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Abstract 

The Notch signalling pathway is aberrantly activated in breast cancer, and is correlated with the triple 

negative subtype, therapy resistance and poor prognosis. Current treatment options are especially 

limited for triple negative cancers and patients presenting with resistance to conventional therapies. 

Inhibition of Notch signalling is an attractive therapeutic approach for these patients, however pan 

Notch inhibition is associated with significant side effects. Thus there is a rationale for identifying and 

targeting signalling mechanisms downstream of the Notch receptor itself. Brennan lab has previously 

shown that Notch confers resistance to drug-induced apoptosis in breast cancer cells, through 

activation of pro-survival Akt signalling. This novel signalling axis is mediated by the cytokine IL-1α. 

Unlike Notch, little is known about the role of IL-1 signalling in the breast cancer cell phenotype. Here 

I present data which demonstrates the importance of IL-1 signalling in the breast cancer cell 

phenotype, including in invasion and apoptosis resistance. It is shown that IL-1 is important in the 

ability of breast cancer cells to form xenograft tumours in vivo, and that IL-1 signalling may be 

enriched in the breast cancer stem cell compartment. The role of IL-1 signalling appears to differ 

between ER- and ER+ breast cancers, implicating the pathway specifically in the triple negative 

subtype. Additionally, I confirm that IL-1α is activated downstream of canonical Notch signalling, and 

is key to the apoptosis resistance observed as a consequence of aberrant Notch activation. It is 

revealed that IL-1 activates pro-survival Akt signalling through direct interaction between IL-1R1 and 

PI3K. Finally, the IL-1 signalling pathway is investigated in the normal mammary gland in vivo. We 

show for the first time that loss of IL-1 signalling accelerates mammary gland early involution. 

Collectively these data support the hypothesis that Notch/IL-1 signalling could be targeted as part of a 

novel combination breast cancer therapy. IL-1 signalling inhibitors are already used extensively in the 

clinic for inflammatory disorders, and are well tolerated with a lengthy safety record. This makes them 

prime for re-appropriation into cancer therapy. 
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1. Introduction 

1.1. Triple negative breast cancer treatment: an unmet need: 

This thesis will outline my PhD work investigating the role of IL-1 signalling in mediating the anti-

apoptotic effect of Notch signalling in breast cancer, and whether targeting IL-1 signalling has 

therapeutic value in the treatment of this disease. By way of introduction, I will give an overview of our 

current approaches for the treatment of breast cancer, and why there is still an urgent need for novel 

therapeutic approaches despite great advancements in patient survival in recent decades. I will 

provide an outline of the Notch and IL-1 signalling pathways, including the work in our lab which 

linked the two together, and summarise how they contribute to breast cancer tumorigenesis and 

disease progression. Finally, I will review our current knowledge of the function of Notch and IL-1 

signalling in normal mammary gland development and homeostasis, which has important implications 

for understanding how these key signalling pathways become deregulated in cancer, and whether 

therapeutic targeting for cancer treatment may present a danger to the normal tissue.  

1.1.1. Why breast cancer? 

The rate of cancer diagnosis continues to rise in the UK, with breast cancers accounting for 

approximately 15% of all new diagnoses each year. This makes breast cancer the most common 

cancer in the UK, with just over 46,000 new registrations for the disease in 2017 alone [1]. Moreover, 

breast cancer remains the 4th most common cause of cancer death, accounting for over 11,000 

deaths per year [2]. These statistics highlight the need for continued research in the breast cancer 

field. 

Significant advances in prevention, detection and treatment have resulted in a drop in age-

standardised mortality of 39% between the early 1970s and late 2010s [2]. However these advances 

have more heavily benefited patients where biologically targeted therapies can be administered and 

their efficacy is maintained. The greatest proportion of breast cancer deaths comes from patients with 

triple negative or therapy resistant disease, where targeted treatments are ineffective.  

In the clinic, breast cancers are categorised by immunohistochemistry (IHC) into hormone receptor 

(HR)+, human epidermal growth factor receptor 2 (HER2)+ and triple negative breast cancers 

(TNBC). TNBCs lack expression of the hormone receptors ER (oestrogen receptor) and PR 

(progesterone receptor), and the HER2 receptor. Most breast cancers are HR+, with triple negative 

breast cancers accounting for only approximately 10% of all breast cancer cases [3]. Ki-67 staining is 

also becoming a commonly used technique in therapeutic breast cancer classification. The proportion 

of Ki-67 positive cells gives an indication of how proliferative the tumour is [4].   

An alternative method of invasive breast tumour classification is molecular subtyping based on gene 

expression profiling. There are 5 commonly accepted molecular subtypes: luminal A, luminal B, 

HER2-enriched, normal-like and basal-like [5, 6]. Most TNBCs are classified as basal-like, although 

not all [7]. In fact, Lehmann et al determined that TNBCs could be grouped into 6 distinct molecular 

subtypes (basal-like 1, basal-like 2, immunomodulatory, mesenchymal, mesenchymal stem-like and 
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luminal androgen receptor), each with their own molecular characteristics and differing responses to 

treatment [8, 9]. Molecular subtypes can be roughly mapped to IHC receptor status and Ki67 

expression level (Table 1.1). More recent classification systems have also been developed based on 

genomic and transcriptomic data, such as the integrative cluster classification system, which refine 

existing molecular methods [10]. 

Molecular subtype IHC receptor and Ki67 
status 

Percentage of all 
breast cancers (%) 

General prognosis 

Luminal A ER+/PR+/HER2-/Ki67- 50-60 Good 

Luminal B ER+/PR+/HER2+/-/Ki67+ 15-20 Intermediate-poor 
(depending on HER2 status) 

HER2-enriched ER-/PR-/HER2+ 15-20 Poor 

Basal-like ER-/PR-/HER2-/basal 
marker+ 

8-37 (depending on 
study) 

Poor 

Normal-like ER+/PR+/HER2-/Ki67- 5-10 Intermediate 

Table 1.1: The core breast cancer subtypes and their characteristics [11, 12]. ER= oestrogen 

receptor, PR= progesterone receptor. 

The purpose of breast cancer classification is to aid therapeutic decision making. As IHC subtyping is 

the system currently used in the clinic, treatment decisions are generally made on the basis of HR 

and HER2 expression. This leads me on to discuss the current state of play in breast cancer therapy. 

1.1.2. How is breast cancer currently treated?  

In the NHS today, breast cancer patients are treated with a combination of surgery, radiotherapy, 

generalised chemotherapy, hormone/endocrine therapy or targeted therapy. A patient’s treatment 

plan is dependent on the type of breast cancer, tumour stage and grade, age and general health. 

Endocrine therapies are used to treat ER+/PR+ breast cancers, while targeted therapies such as 

trastuzumab are used to treat HER2+ breast cancers [13]. Chemotherapy can be administered before 

(neo-adjuvant) or after (adjuvant) surgery to reduce the size of the tumour or prevent it from recurring 

respectively. Chemotherapy must also be given where there is no alternative hormonal or targeted 

treatment, such as in the case of TNBC [14]. A large number of chemotherapeutics are currently 

approved for breast cancer treatment, and are often used in combination to increase efficacy and 

reduce risk of resistance and recurrence. Examples include CMF (cyclophosphamide (alkylating 

agent), methotrexate (folate antagonist) and fluorouracil (pyrimidine analogue)), FEC (fluorouracil, 

epirubicin (anthracycline (DNA intercalator)) and cyclophosphamide), doxorubicin (anthracycline) and 

paclitaxel (anti-microtubule) [15, 16]. 

Triple negative breast cancer is the most challenging of the breast cancer IHC subtypes to treat 

successfully. As TNBC cells do not express ER, PR or HER2 and the oncogenic driver is unknown, 

there are currently no targeted therapies available for TNBC patients. This means that generalised 

cytotoxic chemotherapy is the standard of care which, although successful in some cases, is 

generally less effective than targeted therapies and comes with significant side effects. TNBC is 

highly molecularly heterogenous, and therefore treatment response can vary greatly. TNBC is also 

the most aggressive and metastatic of the breast cancer IHC subtypes, characterised by earlier age 

of onset, increased relapse risk and poorer prognosis [17, 18]. TNBC patients are more likely to 



16 
 

present with higher stage cancer and have a significantly reduced short-term survival rate compared 

to the other breast cancer subtypes. For example, one study found that 5 year overall survival for their 

cohort of TNBC patients was 62.1% compared to 80.8% for the non-TNBC cohort [19].  

In sum, triple negative breast cancer patients suffer from the most aggressive, poor prognosis 

tumours and are at worst risk of rapid disease relapse, yet there remain very few therapeutic options 

for these patients other than cytotoxic chemotherapy. There is a need to develop novel targeted 

therapies that can be used in combination with conventional treatments to improve TNBC patient 

survival and quality of life.  

1.1.3. What about therapy-resistant breast cancer? 

In addition to the problems faced in first-line triple negative breast cancer treatment, HR+ and HER2+ 

breast cancers can develop resistance (or be inherently resistant) to targeted treatments. TNBC can 

also be resistant to chemotherapy. This poses a significant problem, as treatment failure results in 

potentially fatal disease relapse. 

The pathogenesis of ER+ breast cancer is a result of dysregulation of ERα signalling within the 

mammary gland [20]. Tumours form due to oestrogen-dependent aberrant luminal cell proliferation. 

This means targeting the ER and its signalling pathway can be deployed to specifically inhibit cancer 

cell proliferation and induce tumour regression. Endocrine therapies include drugs that target the ER: 

selective oestrogen receptor modulators (SERMs), selective oestrogen receptor degraders/down-

regulators (SERDs); and drugs that inhibit oestrogen production, such as aromatase inhibitors (AIs). 

Most notable are tamoxifen (triphenylethylene SERM), fulvestrant (SERD) and anastrozole (non-

steroidal AI). The type of endocrine therapy administered depends on the age and menopausal status 

of the patient, cancer stage (early or metastatic) and therapeutic context (neo-adjuvant or adjuvant) 

[21-23].  

Resistance to endocrine therapy is common, particularly in the case of metastatic disease. The 

ATLAS trials showed that women given 5 years of tamoxifen had a 25.1% risk of recurrence, resulting 

in a 15% mortality risk [24]. The mechanisms of hormone therapy resistance are complex and not fully 

understood; however, it has been determined that the most frequent cause of de novo endocrine 

therapy resistance is lack of ERα expression [25]. Loss of ER expression is also a cause of acquired 

endocrine therapy resistance in some patients, which can occur through epigenetic mechanisms [26-

28]. Mutation of the receptor also confers acquired endocrine therapy resistance. ERα mutations are 

detected in approximately 25-30% of AI-treated patients, despite ER mutations only being identified in 

less than 1% of primary tumours prior to treatment [29, 30].  

HER2+ breast cancer is primarily treated with monoclonal antibodies directed against the HER2 

receptor, namely trastuzumab and pertuzumab, as a monotherapy or in combination with 

conventional chemotherapy. Other therapeutic options include lapatinib (tyrosine kinase inhibitor) and 

trastuzumab-drug maytansinoid 1 (conjugate of trastuzumab with the anti-microtubule agent DM1) 

[31]. Despite the relative success of these therapies, de novo and acquired resistance can result in 
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disease recurrence, with the majority of HER2+ relapses occurring due to acquired treatment 

resistance [32]. Equivalent to ER loss or mutation in endocrine therapy resistance, low HER2 level or 

insensitive splice variants can confer acquired trastuzumab resistance [32, 33].  

For triple negative breast cancer patients, anthracycline and taxane-based neo-adjuvant 

chemotherapy regimens produce the highest pathologic complete response rates (20-30%) of all the 

breast cancer subtypes. Despite this, TNBC patients are still at worst risk of relapse, especially in the 

first few years post-treatment [34]. This is known as the “triple-negative paradox”, and demonstrates 

the problem of heterogenic chemosensitivity of TNBC tumours. The most commonly mutated genes in 

TNBC are TP53 and PI3KCA, however even these are only mutated in 10% of triple negative tumours 

[35]. Instead, there are a large number of sub-clonal mutations, which vary greatly from patient to 

patient (inter-tumoral heterogeneity) [36]. To compound this, TNBC cells also have high levels of 

chromosomal instability, resulting in intra-tumoral heterogeneity and the risk of selection of resistant 

sub-clonal populations [37, 38]. In contrast to the lack of common mutations in pre-treatment TNBCs, 

several recurring mutations have been identified in post-neoadjuvant chemotherapy samples. Balko et 

al analysed residual TNBC cells from over 100 patients post-neoadjuvant chemotherapy, and found 

(among others), TP53 mutations in 89%, induced myeloid leukaemia cell differentiation protein 

(MCL1) mutations in 54% and MYC amplifications in 35% of samples [39].  

The identification of aberrations that confer acquired therapy resistance can provide targets for novel 

therapeutic agents. These novel agents can be used alongside conventional chemotherapeutics and 

targeted therapies to re-sensitise resistant cells, helping to deal with the problem of treatment failure 

and disease relapse. This leads me to discuss combination cancer therapy, and how it functions to 

reduce the risk of treatment failure.  

1.1.4. How is therapy resistance overcome? 

In sum, the current approach to dealing with breast cancer treatment resistance is combination 

therapy. In the case of HR+ and HER2+ breast cancer, conventional ER/HER2-directed therapies are 

combined with targeted inhibitors, which re-sensitise resistant cells to the conventional agents [25]. 

These inhibitors target signalling pathways that enable the cancer cells to bypass their reliance on the 

ER and HER2 receptors. For example, receptor tyrosine kinases (e.g. epidermal growth factor 

receptor (EGFR/HER2) and insulin-like growth factor 1 receptor (IGFIR)) and their downstream 

effector pathways such as phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt), mammalian target 

of rapamycin (mTOR) and mitogen-activated protein kinase (MAPK), and developmental signalling 

pathways such as Notch and Wnt, can cause endocrine therapy resistance [40-44]. Similarly, 

trastuzumab and lapatinib resistance can develop in HER2+ breast cancers due to aberrantly active 

PI3k/Akt/mTOR, Notch and Src, ER expression and crosstalk, and deregulated CDK4/6 signalling [32, 

45-52]. In the case of TNBC, a broad range of molecular resistance mechanisms have been identified 

(Table 1.2). In an effort to prevent or overcome chemotherapy resistance, TNBC patients are treated 

with combinations of multiple chemotherapeutics, but also agents specifically targeting the resistance 

mechanisms themselves. Examples of these are highlighted in Table 1.2 
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The combination approach has demonstrated efficacy in clinical trials. For example, the PALOMA 

trials showed that CDK4/6 inhibitors can successfully be used in combination with an AI or a SERD to 

improve treatment efficacy in ER+ patients [53, 54]. PI3K/Akt/mTOR inhibitors such as rapamycin 

have also been trialled in combination with endocrine agents with general success [25].  Trastuzumab 

is combined with pertuzumab and taxane chemotherapy for treatment of metastatic HER2+ breast 

cancer. The PERTAIN phase II clinical trial found significantly improved progression-free survival in 

patients treated with the combination of trastuzumab, pertuzumab and AI, with or without taxane 

chemotherapy [55, 56]. 
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Resistance mechanism Example(s) in TNBC How to overcome 

Transporter-
mediated drug 
efflux 

• Efflux of drug molecules out of the 
cell across the plasma membrane 
by ATP-binding cassette (ABC) 
transporters  

Upregulated: 

• ABCC1 (multidrug-resistant protein 1) 

• ABCG2 (breast cancer resistance 
protein) 

• ABCC11 (multidrug resistant protein 
8) 

• ABC transporter inhibitors (e.g. PZ-39 and 
TKIs (tyrosine kinase inhibitors). 

• siRNA (small interfering RNA) and microRNAs 
to inhibit transporter expression. 

• NSAIDs (non-steroidal anti-inflammatory 
drugs, e.g. sulindac and indomethacin). 

• New chemotherapeutics that are poor ABC 
transporter substrates (e.g. camptothecin). 

Cancer stem 
cells 

• TNBC tumours are enriched in 
therapy resistant BCSCs (breast 
cancer stem cells), particularly after 
treatment. 

• BCSCs are quiescent and therefore 
less sensitive to chemotherapeutic 
agents that target rapidly dividing 
cells. 

• Have high ABC transporter 
expression, especially ABCG2. 

• ABCG2 inhibitors (e.g. YHO-13351). 

• Targeting BCSC self-renew signalling 
pathways (Notch, Wnt (Wingless), Hedgehog 
and TGFβ (transforming growth factor β), see 
next rows). 

• Targeting BCSC cell surface antigens with 
CD44 nanoparticles. 

Notch signalling  • Important in the maintenance of 
BCSCs, tumour initiation, 
proliferation and invasion. 

• Induced by treatment. 

• Amplification of Notch receptors (1,3 
and 4) 

• Notch 1-induced upregulation of 
ABCC1 

• Inhibition of γ-secretase using GSIs (gamma-
secretase inhibitors, e.g. PF-03084014. AL101 
and MK-0752). 

• Notch targeting antibodies (e.g. tarextumab 
anti-Notch 2/3) 

Wnt signalling • Linked to BCSC phenotype, tumour 
initiation, and metastasis. 

• Aberrantly activated in TNBC. 

• FZD6 (Frizzled), FZD8 and LRP6 
overexpression. 

• Synergistic effect of β-catenin with 
Nek2 in chemotherapy resistance. 

• Blockade of Wnt secretion (e.g. LGK974). 

• Recombinant ligand antagonists (e.g. rhFzd7). 

• LRP6 inhibitors (benzimidazole compounds 
e.g. SRI33576 and SRI35889). 

• β-catenin inhibitors (e.g. salinomycin, 
clofazimine and CWP232228). 

• Inhibition of TNKS1 (tankyrase 1) and PLK1 
(polo-like kinase 1). 

• Antibodies targeting pathway components 
(e.g. vanticumab and PTK7-ADC). 

Hedgehog 
signalling 

• Associated with stem cell self-
renewal, proliferation, survival, 
invasion, EMT (epithelial-
mesenchymal transition) and 
angiogenesis as well as 
chemoresistance. 

• Activated by chemotherapy 
treatment. 

• GLI1/2 (glioma-associated oncogene 
transcription factors) upregulated in 
BCSCs. 

• Treatment- induced GLI1 
overactivation resulting in ABC 
transporter production. 

• GLI inhibitors (direct and indirect, e.g. 
GANT61, GANT58 and glabrescione B). 

• SMO (Smoothened) inhibitors (e.g. 
vismodegib) (although Hedgehog-independent 
SMO activation can occur). 

TGFβ signalling • Linked to proliferation, 
angiogenesis, metastasis and EMT 

• TGFβ expression (and BCSC 
markers) increased in resistant triple 
negative cell lines. 

• Small molecule inhibitors targeting TGFβ 
receptor (e.g. galunisertib). 
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as well as stem cell maintenance 
and chemoresistance. 

• Immuno-modulating. 

• Increased in response to 
chemotherapy. 

• TGFβ receptor inhibition prevents 
TNBC xenograft recurrence. 

• Antibodies targeting TGFβ (e.g. 
fresolimumab). 

• TGFβ-specific antisense oligonucleotides (e.g. 
trabedersen). 

• Immunotherapy (e.g. Vigil). 
 

NFκB signalling • Regulates apoptosis, inflammatory 
response and angiogenesis, as well 
as inducing chemoresistance. 

• Induced by hypoxia. 

• Increased NFκB expression. • A large number of types of NFκB targeting 
agents have been developed over the years 
including small molecule inhibitors, peptide 
mimetics, siRNAs and antioxidants. 

• Specific and non-specific NFκB pathway 
inhibitors including: 

- Receptor antagonists and antibodies 
- Adapter protein inhibitors 
- NEMO inhibitors 
- NIK inhibitors 

- IKK inhibitors 
- Proteasome inhibitors  
- NFκB nuclear translocation inhibitors 

- NFκB DNA binding inhibitors 
- NFκB target gene inhibitors 

• Examples studied for use in TNBC treatment 
include: plumbagin, genistein and DHMEQ 
(dehydroxymethylepoxyquinomicin). 

PI3K/Akt/mTOR 
(PAM) signalling 

• Often aberrantly activated in TNBC. 

• Regulates apoptosis/survival. 

• Akt induces HIF1. 

• Loss of PTEN (tumour suppressor 
phosphatase and tensin homolog). 

• Akt overexpression. 

• PIK3CA mutations. 

• mTOR inhibitors (e.g. evrolimus). 

• Dual PI3K/mTOR inhibition (e.g. NVP-
BEZ235). 

• PI3K inhibitors (e.g. alpelisbib). 

• Akt inhibitors (e.g. ipatasertib, AZD5363 and 
uprosertib) 

JAK/STAT 
(Janus kinase/ 
signal 
transducer and 
activator of 
transcription) 
signalling 

• Implicated in immune suppression, 
survival proliferation, metastasis, 
and angiogenesis. 

• STAT3 crosstalk with NFκB and HIF 
to induce chemoresistance. 

• Upregulated in BCSCs. 

• High STAT3 expression. 

• IL-6 and IL-8 essential for tumour 
growth; TNBC pro-inflammatory gene 
signature. 

• Amplification of JAK2 gene post-
chemotherapy. 

• STAT3 inhibitors (e.g. WP1066, TTI-101 and 
AZD9150). 

• JAK1/2 inhibitors (e.g. tofacitinib and 
ruxolitinib). 

• Combination of STAT3 inhibition and HIF1α 
inhibition. 

EGFR and IGF-
1R receptor 
tyrosine kinases 

• Activate a broad range of pro-
tumorigenic signalling pathways. 

• EGFR regulates ABCG2 
expression/function. 

• Increased EGFR expression caused 
by gene amplification. 

• IGF-1R overexpression; upregulated 
post-chemotherapy. 

• IGF1 expression increased in BCSCs. 

• Receptor-targeting monoclonal antibodies 
(e.g. anti-EGFRs cetuximab and panitumumab 
and anti-IGF-1R h10H5).  

• Tyrosine kinase inhibitors (e.g. lapatinib, 
gefitinib, afatinib, and icotinib). 
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• IGF-1R has roles in proliferation, 
angiogenesis, survival as well as 
chemoresistance and regulation of 
ABC transporter expression. 

• IGF crosstalk with Wnt/β-catenin 
signalling. 

• Triple negative tumours not dependent on 
EGFR; inhibition only effective in early stages.  

• IGF-1R inhibitors (e.g. BMS-754807 and A-
928605). 

• Ligand-targeting monoclonal antibodies (e.g. 
MEDI-573 and BI836845) 

Hypoxia Hypoxia promotes chemoresistance through: 

• Reduced drug penetration due to 
insufficient vasculature. 

• Acidic tumour environment hinders 
drug uptake. 

• Cytotoxic drug effects may be 
oxygen-dependent. 

• Induces BCSCs. 

• Modulates tumour immunity. 

• Increases ABC transporter 
expression 

• Modulates proliferation, 
senescence, autophagy and 
apoptosis. 

• Enhances genetic instability and 
therefore selection of resistant sub-
clones. 

• Suppresses E-cadherin (promoting 
metastasis). 

• Hypoxia frequent feature in triple 
negative tumours. 

• Hyperactive HIF1 (hypoxia inducible 
factor 1) and CAIX (carbonic 
anhydrase IX) expression. 

• Hypoxia-activated prodrugs (HAPs, e.g. TH-
302, TH-4000 and apaziquone). 

• HIF inhibitors (e.g. IDF-11774, PT2385 and 
PT2977). 

Cell cycle 
dysregulation 

• Overexpression of cell cycle 
regulators detected post-
chemotherapy. 

• Amplifications of CDK6, CCND1/2/3. • CDK4/6 inhibitors (e.g. palbociclib). 

Evasion of 
apoptosis 

• Associated with resistance to TNBC 
chemotherapeutics including 
doxorubicin, paclitaxel and 
cyclophosphamide. 

• Increased expression of Bcl2 (B-cell 
lymphoma 2) and Mcl1. 

• PIM1 overexpression. 

• Bcl2 inhibitors (e.g. ABT-199). 

• BH3 mimetics (e.g. venetoclax). 

• Recombinant pro-apoptotic proteins (e.g. 
dulanermin (recombinant TRAIL (TNF-related 
apoptosis-inducing ligand)). 

• Death receptor agonists (e.g. MEDI3039). 

• SMAC (second mitochondria-derived activator 
of caspases) mimetics (e.g. Debio 1143 and 
LCL161). 

• PIM kinase inhibitors (e.g. AZD1208). 

Immune evasion • Lower immune cell (tumour 
infiltrating lymphocytes (TILs) 
infiltration in response to therapy is 

• Aberrant Ras-MAPK signalling. • MEK (mitogen-activated protein kinase kinase) 
inhibition in combination with immunotherapy. 
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correlated with increased risk of 
relapse in TNBC. 

• Checkpoint blockade using PDL1 
(programmed death-ligand 1) inhibitors (e.g. 
avelumab and atezolizumab). 

MicroRNAs • Can act as oncogenes and tumour 
suppressors depending on the 
target transcript. 

• miRNA cluster identified in TNBC, 
correlated with invasion and 
migration, and EMT and metastasis 
as well as stem cell phenotype and 
chemoresistance. 

• Upregulated miRNA-21, miRNA-210, 
miRNA-454, and miRNA-27a/b, and 
downregulation of miRNA-155 
(tumour suppressor miRNA) correlate 
with poorer survival. 

• miRNA-301b increased in triple 
negative cell lines, causing resistance 
to 5-FU (5-fluorouracil)-induced 
apoptosis. 

• miRNA-105 and miRNA-93-3p induce 
cisplatin resistance via Wnt/β-catenin 
signalling. 

• miRNA-620 overexpression induces 
gemcitabine resistance. 

• miRNA-449 promotes sensitivity to 
doxorubicin. 

• Inhibition of oncogenic miRNAs via anti-
miRNA oligonucleotides (e.g. co-delivery of 
antisense-microRNA-21 and antisense-
microRNA-10b using nanoparticles), small 
molecule inhibitors, miRNA sponges, 
antagomiRNAs, RNA zipper molecules, and 
locked nucleic acid anti-miRNAs. 

• Replacement of lost tumour suppressor 
miRNAs with mimetics. 

• Use as biomarkers to predict drug sensitivity. 

Table 1.2: Molecular mechanisms of chemotherapy resistance in TNBC and examples of approaches to overcome them. Based on [57] and [58].  
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Combination therapy is a promising approach for improving breast cancer treatment efficacy, however 

the combinations currently available are not perfect. For example, the PALOMA and PERTAIN trials 

encountered problems with toxicity and persistent resistance respectively [59, 60]. This, combined 

with the frequency and severe implications of therapy resistance in all 3 clinical subtypes of breast 

cancer and the lack of therapeutic options available for first-line TNBC treatment, demonstrates the 

need to continue to expand our repertoire of novel targeted therapies that can be used in combination 

with conventional drugs. This is vital for improving patient survival and quality of life.  

There are a handful of signalling pathways that contribute to therapy resistance in all 3 breast cancer 

subtypes, including developmental pathways such as the Notch signalling pathway. Notch is 

implicated in resistance to endocrine therapy, HER2-targeting therapies and chemotherapy. It is also 

key in the aetiology of breast cancer, from breast epithelial cell transformation to tumour growth, 

invasion and metastasis; particularly in the triple negative context. This makes Notch signalling an 

important candidate in the development of novel agents for use in combination breast cancer 

treatments. In the next sections I will outline the importance of Notch in the breast cancer phenotype 

and therapy resistance and discuss the validity of Notch therapeutic targeting. Notch signalling is a 

ubiquitous developmental signalling pathway, meaning it has essential roles in the development and 

homeostasis of normal cells and tissue. There are extensive crosstalk events that need to be 

considered, and Notch may function as a tumour suppressor in some contexts. Later in this 

introduction I will summarise our knowledge of the role of Notch in normal mammary gland 

development, which is key to our understanding of how Notch inhibition may impact healthy tissue.  
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1.2. Notch signalling: a novel therapeutic target for the treatment of breast cancer:  

Inhibition of the Notch signalling pathway has the potential to be a novel therapeutic strategy in the 

fight against triple negative and therapy resistant breast cancer. The Notch signalling pathway is a 

highly conserved developmental signalling pathway, with vital roles in determining cell fate during 

tissue homeostasis, as well as in embryonic development. Aberrant Notch signalling has been 

implicated in a range of disease aetiologies, particularly in cancer [61]. In this section I will outline the 

mechanism and regulation of the Notch signalling pathway, understanding of which is important for 

identification of targetable points for therapeutic intervention. I will also exploit components of the 

signalling mechanism in mechanistic investigations presented later in this thesis. Secondly, I will 

outline how Notch signalling is implicated in breast cancer tumorigenesis and progression, with 

sections focussed on the roles Notch plays in the different hallmarks of cancer, including proliferation, 

apoptosis, invasion, and metastasis. I will also provide evidence for Notch signalling in the breast 

cancer stem cell phenotype, which has implications for therapy resistance and disease relapse in 

breast cancer patients. Finally, I will summarise the developments in therapeutic targeting of Notch 

signalling, and the pros and cons of this approach for the treatment of breast cancer.  

1.2.1. Mechanism of the Notch signalling pathway 

At first glance, the Notch signalling pathway is a simple one, with a relatively small number of core 

signalling components compared to other vital developmental pathways, and lacking in any second 

messengers, phosphorylation, or amplification steps. Here I describe the mechanism and regulation 

of the consensus Notch signalling pathway, naming the human homologs of the proteins involved. 

The pathway is conserved across metazoans and therefore extensively studied in model organisms 

(particularly in flies (Drosophila melanogaster)). There are divergences in the pathway between 

species, but in general the pathway is highly conserved [62, 63].  

Canonical Notch signalling is initiated by physical association between a Notch receptor expressed on 

the surface of the signal-receiving cell, and a Notch ligand expressed on the surface of the signal-

sending cell. There are 4 Notch receptors (Notch 1-4) and 5 canonical Notch ligands, belonging to 

either the Delta-like (DLL1, DLL3 and DLL4) or Jagged (JAG1 and JAG2) families (Figure 1.1). 
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Figure 1.1: Notch receptor and ligand domain structure. All the canonical Notch ligands are 

transmembrane proteins, with extracellular domains composed mainly of multiple EGF repeats [64]. 

DLL1/3/4 and JAG1/2 are characterised by Delta/Serrate/LAG2 (DSL) and amino-terminal domains at 

the N-terminus, which are responsible for binding to the Notch receptor [65, 66]. The size of the rest 

of the extracellular domain can vary depending on the number of EGF repeats.  Jagged receptors 

contain a cysteine-rich (CR) domain proximal to the transmembrane domain, which is lacking in the 

Delta-like ligands, as well as a Delta and OSM-11-like protein (DOS) domain between the DSL 

domain and EGF repeats [67]. The Notch receptors also contain an extracellular domain composed of 

multiple (29-36) EGF repeats, with repeats 11-12 demonstrated to be responsible for ligand binding 

[68, 69]. Acting as a linker to the transmembrane portion of the Notch receptor is the negative 

regulatory region (NRR), comprised of 3 cysteine-rich Lin12/Notch repeats (LNR) and the 

heterodimerisation domain [70]. The NRR is important in preventing premature activation of the 

receptor by occluding protease access [71]. Making up the intracellular portion of the Notch receptor 

(known as NICD (Notch intracellular domain)) are the RBPJκ-associated module (RAM) domain, 

ankyrin (ANK) repeats flanked by nuclear localisation signals (NLS), transactivation domain (TAD) 

and C-terminal Pro Glu Ser Thr (PEST) domain [72-75]. The RAM domain and ANK repeats are 

essential for the formation of the transcriptional activator complex, while the PEST domain is 

important for regulation of NICD degradation [76, 77]. Figure drawn with aid of  [62, 78, 79]. 
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Produced in the endoplasmic reticulum (ER), Notch receptors undergo vital post-translational 

modification and processing steps in the Golgi. This includes O-glycosylation and proteolytic cleavage 

by Furin-like convertase. Furin processing of the Notch receptor is known as S1 cleavage, and results 

in the presentation of the receptor at the plasma membrane as a heterodimer, with the 2 fragments 

linked by non-covalent Ca2+ salt bridge interactions [80, 81]. Notch receptor-ligand binding triggers 

endocytosis of the ligand by the ligand-presenting cell [82]. This induces a mechanical force across 

the receptor which causes the unfolding of the NRR domain, exposing the S2 site to proteolytic 

cleavage by disintegrin and metalloprotease (ADAM) proteases [83, 84]. ADAM protease activity 

causes the release of the Notch ectodomain, leaving the activated and membrane bound form of 

Notch known as NEXT (Notch extracellular truncation) [63]. The Notch ectodomain is endocytosed by 

the ligand-presenting cell [79]. NEXT is the substrate for γ-secretase, a complex composed of 

presenilin, nicastrin, presenilin enhancer 2 (PEN2) and anterior pharynx-defective 1 (APH1), which 

carries out the third and final Notch proteolytic cleavage (S3) to release NICD into the cytoplasm [78, 

85, 86]. S3 cleavage by γ-secretase can occur at the plasma membrane or within endosomes as part 

of NEXT endosomal trafficking [63, 87]. Once in the cytoplasm, NICD is transported to the nucleus via 

importin-α proteins, where it is able to induce target gene transcription [88] (Figure 1.2). 
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Figure 1.2: Activation of ligand-dependent Notch signalling. Activation of the Notch receptor 

involves 3 cleavage steps, known as the S1, S2 and S3 cleavages. S1 occurs in the Golgi and 

mediates the production of the mature Notch heterodimer which is presented on the surface of the 

cell. Ligand binding stimulates S2 cleavage, which causes the release of the Notch ectodomain and 

subsequent endocytosis by the ligand-presenting cell. S2 cleavage provides the substrate for γ-

secretase, which carries out the final S3 cleavage and releases NICD into the cytoplasm where it can 

translocate into the nucleus to activate target gene transcription [89, 90]. 
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In the absence of NICD, Notch target gene expression is repressed by the transcription factor RBPJκ 

(also known as CBF1) and its co-repressors [91]. These co-repressors, such as RBPJκ-interacting 

and tubulin-associated (RITA) and silencing mediator for retinoid or thyroid hormone receptors 

(SMRT)/ histone deacetylase (HDAC) 1-associated repressor protein (known as SHARP), compete 

for NICD binding, as well as actively silencing target gene transcription [92-94]. In the presence of 

NICD, the co-repressors are displaced and a transcriptional activator complex is formed containing 

NICD, RBPJκ, and various co-activators including the Mastermind-like (MAML) proteins [95-97]. The 

transcriptional activator complex binds to Notch regulatory elements (NREs) located in gene enhancer 

elements, resulting in Notch target gene expression [90]. This is the traditional “switch” model of 

Notch target gene regulation; however more recent studies have suggested a more dynamic role for 

RBPJκ than previously thought, involving the movement of the whole transcriptional 

activator/repressor complex on and off the NRE [62, 93, 98]. 

The classical Notch target genes are the hairy and enhancer of split-related genes; belonging to the 

HES and HEY families. Hes/Hey proteins are basic helix-loop-helix (bHLH) transcription factors which 

play key roles during embryonic development as transcriptional repressors. Other canonical Notch 

target genes include the transcription factors c-Myc, GATA2/3 and Snail; cell cycle regulators E2F, 

cyclin D1/3, and p21; immune components interleukin 2 receptor subunit alpha (IL2RA (CD25)), pre-T 

cell receptor α (pTa) and NFκB2; developmental homeobox (HOX) A genes; the matrix 

metalloprotease ADAM19, and the receptor tyrosine kinase platelet-derived growth factor receptor 

beta (PDGFRβ) [99-115]. Finally, like many key signalling pathways, Notch is involved in crosstalk 

with other notable signalling networks in the regulation of development, inflammation and cell 

function. This is particularly important to consider in the context of Notch signalling in oncogenesis 

and the design of Notch-targeting therapeutic approaches. For example, Notch interacts with the Wnt, 

NFκB, TGFβ, HIF1α, YAP/ transcriptional coactivator with PDZ-binding motif (TAZ), EGFR and Akt 

signalling pathways [62, 63, 116-118].   

To keep Notch signalling in check, each stage of the pathway is subject to regulatory interventions. 

These prevent aberrant or inappropriate pathway progression and facilitate input from other signalling 

stimuli which broadens the scope of Notch signalling output. The next section will briefly summarise 

how Notch signalling is regulated, highlighting factors pertinent to this project. 
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1.2.2. Regulation of the Notch signalling pathway 

The mechanisms of Notch pathway regulation are diverse and context-dependent. It’s the extensive 

regulation of the core Notch signalling components that enables the relatively basic pathway to have 

such a wide range of roles within developing and adult tissues. For example, Numb (an endocytic 

adapter protein) is an important negative regulator of Notch signalling. Numb recruits E3-ubiquitin-

protein ligase atrophin 1 interacting protein 4 (AIP4, suppressor of Deltex (Su(Dx)) in Drosophila and 

Itch in mice), which ubiquitinates Notch, targeting it for lysosomal degradation [119]. Evidence 

suggests that Numb may affect the Notch receptors in different ways, and several Numb isoforms 

have been identified with different inhibitory strengths, which increases the complexity of signalling 

[63, 120, 121]. Tight regulation of the Notch pathway is also vital to prevent aberrant signalling 

activation, which can have significant consequences including cellular transformation and 

tumorigenesis (see Section 1.2.4.). See Figure 1.3 for a summary of the mechanisms of Notch 

regulation. 

As well as the canonical Notch signalling pathway outlined above, evidence shows that the core 

Notch pathway can be activated by alternative means other than through Delta-like and Jagged ligand 

binding. For instance, Notch signalling can be activated in a ligand-independent manner through the 

activity of the E3 ubiquitin ligase Deltex (DTX). In this scenario, full length Notch is trafficked into the 

cell through endocytosis. DTX functions to stabilise Notch in the endocytic compartment via 

ubiquitination, and assists in the delivery of the receptor to the limiting membrane of the multivesicular 

body. Here the receptor undergoes S3 cleavage and NICD released into the cytoplasm [122].  
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Figure 1.3: Regulation of the Notch signalling pathway. Notch signalling is extensively regulated to 

ensure appropriate signalling and expand output diversity. Regulatory mechanisms differ with cell 

type, cell cycle and differentiation stage among other factors, but can generally be categorised into: 

post-translational modification of receptors and ligands (such as O-glycosylation by protein O-

fucosyltransferase 1 (POFUT1), protein O-glucosyltransferase 1 (POGLUT1) and Fringe proteins), 

receptor and ligand localisation, receptor and ligand isoform, cis-inhibition, regulation of S cleavages, 

endocytosis (e.g. ligand endocytosis mediated by Mindbomb 1 (MIB1) and receptor endocytosis by 

endosomal sorting complex required for transport (ESCRT)), trafficking and ubiquitination, regulation 

of NICD stability, turnover and function, target gene expression and signalling crosstalk [62, 63, 78]. 
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1.2.3. Notch in disease 

The Notch signalling pathway is ubiquitous throughout the embryonic and adult tissues, with 

numerous roles in normal development and tissue homeostasis. The role of Notch in normal 

development and physiology is beyond the scope of this introduction, bar in the normal mammary 

gland which will be covered in a later section (see Section 1.4.1.). Due to its importance in normal 

functioning, defects in the Notch signalling pathway give rise to significant disease, including both 

non-neoplastic and neoplastic conditions. Diseases such as cerebral autosomal-dominant 

arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) and Alagille syndrome are 

caused by specific mutations in Notch components, but aberrant Notch signalling has also been 

detected in other conditions such as Duchenne muscular dystrophy (DMD) and pancreatitis, which 

have distinct genetic or environmental origins [116]. This strengthens the need to elucidate the role of 

Notch signalling in the body, and determine whether it can be safely and effectively therapeutically 

targeted.  

Notch pathway mutations have been identified in a broad range of cancers, both in solid tumours and 

haematological malignancies such as T cell acute lymphoblastic leukaemia (T-ALL), where the 

connection between Notch and cancer was first made decades ago [123, 124]. Aberrant Notch 

signalling in haematological malignancies is frequently triggered by genetic mutation, but this is rarer 

in solid tumour types [90, 125-128]. The role of Notch in solid tumours is more complex than that in 

haematological malignancies. It is implicated in both tumour initiation and suppression, tumour 

progression and maintenance, and therapy resistance, depending on the context. Evidence shows 

that Notch signalling is pro-oncogenic in colorectal, pancreatic and cervical cancer; but tumour 

suppressive in glioblastoma, prostate, liver and skin cancer. In oral squamous cell carcinoma, lung 

cancer and breast cancer, both oncogenic and tumour suppressive roles for Notch signalling have 

been identified [129]. Despite the comparative rarity of Notch mutations in solid malignancies in 

contrast to leukaemias and lymphomas, there is a wealth of evidence supporting the role of Notch 

signalling in solid tumour oncogenesis. In the context of solid malignancies, it is inappropriate and 

aberrant, rather than specifically increased or constitutively active, Notch signalling which is important. 

Here I will discuss the role of Notch signalling specifically in breast oncogenesis. 

1.2.4. Notch in breast cancer 

Notch signalling is aberrantly activated in breast cancer, with increased NICD accumulation and target 

gene expression detected in a range of breast cancer cell lines and primary samples [130-132]. 

Overexpression of Notch receptors and ligands have been reported in breast tumours, and is 

correlated with poorer patient prognosis [133]. Aberrant Notch signalling has also been extensively 

linked to the triple negative breast cancer subtype; Notch receptor overexpression is correlated with 

the aggressive, metastatic and therapy resistance phenotype characteristic of TNBC [134, 135]. 

Notch4 is particularly associated with TNBC. One study found that Notch4 was expressed in 55.6% of 

TNBC samples compared to 25.5% of ER+ samples [136].  
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Data suggests that deregulation of Notch signalling is an early event in breast cancer tumorigenesis, 

with accumulation of NICD and increased Hey1 expression detected in a broad range of subtypes, 

including ductal carcinoma in situ and epithelial hyperplasia [130, 132, 137]. This reflects the role of 

Notch in normal mammary gland development and homeostasis, including in mammary stem cell 

generation and maintenance, and implies that aberrant Notch signalling may be a causative event in 

breast tumour initiation. In contrast to haematological malignancies, aberrant activation of Notch 

signalling in the breast is primarily induced through means other than Notch receptor or ligand 

mutation, although some mutations have been identified. Activating mutations within and surrounding 

the PEST domain of Notch1, 2 and 3; mutations disrupting the NRR and heterodimerisation domains; 

and focal amplifications have been identified in patient tumours and patient-derived xenograft (PDX) 

models, notably with enrichment in TNBCs [76]. These mutations result in increased nuclear 

accumulation of NICD and upregulated target gene expression. In particular, Notch4 mutation and 

overexpression is correlated with metastatic and poor prognosis TNBC, implicating Notch4 in BCSC 

activity and chemoresistance [134]. Loss of Numb is a frequent cause of aberrant Notch signalling in 

breast cancer [130]. Pece et al found that Numb protein was completely lost or reduced in ~50% of all 

breast cancers analysed, through ubiquitination and proteasomal degradation. Numb levels and 

tumour grade were inversely correlated, which was corroborated by another study that identified 

Numb loss as a determinant in aggressive and poor prognosis tumours. Collectively, these studies 

emphasise the importance of Numb as an onco-suppressor in the breast [138, 139].  

Increased Notch activation is sufficient to induce mammary gland tumour formation in vivo [140]. 

