719
compound may also be capable of inducing a form of metastatic
dormancy.

The lipid mimetic BrP-LPA is the first dual ATX and pan-LPAR
inhibitor, targeting LPA1–LPA5, which shows similar efficacy to
the LPA1–LPA3 inhibitors in impeding migration and invasion of
MDA-MB-231 cells in vitro [87]. In contrast with Debio0719,
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however, BrP-LPA also achieved inhibition of primary tumour
growth and angiogenesis in vivo using the MDA-MB-231
xenograft model. These additional effects may be the result of
dual ATX and LPAR inhibition and/or inhibition of the additional
LPARs not targeted by Debio0719. Such comprehensive
inhibition of the ATX–LPA signalling axis may be required to
effectively dampen ATX-mediated release of growth and pro-
angiogenic factors from the microenvironment. Interestingly,
ATX is required for angiogenesis during embryogenesis with
ATX-deficient embryos dying due to vascular defects [17] and
more recently LPA has been shown to induce secretion of
angiogenic factors by breast cancer cells [93], indicating that
inhibition of the ATX–LPA signalling axis may directly control
tumour angiogenesis.

A study which reports a significant reduction in primary
tumour growth following treatment of 4T1 mouse mammary
tumours with the small molecule ATX inhibitor ONO-8430506
demonstrates the contribution of stromal ATX to tumour growth;
although 4T1 cells are low expressors of ATX, ATX expression
within the mammary fat pad surrounding 4T1 tumours was
substantially higher in comparison with contralateral normal fat
pads [30]. Furthermore, ATX activity, LPA concentrations and
Ki67 expression were all reduced following treatment with ONO-
8430506 [30].

These findings are resonant of the observed prominence of
ATX expression within the stroma of human breast cancers [74].
The tumour stroma comprises a heterogeneous population of cell
types, many of which are recognized sources of ATX, including
platelets, endothelial cells, fibroblasts and adipocytes [94–97].
Adipocytes are a major source of ATX in the context of breast
cancer. Evidence accumulated to date suggests that release of
cytokines and growth factors from cancer cells enhances ATX
expression from neighbouring stromal components in a paracrine
fashion, resulting in locally concentrated levels of LPA and
subsequent promotion of tumour growth and angiogenesis. The
recognition of the tumour stroma as a key source of ATX is an
important finding, as it suggests that even patients with low ATX-
expressing tumours may benefit from ATX-targeted therapies.

MANIPULATION OF ATX PRODUCTION AS AN IN VIVO IMAGING
TOOL

Alongside the expansion of ATX and LPAR inhibitors, the
development of non-invasive methods to measure ATX activity
in vivo has also progressed. These are predominantly based
on fluorogenic analogues of the ATX substrate LPC; for
example, AR-2 is an NIRF (near-infrared fluorescent) imaging
probe containing a lipid-linked fluorophore and a choline-linked
quencher, which exploits the lysoPLD activity of ATX to liberate
an NIRF signal upon cleavage by ATX [98,99]. NR-2 has
been effectively used in mice with orthotopic ATX-expressing
mammary tumours, and furthermore, inhibition of ATX activity
by PF8380 resulted in a reduction in fluorescent signals. In
addition to performing as informative research tools, such smart
probes may also evolve to be useful clinically in aiding diagnosis
and treatment monitoring.

PERSPECTIVES

Taken together, current evidence is strongly indicative of a
key role for ATX–LPA signalling in many aspects of breast
cancer progression (Figure 2). The development of a wide
range of compounds targeting the ATX–LPA axis has provided
useful tools for further assessment of this pathway, and there

is potential for these agents to be utilized in a range of
clinical settings in the context of breast cancer management
(Table 1).