Moreover, in vitro, overexpression of NICD1/4 or RBPJκ-VP16 (which activates RBPJκ-dependent 

Notch target gene expression in the absence of upstream stimulation) is sufficient to transform 

mammary epithelial cells [130, 141]. Notch co-operation with other pro-tumorigenic signalling 

pathways, including other developmental pathways, growth factor signalling, pro-inflammatory 

cytokines, oncogenic kinase pathways and transcription factors, compounds its role in breast tumour 

initiation and the cancer cell phenotype [142]. Notch-Wnt crosstalk in particular has been implicated in 

breast tumour initiation. For example, Ayyanan et al demonstrated that Wnt-induced primary 

mammary epithelial cell transformation was dependent on upregulated Notch activity via increased 

expression of DLL ligands [143]. Inhibition of Notch signalling has consistently been shown to reduce 

or abolish breast tumour development and/or progression [144-147]. More detail on the potential of 

Notch therapeutic targeting in cancer will be given later in this introduction.  

Altogether the evidence shows that Notch signalling is pro-tumorigenic in the breast. Notch is 

implicated in a number of the hallmarks of cancer including aberrant proliferation, resistance to 

apoptosis, angiogenesis, invasion and metastasis, genomic instability, metabolic changes and cell 

immortality. Notch is also important in the cancer stem cell (CSC) phenotype and in mediating therapy 

resistance. From here I will give examples of how the Notch pathway contributes to the breast cancer 

cell phenotype, which provides justification for continued research into this pathway and how it could 

be targeted for breast cancer treatment. 
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1.2.5. Cell proliferation 

Signalling from the Notch1, 3 and 4 receptors promotes cell proliferation, both directly through target 

gene expression and indirectly through activation of downstream signalling pathways (Figure 1.4). 

Importantly for the consideration of therapeutic targeting, inhibition of Notch signalling suppresses 

breast cancer cell proliferation and tumour growth, while ectopic activation of Notch signalling 

increases proliferation rate [144, 145, 148-155]. The Hes/Hey canonical Notch target genes have 

contrasting effects on cell proliferation. Hes1 inhibits cell cycle progression through downregulation of 

E2F1, while Hes6 upregulates E2F1 expression which results in increased cell cycle progression 

[156, 157]. In fact, several Notch target genes are cell cycle regulators, meaning that aberrant Notch 

signalling significantly deregulates cell cycle progression. A few cyclins are upregulated by Notch 

signalling, and Cyclin D1 is a direct target of JAG1-Notch1/3 signalling in triple negative breast cancer 

cells [158]. Inhibition of JAG1 expression in MDA-MB-231 cells is sufficient to reduce cell cycle 

progression, while JAG1 and cyclin D1 expression are positively correlated in basal breast cancers 

[159]. The proto-oncogene c-Myc is an important direct RBPJκ-dependent Notch target gene. Ablation 

of c-Myc in MMTV/NICD1 mice can prevent tumour formation [90, 160]. Crosstalk with signalling 

molecules such as Ras and Wnt also mediate the role of Notch in breast cancer cell proliferation, with 

studies detecting concomitant suppression of these pathways in response to Notch inhibition [161, 

162]. 
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Figure 1.4: Notch regulates breast cancer cell proliferation. Notch signalling has several direct 

target genes implicated in cell cycle regulation. These include cyclins A, B and D1, and Hes/Hey 

family members [159, 163]. While most factors downstream of Notch increase the proliferative rate of 

the cell, Hes1 downregulates E2F1 expression which inhibits cell cycle progression [156, 157]. Notch 

also activates key oncogenic signalling pathways with pleiotropic effects on cellular function including 

proliferation, such as c-Myc, Ras and Wnt [90, 132, 162].  
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1.2.6. Cell survival 

Notch1/3/4 signalling is anti-apoptotic in the breast, and hence promotes breast cancer cell survival 

(Figure 1.5). Previous work in our lab has shown that activation of Notch signalling in non-transformed 

breast epithelial cells inhibits drug-induced apoptosis. Reversely, inhibition of Notch in breast cancer 

cells is sufficient to re-sensitise the cells to apoptosis. This was determined to be through Notch-

induced activation of Akt, via an unknown autocrine signalling factor, and a downstream apoptosis 

signal regulating kinase 1 (ASK1)/c-Jun N-terminal kinase (JNK)/p53 signalling axis [130, 164]. This 

mechanism was independent of phosphatase and tensin homolog (PTEN), an important negative 

regulator of Akt activation which is downregulated by Notch in other cancer types [165]. This work 

intertwines Notch, Akt and p53 in anti-apoptotic signalling. This supports previous findings by 

researchers such as Mungamuri et al who showed that treatment of Notch-activated MCF-7 cells with 

a PI3K or mTOR inhibitor sensitised the cells to cytotoxic drug-induced apoptosis, which was 

accompanied by activation of a p53-specific reporter. Mechanistically, it was determined that Notch1-

induced pro-survival signalling was mediated by mTOR-dependent PI3K/Akt inhibition of p53 [166]. 

Furthermore, Notch can activate pro-survival Akt signalling through NFκB in breast cancer cells. 

Cytoplasmic Notch and phosphorylated Akt (pAkt) correlate with nuclear NFκB in TNBC tumour 

samples, while mechanistic work in triple negative cell lines demonstrated JAG1-Notch1 (but RBPJκ-

independent) stimulation of Akt via mTOR and IκB kinase (IKK) α. Combination treatment of a GSI 

with either an Akt inhibitor or an IKK inhibitor significantly inhibited TNBC PDX-derived mammosphere 

growth [167, 168]. This corroborates data from the Liu lab which showed that Notch1-induced 

proliferation and reduction in apoptosis was accompanied by NFκB activation and target gene 

expression in triple negative MDA-MB-231 cells [169].  

Additionally, Notch upregulates anti-apoptotic proteins such as survivin and Bcl2 [170, 171]. Lee et al 

showed that GSI treatment reduced survivin expression in triple negative breast cancer cell lines (but 

not ER+ cell lines), which was sufficient to induce apoptosis, prevent colony formation in soft agar and 

inhibit xenograft tumour growth and lung metastasis in mice [146]. Portanova et al also demonstrated 

sensitisation of breast cancer cell lines to tumour necrosis-factor related apoptosis-inducing ligand 

(TRAIL)-induced apoptosis by GSI treatment. Interestingly this effect was found to be more potent in 

the triple negative MDA-MB-231 cell line compared to ER+ MCF-7 cells [172].  
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Figure 1.5: Notch signalling inhibits breast cancer cell apoptosis. Notch activates pro-survival Akt 

signalling through NFκB, PI3K and mTOR signalling [147, 166-169, 173, 174]. Our lab have shown 

that Notch also stimulates Akt through a secreted factor, which triggers stabilisation of p53 through 

ASK1/JNK signalling [164]. The Notch target gene c-Myc is anti-apoptotic, and there is significant 

evidence demonstrating upregulation of survivin in response to Notch activation [146, 160, 170]. 

Survivin prevents apoptosis through indirect and direct caspase inhibition [175]. Of the Bcl-2 family 

members, Notch upregulates the anti-apoptotic members including Bcl-2 and Bcl-XL, while 

downregulating pro-apoptotic members such as Bim and Noxa [171, 172]. Active Notch signalling 

reduces the sensitivity of TNBC cells to TRAIL-induced apoptosis [172]. Notch regulation of cell cycle 

regulators, including cyclin D1, p21 and p15, also contributes to apoptosis resistance [159, 171]. 
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1.2.7. EMT, invasion and metastasis  

Metastasis is the leading cause of breast cancer mortality, with metastases most commonly detected 

in the bone, lungs, brain and liver [176]. Preventing and/or targeting breast cancer cell invasion and 

metastasis is therefore essential in the fight to improve breast cancer survival. Notch signalling is 

implicated in a broad range of processes required for breast cancer cell metastasis including survival 

of hypoxia, angiogenesis, EMT, local tissue invasion, survival in the circulation, chemoresistance and 

colonisation of secondary sites [177]. 

Notch signalling promotes breast epithelial cell EMT [178]. Inhibition of Notch signalling in TNBC cells 

reverses the characteristic epithelial to mesenchymal cobblestone to spindle cell morphology and 

associated marker switch, as well as reducing invasion and migration [179, 180]. Mechanistically, 

Notch induces EMT through activation of Slug and Snail; transcriptional repressor proteins that 

downregulate E-cadherin expression [178, 180-182] (Figure 1.6). JAG1, Notch1 and Slug expression 

correlate in patient tumour samples. Notch4 inhibition also reduces the number and size of MDA-MB-

231 xenograft tumour metastases in vivo, which is accompanied by restoration of E-cadherin 

expression, inactivation of β-catenin and downregulation of Slug [178].  

Hypoxia-induced breast epithelial cell EMT appears to be dependent on Notch signalling, with one 

study finding that hypoxia downregulated E-cadherin in MCF10A cells only when Notch signalling was 

aberrantly activated by immobilised JAG1 [104]. Another study found that Snail expression and E-

cadherin downregulation induced by hypoxic treatment of breast cancer cells was abrogated by GSI 

treatment or dominant negative (dn) MAML expression. Hypoxic breast cancer cells had increased 

invasive and migratory capability in Boyden chamber and scratch wound assay respectively, which 

was reversed by GSI treatment [183]. Notch1 has been implicated specifically in triple negative breast 

cancer EMT. For example, Notch1 is a downstream target of miRNA-3178, an inhibitory miRNA 

downregulated in TNBC (but not non-TNBC subtypes), that plays a role in EMT through regulation of 

Snail [152]. Micro-RNAs are a recurring theme in Notch-mediated EMT, with miRNAs acting both 

upstream and downstream of the pathway [184, 185] (Figure 1.6). Notch is also implicated in bi-

directional crosstalk with the mesenchymal marker zinc finger E-box binding homeobox 1 (ZEB1). 

Knockdown of ZEB1 in breast cancer cells inhibits Notch activity, including downregulation of JAG1, 

MAML2/3 and HEY1 expression, via de-repression of miRNA-200 expression. In primary TNBC 

samples high ZEB1 expression was correlated with upregulated JAG1 and Notch activity in invasive 

tumour regions [186].   

The role of Notch signalling in EMT corresponds to its promotion of invasive and metastatic 

phenotypes. Activation of Notch signalling in non-invasive breast cancer cells promotes cell invasion 

and migration, while inhibition of Notch in invasive cells reduces their invasive and migratory capacity 

[145, 162, 187, 188]. Moreover, Notch signalling is correlated with metastasis in vivo [189]. In a single 

cell gene expression analysis, NOTCH4, NOTCH3 and JAG1 were upregulated in metastatic breast 

cancer cells compared to primary tumour cells isolated from TNBC patient-derived xenograft (PDX) 

models [190]. JAG1-induced Notch signalling is also important in breast cancer cell colonisation of the 
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bone metastatic niche [182]. High JAG1 expression is correlated with bone-tropic metastatic breast 

cancer cell lines and samples from patient bone metastasised tumours. It was shown that JAG1 is 

upregulated in the cancer cells by SMAD-dependent TGFβ signalling (Figure 1.6), and activates 

Notch signalling in osteoblasts within the bone microenvironment. Importantly, pharmacological 

inhibition of Notch signalling was sufficient to reduce breast cancer bone metastasis and osteolysis in 

vivo, implying that targeting Notch signalling may be a suitable therapeutic approach for inhibiting 

breast cancer metastasis [191].  
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Figure 1.6: Notch signalling regulates breast cancer cell metastasis. Notch-mediated metastasis 

is induced by factors such as TGFβ and Sphk1 [182, 191-193]. Notch activates key regulators of EMT 

including the transcriptional repressors Slug and Snail, that mediate loss of cell-cell contacts through 

inhibition of E-cadherin expression [104, 152, 178, 180, 182, 184]. The mesenchymal markers ZEB1, 

β-catenin, N-cadherin and vimentin are upregulated by Notch signalling [162, 187]. ZEB1 is activated 

through complex bi-directional signalling involving micro-RNAs [186]. Micro-RNAs negatively regulate 

Notch signalling, and their loss is sufficient to induce EMT in breast epithelial cells [152, 184, 185]. 

Notch is also implicated in tissue invasion, as it upregulates matrix-degrading enzymes including 

MMP2 and 9 and urokinase-type plasminogen activator (uPA), as well as β1-integrin [162, 194]. Anti-

apoptotic Notch signalling (see Figure 1.5) enables the cells to survive in the blood stream and travel 

to secondary sites. Notch signalling between the cancer cells and cells in the bone microenvironment 

facilitates colonisation and growth at the metastatic site [191]. 
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1.2.8. How does Notch contribute to therapy resistance?  

So far in this section I have illustrated the key part Notch signalling plays in the breast cancer cell 

phenotype, including in cell proliferation, survival, EMT, invasion and metastasis. I have previously 

mentioned that the Notch pathway is also implicated in breast cancer therapy resistance. In this next 

part I will delve into this topic in more detail, highlighting the role of Notch in breast cancer stem cells 

(BCSCs), and how crosstalk with the ER and HER2 signalling pathways may contribute to its 

influence on treatment efficacy. 

1.2.9. Evidence for the role of Notch in breast cancer therapy resistance 

Notch signalling is induced by breast cancer chemotherapy, and is upregulated in therapy-resistant 

tumour cells [195, 196]. Activation of Notch signalling is sufficient to induce chemotherapy resistance, 

while inhibition of Notch signalling re-sensitises resistant cells to conventional therapy [196-198]. 

Combining Notch inhibitors with conventional chemotherapies has an additive effect, increasing 

treatment efficacy both in vitro and in vivo [199-202]. Furthermore, the failure of inhibitors of key pro-

oncogenic signalling pathways in clinical trials has been partially attributed to Notch signalling. For 

example, investigation of TNBC PI3K/mTOR inhibitor resistance found that PI3K/mTOR or TORC1/2 

treatment enriched for BCSCs with upregulated Notch1 expression. GSI Notch blockade prevented 

this BCSC enrichment [195]. In addition, Diluvio et al demonstrated that GSI treatment sensitised 

EGFR tyrosine kinase inhibitor (TKI) resistant TNBC cells to gefitinib [203].  

Notch signalling is also implicated in breast cancer cell resistance to radiotherapy. Radiation induces 

BCSCs and Notch activity in vivo [204, 205], which confers radioresistance in TNBC [206]. GSI 

treatment prevents radiation-induced BCSC enrichment [204]. Mechanistically, Notch has been found 

to mediate triple negative/basal-like breast cancer radioresistance through BCSC enrichment 

downstream of tribbles homolog 3 (TRIB3), and in parallel with STAT1 [206, 207]. It also mediates 

radiation-induced EMT as part of an IL-6/JAK/STAT3 signalling axis [205].  

There is significant evidence to suggest that Notch signalling plays a role in ER+ breast cancer 

endocrine therapy resistance [208]. Notch signalling is upregulated in endocrine therapy resistant 

ER+ breast cancer cell lines [209]. In particular, Notch4 activity has been found to be increased in 

resistant ER+ cell lines and tamoxifen and fulvestrant-treated PDX models. Activation of JAG1/Notch4 

signalling was sufficient to induce endocrine therapy resistance in MCF-7 cells, and tamoxifen 

resistance could be predicted for in ER+ breast cancer patients using a Notch4/HES/Hey gene 

signature. This Notch4-induced resistance was accompanied by an enrichment for BCSCs. GSI 

treatment inhibited endocrine therapy-induced BCSC activity and re-implantation tumour formation in 

breast cancer PDX models and cell lines [40]. Furthermore, evidence suggests that Notch signalling 

functions in a paracrine signalling mechanism between bulk ER+ tumour cells and ER- BCSCs [210].  

Finally, Notch signalling has been connected to trastuzumab and lapatinib resistance in HER2+ breast 

cancer. Notch signalling is upregulated following trastuzumab or lapatinib treatment and HER2 

positive cells have lower Notch transcriptional activity than HER2 negative cells [52, 211]. This is 
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controlled by several mechanisms (see Section 1.2.11. for more), including through HES1 and 

NRARP, but also through protein kinase C (PKC) α, which acts downstream of HER2 to restrict the 

availability of JAG1 for receptor binding [211]. Interestingly, PKCα/Notch4 crosstalk has also been 

identified in endocrine therapy resistant ER+ breast cancers [212]. Regardless, trastuzumab inhibits 

HER2, so trastuzumab treatment releases the block on Notch activation, enabling the cells to survive. 

Importantly, combining trastuzumab with a GSI potentiates the HER2-targeting treatment, and 

restores sensitivity to resistant cells [52, 213]. Trastuzumab/GSI combination treatment also 

prevented breast tumour recurrence post-treatment in sensitive orthotopic breast tumour xenografts 

[214].  

Collectively, these data suggest that targeting Notch signalling may be a viable therapeutic approach 

to minimise the detrimental effect of resistance to conventional therapy on breast cancer patient 

prognosis and survival. The implication of Notch in resistance to all types of breast cancer treatment 

including chemotherapy, radiotherapy, endocrine and HER2-targeting therapies, means that Notch 

inhibition could be valuable in a broad range of patient groups. (More details on how Notch mediates 

targeted therapy resistance in ER+ and HER2+ breast cancer will be given in a subsequent section 

on Notch crosstalk with the ER and HER2 signalling pathways). 

A recurring theme in this segment is that Notch induces therapy resistance through enrichment of 

BCSCs. This leads me to discuss the role that Notch plays in the BCSC phenotype, and the potential 

for homing therapy to BCSCs through targeting of Notch signalling. 

1.2.10. A role for Notch in breast cancer stem cells 

Notch-conferred therapy resistance is often accompanied by enrichment for breast cancer stem cells 

(BCSCs). BCSCs are defined as a subpopulation of cancer cells within the breast tumour, capable of 

both self-renewal and differentiation. They are highly plastic cells, capable of transitioning between 

different cell states. This adds further difficultly for the detection of BCSCs using flow cytometry. The 

most commonly used markers for BCSCs are CD44+/CD24-/low and ALDH+. However while both these 

subpopulations are stem-like, they have distinct properties. For example, CD44+/CD24-/low BCSCs are 

more mesenchymal, with low E-cadherin expression, and tend to be quiescent. On the other hand 

ALDH+ BCSCs are more epithelial, with high E-cadherin expression, and tend to be more 

proliferative. These two populations are not static, and the cells retain the ability to become 

proliferative from a quiescent state, and vice versa [215].  

BCSCs are purportedly responsible for tumour initiation, intratumoral heterogeneity and disease 

recurrence, and are more resistant to therapy than the rest of the tumour cell population. This puts 

them in particular focus for the development of novel breast cancer therapies, as ablation of BCSCs 

would result in tumour regression and eliminate risk of recurrence (Figure 1.7).  

Notch signalling is implicated in BCSC self-renewal. Notch1 expression is positively correlated with 

ALDH positivity in breast tumour samples, and downregulation of Notch signalling in ALDH+ cells 

inhibits growth and induces apoptosis [135, 216]. Breast cancer cells with high Notch activity are also 
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more stem cell-enriched, and activation of Notch with DSL peptide increases mammosphere self-

renewal in patient-derived samples [217-219].  

In line with its connection to endocrine therapy resistance, Notch4 appears to be the most important 

of the Notch receptors in breast cancer stem cells [220]. Notch4 expression is detected in secondary 

mammospheres, the basal layer in mammary gland tissue samples and is restricted to the terminal 

end bud (TEB) regions of mammary organoids. Collectively this implies a role for Notch4 in BCSC 

activity [219, 220]. Notch4 blocking antibody treatment reduces primary mammosphere forming 

efficiency (MFE) and abolishes secondary mammosphere formation [219, 221]. Notch3 is also 

involved, with inhibition or ablation of Notch3 sufficient to reduce breast cancer cell mammosphere 

formation and self-renewal, and BCSC marker expression [222, 223]. Mechanistically, Notch 

signalling may enhance the expansion of BCSCs and/or progenitors through downstream cyclin D1 

activity [224, 225]. Numerous factors have been identified upstream of Notch-induced BCSC activity 

including JNK, Ras, Pin1, HIF, cyclooxygenase 2 (COX2), syndecan-1 and BMP-4 [161, 202, 226-

229]. 

Evidence collected in these studies suggest that targeting Notch signalling as a part of breast cancer 

therapy may enable us to home in on BCSCs within the tumour cell population. In an exciting study, 

Mamaeva et al developed mesoporous silica nanoparticles (MSNs, functionalised with glucose 

moieties) designed to specifically target breast cancer cells and BCSCs with γ-secretase inhibitors. 

They found that these DAPT loaded MSNs reduced the BCSC pool both in vitro and in vivo [218]. A 

note of caution however, lies in the heterogeneity of BCSCs and the implication on treatment efficacy. 

For example, one study identified 2 tumour initiating cell subsets within the BCSC population and 

demonstrated active Notch1 signalling in one more proliferative, invasive and metastatic 

subpopulation (CD44+/CD24low) but not the other (CD44+/CD24-). Concordantly, GSI treatment 

reduced mammosphere formation and tumour growth from CD44+/CD24low cells but not CD44+/CD24- 

cells [230]. These data warn that BCSC heterogeneity may limit the efficacy of GSI’s in breast cancer 

therapy. Despite this concern, studies have shown that Notch inhibitors can still successfully reduce 

the overall CD44high/CD24low/- subpopulation, and that this has phenotypic effect in mammosphere and 

re-implantation assays, particularly in combination with other agents [161, 199, 217]. Importantly, GSI 

treatment and Notch antibody blockade have been used to inhibit breast cancer cell secondary re-

implantation tumour development, alone or in combination with docetaxel [199, 217]. 

Notch signalling is implicated in lineage commitment in the mammary gland, as well as stem cell self-

renewal. The balance between proliferation of undifferentiated cells and lineage commitment is 

important in maintaining the normal tissue architecture and function; deregulation of the signalling 

pathways involved in these processes can lead to tumorigenesis. In the normal developing mammary 

gland active Notch signalling promotes differentiation of mammary stem cells and progenitors along 

the luminal epithelial cell lineage [231]. The role of Notch in normal mammary gland development will 

be discussed later in this introduction. 
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Figure 1.7: Elimination of breast cancer stem cells is key to achieving complete tumour 

regression and remove risk of disease relapse. Conventional therapies destroy the bulk tumour 

cells, causing tumour regression, however resistant BCSCs survive and re-populate the tumour. 

Elimination of the BCSCs (even without immediate destruction of the bulk tumour cells) would induce 

complete tumour regression, as the tumour cells die off and are not replaced. 
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1.2.11. Crosstalk with ER and HER2 signalling  

A significant factor when considering the therapeutic value of targeting Notch signalling in the different 

subtypes of breast cancer, is the pathway’s crosstalk with ER and HER2 signalling. There is a clear 

correlation between aberrant Notch signalling and the triple negative phenotype, and multiple studies 

have identified roles for Notch signalling in TNBC that are not recapitulated in ER+ or HER2+ breast 

cancer [134, 146, 153]. Notch/ER/HER2 crosstalk is also key in Notch-mediated resistance to 

endocrine and HER2-targeting therapy. 

The Miele group have shown that Notch transcriptional activity is highest in ER- breast cancer cells, 

where inhibition of Notch signalling is effective in inducing cancer cell death in vitro. In contrast, in 

ER+ breast cancer cells, oestrogen inhibits Notch activity. This means that Notch activity is induced 

by endocrine therapy in the ER+ subtype, contributing to therapy resistance. Combining tamoxifen 

with a GSI resulted in significantly enhanced ER+ xenograft tumour regression compared to 

monotherapy, suggesting that combining Notch inhibitors with endocrine therapy may be a promising 

therapeutic strategy for ER+ breast cancer [163]. Supporting this, mutation of ER in breast cancer 

stem cells induces Notch4 activity [232]. Similarly, HER2 suppresses Notch signalling in HER2+ 

breast cancer cells [52, 233]. HER2 regulates the activity of γ-secretase via ERK, and the nuclear 

translocation of NICD via Akt, in independent mechanisms [233]. 

Collectively, these studies suggest that in the absence of the growth-promoting pathways induced by 

ER and HER2, whether it be in the context of TNBC or cancers treated with anti-ER or HER2 

therapies, Notch acts as a compensatory growth-promoting stimulus, enabling the cells to survive in 

the absence of these pathways (Figure 1.8). 

Conversely, several studies contradict these findings and provide evidence that ER signalling 

promotes Notch signalling [234, 235]. Imperfect oestrogen response elements (EREs) have been 

detected in the Notch1 and JAG1 promoters, which translated to oestrogen-induced expression and 

increased signalling activity [236]. Moreover, adding further complexity and implying the presence of 

regulatory feedback loops, Notch signalling can transactivate lower levels of the ER signalling 

pathway in the absence of oestrogen [237]. RBPJκ binding sites have also been identified in the ERα 

promoter, suggesting that Notch can upregulate ERα expression [238]. Likewise, Notch1 induces 

HER2 transcription in a RBPJκ-dependent mechanism [239].  
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Figure 1.8: Notch inhibition may be a viable strategy for targeting therapy resistant breast 

cancer cells. ER and HER2 signalling inhibits Notch in ER+ and HER2+ breast cancer cells 

respectively. Endocrine or trastuzumab treatment inhibit these pathways, releasing the blockade on 

Notch signalling. Pro-survival Notch activity enables the cells to survive the targeted treatments. 

Notch inhibitors could be used in combination to sensitise these resistant cells to the targeted 

treatment. Triple negative breast cancer cells lack the ER and HER2 receptors, meaning that they are 

unaffected by endocrine therapy or trastuzumab, but are sensitive to Notch inhibitors. 
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1.2.12. Could Notch be targeted for breast cancer therapy?  

Due to its multiple roles in breast tumorigenesis and therapy resistance, the Notch signalling pathway 

is an attractive therapeutic target. Countless studies have shown that pharmacological Notch 

inhibition is effective both in vitro and in in vivo mouse models at inhibiting tumour growth, inducing 

tumour regression, preventing metastasis, targeting BCSCs and sensitising breast cancer cells to 

conventional therapies. Novel therapies are particularly important in the context of triple negative 

breast cancer and resistant and recurrent disease, where conventional therapeutic strategies fail. In 

these cases, it may be prudent to take a personalised medicine approach, in which mutations or other 

defects are identified in a patient’s tumour and tailored treatments administered accordingly. Notch 

inhibitors may be used to specifically treat patients in the adjuvant setting where aberrant Notch 

signalling is identified in the primary tumour cells, or alternatively, to treat late-stage disease, where 

events such as colonisation of the bone metastatic niche may be targeted [240]. Strategies for 

targeting the Notch signalling pathway and examples of currently available inhibitors are summarised 

in Figure 1.9.  

A personalised approach to Notch inhibition will be most appropriate due to the ubiquitous nature of 

the Notch signalling pathway and its importance in normal physiological functions. Unfortunately, 

many clinical trials involving the use of Notch inhibitors have been put on hold or terminated due to 

toxicity or failure to reach trial endpoints, despite showing promise in pre-clinical studies. This may be 

due to preventable factors such as failure to properly select patients with Notch-responsive tumours, 

selection of patients with heavily pre-treated and late stage disease, and the use of pan Notch 

inhibitors, namely GSIs, compared to more selective and targeted inhibitors [240]. In the next section, 

I will outline the problems encountered with targeting Notch signalling for therapeutic purposes, and 

the strategies being developed to overcome them. This will lead me on to our group’s work on 

developing an alternative target downstream of the Notch activation pathway, for the purpose of 

safely and effectively inhibiting oncogenic Notch signalling. 
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Figure 1.9: Summary of targetable points of the Notch pathway. The Notch signalling pathway can 

be inhibited at almost all stages, and a number of strategies are being developed to target these steps 

for therapeutic purposes [241]. γ-secretase inhibitors (GSIs) are the most well-established Notch 

inhibitors. Most competitively inhibit presenilin in the γ-secretase complex, and are hence pan Notch 

inhibitors that prevent all signalling events downstream of the Notch receptor regardless of receptor 

isoform or activating ligand [242]. The γ-secretase complex can also be targeted with monoclonal 

antibodies raised against presenilin or nicastrin [243-245]. Other pan Notch inhibitors include those 

that target the NICD/RBPJκ/MAML transcriptional activator complex. SAHM1 is a synthetic 

hydrocarbon-stapled α-helical peptide designed to mimic a portion of the N terminus of MAML. It 

competitively binds NICD/RBPJκ, preventing MAML binding [246]. Ligand-receptor binding is a 

popular target for current Notch inhibitor development. This can be achieved through receptor decoys, 

monoclonal antibodies, bispecific antibodies and antibody-drug conjugates [134, 247-265]. Various 

natural compounds (and their derivatives) have been found to inhibit Notch signalling [266-275]. 

These hold potential to be adapted and appropriated into cancer therapy. 
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1.2.13. Problems with targeting Notch for therapeutic purposes 

The first problem with targeting Notch signalling is that it is a ubiquitous and essential developmental 

signalling pathway. It functions in normal tissue homeostasis throughout the body, meaning that 

systemic inhibition could have potentially harmful effects in healthy organs and mammary gland 

tissue. For example, long term γ-secretase inhibition has been shown to cause significant 

histopathologic changes in the gastrointestinal (GI) tract, including intestinal goblet cell metaplasia, 

apoptosis of small intestinal crypt epithelial cells, villous stunting, epithelial vacuolation and 

accumulation of intraluminal mucous [276]. Another study found that long term anti-DLL4 antibody 

treatment in mice and rats caused highly significant histopathological defects in multiple organs 

including the liver and thymus. Most detrimentally, was the formation of ulcerating subcutaneous 

tumours with features of vascular neoplasms. Rarer necrotic lesions were also identified in the heart 

and lungs [277]. Furthermore, targetable proteins within the Notch pathway are shared with other 

pathways important in normal cellular function. For instance, γ-secretase cleaves many other 

substrates including low density lipoprotein (LDL) receptor-related protein, E-cadherin, ErbB-4 and 

amyloid-β protein precursor (AβPP) [3, 5]. 

The second problem with inhibiting Notch signalling, particularly in the case of cancer therapy, is that 

Notch functions as a tumour suppressor in certain contexts. This means that patients treated with 

systemic pan Notch inhibitors may be in danger of secondary tumour development, an unacceptable 

risk. Studies have found evidence for tumour suppressive Notch in a number of tissues, but this is 

most well characterised in the skin [278]. Loss of function Notch1 mutations have been identified in 

squamous cell carcinoma, where they occur early on in tumorigenesis [279-281]. The clinical 

significance of this was demonstrated in a phase III trial of the GSI semagacestat for Alzheimer’s 

disease. In addition to failing to slow disease progression, semagacestat increased the risk of skin 

cancer in the treated patient cohort [282]. It may also be the case that Notch has contrasting roles 

within the same tissue, dependent on factors such as receptor isoform, the strength of activation 

signal and the presence or absence of regulators [283]. Within breast cancer, the role of Notch2 has 

been controversial, with some studies finding that it has a tumour suppressive role, in direct contrast 

to the Notch1 and 4 isoforms [284, 285]. Similarly, Notch3 has been found to inhibit breast cancer cell 

EMT [286-288]. 

Recent research has begun investigating whether Notch signalling could be harnessed in 

immunotherapy-based cancer treatment. Notch is important in lineage determination in the 

haematopoietic system where it helps to direct the differentiation of CD4+ T helper cells into TH1 and 

TH2 subsets. The TH1 response is generally considered to be anti-tumorigenic, meaning that if Notch 

could be very specifically and carefully activated to induce the TH1 response, then immune cell anti-

cancer activity could be increased [283]. For instance, Kondo et al generated induced stem cell 

memory T (iTSCM) cells with potent anti-tumour activity from activated CD4+ and CD8+ T cells by co-

culture with stromal cells expressing DLL1 [289]. In these circumstances, systemically inhibiting Notch 

signalling would be a hindrance rather than a help. 
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1.2.14 How can these problems be overcome? 

There are a number of strategies that have been suggested for overcoming the gastrointestinal side 

effects associated with pan Notch inhibition. These include minimal dosing and intermittent 

administration to reduce the length of continuous treatment periods, which has shown some success 

[290]. Z-Leu-Leu-Nle-CHO can be used at lower doses than conventional GSIs, as it is also anti-

tumorigenic through negative regulation of the proteasome [291]. Moreover, nanoparticles could be 

utilised to specifically direct GSIs to the tumour, avoiding damage to healthy tissue [218].  

GSIs could be combined with conventional chemotherapy and targeted treatments. This has the dual 

benefit of minimising of the dose of each individual drug required (reducing toxicity), and enhancing 

overall treatment efficacy. Notch inhibition alone is unlikely to be sufficient to induce tumour 

regression, but shows promise in combination therapy [164, 292, 293]. In clinical trials, GSIs have 

been combined with conventional chemotherapeutics and endocrine therapy, as well as radiotherapy 

to help improve radiosensitivity and reach metastatic cells in hard to access areas [252] [294, 295]. 

An alternative strategy to minimise the risk of side effects is to target specific Notch receptors or 

ligands. Monoclonal antibodies have been developed that bind to specific Notch receptor/ligand 

isoforms to inhibit receptor-ligand interaction, prevent processing by ADAM proteases, or induce 

inactivation via a conformational change of the receptor structure [134] (see Figure 1.9 for examples). 

These have shown promising results in pre-clinical studies, but have been plagued with toxicity issues 

and end point failure in clinical trials [134, 249-262]. Bispecific antibodies and antibody-drug 

conjugates may be able to improve on the limited success of monoclonal antibodies. Bispecific 

antibodies can be used to target other oncogenic signalling pathways simultaneously, which has been 

proven to be more efficacious than administering two separate monoclonal antibodies [263-265]. 

Antibody-drug conjugates are designed to target cancer cells with potent cytotoxic drugs while 

minimising damage to surrounding healthy cells and tissues, reducing side effect risk and severity. 

For example, PF-06650808 is a novel anti-Notch3-auristatin conjugate that has demonstrated 

manageable toxicity and signs of anti-tumour activity in breast cancer patients. The anti-Notch3 

component binds the agent to Notch3-expressing tumour cells, where it is internalised and trafficked 

to vesicles containing proteolytic enzymes. These enzymes cleave the linker connecting the 2 

components, releasing the auristatin-based payload into the cytoplasm where it induces cell cycle 

arrest and apoptosis [248]. 

Finally, the oncogenic activity of Notch signalling could be targeted more safely and effectively 

through inhibition of signalling events downstream of the Notch activation pathway. Notch activates 

numerous pro-tumorigenic signalling pathways, some of which have pre-existing inhibitors prime for 

re-appropriation into breast cancer therapy. Ideally, a pathway could be targeted that has roles in 

multiple hallmarks of breast cancer, but is as specific as possible to the neoplastic mammary tissue. 

Work in our lab has revealed that IL-1α is upregulated downstream of Notch. The next section of this 

introduction will explain how this was discovered, work which is the foundation of the data presented 

in this thesis. 
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1.3. Could IL-1 signalling be an alternative novel target in breast cancer combination 

therapy?  

One of the approaches to effectively inhibit oncogenic Notch signalling without inducing the significant 

side effects seen with the use of pan Notch inhibitors, is to identify and target signalling mechanisms 

downstream of the Notch pathway. Our lab has identified a novel Notch-mediated signalling network, 

involving the cytokine IL-1α [296]. This discovery opens up the possibility of therapeutically targeting 

the IL-1 signalling pathway in the treatment of triple negative and therapy resistant breast cancer. In 

this section I will outline the work that led to this discovery, and the mechanistic details of the IL-1 

pathway which will be pertinent for the data presented later in this thesis. I will then summarise the 

current literature on the role of IL-1 signalling in the breast cancer cell phenotype, including in cell 

proliferation, survival and metastasis, as well as any links to breast cancer stem cells and therapy 

resistance, which may strengthen the argument for IL-1 inhibition in breast cancer therapy. Finally I 

will discuss the viability of appropriating IL-1 inhibitors into breast cancer treatment. 

1.3.1 Notch signalling inhibits breast cancer cell apoptosis via IL-1α 

The data presented in this thesis builds on previous work in our lab. Stylianou et al determined that 

activation of Notch signalling in the non-transformed breast epithelial cell line MCF10A was sufficient 

to induce transformation. This upregulated Notch signalling also protected the cells from drug-induced 

apoptosis (Figure 1.10.2.). Further investigation revealed that Notch signalling abrogated the normal 

p53-mediated response to cell damage, and that more than one apoptotic mechanism may be 

impacted by aberrant Notch signalling in this model [130]. 
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Figure 1.10: 1. Figure 2 from Stylianou et al, demonstrating that human mammary epithelial 

cells can be transformed by RBPJκ-dependent Notch signalling. These techniques will be 

referenced later in this thesis. (A) Notch signalling, as demonstrated by Hey1 expression, is induced 

by stable VP16-RBPJκ or NICD expression in MCF10A cells. (B) Activation of Notch signalling in 

MCF10A cells induces morphological transformation from epithelial cobblestone-like to elongated 

fibroblast-like morphology. (C) Activation of Notch signalling causes loss of E-cadherin expression but 

no change in keratin 18, indicating cellular transformation rather than a change of cell fate from 

luminal to myoepithelial. (D) MCF10A cells with active Notch signalling formed more colonies in soft 

agar than the parental and empty vector lines. 2. Part A from Figure 3 of Stylianou et al, 

demonstrating that activation of Notch signalling reduces MCF10A cell sensitivity to drug-

induced apoptosis. VP16-RBPJκ or NICD expression prevented staurosporine, melphalan and 

mitoxantrone-induced apoptosis in MCF10A cells [130]. 
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Building on this work, our group later determined that Notch signalling mediated drug-induced 

apoptosis resistance in breast cancer cells through an autocrine signalling loop culminating in the 

activation of pro-survival Akt signalling (Figure 1.12.1.). Filling in the mechanistic blank between Akt 

and p53, it was revealed that Notch-induced Akt phosphorylates ASK1 in an inhibitory manner. This 

reduces JNK-mediated stabilisation of p53, and hence confers resistance to p53-regulated apoptosis 

(Figure 1.11.1.).  

The question remained of how Notch activates Akt in this model. In other systems Notch has been 

shown to activate Akt through inhibition of PTEN expression (Figure 1.11.2.). However, no changes in 

PTEN expression (or any other phosphatases implicated in phosphatidylinositol (3,4,5)-triphosphate 

(PIP3) regulation) were detected in Notch-activated MCF10A cells or breast cancer cells treated with 

GSI. On the other hand, conditioned media from Notch-activated MCF10A cells activated Akt 

signalling in serum starved parental cells, while conditioned media from parental cells did not. This 

was replicated by media conditioned by breast cancer cells, which was preventable by DAPT 

treatment. Co-culture of Notch-activated MCF10A cells with parental MCF10A cells also protected the 

parental cells from drug-induced apoptosis (Figure 1.12.2.). Collectively these data suggest the 

presence of a Notch-induced secreted factor, which activates the pro-survival Akt/ASK1/JNK/p53 

signalling axis [164]. 
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Figure 1.11: 1. The signalling axis in breast cancer cells identified by Meurette et al. Notch 

activates Akt which inhibits apoptosis via suppression of ASK1/JNK signalling [164]. 2. Simplified 

schematic of the PI3K/Akt signalling pathway. The Akt pathway is initiated by a number of 

receptors including receptor tyrosine kinases, cytokine/chemokine receptors, G-protein coupled 

receptors, integrins and B/T cell receptors. Ligand/receptor binding stimulates recruitment and 

activation of PI3K, which converts phosphatidylinositol-4,5-bisphosphate (PIP2) to 

phosphatidylinositol-3,4,5-triphosphate (PIP3) in the plasma membrane. PIP3 acts as a docking site 

for Akt and phosphoinositide-dependent kinase 1 (PDK1). PDK1 partially activates Akt by 

phosphorylation of Thr308; full Akt activation occurs after a second phosphorylation by mTOR 

complex 2 (mTORC2) at Ser473. Active Akt then phosphorylates many target proteins, activating or 

inhibiting a broad range of pathways implicated in regulation of cell proliferation, survival, growth, 

metabolism, migration and cell cycle regulation, among others. Akt is negatively regulated by the 

phosphatase PTEN, which dephosphorylates PIP3, converting it back to PIP2, thereby reducing the 

pool of PIP3 available for Akt and PDK1 docking. PTEN itself is downregulated by NFκB, which forms 

a negative feedback loop as Akt also activates IKK [297-299]. 
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Figure 1.12: 1. Figure 2 from Meurette et al, showing that Notch induces resistance to drug-

induced apoptosis through activation of Akt signalling. (A) Inhibition of Notch signalling (using 

DAPT, Numb or dnMAML) reduces Akt phosphorylation. (B, C) DAPT treatment or expression of 

Numb or dnMAML increases the sensitivity of breast cancer cells to melphalan-induced apoptosis. (D) 

Expression of constitutively active Akt in breast cancer cells prevents the increase in sensitivity to 

melphalan-induced apoptosis caused by DAPT treatment. 2. Figure 5 from Meurette et al, 

suggesting that Notch activates Akt signalling through a secreted autocrine factor. (A) 

Activation of Notch in MCF10A cells and DAPT treatment of breast cancer cells had no effect on the 

levels of INPP4B (inositol polyphosphate 4-phosphatase type II), PTEN and SHIP2 (SH2 domain-

containing inositol 5'-phosphatase 2) phosphatases. (B) Media conditioned by Notch-activated 

MCF10A cells activated Akt signalling in starved parental cells. (C) DAPT treatment prevented media 

conditioned by breast cancer cells from activating Akt in starved WT MCF10A cells. (D) Co-culture of 

Notch-activated MCF10A cells with parental cells reduced the sensitivity of the parental cells to 

melphalan-induced apoptosis [164]. 
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The unknown secreted factor linking Notch with the Akt/ASK1/JNK/p53 pro-survival signalling axis 

was later identified as the cytokine IL-1α. This was discovered in a series of unpublished experiments 

(Figure 1.13). IL-1α was among several cytokines identified by mass spectrometry in a fraction of 

MCF10A/RBPJκ conditioned media sufficient to induce Akt activation in parental cells. The expression 

of only 2 of these cytokines, IL-1α and GCSF, was upregulated in the Notch-activated MCF10A cells 

compared to the parental. Both these cytokines induced Akt phosphorylation in MCF10A cells, 

however only inhibition of IL-1 was sufficient to prevent MCF10A/RBPJκ conditioned media from 

inducing Akt in the parental line. Confirming this finding phenotypically, overexpression of IL1A in 

MCF10A cells reduced the sensitivity of the cells to drug-induced apoptosis, while overexpression of 

the IL-1 signalling antagonist IL1RN (see Figure 1.15 for details of the mechanism of the IL-1 

signalling pathway) restored the sensitivity of breast cancer cells to drug-induced apoptosis [296]. 
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Figure 1.13: IL-1α was identified as the secreted factor linking the Notch and Akt signalling 

pathways responsible for mediating drug-induced apoptosis resistance in Notch-activated 

breast epithelial cells and breast cancer cells. (A) WT MCF10A cells were challenged with either 

serum-free media (SF), growth media (GM) or DCIS.com cell conditioned media (CM DCIS), and 

lysates blotted for active Akt. Untreated (NT) CM DCIS media induced Akt phosphorylation, but this 

was prevented by boiling (B) or proteinase K treatment (PK), showing that the factor present in the 

conditioned media was proteinaceous. (B) Conditioned media obtained from empty vector and 

MCF10A/RBPJκ cells was concentrated by tangential flow and ultrafiltration, and fractionated. Each 

fraction was used to challenge parental MCF10A cells, and only one of these fractions was able to 

induce Akt phosphorylation. This fraction was analysed by mass spectrometry and found to contain 

the cytokines IL-1α, IL-6, IL-18 and GCSF. (C) Gene expression of these cytokines was compared by 

qRT-PCR between the empty vector and Notch-activated cell lines. Only IL1A and CSF3 expression 

was significantly increased in the Notch-activated cells compared to the empty vector, ruling out IL-6 

and IL-18 as candidates. (D) Akt phosphorylation was induced in starved WT MCF10A cells by 

challenge with recombinant human IL-1α (rhIL-1α). In the reverse experiment, addition of recombinant 

human IL-1 receptor antagonist (rhIL-1rn) to MCF10A/RBPJκ conditioned media reduced its ability to 

activate Akt in starved parental MCF10A cells. (E) Stable expression of IL1A in MCF10A cells 

reduced their sensitivity to doxorubicin-induced apoptosis compared to empty vector control. 