As alluded to previously, metastatic disease is responsible
for an overwhelming majority of breast-cancer-related deaths,
and the development of effective treatments in this setting
represents a major challenge in the breast cancer field. Although
elucidation of the precise expression patterns and roles of LPARs
is necessary, correlative clinical data regarding expression of
ATX and LPAR in primary breast cancer suggests that this
signalling pathway is chiefly activated in advanced disease.
As metastatic tissue is not routinely biopsied at the present
time, it is difficult to obtain metastatic tissue for correlative
assessment, however, in vivo studies demonstrated that LPA-
mediated signalling promotes metastatic colonization of the bone,
a major site of metastases in human breast cancer, and both
ATX and LPAR inhibitors decelerated metastatic dissemination
in pre-clinical mouse models [30,73,92]. Targeting of the ATX–
LPA pathway may therefore be an effective adjunct to existing
treatments to prevent metastatic dissemination in patients at
high risk of developing metastatic disease. The observation that
surrounding stromal cells are a major source of ATX suggests
that patients may benefit from ATX-targeted therapy irrespective
of tumour epithelial ATX expression [30,77].

In advanced breast cancer, pain is often the predominant
symptom affecting patient quality of life, and it is therefore
important that this is optimally controlled. In bone cancer, there
is evidence that activation of the capsaicin receptor TRPV1
(transient receptor potential vanilloid) is a critical contributor to
the development of pain [100]. In a rat model of breast cancer bone
metastasis, LPA was found to enhance TRPV1 activity in dorsal
root ganglion neurons via LPA1 and subsequent behavioural tests
revealed the LPA1 inhibitor VPC32183 to be effective in reducing
bone pain in these rodents [101]. Thus, in addition to slowing
the progression of metastatic cancer, inhibitors of the ATX–LPA
axis could also serve an important role in providing effective
symptomatic relief from bone metastasis.

Post-menopausal obesity is a well-recognized risk factor for
breast cancer development, and interests in chemoprevention have
heightened as a result of aging populations and rising obesity rates
[102–104]. Approaches to breast cancer prophylaxis have centred
on anti-inflammatory and endocrine-based agents; however, these
drugs are associated with significant side effects [103]. Adipose
tissue is a major source of ATX, and there exists established
links between ATX expression and obesity [96,105]. Furthermore,
increased LPA2 expression correlates with post-menopausal status
in primary breast cancer, and inhibition of ATX–LPA signalling
could therefore represent a novel approach to chemoprophylaxis
[77].

The shift in focus from the development of lipid-based
analogues towards non-lipid small-molecular inhibitors has
yielded compounds with improved potency and bioavailability.
As ATX–LPA signalling contributes to a broad spectrum of
cellular processes in multiple tissues, targeting of this pathway
may lead to unintended side effects and the effect of inhibitors
upon non-target tissues will therefore require careful evaluation.
Potential issues associated with selective LPAR inhibitors include
the overlapping actions of LPAR and receptor or pathway
redundancy. As ATX is the predominant, but not exclusive,
route to LPA production, lowered LPA levels following ATX
inhibition may ensure drug efficacy, while retaining basal levels
required for normal physiological requirements. It is anticipated
that delineation of the crystal structure of ATX will facilitate
more rational inhibitor design and enable transition of these
inhibitors from pre-clinical into clinical development [59,106].
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Figure 2 ATX–LPA signalling and the breast cancer metastatic cascade

This knowledge has already led to the identification of a novel
inhibitory surface within the hydrophobic binding pocket of ATX
[107,108], and to the development of a highly sensitive and
specific ATX fluorescent probe, superior to FS-3, which has aided
high-throughput screening efforts to identify novel ATX inhibitor
scaffolds [109].

Although we have focused in the present review on breast
cancer, ATX and LPAR inhibitors may also have therapeutic
utility in other tumour types. For example, in ovarian cancer,
overexpression of LPA2 and LPA3 correlated with high-grade

advanced disease, and high levels of LPA have been detected
in malignant ascites resulting from metastatic ovarian cancer
[110,111]. As mentioned above, the supplementary use of ATX
inhibitors may prevent the development of chemoresistance, and
ATX–LPA signalling has also been implicated in carboplatin
resistance in ovarian carcinoma [9].

In conclusion, ATX–LPA signalling appears to serve a key role
in breast cancer, and inhibition of this pathway may represent
an effective treatment approach, particularly in the context of
metastatic or chemoresistant disease. It will be exciting to observe
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the future development of ATX inhibitors, particularly as they
proceed from pre-clinical into clinical development.
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