Reversely, stable expression of IL-1Ra in MDA-MB-231 cells sensitised the cells to doxorubicin-

induced apoptosis [296]. 
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In summary, these data led to a hypothesis of a novel Notch-mediated signalling axis in breast cancer 

cells, in which aberrant RBPJκ-dependent Notch signalling activates the IL-1α signalling pathway in 

an autocrine manner (Figure 1.14). IL1A may be a direct Notch target gene, or activated indirectly by 

an intervening signalling event. Either way, IL-1α is secreted from the cell, and activates the IL-1 

signalling pathway. Akt is then activated downstream of the IL-1 receptor, where it induces apoptotic 

resistance through an ASK1/JNK/p53 signalling axis. The exact mechanism of IL-1-induced Akt 

activation in this system is unknown, however the literature suggests that it may occur one of two 

ways; through direct interaction between PI3K and IL-1R1 or indirectly through intermediate 

myddosome-dependent NFκB signalling. This will be discussed in greater detail later in this thesis. 

The discovery that Notch mediates resistance to apoptosis through IL-1α is a novel finding in the field 

of breast cancer. In a later study by another group, it was demonstrated that activation of Notch1 in 

MCF10A cells induced an EMT-like phenotype (including loss of epithelial markers such as E-

cadherin) as well as causing increased cell proliferation, invasion, migration, and CSC markers. The 

authors found that activation of Notch1 in MCF10A cells increased IL-1β expression. This occurred 

alongside NFκB, through Notch-induced STAT3 phosphorylation [300]. Interestingly, a later biomarker 

study also found that Notch1 levels were positively correlated with IL-1R1 levels in breast cancer 

patients [301]. 
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Figure 1.14: Notch signalling induces Akt activation via a signalling loop mediated by IL-1α. 

Based on previous work we hypothesise that aberrant Notch signalling in the breast cancer cell leads 

to the activation of the IL-1 signalling pathway. This occurs due to direct (shown here) or indirect 

regulation of IL-1α expression by RBPJκ-dependent Notch signalling. IL-1α is secreted from the cell 

and signals in an autocrine (shown here) or paracrine manner to activate the IL-1 signalling pathway 

within the cancer cells. Signalling from the IL-1 receptor complex results in the activation of Akt, 

through a currently unknown mechanism which will be investigated in this thesis. Activated Akt inhibits 

ASK1, attenuating an ASK1/JNK/p53 pro-apoptotic pathway, and thereby conferring resistance to 

drug-induced apoptosis.  
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1.3.2 Mechanism of the IL-1 signalling pathway 

IL-1α is a member of the Interleukin 1 family of cytokines, highly conserved mediators of innate 

immunity. Nomenclature has varied over the years but there are currently 11 recognised members: IL-

1α, IL-1β, IL-1 receptor antagonist (IL-1Ra), IL-18, IL-33, IL-36α, IL-36β, IL-36γ, IL-36Ra, IL-37 and 

IL-38. Each cytokine binds to a specific IL-1 receptor (IL-1R), of which there are 10. IL-1 receptors 

dimerise with a co-receptor, which is essential for signal transduction [302]. This introduction will 

focus on the biology and roles of IL-1α and IL-1β, and their respective receptors and antagonists.  

1.3.3. The ligands 

IL-1α, IL-1β, and IL-1Ra are encoded by IL1A, IL1B and IL1RN respectively [303]. IL-1α and IL-1β are 

secreted via a non-canonical pathway, independent of the endoplasmic reticulum (ER) and Golgi 

apparatus [304, 305]. Both IL-1α and IL-1β bind to the same receptor complex, and therefore activate 

the same downstream signalling events in vitro, however there are key differences in their activation, 

localisation, regulation and function in vivo. For example, IL-1α is produced ubiquitously by a broad 

range of cell types including both epithelial and mesenchymal lineages, while IL-1β is mainly secreted 

by immune cells, primarily dendritic cells, monocytes and macrophages. IL-1α also acts in a more 

local manner and is often membrane-associated, in contrast to IL-1β which is secreted from the cell 

and functions systemically [306]. Both IL-1α and IL-1β are synthesised as precursors, however IL-1α 

is active immediately and does not require further processing to activate the IL-1 signalling cascade 

[302, 307]. In contrast, inactive IL-1β precursor accumulates in the cytosol until it is rendered fully 

bioactive by caspase 1 cleavage (see Section 1.3.8.). This difference is translated into the roles of the 

2 cytokines in the body; IL-1α is present throughout the tissues of both healthy and diseased 

individuals, while IL-1β is primarily disease-induced [302].  

1.3.4. The receptors 

Of the 10 members of the IL-1 receptor family, 5 are main ligand binding receptors (IL-1R1, IL-1R2, 

IL-1R4, IL-1R5 and IL-1R6) and 5 are co-receptors (IL-1R3, IL-1R7, IL-1R8, IL-1R9 and IL-1R10). For 

almost all ligand-receptor binding pairings, a co-receptor is recruited to form an active trimeric 

complex. The IL-1 receptors are part of a larger family of proteins characterised by possession of a 

cytoplasmic Toll/IL-1 receptor TIR domain [308]. IL-1α and IL-1β (referred to collectively in the rest of 

this mechanistic section as IL-1) bind to IL-1R1. IL-1R1 is ubiquitously expressed, although higher 

levels are typically found on barrier cell types such as those in the epithelium, endothelium and skin 

(keratinocytes) [309]. There is evidence of increased IL-1R1 expression in disease states (including 

cancer), and this will be discussed in latter sections regarding IL-1 signalling in disease. 

IL-1 binds to the ectodomain of IL-1R1 which is composed of 3 immunoglobulin-like domains [310]. 

Ligand binding induces a structural change in the receptor that results in the recruitment of the co-

receptor IL-1R3 (Figure 1.15). Despite IL-1R3 being required for signal transduction, it does not make 

direct contact with the ligand, and IL-1 cannot bind IL-1R3 in the absence of the cognate receptor 

[311, 312]. IL-1R3 is a homologue of IL-1R1, with a similarly structured tri-domain ectodomain [313]. 
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IL-1 receptors are ubiquitously expressed and function both in disease states in the context of the 

immune response but also in maintaining normal tissue homeostasis. IL-1R1 is the predominant IL-1 

receptor expressed on epithelial cells, endothelial cells, fibroblasts and T cells [308]. Although 

primarily a transmembrane protein, IL-1R1 has also be detected in the sera of healthy individuals, 

suggesting that it can be secreted [314]. IL-1R3 is ubiquitously expressed on all cells responsive to IL-

1 and is also both membrane-bound and secreted depending on the isoform [308, 315]. 

IL-1-bound IL-1R1 is termed the binary complex. When IL-1R3 is recruited, this becomes the ternary 

complex. Ternary complex formation brings the TIR domains of IL-1R1 and IL-1R3 together. This 

association of the TIR domains completes the activation of the signalling complex and is essential for 

signal transduction. Mutation of key conserved residues within the TIR domain is sufficient to prevent 

activation of NFκB and other signalling events downstream of IL-1R1 [310, 316]. When the two TIR 

domains bind, a second conformational change occurs which exposes a conserved “patch” of the TIR 

domain surface. This facilitates recruitment of the dimeric adapter protein myeloid differentiation 

primary response 88 (MyD88) [317]. MyD88 has its own C-terminal TIR domain, which interacts 

directly with the TIR domain of IL-1R1. The N-terminus of MyD88 is comprised of a death domain 

(DD) [318]. Overexpression of the MyD88 DD induces spontaneous activation of downstream effector 

pathways such as NFκB and JNK. In contrast, overexpression of the TIR domain acts as a dominant 

negative inhibitor of these pathways [319-321]. This dominant negative effect of the MyD88 TIR 

domain will be utilised in this project.  

1.3.5. The myddosome 

Once recruited to the ternary complex, MyD88 engages Interleukin 1 receptor-associated kinase 

(IRAK) proteins via hydrophilic interaction between their N-terminal DDs [322]. IRAKs are 

serine/threonine kinases [323]. In the absence of IL-1, IRAK1 is complexed with Tollip, which 

negatively regulates signalling by preventing IRAK1 autophosphorylation and activation. Upon IL-1 

stimulation MyD88 recruits IRAK1, and Tollip is displaced [324]. Once at the active signalling 

complex, IRAK1 undergoes several phosphorylation events triggered by phosphorylation of its 

activation loop by IRAK4 [325]. IRAK1 autophosphorylation decreases its affinity for MyD88 but 

increases its affinity for TNF receptor-associated factor 6 (TRAF6). Autophosphorylation also targets 

IRAK1 for ubiquitination and subsequent proteasomal degradation [322, 326]. The complex of MyD88 

and IRAK kinases that forms at the active receptor complex is termed the myddosome [327].  
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Figure 1.15: Activation mechanism of the IL-1 signalling pathway. IL-1 binds to the extracellular 

domain of the IL-1R1 receptor, inducing a structural change that induced the recruitment of the IL-1R3 

accessory receptor. Association of the IL-1R1/IL-1R3 intracellular TIR domains activates the 

signalling complex and induces a second confirmational change in IL-1R1 which enables the 

recruitment of the TIR-containing adapter protein MyD88. MyD88 recruits the kinases IRAK1 and 

IRAK4 to the active signalling complex via their common N-terminal death domains. In the absence of 

IL-1, IRAK1 is complexed with Tollip which is displaced upon IRAK recruitment by MyD88. IRAK1 is 

phosphorylated (initiated by IRAK4) and the ubiquitin ligase TRAF6 is recruited. TRAF6 recruitment 

causes IRAK1 to leave the myddosome and translocate to the plasma membrane, where the two 

proteins complex with the MAPKKK TAK1 and its TAB enhancers. IRAK1 is degraded in the 

proteasome, releasing TRAF6/TAK1/TAB into the cytoplasm. Here, TRAF6 is ubiquitinated and TAK1 

is fully activated with the aid of the ubiquitin-conjugating enzymes UBC13 and UVE1A.  
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1.3.6. Activation of downstream signalling 

TRAF6 is an E3 ubiquitin ligase and essential to continued transduction of the IL-1 signal [328]. It 

interacts with the C-terminus of phosphorylated IRAK1, which causes it to leave the myddosome and 

translocate to the plasma membrane [328, 329]. Here IRAK1/TRAF6 forms a complex with the 

mitogen-activated protein kinase kinase kinase (MAPKKK) TGFβ-activated kinase 1 (TAK1), and the 

TAK1-binding adapter proteins (TAB1-3) [330-333]. Here, TAK1 activation is initiated by 

autophosphorylation of its activation loop [334]. IRAK1 is proteolytically degraded and the remaining 

TRAF6/TAK1/TAB complex translocates into the cytosol [335]. In the cytosol, the N-terminus of 

TRAF6 is ubiquitinated with the aid of ubiquitin-conjugating enzymes ubiquitin-conjugating enzyme E2 

13 (UBC13) and its co-factor UVE1A, which leads to the full activation of TAK1 [336].  

TAK1 initiates the activation of the NFκB and MAPK signalling pathways, thereby triggering a huge 

number of signalling events with profound impacts on cellular function [337] (Figure 1.16). NFκB has a 

vast number of target genes implicated in carcinogenesis including those encoding anti-apoptotic 

proteins such as FLIP, XIAP and Bcl-2, the angiogenic factor VEGF, invasion and metastasis 

mediators MMP2, 3 and 9, EMT transcription factor Twist 1, and the glucose transporter GLUT3 [338]. 

IL-1 is also a target gene of NFκB, generating a positive feedback loop [337, 339]. MAPK pathways 

are broadly categorised into extracellular signal-regulated kinases (ERK), JNK and p38 isoforms. 

They control fundamental cellular processes and aberrant activation has been identified in breast 

cancer [340-342]. The ERK kinases ERK1 and ERK2 have over 250 potential substrates including 

apoptotic regulators, cell cycle regulators, DNA repair proteins, regulators of cell senescence and 

autophagy, among others [343, 344]. The main substrate of the JNK signalling pathway is the dimeric 

transcription factor activator protein 1 (AP1), composed of Fos and Jun. AP1 binding sites are found 

in many genes responsible for regulating key cellular processes including cell cycle, survival, 

apoptosis, proliferation and differentiation [345, 346]. p38 isoforms are also implicated in a broad 

range of oncogenic pathways. Examples of p38 targets include EGFR, COX2, HIF1, p53 and Myc 

[342, 345]. To add further complexity there is crosstalk that occurs between the NFκB, JNK and p38 

pathways, compounding the pro-tumorigenic role of IL-1 signalling [345].  



65 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



66 
 

Figure 1.16: Activation of NFκB and MAPK signalling pathways by IL-1. NFκB proteins are 

dimeric transcription factors that induce a wide breadth of target genes with functions in inflammation, 

immunity, stress responses and development. NFκB signalling is activated via two pathways: the 

canonical (classical) and non-canonical (alternative) activation pathways. In the canonical pathway, 

the NFκB heterodimer composed of RelA and p50 is bound by IκB which prevents it from entering the 

nucleus and activating target gene transcription. Upstream stimulation (such as by PAMPs, cytokines, 

growth factors and antigen receptors) activates the IKK complex composed of IKKα, IKKβ, and IKKγ 

(NEMO). The IKK complex phosphorylates IκB which initiates its ubiquitination and proteasomal 

degradation. This releases RelA/p50, enabling it to be post-translationally modified and translocate 

into the nucleus. At the target gene promoter, NFκB activates target gene transcription either alone or 

in collaboration with other factors such as AP1 and STAT. In the non-canonical pathway, target gene 

expression is activated by RelB/p52 NFκB heterodimers. These reside as inactive RelB/p100 

heterodimers in the cytoplasm and are activated by proteasomal processing of p100 to p52. p100 

processing is initiated by the kinase NIK which activates IKK complexes composed of (only) IKKα 

subunits. IKK phosphorylates C-terminal residues of p100 which triggers its ubiquitination and 

processing [347]. Evidence suggests that IL-1 can activate NFκB through both the canonical and non-

canonical pathways. TAK1 phosphorylates IKKβ at serine residue 177, which induces 

autophosphorylation of serine 181 and subsequent IKK activation [348]. TAK1 also phosphorylates 

NIK, inducing the non-canonical pathway of NFκB activation [330]. IL-1 signalling has also been 

suggested to activate NFκB through mechanisms independent of TAK1. For example, evolutionarily 

conserved signalling intermediate in Toll pathway (ECSIT) is an adapter protein that mediates 

activation of NFκB via bridging TRAF6 to MAP3K1 and inducing MAP3K1 activation [349].  TAK1 

activates the JNK and p38 MAPK pathways via phosphorylation of MAPKKs [350]. TAK1-mediated 

phosphorylation of MKK7 and MKK4 activates JNK, while phosphorylation of MKK6 and MKK3, 

activates p38 [345, 351]. Downstream JNK and p38 signalling can also be triggered more directly by 

factors upstream of TAK1. For example, TRAF6 can directly interact with MAP3K3 [352]. The ERK 

activation cascade also begins earlier than TAK1, at the myddosome. MAP3K1 is activated and 

phosphorylates MAP2K1/2, which then activate ERK1/2 [353]. ERK1/2 can also be activated indirectly 

via the TAK1-induced NFκB signalling pathway [354]. 
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1.3.7. IL-1-induced activation of Akt 

There are 2 mechanisms by which IL-1 can activate Akt (Figure 1.17). Firstly, indirectly through the 

NFκB signalling pathway. Akt is a NFκB target, and NFκB can inhibit PTEN expression directly or 

through sequestering the transcriptional activators required for it’s expression [299, 355, 356]. NFκB-

mediated PTEN suppression has been shown to be pro-tumorigenic in the breast, however previous 

data from our lab suggests that this is not the mechanism at play in the context of Notch/IL-1 

signalling (see Figure 1.12) [164, 357]. This suggests that Akt may be being activated by Notch/IL-1 

signalling via an alternative mechanism. In fact, studies have shown that PI3K is recruited to the C-

terminus of the IL-1 receptor, where it physically interacts with a Tyr-E-X-Met binding domain, 

facilitating its phosphorylation and activation [358, 359]. Akt can therefore be phosphorylated by PI3K, 

bypassing the myddosome [360]. It is yet to be elucidated whether Notch/IL-1 signalling activates Akt 

directly through IL-1R1/PI3K or indirectly through myddosome-dependent NFκB in breast cancer 

cells, and this is one of the questions that will be addressed later in this thesis. 

1.3.8. Regulation of IL-1 signalling  

There are negative regulatory mechanisms embedded at multiple levels of the IL-1 signalling pathway 

(Figure 1.18). This reduces the risk of aberrant activation and subsequent improper innate immune 

activity. Defects in these regulatory mechanisms can cause disease. 

IL-1Ra (encoded by IL1RN) is a key negative regulator of the IL-1 signalling pathway. It has both 

secreted and intracellular isoforms and competitively binds to IL-1R1. This simultaneously prevents 

IL-1 from binding and stops the recruitment of the IL-1R3 co-receptor, preventing activation of 

downstream signalling. IL1RN expression is induced by IL-1 itself, as well as pro-inflammatory stimuli 

such as LPS, meaning a regulatory negative feedback loop is formed. Expression is also triggered by 

anti-inflammatory cytokines such as IL-4 and IL-10 [306]. Deficiency in IL-1Ra is frequently seen in 

inflammatory disease. A recombinant form of IL-1Ra, known as anakinra, has been synthesised and 

is regularly used in the clinic to reduce aberrant IL-1-mediated inflammation (see Section 1.3.9.) [302]. 
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Figure 1.17: Activation of Akt by IL-1. IL-1 has been shown to activate Akt primarily through two 

main mechanisms: directly via interaction between IL-1R1 and PI3K and indirectly through NFκB 

signalling. PI3K is recruited to the intracellular domain of IL-1R1 where it is phosphorylated and 

activated. Active PI3K can then proceed to convert PIP3 to PIP2 and facilitate Akt docking and 

activation. This interaction between IL-1R1 and PI3K may also facilitate translocation of PI3K into the 

nucleus [361, 362]. NFκB has been shown to increase Akt activation via suppression of PTEN, the 

negative regulator of Akt activation that converts PIP2 to PIP3.  
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Figure 1.18: Regulation of the IL-1 signalling pathway. IL-1 signalling is regulated at numerous 

levels to ensure appropriate and proportional activation of inflammatory responses. IL1A and IL1B 

transcription is induced by extracellular stimuli and regulated by transcription factors such as Sp1, 

AP1 and NFκB [337, 363-369]. IL1A/B mRNA can be destabilised by TTP resulting in downregulation 

of expression [370]. IL-1α/β are produced as pro-peptide precursors which are post-translationally 

modified and processed in the cytoplasm of the signal-sending cell [368]. Pro-IL-1β processing (which 

can occur intra or extra-cellularly) is essential for its bioactivity [302, 371]. Intracellular pro-IL-1β 

processing is mediated by caspase 1 as part of the inflammasome [372]. Pro-IL-1α is functionally 

active but can also be processed by enzymes such as calpain to enhance its activity [373, 374]. Pro-

IL-1α, IL-1α and IL-1β are secreted from the cell via exocytosis or transporter proteins, but can also 

be released as a result of necrosis or pyroptosis [302, 375]. Binding of the cytokine precursors by the 

intracellular form of the IL-1R2 decoy receptor prevents them from being processed and secreted, 

thereby inhibiting IL-1 signalling activation [376, 377]. Once in the extracellular space, IL-1 can be 

sequestered by the soluble form of IL-1R2, which is enhanced by additional binding of soluble IL-1R3 

[378-382]. A soluble form of the cognate receptor IL-1R1 can also be shed from the signal-receiving 

cell, which can bind to IL-1 in the extracellular space. However signal transduction fails due to the 

absence of the TIR domain [305]. At the surface of the signal-receiving cell, IL-1 and the IL-1R3 

accessory receptor can be sequestered by the membrane-bound form of IL-1R2, which also lacks the 

essential TIR domain [383, 384]. Soluble IL-1R3 can bind IL-1R1 here at the plasma membrane, 

along with the splice variant IL-1R3b, which prevents signal transduction due to TIR domain absence 

or modification [305, 385]. The IL-1 receptor antagonist IL-1Ra can bind to IL-1R1 at the plasma 

membrane and prevent IL-1 and IL-1R3 binding [305, 306, 386]. Lower down the pathway, MyD88 is 

sequestered by IL-1R8 (which also inhibits IL-1/IL-1R1/IL-1R3 complex formation through its 

extracellular domain) and the membrane-bound form of ST2 [387-389]. The splice variant short 

MyD88 binds to the signalling complex but lacks the intermediate domain needed to transduce the 

signal [390, 391]. IRAK1 recruitment is regulated by Tollip, which binds to the IRAK proteins and 

prevents autophosphorylation, and IRAK-M, which inhibits dissociation of IRAK1/4 from MyD88 and 

hence prevents TRAF6 recruitment [392-394]. Both MyD88 and IRAK can be targeted for 

proteasomal degradation by ubiquitination [323, 395]. 
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1.3.9. IL-1 inhibitors are well-established in the clinic 

IL-1α and IL-1β are typical pro-inflammatory cytokines, which stimulate both local and systemic 

inflammation. Inflammation has evolved to be protective and is essential in the fight against microbial 

infection, but when inappropriately activated or too prolonged (chronic inflammation) it causes disease 

[305]. There are a wide range of diseases associated with deregulated IL-1 signalling., the majority 

being autoinflammatory and rheumatic conditions [396]. In some cases, such as cryopyrin-associated 

periodic syndromes (CAPS), patients inherit mutations in components of the IL-1 signalling pathway 

meaning that the aetiology of the disease is underpinned by aberrant IL-1 signalling [397]. In other 

hereditary autoinflammatory syndromes such as familial Mediterranean fever (FMF) and TNF 

receptor-associated periodic syndrome (TRAPS), pathological IL-1 signalling occurs as a result of 

mutations in components upstream of the pathway itself. In these syndromes, therapeutic inhibition of 

IL-1 signalling is widely used and highly effective [398, 399]. Furthermore, IL-1 inhibition is well 

established in autoinflammatory conditions where disease aetiology is poorly understood, but IL-1 

signalling is known to be upregulated. For instance, in cases of systemic onset juvenile idiopathic 

arthritis (sJIA), adult-onset Still’s disease (AOSD) and macrophage activation syndrome (MAS) [400-

402]. IL-1 inhibition is routinely used with modest benefit in patients with rheumatoid arthritis (RA) 

which is an autoimmune disease with an unknown trigger, although characterised by elevated IL-1 

signalling in the joints [403]. Studies have also identified IL-1 signalling genetic polymorphisms 

correlated with increased risk of diseases such as Behçet disease, and rheumatic conditions including 

systemic lupus erythematosus (SLE) and ankylosing spondylitis [404-406]. Interestingly, IL-1 

inhibitors are increasingly being trialled in cardiovascular disease patients, including cases of 

idiopathic pericarditis and atherosclerosis [407, 408]. 

There are currently 3 IL-1 signalling inhibitors in the clinic: anakinra (ANA), canakinumab (CAN) and 

rilonacept (although only anakinra and canakinumab are approved for use in the UK) [409, 410]. 

(Examples of additional IL-1 inhibitors are given in Table 1.3). All 3 clinically available IL-1 inhibitors 

are safe with very few side effects, save a relatively small increased risk of routine infection due to 

impairment of the innate immune system [409]. Unlike other immune-targeting drugs including 

glucocorticoids, cyclosporine and anti-TNF therapies, IL-1 inhibitors only barely increase the risk of 

opportunistic infections such as tuberculosis (TB) [411]. Anakinra in particular has been used daily by 

RA patients for almost 2 decades and has a well-documented safety profile [412]. This makes IL-1 

inhibitors prime candidates for re-appropriation into the treatment of other diseases. In fact, ANA, 

CAN and rilonacept have undergone clinical trials for the treatment of conditions such as 

cardiovascular disease, type II diabetes, colorectal cancer, smouldering/indolent multiple myeloma 

and lung cancer [413-417]. In the next section of this introduction I will summarise our understanding 

of the role of IL-1 signalling in breast cancer prior to the commencement of this project, including in 

cell proliferation, apoptosis and invasion. I will also outline how IL-1 contributes to cancer therapy 

resistance, and any evidence thus far that IL-1 inhibition may be valuable in cancer treatment. 
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Stage of 
development 

IL-1 inhibitor Mechanism of action Licenced for use/trialled 
in 

Clinical 
considerations 

Approved by 
NICE 

Anakinra (ANA) Recombinant IL-1Ra, 
competitively binds to IL-
1R1 preventing binding 
of IL-1α and IL-1β 

RA refractory to 
methotrexate, CAPS, AOSD 

Short half-life, 
daily 
administration 

Canakinumab 
(CAN) 

Anti-IL-1β monoclonal 
antibody, selectively 
prevents IL-1β binding to 
IL-1R1 

Gout refractory to or 
unsuitable for conventional 
treatments (NSAIDs, 
colchicine, corticosteroids), 
CAPS, TRAPS, 
hyperimmunoglobulinemia 
D periodic fever syndrome 
(HIDS), FMF, AOSD 

Long half-life, 
administered 
every 1-2 
months 

Approved by 
the FDA but 
not NICE 

Rilonacept IL-1 trap (soluble decoy 
receptor), fusion protein 
composed of the 
extracellular ligand-
binding domains of IL-
1R1 and IL-1R3 fused to 
the Fc portion of IgG1, 
mops up IL-1α and IL-1β 
with high affinity, 
preventing them from 
binding to IL-1R1 

CAPS Mid-range half-
life, weekly 
administration 

Clinical trials Gevokizumab Anti-IL-1β monoclonal 
antibody 

Schnitzler syndrome, type II 
diabetes, Behçet disease 

AMG108/MEDI-
78998 

Anti-IL-1R1 monoclonal 
antibody 

RA, osteoarthritis 

MEDI-8968 Anti-IL-1R1 monoclonal 
antibody 

Chronic obstructive 
pulmonary disease (COPD) 

LY2189102 Anti-IL-1β monoclonal 
antibody 

Type II diabetes 

MABp1 Anti-IL-1α monoclonal 
antibody 

Non-small cell lung cancer 
(NSCLC), colorectal cancer 

EBI-
005/isunakinra 

Chimera of IL-1β and IL-
1Ra, binds to IL-1R1 
preventing ligand binding 
and activation 

Dry eye disease (DED) 

CYT013-
IL1bQb 

Therapeutic vaccine, 
induces patient’s own 
antibodies against IL-1, 
recombinant IL-1β 
coupled to virus-like 
particles (VLPs) 

Type II diabetes 

Pre-clinical 
studies 

P2D7KK Anti-IL-1β monoclonal 
antibody 

Table 1.3: IL-1 inhibitors and their applications in the clinic [409, 411, 418-430] . NICE (National 

Institute for Health and Care Excellence in Britain), FDA (Food and Drug Administration in the US). 
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1.3.10. IL-1 in breast cancer  

IL-1 signalling is historically significantly less well studied in the field of breast cancer than the Notch 

signalling pathway. Despite this, there is evidence linking it to the pathology of breast cancer, 

including in the context of chronic inflammation, the tumour (or metastatic site) microenvironment and 

cancer cell paracrine or autocrine signalling. For this introduction I will focus on the function of IL-1 in 

signalling within the tumour cell population and in the tumour microenvironment, as these are the 

contexts most pertinent to this project. 

IL-1α, IL-1β, IL-1Ra and IL-1R1 are expressed by breast cancer cell lines, in primary breast tumour 

samples and by cells in the tumour microenvironment [431-433]. IL-1 expression is positively 

correlated in primary samples with tumour invasiveness and aggressiveness, poor prognosis, ER 

receptor negativity and high tumour grade [432, 434-436]. Moreover, IL1B expression is significantly 

correlated with disease recurrence and bone metastasis in patients with stage II/III breast cancer 

[437]. IL-1α levels increase with progressively more malignant breast cancer cell lines, with the 

highest levels detected in triple negative MDA-MB-231 cells [438, 439]. In vivo, knockout of IL1A or 

IL1B in BALB/c mice prevents or significantly slows DA/3 mammary tumour growth respectively [440, 

441]. Overexpression of IL-1α increases MCF-7 tumour growth rate in the mammary fat pad [442]. 

Collectively, this suggests that IL-1 signalling contributes to the breast cancer cell phenotype. 

Therapeutic targeting of IL-1 signalling may be particularly beneficial for patients with triple negative 

breast cancer, where the need for novel treatments is greatest.  

Pro-inflammatory cytokines are implicated in symptoms such as pain and fatigue experienced by 

breast cancer patients and survivors, as well as in the aetiology of the disease. This means that 

targeting these pathways has the potential to improve patient quality of life, in addition to inducing or 

enhancing tumour regression [443-445]. Moreover, a patient’s level of IL-1α in the serum or in the 

tumour itself could potentially be used as a prognostic marker, to predict the risk of metastasis and 

help guide treatment decisions. Genetic polymorphisms in IL-1 signalling components have also been 

linked to breast cancer in multiple populations. A large study found that specific genetic variations of 

the IL1B and IL1A genes were associated with more aggressive tumours and reduced survival in 

breast cancer patients, and the IL1RN 2/2 homozygous mutation is correlated with poorer disease-

free and overall survival outcome in Caucasian women [446, 447]. 

1.3.11. Cell proliferation 

In the context of breast cancer cell proliferation, IL-1 has contrasting roles depending on the receptor 

status of the cells. Numerous early studies demonstrated that IL-1 treatment of the ER+ MCF-7 cells 

inhibits cell growth and proliferation [448-454]. However, this is not recapitulated in ER- MDA-MB-231 

cells, where IL-1 appears to have no significant impact on proliferation [448, 449, 453]. This pattern is 

also seen in other breast cancer cell lines, including the ER+ cell line ZR-75-B and ER- HS-578-T 

[449]. In normal mammary epithelial cells, IL-1 inhibits cell proliferation, downstream of factors such 

as retinoic acid and vitamin D [453, 455]. Interestingly a more recent study found that IL-1β treatment 
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actually increased MCF-7 cell proliferation, especially where the cells were selected for increased 

sensitivity to IL-1 treatment [456]. 

1.3.12. IL-1/ER crosstalk 

This difference between ER+ and ER- cells implies the presence of crosstalk between the IL-1 and 

ER signalling pathways. This is supported by data in these early studies. Several studies found that 

IL-1 specifically blocked oestrogen-induced MCF-7 growth through downregulation of the ER [448, 

450-452]. In contrast, other groups have found that IL-1 positively regulates ER signalling. For 

example, Speirs et al demonstrated that IL-1β upregulates ERα transcription in MCF-7 cells [457]. IL-

1β has also been shown to stimulate aromatase and steroid sulfatase activity in ER- SKBR3 cells 

[458].  

To add further complexity, there is evidence of regulation in the reverse direction. One group showed 

that the anti-proliferative effects of IL-1 treatment in MCF-7 cells were preventable by addition of 

oestrogen [448]. This implies that ER signalling negatively regulates IL-1 signalling. On the other 

hand, other studies have concluded the opposite: that ER signalling positively regulates IL-1 

signalling. One group found that tamoxifen treatment of breast cancer xenograft-bearing mice 

reduced IL-1β production by the murine tumour stroma and increased IL-1Ra production by both the 

murine stromal and human cancer cells. In vitro, oestradiol reduced IL-1Ra secretion by MCF-7 cells 

[459]. Moreover, levels of oestradiol were positively correlated with secreted IL-1β and negatively 

correlated with IL-1Ra in normal breast cancer tissue. Adjuvant tamoxifen therapy increased IL-1Ra 

levels in the normal breast tissue [460]. 

In summary, IL-1/ER crosstalk is complex and not fully understood. There is evidence to suggest 

bidirectional positive and negative regulation between the two pathways. More work is needed to 

unravel the convoluted interaction between IL-1 and ER signalling, but more importantly to determine 

what impact this crosstalk has on the breast cancer cell phenotype and breast cancer prognosis or 

treatment efficacy.  

1.3.13. Cell survival  

Very little is known about the role of IL-1 in breast cancer cell apoptosis. Our lab has shown that 

treatment of MCF10A cells with recombinant IL-1α induces pro-survival Akt activation. Stable 

overexpression of IL1A in MCF10A cells reduces their sensitivity to doxorubicin-induced apoptosis, 

while inhibition of IL-1 signalling in MDA-MB-231 cells (via stable transduction with IL1RN) increases 

their apoptotic sensitivity (Figure 1.13) [296]. This is supported by the fact that pharmacological 

inhibition of IRAK1 significantly enhances the efficacy of paclitaxel in breast cancer cell lines by 

inducing apoptosis through inhibition of downstream p38 signalling [461]. More work is needed to fully 

elucidate the importance of IL-1 signalling in breast cancer cell survival, and to establish if IL-1 

inhibition could be used re-sensitise resistant cells to apoptotic agents in the therapeutic setting.  
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1.3.14 EMT, invasion and metastasis 

As IL-1 signalling has been linked to the most invasive, aggressive and poor prognosis breast 

cancers, the importance of IL-1 in breast cancer cell invasion and metastasis is being explored. IL-1β 

treatment induces a morphological change in non-invasive MCF-7 cells indicative of increased 

invasiveness, enhances cell motility and confers a pattern of EMT and invasive markers [462]. IL-1β-

sensitive MCF-7 cells selected from the heterogenous MCF-7 population are more invasive and 

migratory in transwell assay [456]. Mechanistically, this may occur through CREB, as IL-1 upregulates 

CREB in MDA-MB-231 cells, which increases cell invasion in Matrigel when overexpressed [463]. IL-1 

also increases chemokine receptor expression and HIF1α (in non-hypoxic conditions), which induces 

migration in MCF-7 and MDA-MB-231 cells respectively [464, 465]. In an early in vivo study, IL1A or 

IL1B KO in BALB/c mice reduced the invasiveness of DA/3 breast cancer cells in implanted Matrigel 

plugs [440]. IL1B was also identified in a screen of metastasis-associated genes differentially 

expressed in a novel bone-homing clone of the MDA-MB-231 cell line. IL-1β was upregulated, 

suggesting that the cytokine has a role in metastatic spread to the bone [437].  

Looking further down the pathway, IRAK1 overexpression is correlated with breast cancer metastatic 

progression. Inhibition of IRAK1 in IRAK1-overexpressing TNBC cells reduces IL-1β-induced 

invasion, while ectopic expression of IRAK1 in non-transformed breast epithelial cells enhances IL-1β-

induced invasion. Importantly, knockdown of IRAK1 reduces TNBC metastasis to the lungs in vivo 

[461].  

Collectively, these data suggest that IL-1 signalling can influence multiple stages of the breast cancer 

metastatic pathway including EMT, invasion and homing to secondary sites. Further investigation is 

needed to conclusively determine whether targeting IL-1 signalling could be used as a therapeutic 

strategy for the prevention of metastatic spread in breast cancer patients. 
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Figure 1.19: IL-1 is implicated at multiple stages of breast cancer tumorigenesis and 

metastasis. Schematic figure summarising the available literature at the commencement of this 

project. IL-1 inhibits the proliferation of ER+ breast cancer cells, but also mediates breast cell survival 

and therapy resistance. IL-1 signalling promotes EMT, invasion and cell migration through 

upregulation of factors such as CREB, HIF1α and the chemokine receptor CXCR4 [463-466]. IL-1 

signalling is also upregulated in bone-homing TNBC cells [437]. IL-1 in the tumour microenvironment 

contributes to tumour promoting inflammation and suppression of anti-tumour immunity [467]. IL-1 is a 

pro-angiogenic factor, stimulating angiogenesis both directly and indirectly through its role in 

inflammation. It induces IL-8, which stimulates angiogenesis through promoting endothelial cell 

proliferation and survival, regulating capillary tube organisation and inducing MMP expression [431, 

468, 469]. ER- breast cancer cell-derived IL-1α has also been shown to induce E-selectin in 

endothelial cells. E-selectin is pro-angiogenic and facilitates entry of leukocytes into the area of 

neovascularisation [470].  
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1.3.15. Does IL-1 contribute to therapy resistance? 

At the commencement of this project there was little available literature implicating IL-1 signalling in 

breast cancer therapy resistance or breast cancer stem cell activity. One key paper was published in 

2015 which linked IRAK1 with paclitaxel resistance in TNBC. Inhibition of IRAK1 in breast cancer cell 

lines and PDX-derived cells with high levels of IRAK1 expression impaired mammosphere formation 

and self-renewal, while ectopic IRAK1 expression induced mammosphere formation in non-

transformed mammary epithelial cells. This suggests that the IL-1 signalling pathway contributes to 

the BCSC phenotype. Furthermore, paclitaxel treatment induced IL1B expression and IRAK1 

activation in TNBC cells, and enriched for BCSCs. Importantly, inhibition of IRAK1 prevented this 

paclitaxel-induced BCSC enrichment, and re-sensitised paclitaxel-resistant cells. Phosphorylated 

IRAK1 is also increased in chemo-resistant metastatic tumour cells compared to matched primary 

tumour cells. Collectively this implies that IL-1/IRAK1 signalling mediates acquired paclitaxel 

resistance in TNBC, and that targeting IL-1/IRAK1 signalling may be used to re-sensitise breast 

cancers to paclitaxel [461].  

Particularly note-worthy for this project is that Notch-induced IL-1 has also been linked to the stem cell 

phenotype. Notch1 overexpression induces the BCSC CD44/CD24 marker signature in MCF-7 and 

MCF10A cells, which is accompanied by STAT3 activation and downstream IL-1β expression [300].  

Thus far in this introduction I have only briefly mentioned the vital role of IL-1 in the immune system 

as it is out of the scope of this introduction. However, it is important to note that IL-1 plays a key role 

in inflammation, and that this also contributes to its pro-tumorigenic nature [471]. To add further 

support for its candidacy as a novel therapeutic target in breast cancer treatment, IL-1 has a role in 

tumour immune evasion. IL-1 disrupts anti-tumour immunity, for example, IL-1β induces myeloid-

derived suppressor cell (MDSC) differentiation. MDSCs target T cells and support tumour progression 

[467, 472, 473]. Although targeting IL-1 alone may be insufficient to release the suppression of anti-

tumour immunity observed in cancer, combining it with immunotherapy presents a promising 

approach. In fact, several clinical trials are exploring the use of anti-IL-1 agents in combination with 

PD-1 immune checkpoint inhibitors or CAR-T cell therapy (see Table 1.4 in the next section). 

1.3.16. Could IL-1 signalling be targeted for breast cancer therapy? 

There is significant evidence to suggest that IL-1 signalling is pro-tumorigenic, not just in the breast as 

outlined in the sections of this introduction above, but also in other tissues. This includes roles in 

cancer cell proliferation, invasion, metastasis, angiogenesis and the stem cell phenotype [471, 474]. 

This makes the IL-1 signalling pathway an attractive therapeutic target for cancer treatment, 

particularly for combination regimes. There are a range of IL-1 inhibitors available with at least 3 

already approved and used extensively in the clinic for other conditions (see Section 1.3.9.). These 

drugs have well-established safety profiles and have been tested for long term and high dose use, 

making them prime for re-appropriation. In fact, clinical trials at various phases are ongoing into the 

use of IL-1 inhibitors for this purpose, primarily with anakinra and canakinumab. At the time of writing 
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there are at least 3 IL-1 inhibitor clinical trials running containing breast cancer patients [471]. Novartis 

are running two phase I clinical trials including CAN in combination with spartalizumab (anti-PD-1) 

and LAG525 (anti-lymphocyte activation gene 3 (LAG3)) (NCT03742349), or spartalizumab alone 

(NCT02900664) in the treatment of advanced metastatic TNBC and TNBC, colorectal cancer and 

NSCLC respectively [475, 476]. In addition, a phase I/II clinical trial is ongoing for the use of 

Cantargia’s CAN04 anti-IL-1R3 antibody as a monotherapy and/or in combination with standard of 

care treatment for solid malignancies including TNBC (NCT03267316) [477].  

A few clinical trials for IL-1 inhibitors have already reached completion. For example, the Baylor 

Research Institute tested Anakinra plus standard of care chemotherapy in a small pilot phase I 

metastatic breast cancer trial (NCT01802970). It was determined that ANA treatment downregulated 

markers of innate inflammation in the blood, while simultaneously upregulating immune cells 

cytotoxicity that may enhance anti-tumour immunity. The treatment was also safe, justifying further 

investigation into the use of ANA in metastatic breast cancer therapy [478]. A phase I/II clinical trial is 

ongoing for the use of pacritinib (non-specific IRAK1 inhibitor) as a monotherapy for breast cancer 

patients with aberrant IRAK1 activation (NCT04520269) [479]. 

Listed below in Table 1.4 below are further examples of completed and ongoing clinical trials for the 

use of IL-1 inhibitors in cancer. In some cases this includes the employment of IL-1 inhibitors to 

relieve side effects of conventional therapies, rather than for targeting the cancer cells themselves. 

This demonstrates the versatility and usefulness of IL-1 inhibitors.  
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Status Anti-IL-1 
therapy 

In combination with Cancer type Phase Targeting Identifier Results 

Completed Anakinra N/A Metastatic cancers 
expressing IL1 

I Cancer cells NCT00072111 Unknown 

Anakinra Bevacizumab (anti-
VEGF) 

Metastatic colorectal 
cancer 

II Cancer cells NCT02090101 Promising activity with 
manageable safety profile 
[415]. 

Anakinra Dexamethasone 
acetate (corticosteroid) 

Smouldering and 
indolent multiple 
myeloma 

II Cancer cells NCT00635154 Improved progression-free 
and overall survival, lowered 
C-reactive protein levels 
[416, 480]. 

MABp1 (anti-
IL-1α) 

N/A Advanced colorectal 
cancer 

III Cancer cells, 
symptomatic 
improvement (patient 
quality of life) 

NCT02138422 Improved patient quality of 
life, disease stabilisation, 
overall survival and 
incidence of serious adverse 
events [481]. 

Canakinumab Standard of care 
treatment 

Atherosclerosis III Prevention of recurrent 
cardiovascular events 
in patients with 
myocardial infarction 

NCT01327846 Trial designed to test 
canakinumab for 
cardiovascular disease and 
type II diabetes treatment 
found that canakinumab-
treated patients had reduced 
lung cancer incidence and 
mortality [417]. 

Ongoing Canakinumab Spartalizumab (anti-
PD-1), nab-paclitaxel 
(nanoparticle albumin-
bound paclitaxel, 
taxane mitotic inhibitor), 
gemcitabine 
(nucleoside analogue) 

Metastatic pancreatic 
ductal adenocarcinoma 

I Cancer cells NCT04581343 

Anakinra 
(recombinant 
IL-1Ra) 

Everolimus (mTOR 
inhibitor) 

Advanced, metastatic, 
refractory and recurring 
cancer 

I Cancer cells NCT01624766 

Anakinra Nab-paclitaxel, 
gemcitabine, cisplatin 
(platinum-based DNA 
crosslinker) 

Pancreatic cancer I Cancer cells, patient 
quality of life and 
survival 

NCT02550327 

Canakinumab 
(anti-IL-1β) 

Spartalizumab  Renal cell carcinoma I Cancer cells NCT04028245 

Canakinumab Spartalizumab, 
cisplatin, gemcitabine, 
pemetrexed (folate 

NSCLC I Cancer cells NCT03064854 
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antimetabolite), 
carboplatin (platinum-
based DNA 
crosslinker), paclitaxel 

MABp1 Nanoliposomal 
irinotecan 
(topoisomerase 
inhibitor), 5-fluorouracil 
(thymidylate synthase 
inhibitor) 

Pancreatic cancer I Cachexia NCT03207724 

CAN04 (anti-
IL-1R3) 

Pembrolizumab (anti-
PD-1) 

NSCLC, urothelial 
carcinoma, malignant 
melanoma, head and 
neck squamous cell 
carcinoma 

I Cancer cells NCT04452214 

Anakinra Lenalidomide (E3 
ubiquitin ligase 
modulator), 
dexamethasone 

Smouldering or indolent 
multiple myeloma 

I Cancer cells NCT02492750 

Anakinra Axicabtagene ciloleucel 
(chimeric antigen 
receptor (CAR)-T cell 
therapy), 
cyclophosphamide 
(DNA crosslinker), 
fludarabine (purine 
analogue) 

Refractory and 
recurring B cell 
lymphoma 

I/II CAR-T cell therapy 
toxicity, cancer cells 

NCT04432506 

Anakinra JCARH125 (CAR-T cell 
therapy) 

Multiple myeloma II CAR-T cell therapy 
toxicity 

NCT03430011 

Anakinra Melphalan (alkylating 
agent and DNA 
crosslinker) prior to 
autologous 
haematopoietic stem 
cell transplantation 
(ASCT) 

Multiple myeloma II Melphalan toxicity 
(fever during 
neutropenia and 
mucositis) 

NCT03233776 
and 
NCT04099901 

Anakinra Axicabtagene ciloleucel B cell non-Hodgkin 
lymphoma 

II CAR-T cell therapy 
toxicity 

NCT04359784 

Anakinra Axicabtagene ciloleucel Refractory and 
recurring non-Hodgkin 
lymphoma 

II CAR-T cell therapy 
toxicity 

NCT04150913 
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Anakinra CAR-T cell therapy B cell ALL, lymphoma 
and non-Hodgkin 
lymphoma 

II CAR-T cell therapy 
toxicity 

NCT04148430 

Anakinra Axicabtagene 
ciloleucel, 
cyclophosphamide, 
fludarabine 

High grade, recurrent 
and refractory B cell 
lymphoma 

II CAR-T cell therapy 
toxicity 

NCT04205838 

Canakinumab N/A, pembrolizumab 
(anti-PD-1) 

NSCLC II Cancer cells NCT03968419 

Canakinumab N/A Chronic 
myelomonocytic 
leukaemia (CML), 
myelodysplastic 
syndrome 

II Cancer cells NCT04239157 

Canakinumab Spartalizumab Melanoma II Cancer cells NCT03484923 

Canakinumab N/A NSCLC III Cancer cells NCT03447769 

Canakinumab Pembrolizumab, 
carboplatin, cisplatin, 
paclitaxel, nab-
paclitaxel pemetrexed, 
docetaxel (taxane 
mitotic inhibitor) 

NSCLC III Cancer cells NCT03631199 
and 
NCT03626545 

Table 1.4: Completed and ongoing clinical trials featuring IL-1 inhibitors in the treatment of cancer types other than breast cancer. Adapted from [471] with 

additional information and trials from ClinicalTrials.gov. 
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Despite the promise that IL-1 signalling inhibitors have shown in pre-clinical investigations and clinical 

trials, it is important to consider the risks of targeting such an important cytokine. I’ve already 

mentioned how IL-1 can be anti-proliferative in the breast dependent on breast cancer subtype (likely 

due to crosstalk with the ER signalling pathway) (see Sections 1.3.11. and 1.3.12.). However, IL-1 

inhibition may also be a risky approach due to its ubiquitous role in the immune system. One study 

found that although ANA moderately enhanced the effect of paclitaxel on primary tumour growth in 

vivo, it significantly increased the number of spontaneous metastases in the lungs. This was 

surprising considering the pro-metastatic role of IL-1 (outlined in Section 1.3.14.), however further 

investigation revealed that ANA inhibited angiogenesis and seemed to skew tumour associated 

macrophages (TAMs) towards the M2 phenotype, which are associated with vascular leakage. This 

suggests that IL-1 inhibition made the tumour blood vessels more “leaky”, increasing the risk of 

tumour cells escaping into the blood stream [482]. (Both Notch and IL-1 signalling contribute to 

angiogenesis in breast tumorigenesis, however detailed discussion of this is out of the scope of this 

introduction). Furthermore, there are a handful of studies suggesting that IL-1 treatment (rather than 

IL-1 inhibition) may increase the sensitivity of breast cancer cells to chemotherapy [483, 484].  

Collectively, this means that, as with all current and potential cancer therapies, a delicate balance 

must be struck to reduce the risk of treatment side effects. It is key that we are able to target the pro-

tumorigenic effects of a signalling pathway, without inhibiting anti-tumorigenic functions or those 

essential to normal cell or tissue behaviour. This leads me on to the final section of this introduction, 

where I will discuss the roles of Notch and IL-1 signalling in the normal mammary gland.  
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1.4. Is IL-1 signalling important in the normal mammary gland? 

When identifying candidates for therapeutic targeting in cancer treatment, it is important to consider 

the role of the target in the normal functioning of the tissue or organ. If the target has an important role 

in normal functioning this increases the risk of side effects in the patient. Dosing, administration route 

and whether combination treatments are required must be more carefully considered. Firstly, I will 

outline the stages of normal mammary gland development, highlighting key signalling pathways. I will 

then outline our understanding of the role of IL-1 signalling in the normal mammary gland, if any, at 

the commencement of this project. 

1.4.1. Development of the mammary gland: Notch has a key part to play  

The function of the mammary gland is to produce and secrete milk to feed offspring. The mammary 

gland is one of the few organ’s whose development does not end with puberty; it undergoes dynamic 

remodelling throughout life. Major changes in the structure and function of the mammary gland occur 

in distinct stages defined as the embryonic, pubertal, pregnancy, lactation and involution stages of 

mammary gland development [485]. These stages are primarily regulated by hormones, and other 

key developmental signalling pathways including the Notch pathway (Figure 1.23). It is vital to 

understand the signalling events that occur during mammary gland development as these are the 

same pathways that contribute to breast tumorigenesis.  

1.4.2. Mammary stem cells, progenitors and lineage determination 

A subpopulation of mammary epithelial cells can re-populate a full functional mammary gland in a 

cleared mammary fat pad [486]. These mammary gland-reconstituting cells contain multi/bipotent 

mammary stem cells (MaSCs) and unipotent mammary epithelial progenitors [487]. MaSCs are 

primarily active during the embryonic stage as fetal mammary stem cells (fMaSCs). Most post-natal 

mammary gland development originates from unipotent lineage-committed progenitors (luminal and 

basal progenitor cells) located in the basal epithelium [485]. Cells in the basal layer generally do not 

express ER(α), however luminal cells are a mixed population of both ER+ (oestrogen sensitive) and 

ER- (oestrogen responsive) cells [488-490]. ERα KO in the mammary gland causes loss of branching 

morphogenesis during puberty and lactation failure due to defective alveologenesis [491]. Notch 

signalling is critical in MaSC and mammary progenitor cell function [219]. Notch signalling is 

upregulated in MaSCs and inhibition reduces stem characteristics including mammosphere formation 

and self-renewal [219, 492]. Notch is important in MaSC asymmetric cell division, as well as self-

renewal. Numb is asymmetrically distributed during MaSC asymmetrical cell division, with expression 

detected in the daughter cell with more stem-like characteristics [493]. Notch signalling also mediates 

quiescent MaSC re-activation, which occurred in one study following luminal cell ablation. Notch-

mediated MaSC re-activation induced the regeneration of the luminal compartment, hinting at a 

secondary role for Notch signalling in lineage determination [494]. 

Lineage determination in the mammary gland is still not fully understood. Luminal progenitors are 

believed to be hormone insensitive, therefore other paracrine signalling mechanisms are responsible 
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for the translation of oestrogen and progesterone signals during puberty and pregnancy. A number of 

signalling factors have been linked to this process including GATA3, STAT5, RANKL, ELF5, axin 

inhibition protein 2 (axin2), p63 and serum response factor (SRF) and its co-factor myocardin-related 

transcription factor A (MRTF-A) [485, 495] (Figure 1.20). The Notch pathway is also vital in lineage 

determination, as it maintains the luminal cell fate in the post-natal mammary gland [496]. Notch1-3 

are more highly expressed in luminal cells, which corresponds to increased Notch activity compared 

to myoepithelial cells [231]. Ectopic up/downregulation of Notch signalling disrupts the luminal vs 

basal/myoepithelial lineage balance, causing abnormal gland development in vivo due to aberrant 

expansion of one lineage over the other [219, 231, 497-499]. Furthermore, more recent lineage 

tracing studies have found that Notch can be used to determine novel lineages of mammary epithelial 

cells, including progenitor populations, and that activation of the pathway is sufficient to switch the 

lineage of differentiated cell types [500-503]. 
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Figure 1.20: Lineage determination in the mammary gland is mediated by paracrine signals. 

Examples of signalling events that mediate luminal epithelial and myoepithelial cell differentiation 

[485]. MaSCs and luminal progenitor cells are hormone insensitive, hence rely on paracrine signals 

from hormone sensitive mature luminal epithelial cells. RANKL is a key mediator of progesterone-

responsive signalling, as it induces STAT5a and ELF5 in MaSCs and luminal progenitor cells 

respectively [504, 505]. ELF5 and cyclin D1 are also upregulated in luminal progenitor and mature 

luminal cells by neuregulin 1 (NRG1) produced by myoepithelial cells. P63 induces NRG1 expression, 

and it binds to the ERBB4 receptor. NRG1 upregulates STAT5a signalling in MaSCs. Both these 

NRG1-induced signalling events are essential for the function of the signal receiving cells [506, 507]. 

Notch is implicated in both the maintenance of MaSCs (Notch4), but also in guiding progenitors down 

the luminal lineage (Notch1-3). 
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1.4.3. Embryonic stage 

The mammary gland doesn’t fully develop until after birth, as hormones produced during puberty are 

required for the gland to mature. During the embryonic phase of development (approximately 

embryonic day (E) 10.5-18.5 in mice), a quiescent rudimentary ductal tree forms [485]. Ectodermal 

placodes form along the mammary line which develop into buds of epithelial cells that invaginate into 

the underlying tissue and become embedded in condensed mesenchymal cells [490]. These 

mesenchymal cells form the mammary mesenchyme and the beginnings of the mammary fat pad. 

Over time the epithelial buds grow and elongate, invading the mammary fat pad precursor. By the end 

of E18.5, a nipple-like structure is formed of epidermal cells, and the sprout has branched into the fat 

pad and developed a lumen [485]. Notch signalling plays a key role in mammary stem cells and 

lineage determination, including in the embryo. This will be discussed in more detail in the next 

section. 

1.4.4. Pubertal stage 

During female puberty the ductal tree rapidly expands into the mammary fat pad (branching 

morphogenesis), particularly during the luteal phase of the oestrous cycle [485, 487]. Ductal 

elongation occurs at the tips from terminal end buds (TEBs). TEBs are highly proliferative and rich in 

progenitor cells capable of self-renewal and differentiation into both luminal and myoepithelial 

lineages [508]. They are composed of a thin outer layer of cap cells and a thicker inner layer of body 

cells [490]. The TEBs bifurcate or terminate as they grow, and lateral side branching of the ducts 

occurs. Duct lumens are formed by epithelial cell apoptosis, with dead cells cleared by infiltrating 

macrophages [487]. The cap cells of the TEB differentiate into myoepithelial cells and produce the 

basal lamina, whereas the outer layer of body cells form the ductal epithelium [485]. Once the 

mammary fat pad is filled, the TEBs regress and branching morphogenesis is concluded [508, 509]. 

(See Figure 1.21 for an overview of the anatomy of the mature mammary gland). 

Notch receptors, ligands and target genes are expressed in the normal post-natal mammary gland 

and are temporally and spatially regulated throughout development [496]. Both upregulation and 

downregulation of Notch signalling confers aberrant development during puberty [219, 498]. 

Expression of Notch1-3 increases during post-natal development, with Notch3 the most abundant of 

the receptors. Notch3 expression is found particularly in the highly proliferative cap cells of the TEBs 

during puberty, and may also be regulated by ER signalling [510]. Knockout of Notch3 prevents 

normal embryonic and pubertal mammary gland development [511]. Despite being the lowest 

expressed of the receptors, Notch4 is also important for mammary gland development and function 

[219]. Truncation of Notch4 (Int3, gain of function mutation that causes aberrantly active RBPJκ-

dependent Notch signalling) in vivo results in stunted ductal growth during puberty due to failed 

branching morphogenesis. TEBs are replaced by dysplastic epithelial growth [512-515]. Notch4 

expression and activity is increased in the TEBs and budding lateral branches during branching 

morphogenesis compared to mature regions of the ductal tree [219, 500]. Despite this, knockout of 

Notch4 does not negatively impact mammary gland development [516]. Interestingly, Notch1 
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expression is higher in the  right side mammary glands compared to the left during murine pubertal 

development, which corresponds with differential growth and patterning of the ductal tree and breast 

cancer risk [517]. 

1.4.5. Pregnancy and lactation 

During early gestation a round of mammary epithelial cell proliferation and differentiation occurs which 

mediates tertiary ductal branching and lobuloalveolar development. At this stage large numbers of 

secretory alveoli are formed, capable of producing and secreting milk for lactation (alveologenesis) 

[487]. By late pregnancy the majority of the mammary fat pad is filled with alveoli, and early breast 

milk (colostrum) is being produced by the luminal epithelial cells [518, 519].  

Upon parturition, milk begins to be secreted into the lumen of the alveoli. Mechanical stimulation of 

the nipple by suckling stimulates the “let down reflex”. Myoepithelial cells in the basal layer of the 

alveoli contract, pushing the milk out of the alveoli and into the lactiferous ducts which drain out 

through the nipple [519]. During lactation binucleate mammary epithelial cells are produced to cope 

with the increased demand for protein synthesis [520].  

Notch1-3 expression peaks during early pregnancy [510]. The importance of Notch in the ability of the 

mammary gland to develop normally during pregnancy is highlighted by the Int3 mouse model. The 

mice display impaired lobuloalveolar development during pregnancy resulting in lactation failure [512]. 

Moreover, Notch3 knockout mice are unable to support their young due to lactation failure [511]. 

Knockout of Numb in myoepithelial cells also causes lactation failure and litter loss [498]. Moreover, 

RBPJκ deletion in mammary progenitor cells causes aberrant alveologenesis and basal cell 

proliferation during pregnancy, likely triggered by hormonal signals [497]. 

1.4.6. Involution 

Weaning causes milk stasis which triggers mammary gland involution. Involution is characterised by 

lobule regression and re-modelling of the ductal tree to a form resembling the pre-pregnancy gland 

(Figure 1.22). Early involution (days 0-6 in the mouse) is reversible and characterised by cessation of 

milk production, milk absorption, and massive lysosomal and apoptotic cell death. Approximately 80% 

of the mammary epithelium dies during early involution [487]. Late involution (days 6-21 in the mouse) 

is irreversible and characterised by alveolar collapse and tissue re-modelling [508]. Luminal epithelial 

cells switch to a phagocytic phenotype and engulf milk fat globules from the ductal/alveolar lumen for 

lysosomal degradation, eventually resulting in cell death [490]. The myoepithelial cells surrounding 

the alveoli either die or regress back to the ductal tree [521]. As the epithelium regresses and dies, 

some of the space is filled by regenerating adipocytes that hypertrophy as they fill with milk-derived 

lipids [487, 490]. Additional milk and cell debris is cleared by infiltrating immune cells such as 

macrophages. This prevents activation of an inflammatory immune response that may cause tissue 

damage [490]. During irreversible involution the ECM remodels and phagocytosis continues to clear 

cellular debris [485, 487]. In humans involution can take up to 2 years post-parturition to complete 

[487]. 
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Notch1-3 expression is at its lowest during involution [510]. 

Further involution of the mammary gland occurs in post-menopausal women as ovarian function 

declines and the levels of circulating oestrogen and progesterone decrease. This causes atrophy of 

the glandular tissue and a concurrent increase in adipose tissue [518]. Mammary gland involution 

shares many characteristics with the breast tumour microenvironment, making identification and study 

of the molecular factors involved in involution a useful tool for understanding breast cancer [522]. 

Indeed the involuting mammary gland may promote the transformation of pre-cancerous cells, as 

there is a transient increase in breast cancer risk post-partum [508, 523, 524]. Supporting this, 

postpartum breast cancer (breast cancer diagnosed within a year of birth) is more aggressive and has 

a worse outcome than non-postpartum breast cancer [525]. 

In summary, the mammary gland is a continually developing tissue that undergoes significant periods 

of expansion and re-modelling throughout life. These transformations are carefully orchestrated by co-

ordinated signalling events, triggered by hormonal changes in the post-natal gland. Deregulation of 

these signalling pathways can result in abnormal or failed mammary gland development and/or 

tumorigenesis. The Notch signalling pathway features frequently in mammary gland development, 

particularly during the pubertal and pregnancy stages. 
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Figure 1.21: Anatomy and histology of the adult mammary gland. (A) Simplified anatomy of the adult human mammary gland [526]. In the non-lactating 

gland, 10-100 secretory alveoli are arranged into lobules. The alveoli drain into a ductal system composed of primary, secondary and tertiary lactiferous ducts 

which culminate in the lactiferous sinus at the nipple. The infant attaches to the nipple where the milk is expressed. The ductal epithelium is contained within 

highly fibrous inter-lobular stroma, and intra-lobular stroma composed of mesenchymal cell types. Cells within the stroma communicate with the epithelial 

cells and are important in carcinogenesis. High mammographic density (caused by increased stiffness of the ECM) is a strong independent risk factor for 

breast cancer [527]. The glandular tissue is supported within the breast by adipose tissue and loose fibrous connective tissue known as Cooper’s ligaments 

[509, 518]. (B) Simplified schematic of the histology of a mammary gland alveolus. The alveoli walls are made up of two layers: the luminal and basal epithelia 

[518]. The luminal epithelium encompasses the lumen and is composed of apically orientated keratin 8/18+ cuboidal epithelial cells and milk-producing 

lactocytes during lactation. The basal epithelium is primarily composed of contractile keratin5/14+ myoepithelial cells which contain smooth muscle actin and 

function in the emptying of the alveoli into the ducts during lactation [485, 518]. Also located within the basal layer are quiescent mammary stem cells 

(MaSCs) and basal progenitor cells. Luminal progenitor cells (both hormone receptor positive and negative) are located within the luminal epithelium [490]. 

Most breast cancers (adenocarcinomas) originate from the luminal epithelium either in the duct or the lobules [528]. The mammary gland intra-lobular stroma 

contains non-epithelial cell types such as immune cells, fibroblasts and adipocytes [485]. (C) Haematoxylin and eosin (H&E) stained section of formalin-fixed 

murine mammary gland during the early stages of involution. The gland is still packed full of secretory alveoli containing milk protein.  
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Figure 1.22: Mammary gland whole mounts showing the different stages of involution in a WT C57/BL6 mouse. Glands were harvested at days 2, 4, 6, 

10 and 21 of involution, fixed, and stained with carmine alum before visualisation. 
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Figure 1.23: Development of the mammary ductal tree. (A) Schematic representation of the 

different stages of mammary gland development with key signalling events. Embryonic mammary 

gland development begins with the formation of ectodermal placodes characterised by Wnt 

expression. Development during the embryonic stage is independent of hormones and instead 

mediated by signalling pathways including Wnt, FGF, Hedgehog, ectodysplasin-A1 (Eda, mediated by 

NFκB) and parathyroid hormone-related protein (PTHrP), followed by downstream HOX, GATA3 and 

T-box family (TBX) signalling [487, 490]. Oestrogen and progesterone take control of mammary gland 

development during female puberty. Increased oestrogen levels trigger branching morphogenesis 

propagated by proliferation of TEB cells. TEB cells are characterised by stem-SH2-containing 5′-

inositol phosphatase (s-SHIP), par3-like polarity protein, Notch and Wnt signalling [490]. Lateral side 

branching is triggered by progesterone and mediated by Wnt, receptor activator of nuclear factor κB 

ligand (RANKL) and IGF1 activity. Forkhead box O protein 1 (FOXO1) and pro-apoptotic Bcl-2 protein 

signalling facilitate lumen formation [487]. Cues from the surrounding structure once the mammary fat 

pad is filled (potentially involving TGFβ) cause the TEBs to regress and branching morphogenesis is 

concluded [508, 509]. The mature mammary gland undergoes minor re-modelling with each oestrous 

cycle mediated by hormonal changes. Tertiary ductal branching and lobuloalveolar development in 

early pregnancy is stimulated by an elevation in oestrogen and progesterone levels. Epithelial cell 

proliferation during alveologenesis is mediated by STAT5/6, Wnt, RANKL/NFκB and E74-like factor 5 

(ELF5) signalling. These pathways induce expression of a wide range of genes including milk proteins 

such as whey acidic protein (WAP) and β-casein [490]. Prolactin is also important for alveologenesis 

during pregnancy, where it acts in cooperation with progesterone which also limits its activity. 

Prolactin is produced locally in the mammary gland but more predominantly by lactotrophic cells in the 

pituitary gland, and binds its receptor to activate JAK/STAT5, MAPK and PI3K signalling [487, 508]. 

Sustained high progesterone levels prevent colostrum being prematurely secreted [518, 519]. At 

parturition progesterone levels rapidly drop, releasing the blockade on prolactin activity. Mechanical 

stimulation of the nipple enhances prolactin production early on in lactation, and stimulates the 

release of the hormone oxytocin which is essential for myoepithelial cell contraction [519]. Binucleate 

mammary epithelial cell production is dependent on Aurora kinase A (AURKA), among others [520]. 

Na+/H+ exchanger regulatory factor 1 (NHERF1) is upregulated during lactation and cooperates with 

plasmalemmal Ca2+ pump isoform 2 (PMCA2) to transport calcium into the milk. It also supresses 

STAT3 activation which prevents premature involution as STAT3 is required for involution to begin 

[490, 529]. Zinc transporter 2 (ZnT2) is also important for normal lactation and involution [530]. At the 

onset of involution, NHERF1 and PMCA2 are downregulated causing de-repression of STAT3, 

downregulation of intracellular calcium and activation of calpain proteases [531]. As milk fat globules 

are engulfed during non-professional phagocytosis, oleic acid within the lysosome accumulates, 

causing cathepsin release and luminal epithelial cell death [490]. Adipocyte regeneration is triggered 

by increasing leptin levels [487, 490]. During irreversible involution the ECM remodels through activity 

of MMPs and collagen deposition [485, 487]. Non-professional phagocytosis is sustained by Ras-

related C3 botulinum toxin substrate 1 (Rac1) activity. TGFβ helps maintain the integrity of the ECM 

during involution [487]. 
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1.4.7. IL-1 signalling in the normal mammary gland 

In contrast to Notch, there is little research on IL-1 signalling in the normal mammary gland. The 

studies that do exist either focus on IL-1 in the context of an inflammatory response within the gland, 

as a component of breast milk, or in the veterinary field. It has been known for decades that IL-1 is 

present in human milk, where it is likely produced by maternal leukocytes [532-535]. IL-1Ra is also 

present in milk, particularly colostrum, and may function in moderating inflammation and autoimmunity 

in the infant [536]. Within the mammary gland itself, a transcriptional study identified a burst of 

proinflammatory cytokine expression within the first 12hrs of mouse pup weaning. This included 

upregulation of IL1A and IL1B, and downregulation of IL1RN expression [537]. IL-1α and IL-1β are 

produced by bovine mammary epithelial cells during lactation and in response to LPS [538-540]. IL-1 

may be involved in basement membrane production in the murine mammary gland, as IL-1 isolated 

from peripheral blood monocytes or placental cells induces type IV collagen production by mammary 

epithelial cells [541]. Production in human mammary epithelial cells (HMECs) can also be stimulated 

by retinoic acid treatment [453]. The function of IL-1 in mammary gland development is unknown, and 

had not been investigated in mice or humans at the commencement of this project.  

In summary, little is known about IL-1 signalling in the mammary gland. This knowledge gap presents 

a niche for research into what role, if any, this pathway plays in normal mammary gland development. 

It is important to consider the function of IL-1 in the normal mammary gland, as it has consequences 

for the safety of IL-1 inhibitors in breast cancer treatment. Moreover, understanding the roles of key 

signalling pathways in the normal mammary gland has implications for breast cancer research, as it is 

these same pathways that are dysregulated during tumorigenesis. This is highlighted in the case of 

Notch signalling. For example, parallels can be drawn between its role in maintaining the MaSC 

phenotype and its implications in BCSC activity and self-renewal. Understanding the mechanisms and 

microenvironment of the involuting mammary gland is of particular importance, as out of all the 

developmental stages it most closely resembles the breast tumour microenvironment. 
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2. Summary 

In summary, Notch signalling is aberrantly activated in breast cancer, and is particularly correlated 

with the triple negative subtype, more aggressive and poor prognosis cancers, and resistance to 

conventional therapies. The Notch pathway has been found to mediate tumour initiation and influence 

many of the hallmarks of cancer, including cell proliferation, survival and metastasis. Notch is also 

implicated in maintaining the breast cancer stem cell phenotype, the cells responsible for therapy 

resistance and tumour relapse. Extensive crosstalk with other key oncogenic signalling pathways 

means that the Notch pathway has broad reaching implications for breast cancer initiation and 

progression. Collectively this makes Notch an attractive therapeutic target in the treatment of breast 

cancer, and strategies for achieving this are currently under investigation. However, as the Notch 

pathway has such vital and ubiquitous roles throughout the body, significant side effects are 

associated with pan Notch inhibition. This means that careful consideration is needed when 

employing Notch inhibition. Strategies for improving the safety of pan Notch inhibitors such as GSIs 

include short term and/or intermittent dosing of the GSI, and combination of GSIs with conventional 

drugs or agents designed to combat the side effects caused by pan Notch inhibition. These 

approaches have shown some success, however a more realistic approach may be to target 

individual Notch receptors, ligands or downstream signalling events to minimise the downstream 

impact of Notch inhibition. To this end, our lab aimed to identify and investigate signalling 

mechanisms downstream of canonical Notch signalling that could be targeted to improve breast 

cancer therapy efficacy. In earlier published work, Stylianou et al determined that activation of RBPJκ-

dependent Notch signalling was sufficient to transform breast epithelial cells in vitro, which was 

accompanied by decreased sensitivity to chemotherapy-induced apoptosis [130]. Following this, 

Meurette et al found that Notch conferred resistance to drug-induced apoptosis in breast epithelial 

cells through activation of an Akt/ASK1/JNK/p53 signalling axis, which was induced via the activity of 

a secreted autocrine factor [164]. This factor was later identified as the cytokine IL-1α, and 

experiments revealed that IL1A expression was upregulated in Notch-activated cells, recombinant IL-

1α treatment induced Akt activation in non-transformed MCF10A cells, and ectopic IL-1Ra expression 

was sufficient to increase apoptotic sensitivity in triple negative breast cancer cells [296]. Despite the 

extensive research that has occurred into the Notch and IL-1 signalling pathways as separate entities 

in breast cancer, our lab was the first to directly link the two pathways in this way. This provides a 

niche for further investigation into the mechanism and impact of Notch/IL-1 signalling in breast cancer. 

IL-1 is oncogenic in the breast in its own right, with roles in cancer-associated inflammation, 

proliferation, metastasis, invasion, angiogenesis and apoptosis, as well BCSC activity and therapy 

resistance. Like aberrant Notch activity, elevated IL-1 signalling is also correlated with the more 

aggressive and ER negative breast cancers, and triggers other key pathways implicated in 

tumorigenesis such as NFκB, JNK, p38 and Akt. Due to its Notch-induced anti-apoptotic activity 

identified by our lab, and its extensive oncogenic activity described in the literature, the IL-1 signalling 

pathway is therefore an attractive therapeutic target for breast cancer. Importantly (and in contrast to 

Notch inhibition), IL-1 signalling blockade is safe and IL-1 inhibitors are already used extensively in 
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the clinic for the treatment of autoimmune and autoinflammatory diseases. This makes these drugs 

prime for re-appropriation into cancer therapy, and in fact clinical trials are ongoing into the use of IL-1 

inhibitors such as anakinra and canakinumab in combination cancer therapy. As IL-1 has both pro-

tumorigenic and tumour suppressive roles in the body, it is important to continue to investigate the 

impact of IL-1 signalling in the specific breast cancer context. 

As highlighted by the side effects seen with chronic Notch blockade, the effect of inhibiting these vital 

signalling pathways on the normal cells and tissues of the body must be investigated before 

therapeutic inhibitors can be used for cancer treatment. Understanding the roles of signalling 

molecules in normal cellular function and tissue physiology also has implications for breast cancer 

research, as these same pathways are often deregulated in carcinogenesis, contributing to tumour 

initiation, maintenance and progression. To this end, the role of Notch signalling in normal mammary 

gland development has been extensively studied, particularly in the case of mammary stem cells, 

where it has been found to have a dual function in maintenance of the MaSC phenotype and 

determination of the luminal lineage. IL-1 signalling has been significantly less well researched in the 

normal mammary gland, with only a handful of studies highlighting its presence in breast milk and 

potential role in the inflammatory response during early involution. Hence there is a need for further 

investigation into the impact of IL-1 signalling in the developing mammary gland. 
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3. Aims 

The overarching aim of this PhD project was to determine whether Notch/IL-1 signalling is a viable 

therapeutic target in the treatment of breast cancer. Studies have demonstrated the potential for 

Notch inhibitor/chemotherapy combination treatment approaches in cancer therapy, with a particular 

focus on re-sensitising chemotherapy-resistant cells and potentiating the effect of conventional 

agents. The significant risk of side effects of generalised Notch inhibition means that it is desirable to 

identify an alternative target downstream of the canonical Notch signalling pathway and target genes. 

Our group has shown that IL-1α signalling is activated downstream of Notch, and with IL-1 signalling 

inhibitors already being used successfully in the clinic for the treatment of inflammatory conditions and 

other disorders, this provides an avenue for exploiting the anti-tumorigenic effect of Notch inhibition 

without inducing secondary tumour formation and GI side effects. 

 

To fulfil this overall aim, the aims of this project were to: 

1. Investigate the role of IL-1 signalling in the breast cancer cell phenotype. 

2. Determine the mechanism of the Notch/IL-1 signalling pathway. 

3. Identify the impact, if any, of the loss of IL-1 signalling from the normal mammary gland. 

 

Firstly, I aimed to investigate the role of IL-1 signalling in the breast cancer cell phenotype, to 

contribute to the understanding in the field of cytokine signalling in breast carcinogenesis, and support 

the justification for the use of IL-1 signalling inhibitors in breast cancer therapy. To this end, I wanted 

to determine the impact of the loss of IL-1 signalling both in vitro and in vivo. My first objective was to 

generate IL-1R1 knockout and corresponding rescue breast cancer cell lines. The impact of IL-1R1 

KO on apoptotic sensitivity, invasion, metastasis, stem cell activity and tumour initiation could then be 

analysed. Together these data will indicate the value of targeting IL-1 signalling in breast cancer 

therapy. Moreover, previous studies have unearthed crosstalk between the Notch and IL-1 pathways 

and ER signalling, as well as correlation between the two pathways and the triple negative subtype. 

Hence my second objective was to determine whether there is any difference between the function of 

IL-1 signalling between ER+ and ER- breast cancer cell lines. 

 

My objective within the second aim of this project was to build on the work started by previous group 

members and fill in the blanks in our understanding of the mechanism of the Notch/IL-1 signalling 

pathway. Firstly, I needed to confirm the sequential nature of the Notch/IL-1 signalling pathway. This 

involved pharmacological inhibition of Notch signalling and analysis of downstream IL1A expression, 

in addition to an epistasis experiment. Furthermore, it is unknown how IL-1α activates the 

Akt/ASK1/JNK/p53 signalling axis downstream of the Notch receptor. The literature shows that IL-1 

can activate Akt signalling in 2 ways: directly through physical interaction between IL-1R1 and PI3K, 

and indirectly through the NFκB signalling pathway in a myddosome-dependent fashion. Hence my 

objective was to determine which of these mechanisms of IL-1-induced Akt activation is at play in 

breast cancer cells.  
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The final aim of my project was to determine whether IL-1 signalling has a role in the normal 

development of the mammary gland. The literature is extremely sparse on the role of IL-1 in 

mammary gland development, hence there is an opportunity to fill the gap in our understanding of this 

pathway in the non-neoplastic gland. This is important to both predict the impact of IL-1 inhibition in 

breast cancer therapy on surrounding normal tissue, but also as understanding of normal 

physiological events helps provide potential targets for investigation in the neoplastic tissue. To 

achieve this, I aimed to re-establish an IL-1R1 KO mouse line and analyse the mammary gland during 

its development, particularly during the involution phase. I aimed to breed WT, heterozygous and 

homozygous IL-1R1 knockout mice, harvest the mammary glands 2-21 days post-litter weaning and 

analyse the morphology and histology of the mammary gland tissue. 
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4. Materials and Methods 

4.1. Kaplan-Meier (KM) plotter software  

KMplotter software was developed by Nagy A et al and is accessible at https://kmplot.com/analysis/. 

The manually curated and continually updated database contains messenger RNA (mRNA) gene chip 

expression and survival data from up to 5,000 total breast cancer patients [542]. Parameters including 

receptor status and treatment stage were used to search for correlations in IL1R1 and IL1RN 

expression level and survival data. The software categorises patient data into low and high 

expression cohorts based on quantile expression of the gene of interest. Hazard ratios with 95% 

confidence intervals were used with a calculated p value to indicate significance. 

4.2. Cell-based techniques  

4.2.1. Cell lines 

MDA-MB-231 breast cancer cells and MCF10A non-transformed mammary epithelial cells were 

purchased from ATCC. MCF-7 breast cancer cells were gifted by Ahmet Ucar and Rachel Eyre (both 

University of Manchester). HEK-293T cells (human embryonic kidney cells expressing the SV40 large 

T antigen) were purchased from ATCC and utilised for plasmid validation and lentivirus production 

due to their amenability to transfection and high levels of recombinant protein expression.  

Cell line Species Receptor status Molecular subtype Source 

MDA-MB-231 Human ER-, PR-, HER2- Basal-like Metastatic adenocarcinoma 

MCF-7 Human ER+, PR+, HER2- Luminal A Metastatic invasive ductal carcinoma 

MCF10A Human ER-, PR-, HER2- Non-transformed Fibrocystic breast tissue 

Table 4.1: Characteristics of mammary epithelial cell lines used in this project [543-546]. 

4.2.2. Cell culture conditions 

Cell lines were maintained at 37°C and 5% CO2 in a humidified incubator, with growth media changes 

every 3-4 days. MDA-MB-231, MCF-7, and HEK-293T cells were cultured in 4500 mg/L glucose 

Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma) supplemented with 10% foetal bovine serum 

(FBS) (Labtech). MCF10A cells were maintained in DMEM/Ham’s F-12 50/50 (Corning), 

supplemented with 5% horse serum (Biosera), 20ng/ml epidermal growth factor (EGF) (Peprotech), 

0.5mg/ml hydrocortisone, 100ng/ml cholera toxin and 10μg/ml insulin (all Sigma). Sterile cell culture 

grade plasticware was purchased from Starlab.  

4.2.3. Sub-culture of cells 

Cells were sub-cultured when the dish/flask reached ~90% confluency. Cells were washed in 

phosphate-buffered saline (PBS) (Sigma) and detached by incubation with trypsin- 

ethylenediaminetetraacetic acid (EDTA) solution (Sigma) at 37°C/5% CO2 for 5-15mins (dependent 

on cell adherence). Trypsin was inactivated in growth media and the cells pelleted by 500rpm 

centrifugation for 5mins. Cell pellets were resuspended in fresh growth media and seeded into new 

dishes/flasks at the desired dilution. 
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4.2.4. Cell freezing and thawing 

Cells were detached and pelleted as described and resuspended in freezing media (70% growth 

media, 20% serum, 10% DMSO (Sigma)). From a confluent 10cm dish, cell suspensions were 

aliquoted into cryovials in 1ml volumes at approximately 1x106 cells per vial, and gradually frozen at -

80°C. Liquid nitrogen freezing was used for longer term cell storage. Cell aliquots were thawed by 

rapid warming in a 37°C water bath, followed by immediate addition to 10ml warmed growth media in 

a new dish. After 48hrs the growth media was changed to remove residual DMSO and any dead cells. 

4.2.5. Cell counting and seeding 

Cells were detached and pelleted as described and resuspended in 10ml growth media. 10μl of cell 

mix was pipetted into a C-Chip Neubauer Improved Haemocytometer (NanoEnTek), and the cells 

counted under a light microscope (Olympus CKX31 Inverted Microscope). Number of cells per ml was 

calculated using mean cell number per 1mm square, and used to seed the cells at the required 

density. Cultures were maintained for at least 16hrs prior to experiment start to allow adherence. 

4.2.6. Drug and peptide treatments 

25μM (MDA-MB-231) or 1.25μM (MCF10A) doxorubicin hydrochloride (Sigma) was used to induce 

drug-induced apoptosis during apoptosis assay. 20μM SAHM1 (EMD Millipore) and 10μM DAPT 

(BioVision) were used to inhibit Notch signalling. 300ng/ml recombinant human IL-1α (Peprotech) was 

used to stimulate the IL-1 signalling pathway. 1ng/μl TNFα (Peprotech) was used as a positive control 

in NFκB target gene experiments.  

4.3. Protein-based techniques:  

4.3.1. Fluorescence-activated cell sorting (FACS) 

4.3.1.1. Fluorophore-expressing cell lines 

Fluorescent protein-expressing cells were prepared for FACS by trypsinisation as described above. 

Cell pellets were resuspended in 1ml serum-free media containing 25mM HEPES (Sigma) and filtered 

through a 50μM cup filter to remove clumps. Samples were provided to the University of Manchester 

Flow Cytometry Facility and sorted using the BD Biosciences FACSAria Fusion. Dead/dying cells and 

clusters were excluded according to forward and side scatter frequency. Gates were set according to 

fluorescence negative controls (untransduced parental cells). See Table 4.2 for details of the FACS 

lasers and filters used in this project. Sorted cells were collected into serum-rich (20% serum) or 

conditioned media, and seeded for culture or lysed for analysis. 

4.3.1.2. Antibody-mediated 

Cells were trypsinised, mechanically dissociated by vigorous resuspension and pelleted to remove 

phenol red-containing growth media. Cell pellets were resuspended in 2ml FACS/blocking buffer (2% 

FBS in PBS), filtered and incubated on ice for 15-30mins. The cells were then pelleted and 

resuspended in 250μl primary antibody solution (1:100 in FACS/blocking buffer). After 15mins the 
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primary antibody was diluted out, the cells pelleted and resuspended in 250μl secondary antibody 

solution (1:200 in FACS/blocking buffer). After a further 15min incubation in the dark the secondary 

antibody was diluted out and the cells pelleted followed by resuspension in 250μl FACS/blocking 

buffer. All centrifugation steps were carried out at 500rpm and 4°C. 2.5μl DRAQ7 cell viability stain 

was added immediately prior to sorting. Secondary-only samples were used as negative controls. 

Where a primary antibody-fluorophore conjugate antibody was used, a one-step version of the 

protocol was used which removed the secondary antibody steps. Anti-IL-1R1 (see Table 4.4) was 

conjugated to APC using the ab201807 APC Conjugation Kit (Abcam). 

Dye/fluorophore Laser Filter 

GFP 488nm (blue) 530/30 

RFP 561nm (yellow/green) 585/15 

BFP 405nm (violet) 450/50 

AlexaFluor 405 405nm (violet) 450/50 

APC 640nm (red) 670/30 

DRAQ7 640nm (red) 682/33 

Sytox Green 488nm (blue) 530/30 

Table 4.2: Dyes and fluorophores with their corresponding lasers and filters used for FACS in this 

project. 

4.3.2. Protein extraction 

Total protein was extracted from adherent cells for sodium dodecyl sulphate- polyacrylamide gel 

electrophoresis (SDS-PAGE) and Western blotting. Cell monolayers were washed 3 times in ice cold 

1x PBS (Sigma) and lysed in 1x radioimmunoprecipitation assay (RIPA) buffer (50mM Tris pH7.4, 

150mM sodium chloride (NaCl), 1% IGEPAL®, 0.5% sodium deoxycholate and 0.1% sodium dodecyl 

sulphate (SDS)) supplemented with 1x protease inhibitor cocktail (Merck), 10mM sodium fluoride and 

1mM sodium orthovanadate (both New England Biolabs). Cells were scraped every 5mins for 15mins 

total. Lysates were sonicated using the Misonix Microson ultrasonic cell disruptor XL and centrifuged 

for 15mins at 20,000rcf and 4°C to remove cell debris. Cells and lysates were kept on ice at all times 

to preserve protein structure. 

4.3.3. Protein quantification 

Total protein per sample was determined using bicinchoninic acid (BCA) assay. Pierce™ BCA Protein 

Assay Kit Reagents A and B were used, with 2mg/ml Albumin Standard (bovine serum albumin 

(BSA)) (all Thermo Scientific). 7 protein standards were prepared as in Table 4.3 and sample lysates 

diluted 1:5 in ddH2O. 25μl of each standard and diluted sample were pipetted in triplicate into a clear 

plastic non-sterile 96 well plate (Thermo Scientific). Working reagent was prepared fresh and 

composed of 50 parts Reagent A to 1 part Reagent B. 200μl working reagent was added to each well 

containing a standard or sample and the plate incubated at 37°C for 30mins. Absorbance was 

measured at 562nm excitation using a BIOHIT BP800 Microplate Reader. 
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Standard Volume ddH2O (μl) Volume BSA (2mg/ml) (μl) Final BSA concentration (mg/ml) 

1 0 100 2000 

2 20 80 1600 

3 40 60 1200 

4 60 40 800 

5 80 20 400 

6 90 10 200 

7 100 0 0 

Table 4.3: BCA assay standards. 

4.3.4. Western blotting 

Proteins were first separated by size via SDS-PAGE. Samples were prepared and standardised to 

contain 40-80μg total protein diluted in ddH2O and 1x sample buffer (50mM Tris pH6.8, 10% glycerol, 

10% SDS, 100mM dithiothreitol (DTT) and 0.2% bromophenol blue). Samples were boiled for 5mins 

prior to use. SDS-PAGE gels were composed of a resolving gel topped with a layer of stacking gel. 

Resolving gels were composed of 8-20% acrylamide/bis solution (dependent on the size of the protein 

of interest), 375mM Tris pH8.8, 0.1% SDS, 0.1% ammonium persulphate (APS) and 0.0001% 

tetramethylethylenediamine (TEMED). Stacking gels were composed of 3% acrylamide/bis solution, 

125mM Tris pH6.8, 0.1% SDS, 0.1% APS and 0.001% TEMED. Samples were run at 35mA per gel 

for 1.5-2hrs in running buffer (25mM Tris, 192mM glycine, 0.1% SDS), alongside 10μl of either 

Spectra Multicolor Broad Range Protein Ladder (Thermo Scientific) or Broad Range Blue Pre-stained 

Protein Standard (New England Biolabs). BioRad mini-Protean II apparatus was used to produce and 

run the SDS-PAGE gels. 

Protein was transferred from the gel to nitrocellulose membrane (Amersham Protran 0.45 NC, GE 

Healthcare) in transfer buffer (25mM Tris, 192mM glycine, 20% methanol) at 100V for 1hr using 

BioRad Trans-Blot apparatus. Membranes were blocked in either casein blocking buffer (Tris-buffered 

saline (TBS), 10% casein, 0.05% Tween) or 5% BSA-PBS (for phosphorylated proteins) for at least 

1hr. Blocked membranes were incubated for 2-16hrs with the appropriate primary antibody (see table 

4.4) at 1:1,000 dilution in blocking buffer. Primary antibody was removed by 3 15min washes in TBS-

0.05% Tween (TBS-T). Secondary antibodies were used at 1:10,000 dilution in blocking buffer, and 

incubated with the membranes for 1hr in darkness. After another 3x TBS-T washes the membranes 

were visualised using the Odyssey CLx Imaging System. Quantification was carried out using Image 

Studio software (LI-COR).  

Membranes were stripped by incubation for 5-10mins with 0.5M sodium hydroxide (NaOH). Stripped 

membranes were washed 3 times in TBS-T then re-blocked for 30mins and probed as above. 

4.3.5. Immunofluorescence 

Cells were seeded at an appropriate density on 13mm2 glass coverslips at least 24hrs prior to fixing. 

Growth media was removed and the cells fixed in 4% paraformaldehyde (PFA, diluted in 1x PBS) at 

room temperature for 10mins. The PFA was removed and the cells washed 3 times in 1x PBS. 

Primary antibody solutions were made up at 1:400 dilution in blocking buffer (5% horse serum, 0.2% 

Triton-X, 1x PBS). Coverslips were lifted from the wells and placed on 30μl drops of primary antibody 
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solution on parafilm within a humidity chamber. Blocking buffer was used for secondary-only control 

coverslips. After a 1hr incubation, the coverslips were washed 3 times in 1x PBS and incubated in 

darkness for 1hr with secondary antibody solution. Secondary antibody solutions were made up at 

1:500 dilution in horse serum. Following a further 3 1x PBS washes, cell nuclei were stained with 0.1 

µg/mL 4′,6-diamidino-2-phenylindole (DAPI) (Sigma) for 5mins in the humidity chamber. Excess DAPI 

was removed with 3 1x PBS washes and the coverslips dipped twice in ddH2O. Stained coverslips 

were dried and mounted onto glass microscope slides (Thermo Scientific) using Dako Fluorescence 

Mounting Medium (Agilent). Immunofluorescent slides were visualised using the Zeiss Axio Imager 

M2 microscope and images captured using the Hamamatsu ORCA-ER digital camera with Fiji/Image 

J software. 

Primary antibodies 

Epitope Host 
species 

Application(s) Manufacturer Catalogue number 

IL-1R1 Rabbit WB, IF, FACS R&D Systems MAB2692 

V5 tag Rabbit WB, IF Sigma V8137 

β-actin Mouse WB Abcam ab8224 

2A peptide Rabbit WB, IF Millipore 09-085 (discontinued) 

2A peptide (3H4) Mouse WB, IF Novus Biologicals NBP2-59627 

Myc tag, clone 4A6 Mouse WB, IF Millipore 630914 

pAkt (Ser473) Rabbit WB Cell Signaling Technology 9271 

IL-1α Rabbit WB Abcam ab9614 

Turbo GFP Rabbit WB Evrogen AB513 

Secondary antibodies 

Target species and 
fluorophore 

Host 
species 

Application Manufacturer Catalogue number 

Rabbit IRDye 800CW Donkey WB LI-COR 926-32213 

Rabbit IRDye 
680RD 

Donkey WB LI-COR 926-68073 

Mouse IRDye 800CW Donkey WB LI-COR 926-32212 

Mouse IRDye 680RD Donkey WB LI-COR 926-68072 

Rabbit Alexa Fluor 
488 

Donkey IF Invitrogen R37118 

Rabbit Alexa Fluor 
594 

Donkey IF Invitrogen R37119 

Mouse Alexa Fluor 
488 

Donkey IF Invitrogen R37114 

Mouse Alexa Fluor 
594 

Donkey IF Invitrogen R37115 

Rabbit Alexa Fluor 
647 

Donkey IF Invitrogen A-31573 

Table 4.4: Antibodies used in this project. 
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4.4. Molecular Biology 

4.4.1. Plasmids and primers 

Pre-existing and purchased constructs 

Plasmid name Purpose Source Catalogue number 

pGEM-T Easy Vector IL-1R1 CRISPR 
knockout verification 

Promega A1360 

psPAX2 Lentivirus production Didier Trono, EPFL, 
Switzerland 

N/A 

pMD2G Lentivirus production Didier Trono, EPFL, 
Switzerland 

N/A 

pCDNA3.1+-6Myc-VP16-
RBPJκ 

Notch pathway 
activation 

Ana Sastre and Spyros 
Stylianou, University of 
Manchester 

N/A 

pCR4-TOPO-IL1R1 IL-1R1 rescue and 
overexpression 

Source Bioscience 30915370 (IMAGE ID) 

pCMV-SPORT6-MyD88 IL-1R1-induced NFκB 
inhibition 

Source Bioscience 3900951 (IMAGE ID) 

pCDH-EF1α-IL1RN-V5-T2A-
RFP 

IL-1 pathway inhibition Michael Leverentz, 
University of Manchester 

N/A 

pCDH-EF1α-IL1A-V5-T2A-
GFP 

IL-1 pathway activation Michael Leverentz, 
University of Manchester 

N/A 

Table 4.5: Pre-made plasmids utilised in this project. 

Constructs generated by cloning 

Plasmid name Purpose Recipient vector 
source 

Cloning method 

pCDNA6-IL1R1-V5-HisA IL-1R1 rescue and 
overexpression 

Invitrogen PCR with primers IL-
1R1 cloning fwd and 
IL-1R1 cloning 1 rev, 
NheI and ApaI digest 

pCDH-EF1α-IL1R1-V5-T2A-
BFP 

IL-1R1 rescue and 
overexpression 

System Biosciences PCR with primers IL-
1R1 cloning fwd and 
IL-1R1 cloning 2 rev, 
NheI and NotI digest 

pCDH-EF1α-6Myc-VP16-
RBPJκ-T2A-GFP 

Notch pathway 
activation 

System Biosciences PCR with primers 
RBPJκ cloning fwd and 
RBPJκ cloning rev, 
NheI and NotI digest 

pCDH-EF1α-dnMyD88-T2A-
BFP 

IL-1R1-induced NFκB 
inhibition 

System Biosciences PCR with primers 
dnMyD88 fwd and 
dnMyD88 rev, NheI 
and NotI digest 

pCDH-EF1α-dnMyD88-T2A-
RFP 

IL-1R1-induced NFκB 
inhibition 

System Biosciences PCR with primers 
dnMyD88 fwd and 
dnMyD88 rev, NheI 
and NotI digest 

Constructs generated by site-directed mutagenesis 

Plasmid name Purpose Primer used 

pCDH-EF1α-IL1R1Y496F-
V5-T2A-BFP 

Inhibition of IL-
1R1/PI3K interaction 

IL-1R1 mutagenesis fwd 

pCDH-EF1α-
dnMyD88D275A-T2A-BFP 

Inhibition of IL-1R1-
induced NFκB 
activation 

dnMyD88 mutagenesis fwd 

pCDH-EF1α-
dnMyD88D275A-T2A-RFP 

Inhibition of IL-1R1-
induced NFκB 
activation 

dnMyD88 mutagenesis fwd 

Table 4.6: Plasmid constructs generated in this project. 
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PCR primers 

Primer name Purpose Sequence 5’-3’ 

IL1R1 gDNA fwd Verification of IL-1R1 KO cells GTCATCTGCAAATGAAATTGATGTTC 

IL1R1 gDNA rev Verification of IL-1R1 KO cells GTTAAGCATTATTAAAAGTATTTCTGTC 

IL-1R1 cloning fwd Cloning IL-1R1 from pCR4-TOPO into 
pCDNA6 and from pCDNA6 into 
pCDH 

TTTTGCTAGCGAAGAATATGAAAGTGTT
ACT 

RBPJκ cloning fwd Cloning VP16-RBPJκ from pCDNA3.1 
into pCDH 

CCCCGCTAGCTCGATTTAAAGCT 

RBPJκ cloning rev Cloning VP16-RBPJκ from pCDNA3.1 
into pCDH 

TTTTGCGGCCGCGGACACCACGG 

IL-1R1 cloning 1 rev Cloning IL-1R1 from pCR4-TOPO into 
pCDNA6 

TTTTTTGGGCCCCCCGAGAGGCACGTG
AGCCTCTCT 

IL-1R1 cloning 2 rev Cloning IL-1R1 from pCDNA6 into 
pCDH 

TTTTGCGGCCGCGGTACGCGTAGAATC
GAGACC 

IL1R1 D/D fwd (1) Genotyping of IL-1R1 D/D mice CTAGTCTGGTGGAACTTACATGC 

IL1R1 D/D rev (3) Genotyping of IL-1R1 D/D mice GATAAAGCAGAGCTGGAGACAGG 

IL1R1 D/D rev (2) Genotyping of IL-1R1 D/D mice AACTGAAAGCTCAGTTGTATACAGC 

dnMyD88 fwd Cloning MyD88 TIR domain TTTTGCTAGCTTTATGGAGCGTTTCGAT
GCCTTCATC 

dnMyD88 rev Cloning MyD88 TIR domain TTTTGCGGCCGCGGGCAGGGACAAGG
CC 

Mutagenesis primers 

Primer name Purpose Sequence 

IL-1R1 mutagenesis 
fwd 

Inducing Y496F mutation into IL-1R1 GAGAAAATCCAAGACTTTGAGAAAATG
CCAGAA 

dnMyD88 mutagenesis 
fwd 

Inducing D275A mutation into 
dnMyD88 

TTCATCACTGTCTGCGCCTACACCAAC
CCCTGC 

Sequencing primers 

Primer name Purpose 

T7 fwd Sequencing pGEM-T Easy-based 
vectors for IL-1R1 KO clone 
verification 

SP6 rev Sequencing pGEM-T Easy-based 
vectors for IL-1R1 KO clone 
verification 

EF1α fwd Sequencing pCDH-based vectors for 
cloning 

WPRE rev Sequencing pCDH-based vectors for 
cloning 

Table 4.7: Primers used in this project. All primers were designed using DNA Dynamo software and 

purchased from Sigma. 

4.4.2. DNA sequencing 

DNA sequencing was carried out by Eurofins Genomics via their TubeSeq service. Sequencing 

reactions were prepared containing 500ng template DNA and 5μl of 5μM sequencing primer. DNA 

concentration was determined using the NanoDrop 2000 (Thermo Scientific). Sequencing data was 

analysed using DNADynamo software (Blue Tractor Software Ltd). 

4.4.3. Polymerase chain reaction (PCR) 

Phusion PCR was used to amplify target DNA regions for cloning into recipient vectors, while Taq 

polymerase was used for less stringent PCR reactions including CRISPR clone verification (see 

Section 4.5.). This section refers to Phusion PCR for cloning using Phusion High-Fidelity DNA 

Polymerase (New England Biolabs). PCR reactions were set up according to the manufacturer’s 

protocol using 10ng template DNA and Bioline deoxynucleoside triphosphates (dNTPs). Reactions 
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were carried out in triplicate to increase yield. 2-step thermocycler protocols were designed according 

to the manufacturer’s instructions, primer melting temperature (Tm) and size of target sequence. 

Primer sequences are given in Table 4.7. All reactions were carried out in the Veriti Thermal Cycler 

(Applied Biosystems). PCR products were pooled and concentrated using the Illustra GFX PCR DNA 

and Gel Band Purification Kit (GE Healthcare) as per the manufacturer’s protocol. PCR product 

concentration was determined using gel electrophoresis. 

4.4.4. Agarose gel electrophoresis 

DNA fragments were separated and visualised using agarose gel electrophoresis. 1-2% w/v agarose 

gels were prepared using molecular biology-grade agarose (Bioline) dissolved in 1x TAE buffer 

(40mM Tris-acetate, 1mM EDTA) by boiling. Once cooled, SYBR Safe DNA Gel Stain (Invitrogen) 

was added and the gels cast using SCIE-PLAS horizontal electrophoresis green range apparatus. 

Where samples did not already contain a dye, 6x Purple Gel Loading Dye (New England Biolabs) was 

added at a ratio of 2μl dye per 10μl sample. Samples were loaded and run at 120V for 30-60mins, 

dependent on the size and percentage of the gel. New England Biolabs 100bp or 1kb DNA ladder 

standards were used to aid determination of fragment size. Where DNA bands were to be extracted 

for further use, gels were visualised using the LED Safe Imager Blue-Light Transilluminator (Thermo 

Scientific). Bands were extracted using a scalpel and the QIAquick Gel Extraction Kit (Qiagen) as per 

the manufacturer’s protocol. Where DNA bands were not required for further analysis, gels were 

visualised using the Kodak Gel Logic 100 Imaging System. 

4.4.5. Restriction digest 

Restriction enzyme (RE) digest was used to facilitate and confirm insert ligation during sticky end 

molecular cloning. 15 units of each RE were used to separately digest total insert PCR sample and 

1μg of vector. For confirmation RE digests, 1μg plasmid was cut with 0.5μl of each enzyme. Digests 

were carried out at the temperature and in the buffer determined by the manufacturer’s 

recommendations for 2hrs, followed by heat inactivation at 65°C for 20mins. Negative and single 

digest controls were prepared alongside the samples. Agarose gel electrophoresis was used to 

confirm successful digest. Digested insert was purified using the Illustra GFX PCR DNA and Gel Band 

Purification Kit prior to ligation. 

4.4.6. Plasmid ligation 

Insert and vector fragments were ligated using T4 DNA ligase (New England Biolabs). 20μl ligation 

reactions contained 0.02 pmoles insert DNA, 0.01 pmoles vector, 2μl 10x T4 DNA ligase buffer and 

4μl T4 DNA ligase. Enzyme negative control reactions confirmed the absence of vector self-ligation. 

Reactions were incubated at room temperature overnight and heat inactivated at 65°C for 10mins. 

Successful ligation was confirmed using gel electrophoresis. 
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4.4.7. Bacterial transformation and DNA isolation 

Up to 5μl plasmid was added to 50μl competent JM109 Escherichia coli. The bacteria were chilled on 

ice for 10mins then heat shocked at 42°C for 45secs and placed back on ice for a further 15mins to 

enable plasmid uptake. 150μl SOC (super optimal broth with catabolite repression) was added and 

the culture incubated in a 37°C shaker incubator for 30-60mins. 50μl of the transformed culture was 

plated onto lysogeny broth (LB) agar plates containing 50μg/ml ampicillin (Sigma) and incubated at 

37°C overnight. 

Liquid bacterial cultures were established by picking individual transformed E.coli colonies into LB 

containing 50μg/ml ampicillin, followed by overnight incubation in a 37°C shaker incubator. Where 

small amounts of a plasmid were needed, 2ml cultures were produced and miniprepped using the 

QIAprep Spin Miniprep Kit (Qiagen), as per the manufacturer’s protocol. Where large amounts of a 

plasmid were needed, 100ml cultures were produced and maxiprepped using the HiSpeed Plasmid 

Maxi Kit (Qiagen), as per the manufacturer’s protocol. 

4.4.8. Site-directed mutagenesis 

Site-directed mutagenesis was carried out using the Agilent QuikChange Lightning Multi Site-Directed 

Mutagenesis Kit. The manufacturer’s protocol was followed with appropriate modifications for plasmid 

size. SOC media was used instead of NZY+ broth, and transformed bacteria were plated onto LB-

Amp plates. See Table 4.7 for details of primers used. 

4.4.9. Transient transfection 

Transient transfections were carried out using the X-tremeGENE 9 DNA Transfection Reagent 

(Sigma). Cells were plated 24hrs prior to transfection in a 6 well plate at a density suitable for 70% 

confluency at time of transfection. Transfection complexes were produced using 3μl X-tremeGENE 9 

DNA Transfection Reagent and 1μg plasmid DNA in 100μl serum-free media (per well). Complexes 

were left to form for 30mins at room temperature, then added dropwise to cells and incubated for 

24hrs at 37°C/5% CO2 prior to analysis. 

4.4.10. Lentivirus production 

Approved lentivirus standard operating protocol (SOP) and health and safety guidelines were followed 

at all times.  

Lentiviruses were produced in duplicate T75 flasks to maximise yield. HEK-293T cells were seeded 

24hrs prior to transfection at a density suitable for 70% confluency at time of transfection. 1x 

polyethylenimine (PEI) (Sigma) was diluted to 1μg/μl in 500μl blank media. In a separate tube, 6µg 

pMD2G and 9µg psPAX2 packaging vectors were added to 12µg pCDH plasmid of interest in 500μl 

blank media. Following 2mins room temperature incubation, the PEI and plasmid solutions were 

mixed and incubated at room temperature for a further 30mins. HEK-293T growth media was 

removed and replaced with 5ml fresh media, and 500μl PEI/plasmid mix added dropwise per flask. 
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The media was agitated to ensure even distribution of transfection complexes and the cells incubated 

overnight in normal cell culture conditions. 

The next day the media was removed and replaced with 10ml growth media containing 0.5M sodium 

butyrate (Millipore) to enhance transcription of viral DNA. After a 6-8hr incubation, the sodium 

butyrate was removed and replaced by 10ml normal growth media and the cells left untouched in the 

incubator for 48hrs to allow virus production.  

To harvest viral particles, the media was collected, pooled and filtered through a 0.45μM filter to 

remove any cellular contamination. 6.25ml 4x polyethylene glycol (PEG) was added and the mixture 

incubated at 4°C for 12-96hrs to precipitate the virus particles. Virus particles were pelleted from the 

mixture by centrifugation at 1,500rcf for 30mins at 4°C, and resuspended in 100μl cold sterile PBS. 

50μl virus aliquots were either used immediately or stored for later use at -80°C. 

4.4.11. Lentivirus infection 

1x105 cells were seeded in 35mm dishes 24hrs prior to infection. Growth media was removed and 

replaced by 1ml fresh growth media supplemented with 10μg/ml polybrene (Merck Millipore). One 

aliquot of virus was rapidly thawed at room temperature and added dropwise to the cells. The dishes 

were agitated gently and incubated in normal cell culture conditions for 24-48hrs. Following 

incubation, the virus-containing media was removed and replaced by normal growth media. After at 

least 2 weeks maintenance (to ensure stable integration of the viral genome and loss of any transient 

expression), the cells were sorted by FACS for the fluorescent tag expressed by the plasmid of 

interest. 

4.4.12. RNA extraction 

All RNA work was carried out in RNase-free conditions. Volumes given in this section are appropriate 

for extraction of RNA from a monolayer of confluent adherent cells on a 35mm2 growth surface. All 

centrifugation steps were carried out at 12,000rcf and 4°C unless otherwise stated. Growth media 

was removed from the cells and 200μl TRI Reagent Solution (Applied Biosystems) added. After 1min 

the cells were mechanically lysed in the TRI Reagent by pipetting. After 5min total incubation the TRI 

Reagent/cell mix was transferred to a 1.5ml tube and homogenised by pipetting. 40μl chloroform 

(Honeywell) was added and the tube shaken vigorously by hand for 15secs, before incubation at 

room temperature for 2-3mins. Phase separation was carried out by centrifugation for 30mins. The 

transparent aqueous layer was extracted and the RNA precipitated by addition of 100μl 100% 

isopropanol followed by vigorous shaking for 15secs. After a 15min room temperature incubation the 

RNA was pelleted by centrifugation for 15mins. The pellet was washed in 75% ethanol and air dried 

for 10mins following a final centrifugation at 7,500rcf for 5mins. The RNA was resuspended in 25μl T 

1/10 E buffer (10mM Tris pH8.0, 0.1mM EDTA pH8.0) and dissolved for 15mins at 56°C. RNA 

concentration was determined using the NanoDrop 2000. 
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4.4.13. Quantitative reverse transcription PCR (qRT-PCR): 

Up to 2μg total RNA was reverse transcribed to complementary DNA (cDNA) using the High-Capacity 

RNA-to-cDNA Kit (Applied Biosystems), as per the manufacturer’s instructions. qPCR was carried out 

using Taqman Gene Expression Assays (see Table 4.8) and Taqman Fast Advanced Mastermix (2x) 

in MicroAmp Optical 96-Well Reaction Plates (all Applied Biosystems). 100ng complementary DNA 

(cDNA) template was loaded per well, with each sample in triplicate. Reactions were carried out in a 

StepOnePlus Real-Time PCR System (Applied Biosystems) according to the thermocycler protocol 

given in the manufacturer’s instructions. Relative gene expression data was analysed using the 

comparative CT (2-ΔΔCT) method. The house keeping gene HPRT1 was used as the internal control for 

all qRT-PCR experiments. 

Target gene Taqman Assay ID 

IL1R1 Hs00991010_m1 

IL1A Hs00174092_m1 

HES1 Hs00172878_m1 

HEY1 Hs05047713_s1 

NFKBIA Hs00355671_g1 

TNFA Hs00174128_m1 

TNFAIP3 Hs00234713_m1 

HPRT1 Hs02800695_m1 

Table 4.8: Taqman Gene Expression Assays used in this project. 

4.5. Clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9n Gene 

Editing  

The CRISPR strategy was designed and the constructs generated by Prof. Keith Brennan, Dr Ahmet 

Ucar and Rajeharish Rajendran [547]. An explanation for construct generation will be given here as 

this was unpublished work at the time of writing. The cell line designated MDA-MB-231 IL-1R1 KO #1 

was generated by Rajeharish Rajendran and Dr Ahmet Ucar. All other cell lines (MDA-MB-231 IL-1R1 

KO #2 and MCF-7 KO’s) were generated by myself. 

4.5.1. sgRNA design  

CRISPR-Cas9 gene editing was used to knock out expression of IL-1R1 in MDA-MB-231 and MCF-7 

cells. Exon 4 of the IL-1R1 gene was targeted in a double nickase approach using the Cas9 nickase 

mutant (Cas9n) and 2 pairs of synthetic guide RNAs (sgRNA) as described by Ran et al [548]. sgRNA 

sequences were 25bp in length and designed to produce 5’ overhangs that facilitate double strand 

break (DSB)-initiated non-homologous end joining (NHEJ) DNA repair. Suitable target sites identified 

using the recommended online tool (accessed at http://crispr.mit.edu). The 2 target sites were located 

17bp apart in the IL-1R1 gene, and immediately upstream of 5’NGG protospacer adjacent motif 

(PAM) sites. Cas9n cleavage occurs ~3bp upstream of the PAM. Where the sgRNA sequences did 

not begin with a 5’ guanine nucleotide, one was added to ensure successful transcription of the 

sgRNA from the U6 RNA polymerase III promoter. Single stranded sgRNA oligonucleotides were 

produced by Sigma. 

 

http://crispr.mit.edu/
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sgRNA Sequence 5’-3’ 

sgRNA A sense strand CACCGTTTGTGTTGATGAATCCTGG 

sgRNA A anti-sense strand AAACCCAGGATTCATCAACACAAAC 

sgRNA B sense strand CACCGCCTGCTAAGGTGGAGGATTC 

sgRNA B anti-sense strand AAACGAATCCTCCACCTTAGCAGGC 

Table 4.9: sgRNA sequences used to target IL-1R1 for knockout via CRISPR-Cas9 gene editing. 

4.5.2. Construct generation 

sgRNA A and sgRNA B were cloned into separate pSpCas9n(BB)-2A-GFP (PX461) (Addgene) 

plasmids. PX461 encodes the Streptococcus pyogenes-derived D10A nickase mutant of Cas9 

(Cas9n), and green fluorescent protein (GFP) separated from the Cas9n coding region by a self-

cleaving T2A peptide site. 

PX461 was digested to generate a blunt-ended linearised vector. Restriction enzyme digest was 

carried out as described with the addition of calf intestinal phosphatase (CIP) to prevent plasmid self-

ligation. RE digest was confirmed and purified by gel electrophoresis. To generate a double-stranded 

sgRNA insert suitable for blunt-ended ligation, the sense and anti-sense strands of each sgRNA were 

annealed and phosphorylated. This was carried out in a thermocycler (see Table 4.10 for protocol) at 

a 1:1 ratio of sense strand to anti-sense strand, using T4 polynucleotide kinase (NEB) as per the 

manufacturer’s protocol. 

Stage Temperature (°C) Time (min) 

Phosphorylation 37 30 

Secondary structure denaturation 95 5 

Annealing 25 1 

Table 4.10: sgRNA annealing and phosphorylation thermocycler protocol. 

sgRNA inserts were ligated into linearised PX461 overnight at 16°C using T4 DNA ligase. Reaction 

mixes contained 2μl 1:100 diluted sgRNA, 0.3μl linearised PX461, 1μl T4 DNA ligase buffer and 1μl 

T4 DNA ligase. The resulting plasmids were amplified and sequenced to confirm correct insertion. 

4.5.3. Transfection and selection of target cells 

MDA-MB-231 and MCF-7 cells were co-transfected with the sgRNA A and sgRNA B PX461 plasmids 

using the TransIT-X2 Dynamic Delivery System (Mirus). Transfection complexes were assembled as 

per the manufacturer’s protocol using 1.25μg per plasmid per well. Cells were seeded at 3x105 cells 

per well in a 6 well plate 24hrs prior to transfection. 5 out of 6 wells were transfected, leaving one 

untransfected as a negative control. After 24hrs incubation, positively transfected cells were selected 

using FACS for GFP. GFP-positive cells were single cell sorted into a 96 well plate containing 150μl 

serum-rich media per well. After 10 days of colony growth, the media was changed to 100μl normal 

growth media. Once the colonies reached 50% confluency, the cells were transferred to sequentially 

larger wells until sufficient cell number was obtained for verification and freezing.  
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4.5.4. Verification of knockout 

4.5.4.1. Genomic DNA extraction 

Cells were seeded at least 24hrs prior to extraction in a 6 well plate. Once confluent, the cells were 

washed in PBS, trypsinised and resuspended in growth medium, before being pelleted by 

centrifugation at 5,000rpm for 5mins. Most of the supernatant was removed, leaving ~20μl of medium 

into which the cells were resuspended via vortexing. Cells were lysed in 200μl lysis buffer (100mM 

Tris pH8, 5mM EDTA pH8, 200mM NaCl, 0.2% SDS) with 0.5μl 20mg/ml proteinase K (Sigma), 

overnight at 56°C. genomic DNA (gDNA) was precipitated in 280μl isopropanol using a vigorous 

“cocktail shake” and pelleted at ~20,000rcf for 30mins. The gDNA pellet was washed briefly in 

ethanol, dried and resuspended in TE buffer (10mM Tris pH7.2, 1mM EDTA) at 56°C. gDNA was 

diluted 1:10 in double distilled water (ddH2O) prior to use. 

4.5.4.2. MyTaq PCR and gel electrophoresis 

PCR primers were designed to flank the CRISPR-Cas9 target region. 50μl PCR reactions were set up 

containing 300ng template gDNA, 2μl 20μM forward primer, 2μl 20μM reverse primer and 25μl MyTaq 

Red Mix 2x (Bioline). The thermocycler protocol was designed according to the manufacturer’s 

instructions and the reactions run on a Veriti Thermal Cycler. 25μl of each PCR product was run on a 

2% agarose gel with 100bp DNA ladder at 120V for 30-45mins. 

4.5.4.3. Cloning into pGEM-T Easy vector 

4 MyTaq PCR reactions per gDNA sample were set up as above to maximise product yield. The 

resulting product was pooled into 2 100μl samples and each sample purified and concentrated using 

the Illustra GFX PCR DNA and Gel Band Purification Kit as per the manufacturer’s instructions. Each 

sample was eluted in 20μl elution buffer type 4, pooled and the total sample run on a 2% agarose gel 

for 30-45mins. DNA bands were visualised and extracted using the QIAquick Gel Extraction Kit as per 

the manufacturer’s instructions. To confirm the presence of DNA, 10μl of each PCR band sample was 

run on a 2% agarose gel. The remaining sample was ligated into the pGEM-T Easy Vector (Promega) 

by TA cloning. Ligation reactions were composed of 7μl insert DNA, 1μl pGEM-T Easy Vector, 1μl T4 

DNA ligase and 1μl 10x T4 DNA ligase buffer, and run overnight at room temperature. Negative 

control ligations were simultaneously set up containing 7μl ddH2O in place of insert DNA to exclude 

plasmid self-ligation. 

pGEM-T Easy-IL1R1 plasmid samples and negative control ligations were transformed into JM109 

competent E.coli and 5 colonies per sample picked into LB-Amp broth for miniprep plasmid 

preparation. Insert presence was confirmed using MyTaq PCR and gel electrophoresis as previously 

described. pGEM-T Easy-IL1R1 plasmid samples were sequenced using T7 forward and SP6 reverse 

sequencing primers. 
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4.6. Functional assays 

4.6.1. Matrigel assay  

Cells were seeded on top of a thin layer of Matrigel, a solubilised preparation of Engelbreth-Holm-

Swarm (EHS) mouse sarcoma basement membrane. 50μl of 8-12mg/ml undiluted Matrigel Matrix 

(Corning) was added to each well of a 24 well plate, spread with a pipette tip and left to set at 37°C for 

at least 30mins. 5.5x103 cells were seeded on top of the Matrigel layer in 1ml 2% Matrigel-

supplemented growth media and maintained for 5-8 days in normal cell culture conditions. Matrigel-

supplemented media was changed every 2 days. Cell clusters were visualised in brightfield at 4x and 

10x magnification using the Leica DMIL LED Inverted microscope and xiQ USB3.0 Vision camera. 

Cluster size and proportion of mass versus stellate/grape-like was determined using CellProfiler cell 

image analysis software [549]. The CellProfiler pipeline was designed by Dr Egor Zindy in the 

Bioimaging Core Facility at the University of Manchester. Images were viewed using Fiji ImageJ [550]. 

3 fields of view were analysed per well. 

4.6.2. Apoptosis assay 

Cells were seeded at the appropriate density (e.g. 1.2x105 cells per well of a 6 well plate) 24hrs prior 

to assay in normal growth media. The media was removed from the wells and replaced with 1ml pre-

warmed media containing 1.25-25μM doxorubicin hydrochloride (Sigma). 1ml pre-warmed growth 

media was used for each untreated control well. Cells were filmed for 16hrs using the Leica AS MDW 

live cell imaging system and Micromanager MM Studio 1.4.20 imaging software. A 20x/ 0.50 HC PL 

Fluotar objective, BGR filter set (Chroma [61002]) and (red (DS Red 525nm)) precise LED fluorescent 

light source was used, and images obtained using a Coolsnap HQ2 (Photometrics) camera with a Z 

optical spacing of 0.2μm. Movies (composed of images taken every 15mins for 16hrs) were obtained 

from 3 random points per well. Cells were maintained at 37°C and 5% CO2 during filming. Apoptotic 

cells were counted manually using the Fiji ImageJ cell counter plug-in as a percentage of 20 randomly 

selected cells per field of view. Apoptotic cells were defined as those at least 3 of the visual 

characteristics of apoptosis: membrane blebbing, nuclear fragmentation, cessation of movement and 

cell lysis. 

4.6.3. Boyden chamber assay 

Boyden chambers were comprised of sterile cell culture inserts with 8.0μM transparent polyethylene 

terephthalate PET membrane bases, within 24 well cell culture-grade polystyrene permeable support 

companion plates (both Falcon). The following description is for Boyden chamber assay for cell 

invasion. Where migration was assayed using this technique, the protocol used was identical save the 

Matrigel added to the cell culture inserts. Triplicate Boyden chambers were prepared the day before 

assay start. Matrigel was diluted to 300μg/ml in sterile coating buffer (10mM Tris pH8, 7mg/ml sodium 

chloride in ddH2O) and 100μl added to the insert of each chamber. The chambers were incubated at 

37°C overnight before use.  
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Cells were trypsinised and resuspended in serum-free media prior to counting. 2.5x104 MDA-MB-231 

or 5x104 MCF-7 cells were seeded into the inserts (on top of the Matrigel if present) in 500μl serum-

free media. 750μl chemotaxis media (300ng/ml recombinant human IL-1α (Peprotech) in 1% FBS-

supplemented DMEM or complete growth media positive control media) was added to the well 

containing the insert. The chambers were incubated in normal cell culture conditions for 24hrs to 

enable cell invasion and/or migration.  

Boyden chambers were stained using crystal violet. The Matrigel was removed and the inserts 

washed twice in 1x PBS. Cells were fixed onto the underside of the insert membrane using 4% PFA-

PBS; 400μl into the insert and 700μl into the well. The PFA was removed after 20mins and the inserts 

washed twice in 1x PBS. Cells were permeabilised for 15mins using 0.1% Triton X-100 in PBS. After 

a further two 1x PBS washes, the cells were stained using 0.1% crystal violet solution (Sigma) for 

30mins. Excess stain was removed using 3 ddH2O washes, and the inside of the inserts dried 

thoroughly with a cotton bud to remove any remaining unmigrated cells and residual staining 

reagents. The chambers were dried for at least 16hrs at 4°C prior to imaging. 

Boyden chamber membranes were visualised in brightfield at 4x and 10x magnification using the 

Olympus MMI CellCut Laser Microdissection microscope. Images were taken using UPlanFL N 

objective lenses, a halogen bulb light source, MMMI CellCamera 1.4; 1392 x 1040 pxl; 10µm pxls, 

and CellSens software. Cells were counted using a CellProfiler pipeline analysis designed by Dr Egor 

Zindy. 3 (10x) fields of view were analysed per membrane.  

4.6.4. Mammosphere assay 

Cells were obtained in suspension in via trypsinisation from adherent culture or direct from antibody-

mediated FACS, and counted using a haemocytometer. Cell mixes were prepared at 10,000 cells/ml 

in mammosphere media (mammary epithelial cell growth basal medium (MEBM) (Lonza), 5μg/ml 

insulin, 5μg/ml hydrocortisone, 4μg/ml heparin (Sigma), 20ng/ml EGF, 20ng/ml basic FGF (Gibco), 1x 

B27 supplement (Gibco)) and serially diluted. Cells were seeded in 100μl volumes into ultra-low 

attachment 96 well plates (Corning) to prevent adherence, and maintained in normal cell culture 

conditions.  For standard mammosphere assay, 100 cells were seeded per well in triplicate. After 5 

days the number of mammospheres formed in each well were manually counted. For limiting dilution 

mammosphere assay, serial dilutions were plated as below, where each number represents the 

number of cells per well: 

1.  1 2 3 4 5 6 7 8 9 10 11 12 

A 250 250 250 250         

B 100 100 100 100         

C 50 50 50 50 50 50 50 50     

D 25 25 25 25 25 25 25 25     

E 10 10 10 10 10 10 10 10 10 10 10 10 

F 10 10 10 10         

G 5 5 5 5 5 5 5 5 5 5 5 5 

H 5 5 5 5         

Table 4.11: Limiting dilution mammosphere assay plate design. 
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After 5 days, wells were classed as either positive or negative for mammosphere growth and ELDA 

software used to determine mammosphere forming efficiency [551]. Representative images of 

mammospheres were produced using the Leica DMIL LED Inverted microscope and xiQ USB3.0 

Vision camera. 

4.7. Graphical and statistical analysis 

Kaplan-Meier graphs were generated by the KMPlotter software [542]. FACS plots were generated by 

BD FACSDiva software (BD Biosciences). All other graphical data was produced using GraphPad 

Prism 7.0 and 8.0 (GraphPad Software Inc). qRT-PCR data analysis was carried out using StepOne 

Plus software and Microsoft Office Excel. All statistical analysis was carried out using GraphPad 

Prism, details are given in appropriate figure legends. For all data, p values of less than 0.05 were 

considered statistically significant. 

4.8. In vivo work 

All in vivo mouse work was carried out in accordance with the European Council directives 

(86/609/EEC) and the Animal Scientific Procedures Act (UK) 1986. 

4.8.1. Xenograft experiment 

12 wild-type (WT) non-obese diabetic severe combined immunodeficiency (NOD SCID) gamma 

(NSG) mice were used in this study: 4 per experimental group and 2 per control group. Appropriate 

sample size was determined using the resource equation method [552]. E (error degrees of 

freedom)= total number of experimental units - number of treatment combinations (in this case the 2 

experimental genotypes rather than treatments). Hence E=10.100 MDA-MB-231 cells were injected 

subcutaneously into each flank in 50% Matrigel. Mice were maintained for 54 days with twice weekly 

tumour measurements. Growth over 150mm3 was defined as tumour development. Upon experiment 

completion, the mice were culled and the tumours excised for analysis. This experiment was carried 

out by Rachel Eyre at the Cancer Research UK Manchester Institute (CRUK-MI) Biological Resources 

Unit (BRU) under Robert Clarke’s project licence (PPL), number 40/3645. Tumour analysis was 

carried out by myself.  

4.8.1.1. Tumour fixing and processing 

Half the excised tumour mass was fixed in 4% PFA (Sigma) for at least 16hrs and washed in PBS. 

Fixed tumour tissue was processed (cleared in xylene and infiltrated with paraffin wax) using the 

ASP300S Enclosed Tissue Processor (Lecia) and embedded in paraffin using the EG1150 Modular 

Tissue Embedding Center (Lecia). Blocks were sectioned using the RM2255 Fully Automated Rotary 

Microtome (Lecia) and sections mounted onto glass microscope slides.  

4.8.1.2. Haematoxylin and Eosin (H&E) staining  

Tumour sections were H&E stained and coverslipped using the ST5010 Autostainer XL and CV5030 

Fully Automated Glass Coverslipper (both Leica) respectively. Slides were visualised in brightfield 

using the 3D-Histech Pannoramic-250 microscope slide-scanner service in the University of 
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Manchester Bioimaging Core Facility. Images were taken using a 20x/ 0.80 Plan Apochromat 

objective (Zeiss) and analysed using the HistoQuant plugin of QuantCentre in Case Viewer software 

(3D-Histech). 

4.8.2. IL-1R1 D/D mouse 

4.8.2.1. Colony establishment and experimental design 

The total IL-1R1 knockout C57/BL6 mouse line (hereby referred to as IL-1R1 D/D) was originally 

generated and verified by Werner Müller at the University of Manchester, and kindly gifted to this 

project by Emmanuel Pinteaux in the form of frozen homozygous (IL-1R1-/-) sperm cells. See Section 

7. and Abdulaal et al for more details of how this mouse line was generated [553].  

An IL-1R1 D/D colony was established, starting with in vitro fertilisation (IVF) of a WT female C57/BL6 

mouse with homozygous sperm. Heterozygous breeding trios were set up to generate sufficient 

females of each genotype (heterozygous (IL-1R1-/+), WT (IL-1R1+/+) and homozygous (IL-1R1-/-)) for 

experimentation. Simultaneously, a backcross breeding line was established using IL-1R1-/+ IL-1R1 

D/D males and WT C57/BL6 females (Envigo) to replenish the line and reduce the risk of additional 

mutations accumulating. All IL-1R1 D/D mouse work was carried out at the University of Manchester 

Core Technologies Facility (CTF) Incubator Building and Stopford Building Biological Services Facility 

(BSF). 

3 animals of each genotype (IL-1R1+/+, IL-1R1-/+ and IL-1R1-/-) were used per involution time point. 

Sample size was optimised using the resource equation method [552]. E=N-T-B where E= error 

degrees of freedom, N= total degrees of freedom, T= treatment (i.e. genotype) degrees of freedom 

and B= blocks (i.e. time point) degrees of freedom. N= 44 (total number of animals -1), T= 2 (number 

of genotypes -1) and B= 4 (number of time points -1), hence E= 38. All samples were processed, 

visualised and analysed blind to prevent bias. 

4.8.2.2. Genotyping 

Ear and tail clip samples were lysed for genomic DNA in 500μl lysis buffer (100mM Tris pH8.0, 5mM 

EDTA pH8.0, 0.2% SDS, 200mM NaCl, 1-0.5mg/ml proteinase K) for 3-16hrs at 56°C and 800rpm 

shaking. Tail clip samples were centrifuged at 20,000rcf for 10mins to remove hair contamination. 

Genomic DNA was precipitated by addition of 700μl 100% isopropanol and vigorous “cocktail shake”, 

followed by centrifugation at 20,000rcf for 20mins. The supernatant was disposed of and the DNA 

pellet washed in 70% ethanol. DNA pellets were dried and resuspended in T1/10E buffer (60μl for ear 

punches and 200μl for tail clips) at 60°C and 600rpm shaking for at least 1hr. 

IL-1R1 D/D genotyping was carried out using PCR. Primers were designed by Abdulaal et al to flank 

the IL-1R1 exon 5 deleted region (see Table 4.7 for primer sequences). 2 PCR reactions were run per 

sample, one with primer set (1) and (2) and one with primer set (2) and (3). Genotype was determined 

by band presence or absence (see Adulaal et al and Section 7. for more details). PCR reactions were 

comprised of 5μl Green GoTaq Reaction Buffer (Promega), 0.5μl 10mM dNTP mix (Bioline), 0.2μl of 

each 100μM primer, 0.25μl GoTaq G2 DNA Polymerase (Promega), 1μl gDNA template and 17.85μl 
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ddH2O. Reactions were run on a Veriti Thermal Cycler according to the protocol detailed in Table 

4.12, designed as per the manufacturer’s instructions. WT and negative controls (1μl T1/10E buffer in 

place of gDNA template) were run alongside each set of reactions. 20μl of each product was run on a 

2% agarose gel for 30-45mins. 

Stage Time (mins) Temperature (°C) Number of cycles 

Denaturation 2 95 1 

Denaturation 0.5 95  
30 Annealing 0.5 56.5 

Extension 0.4 73 

Extension 5 73 1 

Hold ∞ 4 1 

Table 4.12: IL-1R1 D/D genotyping thermocycler protocol. 

4.8.2.3. Mammary gland harvesting 

3 IL-1R1 D/D mammary glands of each genotype (IL-1R1-/+, IL-1R1+/+ and IL-1R1-/-) were collected at 

involution days 2, 4, 6, 10 and 21. All experimental females were generated by heterozygous 

breeders. To obtain involuting mammary glands, timed mates were established between the selected 

female and a designated WT or IL-1R1-/+ C57/BL6 stud male. The male was removed from the female 

once mating or pregnancy had been confirmed. Pups were prematurely weaned at 7 days old to 

ensure involution began at maximum development of mammary glands during lactation. After the 

designated number of days post-weaning, females were culled and the 4th left and right mammary 

glands dissected and mounted onto glass microscope slides.  

4.8.2.4. Whole mount fixing and staining  

Mammary glands were fixed in Carnoy’s fixative (6 parts 100% ethanol, 3 parts chloroform, 1 part 

glacial acetic acid (all Fisher Scientific)) in the dark for 4hrs. Fixed glands were hydrated in 

decreasing concentrations of ethanol (70%, 50% and 25% ethanol for 30mins each), washed in 

ddH2O and stained overnight in carmine alum (0.2% w/v carmine, 0.5% w/v aluminium potassium 

sulphate (both Sigma)). The stain was removed, and the tissue dehydrated in increasing 

concentrations of ethanol (70%, 90%, 96% and 100% for 30mins each). Stained glands were cleared 

in Histo-Clear (National Diagnostics) for at least 1hr prior to visualisation. Whole mount images were 

captured using the Leica M205 FA upright stereomicroscope, DFC 425 camera and LAS AF 

v3.1.0.8587 software. Whole mount glands were mounted using Eukitt Quick-Hardening Mounting 

Medium (Sigma) for long term storage. 

4.8.2.5. Whole gland histological analysis 

Mammary glands were fixed in 4% PFA for 16hrs, washed 3x in PBS and submersed in 0.86% 

sodium chloride for 8-16hrs. Fixed tissue was dehydrated in sequential 8-16hr ethanol washes (25%, 

50% and 70%) and kept in 70% ethanol until processing.  Samples were processed, embedded, 

sectioned, stained and visualised as per sections 4.8.1.1.-4.8.1.2.). Images were analysed using 

CaseViewer software. 3 fields of view per slide were randomly selected. Within these fields of view 

epithelial tissue and alveoli were identified and drawn around using the annotations tool, which 
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provided alveolar size and overall epithelial area. Epithelial area was presented as a proportion of the 

total area analysed in the field of view. Apoptotic cells within the ducts were counted by eye and 

normalised to duct area. More details are provided in the appropriate figure legends. 
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5. Results Chapter 1  

Investigating the role of IL-1 signalling in the breast cancer cell phenotype 

5.1. Introduction 

This chapter will present data which demonstrates the importance of IL-1 signalling in the breast 

cancer cell phenotype, including invasion and apoptosis. This was investigated in both in vitro and in 

vivo models. 

IL-1 signalling is positively correlated with the most invasive, aggressive, high grade and poor 

prognosis tumours, as well as ER receptor negativity [432, 434-436]. Despite this, there is a lack of 

evidence on the exact role that the IL-1 signalling pathway plays in breast cancer tumorigenesis. Our 

lab has shown that IL-1α acts downstream of the Notch signalling pathway to stimulate Akt-mediated 

resistance to drug-induced apoptosis [164, 296]. However there is very little else known about IL-1 in 

apoptosis, other than that inhibition of IRAK1 is sufficient to induce apoptosis in paclitaxel-resistant 

cell lines [461]. A handful of studies have linked IL-1 signalling to breast cancer metastasis. For 

example, IL-1β treatment induces EMT and invasive characteristics in the MCF-7 cell line [462]. 

However, the impact of IL-1 signalling in TNBC cells has not been thoroughly investigated. Moreover, 

a connection was recently made between Notch, IL-1 and BCSC activity [300]. This opens up the 

(unexplored) possibility that Notch-induced IL-1 contributes to the activity or maintenance of BCSCs.  

Collectively, there is a niche for investigating the importance of IL-1 signalling in breast cancer, 

especially in the context of our novel Notch-driven model. In particular, previous work by our group 

suggests that IL-1 signalling is anti-apoptotic in Notch-driven breast cancer, however more 

investigation is needed to confirm this hypothesis. The role of IL-1 signalling was investigated in the 

ER+ cell line MCF-7 in addition to the triple negative cell line MDA-MB-231, with the aim of capturing 

any differences in the function of the pathway between ER+ and ER- cell lines. Previous studies have 

shown that the outcomes of both Notch and IL-1 signalling can differ depending on the subtype 

context, and crosstalk between the ER signalling pathway and our two pathways of interest has been 

identified.  
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5.2. High IL-1R1 expression is correlated with reduced survival in ER negative and 

post-treatment breast cancers 

The IL-1 signalling pathway has been associated with the more aggressive and harder to treat TNBC 

subtype, as well as therapy resistance and increased risk of disease recurrence [435, 438, 554-556]. 

Hence it was hypothesised that elevated IL-1 signalling would also be correlated with poorer survival 

in these patients. To gain an insight into the link between IL-1 signalling and breast cancer survival, 

KM Plotter software was used to correlate expression of the IL-1 signalling components and patient 

survival [542, 557]. Firstly, analysis of IL1RN (encodes IL-1Ra) expression levels relative to relapse-

free survival (RFS) showed that lower expression of IL1RN is correlated with reduced RFS in ER- 

breast cancer patients (Figure 5.1A). Moreover, increased IL1R1 expression was correlated with 

reduced RFS in ER- breast cancer patients, particularly in those with high grade (3) tumours (Figures 

5.1B and C). Collectively this suggests that increased levels of IL-1 signalling are correlated with 

poorer survival in ER- breast cancer patients, and that elevated IL-1 signalling is present in higher 

grade tumours. Interestingly, lower IL1RN expression was also correlated with poorer RFS in patients 

who have undergone chemotherapy (Figure 5.1D). This implies that IL-1 signalling may have a role in 

chemotherapy resistance. 
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Figure 5.1: Upregulated IL-1R1 and downregulated IL1RN expression are correlated with poorer 

survival in patients with ER negative, high grade and chemotherapy-treated breast cancer. KM 

Plotter software was used to correlate IL1R1 and IL1RN expression with breast cancer patient 

relapse-free survival. Samples were divided into low and high expressors based on median mRNA 

expression level. High expressing samples are indicated by the red curve and low expressing 

samples by the black curve. (A) Lower IL1RN expression was correlated with poorer RFS in patients 

with ER- breast cancer. (B) Higher IL1R1 expression was correlated with poorer RFS in patients with 

ER- breast cancer (although this is not significant as p>0.05). (C) High IL1R1 expression was 

significantly correlated with poorer RFS in patients with grade 3 ER- tumours. (D) Lower IL1RN 

expression was correlated with poorer survival in chemotherapy-treated patients. 
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5.3. Generation of IL-1R1 knockout and rescue breast cancer cell lines  

To determine the role of IL-1 signalling in the breast cancer cell phenotype, and to facilitate 

mechanistic investigation of the Notch/IL-1 signalling pathway, IL-1R1 knockout (KO) and rescue cell 

lines were generated. The triple negative MDA-MB-231 breast cancer cell line was selected for this 

task as aberrant Notch and IL-1 signalling are correlated with the triple negative subtype in breast 

cancer patients, and this cell line has been used in previous studies by our group [296]. The IL1R1 

gene was knocked out using CRISPR/Cas9n gene editing targeting exon 4, as this was the most 

accessible exon closest to the initiating methionine residue. Cells were transfected with the guide 

RNA plasmids, FACS sorted for GFP expression (Figure 5.2A) and plated into 96 well plates to 

generate single cell clones. The clones were grown up and genotyped by PCR and sequencing of the 

CRISPR target region (for more details of the CRISPR method and clone verification see Section 

4.5.). Candidate clones were selected based on the lack of a WT band on the PCR verification gel 

(Figure 5.2B), and KO clones were identified on the basis that both alleles carried frameshift indel 

mutations (Figure 5.2C). Two MDA-MB-231 KO clones were chosen, designated 231 KO #1 and 231 

KO #2. Knockout of IL-1R1 was sufficient to prevent the cells from responding to IL-1α stimulation, as 

NFκB target gene expression did not increase in response to IL-1α challenge (Figure 5.2D). 

To confirm that any phenotypic changes later observed were as the result of the loss of IL-1R1, 

rescue lines were generated. A plasmid construct was built containing the IL-1R1 coding region 

downstream of an EF1α promoter (Figure 5.3A). Following verification of the finished rescue construct 

by sequencing, 231 KO #1 and 231 KO #2 cells were stably transduced using lentiviral infection. BFP 

positive cells were isolated by FACS, which generated two rescue cell lines designated 231 rescue #1 

and 231 rescue #2 respectively. Expression of the IL1R1 gene was confirmed using qRT-PCR, and 

protein expression verified by WB and IF (Figures 5.3B-D). IL-1R1 protein was undetectable in the 

parental MDA-MB-231 cell line, despite previous data and numerous studies showing that MDA-MB-

231 cells are responsive to IL-1R1 inhibition and IL-1 treatment [296, 558-562]. This phenomenon will 

be explained later in this chapter. 
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Figure 5.2: Knockout of IL-1R1 in MDA-MB-231 cells. (A) MDA-MB-231 cells were co-transfected 

with the two PX461-sgRNA CRISPR-Cas9n plasmids. GFP positive cells (P3 gate) were isolated 

using FACS. (B) PCR was used to amplify the CRISPR-Cas9n target locus, and the product run on a 

2% agarose gel. The candidate KO clone lanes lack the WT band seen in the control lane. Although 

MDA-MB-231 cells only have two IL-1R1 alleles, 3 bands appeared on the gel. One of these bands 

was formed from a hybrid of a single strand from each allele; the strands aberrantly annealed and 

formed a product that ran differently in the gel. This was confirmed by sequencing. (C) Summary of 

the sequencing data obtained from the two selected MDA-MB-231 IL-1R1 KO clones. Both clones 

contain frameshift mutations in both IL1R1 alleles. (D) Knockout of IL-1R1 prevented MDA-MB-231 

cell responsiveness to IL-1α treatment as determined by NFκB target gene expression. 231 WT and 

IL-1R1 KO cells were seeded, serum-starved for 24hrs, washed in PBS then challenged with 

300ng/ml recombinant IL-1α in serum-free (SF) media for 30mins. TNFA expression was determined 

by qRT-PCR of RNA lysates. The housekeeping gene HPRT1 (Hypoxanthine 

Phosphoribosyltransferase 1) was used as the internal control gene and SF media as a negative 

control treatment. Mean CT values were used to calculate the fold change normalised to the SF 

media-challenged sample, and the values plotted on a log2 scale. Statistics were calculated using a 

one-way ANOVA followed by a Tukey’s multiple comparisons test, ****<0.0001.  
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Figure 5.3: Rescue of IL-1R1 expression in KO MDA-MB-231 cells. (A) Schematic representation 

of IL1R1 molecular cloning. PCR was used to amplify the IL1R1 coding region from the pCR4-TOPO 

backbone and add NheI (5’ end, G^CTAGC) and ApaI (3’ end, GGGCC^C) restriction sites. Sticky 

ends were produced by digestion of the PCR product and pCDNA6-V5-HisA with NheI and ApaI, then 

the IL-1R1 coding region was ligated into the recipient vector. Similarly, PCR was then used to 

amplify the IL1R1-V5 tag coding region from the pCDNA6 backbone and introduce a NotI restriction 

site (GC^GGCCGC) at the 3’ end. The resultant PCR product and pCDH-EF1α-T2A-BFP recipient 

vector were digested with NotI and NheI and ligated together. (B) MDA-MB-231 IL-1R1 KO cells were 

transduced using lentiviral particles containing pCDH-EF1α-IL1R1-V5-T2A-BFP and sorted for BFP 

expression. Stable cell lines were lysed for RNA and expression of IL1R1 analysed by qRT-PCR. 

HPRT1 was used as the internal control gene. Mean CT values were used to calculate the fold 

change normalised to the WT sample, and the values plotted on a log2 scale. Statistics were 

calculated using an ordinary one-way ANOVA followed by a Tukey’s multiple comparisons test, 

****<0.0001. (C) WT, KO and rescue cell lines were lysed and probed for IL-1R1 protein (~65kDa) 

and β-actin loading control (42kDa) by Western blot. IL-1R1 is represented by two bands, presumably 

glycosylated and un-glycosylated forms of the receptor. (D) 231 IL-1R1 KO and rescue cells were 

seeded, fixed and immunostained for V5-tagged IL-1R1. Nuclear DAPI staining enabled detection of 

cells. Scale bar: 25μm. 
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5.4. Knockout of IL-1 signalling in MDA-MB-231 cells reduces their invasive capacity 

To determine the impact of IL-1 signalling knockout on the invasiveness and metastatic ability of 

MDA-MB-231 cells, WT parental, IL-1R1 KO and rescue cells were grown in Matrigel Matrix. Breast 

cancer cell lines form 4 distinct colony morphologies when grown in a 3D culture system: round, 

mass, grape-like and stellate. These colony morphologies correspond to distinct gene expression 

profiles and are associated with specific invasive and metastatic phenotypes [563]. Cell lines that form 

stellate colonies in a 3D matrix, including triple negative MDA-MB-231, lack E-cadherin and are 

recognised as invasive in other commonly used in vitro and in vivo assays [564, 565]. Grape-like 

colony-forming cell lines have reduced levels of E-cadherin, looser cell-cell contacts and are generally 

derived from tumour metastases. In contrast, mass colony forming lines, such as ER positive MCF-7, 

have strong cell-cell contacts, lack invasive protrusions in 3D culture and are less invasive by other in 

vitro assays [563]. Hence breast cancer cell colony morphology in a 3D matrix can be used as an 

indication of cell invasiveness and metastatic ability. 

After 5 days of growth in Matrigel, it was observed that the 231 WT cells formed colonies with a mix of 

stellate, mass and grape-like colonies. In contrast, the IL-1R1 KO cells almost exclusively formed 

colonies with the mass morphology. Rescue of IL-1R1 expression restored the stellate phenotype, 

with the colonies developing numerous invasive protrusions that frequently bridged between cell 

clusters (Figure 5.4.1A). These data were quantified as percentage of mass morphology colonies 

(versus all other morphologies) (Figure 5.4.1B). This suggests that knockout of IL-1 signalling in MDA-

MB-231 cells reduces the ability of the cells to invade into the surrounding matrix. It was also noted 

that the IL-1R1 KO cells formed significantly smaller colonies than the WT and rescue lines (Figure 

5.4.1C). This suggests either a decrease in proliferation or an increase in apoptosis resulting from the 

loss of IL-1 signalling.  

To confirm the colony morphology findings, the cell lines were assayed for invasion using the 

commonly used Boyden chamber assay. The validity of this approach was first tested using parental 

MDA-MB-231 cells. The cells were seeded into the upper chamber on top of a thin layer of Matrigel in 

serum-free media, and chemotaxis induced by media containing either 1% serum, complete growth 

media (10% serum), or 300ng/ml IL-1α in 1% serum media. The data show that IL-1α significantly 

stimulated MDA-MB-231 invasion through the Matrigel layer (Figure 5.4.2A and B). Next, 231 WT, IL-

1R1 KO and rescue cells were seeded into Boyden chamber assay to assess the impact of IL-1R1 on 

the cells’ invasive capacity. The data show that IL-1R1 KO cells had reduced invasiveness compared 

to the parental and rescue lines (Figure 5.4.2C and D).  
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Figure 5.4.1: Knockout of IL-1 signalling in MDA-MB-231 reduces cell invasiveness. (A) 

Representative images of MDA-MB-231 cells in Matrigel 3D culture. 231 WT, IL-1R1 KO and IL-1R1 

rescue cells were seeded into Matrigel and maintained for 5 days, then visualised in brightfield. Scale 

bar: 200μm. The WT cells formed a mixture of stellate, mass and grape-like colonies, while the 

knockout cells primarily formed colonies with only the mass morphology. Rescue of IL-1R1 

expression restored the stellate morphology. (B) The images were quantified using CellProfiler 

analysis software and plotted as the percentage of cell colonies categorised as mass morphology. 

Statistics were calculated using a two-way ANOVA followed by a Tukey’s multiple comparisons test, 

****<0.0001. (C) Mass morphology colonies formed by the IL-1R1 KO cells were smaller than the WT 

and rescue colonies. Mean cluster area was calculated using an appropriate CellProfiler pipeline and 

statistics calculated using a two-way ANOVA followed by a Tukey’s multiple comparisons test, 

****<0.0001.  
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Figure 5.4.2: Knockout of IL-1 signalling in MDA-MB-231 reduces cell invasiveness. (A) IL-1α 

induces MDA-MB-231 invasion through Matrigel in Boyden chamber assay. WT cells were seeded 

into invasion Boyden chamber assay with 300ng/ml IL-1α or control chemotaxis media. After 24hrs 

the chambers were fixed and stained with crystal violet. Scale bar: 200μm. (B) 3 brightfield images 

were obtained per triplicate chamber and the number of cells per field of view counted using 

CellProfiler. Cell counts were averaged and statistics calculated using a two-way ANOVA followed by 

a Tukey’s multiple comparisons test, ****<0.0001. (C) 231 WT IL1R1 KO cells are less invasive in 

Boyden chamber assay than the WT and rescue. Cells were seeded into invasion Boyden chamber 

assay, incubated for 24hrs with IL-1α chemotaxis media, fixed and stained. Scale bar: 200μm. (D) 

Brightfield images were quantified as in (B). 
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5.5. Loss of IL-1 signalling in MDA-MB-231 cells increases their sensitivity to drug-

induced apoptosis 

Ectopic expression of IL1A reduces the sensitivity of non-transformed breast epithelial cells to drug-

induced apoptosis, while ectopic expression of IL1RN in breast cancer cells enhances their apoptotic 

sensitivity [296]. Concordantly, Figure 4.1C illustrates that IL-1R1 knockout causes a reduction in 

colony size in 3D culture, which implies a change in either proliferation or apoptosis rate. Thus, it was 

hypothesised that KO of IL-1 signalling in MDA-MB-231 cells would increase their sensitivity to drug-

induced apoptosis. Apoptosis assay was used to compare the sensitivity of MDA-MB-231 WT, IL-1R1 

KO and rescue cells to doxorubicin-induced apoptosis. Doxorubicin was used to test this hypothesis 

as it is a chemotherapeutic drug commonly used in the treatment of breast cancer. The data show 

that more IL-1R1 KO cells underwent apoptosis during 16hrs of doxorubicin treatment than the WT 

parental cells (Figure 5.5A). The resistance phenotype was restored by rescue of IL-1R1 expression, 

confirming that loss of IL-1 signalling caused an increase in apoptotic sensitivity in MDA-MB-231 cells 

(Figure 5.5B and C). 
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Figure 5.5: Knockout of IL-1 signalling increases MDA-MB-231 sensitivity to drug-induced 

apoptosis. (A) 231 WT and IL-1R1 KO cells were seeded 24hrs prior to treatment with 25μM 

doxorubicin hydrochloride or negative control media. The cells were immediately filmed for 16hrs and 

percentage apoptotic cells calculated as outlined previously (see Results Chapter 1 Figure 5E). 

Statistics were calculated using a two-way ANOVA followed by a Tukey’s multiple comparisons test, 

****<0.0001. (B) 231 WT, IL-1R1 KO and rescue cells were seeded and assayed for apoptotic 

sensitivity as in (A). (C) More IL-1R1 KO cells underwent apoptosis in response to doxorubicin 

treatment than WT and rescue cells. Representative still images were captured at the end of the 16hr 

filming period. Red arrows indicate apoptotic cells. Scale bar: 100μm. 
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5.6. Xenograft tumours formed by IL-1R1 KO MDA-MB-231 cells are more necrotic 

than those formed by IL-1R1 proficient cells 

As knockout of IL-1 signalling increases the sensitivity of MDA-MB-231 cells to cell death in vitro, it 

was hypothesised that loss of IL-1R1 would affect the ability of the cells to survive in vivo, and 

therefore influence xenograft tumour development. To address this question, WT, IL-1R1 KO and IL-

1R1 rescue MDA-MB-231 cells were injected subcutaneously into the flanks of NOD-SCID gamma 

(NSG) mice. 2 mice were used in the WT control group, and 4 mice per experimental group, with both 

flanks utilised for injection sites. The mice were maintained with regular palpation to check for tumour 

growth. Once a growth was felt, twice weekly measurements were taken using callipers. 

After 54 days, tumours had developed at all but one of the injection sites across all 3 groups (Figure 

5.6A). At the experiment endpoint, all the mice were culled and the tumours excised for analysis. 

Although tumours developed at all the injection sites, there was a notable difference in tumour growth 

rate between the 3 groups. For most of the experiment there was no observable difference in growth 

rate between the WT, KO and rescue tumours, however at day 44 the growth curves began to 

separate, and the growth rate of the rescue xenografts accelerated. By day 51 there was a significant 

difference between the growth rate of the KO and rescue tumours, as well as the WT and rescue 

tumours (Figure 5.6B). The final volumes (as measured by callipers on day 54 prior to cull) showed a 

trend towards the rescue tumours being larger than the WT and KO tumours, however this difference 

was not significant (Figure 5.6C). This is likely due to variation in tumour size within the groups, and 

an insufficient sample number to warrant statistical significance. Histological analysis revealed that 

the rescue xenograft tumours were more cell-dense, with a greater area of the tumour taken up by 

tumour cell nuclei than the equivalent WT and IL-1R1 KO tumours (Figure 5.6D-F). This may be due 

to increased proliferation or decreased levels of cell death in the IL-1R1 rescue tumours, and provides 

an explanation for the elevated tumour size and growth rate seen macroscopically. Interestingly, the 

IL-1R1 KO tumours were less cell-dense than the WT tumours and contained large areas of necrosis. 

These necrotic areas were characterised by pyknosis and fragmentation of cell nuclei, cell loss and 

presence of cellular debris (Figure 5.6G). Moreover, the rescue tumours were observed to possess a 

greater level of non-tumour cell infiltration than the WT and KO tumours by H&E stain (Figure 5.6H). 

Due to the nature of the stain, the identity of these cells cannot be determined from this analysis, but 

they are most likely immune cells. Additional, more specific staining procedures would need to be 

carried out to identify these cells and deduce their significance in these tumours. 

In summary, these in vitro and in vivo investigations show that loss of IL-1 signalling in MDA-MB-231 

cells causes reduced invasiveness, increases sensitivity to drug-induced apoptosis and inhibits 

xenograft formation in the mouse. This supports the hypothesis that the IL-1 signalling pathway plays 

a key role in the breast cancer cell phenotype, including in tumour growth and the ability of the tumour 

cells to invade into the ECM and resist therapy-induced apoptosis. 
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Figure 5.6: IL-1R1 KO inhibits MDA-MB-231 xenograft tumour development in vivo. (A) MDA-

MB-231 WT, IL-1R1 KO and rescue cells form xenograft tumours in vivo. Mice were subcutaneously 

injected in each flank with 231 WT, IL-1R1 KO or rescue cells, and maintained for 54 days with 

regular palpation and appropriate measurement of growth at the injection site. Tumours were classed 

as growths that grew to above 150mm3. Each step in the curve represents tumour(s) breaching this 

threshold. The experiment was ended when the control tumours became too large for the mice to be 

ethically maintained. Statistics were calculated using a log-rank survival curve analysis. (B) Up until 

day 44 there was no significant difference in tumour growth rate between the groups, however for the 

last 10 days of the experiment the growth curves began to separate, with the growth rate of the 

rescue xenografts increasing above that of the WT and KO. Points plotted represent mean daily 

tumour size across the group. Tumour measurements were statistically significant at days 51 (231 WT 

vs rescue #1 = ***, KO #1 vs rescue #1 = **) and 54 (231 WT vs rescue #1 = ****, KO #1 vs rescue #1 

= ****). Statistics were calculated using a two-way ANOVA followed by a Tukey’s multiple 

comparisons test, ****<0.0001. (C) The rescue tumours visually appeared larger at the end point of 

the experiment than the WT and KO tumours, but there was no statistical difference between the 

calliper measurements. Statistics were calculated using an ordinary one-way ANOVA followed by a 

Tukey’s multiple comparisons test. (D) At day 54 the mice were culled, the tumours excised, and the 

tissue fixed and stained with haematoxylin and eosin (H&E) for histological analysis. Representative 

image showing areas of tumour, necrotic and normal mammary gland tissue. Scale bar: 1,000μm. (E, 

F) The rescue tumours were more cell-dense than the WT and KO tumours. H&E-stained tumour 

sections were analysed using the QuantCentre plugin in CaseViewer to quantify the proportion of the 

tumour area taken up by cell nuclei, and the number of individual nuclei in the section. Statistics were 

calculated using an ordinary one-way ANOVA followed by a Tukey’s multiple comparisons test, 

****<0.0001. (G) The IL-1R1 KO tumours contained large areas of necrosis. Representative image of 

a KO tumour; magnified area shows a region of necrotic tumour tissue bordering viable tumour tissue. 

Necrosis was characterised by loss of cells, presence of cellular debris and changes in nuclear 

morphology. Scale bar: 1,000μm. (H) The IL-1R1 rescue tumours contained notably more infiltrating 

non-tumour cells than the WT and KO tumours. Representative image of a rescue tumour; magnified 

area shows the contrast between the smaller, more densely packed epithelial tumour cells and the 

non-tumour cell infiltrate. The infiltrating cells were larger with larger and more irregular shaped 

nuclei, darker nuclear staining, and more pinkish cytoplasmic staining. Scale bar: 1,000μm. 
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5.7. IL-1R1 is highly expressed by a small subpopulation of MDA-MB-231 cells 

The data presented thus far in this thesis has shown that IL-1 signalling is important in the 

invasiveness of MDA-MB-231 cells, their ability to resist drug-induced apoptosis in vitro and to form 

xenograft tumours in vivo. Both the Notch and IL-1 signalling pathways have also been linked to 

breast cancer stem cell activity and therapy resistance. To determine whether knockout of IL-1R1 

impacts the stemness of MDA-MB-231 cells, WT, IL-1R1 KO and rescue cells were analysed using 

limiting dilution mammosphere assay. Mammospheres are spherical aggregates of breast cancer 

cells that form in suspension culture (Figure 5.7A). It is widely accepted that mammospheres can only 

form from breast cancer stem cells or undifferentiated progenitor cells. The data show that more IL-

1R1 KO cells were required to form mammospheres than the WT parental, and that IL-1R1 rescue 

cells had the greatest mammosphere forming capacity (Figure 5.7B). This suggests that IL-1 

signalling may be enriched in BCSCs within the overall MDA-MB-231 population.  
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Figure 5.7: IL-1R1 KO reduces the mammosphere forming capacity of MDA-MB-231 cells. (A) 

MDA-MB-231 cells formed mammospheres when grown in non-adherent suspension culture. 

Brightfield image was captured after 5 days of growth. Scale bar: 200μm. (B) More IL-1R1 KO cells 

were required to form mammospheres than WT and rescue MDA-MB-231 cells, with the rescue line 

having the greatest mammosphere forming capacity. 231 WT, KO #2 and rescue #2 cells were plated 

into limiting dilution mammosphere assay. Wells were manually categorised as positive or negative 

for mammosphere formation and the data analysed using ELDA software. Statistics were calculated 

using a chi-squared test, pairwise comparisons: WT vs KO p=0.0956, KO vs rescue p=1.6x10-10, WT 

vs rescue p=1.5x106. 
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To further investigate the hypothesis that IL-1 signalling may be enriched in BCSCs in the MDA-MB-

231 cell line, 231 WT cells were FACS sorted for IL-1R1 expression. The IL-1R1 antibody used only 

detected a small subpopulation of IL-1R1-expressing cells, 0.1-0.3% of the total (Figure 5.8A). This 

was unexpected, as IL1R1 gene expression was detectable by qRT-PCR in this cell line (see Figure 

5.3B), and IL-1 signalling has been studied previously in the context of breast cancer using MDA-MB-

231 cells as a model system. Moreover, the cells were phenotypically responsive to IL-1α treatment 

and removal of the receptor had a significant impact on cell invasiveness and apoptotic sensitivity 

(see Sections 6.4., 5.4. and 5.5.). As IL-1R1 is the only known receptor bound by IL-1α that can 

transmit an activating signal, it is highly likely to be present in the 231 cells. Interestingly, when 231 

IL-1R1 KO and rescue cells were FACS sorted using the same antibody, almost all the rescue cells 

were identified as IL-1R1 positive. As expected, there were no IL-1R1 positive cells detected in the 

KO lines (Figure 5.8B). As the IL-1R1 rescue cells expressed IL-1R1 protein at a significantly higher 

level than the WT (see Figure 5.3B), we concluded that the total population of 231 WT cells was likely 

to express IL-1R1 protein, but the antibody was only able to detect the cells with high levels of 

expression. This was supported by the Western blot data using the same antibody, which shows 

bands representing IL-1R1 in the rescue lines but not in the WT (see Figure 5.3C). In addition, the IL-

1R1 rescue cells were more invasive, more resistant to apoptosis and formed larger and more cell-

dense xenograft tumours than the WT cells, further bolstering the idea that they possess a higher 

level of IL-1R1 expression. 

To ascertain whether these IL-1R1 high expressing cells (denoted IL-1R1hi) within the 231 WT 

population were more enriched for BCSCs, 231 WT cells were FACS sorted, and the IL-1R1hi and IL-

1R1 low expressing (IL-1R1lo) cells compared in standard mammosphere assay. IL-1R1hi cells formed 

more mammospheres than IL-1R1lo and unsorted control cells. IL-1R1lo cells also formed significantly 

less mammospheres than the unsorted control (Figure 5.8C). To confirm this finding, the 

mammosphere forming capacity of unsorted and IL-1R1lo cells was compared using limiting dilution 

mammosphere assay. The data show that more IL-1R1lo cells were required to form mammopsheres 

than the unsorted control (Figure 5.8D). 

Overall, these data show that IL-1R1 is expressed at variable levels within the MDA-MB-231 cell line. 

The cells with high levels of IL-1R1 expression (whether that be isolated from the WT bulk population 

or as a result of high levels of ectopic expression in the rescue line), have a greater mammosphere 

forming capacity than the bulk WT/unsorted control population. 231 cells lacking IL-1R1 (IL-1R1 KO) 

or with lower levels of expression (IL-1R1lo) have a correspondingly reduced mammosphere forming 

capacity. These data suggest that IL-1R1 signalling is enriched in the BCSC population.  
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Figure 5.8: IL-1R1 high expressing MDA-MB-231 cells have a greater mammosphere forming 

capacity than IL-1R1 low expressing and unsorted cells. (A) WT MDA-MB-231 cells were FACS 

sorted using anti-IL-1R1 primary and AlexaFluor 405 secondary antibodies. Positively stained cells 

are indicated by the blue gate. (B) Almost all the cells in the 231 IL-1R1 rescue cell lines expressed 

IL-1R1. 231 rescue #1 and #2 were FACS sorted for IL-1R1 using an anti-IL-1R1-APC conjugate 

antibody. Positively stained cells are indicated by the P3 gate. Sytox green was used as a cell viability 

stain and equivalent 231 IL-1R1 KO cells were used as negative controls. (C) IL-1R1hi cells had a 

greater mammosphere forming capacity than the IL-1R1lo and unsorted cells, while IL-1R1lo cells had 

reduced mammosphere forming capacity compared to the unsorted population. 231 WT cells were 

FACS sorted for IL-1R1 then plated into standard mammosphere assay and maintained for 5 days. 

The number of mammospheres per well was counted manually and a mean taken. Statistics were 

calculated using a two-way ANOVA followed by a Tukey’s multiple comparisons test, ****<0.0001. (D) 

More IL-1R1lo cells were required to form mammospheres when compared to unsorted cells. 231 WT 

cells were sorted for IL-1R1 and analysed by limiting dilution mammosphere assay as in Figure 7B, 

p= 0.0262. 
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5.8. Disrupting IL-1 signalling has no phenotypic consequence in MCF-7 cells 

In contrast to ER- breast cancer, KM Plotter analysis showed that there was no significant correlation 

between IL-1R1 expression and ER+ breast cancer patient relapse-free survival (Figure 5.9A). This 

suggests that IL-1 signalling does not play a significant role in the phenotype of ER+ breast cancer 

cells. To investigate this further, IL-1R1 was knocked out in the MCF-7 cell line. The same 

CRISPR/Cas9n system employed to remove IL-1R1 in MDA-MB-231 cells was used (see Section 

5.3). Two MCF-7 IL-1R1 KO clones were generated and validated as previously described (Figure 

5.9B and C). Knockout of IL-1R1 was sufficient to prevent MCF-7 cells from responding to IL-1α 

stimulation, as NFκB target gene expression did not increase in response to IL-1α challenge (Figure 

5.9D). Cells were challenged with IL-1α and expression of TNFA (TNFα) analysed by qRT-PCR. 

TNFA is a direct NFκB target gene whose expression is induced by NFκB within 30mins of its 

activation [566]. 

In the reverse approach, IL-1R1 was also overexpressed in WT MCF-7 cells. WT MCF-7 cells were 

stably transduced with the same pCDH-EF1α-IL1R1-V5-T2A-BFP construct used to rescue IL-1R1 

expression in the MDA-MB-231 IL-1R1 knockout lines (see Section 5.3). IL-1R1 was overexpressed 

due to the use of a strong EF1α promoter in the construct (Figure 5.10A and B). Unlike MDA-MB-231 

cells, bands representing IL-1R1 could be detected in WT MCF-7 cells by Western blot (Figure 

5.10C). IL-1R1 overexpression increased basal levels of Akt activation. MCF-7 WT and ↑IL-1R1 

protein lysates were immunoblotted for phosphorylated Akt (pAkt). A pair of bands at ~60kDa was 

produced, the upper band indicating pAkt (Figure 5.10D).  
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Figure 5.9: Knockout of IL-1R1 in MCF-7 cells. (A) There was no significant correlation between IL-

1R1 expression and survival in ER+ breast cancer patients. KM Plotter software was used to correlate 

IL-1R1 mRNA expression data against relapse-free survival in patients with ER+ breast cancer. (B) 

The coding region of IL1R1 was knocked out of MCF-7 cells using the CRISPR/Cas9n strategy 

previously described. Two KO clones were selected and designated MCF-7 KO clones #1 and #2. 

PCR was used to amplify the CRISPR-Cas9n target locus and the product run on a 2% agarose gel. 

The KO clones lack the WT band seen in the control lane. MCF-7 cells have 3 IL1R1 alleles which 

mean that at least 5 bands formed on the electrophoresis gel; one band per allele plus hybrid bands 

formed by aberrant annealing of PCR product strands derived from the different alleles. This was 

confirmed by sequencing of the individual bands. (C) Summary of the sequencing data obtained from 

the two selected MCF-7 IL-1R1 KO clones. Both clones contained frameshift mutations in all 3 alleles. 

(D) Knockout of IL-1R1 prevented MCF-7 cell responsiveness to IL-1α treatment as determined by 

NFκB target gene expression. MCF-7 WT and IL-1R1 KO cells were seeded and challenged with IL-

1α as in Figure 5.2D.TNFA expression was determined by qRT-PCR of RNA lysates. HPRT1 was 

used as the internal control gene. Fold change was normalised to the SF media-challenged sample, 

and the values plotted on a log2 scale. Statistics were calculated using a one-way ANOVA followed 

by a Tukey’s multiple comparisons test, ****<0.0001.  
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Figure 5.10: Overexpression of IL-1R1 in MCF-7 cells. (A) MCF-7 cells were transduced with a 

lentiviral vector containing the pCDH-EF1α-IL1R1-V5-T2A-BFP expression construct to induce 

overexpression of IL-1R1 protein. Stable cell lines were obtained by sorting and IL-1R1-V5 expression 

verified by immunofluorescence. Fixed cells were stained for the V5 tag of IL-1R1 and nuclear DAPI. 

Scale bar: 25μm. (B) IL1R1 transcript level was compared between parental MCF-7 and ↑IL-1R1 RNA 

lysates by qRT-PCR. ↑IL-1R1 IL1R1 expression level was normalised to the WT control. Statistics 

were calculated using an unpaired t test, ****<0.0001. (C) MCF-7 WT and ↑IL-1R1 protein lysates 

were probed for IL-1R1 (~65kDa) by Western blot. β-actin (42kDa) was used as a loading control. (D) 

MCF-7 ↑IL-1R1 cells had increased levels of basal Akt activation relative to parental cells. MCF-7 WT 

and ↑IL-1R1 cells were seeded 24hrs prior to lysis for protein. Lysates were run on an SDS-PAGE gel 

and immunoblotted for pAkt (~60kDa) and β-actin loading control (42kDa). 
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Knockout of IL-1R1 reduced ER- MDA-MB-231 invasiveness in vitro. MCF-7 cells are a non-invasive 

cell line, hence the impact of IL-1 signalling ablation on MCF-7 migratory capacity was determined 

instead, using migration Boyden chamber assay. There was no difference in IL-1α-induced migration 

between the WT and IL-1R1 KO cells (Figure 5.11A and B). Activation of Notch signalling in MCF-7 

cells is sufficient to induce invasion into a 3D matrix [163]. To determine the effect of IL-1R1 

overexpression on cell invasiveness, MCF-7 WT and ↑IL-1R1 cells were seeded into Matrigel. There 

was no difference in colony morphology between the WT and IL-1R1 overexpressing MCF-7 cells; 

both lines only formed colonies with the non-invasive mass morphology (Figure 5.11C). This was 

confirmed in invasion Boyden chamber assay; there was no difference in IL-1α-induced invasion 

between the WT and IL-1R1 overexpressing MCF-7 cells (Figure 5.11D and E). However, there was a 

significant difference in migration when MCF-7 WT and ↑IL-1R1 were compared by migration Boyden 

chamber assay. MCF-7 cells overexpressing IL-1R1 were more migratory in response to IL-1α 

treatment than the parental cells (Figure 5.11F and G).  

Knockout of IL-1 signalling in MDA-MB-231 cells increased their sensitivity to drug-induced apoptosis. 

To determine whether this is also the case for ER+ breast cancer cells, the sensitivity of WT parental 

and MCF-7 IL-1R1 KO cells to doxorubicin-induced apoptosis was compared. In direct contrast to the 

results of the equivalent MDA-MB-231 assay, the MCF-7 IL-1R1 KO clones were significantly less 

sensitive to doxorubicin-induced apoptosis than the WT control (Figure 5.12A). Moreover, 

overexpression of IL-1R1 in MCF-7 cells had no significant impact on apoptotic sensitivity (Figure 

5.12B). This is particularly surprising considering the MCF-7 ↑IL-1R1 cells had upregulated pro-

survival pAkt even in basal conditions.  

In summary, the phenotypic changes observed when IL-1 signalling is ablated in MDA-MB-231 cells 

are not recapitulated when IL-1R1 is knocked out in MCF-7 cells. Manipulation of IL-1 signalling levels 

had negligible effect on MCF-7 invasion or migration, and conflicting data yielded from analysis of IL-

1R1 KO and ↑IL-1R1 MCF-7 cell sensitivity to drug-induced apoptosis. Collectively this suggests that 

the role of the Notch/IL-1/Akt signalling axis differs with ER status, emphasising the importance of 

subtype context when considering novel therapeutic targets in the treatment of cancer. 
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Figure 5.11: Manipulation of IL-1 signalling had no impact on MCF-7 cell invasion. (A) Knockout 

of IL-1 signalling does not affect MCF-7 cell migration. MCF-7 WT and IL-1R1 KO cells were seeded 

into migration Boyden chamber assay. Chemotaxis was stimulated using 300ng/ml recombinant IL-1α 

in 1% serum media. After 24hrs the membranes were fixed and stained with crystal violet and 

brightfield images captured. Scale bar: 200μM. (B) 3 10x magnification images per triplicate chamber 

were quantified by CellProfiler. Cell counts were averaged and statistics calculated using a two-way 

ANOVA followed by a Tukey’s multiple comparisons test. (C) Overexpression of IL-1R1 does not 

impact MCF-7 colony morphology in 3D culture. Both cell lines formed non-invasive mass morphology 

colonies. MCF-7 WT and ↑IL-1R1 cells were seeded into Matrigel and maintained for 8 days before 

brightfield imaging. Scale bar: 200μM. (D) Overexpression of IL-1R1 in MCF-7 cells does not increase 

the invasiveness of the cells in Boyden chamber assay. WT and ↑IL-1R1 cells were seeded into 

invasion Boyden chamber assay and processed as in (A). Scale bar: 200μM. (E) Boyden chamber 

assay data were quantified as in (B). (F) IL-1R1 overexpressing MCF-7 cells have a greater migratory 

capacity than the parental line. MCF-7 WT and ↑IL-1R1 cells were seeded into IL-1α-induced 

migration Boyden chamber and processed as in (A). Scale bar: 200μM. (G) Boyden chamber assay 

data were quantified as in (B). ****<0.0001. 
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Figure 5.12: The effect of IL-1 signalling ablation on MDA-MB-231 apoptotic sensitivity is not 

replicated in the MCF-7 cells. (A) IL-1R1 KO MCF-7 cells were less sensitive to doxorubicin-induced 

apoptosis than WT control cells in apoptosis assay. Statistics were calculated using a two-way 

ANOVA followed by a Tukey’s multiple comparisons test, ****<0.0001. (B) Overexpression of IL-1R1 

in MCF-7 cells had no significant impact on sensitivity to drug-induced apoptosis. Statistics were 

calculated as in (A). 
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5.9. Discussion 

Our group have identified a novel signalling axis that mediates the anti-apoptotic function of Notch 

signalling through the cytokine IL-1α. This presents an opportunity to target a factor downstream of 

the canonical Notch pathway, to inhibit oncogenic Notch signalling while reducing the risk of side 

effects associated with pan Notch inhibition. Evidence suggests that IL-1 signalling is pro-tumorigenic 

in the breast in its own right, and the data presented in this chapter demonstrates the importance of 

IL-1 signalling in the breast cancer cell phenotype. I have shown that higher levels of IL-1R1 

expression are correlated with poorer survival in ER- breast cancer patients, particularly those with 

high grade tumours. Concordantly, expression levels of the negative regulator IL-1Ra are positively 

correlated with improved survival in ER- and chemotherapy-treated breast cancer patients. This led to 

investigation of the role of the IL-1 signalling pathway in the triple negative breast cancer cell line 

MDA-MB-231. Ablation of the pathway through knockout of the IL1 receptor reduced the invasiveness 

of the cell line when grown in 3D culture and in IL-1α-induced invasion Boyden chamber assay. 

Furthermore, MDA-MB-231 IL-1R1 knockout cells were more sensitive to doxorubicin-induced 

apoptosis in vitro. Both these invasion and apoptotic phenotypes were reversed by rescue of IL-1R1 

expression. In vivo, 231 IL-1R1 KO cells formed xenograft tumours with large areas of necrosis, which 

was not observed in the WT controls. Although IL-1R1 knockout had no significant impact on tumour 

growth rate, the rescue cells grew more rapidly than the equivalent WT and KO tumours in the latter 

stages of the experiment. This was reflected in the tumour histology, as the rescue tumours were 

significantly more cell dense than the WT and KO tumours. Mammosphere assay revealed that IL-

1R1 ablation reduced the stemness of the MDA-MB-231 cell line, with the rescue cells demonstrating 

the most potent stem-like behaviour. I determined that cells in the 231 WT population displayed 

variable levels of IL-1R1 expression. 231 cells with high levels of IL-1R1 expression had greater 

mammosphere forming efficiency, in line with the rescue data. Cells with low levels of IL-1R1 

expression had significantly lower mammosphere forming efficiency. In contrast to ER- breast cancer 

patients, there was no significant correlation between IL-1R1 expression and survival in ER+ breast 

cancer patients. Investigations in the ER+ cell line MCF-7 showed that knockout or upregulation of IL-

1 signalling had no impact on cell invasiveness or sensitivity to drug-induced apoptosis. In sum, I 

have demonstrated that IL-1 signalling is important in TNBC cell invasion, sensitivity to drug-induced 

apoptosis, and xenograft tumour growth. IL-1 signalling was also correlated with increased stemness 

in the MDA-MB-231 cell line. These phenotypic changes were not reflected in an ER+ cell line 

however, suggesting that the pathway is more important in triple negative than ER+ breast cancer. 

These data are supported by recent publications in the field. I have shown that IL-1α signalling is key 

in the invasiveness of MDA-MB-231 cells, suggesting that the pathway plays a role in TNBC 

metastasis. Supporting this, IL-1β signalling is upregulated in metastatic breast tumour cells 

compared to non-metastatic cells in patient-derived xenograft (PDX) models, and IL-1 signalling 

component expression is increased in a stepwise manner along the metastatic pathway [559]. 

Knockout of IL1A in MMTV-Her2 mice delays HER2-induced tumour development and reduces 

metastasis to the lung [567]. Moreover, anakinra or canakinumab treatment reduces MDA-MB-231 
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metastasis to the bone, demonstrating that IL-1 is implicated in metastasis to multiple secondary sites 

[558-560]. The Ottewell and Holen group showed that IL-1β mediates breast cancer cell EMT, 

invasion and metastasis, but also manipulates the bone metastatic niche, including upregulation of 

osteoclast and osteoblast activity [560]. A role for IL-1 in shaping the metastatic niche has also been 

identified in the lung, lymph nodes and head and neck [467]. A recent investigation found that 

metastatic breast cancer cells “activate” fibroblasts in the lung through IL-1-induced NFκB signalling. 

Knockdown of IL1A/B in MDA-MB-231 cells reduced their ability to colonise the lung when injected 

intravenously, and murine mammary tumour cell metastasis to the lung was impaired in IL-1R1 

knockout mice compared to WT [568]. IL1B expression is correlated with metastatic relapse in late-

stage breast cancer patients, and IL-1 pathway component expression patterns and ratios have been 

successfully used to predict whether a patient has non-metastatic or metastatic breast cancer [560, 

569, 570]. This suggests that the IL-1 pathway may have prognostic value, as well as being a novel 

target for metastasis prevention.  

Reflecting these findings with IL-1α, IL-1β has also been shown to induce invasion and migration in in 

vitro assays [571, 572]. Other studies have linked IL-1β to breast cancer cell invasion although the 

source of IL-1β was found to be cell types other than the breast cancer epithelial cells themselves 

[571, 573]. Tumour suppressive and tumour promoting microRNAs such as miR-146a-5p and miR-

182-5p respectively have also been found to influence the invasive phenotype of breast cancer cells 

via downstream IL-1 signalling [574, 575]. My investigations are the first to conclusively link IL-1α 

specifically to TNBC cell invasion. 

Secondly, I demonstrated that IL-1R1 KO MDA-MB-231 cells are more sensitive to doxorubicin-

induced apoptosis, implying that the IL-1 signalling pathway contributes to breast cancer cell survival 

and chemotherapy resistance. This was supported by data from Liu et al in HER2+ breast cancer 

models. IL1A knockout or IRAK1 inhibitor treatment increased breast cancer cell sensitivity to the 

chemotherapeutics cisplatin and paclitaxel [567]. Anti-IL-1β antibody treatment has also been shown 

to work in synergy with anti-programmed cell death protein 1 (PD-1) antibodies to inhibit 4T1 tumour 

growth in vivo [441]. PD-L1 inhibitors are currently approved for cancer therapy including for the 

treatment of metastatic TNBC [576]. Other than this research is scarce on the role of IL-1 signalling in 

breast cancer cell apoptosis. The work presented in this thesis combined with the previous 

investigations in our lab characterise a novel Notch-induced anti-apoptotic signalling pathway in 

breast cancer cells, mediated by IL-1α and culminating in pro-survival Akt signalling [130, 164, 296]. 

This pathway presents a novel therapeutic target for sensitising therapy resistant and TNBC cells to 

conventional treatments. 

We have shown that breast cancer cells deficient in IL-1 signalling form tumours with increased levels 

of necrotic tissue. This is supported by Holen et al, who showed that anakinra treatment inhibited the 

growth of MDA-MB-231 and MCF-7 subcutaneous xenografts. Analysis of the triple negative tumours 

showed that ANA increased necrotic cell death and decreased proliferation and angiogenesis [558]. 

Furthermore, treatment with an anti-IL-1R3 antibody inhibits the proliferation of MDA-MB-231 cells in 

vitro and in vivo when grown as subcutaneous xenografts [577]. We also found that IL-1R1 rescue 
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tumours were larger and more cell dense than the WT and KO equivalents, and the presence of a 

non-tumour cell infiltrate that may be composed of immune cells. This hypothesis is supported by 

recent work by the Apte group, which showed that IL-1β deficiency causes 4T1 tumour regression 

due to increased anti-tumour immunity [440, 441]. Guo et al used mammary fat pad implantation to 

show that murine breast cancer cells had impaired tumour forming capacity when orthotopically 

injected into the mammary fat pad of caspase 1 or NLRP3 KO mice compared to WT controls. The 

tumours of the KO mice had less activated IL-1β and infiltrating myeloid cells present than the 

equivalent WT tumours, suggesting that IL-1 signalling was contributing to the manipulation of the 

tumour microenvironment. In fact, injection of xenograft-bearing mice with IL-1Ra inhibited tumour 

growth and reduced myeloid cell infiltration [578]. Further investigation is needed before it can be 

confirmed that the cell infiltrate observed histologically in the rescue xenograft tumours is composed 

of immune cells. 

My mammosphere assay data suggests that IL-1 signalling is enriched in the BCSC subpopulation in 

TNBC. Taking this in vivo, another group linked IL-1 signalling to BCSC activity, as IL1A knockout in 

TNBC cells significantly reduced xenograft tumour initiation efficiency in serial dilution transplantation 

assay [567]. IL-1 has also been linked to BCSCs in the HER2+ and ER+ subtypes. Treatment of 

HER2 overexpressing MCF10A cells with IL-1 increases their mammosphere forming capacity, while 

KO of IL1A reduces the CD44+/CD24- subpopulation, mammosphere formation and tumour initiation 

efficiency in serial transplantation assay. In vivo, HER2/IL1A-/- mice have fewer BCSCs in their tumour 

tissue, and IL-1α expression is correlated with BCSC number in human primary tumour samples 

[567]. The Clarke lab identified IL-1β in bone marrow-conditioned media, which stimulated 

mammosphere formation and self-renewal of primary breast cancer cells and breast cancer cell lines 

through the Wnt, CREB and NFκB signalling pathways. ANA treatment was sufficient to inhibit 

mammosphere formation induced by bone marrow-conditioned media [466]. Moreover, IL-1β, IL-1R1 

and IL-1 target genes are upregulated in ALDH+ BCSCs enriched from anti-oestrogen treated ER+ 

patient samples and the MCF-7 cell line. This suggests that IL-1 signalling contributes to endocrine 

therapy resistance, and in fact anti-oestrogen-resistant MCF-7 cells have upregulated IL-1R1 and 

mammosphere forming efficiency (MFE) which is reversible by ANA treatment. It was determined that 

anti-oestrogen treatment selects for IL-1R1-expressing ALDH+ cells [556].  

Other recent studies have also linked IL-1 signalling to endocrine therapy resistance. For example, 

several genes are up/downregulated in hormone receptor positive (HR+) breast cancer cells in 

response to IL-1 treatment, with the same directionality as that seen in HR- breast cancers relative to 

HR+, and/or endocrine therapy resistant HR+ relative to endocrine therapy sensitive HR+ breast 

cancer cells. This suggests that IL-1 signalling induces a pattern of gene expression in ER+ breast 

cancer cells that mimics the basal gene expression patterns of ER- cells, mediating endocrine therapy 

resistance [555]. Interestingly, my data show that manipulation of IL-1 signalling has no phenotypic 

consequence in MCF-7 cells, in the context of invasion and sensitivity to chemotherapy-induced 

apoptosis. This implies that IL-1 signalling has differing roles in ER- and ER+ breast cancer, and is 

less important in ER+ breast cancer chemotherapy resistance than endocrine therapy resistance. 
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Previous work on ER/IL-1 signalling crosstalk is also conflicted, with evidence for bidirectional positive 

and negative regulation between the pathways (see Section 1.3.12. for more details). 

In conclusion, the data presented in this chapter demonstrate the importance of IL-1 signalling in the 

TNBC cell phenotype, including in invasion, apoptosis resistance and the ability to form xenograft 

tumours in vivo. TNBC cells express variable levels of the IL-1 receptor, and cells with high IL-1R1 

expression are enriched for BCSC activity. In contrast, manipulation of IL-1 signalling had no 

phenotypic consequence in an ER+ breast cancer cell line, implying that IL-1 has differing roles in ER- 

and ER+ breast cancer. These data support the hypothesis that the IL-1 signalling pathway is a viable 

novel therapeutic target in the treatment of breast cancer, particularly in the context of triple negative 

and therapy-resistant breast cancer. 
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6. Results Chapter 2  

Determining the mechanism of the Notch/IL-1α signalling pathway  

6.1. Introduction 

This chapter will present data that supports the hypothesis that IL-1 activates pro-survival Akt 

downstream of the Notch signalling pathway. Data will also show that IL-1 induces Akt activation 

through direct interaction between IL-1R1 and PI3K. 

Previous work by our group has identified a novel Notch/IL-1 signalling pathway that mediates 

apoptosis resistance in breast cancer cells through activation of Akt. Preliminary data showed that 

IL1A expression is upregulated in Notch activated MCF10A cells. Treatment of starved parental 

MCF10A cells with recombinant human IL-1α (rhIL-1α) induced Akt phosphorylation, while addition of 

recombinant human IL-1 receptor antagonist (rhIL-1rn) to MCF10A/RBPJκ conditioned media reduced 

its ability to activate Akt in starved parental MCF10A cells. However, the exact mechanism of IL-1-

induced Akt activation was never determined (see Figure 1.14) [164, 296]. Previous studies have 

shown that Akt can be activated by IL-1 via two mechanisms, directly or indirectly (see Figure 1.17). 

Indirect activation of Akt is thought to occur through NFκB [336].  Akt is an NFκB target gene while 

NFκB can also inhibit PTEN expression [299, 355, 356]. On the other hand, our data have shown that 

NFκB is unlikely to be modulating PTEN expression in our breast cancer model, as PTEN expression 

levels were unaffected by Notch activation in MCF10A cells or DAPT treatment of MCF-7 cells [164]. 

This does not rule out NFκB involvement entirely however, as it may induce Akt activation by an 

alternative mechanism, meaning this avenue should still be investigated. Akt can be directly activated 

by IL-1 through stimulation of PI3K by the IL-1 receptor. Investigations have revealed that PI3K can 

be recruited to the C-terminus of IL-1R1, where it is phosphorylated and activated through physical 

interaction with a Tyr-E-X-Met binding domain [358, 359]. Moreover, a preliminary experiment in our 

lab showed that pre-treatment of starved MCF10A cells with the PI3K inhibitor Wortmannin prevented 

Akt phosphorylation induced by MCF10A/RBPJκ conditioned media (Supplementary Figure 9.3). This 

suggested that a factor present in the MCF10A/RBPJκ conditioned media (later identified as IL-1α) 

induced Akt activation via PI3K [579]. 
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6.2. Notch inhibition downregulates IL1A expression 

Previous work in Brennan lab has shown that expression of the IL-1α gene is upregulated in Notch-

activated non-transformed MCF10A cells [296]. To confirm that Notch signalling is indeed responsible 

for this upregulation in IL1A expression, IL1A expression was assayed in WT and IL-1R1 rescue 

MDA-MB-231 cells following Notch inhibitor treatment. 231 WT and IL1R1 rescue cells were treated 

with SAHM1 (Figure 6.1A) and IL1A and control canonical Notch target gene expression measured 

using qRT-PCR. SAHM1 significantly inhibited IL1A and HES1 Notch target gene expression in WT 

and 231 rescue #2 cells. HEY1 expression was decreased by SAHM1 treatment but not significantly 

(Figure 6.1B). Moreover, a search for IL-1 family genes was performed in the microarray data set 

published by Choy et al [144]. This data set (Supplementary Table S4) was produced using triple 

negative MDA-MB-468 cells. DAPT-treated control samples were compared to samples from DAPT 

washout followed by anti-N3.A13 stimulation. Anti-N3.A13 agonises Notch signalling. The data show 

that IL1A expression was upregulated in response to Notch stimulation (Figure 6.1C). Interestingly, 

the IL-1R1 antagonist IL1RN was downregulated in response to anti-N3.A13 treatment. This is 

supported by cytokine array data produced in our lab prior to the commencement of this project [296]. 

IL-1Ra levels were lower in MCF10A cells stably transduced with NICD (Figure 6.1D and E). Ectopic 

NICD expression induces Notch target gene expression. These data, combined with the qRT-PCR 

data also generated by Leverentz et al, show that Notch induces IL1A expression in Notch-activated 

breast epithelial cells and triple negative breast cancer cells. 
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Figure 6.1: Inhibition of Notch signalling downregulates IL1A expression. (A) Schematic 

representation of MAML binding in the groove formed by NICD and RBPJκ in the transcriptional 

activator complex, based on [246]. SAHM1 is a hydrocarbon-stapled α-helical peptide that mimics a 

portion of MAML (shown in red), acting as a competitive inhibitor and preventing transcriptional 

activator complex assembly. (B) SAHM1 inhibits canonical Notch target gene expression in MDA-MB-

231 cells, and IL1A expression is downregulated. 231 WT and rescue cells were seeded and treated 

for 24hrs with either DMSO vehicle control or 20μM SAHM1. The cells were lysed for RNA and 

assayed for IL1A, HES1 and HEY1 gene expression by qRT-PCR. HPRT1 was used as the internal 

control gene. Mean CT values were used to calculate the fold change normalised to the WT/rescue 

DMSO-treated sample, and the values plotted on a log2 scale. Statistics were calculated using 

multiple t tests, ****<0.0001. Expression of all 3 target genes decreased but the HEY1 data was not 

significant. (C) IL1A expression is upregulated and IL1RN expression is downregulated in DAPT pre-

treated MDA-MB-468 cells stimulated with the Notch agonist anti-N3.A13. Supplementary Table S4 

from [144] was searched for IL-1 signalling components. IL1A and IL1RN log fold change (logFC) 

data was plotted. (D) IL-1α is increased and IL-1Ra is decreased in Notch-activated MCF10A cells. 

(E) Cytokine array data was quantified using Fiji/ImageJ and integrated density values plotted. 

Statistics were calculated using a two-way ANOVA followed by Sidak’s multiple comparisons test, 

****<0.0001. 
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6.3. Inhibition of IL-1 signalling in Notch-activated breast epithelial cells increases 

sensitivity to drug-induced apoptosis  

Stylianou et al demonstrated that activation of Notch signalling in mammary epithelial cells is sufficient 

to induce cellular transformation, indicated by an EMT-like morphology change, loss of E-cadherin 

expression and increased colony formation in soft agar assay. These Notch-activated mammary 

epithelial cells are also less sensitive to drug-induced apoptosis; the phenotypic outcome of an 

Akt/ASK1/JNK pro-survival signalling axis [130, 164]. Moreover, unpublished work showed that 

inhibition of IL-1 signalling in MDA-MB-231 cells (which have endogenous aberrant Notch signalling) 

increases the sensitivity of the cells to doxorubicin-induced apoptosis [296]. These findings led to the 

question of whether inhibiting IL-1 signalling in Notch-activated mammary epithelial cells would be 

sufficient to reverse Notch-induced cellular transformation and re-sensitise the cells to drug-induced 

apoptosis.  

To test this hypothesis, RBPJκ-dependent Notch signalling was activated in the non-transformed 

mammary epithelial cell line MCF10A. This was achieved through ectopic expression of RBPJκ fused 

to the transactivator VP16, which serves to mimic the active transcriptional activator complex in the 

Notch signalling pathway. A plasmid construct was built encoding 6Myc-tagged VP16-RBPJκ in a 

lentiviral pCDH backbone (Figure 6.2A). The finished construct was validated, packaged into lentiviral 

particles and transduced into MCF10A cells (Figure 6.2B and C). Next, to inhibit IL-1 signalling in 

these Notch-activated cells, the naturally occurring IL-1Ra IL-1 receptor antagonist was utilised. 

Overexpression of IL-1Ra was achieved via stable transduction of MCF10A WT and RBPJκ cells with 

the plasmid pCDH-EF1α-IL1RN-V5-T2A-RFP, previously generated and validated in our lab [130] 

(Figure 6.2D).  

During the generation of these cell lines, the number of RBPJκ positive cells present in the 

populations decreased over time as the cells were passaged (Figure 6.2E). This is likely due to the 

fact that Notch signalling can be both pro- and anti-apoptotic depending on the level of activation and 

cellular context (see Section 1.2.6.). A proportion of the cells may have been lost due to Notch-

induced apoptosis. To overcome this, a lower titre viral transduction approach was utilised, and the 

cell lines were sorted immediately prior to use to ensure that all the cells in the RBPJκ and RBPJκ/IL-

1Ra populations were positive for RBPJκ and had appropriate levels of expression. (Validation data 

presented is from the mixed populations prior to final sort). 

The data show that the resistance to doxorubicin-induced apoptosis conferred by activation of Notch 

could be reversed by inhibition of the IL-1 signalling pathway (Figure 6.2F).  
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Figure 6.2: Inhibition of IL-1 signalling reverses resistance to drug-induced apoptosis 

conferred by Notch activation. (A) Schematic representation of the RBPJκ cloning strategy. PCR 

was used to amplify up the VP16-RBPJκ-6Myc coding region from the pCDNA3.1 backbone and add 

NheI (5’ end, G^CTAGC) and NotI (3’ end, GC^GGCCGC) restriction sites. Complementary sticky 

ends were generated by NheI and NotI digestion of the PCR product and pCDH vector, then the insert 

ligated into the recipient vector. (B) The RBPJκ and IL-1Ra expression plasmids were packaged into 

lentiviral particles and used to stably transduce MCF10A cells. RBPJκ and IL-1Ra expression was 

confirmed using immunofluorescence, staining for the Myc and V5 tags. Scale bar: 25μM. (C) The 

pCDH-VP16-RBPJκ-6Myc vector was validated in HEK-293T cells. Transiently transfected HEK-293T 

cells and transduced MCF10A cells were lysed for protein and immunoblotted for Myc-tagged VP16-

RBPJκ (~67kDa) and β-actin loading control (42kDa). (D) MCF10A WT, IL-1Ra control, RBPJκ/IL-1Ra 

and RBPJκ cells were seeded, lysed and probed for GFP (26kDa), V5-tagged IL-1Ra (~26kDa) and β-

actin loading control (42kDa) protein by Western blot. (E) Stable RBPJκ and/or IL-1Ra expressing cell 

lines were generated by FACS for GFP and/or RFP. IL-1Ra expression was maintained however 

RBPJκ expression was lost with sequential passages. (F) Ectopic co-expression of IL-1Ra with VP16-

RBPJκ reversed MCF10A RBPJκ resistance to doxorubicin-induced apoptosis. Apoptotic sensitivity of 

MCF10A WT, RBPJκ, RBPJκ/IL-1Ra, and IL-1Ra control cells was determined using apoptosis assay. 

Statistics were calculated using a two-way ANOVA followed by a Tukey’s multiple comparisons test, 

****<0.0001. 
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6.4. Akt is activated by IL-1α via direct interaction between IL-1R1 and PI3K  

The main mechanistic question of this project was to determine how IL-1 signalling leads to the 

activation of pro-survival Akt signalling in our Notch-driven breast cancer model: directly through 

interaction between IL-1R1 and PI3K, or indirectly through NFκB.  

Direct interaction between IL-1R1 and PI3K to facilitate IL-1 signal transduction has been described 

by several groups in other systems. The p85/PIK3R1 regulatory subunit of PI3K interacts with a Tyr-

E-X-Met PI3K-binding domain in the C-terminus of IL-1R1 [358-360]. To investigate whether this 

interaction is responsible for IL-1α-induced Akt signalling in our breast cancer model, the putative IL-

1R1/PI3K interaction was disrupted by site-directed mutagenesis. Tyrosine 496 is phosphorylated 

upon IL-1/IL-1R1 binding, which generates an essential Src homology 2 (SH2) binding site for 

PI3K3R1 [580]. Mutation of this residue to phenylalanine abolishes direct interaction between IL-1R1 

and PI3K, without affecting the ability of IL-1R1 to activate NFκB signalling via the myddosome [358] 

(Figure 6.3A). The IL-1R1 rescue construct (see Results Chapter 1 Figure 3) was modified (to pCDH-

EF1α-IL1R1Y496F-V5-T2A-BFP) and validated, then packaged into lentiviral particles and used to 

stably transduce both the 231 IL-1R1 KO cell lines (see Section 5.3 for details of KO). The resulting 

231 rescue #1/2 Y496F lines were validated by IF and WB (Figure 6.3B and C).  

To determine the effect of the IL-1R1 Y496F mutation on IL-1-induced Akt activation, 231 KO, rescue 

and rescue Y496F cells were seeded and starved in serum-free (SF) media for 24hrs. The cells were 

challenged with 300ng/ml recombinant IL-1α for 30mins to induce Akt activation, and immediately 

lysed for protein. SF media and complete growth media (GM) were used as negative and positive 

control challenge treatments respectively. Lysates were blotted for phosphorylated Akt (pAkt). A pair 

of bands at ~60kDa was produced, the upper band indicating pAkt. As expected, there was no pAkt 

detected in the IL-1α-treated IL-1R1 KO cells. Akt activation was restored in the rescue cells, where 

the upper pAkt band was clearly present in the IL-1α-challenged lane. IL-1α-induced Akt activation in 

the rescue IL-1R1 Y496F cells was lower than that of the parental rescue cells, showing that the 

Y496F mutation successfully inhibited IL-1-induced Akt signalling (Figure 6.3D). This supports the 

hypothesis that IL-1α induces Akt activation in MDA-MB-231 cells, at least partially via direct 

interaction between IL-1R1 and PI3K. To functionally confirm these findings, the sensitivity of IL-1R1 

KO, rescue and rescue Y496F MDA-MB-231 cells to doxorubicin-induced apoptosis was analysed 

using apoptosis assay. IL-1R1 KO cell sensitivity to doxorubicin-induced apoptosis was inhibited by 

rescue of IL-1R1 expression, but not by expression of the mutated form of the protein (Figure 6.3E). 

This supports the pAkt WB data, and confirms that IL-1α can induce pro-survival Akt signalling in 

MDA-MB-231 cells through direct interaction between IL-1R1 and PI3K. 
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Figure 6.3: IL-1α can induce Akt activation in MDA-MB-231 cells through direct interaction 

between IL-1R1 and PI3K. (A) Schematic representation of the site-directed mutagenesis strategy for 

IL-1R1. Y496F mutation prevents IL-1R1 interacting with PI3K and activating downstream signalling 

events. Y496F was induced by a single point mutation of the appropriate codon (TAT to TTT). (B) 231 

IL-1R1 KO cells were transduced with the modified IL-1R1 rescue construct using a lentiviral vector 

and stable cell lines generated through FACS isolation of BFP-positive cells. Fixed KO, rescue and 

rescue Y496F cells were immunostained for V5-tagged IL-1R1 to confirm expression of the mutant 

form. Scale bar: 25μM. (C) The cell lines were lysed for protein and immunoblotted for IL-1R1 

(~65kDa) and β-actin loading control (42kDa). Despite normalisation of expression using FACS, the 

amount of glycosylated receptor present in the 231 rescue #1 appears to be significantly higher than 

in the other rescue and rescue Y496F lines, however the amount of un-glycosylated receptor is 

comparable across the cell lines. (D) Y496F IL-1R1 mutation reduces IL-1α-induced Akt activation. 

231 IL-1R1 KO, rescue and rescue Y496F cells were seeded in complete media, then the next day 

pre-treated with SF media for 24hrs. The cells were washed and challenged with either SF media 

(negative control), complete growth media (positive control) or 300ng/ml recombinant human IL-1α 

diluted in SF media. After 30mins the cells were lysed for protein and probed for phosphorylated Akt 

(60kDa) and β-actin loading control (42kDa) by Western blot. The upper band represents 

phosphorylated Akt. (E) Mutation of the IL-1R1 PI3K binding domain increases the sensitivity of MDA-

MB-231 cells to doxorubicin-induced apoptosis. Apoptotic sensitivity of 231 IL-1R1 KO, rescue and 

rescue Y496F cells was determined using apoptosis assay. The cells were seeded 24hrs prior to 

treatment with 25μM doxorubicin hydrochloride or complete media control. The cells were then filmed 

for 16hrs at 3 random points per well. 20 cells were randomly selected per field of view and the 

percentage of apoptotic cells determined. Apoptotic cells were counted by eye and defined as cells 

that possessed at least 3 of the visual characteristics of apoptosis: membrane blebbing, nuclear 

fragmentation, cessation of movement and cell lysis (bursting). Statistics were calculated using a two-

way ANOVA followed by a Tukey’s multiple comparisons test, ****<0.0001. 
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Having shown that pro-survival Akt signalling can be activated downstream of IL-1 through the direct 

mechanism, the next task was to determine whether Akt could also be activated indirectly by IL-1 via 

NFκB. Stimulation of MDA-MB-231 cells with IL-1α upregulated NFκB target gene expression (Figure 

6.4A). Cells were challenged with IL-1α and expression of NFKBIA (IκB), TNFA (TNFα) and TNFAIP3 

(A20) analysed by qRT-PCR. These 3 genes were selected as they are direct target genes whose 

expression is induced by NFκB within 30mins of its activation [566, 581, 582]. Knockout of IL-1R1 in 

MDA-MB-231 cells downregulated IL-1α-induced NFκB target gene expression, which was restored 

by IL-1R1 rescue (Figure 6.4B). 
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Figure 6.4: IL-1α induces NFκB target gene expression in MDA-MB-231 cells. (A) IL-1α induces 

TNFA and TNFAIP3 expression in MDA-MB-231 cells. 231 WT cells were seeded, serum-starved for 

24hrs, washed in PBS then challenged with 300ng/ml recombinant IL-1α in serum-free (SF) media for 

30mins. NFκB target gene expression was determined by qRT-PCR of RNA lysates. HPRT1 was 

used as the internal control gene and 1ng/μl TNFα as a positive control treatment. Mean CT values 

were used to calculate the fold change normalised to the SF media-challenged sample, and the 

values plotted on a log2 scale. Statistics were calculated using a two-way ANOVA followed by a 

Tukey’s multiple comparisons test, ****<0.0001. (B) MDA-MB-231 IL-1R1 KO cells have reduced IL-

1α-induced NFκB target gene expression compared to WT, and this is partially restored by IL-1R1 

rescue. 231 WT, IL-1R1 KO and rescue cells were prepared, treated and analysed as in (A). Fold 

change was normalised to a WT SF media-challenged sample (data not shown for simplicity).  
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IL-1-induced NFκB signalling is dependent on the myddosome, (see Figure 1.16) [319, 322]. Ectopic 

expression of the MyD88 TIR domain (denoted dnMyD88) acts as a dominant negative inhibitor of IL-

1-induced NFκB activity, as it lacks the death domain essential for recruitment of IRAK within the 

myddosome [320] (Figure 6.5A). A lentiviral expression construct was built which facilitated 

overexpression of dnMyD88 in transduced WT and IL-1R1 rescue MDA-MB-231 cells (Figure 6.5B). 

As a control, a modified form of the construct was also generated by site-directed mutagenesis which 

carried the D275A mutation. This mutation prevents dnMyD88 from binding within the myddosome 

and outcompeting the endogenous protein [583] (Figure 6.5A).  

Stable dnMyD88(D275A) cell lines were obtained by FACS and validated for dnMyD88(D275A) 

expression by IF and WB (Figure 6.6A and B, Supplementary Figure 9.1). To confirm that the 

dominant negative inhibition system worked, the cell lines were assayed as previously for IL-1α-

induced NFκB target gene expression. The data show that expression of the TIR domain of MyD88 

supressed IL-1α-induced NFκB target gene expression in MDA-MB-231 cells, and that this was 

reversed by the D275A mutation (Figure 6.6C). To determine whether inhibition of IL-1-induced NFκB 

signalling impacted MDA-MB-231 survival, apoptosis assay was carried out comparing the sensitivity 

of the parental and dnMyD88-expressing cells to drug-induced apoptosis. dnMyD88 expression did 

not significantly affect the sensitivity of 231 WT or IL-1R1 rescue cells to doxorubicin (Figure 6.6D). 
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Figure 6.5: Inhibition of IL-1-induced NFκB signalling through expression of dominant negative 

MyD88. (A) Schematic representation of the dnMyD88-based NFκB inhibition strategy. The indirect 

Akt activation hypothesis presumes that NFκB signalling is activated downstream of the myddosome, 

which is dependent on the presence of MyD88. Overexpression of dnMyD88 specifically inhibits IL-1-

induced NFκB signalling and hence downstream Akt activation. The D275A mutation prevents 

dnMyD88 from competing with endogenous MyD88 for IL-1R1 binding, and the signalling blockade is 

lifted. D275A is induced by a single point mutation of the appropriate codon (GAC to GCC). (B) 

Schematic representation of dnMyD88 molecular cloning. The TIR domain of MyD88 was cloned into 

the multiple cloning site of pCDH-EF1α-T2A-BFP/RFP. PCR was used to amplify the TIR coding 

region from pCMV-SPORT6-MyD88, as well as introduce an ATG start codon and NheI and NotI 

restriction sites. Insert and vector were digested with NheI and NotI and ligated together via 

complementary sticky ends. 
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Figure 6.6: Inhibition of IL-1-induced NFκB signalling does not impact MDA-MB-231 cell 

sensitivity to doxorubicin-induced apoptosis. (A) WT MDA-MB-231 cells were transduced with 

lentiviral particles containing the dnMyD88 or dnMyD88 D275A constructs. BFP-positive cells were 

isolated and expression normalised in sequential FACS sorts. The cells were lysed and protein 

expression confirmed using Western blot for 2A peptide and β-actin loading control (42kDa). A band 

for dnMyD88-2A was produced at ~19kDa. (B) MDA-MB-231 IL-1R1 rescue cells were also 

transduced with the RFP versions of the dnMyD88 and dnMy88 D275A constructs and stable cell 

lines generated as in (A). RFP expression was confirmed by immunofluorescence. Staining for 2A 

peptide shows both IL-1R1 and dnMyD88(D275A) expression. Scale bar: 25μM. (C) Ectopic 

expression of dnMyD88 in MDA-MB-231 cells reduced NFκB target gene expression, which was 

restored by dnMyD88 D275A mutation. Parental, dnMyD88 and dnMyD88 D275A cells were seeded, 

serum-starved, challenged with SF control media, IL-1α or TNFα for 30mins and lysed for RNA as 

previously described. qRT-PCR was used to analyse the levels of NFKBIA, TNFA and TNFAIP3 NFκB 

target gene expression, with HPRT1 as the internal control. Mean CT values were used to calculate 

fold change normalised to the WT SF sample, and the values plotted on a log2 scale. Statistics were 

calculated using a two-way ANOVA followed by a Tukey’s multiple comparisons test, ****<0.0001. (D) 

There was no significant difference in apoptotic sensitivity between the WT/rescue and WT/rescue 

dnMyD88 cells. Apoptosis assays were carried out as per the Materials and Methods using 25μM 

doxorubicin hydrochloride and statistics calculated using a two-way ANOVA followed by a Tukey’s 

multiple comparisons test, ****<0.0001. 
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As inhibition of IL-1-induced NFκB signalling did not increase the sensitivity of MDA-MB-231 cells to 

apoptosis, it was hypothesised that (in our breast cancer model) IL-1α does not activate pro-survival 

Akt indirectly through NFκB signalling. To test this theory, 231 WT, dnMyD88 and dnMyD88 D275A 

cells were assayed for IL-1α-induced Akt phosphorylation by Western blot as previously described 

(see Figure 6.3D). However, there was no detectable band for pAkt in any of the IL-1α treated 

samples (Figure 6.7A). This result was surprising, especially as pAkt is detectable by WB after IL-1α 

stimulation of 231 IL-1R1 rescue cells (Figure 6.7B). On the other hand, this supports data presented 

in Chapter 1 of this thesis which suggests that WT MDA-MB-231 cells have variable levels of IL-1R1 

expression, whereas ectopic IL-1R1 expression in the rescue cell lines is consistent and high (see 

Section 5.7.). IL-1α-induced Akt activation was reduced in the 231 rescue dnMyD88 cells compared to 

the parental rescue line, and this was at least partially restored by the D275A mutation (Figure 6.7B). 

However, there were inconsistencies in the controls for this experiment. For instance, the amount of 

Akt phosphorylation induced by complete growth media (GM) in the positive controls varies from 

sample to sample. This cannot be rationalised as an effect of NFκB inhibition as, for example, there 

was significantly more pAkt in the GM-challenged rescue #1 dnMyD88 lane than the equivalent 

rescue #1 without the dominant negative inhibitor, and the KO #2 GM-treated sample lacked any Akt 

phosphorylation at all. Therefore no reliable conclusions can be drawn from these data. As an 

alternative approach to activating IL-1 signalling through treatment with recombinant IL-1α peptide, 

IL1A was also ectopically expressed in WT MDA-MB-231 cells. Despite high levels of expression of 

IL-1α, there was still no detectable activation of Akt in the WT line. This was also the case when IL1A 

overexpressed in the rescue lines, showing that this approach was ineffective at inducing Akt 

activation downstream of the IL-1 receptor (Supplementary Figure 9.2).  

In summary, IL-1α treatment induced NFκB activity in MDA-MB-231 cells, which could be prevented 

by expression of dnMyD88. Inhibition of IL-1α-induced NFκB signalling had no impact on the 

sensitivity of the cells to doxorubicin-induced apoptosis, and comparison of Akt activity between 

parental and dnMyD88-expressing lines was inconclusive. Collectively this suggests that the pro-

survival Akt/ASK1/JNK/p53 signalling axis identified by our group is not indirectly activated by IL-1α 

through myddosome-dependent NFκB signalling. Instead, these data suggest that Akt is activated 

directly by IL-1α through physical interaction between IL-1R1 and PI3K. Uncoupling of this interaction 

inhibited IL-1α-induced Akt phosphorylation and increased the sensitivity of the cells to apoptosis. 
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Figure 6.7: Analysis of Akt activity in the dnMyD88 model was inconclusive. Cell lines were 

assayed for Akt phosphorylation as previously described. (A) IL-1α-induced Akt phosphorylation was 

undetectable in WT MDA-MB-231 cells. (B) IL-1α-induced Akt phosphorylation was detectable in the 

231 IL-1R1 rescue cell lines. Expression of dnMyD88 in the rescue cells appeared to reduce IL-1α-

induced pAkt, which was reversed by mutation of the dominant negative inhibitor, however this cannot 

be reliably concluded due to inconsistencies in the control lanes. 
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6.5. Discussion 

Previous work in our lab has identified a novel pro-survival signalling pathway in breast cancer cells, 

initiated by the Notch receptor and culminating in inhibition of apoptotic ASK1/JNK signalling [130, 

164]. A key factor in this pathway is the cytokine IL-1α, which was hypothesised to be acting 

downstream of the Notch signalling pathway in an autocrine signalling loop (see Figure 1.14) [164, 

296]. My task was to investigate the mechanism of this signalling axis, to corroborate that IL-1α 

activates Akt downstream of Notch, as well as determine how Akt is activated downstream of the IL-1 

receptor. 

Firstly, I confirmed that IL-1α is active downstream of the Notch signalling pathway. Leverentz et al 

showed that IL1A expression is upregulated in Notch-activated MCF10A cells [296]. In the reverse 

experiment, pharmacological inhibition of Notch signalling reduced IL1A expression in MDA-MB-231 

cells. Mining of microarray data from the Siebel lab also revealed that IL1A expression is upregulated 

in a second TNBC cell line by a Notch3 agonist after DAPT treatment and washout [144]. Next, it was 

proved that IL-1 signalling acts downstream of Notch to mediate resistance to drug-induced 

apoptosis. Inhibition of IL-1 signalling via ectopic expression of IL-1Ra re-sensitised Notch-activated 

MCF10A cells to doxorubicin-induced apoptosis. A question mark in our novel signalling mechanism 

was how IL-1 activates Akt, either directly through physical interaction between IL-1R1 and PI3K, or 

indirectly through intermediary MyD88-dependent NFκB signalling. Previous data hinted that this 

occurred directly through PI3K, as PI3K inhibitor treatment prevented media conditioned by Notch-

activated MCF10A cells from activating Akt in starved parental cells [579]. In addition there was no 

difference in PTEN expression in response to Notch activation or inhibition; a key negative regulator 

of Akt signalling known to be inhibited by NFκB [164]. My data confirm this hypothesis, as 

mutagenesis of the IL-1R1/PI3K binding region inhibited IL-1α-induced Akt phosphorylation and 

sensitised the cells to drug-induced apoptosis. To confirm that the NFκB pathway is unlikely to be 

involved in our Notch-induced signalling axis, a dominant negative form of MyD88 was utilised to 

inhibit myddosome-dependent NFκB signalling in MDA-MB-231 cells. This had no significant impact 

on the sensitivity of the cells to apoptosis. Collectively these data confirm that IL-1α is activated 

downstream of Notch and mediates Notch-induced resistance to apoptosis. IL-1α activates pro-

survival Akt through direct interaction between IL-1R1 and PI3K.  

Identification of factors acting downstream of the Notch signalling pathway that mediate its pro-

tumorigenic functions has value in the context of therapeutic inhibition. As the pathway is so 

ubiquitous in normal tissues and has broad reaching signalling outputs, pan Notch inhibition 

(particularly long term) has been linked to serious side effects including goblet cell metaplasia in the 

GI tract and secondary tumour formation in the vasculature [276, 277]. Targeting downstream 

signalling events has the potential to streamline Notch inhibition, reducing the risk of side effects in 

the patient. Our lab was the first to identify a signalling axis which mediates Notch-induced apoptosis 

resistance in breast cancer. Notch actives Akt, which in turn inhibits ASK1/JNK signalling leading to 

reduced p53 accumulation and cell survival [164]. Data in this project and preceding unpublished 

work then determined that Notch stimulates Akt through IL-1α, which directly activates Akt through 
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PI3K [296]. Elsewhere in the literature, Notch has been linked to increased IL-1β and IL-1R1 

expression in breast cancer, however IL-1α has not, and no connections have been made to 

apoptosis or therapy resistance [300, 301].  

Recruitment of PI3K to the IL-1R1 receptor and its subsequent activation of Akt and downstream 

signalling pathways has been demonstrated in other non-breast cancer model systems [358-360, 

584]. This includes in the context of cell survival [585]. For example, one study showed that IL-1β 

protects neurons from apoptotic cell death via IL-1R1/PI3K-depdendent Akt activation [586]. My 

experiments ruled out the possibility that MDA-MB-231 apoptosis resistance is induced by MyD88-

dependent NFκB signalling. However, it is important to note that NFκB can also be activated 

downstream of the direct IL-1R1/PI3K interaction in other model systems [359, 584]. Hence, although 

my data rule out upstream MyD88-dependent pro-survival NFκB activity in our breast cancer model, it 

cannot determine whether IL-1R1/PI3K activates pro-survival Akt directly, or through downstream 

NFκB signalling.  

In conclusion, the data presented in this chapter confirm that IL-1α signalling is activated downstream 

of Notch, and that this contributes to TNBC cell resistance to drug-induced apoptosis through 

activation of Akt, in a mechanism dependent on direct interaction between IL-1R1 and PI3K. 
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7. Results Chapter 3  

IL-1 signalling in the normal mammary gland  

7.1. Introduction 

This chapter will outline my investigations into the role of IL-1 signalling in the normal developing 

mammary gland.  

To safely use IL-1 inhibitors in the clinic for breast cancer treatment, it is important to understand what 

impact they may have on the healthy mammary gland tissue. This includes during the post-pubertal 

developmental stages: pregnancy, lactation and involution. If IL-1 signalling plays a key role in these 

processes, inhibition of the pathway may be detrimental. Moreover, elucidating the function of IL-1 in 

normal mammary tissue homeostasis has implications for breast cancer research, as deregulation of 

normal cellular processes often leads to tumorigenesis. 

IL1A, IL1B, and IL1R1 knockout mice develop normally, save for impaired immune function [553, 587-

590]. IL1RN knockout mice have a more significant phenotype, including growth retardation and 

spontaneous rheumatoid arthritis-like disease [588, 591]. However, the mammary gland has not been 

studied in these models. In contrast, Notch signalling has been well studied in the normal mammary 

gland, and has key roles in pregnancy, lactation and involution. Notch4 helps maintain mammary 

stem cell activity, and signalling through the other Notch receptors directs mammary epithelial 

progenitors down the luminal lineage [219]. Unlike IL-1 knockout mice, genetic manipulation of Notch 

signalling has a phenotypic effect in the mammary gland, particularly during puberty (branching 

morphogenesis) and pregnancy (lobuloalveolar development) [511, 512, 514].  

IL-1α and IL-1β are upregulated in the murine mammary gland during the first 12hrs of weaning, 

suggesting that IL-1 signalling may play a role in involution [537]. This is a logical hypothesis, as 

during involution there is an influx of infiltrating immune cells which help to clear cellular debris as the 

gland regresses and re-models [490]. Moreover, data presented thus far in this thesis demonstrates a 

role for IL-1 signalling in mammary epithelial cell apoptosis, which occurs extensively during 

involution. Other than the aforementioned study, it has not been determined if IL-1 signalling is active 

during mammary gland development, and what function, if any, it has during the various stages. To 

determine which stage of mammary gland development IL-1 signalling is most active, microarray data 

obtained from Clarkson and Watson’s 2003 analysis was searched for IL-1 signalling components 

[592]. IL-1 signalling components were expressed in the normal mammary gland and fluctuated as the 

gland developed (Figure 7.1). There was a peak in IL1A, IL1B, IL1R1 and IL1R2 expression that 

corresponded with the first day of involution (I0.5). IL1B expression was most significantly 

differentially regulated, with strong peaks during the middle of lactation (L5) and the first day of 

involution (I0.5). IL1R3 and IL1RN expression was fairly low and consistent throughout gland 

development. Collectively these data suggest that IL-1 signalling is active during normal mammary 

gland development, particularly during early involution. 
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Figure 7.1: IL-1 signalling is active during normal mammary gland development, particularly 

during early involution. IL-1 signalling components are expressed during the pregnancy, lactation 

and involution stages of murine mammary gland development. The highest points of IL1A, IL1B and 

IL1R2 expression occur at involution day 0.5. IL1B expression peaks significantly during lactation day 

5 and involution day 0.5. V= virgin, P= pregnancy, L=lactation, I= involution. Microarray data was 

obtained from [592] and analysed for IL-1 signalling components by Michael Leverentz prior to the 

commencement of this project. 
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7.2. Knockout of IL-1 signalling has no impact on mammary gland morphology during 

involution 

To determine the significance of IL-1 signalling during mammary gland involution, an IL-1R1 knockout 

mouse line was utilised. The IL-1R1 D/D mouse line was generated and validated by Adbulaal et al 

and kindly donated to this project by Emmanuel Pinteaux [553]. IL-1R1 D/D is a total IL-1R1 knockout 

on a C57/BL6 background. It was generated by crossing IL-1R1fl/fl mice with mice expressing Cre 

recombinase under the control of a keratin 14 promoter in oocytes. Excision of loxP sites flanking 

exon 5 of the IL1R1 gene led to the deletion of IL-1R1 in all tissues [553]. An IL-1R1 D/D colony was 

established from heterozygous (IL-1R1+/-) sperm cells, through in vitro fertilisation of a WT (IL-1R1+/+) 

C57/BL6 mouse and subsequent IL-1R1+/- breeding trios. Mice were genotyped from ear clip samples 

using IL-1R1 D/D fwd (1) and IL-1R1 D/D rev (2) or IL1-R1 D/D rev (3) primer pairs (see [553] for 

genotyping strategy design). An example of a genotyping gel is given below (Figure 7.2).  

IL-1R1+/- and homozygous (IL-1R1-/-) mice developed normally and had no obvious congenital 

defects. Previous investigators had not noticed any breeding defects in this mouse line, however it 

was noted in this experiment that IL-1R1-/- females lost their pups prematurely at a higher rate than 

the IL-1R1+/+ and IL-1R1+/- controls. 44% of experimental IL-1R1-/- females lost their litters prior to 7 

days old compared to 25% of IL-1R1+/+ and 13% of IL-1R1+/-. This suggests that ablation of IL-1 

signalling had a negative impact on the ability of the females to feed their pups.  

To investigate the impact of IL-1R1 knockout on mammary gland involution, mammary gland tissue 

was harvested from IL-1R1-/- and control mice at involution days 2, 4, 6, 10 and 21. These time points 

were selected to cover the breadth of involution including reversible (days 2-4) and irreversible (days 

6-21) time points. Pups were prematurely weaned at 7 days old to ensure glands were at maximum 

lactational development prior to the start of involution. Mice were sacrificed and both 4th mammary 

glands dissected for whole mount and histological staining. Small portions of the right 5th mammary 

gland were also harvested and placed into RNA stabilisation solution for future transcriptional 

analysis. 

Mammary gland whole mount staining revealed there was no significant morphological difference 

between involuting mammary glands of IL-1R1 deficient and IL-1R1 proficient mice. There was no 

difference in overall gland size between the IL-1R1 KO and control glands at matched time points, 

and there was no visible difference in length or thickness of the ducts (Figure 7.3).  
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Figure 7.2: Example IL-1R1D/D mouse genotyping gel. Genomic DNA was harvested from mouse 

ear clip samples. PCR was used to amplify the target region and the product run on an 

electrophoresis gel. Genotype was determined by the presence or absence of PCR bands. PCR 

product is produced by primer set 1+2 only when a WT allele is present as the primer 2 binding site is 

deleted after Cre recombination. PCR product is produced by primer set 1+3 only when a knockout 

allele is present. In the WT allele the primer 1 and 3 binding sites are too far away from one another 

for amplification to occur. Cre recombination brings together the primer 1 and 3 binding sites close 

enough for a product to be synthesised. See Figure 1 in [553] for further details. 
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Continued on next page 
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Figure 7.3: IL-1R1 ablation had no impact on the morphology of involuting murine mammary 

glands. 4th mammary glands were harvested from IL-1R1 KO mice at involution days 2, 4, 6, 10 and 

21, and stained for whole mount analysis. Scale bar: 0.1cm. 
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7.3. IL-1R1 knockout mammary glands involuted faster than WT controls 

In contrast to the whole mount data, histological staining revealed that there was a phenotypic 

difference in the IL-1R1 KO mammary gland tissue at involution days 2 and 6. The IL-1R1 KO glands 

appeared to involute faster, with evidence of greater levels of lobuloalveolar regression compared to 

WT controls at matched time points (Figure 7.4).  

At involution day 2 there was significantly less epithelium present within the gland. A greater 

proportion of the gland was composed of (white and brown) adipocytes and stroma/connective tissue 

(Figure 7.5A). The alveoli were collapsed and almost empty of milk protein, in contrast to the WT 

gland which was packed with alveoli full of milk (Figure 7.5B). The ducts within the KO sections were 

primarily filled with cellular and milk debris, and contained a greater number of apoptotic cells (Figure 

7.5C). The difference in the number of apoptotic cells within the ducts was determined visually from 

the H&E images, however this was not statistically significant due to variation between the two KO 

samples. A sample size of 3 is required to be confident in this phenotype.   

At involution day 6 there was greater epithelial regression in the IL-1R1 KO glands. There were fewer 

alveoli and ducts present, with the majority of the gland composed of adipose tissue (Figure 7.6). 

Collectively, these data suggest that IL-1 signalling is important in mammary gland involution. As 

there was no phenotypic difference between the WT and KO glands at the later involution time points 

(Figure 7.4), IL-1 may play a more important role in early involution than late involution. 
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Figure 7.4: Early mammary gland involution occurs faster in IL-1R1 KO mice. Mammary glands 

from IL-1R1-/- mice at involution days 2 and 6 displayed increased levels of epithelial regression 

compared to IL-1R1+/+ controls. There was no visible difference in the histology of WT and IL-1R1 KO 

glands at involution day 21. 4th mammary glands were harvested, fixed and stained with H&E. 

Representative images were captured from full slide scans at 4x and 20x magnification. Quantification 

was carried out using CaseViewer software. 3 random fields of view were quantified per sample. 

Statistics were calculated using unpaired t tests, **<0.01. 4x scale bar: 200μm, 20x scale bar: 50μm. 
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Figure 7.5: IL-1R1 KO mammary glands at involution day 2 are histologically different to WT 

controls. Glands were harvested, processed and analysed as in Figure 7.4. Representative images 

were captured at 10x and 40x magnification. (A) Glands harvested from the involution day 2 IL-1R1-/- 

mice had a higher proportion of adipose and stromal tissue versus alveolar/ductal structures. (B) IL-

1R1 KO alveoli were significantly smaller than in the WT control. The alveoli were collapsed and 

contained only small amounts of milk protein. (C) IL-1R1 KO ducts contained milk and cellular debris, 

and a larger number of apoptotic epithelial cells than control ducts. Apoptotic cell number was 

normalised to total duct area analysed. 10x scale bar: 100μm, 40x scale bar: 20μm. 
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Figure 7.6: IL-1R1 KO mammary glands maintained a higher proportion of adipose/stroma than 

WT control glands at involution day 6. Glands were processed and quantified as in Figure 7.4. 

Images were captured at 20x magnification. 4th mammary glands were harvested, fixed and stained 

with H&E. Representative images were captured from full slide scans at 4x and 20x magnification. 

Quantification was carried out using CaseViewer software. 3 random fields of view were quantified 

per sample. Statistics were calculated using unpaired t tests, **<0.01. 20x scale bar: 50μm. 
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7.4. Discussion 

The data presented in this thesis supports the hypothesis that the IL-1 signalling pathway is a viable 

novel therapeutic target in the treatment of breast cancer. To determine whether inhibition of the 

pathway would be safe for the patient, it is vital to identify any potential side effects in healthy tissues. 

In addition, the signalling pathways that mediate tumorigenesis are frequently active in the normal 

tissue. Identifying these roles may provide hints for the pathways’ influence on cancer cell behaviour. 

My aim was to investigate the influence of IL-1 signalling in normal mammary gland development. 

Previous work suggests that IL-1 is most likely to play a part in mammary gland involution, therefore 

this stage of development was the focus of the investigation. The data show that IL-1R1 knockout 

female mice were able to support litters, but had a higher rate of litter loss than WT and heterozygous 

controls. Involuting mammary gland morphology was unaffected by IL-1R1 ablation at the whole 

mount level; the glands were similar sizes and there was no obvious difference in ductal length or 

number. However at the histological level, there were significant differences between the KO and WT 

glands at involution days 2 and 6. At involution day 2, the IL-1R1 KO glands had already lost a 

significant number of alveoli, and the majority of the gland was composed of adipose tissue. The 

ducts lacked milk protein and contained more apoptotic cells. This was also reflected in in the glands 

at involution day 6, as the amount of epithelial tissue in the KO glands remained lower than the WT 

control. At the final involution time point sampled, day 21, there was no significant difference between 

the KO and WT glands at the histological level. Collectively these data suggest that IL-1 signalling is 

important in involution, particularly the earlier stages of the process. This warrants further 

investigation into the role of IL-1 signalling in mammary gland involution. 

These data are the first to show a phenotypic effect for IL-1 signalling in mammary gland involution. 

Prior to this project a role for IL-1 in involution has only been hinted at through expression data. A 

previous investigation identified a burst of pro-inflammatory cytokine expression during the first day of 

involution, which included IL1A and IL1B [537]. We corroborated these findings by mining a published 

microarray data set, which revealed upregulation of IL-1 signalling components during the involution 

switch. Most notable was a strong spike in IL1B expression during the first day after pup weaning 

[592]. Supporting this, ablation of the IL-1 receptor had an impact on the rate of involution. IL-1R1 KO 

glands regressed faster, at least during the initial stages. This is in line with our previous findings, 

which show that IL-1R1 KO increases the apoptotic rate of breast cancer cells in response to an 

apoptotic stimulus (Section 5.5.). This suggests that IL-1 signalling is important in the survival of both 

transformed and non-transformed mammary epithelial cells. This provides a link between the 

environment of the involuting mammary gland and breast tumorigenesis, which is in agreement with 

the published literature and clinical evidence. There is an increased risk of breast cancer, and more 

aggressive disease, in the involuting mammary gland, as demonstrated by the phenomenon of post-

partum breast cancer [508, 523-525]. 
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8. Discussion and future directions 

8.1. Project summary 

The Notch signalling pathway is aberrantly active in breast cancer, and contributes to breast 

tumorigenesis and therapy resistance in numerous ways. This makes it an attractive therapeutic 

target; however the pathway is ubiquitous throughout the body, and pan Notch inhibition has been 

linked with significant side effects. Consequently, there is a need to identify novel targets downstream 

of the Notch activation pathway, for the purpose of safely and effectively inhibiting oncogenic Notch 

signalling. Our lab has identified a novel anti-apoptotic signalling axis in breast cancer cells, triggered 

by Notch and culminating in inhibition of apoptotic ASK1/JNK/p53 signalling by Akt. A key mediator of 

this pathway is IL-1α, which acts downstream of Notch to induce Akt activation. The IL-1 signalling 

pathway is oncogenic in the breast in its own right, and IL-1 inhibitors are regularly used in the clinic 

for the treatment of non-neoplastic disease with well-established safety profiles. This makes IL-1 

inhibitors prime for re-appropriation into cancer therapy, particularly in the context of combination 

regimes.  

The overarching aim of this project was to determine whether IL-1 signalling is a viable therapeutic 

target for the treatment of Notch-driven breast cancer. The data presented in this thesis supports this 

hypothesis. In summary, I have demonstrated that IL-1 signalling is crucial in the triple negative breast 

cancer cell phenotype, including in invasion and sensitivity to chemotherapy-induced apoptosis. This 

was exclusive to the triple negative subtype, as ablation of IL-1 signalling did not have the same 

phenotypic consequence in ER+ breast cancer cells. It was demonstrated that manipulation of IL-1 

signalling affects the ability of triple negative cells to form xenograft tumours in vivo, and high levels of 

IL-1 signalling enrich for stem cell activity. To safely target a signalling pathway, it is important to 

understand the mechanistic steps involved. The data in the second chapter of this thesis confirms that 

IL-1α is activated downstream of the Notch receptor, and mediates the pro-survival phenotype 

induced when Notch is aberrantly activated in mammary epithelial cells. I reveal that IL-1 activates 

pro-survival Akt signalling through direct interaction between IL-1R1 and PI3K. Finally, the role of IL-1 

signalling in the normal developing mammary gland is unknown. To this end, the mammary gland in 

an IL-1R1 knockout mouse model was investigated, with a particular focus on involution. Ablation of 

the pathway increased the rate of early involution. We hypothesise that IL-1 acts as a survival signal 

for mammary epithelial cells during reversible involution. Collectively these data suggest that IL-1 

signalling inhibitors have the potential to be co-opted into TNBC treatment, to re-sensitise resistant 

cells to conventional therapeutics, and reduce the risk of metastasis and disease recurrence. IL-1 

inhibitors are already well-established in the clinic and are prime for re-appropriation. 
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8.2. How the project aims were met, implications in the broader field, and future 

directions 

8.2.1. Aim 1: Investigate the role of IL-1 signalling in the breast cancer cell phenotype 

The first aim of my project was to investigate the importance of IL-1 signalling in the breast cancer cell 

phenotype. Fulfilling this aim supports the candidacy for IL-1 inhibitor use in breast cancer therapy. 

8.2.1.1. IL-1 signalling mediates TNBC cell invasiveness and apoptotic resistance   

My first objective was to characterise the importance of IL-1 signalling in breast cancer cell survival. 

This aim grew from previous experiments by our group. Ectopic IL-1α expression was sufficient to 

reduce the sensitivity of non-transformed MCF10A cells to doxorubicin-induced apoptosis, while IL-

1Ra expression increased MDA-MB-231 apoptotic sensitivity [296]. To confirm these findings, the IL-

1R1 receptor was knocked out in the MDA-MB-231 cell line and a rescue control generated. 231 IL-

1R1 KO cells were more sensitive to doxorubicin-induced apoptosis in vitro, and resistance was 

restored by IL-1R1 rescue. This is the first time that a Notch/IL-1 signalling axis has been implicated 

in breast cancer cell survival. This suggests that therapeutic targeting of the IL-1 signalling pathway 

may re-sensitise chemotherapy resistant breast cancer cells in vivo. This hypothesis is supported by 

recent work which demonstrates synergy between IL-1 inhibitors and cisplatin, paclitaxel and PD1 

inhibitors in breast tumour models [441, 567]. 

IL-1 signalling has been correlated with the most aggressive, invasive and poor prognosis breast 

cancers, implying that the pathway has a role in invasion and metastasis. Indeed, IL-1β treatment is 

sufficient to induce non-invasive breast cancer cell EMT, and increased IL1B expression is also linked 

to homing of metastatic breast cancer cells to the bone [437, 462]. Hence, we decided to investigate 

the impact of IL-1 signalling ablation on MDA-MB-231 cell invasion and migration. Ablation of the 

pathway through knockout of the IL-1 receptor reduced 231 cell invasiveness when grown in 3D 

culture, and in IL-1α-induced invasion Boyden chamber assay. This suggests that IL-1α is key in 

TNBC cell invasion, and that therapeutic targeting of the IL-1 signalling pathway may be a useful tool 

to reduce the risk of breast cancer metastasis to secondary sites. These findings reflect recent studies 

on IL-1β, which has also been shown to induce invasion and migration in in vitro assays [571, 572]. 

Moreover, significant work has been carried out in vivo by the Ottewell and Holen group, who 

demonstrate that IL-1β is an important mediator in breast cancer cell bone metastasis [558-560]. IL-1 

is also linked to metastasis to other secondary sites, including the lungs [467, 567, 568]. 

8.2.1.2. Manipulation of IL-1 signalling impacts xenograft tumour growth in vivo 

As knockout of IL-1 signalling increases the sensitivity of MDA-MB-231 cells to cell death in vitro, it 

was hypothesised that loss of IL-1R1 would affect the ability of the cells to survive in vivo. This 

hypothesis was supported by previous studies which showed that ablation or overexpression of IL-1 

inhibited or accelerated mammary tumour growth respectively in mouse models [440-442]. To this 

end, MDA-MB-231 subcutaneous xenograft tumours were established in NOD/SCIDγ mice. IL-1R1 

KO tumours contained large areas of necrotic tissue, which were not seen in the WT or rescue 
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controls. This demonstrates that IL-1 signalling is important in TNBC cell survival in vivo, and that 

ablation of the pathway increases the rate of necrotic tumour cell death. It could be suggested that 

therapeutic targeting of the IL-1 signalling pathway may increase the rate of necrotic cell death within 

the tumour, therefore enhancing therapy-induced tumour regression. This is supported by other 

recent in vivo work which demonstrated that anakinra treatment slowed 231 xenograft growth due to 

increased necrotic cell death and inhibition of tumour cell proliferation and angiogenesis [558].  

Xenograft tumours formed by the IL-1R1 rescue cells (which have upregulated IL-1 signalling) grew 

faster than the KO and WT control. This could either be due to reduced levels of apoptotic and/or 

necrotic cell death or increased proliferation, however previous studies in MDA-MB-231 cells suggest 

that IL-1 does not induce ER- cell proliferation [448, 449, 453]. In addition, the rescue tumours 

contained large non-tumour cell infiltrates potentially composed of immune cells. This theory is 

supported by studies which highlight the role of IL-1 signalling in the tumour microenvironment, 

tumorigenic inflammation and tumour immune evasion [440, 441]. For example, one group 

demonstrated that injection of xenograft-bearing mice with IL-1Ra inhibited tumour growth and 

reduced myeloid cell infiltration [578]. Collectively this suggests that therapeutic targeting of IL-1 

signalling may modulate the breast tumour inflammatory microenvironment, inhibiting tumour growth 

due to reduction of tumorigenic inflammation and promoting tumour regression through enhanced 

anti-tumour immunity. 

With the perspective of future work, it would be interesting to continue to investigate these xenograft 

tumours. Immunohistochemistry (IHC) could be used to stain the tissue for active caspases and Ki67 

to determine the effect of IL-1 signalling upregulation on tumour cell apoptosis and proliferation 

respectively. Moreover, the identity of the cell infiltrate could be revealed using IHC for immune cell 

markers. Alternatively, half of each of the fresh tumour samples was digested to single cells and 

frozen down at the time of dissection. These cells could be analysed for immune cell antigens using 

flow cytometry. 

8.2.1.3. IL-1R1 expression level is variable in the MDA-MB-231 cell line, and may represent 

a more stem cell-enriched subpopulation 

Both the Notch and IL-1 signalling pathways have been linked to the BCSC phenotype [300, 461] (see 

Section 1.2.10. for more details of Notch in BCSCs). Importantly, this also implicates the two 

pathways in therapy resistance. I determined that MDA-MB-231 cells with absent or low IL-1R1 

expression had lower mammosphere forming efficiency than cells with high IL-1R1 expression and 

mixed population controls. This suggests that IL-1 signalling is enriched in the BCSC subpopulation 

within TNBC. Further work is needed to fully confirm this. For example, the reverse experiment could 

be carried out. ALDH+ cells isolated from the total MDA-MB-231 population could be analysed for IL-

1R1 expression. If IL-1R1 expression is higher in ALDH+ cells, then this would support the hypothesis 

that the IL-1R1hi subpopulation is enriched for BCSCs. Moreover, serial transplantation assay is the 

gold-standard of BCSC and MaSC analysis, hence transplantation of IL-1R1hi versus IL-1R1lo cells 

into the cleared mammary fat pad would facilitate conclusive evidence that IL-1R1hi cells are enriched 

for BCSCs. As Notch4 has been linked to BCSCs, it would also be interesting to determine whether 
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there is a correlation between high IL-1R1 expression and Notch4 expression in the MDA-MB-231 cell 

line [220]. 

My data suggest that therapeutic inhibition of IL-1 signalling may facilitate specific targeting of BCSCs 

within the tumour. This is key, as BCSCs are the source of therapy resistance and disease relapse. 

My findings are supported by recent investigations in HER2+ and ER+ breast cancer, which link the 

IL-1 pathway to the CD44+/CD24- subpopulation and increased mammosphere forming capacity 

[466, 567]. IL-1 signalling appears to be particularly important in endocrine therapy resistance, as 

revealed by the Clarke lab. Among other findings they’ve determined that anti-oestrogen treatment 

selects for IL-1R1-expressing ALDH+ breast cancer stem cells [556]. My work is one of only a couple 

of studies to specifically link IL-1 signalling to BCSCs within a TNBC context. Combined with our 

experiments on apoptosis, these findings support the use of IL-1 inhibitors in breast cancer 

combination therapy to target de novo and acquired chemotherapy resistant TNBC cells, and re-

sensitise ER+/HER2+ cells to targeted treatments.  

8.2.1.4. Manipulation of IL-1 signalling has no phenotypic impact on MCF-7 cells 

A particularly novel finding of this project was that the impact of IL-1 ablation on invasion and 

apoptotic sensitivity seen in the triple negative MDA-MB-231 cell line was not re-capitulated in the 

ER+ MCF-7 cell line. Knockout or overexpression of IL-1R1 had no impact on MCF-7 cell invasion. IL-

1R1 overexpression did increase MCF-7 cell migration but did not confer resistance to doxorubicin-

induced apoptosis as seen in the 231 rescue line. This was somewhat surprising, especially as IL-1β 

signalling has been shown to induce EMT and invasion in MCF-7 cells in previous studies [456, 462]. 

However these studies were focussing on IL-1β, whereas my studies used IL-1α to induce MCF-7 cell 

invasion in Boyden chamber assay. Moreover, there was no significant correlation when IL-1R1 

expression was plotted against relapse-free survival data from ER+ breast cancer patients, which 

supports the lack of phenotypic difference observed in the MCF-7 cell line. My data suggest that 

therapeutic targeting of IL-1 signalling is likely to be more beneficial in TNBC patients than ER+ breast 

cancer patients. 

This difference between ER- and ER+ breast cancer cell lines is supported by previous studies which 

have also found discrepancies in IL-1 function based on receptor status. For example, a number of 

reports have concluded that IL-1 inhibits MCF-7 cell proliferation, however this has not been re-

capitulated in MDA-MB-231 cells, where IL-1 appears to have no significant impact on proliferation 

[448-454]. These phenotypic differences may be as a result of IL-1/ER signalling crosstalk. There is a 

significant amount of evidence for IL-1/ER crosstalk in breast cancer, but the nature of this crosstalk is 

complex and not fully understood. It has been reported that IL-1 both positively and negatively 

regulates ER signalling, and vice versa [448, 450-452, 457-460]. IL-1 has been linked to endocrine 

therapy resistance in ER+ cells [556]. As my work in triple negative cells has shown that knockout of 

IL-1R1 is sufficient to increase sensitivity to doxorubicin, it would be interesting to see if IL-1R1 KO 

would also be sufficient to reverse tamoxifen resistance in MCF-7 cells. IL-1R1 KO may also increase 
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the sensitivity of tamoxifen-resistant MCF-7 cells to doxorubicin, as tamoxifen resistant ER+ cells are 

more resistant to some chemotherapeutics [593].  

It is important to note that previous work in our lab determined that Notch signalling promotes 

apoptosis resistance in both ER- and ER+ breast cancer cells [164]. As my data suggest that IL-1 

signalling is not anti-apoptotic in ER+ cells, this implies that Notch confers apoptosis resistance in 

MCF-7 cells through an alternative mechanism. 

8.2.1.5. Tumour suppressive IL-1 signalling 

The contrasting findings regarding IL-1 in ER+ and ER- breast cancers leads me to discuss evidence 

that IL-1 signalling may be tumour suppressive in the breast. Despite the extensive evidence that IL-1 

signalling is oncogenic in the breast, there are published reports which demonstrate a tumour-

suppressive role for IL-1. For example, Dagenais et al generated knocked out IL-1R1 in MMTV-PyMT 

mice, which caused more rapid breast tumour development and greater mortality compared to IL-1R1 

proficient controls. PyMT/Il1r1-/- mice also had increased tumour burden and lung metastasis at the 

endpoint of the experiment. It was determined that there was no significant difference in proliferation, 

apoptosis or migration in the tumours harvested at the endpoint of the experiment, however at the 

onset of tumorigenesis (when the mice were between 6 and 10 weeks old) it was found that the IL-

1R1 deficient tumour cells were proliferating at a faster rate than the control cells [594]. This is 

interesting, as the MMTV-PyMT mouse mammary gland loses ER expression over time, suggesting 

that this effect on proliferation occurred while the mammary epithelial cells were still ER+ [595]. This 

lines up with the proliferation studies previously mentioned, which show that IL-1 is anti-proliferative in 

ER+ breast cancer cells.  

On the other hand, it may be the case that IL-1 signalling has different roles depending on the stage 

of breast cancer development. For instance, Tulotta et al found that although canakinumab treatment 

reduced breast cancer bone metastasis, it increased primary tumour growth in the mammary fat pad 

[560]. This reflects trends found with other cytokine signalling pathways. For example, TGFβ acts as a 

tumour suppressor in the breast cancer progression pathway up until metastasis, at which point it 

switches to a pro-oncogenic pro-metastatic function [596].  

In line with the idea of IL-1 functioning in diverse ways at different stages of breast cancer 

progression, and bringing in its anti-proliferative role, is the hypothesis that IL-1 may mediate 

dormancy of metastatic breast cancer cells [597]. Huang et al found that bone marrow stromal cell-

derived IL-1 induced growth arrest of ER+ breast cancer cells. When IL-1 signalling was blocked with 

IL-1Ra, proliferation was re-activated. They suggested that IL-1 produced in the bone metastatic 

niche creates an environment that encourages quiescence of disseminated cancer cells [598]. 

Dormant disseminated tumour cells are resistant to conventional cancer treatments, and are the 

source of distant recurrence. 

Together these findings emphasise the importance of context in determining whether targeting the IL-

1 pathway is therapeutically beneficial in breast cancer treatment. For example, it may only be 
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therapeutically beneficial to use IL-1 inhibitors in the treatment of TNBC patients, and not ER+ 

patients. The versatility of IL-1 inhibitors could be expanded by combination with conventional 

therapeutics, which may circumvent any problems caused by tumour suppressive IL-1 activity, as well 

as enhance overall efficacy. 

8.2.2. Aim 2: Determine the mechanism of the Notch signalling pathway 

At the commencement of this project, our group had characterised a novel signalling pathway, 

responsible for resistance to drug-induced apoptosis in breast cancer and mammary epithelial cells 

with aberrantly active Notch signalling. We hypothesised that Notch induced IL-1α expression, which 

was secreted from the cell and signalling through its membrane-bound receptor in an autocrine 

fashion. IL-1R1 activated Akt, which inhibited ASK1/JNK signalling leading to increased cell survival 

through de-stabilisation of p53 (see Figure 1.14) [130, 164, 296].  

8.2.2.1. IL-1 signalling mediates breast cancer cell apoptosis resistance downstream of 

Notch 

My first task was to confirm that IL-1α was indeed activated downstream of the Notch receptor. This 

aim was achieved, as pharmacological inhibition of Notch signalling reduced IL1A expression in MDA-

MB-231 cells. Moreover, inhibition of IL-1 signalling via ectopic expression of IL-1Ra re-sensitised 

Notch-activated MCF10A cells to doxorubicin-induced apoptosis. Analysis of a published data set 

revealed that IL1A is upregulated in cells treated with a Notch3 agonist. This confirmation of the 

connection between Notch and IL-1 signalling means that not only would therapeutic inhibition of IL-1 

signalling be beneficial in breast cancer treatment due to the factors outlined in the Aim 2 section of 

this discussion, but that targeting IL-1 signalling may be a novel approach in safely inhibiting 

oncogenic Notch signalling. Pan Notch inhibition has been linked to significant side effects, hence 

there is a need to identify alternative targets downstream of the canonical activation pathway. 

Elsewhere in the literature, Notch has been linked to increased IL-1β and IL-1R1 expression in breast 

cancer, however IL-1α has not, and no connections have been made to apoptosis or therapy 

resistance [300, 301]. It is important to note that although I have conclusively confirmed that IL-1α 

signalling is active downstream of Notch in our model, it cannot be determined whether the IL1A gene 

is a direct Notch target gene, or if IL1A expression is upregulated by Notch through an intermediary 

factor. Additional work is needed to determine whether IL1A is a direct Notch target gene. For 

example, chromatin immunoprecipitation (ChIP) may be used to detect RBPJκ binding in the IL1A 

promoter. Previous work in our lab has shown that activation of Notch induces cellular transformation 

of MCF10A cells [130]. As I’ve shown that IL-1 inhibition prevents Notch-induced apoptosis 

resistance, it follows that IL-1 inhibition may also be sufficient to prevent or reverse Notch-induced 

transformation. To test this hypothesis, characteristics of transformation could be compared between 

MCF10A/RBPJκ and MCF10A/RBPJκ/IL-1Ra cells including colony formation in soft agar and levels 

of E-cadherin expression. 
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8.2.2.2. Akt is activated by IL-1 through direct interaction between IL-1R1 and PI3K 

The next question mark in our hypothesised mechanism was how Akt is activated downstream of the 

IL-1 receptor. There are 2 main ways by which this could occur: directly through interaction between 

IL-1R1 and PI3K, or indirectly through myddosome-dependent NFκB signalling. Site-directed 

mutagenesis experiments revealed that IL-1α-induced activation of pro-survival Akt was dependent on 

the interaction between IL-1R1 and PI3K. On the other hand, IL-1α-induced apoptosis resistance was 

not dependent on myddosome-dependent NFκB signalling. This supports previous work in our lab. 

PI3K inhibitor treatment prevented MCF10A/RBPJκ conditioned media activating Akt in starved 

parental cells [579]. Moreover, the key negative regulator of Akt signalling PTEN, which is known to 

be inhibited by NFκB, is unaffected by Notch activation or inhibition [164]. Despite these previous 

findings, it was important to rule out myddosome-dependent NFκB involvement, as NFκB may 

regulate Akt through other means. Recruitment of PI3K to the IL-1R1 receptor and its subsequent 

activation of Akt and downstream signalling pathways has been demonstrated in other non-breast 

cancer model systems, including in the context of cell survival [358-360, 584-586]. However, our work 

is the first to identify this interaction in breast cancer cells, and the first to include it in a signalling axis 

induced by Notch and mediated by IL-1α. 

In summary, the data presented in Results Chapter 2 of this thesis fill in the mechanistic blanks in our 

understanding of the novel pro-survival Notch/IL-1α/Akt signalling axis identified in our breast cancer 

model. IL-1α is activated downstream of Notch signalling, and induces pro-survival Akt activity 

through direct interaction between IL-1R1 and PI3K (Figure 8.1). 
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Figure 8.1: Notch induces drug-induced apoptosis resistance in breast cancer cells through IL-

1α-mediated activation of Akt. 
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8.2.3. Aim 3: Identify the impact, if any, of the loss of IL-1 signalling from the normal mammary gland 

Very little is known about the role of IL-1 signalling in the normal physiological development of the 

mammary gland. This is in contrast to the Notch pathway, which has been extensively researched in 

the context of mammary gland development, particularly in mammary stem cell function and lineage 

determination. Identifying a role for IL-1 signalling in the normal mammary gland has implications for 

both therapeutic deployment of IL-1 inhibitors, but also how the signalling environment within the 

tissue is modified to be conducive to tumorigenesis.  

8.2.3.1. Ablation of IL-1 signalling accelerates mammary gland early involution 

There is a burst of pro-inflammatory cytokine expression at the onset of mammary gland involution, 

including upregulation of IL1A and IL1B expression [537]. Moreover, our data demonstrates that IL-1 

signalling is key for cancer cell survival within the gland. Hence, my aim was to determine if IL-1 

signalling has a role within the normal mammary gland, with a particular emphasis on the involution 

stage. To this end, I established a breeding colony of total IL-1R1 KO mice [553]. IL-1R1-/- (KO), IL-

1R1+/- and IL-1R1+/+ (WT control) involuting females were generated, and mammary gland samples 

harvested at involution day 2, 4, 6, 10 and 21 time points. During sample collection it was noted that 

the IL-1R1-/- females more frequently lost their litters prematurely than the IL-1R1+/- and IL-1R1+/+ 

controls. This suggested that ablation of IL-1 signalling was sufficient to reduce the ability of the 

mothers to feed their pups. This implies either a biological phenotype within the mammary gland 

which affected lactation capability, or a behavioural difference between the WT and KO females. 

Further investigation is needed to determine which of these factors was at play in this case, for 

example, the analysis of a mammary gland-specific IL-1R1 KO mouse. Comparison of the involuting 

mammary gland whole mounts did not reveal any overt phenotypic difference between the WT and 

KO glands. There was no significant difference in overall mammary gland size, or duct length or 

number between the 2 groups. On the other hand, when the tissue was looked at more closely by 

histological staining, it was determined that involution appeared to have progressed faster in the 

glands harvested from the IL-1R1-/- mice. This was noted at the involution day 2 and day 6 timepoints. 

At involution day 2 the KO glands had already lost most of their epithelial structures, and were 

primarily composed of adipose tissue. Concordantly, the ducts contained large amounts of milk and 

cellular debris, including more apoptotic epithelial cells than equivalent WT ducts. There was no 

difference in IL-1R1 KO mammary glands at involution day 21, implying that the WT glands had 

“caught up” to the KO glands by this time point. Collectively, these data suggest that IL-1 signalling 

does have a role in normal mammary gland involution, specifically in early involution. This supports 

the previous gene expression studies. We have also corroborated these studies by mining expression 

data produced by Clarkson and Watson from murine mammary gland tissue harvested at time points 

spanning the lactation-involution switch [592], We detected an upregulation in IL-1 signalling 

components that corresponded to the very early stages of involution.  
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8.2.3.2. Future perspectives and hypotheses 

Further investigation is needed to determine whether IL-1 signalling has any impact on the earlier 

stages of mammary gland development, such as the embryonic, pubertal, pregnancy and lactation 

stages. As the IL-1R1-/- mothers lost their litters more frequently than the controls, this suggests a 

lactation phenotype. My study could be extended to cover more timepoints of mammary gland 

development, to detect any differences in the histology and morphology of IL-1R1 KO lactating 

mammary glands. It would also be interesting to determine if IL-1 signalling components are 

differentially expressed between mammary cell types and developmental stage at the single cell level. 

Loss of Notch signalling has a phenotypic impact in the mammary gland in the stages prior to 

involution which further justifies investigating IL-1 signalling in these contexts. Notch3 KO mice are 

unable to support litters due to lactation failure [511]. Previous work in our lab has also shown that 

aberrantly upregulated RBPJκ-dependent Notch signalling impairs ductal outgrowth and branching in 

the pubertal mammary gland [599]. This was found to be caused by a change in the balance of 

proliferation within the developing ductal structures: epithelial cell proliferation was reduced in the 

ducts but simultaneously upregulated in the TEBs [600]. This deficiency in ductal outgrowth was 

maintained during the first pregnancy but overcome with subsequent pregnancies. Lobuloalveolar 

development was unaffected in these mice, however there was an involution phenotype. In line with 

previous studies in breast cancer cell lines, elevated RBPJκ-dependent Notch signalling delayed 

involution through suppression of epithelial cell apoptosis. Interestingly, this was shown to be 

mediated by Akt [599, 600].  

Combining the data presented in this thesis and previous work by Brennan lab in the Notch-activated 

mammary gland model, we hypothesise that a novel IL-1-mediated mechanism is present during early 

mammary gland involution. A spike in IL-1 expression is seen at the start of involution. This increase 

in IL-1 signalling may serve a dual purpose: to attract macrophages to the gland for clearance of 

apoptotic cells, but also to keep the mammary epithelial cells alive to enable reversion of involution if 

suckling re-commences. IL-1 is a pro-inflammatory cytokine, and attracts immune cells including 

macrophages to sites of inflammation during an immune response [601]. Macrophages infiltrate into 

the mammary gland during involution to clear dead and dying cells that accumulate in the ductal 

lumen [602]. We have shown that IL-1 signalling is anti-apoptotic in the mammary gland, and that loss 

of IL-1 signalling accelerates mammary gland involution during the early stages. It follows that when 

the expression levels of IL-1 drop, the block on epithelial cell apoptosis is lifted, and macrophages 

already present in the gland can clear the apoptotic cells. This results in irreversible involution, as the 

mammary epithelium dies off and is re-modelled beyond the point of no return. IL-1R1 KO has no 

effect on irreversible involution, as levels have already dropped to allow massive apoptotic cell death. 

In order to prove or disprove this hypothesis, further investigation is needed. Staining of the mammary 

gland sections for apoptotic markers (such as cleaved caspase 3) would conclusively determine 

whether the IL-1R1 KO glands had increased levels of apoptosis during early involution. Gene 

expression analysis could be used to determine which signalling pathways are downregulated in the 

IL-1R1 KO mammary epithelial cells. Moreover, Western blotting of mammary gland lysates would 
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detect any changes in Akt activation in response to IL-1 signalling ablation. Autophagy markers could 

also be detected by IHC. Furthermore, it would be interesting to determine if there was any difference 

in the number of infiltrating macrophages between the IL-1R1 KO and WT glands. This could be 

achieved through IHC for macrophage markers, or flow cytometry analysis of single cells isolated from 

fresh glandular tissue. 

Taking this hypothesis a step further, we propose that IL-1-mediated regulation of mammary epithelial 

cell apoptosis occurs downstream of Notch signalling. Brennan lab has previously shown that 

upregulation of Notch signalling delays involution. This occurs through suppression of mammary 

epithelial cell apoptosis via activation of pro-survival Akt signalling. My data show that IL-1 acts 

downstream of Notch to mediate apoptosis resistance in breast cancer cells, also through Akt. Could 

it be the case that this novel Notch/IL-1 pro-survival signalling axis is active in the normal mammary 

gland as well as in breast tumours? This would be an intriguing hypothesis to explore. The 

environment of the involuting mammary gland has parallels with the breast tumour microenvironment, 

including the presence of inflammatory mediators, and there is strong clinical evidence that 

demonstrates an increased risk of breast cancer post-partum [524]. It is also well-established that 

Notch is active during mammary gland development. Although less well characterised in involution 

compared to the other stages of mammary gland development, a recent investigation found that 

Notch signalling was enriched in involuting mammary gland tissue obtained from mice where 

involution was induced abruptly. Upregulated Notch signalling correlated with significant differences in 

the abruptly involuted gland including increased macrophage infiltration [603].  

If the (Notch/)IL-1 pathway is indeed active during mammary gland involution, it is important to 

consider the impact of this on the use of IL-1 inhibitors in breast cancer therapy. Notch is important 

throughout mammary gland development, and therefore pan Notch inhibition would in theory be 

detrimental to the normal mammary gland tissue when administered as a systemic cancer therapy, 

However, although sparse, the data available thus far suggests that IL-1 signalling may only be 

important in mammary gland involution. Dagenais et al checked the morphology of the virgin 

mammary gland in IL-1R1 KO MMTV-PyMT mice. They found that deficiency of IL-1R1 did not have 

an obvious effect on mammary gland morphogenesis as the ductal length, structure and average fat 

cell size was unchanged compared to WT controls. They also assumed that mammary gland function 

was unaffected as the number of pups per litter was not significantly different between IL-1R1 KO and 

WT mice [594]. This suggests that inhibition of IL-1 signalling would not be detrimental to “virgin” 

mammary gland tissue. Furthermore, there was an international study in 2017 which aimed to 

determine if anakinra or canakinumab treatment had any effect on the pregnancies of exposed 

parents. The study found that of the mothers on IL-1 inhibitor therapy who chose to breastfeed their 

children, there were none who experienced any complications. This suggests that IL-1 inhibitor 

treatment does not negatively impact the function of the mammary gland. However as only 14 

breastfeeding mothers were analysed, further investigation is needed to completely rule out any side 

effects of therapeutic IL-1 blockade in the mammary gland [604]. 
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In summary, the data presented in Chapter 3 of this thesis goes some way to fulfil the third aim of this 

project; to determine if IL-1 signalling has a role in normal mammary gland development. I have 

shown that knockout of IL-1 signalling speeds up the early phase of involution. We hypothesise that 

this may have occurred as IL-1 signalling acts as a brake on mammary epithelial cell apoptosis during 

reversible involution. Hence ablation of the IL-1 receptor enabled mammary epithelial cell apoptosis to 

occur at a higher rate in early involution. Further work is needed to confirm or refute this hypothesis, 

which presents an exciting opportunity for future investigations. 
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Figure 8.2: Does the Notch/IL-1 signalling axis mediate apoptosis resistance during reversible 

involution? We hypothesis that IL-1 signalling has a dual function in early mammary gland involution. 

As a pro-inflammatory cytokine, IL-1 may be vital to attract macrophages into the mammary gland for 

clearance of dead and dying epithelial cells. On the other hand, it has anti-apoptotic activity, and may 

prevent excessive mammary epithelial cell death until its expression drops, and irreversible involution 

can begin. Taking this a step further, our novel anti-apoptotic Notch/IL-1 signalling axis may be active 

in the involuting mammary gland. Notch activates IL-1 expression in Notch-activated mammary 

epithelial cells, and Notch upregulation has been identified during involution [296, 603]. 
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8.3. Conclusion 

In conclusion, this thesis demonstrates that IL-1 signalling is a potential novel therapeutic target in 

Notch-driven breast cancer. I have outlined the importance of IL-1 signalling in the triple negative 

breast cancer cell phenotype, including in invasion, migration, apoptosis resistance, stem cell activity 

and xenograft tumour formation. We have characterised a novel Notch/IL-1 signalling axis that 

mediates pro-survival Akt signalling in Notch-activated mammary epithelial cells and triple negative 

breast cancer cells. Targeting this signalling axis may be used in a combination treatment regime to 

re-sensitise cancer cells resistant to conventional therapy. Lastly we have provided, for the first time, 

an insight into the function of the IL-1 signalling pathway in mammary gland development. Loss of IL-

1 signalling accelerated mammary gland involution in vivo. IL-1 signalling may enhance the 

inflammatory microenvironment within the involuting breast and maintain mammary epithelial cell 

survival during early involution.  
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9. Supplementary data  

9.1. Validation of dnMyD88 and dnMyD88 D275A cell lines 

dnMyD88 and dnMyD88 D275A expression was verified in the WT and rescue 231 cells using IF and 

WB (see Figure 6.6A and B). During the generation and validation of these cell lines, the anti-2A 

peptide antibody being used to probe for dnMyD88 expression was discontinued. This led to 

difficulties in validating the cell lines as the replacement antibody was poor at detecting 

dnMyD88(D275A)-2A. Hence, the data displayed in Figure 6.6 does not include a Western blot 

proving dnMyD88(D275A) expression in the rescue cell lines. However, immunofluorescence (Figure 

6.6B) and FACS plots (Supplementary Figure 9.1A) have been provided proving expression of RFP 

downstream of the dnMyD88(D275A) coding region which could not be produced without the 

dnMyD88(D275A) coding region also being translated. (Note that the anti-2A peptide antibody also 

detected ectopic IL-1R1 expression in the rescue lines, hence there was green staining in all lines). 

Secondly, the discontinuation of the anti-2A peptide antibody also meant the validation WB for the WT 

dnMyD88(D275A) cell lines was poor quality. Therefore, to support this validation data, pre- 

expression normalisation WB and IF have been provided (Supplementary Figure 9.1B and C). 

dnMyD88(275A) expression was normalised prior to cell line use by FACS (Supplementary Figure 

9.1D).  
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Supplementary Figure 9.1: Validation of dnMyD88(D275A) MDA-MB-231 cell lines. (A) Stable 

MDA-MB-231 rescue dnMyD88 and dnMyD88 D275A cell lines were obtained by FACS for RFP 

expression. (B) dnMyD88(D275A) expression in 231 WT cells was confirmed prior to expression 

normalisation by Western blot for dnMyD88(D275A)-2A (~19kDa) with β-actin loading control (42kDa). 

(C) Pre-normalisation immunofluorescence of WT parental, dnMyD88 and dnMyD88 D275A cell lines. 

Cells were seeded, fixed and stained for 2A peptide with DAPI nuclear control stain. Scale bar: 25μm. 

(D) dnMyD88 and dnMyD88 D275A expression was normalised in transduced MDA-MB-231 cells by 

FACS for GFP fluorescence.  
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Supplementary Figure 9.2: Ectopic expression of IL1A is not sufficient to induce Akt 

phosphorylation in MDA-MB-231 cells. (A) MDA-MB-231 WT and IL-1R1 rescue cells were 

transduced with lentivirus containing the pCDH-EF1α-IL1A-V5-T2A-GFP plasmid. GFP positive cells 

were isolated by FACS to produce a stable line. Expression of IL-1α was confirmed using immunoblot 

for 2A peptide (producing a representative band at ~31kDa) and β-actin loading control (42kDa). (B) 

Ectopic IL1A expression failed to induce Akt phosphorylation in WT and IL-1R1 rescue MDA-MB-231 

cells. The cells were seeded and assayed for Akt activity as previously, with IL1A-expressing 

challenged with SF media. Levels of pAkt increased in the positive control GM-treated cells, but failed 

to increase in any of the IL1A-expressing cells relative to the parental lines. 
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Supplementary Figure 9.3: PI3K inhibitor treatment prevented MCF10A/RBPJκ conditioned 

media from activating Akt in parental cells. WT MCF10A cells were serum-starved and pre-treated 

for 10mins with increasing doses of the PI3K inhibitor Wortmannin. DMSO was used as a vehicle 

control. Immediately following pre-treatment the cells were challenged with MCF10A/RBPJκ 

conditioned media for 7.5mins and lysed. Protein lysates were immunoblotted for phosphorylated Akt 

(60kDa), with total Akt (60kDa) and focal adhesion kinase (FAK) (105kDa) loading controls. This 

experiment was carried out by Abdulmalek Algarni prior to the commencement of this project [579]. 
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